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Memoria de tesis presentada por Francesca Bulian  
para obtener el grado de Doctora en  

Geología por la Universidad de Salamanca con Mención  
“Doctor Internacional” 

 
 
Director de Tesis: 

Dr. Francisco Javier Sierro Sánchez 
Catedrático del Departamento de Geología, área de Paleontología 
Universidad de Salamanca 
 

 
Salamanca, 2022 

  



Dr. D. Francisco Javier Sierro Sánchez, profesor del Área de Paleontología en el 
Departamento de Geología de la Facultad de Ciencias (Universidad de 
Salamanca) 
 
 
Certifica que: 
 
 
Francesca Bulian ha realizado en el área de Paleontología del departamento de 
Geología en la Universidad de Salamanca y bajo su supervisión, el trabajo 
 
 

“Registros sedimentarios del Mioceno tardío – Plioceno temprano 
en afloramientos y sondeos marinos próximos a Gibraltar” 
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Abstract 
 

During the late Miocene, tectonic processes led to the closure of the Mediterranean 
– Atlantic gateways, progressively isolating the Mediterranean Basin from the Global 
Ocean. This change in gateway configuration modified radically the circulation patterns, 
water residence time and salinity of the Mediterranean waters leading to the 
extraordinary paleoenvironmental change known as the Messinian Salinity Crisis 
(MSC). This event lasted between 5.97 and 5.33 Ma and led to the deposition of huge 
evaporite accumulations both in the marginal and deep Mediterranean basins. Now, 
more than 50 years after the Glomar challenger ventured Mediterranean waters, and the 
evaporites in deep basins were discovered, the debate regarding the conditions and 
timing of the deposition of the Mediterranean salt giant is still ongoing as many theories 
regarding the dynamics and chronology of the Gibraltar arc gateway/s closure and 
reopening are waiting to be validated. 

In this optic, the study of cores and outcrops in the proximity of the current Strait 
of Gibraltar is essential to better understand the evolution of the Mediterranean – 
Atlantic gateways. In this thesis we perform a detailed planktic and benthic foraminifer, 
geochemical (XRF and stable isotopes) and sedimentological analyses of Alboran Basin 
ODP Site 976, DSDP Site 121, industrial boreholes Andalucia-G1, Alboran-A1, land-
based sections from southern Spanish basins including Nijar, Sorbas and Malaga and 
Montemayor-1 core from the Guadalquivir Basin. The obtained results, paired with the 
interpretation of seismic profiles acquired in the Alboran Basin gave some new insights 
and results towards the better understanding of the Late Miocene to early Pliocene 
evolution of the Mediterranean – Atlantic gateways and the effects of the restriction on 
the Mediterranean environments before and after the MSC. The main outcomes of this 
thesis are outlined in the next paragraphs, as follows: 

→ A high-resolution planktonic foraminifer stratigraphy performed on Sites 976 
and Montemayor-1 in combination with the analyses of the astronomically 
driven cyclical changes in the geochemical record enabled the astronomical 
tuning of the two locations. Having a firm age model allowed to pinpoint the 
moment when the uplift of the Gibraltar arc gateway/s started affecting the 
Mediterranean Basin and Betic corridor. 

→ The first sign of the Mediterranean – Atlantic gateway restriction is visible in the 
Mediterranean basin from 7.17 Ma, when active tectonism at the Gibraltar arc 
started uplifting the Betic and Rifian corridors. At ODP Site 976, the uplift is 
visible from the increase in terrigenous input arriving to the Alboran basin and 
parallel higher sedimentation rates related with an increased river erosion. On 
the other hand, the shift from benthic foraminifer open-marine high oxygen 
fauna to shallow infaunal taxa, tolerant to a wide range of conditions and 
suboptimal oxygen levels, paired with a significant drop in benthic δ13C values 
suggests that the gateway restriction led to the decrease in bottom water oxygen 
levels and increase in its residence time much earlier than the onset of the MSC.  

→ A correlation between data from ODP Site 976 and other Mediterranean records 
confirmed that the 7.17 Ma gateway restriction, affected at the same time 
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different locations all over the Mediterranean, inferring a Mediterranean-scale 
change in thermohaline circulation. From these data we concluded that the West 
Alboran Basin (WAB) and the East Alboran Basin (EAB) were not separated by 
a sill at that time but were both part of the Mediterranean realm. Furthermore, 
it was possible to create a refined Mediterranean circulation model for before 
and after the 7.17 Ma event.  

→ The gateway restriction registered in the Mediterranean record since 7.17 Ma, is 
visible also from the geochemical data of Montemayor-1 core in the 
Guadalquivir Basin. Because the geochemical data from Montemyor-1 reveals 
that after 7.15-7.17 Ma, the Guadalquivir Basin was bathed by only one water 
mass, probably Atlantic, we believe that the connection between the 
Mediterranean and Atlantic through the Betic corridor was restricted at that 
time. Consequently, we suggest that the restriction of the last Betic gateway, the 
Guadalhorce Basin, could have happened at 7.15-7.17 Ma and caused the above-
mentioned changes in the Mediterranean paleoenvironment.  

→ Because the gateway restriction was contemporaneous with the global Late 
Miocene Carbon Isotope Shift (LMCIS) it was important to discern between 
global and local effects and compare the Mediterranean and global records. 
Given the synchronism 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. A similar 
effect can be seen in the Montemayor-1 record, where apart from the changes 
related to the uplift of the Gibraltar arc, a global signal cannot be overruled. 

→ Finally, through the development of this thesis it is shown how the dark layer 
often enriched in organic matter, present at the Miocene – Pliocene boundary in 
several Mediterranean marginal and deep basins, suggests that the Zanclean 
reflooding created water column stratification, and reduced bottom water 
oxygen levels. Such stratification could be the result of a sinking of more saline 
Atlantic water mass entering into a less saline Mediterranean Basin still under 
the influence of the Paratethys. The benthic foraminifer repopulation sequence 
identified at the base of the Pliocene shows similarities with more recent events 
of repopulation of hostile environments or following low-oxic episodes during 
sapropel deposition. However, Atlantic values of the benthic δ13C registered in 
the Alboran Basin suggest that bottom water renewal and circulation were 
efficient during the early Zanclean, preventing the reduction of δ13C at the 
seafloor seen after 7.17 Ma. Furthermore, the slight discrepancies in the benthic 
foraminifer repopulation sequences of the marginal basins at the Miocene – 
Pliocene boundary, and the much lighter benthic δ13C values in the Malaga 
Basin can suggest a diachronous reflooding of the shallower marginal basins. 
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1. The study of marine gateways  
 
 

Sumergirse en las cosas es sumergirse en uno mismo.  
Todo los demás es quedarse en la superficie.  

Eric Selt 
 
 

Since the beginning of plate tectonics 2 Ga ago (Stern, 2007), the continental 
drift has been moving land masses creating and destroying seas, opening, and 
closing seaways influencing ocean circulation and climate. In the Eocene, the 
opening of the Drake passage between South America and Antarctica and of the 
Tasmanian gateway between Antarctica and Australia marked the onset of the 
circum-Antarctic current which induced a productivity increase and consequent 
sequestration of atmospheric CO2, contributing to the global cooling and 
Antarctic glaciation (Scher and Martin, 2006; Scher et al., 2015). Starting from 4.6 
Ma, the emergence of the Isthmus of Panama deeply affected deep ocean 
circulation and may be the main cause of the establishment of the north Atlantic 
thermohaline circulation, while in the Pliocene it contributed to the 
intensification of North Hemisphere glaciation (Haug and Tiedemann, 1998). 
Therefore, to understand the causal mechanisms behind local and global climate 
change in many cases is necessary to study how land and water mass 
distribution was modifying. Bearing this in mind, the here presented PhD thesis 
aims to investigate the connectivity changes between the Atlantic and the 
Mediterranean, by analyzing offshore and onshore locations in the proximity of 
the Strait of Gibraltar.  

This Strait has been an item of interest that triggered human curiosity for 
centuries, as testified by Pliny the Elder who in his Historia Naturalis tells the 
myth about the creation of the Mediterranean Sea (Smith, 2017). The myth 
describes the Mediterranean as a desert that become connected to the Ocean 
only after Hercules, with his sword, dug an inlet between Jebel-el-Mina (Africa) 
and the rock of Gibraltar (Europe) allowing for the ocean water to fill the basin 
(Figure 1). In the last decades, and after the first DSDP expedition in the 
Mediterranean (Leg 13; Hsü, 1972), researchers have discovered that the peak 
restriction of the Mediterranean-Atlantic gateways led to the deposition of km-
thick evaporite deposits 5.971 Ma ago, during the extraordinary event known as 
the Messinian Salinity Crises (Selli, 1964). More recently, Capella et al. (2019) 
even hypothesized that this event contributed to the late Miocene Global 
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cooling, because the absence of the Mediterranean Outflow could have modified 
the north Atlantic thermohaline circulation. 

 
Figure 1: The Pillars of Hercules, from The Labors of Hercules, engraving by Heinrich Aldegrever 
(1550). 

In this work we focus, in the first place, on the initial phases of the late 
Miocene Mediterranean-Atlantic gateways restriction which peak eventually 
lead to the Messinian Salinity Crisis. Here, apart from establishing a firm 
timeline and understanding the first effects that the restriction had on the West 
Alboran Basin (ODP Site 976), we try to understand the relation of this local 
event with global climate changes. In the second place, the same event is 
investigated in the Spanish southern margin (Montemayor-1 drill site), present 
day Guadalquivir Basin, and marine gateway in the late Miocene. Finally, we 
try to understand the dynamics of the early Pliocene reestablishment of such 
marine connection and what were the consequences on the marine fauna both 
in deep (West Alboran Basins) and Marginal basins (Malaga, Sorbas, Nijar 
basins). 
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2. Scientific background 
 

2.1 The Mediterranean Sea today 
 

The active Mediterranean thermohaline circulation starts when low saline 
Atlantic surface waters (Figure 2) enter the Mediterranean and flow northward 
towards the Gulf of Lions, and eastward across the Sicily Strait reaching the 
Eastern Mediterranean  Basin (EMB).  This  water  becomes  progressively  saltier  

Figure 2: Vertical distribution of the main Mediterranean Sea water masses today (from GRID-
Arendal, 2013). 

 
and eventually sinks between 200 and 600 m depth 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) and finally spreads out in the entire 
Mediterranean. 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) establishing a 
gradient between the Mediterranean and Atlantic. This, in combination with the 
semi-enclosed basin configuration, where net evaporation exceeds the 
precipitation, drives an anti-estuarine circulation through the Strait of Gibraltar. 
At the same time, surface waters of the northern basins like 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), are exposed to cold northerly air 
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masses that through cooling and evaporation increase the surface water 
salinities, 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) that settles below the depth of the 
LIW (500 – 2000 m, Figure 2) and consequently below the depth of the Gibraltar 
and Sicily sills in the Western and Eastern Mediterranean respectively. The 
renewal of such deep water masses is responsible for an efficient ventilation of 
the deeper parts of the basin and it can happen through two mechanisms: 
upward advection where the injection of new deep waters favours the release of 
the older water, or by upward suction of the deep water over the sill via the 
Bernoulli aspiration (Stommel et al., 1973). When high freshwater input stratifies 
the water column, upward advection becomes inexistent and deep water 
residence time increases promoting the deposition of organic rich sapropel 
layers (e.g. Rohling et al., 2015). 

Due to its configuration and location on a transitional zone, the 
Mediterranean Basin and its surrounding lands are affected by interactions 
between mid-latitude and tropical processes (Giorgi and Lionello, 2008). The 
influence of the North African subtropical high-pressure belt and the central-
northern European westerlies make the current Mediterranean summers warm 
and dry, and the winter mild and wet (e.g. Lolis et al., 2002). While the North 
Atlantic Oscillation has very little impact on the Mediterranean’s climate (Josey 
et al., 2011), the Mediterranean climate variability is mainly influenced by the 
Mediterranean Oscillation and the Mediterranean Meridional Circulation. The 
first is responsible for the enhanced temperature see-saw in winter and spring 
(Lolis et al., 2002), and the second has a strong impact on the northern 
Mediterranean precipitation (Martin‐Vide and Lopez‐Bustins, 2006). The 
African monsoon influences indirectly the Mediterranean basin climate and 
circulation through the variating River Nile runoff. In particular, high Nile 
discharge impact the efficiency of deep-water formation and bottom water 
ventilation similarly as reported during sapropel formation (Rohling, 1994; 
Rohling et al., 2015). 
 
2.2 Evolution of the Mediterranean – Atlantic corridors 
 

At present, the Mediterranean is connected to the Atlantic Ocean through 
the narrow Strait of Gibraltar (only 13 km wide). The latter, in the late Tortonian 
(11.63 to 7.25 Ma), most probably did not exist, and the Mediterranean – Atlantic 
water exchange was happening through the Betic (Southern Spain) and Rifian 
(Northern Morocco) corridors (e.g. Roveri and Manzi, 2006; Flecker et al., 2015; 
Figure 3). 
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Figure 3: Map illustrating the reconstruction of the late Miocene Atlantic–Mediterranean marine 
gateways (modified from Duggen et al., 2003). In red the present-day coastline is shown. 

 
The corridors, together with the Alboran Basin, are located on the collision 

between the African and European plates (Booth‐Rea et al., 2007; Do Couto et 
al., 2016; Spakman et al., 2018). In the Oligocene (30-25 Ma), the plate 
convergence slowed down starting an E-W trench retreat and slab rollback that 
resulted in back-arc extension (Rosenbaum et al., 2002; Heit et al., 2017) 
accompanied by a westward migration of the Alboran domain (Jolivet and 
Faccenna, 2000; Booth‐Rea et al., 2007; Soto et al., 2010; Gómez de la Peña et al., 
2020). Around 8 Ma, the African-Iberian subduction zone, initially located east 
of the Balearic Islands (Spakman and Wortel, 2004; Vergés and Fernàndez, 2012; 
Van Hinsbergen et al., 2014), had reached its current position at the Gibraltar 
Arc (Booth‐Rea et al., 2007; Mancilla et al., 2015; Spakman et al., 2018; Capella et 
al., 2020). Right after the Tortonian-Messinian boundary (7.24 Ma; Hilgen et al., 
1995), the westward migration of the Alboran domain had stopped and the slab 
rollback decelerated (Spakman et al., 2018) initiating a slab tear starting from the 
eastern margin of the current Spanish southern coast which propagated to the 
west, reaching the Atlantic (Govers, 2009; Garcia-Castellanos and Villaseñor, 
2011; Mancilla et al., 2015).  
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Figure 4: Maps showing the main geological units of the Betic (A) and Rifian (B) corridors (Flecker et al., 2015). 

 
As a consequence, a dynamic topographic movement uplifted the Betics 

(Garcia-Castellanos and Villaseñor, 2011; Van den Berg et al., 2018; Capella et al., 
2020) restricting the Betic corridor (Krijgsman et al., 1999b; Martín et al., 2014; 
Flecker et al., 2015; Capella et al., 2018). The age of the closure of the last 
connection through the Betics (Guadalhorce Corridor, Figure 4) is still debated, 
with ages varying between late Tortonian (~7.6 Ma; Van der Schee et al., 2018) 
and middle Messinian (6.18 Ma; Martín et al., 2001; Pérez‐Asensio et al., 2012; 
Martín et al., 2014; Pérez-Asensio et al., 2014). A similar uplift occurred on the 
opposite Alboran coast, where the Rifian corridors were restricted by the 
progressive crustal thickening produced by the southern indentation of the 
Moroccan Margin (Fadil et al., 2006) that culminated with the complete closure 
of its southern strand between 7.1-6.9 Ma, while the northern sectors remained 
closed since 7.35-7.25 Ma (Tulbure et al., 2017; Capella et al., 2018; Figure 4). In 
the Mediterranean Sea sedimentological record, the first sign of gateway 
restriction and isolation from the global ocean have been identified at 7.17 Ma 
(e.g. Kouwenhoven et al., 1999; Seidenkrantz et al., 2000). From this point 
onward, deep sea records in the Eastern Mediterranean show a shift from open 

A 

B 
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marine and oxic to a stressed, suboxic benthic foraminifer fauna (Seidenkrantz et 
al., 2000; Blanc-Valleron et al., 2002; Kouwenhoven et al., 2003; Kouwenhoven et 
al., 2006; Di Stefano et al., 2015) while at the same time sapropel deposition 
becomes much more frequent (Santarelli et al., 1998; Seidenkrantz et al., 2000; 
Hüsing et al., 2009). A second restriction step is visible from 6.8 Ma both in the 
Western and Eastern Mediterranean when several proxies imply water-mass 
stratification and increased bottom water salinity (Kouwenhoven et al., 1999; 
Sierro et al., 2003; Drinia et al., 2007). The restriction eventually peaked at 5.971 
Ma resulting with the extraordinary event known as the Messinian Salinity Crisis 
(Selli, 1964; Hsü et al., 1973; Selli, 1973). According to most authors (Krijgsman et 
al., 1999a; Hodell et al., 2001; e.g. Govers, 2009), it was the progressive closure of 
the Betic and Rifian gateways that led to this environmental crisis. Nonetheless, 
recent studies suggest that in concomitance with the restriction of these corridors, 
a proto-Gibraltar Strait was taking over, at least to some extent, the 
Mediterranean-Atlantic connection as suggested by different authors (Capella et 
al., 2018; Krijgsman et al., 2018; Capella et al., 2020) which propose that a dynamic 
subsidence may have affected the Gibraltar Arc during the slab-sinking 
especially after its steepening at around 8 Ma (Krijgsman et al., 2018). 
 

2.3. Messinian Salinity Crisis and Zanclean reflooding 
 

In 1970, during the first Deep Sea Drilling Project (DSDP) Mediterranean 
Sea Leg (Leg 13) one of the most exciting scientific discoveries regarding the 
Mediterranean Sea evolution took place when a basin-wide Messinian 
evaporitic deposit was discovered buried beneath the deep-sea Pliocene 
sediments (Figure 5). Since then, a 50 yearlong heated debate started regarding  

Figure 5: Distribution of Messinian evaporites and location of the DSDP-ODP boreholes which 
recovered Messinian deposits (Roveri et al., 2014). 
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the possible conditions, paleoenvironments and timing of these deposits, 
associated with the Messinian Salinity Crisis (MSC; Selli, 1954; Selli, 1964).  

Historically, three different basin configurations (Schmalz, 1991; Nichols, 
2009; Figure 6) are considered as possible causes of the MSC, all of them implied 
some degree of restriction of the Mediterranean-Atlantic connection: (1) a 
complete dissection model/shallow water to deep basin setting (Hsü et al., 1973; 
Figure 6A), (2) the tectonic model/shallow water-shallow basin (Nesteroff, 1973; 
Selli, 1985; Figure 6B) and the (3) deep-basin model/deep water-deep basin Selli 
(1973; Figure 6C).  

Figure 6: Conceptual models that attempted to explain the depositional mechanism of the 
Messinian evaporites in the Mediterranean. A) Shallow water – deep basin setting; B) Shallow 
water – shallow basin setting and C) Deep water – deep basin setting. Diagrams modified after 
(Nichols, 2009; Ochoa, 2016). 

The first stipulated theory, shallow water to deep basin (Hsü et al., 1973), is 
the one picturing an initially full Mediterranean, repeatedly isolated and 
evaporated (Schmalz, 1991) until its complete desiccation (Garcia-Castellanos et 
al., 2009; Cornée et al., 2016), and isolation from the global ocean by a land bridge 
between Africa and Iberia (García‐Alix et al., 2016). In this scenario, the re-
establishment of marine conditions is abrupt and fast, lasting only some decades 
or less (Blanc, 2006; Garcia-Castellanos et al., 2009) and is thought to be caused 
by the triumph of erosion at the Gibraltar sill by incising the Zanclean channel 
on the Alboran Sea floor (Estrada et al., 2011). On the other hand, different 
studies show that marine conditions couldn’t return instantaneously and 
suppose that the connectivity increased gradually (Iaccarino et al., 1999; Pierre 
et al., 2006) or at least that the faunal response wasn’t instantaneous.  
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An opposite scenario (deep basin model; Selli, 1973), postulates a restricted 
basin subject to a minimal sea-level lowering (not more than 400 m; Krijgsman 
and Meijer, 2008) and evaporite deposition in a deep basin environment where 
surficial inflow of Atlantic waters continued, but outflow was obstructed. In this 
case, the reflooding is gradual and the Atlantic inflow progressively erodes the 
sill (Loget et al., 2005), increasing its dimensions and the Mediterranean-Atlantic 
connectivity.  

One last less catastrophic setting, shallow water-shallow basin, describes an 
intermediate base-level drawdown and the dominance of tectonic vertical 
movement (Nesteroff, 1973; Selli, 1985) which could lead to different phases of 
re-connection, or as theorized most recently, different reflooding steps after the 
initial basin isolation (Clauzon et al., 2005; Estrada et al., 2011; Bache et al., 2012).  

In spite of the different proposed scenarios for the MSC, and the realization 
that up to this moment there are no incomputable evidence for supporting 
unequivocally one of these models, a general consensus has been reached 
(CIESM, 2008; Roveri et al., 2014) naming the different MSC stages and deposits. 
In Roveri et al. (2014) we find that the MSC developed in three main stages 
(Figure 7) differing respectively because of different paleoenvironmental 
conditions and connectivity with the Atlantic and Paratethys, where the 
evaporite precipitation is diachronous in marginal (depth range from 0-200 m 
and 200-1000)  and  deep  basins  (water  depth >1000 m).  During  the  first  stage, 

 

Figure 7: figure showing the main features of the Mediterranean's exchange history in the late 
Miocene – early Pliocene including lithology, Mediterranean salinity, gateway with the probable 
drivers (tectonics, erosion, sea level) of changing dimensions and the Mediterranean's fresh water 
flux where E = evaporation, P = precipitation and R = river discharge (from Flecker et al., 2015). 
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comprised between 5.97 and 5.6 Ma (Stage 1, Lower Evaporites), evaporite 
precipitated in the shallow sub basins. The peak of the MSC followed and lasted 
until 5.55 Ma (Stage 2; Reworked Primary Gypsum and halite), when the 
deepest basins become the place of evaporite deposition. The third and final 
phase begins with Upper evaporite accumulation (Stage 3.1 or p-ev1) followed 
by the deposition of brackish-water sediments that characterize the Lago-Mare 
facies (Stage 3.2 or p-ev2), formed due to freshwater inputs from the Paratethys 
(e.g. Roveri et al., 2008; Stoica et al., 2016). 
 
2.4. Relationship between the Miocene – Pliocene global climate and a 

changing Mediterranean 
 

The Miocene epoch is characterized by numerous changes in climate 
conditions and environments, often linked with paleogeographic reorganization 
of land and sea masses. 

The Oligo-Miocene closure of the Tethys Ocean and the formation of the 
proto-Mediterranean (Figure 8) caused a significant reorganization of the 
oceanic circulation and climate patterns both on local and global scale (Torfstein 
and Steinberg, 2020). With the closure of the Indian Ocean – Mediterranean 
Seaway (early-middle Miocene) increased oceanic productivity has been 
registered in the Levant Basin (Torfstein and Steinberg, 2020) while on a global 
scale, the Mid-Miocene Climate Optimum (17 – 14.55 Ma) was observed as 
primary productivity rates increased globally (Zachos et al., 2001; McQuarrie 
and van Hinsbergen, 2013). During this phase, Antarctic ice volume expansion 
was minor and characterized by 100 kyr and 400 kyr eccentricity cycles 
(Baldassini et al., 2021). Afterwards a change from high to low eccentricity and 
the increase in obliquity variability (Holbourn et al., 2007) led to the Middle 
Miocene Climatic Transition (14.55 – 13.75 Ma) when the marine environments 
got warmer and more eutrophic followed by a cold phase (Icehouse Mode; from  

Figure 8: Paleogeographic reconstructions of the proto-Mediterranean basin in the late Oligocene 
and late Miocene showing the closure of the Indian Ocean – Mediterranean Seaway (modified from 
Torfstein and Steinberg, 2020). 
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13.75 Ma) related to the Antarctic ice sheet expansion and associated with a 1.2 
Ma obliquity node that followed the low eccentricity phase (Zachos et al., 2001; 
Holbourn et al., 2007; Baldassini et al., 2021). Nonetheless, one of the most radical 
changes that affected terrestrial environments and ecosystems is the Late 
Miocene Carbon Isotope Shift (e.g. Herbert et al., 2016; LMCIS), when between 
7.8 and 6.7 Ma (e.g., Hodell et al., 1994; Hodell and Venz‐Curtis, 2006; Holbourn 
et al., 2018), a global decrease in sea surface temperatures of about 6ºC has been 
reconstructed (Tzanova et al., 2015; Herbert et al., 2016) coeval with decreasing 
δ13C values (Hodell et al., 2001; Drury et al., 2018). The LMCIS coincides with one 
of the most spectacular landscape changes that came from the expansion of C4 
grasslands, that for the bigger part replaced C3 plant ecosystems (Blondel et al., 
2010; Edwards et al., 2010; Pound et al., 2012), while at the same time, the Sahara 
Desert become established (Schuster, 2006; Zhang et al., 2014). This large-scale 
shifts in landscape and vegetation coverage lead to major turnovers in terrestrial 
fauna as well, favoring the proliferation of browsers feeders that fed on grasses 
and shrubs (Wang et al., 1994; Douady et al., 2003). This vegetation shift may 
have be one of the causes of the LMCIS, because it may have led to an increase 
flux of 12C-enriched material into the ocean (Pagani et al., 1999) and it could have 
altered the 12C fractionation coefficient into marine organic matter driving a 
permanent excursion of the ocean δ13CDIC (Kump and Arthur, 1999). These 
changes lead to the aridification of the circum Mediterranean area (e.g. Novello 
et al., 2015) as well. Because the onset of the LMCIS is contemporaneous with the 
first signs of Mediterranean-Atlantic gateway at ~7.2 Ma (e.g. Kouwenhoven et 
al., 1999), some authors (Zhang et al., 2014; Capella et al., 2019) proposed that it 
was the progressive Mediterranean isolation who preconditioned the global Late 
Miocene cooling favoring the ocean – atmospheric CO2 decoupling. Several other 
studies focused on the possible effect on global climate of the peak Mediterranean 
-Atlantic restriction during the MSC. Modelling studies by Ivanovic et al. (2014) 
found that changes in Mediterranean outflow could in fact change the ocean 
circulation in the North Atlantic and alter surface air temperatures, while Sun 
and Liu (2006) suggest that the MSC reduced world ocean salinity by 6%, 
enabling sea-ice formation at higher latitudes. That desiccating the 
Mediterranean sea would impact sea ice formation in the Northern Hemisphere 
has been modelled by Murphy et al. (2009) as well. 

The Pliocene, on the other hand was characterized by an amelioration of 
climatic condition as it is dominated by a warm/temperate and more humid 
climate (Bertini, 1994) at least in the Northern sectors of the Mediterranean area 
(Fauquette et al., 1999; Bertini and Martinetto, 2011). Accordingly, around 5.3 
Ma, the sedimentary record from the Guadalquivir basin (Montemayor-1 well: 
Jiménez-Moreno et al., 2013), registers maximal values in Quercus pollen 
remains, typical of Mediterranean forest conditions.  
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3. Rational for this study 
 
3.1. MSC in the proximity of Gibraltar  
 

To validate any of the above mentioned MSC and Zanclean reflooding 
theories, it is fundamental to understand the Mediterranean-Atlantic 
connectivity and therefore the evolution of the Gibraltar strait gateway(s), which 
opening is considered to be the main cause for the re-establishment of open 
marine conditions after the MSC. In this optic, of particular interest are the areas 
close to the Gibraltar arch like the Alboran Basin, the Southern Spanish, and 
Northern Moroccan marginal basins, which sediments could reflect accurately 
the changes in the Mediterranean environments before, during and after the 
MSC.  

The West Alboran Basin record could contain valuable information 
regarding changes in the Mediterranean-Atlantic gateway efficiency, sea level 
changes and circulation during the early Messinian to early Pliocene interval. 
Because still insufficiently studied, the existing information are on many 
occasions contradictory and hardly correlatable to what found in the rest of the 
Mediterranean. For example, even if the Alboran Sea is considered to be a deep 
basin (>1000 m water depth; Roveri et al., 2014), no evaporites have been found, 
and the only sediments related to the MSC are a chaotic mass transport deposits 
(MTD-CU) with gypsum fragments identified in boreholes offshore the Spanish 
southern coast (Martínez del Olmo and Comas, 2008; del Olmo and Martín, 
2016; Lofi, 2018) interpreted as the product of rapid sea level drawdown at the 
MSC onset (Cameselle and Urgeles, 2016). Why evaporites are absent in the 
Alboran Basin it is still not completely clear. According to Garcia-Castellanos et 
al. (2019) the 390 km-long channel identified spreading from gulf of Cadiz to the 
Algerian basin is the subaqueous expression of the Zanclean re-flooding and 
breaching of Gibraltar strait. This intense erosion could have transported a big 
volume of bedrock (500 km3) and sediment (including MSC evaporites) deriving 
from Gibraltar strait and Alboran Basin (Garcia-Castellanos et al., 2009) 
eastward, where it could have been deposited. Yet, up to now, such flood 
deposit have not been identified (Estrada et al., 2011) apart from some possible 
megabar deposits found in the proximity of the ODP Site 978 (Garcia-
Castellanos et al., 2019; Periáñez et al., 2019). Finally, another theory regarding 
the Mediterranean-Atlantic connectivity is waiting to be better understood. 
According to García‐Alix et al. (2016) and Booth-Rea et al. (2018) the volcanic 
arch separating the Eastern (EAB) and Western Alboran basin (WAB) could 
have acted as an alternative gateway to the Gibraltar strait making the WAB part 
of the Atlantic realm. To disentangle some of these issues and hopefully to 
obtain some new insights on the Mediterranean – Atlantic connectivity 
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dynamics during the late Miocene and early Pliocene, in this thesis several West 
Alboran Basin cores (ODP Site 976, DSDP Site 121, industrial boreholes 
Andalucia G1 and Alboran A1), Atlantic drill hole (Montemayor-1) and Spanish 
peri-Mediterranean Basins (Malaga, Nijar and Sorbas basins) outcrops have 
been studied (Figure 10). Analyzing sediments from the deep basins of both the 
Atlantic and Mediterranean side gave new insights about the change in 
Mediterranean-Atlantic connectivity and gateways dynamics before the MSC 
onset, while the marginal areas were particularly valuable for extracting 
information regarding the early Pliocene sediment infilling and 
paleogeographic conditions. 

 
3.2 Saltgiant project 
 

Saltgiant is a project funded by the European Union as part of a Marie Curie 
European Training Network that started in 2018 aimed to disentangle the 
formation of one of the largest salt deposits on Earth: The Mediterranean Salt 
Giant.  The  project  is  composed  of  four  working packages (WP, Figure 9) that  

 
Figure 9: Summary of the Saltgiant project four Work Packages (https://www.saltgiant-
etn.com/research/).  

https://www.saltgiant-etn.com/research/
https://www.saltgiant-etn.com/research/
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together form a multidisciplinary network of scientists located in 30 different 
academic organization around the Mediterranean. The Saltgiant team includes 
15 PhD students specialized in different fields from earth science, biology to 
history and economy that by working together tried to reconstruct into detail 
the paleogeograohic, geochemical and environmental condition necessary to 
form this km-thick evaporite deposit (WP1) as well as its implications for sub-
seafloor microbial life (WP2), risk assessment in the oil industry (WP3), geo-
economics of the Mediterranean region and the history of oceanography (WP4). 
This doctoral dissertation is part of WP1. 
 

3.3 Research questions and thesis structure 
 

The aims of this PhD are to understand how the Mediterranean – Atlantic 
connectivity changes affected the Mediterranean environments before and after 
the MSC and what is the causal mechanism between such paleogeographic 
variations and global and local climate variability and climate system sensitivity. 
These goals are summarized through a set of objectives, reported below in form 
of Research Questions: 

1. Which are the evidences of gateway restriction and base level change in 
the Mediterranean areas most proximal to the Gibraltar arc (West 
Alboran Basin)? 

a. When did the first restriction of the Atlantic – Mediterranean 
gateway happen? 

b. What were the causes of such restriction? 
c. Are there any facies related with the MSC that can be found in 

the Alboran Basin? 
d. Is it possible to estimate the hiatus produced by the Zanclean 

reflooding? 

These questions have been addressed in Chapter 3 by analyzing into detail 
the micropaleontological and geochemical content of West Alboran Basin ODP 
Site 976, DSDP Site 121 and industrial boreholes And-G1 and Alb-A1. In 
addition, seismic sections available in the same area were used to assess hiatuses 
and the aspect of the different Messinian facies. 

2. How did the first Mediterranean – Atlantic restriction event affect the 
Mediterranean Marine environments? 

a. Where was the gateway located? 
b. Was this event coeval both in the Western and Eastern 

Mediterranean? 
c. What was the causal mechanism between the paleogeographic 

changes in the Mediterranean and global climate changes? 
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These questions are addressed in Chapter 4 where the changes in the 
Mediterranean marine environments and circulation patterns are assessed 
through a study of benthic foraminifer distribution and stable isotope curves 
from ODP Site 976.  

3. Was the isolation of the Mediterranean triggered by a gateway located 
in the Betic corridor?  

a. Did the first signs of restriction of the Mediterranean-Atlantic 
gateway happened because of the definite disconnection of the 
Guadalhorce corridor? 

b. If so, when did the Guadalhorce corridor definitely close? 
c. What were the consequences on the closure of the corridor in the 

Guadalquivir Basin? 

These questions have been addressed in Chapter 5, where the timing of 
closure of the Guadalhorce corridor is obtained through geochemical data and 
distribution of planktic foraminifers from the Montemayor-1 core. 

4. How did the Zanclean reflooding of the Mediterranean affect marine 
environments and fauna? 

a. Which benthic foraminifer species thrived after the re-
establishment of an efficient Mediterranean-Atlantic connection? 

b. What was the sedimentological response to the reflooding in 
deep and marginal basins? 

c. Was the reflooding synchronous all over the Mediterranean? 
d. What was the depth of the deep and marginal basin at the 

Miocene-Pliocene boundary? 

These last set of issues have been tackled in Chapter 6 through the benthic 
foraminifer and stable isotope analyses of early Pliocene outcrops located in the 
Sorbas, Nijar and Malaga Basin (southern Spain). 
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1. Overview of the studied sites 
 

The scientific results produced during this PhD thesis rely on a combination 
of biostratigraphy, cyclostratigraphy, seismic sections, XRF analyses, benthic 
and planktic foraminifer associations, stable isotope analyses and fieldwork. In 
this work two deep sea cores and two industrial boreholes from the Alboran 
Basin, three Southern Spanish outcrops and one Spanish Atlantic margin 
borehole were studied (Figure 1). 
 
1.1 Alboran Basin 

Figure 1: Late Miocene configuration of the Mediterranean-Atlantic gateways showing with the 
black dots the studied cores and outcrops (modified from Capella, 2017). 

 
1.1.1 Site 121: drilled during the DSDP expedition Leg 13 in the West Alboran 
Basin structural high, and it was aimed to study the evolution of the 
Mediterranean Basin. Even though the recovery was poor, 24 cores were taken, 
and late Miocene sediments were reached. Here we analysed 12 samples from 
the late Tortonian – early Pliocene interval (from 865 to 625 mbsf). 

1.1.2 Site 976 (Hole B): drilled during the ODP Expedition Leg 161 very close to 
DSDP Site 121 in the same structural high. It reaches the Alboran Basin 
metamorphic basement, which was the target of the expedition. The drilling 
recovered late Miocene to Pleistocene sediments for a total of 535.54 meters. In 
this work we analysed 139 samples from the late Tortonian - early Pliocene 
interval of the core (from 609 to 564 mbsf). 

1.1.3 Exploration well Andalucia-G1: drilled offshore Marbella and penetrated the 
basin for almost 4 km reaching the Aquitanian. There was no continuous coring, 
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and the available samples are made by well cuttings. Here we analysed 30 
available samples for the late Tortonian - early Pliocene interval.  

1.1.4 Exploration well Alboran-A1: drilled offshore Malaga and perforated 2 km of 
the Alboran Basin sediments, touching the Paleozoic basement. There was no 
continuous recovery, and 28 cutting samples were analysed from the late 
Tortonian to early Pliocene.  
 
1.2 Mediterranean southern Spain basins 
 

During several field trips, the Miocene-Pliocene transition from three 
Spanish southern coast outcrops were sampled. From Malaga Basin (Rio 
Mendelin section), 33 samples were recovered while from Nijar Basin (Barranco 
del Negro section) and Sorbas Basin (Zorreras section) 9 and 23 samples were 
studied, respectively. 
 
1.3 Spanish Atlantic margin 
 
1.3.1 Montemayor-1 borehole: drilled by the Spanish Geological and Mining 
Institute (IGME-Instituto Geológico y Minero de España) is located in the western 
part of the Guadalquivir basin and with its 260 m it covers a time interval from 
the late Tortonian to early Pliocene. In this work we analysed 405 samples from 
the late Tortonian to early Messinian. 
 
 

2. Geochemical methods 
 
2.1 XRF analyses 
 

X-Ray fluorescence is a rapid, non-destructive analytical capability used in 
the analysis of marine sediments. Through such method, the changes in minor 
and major elemental composition of the sedimentological record can be seen. 
Depending on the dominant element, it is possible to obtain detailed insights of 
oceanographic and climate processes and to discern fundamental parameters 
such as calcium carbonate stratigraphy, terrigenous sediment delivery and 
origin of sedimentary particles (Figure 2; Rothwell, 2015). Theseanalyses 
permitted to estimate changes in element dominance through time, and to 
identify trends, patterns, and abrupt changes in the composition of the 
sedimentological record. The obtained elemental patterns were used for 
cyclostratigraphy and astronomical tuning of the records. 
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Figure 2: Schematic representation of element pathways to and within the marine environment. 1: aeolian dust 
input ; 2: Fluvial input; 3: Coastal erosion; 4: Volcanic eruptions; 5: Export productivity; 6: Diagenesis and 
authigenesis; 7: Ice-rafting; 8: Deep sea sediment transport; 9: Hydrothermal activity; 10: Submarine volcanism 
and 11: Fall-out from high altitude jet-streams (modified from Rothwell, 2015).   
  

The X-Ray fluorescence datasets used in this work were obtained with two 
different analytical methods depending on the nature of the available samples. 
Where an undisturbed continuous coring was available, the split cores were 
scanned by the X-ray fluorescence (XRF) Avaatech core scanner at MARUM 
(Research Faculty, Bremen University). The split core surface was cleaned, 
covered with a 4 μm SPEXCerti Prep Ultralenel 1 foil to avoid contamination of 
the XRF measurements. The here reported data have been acquired 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. Maximum scanning 
resolution was attempted, but due to the bad core preservation and occasional 
intercalations of perforating mud, the sampling steps were inserted manually 
ranging between 1 and 7 cm. Two runs were made, one 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 only 10 s of sampling time.  

When only single sediment samples were available, each sample was 
reduced to a fine powder in an agate mortar, subsequently obtaining tablets of 
10 mm in diameter with a manual press with a load of 5 Tm. The tablets were 
fixed on a glass slide to facilitate their handling. On each tablet, of sufficient 
thickness to avoid transparency phenomena, 25 random points were measured 
for 30 s with a Bruker M4 Tornado Spectrometer where the generator settings 
were set at 50 kV and 150 μA. A representative spectra and semi-quantitative 
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results of each sample were obtained using the ESPRIT software, set at 
international standards. This analysis was performed at the General Service of 
X-ray diffraction at Salamanca University. 
 
2.2 Stable isotope analyses 
 

The oxygen and carbon isotopic composition of fossil foraminifer calcite test 
has been commonly used in paleoceanography to reconstruct past ocean 
environmental conditions. 

The oxygen isotopic composition of ocean water varies as a function of the 
evaporation–precipitation balance and reflects changes in ice volume, water 
temperature and the hydrologic budget. While evaporation extracts 
preferentially the light oxygen isotope (16O), making the remaining water richer 
in the heavier 18O isotope, inflow of freshwater normally poor in 18O causes a 
decrease in the heavy isotope (Pierre, 1999 and references therein). 
Consequently, warmer temperatures result in lower δ18O water values and are 
usually linked to precession minima due to the higher freshwater discharge 
from the Nile or other peri Mediterranean regions (Chad, Eonile, Sahabi, Gabes 
basins; e.g. Griffin, 2002; Tuenter et al., 2003; Rohling and Hilgen, 2007). Because 
the Mediterranean δ18O records usually contain an evident precession 
component, the δ18O record can be used for astronomical tuning (e.g. Hilgen, 
1991; Hilgen et al., 1995; Lourens et al., 1996) as has been done in this work.  

Ocean δ13C composition is controlled by the equilibrium with the 
atmosphere in the surface and by water renewal at the bottom, and it is always 
a function of the organic production by photosynthetic organisms that live in the 
euphotic zone (Laube-Lenfant and Pierre, 1994; Pierre, 1999), the transfer of 
organic matter to the bottom and deep water renewal. During the 
photosynthesis, they preferentially extract 13C-depleted CO2, enriching the more 
productive basins with 13C isotope. On the contrary, the degradation of sinking 
organic matter releases 13C depleted CO2 leading to a progressive decrease of 
δ13C as we move deeper in the basin. How much the δ13C will decrease depends 
on the quantity of CO2 added by remineralization, and so, on the water residence 
time. In this work, we mainly used changes in benthic δ13C to estimate variations 
in bottom water residence time related with the variable Mediterranean-Atlantic 
water exchange efficiency.  

The δ13C and δ18O analyses were performed both on benthic and planktic 
foraminifer tests of selected individuals of the same species using a Finnigan 
MAT 253 mass spectrometer connected to a Kiel IV carbonate preparation device 
at the Christian-Albrecht University in Kiel (Germany). Sample reaction was 
induced by individual acid addition (99 % H3PO4 at 75 °C) under vacuum. The 
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evolved carbon dioxide was analysed eight times for each individual sample. As 
documented 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).   
 
 

3. Seismic section analyses 
 
In this thesis, several 2D seismic profiles and a 3D seismic cube (Figure 3) 
acquired in the Alboran Basin by REPSOL exploración S.A., were integrated into 
the results and correlated to the sediments recovered in ODP Site 976, DSDP Site 
121 and drillholes Andalucia-G1 and Alboran-A1. In the first place, such 
correlation enabled to determine the main late Tortonian-Pliocene facies present 
in the Alboran Basin. In the second place, it made possible to estimate 
thicknesses and age intervals represented by single sedimentary packages and 
provided rough estimates on the age and thicknesses missing where an 
erosional surface was present.  

Figure 3: Map showing the available seismic lines used in this work. 

  



Chapter 2 
 

40 

4. Micropaleontological analyses 
 
4.1 Benthic and planktic foraminifer assemblages 
  

Foraminifers are marine, free-living, single-celled eukaryotes which secrete 
an elaborate, solid skeleton (or test) that contains the bulk of the cell and is 
composed of secreted organic matter, minerals (calcite or aragonite) or 
agglutinated particles (BouDagher-Fadel, 2012). Based on their life strategy, they 
can be divided into benthic foraminifers that live attached on plants or the 
sediment substrate, and planktic foraminifers who float freely in the upper part 
of the water column. 

Benthic foraminifers have all kinds of different shapes and sizes and live on 
the seafloor or at different depths into the sediment. According to the TROX 
(Jorissen et al., 1995) and TROX-2 (Van der Zwaan et al., 1999) models, the 
benthic foraminifer microhabitat depends on the oxygen levels and, if oxygen  is  
present  on  nutrient  availability  at the sea floor (Figure 4). In very oligotrophic 

 

Figure 4: Conceptual model TROX/TROX-2 model of Jorissen et al. (1995) and Van der Zwaan et 
al. (1999) describing the general dependence of the benthic foraminiferal microhabitat structure on 
food supply (trophic conditions) and oxygen (www.oxfordre.com). 

 
marine areas oxygen consumption is high and the food particles are consumed 
at the sediment-water interface, leaving the underlying sediments with very 
small quantities of organic matter. In such environment, the benthic foraminifer 
association will be mainly composed by epifaual species and only by a few 
shallow infaunal species. In more eutrophic environments, the metabolizable 
organic matter is no longer restricted to the sediment surface, but reaches deeper 
sediment layers, enabling the proliferation of deep infaunal taxa. In fully 

http://www.oxfordre.com/
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eutrophic environments the oxygen level determines the penetration depth of 
the infauna. Here, the degradation of the organic matter in the sediment 
consumes more oxygen than can be provided creating a food excess in the 
sediment. If organic flux continues to increase, most of the oxygen will be 
consumed, and the benthic environment will become shallower. Consequently, 
studying the benthic foraminifer species distribution and abundances, as well as 
their microhabitat preferences throughout a sediment record offers valuable 
information regarding oxygen levels and the amount of nutrients coming to the 
seafloor. Furthermore, because different benthic foraminifer species inhabit 
specific depth intervals, water-depth ranges of the dominant species have been 
commonly used to reconstruct paleodepth variations (Hohenegger, 2005; Pérez‐
Asensio, 2021). In this work, changes in benthic foraminifer associations have 
been used as tools to reconstruct changes in the paleoenvironment including 
past circulation and oxygenation patterns and to estimate possible oscillations 
in the paleodepth.  

Planktic foraminifer inhabit wide latitudinal and temperature zones and 
their distribution is related mainly to surface water properties like temperature 
(Figure 5)   and   salinity   (Kucera, 2007).   Consequently,  the   study  of  planktic 

Figure 5: Abundance plots of selected modern planktic foraminiferal species in relation to sea 
surface temperature (SST). The plots are based on data from surface sediments of the Atlantic 
Ocean from Kucera et al. (2005) (www.oxfordre.com). 

http://www.oxfordre.com/
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foraminifer assemblages distribution throughout our record enabled us to track 
changes in environmental conditions.  

The variation from a predominately warm to a predominately cold-water 
species assemblage was used to trace temperature and circulation changes 
where the cold-water species were associated to an efficient circulation, while 
water column stratification was implied by the prevalence of warm water 
species (Sierro et al., 2003). The recognition of cyclical patterns was used for 
cyclostratigraphy and astronomical tuning. 

For the micropaleontological analyses of both benthic and planktic 
foraminifers, the sediment samples were prepared in the Salamanca University 
laboratory. All the samples were oven dried, weighted and left to disaggregate 
overnight in water. Afterwards, the sediment residue was washed over a >63 
µm and >150 µm sieve. From the >150 fraction at least 200 benthic and 300 
planktic foraminifers were counted and classified by species.  
 
4.2 Biostratigraphy 
 

Biostratigraphy is based on the evolution and migration of certain fauna 
through time, where the appearance, acme or disappearance of a marker species 
is isochronous and tied to the same age (Gradstein et al., 2012). Consequently, 
such events have been used to determine the age of the sediments. The late 
Tortonian-early Pliocene biostratigraphic frame used in this work and applied 
on the studied locations was based on several planktic foraminifer events 
derived from the revised planktonic biostratigraphic scale of Lirer et al. (2019). 
Additionally, two benthic foraminifer bioevent have been also used (Hilgen, 
1991; Kouwenhoven et al., 2003). All the bioevents are listed in Table 1.  

 
Table 1: Late-Tortonian-early Pliocene biostratigraphic foraminiferal events in the 
Mediterranean used in this study Lirer et al. (2019). Only the age of the S. reticulata 
bioevent is taken from Kouwenhoven et al. (2003) and the duration of U. peregrina-U. 
pygmea event from  Hilgen (1991).  

Bioevent Species 
Astronomically 
calibrated age 

FO Globorotalia punticulata 4.52 Ma 
FCO Globorotalia margaritae 5.08 Ma Mediterranean 

6.08 Ma Atlantic 
Acme interval Uvigerina peregrina-U. pygmea 5.226-5.128 Ma/  

5.266-5.079 Ma 
Bottom acme Sphaeroidinelopsis spp. 5.3 Ma 
S/D coiling Neogloboquadrina acostaensis 6.35 Ma 
LO Globorotalia miotumida group 6.52 Ma 
Disappearance Siphonina reticulata 7.167 Ma 
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Bioevent Species 
Astronomically 
calibrated age 

LO Globorotalia suturae 7.17 Ma 
FCO Globorotalia miotumida group 7.24 Ma 
LCO Globorotalia menardii 5 group (dextral) 7.23 Ma 
FCO Globorotalia menardii 5 group (dextral) 7.36 Ma 
LCO Globorotalia menardii 4 group (sinistral) 7.56 Ma 

 

 

5. Cyclostratigraphy 
 

Long term changes in solar insolation modulate climate and circulation 
patterns visible in the sedimentological records. The solar radiation reaching the 
earth’s surface at a determinate time and place depends on the shape of the 
earth’s orbit around the sun and of the orientation of the rotational axis. These 
characteristics are defined by three orbital parameters that include eccentricity, 
obliquity, and precession, all varying through time with different periodicities, 
known as Milankovitch’s cycles (Figure 6). The eccentricity is characterized by 
three main periodicities, the 2.3 Ma visible in long geological records, the most 
prominent at 413 kyr, and 100 kyr obtained as an average of four periods while 
the obliquity component with larger amplitude is of 41 kyr (Berger, 1977; 
Strasser et al., 2006). For precession, the dominant periodicities are 23 kyr and 19 
kyr, which are commonly found in the geological record.  

Because of the peculiar location of the Mediterranean Sea, which is 
surrounded by continents and only connected to the Atlantic Ocean by a small  

 

Figure 6: A schematic representation of the three orbital parameters influencing the solar insolation 
coming to the earth. From left to right: eccentricity, obliquity, and precession 
(www.theinevitableclimatechange.org). 

 

http://www.theinevitableclimatechange.org/
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marine gateway, Mediterranean climate is very sensitive to orbital forcing. Such 
restricted basin amplifies the astronomically induced changes in the 
hydrological regime and oceanic circulation (Krijgsman, 2002). Therefore, 
oscillations of the orbital parameters are recorded in the Mediterranean 
sedimentary records through changes in physical, biological, and chemical 
properties of the sediments. During Northern Hemisphere insolation maxima 
(precession minima), under a hot and more humid climate, the intense 
precipitation and freshwater discharge to the basin increases the detrital input 
which dilutes the carbonate content of the sediments that become enriched in 
terrigenous elements like titanium, zirconium, or rubidium. If the fluvial 
discharge is strong, during this periods it can create a fresher seawater lid on the 
surface, hindering water circulation and even inhibit almost completely deep 
water formation and mixing consequently leading to the deposition of organic 
rich sapropels (Rossignol-Strick et al., 1982; Rohling, 1994; Rohling et al., 2009; 
Rohling et al., 2015). On the other hand, during Northern Hemisphere insolation 
minima (precession maxima), the climate is cold and dry and the freshwater 
input to the basin reduced. Consequently, the sediments are enriched with 
carbonates and contain high quantities of calcium and strontium. During this 
periods, eolic deposits can also be found, usually rich in titanium (De Visser et 
al., 1989; Larrasoaña et al., 2003; Konijnendijk et al., 2014). The recognition of 
such cyclical changes in the Mediterranean Basin sedimentological record has 
been used to create an astronomical time scale for the Neogene (Hilgen and 
Krijgsman, 1999; Hilgen et al., 2015) and significantly facilitated the correlation 
between different Mediterranean sections (Roveri et al., 2014).  

In order to astronomically tune the studied stratigraphic sequences to the 
astronomical target curve (Laskar et al., 2004) a phase relationship was 
established between the patterns identified in the stable isotope, XRF or planktic 
foraminifer record, sedimentary processes and orbital cycles. Phases with 
heavier δ18O values, abundant cold water foraminifer species and high 
carbonate concentrations were associated to insolation minima, while lighter 
δ18O values, predominant warm water foraminifer species and more abundant 
detrital elements to insolation maxima. As sonic logs are used in the industry to 
estimate the porosity and therefore the variation between sand or shale layers, 
in some cases, sonic log profiles were additionally used to spot the periodicity 
of the cycles.  
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Abstract 

 
Late Miocene sedimentary records in the Gibraltar arch region hold fundamental 
information on the Atlantic-Mediterranean connectivity before, during and after the 
Messinian Salinity Crisis (MSC; 5.96-5.33 Ma). In this work we tackle this still unresolved 
problem through a detailed foraminifer-based biostratigraphy, micro- paleontological 
and geochemical analyses of four available records (ODP 976B and DSDP 121) and 
boreholes (Andalucia-G1 and Alboran A1) in the West Alboran Basin (WAB). The 
combined use of these different analytical techniques together with new seismic 
stratigraphy enabled us to create a new and revised Upper Tortonian-Lower Pliocene 
Alboran Sea chronostratigraphic framework and estimate the magnitude of the Zanclean 
erosion. At Site 976, the dominance of a peculiar cold planktonic foraminifer fauna in the 
late Tortonian-early Messinian could possibly imply the existence of a proto-Gibraltar 
Strait, while at ~7.2 Ma, changes towards warmer foraminifer assemblages, increasingly 
stratified water column and sharp increase in terrestrial input indicate the beginning of 
the restriction of the Mediterranean from the Atlantic Ocean. Cyclical changes visible 
both in the elemental composition and foraminifer assemblages from here onward 
highlight a strong precessional cyclicity, which can be correlated to the first signs of 
reduced ventilation and sapropel deposition in the Eastern Mediterranean. The 
integration of seismic profiles and core analyses finally revealed that the Messinian 
expression in the Alboran basin is limited to two units: one hemipelagic and one chaotic, 
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most probably connected to the MSC final stages. The Messinian succession in the 
Alboran basin is topped by an unconformity, most likely related with the Zanclean 
reflooding, which eroded a sedimentary succession of ~1.67 Ma. An extremely rare 
phosphate (canaphite) and Mg rich minerals were recognized described and associated 
to interstitial fluids and diagenetic processes.  

 
 

1. Introduction 
 

During the last 640 kyr of the Messinian stage (7.245-5.333 Ma; Gradstein et 
al., 2012), known as the Messinian Salinity Crisis (MSC; Selli, 1964), the 
Mediterranean went through unparalleled paleogeographic and 
paleoenvironmental changes (CIESM, 2008; Flecker et al., 2015; Hsü et al., 1977; 
Roveri et al., 2014), when km-thick evaporite deposits started to accumulate all 
over the sea floor. These deposits were only the final result of the progressive 
restriction of the Atlantic-Mediterranean gateways that started already at about 
7 Ma, the beginning of the Messinian (Kouwenhoven et al., 2003; Krijgsman et 
al., 2018; Van den Berg et al., 2018), which produced at least a few hundreds of 
meters of base level drop (Krijgsman and Meijer, 2008; Roveri et al., 2014) and a 
final isolation of the basin from the global ocean. The exact chronology, 
magnitude and nature (tectonic vs. glacio-eustatic; eg. Ohneiser et al., 2015; Sanz 
de Galdeano and Alfaro, 2004) of the base level change together with the 
evolution of the gateways and their location is still to be completely understood 
(Flecker et al., 2015).  

Over the last decades a strong effort has been made to investigate on land 
sections along the Betic and Rifian corridors that connected the Atlantic and 
Mediterranean during the late Miocene (Benson et al., 1991; Blanc, 2006; Braga 
et al., 2003; Capella et al., 2018; Corbí et al., 2012; Franseen et al., 1996; García‐
Veigas et al., 2020; Martín et al., 2001; Soria et al., 1999; Tulbure et al., 2017; Van 
den Berg et al., 2018; Van Der Laan et al., 2012; Van der Schee et al., 2018; among 
many others). In contrast, the West Alboran Basin (WAB) which is located at the 
entrance of the Mediterranean, in the vicinity of the Gibraltar Strait received less 
attention. Due to its location, the WAB sedimentological succession should 
contain a record showing the signs of gateway restriction culminating with the 
deposition of MSC evaporites and topped by Pliocene open marine sediments, 
corresponding to the Zanclean reflooding. Seismic data revealed that there was 
no significant in situ evaporite deposition in the Alboran Basin (Bache et al., 
2009; Comas et al., 1999; Rouchy and Caruso, 2006), and because of the basin 
position facing Gibraltar Strait, the re-establishment of marine conditions left a 
profound impact on its record, leaving an erosional surface (Estrada et al., 2011) 
and channel (Garcia-Castellanos et al., 2009) as the main traces of the MSC. Apart 
from this Messinian M reflector (Ryan et al., 1973) other features related with the 
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MSC are rare and mainly confined to the marginal, shallower sectors like some 
turbidites and mass-transport deposits identified in a 3D seismic cube offshore 
Marbella (Martínez del Olmo and Comas, 2008; Martínez del Olmo and Martín, 
2016). These deposits, cored by industrial well Andalucia-G1 and Alboran-A1, 
are mainly composed by benthonic and planktonic foraminifers immerged in a 
fine clay matrix, with abundant anhydrite minerals and metamorphic rock 
fragments (Martínez del Olmo and Comas, 2008). Even if never precisely dated, 
in previous studies they were interpreted as the consequence of sea-level drop 
during the MSC acme which lead to the erosion and instability of the WAB shelf 
resulting in sedimentation of mass transport deposits (MTDs) and turbidites 
into the incised valleys (Martínez del Olmo and Comas, 2008). In this study, we 
show how such clastic deposits are more likely attributable to base level changes 
in the MSC final stages, in agreement with the finding of similar coeval units 
both in the Eastern (Bertoni and Cartwright, 2007; Gvirtzman et al., 2017) and 
Western Mediterranean (Guerra-Merchán et al., 2010; Soria et al., 2005). 

Aside from studying seismic sections and industrial boreholes, others 
focused on the MSC record sampled by the existing ODP sites, but apart from 
the initial DSDP/ODP reports (Campillo et al., 1992; Comas et al., 1999; Comas 
et al., 1996; Serrano et al., 1999), only Popescu et al. (2015) revisits those sites, 
mainly because of their poor recovery and absence of MSC deposits. To 
understand the impact of the gateways dynamics, in particular of the Gibraltar 
Strait and its recently questioned opening time (Krijgsman et al., 2018), we 
studied the Alboran Sea sedimentary record before and after the salinity crisis. 
Considering the pre-evaporite Messinian deposits and the early Pliocene 
sediments from the WAB more into detail, will help us understand when the 
first tectonic pulses initiated changing the Mediterranean paleogeography, what 
were the circulation patterns following the gateway evolution and how rapid 
actually was the re-establishment of open marine conditions at the base of the 
Zanclean.  

In spite of an obvious need for a new drilling expedition in the Alboran 
basin, targeting areas with a more complete Tortonian-Messinian-Pliocene 
successions, which are known to exist because of the numerous seismic surveys 
(Do Couto et al., 2016; Estrada et al., 2011; Soto et al., 2010), is essential to produce 
a new and more detailed biostratigraphy and chronology of the WAB sites. Most 
of the identified WAB records have been interpreted from seismic profiles, but 
because of the limited resolution, only the identification of some seismic units 
was possible (Do Couto et al., 2016; Jurado and Comas, 1992; Martínez del Olmo 
and Comas, 2008; Soto et al., 2010), remaining uncertain stage boundaries. In this 
work we propose a refined planktonic foraminifer-based chronology of the 
Alboran sites 976 (Hole B; Leg 161), 121 (Leg 13) and two industrial boreholes 
Andalucia-G1 (And-G1) and Alboran-A1 (Alb-A1) that were included in order 
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to fill the hiatuses present in the DSDP/ODP sites. Mineralogy and elemental 
geochemistry of Site 976 have been carried out for generating additional 
information regarding the paleoenvironments and post depositional diagenetic 
processes. These re-analysed records give us new important insights regarding 
the effects (and possible causes) that the profound paleogeographic changes 
happening since the beginning of the Messinian produced in the WAB.  
 

 

2. Geological setting  
 

The Alboran Sea is a back arc basin (Horvath and Berckhemer, 1982) that 
forms a narrow marine embayment of 150 km of width in the westernmost 
extremity of the Mediterranean Sea (Ryan et al., 1973), just above the area of 
European and African plate convergence (Gutscher et al., 2002; see Figure 1A). 

 

Figure 1: Grayscale topographic map of the Alboran Sea area (http://www.geomapapp.org/) showing 
the main tectonic features of the study area and the studied cores and boreholes (And-G1, 121, 976B 
and Alb-A1). A) Simplified sketch of African and European Plate collision where the black line 
with thrust symbols indicates the Gibraltar Arc (modified from Gutscher et al., 2002). B) In blue the 
present day geometry (since 8 Ma) of the Gibraltar arc trench and its hypothetical position at 30 Ma 
(Frasca et al., 2016). The green shading is a cartoon representation of the slab while the red arrows 
show the SSW indentation of the Rif due to NNW slab dragging showed by the black arrow 
(Capella et al., 2020; Spakman et al., 2018). The red line shows the slab edge tearing from the upper 
Miocene to the present (Mancilla et al., 2015).  

http://www.geomapapp.org/
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The plate convergence began in the Cretaceous (Dewey et al., 1989) whereas 
the development towards its current configuration started approximately at 
~25-30 Ma during the continental collision between Iberian and African passive 
margins (Crespo-Blanc and de Lamotte, 2006; Do Couto et al., 2016; Frasca et al., 
2016) and subsequent N-S extensional collapse of the Alpine orogen known as 
Betic-Rif arc (Soto et al., 2010). At this time, the convergence slowed down 
starting an E-W trench retreat and slab rollback that resulted in back-arc 
extension (Heit et al., 2017) accompanied with a westward migration of the 
Alboran domain (Booth‐ Rea et al., 2007, see Figure 1B). The subduction zone 
migration lead to a synchronous tholeiitic to calc-alkaline (Duggen et al., 2004) 
volcanic archipelago development in the EAB (Balanya et al., 2012). Because of 
the compression of the Alboran domain against the edge of the continent 
(docking), around 8 Ma the slab rollback decelerated (Spakman et al., 2018) 
leaving the Gibraltar arc in its current position (Vergés and Fernàndez, 2012, see 
Figure 1B) and NNW-directed slab dragging as a residual motion (Capella et al., 
2020). Around 8 Ma the regime of the Alboran basin changed and the areas of 
the Betic and Rifian corridors experienced progressive uplift, taught to be the 
result of westward moving slab tearing (Garcia-Castellanos and Villaseñor, 
2011; Govers, 2009; Mancilla et al., 2015) and coeval indentation of the Moroccan 
margin (Fadil et al., 2006). After this initial phase, in the early Pliocene 
northwest-southeast shortening and associated strike-slip faulting began to 
develop and didn’t seize until the Holocene (Soto et al., 2010).  

This structural reorganization accompanied by synsedimentary faulting 
and differential subsidence, lead to the deposition of a thick, Neogene 
sedimentary infilling (Díaz-Merino et al., 2003), reaching up to 8 km in the main 
depocenters as the WAB (Iribarren et al., 2009). The Miocene deposition was 
occasionally perturbated by the development of mud diapirs, associated with 
mud volcanism which led to the formation of different faults systems and 
antiforms (Soto et al., 2010) which resulted in the development of the Mud 
Diapir Province (MDP; López-Rodríguez et al., 2019) in the westernmost sector 
of the WAB. The latter deformed the sedimentary records, complicating the 
seismic reflector correlation in some Alboran sectors. In relation to the tectonic 
regimen of the Alboran basin, it is possible to find syn- and post-rift deposits, 
where the oldest are of late Burdigalian age (20.44 – 15.95 Ma), and the youngest 
Quaternary (2.58 Ma – present). The succession is punctuated occasionally by 
regional unconformities (Do Couto et al., 2016). 

The WAB sector studied in this paper is not part of the MDP (López-
Rodríguez et al., 2019) and its overall geometry consists of a sedimentary wedge, 
progressively thickening from the coastal area towards the basement horst at 
ODP 976 Site. The wedge comprises a Langhian-Holocene sedimentary 
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succession of which in this paper we studied Upper Tortonian-Lower Pliocene, 
relevant for the MSC event. 

  
 

3. Materials and methods 
 
3.1 Planktonic foraminifers and residue analyses 
 

We performed a quantitative study of the planktonic foraminiferal content 
of a total of 121 samples from ODP Site 976, Leg 161 (36° 12’ 18.78’’ N, 4° 18’ 
45.78’’ W; Figure 1A) in the WAB, focusing in particular on the Messinian 
sediments as well as the latest Tortonian and earliest Pliocene. The cores were 
sampled at irregular sampling intervals, depending on the sediment availability 
trying to stay within a density of 10-30 cm when possible. The sediments were 
dried in the oven and a weighted fraction of each sample was then 
disaggregated in water and washed over a >63 µm and >150 µm sieve. In this 
work, the >150 µm fraction has been analyzed. Aliquots containing preferably 
300 planktonic foraminifer specimens were identified and counted under a 
dissection microscope. From this Site, the sand fraction per gram represented by 
the sum of the >63 µm and >150 µm grain fractions in respect to the total weight 
of the sample was also calculated.  

Additionally, 12 available samples (one for each core section) from the 
poorly recovered DSDP Site 121, Leg 13 (36° 09.65’ N, 04° 22.43’ W; Figure 1B), 
and 50 available samples from industrial boreholes And-G1 (36° 23’ 47.62” N, 
04° 45’ 08.61” W; Figure 1B) and Alb-A1 (36° 36’ 3.99” N, 02° 44’ 04.02” W; Figure 
1B) were analyzed and targeted for qualitative biostratigraphic analyses. 
Because of the lack of continuous coring in these industrial wells, only some drill 
cuttings were retrieved making the sample density extremely low and therefore 
precluding the production of a continuous micropaleontological record. In 
addition to foraminifers, other particles in the residues were counted (lithic 
fragments, pyrite, anhydrite particles etc.) to estimate relative proportions. 

In order to estimate the plankton response to eventual oceanographic 
changes, we calculated the abundance of warm, oligotrophic water planktonic 
foraminifers (WOWPF; mainly Globigerinoides spp., Orbulina universa and 
Globorotalita apertura) and the abundance of cold eutrophic water planktonic 
foraminifers (CEWPF; comprising Globigerina bulloides, Globigerinata glutinata 
and Neogloboquadrina spp.) following Sierro et al. (2003). 
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3.1.1 Foraminifer biostratigraphy 

The proposed planktonic foraminifer biostratigraphy scheme for the late 
Miocene-early Pliocene of the Alboran Basin was mainly based on bioevents 
from the recent astronomically calibrated charts compiled by (Lirer et al., 2019). 
The main planktonic foraminifer bioevents used in this work are reported in 
Table 1. Additionally, the disappearance of benthic foraminifer species, 
Siphonina reticulata has been used to improve the biostratigraphic interpretation 
(Kouwenhoven et al., 1999).  

 
Table 1: Late-Miocene-early Pliocene biostratigraphic foraminiferal events in the 
Mediterranean used in this study are based on the revised planktonic biostratigraphic 
scale of Lirer et al. (2019). Only the age of the S. reticulata bioevent is taken from 
Kouwenhoven et al. (2003). The numbers are the bio-event abbreviations used in the text 
and figures. 

Bioevent Species 
Astronomically 
calibrated age 

Nº 

FCO G. margaritae 5.08 Ma 9 

Bottom acme Sphaeroidinellopsis spp. 5.3 Ma 8 

S/D coiling N. acostaensis 6.35 Ma 7 

Disappearance S. reticulata 7.167 Ma 6 

LO G. suterae 7.17 Ma 5 

FCO G. miotumida group 7.24 Ma 4 

LCO G. menardii 5 group (dextral) 7.23 Ma 3 

FCO G. menardii 5 group (dextral) 7.36 Ma 2 

LCO G. menardii 4 group (sinistral) 7.56 Ma 1 

 
For cutting samples from the industrial boreholes, only last occurrences 

were considered because of the possible downhole contamination.  
 
3.2 Semi quantitative geochemistry (x-ray fluorescence and mineralogy) 
 

The archive halves of 976B sections (from 61X-7 until 65X-5), were scanned 
by the X-ray fluorescence (XRF) Avaatech core scanner at MARUM (Research 
Faculty, Bremen University) in order to determine the concentration of major 
and trace elements present in the sediment. The split core surface was cleaned, 
covered with a 4 µm SPEXCerti Prep Ultralenel 1 foil to avoid contamination of 
the XRF measurements. The here reported data have been acquired 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 
50W XTF5011 X-Ray tube with rhodium (Rh) target material. Maximum 
scanning resolution was attempted, but due to the bad core preservation and 
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occasional intercalations of perforating mud, the sampling steps were inserted 
manually ranging between 1 and 7 cm. Two runs were made, one using 
generator settings of 30 kV, current of 1.0 mA and a sampling time of 15 sec, 
while the second run was performed with 10 kV, 0.2 mA and only 10 sec of 
sampling time. Some elements were discarded because of their low reliability 
due to their poor detection. In order to better understand the different factors 
influencing the geochemical composition of the sediments we performed a 
principal component analyses (PCA) with the Past version 3.14 software 
package (Hammer et al., 2008). To achieve normal distribution and minimize the 
possible bias produced by core surface preparation, changes in lithology and 
light element signal attenuation (Tjallingii et al., 2007; Weltje and Tjallingii, 
2008), prior to performing the PCA the dataset was normalized to the total raw 
counts of each measure point and then standardized by subtracting the average 
and dividing by the standard deviation (Davis and Sampson, 1986). 

Non-planktonic particles identified in three washed samples of 121 DSDP 
Site (20R, 19R, 20R) were picked and grinded. Subsequently, X-ray 
diffractograms were obtained using a Polycrystalline powder diffractometer - 
Bruker D8 Advance ECO with Cu-Kα radiation, automatic slit and LYNXEYE 
1D detector. Scans were run from 2 – 64° 2θ. The obtained diffractograms were 
interpreted using BRUKER EVA V.10.0.10 software. 
 
3.3 Seismic and downhole logging data 
 

The 2D-3D seismic profile grid available for this study covers practically the 
whole Northern sector of the WAB (Figure 2). Because of the fragmentary nature 
of the sedimentological records, these 2D-3D seismic lines and downhole log 
measurements were used to better correlate the drilling sites and identify 
eventual discontinuities and hiatuses in the record. Seismic profiles resulted 
very helpful for mapping the stratigraphic units and build isopach maps. In 
particular two single (3D crossline and N83_N206_S-83) and one composite 3D-
2D seismic line (ALB81-35, ALB81-35B and 3D arbitrary line) acquired at the 
drill sites locations are highlighted in Figure 2. Aside from some physical 
properties of the sediments like magnetic susceptibility, the downhole logging 
tools considered in this study were Gamma ray (natural gamma radiation) and 
Sonic log (travel time) retrieved from the ODP Log database 
(https://www.ldeo.columbia.edu/research/marine-geology-geophysics/odp-log-database) 
and industrial drilling reports. To identify the presence of periodicities in the 
Sonic log velocities time series analyses was performed with Past 3.14 software 
using the Spectral analyses (simple periodogram). 

 

https://www.ldeo.columbia.edu/research/marine-geology-geophysics/odp-log-database
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Figure 2: Grayscale topographic map of the Alboran Sea area (http://www.geomapapp.org/) showing 
the studied core and borehole position paired with the 2D-3D seismic grid and studied seismic 
sections (in red). 

 
 
4. Late Miocene-early Pliocene seismic units in the WAB 
 

To investigate the pre-evaporite Messinian succession in the WAB we used 
some seismic profiles (Figure 2) to identify the main sedimentary units and 
analyzed the micropaleontological, geochemical and mineralogical content of the 
few boreholes that have been drilled crossing these Late Miocene-Early Pliocene 
sections. We mainly focused on the analysis of ODP Site 976 with some additional 
data from DSDP Site 121 and industrial boreholes And-G1 and Alb-A1. 

From the composite seismic line in Figure 3 (ALB81-35B, 3D arbitrary line 
and line ALB81-35B) it is possible to see that sites 976 and 121 are located on a 
structural high with a visible erosional surface on top (M reflector), highlighting 
that a big part of the upper Messinian deposits are missing (magenta line in 
Figure 3). Moving towards the coast, at And-G1 and Alb-A1 wells location, the 
Messinian sediments, referred in previous studies as Messinian Unit II (Comas 
et al., 1999), SU 7 (Do Couto et al., 2016) or Unit A6 (Díaz-Merino et al., 2003; 
Soto et al., 2010), contain two different sub-units (e.g. Figure 3, 4, 5). The lower 
one is composed by plane-parallel strata, while the upper one displays a more 
chaotic aspect.  
 
 

http://www.geomapapp.org/


Chapter 3 
 

62 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 3: Composite seismic profile (ALB81-35B, 3D arbitrary line and line ALB81-35) showing 
with a full line, the DSDP Site 121 and with a dashed one the projection of ODP 976 Site and And-
G1 industrial well. The colored lines show the top of different geological stages: in yellow: top 
Tortonian; in black dashed: base of the chaotic deposit; in magenta: top Messinian and M reflector; 
in green: top Pliocene. 
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Figure 4: 3D Seismic crossline showing with a full line And-G1 well position. The colored lines 
show the top of different geological stages: in yellow: top Tortonian; in black dashed: base of the 
chaotic deposit; in magenta: top Messinian and M reflector; in green: top Pliocene, while the black 
lines highlight the faults. 
 

 

Figure 5: N83_N206_S-83 seismic line with a black full line indicating the position of industrial well 
Alb-A1. The colored lines show the top of different geological stages: in yellow: top Tortonian; in 
black dashed: base of the chaotic deposit; in magenta: top Messinian and M reflector; in green: top 
Pliocene. 
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The lowermost part of the lower unit was recovered at site 976 and 121 and 
is characterized by hemipelagic sedimentation as will be described below. In 
contrast, the chaotic unit is overlying the hemipelagic one only in the northern 
part of the basin while it was completely eroded towards the south. The chaotic 
unit is topped by the Pliocene with no apparent unconformity in the North while 
in the South the reflector truncates the uppermost Messinian deposits, as shown 
by other authors as well (Comas et al., 1999; Do Couto et al., 2016; Martínez del 
Olmo and Martín, 2016 and others). 

Although we mainly focus on the Messinian hemipelagic unit recorded at 
Site 976 and 121, we explore the sedimentary characteristics of the chaotic unit 
(Figure 4 and 5) analyzing sediment cuttings from boreholes And-G1 and Alb-
A1. Sediment cuttings analyses and downhole logging data show that this Unit 
is characterized by lower gamma ray values and higher grain sizes, mainly rich 
in detrital metamorphic clasts, anhydrite minerals with occasional pyrite 
(Figures 6 and 7). In the seismic sections, where present, the unit shows higher 
thicknesses towards the center of the basin, while it pinches out in the proximity 
of the coast (Figure 3). As the isopach map evidences (Figure 8), this unit extends 
in a large sector of the Spanish margin, reaching a thickness of up to 240 m in 
the central parts of the northern WAB to some tens of meters closer to the coast. 
 

 
Figure 6: Alboran Basin And-G1 industrial borehole stratigraphic log derived from industrial 
drilling reports. From left to right the gamma ray, total foraminifers, anhydrite minerals and 
detrital particles are shown.  
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Figure 7: Alboran Basin Alb-A1 industrial borehole stratigraphic log derived from industrial 
drilling reports. From left to right the gamma ray, total foraminifers, anhydrite minerals, detrital 
particles and pyrite minerals are shown.  
 

 

Figure 8: Isopach map showing the thickness of the chaotic unit (top Unit II from Comas et al., 
1999). Cold tones indicate low, while wormer tones higher widths. 
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5. Planktonic and benthonic foraminifer association and biochronology  
 

The biochronology of the four studied cores and boreholes (Figure 9) was 
based on several planktonic and one benthonic (Figure 10) foraminifer bioevents 
reported in Table 1. 

