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Abstract 

At the end of the Miocene, water exchange between the Mediterranean Sea and the world ocean 

was severely reduced, leading to deposition of huge volumes of evaporites during the Messinian 

salinity crisis (MSC). The onset of this event has been precisely dated at 5.971 Ma by means of 

magneto-, bio- and cyclostratigraphic tools, but clear paleobiological proxies for its recognition are 

so far missing, especially in those basins in which evaporite deposition is delayed. The 

disappearence of calcareous microfossils was the only paleobiological signal used to approximate 

the beginning of the crisis, but recently calcareous plankton has been recorded above the onset in 

several sections. Calcareous nannofossil and planktonic foraminifer data from the Piedmont Basin 

indicate that the cycle recording the beginning of the crisis is characterized by a peculiar succession 
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of bioevents. These bioevents are (i) a calcareous nannofossil Sphenolithus abies abundance peak, 

followed or accompanied by minor peaks of Helicosphaera carteri, Umbilicosphara rotula and 

Rhabdosphaera procera, and (ii) the planktonic foraminifer Globorotalia scitula and G. suterae 

influx. The same sequence of bioevents has been recorded in sections from the Eastern and Central 

Mediterranean (Pissouri and Tokhni sections in Cyprus; Fanantello section in the Apennines) within 

the same age range. We thus propose that the S. abies and U. rotula peaks (often accompanied by 

minor peaks of H. carteri and R. procera) provide a reliable tool for the identification of the onset 

of the MSC independently from the occurrence of evaporites. This is particularly useful when 

studying successions deposited in intermediate- and deep-water basins, where evaporites are absent 

or their deposition is delayed. Our findings can potentially provide a reliable proxy for the 

identification of the MSC onset in deep-sea cores. 

 

1. Introduction 

The Messinian Salinity Crisis was a dramatic palaeoceanographic event driven by the combined 

effects of climatic and geodynamic factors that controlled the connections between the 

Mediterranean Sea and the Atlantic Ocean (and possibly with the fresh water Paratethyan basins) 

(Roveri et al. 2014, Flecker et al. 2015, and references therein). The reduced water exchange 

between the basins was held responsible for the deposition of huge volumes of evaporites 

(carbonates, gypsum and halite) and brackish water sediments, which accumulated through three 

evolutionary stages (Roveri et al. 2014). The chronostratigraphic framework of the three main 

stages characterizing the onset, development and termination of the MSC has been achieved 

integrating different stratigraphic tools such as biostratigraphy, magnetostratigraphy, isotope 

stratigraphy and cyclostratigraphy (Roveri et al. 2014, and references therein). Stage 1 (5.97-5.60 

Ma) was characterized by the synchronous deposition of primary sulphate evaporites in peripheral 

basins (the Primary Lower Gypsum unit, hereafter termed PLG unit; Roveri et al. 2008) and 

gypsum-free euxinic shale in the deep basins (Manzi et al. 2007, CIESM 2008, Roveri et al. 2014). 
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During Stage 2 (5.60-5.55 Ma), the marginal basins underwent subaerial exposure and erosion as 

evidenced by an erosional surface referred to as Messinian erosional surface (MES); this surface 

can be traced basinward as a correlative conformity at the base of thick accumulations of chaotic 

and resedimented evaporites (the Resedimented Lower Gypsum unit, hereafter termed RLG unit; 

Roveri et al. 2008) sourced by the dismantling of the PLG unit ( Roveri et al. 2003, Manzi et al. 

2005). Thick halite bodies were also deposited during this stage. Stage 3 (5.55-5.33 Ma) was 

characterized by deposition of a new unit of sulphate evaporites (Upper Evaporites) in the SE 

sectors of the Mediterranean (Sicily, Ionian Islands, Crete, and Cyprus), and by clastic deposits in 

the Western and Northern basins (Spain, Northern Apennines, Piedmont Basin). The re-

establishment of fully marine conditions at 5.33 Ma (Lourens et al. 2004), leading to the deposition 

of Zanclean marine sediments, marks the end of the salinity crisis. 

Regarding the first stage of the MSC, recent work suggests that in intermediate- to deep-water 

settings (sensu Roveri et al. 2014) gypsum deposition did not begin synchronously with the 

margins, but was instead delayed by tens of thousands of years (Manzi et al. 2007, Dela Pierre et al. 

2011, Gennari et al. 2013, Manzi et al. 2013, Violanti et al. 2013). As a consequence, the 

identification of the MSC onset is less easily accomplished in intermediate- to deep-water settings 

compared to marginal settings, where this event coincides with the base of the PLG unit. 

The Piedmont Basin, the northernmost offshoot of the Mediterranean Sea (Fig. 1A), is an ideal site 

to identify the exact position of the MSC onset in deeper-water environments where gypsum is 

absent or its deposition is delayed. In fact, the Piedmont Basin preserves sedimentary successions of 

both marginal and intermediate-water depositional environments that can be correlated through the 

integration of bio- and cyclostratigraphic studies (Fig 1B; Dela Pierre et al. 2011, Violanti et al. 

2013). 

Based on detailed micropalaeontological analyses of the calcareous microfossil assemblages, this 

study aims at providing a reliable biostratigraphic tool to identify the onset of the MSC in 

intermediate-water depositional environments where this event is not marked by significant 
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lithological changes (e.g., appearance of sulphate evaporites) and to test its reliability for 

stratigraphic correlations at a Mediterranean-Basin-wide scale. 

 

2. Geological setting of Messinian salinity crisis deposits in the Piedmont Basin  

The evolutionary stages of the Messinian salinity crisis are recorded in the Piedmont Basin by the 

following lithostratigraphic units: the Sant’Agata Fossili Marls (SAF: pre-MSC and MSC Stage 1 

p.p.), Primary Lower Gypsum unit (PLG; MSC Stage 1), Valle Versa Chaotic Complex (VVC; 

MSC Stage 2), and the Cassano Spinola Conglomerates (CSC; MSC Stage 3) (Fig. 1B; Dela Pierre 

et al. 2011). The upper part of the SAF consists of shale/marl cycles, each few metres thick, directly 

followed by shale/gypsum cycles of the PLG unit. At the southern margin of the Piedmont Basin 

(Arnulfi section; Dela Pierre et al. 2011), the SAF are overlaid by the first shale/gypsum cycle of 

the PLG unit, but towards the deeper part of the basin (Pollenzo section; Dela Pierre et al. 2011, 

Violanti et al. 2013) the basal gypsum cycles are replaced by correlative shale/marl cycles still 

belonging to the SAF (Fig. 1B). In the Piedmont Basin, the stacking pattern of the gypsum facies of 

the PLG unit (Dela Pierre et al. 2011, 2012) matches that described for the Mediterranean Basin 

