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INTRODUCTION

My PhD and post-doctorate researches have focused on paleoclimatic,
paleogeographical and paleoenvironmental reconstruction of the Mediterranean Basin
and its adjacent seas (i.e. the residual former Paratethys) since 11 Ma, (Figure).
During this time-interval the Mediterranean marine and continental environments were
affected by significant paleogeographic changes, forced by global climate and sea-
level variability, plate tectonics and regional uplift of Alps s.l. and Carpathians. Two
main important events characterize this period: the isolation and evolution of
Paratethys and the almost complete desiccation of the Mediterranean Sea, an event
known as the Messinian Salinity Crisis. | selected this region because it is very rich in
long and continuous sediment archives, which document: (1) climate evolution of the
Northern Hemisphere during the Late Cenozoic with respect to vegetation changes,
and (2) progressive evolution of initially marine environments towards brackish and
freshwater ones. The brackish to fresh environments had a profound effect on the
marine organisms (especially dinoflagellates) that responded to the stress by
developing a large variety of cyst morphologies, often described as new genera
and/or species.
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Methods. The comparative analysis of pollen grains and dinoflagellate cysts from the
same samples is rarely performed for such a long time-interval because it needs a
deep knowledge in taxonomy and ecology of the both complementary proxies. |
reached this parallel expertise, having the benefit of training in (1) botanical
identification of pollen grains from the tropical to boreal zones and their ecological
significance by Dr. J.-P. Suc, (2) taxonomy and ecology of dinoflagellate cysts by Pr.
M. J. Head. To achieve an understanding of the primary factor inducing
morphological variations of dinoflagellate cysts, | developed a biological approach
(culturing and growing of present-day living dinoflagellates and inducing stress on
microcultures experimentations) under supervision of Pr. J. Lewis (Westminster
University, London, UK) and Drs. D. Anderson and D. Kulis (WHOI, USA) during my
postdoc appointments. The simultaneous work on living and fossil (using biometry
and associated statistical analyses) dinoflagellate cysts has allowed me to initiate the



development of a transfer function, widely valid and able for the modelling of the
physical parameters of sea-surface waters (salinity, temperature, nutrient contents).
Such analyses were performed at high- to very high-chronological resolution, as
resulting from the following approach: (1) independently established age-model,
based on classical biostratigraphy or radiocarbon ages (for recent sediments),
completed by magnetostratigraphy for deposits prior to Mid—Quaternary; (2)
comprehensive counting of pollen grains (150 per sample, Pinus or any
overabundant taxon excepted) and dinoflagellate cysts (200-300 per sample); (3)
interpreting the resulting data with respect to ecological requirements. High- to very
high-resolution analyses provides results directly comparable with classical oxygen
isotope curves. These signals can therefore also be tuned to the frequency of
eccentricity, obliquity and precession cycles. Although palynological proxies can be
considered as standard, my integrated approach hoists them at the level of the most
competitive methods. Another aspect consists in its present-day background, based
on many surface samples from the Mediterranean, Marmara and Black seas, taken
during several cruises and sampling parties at IFREMER-Brest and WHOI. To
develop parallel analyses of pollen grains and dinoflagellate cysts offers additional
considerable interests, such as (1) continuous records of climatic changes and sea-
level variations independently from sediment types, and (2) quantifications (using
transfer functions) of climate for both continental and marine (to brackish) realms as
well as of physical oceanic parameters (SST, SSS, nutrient content etc.).

Results and research in progress

Using pollen grains analysis, | developed investigations on vegetation dynamics
and paleoclimate reconstructions for the whole Mediterranean region and Western
Europe extended to the Late Cenozoic (Jiménez-Moreno et al., 2007; Fauquette
et al., 2006). Thanks to the high-chronologic resolution:

a. | established the response of regional vegetation to eccentricity forcing in SW
Romania (Dacic Basin) and Black Sea (DSDP Site380) whatever the sediment
types (Popescu, 2001, 2006; Popescu et al., 2006a);

b. |1 was the first to demonstrate the precession forcing on regional vegetation
(Popescu et al., 2006b) through the Lupoaia pollen record (SW Romania);

c. in the frame of two PhD theses that | co-supervise, pollen grain and
dinoflagellate cyst records from DSDP Site 380 (7 - 4 Ma) were completed from
4 Ma to Present in order to evidence the impact of glacial-interglacial cycles
over the regional vegetation and to reconstruct the climate variability for the last
7 Ma;

d. | was the first to demonstrate the solar cycles forcing (Hale and Gleissberg
cycles) on the regional vegetation (through the “Thermophilous trees /
Artemisia” ratio) since the Last Glacial Maximum were evidenced in cored
sediments from the Black and Marmara seas (unpublished data), that is a
unique outcome.

Using the biometric approach on the dinoflagellate cysts in association with statistical
analyses, | demonstrated that fluctuations in salinity are partially responsible for
modifying size, shape and ornamentation of the cysts, providing the first reliable
paleoecological and paloebiogeographic reconstructions of the brackish
Paratethyan basins (Popescu et al., palynology , in press).

Simultaneously, | performed experimental cultures on a living-dinoflagellate species
(Scrippsiella trifida): suggested relationships between cyst morphological variations




and stress under controlled salinity are confirmed by the preliminary results, while
reproduction rate seems also modified (unpublished data).

The multi-proxy (palynology, sedimentology and geochemistry) study on the Aral
Sea, done by the first PhD student that | co-supervised, allowed not only the
reconstruction of the regional paleoclimate and paleoenvironments, but also
permitted to understand the atmosphere dynamics of the last 2 ka over the high
latitudes (Sorrel et al., 2006, 2007).

Hence, my palynological and biological expertise offers an exclusive tool for
establishing a continuous high  resolution chronology, paleoclimatic,
paleobiogeographic and paleoenvironmental reconstructions. This is particularly
important for the basins impacted by important environmental changes, such as the
Mediterranean and Black seas, the sediments of the latter being precisely dated for
the first time by this approach.

| do no want to close this Introduction Section without addressing my largest
acknowledgements to those who supported my researches and expressed their
interest in my project, providing personal grants and/or financial assistance for
achieving my researches, and especially the PhD and master — graduation students
that | appreciated so much to co-supervise.
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1. CORE MATERIAL

| have a strong experience as manager of drillings and corings on land, get when | was
Chief Engineer Geologist in the National Lignite Company of Romania. | was also in
charge of core description, sampling and storage.

Then, as Scientist, | have a strong experience in studying marine cored sections, for
example from DSDP. | am also used to decide coring setting (INTAS Project on the
Caspian Sea), to calculate sampling step of marine cores for reaching the best time-
resolution (Marion Dufresne Calypso cores from the Black Sea, cores from the Gulf of
Guinea) and to perform it after the detailed sedimentological description.

2. PALYNOLOGY (MIOCENE — PRESENT)

FOSSIL ASSEMBLAGES

> Pollen Analysis:

e Taxonomy and paleovegetation reconstruction with respect to present-day
ecology (temperature and rainfall conditions).

e Plant diversity by respect to global climate changes, climate forcing on the
vegetation dynamics and distribution of relict vegetation areas

e Astronomical and solar forcing of vegetation changes;

e Reconstruction of paleotemperature and paleorainfall using transfer functions
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e Paleoaltitudes reconstruction with respect to the present-day altitudinal
organization of vegetation and paleoclimatic parameters (in collaboration)

» Dinoflagellate cyst Analysis: Taxonomy, paleoecology (with respect to the
present day ecological requirements, relationships between theca (motile stage =
dinoflagellate) and cysts (encysted stage = dinocyst). | use the morphological -
biometrical approach and statistical analyses for establishing the impact of global
climate and regional environmental changes (sea-surface temperature = SST, sea-
surface salinity = SSS, nutrient contents) on the dinoflagellate cyst morphology.

e Marine, brackish and freshwater paleoenvironment reconstructions

e Research of connections between basins characterized by various
paleoenvironmental conditions. Marine sea-surface parameters (sea-surface
temperature, sea-surface salinity, upwellings, etc.).

PRESENT-DAY ASSEMBLAGES

> Pollen Analysis

e Taxonomy, Transport and Sedimentation of pollen grains in marine basins
e Impact of present day global climate warming on plant diversity and distribution
of relict areas;

> Living Dinoflagellate Analyses (BIOLOGICAL APPROACH):

e Relationships between the motile stage (biology) and encysted sage
(micropaleontology) of living dinoflagellates, using experimental microcultures

e Induced environmental stress (temperature, salinity, nutrient contents) on the
experimental microcultures for analysing the rate of reproduction and
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RESEARCH PROGRAMMES TO WHICH | CONTRIBUTED

International Programmes

2004-20009:

2006-2009:

2000-2005:

2003-2006:

UNESCO-IUGS IGCP 521 project “Black Sea-Mediterranean Corridor
during the last 30 ka: Sea-level change and human adaptation”.
Programme leader: V. Yanko-Hombach (Avalon Institute for Applied
Science, Canada)

NATO- INTAS “The Holocene records of Caspian sea-level change in
the offshore Kura Delta, Azerbaijan”. Programme leader: S.
Kroonenberg (Delft University, The Netherlands)

EEDEN “Environments and Ecosystem Dynamics of the Eurasian
Neogene” (European Science Foundation Program). Programme leader:
J.E. Meulenkamp (Utrecht University, The Netherlands)

ASSEMBLAGE “ASSEssMent of the BLAck Sea sedimentary system
since the last Glacial Extreme” 5™ EC Framework Programme (EVK3-
2001-00142). Programme leader: G. Lericolais (IFREMER, Plouzané,
France)



Curriculum Vitae Dr. Speranta- Maria POPESCU

French Programmes

2006-2009: ANR “Rheology and deformation of Aegean lithosphere
(EGEO)”. Programme leader: L. Jolivet (University Paris 6)

2004-2007: ECLIPSE Il (CNRS) “Spatial-temporal detailed evaluation about the
impact of the Messinian Salinity Crisis and its control factors”. Project
leaders: J. Deverchere (Brest University, France) and C. Gorini (Lille
University, France).

2001-2003: ECLIPSE | (CNRS): “Messinian Salinity Crisis: modality, regional and
global consequences, quantifications” Project leaders: J.-P. Suc (Lyon-1
University, France) and J.M. Rouchy (Natural History Museum, Paris,
France).

2001-2002: BIODIVERSITY (IFB) “Biodiversity evolution of Mediterranean
vegetation since 6 millions years “. Project leaders: S. Fauquette and J.-
P. Suc (University Lyon 1, France)

France - China Programme: (Programmes de Recherches Avancés -

PRA)

2001-2002: Project (PRA T00-04): “Present-day relictuel Cathaya forest in southern
China. The Mediterranean Pliocene: significant guide to reconstruct
its history. Project leaders: J.-P. Suc (University Lyon 1, France) and Z.
Zheng (Zhongshan University, Guangzhou, China)

WORKSHOP ORGANISATION

May, 5" — 6", 2008, Lyon France: Special Session of the Geological Society of
France, granted by TOTAL OIL COMPANY, CEA, UCBL, PEPS, CEREGE,
GEOSCIENCES AZUR. "Mio-Pliocene geodynamics and paleogeography of the
Mediterranean region: eustasy vs. tectonics".

February, 29" — March, 1%, 2008, Bucharest (Romania): French - Romanian
Workshop granted by the French Embassy in Romania, TOTAL Oil Company,
PEPS, GeoEcoMar Bucarest. “What happened in southern Romania and Black Sea
when the Mediterranean Sea desiccated 5.6 Myrs ago”

July, 25" — 26" 2004, Corte (France): International Workshop of the Project
ECLIPSE on the Messinian Salinity Crisis, granted by Eclipse 1 French Project
and the University of Corte (France). “The Messinian Salinity Crisis re-visited”

April, 14" — 20" 2004, Lyon (France): International Workshop and training
session on dinoflagellate cysts, granted by the European Science Foundation
(EEDEN Programme) “Dinocysts: promising markers of Mediterranean - Paratethys
relationships”




Curriculum Vitae Dr. Speranta- Maria POPESCU

November, 16™ — 18" 2000, Lyon (France) International Workshop of the EEDEN
Programme (ESF), granted by the European Scientific Foundation.
“Environments and Ecosystem Dynamics of the Eurasian Neogene: State of the
Art”

TEACHING AND TRAINING FOR STUDENTS

2006: Central Michigan University, Department of Geology, Mt. Pleasant, M| 48859
— 3 hours teaching for undergraduate students, | was invited by M. Sirbescu
(Assistant Professor)

2007: University Lyon 1, Lyon, France — 3 hours teaching for Master Students, |
was invited by Dr. S. Legendre (Director of Research at CNRS)

| co-supervised the following research stages and PhD Theses for
undergraduated and graduated students, respectively:

STAGES FOR UNDERGRADUATED STUDENTS:

G. JOUANNIC Galeacysta etrusca: marker of Mediterranean-Paratethys relationships
before and after the Messinian Salinity Crisis: spatial and temporal
distribution within Paratethys and Mediterranean Sea (2006 - 2007)

F. DALESME: Impact of environmental changes in morphology for brackish
dinoflagellate markers: Galeacysta etrusca (2006 - 2007)

RESEARCH STAGES (MASTER DEGREE)

S. BOROI Palynological study of Pliocene deposits from Oltenia (Romania). Co-
supervised with. N. Ticleanu (Bucharest University, Romania).
2001/2002.

S. BOROI Floristic diversity from Late Miocene to Early Pliocene pollen

assemblages from DSDP Site 380 A, Leg 42 (Black Sea). Co-
supervised with. N. Ticleanu

F. DALESME  Lingulodinium machaerophorum — impact of environmental stress on
the cyst morphology. Co-supervised with G. Escarguel (University Lyon
1, France)

PhD THESES:

P. SORREL.: The Aral Sea: a paleoclimate archive, 2006. University of Potsdam
(Germany). Co-supervised with. R Oberhansli and H. Oberhansli
(Potsdam University), and. J.-P. Suc (University Lyon 1)

S. BOROL: Vegetation changes vs. climate: pollen record of recent glacial-
interglacial cycles (0-500,000 yrs) from the Black Sea sediments. Co-
supervised with Dr. J.-P. Suc (University Lyon 1).



Curriculum Vitae Dr. Speranta- Maria POPESCU

D. BILTEKIN Plant diversity and refuges, vegetation and climate changes since 20 Ma

O. BAZELY

M. DALIBARD:

in the Anatolian and North-Aegean regions according to pollen records.
Co-supervised with J.-P. Suc (University Lyon 1) and N. Cagatay
(Istanbul Technical University, Turkey).

Black Sea Palaeoclimate and Tephrochronology. Supervisors: Pr. P.
Gibbard (Cambridge University, UK) and Pr. D. Pyle (Oxford University,
UK). | _supervise the palynological work (pollen grains and
dinoflagellate cysts) on the Black Sea core.

Tropical climatology of the Central Africa and Tropical Atlantic during
the Last Climatic Cycle. Co-supervised with J.-P. Suc and B. Pittet
(University Lyon 1).



Publications Dr. Speranta — Maria POPESCU

PEER-REWIEVED JOURNAL ARTICLES AND BOOK CHAPTERS

23.

22.

21.

20.

19.

18.

17.

16.

Bache, F., Popescu, S.-M., Gorini, C., Suc, J.-P., Clauzon, G., Lofi, J., Olivet,
J.-L., Rubino, J.-L., Melinte-Dobrinescu, M.-C., Londeix, L., Armijo, R., Meyer,
B., Jouannic, G. Process of the reflooding of the Mediterranean basin after the
Messinian salinity Crisis. Basin Research, in progress

Melinte-Dobrinescu M.-C., Suc, J.-P., Clauzon, G., Popescu, S.-M., Armijo, R.,
Meyer, B., Biltekin, D., Cagatay N., Ucarkus, G., Jouannic, G., Fauquette, S.,
Cakir, Z. The Messinian Salinity Crisis in the Dardanelles region:
chronostratigraphic ~ constraints. Palaeogeography, Palaeoclimatology,
Palaeoecology, submitted

Mertens, K.N., Ribeiro, S., Bouimetarhan, I., Caner, H., Combourieu-Nebut, N.,
dale, B., de Vernal, A., Ellegaard, M., Filipova, M., Godhe, A., Groenveld, J.,
Grosfjeld, K., Holzwarth, U., Kottoff, U., Leroy, S.A.G., Londeix, L., Marret, F.,
Matsuoka, K., Mudie, P., Nausts, L., Pena-Manjarrez, J., Persson, A., Popescu,
S.-M., Pospelova, V., Sangiorgi, F., Van der Meer, M., Vink, A., Zonneveld, K.,
Vercauteren, D., Vlassenbroeck, J., Louwye, S. Lingulodinium machaerophorum
process length in surface sediments. Marine Micropaleontology, accepted

Popescu, S.-M., Melinte, M.-C., Suc J.-P., Clauzon, G., Quillévére, F., Suto-
Szentai, M. Marine re-flooding of the Mediterranean after the Messinian Salinity
Crisis predates the Zanclean GSSP. Reply to the “Comment on ‘Earliest
Zanclean age for the Colombacci and uppermost Di Tetto formations of the
“latest Messinian” northern Apennines: New palaeoenvironmental data from the
Maccarone section (Marche Province, Italy)’ by Popescu et al. (2007) Geobios
40 (359-373)" authored by Roveri et al. Geobios, 41 (4), in press.

Popescu, S.-M., Dalesme, F., Joannic, G., Escarguel, G., Head, M.J., Melinte-
Dobrinescu, M.C., Suto-Szentai, M., Bakrac, K., Clauzon, G., Suc, J.-P.
Galeacysta etrusca complex, dinoflagellate cyst marker of Paratethyan influxes
into the Mediterranean Sea before and after the peak of the Messinian Salinity
Crisis. Palynology, in press.

Clauzon, G., Suc, J.-P., Popescu , S.-M., Melinte Dobrinescu, M.C., Quillévéré,
F., Warny, S., Fauquette, S., Armijo, R., Meyer, J.L., Rubino, J.L., Lericolais, G.,
Gillet, H., Cagatay, N., Ucarkus, G., Escarguel, G., Jouannic, G., Dalesme, F.
Chronology of the Messinian events and paleogeography of Mediterranean
region s.I. CIESM, 2008. The Messinian salinity Crisis from mega-deposits to
microbiology- A consensus report. N°33 in CIESM Monographs (F. Briand, Ed.),
168 pages, Monaco.

Ford, M., Williams, E.A., Malartre, F., Popescu, S.-M. Stratigraphic architecture,
sedimentology and structure of the Vouraikos Gilbert-type delta, Gulf of Corinth,
Greece. In Nichols, G.J., Wiliams, E.A., Paola, C. (eds.) "Sedimentary
Processes, Environments and Basins". International Association of
Sedimentologists Series, 38 (2007), 49-90.

Jimenez-Moreno, G., Popescu, S.-M., Ivanov, D., Suc, J.-P. Neogene flora,
vegetation and climate dynamics in Central Eastern Europe according to pollen
records. In Williams, M., Haywood, A., Gregory, J. (eds.), “Deep time
perspectives on climate change. Marrying the signal from computer models and



Publications Dr. Speranta — Maria POPESCU

15.

14.

13.

12.

11.

10.

biological proxies”. The Micropalaeontological Society Special Publication,
Geological Society of London, (2007) 393-406 , doi: 10.1144/TMS2.19.

Popescu, S.-M., Melinte, M.-C. Suc, J.-P., Clauzon, G., Quillevéré, F., Suto-
Szentai, M. Earliest Zanclean age for the Colombacci and uppermost Di Tetto
formations of the “latest Messinian" northern Apennines: New
palaeoenvironmental data from the Maccarone section (Marche Province, ltaly).
Geobios, 40 (2007), 359-373.

Sorrel, P., Popescu, S.-M., Klotz, S., Suc, J.-P., Oberhansli, H. Climate
variability in the Aral Sea Basin (Central Asia) during the late Holocene based
on vegetation changes. Quaternary Research, 67, 357-370.

Lericolais, G., Popescu, I., Guichard, F., Popescu, S.-M. A Black Sea lowstand
at 8500 yr B.P. indicated by a relict coastal dune system at a depth of 90 m
below sea level. In Harff, J., Hay, W.W., Tetzlaff, D.M. (eds.), “Coastline
Changes: Interrelation of Climate and Geological Processes”. GSA Special
Paper, 426 (2007), 171-189.

Lericolais, G., Popescu, |., Guichard, F., Popescu, S.-M., Manolakakis, L.
Water-level fluctuations in the Black Sea since the Last Glacial Maximum. In
Yanko-Hombach, V., Gilbert, A.S., Panin N., Dolukhanov, P.M. (eds.), “The
Black Sea Flood Question: Changes in Coastline, Climate, and Human
Settlement”. Springer, Berlin, 2007, 437—-452.

Sorrel, P., Popescu, S.-M., Head, M.J., Suc, J.-P., Klotz, S., Oberhansli, H.
Hydrographic development of the Aral Sea during the past 1900 years: results
based on a dinoflagellate cyst quantitative analysis. Palaeogeography,
Palaeoclimatology, Palaeoecology, 234 (2006), 304-327.

Popescu, S.-M. Late Miocene and early Pliocene environments in the
southwestern Black Sea region from high-resolution palynology of DSDP site
380A (Leg 42B). Palaeogeography, Palaeoclimatology, Palaeoecology, 238
(2006), 64-77.

Popescu, S.-M., Krijgsman, W., Suc, J.-P., Clauzon, G., Marunteanu, M., Nica,
T. Pollen record and integrated high-resolution chronology of the early Pliocene
Dacic basin (southwestern Romania). Palaeogeography, Palaeoclimatology,
Palaeoecology, 238 (2006), 78-90.

Popescu, S.-M., Suc, J.-P., Loutre, M.-F. Early Pliocene vegetation changes
forced by eccentricity-precession. Example from Southwestern Romania.
Palaeogeography, Palaeoclimatology, Palaeoecology, 238 (2006), 340—348.

Fauquette, S., Suc, J.-P., Bertini, A., Popescu, S.-M., Warny, S., Bachiri
Taoufiq, N., Perez Villa, M.-J., Chikhi, H., Feddi, N., Subally, D., Clauzon, G.,
Ferrier, J. How much did climate force the Messinian salinity crisis? Quantified
climatic conditions from pollen records in the Mediterranean region.
Palaeogeography, Palaeoclimatology, Palaeoecology, 238 (2006), 281-301.

Suc, J.-P., Popescu, S.-M. Pollen records and climatic cycles in the North
Mediterranean region since 2.7 Ma. In M. J. Head, P. L. Gibbard (eds.), “Early-
Middle Pleistocene Transitions: The Land-Ocean Evidence”. Special Publication
of the Geological Society of London, 247 (2005), 147-157.

Clauzon, G., Suc, J.-P., Popescu, S.-M., Marunteanu, M., Rubino, J.-L.,
Marinescu, F., Melinte, C.M. Influence of Mediterranean sea-level changes on
the Dacic Basin (Eastern Paratethys) during the late Neogene: the

10



Publi

cations Dr. Speranta — Maria POPESCU

Mediterranean Lago Mare facies deciphered. Basin Research, 17, 3 (2005),
437-562.

Lericolais, G., Popescu, I|., Panin, N., Guichard, F., Popescu, S.-M.,
Manolakakis, L. Evidence from recent oceanographic surveys of a last rapid sea
level rise of the Black sea. In "Human record of recent geological evolution in
the Mediterranean basin-historical and archeological evidence" CIESM
Workshop Monograph, 24 (2004), 109-117.

3 Suc. J.-P, Fauquette S., Popescu S.-M., 2004. L'herbier: un outil indispensable
a la recherche palynologique. In R. Pierrel, J.-P. Reduron (eds.), "Les herbiers:
un outil d'avenir. Actes du colloque de Lyon 20-22 novembre 2002". AFCEV,
Villers Iés Nancy, p. 67-87.

CON

Popescu, S.-M. Repetitive changes in Early Pliocene vegetation revealed by
high-resolution pollen analysis: revised cyclostratigraphy of southwestern
Romania. Review of Palaeobotany and Palynology, 120 (2001), 181-202.
Roiron, P., Ferrer, J., Linan, E., Rubio, C., Diez, J.-B., Popescu, S.-M., Suc, J.-
P. Les flores du bassin lacustre de Rubeilos de Mora. Nouvelles données sur
les conditions climatiques au Miocene inférieur dans la région de Teruel
(Espagne). Comptes Rendus de I'’Académie des Sciences de Paris, Sciences
de la terre et des planétes, 329 (1999), 897-904.

GRESS AND WORKSHOP PAPERS AND ABSTRACTS

2008

2008

Clauzon, G., Suc, J.-P., Popescu, S.-M., Melinte-Dobrinescu, M.C.,
Quillévére, F., Warny, S.A., Fauquette, S., Armijo, R., Meyer, B., Rubino, J.-L.,
Lericolais, G., Gillet, H., Cagatay, M.N., Ucarkus, G., Escarguel, G., Jouannic,
G., Dalesme, F. Chronology of the Messinian events and paleogeography of
the Mediterranean region s.l. CIESM Workshop Monographs, 33, 31-37.

Popescu, S.-M., Bazeley, O., Boroi, S., Sorrel, P., Dalesme, F., Jouannic, G.,
Head, M.J., Lericolais, G., Cagatay, N.M., Suc, J.-P. Mediterranean -
Marmara - Black Seas connections during the last 20 ka: palaeoenvironmental
reconstruction in the context of global climate change and regional tectonic
setting. 33 IGC, Oslo (Norveége), Symp. HPQ-02.

Suc, J.-P., Clauzon, G., Bache, F., Cornée, J.-J., Deverchére, J., El Euch-El
Koundy, N., Ferry, S., Gillet, H., Gorini, C., Lericolais, G., Lofi, J., Melinte-
Dobrinescu, M.C., Popescu, S.-M., Rubino, J.-L., Sage, F. The latest Miocene
— earliest Pliocene Mediterranean mega-cycle in sea-level. 33 IGC, Oslo
(Norvége), Symp. HPS-12.

Armijo, R., Meyer, B., Suc, J.-P., Clauzon, G., Melinte-Dobrinescu, M.-C.,
Popescu, S.-M., Ucarkus, G., Cakir, Z., Jouannic, G. The propagation of the
North Anatolian fault in the Dardanelles region and the Messinian Salinity
Crisis: A new challenge. Special Session of French Geological Society, May 5-
6, Lyon, France, 11.

Clauzon, G., Suc, J.-P., Armijo, R., Meyer, B., Melinte-Dobrinescu, M.-C.,
Lericolais, G., Gillet, H., Popescu, S.-M., Cagatay, N., Jouannic, G., Ucarkus,
G., Cakir, Z., Quillévéré, F. Canyons messiniens, Gilbert deltas zancléens et
paleogeography de la Mer de Marmara. Special Session of French Geological
Society, May 5-6, Lyon, France, 27-28.

11



Publications Dr. Speranta — Maria POPESCU

Popescu, S.-M., Suc, J.-P., Clauzon, G., Melinte-Dobrinescu, M.-C,
Escarguel, G., Quilléevére, F, Dalesme, F., Jouannic, G., Head, M., Suto-
Szentai, M., Bakrac, K., Mertes, K., Vercauteren, D. Une nouvelle idée des
échanges Paratéthys-Méditerranée et des événements Lago mare a travers le
Complexe Galeacysta etrusca. Special Session of French Geological Society,
May 5-6, Lyon, France, 58—60.

Popescu, S.-M., Jimenez-Moreno, G., Bazeley, O., Boroi, S., Sorrel, P.,
Dalesme, F., Jouannic, G., Head, M.J., Klotz, S., Giosan, L., Lericolais, G.,
Cagatay, N., Suc, J.-P. Mediterranean — Marmara - Black Seas connections
during the last 20 k.a.: palaeoenvironmental reconstruction in the context of
global climate change and regional tectonic setting. Turkish Geological
Congress, Ankara, Turkey.

Biltekin, D., Popescu, S.-M., Boroi, S., Suc, J.-P. High-resolution climate and
vegetation record in the Anatolian region according to pollen analyses from
late Miocene to Late Pleistocene: evidence from DSDP Site 380. Turkish
Geological Congress, Ankara, Turkey.

Armijo, R., Meyer, B., Suc, J.-P., Clauzon, G., Melinte-Dobrinescu, M.C.,
Popescu, S.-M., Ucarkus, G., Cakir, Z., M. Cagatay, M.N., 2008. The
propagation of the North Anatolian Fault in the Dardanelles Region and the
Messinian Salinity Crisis: A new challenge. Turkish Geological Congress,
Ankara, Turkey.

Clauzon, G., Suc, J.-P., Armijo, R., Meyer, B., Melinte-Dobrinescu, M.C.,
Lericolais, G., Gillet, H., Cagatay, M.N., Popescu, S.-M., Jouannic, G.,
Ucarkus, G., Cakir, Z., Quillévéré, F. Impact of the Messinian Salinity Crisis in
the Marmara Sea region. Did a connection exist between the Aegean and
Black seas at that time? Turkish Geological Congress, Ankara, Turkey.

Popescu, S.-M., Suc, J.-P., Clauzon, G., Melinte-Dobrinescu, M.C.,
Escarguel, G., Quillévéré, F., Sirbescu, M.-L.C., Dalesme, F., Jouannic, G.,
Head, M., Sito-Szentai, M., Bakrac, K., Mertes, K., Vercauteren, D.
Mediterranean - Paratethys connections before and after Messinian Salinity
Crisis. Workshop “What happened in southern Romania and Black Sea when
the Mediterranean Sea desiccated 5.6 million years ago”, Bucharest,
Romania, 25-28.

Clauzon, G., Popescu, S.-M., Suc, J.-P. Le Rhin et le Danube : témoins
onshore majeurs de la Crise de Salinité Méssinienne. Conséquences sur la
véritable extension du périmétre affecté par la crise. Workshop on “What
happened in southern Romania and Black Sea when the Mediterranean Sea
desiccated 5.6 million years ago”, Bucharest, Romania, 6-9.

Escarguel, G., Popescu, S.-M., Dalesme, F., Jouannic, G., Head, M., Melinte-
Dobrinescu, M.C, Suto-Szentai, M., Bakrac, K., Clauzon, G, Suc, J.-P, Mertes,
K., Vercauteren, D. Galeacysta etrusca complex, dinoflagellate cyst marker of
Paratethyan influxes into Mediterranean Sea, before and after the peak of the
Messinian Salinity Crisis. Workshop, “What happened in southern Romania
and Black Sea when the Mediterranean Sea desiccated 5.6 million years ago”,
Bucharest, Romania, 11

Melinte-Dobrinescu, M.C, Suc, J.-P, Clauzon, G, Popescu, S.-M, Cagatay, N.
Nannofossil records and the impact of the Messinian Salinity Crisis in the
North-western Aegean region (NW Turkey). Workshop “What happened in

12



Publications Dr. Speranta — Maria POPESCU

2007

2004

southern Romania and Black Sea when the Mediterranean Sea desiccated 5.6
million years ago”, Bucharest, Romani, 18—19.

Suc, J.-P., Clauzon, G, Popescu, S.-M, Melinte-Dobrinescu, M.C., Quillévéré,
F., Warny, S.A., Fauquette, S., Rubino, J.-L. Causes and process of the
Messinian Salinity Crisis. Workshop “What happened in southern Romania
and Black Sea when the Mediterranean Sea desiccated 5.6 million years ago”,
Bucharest, Romania, 33-35.

Suc, J.-P., Popescu, S.-M. Transformations dans la végétation du Pliocene
au Quaternaire aux latitudes moyennes de I'hémisphere Nord. Colloque
International Q5, Paris, France.

Boroi, S., Popescu, S.-M., Jiménez-Moreno, G., Klotz, S., Suc, J.-P.
Végétation et climat d’aprés les enregistrements polliniques en mer Noire et
en mer de Marmara. Colloque International Q5, Paris, France.

Popescu, S.-M., Klotz, S., Head, M.J. 2005. Relative sea-level and climate
fluctuations in the Marmara and Black Seas during the last 18 kyrs. Workshop
ASSEMBLAGE, Hamburg, Germany.

Boroi, S., Popescu, S.-M., Jimenez-Moreno, G., Klotz, S., Suc, J.-P.
Vegetation and climate reconstruction in the area of Black and Marmara seas
according to pollen records. Workshop ASSEMBLAGE, Hamburg, Germany.

Sorrel, P., Popescu, S.-M., Suc, J.-P., Oberhansli, H. Paleoclimatic changes
in the Aral Sea during the past 1900 years — The vegetation pattern and the
moisture conditions. EGU, Vienna, Austria.

Suc, J.-P., Clauzon, G., Popescu, S.-M. Late Miocene - Early Pliocene
Mediterranean - Paratethys relationships: The Mediterranean Lago Mare
deciphered. 12" R.C.M.N.S. Congress, Vienna, Austria.

Suc, J.-P., Jiménez-Moreno, G., Popescu, S.-M., Fauquette, S., Klotz, S.
Neogene climate evolution in Europe and peri-Mediterranean regions
according to pollen data. 12" R.C.M.N.S. Congress, Vienna, Austria.
Popescu, S.-M., Boroi, S., Head, M., Caner, H., Lericolais, G., Cagatay, N.,
Algan O. A new chronology to Mediterranean - Black sea connections during
the last 14 ka BP. EGU - EGS, Nice, France.

Suc, J.-P., Fauquette, S., Popescu, S.-M. L’herbier: un outil indispensable
a la recherche palynologique. In Pierrel, R., Reduron, J.-P. (eds.), "Les
herbiers: un outil d'avenir. Actes du colloque de Lyon 20-22 novembre
2002". Edit. Association francaise pour la Conservation des Espeéeces
Végeétales, Nancy, 67-87.

Popescu, S.-M. , 2004. Miocene-Quaternary dinoflagellates cyst,
morphological variability linked to environmental changes. Workshop EEDEN,
Lyon, France.

Clauzon, G., Suc, J.-P, Orzag-Sperber, F., Poeescu, S.-M. The Messinian-
Zanclean cycle in the Northern Aegean Sea. 4™ Congress “Environment and
Identity in the Mediterranean “The Messinian Salinity Crisis re-visited, Corte,
France, 27.

Fauquette, S., Suc, J.-P., Bertini, A., Popescu, S.-M., Warny, S., Bachiri
Taoufiq, N., Perez Villa, M.-J., Ferrier, J., Chikhi, H., Subally, D., Feddi, N.,
Clauzon G. How much did climate force the Messinian salinity crisis?
Quantified climatic conditions from pollen records in the Mediterranean region.

13



Publications Dr. Speranta — Maria POPESCU

2003

4™Congress “Environment and Identity in the Mediterranean “The Messinian
Salinity Crisis re-visited, Corte, France, 36.

Ferrandini, J., Ferrandini, M., Suc, J.-P., Rouchy, J.-M., Saint Martin, S.,
Popescu, S.-M., Thinon, |., Jehasse, O. Late Miocene and early Pliocene
deposits of the Aleria area: Livret-guide d’excursion, 4™ Congress
“‘Environment and Identity in the Mediterranean “The Messinian Salinity Crisis
re-visited, Corte, France.

Popescu, S.-M. The dinocysts new markers of Mediterranean - Paratethys
connections before and after the Messinian salinity crisis. 4"Congress
“‘Environment and Identity in the Mediterranean “The Messinian Salinity Crisis
re-visited, Corte, France, 72.

Boroi, S., Popescu, S.-M., Suc, J.-P. Late Glacial - Holocene vegetation in the
Black sea region. 32 International Geological Congress, 44 - G19.02,
Florence, Italy, 93.

Popescu, S.-M. Sea-level changes in the Black Sea region since 14 ka. 32
International Geological Congress, 72 - T32.03, Florence, Italy, 108.

Clauzon, G., Suc, J.-P., Popescu, S.-M. Late Messinian-Early Zanclean
Mediterranean s.l. deposits as a response to outstanding sea-level changes.
32" International Geological Congress, 111 - G21.11, Florence, Italy, 131.

Lericolais, G., Popescu, |., Panin, N., Guichard, F. Popescu, S.-M. Was the
Last rapid change in the Black Sea linked to a catastrophic event 7500 years
ago? 32" International Geological Congress, Florence, ltaly, 257- G03.03,
208.

Popescu, S.-M. Vegetation, climate and cyclostratigraphy in Central
Paratethys during Late Miocene - Early Pliocene. 32" International Geological
Congress, 322- T26.01, Florence, Italy.

Sorrel, P., Popescu, S.-M., Head, M.J. Hydrographic development of the Aral
Sea during the past 1,500 yrs-preliminary results based on dinoflagellate
cysts. 32" International Geological Congress, BW 07, Florence, Italy.

Popescu, S.-M., Boroi, S. The response of the vegetation in the Black Sea
area, during the last 18 ka. Workshop ASSEMBLAGE, Varna, Bulgaria

Popescu, S.-M., Backrac, K., Sito-Szentai, M., Sorrel, P., Head, M., Galovic,
l., 2004. An overview of the Mediterranean Lago Mare dinoflagellata cysts,
their understanding in terms of relationships with the Eastern Paratethys.
Workshop EEDEN,/NECLIME, Iraklion, Greece.

Fauquette, S., Suc, J.-P., Bertini, A., Popescu, S.-M., Warny, S., Bachiri
Taoufiq, N., Perez Villa, M.-J., Clauzon, G., Ferrier, J., Chikhi, H., Subally, D.,
Feddi, N. How much did climate force the Messinian salinity crisis? Quantified
climatic conditions from pollen records in the Mediterranean region. Workshop
EEDEN/NECLIME, Iraklion, Greece.

Popescu, S.-M., Suc, J.-P., Jiménez-Moreno, G., Zheng, Z., Favre, E., Boroi,
S., Sorrel, P., Deng, Y. The Late Cenozoic distribution of Cathaya in Europe,
North Africa and Middle East. Guangzhou, China.

Popescu, S.-M. Holocene Black Sea environments according to palynology.
Geological Society of America Meeting, Seattle, USA.

Popescu, S.-M., Sito-Szentai, M. The dinocysts, new proxy to understand the
environmental changes. Workshop EEDEN, Stara Lesna, Slovaquia, 69.

14



Publications Dr. Speranta — Maria POPESCU

2002

2001

1999

Lericolais, G., Popescu, [., Panin, N., Guichard, F., Popescu, S.-M,
Manolakakis, L. Could the last rapid sea level rise of the Black Sea evidence
by oceanographic surveys have been interpreted by Mankind?. CIESM
Workshop, 22-25 october 2003, Fira, Santorini, Greece, 44-53.

Rubio, C., Roiron, P., Ferrer, J., Diez, J.B., Popescu S., Suc, J.-P.
Paleobotanical and paleoecological data from Lower—Middle Miocene
(Burdigalian) basin of Rubielos de Mora, European Palaeontological
Association-Workshop “Exceptional Preservation”, Teruel, Spain, p. 87.

Popescu, S.-M., Suc, J.-P., Loutre, M.-F. Lower Pliocene fast and repetitive
vegetation changes in southwestern Romania as response to Milankovitch
cycles. 27" General Assembly of the European Geophysical Society,
Symposium “Variability at Milankovitch scales”, Nice, France, 326.

Popescu, S.-M. Influence des cycles astronomiques sur la végétation du
basin Dacique au Pliocéne inférieur d'aprés la palynologie. 3™ French
Congress on Stratigraphy, Lyon, France, 186.

Popescu, S.-M., Renaud, S. Réponse des dinoflagellés au stress provoqué
par la confrontation eaux douces locales- eaux salées méditerranéennes
inondant la Mer Noire (7150 ans BP). 3™ French Congress on Stratigraphy,
Lyon, France, 188.

Suc, J.-P., Fauquette, S., Méon, H., Popescu, S.-M. L’herbier: un ouitil
indispensable a la recherche palynologique. Colloque “Les herbiers: un outil
d’avenir’, Association frangaise pour la conservation des espéces végétales et
Société Botanique de France, Lyon, France.

Suc, J.-P., Popescu, S.-M., Fauquette, S., Bertini, A. Pliocene vegetation -
climate characteristics and evolution in Europe and the Mediterranean region
according to pollen data. | Jornadas Internacionales del Plioceno, Malaga,
Spain, 26.

Popescu, S.-M. Messinian and Zanclean vegetation and climate in the Black
Sea area compared to the Mediterranean region. Relationships with global
climatic evolution and astronomic cyclicities. Workshop EEDEN/ NECLIME,
Praha, Czech Republic, 17-18.

Popescu, S.-M. Messinian and Zanclean pollen records are now available
from two areas in Eastern Europe: Dacic basin in south-western Romania and
south-western Black Sea. Workshop EEDEN, Sabadell, Spain, 57.

Popescu, S.-M. High-resolution pollen record of dacian lignite-clay
alternations (mid-lower Zanclean) from the Lupoaia quarry (SW Romania):
response to precession and cyclostratigraphic calibration. 11" R.C.M.N.S.
Congress, Fes, Morocco, 12.