 

Figure 9: NNW-SSE stratigraphic correlation between the four analysed sites. The main identified 
biozones (Lirer et al., 2019) include: the G. menardii group biozone (MMi12b), the G. miotumida 
group biozone (MMi13a) and the Spaeroidinellopsis spp. biozone (MPl1). The circled numbers on 
the left hand-side represent the main stage boundary bioevents (Lirer et al., 2019): 4-FCO of G. 
miotumida (7.24 Ma); 8-bottom acme of Sphaeroidineillopsis spp. (5.3 Ma) and 9-FCO of G. margaritae 
(5.08 Ma) reported in Table 1.  
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Figure 10: Photographs of planktonic and benthonic biomarker specimens from the studied sites. 
1-2: Globorotalia menardii 4 on the dorsal (1) and ventral view (2). 3-4: Globorotalia menardii 5 on the 
dorsal (3) and ventral view (4). 5-6: Globorotalia miotumida on the dorsal (5) and ventral view (6). 7: 
Siphonina reticulata. 8-9: Globorotalia scitula on the dorsal (8) and ventral view (9). 10-13: 
Neogloboquadrina acostaensis sinistral on the dorsal (10) and umbilical view (11); Neogloboquadrina 
acostaensis dextral on the dorsal (12) and umbilical view (13). 14: Sphaeroidinellopsis spp. 15-16: 
Globorotalia margaritae on the dorsal (15) and ventral view (16). 
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5.1 ODP Site 976 
 

The planktonic foraminifer association (Figure 11) of the homogeneous 
nannofossil-rich claystone and nannofossil sandy claystone (Comas et al., 1996) 
of Site 976 is mainly composed of Globigerina bulloides, Globorotalita apertura spp. 
(G. apertura + G. druryi) and neogloboquadrinid species (Neogloboquadrina acostaensis 
+ Neogloboquadrina atlantica + Neogloboquadrina humerosa). The abundances of 
planktonic foraminifers are high reaching up to 6000 individuals/gram, while 
benthonic species are scarcer and reach maximum values of only 80 
individuals/gram.  

 

Figure 11: Alboran Basin ODP Site 976. Most abundant planktonic foraminifer species, 
corresponding biozones and bio-events are shown (Lirer et al., 2019). The main biozones include 
the G. menardii group biozone (MMi12b), the G. miotumida group biozone (MMi13a) and the 
Spaeroidinellopsis spp. biozone (MPl1). The main identified bioevents are reported using number 
abbreviations: 2-FCO of G. menardii 5 group (7.36 Ma); 3-LCO of G. menardii 5 group (7.23 Ma); 4-
FCO of G. miotumida group (7.24 Ma); 5-LO of G. suterae (7.17 Ma); 6-Dissaperance of S. reticulata 
(7.167 Ma); 7-S/D coiling change in N. acostaensis (6.35 Ma); 8-bottom acme of Sphaeroidinellopsis 
spp. (5.3 Ma) and 9-FCO of G. margaritae (5.08 Ma) reported in Table 1. Additionally, the figure 
shows the planktonic and benthonic foraminifers per gram curves.  
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The FCO of G. menardii 5 group has been located at 601.96 mbsf. This event 
has been recognized (Sierro, 1985; Sierro et al., 1993) and dated at 7.36 Ma 
(Hilgen et al., 2000; Lourens et al., 2004) in the Mediterranean and NE Atlantic. 
The Tortonian-Messinian boundary in the NE Atlantic is characterized by the 
replacement of the G. menardii group (Tjalsma, 1971) by the G. miotumida group 
(Sierro, 1985; Sierro et al., 1993) at an astronomically calibrated age of 7.24 Ma 
(Hilgen et al., 2000; Lourens et al., 2004). In the Mediterranean the two species 
do not coexist (Figure 12) and this boundary is associated with the FCO of typical 
Messinian G. miotumida group (Anthonissen and Ogg, 2012; Antonarakou et al., 
2004; Sierro, 1985; Sierro et al., 1993). This event was identified at this site at 596 
mbsf, in line with the interval defined by the initial ODP reports (Zahn et al., 
1999). The sharp decrease of benthonic species S. reticulata at 592 mbsf, was 
correlated to the homonymous event (Figure 12; Section 6 for more details), 
recorded throughout the Mediterranean basin at 7.167 Ma (Kouwenhoven et al., 
1999; Kouwenhoven et al., 2003). This age is further confirmed by the drastic 
drop in G. scitula spp. (Figure 12), mainly composed of G. suterae, which LO has 
been identified in Gibliscemi section (Sicily, Italy) and astronomically tuned at 
7.17 Ma (Hilgen et al., 1995; Lirer et al., 2019). In our record, neogloboquadrinids 
are usually sinistraly-coiled with the exception of the uppermost samples from 
core 61, above 573.5 mbsf, from where they become dominantly dextral (Figure 
11). Based on this we can state that these sediments are certainly younger than 
6.35 Ma (Achalhi et al., 2016; Anthonissen and Ogg, 2012; Lourens et al., 2004; 
Sierro et al., 1993; Sierro et al., 2001). The Sphaeroidinellopsis spp. bottom acme 
has been identified in the Mediterranean at 5.3 Ma (Lourens et al., 2004) and in 
our record, it can be identified at 572.31 mbsf (Section 5.1.1 for more details). 
While in the Atlantic the FCO of G. margaritae has been tuned at 6.31 Ma in Ain 
el Beida section - Atlantic Morocco (Krijgsman et al., 2004), the appearance of 
this species in the Mediterranean basin has shown a clear delay in respect to the 
open ocean (Zijderveld et al., 1986). In fact, in the Mediterranean its presence is 
registered only from 5.08 Ma (Lourens et al., 2004). In Site 976 this event is not 
clearly visible (Figure 11; Section 5.1.1 for more details). 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 3 
 

70 

 

Figure 12: Alboran Basin ODP Site 976. The graph shows the main Tortonian and Messinian 
planktonic foraminifer biozones from Lirer et al. (2019): G. menardii group biozone (MMi12b) and 
the G. miotumida group biozone (MMi13a) while the identified bio-events (Lirer et al., 2019) are 
marker by number abbreviations: 2-FCO of G. menardii 5 group (7.36 Ma); 3-LCO of G. menardii 5 
group (7.23 Ma); 4-FCO of G. miotumida (7.24 Ma); 5-LO of G. suterae (7.17 Ma) and 6-Dissaperance 
of S. reticulata (7.167 Ma); reported in Table 1.  

 
5.1.1 Miocene-Pliocene boundary (MPB)  

 
Because of the poor sediment recovery near the MPB of Site 976, the 

succession of bio events is not easy to interpret (only 3 samples were analyzed 
from core 62X-CC and their depth position is not certain). Our quantitative 
distribution of planktonic foraminifer species (Figure 13) shows a pattern that 
does not fit with the classic biostratigraphic framework for the earliest Pliocene 
(Cita, 1975; Iaccarino et al., 1999b) which could be related to ecological factors 
(e.g. Corbí and Soria, 2016; Iaccarino et al., 2007). We clearly identified 
Spheoroidinellopsis spp. bottom acme at 572 mbsf which is tradionally found at 
the base of the Pliocene. However, the first occurrence of G. margaritae is usually 
placed in other Mediterranean sections after the bottom acme of 
Sphaeroidinellopsis spp. at around 5.08 Ma, but we found this species regularly 
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present before the acme, but absent again in the lower most part of core 61, to 
reappear again in one of the three samples taken in core 62X-CC. We consider 
that this sample is the result of some technical drilling disturbance in the 
topmost part of the core catcher because the assemblage is completely different 
to the other samples. Indeed, If we do not consider this sample, the most abrupt 
change in the planktonic foraminifer assemblage clearly occurred between core 
section 61X and 62X. This change is shown by a sudden decrease in relative 
abundance of G. bulloides, N. acostaensis spp., G. miotumida group and an increase 
in O. universa and Globigerinoides spp., etc.. The abundant occurrence of G. 
miotumida group and the dominance of sinistral specimens of neogloboquadrinids 
strongly suggest an early Messinian age for these samples, older than 6.5 Ma, 
which is the age of the last regular occurrence of G. miotumida group in the 
Sorbas basin (Sierro et al., 2001) and certainly older than 6.35 Ma, when the first 
change from sinistral to dextral coiling in the neogloboquadrinids was registered 
(Krijgsman et al., 1999; Sierro et al., 2001). Consequently, we place the Messinian-
Pliocene boundary between core sections 61X and 62X, although it is not 
possible to give and exact depth because only a core catcher of 30 cm was 
recovered in core 62X and its depth position is unknown. This sequence of 
events suggest that the first sediments overlying the Messinian/Pliocene erosive 
surface were deposited at the base of the Pliocene and that the first deposits were 
even older than the bottom acme of Sphaeroidinellopsis spp. 

Taking a closer look at the foraminifer record, from 573.50 mbsf different 
changes can be observed. Even though there are no evident variations in the 
lithology or sediment color (Figure 13), species O. universa, N. atlantica and G. 
glutinata all show a sharp increase in abundance that continues until 572.60 mbsf. 
Orbulina universa is a warm oligotrophic species currently living in the surface 
mixed layer, proliferating especially in summer when water is stratified due to 
the high temperatures and freshwater inputs (Brachert et al., 2015; Sierro et al., 
2003). Their peak abundances, in this interval reaching up to 25%, could be 
connected to the relatively warmer climate recorded after 5.5 Ma in many 
isotopic and pollen records. The maxima of this warming trend according to 
Jiménez-Moreno et al. (2013) occurs at the Miocene-Pliocene boundary, as 
inferred by the highest spreading of Quercus. On the other hand, G. glutinata and 
N. atlantica are typical cold eutrophic water foraminifers (Sierro et al., 2003). 
Their appearance could be connected with the first influxes of cold Atlantic 
waters into the Mediterranean, which would have been faced with sudden and 
abrupt environmental change. Such environment could have been particularly 
favorable for the reproduction of ubiquitous and opportunistic species like G. 
glutinata. From 572.3 mbsf, the abundances of the three above mentioned species 
decrease, which could be indicative of the definite reestablishment of normal 
marine conditions in the Mediterranean. The latter could have not been 
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instantaneous but followed the actual Atlantic water ingression with one or 
more precessional cycles of delay (Di Stefano et al., 2015; Iaccarino et al., 1999a; 
McKenzie et al., 1990; Pierre et al., 2006). 

 

Figure 13: The Miocene-Pliocene boundary in core 976B. Aside from core photographs, some 

relevant foraminifer species abundances are plotted. Two main bio-events are highlighted by black 

arrows. 

 
Our results, therefore, indicate the Miocene-Pliocene boundary is not 

placed between sample 61X-CC (574.13 mbsf) and sample 61X-7, 71-73 cm 
(572.37 mbsf; Serrano et al., 1999; Zahn et al., 1999) as originally reported in ODP 
976 biostratigraphic report (Zahn et al., 1999), but between core 61 and 62, 
although, we do not see a pronounced change in the sedimentary succession 
(Figure 13) or a change from brackish environment to open marine conditions 
(Cita et al., 1978; Pierre et al., 2006) like in many other Mediterranean sites. 

Considering the uncertainties associated to depth calculations based on p-
wave velocities, we assume that the Messinian-Zanclean boundary located at 
around 573.50 mbsf coincides with the pronounced erosional surface defined 
throughout the Alboran basin, probably originated by the Zanclean re-flooding. 
Our age estimations, however, disagree with the chronostratigraphic 
framework proposed by Popescu et al. (2015) that moved the Miocene-Pliocene 
boundary to 585.22 mbsf due to the lowest occurrence of C. acutus, highest 
occurrence of T. rugosus at 585.22 mbsf and the lowest occurrence of C. rugosus 
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at 584.02 mbsf, dated respectively at 5.345 Ma, 5.279 Ma and 5.12 Ma (Raffi et al., 
2006). This suggests that these nannoplankton events may represent regional 
occurrences. 

 
5.2 DSDP Site 121 
 

The foraminiferal content of the marls and graded sands that dominate Site 
121 (Ryan et al., 1973) is extremely similar to Site 976 and it contains mainly G. 
bulloides, N. acostaensis, G. apertura and Globigerinoides spp. which are usually 
found in a residue where sand fragments and lithic/detrital particles are 
abundant. Because of the poor sediment recovery and the low number of 
samples analysed, age determination was less straightforward and was mainly 
based on species presence or absence. The last occurrence of G. menardii 4 group 
was placed between 820 and 860 mbsf, this interval must be dated as Late 
Tortonian (≥ 7.56 Ma), while the Tortonian-Messinian boundary was placed 
around 820 mbsf, where G. menardii 5 group and G. miotumida group coexist 
(Figure 9). The Miocene-Pliocene boundary is difficult to place, as already stated 
by Ryan et al. (1973) in the DSDP Initial Reports. Nonetheless, the presence of G. 
margaritae and G. puncticulata indicate that the sediments at 684 mbsf are already 
of Pliocene age (between 4.52 and 3.85 Ma) but the exact placement of the FCO 
events is not possible. These findings suggest that the boundary should be 
placed between 681 and 689 mbsf.  
 
5.3 Industrial boreholes And-G1 and Alb-A1 
 

The analyzed samples from And-G1 and Alb-A1 are clearly dominated by 
detrital and lithic particles, while the most abundant planktonic foraminifer 
species are G. bulloides, N. acostaensis and G. apertura. To identify bio-events in 
industrial boreholes cuttings it is necessary to keep in mind the possible 
downhole contamination and therefore it is better to consider last occurrences, 
while first occurrences are less trustworthy. In the two studied wells, only stage 
boundaries were identified. 

In industrial well And-G1 the Tortonian-Messinian boundary is located at 
1330 mbsf, where the last specimens of G. menardii 5 group can be identified. 
Even if foraminifer tests are scarce, the persistent presence of Pliocene species 
like G. punticulata and G. margaritae from 1143 mbsf upward, suggests this 
sediment is most probably of Pliocene age and at this depth we place Miocene-
Pliocene boundary (Figure 9).  

A similar configuration and foraminifer content can be found in Alb-A1 
borehole. Because of the presence of G. menardii 5 group at 1107 and G. miotumida 
group at 1209 mbsf the Tortonian-Messinian boundary was placed somewhere 
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between these two depths (Figure 9). The Miocene-Pliocene boundary is most 
probably located between 917 and 891 mbsf, because above this level the 
neogloboquadrinids are dominantly dextral and can be found together with 
Pliocene foraminifers such as G. margaritae and G. puncticulata. 
 
 

6. Early Messinian Atlantic-Mediterranean restriction 
 
6.1 Evidence from the geochemical and micropaleontological record 

 
Immediately after the Tortonian-Messinian boundary (592 mbsf) a 

remarkable event in the sedimentary and micropaleontologic record was 
registered at Site 976 (Figure 14). At 7.167 Ma a drastic change in the elemental 
composition is recorded together with a sharp decrease in benthonic and 
planktonic foraminifers per gram.  

The change in the geochemical record is mainly evident from the PCA, which 
was performed both on the sediment before (608.96 – 592 mbsf; interval A) and 
after (592 – 573.5 mbsf; interval B) this event (Figure 14 and 15). In particular, the 
first principal components (PC1A and PC1B, 71.5% and 45.3% of the total 
variance) controlled mainly by clay/detrital minerals like Al, Si, K, Ti, Fe, Rb and 
Zr on the positive, and biogenic elements (Ca and Sr) on the negative side, show 
an overall increase in values. These changes in the geochemical content strongly 
suggest that the ratio between the input rate of siliciclastic material and that of 
biogenic pelagic particles increased at that time. As the sediments mainly consist 
of nannofossil-rich claystone and nannofossil sandy claystone (Comas et al., 
1999), because the sand content decreases upwards (Figure 14), we assume there 
was an increasing input of detrital clay or silt to the distal regions of the WAB at 
this time. This enhanced input of fine-grained siliciclastic particles to the basin 
could be related to uplift along the margins of the WAB. Indeed, from this point 
onward the sedimentation rate increases dramatically (see section 7.2), 
supporting an amplification of river erosion and sediment transport to the 
Alboran Basin. Accordingly, other studies have shown that in the Late Miocene 
we reach the largest sedimentary contribution in the WAB (Iribarren et al., 2009). 
This uplift certainly occurred in the Gibraltar Arc that constitutes the borderlands 
of the WAB. A similar increase in terrigenous versus biogenic input was recorded 
in the Guadalquivir basin (Van den Berg et al. 2018). This event was also 
associated to an uplift of the Betic orogen that forms the northern borderland of 
the WAB and was registered in the axial depocenters of the Guadalquivir basin 
by the onset of turbidite deposition triggered by the northern movement of the 
allochthonous unit (Sierro et al., 1995). PC2 (PC2A and PC2B, 13.5% and 26% of 
the total variance) displays some important changes as well (Figure 14), but only 
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at 974 mbsf, where the record shows a dominance of S and Br, elements linked 
with more reducing bottom water conditions (Harff et al., 2011) and/or organic 
matter content (Agnihotri et al., 2008; Ziegler et al., 2008), both possibly inferring 
to delayed oxygen level change in the western Mediterranean water column. All 
these evidences support that this tectonic uplift (Garcia-Castellanos and 
Villaseñor, 2011; Iribarren et al., 2009; Sanz de Galdeano and Alfaro, 2004) was 
the cause of the first restriction of the Atlantic-Mediterranean water exchange 
during the Messinian and although an eastern Alboran sill can be excluded, we 
do not know the exact location of the strait or straits at that time.  

 

Figure 14: Alboran Basin ODP Site 976. The most visible changes in the micropaleontological and 
geochemical record registered from 592 mbsf upwards are shown. These include the WOWPF and 
CEWPF percentages, the sand fraction and the PC1A/B and PC2A/B curves with an 8-point and 
16-point moving average respectively. The two identified biozones are the G. menardii group 
biozone (MMi12b) and the G. miotumida group biozone (MMi13a) which are reported on the right-
hand side and followed by the main bio events indicated with numbers which include: 2-FCO of G. 
menardii 5 group (7.36 Ma); 3-LCO of G. menardii 5 group (7.23 Ma); 4-FCO of G. miotumida (7.24 Ma); 
5-LO of G. suterae (7.17 Ma) and 6-Dissaperance of S. reticulata (7.167 Ma); all reported following 
Lirer et al. (2019). 
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Figure 15: Loadings of the Principal Components of the pre-7.17 Ma sediments (PC1A and PC2A) 
and post-7.17 Ma sediments (PC1B and PC2B).  

 
This Atlantic-Mediterranean restriction had a profound impact on the 

Mediterranean ecosystems, which is more visible in the marine meiofauna. At 
ODP Site 976 the event affected the benthic foraminifer assemblages and was 
especially recorded by the disappearance of S. reticulata. This event has been 
widely recognized in the eastern Mediterranean at 7.167 Ma (Kouwenhoven et 
al., 2003; Seidenkrantz et al., 2000). 

The strongest restriction impact has been registered in the deep waters of 
the Eastern and Central Mediterranean, as records from several Italian (Trave 
section in Di Stefano et al., 2010; Monte Gibliscemi in Kouwenhoven, 2000), 
Greek (Faneromeni section in Kouwenhoven, 2000; Kouwenhoven and Van der 
Zwaan, 2006; Metochia section in Seidenkrantz et al., 2000), and Cypriot 
(Pissouri basin in Kouwenhoven et al., 2006) sites show. These locations register 
reduced deep marine ventilation and increased nutrient flux to the sea floor as 
reflected in higher abundance of benthonic low oxygen foraminifer species, 
indicators of stressed conditions like Bolivinia spp., Bulimina aculeata, Lenticulina 
spp., Uvigerina peregrina etc. (Kouwenhoven et al., 2006; Kouwenhoven et al., 
1999; Seidenkrantz et al., 2000). Here, the start of the progressive Mediterranean 
isolation coincides with the beginning of a more regular occurrence 
(Seidenkrantz et al., 2000) or even the first appearance of sapropel levels (Negri 
and Villa, 2000; Nijenhuis et al., 1996) which further confirms the increasingly 
adverse conditions and less oxygenated bottom waters. 
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At ODP Site 976 the impact of Atlantic-Mediterranean restriction is also 
visible in the planktonic foraminifer assemblages even though this site is very 
close to the Atlantic. The planktonic foraminifer assemblages in the late 
Tortonian and early Messinian up to the 7.167 Ma event, shows low diversity 
and high abundance of cold-water species such as G. bulloides or N. acostaensis 
and the absence of subtropical species such as those of the genus Globigerinoides 
(G. extremus + G. immaturus + G. sacculifer). However, from this point upward 
the relative abundance of the subtropical species increased (WOWPF, Figure 14). 
The latter are normally very abundant in the Messinian peripheral basins 
throughout the Mediterranean, especially at times of precession minima 
(northern Hemisphere insolation maxima) when the water column is strongly 
stratified, and warm waters prevailed at the surface. Indeed, the relative 
abundance of these species usually increases during sapropel formation (Sierro 
et al., 2003; Sierro et al., 2001 and others) and with the progressive isolation of 
such basins (Rouchy et al., 1998; Sierro et al., 2003). The almost complete absence 
of Globigerinoides spp. and abundant presence of well diversified planktonic 
foraminifers in the latest Tortonian of the WAB suggest this was a well 
ventilated, open deep basin. As the abundance of planktonic foraminifers in the 
total foraminiferal fauna can be used as an indicator of paleodepth where higher 
abundances imply higher depths and vice versa (e.g. Van der Zwaan et al., 1990), 
the high bathymetry is confirmed by the low percentages of benthonic 
foraminifers. 

The high proportion of G. bulloides and neogloboquadrinids and the complete 
lack of subtropical species in the Tortonian and earliest Messinian before 7.167 
Ma suggest a regime of upwelling with typically high nutrient supply to the 
surface and strong vertical mixing. This is especially significant because other 
latest Tortonian-earliest Messinian time equivalent sequences do not show this 
pronounced dominance of cold-water species (Sierro, 1985; Sierro et al., 2003). In 
particular, G. bulloides is very rich today in the upwelling of Malaga associated 
to the western gyre formed by the Atlantic surface water after crossing the 
Gibraltar Strait (Bárcena et al., 2004). Ultimately, all this suggest that Atlantic 
surface currents could have been flowing to the east along the northern margin 
of the Alboran Basin during the Tortonian and that due to geostrophic 
circulation moved southward, forcing the surgency of intermediate cold waters 
to the surface. Such circulation, even if very similar as today, could have been 
more intense, promoting the growing of species typical of these nutrient-rich 
waters and impeding the development of warm water species currently typical 
of the Mediterranean (Pérez-Folgado et al., 2003). This assumption points to the 
Gibraltar Strait, or another significant connection close to it, as the possible 
source of surface water to the Mediterranean at that time. The strong eastward 
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Atlantic inflow entering the Gibraltar Strait would have generated these 
anomalous cold conditions in the western Alboran Sea observed until 7.167 Ma. 

The shift at 7.167 Ma to planktonic foraminifer assemblages richer in 
subtropical specimens must be a signal of relative more isolation of the Alboran 
basin at that time. A more stratified water column at times of summer insolation 
maxima resulted in higher sea surface temperatures that favored the growth of 
subtropical species. This restriction was most probably the result of the uplift 
mentioned above that would have affected both the Betic and Rifian corridors 
(Fadil et al., 2006; Mancilla et al., 2015; Van den Berg et al., 2018). Anyhow, the 
beginning of the Mediterranean-Atlantic restriction at 976 Site can also explain 
why from 7.167 Ma onward, a cyclical behavior of both the geochemical and 
micropaleontological record becomes obvious. Less water exchange between 
the Mediterranean and Atlantic would have amplified the impact of the 
Mediterranean climate changes, making the basin more sensitive to 
astronomical forcing (Gladstone et al., 2007).  

Similar amplification effects are recorded in other western Mediterranean 
basins such as in the Sorbas basin (Sierro et al., 2003) or in shallower sections 
from the Central Mediterranean like Monte del Casino section (Kouwenhoven 
et al., 1999). Analogously as in 976 Site, cyclical sedimentation in the Sorbas basin 
was accentuated at 7.167 Ma, which was expressed both in the planktonic 
foraminifer assemblages (warm versus cold species) and the lithological 
sedimentary cycles. It was at this time when the first indurated layers (opal-rich 
deposits) occurred in Sorbas concurrently with the onset of diatom-rich 
sediments in the Tripoli formation in Sicily (Roveri et al., 2014). However, deep 
water ventilation in Sorbas and at ODP Site 976 remain high after 7.167 Ma in 
contrast to the Eastern Mediterranean. 

The second step in the Atlantic-Mediterranean restriction, which was 
recorded in Sorbas, just from 6.7 Ma, profoundly reduced deep water ventilation 
in most Mediterranean basins, resulting in the formation of sapropels in most 
marginal basins surrounding the Alboran Sea. This is the case of the Sorbas, 
Nijar and Bajo Segura basins in Spain (Baggley, 2000; Corbí et al., 2020; Fortuin 
and Krijgsman, 2003; Sierro et al., 1999), where a sharp decrease in the δ13C 
planktonic isotope record and the beginning of sapropel deposition (Upper 
Abad) testify less oxygenated bottom waters full of organic matter (Sierro et al., 
1999; Sierro et al., 2003). Analogously, the Messadit section in the Melilla basin 
(north Morocco) also shows the onset of sapropel-like deposits and the 
appearance of low-oxygenated benthic foraminifers (Roger et al., 2000; Van 
Assen et al., 2006). A similar succession was found in Monte del Casino 
(Kouwenhoven et al., 1999) that shows a sharp increase of benthic stress adapted 
species only from this time onward (Kouwenhoven et al., 2003). At ODP Site 976 
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no evidence of sapropels or low bottom water oxygenation has been recorded, 
but the sediments accumulated during the time interval were deposited in the 
peripheral basins were probably eroded during the Messinian or by the 
Zanclean deluge.  
 
6.2 Amplification of astronomically driven cyclicity in the Western Alboran Basin 
 

The quantitative analysis of planktonic foraminifer species and the 
elemental geochemical record revealed the occurrence of cyclical changes along 
the 976 Site record. Even though a hint of cyclical behavior is visible since the 
Tortonian (A interval; Figure 14), it becomes especially evident from 593-592 
mbsf upwards (B interval; Figure 14) and therefore it will be our main focus.  

 

Figure 16: The main cyclical changes after 7.167 Ma are shown. Highlighted in grey are the phases 
of Northern Hemisphere insolation maxima (precession minima).  

 

Planktonic warm-water species such as Globigerinoides spp. and G. 
miotumida group are more abundant at times of PC1B maximum i.e., when the 
input of siliciclastic elements, such as Si, K, Zr and Ti is the highest (as confirmed 
by the magnetic susceptibility values; Figure 16). In contrast, G. bulloides and 
cold-water species dominate when the dilution by riverine/detrital input is the 
lowest (low Si, K, Zr and Ti), and the concentrations of Ca, Sr, and other biogenic 
elements (S, Br) reach their peeks (Figure 16). PC2 seems to have an overall 
opposite behavior in respect to PC1 and a juxtaposition is present between 
organic rich coarser elements and fine ones, poor in organic matter (Figure 14 
and 15). This cyclicity is very similar to that seen in the middle upper part of the 
lower Abad cycles in Sorbas Basin where, peaks of G. miotumida group and 
Globigerinoides spp. show an opposite behavior in respect to the G. bulloides and 
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N. acostaensis (Sierro et al., 2003) distribution. The geochemical and 
micropaleontological study of Ain el Beida (Atlantic Morocco) shows the same 
behavior as well. There, periods of abundant Globigerinoides spp. and high 
magnetic susceptibility are replaced by phases where Ca and cold water 
Neogloboquadrina spp. dominate the sediments (Van Der Laan et al., 2012). 
Furthermore, analogous geochemical patterns have been found in Huelva-1 
borehole located on the Spanish Atlantic margin, once part of the Betic corridor 
(Van den Berg et al., 2018). Here, Van den Berg et al. (2018) identified a clear 
juxtaposition between coarser grained siliciclastic sediments and finer-grained 
sediments rich in biogenic carbonate.  

These are typical of orbitally driven sedimentary cycles. High annual rainfall 
during Northern Hemisphere summer insolation maxima (precession minima) 
results in higher freshwater discharge to the Alboran Sea that generates 
stratification in the water column, warmer sea surface waters and reduced 
vertical mixing. As a consequence, the relative proportion of warm water species 
increases. The enhanced river discharge results in higher siliciclastic particles to 
the Alboran Sea increasing its relative concentrations in the sediments at the 
expense of the pelagic biogenic carbonate particles, which get diluted. During 
Northern Hemisphere summer insolation minima, the opposite occurs. Dryer 
and colder phases break water stratification and incentivize the proliferation of 
cold-water species and the limited river discharges enrich the sediments in 
biogenic components.  

 

Figure 17: The Sonic log velocities expressed in km/s are shown both for the Messinian record 

(from 7.167 Ma) and for the Pliocene one (from 5.33 Ma until the Upper Pliocene). On the right, the 

power spectra from the power spectral analysis shows the frequencies and the respective power 

values. We indicated the Frequency with the higher value which ultimately served to derive the 

cyclicities in meters. 
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The average thickness of each precession cycle as defined by the changes in 
the planktonic foraminifer assemblages and the geochemical properties during 
the earliest Messinian is in the order of 2.4 m. This cyclicity is confirmed by the 
earliest Messinian downhole sonic log velocities (Figure 17) at this Site and a 
similar sedimentary cyclicity seems to continue in the early Pliocene (ODP Leg 
161 Initial reports; Comas et al., 1996). The power spectra analyses performed on 
earliest Pliocene logs gave a prominent length of 2 m for an average cycle, which 
is very similar to the average thickness of the preccession cycles recognized in 
the Messinian (Figure 17). Indeed, the interval shown in Figure 13 that 
correspond to the earliest Pliocene can be tuned to the 405 kyr cycles number 14 
and 13 following the nomenclature of Hilgen et al. (2020).  

 
 
7. Messinian depositional environments and basal Pliocene erosive 

surface 
 
7.1 Messinian units 

 
The biostratigraphic data of And-G1 and Alb-A1, thought approximate 

because of problems explained in section 5.3, extrapolated to seismic reflectors 
(Figure 4 and 5), allow defining the seismic stratigraphy of the northern margin 
of the basin. We believe that the Tortonian-Messinian boundary in the two sites 
corresponds to the R2 unconformity at the top of the Tortonian (Soto et al., 2010) 
which separates the Tortonian Unit III from the Messinian Unit II (Comas et al., 
1999). The reflector on top defines the Miocene-Pliocene boundary, followed by 
a continuous hemipelagic sedimentation containing Pliocene markers. The 
Messinian record is therefore complete in the industrial wells and includes a 
younger plane-parallel unit, richer in planktonic foraminifers but still containing 
abundant detrital particles (Figure 6 and 7), attributed most probably to a 
turbiditic deposit, correlatable to the hemipelagic nannofossil clays described at 
deeper locations like Site 976 and Site 121 (Figure 3 and 9).  

The latter is topped by a chaotic deposit which interpretation is less 
straightforward (Figure 3, 4 and 5). It has been interpreted in the past as being a 
mass transport deposit (MTD) accumulated during the MSC (Estrada et al., 2011; 
Lofi et al., 2005; Martínez del Olmo and Comas, 2008). The MSC base level 
lowering could have favored the collapse and erosion of the peripheral margin, 
in this way creating chaotic mass transport deposits at the base of the slope, 
similarly to that found in the Gulf of Valencia (Cameselle and Urgeles, 2016; 
Maillard et al., 2006; Urgeles et al., 2011) or Gulf of Lion (Bache et al., 2009). This 
could be possibly associated with the Complex Unit or Reworked Lower 
Gypsum (CU; RLG; Lugli et al., 2013; Roveri et al., 2014) found in concomitance 
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in both Eastern and Western Mediterranean Basins. Similar deposits have been 
found at the end of the Messinian base level fall (Bertoni and Cartwright, 2007; 
Soria et al., 2005) characterized by the transition to a humid climate (Rouchy and 
Caruso, 2006). In this case, the chaotic WAB deposit would represent the 
syngenetic product of increased erosion and runoff at the margins resulting with 
deposition of a clastic deposit made by a combination of fluvio-deltaic, brackish 
sediments with occasional anhydrite clasts related to the end of Messinian. 
Similar coeval facies have been reported in the Eastern Mediterranean Levant 
Basin (Bertoni and Cartwright, 2007; Druckman et al., 1995; Gvirtzman et al., 
2017) and in some Western Sectors like the Bajo Segura Basin (Soria et al., 2005) 
or Malaga Basin (Guerra-Merchán et al., 2010) and have been interpreted as an 
early Stage 3 ‘Lago-Mare’ deposits (LM). Even if brackish fossils have not been 
found in And-G1 and Alb-A1 chaotic unit, given its chaotic aspect, clastic 
composition (Figure 6 and 7) and stratigraphic position right below early 
Pliocene sediments (Figure 3, 4 and 5), the hypothesis is plausible. The anhydrite 
minerals together with coarse clasts of metamorphic rocks (phyllites and mica-
schists) found in the And-G1 and Alb-A1 chaotic unit (Figure 6 and 7), are very 
frequent in the Malaguide and Alpujarride complexes along the Spanish coast 
(Alonso-Chaves et al., 2004; Rodríguez‐ Fernández et al., 2011). In this area even 
some Middle and Upper Triassic gypsum deposits have been reported (Escavy 
et al., 2012). If this is the case, at least a portion of anhydrite fragments and the 
metamorphic clasts could have been transported during the MSC Stage 3 base 
level fall as a mass transport deposits to the deeper sectors of the WAB, while 
some anhydrite fragments could have been formed during Stage 3, like 
strontium isotope signal confirms for Mavqiim Formation in the Levant Basin 
(Gvirtzman et al., 2017). 
 
7.2. Messinian hiatus and erosive surface  
 

The Messinian-Pliocene transition in the Westernmost Mediterranean is 
marked by a strong erosional surface that has been traditionally associated to 
Mediterranean basin refilling after the Messinian Salinity Crisis (Estrada et al., 
2011; Garcia-Castellanos et al., 2009), that extends from the Gulf of Cádiz 
(Atlantic Ocean) to the Algerian Basin (Western Mediterranean). It is attenuated 
towards the east and some studies indicate a preserved Miocene/Pliocene 
boundary in Sicilian sections (e.g. Van Couvering et al., 2000). This erosional 
surface (M reflector) may be seen in the composite seismic line of Figure 3 
(magenta line), where the erosion amplitude increases southward towards the 
structural high near the region where ODP Site 976 and DSDP Site 121 were 
drilled. The more intense erosion concentrated in the central part of the WAB 
basin, directly in front of the Camarinal sill, is probably coherent with a higher 
energy along the Gibraltar corridor hypothesized during the Zanclean flooding 
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(Garcia-Castellanos et al., 2009). Consequently, from the composite seismic 
profile (Figure 3) is evident that at Site 976, most of the Messinian is missing. In 
order to estimate the time span eroded from the sedimentary sequence, we used 
the cyclicity observed in the earliest Messinian to estimate the age of the 
youngest Messinian sediments below the Messinian-Pliocene discontinuity at 
Site 976. Assuming the average thickness of 2.4 m per precession cycle, a 
thickness of around 18.5 m from the 7.167 Ma to the top of the Messinian at Site 
976 (including the non-recovery interval) and an average duration of ~21.7 kyr 
per precession cycle (Laskar et al., 2004), we obtained an age of ~7 Ma for the 
top of the Messinian sequence. Doing so, it was possible to estimate the 
magnitude of the hiatus at around 1.67 Ma (from 7 Ma to 5.33 Ma; see Figure 18).  
Furthermore, to get a better comprehension of the erosion in the southern distal 
settings of the WAB, we estimated the thickness in meters of the Messinian 
seismic units to the north of the Site 976, where these units have been preserved 
(Figure 3). Calculating the thickness in m of Messinian seismic units would give 
us a good idea of the actual amount of eroded sediments at the location of Site 
976. Using an average Messinian p-wave velocity of 2425 m/s and the TWTT 
(two-way travel time) thickness for the Messinian sediments of ~375 ms we 
obtained an estimate of 455 m of thickness for the Messinian sediments. 
Combining the thickness and the time estimate for the hiatus we calculated an 
average sedimentation rate of 27 cm/ky for Messinian. Such a high 
sedimentation  rate  seems  unrealistic  for  deep  marine  environments,  even at  

Figure 18: Biochronology and sedimentation rates estimates for Site 976. 
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times of increased sediment supply but it can be explained if considering the 
two Messinian units separately (plane parallel and chaotic deposit; see section 
7.1). Assuming that the topmost chaotic Messinian unit is a mass transported 
deposit, it was most probably deposited instantaneously, and its thickness 
should not be included in sedimentation rate estimates. In this way, the real 
Messinian thickness to take into account is 273 m deposited in 1.67 Ma, resulting 
in a realistic sedimentation rate of 16 cm/ky, while the remaining 182 m of the 
chaotic unit were probably deposited in very short, almost instantaneous 
geological time.  

Even though this erosion and the formation of the Zanclean channel have 
been usually attributed to the Mediterranean re-flooding after the MSC, similar 
channels are visible from the seismic records even after the Pliocene (Figure 3, 
black horizon) making possible an alternative scenario for this erosion. In any 
case, to confirm or refute this hypothesis further coring is necessary, closer to the 
Spanish coast, where the Messinian record is better preserved. We hope that the 
recent IODP proposal IMMAGE, will be successful and that new coring will 
clarify the paleoenvironmental conditions on the Alboran Basin before, during 
and after the MSC.  
 
 

8. Post depositional diagenetic processes modifying Messinian sediments 
 

Near the Miocene-Pliocene boundary both in ODP Site 976 (sample 62X, 31-
32 cm) and DSDP Site 121 (sample 19R), an indurated greenish sediment mainly 
composed of dolomite, calcite and quartz have been retrieved (Figure 19). 
Because of the poor recovery, possibly caused by the same presence of such hard 
sediments they were not described during the expedition (Comas et al., 1999). 
Furthermore, in samples 16R,19R and 20R of Site 121 particular radial spherules, 
made of a combination of canaphite (CaNa2(P2O7)*4(H2O)) and clinochlore 
((Mg,Fe+2)5Al(Si3Al)O10(OH)8) were identified (Figure 19). Interestingly, X-ray 
analyses published in the initial IODP report find an anomalous presence of 
cristobalite (SiO2) in samples19R and 20R as well (Ryan et al., 1973). 
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Figure 19: Schematic representation of Alboran basin DSDP site 121 with the analysed samples. The 
shaded sections show the non-recovered intervals. The photographs of the canaphite-ilmenite-quartz-
clinochlore radial spherules and dolomite particles found at the Site are reported at the right from the 
corresponding samples (20R,19R and 16R). On the right hand-side the identified biozones and bioevents 
from Lirer et al. (2019) are reported. The biozones include G. menardii group biozone (MMi12b) and the 
G. miotumida group biozone (MMi13a) while the main planktonic foraminifer bio-events indicated by 
the numbers are: 1-LCO of G. menardii 4 group (7.56 Ma); 3-LCO of G. menardii 5 group (7.23 Ma); 4-FCO 
of G. miotumida (7.24 Ma) and 9-FCO of G. margaritae (5.08 Ma) reported in Table 1.  



Chapter 3 
 

86 

While dolomitized sediments were found in upper Messinian records in 
other Mediterranean locations like DSDP site 372 and 374 (Leg 42A; 
Camerlenghi et al., 2019; Hsü et al., 1978) and have been considered as being 
diagenetically formed by circulation of Mg enriched fluids (Hsü et al., 1978; 
Martínez-Ruíz et al., 1999), canaphite spherules have never been recorded. 
Canaphite is a very peculiar and extremely rare orthophosphate in nature and it 
has been firstly identified in 1985 (Peacor et al., 1985) and defined as a “bathtub 
mineral”, easily produced synthetically when a rock was put into an 
evaporating solution rich into dissolved salts (Mayen et al., 2020). In nature its 
occurrence is restricted to very low temperature environments (e.g., lacustrine 
evaporites; Queralt et al., 1994) and volcanic rocks diagenesis (Baturin and 
Derkachev, 2007; both deposited during Miocene) in which solutions are rich 
only in alkali and alkali earth ions (Rouse et al., 1988). Rarity of canaphite can be 
linked with the common apatite Ca5(PO4)3(F,Cl,OH) crystallization that will 
sequester all the available phosphorus and will therefore preclude from the 
formation of canaphite and/or poor preservation because P2O7 groups are weak 
in the presence of Ca-rich fluids and form apatite and other minerals (Goffé et 
al., 2002). Clinochlore is on the other hand, a much more common clay mineral 
associated with chlorite; when Mg-rich can be correlated with aeolian 
and sabkha sediments, while if Fe-rich is typically diagenetic (low temperatures; 
Huggett, 2015). Nonetheless, in the dolomitic marlstones in the Central Ionian 
basin (Leg 42A) a similar Mg-phosphate rich evaporate/saline mineral 
lüneburgite (Mg3B2(PO4)2(OH)6,6H2O), was found in form of white spherules (1-
4 mm), and has been interpreted as a diagenetic product of Mg and B bearing 
upward migrating brines (Müller, 1978) deriving from deeper sediments 
containing halite, polyhalite, bischofite, sulfoborite and sylvite (Hsü et al., 1978).  

An analogous brine or interstitial fluids (P-Mg-Fe bearing) upward 
migration process could have been happening in the uppermost Messinian 
sediments of the Alboran Sea leading to the precipitation of the earlier 
mentioned minerals in the WAB sediments as well (Figure 20).  

Such fluids can have multiple origins. In the first place, considering that 
both sites are located in a tectonically active region (Comas et al., 1999), on top 
of a structural high composed of faulted blocks of the Alboran domain 
metamorphic basement and volcanic rocks (Comas et al., 1999; Maldonado et al., 
1992), the phosphate, iron and magnesium ion enrichment in the deep interstitial 
waters could derive from these basement rocks. Consistently, the basement is 
composed of a metapelite sequence interlayered with calcite and dolomite 
marble overlying a banded pelitic migmatitic gneiss, containing large crystals of 
cordierite, biotite, andalusite and sillimanite (Comas et al., 1999; Comas et al., 
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1996). The gneiss could serve as a source of Fe and Mg ions, the latter possibly 
derived from the metacarbonatic rocks as well.  

 

Figure 20: Interpreted seismic profile ALB81-35. In yellow are shown Messinian sediments, 
progressively more eroded moving towards SSW. In magenta the chaotic Upper Messinian unit is 
outlined, while the magenta line follows the M reflector. The area with a pattern below R3 
unconformity indicates the upper Tortonian volcanoclastic and glauconite unit. Faults are shown 
in red while the red arrows resemble the possible deep fluid formation and flux path.  

On the other hand, the canaphite spherules, enriched in PO42- ion, have been 
retrieved only at Site 121, and therefore the diagenetic fluids could have another 
source. Phosphate is most commonly found like Ca10(PO4,CO3)6F2–3 or 
carbonate-fluor apatite (Hesse and Schacht, 2011) and is often associated with 
regions characterized by high organic matter accumulation (Krejci-Graf, 1955) 
like anoxic basins (Krom and Berner, 1980) or highly productive continental 
margin (Suess, 1981). Additionally, authigenic apatite can form assosiated 
phosphoritic hardgrounds and granular phosphoritic beds during bottom-
current winnowing in phases of sea-level fall (Hesse and Schacht, 2011), while 
in suboxic environments, is frequently accompanied by glauconite formation 
(Carson and Crowley, 1993; Glenn and Arthur, 1990). On the left flank of Site 
976 structural high, a highly reflective late-Tortonian layer package can be found 
(Figure 3 and 20), the latter tracible all over the Alboran, under the R3 
unconformity (Soto et al., 2010; Talukder et al., 2003). Cuttings from industrial 
well And-G1, revealed that this deposit is composed mainly of high porosity 
ignimbrite volcaniclastics, rich in quartz and biotite intercalated with occasional 
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glauconitic layers (Repsol drill report). Interstitial fluids and brines contained in 
such deposits could have incorporated the PO42- ion, and while flowing 
upwards, could have modified diagenetically only the sediments of 121 Site, 
directly above precipitating canaphite spherules, a similar process to these are 
canaphites described in the Japan Sea (Baturin and Derkachev, 2007) also 
associated to Miocene volcaniclastic rocks.  
 
 

9. Conclusion  
 

Seismic section analyses in the WAB together with borehole sedimentary 
analyses allowed the characterization of two Messinian units, one composed of 
plane parallel strata and one chaotic. The first has been related with turbidite 
deposition near the coast and more hemipelagic deposits in the central parts of 
the basin. The second, chaotic MTD unit retrieved in drilling cuttings of 
industrial wells And-G1 and Alb-A1, even if it does not contain in place 
evaporites, can be related to the MSC final stages triggered by a base-level 
change.  

On the continuously drilled hemipelagic deposits of ODP Site 976 a high-
resolution quantitative study of the planktonic foraminifer assemblages led us 
to propose a biostratigraphic framework for the late Tortonian-early Messinian 
and earliest Pliocene in the Western Alboran Basin (WAB).  

Deep open-marine sedimentation with high percentages of planktonic 
foraminifers typical of cold, nutrient-rich waters were recorded during the latest 
Tortonian and earliest Messinian. This particular condition, not encountered at 
other contemporaneous sites, could suggest that the eastward Atlantic inflow, 
moving along the southern Spanish coast could promote an eastward circulation 
similar to that occurring today in the Alboran Basin. The resulting upwelling of 
cold nutrient rich waters could explain the thriving of such foraminifer species 
in the Tortonian. Ultimately, these peculiar findings open up the possibility of 
the existence of a proto-Gibraltar strait as the main source of Atlantic inflow in 
the Upper Tortonian-Lower Messinian. Nonetheless, this theory remains 
speculative and need further proof to be completely validated.  

Based on our biochronologic record and the astronomically driven cyclical 
pattern of the planktonic foraminifer assemblages we were able to date the 
Tortonian-Messinian boundary and the first precession cycles of the Messinian 
below the major discontinuity observed in many seismic profiles in the WAB. 
This discontinuity is recorded at Site 976 with a large erosion that removed at 
least 1.67 Ma and 455 m of the Messinian sedimentary record. The identification 
of the bottom acme of Sphaeroidinellopsis spp. suggests a basal Pliocene age for 
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the first sediments after the erosion, although there is poor recovery near the 
boundary. 

A high siliciclastic input compared to biogenic carbonate and an increase of 
the sedimentation rate is observed at 7.167 Ma. We interpreted this event as the 
result of tectonic uplift in the Gibraltar Arc. This uplift probably caused the 
major restriction of the Mediterranean-Atlantic gateways at the beginning of the 
Messinian and represents the first step of restriction prior to the MSC. This event 
is recorded by reduced deep-water ventilation in the eastern Mediterranean. 
Nonetheless, our data shows that the impact of this event on the deep marine 
environments were less pronounced in the Western Mediterranean (WAB) than 
in the Eastern Mediterranean record. The proximity of the West Alboran Sea to 
the Atlantic Ocean certainly favored more oxygenated conditions during the 
earliest Messinian. The reduced Atlantic Mediterranean water exchange after 
7.167 Ma amplified the impact of Mediterranean climate variations on its 
hydrographic conditions and produced evident cyclical changes in the 
planktonic foraminifer assemblages similar to those recorded in other 
Mediterranean basins. They were controlled by orbital-driven climate 
fluctuations with abundant cold-water species during precession maxima and 
warm water species during precession minima.  

The strong tectonic movement is also evident in the intense interstitial fluid 
activity that led to the alteration of the Messinian sediments and diagenetic 
deposition of Mg rich minerals and phosphates, including an extremely rare 
mineral as canaphite. 
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Abstract 
 

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 tolerating 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 

mailto:fra.bulian@usal.es


Chapter 4 

 

108 

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 6ºC 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 
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-Castellanos 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 – 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 
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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 
Mediterranean (Santarelli et al., 1998; Seidenkrantz et al., 2000; Hüsing et al., 
2009).  

Throughout the Messinian, the connections between the Mediterranean 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 Messinian (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 comprehension 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 paleoenvironments 
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 elaborating a more accurate 
chronology for the late Tortonian – early Messinian 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.  



Chapter 4 

 

110 

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 (Figure 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 
buoyancy loss through  

Figure 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. 
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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 starvation, 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 (Figure 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 nannofossil (sandy) claystone (Comas et al., 
1996). The sediment does not show color changes, but a precessionally 
dominated cyclicity, especially 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 foraminifer bioevents from 
Bulian et al. (2021). 

Figure 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).  

 

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 

http://www.geomapapp.org/
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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 estimated with 
the Shannon index, which corrects for different sample sizes, and is expressed 
by the formula 𝐻 = −𝐾∑ 𝑝𝑖𝑛

𝑖=1 log⁡(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 preferential 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., 2012 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). 
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BFARs were calculated from the product of the number of benthic foraminifers 
per gram of dry sediment (BF/g), the sedimentation 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 C. lobatulus (Supplement 1) was used as an 
indicator of downslope transport. Usually, a higher number of displaced 
individuals is linked with intense currents (Fentimen et al., 2020 and references 
therein) that can efficiently 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 assemblages 
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, consisting of species, genera and higher order 
categories. Single and fragmentary 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. 
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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 intervals 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 analyzed 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 University 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 
documented 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 (δ 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 to correct the δ13C values for the 
deviation from equilibrium caused by the vital effect before discussing absolute 
values. In the case of Globigerina 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 
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corrected). The δ13C measurements obtained on C. 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, Bremen University, 
Germany). The data reported here have been acquired 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 50W 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 
elements, two runs were performed, the first using generator settings of 30 kV, 
current of 1.0 mA and a sampling time of 15 sec, while the second run was 
performed with 10 kV, 0.2 mA and 10 sec 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), 
potassium/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. 
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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 Figure 3.  
 
4.1.1 608.9 to 592 mbsf 
 

The lowermost 17 m of the studied interval covers the upper Tortonian and 
lower Messinian (Figure 3) and includes the Tortonian/Messinian 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 (Figure 3). Accessory species (5 – 10%) 
are Cibicidoides italicus, C. robertsonianus, Cibicides lobatulus, C. ungerianus, Melonis 
pompilioides, M. 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; Figure 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., Pullenia 
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.  
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Figure 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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4.2 Paleoecological and statistical parameters of the benthic foraminifer 
assemblage 

 
The paleoecological and statistical parameters used in this study are shown 

in Figure 4 and can be found in Supp. 2. The %P curves both with and without 
the infaunal benthic species, show an analogous behaviour (Figure 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 
(Figure 4 b) fluctuates between 2% and 14% with a 20% peak at 587 mbsf. The 
Shannon diversity index (Figure 4 c) shows a slight upward increasing trend, 
with  

Figure 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. 
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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 (Figure 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 (Figure 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 statistically 
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 individual variable on a component (axis), are given in Table 
1. The two most positive loadings for PC1 are S. reticulata and C. kullenbergi while 
the negative ones are M. pompilioides, M. barleeanum and O. umbonatus (Table 1).  

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

Species PC1 PC2 
A. helicinus 0.00274 -0.01662 
B. dilatata -0.06129 0.02499 
C. brady 0.02432 0.01051 
C. italicus 0.03768 0.02794 
C. kullenbergi 0.25215 -0.78923 
C. lobatulus -0.03673 -0.01403 
C. robertsonianus -0.01829 0.04527 
C. ungerianus 0.00169 -0.00621 
Cancris spp. -0.00025 -0.03941 
Dentalina spp. -0.00842 -0.00779 
Fissurina spp. -0.01879 0.01915 
G. altiformis -0.00272 -0.01768 
G. soldanii -0.07641 -0.00928 
K. bradyi -0.08663 0.06684 
Lenticulina spp.  -0.00498 -0.00129 
M. barleeanum -0.00119 -0.04937 
M. pompiloides  -0.17122 -0.06904 
M. soldanii -0.13135 0.28641 
Nodosaria spp. -0.01254 0.02003 
O. umbonatus -0.38708 0.26736 
P. bulloides 0.07948 -0.17932 
P. quinqueloba -0.03085 0.00787 
S. reticulata 0.84227 0.41526 
S. schlumbergeri -0.04373 0.02013 
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The positive loadings for PC2 are S. reticulata and O. umbonatus together 
with M. soldanii, and the most negative loadings on PC2 are of C. kullenbergi and 
P. bulloides. From PC1 and PC2 (Figure 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 (Figure 5; Supp. 2) highlights the clear partition between 
the pre- and post- 592 mbsf assemblages as well as the changes in species 
distribution reflected in Cluster 2. Above 592 mbsf, a first increase in Cluster 2A 
(C. brady, C. robertsonianus and A. helicinus) is visible related with the 
establishment of clear cyclical juxtaposition between Clusters 2D (C. lobatulus 
and M. pompilioides) and 2C (unilocular+uniserial group, P. quinqueloba group, 
Cancris spp., M. barleeanum, M. soldanii, S. schlumbergeri, Fissurina spp., K. 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. 

Figure 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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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 (Figure 6 d, e; Supp. 3). Both records show a decrease between 
592 and 588 mbsf. The planktic δ13C record (Figure 6 a) displays a general stable 
trend fluctuating around the mean 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 δ 13C gradient curve (Figure 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.  

 

Figure 6: Upper Tortonian and lower Messinian stable isotope curves from ODP Site 976: a) 
corrected planktic (G. bulloides) δ13C curve (original curve in grey); b) benthic (C. 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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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 (Figure 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 (Figure 7 a, b, c) curves show overall 
a similar trend, with a sharp increase at 592 mbsf. The Ti/Ca ratio (Figure 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 (Figure 
7 e) shows a generally oscillating and upward increasing trend in three steps, 
with increasingly higher values especially above 592 mbsf and the largest peak 
in the 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.  

Figure 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. 
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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 micropaleontological 
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 oxygen 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 remineralization 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; Figure 8). 

Figure 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. 
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Below 592 mbsf the geochemical cycles visible in the δ18O and δ13C record 
covary (Figure 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 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. Figure 
9) are associated with high planktic and benthic δ18O and high benthic 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 

Figure 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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result in lower river supply of detrital elements (e.g. Ti, 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; Martinez-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 
(Figure 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 species (WOWPF) together with 
an enrichment in detrital elements (Ti, Zr, Rb; Figure 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; Figure 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 C. lobatulus, 
together with M. pompilioides (Figure 9), known to proliferate when levels of 
terrestrial refractory organic matter are high (Poli et al., 2012 and references 
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; Hüsing 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).  
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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) (Figure 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, 
Figure 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 insolation maxima phases (Krijgsman et al., 1994; Hilgen 
et al., 1995; Santarelli 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 (Figure 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 
Faneromeni section and Cycles OA18 – OA21 in Oued Akrech secton (Figure 
10). The evident change in sedimentation rates visible after the tuning are 
probably the cause of the different phase relationship before and after the 7.17 
Ma event (Figure 10). 
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5.2 Paleo-water depth reconstruction 
 

Based on a mean %P between 95 and 100% (Figure 4), the calculated 
paleodepth using the transfer function in Van der Zwaan et al. (1990) and Van 
Hinsbergen et al. (2005) would be ~1000 – 1200m. This is in fact the maximum 
paleodepth that can be resolved with this method, so extra constraint is needed. 
Many benthic foraminifers occupy a considerable 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 C. kullenbergi, 
together with C. italicus and C. 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., 2012). The third most common 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 & 
Chierici, 1966). Here, water depths between ~500 and ~2000 m are considered 
mesobathyal (differing from for instance Wright, 1978, who considers 
epibathyal and mesobathyal, 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 
limit of ~1200 m (Bandy and Chierici, 1966; Wright, 1978), the estimated depth 
range is approximately 1000 – 1500 m for Site 976. Elphidium and Rosalina spp., 
discorbids and C. lobatulus are present in abundances between 5% and 10% 
(Figure 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 K. bradyi indicate that a mesobathyal environment 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., 2012; Kaminski et al., 2013).  
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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 
oligotrophic, well oxygenated waters (e.g. Lutze and Coulbourn, 1984; Corliss 
and Chen, 1988; Corliss, 1991; Kaiho and Lamolda, 1999). Cibicidoides kullenbergi 
has also been found encrusted on top of substrates (Lutze and Thiel, 1989; Koho 
et al., 2008) and in high abundances (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; Figure 3 and 5) are generally present during the Tortonian 
and earliest Messinian in other Mediterranean sites (Seidenkrantz 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-
592 mbsf reflects the entry of several species in the benthic foraminiferal record 
(Figure 3; Supp. 1). The BFAR values vary around a mean of ~150 
specimens/cm2/kyr and stay stable through the lowermost Messinian (Figure 
4), suggesting a constant, moderate productivity. The benthic δ13C values remain 
high with short term negative excursions (Figure 6) pointing to an efficiently 
ventilated water column. A sill efficiently connecting the Mediterranean and 
Atlantic permitted a significant inflow-outflow, and allowed the 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 oscillations 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 7.3), 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 correlated with 
a similar shift in benthic foraminiferal assemblages occurring at other 
Mediterranean locations (Seidenkrantz et al., 2000; Kouwenhoven et al., 2003; 
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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, tolerating a wide range of conditions and suboptimal 
oxygen levels (Koho et al., 2008; Kaminski et al., 2013; Cluster 2, Figure 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 structure 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. 
aculeata, 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 Malmgren, 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 associated 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 ‰ (Figure 6) and the sharp increase in the δ13C 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 environments, 
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 achieved 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 
waters into the MOW, resulting in bottom water aging and oxygen depletion. 
Surface waters, on the contrary, were less affected (stable planktic δ13C; Figure 
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6) possibly because of the proximity of Site 976 to the Mediterranean-Atlantic 
gateways where the influence of surface-water 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 excludes 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 archipelago 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 intermediate 
circulation before and after the 7.17 Ma gateway restriction event, the Site 976 
record has been compared with geochemical, sedimentological and 
micropaleontological data collected in other Mediterranean sections (Figure 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; 
Krijgsman 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 Faneromeni sections) 
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and deep basins (Alboran Basin, Balearic promontory, Monte del Casino, Monte 
Gibliscemi and Metochia sections).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 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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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; Kouwenhoven 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 (Figure 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 (Figure 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 Figure 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 (Figure 11 b).  
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Figure 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 foraminifer species than Site 976 were corrected according to their offset with respect 
to C. kullenbergi reported in literature. Metochia and Sale Briqueterie records were obtained 
from P. 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. 

 
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 freshwater discharge, further 
enhance stratification leaving a stronger impact on the Mediterranean 
circulation (Simon et al., 2017). 
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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 foraminifer 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 increase 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 (Figure 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 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 (Figure 12) and planktic records 
(e.g. Metochia section: Seidenkranz et al., 2000; Monte Gibliscemi: Sprovieri et 
al., 1996; Monte del Casino: Kouwenhowen et al., 2003 and Faneromeni section: 
Kontakiotis et al., 2019) suggest that significant increase in residence time 
affected both deep and intermediate 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 
(Kouwenhoven 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 foraminifer assemblages, often dominated by 
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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 extents 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 stratification. 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 surface waters as well. Here, far from the Atlantic Ocean, surface waters 
could reflect the deep-water signal. In particular, the different configuration 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 development 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. 
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5.5 Correlation of the Mediterranean restriction and LMCIS  

Figure 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 C. kullenbergi 
reported in literature. The Sale Briqueterie record was obtained from P. ariminensis and to correct 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. 
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During the Late Miocene cooling (7.5 – 5.5 Ma) a global decrease in sea 
surface temperatures (SST) of about 6ºC (compared to the mean present day SST) 
has been reconstructed (Herbert et al., 2016) contemporaneously with a global 
decrease in δ13C oceanic values (Figure 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 (Figure 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 ~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 (Figure 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 (Figure 13 b). A detailed comparison 
between the two benthic δ13C records, however, reveals different responses of 
the two systems (Figure 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 (Figure 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 (Figure 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 gray marls 
instead of sapropels (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.  
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Figure 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 (Krijgsman 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. 

 
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. 
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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 (Figure 13 a) of ~6ºC 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 permanent 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 phytoplankton 
productivity and alkenone production. Contrary to the Adriatic, 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 foraminifer 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 oligotrophic, 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 micropaleontological 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 
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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 circulation. 
From these data follows that the WAB and EAB were not separated 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 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 
oxygen 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 characterised 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. However, the phase relations of the isotope 
record with astronomical parameters (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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Abstract 

 
In this work we present a new high resolution geochemical (XRF and stable isotope) and 
micropaleontological record of the Tortonian –Messinian interval of the Montemayor-1 
core located in the Guadalquivir Basin. This new data enabled the high-resolution tuning 
of the lower interval of the core (6.37 Ma – 8 Ma) and consequently to precisely date 
environmental changes happening at that time in the Guadalquivir Basin and relate 
them to Mediterranean and global events. At 7.15 – 7.17 Ma, in concomitance with a 
shallowing of the basin the bottom water residence time, temperature and salinity 
increased. These changes have been associated with a reduction of the Mediterranean 
Outflow Water reaching The Guadalquivir Basin as a consequence of the restriction of 
the last strand of the Betic corridor connecting the Mediterranean and the Atlantic, the 
Guadalhorce. This hypothesis is in line with the analogous changes observed in several 
Mediterranean Sea locations, where from 7.17 Ma a reduced Mediterranean – Atlantic 
connection is visible. Furthermore, the change in phase relationship between the 
Northern Hemisphere summer insolation minima peeks and the biogenic carbonate, 
now in opposite phase, already reported by some authors in the upper part of the record 
(5.33 Ma – 5.77 Ma) have been confirmed by the newly acquired data. The planktic 
foraminifer and isotope data shown in this work supports the previously proposed 
mechanism and confirm that the colder and arid climate present during Northern 
Hemisphere insolation minima could have a negative effect on the vegetation cover 
resulting in more erosion and terrigenous input, diluting the biogenic content. 

 
 

1. Introduction 
 

Today, the intercontinental Mediterranean Sea is connected to the Atlantic 
Ocean through the Gibraltar Strait. This configuration has been present at least 
since the beginning of the Pliocene (e.g., Hsü et al., 1973; Blanc, 2002; Garcia-
Castellanos et al., 2009; Roveri et al., 2014), when the Camarinal sill was breached 
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Figure 1: Schematic map of the Alboran Sea area showing the location of the Montemayor-1 core. 
The blue shading represents the area formerly occupied by the Betic and Rifian corridors (Capella 
et al., 2020). 

 
and an efficient Mediterranean – Atlantic connection was established ending the 
dramatic event known as the Messinian Salinity Crises (MSC; Hsü et al., 1973; 
Selli, 1973; Krijgsman et al., 1999). During the 700 kyr that lasted this event (5.967 
– 5.332 Ma), a reduced or completely absent connection between the Atlantic 
Ocean and Mediterranean Sea led to the deposition of more than a kilometer 
thick succession of evaporites (e.g., CIESM, 2008 and references therein).  

The progressive closure of the Mediterranean – Atlantic gateway that led to 
the MSC started already in the Tortonian, with the restriction of the Betic and 
Rifian corridors (Figure 1), acting as marine gateways since the Miocene (e.g., 
Popov et al., 2004; Bialik et al., 2019). During the last decades extensive field 
work in Southern Spain and Northern Morocco outcrops has been done trying 
to pinpoint the exact timing of the closure of the Betic and Rifian gateway 
strands which resulted as being a difficult task considering the intense uplift and 
erosion that affected the Gibraltar Arc area (e.g., Fadil et al., 2006; Garcia-
Castellanos and Villaseñor, 2011; Mancilla et al., 2015). Regarding the Rifian 
corridor, most probably the southern strand closed between 7.1 – 6.9 Ma while 
the northern sectors around 7.35 – 7.25 Ma (Krijgsman and Langereis, 2000; 
Tulbure et al., 2017; Capella et al., 2018). The Betic corridor had different strands 
that closed at different times. The North Betic strait closed first, at ~ 7.6 Ma, 
restriction in the Granada Basin is thought to start with the beginning of 
evaporite deposition in this basin between 7.37 and 7.24 Ma (Corbí et al., 2012) 
while the Guadix Basin was initially thought to have restricted at 7.8 Ma (Betzler 
et al., 2006), timing eventually disputed because of the presence of an 
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unconformity (Hüsing et al., 2010). Finally, the last Betic connection was through 
the Guadalorce Corridor (GC), which permitted the connection between the 
Atlantic and the Mediterranean through the Guadalquivir Basin (GB).  

Numerous studies have been carried out on the GC outcrops, but given the 
continuity of the record, most of the paleoenvironmental studies were carried 
on the Montemayor-1 and Huelva-1 cores, drilled in the westernmost sector of 
the GB (Figure 1). In particular, paleomagnetism (Larrasoaña et al., 2008; 
Larrasoaña et al., 2014), benthic foraminifers associations (Pérez-Asensio et al., 
2013; Pérez-Asensio et al., 2014), XRF data (Van den Berg et al., 2015; Van den 
Berg et al., 2018), stable isotope (Pérez‐ Asensio et al., 2012) and pollen records 
(Jiménez-Moreno et al., 2013) have been all acquired on Montemayor-1 core. 
These studies showed that the continuous shallowing upward sequence of the 
GB was marked by glacio-eustatic fluctuations and changes in vegetation linked 
to climate glacial-interglacial variability (Jiménez-Moreno et al., 2013) that 
changed the regional surface water productivity (Pérez-Asensio et al., 2014) as 
well as by astronomically induced cycles characterized by an alternation of 
different elemental compositions (Van den Berg et al., 2015). Stable isotope 
studies on the other hand, were able to pin point the progressive diminishment 
in the strength of the MOW especially between 6.35 and 6.18 Ma (Pérez‐ Asensio 
et al., 2012) which resulted with a drastic sedimentation rates increase 
(Larrasoaña et al., 2008; Larrasoaña et al., 2014) and intensification of the 
upwelling (high abundances of benthic foraminifer Uvigerina peregrina s.l.) 
(Pérez-Asensio et al., 2014). Consequently, several authors suggested that the 
closure of the GB occurred only at 6.18 Ma (Martín et al., 2001; Pérez-Folgado et 
al., 2004; Pérez-Asensio et al., 2012; Pérez‐ Asensio et al., 2012). 

The chronology of the Montemayor-1 core was obtained from a 
combination of planktic foraminifer bio-events, magnetostratigraphy 
(Larrasoaña et al., 2008) and elemental geochemistry cyclostratigraphy data 
(Van den Berg et al., 2015). Cycle to cycle astronomically tuned record of the core 
covers only the late Messinian (6.37-5.33 Ma), as does the geochemical dataset 
which prevents to investigate whether the first signs of restriction of the 
Gibraltar gateway/s visible in the Mediterranean Basin since 7.17 Ma 
(Kouwenhoven et al., 1999; Kouwenhoven, 2000; Seidenkrantz et al., 2000; 
Kouwenhoven et al., 2003; Bulian et al., 2021), were related with changes in the 
GB. Consequently, in this study we principally focused on the late Tortonian-
early Messinian interval in the Montemayor-1 core improving significantly the 
astronomical tuning of the lower core interval (236-257.3 mcd) and producing a 
new high resolution geochemical (stable isotope and XRF geochemistry) and 
planktic foraminifer dataset. These new data enabled to pinpoint the definite 
closure of the last Betic corridor strand, the GB, and to correlate its closure to 
Mediterranean and Global events. 
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2. Geological setting and core stratigraphy 
 

The Guadalquivir basin (GB) is a WSW to the ENE elongated triangular 
basin located in the south of the Iberian Peninsula that formed during the Late 
Serravallian-Early Tortonian (Figure 2a). Towards the west it opens to the 
Atlantic Ocean, to the north is limited by the Iberian Massif while to the south it 
is bounded by the Betic Cordillera (Figure 2a) constituting its foreland (Sierro et 
al., 1996; González-Delgado et al., 2004).  

 

 

Figure 2: a) Geological map of the Guadalquivir basin with the location of Montemayor-1 borehole. 
b) paleogeographic reconstruction of the Guadalquivir area during the Tortonian (based on Martín 
et al., 2009; Larrasoaña et al., 2014) showing the flow direction and location of the Mediterranean 
Outflow Water and Atlantic Upwelled Water (after Pérez‐ Asensio et al., 2012). 

 

During the early-middle Miocene the NW-directed convergence between 
the Eurasian and African plates caused the stacking of the Betic external tectonic 
units leading to the downward flexural subsidence of the Iberian basement and 
subsequent infilling of the basin (Sierro et al., 1996; Berástegui et al., 1998; 
Ledesma, 2000; Garcia‐ Castellanos et al., 2002) which mainly witnessed 
continuous marine to continental sedimentation (Aguirre, 1992; Sierro et al., 
1996; Martín et al., 2009; Salvany et al., 2011; Gonza ́lez-Delgado et al., 2004). In 
the Tortonian-early Messinian, following the uplift of the Betic cordillera, the GB 
become a large embayment and represented the Atlantic side of the Betic 
corridor which (Figure 1b), together with the Rifian passages in Morocco, 
enabled the connection between the Mediterranean Basin and Atlantic Ocean 
(Benson et al., 1991; Martín et al., 2001). Here, warm and salty Mediterranean 
Outflow Waters (MOW) leaving the Mediterranean encountered fresh and cool 
Atlantic Upwelled Waters (AUW; Figure 1b) forming a two-layered water 
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column (Martín et al., 2001; Pérez‐ Asensio et al., 2012). The GB shows a 
continuous sedimentary fill composed of a lower marine sequence (late 
Tortonian – early Pliocene) and an upper continental sequence (Aguirre, 1992; 
Sierro et al., 1996; Salvany et al., 2011; González-Delgado et al., 2004). The lower 
part of the marine sequence shows huge sedimentary structures suggesting that 
Mediterranean waters were flowing out into the Atlantic at current velocities 
estimated at 1-1.5 m/s (Martín et al., 2001).  
 

The persistent uplift of 
the Betic Cordillera 
progressively closed the 
Guadix corridor and Granada 
Basin (Braga et al., 2003; 
Martín et al., 2009), and finally 
the GC, considered as the last 
Betic Mediterranean-Atlantic 
connection (Martín et al., 
2001). The definite closure of 
the GC is still debated and the 
ages vary between late 
Tortonian (7.6 Ma; Van der 
Schee et al., 2018a) and 
middle Messinian (6.18 Ma; 
Martín et al., 2001; Pérez‐
Asensio et al., 2012; Martín et 
al., 2014; Pérez-Asensio et al., 
2014). 

The Montemayor-1 core 
(37°16′N, 6°49′W; 52 m 
elevation) was drilled in the 
northwestern margin of the 
GB (Figure 2), a tectonically 
inactive area where the 
sedimentary sequence 
reaches its maximum 
thickness. The base of the core 
is characterized by 1.5 m of 
Paleozoic–Mesozoic substrate 
composed of reddish clays 
(Figure 3). The basement is 
overlayed by the four 
lowermost    lithostratigraphic  

Figure 3: On the left the Tortonian – Zanclean 
magnetostratigraphic chrons from Lourens et al. 
(2004). In the Middle the magnetostratigraphic results 
for Montemayor-1 core (Larrasoaña et al., 2008; 
Larrasoaña et al., 2014) and on the right the lithological 
column showing the different formations present in 
Montemayor-1 core (Niebla Formation, Arcillas de 
Gibraleón Formation, Arenas de Huelva Formation 
and Arenas de Bonares Formation). 
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units that characterize the GB sedimentary infill (Sierro et al., 1996; González-
Delgado et al., 2004). The lowermost unit, 5 m thick, corresponds to the 
cemented carbonate-siliciclastic coastal deposits of the Niebla Formation 
(Tortonian) which are followed by deep marine greenish-blue clays of Arcillas 
de Gibraleón Formation (late Tortonian-Messinian) that with their 198 m cover 
the largest part of the Montemayor-1 core. At the base of the of Arcillas de 
Gibraleón a 3 m thick glauconitic layer can be identified. At 60 m the Messinian 
clay, which is topped by another glauconite layer, separates these deposits from 
the shallow marine sends and silts of the Arenas de Huelva Formation (early 
Pliocene), 42 m thick. 

A discontinuity at 18 m is overlain by 14.5 m of brownish transitional sands 
of Arenas de Bonares Formation (late Pliocene-Pleistocene) and 3.5 m of recent 
soil marking the end of the Montemayor-1 core (Larrasoaña et al., 2008; 
Larrasoaña et al., 2014).  
 
 

3. Materials and methods 
 
3.1 Stable isotope analyses 
 

In order to improve the resolution of the pre-existing stable isotope dataset 
(Pérez‐ Asensio et al., 2012; interval 210-240 m) and to complete the record until 
the base of the core (236-257.3 m), foraminifer shells from 405 samples of 
Montemayor-1 core were analyzed for stable isotope content (δ13C and δ18O). 
When possible, a sampling step of 10 cm was applied in order to get a high-
resolution dataset. The analyses were performed on ultrasonically cleaned 5-10 
individuals of benthic foraminifer species Cibicidoides pachyderma and 10-20 
specimens of planktic foraminifer Globigerina bulloides from the >150 μm size 
fraction.  

The analyses were performed with a Finnigan MAT 253 mass spectrometer 
connected to a Kiel IV carbonate preparation device at the Christian-Albrechts 
University 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 documented 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). 
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3.2 XRF analyses  
 

Because cyclical changes in the sediment chemical composition were 
recognized in the Montemayor-1 core from 60 m to 237 m (Van den Berg et al., 
2015; Van den Berg et al., 2018) and were used for astronomical tuning, we 
performed XRF analyses on the missing 237-253.7 m interval to have a complete 
geochemical dataset and be able to tune efficiently the entire record. A total of 
162 samples were taken (every 10 cm) and each one was reduced to fine powder 
in an agate mortar, subsequently obtaining tablets of 10 mm in diameter with a 
manual press with a load of 5 Tm. The tablets were fixed on a glass slide to 
facilitate their handling. On each tablet, of sufficient thickness to avoid 
transparency phenomena, 25 random points were measured for 30 s with a 
Bruker M4 Tornado Spectrometer where the generator settings were set at 50 kV 
and 150 μA. A representative spectra and semi-quantitative results of each 
sample were obtained using the ESPRIT software, set at international standards. 
This analysis was performed at the General Service of X-ray diffraction at 
Salamanca University (Nucleus).  

The results obtained for the major elements were expressed in wt% 
(weight%) of the oxide while the light elements in ppm (parts por million) of the 
element. To make the dataset comparable to the published geochemical record, 
the wt% of each oxide was transformed into the wt% of the element itself. To do 
so every oxide wt% was multiplied by its atomic weight and then divided by the 
atomic weight of the major element (Ragland, 1989). Furthermore, the values of 
the light elements that were expressed in ppm were transformed in wt%. 
Additionally, to obtain some information regarding the origin of the sediments, 
grainsize and oxygenation at the bottom the ratios Zr/Al, Si/K and Mg/Fe were 
used. 
 
3.2.1 Statistics 
 

To produce a statistically robust dataset and perform a Principal 
Component Analyses (PCA) more corrections were necessary. Because lighter 
elements emit a smaller signal, their emission is prone to attenuation which 
makes lighter elements emitted signal to scatter (Tjallingii et al., 2007; Weltje and 
Tjallingii, 2008). In order to account for such differences and achieve a normal 
distribution, the dataset was additionally normalized to the total wt% of each 
measure point and standardized by subtracting the average and dividing by the 
standard deviation (Davis and Sampson, 1986). This normalisation allowed the 
direct comparison between major and trace elements and for each element to be 
represented in the PCA. Finally, to enable a direct comparison between the new 
data here presented and the PCA previously obtained by Van den Berg et al. 
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(2015), the same elements were included in the analyses (Fe, Al, Ca, Ti. Zr, Si, K, 
Rb and Sr). 
 
3.3 Planktic foraminifer analyses  
 

A quantitative study of the planktic foraminiferal content was performed 
on 236 samples from Montemayor-1 core covering the interval 198.5 – 257 mcd. 
The core was sampled with an increasing upward sampling step from 0.2 m at 
the base to 1 m at the top of the studied interval based on the increasing 
sedimentation rate (Van den Berg et al., 2015; Van den Berg et al., 2018). Each 
sample was dried in the oven, disaggregated in water overnight and 
subsequently washed over a >150 μm and >63 μm sieve. From the >150 μm 
fraction at least 300 planktic foraminifer specimens were classified into species 
and counted under a microscope.  

