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We present a high-resolution analysis of planktonic foraminifers, calcareous nannofossils, ostracods,
dinoflagellate cysts and pollen grains in four sequences from DSDP—ODP holes in the southwestern
Mediterranean Alboran and Balearic basins (976B, 977A, 978A and 134B) encompassing the previously
defined Messinian—Zanclean boundary.

The study focuses on (1) the marine reflooding, which closed the Messinian Salinity Crisis prior to the
Zanclean GSSP; (2) the nature of the Lago Mare in the deep basins (indicated by Paratethyan dinofla-
gellate cysts), which appears to comprise several Paratethyan influxes without climatic control; and (3)
the depositional context of the youngest Messinian evaporites which accumulated in a marine envi-
ronment relatively close to the palaeoshoreline.

Isolation of the Aegean Basin during the paroxysmic second step of the crisis is considered to have
stored Paratethyan waters, which may then have poured into the Mediterranean central basins after

Deposition of the Upper Evaporitic Unit

deposition of the evaporitic sequence.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The southwestern Mediterranean Sea (Fig. 1) is a crucial target
basin because it was (1) the site of water exchange between the
Mediterranean Sea and Atlantic Ocean before the Messinian
Salinity Crisis (MSC) (Krijgsman, 2002; Warny et al., 2003; and
references therein), and (2) is ideally positioned to examine the
marine reflooding that ended the MSC (Blanc, 2002; Garcia-
Castellanos et al., 2009; Bache et al., 2012). It is therefore well
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suited to reconstruct events at the shift from the Messinian desic-
cation to the Zanclean deluge (Hsii et al., 1973). It is particularly
useful for deciphering processes relating to the so-called “Lago
Mare” biofacies, characterized by the occurrence of organisms of
the former Paratethys (molluscs, ostracods, dinoflagellates;
Gignoux, 1950; Ruggieri, 1962; Cita and Colombo, 1979; Bertini
et al., 1995; Orszag-Sperber, 2006). For some authors, the Lago
Mare biofacies marks the final stage of the MSC, and is isochronous
wherever its geographic location in peripheral or central basins
(Roveri et al., 2014a). For others, it represents three geographically
and chronologically distinct episodes (Clauzon et al., 2005; Popescu
et al., 2009; Do Couto et al., 2014), the first (LM 1) ending the first
step (marginal) of the MSC in peripheral basins, the second (LM 2)
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Figure 1. Location of the four studied boreholes and comparative localities.

ending the second step (paroxysmal) of the MSC in the central
basins, and the third (LM 3) immediately following the final marine
catastrophic reflooding (i.e., the 2nd step of reflooding described by
Bache et al., 2012) recorded in both central and peripheral basins.
The two steps of the MSC are those defined by Clauzon et al. (1996)
(Fig. 2), which are largely accepted (CIESM, 2008).

Three ODP sites (Leg 161: Sites 976, 977, 978) have been drilled
in the Alboran Sea (Fig. 1). They document the refilling of the
Mediterranean Basin by oceanic waters despite the absence of
Messinian evaporites. In addition, the easternmost DSDP Site 134
from the Balearic Basin (Leg 13; Fig. 1) displays the passage from
central evaporites to Zanclean sediments, to which the Alboran
holes need to be compared. We sampled at high resolution the ad
hoc sedimentary interval in the four cored boreholes in order to
perform biostratigraphic and palaeoenvironmental analyses based
on planktonic foraminifers, calcareous nannoplankton, ostracods,
dinoflagellate cysts, spores and pollen.

Many fundamental scientific questions are not yet resolved:

- were the central evaporites deposited in shallow water (Hsii
et al., 1973; Bache et al., 2012, 2015) or deep water (Krijgsman
et al., 1999; Roveri et al., 2014c)?

- was the Lago Mare a single event (Roveri et al., 2014a) or a
cluster of three episodes (Do Couto et al., 2014)?

- does the significance of the Lago Mare biofacies differ between
deep central basins and the peripheral basins?

- was the refilling by Atlantic waters sudden and massive (Hsii
et al., 1973; Blanc, 2002; Garcia-Castellanos et al., 2009) or
initially progressive and then rapid and violent when the
Gibraltar sill collapsed — the two step reflooding of Bache et al.
(2012)?

This work aims to clarify these aspects by generating new data
on material that has not been re-visited in more than sixteen years

Figure 2. Bio-chronostratigraphic scheme of the referred markers among planktonic foraminifers and calcareous nannofossils. Chronostratigraphic position of the Lago Mare (LM)

events. The ages indicated for Reticulofenestra rotaria are from Lourens et al. (2005).
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for Sites 976—978 (laccarino and Bossio, 1999; Serrano et al., 1999;
Siesser and de Kaenel, 1999) and forty-two years for Site 134 (Cita,
1973; Ryan et al., 1973). Results and interpretations are presented
for each site and compared with the previous data.

2. Methods

The following specific methods have been performed on frac-
tions of the obtained clayey sediment:

- foraminifers and ostracods: 10—15 g were disintegrated in a

warm solution of sodium carbonate (NayCOs3); residue was

sieved at 50 pm, 150 um and 250 pm, and all the material was
analyzed;

calcareous nannoplankton: 2 g were used to prepare smear

slides for microscopic examination under bright light and

polarized light at x 1200 magnification;

- pollen grains and dinoflagellate cysts: acid treatments using
HCl, HF, and HCl again on 10—15 g followed by concentration in
ZnCl; (at density 2.0) and sieving at 10 um; a 50 ul volume of
residue was mounted in glycerol and examined under a light
microscope (magnification: x1000).

Biostratigraphic datums for planktonic foraminifers are based
on Lourens et al. (2005) and laccarino et al. (2007), and those of
calcareous nannofossils refer to Martini (1971), Perch-Nielsen
(1985), and Raffi et al. (2006). Their respective ages are given by
Lourens et al. (2005) and Raffi et al. (2006) with the distinction
made between global oceanic ages and the Mediterranean ones
(Fig. 2). Dinoflagellate cyst taxa are grouped according to their
surface-water tolerance, nutritional strategy, and geographical
provenance (Table 1) based on Warny and Wrenn (2002), Londeix
et al. (2007), and Popescu et al. (2009) with modifications.

Planktonic foraminifers were counted and the percentage
curves of the most significant species are shown. The coiling change
of Neogloboquadrina acoastensis was calculated using the method of
laccarino et al. (1999). Specimens of Globorotalia margaritae and
Sphaeroidinellopsis were also counted because of their relevance in
identifying the Messinian—Zanclean boundary, particularly the
Sphaeroidinellopsis Acme-Zone, the age of which is labeled AB
(acme base) and AT (acme top) in Figure 2. We also enumerated
Globorotalia scitula with respect to coiling because Iaccarino et al.
(1999) considered the common occurrence of dextral forms as
representing “a delayed invasion event after the Pliocene flooding”
just like that of G. margaritae.

We did not count calcareous nannofossils but focused instead on
locating the lowest occurrence of Ceratolithus acutus and highest
occurrence of Triquetrorhabdulus rugosus. Our analyses are based on
the examination of more than fifty fields of view, recording a
representative assemblage of the calcareous nannoflora. Di Stefano
and Sturiale (2010) proposed a new species, Reticulofenestra zan-
cleana, considered to be restricted to the earliest Zanclean and to
characterize the Messinian—Zanclean boundary. Another species,
Reticulofenestra cisnerosii, was previously proposed by Lancis and
Flores (2007) to have the same potential. These species are not
considered in recent international biostratigraphic charts
(Anthonissen and Ogg, 2012; Zeeden et al., 2013), and were not
recorded in the present study.

3. ODP Site 976

Hole 976B (36°12'18.78"N, 4°18'45.78"W; water depth 1108 m;
Fig. 1) is the westernmost cored well in the Alboran Sea.