Popescu, S.-M. Re-interpretation of the Central Paratethys Bosphorian —
Dacian - Romanian stages in terms of global climatostratigraphy: relationships
with the reference Mediterranean sections. 11" R.C.M.N.S. Congress, Fes,
Morocco, 12.

Popescu, S.-M. Astronomical forcing (eccentricity, precession) of Lower
Pliocene vegetation and climate changes in the Central Paratethys: pollen
record from the Lupoaia section (Dacic Basin). Workshop EEDEN, Lyon,
France, 52.

15



Publications Dr. Speranta — Maria POPESCU

1999

Popescu, S.-M., 2000 Palynologie des sédiments messiniens du Site 380 A
du Leg 42B (Mer Noire). Journées GFEN-APF “L’événement Messinien :
approches paléobiologiques et paléoécologiques”, Rennes, France, 21.

Suc, J.-P., Bertini, A., Clauzon, G., Londeix, L., Popescu, S.-M. Une nouvelle
idée du “Lago Mare “a partir de I'approche palynologique. Journées GFEN-
APF “L’événement Messinien: approches paléobiologiques et
paléoécologiques”, Rennes, France, 26.

Popescu, S.-M., Fauquette, S. Lower Pliocene pollen record and climate in
the Dacic basin and comparison with the Western Mediterranean data.
Workshop: Neogene Climate Evolution in Eurasia (NECLIME), Tubingen,
Germany.

INVITED LECTURES AND SEMINARS

2006

2005

2004

2003

2001

Popescu, S.-M. Vegetation, Climate and Sea-Level changes in the
Mediterranean, Marmara and Black seas since the LGM. Seminar invited by J.
McMannus, Department G&G, WHOI, USA, January.

Popescu, S.-M. The Mediterranean — Black Sea connections since the last 20
ka BP., Conference invited by M. Sirbescu, Central Michigan University, USA.,
March.

Popescu, S.-M. “Le Déluge biblique ?"— L’invasion des eaux marines
méditerranéennes en mer Noire il y a 7, 16 ka BP., Seminar invited by M.
Kageyama, LSCE Paris, March.

Popescu, S.-M. Dinocysts: new markers of Mediterranean-Paratethys
connections before and after the Messinian Salinity Crisis. Lecture invited by
N. Krsti¢, Serbian Academy of Science, Belgrad (Serbia), August.

Popescu, S.-M. Variations morphologiques des dinoflagellés, réponse au
stress environnemental, Seminar invited by B. David, Dijon University, France,
May.

Popescu, S.-M. Les dinokystes, marqueurs des moments de connexion entre
bassins a salinité différente. Leur réponse morphologique au stress
environnemental (application a la problématique du déluge). Lecture invited by
S. Sen, MNHN Paris, France, April.

Popescu, S.-M. Les dinokystes, marqueurs des moments de connexion entre
bassins a salinité différente. Leur réponse morphologique au stress
environnemental (application a la problématique du déluge). Seminar invited
by J. Guiot, CEREGE, France, April.

Popescu, S.-M. What news in the dinoflagellate realm? Conference invited by
par J.E. Meulenkamp, EEDEN, Steering Committee Meeting, Bratislava,
Slovakia, September.

Popescu, S.-M. Vegetation, Climate and Cyclostratigraphy in Central
Paratethys during Late Miocene and Early Pliocene according to Palynology.
Conference invited by Dr. J. Powel at Joint Meeting of AASP-TMS-NAMS,
University College, London, UK.

Popescu, S.-M. Lower Pliocene fast and repetitive vegetation changes in
Southwestern Romania as a response to monsoon influence? Asian
Monsoons Meeting, Paris-Orsay, France, Presentation invited by F. Bassinot.

16



CHAPTER 1
Response of European Vegetation to the Global Climatic Changes during the Neogene

RESPONSE OF EUROPEAN VEGETATION TO THE GLOBAL
CLIMATIC CHANGES DURING THE NEOGENE

1.1. GLOBAL CLIMATE CHANGES: FORCING FACTORS AND MECHANISMS

The climatic system plays an important role on the distribution of heat energy received
from the Sun on the Earth surface and reflects a complex and dynamical interaction
between the atmosphere, ocean and land masses in response to insolation. The heating
amount and its distribution on the Earth’s surface are not constant parameters; their
variability is induced by (1) magnetic activity of the Sun, (2) position of the Earth within
the solar system, (3) geographic distribution of land masses and (4) ocean- atmosphere
dynamics. Any variation of the Sun - Earth system may ultimately cause climatic
changes. To understand the present - day climate variability and to predict, using
models, the future climatic changes we need to identify the impact of forcing (external
and internal) factors and to understand the driving mechanisms.

Among the external forcing factors responsible for the global climatic changes, the
most important ones are related to the variability of solar irradiance and orbitally
modulated insolation.

Relationships between the climatic changes and total solar irradiance were
hypothesized in the eighteenth century by William Herschel, who observed a link
between sunspots and British grain prices (Foukal et al., 2006). The first convincing
evidence was provided later by Willson et al., (1981): their data demonstrate a clear
relation between the Total Solar Irradiance (TSI) and dark sunspot formation.
Observations show during the last centuries that solar activity varies with a 11-yr
periodicity of sunspots (Schwabe cycle), a 22-yr oscillation in solar magnetic polarity
(Hale cycle) and an about 88-yr period for a sequence of low sunspot numbers
(Gleissberg cycle). Foukal (1994, 1998), then Solansky and Flige (2000) revealed that
the ratio between dark sunspot numbers and faculae brightening repartition on the solar
disk could be considered as a reliable proxy to calculate the past solar irradiance. In this
context, Lean and Foukal, (1988) reconstructed TSI up to 1874. On the total TSI,
variability of the Ultraviolet Wavelengths (UV) is significant because they have a
prevalent role in atmospheric photochemistry and heating (DelLand et al., 2004),
affecting the stratospheric ozone (van Geel et al., 1999) and modulating galactic cosmic
ray (Kirkby, 2007). Marsh and Svensmark (2000, 2003) have proposed a correlation
between the Galactic Cosmic Ray (GCR) and total amount of low clouds for explaining
relationships between climate and solar activity. Directly based on satellite
measurements, the increased GCR flux indicated by these authors appear to be
associated with increased low cloud cover that, as we know, exerts a strong radiative
cooling effect on the Earth. Similar results were obtained by Kristjansson et al. (2002),
Sloan and Wolfendale (2008). In addition to the direct measurement of various proxies
of solar activity, indirect indicators as cosmogenic radioisotopes ('°Be, and "C) are used
to reconstruct solar variation of the past (Beer et al., 1988, 1990; Steig et al., 1996;
Bond et al., 2001; Musceler et al., 2004; Braun et al., 2005; Clemens et al., 2005;
Vonmoos et al.,, 2006; Horiuchi et al., 2007). The both isotopes are produced in the
upper atmosphere under the influence of cosmic rays of both solar and galactic origin,
their fluctuation being caused by changes in solar wind. "C enters the global carbon
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cycle via CO; and '9Be precipitate with aerosols and is washed out by precipitations.
Fluctuation of °Be in Greenland ice cores was interpreted as a proxy for the
precipitation fluctuation and secondarily for solar activity forcing (Mc Hargue and
Damon, 1991; Yiou et al., 1997). Finkel and Nishiizumi (1997) have displayed
radioisotope records from the GISP 2 core for the time interval between 8 - 5 ka BP, and
Bard et al. (1997), comparing records of "C and "°Be, concluded that variability of these
radioisotopes is explained by solar modulation. Van Geel et al. (1999) compared the
'""Be record of Finkel and Nishiizumi (1997) with the 10 (Grootes et al., 1993;
Dansgaard et al., 1993) from GISP2 and GRIP ice cores and with ice rafting events
provided by Bond and Loti (1995): they concluded that the episodes of reduced solar
activity are characterized by increase in cosmic rays (as indicated by high '°Be values)
which coincide with cold phases of Dansgaard-Oeschger events as shown by 50
records. More, recent '°Be records from the ice sections cored on the two poles (Steig et
al., 1996; Musceler et al., 2004; Vonmoos et al., 2006; Horiuchi et al., 2007) show
oscillations corresponding to solar cycles of 11-yrs, 22-yrs, 88-yrs and 210-yrs (Suess -
de Vries cycles). The second radioisotope '*C was measured on dendrochronologically
dated tree rings (Stuiver 1961, 1965; Baxter and Farmer, 1973) that constitutes the base
for the "*C calibration curve (Stuiver et al., 1993) and reflects the past fluctuations of the
atmospheric "C. The high production of C could be induced by (1) a lower solar
activity that led a cooler climate and higher '*C, or (2) cooling climate driven by other
factors inducing changes in the global carbon cycle and causing increased atmospheric
“C. Radiocarbon and stable carbon isotope analyses performed on the
dendrochronologically dated tree rings (Baxter and Farmer, 1973; Raspopov et al.,
2004; Rigozo et al., 2007, 2008; Miyahara et al., 2007, 2008) indicate fluctuations with a
periodicity of 11-yrs; 22 yrs, 88 yrs and 200 yrs. This demonstrated that solar activity
continuously influences climate. Variations obtained by instrumental measurements on
the last centuries may hence be applied to older periods. The impact of solar forcing
coupled with general atmospheric circulation on the global climate changes is obvious
when regarding the data-sets of the global/regional temperatures (Reid, 1987; Karl and
Riebsame, 1984; Newell et al., 1989; Hu et al., 2003; Kofler et al., 2005; Jiang et al.,
2005) and hydrodynamic variability, as expressed by (1) North Atlantic Oscillations
(NAO) — Northern Hemisphere temperature variability (Kelly, 1977; Gimeno et al.,
20003; Geogieva et al., 2007, Mann, 2007), (2) El Nifio et Southern Oscillation (ENSO),
(Farrar, 2000; Dean and Kemp, 2004; Mann, 2007), (3) monsoon variability (Agnihorti et
al., 2002; Fleitmann et al., 2003; Wang et al., 2005; Ji et al., 2006; Liew et al., 2006,
Bhattacharyya and Narasimha 2007; Claud et al., 2008): (4) US precipitations (Currie
and O’Brien, 1988; Karl and Riebsame, 1984); (5) North China precipitations (Hameed
et al., 1983); (6) drought frequency (Mitchel et al., 1979; Yu & Ito, 1999). A simplified
mechanism explains the solar forcing on the global climate as related to (1) the solar
magnetic activity and variability of TSI directly measured or calculated using
radioisotopes ('°Be and '*C); (2) the distribution of TSI on the Earth surface conditioned
in the one hand by the atmospheric variability due to changes into the ozone layer,
aerosols, dust veil and clouds and on the second hand by the land masses and ocean-
atmosphere dynamics that causes a feedback mechanism on the climatic system. The
existence of feedback mechanisms is better illustrated at a long time-scale, by variation
of ice sheet (Ruddiman, 2003, 2006a, 2006b) during the glacial — interglacial cycles,
related to a very weak annual mean change of insolation (Beer et al., 2006). For
example a global cooling leads to growing ice sheet that increase albedo and thus the
cooling.

18



CHAPTER 1
Response of European Vegetation to the Global Climatic Changes during the Neogene

The second external factor which forces the global climate is the orbitally modulated
insolation. The amount of solar radiation arriving at the top of the atmosphere depends
on the energy emitted by the Sun and distance and orientation of the Earth with respect
to the Sun. It is demonstrated that the Earth orbit is not only controlled by the
gravitational force of the Sun but also influenced by the gravitational force of other
planets, responsible of disturbing effects on energy received by the Earth. These
disturbing effects depend on the relative position of the Sun, Earth and other planets.
Detailed calculation performed by Milankovich (1930) and more recently by Berger
(1978) and Lascar et al. (2004) reveals that gravitational forces of the planets influence
three different orbital parameters of the Earth with different periodicities. They are
eccentricity that shows a double periodicity at 100 kyrs and 400 kyrs, the obliquity
characterized by a 40 kyr cycle and precession which fluctuate with a 20 kyr periodicity.
There are also shorter periodicities (11 kyrs and 5 kyrs) identified within the intertropical
band (Berger et al., 2006a, 2006b). The first relationship between orbit and climate was
provided by Milankovich (1941) who stated that retreats of the northern ice sheet are
driven by peaks in northern hemisphere summer insolation resulting in the Late
Pliocene-Pleistocene glacial - interglacial cycles. On the Milankovich pioneering model,
changes of the solar radiation induce lagged ice-volume responses at the precession
and obliquity periods respectively. This first forcing/response model was only partially
taken on account later, as by Hays et al. (1976), who correlated variation of the last 500
kyr marine 50" values from Southern Hemisphere, with precession, obliquity and
eccentricity cycles, concluding that the climatic system responds linearly to the first two
parameters and nonlinearly to eccentricity. The critical mechanism of this model
(CLIMAP) is the control of ice ablation by insolation during successive warm summers.
Later, Imbrie et al. (1992, 1993) re-evaluated the climatic changes within the framework
of the three orbital signals and added a new element, the greenhouse gases (including
CO, and CH,4) forcing, providing a new model of orbit-scale climate changes
(SPECMAP). This new forcing/response model suggests that the responses initiated on
northward by the summer insolation forcing propagated to the Southern Hemisphere via
deep-waters, inducing an intermediate response of the climate-system linked to
changes in concentration of greenhouse gases (carbon dioxide and methane) which
forced later the north ice sheet via CO, changes or others feedbacks (Imbrie et al.,
1992, 1993). Geochemical data obtained from the Vostok long ice-cores (Petit et al.,
1999; EPICA Community Members, 2004) and the establishment of two independent
gas-time scales (Bender, 2002; Ruddiman and Raymo, 2003) emphasizes the
convergence of different gas signals and [1O'® at the period of precession and obliquity.
According to Ruddiman (2003, 2006a, 2006b) summer insolation forcing on obliquity
and precession cycles controls the Northern Hemisphere ice volume with a lag of 6500
and 4500 years, respectively. At the obliquity cycle, ice volume variations induce
changes on the Sea-Surface Temperature (SST), dust fluxes and North Atlantic Deep
Water flow (NADW), and some of these responses control the atmospheric CO, signal,
that provides a positive feedback responsible for the amplification of ice-volume
changes. At the precession cycle, variability of ice-volume controls the North Atlantic
SST. July insolation also forces both north-tropical monsoon and CH4 changes without
any lag and Southern Hemisphere sea ice, SST and CO, with a lag of up to 1 kyr. Both
CH4 and CO; variability increase directly insolation forcing of ice volume (Ruddiman,
2003).

Among the internal forcing factors, the most significant are the plate tectonics (at very
long time scale) and igneous activity.
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At global scale, plate tectonics modifies the size, location and altitudinal profile of land
masses. These modifications perturb the ocean - atmosphere dynamics causing
regional to global climatic disturbances. During the Cenozoic, the most important geo-
tectonic events which are suspected to have altered the global climate are: (1) the
acceleration of uplift of the Tibetan Plateau during the Late Miocene (Dettman et al.,
2001; Zhisheng et al., 2001; Liu and Yin, 2002; Molnar, 2005; Harris, 2006), that
perturbed the atmospheric dynamics, especially causing a strengthening of the Indian
monsoon (Harrison et al., 1992, 1993; Molnar et al., 1992); (2) the opening of the Drake
Passage (at about 40 Ma) resulting in the onset of the Circumpolar Southern Ocean
Circulation; (3) the closure of the Panama Strait (Keigwin, 1982; Haug and Tiedemann,
1998; Haug et al., 2001; Lear et al., 2003; Gussone et al., 2004; Bartoli et al., 2005; Jain
and Collins, 2007); and (3) the acceleration of the Read Sea rifting (Ghebreab, 1998;
Redfild et al., 2003).

The second internal factor which influences global or regional climate is the igneous
activity. Basaltic extrusion of long duration (Deccan Plateau at the K/T transition, North
Atlantic volcanism at about 55 Ma, Columbia River volcanism at about 16 Ma) and
briefer eruptions of single volcanoes influence the global climate in varying degrees.
Injection of large volumes of water and carbon dioxide into the atmosphere is
responsible for the absorption of heat radiation (infrared) emitted by the Earth and
results climate warming (Caldeira and Rampino, 1990). In addition, the water generally
condenses out off the atmosphere in rainfall form in a few hours to a few days, and the
carbon dioxide quickly dissolves in the oceans or is absorbed by plants. Isolated
volcanic eruptions inject within atmosphere large quantities of dust particles, volcanic
gases and water vapour which affect the radiative balance (Church et al., 2005).
Injection of volcanic dust causes temporary coolings (Robok and Liu, 1994; Robok,
2000), the intensity and duration of such cooling may be related to the amount of dust
and size of dust-particles. Dominance of the larger-size particles within the volcanic dust
affects the climate at local scale for a short time because these particles land in a few
minutes close to the volcanoes. On the contrary, if the volcanic dust is made of thin-size
particles, they float around during several hours or days and cause darkness and
cooling below the ash cloud. The ejected volcanic gases are mostly composed of
sulphur compounds as sulphur dioxide and sulphuric acid aerosols (Rampino and Self,
1984) which easily rise up to the stratosphere, increasing the Earth albedo, reducing the
total amount of solar energy and being able to create a significant cooling of the Earth
surface after a major eruption. Such an event happened after the 1991 Pinatubo
eruption (Minnis et al., 1993; Hansen et al., 1997; Saunders, 1999; Soden et al., 2002;
Yang and Schlesinger, 2002; Gleckler et al., 2006), the consequences of which should
have been according to models a maximum cooling of about 0.5°C after eruption and 3-
4°C if aerosols persisted (Hansen et al.,, 1997). Similar decreases in temperature
between 0.2° and 0.5°C with a duration of one to five years after eruption have been
calculated after the Tambora (1815), Krakatau (1883), Santa Maria (1902), Katmai
(1912) and Quizapu (1932) eruptions (Self et al., 1981, Oppenheimer, 2003; Church et
al., 2005, Gleckler et al., 2006). The Toba eruption, dated at about 73.5 ka BP, was one
of the most important volcanic events during the Quaternary. This eruption has been
correlated with the Oxygen Isotope Stratigraphy (Ninkovich et al., 1978), from which it
has been argued that outburst of such large amounts of ash led to an increase in
atmospheric turbidity resulting in a global cooling of about 3-5°C several years. This
may have initiated rapid ice grow and related global sea-level fall possibly at the origin
of Marine Isotope Stage 5 to 4 (Rampino and Self, 1992).

20



CHAPTER 1
Response of European Vegetation to the Global Climatic Changes during the Neogene

1.2. MIOCENE GLOBAL CLIMATE AND EUROPEAN VEGETATION

During the Miocene the European vegetation was changed significantly s the regional
climate evolved from almost tropical conditions especially developed during the
Langhian to subtropical ones which prevailed during the Lower Pliocene. Two main
factors are responsible from floristic hecatomb during the Miocene which continued
during the Pliocene: (1) the global climate variability leading to its deterioration and (2)
upheavals in the European paleogeography.

1.2.1. Global climate variability during the Miocene.

The beginning of the Neogene (Fig. 1) coincides with a transient cooler climate event as
response to the intermittent expansion on the East Antarctica Ice Sheet (EAIS), event
known as the Mi-1 event (Miller et al., 1987; 1991; Wright et al., 1992; Pagani et al.,
1999). This event (as the other Mi-events identified during the Miocene) is characterized
by an anomalous positive oxygen isotope excursion (Miller et al., 1987; Wright and
Miller, 1993, Zachos et al., 2001) coupled with a deep sea cooling (bottom water
temperature was generally between 1 and 2°C, Peakar and DeConto, 2006) and
increase of radiative forcing documented by the raise of pCO, (Pearson and Palmer,
2000) that momentarily interrupted the long global warming trend (Zachos et al., 2001)
initiated at the Eocene/Oligocene transition (Flowers, 1999). Excepted these cooler
events (Mi-1 to Mi-3) related to the punctuated expansion of East Antarctic Ice Sheet,
the climate was warmer that today during the Lower Miocene (global temperature 3 -
4°C higher) and atmospheric CO, concentration was twice as high as today (Naish et
al., 2001). Probably, the major agent that helped to maintain relatively warmer
conditions during the Early Miocene is the thermohaline circulation which permitted
development of equatorial heat transport (Woodruff and Savin, 1989, Wright et al., 1992;
Flower and Kenneth, 1994). The maximum of temperature was reached during the
Upper Burdigalian - Lower Langhian (17-15 Ma), episode known as Miocene Climate
Optimum (MCO). Following this warm episode, an important cooling event, called the
Monterey cooling event dated at about 14 Ma ago, marked an important step in the
transformation of the “greenhouse world” into an “icehouse context”. The Monterey
cooling event coincides with a major ice sheet expansion in Antarctica (Shackleton and
Kennett, 1975; Kennett and Barker, 1990; Flower and Kennett, 1993, 1994, 1995; Miller
et al., 1991; Zachos et al., 2001, Naish et al., 2001; Bart, 2003; Chow and Bart, 2003;
Shevenell et al., 2004; Holbourn et al., 2005). Its processes and causes are still
debated. Tectonically driven circulation changes (Kennett, 1975; Hsi and Bernoulli,
1978; Steininger et al., 1985; Woodruff and Savin, 1991, Flower and Kenneth, 1994)
and variations of the atmospheric CO, level (Pagani et al., 1999; Raymo and Ruddiman,
1992; Vincent and Berger, 1985) have been suggested as key-mechanisms. These Mid-
Miocene global climatic changes (cooling phases corresponding to the Mi 4 to Mi6
events alternated with warmer periods) strongly influenced marine and terrestrial
conditions. The most know effects of these climate changes are the increased
meridional surface temperature gradient between climatic zones, leading to accentuated
aridification in mid-latitude continental regions of Australia, Africa and North and South
America that enhanced development of grasslands and stimulated evolution of grazing
mammals. An opposite of this cooling trend occurred during the early part of the Late
Miocene when low to mid latitude surface water of world oceans warmed up and global
climate revitalized. This new reversal of the global climate variability is related to have
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been induced by two events: (1) the closure of the Indonesian Seaway (between 8 and
5.2 Ma) and the creation of the early warm pool over the West Pacific that may have a
role on the climate modulation (Srinivasan and Sinha 1998; Hall, 2002; Kuhnt et al.,
2004; Li et al., 2006) and (2) the onset of a final major episode of Himalayan - Tibetan
uplift (Tapponier et al., 2001). The tectonic-induced changes in physiography
transformed oceanography and climate to near the modern patterns characterized by
strong trade winds and intense Equatorial counter-currents (Kennett et al., 1985).
Orbitally-tuned paleoclimate proxies indicate that prior to the Miocene Climate Optimum,
climate variability responded to eccentricity (400 and 100 kyrs) and precession (20 kyrs)
forcing, the Monterey Cooling event (15 -14 Ma) was modulated by obliquity (40 kyrs)
and during the time-interval 14 — 6 Ma the forcing factor was eccentricity with a distinct
100 kyr rhythm in climate and circulation patterns.
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Fig. 1. Neogene global climate events and European vegetation changes

1.2.2. Vegetation changes in Europe during the Miocene

European flora, during the Miocene (Fig. 2) suffered a progressive impoverishment with
assemblages rich in tropical elements successively eliminated for the benefit of
subtropical and warm-temperate elements which prevailed at the Late Miocene.

During the Early Miocene, southern Europe flora was dominated by tropical and
subtropical taxa revealed while subtropical and warm-temperate elements prevailed in
the northern Europe according to plant macroremains (Pantic, 1956; Stevanovic and
Pantic, 1954; Milovanovic and Mihajlovic, 1984 Fernandez Marrén and Alvarez Ramis,
1988; Sanz de Siria Catalan, 1993; Barrén and Sansisteban, 1999; Roiron et al., 1999%;
Rubio et al., 2003) and pollen records (Bessedik, 1985; Roiron et al., 1999; lvanov et
al., 2002; 2007, Jiménez-Moreno et al., 2007a; 2007b ; 2007c).

! The references in bold characters relate to my publications
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My preliminary results (Roiron et al., 1999) on the Rubielos de Mora Basin (NE Spain)
pointed out that the local vegetation was mostly composed by subtropical (Distylium,
Engelhardia, Platycarya, Sapotaceae, Symplocos Taxodiaceae) and warm-temperate
taxa (Acer, Carya, Cephalanthus, Nyssa cf. aquatica Populus, Quercus, Salix, Ulmus,
Zelkova) accompanied in relative few amounts by high and mid altitude trees (Abies and
Cathaya) and some taxa as Ceratonia, Olea, Phillyerea, Microtropis fallax, Artemisia
indicating that a dry season existed at that time. This study was later enlarged by
Jiménez-Moreno (2005) during his PhD thesis on the material from a cored borehole.
Local forest vegetation rich in mega- and mesothermic elements was identified in a
regional open and xeric context, with also some organization in altitudinal belts
(Jiménez-Moreno, 2005, 2007a, 2007b and 2007c). Pollen flora from this core is
constituted of: (1) Megathermic (tropical) elements: Acanthaceae, Alchornea, Amanoa,
Arecaceae, Avicennia, Canthium type, Bombax, Buxus bahamensis type,
Caesalpiniaceae, Mappianthus, Meliaceae, Passifloraceae, Rutaceae, Simarubaceae,
Theaceae, etc.; (2) Mega-mesothermic (subtropical) elements: Accacia, Araliaceae,
Celastraceae, Chloranthaceae, Corylopsis, Croton, Cyrillaceae—Clethraceae, Disanthus,
Distylium, Engelhardia, Euphorbiaceae, Exbucklandia, Fothergilla, Hippocastanaceae,
Menispermaceae, Microtropis fallax, Mussaenda, Nyssa, Parthenocissus, Platycarya,
Rhodoleia, Rhoiptelea, Ricinus, Rubiaceae, Sapotaceae, Symplocos, Symplocos
paniculata type, Taxodium type, Taxodiaceae, etc.; (3) Cathaya, a mid-altitude conifer
living today in Southern China; (4) Mesothermic (warm-temperate) elements: Acer,
Alnus, Betula, Buxus sempervirens, Caprifoliaceae, Carpinus, Carpinus orientalis,
Carya, Celtis, Castanea—Castanopsis type, Eucommia, Fagus, Fraxinus,
Hamamelidaceae, Hamamelis, Hedera, llex, Juglans, Liquidambar, Lonicera, Myrica,
Oleaceae, Ostrya, Fabaceae-Papillionioidae, Parrotia cf. persica, Platanus, Populus
Pterocarya, Quercus deciduous type, Rhamnaceae, Rhus, Salix, Sequoia type, Ulmus,
Zelkova, Viburnum, Vitis, etc.; (5) Pinus and Pinaceae; (6) Mediterranean xerophytes:
Olea, Quercus ilex-coccifera type, Phillyrea, etc.; (7) Herbs and shrubs: Alisma,
Apiaceae, Amaranthaceae—Chenopodiaceae, Asteraceae Asteroideae, Asteraceae
Cichorioideae, Brassicaceae, Campanulaceae, Caryophyllaceae, Cistaceae,
Convolvulaceae, Ericaceae, Ephedra, Geranium, Lamiaceae, Liliaceae, Linum,
Mercurialis, Nitraria, Nymphaeaceae, Parietaria, Poaceae, Plantago, Potamogeton,
Polygonaceae, Plumbaginaceae, Ranunculaceae, Resedaceae, Rosaceae, Rumex,
Tamarix, Thalictrum, Tricolporopollenites sibiricum, Typha, Urticaceae, etc.

Different paleoclimatic transfer functions (Mosbrugger and Utescher, 1997; Mosbrugger,
1999, Fauquette et al., 1998a) were applied to plant macroremains (Utescher, et al.,
2000; Roth-Nebelsik et al., 2004; Mosbrugger et al., 2005) and to pollen records (lvanov
et al., 2002; Jiménez-Moreno et al., 2007b) in order to reconstruct the climate
parameters as the mean annual temperature (MAT), mean temperature of the warmest
months (MTW), mean temperature of the coldest month (MTC) and mean annual
precipitations (MAP). According to pollen record, Jimenez-Moreno et al., (2007)
proposed for NE Spain values of MAT between 18°C and 20°C, MTW between 24°C
and 27°C, MTC between 9 and 6 °C, and MAP between 900 and 1700mm. According to
climate reconstruction using plant macroremains from the Lower Miocene German flora,
Roth-Nebelsick et al., (2004) and Utescher, et al., (2000) propose that MAT ranges
between 14.1°C (15. 5°C) and 20.8°C (21°C), MTW between 25.7°C and 28.1°C, MTC
between 4.7 and 13.3 °C, and MAP between 897-1281 mm. Minor differences between
these estimated values for climatic parameters should be related to plant diversity
differences.

23



CHAPTER 1
Response of European Vegetation to the Global Climatic Changes during the Neogene

CHRONOLOGY VEGETATION CHANGES IN EUROPE DURING THE MIOCENE
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Fig. 2. A. Geographic position of presented sections: 1 Andalucia; 2 Rubielos de Mora; 3 La Rierussa;
4, Estagel; 5 Bayanne; 6, Cary; 7, Les Mées; 8, la Rosée; 9, Chateuredon : 10, Farinole ; 11, La Naphe ;
12, Ecotet ; 13, Le Locle ; 14, Montevraz ; 15, Hautlingen; 16, Nebelberg; 17, Breitenmatt; 18, Pfafenzll-Il;
19, Strass; 20, Brunner-Hutte; 21, Géllersdorf; 22, Sieberhinten; 23, Hennersdorf; 24, St. Margaretten; 25,
Moravski Jan -3; 26, Tengelic 2; 27, Hidas-53; 28, Valea Morilor; 29, Drenovets C1; 30, Delenia; 31, Site
380A,; 32, Makrilia; 33 Ermenek. (Jimenez- Moreno, 2005; Jiménez-Moreno, et al., 2007c); B. European
vegetation changes during the Miocene: 1, megathermic elements; 2, mega-mesothermic elements, 3
Cathaya; 4, mesothermic elements ; 5, Pinus and poorly preserved Pinaceae, 6, meso-microthermic (mid-
altitude) trees; 7, microthermic (high-altitude) trees; ; 8, non significant pollen grains (undetermined ones,
poorly preserved pollen grains, some cosmopolitan or widely distributed elements; 9, Cupressaceae; 10,
Mediterranean xerophytes; 11, herbs; 12, steppe elements.

The Middle Miocene vegetation in Europe is well-documented by numerous widely
distributed pollen localities (Fig. 2) representative both of climatic changes and of
latitudinal-longitudinal organization of vegetation. Plant macroremains mainly concern

24



CHAPTER 1
Response of European Vegetation to the Global Climatic Changes during the Neogene

central-eastern Europe. Vegetation dynamic and climate evolution is particularly
illustrated by some long pollen sequences, such as Tengelic 2 and Hidas in Hungary
(Jiménez-Moreno et al., 2005) and La Rierussa in northeastern Spain (Bessedik, 1985;
Jiménez-Moreno, 2005).

The Miocene Climatic Optimum is characterized by the highest diversity especially for
tropical and subtropical plants supported by their greatest relative frequency in pollen
records of Tengelic 2; La Rierussa and Chateuredon sections (Fig.2). The high diversity
tropical and subtropical taxa represented by : Euphorbiaceae, Rubiaceae, Alchornea,
Melastomataceae, Acacia, Sindora, Rutaceae, Buxus bahamensis type, Acanthaceae,
Theaceae, etc. Taxodiaceae, Symplocos, Arecaceae, Distylium, Platycarya,
Engelhardia, Menispermaceae, Microtropis fallax, etc. was founded at Tengelic 2
section. At la La Rierussa section, the same tropical elements plus Avicennia, Croton,
Mappianthus, Passifloraceae, Bombax, Grewia-Corchorus, Mimosaceae, Meliaceae,
etc., the same subtropical elements plus Leea, Rhoiptelea, etc. were founded. These
two localities have recorded the two thermic maxima of the Miocene Climatic Optimum.

On contrary, the Monterey cooling is directly poorly documented. It has been recorded
at Tengelic 2 in continuity to the thermic maximum, being marked by the disappearance
of all the tropical elements and the strong decrease of the subtropical ones, respectively
replaced by the warm-temperate elements and Cathaya. In southern France, few
localities show the disappearance of the tropical elements and the coeval increase of
the subtropical ones. The following successive minor climatic fluctuations which
occurred during Serravallian and Tortonian have been very discontinuously identified
(see Nebelberg and Hennersdorf on Fig. 3) in Western-Central Europe, insufficiently
detailed in the long records from Eastern Europe (Devronets C1, Makrilia, Deleina: see
Fig. 3; lvanov, 1995; Jimenez-Moreno et al., 2007c) because of the lack of effort in
identification of thermophilous taxa. Paleoclimatic transfer functions were applied to
these pollen records, allowing to estimate at 2-4°C the mean annual temperature drop of
the Monterey cooling (Jiménez-Moreno et al., 2005) while the thermic latitudinal gradient
was calculated around 0.48°C/° in latitude for the same parameter during the Miocene
Climatic Optimum and increased at about 0.6°C/° in latitude at the Late Miocene
(Fauquette et al., 2007). The latitudinal gradient in xericity did not change significantly
during the same time-interval (Fauquette et al., 2007). Paleotemperature quantifications
performed on Bulgarian pollen data do not document a so large drop in temperature for
the Monterey cooling but continuously document climatic changes of the Late Miocene
(lvanov et al., 2002). Paleovegetation maps have been elaborated with difficulty when
representing only a forest cover (Kovar-Eder et al., 2006), more illustrative when based
on contrasting pollen records (Favre, 2007). Such paleovegetation maps may be
compared with the first paleovegetation reconstructions proposed by models (Francois
et al., 2006; Favre et al., 2007).

Vegetation of the Messinian Stage (Fig. 3) is well-known thanks to numerous pollen
records mostly concentrated in southern Europe (Vai and Ricci Luchi, 1977; Suc, 1989;
Bertini et al., 1998; Suc and Bessais, 1990; Bertini, 1992; Chikhi, 1992; Suc et al.,
1995a, 1995b; Bachiri-Taoufiq, 2000; Popescu, 2001; Warny et al., 2003; Popescu,
2006).

Unfortunately, it is incomplete because of the lack of sediments during the peak of the
Messinian Salinity Crisis when the Mediterranean and Black seas almost desiccated.
The Messinian Antarctic glacials are also difficult to recognize because of the scarcity of
pollen grains within the Mediterranean marginal evaporites which deposited at that time.
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Fig. 3. A. Geograhic position of presented sections: 1 Bou Regreg; 2 MSD1; 3 Andalucia G1; 4,
Carmona; 5 Douiet 1; 6, Habibas 1; 7, Sahaouria; 8, Tarragona E2; 9, Can Vilella : 10, Torre Sterpi ; 11,
Borgo Tossgiano ; 12, Monticino ; 13, Macarone ; 14, Eraclea Minoa ; 15, Racalmuto; 16, Capodarso; 17,
Realmonte/Capo Rosello; 18, Hinova; 19, Site 380A; 20 Naf1. (Popescu, 2001, 2006; Fauquette et al.,
2006); B. European vegetation changes during the Miocene: 1, megathermic elements; 2, mege-
mesothermic elements, 3 Cathaya; 4, mesothermic elements ; 5, Pinus and poorly preserved Pinaceae, 6,
meso-microthermic (mid-altitude) trees; 7, microthermic (high-altitude) trees; ; 8, non significant pollen
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elements; 9, Cupressaceae; 10, Mediterranean xerophytes; 11, herbs; 12, steppe elements.
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As main results, ones must notice persistence of some tropical elements (Avicennia,
Alchornea, etc.) at the Mediterranean latitude before the peak of the Messinian Salinity
Crisis, then the migration to the North of subdesertic herbs and shrubs (Lygeum,
Calligonum, Ziziphus, etc.) during the almost complete desiccation phase when they
became unable to survive so hard conditions (Fauquette et al., 2006). Anyway, the
North-South gradient in temperature and xericity was very pronounced during the Late
Miocene, if we do not consider the outstanding epiphenomenon of the Messinian
Salinity Crisis. Open vegetation growing under warm and dry conditions developed in
south-western Europe and north Africa, whatever the longitude while forests flourished
northward under warm and humid conditions (Fig. 4), (Fauquette et al., 2006; Jiménez-
Moreno, 2007c). Paleoclimatic reconstruction for the late Miocene (Fauquette et al.,
2006) indicate globally warm climate with the MAT between 15- 24°C, with a strong
seasonality correlate with high precipitation values (1100 - 1550 mm) for the northern
Europe and respectively low seasonality and low precipitation values (320- 680 mm) for
the south-western Europe and North Africa. The similar values of MAT and Map were
obtained by Kovar - Eder et al., (2006), using plant macroremains data.

1. 3. PLIOCENE GLOBAL CLIMATE AND EUROPEAN VEGETATION

1.3.1. Global climate variability during the Pliocene

The global climate, during the Pliocene (5.332 — 1.808 Ma) was impacted by a major
change, related to the onset of the Northern Hemisphere Glaciation at 2.588 Ma. This
climate event significantly modified the marine and continental ecosystems.

The Early Pliocene (5.332 - 3.6 Ma) corresponds to a global warm climate both
documented by marine (Crowley, 1991; Kenneth and Hodell, 1993; Billups et al., 1998a;
1998b; Ballantyne et al., 2003) and terrestrial records (mammals: Montuire et al., 2006;
Fortelius et al., 2006; macroremains: Roiron, 1992 ; Martinetto, 1994; Kovar - Eder et
al., 2006; and pollen: Zagwijn, 1960; Suc, 1980 ; Cravatte et Suc, 1981 ; Suc et Cravatte
1982 ; Suc, 1984; Hooghiemstra, 1989 ; Diniz, 1984 ; Clet - Pellerin, 1985; Bessais et
Cravatte, 1988; Hooghiemstra et Ran, 1994; Bertini, 1994 ; Suc et Bessais, 1990 ;
Combourieu-Nebout, 1990; Popescu, 2001; 2006 ; Popescu et al., 2006a; 2006b).
Reconstruction of climatic parameters, based on different proxies, indicate at European
mid-latitudes a mean annual temperature higher of about 1-5°C than today and mean
annual precipitations higher of about 400 -1000 mm (Fauquette et al., 1998, 2006;
Montuire et al., 2006; Fortelius et al., 2006; Uhl et al., 2007). This global warm situation
was interrupted between 4.7 - 4.5 Ma by a cooling event related to small fluctuations of
the Antarctic ice-sheet. This event was identified in the European vegetation and
corresponds to the Brunssumian B (Zagwin, 1960) or Plb (Suc, 1984) climatic phases.

The climate remained warm during the Middle Pliocene (3.6 - 2.588 Ma), in spite of
several drops in temperature, with a thermic maximum at about 3Ma. Microfaunal
records indicate warm surface waters, with SST of about 8°C and 2-3°C higher than
today in the North and South Atlantic, respectively (Dowsett and Poore, 1991; Dowsett
et al.,, 1992; 1996; 2005; Cronin et al., 1991; 1993). Data from intertropical Pacific
indicate a reduction of the East-West SST gradient suggesting a permanent El Nifo
phenomenon during the Early-Middle Pliocene (Ravelo et al., 2004; Wara et al., 2005).
Mechanism considered explaining this warm climate during Early-Middle Pliocene is still
debated. Model simulation (Haywood and Valdes, 2004; Haywood et al., 2007; Chandler
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et al., 2008) propose a global temperature warming of 3°C during the Middle Pliocene.
These authors propose that the warm climate could be explained by reduced terrestrial
ice-sheets in the polar zones (-50% in Greenland, -33% in Antarctica) and sea-ice
cover, that caused a strong ice-albedo feedback. Haug (2001) related the warm climate
to changes in thermohaline circulation caused by the closure of the Panama seaway (at
about 3 Ma ago), while some other authors (Ravelo et al., 2004; Wara et al., 2005;
Fedorov et al., 2006) suggested that the permanent El Nifio could have contributed to
the Pliocene warmth in eliminating stratus clouds, subsequently reducing albedo and
increasing atmospheric water vapour. Other hypotheses refer to the strengthening of
atmospheric greenhouse and associated feedbacks (Hansen et al., 1984; Soden and
Held, 2006, Fedorov et al., 2006) that could have maintained both low- and high-latitude
warmth, with a reduced East-West equatorial SST gradient.

