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Abstract

More than one thousand specimens of a morphological complex including Galeacysta etrusca Corradini & Bifti 1988 from 11 Upper
Miocene and Lower Pliocene localities of the Paratethyan and Mediterranean realms have been studied using a biometric approach in part
relating to the degree of separation between endocyst and ectocyst. Four stable biometric groups have been distinguished statistically, the
occurrence or prevalence of which appears closely linked to environmental conditions irrespective of the realm. Group ‘a’ is related to
brackish conditions, group ‘b’ to marine conditions, group ‘c’ to freshwater, and group ‘d’ to high nutrient levels. Based on an accurate
chronology provided by calcareous nannoplankton bioevents and recognition of the Messinian Erosional Surface, this study reveals:
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(1) the high sensitivity of the Galeacysta etrusca complex for reconstructing paleoenvironments and discriminating phases of connection
and isolation of basins;

(2) the detailed history of this species complex which originated in the Pannonian Basin at ca. 8 Ma before invading the Dacic Basin during
the interval 6-5.60 Ma, then migrating into the Mediterranean during high sea-level connections (the ‘Lago Mare’ events just before
and after the peak of the Messinian Salinity Crisis, i.e. at 5.60 Ma and during the interval ca. 5.46-5.278 Ma, respectively), and finally
into the Black Sea at ca. 5.13 Ma;

(3) an improved paleogeography for the Mediterranean and Paratethyan realms with focus on the location of corridors and the timing of
when they were active.

Based on field observations and dinoflagellate cyst data, we propose that the reflooding of the Mediterranean Basin by Atlantic waters

occurred at ca. 5.46 Ma, about 130 kyr before the Zanclean GSSP (5.332 Ma).

Key words: Galeacysta etrusca complex; Paratethys—Mediterranean; Messinian; Zanclean; ‘Lago Mare’.

INTRODUCTION

The dinoflagellate cyst Galeacysta etrusca Corradini &
Biffi 1988 is considered to have migrated from the Paratethys
into the Mediterranean Sea during the latest Messinian
(Text-Figure 1A). It was first described from uppermost
Messinian deposits at Cava Serredi (Livorno Province,
Italy; Text-Figure 1B) by Corradini and Biffi (1988).

Morphologically similar dinoflagellate cysts are known
from the Lower Pliocene of southern Romania as
Thalassiphora balcanica Baltes 1971 and Romanodinium
areolatum Baltes 1971; these differing from Galeacysta
etrusca only by the reduced expression of their tabulation.
Based on studies of the Pannonian Basin (Central
Paratethys), Siit6-Szentai (1988) attempted to transfer
Thalassiphora balcanicato the genus Spiniferites,although
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Text-Figure 1. A)Paleogeographic location of the Paratethyan basins (in gray: a, Pannonian; b, Dacic; and ¢, Euxinian and Caspian)
with respect to the present-day Mediterranean Sea. B) Localities yielding specimens of the Galeacysta etrusca complex: 1,Krasi¢;
2, Malunje; 3, Krajacici; 4, Majs 2; 5, Hinova; 6, Cernat; 7, Valea Vacii; 8, DSDP Site 380; 9, Eraclea Minoa; 10, Cava Serredi;

11, Maccarone; 12, San Donato; 13, Casabianda; 14, Aghios Sostis; 15, Torre Sterpi; 16, Sioneri.
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the resulting combination was not validly published until
later as Spiniferites balcanicus (Baltes 1971) Siit6-Szentai
2000. Siit6-Zoltanné (1994) maintained Spiniferites
balcanicus and Galeacysta etrusca as separate species, but
considered Galeacysta etrusca as a planktonic (thecate)
form. Nematosphaeropsis bicorporis Siiténé-Szentai 1996
is also morphologically similar to Galeacysta etrusca and
was described from the Upper Pannonian (regional Stage)
in the Central Paratethys by Siit6-Szentai (1990). The name
Nematosphaeropsis bicorporis was not validly published
by Siit6-Szentai (1990) because the author did not state the
location of the holotype. This information was later pro-
vided by the same author (under the name Siit6né Szentai,
1996), thereby completing requirements for valid publica-
tion.

Hence, Galeacysta etrusca, Romanodinium areolatum,
Spiniferites balcanicus, and Nematosphaeropsis
bicorporis are all validly published names relating to
morphologically similar, if not identical, cyst forms. The
spatial and temporal distributions of Galeacysta etrusca,
Romanodinium areolatum, Spiniferites balcanicus, and
Nematosphaeropsis bicorporis are associated with major
paleogeographic changes that led to fragmentation of the
Paratethys Sea (Text-Figure 1A) into separate basins (i.e.
Pannonian, Dacic, Euxinian, and Caspian) as a result of
the Carpathian uplift (Pomerol, 1973; Rogl and Steininger,
1983; Piller et al., 2007). This fragmentation implies
important paleoenvironmental changes marked by a pro-
gressive decrease in salinity from west to east in these
basins.

It has been demonstrated that dinoflagellates are sensi-
tive to environmental change, and their cyst morphologies
may become modified in response to environmental stress.
The appearance of cruciform endocysts and variations in
septal development (Wall et al., 1973; Wall and Dale,
1974) or reductions in process length (de Vernal et al.,
1989; Dale, 1996; Ellegaard, 2000; Lewis et al., 1999;
2003; Head, 2007) have been correlated to the reduced
salinities of surface waters. Laboratory experiments on
living specimens have reproduced morphological changes
observed in the fossil record, and show that certain species
vary in process length (Kokinos and Anderson, 1995) and
process morphology (Lewis and Hallett, 1997) even under
stable salinity conditions, indicating that cyst morphologi-
cal changes are controlled by multiple factors such as
salinity, temperature, and nutrients.

The presence of morphologies transitional between
Galeacysta etrusca, Nematosphaeropsis bicorporis,
Romanodinium areolatum, and Spiniferites balcanicus
suggests strongly that all these taxa are morphological
variants of a single species. In this study, we therefore
group them as the Galeacysta etrusca complex. We here-

after abbreviate the Galeacysta etrusca complex to
Galeacysta etrusca, except when referring strictly to the
morphotype described by Corradini and Biffi which we
indicate as Galeacysta etrusca sensu stricto. We provi-
sionally use the name Galeacysta etrusca Corradini and
Biffi 1988 because the type material is illustrated and
described unambiguously, although we acknowledge that
the name Romanodinium areolatum Baltes 1971 has pri-
ority. The type materials of these morphotypes are under
investigation, and formal synonymies will be presented in
due course.

In the Pannonian Basin, the appearance of Galeacysta
etrusca at about 8§ Ma (Magyar et al., 1999a), followed by
its high abundance up to ca. 5 Ma, allows this species
complex to be considered as the marker for the uppermost
regional biozone of the Upper Miocene (Siit6-Szentai,
1990; Magyar et al., 1999a; Miiller et al., 1999; Sacchi and
Horvith,2002; Popov etal.,2006; Piller et al.,2007).In the
Mediterranean area, Galeacysta etrusca occurred within
the late Messinian—early Zanclean interval which includes
the Messinian Salinity Crisis that led to the almost com-
plete desiccation of the Mediterranean Sea. The regular
occurrence of Galeacysta etrusca sensu stricto in these
uppermost Messinian deposits explains why this species
has become the microplankton reference for the ‘Lago
Mare’ biofacies (Bertini et al., 1995).

The present study aims to show that during Messinian
and Zanclean times, Galeacysta etrusca developed a wide
range of morphological variability including (1) the de-
gree of separation between ectocyst and endocyst repre-
senting the same morphological response to environmen-
tal stress as documented for process length in chorate
dinoflagellate cysts, and (2) the overall size and length/
width ratio of endocyst and ectocyst. This variability is
documented in the present study using the biometric and
statistical analysis of a data set based on 1144 specimens
of Galeacysta etrusca from Central-Eastern Paratethys
and Mediterranean sections located within the Upper
Miocene and Lower Pliocene (Text-Figure 1B). We note
that the shape of the endocyst, which varies from oval to
cruciform, can also be important but this parameter was
notdocumented in the present study. Two complementary
aspects are particularly focused upon: (1) the geographic
and hydrographic reconstruction of the Paratethys and
Mediterranean realm around the Messinian Salinity Cri-
sis,and (2) the morphological and biometric characteriza-
tion of Galeacysta etrusca as aresponse to environmental
changes. These two research themes lead us to address
two main questions:

(1) Is it possible to distinguish between the two ‘Lago
Mare’ events evidenced by Clauzon et al. (2005) using



108

PALYNOLOGY, VOLUME 33(2) — 2009

the biometric range of Galeacysta etrusca in the Medi-
terranean realm?

(2) Do the inferred Galeacysta etrusca migrations give
information about the complicated paleogeographical
changes within the Mediterranean and Central-Eastern
Paratethys regions during this period?