3.1. Previous data

In Hole 976B, the Messinian—Zanclean boundary was placed
approximately within the interval 574.08—572.35 m below sea floor
(bsf), mainly using (1) the lowest occurrence of G. margaritae and
the highest occurrence of Globorotalia conomiozea (Zahn et al.,
1996a; Serrano et al., 1999), and (2) the highest occurrence of
Reticulofenestra rotaria (Siesser and de Kaenel, 1999) (Fig. 3). A hi-
atus was inferred at the level of the highest occurrence of R. rotaria,
which is considered to have disappeared earlier, at about 6 Ma
according to Raffi et al. (2006). A gap in recovery occurs between
582.90 and 573.85 mbsf (Fig. 3).

3.2. New data

We studied 38 samples between 587.33 and 563.99 mbsf.
Selected results are shown in Figure 3 and complete records in
Supplementary data 1—4. Planktonic foraminifers and ostracods
were searched throughout. The analysis of calcareous nannofossils
was restricted to the lower samples up to the record of C. acutus and
Ceratolithus rugosus which follow the post-MSC final catastrophic
reflooding and mark the lower Zanclean, respectively: the interval
covered is 587.33—584.01 mbsf. Dinoflagellate cysts were analyzed
in all samples. Only three samples yielded pollen grains, at 583.71,
583.43 and 573.56 mbsf.

3.2.1. Biostratigraphy

Planktonic foraminiferal distributions prima facie place the
Messinian—Zanclean boundary at 572.88 mbsf, with the lowest
frequent specimens of Sphaeroidinellopsis and G. margaritae (Fig. 3;
Suppl. data 1) occurring consistently with the previous studies
(Zahn et al,, 1996a; Serrano et al., 1999; Siesser and de Kaenel,
1999), despite some rare occurrences of these species below
(582.91-573.29 mbsf; Fig. 3; Suppl. data 1).

However, this interpretation is questioned by the lowest
occurrence of the calcareous nannofossil C. acutus at 585.22 mbsf
which follows the post-MSC final catastrophic reflooding, as also
supported by the lowest occurrence of C. rugosus at 584.02 mbsf
(Fig. 3; Suppl. data 2). The corresponding ages, 5.345 and 5.12 Ma
respectively (Fig. 2; Raffi et al., 2006), allow the Messi-
nian—Zanclean boundary (5.332 Ma; Fig. 2) to be located between
585.22 and 584.02 mbsf. However, the highest occurrence of T.
rugosus (5.279 Ma; Fig. 2; Raffi et al,, 2006) is also recorded at
585.22 mbsf (Fig. 3; Suppl. data 2). Hence, we propose placing the
Messinian—Zanclean boundary at 585.22 mbsf. This proposal is
supported by the evidence of large numbers of sinistral specimens
of Neogloboquadrina acostaensis starting at this level (Fig. 3),
consistent with the observations of laccarino et al. (1999) and
Pierre et al. (2006). Additional support for this placement of the
Messinian—Zanclean boundary at 585.22 mbsf is the influx of
dextral specimens of G. scitula at 583.14 mbsf (Suppl. data 1). But
the final catastrophic reflooding level is difficult to demonstrate a
little below this level because it is impossible to know whether the
lowest occurrence of C. acutus at 585.22 mbsf (Fig. 3) reflects its
regional lowest occurrence because of its scarcity. In addition the
proximity between the highest occurrence of T. rugosus at
585.22 mbsf and the C. acutus—C. rugosus cross-over between
584.34 and 584.01 mbsf suggests that the final catastrophic
reflooding episode and the earliest Zanclean might correspond to a
condensed sedimentary interval. As a consequence of this inter-
pretation, the specimens of Globorotalia miotumida gr. recorded
from 585.22 to 573.29 mbsf must be considered reworked (Fig. 3;
Suppl. data 1). With respect to this interpretation, the lowest
occurrence of G. margaritae (573.84 mbsf) should be placed at
5.08 Ma, whereas the high abundance of Sphaeroidinellopsis at



58 S.-M. Popescu et al. / Marine and Petroleum Geology 66 (2015) 55—70

Table 1

Selected dinoflagellate cysts grouped according to ecological requirements (distality and surface salinity

tolerance).

Marine stenohaline taxa
(oceanic — outer platform)
Edwardsiella sexispiniosa
Impagidinium aculeatum
Impagidinium paradoxum
Impagidinium patulum
Impagidinium sp.
Impagidinium sphaericum
Impagidinium strialatum
Invertocysta lacrymosa
Invertocysta tabulata
Nematosphaeropsis labyrinthus
Nematosphaeropsis lativitatta
Operculodinium janduchenei
Spiniferites hyperacanthus
Spiniferites membranaceus
Spiniferites mirabilis

Marine euryhaline taxa
(inner platform — coastal)
Achomosphaera alcicornu
Achomosphaera andalousiensis
Achomosphaera ramulifera
Bitectatodinium tepikiense
Bitectatodinium raedwaldii
Capisocysta lata

cyst of Pentapharsodinium dalei
Homotryblium sp.
Hystrichokolpoma sp.
Hystrichosphaeropsis obscura
Lingulodinium machaerophorum
Melitasphaeridium choanophorum
Operculodinium centrocarpum
Operculodinium israelianum
Operculodinium sp.
Polysphaeridium zoharyi
Pyxidinopsis spp.

Pyxidiella? simplex

Scrippsiella sp.

Spiniferites belerius
Spiniferites bentorii
Spiniferites bentorii truncata
Spiniferites bulloideus
Spiniferites delicatus

Spiniferites falcipedius
Spiniferites granulatus
Spiniferites lazus

Spiniferites pseudofurcatus
Spiniferites ramosus
Spiniferites ristingensis
Spiniferites sp.

Tectatodinium pellitum
Tuberculodinium vancampoae
Marine heterotrophic taxa
(inner platform — coastal)
Brigantedinium cariacoense
Brigantedinium simplex
Brigantedinium sp.
Indeterminate round brown cysts
Islandinium mintum
Lejeunecysta oliva
Lejeunecysta sp.

Polykrikos schwartzii
Selenopemphix armageddonensis
Selenopemphix brevispinosa
Selenopemphix nephroides
Selenopemphix quanta
Trinovantedinium spp.
Brackish Paratethyan taxa
Galeacysta etrusca
Impagidinium caspienense
Impagidinium globosum
Millioudodinium punctatum
Millioudodinium sp.
Pontiadinium spp.
Pyxidinopsis psilata
Spiniferites bentorii oblongus
Spiniferites bentorii pannonicus
Spiniferites cruciformis
Spiniferites spp. (Paratethyan)
Spiniferites tihanyensis
Spiniferites validus
Freshwater algae
Botryococcus spp.
Concentricystes spp.
Cymatiosphaera spp.

572.88 mbsf would be above the Sphaeroidinellopsis Acme-Zone
(ending at 5.21 Ma; Fig. 2). Similar isolated maxima in Sphaer-
oidinellopsis during the Zanclean have already been indicated by
Spaak (1983).

The stratigraphic succession of marker microfossils observed in
this hole is not wunusual. The sedimentary interval
585.22—584.01 mbsf must be regarded as a condensed layer
deposited just after the Gibraltar sill collapsed, a scenario not sur-
prising given the greatly disturbed environment (Campillo et al.,
1992; Blanc, 2002; Garcia-Castellanos et al., 2009; Bache et al.,
2012). At that time, this area saw intensive current activity between
the Mediterranean Sea and Atlantic Ocean that would have resulted
in low rates of sediment deposition. We did not record R. rotaria in
the studied samples (Suppl. data 2), suggesting its reworked origin
in the aforementioned study (Siesser and de Kaenel, 1999).