The beginning of the Northern Hemisphere Glaciations (NHG) at 2.588 Ma resulted in a
global cooling, used to mark the boundary between Middle (Piacenzian) and Late
(Gelasian) Pliocene. Several hypotheses were proposed to explain this crucial change
of the global climate (Raymo, 1994; Rea et al., 1998; Maslin et al., 1998; Philander and
Fedorov, 2003; Ravelo et al. 2004a, 2006; Bartoli et al., 2005; Barreiro et al., 2005;
Fedorov et al., 2006). An hypothesis refers to the closure of the Panama seaway
(Crowley, 1996; Haug and Tiedemann, 1998; Haug, 2001, Bartoli, 2005) that resulted in
(1) the gradual restriction of sea-surface water exchanges and high surface salinity
contrast between the Atlantic and Pacific oceans (Keigwin, 1982; Haug and Tiedemann,
1998), (2) the intensification of the Gulf Stream, and increasing moisture over the North
Atlantic region. According to Driscoll and Haug (1998), the load in humidity of the
westerly winds provoked the increase of Eurasian precipitations (rain and snow) and
maybe more freshwater input into the Arctic Ocean via Siberian rivers. The lower salinity
of the Arctic Ocean facilitated the building of sea-ice than reflected sunlight and heat
back to space, induced cooling effect at high latitudes, and finally might lead the onset
of NHG (Lunt et al., 2008a, 2008b). Another hypothesis has been suggested by Cane
and Molnar (2001) and relates to the impact of closure of the Indonesian seaway (13 —
2.5 Ma) on the global climate. According to these authors, the movement of an island
within the Indonesian seaway may have forced the tropical climate reorganization that
would may caused the high-latitude cooling and beginning of the NHG. A third
hypothesis suggests that the Cenozoic uplift of the Rocky Mountains and Himalaya
influenced the atmospheric circulation, in causing larger Rossby wave amplitude and jet-
stream deflection able to bring cooler air masses and increased moisture and snowfall
over the incipient Greenland ice sheet (Ruddiman and Kutzbach, 1989). Finally, the
fourth hypothesis states that a decreased radiative forcing associated with lowered
concentration of atmospheric CO; led to a cooler melt-season temperature and reduced
ablation, causing an annual accumulation of enough snow to grow the ice sheet (Raymo
et al., 1996; Kirschner et al., 1996). Each of these hypotheses was tested by Lunt et al.,
(2008a, 2008b), suggesting that the most probable mechanism at the origin of the NHG
should be related to the decrease in atmospheric CO,, that might have been forced by
orbital parameter variability coupled with all the mechanisms previously described.

Anyway, the beginning of the NHG caused important changes in the Late Pliocene
(2.558 — 1.8 Ma) climate system, modifying the ocean and atmosphere circulation, in
relation with the fluctuation of the Northern Hemisphere ice sheet during glacial-
interglacial transition (Raymo et al., 1989; Crowley and North, 1991; Zachos et al.,
2001).
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In the tropical and subtropical regions, the Late Pliocene climate caused (1) periodically
cooler and drier conditions in Africa (Leroy and Dupont, 1994; De Menocal, 1995, 1999;
2004), (2) increase in East-Asian monsoon activity (Clemens et al., 1991; 1996; An et
al., 2001; Tian et al., 2006), and (3) acceleration of erosion rate in Himalaya (Huntington
et al., 2006).

Looking to the Mediterranean region, xerophytic taxa (Olea, Pistacia, Ceratonia,
Phillyrea, Nerium, Rhus cotinus, Rhamnus, Ligustrum, evergreen Quercus, Cistus,
Phlomis fruticosa, Resedaceae, Myrtaceae, etc.) were continuously recorded
(sometimes in large quantity) in pollen localities from southern Europe since the
beginning of the Miocene, mostly in eastern Spain and southeastern France (Bessedik,
1985; Zheng, 1986; Jiménez-Moreno, 2005). As they are regularly accompanied by
subdesertic elements (such as Prosopis, Alchornea, Ziziphus, Nitraria, Lygeum,
Calligonum, Neurada, Agavaceae, etc.) in a regional landscape largely dominated by
herbs, they have been interpreted as inhabiting dry lands in a relatively xeric climatic
context characterized by a long drought along the year and low seasonal contrast in
temperature within the tropical-subtropical thermic range (Suc, 1989; Pons et al., 1995;
Suc et al., 1999). In the Northwestern Mediterranean region, the progressive decline of
subtropical plants (Taxodiaceae, Engelhardia, Arecaceae, Distylium, etc.) occurred
during the Early Pliocene and was counterbalanced by the strenthgening of xerophytes
which benefited from the abandoned areas (Suc et al.,, 1995). This phenomenon
culminated at the Zanclean-Piacenzian passage and is a consequence of the global
cooling at 3.6 Ma. It was interpreted as resulting from the onset of the thermic
seasonality in the Northwestern Mediterranean region (cool winters, warm summers)
which superimposed the pre-existing seasonality in dryness, that resulted in the
conjunction of the dry season with the warm season, i.e. in the setting of the
Mediterranean climatic rhythm which was experienced in this area up to the earliest
glacial at 2.588 Ma (Suc, 1984). Return to such a seasonality was expected at each
glacial-interglacial and interglacial-glacial transition according to the model proposed by
Combourieu-Nebout (1993), developed from that of Van der Hammen et al. (1971). In
fact, it was poorly-expressed as shown by the low-amplitude fluctuations of the
representatives of the mediterranean ecosystem in the Plio-Pleistocene Crotone series
(southern Italy) (Combourieu-Nebout et al., 2000; Klotz et al.,, 2006; Joannin et al.,
2007), being one of the “seven ambiguities in the Mediterranean paleoenvironmental
narrative” emphasized by Tzedakis (2007) for the entire Pleistocene. Only the Early
Pleistocene pollen record from Camerota (southern ltaly) displays the expected
development of mediterranean xerophytes and a reliable succession within this
ecosystem at a glacial-interglacial transition (Brénac, 1984; Suc and Popescu, 2005).

1.3.2. Vegetation changes in Europe during the Early Pliocene

During the Pliocene, Global climate and regional geographic changes particularly
influenced the European vegetation. Many studies on macroremains (Roiron, 1992;
Martinetto, 1994) and pollen records from the Mediterranean region (Suc, 1980;
Cravatte et Suc, 1981; Suc et Cravatte 1982; Bessais et Cravatte, 1988; Zheng et
Cravatte, 1986; Bertini, 1994; Suc et Bessais, 1990; Combourieu-Nebout, 1990)
already documented these changes. Mediterranean long pollen records (Garraf 1 and
Autan1: Suc, 1984 Tarragone E2: Bessais and Cravatte, 1988; Stirone: Bertini, 1994;
Crotone: Combourieu-Nebout: 1990) have been climatostratigraphically correlated with
(1) other European long pollen records (The Netherland: Zagwijn, 1960; Germany:
Menke, 1975; Portugal: Diniz, 1984; Poland: Winter, unpublished; France, Clet- Pellerin,
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1985) or Central - America ones (Hooghiemstra, 1989 ; Hooghiemstra and Ran, 1994)
and (2) with the global reference oxygen isotopic curve (Combourieu-Nebout and
Vergnaud Grazzini, 1991 ; Shackleton et al., 1995 ; Tiedemann et al., 1994). These
correlations contributed to demonstrate the impact of global climate changes on the
vegetation dynamics.

An important part of my research concentrated (1) on the Early Pliocene of the Dacic
Basin (southwestern Romania), a “paleolake” of the residual Paratethys (Fig. 5), offering
thick sediments exposed in lignite quarries (Hinova, Valea Visenilor, Husnicioara and
Lupoaia), and (2) on the Late Miocene - Early Pliocene core drilled on the Black Sea
(Site 380A, Leg 42), that was previously studied at low resolution by Traverse (1978).
The scientific targets of my work were: (1) to clarify the relationships between East
European vegetation changes and global climate; (2) to establish if the cyclic climate
variation forced by astronomical factors during the Early Pliocene (Hilgen, 1991) has
been intense enough to have caused important changes in the vegetation; (3) to
establish the timescale of tropical and subtropical taxa extinction in the studied region
which is today a refuge area of several thermophilous plants.

Pollen analysis of the Lupoaia section (Popescu, 2001) indicates two kinds of cyclic
evolution (Fig. 4). The first type of alternations emphasizes warming phases (expansion
of low altitude thermophilous forests) in contrast to cooling phases (descent of altitudinal
forests). The second type of alternations evokes modern vegetation in Florida and
Mississippi Delta where coexist swamps inhabited by trees (Taxodium distichum) and
marshes occupied by floating herbs (Cyperaceae mostly) including some shrubs
(Cyrillaceae, Clethraceae).

Balance of their respective surface (changing along the time) is under control of the fact
that marshes require more water than swamps. Based on the previously established
chronology according to mammals combined with paleomagnetism, pollen record has
been accurately calibrated with respect to eccentricity and precession curves. These
correlations suggest that the first type of vegetation variability (thermophilous vs. altitude
trees) was induced by eccentricity forcing, with both 100 and 400 kyrs periodicities
(Popescu et al., 2006a, 2006b). The second types of alternations showed a period of
about 20 kyrs and were thus forced by precession. The precession control probably
caused variations in humidity in Southeastern Europe directly relating to increasing of
East African monsoon influence (Popescu et al., 2006a, 2006b). Principal component
analysis and spectral analysis have been used, and combined to the ecological
significance of taxa according to their modern representatives, a classical approach in
palynology resulting in taxa groupings.

Opposition between thermophilous and altitudinal trees is a continuous phenomenon in
pollen diagrams from the Dacic Basin. Everywhere, such alternations appear
independent from lithology that discard the possible influence of pollen transport.
Increases in thermophilous trees correspond to warming up phases and eccentricity
minima, increases in altitudinal trees correspond to cooling phases and eccentricity
maxima. Relationships have been established with the global reference oxygen isotope
curve that confers wide climatostratigraphic significance to the Dacic Basin pollen
records and facilitates a high-resolution chronology (Fig. 5). Major climatic phases have
been identified and numbered (1 to 23: even numbers = cooling phases; odd numbers =
warming up phases) (Popescu et al., 2006a, 2006b).
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Fig. 4. Lupoaia section: vegetation response to orbital forcing (Popescu, 2001; Popescu et al.,
2006a, 2006b). Ecological groups represented on the synthetic pollen diagram: 1, megathermic elements
(Euphorbiaceae, Amanoa, Meliaceae, Entada type, Pachysandra type, Sapindaceae, Loranthaceae); 2,
mega-mesothermic elements (Engelhardia, Distylium, Parrotiopsis jacquemontiana, Microtropis fallax,
Leea, Cyrillaceae-Clethraceae, Myrica, Taxodium type, Cephalanthus, Nyssa); 3, Cathaya; 4,
mesothermic elements (deciduous Quercus, Carya, Pterocarya, Parrotia persica, Carpinus, Ulmus,
Zelkova, Alnus, Tilia, Vitis, Hedera, etc.); 5, Pinus ; 6, mid-altitude trees (Tsuga and Cedrus); 7, high-
altitude trees (Abies and Picea); 8, Cupressaceae; 9, taxa without signification;; 10, mediterranean
xerophytes (Olea, Phillyrea, Ligustrum, Pistacia, etc.); 11, herbs (Amaranthaceae-Chenopodiaceae,
Brassicaceae, Polygonaceae, Cyperaceae etc.); 12, steppe elements (Artemisia, Ephedra).
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Fig. 5. Climatic relationships and high-resolution chronostratigraphy in the Dacic Basin (Popescu
et al., 2006 b).

Similar investigation have been done on the DSDP Site 380A (Leg 42B) located in the
Euxinic Basin (i.e. the Black Sea). Its pollen flora (Popescu, 2006) is mainly dominated
by Taxodiaceae, deciduous Quercus, Cupressaceae, Cathaya, Zelkova, Ulmus, Alnus,
Juglans cf. cathayensis, Abies, Pinus, Poaceae, Asteraceae, Cyperaceae, etc.
Development of Artemisia and Amaranthaceae-Chenopodiaceae is important above 950
m depth. Some tropical (megathermic) elements are still present in the area, such as
Avicennia (Verbenaceae), Amanoa (Euphorbiaceae), Fothergilla and Exbucklandia
(Hamamelidaceae), Sapindaceae, Acantahaceae. They disappeared at 14 Ma
(Serravallian) from the Northwestern Mediterranean region (Suc, 1986, 1996), at 5.6 Ma
(Messinian) from the Southern Mediterranean region (Suc and Bessais, 1990; Bachiri
Taoufiq et al., 2000).

The Early Pliocene pollen assemblages have been accurately correlated with the major
global climatic phases (Suc and Zagwijn, 1983). Such high-resolution pollen records
well-correlated with the reference §'0 curves, eccentricity and precession curves allow,
for the first time, to obtain high-resolution correlations at the European size (Fig. 6).
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Fig. 6. Early Pliocene European climatostratigraphic relationships (in orange, warm phases; in
white, cooler phases)

In addition, pollen floras from the European Early Pliocene allow a refined geographic
specification of the different kinds of reconstructed vegetation (Fig. 7). The Northern
Mediterranean area is characterized by dominance of arboreal pollen, suggesting a
dense forest cover, on contrary to the Southern Mediterranean where herbs were
prevalent, signifying a widespread development of open vegetation. Such a contrast in
landscape between the North and the South of the Mediterranean is to be related to the
latitudinal gradient in humidity. In the North Mediterranean area, the vegetation
organization was also closely linked to the relief.

Coastal plains were inhabited by Taxodiaceae swamps (Glyptostrobus, Taxodium)
replaced in some places by marshes (herbs and shrubs). With respect to the geographic
position, several plant ecosystems can distinguished: (1) “salt marshes” along the
Atlantic coastline (zone A) as documented at Rio Maior (Diniz, 1984), La Londe (Clet-
Pellerin, 1985) and in Northwestern Europe at Susteren (Zagwijn, 1960) and Olensworth
(Menke, 1975); (2) marshes mostly made of Cyperaceae evidenced on the
Mediterranean coastline at Garraf 1 (Suc and Cravatte, 1982), Stirone (Bertini, 1994)
and Maccarone (Bertini, 1992), and within the Dacic Basin at Lupoaia (Popescu, 2001,
Popescu et al., 2006a; 2006b), Ticleni (Drivaliari et al., 1999) and the Euxinian Basin
as shown at Site 380 (Popescu, 2006). Such juxtaposed assemblages resemble the
modern vegetation of the Mississippi Delta and Florida (Munaut, 1976). Peculiar
vegetation assemblages characterize the Mediterranean coastal plains. In the
southeastern Mediterranean region (Zone B: Southwestern Europe, Tunisia, Sicily,
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Crete, Egypt and lIsrael), the open vegetation was composed by herbs (Asteraceae,
Poaceae, Convolvulus, Geranium, etc.) including subdesertic elements such as Nitraria,
Neurada, Calligonum and Lygeum. Mediterranean xerophytes are only numerically
represented in the area of Tarragona and Sicily, their assemblage resemble the modern
thermo-mediterranean formation composed mainly by Olea, Pistacia, Ceratonia,
Ziziphus, etc. (Suc et al., 1995a, 1995b). Close to the mountains (Zone C) vegetation is
organized according to an altitudinal gradient. The low altitude vegetation was
composed by Taxodiaceae (Sequoia humidity) as observed at Saint-Martin du Var
(Zheng et Cravatte, 1986, Zheng, 1990) while Cathaya and Cedrus dominated the mid-
altitude belt. Abies and Picea developed in higher altitude.

Pollen assemblages

OO0 E G &) 6] .
El KN (0] B 2] B 6L

Fig. 7. Lower Pliocene pollen records: 1, Rio-Maior F1 (Diniz, 1984); 2, Arjuzanx (Suc et al., 1986); 3,
La Londe (Clet-Pellerin, 1983); 4, Susteren 752.72 (Zagwijn, 1960), 5, Oldensworth (Menke, 1975); 6,
Beaune (Méon et al., 1990); 7, Pierrefeu 1 (Suc, 1989); 8, Cap d’Agde 1 (Suc, 1989); 9, Canet 1 (Cravatte
et al., 1984); 10, Papiol (Suc and Cravatte, 1982); 11, Garraf 1 (Suc and Cravatte, 1982); 12, Tarragona
E1 (Bessais and Cravatte, 1988); 13, Carmona (Suc et al., 1999); 14, Andalucia G1 (Suc et al., 1999); 15.
Nador 1 (Suc et al., 1999); 16, Habibas 1 (Suc, 1989); 17, Saint-Martin du Var (Zheng et Cravatte, 1986) ;
18, Stirone (Bertini, 1994) ; 19, Maccarone (Bertini, 1994) ; 20, Capo Rossello (Suc et Bessais, 1990) ;
21, Oued et Tellil (Suc et al., 1995a) ; 22, Aghios Vlassios (Drivaliari, 1993) ; 23, Nestos 2 (Drivaliari,
1993) ; 24, Ravno Pole S1 (Drivaliari, 1993); 25, Ticleni (Drivaliari et al., 1999); 26, Lupoaia (Popescu,
2001); 27, DSDP Site 380A (Popescu, 2006); 28, Enez; 29, Behramli; 30, Eceabat; 31 Intepe (Blitekin,
upublished); 32, 33, Lataquie (Suc, unpublished); 34, Gan Yavne 5 (Drivaliari, 1993) ; 35, Naf 2 (Drivaliari,
1993). Pollen assemblages: 1, tropical evergreen elements; 2, subtropical elements; 3, Cathaya; 4,
warm-temperate elements; 5, Pinus and Pinaceae poorly preserved pollen grains; 6, Cyperaceae; 7, mid-
altitude conifers; 8, high-altitude conifers; 9, Ericaceae; 10, paleo-ecologically non significant elements;
11, mediterranean xerophytes; 12, herbs; 13, steppe elements; 14, subdesertic elements.
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The Eastern Europe vegetation (zone D) was characterized by coexistent warm-
temperate forests (composed by deciduous Quercus, Carya, Pterocarya, Liquidambar,
Parrotia persica, Carpinus, Ulmus, Zelkova, Celtis, Ostrya, Platanus, Juglans, Juglans
cf. cathayensis, Nyssa, Sciadopitys, Buxus sempervirens type, Acer, Tilia, Fagus, Alnus,
Salix, Populus, Ericaceae, Vitis, Hedera, Lonicera, Fraxinus, Ligustrum, Sambucus,
Viburnum, Rhus, llex, Tamarix, Betula) and open ecosystems (represented by
Cyperaceae, Poaceae, Asteraceae, Plantago, Brassicaceae, Apiaceae, Polygonum,
Rumex, Amaranthaceae-Chenopodiaceae, Caryophyllaceae, Linum, Erodium,
Convolvulus, Mercurialis, Euphorbia, Scabiosa, Knautia, Malvaceae, Borraginaceae,
Helianthemum, Asphodelus, Liliaceae, Cannabaceae, Fabaceae, Plumbaginaceae,
Butomus, Potamogeton, Restionaceae, Myriophyllum, Typha, Sparganium, Thalictrum,
Nuphar, Nymphaea, Oenotheraceae, Trapa and Utricularia). Some megathermic
elements (Amanoa, Mimosaceae including Entada and Pachysandra types, Meliaceae,
Sapindaceae, Loranthaceae, Arecaceae, Sapotaceae, Tiliaceae) and mega-
mesothermic elements (mainly Taxodiaceae, Engelhardia, Cephalanthus, Distylium,
Parrotiopsis jacquemontiana, Microtropis fallax, Cyrillaceae- Clethraceae, Leea, Myrica,
Nyssa sinensis, Parthenocissus henryana, llex floribunda type, Anacardiaceae,
Araliaceae, Magnolia) were persisting (Popescu, 2001; 2006; Popescu et al., 2006a,
2006b). Mediterranean xerophytes were indentified in few amounts in the Dacic and
Euxinian basins, showing a slight increase according to the latitudinal gradient. Site
380A provides relatively high percentages of Artemisia growing in Anatolia, which
increased again during the cooler periods. Anatolia probably represents the origin of the
repeated steppe expansions which occurred in Europe at each glacial phase. Finally,
the Nile region (zone E) documents the presence of savannah (composed mainly by
Poaceae and Cyperaceae) including some subdesertic taxa. Nile riparian forests
preserved several tropical-subtropical elements (Suc et al.

1.3.3. Vegetation changes in Europe during the Middle- Late Pliocene

On the basis of the climatostratigraphic relationships already established for the Early
Pliocene at the European size (Fig. 6), developed in identifying long-distance parallel
trends in the evolution of each regional vegetation, it is possible to reproduce the
method for the Mid-Pliocene as new pollen records are now available (Wolka
Ligezawska in Poland: Winter, unpublished; DSDP Site 380 from the southwestern
Black Sea: Popescu et al., in progress) (Fig. 8).

The change in vegetation recorded at the earliest Mid-Pliocene in the five pollen
localities is intense and fast, generally characterized by the strong decrease in
thermophilous trees counterbalanced by strengthening of herbs (including a few steppe
elements) in the Mediterranean region s.I. (Garraf 1, Site 380), development of
Ericaceae (moors) with herbs on the oceanic side (Susteren, Rio Maior where
Cupressaceae also become more important), expansion of cool-temperate (meso-
microtherm) trees such as Betula, Fagus and Tsuga northward (Poland). Then,
secondary fluctuations are recorded in agreement with the definition of the Reuverian
period by Zagwijn (1960): a first complete cyclic succession where coolings prevailed
(Reuverian a), a second complete cyclic succession where warmings dominated
(Reuverian b), at last a short cooling which marked the transition with the earliest glacial
and the onset of Northern Hemisphere glacial-interglacial cycles (Reuverian c) at 2.588
Ma. The forest component of the vegetation recovered a few thermophilous trees at
each warming.
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Fig. 8. Pliocene European climatostratigraphic relationships

These relationships show that the climatic subdivision proposed by Zagwijn (1960)
already correlated to the Northwestern Mediterranean (Suc and Zagwijn, 1983) have a
wide significance. However, southward the latitude of Barcelona, the pollen signal does
not show any significative information in terms of vegetation changes and, as a
consequence, of climate changes, as herbs monotonously predominated. Some minor
changes may have occurred in the South Mediterranean latitudes but they have
probably been obscured because of the inability to overall identify herbaceous pollen
grains at a finer systematic level than the family.

The time-interval 3.4-2.588 Ma is still too much poorly-documented and needs more
attention as it represents the key-moment of the progressive transition from the
“greenhouse” climatic context to the “icehouse” one (see also simulations done by Li et
al., 1998). Finally, this is also a crucial time-window because it includes the warmth
centered at around 3.1 Ma which is generally pointed out as the best past analogue of
the present-day warming up (Dowsett and Poore, 1991; Dowsett et al., 1992; Cronin
and Dowsett, 1993; Robinson et al., 2008). During this time-interval, contrast in
vegetation between North and South European regions exaggerated while the thermic

latitudinal gradient increased up to approximately the present-day value (0.6°C/° in
latitude) (Fauquette et al., 2007).

The Late Pliocene was built up as a chronostratigraphic entity because the global
climate evolution is characterized by the appearance of glacial-interglacial cycles at
2.558 Ma, and more precisely by the appearance of glacials in the Northern
Hemisphere. The discovery of glacial events in the Northern Hemisphere is due to
pollen researches in The Netherlands (Zagwijn, 1960), then correlated with the
Mediterranean realm (Suc and Zagwijn, 1983). In the North as well as in the South of
Europe, the earliest glacial event has been defined by Suc and Zagwijn (1983) as the
first time when pollen diagram is largely dominated by an assemblage of open
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vegetation which looks like that of the Last Glacial (tundra-like assemblage in the North
with abundant Poaceae, Cyperaceae and Ericaceae; Artemisia steppe like assemblage
in the South with Ephedra) (Fig. 8). This evidence was later validated in the global
ocean using oxygen isotope, first by isolated and incomplete data (Shackleton and
Opdyke, 1977; Blanc et al., 1983), then by several long and continuously high-resolution
records (see among others: Ruddiman et al., 1986; Raymo et al., 1989; Tiedemann et
al., 1994; Shackleton et al., 1995) progressively more and more precisely correlated to
astronomical parameters.

Today, the palynological definition of the earliest glacial in the Northern Hemisphere
must be moderated because (1) highly prevalent open vegetation was documented in
the pollen records (but with very low percentage in Artemisia) in the Southern
Mediterranean since at least the Late Miocene (Suc et al., 1995a, b; Fauquette et al.,
2006), (2) relatively large amount of Artemisia pollen (significative of Artemisia steppe in
Anatolia) were found in the Early Pliocene at Site 380 (Popescu, 2006) that |
considered in this paper as the putative origin of the Artemisia steppe which invaded
South Europe during glacials (see Suc and Zagwijn, 1983). Accordingly, the
palynological definition of the earliest glacial should be readjusted in adding the notion
of “very low representation of the thermophilous (i.e. subtropical and war-temperate)
arboreal elements” as it is shown in Figure 8, taking into account the general large over-
representation of this vegetation component (see Favre et al., 2008).

The early Northern Hemisphere climatic (i.e. glacial-interglacial) cycles have been
referred to obliquity cycles (Ruddiman et al., 1986) while (1) their report by "0 and
pollen records was robustly correlated by Combourieu-Nebout and Vergnaud Grazzini
(1991), and (2) their status as actual glacial-interglacial cycles according to vegetation
dynamics was established by Combourieu-Nebout (1993).

Such 41 kyrs cyclicities are obvious when considering pollen diagrams with a high-
chronological resolution such as Site 380 presented in Figure 8 (Popescu et al., in
progress). The complete review of Late Pliocene pollen sites was done for Southern
Europe in the paper Suc and Popescu (2005) which proposes accurate relationships
with the reference 5'°0 curves and discusses the variability in vegetation responses
according to latitude, longitude and altitude.
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Abridged version

The continental Miocene sediments of Rubielos de Mora
are known for their rich fauna (rodents and other mammali-
ans, amphibians, crustaceans, insects, arachnida...) and flora
(De Bruijn and Moltzer, 1974; Martinez-Delclos et al., 1991;
Montoya et al., 1996).

The in-filling of the ‘Cuenca de Rubielos de Mora’ is
formed by Lower-Middle Miocene deposits. This basin, elon-
gated in the ENE-WSW direction, with an altitude of 950~
1000 m, is limited and crossed by NW-SE and NE-SW nor-
mal faults, giving the region a mosaic aspect (Godoy et al.,
1986). Therefore, the correlation between the different fossil
localities is difficult to achieve and the floristic remains of
each of them should be studied separately.

The subject of this paper is the stratigraphic and floristic
study of two sites, Barranco de Alto Ballester and Rio Estre-
cho, the latter being totally new (figure D).

Stratigraphy

The Miocene lacustrine basin of Rubielos de Mora is di-
vided into three sedimentary units (A, B, C, figure 2), the
upper being the most fossiliferous (Anadén et al., 1988). The
lower formation (ca. 300 m) consists of sands with ferrugine-
ous nodules and brechic levels. The middle formation (ca.
150 m) is composed of limestone layers with clays or marls
intercalations and sometimes lignite beds. The upper forma-
tion (more than 300 m) consists of marls and lutites, with
occasional limestone or sandy intercalations. Some breccia
beds can be discerned in the border facies (Godoy et al.,
1986). The sections of Rio Estrecho and Barranco de Alto
Ballester belong to this unit, which contains most of the flora
and fauna remains.

These two sites, whose leaf and pollen floras are studied
here, are plotted in the synthetic section (figure 2), with the
faunal localities RM1 and RM2 (De Bruijn and Moltzer, 1974).

Flora and vegetation

More than 600 samples of leaf remains (and sometimes
shoots, fruits or seeds) with preserved organic matter were
collected in the two sites. There are no notable differences
between the flora from the two sites, even if that of Rio
Estrecho seems to be less rich (table D).

The identified taxa show a varied macroflora with sub-
tropical (Taxodiaceae, Comptonia, Lomatites, Myrica, Daph-
nogene..) and temperate (Pinus, Alnus, Betula, Carya, Ul-
mus, Zelkova, Populus, Acer..) elements. There are also
Monocotyledon leaves and one or more aquatic species,
characterized by fine tangled filaments (Potamaogeton?). The
marsh (Taxodiaceae, Myrica) or riparian (Alnus, Populus)
species should live in or near the lacustrine basin, while the
others elements should belong to a deciduous forest on
exonded soils and slopes.

The two pollen spectra contain 43 taxa (table Il). The
swamp (Taxodiaceae, Myrica, Nyssa, Cephalanthus, Populus,
Salix) and aquatic (Potamogeton, Sparganium, Botryococcus)
elements are frequent. Other subtropical (Taxodiaceae, Disty-
lium, Engelbardia, Platycarya, Sapotaceae, Symplocos) and
temperate (Pinus, Acer, Carya, Nyssa cf. aquatica, Ulmus,
Zelkova, Quercus, etc.) taxa are identified.

The pollen and leaf floras are very similar and show the
local environment of the sedimentary basin. Few altitudinal
(Abies, Cathaya, Pinus p. p.) and xerophytic elements (Cera-
tonia, Olea, Phillyrea, Microtropis fallax, Artemisia) are also
present in the pollen flora.

Palaeoenvironment and palaeoclimate

The Miocene rodent faunas of the Calatayud-Teruel basin
gives evidence of a succession of dry and humid periods
during the Ramblian-Aragonian stage, in relation with tem-
perature variations (Daams and Van der Meulen, 1984). In
the Rubielos de Mora basin, the fauna of both RM1 and RM2
(figure ) indicate a humid forest environment. Frogs and
other batracians remains, as well as rodents of moist
biotopes, attest the presence of swamps or lacustrine zones.
Nevertheless some open zones should be occupied by Gliri-
dae (De Bruijn and Moltzer, 1974).

The Oligocene flora of Cervera (Bataller and Depape,
1950; Depape and Brice, 1965; Sanz de Siria, 1992) and of
Sarreal (Fernandez-Marron, 1973), as well as the Burdigalian
floras of the Balearic islands (Arénes and Depape, 1956) and
of Martorell (Sanz de Siria, 1981) are still rich in thermophil-
ous taxa (Palmae, Lauraceae, Proteaceae...), indicating warm
tropical conditions. In the Lower-Middle Miocene, these
megatherm taxa nearly disappear in the Rubielos de Mora
basin, which has an altitude close to mountains over 1 300 m
high. However, the arboreal Mediterranean xerophytic taxa
did not appear as in the Lower Pliocene flora of the area
surrounding Barcelona (Almera, 1907; Sanz de Siria, 1983).

The flora of Rubielos characterizes a mesophilous forest
vegetation growing under warm to warm-temperate and hu-
mid climatic conditions. This is not in contradiction with the
dry-season tropical climate of the littoral plains of the north-
western Mediterranean region during the Burdigalian-
Langhian (Bessedik, 1985). The mountaneous area of Rubie-
los de Mora should have been characterized by the existence
of greater precipitation and cloudiness than the lowlands.

The pollen flora of Rubielos is close to the Upper Burdi-
galian floras of Thézan-lés-Béziers and Lespignan II in
Languedoc (Bessedik, 1984, 1985). During the Aquitanian
and the Burdigalian, the megathermic elements are only
weakly represented in the microfloras of the northwestern
Mediterranean region, and they become very abundant du-
ring the Langhian (Sapotaceae, tropical Buxus, Tiliaceae...).
The flora of Rubielos takes place in the temperate phase,
which characterized the greater part of the Burdigalian of the
northwestern Mediterranean region before the Langhian ther-
mic maximum (Bessedik, 1985).
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A detailed stratigraphic study of the whole basin is in
progress and the comparison of the macroflora with the
pollen diagram of the section of Rio Estrecho should allows

Les flores du Miocéne inférieur de Rubielos de Mora, Espagne

us to observe the evolution of the vegetation during the
course of time.

1. Introduction

Le bassin tertiaire de Rubielos de Mora est bien connu
des géologues et des paléontologues, en particulier pour
sa richesse en micro- et macromammiféres, mais aussi
pour sa faune d’Amphibiens, de Crustacés, d’Insectes,
d’Arachnides et pour sa flore (De Bruijn et Moltzer,
1974 ; Martinez-Delclos et al., 1991 ; Montoya et al.,
1996).

Le remplissage de la « Cuenca de Rubielos de Mora »
est constitué par des dépdts du Miocene inférieur—
moyen. Cette cuvette allongée, de direction ENE-WSW,
d’altitude moyenne comprise entre 950 et 1 000 m, est
limitée et traversée par des failles normales regroupées
selon des systémes de direction NW-SE et NE-SW, qui
conférent a la région un aspect caractéristique de mosai-
que de blocs (Godoy et al., 1986). Aussi, les différents
gisements apparaissent-ils dispersés et sans continuité
verticale, ce qui rend difficile leur corrélation et néces-
site des études séparées de chacun des affleurements.
Les faunes de mammiferes ont permis d’attribuer aux
argiles lacustres fossiliféres un dge Ramblien—-Aragonien
inférieur (corrélé au Burdigalien marin : 18 Ma environ).

Une premiére collection, riche d’environ 300 spéci-
mens récoltés il y a plusieurs années par I'un d’entre
nous (). Ferrer), conservée au laboratoire de paléobotani-
que de l'université de Saragosse, a été répertoriée et
étudiée.

Nous avons d’autre part réalisé de nouveaux échan-
tillonnages de mai 1997 4 mai 1999 (récolte d’environ
300 spécimens supplémentaires) dans la coupe de Bar-
ranco de Alto Ballester et dans le nouveau site de Rio
Estrecho (figure 1).

Deux échantillons de sédiment prélevés dans les ni-
veaux a feuilles de Barranco de Alto Ballester et Rio
Estrecho se sont révélés trés riches en pollen. Les résul-
tats palynologiques permettent de comparer les deux ap-
proches floristiques.

2. Stratigraphie

Le bassin lacustre miocéne de Rubielos de Mora se
divise principalement en trois unités sédimentaires (A, B
et C), I'unité supérieure (C) étant la plus fossilifere (Ana-
dén et al., 1988) (figure 2). Ces unités sont formées par
divers facieés (dépots fluviatiles ou deltaiques, bréches,
marnes lacustres). La puissance de ces unités varie, selon
que l'on se situe dans la partie orientale (faciés de bor-
dure) ou occidentale (faciés centraux) du bassin.

L'unité inférieure A (environ 300 m) est formée par
des sables jaunes, généralement massifs, avec des nodu-
les ferrugineux et des niveaux bréchiques. Dans la zone
la plus orientale du bassin, les sables sont plus argileux
et de couleur brun-rouge.

L’unité intermédiaire B (environ 150 m) est constituée
surtout par des calcaires en strates de faible puissance,
par des intercalations d’argiles et de marnes grises, et
occasionnellement par des lignites.

L’unité supérieure C (plus de 300 m) est formée princi-
palement par des lutites et des marnes, avec des interca-
lations sporadiques de calcaires et de sables ou de bre-
ches dans le faciés de bordure (Godoy et al., 1986).
C’est dans cette unité que se sont fossilisés des restes de
plantes (Herniandez-Sampelayo et Cincunegui, 1926 ;
Fernandez-Marrén et Alvarez-Ramis, 1988 ; Alvarez-
Ramis et Fernindez-Marrén, 1994 ; Barréon 1997),
d’arthropodes (Martinez-Delclos et al., 1991 ; Pefalver,
1998), de mollusques et vertébrés amphibiens (Sanchiz,
1977), mammiferes (De Bruijn et Moltzer, 1974 ; Lépez
Martinez, 1977 ; Montoya et al., 1996) ainsi que des
dents de poissons, observées récemment par certains
d’entre nous. Les affleurements de Rio Estrecho et Bar-
ranco de Alto Ballester font partie de cette unité supé-
rieure (figure 2).

La position relative des sites de Rio Estrecho et Bar-

ranco de Alto Ballester, dont la flore est étudiée dans ce
travail, a été indiquée sur la coupe synthétique de la
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Figure 2. Colonne stratigraphique générale du bassin miocéne de
Rubielos de Mora, avec la position approximative des gisements
(d’aprés Anadén et al., 1988, modifié). A : unité inférieure ;
B : unité intermédiaire ; C : unité supérieure. 1 : lutites massives ;
2 : lutites laminées ; 3 : calcaires; 4 : sables; 5 : conglomérat.
i) Rubielos de Mora Il ; ii) Rubielos de Moral et Rio Estrecho ;
iii) Barranco de Alto Ballester.

Schematic stratigraphy of the Miocene basin from Rubielos de
Mora with approximate location of the sampling outcrops (after
Anadén et al., 1988, amended). A: lower unit; B: middle unit;
C: upper unit. 1: thick lutites; 2: laminate lutites; 3: limestone;
4: sands, 5: conglomerates,

figure 2, de méme que les gisements & faune appelés
traditionnellement RM1 et RM2 (De Bruijn et Moltzer,
1974).

3. f\ge

Les faunes de Rubielos de Mora récoltées dans les
différents gisements ont été étudiées par divers auteurs
qui les ont utilisées comme localités de référence bio-
chronologique (Crusafont-Pairé et al., 1966 ; De Bruijn
et Moltzer, 1974 ; Daams, 1976 ; Lopez Martinez, 1977,
1989).

La faune récoltée dans la méme unité stratigraphique
que la flore de Rio Estrecho (RM1) est essentiellement
composée d’ossements de grands mammiferes et
d’oiseaux (Crusafont-Pair6 et al., 1966). La présence de
restes de Lagomorphes permettrait de corréler cette
faune a la zone MN3, correspondant au Ramblien (L6-
pez Martinez, 1989).

La composition et le degré d’évolution de la faune de
rongeurs de Rubielos de Mora 2 (RM2), située stratigra-
phiquement au-dessus de la localité RM1 (De Bruijn et
Moltzer, 1974), la placeraient plutét dans la zone MN4,
a la base de I’Aragonien (Alvarez-Sierra, 1987, Lépez
Martinez, 1989).

La présence de dents de Neocometes a Rubielos de
Mora (RM2), ainsi que dans des sites karstiques du Rous-
sillon (Sud de la France) attribués a la zone MN3, remet
en cause |'utilisation de ce genre comme marqueur de la
zone MN4 (Aguilar et al., 1997). Ces différents éléments
faunistiques semblent concorder pour corréler les ni-
veaux a flore de Rio Estrecho avec la zone MN3. L'age
le plus récent de ce dépébt ne pourrait alors excéder la
limite MN3/MN4 (Ramblien supérieur—Aragonien infé-
rieur).

4. Flore et végétation

Ce travail fait suite aux études préliminaires de la flore
fossile du bassin de Rubielos de Mora. Les premiers tra-
vaux concernant la comparaison entre les macrorestes et
les pollens avaient montré la présence de Taxodiaceae,
Pinaceae, Myricaceae, ainsi que de quelques genres de
ligneux caducifoliés, comme Betula, Zelkova, Populus,
Salix, Carya, Acer... (Fernindez-Marrén et Alvarez-
Ramis, 1988 ; Alvarez-Ramis et Fernandez-Marrén,
1994).

D’autres sites de ce méme bassin (Barranco Casas,
Aguarroya, Alto de la Venta, Rio Rubielos et Porpol) ont
été échantillonnés et ont fait I’objet d’une étude prélimi-
naire des flores foliaire et pollinique (Barrén, 1997).
Parmi les pollens, dont les comptages ne sont pas indi-
qués, les genres Pinus, Carya et Ulmus-Zelkova seraient
les plus fréquents. Outre la végétation marécageuse ou
lacustre (Potamogeton, Sparganiaceae-Typhaceae, My-
rica) et la forét caducifoliée avoisinante (Juglandaceae,
Ulmaceae, Aceraceae), les autres taxons traduiraient une
végétation subtropicale a tempérée—chaude, adaptée a
une période séche (Ephedraceae, Ericaceae, Rosaceae,
Buxaceae, Poaceae).

4.1. Laflore foliaire

Les nombreux échantillons que nous avons récoltés
ont été fossilisés dans un sédiment généralement argi-
leux et laminé. La plupart des spécimens sont sous forme
de compressions (avec matiére organique), mais |'état de
conservation n’est pas toujours excellent. Certains ont
été vernis et photographiés ou dessinés avec un stéréo-
microscope.

Les spécimens les mieux conservés ont été décrits,
puis identifiés, par comparaison avec les feuilles d’autres
taxons néogeénes et actuels. I n’y a pas de différence
fondamentale entre les flores des deux sites, méme si
celle de Rio Estrecho parait moins riche pour I'instant
(tableau ).

Les taxons identifiés témoignent d’une macroflore di-
versifiée qui contient a |a fois des éléments subtropicaux
(Taxodiacées, Comptonia, Lomatites, Myrica, Daphno-
gene...) et des éléments tempérés (Pinus, Alnus, Betula,
Carya, Ulmus, Zelkova, Populus, Acer...). On peut noter
aussi la présence de feuilles de Monocotylédones (Poa-
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Tableau I. Macroflore de Barranco de Alto Ballester et Rio Es-
trecho.

Macroflora of Barranco de Alto Ballester and Rio Estrecho.

