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ABSTRACT: A high-resolution stratigraphic model for the uppermost Messinian deposits of the Mediterranean basin is here proposed.

The model provides new constraints for calibrating the time and space distribution of palaeoenvironmental proxies of the final phase of

the Messinian salinity crisis (MSC), characterized, after the main phase of massive evaporite precipitation, by the progressive and gen-

eralized establishment of brackish to freshwater aquatic environments throughout the Mediterranean basin (‘Lago Mare event’). The

corresponding stratigraphic unit, bounded by the intra-Messinian unconformity (MES) at the base (~5.6 Ma) and the M/P boundary at

top (5.33 Ma) is split into two sub-units by a minor unconformity marking a sharp facies change.

The lower sub-unit (p-ev1) is localized in deepest and/or strongly subsiding basins and is commonly characterized by ‘regressive’

depositional trends. It records the transition from hyper- to hypohaline conditions over a short time span characterized by an accelera-

tion of tectonic processes in many Mediterranean geodynamic contexts.

The upper sub-unit (p-ev2) is more basin-wide distributed and records the generalized periodic activation of catastrophic

flood-dominated fluvio-deltaic depositional systems, indicating important modifications in the drainage areas and/or in fluvial runoff.

In this sub-unit four to five precessional cycles are usually recognized below the Miocene/Pliocene boundary, allowing basin-wide cor-

relations and suggesting to place its basal age at around 5.42 Ma.

While p-ev1 records the local and ephemeral development of Lago Mare environments with low-diverse, pioneer taxa, p-ev2 is

marked by the diffusion of conspicuous brackish to freshwater fossil assemblages of increasing diversity and complexity upwards. The

change is best approximated by the boundary between the two sub-units.

No clear evidence of normal marine conditions established before the Zanclean flooding have been recognized. Converging sedi-

mentary evolution and paleontologic record suggest that the last MSC phase was characterized by a dilution of the surface waters of a

large, residual Mediterranean water body with strongly reduced ocean connections. These conditions likely resulted from a positive

feedback loop between processes (increase of fluvial runoff, generalized subsidence, base-level rise, enlargement of shelf areas) pro-

moting the establishment of progressively larger, more stable intra-basinal connections and water exchanges with the Paratethyan bas-

ins, up to the final full reopening of the Atlantic gateways.

INTRODUCTION

Following the main phase of massive marine evaporite precipi-

tation (comprising the Lower Evaporites and Salt units), the last

stage of the Messinian salinity crisis (MSC) of the Mediterra-

nean basin shows the generalized development of brackish to

freshwater environments usually referred to as “Lago Mare”,

after Gignoux (1936) and Ruggieri (1967).

The first explanation for such a severe hydrological change en-

visaged 1) the closure of the Atlantic gateways, 2) an almost

completely desiccated deep Mediterranean basin and 3) its par-

tial refill by captured Paratethyan brackish to fresh waters (Hsü

et al. 1977).

This classic scenario has been challenged in the last years by

several authors (see Orszag-Sperber 2006 for an updated re-

view) leading to a number of different evolutionary models for

the final phase of the MSC, involving complex geodynamic and

palaeoclimatic feedbacks (Griffin 2002; Rouchy and Caruso

2006; Willett et al. 2006).

In particular, the non-marine character of latest Messinian suc-

cessions have been severely questioned or even rejected by the

increasingly claimed occurrence of normal marine biota (foram-

inifera, calcareous nannoplankton, fishes) within Lago Mare de-

posits.

Normal marine conditions during latest Messinian have been

suggested for the western Mediterranean area based on fossil as-

semblages of the Sorbas Mb. Feos Fm., Garruchal Fm., respec-

tively in the Sorbas, Nijar and Bajo Segura basins (Betic

Cordillera; Braga et al. 2006; Aguirre and Sanchez-Almazo

2004; Soria et al. 2008).

Based on the recovery of otoliths of adventitious marine or

diadromous fishes found in several Apennines sections (on both

the Adriatic and Tyrrhenian side), as well as on oxygen isotope

data from ostracod and mollusk shells of Tuscany basins, nor-

mal marine conditions or, at least, active connections with nor-

mal marine water bodies have been recently suggested

(Carnevale et al. 2006; 2008).
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A marine character of uppermost Messinian deposits of Sicilian

Arenazzolo Fm. and of the Northern Apennines Colombacci

Fm. has been recently claimed by Clauzon et al. (2005), Lon-

deix et al. (2007) and Popescu et al. (2007), suggesting water

exchanges between the Mediterranean and the Paratethyan Bas-

ins during two successive base level high-stands prior and im-

mediately after the Mediterranean deep basin desiccation.

The possible persistence of sporadic and limited marine influ-

ences during the latest Messinian has been also suggested

and/or not excluded by Bassetti et al. (2004), based on oxygen

isotope data from the ”colombacci” limestone layers of the

Northern Apennines, as well as by Rouchy and Caruso (2006).

Our impression is that the general palaeogeographic and

palaeoenvironmental picture for this time interval, instead of

being progressively elucidated by an increasing volume of data

and by the adoption of more advanced analytical techniques and

conceptual approaches, is getting more confused.

Many important observations and data are still too scattered in

time. The attempts to frame all the available palaeoenviron-

mental data into a comprehensive scenario are still hampered by

the difficulty of erecting a Mediterranean scale high-resolution

stratigraphic scheme allowing to assess more reliable scenarios

for successive, discrete and as shortest as possible time win-

dows.

Erecting such a stratigraphic scheme and applying it to all Med-

iterranean sub-basins is not an easy task because this interval, in

spite of its claimed marine character, is actually characterized

by non marine faunal assemblages or by very poor and rare,

poorly preserved and biostratigraphically not significant marine

assemblages, often reworked. Moreover, if we consider that no

magnetic reversals occur during the late Messinian, it is clear

that the normal stratigraphic approaches are not useful to solve

or at least to address the problem.

One possibility is offered by physical stratigraphy, which al-

lows to reconstructing regional-scale chronostratigraphic

frameworks based on the recognition of key surfaces, depo-

sitional trends and sedimentary cyclicity related to external

forcings.

Our paper is the result of a multidisciplinary research project

whose main aim was to contribute to disentangle such a compli-

cate situation by reconstructing, through the integration of new

and published data, a chronostratigraphic framework for the late

Messinian based on physical-stratigraphy.

We started from the Apennine foredeep basin succession, which

has been studied during the last 15 years by many researchers of

this group, allowing to testing and strengthening our integrated

stratigraphic approach. The stratigraphy of this succession has

been refined by adding new field, seismic and core data (the lat-

ter recovering key-intervals defined through previous studies).

A similar approach has been applied to Tuscany, Piedmont,

Calabria, Sicily and Betic Cordillera basins, where new data

have been obtained within our project. The results have been

compared and integrated with other recently published data and

finally synthesized in the comprehensive stratigraphic model

that we present here. Many local data which concurred to the

general model have been already published or presented in sev-

eral meetings, while other are being published. In this paper we

present and emphasize the synthesis of our work, thus address-

ing the readers interested to the details to more pertinent papers.
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TEXT-FIGURE 1

Chronology of Messinian events according to Krijgsman et al. (1999) age model.



The final MSC event(s): general time constraints

Following the Messinian chronology of Krijgsman et al.

(1999), recently updated by Hilgen et al. (2007), Lago Mare

conditions developed between 5.60 Ma (i.e. at the onset of

subaerial exposure and erosion in marginal basins associated

with the development of the intra-Messinian unconformity or

Messinian erosional surface – MES – and following the deposi-

tion of Lower Evaporites unit) and 5.33 Ma (the re-establish-

ment of full connections with the ocean at the base of the

Pliocene; text-fig. 1). Within this 270 ka time interval, strongly

fluctuating palaeoenvironmental conditions should account for

the deposition of the Upper Evaporites unit (mainly in the

southern and eastern sectors of the Mediterranean) as well as of

large volumes of clastic deposits, suggesting increased fluvial

runoff, higher seasonal contrast and hence a shift toward a more

positive, albeit strongly fluctuating, hydrologic budget at the

end of the MSC.

However, the ages of the base and top of the Lago Mare and its

overall meaning are not fully agreed by some authors, as clearly

shown by the different MSC scenarios so far proposed (text-fig.

2). The main problems concern the age of the basal uncon-

formity (MES); more recently, also the base of the Pliocene has

been challenged, by suggesting that the Zanclean base should

be lowered to include units like the latest Messinian Arenazzolo

and Colombacci Fm., based on their “marine” and overall

transgressive character which would indicate the opening of the

Atlantic gateways well before than usually thought (Clauzon et

al. 2005; Londeix et al. 2007; Popescu et al. 2007).

It follows that the correct recognition and dating of the two

physical features (the MES and the Miocene-Pliocene boundary

- MPB) sandwiching the Lago Mare successions is the first step

for the reconstruction of a high-resolution stratigraphic frame-

work of late Messinian events.