The open-ended question regards the age of the sediments from
587.33 to 586.15 mbsf, where G. conomiozea is abundant
(Suppl. data 1). This species is considered to have disappeared at
about 6.52 Ma (Lourens et al., 2005, Fig. 2). Its occurrence in such
abundance leads us to believe that it is not reworked and that a long
hiatus may separate deposits of the final catastrophic reflooding
from those below. A long hiatus is indeed highly likely within the
palaeo-channel evidenced by Campillo et al. (1992) where Hole
976B was cored, most likely the result of the Gibraltar collapse and

extensive erosion by the massive floods of waters and associated
suspended sediments (Garcia-Castellanos et al., 2009; Estrada et al.,
2011). As a consequence, we suggest that the final catastrophic
reflooding should be placed at 585.22 mbsf coinciding with the
Messinian—Zanclean boundary or a slightly below (possibly
585.82 mbsf as supported by dinoflagellate cysts — see below;
Fig. 3). There is no significant lithological change at this level (Zahn
et al., 1996a, 1996b).

3.2.2. Palaeoenvironments

Few but well-preserved ostracod shells were recorded. They
consist of fully marine species (Bosquetina carinella, Bairdia sp.,
Krithe aequabilis, Argilloecia acuminata, Parakrithe sp.). Despite the
low abundance and diversity, these ostracods are not considered
reworked owing to their excellent preservation and indication of
fully marine conditions.

Marine dinoflagellate cysts are abundant and have been sub-
divided into four groups (Fig. 3; Suppl. data 3):

marine stenohaline (oceanic—outer platform) taxa;
- marine euryhaline (inner platform—coastal) taxa;

- marine heterotrophic (inner platform—coastal) taxa;
- brackish Paratethyan taxa.
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Figure 3. ODP Hole 976B: Biostratigraphic results (planktonic foraminifers, calcareous nannoplankton) compared to previous data (Serrano et al., 1999; Siesser and de Kaenel, 1999),
and palaeoenvironmental results (dinoflagellate cysts and pollen grains). Lithology: 1, void; 2, clays. Pollen groups (see Supplementary data 4 for details): 1, Tropical and subtropical
elements; 2, Warm-temperate elements; 3, Pinus and indeterminable pollen grains of Pinaceae; 4, Mid- and high-altitude trees; 5, Herbs including steppe elements.

Freshwater algae are also plotted.
Based on the mean relative abundance of marine species, we
propose:

- a proximal position for the site with respect to the shoreline, as
indicated by the dominance of inner platform—coastal taxa that
reached a mean relative abundance of about 65% for the interval
587.33—582.91 mbsf;

an initial rise in sea level at 585.82 mbsf, as documented by a
maximum development of marine species (94%) that may
reflect the final catastrophic reflooding of the Mediterranean at
5.46 Ma;

a re-establishment of water masses and the onset of modern
exchanges via currents through the Gibraltar Strait above the
level at 573.84 mbsf, as indicated by the almost constant ratio of
marine stenohaline and euryhaline taxa.

The brackish Paratethyan dinoflagellate taxa, represented by
Galeacysta etrusca and Spiniferites bentorii oblongus (Fig. 3;
Suppl. data 3), were found only in the sample at 586.77 mbsf. This
Lago Mare signal occurs too low stratigraphically with respect to
the lowest occurrence of C. acutus to be the LM 2, and even the LM 1
if we consider the above-supposed hiatus and the age of the
disappearance of G. conomiozea at ca. 6.52 Ma (Fig. 2; Lourens et al.,
2005). Could this represent an earlier influx of Paratethyan species
during a pre-MSC exchange episode with the Mediterranean
(Popescu et al., 2009) (Fig. 2)? Paratethyan molluscs predating
6.10 Ma (Garcés et al.,, 1998) have been recorded at Crevillente,
southern Spain (Archambault-Guézou et al., 1979, Fig. 1). In any
case, this Lago Mare episode corresponds to an influx of

Paratethyan surface waters into the Mediterranean Basin filled by
marine waters. Marine heterotrophic taxa are almost constant
(mean relative abundance at 4.6%), except for two intervals,
respectively just after the final catastrophic reflooding where these
taxa increase to 15% at 584.97 mbsf and 23% at 571.93 mbsf.

Modern pollen records from Alboran Sea surface sediments have
confirmed their consistency with the present-day vegetation,
illustrating the ability of marine pollen to record vegetation on
shorelines of a narrow sea (Suc et al., 1999). The pollen flora from
Hole 976B (Fig. 3; Suppl. data 4) is dominated by bisaccate pollen
(mainly Pinus and Cathaya), in agreement with the post-reflooding
location of the samples, as these pollen types are advantaged by
water and air transport. Herbs are prevalent, including some steppe
subdesertic elements (Hippophae rhamnoides, Chamaerops humilis,
Lygeum). Halophytes (Amaranthaceae—Chenopodiaceae, Car-
yophyllaceae, Plumbaginaceae, Ephedra, and the mangrove element
Avicennia) are frequent, reflecting shoreline vegetation. Mediter-
ranean xerophytes are present (Nerium, Olea, Phillyrea, Pistacia,
Quercus ilex-type). Subtropical elements are present, but warm-
temperate trees (mainly deciduous Quercus) dominate. Mountains
of the hinterland are illustrated by altitudinal trees (Cathaya, Ced-
rus, Abies and Picea). This pollen flora is very similar to that of the
Lower Zanclean of the Andalucia G1 well (Fig. 1) which indicates a
mean annual temperature of 23 °C and annual precipitation of
380 mm (Feddi et al., 2011).

4. ODP Site 977

Hole 977A was drilled in the deepest part of the eastern Alboran
Sea (36°01'54.42"N, 1°57'19.14”W; water depth 1984 m; Fig. 1).
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4.1. Previous data

In Hole 977A, the Messinian—Zanclean boundary was placed at
532.88 mbsf, where the seismic reflector “M” is located (with dif-
ficulty because of scarce markers), based on the occurrence of G.
margaritae at 531.27 mbsf (Zahn et al., 1996¢) (Fig. 4). No markers
were identified among the calcareous nannofossils in the lower-
most interval 532.88—531 mbsf (Siesser and de Kaenel, 1999). The
underlying sandstone (top at 540.70 mbsf) was referred to a strong
erosional event related to the violent marine reflooding of the
Mediterranean Basin (Zahn et al., 1996c¢).

4.2. New data

Our study concerns six samples, distributed between 532.88 and
531 mbsf. Selected results are shown in Figure 4 and complete
records in Supplementary data 5—7. Planktonic foraminifers,
calcareous nannofossils and dinoflagellate cysts are recorded in all
samples. Dinoflagellate cysts have been analyzed in each one. No
ostracods were recorded. Pollen grains were found to be very rare,
preventing significant analysis.

4.2.1. Biostratigraphy

All samples contain G. margaritae, three of them Globorotalia
puncticulata including the lowermost ones, and two of them Cera-
tolithus rugosus including the lowermost one (Fig. 4; Suppl. data 5).
This association indicates a late Zanclean age for the lowermost
clays recovered in Hole 977A, ranging between 4.52 Ma (lowest

occurrence of G. puncticulata) and 3.81 Ma (highest occurrence of G.
margaritae) (Lourens et al., 2005; Fig. 4). We note the weak domi-
nance of sinistral specimens of N. acostaensis (Fig. 4). According to
these biostratigraphic data, we question the labeling of the “M”
reflector and proposed relationship of the sandstone topping at
540.70 mbsf with the marine reflooding, unless a more condensed
layer than that presumed for Hole 976B was not recovered at the
base of the clays of Hole 977A.

4.2.2. Palaeoenvironments

The dinoflagellate cyst assemblage reflects open ocean condi-
tions for the studied interval, based on the dominance of Impagi-
dinium patulum (24—61% of the total dinoflagellate cyst
assemblages). No brackish Paratethyan species were recorded.

5. ODP Site 978

Hole 978A (36°13/52.02”N, 2°03'25.44"W; water depth
1929.40 m; Fig. 1) was drilled in the same part of the Alboran Sea as
Hole 977A but north of it.