Taxons Barranco de Rio Estrecho

Alto Ballester

Glyptostrobus europaeus * *
Sequoia langsdorfii : *
Taxodium dubium *
Thuya sp. * *
Calocedrus aff. decurrens * *
Pinus sp. * *
cf. Daphnogene *
Ulmus cf. campestris *
Zelkova zelkovifolia * *
Comptonia oeningensis *
Myrica lignitum * *
Betula insignis *
Alnus julianaeformis *
Carya minor * *
Sorbus cf. aucuparia *
Populus cf. tremula * *
Lomatites aquensis *
cf. Quercus rhenana *
Acersp. aff. A. heldreichii * *
Acer tricuspidatum * *
Apiaceae *
cf. Potamogeton * *
Graminae ou Cyperaceae * *

ceae ou Cyperaceae) et d'une ou plusieurs espéces
aquatiques, sous la forme de fins filaments enchevétrés
(Potamogeton ?).

4.2. Laflore pollinique

La flore pollinique obtenue sur deux échantillons
compte 43 taxons (tableau Il), les concentrations sont
élevées (8 175 grains de pollen par gramme pour
I’échantillon RE et 44 662 grains de pollen par gramme
pour l'échantillon de Barranco de Alto Ballester). Les
éléments palustres (Taxodiaceae, Myrica, Nyssa, Cepha-
lanthus, Populus, Salix) et aquatiques (Potamogeton,
Sparganium, colonies algaires de Botryococcus) sont fré-
quents. Une forét caducifoliée devait occuper les ter-
rains moins humides, elle devait étre riche en Juglanda-
ceae (Carya, Engelhardia et Platycarya) et Ulmaceae
(Ulmus et Zelkova). Les taxons subtropicaux (Taxodia-
ceae, Distylium, Engelhardia, Platycarya, Sapotaceae,
Symplocos) et tempérés (Pinus, Acer, Carya, Nyssa cf.
aquatica, Ulmus, Zelkova, Quercus, etc.) prédominent.
La flore pollinique et la macroflore foliaire sont trés simi-
laires et traduisent I'environnement assez immédiat du
milieu de sédimentation. La flore pollinique livre, en
outre, quelques éléments d’altitude (Abies, Cathaya, Pi-

Les flores du Miocéne inférieur de Rubielos de Mora, Espagne

nus p. p.) et des taxons affectionnant une saison séche
(Ceratonia, Olea, Phillyrea, Microtropis fallax, Artemi-
sia).

5. Paléoenvironnement et
paléoclimatologie

L'utilisation de I"écologie des especes actuelles analo-
gues pour I'interprétation des flores et des faunes fossi-
les, permet d’obtenir des informations sur les divers mi-
lieux dans lesquels vivaient ces plantes et ces animaux.
Par ailleurs, la présence, plus ou moins importante, de
groupements végétaux thermophiles, mésophiles ou oro-
philes, de méme que celle de rongeurs de climat chaud,
tempéré ou frais dans les sites de Rubielos de Mora,
donne une idée du climat qui régnait sur la région au
moment du dépét. Des précisions chronologiques peu-
vent étre apportées par la composition ou le degré
d’évolution des faunes de rongeurs et par la comparai-
son avec les courbes des variations de températures et
d’humidité du Miocéne inférieur et moyen dans le bas-
sin de Calatayud-Teruel (Daams et van der Meulen,
1984 ; Daams et al., 1988 ; Van der Meulen et Daams,
1992 ; Calvo et al., 1993 ; Krijgsman et al., 1994 ;
Daams et al., 1999).

5.1. Les faunes

Une étude portant sur de nombreuses faunes de ron-
geurs miocénes du bassin de Calatayud-Teruel (Daams
et Van der Meulen, 1984) a permis de mettre en évi-
dence une succession de périodes séches et humides au
cours du Ramblien et de I’Aragonien, en relation avec
une courbe des variations de températures. Dans le bas-
sin de Rubielos, plusieurs gisements 4 grands mammifé-
res et a rongeurs ont été étudiés (Crusafont-Pairé et al.,
1966 ; De Bruijn et Moltzer, 1974 ; Lépez Martinez,
1977 ;: Montoya et al., 1996). Bien que non stratigraphi-
quement corrélables, car situés de part et d’autre d’une
faille, les sites RM1 et RM2 (figure 1) contiennent des
faunes pratiquement semblables du point de vue paléoé-
cologique. Le site de RM2, situé stratigraphiquement au
moins 40 m au-dessus de RM1, a livré une faune de
rongeurs caractérisant un milieu forestier humide. De
nombreux restes de batraciens et de rongeurs de lieux
humides confirment la présence de biotopes maréca-
geux et lacustres avec, cependant, des zones plus ouver-
tes, occupées par les Gliridés (De Bruijn et Moltzer,
1974).

5.2. Les flores

Les flores oligoceénes de Cervera (Bataller et Depape,
1950 ; Depape et Brice, 1965 ; Sanz de Siria, 1992) et
de Sarreal (Fernandez-Marrén, 1973), ainsi que les flores
burdigaliennes des fles Baléares (Arénes et Depape,
1956) et de Martorell (Sanz de Siria, 1981), sont encore
riches en espéces thermophiles (Palmae, Lauraceae, Pro-
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Tableau 1. Microflore de Barranco de Alto Ballester et Rio Estrecho.

Microflora of Barranco de Alto Ballester and Rio Estrecho.

Barranco de Alto Ballester

Rio Estrecho

Nombre % Nombre %
Abies 1 0,21
Cupressaceae 2 0,6 4 0,86
Cathaya 3 0,91
Pinus type diplostellé 50 15,24 139 29,89
Pinus type haploxylon 1 0,21
Taxodiaceae type 1 149 45,42 128 27,52
Taxodiaceae type 2 (grosses verrues) (Cryptomeria ?) 24 7,31 6 1,29
Acer 5 1,07
Hex 2 0,6
Araliaceae (non Hedera) 2 0,43
Arecaceae 1 0,21
Ceratonia 1 0,3
Sambucus 1 0,3
Microtropis fallax 1 0,3
Caesalpiniaceae ? 1 0,21
Distylium 2 0,43
Ericaceae 1 0,21
Euphorbiaceae type Ricinus 1 0,3 1 0,21
type Castanea-Castanopsis 1 0,3
Quercus décidus 5 1,52 6 1,29
Carya 4 1,21 22 4,73
Engelhardia 5 1,52 15 3,22
Platycarya 3 0,91 1 2,36
Myrica 4 1,21 6 1,29
Nyssa cf. aquatica 9 2,74 4 0,86
Nyssa cf. sinensis 1 0,3
Olea 9 2,74 10 2,15
Phillyrea 1 0,21
Cephalanthus (Rubiaceae) 3 0,64
Populus 1 0,3 4 0,86
Salix 1 0,3 1 0,21
Sapotaceae 1 0,3 2 0,43
Symplocos 4 0,86
Ulmus 5 1,52 15 3,22
Zelkova 3 0,91 20 4,3
Apiaceae 1 0,3
Artemisia 1 0,3
Centaurea 1 0,21
Poaceae 5 1,52 10 2,15
Potamogeton 1 0,3 4 0,86
Rosaceae 1 0,3
Sparganium 2 0,43
Grains indéterminés 6 1,82 5 1,07
Grains indéterminables 27 8,23 27 5,8
Nombre total de grains de pollen 328 465
Spores monolétes 1 0,29
Spores trilétes 3 0,87 3 0,63
Autres spores de Ptéridophytes 10 2,9 8 1,68
Spores de Bryophytes 2 0,58
Nombre total de grains de pollen et de spores 344 476
Colonies de Botryococcus 13 87

teaceae...) et traduisent un climat tropical a
Au Miocene inférieur-moyen, ces taxons mégathermes
ont pratiquement disparu du bassin de Rubielos de Mora
qui, contrairement aux sites précédents, se trouve dans
une région montagneuse, entouré par des sommets dé-

passant 1 300 m.

902

subtropical.

On ne voit pas pour autant apparaitre dans la macro-
flore de Rubielos des especes typiquement méditerra-
néennes, comme dans la flore du Pliocéne inférieur des
environs de Barcelone (Almera, 1907 ; Sanz de Siria,
1983). Cette flore ne devait donc pas vivre sous un cli-

mat sec. Elle caractérise une végétation forestiere méso-
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phile, se développant sous un climat chaud a tempéré-
chaud et humide. Les espéces palustres (Taxodiaceae,
Myrica) ou de ripisylve (Alnus, Populus) devaient vivre
aux abords du bassin lacustre, tandis que les autres for-
maient une forét caducifoliée ou mixte sur les sols exon-
dés et sur les versants. Les especes les plus xériques
devaient se trouver dans des zones plus ocuvertes et bien
exposées. On peut noter, cependant, I'absence de la
chénaie caducifoliée, comme dans la flore miocéne de
Bufiol, qui ne contient pas non plus de Zelkova (Alvarez
Ramis et Doubinger, 1981).

Si l'on se réfere aux travaux palynologiques de
Bessedik (1984 et 1985) en Languedoc et Provence, il
est évident que la flore pollinique obtenue a Rubielos de
Mora se rapproche de celles de Thézan-lés-Béziers et de
Lespignan I, qui datent du Burdigalien supérieur, a la
différence pres des conditions édaphiques. Ces microflo-
res, comme celles de I’Aquitanien et du début du Burdi-
galien, comptent en petit nombre seulement les élé-
ments tropicaux qui seront trés abondants au Langhien
(Sapotaceae, Buxus tropicaux, Tiliaceae, etc.) (Bessedik,
1985 ; Bessedik et Cabrera, 1985). Ces éléments méga-
thermes étaient toutefois un peu plus fréquents au début
de I’Aquitanien dans des conditions séches (Bessedik,
1984, 1985). Sur la base de cette comparaison avec les
flores polliniques, il est difficile de situer la flore de Ru-
bielos de Mora dans une phase a tendance seéche,
d’autant plus que le contexte local traduit des conditions
tres humides. Cela n’est pas en contradiction avec |'affir-

Les flores du Miocéne inférieur de Rubielos de Mora, Espagne

mation d’un climat tropical a saison seéche marquée au
Burdigalien-Langhien (Bessedik, 1985). La région mon-
tagneuse de Rubielos devait étre mieux arrosée que les
basses plaines littorales, avec une nébulosité atmosphé-
rique plus importante. En revanche, il est possible d’affir-
mer que ce site se place dans la phase tempérée qui
caractérisait 'essentiel du Burdigalien nord-ouest médi-
terranéen avant le maximum thermique du Miocéne qui
se situe au Langhien (Bessedik, 1985).

6. Conclusion

Les données floristiques concernant le Miocene infé-
rieur en Espagne sont rares. L'étude des restes végétaux
de [unité supérieure du bassin de Rubielos de Mora
vient combler en partie cette lacune. Elle met en évi-
dence une végétation palustre ou de ripisylve, ainsi
gu’une forét mésophile traduisant un climat chaud a
tempéré chaud et humide. Ces résultats s’accordent avec
ceux des faunes. Une étude stratigraphique détaillée de
I'ensemble du bassin est en cours. Les difficultés pro-
viennent des différences de sédimentation entre la partie
centrale et les zones de bordure, ainsi que des nombreu-
ses failles qui compartimentent ce bassin. La réalisation
d’une étude pollinique de I'ensemble de la coupe de Rio
Estrecho et la comparaison avec la macroflore devraient
permettre d’observer les variations de la végétation au
cours du temps.
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Abstract: Pollen analysis of Miocene and Pliocene sediments from southeastern Europe and the
northeastern Mediterranean is represented in pollen synthetic diagrams based on ecological
criteria in order to clearly visualize changes in the composition and structure of the vegetation
through time. New pollen data, together with abundant existing palynological information from
this area, show a progressive reduction in plant diversity caused by a decrease in the most ther-
mophilous and high-water requirement plants and, on the contrary, an increase in warm-temperate
(mesothermic) and seasonal-adapted taxa during the Middle—Late Miocene and Pliocene. At the
same time, an increase in high-elevation trees and herbs has been recorded, with a strong augmen-
tation in Artemisia, first in the eastern Mediterranean and later on in the western Mediterranean
area. This has been interpreted as a response of the vegetation to global and regional processes,
including climate cooling related to the development of the East Antarctic Ice Sheet (EAIS),
uplift of regional mountains during Alpine orogenesis and progressive movement of Eurasia

towards northern latitudes as a result of the northwards collision of Africa.

Pollen analyses dealing with Miocene—Pliocene
sediments from the Paratethys are rare. Studies
have focused on the Miocene and Pliocene palyno-
logy of the Central Paratethys (Petrescu et al.
1989a, b; Planderova 1990; Nagy 1991, 1992,
1999; Petrescu & Malan 1992) and Turkey (Benda
1971; Benda et al. 1975; Akgiin & Akyol 1999),
but the lack of any quantitative information render
these analyses limited. However, palynological
data, with reliable botanical identification, are avail-
able for the Miocene (Ivanov 1995; Ivanov &
Koleva-Rekalova 1999; Palamarev & Ivanov
2001; Ivanov et al. 2002; Jiménez-Moreno et al.
2005) and the Pliocene (Drivaliari 1993; Drivaliari
et al. 1999; Popescu 2001, 2002, 2006; Popescu
et al. 2006a, b) of the same region. In these
studies, pollen was not used for biostratigraphy but
for climatic information, as independent biostrati-
graphic dating was available (see below). Pollen
counts and a statistical treatment of the data were
made to obtain reliable information about floral
diversity, organization of the vegetation and to
better visualize vegetation and climate change.

The geographical position of the studied area,
between Africa and Eurasia and between a Mediter-
ranean and temperate climate, makes this region of
great interest for palacobotanic studies. Today, the
southeastern part of the area is mainly occupied
by steppe vegetation rich in Artemisia (i.e. the
central Anatolian steppes), that is the main refuge
area of thermophilous plants (mostly along the
Turkish coastlines: Zohary 1973; Quézel &
Meédail 2003). Alpine tectonics were active during
the Neogene, producing uplift of the Carpathians,
Dinarides, Balkan, Rhodope and Taurides moun-
tains. Then, important palacogeographical changes
occurred (see below; Rogl 1998; Meulenkamp &
Sissingh 2003; Popov et al. 2004) that may have
contributed to the pattern of vegetation distribution
seen today.

In this paper, we present a synthesis of palynolo-
gical data, interpreted vegetation and climate
dynamics based on Miocene and Pliocene deposits
from Eastern Europe. New sections of Middle and
Late Miocene age from this area have been
analysed, adding new information to the already

From: WILLIAMS, M., HAYWOOD, A. M., GREGORY, F. J. & SCHMIDT, D. N. (eds) Deep-Time Perspectives on Climate
Change: Marrying the Signal from Computer Models and Biological Proxies. The Micropalaeontological Society,
Special Publications. The Geological Society, London, 503-516.

1747-602X/07/$15.00 © The Micropalaeontological Society 2007.
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published data. Changes in vegetation have been
observed from the Langhian to the early Pliocene
(16.3—3 Ma). These are mainly related to global
climatic changes, in temperature and precipitation,
that are linked to atmospheric and palaecogeographic
changes that were of significant importance during
the Neogene.

Regional setting

The studied area comprises Neogene basins formed
within the Central-Eastern Paratethys Sea. They
were generated during the Neogene, like the rest
of the basins belonging to the Paratethys, as a
product of the collision of the African plate and
Eurasia. These basins are delimited by the
Carpathians, Balkan, Dinarides and Taurides, occu-
pying parts of Hungary, Romania, Bulgaria, Serbia,

Greece and Turkey (Fig. 1; Kojumdgieva & Popov
1989; Rogl 1998; Meulenkamp & Sissingh 2003;
Goncharova et al. 2004; Ilyina et al. 2004; Paramo-
nova et al. 2004; Khondkarian er al. 2004a, b).
During the Neogene, the Paratethys displayed a
long-term trend of decreasing marine influence
and a correlative reduction in size with regard to
the marine depositional domains. Marine deposition
lasted throughout the Early and Middle Miocene up
to approximately 12 Ma, when uplift caused the
sea to retreat from the Pannonian basin complex
where a brackish lake formed instead (Rogl 1998).
However, during the Early and Middle Miocene,
connection between the Mediterranean Sea and
the Paratethys existed that allowed for a free
marine faunal exchange (Harzhauser er al. 2003).
The first impairment of marine connections is
evident in the Late Badenian (Early Serravallian)

Fig. 1. Geographic map of the studied area and location of the sites. 1 Nireas-1; 2 Valea Morilor; 3 Ruzhintsi; 4
Catakbagyaka; 5 Hinova; Husnicioara and Valea Visenilor; 6 Lupoaia; 7 Ticleni-1; 8 Ravno Pole and Lozenec; 9
Sandanski; 10 Lion of Amphipoli; 11 Nestos-2; 12 Site 380 A; 13 Aghios Vlassios; 14 Avadan; 15 Lataquie; 16

Drenovets C-1; 17 Deleina C-12; 18 Makrilia; 19 Tengelic-2.
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when dysaerobic bottom conditions and a stratified
water column characterized the Paratethyan realm
(Kovac et al. 2004). With the onset of the Sarmatian,
marine connection to the Mediterranean almost com-
pletely ceased, and was reflected by the development
of a highly endemic molluscan fauna (Harzhauser &
Piller 2004). Finally, at the Sarmatian/Pannonian
boundary (Serravallian/Tortonian boundary), the
Central Paratethys became entirely restricted and
the brackish Lake Pannon was established. Sporadic
brief connections occurred during the Late Miocene
and Pliocene between the Eastern Paratethys (Dacic
and Euxinian basins) and the Mediterranean Sea as
documented by nannoplankton influxes (Marunteanu
& Papaianopol 1998; Semenenko & Olejnik 1995).
One of these short connections also concerned the
southeastern Pannonian Basin during the so-called
Portaferrian regional Stage (Pontian). Some of these
connections occurred just before and just after the
Messinian salinity crisis (Clauzon et al. 2005; Snel
et al. 2006), resulting in the same responses (i.e. an
intense erosion, then the construction of Gilbert-type
fan deltas) to the Messinian desiccation and Zanclean
flooding as in the Mediterranean Basin itself (Clauzon
et al. 2005). However, during the late Neogene, most
of the Paratethyan basins were disconnected and
evolved as isolated lakes, some of them being tempor-
arily connected with the Mediterranean Sea (Marun-
teanu & Papaianopol 1995).

The independent evolution of the different sub-
domains of the Paratethys led to the construction of
several regional stratigraphies, constituted by stages
based on diverse groups of organisms, mainly
bivalves and ostracods, and benthic and planktonic
foraminifera etc. (Marinescu 1978; Papaianopol &
Motas 1978; Papaianopol & Marinescu 1995; Rogl
1998; Fig. 2). Reliable correlations are established
between the Eastern Paratethys regional stratigraphy
and the Mediterranean standard stratigraphy using
nannoplankton (Papaianopol & Marunteanu 1993;
Marunteanu & Papaianopol 1995, 1998; Drivaliari
et al. 1999; Clauzon et al. 2005; Snel et al. 20006).

Chronological background

A total of 19 sections and a total of 680 samples have
been studied for pollen. Of those 19 sections, 12 (or a
part) belong to the Miocene and 14 (or a part) to the
Pliocene (Fig. 2). As far as possible, an independent
age control has been obtained; it is indicated in
Table 1 with the authors of the pollen analyses. The
timescale of Gradstein et al. (2004) has been used.

Methods

Identification was performed comparing the Neogene
pollen grains with those of the living relative plants
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using databanks of modern pollen grains and
modern and past pollen grain photographs. Based
on the results of the pollen spectra, standard synthetic
diagrams (Suc 1984) with Pinus and Pinaceae have
been constructed. In these pollen diagrams, taxa
have been arranged into 12 different groups based
on ecological criteria in order to obtain some visual-
ization of the vegetation (see below) and more
easily compare with reference oxygen isotopic
curves. This method has been proven to be a very effi-
cient tool for high-resolution climatic studies charac-
terizing warm—cold alternations related to
Milankovitch cycles for both the Miocene (Jiménez-
Moreno et al. 2005) and the Pliocene (Popescu 2001,
2006; Popescu et al. 2006a, b).

Pollen data will be available, after publication,
on the web from the ‘Cenozoic pollen and climatic
values’” database (CPC) (http://medias.obs-mip.fr/

cpe).

Results

Plant diversity and vegetation

Even if some parts of the studied region are
characterized today by a very diverse flora and are
main refuge areas of thermophilous plants (i.e. the
Ponto-Euxinian area) (Quézel & Médail 2003), a
richer and more diverse flora has been identified
for the Mio-Pliocene that consisted of elements
found presently in different geographic areas:

(1) Tropical and subtropical Africa, America
and Asia (Avicennia, Bombax, Caesalpiniaceae,
Engelhardia, Platycarya, Taxodiaceae, Hamameli-
daceae, Myrica, Sapotaceae, etc.).

(2) Warm-temperate latitudes of the Northern
Hemisphere (Acer, Alnus, Betula, Cupressaceae,
Fagus, Populus, deciduous Quercus, Salix, etc.).

(3) Mediterranean region (Olea, Phillyrea,
Ceratonia, evergreen Quercus, etc.).

All of these taxa grew in the Eastern European
area during the Miocene.

We use the Chinese flora as a present-day com-
parison for the southeastern Europe and Middle
East flora during the Neogene as it is the closest
living example of this floral inventory (Suc 1984).
Flora of the broad-leaved evergreen forest was rep-
resented by 45 typical tropical and subtropical taxa
(i.e. megathermic and mega-mesothermic elements,
respectively) in the studied region during the
middle Miocene’s warmest phase; only 21 of
them persisted until the early Pliocene and have
presently disappeared from the area. Flora of the
evergreen and deciduous mixed forest was rep-
resented by 21 subtropical and warm-temperate
taxa (i.e. mega-mesothermic and mesothermic
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Fig. 2. Miocene and Pliocene chronostratigraphy and temporal situation of the studied sites. Correlations between

standard stages and Paratethys stages by Harzhauser & Piller (in press) after data of Steininger (1999), Sprovieri (1992),
Sprovieri et al. (2002), Fornaciari & Rio (1996) and Fornaciari et al. (1996). Oxygen isotope curve after Zachos et al.
(2001); all stages recalibrated according to Gradstein & Ogg (2004), Gradstein et al. (2004) and Lourens et al. (2004).

elements, respectively) in the studied region during
the Middle Miocene’s warmest phase; they per-
sisted here during the Early Pliocene and 17
among them are still living in the area.

The vegetation was characterized by a complex
mosaic due to its dependency on several factors
(water availability, characteristics of the soils,
orientation of relief slopes, etc.) which
superimposed its latitudinal—altitudinal organiz-
ation. The most important factor, similar to

present day, would be altitude, controlling both
temperature and precipitation. Therefore, the
vegetation would be organized in altitude belts,
which have been compared with those found
today in subtropical to temperate southeastern
China, the most reliable model. The following
have been distinguished:

(1) a coastal marine environment character-
ized by the presence of an impoverished mangrove
composed of Avicennia which is mainly
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accompanied by halophytes (Amaranthaceae—Che-
nopodiaceae, Armeria, etc.);

(2) a broad-leaved evergreen forest, from sea
level to around 700 m altitude characterized by
Taxodium or Glyptostrobus, Myrica, Rhus, Thea-
ceae, Cyrillaceae—Clethraceae, Bombax, Euphor-
biaceae, Distylium, Castanopsis, Sapotaceae,
Rutaceae, Mussaenda, llex, Hedera, Ligustrum,
Jasminum, Hamamelidaceae, Engelhardia, Rhoip-
telea, etc.;

(3) an evergreen and deciduous mixed forest,
above 700 m altitude; characterized by deciduous
Quercus, Engelhardia, Platycarya, Carya, Ptero-
carya, Fagus, Liquidambar, Parrotia, Carpinus,
Celtis, Acer, etc. Within this vegetation belt, ripar-
ian vegetation has been identified, composed of
Salix, Alnus, Carya, Carpinus, Zelkova, Ulmus,
Liquidambar, etc. The shrub level was dominated
by Ericaceae, Ilex, Caprifoliaceae, etc.;

(4) above 1000 m, a mid-altitude deciduous
and coniferous mixed forest with Betula, Fagus,
Cathaya, Cedrus, Tsuga.

(5) above 1800 m altitude, a coniferous forest
with Abies and Picea.

Vegetation dynamics

The following description of the Miocene and
Pliocene vegetation dynamics in the southern Fore-
carpathian Basin and Greece—Turkey is a brief
summary of the pollen analysis of Drivaliari (1993),
Ivanov (1995), Drivaliari et al. (1999), Popescu
(2001, 2006), Popescu et al. (2006a, b), Jiménez-
Moreno et al. (2005) and Jiménez-Moreno (2005).

Burdigalian-Langhian (20.4—13.6 Ma). The regular
occurrence and abundance of thermophilous species
typical of the lowest altitudinal belts described
above and the relative scarcity of altitudinal
elements (Fig. 3) are characteristic for vegetation
of this time. The coastal marine environment was
then occupied by an impoverished Avicennia man-
grove and several halophytes (Nagy & Kokay
1991; Nagy 1999; Plaziat et al. 2001; Jiménez-
Moreno 2005). In the hinterland, lowlands were
populated by a broad-leaved evergreen forest, cha-
racterized by Alchornea, Passifloraceae, Pandanus,
Rhus, Theaceae, Cyrillaceae—Clethraceae, Bombax,
Rubiaceae, Chloranthaceae, Reevesia, Euphorbia-
ceae, Distylium, Castanopsis, Sapotaceae, Ruta-
ceae, Mussaenda, Ilex, Hedera, Itea, Alangium,
cf. Mastixiaceae, Ligustrum, Jasminum, Hamameli-
daceae, Engelhardia, Rhoiptelea, Schizaeaceae,
Gleicheniaceae, etc. Within this vegetation belt,
swamp forests were also well developed during
this time period. Its components, such as Taxodium
or Glyptostrobus, Nyssa, Myrica, Planera, show

comparatively high values in the pollen spectra.
Probably the low elevation palacogeography and
very humid conditions at that time in the studied
area favoured the wide distribution of swamp
forests and of ecologically related riparian forests
with Platanus, Liquidambar, Zelkova, Carya, Pter-
ocarya and Salix.

An evergreen and deciduous mixed forest
mainly composed of mesothermic elements such
as Quercus, Carya, Pterocarya, Fagus, Ericaceae,
llex, Caprifoliaceae, Liquidambar, Parrotia, Carpi-
nus, Celtis, Acer, but also Engelhardia, Platycarya,
etc., characterized areas of higher altitude. Within
this vegetation belt, riparian vegetation has been
identified, composed of Salix, Alnus, Carya, Carpi-
nus, Zelkova, Ulmus, etc.

It should also be mentioned that conifer pollen,
mainly Pinus and indeterminate Pinaceae, can be
particularly abundant, presumably because of the
capacity of saccate pollen for long-distance trans-
port (Heusser 1988; Suc & Drivaliari 1991;
Cambon et al. 1997; Beaudouin 2003): during the
Badenian, the basin developed its largest extension
so that the studied sections had the maximum
distance from the coastline (Fig. 3). Mid- and high-
altitude elements (7T'suga, Cedrus, Abies and Picea)
and Cathaya seem not to vary significantly in
sections of this age (Fig. 3).

Serravallian—Tortonian—Messinian (13.6-5.3
Ma). During this time-interval, important changes
in the vegetation are observed: Avicennia, which
populated the coastal areas in previous times, is
not found commonly and several megathermic
elements (Buxus bahamensis group, Alchornea,
Bombax, lacacinaceae, Croton, Melastomataceae,
etc.), typical from the broad-leaved evergreen
forest, became rare and most of them disappeared
(Fig. 3). The evergreen—deciduous mixed forest
suffered a great transformation due to the loss and
decrease in the abundance of several mega-
mesothermic evergreen plants. This kind of veg-
etation was progressively enriched by deciduous
mesothermic plants, such as deciduous Quercus,
and Fagus, Alnus, Acer, Eucommia, Betula, Alnus,
Carpinus, Ulmus, Zelkova, Tilia, etc. Thus, the
vegetation shows a tendency towards increasing
proportions of mesothermic deciduous elements
coming from higher altitudes.

Even if the thermophilous elements decreased
during this period, the swamp forest continued to
be well developed. At the same time, the vegetation
from mid- (Cathaya, Tsuga and Cedrus) and high-
altitude (Picea and Abies) belts clearly strength-
ened. For instance, Tsuga (mid-altitude indicator)
is absent in the Badenian (Langhian and Early
Serravallian) or very rare, it is still rare at the base
of the Volhynian (approx. 12.7 Ma), but reaches
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Fig. 3. Synthetic pollen diagrams of the sections spanning the Miocene until 6 Ma. Taxa have been grouped according
to their ecological significance as follows: 1 Megathermic (= tropical) elements (Avicennia, Amanoa, Alchornea,
Fothergilla, Exbucklandia, Euphorbiaceae, Sapindaceae, Loranthaceae, Arecaceae, Acanthaceae, Canthium type,
Passifloraceae, etc.). 2 Mega-mesothermic (= subtropical) elements (Taxodiaceae, Engelhardia, Platycarya, Myrica,
Sapotaceae, Microtropis fallax, Symplocos, Rhoiptelea, Distylium cf. sinensis, Embolanthera, Hamamelis,
Cyrillaceae—Clethraceae, Araliaceae, Nyssa, Liriodendron, etc.). 3 Cathaya, an altitudinal conifer living today in
Southern China. 4 Mesothermic (= warm-temperate) elements (deciduous Quercus, Carya, Pterocarya, Carpinus,
Juglans, Celtis, Zekkova, Ulmus, Tilia, Acer, Parrotia cf. persica, Liquidambar, Alnus, Salix, Populus, Fraxinus, Buxus
sempervirens type, Betula, Fagus, Ostrya, Parthenocissus cf. henryana, Hedera, Lonicera, Elaeagnus, Ilex, Tilia, etc.).
5 Pinus and poorly preserved Pinaceae pollen grains. 6 Meso-microthermic (= mid-altitude) trees (Tsuga, Cedrus). 7
Microthermic (= high-altitude) trees (Abies, Picea). 8 Non-significant pollen grains (undetermined ones, poorly
preserved pollen grains, some cosmopolitan or widely distributed elements such as Rosaceae and Ranunculaceae). 9
Cupressaceae. 10 Mediterranean xerophytes (Quercus ilex type, Carpinus cf. orientalis, Olea, Phillyrea, Ligustrum,
Pistacia, Ziziphus, Cistus, etc.). 11 Herbs (Poaceae, Erodium, Geranium, Convolvulus, Asteraceae Asteroideae,
Asteraceae Cichorioideae, Lamiaceae, Plantago, Euphorbia, Brassicaceae, Apiaceae, Knautia, Helianthemum, Rumex,
Polygonum, Asphodelus, Campanulaceae, Ericaceae, Amaranthaceae—Chenopodiaceae, Caryophyllaceae,
Plumbaginaceae, Cyperaceae, Potamogeton, Sparganium, Typha, Nympheaceae, etc.) including some subdesertic
elements (Lygeum, Neurada, Nitraria, Calligonum). 12 Steppe elements (Artemisia, Ephedra).

up to 10% in the middle and upper part of the Vol-
hynian (Fig. 3). This palaeofloristic change occurs
slowly and gradually without major fluctuations.
A similar vegetation change is observed during
the same time-interval in other areas of Europe
(e.g. Spain, southern France, Switzerland and
Austria: Bessedik 1985; Jiménez-Moreno 2005).

The herbs (mainly Poaceae, Amaranthaceae—
Chenopodiaceae, Artemisia, Caryophyllaceae, Poly-
galaceae, Lamiaceae, Asteraceae Asteroideae and
Asteraceae Cichorioideae) also became more abun-
dant (Fig. 3). This may be due to a somewhat drier
climate during that time as is also indicated by macro-
floras of the same area (Palamarev 1991; Palamarev &
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Ivanov 2004) and confirmed by sedimentological data
(Koleva-Rekalova 1994; Ivanov & Koleva-Rekalova
1999): in Bessarabian to Chersonian sediments (12—
9.1 Ma) of northeast Bulgaria, aragonite sediments
occur which are assumed to have been formed
under a seasonally dry climate. This trend continued
during the Late Miocene. Presumably, open land-
scapes covered by more xerophytic herbaceous com-
munities existed during that time.

Pliocene (5.3—c. 3.2 Ma). The vegetation was then
characterized by a mosaic of different plant associ-
ations inherited from the Miocene. The same veg-
etation dynamics marked by disappearance of
thermophilous plants and increase in mesothermic
and micro-mesothermic plants continued. Some of
the coastal areas of this region were still inhabited
by Avicennia mangrove (Avicennia pollen at Site
380A at 781.63m) and several megathermic
elements typical from the broad-leaved evergreen
forest occupying the lowlands, such as Amanoa,
Pachysandra, Entada, Meliaceae, Mimosaceae,
Sapindaceae, Tiliaceae, Euphorbiaceae, Acanthaceae
and Fothergilla, are sporadically present. They disap-
peared during the early Pliocene (between 4—3.5 Ma)
(Popescu 2001). The mega-mesothermic plants,
belonging to these plant associations, such as Engel-
hardia, Microtropis, Distylium, Parthenocissus,
Sapotaceae, Arecaceae, etc., are still abundant and
persisted through the Pliocene (Fig. 4). Swampy
(mainly Taxodium or Glyptostrobus, Nyssa, Myrica)
and marshy (Cyperaceae, Poaceae, Cyrillaceac—
Clethraceae, Myrica) elements, populating deltaic
areas, were very abundant. Trees from the family
Taxodiaceae did not disappear from this area until
the middle Pleistocene (Mamatsashvili 1975).

The mixed deciduous forest (mainly made up of
conifers like Pinus, and several deciduous tress such
as Quercus, Acer, Carpinus, Parrotia, Carya, Ptero-
carya, Liquidambar, Platanus, Tilia, Ulmus,
Zelkova, etc.), situated at higher altitude, as well as
the trees belonging to the highest altitudinal belts,
become more abundant during this period (Cathaya,
Cedrus, Tsuga, Picea and Abies) (increasing percen-
tages of these elements are compared on Fig 3 and 4).

Another important fact that makes a difference
between the Pliocene and the Miocene is the
strong development of the steppe with Artemisia
in the Ponto-Euxinian region since the early
Pliocene (Site 380A, Fig. 4).

Climatic evolution: regional vs. global
climatic change
The high presence of mega- and mega-mesothermic

elements during the Early and early Mid-Miocene
suggests the existence of a warm, subtropical
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climate and a tendency towards slightly cooler con-
ditions in the late Mid-Miocene. Climate was also
quite humid, to support the development of such a
large association of thermic elements (of present-
day ‘Asiatic’ affiliation and climate) which
require very humid conditions all year (Wang
1961). The major change is the impoverishment in
plant diversity produced by the disappearance of
the most thermophilous plants and the consequent
enrichment in mesothermic plants (mainly decid-
uous Quercus, Alnus, etc.) and high-elevation
conifers, from the Serravallian to the Pliocene.

The floral assemblages during the Early and
early Mid-Miocene clearly reflect the Miocene Cli-
matic Optimum (MCO: Zachos et al. 2001; Sheve-
nell et al. 2004) well-recorded at Tengelic-2
(Jiménez-Moreno et al. 2005). The major change
registered in plant diversity is related to a gradual
decrease in temperature and precipitation after the
MCO (Ivanov et al. 2002; Jiménez-Moreno et al.
2005). This fact is well documented on a worldwide
scale and has been correlated with the general
decrease in temperature observed by several
authors as a gradual increase in the isotopic 3'%0
values of foraminifera from deep-sea sediments
(DSDP Sites 608: Miller et al. (1991) and 588:
Zachos et al. (2001)) during this timespan and
related to an increase in the size of the EAIS (East
Antartic Ice Sheet) (Zachos et al. 2001) (Fig. 2).
The isotopic values also indicate that this cooling
continued during the Late Miocene and Pliocene
(Zachos et al. 2001) (Fig. 2).

High-elevation conifers seem not to vary along
the sections of early and early Mid-Miocene;
however, these elements are abundant in the
samples and indicate that the surrounding moun-
tains were already significantly uplifted. Mid-
(including Cathaya) and high-elevation conifers
clearly increase during the late Mid-Miocene and
Late Miocene. This can be observed in the bore-
holes Deleina C-12 and Drenovets C-1 (Fig. 3).

In addition, an augmentation in herbs, mainly
Artemisia, Amaranthaceae—Chenopodiaceae,
Poaceae, Asteraceae, etc., during the Late
Miocene and Pliocene, indicates more open veg-
etation, and drier conditions. Supporting this
interpretation is the substitution of thermophilous
elements with high humidity requirements all year
(Asiatic-like vegetation) by mesothermic (mainly
deciduous) elements which can survive under sea-
sonal climate with respect to the precipitation
(Popescu 2001; Ivanov et al. 2002; Jiménez-
Moreno et al. 2005).

The noticeable increase in mesothermic plants
and high-elevation conifers can be interpreted as a
result of climate cooling, or by uplift of surrounding
mountains (Kuhlemann & Kempf 2002). In both
situations, altitudinal elements would increase.
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It is quite difficult to separate one process from
another (global climatic forcing vs. the regional
one), due to the tectonic situation of the studied
area and the fact that they may have interfered.
However, the vanishing of several thermophilous
plants, which lived at low elevations and thus
were not affected by the regional uplift, and the
climate reconstructions using mainly taxa growing
at low to middle—low altitude confirm a decrease
in mean annual temperatures (Ivanov et al. 2002;
Jiménez-Moreno et al. 2005; Mosbrugger et al.
2005). Then, it is clear that even if the uplift of
the surrounding mountains may have influenced
the regional climate, the evolution of the vegetation
during both the Miocene and Pliocene was very
dependent on the global climatic signal as shown
in previous studies (Popescu 2001, 2002; Ivanov
et al. 2002; Jiménez-Moreno et al. 2005). Hence,
according also to the rapid nature of the recorded
change in vegetation, we consider that global
cooling was the most efficient forcing.

The origin of the steppe with Artemisia

Open herbaceous formations in the southern Medi-
terranean area are known since the Burdigalian (Suc
et al. 1995a, b; Bachiri Taoufiq et al. 2001;
Jiménez-Moreno 2005; Jiménez-Moreno & Suc in
press). They were already well-developed during
the Zanclean in other regions of the Mediterranean
area (Suc ef al. 1999) but were relatively poor in
Artemisia. It is at the end of the Pliocene, as the
climate got cooler and glacial—interglacial cycles
appeared in the Northern Hemisphere, when the
steppes with Artemisia became of significant
importance (Suc et al. 1995b) during the glacial
periods (Suc & Cravatte 1982; Combourieu-Nebout
& Vergnaud Grazzini 1991; Beaudouin 2003) and
even during interglacials (Subally et al. 1999)
because of the ambivalent significance of Artemisia
from the temperature viewpoint (cold vs. warm
species: Subally & Quézel 2002).

The presence of steppe vegetation with Artemi-
sia in the Ponto-Euxinian region (i.e. in Anatolia
according to Site 380A pollen record; Popescu
2001, 2006) in the Late Miocene and their signifi-
cant strengthening in the Early Pliocene is very
informative. Their early presence and development
in this region, contrary to the extreme scarcity of
Artemisia in the Moroccan steppes in the Late
Miocene and Early to Middle Pliocene (Bachiri
Taoufiq 2000; Suc et al. 1999), indicates that Ana-
tolia and neighbouring areas could have been the
source area of this kind of vegetation for the rest
of the Mediterranean region, a style of vegetation
that became very abundant during the cold periods
of the Quaternary (Popescu 2001; Suc & Popescu
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2005). The early settlement and then development
of Artemisia steppe vegetation in Anatolia may
have resulted from migration from the east of this
genus as a consequence of uplift of the Tibetan
Plateau (where Artemisia species are still abundant
today) and the succeeding reinforced Asiatic
monsoon (Zhisheng et al. 2001).

Conclusions

Pollen data show a progressive reduction in the
most thermophilous and high-water requirement
plants typical of a broad-leaved evergreen forest
and, in contrast, an increase in seasonal-adapted
plants coming from higher altitude belts, including
mesothermic (mainly deciduous) elements, alti-
tudinal trees and herbs, during the Middle—Late
Miocene and Pliocene. This has been interpreted
as the response of the vegetation to global climate
cooling, accentuated by the regional uplift of the
surrounding mountains during Alpine tectonics.
This process may also have been favoured by pro-
gressive  movement of Eurasia towards
northern latitudes.