The intra-Messinian unconformity (MES)

The intra-Messinian unconformity is a first-order discontinuity

within the Messinian successions of the Mediterranean sub-bas-

ins, both outcropping and buried below the sea floor (Ryan and

Cita 1978). In the latter settings this unconformity is better

known as Messinian Erosional Surface (MES; Lofi et al. 2005).

This discontinuity generally appears as an erosional surface

deeply cutting the evaporites of the first MSC stage and/or the

underlying deposits.

According to cyclostratigraphic considerations (Krijgsman et

al. 1999), a maximum age of 5.60 Ma has been calculated for

the initial development of the MES in marginal basins. The as-

sociated hiatus has highly variable amplitude according to local

and regional factors; in most of marginal settings uppermost

Messinian or early Pliocene deposits seals the MES. Clear evi-

dence of prolonged subaerial exposure is present in karst fea-

tures developed on top of Lower Evaporites, for example in the

Vena del Gesso (Northern Apennines; Vai 1988) and in the

Hyblean plateau (Sicily; Grasso et al. 2004). Seismic profiles

document the widespread distribution of the MES along the

Mediterranean continental margins (Ryan and Cita 1978; Lofi

et al. 2005), especially in front of largest rivers, where deeply
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TEXT-FIGURE 2

The different scenarios for the Messinian salinity crisis (modified from Rouchy and Caruso 2006). Abbreviations in the Roveri et al.’s model mainly

based on Northern Apennines and Sicily outcropping succession (see Roveri et al. 2008 for further information): PLG, Primary Lower Gypsum; RLG,

Resedimented Lower Gypsum (including also the Calcare di Base), UG, Upper Gypsum.



incised canyons are observed (Clauzon 1973; 1978; 1982;

Chumakov 1973).

All these elements point to a phase of subaerial exposure of

Mediterranean basin margins during a relative sea-level fall,

whose amplitude is still matter of debate. Classic MSC models

(see Rouchy and Caruso 2006; text-fig. 2) envisage a 1500m

evaporative drop of sea level, leading to the desiccation of

deepest Mediterranean basins and the consequent deposition of

huge volumes of evaporites (halite).

However, the frequently observed angular discordance associ-

ated with the MES (Northern Apennines, Gulf of Lyon, Eastern

Mediterranean, Sicily) suggests that a pan-Mediterranean tec-

tonic event concurred to its genesis (Roveri and Manzi 2006).

In any case the MES smoothes out basinward and passes to a

correlative conformity in deep-water settings (Roveri et al.

2008b, c).

Deep-water basins show a fairly continuous Messinian succes-

sion comprising the volume of sediments accumulated during a

phase of basin margin subaerial exposure and dismantling. As a

consequence, the correct recognition of the MES correlative

conformity within basinal successions is of fundamental impor-

tance, not only to obtain a reliable chronostratigraphic con-

straint (i.e. the ~5.60 Ma time line), but also to understand what

really happened in deep water settings while basin margins

were experiencing subaerial exposure and erosion.

Deep basins of the Northern Apennines are characterized by the

widespread occurrence of a resedimented gypsum unit (RLG in

text-fig. 2) containing also blocks of massive selenite and over-

lying a barren organic-rich shale unit (Roveri et al. 2001; Manzi

et al. 2005). The latter unit has been recently suggested to be a

deep-water equivalent of the Lower Gypsum deposits (PLG in

text-fig. 2; Manzi et al. 2007), thus allowing to trace the MES at

the base of the resedimented gypsum deposits.

This means that at around 5.60 Ma, when marginal basins be-

gan to be eroded and dismantled, deeper basins, at least in the

Northern Apennines foredeep, started to be fed with clastic

evaporites.

A possible clastic origin of the Lower Evaporites in the Medi-

terranean deeps, first suggested by Roveri et al. (2001), then en-

visaged by Hardie and Lowenstein (2004) and Manzi et al.

(2005) based on facies analysis and petrological consideration,

has been recently corroborated by Lofi et al. (2005), who pro-

posed that the MES can be traced to the base of deep western

Mediterranean basin Lower Evaporites. It follows that, as sug-

gested by Roveri et al. (2006b; 2008b, c) in a revisitation of the

Sicilian Messinian stratigraphy, the Lower Evaporites and Salt

of deepest basins could have actually been deposited only after

the primary sulfate evaporites of the first MSC stage (PLG),

which precipitated only in shallow-water, restricted sub-basins

(text-fig. 2).

The Zanclean flooding

The return to fully marine conditions in the Mediterranean area

is marked by an abrupt facies change well recognizable

throughout the different basins, albeit with different physical

expressions. This discontinuity has been historically used to de-

fine the base of the Pliocene Series. The formal ratification, af-

ter long discussions, of the Zanclean Stage GSSP (Van

Couvering et al. 2000), and hence of the base of the Pliocene

Series, in the Eraclea Minoa section at the base of the Trubi Fm.

has confirmed this commonly radicated use.

The Miocene/Pliocene boundary, placed at 5.33 Ma, is well de-

fined by several astronomically-tuned bio- and magnetic events;

the base of the Thvera normal chron occurs five precessional

cycles above the boundary; two successive sinistral coiling

shifts of Neogloboquadrina acostaensis in cycles 2 and 3, the

acme of Sphaeroidinellopsis spp. between cycles 2 and 6 and

the FCO of Globorotalia margaritae at cycle 10 (Di Stefano et

al. 1996), i.e. within the Thvera magnetic event.

The virtually synchronous character, according to the strati-

graphic resolution offered by cyclostratigraphy, of the facies

change at the base of the Pliocene has been demonstrated by de-

tailed studies (Iaccarino et al. 1999), supporting the idea of a

sudden, nearly catastrophic re-establishment of the ocean con-

nections. However, for many even historical sections, modern

bio- and magnetostratigraphic studies are not available yet and

this doesn’t allow to rule out the possibility that in some basins

or part of them the marine flooding could have been delayed or

even anticipated, as hypothetically suggested by Roveri and

Manzi (2006). The bio- and magnetostratigraphic events occur-

ring at this boundary allow in any case to define with great accu-

racy this time line throughout the Mediterranean basin, thus

making it possible the evaluation of local discrepancies.
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TEXT-FIGURE 3

The geologic-stratigraphic model of the Apennines foredeep system (from Roveri et al. 2005). White rectangles show the location of shallow boreholes

drilled in key stratigraphic intervals and discussed in text.



High-frequency cyclicity

As previously stated, the only way to establish a high-resolution

stratigraphic scheme within the 270 ka interval comprised be-

tween the MES and the M/P boundary is to look for cyclical

sedimentary patterns that can be tuned to insolation and isotope

curves. According to van der Laan et al. (2006), up to 12/13

precessional cycles are comprised within this time interval; two

main glacials (TG14-TG12) and three main deglacials stages

(TG11-TG9-TG7) also occur and are well recognizable on iso-

tope curves.

Several attempts have been made in this direction, which led to

the common recognition in marginal basins (Apennines, Sorbas,

Sicily) of 8 precessional-driven sedimentary cycles starting

from the top, i.e. from the Miocene/Pliocene boundary (Krijgs-

man et al. 1999; 2001; van der Laan et al. 2006). As a conse-

quence, a hiatus of 90-100 ka remains (the ‘Messinian gap’ of
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TEXT-FIGURE 4

Simplified geologic-stratigraphic model of the Messinian of the Northern Apennines foreland basin along a W-E transect showing the relationships be-

tween shallow- and deep-water depositional settings (modified after Roveri and Manzi 2006). Note that Primary Lower Gypsum (PLG) is found only in

shallow-water sub-basins of the wedge-top and foreland ramp depozones; in the main depocenter resedimented evaporites (RLG), derived from PLG

dismantling was deposited above the MES correlative conformity.



Krijgsman et al. 1999; text-fig. 1) which is usually related to the

main deep basin desiccation phase (Hilgen et al. 2007).

Our results are substantially different; in the next sections we

will show that deep-water or otherwise high-subsidence basins

actually have a complete record of the 5.6-5.33 Ma interval.

Data for a high-resolution stratigraphy of the latest Messinian
successions

Northern Apennines foredeep basin

Physical-stratigraphic studies carried out in the last 15 years

(Bassetti et al. 1994; Roveri et al. 1998; 2001; 2004; 2005) al-

lowed to recognizing and tracing across the Northern

Apennines sub-basins several surfaces and sedimentary units

within the 5.6-5.33 Ma interval. The two bounding surfaces, the

MES and the M/P boundary, are well recognizable throughout

the basin (text-fig. 3). For the first time the MES has been

traced in this basin from marginal to deep settings (Roveri et al.