(Lugli et al. 2010). A remarkable facies change is observed from the sixth PLG cycle upwards, 

marked by the appearance of the branching selenite facies. The gypsum bed belonging to the sixth 

PLG cycle is a distinct marker bed termed the Sturani Key Bed (SKB, Dela Pierre et al. 2011). It 

can be traced laterally over the entire basin, providing a reliable physical stratigraphic correlation 

horizon (Fig. 1B). The PLG unit is truncated at the top by an erosional surface corresponding to the 

Messinian Erosional Surface (MES) (Fig. 1B; Dela Pierre et al. 2011). Above the MES, the chaotic 

sediments of the Valle Versa Chaotic Complex (MSC Stage 2) and the Cassano Spinola 

Conglomerate (MSC Stage 3) crop out and are finally topped by deep-water Zanclean marls 

(Argille Azzurre Fm.; Violanti et al. 2009) recording the re-establishment of fully marine conditions 

at the end of the MSC (Fig. 1B). 
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3. Material and methods  

This work is based on stratigraphic and micropalaeontological data from the Banengo and 

Moncalvo sections, cropping out on the northern margin of the Piedmont Basin, and new 

micropalaeontological data from the Pollenzo section (southern margin of the PB) which has been 

previously studied by Lozar et al. (2010), Dela Pierre et al. (2011) and Violanti et al. (2013) (Fig. 

1). The examined sections preserve the boundary between the SAF and the primary evaporites of 

the PLG unit. The Pollenzo section has been selected for its straightforward correlation to the 

Mediterranean reference sections cropping out in the Eastern, Western and Central Mediterranean 

(Pissouri, Abad, and Falconara; Krijgsman et al. 1999, Sierro et al. 2001, Blanc-Valleron et al. 

2002).  

 

3.1. Studied sections  

3.1.1. Banengo 

The Banengo section (Figs. 2-4) is located in the Saint Gobain gypsum quarry close to the village of 

Montiglio. It consists of a huge block belonging to the Valle Versa chaotic complex: in this block, 

however, the upper part of the SAF and four cycles of the PLG unit are preserved.  

The upper part of the SAF is composed of five lithologic cycles consisting of laminated shale and 

massive marl couplets (Bm1-Bm5). Sediments belonging to the Bm5 cycle contain abundant 

siliceous sponge spicules. Decimetre to metre-thick biocalcarenite beds masking the “normal” 

sedimentary pattern occur in these cycles. The SAF is overlaid conformably by four shale/gypsum 

cycles (Bg1-Bg4) belonging to the PLG unit. The gypsum beds of the lower three PLG cycles 

consist of massive selenite. The fourth cycle is characterized by massive selenite grading upwards 

to banded selenite. The shale semicouplets of the PLG cycles are up to 3 m thick. They show a 

lamination defined by the alternation of clay and carbonate-rich laminae.  

3.1.2. Moncalvo 
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The Moncalvo composite section (Figs. 5-7) integrates core and outcrop data from the gypsum 

quarry located in the small town of Moncalvo and owned by Fassa Bortolo s.r.l. 

A drillcore comprising the stratigraphic boundary between the SAF and the PLG unit was studied 

for this work. The lower five metres belong to the uppermost part of the SAF and consist of four 

lithologic cycles. The elementary cycle is made up of grey laminated shales and light grey massive-

homogeneous marls (cycles Mm1-Mm4). In Cycle Mm1, the laminated shales are replaced by silty 

marls. The upper part of the core comprises the lower PLG cycle (Mg1) which consists of a 1-m-

thick grey muddy layer rich in millimetre to centimetre-sized lenticular gypsum crystals overlaid by 

a massive selenite bed (Bernardi 2013). The overlying four cycles are exposed in the Moncalvo 

quarry (Mg2-Mg5). The gypsum beds of the lower three PLG cycles (Mg1 to Mg3) consist of 

massive selenite, whereas Cycle Mg4 is composed of the branching selenite facies, which also 

typifies Cycle Mg5. Thickness and facies of Cycle Mg4 strictly resemble those of the Sturani Key 

Bed recognized in the Alba region (Pollenzo and Arnulfi sections), where it represents the sixth 

PLG cycle (Dela Pierre et al. 2011). 

3.1.3. Pollenzo  

The Pollenzo section (Figs. 8-10) crops out on the left bank of the Tanaro River; it consists of seven 

shale/marl cycles (and interbedded carbonate-rich layers) of the SAF (Pm1-Pm7), overlaid by 

shale/gypsum cycles of the PLG unit (see Dela Pierre et al. 2011, 2012 for details). The section has 

been recently studied by means of physical stratigraphy, micropalaeontology, magnetostratigraphy, 

and stable-isotope geochemistry (Lozar et al. 2010, Dela Pierre et al. 2011, 2012, Violanti et al. 

2013). It has become a reference section for the northernmost part of the Mediterranean basin since 

its record has been correlated to the reference sections of the western and central Mediterranean 

(Violanti et al. 2013). 

 

3.2. Micropalaeontological analyses  
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Thirty-one samples from the Banengo section and twenty-three samples from the Moncalvo 

sections were studied. Results obtained from fourty-three samples from the Pollenzo section were 

published in previous works (Lozar et al. 2010, Violanti et al. 2013). For the present study 

unpublished data on selected calcareous nannofossil species and on planktonic and benthic 

foraminifers were added. 

3.2.1. Calcareous nannofossils  

Standard smear-slides were prepared for each sample and observed at 1250X in polarized light. For 

quantitative analysis, a total of 500 specimens were counted from each sample. In the studied 

samples, calcareous nannofossils (CN) are well to moderately preserved. In the Banengo and 

Pollenzo samples, CN were abundant to common, whereas the group showed a lower abundance in 

the Moncalvo samples. Abundances of very rare selected taxa (Discoaster spp., Amaurolithus spp.) 

were determined by counting 4.5 mm2 on each slide. We included Reticulofenestra minuta and R. 

haqii in the informal group of small Reticulofenestra (Pujos 1987, Flores et al. 2005). 

3.2.2. Foraminifers 

About 150 g of dry sediment were soaked with water and a small amount of hydrogen peroxide, 

washed, sieved into fractions (greater than 250 μm, 125–250 μm and 63–125 μm), dried and 

weighed. The three fractions were examined separately. Taxonomic determination of foraminiferal 

species followed Kennett and Srinivasan (1983) for planktonic taxa, Van Morkhoven et al. (1986), 

Loeblich and Tappan (1988), Sgarrella and Moncharmont Zei (1993) and Milker and Schmiedl 

(2012) for benthic species. Quantitative analyses were carried out on the total >125 μm residues, 

splitted in fractions yielding about 300 specimens.  