The appearance of steppe vegetation with Arte-
misia on the Anatolian Plateau since the Late
Miocene and its development in the Early Pliocene,
significantly earlier than in the rest of Southern
Europe, is informative. This suggests that the
Anatolian Artemisia-rich steppes could have been
the source area of this kind of open vegetal
formation for the rest of the Mediterranean area
during the Quaternary.
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Programme (ESF) for invitations to participate in inter-
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Abstract

A high-resolution pollen analysis has been carried out on the Lupoaia section (SW Romania) in order to check
whether the repetitive clay-lignite alternations correspond to cyclic changes in climate. Increases in altitudinal tree
pollen content appear to have been caused by drops in temperature, while developments of thermophilous elements
correspond to rises in temperature, still under humid conditions. Such repeated changes in vegetation, on the whole
consistent with the clay-lignite alternations, have been forced by cycles in eccentricity. On the basis of a comparison
between the Lupoaia pollen record and (1) European climatostratigraphy (based on reference pollen diagrams
documenting global changes), and (2) global climatic curves (eccentricity, 8'%0), the age of the section has been
reconsidered. The Lupoaia section (i.e. from lignite IV to lignite XIII) starts just before the C3n.3n Chron and
probably ends just before the C3n.1n Chron. The section represents a time span of about 600 kyr, i.e. from about 4.90

Ma to about 4.30 Ma. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: pollen analysis; vegetation; cyclostratigraphy; Pliocene; Romania

1. Introduction

During the last decades, palynological efforts
have been made to obtain a good knowledge of
the European and Mediterranean Pliocene vegeta-
tion and climate (Zagwijn, 1960; Menke, 1975;
Diniz, 1984; Suc, 1984a; Zheng and Cravatte,
1986; Drivaliari, 1993; Bertini, 1994). Today, re-
constructions of vegetation and climate are coher-
ent for North-European to Mediterranean lati-

* Fax: +33-4-72448382.
E-mail address: popescu@univ-lyonl.fr (S.-M. Popescu).

tudes during the whole Pliocene, more especially
the Early Pliocene (i.e. the Zanclean stage from
5.32 to 3.6 Ma) (Suc and Zagwijn, 1983; Suc et
al., 1995). In addition, a climate transfer function,
based on pollen records, has been introduced,
which underlines subtropical temperatures in
southwestern Europe during the Early Pliocene
(for example, 16.5°C as mean annual temperature
in the Nice area) (Fauquette et al., 1999a).

Early Pliocene pollen data show consistent veg-
etation changes in Europe from north (Zagwijn,
1960; Menke, 1975) to south (Suc, 1984a; Bertini,
1994; Zheng and Cravatte, 1986), as well as from
west (Diniz, 1984) to east (Drivaliari et al., 1999),
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that allow the subdivision of the period into three
main climatic phases. Two main warm phases
(Brunssumian A and C of Zagwijn (1960), pollen
zones P Ia and P Ic of Suc (1984a)) encompass
the first relative cooling episode (Brunssumian B
of Zagwijn (1960), pollen zone P Ib of Suc
(1984a)). This subdivision is in accordance with
the large variations observed in the 8O curve
from the ocean record (Tiedemann et al., 1994;
Shackleton et al., 1995). Most of the European
reference pollen diagrams include secondary fluc-
tuations within the above mentioned climatic
phases of the Early Pliocene (Susteren in The
Netherlands: Zagwijn, 1960; Oldenswort 9 in
Germany: Menke, 1975; Garraf 1 in the north-
western Mediterranean shelf off-shore Spain: Suc
and Cravatte, 1982; Rio Maior F 14 in Portugal:
Diniz, 1984). Unfortunately, these pollen records
have been established on a somewhat low number
of samples, that do not allow accurate correlation
with the continuous 8'%0 record, and therefore
with the astronomic parameters.

Van der Zwaan and Gudjonsson (1986) have
established the first 8'80 record at a relative
high-resolution for the Pliocene of Sicily which

shows many fluctuations. More recently, Tiede-
mann et al. (1994) and Shackleton et al. (1995)
have demonstrated that such 8'®0 fluctuations
are astronomically forced by precession (ca. 20-
kyr cycles). In addition, Hilgen (1990, 1991a,b)
has established a very accurate time scale for the
Mediterranean Lower Pliocene based both on
magnetostratigraphy and sedimentological cyclo-
stratigraphy. It was demonstrated that rapid
changes in sedimentation were simultaneously
forced by precession and eccentricity (100- and
400-kyr cycles).

Certain long, continuous and very propitious
land sections can provide high-resolution pollen
records that may reveal whether the changes in
vegetation are induced by astronomic cycles.
The pollen records from Stirone and Monticino
(Lower Zanclean of the Po Valley) suggest, de-
spite a low sampling resolution, cyclic variations
in the vegetation that are forced by eccentricity
(Bertini, 1994). The Lupoaia section (southwest-
ern Romania; Fig. 1) offers a long Early Pliocene
sedimentary record, characterised by almost reg-
ular clay-lignite alternations which have been
linked to eccentricity forcing (Van Vugt et al.,

45° N —
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panude
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21° 25°

30°E

Fig. 1. Location of the Lupoaia section in the Dacic Basin. (1) Lupoaia, (2) Ticleni borehole.
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2001). However, Van Vugt et al. (1998) have dem-
onstrated that the lignite—clay alternations of the
Early Pliocene Ptolemais lacustrine basin (north-
western Greece) were forced by precession: these
lignites would correspond to drier phases and
clays to moister phases (Kloosterboer-van Hoeve,
2000).

Accordingly, a high-resolution pollen investiga-
tion was carried out on the Lupoaia long section
in order (1) to know whether Early Pliocene veg-
etation changes are related to astronomical cycles,
and (2) to contribute to the clarification of the
climatic significance of lignites located in the east-
ern Mediterranean region.

2. The Lupoaia section
2.1. General characters

The Lupoaia quarry is located near the city of
Motru (district of Gorj, Romania) close to the
Carpathians in Oltenia, some 30 km north of
the Danube river (Fig. 1). The quarry is especially
characterised by clay-lignite alternations, and in-
cludes several sand layers of various thickness.
The sedimentary record toward the base of the
series has been recovered by cored boreholes.

The Lupoaia quarry is 121.50 m high and
shows nine major lignite beds corresponding to
lignite V to lignite XIII in the regional nomencla-
ture. Some of them have been subdivided into two
or three secondary layers as lignites VIII and X
(Fig. 2). The underlying sediments cored in bore-
holes F6 (thickness: 21.20 m) and F11 include the
lower layer of lignite V and lignite IV. The present
palynological study begins below lignite IV and
finishes above lignite XIII (Fig. 2), corresponding
to a thickness of 133.70 m. Some other thin lignite
or lignitic clay layers have been recorded. Blue-
grey clays are abundant in the section and rich in
leaf prints (Ticleanu and Buliga, 1992; Ticleanu
and Diaconita, 1997). Fluvial sands are mainly
concentrated in the mid and the upper part of
the section (Fig. 2). The thickness of the different
layers varies within the Motru Basin; for exam-
ple, sands are thicker in the south and the lignite
beds contain more subdivisions towards the

south-east. According to Ticleanu and Diaconita
(1997), the Motru lignites belong to a deltaic sys-
tem which, according to Clauzon and Suc (per-
sonal information), flowed into the Dacic Sea
close to the Zanclean Danube delta, in the area
of Dobreta Turnu Severin.

2.2. Chronology

Radan and Radan (1998) have performed pa-
laeomagnetic measurements of samples from both
the Lupoaia quarry (more than 1000 samples) and
two cored boreholes F6 and F11 (about 380 sam-
ples). Two normal palaecomagnetic events were
identified in the lowermost part (from clays over-
lying lignite IV to the upper lignite V) and in the
mid-part of the section (from about lignite VII to
lignite VIII; Fig. 2), respectively. The lower nor-
mal episode is preceded by a relatively prolonged
undetermined polarity zone, while another one
has been identified above lignite XIIT (Fig. 2).
Some other thin undetermined polarity zones oc-
cur along the section but they mostly correspond
to lignites which do not constitute a very good
lithology for palacomagnetic measurements. Ra-
dan and Radan (1998) have considered these nor-
mal episodes to represent the C3n.2n Chron (i.e.
the Nunivak Chron) and the C3n.1n Chron (i.e.
the Cochiti Chron), respectively. To identify the
two normal episodes, the authors used as bio-
stratigraphic argument the presence within lignite
VIII (Fig. 2) of a primitive Mimomys (Mimomys
rhabonensis) considered to be representative of the
lowermost mammal zone MN 15 (Radulescu et
al., 1997). However, it is assumed that the prim-
itive Mimomys have appeared in Romania at the
same time as in the northwestern Mediterranean
region, i.e. after the C3n.In Chron (locality of
Mas Soulet, Nimes area) (Aguilar and Michaux,
1984; Aguilar et al., 1999). In other words, it is
considered that the ‘boundary’ between mammal
zones MN 14 and MN 15 is coeval in eastern
Europe and western Europe, a concept that is
currently topic of strong international discussion
(ad hoc Working Group of the Regional Commit-
tee on the Mediterranean Neogene Stratigraphy).
In northern Greece, the first Mimomys (Mimomys
davakosi) is recorded in the Ptolemais 3 locality
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(Van de Weerd, 1978) that would belong to the
C3n.3n Chron (Van Vugt et al., 1998) according
to the stratigraphic information provided by Van
de Weerd (1978), Koufos and Pavlides (1988) and
Van Vugt et al. (1998). Magnetostratigraphy of
the Ptolemais section suggests that Mimomys ap-
peared earlier in eastern Europe than in western
Europe. This view is also supported by the first
appearance of the ancestor of Mimomys, Promi-
momys insuliferus, which, in the Ptolemais section
(Kardia locality; Van de Weerd, 1978) would oc-
cur in a time span including the C3n.4n Chron
(Van Vugt et al., 1998) according to the local
stratigraphic information (Van de Weerd, 1978;
Koufos and Pavlides, 1988; Van Vugt et al,
1998). As a consequence, there is no reliable argu-
ment provided by micromammals to support the
chronological assignment of the Lupoaia section
to the successive chrons C3n.2n and C3n.In. Us-
ing a cryogenic magnetometer, Van Vugt et al.
(2001) have confirmed the polarity reversals of
the Lupoaia quarry (78 samples going from lignite
V to lignite IX), including two relatively pro-
longed undetermined polarity zones (within and
above lignite V, within lignite VII) (Fig. 2). The
authors followed the same chronological interpre-
tation; in their opinion, the reversed episode re-
corded in the upper part of the section could be
assigned, considering its relatively important du-
ration, to the long reversal C2Ar. Such an inter-
pretation does not take into account possible
changes in sedimentation rate in the uppermost
part of the section, which is richer in lignite and
sand beds.

Among the other micromammal remains found
in the lignite bed VIII of the quarry, there is Apo-
demus dominans, which is a common species in the
European Pliocene, and also found in the three
mammal localities of Ptolemais (Van de Weerd,
1978).

Further information is provided by the discov-
ery of Dicerorhinus megarhinus remains in the

Horasti mine (Motru Basin) lignite X (Apostol
and Enache, 1979). According to Guérin (1980),
this species corresponds to the Lower Pliocene
(Mammal Zones 14 and 15). The size of the Ho-
rasti mine specimen (Apostol and Enache, 1979)
is almost similar to that from the specimen of
Montpellier (De Serres, 1819). In western Europe,
the range of the species should be comprised be-
tween about 5 and 4 Ma.

Therefore, mammal fauna does not provide an
unquestionable chronological support to the pro-
posed magnetostratigraphic assignment (Radan
and Radan, 1998; Van Vugt et al., 2001); on
the contrary, the data suggest an age older than
that proposed for the Lupoaia section.

3. Materials and methods

Numerous samples (231) of clays and lignites
have been analysed from the Lupoaia section.
Most of them (204) have provided a rich pollen
flora. Samples 1-31 come from the cored borehole
F6, samples 32-204 come from the quarry (Fig.
2).

Clay samples have been prepared following the
classic method (successive actions by HCI, HF,
etc.; concentration of palynomorphs using ZnCl,
at density =2, then filtering at 10 wm). Another
technical approach has been used for the lignites,
starting with a KOH action which replaces the
acids. Samples are mounted in glycerine to allow
complete observation of palynomorphs, necessary
for their proper botanical identification. More
than 150 pollen grains (Pinus, a generally over-
represented element in the pollen flora, excluded)
have been counted per sample. Results are given
in a simplified detailed pollen diagram where pol-
len percentages are calculated relative to the total
pollen sum (Fig. 3). Spores (pteridophytes, bryo-
phytes, fungi), algae and dinoflagellate cysts have
been scored separately. Dry samples have been

Fig. 2. Lithological succession of the Lupoaia section (quarry and cored borehole F6) and its magnetostratigraphic subdivision
(Radan and Radan, 1998; Van Vugt et al., 2001); stratigraphic locations of mammal remains are indicated. Lithology: (1) lig-
nite; (2) lignitic clay; (3) clay; (4) sand; (5) sandy clay; (6) not recovered interval within borehole F6.
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weighted, and volumes of residues after treatment
were measured in order to calculate pollen con-
centrations using the method described by Cour
(1974). A synthetic pollen diagram has been con-
structed according to the ecological requirements
of taxa (Fig. 4). Such standard synthetic pollen
diagrams (Suc, 1984a) clearly document temporal
changes in pollen content, and aid in comparisons
between pollen records throughout Europe and
the Mediterranean region; they are generally
used for detecting long-distance climatostrati-
graphic relationships (Suc et al., 1995).

Interpretations of the pollen records are also
supported by statistical analyses (principle com-
ponent analysis, spectral analysis).

Pollen and spore counts from the Lupoaia sec-
tion are archived at the Laboratory ‘PaléoEnvi-
ronnements et PaléobioSphere’ (University
Claude Bernard - Lyon 1) and will be available
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from the ‘Cenozoic Pollen and Climatic values’
database (CPC)!.

4. Pollen flora and vegetation

The pollen flora is very rich (137 taxa; Fig. 3),
and dominated by trees. These results consider-
ably increase the known floristic palaeodiversity
of the area (the delta environment to the altitudi-
nal belts of the Carpathians), when compared to
the preliminary palynological study of Petrescu et
al. (1989), and the analyses of palaeobotanical
macrofossils (Ticleanu, 1992; Ticleanu and Dia-

! For further information, contact Dr. Séverine Fauquette
(same address as the author), curator of the CPC database
(severine.fauquette@univ-lyonl.fr).
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Fig. 3. Simplified detailed pollen diagram of the Lupoaia section. Some scarcely represented taxa are grouped into the following
sections: (1) megathermic elements: Euphorbiaceae p.p., Amanoa, Meliaceae, Entada type, other Mimosoideae, Pachysandra type,
Sapindaceae, Loranthaceae, Tiliaceae p.p.; (2) mega-mesothermic swamp elements: Cyrillaceae—Clethraceae, Myrica, Taxodium
type, Cephalanthus, Nyssa (Nyssa cf. sinensis and Nyssa cf. aquatica); (3) other Taxodiaceae: Sequoia type, non-identified Taxo-
diaceae; (4) other mega-mesothermic elements: Arecaceae, Sapotaceae, Anacardiaceae, Araliaceae, Microtropis fallax, Distylium
cf. sinensis, Parrotiopsis cf. jacquemontiana, Leea, Magnolia; (5) other Ulmaceae: Celtis, Ulmus, Ulmus—Zelkova type; (6) other
mesothermic elements (1): Carpinus cf. orientalis, Platanus, Ostrya, Liquidambar (including Liquidambar cf. orinetalis); (7) other
mesothermic elements (2): Vitis, Hedera (including Hedera cf. helix), Lonicera, Buxus sempervirens type, Ligustrum; (8) other me-
sothermic elements (3): Sambucus, Viburnum, Rhus, Tilia, llex, Acer, Tamarix; (9) other Carpinus: Carpinus cf. betulus, non-iden-
tified Carpinus; (10) riparian trees: Alnus, Salix, Populus, Fraxinus; (11) Mediterranean xerophytes: Olea, Phillyrea, Pistacia,
Quercus ilex type, Cistus, Periploca, Phlomis cf. fruticosa; (12) subdesertic elements: Nolina, Prosopis; (13) other Asteraceae: As-
teroideae, Cichorioideae, Centaurea; (14) other halophytes: Ephedra, Caryophyllaceae, Plumbaginaceae; (15) other herbs: Erodi-
um, Convolvulus, Linum, Mercurialis, Euphorbia, Brassicaceae, Apiaceae, Scabiosa, Knautia, Malvaceae, Borraginaceae, Helianthe-
mum, Plantago, Rumex, Polygonum (including Polygonum cf. aviculare and Polygonum cf. lapatifolium), Rosaceae, Asphodelus,
other Liliaceae, Cannabis, other Cannabaceae, Papillionideae; (16) freshwater plants: Thalictrum, other Ranunculaceae, Butomus,
Restio, other Restionaceae, Myriophyllum, Potamogeton, Sparganium, Typha, Nuphar, Nymphaea, Oenotheraceae, Trapa, Utricu-
laria, other Monocotyledones; (17) non-identified pollen grains include Gymmnocardiidites subrotunda and Tricolporopollenites sibiri-
cum. Percentages are calculated relative to the total pollen sum.

conita, 1997). In general, pollen concentration is The dominant taxa have been used to describe
relatively high (more than 1000 pollen grains/g of and interpret the detailed pollen diagrams in
sediment), but shows important variations (from terms of the following vegetational units:

50 up to 83000 pollen grains/g of sediment). (1) Subtropical swamp forests with the Taxo-
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diaceae as main component, in which regular oc-
currences of Taxodium pollen-type are found, in-
cluding Taxodium and Glyptostrobus. Today,
Taxodium distichum is found in the coastal
swamps of Northeastern America (Florida and
Mississippi delta; George, 1972; Roberts, 1986),
and Glyptostrobus grows in swampy lowlands
within the evergreen broad-leaved forest in China
(Wang, 1961). According to macrofossil evidence,
the Taxodiaceae living in the Lupoaia Pliocene
swamps belong to Glyptostrobus (Glyptostrobus
europaeus; Ticleanu, 1992). Cupressaceae pollen
grains are also abundant but cannot be identified
more accurately. As their frequency trends resem-
ble those of the Taxodiaceae, it is assumed that
most Cupressaceae were represented by taxa re-
quiring warm and humid conditions, such as
those living today in subtropical Asia (Chamaecy-
paris). This is also supported by the position of
Cupressaceae on the second axis of the principle
component analysis (Fig. 5). Some other elements
formed part of these associations, including
Cephalanthus, Myrica or Nyssa cf. sinensis. In ad-
dition, these assemblages probably contained
some subtropical to warm-temperate elements;
Salix p.p., Alnus p.p., Populus p.p. and a Juglans
species which is morphologically similar to Ju-

glans cathayensis, were found among the plant
macrofossils (Ticleanu, personal information).
These elements may be the first indicators of the
forthcoming warm-temperate swamps of the Mid-
dle-Late Pliocene (Drivaliari et al., 1999). Several
pteridophytes including Osmunda were found in
the swamp assemblages.

(2) The abundance of Cyperaceae pollen sug-
gests the presence of herbaceous marshes (see
the result of the principle component analysis;
Fig. 5). Water plants were also present in such
an environment (Restionaceae, Myriophyllum, Po-
tamogeton, Trapa, Typha, Sparganium, Nuphar,
Oenotheraceae). These two pollen assemblages
have a strong resemblance to the modern vegeta-
tion of South Florida (George, 1972) and the Mis-
sissippi delta (Roberts, 1986), where swamp for-
ests (with Taxodium distichum) and herbaceous
marshes (with Cyperaceae mainly) coexist. Their
respective floristic composition can also be seen in
the modern surface pollen spectra (Rich, 1985;
Suc, personal information). Their constitution is
in agreement with macroflora (Ticleanu, 1992; Ti-
cleanu and Diaconita, 1997).

(3) Behind such a coastal vegetation, and up to
mid-altitude, a mixed subtropical to warm-tem-
perate forest existed with mega-mesothermic and

Fig. 4. (A) Synthetic pollen diagram of the Lupoaia section. Pollen grains have been grouped according to ecological significance
of the concerned plants. Lithology: see Fig. 2. Pollen assemblages: (1) megathermic elements (unidentified Euphorbiaceae, Ama-
noa, Mimosaceae including Entada and Pachysandra types, Meliaceae, Sapindaceae, Loranthaceae, Arecaceae, Sapotaceae, Tilia-
ceae); (2) mega-mesothermic elements (mainly Taxodiaceae, Engelhardia, Cephalanthus, Distylium, Parrotiopsis jacquemontiana,
Microtropis fallax, Cyrillaceae—Clethraceae, Leea, Myrica, Nyssa sinensis, Parthenocissus henryana, llex floribunda type, Anacar-
diaceae, Araliaceae, Magnolia); (3) lower—mid-altitude coniferous elements, Cathaya; (4) mesothermic elements (deciduous Quer-
cus chiefly, Carya, Pterocarya, Liquidambar, Parrotia persica, Carpinus, Ulmus, Zelkova, Celtis, Ostrya, Platanus, Juglans, Juglans
cf. cathayensis, Nyssa, Sciadopitys, Buxus sempervirens type, Acer, Tilia, Fagus, Alnus, Salix, Populus, Ericaceae, Vitis, Hedera,
Lonicera, Fraxinus, Ligustrum, Sambucus, Viburnum, Rhus, Ilex, Tamarix, Betula); (5) Pinus. Meso-microthermic trees: (6) mid-al-
titude trees, Cedrus, Keteleeria and Tsuga; (7) montane trees, Abies and Picea; (8) elements without significance (Rosaceae, Ra-
nunculaceae, unidentified pollen grains, poorly preserved pollen grains); (9) Cupressaceae; (10) ‘Mediterranean’ xerophytes such
as Olea, Phillyrea, Quercus ilex type, Pistacia, Cistus, Phlomis cf. fruticosa, Periploca. Herbs: (11) Cyperaceae, Poaceae, Astera-
ceae, Plantago, Brassicaceae, Apiaceae, Polygonum, Rumex, Amaranthaceae-Chenopodiaceae, Caryophyllaceae, Linum, Erodium,
Convolvulus, Mercurialis, Euphorbia, Scabiosa, Knautia, Malvaceae, Borraginaceae, Helianthemum, Asphodelus, Liliaceae, Cannaba-
ceae, Fabaceae, Plumbaginaceae, Butomus, water plants such as Potamogeton, Restionaceae, Myriophyllum, Typha, Sparganium,
Thalictrum, Nuphar, Nymphaea, Oenotheraceae, Trapa, Utricularia; (12) steppe elements (Artemisia, Ephedra). (B) Record of ther-
mophilous trees (i.e. the megathermic elements (such as Mimosaceae including Proposis and Entada type, Pachysandra type, Me-
liaceae, Euphorbiaceae including Amanoa, Sapindaceae, Loranthaceae, Tiliaceae, Arecaceae, Sapotaceae) and the mega-mesother-
mic elements such as Taxodiaceae (Sciadopitys excluded), Juglans cf. cathayensis, Engelhardia, Myrica, Nyssa cf. sinensis,
Distylium, Parthenocissus cf. henryana, Parrotiopsis cf. jacquemontiana, Microtropis fallax, Ilex floribunda type, Cyrillaceae—Cleth-
raceae, Leea, Magnolia, Nolina, plus Cupressaceae] in contrast to altitudinal trees (7suga, Cedrus, Cathaya, Abies and Picea)
along the Lupoaia section.
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Fig. 5. Principle component analysis applied to some key taxa and some ecological groups recorded in the Lupoaia pollen analy-
sis. Axis 1 does not show any clear information. Axis 2 shows two groups which can be interpreted as a selection of the swamp-
marsh elements with regard to the other groups. Taxa and groups which have been used in the calculations are those representa-
tive of humid (climatic or edaphic) conditions. Pollen groups are those used in the synthetic pollen diagram (Fig. 4), despite the
following exceptions in order to test the relative contribution of some elements: (1) swamp trees include Taxodiaceae (Sciadopitys
excluded) and Nyssa; (2) the mesothermic elements have been subdivided into two groups according to their local humidity re-
quirements (this includes a riparian association containing Alnus, Salix, Populus, Liquidambar and Parrotia). Within the herbs,
the two most abundant elements, Poaceae and Cyperaceae, have been tested separately. Megathermic and the other mega-meso-
thermic elements have not been considered because of their low frequencies.

mesothermic elements such as Engelhardia, Carya,
Pterocarya, deciduous Quercus, Fagus, some Cu-
pressaceae, Juglans, Zelkova, Carpinus, Acer, etc.
Here, the riparian associations were richer in A/-
nus p.p., Salix p.p., Liquidambar, Parrotia and
Populus p.p. Some other Taxodiaceae, such as
Sciadopitys and those corresponding to the Se-
quoia pollen type, are represented by a small
quantity of pollen grains. As considered by Ti-
cleanu and Diaconita (1997), these elements are
included in this vegetation group, taking into ac-
count their modern habitat which is often altitu-
dinal and in a lower latitudinal range than in
Europe, and because they occur relatively fre-
quently in the Lupoaia macroflora (Ticleanu and
Diaconita, 1997). Many herbs and shrubs may
have been present in such environments, e.g. As-
teraceae p.p., Brassicaceae, Polygonaceae, Poa-
ceae p.p., Buxus, etc. This vegetation may also
have included some Mediterranean elements
(Quercus ilex type, Phillyrea, Periploca, Pistacia,
Olea, etc.), as observed in the present-day Colchid
vegetation (southern edge of the Caucasus) (Denk

et al., 2002). Finally, the vegetation group con-
tained a variety of megathermic elements at
non-significant percentages (Euphorbiaceae in-
cluding Amanoa, Mimosaceae including Entada,
Meliaceae, Sapindaceae, Loranthaceae, Areca-
ceae, Sapotaceae, Tiliaceae).

(4) At higher altitudes, the composition of the
mixed forest would progressively change, with an
increasing presence of gymnosperms. First Ca-
thaya and Sciadopitys would have been present,
replaced subsequently by Cedrus and Tsuga, and
finally by Abies and Picea. Traditionally, North-
European palacobotanists consider that these
trees inhabited lowlands (in association with ther-
mophilous elements) during the Early Pliocene, as
documented by cones and seeds in the Lower
Rhine fluvial plain (Mai, 1995). Today, Abies
and Picea (still living in northern Europe) would
be present above 500 m altitude in this area, ac-
cording to the latitudinal-altitudinal gradient con-
trolling the modern distribution of trees in Europe
(Ozenda, 1975, 1989). Therefore, during the Early
Pliocene, these conifers may have been repre-
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sented by somewhat ‘thermophilous’ species.
However, the presence of Abies and Picea might
indicate cooler conditions in the Middle Pliocene
(late Reuverian), when the increase in pollen per-
centages of these two taxa occurs together with a
strong decrease in thermophilous elements (Zag-
wijn, 1960). At low European latitudes, Early
Pliocene floristic conditions were rather different
from northern Europe (Zagwijn and Suc, 1984).
Indeed, no cones or seeds of Abies and Picea have
been found in lowland or coastal lignites (Rio
Maior in Portugal: Diniz, 1984; Arjuzanx in
southwestern France: Huard, 1966; Cessenon in
southeastern France: Roiron, 1992), and this also
applies to the Romanian lignites (Husnicioara,
Lupoaia, etc.: Ticleanu and Diaconita, 1997). In
southern Europe, only Zanclean pollen diagrams
from areas located at the foot of high massifs
(Pyrenees, French Massif Central, Alps, Apen-
nines) show high percentages of Cathaya, Cedrus,
Tsuga, Abies and Picea (Suc et al., 1999). Similar
records characterise southwestern Romania (Dri-
valiari et al., 1999; Popescu, present work and
unpublished data). In addition, significant in-
creases in Abies and Picea represent the earliest
Northern Hemisphere glacials in pollen diagrams
from the Apennines (Bertini and Roiron, 1997;
Pontini and Bertini, 2000); this is also supported
by the Picea macrofossils found in the lignite
quarry of Santa Barbara (Bertini and Roiron,
1997). For these reasons, Abies and Picea are con-
sidered to constitute a South-European montane
forest belt, even though its temperature range was
somewhat higher than its modern analogue in the
European massifs. Cedrus is considered as grow-
ing in an intermediate altitudinal belt. As previ-
ously discussed by Suc (1981), at Cessenon (foot
of the south French Massif Central) a lignite has
been found which is rich (20-40%) in Cedrus pol-
len, but lacks any macrofossils belonging to this
genus. Similarly, Cathaya, Keteleeria and Tsuga
can be regarded as mid-altitude conifers.

5. Repetitive vegetation changes

The synthetic pollen diagram suggests repetitive
changes (Fig. 4A) between (1) a group consisting

of the thermophilous taxa (i.e. megathermic ele-
ments (such as Mimosaceae, Meliaceae, Amanoa,
Sapindaceae, Loranthaceae, etc.) and mega-meso-
thermic elements such as Taxodiaceae (Sciado-
pitys excluded), Juglans cf. cathayensis, Engel-
hardia, Mpyrica, Nyssa cf. sinensis, Distylium,
Parthenocissus cf. henryana, Parrotiopsis cf.
Jjacquemontiana, Microtropis fallax, Cyrillaceae—
Clethraceae, Leea, etc. plus Cupressaceae), and
(2) a group containing the altitudinal trees (7suga,
Cedrus, Cathaya, Abies and Picea). Relative fre-
quencies of these groups are shown in Fig. 4B for
comparison with changes in lithology.

On the whole, maxima of thermophilous trees
correspond to lignite layers, whereas peaks in al-
titudinal trees occur within clays. A straightfor-
ward explanation of the cause of these alterna-
tions might be based on differences in pollen
transport. Local vegetation may be well-repre-
sented in lignite layers, whereas distant vegetation
would be better represented in clay layers as a
result of long-distance transport of terrigenous
material, including pollen, from altitudinal vege-
tation belts. In this scenario, lignite deposition
would have been unpredictable, caused by
changes in the alluvial plain morphology resulting
from shifts in the course of the river channel.
There are, however, several arguments that con-
tradict such an interpretation:

(1) The continuous lignite layers across the en-
tire basin suggest that there were no local effects
of changes in the river channel (Ticleanu and An-
dreescu, 1988).

(2) Some thermophilous tree maxima occur
within clay layers (below lignite VI, below lignite
VII, below lignite VIII and above lignite IX);
some altitudinal tree maxima occur within lignite
layers (base of lignite VI, upper lignite VII, lignite
IX).

(3) Today, the pollen frequency of montane
trees (Abies and Picea) is not high in prodeltaic
clayey areas, as seen in the northwestern Mediter-
ranean region (Fauquette et al., 1999b).

(4) Mesophilous elements (deciduous Quercus,
Carya, Pterocarya, Liquidambar, Carpinus, Parro-
tia, etc.), which inhabited areas relatively distant
from the swamps, show, on the whole, a constant
abundance (ranging from 20 to 40% of the pollen
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sum) independent of the clay-lignite alterna-
tions.

(5) Similar variations in pollen spectra between
thermophilous elements and altitudinal trees have
been recorded in homogenous clay from Early
Pliocene sections in the Po Valley (Bertini, 1994).

(6) Close to Lupoaia, the Hinova section (low-
ermost Pliocene according to nannoplankton evi-
dence; Marunteanu, personal information), en-
tirely constituted by clays, shows very low
percentages of altitudinal trees (Popescu, unpub-
lished).

(7) Pollen records between lignites IV and V
and above lignite VIII are characterised by rela-
tively low frequencies of altitudinal trees, irrespec-
tive of lithology (lignites or clays); on the con-
trary, frequencies of thermophilous trees are
higher in the same intervals. In addition, pollen
records between lignites IV and V include some
megathermic elements. This suggests that the
three main climatic phases of the Early Pliocene
could be represented in the Lupoaia section
(Brunssumian A or phase P Ia in the Lupoaia
borehole F6 up to lignite V; Brunssumian B or
phase P Ib between lignites V and VIII in the
Lupoaia quarry; Brunssumian C or phase P Ic
above lignite VIII in the Lupoaia quarry; Suc
and Zagwijn, 1983). The two warm Zanclean

phases (P Ia and P Ic) would be characterised
by a larger development of swamps in the Dacic
Basin while the Zanclean cooling phase (P Ib)
would be characterised by reduced swamps and
a moderate lowering of altitudinal vegetation belts
in the area. This is consistent with the larger ex-
tension in space and in thickness of lignites V and
VIII (Jipa, personal information).

On the basis of these arguments, a second and
more probable interpretation can be made of the
long-term thermophilous—altitudinal tree alterna-
tions recorded at Lupoaia. These could well indi-
cate successive warm—cool fluctuations corre-
sponding to (1) the development of swamp
environments (warmer phases), (2) the descent to
lower altitudes of the coniferous forests, with a
corresponding increase in their pollen representa-
tion in the delta sediments (cooler phases). A cor-
relation analysis has been performed on percen-
tages of thermophilous trees versus those of
altitudinal trees for samples 1-110, i.e. in the
part of the Lupoaia section where clay-lignite al-
ternations are very contrasted; the linear regres-
sion is negative (Fig. 6), and supports this inter-
pretation.

Such regular repetitions need to be juxtaposed
with fluctuations in eccentricity in order to test
the hypothesis of Van Vugt et al. (2001) who sug-
gested a periodicity of 100 kyr for the lignite
layers. Fig. 7 focusses on the period considered
by Van Vugt et al. (2001) to correspond to the
Lupoaia section deposition. This period is charac-
terised by great contrasts between eccentricity
maxima and minima. The global polarity time
scale has been chronologically calibrated on the
basis of the eccentricity process. In turn, this time
scale has been used to establish a chronology for
the 880 curve, taken from a section in which
magnetic reversals have been distinctly identified
(Shackleton et al., 1995). The pollen curves may
therefore be related to the calibrated time scale
using the palaeomagnetic reversals of the Lupoaia
section. This gives two independent lines of evi-
dence to allow testing of the hypothesis of eccen-
tricity forcing of lignite formation.

In general, the 8'30 curve indicates a relative
cooling phase corresponding to the C3n.2n
Chron. However, the pollen record indicates a
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warm climate (high percentages of thermophilous
trees) during this normal polarity event. The in-
terval between Chrons C3n.2n and C3n.1n corre-
sponds to a warmer period according to the 8'%0
record; this is also supported by changes in eccen-
tricity. However, this is in harmony with pollen
data from the reverse interval in the lower part of
the Lupoaia section, which are indicative of cool-
er conditions (decrease in thermophilous ele-
ments). The same line of reasoning cannot be ap-
plied to the upper Lupoaia section, since the
differences between the pollen record and §'*0
curve are not so well marked for the time interval
between the early C3n.ln Chron and the early
C2An.3n Chron. A more detailed examination
of the magnetic reversals shows some major dis-
crepancies (points 1, 3, 4 below) between the pol-
len record and eccentricity and/or 8O curves,
and one (point 2) of minor importance:

(1) The reversal at the end of the C3n.2n Chron
occurs just before the end of a prolonged maxi-
mum in eccentricity and should therefore corre-
spond to a general cooling period (see also the
8'80 reference curve). This is in contradiction to
the high abundance of thermophilous trees in the
Lupoaia pollen record, which exists for some time
prior to this period.

(2) The reversal at the onset of the C3n.ln
Chron corresponds to a transition from a maxi-
mum eccentricity to a moderate minimum eccen-
tricity, i.e. from a cooler to a warmer period. This
is clearly seen in the 8'8O reference curve, but
appears to be in contradiction with high thermo-
philous tree percentages in the Lupoaia pollen
record. However, the imprecise definition of the
position of this magnetic reversal reduces the
strength of this argument.

(3) Following this event, there is a reduction in
eccentricity and the 8'0 curve indicates a warmer
climate, in contradiction with the relatively large
percentages of altitudinal trees in the Lupoaia
pollen record.

(4) The upper reversal of C3n.In Chron corre-
sponds to the transition from a maximum eccen-
tricity to a relative minimum eccentricity, i.e. from
cooler to relatively warmer climatic conditions
(see also the 8O reference curve). During the
same period, however, the Lupoaia pollen records

shows an evolution from warmer (high percen-
tages in thermophilous trees) to cooler (increase
in altitudinal trees) conditions.

Due to these incompatibilities, an attempt has
been made to correlate the Lupoaia section with a
somewhat earlier period than proposed by Van
Vugt et al. (2001). In this concept, tested using a
similar comparative approach, the two normal
polarity episodes have been assigned to C3n.3n
and C3n.2n Chrons, respectively, as indicated on
Fig. 8. The period is dominated by a long max-
imum in eccentricity, interrupted by some brief
relative minima. This chronology gives an almost
complete correspondence between the Lupoaia
pollen curves and the global climatic reference
curves (eccentricity and 8'%0). This is particularly
obvious at the magnetic reversals:

(1) The reversal at the end of the C3n.3n Chron
corresponds to a minimum eccentricity, indicating
a warm period that is supported by both §'%0
values and by large percentages of thermophilous
trees in the Lupoaia pollen record.

(2) The reversal at the onset of the C3n.2n
Chron corresponds to a short minimum eccentric-
ity within a long maximum phase, i.e. to warmer
conditions within a long cooling period. This is in
good agreement with the 8'80 curve and the max-
imum of thermophilous trees between two maxi-
ma of altitudinal trees in the Lupoaia pollen rec-
ord.

(3) The reversal at the end of the C3n.2n Chron
matches the transition from minimum to maxi-
mum eccentricity at the end of the long period
of maximum eccentricity. This is consistent with
the warmer phase expressed both by the §'%0
reference curve and thermophilous trees in the
Lupoaia pollen record.

Similar inferences may be made for all the ma-
jor and minor concordances shown in Fig. 8.

It is therefore proposed that the previously es-
timated correlation of the Lupoaia section (Ra-
dan and Radan, 1998; Van Vugt et al., 2001)
has to be changed to correspond with the normal
Chrons C3n.3n and C3n.2n. In this case, the evo-
lution of the regional climate as reflected by the
pollen record is fully consistent with global cli-
matic evolution (insolation and &80 record).
Such a chronological assignment is supported by



5130%  Thermophilous Altitudinal Polarity of  Eccentricity
trees trees  the Lupoaia (Laskar, 1990)
section

Ma Chrons 518 0 %,
C2An2n 55 45 3.5 25

min. max.

_______ Insolation Ma

1 1 1
1 1 1
C2An3n | | , 3.9
35 b
y o - 4.0 o
1 1 -
' : §
e 3
4.0 S \ Cindn  §
[ 1 LI R R DI e = :\
] 1 [} ?
Cnln | . =,
1 1 1 g
1 1 1 N
5 4.5 =
4.5 —gEremmreaERe bixgndee ol o
C3n.2n : : : P %
"""" S - §
------- - - )
Cindn 3 i g
1 1 T i | st ey 0 <N U NC U B ) 3
A Lo C3n.3n S
1 : ]
C3n.4n . 2 3
E 5.0 Ei
: : C3n.4n @
5.5 : E g
: ! 5.2 3
1 1 g
] : E
C3Antn ' ! ~
6.0 ! )
L
S
-4——» concordance I T 1T 1

(=]
]
2
2
)
2

0

Fig. 8. Curves of thermophilous elements versus altitudinal trees (see Fig. 4B) are compared with the eccentricity curve (Laskar, 1990) and a reference 8'%0 curve
(Shackleton et al., 1995) using a chronological frame, which is one chron older than that proposed by Radan and Radan (1998) and Van Vugt et al. (2001). Some
concordances between pollen curves and 8'30 and eccentricity curves are indicated close to magnetic reversals for comparisons within similar accurate chronological
intervals.

S61



196 S.-M. Popescul Review of Palaeobotany and Palynology 120 (2001) 181-202

Ma Chrons 8130 % GARRAF 1
5|.5 4|.5 3|.5 2|.5
C2An.In | | |
3.0 oL
[
[
C2An.2n : : |
P Pl TICLENI
1o
C2an3n | |
35 Vo \
[ \
Lo 1
1o
1
1o
Do
i | PIc
0 L SUSTEREN
b LUPOAIA
[ Lignites
Cntn | | B C IX - XI
: : R :().(“;;I(elx complex|
45 Do N Ulp
C3n2n 1 1 N vir vt
b PIb
Lo S
| -
C3ndn | i [SJ v N/
|
: : M A 0 25 50 75 100%
5.0 . Pla I
C3ndn | |
o A
A0 A el
0 25 50 75 100% 50 75 100% 0 25 50 75 100%

Fig. 9. Place of the Lupoaia pollen diagram in the frame of the regional (Ticleni: Drivaliari et al., 1999) and European climato-
stratigraphies (Susteren in The Netherlands: Zagwijn, 1960; Garraf 1 in the northwestern Mediterranean region: Suc and Cra-
vatte, 1982) and the reference global §'%0 curve (Shackleton et al., 1995). Climatostratigraphic relationships are based on the re-
spective curves of thermophilous trees focussing on the warm Early Pliocene phase (Brunssumian in The Netherlands, pollen
phase P I in the Mediterranean). The Lupoaia pollen diagram covers the upper Brunssumian A (pollen zone P Ia in the Mediter-
ranean) to the lower Brunssumian C (pollen zone P Ic in the Mediterranean). Position of lignites IV, VII and IX-XI complex is
indicated in support of climatostratigraphic relationships between the Ticleni and the Lupoaia sections.

the mammal fauna, especially by the presence of a
primitive Mimomys in lignite VIII. In addition,
the proposed age of the Lupoaia section would
be fully consistent with the climatic subdivision
of the Early Pliocene in Europe (Zagwijn, 1960;
Suc, 1982; Suc and Zagwijn, 1983), in which a
cooling period (Brunssumian B=phase P Ib) is
observed between two warm periods (Fig. 9).