THE MESSINIAN SALINITY CRISIS
AND THE ‘LAGO MARE’ EVENTS

The Mediterranean experienced dramatic changes dur-
ing the Late Miocene when it became temporarily isolated
as aresult of tectonic activity (Hsiiet al., 1973; Duggen et
al.,2003;Jolivetetal.,2006).Isolation led to the Messinian
Salinity Crisis, peaking with a severe drop in Mediterra-
nean sea-level which resulted in the deposition of thick
evaporites in central basins (Hsti et al., 1973; Rouchy and
Caruso, 2006) and intense subaerial erosion of the mar-
gins (Clauzon, 1999). During the almost complete desic-
cation of the Mediterranean Sea, the Paratethys was
considered to be a suspended basin full of water (Hsii et
al., 1978; Cita et al., 1978). The drainage of Paratethys
into the Mediterranean Sea was considered as a single
isochronous event by Hsiietal. (1973) as evidenced by the
‘Lago Mare’ biofacies characterized by Paratethyan fos-
sil assemblages. This hypothesis was contradicted by (1)
the discovery of latest Messinian and earliest Zanclean
Mediterranean marine calcareous nannoplankton in the
Eastern Paratethys (Dacic Basin: Marunteanu and
Papaianopol, 1995; 1998; Drivaliari et al., 1999; Snel et
al., 2006; Azov Sea: Semenenko and Olejnik, 1995)
within the time-frame encompassing the Messinian Salin-
ity Crisis; and (2) by the clear evidence of two successive
falls in sea level (Clauzon et al., 1996), now generally
accepted (CIESM, 2008). The first was from 5.960 to
about 5.760 Ma, when a minor sea-level drop caused the
deposition of evaporites in the more-or-less isolated mar-
ginal basins (gypsum, halite and potash salts in such areas
as Sicily where they constitute the Lower Evaporites) and
some erosion in the most proximal parts of river valleys.
The second was from 5.60 to ca. 5.46 Ma when a major
sea-level drop resulted in: (1) the almost complete desic-
cation of the Mediterranean Sea, (2) deposition of the
central basin evaporites, and (3) massive subaerial ero-
sion (deep river canyons and intense dismantling of the
margins) that strongly cuts the marginal evaporites and
extends to the central basin evaporites. These two sea-
level drops were separated by an intermediate transgres-
sive and cyclic episode corresponding to the Upper Evapor-
ites of Sicily, where, as at Eraclea Minoa, relatively low
sea-levels caused the deposition of six gypsum beds.

A severe erosion also impacted the Eastern Paratethys
(Gilletetal.,2003;2007; Clauzon et al.,2005), which had
been connected almost continuously with the Mediterra-
nean Sea during the high sea-level episodes of the Neo-
gene since about 14 Ma (Mdrunteanu and Papaianopol,
1995; 1998). Popescu (2006) used the late arrival of
marine dinoflagellate cysts at DSDP Leg 42, Site 380 in the
Black Sea to demonstrate that the supposed ‘proto-
Bosphorus’ was closed during the Late Neogene, and that
the gateway was instead located in the Balkans area (Clauzon
et al., 2005). The presence of Paratethyan organisms,
namely (1) molluscs (dreissenids and lymnocardiids), (2)
ostracods (Cyprideis pannonica group), and (3)
dinoflagellate cysts (Galeacysta etrusca, Spiniferites
cruciformis, Pyxidinopsis psilata etc.), in the Mediterra-
nean (Clauzon et al., 2005); simultaneously with the pres-
ence of Mediterranean planktonic microorganisms, namely
(1) calcareous nannoplankton (Mdarunteanu and
Papaianopol, 1995, 1998; Semenenko and Olejnik, 1995;
Clauzonetal.,2005; Snel etal.,2006),(2) foraminifers,and
(3) dinoflagellate cysts (Popescu, 2006; Popescu et al.,
2006), in the Paratethys implies that these two seas com-
municated during high sea levels before and after the
Messinian Salinity Crisis. This connection resulted in two
‘Lago Mare’ events, the first indicated at the top of the
Messinian marginal evaporites and the second in the
lowermost Zanclean (Clauzon et al., 2005). These obser-
vations have led to the new concept of the ‘Lago Mare’
events (Clauzon et al., 2005) depicted in Text-Figure 2.
When contrasting the various concepts related to the term
Lago Mare, we use inverted commas when referring to the
distinctive Mediterranean biofacies or its corresponding
event relating to the invasion of Paratethyan organisms
into the Mediterranean (two high sea-level exchanges,
and an intermediate dilution episode; see Clauzon et al.,
2005 for details), and we use the term without inverted
commas when referring to a stratigraphic formation de-
scribed as such. These two ‘Lago Mare’ events accord
with the two-step scenario of Clauzon et al. (1996,2005),
as summarized above. This scenario contrasts with: (1)
Krijgsman et al.’s (1999) scenario which considers the
marginal evaporites as coeval with the central basin evapor-
ites without any sea-level fall at the beginning of the crisis
(in addition to a discrepancy over the precise location of
the erosional surface in Sicily), (2) Rouchy and Caruso’s
(2006) scenario that invokes multiple erosional phases
even though a single erosional event is marked at the
Mediterranean margins (Lofi et al., 2005), and (3) Braga
etal.’s (2006) scenario where the marginal pre-evaporitic
paleotopography is confused with the Messinian Ero-
sional Surface which everywhere postdates the marginal
evaporites (Clauzon et al., 1996).
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Text-Figure 2.  Chronostratigraphic position of localities yielding specimens of the Galeacysta etrusca complex, based on the two-
step scenario of the Messinian Salinity Crisis (Clauzon et al., 1996; 2005). Calcareous nannoplankton biochronology is from
Lourens et al. (2005) amended by Raffi et al. (2006). Age boundaries of regional stages in the Dacic Basin reflect discrepancies
between authors (Vasiliev et al., 2004; Clauzon et al., 2005; Popescu et al., 2006; Snel et al., 2006; Stoica et al., 2007). Age
boundaries of regional substages in the Dacic Basin are after Snel et al. (2006). Double arrows specify major episodes of
interconnection (‘Lago Mare’ events: Clauzon et al., 2005) between the Mediterranean and Paratethys within a phase of
discontinuous water exchanges as indicated by the dashed line separating the Mediterranean and Paratethys columns.

LOCALITIES STUDIED AND THEIR
CHRONOSTRATIGRAPHIC SETTING

According to Clauzon et al. (2005), two episodes of
water exchange existed between the Mediterranean and
Paratethys seas during 6-5 Ma, each high sea-level con-
nection generating a ‘Lago Mare’ biofacies on the Medi-
terranean margins (Bertini et al., 1995). The first episode
preceded the desiccation phase of the Messinian Salinity
Crisis and coincides with the NN11b calcareous nanno-
plankton subzone (Text-Figure 2). At its highest intensity
this exchange caused the arrival of Galeacysta etrusca
sensu stricto as recorded at Cava Serredi, Eraclea Minoa
(the first influx), and Aghios Sostis. The second episode
immediately followed the desiccation phase of the
Messinian Salinity Crisis during the late NN12a and
earliest NN 12b calcareous nannoplankton subzones (Text-

Figure 2). The resulting invasion of Galeacysta etrusca
lasted about 130 kyr (as calculated at Eraclea Minoa
between ca. 546 Ma for the base of the Arenazzolo
Formation and that of the base of the acme of
Sphaeroidinellopsis; Lourens et al.,2005), while the two-
way water-exchange continued sporadically until ca. 5
Ma as evidenced at DSDP Site 380 (Popescu, 2006)
(Text-Figure 2).

Inthis study,we examined 14 localities (Majs 2,Krajacidi,
Krasi¢, Cernat, Valea Vacii, Eraclea Minoa, Hinova,
Maccarone, San Donato, DSDP Site 380, Malunje, Torre
Sterpi, Sioneri, and Casabianda) distributed along the Cen-
tral and Eastern Paratethys and Mediterranean margins.
The last four localities were not retained for final statistical
analyses and comparisons because Galeacysta etrusca is
scarce. The chronostratigraphic positions of the localities
studied are reported below.
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The Central Paratethys (Pannonian Basin)

The earliest appearance of Galeacysta etrusca is at 8§ Ma
in the Pannonian Basin (Central Paratethys) where it per-
sisted for 3 Myr, until ca. 5 Ma. This species has been used
as achronostratigraphic indicator throughout the Pannonian
Basin (Magyar et al., 1999a, b; Miiller et al., 1999). Be-
cause the Late Miocene stratigraphy of this basin is debated
(Sacchi and Horvath, 2002; Piller et al., 2007), we follow
the traditional approach that does not recognise the Pontian
Stage in the Pannonian Basin (Magyaretal., 1999a; Miiller
et al., 1999) (Text-Figure 2).

In this basin, four localities were selected in order to
observe (1) the morphology of the ‘oldest’ representatives
of Galeacysta etruscain typical low-salinity paleoenviron-
ments (Majs 2 section), and (2) possible morphological
modifications related to increasing salinity as indicated by
the presence of marine dinoflagellate cysts (Malunje, Krasi¢
and Krajacidi sections) and nannoplankton (Krajacici). The
Majs 2 samples analyzed in this study have been selected
from the oldest beds of the Galeacysta etrusca Zone at ca.
8 Ma (Text-Figure 2; Magyar et al., 1999a, b). The low-
salinity paleoenvironments at this time are indicated by the
presence of typically Paratethyan dinoflagellate cyst as-
semblages and the absence of marine dinoflagellates cysts.
The Malunje, Krasi¢ and Krajacié¢i sections of the
Pannonian Basin belong to the Spiniferites validus biozone
(Magyar et al., 1999a; Kovécié et al., 2004). The presence
of marine microorganisms suggests a connection between
the Pannonian Basin and Mediterranean Sea at that time.

The Eastern Paratethys (Dacic and Euxinian basins)

In the Eastern Paratethys (Dacic and Euxinian basins),
Galeacysta etruscais acommon species in sediments of the
regional Pontian Stage (Text-Figure 2).In spite of intensive
efforts using magnetostratigraphy in conjunction with
molluscan biostratigraphy, the ages of regional stage bound-
aries in the Dacic Basin are still disputed (Maeotian—
Pontian: 6.15-5.75 Ma; Pontian—Dacian: 5.30-4.90 Ma;
Vasiliev et al., 2004; Snel et al., 2006; Stoica et al., 2007;
see also Clauzonetal.,2005; Popescuetal.,2006); discrep-
ancies are indicated on Text-Figure 2. Ages of the regional
substage boundaries have been proposed only by Snel et al.
(2006) and are reported for indicative purposes in Text-
Figure 2: 6.0 Ma for the Odessian—Portaferrian and 5.60
Ma for the Portaferrian—Bosphorian. In this study, we
chronologically calibrate the sections using global nanno-
plankton biostratigraphy and consider their position with
respect to the Messinian Erosional Surface identified in
both basins. Four localities were analyzed in these two
basins, respectively Cernat, Valea Vacii and Hinova in the

Dacic Basin,and DSDP Site 380 in the Black Sea (Euxinian
Basin). The Cernat and Valea Vacii sections (Text-Figure
2) belong to the Portaferrian and Bosphorian substages,
respectively. Both sections contain calcareous nannoplank-
ton of the NN11b subzone (Méarunteanu and Papaianopol,
1998; Snel et al., 2006), since the basin at that time was
connected to the Mediterranean (Clauzon et al., 2005), and
are considered Late Messinian in age. The Hinova section
contains a Bosphorian mollusc fauna and includes calcar-
eous nannoplankton assignable to subzone NN 12a (Popescu,
2001; Clauzon et al., 2005; Popescu et al, 2006). More
precisely, they are astronomically dated at 5.40 to 5.34 Ma
based on vegetation cycles identified in the pollen record
(Popescuetal.,2006) (Text-Figure 2). This section overlies
a massive erosional surface referred to the desiccation
phase of the Messinian Salinity Crisis (Clauzon et al.,
2005). Sediments from the Black Sea DSDP Site 380
considered in this study overlie the Messinian Erosional
Surface (Gillet et al., 2007) and cover an astronomically
dated time-window between 5.11 and 5.00 Ma, as also
indicated by the pollen record (Popescu, 2006) (Text-
Figure 2).