For each sample, percentages of planktonic and benthic taxa were calculated relative to the sum of 

the total planktonic and benthic specimens, respectively. The P/(P+B) ratio was also calculated, as 

P/(P+B)*100, where P and B represent the total number of planktonic and benthic foraminifers, 

respectively. The benthic diversity was measured using the Shannon Index (H), using PAST ver. 

1.77 (Hammer et al. 2008). Following Bé and Tolderlund (1971), Hemleben et al. (1989), Pujol and 
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Vergnaud Grazzini (1995) and Serrano et al. (1999) for planktonic taxa and Wright (1978), 

Sgarrella and Moncharmont Zei (1993), Kouwenhoven et al. (1999), Murray (2006), and Alve et al. 

(2016) for benthic taxa, palaeoenvironmental indices were established. These are: 1) the 

percentages of planktonic warm-water oligotrophic indicators (W/O) (Globigerinoides spp. 

including G. bulloideus, G. obliquus, G. ruber, and G. trilobus, Globoturborotalita gr. including 

Gbt. apertura, Gbt. decoraperta, Gbt. woodi, and Orbulina spp. including Orbulina universa and 

the morphotype O. suturalis) (Hemleben et al. 1989, Serrano et al. 1999); 2) the percentages of 

cool-water eutrophic indicators (C/E) (Globigerina bulloides, G. falconensis, Neogloboquadrinids, 

Globorotalia scitula gr., and Turborotalita quinqueloba); 3) the percentages of deep outer neritic to 

bathyal benthic taxa (DO/B) (Bulimina aculeata, B. minima, Cassidulina spp., Cibicidoides spp., 

Globobulimina spp., Globocassidulina spp., Gyroidinoides spp., Heterolepa spp., Melonis spp., 

Planulina ariminensis, Pullenia spp., Sphaeroidina bulloides, and Uvigerina spp.; a full list of 

DO/B taxa is given in Appendix 1); 4) the percentages of inner neritic shallow-water (SW) benthic 

taxa (Ammonia spp., Cibicides lobatulus, Discorbis spp., Elphidium spp., Glabratella sp., 

Neoconorbina spp., and Rosalina spp.; a full list of SW taxa is given in Appendix 2). 

Bolivina dentellata, B. arta, B. pseudoplicata, Brizalina dilatata, and B. spathulata are grouped in 

Bolivina spp. 

 

4. Results  

 

4.1. Banengo  

Qualitative analyses of foraminiferal assemblages were carried out on twenty-seven samples, since 

the four uppermost samples were barren of calcareous microfossils. Ten of the studied samples 

contained extremely scarce and badly preserved planktonic foraminifers and were useful only for 

quantitative analysis of their benthic assemblage (samples 2.30 m – base of Cycle Bm2; 3.60 m in 
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Cycle Bm2; 7.45, 7.65, 8.20, 8.85 m in Cycle Bm4; 9.05, 9.40, 10.20, 10.85 m in Cycle Bm5). The 

two uppermost samples (11.73 and 11.93 m) yielded only fish debris and sponge spicules. 

The preservation of calcareous microfossil was moderate to poor in most of the samples . Besides 

foraminifers, ostracods, bivalves and vegetal frustules were also recovered in the residues. Many 

samples in the interval between 9.0-12.55 m (Cycles Bm5 and Bg1) yielded common to very 

abundant siliceous sponge spicules (mainly megascleres) and bryozoan fragments (work in 

progress).  

4.1.1. Calcareous nannofossils 

Calcareous nannofossil assemblages are dominated by small placoliths, such as Reticulofenestra 

minuta and R. haqii (small Reticulofenestra in Flores et al. 2005), accounting for up to 80% of the 

total assemblage. Coccolithus pelagicus and Calcidiscus leptoporus are fairly abundant and account 

for up to 10-15% of the total assemblage; abundant Sphenolithus abies, Helicosphaera carteri, 

Umbilicosphaera rotula, Rhabdosphaera procera, and U. jafari are recorded in discrete intervals 

(Fig. 2). Discoaster spp. are scarce or absent. Amaurolithus delicatus is present only in the basal 

samples. Small placoliths, mainly belonging to the genus Reticulofenestra, show abundances from 

40 to 80% from the bottom of the section to 8.85m (base of Cycle Bm5); above this level, their 

abundance drops to 40% or less. In general, specimens of the Reticulofenestra lineage are very 

common and most abundant in the upper marls of each cycle (Fig. 2). Abundances of Cd. 

leptoporus increase from the bottom to the top of each cycle from the base of the section up to 8.85 

m (base of Cycle Bm5), where they drop to 0%. The highest abundances were recorded in the marly 

layers (up to 8%); they covary with the abundance trend of small Reticulofenestra. Sphenolithus 

abies is relatively abundant (up to 20%) in the shaly bed of each cycle. A remarkable high 

abundance peak (up to 60%) was recorded at 9.05 m in the shale of Cycle Bm5 (Fig. 2). 

Helicosphaera carteri and U. rotula abundances are lower than 10% up to 8.85 m, but reach 

respectively 30% and 20% in Cycle Bm5. Rhabdosphaera procera abundance is low along the 

entire section, but reaches 20% at the top of the shale in Cycles Bm1 and Bm5. Umbilicosphaera 
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jafari is fairly abundant in the middle part of the section, were it account for up to 40% of the total 

assemblage. 

4.1.2. Foraminifers 

Planktonic foraminifers are common to dominant in the shales and massive marls of Cycles Bm1 

and Bm3, very scarce upwards (10 to 20%; Fig. 3). In general, the W/O group is dominant in the 

shale of Cycles Bm1, Bm2, Bm3, and Bm5. The C/E taxa are abundant in the marls (Cycles Bm1, 

Bm3) but also in the shale of Cycle Bm5. Among the W/O taxa, the genus Orbulina (Hemleben et 

al. 1989) is frequent to common in Cycles Bm1 to Bm3, very rare or absent in the overlying 

samples. Globigerinoides spp. and Globoturborotalita spp. are absent or rare, but show an 

abundance peak at 10.20 m (13.45%), and 10.60 m (50%), respectively. Among the C/E taxa G. 

bulloides (Hemleben et al. 1989) is rare. Neogloboquadrina acostaensis occurs in the shale of each 

cycle; left-coiled tests are dominant in most samples, whereas right-coiled forms are dominant in 

Cycles Bm3 and Bm5. Turborotalita quinqueloba is the most abundant C/E species (up to 70 % in 

Cycles Bm1 and Bm3),. Turborotalita multiloba is common in Cycle Bm1, but also occurs in Cycle 

Bm3, with very small tests. Two G. scitula and G. suterae influxes were recognized at the top of 

Cycle Bm2 and in the shales of Cycle Bm5.  