5.1. Previous data

The Messinian—Zanclean boundary was placed at 607.28 mbsf
(Fig. 5), despite the absence of unequivocal markers both among
planktonic foraminifers and calcareous nannofossils (Zahn et al.,
1996d; Siesser and de Kaenel, 1999). For laccarino and Bossio
(1999), this placement was reinforced by their record of the
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and palaeoenvironmental results (dinoflagellate cysts). Lithology: 1, clays. Foraminifer relative frequency is in percentages.
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calcareous nannofossil R. rotaria below 630 mbsf, which is
considered to have disappeared at ca. 6 Ma (Raffi et al., 2006; Fig. 2).
However, Siesser and de Kaenel (1999) indicated this species as
being very scarce for the same sampled interval. The superjacent
normal palaeomagnetic interval (from about 610—602 to 570 mbsf)
was consistently ascribed to Chron C3n.4n (Zahn et al., 1996d;
Fig. 2). The unrecovered underlying conglomeratic layer between
630.60 and 620.90 mbsf was considered as corresponding to the
“M” reflector marking the Messinian unconformity (Comas et al.,
1992; Zahn et al., 1996d).

5.2. New data

Our study is based on 26 samples between 635.30 and
601.80 mbsf. Selected results are shown in Figure 5 and complete
records in Supplementary data 8—11. Planktonic foraminifers and
ostracods have been searched in all of them. Analysis of calcareous
nannofossils was restricted to some samples within the lower part
of the studied interval up to the record of C. acutus and C. rugosus
which follows the final catastrophic reflooding and marks the
lower Zanclean, respectively: the interval covered is
634.17—603.29 mbsf. Dinoflagellate cysts were recorded in 23 of the
samples, from 635.30 to 601.80 mbsf. Pollen grains were recorded
in 15 samples from two intervals: 635.30—630.98 and
605.74—605.29 mbsf.

5.2.1. Biostratigraphy

The lowest occurrence of G. margaritae was recorded at
607.19 mbsf, just below the lowest occurrence of Sphaer-
oidinellopsis, recorded at 606.55 mbsf (Fig. 5; Suppl. data 8). Con-
trary to previous studies, these taxa were recorded frequently

within the studied interval. This observation is in agreement with
the above-mentioned interpretation of the Messinian—Zanclean
boundary at 607.28 mbsf (Fig. 5). However, the calcareous nanno-
fossils C. acutus and C. rugosus were consistently recorded at 632.45
and 605.74 mbsf, respectively, also consistently with the occur-
rence of Discoaster quinqueramus at 634.17 mbsf (Fig. 5). Accord-
ingly, and with respect to accepted biostratigraphic datums (Fig. 2),
we (1) envision the final catastrophic reflooding as occurring at ca.
633.66 mbsf just above a gravel layer, and (2) lower the Messi-
nian—Zanclean boundary to ca. 630.80 mbsf (Fig. 5). This new
ascription fits with the normal palaeomagnetic episode possibly
starting at 610 mbsf referred to Chron C3n.4n and with the almost
continuous dextral coiling of N. acostaensis observed from
611.32 mbsf (Fig. 5; Suppl. data 8). G. scitula was very rare and could
not be used for biostratigraphic interpretation (Suppl. data 8). As a
consequence, our specimens of G. miotumida gr. recorded at
611.32 mbsf and possibly at 630.98 mbsf must be considered
reworked, as also those of R. rotaria found by laccarino and Bossio
(1999) between 633 and 630 mbsf (Fig. 5). In addition, we agree
with  the relationship of the conglomeratic layer
(630.60—620.90 mbsf) with the “M” reflector. The underlying
gravel level (634.00—633.50 mbsf; Fig. 5) may thus correlate with
the final catastrophic reflooding at 5.46 Ma.

5.2.2. Palaeoenvironments
The ostracod recovery is very poor in the analyzed samples.
However the recorded species (K. aequabilis, A. acuminata, Henry-
howella asperrima) indicate a bathyal marine environment.
Marine eurhyaline dinoflagellate cysts prevail from the base of
the studied interval up to 632 mbsf, above which marine steno-
haline taxa are dominant (Fig. 5; Suppl. data 10). We note that this

Figure 5. ODP Hole 978A: Biostratigraphic results (planktonic foraminifers, calcareous nannoplankton) compared to previous data (Zahn et al., 1996d; laccarino and Bossio, 1999;
Siesser and de Kaenel, 1999), and palaeoenvironmental results (dinoflagellate cysts and pollen grains). Lithology: 1, void; 2, chalky clays; 3, gravels to pebbles. Foraminifer relative
frequency is in percentages. Pollen groups (see Supplementary data 11 for details) refer to Figure 3.
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turnover, observed between 633.66 and 633.06 mbsf, occurs
approximately at the level where we located the final catastrophic
reflooding (634.00—633.50 mbsf). This hole would be the first to
document the continuous rise in sea level, which followed the final
catastrophic reflooding. Two samples yielded brackish Paratethyan
dinoflagellate cysts: 635.30 mbsf (G. etrusca and Spiniferites tiha-
nyensis), and 601.80 mbsf (G. etrusca, S. bentorii oblongus, S. bentorii
pannonicus and Spiniferites spp.) (Fig. 5; Suppl. data 10). Their
separation and the resulting biostratigraphic implications lead us to
consider two different Lago Mare events (Fig. 5). The youngest of
these is definitely the LM 3 episode because it is located signifi-
cantly above the Messinian—Zanclean boundary (Fig. 2). This event
occurred in a fully oceanic realm (Fig. 5), supporting the hypothesis
of a Paratethys—Mediterranean connection at high sea level
(Clauzon et al., 2005; Popescu et al., 2009; Do Couto et al., 2014).
The oldest Lago Mare event is located a short distance below the
final catastrophic reflooding level (Fig. 5). However, in the absence
of central evaporites in the Alboran Basin, we cannot argue whether
LM 2 or LM 1 is recorded here (Fig. 2). It occurred in a shallow
marine environment, which could in fact correspond to either
episode. Such a depositional set up was described by laccarino and
Bossio (1999), who documented a thick Lago Mare biofacies from
ca. 693 to 630 mbsf based on the occurrence of small-sized
planktonic foraminifers and brackish foraminifers (Ammonia tep-
ida, Protelphidium granosum) with Paratethyan ostracods found
below 650 mbsf. But taking into account the high potential for
brackish species to survive in coastal lagoons, Do Couto et al. (2014)
showed that only the layers with Paratethyan dinoflagellate cysts
can be reliably regarded as the signal of the entrance of Paratethyan
surface waters into the Mediterranean Basin, whether it was
desiccated (peak of the MSC) or not (before the peak of the MSC or
after the reflooding).

The pollen flora from Hole 978A (Fig. 5; Suppl. data 11) is
dominated by bisaccate pollen grains (mainly Pinus), particularly
after the final catastrophic reflooding located at «ca.
634.00—633.50 mbsf, and in the earliest Zanclean consistent with
maximum flooding. Herbs are prevalent, including some steppe
subdesertic elements (Calligonum, C. humilis, Lygeum). Halophytes
are frequent, reflecting vegetation from the shoreline. Few tropical
and some subtropical elements are present but warm-temperate
trees (mainly deciduous Quercus) dominate the arboreal pollen.
Mountains of the hinterland are reflected by altitudinal trees
(Cathaya, Cedrus, Abies and Picea). This pollen flora is very similar to
that of Hole 987B (Fig. 3; Suppl. data 4) and of the Lower Zanclean
of the Andalucia G1 well (see above).

6. DSDP Site 134

Hole 134B (39°11’42.00"N, 7°18’15.00”W; water depth 2864 m;
Fig. 1), cored in the Balearic Basin, is one of the few deep sea wells to
have penetrated the Upper Evaporitic Unit in a central basin (i.e.,
UU of Lofi et al., 2011) and includes halite layers (Fig. 6). Dolomitic
marls at 360 mbsf have yielded allochtonous hydrocarbons (Ryan
et al., 1973).