The Mediterranean Realm

Along the Mediterranean margins, Galeacysta etrusca is
recorded in Central Italy at Cava Serredi (Corradini and
Biffi, 1988), Maccarone (Bertini, 2006; Popescu et al.,
2007), and San Donato (Bassetti, 1997); in Northern Italy
at Torre Sterpi and Sioneri (S.-M. Popescu, unpublished);
in Sicily at Eraclea Minoa (Londeix et al., 2007); and in
CorsicaatCasabianda (S.-M. Popescu,unpublished) (Text-
Figure 1B). Based on their biostratigraphy and position
relative to the Messinian Erosional Surface (Text-Figure
1B), Cava Serredi and Aghios Sostis are considered
Messinian localities, corresponding to the first ‘L.ago Mare’
event (Clauzon et al., 2005). In contrast, Maccaronne, San
Donato, Torre Sterpi, Sioneri and Casabianda are post
Messinian Salinity Crisis localities and correspond to the
second ‘Lago Mare’ event (Clauzon et al.,2005). A special
case is the Eraclea Minoa section that includes both ‘Lago
Mare’ events. The Cava Serredi, Eraclea Minoa, Maccarone,
and Casabianda sections were restudied in order to refine
their chronostratigraphic positions with respect to the
Messinian Salinity Crisis. The newly obtained bio- and
chronostratigraphic data are presented below.

At the Cava Serredi quarry, a Lago Mare deposit about
26 m thick was described in the 1980s, sandwiched be-
tween a thick uppermost gypsum bed and Zanclean clays
(Bossio et al., 1981). It was clearly subdivided into two
parts: a lower 7.50-m thick dreissenid-rich part, which
includes some highly concentrated beds (coquinas), is
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considered to indicate brackish conditions; and an upper
part,about 18 mthick and rich in Melanopsis and Theodoxus
shells, corresponds to amore freshwater environment (Text-
Figure 3A,B; Bossioetal., 1981). Today, the working face
of the quarry has moved about 2 km northward, and only
6.60 m of Lago Mare separates the highest gypsum bed
from the lowermost Zanclean clays. These clays are well
characterized by our lowest record of Ceratolithus acutus

occurring 3 m above their base, this datum preceding that
of Sphaeroidinellopsis as reported by Bossio et al. (1981)
(Text-Figure 3B, C). The Lago Mare comprises only
dreissenid-rich sediments, including coquinas. The
Melanopsis layer is absent. We conclude that the missing
ca. 19 mofLagoMare (i.e. the entire Melanopsis layer plus
ca. I mofdreissenid-rich sediment) were eroded during the
desiccation phase of the Messinian Salinity Crisis and that,
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Text-Figure 3. Stratigraphy of the upper Messinian and lowermost Zanclean deposits at Cava Serredi in the early 1980s compared
tothe year 2005, with the location of the Messinian Erosional Surface. A) Photograph of the 2005 working face of the quarry (photo:
J.-P.Suc). B) Section in 2005. C) Section published by Bossio et al. (1981) with the black circle indicating the Galeacysta etrusca
sensu stricto layer. D) Photograph showing the working face of the quarry in the early 1980s (photo: A.Bossio).Key: 1, gypsum;
2, clay; 3, dreissenid bed; 4, Melanopsis bed; 5, Messinian Erosional Surface. Light gray shading indicates eroded sediments
missing from the present-day working face of the quarry.
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accordingly, the Messinian Erosional Surface corresponds
here to moderate erosion and must be placed at the top of the
Lago Mare (Text-Figure 3). This section was presented as
showing a continuous passage from the Messinian to
Zanclean by Bossio et al. (1981), Corradini and Biffi
(1988), and Carnevale et al. (2006). In fact, the Galeacysta
etrusca sensu stricto layer of the Cava Serredi locality
documents what we consider an episode of high sea-level
and intensive exchange between the Mediterranean and
Eastern Paratethys just before the Mediterranean desicca-
tion phase (Text-Figure 2) (Clauzon et al., 2005). The
marine conditions of the Cava Serredi dreissenid beds have
been supported recently by the presence of marine fish
remains (Carnevale et al., 2006).

Eraclea Minoa is the only Mediterranean section where
Galeacysta etrusca has been recorded before and after the
Messinian desiccation phase (Clauzonetal.,2005; Londeix
et al., 2007). Here, the desiccation is not expressed by
well-marked erosion, probably because the locality occu-
pied an interfluvial position in a semi-arid area (Suc and
Bessais, 1990; Fauquette etal.,2006). However, a discon-
tinuity has been reported as shown in Text-Figure 4. Two
sections have been examined near the global stratotype
section and point (GSSP) of the Zanclean Stage (Van
Couvering et al., 2000) (Text-Figure 4A). Section 1 starts
with clays and diatomitic turbidite underlying the highest
gypsum bed of the Sicilian Upper Evaporites, followed by
the clayey Lago Mare Formation (7.80 m thick) including
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Text-Figure 4. Eraclea Minoa sections 1 and 2. A) Location of sections studied and of the Zanclean Stage global stratotype section
and point (GSSP) (Van Couveringetal.,2000). B) Photograph of section 2 (photo: J.-P. Suc). C) Stratigraphic succession of section
2.D) Stratigraphic succession of section 1 showing the position of three samples from which specimens of the Galeacysta etrusca
complex have been studied. E) Photograph of section 1 (photo: J.-P. Suc). Key: 1, diatomitic turbidite; 2, gypsum; 3, clays; 4,
dreissenid coquina; 5, sand; 6, light—dark cycles within silts of the Arenazzolo Formation; 7, Messinian Erosional Surface; 8,
carbonate—marly cycles of the Trubi Formation. Light gray shading indicates eroded sediments missing from section 2.
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in its upper part three characteristic layers (two main
dreissenid coquinas, 25 cm and 40 cm thick respectively,
and between them a white sand 32 cm thick; Gautier,
1994). This is followed by the silty Arenazzolo Formation
(5.60 m thick) comprising 6.5 dark-light cycles, itself
overlain by the cyclic carbonate—marly Trubi Formation.
The base of the Zanclean is placed at the base of the Trubi
Formation (Text-Figure 4B, E). Nannoplankton assem-
blages from the Lago Mare Formation contain, inter alia,
Amaurolithus amplificus, Amaurolithus primus,
Coccolithus pelagicus, Helicosphaera carteri s.l.,
Helicosphaera intermedia, Pontosphaera multipora,
small-sized reticulofenestrids, Reticulofenestra
pseudoumbilicus, Sphenolithus abies/moriformis group,
Triquetrorhabulus striatus and Triquetrorhabulus
rugosus, and may be assignable to subzone NNI1b.
Galeacysta etrusca has been reported only from the
diatomitic turbidite underlying the highest gypsum and
within the Arenazzolo Formation (Londeix et al., 2007).
We studied specimens from three samples, one from the
diatomitic turbidite and two from the Arenazzolo Forma-
tion (Text-Figure 4D). Section 2 shows major lithological
differences when compared with section 1: (1) the Lago
Mare Formation is significantly reduced (1.50 m thick
only) and shows only part of the lower dreissenid coquina
atits top (Text-Figure 4C), and (2) the Arenazzolo depos-
its clearly onlap the Lago Mare clays (Text-Figure 4B).
We suggest that the upper part of the Lago Mare of section
1 hasbeen eroded in section 2. As aconsequence, we place
the Messinian Erosional Surface at the top of the Lago
Mare Formation, an assumption also supported by the
onlapping nature of the Arenazzolo silts (indicated in
Cornée et al., 2004). Section 1, which has been unacces-
sible since 2001 because of the building of a wall, was
described in detail by one of us (J.-P.S) and published in
Gautier (1994: p. 64) and Londeix et al. (2007). This
description when compared with the residual sediments
of section 2 (Text-Figure 4C, D) allows us to demonstrate
that erosion caused the observed difference. This pro-
posal is fully consistent with new offshore data from the
Strait of Sicily which sharply contradict the proposed
Messinian erosion in Sicily (El Euch—EIl Koundi et al.,
2009) as sandwiched between the Lower and Upper
Evaporites (Butleretal., 1995; Krijgsman etal., 1999),an
interpretation resulting from confusion with the effects of
local tectonics (Clauzon et al., 1996; El Euch—El Koundi
etal.,2009).In agreement with Decima and Wezel (1971)
and Brolsma (1975; 1976), we consider that the Arenazzolo
Formation represents the reflooding of the Mediterranean
Basin by Atlantic waters, recorded below the base of the
Trubi Formation,i.e.earlier than the Zanclean GSSP. The
related time-interval should be about 130 kyr, taking the

6.5 dark-light cycles of the Arenazzolo Formation as
precessional cycles just as those of the immediately over-
lying Trubi Formation (Hilgen and Langereis, 1993).
Hence, the base of the Arenazzolo Formation would date
from ca. 5.46 Ma, representing the age of Mediterranean
reflooding after the Messinian Salinity Crisis (Text-Fig-
ure 2), an assumption consistent with the new concept of
the ‘Lago Mare’ events as representing repeated ex-
changes during high sea-level between the Mediterranean
and Paratethys (Clauzon et al., 2005). The Galeacysta
etrusca occurrences at Eraclea Minoa are limited to epi-
sodes of rising sea-level represented by the diatomitic
turbidite and Arenazzolo Formation (Londeix etal.,2007).
We consider these episodes to have immediately pre-
ceded and followed the peak of the Messinian Salinity
Crisis.