1998; 2001; Manzi et al. 2005; 2007) allowing to prove that the

resedimented gypsum unit, which is the only evaporite deposit

present in deep-water settings, fully postdates the massive pri-

mary selenite unit formed in shallower water, marginal settings

(Manzi et al. 2005; 2007). This means that the Lower Evapo-

rites actually consist of two gypsum units separated in time and

space (Roveri et al. 2008b). It follows that the resedimented

evaporite unit (RLG) represents the basal part of the 5.6-5.33

Ma interval, allowing to close, at least partially, the ‘Messinian

gap’ of Krijgsman et al. (1999) (text-fig. 4).

The sedimentary succession of this interval is usually indicated

in the Northern Apennines literature as ‘post-evaporitic’ as no

primary evaporites occur and the deposits overlying the

resedimented gypsum are mainly siliciclastics. This succession

can be split into two units separated by a minor unconformity

(Roveri et al. 1998; 2001; 2004) which marks a sharp change in

terms of facies, stacking pattern and palaeoenvironment.

The lower post-evaporitic unit (p-ev1, roughly corresponding to

the tetto, S. Donato and Laga p.p. fms) comprises a basal hori-

zon of resedimented evaporites overlain by a monotonous suc-

cession of mudstones with intercalated turbiditic sandstone

bodies, usually thin and fine-grained (text-figs. 3, 4). In inner-

most wedge-top basins a clear coarsening and shallowing-up-

ward trend is observed, pointing to a rapid basin fill; this

trend, the progradational-aggradational stacking pattern, its

occurrence only in deeper and/or more subsiding sub-basins,

the local development at basin margins of progressive uncon-

formities and the frequent occurrence of chaotic and slump

horizons (Roveri et al. 1998; 2005), point to its deposition dur-

ing a phase of tectonic deformation. Slightly above the

resedimented gypsum unit a basinwide spread ash-layer occurs,

allowing long-distance correlations; an absolute age of 5.51 ±

0.04 Ma has been obtained, thus constraining the age of the unit

(Odin et al. 1997). The ash layer composition and the occur-

rence within its lower part support the syntectonic character of

the p-ev1 unit.

The overlying post-evaporitic unit (p-ev2) is characterized at its

base by the abrupt appearance in both shallow and deep-water

settings of coarser-grained depositional systems (text-figs. 3,

4), testifying for an important change in the regional drainage

pattern and precipitation regime. This unit has a clear

aggradational to retrogradational stacking pattern and progres-

sively laps onto the basin margins sealing the intra-Messinian

unconformity and locally covering the eroded massive selenite.

These characteristics point to deposition during a phase of more

generalized subsidence and/or base-level rise. The unit has a

well-developed and peculiar cyclic organization; this is more

clearly expressed in marginal settings by the rhytmic alternation

of coarse-grained and mudstone units, corresponding to the cy-

clic activation of fluvio-deltaic systems dominated by cata-

strophic fluvial floods. 3 to 4 carbonate layers (‘colombacci’)

occur within the mudstone bodies (Roveri et al. 1998; Bassetti

et al. 2004).

An overall transgressive trend is superimposed on this high-fre-

quency cyclicity testified by the upward decrease of thickness

and grain-size of coarse-grained deposits. An impressive tabu-

lar character and a constant number of cycles (4/5) characterize

the unit at a regional-scale allowing basin-wide correlations and

the reconstruction of a stratigraphic scheme for the whole

Apennines foreland system (Roveri et al. 2005; 2006). The cy-

cles have been interpreted as controlled by climatic factors with

the alternation of wet and dry phases (Roveri et al. 1998); the

time constraints given by the underlying ash layer and the upper

boundary represented by the base of the Pliocene, points to a

precessional periodicity for the p-ev2 cyclicity; on this ground, a

basal age of 5.42 Ma has been suggested (Roveri et al. 2004;

2006).

This preliminary framework has been tested in our work by

studying in detail old and new sections and drilling shallow

boreholes in key intervals (text-fig. 3). In particular, much at-

tention has been paid to the definition of the Miocene-Pliocene

boundary; the bio- and magnetostratigraphic analysis carried

out in several sections allowed to recognize all the events char-

acterizing the base of the Pliocene in the Eraclea Minoa GSSP.

As a consequence, contrarily to what recently suggested in sev-

eral papers (Clauzon et al. 2005; Popescu et al. 2007; Sprovieri

et al. 2007), fully marine conditions developed in the Apennines

foredeep basin at 5.33 Ma, like in the other Mediterranean bas-

ins (Gennari 2007; Gennari et al., this volume; Roveri et al.

2008a). The isochronous character of this surface confirms the

preliminar age model suggested for the p-ev2 unit. The studied

sections allowed to define in more detail the facies characteris-

tics and palaeoenvironmental meaning of each cycle and to re-

fine the tuning to the astronomical curve.

Piedmont

The Messinian stratigraphic framework of the Tertiary

Piedmont Basin, recently reconstructed by Irace et al. (2005),

shows a great similarity with the Northern Apennines

Messinian succession. Pre-evaporitic (S. Agata Fossili marls,

equivalent of the Tripoli Fm.) and evaporitic deposits (mainly

laminated gypsum in the Alba area) are unconformably overlain

by a chaotic unit up to 300m thick containing blocks of primary

Lower Gypsum encased in a muddy matrix (Parona/Valle Versa

chaotic unit; Dela Pierre et al. 2002; 2007).

This unit is overlain by cyclical alternations of coarse-grained

fluvio-deltaic and fine-grained oligohaline deposits (Cassano

Spinola Conglomerates; Ghibaudo et al. 1985). Stratigraphic

position, overall trend and cyclic stacking pattern (4-5 cycles)

suggest that this unit can be correlated to the p-ev2 deposits of

the Northern Apennines (Colombacci Fm.). Like in the North-

ern Apennines, the Zanclean flooding is recorded both in the

Langhe area and in the Torino Hill by the sharp and conform-

able superposition (Trenkwalder et al. 2006) of marine marls on

Lago Mare deposits through an organic-rich, black layer.
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Tuscany

The Messinian stratigraphy of Tuscany basins has been recently

revised integrating outcrop and subsurface data (Aldinucci et al.

2006; Pascucci et al. 1999). Detailed stratigraphic and palaeo-

environmental analyses have been carried out in the Cava

Serredi section (Val di Fine basin), which was already studied

in the past (Bossio et al. 1978; Corradini and Biffi 1988). This

section shows a 150m thick post-evaporitic Messinian succes-

sion consisting of mainly siliciclastic, brackish to lacustrine de-

posits conformably overlain by marine Pliocene marls

(Aldinucci et al. 2006). Like in the Apennines foredeep basin,

the base of the marine deposits corresponds to the Miocene-

Pliocene boundary as defined in the Eraclea Minoa GSSP

(Riforgiato et al. 2006).

The detailed sedimentologic, micropaleontologic and magneto-

stratigraphic study carried out on this section rules out the pos-

sibility that the M-P boundary is unconformable, as claimed by

Clauzon et al. (2005). The Messinian succession contains two

main erosional surfaces marking abrupt vertical facies changes

and bounding three sedimentary units. The lower unit consists

of laminated mudstones and silts containing poor, restricted

marine faunas; the intermediate and upper units are character-

ized by a coarser grain-size and by non-marine faunal assem-

blages. In particular the upper unit is characterized by a well-de-

veloped cyclicity given by the regular alternation of tens of

m-thick coarse- and fine-grained bodies which allow to readily

distinguishing it from the underlying, more homogenous one.

Facies analysis suggests the cyclic activation and subsequent

abandonment of small fluvio-deltaic systems; prograding

mouth-bars with paleosoils on top are the most frequent facies

sequence; in some cases poorly developed paleosoils also occur

within fine-grained bodies. An overall transgressive trend is su-

perimposed on high-frequency cyclicity as suggested by the

progressive upward decrease of mean grain-size and thickness

of fluvio-deltaic deposits; secondary gypsum is present

throughout the section but in the uppermost cycle, some 20m

below the M-P boundary, a thin, discontinuous layer of primary

massive selenite is present.

Calabria

The Crotone Basin has been taken into consideration in our re-

search. This basin formed during the Miocene on the Ionian side

of the Calabrian Arc in an overall compressive tectonic regime.

The Messinian succession is here characterized by diato-

mite-rich, Tripoli-like deposits at the base, cut on top by a lo-

cally high-relief erosional surface correlated with the

intra-Messinian unconformity (text-fig. 5). A carbonate breccia,
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TEXT-FIGURE 5

Stratigraphic relationships between Messinian deposits filling the Crotone Basin (Calabrian Arc). Note that halite, like in Sicily, is found above the MES

and strictly associated with resedimented gypsum.



gypsum-rudite and gypsarenite stratified unit clearly onlaps this

surface (Roveri et al. 2008b) and is overlain by a unit compris-

ing halite lenses, gypsarenites beds and gypsum chaotic bodies

(‘detritico-salina fm.’ of Roda 1965). This unit in turn is

sharply overlain by coarser-grained deposits consisting of

fluvio-deltaic sandstones and conglomerates (Carvane Con-

glomerate) with highly lenticular geometry, probably due to

early halokinetic movements leading to the formation of an ar-

ticulated paleotopography controlling the fluvial network.