6.1. Previous data

In this hole, the Messinian—Zanclean boundary was placed at
324.30 mbsf at the lowest co-occurrence of the planktonic fora-
minifers Sphaeroidinellopsis seminulina and G. margaritae by Cita
(1973) who identified the G. margaritae specimens as belonging
to the subspecies G. margaritae margaritae within the G. margaritae
lineage. Because of the coeval lowest occurrence of G. margaritae
margaritae and Sphaeroidinellopsis, Cita (1973) suggested that a
sedimentary gap affects the base of the Zanclean Series at Site 134,

unlike the Tyrrhenian Site 132 where the Zanclean Series starts
with Sphaeroidinellopsis alone (Sphaeroidinellopsis Acme-Zone).
This same conclusion was accepted based on the calcareous nan-
nofossil record, despite an absence of biostratigraphic markers
except for Ceratolithus (= Amaurolithus) tricorniculatus, a species
crossing the Messinian—Zanclean boundary (Bukry et al., 1973;
Gartner et al,, 1973; Ryan et al, 1973). The “M” reflector was
reasonably located at the top of the Upper Unit, i.e. at 344.90 mbsf
(Ryan et al.,, 1973).

A single sample at 324.23 mbsf yielded ostracods. The assem-
blage, comprising Krithe sp., Henryhowella sp. and Agrenocythere
pliocenica, is marine and characteristic of deep waters (Benson
et al.,, 1973).

6.2. New data

Our study is based on 28 samples between 361.90 and
321.76 mbsf. The lower 13 samples belong to the Upper Unit, the
upper 15 to the overlying clays (Fig. 6). Selected results are shown
in Figure 6 and complete records in Supplementary data 12—15.
Planktonic foraminifers, calcareous nannofossils, dinoflagellate
cysts, and pollen grains have been searched in all samples with
mixed success: 21 productive samples for planktonic foraminifers,
20 for calcareous nannofossils, 21 for dinoflagellate cysts, and 16 for
pollen grains.

6.2.1. Biostratigraphy

From 324.35 to 321.76 mbsf, the planktonic foraminiferal fauna
(Fig. 6; Suppl. data 12) is characterized by the continuous abun-
dance of G. margaritae and almost continuous occurrence of
Sphaeroidinellopsis. Below, assemblages are poor and composed of
dwarf specimens, except in the sample at 361.52 mbsf which in-
cludes G. miotumida gr. This places the Messinian—Zanclean
boundary at almost the same level as Cita (1973) for this hole
(Fig. 6). However, we did not record the peaks of sinistral in-
dividuals of N. acostaensis, which is dominated by dextral forms
through the interval 324.35—321.76 mbsf (Fig. 6; Suppl. data 12).
This suggests that the Messinian—Zanclean boundary should be
located  within  the underlying unrecovered interval
(326.00—324.80 mbsf). G. scitula was rare but dextral forms were
prevalent from 324.25 mbsf (Suppl. data 12).

Calcareous nannofossil assemblages are rich from 326.18 to
321.76 mbsf (Fig. 6; Suppl. data 13). They contain C. acutus with T.
rugosus at 323.09 mbsf, and only C. acutus at 322.05 mbsf. T. rugosus
is also present at 323.54 mbsf. Considering the planktonic forami-
niferal record, D. quinqueramus and Discoaster berggrenii are
regarded as reworked from 324.35 mbsf to the top of the studied
interval, and only in place at 326.18 mbsf. Because we focused on
the top of the Upper Unit and the immediately overlying sediments,
Nicklithus amplificus, recorded in several samples from 326.18 mbsf
to the top of the studied interval, is considered as reworked because
it apparently disappeared at ca. 5.939 Ma (Raffi et al., 2006; Fig. 2).

Regarding the above limits on the reliability of D.
quinqueramus—D. berggrenii in Hole 134B, the succession D.
quinqueramus—D. berggrenii (326.18 mbsf), then T. rugosus
(323.54 mbsf), then T. rugosus plus C. acutus (323.09 mbsf), and
finally C. acutus alone (322.05 mbsf) fits with the accepted
sequence of calcareous nannofossil datums (Fig. 2). It is, however,
difficult to accept that the lowest record of C. acutus at 323.09 mbsf
actually corresponds to its lowest regional occurrence, all the more
because it occurs at the same level as the highest record of T.
rugosus, characterized by a planktonic foraminifer assemblage with
abundant G. margaritae, Sphaeroidinellopsis and dextral N. acos-
taensis (Fig. 6; Suppl. data 12). Although early records of Sphaer-
oidinellopsis and G. margaritae have been observed in the Sorbas



S.-M. Popescu et al. / Marine and Petroleum Geology 66 (2015) 55—70 63
BIOSTRATIGRAPHY ‘ ‘ PALAEOENVIRONMENT |
2 LITHOLOGY
12 £
%] 3
g . & HE Y S I Ed2Eds
2 o 3 S 38 3 A = X=
= 17 s} g E = 3
5l . 3 £g 2 5 S ERR S 2% o8 58 £
. S||E,.F | g g §, §353BET g5 5¢ £¢ & &
= ) ggg c g go 8322383 E S3 £5 S5 § 0©® POLLEN GRAINS
o = 2 S G £ &35 5 3 ¢ E] TE o o}
T EE £8 S §2 stfizs: 8o 85 23 ¢ §
= ko = c =
s ¢ 28 2 22 33388¢8¢% £§ €8 £B % %
8§ 3 g KSINS) S 33 s T E 32928 T9 &E SE © o
s 8 %8 [CNG] %) = x~=<O0Qqq =2 =8 ==& 2SS o [y
S 8 3 [ |-t
< =
85 & |z|- It e | | R T
<| |- AT L LT e e N LD B Sy |
4
S e A A
2 z
< I = @ -
AN z
A [ | —— N b PN o e
m
05% -10 0 10 20% Ma
sinistral dextral 5.332
rorMNrERs | Z
CALCAREOUS Z i T =z b= jij::
NANNOPLANKTON a - i
K z
359 = PLANKTONIC CALCAREOUS % DINOFLAGELLATE CYSTS POLLEN GRAINS
FORAMINIFERS NANNOPLANKTON %
===
360 N. acostaensis
coiling change -
] 05% -10 0 10 20%
361 — i
L i rrrrrrrrrrrrrrrrrrrrr ‘ rrrrrrrrrrrrr ‘ - I B E—
?;6? B PREVIOUS sinistral
mbsi STUDIES THIS STUDY 0 50 100 % 0 25 50 70 100%

Figure 6. Hole 134B: Biostratigraphic results (planktonic foraminifers, calcareous nannoplankton) compared to previous data (Cita, 1973), and palaeoenvironmental results
(dinoflagellate cysts and pollen grains). Lithology: 1, void; 2, marls with gravels; 3, dolomitic marls; 4, anhydrite; 5, halite. Foraminifer relative frequency is in percentage. Pollen

groups (see Supplementary data 15 for details) refer to Figure 3.

Basin (Clauzon et al., 2015), we prefer to place the Messi-
nian—Zanclean boundary within the underlying unrecovered in-
terval, i.e. at 325.50 mbsf (Fig. 6), than at the lowest record of C.
acutus.