At Maccarone (Adriatic realm), Galeacysta etrusca has
been recorded within a stratigraphic interval including the
uppermost Di Tetto, Colombacci, and lowermost Argille
Azzurre formations (Bertini, 2006; Popescu et al., 2007).
The studied specimens are from the uppermost Di Tetto
(samples 15-18) and Colombacci (samples 30—42) forma-
tions (Popescu et al., 2007; Table 1). The Argille Azzurre
Formation characterizes the beginning of the Zanclean in
the area (Selli, 1973) butthe recent recording of Ceratolithus
acutus bothinthe uppermost Di Tetto and entire Colombacci
formations significantly lowers the reflooding by marine
waters in this stratigraphic succession (Popescu et al.,
2007). As a consequence, all the specimens of Galeacysta
etrusca from the Maccarone section are younger than the
Messinian Salinity Crisis (Text-Figure 2).

The studied Galeacysta etrusca specimens from San
Donato belong to the upper Colombacci Formation
(Bassetti, 1997) and accordingly refer to the same episode
(Text-Figure 2). A similar stratigraphic position character-
izes the Torre Sterpi locality near Tortona (Corselli and
Grecchi, 1984) and the Sioneri locality near Alba (Cavallo
and Repetto, 1988).

At Casabianda, the Aleria Formation overlies an ero-
sional surface (Saint Martin et al.,2007) that we refer to the
Messinian Erosional Surface because of our discovery of
Ceratolithus acutus (accompanied, inter alia, by
Triquetrorhabdulus rugosus) within the diatomitic sedi-
ments directly overlying those containing dreissenids and
Galeacysta etrusca. The Casabianda diatomites were obvi-
ously deposited after the end of the Messinian Salinity
Crisis (Text-Figure 2).

METHODS

Within the above chronostratigraphic framework, 47
samples (Table 1) were selected from most of the localities
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TABLE 1. Samples studied and their respective sections and nannoplankton biostratigraphic assignment.

H2f, g

Region Locality Samples Nannoplankton References
Eastern Paratethys
Dacic Basin Hinova HO, H1a, b, c,d, e
H2 Hoa b o d o Subzone NN12a Popescu et al. (2006)

Clauzon et al. (2005)

Euxinian Basin

DSDP Hole 380A

828.02, 829.06, 837.06, 839.08,

No

Popescu (2001; 2006)

30, 31, 33 (Colombacci Formation)
15, 16, 17, 18 (Di Tetto Formation)

(depth in m) 840.07, 841.91
Mediterranean
Casabianda CO0.08 (Aleria Formation) Subzone NN12b Saint Martin et al. (2007)
San Donato SD21 (Colombacci Formation) Not searched Bassetti (1997)
38, 41, 42 (Colombacci Formation)
Maccarone 34, 35, 36 (Colombacci Formation) Subzones NN12a and b |Popescu et al. (2007)

Eraclea Minoa

EM86-16, EM30 (Arenazzolo Formation)

EM86-12 (diatomitic turbidites underlying
the highest gypsum)

Subzone NN12a
Subzone NN11b

Cava Serredi

7.2 of Corradini and Biffi (1988)

Subzone NN11b Bossio et al. (1981)

Eastern Paratethys

Marunteanu and

Dacic Basin Cernat P1, P4 Subzone NN11b Papaianopol (1998)

Valea Vacii 3,4 Subzone NN11b Snel et al. (2006)
Central Paratethys

Pannonian Basin | Krajacici Krajacic¢i | 1/1, 1/3 Undiagnostic Kovacic et al. (2004)
Krasic¢ Krasic | 1/1 No Kovacic et al. (2004)
Malunje MAL | 1/1 No Magyar et al. (1999a)
Maijs 2. 257.3 No St Zoltanné (1994)
(depth in m)

discussed (Majs 2, Krajacici, Krasié¢, Cernat, Valea Vacii,
EracleaMinoa, Hinova,Maccarone,San Donato and DSDP
Site 380). Measurements from Malunje, Torre Sterpi, Sioneri
and Casabianda were not retained for final statistical analy-
ses and comparisons because Galeacysta etrusca is scarce
at these localities. We did not examine the Galeacysta
etrusca specimens from Aghios Sostis. We did not recover
the Galeacysta etrusca sensu stricto horizon at Cava Serredi
at the top of the dreissenid layers in the present-day work-
ing face of the quarry, as it was probably eroded during the
desiccation phase (Text-Figure 3). Hence, we used for this
locality the photographs published by Corradini and Biffi
(1988).

Each sample (20 g of dry sediment) was processed using
standard methods (Cour, 1974): acid digestion, concentra-
tion using ZnCl, (at density 2.0), and sieving at 10 um. A
50-ul volume of residue was mounted between coverslip

and microscope slide using glycerine in order to allow
rotation of dinoflagellate cysts for their complete examina-
tion and the acquisition of consistent measurements. Speci-
mens were measured using a light microscope at 600x and
1000x magnifications.

For each specimen we took four measurements (Plate 1):
the length and width of the endocyst (L, and W, respec-
tively) and the length and width of the ectocyst (L. and
Wees respectively). To obtain consistent measurements, all
specimens were rotated into dorso—ventral orientation.
Based on these four log-transformed variables, we first
performed a one-way Multiple Analysis of Variance be-
tween all the sections studied (complete data set: 1,144
individuals) coupled with a Canonical Variate Analysis (a
multigroup Discriminant Analysis; Text-Figure 5)
(Legendre and Legendre, 1998). Log-transformation was
used in order to normalize initially right-skewed distribu-
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PLATE 1

The four measured parameters shown on a specimen of the
Galeacysta etrusca complex. L, length of endocyst; W, width
of endocyst; L EC) width of ectocyst. The
scale bar represents 20 um.

EN’

length of ectocyst; Wees

tions and to linearize possible allometric relations within
the biometric space. This preliminary analysis returned
highly significant results indicating two main sources of
biometric variation between samples: the overall dinocyst
size on the first canonical variate axis, and the relative size
of ectocyst vs. endocyst on the second canonical variate
axis.

We thus defined two simple log-transformed synthetic
descriptors:

X =10g({/Lyy x Wy x Lic x W, ), and

Ly xWyy

Y = log(DE.V/ EC )= lOg( ) = Iog(LE’V X Wiy )_ IOg(LE( x Wnr)

Lye xWpe
X is the log-transformed geometric mean of the four initial
variables; it is an estimate of the overall size of the
dinoflagellate cyst. Y is the log-transformed ratio (i.e. the
Simpson Ratio; see Simpsonetal., 1960,p.356-358) of the
endocyst and ectocyst length and width products (i.e. the
Dy e 1atio, expressed as a percentage of the ectocyst’s
length x width), allowing the comparison of the relative
(not absolute) dimensions of these two cyst structures. Y
directly co-varies with the relative distance between ecto-
cyst and endocyst: all sizes being equal, the greater the

separation, i.e. the smaller the endocyst with respect to the
ectocyst, the smaller Yand D ENIEC Thus, it is an estimate of
one of the main ‘shape parameters’ classically used to
describe and discriminate the dinoflagellate cyst taxa con-
sidered in this work (see Introduction).

We then further analyzed each sampled Y-distribution
for multi-normality using mixture analysis (Redner and
Walker, 1984; Titterington et al., 1985). In each case, the
mixture with the lowest associated Akaike Information
Criterion value was selected in order to favour the solution
that produces the best fit without overfitting.

Most comparisons were achieved using Student’s t-tests
and one-way analyses of variance (ANOVA), including in
both cases a Welch—Satterthwaite correction for unequal
variances between samples when necessary (Satterthwaite,
1946; Welch, 1947; Sokal and Rohlf, 1995). All statistical
analyses were performed using the PAST software, v. 1.64
(Hammer et al., 2001).

RESULTS

X and Y distributions were first analyzed for the two most
intensively sampled lower Zanclean sections: Maccarone
(13 samples, 698 individuals) and Hinova (16 samples, 247
individuals) (Text-Figure 6). One-way ANOV As of X and
Y indicate a very high inter-level heterogeneity for both
descriptors in the Maccarone section (X: F=87.9;d.f.=12,
97;p=2x10%; ¥: F=13.9;d.f.=12,99; p=2x10"'° [both
ANOVAs include a Welch—Satterthwaite correction]).
Conversely, no heterogeneity is found in the Hinova sec-
tion (X: F=1.15;df.=15,231;p=0.31;Y: F=1.04; d/f.
=15,231; p=0.41). After the Messinian Salinity Crisis, no
significant changes thus appear at Hinova in the size and
shape of Galeacysta etrusca, with individuals showing a
mean Dy, . ratio of about 35%. In contrast, a three-step
sequence is evidenced at Maccarone. At the beginning of
the analyzed series of samples (levels 15 to 18: Popescu et
al., 2007), assemblages comprise rather small-sized indi-
viduals with a mean Dpyiec ratio of about 34%, identical at
the 95% confidence level to that observed at Hinova
(Student’s r-test: t = 1.87; d.f.=323; p=0.063). At the end
of the sequence (samples 35 to 42: Popescu et al., 2007),
assemblages comprise rather large individuals with a mean
Dpyice ratio of about 41%,both X and Y mean values being
significantly greater than observed previously (Student’s -
test on X: t = 28.6, d.f. = 564, p = 3x10"¥7; Student’s r-test
onY:t=7.14,df =564, p = 3x10°'?). Between these two
sets of assemblages, intermediate samplesillustrate a gradual
compositional transition from assemblages dominated by
small individuals with a mean Dy, .- ratio close to 34%, to
assemblages dominated by large-sized individuals with a

mean Dy, o ratio of about 41%. Hence, the ‘transition
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o> tespectively). MANOVA’s highly significant results (Wilk’s A = 0.455; d f. = 48,4347; F = 20.5, p = 5x1071%) allow the

identification of two main sources of biometric variation: overall dinoflagellate cyst size on the first canonical variate axis, and

D

e Tatio on the second canonical variate axis (inset; see text for details).

effect’ observed between the lower and upper parts of the
Maccarone section is not the result of a gradual biometric
change of individuals, but is the simple consequence of the
gradual changing in relative abundance of smaller-sized
and smaller-D,, . individuals (characteristic of the lower
partofthe analyzed time series) and larger-sized and larger-
Dy individuals (characteristic of the upper part of the
analyzed section). Thus, these first results clearly indicate
that at least two stable, dimensionally homogeneous bio-
metric groups (hereafter named ‘groups’) with mean D, - -
ratios of about 34% and 41%, respectively, can be statisti-
cally distinguished at Maccarone, whereas a single one is
evidenced throughout the Hinova section.