Following Sierro et al. (2003), the abundance of warm, oligotrophic water 
planktic foraminifers (WOWPF) was calculated and expressed as the sum of 
Globigerinoides spp., Orbulina universa and Globoturborotalita apertura. In this way 
it was possible to estimate possible responses of the planktic fauna to changes in 
the oceanographic setting of the basin.  
 
3.4 Spectral analyses 
 

To establish the nature and significance of the periodic changes in the stable 
isotope, elemental and planktic foraminifer dataset of Montemayor-1 core older 
record (257 – 210 mcd), a spectral analysis was performed. The analysis was 
carried out using Past software (Hammer et al., 2001) with the Redfit procedure 
which allows to assess datasets with uneven sampling step. The spectral peaks 
higher than the 95% confidence interval were considered significant (Monte 
Carlo method). 
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4. Results 
 
4.1 Stable isotope record 
 

The stable isotope data from 257 to 210 mcd of core Montemayor-1 is shown 
in Figure 4. The planktic δ18O curve (Figure 4 a) shows a stable trend with values  

 

Figure 4: Montemayor-1 core stable isotope data measured from benthic and planktic foraminifer 
shells. a) Planktic δ18O record (G. bulloides); b) Benthic δ18O record (C. pachyderma); c) Planktic δ13C 
record (G. bulloides) and d) Benthic δ13C record (C. pachyderma). On the bottom, the lithological 
column is shown. 

 
around 0.1 and -0.1 ‰ until 234 m of depth when they drop until minimum 
values of ~-0.4 ‰. At the depth of 225 m, the planktic δ18O curve rises again 
towards higher values and stays around ~0.2 ‰ for the next 10 m when values 
decrease again reaching a minimum of ~-0.6 ‰. The general trend of the benthic 
δ18O curve (Figure 4 b) displays a similar pattern as the planktic one, with 
analogous minima and maxima. Nonetheless, a change towards heavier values 
is visible at 245 m depth, where from ~0.6 ‰ there is an increase until ~0.8 ‰ 
that persists until the end of the record. In both the planktic and benthic δ13C 
curves (Figure 4 c and d) there is a visible decreasing upward trend. In the 
planktic record the latter is more gradual and from values of ~0.5 ‰ at the 
bottom, values of ~ -1 ‰ are reached at the top of the section. The benthic record 
shows a more abrupt shift that can be pinpointed at 248 mcd where from ~1.5 
‰ the curve reaches ~0.5 ‰. This value persists until 216 mcd, when the curve 
almost reaches 0 ‰. 
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4.2 Principal Component Analyses and geochemical record  
 

The PCA was performed to make the data matrix visualization easier and 
to highlight the relationship between the single elements. The first three 
statistically significant Principal components account for 81% of the total 
variance with the PC1 and PC2 describing respectively the 66.1% and 15.06%. 

The two most important negative loadings for PC1 are Ca and Sr (Figure 5 
a), while the positive loading comprises several elements including Al, Si, K, Ti, 
Fe, Rb and Zr. For PC2 (Figure 5 b) the negative loading is represented mostly 
by Zr, and to a lesser extent by Si and Fe, while on the positive side Al, Rb and 
Sr are dominant.  
  

Figure 5: Loadings of the Principal component performed on the geochemical record of 
Montemayor-1 core: a) PC1 and b) PC2. 

 
The PC1 scores curve (Figure 6 a) shows a sudden decrease upward at 253 

mcd from where an increasing upward tendency starts until the end of the 
record. On the contrary, the PC2 record (Figure 5 b) starts with an increasing 
upward tendency that stabilises at the same depth and persists steadily until 240 
mcd, when values diminish once again. 

The V and Cr wt%, and the Si/K record show a prominent change at 248 
mcd (Figure 6 c, d, f). Here both the V wt% and the Si/K curves significantly 
drop, while the Cr wt% sharply rises simultaneously with an increase in the 
oscillation amplitudes. The Mn/Fe record is relatively stable in the first part of 
the record, while it progressively increases from 247 mcd until 238, when values 
descend again (Figure 6 e). Finally, after a sharp drop in values registered at 252 
mcd, the Zr/Al record keeps a stable trend until the end of the record. 
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Figure 6: Montemayor-1 core geochemical records in depth domain: a) PC1 scores; b) PC2 scores; 
c) wt% V; d) wt% Cr; e) Mn/Fe ratio; f) Si/K ratio and e) Zr/Al ratio. The black vertical line 
highlights the sharp change occurring in several records at 248 mcd.  
 

4.3 Planktic foraminifer distribution  
 

While within the siliciclastic coastal deposits of the Niebla Formation only 
one sample contained planktic foraminifers, the following Arcillas de Gibraleon 
Formation holds a very abundant and diverse planktic foraminifer association 
(Figure 7). The latter is mainly composed of Globigerina bulloides, Globoturborotalita 
apertura spp. (G. apertura + G. druryi + G. nepenthes), Orbulina universa, 
Globigerinoides spp. (G. extremus + G. immaturus + G. quadrilobatus + G. trilobus + 
G. sacculifer), Neogloboquadrina acostaensis and to a lesser extent by Globobigerinita 
glutinata. From the base of the section until 248 mcd, the sum of the WOWPF 
stays stable at ~ 30%, when it sharply increases until ~50% where it stays until 
the end of the record.  
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Figure 7: Planktic foraminifer distribution in Montemayor-1 core: a-e) most abundant species; f) 
the sum of WOWPF and g-m) the main biostratigraphic markers where the vertical lines and 
numbers denote the events of (Sierro et al., 2003). The interval 165-198 mcd highlighted in grey and 
light red derive from the master thesis of Joana Ferreira and Sandra Rocha (Ferreira, 2016; Rocha, 
2017). 
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5. Age model 
 
5.1 Biostratigraphic and magnetostratigraphic pointers 
 

To create a solid age model several pointers were used including top and 
bottom ages of chrons defined through magnetic measurements (Larrasoaña et 
al., 2008; Larrasoaña et al., 2014) and planktic foraminifer bioevents (Figure 6; 
Table 1). Regarding the magnetostratigraphic pointers, only the ones justified by 
abundant measurement points and in line with our new biostratigraphic tie 
points were employed, in this case only Chron C3An.2n (Lourens, 2004). The 
base of this chron has been identified at 241.1 mcd while its top at 247 mcd 
(Larrasoaña et al., 2008) dated respectively at 6.73 Ma and 6.43 Ma (Lourens, 
2004). The two older chrones (C3Br.1n and C3Bn) employed by Larrasoaña et al. 
(2008) for the first tuning of Montemayor-1 core were here excluded from the 
age model because of the low resolution of the paleomagnetic measurements in 
this interval and their discrepancy with the new planktic foraminifer 
biostratigraphic events identified in this work i.e. events 1 and 2 (Sierro et al., 
1993). The planktic foraminifer biostratigraphic scheme used is based on recent 
astronomically calibrated charts compiled by Lirer et al. (2019) while the 
numbering of each bioevent is taken from Sierro et al. (1993; Table 1).  
 
Table 1: Planktic foraminifer bio events and magnetostratigraphic pointers used for the 
tuning of the Montemayor-1 core. The biostratigraphic scheme used relies on Lirer et al. 
(2019), while the magnetostratigraphy derives from Larrasoaña et al. (2008). 
 

Event 
Astronomically 

calibrated age (Ma) 
Depth  
(mcd) 

Nº 

Top C3An.2n 6.73 Ma 241.1 m  

S/D coiling N. acostaensis 6.35 Ma 236.5 m 4 

Base C3An.2n 6.43 Ma 237.1 m  

FCO G. miotumida group 7.24 Ma 250.4 m 3 

LCO G. menardii 5 group (dextral) 7.24 Ma 250.4 m 3 

FCO G. menardii 5 group (dextral) 7.36 Ma 252.4 m 2 

LCO G. menardii 4 group (sinistral) 7.51 Ma 252.9 m 1 

 
In Montemayor-1 core the Last Common Occurrence (LCO) of G. menardii 

4 group has been located at 252.9 mcd. The event has been recognized in the NE 
Atlantic and Mediterranean by Sierro (1985) and Sierro et al. (1993) and it has 
been astronomically calibrated at 7.51 Ma (Hilgen et al., 2000a; Hilgen et al., 
2000b; Lourens et al., 2004). The next bioevent found is the First Common 
Occurrence (FCO) of G. menardii group 5 (Sierro, 1985; Sierro et al., 1993) 
recognized at 252.4 mcd and dated at 7.36 Ma (Hilgen et al., 2000a; Hilgen et al., 
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2000b; Lourens et al., 2004). In the NE Atlantic, the Tortonian – Messinian 
boundary (7.24 Ma; Hilgen et al., 2000a; Hilgen et al., 2000b; Lourens et al., 2004) 
is characterized by the replacement of the G. menardii 5 group by the G. 
miotumida group (Tjalsma, 1971; Sierro, 1985; Sierro et al., 1993). In Montemayor-
1 core, this replacement happens at 250.4 mcd but it is not definitive, at 250 mcd 
G. menardii 5 groups reappears again with high values and lasts for one more 
meter until 251 mcd (Figure 6). Finally, at 236.5 mcd, the N. acostaensis coiling 
change from sinistral to dextral can be identified clearly (Figure 6). The latter has 
been recognized from NE Atlantic cores (Sierro, 1985; Sierro et al., 1993) and 
Mediterranean outcrops (Sierro et al., 2001; Hüsing et al., 2009) where it has been 
astronomically tuned at 6.35 Ma (Sierro et al., 1993; Sierro et al., 2001; Lourens et 
al., 2004; Anthonissen and Ogg, 2012; Achalhi et al., 2016). All the pointers used 
for the tuning of the lower part of the Montemayor-1 core (236-257.3 mcd) 
proposed in this work are reported in Table 1. 
 
5.2 Astronomical tuning 
 

Previous studies performed on the Montemayor-1 core (Van den Berg et al., 
2015) and other boreholes in the GB like Huelva (Van den Berg et al., 2018) and 
Casanieves (Ledesma, 2000) show how the late Messinian-early Pliocene 
sedimentation is mainly controlled by a climatic cyclicity related to astronomical 
forcing. Consequently, we can assume that such climate influence was 
controlling the deposition of the late Tortonian – early Messinian sediments of 
Montemayor-1 core enabling the astronomical tuning of the lowest part of the 
section (236-257.3 mcd). To see weather this assumption was true, and to prove 
if a cyclical pattern could be identified, we compared the spectral analyses 
obtained on the records that usually reflect well precessional cyclicity like the 
planktic δ18O dataset, the geochemical PC1 and the distribution of WOWPF. 
Previous studies (Ledesma, 2000; Van den Berg et al., 2015; Van den Berg et al., 
2018) proof that the sedimentation in the GB contains a clear precessional 
cyclicity that can be identified in the geochemical record, where northern 
hemisphere summer insolation maxima and minima are marked in turn by high 
abundances of terrigenous elements and low contents of biogenic particles and 
vice versa. During insolation maxima the warm-water foraminifers proliferate, 
and δ18O values are lighter because of the warmer surface waters and the 
continental ice melting (Rohling and Cooke, 1999). 

The spectral analyses from the three records yielded similar cyclicities (1.25 
– 1.31 m) but because the sedimentation rate is very low, the sampling step was 
not dense enough to see precessional cycles while the eccentricity was well 
visible. Consequently, the new part of the Montemayor-1 record was tuned 
combining the planktic and magnetostratigraphic pointers (Table 1, Figure 8) 
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with the tuning to the eccentricity curve (Laskar et al., 2004) which modulates 
the effect of precession. This astronomical tuning was confirmed by the PC1 
performed on the XRF geochemical record of the neighbour curve Huelva-1, 
where the same eccentricity cycles are visible (Van den Berg et al., 2018). 
 

Figure 8: Above, the planktic foraminifer δ18O dataset, the PC1 and the WOWPF distribution in 
Montemayor-1 core unfiltered and filtered data in depth domain. Below, the same records in time 
domain obtained by using biostratigraphic (red lines) and magnetostratigraphic (blue lines) tie 
points and a cyclostratigraphic tuning to the eccentricity curve (Laskar et al., 2004). In addition the 
sedimentation rate is shown as well as the PC1 from the neighbor site Huelva-1 which shows 
analogous cyclicity (Van den Berg et al., 2018). 

 
 

6. Discussion 
 
6.1 Mechanisms driving sediment cyclicity and sedimentation rates 
 

After integrating our new data with the already available elemental 
composition (Van den Berg et al., 2018), stable isotope (Pérez-Asensio et al., 2012) 
and planktic foraminifer counts (Ferreira, 2016; Rocha, 2017) datasets, we obtain 
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a complete record for the Montemayor-1 core, from late Tortonian to the base of 
the Pliocene (Figure 9). Here, three different units can be identified based on 
changes in sedimentation rate and phase relationship between different 
parameters: the new interval (6.37 Ma – 8 Ma), the middle interval (5.77 Ma- 6.37 
Ma) and the upper interval (5.33 Ma – 5.77 Ma). A possible connection between 
these changes in the GB with the MSC events in the adjacent Mediterranean 
basin and global and local climate changes have been discussed. 

 

 

Figure 9: The Montemayor-1 8 – 5.33 Ma record in time domain including: the estimated 
sedimentation rate, the planktic and benthic δ18O record, the planktic and benthic δ13C, the 
WOWPF, the PC1 resulting from the XRF geochemical record and the insolation and eccentricity 
curves used for the tuning (Laskar et al., 2004). The stable isotope record from 5.87 to 5.33 Ma derive 
from Pérez-Asensio et al. (2012), the WOWPF between 5.77 Ma and 5.51 Ma has been obtained with 
data from (Ferreira, 2016; Rocha, 2017) and the PC1 in the interval 6.35 to 5.33 Ma from (Van den 
Berg et al., 2015). 

 
6.1.1 Improvement of the tuning and cyclicity of the lower interval (6.37 Ma – 8 Ma) 
 

This interval is characterized by very low sedimentation rate of 0.3 cm/kyr 
until 7.35 Ma, where it slightly increases to values between 2.3 and 1.4 cm/kyr 
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(Figure 9). The geochemical cycles are visible only after the increase in 
sedimentation rate and while the astronomical solution cannot be resolved on a 
precessional scale, the higher amplitude precession signal that corresponds to 
eccentricity maxima are clearly visible and were used for the tuning of this 
interval (Figure 8). In this way the resolution and precision of the age model, 
based on 12 tie-points was significantly improved in respect to the one proposed 
by (Larrasoaña et al., 2008) that considered only two bioevents and three 
magnetic chrones.The poor paleomagnetic resolution for this interval did not 
allow to accurately date these magnetic reversals (see section 5.1). The cyclicity 
in this interval is forced by cyclical changes in rainfall with more terrigenous 
elements present at time of eccentricity maxima (high amplitude precession) 
when the carbonate supply to the GB is low and vice versa. The eccentricity 
maxima peaks concordantly can be related to higher values of WOWPF, lighter 
δ18O and heavier δ13O values, implying warmer water temperatures and good 
water column ventilation respectively (Figures 8 and 9).  
 
6.1.2  Cyclicity in the middle interval (5.77 Ma- 6.37 Ma) 
 

The rise in sedimentation rate that oscillates between 6.3 cm/kyr and 22 
cm/kyr (Figure 8), enables to clearly identify geochemical and 
micropaleontological cycles modulated by precession as already visible in the 
PC1 from (Van den Berg et al., 2015). The PC1 showed in fact how biogenic 
carbonate concentrated at times of Northern Hemisphere insolation minima, 
while the increase in rainfall during Northern Hemisphere Insolation maxima 
enhanced the terrigenous supply to the basin. These cycles are evident from our 
new isotope and planktic foraminifer data as Northern Hemisphere Insolation 
maxima shows the same phase relationship with higher abundances of 
WOWPF, lighter δ18O and heavier δ13C values. Analogous cyclical patterns have 
been registered in Messinian sediments from the Mediterranean Basin (e.g., 
Sierro et al., 2003: Sorbas Basin; Bulian et al., 2021; Alboran Basin) and Atlantic 
margins (e.g., Van Der Laan et al., 2012: Ain el Beida-Atlantic Morocco; Hodell 
et al., 2013: Iberian margin).  
 
6.1.3 Cyclicity and increased sedimentation rate in the upper interval (5.33 Ma – 5.77 Ma) 
 

As already pointed out by Van den Berg et al. (2015) in the upper interval 
of Montemayor-1 core (5.33 Ma – 5.77 Ma), a change in phase relationships is 
recognizable in the PC1 geochemical dataset, in respect to the cyclicity observed 
in the rest of the core (5.77 – 8 Ma). Here, even if sedimentary cycles seem to be 
driven by regular alternations in the rate of terrigenous supply to the basin, 
Northern Hemisphere insolation maxima are related with enrichment in 
biogenic carbonate, while insolation minima are linked to increases in 
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terrigenous supply. Additionally, this upper interval shows, in particular 
between 5.55 and 5.33, a remarkable increase in sedimentation rate where values 
up to 89 cm/kyr are reached (Figure 9), which reflected in the higher thicknesses 
of the cycles as well. 

Van den Berg et al. (2015) interpreted the change in cyclicity as being a 
consequence of the site’s increased proximity to the coast and of the changes in 
erosion rates. Coarser particles were able to reach the new shallower site location 
changing the composition of detrital fraction from mainly clay to silt. When the 
coarse-grained terrigenous input from the shelf was high, the biogenic carbonate 
and clay fraction would be diluted, while during low input, the biogenic 
carbonate would increase. Furthermore, changes in erosion rates led by changes  

Figure 10: The Montemayor-1 upper interval records in time domain. The stable isotope record 
derive from Pérez-Asensio et al. (2012), the WOWPF has been obtained with data from (Ferreira, 
2016; Rocha, 2017) and the PC1 from Van den Berg et al. (2018). 

 
in local climate could justify the different phase relationship between high 
terrigenous input and insolation that we see in this part of the record. The colder 
and arid climate present during Northern Hemisphere insolation minima could 
have a negative effect on the vegetation cover resulting in more erosion and 
terrigenous input to the basin at the expense of the biogenic carbonate which 
would be diluted. On the contrary, even if riverine discharge was higher during 
Northern Hemisphere summer insolation maxima, the sediment concentration 
was lower and consisting primarily of clays. Concordantly, for this time interval, 
palynological studies (Jiménez-Moreno et al., 2013) show the same cyclicity 
between wet and dry periods. This depositional model, mainly influenced by 
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the site location and local climate has been confirmed by the new planktic 
foraminifer records. A high abundance of WOWPF during isolation maxima 
confirms the biogenic origin of the carbonates excluding the possibility of higher 
detrital carbonate input during insolation maxima (Figure 10).  

Contemporaneous with the cyclicity pattern change, from 5.77 Ma Jiménez-
Moreno et al. (2013) observes an abrupt drop of the dinocyct/pollen ratio. The 
latter, because the pollen coming from the continent decreases with the distance 
to the shore, has been used as eustatic oscillation proxy, where lower values can 
be related to a relative sea level drop at Montemayor-1 site. The latter has been 
also suggested by the abrupt decrease in abundance of benthic foraminifer 
species Uvigerina peregrina which does not tolerate high terrestrial organic matter 
input (Pérez-Asensio et al., 2014). This shallowing is in line with the change in 
the granulometry of the terrigenous supply coming to the GB inferred from the 
geochemical dataset (Van den Berg et al., 2015) and with a progressive infilling 
of the basin happening from east to west (Sierro et al., 1996; Iribarren et al., 2009).  

The shallowing becomes even more significant at 5.55 Ma, when 
sedimentation rates of 90 cm/ky are reached. These sediment accumulation 
rates are more then 10 times higher than the ones reconstructed for the late 
Miocene Atlantic Margin (Iribarren et al., 2009; 6cm/kyr) and are similar to those 
reported for Holocene contourite deposits in the Gulf of Cadiz (80-120 cm/kyr; 
de Castro et al., 2021) and therefore are probably the result of a significant 
regional reorganization or global climate rather than just local climate and 
sediment supply changes. In fact, these changes could be linked with Stage 2 (5.6 
– 5.55 Ma) and Stage 3 (5.55 Ma – 5.33 Ma) of the MSC (Roveri et al., 2014). The 
onset of Stage 2 marked the acme of the MSC with halite and clastic gypsum 
deposits accumulating in the Mediterranean basins as a consequence of sea level 
drawdown (which magnitude is still largly debated, e.g., Ryan, 1976: 1700 m; 
Krijgsman and Meijer, 2008: 400 m; Roveri et al., 2008a: 200 m; Urgeles et al., 
2011: 800 - 1300 m; Micallef et al., 2018: 1300 - 2400 m) inferred by the formation 
of the Messinian erosional surface (e.g., CIESM, 2008; Roveri et al., 2014 and 
references therein). The onset of Stage 3 began with glacial stage 12 (TG12) 
during which a significant sea level drop could have restricted even more the 
Atlantic inflow to the Mediterranean (Meijer and Krijgsman, 2005; Hilgen et al., 
2007; Marzocchi et al., 2016). As it is most likely that the major sea level 
drawdown was for the bigger part induced by tectonic uplift of the Betic and 
Gibraltar region and only subordinately by only climate changes (Roveri and 
Manzi, 2006; Roveri et al., 2008b; Omodeo Salé et al., 2012; Pérez-Asensio et al., 
2013), Van den Berg et al. (2018) suggests that the increase in sedimentation rates 
is a consequence of the enhanced erosion due to the intense tectonic activity in 
the area. This could be a plausible mechanism since sedimentation rate increase 
due to uplift of this region has been recorded since 7.17 Ma in Alboran Basin, 
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when the first signs of Mediterranean – Atlantic gateway became visible in the 
sedimentary record (Bulian et al., 2021).  
 

6.2 Correlation with global and Mediterranean events 
 

6.2.1 Changes in the surface and deep-water masses 
 

The new astronomical tuning for the lower part of the Montemayor-1 core 
allows a detailed correlation of the isotope records with astronomically tuned 
available isotope datasets. Here we focus on benthic δ18O records (Figure 11) 
from Salé Briqueterie borehole (Hodell et al., 1994), Gibraleon outcrop (located 
in the GB; Hilgen, unpublished), Huelva-1 core (located in the GB; Sierro, 
unpublished), Atlantic Sites 982 of ODP Leg 162 (Hodell et al., 2001; Drury et al., 
2018), 1085 from ODP Leg 175 (Vidal et al., 2002) and Alboran Basin Site 976 
from ODP Leg 161 (Bulian et al., in press).  

Figure 11: Comparison between benthic δ18O records of Montemayor-1 borehole in blue (this 
study), North Atlantic ODP Site 982 in black (Hodell et al., 2001; Drury et al., 2018), South Atlantic 
Site 1085 (Vidal et al., 2002) in grey, Salé Briqueterie drill core in orange (Hodell et al., 1994), 
Alboran Basin Site 976 (Bulian at al., in press), Gibraleon quarry in green (Hilgen, unpublished 
data) and Huelva-1 core in light blue (Sierro, unpublished). To compare the absolute values of the 
curves, the isotope records that were measured on other benthic foraminifer species than for 
Montemayor-1 were corrected according to their offset with respect to C. pachyderma reported in 
literature. The Sale Briqueterie, Gibraleon and Huelva-1 records were obtained from P. ariminensis 
and to correct its offset the correction factors were taken from Van der Laan et al. (2006, Loulja 
section, Morocco), where δ18O analyses performed both on C. pachyderma and P. ariminensis 
showed an interspecific offset of 0.065‰. When the isotopic record was obtained measuring C. 
wuellerstorfi or C. mundulus (ODP sites 982) no correction has been applied because no offset has 
been found between these species and C. pachyderma (Hodell et al., 2001; Holbourn et al., 2007; 
Holbourn et al., 2018). 
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In the lower interval of Montemayor-1 core, the benthic and planktic δ18O 
record shows a very similar trend but are not in phase (Figure 4) until 7.14 – 7.15 
Ma. This opposite relationship can suggest the presence of two water masses, 
one Atlantic and one Mediterranean implying an Atlantic – Mediterranean 
connection through the GB. After 7.14 – 7.15 Ma the two records start having the 
same phase relationship (Figure 4) and follows the benthic Atlantic δ18O trend 
(Figure 11) as well which can suggest the presence of the same water mass in the 
entire water column, probably of Atlantic origin. This could mean that around 
7.15-7.14 Ma the Mediterranean Outflow Water (MOW) through the GB was 
reduced, and that the only water mass bathing the Montemayor-1 site was 
Atlantic. Nonetheless, higher in the record, this relationship is not so 
straightforward in some places, which may be related with the data resolution 
in this part of the section in comparison to the middle and top parts, where this 
relationship is clearly visible (Pérez‐ Asensio et al., 2012; Van den Berg et al., 
2015).  

Not only the phase relationship but also the values of the δ18O change at 
7.14 – 7.15 Ma. At this time the constant benthic δ18O Montemayor-1 record starts 
showing increasingly heavier values up core, which is also visible from the Sale 
Briqueterie data and Huelva-1 core and has been reported from several other 
Moroccan sections (Hodell et al., 1989). The initial constant oxygen values paired 
with Mediterranean like numbers from Huelva-1 core can confirm a steady 
MOW flux (current values for the MOW range between 0.4 and 1.6 ‰, Sierro et 
al., 2020) while the progressively heavier δ18O benthic values can be related with 
a cooler, more Atlantic water mass that replaced the Mediterranean water. 
Alternatively, the change in benthic δ18O values can be related with increased 
ice volume and/or increased salinity and density of the water mass. Similarly, 
the oxygen isotopes from Site 976 displays an increasing upward tendency as 
well, but the values oscillated with much higher amplitudes caused by the 
increased sensitivity of a restricting basin (Bulian et al., 2021). While a rise in 
salinity could be expected in the progressively restricting Mediterranean Basin, 
in Montemayor-1 Site a global change in temperature might also be present. The 
latter could be caused by the Late Miocene Global cooling, when SST decreases 
of around 6ºC was derived (Tzanova et al., 2015; Herbert et al., 2016; Holbourn 
et al., 2018) from organic Uk′37 proxy. This trend is not visible in the Atlantic sites 
982 and 1085 nor in Gibraleon quarry. The Atlantic Sites 982 and 1085 show 
much heavier but stable values, which suggests that the global cooling was not 
induced by sea level change but other forcing. Some authors hypothesized that 
the cessation of the MOW could be the cause of the cooling because this would 
have altered the thermohaline circulation of the North Atlantic (e.g., Pérez‐
Asensio et al., 2012; Pérez-Asensio et al., 2013; Capella et al., 2019). The Gibraleon 
benthic δ18O data yields much lighter values and after an initial increasing 
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upward trend from 7.4 to 7.3 Ma, where values coincide with Mediterranean 
ones it stabilizes around lighter values. This could have been the result of the 
presence of a Mediterranean water mass with values similar as in the Alboran 
Basin, while at the deeper sites such as Montemayor-1 the water signal would 
have been Atlantic. This could be similar to what we have today in the Gulf of 
Cadiz where the MOW is present between 500 and 1500 m, while above and 
below Atlantic water can be found. Alternatively, because of the lower depth of 
Gibraleon, the water column temperature might have been higher than in the 
deeper Montemayor-1 core explaining the much lighter benthic δ18O 
measurements. Considering that the most probably after 7.15 – 7.17 Ma the 
MOW was much weaker or not present at all, the second hypothesis is more 
likely (see following Section 6.2.2). 
 
6.2.2 First signs of Guadalquivir Corridor isolation  
 

At 7.18 Ma, Van den Berg et al. (2018) finds in the geochemical records of 
Huelva-1 borehole located in the GB basin an increase in cycle amplitude. The 
authors relate this change with an enhanced reaction to climate forcing due to 
the restriction of the Betic corridor. The restriction, most likely caused by the 
uplift of the Gibraltar arch area (Sanz de Galdeano and Alfaro, 2004; Iribarren et 
al., 2009; Garcia-Castellanos and Villaseñor, 2011), is evident, almost 
contemporaneously (7.167 Ma) from several Mediterranean records (e.g., 
Kouwenhoven et al., 1999; Seidenkrantz et al., 2000; Kouwenhoven et al., 2003; 
Kouwenhoven and Van der Zwaan, 2006; Di Stefano et al., 2010; Bulian et al., 
2021) where it manifests as a reduction in bottom water ventilation.  

In the new geochemical and micropaleontological dataset of Montemayor-
1 core here presented, a sharp change is registered in several records around the 
same time (7.17 – 7.15 Ma; Figure 12). From 7.17 Ma, the PC1 values rise which 
can be related with an increase in terrigenous versus biogenic input to the basin 
possibly connected with the increased river erosion due to the intense tectonic 
activity. Concordantly, at 7.2 Ma Sierro et al. (1990), Sierro et al. (1996) and 
Ledesma (2000) report the emplacement of the last olistostrome in GB and the 
shallowing of the area which got progressively filled with sediments. Analogous 
changes in input have been found at Alboran Basin Site 976 (Bulian et al., 2021) 
and have been interpreted as a consequence of the uplift as well. Curiously, 
while the overall terrigenous input increases at Montemayor-1 site, the Si/K 
ratio decreases which can be due to either a decrease in siliciclastic 
accumulation, or to reduced bottom water currents (de Castro et al., 2021) and 
accumulation of finer sediments rich in K (Lopez et al., 2006). A reduced bottom 
current and finer grainsizes are in line with the cessation of the MOW through 
one of the last Betic branches, the Guadalorce (Van der Schee et al., 2018b) or the 
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Granada corridors which were restricting since the latest Tortonian and could 
therefore represent the definite closure of the connection between the 
Mediterranean and Atlantic through the Betics. This has been implied by the 
change towards heavier benthic δ18O values as well (see previous section). A 
recent study performed on Site U1389, located in the main descending core of 
the MOW in the Gulf of Cadiz shows how beds with no sand are linked with 
periods of weak MOW and lighter benthic δ13C values that correspond with 
phases of sapropel deposition in the Mediterranean Basin (Sierro et al., 2020). 
Similarly, contemporaneously with the decrease in Si/K ratio, at Montemayor-
1 site benthic and planktic δ13C values start decreasing (Figure 11), while in the 
Mediterranean reduced bottom water oxygen levels are implied by the change 
in benthic fauna at a basin scale (e.g., Kouwenhoven et al., 1999; Seidenkrantz et 
al., 2000; Kouwenhoven et al., 2003; Kouwenhoven and Van der Zwaan, 2006; 
Di Stefano et al., 2010; Bulian et al., 2021) and by the more common sapropel 
deposition in the eastern sectors of the basin (Nijenhuis et al., 1996; Negri and 
Villa, 2000; Seidenkrantz et al., 2000).  

The benthic δ13C signal at Montemayor-1 can be influenced by a variety of 
processes, including global changes in carbon budget, residence time of bottom 
water masses and efficiency of organic matter degradation by microbial action 
(Mackensen and Schmiedl, 2019 and references therein). Raddatz et al. (2011) 
studying the benthic δ13C signal in the Pleistocene Gulf of Cadiz relates heavier 
values with an efficient MOW and therefore low residence time, while lighter 
values could be caused by the presence of the nutrient-rich δ13C-depleted 
Southern Component Water (SCW) which was found to replace the MOW at 
intermediate depth during glacial periods. This explains why lighter benthic 
δ13C values are registered after 7.16 Ma in Montemayor-1 site as well and why 
the isotope signal could possibly include both a global and local component. The 
low δ13C values may imply local changes and an increased bottom water 
residence and reduced ventilation related to the cessation of the MOW. Reduced 
ventilation can be implied by the higher Cr%wt, which usually accumulates in 
marine sediments under suboxic conditions (Calvert and Pedersen, 2007). 
Nonetheless, other proxies of reduced oxygen content,%wt V (Hübner et al., 
2003; Calvert and Pedersen, 2007) and Mn/Fe (Spofforth et al., 2008), tells the 
opposite, and with its lower values would suggest higher oxygen levels. One 
possible explanation for this discrepancy could lay in the very low concentration 
of the V and Cr, which could have made the measurements unreliable. 
Furthermore, apart from the local signal a global one could be superimposed in 
the Montemayor-1 δ13C record. Between 7.5 and 5.5 Ma, the Late Miocene 
Carbon Isotope Shift (LMCIS) took place at a global scale resulting in a decrease 
of approximately 1 ‰ of the global δ13C of oceanic dissolved inorganic carbon 
(δ13CDIC) (Hodell et al., 1994; Hodell et al., 2001; Hodell and Venz‐ Curtis, 2006).  



Chapter 5 
 

186 

From 7.15 Ma, the GB witnessed another marked change, an increase in 
the% of WOWPF. The proliferation of warmer species may suggest higher 
surface water temperatures and water column stratification which we would not 
expect if considering the dominance of colder Atlantic water mass or of an 
Atlantic Upwelled Water (Pérez-Asensio et al., 2014) in the GB. Consequently, 
considering the concomitant shallowing of the basin and the reduction of the 
bottom water ventilation, we can assume that the heavier benthic δ18O values 
are not related with a global scale cooling but rather with a local cooling 
associated to a change in the source of bottom waters due to reduced advection 
of the warmer Mediterranean water and its replacement by colder Atlantic 
intermediate water as the basin became more a more isolated from the 
Mediterranean.  

Figure 12: The Montemayor-1 lower interval where changes can be identified from 7.15-7.16 Ma. 
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Thus, the uplift of the Gibraltar arch registered from 7.15 – 7.17 Ma probably 
led to the disconnection between the GB and the Mediterranean resulting in a 
progressive shallowing and warming of the basin, its rapid infilling by fine 
terrigenous material, and reduction of the MOW advection to the GB. On the 
other hand, the lower δ13C values could have been both related with the 
disconnection from the Mediterranean and the global LMCIS. This new 
evidence discard previous theories which, based on low resolution isotope data 
considered that the Betic corridor disconnection happened only at 6.18 Ma 
(Martín et al., 2001; Martín et al., 2009; Pérez‐ Asensio et al., 2012), and supports 
theories considering a late Tortonian – early Messinian closure of the connection 
(e.g., Ledesma, 2000; Flecker et al., 2015; Van der Schee et al., 2018a). 
 
 

7. Conclusions 
 

The newly acquired stable isotope and elemental data from the lower 
interval of Montemayor-1 core (236-257.3 mcd = 6.37 Ma – 8 Ma) enabled a high-
resolution astronomical tuning. Low sedimentation rates that characterize this 
interval did not allow the recognition of a precessional cyclicity, but revealed 
eccentricity cycles modulated by precession, which, together with the new 
planktic foraminifer bioevents, were used for the astronomical tuning. 

The complete elemental and stable isotope Montemayor-1 record from the 
late Tortonian (8 Ma) to the base on the Pliocene (5.3 Ma), made possible the 
identification of three different intervals (low, middle and upper), characterized 
by distinct sedimentation rates and terrigenous-carbonate phase relationships. 
The lower and middle interval sedimentation rates were relatively low (5 – 20 
cm/kyr), and display a common precession forced cyclical change with 
increased terrigenous input during Northern Hemisphere Summer Insolation 
maxima and increased biogenic carbonate rich material during Northern 
Hemisphere Summer insolation minima. In contrast, the upper interval, as 
already pointed out by Van den Berg et al. (2015), shows very high 
sedimentation rates (20 – 90 cm/kyr) and an opposite phase relationship. In this 
work, the new planktic foraminifer data confirms the previously proposed 
mechanism, considering that the shallowing of the GB allowed for coarser 
sediment to reach Montemayor-1 site while the colder and arid climate present 
during Northern Hemisphere insolation minima had a negative effect on the 
vegetation cover resulting in more erosion and terrigenous input in the basin at 
the expense of the biogenic carbonate.  

Based on the new age model, the events of increase terrigenous input, 
bottom water residence time, temperature, salinity and the shallowing 
registered in the GB from 7.15 – 7.17 Ma are contemporaneous with changes 
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reported from numerous Mediterranean locations (e.g., Kouwenhoven et al., 
1999; Seidenkrantz et al., 2000; Kouwenhoven et al., 2003; Kouwenhoven and 
Van der Zwaan, 2006; Di Stefano et al., 2010; Bulian et al., 2021). Here, from 7.17 
Ma increased bottom water residence time and decreased bottom oxygenation 
have been inferred from stable isotope and micropaleontological data. 
Therefore, the 7.15 – 7.17 event in Montemayor-1 core may be associated with 
the reduction of the MOW as a consequence of the restriction of the last Betic 
corridor, the GC.  

Nonetheless, because this event is contemporaneous with the LMICS and 
the late Miocene global cooling, we cannot exclude that part of the signal 
contained in the geochemical and micropaleontological data reflects these global 
events, even if probably only for the minor part.  
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Abstract 

 
Sedimentological, benthic foraminifer and stable isotope analyses performed on early 
Pliocene sediments from Alboran Basin ODP Site 976 and southern Spanish land-based 
sections in the Malaga, Nijar and Sorbas Basins enabled the reconstruction of the 
Mediterranean environmental conditions immediately after the Messinian Salinity 
Crisis. The presence at the Miocene – Pliocene boundary of a dark layer often enriched 
in organic matter, suggests that the Zanclean reflooding has created water column 
stratification, and reduced bottom water oxygen levels. Considering that such layer was 
found at deep and marginal locations further from the Gibraltar gateway/s, a 
Mediterranean scale water-mass stratification can be assumed. This scenario could be 
the result of sinking saline Atlantic waters inflowing into a less saline Mediterranean 
Basin still under the influence of the Paratethys. Similar environmental conditions have 
been suggested by the benthic foraminifer repopulation sequence identified which 
shows similarities with Recent assemblages repopulating hostile environments or 
recovery from low-oxic episodes during sapropel deposition. Nonetheless, Atlantic 
values of the benthic δ13C registered in the Alboran basin suggest that bottom water 
renewal rates were quite high during the early Zanclean, preventing the reduction of 
δ13C at the seafloor seen in the Messinian. These observations, paired with the gradual 
deepening of the basins suggests that the Zanclean reflooding led to a progressive shift 
from stressed and instable environments towards benthic associations typical of an 
efficient circulation and bottom water ventilation. Finally, considering some differences 
in the benthic foraminifer associations present after the Miocene – Pliocene boundary of 
the marginal basins, and the discrepancy between the bottom-water isotope values in 
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the Malaga Basin and the deep basin values, a diachronous reflooding of the shallower 
Mediterranean marginal basins seems a plausible scenario. 
 
 
1. Introduction 
 

Since the 1970’s there is an ongoing debate regarding the end of the 
Messinian Salinity Crisis (MSC) and the exact dynamics of restoration of marine 
conditions. Through time three main reflooding scenarios were proposed: (1) an 
instantaneous inundation of an (almost) desiccated Mediterranean at 5.33 Ma, 
corresponding to the base of the Zanclean (Hsü, 1972; Blanc, 2002; Loget and 
Van Den Driessche, 2006; Garcia-Castellanos et al., 2009; García-Alix et al., 2016); 
(2) high Mediterranean water level during the latest Messinian with rapid 
restoration of the Atlantic-Mediterranean connection characterised by a minor 
sea-level rise across the Messinian-Zanclean transition (Loget et al., 2005; Pierre 
et al., 2006; Roveri and Manzi, 2006; Cornée et al., 2016; Marzocchi et al., 2016; 
Andreetto et al., 2021b) and (3) a two stage reflooding with the major reflooding 
taking place at 5.46 Ma, in the Messinian (Estrada et al., 2011; Bache et al., 2012; 
Pérez-Asensio et al., 2013; Bache et al., 2015). The three models differ not only in 
the dynamics of the reflooding itself, but also in the timing and base level 
fluctuations. To test and validate the most probable scenario it is necessary to 
better understand the palaeoenvironmental conditions present after the MSC 
and therefore to analyse the late Messinian - early Zanclean sedimentary record 
at locations close to the Mediterranean – Atlantic gateway. 

In this work, we studied three onshore outcrops from Neogene basins in 
southern Spain which contain well preserved late Miocene-early Pliocene 
sedimentary successions: the Rio Mendelin section in the Malaga Basin, the 
Barranco del Negro section in the Nijar Basin and the Zorreras section in the 
Sorbas Basin. In addition, we analysed the early Zanclean sediments retrieved 
at ODP Site 976, in the West Alboran Basin, located in front of the Gibraltar 
gateway. During the late Miocene, these basins were part of the Mediterranean 
realm and consequently their sediments could have registered the first influx of 
Atlantic waters as well as the water levels and palaeoenvironmental conditions 
present at that time in the western Mediterranean. We performed a detailed 
benthic foraminifer and stable isotope analyses of these four sites to better 
understand the environmental changes that occurred in the Mediterranean after 
the MSC as well as the dynamics of the reflooding itself. 
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Figure 1: A) Bathymetric map of the Mediterranean region (from https://portal.emodnet-
bathymetry.eu/) where the rectangle shows the studied area. B) Bathymetric map of the Alboran 
Basin. The black dot and rectangles indicate the studied ODP Site and onshore sections respectively. 
The dotted areas show the extension of the Messinian gateways (after Martín et al., 2014). 
 
 
2. Geological setting 
 
2.1 Neogene Basins of the Betic Cordillera 
 

The Malaga Basin (Figure 1) is an intermontane E-W oriented basin located 
in the westernmost sector of the Betic Cordillera (Sanz De Galdeano and Vera, 
1992). The basin is drained by the Guadalhorce River and bounded to the north 
by the Malaga Mountains, to the south by the Mijas Sierra and to the east by the 
Alboran Basin (Mediterranean Sea, Figure 1). Its post-orogenic infilling is 
composed of upper Tortonian to Quaternary sediments (e.g. Guerra-Merchán et 
al., 2008). The section analysed in this study (Rio Mendelín section; 36°45'2.53"N; 
4°25'57.26"W) comprises late Messinian deposits related to the final stage of the 
MSC (Lago-Mare unit) and the lower Zanclean. The Lago-Mare (LM) unit is 
composed of two fining-upward sequences each constituted by a conglomeratic 
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lower member (alluvial fan environment) and a pelitic upper member  
(subaqueous environment), the two separated by an unconformity, a locally 
ferruginous hard erosive surface that laterally passes to a concordant contact 
(Guerra-Merchán et al., 2008; Guerra-Merchán et al., 2010). The Río Mendelín 
section is located in an ancient fluvial valley, incised during the latest Tortonian 
or during the MSC acme sea level drop, which, based on the Paratethyan affinity 
of its faunal content, was progressively refilled during the dilution phase at the 
end of the Messinian (Guerra-Merchán et al., 2010; Do Couto et al., 2014). The 
Pliocene sediments, deposited with an erosional contact at the margins and a 
gradual conformable contact in the centre of the basin on top of the LM unit 
(Figure 2),  represent  the  re-establishment  of  normal  marine  conditions in the  

 
Figure 2: Field photograph of the Miocene-Pliocene boundary in the Malaga Basin (Rio Mendelin 
section). 

 
Malaga Basin. In this study, we analysed 23.5 m of the Rio Mendelin section, 
including 2 uppermost metres of the LM sequence followed, with a transitional 
contact, by early Pliocene sediments composed of 25 cm of yellow silty sediments, 
25 cm of grey clays overlain by 20.5 metres of yellowish clays (Figure 5 A). The 
Nijar and Sorbas basins are intermontane basins developed above the 
metamorphic nappes of the southern Betics (Figure 1; Sanz De Galdeano and 
Vera, 1992). The sedimentary infilling of the basins occurred during the late 
Miocene (Tortonian and Messinian), Pliocene and Quaternary (Dabrio et al., 
1981; Serrano, 1990; Omodeo Salé et al., 2012). During the Miocene, until the end 
of MSC Stage 1, the two basins were connected to the Mediterranean, which 
entered the Nijar Basin from the south and the Sorbas Basin through NW-SE 
trending corridors north of Nijar (Fortuin and Krijgsman, 2003).  
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In this work, the upper Messinian-lower Zanclean sediments from the Nijar 
and Sorbas basins have been studied. In the Sorbas Basin, lower Pliocene 
sediments (Gochar Fm) lie on top of the Zorreras member which mainly consists 
of palaeosols, fluvio-deltaic reddish silts and sandstones, grey-coloured 
sandstones and conglomerates intercalated by up to 4 whitish, massive 
carbonate beds (Manzi and Roveri, 2009; Aufgebauer and McCann, 2011; Roveri 
et al., 2018; Roveri et al., 2019b) containing euryhaline ostracod specimens of 
Paratethyan affinity like Cyprideis sp. (e.g., Aufgebauer and McCann, 2011). The 
Zorreras member has been considered as the equivalent of the LM facies 
(Rouchy and Caruso, 2006). The marine early Pliocene sands (Figure 3) show a  

 
Figure 3: Field photograph of the Miocene-Pliocene boundary in the Sorbas Basin (Zorreras 
section). 
 
few metres above the boundary a fossiliferous horizon rich in bivalves (Figure 5 
B) that can be traced throughout the basin (Mather and Stokes, 2001; Roveri et 
al., 2019b). Here, we analysed the uppermost 2 m of the Zorreras section (37° 6' 
9.87" N; 2° 6' 46.78" W) composed of 5 cm of reddish LM deposits, 30 cm of grey 
deposits containing carbonate nodules and 60 cm of Zanclean massive sands 
including the intercalated bivalve horizon (Figure 5 B).  

In the Nijar Basin (Figure 1), the upper Messinian is composed of 
alternations of marly LM facies and conglomerate alluvial beds (Omodeo Salé et 
al., 2012) of the Feos Formation, which are overlain by the lowermost Zanclean 
with an unconformity in the marginal parts of the basin and a conformable 
contact at the centre (Fortuin and Krijgsman, 2003; Aguirre and Sánchez-
Almazo, 2004; Roveri et al., 2019a). This study focuses on the Barranco del Negro 
section (Figure 5 C; 37° 0' 35.02" N; 1° 58' 23.02" W; Figure 4) in the northeastern  
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Figure 4: Field photograph of the Miocene-Pliocene boundary in the Nijar Basin (Barranco del 
Negro section). 
 

part of the Nijar Basin. Here, the Miocene – Pliocene boundary (MPB) can be 
clearly identified, with a sharp contact over uppermost Messinian sediments, a 
5 cm-thick black and 5 cm-thick grey layer topped by lower Zanclean massive 
yellow marine sands, characterised at the base by a 1 cm-thick layer with bivalve 
shell fragments (Figure 5 C).   

Figure 5: Stratigraphic logs of the three sections studied in Southern Spain. A) Rio Mendelin section; 
B) Zorreras section, C) Barranco del Negro section. The black dots represent the analysed samples. 
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2.2 Alboran Basin 
 

The Alboran Basin is a transitional area between the semi-enclosed 
Mediterranean Sea and the Atlantic Ocean (Figure 1) characterised by very 
intense circulation that is strongly related with water exchange at the Gibraltar 
Strait where the relatively low salinity Atlantic waters encounter high salinity 
Mediterranean water masses.  

ODP Site 976 (36° 12’ 18.78’’ N, 4° 18’ 
45.78’’ W) is located in the northern sector of the 
West Alboran Basin (WAB; Western 
Mediterranean), ~100 km to the east of the 
Gibraltar Strait on top of a continental crustal 
horst that formed during early- to mid-Miocene 
rifting (Comas et al., 1996). The marine lower 
Pliocene sediments recovered at this site are 
mainly composed of homogeneous 
nannofossil-rich claystone and sandy claystone 
(Comas et al., 1996) with no visible changes in 
colour. We analysed 32 samples from the lower 
Pliocene of core 61. From the underlying core 
62, only section 62X-CC was recovered and 
only three samples were collected. Because of 
their uncertain stratigraphic position, these 
have been excluded from interpretation (Bulian 
et al., 2021). Consequently, the actual contact 
between Miocene and Pliocene sediments was 
not recovered. With the aid of seismic 
interpretation and regional biostratigraphy, the 
MPB has been placed at the base of core 61 
(Bulian et al., 2021), corresponding with a 
visible erosional surface. This erosion has been 
associated with the Zanclean reflooding, when 
after the breaching of the Gibraltar Strait, the 
Atlantic water would have abruptly entered 

the Mediterranean (Garcia-Castellanos et al., 2009; Estrada et al., 2011) and 
produced a marked incision (Esteras et al., 2000; Blanc, 2002). Alternatively, if a 
modest drawdown is considered a hyperpycnal submarine cascading erosion 
(Roveri et al., 2014b) could be the creation mechanism. The time slice 
represented by the hiatus has been estimated at 1.67 Ma (Bulian et al., 2021) and 
includes the majority of the middle-upper Messinian sediments.  
 

Figure 6: Early Pliocene core sections
from ODP Site 976 with
corresponding core photographs. The
black dots represent the analysed
samples. 
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3. Methodology 
 
3.1 Micropalaeontological analyses  
 

For this study, a total of 95 samples (33 from Rio Mendelin section, 32 from 
ODP Site 976, 21 from the Barranco del Negro section, 9 from the Zorreras 
section) taken with variable sampling steps (10 cm-2 m) were selected for 
micropalaeontological analyses. The samples were oven dried at 40ºC and 
washed over 63 μm and 150 μm sieves. For faunal analysis, aliquots of the 150 
μm fraction of on average 150-200 benthic foraminifers and 200-300 planktic 
foraminifers were counted. The counts were then transferred to relative 
frequencies. Samples yielding less than 50 benthic foraminifer specimens were 
not included in the interpretation. The benthic foraminifer content of the 
Zorreras section has been studied in a semi-quantitative way based on the 
presence or absence of species considering that very few specimens were found. 
Similarly, in the three land-based sections the presence of ostracods was 
recorded, and only the LM marker species (Cyprideis sp.) was identified from the 
assemblage. 

The diversity of the benthic foraminiferal assemblages has been estimated 
through the Shannon index (H, Murray, 1991; Spellerberg and Fedor, 2003), 
expressed by the formula:  

 𝐻 ൌ െ𝐾∑ 𝑝𝑖௡
௜ୀଵ logሺ𝑝𝑖ሻ 

where pi is the proportion of the ith species and K a positive constant.  

As previously done for the Messinian sediments of the deep-sea core (Site 
976; Bulian et al., in press), the sum of displaced shallow-water benthic 
foraminifer species, Elphidium spp., Rosalina spp., discorbids and Cibicides 
lobatulus was calculated. Because a relatively high number of displaced 
specimens indicates downslope transport (Fentimen et al., 2020 and references 
therein) this sum has been used as an indicator of bottom water currents in the 
basin. 
 
Statistical analyses  
 

To identify the distributional patterns of species assemblages occurring in 
similar environments, a hierarchical cluster analyses (Pearson correlation: Past 
4.02 software; Hammer et al., 2001; Hammer et al., 2008) was performed on the 
most abundant (≥ 3%) variables of each data set except from the Zorreras and 
Barranco del Negro sections. Single and fragmentary occurrences were removed 
whereas single species from the same genus, when considered indicative of 
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analogous environmental conditions, were grouped together. Nodosaria spp. 
comprises unilocular spp., Nodosaria spp., Pseudonodosaria spp., Lagena spp. and 
Procerolagena spp., Cancris spp. contains the species C. oblongus and C. auriculus, 
Uvigerina peregrina includes both Uvigerina peregrina and U. pygmea, while 
Bulimina striata is the sum of B. striata and B. striata mexicana. In Pullenia 
quinqueloba, both forms with four and five chambers were included. 
 
3.2 Palaeo – water depth estimates 
 

Initial palaeo-water depth estimates were performed using the 
(P/(P+B))*100 ratio (%P; Gibson, 1989; Van der Zwaan et al., 1990), which, even 
though this reflects general sea-level trends, has many disadvantages related to 
sensitivity to changing oxygen levels, food availability and preferential 
dissolution of the planktic fauna (e.g., Sen Gupta and Machain-Castillo, 1993; 
Jorissen et al., 1995; Kucera, 2007). To improve palaeodepth reliability, we 
excluded from the ratio the infaunal foraminifer species that are not directly 
dependent on the flux of organic matter to the sea floor, which forms the basis 
for the regression function (Van der Zwaan et al., 1999; Van Hinsbergen et al., 
2005). However, this approach still does not account for planktic foraminifer 
dissolution. Therefore, to obtain an independent quantification of the 
palaeobathymetry we estimated the palaeo-water depth using one of the several 
equations (e.g. Hohenegger, 2005; Hohenegger et al., 2008; Avnaim-Katav et al., 
2016; Milker et al., 2017) based exclusively on the benthic foraminifer fauna. In 
this work we apply the transfer function proposed by Hohenegger (2005) 
considering that this is reliable in deeper environments and has been evaluated 
previously by Baldi and Hohenegger (2008) in the Vienna Basin and by Pérez-
Asensio et al. (2012) in the Guadalquivir basin. The equation, here used as 
modified by Hohenegger et al. (2008) and Baldi and Hohenegger (2008) includes 
the relative abundances of each species and their depth ranges (Table 1): 

𝑃𝑎𝑙𝑒𝑜𝑑𝑒𝑝𝑡ℎ ሺ𝑚ሻ ൌ෍ൣሺ𝑙௝ ∗  𝑛௝ ሻ/𝑑௝ ൧

௞

௝ୀଵ

/෍ሺ𝑛௝  / 𝑑௝ 

௞

௝ୀଵ

ሻ 

where nj is the relative abundance of the nth species, lj the mean species depth, 
and dj the dispersion. As suggested by Hohenegger (2005), to calculate the mean 
species depth for shallower marginal basins (e.g., Rio Mendelin section) we used 
the geometric means, while for deeper basins (ODP Site 976), in order to avoid 
underestimation the arithmetic mean. In addition, to avoid over- or under- 
estimating palaeodepths, the depth markers comprised in the calculation are all 
autochthonous species and reported in Table 1. 
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Table 1: The bathymetric ranges, mean species depth and standard deviation of the 
benthic foraminifer species used for palaeo – water depth reconstruction. The species 
used for Rio Mendelin section are underlined, while the ones employed for ODP Site 976 
have an asterisk. Depth ranges are based on previously published work of: 1 Wright 
(1979), 2 Wright (1978), 3 Lutze and Coulbourn (1984), 4 Pflum et al. (1976), 5 Lutze and 
Wefer (1980), 6 Haake (1982), 7 Barbieri and Panieri (2004), 8 Van Hinsbergen et al. (2005), 
9 Violanti et al. (2011), 10 Corbí (2010), 11 Van Morkhoven et al. (1986), 12 De Stigter et 
al. (1998), 13 Baggley (2000), 14 Gebhardt (1993), 15 Berggren and Haq (1976), 16 Pérez-
Asensio et al. (2012), 17 Poag and Tresslar (1981), 18 De Stigter et al. (1998), 19 Bandy and 
Chierici (1966), 20 De Rijk et al. (2000), 21 De Rijk et al. (1999); 22 Sen Gupta and Machain-
Castillo (1993), 23 Murray (2006), 24 Bizon and Bizon (1984), 25 Mendes et al. (2012), 26 
Ohga and Kitazato (1997), 27 Milker and Schmiedl (2012), 28 Alve (2003), 29 Austin and 
Evans (2000), 30 Schmiedl et al. (1997), 31 Suokhrie et al. (2021), 32 Russo et al. (2007) and 
33 (Hayward, 2004) 

Species min depth max depth SD 
Amphycorina spp.* 9 2860 1425.5 
Anomalinoides helicinus* 600 2000 700.0 
Asterigerina planorbis 200 400 1000.0 
Bolivina dilatata 15 3000 1492.5 
Bolivina spathulata 30 3547 1758.5 
Bulimina aculeata* 5 4000 1997.5 
Bulimina elongata 16 200 92.0 
Bulimina mexicana 100 2000 950.0 
Bulimina striata* 100 800 350.0 
Cancris oblongus* 30 500 60.0 
Chilostomella spp.* 700 1900 600.0 
Cibicides brady* 200 3000 1400.0 
Cibicidoides 
pseudoungerianus/ungerianus* 50 4000 1975.0 

Cibicidoides kullenbergi* 1000 4000 500.0 
Cibicidoides lobatulus 20 1300 640.0 
Cibicidoides pachyderma* 30 4000 1985.0 
Cibicides dutemplei* 100 600 250.0 
Dentalina spp.* 30 1200 585.0 
Fursenkoina acuta 0 600 300.0 
Globobulimina spp.* 1000 1500 250.0 
Globobulimina turgida 30 150 60.0 
Globocassidulina subglobosa* 50 4000 1975.0 
Gyroidina altiformis* 30 600 285.0 
Gyroidina soldanii* 100 5000 2450.0 
Karreriella bradyi* 100 3000 1450.0 
Lenticulina spp.* 600 1500 450.0 
Martinotiella communis* 200 3000 1400.0 
Melonis barleeanus* 13 3974 1980.5 
Melonis pompilioides* 100 3000 1450.0 
Melonis soldanii* 90 1000 455.0 
Nodosaria spp.* 30 1700 235.0 
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Species min depth max depth SD 
Nonion fabum  0 200 100.0 
Oridorsalis stellatus 250 1500 625.0 
Oridorsalis umbonatus* 65 4000 1967.5 
Planulina ariminensis* 70 1300 615.0 
Pullenia bulloides 60 4000 1970.0 
Pullenia quinqueloba* 50 2000 975.0 
Signoilopsis schlumbergeri* 57 1500 721.5 
Sphaeroidina bulloides* 100 2000 950.0 
Stainforthia fusiformis 0 2200 1080.0 
Textularia calva 0 2000 1000.0 
Trifarina bradyi 0 600 300.0 
Uvigerina peregrina* 100 4400 2150.0 
Uvigerina rutila* 200 1000 1400.0 

 
3.3 Estimation of bottom-water oxygen levels 
 

The benthic foraminifer distribution in the sediment depends on the organic 
flux and oxygenation at the sea floor (Jorissen et al., 1995; Van der Zwaan et al., 
1999). Consequently these processes represent some of the most sensitive 
indicators of dissolved oxygen (Kaiho, 1994) as species with deep infaunal (> 3 
cm below the sediment-water interface; BSWI) and intermediate infaunal (>0.7 
cm BSWI) microhabitat preferences thrive when oxygen levels are reduced, 
while epifaunal ones (0-0.7 cm BSWI) prefer better oxygenated bottom waters 
(e.g. Corliss and Chen, 1988; Jorissen et al., 1995; Schmiedl et al., 2000; Gooday, 
2003).  

These microhabitat preferences, paired with morphological characteristics 
(size, wall thickness, shape) can be used to outline three groups of benthic 
foraminifer indicators (Table 2) defining respectively oxic (>1.5 ml/l O2), suboxic 
(0.3 – 1.5 ml/l O2) and dysoxic (0.1 – 0.3 ml/l O2) environments (Kaiho, 1991; 
Kaiho, 1994; Kaiho, 1999). Additionally, within the dysoxic indicators three 
different groups (A, B, C) have been defined (Kaiho, 1994) where group C 
includes species that have intermediate characteristics between suboxic and 
dysoxic markers. Using these indicators, it is possible to calculate the Benthic 
Foraminifera Oxygen Index (BFOI; Kaiho, 1991; Kaiho, 1994; Kaiho, 1999) 
obtaining five different conditions of dissolved oxygen: anoxic (-55), dysoxic (-
50 – -40), suboxic (-40 – 0), low oxic (0-50), high oxic (50 – 100). The index proved 
to accurately reproduce measured dissolved oxygen values in the Marmara Sea 
and therefore can probably be used to evaluate bottom oxygen levels in the rest 
of the Mediterranean as well (Kaminski, 2012). Nonetheless, the interpretation 
of the BFOI is prone to bias when very low-diversity assemblages are studied 
and consequently, this estimate has not been applied on samples with a Shannon 
index ≤ 1 (Kaiho, 1994). Moreover, studies on recent benthic foraminifers suggest 
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that quantitative reconstruction of oxygen levels higher than 1 ml/l is probably 
not possible (Jorissen et al., 2007 and references therein). 

The BFOI has been calculated following the formula (Kaiho, 1994) : 

BFOI ൌ ൬
𝑂

ሺ𝑂 ൅ 𝐷ሻ
൰ ∗ 100 

where O and D (with O>0) are the numbers of oxic and dysoxic indicator 
specimens, respectively. 

When O=0 and I>0, the equation: 

BFOI ൌ ሺ൬
𝐼

ሺ𝐼 ൅ 𝐷ሻ
൰ െ 1ሻ ∗ 100 

is used instead, where I is the sum of suboxic indicators. The suboxic 
indicators included in group C are excluded (Kaiho, 1994) from the formula.  

Table 2: Microhabitat preference of benthic foraminifera from Rio Mendelin section and 
ODP Site 976 (0-0.7 cm BSWI), infauna (>0.7 cm BSWI) and deep infauna (> 3 cm BSWI).  

Oxic Suboxic (Groups A and B) Dysoxic 
Cibicides brady Amphycorina Bolivina dilatata 
Cibicidoides dutempli Anomalinoides helicinus Bolivina reticulata 
Cibicidoides kullenbergi Asterigerina planorbis. Bolivina seminuda 
Cibicidoides lobatulus Bulimina elongata Bolivina spathulata 
Cibicidoides pachyderma Bulimina striata Chilostomella spp. 
Cibicidoides pseudoungerianus Cancris oblongus Fursenkoina acuta 
Cibicidoides ungerianus Dentalina spp. Globobulimina spp. 
Sphaeroidina bulloides Epistominella trinacria Globobulimina turgida 
 Globocassidulina subglobosa  
 Gyroidina altiformis  
 Gyroidina soldanii  
 Karreriella bradyi  
 Lenticulina spp.  
 Martinotiella communis  
 Melonis barleeanus  
 Melonis pompilioides   
 Melonis soldanii  
 Nodosaria spp.   
 Nonion fabum   
 Oridorsalis stellatus  
 Oridorsalis umbonatus  
 Planulina ariminensis  
 Pullenia bulloides  
 Pullenia quinqueloba  
 Sigmoilopsis schlumbergeri  
 Textularia calva  
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Oxic Suboxic (Groups A and B) Dysoxic 
 Trifarina bradyi  
 Uvigerina peregrina  
 Uvigerina rutila  

 
3.4 Stable isotope measurements 
 

Epifaunal taxa such as Cibicides spp. and Cibicidoides spp. were found to 
secrete calcite close to equilibrium with the ambient sea water, displaying minor 
vital and minimal ontogenetic effects (Theodor et al., 2016a; Theodor et al., 
2016b; Jöhnck et al., 2021 and references therein), and therefore 2 to 10 specimens 
of Cibicidoides pachyderma were picked from ODP Site 976 samples for stable 
isotope analyses. The analysis was only possible until 571.18 m because extreme 
calcification of specimens from the younger part of the studied sequence at ODP 
Site 976 persisted even after ultrasonic cleaning. For the Rio Mendelin section, 
other species were chosen given the absence of C. pachyderma. For the more basal 
samples Cibicidoides dutemplei was picked, while starting from 1 m and going 
upwards, Cibicidoides ungerianus was chosen. The species Epistominella trinacria 
was picked in the first two samples because the lowermost level is monospecific 
and the next level nearly so (88.6%). More than one species was picked where 
possible, to obtain intraspecific correction factors. All measurements were 
transformed to C. ungerianus. This species has been reported to yield comparable 
values as C. pachyderma (Kaboth et al., 2017). Based on two paired measurements 
the E. trinacria values were corrected by adopting a value equal to the average 
offset from the C. dutemplei values (-0.21 for δ13C and 1.46 for δ18O values). The 
C. dutemplei record and the corrected E. trinacria data points were then all 
adjusted using the average offset found in six paired measurements between C. 
dutemplei and C. ungerianus (0.33 for δ13C and -0.03 for δ18O values). Samples 
from the Barranco del Negro section were not picked for stable isotope analyses 
because part of the foraminifers are not in situ. 

The stable isotope analyses were performed with a Finnigan MAT 253 mass 
spectrometer connected to a Kiel IV carbonate preparation device at the 
Christian-Albrechts University 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 
documented 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).   



Chapter 6 
 

216 

4. Results 
 
4.1 Malaga Basin: Rio Mendelin section 
 
4.1.1 Micropalaeontology and stable isotopes 
 

The first 2 metres of the analysed section (LM deposits) are barren of 
planktic and benthic foraminifers and contain high abundances of ostracods, 
mainly Cyprideis sp. (LM unit, Figure 7). Only at the base of the Pliocene, benthic  

 
Figure 7: Base of the Rio Mendelin section. From left to right the photo of the Miocene-Pliocene 
boundary, the stratigraphic section and the first benthic foraminifer species that repopulate early 
Pliocene environments. In addition, a photo of the predominant late Messinian ostracod species 
Cyprideis sp. is shown.  

 
foraminifers appear and are present throughout the analysed section. 
Considering this distribution, and the good preservation of the specimens which 
do not show any signs of prolonged transport or alteration, the foraminifers can 
be considered in-situ. Optical microscope pictures of the benthic foraminifer 
species are shown in Plates 1 and 2. 

The first benthic foraminifer species to appear is Epistominella trinacria 
which characterises only the first 60 cm of the section after the barren interval 
(Figure 8). The species disappears almost completely at the base of the grey layer 
when other species start to appear such as Fursenkoina acuta, Globobulimina 
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turgida, Bolivina dilatata and Stainforthia fusiformis (Figure 7) which are limited to 
this interval. At the same level, several other species appear and stay present 
throughout the entire record (Figure 8). The most abundant amongst them is  

Figure 8: Variations in relative abundances of major benthic foraminiferal taxa. Colour bands 
correspond to foraminiferal assemblages characterizing the sample clustering in Figure 9. 

Nonion fabum (~ 50 %), followed by Bulimina striata (~20 %), C. dutemplei (~15 %), 
C. ungerianus (~15 %), Cibicidoides pseudoungerianus (~15 %) Bulimina aculeata 
(~12 %) and Lenticulina spp. (~10-20 %).  

Cluster analysis performed on the most significant benthic foraminifer 
species (>3 %) aided recognition of distributional patterns and two main 
clusters: Cluster 1 and Cluster 2 (Figure 9 A and B). Cluster 2 is composed of two 
subclusters, Cluster 2.1 and 2.2, the first composed of a total of four subclusters 
(Figure 9). These clusters group different benthic foraminifer species based on 
their stratigraphic position enabling the distinction of three different units: Unit 
1, Unit 2 and Unit 3 (Figure 8). Cluster 1, defining Unit 1, dominates from 2 – 2.5 
m in the section and is represented by only one species, E. trinacria. The 
following 0.5 m (2.5 – 3 m) composing Unit 2 are dominated by F. acuta, G. 
turgida, B. dilatata and S. fusiformis forming Cluster 2.2. Overlapping with Cluster 
2.2 but continuing until ~4 m, is Cluster 2.1.2 A, whith eight benthic foraminifer 
species. Among these, higher abundances are represented by N. fabum reaching 
~50%, B. striata reaching ~25% and Lenticulia spp. up to ~20% of the total 
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abundance. The remaining species of Cluster 2.1.2 A range between ~5 and 12% 
(Figure 8 and 9). At ~4 m, Cluster 2.1.2 B becomes dominant (Figure 9 B) with 
eight benthic foraminifer species where C. dutemplei, C. pseudoungerianus and C. 
ungerianus dominate the assemblage reaching values of ~15 – 16% of the total 
abundance (Figure 8 and 9). Apart from T. calva that reaches ~10%, the 
remaining species are subordinate and, in many cases, do not reach 5% of 
abundance (Figure 8 and 9). The final Cluster, 2.1.2 C, is composed of Pullenia 
bulloides and Trifarina bradyi showing an overall increasing upward trend (Figure 
8). Both species reach maximum values around the top of the analysed section 
(~16 and 5% respectively) and display a general trend in phase with Cluster 2.1.2 
A and Cluster 2.2 (Figure 8 and 9). This last unit, Unit 3 (3 – 23.5 m), is 
characterised by a regular interchange (every 3-4 m until the top of the section) 
of the most abundant Clusters 2.1.2 A (+Cluster 2.1.2 C and Cluster 2.2) and 2.1.2 
B, marking a clear cyclical juxtaposition between the two assemblages.   

The benthic foraminifer diversity rises throughout the record (H index from 
0 to ≥ ~2.9; Figure 9 B) and so does the %P that increases from 0 % to ~40 % at 
the  base  of  the  section  to remain stable at ~40 – 50 %. The record also shows a  

Figure 9: A) Dendrogram resulting from the hierarchical clustering in the Rio Mendelin section 
which divided the benthic foraminifer species in two main species clusters (Cluster 1 and Cluster 
2) and two subclusters (Clusters 2.1 and 2.2). Cluster 2.1 separates in turn in two subordinate cluster 
branches, Cluster 2.1.1 and Cluster 2.1.2, The clusters have been highlighted with specific colors. 
B) from left to right: Clusters 1, 2.2, 2.1.2 A, 2.1.2 B and 2.1.2 C plotted against stratigraphic position; 
Microhabitat distribution of the most abundant benthic foraminifer species; The BFOI estimation 
(Kaiho, 1994); Shannon diversity index; % of planktic foraminifers; Benthic δ13C and δ18O isotopic 
record (C. ungerianus). 

A B 
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change in the benthic foraminifer microhabitat preferences visible as an interchange 
between dominantly infaunal or epifaunal taxa that mimics the juxtaposition 
between Clusters 2.1.2 A (+Cluster 2.1.2 C and Cluster 2.2) and 2.1.2 B. Deep infauna 
is present only in the grey layer of Unit 2 reaching a maximum of ~20%. Since the 
three low-diversity samples at the base were excluded from the estimate, the BFOI 
is lowest in the grey layer (~3 – 12 %; Figure 9 B), and after 4 m increases and 
oscillates between 60 and 90 %, showing the highest values (~85 – 90 %) in 
correspondence with intervals where epifaunal species dominate (Figure 9 B).  

From 3 m upward, planktic foraminifers become increasingly abundant and 
are characterised by an assemblage dominated by Globigerinoides spp., 
Globoturborotalita apertura and Globigerina bulloides (Figure 10). Less dominant 
species include Globigerinata glutinata, Orbulina universa and Neogloboquadrina 
acostaensis (Figure 10), and at 7.4 m a few Globorotalia margaritae are identified. 

The benthic stable isotope record of Rio Mendelin section is shown in Figure 
9 B. After the first two samples that show values of ~-2 ‰, the benthic δ13C 
remains stable at ~-1 ‰ with only two oscillations towards lighter values at 7 and 
23.5 m. The benthic δ18O trend is very similar. The lowermost samples show an 
increasing upward trend that from ±-0.7 ‰ shifts to ±0.6 ‰ at 3 m in the section 
and stays stable throughout the record apart from two negative excursions at the 
same stratigraphic position a s in the δ13C curve. 

 
 

4.1.2 Palaeo-water depth reconstruction 
 

Since the benthic foraminifers are 
considered indigenous, palaeodepth 
has been calculated for the Rio 
Mendelin section. A first 
approximation of the palaeodepth can 
be derived from the %P=100*P/(P+B) 
(%P; Van der Zwaan et al., 1990; Figure 
9 B). Applying the regression in the e-
power formula (equation 7 on p. 13), 
the palaeodepth varied from a 
minimum of < 50 m at the base of the 
section (%P=~0 – 10 %) to a maximum 
depth of ~150 m (%P=~40 %) at 10 m. 
The mean palaeodepth oscillates 
around 100 m. The palaeodepth 
reconstruction based on the transfer 
function of (Hohenegger, 2005; 
Hohenegger et al., 2008) corresponds 
with the %P until 7 m in the section. 
From here upwards, the difference 
between the reconstructions amounts 
to some 50 – 80 m. 

Figure 10: Calculated palaeodepths for the Rio 
Mendelin section. The grey line is the 
palaeodepth estimated by gradient analysis 
(Hohenegger, 2005; Hohenegger et al., 2008). 
The blue line is the palaeodepth estimated by 
using the %P (Van der Zwaan et al., 1990). 
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Plate 1: Optical microscope photos of the most abundant (>3%) benthic foraminifer species of Rio
Mendelin section. 1 Textularia calva; 2 Bolivina seminuda; 3 Bolivina spathulata; 4 Bolivina dilatata; 5
Bolivina reticulata; 6 Stainforthia fusiformis; 7 a, b Trifarina bradyi; 8 a, b Fursenkoina acuta; 9 Bulimina 
striata var. mexicana; 10 a, b Bulimina striata; 11 Bulimina elongata; 12 Bulimina aculeata; 6; 13
Globobulimina turgida; 14 Nonion fabum; 15 a, b Asterigerina planorbis: a spiral view, b umbilical view; 
16 Lenticulina sp.. Scale bar = 100 μm.  
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Plate 2: Optical microscope photos of the most abundant (>3%) benthic foraminifer species of
Rio Mendelin section. 1 Lenticulina sp.; 2 c.f. Epistominella trinacria: a, d spiral view, b apertural 
view, c, e umbilical view; 3 Cibicidoides pachyderma: a spiral view, b umbilical view; 4 Cibicidoides 
ungerianus: a spiral view, b umbilical view; 5 Cibicidoides pseudoungerianus: a spiral view, b
umbilical view; 6 Cibicides lobatulus: a spiral view, b umbilical view; 7 Gyroidina soldanii: a spiral 
view, b umbilical view; 8 Pullenia bulloides: a lateral view, b apertural view; 9 Cibicides dutemplei: 
a spiral view, b umbilical view ;10 Oridorsalis stellatus: a spiral view, b umbilical view. Scale bar 
= 100 μm.  



Chapter 6 
 

222 

4.2 Nijar Basin: Barranco del Negro section 
 

Benthic and planktic foraminifers are present in the entire studied Barranco 
del Negro section. Carbonate has secreted on the planktic specimens, but the 
benthic species are well preserved (Plate 3 and 4). Although they are scarce, until 
2 m in the section we have identified brackish disarticulated ostracods, mainly 
Cyprideis sp. In addition, brackish gasteropoda are present until the calcarenite 
deposition (0.5 m in Figure 11; Plate 3). A bivalve-rich horizon is identified at 
0.64 m, and bivalve shells are also found at 2 and 2.3 m in the section, without 
being concentrated in a horizon (Figure 5 C). At the top (3.5 m), burrows are 
observed probably from the genus Thalassinoides.  

The most abundant benthic foraminifer species present in Barranco del 
Negro record (Figure 11) are C. lobatulus (~15 – 30 %), Bolivina. spathulata (~15 – 
30 %) and Elphidium spp. (~10 – 15 %), with the subordinate occurrence of C. 
ungerianus (~10 %), Cibicididoides kullenbergi (~10 %) and Planulina ariminensis 
(~10 %). The first 0.5 m of the section are dominated by B. spathulata (~15 %), 
Rectouvigerina cylindrica, P. ariminensis, Uvigerina rutila and C. lobatulus, all 
reaching ~10 % of abundance. After 0.5 m, Valvulineria spp. (~20 %), Chilostomella 
spp. (~15 %), and Globobulimina spp. (~5 %) sharply increase but remain present 
only for 1 m in the section (0.5 – 1.5 m), while M. soldanii (~5 %) and Cassidulina 
spp. (~5 %), which show a parallel appearance, can be found with high values 
for 2 m in the section (0.5 – 2.5 m). The interval between 1 and 2 m is 
characterised by high abundances of E. trinacria (~15 – 25 %) and B. spathulata 
(~15 %), and from 2 m until the top of the section Spiroplectinella deperdita (~ 15 – 
20 %), Cibicides refulgens (~10 %), P. bulloides (~5 – 10 %), Lenticulina spp. (~8 %), 
and Sphaeroidina bulloides (~7 %) dominate the record. 

The Shannon diversity index of the Barranco del Negro section shows a 
relatively stable trend throughout the record with an average value of 2.6. The 
%P shows an upward decreasing trend with the highest average values at the 
base of the section (~95 %) and lower average values at the top (~75 %; Figure 
11). 
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The dominant planktic foraminifer species present in the Barranco del 
Negro record are G. bulloides, Globigerinoides spp. and N. acostaensis, with the 
subordinate presence of O. universa and Globorotalia miotumida. The uppermost 
two samples contain some specimens of G. margaritae. The presence in almost 
every sample of typical Messinian species like G. miotumida and N. acostaensis sx 
(Table 3; Sierro et al., 1993) suggests that the planktic foraminifers might be 
reworked. Reworking of the planktic foraminifers is further suggested by the 
presence of brackish ostracod and gastropod species together with marine fauna 
at the base of the section. The concomitant presence of lower neritic to bathyal 
benthic foraminifer species and shallow water taxa (see Section 5.2) indicates 
that reworking also involved benthic species. 