6.2.2. Palaeoenvironments

The dinoflagellate cyst assemblages are continuously marine
(mostly comprising Impagidinium spp., Spiniferites spp., Oper-
culodinium spp., etc.) (Fig. 6; Suppl. data 14). Eurhyaline species
significantly dominate in the uppermost evaporitic layers (361.12,
360.12, 326.18, 326.08 mbsf). Specimens of stenohaline species
become more abundant above 324.35 mbsf while the eurhyaline
specimens  significantly = decrease  within the interval
326.18—326.08 mbsf, consistently with the proposed location of the
Messinian—Zanclean boundary at 325.50 mbsf (Fig. 6). Dinoflagel-
late cyst assemblages from the Upper Unit or just above (interval
361.75—326.08 mbsf) document marine conditions, even though
the samples are poor or devoid of planktonic foraminifers and
calcareous nannofossils. This observation agrees with the trans-
gressive status usually conferred upon the Upper Unit of the central
Mediterranean basins (Gorini et al., 2005; Bache et al., 2009; Lofi
et al., 2011), which was probably deposited beneath a significant
water depth. Two isolated pairs of samples between two isolated
samples yielded brackish Paratethyan dinoflagellate cysts:
361.12 mbsf (Impagidinium caspienense, Millioudodinium sp.),
326.18—326.08 mbsf (G. etrusca, Spiniferites cruciformis, Spiniferites
validus, Spiniferites spp., Pyxidinopsis psilata, Impagidinium globo-
sum, Pontiadinium spp.), 324.35—324.25 mbsf (abundant G. etrusca,
S. cruciformis, S. bentorii oblongus, S. validus, abundant Spiniferites

spp., P. psilata, Millioudodinium punctatum, Millioudodinium spp.,
Pontiadinium spp.), and 323.31 mbsf (I caspienense) (Fig. 6;
Suppl. data 14). Based on their position relative to the Upper Unit
and according to our biostratigraphic interpretation, we consider
these influxes of Paratethyan dinoflagellate cysts to represent two
successive Lago Mare events (Fig. 6). The older of these (sample
361.12 mbsf plus interval 326.18—326.08 mbsf) is located in the
topmost Upper Unit or immediately above it: we assign it to the LM
2 episode (Fig. 2). The younger event (interval 324.35—324.25 mbsf
plus sample 323.31 mbsf), characterized by a greater diversity,
follows the final catastrophic reflooding: this is the LM 3 episode. It
occurred in an oceanic context (Fig. 6), supporting the hypothesis of
a Paratethys—Mediterranean connection at high sea level (Clauzon
et al., 2005; Popescu et al., 2009; Do Couto et al., 2014).

As with the Alboran Sea (see Subsection 3.2.2), a modern (sur-
face sediment) pollen record off southeastern Sardinia shows the
reliability of this kind of pollen record in reflecting the present-day
vegetation, and supports the use of fossil pollen in such marine
deposits to reconstruct past vegetation (Suc et al., 1999). Data are
presented in Figure 6 and Supplementary data 15. Pinus and
Cathaya (bisaccate pollen grains, concentrated by air and water
transport) dominate pollen assemblages in the sample at
360.12 mbsf and through 324.35—321.76 mbsf, denoting a distal
marine location for the site and probably high sea level. The lower
part of this pollen record (361.52—326.08 mbsf) is the only record,
except for poor pollen floras from the Tyrrhenian DSDP Sites 132
and 374 (Bertolani Marchetti and Cita, 1975; Bertolani Marchetti
and Accorsi, 1978), to provide robust information on vegetation
during the deposition of the Messinian central evaporites. This
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palaeovegetation covered Sardinia and emergent areas to the west
during the Mediterranean desiccation (peak of the MSC) and was
restricted to Sardinia after the final catastrophic reflooding. Halo-
phyte pollen grains (Amaranthaceae—Chenopodiaceae, Car-
yophyllaceae, Ephedra, Tamarix) are abundant, particularly in
samples from evaporitic deposits (361.52 and 360.12 mbsf),
reflecting the extent of herbaceous coastal environments (for a
modern analogue, see Cambon et al., 1997). To complete the littoral
landscape, we emphasize the widespread development of open
vegetation including steppe (Artemisia) and subdesertic (Lygeum)
plants and Mediterranean xerophytes (Olea, Phillyrea, Q. ilex-type).
Tropical elements are very rare, and both subtropical and warm-
temperate taxa have low frequencies except for deciduous Quer-
cus. Abundant pollen of Cathaya, Tsuga, Cedrus, Abies and Picea at-
tests to the presence of high relief in Sardinia.

7. Discussion

Previous studies have investigated the Messinian—Zanclean
boundary at high-resolution in the deep Mediterranean boreholes
(Castradori, 1998; Spezzaferri et al., 1998; laccarino and Bossio,
1999; laccarino et al.,, 1999), focusing on foraminifers, ostracods,
and in some cases calcareous nannofossils. Our study is the first to
integrate marine and continental proxies. Figure 7 summarizes our
chronostratigraphic interpretation of the studied sections from
ODP holes 976B, 977A, 978A and DSDP Hole 134B. Based on our
high-resolution multi-proxy analyses of the relevant intervals, new
proposals and refinements arise for the position of the Messi-
nian—Zanclean boundary, and new perspectives are presented for
the relationship with the seismic reflector “M” and location of the
final catastrophic reflooding, and particularly the significance of the
Lago Mare episodes. Finally, such analyses on Site 134 enable us to
progress the debate on the environmental conditions of the Mes-
sinian evaporites in the central Mediterranean basins.

7.1. The Messinian—Zanclean boundary

We re-interpret the position of the Messinian—Zanclean
boundary using both planktonic foraminifers and calcareous nan-
nofossils, taking into account the newly documented older age of
the final catastrophic marine reflooding of the Mediterranean Basin
(Cavazza and DeCelles, 1998; Cornée et al., 2006; Bache et al., 2012).
In doing so, we note that dinoflagellate cysts also provide decisive
information.

For Hole 976B, we propose lowering the position of the Messi-
nian—Zanclean boundary by about 11—13 m, the level of the final
catastrophic reflooding being difficult to distinguish at around
585.22 mbsf (Fig. 7). Hole 977A is thus released from the issue of
locating the Messinian—Zanclean boundary (Fig. 7). Our results on
Hole 978A allow us to lower the Messinian—Zanclean boundary by
ca. 23—24 m and recognize the catastrophic reflooding
2.70—3.20 m below this boundary (Fig. 7). In Hole 134B, the Mes-
sinian—Zanclean boundary was lowered by 1.20 m, without dis-
tinguishing the catastrophic reflooding (Fig. 7).

In the Alboran Sea, where Messinian evaporites are absent, a
hiatus may separate the reflooding layer from the underlying sed-
iments, as at holes 976B and 978A. This hiatus might be marked by
a clastic bed, as in Hole 977A. Just above the reflooding layer, an
interval of condensed sedimentation cannot be excluded, as in Hole
976B, and perhaps at the extreme base of the Zanclean deposits in
Hole 977A. This study shows that the planktonic foraminifers
Sphaeroidinellopsis and G. margaritae, which are commonly used for
defining this boundary, must be used with caution. Contrary to the
opinion of Di Stefano and Sturiale (2010), the calcareous nanno-
fossil C. acutus is frequent enough when searched in a large number

of samples and must be regarded as the most reliable marker for
identifying the final catastrophic reflooding of the Mediterranean
(Castradori, 1998). Because it was defined in the Mediterranean
after a desiccation phase, the Zanclean Global Boundary Stratotype
Section and Point (GSSP) should be relocated to a continuous
Atlantic sedimentary sequence (Benson and Hodell, 1994).

7.2. Correlation of DSDP—ODP holes and seismic profiles

Correlation between seismic profiles and the cored successions
have mostly resulted in placing seismic reflector “M” with the
proposed Messinian—Zanclean boundary at each drill site (Hole
134B: Ryan et al., 1973; holes 976, 977, 978: Zahn et al., 1996a,c,d).
Two distinct contexts characterize the Balearic Basin and the
Alboran Sea: in the former, the top of the Upper Evaporitic Unit
(UU) obviously constitutes a relevant candidate for the reference
horizon “M” (Ryan et al., 1973); in the latter, the channel resulting
from the collapse of the Gibraltar sill is a clear morphological
feature although often devoid of a lithological break (Estrada et al.,
2011). The distinction between the major event that was the final
catastrophic marine reflooding of the Mediterranean Basin and the
conventional (uneventful) Messinian—Zanclean boundary (Cavazza
and DeCelles, 1998; Cornée et al., 2006; Bache et al., 2012) leads us
to discuss and in some cases question the position (and the
meaning) of the “M” reflector within each cored series.