At the level of the complete analyzed data set, mixture
analyses of the 39 sampled Y-distributions allowed us to
identify four distinct stable biometric groups (named ‘a’ to
‘d’; Plate 2) although these partly overlap one another
(Table 2; Text-Figure 7). Groups ‘a’, ‘b’ and ‘c’ are
characterized by individuals with a small, intermediate,
and large Dppiec ratio, with mean values of ca. 32-36%,
47-53%, and 60%, respectively, inversely related to the
relative distance between the endocyst and ectocyst — the

greater the D, -, the smaller the distance. These three
groups do not differ from one another in their mean size (X)
values (see below). In contrast, group ‘d’ is characterized
by large individuals with a D, .- ratio of ca. 39-43%,
intermediate between the mean values of groups ‘a’ and ‘b’.
Individuals from the previously described assemblages of
the Hinova section and the lower part of the Maccarone
section are referred to group ‘a’, while those of the upper
part of the Maccarone section belong to group ‘d’.

In several localities, only one of the four biometric
groups occurs (e.g. Valea Vacii and Hinova for group ‘a’,
Krajaci¢i and Eraclea Minoa for group ‘b’,Majs 2 for group
‘c’, and Maccarone samples 35 to 42 (Popescu et al.,2007)
for group ‘d’), allowing us to draw an XY scatter plot for the
corresponding individuals (Table 2; Text-Figure 8). A
small but highly significant positive linear relationship
between X and Yis observed only for group ‘a’ (R>=0.081,
n= 333,1’[1—10: Ri=0] = 1.3x10°7), whereas for both groups ‘b’
and ‘d’, X and Y appear linearly independent (‘b’: R? =
1.6x103,n=107,p=0.68; ‘d’: R”?=2.4x103,n =482, p
=0.29).From this perspective, group ‘d’, whichis observed
only in the upper part of the Maccarone section (samples 35
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individuals with small to intermediate (ca. 39-43%) D, ..~

to 42: Popescu et al., 2007), can be regarded as a local
adaptation directly replacing group ‘a’ (samples 15 to 18:
Popescu et al., 2007). Actually, group ‘d’ is characterized
by X-values noticeably (ca. 30%) greater than the three
other groups, indicating larger individuals, and Y-values

slightly larger than for group ‘a’. Conversely, groups ‘a’
and ‘b’ (and also ‘c’) cannot be distinguished based on X-
values, but can be statistically identified based on Y. A one-
way ANOVA of Y between groups ‘a’, ‘b’ and ‘d’ (group

[PN]

¢’ is not considered due to its scarcity in the data set)

PLATE 2

Scanning electron photomicrographs of specimens of the Galeacysta etrusca complex. Specimens are assigned to morphological groups
as defined in this study using biometric analysis. The scale bar represents 20 wm.

—_

Group ‘a’ specimen from Hinova (Dacic Basin), sample H2.
2 Group ‘a’ specimen from Hinova (Dacic Basin), sample H2.
3 Group ‘a’ specimen from Krasi¢ (Pannonian Basin),sample
I1/1.

4 Group ‘a’ specimen from Maccarone (central Italy),sample 33.
5 Group ‘a’ specimen from Maccarone (central Italy),sample 33.
6 Group ‘b’ specimen from Krajaci¢i (Pannonian Basin),
sample I 1/1.

7 Group ‘b’ specimen from DSDP Site 380 (Black Sea),
sample 828.02 m depth.

8 Group ‘c’ specimen from Majs 2 (Pannonian Basin), sample
257.30 m depth.

9  Group ‘¢’ specimen from Majs 2 (Pannonian Basin),sample
257.30 m depth.

10 Group ‘d’ specimen from Maccarone (central Italy),sample 42.

11 Group ‘d’ specimen from Maccarone (central Italy),sample 42.

12 Group ‘d’ specimen from Maccarone (central Italy),sample 42.
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Table 2. Mixture analysis results of the 38 sampled distributions of the dinoflagellate cyst shape parameter: v = log(%).
we X We
N: sample size; u = 0, %: Y mean = standard deviation; and relative abundance of the identified biometric groups.
Sample N Group a Group b Group ¢ Group d
nxo| % pxo | % nxo| % nxo | %
Eraclea Minoa (lower) 30 — — -0.324+0.069 | 100 — — — —
Majs 2 5 — — — — -0.221+0.030 | 100 — —
Cernat 18 | -0.478+0.062 89 — — -0.212+0.042 11 — —
Valea Vacci 8 | -0.396x0.040 | 100 — — — — — —
Krajacici 27 — — -0.317+0.073 | 100 — — — —
Krasi¢ 26 | -0.434+0.061 69 | -0.277+0.032 31 — — — —
Eraclea Minoa (upper) 7 — — -0.275+0.069 | 100 — — — —
San Donato 37 — — -0.308+0.070 | 100 — — — —
DSDP Site 380 33 | -0.452+0.069 72 | -0.287+0.066 28 — — — —
Hinova — HO 26 | -0.444+0.084 | 100 — — — — — —
Hinova — H1A 9 | -0.426+0.089 | 100 — — — — — —
Hinova — H1B 13 | -0.438+0.083 | 100 — — — — — —
Hinova — H1C 8 | -0.447+0.070 | 100 — — — — — —
Hinova — H1D 13 | -0.391+0.006 | 100 — — — — — —
Hinova — H1E 9 | -0.475+0.074 | 100 — — — — — —
Hinova — H1F 22 | -0.463+0.126 | 100 — — — — — —
Hinova — H1H 7 | -0.459+0.102 | 100 — — — — —_ —
Hinova — H2 8 | -0.433+0.050 | 100 — — — — — —
Hinova — H2A 19 | -0.434+0.096 | 100 — — — — — —
Hinova — H2B 18 | -0.428+0.095 | 100 — — — —_ —_ —
Hinova — H2C 20 | -0.446+0.078 | 100 — — — — — —
Hinova — H2D 21 | -0.444+0.085 | 100 — — — — — —
Hinova — H2E 20 | -0.433+0.091 100 — — — — — —
Hinova — H2F 11 | -0.413+£0.078 | 100 — — — — — —
Hinova — H2G 23 | -0.451+0.099 | 100 — — — — — —
Maccarone — 15 16 | -0.496x0.067 | 100 — — — — — —
Maccarone — 16 24 | -0.474+0.063 | 100 — — — — — —
Maccarone — 17 29 | -0.438+£0.082 | 100 — — — — — —
Maccarone — 18 10 | -0.488+0.081 | 100 — — — — — —
Maccarone — 30 8 — — — — — — -0.354+0.050 | 100
Maccarone — 31 27 | -0.494+0.025 18 — — -0.18840.024 11 | -0.341+0.041 71
Maccarone — 33 36 | -0.487+0.008 — — — — -0.334+0.061 93
Maccarone — 34 59 — — — — -0.253+0.030 18 | -0.39940.055 82
Maccarone — 35 19 — — — — — — -0.368+0.048 | 100
Maccarone — 36 44 — — — — — — -0.390+0.064 | 100
Maccarone — 38 35 — — — — — — -0.344+0.064 | 100
Maccarone — 41 236 — — — — — — -0.421+0.066 | 100
Maccarone — 42 155 — — — — — — -0.409+0.066 | 100
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Text-Figure 8. XY scatter plot of the single-group samples (see Table 2 and explanations in the text).

indicates a highly significant global heterogeneity between
the three groups: F = 102.5, d.f. = 2, 284; p = 3x10°%
(including a Welch—Satterthwaite correction). A post-hoc
contrast analysis, using Tukey’s HSD test, returns highly
significant p-values for all three couples of groups ([a-b],
[a-d] and [b-d]: p = 2.2x107 in all three cases), indicating
significant pairwise differences between the three groups.

In some samples, two biometric groups occur together
(e.g. Krasi¢ and DSDP Site 380 for groups ‘a’ and ‘b’,
Cernat for groups ‘a’ and ‘c’). The way groups ‘a’ and ‘b’
are identified in such mixed samples is exemplified in Text-
Figure 9. These two examples show that when these two
groups are found simultaneously, their Y distribution par-
tially overlaps. This first indicates that the rather large
amount of superposition of groups ‘a’ and ‘b’ in Text-
Figure 9 is partially, but very likely not completely, ‘real’.
It could actually be, at least partially, an artificial conse-
quence of failure of the mixture analysis to detect the joint
occurrence of these two groups, leading to a false identifi-
cation of individuals from group ‘b’ as belonging to group
‘a’ (or vice versa) when one of them markedly dominates
the sample assemblage. Second, both Text-Figures 8 and 9
thus reveal that these biometric groups can only be identi-

fied and distinguished by statistical means, and by no
means correspond to discrete morphotypes referable to
distinct dinoflagellate cyst species. Statistically different
stable biometric variants of Galeacysta etrusca do exist,
but these variants describe a morphological continuum
with no clear limits between them.