Table 3: Stratigraphic position of some of the samples from Barranco del Negro section 
where the shells/gram, ostracods/gram, percentages of Messinian species like G. 
miotumida and N. acostaensis sx were counted. 

 

Position Shells/gram Ostracods/gram % G. 
miotumida 

% N. 
acostaensis sx 

3.84 3.29 3.29 0.71 1.22 
2.94 0.00 0.00 1.45 4.17 
2.04 14.74 6.98 0.48 0.72 
1.44 1.25 1.25 0.42 0.72 
1.04 1.18 1.42 0.92 8.76 
0.69 49.81 3.94 0.00 2.33 
0.54 23.39 3.37 0.00 1.48 
0.35 21.60 0.22 1.03 4.94 
0.20 2.70 0.19 0.51 5.58 
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Plate 3: Optical microscope photos of the most abundant (>3%) benthic foraminifer species of
Barranco del Negro section. 1 Spiroplectinella deperdita; 2 Bolivina spathulata; 3, 4 Rectouvigerina 
cylindrica; 5 Uvigerina rutila; 6 Elphidium sp; 7. Epistominella trinacria: a, b spiral view, c apertural 
view, d umbilical view; 8 Valvulineria sp.: a spiral view, b umbilical view; Cibicides ungerianus: a, 
c spiral view, d apertural view, b, e umbilical view. Scale bar = 100 μm. 



Chapter 6 
 

226 

 

Plate 4: Optical microscope photos of the most abundant (>3%) benthic foraminifer species and
one gastropod and ostracod species of Brranco del Negro section. 1 Cibicidoides pseudoungerianus: 
a spiral view, b umbilical view; 2 Cibicidoides kullenbergi: a, d spiral view, b, e apertural view, c, f
umbilical view; Cibicides lobatulus: a, c spinal view, d, e umbilical view; Cibicides refulgens: a, c
spiral view, d, e umbilical view; 5 gastropod; 6 Cyprideis sp.. Scale bar = 100 μm, 200 μm for the 
ostracod. 
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4.3 Sorbas basin: Zorreras section  
 

In the Zorreras section foraminifers are very scarce but well preserved, even 
though their surface is sometimes covered by minerals. The first benthic 
foraminifers appear at the base of the grey layer, rich in calcareous nodules. 
From that level upward very scarce specimens of N. fabum and even fewer 
Elphidium spp. are present in the analysed samples, until the top of the section, 
right on top of the transgressive bivalve lag (Figure 5 B). Planktic foraminifers 
are absent. 
 
4.4 Alboran Basin: ODP Site 976 
 
4.4.1 Micropalaeontological content and stable isotopes 
 

In the lower Pliocene sediments of ODP Site 976 benthic and planktic 
foraminifers show well preserved tests, even though they are sometimes 
overgrown with calcite. We consider the foraminifers as being in situ and 
suitable for palaeoenvironmental analyses. Ostracods were not found at this site. 
Optical microscope photos of the benthic foraminifera species are shown in 
Plates 5 and 6. 

The base of the studied core is characterised by a significant peak 
abundance of Bulimina aculeata (~30 %), which disappears at 573 mbsf, and by 
Melonis barleeanus (~25 %), Lenticulina spp. (~18 %), S.bulloides (~12 %), Nodosaria 
spp. (~10 %) and M. soldanii (~12 %) remaining present throughout the record. 
From 572.4 mbsf, the abundances of Globocassidulina subglobosa (~20 – 40 %), 
Uvigerina peregrina (~30 %), Bulimina striata (~12 %) increase. At 569 mbsf, 
coinciding with a sharp decrease of U. peregrina, the percentage of reworked 
species rises to ~10 % (Figure 12).  

The dendrogram divides the benthic assemblages in two main clusters 
(Cluster 1 and Cluster 2) and of three subclusters (Cluster 2.2.2, Cluster 2.2.1 and 
Cluster 2.1). The clusters allow the identification of four stratigraphic units (Unit 
1, Unit 2, Unit3, Unit 4) characterised by the benthic foraminifer assemblages in 
the dendrogram. The two species of Cluster 1 dominate the first 0.5 m of the 
studied interval and represent Unit 1 (573.5-573.1 mbsf). In this Unit, B. aculeata 
reaches 30%, C. dutemplei only reaches 4% and both can also be found in the 
overlying Unit 2, before disappearing almost completely in Unit 3. Less 
abundant in Unit 1 are the species forming Cluster 2.2.2 which dominate Unit 2 
(Figure 13 B). Cluster 2.2.2 extends from 573.1 until 572.5 mbsf and contains 19 
benthic species (Figure 13 A). Most abundant are M. barleeanus and Lenticulina 
spp., with maximum relative abundances of 30 % and 20 % respectively (Figure 
12), followed by M. soldanii reaching 10 % and Nodosaria spp. and Globobulimina 
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spp. which both have a maximum abundance of 8 %. The remaining species 
characterising Unit 2 do not surpass 6 % of abundance. 
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Unit 3 (572.5-569 mbsf) not only shows a change in benthic foraminifer 
association but also a sharp increase in BFOI reaching a value of 85, remaining 
relatively stable until the top of the record. The dominant species of Unit 3 are 
comprised in Cluster 2.2.1 (Figure 13 A). Among the dominating species of Unit 
3 are G. subglobosa (~45 %), U. peregrina (~30 %), C. pachyderma (~25 %) and C. 
ungerianus (~20 %), whereas the remaining species of Cluster 2.2.1 vary in 
abundance between 6 and 12 % (Figure 12). Finally, the topmost Unit 4 with 6 m 
thickness is the thickest interval from 569 mbsf until the top of the record (Figure 
13 B). This Unit is composed of the association of Cluster 2.2.2 together with the 
taxa in Cluster 2.1. Cluster 2.1 includes only two species, Anomalinoides helicinus 
and Cancris oblongus (Figure 13 A), the first being the most abundant reaching 
10% abundance (Figure 11). The other dominant species of Unit 4 are mostly part 
of Cluster 2.2.2 (Figure 13 B) and include Lenticulina spp. (~16 %), Amphycorina 
spp. (~10 %), M. soldanii (~10 %) and S. bulloides (~8 %). Additionally, Unit 4 
contains significant abundances of G. subglobosa (~15 %) and C. ungerianus (~20 
%) from Cluster 2.2.1 as well as the higher percentages of displaced benthic 
foraminifers (~10%).   

A B

Figure 13: ODP Site 976: A) Dendrogram resulting from the hierarchical clustering that divided the
benthic foraminifer species in two main species clusters (Cluster 1, Cluster 2) and two subclusters
(Clusters 2.1 and 2.2). Cluster 2.2 in turn branches to two subordinate branches as well (Cluster 
2.2.1 and 2.2.2). The used clusters have been highlighted with specific colors. B) From left to right:
Clusters 1, 2.1, 2.2.1 and 2.2.2 plotted against stratigraphic position; Microhabitat distribution of the 
most abundant benthic foraminifer species; The BFOI estimation (Kaiho, 1994); Shannon diversity 
index; % of planktic foraminifers; Benthic δ13C and δ18O isotopic record (C. pachyderma). 
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The record is characterised by increasing diversity of benthic foraminifers 
(H index increasing upward; Figure 13 B). Planktic foraminifers are very 
abundant throughout the record (~95 %).  

Although the microhabitat preferences do not show major changes over the 
studied interval and infaunal species prevail with a stable 65 %, the BFOI shows 
significant oscillations. Especially until 571.5 mbsf, the values vary from ~20 to 
a maximum of ~85 and stabilise at ~80 % in Unit 3 (Figure 13 B). 

At 572.5 mbsf, the Pliocene markers G. margaritae and Sphaeroidinellopsis spp. 
appear, while the dominant planktic foraminifer species are G. bulloides, G. 
apertura and N. acostaensis. Less dominant species include Globorotalia scitula, 
Globigerinoides spp., Neogloboquadrina atlantica, G. glutinata and O. universa.  

The benthic stable isotope record of Site 976 covers only the first ~3 m of the 
Pliocene sequence (Figure 13 B). The benthic δ13C curve displays a continuous 
increasing upward trend, from a minimum of ~0.4 ‰ to maximum values of ~1 
‰ towards the top of the studied interval. The benthic δ18O record oscillates 
between ~-0.8 and -0.2 ‰ and shows a positive peak at 572.8 mbsf, when it 
reaches values of ~0.6 ‰.  
 
4.4.2 Palaeo-water depth reconstruction 

Because the benthic foraminifers are 
considered in situ, palaeodepth has been 
calculated for ODP Site 976. A first 
approximation of the palaeodepth can be 
derived from the %P=100*P/(P+B) (%P; 
Van der Zwaan et al., 1990; Figure 13 B). 
Applying the regression in the e-power 
formula (equation 7 on p. 13), the 
palaeodepth was relatively stable and 
varied between a minimum of ~1000 m 
(%P=~98 %) and a maximum depth of 
~1200 m. The palaeodepth reconstruction 
based on the transfer function (Figure 14) 
of (Hohenegger, 2005; Hohenegger et al., 
2008) yields lower values in 1/3 of the 
section, apart from the interval from 571 
and 569 mbsf. The depth variability is also 
higher and values vary between 950 and 
1400 m. The difference between the 
reconstructions amounts to a maximum of 
250 m in this interval, while throughout 

the rest of the record varies between 0 and 200 m. 

Figure 14: Calculated palaeodepths for ODP
Site 976. The grey line is the palaeodepth
estimated by gradient analysis (Hohenegger,
2005; Hohenegger et al., 2008). The blue line
is the palaeodepth estimated by using the
%P (Van der Zwaan et al., 1990). 
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Plate 5: Optical microscope photos of some of the most abundant (>3%) benthic foraminifer species
identified at Site 976. 1 Sigmoilopsis schlumbergeri; 2 Martinotiella communis; 3 Karreriella bradyi.; 4a-b
Lagena spp; 5 Pseudonodosaria spp.; 6 Amphicoryna spp.; 7 Dentalina spp.; 8 Bulimina striata; 9 Bulimina 
aculetata 10 Uvigerina peregrina; 11a-b Globobulimina spp.; 12a-b Uvigerina rutila; 13 Globocassidulina 
subglobosa; 14 Sphaeroidina bulloides; 15 Anomalinoides elichinum; 16 Lenticulina spp; Scale bar = 100 μm.
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Plate 6: Optical microscope photos of some of the most abundant (>3%) benthic foraminifer species
identified at Site 976. 1 Planulina ariminensis; 2 Cancris oblongis: a spinal view, b umbilical view; 3
Cibicidoides ungerianus: a spinal view, b umbilical view; 4 Cibicides bradyi: a spinal view, b umbilical 
view; 5 Pullenia bulloides: a apertural view, b lateral view; 6 Pullenia quinqueloba; 7 Melonis soldanii; 8
Melonis barleeanus; 9 Melonis pompilioides; 10 Oridorsalis umbonatus: 11 Gyroidina altiformis: a spinal 
view, b umbilical view Scale bar = 100 μm. 
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5. Discussion 
 
5.1 Distinctive black/ grey layers at the Miocene-Pliocene boundary  
 

The nature of the MPB in the Mediterranean is expressed in several ways 
including conformable contacts above continental facies (Sorbas Basin, e.g., 
Roveri et al., 2018), shallow (Nijar Basin: Bassetti et al., 2006, this work; Malaga 
Basin: Guerra-Merchán et al., 2008, this work) and deep LM deposits (Eraclea 
Miono: e.g., Brolsma, 1978; Sites 975 and 974: Iaccarino and Bossio, 1999; 
Iaccarino et al., 1999a) or with an erosional surface both in deep and shallow 
basins (e.g., Chelif Basin: Rouchy et al., 2007; Vera Basin: Caruso et al., 2020; 
Alboran Basin: Bulian et al., 2021), marked at some locations by the intercalation 
of conglomerates, breccias or small clasts (Site 975: Iaccarino et al., 1999b; East 
Alboran Basin: Garcia-Castellanos et al., 2019; Levant Basin: Madof et al., 2019). 

Figure 15: Photographs of the Miocene-Pliocene boundary from some of the mentioned locations.
A) Rio Mendelin section; B) Sorbas Basin; C) Eraclea Minoa section D) ODP Site 974 (Iaccarino et
al., 1999b); E) ODP Site 975 (Iaccarino et al., 1999b); F) Barranco del Negro section; G) Moncucco
quarry in Piedmont Basin (Trenkwalder et al., 2008) and H) Zakynthos island in Greece (courtesy
of K. Agiadi). 
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In several land sections and offshore sites (in Italy, Crete, Cyprus, Ionian 
Islands, Spain, Algeria), the boundary is recognized through marked changes in 
lithology, carbonate content or stable isotopes of carbonates (Iaccarino et al., 
1999b; Pierre et al., 2006; Rouchy et al., 2007). A particularly striking lithology 
identified at the MPB in the Piedmont Basin (Figure 15 G; Trenkwalder et al., 
2008; Dela Pierre et al., 2016), Northern Apennines (Botteghino, Buttafuoco and 
Montepetra sections; Gennari et al., 2008; Grossi et al., 2008), Northern Italy 
(Riforgiato et al., 2011), Cyprus (Rouchy et al., 2001; Manzi et al., 2016) and DSDP 
Site 376 (Cita et al., 1978), and Zakynthos (Figure 15 H; personal communication 
by K. Agiadi) is a cm/dm-thick black layer deposited conformably above the 
LM deposits. This black layer is usually rich in organic matter (Gennari et al., 
2008: T.O.C<5 %; Trenkwalder et al., 2008; Manzi et al., 2016) and scarce in 
planktic and benthic foraminifers which are usually typical Pliocene species or 
reworked Miocene to Eocene species or in some cases both (Cita and Zocchi, 
1978; Gennari et al., 2008; Manzi et al., 2016), while at some locations microfossils 
are absent (e.g. Moncucco quarry: Trenkwalder et al., 2008). The 
palaeoenvironmental significance of such dark layer remains still largely 
unknown, even if it has been interpreted as a result of rapid change in water 
salinity (e.g. Gennari et al., 2008). In the Barranco del Negro section of the Nijar 
Basin, the MPB is also marked by a distinct black layer (Figure 15 F) that contains 
small gastropods, some ostracods from the genus Cyprideis and abundant 
planktic and benthic foraminifers, probably reworked (see section 5.2). In other 
sections in the Nijar basin like Los Ranchos (Pérez-Asensio et al., 2021) or 
Barranco de los Castellanos (Aguirre and Sánchez-Almazo, 2004) such layer is 
absent, while in the Los Feos section the MPB is represented by a grey layer 
containing reworked foraminifers (Bassetti et al., 2006; Bulian, unpublished 
data). 

A similar but less intense lithological change is registered with the 
deposition of a grey clay layer in the Rio Mendelin section (75 cm thick), 
conformably above shallow water late Messinian sediments. In the Sorbas Basin, 
a grey layer containing carbonate nodules was deposited at the base of the 
Pliocene, overlying reddish continental late Messinian deposits (Figure 15 B). A 
grey layer has been also identified at the MPB in Eraclea Minoa where it tops the 
Arenazzolo formation (Figure 14 C; Brolsma, 1978; Pierre et al., 2006; Bulian, 
unpublished data). In deeper locations like ODP sites 975 (South Balearic Basin) 
and 974 (Tyrrhenian Basin; Iaccarino and Bossio, 1999; Iaccarino et al., 1999a; 
Figure 15 D, E), the grey layer is deposited at the MPB and suggesting a potential 
organic matter accumulation and reduced oxygen levels possibly caused by 
water column stratification, while the small clasts found in the Balearic Basin 
have been interpreted as the result of the first ingression of Atlantic waters into 
the Mediterranean Basin (Iaccarino and Bossio, 1999).  
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To understand better the depositional mechanisms of the dark layer and to 
assess whether water column stratification was present during the early 
Zanclean, it is fundamental to consider the palaeoenvironment present in the 
Mediterranean before the reestablishment of an efficient Mediterranean – 
Atlantic connection (i.e., LM phase). As suggested by the presence of a 
Paratethyan brackish fauna (ostracods, molluscs and dinocyst) in most upper 
Messinian sediments (e.g., Iaccarino et al., 1999b; Fortuin and Krijgsman, 2003; 
Orszag-Sperber, 2006; Rouchy and Caruso, 2006; Roveri et al., 2008; Guerra-
Merchán et al., 2014; Stoica et al., 2016), the Mediterranean was most probably 
invaded by Paratethyan waters that created a brackish water layer (up to 250 m 
of thickness) on the Mediterranean surface (Marzocchi et al., 2016). Considering 
the most accepted deep basin MSC model (CIESM, 2008; Roveri et al., 2014a), 
the inflow of Paratethyan waters would lower the salinity of the Mediterranean 
marginal basins. At the MPB, with the increase of the Atlantic inflow, the 
marginal basins, filled with brackish water, would be invaded by more saline 
Atlantic waters which sank creating a stratified water column. This stratification 
could favour bottom water oxygen depletion and organic matter accumulation 
and explain the deposition of organic rich layers. These black layers thus 
represent the first reaction of the system to the reflooding, before the mixing of 
the two water masses and establishment of normal marine conditions. Similarly, 
in the Black Sea region, marine flooding events from the Mediterranean, 
characterised by the presence of foraminifers and calcareous nannofossils 
(Krijgsman et al., 2010; Radionova et al., 2012) first create anoxic conditions as 
exemplified by a conspicuous dark layer barren of Paratethyan ostracods (Stoica 
et al., 2016). Such events have been identified in the late-Langhian (Sant et al., 
2019), Pontian (Stoica et al., 2016) and even Pleistocene (Ross, 1978; Schrader, 
1978) Black Sea sediments. In the Mediterranean the MPB layer assumes two 
different aspects, and sometimes it materializes as a blacker layer and other 
times it displays only a grey shade. Consequently, it appears that the conditions 
at the time of the Atlantic incursion in the Mediterranean were different 
depending on the location and depth at the time of the reflooding. A strong 
water-mass stratification could lead to oxygen depleted environments and the 
accumulation of organic matter with the formation of a black layer. This could 
occur in basins located below the oxic/anoxic interface, while in basins located 
in the upper, more ventilated, part of the water column the bottom water 
properties were less affected. In the Sorbas Basin, where the latest Messinian 
environment was continental, the grey layer materialises as a palaeosol-like 
horizon and shows a gradual transition to a shallow marine environment. 

The mechanism described for the deposition of the dark layers in the 
marginal basins is compatible with a LM scenario where the Paratethys water 
lid over the Mediterranean freshens the margins of the basin. Nonetheless, such 
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scenario for the deepest basins would mean a stratified water column and 
bottom water oxygen depletion already in the latest Messinian, like it happens 
during sapropel deposition, when a freshwater lid prevents the oxygenation of 
deep waters (e.g. Rohling et al., 2015 and references therein). In Stage 2 of the 
MSC, when the majority of salt was deposited, its dissolution in deep water 
layers would have caused stratification (e.g.,Krijgsman et al., 2018), but during 
Stage 3 when evaporite precipitation ceased, this was probably not the case 
unless deep water is in contact with salt bodies (e.g., De Lange et al., 1990). From 
shallow and deep late Messinian Mediterranean sites any evidence of anoxia or 
reduced oxygen levels is missing and considering that the dark interval has been 
identified at the MPB of deep basins as well, the late Messinian 
palaeoenvironmental scenario must be revised. To explain a dark, sometimes 
organic-rich layer and the occurrence of stress taxa at the MPB all over the 
Mediterranean we suggest that the early Pliocene water column was stratified 
to some extent both in the margins and in the deeper basins. Such stratification 
could only form if Paratethyan brackish waters and/or fresh riverine inflow 
would have decreased the total salinity of the basin (not excluding a discrete 
vertical density gradient) allowing the Atlantic saltier waters to enter the basin, 
sink, and initially develop a stratified water column.  

At Site 976, the dark layer has not been found. We consider this absence 
related to the vicinity to the Gibraltar gateway and the presence of an important 
erosional surface (see Section 2.2; Bulian et al., 2021). 
 
5.2 Benthic foraminifer repopulation sequence 

 
Repopulation of the benthic environment by foraminifers after the MSC has 

been reported from sites across the Mediterranean and at different water depths 
(e.g., Sicily: Brolsma, 1978; Sgarrella et al., 1997, 1999; Barra, 1998; Piemonte: 
Violanti et al., 2009, 2011; central Italy: Riforgiato et al., 2011; Tyrrhenian Sea: 
Sprovieri and Hasegawa, 1990; Iaccarino et al., 1999; Cyprus: Rouchy et al., 2001; 
Spain: Nijar Basin: Van de Poel, 1991, Pérez-Asensio et al., 2021; Vera Basin: 
Caruso et al., 2020). Uppermost Messinian LM deposits were either barren or 
containing brackish to fresh/continental faunas, including reworked biota. 
Early Pliocene repopulation by benthic foraminifers shows similarities with 
recent recovery from biologically and chemically hostile environments, and with 
repopulation following low-oxic or azoic episodes during sapropel deposition. 
In Recent environments repopulation is reported after short-lived events on 
geological time scales (e.g. hurricanes, ash falls or shelf anoxia: (e.g., Alve, 1999; 
Kuhnt et al., 2005; Platon et al., 2005; and references therein). Recovery from 
short-lived events is not directly comparable to fossil settings, since the temporal 
resolution of fossil samples is at least a century (Rohling et al., 1997). 
Repopulation after sapropel deposition differs between sites, depending on 
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depth, hydrographic regime, and local environmental conditions, and 
repopulation sequences within the same basinal setting also differ between 
sapropels. Although different taxa may be involved in each repopulation 
sequence, Jorissen (1991 and references therein) discerns some general patterns 
when morphogroups are considered rather than abundances of individual 
species. The author defines four morphogroups, of which three apply to 
repopulation sequences (for references Jorissen, op. cit., Table 1): group A. deep 
infauna tolerating extreme hypoxia in relatively stable environments (e.g., 
Chilostomella and Globobulimina spp.); group B. intermediate infauna, less 
tolerant to extreme hypoxia (elongated bi- and triserial taxa, e.g., bolivinids, 
buliminids, Cassidulinoides spp.); group C. so-called ‘phytodetritus species’, 
commonly small, biconvex and trochospiral taxa tolerating oxic to hypoxic, 
unstable environments and reproducing fast after seasonal input of fresh 
phytodetritus (e.g., small Epistominella, Eponides and Gyroidina spp.). Depending 
on local environmental conditions, either group A or group C will precede 
group B in a repopulation event. Benthic faunas containing among others 
Epistominella spp. were found in early Zanclean sections and cores throughout 
the Mediterranean (e.g., Sgarrella et al., 1997 (Sicily); Iaccarino et al., 1999b 
(Tyrrhenian Sea); Rouchy et al., 2001 (Cyprus); Aguirre et al., 2006 (Nijar Basin, 
Spain); Cipollari et al., 2013 (Adana Basin, Turkey); Caruso et al., 2020 (Vera 
Basin, Spain)) and are often considered benthic markers for the earliest Zanclean 
reflooding of the Mediterranean. 

 
5.2.1 Marginal basins 
 
Rio Mendelin section (Malaga Basin) 
 

In the Rio Mendelin section, the benthic foraminifer assemblage of Unit 1 at 
the base of the section is poorly diversified and the sample immediately above 
the LM contains a monospecific assemblage composed of Epistominella trinacria 
(Figure 8). This species was described in Pliocene sapropels by Verhallen (1991) 
without further details; its occurrence is explained by analogy with other 
Epistominella species (mentioned in Group C cf. Jorissen, 1999). In recent 
environments Epistominella species have been found associated with seasonal 
deposition of fresh phytodetritus in oxic as well as sub-oxic (but not anoxic) 
environments (E. exigua: Gooday, 1988; Gooday, 1993; E. vitrea: Gooday and 
Hughes, 2002; Platon et al., 2005; Langezaal et al., 2006). Smart et al. (1994) 
proposed the use of E. exigua as a proxy for pulsed supply of organic matter to a 
generally oligotrophic sea floor. In the fossil record. Epistominella species have 
been found just below, and in repopulation sequences above sapropels and after 
the MSC in the lower Pliocene (see above). Occurrence of epistominellids 
suggests that these earliest Pliocene environments were oxic to sub-oxic, and 
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prone to seasonal variations. In Unit 1, planktic foraminifers are barely present 
(Figure 9). 

The abundance of E. trinacria declines rapidly after the lowermost, 
monospecific sample and the abundance of Nonion fabum increases to nearly 50% 
at the top of Unit 1. Nonion spp. are versatile species, related to high food 
availability and organic carbon content, phytodetritus and typically low oxygen 
conditions, although they can be found living under oxic conditions as well 
(Fontanier et al., 2002; Diz et al., 2004; Mendes et al., 2004; Mojtahid et al., 2006). 
Subordinate species increasing in abundance in Unit 1 are Stainforthia fusiformis, 
Fursenkoina acuta and Globobulimina turgida (Group A cf. Jorissen, 1999; Cluster 
2.2). These taxa suggest a transition from an unstable, relatively oxic 
environment characterised by E. trinacria towards a more stable, more 
differentiated but also more hypoxic environment towards Unit 2, the grey layer 
(Jorissen, 1999). Together with these species tolerating severe hypoxia, Bulimina 
aculeata, B. elongata, and Bolivina dilatata appear, elongated bi- and triserial taxa 
less resistant to hypoxia (Jorissen, op. cit., Group B). Towards the top of Unit 2, 
B. seminuda and Oridorsalis stellatus increase in abundance (cluster 2.1.2A, Figure 
9), suggesting a renewed, or continued, repopulation in more oxic and less stable 
conditions toward the yellowish strata of Unit 3. At the same time, planktic 
foraminifers become more abundant and keep increasing towards the top of the 
section (Figure 9). This repopulation sequence is comparable to the one 
identified after Quaternary sapropel layers (S1, S5, S6) at different 
Mediterranean sites (Jorissen, 1999). The base of Unit 3 reflects a more stable 
normal marine assemblage under relatively oxic conditions: the diversity (H) 
increases to 3 and the BFOI, which is minimal in the grey layer supporting rather 
strong hypoxia, increases to 80% in Unit 3 (Figure 9) and the hypoxia-tolerant 
species of cluster 2 decrease in abundance or disappear. 

The Cluster 2.1.2 A assemblage prevails in the record until 4 m (Figure 8 
and 9), when Cluster 2.1.2 B composed of C. dutemplei, C. pseudoungerianus, C. 
ungerianus and Textularia calva becomes dominant. Even though Textularia spp. 
are tolerant to food-enriched and oxygen-deficient conditions (Naeher et al., 
2012), the predominant genus Cibicides/Cibicidoides, epifaunal to shallow 
infaunal and with low tolerance to oxygen deficiency (van der Zwaan, 1982; 
Jorissen et al., 2007), suggests relatively well oxygenated waters and moderate 
productivity for this interval (until 6.4 m). Such conditions are confirmed by the 
highest corresponding oxygen index, which reaches values close to high oxic 
environments (BFOI = ~90%; Figure 9), slightly higher than the ones of Cluster 
2.1.2 A. Beginning in Unit 3, the benthic foraminifer assemblages show a clear 
alternation between Cluster 2.1.2 A and Cluster 2.1.2 B (Figure 9), hence between 
a predominantly infaunal assemblage (buliminids, bolivinids, N. fabum, 
Lenticulina spp.) linked to high productivity and reduced oxygen content at the 
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seafloor, and an epifaunal one, characterised by Cibicides/Cibicidoides species and 
indicating more oxic conditions. Despite the lack of time control, we suggest 
these cycles are most probably the result of an alternation between phases 
characterised by lower versus higher nutrient input and riverine discharge to 
the basin associated to changes in the freshwater budget (see Section 5.4). The 
benthic and planktic δ18O (Figure 9) in fact show the heaviest values in 
concomitance of Cluster 2.1.2 B peaks, suggesting a possible astronomical 
control over the cyclicity. 

In summary, the instantaneous appearance of a monospecific benthic 
foraminiferal fauna consisting of the ‘phytodetritus species’ Epistominella marks 
the start of benthic repopulation following the incursion of marine waters and 
an unstable palaeoenvironment characterised by high seasonality and relatively 
high oxygen levels. The grey clays (Unit 2) reflect stable, quiet conditions under 
rather severe hypoxia, more likely water stratification related to further sea-level 
rise than influx of large amounts of organic matter. Apparently, when sea level 
rose further circulation and ventilation ameliorated, eventually supporting a 
diverse open marine benthic foraminiferal assemblage. Analogous early 
Pliocene conditions have been suggested by the repopulation sequence found at 
the Cava Serredi section (Central Italy; Riforgiato et al., 2011), where lowermost 
Zanclean sediments are dominated by phytodetritus feeders and shallow 
infaunal group species (Epistominella, Bolivina, Bulimina), while after a few 
metres shallow infauna group dominates.   

 
Barranco del Negro section (Nijar Basin)  

 
The calcarenites above the black and grey layer suggest a nearshore, 

dynamic environment (see section 5.3.1), but the reconstruction of 
palaeoenvironments and the repopulation by benthic foraminifers are 
complicated by the presence of reworked planktic foraminifers throughout the 
section (Section 4.2; Table 3). Foraminifers are found in continental deposits 
below, and in the black-grey layer. We assume these levels are barren and the 
few foraminifers encountered reworked. The number of benthic foraminifers 
per gram of sediment (BF/g; Figure 11), which is very low in the black and grey 
layer, rises steadily suggesting that the number of reworked and displaced 
foraminifers is relatively low, and more indigenous benthic foraminifers start 
occurring above the black-grey layer. In the first sample above the grey level 
Chilostomella and Globobulimina species appear which, if in situ, may be part of a 
repopulation sequence in an initially stable, hypoxic-anoxic environment 
(Group A of Jorissen, 1999).  

The benthic foraminifer species expected to thrive in a deltaic or shoreface, 
dynamic palaeoenvironment is Cibicides lobatulus (Hald and Korsun, 1997). 
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Cibicides lobatulus is absent in the sample with Chilostomella and Globobulimina 
spp. and the abundance then rises to nearly 30%, suggesting that at least part 
could be in situ. Not expected to thrive in shallow, dynamic shoreface 
environments are C. kullenbergi, P. ariminensis, U. rutila, and probably also C. 
pseudoungerianus, C. ungerianus and S. bulloides; this would imply that together 
with the Miocene planktic foraminifers, these lower neritic to bathyal benthic 
foraminifers are reworked throughout the section.  

Assuming that other species (e.g., Spiroplectinella deperdita, Elphidium spp., 
Pullenia bulloides, P. quinqueloba, Lenticulina spp., Cassidulina spp.?) may at least 
be partially in situ, the benthic foraminifer assemblages are in agreement with 
shallow, high-energy environments. Several opportunistic taxa feeding on fresh 
phytodetritus indicate episodes of intermittent, seasonal supply of organic 
matter. Among these are Valvulineria spp. including V. bradyana (Amorosi et al., 
2013; Goineau et al., 2015 and references therein), with a maximum abundance 
of 20% at ±1 m. A maximum abundance of 30% Epistominella trinacia occurs at 
±1.5 m and is here not associated with repopulation. Apart from Cibicides 
refulgens and C. lobatulus, living attached to hard substrates, the taxa here 
assumed to be in situ are shallow infaunal and indicate a generally more oligo- 
to mesotrophic, hypoxic environment towards the top of the sampled section 
(e.g., Jorissen, 1987; Kaiho, 1999; Murray, 2006).  
 
Zorreras section (Sorbas Basin) 
 

In the Zorreras section, where the upper Messinian is continental, the 
lowermost Pliocene sediments consist of clastic sands. Planktic foraminifers are 
absent, benthic foraminifers are scarce and low-diverse and no clear 
repopulation sequence is found. The first species to appear in the grey layer is 
monospecific Nonion fabum, included in the shallow infauna group, which is in 
the Rio Mendelin section the dominant species immediately following the level 
with monospecific Epistominella trinacria. Here, the presence of numerous 
calcareous nodules together with N. fabum known to tolerate shallow inner shelf 
environments end eutrophic conditions (Fontanier et al., 2002; Murray, 2006; 
Duchemin et al., 2008), suggest that the palaeoenvironment was not 
permanently under water. Intermittent water inputs could have entered the 
basin through a geological barrier at the Mediterranean connection. While 
Nonion fabum dominates the entire section, at 1.1 and 1.2 m above the base of the 
Pliocene some Elphidium spp. and rare C. lobatulus appear. This suggests a 
gradual ingression of marine waters and a nearshore marine environment which 
was permanently established after the strong transgressive pulse that deposited 
a 5-cm thick bivalve-rich horizon.  
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5.2.2 Deep basin 
 
ODP Site 976 (Alboran Basin) 
 

The lowermost Pliocene Unit 1 at Site 976 may not be the very basal Pliocene 
because there is an interval of non-recovery in core 62, right below de first 
Pliocene sediments (Figure 6). A relatively diverse planktic assemblage is 
present from the base of the studied interval, with Globorotalia margaritae and 
Sphaeroidinellopsis spp. appearing at 572.6 m and 572.3 m respectively (Bulian et 
al., 2021). A benthic repopulation sequence comparable to the Rio Mendelin 
section is not developed at Site 976. Phytodetritus species (small biconvex taxa: 
epistominellids, G. subglobosa, small Gyroidina spp.) and deep infaunal taxa (e.g., 
Chilostomella and Globobulimina spp.; Jorissen, 1999) each amount to not more 
than 5%. Unit 1 is characterised by a single peak of B. aculeata (> 35%) and C. 
dutemplei (6%) together forming Cluster 1 (Figure 12). Bulimina aculeata is one of 
the more opportunistic taxa in the Mediterranean (De Rijk et al., 2000), feeding 
on detritus (Altenbach et al., 1999) and tolerating suboxic environments 
(Gebhardt, 1999). Cibicides dutemplei is generally assumed to tolerate little oxygen 
deficiency; however, Cibicides spp. have been found in oxygen-deficient 
environments as well and may be more sensitive to fresh (undegraded) food 
particles than to hypoxia (Jorissen et al., 2007). Barra et al. (1998) found that C. 
dutemplei tolerates oxygen depletion and elevated productivity. Unit 1 further 
contains a moderately diverse benthic assemblage (H = 2.8) consisting of most 
species in Cluster 2.2.2. Considering the abundance peak of B. aculeata co-
occurring with stress tolerant species present in Unit 1 such as M. barleeanum, M. 
soldanii (Caralp, 1989; Koho et al., 2008), and Lenticulina spp. (Sen Gupta and 
Machain-Castillo, 1993; Kaiho, 1994) the basal Pliocene bottom-water 
environment of Site 976 was probably characterised by relatively high organic 
carbon supply and reduced oxygen levels, in agreement with the BFOI values 
(as low as ~20). Similar conditions are present throughout Unit 2, until 572.5 
mbsf. Where Unit 1 is defined by the peak occurrence of B. aculeata, benthic 
foraminifer distribution in Unit 2 is still dominated by infaunal, sub-oxic taxa, 
represented by Cluster 2.2.2. (Figure 13). 

The appearance of the benthic foraminifer association of Unit 3 (Figure 12 
and 13) testifies a change in environmental conditions. The abundances of taxa 
in Units 1 and 2 decline (e.g., C. dutemplei, M. barleeanus, Gyroidina, Globobulimina, 
Lenticulina and Pullenia spp.). Taxa increasing in abundance include G. subglobosa 
(up to 40%) and later U. peregrina (Cluster 2.2.1). Although shallow infaunal taxa 
are still dominating the assemblage and the diversity (H-index) does not 
increase, the BFOI rises from a mean of 40 to a mean of 80 (Figure 13).  



Chapter 6 
 

242 

Dominance of G. subglobosa in the benthic foraminifer association (in both 
size fractions 150 μm and 63 μm) has been found in the oxygen minimum zone 
(OMZ) of the Sulu Sea under low oxygen conditions and high fluxes of organic 
matter (e.g., Miao and Thunell, 1993), but also in the generally oxic and 
oligotrophic environments of the Porcupine Abyssal Plain where the spring 
bloom delivers pulsed supply of fresh organic matter (Gooday, 1993). It has been 
found in moderately dysaerobic environments characterised by efficient 
preservation of organic matter (Loubère et al., 1988) as well as in early Pliocene 
recolonization successions (Barra et al., 1998). In the south Atlantic this species 
occurs on sandy substrate in strong bottom currents (Mackensen et al., 1985; 
Mackensen et al., 1993). Together with increasing abundance of Planulina 
ariminensis which is an epifaunal to elevated species, this can be related to an 
intensification of deep basin circulation activity during the final stage of 
Mediterranean infilling. Uvigerina peregrina is a shallow infaunal species 
associated with upwelling currents and labile organic material (Fontanier et al., 
2002; Koho et al., 2008; Schmiedl et al., 2010). In addition, the U. peregrina interval 
identified in three other deep sites is referred to as the U. pygmea-U. peregrina 
event (Sgarrella et al., 1997; Barra et al., 1998; Iaccarino et al., 1999b) and has been 
used to confirm the early Pliocene age of the sediments. 

Other species associated with this assemblage include S. bulloides and B. 
striata indicating an elevated organic carbon content (Sen Gupta and Machain-
Castillo, 1993). Cibicidoides pachyderma and P. ariminensis can indicate well-
oxygenated conditions (Schmiedl et al., 2000; Schmiedl et al., 2003), but they also 
tolerate oxygen deficiency and sustained organic matter fluxes (Bernhard and 
Gupta, 1999). The benthic foraminifer assemblage indicates a change in 
environmental conditions toward better circulation and installation of an 
upwelling regime. The change towards higher and more stable BFOI (~80-95) 
suggest a progressive increase in oxygen levels. 

From 569 mbsf, the Cluster 2.2.2 association returns (Figure 13), with a 
maximum abundance of M. barleeanus (25%) at the base and with additional 
presence of C. oblongus and A. helicinus (Cluster 2.1). Anomalinoides helicinus 
indicates increased productivity and/or preservation of organic matter (Barra et 
al., 1998) while C. oblongus can also be related to high organic flux and lower 
oxygen (Murray, 2006).  

Despite differences, repopulation of the early Pliocene bottom-water 
environments at deep Mediterranean sites has elements in common. The earliest 
Pliocene is characterised by the presence of phytodetritus feeders at Site 975 and 
Eraclea Minoa (e.g., Eponides pusillus and Epistominella exigua) and contains 
shallow infaunal species at Sites 976 and 975 (e.g., Bulimina spp. and Bolivina 
spp.). All sites are characterised in the early Zanclean by reduced oxygen 
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conditions and high organic flux. After this first interval, all sites are 
characterised by a gradual amelioration of circulation that from sluggish 
changes into more oxygenated and in Eraclea Minoa to fully open marine 
conditions.  
 
5.3 Early Pliocene palaeodepth reconstructions 
 
5.3.1 This study 
 
Rio Mendelin section (Malaga Basin) 
 

According to the palaeodepth reconstruction based on Hohenegger (2005) 
and Van der Zwaan et al. (1990) and in agreement with the distribution of the 
benthic foraminifers, the first metre of Pliocene sediments of the Rio Mendelin 
section in the Malaga Basin shows an inner neritic environment (20-100 m) that 
has deepened to outer neritic depths (100-200 m) towards the top of the sampled 
record. The deepening-upward sequence is consistent with the transgressive 
nature of the earliest Pliocene sediments found in the hinterland of the Alboran 
Basin, filling the previously excavated canyons, such as the Guadalhorce (e.g. 
Schoorl and Veldkamp, 2003). Analogous shallow marine environments have 
been found in several other southern Spanish marginal basins like Bajo Segura 
(Soria et al., 2005; García-García et al., 2011; Corbí and Soria, 2016), Sorbas 
(Roveri et al., 2018; this study), Vera (Fortuin et al., 1995; Caruso et al., 2020) and 
Nijar (Bassetti et al., 2006; Pérez-Asensio et al., 2021; this study).  

 
Barranco del Negro section (Nijar Basin) 
 

The palaeodepth reconstruction of the Barranco del Negro section is 
primarily based on sedimentology, macrofauna (bivalves) and the ichnofossil 
Thalassinoides, since it cannot be not à priori known which benthic foraminifers 
are reworked or displaced. Above the black-and-grey layer, the sediments are 
dominantly composed of bioclastic sandstones, lacking structure except some 
planar bedding. These sediments have been interpreted as deltaic (Aguirre, 
1998) or shoreface deposits (Omodeo Salé et al., 2012; Donovan et al., 2021), 
overlying the black-and-grey layer in a ravinement (transgressive) surface. This 
limits the depositional depth to shelf, in the case of lower shoreface probably not 
deeper than ~15-50 m, the precise depth depending on particular hydrographic 
settings (e.g., Anthony and Aagaard, 2020). Thalassinoides burrows and bivalve 
macrofauna including oysters usually occur in relatively shallow-water 
environments (Droser and Bottjer, 1987; Gingras et al., 2008; Roveri et al., 2018; 
Sharafi et al., 2021), although in more recent geological times they are also found 
at bathyal depths (Uchman and Demircan, 1999; Van Rooij et al., 2010). The 
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shells in the bivalve bed at 0.64 m are mostly broken, indicating high-energy 
environments, but bivalves are better preserved higher in the section, and 
together with the Thalassinoides burrows at 3 m indicate somewhat quieter 
environments, suggesting that a slight deepening may have occurred. In the top 
of the section a few G. margaritae are found, indicating deposition of the section 
during (MPl1-) MPl2. 

In the nearby Los Ranchos section Perez-Asensio et al. (2021) reconstruct a 
palaeodepth of 274 m (upper slope) immediately after the MPB. A black-to-grey 
layer is absent; Pliocene silts and sands are deposited on top of a marly interval 
attributed to the LM. Reworking is only reported from these marls. The authors 
find shallowing-upward after the lowermost 4 m of Pliocene sediments and 
consider benthic foraminifers indicating upper slope environments in these 
basal 4 m to be indigenous (e.g., Planulina ariminensis). Comparing the two 
sections, the Pliocene silts and sands at Los Ranchos may have been deposited 
in a more distal environment than the inner-middle neritic calcarenites of the 
Barranco del Negro section reported here; however, if both sequences are 
deposited shortly after the MPB we infer that at the Los Ranchos section no 
initial deepening after the MPB is recorded.  

 
Zorreras section (Sorbas Basin) 
 

Considering the micropalaeontological content, the Sorbas Basin was 
characterised by a continental environment during the latest Messinian stage. 
The first Pliocene sediments to deposit are grey sands rich in carbonate nodules 
suggesting a very shallow, at times exposed environment. The Sorbas Basin 
foraminifer data are only qualitative; however, because of the absence of 
planktic foraminifers and the presence of shallow water taxa like Nonion fabum 
and Elphidium spp. (Hayward et al., 2001; Murray, 2006; Milker, 2010; Tulbure et 
al., 2017) the early Pliocene palaeodepth must have been less than 100 m. 

 
Site 976 
 

The palaeo-water depth reconstruction performed on the benthic 
foraminifer record of ODP Site 976 suggests that in the early Pliocene the East 
Alboran Basin was a lower bathyal environment (>1000 m). Analogous depths 
have been reported for the early Messinian at the same site (Bulian et al., in 
press). Similar early Pliocene palaeodepths have been reconstructed for the 
Tyrrhenian Basin and South Balearic Basin (Iaccarino and Bossio, 1999; Iaccarino 
et al., 1999a) as well as basins in Sicily (Sgarrella et al., 1997; Barra et al., 1998; 
Sgarrella et al., 1999). 
 



Reflooding and repopulation of the Mediterranean Sea after the Messinian Salinity  
Crisis: Benthic foraminifer assemblages and stable isotopes of Spanish basins 

245 

5.3.2 Comparison with other locations  
 

In general, depth reconstructions for earliest Zanclean DSDP and ODP Sites 
have been in the order of upper- to mesobathyal depths (1000 m and more). 
DSDP Leg 42A, Site 371 (South Balearic Basin) was estimated to be 1200-1400 m 
deep from the earliest Pliocene (Wright, 1978). For Leg 107, Sites 652-654 
(Tyrrhenian Basin) and Leg 161, Site 974 (Tyrrhenian Sea) and 975 (Balearic 
Basin), the depth of MPl1 was also estimated to be bathyal (McKenzie et al., 1990; 
Sprovieri and Hasegawa, 1990; Iaccarino et al., 1999a). Based on planktic 
foraminifer biostratigraphy, the MPl1 in Site 975 (Iaccarino et al., 1999) is 
complete. This would imply that the Pliocene refill of this – and other - deep 
basins happened instantaneously on a geological time sale, or alternatively, the 
basins were not dry at that time, for which scenario recently new arguments 
have been given (e.g., Marzocchi et al., 2016; Stoica et al., 2016). 

It is not always clear whether LM sediments are preserved in these deep 
basins but in most marginal basins, studied in land-based sections and several 
cores, the Zanclean sediments are found overlying continental and/or brackish 
LM facies (Fortuin et al., 2000; Guerra-Merchán et al., 2010; Caruso et al., 2020; 
Andreetto et al., 2021a and references therein; Andreetto et al., 2021b). At deeper 
marginal basins with age control based on planktic foraminifers shows that 
where the MPB is continuous and the MPl1 zone is complete, for instance at 
Eraclea Minoa (Brolsma, 1978; Sgarrella et al., 1997) instantaneous refill to 
bathyal depth must have occurred immediately after the MSC. Similarly, abrupt 
early Zanclean refill to bathyal depth is reported at sections in Piemonte 
(Violanti et al., 2009; Trenkwalder et al., 2008). At Cava Serredi (Tuscany: 
Riforgiato et al., 2011) the MPB seems to be continuous, but planktic foraminifers 
of MPl1 and MPl2 (Sphaeroidinellopsis spp.; G. margaritae) are not reported. Here 
the refill seems to be gradual, an initial circa-littoral palaeodepth is reported, 
deepening to outer neritic after 30 cm and to upper bathyal at ~7 m; however, 
the actual base of the Zanclean may be missing at this location. This would imply 
that a (rapid) deepening of at least 500 m occurred at the base of the Zanclean. 

For shallower marginal basins, where age control is sub-optimal or even 
absent, the picture is less clear and erosional surfaces are often reported to be 
associated with the MPB. Despite the erosional surface in the Cuevas del 
Almanzora section in the Vera Basin, the MPl1 zone is reported to be complete. 
Caruso et al. (2020) reconstruct a water depth of >250 m immediately after the 
MPB, which implies that the erosional surface removed part of the LM deposits. 
This may be related to base level variations during the latest Messinian, as was 
suggested by Gargani and Rigollet (2007), Stoica et al., (2016) and Andreetto et al. 
(2021b). At the Los Ranchos section however, a palaeodepth of 274 m immediately 
after the MPB (Perez-Asensio et al., 2021) is more likely caused by absence of the 
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basal Pliocene since only G. margaritae and no Sphaeroidinellopsis spp. are found, 
and no benthic repopulation sequence is reported. However, at Rio Mendelin, 
where we do find a benthic repopulation sequence (see section 5.2.1), the refill 
appears to have occurred later, only one sample quite large G. margaritae are 
found. This suggests that Zanclean refill in the shallower marginal basins may be 
diachronous, a possible explanation being the interplay between (local) tectonics 
and flexural response of the marginal basins to (un-) loading (Govers et al., 2009).  
 

5.4 Efficiency of the early Pliocene Mediterranean – Atlantic connections 
 

In order to better understand Mediterranean-Atlantic connectivity changes at 
the onset of the Pliocene as well as salinity and temperature differences between 
the Mediterranean and Atlantic, the newly acquired early Pliocene benthic δ13C 
and δ18O isotopic records from Site 976 and the Rio Mendelin section have been 
compared with the Atlantic ODP Site 982 (Drury et al., 2018) and IODP Site U1387 
(Hernández-Molina et al., 2013; Van Der Schee et al., 2016; Figure 16 and 17). Site 
U1387 is located in the gulf of Cadiz, on the Atlantic side of the Strait of Gibraltar 
at 559 m water depth (Hernández-Molina et al., 2013), which is bathed today by 
the Mediterranean Outflow Water MOW. This water mass is composed mainly 
by Levantine Intermediate Water and a small component of the West 
Mediterranean Deep Water averaging 13°C and 38.4 psu (Bryden and Stommel, 
1984; Bryden et al., 1994; Hernandez-Molina et al., 2014). Site 982 is located in the 
north Atlantic at a water depth of 1135.3 m (Jansen et al., 1996) and bathed 
currently by the cold (3–8 °C) and less saline (34.95–35.2 ‰) North Atlantic Deep 
Water (NADW; Ochoa and Bray, 1991; Venz et al., 1999; Hernández-Molina et al., 
2016). 

Figure 16: Comparison between benthic δ13C records of Site 976 and the Rio Mendelin section
(this study) with Atlantic Ocean ODP Site 982 (Drury et al., 2018) and IODP Site 1387 (Van Der 
Schee et al., 2016). The dashed line shows modern Mediterranean benthic δ18O value (Pérez-
Asensio et al., 2020). 
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The early Pliocene benthic δ13C values at Site 976 are initially analogous to 
the ones registered at the Gulf of Cadiz (Figure 16; Site 1387) and become 
increasingly heavier up core when they reach the Atlantic curve (Site 982), which 
reflects the well ventilated high δ13C of the NADW. In contrast, the more depleted 
Messinian δ13C values from Site 976 (average value around -1) reflect the longer 
bottom-water residence time of Mediterranean caused by the reduced 
Mediterranean – Atlantic exchange (Bulian et al., in press). In the Pliocene, with 
the reestablishment of an efficient Mediterranean – Atlantic water exchange, Site 
976 benthic δ13C rise to Atlantic values. Nonetheless, benthic species present at 
the base of the Pliocene suggest both reduced oxygen levels and high organic 
carbon content which is not visible from the benthic δ13C. This discrepancy can 
be explained by assuming that the high bottom water renewal rate and DIC 
(Dissolved Inorganic Carbon) characterised by high δ13C was not large enough 
to dramatically reduce the δ13C at the seafloor, even if high remineralisation rates 
were present. Early Pliocene benthic δ13C values from the marginal Rio Mendelin 
section are generally significantly lower than Atlantic and Mediterranean values 
showing a ~2 ‰ offset. This suggests that while the Mediterranean was 
efficiently connected with the Atlantic, this marginal basin could have still been 
isolated from the Mediterranean. This is not necessarily true for all the marginal 
basins if we consider that because of the local tectonics and basin configuration 
the reflooding was locally a diachronous process (see section 5.3.2).  

The δ18O values for the early Pliocene in the marginal Rio Mendelin section 
and deep ODP Site 976 are very similar and most probably reflect a comparable 

Figure 17: Comparison between benthic δ18O records of Site 976 and Rio Mendelin section (this
study) with Atlantic Ocean ODP Site 982 (Drury et al., 2018) and IODP Site 1387 (Van Der Schee 
et al., 2016). The dashed line shows modern Mediterranean benthic δ18O value (Pérez-Asensio et 
al., 2020) corrected in respect to the Lisiecki and Raymo (2005) global curve. 
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temperature and salinity (Figure 17). The almost 2 ‰ offset that the 
Mediterranean data show with respect to the Gulf of Cadiz record can be 
interpreted in different ways. As the MOW is composed by a mixture of LIW 
(deriving mostly from the Eastern Mediterranean) and the WMDW (West 
Mediterranean Deep Water) higher salinity in the eastern Mediterranean during 
the early Pliocene could have resulted in heavier δ18O values of the MOW 
registered in the Gulf of Cadiz when compared with the oxygen isotope values 
from Alboran Sea deep waters. An alternative interpretation could be related 
with the much colder temperatures normally registered in intermediate water 
of the North Atlantic that are only warmed in the vicinity of Gibraltar because 
of the influence of the MOW. This suggest that at the depth of Site U1387 the 
thermal influence of the MOW was low during the early Pliocene which could 
be explained by the MOW moving at shallower depths than today. Another 
scenario that could justify such offset between the benthic δ18O in the Alboran 
Sea and the Gulf of Cadiz is that Mediterranean seawater salinity and δ18O were 
lower than today. Lower salinities agree with the latest Messinian scenario 
previously discussed, where the Mediterranean water would contain a strong 
Paratethyan signal partly maintained through the early Pliocene as well. If this 
was the case, the hydrological regime of the Mediterranean in the early Pliocene 
would have been less negative than the present one, eventually achieved as 
more Atlantic water was able to enter the basin. Even more extreme is the offset 
between the Mediterranean benthic δ18O and Atlantic Site 982 records. A 3 ‰ 
difference is probably present because of the extreme temperature and salinity 
differences between a semi enclosed warm and saline Mediterranean and the 
colder less saline open ocean.  
 
 
Conclusions  
 

The studied late Messinian – early Pliocene sections in the Spanish basins 
register the benthic foraminifer repopulation sequence and sedimentological 
changes linked with the reestablishment of normal marine conditions after the 
MSC and give important information about the water level across the MPB.  

In the marginal sections, the earliest Pliocene sediments show as a dark 
layer, usually grey or black, which possibly deposited because of the ingression 
of Atlantic waters into the basin. This layer, identified in deep and marginal 
basins all over the Mediterranean, and often enriched in organic matter, could 
imply water column stratification, and reduced bottom water oxygen levels. 
Such conditions could develop in a scenario where the Atlantic inflow reaching 
the Mediterranean was more saline than the Mediterranean waters still under 
the influence of the Paratethys, causing them to sink and stratify the water 
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column. Lower salinity of sMediterranean water are indicated by light benthic 
δ18O values, much lighter than the ones found in the early Pliocene Gulf of 
Cadiz. The early Pliocene of Site 976 located in the Alboran Basin does not show 
a dark layer, probably because of its proximity with the Strait of Gibraltar and 
strong erosion produced by the inflowing Atlantic waters that could have 
eroded the basal Pliocene layers.  

The analyses performed on benthic foraminifer associations enabled a more 
detailed reconstruction of the early Pliocene Mediterranean environments. With 
the early Pliocene sea-level rise normal marine conditions were re-established in 
the Mediterranean as can be deduced from the planktic and benthic foraminifer 
assemblages characterising the early Pliocene. The benthic foraminifer 
repopulation identified in the studied basins is comparable with other 
Mediterranean sections and shows similarities with Recent recovery from 
hostile environments and repopulation following low-oxic episodes during 
sapropel deposition. With some exceptions, due to an inner neritic and 
intermittently continental setting in the Sorbas Basin and the erosional surface 
at the MPB of site 976, the general repopulation trend shows a shift from stressed 
and unstable environments to benthic associations indicating an amelioration of 
the circulation and bottom water ventilation. The first benthic faunas that appear 
are in line with reduced bottom water oxygen levels and stratified water column 
in agreement with the deposition of the dark layers at the MPB.  

By studying the benthic foraminifer associations, a palaeodepth estimate 
was also possible. In the marginal Spanish basins, the estimated 
palaeobathymetry for the early Pliocene was similar ranging between 50 and 150 
m. In the Malaga Basin, the earliest Pliocene palaeodepth does not exceed 50 m, 
and eventually reaches values of 150 m. In the Sorbas and Nijar Basins, the 
presence of macrofossils and fossil traces suggests high energy shallow 
environments just after the MPB, while towards the top of the sections deeper, 
less high- energy environments were probably established. These observations 
imply a progressive deepening of the Mediterranean margins as the 
Mediterranean – Atlantic connectivity was becoming more efficient. In addition, 
a comparison with palaeodepths and repopulation sequences at other 
Mediterranean sites suggests that in the shallow marginal basins the reflooding 
may have been diachronous due to the effects of local tectonics and flexural 
responses to loading and unloading. At Site 976, the early Pliocene is 
characterised by a bathyal environment (> 1000 m), which is within the range 
we find today.  

Although the water column may have been stratified and organic matter 
accumulating, the high δ13C levels from Site 976 testify that bottom water 
renewal in the deep basins was immediately efficient after the reflooding and 
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that an efficient basin-scale circulation was re-established. The values are in fact 
almost 2‰ higher than the ones registered in concomitance with the first 
gateway restriction at 7.17 Ma. Due to diachronous refill shallow marginal 
basins (e.g. the Malaga Basin) may have needed more time to reach an efficient 
bottom water circulation.  
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Conclusions  
  

This PhD thesis aimed to study the paleoenvironmental conditions of the  

Mediterranean Basin, in particular the areas close to the Atlantic – 
Mediterranean connections, prior and after the Messinian Salinity Crisis 
(MSC). We were also interested in understanding weather there were some 
deposits related to the MSC in the Alboran Basin, where no evaporites have 
been found.  

In the first place, we were able to demonstrate the impact and timing of 
the Messinian Salinity Crisis preconditioning phase both in the Western 
Mediterranean Basin and in the Atlantic Ocean studying cores and inland 
sections from regions proximal to the Strait of Gibraltar. To do so we 
performed high resolution micropaleontological and geochemical analyses on 
ODP Site 976 in the Alboran Basin and on Montemayor-1 core from the 
Guadalquivir Basin which allowed to create a precise age model for the two 
sites and to pinpoint the major changes occurring in the records. Furthermore, 
these observations were paired with micropaleontological analyses from 
Alboran Basin DSDP Site 121, industrial boreholes And-G1 and Alb-A1 and 
seismic lines which enabled to identify the Zanclean erosion and late 
Messinian deposits in the Alboran Basin.  

Secondly, a casual mechanism was identified between the first restriction 
of the Mediterranean – Atlantic gateway/s and global-scale climate events.  

Finally, it was possible to reconstruct the dynamics of the reestablishment 
of an efficient Mediterranean – Atlantic connection after the Zanclean 
reflooding by a detailed sedimentological and micropaleontological analyses 
of early Pliocene sediments from ODP Site 976 and Southern Spanish outcrops 
from Malaga, Nijar and Sorbas Basins.  
    
1. Preconditioning of the MSC and related deposits   
  

1.1 Mediterranean side: Alboran Basin  

  

The planktic and benthic foraminifer analyses from Alboran Basin ODP 
Site 976 allowed the creation of an initial age model using bioevents as first 
order tie points. These included the FCO of G. menardii 5 group (7.36 Ma), the 
LCO of G. menardii 5 group (7.23 Ma), the FCO of G. miotumida group (7.24 
Ma), the LO of G. suterae (7.17 Ma), the disappearance of S. reticulata (7.167 
Ma), and S/D coiling change in N. acostaensis. A precise astronomical tuning 
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was further possible after the recognition of precessionally driven cyclical 
changes in the WOWPF, stable isotope and XRF records. Through this high-
resolution age model, for the Tortonian and Messinian of the Alboran Basin 
we were able to precisely date environmental changes in this part of the 
Mediterranean so close to the Gibraltar arch gateway/s and the following 
observations were made.  

 During the late Tortonian – early Messinian i.e., until 7.17 Ma, the WAB 
was characterized by deep open-marine sedimentation. High 
percentages of planktonic foraminifers typical of cold, nutrient-rich 
waters and benthic foraminifers typical of high oxygen levels and open 
marine conditions infer a deep-water well-ventilated environment, 
indicating efficient water exchange through the Gibraltar gateway/s. 
In particular, the absence of warm water planktic foraminifer genera 
Globigerinoides spp., encountered at other contemporaneous sites, 
could suggest that the eastward Atlantic inflow, moving along the 
southern Spanish coast may promote a circulation similar to that 
occurring today in the Alboran Basin. The resulting upwelling of cold 
nutrient rich waters could explain the thriving of cold-water 
foraminifer. These findings open the possibility, even though 
speculative, of the existence of a proto-Gibraltar strait as the main 
source of Atlantic inflow at that time.  

 Starting from 7.17 Ma an increase in siliciclastic input compared to 
biogenic carbonate and a rise in the sedimentation rate are observed at 
Site 976 parallel to an evident amplification of cyclical changes both in 
the geochemical and micropaleontological records. We interpreted this 
event as the result of tectonic uplift in the Gibraltar Arc which resulted 
in increased river incision and consequent higher terrigenous input to 
the basin. The uplift is also probably responsible for the major 
restriction of the Betic and Rifian corridors at the beginning of the 
Messinian and represents the first step of restriction prior to the MSC. 
The reduced water exchange between the Mediterranean and Atlantic 
increased the sensitivity of the basin to climate forcing as seen by the 
amplified precession cyclicity. The restriction is reflected in the change 
in 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 gateway restriction led to the 
decrease in bottom water oxygen levels and increase in its residence 
time.   
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 A detailed correlation with other Mediterranean records confirmed 
that the gateway restriction starting from 7.17 Ma recognized from the 
WAB records, contemporaneously affected different locations all over 
the basin, suggesting a Mediterranean-scale change in thermohaline 
circulation. From these data we conclude in the first place that the 
WAB and EAB were not separated by a sill but were both part of the 
Mediterranean realm. In second place, we were able to refine a 
Mediterranean circulation model for both before and after 7.17 Ma. The 
restriction of the gateways resulted in stratification of the WMB water 
column but while the bottom waters were depleted in oxygen, the 
intermediate waters were better ventilated. In the EMB, because of the 
presence of the Sicily sill, the impact of stratification was much higher 
and led to sapropel deposition, absent in the WMB.   

 The analyses of seismic profiles and borehole sediments from the WAB 
allowed the recognition of two Messinian units, one composed of plane 
parallel strata and one chaotic. The first has been related with turbidite 
deposition near the coast and more hemipelagic deposits in the central 
parts of the basin. The second, chaotic MTD unit retrieved in drilling 
cuttings of industrial wells And-G1 and Alb-A1, can be related to the 
MSC final stages triggered by a base-level change.   

 Through the astronomical tuning we were able to give an age to the 
first precession cycles of the Messinian below the major discontinuity 
observed in WAB seismic profiles. The irregular erosional surface (M 
reflector) is clearly visible at Site 976 where we estimated that at least 
1.67 Ma and 455 m of the Messinian sedimentary record is missing.  

  

1.2 Atlantic side: Guadalquivir Basin  

  

A new high-resolution tuning of the lower interval of Montemayor-1 core 
located in the Guadalquivir Basin (6.37 Ma – 8 Ma) was produced by the 
combination of planktic foraminifer bioevents (LCO of G. menardii 4 group, 
FCO of G. menardii group 5, replacement of the G. menardii 5 group by the G. 
miotumida group and the N. acostaensis coiling change from sinistral to dextral) 
and astronomical tuning of the eccentricity driven cycles. Combining this new 
age model for the lower part of the record with previous age models and 
datasets for the middle (5.77 Ma- 6.37 Ma) and upper (5.33 Ma – 5.77 Ma) part 
of the Montemayor-1 core enabled to precisely date environmental changes 
happening in the Guadalquivir Basin from 8 to 5.33 Ma and relate them to 
Mediterranean and global events:  
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 From 7.15 – 7.17 Ma at Montemayor-1 site the bottom water residence 
time, temperature and salinity increase in concomitance with a 
shallowing of the basin inferred from the sedimentation rate and 
terrigenous supply rise. We associate this event with a reduction of the 
MOW as a consequence of the restriction of the last strand of the Betic 
corridor connecting the Mediterranean and the Atlantic, the GC.  

 The restriction of the Betic corridor between 7.15 and 7.17 Ma is in line 
with the contemporaneous changes reported from the Alboran Basin 
and numerous other Mediterranean locations where a Mediterranean 
– Atlantic gateway restriction and reduced Mediterranean outflow are 
inferred at 7.17 Ma by the increased residence time and decreased 
oxygenation in the bottom part of the water column.  

 The progressive increase in sedimentation rate (from 5 to 90 cm/kyr) 
visible from the Montemator-1 data and the consequent restriction of 
the last strand of the Betic corridor can be related with the uplift of the 
Gibraltar Arc area that led to the progressive shallowing and infilling 
of the GB.   

 The change in cyclicity that was seen in the upper part of the record by 
previous authors, where Northern Hemisphere insolation maxima is 
related with sediment enrichment in biogenic carbonate, while 
insolation minima are linked to an increase in terrigenous supply has 
been confirmed by our new data. Furthermore, the new planktic 
foraminifer data support the previously proposed mechanism, where 
the shallowing of the GB allowed for coarser sediment to reach 
Montemayor-1 site while the colder and arid climate present during 
Northern Hemisphere insolation minima had a negative effect on the 
vegetation cover resulting in more erosion and terrigenous input into 
the basin at the expense of the biogenic carbonate.   
  

1.3 Global relevance of the Mediterranean and Atlantic MSC related 

events  

  

The paleoenvironmental change that affected the Mediterranean and 
Atlantic margins at 7.17 Ma coincided with the LMCIS (7.6 to 6.8/7 Ma), a 
global event characterised by cooling and a shift to lighter δ13C. Consequently, 
in order to test to which extent, the global and local forcing affected these 
basins we confronted our isotope data with several sites from the global ocean.  

 The comparison between Site 976 and ODP Site 1146 (South China Sea) 
isotope data showed how even if both basins register a simultaneous 
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δ13C shift around 7.17 Ma, the phase relations of the isotope record 
with astronomical parameters (precession, obliquity) is 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. 
This does not exclude the possibility that the gateway restriction effects 
on the Mediterranean could have been further amplified by the LMCIS.  

 Analogously, the Monemayor-1 7.15 -7.17 Ma change could have been 
partly influenced by the LMCIS and global cooling, as may be inferred 
from a slight shift towards heavier benthic δ18O and lighter benthic 
δ13C.   

  

  

2. Zanclean reflooding of deep and marginal basins in the proximity 

of Gibraltar  
  

The sedimentological, micropaleontological and stable isotope study of 
late Messinian – early Pliocene sections in the Spanish basins proximal to the 
strait of Gibraltar gave important information regarding the environmental 
conditions in the Mediterranean after the reestablishment of an efficient 
Mediterranean – Atlantic connection following the MSC.   

 A dark layer, usually grey or black, identified at the MPB in deep and 
marginal basins all over the Mediterranean, and often enriched in 
organic matter, suggested that the early Pliocene was characterized by 
water column stratification, and reduced bottom water oxygen levels. 
Such conditions could have developed if the Atlantic inflow reaching 
the Mediterranean was more saline than the Mediterranean waters still 
under the influence of the Paratethys, causing them to sink and stratify 
the water column. Lower salinities of Mediterranean water are 
indicated by light benthic δ18O values, much lighter than the Atlantic 
ones. The early Pliocene of Site 976 located in the Alboran Basin does 
not show a dark layer, probably because of its proximity with the Strait 
of Gibraltar and strong erosion produced by the inflowing Atlantic 
waters that could have eroded the basal Pliocene layers.   

 The benthic foraminifer repopulation identified in the studied basins 
shows similarities with other events of more recent microfaunal 
recovery from hostile environments and repopulation following low-
oxic episodes during sapropel deposition. The general repopulation 
trend shows a shift from stressed and unstable environments to 
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benthic associations indicating an amelioration of the circulation and 
bottom water ventilation. The first benthic faunas that appear are in 
line with reduced bottom water oxygen levels and stratified water 
column in agreement with the deposition of the dark layer.   

 In all the studied marginal Spanish basins, the estimated 
palaeobathymetry for the early Pliocene was similar, ranging between 
50 and 150 m and showed an increasing upward trend. These 
observations imply a progressive deepening of the Mediterranean 
margins as the  

Mediterranean – Atlantic connectivity gradually became more efficient.  

Furthermore, a comparison with palaeo-depths and repopulation 
sequences from other Mediterranean sites suggests that in the 
Mediterranean margins the reflooding may have been diachronous 
due to the effects of local tectonics and flexural responses to loading 
and unloading. At Site 976, the early Pliocene is characterised by a 
bathyal environment (> 1000 m).   

 The high δ13C levels from Site 976 testify that bottom water renewal in 
the deep basins was efficient immediately after the reflooding. The 
much lighter values found in Malaga Basin suggest that due to 
diachronous refill, shallow marginal basins needed more time to reach 
an efficient bottom water circulation.   
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List of acronyms 
 

Follows a list of the acronyms used in this thesis. 
 

%P Percentage Planktonic Foraminifers 
Alb-A1 Alboran-A1 
And-G1 Andalucia-A1 
AUW Atlantic Upwelling Water 
BF/g Benthic Foraminifer/gram 
BFAR  Benthic foraminiferal accumulation rate 
BFOI Benthic Foraminifer Oxygen Index 
CEWPF Cold Eutrophic Water Planktic Foraminifers 
DIC Dissolved Inorganic Carbon 
DSDP Deep Sea Drilling Project 
E/I Epifaunal/Infaunal ratio 
EAB East Alboran Basin 
EMB East Mediterranean Basin 
FCO First Common Occurrence 
GB Guadalquivir Basin 
GC Guadalhorce Corridor 
H index Shannon diversity index 
IODP International Ocean Discovery Program 
LCO Last Common Occurrence 
LIW Levantine Intermediate Water 
LM Lago-Mare 
LMCIS Late Miocene Carbon Isotope Shift 
LO Last Occurrence 
mbsf metres below sea floor 
mcd metres composite depth 
MOW Mediterranean Outflow Water 
MPB Miocene – Pliocene Boundary 
MSC Messinian Salinity Crisis 
MTD Mass Transport Deposit 
NADW North Atlantic Deep Water 
ODP  Ocean Drilling Project 
OMZ Oxygen Minimum Zone 
ORL Organic Rich Layer 
PCA Principal Component Analyses 
S/D Sinistral/Dextral 
SCW Southern Component Water 
SST Sea Surface Temperature 
T.O.C. Total Organic carbon 
TWTT Two-way Travel Time 
WAB West Alboran 
WMB West Mediterranean Basin 
WMDW West Mediterranean Deep Water 
WOWPF Worm Oligotrophic Water Planktic Foraminifera 
WP Working Package 
XRF X-Ray Fluorescence  



 



Appendix 2

Article written in collaboration with 
SALTGIANT project members. 

F. Andreetto, G. Aloisi, F. Raad, H. Heida, R. Flecker, K. Agiadi,
J. Lofi, S. Blondel, F. Bulian, A. Camerlenghi, A. Caruso,

R. Ebner, D. Garcia-Castellanos, V. Gaullier, L. Guibourdenche,
Z. Gvirtzman, T. M. Hoyle, P. T. Meijer, J. Moneron, F. J. Sierro,

G. Travan, A. Tzevahirtzian, I. Vasiliev, W. Krijgsman, Freshening
of the Mediterranean Salt Giant: controversies and certainties

around the terminal (Upper Gypsum and Lago-Mare) phases of the 
Messinian Salinity Crisis, Earth-Science Reviews, Volume 216, 2021, 

103577, ISSN 0012-8252. 

DOI: https://doi.org/10.1016/j.earscirev.2021.103577 

https://doi.org/10.1016/j.earscirev.2021.103577


 

 



Earth-Science Reviews 216 (2021) 103577

Available online 3 March 2021
0012-8252/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Freshening of the Mediterranean Salt Giant: controversies and certainties 
around the terminal (Upper Gypsum and Lago-Mare) phases of the 
Messinian Salinity Crisis 
F. Andreetto a,*, G. Aloisi b, F. Raad c, H. Heida d, R. Flecker e, K. Agiadi f, J. Lofi c, S. Blondel g, 
F. Bulian h, A. Camerlenghi g, A. Caruso i, R. Ebner j, D. Garcia-Castellanos d, V. Gaullier k, 
L. Guibourdenche b, Z. Gvirtzman l,m, T.M. Hoyle a,n, P.T. Meijer j, J. Moneron l,m, F.J. Sierro h, 
G. Travan k, A. Tzevahirtzian i, I. Vasiliev o, W. Krijgsman a 

a Paleomagnetic Laboratory “Fort Hoofddijk”, Dept. of Earth Sciences, Utrecht University, Budapestlaan 17, 3584 CD Utrecht, The Netherlands 
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A B S T R A C T   

The late Miocene evolution of the Mediterranean Basin is characterized by major changes in connectivity, climate 
and tectonic activity resulting in unprecedented environmental and ecological disruptions. During the Messinian 
Salinity Crisis (MSC, 5.97-5.33 Ma) this culminated in most scenarios first in the precipitation of gypsum around 
the Mediterranean margins (Stage 1, 5.97-5.60 Ma) and subsequently > 2 km of halite on the basin floor, which 
formed the so-called Mediterranean Salt Giant (Stage 2, 5.60-5.55 Ma). The final MSC Stage 3, however, was 
characterized by a "low-salinity crisis", when a second calcium-sulfate unit (Upper Gypsum; substage 3.1, 5.55- 
5.42 Ma) showing (bio)geochemical evidence of substantial brine dilution and brackish biota-bearing terrigenous 
sediments (substage 3.2 or Lago-Mare phase, 5.42-5.33 Ma) deposited in a Mediterranean that received relatively 
large amounts of riverine and Paratethys-derived low-salinity waters. The transition from hypersaline evaporitic 
(halite) to brackish facies implies a major change in the Mediterranean’s hydrological regime. However, even 
after nearly 50 years of research, causes and modalities are poorly understood and the original scientific debate 
between a largely isolated and (partly) desiccated Mediterranean or a fully connected and filled basin is still 
vibrant. Here we present a comprehensive overview that brings together (chrono)stratigraphic, sedimentological, 
paleontological, geochemical and seismic data from all over the Mediterranean. We summarize the paleo-
environmental, paleohydrological and paleoconnectivity scenarios that arose from this cross-disciplinary dataset 
and we discuss arguments in favour of and against each scenario.   
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1. Introduction 

At the end of the Miocene, orbital and tectonic drivers combined to 
alter the amount of water delivered to the Mediterranean Basin by the 
Atlantic Ocean from the west, the brackish Eastern Paratethys (i.e. 
Euxinic-Caspian Basin system) from the east and the major peri- 
Mediterranean freshwater drainage systems (e.g. African rivers and 
Rhône; Griffin, 2002; Gladstone et al., 2007; Van der Laan et al., 2006; 
Hilgen et al., 2007; Ryan, 2009; Flecker et al., 2015; Marzocchi et al., 
2015, 2016, 2019; Simon et al., 2017; Krijgsman et al., 2018; Capella 
et al., 2020). The changes in extra and intrabasinal connectivity resulted 
in unprecedented paleoceanographic and paleohydrological budget 
changes that led to a relatively short-lived environmental and ecological 
crisis (approx. 660 kyr; 5.97-5.33 Ma), for which the term Messinian 
Salinity Crisis (MSC) was coined (Selli, 1954, 1960). Most conspicuous 
was the rapid accumulation of several kilometers of halite (i.e. ~1 
million km3) on the Mediterranean abyssal plains (e.g. Hsü, 1972; Ryan, 
1973; Montadert et al., 1978; Haq et al., 2020). This happened within 50 
kyr, from 5.60-5.55 Ma, according to Roveri et al. (2014a) and Manzi 
et al. (2018), or in >300 kyr, when starting at 5.97 Ma, as put forward by 
Meilijson et al. (2018, 2019). 

During the ~200 kyr lapse (i.e. MSC Stage 3 following Roveri et al., 
2014a; Fig. 1a) between the end of salt precipitation (5.55 Ma) and the 
restoration of the still enduring marine conditions (5.33 Ma), the Med-
iterranean underwent a sequence of paleohydrological and base-level 
changes that are the topic of intense and long-standing debates. The 
initial and still widely endorsed hypothesis was that the Mediterranean 
Sea, following the major drawdown event that led to halite deposition (i. 
e. Stage 2), maintained the isolated, deeply-desiccated geography con-
taining a series of hypersaline (substage 3.1; 5.55-5.42 Ma) and 

hyposaline (substage 3.2; 5.42-5.33 Ma) ponds which only received 
water from local streams and were colonized by Black Sea organisms 
carried by aquatic migratory birds (Fig. 1b; e.g. Ruggieri, 1967; Decima 
and Sprovieri, 1973; Decima and Wezel, 1971, 1973; Cita et al., 1978; 
Müller et al., 1990; Benson and Rakic-El Bied, 1991; Benson et al., 1991; 
Müller and Mueller, 1991; Butler et al., 1995; Orszag-Sperber et al., 
2000; Rouchy et al., 2001; Kartveit et al., 2019; Madof et al., 2019; 
Camerlenghi et al., 2019; Caruso et al., 2020; Raad et al., 2021). As 
morphological and seismic reflection studies at the Strait of Gibraltar 
documented a ~400 km long erosional trough connecting the Gulf of 
Cadiz (Atlantic Ocean) to the Mediterranean Sea, this scenario of a 
lowered Mediterranean Sea was promptly linked to the termination of 
the MSC (McKenzie, 1999; Blanc, 2002; Garcia-Castellanos et al., 2009, 
2020). This conclusion has recently been reinforced by the discovery of 
vast chaotic deposits sitting at the claimed Miocene/Pliocene transition 
in the area of the Malta Escarpment-Ionian Abyssal Plain (Micallef et al., 
2018, 2019; Spatola et al., 2020). 