Benthic foraminifers are common to abundant and show low to medium species diversity. Bolivina 

spp. and Bulimina echinata, infaunal stress-tolerant taxa (Violanti 1996, Barbieri and Panieri 2004, 

Van Hinsbergen et al. 2005, Murray 2006, Diz and Frances 2008), are frequent (Fig. 4). Hanzawaia 

boueana and Valvulineria bradyana (epifaunal shelf species; Bergamin et al. 1999, Murray 2006) 

occur in Cycles Bm1 to Bm4. In Cycles Bm1 to Bm4 abundances of DO/B species are around 20-

30% and drop upwards to (0-4%). Shallow-water taxa are abundant, particularly in Cycles Bm2 and 

Bm3.  

The diversity of benthic foraminiferal assemblages shows rather small fluctuations throughout the 

succession, and the Shannon Index (H) ranges between 1.05 (sample 14.4 m) and 2.54 (sample 8.05 

m). 
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Very rare and poorly preserved specimens of Bolivina spp, B. echinata and Globocassidulina 

subglobosa occur in the >125 μm and 63-125 μm fractions of sample 11.60 m (cycle Bg1).  

 

4.2. Moncalvo 

The uppermost ten samples were devoid of calcareous microfossils, but yielded siliceous 

microfossils; the topmost three samples were barren. Foraminiferal quantitative analyses were 

carried out on nine samples. The lowermost two samples yielded extremely rare specimens, 

whereas samples at 132.00 m and at 130.90 m (Cycles Mm1 and Mm3, respectively) were barren of 

foraminifers (Fig. 6, 7). 

Common to abundant diatoms were detected in the smear slides, being abundant in the laminated 

shale to very rare or absent in the homogeneous marls, and showing higher abundances in the shales 

of the lower part of Cycle Mm3 and of Cycle Mm4 (Fig. 5).  

The washing residues were dominated by the inorganic material (microcrystalline whitish 

aggregates, gypsum crystals and mica flakes). Within the biogenic fraction of the washing residues, 

poorly preserved radiolarians were common at 130.60 m (laminated shale of cycle Mm3). Siliceous 

sponge spicules and demosponge microscleres were very abundant in the upper part of Cycle Mm2 

and in the lower part of Cycle Mm3 as well as bryozoan fragments (work in progress). Mollusk and 

echinoid fragments seldom occurred, fish debris (otoliths, scales, teeth, vertebrae) and vegetal 

frustules were common to abundant. In the uppermost samples only siliceous microfossils (diatoms, 

sponge spicules), fish and vegetal debris were recorded. 

4.2.1. Calcareous nannofossils 

In this section calcareous nannofossil abundance is generally less than 500 individuals per mm2 

except for few peaks of 500 and 1 500 individuals per mm2 (Fig. 5). Calcareous nannofossil 

assemblages are dominated by small Reticulofenestra (R. minuta and R. haqii), reaching up to 70% 

of the total assemblage and slightly increasing towards the top (Fig. 5). Minor components of the 

assemblage are C. pelagicus, Reticulofenestra antarctica, S. abies, H. carteri, U. rotula, R. procera, 
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and U. jafari. Umbilicosphaera rotula, when present, is very abundant and shows an opposite 

pattern with respect to R. minuta. Discoaster spp. are very rare and Amaurolithus spp. are absent 

from the studied material, possibly due to the proximal location of the section with respect to the 

northern margin of the Piedmont Basin. Coccolithus pelagicus and R. antarctica never exceed 12% 

of the assemblage, displaying an opposite distribution pattern; R. antarctica shows higer 

abundances in the marly beds of each cycle. Sphenolithus abies shows abundances lower than 5% in 

all samples except for a peak at 130.70 m (Cycle Mm3). Helicosphaera carteri shows fluctuating 

abundances, never exceeding 8%. Umbilicosphaera rotula shows two prominent peaks at 132.80 

and 131.80 m (Cycle Mm1), and a minor peak at 130.70 m. Rhabdosphaera procera  reaches 1% at 

130.70 m, i.e., in the same sample recording the S. abies peak. Umbilicosphaera jafari is always 

very rare, except for a peak at 130.90 m in Cycle Mm3.  

4.2.2. Foraminifers 

Countings of the >125 μm planktonic and benthic foraminifers were carried out on seven samples, 

disregarding the very poor or barren residues at 133.00, 132.80, and 132.00 m (Cycle Mm1), 130.90 

m (Cycle Mm2), 130.45 m and 130.30 m (Cycle Mm3). Species diversity is often low, and 

preservation is often poor. Rare specimens of the planktonic T. quinqueloba occur in the 63-125 μm 

fraction of samples 130.45 m and 130.30 m (Cycle Mm3; Fig. 6, 7); very rare juvenile benthic 

forms (Cibicidoides sp.) were detected in sample 130.45 m. 

The P/(P+B) ratio displays its highest value in the silty marls of Cycle Mm1 (65.74%, 132.30 m). 301 

Planktonic specimens are rare in the laminated shales. Among the planktonic W/O taxa, Orbulina. 302 

spp. are scarce in the lowermost Mm1 Cycle and rather frequent only in the shales of Cycle Mm2 303 

(Fig. 6). Globigerinoides spp. (mainly G. obliquus) represent about 10% of the assemblage in Cycle 304 

Mm1, but also occur in the marls of Cycle Mm2 in lower abundances. Globoturborotalita spp. 305 

show a similar pattern with higher abundances (up to 40%). The cool-water cutrophic G. bulloides 306 

is common to frequent in the marls, together with N. acostaensis, T. quinqueloba and scarcer 307 

Globigerinita spp. Neogloboquadrina acostaensis is dominantly dextral coiled, but shows a coiling 308 
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change in the shales of Cycle Mm2. Turborotalita multiloba occurs in very low percentages and 309 

with small-sized tests in the marls of Cycle Mm2. Small specimens of G. scitula and G. suterae 310 

show an abundance peak at 130.70 m (Mm3 shales). The W/O taxa are abundant in the shales of 311 

Cycles Mm1 and Mm2, and progressively decrease and ultimately disappear in Cycle Mm3. The 312 

C/E planktonic species show a nearly opposite pattern.  313 

314 

315 

316 

317 

318 

319 

320 

321 

322 

323 

324 

325 

326 

327 

328 

329 

330 

331 

332 

333 

334 

Benthic foraminifers are common to very frequent, but exhibit a low diversity. Stress-tolerant 

infaunal forms (Violanti 1996, Van Hinsbergen et al. 2005, Murray 2006), represented by Bolivina 

spp. and B. echinata are the dominant taxa (Fig. 7). Shelf epifaunal taxa, such as H. boueana and V. 

bradyana are less common or very rare, respectively. Deep outer neritic to bathyal benthic taxa 

(Fig. 7) are dominant only at 132.30 m (Cycle Mm1). In the upper samples, the benthic assemblage 

is almost completely represented by shallow-water epiphytic taxa. 