In summary, the following observations can thus be
made (Table 2; Text-Figure 7). Prior to the Messinian
Salinity Crisis, group ‘b’ is recorded alone at Krajacici
(Plate 2, fig. 6), and group ‘c’ at Majs 2 (Plate 2, figs. 8,
9). At Krasi¢ (Plate 2, fig. 3), group ‘a’ is prevalent but
group ‘b’ is significantly represented. Groups ‘a’ and ‘c’
are unequally represented at Cernat, and group ‘a’ alone
has been recorded at Valea Vacii. The Galeacysta etrusca
specimens represented in the Mediterranean Basin as
recorded at Cava Serredi and Eraclea Minoa belong to
group ‘b’.

Afterthe Messinian Salinity Crisis, the Galeacysta etrusca
assemblage from Hinova (Plate 2, figs. 1,2) comprises only
specimens of group ‘a’, but that from DSDP Site 380 is
represented by groups ‘a’ (dominant) and ‘b’ (Plate 2, fig.
7).Specimens recorded at Eraclea Minoa belong entirely to
group ‘b’. Assemblages from Maccarone are more diverse



122 PALYNOLOGY, VOLUME 33(2) — 2009

1]

©

=}

S

=

©

£

G

o)

e}

€

=}

Z
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

Y-value
B

8 i

2 gl o 2 AN

>S5 .

S :

= :

ko] i recssoc - - I N 1

£ :

©

5 T

e}

€

=] NIRRT | AVt o S

=z (28%)
o .
0_ .
-0.7 -0.6 -0.5 -04 -0.3 -0.2 -0.1

Y-value

Text-Figure 9. Y-distribution histograms of Galeacysta etrusca complex assemblages showing Gaussian distributions superimposed
for groups ‘a’ and ‘b’ (see Table 2 for the numerical values of estimated distribution parameters). Assemblages from: A) Krasi¢
(Messinian); and B) DSDP Site 380 (Zanclean).

and have changed along the interval during which Galeacysta subordinate groups); and finally only group ‘d’ remains
etrusca is recorded: at the beginning of invasion, only group (Plate 2, figs. 10—12). At San Donato, the Galeacysta etrusca
‘a’ (Plate 2, fig. 4) is present; then, three groups are recorded specimens measured within the interval preceding its disap-

at the same levels (mostly group ‘d’, with ‘a’ and ‘c’ as pearance belong exclusively to group ‘b’.
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DISCUSSION

Paratethyan and Mediterranean Galeacysta etrusca
History Around the Messinian/Zanclean Boundary

In this study, the oldest Galeacysta etrusca specimens
are of late Pannonian age (the Majs 2 section in the
Pannonian Basin) and belong to biometric group ‘c’, i.e.
specimens with rather high D, - - ratios corresponding to
relatively small distances between endocyst and ectocyst
(Plate 2, figs. 8, 9). Within this basin, we then distinguish
groups ‘a’ and ‘b’ in the latest Pannonian Krasi¢ section
(Plate 2, fig. 3) and group ‘b’ in the Krajacici section (Plate
2,fig.6). Differences between these assemblages cannot be
explained by time alone but, more probably, by an already
existing paleoenvironmental diversification within the
Pannonian Basin. The exclusive occurrence of group ‘c’ at
Majs 2, although based only on five specimens (Table 2),
suggests that Galeacysta etrusca specimens were living in
fresh to brackish conditions just before the marine connec-
tion between the Pannonian Basin and the Mediterranean
Sea (see above). This assumption is in agreement with the
absence of other marine organisms (including other
dinoflagellate cyst species) and is consistent with the high
Dpyypc 1atio of Galeacysta etrusca. Groups ‘a’ and ‘b’
identified at the Krasi¢ and Krajacici sections (Plate 2, figs.
3, 6) show decreases in their Dy, . ratio, probably in
response to increased salinity as a result of the connection
at high-sea level between the Pannonian Basin and Medi-
terranean Sea. This connection is supported by the presence
in the Pannonian sections of Mediterranean calcareous
nannoplankton and marine dinoflagellate cysts
(Achomosphaera andalousiensis, Nematosphaeropsis
labyrinthus) as at Krajacidi.

For the Dacic Basin, at Cernat, analyses show two
biometric groups: (1) group ‘c’, characterized by a high
D gy 1atio, is represented in low percentages (11%) and
corresponds to the ‘old’ Pannonian stock,and (2) group ‘a’,
which is dominant (89%) and could be related to more
saline conditions than those associated with group ‘c’,
induced by the connection between the Dacic Basin and
Mediterranean Sea during the Portaferrian—-Bosphorian, as
indicated by recognition of the NN11b calcareous nanno-
plankton subzone in the same samples. The exclusive
persistence of group ‘a’ in the early Bosphorian Valea Vacii
section suggests that environmental conditions in the Dacic
Basin were stable and more saline in the early Bosphorian
than in the Portaferrian.

Before the Messinian Salinity Crisis, the southwestern
Euxinian Basin was characterized by freshwater conditions
based on Schrader’s (1978) diatom record at DSDP Site
380 (Text-Figure 1). Indeed, we found no marine or brack-

ish dinoflagellate cysts, including Galeacysta etrusca, in
the same intervals of DSDP Site 380 (Popescu, 2006).
However, the presence in the Crimea of calcareous nanno-
plankton of subzone NN11b (Semenenko and Olejnic,
1995) indicates that the Euxinian and Dacic basins were
probably connected in the early Bosphorian. The gateway
was located at the Reni Strait according to Semenenko and
Olejnik (1995).

In the Mediterranean Basin, only Galeacysta etrusca
group ‘b’ was recorded at Cava Serredi and Eraclea Minoa,
in deposits dating from the latest Messinian. At Cava
Serredi, Galeacysta etrusca sensu stricto is accompanied
by Impagidinium sp. 1 and 2 of Corradini and Biffi (1988),
which may be referable to Millioudodinium bacculatum
and Spiniferites cruciformis, respectively (Popescu et al.,
2007), two species with Paratethyan affinities. Group ‘b’
recorded in the Mediterranean Basin probably represents
an adaptation of Galeacysta etrusca to a new environment
after its arrival from the Paratethys during the high sea-
level just preceding the peak of the Messinian Salinity
Crisis (i.e. the desiccation phase delimited in Text-Figure
7).Group ‘a’ has alower D, - ratio than group ‘b’, but as
shown above, these groups can occur simultaneously and
do not correspond to clearly discrete morphotypes. The
presence of Galeacysta etrusca in the Mediterranean Basin
before the Messinian Salinity Crisis peak documents the
connection between the Mediterranean and Paratethys in
the late Messinian corresponding to the first ‘Lago Mare’
event (Clauzon et al., 2005).

Connections between the remnant Paratethys and the
Mediterranean between 8 and 5 Ma are debated intensely,
as are the connections between the Paratethyan basins
themselves (Stevanovié, 1974; Archambault-Guézou,
1976; Rogl and Steininger, 1983; Kojumdgieva, 1987;
Marinescu, 1992; Magyar et al., 1999b; Miiller et al.,
1999; Meulenkamp and Sissingh, 2003; Popov et al.,
2006; and Piller et al., 2007). Based on the evidence of
similar fossils (mainly Congeria rhomboidea) in the
Pannonian and Dacic basins, Stevanovié¢ (1951) proposed
the opening of a gateway between these basins in the area
of the Iron Gates, and created the Portaferrian Regional
Substage (from the French Portes de Fer for Iron Gates).
In fact,the Portaferrian Substage sensu Stevanovic¢ (1951)
corresponds partly to the upper part of the Pannonian
Stage in the Lake Pannon (Magyar et al., 1999a; Miiller et
al., 1999; Piller et al., 2007), the waters of which tempo-
rarily entered the Dacic Basin.

The presence of Mediterranean calcareous nannoplank-
ton in the Maeotian of the Dacic Basin (Marunteanu and
Papaianopol, 1998; Snel et al., 2006) and also the
Pannonian Basin at Krajaciéi, simultaneously with the
presence of Mediterranean marine dinoflagellate cysts,
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suggests that these Paratethyan basins were indepen-
dently connected to the Mediterranean Sea at high sea-
level at around 7 Ma. It has been demonstrated that the
Iron Gates passage through the Carpathians, constantly
refuted by Marinescu (1992), was in fact made by fluvial
downcutting during the peak of the Messinian Salinity
Crisis (Clauzon et al., 2005; Leever, 2007). In addition, it
has been established by Clauzon et al. (2005) that the
connection between the Dacic Basin and the Mediterra-
nean Sea, passing through Thessaloniki, Skopje, Ni§ and
the modern Timok Valley (Text-Figure 10A, B), was
probably active from 13.5 Ma until about 4 Ma based on
the occurrence of Mediterranean calcareous nannoplank-
ton in the Dacic Basin (Marunteanu and Papaionopol,
1995; 1998). As a consequence, we propose that this
corridor extended through a western branch entering the
Pannonian Basin in the area of Nis—Belgrade up to 5.60
Maexclusively (Text-Figure 10A). As the western branch
of'this corridor was probably already active at about 7 Ma,
based on the marine dinoflagellate cysts and nannoplank-
ton recorded at Krajacici (Text-Figure 2), one must envis-
age some delay in the arrival of the sublittoral to lacustrine
Congeria rhomboidea in the Dacic Basin. In any case, all
the data are in agreement with the closure of this branch
at the beginning of the Bosphorian (Text-Figure 2). A
two-way current probably worked in such gateways, as
today in the Bosporus Strait where marine Mediterranean
water inflows through the corridor as bottom water, where
it brings marine organisms to the Black Sea, while less
saline Black Sea water outflows at the surface and trans-
ports brackish organisms into the Mediterranean (Guibout,
1987; Bethoux and Gentili, 1999). Such similar opposed
currents may have existed in the past and explain the
repeated entries of Galeacysta etrusca into the Mediterra-
nean Basin.