In more recent years, the desiccated basin model was challenged by 
the observation of deposits that are uniform in terms of sedimentology 
and stratigraphic architecture (Roveri et al., 2008a), ostracod content 
(Gliozzi et al., 2007; Stoica et al., 2016) and geochemistry (McCulloch 
and De Deckker, 1989; García-Veigas et al., 2018; Andreetto et al., 2021) 
throughout the Mediterranean marginal belt and of δDn-alkanes and 
δDalkenones sharing similarities with the coeval Atlantic Ocean and Black 
Sea, respectively (Vasiliev et al., 2017). A model of a (relatively) full 
Mediterranean Sea developed (Fig. 1c), where the debate mainly con-
cerns the provenance of the hydrological fluxes and the resultant 
hydrochemical composition of the water mass. In this scenario, the 
Mediterranean was first, during substage 3.1, transformed into a new 
gypsum-precipitating basin filled with marine and continent-derived 

Fig. 1. (a) Consensus chronostratigraphic model for the MSC events (Roveri et al., 2014a). Stage 3, here of interest, spans between 5.55 Ma and 5.332 Ma, the 
astronomical ages of the base of the Upper Gypsum Unit (following Manzi et al., 2009) and Trubi Formation (Van Couvering et al., 2000) in the Sicilian Eraclea Minoa 
section, respectively. CdB: Calcare di Base; PLG: Primary Lower Gypsum; RLG: Resedimented Lower Gypsum; UG: Upper Gypsum. (b), (c) Map of the Mediterranean 
region showing the two extreme and mutually exclusive paleoenvironmental scenarios proposed to have featured the Mediterranean during Stage 3 (see discussion in 
Chapter 7; modified after Krijgsman et al., 2018). 
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waters (e.g. Manzi et al., 2009; Roveri et al., 2014c; Flecker et al., 2015; 
Vasiliev et al., 2017; García-Veigas et al., 2018; Grothe et al., 2020). 
Then, during substage 3.2, it became a brackish lake-sea comparable to 
the present-day Black Sea or Caspian Sea (Roveri et al., 2008a; Stoica 
et al., 2016; Andreetto et al., 2021), depending on whether a marine 
connection with the Atlantic was active (Manzi et al., 2009; Roveri et al., 
2014b, 2014c; Flecker et al., 2015; Marzocchi et al., 2016; Vasiliev et al., 
2017; García-Veigas et al., 2018) or not (e.g. McCulloch and De Deckker, 
1989; Roveri et al., 2008a), and with a base-level fluctuating by hun-
dreds of meters with precessional periodicity (Fortuin and Krijgsman, 
2003; Ben Moshe et al., 2020; Andreetto et al., 2021). In the relatively 
full scenario, the revival of marine conditions is ascribed to either 

connectivity changes (Marzocchi et al., 2016) or to a moderate sea-level 
rise (Andreetto et al., 2021). In contrast, Carnevale et al. (2006a, 2006b, 
2008, 2018) and Grunert et al. (2016), based on the recovery of fish 
remains ascribed to marine species, proposed that fully marine condi-
tions were in force in the Mediterranean already at the end of substage 
3.1. 

After nearly 50 years of research on both onshore and offshore lo-
calities (Fig. 2), the observations backing up the competing desiccated 
and full-basin Mediterranean models remain extremely difficult to 
reconcile. Uncertainties regarding the chronostratigraphic framework of 
Stage 3 deposits, the origin and migration of its characteristic biota, the 
meaning of the data derived from the applied geochemical techniques 

Fig. 2. Map of the Mediterranean Basin (modified from Lofi, 2018) showing: a) the location of the key intermediate and deep basins as well as physical thresholds 
that influenced the connectivity history of the Mediterranean; b) the onshore (i.e. basins and/or sections) and offshore (DSDP/ODP/Industrial drill sites) localities 
where deposits attributed to MSC Stage 3 have been studied. Mixed assemblages of Paratethyan-like ostracods and foraminifera are known from all mentioned 
onshore localities and some offshore locations (see text). The present-day spatial extent of the MSC seismic units, except for the Lower Unit, is also shown. The 
paleogeography of the (Eastern and Central) Paratethys and of the North Aegean domain is contoured after Van Baak et al. (2017) and Krijgsman et al. (2020a), 
respectively. W-E onshore localities: 1-6 Betic Cordillera (SE Spain): 1-Marbella and 2-Malaga basins (Guerra-Merchán et al., 2010); 3-Sorbas Basin (Roveri et al., 
2009, 2019a); 4-Nijar Basin (Fortuin and Krijgsman, 2003); 5-Vera Basin (Fortuin et al., 1995); 6-Bajo Segura Basin (Soria et al., 2005, 2008a, 2008b); 7-Mallorca 
(Mas and Fornós, 2020); 8-Melilla Basin (Rouchy et al., 2003); 9-Boudinar Basin (Merzeraud et al., 2019); 10-Chelif Basin (Rouchy et al., 2007); 11-Sahel area (Frigui 
et al., 2016); 12-Aléria Basin and 13-Rhône Valley (Carbonnel, 1978); 14-Piedmont Basin (Dela Pierre et al., 2011, 2016); 15-Po Plain (Ghielmi et al., 2010, 2013; 
Amadori et al., 2018); 16-Fine Basin (Cava Serredi section; Carnevale et al., 2006a, 2008). 17-21 Apennine system: Romagna sections (17, Roveri et al., 1998), Trave 
section (18, Iaccarino et al., 2008), Maccarone section (19, Bertini, 2006, Grossi et al., 2008; Sampalmieri et al., 2010; Pellen et al., 2017), Colle di Votta (20)-Fonte 
dei Pulcini (21)-Stingeti (22) sections (Cosentino et al., 2005, 2012, 2013, 2018), Mondragone 1 well (23, Cosentino et al., 2006), Crotone Basin (24, Roveri et al., 
2008a); 25-27 Sicily: Villafranca Tirrena (25) and Licodia Eubea (26) sections (Sciuto et al., 2018), Caltanissetta Basin (27, Manzi et al., 2009); 28-Corfu (Pierre et al., 
2006); 29-Zakinthos (Karakitsios et al., 2017b); 30-Crete (Cosentino et al., 2007); 31-Cyprus (Rouchy et al., 2001; Manzi et al., 2016a); 32-Adana Basin (Radeff 
et al., 2016). 
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and the relationship between the Mediterranean and its surrounding 
water bodies (i.e. Atlantic Ocean, Indian Ocean and Paratethys) all 
inhibit a clear understanding of the Mediterranean base-level and its 
hydrochemical structure. 

In this paper we attempt to summarize all the existing, but heavily 
scattered, data resulting from ~50 years of cross-disciplinary studies 
with the aim of providing a comprehensive overview of the stratigraphic 
arrangement of Stage 3 onshore and offshore deposits, as well as of their 
sedimentological, paleontological, geochemical and seismic properties. 
Subsequently, we assemble the observations favoring both end-member 
scenarios of a relatively desiccated and relatively full Mediterranean. 
Finally, we focus on novel future analytical techniques and approaches 
that have the potential to constrain Mediterranean base-level during 
MSC Stage 3 as well as the changing hydrological fluxes and connec-
tivity phases between the intra-Mediterranean basins and the neigh-
boring Atlantic Ocean and Paratethyan domains as a mean of 
reconstructing the state of the art of the complex history of this enig-
matic period of the Mediterranean history once and for all. 

2. The terminal Stage 3 of the MSC 

2.1. Historic overview of nomenclature and concepts 

The final phase of the MSC (i.e. substage 3.2), also known as “Lago- 
Mare”, finds its sedimentary expression in cyclically-arranged terrige-
nous and evaporitic sediments hosting unique faunal assemblages of 
ostracods, mollusks and dinoflagellate cysts (dinocysts). They are 
related, at species level, to those inhabiting, during the Miocene, the 
brackish basins of the Paratethys realm (e.g. Gliozzi et al., 2007; Stoica 
et al., 2016). But what exactly is the “Lago-Mare”? This widely 
employed expression in the MSC literature encompasses a variety of 
meanings that make its application doubtful and misleading. The root of 
the wording “Lago-Mare” is to be found in the Russian scientific litera-
ture of the late 1800s. Nikolai Andrusov (1890) used the corresponding 
Russian term with a geographical and chronological connotation in 
reference to the series of central-eastern European basins that during the 
Miocene turned from marine settings to desalinized semi-isolated lakes 
with an endemic fresh-brackish water biota association (e.g. Popov 
et al., 2006 and references therein). The original monograph of 
Andrusov (1890) was not widely available outside Russia, but his 
attendance of international conferences allowed his research to spread 
outside the Russian borders. From the publications of the French geol-
ogists Suzette Gillet (Gillet, 1932, 1933) and Maurice Gignoux 
(Gignoux, 1936a) we can state with relative certainty that the original 
meaning of the word “Lago-Mare” (here reported with the French 
counterpart “Lac-Mer”) had its provenance in the Russian literature: 

“[…] An isolation of the basin, that became a brackish, isolated basin. 
Then, a uniform fauna populated this immense lac-mer which was divided 
[…] into Pannonian basin, […] Dacique Basin, and Euxin and Caspian 
basin […]” (Gillet, 1932). 
“[…] During the Volhynien (Sarmatique inferior) there was a lac-mer of 
uniform fauna that extended through all the eastern Europe. […] and the 
fauna of the eastern regions of that huge lac-mer was completely differ-
enciated [sic] from the one in the western regions. […]” (Gillet, 1933). 
“[…] The Pontien fauna is not anymore a fauna characteristic of an 
internal saline sea, as in the Sarmantien, but is a fauna of a “desalinated 
lagoon”, a lac-mer, as the Russian geologists named it. […]” (Gignoux, 
1936b). 
In the late 19th (Capellini, 1880) and 20th century (Ogniben, 1955; 

Ruggieri, 1962, 1967; Decima, 1964), late Messinian ostracod- and 
mollusk-bearing deposits in the Mediterranean were described at several 
Italian localities. Initially, the expressions “Congeria beds” (Capellini, 
1880) and "Melanopsis beds" (Ruggieri, 1962) were used. Later on, 
Ruggieri (1967) pointed out the affinity of these faunal elements with 

those of the Pontian of the Paratethys. Consequently, he speculated on a 
feasible Paratethys-like paleoenvironmental configuration for the Med-
iterranean in the latest Messinian and he coined the Italian translation (i. 
e. "Lago-Mare") from the French “Lac-Mer” in reference to the shallow- 
water lakes claimed to be widely distributed across the Mediterranean. 
Progress in the 1970s in onshore and offshore exploration highlighted 
the temporally well-constrained distribution of the Paratethyan organ-
isms in the Mediterranean (Carbonnel, 1978). On this premise, Hsü et al. 
(1978a) proposed to use "Lago-Mare" to "designate the latest Messinian 
oligohaline environment, postdating evaporite deposition and predating 
Pliocene marine sedimentation […] in order to distinguish it from "lac mer" 
which, strictly speaking, was a Paratethyan environment". Notwithstanding 
the new definition, in various parts of the text they used "Lago-Mare" to 
refer to the Paratethyan lakes (pp. 1071-1072: "[…] The upper Messinian 
Mediterranean was floored by a series of desert basins, some with salt lakes, 
prior to inundation by the Lago-Mare."), thus giving rise to the confusion 
on how to use the term properly. 

In the most recent stratigraphic overview of the MSC (Fig. 1a; Roveri 
et al., 2014a), the terminal MSC stage is called Stage 3, which is in turn 
subdivided into substages 3.1 and 3.2 (also termed Lago-Mare). Beside 
such a chronostratigraphic definition, the term “Lago-Mare” has also 
been used for a typical biofacies of the late Messinian Mediterranean (e. 
g. Fortuin et al., 1995; Gliozzi, 1999; Gliozzi and Grossi, 2008; Sciuto 
et al., 2018), for the pelitic beds encasing the Paratethyan-related fauna 
(i.e. a lithofacies; e.g. Fortuin and Krijgsman, 2003; Sciuto et al., 2018), 
as the name of an informal lithostratigraphic unit (usually distinguished 
by its fossil content) sandwiched between the Sicilian Upper Gypsum 
and the Arenazzolo Fm. (Fig. 4b; Clauzon et al., 2005; Londeix et al., 
2007; Popescu et al., 2009; Bache et al., 2012) and to denote multiple (3 
to 4) spilling events of the Paratethys into the Mediterranean (Clauzon 
et al., 2005, 2015; Popescu et al., 2007, 2009, 2015; Suc et al., 2011; 
Bache et al., 2012; Do Couto et al., 2014; Frigui et al., 2016; Mas and 
Fornós, 2020). 

This being a review, we use the widely employed definition of the 
model of Roveri et al., 2014a) (Fig. 1a) and regard the Lago-Mare as a 
“phase of massive biota migration from the Paratethys realm, cyclo-
stratigraphically constrained between 5.42 Ma and 5.332 Ma (Roveri 
et al., 2008a; Grossi et al., 2011), during which the Mediterranean 
sedimentary environments underwent an impressive freshening”. 
Nevertheless, we call for caution in the use of this definition of “Lago- 
Mare” in future studies, since 5.42 Ma as the (astronomical) age of the 
first entrance of Paratethyan organisms into the Mediterranean is likely 
to be incorrect (see subsection 5.1) and evidence of ‘impressive fresh-
ening’ are already present much earlier (e.g. at Eraclea Minoa; Vasiliev 
et al., 2017; García-Veigas et al., 2018). 

2.2. Development of a chronostratigraphic framework 

Issues of the timing and duration of the MSC only began to be tackled 
in the 1990s, in parallel with discussion concerning the nature of its 
extreme paleoenvironments (Schmalz, 1969; Hsü et al., 1973a, 1973b, 
1973c, Hsü et al., 1978a, 1978b; Nesteroff, 1973; De Benedetti, 1982). 
While published models (Butler et al., 1995; Clauzon et al., 1996; 
Krijgsman et al., 1999a; Rouchy and Caruso, 2006) mostly converged on 
the (astronomical) age of the marine replenishment at the beginning of 
the Pliocene (5.332 Ma; Van Couvering et al., 2000), there were dis-
agreements about the age of the onset of the MSC (synchronous vs 
diachronous) and of specific events within it (see discussion in Roveri 
et al., 2014a). Among these, the work of Krijgsman et al. (1999a) has 
obtained wide consensus. Their cyclostratigraphic tuning and correla-
tion of continuous and bio-magnetostratigraphically constrained pre- 
evaporitic sections in Spain (Sorbas), Sicily (Gibliscemi/Falconara) 
and Greece (Metochia) resulted in a synchronous age of 5.96±0.02 Ma 
for the MSC onset (later refined to 5.97 Ma by Manzi et al., 2013). The 
astronomical ages for the onset (Krijgsman et al., 1999a) and termina-
tion (Van Couvering et al., 2000) of the MSC are not contentious since 
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the characteristic sedimentary cyclicity and sediments’ properties (e.g. 
color of the lithologies and biota content) of the pre- and post-MSC 
successions fit robustly with the insolation curve (see also Van der 
Laan et al., 2006 and Topper and Meijer, 2015). 

The cyclic arrangement of the MSC sediments (Fig. 3a) led scientists 
to interpret that the same cyclostratigraphic approach could be used to 
gain precise dates for events within the MSC (e.g. Hilgen et al., 1995; 
Vai, 1997; Krijgsman et al., 1999b, 2001), bypassing the challenge posed 
by the unsuitability of the classic biomagnetostratigraphic tools for the 
MSC successions. Characteristic interference patterns of eccentricity and 
precession have been tentatively recognized in the Sicilian Eraclea 
Minoa section (see subsection 3.8; Van der Laan et al., 2006). However, 
clear orbital signals are typically poorly expressed in MSC records and, 
when they are present, like in Sicily, they are not (vertically) repeated 
with sufficient frequency to establish clear phase relations with the as-
tronomical cyclicity. For this reason, the simple counting of cycles with 
no analysis of cyclostratigraphic pattern in proxy records has mostly 
been employed as a correlation method (Roveri et al., 2008a; Manzi 
et al., 2009; Manzi et al., 2016a; Cosentino et al., 2013). 

The age of the base of Stage 3 is largely determined by correlating the 
sedimentary cycles of the Upper Gypsum unit (UG) at Eraclea Minoa 
(Sicily) with the astronomical curve La2004 (Laskar et al., 2004). The 
UG sedimentary cyclicity consists of alternating gypsum and mudstone 
beds of variable thickness (Figs. 5g-i; see subsection 3.8). Precessional 
variation of the Mediterranean freshwater budget tied tightly to the 
African monsoon and Atlantic storms are the drivers interpreted to lie 
behind the gypsum-mudstone cycles (e.g. Marzocchi et al., 2015, 2019; 
Simon et al., 2017). Variations of the freshwater discharge cause the 
pycnocline to shift vertically, resulting in brine concentration and gyp-
sum precipitation during to the arid/dry phases of the precession cycles 

(precession maxima-insolation minima) and brine dilution and 
mudstone deposition during the humid/wet phases (precession minima- 
insolation maxima) (Van der Laan et al., 2006; Manzi et al., 2009). Two 
different tuning options exist in literature (Van der Laan et al., 2006 
versus Manzi et al., 2009; Fig. 3a): 

1. Van der Laan et al. (2006) tentatively recognized sedimentary pat-
terns that they correlated with the astronomical curves by using the 
same phase relationships between the sedimentary cycles and the 
astronomical cycles as are seen in Plio-Pleistocene sapropel-bearing 
marine successions of the Mediterranean (Hilgen, 1991). The four 
closely spaced gypsum beds III to VI were regarded as a cluster, i.e. 
the sedimentary expression of a 100 kyr eccentricity maximum 
(Hilgen, 1991; Strasser et al., 2006), whereas the preceding and 
following evaporite-free marly interval were attributed to a phase of 
low-amplitude precession oscillations caused by a 100 kyr eccen-
tricity minimum (Fig. 3a). Tuning downward from the conformable 
Miocene/Pliocene boundary (Fig. 6d) and arguing that the preces-
sion peak at ~5.38 Ma, which has an extremely low amplitude, is not 
expressed in the sedimentary record, Van der Laan et al. (2006) 
correlated gypsums III to VI with the four successive precession/ 
insolation peaks of the 100 kyr eccentricity maximum dated around 
5.44 Ma and the overlying and underlying gypsum-free marly in-
terval fell within 100 kyr eccentricity minimum cycles (Fig. 3a, right 
log). This tuning resulted in an astronomical age of ~5.51 Ma for the 
first gypsum bed in their log (i.e. gypsum II in the log of Manzi et al., 
2009), and an approximate duration of 175 kyr for Stage 3 as whole.  

2. An alternative tuning by Manzi et al., 2009; Fig. 3a, left log) argued 
that every precessional/insolation peak must have an expression in 
the rock record. Manzi et al. (2009) agreed with the solution of Van 

Fig. 3. (a), (b) Available astronomical tunings to astronomic curves of climatic precession (P), 100 kyr eccentricity (E) and 65◦N insolation curve (I) of Laskar et al. 
(2004) of the lithological cyclicity of onshore Stage 3sections (a) and of the seismic cycles and/or well logs (gamma ray and resistivity) of the MU in the Levant Basin 
(b). Tunings of onshore sections in (a) are carried out downward from the M/P boundary (conformable in all sections). Astronomically-tuned glacial (even numbers) 
and interglacial (odd numbers) stages (i.e. TG) as defined by Hodell et al. (1994) are also indicated. 
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der Laan et al. (2006) on the sedimentary inexpressiveness of the 
(barely visible) insolation minima peak at ~5.38 Ma. However, these 
authors considered the insolation minima peaks immediately above 
and below of too low amplitude to promote the conditions required 
for gypsum precipitation, but also too high not to have some sedi-
mentary expression. They therefore identified sandstone horizons VI’ 
and VI" as the sedimentary response to these weak insolation/pre-
cession signals. The addition of two precessional cycles (i.e. a total of 
9) resulted in an astronomical solution that was adjusted one pre-
cessional cycle lower than that of Van der Laan et al. (2006), trans-
lating into an age of 5.53 Ma for the base of the UG and a total 
duration of ~200 kyr for Stage 3. But the more conspicuous differ-
ence between the two astronomical solutions discussed lies in the 
timing at which gypsum precipitation occurred, restricted to the 100 
kyr eccentricity maxima according to Van der Laan et al. (2006), 
extended to the 100 kyr eccentricity minima by Manzi et al. (2009). 

An age of 5.53 Ma for the first gypsum bed was also obtained by the 
astronomical tuning of the Upper Gypsum in Cyprus (Manzi et al., 
2016a), but there the tuning is performed just by following the recog-
nition, from the base up, of 6 gypsum beds just like in Sicily and 
therefore arguing for a bed-to-bed correlation with the Sicilian gypsums 
I-VI. In the consensus model of Roveri et al. (2014a) the base of Stage 3 
coincides with the base of the Sicilian UG, placed by Manzi et al. (2009) 
at 5.55 Ma (Fig. 1A). However, in the model of Manzi et al. (2009) this 
age is attributed to a cumulate gypsum horizon interpreted as laterally 
equivalent of the Halite (i.e. Stage 2), and therefore implying the kickoff 
of Stage 3 at 5.53 Ma (Fig. 3a). 

The post-evaporitic successions of the Romagna (Cusercoli and 
Sapigno sections; Roveri et al., 1998) and Marche (e.g. Trave and 
Maccarone sections; Iaccarino et al., 2008; Cosentino et al., 2013) areas 
provided evidence that led to the splitting of Stage 3 into substage 3.1 
and 3.2. In the resulting composite section (Roveri et al., 2008a), a shift 
in the sedimentary facies and stacking pattern is observed (see 
description in subsection 3.7). Correlation of the sedimentary cyclicity 
in Romagna was from the (conformable) base of the Pliocene down-
wards (or from an U-Pb-dated ash layer upward; Cosentino et al., 2013) 
and linked three fluvial conglomerates and two black mudstone layers of 
unknown sedimentological significance to the arid phases of the pre-
cession cycles (Fig. 3a; Roveri et al., 2008a). The greater thickness of the 
oldest conglomerate was possibly assumed to be evocative of an oscil-
lation of the amplitude of the corresponding precession minima peak 
rather than the amplitude of the peaks responsible for the formation of 
the other facies. This approach resulted in an age of 5.42 Ma for the first 
conglomerate (i.e. the substage 3.1/3.2 transition; Fig. 5g) and an 
approximate duration of 90 kyr for substage 3.2 (the Lago-Mare phase). 
The same astronomical age is obtained by tuning the Upper Member of 
the Feos Formation in the Nijar Basin (Omodeo-Salé et al., 2012), where 
four pelite-conglomerate cycles plus one sandstone capped by the 
Miocene/Pliocene boundary mark the interval attributed to Stage 3.2 
(Fortuin and Krijgsman, 2003). 

Although the substage 3.1/3.2 transition is linked to a major 
Mediterranean-scale hydrological re-organization possibly coinciding 
with the migration of the Paratethyan biota (Roveri et al., 2008a; Grossi 
et al., 2011), the facies change used for its definition is hardly recog-
nizable elsewhere (see Chapter 3). As such, other tools have been used to 
equip fragmentary and/or lithological cyclicity-lacking sections with an 
age model: the (highly controversial) ostracod biozonation (see sub-
section 5.1; e.g. Stoica et al., 2016; Karakitsios et al., 2017a; Cosentino 
et al., 2018; Caruso et al., 2020) and the astronomical tuning of mag-
netic susceptibility records (e.g. Fonte dei Pulcini section, Central 
Apennines; Cosentino et al., 2012). 

Comparison of Atlantic oxygen isotope records (Van der Laan et al., 
2005, 2006) and the chronostratigraphy of Roveri et al. (2014a) 
revealed that Stage 3 sedimentation started during a prominent global 
eustatic lowstand associated with oxygen isotope (glacial) stage TG12, 

followed by a latest Messinian deglacial interval which comprised 
multiple obliquity- and possibly precession-forced global eustatic pha-
ses. As documented by Hodell et al. (2001) (later revised by Drury et al., 
2018), Van der Laan et al. (2006) and Roveri et al. (2014a), the marine 
replenishment of the Mediterranean did not coincide with any major 
deglaciation, so non-eustatic causes of the Zanclean megaflood hy-
pothesis are required. 

3. Onshore domain: key sections, sedimentary expression and 
faunal content 

3.1. The Alborán region 

The westernmost outcrops of Stage 3 deposits in the Mediterranean 
are located in the Alborán region, close to the present-day Strait of 
Gibraltar (Fig. 2b). MSC deposits on the margins of this region are poorly 
developed, possibly because of a late Tortonian uplift that raised the 
margins above the Mediterranean water level (López-Garrido and Sanz 
de Galdeano, 1999). Near Malaga, however, two facies associations 
consisting of m-thick conglomerate-sandstone beds alternating with 
laminated pelites are documented in the Rio Mendelín section (infor-
mally referred to as “LM unit”; Guerra-Merchán et al., 2010) and 
attributed to (part of) the Lago-Mare phase (Fig. 4a) based on their 
paleontological content. These sediments are squeezed between the 
Paleozoic basement units, with an erosive contact and associated 
angular unconformity, and the Pliocene, from which they are separated 
by another erosional surface draped by conglomeratic accumulations 
(Fig. 6a). A well-preserved and diverse in situ Paratethyan-type ostracod 
and molluskan fauna (i.e. Lymnocardiinae and Dreissenidae) typical of 
shallow waterbodies (up to 100 m deep; Grossi et al., 2008; Gliozzi and 
Grossi, 2008) with low salinities (5-18‰) is reported from the pelitic 
units (Guerra-Merchán et al., 2010). The overlying Pliocene in the 
deeper depocenters starts with 30 m-thick littoral conglomerates with 
marine mollusks passing progressively upwards into deeper water facies, 
while fan deltas developed at the basin margins (López-Garrido and Sanz 
de Galdeano, 1999; Guerra-Merchán et al., 2010, 2014). Notably, the 
overall thickness of the Pliocene deposits reaches 600 m. The detailed 
regional studies by López-Garrido and Sanz de Galdeano (1999) and 
Guerra-Merchán et al. (2014) concluded that accommodation space was 
created during (Zanclean) sedimentation by local fault-driven subsi-
dence, and that movement on these faults only reversed at the end of the 
Zanclean causing uplift. 

An alternative scenario, based on the finding of (a few) specimens of 
the nannofossil Ceratolithus acutus, ascribed the LM unit of Guerra- 
Merchán et al. (2010) to the earliest Zanclean (Fig. 4b; Do Couto et al., 
2014). 

On the southern Alborán margin in Morocco, latest Messinian de-
posits are reported from the Boudinar and Melilla basins (Fig. 2b). Up to 
100 m-thick chaotic deposits containing selenite gypsum fragments, 
azoic conglomerates, sandstones yielding planktic foraminifera and 
nannofossils and lacustrine limestones are capped by early Pliocene 
marine marls (Rouchy et al., 2003; Azdimousa et al., 2006; Cornée et al., 
2016; Merzeraud et al., 2019). Due to their stratigraphic position, these 
continental to lacustrine deposits are interpreted as the local expression 
of the Lago-Mare phase (Cornée et al., 2016) or alternatively as Zanclean 
successions (Azdimousa et al., 2006). 

3.2. Algeria 

The Chelif Basin in Algeria (Fig. 2b) displays the typical marginal 
Messinian succession comprising Tortonian to lower Messinian blue 
marls, diatomite-bearing sediments (Tripoli unit), cyclically-arranged 
primary evaporites (13 couplets), ostracod-rich post-evaporitic de-
posits and Zanclean foraminiferal marls (Rouchy et al., 2007). The post- 
evaporitic sediments show a great lateral variability in both thickness 
(from few meters up to 125 m) and facies. They are mainly dominated by 

F. Andreetto et al.                                                                                                                                                                                                                              

290

Appendix 2. SALTGIANT Research Article



Earth-Science Reviews 216 (2021) 103577

7

terrigenous clastic lithologies, associated in the marginal areas with 
sandy carbonates and stromatolitic limestones. A mixed faunal assem-
blage of non-marine (Paratethyan-like ostracods) and marine (benthic 
and planktic foraminifera) organisms is present, showing an increase in 
ostracod species diversity from the bottom to the top (Rouchy et al., 
2007). 

3.3. Neogene basins of the Eastern Betics (Spain) 

The external Neogene basins (Sorbas, Nijar, Vera and Bajo Segura) of 
the eastern Betic Cordillera (SE Spain; Fig. 2b) represent an important 
laboratory for understanding Messinian events. In particular, the Sorbas 
and Nijar basins preserve two allegedly continuous successions spanning 
the entire MSC (e.g. Roveri et al., 2009; Omodeo-Salé et al., 2012). The 
two basins are similar in many respects. Their stratigraphic organiza-
tion, for example, suggests they were connected for much of the late 
Miocene up until MSC Stage 1 (Fortuin and Krijgsman, 2003), which is 
represented by the gypsiferous Yesares Member (e.g. Lu, 2006). How-
ever, facies differences are prominent in the Stage 3 formations ac-
cording to the chronostratigraphic frameworks of Roveri et al. (2009) 
for the Sorbas Basin and Omodeo-Salé et al. (2012) for the Nijar Basin 
(Fig. 4a). Lithostratigraphically, two members are discerned between 
the Yesares Member and the basal Zanclean: the Sorbas and Zorreras 
members in the Sorbas Basin (Figs. 4a, 5a) and the lower and upper 
members of the Feos Fm. in Nijar (Figs. 3a, 4a; Roep et al., 1998; 
Krijgsman et al., 2001; Fortuin and Krijgsman, 2003; Braga et al., 2006; 
Roveri et al., 2009, 2019a; Omodeo-Salé et al., 2012). 

The Sorbas Member (see Roep et al., 1998 and Aufgebauer and 
McCann, 2010 for a more detailed sedimentological description) con-
sists of three overlapping coarsening-upward depositional sequences 
made of offshore clays and marls passing upward into shelf muds and 
coastal sandstone bodies. Still unclear is the chemistry of the subaqueous 
environment during the formation of the Sorbas Member and the 
provenance of the water fluxes. These shallow-water deposits are 
conformably replaced upward by the Zorreras Member that comprises 
alternations of reddish siltstones and sandstones (Fig. 5a) organized in 
five (or eight) lithological cycles expressing continental environments 
(Martín-Suárez et al., 2000; Aufgebauer and McCann, 2010). Up to four 
lenticular white limestone beds bearing brackish Paratethyan-like os-
tracods (Cyprideis, Loxocorniculina djafarovi and freshwater species of 

the family Limnocytheridae), bivalves and Chara oogonia (Roep and 
Harten, 1979; Aufgebauer and McCann, 2010) are found interrupting 
the fluviatile sequence (Fig. 5a) and are linked to either episodic 
flooding by local rivers (Braga et al., 2006; Aufgebauer and McCann, 
2010) or episodic Mediterranean ingressions (Fortuin and Krijgsman, 
2003; Andreetto et al., 2021). A correct interpretation of the paleo-
depositional environment of these limestone beds is crucial for the dis-
cussion concerning the Mediterranean base-level position during the 
Lago-Mare phase. In fact, if the Sorbas Basin was relatively shallow 
during Zorreras deposition (50-100 m; Roveri et al., 2019a, 2020), 
repeated and sudden Mediterranean incursions would indicate that the 
Mediterranean Basin was relatively full and that its base level was 
oscillating, possibly with precessional periodicity (Andreetto et al., 
2021). The contact between the Zorreras Mb. and the overlying near-
shore Pliocene (<50 m depositional paleodepth; Roveri et al., 2019a) in 
the Sorbas Basin is conformable and expressed differently around the 
basin, ranging from a bivalves-rich bed overlain by a yellow, fossilif-
erous calcarenite floored by a gravelly lag deposit (Mather et al., 2001) 
to a grey marl horizon with marine foraminifera assemblages followed 
by a second shell-rich bed (Roveri et al., 2019a). Similar to the situation 
in Malaga, the rare identification of Ceratolithus acutus in sediments of 
the continental Zorreras Mb. led Clauzon et al. (2015) to put forward an 
alternative chronostratigraphic and paleoenvironmental interpretation 
for the Sorbas MSC succession, shifting the Zorreras Mb. into the Plio-
cene (Fig. 4b) and thus associating the presence of brackish Paratethyan- 
like ostracods with exchanges between the Mediterranean and Para-
tethys following the Mediterranean re-filling, at high sea level. 

In the Nijar Basin (Fig. 2b), the latest Messinian Feos Formation is 
bracketed at the base and top by an erosional surface along the basin 
margins and its correlative conformity in the deeper parts (Fig. 3a; 
Fortuin and Krijgsman, 2003; Aguirre and Sánchez-Almazo, 2004; 
Omodeo-Salé et al., 2012). The Lower Feos Member consists of azoic, 
graded and locally slumped siliciclastic-carbonate beds alternating with 
gypsarenites and gypsiltites and including a laterally continuous Mn- 
rich bed (Fortuin and Krijgsman, 2003; Omodeo-Salé et al., 2012). In 
the basin center (e.g. Barranco de los Castellones section; Fig. 3a) the 
Upper Feos member comprises four complete lithological cycles of m- 
thick conglomerate to sandstone beds alternating with laminated pelites 
(Fig. 5b), and one incomplete cycle, which only consists of a sandstone 
horizon conformably capped by the Pliocene Cuevas Fm. (Fig. 6b; 

Fig. 4. Schematic overview of different chronostratigraphic models for some of the Messinian successions presented in Chapter 3. Note the large controversies in 
timing, duration and chronostratigraphic position of the main erosion phase between models in (a) and (b). Models in (a) follow the recently established MSC 
chronostratigraphic model of Roveri et al. (2014a), according to which the Mediterranean base-level dropped and halite deposited on sea floor during Stage 2 and the 
Upper Gypsum/Upper Evaporites-Lago-Mare sequence followed. Models in (b) were proposed following the alternative scenario of Clauzon et al. (1996, 2005), which 
envisaged two Lago-Mare episodes (LM1 and LM3) that occurred before and after the main Mediterranean drawdown event, during which LM2 was deposited in the 
deep desiccated basins (Do Couto et al., 2014; Popescu et al., 2015; see Roveri et al., 2008c and Grothe et al., 2018 for further explanations). Note, in (b), the shifting 
of the position of the main erosional phase in Sicily through time as well as the time of the marine replenishment in the Apennines. 
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Fig. 5. Sedimentary expression of Stage 3 from selected onshore Mediterranean localities. (a) Photograph from the Sorbas Basin showing the red continental 
sediments of the Zorreras member with intercalated white limestones (white arrows; from Andreetto et al., 2021). The conformable resting of the Zorreras Mb. above 
the Sorbas Mb. and underneath the Gochar Fm. of Pliocene age is also appreciable. Car for scale. (b) One typical lithological (and precessional) cycle of the Upper Mb. 
of the Feos Fm. in the Nijar Basin, here constituted by an ostracod-bearing, white and laminated mudstone bed overlain by an azoic fluvial sandstone (courtesy of 
Anne Fortuin). (c) Panoramic view of the Cuevas del Almanzora section (from Andreetto et al., 2021). Red rectangle indicates the position of the section straddling 
the Messinian (M)/Zanclean (Z) transition and studied by Fortuin et al. (1995), Stoica et al. (2016), Caruso et al. (2020) and Andreetto et al. (2021). Buildings for 
scale. (d) The sub-unit a of the Piedmont Basin composed of azoic grey mudstones grading into yellowish, mammal-rich overbank deposits. (e) WNW-ESE seismic 
profile in the Po Plain showing incised valleys filled during Stage 3 by suggested clastic deposits and sealed by deep-water turbidites in the Zanclean (modified from 
Amadori et al., 2018). (f) Typical aspect of the di Tetto/San Donato Formation in the Northern Apennines composed by grey mudstones (detail in the inset) with 
interbedded sandstone bodies (white arrows). The picture is taken from the Maccarone section. (g) The di Tetto Fm.-Colombacci Fm. transition in the Cusercoli area 
(Eastern Romagna, Fig. 2b), defined by the facies change underlined by the appearance of a fluvial conglomerate. This lithostratigraphic boundary also corresponds 
to substage 3.1/3.2 boundary of Roveri et al. (2014a). (h), (i), (l) Lithological cycles of the Upper Gypsum Unit in Eraclea Minoa (h), Siculiana Marina (i) and Polemi 
(l) sections. Cycles are several m-thick and primarily composed by beds of primary gypsum alternating with mudstones bearing Paratethyan ostracods (at least in 
Eraclea Minoa). 
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Fortuin and Krijgsman, 2003). A rich fauna of mixed brackish ostracods 
and marine foraminifera is found in all four pelitic beds (Bassetti et al., 
2006). Its origin is questionable. These ostracods were regarded as 
endemic to the Mediterranean and inhabiting endorheic lakes by Bas-
setti et al. (2006). However, later they were shown to have been mis-
identified and were instead considered Paratethys-derived by Stoica 
et al. (2016; see subsection 5.1). Planktonic and deep-water benthic 
foraminifera are widely considered reworked by Fortuin and Krijgsman 
(2003), Bassetti et al. (2006) and Omodeo-Salé et al. (2012), in place by 
Aguirre and Sánchez-Almazo (2004). 

In the Vera Basin (Fig. 2b), in situ gypsum deposits are missing 
because of widespread erosion or non-deposition and MSC deposits are 
only represented by ~12 m of laminated varicolored marly clays (Unit 2 
Fig. 4a), which are best exposed in the Cuevas del Almanzora section 
(Fortuin et al., 1995; Fig. 5c). These clays contain a well-preserved and 
diversified in situ fauna of Paratethyan-like ostracod and shallow-water, 
benthic foraminifera mixed with physically reworked (mostly from the 
lower Messinian Abad marls) planktic and deep-water benthic forami-
nifera (Fortuin et al., 1995; Stoica et al., 2016; Caruso et al., 2020). The 
marly clays are assigned by Stoica et al. (2016) and Caruso et al. (2020) 
to (roughly) the whole late Messinian Lago-Mare phase (Fig. 4a) based 
on the ostracod biozonation of Grossi et al. (2011) and are considered to 
represent either sedimentation in an isolated lake subject to base-level 
and salinity fluctuations (Caruso et al., 2020) or deposition in a 
coastal lagoon that was connected to the water mass filling the open 
Mediterranean (Stoica et al., 2016; Andreetto et al., 2021). Similar to 
Malaga, these sediments are topped by an erosive surface draped by a 
conglomeratic accumulation which is overlain by the open marine 
fauna-rich sediments of the basal Zanclean (Fortuin et al., 1995; Caruso 
et al., 2020). This erosion feature likely indicates that the Miocene/ 
Pliocene transition followed a base-level lowstand in the Vera Basin. 

Stage 3 deposits (Garrucha Fm.) in the easternmost basin of the Betic 
Cordillera, the Bajo Segura Basin (Fig. 2b), are bounded below and 
above by two erosional surfaces related to lowered Mediterranean base- 

levels and discontinuously present due to the widespread fluvial erosion 
that occurred at the Miocene/Pliocene boundary (Soria et al., 2005, 
2008a, 2008b). The Garrucha Fm. shows a maximum thickness of 100 m 
in its type section (Soria et al., 2007, 2008b). It consists of 20-50 cm 
thick sandstone bodies interrupting a dominantly marly succession 
deposited in a subaqueous environment inhabited by Cyprideis sp. and 
euryhaline, shallow-water benthic foraminifera (Ammonia beccarii, 
Elphidium granosum, Elphidium macellum, Haynesina germanica and 
Quinqueloculina laevigata). Planktic foraminifera are also observed and 
for a long time were considered to be physically reworked (Soria et al., 
2005, 2008b). However, some stratigraphic levels contain dwarf tests of 
long-ranging taxa such as Globoturborotalita decoraperta, Globigerina 
bulloides, and Neogloboquadrina spp. which recently have been inter-
preted as being in-situ mostly due to the absence of notable signs of 
reworking (Corbí and Soria, 2016). Among these dwarf taxa is Neo-
globoquadrina acostaensis (dextral; Corbí and Soria, 2016). Since this 
group is mainly dextral in the latest Messinian Atlantic successions (e.g. 
Sierro et al., 1993; Bassetti et al., 2006), this may indicate that Atlantic 
inflow to the Mediterranean occurred during the late Messinian and the 
base level of the Mediterranean was high enough to reach the marginal 
Bajo Segura Basin. The Miocene/Pliocene boundary is, once again, 
marked by an erosional surface which outlines up to 200 m deep pale-
ovalleys engraved down into the pre-MSC sediments and filled with 
conglomerates and sandstones of claimed coastal and shallow marine 
environments (Soria et al., 2005, 2008b; García-García et al., 2011; 
Corbí et al., 2016). 

3.4. Mallorca 

Mallorca, which constitutes an emerged segment of the Balearic 
Promontory (Fig. 2), does not expose the classical MSC evaporite 
sequence. Instead, two main MSC-related units are found above late 
Tortonian-Messinian reefal carbonates (Reef Complex Unit) and beneath 
the Pliocene: the Santanyí limestones and the Ses Olles Formation (Mas 

Fig. 6. Photographs of the Miocene/Pliocene boundary (yellow lines) from selected onshore Mediterranean localities. (a) Erosive M/P transition in the Mendelín 
section (Malaga Basin). Note the conglomeratic lag draping the erosional surface and sharply overlain by foraminifera-rich marls. (b) Conformable stratigraphic 
contact between the uppermost Messinian sandstone of the Feos Fm. and the Zanclean biocalcarenites of the Cuevas Fm. in the Barranco de los Castellones section, 
Nijar Basin (hammer for scale; modified from Andreetto et al., 2021). (c) The Messinian/Zanclean boundary in the Pollenzo section (Piedmont Basin) marked by a 
characteristic black layer interbedded between Paratethyan ostracods-rich mudstones and marine foraminifera-rich marls (modified from Dela Pierre et al., 2016). 
(d) Uppermost segment of the Eraclea Minoa section (Caltanissetta Basin, Sicily) displaying the (non erosive) contact between the Pliocene Trubi Formation above 
and the sandy Arenazzolo Formation below. The inset is a close view of the transition, which occurs above a ~50 cm-thick burrowed mudstone horizon rich in 
Paratethyan ostracods and marine foraminifera. (e) Lago-Mare sediments in the Kalamaki section (Zakynthos) unconformable, through an erosional surface (i.e. the 
Messinian Erosional Surface, MES), over the PLG unit and also unconformable beneath the Trubi Fm. (modified from Karakitsios et al., 2017b). (f) Close view of the 
M/P boundary in the Pissouri Basin, where the foraminifera-rich Trubi marls lie above a black layer (paleosol according to Rouchy et al., 2001). 
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and Fornós, 2020 and references therein). The Santanyí limestones are 
microbialites and oolite-dominated sediments in which a baleen whale 
neurocranium has been found (Mas et al., 2018a). This unit was inter-
preted either as a Terminal Carbonate Complex (TCC) laterally equiva-
lent to the Primary Lower Gypsum (PLG) which has been drilled in the 
deeper parts of the bay of Palma (Mas and Fornós, 2020) or as time- 
equivalent to the Reef Complex Unit (e.g. Arenas and Pomar, 2010; 
Suárez-González et al., 2019). The Ses Olles Formation consists of marls, 
sandy-marls and marly-calcareous lacustrine deposits rich in in-situ 
freshwater Chara spp., brackish water Paratethyan-like mollusks and 
ostracods and littoral benthic foraminifera (Elphidium sp., Ammonia sp.). 

The upper contact of the Ses Olles Formation with the Pliocene 
corresponds to an erosional ravinement surface draped by a trans-
gressive lag of coastal deposits usually containing coquinas and/or 
conglomerates (Mas, 2013, 2015; Mas and Fornós, 2020). The lower 
contact of the Ses Olles Formation with the Santanyí limestones is 
sporadically marked by a well-developed reddish paleosol (Mas, 2013, 
2015; Mas and Fornós, 2020), which indicates that a (unquantified) 
period of subaerial exposure occurred before the emplacement of the Ses 
Olles Fm. However, in their more recent study, Mas and Fornós (2020) 
surprisingly conclude that the Ses Olles Formation has a conformable 
contact with the Santanyí limestones, ascribed to part of Stage 1. This 
led Mas and Fornós (2020) to conclude that the emplacement of the Ses 
Olles Fm. pre-dated the MSC peak and that the erosional surface 
marking the Miocene/Pliocene boundary is associated with a 270 kyr 
hiatus linked to the main MSC base-level drawdown (Fig. 4b). This 
conclusion is, however, in disagreement with the unconformity at the 
base of the Ses Olles Fm., which instead points to the deposition of the 
Ses Olles Fm. (and therefore to the arrival of the Paratethyan fauna in 
Mallorca) at some point during Stage 3 of Roveri et al. (2014a). 

3.5. Piedmont Basin 

The Piedmont Basin (NW Italy) contains the northernmost record of 
the MSC (Fig. 2b). The terminal MSC sediments (i.e. the Cassano Spinola 
Conglomerates Fm.) overlay pre-MSC units, the PLG deposits (Gessoso 
Solfifera Fm.) or reworked evaporites (Valle Versa chaotic complex, 
VVC) and underly the Zanclean marls of the Argille Azzurre Fm. (Dela 
Pierre et al., 2011). 

The Cassano Spinola Conglomerates is splitted in two sub-units by 
Dela Pierre et al. (2016). Sub-unit a consists of azoic grey mudstones 
turning to yellowish silty mudstones (Fig. 5d) typified by in situ root 
traces, paleosols and mud cracks and including three/four intercalated 
lens-shaped, cross-bedded conglomeratic layers (Ghibaudo et al., 1985; 
Dela Pierre et al., 2011, 2016). Abundant land plant leaves and a diverse 
terrestrial vertebrate fauna are found in the yellowish siltstones, which 
have been interpreted as overbank deposits (Harzhauser et al., 2015; 
Colombero et al., 2017 and references therein). In this continental in-
terval, a low-diversity fish fauna consisting of otoliths of marine and 
Paratethyan species is found (Grunert et al., 2016; Carnevale et al., 
2018; Schwarzhans et al., 2020). These otoliths were Sr-dated to the 
early-middle Miocene (Grunert et al., 2016). Nevertheless, they were 
concluded not to be physically reworked, but rather to have been 
transported by large marine predators, therefore implying a Piedmont 
Basin-(marine) Mediterranean connection was in force (Grunert et al., 
2016; see subsection 5.6). Sub-unit b (i.e. Strati a Congeria sensuSturani, 
1973) is made of grey mudstones bearing a mixture of in-situ brackish 
water mollusks (Sturani, 1973; Esu, 2007) and ostracods (Trenkwalder 
et al., 2008) of Paratethyan affinity along with physically reworked 
foraminifera and calcareous nannofossils (Trenkwalder et al., 2008; 
Violanti et al., 2009). The transition to the Pliocene Argille Azzurre Fm. 
is sharp above a characteristic black and azoic sandy layer (Fig. 6c) rich 
in terrigenous and intrabasinal (i.e., glaucony and phosphates) grains 
and disarticulated valves of both brackish-water and continental bi-
valves, but barren of in-situ fossils (Trenkwalder et al., 2008). The 
occurrence, at its top and directly below the Argille Azzurre Fm., of 

abundant Thalassinoides trace fossils filled with Pliocene sediments led 
Trenkwalder et al. (2008) and Dela Pierre et al. (2016) to interpret the 
top surface of this layer as an omission surface. This surface indicates a 
period of basin starvation (and therefore a hiatus) due to a sudden in-
crease in water-depth, ascribed by Trenkwalder et al. (2008) to the 
Zanclean reflooding. This hiatus may have lasted for only part of the late 
Messinian (Violanti et al., 2009; Dela Pierre et al., 2016) or may have 
endured into the Pliocene (Trenkwalder et al., 2008). 

3.6. Po Plain 

To the east, the Messinian sediments in the Piedmont Basin disappear 
beneath the km-thick Plio-Quaternary succession of the Po Plain- 
Adriatic Foredeep (PPAF; Fig. 2a). By definition of Ghielmi et al. 
(2010) and Amadori et al. (2018), the PPAF includes two main elon-
gated depocenters enclosed within the northern Apennines to the South 
and the Southern Alps to the North: the easternmost portion of the Po 
Plain and the whole present-day northern Adriatic Sea. Here, for 
simplicity, we include in the definition of PPAF also its westernmost 
depocenters of the Western Po Plain Foredeep. 

The Messinian-Pleistocene sedimentary sequence, studied through 
the integration of seismic and borehole observations, is mostly repre-
sented by thick sequences of turbidite deposits in the foreland depo-
center passing, towards the margins, to fluvial and deltaic systems 
related to the proximity of the marginal thrust-fold-belts (Cipollari et al., 
1999; Ghielmi et al., 2010, 2013; Rossi et al., 2015a; Rossi, 2017). 
During MSC Stage 1, primary evaporites and dolomicrites were depos-
ited in some shallow-water settings, while evaporitic deposition was 
inhibited in the deep-water settings, where it was replaced by deposition 
of anoxic mudstones (Ghielmi et al., 2010). Instead, the post-evaporitic 
deposits consist of large thicknesses (up to 1 km) and volumes of coarse- 
grained clastics (LM1 and LM2 of Rossi and Rogledi, 1988; ME3 or 
Fusignano Fm. of Ghielmi et al., 2010; ME4 of Ghielmi et al., 2013; 
ME3b and possibly ME3a of Rossi et al., 2015a). Several authors 
(Ghielmi et al., 2010, 2013; Rossi et al., 2015a; Amadori et al., 2018; 
Cazzini et al., 2020) showed that these post-evaporitic sediments are the 
infilling of ca. N-S and NW-SE trending, V-shaped valleys (Fig. 5e). 
These valleys were carved at least as far as 50 km into the Alps, to a 
depth up to 1 km into the pre- and syn-evaporitic Messinian deposits and 
nicely shape the present-day river network of the southern Alps (Ama-
dori et al., 2018). 

Different mechanisms for the incision have been proposed, with 
major implications for the desiccated vs full Mediterranean controversy 
(Figs. 1b-c). Ghielmi et al. (2010, 2013), Rossi et al. (2015a), Amadori 
et al. (2018) and Cazzini et al. (2020) ascribed the valley incision along 
the PPAF northern margin to fluvial erosion, whose basinward shifting 
was triggered by the Stage 2 Mediterranean drawdown, estimated to 
have been around 800-900 m (Ghielmi et al., 2013; Amadori et al., 
2018). In this case, Stage 3 deposition in the PPAF occurred in endorheic 
lakes fed by the Alpine rivers and kept isolated until the Zanclean, when 
the sudden sea-level rise following the Zanclean reflooding was enough 
to bypass morphological highs (e.g. Gargano-Pelagosa and/or Otranto 
paleosills) located in the southern Adriatic foredeep (Fig. 2a; see Pellen 
et al., 2017; Amadori et al., 2018; Manzi et al., 2020). Conversely, 
Winterberg et al. (2020) suggested that the over-deepened valleys on the 
southern slope of the Alps are related to Pleistocene glacial erosion. 
Although Winterberg et al. (2020) do not address the paleoenvironment 
during the Messinian, this interpretation does not rule out the possibility 
that (at least part of) Stage 3 sedimentation occurred in a PPAF con-
nected to the Mediterranean water mass and that no catastrophic 
reflooding occurred at the Miocene/Pliocene boundary. The conclusion 
of a non-catastrophic refilling was also drawn by Pellen et al. (2017) on 
the basis of the onshore Adriatic record (see subsection 3.7). 
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3.7. Apennine system 

The Messinian deposits resurface to the south of the PPAF sector and 
extensive sections are found in several basins on both the foreland 
domain (Adriatic side of the partially uplifted Apennine chain), sub-
jected to compressional tectonics during the late Messinian, and the 
back-arc domain (Tyrrhenian side), contemporaneously affected by 
extension (Fig. 2b; Cipollari et al., 1999; Schildgen et al., 2014; Cosen-
tino et al., 2018). Overall, the MSC record of the Apennines is subdivided 
into an evaporitic and post-evaporitic interval squeezed in between two 
marine units (Messinian Euxinic Shales Fm. at the base and Zanclean 
Argille Azzurre Fm. atop; Fig. 4a). Different vertical motions related to 
ongoing Apenninic tectonics resulted in the deposition of Stage 3 sedi-
ments with highly variable sedimentary expression and stratigraphic 
resolution from basin to basin. The post-evaporitic deposits are alter-
natively found resting unconformably, with an erosional contact asso-
ciated to an angular unconformity, above the alternations of the Gessoso 
Solfifera Fm./PLG, or conformably above evaporitic-free cycles lateral 
equivalent of the marginal PLG (Fig. 4a; e.g. Roveri et al., 1998, 2008a). 
This led to the conclusion that both shallow and deep-water successions 
are present in the Apennine foredeep system (Roveri et al., 2001). 

The physical-stratigraphic model developed for the post-evaporitic 
interval in the Romagna area (i.e. Northern Apennines) and applied to 
the whole Apennine domain was subdivided into two allounits (named 
p-ev1 and p-ev2) based on a basin-wide shift in facies, overall stacking 
patterns and depositional trends (i.e. progradational and retrograda-
tional, respectively; Roveri et al., 1998, 2001, 2005, 2008a; Manzi et al., 
2005, 2007, 2020). Allounit p-ev1 only accumulated in deep-water 
settings (e.g. Cusercoli, Sapigno, Maccarone and Trave sections; 
Roveri et al., 1998; Iaccarino et al., 2008; Cosentino et al., 2013) during 
the subaerial exposure of the basin margins (e.g. Vena del Gesso Basin, 
Monticino quarry, Pellen et al., 2017). It starts with resedimented clastic 
evaporites (i.e. Sapigno Fm.) followed by a coarsening- and shallowing- 
upward succession (i.e. di Tetto or San Donato Fm.) of mudstones with 
intercalated turbiditic sandstones (Fig. 5f) and a volcaniclastic marker 
bed dated initially by 40Ar-39Ar at ~5.5 Ma (Odin et al., 1997) and later 
by 238U-206Pb at 5.5320±0.0046/0.0074 Ma (Cosentino et al., 2013; 
Fig. 3a). Allounit p-ev2 (i.e. Colombacci Fm.) occurs in the deeper 
depocenters in 4/5 sedimentary cycles consisting of three > 5 m-thick 
coarse-grained bodies (conglomerates and sandstones) and two black- 
colored mudstone beds alternating with fine-grained mudstones/clays 
with intercalated three micritic limestones (known in literature as 
Colombacci limestones; Figs. 3a, 5g; Bassetti et al., 2004). By contrast, an 
incomplete Colombacci Fm. deposited in the shallower thrust-top basins 
(e.g. Vena del Gesso Basin and Molise sections; Pellen et al., 2017; 
Cosentino et al., 2018). The p-ev2 cycles have been interpreted as 
reflecting the alternation of wet (mudstones and Colombacci limestones 
in Eastern Romagna) and dry (coarse-grained facies and Colombacci 
limestones in the Maccarone section) phases controlled by 
Milankovitch-driven climatic factors (Fig. 3a; Roveri et al., 2008a; 
Cosentino et al., 2013) and, as such, they have been used for the as-
tronomical tuning of the Colombacci Fm. to the Lago-Mare phase 
(Figs. 3a, 4a; see subsection 2.2). By contrast, Clauzon et al. (2005) and 
Popescu et al. (2007) moved the Colombacci Fm. into the Pliocene 
(Fig. 4b). However, this conclusion has been proven to rely on wrong 
stratigraphic and paleontological arguments (see Roveri et al., 2008c, 
Grothe et al., 2018 and subsection 5.5). Substage 3.2 records in the 
Apennines do not always contain the three prominent conglomeratic 
facies as in Romagna, but only laminated to massive clays with sandy 
intercalations equivalent to the ones typifying substage 3.1 records (e.g. 
Maccarone section; Sampalmieri et al., 2010; Cosentino et al., 2013; 
Fig. 5f). The absence of a lithological cyclicity that clearly mimics an 
orbital signal largely hampered the astronomical tuning of these clay- 
dominated sections, although an attempt has been made with the 
Maccarone section (Cosentino et al., 2013). The only exception is rep-
resented by the Fonte dei Pulcini section, which has been equipped with 

an age framework by astronomical tuning of the magnetic susceptibility 
record (Cosentino et al., 2012). Despite the lack of outstanding litho-
logical changes these sections are often provided with a lithostrati-
graphic subdivision using the same nomenclature as in the Romagna 
area. When applied, the di Tetto Fm.-Colombacci Fm. boundary is 
placed high in the sections, i.e. few tens of meters underneath the 
Miocene/Pliocene boundary, resulting in a much different thickness of 
the formations compared to the Romagna area. 

Stage 3 sediments are poorly exposed on the Tyrrhenian Sea onshore 
side of Italy (Fig. 2b). The best known succession crops out in the Cava 
Serredi quarry in the Fine Basin (Tuscany; Bossio et al., 1978, 1993; 
Carnevale et al., 2006b, 2008). Here the MSC has a thickness of ~150 m, 
of which only the uppermost ~100 m are attributed, without clear ar-
guments, to Stage 3 by Carnevale et al. (2006b). The lowermost ~40 m 
of the Stage 3 unit consists of mudstone with alternating sandstone 
bodies which have been attributed to Roveri et al. (1998)’s p-ev1 
allounit, while the uppermost ~60 m form the p-ev2 allounit and include 
two prominent conglomerate bodies alternating with mudstones inter-
bedded with sandstone horizons and black, organic-rich layers (Carne-
vale et al., 2006b). A few and more fragmented sections are also 
described on the Tyrrhenian Sea side of Italy by Cipollari et al. (1999). 

The Miocene/Pliocene boundary is variably expressed through the 
Apennine system: unconformable above the ostracod-bearing clays and 
highlighted by erosional surfaces draped by conglomeratic accumula-
tions (e.g. Stingeti section in Molise; Cosentino et al., 2018), conform-
able above 0.5-1 m-thick black mudstones similar to how it is observed 
in Piedmont and of equally unknown paleoenvironmental significance 
(e.g. Romagna area and Maccarone section; Roveri et al., 1998; Gennari 
et al., 2008) or conformable above the ostracod-rich mudstones (e.g. 
Maccarone and Fonte dei Pulcini sections; Cosentino et al., 2005, 2012, 
2013; Sampalmieri et al., 2010). 

All p-ev1 deposits studied are almost devoid of in-situ biota, except 
for fish otoliths and three fish skeletons found in the upper substage 3.1 
part of Cava Serredi (Carnevale et al., 2006b). The p-ev2/Colombacci 
deposits, instead, host typical Paratethyan assemblages of brackish- 
water mollusks, ostracods, dinocysts and fish (Bassetti et al., 2003; 
Bertini, 2006; Popescu et al., 2007; Grossi et al., 2008; Iaccarino et al., 
2008; Cosentino et al., 2012, 2018; Schwarzhans et al., 2020). A diverse 
array of marine fossils (benthic and planktic foraminifera, calcareous 
nannofossils, dinocysts and fish otoliths and skeletons) has also been 
reported from the horizons containing these Paratethyan taxa (Bertini, 
2006; Carnevale et al., 2006a; Popescu et al., 2007; Pellen et al., 2017). 
While the autochthony of ostracods, when considered, is unquestioned, 
the allochthonous vs autochthonous character of the other mentioned 
fossils is disputed and still unclear (see Chapter 5). 

3.8. Sicily 

The MSC record is widely exposed on Sicily, mainly in the Calta-
nissetta Basin and in scattered locations on the Hyblean Plateau (i.e. 
Ragusa-Siracusa area) and the Messina area (Fig. 2b; Butler et al., 1995; 
Manzi et al., 2009; Sciuto et al., 2018). Like the Northern Apennines, it 
shows a complex distribution and variable stratigraphy that mirrors the 
structuring of Sicily into basins with different characters, geometries 
and depocenters which subsided at different times and rates (Butler 
et al., 1995; Catalano et al., 2013). This structural setting permitted the 
simultaneous deposition of shallow and intermediate-water sediments 
(Roveri et al., 2008b). Mostly found in the Caltanissetta Basin, these 
intermediate-water successions have for decades been considered the 
onshore counterpart of the offshore evaporitic trilogy seen in seismic 
data from the Western Mediterranean Basin (Decima and Wezel, 1973). 
More recently, Raad et al. (2021) attempted a similar onshore-offshore 
correlation but with the intermediate Central Mallorca Depression. 
The currently endorsed stratigraphic model (Fig. 4a), refined over the 
years by Decima and Wezel (1971, 1973), Decima et al. (1988), Butler 
et al. (1995), García-Veigas et al. (1995), Rouchy and Caruso (2006), 
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Roveri et al. (2008b) and Manzi et al. (2009), envisages two ‘evaporitic 
cycles’. The ‘First cycle’, overlying both alluvial and deep-water sedi-
ments (Tripoli Fm., Licata Fm. and Terravecchia Fm.; see Maniscalco 
et al., 2019 and references therein), comprises the disputed Calcare di 
Base (Manzi et al., 2011, 2016b vs Caruso et al., 2015), PLG or Gessi di 
Cattolica Fm. (Decima and Wezel, 1973; Lugli et al., 2010) and the 
Halite Unit (Lugli et al., 1999). The ‘Second cycle’ comprises the Upper 
Gypsum (UG) or Gessi di Pasquasia Fm., which is only present in 
depocenters of the Caltanissetta Basin (see Manzi et al., 2009 for a 
detailed overview), sporadically overlain by the siliciclastic Arenazzolo 
Fm. (Decima and Wezel, 1973; Cita and Colombo, 1979). The whole 
succession is sealed by the Pliocene marine Trubi Fm. (Fig. 4a). The two 
evaporite cycles are separated by an erosional surface (MES) associated 
with an angular discordance broadly linked to the main Mediterranean 
drawdown event (e.g. Butler et al., 1995; Roveri et al., 2008b). Clauzon 
et al. (1996), however, placed the MES at the Arenazzolo Fm.-Trubi Fm. 
transition, implying that the entire evaporitic deposition in the Calta-
nissetta Basin pre-dated the offshore one, but they do not provide evi-
dence of erosion at that level. In more recent publications from the same 
research group, the MES is shifted towards the base of the Arenazzolo 
Fm. (e.g. Bache et al., 2012), again without evidence of major erosion, 
and different ages are assigned (see Fig. 4b and Grothe et al., 2018 for 
details). 

The Upper Gypsum successions are commonly incomplete in many of 
the Caltanissetta Basin sections (Pasquasia-Capodarso, Casteltermini, 
Alimena, Nicosia, Siculiana-Marina; Decima and Sprovieri, 1973; Rou-
chy and Caruso, 2006; Manzi et al., 2009; Fig. 5i). In the most complete 
section, Eraclea Minoa (Fig. 3a), the Upper Gypsum Unit consists of 6 
(Van der Laan et al., 2006) to 7 (Manzi et al., 2009) primary gypsum 
beds with a repetitive internal organization of facies (see Schreiber, 
1997 and Manzi et al., 2009 for facies description) interbedded with 
marls and lenticular terrigenous sandstone bodies, gypsarenites and 
gypsrudites (Fig. 5h). Two of the terrigenous sandstone bodies are 
highlighted by Manzi et al. (2009) in the thick (~60 m), Cyprideis 
agrigentina-rich (Grossi et al., 2015), marly interval dividing gypsum VI 
and VII for its alleged astronomical significance (Fig. 3a; see subsection 
2.2). A mixed (physically reworked) marine (foraminifera and dino-
cysts) and (in-situ) brackish biota (ostracods and dinocysts) of Para-
tethyan origin characterizes the marly interbeds from at least gypsum III 
upwards (following the investigations carried on the Eraclea Minoa 
section; Bonaduce and Sgarrella, 1999; Rouchy and Caruso, 2006; 
Londeix et al., 2007; Grossi et al., 2015; Fig. 3a). Calcareous nannofossils 
have been found along with the above organisms in a more northerly 
location by Maniscalco et al. (2019) and considered reworked. Above 
the last gypsum, the ~6-7 m-thick Arenazzolo Fm. is found, represented 
by reddish arkosic cross-laminated and poorly consolidated sand 
(Bonaduce and Sgarrella, 1999; Roveri et al., 2008b) and interpreted as 
the expression of a shallow-water delta, albeit without a sedimento-
logical investigation (e.g. Decima and Wezel, 1973; Cita and Colombo, 
1979). The whole Stage 3 sequence is conformably overlain by the 
Zanclean marine Trubi Fm. in the basin center (e.g. at Eraclea Minoa and 
Capo Rossello; Fig. 6d; Brolsma, 1975; Cita and Colombo, 1979; Van 
Couvering et al., 2000; Rouchy and Caruso, 2006; Manzi et al., 2009; 
Fig. 6d) and unconformably in the shallower, marginal areas (Manzi 
et al., 2009; Roveri et al., 2019b). Only Decima and Wezel (1973) and 
Raad et al. (2021) report the Miocene/Pliocene transition in the key, 
intermediate water-representative section of Eraclea Minoa as erosive. 
However, they do not provide evidence (e.g. photographic documenta-
tion) for the presence of an erosional unconformity and, moreover, Raad 
et al. (2021) erroneously refer to Cita and Colombo (1979), where no 
erosion is mentioned at the M/P boundary in Eraclea Minoa. 

The bathymetric jump between the <100 m of water depth during 
the late Messinian and the >200 m at the base of the Trubi Fm. is often 
regarded as a key onshore evidence of the sudden and catastrophic 
Mediterranean-Atlantic re-connection at the Miocene/Pliocene bound-
ary (e.g. Caruso et al., 2020). However, the real depth of the base of the 

Trubi is all but obvious. In fact, variable estimates have been proposed 
based on the observed benthic foraminifera and/or psychrospheric os-
tracods at Capo Rossello and Eraclea Minoa: 200-500 m (Decima and 
Wezel, 1973), 600-800 m (Sgarrella et al., 1997, 1999; Barra et al., 
1998), 1400-2400 m (Cita and Colombo, 1979). 

3.9. Greece 

Several MSC localities are reported from the Greek Ionian Islands 
(Corfu, Cephalonia and Zakynthos) and from Crete (Fig. 2b). 

On the NW coast of Corfu (Aghios Stefanos section), the PLG unit is 
missing and only a 32 m-thick cyclically-arranged terrigenous succes-
sion is present comprising three m-thick conglomerate beds alternating 
with fine-grained deposits rich in unspecified species of brackish water 
ostracods (Pierre et al., 2006). 

In the southern part of Zakynthos, an evaporitic succession 
composed of eight gypsum cycles (Kalamaki section) occurs above ma-
rine marly deposits (Karakitsios et al., 2017b). These gypsum beds were 
initially ascribed to the UG unit (Pierre et al., 2006) and later to the PLG 
(Karakitsios et al., 2017b). The gypsum unit is overlain by approxi-
mately ~13 m of siltstones and marls with scattered, cm-thick beds of 
sandstones, conglomerates and carbonates with nodular texture (Pierre 
et al., 2006; Karakitsios et al., 2017b). Although no ostracods are re-
ported from this interval, due to its stratigraphic position the post- 
evaporitic unit is correlated to the Lago-Mare phase (Karakitsios et al., 
2017b). Except for the rare presence of marine nannofossils (Ceratolithus 
acutus together with Reticulofenestra zancleana) just below the Miocene/ 
Pliocene boundary, only reworked marine fauna has been reported from 
the post-evaporitic package (Karakitsios et al., 2017b). This dominantly 
terrigenous succession is unconformably overlain by the Zanclean Trubi 
Formation (Fig. 6e; Karakitsios et al., 2017b). 

MSC deposits on Crete (e.g. Meulenkamp et al., 1979; Delrieu et al., 
1993; Cosentino et al., 2007; Roveri et al., 2008a; Zachariasse et al., 
2008, 2011) were deposited in Miocene extensional, fault-bound basins 
driven by tectonic subsidence that ceased in the late Pliocene and 
Pleistocene (Van Hinsbergen and Meulenkamp, 2006). Because of the 
strong tectonic and eustatic sea-level-related fragmentation of the 
stratigraphic record, reconstructing the late Miocene stratigraphy of 
Crete has not been straightforward (Zachariasse et al., 2008, 2011). 
Several primary and clastic gypsum facies are recognized, but their 
correlation with the MSC stratigraphy is disputed (see Cosentino et al., 
2007; Roveri et al., 2008a, 2014a; Zachariasse et al., 2008). Coarse- 
grained, mammal-bearing terrigenous facies irregularly alternating 
with marls are in places found unconformably overlying the gypsum and 
separated from the Pliocene facies by an erosion surface (see Meu-
lenkamp et al., 1979; Delrieu et al., 1993; Cosentino et al., 2007). In two 
localities on the Messarà Plain, Cosentino et al. (2007) described a 
highly diversified ostracod fauna with Paratethyan affinity in some 
marly intervals. 

Messinian evaporites and/or Lago-Mare deposits are also reported 
from the North Aegean region onshore in the Strymon Basin (Snel et al., 
2006; Suc et al., 2015; Karakitsios et al., 2017a) and Dardanelles region 
(Melinte-Dobrinescu et al., 2009) and offshore (Prinos-Nestos Basin; 
Karakitsios et al., 2017a), but recent integrated studies suggested that 
the sections studied by the above listed authors are older than the MSC 
(see Krijgsman et al., 2020a, 2020b). In particular, Krijgsman et al. 
(2020a) proposed that for most, if not all, of the MSC the North Aegean 
was a brackish water, mostly Paratethyan-fed basin restricted by the 
Cyclades sill to the south (Fig. 2a) and forming a passageway for Para-
tethyan overspill waters towards the Mediterranean. 

3.10. Cyprus 

MSC deposits on Cyprus outcrop in the Pissouri, Psematismenos, 
Mesaoria and Polemi basins on the southerly fringe of the Troodos 
massif (Fig. 2b; Rouchy et al., 2001; Manzi et al., 2016a). According to 
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Rouchy et al. (2001) and Orszag-Sperber et al. (2009), sediments 
belonging to all MSC stages of Roveri et al. (2014a) are preserved in the 
Cypriot basins. By contrast, Robertson et al. (1995) and Manzi et al. 
(2016a) considered that PLG evaporites on Cyprus are only present as 
fragments reworked within a chaotic unit (the Lower Gypsum and In-
termediate breccia units of Orszag-Sperber et al., 2009) and that the only 
in situ evaporites belong to the overlying Upper Gypsum Unit, which 
encompasses the whole of Stage 3 (Figs. 3a, 4a). A continuous, Eraclea 
Minoa-like section is not known in Cyprus (Manzi et al., 2016a). The best 
exposure of the lower 60 m of this unit is found in the Polemi Basin 
(Manzi et al., 2016a). It comprises up to six gypsum beds (the lower 
three of which are mainly selenitic, while the upper three are predom-
inantly laminated; Fig. 3a). Gypsum beds range in thickness from 1 to 6 
m and are separated by laminated marls (Fig. 5j) occasionally inter-
bedded with conglomerates and sandstones (e.g. between the 5th and 6th 

gypsum layers; Rouchy, 1982; Rouchy et al., 2001; Manzi et al., 2016a). 
The sixth gypsum bed is reported by Rouchy et al. (2001) to be hollowed 
in the upper part with the cavities filled with overlying sediments. The 
similarity of the cyclicity and facies association of this Cyprus succession 
with the substage 3.1 interval of the Sicilian UG led Manzi et al. (2016a) 
to propose a bed-to-bed correlation and to recognize the substage 3.1/ 
3.2 boundary at the top of the last gypsum bed (Fig. 3a). According to 
Orszag-Sperber et al. (2000) and Rouchy et al. (2001), this chro-
nostratigraphic boundary coincides with a Mediterranean-scale sea- 
level drop, a conclusion that arises from the interpretation of the cavities 
in the uppermost gypsum as the product of karstic dissolution following 
a prolonged period of subaerial exposure. 

The sedimentary sequence overlying the last gypsum bed and 
assigned by Manzi et al. (2016a) to the Lago-Mare phase lacks a clear 
and rhythmic sedimentary cyclicity. In the Pissouri Basin this interval 
(up to 25-30 m-thick) mostly consists of conglomerates, sandstones, 
limestones, paleosols (which appear as dm to m-thick dark marly hori-
zons, in one case with pulmonated gastropods) and subordinated clay- 
marly horizons (Rouchy et al., 2001). By contrast, in the Polemi sec-
tions the clay-marly facies dominates this interval (Rouchy et al., 2001). 
In situ fresh-brackish water species of articulated mollusks (Limno-
cardiidae, Melanopsis), Paratethyan (Loxocorniculina djafarovi, Euxyno-
cythere praebaquana) and Mediterranean (Cyprideis agrigentina) 
ostracods and foraminifera (Ammonia beccarii), Characeae, abundant 
fragments of the marine euryhaline fish Clupeidae and a fish skeleton of 
the euryhaline Aphanius crassicaudus are described from some of the 
substage 3.1 and 3.2 fine-grained facies and within the terrigenous 
laminae of some balatino gypsum (Orszag-Sperber et al., 2000; Rouchy 
et al., 2001; Orszag-Sperber, 2006; Manzi et al., 2016a). The upward 
change in diversity of the ostracod fauna seen elsewhere (e.g. Malaga, 
Nijar, Vera, Apennines and Eraclea Minoa) is not reported in Cyprus but 
this may be because no detailed study of ostracod assemblages in Stage 3 
sediments has been published. The Miocene/Pliocene boundary, near 
Polemi village is described by Manzi et al. (2016a) as a sharp contact 
above a dark, organic-rich layer (Fig. 6f). It appears to be similar to the 
boundary reported from Piedmont (Fig. 6c; Trenkwalder et al., 2008; 
Dela Pierre et al., 2016) and Northern Apennines (Gennari et al., 2008; 
Grossi et al., 2008), if not for the presence, in Cyprus, of (possibly) in- 
situ Cyprideis agrigentina (Manzi et al., 2016a). A layer with the same 
field appearance, thickness (~ 1 m) and stratigraphic position is re-
ported in Pissouri by Rouchy et al. (2001), which they interpreted as a 
paleosol based on mottling, oxidized roots, carbonate concretions and 
plant fragments. 

3.11. Southern Turkey 

The tectonically active, during the Miocene, thrust-top basin of 
Adana in southern Turkey (Radeff et al., 2017) retains the most com-
plete and better exposed easternmost successions of the MSC (Fig. 2b), 
whose deposits were attributed to the Handere Fm. (Cosentino et al., 
2010; Radeff et al., 2016). 

MSC Stage 3 finds expression in a >1 km thick continental unit 
unconformable, through an erosional surface, above the pre-evaporitic, 
Stage 1 anhydrite-shale alternations (Radeff et al., 2016) and resedi-
mented gypsum-bearing Stage 2 deposits (Cosentino et al., 2010; 
Cipollari et al., 2013). This unit mainly consists of fluvial coarse- and 
fine-grained deposits representing channel fill and overbank deposits. 
Sporadically, some fine-grained intercalations are found containing a 
mixed brackish (ostracod) and marine (foraminifera and calcareous 
nannofossils) fauna. The ostracod fauna has affinity with the Para-
tethyan fauna but, unlike to many other Mediterranean onshore local-
ities, is poorly diversified, with monospecific assemblages of Cyprideis 
agrigentina (Avadan section and T-191 borehole; Cipollari et al., 2013) or 
with Cyprideis agrigentina accompanied by rare to abundant specimens of 
Loxoconcha muelleri, Euxinocyhere (Maeotocythere) praebaquana, and 
Loxoconcha sp. (Adana section; Faranda et al., 2013). Ostracods are 
often associated with Ammonia beccarii and rare Elphidium and Cri-
broelphidium, which are the only foraminifera considered as autoch-
thonous. Conversely, the entire nannoflora is interpreted as physically 
reworked (Cipollari et al., 2013; Faranda et al., 2013). 