Sandstones and conglomerates rapidly pass laterally and verti-

cally to mudstones with non-marine faunal assemblages which

can be assimilated to the typical Lago Mare biofacies. This unit

is abruptly overlain by open marine Pliocene marls of the

Cavalieri Fm. This transition is conformable and coeval with

the M-P boundary as defined in the Eraclea Minoa GSSP (R.

Gennari, personal communication 2007).

Sicily

The upper Messinian succession of the Sicilian basins has been

studied at regional scale (Roveri et al. 2006b; Roveri et al.

2008, c, in press; Manzi et al., submitted); it corresponds to the

Upper Cycle of the Authors (Decima and Wezel 1971; Butler et

al. 1995) and is formed by alternating massive selenite and lam-

inar gypsum and mudstones (Gessi di Pasquasia Fm.; Selli

1960) overlain by silts and clays of the Arenazzolo Fm. Facies

and thickness distribution of Messinian deposits is controlled

by the structural position within the Sicilian-Maghrebian

foredeep system (text-fig. 6). Innermost wedge-top (Calatafimi,

Ciminna and Belice basins) and outermost foreland ramp basins

(Licodia Eubea basin) show a very thin succession of non-ma-

rine deposits onlapping the intra-Messinian unconformity

which cuts first stage massive selenite and/or older deposits;

wedge-top basins in an intermediate position (Corvillo basin)

are characterized by very thick, coarse-grained siliciclastic,

fluvio-deltaic deposits cyclically arranged and showing an

overall fining-upward trend (Grasso et al. 2004). These deposits

unconformably overlie the Calcare di Base and older deposits at

basin margins while more conformably contacts above halite

bodies can be observed or reconstructed in the depocenters. In

the main depocenters of the Caltanissetta basin this succession

is represented by alternating gypsum and mudstone overlain by

the Arenazzolo Fm.

While number and individual thickness of the gypsum beds

keep constant along a transect from the inner to the outer mar-

gin of the basin (i.e. roughly NW-SE oriented), the mudstone

intercalations dramatically thin toward the foreland ramp and

on intra-basinal highs (Manzi et al., submitted). Seven gypsum

beds, characterized by peculiar facies organization and stacking

pattern (Schreiber 1997) which allow to easily distinguishing

them from the Lower Gypsum (Gessi di Cattolica Fm.) can be

recognized and correlated throughout the basin (Manzi et al.,

submitted).

However, in innermost southwestern sub-basins (the area com-

prised between Agrigento, Sciacca and Casteltermini) the most

expanded sections allowed to recognize 2/3 additional cycles

between the 6
th

and the 7
th

gypsum bed (Manzi et al., submit-

ted).

These cycles are given by the rhytmic alternation of shales and

sandstones horizons which have been recognized in the Eraclea

Minoa and Gorgalonga (Casteltermini; see Decima and

Sprovieri 1973) sections. Sandstone horizons consist of tabular

shelfal lobes and/or more lenticular mouth bar pointing to the

periodic activation of fluvio-deltaic systems in the upper part of

the Gessi di Pasquasia (Manzi et al., submitted). These deposits

are similar to the overlying Arenazzolo Fm., both in terms of

composition and sedimentary facies, and this suggest that they

probably should be ascribed to this formation.

As a consequence, a clear bipartition characterizes the Upper

Gypsum unit, with a lower part dominated by evaporites and the

upper one mainly consisting of siliciclastic deposits with the no-

tably exception of the 7
th

gypsum bed. This bipartition is much

less evident or absent in outermost parts of the basin, where the

siliciclastic intercalations progressively disappear, suggesting

that the basin was mainly fed from the north, i.e. from the chain,

while the foreland ramp was almost starved, also for the impor-

tant karst processes affecting the Lower Gypsum.

It should be noted here that the 7
th

gypsum bed is usually sepa-

rated from the overlying fine-grained sandstone and silts of the

Arenazzolo Fm. by an intervening mudstone horizon containing

abundant Lago Mare faunal assemblages (Decima and Sprovieri

1973). This horizon has been commonly referred to as ‘Lago

Mare’ unit (Rouchy and Caruso 2006; Clauzon et al. 2005;

Londeix et al. 2007), also based on the typical Paratethyan

ostracod assemblages recognized by Bonaduce and Sgarrella

(1997) which differs from those found in underlying mudstone

deposits. An unconformable contact between this ‘Lago Mare’

unit and the overlying Arenazzolo deposits has been claimed by

Clauzon et al. (2005) and Londeix et al. (2007), based on ero-

sional features and lateral thickness reduction. We did not ob-

serve in the field any clear evidence for unconformities as both

small-scale erosional features and lateral thickness change of

‘Lago Mare’ mudstones and Arenazzolo sandstones can be eas-

ily related to their genetic processes and depositional geome-

tries.

The Arenazzolo Fm. consists of lenticular bodies made of

shelfal sandstone lobes genetically linked to small deltaic sys-

tems as suggested by sedimentary structures (tabular cross-bed-

ding, climbing ripples, hummocky cross-stratification); in other

words they are part of the same depositional system which is ex-

pressed by thin sandstone lobes and clinostratified bars interca-

lated to the mudstone horizon underlying the 7th gyspum bed.

Betic Cordillera

Our research mainly focused on the Nijar basin which is one of

the most important basins of the Betic Cordillera, bounded by

the Sierra Cabrera and Sierra Alamilla to the north and by the

Carboneras fault to the south. This basin was probably con-

nected to the Sorbas basin with which it bears many similarities;

however it probably underwent a different structural evolution

during the Messinian and this explains some significant differ-

ences like the clear occurrence of a high relief erosional surface

cutting on top the local Lower Gypsum unit (massive selenite of

the Yesares Fm.).

Lower Gypsum massive selenite crop out in the northern side of

the basin where they are cut by the intra-Messinian uncon-

formity (Fortuin and Krijgsman 2003), above which a complex,

mainly clastic unit develops. This unit consists of two superim-

posed formations showing very different lithological and facies

characteristics. The lower one corresponds to the Upper Manco

Mb., mainly consisting of marls, carbonate breccias and

turbiditic sandstones, often showing evidence of gravity insta-

bility (intraformational slumps). Gypsarenite beds are locally

common and a manganese-rich horizon, probably related to hy-
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drothermal processes, forms a marker bed (Fortuin and

Krijgsman 2003). Tens of m-thick coarsening-upward se-

quences with basal marls and gradual upward transition to sand-

stones and/or carbonate breccias are common and define a

high-frequency cyclicity which, however, is not easily recog-

nizable throughout the basin. This lower unit shows marked

thickness changes mainly due to high-relief erosional surface at

the base cutting the Lower Gypsum. In the main depressions the

intra-Messinian unconformity passes to a correlative confor-

mity (Los Castellones section); here, the base of the Upper

Manco Mb. is characterized by small-scale cycles with both pri-

mary and reworked selenite forming m-thick shallowing-up-

ward sequences.

The transition to the upper unit is abruptly marked by a change

in composition and grain-size of sediments feeding the basin.

The upper unit, corresponding to the Feos Fm., consists of cy-

clically alternating thick to thin polygenic conglomerates and

pebbly-sandstones and white, laminated marls. Up to six cycles

can be recognized and correlated throughout the basin (Omo-

deo-Salè 2007) below the transition to Pliocene marine depos-

its. Thickness and grain-size gradually decrease upward

suggesting the superposition of a longer-term transgressive

trend. Coarse-grained bodies show pedogenetic features; facies

and geometries suggest their alluvial-fan nature with lateral

transitions to basinal deposits represented by marls and inter-

bedded sheet-sandstones. Microbialite buildups are locally

found within or at top of coarse-grained bodies at the sharp

transition to overlying marls (El Argamason section; see

Aguirre and Sanchez-Almazo 2004).

The Upper Manco Mb. is almost barren of fossils; however, in

the Gafares section the basal portion of the Upper Manco Mb.

yields common Ammonia tepida and Cyprideis agrigentina

oligotypic assemblages; in its upper portion assemblages are

less abundant, but other brackish benthic foraminifera occur

(Elphidium sp. and Cribroelphidium sp.) along with A. tepida

and C. agrigentina. The overlying Feos Fm. deposits are char-

acterized by fossil assemblages which have been differently in-

terpreted. According to Aguirre and Sanchez-Almazo (2004)

normal marine conditions characterize this interval, as testified

by mollusk and foraminifer assemblages, thus supporting the

hypothesis of well-established Atlantic connections during the

late Messinian, at least in western Mediterranean basins. Ma-

rine foraminifer assemblages, occurring significantly only in

the uppermost part of the Feos Formation, collected from the

same sections has been considered largely reworked by Bassetti

et al. (2006) which suggested a freshwater environment for the

Feos Fm., essentially based on ostracod assemblages.