During the Messinian Salinity Crisis, important paleo-
geographic changes impacted Europe: the Mediterranean
and Black Sea (i.e. the Euxinian Basin) almost desiccated;
the Dacic Basin, the Adriatic and Po realm persisted as
suspended lakes (Clauzon et al.,2005,Popescu et al.,2007)
and became brackish to freshwater; and the Pannonian
Basin became very reduced as it was also affected by
intense fluvial erosion (Csato et al., 2007).

Galeacysta etrusca group ‘a’ (Plate 2, figs. 1,2), having
been prevalent in the Dacic Basin before the peak of the
Messinian Salinity Crisis, probably survived when this
basin partly contracted as a suspended lake during the
paroxysm of the crisis (Clauzon et al., 2005). Conse-
quently,it was alone in the basin during the earliest Zanclean
(Hinova section). As soon as the connection between the
Dacic Basin and the Mediterranean Sea was re-established
at the end of the Messinian Salinity Crisis, this species re-

invaded the Mediterranean realm. At that time, group ‘b’,
which replaces group ‘a’ when salinity increases, is re-
corded at Eraclea Minoa in fully marine waters accompa-
nied by the other Paratethyan species Spiniferites
cruciformis, Pterocysta cruciformis, and Seriliodinium
explicatum (Londeix et al., 2007).

Fresh- to brackish-water conditions existed in the
Adriatic—Porealmin the latest Messinian as indicated at the
Maccarone section (Popescu et al., 2007). But Popescu et
al. (2007, fig. 7) have shown that two major marine incur-
sions were recorded at Maccarone: (1) below the Colombacci
Formation (i.e.the second ‘Lago Mare’ event) as supported
by abundant marine dinoflagellate cysts and a high diver-
sity of calcareous nannoplankton including the marker
Ceratolithus acutus (Text-Figure 2), and (2) above the
Colombacci Formation as supported by such marine organ-
isms as dinoflagellate cysts, calcareous nannoplankton and
more abundant planktonic foraminifers. The first marine
incursion probably changed the existing freshwater condi-
tions into brackish water ones, similar to those of the Dacic
Basin, and thus permitting the immigrant Paratethyan spe-
cies to colonize this basin without changing their morphol-
ogy. Indeed, Galeacysta etrusca was first represented by
group ‘a’ (Plate 2, figs.4,5; Text-Figure 7). Then, continu-
ous freshwater river input and brief minor marine influxes
within the Colombacci Formation induced weak fluctua-
tions in salinity and nutrients that might explain the mor-
phological diversification of Galeacysta etrusca into
groups ‘c’ and ‘d’ while accompanied by the persisting
group ‘a’ (Plate 2, figs. 4, 5, 10—12; Text-Figures 6, 7).
Finally, the development of stable environmental condi-
tions produced group ‘d’ in the uppermost Colombacci
Formation before its disappearance at the second major
marine invasion (Plate 2, figs. 10-12; Text-Figure 7). With
respect to the recent chronology established for the
Maccarone section (Popescu et al., 2007), this adaptation
process lasted only about 70 kyr, i.e. between the first
appearance of Ceratolithus acutus (5.345 Ma: Raffiet al.,
2006) and a little later than the disappearance of
Triquetrorhabdulus rugosus (5.279 Ma: Raffietal.,2006).
Northward, at San Donato (Text-Figure 1), Galeacysta
etrusca arrived later (in the uppermost layer of the
Colombacci Formation) without other Paratethyan immi-
grants, when marine conditions were almost completely
established. This explains why group ‘b’ alone is recorded,
as at Eraclea Minoa.

Later,atca.5.13 Ma, dinoflagellates of the Dacic Basin
entered the Black Sea (Euxinian Basin) when the sea level
rose to overflow the sill that presumably existed at the
Reni Strait, developing predominant cysts of group ‘a’
accompanied by fewer specimens of group ‘b’ (Plate 2,
fig. 7).
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Text-Figure 10. Paleogeography of the Mediterranean and central-eastern Paratethys (land areas in gray) based on Popov et al. (2006)
but revised in accordance with our observations and deductions. A) Late Messinian, before the peak of the Messinian Salinity
Crisis. B) Latest Messinian—Early Zanclean, after the peak of the Messinian Salinity Crisis. Corresponding studied localities with
specimens of the Galeacysta etrusca complex are shown: 1, Krasié; 3, Krajacici; 4, Majs 2; 5, Hinova; 6, Cernat; 7, Valea Vacii;
8, DSDP Site 380; 9, Eraclea Minoa; 10, Cava Serredi; 11, Maccarone; and 12, San Donato.
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Environmental, Hydrographic and Geographic
Insights from Galeacysta etrusca

Based on the above scenario, itis now possible to address
the questions proposed in the Introduction.

First,itappears unrealistic to distinguish from available
evidence the two ‘Lago Mare’ events in the Mediterra-
nean Basin on the basis of Galeacysta etrusca biometry as
we have measured it. Indeed, this study establishes that
each invasion of Paratethyan dinoflagellates is repre-
sented by Galeacysta etrusca individuals exclusively
belonging to biometric group ‘a’ (corresponding to speci-
mens with a relatively large separation between the en-
docyst and ectocyst), which probably reflects a stable
morphology related to more saline conditions, as found in
the Paratethyan sections and in the lower part of the
studied Maccarone section. When the species faces ma-
rine conditions, group ‘a’ is replaced by group ‘b’, as
recorded at Cava Serredi and Eraclea Minoa. Group ‘d’
seems to be linked to increases both in salinity and
nutrient content. Finally, group ‘c’ appears to character-
ize freshwater environments.

Second, the high environmental sensitivity of Galeacysta
etrusca,combined with the precise and reliable chronology
of the materials studied, undoubtedly refine our knowledge
of the Central-Eastern Mediterranean and Paratethys
during the interval 6-5 Ma, as detailed below.

From ca. 8 Ma to 5.60 Ma (Text-Figures 2, 7), the
connection between the Pannonian Basin and both the
Dacic Basin and the Mediterranean Sea should be envis-
aged as a Y-shaped corridor with two northern branches
diverging northward of Nis (Text-Figure 10A). This
reconstruction is consistent with geological maps
(Krdutner and Krsti¢, 2003) and some previous assump-
tions (see, for example, Stankovié in Hsii et al., 1978, p.
1073, except that we attribute the ‘Lago Mare’ events to
exchanges at high sea-level between the Mediterranean
and Paratethys; see also Marinescu in Hsii, 1978,p. 517,
except that their map was proposed for the Pliocene and
shows a different passage at the place of the Iron Gates,
a possibility quite rightly refuted by Marinescu, 1992).
The gateway proposed here not only allowed Pannonian
Basin—Mediterranean and Dacic Basin—Mediterranean
exchanges but also Pannonian—Dacic basin exchanges.
Southward, this corridor passed through Skopje to reach
the Aegean Sea at the present-day Gulf of Thermaikos
(Clauzon et al., 2005). Along this corridor (Text-Figure
10A) we observe several Upper Miocene and Zanclean
Mediterranean marine deposits separated by a strong
erosional surface (Clauzon et al., 2008). After the
Messinian Salinity Crisis, the corridor was re-estab-
lished without its western branch, probably because of

uplift in the southwestern Carpathians. Water-mass ex-
changes at high sea-level resumed, but were limited to
the Mediterranean and the Dacic Basin while the
Pannonian Basin was isolated and significantly restricted
(Text-Figure 10B). The corridor probably joined the
Dacic Basin in the area of the present-day Timok Valley,
i.e. at the distal part of the Zanclean Gilbert-type fan
delta constructed by the proto-Danube River, which cut
the Carpathians during the Messinian desiccation phase
at the place of the present-day Iron Gates Gorge (Text-
Figure 10B; Clauzon et al., 2005; Leever, 2007). This
proto-Danube River probably originated at the western
edge of the Carpathians, where some important latest
Miocene fluvial erosion is evident (Csato et al., 2007).

The late arrival of Mediterranean dinoflagellate cysts in
the southern Black Sea requires explanation. Because the
Black Sea desiccated at the same time as the Mediterra-
nean, one must consider: (1) a connection with the Medi-
terranean Sea prior to the Messinian Salinity Crisis, and
(2) the emerging regionally drier climatic conditions
evidenced by Popescu (2006), which were likely rein-
forced considerably by the Mediterranean desiccation in
progress. It has been demonstrated that no connection was
possible through the area of the present-day Bosphorus
Strait before or after the crisis (Popescu, 2006), an as-
sumption reinforced by evidence of the Messinian Ero-
sional Surface at DSDP Sites 381 and 380, i.e. extending
from the southwestern Black Sea shelf to the basin (Gillet
et al., 2007). Hence, the connection between the Black
Sea and the Mediterranean seems to have been through the
Dacic Basin and the Reni Strait in the area of the Dobrogea
horst, as proposed by Semenenko and Olejnik (1995). No
Mediterranean calcareous nannoplankton were recorded
at DSDP Site 380 before the crisis, and no Mediterranean
dinoflagellate cysts were found before the crisis although
they invaded this basin after a delay of 200 kyr in the early
Zanclean. However, Mediterranean marine calcareous
nannoplankton arrived at the Crimea before and after the
Messinian Salinity Crisis (subzones NN11b and NN12b,
respectively) through the Dacic Basin (Semenenko and
Olejnik, 1995). We therefore propose that: (1) at Site 380,
the Messinian beds presumably containing Mediterra-
nean calcareous nannoplankton and dinoflagellate cysts
were eroded during the desiccation phase, and (2) the
post-desiccation (subzone NN12b) calcareous nanno-
plankton from the Crimea are coeval with the first marine
dinoflagellate cysts and diatoms at Site 380 (i.e. 5.13 Ma,
consistent with the temporal range of Ceratolithus acutus;
Text-Figure 2). The fluvial erosion that dismantled the
northern shelf of the Black Sea during the desiccation
phase did not affect the Dobrogea horst (Gillet et al.,
2003). The supposed obstacle of the Reni Strait (Text-
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Figure 10A) was crossed again by marine Mediterranean
waters at 5.13 Ma, which could explain the delayed
migration of Zanclean marine Mediterranean calcareous
nannoplankton, dinoflagellates, and diatoms into the
Euxinian Basin (Schrader, 1978; Popescu, 2006).