The Shannon Index (H) of benthic diversity reaches highest values (2.89) at 132.30 m in Cycle 

Mm1 and decreases upwards, to a minimum value of 0.69 at 130.30 m. 

 

4.3. Pollenzo  

In the studied samples the preservation of calcareous microfossils is generally good. In the washing 

residues, besides foraminifers, ostracods and bivalve fragments are very rare; fish and vegetal 

debris are common in the upper samples. 

4.3.1. Calcareous nannofossils 

Calcareous nannofossil assemblages have already been discussed in previous studies (Lozar et al. 

2010, Violanti et al. 2013). Main results, useful for the present discussion, were the high abundance 

of R. minuta across the seven cycles of the SAF (Pm1-7), the increasing abundance of C. pelagicus, 

and the higher abundance of Discoaster variabilis gr. in the shale of each cycle, that overall 

negatively correlates with the abundance of C. pelagicus. This cyclicity was demonstrated to be 

driven, as in other Mediterranean sections (e.g., Flores et al. 2005), by precessional forcing (Dela 

Pierre et al. 2011, Violanti et al. 2013). The base of Cycle Pm5 is characterized by an abundance 
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peak of S. abies (62%) together with a peak of H. carteri (22%), followed by another H. carteri 

peak (27%) together with R. procera (13%); in contrast, the abundances of these species are low (5 

to 10%) in the lower cycles. A new sample from the limestone bed e at the top of Cycle Pm5 (Fig. 

8) yielded an oligospecific assemblage consisting of U. rotula (65%) and small Reticulofenestra 

(Fig. 8). Above Cycle Pm5, the section is characterized by lower abundances of calcareous 

nannofossils and by oligospecific assemblages often dominated by small Reticulofenestra and U. 

jafari; the latter taxon is also abundant in cycles Pm1 and Pm2.  

 

4.3.2. Foraminifers  

New information is presented here integrating the data reported in a previous study (Violanti et al. 

2013) . The P/(P+B) ratio is high in the shale of each cycle and in the marls of Cycle Pm5 (Violanti 

et al. 2013). Among the W/O taxa, Orbulina spp. is abundant in Cycles Pm1, Pm3 and Pm4. Rare 

Globigerinoides spp. (mainly G. obliquus) and rather common Globoturborotalita spp. occur only 

in the shale of Cycles Pm1 and Pm2. The C/E phytophagous Globigerinita spp. is common in the 

laminated shales, but also occurs in the marls of Cycles Pm1 and Pm5. The planktonic assemblage 

in the homogeneous marls is absent or very scarce, poorly diversified, and represented by C/E taxa. 

Globigerina bulloides is frequent within the topmost marl and lower shales of Cycles Pm1 and Pm2 

and in the Pm3 marls. The taxon is common, together with G. glutinata and T. quinqueloba, at the 

top of the Pm5 marls. Neogloboquadrina acostaensis is dominantly dextral coiled in Cycles Pm1, 

Pm3, and Pm4; sinistral coiled tests are dominant in Cycles Pm2 and Pm5. Turborotalita multiloba 

occurs only in Cycle Pm1. Globorotalia scitula and G. suterae, represented by small specimens, 

occur in the laminated shales of Cycle Pm2 and in the upper part of Cycle Pm5. The new data show 

the strong dominance of C/E taxa in most of the succession (Fig. 9). The W/O species are restricted 

to the laminated shales (Fig. 9) and are dominant only in Cycle Pm1 

At Pollenzo, benthic foraminifers are absent or very rare in the laminated shales, whereas they are 

dominant in the marly layers (Fig. 10). Bolivina spp. and B. echinata are the most abundant taxa. 
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Shelf epifaunal taxa are abundant in Cycles Pm3 and Pm6 (H. boueana) and in Cycles Pm1 and 

Pm4 (V. bradyana). DO/B benthic taxa (Fig. 10) show one frequency peak in Cycle Pm5. In the 

other samples the DO/B values rarely exceed 10% of the benthic assemblage. SW taxa (Fig. 10) are 

the only benthic foraminifers in most of the laminated shales.  

The benthic diversity, as expressed by the Shannon Index (H) is highest in the lower samples and 

progressively decreases upwards.  

Small sized foraminifers (63-125 m and <63 m) occur up to Cycle Pm7, where both planktonic 

and benthic taxa disappear (Violanti et al. 2013). 

 

5. Discussion  

5.1. Calcareous plankton biostratigraphy 

The scattered, but continuous occurrence of the calcareous nannofossil A. delicatus in the Banengo 

section allows the correlation to the Messinian MNN11b/c Zone (Raffi et al. 2003); this marker was 

not recorded in the Moncalvo section, where the micropalaeontological record is dominated by high 

abundance of diatom frustules, indicating high nutrient availability in the upper water column. 

Amaurolithus delicatus is an open ocean taxon rare in Mediterranean sections (Raffi et al. 2003), 

probably favoring meso- to oligotrophic waters; the proximity to the shore and the high nutrient 

loading suggested by the common occurrence of diatom frustules may have limited or inhibited its 

occurrence in the water column.  

Foraminiferal assemblages of the SAF cropping out in the Banengo and Moncalvo sections can be 

referred to the Messinian interval Subzone MMi13c (Lourens et al. 2004) and the T. multiloba 

subzone (D’Onofrio et al. 1975), on the basis of the presence of T. multiloba, whose FCO was dated 

at 6.42 Ma (Lourens et al. 2004, Iaccarino et al. 2008); this bioevent defines the lower boundary of 

the MMi13c subzone. This subzone is also characterized by the strong impoverishment of 

foraminiferal assemblages, dominated almost exclusively by stress-tolerant planktonic and benthic 

taxa. Subzone MMi13c has also been recognized in the Pollenzo section (Lozar et al. 2010, Dela 
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Pierre et al. 2011, 2012, Violanti et al. 2013). The upper part of the succession (Moncalvo cycles 

Mm3 top and Mm4 and Banengo cycle Bg1) is barren of foraminifers and is referable to the Non-

distinctive Zone (NDZ, Iaccarino 1985).  

The correlation among the Banengo, Moncalvo and Pollenzo sections is supported by the following 

sequence of bioevents (in stratigraphical order): 

1. the prominent S. abies peak, followed by H. carteri, R. procera and Umbilicosphaera spp. 

peaks, recorded in Cycles Bm5 (Banengo) and Mm3 (Moncalvo) and already recognized in 

Cycle Pm5 in Pollenzo (Lozar et al. 2010, Violanti et al. 2013) (Figs. 2, 5, 8);  

2. the G. scitula and G. suterae influx recognized in the shale of Cycle Bm5 (Banengo), and in 

Cycles Mm3 and Pm5 (Moncalvo and Pollenzo, respectively). In the three sections this 

influx is positively correlated to a peak of cool-water eutrophic taxa (Figs. 3, 6, 9). 