Hole 976B was identified as occurring on the northern edge of
the aforementioned channel by Estrada et al. (2011) who correlated
the discontinuity labeled as the “M” reflector in their figure 5b with
the previously proposed Messinian—Zanclean boundary
(574.08—572.35 mbsf). These authors interpreted a thin sedimen-
tary body immediately underlying this horizon as “Messinian
remnants”. In this profile, we lower the northernmost course of
reflector “M” at the base of this body in order to fit with the base of
Zanclean at 585.22 mbsf and, probably, the final catastrophic
reflooding (Fig. 7). In Hole 977A, the unchanged “M” reflector with
respect to Zahn et al. (1996c) would be younger than the basal
Zanclean, unless a condensed layer exists between 532.88 and
532.75 mbsf (Fig. 7). In the first option, the importance of this
horizon should be moderated. However, there is the possibility of a
condensed layer marking the reflooding above reflector “M” ac-
cording to the line shown by Estrada et al. (2011) in their figure 7a
on which Site 977 is projected. It seems unlikely that this matter
will be resolved with regard to the remaining available ODP ma-
terial. Hole 978A was cored within the above-mentioned channel
(Estrada et al., 2011). Our 26-m lowering of the level where the “M”
horizon crosses the section (Fig. 7) appears conceivable with the
seismic line shown by these authors in their figure 7b where Site
978 is projected. We have not changed the correlation of the Hole
134B cored sequence with the seismic horizon “M” at 344.90 mbsf
(Ryan et al., 1973; Sage et al., 2005; Fig. 7).

7.3. Lago Mare events at the regional scale

High-resolution analyses performed on holes 976B, 978A and
134B have revealed evidence of several influxes of Paratethyan
dinoflagellate cysts into the deep Mediterranean central basins (i.e.,
the Lago Mare or LM episodes; Fig. 7). Biostratigraphy allows those
preceding the final catastrophic reflooding to be distinguished from
those following it, and more precisely to assign them to the three
Lago Mare episodes as proposed by Clauzon et al. (2005), Popescu
et al. (2009) and Do Couto et al. (2014), and possibly to an older
one in Hole 976B. The first episode (LM 1) ends the first step of the
MSC in peripheral basins, the second (LM 2) ends the second step of
the MSC in the central basins, and the third (LM 3) immediately
follows the final catastrophic marine reflooding. It was noted by the
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Figure 7. Proposed chronostratigraphy of the studied holes for the interval including the seismic reflector “M” with the positions of recorded Lago Mare episodes.

above authors that the record of Paratethyan dinoflagellate cysts
reliably indicates the influx of surface waters from the Paratethys.
Such influxes may then have extended over time as well as in space
in coastal lagoons favorable to the development of the accompa-
nying ostracods (Cyprideis group mainly) and molluscs (Dreissenids
and Limnocardiids). Accordingly, the traditional view that recog-
nizes just one Lago Mare event (Roveri et al.,, 2014a) should be
abandoned.

In this study, the oldest Lago Mare episode is recorded in Hole
976B: it belongs a priori to LM 1 or perhaps to an older episode as
recorded at Crevillente (Fig. 1) prior to 6.10 Ma (see Section 3.2.2).
The lowermost Paratethyan influx recorded in Hole 978A would
belong to LM 1 or LM 2, or maybe to both episodes as they could be
juxtaposed with regard to the 65-m thick brackish environment
evidenced by laccarino and Bossio (1999). The two lowermost
Paratethyan influxes evidenced at Site 134 are attributed to LM 2

because they are linked to the Upper Evaporitic Unit. Lastly, the
uppermost Paratethyan influxes recorded in holes 978A and 134B
belong to episode LM 3. These successive episodes from the Alboran
and Balearic basins are shown in Figure 8 in comparison with the
evidence based on ostracods and molluscs.

Comparisons can be made with exposed sections on land that
successively or simultaneously display the various types of Lago
Mare biofacies (dinoflagellate cysts and/or ostracods and molluscs).
At Eraclea Minoa in southern Sicily, LM 1 and LM 3 have been
defined (Popescu et al., 2009; Bache et al., 2012) subsequent to an
initial dinoflagellate influx recorded beneath the highest gypsum
bed of the Sicilian Upper Evaporites (Londeix et al., 2007; Fig. 8).
There (Fig. 9), LM 1 corresponds to the Lago Mare Unit (Cita and
Colombo, 1979), which shows two beds with dreissenids (Fig. 9C;
Popescu et al., 2009) but is devoid of Paratethyan dinoflagellate
cysts (Londeix et al., 2007). Discordantly, the overlying Arenazzolo
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Figure 8. Chronostratigraphic and biofacies interpretative significance of the Lago Mare events between 5.7 and 5.2 Ma. Origin of data: - southeastern Spain: Cita et al. (1980) for
the Vera Basin, Aguirre and Sdnchez-Almazo (2004) for the Nijar Basin, Soria et al. (2008) for the area of San Miguel de Salinas, Guerra-Merchan et al. (2010) for the Mdlaga area, and
Do Couto et al. (2014) for the Sorbas, Nijar and Malaga areas; - Eraclea Minoa: Decima and Wezel (1971); Londeix et al. (2007), Popescu et al. (2009); - Alboran Sea (holes 976B,
977A, 978A): laccarino and Bossio (1999) for Hole 978A, and this study for the three wells; - Balearic Basin (Hole 134B): this study. LM, Lago Mare biofacies.

Unit yielded Paratethyan dinoflagellate cysts only in its lower part
(Fig. 9). Bache et al. (2012) showed that these stratigraphic units are
separated by an unconformity, i.e. a sedimentary gap correspond-
ing to the peak of the MSC that we call the Messinian Discontinuity
(Fig. 9B; see also: Melinte-Dobrinescu et al., 2009). When erosional,
this contact expresses the marine reflooding that terminates the
MSC (Fig. 9A).

In southeastern Spain (Fig. 1), Lago Mare episodes have been
identified before and after the peak of the MSC (Fig. 8):

- at San Miguel de Salinas (Bajo Segura Basin), such an episode
predates the “end-Messinian unconformity” of Soria et al.
(2008) that we refer to the Messinian Erosional Surface; this is
the LM 1;

- at Cuevas del Almanzora, in the central part of the Vera Basin,
LM 1 (Cita et al., 1980) is overlain by the Messinian Discontinuity
(Fig. 10B) which is marked by a thin erosional conglomerate
(Fig. 10C; Bernet Rollande et al., 1979; Fortuin et al., 1995);
otherwise, the Messinian subaerial erosion is well-marked at
the periphery of the basin such as at Garrapancho (Fortuin et al.,
1995; Fig. 10A);

- near Malaga, LM 3 has been identified within the Gilbert-type
fan delta overlying the Messinian Erosional Surface (Do Couto
et al., 2014; Fig. 10D).

In the Crotone Basin, Calabria, the late Messinian erosional
phase (relative to the Mediterranean Sea drawdown) is sandwiched
between two Lago Mare layers (Zecchin et al., 2013) that we refer to
episodes LM 1 and LM 3. We conclude that such a relationship
between Lago Mare events 1 and 3 and the Messinian Erosional
Surface or the Messinian Discontinuity is relatively common
(Fig. 8).

Figure 9. Exposed Lago Mare units at Eraclea Minoa (southern Sicily). A, Section
showing the complete succession from the Upper Evaporites to Trubi. B, Section
showing erosion of the upper Lago Mare Unit and onlapping Arenazzolo Unit. C, Detail
of the lower “congeria” bed (Lago Mare Unit 1).
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Figure 10. Sections in southeastern Spain showing different examples of the Messinian—Zanclean contact with location of Lago Mare unit where present. A, The Garrapancho
section near Antas in the Vera Basin, where a well-dated post-MSC Gilbert-type fan delta overlies the Messinian Erosional Surface. B, The Cuevas del Almanzora section in the Vera
Basin where the Messinian Discontinuity is exposed. C, Enlargement of the conglomeratic Messinian—Zanclean contact in the Cuevas del Almanzora section. D, The Rio Mendelin
section near Malaga where the post-MSC Gilbert-type fan delta includes a Lago Mare biofacies.