In the Central Mediterranean, the first invasion by
Paratethyan dinoflagellates occurred almost simultaneously
as recorded at Eraclea Minoa, Cava Serredi, and Aghios
Sostis on Zakynthos Island (Kontopoulos etal., 1997). This
invasionrelates only to the Mediterranean Basin itself as no
record of this pre-desiccation ‘Lago Mare’ phase has ever
been documented in the Adriatic—Po realm. The Paratethyan
immigrants did not enter this realm before the desiccation
phase probably because of important uplift in the area
during the first stage of the Messinian Salinity Crisis
(Scarselli et al., 2006). During the desiccation phase, the
Adriatic—Po realm persisted as a suspended freshwater
basin with a continuous clayey to turbiditic sedimentation
in the Apennine foredeep (Clauzon et al., 1997, 2005;
Scarsellietal.,2006). Simultaneously, Messinian marginal
evaporites were reworked into the Apennine foredeep
(Manzietal.,2007). Owing to the well-dated succession of
bioevents in the nannoplankton (Text-Figure 2), it is pos-
sible to refine the paleogeographic reconstruction by the
precise timing of successive arrivals of Paratethyan di-
noflagellates in the Mediterranean. The new Paratethyan
immigrants arrived at 5.46 Ma in the Central Mediterra-
nean as indicated by the Eraclea Minoa section, but they did
not reach the Adriatic realm until about 115 kyr later (Text-
Figure 7) when the Mediterranean sea-level was high
enough to overflow the uplifting Otranto Sill (Text-Figure
10), a barrier created by the offshore extension of the
Apulia shelf margin in conjunction with a major NE-SW
transcurrent fault system (Clauzon et al., 1997).

To summarize, the role of straits and sills appears
essential for deciphering paleogeographic changes in the
crucial 8-5 Ma time-interval during which enormous
changes in sea-level interplayed with intense tectonic
movements. It has been possible to constrain the succes-
sive values of the Mediterranean sea-level during this
time (Clauzon, 1996; 1999). Estimates are based on: (1)
the global sea-level before the onset and after the end of
the Messinian Salinity Crisis (i.e. when the Mediterra-
nean was connected to the Atlantic Ocean) as given by
Hagq et al. (1987), and (2) meticulous field studies allow-
ing the relative effects of sea-level change and regional
tectonic movement throughout the Mediterranean (mar-
ginal and central basins) to be differentiated, including
the interval during which it was isolated. These estimates
are (see Text-Figure 2 for the precise chronology; asl-bsl
= above-below the present global sea-level) (Clauzon,
1996; 1999; Clauzon et al., 1996):

1) 40 m asl at 6 Ma; ca. 110 m bsl between 5.96 and about
5.76 Ma, especially for marginal basins relatively iso-
lated by sills (i.e. the marginal episode of the crisis);

2) 40 m asl between about 5.76 and 5.60 Ma, a sea-level
rise mostly recorded in marginal basins (corresponding
in particular to the Sicilian Upper Evaporites ending
with the first ‘Lago Mare’ event at high sea-level; Text-
Figure 1);

3) about 1500 m bsl between ca. 5.60 and 5.46 Ma (deep-
basin episode of the crisis; see also: Savoye and Piper,
1991; Lofi et al., 2005; Sage et al., 2005);

4) 80 masl at 5.332 Ma, after the post-Messinian Salinity
Crisis reflooding (starting with the second ‘Lago Mare’
event at high sea-level).

Dinoflagellates are here shown to be highly effective
organisms for establishing connection and/or isolation
phases of the various basins adjacent to the Mediterranean.
As the opposing migrations of Paratethyan and Mediterra-
nean dinoflagellates must necessarily occur during phases
of high sea-level, they are potentially useful for discrimi-
nating between the effects of local tectonic movements and
regional sea-level changes. Among the Paratethyan
dinoflagellate cysts, Galeacysta etrusca appears the most
sensitive marker of the ‘Lago Mare’ events because its
migration is narrowly linked to high sea-level phases. This
is particularly true when comparing the vertical distribu-
tionof Galeacysta etrusca and dreissenids at Eraclea Minoa:
Galeacysta etruscaisrecorded in the relative high sea-level
deposits represented by diatomitic turbidites preceding the
highest gypsum bed and in the Arenazzolo Formation,
while dreissenids occur within the Lago Mare Formation
which corresponds to arelative lowering of sea-level (Text-
Figure 4). As dreissenids may develop in invading coastal
lagoon environments, they are more significant of local
brackish conditions (possibly continuing after the invasion
event) than Galeacysta etrusca, which precisely demar-
cates the exchange events at high sea-level between basins.
Galeacysta etrusca appears also more effective in signal-
ling such exchanges than ostracods of the Cyprideis
pannonica group, as it shows a wider distribution in both
space and time. These ostracods were used alone to define
a dilution phase by river input recorded in the almost
desiccated Mediterranean basins and ending the peak of the
Messinian Salinity Crisis (McCulloch and De Deckker,
1989; Rouchy et al., 2001). This brief dilution event has
been used wrongly to change the significance of the ‘Lago
Mare’ events (Orszag-Sperber, 2006); it does not result
from an exchange at high sea-level between the Mediterra-
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nean and Paratethys but more probably represents a coloni-
zation of new freshwater habitats.

Galeacysta etrusca was also recorded in Late Pliocene
deposits from ODP Site 898 in the Atlantic Ocean west-
ward of the Iberian Peninsula coastline (McCarthy and
Mudie, 1996). The authors invoke either a possible re-
working or transport via the Mediterranean overflow
water. As the published photograph (McCarthy and Mudie,
1996: pl. 2, fig. 12) is not entirely convincing, we are
cautious of this record. However, it might be an extra-
Mediterranean signal of a ‘Lago Mare’ event more recent
than those discussed in this paper, a prospect not unreal-
istic if considering the almost continuous record of Medi-
terranean calcareous nannoplankton in the Dacic Basin up
to Late Pliocene zone NN 16 (Mérunteanu and Papaianopol,
1995; 1998; Lourens et al., 2005). Indeed, the ‘Lago
Mare’ events resulting from exchanges at high sea-level
between the Mediterranean and Paratethys may have
occurred at any time during the Late Neogene so long as
a gateway was active between these basins. An older
example of a Mediterranean—Paratethys connection was
documented by Archambault-Guézou et al. (1979) based
onaeuxinic mollusc fauna found just below the Crevillente
6 mammal level in southeastern Spain, i.e. prior to 6.10
Ma (Garcés et al., 1998). This mollusc fauna shows
affinities with the Maeotian mollusc fauna from the East-
ern Paratethys (Archambault-Guézou et al., 1979).

CONCLUSIONS

The high specificity of dinoflagellate cysts for recon-
structing paleoenvironments is emphasized in this study,
which reveals the extreme sensitivity of Galeacysta
etrusca. Indeed, new biometric analyses and previously
documented records of Galeacysta etrusca from the late
Neogene of the Paratethys and Mediterranean allow us to
reconstruct the history of this species within the frame-
work of paleogeographic changes that occurred from 8 to
5 Ma. The associated chronology of calcareous nanno-
plankton bioevents, and the stratigraphic location of the
studied deposits with respect to the isochronous Messinian
Erosional Surface (formed at the peak of the Messinian
Salinity Crisis), have together been particularly useful for
depicting the chronological framework that underpins
this study. This results in a reliable history of this species,
especially regarding its significance as an immigrant from
the Paratethys into the Mediterranean, its migration dur-
ing high sea-level episodes (i.e. the ‘Lago Mare’ events),
the timing of such episodes, and the locations and courses
of the gateways.

Galeacysta etrusca originated in the Pannonian Basin in
the Late Miocene. It invaded the Dacic Basin during the

interval 6-5.60 Ma, from where it migrated into the Medi-
terranean at least twice (major phases at ca. 5.60 and 5.46—
5.278 Ma, i.e. just before and just after the peak of the
Messinian Salinity Crisis, respectively), and later (at ca.
5.13 Ma) into the Black Sea.

Among the four statistically-defined stable biometric
groups (Text-Figure 7), group ‘a’ appears to characterise
brackish environments, accompanied by group ‘c’ when
freshwater input increases, while group ‘b’ immediately
replaces group ‘a’ when salinity increases. The large size of
individuals in group ‘d’ developed in peculiar nutrient-rich
conditions. This diversification into biometric groups de-
veloped irrespective of the realm (Paratethyan or Mediter-
ranean) and period, with the possible exception of group ‘d’
which has presently been recorded only from the latest
Messinian of the Adriatic.

From a paleogeographic perspective, the Portaferrian
connection (6-5.60 Ma) between the Pannonian and Dacic
basins is supported by this study, and its location specified:
a'Y-shaped corridor with two northern branches joining the
Pannonian and Dacic basins together, and both to the
Aegean Sea (Text-Figure 10A). The status of the Adriatic—
Po realm as a suspended and isolated basin during the
desiccation phase of the Mediterranean (as was probably
the Dacic Basin in part) is supported by our data that
documentadelayed arrival (115 kyr) of Galeacysta etrusca
compared to the Mediterranean Basin. The late arrival of
the Mediterranean marine dinoflagellates accompanied by
Galeacysta etrusca into the Black Sea at ca. 5.13 Ma
confirms paleogeographic assumptions about its relation-
ship with the nearby Dacic Basin (Text-Figure 10).

Finally, field observations (Text-Figure 4) and
dinoflagellate cyst data indicate the reflooding of the Medi-
terranean Basin by Atlantic waters at ca. 546 Ma, i.e.
significantly earlier than the GSSP of the Zanclean Stage at
5.332 Ma.
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