The Handere Fm. is followed by early Zanclean marine sediments 
(Avadan Fm.) deposited, according to the paleoecology of the benthic 
foraminifera species recognized, at bathymetries ranging from 200 to 
500 m (Cipollari et al., 2013). The lithological nature of the Miocene/ 
Pliocene boundary in the Adana Basin is not clear, but it occurs either 
above the continental or subaqueous, ostracod-bearing facies. 

A similar stratigraphic sequence is present in the subsurface. Here, 
however, chaotic gypsum-bearing deposits are not found and two halite 
bodies ~20 and ~170 m-thick are present, separated and followed by 
fluvial gravels, sands and silts (Cipollari et al., 2013). 

3.12. Summary of the onshore Stage 3 record 

Most of the onshore Stage 3 records formed in shallow marginal 
Mediterranean basins, which underwent substantial uplift from the 
Messinian till nowadays and are assumed to have had their depocenter 
at ~200 to 50 m below the Atlantic level during the late Messinian 
(Roveri et al., 2014a, 2019a; Radeff et al., 2016, 2017). The Calta-
nissetta Basin (Sicily), some basins along the Apennines and (possibly) 
Cyprus represent, instead, possible onshore representative of interme-
diate basins. The nature and duration of these records is quite variable, 
and there are only six sections that may record an entire Stage 3 
sequence (i.e. Sorbas, Nijar, Northern Apennines, Eraclea Minoa and 
Cyprus; Fig. 3a). Reasons for the fragmentary nature of the Stage 3 
sedimentary record include different durations of subaerial exposure 
following the Stage 2 drawdown, local tectonics and associated syn- 
depositional erosion and deposition. One of the consequences of this is 
that any sedimentary cyclicity that resulted from orbital fluctuations is 
typically either less well developed or poorly preserved, making the 
chronology of Stage 3 rather uncertain or controversial in places. 

Despite this variability, several fairly consistent characteristics are 
widely expressed. These are:  

1) Stage 3 sedimentation follows a period of intensive tectonic and/or 
eustatic-driven erosion of the margins, as demonstrated by the 
frequent presence of erosional unconformities and/or chaotic Stage 2 
deposits (RLG unit); 

2) Stage 3 lithologies are mostly terrigenous (conglomerates, sand-
stones and mudstones) and deposited in a variety of continental (fan 
delta, fluvial channels and alluvial plains) and shallow water envi-
ronments (endorheic lakes or water bodies connected with the 
Mediterranean water mass is the riddle). Carbonate intercalations 
are sometimes present (e.g. Sorbas Basin and Colombacci limestones 
in the Apennines). Stage 3 gypsum is only found in deeper-water 
intermediate basins of Caltanissetta in Sicily and Cyprus. 

3) A diversified fossil assemblage with Paratethyan affiliation (ostra-
cods, dinocysts, mollusks) is commonly found in the shallow-water 
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sediments of Lago-Mare successions. Only in the intermediate Cal-
tanissetta Basin (Sicily) do these diversified Paratethyan forms (only 
ostracods) occur earlier, in the sediments from substage 3.1. Where 
these have been studied in detail, these assemblages typically show 
an increase in diversity with time (possibly every wet phase of the 
precession cycles). Some of these sediments also contain marine 
fossils and there is controversy over whether these are in situ and 
contemporaneous or reworked. 

4) In outcrop, the Miocene/Pliocene boundary has four main sedi-
mentary expressions: erosive and followed by a conglomeratic lag (e. 
g. Malaga, Vera, Mallorca; Fig. 6a); conformable above continental 
facies (e.g. Nijar Basin; Fig. 6b); conformable above ostracod-rich 
mudstones (e.g. Eraclea Minoa; Fig. 6d); sharp contact above a 
black layer of still largely unknown paleoenvironmental significance 
(Piedmont, Apennines and Cyprus; Fig. 6c, f). 

For a better understanding of how Stage 3 developed across the 
Mediterranean these marginal records now need to be considered 
alongside the evidence from intermediate to deep offshore settings. 

We note that alternative chronostratigraphic frameworks have been 
proposed for several onshore (Malaga, Sorbas, Mallorca, Apennines, 
Sicily) and offshore (Sites 134B, 976B, 978A) locations (see Fig. 4b for 
references), but we have omitted them as they are shown to rely on 
incorrect (bio)stratigraphic arguments (see Roveri et al., 2008c, Grothe 
et al., 2018 and subsection 5.5). 

4. Offshore domain 

The offshore Mediterranean is a complex array of variable-depth and 
morphologically complex subbasins framed by morphological highs or 
sills. Traditionally it is divided into two main domains (Fig. 2a), the 
Western and Eastern Mediterranean, with the intervening divide (or 
Sicily sill) situated in the Sicily channel at present with a maximum 
depth of 316 m. The Alborán Basin, the depressions on the Balearic 
Promontory, the Corsica, Valencia, Algero-Balearic, Liguro (or Sardo)- 
Provençal and Tyrrhenian basins belong to the "Western Mediterranean" 
(Fig. 2a). The Adriatic foredeep, the Ionian, Sirte, Aegean and Levant 
basins belong in the "Eastern Mediterranean" (Fig. 2a). Smaller-sized 
depressions, again surrounded by sills of variable depth, are identified 
and labelled within each of these subbasins. 

Although the exact topography and hypsometry of the Messinian 
Mediterranean is difficult to reconstruct, this present-day geography is 
generally assumed to have been in place, with five main differences: (1) 
the Alborán Basin was split into a Western (WAB) and Eastern Alborán 
(EAB) by a volcanic arc (Booth-Rea et al., 2018); (2) the Tyrrhenian 
Basin was only partly opened (Lymer et al., 2018); (3) the precise depth 
and width of the ancient Sicily Sill are difficult to estimate, but may have 
been much deeper than today (~300 m; Meijer and Krijgsman, 
2005Jolivet et al., 2006). Paleodepth estimations for the Messinian 
configuration range from 380 m (Just et al., 2011) to 430 m (Garcia- 
Castellanos et al., 2009); (4) one or two sills were present at the southern 
termination of the Adriatic foredeep (Pellen et al., 2017; Amadori et al., 
2018; Manzi et al., 2020); (5) the North Aegean was partially isolated 
from the Mediterranean by the Cyclades Sill and with high Paratethys 
affinity (Krijgsman et al., 2020a). Following the schematic classification 
of the Messinian sub-basins by Roveri et al. (2014a), all these subbasins 
are regarded as either intermediate (i.e. relatively deep-water, 
200–1000 m) or deep (water depth > 1000 m). 

Compared with the onshore domain, the offshore basins hold a far 
greater percentage of the total volume of MSC sediments (Ryan, 1973; 
Haq et al., 2020). The architecture, geometry and main lithologies of the 
MSC and younger deposits are well known thanks to the high density of 
seismic data and the fact that evaporites (halite particularly) are easily 
identified on seismic profiles due to their unusual seismic properties, 
especially compared to those of terrigenous and carbonate sediments 
(see Lofi et al., 2011a, 2011b; Lofi, 2018; Haq et al., 2020). However, the 

detailed lithological, sedimentological, paleontological and geochem-
ical nature and their chronostratigraphy are still poorly constrained 
offshore because these cannot be univocally defined on the basis of 
seismic data alone (Roveri et al., 2019b) and direct information about 
these deep MSC successions is limited to a small number of cores (16) 
drilled during the DSDP (Ryan et al., 1973; Hsü et al., 1978b) and ODP 
(Kastens et al., 1987; Comas et al., 1996; Emeis et al., 1996) drilling 
campaigns that penetrated exclusively the uppermost tens of meters of 
the deep MSC suite in very scattered localities (Fig. 2b). Only recently, 
access to industrial boreholes crossing the base of the halite in the deep 
Levant Basin has been granted, providing a rare glimpse of the deep MSC 
deposits in the easternmost part of the Mediterranean (Gvirtzman et al., 
2017; Manzi et al., 2018; Meilijson et al., 2018, 2019). 

The MSC is commonly described as tripartite (‘Messinian trilogy’ 

after Montadert et al., 1978) in the Western Mediterranean (Lower- 
Mobile-Upper units: LU-MU-UU, respectively). However, in the Ionian 
Basin is described as bipartite (MU-UU) by Camerlenghi et al. (2019) 
while according to Lofi et al. (2011a), Gvirtzman et al. (2013, 2017), 
Lofi (2018) and Camerlenghi et al. (2019), the Levant Basin consists of 
the MU and the UU is only present locally and possibly represented by 
evaporite-free terrigenous accumulations (Kartveit et al., 2019; Madof 
et al., 2019). The lack of many age constraints within the offshore MSC 
successions hampers unambiguous correlation with onshore sequences 
(Fig. 1a; Roveri et al., 2014a). Nevertheless, different authors have 
proposed onshore-offshore correlation of specific events (e.g. onset, 
Ochoa et al., 2015; and termination of the MSC, Biscaye et al., 1972, 
Iaccarino et al., 1999) and stratigraphic schemes (Decima and Wezel, 
1971; Raad et al., 2021) based on and biostratigraphic evidence 
(Cosentino et al., 2006), 87Sr/86Sr isotope ratios (Roveri et al., 2014b; 
Gvirtzman et al., 2017; Manzi et al., 2018) and astronomical tuning of 
the deep seismic record (Ochoa et al., 2015, 2018; Manzi et al., 2018; 
Meilijson et al., 2018, 2019). Here we focus on the seismic and 
geological (core-derived)1 properties of the Upper Unit (and laterally 
grading/interfingering sediments when present), stratigraphically 
below the Plio-Quaternary deposits (PQ) suggesting that it belongs to (at 
least part of) Stage 3. 

4.1. Western Alborán Basin and westernmost East Alborán Basin 

The Alborán Basin has received particular attention because of its 
proximity to the Gibraltar Corridor (Estrada et al., 2011; Popescu et al., 
2015 and references therein). Evaporites only occur on the eastern side 
of the EAB (which is treated in subsection 4.2; Fig. 2a). To the west of the 
volcanic archipelago (Booth-Rea et al., 2018, i.e. the WAB) and imme-
diately to the east on the western side of the EAB only terrigenous 
sediments occur in the MSC interval (Booth-Rea et al., 2018; de la Peña 
et al., 2020). Sediments at the Miocene/Pliocene boundary appear in the 
seismic reflection data as parallel reflectors with increasing reflectivity 
(Comas et al., 1996, 1999; Booth-Rea et al., 2018). Locally, just below 
the M discontinuity, some of the reflectors suggest a chaotic seismic 
facies (Fig. 7a; Booth-Rea et al., 2018; Bulian et al., 2021). Miocene 
sediments with a maximum thickness of 100 m have been recovered 
from two out of nine holes drilled in the region (ODP 976B, 978A; Comas 
et al., 1996, 1999). These sediments mostly consist of claystones, silt-
stones and sandstones with Chondrites and Zoophycos ichnofacies at site 
976B and include a conglomerate close to the Miocene/Pliocene 
boundary at Site 978A. The lack of age-diagnostic fossils hampers their 
correlation with the Geologic Time Scale (GTS). However, the presence, 

1 Lithostratigraphic and biostratigraphic information from DSDP and ODP 
cores are primarily extracted from the Scientific Shipboard Party documents, 
accessible from https://www.marum.de/en/Research/Cores-at-BCR.html. 
These documents are referenced in the text as follows: Ryan et al. (1973): DSDP 
120-134; Hsü et al. (1978b): DSDP 371-378; Kastens et al. (1987): ODP 650- 
656; Comas et al. (1996): ODP 974-979; Emeis et al. (1996): ODP 963-973. 
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high in the Miocene section, of an oligotypic association of ostracods 
(Candona sp., Loxoconcha muelleri, and Cyprideis sp.) with different 
stages of growth (Site 978A; Iaccarino and Bossio, 1999) and Para-
tethyan dinocysts (including Galeacysta etrusca; see subsection 5.2; 
Popescu et al., 2015) indicates a latest Messinian (substage 3.2) age and 
brackish paleodepositional conditions. Foraminifera and nannofossils 
are also present, but all species recognized are of no help in narrowing 
down the paleoenvironmental interpretation because they are consid-
ered either definitely or likely to be reworked (Iaccarino and Bossio, 

1999). By contrast, Popescu et al. (2015) interpreted some species of 
calcareous nannofossils (Reticulofenestra pseudoumbilicus, Discoaster 
quinqueramus, Ceratolithus acutus, Triquetrorhabdulus rugosus, Amaur-
olithus primus) and marine dinocysts as autochthonous. 

The nature of the Miocene/Pliocene boundary is also uncertain. 
According to some authors, the “M” discontinuity is a high-amplitude 
reflector with evidence of erosion attributed to subaerial processes 
(Estrada et al., 2011; Urgeles et al., 2011) and locally (e.g. close to Site 
121; Ryan et al., 1973) associated with an angular unconformity that 

Fig. 7. Seismic profiles from intermediate- 
deep Western Mediterranean basins con-
taining MSC markers/units. (a) Seismic 
reflection line CAB01-104 from the WAB 
(modified from Booth-Rea et al., 2018). The 
line shows the variable geometry of the 
inferred M/P boundary, erosive in proximity 
of mud diapirs, (para)conformable in 
tectonically undisturbed sectors. Chaotic 
reflectors are occasionally imaged below the 
inferred M/P boundary. (b) Seismic profile 
SF12-09 imaging the lower slope of the 
south Algero-Balearic margin and part of the 
Algero-Balearic abyssal plain (modified from 
Mocnik et al., 2014). Here a high reflecting 
and horizontally stratified UU covers a thin 
layer of MU evidenced by salt diapirism. 
Note the concordant deformation of the UU 
and MU. (c) Line MS-39 from the abyssal 
plain of the Liguro-Provençal Basin showing 
the Messinian trilogy and non-erosive bot-
tom and top surfaces (BS and TS; Dal Cin 
et al., 2016). Halokinesis of MU gives rise to 
domes that deform the UU and PQ units. (d) 
Interpreted seismic profile from the lower- 
middle slope of the west Sardinian margin 
(modified from Dal Cin et al., 2016). Thin 
MU and UU are present on the lower slope, 
while on the middle slope (and upper slope 
here not shown) they converge in the margin 
erosion surface MES. (e) Line drawing of 
seismic line imaging from the Catalan 
margin (or Ebro Basin) to the abyss of the 
Liguro-Provençal basin (modified from 
Maillard et al., 2011b). Note the pinch out of 
the MU in the Valencia Basin and of the UU 
in the Ebro Basin, which is MSC free. (f) 
Interpreted seismic profile Simbad 15 
crossing the depocenter of the CMD showing 
all the MSC units and erosional surfaces 
(modified from Raad et al., 2021). (g) 
Interpreted seismic profile MYS40 illus-
trating the MU-UU-PQ units in the East- 
Sardinia Basin and Cornaglia Terrace, sepa-
rated by the MSC deposits-free Quirra Sea-
mounts (modified from Lymer et al., 2018).   
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abruptly truncates the upper Miocene deposits and morphological highs 
(Comas et al., 1999; Estrada et al., 2011; Garcia-Castellanos et al., 
2020). Although the M-reflector was drilled at Sites 976B, 977A and 
978A, a lithological contact was only recovered at Site 976B coinciding 
with a major erosional surface between the early Messinian and the base 
of the Pliocene (Bulian et al., 2021). Only at Site 978A (and possibly 
977A) was a few meters of what may be the contact interval recovered 
(Comas et al., 1996). This comprises a 25 m-thick cemented succession 
containing pebbles of volcanic and sedimentary rocks likely to derive 
from the Alborán substrate (46R, 620.9-630.67 mbsf, between the 
Pliocene-bearing core 45R and the Messinian-bearing core 47R; Comas 
et al., 1996). In contrast, Booth-Rea et al. (2018) concluded that the M- 
reflector is an unconformity only close to the mud diapirs and owes its 
erosive shape and angular discordance to the activity of these structures 
(Fig. 7a). In more undisturbed sectors these authors argue that the 
boundary is a paraconformity with no evidence of erosion (Fig. 7a). The 
lack of Messinian erosion in the shallow regions of the WAB margins has 
prompted the hypothesis that this area did not desiccate during the MSC 
(Booth-Rea et al., 2018; de la Peña et al., 2020). This contradicts much of 
the interpretation made of the DSDP and ODP cores of this interval in the 
Alborán Sea. The succession recovered by drilling from beneath the 
Pliocene comprises gravels that contain a mixed Miocene fauna. These 
sediments and their faunal content are thought to have been reworked 
from older sediments exposed as Alborán substrate with no evidence of 
an extensive wet Lago Mare interval immediately before the Zanclean 
(Comas et al., 1996). 

Two W-E-aligned erosional channels straddling the Strait of Gibraltar 
and stretching for 390 km from the easternmost Gulf of Cádiz (Atlantic 
Ocean) into the Alborán Basin are clearly observed in seismic profiles 
(Garcia-Castellanos et al., 2009; Estrada et al., 2011). There is 
disagreement, however, concerning the timing and nature of their for-
mation. These incisions are classically considered to occur at the very 
top of the MSC suite (when present) and to be the consequence of the 
Zanclean megaflood (Garcia-Castellanos et al., 2009, 2020; Estrada 
et al., 2011 among others). More recently, Krijgsman et al. (2018) 
highlighted that an accurate age determination for these channel in-
cisions is lacking and that they might have been formed earlier during 
the MSC as a result of the Mediterranean-Atlantic gateway currents. 
Interpretation of E-W seismic profiles across the Alborán Basin com-
bined with mammal records in Africa and Iberia led Booth-Rea et al. 
(2018) to suggest the existence of an emergent volcanic archipelago that 
temporarily connected southeastern Iberia with northern Africa, sepa-
rating an open marine, Atlantic-influenced West Alborán Basin realm 
from a restricted, hydrologically complex Mediterranean realm to the 
east. 

4.2. Eastern Alborán, Algero-Balearic and Liguro-Provençal basins 

From the eastern margin of the EAB as far east as the Tyrrhenian 
coast of Italy, the Messinian (evaporites-bearing) trilogy LU-MU-UU is 
found and sealed by the PQ. The MU and UU are interpreted to fill the 
deepest depocenters (Algero-Balearic, Valencia and Liguro-Provençal 
basins; with minor interruptions due to seamounts) and the lower slope 
domain, where they comprise ~500 to ~800 m of UU and ~1000 m of 
MU/halite (Figs. 7b-d; Camerlenghi et al., 2009; Lofi et al., 2011a, 
2011b; Geletti et al., 2014; Mocnik et al., 2014; Dal Cin et al., 2016; Lofi, 
2018). Upslope, a thinner, possibly incomplete UU is locally described 
on the middle-upper continental slopes of Western Corsica (Guennoc 
et al., 2011) and Sardinia (Mocnik et al., 2014; Dal Cin et al., 2016) and 
the northern (Maillard et al., 2006) and southern (Maillard and Mauf-
fret, 2013; Mocnik et al., 2014; Dal Cin et al., 2016) flanks of the Balearic 
Promontory, even though the structural settings of these locations are 
mostly dominated by erosion (Fig. 7d). MSC evaporites are absent on the 
continental shelves bordering the deep Algero-Balearic and Liguro- 
Provençal basins, where the PQ directly overlies the MES which, in turn, 
cuts through the middle Miocene deposits (Gorini et al., 2005; Lofi et al., 

2005). The only late Messinian sediments are present as Complex Units 
(Gulf of Lion, Bessis, 1986; Gorini et al., 2005; Lofi et al., 2005; Algerian 
Basin, Medaouri et al., 2014; Arab et al., 2016; Fig. 7e). CUs can have 
various origin (Lofi et al., 2011a, 2011b), but when identified at the 
outlet of drainage systems, they are commonly interpreted as Messinian 
clastics supplied by rivers (Lofi et al., 2005). In the Gulf of Lion, the MES 
is a high angle unconformity with substantial erosion along highly 
rugged relief thought to have been generated by fluvial incision (Lofi 
et al., 2005). In contrast, Roveri et al. (2014c) suggested that the 
drainage networks visible on the seismic could be of subaqueous origin. 

When not involved in MU-related deformation processes, the UU 
appears as a highly reflective series of flat reflectors alternating with less 
reflective, but concordant, reflectors (Figs. 7b-c; Lofi et al., 2011a, 
2011b) aggrading in the basin center and onlapping the margins 
(Fig. 7b; Camerlenghi et al., 2009; Lofi et al., 2011a, 2011b; Geletti 
et al., 2014; Mocnik et al., 2014; Dal Cin et al., 2016). The aggrading 
nature, shelf-ward thinning and the onlap terminations of the UU are 
interpreted as evidence of sedimentation in a lake with fluctuating base 
level (e.g. Lofi et al., 2005; Lofi et al., 2011a). In the abyssal plains 
(Figs. 2a, 7c), nine to ten cycles have been interpreted on high resolution 
seismic profiles as corresponding to gypsum-marl alternations (Geletti 
et al., 2014; Mocnik et al., 2014). At Sites 124 and 372, ~40-50 m of the 
UU have been drilled at the feet of the east Menorca continental rise and 
the northern Menorca slope, where 3-4 gypsum-marl cycles are recog-
nized (Fig. 2b; Ryan et al., 1973; Hsü et al., 1978a). Primary gypsum 
facies are widely overprinted by post-depositional diagenetic processes, 
but the still recognizable laminated and clastic primary textures indicate 
precipitation at the water-air interface and emplacement by gravity 
flows, respectively (Lugli et al., 2015). The marl interbeds are made 
from stiff to firm dolomitic mud containing substantial quantities of 
detrital material intercalated with current-bedded sandstones and, at 
Site 124, with diatomites (Ryan et al., 1973). Cyprideis sp. specimens are 
reported from some mudstone interbeds at Site 372, while dwarf 
planktonic foraminifera are present just below the Miocene/Pliocene 
boundary at Site 124 (Ryan et al., 1973). 

The Miocene/Pliocene boundary coincides with the top of the UU 
where present (labelled TES when erosional and TS when conformable; 
Lofi et al., 2011a, 2011b). In the abyssal plain-lower slope domain it 
appears to be undulating, although this geometry is related to the 
deformation of the underlying salt (Figs. 7b-c), and it actually corre-
sponds to a sharp surface lacking signs of erosion (Lofi et al., 2011a, 
2011b; Geletti et al., 2014; Mocnik et al., 2014). By contrast, the UU-PQ 
boundary commonly appears strongly erosional in the middle-upper 
slope and shelf domain, where it coincides with the MES (Fig. 7d; Lofi 
et al., 2005; Maillard et al., 2006; Geletti et al., 2014; Mocnik et al., 
2014). Among the six DSDP-ODP Sites drilled in this region (Fig. 2b), 
only Hole 975B recovered the Miocene/Pliocene boundary (Iaccarino 
and Bossio, 1999; Marsaglia and Tribble, 1999). Here the Messinian is a 
few centimeters thick and consists of banded micritic silty clays with 
minor calcareous siltstones to sandstones typified by a diverse faunal 
assemblage consisting of dwarf planktonic foraminifera, Ammonia tepida 
tests and brackish Paratethyan ostracods (Loxocorniculina djafarovi, 
Euxinocythere praebaquana, Amnicythere idonea, Leptocythere limbate, 
Candona sp., and Cyprideis sp.; Iaccarino and Bossio, 1999). 

Halite is present at the bottom of Hole 134 drilled within the UU 
(Ryan et al., 1973; Sage et al., 2005; Lugli et al., 2015). High-resolution 
seismic profiles from both the Algero-Balearic and Ligurian-Provençal 
basins confirm the presence of a halite layer high in the UU sequence 
(Geletti et al., 2014; Mocnik et al., 2014). This layer is up to 50 m thick 
(Dal Cin et al., 2016) and is correlated with an erosional surface (called 
IES: Intermediate Erosional Surface by Lofi et al., 2011a, 2011b) asso-
ciated with an angular unconformity which is better developed on the 
lower slope (Fig. 7d). Geletti et al. (2014) and Mocnik et al. (2014) 
interpreted this layer as autochtonous and indicative of at least one 
important sea level drop during UU deposition. However, this intra UU 
halite layer is always described from areas strongly affected by salt 
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diapirism (just like in the Ionian Abyssal Plain; see subsection 4.6.1) and 
is never found in adjacent, undisturbed areas (see Camerlenghi et al., 
2009; Geletti et al., 2014; Mocnik et al., 2014; Dal Cin et al., 2016), two 
features that may suggest it has an allochthonous origin. 

Site 134 shows evidence of a “desiccation crack" cutting through a 
sandy silt layer interbedded with unaffected laminated halite (Hsü et al., 
1973c). Unfortunately, the core photograph of this crack has been 
published in two different orientations (Hsü et al., 1973a, 1973b), 
leading both Hardie and Lowenstein (2004) and Lugli et al. (2015) to 
question the evidence for subaerial desiccation. Because of these am-
biguities, we suggest to dismiss this example from the book of evidence. 

4.3. Valencia Basin 

The Valencia Basin (VB; Fig. 2a) is an aborted rift formed during the 
late Oligocene-early Miocene opening of the back-arc Liguro-Provençal 
Basin (e.g. Jolivet et al., 2006). It is located between the Spanish Ebro 
Margin to the west and the Balearic Promontory to the east, while it 
grades into the Liguro-Provençal Basin to the E/NE (Fig. 7e; Maillard 
and Mauffret, 2006; Maillard et al., 2006). 

Numerous exploratory boreholes exist on the western Ebro margin. 
These boreholes, tied to seismic data, confirm that MSC-related sedi-
ments on the northwestern shelf are missing (Fig. 7e; Urgeles et al., 
2011; Pellen et al., 2019). The only MSC feature present is a prominent 
erosional surface (the MES) incising Serravallian-early Messinian sedi-
ments (Urgeles et al., 2011). By contrast, on the southwestern and 
southern part of the margin, well data show the presence of evaporitic 
sediments (e.g. Delta L and Golfo de Valencia D1 boreholes; Del Olmo, 
2011; Del Olmo and Martín, 2016; Lozano, 2016). Del Olmo and Martín 
(2016) described these evaporites as primary selenites and ascribed 
them to MSC Stage 1 (their unit M7). Lozano (2016) described the same 
evaporitic deposits in the same boreholes as ‘white anhydrites’, leaving 
open the question as to whether the anhydrite is primary (sabhka’s) or 
secondary at the expense of a primary gypsum facies. On the eastern 
margin of the VB boreholes and seismic studies suggest there are no MSC 
units with only a prominent MES cutting pre-MSC sediments (Driussi 
et al., 2015; Raad et al., 2021). All authors conclude that the shelves of 
VB were exposed to subaerial erosion during and following the main 
drawdown. 

MSC deposits are also absent along the slopes and, where present, 
consist of coarse- and fine-grained terrigenous facies filling valleys 
largely related to fluvial incision (Fig. 7e; Stampfli and Höcker, 1989). 

A different situation features in the depocenter. Despite its present- 
day depth of > 2000 m, no MU is observed in the depocenter, as the 
salt pinches-out at the edge of the deeper Provençal Basin (Fig. 7e). Only 
the seismic properties of UU suggest that it is roughly continuous from 
the Provençal Basin into the VB (Fig. 7e; see subsection 4.2), although it 
thins from ~1000 m to < 500 m. The UU is characterized by aggrading 
and onlapping geometries towards the slopes, where it also thins out 
until it disappears along the middle-upper slope (Fig. 7e; Maillard et al., 
2006; Cameselle and Urgeles, 2017). Maillard et al. (2006), Urgeles et al. 
(2011), Cameselle et al. (2014) and Cameselle and Urgeles (2017) all 
stated that the UU formed during an important Mediterranean-level 
lowstand (~1000 m). Several Complex Units (CU), with different 
origin, have been observed and described as belonging to the MSC 
(Cameselle and Urgeles, 2017). 

DSDP Site 122, drilled at the mouth of a valley incision, recovered a 
few meters of sand-gravels made of well-rounded basalt, marine lime-
stones, nodules of crystalline gypsum and mollusk fragments in a clay- 
silty matrix rich in deep-water benthonic foraminifera and early Plio-
cene nannofossils, all interpreted as erosional products of the VB seabed 
(Ryan et al., 1973). The uppermost Messinian in two industrial wells 
(Ibiza Marino and Cabriel boreholes; see Lozano, 2016) is represented 
by intercalations of clastic gypsum/anhydrite and marls (unit M8-P1 of 
Del Olmo and Martín, 2016). These are interpreted as turbidites sourced 
from the shelf and/or slope during a lowstand phase of the 

Mediterranean base level (Del Olmo, 2011; Del Olmo and Martín, 2016; 
Cameselle and Urgeles, 2017). 

In seismic profiles, the UU/PQ transition (M-reflector or TES) is 
locally both sharp and smooth (in more distal settings) and erosional (in 
more proximal settings; Fig. 7e). Maillard and Mauffret (2006) indicate 
that the smooth parts have been caused by increasing fresh water influx 
during the Lago-Mare phase, leading to dissolution of the evaporites, 
and the rough erosional segments are of subaerial origin. For Cameselle 
and Urgeles (2017), the top of the UU is a smooth and conformable 
downlap surface, representing the rapid inundation of the basin with 
only local minor erosional features. 

4.4. Balearic Promontory 

Sticking out from the surrounding deep-water locations, the Balearic 
Promontory (BP; Fig. 2a) is a continental high that has undergone tec-
tonic extension since the late Serravallian (Roca and Guimera, 1992; 
Sabat et al., 2011). During the Messinian, it comprised in topographic 
lows/subbasins at different water depths and separated by structural 
highs/sills (Maillard et al., 2014; Driussi et al., 2015; Roveri et al., 
2019b; Raad et al., 2021). The area has been the subject of multiple 
studies (Maillard et al., 2014; Driussi et al., 2015; Ochoa et al., 2015; 
Roveri et al., 2019b; Raad et al., 2021) and several controversies arose 
after the publication of Roveri et al. (2019b). 

The first controversy concerns the Messinian paleodepth of the BP’s 
subbasins. According to Roveri et al. (2019b) the subbasins were 
shallow during the Messinian and acquired today’s paleodepths 
following a strong post-MSC subsidence; Maillard and Mauffret (2011), 
Maillard et al. (2014) and Raad et al. (2021), instead, consider the 
tectonic movements in the BP to have been minor since the late Miocene 
(Messinian) and the region to have been already structured as it is today 
during the MSC. Well-to-seismic ties in the shallower basins closer to the 
Spanish coast (i.e. Bajo Segura, San Pedro and Elche basins) comprise up 
to 14 Stage 1 primary gypsum-marl cycles similar to the onshore PLG 
unit (Lugli et al., 2010) truncated at the top by the MES (Soria et al., 
2008a, 2008b; Ochoa et al., 2015). At first, Ochoa et al. (2015) 
concluded that all sediments overlying the MES are Pliocene in age. A 
later re-appraisal of the same downhole logging data and cuttings led 
Ochoa et al. (2018) to attribute the first ~13 m-thick micritic and 
evaporite-free sediments to the late Messinian (stage 2 or 3 of the MSC 
according to the authors). The MSC stratigraphy of the shallowest 
offshore basins of the BP closely resembles that described from cores and 
outcrops onshore Mallorca (see subsection 3.4; Roveri et al., 2019b). 

High resolution seismic reflection data in the Central Mallorca 
Depression (CMD) highlighted up to 500 m of MSC deposits made of a 
Bedded Unit (BU) and a thin salt layer (Maillard et al., 2014; Driussi 
et al., 2015). This BU has never been drilled and, therefore, lacks lith-
ological and chronostratigraphic constraints. Two contrasting chro-
nostratigraphic and lithological interpretations are proposed: Roveri 
et al. (2019b) ascribed these sediments to Stage 2 and 3 and suggested 
that only reworked evaporites and halite are present. By contrast, 
following the seismostratigraphic description of Maillard et al. (2014), 
Ochoa et al. (2015) and Raad et al. (2021) inferred the presence of Stage 
1 gypsum also in the CMD. 

Raad et al. (2021) made a step forward by disclosing a possible tri-
partition of the BU unit (Fig. 7f). In their seismostratigraphic framework, 
Raad et al. (2021) noticed that the uppermost evaporite-bearing unit 
(called BU3), ~120 m-thick in the CMD, has geometric, stratigraphic 
and facies analogies with the astronomically-tuned UG unit of the Cal-
tanissetta Basin (Fig. 3a) that endorse its attribution to Stage 3. Similar 
to the UU in the deepest basins (see subsection 4.2), BU3 consists of up to 
9 low- and medium-amplitude reflectors that are interpreted as alter-
nating terrigenous and gypsum beds (Maillard et al., 2014; Raad et al., 
2021). Reflectors are parallel and continuous in the more distal areas, 
while they appear more chaotic in the more proximal sectors (Raad 
et al., 2021). The base of BU3 coincides with the erosional top of the salt, 
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interpreted as created by salt exposure, dissolution and locally salt 
gliding towards the depocenter (Fig. 7f; Raad et al., 2021). By contrast, 
the top of BU3, which corresponds to the Miocene/Pliocene boundary, is 
largely flat without signs of erosion (Fig. 7f; Maillard et al., 2014; Raad 
et al., 2021). An irregular geometry is sometimes visible, but is likely to 
be related to deformation of the underlying salt (Fig. 7f; Raad et al., 
2021). 

4.5. Tyrrhenian Basin 

The Tyrrhenian Basin to the east of Sardinia is a back-arc basin that 
opened by continental rifting and oceanic spreading related to the 
eastward migration of the Apennine subduction system from middle 
Miocene to Pliocene times (Gaullier et al., 2014; Lymer et al., 2018; 
Loreto et al., 2020 and references therein). Three main domains are 
traditionally identified (Lymer et al., 2018 and references therein): 1) 
the East Sardinia Basin, with present-day water depths between 200- 
2000 m consisting of a system of seamounts and depressions that do 
not contain MSC sediments (Lymer et al., 2018); 2) the Cornaglia 
Terrace (2000-3000 m deep), a wide, flat area with dispersed structural 
highs; 3) the Tyrrhenian Basin s.s., with water depths varying from 
3000-3600 m. Whether the Tyrrhenian Basin acquired the present-day 
topography and hypsometry before the MSC (Lymer et al., 2018) or at 
least part of it (e.g. Eastern Sardinia margin, where Site 654 is located, 
and Northern Tyrrhenian) was much shallower (possibly comparable to 
the Caltanissetta Basin; Roveri et al., 2014b) and underwent extension 
and subsidence during the Messinian-Pliocene (e.g. Kastens and Mascle, 
1990; Loreto et al., 2020) is still unresolved. 

The MSC units in seismic profiles from the Tyrrhenian Basin (Fig. 7g) 
are very similar to the ones described in the Algero-Balearic and Liguro- 
Provençal basins (Fig. 7b-c; Gaullier et al., 2014; Lymer et al., 2018). 
ODP Sites 652, 653 and 654 confirmed the seismic-inferred lithological 
nature of UU as consisting, of gypsum-mudstone alternations (8 are 
counted at Site 654; Kastens et al., 1987; Borsetti et al., 1990; Roveri 
et al., 2014b). Intercalations of ripple–cross-laminated, fine-grained, 
azoic sandstones occur within the mudstone intervals in places (Cita 
et al., 1990; Iaccarino and Bossio, 1999). In some mudstone samples, the 
ostracod Cyprideis sp. (Site 654) and Candona sp. (DSDP Hole 974B) and 
the foraminifera Ammonia beccarii and Ammonia tepida have been found, 
indicating a shallow-water (< 50 m) brackish environment (see sub-
sections 5.1 and 5.4; Cita et al., 1990; Iaccarino and Bossio, 1999). 
87Sr/86Sr isotope ratios of UU gypsum and planktic foraminifera of the 
overlying Pliocene (Unit 1 at Site 654) show values much lower (from 
0.708627 to 0.708745) and roughly equivalent (from 0.708935 to 
0.709112) to coeval ocean water (~0.709020-30; McArthur et al., 
2012), respectively (Müller et al., 1990; Müller and Mueller, 1991). 
Similar 87Sr/86Sr values were obtained from the gypsum cored at Site 
652 (0.708626-0.708773; Müller and Mueller, 1991). 

The Miocene/Pliocene boundary at DSDP Site 132 is placed above a 
cross-bedded sand rich in quartz, mica, pyrite, rounded fragments of 
gypsum and specimens of Ammonia beccarii and Elphidium macellus 
(Ryan et al., 1973). In the adjacent ODP Site 653 a similar sandstone is 
found slightly below the biostratigraphically-defined Messinian/Plio-
cene boundary and ~70 cm of grey mudstones with foraminifera and 
nannofossils of undisclosed provenance are squeezed in between (Cita 
et al., 1990). These mudstones also contain rare dwarf planktic fora-
minifera (Globorotalia acostaensis, Orbulina universa, and Globigerina 
bulbosa; Cita et al., 1990). 

Overall, the uppermost Messinian sediments of the Tyrrhenian Basin 
are interpreted as having been deposited in lakes with periodic episodes 
of increased salinity and dilution under the strong influence of high 
energy rivers and, perhaps ocassionally, of the Atlantic (Cita et al., 1990; 
Müller et al., 1990; Müller and Mueller, 1991). 

4.6. Ionian Basin 

The deepest basin in the Mediterranean today is the Ionian Basin, 
with its lowest point at 5,267 meters. The so-called Ionian Abyssal Plain 
(IAP) is bounded on all sides by pre-MSC structural highs (Fig. 2a; 
Camerlenghi et al., 2019): the Malta Escarpment to the west; the Medina 
Escarpment to the south separating it from the Gulf of Sirt (Fig. 8a); the 
Gargano-Pelagosa and/or Otranto sill to the north dividing it from the 
Adriatic Foreland and, finally, an unnamed sill to the east, separating the 
IAP from the Levant Basin. Evidence from recent high-resolution seismic 
studies across the region have been used to support Stage 3 desiccation 
models (e.g. Hsü et al., 1978a, 1978b; Bowman, 2012; Micallef et al., 
2018, 2019; Camerlenghi et al., 2019; Spatola et al., 2020). 

4.6.1. Ionian Abyssal Plain 
The typical “trilogy” of seismic units representing the MSC deposi-

tion in the Western Mediterranean is recognized also in the IAP by 
Gallais et al. (2018) and Mocnik et al. (2018). However, Camerlenghi 
et al. (2019) states the MSC sequence in the IAP is ~1,300 m-thick and 
composed of only two units (Fig. 8a). The lowermost 150-700 m-thick 
Mobile Unit (MU) is seismically transparent without discernible bedding 
and with diapiric structures, all features diagnostic of halite. By contrast, 
the 350-1,000 m-thick Upper Unit (UU) alternates highly reflective with 
acoustically transparent reflectors (Figs. 8a-b), similar to those 
described of the UU sequences of the Western Mediterranean (Figs. 7b- 
c). These are therefore assumed to represent gypsum-mudstone cycles 
(Camerlenghi et al., 2019). The uppermost 80 m of UU has been 
recovered from DSDP Site 374 (Hsü et al., 1978b), confirming the 
presence of gypsum (both primary cumulate and clastic; Lugli et al., 
2015) alternating with mudstones (Unit III; Hsü et al., 1978b). These 
mudstones are largely barren of in situ fossils. However, the presence of 
some foraminifera and siliceous microfossils led Cita et al. (1978) and 
Hsü et al. (1978a) to suggest that sporadic marine incursions, possibly 
from the Indian Ocean, took place during Stage 3. Similar to Site 372, 
the basal part of Hole 374 intercepted one thin (~3.5 m) halite layer 
within the UU (Hsü et al., 1978b). 

The UU and the overlying Zanclean (subunit PQc of Camerlenghi 
et al., 2019) reflectors are conformably folded throughout most of the 
abyssal plain, locally showing chaotic internal structure, irregular 
folding mimicking V-shaped incisions and truncations (Fig. 8b; Camer-
lenghi et al., 2019). These features are interpreted by Camerlenghi et al. 
(2019) as fluvial valleys carved in subaerially exposed evaporites by the 
Eso-Sahabi fluvial system, the closest fluvial drainage network to the 
area (see Micallef et al., 2018) that drained Libya in the late Miocene 
(Griffin, 2002) and has been traced across the Gulf of Sirt offshore 
(Sabato Ceraldi et al., 2010; Bowman, 2012). Several arguments coun-
teract this interpretation: 1) the coherent, deformation, mostly of post- 
Messinian age, of both the UU and the lower Zanclean; 2) the absence 
of fluvial facies above the bottom of the “valleys”, which instead 
correspond to a mudstone interval that underwent post-depositional 
dolomitization (Unit II; see below; Fig. 8b); 3) the unlikelihood that 
the Eso-Sahabi fluvial system managed to bypass the Medina Ridge 
divide (Fig. 8a). Alternatively, the apparent incisions at the M/P 
boundary in the IAP may represent post-sedimentary folds resulting 
from post-Messinian tectonic and/or salt movements-driven deforma-
tion (e.g. Mocnik et al., 2018). At Site 374 the Miocene/Pliocene 
boundary has been recovered (Unit II), but its primary nature (likely a 
mudstone) is obscured by diagenesis (cementation by dolomite; Hsü 
et al., 1978b). A lithified dolostone at the (seismic) predicted depth of 
the M-Horizon is a characteristic of several sites. Sometimes this interval 
has been recovered (e.g. Sites 125 and 374; Ryan et al., 1973; Hsü et al., 
1978b; Comas et al., 1996); at others the hard lithology is inferred by the 
torqueing of the drill string (resistance to turning) accompanied by 
bouncing of the drill bit at the (e.g. Sites 122, 124, 125, 132, 133 and 
134; Ryan et al., 1973). Dolomitization was (Hsü et al., 1973a, 1973b; 
Ryan et al., 1973) and still is (e.g. Ryan, 2009) largely considered a 
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"diagnostic feature of tidal (sabkha) sediments" (Friedman, 1973, pp. 705). 
Its occurrence at locations with present-day water depth exceeding 2000 
m was therefore considered strong evidence that the Mediterranean 
floor was subaerially exposed prior to the Zanclean marine replenish-
ment (e.g. Ryan et al., 1973). It is, however, now widely accepted that 
dolomite precipitation is not exclusive of sabkha environments, but 
rather is a common process also in bottom sediments under a relatively 
deep water column (see Dela Pierre et al., 2012, 2014 and references 
therein). In the specific case of the offshore Mediterranean’s M/P 
boundary on the Ionian Abyssal Plain, already in the ‘70s dolomitization 
was thought to have occurred after burial (Hsü et al., 1978b), a 
conclusion recently reinforced by McKenzie et al. (2017). 

4.6.2. Malta Escarpment 
At the foot of the Malta Escarpment, Micallef et al. (2018, 2019) and 

Spatola et al. (2020) amalgamated the MU and UU into one seismic unit, 
Unit 3, which is separated from the Plio-Quaternary marine sediments 
(Unit 1) by Unit 2, a chaotic transparent seismic package (Fig. 8c). Unit 2 
has a maximum thickness of 760-860 m, a volume of 1430–1620 km3 

and a wedge-shaped geometry that thins eastwards, disappearing before 
reaching the IAP (Micallef et al., 2018). Micallef et al. (2018) and Spa-
tola et al. (2020) proposed a lithological/sedimentological interpreta-
tion of this chaotic body, suggesting it is composed of well-sorted 
sediments of the Pelagian Platform to the west of the Malta Escarpment, 
with coarser material at the mouth grading into more distal finer sedi-
ments. This chaotic body has recently been attributed to the Zanclean 
megaflood during its passage from the western to the eastern Mediter-
ranean via a gateway located in south-eastern Sicily (Micallef et al., 
2018, 2019; Spatola et al., 2020). Given the rapidity of the reflooding (≤
2 years, Garcia-Castellanos et al., 2009, 2020), this interpretation im-
plies rapid mass deposition. Other interpretations of this Unit 2 include 
being the result of extensive marine mass movement (Polonia et al., 
2011), being folded UU (Butler et al., 2015) or being a complex unit built 
during lower sea level phases (Lofi et al., 2011a, 2011b). 

4.6.3. Gulf of Sirt 
The Gulf of Sirt (or Sirt embayment; Figs. 2a, 8a), the offshore 

extension of the Sirt Basin onshore Libya (Griffin, 2002 and references 
therein), is cross-cut by high-density seismic and well datasets as a result 
of oil potential of the region (Fiduk, 2009). However, only few studies 
have tackled the MSC (e.g. Hallett, 2002; Fiduk, 2009; Bowman, 2012). 

In the Sirt embayment the MSC unit(s) is unevenly distributed in sub- 
basins controlled by a pre-existing topography, there is little distinction 
between the MU and UU, the overall thickness of the MSC unit(s) is 
lower and the degree of deformation is higher than in the adjacent IAP 
(Fig. 8a; Camerlenghi et al., 2019). The presence of halite in the Sirt 
embayment is debated, but most authors think it is absent (see Fiduk, 
2009; Sabato Ceraldi et al., 2010; Lofi, 2018; Jagger et al., 2020; 
Fig. 2b). Bowman (2012) distinguishes seven seismic units within the 

MSC-related sequence (Fig. 8d). On the basis of high-resolution 3D and 
2D data, each seismic unit has been interpreted consisting of clastics 
filling erosional channels cutting up to 100 m deep and wide (Fig. 8d) 
and evaporites (gypsum and anhydrite) alternating with precessional 
cyclicity (Bowman, 2012). The presence of anhydrite in the topmost part 
of the sequence is confirmed by the B1 NC 35A well (Hallett, 2002). 
Sabato Ceraldi et al. (2010) and Bowman (2012) envisaged a three-step 
evolution of each unit: 1) evaporitic deposition during precession 
maxima in a dried out Sirt embayment; 2) erosion of the valleys during 
the arid-wet transition fed by the Eso-Sahabi paleofluvial system; 3) 
filling of the valleys with the fluvial sediments during the wet phase. 
Based on this chronostratigraphic interpretation, the evaporite cycles 
should be time equivalent to most of Stage 3, with the upper four seismic 
units reflecting the Lago-Mare phase (Fig. 1a). 

4.7. Levant Basin 

4.7.1. Abyssal plain 
Old seismic data in the Levant Basin show an up to 2 km-thick, high 

velocity, acoustically transparent sequence bounded by the N-reflector 
at the base and the M-reflector at the top (Figs. 8e-f; Ryan, 1978; Net-
zeband et al., 2006). This sequence thickens and extends for tens of ki-
lometers towards WNW and thins eastward along the continental margin 
(Fig. 8e), where the N and M-reflectors converge forming the condensed 
MSC section of the Mavqiim and Afiq formations (described in subsec-
tion 4.7.2; Gvirtzman et al., 2017; Manzi et al., 2018). High resolution 
2D and 3D industrial seismic and well data from the southern Levant 
Basin revealed that this transparent sequence is largely made of pure 
halite with internal stratification picked out by diatomite, clay- and 
clastic-rich layers that allowed the division of the sequence into six sub- 
units, basinward-tilted and truncated at the top by the flat TES (Fig. 8f; 
Gvirtzman et al., 2013, 2015, 2017; Feng et al., 2016, 2017; Manzi et al., 
2018; Meilijson et al., 2018, 2019). Clastic beds ~3 to 20 m-thick are 
abundant in the highly reflective and chaotic Unit 5 (i.e. Interbedded 
evaporites of Meilijson et al., 2019; MC2 unit of Feng et al., 2016; 
Figs. 3b, 4a), where they are interbedded with evaporites (probably 
halite with minor occurrences of anhydrite) varying in thickness from 
~6 to 30 m (Manzi et al., 2018; Meilijson et al., 2019). Paleontological 
analyses of cuttings probably belonging to one of the clastic beds 
revealed the presence of a few mollusk fragments, ostracods, echinoid 
spines and a relatively rich assemblage of benthic and planktic forami-
nifera which Meilijson et al. (2019) concluded to be reworked. Based on 
seismic and well-log data, clastic intercalations (probably of clays, silts 
and sands) within a halite-dominated sequence are thought to persist in 
the overlying Unit 6, although they diminish in thickness and frequency 
(Gvirtzman et al., 2013; Feng et al., 2016; Meilijson et al., 2019). The 
expression of the end of the MSC is highly controversial. Until recently, 
the M-reflector of Ryan (1978) (later renamed as the Top Erosion Sur-
face, TES; Lofi et al., 2011a, 2011b) bounding Unit 6 at the top was 

Fig. 8. Seismic profiles from intermediate-deep Eastern Mediterranean basins containing MSC markers/units (see Fig. 7 for abbreviations). (a) High-resolution 
seismic line MS27 imaging the PQ and the uppermost MSC’s UU and MU in the Ionian Abyssal Plain and Gulf of Sirt (modified from Camerlenghi et al., 2019). 
Note how the MSC units are thinner, more difficult to distinguish and more deformed in the Sirt Abyssal Plain than in the IAP. PQ, UU and MU all onlap the structural 
highs of the Medina Ridge and VHS-2 sill. (b) High-resolution imaging of the lower part of the Plio-Quaternary (PQc unit) and upper part of the Messinian (UU) in the 
IAP (Camerlenghi et al., 2019). The MSC-PQ boundary is a highly irregular surface, describing apparent V-shaped incisions (symbol V) of controversial origin (see 
subsection 4.6.1 for insights). Note the coherent deformation of PQc with the underlying MSC sequence and the absence of fluvial facies within the incisions (Unit II is 
made of lower Pliocene dolomitic marls recovered in Site 374 drilled nearby the seismic line; see text). (c) Multichannel seismic reflection profile MEM-07-203 
running approximately parallel to the Malta Escarpment and showing the relationship between Unit 2 of Micallef et al. (2018) with the overlying and underlying 
Zanclean and Messinian sediments, respectively (modified from Spatola et al., 2020). (d) Uninterpreted (left) and interpreted (right) seismic profiles showing the 
cyclic and channelized nature of the uppermost Messinian observed in the offshore Sirt Basin (modified from Bowman, 2012). (e) Interpreted 2D regional WNW–ESE 
seismic profile crossing the continental shelf and offshore Levant Basin and the Herodotus Abyssal Plain (Jagger et al., 2020). Note the lateral continuity of the 
Messinian MU. (f) Seismic profile from the Levant Basin showing the 6 sub-units distinguished inside the MU as well as its lower (N-reflector) and upper (M-reflector) 
boundaries (modified from Gvirtzman et al., 2013). (g) High-resolution seismic reflection image with wireline logs from Aphrodite-2 well illustrating that M-reflector 
previously considered as top evaporitic sequence and M/P boundary here consists of a ~100-m-thick unit (i.e. Unit 7 of Gvirtzman et al., 2017) in which different 
layers are distinguished (modified from Gvirtzman et al., 2017). (h) Interpreted and uninterpreted seismic profiles imaging the Mavqi’im and Afiq formations 
described in the canyons on the Levant continental margin (modified from Ben Moshe et al., 2020). 
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considered to be the Miocene/Pliocene boundary (Fig. 8f; Ryan, 1978; 
Gvirtzman et al., 2013; Feng et al., 2016). Instead, Gvirtzman et al. 
(2017) showed that in higher resolution seismic data the M-reflector/ 
TES is a bundle of reflectors forming a distinct layer (Unit 7) overlying a 
truncation surface (i.e. Unit 6/7 boundary) that they re-labelled intra- 
Messinian truncation surface (IMTS; Fig. 8g) and ascribed to subaqueous 
dissolution rather than subaerial incision (e.g. Bertoni and Cartwright, 
2007; Lofi et al., 2011a, 2011b; Kartveit et al., 2019; Madof et al., 2019). 
This conclusion was recently corroborated by the independent study of 
Kirkham et al. (2020). Analysis of gamma-ray and resistivity logs in 
three deep basin wells (Aphrodite-2, Myra-1, Sara-1; Fig. 2b) and cor-
relation with the Or-South-1 well (located between the deep basin and 
the shelf) showed that Unit 7 maintains a constant thickness of ~100 m- 
thick and consists of clastic-rich anhydrite of undisclosed provenance. 
Meilijson et al. (2019)’s lithological interpretation of industrial bore-
holes slightly farther to the NE (Fig. 2b) give Unit 7 a significantly 
smaller thickness (5 m; Fig. 3b). Independent studies offshore Lebanon 
and Syria (Kartveit et al., 2019; Madof et al., 2019) describe a unit (Nahr 
Menashe complex) interpreted as a thicker (up to 300 m; Madof et al., 
2019), but lateral equivalent of Gvirtzman et al. (2017)’s Unit 7. Based 
on its channelized morphology identified upslope near the Lebanese 
coast, Kartveit et al. (2019) and Madof et al. (2019) interpreted the Nahr 
Menashe Unit and the IMTS underneath as fluvial in origin, deposited/ 
formed on a subaerially exposed floor of the Levant Basin. Six (Madof 
et al., 2019) to eight (Madof and Connell, 2018) lobes were identified 
and are proposed to have stacked with precessional frequency. The Nahr 
Menashe sequence has been correlated by the same authors with the Abu 
Madi Fm. located within the Messinian canyons offshore Egypt (Abdel 
Aal et al., 2000; Loncke et al., 2006; Abdel-Fattah, 2014), the Handere 
Formation offshore Turkey (Radeff et al., 2017) and with the Eosahabi 
deposits offshore Libya (Bowman, 2012). This interpretation implies a 
low base-level during the final stage of the MSC. 

Manzi et al. (2018) and Meilijson et al. (2018, 2019) attempted as-
tronomical dating of the abyssal MSC succession of the Levant Basin by 
integrating biostratigraphy on the pre-MU succession, reflector counting 
within the MU (only Meilijson et al., 2019) and well-log data (Fig. 3b). 
They achieved two contrasting results that gave rise to an outstanding 
controversy (Figs. 3b, 4a). Manzi et al. (2018) proposed that Stage 1 in 
the deep Levant is represented by a foraminifera-barren, evaporite-free 
shales interval labelled FBI (foraminifer barren interval) observed in the 
deep Aprodite-2 well and in the more proximal Myra-1 well. In this 
interpretation Unit 7 comprises the whole of Stage 3 (with the IMTS 
corresponding to the Stage 2/3 transition) and all halite deposition took 
place in ~50 kyr estimated during Stage 2 of the MSC (Fig. 1a; Roveri 
et al., 2014a). By contrast, the FBI is not present in the Dolphin well 
targeted by Meilijson et al. (2019), which is located in an intermediate 
position between the Aprodite-2 and Myra-1 wells studied by Manzi 
et al., 2018; Fig. 2b). Instead, in the Dolphin well a relatively open- 
marine, foraminifera-rich sequence extends below the (conformable) 
base of the MU, placed in correspondence to a ~2 to 5.5 m-thick 
anhydrite/shale (Unit 0; Manzi et al., 2018 and Meilijson et al., 2018, 
respectively). Astronomical tuning of the ~33 cycles counted in the MU 
in the Dolphin well, which are assumed to be precessional, results in the 
Main Halite body (i.e. Unit 0-4 of Gvirtzman et al., 2013 and Manzi 
et al., 2018) spanning MSC Stage 1 and 2, the Interbedded Evaporites/ 
Unit 5 covering substage 3.1 and the Argillaceous Evaporites/Unit 6-7 to 
encompass the Lago-Mare phase (Figs. 3b, 4a). In this interpretation 
from Meilijson et al. (2019), halite deposition in the Levant Basin started 
in Stage 1 and persisted throughout the entire MSC, including Stage 3, 
during which more allochthonous material was delivered to the basin 
(Fig. 3b). Madof and Connell (2018) and Madof et al. (2019) also 
attempted an astronomical tuning of the Nahr Menashe Unit, concluding 
that it spans throughout substage 3.2 and part of substage 3.1. Feng et al. 
(2016) claim, however, that the impressive thickness of clastics found in 
the Levantine MU is more indicative of distinct short-term events 
(shorter than the precession cycle) associated with transport of 

extraordinary power and magnitude. 
Late Messinian sediments have also been recovered at several DSDP 

(129, 375, 376; Ryan et al., 1973; Hsü et al., 1978b) and ODP Sites (965, 
967, 968; Emeis et al., 1996), but the assignment of the retrieved sedi-
ments to seismostratigraphic units is problematic. Nevertheless, they 
provide several key nuggets of precious information about the Stage 3 
paleoenvironment:  

- Sites 965 and 966, located roughly on the crest of the Eratosthenes 
Seamount, just south of Cyprus (Fig. 2b), recovered soil structures 
above the evaporites indicating exposure above sea level (Robertson, 
1998a, 1998b; Maillard et al., 2011a; Reiche et al., 2016).  

- ODP Sites 967 and 968, located at the base of the northern and 
southern slope of Eratosthenes Seamount (Fig. 2b), respectively, 
revealed the presence, within the MSC interval, of calcareous turbi-
dites with Cyprus-derived clasts and clays containing Ammonia tep-
ida, Cyprideis pannonica and pulmonate gastropods (Blanc-Valleron 
et al., 1998; Robertson, 1998a,b; Reiche et al., 2016).  

- Abundant Cyprideis pannonica specimens were also recovered from 
DSDP Sites 375 and 376 drilled on the crest of the Florence Rise, west 
of Cyprus (Fig. 2b; Hsü et al., 1978b).  

- Abundant, well-preserved Ammonia tests and Cyprideis specimens are 
also known from Site 129A (Fig. 2b), occurring with dwarf plank-
tonic foraminifera (Ryan et al., 1973). 

All the evidence listed above suggest that a base-level fall leading to 
subaerial exposure occurred at some point(s) during Stage 3 in the 
Eastern Mediterranean (Ryan, 2009). However, it must be kept in mind 
that both the Florence Rise and Eratosthenes Seamount are likely to have 
been much more elevated during the Messinian than they are today 
because of Pliocene-Quaternary subsidence related to the Cyprus sub-
duction zone (Robertson, 1998a, 1998b; Maillard et al., 2011a; Reiche 
et al., 2016). 

Sites 375 and 376 display several discrete layers of primary and 
clastic gypsum interbedded in the Cyprideis-rich mudstones (McCulloch 
and De Deckker, 1989; Lugli et al., 2015). This succession shares several 
similarities with sites drilled in the Western Mediterranean (e.g. ODP 
654A) and Ionian Basin (DSDP 374), where they have been correlated 
with the seismic Upper Unit (see subsections 4.5 and 4.6). This may 
suggest that a Western Mediterranean-like gypsum-bearing UU was also 
locally deposited in the easternmost abyss of the Mediterranean (see 
Güneş et al., 2018). 

4.7.2. Levant continental margin 
Evaporitic and non-evaporitic deposits are buried beneath PQ de-

posits (Yafo Formation) along the Levant continental margin, where 
they are mostly preserved within canyons carved underwater in pre- 
Messinian time (Druckman et al., 1995; Lugli et al., 2013). Within the 
Afiq canyon, Druckman et al. (1995) distinguished three formations in 
the Messinian sequence: the evaporitic Mavqi’im Formation, 115 m- 
thick and mostly composed of anhydrite in places interbedded with 
micritic limestones; the Be’eri Formation, cmprising gypsum; the Afiq 
Formation, varying in thickness from 30 to 90 m and consisting of 
conglomerates, sandstones and marls interpreted as representing fluvial 
and lacustrine-marsh environments (Druckman et al., 1995). The Afiq 
Fm. is only present in the deepest portions of the canyon where it 
overlies the Mavqi’im Fm. By contrast, the Be’eri gypsum is only found 
along the canyon shoulders covered by the Pliocene, at elevations > 600 
m with respect to the Mavqi’im Fm. Based on Sr values, Druckman et al. 
(1995) attributed the Mavqi’im Fm. to MSC Stage 1, the Be’eri Fm. to 
substage 3.1 and the Afiq Fm. to the Lago-Mare phase. These authors 
also suggested that gypsum precipitation occurred under subaqueous 
conditions, with the water level ~600 m (i.e. the difference in altitude 
between the Mavqi’im and Be’eri fms.) higher during the deposition of 
the Be’eri Fm. Two base-level falls of approximately the same magnitude 
are thought to have occurred between the evaporitic phases and after 
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Mavqi’im deposition. A lowstand phase was therefore in force during 
Afiq deposition (Druckman et al., 1995). 

However, combining stratigraphic, sedimentological and geochem-
ical (Sr isotopes) considerations, Lugli et al. (2013) revealed the clastic 
nature of both the Mavqi’im and Be’eri evaporites and suggested the 
persistent drowning of the canyon(s), filled with turbidites (Lugli et al., 
2013). Due to the presence of clastic evaporites, Gvirtzman et al. (2017) 
suggested that the Mavqiim Formation is a condensed section encom-
passing MSC Stage 2 and early Stage 3, while the evaporite-free Afiq 
Formation represents the Lago-Mare phase. 

Ben Moshe et al. (2020) ascribed (at least part of) the Afiq Fm. to the 
whole of Stage 3 as a wedge-shape clastic complex lying on top of the 
Mavqi’im Fm. and with the basal surface corresponding to the correla-
tive conformity of the MES developed landward, at the expense of the 
Mavqi’im Fm (Fig. 8h). Ben Moshe et al. (2020) distinguished a lower 
sub-unit composed of clastic gypsum and with fore-stepping and down- 
stepping internal geometry typical of progradational wedges, and an 
upper sub-unit containing anhydrite fragments and marls with Lago- 
Mare fauna (e.g. Cyprideis torosa; Rosenfeld, 1977) and with seismic 
characteristics typical of a transgressive systems tract. Incisions are re-
ported throughout the Afiq Fm. at different depths, while erosional 
surfaces bound both sub-units (Ben Moshe et al., 2020). In particular, 
the surface capping the upper subunit and correlated to the M horizon or 
TES basinward (see subsection 4.7.1) shows dendritic drainage patterns 
of gullies and channels (Ben Moshe et al., 2020). 

Ben Moshe et al. (2020) identify the variation of base level specif-
ically during Stage 3 by analyzing the morphology of truncation surfaces 
bounding the Afiq Formation on the continental margin of the Levant 
Basin. This suggests high amplitude fluctuations of base-level in the 
order of one hundred meters, with development of subaerial erosion 
surfaces and the deposition of clastics and incision by fluvial drainage 
systems that occurred during the lowstand phases, while aggradational 
units (of unknown lithological nature) accumulated during the high-
stand phases. According to their analysis, base level dropped down to a 
maximum 535 m during Afiq deposition (i.e. below the maximum 430 m 
estimated paleodepth of the Sicily Sill; Garcia-Castellanos et al., 2009), 
implying hydrological disconnection between the Eastern and Western 
basins at various times during Stage 3. A regression to 615-885 m is 
proposed to have occurred at the top of the Afiq Fm., pre-dating the 
abrupt refilling at the base of the Zanclean (e.g. Micallef et al., 2018, 
2019; Garcia-Castellanos et al., 2020; Spatola et al., 2020). 

4.8. Summary of the offshore Stage 3 record 

Knowledge of the Stage 3 sequence offshore is mainly based on the 
integration of seismic interpretations and analysis of material recovered 
from fragmentary and unevenly distributed DSDP/ODP/industrial 
cores.  

▪ MSC sediments are absent on the eroded continental shelves 
bordering the deep basins, except in the Messinian thalwegs 
and at their mouth. Here the PQ lies directly above the MES 
which, in turn, cuts through the pre-MSC deposits (Fig. 7e). A 
similar stratigraphic arrangement is found along the middle- 
upper slopes (Fig. 7d), although the presence of a thin, 
possibly incomplete UU in morphological depressions is 
sometimes postulated. Seamounts also lack MSC Stage 3 sedi-
ments and are strongly incised by the MES (Fig. 7g).  

▪ The thick UU is widespread and roughly present everywhere in 
the abyssal plains from west of the Alborán volcanic arc to the 
eastern edge of the Ionian Basin (Fig. 2b). In the abyssal plains 
its seismic facies appears homogeneous, comprising parallel 
and relatively continuous high amplitude reflections (Figs. 7b- 
c). The UU pinches out towards the foot of continental slopes 
and seamounts (Figs. 7b, d-g), where it can be irregularly 
bedded or relatively well bedded (Lofi et al., 2011a, 2011b). 

The uppermost part of the Bedded Units (defined in depressions 
physically disconnected from the abyssal plains and, therefore, 
from the UU; e.g. CMD and Corsica Basin; Maillard et al., 2014; 
Thinon et al., 2016; Raad et al., 2021) shows seismic features 
comparable to those of the UU.  

▪ Drill Sites revealed that the reflections of relatively high 
amplitude in seismic profiles correspond to gypsum and 
mudstone alternations with sporadic intercalations of massive 
to cross-bedded sandstones. Some mudstone interbeds contain 
low-diversity assemblages of benthic organisms (ostracods, 
foraminifera and diatoms) indicative of shallow to neritic en-
vironments. Except for dwarfed forms of planktonic forami-
nifera and the monospecific nannofossil assemblages described 
by Castradori (1998), the rest of planktonic foraminifera and 
nannofossils are largely regarded as reworked.  

▪ The deep Levant Basin contains a ~1.8-2.0 km-thick MU 
(Figs. 8e-f), consisting of 6 to 7 seismic units depending on the 
resolution of the seismic employed. In high resolution seismic 
data, the lateral equivalent of part of the UU is identified as a 
~100-m-thick, clastic-rich, anhydrite layer (Unit 7 of Gvirtz-
man 1207) offshore Israel, thickening to 300 m offshore 
Lebanon (Nahr Menashe complex, Madof et al., 2019). The 
Levant Basin still has major controversies concerning the 
timing of halite deposition (~50 kyr vs ~550 kyr; Manzi et al., 
2018 vs Meilijson et al., 2019), the origin of the clastic accu-
mulations overlying the halite (fluvial vs subaqueous) and the 
presence or absence of gypsum-mudstone cycles.  

▪ Apart from the halite flow-related deformation, the Miocene/ 
Pliocene boundary (i.e. UU/PQ transition) is conformable in 
intermediate (e.g. Balearic Promontory) and deep (WAB, EAB, 
Algero-Balearic, Liguro-Provençal, Tyrrhenian, Ionian and 
Levant) depocenters, while it shows signs of erosion on the shelf 
domain and along the upper-middle continental slopes and 
seamounts. Clear arguments of floor exposure at the M/P 
boundary are absent in all drill sites but 978A. 

5. The paleontological perspective 

Paleontological data have been used to define and identify Stage 3 
sediments, but have also been a source of profound contention over the 
interpretation of its paleoenvironmental and paleohydrological nature. 
Biotic groups impacted by the evolution of the gateways linking the 
Mediterranean with the Atlantic, Indian Ocean and Paratethys include 
marine species (e.g. foraminifera, calcareous nannofossils, fish) and 
brackish water-species (ostracods, fish, mollusks and dinocysts endemic 
or with affinity to species of the Paratethys region) that were unable to 
migrate when these corridors were closed, and terrestrial species (e.g. 
mammals) that, conversely, got across the gateway during periods of 
exposure (see Colombero et al., 2017; Booth-Rea et al., 2018; Mas et al., 
2018b). Analysis of these faunal datasets provides key insights into 
likely gateway dimensions and the timing of their opening, restriction 
and closure (e.g. Palcu et al., 2017). Furthermore, they are a key 
constraint on the water sources likely to have been affecting the Medi-
terranean during MSC Stage 3. 

5.1. Ostracods 

Ostracods are by far the most prolific faunal group during Stage 3. 
Brackish species are known from both land sections and deep-sea cores 
across the whole Mediterranean (see Fig. 2b for sites and references; 
Fig. 9a). Two characteristic biofacies are commonly distinguished: 
Biofacies 1 (Bonaduce and Sgarrella, 1999) or Cyprideis assemblage 
(Iaccarino and Bossio, 1999) consists of an monospecific population of 
Cyprideis species or of an oligotypic population dominated by Cyprideis 
species alongside rare specimens of Tyrrhenocythere ruggierii, Loxoconcha 
kochi, Loxoconcha muelleri and Caspiocypris alta); Biofacies 2 (Bonaduce 
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and Sgarrella, 1999) or Loxocorniculina djafarovi assemblage (Iaccarino 
and Bossio, 1999) has a higher species diversity characterized by the 
abundant occurrence of truly Paratethyan species belonging to the 
genera Amnicythere, Loxoconcha, Loxocauda, Cytheromorpha, Cyprinotus 
and Tyrrenhocythere (see species names in Fig. 9a). The number of spe-
cies reported in the onshore sections is variable, ranging from a dozen (e. 
g. Caruso et al., 2020) to more than sixty (e.g. Gliozzi et al., 2007; Grossi 
et al., 2008). This variability is not explained, but it may result from the 

application of different taxonomic concepts that resulted in the recog-
nition of more or fewer species (Stoica et al., 2016) or from local envi-
ronmental conditions that differed from basin to basin and resulted in 
different patterns of colonization. 

Compared to the onshore domain, the ostracod fauna offshore is 
impoverished. Monospecific assemblages of Cyprideis sp. (Sites 372, 
129A, 376, 654A, 967, 968; Ryan et al., 1973; Cita et al., 1990) or oli-
gospecific assemblages dominated by Cyprideis and rare specimens of 

Fig. 9. Photomicrographs of the key micro- 
and macrofossils featuring Stage 3 sedi-
ments. (a) Scanning electron microscope 
(SEM) photographs of the more common 
Paratethyan ostracod species in substage 3.1 
and 3.2 sediments (compiled from Stoica 
et al., 2016, Cosentino et al., 2018 and 
Sciuto et al., 2018). (b) Photomicrographs of 
the Paratethyan dinoflagellate cyst Galea-
cysta etrusca under the optical microscope 
(left) and SEM (right) (modified from Do 
Couto et al., 2014 and Grothe et al., 2018). 
Scale=20 μm. (c) SEM microphotographs of 
the euryhaline, shallow-water benthic fora-
minifera Ammonia beccarii (1-spiral side, 2- 
umbilical side) and Ammonia tepida (3-spi-
ral side; Carnevale et al., 2019) and of the 
dwarf fauna of planktonic foraminifera from 
the Bajo Segura Basin (4; Corbí and Soria, 
2016). (d) Photographs in polarized light 
(crossed nicols) of some specimens of Cera-
tolithus acutus (1-3) described in the Lago- 
Mare unit of Malaga (1-Do Couto et al., 
2014), the Zorreras Mb. of Sorbas (2-Clau-
zon et al., 2015) and the Colombacci Fm. of 
the Northern Apennines (3-Popescu et al., 
2017) and of destroyed (4) and intact (5) 
ascidian spicules of Micrascidiscus sp. 
(Golovina et al., 2019). Note that C. acutus 
specimens closely resemble ascidian spicules 
of Micrascidiscus sp., which may lead to 
misinterpretation of the C. acutus (see 
Golovina et al., 2019), and that pictures 1 
and 2 are identical, despite they are attrib-
uted to samples taken from two different 
localities. (e) Articulated skeletons of marine 
fish from substage 3.1 mudstone horizons in 
Cyprus (1-Aphanius crassicaudus; Manzi 
et al., 2016a) and substage 3.2 deposits in 
Cava Serredi (2-Mugil cf. cephalus; Carnevale 
et al., 2018).   
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Candona sp. (Hole 974B, Iaccarino and Bossio, 1999) and L. muelleri 
(Hole 978, Iaccarino and Bossio, 1999) are the more widely reported. 
Interestingly, these assemblages are always associated with Ammonia sp. 
tests and, in some cases, with other species of shallow-water, euryhaline 
benthic foraminifera (see subsection 5.4). Only in Hole 975, close to the 
M/P boundary is a more heterotypic ostracod assemblage found (Euxi-
nocythere praebaquana, Amnicythere idonea, Leptocythere limbate, Lox-
ocorniculina djafarovi, Candona sp., and Cyprideis sp.; Iaccarino and 
Bossio, 1999) and lacking of euryhaline benthic foraminifera. The likely 
cause of the widespread barrenness of ostracods in most of the offshore 
samples is perhaps because environmental conditions in the deep basins 
(depth and/or salinity) where not suitable to permit population by this 
benthic fauna (see below for the ecological requirements; e.g. Hsü et al., 
1978b in reference to Site 374). Finally, one must bear in mind that 
studying these organisms require much more material (some hundreds 
of grams) than the quantity of core sediments usually processed (i.e. 
~10 cm3; Iaccarino and Bossio, 1999). 

The paleoecology (salinity and depth ranges) of Stage 3 ostracods has 
been based on both observations of few species that still live in the 
Caspian and Black seas today and have affinities with the Stage 3 species 
and on the interpretation of sedimentological, geochemical and miner-
alogical data of the surrounding sediments (see Gliozzi and Grossi, 2008 
and Grossi et al., 2008 for insights). Biofacies 1 is thought to represent 
very shallow water environments (i.e. <15 m) with salinity fluctuating 
between mesohaline and hypersaline when the euryhaline Cyprideis is 
dominant. Instead, more stable oligo-mesohaline water is inferred when 
the other species are more abundant in Biofacies 1. The variegated 
Biofacies 2, on the other hand, is thought to represent somewhat deeper 
environments (up to 100 m) and less salty conditions (oligo-low meso-
haline; Gliozzi and Grossi, 2008; Grossi et al., 2008; Caruso et al., 2020). 

Some authors consider the time when the Paratethyan ostracods 
arrived in the Mediterranean to be well constrained (e.g. Roveri et al., 
2008a; Grossi et al., 2011; Cosentino et al., 2018) by the scarce occur-
rence of the first Paratethyan immigrant Loxoconcha muelleri 20 cm 
below the ash layer in the Colla di Votta section, which has a 238U-206Pb 
age of 5.5320±0.0074 Ma (Cosentino et al., 2013), and in the chaotic 
deposits of the Adana Basin, ascribed to Stage 2 (Faranda et al., 2013). 
Instead, the first appearance of Loxocorniculina djafarovi has been 
considered to coincide with the biofacies 1-2 shift and to have occurred 
Mediterranean-wide synchronously at 5.40 Ma (Roveri et al., 2008a; 
Grossi et al., 2011; Cosentino et al., 2013). Roveri et al. (2008a) also 
showed Biofacies 2 diversity as increasing linearly through the Lago- 
Mare phase, reaching its maximum diversity just beneath the 
Miocene/Pliocene boundary and before disappearing in the Pliocene. 
Following the claimed synchronicity of the FO of both Loxoconcha 
muelleri and Loxocorniculina djafarovi, Roveri et al. (2008a) and Grossi 
et al. (2011) recognized one biozone in each biofacies: the Loxoconcha 
muelleri Biozone, spanning from 5.59 to 5.40 Ma, and the Loxocorniculina 
djafarovi Biozone, whose boundaries correspond respectively to the first 
(5.40 Ma) and last occurrence (5.33 Ma) of L. djafarovi in the Mediter-
ranean. This biozonation, erected by Grossi et al. (2011), is often used 
for dating incomplete successions (e.g. Vera Basin; Stoica et al., 2016; 
Caruso et al., 2020). However, the first appearance of a diversified 
ostracod assemblage (including Loxocorniculina djafarovi) occurred in 
already cycle 3 of the Sicilian Upper Gypsum at Eraclea Minoa (Fig. 3a; 
Grossi et al., 2015), which has an astronomical age of 5.45 Ma (Van der 
Laan et al., 2006) or 5.47 Ma (Manzi et al., 2009). Furthermore, the 
sudden appearance of Biofacies 2 and its linear, upward increase in di-
versity have not been recognized in localities like Nijar and Malaga, 
where biofacies 1 and 2 are found stacked in more than one lithological 
(possibly precession-controlled) cycle in the Lago-Mare succession 
(Bassetti et al., 2006; Guerra-Merchán et al., 2010). These findings argue 
that the appearance of Paratethyan ostracods in the Mediterranean may 
not have been synchronous, therefore casting serious doubts upon the 
biostratigraphic relevance of the Mediterranean ostracods. 