A secondary correlation tool at the Piedmont Basin scale is the last Orbulina spp. peak in the shale 

of Cycle Bm3 (Banengo), Mm2 (Moncalvo), and Pm4 (Pollenzo), shortly preceding the S. abies 

peak. In both the Banengo and Moncalvo sections this peak is followed by a short influx of T. 

multiloba (>125 m).  

The correlation of the studied sections to the Mediterranean reference sections (Krjigsmann et al. 

1999) is supported by the highest common occurrence (HCO) of T. multiloba (>125 m) recorded 

at 108 m in Pollenzo (Cycle Pm1) and at 1.7 m in Banengo (Cycle Bm1) (Fig. 11). Cycle Pm1 was 

previously correlated to the UA31 cycle of the Abad composite section (Violanti et al. 2013), in 

which a last small peak of T. multiloba was recorded in the fraction >150 m (Sierro et al. 2001, 

2003). The correlation to the Abad UA31 cycle is therefore extended to the Bm1 cycle of Banengo. 

The HCO of T. multiloba was also recorded in Cycle 45 in the Falconara-Gibliscemi section in 

Sicily (Hilgen and Krijgsman 1999, Blanc-Valleron et al. 2002) and in Cyprus (Krijgsman et al. 

2002, Kouwenhoven et al. 2006, Orszag-Sperber et al. 2009, Gennari et al. this volume, where this 

bioevent is numbered as 18a), thus allowing correlation to eastern Mediterranean sections. The 

bioevent was assigned an age range of 6.04 - 6.08 Ma (Sierro et al. 2001). 
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The record of small T. multiloba in cycle Bm3 (Banengo) and Mm2 (Moncalvo) suggests that 

locally this eutrophic planktonic taxon survived longer than previously recorded in the southern 

Mediterranean successions of Spain (Sierro et al. 2001, 2003, Flores et al. 2005), Sicily (Di Grande 

and Romeo 1980, Suc et al. 1995; Sprovieri et al. 1996, Blanc-Valleron et al. 2002), Greece 

(Kouwenhoven et al. 2006), Cyprus (Orszag-Sperber et al. 2009), and central Italy (Iaccarino et al. 

2008, Riforgiato et al. 2008, Gennari et al. 2013). Very low percentages of T. multiloba were 

already recorded in Pollenzo in the 63-125 m fractions (cycles Pm2 and Pm3; Violanti et al. 

2013). We thus suggest that the last influx of small T. multiloba in the Banengo and Moncalvo 

sections could be interpreted as the Last Local Occurrence (LLO) of this taxon in a particularly 

favorable palaeoenvironment, with an age of about 6.0 Ma. The LLO of T. multiloba could be 

proposed as a biostratigraphic event at the local scale, to be verified by further studies. 

 

5.2. Cyclostratigraphy and identification of the MSC onset 

In the Moncalvo section a well-defined cyclic lithologic stacking pattern made up of shale/marl 

couplets characterizes the SAF. The relative abundance fluctuation of cool-well mixed water and 

warm/stratified water taxa is in phase with the lithologic cyclicity. Sphenolithus abies (warm, 

stratified waters; Perch Nielsen 1985, Gibbs et al. 2004) is more abundant in the shales, together 

with the planktonic warm water foraminifers Orbulina spp. (Kennett and Srinivasan 1983, 

Hemleben et al. 1989), and Bolivina spp. and Brizalina spp. (benthic infaunal, tolerating low 

oxygen content and/or high organic matter fluxes to the sea floor) (Murray 2006, Alve et al. 2016). 

In contrast, the marls of each cycle record higher abundances of H. carteri (mesotrophic waters; 

Ziveri et al. 2000) and of C/E planktonic foraminifer taxa (Neogloboquadrinids and Turborotalita 

spp.) (Kennett and Srinivasan 1983, Hemleben et al. 1989). The qualitative record of diatoms also 

changes with lithology, from abundant in the shales to very rare or absent in the marls. High 

nutrients input from the continent, possibly driven by high continental runoff, likely promoted the 

high abundance of diatoms in the shale of each cycle. The high productivity of siliceous plankton 
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could also justify the low abundances of the calcareous plankton (calcareous nannofossils) at time 

of shale deposition, since this group is outcompeted by the diatoms when nutrients and Si supply to 

the basin is high (Margaleff 1978, Balch 2004). The siliceous plankton blooms could then have 

increased the organic carbon flux to the sea floor, thus supporting the abundant Bolivina spp. and 

Brizalina spp. assemblages, known as characterising organic-rich bottom sediments and tolerating 

dysoxic conditions (Barmawidjaja et al. 1992, Gooday 1988, Drinia et al. 2008, De Almeida et al. 

2015). High runoff from the continent is also suggested by the high amount of shallow-water taxa 

among benthic foraminifers, possibly reworked from shallower waters. All these evidences indicate 

that lithologic and palaeobiological cycles at Moncalvo record climate cycles, likely correlated to 

precession-driven insolation cycles, as already recorded in other Mediterranean sections (Blanc-

Valleron et al. 2002, Sierro et al. 2001, 2003, Krijgsman et al. 2002, Flores et al. 2005).  

In the Banengo section the basic shale/marl pattern is interrupted by the occurrence of coarse-

grained beds and the lithologic cyclicity is not easily detected; however, the abundance fluctuation 

of calcareous plankton taxa supports the hypothesis of climate control also in this section. In fact, 

the relative abundances of S. abies are higher in the shales lower to zero in the marls. Calcidiscus 

leptoporus (temperate, well mixed mesotrophic waters; Ziveri et al. 2004) shows an opposite, even 

if less prominent, abundance fluctuation: it is absent in the shales, more abundant in the marls (up to 

7% in cycle Bm1). Among planktonic foraminifers, abundance fluctuation of the cool-water 

eutrophic taxa (G. bulloides and G. falconensis, T. multiloba and T. quinqueloba, G. scitula and G. 

suterae) correlates with Cd. leptoporus abundances, confirming the climate control of the 

shale/marl cycles. A comparable fluctuation of the calcareous plankton abundance has previously 

been recorded in the Pollenzo section and has been linked to precession-driven climate cycles 

(Violanti et al. 2013).  