Basal Pliocene deposits consist of coarse-grained sandstones to

pebbly-sandstones with marine mollusks; the true age of this

transition is not known; the possibility that the surface marking

the passage to marine deposits is actually a ravinement surface

cannot be ruled out and this could also suggest its diachronous

nature at a regional-scale. In other words, we cannot exclude

that the uppermost cycle of the Feos Fm. is actually Pliocene in

age.

In the Sorbas basin, lying immediately to the north of the Nijar

basin, separated by the Sierra Cabrera and Sierra Alamilla

mountain ranges, primary gypsum deposits of the first

evaporitic stage are overlain by the Sorbas unit (Roep et al.

1998), a shallow-water carbonate-siliciclastic deposit whose

age and palaeoenvironmental significance is not fully under-

stood yet. This unit in turn is abruptly overlain by fluvio-deltaic

conglomerates of the Zorreras Mb. This transition is very simi-

lar to the Upper Manco-Feos passage observed in the Nijar ba-

sin. The age of the Zorreras deposits are actually unknown but,

according to the literature, they should span the Miocene/Plio-

cene boundary. A marine intercalation within fluvio-deltaic

conglomerates is usually considered to represent such a bound-

ary and, according to Krijgsman et al. (2001), 8 lithological cy-

cles can be recognized between this horizon and the base of the

Zorreras unit.

Ionian Islands, Crete, Cyprus, Nile delta

Other basins of central and eastern Mediterranean have been

taken in consideration in our work. Several sections have been

studied in the central basin of Crete (Faneromeni, Ano-Akria

sections; Cosentino et al. 2007); here the Lower Gypsum mas-

sive selenite are cut by an erosional surface which is overlain by

locally thick, disorganized conglomerates showing finer-

grained intercalations with typical Lago Mare ostracod assem-

blages.

At Cyprus (Rouchy 1982; Rouchy et al. 2001; Orszag-Sperber

2006; Pierre et al. 2006) an Upper Evaporite succession with

characteristics very similar to the Sicilian basin occur in the
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TEXT-FIGURE 6

Geologic-stratigraphic model of the Sicilian foreland basin during the Messinian along a NW-SE transect; note the striking similarities with the Northern

Apennines foreland basin shown in text-fig. 4). Also in this case Primary Lower Gypsum is found only in shallow sub-basins of the wedge-top and fore-

land ramp depozones; in the main depocenter(s) clastic evaporites (RLG), comprising both clastic gypsym and carbonate, associated with halite were de-

posited above the MES correlative conformity (modified from Roveri et al. 2006b).



Pissouri and Polemi basins. Upper Evaporites overlie a Lower

Evaporites succession which, according to Robertson et al.

(1995), actually consists of resedimented gypsum deposits

capped by the so called ‘Barre jaune’, a laterally persistent car-

bonate-gypsum breccia horizon. This vertical facies sequence,

showing a upward transition from finer-grained, well-stratified

gypsum-bearing turbidites to coarser-grained and chaotic de-

posits is very similar to what observed in the inner portions of

the Northern Apennines and Sicily foreland basins (RLG unit,

see above). This suggests a phase of tectonically-induced pro-

gressive dismantling of primary evaporites formed in marginal

basins and their resedimentation in relatively deep basins

(Manzi et al. 2005). Accordingly, these deposits would lie

above the MES and/or its correlative conformity, thus repre-

senting the base of local p-ev1 unit. Above the Upper Gypsum,

an abrupt change of lithology is observed with the transition to

a coarse-grained siliciclastic unit characterized by the cyclic al-

ternation of conglomerates, shales, lacustrine carbonates and

paleosoils. This unit is characterized by strongly variable thick-

nesses and rapid lateral facies changes but up to 4/5 lithological

cycles can be recognized in more complete sections (e.g.

Pissouri). The cycles, like in the Apennine basins, consist of

conglomerate-mudstone couplets, recording a fluctuating flu-

vial activity. A very similar succession has been described from

Corfu (Aghios Stefanos section; Pierre et al. 2006; Vismara-

Schilling et al. 1978): here a uppermost Messinian unit, uncon-

formably overlying lower Messinian marls and sandstones,

comprises three thick conglomerate beds cyclically interbedeed

with fine-grained deposits containing brackish fossil assem-

blages. At Zakynthos (Kalamaki section, Pierre 2006; Rouchy

1982), the local Upper Evaporites comprise six gypsum beds al-

ternated with marls; the uppermost marly unit below the basal

Pliocene Trubi limestones includes a lacustrine limestone bed

and a thin conglomerate layer just below the Miocene/Pliocene

boundary.

In the Nile delta area a late Messinian fluvio-deltaic unit char-

acterized by a well-developed cyclicity and retrogradational

stacking pattern has been described from subsurface data (Abu

Madi Fm.; Dalla et al. 1997).

The physical-stratigraphic model

From the above descriptions it results that the Mediterranean

sub-basins here considered show impressive similarities in the

stratigraphic architecture of uppermost Messinian successions,

suggesting that the evolution of depositional systems was

strongly controlled by external forcing factors. This allows to

suggest a general physical-stratigraphic model for the late

Messinian successions whose architecture is characterized by

three major surfaces: 1) the intra-Messinian unconformity and

its correlative conformity at the base, 2) the surface marking the

abrupt facies change at the base of coarse-grained deposits in

the upper part and 3) the marine flooding surface at the

Zanclean base.

As a consequence two main units can be defined throughout the

Mediterranean basin in the 5.61-5.33 Ma interval, correspond-

ing to the p-ev1 and p-ev2 units first recognized in the

Apennines foredeep basin (text-fig. 7).

In deeper and/or more subsiding basins, the p-ev1 unit contains

at its base a variable thickness of resedimented evaporites

(mainly gypsum) usually but erroneously considered coeval of

the primary evaporites units. The stratigraphic position of

resedimented evaporites above the correlative conformity of the

MES rules out such a hypothesis and points to their definitely

younger age. This has been clearly documented in the

Apennines basin where a barren unit below the resedimented

evaporites has been proven to be the true deep-water counter-

part of the primary Lower Gypsum formed in shallower settings

(Manzi et al. 2007).

Considerations which are beyond the scope of this paper and for

this reason are presented and discussed elsewhere (Roveri et al.

2006a, b; Roveri et al. 2008b, c, in press), suggest that also the

halite and potash salt bodies as well as the Calcare di Base of Si-

cilian basins can be placed within the basal part of the p-ev1 unit

and have more direct genetic and stratigraphic relationships

with the resedimented evaporites. This opens a completely new

scenario for the stratigraphy of Mediterranean Messinian suc-

cessions and hence for the MSC events (Roveri et al. 2008b).

The p-ev2 unit usually shows a much better developed cyclicity

with respect to the p-ev1; the number of sedimentary cycles (up

to 5) recognized within this unit is impressively similar in all the

considered basins; these cycles, in the different depositional set-

tings recognized, seem to be clearly controlled by arid to wet

climatic oscillations; as for the cyclicity recognized in evapo-

ritic and pre-evaporitic units, a precessional periodicity is here

suggested. The tuning of p-ev2 cycles with the insolation curve

suggests that the p-ev1/p-ev2 boundary could be placed at

around 5.42 Ma, thus allowing a better constraint to the age of

this surface.

As a consequence the p-ev1 unit spans the 5.60-5.42 Ma time in-

terval which comprises in its lower part two important glacial

peaks (the isotope stages TG12-TG14) and the transition to

warmer conditions starting from the TG11 isotope stage (van

der Laan et al. 2006). The above mentioned considerations

about Sicilian basins and the radiometric age of the ash layer oc-

curring in the Apennines foredeep basin (5.51±0.4 Ma, Odin et

al. 1997) are fully consistent with the age of the p-ev1 unit and

with the hypothesis that its lower part comprises the resedi-

mented evaporites and the halite unit.

Closing the ‘Messinian gap’

The sea-level falls related to glacial peaks TG12 and TG14 and

the concomitant important phase of tectonic deformation which

affected large part of the peri-Mediterranean basins account for

the strong erosion of basin margins and consequent emplace-

ment of huge volumes of resedimented evaporites in more sub-

siding basins and for the possible blockage of the Mediterranean

outflow, leading to halite precipitation at the MSC acme.

In any case the p-ev1 unit has in many contexts a clear syn-

tectonic character and spans the time interval usually referred to

as the ‘Messinian gap’ (Krijgsman et al. 1999). Further cyclo-

stratigraphic considerations help to better define the succession

of events recorded by this unit which is transitional between the

main marine evaporitic phase and the Lago Mare event.