Except for Cyprideis specimens, where species attribution is debated 

(see discussion in Stoica et al., 2016), the affinity of all other ostracod 
species observed in Mediterranean Stage 3 sediments (Fig. 9a) with 
those of the Eastern Paratethys basins (i.e. Dacian, Euxinic and Caspian) 
has been demonstrated in several publications (e.g. Ruggieri, 1967; 
Gliozzi et al., 2007; Stoica et al., 2016; Sciuto et al., 2018). Only Bassetti 
et al. (2003, 2006) have questioned the Paratethyan affinity by sug-
gesting that species from the Northern Apennines and Nijar Basin have 
ambiguous affinities with Paratethyan fauna as described in the mainly 
Russian literature from the ’60-’70s. However, these differences be-
tween the late Messinian Mediterranean and Paratethyan ostracods 
resulted from misidentifications and/or a different use of species 
nomenclature (Stoica et al., 2016). Recently acquired knowledge of the 
Pontian assemblages of the Dacian, Euxinic and Caspian basins now 
permit to trace the provenance of Mediterranean Stage 3 ostracod spe-
cies from the entire Black Sea region (Stoica et al., 2016) and, for a few 
species, from the Dacian (Stoica et al., 2013; Lazarev et al., 2020), 
Caspian (Van Baak et al., 2016) and North Aegean (see references in 
Krijgsman et al., 2020a) basins. 

The means by which the ostracods travelled from the Paratethys to 
and across the Mediterranean during Stage 3 is as crucial for recon-
structing the Stage 3 paleoenvironment as it is poorly addressed in 
onshore studies or overlooked in seismic and computational studies. 
Two migratory mechanisms have been suggested: 

1) the aerial dispersion of ostracods through the migration of aquatic 
birds (Benson, 1978; Caruso et al., 2020); this hypothesis was proposed 
because, in a Mediterranean concluded to have been desiccated, it was 
the only possible migration mechanism. 

2) direct aqueous migration by the ostracods themselves (which are 
planktonic in the larval stage) through the establishment of similar 
paleoenvironmental conditions; by this mechanism, the dispersion of 
Paratethyan ostracod fauna from right across the Mediterranean re-
quires E-W intraconnection and a Mediterranean water-level high 
enough to reach the marginal basins (Gliozzi et al., 2007; Stoica et al., 
2016; Sciuto et al., 2018; Sciuto and Baldanza, 2020). 

Finally, Carnevale et al. (2006a, 2006b, 2008, 2018) recognized the 
Paratethyan affinity of the Mediterranean Stage 3 species but, in view of 
their occurrence with in-situ species of marine fish, they suggested that 
Stage 3 ostracods descended from a Paratethyan stock that migrated into 
the Mediterranean well before the MSC and survived the extreme 
salinity conditions of Stage 1 and 2 in marginal, fresher water refugia. In 
this scenario the brackish water ostracod assemblages found in Stage 3 
have no paleoecological significance for Stage 3 paleoenvironment 
(Carnevale et al., 2006a, 2006b, 2008, 2018). However, there are two, 
unflagged problems with this hypothesis: 1) the Mediterranean-Central 
Paratethys connection through the Trans-Tethyan gateway in Slovenia 
already closed in the early Tortonian (Kováč et al., 2007; Sant et al., 
2017; Palcu et al., 2017); 2) No Paratethyan ostracod species have been 
found in the Mediterranean before the MSC (see Gliozzi et al., 2007). 

5.2. Dinoflagellate cysts 

Dinoflagellate cysts (dinocysts) are the fossil remains of unicellular 
protists that live in the upper water column of many water bodies (e.g. 
Zonneveld et al., 2013; Mudie et al., 2017). They can be used as pale-
oenvironmental indicators and for biostratigraphy, providing the ages of 
speciation and extinction events, as well as supplying evidence of age 
diagnostic dispersals of characteristic taxa/assemblages. Influxes of 
these microorganisms into a basin may occur as the result of intercon-
nection with another basin and dinocysts can therefore be useful in-
dicators of the open gateways between adjacent basins and the resultant 
changes in conditions (e.g. Grothe et al., 2018). In the case of the MSC, 
presence of in situ marine and/or Paratethys dinocyst assemblages in a 
marginal basin are likely to indicate the presence of Atlantic and/or 
Eastern Paratethys water (respectively) in the Mediterranean and 
(relatively) high water level conditions (e.g. Pellen et al., 2017). 

Palynological studies on the late Messinian Mediterranean dinocysts 

F. Andreetto et al.                                                                                                                                                                                                                              

308

Appendix 2. SALTGIANT Research Article



Earth-Science Reviews 216 (2021) 103577

25

record are rather scarce, confined to a limited number of outcrops 
(Malaga Basin, Do Couto et al., 2014; Northern Apennines, Bertini, 
2006; Popescu et al., 2007; Iaccarino et al., 2008; Cosentino et al., 2012; 
Pellen et al., 2017; Caltanissetta Basin, Londeix et al., 2007) and deep 
wells (976B, 977A, 978A and 134B, Popescu et al., 2015). These studies 
describe substage 3.1 as being barren of dinocysts. By contrast, substage 
3.2 dinocyst assemblages are diverse particularly a few meters/tens of 
meters below the Miocene/Pliocene boundary and show recurrent ver-
tical variation in abundance between brackish, Paratethyan-type taxa 
and marine stenohaline and euryhaline species. Taxa with Paratethyan 
affinities are largely considered to be autochthonous by all aforemen-
tioned authors. The extent to which reworking may have affected the 
marine assemblages is more controversial and debated between none (in 
Malaga and in the Apennines; Popescu et al., 2007; Do Couto et al., 
2014; Pellen et al., 2017), partial (in the uppermost part of the Sicilian 
Upper Gypsum; Londeix et al., 2007) and total (in the Apennines; e.g. 
Bertini, 2006; Iaccarino et al., 2008; Cosentino et al., 2012). Given the 
extent of the implications (i.e. re-establishment of a Mediterranean- 
Atlantic flow or connection earlier than the Zanclean; e.g. Pellen 
et al., 2017), this is an issue that will require further clarification. 

A key dinocyst influencing our understanding of the late Miocene 
Lago-Mare phase is Galeacysta etrusca (Fig. 9b; see Bertini and Corradini, 
1998; Popescu et al., 2009 and Grothe et al., 2018 for more insights). 
This species was originally described from sediments in the Mediterra-
nean (Corradini and Biffi, 1988), but has since been discovered in much 
older deposits in Paratethys (Magyar et al., 1999a, 1999b). The earliest 
recorded occurrence of Galeacysta etrusca is in sediments from the 
Pannonian Basin dated at ~8 Ma (Magyar et al., 1999a, 1999b). It 
subsequently dispersed throughout Paratethys at ~6 Ma and was pre-
sent in the Black Sea throughout the MSC interval (Grothe et al., 2014, 
2018). Despite a Mediterranean-Eastern Paratethys connection that is 
thought to have been established at ~6.1 Ma (Krijgsman et al., 2010; 
Van Baak et al., 2016; Grothe et al., 2020), G. etrusca is not found in the 
Mediterranean during MSC Stages 1, 2 and 3.1 (5.97-5.42 Ma; Bertini, 
2006, Londeix et al., 2007, Manzi et al., 2007, Iaccarino et al., 2008, 
Gennari et al., 2013) and is only reported in the uppermost part of the 
Lago-Mare phase, very close to the transition to the Pliocene (e.g. Ber-
tini, 2006; Londeix et al., 2007; Popescu et al., 2007; Iaccarino et al., 
2008; Cosentino et al., 2012; Pellen et al., 2017). This implies that 
Galeacysta etrusca may have migrated from Paratethys into the Medi-
terranean after 5.42 Ma or that environmental conditions in the Medi-
terranean and in its marginal basins were only suitable for this species 
(and more generally the whole dinocysts Paratethyan contingent) to 
proliferate in the uppermost Messinian. Several authors report multiple 
occurrences of Galeacysta etrusca within the Zanclean (e.g. Clauzon 
et al., 2005; Londeix et al., 2007; Popescu et al., 2007, 2015; Do Couto 
et al., 2014; Clauzon et al., 2015), but these interpretations are based on 
the use of an alternative stratigraphic model for the MSC sections 
(Fig. 4b; see Grothe et al., 2018 for details). 

5.3. Diatoms 

Among the fresh-brackish organisms found in Stage 3 sediments are 
also species of diatoms. To date (and to our knowledge), there are no 
onshore studies that have ever looked for these organisms. By contrast, 
two samples from DSDP Site 124 in the Algero-Balearic Basin (Fig. 2b) 
revealed the presence of littoral planktonic forms accompanied by 
brackish water, and even freshwater, euryhaline, benthonic, and 
epiphytic species in considerable numbers (Hajós, 1973). Diatoms of 
undisclosed paleoecological significance are also reported from the ~60 
cm-thick mudstone bed between an anhydrite and halite bed found in 
the last core of Site 134 (Ryan et al., 1973). According to Hajós (1973) 
and Ryan (2009), the diatoms found in these drill cores attest to an 
extremely low salinity and a base level in the Balearic and Valencia 
basins below wave action. Further study of these indicative species and a 
wider distribution is required to apply this interpretation more 

generally. 

5.4. Foraminifera 

A reasonably diverse benthic and planktic foraminiferal assemblage 
containing no age-diagnostic taxa have been found co-occurring with 
the brackish Paratethyan fauna in both the onshore and offshore record 
throughout the Mediterranean (Fig. 2b for localities and references). 

The benthic foraminifera assemblage is dominated by euryhaline 
representatives of the genus Ammonia, which today dwell in marginal 
marine (lagoons, estuaries, fjords and deltas) and lacustrine environ-
ments at depths < 50 m and tolerate salinities of up to 50‰ (Milker and 
Schmiedl, 2012; Consorti et al., 2020). Ammonia tepida and Ammonia 
beccari (Fig. 9c) are by far the most abundant species in both onshore 
(see Fig. 2b for localities and references) and offshore (e.g. Site 968A, 
Blanc-Valleron et al., 1998; Sites 375, 376, 965-968, Orszag-Sperber, 
2006) localities, where they co-occur with ostracods belonging to Bio-
facies 1. Other commonly occurring benthic euryhaline taxa are Elphi-
dium sp., Cribroelphidium excavatum, Haynesina sp., Nonion sp., 
Quinqueloculina sp., Discorbis sp. and Trichohyalus sp., Brizalina dentel-
lata, Bulimina echinate and Bolivina spp. (Ryan et al., 1973; Hsü et al., 
1978a, 1978b; Rouchy et al., 2001, 2003, 2007; Iaccarino et al., 2008; 
Caruso et al., 2020). These species are frequently mixed with poorly 
preserved and older in age bathyal species (e.g. Caruso et al., 2020). 

Planktic foraminifera are represented both by species whose last 
occurrence pre-dates the MSC (e.g. Praeorbulina spp., Paragloborotalia 
partimlabiata, P. siakensis, Neogloquadrina atlantica praeatlantica, Globi-
gerinoides subquadratus, Globorotalia saheliana, Globorotalia conomiozea, 
Acarinina sp., Hedbergella sp.) and by taxa with extended biostratigraphic 
ranges (e.g. Sphaeroidinellopsis seminulina, Turborotalita quinqueloba, 
Globorotalia miotumida, Globoturborotalita decoraperta, Neogloboquadrina 
acostaensis, Neogloboquadrina spp., Orbulina universa, Globigerinoides tri-
lobus, Globigerinoides obliquus, Globorotalia scitula, Globigerina bulloides, 
G. Mediterranea and G. humerosa; see Fig. 2b for references). 

The mixing of foraminifera species with different ecological and 
salinity requirements and the widespread agreement that the brackish 
Paratethyan fauna are autochthonous (see subsection 5.1) has always 
complicated the interpretation of the origin of the foraminiferal as-
semblages. Among the benthic species, Ammonia taxa and the other 
benthic euryhaline taxa are generally considered autochthonous 
because they are typically well-preserved and their ecological and 
salinity requirements could be compatible with those of the Paratethyan 
ostracods. 

The habitat of these benthic foraminifera today in environments both 
influenced by and disconnected from the open ocean indicates that the 
Stage 3 sediments in which they occur were deposited in a shallow- 
water environment subject to salinity fluctuations (Caruso et al., 2020 
and references therein), but they do not provide insights into the water 
provenance. By contrast, the poor preservation, older age and low di-
versity of the bathyal taxa strongly suggest that these species are 
reworked (Bassetti et al., 2006; Iaccarino et al., 2008; Caruso et al., 
2020). Their mode of life is also incompatible with the shallower water 
elements of the faunal assemblage. The planktic species which went 
extinct before the MSC are also undoubtedly reworked (Iaccarino et al., 
2008; Caruso et al., 2020). It is more challenging to discriminate be-
tween in situ and reworked specimens of the long range Neogene taxa. 
Most of them are considered to be reworked because of their scarcity, 
their occurrence with in-situ brackish organisms and their poor preser-
vation (e.g. Iaccarino et al., 2008; Caruso et al., 2020). A more complex 
controversy surrounds the long-range dwarf specimens (Fig. 9c) occur-
ring in onshore substage 3.1 (di Tetto Fm. in the Trave section; Iaccarino 
et al., 2008) and Lago-Mare sediments (Upper Mb. of the Nijar Feos Fm., 
Fortuin and Krijgsman, 2003; Aguirre and Sánchez-Almazo, 2004; Bas-
setti et al., 2006; Sorbas Basin, Roveri et al., 2019a; Bajo Segura Basin, 
Corbí and Soria, 2016; Colombacci Fm. in Northern Apennines local-
ities, Casati et al., 1976; Colalongo et al., 1976; Rio and Negri, 1988; 
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Popescu et al., 2007; Cyprus, Rouchy et al., 2001) and in some offshore 
localities (e.g. Sites 124, 125, 129A, 132, 134, 372, 376, 653, 974B, 975, 
978; Cita, 1973; Cita et al., 1978; Kastens et al., 1987; Cita et al., 1990; 
Iaccarino and Bossio, 1999). This fauna is variably interpreted as: 

1) reworked and size-sorted during transport, therefore lacking any 
paleoenvironmental significance (e.g. Kastens et al., 1987; Iaccarino and 
Bossio, 1999; Fortuin and Krijgsman, 2003; Bassetti et al., 2006); 

2) in situ and indicating normal marine conditions (Aguirre and 
Sánchez-Almazo, 2004; Braga et al., 2006) or temporary Atlantic in-
cursions (Rouchy et al., 2001); 

3) in situ and indicative of high-stress environments (Keller and 
Abramovich, 2009), such as restricted and/or diluted marine environ-
ments (Corbí and Soria, 2016; Corbí et al., 2016, 2020). However, the 
paleoecological significance of dwarfism in foraminifer tests is not well 
understood and, given its potential implications for the Lago-Mare 
environment, it needs to be explored in greater detail. 

5.5. Calcareous nannofossils and the C. acutus conundrum 

Calcareous nannofossils are the fossil remains of coccolithophores, 
single-celled marine algae which dwell in the eutrophic and photic zone 
of the ocean (e.g. Ziveri et al., 2004). The potential recognition of ma-
rine calcareous nannofossils in marginal Stage 3 deposits would there-
fore have implications for the Mediterranean base-level and the 
hydrological riddle of MSC Stage 3. However, like foraminifera and 
dinocysts, the in situ versus reworking issue also impacts the nannoflora. 

MSC Stage 3 is crossed by three important nannofossil bio-events 
astronomically calibrated in the ocean record: the top of Discoaster 
quinqueramus at 5.537 Ma, the base of Ceratolithus acutus at 5.36 Ma and 
the top of Triquetrorhabdulus rugosus at 5.231 Ma (Backman et al., 2012; 
Agnini et al., 2017). Most of the (few) studies that addressed the nan-
noflora component of Stage 3 deposits did not report taxa belonging to 
the biozones defined by these bio-events, but only taxa of Cenozoic and 
Cretaceous age, clearly physically reworked (e.g. Sites 132, 134, 653, 
654A, 967A, 969B, Ryan et al., 1973; Hsü et al., 1978b; Müller et al., 
1990; Castradori, 1998; Piedmont Basin, Trenkwalder et al., 2008; 
Violanti et al., 2009; Trave, Fonte dei Pulcini and Stingeti sections and 
Mondragone well in the Apennines, Cosentino et al., 2006, 2012, 2018; 
Iaccarino et al., 2008). An exception is the nannoflora observed in the 
uppermost Messinian sediments at Sites 978A, 975B and 967A (Levant 
Basin; Fig. 2b). Here, among the plethora of reworked and long-ranging 
Neogene taxa, Castradori (1998) reported the anomalous abundance of 
Sphenolithus spp (mostly Sphenolithus gr abies/moriformis). Although the 
assemblage points to the absence of a primary marine signature, the 
unlikely possibility that reworking and/or sorting lies behind the 
observed peak of Sphenolithus spp. led Castradori (1998) to conclude 
that at least one incursion of marine water occurred during the (up-
permost) Lago-Mare. 

By contrast, some authors (i.e. Popescu et al., 2007, 2015; Do Couto 
et al., 2014; Clauzon et al., 2015; Pellen et al., 2017) described the 
nannofossil assemblage the Lago-Mare LM Unit in Malaga, the Zorreras 
Member in Sorbas, the uppermost di Tetto/Colombacci Fm. in some 
Apenninic localities and offshore in the Alborán Basin as having good 
preservation and showing no erratic fluctuations, all characteristics that 
led to their interpretation as autochthonous and to the conclusion that 
these sediments were deposited in a Mediterranean already replenished 
of Atlantic water (Fig. 4b). In addition, these authors reported the low 
abundance, but continuous presence of the biostratigraphic markers for 
the Zanclean Triquetrorhabdulus rugosus and Ceratolithus acutus (Fig. 9d) 
below the formally defined Miocene/Pliocene boundary (Van Couvering 
et al., 2000) in several onshore and offshore Mediterranean (as wells as 
Paratethyan) localities (see Popescu et al., 2017 for details and a com-
plete list of finding locations). 

Such findings (especially that of C. acutus) are in sharp disagreement 
with most of the existing literature and have resulted in an important 
debate amongst the MSC community (e.g. Popescu et al., 2007, 2008 vs 

Roveri et al., 2008c and Stoica et al., 2016 vs Popescu et al., 2017), not 
only for their paleoenvironmental implications (i.e. presence of Atlantic 
water in the Mediterranean), but also for the chronostratigraphic re-
percussions (Fig. 4b). The chronostratigraphic value of C. acutus lies in 
its short temporal distribution straddling the M/P boundary (astro-
chronologically calibrated at 5.332 Ma; Van Couvering et al., 2000; 
Lourens et al., 2004). However, the corresponding biozone is established 
in oceanic areas (Zone CNPL1: 5.36-5.05 Ma; Backman et al., 2012; 
Agnini et al., 2017) and is considered not applicable to the Mediterra-
nean region during the MSC due to the harsh physicochemical condi-
tions that are unsuitable for marine biota (Di Stefano and Sturiale, 
2010). The interpretation of these nannofossil assemblages in the 
westernmost areas of the Mediterranean has been countered with 
several observations: (1) the observation of these age-diagnostic taxa is 
often not replicated by other studies (e.g. Roveri et al., 2008a; Van Baak 
et al., 2015; Krijgsman et al., 2020b); (2) Ceratolithus acutus is very rare 
also in fully marine open-ocean sediments (e.g. Di Stefano and Sturiale, 
2010); (3) despite being rare in the late Messinian Mediterranean, this 
species has never been documented together with other long-range taxa, 
generally predominant in the assemblage, in Stage 3 deposits (see dis-
cussion in Krijgsman et al., 2020b). Recently, Golovina et al. (2019) 
showed that the morphology and size of C. acutus overlaps with the 
shape and dimensions of destroyed ascidian spicules (i.e. calcareous 
elements produced by benthic tunicates; Fig. 9d), providing an expla-
nation for erroneous identification of C. acutus in the Black Sea Basin 
(Golovina et al., 2019) and perhaps in the western Mediterranean Lago- 
Mare sediments as well. 

5.6. Fish 

Fossil fish remains provide information about salinity and depth and 
have been used to contradict the brackish nature of the Lago-Mare de-
posits by Carnevale et al. (2006a, 2006b, 2008, 2018) and Grunert et al. 
(2016). Euryhaline fish species inhabit marine to brackish environments 
and dominate settings with strong salinity variations while stenohaline 
fish have specific salinity requirements (marine, brackish, or freshwater) 
and cannot survive under different conditions. Demersal fish (i.e. those 
living in or immediately above the sea floor) have specific depth re-
quirements, whereas pelagic fish occupy the water column within a wide 
range of depth variable from species to species. Fossil fish remains are 
found either as articulated or disarticulated skeletal parts, including 
teeth and otoliths, which are identified to the species level. Articulated 
fish skeletons typically indicate autochthonous deposition because of 
the difficulty in reworking and transporting intact skeletons. Otoliths 
and fish teeth are much more likely to be transported. 

Otoliths and rare articulated skeletons (Fig. 9e) of marine and Par-
atethyan species have been reported from Stage 3 deposits, but 
commonly huge volumes of sediment are required to find even quite 
small numbers of these fossils (e.g. 20 tons from Moncucco, 6 tons from 
Cava Serredi, 700 kg from Capanne di Bronzo; Schwarzhans et al., 
2020), much more than what is expected for normal marine deposits (i. 
e. < 30 kg; Agiadi et al., 2017; Karakitsios et al., 2017b). 

Substage 3.1 sediments contain articulated skeletons (Fig. 9e) of the 
marine fish species Lampanyctus licatae and Maurolicus muelleri, and the 
shallow water, euryhaline species Aphanius crassicaudus in the Lower 
Feos Member in the Nijar Basin (de la Chapelle and Gaudant, 1987) and 
the marls of the first UG cycle in the Polemi Basin (Manzi et al., 2016a; 
Fig. 3a). Cava Serredi (Tuscany), Verduno and Moncucco (Piedmont) are 
the only other localities in which fish remains (only otoliths) in 
(claimed) substage 3.1 sediments are known (Carnevale et al., 2006a, 
2008, 2018; Grunert et al., 2016). 

The more diverse and abundant ichtyofaunal record occurs in sub-
stage 3.2 in a few marginal sections on the Italian peninsula (Ciabot 
Cagna in the Piedmont Basin; Cava Serredi and Podere Torricella in 
Tuscany; Capanne di Bronzo, La Vicenne and Ca’ Ciuccio in thrust-top 
basins of the Northern and Central Apennines). The Lago-Mare fish 
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remains mainly comprise otoliths of both euryhaline and stenohaline 
taxa indicative of marine, brackish, and freshwater habitats (Carnevale 
et al., 2018). Three articulated skeletons of the euryhaline marine taxa 
Mugil cf. cephalus (Fig. 9e), the marine Indo-Pacific species Spratelloides 
gracilis and of Gobius sp. have been identified at Cava Serredi in a ho-
rizon < 1 m below the Miocene/Pliocene boundary (Carnevale et al., 
2006b). The dominant stenohaline families in these assemblages are 
Gobiidae, a family of demersal fish occupying shallow-water marine, 
brackish and freshwater environments, and Myctophidae, which are 
marine mesopelagic fish that live below 200 m depth during the day, but 
feed at night in surface waters. A recent review of the Tortonian- 
Zanclean Gobiidae of the Mediterranean (Schwarzhans et al., 2020) 
showed that the otoliths of this family, described by Carnevale et al. 
(2006a, 2008, 2018) and Grunert et al. (2016) as belonging to marine 
Atlantic species, instead belong to brackish and freshwater species of 
Paratethyan affinity inhabiting sheltered prodelta environments. In fact, 
no normal marine demersal taxa were recognized in these assemblages 
by Schwarzhans et al. (2020). As for the Myctophidae, the vast majority 
of the taxa belonging to this family were recovered in Moncucco and 
Verduno from alluvial plain silty mudstones along with terrestrial 
mammals (Dela Pierre et al., 2011; Colombero et al., 2017 and refer-
ences therein), pointing to a physically reworked origin. When 87Sr/86Sr 
isotope ratios are measured (Carnevale et al., 2008; Grunert et al., 
2016), the resulting Sr-based age of the otoliths is > 7 Ma, therefore 
further arguing against their in-situ origin. Since the good preservation 
of the otoliths suggests they did not suffer physical reworking (Carne-
vale et al., 2006a, 2006b, 2008, 2018; Grunert et al., 2016), predators 
foraging in open marine settings and migrating to marginal environ-
ments are proposed as a way out of the enigma (Carnevale et al., 2008, 
2018; Grunert et al., 2016; Colombero et al., 2017). However, Carnevale 
et al. (2006a) also rule out that so well preserved otoliths may have 
suffered post-mortem transport and action of the digestive acids in the 
stomach of predators. Rare findings of Myctophidae from Ciabot Cagna 
(3 species), Cava Serredi (1 species), Capanne di Bronzo (1 species) and 
Podere Torricella (6 species) (Carnevale et al., 2018) are all from sec-
tions where the host sediments have not been studied in sufficient detail 
to be clear about the in situ or reworked nature of the fossil assemblage. 
This lack of sedimentological uncertainty also extends to the strati-
graphic position of many samples, because a stratigraphic log is pro-
vided for only a few sections (i.e. Ca’ Ciuccio, Cava Serredi and 
Moncucco; Carnevale et al., 2006a, 2006b). What this stratigraphic in-
formation suggests is that euryhaline fish taxa are widespread 
throughout substage 3.2, whereas strictly Myctophidae, which are an 
oceanic, marine stenohaline species, only occur very close to the base of 
the Pliocene, plausibly corresponding to the uppermost lithological 
cycle in substage 3.2 (~5.35-5.33 Ma; Carnevale et al., 2018). 

5.7. Summary of the Stage 3 paleontological record 

The aquatic fossil record of MSC Stage 3 indicates that substage 3.1 
in onshore sections is mostly barren, while diverse assemblages char-
acterize substage 3.2 deposits. By contrast, the deep record as a whole 
contains relatively few, low diversity assemblages. This might be as a 
consequence either of the limited sample locations recovered from the 
offshore areas (see Fig. 2b) or because the environmental conditions in 
the intermediate-deep basins were less favorable for sustaining the life 
forms typical of the onshore domain. Nevertheless, the assemblages that 
are found in both marginal and deep locations comprise mixed brackish 
and marine species. 

Brackish species are mostly represented by ostracods and dinocysts 
(and mollusks here not addressed because poorly studied; see Esu, 2007 
and Guerra-Merchán et al., 2010). Prominent is the affinity of these late 
Messinian Mediterranean brackish species with the same species that 
were simultaneously dwelling in the Eastern Paratethyan basins 
(Dacian, Euxinic and Caspian) and in the North Aegean. Since these 
organisms were not present in the Mediterranean at any time before the 

MSC, they are considered, with a broad consensus, as in situ. This 
conclusion is further corroborated by the mixing of adult and juvenile 
forms in the ostracod assemblages and by the good preservation of the 
specimens, which do not show typical evidence of physical reworking 
like abrasion, dissolution, or fragmentation. Still problematic is the time 
of their arrival in the Mediterranean and their likelihood as biostrati-
graphic tool. From our review it seems more likely that truly Para-
tethyan species of ostracods entered the Mediterranean already during 
substage 3.1, when they colonized intermediate-deep settings, while 
they entered the marginal basins at different times during substage 3.2. 
As for dinocysts, characteristic is their occurrence only in the uppermost 
Messinian. However, it must be noted that samples from the substage 3.1 
interval are rarely processed for dinocysts, especially in age model- 
equipped sections (Fig. 3a). The route followed by the Paratethyan im-
migrants is equally contested and important for paleoenvironmental and 
paleohydrological interpretations. In view of a desiccated Mediterra-
nean, their migration can only have taken place passively by means of 
aquatic migratory birds. Conversely, the homogeneity of the ostracod 
assemblages throughout the Mediterranean marginal basins is more 
indicative of the presence of a water body fed by Eastern Paratethys and 
connecting all Mediterranean subbasins, therefore implying relatively 
high water-level conditions (at least at times when ostracod-bearing 
sediments deposited; see Andreetto et al., 2021). 

Marine assemblages are composed by foraminifera, nannofossils, 
dinocysts and calcareous nannofossils. Their reworked or in situ nature is 
in many cases contested but critical for paleoenvironmental interpre-
tation. The picture that emerges from our review is that an open marine 
signature is questionable in the foraminifera, nannofossils, dinocyst and 
fish records, as well as in other biotic groups (e.g. corals, echinoids and 
mammals) here not tackled (and for which we refer the reader to 
Dominici et al., 2018 and Carnevale et al., 2019). All marine represen-
tatives of the above mentioned categories were reintroduced into the 
Mediterranean only at the beginning of the Pliocene and at the expense 
of the Paratethys species that, instead, disappeared. Collectively, these 
observations lead us to conclude that the marine model as conceived by 
Carnevale et al. (2006a, 2006b, 2008, 2018) and Grunert et al. (2016) 
has no foundation and therefore will not be further discussed. 

6. The geochemical perspective 

Variations in the water sources draining into the Mediterranean are 
expected to be reflected also in (geo)chemical properties of the paleo-
depositional environments. Important information about the nature of 
the connectivity framework of the Mediterranean can be gained by 
interpreting geochemical signals that respond to the presence or absence 
of an exchange with a chemically-unique water body. Four main 
geochemical proxies have been applied so far to MSC Stage 3 sedi-
mentary and paleontological records. These includes both radiogenic (Sr 
isotope ratios) and stable isotopes (sulfate and oxygen) measured on 
fossils and minerals and hydrogen isotopes on molecular biomarkers. 
This section summarizes the dataset available for geochemical proxies 
(Fig. 10; Supplementary material 1) and its interpretation(s) for MSC 
Stage 3. 

6.1. Strontium isotope ratios (87Sr/86Sr) 

The available strontium isotope data for Stage 3 (Fig. 10a; Supple-
mentary material 1) derive from measurements on both Ca-bearing 
fossils (ostracod valves, mollusk shells, fish otoliths; Fig. 9a) and min-
erals (calcite and gypsum), where Sr2+ dissolved in an aqueous solution 
substitutes Ca atoms due to their similar ionic radius (e.g. Hajj et al., 
2017). Here we screen the available dataset and discuss only results that 
(1) reflect the original primary isotopic signal, i.e. the isotopic signal of 
the fluid at time of shell calcification or mineral precipitation, and (2) 
for which timing of mineral precipitation can be constrained. This 
screening excludes bulk carbonate samples (e.g. Colombacci limestones; 
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Bassetti et al., 2004), which contain carbonate compounds of various 
and/or unknown provenance, measurements from mollusk shells and 
otoliths (e.g. Carnevale et al., 2008; Grunert et al., 2016; Roveri et al., 
2019a), because they are made of mineral phases easily altered during 
diagenesis (e.g. aragonite; Marcano et al., 2015), and data coming from 
reworked material (e.g. all reworked gypsum or transported forami-
nifera). 87Sr/86Sr isotope ratios have also been measured by Müller and 
Mueller (1991) and Roveri et al. (2014b) on the halite beds recovered at 
Sites 134, 374 and 376 (Ryan et al., 1973; Hsü et al., 1978b). Although 
they provide interesting interpretative aspects, we do not consider these 
Sr measurements because the position of Sr in the crystal lattice of halite 
is unknown and the removal of all contaminants, that is not a straight-
forward procedure (see Meilijson et al., 2019), is not clear it was ach-
ieved by Müller and Mueller (1991) and Roveri et al. (2014b). As a 
matter of fact, there is no consistency between data generated from 
roughly the same interval in Core 134 by Müller and Mueller (1991) 
(0.708968) and Roveri et al. (2014b) (0.708800-0.708896). Added to 
this is the uncertainty over the provenance of halite in Sites 134 and 374 
(see subsections 4.2 and 4.6.1), which violates both criteria mentioned 
above. 

The general trend of the Mediterranean 87Sr/86Sr isotope ratio dur-
ing the MSC deviates from the ocean curve towards the less radiogenic 
values of the major peri-Mediterranean rivers and Paratethys and 
returns abruptly to oceanic values at the Miocene/Pliocene boundary 
(Fig. 10a inset). This trend is regarded to reflect the progressive re-
striction of Mediterranean-Atlantic exchange and the relative increase in 
the proportion of non-marine source waters (Topper et al., 2011; Roveri 
et al., 2014a). At first glance it seems that each MSC Stage was char-
acterized by a well-defined range of Sr ratios (Fig. 10a inset), an 
observation that led Roveri et al. (2014b) to attribute a chronostrati-
graphic value to MSC 87Sr/86Sr ratios. A closer look, however, shows 
that MSC substages are anything but homogeneous with respect to 
87Sr/86Sr ratios. At least in the marginal basins, local lithological dif-
ferences in the catchments (each lithology carries a unique 87Sr/86Sr 
fingerprint; see subsection 8.1.1) explain the different Sr isotopic com-
positions from basin to basin (see Schildgen et al., 2014; Modestou et al., 
2017; Andreetto et al., 2021), therefore arguing against the use of 
87Sr/86Sr ratios for chronostratigraphic purposes in the MSC record. 

Most of the data characterizing substage 3.1 (Fig. 10a) are from the 
Eraclea Minoa gypsum (Fig. 5h). These data define a narrow range of Sr 
isotope ratios between 0.708747 and 0.708793 (García-Veigas et al., 
2018). Similar values were reported from both Eraclea Minoa and the 
nearby Siculiana Marina section (0.708710-0.708760; Keogh and But-
ler, 1999; Fig. 5i). The dominance of Sicily samples gives the appearance 
of a consistent Sr isotope signal for gypsum beds. However, data points 
from elsewhere (Cyprus, Manzi et al., 2016a; DSDPs 122, 371 and 372 in 
the Algero-Balearic Basin, ODPs 652, 653 and 654 in the Tyrrhenian 
Basin, DSDP 374 in the Ionian Basin; Müller et al., 1990; Müller and 

Mueller, 1991; Roveri et al., 2014b) display a wider range (from 
~0.7087 to 0.708847; Fig. 10a) that may indicate a different hydro-
logical regime for each basin (e.g. Müller et al., 1990; Müller and 
Mueller, 1991; Ryan, 2009). The one published Sr isotope value for 
ostracods found within one of the marl interbeds at Eraclea Minoa also 
has a lower value outside the typical Sicily gypsum range (Grossi et al., 
2015). This suggests that a different hydrological regime may also have 
characterised precession minima stages of the precessional cycle. 

The Sr isotope dataset for the Lago-Mare phase includes the lowest 
values measured on MSC sediments (~0.7085 from between gypsum VI 
and VII at Eraclea Minoa; Fig. 3a; Grossi et al., 2015) and the widest 
range of ratios spanning from 0.7085 to 0.7091, which is above coeval 
oceanic values (Fig. 10a). Again, the conspicuously high Sr isotope 
values in substage 3.2 come from two areas, the marginal basins of 
southern Spain (Andreetto et al., 2021 and references therein; Figs. 5a-c) 
and the intermediate Polemi Basin on Cyprus (McCulloch and De 
Deckker, 1989). The lower values are drawn from right across the 
intermediate-deep Mediterranean (Algero-Balearic, Sicily, Levant; 
Fig. 2a) and are therefore more likely to represent a Mediterranean-wide 
Sr isotope signal. 

New Sr isotope data from Eastern Paratethys (i.e. Dacian and Caspian 
basins; Fig. 2b) are now available for the interval corresponding to MSC 
Stage 3 (inset Fig. 10a). The 87Sr/86Sr ratios of the Dacian Basin 
(0.708865-0.708982; Vasiliev et al., 2010; Grothe, 2016) are slightly 
lower than coeval ocean water (0.709020), but much higher than coeval 
Mediterranean values. However, the Dacian Basin is regarded as highly 
restricted from the Mediterranean throughout the MSC (Vasiliev et al., 
2010). By contrast, the Caspian has very low values (0.708402 to 
0.708473, Grothe et al., 2020) which are thought to reflect both the very 
low Sr isotope ratio of the Volga river (0.708020; Vasiliev et al., 2010 
and references therein) and some input from the Mediterranean (Grothe 
et al., 2020). 

6.2. Sulfate isotopes 

Sulfur isotopic investigations have been carried out only on sulfate 
minerals (gypsum and more rarely anhydrite) of the MSC Stage 3 de-
posits with samples drawn from both onshore intermediate sequences 
(Caltanissetta Basin and Cypriot basins) and deep basinal records (Sites 
122, 124, 125A, 132, 134, 372, 374, 375, 376, 652, 653, 654, 968, 969, 
970; Fig. 10b; Fontes et al., 1973; Pierre, 1974, 1982; Pierre and Fontes, 
1978; Ricchiuto and McKenzie, 1978; Pierre and Rouchy, 1990; Blanc- 
Valleron et al., 1998). Because the incorporation of dissolved sulfate into 
gypsum produces a nearly constant fractionation of δ18O (+3.5‰) and 
δ34S (+1.65‰) at earth surface temperatures (Thode and Monster, 1965; 
Lloyd, 1968; Warren, 2016), δ18O and δ34S isotopic values measured in 
gypsum should be corrected with the above mentioned fractionation 
factors in order to reconstruct the sulfate isotopic composition of the 

Fig. 10. Isotopic record of MSC Stage 3 for the Mediterranean Basin. (a) Compilation of MSC Stage 3 87Sr/86Sr isotope data sourced from ostracod valves and gypsum 
crystals (see Supplementary material 1 and subsection 6.1 for references). Data are plotted with the global 87Sr/86Sr seawater curve (McArthur et al., 2012). Error 
bars indicate analytical error, which is so small in some cases that no error bars are visible at this scale. To not complicate the figure, horizontal error bars have not 
been added for the sections/cores unprovided of a chronostratigraphic framework and for which age uncertainties are present (i.e. all but Nijar and Vera basins, 
Eraclea Minoa and onshore Cyprus; see Fig. 3). Note that none of the 87Sr/86Sr isotope ratios but one from Nijar plot on the ocean curve. In the inset is shown the 
Mediterranean Sr record for the entire MSC as well as the time-equivalent Eastern Paratethys record (modified after Andreetto et al., 2021). (b) Plot of δ34SSO4 and 
δ18OSO4 in Stage 3 gypsum and anhydrite beds from onshore and offshore localities (see Supplementary material 1 and subsection 6.2 for references). No measures 
are available from the marginal basins, where gypsum did not deposit during Stage 3. The dark blue and black rectangles represent the sulfate isotopic composition of 
the Global Messinian ocean and Stage 1 (PLG) evaporites, respectively. The light blue area represents the sulfate isotopic composition of mixtures of Messinian 
marine waters with non-marine sources. The red area represents the isotopic composition of the residual sulfate ion in a basin where marine Messinian sulfate is 
consumed by microbial sulfate reduction to produce H2S. The arrow represents the isotope trajectory of dissolved sulfate resulting from the mixing of residual 34S- 
enriched sulfate produced by MSR and 34S-depleted sulfate produced by H2S oxidation. All the published δ34SSO4 and δ18OSO4 values are provided corrected with the 
fractionation factors δ34S=+1.65‰ and δ18O=+3.5‰ to smooth the isotopic fractionation effects experienced by dissolved sulfate and to reason on values repro-
ducing the isotopic composition at the time of gypsum precipitation. (c) δD isotopes of C29 and C31n-alkanes and C37 and C38 long chain alkenones recorded in the 
Stage 3 gypsums and marls of the Eraclea Minoa section (modified from Vasiliev et al., 2017). Blue lines indicate the values recorded in the present day lacustrine 
settings for the n-alkanes (Sachse et al., 2006) and in the alkenones from the Mediterranean in the recent times (Van der Meer et al., 2007). Error bars indicate 
standard errors of the mean. 
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basin waters at the time of gypsum formation. 
The deep Mediterranean samples exhibit a wide range of δ34SSO4, but 

the majority of samples display δ34SSO4 values between 18 and 22‰, 
strongly indicative of a marine origin of the sulfate forming the gypsum 
(Fig. 10b; Fontes et al., 1973; Pierre, 1974, 1982; Pierre and Fontes, 
1978; Pierre and Rouchy, 1990; Blanc-Valleron et al., 1998). The δ34SSO4 
values lower than marine sulfate in the dataset are generally considered 
to represent a greater influence of continental sulfate input to the basin 
(Fig. 10b; Pierre, 1974; Pierre and Fontes, 1978; Pierre and Rouchy, 
1990). By contrast, the data display δ18OSO4 isotopic values that deviate 
substantially from marine δ18OSO4 values towards higher values 
(Fig. 10). This is consistent with the influence of sulfate produced by 
reoxidation of reduced sulfur compounds generated by microbial sulfate 
reduction (MSR; Kaplan and Rittenberg, 1964; Brunner and Bernasconi, 
2005; Sim et al., 2011; Leavitt et al., 2013). The microbial use of 
SO42-leads to an equilibration of δ18OSO4 with ambient water oxygen, 
whereas the δ34SSO4 returns towards its initial value as a higher fraction 
of sulfide produced by MSR is re-oxidated. This mechanism has been 
suggested for Sites in the Algero-Balearic, Tyrrhenian and Ionian basins 
and offshore Cyprus (Pierre, 1974; Pierre and Fontes, 1978; Pierre and 
Rouchy, 1990). Although some authors have suggested that partial 
equilibration of sulfate oxygen toward δ18OH2O values of the basin 
enriched in heavy oxygen isotopes by evaporation have led to an in-
crease in δ18OSO4 values without significant changes in δ34SSO4 (Fontes 
et al., 1973; Pierre, 1974; Ricchiuto and McKenzie, 1978), this hy-
pothesis seems highly unlikely as the abiotic equilibration between 
sulfate and water oxygen take about 20 Myr at normal marine pH 
(Lloyd, 1968; Longinelli and Craig, 1967; Turchyn et al., 2006). More-
over, the microbial sulfate reduction process is supported by the pres-
ence of pyrite at Sites 132, 654A and 968 (Pierre, 1982; Pierre and 
Rouchy, 1990; Blanc-Valleron et al., 1998) and the existence of fila-
ments of possible microbial origin at Site 654A (Pierre and Rouchy, 
1990). 

The sulfate isotopic values reported by Longinelli (1979) and Pierre 
(1982) from the Upper Gypsum of Eraclea Minoa (Caltanissetta Basin, 
Sicily) are considerably more scattered than those from a recent study by 
García-Veigas et al., 2018; Fig. 10b). Such discrepancies are probably a 
consequence of different sample selection: García-Veigas et al. (2018) 
analyzed only pristine whitish selenite and balatino samples, while 
Longinelli (1979) and Pierre (1982) analyzed all types of gypsum- 
bearing samples such as “gypsiferous marl” and gypsum laminae inter-
calated in carbonate or diatomaceous intervals. These less pristine 
samples probably contain high quantities of 34S-depleted solid sulfides 
or diagenetic gypsum formed by oxidation of sulfides (see Liu et al., 
2017 for more details on this process) and are therefore unlikely to be 
representative of the primary gypsum facies. Once these data are 
excluded, the Eraclea Minoa sulfate values (δ18OSO4 from 12.4 to 14.6‰ 
and δ34SSO4 from 21.0 to 22.3‰) suggest a marine origin of the sulfate 
and stable redox conditions during gypsum deposition (Fig 9.b; García- 
Veigas et al., 2018). Interestingly, the Eraclea Minoa sulfate values are in 
compliance with the isotopic values (δ18OSO4=15.2 to 16.8‰; δ34SSO4=
20.4 to 21.9‰) measured by Pierre (1982) in the Polemi Basin (Cyprus). 

6.3. Hydrogen isotopes on molecular biomarkers 

From the point of view of the application of organic geochemistry 
proxies, the Miocene Mediterranean Basin received little attention so 
far, with biomarker-based proxies that have been mostly applied to (a 
limited number of) pre-MSC sequences (Tzanova et al., 2015; Herbert 
et al., 2016; Mayser et al., 2017; Natalicchio et al., 2017, 2019; Vasiliev 
et al., 2019) and pre-Stage 3 sedimentary records (Lower Evaporites on 
Sicily, Andersen et al., 2001; Vena del Gesso Basin, Sinninghe Damsté 
et al., 1995 and Vasiliev et al., 2017; Levant Basin, Meilijson et al., 
2019). To date, only one study analyzed Stage 3 samples (Vasiliev et al., 
2017). This study used compound specific hydrogen isotope (δD) ana-
lyses, measured on both terrestrial (long chain C29 and C31n-alkanes; 

Sachse et al., 2006) and aquatic (alkenones; Englebrecht and Sachs, 
2005) biomarkers from the gypsum beds of the Upper Gypsum at Eraclea 
Minoa to reconstruct the hydrological cycle during gypsum 
precipitation. 

Both δDC29n-alkane and δDalkenones results (Fig. 10c) suggested that 
conditions in Sicily were significantly dryer than today, with highly 
enriched values of δDC29n-alkanes (up to −125‰). The δDalkenones varied 
between values suggesting evaporative conditions (−125‰) and values 
typical for present-day δDalkenones in the Mediterranean (−203‰) 
(Vasiliev et al., 2017). 

No time-equivalent biomarker data from the open ocean settings are 
currently available. Instead, Vasiliev et al. (2017) compared their 
Mediterranean data with data from the Black Sea (DSDP 42B Hole 380 
and Taman peninsula; Vasiliev et al., 2013, 2015). The Upper Gypsum 
δDn-alkanes were more enriched when compared to their time equivalent 
deposits of the DSDP 42B 380 borehole of the Black Sea (−180‰). This 
probably reflects the more intracontinental position of the Black Sea 
which commonly translates into more depleted values for δDprecipitation 
used by the vegetation, resulting in more depleted δDC29n -alkanes. 
However, there is a 30 to 40‰ enrichment relative to present in the δDn- 
alkanes (i.e. δDprecipitation) in both Mediterranean and Paratethys domains, 
indicating concurrent changes in both areas during the latest phase of 
the MSC. 

Both the Mediterranean and Paratethyan samples contain δDalkenones 
with low values (~-200‰) (Fig. 10c) leading Vasiliev et al. (2017) to 
suggest that either the surface water from the Upper Gypsum was 
derived from the Black Sea, or that the Mediterranean and Paratethys 
were exchanging surface water during gypsum precipitation. Similarity 
between the relative contribution of the C37, C38 and C39 alkenones at 
Eraclea Minoa and one of the Black Sea samples may suggest common 
alkenone producers for the two areas, again supporting the idea of a 
Mediterranean-Paratethys connection during Stage 3 (Vasiliev et al., 
2017). 

A final speculative insight from this biomarker dataset is that the 
relative contribution of alkenones found in the Upper Gypsum of Eraclea 
Minoa is strikingly similar to present-day open marine samples, even 
though Emiliania huxleyi, the principal ocean alkenone producer today, 
did not exist in the late Miocene. Vasiliev et al. (2017) suggested that 
this could imply the existence of a connection to the open ocean during 
Upper Gypsum deposition in Sicily (i.e. throughout Stage 3; Fig. 3a). 

6.4. Oxygen isotopes 

Oxygen stable isotope data (δ18O) are available from bulk samples 
(Rouchy et al., 2001, 2003, 2007; Pierre et al., 2006; Cosentino et al., 
2012), gypsum (Pierre and Fontes, 1978; Ricchiuto and McKenzie, 1978; 
Lugli et al., 2007), mollusk shells (Carnevale et al., 2008; Grunert et al., 
2016) and ostracod valves (Cosentino et al., 2012; Grossi et al., 2015). 

For all the sub-basins for which there is latest Messinian data (e.g. 
Sites 974 and 975; Eraclea Minoa section, Sicily; Aghios Stefanos sec-
tion, Corfu; Kalamaki section, Zakynthos; Pissouri Basin, Cyprus; Rou-
chy et al., 2001, Pierre et al., 2006), each has its own range of oxygen 
isotopic compositions and its own degree of variability. Values from 
above the Miocene/Pliocene boundary regain seawater values of 0.3 to 1 
‰ (e.g. Pierre et al., 2006). 

In marginal marine settings and lakes, the controls over δ18O are 
poorly constrained as oxygen does not respond simply to the freshwater 
flux, but to a combination of variables such as temperature, rainfall and 
evaporation (e.g. Placzek et al., 2011). Freshwater input may contribute 
to the signal, resulting in δ18O more negative than seawater (0.3‰ to 
0.8‰ SMOW; Dettman et al., 2004), but under prevailing evaporating 
conditions it is likely that the δ18O will be primarily influenced by 
evaporation, leading to δ18O more positive than seawater (e.g. Dettman 
et al., 2004), making any data very difficult to interpret. Furthermore, 
the lack of a unique δ18O signature for each water source makes oxygen 
isotopes a difficult tracer proxy to use. 
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6.5. Summary of the Stage 3 geochemical dataset 

The variety of paleoenvironmental and connectivity proxies applied 
to MSC Stage 3 record provide valuable insights into the hydrological 
conditions during Stage 3. The more outstanding results from all dis-
cussed proxies are that:  

1) Paleodepositional subaqueous environments where gypsum was 
precipitating and ostracods and biomarker-producers were thriving 
were strongly dominated by non-oceanic inputs;  

2) an indisputable marine signal is absent and only regained above the 
M/P boundary. 

Sulfate and oxygen isotopes are currently difficult to use for water 
provenance reconstruction because the non-marine sources (local and 
major rivers and Eastern Paratethys) that are likely to be of influence 
lack distinctive isotopic signatures and, especially for oxygen, respond 
to a combination of controls (e.g. temperature, rainfall, evaporation) 
with local variability. δ34SSO4 are claimed by several authors to be an 
evidence of the presence of an Atlantic inflow (δ34SSO4=22‰; Turchyn 
and Schrag, 2004) in a Mediterranean strongly affected by non-marine 
waters (Manzi et al., 2009, 2016a; García-Veigas et al., 2018 among 
others). However, the same values can be obtained by means of the 
recycling of PLG deposits (~23‰; Lu et al., 2001; Lugli et al., 2010; 
García-Veigas et al., 2018). 

Similarities between the δDalkenones of the Upper Gypsum at Eraclea 
Minoa and coeval Black Sea sediments and δDn-alkanes similar to present- 
day marine settings, suggest that Eastern Paratethys and the Atlantic 
were simultaneously contributing to the Mediterranean hydrological 
budget. 87Sr/86Sr isotope ratios are a useful water-mass tracer because 
each water body carries a unique Sr isotope fingerprint (see subsection 
8.1.1). Our plotting of Stage 3 87Sr/86Sr isotope values (Fig. 10a) high-
lights the large geographical variability of the values and the sharp di-
vision between Sr isotope ratios measured in marginal basins versus 
those in intermediate-deep water locations. This is only noticeable in 
substage 3.2, since no (or not enough) material suitable for Sr analysis is 
present in substage 3.1 deposits from the marginal basins. Some authors 
see this variability as an indication of isolated subbasins with unique 
hydrological conditions driven by their catchment rivers (e.g. Müller 
et al., 1990; Müller and Mueller, 1991; Ryan, 2009). If some degree of 
connection was present, it involved only neighbouring basins (e.g. 
Tyrrhenian subbasins; Müller et al., 1990; Müller and Mueller, 1991). A 
recent comparison of the Sr isotope record of the Spanish marginal ba-
sins of Sorbas, Nijar and Vera with the Sr isotope ratios likely to have 
typified the local riverine sources demonstrated that a local sources- 
mixed signal expected from an endorheic lake in that location is ab-
sent. In this instance mixing of intrabasinal water sources with a non- 
marine Mediterranean water mass is used to explain the measured 
values (Andreetto et al., 2021). If this explanation is more widely 
applicable, then it may result in a re-interpretation of the spread of Sr 
isotope data from the latest Messinian interval. 

To conclude, geochemical proxies have great potential to test the 
different scenarios, but data are currently too numerically and 
geographically limited to be robust. 

7. Paleoenvironmental scenarios for freshening the salt giant: 
desiccated versus full Mediterranean 

The riddle of the Mediterranean environmental and hydrological 
conditions during Stage 3 is a highly debated topic and it is key to un-
derstanding the means by which open marine conditions were restored 
at the base of the Zanclean and on the potential impact that the Atlantic- 
Mediterranean re-connection had on the Atlantic and global climate 
(Flecker et al., 2015; Capella et al., 2019). In this chapter, the paleo-
environmental scenarios, in terms of base-level position (desiccated or 
full Mediterranean) and hydrological configuration (connections to the 

Atlantic and/or Paratethys), proposed for the Mediterranean during 
Stage 3 are described, as well as the different timings of the reflooding 
(instantaneous, gradual, step-like increments). The low-salinity Stage 3 
followed the hypersaline Stage 2 and the transition between the two 
likely influences the plausibility of the various paleoenvironmental 
scenarios proposed for the terminal stage. We therefore first summarize 
the current understanding of the configuration of the Mediterranean 
during Stage 2 and the enduring controversies (see Roveri et al., 2014a 
for a more extensive review). 

7.1. Stage 2 (5.59-5.55 Ma): formation of the Mediterranean salt giant 

Numerical modelling based on hydrological budget calculations 
shows that in order to reach salinity levels compatible with halite 
saturation and to accumulate the substantial thicknesses of halite 
observed in the seismic profiles (Ryan, 1973; Haq et al., 2020), the 
Atlantic-Mediterranean gateway needs to have permitted inflow from 
the Atlantic, but may have completely blocked outflow (Blanc, 2002; 
Krijgsman and Meijer, 2008). Numerical models also showed that 
without Atlantic inflow into the Mediterranean Sea its base level is 
forced to drop on time scales in the order of a few thousand years by 
virtue of the basin’s negative hydrological budget, where more water is 
lost to the atmosphere by evaporation than is received from rainfall and 
river runoff (e.g. Meijer and Krijgsman, 2005; Krijgsman and Meijer, 
2008; Simon et al., 2017). The idea of a drawdown is supported by 
several arguments: (1) the widespread presence, from the margins to the 
slopes, of the Messinian Erosional Surface cutting through Stage 1 and 
pre-MSC deposits and canyon incisions following today’s drainage net-
works (e.g. Chumakov, 1973; Clauzon, 1982; Lofi et al., 2005, 2011a, 
2011b; Loget et al., 2006; Maillard et al., 2006, 2020; Estrada et al., 
2011; Just et al., 2011; Urgeles et al., 2011; Amadori et al., 2018; Lymer 
et al., 2018; Cazzini et al., 2020; Figs. 5e, 7e); (2) their morphology 
interpreted as subaerial in origin; (3) the clastic fans at the outlet of the 
valleys onlapped by Stage 3 deposits and interpreted as fluvial accu-
mulations (e.g. Lofi et al., 2005; Maillard et al., 2006; Pellen et al., 
2019). A number of studies have tried to quantify the magnitude of the 
sea-level fall by compensating for the isostatic vertical motion since the 
Messinian to obtain the original depth of the erosional features and 
Messinian deposits. However, this depends on the assumptions about 
when the drawdown occurred relative to the halite precipitation: before 
(e.g. Cartwright and Jackson, 2008; Bache et al., 2009, 2012), during (e. 
g. Ryan, 2008, 2009) or after (e.g. Ryan, 1978; Bertoni and Cartwright, 
2007; Lofi et al., 2011a, 2011b). How shallow the Mediterranean 
became during Stage 2 is also a matter of disagreement. Estimates in the 
Western Mediterranean vary from a maximum drawdown of 2500 m 
(Ryan, 1976) to 1000-1500 m (Bache et al., 2012) in the Gulf of Lion, 
800-1200 m in the Balearic promontory (Mas et al., 2018b) and 400 m in 
the Ebro delta region (Frey-Martinez et al., 2004). A later backstripping 
analysis of this delta yielded a drawdown of ~1300 m (Urgeles et al., 
2011). East of the Sicily sill, backstripping studies estimated base-level 
drops of 1800-2000 m in the Ionian basin (Micallef et al., 2018, 2019; 
Camerlenghi et al., 2019; Spatola et al., 2020), 800-900 m in the Adri-
atic foredeep and Po plain (Ghielmi et al., 2013; Amadori et al., 2018), 
800-1300 m (Ben-Gal et al., 2005), 600 (Druckman et al., 1995) and 800 
m (Cartwright and Jackson, 2008) in the Levant Basin. 

None of these quantifications could unequivocally constrain the 
timing of the drawdown within the MSC sequence, but numerical 
modeling studies show that, if the blocking of the outflow was controlled 
by a tectonic uplift counteracted by inflow erosion across the Strait of 
Gibraltar, then the expected drawdown of the Mediterranean Sea should 
be moderate (< 400 m; and possibly harmonic) due to an equilibrium 
between incision and uplift before the complete blocking of inflow and 
larger (up to complete desiccation) only after tectonic uplift overcame 
incision rates (Garcia-Castellanos and Villaseñor, 2011). The same 
model suggests that the initiation of halite precipitation might overlap in 
time with the late primary gypsum deposition, right before the full 
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disconnection from the Atlantic Ocean. 
The interpretation of the deep evaporites and their associated seismic 

markers (erosional surfaces and deep engravings along the shelf-slope 
systems) is not straightforward. Recently, it was suggested that the 
deep evaporitic facies and the seismic morphological features could 
have been produced without a significant drop of the Mediterranean 
base-level, therefore promoting the persistence of a relatively deep- 
water Mediterranean basin even during halite deposition (Lugli et al., 
2013, 2015; Roveri et al., 2014b). For example, Roveri et al. (2014c) 
proposed that downslope flows of dense, hypersaline waters sourced 
from evaporation in shallower water areas could have generated both 
the observed shelf-slope erosion and have created a deep brine, super-
saturated in the ions necessary for precipitating halite. These subaque-
ous hyperpycnal flows are consistent with the observed clastic 
evaporites that filled the Levant margin canyons (Lugli et al., 2013) and, 
more generally, with the widespread presence of Complex Units at the 
outlet of the MES drainage systems (see Lofi et al., 2005, 2011a, 2011b; 
Lofi, 2018). These sediments are dominated by reworked PLG that 
would have been exposed by a sea-level fall as little as 200 m (Lugli 
et al., 2010). However, the hypersaline environment that is presumed to 
be established by these hyperpycnal flows during the deposition of the 
RLG is in contrast with the occurrence of the Paratethyan ostracod 
L. muelleri within the clastic evaporites (RLG) in several marginal sec-
tions (e.g. Adana Basin, Faranda et al., 2013; Radeff et al., 2016, 2017). 

Whatever the state of Mediterranean base-level during Stage 2, the 
more commonly used chronostratigraphic model for the MSC (Fig. 1a; 
Roveri et al., 2014a) states that massive halite precipitation ceased at 
5.55 Ma and was superseded by an environment that, with precession 
periodicity (Fig. 3a), cycled between gypsum precipitation and condi-
tions that saw fresh-brackish organisms thriving. The question is 
whether these conditions cycled homogeneously in several isolated 
lakes or in basins largely connected to the same Atlantic and Eastern 
Paratethys-influenced water mass (Fig. 11). 

7.2. Stage 3 (5.55-5.33 Ma): resumption of (upper) gypsum precipitation 
and Paratethys fauna invasion 

7.2.1. An isolated Mediterranean dotted by sabkhas and lakes 
The first and long-lasting paleoenvironmental interpretation of the 

evaporite-bearing UG/UU units and (possibly) time-equivalent evapo-
rite-free units (e.g. LM Unit in Malaga, Sorbas and Zorreras Mb. in 
Sorbas, Feos Fm. in Nijar, Cassano Spinola Conglomerates in Piedmont, 
San Donato/Colombacci fms. in the Apennines, Handere Fm. in Turkey) 
envisaged their sedimentation in a Mediterranean mostly isolated from 
the Paratethys (which may have added water only to some basins in the 
Eastern Mediterranean) and totally isolated from the Atlantic where, in 
each subbasin, continental settings (e.g. alluvial plains, river channels, 
alluvial fans, playa lakes, sabkhas) alternated/interfingered with 
shallow, endorheic lakes (Figs. 11a, c; e.g. Ruggieri, 1962, 1967; Decima 
and Sprovieri, 1973; Decima and Wezel, 1973; Friedman, 1973; Hsü 
et al., 1973a, 1973b, 1973c, Hsü et al., 1978a, 1978b; Ryan et al., 1973; 
Selli, 1973; Sturani, 1973; Sissingh, 1976; Benson, 1978; Bossio et al., 
1978; Cita et al., 1978, 1990; Ricchiuto and McKenzie, 1978; Ryan, 
1978, 2008, 2009; Cita and Colombo, 1979; Orszag-Sperber and Rou-
chy, 1979; Ghibaudo et al., 1985; Müller et al., 1990; Benson and Rakic- 
El Bied, 1991; Benson et al., 1991; Müller and Mueller, 1991; Orszag- 
Sperber et al., 2000; Rouchy et al., 2001, 2003, 2007; Blanc, 2002; Lofi 
et al., 2005, Lofi et al., 2011b; Bassetti et al., 2006; Rouchy and Caruso, 
2006; Bertoni and Cartwright, 2007; Cameselle and Urgeles, 2017; 
Amadori et al., 2018; Camerlenghi et al., 2019; Kartveit et al., 2019; 
Madof et al., 2019; Ben Moshe et al., 2020; Caruso et al., 2020; Cazzini 
et al., 2020; Raad et al., 2021). The full disconnection is also supported 
by observations that support an abrupt Zanclean reflooding (e.g. Blanc, 
2002; Micallef et al., 2018, 2019; Garcia-Castellanos et al., 2020; Spa-
tola et al., 2020), since a rapid outburst flood requires a large sea level 
difference prior to the flood that can only be developed in a scenario of a 
full Mediterranean-Atlantic disconnection (Garcia-Castellanos et al., 
2009; Garcia-Castellanos and Villaseñor, 2011). Although rarely 
explicitly stated, all these studies must assume that: 

Fig. 11. (a), (b) Schematic W-E profiles across the Mediterranean Basin showing the contrasting paleoenvironmental, paleohydrological and paleoconnectivity 
interpretations proposed for Stage 3. When a water flow is present (green arrow) from and/or to an extra-Mediterranean water mass (i.e., A: Atlantic Ocean; I: Indian 
Ocean; P: Eastern Paratethys), the direction of the arrow gives the direction of flow. For simplicity, water added by the major and local rivers is not shown, but it adds 
to the hydrological budget at any time in each scenario. Note the main difference between the isolated (a) and density-stratified (b) scenario lies in the connectivity 
framework (Atlantic connection closed and negligible influence from the Paratethys in the isolated scenario; influence from both Atlantic and Paratethys in the 
density-stratified scenario), which affects the position of the base level of the Mediterranean water mass and its hydrochemistry (see extensive discussion in sub-
section 7.2). Abbreviations: Sp.: SE Spain; V-B: Valencia Basin; Tyr: Tyrrhenian Basin; Calt: Caltanissetta Basin; IAP: Ionian Abyssal Plain; GS: Gulf of Sirt; Cyp: 
Cyprus; Ada: Adana Basin. See Fig. 2 for the geographic position of each basin. (c) Schematic plot showing the evolution of the Mediterranean base-level during Stage 
3 according to both the isolated (red line) and half-full (black line) scenarios. The critical sills for controlling intra- and extra-Mediterranean connectivity are 
also shown. 
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1) all Paratethyan biota (and possibly other organisms of undisclosed 
provenance like diatoms) migrated passively via aquatic migratory 
birds across the entire Mediterranean (Fig. 11a; Benson, 1978; Ben-
son and Rakic-El Bied, 1991; Caruso et al., 2020);  

2) chemical and physical conditions (brackish water and water depth 
not exceeding 100 m; e.g. Hajós, 1973; Gliozzi and Grossi, 2008) that 
allowed alternated conditions suitable for gypsum to precipitate and 
Paratethyan biota and euryhaline benthic foraminifera to thrive 
were related to changes in the local freshwater budget;  

3) The marine isotopic signals in UU/UG gypsum (Fig. 10) are entirely 
the reflection of the lithologies that are leached by continental wa-
ters in surficial and/or underground drainage areas (e.g. Ryan, 2009; 
Raad et al., 2021);  

4) Stage 3 gypsum precipitated in extremely shallow-water (playa 
lakes) to completely dried environments (sabkhas) and the excessive 
sulfate necessary is completely derived from “clastic reworking, 
dissolution, re-precipitation and diagenesis of materials belonging to 
the PLG and halite of the previous MSC Stage 2” (Ryan, 2009). 

Observations supporting a Mediterranean isolated throughout Stage 
3 and only at the mercy of local freshwater inputs (Fig. 11a) are: (1) the 
lack of evidence for in situ marine fauna and flora in UU (e.g. Ryan et al., 
1973; Hsü et al., 1978a; Cita et al., 1990; Ryan, 2009; Lofi et al., 2011a); 
(2) the shallow-water mode of life and highly likely in-situ nature of 
ostracods and euryhaline, shallow-water benthic foraminifera observed 
in DSDP/ODP wells from intermediate and deep basins (e.g. Cita et al., 
1978; Iaccarino and Bossio, 1999; Figs. 9a-c); (3) the bathymetric 
contrast (up to several hundred meters) between the late Messinian 
paleoenvironments and the marine Zanclean on top (e.g. Cita and 
Colombo, 1979; Bonaduce and Sgarrella, 1999; Caruso et al., 2020); (4) 
the presence of paleosols in Cyprus (Orszag-Sperber et al., 2000; Rouchy 
et al., 2001) and on the crest of the Eratosthenes seamount (Robertson, 
1998a, 1998b); (5) the erosional features preserved both offshore on the 
continental shelves and lower-middle slope domain and interpreted in 
most seismic stratigraphic studies as the result of subaerial exposure (e. 
g. Lofi et al., 2005; Lofi et al., 2011b; Lymer et al., 2018; Ben Moshe 
et al., 2020); (6) the pinching out of the UU/BU units towards evaporite- 
free pre-Messinian structural highs (Figs. 7b-g; Figs. 8a, e; Ryan, 2009; 
Lymer et al., 2018; Camerlenghi et al., 2019; Raad et al., 2021); (7) the 
more abundant terrigenous clasts and reworked calcareous fossils in 
Stage 3 samples compared to the overlying, deep-water Pliocene (Ryan 
et al., 1973; Hsü et al., 1978b; Ryan, 2009); (8) the erosional nature of 
the M-reflector/TES/IMTS in the Levant Basin (Figs. 8e-g), by some 
linked to subaerial exposure of the Levant seafloor (e.g. Bertoni and 
Cartwright, 2007; Lofi et al., 2011a, 2011b; Maillard et al., 2011a) 
before the emplacement of deposits interpreted as fluvial from seismic 
observations (Bowman, 2012; Radeff et al., 2017; Leila et al., 2018; 
Kartveit et al., 2019; Madof et al., 2019). Furthermore, (9) isolated 
hydrological circuits with unique chemical composition are regarded by 
Camerlenghi et al. (2019) as the most plausible explanation for the W-E 
change in the MSC sedimentary expression in the deep basins, repre-
sented by the trilogy LU-MU-UU in the Algero-Balearic and Liguro- 
Provençal basins, missing the LU in the Tyrrhenian and (possibly) Ionian 
basins, by terrigenous deposits with hiatuses in the WAB and Adriatic 
foredeep and by halite, anhydrite and clastics in the Levant Basin 
(Interbedded and Argillaceous evaporites of Meilijson et al., 2019; 
Fig. 3b). 

The main problems with the isolated scenario lasting throughout 
Stage 3 are: (1) it does not provide an explanation neither for the ho-
mogeneity of Paratethyan ostracod assemblages in the marginal basins 
(e.g. Gliozzi et al., 2007; Stoica et al., 2016), an aspect difficult to 
explain when fauna migration takes place passively via either birds or 
wind, nor for the biomarkers (Vasiliev et al., 2017), which cannot be 
transported effectively by aquatic birds; (2) it does not explain the 
mismatch between 87Sr/86Sr isotope ratios measured on marginal os-
tracods and Sr values expected from endorheic lakes fed with local 

freshwaters (e.g. Andreetto et al., 2021); 3) it misses to substantiate, 
with geochemical arguments, the precipitation of gypsum in lakes, a 
process that is everything but straightforward (see Warren, 2016 for 
insights); 4) except for the salt-bearing basins, the source(s) of solutes 
which makes freshwater-fed endorheic lakes brackish and causes similar 
physico-chemical conditions to exist in each lake is also difficult to 
explain in the context of a Mediterranean only at the mercy of local 
rivers. 

7.2.2. The half-full, density-stratified Mediterranean scenarios 
An alternative concept to the isolated scenario envisages the Medi-

terranean connected with the Atlantic and/or the Eastern Paratethys and 
relatively full of water connecting the different subbasins (Fig. 11b). To 
our knowledge, this scenario was first developed by McCulloch and De 
Deckker (1989) on the basis of the similar 87Sr/86Sr ratios from marginal 
(Spain and Cyprus) and deep (Levantine and Algero-Balearic) basins. 
This intuition was a significant departure from the far more in vogue 
desiccated scenario (see conclusion of Hsü et al., 1973b), and for this 
was long overlooked. Sr isotope ratios lower than contemporary ocean 
water led McCulloch and De Deckker (1989) to conclude that a brackish 
water mass created by the mixing of water from the peri-Mediterranean 
rivers (e.g. Nile, Rhône and African rivers that no longer flow today, etc.; 
see Griffin, 2002 and Gladstone et al., 2007) with water of the Eastern 
Paratethys filled the Mediterranean, resembling the Caspian Sea today. 
This conclusion is consistent with the impoverished (or absent) marine 
fauna and flora of Stage 3 sediments and the enhanced assemblage of 
fresh-brackish water biota (see subsection 5.7; Figs. 9a-c), but is prob-
lematic as a viable origin for Stage 3 gypsum to precipitate at depth. 
Furthermore, climate models for the late Miocene fail to fill the Medi-
terranean Basin with fluvial and Paratethys waters alone (Gladstone 
et al., 2007; Marzocchi et al., 2016, 2019; Simon et al., 2017). A marine 
contribution is therefore required to fill the Mediterranean (Marzocchi 
et al., 2016). In the event, the contribution is most likely to have derived 
from the Atlantic via the Gibraltar Corridor (Flecker et al., 2015; Booth- 
Rea et al., 2018; Krijgsman et al., 2018) either through a karst system 
(Krijgsman et al., 2018) or an emerged volcanic archipelago in the 
Alborán Basin (Booth-Rea et al., 2018). In fact, although an Indian 
Ocean contribution was proposed (Cita et al., 1978; Hsü et al., 1978a) 
and the possibility discussed (Ryan, 2009; Vai, 2016), palinspastic re-
constructions concluded that the Neo-Tethys Mediterranean-Indian 
Ocean connection via southern Turkey and Iran already closed before 
the Tortonian (Rögl, 1998; Popov et al., 2004; Gargani et al., 2008; 
Bialik et al., 2019; Gülyüz et al., 2020), while a seaway via the Red Sea 
and Gulf of Aden, although not completely ruled out (e.g. Schütz, 1994; 
Bosworth et al., 2005; Gargani et al., 2008; Ryan, 2009), is highly 
contested (e.g. Meulenkamp and Sissingh, 2003; Segev et al., 2017). 

In light of this, Roveri et al. (2014c), Gvirtzman et al. (2017), Vasi-
liev et al. (2017), García-Veigas et al. (2018) and Grothe et al. (2020) 
suggested that the Mediterranean was likely density-stratified during 
this interval as a result of the simultaneous influx of isotopically- 
different marine and non-marine (major Mediterranean rivers and 
Eastern Paratethys) water sources (Fig. 11b). This connectivity frame-
work resulted in a brackish layer carrying low-salinity (mostly Para-
tethyan) biota (Gliozzi et al., 2007; Stoica et al., 2016; Grothe et al., 
2018, 2020; Figs. 9a-b) to lay on top of a more saline layer formed by 
Atlantic-derived seawater from which UU/UG gypsum (Figs. 5h-j, 7b-g, 
8a-d), that facies analyses demonstrated to result from subaqueous 
deposition (Hardie and Lowenstein, 2004; Lugli et al., 2015), precipi-
tated at intermediate and greater depths (e.g. García-Veigas et al., 
2018). A dense, anoxic deep-water mass, possibly inherited from Stage 
2, is envisaged at the bottom of the Mediterranean by Marzocchi et al. 
(2016) and García-Veigas et al. (2018), albeit without conclusive ar-
guments, and by Gvirtzman et al. (2017) following the observation that 
the tilted halite body of the Levant Basin was simultaneously eroded 
landward and preserved basinward (Fig. 8f). 

This scenario accounts for the erosive/non-depositional features 

F. Andreetto et al.                                                                                                                                                                                                                              

317

Appendix 2. SALTGIANT Research Article



Earth-Science Reviews 216 (2021) 103577

34

(Figs. 5e, 6a, e) and continental/lacustrine facies (Figs. 5a-b, d-g) 
widespread around the margins and shelves and suggestive of a Medi-
terranean base-level somewhat lower than the Atlantic level suggesting 
a one-way inflow from both the Atlantic and the Eastern Paratethys after 
Stage 2 (e.g. Marzocchi et al., 2016; Figs. 11b, c), a connectivity 
configuration that effectively translates in a half-full Mediterranean (e.g. 
Krijgsman and Meijer, 2008). Refilling as a result of persistent Atlantic 
inflow, in part perhaps because of the latest Messinian deglaciation (see 
subsection 2.2; Van der Laan et al., 2006; Hilgen et al., 2007), would 
have resulted in the establishment of two-way exchange first with the 
Paratethys at some point during the Lago-Mare phase and later, i.e. 
slightly before or at the Messinian/Zanclean boundary, with the Atlantic 
Ocean (Fig. 11c; Marzocchi et al., 2016). The moment the Mediterra-
nean base-level reached the sill with the adjacent water body (Para-
tethys and Atlantic) and a two-way exchange was initiated, the density 
contrast will have prompted an enhanced inflow into the Mediterranean 
(Marzocchi et al., 2016). The overall transgressive trend leading to the 
Zanclean marine replenishment was accompanied by base-level fluctu-
ations in the order of 400±100 m every precessional cycle (Fig. 11c; 
Fortuin and Krijgsman, 2003; Ben Moshe et al., 2020; Andreetto et al., 
2021). These fluctuations are ascribed to switch in the Mediterranean 
freshwater budget driven by the African summer monsoon and Atlantic 
winter storms (e.g. Marzocchi et al., 2015, 2019; Simon et al., 2017). 
Since higher freshwater discharge rates occur at precession minima 
times and their Stage 3 sedimentary expression is considered to be the 
mudstone intervals (Fig. 3a; Manzi et al., 2009), mudstone interbeds 
(both onshore and offshore; e.g. Figs. 5h-j) represent the highstand ep-
isodes (e.g. Manzi et al., 2009; Roveri et al., 2008a; Omodeo-Salé et al., 
2012; Fig. 3), while continental facies onshore (e.g. conglomerates in the 
Apennines; Fig. 5g) and offshore (clastic beds in the Levant Basin) and 
gypsum beds (Algero-Balearic, Liguro-Provencal, CMD, Tyrrhenian, 
Caltanissetta, Ionian, Sirte and Polemi-Pissouri basins; Figs. 5h-j) 
represent the lowstand (e.g. Roveri et al., 2008a; Manzi et al., 2009; 
Meilijson et al., 2019; Fig. 3). If Atlantic was the major source of sulfate 
for Stage 3 gypsum (e.g. García-Veigas et al., 2018) and an intervening, 
relatively shallow (Sicily) sill was establishing Western and Eastern 
Mediterranean division during the MSC (e.g. Garcia-Castellanos et al., 
2009, 2020; Micallef et al., 2018), the presence of Stage 3 gypsum to the 
east of the Sicily sill (Fig. 2b) implies that the Mediterranean base level 
never dropped below the (maximum estimated) paleodepth of the sill (i. 
e. ~430 m; Garcia-Castellanos et al., 2009) during Stage 3 and Western 
and Eastern Mediterranean remained connected also during the arid 
(lowstand) phases of the precession cycles. 