Following the above evidences from the Moncalvo and Banengo sections, the marly hemicycles, 

deposited under cool/arid climate, were correlated to insolation minima (precession maxima), 

whereas shaly hemicycles, deposited under warm/humid climate, were tied to insolation maxima 
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(precession minima). This is in agreement with previous works that recognized a precessional 

cyclicity in the Mediterranean Messinian sections on the basis of calcareous plankton abundance 

fluctuactions (Krijgsman et al. 2001, Flores et al. 2005, Riforgiato et al. 2008, among others).  

In the studied sections gypsum beds overlay a different number of shale/marl precessional cycle 

above the HCO of T. multiloba (Fig. 11). According to our data, the HCO of T. multiloba 

(recovered four cycles below the onset of the MSC in the Abad Composite; Sierro et al. 2001) 

occurs five cycles below the first gypsum bed in the Banengo section, similarly to what has already 

been recorded at Pollenzo, where gypsum occurs seven cycles above the HCO of T. multiloba (Dela 

Pierre et al. 2011, Violanti et al. 2013). This suggests that, in these sections, gypsum deposition was 

respectively delayed by ~21 ky and ~63 ky with respect to the Abad Composite section. In the two 

sections, the onset of the MSC is thus placed in Cycles Bm5 and Pm5. In the Moncalvo and 

Pollenzo sections the correlation to the Mediterranean reference sections is also based on the 

occurrence of the branching selenite facies in Cycles Mg4 and Pg3, that correlate to Cycle PLG6 

(Dela Pierre et al. 2011). This also confirms that at Moncalvo the MSC onset should be placed in 

Cycle Mm3, suggesting that gypsum deposition is delayed by two precessional cycles (~42 ky) (Fig 

11). 

 

5.3. Bioevents at the onset of the MSC 

In agreement with biostratigraphic and cyclostratigraphic data, the beginning of the MSC in the 

Banengo, Moncalvo and Pollenzo sections occurs in Cycles Bm5, Mm3 and Pm5, respectively. In 

the three sections a very remarkable sequence of bioevents characterizes the cycle recording the 

MSC onset, correlative to the first PLG cycle (Dela Pierre et al. 2011). These events are: the S. 

abies peak, followed or accompanied by peaks of H. carteri, R. procera, U. rotula, and U. jafari, 

the G. scitula and G. suterae influx, the disappearence of planktonic foraminifers >125 m. These 

bioevents occur in the same stratigraphic order in all the three sections, are synchronous at the 

Piedmont Basin scale, and occur in the cycle deposited at the onset of the MSC and correlative to 
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cycle PLG1 at the Mediterranean scale (Fig. 11). In the Mediterranean reference sections no reliable 

bioevents (other than the HCO of T. multiloba, four cycles below the onset) were used to 

approximate the MSC onset, besides the decrease or complete absence of foraminifers, which was 

regarded as a common and synchronous basin-wide event (Sprovieri et al. 1996, Bellanca et al. 

2001, Blanc-Valleron et al. 2002, Manzi et al. 2007). In sections without distinct lithologic cyclicity 

and/or lacking gypsum deposits (Fanantello section, Manzi et al. 2007; Legnagnone section, 

Gennari et al. 2013) the absence of foraminifers was thus tentatively used as marker for the 

beginning of the MSC. Neverthelss, in the last decade few studies demonstrated that calcareous 

plankton does not disappear at time of gypsum deposition, both in sections where gypsum is 

recorded (Wade and Bown 2006) and where the euxinic shale correlative to the first stage of the 

MSC occur, such as in the Fanantello (Manzi et al. 2007) and in the Pollenzo (Violanti et al. 2013) 

sections. In the latter section, as well as in the Banengo section, foraminifers in the fraction 63-125 

m continously occur above the onset of the MSC. Strikingly, in the Fanantello section the last 

occurrence (LO) of foraminifers correlates to a very sharp S. abies peak; this level is regarded as 

synchronous to the MSC onset due to direct correlation to the HO of foraminifers (Manzi et al. 

2007); interestingly, calcareous nannofossils also occur above this level. Unpublished data (A. 

Negri, pers. comm. 2016) confirm that in this section, where three S. abies abundance peaks were 

recorded, the lowermost S. abies peak is followed by higher abundances of H. carteri and U. rotula 

and correlates to the first PLG cycle. 

Nearly monospecific calcareous nannofossil assemblages of S. abies have also been recorded 

simultaneously with the HO of planktonic foraminifers in the pre-evaporitic sequence of the 

Kalamaki section on Zakynthos Island in the Ionian Sea (Table S1; Karakitsios et al. 2016). 

Further east, in the Pissouri section (Cyprus), unpublished data also show that the same sequence of 

events (A. Negri, pers. comm. 2016) is recorded in a shale/marl cycle at the top of the section, just 

below the gypsum. This gypsum overlays the shale/marl cycles of the Pakhna Fm. through an 

erosional surface; this surface, recently interpreted as the Messinian Erosional Surface (Manzi et al. 
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2016), was overlooked in previous works (e.g. Krijgsman et al. 1999, Kouwenhoven et al. 2006, 

Morigi et al. 2007). Furthermore, the upper part of the Pissouri section does not allow a 

straightforward chronostratigraphic correlation since it lacks a clear magnetostratigraphic signal and 

the HO T. multiloba has not been reported. Additionally, a slumped interval occurs in the top ten 

metres of the section that could have been responsible for the erosion of one or more cycles. Owing 

to these new observations, the age of the cycle recording the S. abies peak, previously dated at 

5.999 Ma (Kouwenhoven et al. 2006), could be younger by 21 kyr (5.97 Ma) and be correlative of 

the MSC onset.  

Another section cropping out on Cyprus, the Tokhni section (Gennari et al. this volume), has been 

recently studied by means of planktonic foraminifers and calcareous nannofossils; it records the 

occurrence of high abundances of H. carteri and U. rotula four cycles above the HCO of T. 

multiloba. Unfortunately in this cycle, the S. abies peak alone is not noticeable, since also the lower 

cycles contain high abundance of this taxon in the shale beds. Nevertheless, the sequence of events 

(S. abies peak, higher abundance of H. carteri and the oligotypic U. rotula assemblage), suggests 

that this cycle is correlative to the first PLG cycle. 

The sequence of calcareous plankton bioevents recorded in the Piedmont Basin and sychronous 

with the onset of the MSC, could thus represent a reliable tool to identify this event at a 

Mediterranean-wide scale.  

 

6. Conclusions  

In this work we address the biostratigraphic study of three sections straddling the MSC onset and 

located in the Piedmont Basin (Banengo, Moncalvo and Pollenzo). Their correlation to the 

Mediterranean reference sections from the Western, Central, and Eastern Mediterranean (Sierro et 

al. 2001, Blanc-Valleron et al. 2002, Gennari et al. this volume) is based on the HCO of T. 

multiloba and demonstrates that in Banengo, Moncalvo, and Pollenzo, gypsum deposition is 
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delayed by one, two and three precessional cycles with respect to the onset of the MSC, 

respectively. 