The ‘Messinian gap’ concept partially derives from an incorrect

approach in recognizing and correlating through facies analysis

and regional-scale work marginal and deeper settings in the

peri-Mediterranean basins; an example is the overlooked

chronostratigraphic importance of widespread resedimented

evaporites units.

A further element of discussion is the possibly wrong cycle

counting in the uppermost Messinian successions. Above the

intra-Messinian unconformity 8 (precessional) cycles have been
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commonly recognized in the Apennines foredeep basin, Sorbas

and Sicily (Eraclea Minoa). Where this number comes from?

The eight cycles story starts with the fundamental Vai’s paper

(Vai 1997) concerning the cyclostratigraphic estimation of

Messinian stage duration. In this paper for the first time the

Colombacci Fm. of the Apennines foredeep basin (considered

by the Author to represent the whole local post-evaporitic suc-

cession, i.e. our p-ev1 (without the basal resedimented

evaporites) plus p-ev2 unit, was subdivided into 8 sedimentary

cycles, essentially based on former, detailed studies by

Colalongo et al. (1976) and Cremonini and Farabegoli (1982).

This subdivision actually derives from the transposition of 9 (8

belonging to the Messinian and one to the Pliocene) sedimen-

tary stages individuated by Colalongo et al. (1976) into sedi-

mentary cycles; these cycles also include the 6 ‘colombacci’

limestone layers recognized in the Romagna Apennines by

Cremonini and Farabegoli (1982), which have long been con-

sidered as possible equivalents of the Sicilian Upper Evaporites

cycles.

The two concepts are clearly different and a careful revisitation

of the Colalongo et al.’s paper allows to readily assessing that

each sedimentary stage basically corresponds to the individual

coarse and fine-grained units which are rhythmically super-

posed in the p-ev2 unit. A coarse/fine couplet forms a true sedi-

mentary cycle recording a complete periodic oscillation in the

climatically-modulated activity of fluvio-deltaic and turbidite

depositional systems which are well developed in the upper-

most Messinian (Bassetti et al. 1994; Roveri et al. 1998; 2001).

The lowest stage of Colalongo et al. (1976) corresponds to the

whole p-ev1 deposits, which are much more lithologically ho-

mogeneous; the other stages thus refer to the p-ev2 unit and

their number is in good agreement with the 4/5 sedimentary cy-

cles here suggested. It is worth noting that, as clarified in

Roveri et al. (1998), the 6 ‘colombacci’ limestone layers

claimed by Cremonini and Farabegoli (1982) are actually only

3 in the classic Romagna Apennines sections and up to 4 in the

whole Apennines foredeep basin. These limestone layers are

only found in the p-ev2 fine-grained deposits; within each cycle

they record a phase of highest base level and most diluted wa-

ters (see below).

The inferred precession-driven character of these 8 cycles led

Krijgsman et al. (1999) to suggest the existence of a ~90/100 ka

hiatus across the intra-Messinian unconformity cutting the local

Lower Gypsum primary evaporites. This unconformity is

clearly associated to a hiatus only in marginal settings where it

cuts primary Lower Evaporites and the p-ev1 deposits are sys-

tematically absent, while in deeper settings the succession is

continuous and a large volume of resedimented evaporites and

siliciclastic deposits are found above its correlative conformity

thus closing the ‘Messinian gap’.

Besides the Colombacci Fm. in the Apennines foredeep basin,

other uppermost Messinian units have been subsequently sug-

gested to be characterized by eight precessional cycles: the

Zorreras Fm. in the Sorbas Basin (Krijgsman et al. 2001) and

the Upper Evaporites (Gessi di Pasquasia Fm.) in Sicily (van

der Laan et al. 2006).

As for the Zorreras Fm., we observe that the Zanclean base was

never unequivocally recognized, as the late Messinian to Early

Pliocene succession is entirely continental and made of con-

glomerates. Up to 4 lacustrine carbonate horizons have been

recognized within the fluvio-deltaic conglomeratic succession

(Mather et al. 2001); the possible cyclostratigraphic signifi-

cance of such horizons (‘colombacci’s’ equivalents?) should be

more deeply explored by future researches.

In Sicily, the Upper Evaporites have been usually studied in the

Eraclea Minoa section where up to 7 gypsum-marl cycles have

long been recognized (Schreiber 1997). An additional (the eight

one) has been recently added by van der Laan et al. (2006) and

Hilgen et al. (2007) considering the thick marly interval be-

tween the first and the second gypsum bed.

However, as previously stated, in a recent revisitation of the Si-

cilian succession (Roveri et al. 2008b, in press; Manzi et al.,

submitted), the stratigraphy of the Upper Evaporites-Arenaz-

zolo units appears more complex than previously thought. Actu-

ally 9 to 10 lithological cycles formed by the rhythmic

alternation of shales with gypsum and/or sandstone beds can be

recognized and correlated at regional scale; the additional cy-

cles with respect to the 7 usually envisaged come from the thick

fine-grained interval between the 6
th

and 7
th

gypsum bed.

This observations allow to astronomically calibrate the base of

the Upper Evaporites, and hence of the top of the underlying salt

unit, very close to the TG12 glacial stage, at around 5.53-5.55

Ma. The p-ev1/p-ev2 boundary is placed in correspondence with

the 6
th

gypsum beds where a clear increase of siliciclastic sedi-

ment input is observed. Considering that the Upper Evaporites

overly the complex unit formed by resedimented evaporites, ha-

lite and Calcare di Base, whose base correlates with the onset of

the intra-Messinian unconformity (5.61 Ma) it follows that the

Caltanissetta basin succession is fairly continuous, as well as

the deep settings of the Apennines foredeep basin.

Summarizing, a high-resolution stratigraphic framework for the

uppermost Messinian can be reconstructed using a physi-

cal-stratigraphic approach integrated with cyclostratigraphy.

This allows to defining and correlating at a Mediterranean scale

a hierarchy of sedimentary units bounded by time lines and cor-

responding to very short time windows. This is fundamental to

compare the time and spatial distribution of palaeoenviron-

mental proxies and thus deriving more reliable information

about the final stage(s) of the MSC. The ‘Messinian gap’ can be

closed by taking into consideration not only the deep Mediterra-

nean successions but also those filling the deepest and/or more

subsiding depocenters of outcropping basins, which commonly

consist of resedimented evaporites and clastic deposits.

Palaeoenvironmental proxies

When framed into the previously described high-resolution

stratigraphic framework, the paleontologic and geochemical

data from the different Mediterranean sub-basins from both

studied sections and literature show remarkably consistent and

homogenous trends and patterns (text-figs 7, 8).

Calcareous Nannofossils. The calcareous nannofossil assem-

blages are invariably dominated by reworked specimens, as al-

ready evidenced in other studies. No evidence for sporadic

marine incursions have been found even in the sections (e.g.

Maccarone and Trave sections; Roveri et al. 2008a; Iaccarino et

al., this volume) in which the presence of Pliocene marine taxa

(Ceratolithus acutus) in the p-ev2 unit has been recently

claimed (Popescu et al. 2007).

Foraminifers. Foraminifer assemblages do not show particular

changes in the studied interval; as already known from previous

studies, the assemblages are generally scarce and mainly repre-
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sented by reworked or dwarf planktonic specimens; benthic as-

semblages are also scarce and dominated by taxa typical of

brackish environments (Ammonia, etc.). This points to palaeo-

environmental conditions inhospitable for normal marine

fauna; careful analysis carried out in selected sections and cores

did not show in both p-ev1 and p-ev2 unit unequivocal trace of

marine incursions.

Ostracods. The ostracod assemblages are characterized in the

studied interval by the absence of in situ marine taxa, which are

found in the marls underlying the Lower Evaporites and in the

overlying Pliocene deposits. The assemblages are dominated by

brackish to freshwater taxa and their vertical distribution al-

lowed Gliozzi et al. (2007) to propose an ostracod biozonation

for the late Messinian interval. Two biozones are suggested: a

lower Loxoconcha mulleri biozone and an upper Loxo-

corniculina djafarovi one; the boundary between the two

biozones is given by the FOD in the Mediterranean area of L.

djafarovi, usually considered to be an immigrant taxon from the

Paratethyan basin.

The two biozones are roughly coincident with the p-ev1 and

p-ev2 units as the L. djafarovi appears close to the p-ev1/p-ev2

boundary; they also partially correspond to the Lago Mare

Biofacies 1 and 2 of Bonaduce and Sgarrella (1999). The lower

biozone is characterized by rare and poorly diversified

skizohaline assemblages dominated by Cyprideis, Amnicythere

and Tyrrhenocythere pontica. The upper biozone has a more

marked oligohaline to freshwater signature and marks the rapid

increase of Paratethyan taxa; the high-frequency cyclicity of the

p-ev2 unit allowed to assess more details of this biozone which

can be subdivided in two sub-zones; the lowest one is character-

ized by scarce and low-diversity ostracod assemblages while

the highest one, corresponding to the uppermost precessional

cycle of the unit, shows a significant increase in abundance and

diversity. Detailed studies carried out in cores and sections of

the p-ev2 unit show the good correspondence between the

palaeoenvironmental indications derived from vertical changes

of ostracod assemblage parameters and the sedimentary facies

cyclicity. Within an individual precessional cycle, deeper and

more diluted waters are indicated by pointed Candoninae occur-

rence (Grossi and Gennari, in press); such an assemblage is ob-

served around the “colombacci” limestone layers which

represent the deepest facies of the cycle and are correlated with

insolation maxima.