A Mediterranean step-wise refilled and at times filled with water up 
to the marginal belt agrees with: (1) Paratethyan biota being present 
only in intermediate-deeper settings during substage 3.1, but more 
widespread including marginal settings during substage 3.2; (2) the W-E 
homogeneity of Paratethyan ostracod assemblages around the Medi-
terranean marginal belt (Gliozzi et al., 2007; Stoica et al., 2016; Sciuto 
et al., 2018; Sciuto and Baldanza, 2020; Fig. 9a); (3) the presence, in 
marginal basins, of Paratethyan fish (Bannikov et al., 2018; Schwarz-
hans et al., 2020), dinocysts (e.g. Pellen et al., 2017; Fig. 9b) and bio-
markers (Vasiliev et al., 2017; Fig. 10c); (4) the occurrence of a 
monospecific assemblage of abundant Sphenolithus spp. just below the 
M/P boundary at ODP Sites 978, 975 and 967 (Castradori, 1998); (5) the 
requirement of water from the Mediterranean to explain the Sr isotope 
ratios of ostracods that inhabited marginal subaqueous environments 
(Andreetto et al., 2021); (6) the Atlantic-like sulfate values (although 
variably diluted and affected by microbial processes; Fig. 10b) of the 
UU/UG gypsum beds (García-Veigas et al., 2018); (7) the presence of 
long chain alkenones in the Sicilian UG beds similar to those observed in 
present-day marine settings (Fig. 10c; Vasiliev et al., 2017). 

Major problems also exist with the half-full stratified scenario: (1) it 
does not provide a proper mechanism for gypsum precipitation at 
several hundreds, or thousands, meters water depth; (2) it fails to 
explain how unquestionable shallow-water (< 50 m) benthic organisms 

such as Ammonia tepida and Cyprideis sp. could survive at hundreds of 
meters of depth and beyond; (3) it does not provide an explanation for 
the high abundance of coarse-grained detritus at intermediate and deep- 
water locations, especially when compared to deep-water Pliocene 
samples, as well as for the broad absence of MSC deposits in the shelf 
domain; (4) a persistent Atlantic inflow without outflow seems to be a 
configuration that cannot be maintained stable for ~200 kyr. Indeed, 
models coupling the inflow of marine waters with the erosion of the 
gateway channel concluded that, if the Mediterranean level was lowered 
by at least several hundred meters below present sea level, any small 
overtopping of water from the Atlantic would inevitably trigger a fast 
refill of the basin that, if responsible for the erosion trough the Alborán 
Basin, should have involved an unprecedented water discharge and be 
completed within a few years or less (Garcia-Castellanos et al., 2020 and 
references therein). The scenario arising from Meilijson et al., 2019, 
Figs. 3b, 4a) is also problematic for a high base-level Mediterranean. In 
order to simultaneously reach precipitation of gypsum and halite in 
different basins sharing the same water, the water has to be of high 
salinity and stratified. Simon and Meijer (2017) demonstrated that this 
can be achieved with slow overturning circulation, but it is currently 
unclear how realistic this process is. 

7.3. Demise of the MSC (5.33 Ma): the Zanclean marine replenishment 

The conspicuous and abrupt transition to normal marine sediments 
in the Mediterranean is globally and historically important because it is 
the origin of the stratigraphic position of the Miocene/Pliocene 
boundary (Van Couvering et al., 2000). From an ocean perspective, it is 
not an ideal stratigraphic location being difficult to locate from biozone 
data even in the adjacent Atlantic (Hodell et al., 2001; Krijgsman et al., 
2004; Van den Berg et al., 2015). However, from a Mediterranean 
perspective it provides a clear and unambiguous end to the MSC and the 
restoration of normal marine conditions. All evidence show that the 
onset of the Zanclean marine replenishment followed a period of relative 
lowstand that exposed all the Mediterranean margins (see subsection 
3.12; Figs. 6a-b, f) and kept intermediate and deep basins underwater 
(see subsection 4.8). Yet again, the key dispute concerns the exact depth 
of the Mediterranean base level preceding the Miocene/Pliocene 
transition. 

Building on the isolated Mediterranean scenario, base level imme-
diately before the early Zanclean was more than thousand kilometers 
below eustatic sea level (Fig. 10e; e.g. Hsü et al., 1973a; Blanc, 2002; 
Loget et al., 2006; Garcia-Castellanos et al., 2009; Pérez-Asensio et al., 
2012; García-Alix et al., 2016; Amadori et al., 2018; Micallef et al., 2018, 
2019; Camerlenghi et al., 2019; Kartveit et al., 2019; Madof et al., 2019; 
Ben Moshe et al., 2020; Caruso et al., 2020; Cazzini et al., 2020; Mas and 
Fornós, 2020; Spatola et al., 2020). Hydrodynamic erosional models 
allowed a reinterpretation of the erosional features across the strait of 
Gibraltar (Campillo et al., 1992; Blanc, 2002) suggesting that a sudden 
breach of the Mediterranean-Atlantic divide at Gibraltar resulted in a 
vast cascade of Atlantic water that refilled the entire Mediterranean in 
less than 2 years (i.e. rates of ten meters per day) spilling first into the 
Western Mediterranean (see the extensive review in Garcia-Castellanos 
et al., 2020) and then, after reaching the level of the Sicily sill, pouring 
into the Eastern Mediterranean (Micallef et al., 2018, 2019; Ben Moshe 
et al., 2020; Spatola et al., 2020). This concept of catastrophic refilling 
has led to terms such as “Zanclean flood” or “deluge”. Evidence sup-
porting the catastrophic flood mechanism mostly comes from the 
seismic reflection dataset and includes: 1) the presence of >250 m deep 
and 390-km-long incisions on both sides of the Gibraltar Strait (Garcia- 
Castellanos et al., 2020); 2) the detection of (allegedly) Pliocene-aged 
chaotic sedimentary bodies stretching for kilometers in the Alborán 
Basin (Garcia-Castellanos et al., 2020 and references therein) and Ionian 
Basin at the foot of the Malta Escarpment (Micallef et al., 2018, 2019; 
Spatola et al., 2020; Fig. 8c). A further argument is the bathymetric jump 
of several hundred meters between the late Messinian and the early 
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Pliocene sediments (e.g. Caruso et al., 2020; Fig. 6d). 
Instantaneous sea level rise is not the only possible refilling model. 

Bache et al. (2012) suggested the reflooding occurred in two steps at 
~5.60 Ma, accompanied by a moderate (≤ 500 m) rise, followed by a 
rapid rise of 600-900 m at around 5.46 Ma tracking the deposition of the 
deep basin evaporites and resulting from the collapse of the Gibraltar 
divide. There is also the reconnection model that follows from a Stage 3 
Mediterranean that is already relatively full and with the base level 
possibly oscillating of 400 ± 100 m with precessional frequency 
(Fig. 10h; Fortuin and Krijgsman, 2003; Ben Moshe et al., 2020; 
Andreetto et al., 2021). In this case, only a sea level rise of a few hundred 
meters is required to restore the Mediterranean to the Atlantic level 
(Fig. 10h), which was hypothesized to have occurred in the last pre-
cessional cycle of the Messinian (Marzocchi et al., 2016; Fig. 3a). 

In detail, the re-establishment of a fully marine faunal diversity and 
oceanic geochemistry (e.g. 87Sr/86Sr ratios and δ18O) occurred more 
gradually over one or more precessional cycles in the earliest Zanclean 
(e.g. Iaccarino et al., 1999; Pierre et al., 1998, 2006; Cipollari et al., 
2013; Roveri et al., 2019a; Bulian et al., 2021). This suggests that 
stressed ecological conditions at first only suitable for opportunistic 
organisms to survive (e.g. Bulian et al., 2021) developed (or persisted) in 
the Mediterranean as marine replenishment occurred (e.g. Rouchy et al., 
2003). One possible mechanism for achieving this may be the physico- 
chemical turnover in the water column triggered by the re-established 
two-way exchange with the Atlantic which, for reasons that are 
largely unknown, took time (at least oneprecession cycle; Pierre et al., 
2006) to displace surficial Paratethyan water and restore normal marine 
conditions (Marzocchi et al., 2016). 

8. Methods and proxies to better reconstruct base level and 
connectivity changes 

Chronological uncertainty and spatial variability limit the use of 
both sedimentological and paleontological information to achieve a 
comprehensive and coherent basin-wide interpretation of the conditions 
and drivers of Stage 3 environments and water levels. Alternative 
methods are therefore required to clarify connectivity relationships and 
constrain base-level conditions. This section explores the principles and 
potential of geochemical, backstripping and numerical modelling tech-
niques that could be used to further test existing hypotheses and 
enhance understanding of the complex environmental conditions 
experienced by the Mediterranean during the latest Messinian. 

8.1. Geochemical proxies 

Radiogenic strontium isotopes. Radiogenic strontium isotope ratio 
(87Sr/86Sr) is a widely applied geochemical tool in provenance studies, 
including the reconstruction of the hydrological circuit and connectivity 
of basins with little or null oceanic entries. Its potential to detect the 
provenance of the hydrological fluxes derives from the unique 87Sr/86Sr 
ratio that typifies each water source and from the negligible effects of 
isotopic fractionation during the liquid-solid transition (see Hajj et al., 
2017). 

Mineral phases precipitating in endorheic lakes uptake Sr with 
87Sr/86Sr ratio that reflects the mixing of all feeding surficial and un-
derground streams and whose 87Sr/86Sr fingerprint hinges on the 
composition and age of watershed bedrock (see Peucker-Ehrenbrink and 
Fiske, 2019; Andreetto et al., 2021 and references therein). When river 
water mixes with seawater such as in the oceans, semi-enclosed basins or 
estuaries, mineral phases uptake Sr with oceanic 87Sr/86Sr ratios 
because the high oceanic Sr concentration (~7.8 mg/l today; Veizer, 
1989) masks the impact of the ~100 times lower concentrated conti-
nental Sr-sources (~0.0780 mg/l; Palmer and Edmond, 1992). This is 
valid as long as a certain ratio of continental-marine water mixing is 
fulfilled, beyond which 87Sr/86Sr ratios deviate towards the 87Sr/86Sr 
ratios of the non-marine source(s) (Ingram and Sloan, 1992). For the 

Mediterranean to attain non-marine 87Sr/86Sr ratios (like during the 
MSC), Topper et al. (2014) calculated a mixing of at least 1:4 (Atlantic: 
freshwater) to be required. 

If Mediterranean subbasins hosted endorheic lakes (Figs. 10c, e), the 
87Sr/86Sr isotope ratios measured on ostracod valves or gypsum crystals 
of each lake are expected to generate a scattered distribution by virtue of 
the different geology in the hinterland of each basin. By contrast, some 
degree of connection between different basins and the Mediterranean 
water mass (Figs. 10d, f) is expected to result in more homogeneous 
87Sr/86Sr ratios because, although isotopically-different, local rivers mix 
with a water mass that has the same 87Sr/86Sr value and (much higher) 
Sr concentration for each basin (Andreetto et al., 2021). In this scenario, 
differences in the 87Sr/86Sr ratios between basins are likely the reflection 
of the different 87Sr/86Sr ratio of the local input in each basin (Andreetto 
et al., 2021). The application of numerical models assists to identify and 
quantify the different water sources feeding the basin(s) in question and 
(e.g. Placzek et al., 2011; Topper et al., 2011, 2014; Doebbert et al., 
2014; Rossi et al., 2015b; Modestou et al., 2017; Grothe et al., 2020; 
Andreetto et al., 2021). 

Sulfate isotopes. When sulfate-bearing minerals precipitate in a basin 
they uptake dissolved S and O with δ34SSO4 and δ18OSO4 isotopic 
composition that, once corrected for the fractionation effects during 
liquid-solid transition (see subsection 6.2), can be assimilated to that of 
the mother brine. The higher concentrated source of sulfate is seawater 
(with present-day δ34SSO4=21.15±0.15‰ and δ18OSO4=8.67±0.21‰, 
Johnston et al., 2014; with Messinian values of ~22±0.2‰ for the 
δ34SSO4 and ~9±2‰ for the δ18OSO4; Turchyn and Schrag, 2004; Mar-
kovic et al., 2016; Masterson et al., 2016). Significantly higher inputs 
from the ~1000 times less concentrated riverine freshwater (both sur-
ficial and underground) with respect to the ocean water (more than 1:5 
according to Lu et al., 2001) can modify the marine δ34SSO4 and δ18OSO4 
isotopic composition of the mother brine (Utrilla et al., 1992; Lu et al., 
2001) and have it deviated from that of the ocean (Lu et al., 2001). This 
deviation is normally towards lower values, because river-derived dis-
solved sulfate is generally depleted in heavy isotopes 34S and 18O 
compared to oceanic sulfate because these isotopes mainly come from 
the oxidation of 34S-depleted pyrite (FeS2) on the continents and to a 
lesser extent from the dissolution of older sulfate-bearing minerals 
(Claypool et al., 1980; Turchyn and Schrag, 2004; Burke et al., 2018). 
However, when marine sulfate is preferentially leached in the catch-
ment, 34S of the freshwater-dissolved sulfate and [SO42-] likely increase, 
therefore reducing the continental-marine mixing ratio necessary to 
deviate the resulting sulfate isotopic signature away from marine values. 
Unfortunately, the sulfate isotopic composition is not provided for a 
number of major Mediterranean rivers (Burke et al., 2018) nor for the 
Eastern Paratethys and it is hardly assessed with the catchment-forming 
lithologies (Liu et al., 2017; Burke et al., 2018), making sulfate isotopes 
still an unsuitable tracer of non-marine water provenance in Mediter-
ranean subbasins. 

Deviation of δ34SSO4 and δ18OSO4 from the marine average can also 
be the result of isotopic fractionation during microbial sulfate reduction 
(MSR; Fritz et al., 1989; Berner, 1999). MSR produces 34S-depleted 
hydrogen sulfide (~0 to 70‰ lighter than initial sulfate; Brunner and 
Bernasconi, 2005; Sim et al., 2011; Leavitt et al., 2013) and induces the 
enrichment in 34S and 18O of the residual sulfate pool (Kaplan and Rit-
tenberg, 1964; Thode and Monster, 1965; Turchyn et al., 2006; Wort-
mann et al., 2007). Therefore, if isotopically light H2S produced by MSR 
leaves the system as a sulfide mineral (most likely pyrite), the resulting 
dissolved sulfate would have δ34SSO4 and δ18OSO4 isotopic signatures 
higher than the oceanic one (Brunner et al., 2005). However, if the MSR- 
produced H2S is re-oxidized back to sulfate through abiotic or microbial 
sulfide oxidation, isotopically light sulfate will be brought back to the 
34S-enriched sulfate pool, producing little or no enrichment in 34S 
observed in the resulting sulfate (Gomes and Johnston, 2017 and ref-
erences therein; Pellerin et al., 2019). Slight deviations from marine 
δ18OSO4 and δ34SSO4 values of sulfate reflect both biological sulfur 
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cycling and/or freshwater riverine inputs (e.g. Utrilla et al., 1992; Lu 
et al., 2001; Turchyn et al., 2009) (Fig. 10b). Untangling the relative 
importance of these processes is key to understanding the Mediterra-
nean sulfur isotope record and gleaning paleoenvironmental insights 
into Stage 3. 

Hydrogen isotopes. Organic geochemistry biomarker-based tools can 
be used as independent proxies for reconstructing sea surface tempera-
tures, relative changes in the basin hydrology and, indirectly, salinity. 
Basin water properties are reflected in a variety of life forms. Different 
types of organisms produce specific organic compounds that serve as 
molecular biomarkers. These large biomolecules record the changes in 
the hydrogen isotopic composition of the water used by different groups 
of biomarker producers (i.e. different organisms). The principle behind 
the method is to measure δD on biomarkers produced in Mediterranean 
Sea waters (e.g. alkenones, produced by a few species of haptophyte 
coccolithophores algae) during the MSC and compare the results with 
the δD signals retrieved from biomarkers produced in the open ocean 
ideally at the same time intervals. The influence of precipitation on the 
changes in hydrological budget can be monitored by measuring the δD 
of long chain n-alkanes (Sachse et al., 2006), biomarkers predominantly 
produced by higher terrestrial plants that rely on precipitation for plant 
growth, therefore reflecting the changes in the δD of the precipitation. 
The extreme base level drop(s) suggested for the Mediterranean during 
the MSC would, in principle, indicate a negative precipitation (P) +
runoff (R) – evaporation (E) ratio. Such a negative water budget 
(E>P+R) results in waters increasingly enriched in δD whereas, a pos-
itive water balance (E<P+R) results instead in a negative shift of δD 
values. The analysis of compound specific δD of alkenones, long and 
short chain n-alkanes can be used to constrain E/(P+E) relationships. 

8.2. Backstripping analyses 

Backstripping uses paleobathymetry, sea level and sediment thick-
ness to quantify the tectonic and isostatic components of subsidence. If 
tectonic subsidence or uplift history are known relative to the current 
position and depth of paleoshoreline markers, an inverse approach al-
lows base level to be estimated. A number of approaches have been 
applied to the MSC, using erosional surfaces (e.g. Amadori et al., 2018), 
terraces (Micallef et al., 2018) or fluvial network characteristics (Urgeles 
et al., 2011) as paleoshoreline indicators. The relief on erosional features 
has also been used to estimate minimum base-level variation (Frey- 
Martinez et al., 2004). 

Apart from the quantitative constraints on base level that back-
stripping provides, consideration of the regional implications of isostatic 
subsidence and the gravitational impact of redistributing water masses 
(such as in the cascading model of Roveri et al., 2014c; Fig. 10b) and 
evaporite precipitation is important in gateway regions like Gibraltar, 
which due to their shallow and restricted nature are exceptionally sen-
sitive to vertical motions. Here, both flexural effects and gravitational 
effects on local sea level on the Atlantic side of the strait has the po-
tential to influence Mediterranean-Atlantic connectivity driving paleo-
environmental changes in the basin itself (Coulson et al., 2019). 

8.3. Modelling 

Numerical models can be used complementary to lab- and field- 
based studies, or to find answers to open questions by testing the 
physical plausibility of hypotheses and their compatibility with the 
available sedimentological/stratigraphic/paleontological/geochemical 
data, which have to constrain model results and not adjust to it. For 
example, whether gypsum beds in marginal/intermediate basins can 
precipitate at the same time as the halite in deep basins is an intriguing 
question that circulates in the MSC literature (e.g. Van Couvering et al., 
1976), but whether this is physically and geochemically possible is yet to 
be answered. In a first model analysis, Simon and Meijer (2017) found 
that the required stratification can indeed be achieved for specific 

conditions including a slow overturning circulation. A different 
approach is needed to determine whether such slow circulation is to be 
expected or if other scenarios should be considered. A thermo-haline 
stratification that enables coeval precipitation of two evaporites for a 
considerable time span might also influence the degree of heterogeneity 
of other parameters, such as strontium concentration. Previous models 
showed the influence of the Atlantic Ocean and major rivers (Topper 
et al., 2014) and of evaporation (Flecker et al., 2002) on the Sr value of a 
basin with restricted oceanic inflow and assuming a homogeneous dis-
tribution of strontium throughout the water column (Flecker et al., 
2002; Topper et al., 2011, 2014; Modestou et al., 2017), but it is un-
certain if this holds true in conditions of water stratification. New in-
sights into this behavior would have consequences for the way the 
strontium dataset (Fig. 10a) must be interpreted. Another loose end 
where the model approach can provide insight relates to the question 
whether a high water level could have been reached without an inflow 
from the Atlantic. Climate simulations conducted by Gladstone et al. 
(2007), Simon et al. (2017) and Marzocchi et al. (2019) indicate that this 
is not possible with today’s bathymetry. A quantitative analysis 
exploring the Mediterranean water level reached in different situations 
(i.e. with or without an Atlantic or Paratethys in and outflow) and with 
information on the Mediterranean hypsometry that may be provided by 
isostatic restoration of the seafloor topography (flexural backstripping) 
could help understanding how the Messinian Salinity Crisis ended. 

9. Certainties, open problems and future directions 

Our understanding of the nature of MSC Stage 3 has evolved 
considerably over the last fifty years. However, there are still such 
disparate models for the paleoenvironmental conditions and basin 
connectivity that led to Stage 3 deposition and that express the chal-
lenges that the study of this interval presents: it is a relatively short 
interval and its sedimentary expression varies spatially. It is no surprise 
that the main point of contention lies in reconciling the observations 
from seismic profiles and well data, which are largely interpreted as 
favoring the desiccated scenario, with the sedimentological, paleonto-
logical and geochemical data from the marginal basins record, largely 
discontinuous and unaddressed from seismic-based and computational- 
based studies and mainly supporting the full-Mediterranean hypothesis. 

To a large extent this mismatch is the result of the lack of intersection 
of the two datasets. Some Stage 3 onshore localities are meticulously 
studied from the stratigraphic, sedimentological, paleontological and 
geochemical point of view, showing remarkably consistent and ho-
mogenous trends and patterns (as previously highlighted by Roveri 
et al., 2008a). However, changes at precessional and subprecessional 
scale are difficult to trace from one exposure to another and are well 
below the level of seismic resolution, making onshore-offshore correla-
tion at this scale impossible. Even correlation between onshore sections 
is problematic since most of the stratigraphic sections are incomplete, 
with erosion surfaces at the bottom and/or top (i.e. the Miocene/Plio-
cene boundary), and this lack of stratigraphic continuity frustrates at-
tempts to constrain ages by cyclostratigraphy. A future focus on 
strengthening the available chronostratigraphic framework (Fig. 3) and 
making it inclusive of the fragmented outcrops is required to better 
understand the paleoenvironmental and paleohydrological changes 
suffered by the Mediterranean marginal belt through time. The suc-
cessful drilling of the three IODP proposals currently in the scheduling 
pool (see Camerlenghi and Aloisi, 2020), all of which propose to recover 
Stage 3 sediments, will also provide transformative information 
enabling far better offshore-onshore correlation and interpretation of 
currently enigmatic seismic data. In the meantime, re-evaluation of 
existing DSDP and ODP material, particularly through the application of 
more novel geochemical techniques and, where possible, access to ma-
terial collected during industrial drilling would be helpful for under-
standing the deep Mediterranean Basin during this interval. 

Extensive paleontological studies have established that Stage 3 
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contains in situ biota assemblages of Paratethyan provenance implying 
brackish water conditions. More problematic is the differentiation of in 
situ and reworked marine microfauna and flora and the paleoecological 
significance of dwarfism in marine calcareous microfossils/algae. These 
have important repercussions for the Mediterranean connectivity and 
base-level reconstruction. 

The geochemical dataset for Stage 3, particularly strontium isotopes 
and hydrogen isotopes on biomarkers, is both demonstrably valuable in 
providing key constraints on connectivity and environmental condi-
tions, and frustratingly inadequate in terms of data distribution. It has 
great potential as a constraint on quantitative sensitivity analysis of the 
different hydrochemistry scenarios that follow from the endmember 
Stage 3 hypotheses, but substantially more data is required. 

An approach which combines geological, geochemical, geophysical 
and paleontological data with numerical modelling (e.g. climate simu-
lations, backstripping analyses and paleoceanographic models) will 
provide a more accurate reconstruction of Mediterranean paleogeog-
raphy and the processes that occurred during the final phase of the 
Messinian Salinity Crisis. 
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Mélières, F., Müller, C., Wright, R., 1978a. History of the Mediterranean salinity 

crisis. In: Hsü, K.J., Montadert, L., et al. (Eds.), Initial Reports of the Deep Sea 
Drilling Project. U.S. Government Printing Office, Washington, DC.  

Hsü, K.J., Montadert, L., Bernoulli, D., Bizon, G., Cita, M., Erickson, A., Fabricius, F., 
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Fodor, L., Harzhauser, M., Nagymarosy, A., Oszczypko, N., Pavelić, D., Rögl, F., 
Saftić, B., Sliva, U., Studencka, B., 2007. Badenian evolution of the Central 
Paratethys Sea: paleogeography, climate and eustatic sea-level changes. Geol. 
Carpathica 58, 579–606. 

Krijgsman, W., Meijer, P.T., 2008. Depositional environments of the Mediterranean 
“Lower Evaporites” of the Messinian salinity crisis: constraints from quantitative 
analyses. Mar. Geol. 253 (3–4), 73–81. https://doi.org/10.1016/j. 
margeo.2008.04.010. 

Krijgsman, W., Hilgen, F.J., Raffi, I., Sierro, F.J., Wilson, D.S., 1999a. Chronology, 
causes, and progression of the Messinian salinity crisis. Nature 400, 652–655. 

Krijgsman, W., Hilgen, F.J., Marabini, S., Vai, G.B., 1999b. New paleomagnetic and 
cyclostratigraphic age constraints on the Messinian of the Northern Apennines (Vena 
del Gesso Basin, Italy). Mem. Soc. Geol. Ital. 54, 25–33. 

Krijgsman, W., Fortuin, A.R., Hilgen, F.J., Sierro, F.J., 2001. Astrochronology for the 
Messinian Sorbas basin (SE Spain) and orbital (precessional) forcing for evaporite 
cyclicity. Sediment. Geol. 140, 43–60. 

F. Andreetto et al.                                                                                                                                                                                                                              

325

Appendix 2. SALTGIANT Research Article

https://doi.org/10.1127/nos/2016/0340
https://doi.org/10.1016/j.epsl.2019.116029
https://doi.org/10.1016/j.epsl.2019.116029
https://doi.org/10.1016/j.paleo.2016.06.005
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0900
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0900
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0900
https://doi.org/10.1016/j.paleo.2009.11.019
https://doi.org/10.1016/j.paleo.2009.11.019
https://doi.org/10.1016/j.jog.2013.12.003
https://doi.org/10.1016/j.gloplacha.2019.103089
https://doi.org/10.1016/j.marpetgeo.2018.01.016
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0925
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0925
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0925
https://doi.org/10.1016/j.margeo.2014.12.001
https://doi.org/10.1016/j.margeo.2014.12.001
https://doi.org/10.1130/G39113.1
https://doi.org/10.1130/G39113.1
https://doi.org/10.1016/j.jas.2017.09.005
https://doi.org/10.1016/j.jas.2017.09.005
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0945
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0945
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0950
https://doi.org/10.1016/j.gloplacha.2019.103052
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0960
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0960
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0960
https://doi.org/10.4435/BSPI.2015.1
https://doi.org/10.1038/ngeo2813
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0975
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0975
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0975
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0980
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0980
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0980
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0985
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0985
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0985
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0990
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0990
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0990
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0990
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0995
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0995
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf0995
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1000
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1000
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1010
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1010
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1015
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1015
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1015
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1020
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1020
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1020
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1020
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1025
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1025
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1025
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1030
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1030
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1030
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1030
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1035
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1035
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1035
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1035
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1005
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1005
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1005
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1005
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1040
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1040
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1040
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1040
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1045
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1045
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1050
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1050
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1050
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1055
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1055
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1055
https://doi.org/10.1016/j.sedgeo.2006.02.004
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1065
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1065
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1065
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1070
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1070
https://doi.org/10.1016/j.palaeo.2017.06.023
https://doi.org/10.1111/bre.12173
https://doi.org/10.1111/bre.12173
https://doi.org/10.1111/bre.12347
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1090
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1090
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1090
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1090
https://doi.org/10.2973/odp.proc.ir.107.1987
https://doi.org/10.2973/odp.proc.ir.107.1987
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1100
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1100
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1100
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1105
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1105
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1105
https://doi.org/10.1016/j.epsl.2019.115933
https://doi.org/10.1016/j.epsl.2019.115933
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1115
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1115
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1115
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1115
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1115
https://doi.org/10.1016/j.margeo.2008.04.010
https://doi.org/10.1016/j.margeo.2008.04.010
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1125
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1125
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1130
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1130
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1130
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1135
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1135
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1135


Earth-Science Reviews 216 (2021) 103577

42

Krijgsman, W., Gaboardi, S., Hilgen, F.J., Iaccarino, S., Kaenel, E.D., Laan, E.V.D., 2004. 
Revised astrochronology for the Ain el Beida section (Atlantic Morocco): no glacio- 
eustatic control for the onset of the Messinian Salinity Crisis. Stratigraphy 1, 87–101. 

Krijgsman, W., Stoica, M., Vasiliev, I., Popov, V.V., 2010. Rise and fall of the Paratethys 
Sea during the Messinian Salinity Crisis. Earth Planet. Sci. Lett. 290 (1-2), 183–191. 
https://doi.org/10.1016/j.epsl.2009.12.020. 

Krijgsman, W., Capella, W., Simon, D., Hilgen, F.J., Kouwenhoven, T.J., Meijer, P.Th., 
Sierro, F.J., Tulbure, M.A., van den Berg, B.C.J., van der Schee, M., Flecker, R., 2018. 
The Gibraltar Corridor: watergate of the Messinian Salinity Crisis. Mar. Geol. 403, 
238–246. https://doi.org/10.1016/j.margeo.2018.06.008. 

Krijgsman, W., Palcu, D., Andreetto, F., Stoica, M., Mandic, O., 2020a. Changing seas in 
the late Miocene Northern Aegean: a Paratethyan aroach to Mediterranean basin 
evolution. Earth Sci. Rev. 103386 https://doi.org/10.1016/j. 
earscirev.2020.103386. 

Krijgsman, W., Stoica, M., Hoyle, T.M., Jorissen, E.L., Lazarev, S., Rausch, L., Bista, D., 
Alçiçek, M.C., Ilgar, A., van den Hoek Ostende, L.W., Mayda, S., Raffi, I., Flecker, R., 
Mandic, O., Neubauer, T.A., Wesselingh, F.P., 2020b. The myth of the Messinian 
Dardanelles: Late Miocene stratigraphy and paleogeography of the ancient Aegean- 
Black Sea gateway. Paleogeogr. Paleoclimatol. Paleoecol. 110033 https://doi.org/ 
10.1016/j.paleo.2020.110033. 

Van der Laan, E., Gaboardi, S., Hilgen, F.J., Lourens, L.J., 2005. Regional climate and 
glacial control on high-resolution oxygen isotope records from Ain El Beida (latest 
Miocene, NW Morocco): a cyclostratigraphic analysis in the depth and time domain. 
Paleoceanography 20. https://doi.org/10.1029/2003PA000995. PA1001.  

Van der Laan, E., Snel, E., de Kaenel, E., Hilgen, F.J., Krijgsman, W., 2006. No major 
deglaciation across the Miocene-Pliocene boundary: integrated stratigraphy and 
astronomical tuning of the Loulja sections (Bou Regreg area, NW Morocco). 
Paleoceanography 21. https://doi.org/10.1029/2005PA001193. PA3011.  

Laskar, L.J., Robutel, P., Joutel, F., Gastineau, M., Correia, A.C.M., Levrard, B., 2004. 
A long term numerical solution for the insolation quantities of the Earth. Astron. 
Astrophys. 428, 261–285. 

Lazarev, S., de Leeuw, A., Stoica, M., Mandic, O., van Baak, C.G.C., Vasiliev, I., 
Krijgsman, W., 2020. From Khersonian drying to Pontian “flooding”: Late Miocene 
stratigraphy and paleoenvironmental evolution of the Dacian Basin (Eastern 
Paratethys). Glob. Planet. Chang. 103224 https://doi.org/10.1016/j. 
gloplacha.2020.103224. 

Leavitt, W.D., Halevy, I., Bradley, A.S., Johnston, D.T., 2013. Influence of sulfate 
reduction rates on the Phanerozoic sulfur isotope record. Proc. Natl. Acad. Sci. 110, 
11244. 
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Maillard, A., Driussi, O., Lofi, J., Briais, A., Chanier, F., Hübscher, C., Gaullier, V., 2014. 
Record of the Messinian Salinity Crisis in the SW Mallorca area (Balearic 
Promontory, Spain). Mar. Geol. 357, 304–320. https://doi.org/10.1016/j. 
margeo.2014.10.001. 
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Medaouri, M., Déverchère, J., Graindorge, D., Bracene, R., Badji, R., Ouabadi, A., 
Yelles, K., Bendib, F., 2014. The transition from Alboran to Algerian basins (Western 
Mediterranean Sea): chronostratigraphy, deep crustal structure and tectonic 
evolution at the rear of a narrow slab rollback system. J. Geodyn. 77, 186–205. 
https://doi.org/10.1016/j.jog.2014.01.003. 

Meijer, P.T., Krijgsman, W., 2005. A quantitative analysis of the desiccation and re-filling 
of the Mediterranean during the Messinian Salinity Crisis. Earth Planet. Sci. Lett. 240 
(2), 510–520. 

Meilijson, A., Steinberg, J., Hilgen, F., Bialik, O.M., Waldmann, N.D., Makovsky, Y., 
2018. Deep-basin evidence resolves a 50-year-old debate and demonstrates 
synchronous onset of Messinian evaporite deposition in a non-desiccated 
Mediterranean. Geology 46 (3), 243–246. https://doi.org/10.1130/G39868.1. 

Meilijson, A., Hilgen, F., Sepúlveda, J., Steinberg, J., Fairbank, V., Flecker, R., 
Waldmann, N.D., Spaulding, S.A., Bialik, O.M., Boudinot, F.G., Illner, P., 
Makovsky, Y., 2019. Chronology with a pinch of salt: integrated stratigraphy of 
Messinian evaporites in the deep Eastern Mediterranean reveals long-lasting halite 
deposition during Atlantic connectivity. Earth-Sci. Rev. 194, 374–398. https://doi. 
org/10.1016/j.earscirev.2019.05.011. 

Melinte-Dobrinescu, M.C., Suc, J.-P., Clauzon, G., Popescu, S.-M., Armijo, R., Meyer, B., 
Biltekin, D., Çağatay, M.N., Ucarkus, G., Jouannic, G., Fauquette, S., Çakir, Z., 2009. 
The Messinian salinity crisis in the Dardanelles region: Chronostratigraphic 
constraints. Paleogeogr. Paleoclimatol. Paleoecol. 278, 24–39. https://doi.org/ 
10.1016/j.paleo.2009.04.009. 

Merzeraud, G., Achalhi, M., Cornee, J.J., Münch, P., Azdimousa, A., Moussa, A.B., 2019. 
Sedimentology and sequence stratigraphy of the late-Messinian-Early pliocene 
continental to marine deposits of the Boudinar basin (North Morocco). J. Afr. Earth 
Sci. 150, 205–223. https://doi.org/10.1016/j.jafrearsci.2018.11.002. 

Meulenkamp, J.E., Sissingh, W., 2003. Tertiary paleogeography and tectonostratigraphic 
evolution of the Northern and Southern Peri-Tethys platforms and the intermediate 
domains of the African-Eurasian convergent plate boundary zone. Paleogeogr. 
Paleoclimatol. Paleoecol. 196 (1-2), 209–228. 

Meulenkamp, J.E., Dermitzakis, M., Georgiades-Dikeoulia, E., Jonkers, H.A., Boger, A., 
1979. Field Guide to the Neogene of Crete. Publication of the Department of Geology 
and Paleontology, University of Athens, A, 32, pp. 1–32. 

Micallef, A., Camerlenghi, A., Garcia-Castellanos, D., Cunarro Otero, D., Gutscher, M.-A. 
M.A., Barreca, G., Spatola, D., Facchin, L., Geletti, R., Krastel, S., Gross, F., 
Urlaub, M., Sulli, A., Basilone, L., Basilone, G., 2018. Evidence of the Zanclean 
megaflood in the eastern Mediterranean Basin. Sci. Rep. 8, 1–8. https://doi.org/ 
10.1038/s41598-018-19446-3. 

Micallef, A., Camerlenghi, A., Georgiopoulou, A., Garcia-Castellanos, D., Gutscher, M.-A., 
Lo Iacono, C., Huvenne, V.A.I., Mountjoy, J.J., Paull, C.K., Le Bas, T., Spatola, D., 
Facchin, L., Accettella, D., 2019. Geomorphic evolution of the Malta Escarpment and 
implications for the Messinian evaporative drawdown in the eastern Mediterranean 
Sea. Geomorphology 327, 264–283. https://doi.org/10.1016/j. 
geomorph.2018.11.012. 

Milker, Y., Schmiedl, G., 2012. A taxonomic guide to modern benthic shelf foraminifera 
of the western Mediterranean Sea. Palaeontol. Electron. 15 (2), 1–134. https://doi. 
org/10.26879/271. 

Mocnik, A., Camerlenghi, A., Del Ben, A., Geletti, R., Wardell, N., Zgur, F., 2014. The 
Messinian Salinity Crisis in the West-Mediterranean Basins: comparison between two 
rifted margins. In: Proceedings of the 33rd GNGTS Conference, Bologna, Vol. 1, 
pp. 156–163. 

Mocnik, A., Del Ben, A., Camerlenghi, A., Geletti, R., Saule, M., 2018. 12. Ionian Basin. In 
J. Lofi (Ed.), Seismic Atlas of the Messinian salinity crisis markers in the 
Mediterranean sea. Volume 2. - Mémoires de la Société géologique de France, n.s., 
2018, t. 181, and Commission for the Geological Map of the World, pp. 41–44. 

Modestou, S., Simon, D., Gutjahr, M., Marzocchi, A., Kouwenhoven, T.J., Ellam, R.M., 
Flecker, R., 2017. Precessional variability of 87Sr/86Sr in the late miocene sorbas 
basin: An interdisciplinary study of drivers of interbasin exchange. 
Paleoceanography 32 (6), 531–552. 

Montadert, L., Letouzey, J., Mauffret, A., 1978. Messinian event: seismic evidence. In: 
Hsü, K.J., Montadert, L., et al. (Eds.), Initial Reports of the Deep Sea Drilling Project, 
1. US Government Printing Office, Washington, DC, pp. 1037–1050. 

Mudie, P.J., Marret, F., Mertens, K.N., Shumilovskikh, L., Leroy, S.A., 2017. Atlas of 
modern dinoflagellate cyst distributions in the Black Sea Corridor: from Aegean to 
Aral Seas, including Marmara, Black, Azov and Caspian Seas. Mar. Micropaleontol. 
134, 1–152. 

Müller, D.W., Mueller, P.A., 1991. Origin and age of the Mediterranean Messinian 
evaporites: implications from Sr isotopes. Earth Planet. Sci. Lett. 107 (1), 1–12. 

Müller, D.W., Mueller, P.A., McKenzie, J.A., 1990. Strontium isotopic ratios as fluid 
tracers in Messinian evaporites of the Tyrrhenian Sea (western Mediterranean Sea). 
In: Proceedings of the Ocean Drilling Program, Scientific Results (Vol. 107, 603- 
614). College Station, Tex.: Ocean Drill. Program. 

Natalicchio, M., Birgel, D., Peckmann, J., Lozar, F., Carnevale, G., Liu, X., Hinrichs, K.-U., 
Dela Pierre, F., 2017. An archaeal biomarker record of paleoenvironmental change 
across the onset of the Messinian salinity crisis in the absence of evaporites 
(Piedmont Basin, Italy). Org. Geochem. 113, 242–253. 

Natalicchio, M., Dela Pierre, F., Birgel, D., Brumsack, H., Carnevale, G., Gennari, R., 
Gier, S., Lozar, F., Pellegrino, L., Sabino, M., Schnetger, B., Peckmann, J., 2019. 
Paleoenvironmental change in a precession-paced succession across the onset of the 
Messinian salinity crisis: insight from element geochemistry and molecular fossils. 

F. Andreetto et al.                                                                                                                                                                                                                              

327

Appendix 2. SALTGIANT Research Article

https://doi.org/10.1111/j.1365-3091.2009.01063.x
https://doi.org/10.1111/j.1365-3091.2009.01063.x
https://doi.org/10.1130/B30262.1
https://doi.org/10.1130/B30262.1
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1395
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1395
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1395
https://doi.org/10.1111/bre.12107
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1405
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1405
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1405
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1405
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1405
https://doi.org/10.1111/ter.12325
https://doi.org/10.1111/ter.12325
https://doi.org/10.1016/j.marpetgeo.2020.104288
https://doi.org/10.1016/j.marpetgeo.2020.104288
https://doi.org/10.1016/j.marpetgeo.2020.104288
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1425
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1425
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1430
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1430
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1430
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1430
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1435
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1435
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1435
https://doi.org/10.5194/cpd-11-2181-2015
https://doi.org/10.1130/G37646.1
https://doi.org/10.1130/G37646.1
https://doi.org/10.1029/2019PA003721
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1455
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1455
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1455
http://www.tdx.cat/handle/10803/375904
https://doi.org/10.1016/j.marpetgeo.2020.104656
https://doi.org/10.1016/j.marpetgeo.2020.104656
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1470
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1470
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1470
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1470
https://doi.org/10.1130/G40260.1
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1480
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1480
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1480
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1485
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1485
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1485
https://doi.org/10.1016/j.epsl.2017.01.029
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1495
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1495
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1495
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1500
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1500
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1505
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1510
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1510
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1510
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1510
https://doi.org/10.1016/j.jog.2014.01.003
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1520
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1520
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1520
https://doi.org/10.1130/G39868.1
https://doi.org/10.1016/j.earscirev.2019.05.011
https://doi.org/10.1016/j.earscirev.2019.05.011
https://doi.org/10.1016/j.paleo.2009.04.009
https://doi.org/10.1016/j.paleo.2009.04.009
https://doi.org/10.1016/j.jafrearsci.2018.11.002
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1545
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1545
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1545
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1545
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1550
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1550
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1550
https://doi.org/10.1038/s41598-018-19446-3
https://doi.org/10.1038/s41598-018-19446-3
https://doi.org/10.1016/j.geomorph.2018.11.012
https://doi.org/10.1016/j.geomorph.2018.11.012
https://doi.org/10.26879/271
https://doi.org/10.26879/271
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1570
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1570
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1570
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1570
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1575
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1575
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1575
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1575
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1580
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1580
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1580
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1580
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1585
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1585
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1585
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1590
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1590
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1590
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1590
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1595
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1595
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1600
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1600
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1600
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1600
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1605
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1605
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1605
http://refhub.elsevier.com/S0012-8252(21)00076-3/rf1605


Earth-Science Reviews 216 (2021) 103577

44

Paleogeogr. Paleoclimatol. Paleoecol. 518, 45–61. https://doi.org/10.1016/j. 
paleo.2019.01.009. 
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Yébenes, A., 2007. Estratigrafía y biomagnetoestratigrafía del Messiniense en la 
sección del Garruchal (Cuenca del Bajo Segura). Implicaciones para la Crisis de 
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Stoica, M., Lazăr, I., Krijgsman, W., Vasiliev, I., Jipa, D., Floroiu, A., 2013. 
Paleoenvironmental evolution of the East Carpathian foredeep during the late 
Miocene-early Pliocene (Dacian Basin; Romania). Glob. Planet. Chang. 103, 
135–148. https://doi.org/10.1016/j.gloplacha.2012.04.004. 

Stoica, M., Krijgsman, W., Fortuin, A., Gliozzi, E., 2016. Paratethyan ostracods in the 
Spanish Lago-Mare: More evidence for intra-basinal exchange at high Mediterranean 
sea level. Paleogeogr. Paleoclimatol. Paleoecol. 441, 854–870. https://doi.org/ 
10.1016/j.paleo.2015.10.034. 

Strasser, A., Hilgen, F.J., Heckel, P.H., 2006. Cyclostratigraphy-concepts, definitions, and 
alications. Newsl. Stratigr. 42 (2), 75–114. 

Sturani, C., 1973. A fossil eel (Anguilla sp.) from the Messinian of Alba (Tertiary 
Piedmont Basin). Paleoenvironmental and paleogeographic implications. In: 
Messinian Events in the Mediterranean. K. Nederl. Akad. Wetensch, Amsterdam, 
pp. 243–255. 
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Resumen  
 
Durante el Mioceno tardío, los procesos tectónicos llevaron al cierre de las 

conexiones Mediterráneo – Atlánticas, aislando progresivamente la cuenca del 
Mediterráneo del océano global. Este cambio en la configuración de los canales 
interoceánicos modificó radicalmente los patrones de circulación, el tiempo de residencia 
y la salinidad de las aguas del Mediterráneo, dando lugar al extraordinario cambio 
paleoambiental conocido como la crisis de la salinidad del Messiniense. Este evento duró 
entre 5.97 y 5.33 Ma (millones de años), dando lugar al depósito de enormes 
acumulaciones de evaporitas tanto en las cuencas mediterráneas marginales como en las 
profundas. Ahora, más de 50 años después de que el Glomar challenger se aventurara 
en las aguas del Mediterráneo y se descubrieran las evaporitas en cuencas profundas, el 
debate sobre las condiciones y el momento del depósito del gigante de la sal del 
Mediterráneo sigue en curso, ya que muchas teorías sobre la dinámica y la cronología 
del cierre y reapertura de los canales interoceánicos del arco de Gibraltar están a la espera 
de ser validadas. 

En esta óptica, el estudio de sondeos marinos y afloramientos en las proximidades 
del actual estrecho de Gibraltar es fundamental para comprender mejor la evolución de 
los canales interoceánicos entre el Mediterráneo y el Atlántico. En esta tesis realizamos 
un análisis detallado de foraminíferos béntonicos y planctónicos, así como análisis 
geoquímicos (rayos-X e isótopos estables) y sedimentológicos de varios testigos 
sedimentarios (ODP  976, DSDP 121) y pozos industriales (Andalucía-G1, Alborán-A1) 
de la cuenca de Alborán, afloramientos de algunas cuencas del sur de España incluyendo 
Níjar, Sorbas y Málaga y un sondeo de la cuenca del Guadalquivir (Montemayor-1). Los 
resultados obtenidos, junto con la interpretación de los perfiles sísmicos adquiridos en 
la cuenca de Alborán, dieron lugar a nuevos conocimientos y resultados para una mejor 
comprensión de la evolución del Mioceno tardío al Plioceno temprano de los canales 
interoceánicos Mediterráneo-Atlántico y los efectos de la restricción en los entornos 
mediterráneos antes y después de la crisis de salinidad del Messiniense. Los principales 
resultados de esta tesis se enumeran y describen a continuación.  

 Una estratigrafía de foraminíferos planctónicos de alta resolución realizada en 
los sondeos 976 y Montemayor-1 en combinación con la calibración de los ciclos 
geoquímicos con las curvas astronómica de referencia hizo posible la creación 
de un marco cronoestratigráfico fiable.  Disponer de un marco 
cronoestratigráfico firme permitió precisar el momento en el que el 
levantamiento de los corredores del arco de Gibraltar empezó a afectar a la 
cuenca del Mediterráneo y al corredor Bético. 

 El primer signo de la restricción de los canales interoceánicos Mediterráneo-
Atlántico es visible en la cuenca mediterránea desde hace 7.17 Ma, cuando la 
tectónica activa en el arco de Gibraltar comenzó a levantar los corredores Bético 
y Rifeño. En el sondeo ODP 976, el levantamiento es visible por el aumento en 
la entrada de material terrígeno a la cuenca de Alborán y el incremento de las 
tasas de sedimentación, relacionado con una mayor erosión fluvial. Por otro 
lado, el cambio de foraminíferos béntonicos de ambiente marino abierto, con 
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alto contenido de oxígeno, a taxones infaunales poco profundos, tolerantes a una 
amplia gama de condiciones y niveles de oxígeno subóptimos, junto con una 
caída significativa en los valores bentónicos de δ13C, sugieren que la restricción 
de entrada condujo a la disminución en los niveles de oxígeno en el agua del 
fondo y al aumento de su tiempo de residencia mucho antes del inicio de la crisis 
de salinidad del Messiniense. 

 Una correlación entre los datos del sondeo ODP 976 y otros registros del 
Mediterráneo confirmó que la restricción de las conexiones interoceánicas hace 
7.17 Ma afectó, al mismo tiempo, a diferentes lugares en todo el Mediterráneo, 
lo que permite inferir la existencia de un cambio a escala mediterránea en la 
circulación termohalina. A partir de estos datos concluimos que la cuenca oeste 
de Alborán y la cuenca este de Alborán no estaban separadas por un umbral en 
ese momento, sino que ambas formaban parte del ámbito mediterráneo. 
Además, fue posible crear un modelo de circulación mediterránea refinado para 
antes y después del evento de 7.17 Ma. 

 La restricción de los canales interoceánicos Atlántico – Mediterráneo visible en 
el registro mediterráneo desde 7.17 Ma, es evidente también a partir de los datos 
geoquímicos del sondeo Montemayor-1 en la cuenca del Guadalquivir. Dado 
que los datos geoquímicos de Montemyor-1 revelan que después de 7.15-7.17 
Ma la cuenca estaba bañada por una sola masa de agua, probablemente 
atlántica, creemos que la conexión entre el Mediterráneo y el Atlántico, a través 
del corredor Bético, estaba restringida en ese momento. En consecuencia, 
sugerimos que la restricción del último corredor Bético, la cuenca del 
Guadalhorce, pudo ocurrir entre 7.15 y 7.17 Ma y provocar los cambios 
mencionados anteriormente en el paleoambiente mediterráneo. 

 Debido a que la restricción de los canales interoceánicos fue contemporánea con 
el Cambio Global del Isótopo de Carbono del Mioceno Tardío (LMCIS), la 
comparación entre registros mediterráneos y globales fue importante discernir 
entre los efectos globales y locales. Dado el sincronismo del cambio en el registro 
de δ13C global y local del Mediterráneo, un proceso global sin duda afectó a esa 
cuenca. Sin embargo, las relaciones de fase opuesta de las señales globales y 
locales de δ13C con los parámetros orbitales, junto con un cambio de mayor 
magnitud, identificado en nuestro registro isotópico de la cuenca oeste de 
Alboran, sugiere que la huella local fue mas marcada que la global. Un efecto 
similar se puede ver en el registro de Montemayor-1, donde además de los 
cambios relacionados con el levantamiento del arco de Gibraltar, la señal global 
no se puede excluir. 

 Finalmente, a través del desarrollo de esta tesis, se muestra cómo la capa oscura 
frecuentemente enriquecida en materia orgánica, presente en el límite Mioceno 
– Plioceno en varias cuencas mediterráneas marginales y profundas, sugiere que 
la inundación del Zanclieanse creó una estratificación de la columna de agua, 
reduciendo los niveles de oxígeno del agua profunda. Tal estratificación podría 
ser el resultado del hundimiento de una masa de agua atlántica, más salina, que 
ingresa a una cuenca mediterránea, menos salina, y aún bajo la influencia del 
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Paratethys. La secuencia de repoblación de foraminíferos bentónicos 
identificada en la base del Plioceno muestra similitudes con eventos más 
recientes de repoblación de ambientes hostiles o posteriores a episodios de bajo 
oxigeno durante el depósito de sapropeles. Sin embargo, los valores atlánticos 
del δ13C bentónico registrados en la cuenca de Alborán sugieren que la 
renovación y circulación del agua del fondo fueron eficientes durante el 
Zancliense temprano, evitando la reducción de δ13C en el fondo marino 
observada después de 7.17 Ma. Además, las ligeras discrepancias en las 
secuencias de repoblación de foraminíferos bentónicos de las cuencas 
marginales en el límite Mioceno – Plioceno, y los valores mucho más ligeros de 
δ13C bentónico en la cuenca de Málaga pueden sugerir una inundación 
diacrónica de las cuencas marginales menos profundas. 
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Introducción 
 
Desde el comienzo de la tectónica de placas hace 2 Ga (Stern, 2007), la deriva 

continental ha estado moviendo masas de tierra creando y destruyendo mares, abriendo 
y cerrando vías marítimas que influyen en la circulación oceánica y en el clima. En el 
Eoceno, la apertura del paso de Drake entre América del Sur y la Antártida y del corredor 
de Tasmania entre la Antártida y Australia marcó el inicio de la Corriente Circumpolar 
Antártica que indujo un aumento de la productividad y el consiguiente secuestro de CO2 
atmosférico, contribuyendo al enfriamiento global y glaciación antártica (Scher and 
Martin, 2006; Scher et al., 2015). A partir de 4.6 Ma, la formación del Istmo de Panamá 
afectó profundamente la circulación oceánica profunda, considerándose la causa 
principal del establecimiento de la circulación termohalina del Atlántico norte, mientras 
que en el Plioceno contribuyó a la intensificación de la glaciación del Hemisferio Norte 
(Haug and Tiedemann, 1998). Por lo tanto, para comprender los mecanismos causales 
detrás del cambio climático local y global es necesario, en muchos casos, el estudio de la 
evolución de la distribución de masas de tierra y agua. Teniendo esto en cuenta, la tesis 
doctoral aquí presentada tiene como objetivo investigar los cambios en la conexión entre 
el Atlántico y el Mediterráneo, mediante el análisis de sondeos marino y afloramientos 
en tierra en las áreas próximas al Estrecho de Gibraltar. 

En la actualidad, el Mediterráneo está conectado con el Océano Atlántico a través 
del estrecho de Gibraltar, un canal de tan solo 13 km de ancho. Este último, a finales del 
Tortoniense (11.63 a 7.25 Ma), muy probablemente no existió, y el intercambio de agua 
entre el Mediterráneo y el Atlántico se producía a través de los corredores Bético y Rifeño 
ubicados respectivamente, al Sur de España y Norte de África (Roveri and Manzi, 2006; 
Flecker et al., 2015). Los corredores, junto con la cuenca de Alborán, se sitúan sobre la 
zona de convergencia y colisión entre las placas africana y europea (Booth‐Rea et al., 
2007; Do Couto et al., 2016; Spakman et al., 2018). En el Oligoceno (30-25 Ma), la 
convergencia entre estas placas se ralentizó, iniciando un retroceso de la fosa hacia el 
este-oeste y un slab rollback que resultó en una extensión del retro-arco (Rosenbaum et 
al., 2002; Heit et al., 2017) acompañada de una migración hacia el oeste del dominio de 
Alborán (Jolivet and Faccenna, 2000; Booth‐Rea et al., 2007; Soto et al., 2010; Gómez de la 
Peña et al., 2020). Justo después del límite Tortoniense – Messiniense (7.24 Ma; Hilgen et 
al., 1995), la migración hacia el oeste del dominio de Alborán se detuvo y el slab rollback 
se desaceleró (Spakman et al., 2018), iniciando un slab tear a partir del margen oriental de 
la actual costa sur española que se propagó hacia el oeste, llegando al Atlántico (Govers, 
2009; Garcia-Castellanos and Villaseñor, 2011; Mancilla et al., 2015). Como consecuencia, 
un movimiento topográfico dinámico levantó el sistema Bético (Garcia-Castellanos and 
Villaseñor, 2011; Van den Berg et al., 2018; Capella et al., 2020) restringiendo el corredor 
Bético (Krijgsman et al., 1999; Martín et al., 2014; Flecker et al., 2015; Capella et al., 2018). 
La edad del cierre de la última conexión a través de las Béticas (Corredor del 
Guadalhorce) aún es objeto de debate, variando entre el Tortoniense superior (~7.6 Ma; 
Van der Schee et al., 2018) y el Messiniense medio (6.18 Ma; Martín et al., 2001; Pérez‐
Asensio et al., 2012; Martín et al., 2014; Pérez-Asensio et al., 2014). Un levantamiento 
similar se produjo en la costa opuesta de Alborán, donde los corredores rifeños se vieron 
restringidos por la progresiva indentación hacia el sur del margen marroquí, 
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produciendo el espesamiento de la corteza (Fadil et al., 2006) que culminó con el cierre 
completo de su sector sur entre 7.1 -6.9 Ma. Los sectores norte, por su pate, 
permanecieron cerrados desde 7.35 hasta 7.25 Ma (Tulbure et al., 2017; Capella et al., 
2018). En el registro sedimentológico del Mar Mediterráneo, el primer signo de 
restricción de los canales interoceánicos se identificó hace 7.17 Ma (Kouwenhoven et al., 
1999; Seidenkrantz et al., 2000). A partir de este momento, los registros de aguas 
profundas en el Mediterráneo oriental muestran un cambio faunístico, donde especies 
de foraminíferos típicas de ambientes óxicos y marinos abiertos son remplazados por 
especies de foraminíferos bentónicos característicos de ambientes subóxicos y sometidos 
a mayor grado de estrés ambiental (Seidenkrantz et al., 2000; Blanc-Valleron et al., 2002; 
Kouwenhoven et al., 2003; Kouwenhoven et al., 2006; Di Stefano et al., 2015). Al mismo 
tiempo depósitos de materiales ricos en materia orgánica o sapropeles se vuelve mucho 
más frecuente (Santarelli et al., 1998; Seidenkrantz et al., 2000; Hüsing et al., 2009). El 
proceso de restricción alcanzó su punto máximo en la edad de 5.971 Ma, lo que resultó 
en el depósito masivo de materiales evaporíticos de varios kilómetros de espesor en 
diferentes cuencas mediterráneas, un evento conocido como la crisis de salinidad 
Messiniense (Selli, 1964; Hsü et al., 1973; Selli, 1973). 

En este trabajo nos centramos, en primer lugar, en las fases iniciales de la restricción 
de los canales interoceanicos Mediterráneo – Atlántico del Mioceno tardío. Además de 
establecer una cronología firme y comprender los primeros efectos que la restricción 
tuvo sobre la cuenca occidental de Alborán (sondeo ODP 976), tratamos de entender la 
relación de este evento local con los cambios climáticos globales. En segundo lugar, se 
investiga el mismo evento en el margen sur español (sondeo Montemayor-1), actual 
cuenca del Guadalquivir y corredor marino en el Mioceno tardío. Finalmente, se intenta 
comprender la dinámica del restablecimiento a principios del Plioceno de dicha conexión 
marina y cuáles fueron las consecuencias sobre la fauna marina, tanto en las cuencas 
profundas (cuenca oeste de Alborán), como en las marginales (cuencas de Málaga, 
Sorbas, Níjar). Estos objetivos generales se resumen a través de un conjunto de objetivos 
específicos, descritos a continuación en forma de preguntas de investigación: 

1. ¿Cuáles son las evidencias de restricción de las conexiones interoceánicas 
Atlantico – Mediterraneas en las áreas mediterráneas más próximas al arco de 
Gibraltar (cuenca oeste de Alborán)? 

a. ¿Cuándo se produjo la primera restricción de las conexiones Atlántico – 
Mediterráneas? 

b. ¿Cuáles fueron las causas de tal restricción? 

c. ¿Hay alguna facies relacionada con la crisis de salinidad del Messiniense que 
se pueda encontrar en la Cuenca de Alborán? 

d. ¿Es posible estimar el hiato producido por la inundación Zancliense? 

Estas preguntas han sido tratadas en el Capítulo 3, a partir del análisis en detalle 
del contenido micropaleontológico y geoquímico del sondeo ODP 976 de la cuenca 
oeste de Alborán, el sondeo DSDP 121 y los pozos industriales And-G1 y Alb-A1. 
Además, se utilizaron secciones sísmicas disponibles de la misma zona para evaluar 
los hiatos y el aspecto de las diferentes facies del Messiniense. 
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2. ¿Cómo afectó el primer evento de restricción Mediterráneo – Atlántico a los 
ambientes marinos del Mediterráneo? 

a. ¿Dónde estaban ubicados los canales interoceánicos Atlantico – 
Mediterraneos?  

b. ¿Cuál fue el mecanismo causal entre los cambios paleogeográficos en el 
Mediterráneo y los cambios climáticos globales? 

Estas preguntas se contestan en el Capítulo 4, donde se evalúan los cambios en 
los entornos marinos mediterráneos y los patrones de circulación a través de un 
estudio de la distribución de foraminíferos béntonicos y las curvas de isótopos 
estables del sondeo ODP 976. 

3.  ¿El aislamiento del Mediterráneo fue desencadenado por la restricción de un 
canal interoceánico situado en el corredor bético?  

a. ¿Los primeros signos de restricción de los canales interoceánicos 
Mediterráneo-Atlánticos se produjeron por la desconexión definitiva del 
corredor del Guadalhorce?  

b. En caso afirmativo, ¿cuándo se cerró definitivamente el corredor del 
Guadalhorce? 

c. ¿Cuáles fueron las consecuencias del cierre del corredor en la cuenca del 
Guadalquivir? 

Las respuestas a estas cuestiones se desarrollan en el Capítulo 5, donde se precisa 
el momento del cierre del corredor del Guadalhorce a través de datos geoquímicos 
y distribución de foraminíferos planctónicos del sondeo Montemayor-1.  

4. ¿Cómo afectó la inundación Zancliense del Mediterráneo sus entornos y la fauna 
marinos?  

a. ¿Qué especies de foraminíferos bentónicos prosperaron después del 
restablecimiento de una conexión eficiente Mediterráneo – Atlántica? 

b. ¿Cuál fue la respuesta sedimentológica a las inundaciones en cuencas 
profundas y marginales? 

c. ¿Fue la inundación sincrónica en todo el Mediterráneo? 

d. ¿Cuál fue la profundidad de las cuencas profundas y marginales del 
Mediterráneo en el límite Mioceno – Plioceno?  

Estas ultimas cuestiones se desarrollan en el Capitulo 6 atravesó un análisis de 
foraminíferos bentónicos y isotopos estables de afloramientos del Plioceno 
temprano de las cuencas de Sorbas, Nijar y Malaga (Sur de España).  
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Conclusiones 
 
Esta tesis doctoral tuvo como objetivo estudiar las condiciones palaeoambientales 

de la cuenca Mediterránea, en particular de las áreas cercanas a las conexiones Atlántico 
– Mediterráneo, antes y después de la crisis de salinidad del Messiniense. También nos 
interesaba conocer la posible existencia de depósitos relacionados con ese evento en la 
cuenca de Alborán, en la que no se habían encontrado evaporitas hasta el momento. 

En primer lugar, pudimos demostrar el impacto y el comienzo de la fase de 
precondicionamiento de la crisis de salinidad del Messiniense, tanto en la cuenca del 
Mediterráneo Occidental, como en el Océano Atlántico, a partir del estudio de sondeos 
y afloramientos de las regiones próximas al Estrecho de Gibraltar. Para ello, realizamos 
análisis micropaleontológicos y geoquímicos de alta resolución en el sondeo ODP 976, 
en la Cuenca de Alborán y en el sondeo Montemayor-1, de la Cuenca del Guadalquivir, 
lo que permitió crear un modelo de edad preciso para los dos sondeos y señalar los 
principales cambios que ocurren en el registro. Además, estas observaciones, 
combinadas con los análisis micropaleontológicos llevados a cabo en el sondeo DSDP 
121, los pozos industriales And-G1 y Alb-A1 y las líneas sísmicas de la Cuenca de 
Alborán, fue posible identificar la erosión del Zancliense y los depósitos del Messiniense 
tardío en la cuenca de Alborán. 

En segundo lugar, se identificó un mecanismo casual entre la primera restricción de 
las conexiones Mediterráneo – Atlánticas y los eventos climáticos de escala global. 

Finalmente, fue posible reconstruir la dinámica del restablecimiento de una 
conexión eficiente entre el Mediterráneo y el Atlántico después de la inundación 
Zancliense, mediante un análisis sedimentológico y micropaleontológico detallado sobre 
los sedimentos del Plioceno temprano del sondeo ODP 976 y de los afloramientos del 
sur de España, localizados en las cuencas de Málaga, Níjar y Sorbas. 

 

1. Precondicionamiento del MSC y depósitos relacionados 
 
1.1. Borde Mediterraneo: la cuenca de Alborán 

 
Los análisis de foraminíferos béntonicos y planctónicos del sondeo ODP 976 de la 

Cuenca de Alborán permitieron la creación de un modelo de edad inicial, utilizando 
bioeventos como puntos de enlace de primer orden. Éstos, incluyeron la primera 
aparición común del grupo G. menardii 5 (7.36 Ma), la ultima aparición común del grupo 
G. menardii 5 (7.23 Ma), la primera aparición común del grupo G. miotumida (7.24 Ma), la 
ultima aparición de G. suterae (7.17 Ma), la desaparición de S. reticulata (7.167 Ma), y 
cambio de enrollamiento de sinistrorso a destrorso en N. acostaensis. El reconocimiento 
de cambios cíclicos impulsados por precesión en los registros de foraminíferos 
planctónicos cálidos, isótopos estables y rayos-X permitió llevar a cabo un tuning 
astronómico preciso de los sedimentos. A través de este modelo de edad de alta 
resolución para el Tortoniense y el Messiniense de la cuenca de Alborán, pudimos datar 
con precisión los cambios ambientales en esta parte del Mediterráneo cercana a los 
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corredores del arco de Gibraltar. Finalmente, fue posible realizar las siguientes 
observaciones. 

 Durante el Tortoniense tardío –  Messiniense temprano, es decir, hasta 7.17 Ma, 
la cuenda oeste de Albarán se caracteriza por una ambiente profundo y 
sedimentación marina profunda. Los altos porcentajes de foraminíferos 
planctónicos típicos de aguas frías ricas en nutrientes y foraminíferos bentónicos 
típicos de altos niveles de oxígeno y condiciones marinas abiertas obtenidos 
permiten inferir un ambiente de aguas profundas bien ventilado, lo que indica 
un intercambio de agua eficiente a través de el/los estrecho/s de Gibraltar. En 
particular, la ausencia de foraminíferos planctónicos de aguas cálidas del género 
Globigerinoides spp., encontrados en otros sitios contemporáneos, podría sugerir 
que el flujo de entrada del Atlántico, moviéndose a lo largo de la costa sur de 
España, pudo promover una circulación similar a la que ocurre hoy en día en la 
Cuenca de Alborán. El upwelling resultante de aguas frías ricas en nutrientes 
podría explicar la proliferación de foraminíferos de agua fría. Estas 
observaciones abren la posibilidad, aunque especulativa, de la existencia de un 
proto-estrecho de Gibraltar como principal fuente de entrada de aguas 
Atlánticas en ese momento en el Mediterráneo. 

 Una correlación detallada con otros registros mediterráneos confirmó que la 
restricción de los estrechos Betico y Rifeño, a partir de 7.17 Ma, identificado 
mediante evidencias en los sedimentos de la cuenca oeste de Albarán, afectó 
simultáneamente a diferentes lugares de la cuenca, lo que sugiere la existencia 
de un cambio a escala Mediterránea en la circulación termohalina. De estos datos 
concluimos, en primer lugar, que las cuencas este y oeste de Albarán no estaban 
separados por un umbral, sino que ambos formaban parte del ámbito 
mediterráneo. En segundo lugar, pudimos refinar un modelo de circulación 
mediterránea antes y después de 7.17 Ma. La restricción de las conexiones 
Mediterráneo – Atlánticas resultó en la estratificación de la columna de agua de 
la cuenca oeste del Mediterráneo, pero mientras en las aguas de fondo el oxígeno 
era reducido, las aguas intermedias estaban mejor ventiladas. En la cuenca este 
del Mediterráneo, debido a la presencia del umbral de Sicilia, el impacto de la 
estratificación fue mucho mayor y condujo al depósito de sapropeles, ausentes 
en el oeste del Mediterráneo. 

 Los análisis de perfiles sísmicos y sedimentos de sondeos localizados en la 
cuenca oeste de Alborán permitieron reconocer dos unidades Messinienses, una 
compuesta por estratos planos paralelos y otra caótica. La primera unidad se ha 
relacionado con depósitos de turbiditas cerca de la costa y depósitos 
hemipelágicos en las partes centrales de la cuenca. La segunda unidad caótica 
de transporte en masa (MTD), recuperada en los recortes de perforación de los 
pozos industriales And-G1 y Alb-A1, puede relacionarse con las etapas finales 
de la crisis de salinidad del Messiniense, desencadenadas por un cambio de 
nivel de base. 

 A través del tuning astronómico pudimos dar una edad a los primeros ciclos de 
precesión del Messiniense por debajo de la evidente discontinuidad erosiva 
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observada en los perfiles sísmicos de la cuenca oeste de Alboran. La superficie 
de erosión irregular (reflector M) es claramente visible en el sondeo 976, donde 
estimamos la ausencia de, como mínimo, 1.67 Ma y 455 m del registro 
sedimentario del Messiniense. 

 
1.2. Borde Atlántico: la cuenca de Guadalquivir 

 
Un modelo de edad de alta resolución del intervalo inferior (6.37 Ma – 8 Ma) del 

sondeo de Montemayor-1, ubicado en la Cuenca del Guadalquivir, fue producido por la 
combinación de bioeventos de foraminíferos planctónicos (ultima aparición común del 
grupo G. menardii 4, primera aparición común del grupo G. menardii 5, reemplazo del 
grupo G. menardii 5 por el grupo G. miotumida y el cambio de enrollamiento de N. 
acostaensis de sinistrorso a dextrorso) y del tuning astronómico de los ciclos de 
excentricidad reconocidos. La combinación de este nuevo modelo de edad para la parte 
inferior del registro con modelos de edad y datos anteriores para la parte media (5.7 Ma-
6.37 Ma) y superior (5,33 Ma-5,77 Ma) del sondeo de Montemayor-1, permitió datar con 
precisión los cambios ambientales que ocurrieron en la Cuenca del Guadalquivir desde 
8 a 5.33 Ma y su relación con eventos Mediterráneos y globales: 

 Desde 7.15 - 7.17 Ma en el sondeo Montemayor-1, el tiempo de residencia, la 
temperatura y la salinidad del agua del fondo aumentan en concomitancia con 
una somerización de la cuenca, inferida por la mayor tasa de sedimentación y el 
aumento de los aportes de material terrígeno. Asociamos este evento a una 
reducción de la salida de agua Mediterránea, como consecuencia de la 
restricción del último tramo del corredor Bético que conecta el Mediterráneo y 
el Atlántico, el Guadalhorce. 

 La restricción del corredor Bético entre 7.15 y 7.17 Ma es coherente con los 
cambios contemporáneos reportados en la cuenca de Alborán y muchas otras 
localidades Mediterráneas. Allí, en 7.17 Ma el aumento del tiempo de residencia 
y disminución de la oxigenación de las aguas profundas sugieren una restricción 
de las conexiones Mediterráneo - Atlánticas y una reducción del flujo de salida 
de las aguas Mediterráneas. 

 El aumento progresivo de la tasa de sedimentación (de 5 a 90 cm/kyr) visible a 
partir de los datos de Montemator-1 y la consiguiente restricción del último 
tramo del corredor Bético, pueden estar relacionados con el levantamiento de la 
zona del arco de Gibraltar que condujo a la progresiva somerización y relleno 
de la cuenca de Guadalquivir. 

 El cambio en la ciclicidad que se vio en la parte superior del registro por autores 
anteriores, donde los máximos de insolación del Hemisferio Norte están 
relacionados con el enriquecimiento de sedimentos en carbonato biogénico, 
mientras que los mínimos de insolación están relacionados con un aumento en 
los aportes terrígenos, ha sido confirmado por nuestros nuevo datos. Además, 
los nuevos datos de foraminíferos planctónicos corroboran el mecanismo 
propuesto anteriormente, en el que la somerización de la cuenca de 
Guadalquivir permitió que los sedimentos más gruesos llegaran hasta el sondeo 
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Montemayor-1, mientras que el clima más frío y árido, presente durante los 
mínimos de insolación del Hemisferio Norte, tuvo un efecto negativo en la 
cubierta vegetal, resultando en una mayor erosión y aportes terrígenos a la 
cuenca a expensas del carbonato biogénico. 

 
1.3 Relevancia global de los eventos relacionados con el MSC del Mediterráneo y el 

Atlántico 
 
El cambio paleoambiental que afectó a los márgenes del Mediterráneo y Atlántico 

en 7.17 Ma coincidió con el Cambio del Isótopo de Carbono del Mioceno Tardío (7.6 a 
6.8/7 Ma), un evento global caracterizado por un enfriamiento y un cambio hacia valores 
más ligeros de δ13C. En consecuencia, para probar en qué medida eventos globales y 
locales afectaron a estas cuencas, confrontamos nuestros datos isotópicos con varios 
sondeos ubicados en el Océano Global. 

 La comparación entre los datos isotópicos del sondeo 976 y 1146 (Mar de China 
Meridional) mostró cómo, incluso si ambas cuencas registran un cambio 
simultáneo de δ13C alrededor de 7.17 Ma, las relaciones de fase del registro 
isotópico con parámetros astronómicos (precesión, oblicuidad) son diferentes. 
El sondeo 1146 refleja relaciones de fase globales conectadas a etapas glaciales, 
mientras que las relaciones de fase en la cuenca oeste de Alborán dependen de 
cambios en el balance hídrico que sugieren un efecto local mucho más fuerte en 
el Mediterráneo. Esto no excluye la posibilidad de que los efectos de restricción 
de los estrechos Mediterraneo – Atlanticos pudiesen verse amplificados por el 
Cambio del Isótopo de Carbono del Mioceno Tardío en el Mediterráneo. 

 Análogamente, el cambio evidente en los registros geoquímicos y 
micropaleontologicos del sondeo Monemayor-1 a partir de 7.15 -7.17 Ma podría 
haber sido influenciado, en parte, por el Cambio del Isótopo de Carbono del 
Mioceno Tardío y el enfriamiento global, como puede deducirse de un ligero 
cambio hacia un δ18O bentónico más pesado y un δ13C bentónico más ligero. 

 

2. Inundación Zancliense de cuencas profundas y marginales en las 
proximidades de Gibraltar 

 
El estudio sedimentológico, micropaleontológico y de isótopos estables de 

afloramientos del Messiniense tardío – Plioceno temprano en cuencas españolas 
próximas al estrecho de Gibraltar proporcionó información importante sobre las 
condiciones ambientales en el Mediterráneo tras el restablecimiento de una conexión 
eficiente Mediterráneo-Atlántico después de la crisis de salinidad del Messiniense. 

 Una capa oscura, generalmente gris o negra, identificada en el limite Mioceno – 
Plioceno en cuencas profundas y marginales de todo el Mediterráneo, y a 
menudo enriquecida en materia orgánica, sugirió que el Plioceno temprano se 
caracterizó por la estratificación de la columna de agua y la reducción de los 
niveles de oxígeno de las aguas profundas. Tales condiciones podrían haberse 
desarrollado si la afluencia atlántica que llega al Mediterráneo fuera más salina 
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que las aguas Mediterráneas, aún bajo la influencia del Paratethys, lo que 
provocó el hundimiento y estratificación la columna de agua. Los niveles de 
salinidad más bajas de las aguas del Mediterráneo están indicados por valores 
ligeros de δ18O bentónico, mucho más ligeros que los del Atlántico. El Plioceno 
temprano del sondeo 976 situado en la cuenca de Alborán no muestra una capa 
oscura, probablemente por su proximidad con el estrecho de Gibraltar y la fuerte 
erosión producida por las aguas del Atlántico que podrían haber erosionado las 
capas basales del Plioceno. 

 La repoblación de foraminíferos bentónicos identificada en las cuencas 
estudiadas muestra similitudes con otros eventos más recientes de recuperación 
microfaunística de ambientes hostiles y repoblaciones después de episodios de 
bajo oxigeno, durante los episodios de depósito de un sapropel. La tendencia 
general de repoblación muestra un cambio desde ambientes estresados e 
inestables hacia asociaciones bentónicas que indican una circulación mas eficaz 
y una mejora en la ventilación en el fondo. Las primeras faunas bentónicas que 
aparecen son coherentes con niveles reducidos de oxígeno en el agua profunda 
y una columna de agua estratificada, como sugiere el depósito de la capa oscura. 

 En todas las cuencas marginales españolas estudiadas, la paleobatimetría 
estimada para el Plioceno inferior fue similar, oscilando entre 50 y 150 m con 
una tendencia creciente. Estas observaciones implican una progresiva 
profundización de los márgenes Mediterráneos a medida que la conectividad 
Mediterráneo – Atlántica se hacía cada vez más eficiente. Además, una 
comparación con paleo-profundidades y secuencias de repoblación en otras 
zonas del Mediterráneo sugiere que, en los márgenes mediterráneos, la 
reinundación puede haber sido diacrónica debido a los efectos de la tectónica 
local y las respuestas de flexión a la carga y descarga. En el sondeo 976, el 
Plioceno temprano se caracteriza por un ambiente batial (> 1000 m). 

 Los altos niveles de δ13C del sondeo 976 testifican que la renovación del agua del 
fondo en las cuencas profundas fue eficiente inmediatamente después de la 
nueva inundación. Los valores mucho más ligeros encontrados en la cuenca de 
Málaga sugieren que, debido al relleno diacrónico, las cuencas marginales poco 
profundas necesitaron más tiempo para alcanzar una circulación de agua de 
fondo eficiente. 
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