The Lupoaia section belongs almost completely
to this cooling period, which has also been ob-
served in the Ticleni borehole. This is further sup-
ported by the regional lignite stratigraphy, cooling
being centred around lignite VII (Drivaliari et al.,
1999) (Fig. 9).

The Van Vugt et al. (2001) hypothesis is con-
firmed: lignite layers seem to occur every 100 kyr.

Fig. 10. Cyclic responses in the Lupoaia pollen record of thermophilous and altitudinal trees to eccentricity. Chronology of pa-
laecomagnetic reversals after Lourens et al. (1996). Shaded areas represent warm parts of the climatic cycles inferred from compar-
ison of thermophilous tree maxima with eccentricity minima. Lithology: see Fig. 2.
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Fig. 11. Spectral analysis of thermophilous elements and alti-
tude trees. E, peak considered as representative of eccentric-
ity period; O, peak considered as representative of obliquity
period. The most significant peak E corresponds to 0.0005 as
frequency. The correlative period is inverse to frequency (ex-
pressed in cm), i.e. 2000 cm.

They are linked to minimum eccentricity. A sim-
ple estimate, based on the time separating the two
most distant magnetic reversals obviously re-
corded in the Lupoaia section (4.799 (end of
C3n.3n Chron)-4.493 Ma (end of C3n.2n Chron)
according to Lourens et al., 1996), indicates a
period of 306 kyr. This period includes three max-
ima of altitudinal trees and three relative maxima
of eccentricity (100-kyr period) (Fig. 10). A spec-
tral analysis of thermophilous elements and alti-
tudinal trees has been performed with respect to
thickness of the section (Analyseries Program:
Paillard et al., 1996). Both groups show a strong
spectral peak which has been calculated as located
at a thickness of 20 m (Fig. 11). This corresponds

to a time period of approximately 87 kyr, and can
be considered consistent with the period of eccen-
tricity, when the changes in sedimentation rate
that probably differentiated lignites from clays
are taken into account.

Pollen concentration can provide information
on preservation and/or changes in sedimentation
rate (Suc, 1984b); low values may be associated
with higher sedimentation rate (pollen grains di-
luted within a lot of terrigenous particles), and
high values with a low sedimentation rate. Fig.
12 shows variations in pollen concentration along
the Lupoaia section. The highest values ( > 10000
pollen grains/g of sediment) mostly correspond to
lignite layers, with the exception of some samples
from borehole F6. Examination of the respective
thickness of clays and lignites within each eccen-
tricity cycle (sands are excluded because they
probably represent a short time-interval), shows
that lignites represent less than half a cycle, where
one cycle equals the clay layer and the overlying
lignite (Fig. 10): lignite V =25% of the cycle; lig-
nite VI=40% of the cycle; lignite VII=25% of
the cycle; lignite VIII=35% of the cycle. For
three of these lignites (V, VI, VII), the related
minimum eccentricity is considerably shorter in
time than the maximum part of the eccentricity
curve corresponding to the underlying clays.
However, lignite VIII seems thinner as may be
expected on the basis of the eccentricity curve,
which shows a minimum of longer duration. In
contrast, the thickness of lignites IX plus X—XIII
(>60% of the cycle) seems to be in agreement
with the relatively long duration of the corre-
sponding minimum in the eccentricity curve. The
pollen concentration appears to vary independent-
ly of the variation in thickness within the cycles
(high pollen concentration for lignites VI, VII and
X-XIIT; low pollen concentration for lignites V
and VIII). As a consequence, pollen concentration
seems to be more linked to preservation and pos-
sibly to xylite abundance in some lignites. This
may explain the scarcity, and occasional absence
of pollen grains in some samples.

The eccentricity-forced pollen cycles (thermo-
philous plants versus altitudinal trees) and lithol-
ogy cycles (clay-lignite alternations) suggest that
the inferred ages throughout the studied section
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correspond well with respect to the eccentricity
chronology. As a consequence, it is proposed
that (1) the undetermined polarity zone in the
basal part of the section should belong to the
reversed polarity interval prior to C3n.3n Chron
(the reversal should occur within the clays located
above lignite 1V), (2) the reversal at the end of
Chron C3n.3n should occur within the undeter-
mined polarity zone, more precisely at the top
of lignite V, and (3) the undetermined polarity
zone located at the top of the Lupoaia section
should immediately precede the following normal
interval, i.e. the C3n.1n Chron (Fig. 10). The lat-
ter inference is based on both the eccentricity
chronology and the close relationships between
the 8'80 reference curve and the thermophilous
tree curve in the Lupoaia pollen record (Fig. 9).
Taking this information into account, the studied
Lupoaia section would represent a time span of
about 600 kyr, i.e. from about 4.90 to about 4.30
Ma. The three climatic phases of the Early Plio-
cene in the Lupoaia pollen record (see above:
warm phase ending with lignite V, cooler phase
between lignites V and VIII, warmer phase start-
ing with lignite VIII; Fig. 10) may be the expres-
sion of the 400-kyr cycles of eccentricity over-
printing the 100-kyr cycles (see Figs. 8§ and 10).

6. Conclusions

High-resolution pollen analyses of the Lupoaia
section (borehole F6 and quarry) have (1) allowed
the reconstruction of the Early Pliocene vegeta-
tion of southwestern Romania, and (2) provided
evidence of repetitive changes in vegetation. The
results show two opposed vegetation belts: ther-
mophilous trees, which were located in low alti-
tudes of the Dacic Basin, and altitudinal trees
which probably grew in the Carpathians. During
cooling periods, this second group migrated to
lower altitudes, and their pollen grains partly
masked the local production in the alluvial plain.
In this region, lignite deposition corresponds to
warm phases under continuously humid condi-
tions.

These vegetation changes and the clay-lignite
alternations are forced by eccentricity. A detailed

comparison between pollen data and global cli-
matic fluctuations (provided by eccentricity and
8'80 curves) has led to a change in the chrono-
logical assignment of the section, previously based
on a preliminary interpretation of palacomagnetic
measurements (Radan and Radan, 1998; Van
Vugt et al., 2001). The revised chronological as-
signment is in accordance with the mammal fau-
na, whereas the regional climatic fluctuations are
consistent with the global climatic evolution. The
Lupoaia section covers a period between approx-
imately 4.90 and 4.30 Ma and represents a time
span of about 600 kyr. The section completely
includes the C3n.3n and C3n.2n Chrons. In addi-
tion, it is proposed that the section ends at the
onset of the C3n.1n Chron.

Climatically, the Lupoaia section covers:

(1) The end of the Early Pliocene warm phase
(Brunssumian A in northern Europe and P Ia
phase in the northwestern Mediterranean region;
Suc and Zagwijn, 1983).

(2) The entire Early Pliocene cooling (Bruns-
sumian B in Northern Europe and P Ib phase in
the Northwestern Mediterranean region; Suc and
Zagwijn, 1983).

(3) The beginning of the late Early Pliocene
warm phase (Brunssumian C in Northern Europe
and P Ic phase in the Northwestern Mediterra-
nean region; Suc and Zagwijn, 1983).

The main Early Pliocene climatic subdivisions
are now documented for the east of Europe but
appear more complex. Other areas (for example at
the base of mountains) may provide similarly de-
tailed records when studied with high-resolution
pollen investigation.
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Abstract

An integrated stratigraphic study has been performed on four early Pliocene fssections in the western Dacic Basin, including the
long reference section of Lupoaia. Based on the integration of Mediterranean nannoplankton assemblages, the regional lignite
stratigraphy, records of large and small mammals, large climatic fluctuations according to pollen grains, and climatostratigraphic
relationships at the European scale, it has been possible to establish a magnetostratigraphic correlation of the different sections to
the Geomagnetic Polarity Time Scale (GPTS). This correlation suggests that all normal episodes of the early Pliocene (from Thvera
to Cochiti chrons) are recorded. Hence, the complete pollen record covers an almost continuous time span from about 5.33 to
4.30 Ma. In addition, the regional Dacian/Romanian stage boundary in the Dacic Basin is located in the Nunivak (C3n.3n) episode
with an age of 4.55+0.05 Ma. Our chronologic calibration, combined with high-resolution pollen data, results in a detailed record
of paleoclimate in which the ~100 kyrs and ~400 kyrs eccentricity cycles are clearly identified.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Pliocene; Lignite; Pollen; Magnetostratigraphy; Cyclostratigraphy; Romania

1. Introduction

The western part of the Dacic Basin contains one of
the most important stratigraphic successions of Pliocene
lignites in Southern Europe. Nevertheless, an accurate

* Corresponding author. and reliable chronology for these deposits — with respect
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s N - . . - . to the global standard timescale — is still lacking. Intense
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(J.-P. Suc), georges.clauzon@wanadoo.fr (G. Clauzon), mining exploitation and drilling exploration have led to
marunteanu@igr.ro (M. Marunteanu), nica-toma@yahoo.ro (T. Nica). a complete inventory and mapping of the productive
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lignite layers. There are twenty-two main lignite beds
(called A to D and I to XVIII), but their thicknesses vary
according to geographic location. The lower part of
these lignite beds (A to VII) corresponds to the regional
Dacian stage, the upper layers (VIII to XVIII) belong to
the regional Romanian stage (Marinescu and Papaiano-
pol, 1995; Ticleanu and Diaconita, 1997). The lignite
succession is best expressed and most regular in the
depocenter of the basin, i.e. in the area delimited by the
Carpathians, the Danube and the Olt Rivers (Fig. 1).

In the last decade, several efforts have been made to
precise the chronological framework of the Dacic Basin,
including fossil mammal studies (Radulescu et al.,
1993), palacomagnetic measurements (Radan et al.,
1996) and the first systematic pollen analysis (Drivaliari
et al.,, 1999). High-resolution magnetostratigraphic
studies on the Lupoaia reference section have been
successively performed by Radan and Radan (1998) and
Van Vugt et al. (2001). They both recorded two normal
and two reversed intervals, and correlated the normal
intervals to the Nunivak (C3n.2n) and Cochiti (C3n.1n)
episodes of the GPTS. Recently, however, this correla-
tion has been questioned by Popescu (2001), who
proposed an alternative correlation of the same normal
intervals of Lupoaia to the Sidufjall (C3n.3n) and
Nunivak (C3n.2n) episodes. This latter correlation is
supported by a better and more complete use of mammal
records and large-scale climatic relationships (Popescu,
2001).

The present paper aims to extend palacomagnetic
measurements to some other reference sections of the

Dacic Basin (Hinova, Husnicioara, Valea Visenilor; Fig.
1) in order to provide a more accurate chronology for the
entire early Pliocene in the area. In addition, high-
resolution pollen records have been established for the
same sections. Three aspects will be successively
displayed and discussed: (1) regional lignite stratigra-
phy, (2) magnetostratigraphy, (3) climato- and cyclos-
tratigraphy according to pollen records.

2. Regional lignite stratigraphy

The Pliocene of the Dacic Basin, i.e. Dacian—Roma-
nian in regional stage names, consists of a more than
200 m thick succession of almost regular alternations of
clays and lignites. It overlies the clayey bottomset beds
and the sandy foreset beds of an outstanding Gilbert
delta type system, which is perfectly exposed down-
stream from the Iron Gates of the Danube River near
Turnu Severin (Clauzon et al., 2005). The horizontal
topset beds of this Gilbert delta system characterize the
continental accretion. The silty bottomset beds outcrop
downstream near Hinova, where a thin layer supplies a
mollusc assemblage of Bosphorian age (late Pontian)
and nannoflora characteristic of the earliest Pliocene
(zone NNI12) (Clauzon et al., 2005). The Pliocene
lignite—clay alternations of the west Dacic Basin, may
also include some fluvial sands which can be relatively
thick such as at Husnicioara. The condition of
deposition of these lignites has long been a topic of
discussion, but the recent discovery of the Gilbert delta
of Turnu Severin on the western border of the Dacic
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Fig. 1. Location map of the studied localities in southwestern Romania. 1, Hinova; 2, Husnicioara; 3, Valea Visenilor; 4, Lupoaia; 5, Ticleni.

Rectangle refers to Fig. 2.
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Basin (momentarily connected to the Mediterranean
Sea) now confirms its fluvial origin (Clauzon et al.,
2005) as previously suggested by Ticleanu (1995).
Ticleanu (1995) has distinguished several types of
lignites, based on both their mineral and floristic
composition. He considers that the coastal vegetation
was very complex and that various modes of lignite
formation were controlled by the nature of plants (trees,
herbs, and water plants) and by their distribution with
respect to the aquatic areas (Ticleanu and Diaconita,
1997). This has been supported by pollen analysis,
which evidenced a continuous competition between
swamps (made of trees growing over few centimetres of
water) and marshes (made of herbs growing over some
50-150 cm of water) (Popescu et al., 2006-this volume).
According to Ticleanu (1995), the geographic extension
of the lignites was forced by local physiography, water
depth, hydrological regime, and possibly also by
tectonics. In contrast, however, it has been shown by

Popescu (2001) and Popescu et al. (2006-this volume)
that also climate played an important part in lignite
deposition and, probably, in space distribution as well.

Despite the ongoing debates on the origin and age of
lignite formation, a regional nomenclature of the lignite
succession has been established for the mining
exploitation, based on the detailed sequences exposed
in several quarries and through a dense network of
boreholes (every 200 m). This is summarized in Fig. 2,
which displays the distribution of the most significant
lignite beds in the western part of the Dacic Basin. This
regional lignite stratigraphy has consequently been
applied to our studied sections (Fig. 3) which start at
lignite A (Hinova) and end at lignite XV (Husnicioara).
The three uppermost lignite layers (XVI-XVII) are
only developed in the central area of the basin (Ticleanu
and Diaconita, 1997). This means that an almost
complete vertical succession of the early Pliocene has
been recovered in the western Dacic Basin, on which
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palacomagnetic measurements and pollen analysis have
been systematically processed (Fig. 3).

3. Magnetostratigraphy

To establish a magnetostratigraphic framework for
the early Pliocene of the Dacic Basin, oriented
handsamples have been taken from the Hinova (6
levels), Valea Visenilor (8 levels) and Husnicioara (10
levels) sections. Previous data by Radan and Radan
(1998) and Van Vugt et al. (2001) from the Lupoaia
section are also taken into account for a general
synthesis. Cores were drilled from the handsamples
with compressed air at the palacomagnetic laboratory
Fort Hoofddijk. Unfortunately, the lithology of the Valea
Visenilor section appeared to be unsuitable for drilling,
because of the sandy character of the samples. Hence, no
palacomagnetic results have been obtained for this
section. Thermal demagnetisation was applied on the
samples from Hinova and the lower part of Husnicioara

150 up/W

HI 2 (th)

HI 4 (th)

with small temperature increments of 30—-50 °C up to a
maximum temperature of 360 °C, in a magnetically
shielded furnace. Alternating field demagnetisation was
applied on the samples from the upper part of
Husnicioara up to a maximum field of 1 T. At least
one specimen per sampling level was demagnetised.
The natural remanent magnetisation was measured on a
2G Enterprises DC SQUID cryogenic magnetometer.
The samples of the Hinova section have mainly been
taken from the clays of the bottom set beds of the Gilbert
delta. They have relatively high NRMe-intensities,
ranging between 1 and 7.5 mA/m, and the NRM is
generally composed of two components. First, a small
viscous present-day field component is totally removed
at a temperature of 150 °C. The second component has a
reversed polarity, decays linearly towards to origin, and
is largely removed at 360 °C (Fig. 4a,b). Similar thermal
demagnetisation behaviour is observed in the samples of
the Lupoaia section (Van Vugt et al., 2001). There,
additional rock magnetic investigations suggested that
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Fig. 4. Zijderveld diagrams for selected samples of the Hinova (HI) and Husnicioara (HU) sections of the west Dacic Basin. Thermal demagnetisation
diagrams are indicated with (th), alternating field demagnetisation with (af). Filled symbols denote the projection of the vector end-point on the
horizontal plane; open symbols denote projections on the vertical plane; values represent temperatures in °C or in mT.
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the magnetic signal was carried by a ferrimagnetic iron
sulphide, probably greighite, which is very common in
freshwater sediments. Following Van Vugt et al. (2001),
we have also interpreted this reversed 150-360 °C
component in the Hinova section as a primary
component of the NRM, implying that the entire Hinova
section was deposited during a period of reversed
polarity (Fig. 3).

The samples from the Husnicioara section have been
taken at a very propitious moment when the mining
excavation reached lignite I. Generally, these samples
have a much lower NRM-intensity, and are commonly
below 1 mA/m. Consequently, thermal and alternating
field demagnetisation show less straightforward dia-
grams. After removing a viscous component at tem-
peratures of 150 °C (or fields of 150 mT), most samples
reveal a second component, which is removed at tem-
peratures up to 360 °C (or fields up to 500 mT). The
samples which are taken directly at the top of lignites I
and V show a normal polarity component (Fig. 4c). The
samples between lignites I and IV reveal demagnetisa-
tion diagrams which pass by the origin and gradually
merge into the reversed quadrant of the Zijderveld
diagrams, suggesting the presence of a reversed com-
ponent (Fig. 4d). Alternating field demagnetisation
diagrams of the samples from the upper part of the
section, between lignites XIII and XV are clearly of
normal polarity again (Fig. 4e). Consequently, we have
interpreted the interval between lignites I and IV of
being of reversed polarity, the other intervals of normal
polarity (Fig. 3).

High-resolution magnetostratigraphic studies have
earlier been performed on the Lupoaia section, and the
reader is referred to Radan and Radan (1998) and Van
Vugt et al. (2001) for more detailed information. The
main result of these studies was that the lowermost part
of the section (lignite V at that time) and the interval
from lignite VII up to VIII have a normal polarity (Fig.

4). The middle and uppermost parts are reversed, with
the uppermost reversed interval continuing at least up
until lignite XV according to Radan and Radan (1998).

4. Correlation to the GPTS

The magnetic polarity patterns of the studied sections
is generally too short to make a straightforward
correlation to the GPTS. Nevertheless, there exist
many additional stratigraphic constraints to achieve a
best-fit correlation. This includes the detailed regional
lignite stratigraphy, which allows a correlation between
different sections and boreholes, and biostratigraphic
constraints from nannoflora and fossil mammals.

In the Hinova section, for instance, the presence of
Mediterranean nannoplankton from zone NNI12 sug-
gests an earliest Zanclean age. Moreover, the Gilbert
type delta that developed along the Danube River was
suggested to be related to the Pliocene flooding of the
Mediterranean and Eastern Paratethys areas, directly
following the Messinian salinity crisis (Clauzon et al.,
2005). The observed reversed polarities are in good
agreement with this scenario and therefore most likely
correlate to the upper part of chron C3r. This implies that
the Hinova section has been deposited in the interval
between the Pliocene flooding at 5.33 Ma and the base
of the Thvera at 5.23 Ma.

The correlation of the Lupoaia section to the GPTS
has already been the subject of considerable debate. The
original magnetostratigraphic correlation by Radan and
Radan (1998) and Van Vugt et al. (2001) was that the
two normal intervals correlate to the Nunivak (C3n.2n)
and Cochiti (C3n.1n) episodes. The main argument for
this correlation was the presence of a long interval of
reversed polarities at the upper part of the Lupoaia
section, from lignite bed VIII until XV. Later, however,
Popescu (2001) proposed an alternative correlation of
the two normal intervals to the Sidufjall (C3n.3n) and

Fig. 6. Synthetic pollen diagrams of the early Pliocene sections in the Dacic Basin and their chronological location with respect to the global polarity
time-scale and the global climatic evolution. Pollen groups: 1, megathermic (i.e. tropical) elements (unidentified Euphorbiaceae, Amanoa,
Mimosaceae including Entada and Pachysandra types, Meliaceae, Sapindaceae, Loranthaceae, Arecaceae, Sapotaceae, Tiliaceae, etc.); 2, mega-
mesothermic (i.e. subtropical) elements (mainly Taxodiaceae, Engelhardia, Cephalanthus, Distylium, Parrotiopsis jacquemontiana, Microtropis
fallax, Cyrillaceae—Clethraceae, Leea, Myrica, Nyssa sinensis, Parthenocissus henryana, llex floribunda type, Anacardiaceae, Araliaceae, Magnolia,
etc.); 3, a lower-mid-altitude coniferous elements, Cathaya; 4, mesothermic (i.e. warm—temperate) elements (deciduous Quercus chiefly, Carya,
Pterocarya, Liquidambar, Parrotia persica, Carpinus, Ulmus, Zelkova, Celtis, Ostrya, Platanus, Juglans, J. cf. cathayensis, Nyssa, Sciadopitys,
Buxus sempervirens type, Acer, Tilia, Fagus, Alnus, Salix, Populus, Ericaceae, Vitis, Hedera, Lonicera, Fraxinus, Ligustrum, Sambucus, Viburnum,
Rhus, llex, Tamarix, Betula, etc.); 5, Pinus; 6, meso-microthermic (i.e. cool-temperate) trees: Cedrus, Keteleeria and Tsuga growing in mid-altitude;
7, microthermic (i.e. boreal) trees living in high altitude, Abies and Picea; 8, elements without significance (Rosaceae, Ranunculaceae, unidentified
pollen grains, poorly preserved pollen grains); 9, Cupressaceae; 10, herbs: Cyperaceae, Poaceae, Asteraceae, Plantago, Brassicaceae, Apiaceae,
Polygonum, Rumex, Amaranthaceae—Chenopodiaceae, Caryophyllaceae, Linum, Erodium, Convolvulus, Mercurialis, Euphorbia, Scabiosa, Knautia,
Malvaceae, Borraginaceae, Helianthemum, Asphodelus, Liliaceae, Cannabaceae, Fabaceae, Plumbaginaceae, Butomus, water-plants such as
Potamogeton, Restionaceae, Myriophyllum, Typha, Sparganium, Thalictrum, Nuphar, Nymphaea, Oenotheraceae, Trapa, Utricularia, etc.; 11, steppe
elements (Artemisia, Ephedra) (Suc, 1984).
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Nunivak (C3n.2n). This latter correlation was based on a
better fit between the pollen data of Lupoaia with global
climatic fluctuations provided by the oxygen isotope
curves. The only problem with this revised correlation is
the apparent absence of the Cochiti (C3n.1n) episode in
the upward extension of the Lupoaia record. Additional
biostratigraphic data at Lupoaia comes from fossil
mammals, which indicate the presence of a primitive
Mimomys (Mimomys rhabonensis) and Apodemus
dominans within lignite VIII (Radulescu et al., 1993),
while Dicerorhinus megarhinus is observed within
lignite X (Apostol and Enache, 1979). In northern
Greece, the first Mimomys (Mimomys davakosi) is
recorded in the Ptolemais 3 locality (van der Weerd,
1978), which correlates to the Sidufjall (C3n.3n)
episode (Van Vugt et al., 1998). Unfortunately, no
reliable age constraints (apart from being early Pliocene
in age) can be given to the other species. Therefore, this
mammal fauna of Lupoaia does not provide unambig-
uous chronological support to distinguish between the
two different correlations.

The Husnicioara section is largely overlapping in
time with the Lupoaia section, although the main part of
this section consists of unconsolidated sands, which
appeared to be unsuitable for a paleomagnetic study.
The upper part of the Husniciaora section, however,
consists of a more clay-rich interval and corresponds to
the lignites XIII and XYV, according to the regional
lignite stratigraphy. The demagnetisation results from
this interval suggest that lignites XIII-XV were
deposited during an interval of normal polarity. Obvi-
ously, this is in disagreement again with the reported
reversed polarities of the same interval in Lupoaia
(Radan and Radan, 1998). So far, no unambiguous
solution is found for this discrepancy, but overprinting of
the magnetic signal (either normal or reversed) or errors
in the lignite nomenclature (either in Husnicioara or
Lupoaia) cannot be completely excluded. Nevertheless,
the normal polarities of the upper part of Husnicioara are
in clear support of the revised correlation of Popescu
(2001) and hence they should correspond to the Cochiti
(C3n.1n) episode (Fig. 3).

The lower part of the Husnicioara section reveals
normal polarities in the lignite—clay interval just below
the sands. According to the regional lignite stratigraphy,
this interval corresponds to lignites IV and V (Fig. 3).
Moreover, these normal polarities are in good agreement
with the normal polarities observed in Lupoaia between
lignites IV and V (Radan and Radan, 1998; Van Vugt et
al., 2001). Consequently, they correspond to the
Sidufjall (C3n.3n) according to the correlation of
Popescu (2001). The downward extension of mainly

reversed polarities is in good agreement with this
correlation and the normal polarity at the base of the
section thus suggests that lignite I was deposited during
the uppermost part of the Thvera (C3n.4n) episode.

Summarizing, it can be concluded that the studied
Pliocene series of the Dacic Basin covers at least a time
span from the earliest Zanclean (about 5.33 Ma) up to
the Cochiti normal episode (about 4.2 Ma), including all
the normal events of the concerned period (Fig. 3). The
onset of lignite deposition in the Dacic Basin is dated at
approximately 5.25 Ma, i.e. slightly below the base of
the Thvera. This seems to be perfectly synchronous with
the marked transition from the carbonates of the “Lower
Formation” to the lignite-bearing sediments in the
Ptolemais basin in northern Greece, which occurred
one precession cycle below the Thvera, suggesting a
large-scale regional control on lignite formation.
Moreover, the Dacian/Romanian boundary is located
between lignites VII and VIII of the Lupoaia section
(Andreescu, 1981; Alexeeva et al., 1983) and thus
correlates to the Nunivak (C3n.3n) episode (Fig. 3).
Consequently, the age of the Dacian—Romanian bound-
ary arrives at approximately 4.55+0.05 Ma in the Dacic
Basin.

5. Climato- and cyclostratigraphy

The reliability of long-distance relationships based
on climatic significance of pollen diagrams has been
confirmed by Suc and Zagwijn (1983) and amplified by
Suc et al. (1995). At the European mid-latitudes, the
early Pliocene is characterized by two warm phases
[noted Brunssumian A and C by Zagwijn (1960) and P
Ia and P Ic by Suc (1984)] surrounding a moderate
cooling phase [Brunssumian B of Zagwijn (1960)=P Ib
of Suc (1984)]. Such a subdivision is only slightly
expressed in the records of the Southern Mediterranean
region where aridity is intense and dominant (Suc et al.,
1995). However, it is well pronounced in the records of
Portugal in Southwestern Europe (Diniz, 1984) and of
the Eastern Paratethys in Southeastern Europe (Driva-
liari et al., 1999). The floristic composition of the
numerous investigated European regions is rather
different, but fluctuations within pollen diagrams are
parallel and are distinctly illustrated by the curve of
subtropical trees (see the listing below) (Fig. 5). In
addition, this pollen curve may be compared with the
oxygen isotope reference curve of the open ocean
(Shackleton et al., 1995) (Fig. 5). Taking into account
the relative weakness of subtropical trees and the
relative importance of altitudinal trees in the middle
part of the Lupoaia pollen diagram (Fig. 6), this section
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obviously refers to the three Zanclean climatic phases:
the upper part of P Ia, the entire P Ib, the lowermost part
of P Ic (Figs. 5 and 6). These climatostratigraphic
relationships support the magnetostratigraphic assign-
ments discussed above and are wholly consistent with
the regional lignite stratigraphy (see relationships
between Lupoaia and Ticleni: Fig. 5). Consequently, it
is proposed to correlate the pollen diagrams of the
southwestern Romanian sections to obtain climatostrati-
graphic relationships, thereby including the magnetos-
tratigraphic age constraints and taking into account the
regional lignite stratigraphy (Fig. 6).

Detailed pollen counts are deposited at the
Laboratory “PaléoEnvironnements et PaléobioSphére”
(University Claude Bernard — Lyon 1) and will be
shortly on the “Cenozoic Pollen and Climatic values”
database (C.P.C.) on the Medias-France website
(http://cpc.mediasfrance.org). Synthetic pollen dia-
grams have been used in which taxa are grouped
with respect to their climatic and ecological signifi-
cance (Suc, 1984; Suc et al., 1995). The eleven taxa
groupings are given in Fig. 6.

The complete Hinova and Valea Visenilor sections,
the lower part of Husnicioara and the lowermost part
of Lupoaia, belong to the P Ia warm phase (Fig. 6).
The warmest period is recorded at Valea Visenilor,
Husnicioara and mostly at Lupoaia in correspondence
with lignite V which, in addition, shows the largest
geographic extension; Fig. 2). The middle part of
Lupoaia belongs to the P Ib cooling phase. The
coolest period is recorded at Lupoaia around lignite
bed VII, although here it is not so clearly reflected in
its geographical extension. The uppermost parts of
Lupoaia and Husnicioara belong to the beginning of
the P Ic warm phase (Fig. 6). The Ticleni borehole
contains the three climatic phases, which are depicted
at a considerably lower resolution but evidently show
the “cooler” interval straddling lignite VII (Fig. 6).

Synthetic pollen diagrams can be summarized into
two opposite curves, the thermophilous elements (i.e.
the megathermic elements plus the mega-mesothermic
elements plus the Cupressaceae) on the one hand, the
altitudinal elements [Cathaya plus meso-microthermic
elements (7suga and Cedrus) plus microthermic
elements (4bies and Picea)] on the other hand. Such
curves provide very good possibilities of comparison
with the oxygen isotopic reference curve, maxima of
thermophilous elements (warming events) corre-
sponding to 6'*0 minima and maxima of altitudinal
elements (cooling events) corresponding to &'*0
maxima (Popescu, 2001; Popescu et al., 2006-this
volume). In total, 23 major climatic points have been

identified both on the oxygen isotope reference curve
and on the pollen records, which have been correlated
within the magnetostratigraphic frame during the early
Pliocene time window corresponding to the studied
sections (Fig. 7). Even numbers indicate cooler events,
odd numbers indicate warmer events. The continuous
opposition between the two pollen groups evidenced at
Lupoaia (Popescu, 2001) is recurring within the entire
basin, whatever the lithology that discards a possible
influence of pollen transport. It has been demonstrated
by Popescu (2001) and Popescu et al. (2006-this
volume) that alternations between these pollen groups
were forced by 100 kyrs cycles of eccentricity: maxima
of thermophilous elements related to minima of
eccentricity, maxima of altitudinal elements related to
maxima of eccentricity. As a consequence, relation-
ships between pollen curves and the eccentricity curve
provide a high-resolution chronology to the Early
Zanclean sediments of the Dacic Basin between 5.33
and 4.30 Ma. All the eccentricity cycles have been
correlated with pollen records, except those comprised
between 5.230 and 5.00 Ma which correspond to sands
separating lignites B and I (Ticleanu and Diaconita,
1997) (Fig. 7); i.e. the lowermost top set beds of the
Turnu Severin Gilbert delta (Clauzon et al., 2005). In
addition, 400 kyrs cycles are also obvious: phases of
increasing thermophilous elements are exaggerated
during the lowest eccentricity minima (climatic events
3,7 and 9, 19 and 21; Fig. 7), while the altitudinal
elements are enriched during the highest eccentricity
maxima (climatic events 10, 12, 14 and 16; Fig. 7).
This suggests that the large-scale climatic subdivisions
proposed by Zagwijn (1960), Suc (1984) and Diniz
(1984) and which allow long distance climatostrati-
graphic relationships (Suc and Zagwijn, 1983; Suc et
al., 1995), are dominantly forced by the ~400 kyr
eccentricity cycles.

6. Conclusions

Several ways for dating the early Zanclean sedi-
ments of the Dacic Basin have been successively used.
Mediterranean nannoplankton of zone NN12 immedi-
ately overlies a strong erosional surface, which was
suggested to have a relation with the Messinian salinity
crisis in the Mediterranean (Clauzon et al., 2005), and
thus correlates to the earliest Zanclean. The normal
polarities of the lignite I and of the lignite XIII-XV
interval at Husnicioara seem to confirm the chrono-
logical re-calibration of the Lupoaia reference section
to the Sidufjall and Nunivak episodes (Popescu, 2001).
This correlation is very consistent with the pollen
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records and the resulting climatostratigraphy. In
addition, palacomagnetic measurements have been
understood within the frame of the regional lignite
stratigraphy and show the presence of the four
successive normal events of the Gilbert Chron (Thvera
to Cochiti). Consequently, an almost continuous pollen
record of the western Dacic Basin is provided for the
early Pliocene interval between about 5.33 and
4.30 Ma. Two very significant and still opposite pollen
curves (thermophilous elements vs. altitudinal ele-
ments) allow a direct comparison with the reference
oxygen isotopic curve and with the 100 kyrs and
400 kyrs eccentricity cycles in the astronomical curve.
Recognition of 400 kyrs cycles offers large climatos-
tratigraphic subdivisions as previously proposed by
Zagwijn (1960), Suc (1984) and Diniz (1984).
Recognition of 100 kyrs cycles only depends on time
resolution of pollen analyses. This emphasizes once
again the importance of very high-resolution pollen
sampling.
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Abstract

Repetitive changes in Early Pliocene marine and continental sediments were forced by astronomical cycles (eccentricity,
precession) and related to low amplitude climatic fluctuations as demonstrated at Capo Rossello and Monte San Nicola (Sicily).
This work aims to establish if such climatic fluctuations have also controlled changes in the vegetation during the warm Early
Pliocene. High-resolution pollen analysis of the Lupoaia section (SW Romania) provides evidence of a clear response owing to its
location within a delta system which constitutes a reliable area for pollen deposition near the Carpathians (i.e. capable of registering
all the vegetation ecosystems from edaphic coastal associations up to the highest altitudinal belts), and owing to its Southeastern
European longitude probably where warm—humid air masses arrived regularly, making the region a highly favourable refuge for
thermophilous plants. Eccentricity appears to have controlled fluctuations in temperature (development of thermophilous elements
during eccentricity minima, and descent of altitudinal trees during eccentricity maxima) while precession appears to have forced
changes in humidity (expansion of cypress swamps related to precession maxima, and spread of herbaceous marshes requiring
more humidity related to precession minima) with respect to increased precipitation and run-off.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Some Pliocene key sections such as Rossello and
Monte San Nicola (Sicily) have had their sedimentation
forced by orbital parameters (Hilgen, 1991). The
Rossello composite section has become a global
reference section for the Early and Middle Pliocene
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because of its very detailed sedimentary record (Hilgen,
1987; Hilgen and Langereis, 1989) coupled to a high-
resolution palaecomagnetic investigation (Langereis and
Hilgen, 1991). The section is mostly a rhythmic
succession of grey marls—white marls (or carbonates)—
beige marls—white marls (or carbonates) (Hilgen, 1987).
Such quadruplets result from intense variations in
CaCOj; content which (1) have been correlated with
the precession and eccentricity (both 100 and 400 ka
periods) curves and (2) explained by fluctuations in
precipitation and consequently in run-off (Hilgen,
1991). Maxima in carbonates have been related to
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eccentricity minima, and grey marls (the so-called
sapropels) to precession minima (increasing precipita-
tion and run-off) (Hilgen, 1991). Quantified marine
organisms (foraminifers, calcareous nannofossils) from
the Rossello composite section also show direct
relationships with lithological changes, i.e. with preces-
sion and eccentricity for the Early—Middle Pliocene
(Sprovieri, 1993; Di Stefano et al., 1996). Indeed, stable
isotope curves have established that Early—Middle
Pliocene astronomical cycles have resulted in variations
in temperature (Tiedemann et al., 1994; Shackleton et
al., 1995). Rainfall also fluctuated as evidenced by dust
flux in Africa (Tiedemann et al., 1994; DeMenocal,
1995).

Similar alternations in lithology, forced both by
precession and eccentricity, characterize also the
Middle—Late Pliocene passage (at about 2.6 Ma) in
Sicily (Rossello composite section, Monte San Nicola;
Hilgen, 1991). In contrast, abundance variations of the
warm-water planktonic foraminifer Globigerinoides
ruber recorded for the same time-window at Rossello
(Sprovieri, 1993) and Monte San Nicola (Rio et al.,
1994) in Sicily and at Singa in Calabria (Lourens et al.,
1992), emphasize the progressive dominance of oblig-
uity over the other astronomic parameters, as also
supported by oxygen isotope records (Tiedemann et al.,
1994; Shackleton et al., 1995). These studies have led to
a very accurate chronological calibration of the Pliocene
and Early Pleistocene with respect to astronomical
parameters (Lourens et al., 1996).

The aim of this paper is to determine whether
climatic variations have been intense enough during the
Early Pliocene to have induced noticeable changes in
vegetation. Pollen analysis has documented Early

Pliocene vegetation changes for the whole of Europe
(Zagwijn, 1960; Suc, 1984; Diniz, 1984; Suc et al,,
1995). Unfortunately, the low sampling resolution of
key sections (Susteren in The Netherlands, Garraf 1 in
the Northwestern Mediterranean, Rio Maior F16 in
Portugal) does not allow for the assessment of any direct
relationship between vegetation changes and orbital
cycles (Suc et al., 1995), except with some periods of
high-amplitude variations of obliquity (Lourens and
Hilgen, 1997). A favourable area for such high-
resolution pollen analyses is SW Romania because (1)
it is located near the Carpathians where repeated
variations in temperature might have caused movements
of vegetation belts, and (2) it is part of Southeastern
Europe where thermophilous plants requiring some
humidity persisted for longer than in the other European
and peri-Mediterranean regions (Suc et al., 2004),
probably because some warm, humid air masses
regularly reached the area. Indeed, up today, coastal
Anatolian forests have acted as refuge biotopes for
thermophilous plants (Zohary, 1973; Quézel and
Meédail, 2003).

2. The Lupoaia section

A long well-dated section has been analysed at Motru
(44°48’ N, 22°58’ E) (Fig. 1). The Lupoaia section
(133.70 m thick) is mostly made of lignite—clay
alternations and corresponds to a delta environment
(palaeoaltitude: few meters above lake-level) where
various kinds of lignites were generated (Ticleanu and
Diaconita, 1997). With respect to the regional lignite
stratigraphy which includes 22 coal beds, lignites IV to
XII have been identified in the section (Fig. 2). Two
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Fig. 1. Location map of the Lupoaia section in Southwestern Romania.
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Fig. 2. Response of the pollen record (thermophilous trees vs. altitudinal trees, swamp trees vs. marsh herbs) and lithology (lignite—clay alternations)
to orbital forcings (eccentricity and precession) at Lupoaia. From left to right. @ Lithological succession of the Lupoaia section and its
magnetostratigraphic control. ® Cyclic response of thermophilous elements vs. altitudinal trees with respect to eccentricity (BL2 solution; Loutre and
Berger, 1993) resulting in zones A to N. To the left are outlined samples selected as representative of eccentricity minima and maxima in relation to
their inferred astronomic age. ® Cyclic response of swamp trees vs. marsh herbs with respect to precession (BL2 solution; Loutre and Berger, 1993)
within the chronological framework related both to magnetostratigraphic control of the Lupoaia section and to inferred astronomical ages from
thermophilous tree/altitudinal tree curves vs. eccentricity. Respective precession minima and maxima are numbered and correlated to pollen curves.
Polarity: 1, normal; 2, undetermined; 3, reverse; S, Sidufjal; N, Nunivak. Lithology: 1, lignite; 2, clays; 3, sand; 4, uncovered zone; 5, lignitic clay.

normal palacomagnetic events have been documented
within the section (Radan and Radan, 1998; Van Vugt et
al., 2001) which, according both to local mammal
faunas and to climatostratigraphic relationships between
the reference European pollen diagrams (Suc, 1984; Suc
et al., 1995) and the Lupoaia section, respectively
belong to Sidufjal (C3n.3n) and Nunivak (C3n.2n)
subchrons (Popescu, 2001; Popescu et al., 2006-this
volume). The section extends from about 4.9 to 4.3 Ma

(Fig. 2).
2.1. Vegetation changes and temperature fluctuations

The Lupoaia pollen record shows a continuous
competition between plants requiring warm climatic

conditions (mainly subtropical elements: Taxodiaceae,
Engelhardia, Nyssa, Distylium, Microtropis fallax,
Cyrillaceae—Clethraceae, Leea, Magnolia, etc.; some
tropical elements: Mimosaceae, Meliaceae, Amanoa,
Sapindaceae, Loranthaceae, Arecaceae, Sapotaceae,
etc.) and plants living under cool-temperate to cold
climatic conditions (Zsuga, Cedrus, Cathaya, Abies and
Picea) (Fig. 2). The first group of plants probably grew
at low altitude (0—500? m), whereas the second group
probably inhabited higher elevations (up to 2000—
2300 m for Abies and Picea) (Fauquette et al., 1999).
Such alternations in pollen spectra, more or less
consistent with lignite—clay alternations, express
changes in temperature respectively characterized in
the area by altitudinal shifts of vegetation belts. These
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shifts represent the ascending expansion of thermoph-
ilous forest towards mid-altitudes when temperature
increased, and the descent of altitudinal coniferous
forest during cooling phases (Popescu, 2001). Such
repetitive fluctuations have also been documented at a
lesser chronologic resolution in an Italian Early Pliocene
pollen record near the Apennines (Bertini, 1994). The
precise chronological framework of the Lupoaia section,
based on calibrated magnetostratigraphy according to
mammals and consistent with the European climatos-
tratigraphy (Popescu, 2001), has allowed us to propose
relationships between the climatic evolution as indicated
by the pollen record and 100 ka variations in the Earth’s
orbital eccentricity (Popescu, 2001). Seven alternating
well-marked maximum zones of thermophilous trees
(shaded areas) or altitudinal trees (white areas) have
been regularly recorded along the entire section: they are
defined from A to N (Fig. 2). Between the beginning of
the Sidufjal Subchron (i.e. the base of the section) and
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the end of the Nunivak Subchron, a well-defined time-
span of 400 ka includes four clusters of two successive
opposed maximum zones, suggesting a time-control of
100 ka (eccentricity cycles) (Popescu, 2001; Popescu et
al., 2006-this volume) (Fig. 2).