Molluscs. The typical Lago Mare assemblages (‘Congeria and

Melanopsis beds’) with Dreissena, Limnocardium, Melanopsis,

are more abundant and diversified in the p-ev2 unit, while only

the uppermost part of the p-ev1 unit usually contains fossils.

However, this could be related to the fact that in most of the

studied basins only the uppermost part of the p-ev1 unit is char-

acterized by deposits formed in a paleobathymetric range suit-

able for such a mollusc assemblages. Rare, reworked brackish
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TEXT-FIGURE 8

Areal and stratigraphic distribution of sections studied in this work. The grey area shows the interval represented in the different sections by

resedimented gypsum (RLG), halite and/or Calcare di Base.



to freshwater mollusc assemblages have been actually found in

graded beds deposited by gravity flows in the intermediate and

upper part of the p-ev1 unit in the northern Apennines , suggest-

ing a possibly earlier development of shallow-water settings

characterized by diluted waters.

Palynomorphs. Pollen and dinoflagellate cysts assemblages

show a marked change close to the p-ev1/p-ev2 boundary. P-ev1

deposits are characterized by clearly reworked (often pre-Neo-

gene) dinocyst marine taxa and/or by marine taxa of uncertain

age attribution. In several studied sections a drastic change of

dinocyst assemblages occurs around the p-ev2 base with the

sudden appearance of brackish to freshwater Paratethyan taxa,

among which Galeacysta etrusca is the most representative

species (Bertini and Corradini 1998; Bertini 2006). This event

is in good agreement with the concurrent appearance of the

freshwater algae Pediastrum indicating a significant dilution of

the water column and is preceded by the decrease of Lygeum.

No evidence for marine incursions has been observed in the late

Messinian successions, while a clear shift to open marine con-

ditions occurred at the base of the Pliocene, with the abrupt dis-

appearance of Paratethyan taxa. Pollen assemblages suggest

drier conditions in the p-ev1 unit, as testified by the northward

migration of Lygeum (Bertini 2006; Londeix et al. 2007). The

decrease of Lygeum in the upper part of p-ev1 and within the

p-ev2 and the concurrent increase of Pinus, Tsuga and Cedrus

indicate the establishment during the latest Messinian of overall

wetter conditions, with high-amplitude periodical climate fluc-

tuations (Bertini 2006).

Fish. The occurrence of diadromous fish assemblages, mainly

based on otoliths recovered in Northern Apennines and

Tuscany sections (Carnevale et al. 2006; 2008), has been re-

cently considered as the proof indicating that fully marine con-

ditions established in the late Messinian well before the

Zanclean flooding. In our opinion this interpretation is too ex-

treme as 1) the possible reworked nature of otoliths has been

discarded by the Authors but with not definitive arguments, 2)

the paleoenvironmental indications coming from the other fau-

nal groups (molluscs, ostracods, foraminifera, calcareous

nannofossils, dynocists) have been considered (quite surpris-

ingly indeed) not reliable. Even admitting the non-reworked

character of the otoliths, we observe that the occurrence of

more marine fish taxa actually occur only in the uppermost cy-

cle of the p-ev2 unit (5.35-5.33 Ma), very close to the base of

Pliocene. This could suggest sporadic marine connections just

before the Zanclean flooding, even if in this case they would be

clearly recorded only by fish assemblages.

Stable isotopes. Oxygen, carbon and strontium isotope data

from latest Messinian deposits are usually characterized by val-

ues indicating a drastic hydrologic change with respect to the

first MSC stage. Isotope data from both primary evaporites and

fossils from non-evaporitic deposits point to the substantial

contribution of continental input, causing the formation of

strongly diluted water masses, at least in their uppermost part

(Lugli et al. 2007; Flecker and Ellam 1999). Moreover, nega-

tive �18
O values from mollusc and ostracod shells are in good

agreement with the ecological meaning of such assemblages.

Only recently (Carnevale et al. 2008), �18
O values falling in the

normal marine field have been reported from fish otoliths and

from brackish to fresh-water mollusc and ostracod assemblages

of Tuscany basins. On these bases, and on the marine nature of

some of the recovered fishes (see above), the marine character

of upper Messinian Mediterranean waters has been suggested,

despite the clear contradiction between the palaeoecological

meaning of mollusc and ostracod assemblages and isotopic

data. We believe that this contradiction could be only apparent

as oxygen and strontium isotope values are likely altered by lo-

cal sources related to the strong magmatic activity of the Tuscan

province, a possibility not considered by Carnevale et al. (2008)

in the interpretation of their data. Nevertheless, evidences for

significant input of hydrothermal waters are testified by heavily

enriched �18
O travertine bodies occurring within Lago Mare de-

posits of the Volterra basin (Pignano travertines; Bossio et al.

1994; A. Gandin, pers. comm.). Another important source of

enriched oxygen and strontium isotopes is represented by the

abundant detritus delivered to Tuscan basins from the exhuma-

tion and erosion of magmatic rocks (abundant eurite pebbles

from the Elba pluton; Lazzarotto et al. 2002) characterized by

high Sr, and O signal (Taylor and Turi 1976; Juteau et al. 1984)

and of Triassic carbonates (‘Calcare cavernoso’, Gandin et al.

2000).

The still too scattered areal and vertical distribution of isotope

data prevent any attempt to frame them into our stratigraphic

scheme; in a recent study (Bassetti et al. 2004) on the nature and

significance of the “colombacci” lacustrine limestone layers of

the Apennine basin, a generalized, gradual vertical trend toward

more ‘marine’ conditions have been pointed out based on the

isotopic values from bulk carbonate samples, suggesting that

the Zanclean flooding could have been heralded by sporadic

marine incursions in the late Messinian or alternatively that the

Atlantic connections could have progressively increased. How-

ever, these isotope-based hydrological reconstructions are not

supported by the palaeoecological indications from fossil as-

semblages.

LAGO MARE: ORIGIN AND HIGH-RESOLUTION
STRATIGRAPHY

Our study demonstrates that uppermost Messinian successions

can be subdivided into two physical stratigraphic units, p-ev1

and p-ev2; these units can be easily differentiated also for their

paleontological content indicating that palaeoenvironmental

changes in the final MSC stage occurred almost simultaneously

throughout the Mediterranean basin, despite the great palao-

eogeographic fragmentation often envisaged for this time inter-

val. The most typical Lago Mare assemblages, indicating the

development of highly diluted waters, are more commonly ob-

served in the p-ev2 unit and appear just below its lower bound-

ary (text-fig. 9), placed at around 5.42 Ma.

In more continuous successions, the p-ev1 deposits overlying

resedimented evaporites or halite are usually characterized by

very poor faunal assemblages indicating the development of ex-

tremely stressed conditions, not suitable for normal marine

communities. Coeval shallow and deep-water settings facies

can be compared in the different sub-basins; in the Apennines

foredeep, Calabria and Nijar basins, relatively deep-water de-

posits record this interval and they can be considered virtually

barren, as fossil assemblages, even scarce, are more frequently

reworked. In Sicily, the lower part of the Upper Evaporites suc-

cession, which formed in shallower water settings, is character-

ized by the sporadic occurrence of mesohaline faunal

assemblages while oligohaline assemblages are more common

in the upper part, i.e. above the 6
th

gypsum bed.

While the p-ev1 unit records the local and ephemeral develop-

ment of Lago Mare environments with low-diverse, pioneer

taxa, the p-ev2 is marked by the diffusion of conspicuous
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Parathetyan assemblages (ostracods, dinoflagellate cysts,

molluscs) of increasing diversity and complexity upwards

(text-fig. 9). This change is best approximated by the boundary

between the two sub-units.

The late Messinian erosional features observed along the Medi-

terranean margins point to a rejuvenation of drainage systems,

usually related to a large sea-level drop occurred at the acme of

the MSC. However, such features could also have been caused

or enhanced by the Late Miocene uplift of peri-Mediterranean

and Asian mountain belts. The relationships between

large-scale geodynamic processes and late Messinian climate in

the Mediterranean area and their effects on precipitation and

fluvial regimes have not been deeply explored yet and may lead

to envisage different scenarios for the final phase of the MSC.

As pointed out by Griffin (2002) during the late Messinian the

northern Africa belt experienced the most humid phase of the

Tertiary, as documented by the development of several large

rivers (most of which now disappeared) carrying water to the

eastern Mediterranean basin; this phase (Zeit phase) is thought

to have been caused by a change in the monsoonal system re-

lated to the uplift of the Tibet plateau.