At the Mediterranean periphery, many of the Lago Mare de-
posits reveal marine conditions, very littoral for LM 1 and more
marine for LM 3 (Popescu et al., 2009). Such a marginal context
and the coeval occurrence of marine (Mediterranean) microfossils
in the Pannonian and/or Dacic and Euxinian basins led to the
conception of high sea-level exchanges between the Mediterra-
nean and Paratethys just before and just after the paroxysm of the
MSC (Clauzon et al., 2005; Popescu et al., 2009; Bache et al., 2012;
Suc et al., 2015). This concept is supported by fossil fish distri-
butions (Carnevale et al., 2006a,b). All the influxes of Paratethyan
dinoflagellate cysts identified in holes 976B, 978A and 134B
occurred in a marine context, probably in more coastal conditions
for LM 1 and LM 2, and more distal conditions for LM 3. These
lines of evidence from central basins fit with the interpretation
based on data from the peripheral sites. Some peripheral Lago
Mare deposits reflect a lagoon environment, such as those known
at Sorbas and Nijar (Do Couto et al., 2014). It is proposed that
some elements of the Lago Mare assemblages (molluscs, ostra-
cods) may have survived the influx episode by colonizing lagoons
back from the shoreline where they may have persisted for some
time (Do Couto et al,, 2014). This assumption is expressed in
Figure 8 as the expansion of these Paratethyan taxa in space and/
or time.

The LM 2 episode is documented only in long boreholes from
the Mediterranean central basins. Its understanding remains
elusive. Holes 978A and 134B show that there is no significant in-
crease in freshwater algae along with the influx of Paratethyan
dinoflagellate cysts. This suggests discarding as a source the input
of rivers from the drainage of African mega-lakes as proposed by
Griffin (2002). This enquiry needs similar analyses on all the DSDP
and ODP sites in the Mediterranean. However, pending more
complete information, we may as a first attempt suppose that
brackish waters were pooled within a perched Aegean Basin during

the desiccation phase of the Mediterranean. This basin was pre-
sumably fed with Paratethyan waters by river transport through the
Balkans as suggested by Suc et al. (2011, 2015). Momentary over-
flows above the Hellenic Arc or its partial breaching may have
provided such influxes to the almost completely desiccated Medi-
terranean Basin.

7.4. Environment of evaporite deposition

The depositional environment of the Messinian central evapo-
rites is still intensely debated, as conclusive information from cores
is very scarce. Hsii et al. (1973) hypothesized a sea-level drop of
about 1500 m and the occurrence of sabkhas at the bottom of
desiccated central basins in a warm and arid atmosphere. Hardie
and Lowenstein (2004) refuted the desiccation model and sug-
gested a water depth deep enough to preclude the bottom from
wave activity. Krijgsman and Meijer (2008) considered a
completely filled Mediterranean Basin except for a brief desiccation
phase when exchanges with the Atlantic Ocean were restricted.
This model was also supported by Roveri et al. (2014c) who dis-
proved any sea-level drop greater than 200 m. Bache et al. (2012,
2015) defended a scenario where, after a severe sea-level drop,
sea level rose progressively in response to erosion of the Gibraltar
sill during which the central evaporites were deposited.

In the present study, only Site 134 provides information on the
central evaporites, which unfortunately is reduced to the topmost
part of their Upper Unit. It cannot be contested that this evaporitic
series (362—326 mbsf) corresponds to a low sea level, as reflected
by the poor assemblage of calcareous microfossils (foraminifers and
nannofossils; Fig. 6). Our data also show that they were deposited
in a continuous marine setting but relatively near to the coastline as
evidenced by the dinoflagellate cyst assemblages (Fig. 6). The
abundance of herbs and particularly of halophytes within the
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pollen flora denotes the close proximity of the Sardinia shoreline
(Fig. 6; Suppl. data 15). It can be concluded that these evaporites did
not deposit in a sabkha environment but within a context of low sea
level. This interpretation disagrees with the scenarios proposed by
Hsii et al. (1973), Krijgsman and Meijer (2008) and Roveri et al.
(2014c) but is consistent with the models of Hardie and
Lowenstein (2004) and Bache et al. (2012, 2015). In contrast to
the assumption by Roveri et al. (2014b), pollen data from the up-
permost evaporitic layers of Site 134 display no humid phases
during the Lago Mare episodes: dry conditions persisted at low
altitude while humidity increased on the relief slope as previously
proposed by Fauquette et al. (2006).

7.5. Pre- and post-reflooding marine environment based on
dinoflagellate cysts

Before the complete reflooding, the Mediterranean Basin prob-
ably received Atlantic surface waters overflooding the Gibraltar Sill
as proposed by Bache et al. (2015). However, the corresponding
dinoflagellate cyst assemblages recorded in holes 976B, 978A and
134B are relatively poor in cyst abundance and diversity when
compared to those recorded near the eastern Atlantic palaeo-
shoreline at the same time (Bou Regreg, Morocco; Fig. 1; Warny,
1998—1999). In addition, such marine assemblages were momen-
tarily complemented by brackish species originating from over-
flows of Paratethyan waters or connection with the former
Paratethys.

Immediately after the complete reflooding, i.e. after the re-
establishment of the Mediterranean—Atlantic connection at the
same sea-level, marine species became prevalent within the
dinoflagellate cyst assemblages of the central Alboran Sea and
Balearic Basin (Figs. 3—6). These dinoflagellate cyst assemblages are
dominated by Impagidinium spp., Nematosphaeropsis spp., Spini-
ferites spp., Operculodinium spp., and Lingulodinium machaer-
ophorum, similar to the coeval levels already studied in the nearby
Andalucia G1 well by Warny (1998—1999) (Fig. 1). However, these
Mediterranean dinoflagellate assemblages are somewhat different
from the coeval ones from Bou Regreg (Fig. 1), which for example
show a lower abundance of I. patulum and a greater abundance of
Bitectatodinium spp. (Warny, 1998—1999). Such differences likely
result from warmer waters in the recovered Mediterranean Sea
than in the coastal eastern Atlantic Ocean.

8. Conclusions

Our high-resolution multi-proxy biostratigraphic and palae-
oenvironmental analysis of sediments including the Messi-
nian—Zanclean boundary in four deep holes has resulted in:

- refining or confirming the exact stratigraphic position of the
Messinian—Zanclean boundary in each hole, and that of seismic
horizon “M”;

showing that the reflooding of the Mediterranean Basin signif-
icantly preceded the Zanclean GSSP (by 128 kyr according to
Bache et al. (2012));

identifying several Paratethyan influxes before and after marine
reflooding;

evidencing that the Lago Mare episodes were deposited in a
marine context and under dry climatic conditions;
demonstrating that the Upper Evaporitic Unit of the Balearic
Basin was deposited below a water depth relatively close to the
Sardinia palaeoshoreline;

and supporting the two-step scenario of the refilling of the
Mediterranean Basin by Atlantic waters (Bache et al., 2012).

After the marine reflooding, the record of oceanic microfossils in
the sedimentary archives of the Alboran Sea appears somewhat
unstable, probably because of the high turbulence of surface waters
before the modern currents were established.

The Paratethyan influxes are time-limited episodes and repre-
sent the input of surface waters, needing high sea-level exchanges
between the Mediterranean and Paratethys for those preceding or
following the peak of the MSC (LM 1 and older episode, LM 3).
These influx episodes probably reached littoral areas, allowing the
spread of Paratethyan molluscs and ostracods into coastal lagoons,
and extending in space and time the invasion by Paratethyan spe-
cies. Episode LM 2 is included within the topmost part of the Upper
Evaporitic Unit or just above it. It is speculated to originate from the
overflowing (possibly dumping after barrier collapse) of a perched
basin within the Aegean realm that pooled Paratethyan waters
during the peak of the MSC.
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