A spectral analysis has been respectively performed
on pollen grains of thermophilous trees and altitudinal
trees using the Analyseries Program (Paillard et al.,
1996) and already published by Popescu (2001): both
groups show a prominent spectral peak located at a
thickness of 20 m corresponding to a time period of
87 ka (Fig. 3), that supports the idea of a significant
influence of eccentricity in temperature variations.
Some effect of obliquity cannot be neglected because
of the presence of a moderate peak at a thickness of
about 10 m corresponding to a time period of about
43 ka (Fig. 3). Looking to the thermophilous vs.
altitudinal tree alternations on Fig. 2, some secondary
alternations corresponding to such a period can be
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Fig. 3. Spectral analysis of thermophilous elements, altitudinal trees, swamp trees and marsh herbs. The shaded areas indicate the eccentricity (E),
obliquity (O), and precession (P) frequencies. Eccentricity peak (E) is the most likely expressed for all the pollen groups: it is in phase for
thermophilous trees and altitudinal trees with a frequency of 0.0005 cycle/ corresponding on average to 20 m in sediment thickness. Precession peak
(P) is in phase for swamp trees and marsh herbs with a frequency of 0.00225 cycle/cm, corresponding on average to 4.50 m in sediment thickness.



344 S.-M. Popescu et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 238 (2006) 340-348

identified in some of the previously defined zones, for
example:

— the moderate maximum in altitudinal trees within the
warm zone A,

— alimited maximum in thermophilous trees within the
cooler zones F—~H—-J, where two successive peaks of
altitudinal trees are also recorded.

However, our time subdivision of the section will
refer in priority to eccentricity cycles because of (1) their
continuous almost regular record along the section, (2)
the supremacy already established of this orbital
parameter in marine Mediterranean coeval sections
(Hilgen, 1991).

As explained by Popescu (2001), maxima in
thermophilous trees have been related to minima in
eccentricity, maxima in altitudinal trees to maxima in
eccentricity, respectively, with respect to a reference
marine oxygen isotope curve. In addition, we have
determined which peak in thermophilous elements
represents an eccentricity (relative or absolute) mini-
mum, and reciprocally for altitudinal tree peaks and
eccentricity (relative or absolute) maxima. Generally,
these peaks are located in the middle part of the
concerned shaded or white zone, except for zones H and
J where peaks of altitudinal trees are shifted in the lower
par of the zone in order to be in agreement with age
constrained by palacomagnetic reversals of the Nunivak
Subchron (Fig. 2). The corresponding samples are
outlined on Fig. 2 and related to their proposed
astronomical age.

2.2. Vegetation changes and humidity fluctuations

The SW Romanian Early Pliocene delta plain was
inhabited by trees [Taxodiaceae p.p. (the so-called
Taxodium pollen type which should correspond to
Glyptostrobus genus according to plant macrofossils;
Ticleanu and Diaconita, 1997), Cupressaceae, Juglans
cf. cathayensis, Cyrillaceae—Clethraceae, Myrica,
Nyssa, etc.] and herbs (mostly Cyperaceae and some
Poaceae). The modern vegetation analogues providing
such a pollen flora are in Florida (Loveless, 1959) and in
the Mississippi Delta (Roberts, 1986) where two main
kinds of ecosystems are clearly identified: swamps
constituted by Taxodium distichum forest (including
also Nyssa aquatica) and marshes mostly inhabited by
herbs (such as Cyperaceae) including some shrubs or
small trees (such as Cyrillaceae and Myrica). Their
relative spatial distribution is controlled by water depth
and annual hydrological rhythm: sawgrass marshes

require higher water table than forest swamps (Duever et
al., 1984; Kushlan, 1990).

In the Lupoaia pollen diagram, rapid fluctuations
match the swamp tree group (constituting Taxodium
type, Cupressaceae, Juglans cf. cathayensis) and the
Cyperaceae (considered as representative of the marshy
herbaceous association) (Fig. 2). Such groupings are
justified by the behaviour of the concerned taxa along
the pollen record, as also supported by a principal
component analysis which gathers these taxa with
respect to axis 2 while separating Taxodium type —
Cupressaceae from Cyperaceae with respect to axis 1
(Popescu, 2001). The pollen of T. distichum predomi-
nates in modern swamp sediments whereas the pollen of
Cyperaceae predominates in modern marsh sediments
(Florida: Willard et al., 2001; Mississippi delta: Chmura
et al., 1999). The relative importance of swamp trees vs.
Cyperaceae in the pollen record can be considered as
representative of surface areas respectively occupied by
swamps and marshes.

These alternations have been specified successively
within each zone (i.e. time-span) that we have
constrained according to the proposed relationships
between thermophilous tree vs. altitudinal tree curves
and eccentricity minima—maxima, respectively (Fig. 2).
Hence, twenty-seven alternations have been numbered
on Fig. 2 along the whole Lupoaia section.

Spectral analysis was performed on such pollen
groups (swamp trees and marsh herbs) independent of
any time-constraint and displays three common har-
monic peaks which could represent eccentricity, oblig-
uity, and precession cycles, respectively (Fig. 3):

— the peak related to eccentricity does not appear in
phase for the two proxies and is more expressed for
swamp trees than for marsh herbs; this can be
explained by the significant contribution of the
former to the thermophilous tree group (see the
previous section);

— the peak referred to obliquity is not considerably
marked for marsh herbs; the peak referred to
precession (about 4.50 m in sediment thickness) is
not powerful for the two considered proxies.

In addition, several other peaks of almost equal
intensity are recorded for marsh herbs (suggesting cycles
of 13.57, 10.61, 7.16 ka, respectively). Such repeated
responses may emphasize the excessive sensitivity of
herbs to local environmental changes. The response of
these plants may also be exaggerated in pollen records
because of (1) the extreme coastal location of these
herbaceous ecosystems (referring to their present-day
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distribution in Florida and within the Mississippi Delta;
Duever et al., 1984; Roberts, 1986; Kushlan, 1990), (2)
the central situation of the Lupoaia section within the
basin (see Popescu et al., 2006-this volume): as a result,
the serrated variations of herb pollen grains may have
been amplified and probably reflect variations in run-off
and, as a consequence, lake-level changes (Ticleanu and
Diaconita, 1997). For these reasons, we mainly followed
as a guideline the prominent variations of swamp tree
pollen grains (showing a more coherent relationship with
precession: Fig. 3) for identifying alternations “swamp
trees vs. marsh herbs” in Fig. 2.

3. Discussion

We have progressively refined the dating of the
Lupoaia section, starting from a magnetostratigraphic
age established both on the basis of mammal remains
and on general European climatostratigraphic relation-
ships (Popescu, 2001). A continuous, high-resolution
pollen record constrained by this first chronologic
framework allows us to propose for the entire Lupoaia
section (133.70 m thick) a high-resolution chronology
tuned first to orbital eccentricity (ca. 7 cycles), and then
to precession (ca. 27 cycles) (Fig. 2). We have given
priority to the influence of eccentricity over that of
obliquity for forcing changes in temperature because:

(1) long periods (100 ka) in opposition between
thermophilous and altitudinal trees have a better
expression in pollen curves (as supported by the
spectral analysis), in spite of some secondary and
discontinuous fluctuations (see above for zones
A-F-H-J);

(2) a prevalent influence of the 100 ka eccentricity
cycles has been demonstrated in sedimentary and
palaeobiological records for some time interval
(see Introduction).

Taking into account the above-mentioned possible
secondary responses of vegetation to obliquity (zones
A-F-H-J), a direct comparison has been done
between eccentricity and obliquity curves (Fig. 4).
The position of the related secondary vegetation
changes within zones A—F-H-J (indicated by grey
areas on Fig. 4) suggests some influence of lowering
amplitude phases of obliquity during 400 ka eccen-
tricity cycle maximum.

Another scenario has been proposed for the Early
Pliocene lignite deposition at Ptolemais (Northern
Greece) where lignite—marl alternations are apparently
forced by precession: marls would correspond to

Eccentricity
(BL 2 solution)

Obliquity
(BL 2 solution)

min. max. min. max.

4.492

4.598

4.666

4.813

4.891

Fig. 4. Compared eccentricity and obliquity curves for the time-
window 4.9-4.3 Ma corresponding to the Lupoaia section. Grey areas
spotlight places where secondary changes in vegetation were recorded
within zones A—-F—-H-J of Fig. 2.

precession minima (wetter phases) and lignites to
precession maxima (drier phases) (Van Vugt et al,
2001). As also noted by van Vugt et al. (2001), such a
direct scenario appears improbable in Romania where
the Early Pliocene lignite deposition was claimed to be
linked to minima in eccentricity (i.e. to warmer phases),
an assumption moderated by Popescu (2001) and
Popescu et al. (2006-this volume). Pollen analysis has
been performed on a small part of the Ptolemais section
(Kloosterboer-van Hoeve et al., 2005), covering one
precession cycle only, where fluctuations of some plant
groups suggest to the authors relationships with
millennial-scale cycles forced by the North Atlantic
Oscillation (with periodicities of 10, 2.5 and 1.5 ka) and
to long-period variations in solar activity. As demon-
strated above, such cycles do not appear clearly in the
Lupoaia pollen record, suggesting to us that a different
process operated. After a very detailed sedimentological
and palacomagnetic study in the eastern Dacic Basin,
Vasiliev et al. (2004) concluded that precession
controlled cyclic deposition of sediments expressing
changes in water-level.

Nevertheless, some aspects concerning these orbital
parameters invite discussion. The study interval (ca. 4.9—
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Table 1
Age and numbering of the precession minima and maxima for the time
interval 4.914-4.346 Ma

Precession ages (BL2 solution)

Number Age Number Age

53 4.357 54 4.346
51 4.376 52 4.367
49 4.389 50 4.381
47 4.409 48 4.399
45 4.429 46 4.419
43 4.447 44 4.438
41 4.466 42 4.457
39 4.487 40 4.477
37 4.508-09 38 4.498
35 4.533 36 4.521
33 4.556 34 4.545
31 4.579 32 4.568
29 4.602 30 4.590
27 4.624 28 4.613
25 4.649 26 4.636
23 4.671 24 4.660
21 4.694 22 4.682
19 4.717 20 4.705
17 4.741 18 4.728
15 4.764 16 4.753
13 4.786 14 4.775
11 4.805 12 4.796
9 4.821 10 4813
7 4.841 8 4.830
5 4.863 6 4.852
3 4.886 4 4.874
1 4914 2 4.903

4.3 Ma) is characterized by well-marked amplitude of the
400 ka eccentricity cycle. The 100 ka cycle is clearly
reduced. As a consequence, some maxima in eccentricity
(at 4.769 Ma for example) are lower than some minima
(at 4.634 Ma for example) (Fig. 2). Unexpectedly, this
did not much restrict the amplitude of response in
vegetation groups probably because there existed very
contrasting environments (delta plain and high reliefs)
over short distances (less than 60 km). Response to the
400 ka cycle is somewhat more pronounced (higher
percentages of thermophilous trees during the time
intervals 4.90—4.80 and 4.44—4.37 Ma corresponding to
small eccentricity maxima; and higher percentages of
altitudinal trees during the time interval 4.80—4.44 Ma
corresponding to large eccentricity minima) (Popescu,
2001). Our study emphasizes the occurrences of Early
Pliocene global warmings during minima in eccentricity.
This is different from the situation in the last million
years where glacials occurred when eccentricity was
minimal. This opposition is consistent with the hypoth-
esis of Li et al. (1998) who proposed that coolings prior
to 2.7 Ma corresponded to maxima in eccentricity, and

that coolings later than 2.7 Ma corresponded to minima
in eccentricity.

Deposition of anoxic organic-rich sediments in the
Central-Eastern Mediterranean, the so-called sapro-
pels, is related to repeated increases in run-off during
precession minima and resulting in marine water
stratification (Hilgen, 1990, 1991). Repeated increases
in Cyperaceae are understood as having resulted from
regular increased precipitation and run-off in the
Dacic Basin related to precession minima which
advantaged herbaceous marshes and caused their
enlargement within the southwestern Romanian
Early Pliocene delta plain. Accordingly, maxima of
Cyperaceae are related to precession minima (Fig. 2).
Conversely, maxima of swamp trees belong to phases
of decreased moisture and are related to precession
maxima.

Precession minima and maxima have been numbered
from 1 to 54 for the studied period (odd numbers for
precession minima, even numbers for precession
maxima) (Fig. 2). Corresponding numbers are also
indicated on the respective pollen curves (odd numbers
for marsh herb maxima, related to precession minima;
even numbers for swamp tree maxima, related to
precession maxima); their astronomical age is also
given in Table 1. Thirteen chronological marks have
been placed in front of the Lupoaia samples that we
respectively refer to eccentricity minima and maxima
(Fig. 2). They constitute a rigid framework for the most
detailed relationships based on precession variations
(Fig. 2).

Phases of increased precipitation and run-off in
the Dacic Basin are supported by the persistence at
about 4.6 Ma in southwestern Romania of several
tropical elements (Amanoa, Meliaceae, Entada,
Pachysandra, Sapindaceae, Loranthaceae, some Tilia-
ceae) which disappeared earlier from the Northwest-
ern Mediterranean region (at about 14 Ma) and from
the Central Mediterranean (at about 5.3 Ma) (Suc et
al., 2004).

In the Lupoaia pollen record, the lowest percentages
of marsh herbs (even at their relative maxima) occurred
during eccentricity maxima, at around 4.764 (peak 15),
4.694 to 4.557 (peaks 21-33), 4.487 (peak 39), and
4.357 Ma (peak 53) (Fig. 2). At these times, precession
minima seem to have induced less humidity in
southwestern Romania than during the previous and
following phases with eccentricity minima, at around
4.891 (peaks 1, 3), 4.813 (peaks 11, 13), 4 743 (peak
17), 4.523 (peaks 35, 37), and 4.438 to 4.380 Ma (peaks
45-51) (Fig. 2). In contrast, Central Mediterranean
Early Pliocene sapropels are better expressed in
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correspondence with the eccentricity maxima (Hilgen,
1991). This suggests that, during the eccentricity
maxima, run-off might have increased over the Central
Mediterranean Basin in contrast to Southeastern Europe.
Such an impact could have been more limited to
Southeastern Europe during the eccentricity minima. An
example of similar differences between Central and
Eastern Mediterranean is the recent “cold” sapropel S6
which was deposited at about 170 ka (Kallel et al., 2000)
during a relative minimum in eccentricity (Hilgen, 1990;
Loutre and Berger, 1993). At this time, surface water
salinity appears to have been lower in the Levantine
Basin than in the Tyrrhenian Sea. Among the hypoth-
eses to explain this differential are: (1) a greater increase
of precipitation in the Eastern Mediterranean than in the
Central Mediterranean region and (2) an increase of the
Nile River discharge (Kallel et al., 2000; Masson et al.,
2000).

Changes in vegetation depend not only on the
global climate (temperature, precipitation) but also on
space arrangement of plants (regional altitudinal belts
and local environments). As a consequence, the choice
of any individual peak to be related precisely to an
orbital parameter maximum or minimum may be
discussed. Anyway, this study has evidenced clear
zones (related to eccentricity) and peaks (related to
precession minima and maxima) which provide a
high-resolution chronologic frame for the Lupoaia
section.

4. Conclusion

High-resolution pollen analysis of the Lupoaia
section reveals that significant vegetation changes
during the Early Pliocene were controlled by astronom-
ical parameters, these being primarily eccentricity and
secondarily precession. Obliquity does not seem to have
been a substantial and continuously repeated influence.
Eccentricity controlled fluctuations in temperature,
while precession forced slight movements in lake-level
that were caused by oscillations in precipitation and run-
off. The Dacic Basin, and particularly the Lupoaia
section, are favourably located because they represent
coastal environments close to high relief in the
Southeastern Europe, and so are able to demonstrate
that the Early Pliocene vegetation responded signifi-
cantly to eccentricity and precession forcing, while
sediments and marine organisms were simultaneously
affected in the Mediterranean Sea. The present study
(see also Popescu et al., this volume) has resulted in a
very detailed chronology of Late Neogene deposits in
the Dacic Basin.
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Abstract

A high-resolution palynological study has been performed on late Miocene (Messinian) and early Pliocene (Zanclean)
sediments cored at DSDP Site 380A (Leg 42B). A late Miocene coastal vegetation has been identified in association with a delta
environment. The Pliocene is characterised by competition between the two most important vegetation components, namely humid
thermophilous forests and dry steppes, with changes driven by large amplitude climatic variations. These variations are linked to
other European reference pollen records and to the global temperature evolution for the early Pliocene, and result in
climatostratigraphic relationships at large geographic scale. An orbital tuning is proposed with respect to new data clarifying time
control on the section. The Black Sea appears to have dried up in response to the Messinian salinity crisis in the Mediterranean with

which it might have been connected during periods of high sea level.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

DSDP Leg 42B has already provided much infor-
mation on the hydrographic evolution of the Black Sea,
especially regarding its interactions with the Mediterra-
nean realm and responses to climatic forcing (Ross et
al., 1978a). Among the most important results are (1) the
potential reaction of the Black Sea to the Messinian
salinity crisis in the Mediterranean (Hsii and Giovanoli,
1979), and (2) the general climatic evolution of the
region offered by pollen analysis (Traverse, 1978) (Fig.
1). Unfortunately, these data cannot be undoubtedly
used because of the lack of a continuous and reliable

E-mail address: popescu@univ-lyonl fr.

0031-0182/$ - see front matter © 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.palaco.2006.03.018

chronostratigraphic framework in the area. Indeed, Hsii
and Giovanoli (1979) have suggested that the “Pebbly
Breccia” recorded within Site 380A was to be related to
the Messinian salinity crisis in the Mediterranean, without
any conclusive chronological argument. Recently, new
biostratigraphic and magnetostratigraphic data have been
provided from the Dacic and the Euxinic Basins
(Marunpeanu and Papaianopol, 1995, 1998; Semenenko
and Olejnik, 1995; Clauzon et al., 2005; Snel et al., 2006-
this volume) that, in association to new field observations
in the Dacic Basin (Clauzon et al., 2005), strongly support
the idea that the Eastern Paratethys and the Mediterranean
Sea were connected (at high sea level) just before and just
after the Messinian salinity crisis (Clauzon et al., 2005),
i.e. that the Messinian sea-level drop in the Mediterranean
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Fig. 1. “Steppe Index” (i.e. Artemisia percentages/total thermophilous tree percentages) curve constructed by Traverse (1978) for the entire Site 380A
section, and the climatic relationships that I propose with climatostratigraphies developed in The Netherlands (Zagwijn, 1960) and in the northwestern

Mediterranean region (Suc, 1984).

concerned also the Eastern Paratethys which was led to a
temporary desiccation (Clauzon et al., 2005). A new
seismic profile crossing DSDP Sites 381 and 380
corroborated that the Black Sea desiccated, the Messinian
erosional surface being evidenced and correlating with
the coarse and dolomitic deposits previously considered
as belonging to the Messinian salinity crisis within the
cores (Gillet, 2004).

For what concerns the direct dating of the 380A
section, some authors felt that the climatostratigraphic
approach was the best solution for establishing
relationships between the Black Sea records and global
change (Hsii, 1978), but at that time very few stable
isotope records (moreover at low resolution) (Shackle-
ton and Opdyke, 1977) and pollen records (the global
value of which was unknown) (Zagwijn, 1960) were
available.

We now have at our disposal combined high-resolution
reference isotopic curves (Tiedemann et al., 1994;
Shackleton et al., 1995) and European and Mediterranean
pollen records covering the whole Pliocene (Suc, 1984;
Bertoldi et al., 1989; Suc et al., 1995a,b) and, for some of
them, the Messinian Stage (Suc and Bessais, 1990;
Bertini, 1994; Suc et al., 1995c; Bertini et al., 1998).

I have therefore performed a high-resolution paly-
nological study of the late Miocene and early Pliocene
of DSDP Site 380A (42°05.94'N, 29°36.82'E) in order
to establish a precise regional climatic subdivision, to
search for long distance climatostratigraphic relation-
ships in the Pliocene, and, as a consequence, to confirm
if the Black Sea responded to the Messinian salinity
crisis in the Mediterranean.

Site 380A is critical because of (1) its anticipated
record covering both latest Miocene and earliest
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Fig. 2. Geographical location of DSDP Site 380A in the Black Sea.

Pliocene (it is the only cored borehole in the Black Sea
probably able to provide data on a time window that
includes the Messinian salinity crisis), and (2) its
geographic location in the southwestern part of the
Black Sea (Fig. 2). Indeed, its relatively close proximity
to the Bosphorus Strait is crucial for two reasons. First,
the question is still open as to which way marine
Mediterranean waters entered the Dacic Basin (i.e. the
present-day southern Romania), and perhaps occasion-
ally also into the northern Black Sea (Semenenko and
Liulieva, 1978), during brief influxes (Marunpeanu and
Papaianopol, 1998). Did direct connections exist in the
late Miocene — early Pliocene through a proto-
Bosphorus strait (Hsii, 1978; Muratov et al., 1978;
Marinescu, 1992)? Were other ways possible such as

southward from the Dacic Basin to the Aegean Sea
(Hsti, 1978; Marinescu, 1992)? The study of dinocysts
at Site 380A should help in solving this question.
Second, the Bosphorus area today is near the junction of
two opposed vegetation realms (Zohary, 1973; Noirfa-
lise et al., 1987; Quézel and Médail, 2003): the eastern
European and Euxyno-Hyrcanian mesophilous forests
(western and southern coasts of the Black Sea) which
can extend in some places to the subalpine belt, and the
Central Anatolian steppes linked to xeric (dry) climatic
conditions. It may be assumed that a more or less similar
feature characterised Miocene and Pliocene vegetation
in the area (Traverse, 1978): to the north, forest
environments rich in Taxodiaceae as evidenced in
Bulgaria and southwestern Romania (Drivaliari, 1993;

Fig. 3. Lithology and new synthetic pollen diagram for the lower part of Site 380A (with indication of depth expressed in metres) compared to the
halophyte curve (percentages are calculated on the total amount of pollen grains), the corresponding subdivisions in six pollen zones, the ratio
Poaceae/Asteraceae pollen grains, and acritarchs (in black) and dinocysts (in grey) (their frequency, sometimes considerable, has been calculated in
relation to the total number of pollen grains). Ecological groups of plants: 1, megathermic (=tropical) elements (Avicennia, Amanoa, Fothergilla,
Exbucklandia, Euphorbiaceae, Sapindaceae, Loranthaceae, Arecaceae, Acanthaceae); 2, mega-mesothermic (=subtropical) elements (Taxodiaceae,
Engelhardia, Myrica, Sapotaceae, Castanea—Castanopsis type, Microtropis fallax, Distylium cf. sinensis, Araliaceae, Nyssa, Liriodendron, etc.); 3,
Cathaya; 4, mesothermic (=warm—temperate) elements (deciduous Quercus, Carya, Pterocarya, Carpinus, Juglans, Juglans cf. cathayensis, Celtis,
Zekkova, Ulmus, Tilia, Acer, Parrotia cf. persica, Liquidambar cf. orientalis, Alnus, Salix, Populus, Fraxinus, Buxus sempervirens type, Betula,
Fagus, Ostrya, Parthenocissus cf. henryana, Hedera, Lonicera, Elaeagnus, Ilex, Tilia, etc.); 5, Pinus and poorly preserved Pinaceae pollen grains; 6,
mid-altitude trees (Tsuga, Cedrus); 7, high-altitude trees (4bies, Picea); 8, non-significant pollen grains (undetermined ones, poorly preserved pollen
grains, some cosmopolitan or widely distributed elements such as Rosaceae and Ranunculaceae); 9, Cupressaceae; 10, Mediterranean xerophytes
(Quercus ilex type, Olea, Phillyrea, Ligustrum, Pistacia, Ziziphus); 11, a subdesertic element, Lygeum; 12, herbs (Poaceae, Erodium, Geranium,
Convolvulus, Asteraceae Asteroideae, Asteraceae Cichorioideae, Lamiaceae, Plantago, Euphorbia, Brassicaceae, Apiaceae, Knautia, Helianthemum,
Rumex, Polygonum, Asphodelus, Campanulaceae, Ericaceae, Amaranthaceae—Chenopodiaceae, Caryophyllaceae, Plumbaginaceae, Cyperaceae,
Potamogeton, Sparganium, Typha, Nympheaceae); 13, steppe elements (Artemisia and Ephedra).
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Drivaliari et al., 1999; Popescu, 2001); and to the south, A detailed pollen study in such an area must therefore be
steppe environments rich in Artemisia as identified in considered promising for the reconstruction of vegeta-
southeastern Anatolia (Suc, personal communication). tion change and climate evolution.
Pollen
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2. Previous results from Site 380A, Leg 42B

Fourteen major sedimentary units have been de-
scribed from this site (Ross, 1978). Those concerning
the late Miocene and the early Pliocene are indicated in
Fig. 3. Among them, there is a coarse deposit, the so-
called “Pebbly Breccia”, which is presented herein.
Some micropaleontological analyses have been carried
out on this core: from the late Miocene to Present, the
most promising methods have appeared to be the pollen
analysis (Traverse, 1978) and the diatom analysis
(Schrader, 1978).

2.1. The stromatolitic dolomite within the ‘“Pebbly
Breccia”

A coarse clastic “Pebbly Breccia” (19 m thick), the
genesis of which is uncertain (Ross et al., 1978b), was
recovered between 864.5 and 883.5 m depth. It includes
blocks of a stromatolitic dolomite (Ross et al., 1978a)
which was considered as having formed in an intertidal
to supratidal environment (Stoffers and Miiller, 1978).
This suggests that the Black Sea level was very shallow
at that time, in agreement with data from diatoms (less
than 50 m water depth) (Schrader, 1978). Hsii and
Giovanoli (1979) have interpreted these data as evidence
of a drop in the level of the Black Sea to 1600 m below
global sea level as a response to the Messinian salinity
crisis in the Mediterranean. Such an interpretation was
also supported by the record of a seismic reflector
(reflector “S”) showing that the ‘“Pebbly Breccia” is
related to deltaic deposition and to possible Messinian
erosional surface in the Black Sea (Letouzey et al.,
1978), the latter being recently confirmed by Gillet
(2004).

2.2. The pollen record and its climatic significance

Traverse (1978) established an index, based on the
Artemisia abundance (i.e. Artemisia percentages/total
thermophilous tree percentages, for a climatic subdi-
vision of the cores (Fig. 1). Although a relatively
small number of samples was studied, the general
trends shown by this index revealed consistent
subdivisions of the section which appear in good
agreement with the large climatic subdivisions in
Europe and the Mediterranean region based on pollen
analysis (Suc and Zagwijn, 1983). The Mediterranean
pollen zones of Suc (1984) can therefore be used to
subdivide the Pliocene of Site 380A, as follows: P Ia
pollen zone (Brunssumian A) from ca. 860 m to ca.
780 m depth (low amounts of Artemisia), P Ib pollen

zone (Brunssumian B) related to the interval ca. 780 —
ca. 720 m depth (increase in Artemisia), P Ic pollen
zone (Brunssumian C) between ca. 720 m and ca.
640 m depth (decrease in Artemisia), P 11 pollen zone
(Reuverian) between ca. 640 m and ca. 570 m depth
(increase and larger variations in Artemisia frequency),
and P III pollen zone (Praetiglian) starting at about
570 m depth (predominant Artemisia) and followed by
glacial—interglacial cycles.

3. New palynological records

One hundred and fifty samples have been analysed
from 1019.85 m depth to 704.34 m depth (i.e. from late
Miocene to early Pliocene), excluding the interval
883.5-864.5 m (“Pebbly Breccia”, unpropitious to
pollen preservation). Sampling density varies according
to availability of material, the highest density being in
Pliocene sediments (about a sample per metre). Samples
(20 g each in general) have been processed according to
standard methods (Cour, 1974): acid digestion, concen-
tration using ZnCl, and sieving (5 pm), and mounting in
glycerine in order to allow rotation of pollen grains for
improved examination.

3.1. Pollen flora

The pollen flora contains 119 taxa, that noticeably
increases the flora diversity as documented by Traverse
(1978). Predominant among the trees are Taxodiaceae
(including Taxodium type), deciduous Quercus, Cupres-
saceae, Abies and Pinus; and among the herbs are
Poaceae, Artemisia and Amaranthaceae—Chenopodia-
ceae. Carya, Juglans, Juglans cf. cathayensis (a swamp
tree), Alnus, Zelkova, Ulmus are also abundant within
the arboreal pollen flora; and Asteraceae Cichorioideae,
Ericaceae, Cyperaceae are frequent within the non
arboreal pollen flora. Detailed pollen counts are
deposited at the Laboratory “PaléoEnvironnements et
PaléobioSphere” (University Claude Bernard — Lyon 1)
and will be shortly on the “Cenozoic Pollen and
Climatic values” database (C.P.C.) on the Medias—
France website (http://cpc.mediasfrance.org). Here (Fig.
3), pollen records are presented in a synthetic pollen
diagram, a technical presentation which promotes long
distance comparisons of vegetation response to global
climatic changes (Suc, 1984; Suc et al., 1995a,b). In
such a synthetic pollen diagram (Fig. 3), taxa are
grouped according to the ecological significance of their
living representatives and to their general behaviour in
the Mediterranean Pliocene pollen diagrams (Suc, 1986,
1989), from left to right:
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— megathermic (=tropical) elements (Avicennia, a
mangrove tree; Amanoa, Fothergilla, Exbucklandia,
Euphorbiaceae, Sapindaceae, Loranthaceae, Areca-
ceae, Acanthaceae) are few but mostly recorded in
the Miocene sediments, and also in one of the
warmest phases of the Pliocene;

— mega-mesothermic (=subtropical) elements [mainly
Taxodiaceae (including Taxodium type, Sequoia type
and Sciadopitys), Engelhardia, Myrica, and many
other elements as Sapotaceae, Castanea—Castanop-
sis type, Microtropis fallax, Distylium cf. sinensis,
Araliaceae, Nyssa, Liriodendron, etc.] are abundant
along the entire studied section;

— Cathaya, a conifer living today at mid-altitude in
tropical China;

— mesothermic (=warm—temperate) elements (decidu-
ous Quercus, Carya, Pterocarya, Carpinus, Juglans
and Juglans cf. cathayensis, Celtis, Zelkova, Ulmus,
Tilia, Acer, Parrotia cf. persica, Liquidambar cf.
orientalis, Alnus, Salix, Populus, Fraxinus, Buxus
sempervirens type, Betula, Fagus, and, with a lower
frequency, Ostrya, Parthenocissus cf. henryana,
Hedera, Lonicera, Elaeagnus, llex, Tilia, etc.) are
abundant along the entire studied interval;

— Pinus and poorly preserved Pinaceae pollen grains,
representative of various environments (from low to
high altitude, for example);

— mid-altitude trees (Tsuga, Cedrus")

— high-altitude trees (4bies, Picea");

— non-significant pollen grains (undetermined ones,
poorly preserved pollen grains, some cosmopolitan
or widely distributed elements such as Rosaceae and
Ranunculaceae);

— Cupressaceae which may include some elements
living in warm and humid climatic condition and
some others living in dry and warm to cold climatic
conditions, impossible to distinguish according to
pollen morphology; when Cupressaceae curve is
almost parallel to that of Taxodiaceae (as it is here),
they can be considered as chiefly represented by
subtropical elements as Chamaecyparis (Popescu,
2001);

— Mediterranean xerophytes (Quercus ilex type mostly,
Olea, Phillyrea, Ligustrum, Pistacia, Ziziphus) are
scarce;

— a subdesertic element, Lygeum only, is very rare;

' A special attention has been paid to bisaccate pollen grains for a
routine and continuous identification in order to refine pollen contents
with respect to Traverse’s (1978) analyses.

— herbs represented by numerous taxa and very
abundant pollen grains [Poaceae, Erodium, Gerani-
um, Convolvulus, Asteraceae Asteroideae, Asteraceae
Cichorioideae, Lamiaceae, Plantago, Euphorbia,
Brassicaceae, Apiaceae, Knautia, Helianthemum,
Rumex, Polygonum, Asphodelus, Campanulaceae,
Ericaceae, etc.; halophytes (Amaranthaceae—Cheno-
podiaceae, Caryophyllaceae, Plumbaginaceae) are
included within the herbs; many of them represent
water plants (Cyperaceae p.p., Potamogeton, Sparga-
nium, Typha, Nympheaceae)];

— steppe elements (Artemisia and Ephedra) are sepa-
rately grouped within the herbaceous pollen grains.

The fossil species Tricolporopollenites sibiricum
Lubomirova 1972 (also described as Tricolporopolle-
nites wackersdorfensis Thiele-Pfeiffer 1980 and Fupin-
gopollenites wackersdorfensis (Thiele-Pfeiffer) Liu
1985, the botanical affinity of which is still unknown
(Wang and Harley, 2004), has been recorded with near
regularity especially within the late Miocene sediments.

Pollen concentration is relatively high for a distal
deposit: generally greater than 3000 pollen grains/g of
dry sediment, often above 10,000 pollen grains/g,
sometimes more than 20,000 pollen grains/g and up to
65,000 pollen grains/g.

Regarding biodiversity, it is worth to emphasize the
persistence of some megathermic elements such as
Avicennia (Verbenaceae), Amanoa (Euphorbiaceae),
Fothergilla and Exbucklandia (Hamamelidaceae),
Sapindaceae, and Acanthaceae at relatively high
latitude. They had disappeared from the northwestern
Mediterranean region at 14 Ma (Serravallian) (Suc,
1986; Suc, 1996) whereas they persisted up to about
5.6 Ma (late Messinian) in Sicily (Suc and Bessalis,
1990) and North Africa (Chikhi, 1992; Bachiri
Taoufiq et al., 2000). Pollen grains of Avicennia, a
mangrove element, have been very scarcely recorded
at Site 380A (at 1018.85 and 781.63 m depth): the
presence of this mangrove element which withstands
relatively low salinities is in agreement with water
salinity deduced from diatom flora and with a
suggested water temperature of about 20 °C (Schrader,
1978). This supports the idea that thermophilous
plants persisted longer in the southeastern Europe
area than elsewhere in the Mediterranean region (Suc,
1996). Indeed, a few relict megathermic elements have
also been recorded in the Dacic Basin in the early
Pliocene (Popescu, 2001).

Six successive pollen zones have been identified,
with special attention to the above-mentioned ecological
pollen groups and to halophytes (Fig. 3):
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— pollen zone 1, from 1019.85 to 970.08 m depth:
characterised by some occurrences of megathermic
elements, large amounts of thermophilous trees
(mega-mesothermic and mesothermic ones), low
percentages of halophytes, and very low percentages
of steppe elements; this zone is relatively rich in
water plants and Ericaceae;

— pollen zone 2, from 970.08 to 923.05 m depth: same
characteristics as pollen zone 1, but scarcity of
megathermic elements, clear increase in halophytes,
slight increase in steppe elements, Cathaya is more
common; same representation of water plants and
Ericaceae as previously;

— pollen zone 3, from 923.05 to 884.62 m depth: this
zone shows a slight decrease in mega-mesothermic
and mesothermic elements, megathermic elements
are absent; frequency of halophytes significantly
increases, and to a lesser extent that of steppe
elements; water plants and Ericaceae decrease;

— pollen zone 4, from 861.65 to 819.94 m depth: mega-
mesothermic and mesothermic elements increase again
in contrast with herbs and especially steppe elements
except for their brief maximum in the upper part of the
zone; halophytes show moderate frequencies;

— pollen zone 5, from 819.94 to 730.45 m depth:
marked by a modest but obvious decrease in mega-
mesothermic and mesothermic plants in correspon-
dence with increases in herbs, steppe elements and
halophytes;

— pollen zone 6, from 730.45 to 704.34 m depth: new
increase in mega-mesothermic and mesothermic
trees counterbalanced by decreasing herbs, steppe
elements and halophytes. Its base almost corresponds
with that of the “Lower Siderite” which has been
considered as corresponding to a warm phase within
the Pliocene (Traverse, 1978).

3.2. Other palynological constituents

Two kinds of unicellular organisms have been
recorded: dinocysts and acritarchs (Fig. 3). They are
mostly absent in the late Miocene whereas they are
abundant in the Pliocene. Dinocysts (often poorly
preserved) include, among others, several types of
Pyxidinopsis psilata (abundant), Spiniferites, Operculo-
dinium, and scarce specimens of Lingulodinium
machaerophorum: some of these dinocysts belong to
the Mediterranean Sea flora. The following Paratethian
endemic species (the most abundant and still well
preserved cysts) have been found: Spiniferites crucifor-
mis (relatively rare), Galeacysta etrusca (very regularly).
Acritarchs (light, spherical, echinulate cysts) predomi-

nate in the lowermost Pliocene layers, then they are
replaced by dinocysts. On the whole, the frequency of
these acritarchs appears positively correlated to halo-
phyte expansion, except in the late Miocene deposits.

4. Discussion

Evolution of the Pliocene vegetation on the whole
appears to be characterised by competition between
humid and warm forest biotopes and dry (possibly
cooler) open vegetation, as experienced in the North-
western Mediterranean region (Suc, 1984). This is
documented by the contrast between pollen zones 4—6
on the one hand and 5 on the second hand. Along the
studied section, mid- and high-altitudinal trees exhibit
only moderate variations, probably because the source
of their pollen grains is somewhat distant. In more
detail, climatic variations appear more complicated,
especially when mega-mesothermic elements (mainly
Taxodiaceae) are better developed: Poaceae and Aster-
aceae alternately dominate. Cour and Duzer (1978) have
observed along a modern pollen transect from Northern
Europe to Central Africa that Poaceae dominate in the
more humid latitudes whereas Asteraceae are prevalent
in the dry areas. As a consequence, the Poaceae/total
Asteraceae ratio in a pollen diagram can be used as a
climate index. At Site 380A, strong and repetitive
variations of this ratio characterise several parts of the
studied section and can be understood as substantial
variations in moisture during the warmest phases (Fig.
3). In addition, these variations are consistent with the
subdivision in pollen zones (Fig. 3).

Other factors appear to have controlled some changes
which are recorded in pollen zones 1-3. Indeed,
abundant freshwater plant and Ericaceae pollen grains
characterise pollen zones 1 and 2, in association with
halophyte pollen grains. This evokes modern edaphic
environments in delta systems where freshwater and
brackish lagoons coexist. Some representatives of the
Taxodiaceae (related to the Taxodium type) thrive in
such mosaic coastal environments. Pollen analysis of
present-day and recent sediments from the Rhone delta
documents the coexistence of both kinds of environ-
ments and their respective distribution (Cambon et al.,
1997; Arnaud-Fassetta et al., 2000). Pollen zone 3 is
marked by the reduction of water plants and a significant
increase in halophytes which could express a change in
the pollen transport from a relatively distant delta source
to a nearby brackish lagoon. Such an evolution in
coastal environments is consistent with the diatom
record from Site 380A: “predominance of benthic
species indicates a shallow (less than 50 m water
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depth) and polyhaline (salinity: 30 to 40%.) environ-
ment” (Schrader, 1978, p. 856). On the whole, curves of
steppe elements and halophytes are almost consistent,
but some shifts are perceptible. The curve of steppe
elements is considered in the Mediterranean region as
representative of climatic changes (Suc, 1984) whereas
the halophyte curve can be regarded as an index of
proximity of shoreline, i.e. as more illustrative of sea-
level variations (Poumot and Suc, 1994; Suc et al.,
1995c¢). Nevertheless, much Artemisia might participate
in coastal associations and much Amaranthaceae—
Chenopodiaceae might belong to steppe associations.