Converging sedimentary evolution and paleontologic record

suggest that the Lago Mare event likely resulted from positive

feedbacks between processes (increase of fluvial runoff, gener-

alized subsidence, base-level rise, enlargement of shelf areas)

which eventually promoted the establishment of progressively

larger, more stable intra-Mediterranean connections and water

exchanges with the Paratethyan basins, up to the final full re-

opening of the Atlantic gateways.

A NEW SCENARIO FOR THE FINAL MSC STAGE

The recent reconstructions of MSC chronology (Hilgen et al.

2007; Roveri et al. 2008b) and the consequent calibration of iso-

tope data from primary evaporites suggest that Atlantic connec-

tions persisted, albeit reduced, at least till ~5.55 Ma, which is

the inferred age of uppermost halite deposits in the Sicilian ba-

sin. As a consequence, the last MSC stage (Stage 2.2 of Roveri

et al. 2008b), comprising the progressive development of Lago

Mare facies, lasted around 200 ka.

The new considerations about halite timing and modalities of

formation imply that between 5.6 and 5.55 Ma the Mediterra-

nean basin underwent a severe reduction of water exchanges

with the ocean and a base-level drop whose amplitude is diffi-

cult to assess. However, according to Sicily data and interpreta-

tions, total desiccation and basin fill probably occurred only in

peripheral basins and for a very limited time span due to a com-

bination of evaporative drawdown and extremely fast halite

aggradation (Roveri et al. 2008b, c; in press).

After the short desiccation episode recognized in Sicily (Lugli

et al. 1999), shallow-water halite precipitation resumed and the

transition to overlying Upper Evaporites deposits is marked by

a dissolution surface reconstructed from subsurface data and

usually correlated with the angular unconformity separating the

lower and upper evaporitic cycles (i.e. the MES), but never di-

rectly observed (Butler et al. 1995; Grasso et al. 2004). We ar-

gue that such a surface might be not necessarily related to the

subaerial MES and could have formed in a subaqueous setting

following an initial change of the Mediterranean hydrological

budget resulting in a dilution of surface waters.
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TEXT-FIGURE 9

Palaeoenvironmental proxies framed into the reconstructed chronostratigraphic model for the late Messinian. Note the simultaneous change toward

more diluted water conditions across the p-ev1/p-ev2 boundary and the upward increase of diversity and abundance of brackish to freshwater fossil as-

semblages within the p-ev2 unit. The grey area highlights the interval corresponding to the full establishment of Lago Mare conditions throughout the

Mediterranean basin.



This switch to an essentially brackish mode could have been

caused by the rapid transition to a long-lasting interval charac-

terized by more humid conditions following the glacial stage

TG12 (van der Laan et al. 2006) and by the closure of the Atlan-

tic gateways, thus eliminating or strongly reducing the contri-

bution of marine waters to the Mediterranean hydrological

budget. In such conditions it seems reasonable to expect that

during this stage regional climate oscillations and their conse-

quences on drainage areas feeding the Mediterranean basin

were more effective on water isotope composition as well as on

the time and space distribution of depositional systems.

The final MSC stage is usually depicted as being characterized

by an extreme variability of palaeonvironmental settings con-

trolled by the complex morphology of an almost desiccated

Mediterranean basin. The data presented in this study indicate

that the last MSC stage was actually characterized by a higher

articulation with respect to the previous ones, as reflected for

example by the distribution of evaporites. During the first MSC

stage, calcium-sulphate evaporites accumulated in shallow bas-

ins throughout the Mediterranean area; during the last stage the

former evaporitic basins underwent erosion and/or deposition

of clastic deposits (e.g. Sorbas, Northern Apennines, Tuscany,

Piedmont, Calabria) while shallow-water evaporites accumu-

lated only in southern and eastern sectors of the Mediterranean

(Sicily, Ionian Islands, Cyprus). This suggests indeed the devel-

opment of north-south and east-west climate and hydrological

gradients that need to be fully investigated. The usually envis-

aged scenario comprising several disconnected basins formed

at different elevations well below the ocean level and character-

ized by distinct hydrologic budgets, is obviously feasible and

tempting.

However, our data also point out a surprising homogeneity in

terms of general characteristics and evolutionary trends of

depositional systems and biota during this stage all around the

Mediterranean basin. We believe that this could be better ex-

plained by an alternative scenario characterized by the perma-

nence, after the MSC peak, of a relatively large, residual,

hyperhaline water body which underwent a progressive dilution

of surface water mainly due to the input of continental waters.

In other words, we favor a scenario similar to the present-day

Caspian Sea, the largest brackish basin of the world character-

ized by variable salinity values (1-14‰, up to evaporitic condi-

tions in the Kara-Bogaz Gol) related to a combination of

climate gradient, morphology and areal distribution of freshwa-

ter fluvial input.

The evidences for a generalized and substantial increase of flu-

vial discharge related to the activation of the Asian monsoon

(Griffin 2002) and to the Late Miocene uplift of peri-Mediterra-

nean and Asian mountain belts, support the hypothesis of the

development of a stratified Mediterranean water body during

the latest Messinian. However, the feedbacks between large-

scale geodynamic processes and late Messinian climate in the

Mediterranean area and their effects on precipitation and fluvial

regimes has not been deeply explored yet.

The absolute water depth of such remnant basin is not easily as-

sessed as well as the possible connections with the Paratethyan

basin. The aggradational stacking pattern observed in p-ev1 and

even more clearly in p-ev2 successions indicate a relative

base-level rise during this stage. Admitting an initial base level

significantly lower than the global ocean, the remnant Mediter-

ranean basin could have been gradually refilled before the

Zanclean marine flooding by continental waters and, to a lesser

extent, by Atlantic underflow.

Shallow-water faunal and floral assemblages indicate general-

ized brackish to hyperhaline conditions at the onset of this stage

gradually evolving toward hypohaline conditions; it is worth

noting that deeper water deposits are usually barren thus ham-

pering the complete reconstruction of the hydrologic structure

of the water column. The generalized tectonic quiescence char-

acterizing the latest Messinian interval after the peak of activity

which led to the almost complete closure of the ocean gateways,

could have favored the gradual enlargement of the basin and

intra-Mediterranean connections. These processes could have

promoted the development of progressively larger and hydro-

logically more homogenous and stable shallow-water settings

which provided favorable conditions for the irradiation and di-

versification of Paratethyan biota. Subsidence could have af-

fected also the Atlantic gateways area promoting a progressive

increase of ocean water inflow up to the final full re-opening at

the Zanclean base.

The permanence of a large, Caspian-like, water body during the

latest Messinian allows to solve the apparent paradox of coex-

isting ‘marine’ and freshwater biota characterizing the Lago

Mare event. Climate gradients and the distribution of large

rivers could have resulted in a complex pattern of salinity and

water temperature cyclically changing through the time like the

one observed in the present-day Caspian Sea.

CONCLUSIONS

Physical- and cyclostratigraphic approaches allow to establish a

high-resolution chronostratigraphy of latest Messinian sedi-

mentary successions of the main outcropping basins of the Med-

iterranean area. The ~270 ka time interval, bounded by the MES

(5.6 Ma) and by the Messinian-Pliocene boundary (5.33 Ma),

records the MSC acme with the widespread deposition between

5.6 and 5.55 Ma of halite and K-salts in deeper and/or more sub-

siding basin and the subsequent gradual transition to more di-

luted water conditions (Lago Mare stage; 5.53-5.33 Ma).

According to this reconstruction, the deposition of massive ha-

lite could have been caused by a combination of tectonic and

glacio-eustatic factors, as the involved time interval corre-

sponds to two important glacial peaks (TG12-TG14). The grad-

ual onset of Lago Mare conditions at around 5.53 Ma

corresponds to the transition to a longer-term deglacial interval

comprising isotope stages TG11-TG9-TG7.

The depocenters of many outcropping basins show a fairly con-

tinuous record of the 5.6-5.33 Ma, allowing to close the so

called ‘Messinian gap’. New cyclostratigraphic considerations

allow to lower the base of the Upper Evaporites at around 5.53

Ma. As a consequence, the Lago Mare phase lasted about 200

ka, corresponding to 9/10 precessional cycles. This interval can

be subdivided into two units by a generalized facies and stack-

ing pattern changes observed at around 5.42 Ma. The lower unit

(p-ev1) records the progressive but rapid switch from hyper-

saline to brackish waters. The upper unit (p-ev2) is character-

ized by a clear upward transition toward fresh water conditions.

The high-resolution stratigraphic framework established

through the correlation of precessionally-controlled cyclicity al-

lows to compare the palaeoenvironmental conditions develop-

ing during the terminal MSC phase and to recognize that much

more homogenous conditions characterize the late Messinian.
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