In the Piedmont Basin the disappearance of calcareous plankton, previously suggested as a reliable 

event synchronous with the onset of the MSC, does not occur in the basal MSC cycle; calcareous 

nannofossils and foraminifers (both in the >125 m and 63-125 m size fractions) are recorded up 

to three cycles above the onset of the crisis.  

In the basal MSC cycle a distinct sequence of bioevents (the prominent S. abies peak followed or 

accompanied by H. carteri, R. procera, and Umbilicosphaera spp. peaks, and the G. scitula and G. 

suterae influx), has been recorded. Among them, the S. abies and U. rotula peaks, also recorded in 

several Eastern Mediterranean sections, have a strong potential to become a reliable tool to 

recognize the onset of the MSC at a Mediterranean-Basin-wide scale, particularly in intermediate 

and deep water settings, where primary gypsum is not recorded.  

To confirm the reliability of this sequence of bioevents, further work is needed on stratigraphic 

sections encompassing the onset of the Messinian salinity crisis, especially from the Western 

Mediterranean where detailed calcareous nannofossil data are still lacking. Moreover, the bioevents 

highlighted in this work can potentially provide a precise identification tool for the beginning of the 

MSC in deep-sea cores. 
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Figure captions 

Fig. 1. A) Structural sketch of NW Italy (modified from Bigi et al. 1990). AM: Alto Monferrato; 

BG: Borbera-Grue; MO: Monferrato; TH: Torino Hill; VVL: Villalvernia–Varzi line;  PTF: Padane 

Thrust Front; SVZ: Sestri-Voltaggio zone. Circled numbers correspond to location of the studied 

sections: 1) Banengo; 2) Moncalvo; 3) Pollenzo. B) Schematic cross section (SW to NE), flattened 

at the base of the Pliocene, showing the relationships among the Messinian units (modified from 

Dela Pierre et al. 2011). Not to scale. PLG: Primary Lower Gypsum; RLG: Resedimented Lower 
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Gypsum; CRB: carbonate-rich beds; SKB: Sturani key-bed; MES: Messinian erosional surface. 

Numbers of the three studied sections as in fig 1A. 

Fig. 2. Banengo section: Chronostratigraphy, calcareous plankton biostratigraphy, lithostratigraphy, 

sample location, percentage variation of the main calcareous nannofossil taxa. PLG: Primary Lower 

Gypsum. Cycles Bg2 to Bg4 are not shown. 

Fig. 3. Banengo section: Chronostratigraphy, calcareous plankton biostratigraphy, lithostratigraphy, 

sample location, percentage variations of the P/(P+B) ratio, the main planktonic foraminiferal taxa, 

warm-water oligotrophic indicators, and cool-water eutrophic indicators. Grey bands highlight 

samples where the counting of the >125 m fraction was not possible; see text for details. Legend 

as in Fig. 2. 

Fig. 4. Banengo section: Chronostratigraphy, calcareous plankton biostratigraphy, lithostratigraphy, 

sample location, percentage variation of the main benthic foraminiferal taxa of DO/B = Deep Outer 

neritic to Bathyial taxa, and of SW= Shallow Water taxa. SH: Shannon Index (H). Legend as in Fig. 

2. 

Fig. 5. Moncalvo section: Chronostratigraphy, calcareous plankton biostratigraphy, 

lithostratigraphy, sample location, percentage variation of the main calcareous nannofossil taxa; 

CaCO3 percentage is also shown, together with qualitative abundance of diatoms (N: none; R: rare; 

F: few; C: common; A: abundant; VA: very abundant). Cycles Mg2 to Mg5 are not shown. Legend 

as in Fig. 2. 

Fig. 6. Moncalvo section: Chronostratigraphy, calcareous plankton biostratigraphy, 

lithostratigraphy, sample location, percentage variation of the P/(P+B) ratio, of the main planktonic 

foraminiferal taxa, of W/O = Warm-water Oligotrophic indicators, and of C/E = Cool-water 

Eutrophic indicators. Grey bands highlight samples where the counting of the >125 m fraction was 

not possible; see text for details. Legend as in Fig. 2 and 5. 

Fig. 7. Moncalvo section: Chronostratigraphy, calcareous plankton biostratigraphy, 

lithostratigraphy, sample location, percentage variation of the main benthic foraminiferal taxa, and 
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of DO/B = Deep Outer neritic to Bathyal taxa, and of SW = Shallow Water taxa. SH: Shannon 

Index (H). Legend as in Fig. 2 and 5. 

Fig. 8. Pollenzo section: Chronostratigraphy, calcareous plankton biostratigraphy, lithostratigraphy, 

sample location, percentage variation of the main calcareous nannofossil taxa (modified from 

Violanti et al. 2013).  

Fig. 9. Pollenzo section: Chronostratigraphy, calcareous plankton biostratigraphy, lithostratigraphy, 

sample location, percentage variation of the P/(P+B) ratio, of the main planktonic foraminiferal taxa 

(modified from Violanti et al. 2013), of W/O = Warm-water Oligotrophic indicators, and of C/E = 

Cool-water Eutrophic indicators. Legend as in Fig. 8. 

Fig. 10. Pollenzo section: Chronostratigraphy, calcareous plankton biostratigraphy, 

lithostratigraphy, sample location, percentage variation of the main benthic foraminiferal taxa 

(modified from Violanti et al., 2013) and of DO/B = Deep Outer neritic to Bathyal taxa, and of SW 

= Shallow Water taxa. SH: Shannon Index (H). Legend as in Fig. 8. 

Fig. 11. Bed by bed correlation of the three studied sections (simplified and not to scale) to the PLG 

cycles of the first stage of the MSC (as recorded in the Perales section, modified from Manzi et al. 

2013) and to the Summer insolation 65°N (Laskar et al. 2004). Bioevent at the Mediterranean scale: 

18a: HCO of T. multiloba (number as in Gennari et al. this volume). Local event; A: last Orbulina 

spp. peak. The insert shows the bioevents proposed for the identification of the MSC onset. LR 125 

PF: Last Recovery of planktonic foraminifers >125 m.  

 

Appendix 1 – List of deep outer neritic/bathyal foraminiferal taxa counted in the studied sections. b 

= Banengo, m = Moncalvo, p = Pollenzo 

Appendix 2 - List of shallow-water foraminiferal taxa counted in the studied sections. b = Banengo, 

m = Moncalvo, p = Pollenzo 



 842 

 34
 843 



 844 

 845 

 35



 846 

 847 

 36



 848 

 37
 849 



 850 

 851 

 38



 852 

 39