Comparison between Pinus and poorly preserved
Pinaceae (bisaccate) pollen grains on the one hand, and
halophytes on the other, provides information as to
whether the sedimentary environment was distal or
coastal (Poumot and Suc, 1994; Suc et al., 1995c¢).
These curves are in opposition (Fig. 3): large amounts of
Pinus and poorly preserved Pinaceae pollen grains
indicate a more distal position (pollen zones 1 and 2,
middle part of pollen zone 4, and mid to upper part of
pollen zone 5), as documented also by the low frequency
of halophytes. In contrast, more coastal conditions are
indicated by increasing halophytes and low frequency of
Pinus and poorly preserved Pinaceae pollen grains
(pollen zone 3, lower and upper parts of pollen zone 4,
lower part of pollen zone 5, and pollen zone 6).

The precise significance of the dinocysts and
acritarchs is very difficult to elucidate because many
of these organisms are endemic to Paratethian brackish-
to-freshwater environments, and their ecological
requirements are poorly known. It is best therefore to
follow information provided by diatoms as a guide
(Schrader, 1978). From 1020 m to about 880 m depth,
diatoms indicate a shallow environment (paucity of
marine—planktonic species) which can explain the
quasi-absence of dinocysts and acritarchs. From about
860 to about 790 m depth, planktonic marine diatoms
prevail (Actinocyclus ehrenbergii mainly) and the
inferred marine conditions (mixoeuryhaline waters:
30-40%o salinity) can explain the relative abundance
of acritarchs and dinocysts. Higher in the core, marine
conditions progressively evolved to increasingly lacus-
trine ones that would correspond to a loss of dinocysts,
except for some limited peaks (Fig. 3). An outstanding
event occurred at 840—850 m depth and corresponds to
an influx of Synedra indica, a delicate (coastal) marine
diatom (present-day salinity tolerance: 30—40%o), which
has been interpreted by Schrader (1978) as a sudden
transition from shallow marine to deep marine condi-
tions (entrance of Mediterranean marine waters). The
interval 854—860 m depth is characterised by an acme of

acritarchs (continued up to 841 m depth at a lesser
intensity) (Fig. 3): this may be understood as the
inception of marine conditions in a relatively coastal
environment (importance of halophytes). This illumi-
nates initial observations made by Traverse (1978), and
supports the idea of a brackish marine environment
deduced from aragonite precipitation (Ross et al.,
1978b). Today, similar acritarchs are often abundant in
the brackish lagoons of the Rhone delta (Suc, personal
communication). This was followed by a major influx of
Mediterranean dinocysts that, having entered the Black
Sea, persisted and became progressively adapted to
brackish and maybe nearly(?) freshwater conditions.

It has been proposed to place the base of the Pliocene
at Site 380A at the top of the “Pebbly Breccia”
(864.50 m depth) which might indicate “a shoaling of
the sea level with a corresponding subaerial exposure
and erosion at Site 381” (Stoffers et al., 1978, p. 387).
Hsii and Giovanoli (1979) reinforced this assumption by
considering the 883.50-864.50 m depth interval as
being equivalent to the Messinian salinity crisis in the
Mediterranean Sea, that was recently confirmed by
Gillet (2004). This interpretation is supported by the
pollen diagram of the overlying interval (pollen zone 4)
documenting a climatic phase which appears warmer
and moister than the previous pollen zone 3. Climatic
differences between pollen zones 3 and 4 are in the same
kind of range than those existing between late Messinian
(Upper Evaporites) and early Zanclean (Trubi) in Sicily
(Fauquette et al., 2006-this volume). Pollen zone 4 is, as
a consequence, referred to the early Zanclean). Indeed,
pollen diagram appears fully consistent with the early
Pliocene reference pollen diagrams in Europe (Susteren,
in The Netherlands: Zagwijn, 1960; Garraf 1, offshore
Barcelona: Suc and Cravatte, 1982; Rio Maior F16,
Portugal: Diniz, 1984), that is in agreement (in finer
details of course) with the first climatostratigraphic
subdivision that I deduced from the Traverse’s (1978)
study (see above and Fig. 1). The arboreal flora is almost
the same in these pollen diagrams although the
herbaceous vegetation differs according to the area
(Suc et al., 1995a). The Zanclean is subdivided into
three climatic periods: warm (Brunssumian A=pollen
zone P Ia, from 5.33 to ca. 4.75 Ma), cooler
(Brunssumian B=pollen zone P Ib, from ca. 4.75 to
ca. 4.00 Ma), and the warmest phase (Brunssumian
C=pollen zone P Ic, from ca. 4.00 to ca. 3.60 Ma) (Suc
and Zagwijn, 1983; Suc et al.,, 1995a). It is here
proposed that Site 380A pollen zones 4, 5 and 6 are
respectively correlated to these climatic periods (Fig. 3).

Secondary fluctuations at Site 380A show very
precise similarities with various proxies recorded
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Fig. 4. Climatostratigraphic relationships between the early Pliocene reference pollen diagrams from Western Europe (Rio Maior F16, Portugal:
Diniz, 1984; Susteren, The Netherlands: Zagwijn, 1960) and the Northwestern Mediterranean region (Garraf 1, offshore Barcelona: Suc and Cravatte,
1982) and the Site 380A pollen diagram. Respective pollen assemblages and/or climatic phases are indicated to the right of pollen diagrams. Ages in
Ma are given for the Garraf 1 borehole with respect to planktonic foraminifer bio- and chronostratigraphy (Cita et al., 1999) and by comparison with
the reference isotopic curve (Shackleton et al., 1995) (see Fig. 5). Ecological groups: the same as in Fig. 3, Ericaceae excepted (abundant in the
Atlantic side localities, Rio Maior F16 and Susteren) which are illustrated to the right of herbs (in crossed hatching).

elsewhere. For example, the Brunssumian A starts with
a less warm period and a similar warming up occurs in
its middle part. The same evolution characterises the
Mediterranean pollen zone P Ia and the isotopic curve
(Fig. 5), and can be easily recognized at Site 380A (Fig.
4). The Reuverian (=P II pollen zone), a period of
moderate cooling, has not been reached in the studied
section at Site 380A (Fig. 4). One must emphasize that
the late Pliocene Northwestern Mediterranean steppes
(rich in Artemisia) probably originated from those of the
Middle East during the early Pliocene (as recorded in
this study), even if the vegetation structure type already
existed in the Southwestern Mediterranean region (Suc
et al., 1999).

During the early Pliocene, Site 380A seems to have
been not too far from the shoreline, and to have been
constantly influenced by sea level changes judging from
the relative importance of halophytes and their antithetic
variations with bisaccate pollen grains (as Pinus and

other Pinaceae) (see above and Fig. 3). Following the
relatively high Black Sea level of the earliest Pliocene
(860—840 m depth interval according to diatoms;
Schrader, 1978), variations in distance from the coastline
(i.e. changes in sea level) seem to be in agreement with
climate evolution: increases in halophytes (and
decreases in bisaccate pollen grains) are almost coherent
with increases in steppe elements (cooling phases), and
presumably correspond to repeated reductions in dis-
tance to the coastline (sea level drops). This interpreta-
tion is supported by the consistent increases in dinocysts
(mostly constituting endemic species) (Fig. 4).

On the whole, such a climatic subdivision is also in
agreement with the reference 6'%0 curve (Shackleton et
al.,, 1995), to which large climatostratigraphic subdivi-
sions may be related as shown on Fig. 5: P Ia running
between isotopic stages TG5 and Sil, P Ib between
isotopic stages Sil and Gil6, P Ic between isotopic stages
Gil6 and Gil. Indeed, the Site 380A pollen record

Fig. 5. High-resolution proposed relationships between the reference 8'0 curve with location of several important isotopic stages (Shackleton et al.,
1995), Site 380A and the Lupoaia section with respect to eccentricity curve (BL2 solution: Loutre and Berger, 1993). The five large-scale climatic
phases considered as highly significant are indicated in front of braces. The corresponding Mediterranean reference pollen zones are pointed.
Ecological groups of plants: 1, Thermophilous elements (=mega- plus mega-meso- plus mesotherm plants); 2, Herbs; 3, Steppe elements.
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displays a significantly higher resolution than the other
European and Mediterranean reference pollen diagrams,
and offers extensive possibilities to integrate with the
6'%0 record. To check this parallelism, five noteworthy
climatic phases have been selected on the §'%0 curve: 1,
warm period from isotopic stages TGS to TGl; 2,
including three short warm phases corresponding to
isotopic stages T7 to T5; 3, i.e. two successive cooling
phases (isotopic stages T4 and T2); 4, warming in the mid
P Ib pollen zone centred around isotopic stage N1; and 5,
the warmest phase in the early Pliocene centred around
isotopic stage Gil5. These phases are clearly identified in
the pollen diagram when reduced to thermophilous
elements (mega- plus mega-meso- plus mesotherm plants)
in opposition to herbs and steppe elements (Fig. 5). In
addition, more precise relationships are achievable with
the Lupoaia pollen record (southwestern Romania) which
is calibrated at high-resolution using magnetostratigraphy
and eccentricity (Popescu, 2001). In the Lupoaia record,
each maximum of thermophilous elements (same presen-
tation as for Site 380A) belongs to a relative or absolute
minimum in eccentricity as forced by the palacomagnetic
age control (Fig. 5) (Popescu, 2001). This is consistent
with the results of Li et al. (1998) who, after modelling
climate evolution, proposed that warmings prior to 2.7 Ma
corresponded to minima in eccentricity (and coolings to
maxima in eccentricity), and that warmings later than
2.7 Ma corresponded to maxima in eccentricity (and
coolings to minima in eccentricity). So, it appears possible
to correlate the steppe element maxima of Site 380A
(understood as expressive of coolings) with eccentricity
maxima (Fig. 5). It can be opposed that not all the steppe
maxima have been used: the non-selection of few of them
was not arbitrary. I only considered the steppe peaks
which clearly alternate with well-identified peaks in
thermophilous elements. It results in a tuned chronology
to eccentricity which is to be considered as an attempt only
because of the lack of an unquestionable age model for
Site 380A. Some variability in the sedimentation rate
seems to characterise the studied section; nevertheless, the
highest values appear to be located in correspondence
with cooler phases (5.156—5.050 Ma; 4.769—4.492 Ma;
4.324-4.117 Ma) maybe because of an increased river
transport of terrigenous material (Fig. 5).

A similar astronomical tuning of climatic relation-
ships for the late Miocene of Site 380A does not appear
attainable because increases in herbs (here mostly
halophytes) are coeval with increases in thermophilous
elements (see the base of pollen zone 1, the top of pollen
zone 2, and the entire pollen zone 3) and not in
opposition as would be expected for climatic changes. A
lack of samples in some intervals of the Miocene section

in Site 380A also hinder attempts to tune this part of the
record (Fig. 3). So the climatic signal in pollen zones 1
to 3 can be effectively reduced to the difference between
the edaphic signal in relation with proximity of
shoreline.

It is difficult to judge definitively the impact of the
Mediterranean Messinian salinity crisis on the Black
Sea. Based on diatom and dinocyst—acritarch records
augmented by variations in halophyte frequency, it is
obvious that a severe sea-level drop and sea-level rise
occurred just before the Aragonite layer. This confirms
the early observations of DSDP Leg 42B (Ross et al.,
1978a). Schrader (1978) proposed that such an event
was forced by tectonics, and also considers that “in the
case of a totally dried out deep Mediterranean Basin and
a depth pattern similar to that of today, it would have
been impossible for marine waters and floras to enter the
Black Sea from the Mediterranean Sea” (Schrader,
1978, p. 856). A tectonic yo-yo in such a short time
interval seems improbable, but water exchanges be-
tween the Mediterranean and the Black Sea are also
unrealistic, as Schrader (1978) points out. However,
new ideas are emerging about exchanges at high sea
level between the Mediterranean and the Eastern
Paratethys (Dacic Basin, Southwestern Romania) just
before and just after desiccation of the deep Mediter-
ranean Basin (Clauzon et al., 2005). These exchanges
would have existed in the two directions and are
documented both by Mediterranean nannoplankton
influxes into the Central Paratethys and by Paratethian
dinocyst influxes into the Mediterranean. In this way,
the record at Site 380A of marine diatoms and acritarchs
within the interval 860—840 m depth would correspond
to the second Mediterranean influx (earliest Zanclean in
age). Perhaps the first Mediterranean influx, located at
5.6 Ma (i.e. at the TG 15 isotopic stage; Shackleton et
al., 1995) in the chronology of the Messinian salinity
crisis adopted by Clauzon et al. (1996), corresponds to
the initial arrival of acritarchs recorded at 886.10 m
depth at Site 380A just below the “Pebbly Breccia”
which would mark the Messinian salinity crisis as
suggested by Hsii and Giovanoli (1979) and the
desiccation of the Black Sea in the same time as the
desiccation of the deep Mediterranean Basin. An
alternate scenario could be proposed if considering the
Krijgsman et al. (1999) age model for the Messinian
salinity crisis. This scenario differs from that of Clauzon
et al. (1996) in locating the Sicilian Upper Evaporites
(latest Messinian) after [and not before as postulated by
Clauzon et al. (1996)] the Mediterranean Sea desicca-
tion (i.e. the erosional phase). In this way, the Aragonite
layer of Site 380A would belong to the latest Messinian
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and not to the earliest Zanclean as proposed above. This
hypothesis could be supported by the abundance of
acritarchs similar to those generally found in the
Caltanissetta Basin (Sicily) within clays interbedded
with the Messinian Upper Evaporites. However, such an
interpretation is seriously contradicted by the climatos-
tratigraphic relationships on large geographic scale that
are established on a clearly identified warm and humid
phase at the beginning of the Pliocene (Fig. 4). So, it is
preferred to consider that Zanclean started at the
Aragonite layer as established by Gillet (2004) and
that the Mediterranean marine dinocysts entered the
Black Sea in large quantities later (about 170 kyrs) than
the first Zanclean marine influxes (Fig. 5).

The location of the passage used by the Mediterra-
nean waters for these influxes remains an unsolved
question. Acritarchs entered the Black Sea before the
clearly identified Mediterranean dinocysts: this opens
the intriguing possibility that the connection between
the Mediterranean and Black Seas took place far from
the Bosphorus area, probably through the Dacic Basin
and Bulgaria (Clauzon et al., 2005).

5. Conclusions

High-resolution palynological study of late Miocene
and early Pliocene sediments from Site 380A provides
important new information about regional environments
and their response to global climate change and
desiccation of the Mediterranean Sea. The following
results are highlighted:

(1) the presence of delta environments in the area
during the late Miocene where freshwater and
brackish lagoons coexisted before saline habitats
prevailed in the latest Miocene;

(2) these edaphic changes aside, vegetation breaks as
documented by pollen records chiefly reflect
competition between humid thermophilous forests
and dry steppes, evoking the present-day antag-
onisms in regional landscapes;

(3) pollen analysis of sediments overlying the “Peb-
bly Breccia” shows serious agreements with the
standard early Pliocene European pollen diagrams
and 8'80 record, which results in a detailed
climatostratigraphy for Site 380A that allows a
first attempt of tuning based on a proposed
relationship with orbital eccentricity;

(4) climatic results and the inferred climatostratigraphy
of Site 380A support the scenario proposed by
Clauzon et al. (1996) for the Messinian salinity
crisis;

(5) so, it is suggested that the Black Sea dried up at
5.6 Ma and that the regional erosion stopped at
5.33 Ma, exactly as the Mediterranean Sea; this
constitutes new arguments supporting the actual
response of the Black Sea to the Messinian
salinity crisis (Gillet, 2004);

(6) high sea level brief connections between the
Mediterranean and the Black Seas were restored
after 5.15 Ma only.
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Abstract

The latest Miocene (5.96 to 5.33 Ma) is characterised by an outstanding event: the desiccation of the Mediterranean Sea
(Messinian salinity crisis). It has been suggested that this was caused by a tectonic event, with no climatic change playing a role in
desiccation. Quantifying the climate of the region during this period will help support or refute this hypothesis. An effective
method for reconstructing the climate from Neogene pollen data is the “Climatic Amplitude Method” based on the modern climatic
requirements of plants to interpret fossil data. It has been conceived especially for periods devoid of modern vegetation analogue.

Twenty Messinian to Lower Zanclean pollen sequences are now available in the peri-Mediterranean region. Most of them do
not cover the whole Messinian interval, particularly those along the Mediterranean shorelines where sedimentation was interrupted
during the sea’s desiccation. In contrast, sedimentation was almost continuous in such areas as the Atlantic side of Morocco, along
the Adriatic coast (including the Po Valley), and to a lesser extent the Black Sea. The Mediterranean sites nonetheless provide a
reliable if not a discontinuous record of vegetation variability in time and space.

A first examination of the pollen diagrams reveals a high regional variability controlled by local conditions, and throughout the
interval a southward increase in herb pollen frequency in contrast to the tree pollen frequency. This indicates that open and
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probably dry environments existed in the southern Mediterranean region prior to, during and after the salinity crisis. Trees
developed in areas close to mountains such as in the Po Valley, in Cerdanya and in the Black Sea region. Most variations observed
in the pollen diagrams are constrained by fluctuations of Pinus pollen amounts, indicating eustatic variations. Climatic
quantification from pollen data does not show obvious climatic changes due to the desiccation of the Mediterranean Sea, especially
in the dry and warm southwestern Mediterranean area (Sicily, southern Spain and North Africa). At Maccarone, along the Adriatic
Sea, a decrease in temperatures of the coldest month and, less importantly, a decrease in mean annual temperatures, corresponding
to a drastic vegetation change, are reconstructed. These temperature variations are assumed to be controlled by regional
environmental changes (massive arrival of waters in this basin) rather than to reflect cooling, because some authors link the second
phase of evaporite deposition to a period of global warming. Some migrations of plants probably occurred as a response to
Mediterranean desiccation. But the climatic contrast which has probably existed at that time between the central Mediterranean and
the peripheral areas might be amplified.

Climatic reconstruction from pollen data in the western Mediterranean area shows that climate is not the direct cause of the
Mediterranean desiccation, as the Mediterranean region had experienced continuously high evaporation long before the crisis.
Therefore the main factor leading to this event seems to be the successive closures of the Betic and Rifian corridors, isolating the

Mediterranean Sea from the Atlantic Ocean.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Messinian; Climate quantification; Pollen; Mediterranean; Black Sea

1. Introduction

The second half of the Messinian stage (5.96 to
5.33 Ma) is characterised in the Mediterranean Basin by
a dramatic event: the desiccation of the Mediterranean
Sea, i.e. the so-called Messinian salinity crisis. As it is
generally accepted, the event corresponds to the
interruption of relationships between the Atlantic
Ocean and the Mediterranean Sea, causing the desicca-
tion of the Mediterranean and, as a consequence, a thick
accumulation of evaporites within the abyssal parts of
the basin and the cutting of deep subaerial canyons by
rivers.

Since the discovery of the event (Hsii et al., 1973),
several scenarios have been debated with most dis-
crepancies concerning chronology and causes of the
successive phases of the salinity crisis. Today, after
concerted effort on (1) magnetostratigraphy of key-
sections [Morocco: Hodell et al. (1994), Cunningham et
al. (1997); Southeastern Spain and Sicily: Gautier et al.
(1994), Krijgsman et al. (1999b); Po Valley and Adriatic
realm: Krijgsman et al. (1999a), G. Napoleone (personal
communication)] and (2) radiometric dating [Morocco:
Cunningham et al. (1997), Roger et al. (2000), Cornée et
al. (2002); Adriatic realm: Odin et al. (1997), H.
Maluski (personal communication)], there is general
agreement on the age of the onset of the salinity crisis
(5.96 Ma) and its termination at 5.33 Ma (Lourens et al.,
1996).

The ongoing debate about the Messinian salinity
crisis concerns its nature, a two-step event is envisioned
by Clauzon et al. (1996) but a synchronous event is

envisioned by Krijgsman et al. (1999b) (Fig. 1).
According to Clauzon et al. (1996), marginal evaporites
and deep basin evaporites are chronologically discon-
nected, being separated by 260 kyr. A transgressive
event occurred between evaporitic phases which
corresponds to the Sicilian Upper Evaporites. In
addition, this scenario takes into consideration a
regional diversity with appropriate responses to the
salinity crisis (perched basins, margins, deep basin)
(Clauzon et al., 1996; Clauzon, 1997, 1999) (Fig. 1).
The so-called «Lago Mare event» appears as two
invasions of the Mediterranean Sea by eastern Para-
tethyan surface waters during high sea-level phases
(Clauzon et al., 2005). This scenario has recently
received strong support from oceanographic studies in
the southern hemisphere (Vidal et al., 2002; Warny et
al., 2003). In contrast, Krijgsman et al. (1999b, 2001)
use an astrochronological approach to argue uniformity
for the whole Mediterranean, in which marginal basins
are isolated between 5.6 and 5.5 Ma by isostatic uplift
during the desiccation phase of the Mediterranean (Fig.
1). Their paper concerns only the chronological location
of the Sicilian Upper Evaporites, as illustrated by the
Eraclea Minoa section. According to Clauzon et al.
(1996, 2005), the Sicilian Upper Evaporites represent a
transgressive episode at the end of the marginal
evaporitic phase, and they precede the desiccation of
the Mediterranean Sea (i.e. the deposition of evaporites
in the desiccated abyssal plains and the cutting of
canyons). According to Krijgsman et al. (1999b), they
correspond to the termination of the salinity crisis, i.e. to
the transgressive interval which immediately preceded
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the flooding of the Mediterranean Basin by the Zanclean
sea. This discrepancy has no bearing on climate, and so
we choose to follow the scenario of Clauzon et al. (1996,
2005):

— 5.96—ca. 5.8 Ma, moderate global sea-level drop
(less than 100 m), a period including two glacial
Antarctic isotopic stages TG22 and TG20 (Shackle-
ton et al.,, 1995; Vidal et al.,, 2002), causing
deposition of Mediterrancan marginal evaporites
such as those of Sicily, Sorbas, Po Valley, Tyrrhenian
realm;

— ca. 5.8-5.7 Ma, sea-level rise, a period including
isotopic stage TG15 (Shackleton et al., 1995; Vidal et
al., 2002) and corresponding to the Upper Evaporites
of Sicily (at the top of which are located the Lago
Mare and the Arenazzolo facies);

— 5.7-5.33 Ma, tectonic isolation of the Mediterranean
realm, fast desiccation of the Mediterranean Sea,
deposition of evaporites in the desiccated abyssal
plains, cutting of subaerial canyons;

— 5.33 Ma, instantaneous flooding of the Mediterra-
nean Basin by Atlantic waters (Blanc, 2002).

The question of a climatic cause (increasing dryness)
for the desiccation of the Mediterranean Sea, even if not
always clearly expressed, is more or less implied for
scenarios favouring a deep-water model for basin
evaporite deposition (Busson, 1979, 1990; Krijgsman
et al., 1999b). Suc and Bessais (1990), Bertini (1994a,b)
and Bertini et al. (1998), using pollen analyses, have
suggested discarding increasing dryness as an explana-
tion for the salinity crisis. Another climatic change
(increasing precipitation) has been considered to explain
Lago Mare facies in the Eastern Mediterranean (Orszag-
Sperber et al., 2000; Rouchy et al., 2001).

For more than 20 years we have pursued high-quality
pollen research on the Messinian deposits around the
Mediterranean realm, and results have emerged that
contrast with previous and current studies (Trevisan,
1967; Benda, 1971; Bertolani Marchetti and Cita, 1975;
Heimann et al., 1975; Traverse, 1978; Bertolani
Marchetti, 1984; Ioakim and Solounias, 1985; Mariotti
Lippi, 1989; Ediger et al., 1996; loakim et al., 1997,
etc.). Differences lie in the reliability of botanical pollen
identification, in quantity of pollen counted and in
density of samples.

The aim of our study is to address some crucial
questions concerning the Messinian salinity crisis and
the prevailing climate: 1) did climate play a role in
triggering the desiccation of the Mediterranean Sea? 2)
did climate change in the Mediterranean region during

the salinity crisis and, if so, was it related to the
desiccation of the Mediterranean? To help answer these
questions, (1) we present a synthesis of Messinian to
Early Zanclean pollen records in the Mediterranean
realm, and (2) we provide the reconstructed climate of
the western Mediterranean area before, during, and after
the Messinian salinity crisis, using pollen data from
several selected localities in the western Mediterranean
region.

2. Pollen data and vegetation reconstruction

Twenty Messinian to Zanclean pollen sequences, all
based on high-quality pollen analyses (following the
criteria established above), are now available for the
peri-Mediterranean region (Fig. 2). Bou Regreg (Atlan-
tic seaboard of Morocco) excepted, none of these
sequences covers the entire period 6.7-5.2 Ma (Fig. 3).
They provide a reliable but discontinuous record of
vegetation variability in time and space. The period of
evaporite deposition within deep parts of the desiccated
basin (5.7-5.33 Ma) is poorly documented in the
Mediterranean region: only the Maccarone section and,
in part, the Torre Sterpi section, in the Adriatic Sea—Po
Valley area, belong to this interval (Fig. 3). Within this
perched basin, sedimentation was continuous because of
a positive water balance (Clauzon et al., 1997, 2005)
(Fig. 1). The evaporitic phase on the Mediterranean
margins is better documented, especially in the Po
Valley and in Sicily (Fig. 3). Several pollen diagrams
have been generated from offshore boreholes (Andalu-
cia G1, Habibas 1, Tarragona E2, Naf 1) that have been
drilled in relatively shallow waters (less than 300 m).
For each of these pollen records, the earliest Pliocene is
well identified using planktonic foraminifers (Sphaer-
oidinellopsis acme-zone, followed by first appearance of
Globorotalia margaritae). A gap probably separates the
earliest Zanclean sediments from the underlying Messi-
nian ones, corresponding to erosion of the margin
during evaporite deposition in deep parts of the
desiccated basin. Nevertheless, this gap might be longer
than expressed on Fig. 3 owing to possible erosion of the
uppermost Messinian deposits before desiccation of the
basin.

Deep Sea Drilling Project (DSDP) Site 380A in the
Black Sea (Popescu, this volume) has been included in
this study as it enlarges our considered area and may
help to understand evolution of the Mediterranean
climate within a more global framework. Its inclusion is
also very useful for validating results based on climate
and vegetation modelling (Fluteau et al., 2003; Francois
et al., 2006-this volume). The Black Sea is considered
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Fig. 2. Location map of the pollen localities considered in this paper.

also to have been involved with the Messinian salinity
crisis (Hsli and Giovanoli, 1979), based on erosion
observed along seismic lines (Letouzey et al., 1978) and
on the presence of a coarse breccia (including blocks of
a stromatolitic dolomite) at the same level at DSDP Site
380A (Ross et al., 1978). This borehole was drilled in
2107 m water depth, indicating that it represents abyssal
plain upon which the deep desiccated basin evaporites
were deposited. This evaporitic phase has probably
produced a shorter break in the pollen record
(corresponding to the breccia) than on the shelf because
it corresponds to an area of sedimentation rather than
erosion (Fig. 3). For the same reasons, we have used a
section located in southern Spain (at Carmona), on the
Atlantic seaboard for comparative purposes and to
assess the influence of the Atlantic Ocean on southern
Spain’s environments and climate before the salinity
crisis (Fig. 3).

Some additional information on areas containing our
climatically quantified sites is given below before we
describe their pollen contents, but more details may be
obtained from the literature as most of data have been
published.

2.1. Atlantic realm at southern Mediterranean latitude
Two pollen records document this area: Carmona in

the Guadalquivir Basin (southern Spain) and Bou
Regreg (Salé section, northwestern Morocco) (Fig. 2).

Pollen diagrams from Carmona come from two
sections. The lower section is located immediately
southward of the city along the road to El Arahal. It
belongs to the Andalusian Clays underlying the famous
«Calizza Tosca» calcarenite (Perconig, 1974). G.
margaritae occurs continuously and the deposits are
normally magnetised, allowing assignment to Chron
C3An.In (FJ. Sierro and W. Krijgsman, personal
communications). This section predates the Messinian
salinity crisis (Sierro et al., 1996) (Fig. 3). The upper
section has been cored within the Green Clays overlying
the «Calizza Tosca» calcarenite; it is reversely magne-
tised (W. Krijgsman, personal communication) and
belongs to Chron C3r but more precise assignment is not
possible. This section can therefore be considered as
floating between the late Messinian and earliest
Pliocene, but its shallow-water status (perhaps in
relation with the «Calizza Tosca» regressive conditions)
suggests association with the global sea-level fall at
5.9-5.85 Ma (isotopic stages TG22 and TG20) (Fig. 3).
Pollen flora of the two sections (analyses by J.-P. Suc, N.
Feddi and J. Ferrier, unpublished) is dominated by herbs
(alternating Poaceae and Asteraceae mainly) including
rare subdesertic elements such as Lygeum and Neurada.
Pinus is abundant and shows several fluctuations. Tree
frequencies are low and are mostly constituted by
deciduous Quercus.

The Bou Regreg pollen diagram comes from exposed
and cored sections at the Salé¢ Briqueterie (close to
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as Rosaceae and Ranunculaceae); 9. Cupressaceae; 10. Mediterranean xerophytes (Quercus ilex type, Carpinus cf. orientalis, Olea, Phillyrea,
Pistacia, Ziziphus, Cistus, etc.); 11. herbs (Poaceae, Erodium, Geranium, Convolvulus, Asteraceac Asteroideae, Asteraceae Cichorioideae,
Lamiaceae, Plantago, Euphorbia, Brassicaceae, Apiaceae, Knautia, Helianthemum, Rumex, Polygonum, Asphodelus, Campanulaceae, Ericaceae,
Amaranthaceae—Chenopodiaceae, Caryophyllaceae, Plumbaginaceae, Cyperaceae, Potamogeton, Sparganium, Typha, Nympheaceae, etc.) including
some subdesertic elements (Lygeum, Neurada, Nitraria, Calligonum) and steppe elements (Artemisia, Ephedra). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Rabat) (Warny, 1999). It benefits from a very detailed Wrenn, 2002). It covers the uppermost Tortonian, the
time control including biostratigraphy, magnetostrati- entire Messinian and reaches the earliest Pliocene (Fig.
graphy, stable isotope stratigraphy and astrochronolo- 3). This section is particularly poor in pollen grains and
gical tuning (Hodell et al.,, 1994, 2001; Warny and does not show great taxonomic diversity. Pinus is
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abundant at the base but strongly decreases from the
mid-section up to the top. Pollen analysis evidences an
open environment dominated by herbs, especially
subdesertic herbs. Arboreal taxa are less well repre-
sented than in the other North African sites.

2.2. Alboran Sea area and Rifian Corridor

Five sections document the vegetation in the Rifian
Corridor and Alboran Sea regions: MSD1 and Douiet 1
boreholes respectively on the west and east sides of the
Rifian Corridor, Andalucia G1 and Habibas 1 boreholes
respectively on the north and south shorelines of the
Alboran Sea; and Sahaouria in the Chelif Basin
(Algeria) (Fig. 2).

The chronostratigraphic position of these sections is
well known (Fig. 3). According to planktonic forami-
nifers (Barhoun, 2000), the MSD1 and Douiet 1 sections
refer to the early Messinian, i.e. long before the salinity
crisis. Borehole Andalucia G1, where planktonic
foraminifers have been studied (Elf-Aquitaine, unpub-
lished data), covers the early Messinian before the
desiccation phase and part of the Pliocene, until around
2.4 Ma. Planktonic foraminifers from borehole Habibas
1 have been studied by J. Cravatte (personal commu-
nication): the section covers the pre-evaporitic Messi-
nian and the early Pliocene up to around 3.2 Ma. The
Sahaouria section is well dated by planktonic forami-
nifers and immediately predates the Chelif Basin
marginal evaporites (Rouchy, 1981).

The pollen content of these sections has been studied
as follows: MSD1 and Douiet 1 (Bachiri Taoufig, 2000),
Andalucia G1 (Bessais, unpublished; only Pliocene
pollen data have been published: Suc et al., 1995b),
Habibas 1 (Suc, 1989), Sahaouria (Chikhi, 1992).
Climatic quantification has already been undertaken
on the Pliocene parts of the Andalucia G1 and Habibas 1
pollen records (Fauquette et al., 1999).

All these sections show, whatever their age before or
after the Messinian salinity crisis, open environments
(Fig. 3), rich in herbs, mainly Asteraceae, Poaceae,
Nitraria, Neurada and Calligonum, indicating very dry
and warm conditions, as these taxa are found today in
North Africa under hyper-arid conditions (Saharan
elements, with Neurada and Calligonum indicating
dunes). Within the Poaceae, Lygeum is also present. This
taxon, characteristic of south-Mediterranean steppes, is
found today in southern Spain, southern Italy, Sicily,
Crete and in North Africa but not in the Sahara
(Fauquette et al., 1998a,b). Mediterranean xerophytes
are present. Arboreal taxa are frequent, dominated by
deciduous Quercus, Taxodiaceae, Myrica, Alnus, indi-

cating the existence of more humid places in the
hinterland or moister conditions at higher altitudes.
Pinus continues to show important percentages.

At MSD 1, Douiet 1, and Sahaouria, megathermic
elements (Canthium type, Sapotaceae, Alchornea, etc.)
are regularly represented. More particularly, Avicennia,
the only mangrove element able to grow out of the
tropical zone, has been found within the Messinian
sediments of MSD 1, Douiet 1, Habibas 1 and
Sahaouria. However, it has never been recorded in
northern Africa within the earliest Pliocene sediments
(Habibas 1: Suc, 1989; Nador 1: N. Feddi, personal
communication).

2.3. Cerdanya

The section of Can Vilella is situated in Cerdanya and
comprises lacustrine to palustrine sediments. Paleomag-
netism indicates that the section straddles the passage
from a reverse event to a normal one (Agusti et al., this
volume). The mammal fauna allows us to place the
section either at the base of Chron C3An.2n or C3An.1n,
i.e. a long time before the salinity crisis (Agusti and
Roca, 1987; Agusti et al., 2006-this volume) (Fig. 3).

The pollen flora has been studied by Perez Villa
(Agusti et al., 2006-this volume). It reveals a riparian
forest environment (Taxodiaceae, Alnus, Myrica, Cyril-
laceae—Clethraceae, Engelhardia, Cephalanthus, Pter-
ocarya, Populus, Nyssa, Salix, etc.) with many
associated herbs (Cyperaceae, Poaceae, Typha, etc.)
(Fig. 3). Pinus has a very low frequency.

2.4. Southern Catalonia

According to planktonic foraminifers, borehole
Tarragona E2 covers the late Messinian, just before
the desiccation phase of the deep basin, and also most of
the Pliocene, up to around 2.4 Ma (Bessais and Cravatte,
1988) (Fig. 3).

Pollen data from borehole Tarragona E2 have been
published in Bessais and Cravatte (1988). Climatic
quantification has already been undertaken on the
Pliocene part of this section (Fauquette et al., 1999).

The pollen flora of the locality (Fig. 3) is char-
acterised by the predominance of herbs (mainly
Asteraceae and Poaceae, Lygeum, Nitraria and Calli-
gonum), indicating dry to very dry environments.
Mediterranean xerophytes are very frequent, making
pollen assemblages very close to the modern thermo-
mediterranean association (Bessais and Cravatte, 1988).
The presence of pollen grains of arboreal taxa (mainly
deciduous Quercus, Taxodiaceae, Alnus, Carya) indicates
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more humid places in the hinterland and along the
rivers. Pinus is moderately abundant. As for Andalucia
G1, pollen data do not show any distinct variation in the
vegetation between the Messinian and Pliocene parts of
the section.

2.5. The Adriatic Sea—Po Valley area

The Borgo Tossignano and Monticino 88 (also
named Cava Li Monti) sections have been sampled in
the Vena del Gesso Basin, in eastern Italy (Fig. 2), and
correspond to the Gessoso-Solfifera Formation (Vai and
Ricci Lucchi, 1977). The age of the sections is well
constrained by paleomagnetic and cyclostratigraphic
studies (Krijgsman et al., 1999a) (Fig. 3). The pollen
data have been established by Bertini (1992, 1994a,b)
and illustrate the vegetation during the evaporitic phase.
Because of the barren nature of the gypsum beds, only
the euxinic shales of the Gessoso-Solfifera Formation
were analysed.

The Maccarone section is located southward, in the
Marchean outer basin of east-central Italy (Fig. 2).
Messinian clays and marls [lower post-evaporitic
sequence «p-evl» of Roveri et al. (2001), also named
«di tetto» Formation], which are interbedded at the top
of the formation with evaporitic limestones [upper post-
evaporitic sequence «p-ev2» of Roveri et al. (2001), also
named Colombacci Formation which includes the Lago
Mare facies], are overlain by the Argille Azzurre
Formation. A volcanic ash layer in the lower part of
the section has provided two *°Ar/*°Ar plateau ages of
5.51 and 5.44+0.04 Ma (Odin et al., 1997), a similar age
being obtained by H. Maluski (personal communica-
tion). Based on this absolute age and biostratigraphy
(Carloni et al., 1974), and to its continuously reversed
paleomagnetic signal (G. Napoleone, personal commu-
nication), the Maccarone section covers the time interval
from the end of the Messinian (from ~5.6 Ma) to the
Early Pliocene. The palynology of the Maccarone
section has been published by Bertini (1994a,b, 2002).

The Torre Sterpi section is located in the Po Valley,
near Tortone and corresponds to the Lago Mare
Formation (Corselli and Grecchi, 1984). The Adriatic—
Po region is considered to have evolved as a perched
basin in the latest Messinian, i.e. independently from the
Central Mediterranean Basin (Corselli and Grecchi,
1984; Clauzon et al., 1997) (Fig. 1). The pollen data
have been established by Suc (unpublished) and
recently completed by Sachse (2001).

The pollen flora is very diverse (Fig. 3). Tropical
elements (i.e. the megathermic elements) living under
warm and moist or dry conditions are present in low

quantities in the lower part of Maccarone section
(Bertini, 1994a,b), especially those (Agave, Cordyline,
Nolina, Bombax, Canthium type, etc.) that disappeared
from the northwestern Mediterranean region in the
carliest Serravallian (Bessedik et al., 1984), and from the
southwestern Mediterranean region in the latest Messi-
nian [Sicily: Suc and Bessais (1990); North Africa:
Chikhi (1992), Bachiri Taoufiq (unpublished)]. Sub-
tropical elements (i.e. the mega-mesothermic elements)
and warm-temperate elements (i.c. the mesothermic
elements) living under a year-long humid and warm
climate (Engelhardia, Taxodium, Myrica, Nyssa, etc.)
are common and uniformly represented at Borgo
Tossignano, Monticino 88, Maccarone and at Torre
Sterpi. Deciduous forest elements indicative of warm-
temperate and temperate climates (Quercus, Carya,
Ulmus—Zelkova, etc.) record a gradual decrease from the
Messinian to the Zanclean. The Mediterranean ever-
green elements (Quercus ilex type, Olea, Phillyrea, etc.)
are sporadic. In the upper part of the Maccarone pollen
diagram, Cathaya, Cedrus and Tsuga (the mid-altitude
trees), are overall fairly abundant. Mountain elements
such as Picea and Abies are always present but in low
quantities. Herbaceous pollen grains (Asteraceae, Poa-
ceae including Lygeum, Amaranthaceae—Chenopodia-
ceae etc.) are numerous in the basal part of the
Maccarone succession. Pinus is not very abundant,
except in the upper part of the Maccarone pollen
diagram.

The coastal vegetation was characterised by wide-
spread lagoonal zones, where Taxodium thrived along-
side Myrica, Nyssa and others. The size of the basin
probably reduced somewhat during the two steps of the
salinity crisis, providing a continuous and important
record of coastal environments in the distal pollen
localities. A break occurred at about 5.4 Ma in the
Maccarone section which probably became more distant
from the shoreline as it corresponds to an increasing
frequency of disaccate pollen grains (Pinus and the high
altitude elements Tsuga, Cedrus, Abies and Picea)
which are favoured by transport, compared to non-
disaccate pollen grains, and consequently are relatively
more abundant offshore (Bertini, 1994a). This pollen
flora characterise marine sediments of the early
Zanclean high-sea level (Bertini, 1994a).

The pollen flora of the lower half of the Maccarone
section shows similarities with the Sicilian herbaceous
vegetation (about 5° farther south in latitude), with
abundant Poaceae including Lygeum and the presence of
some megathermic elements (although less important
than in Sicily). But abundance of Taxodiaceae and of
mid- to high-altitude elements, and scarcity of herbaceous
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plants at Torre Sterpi and in the second half of the
Maccarone section, make the pollen flora very close to
those of Zanclean sections from Liguria and French
Southern Alps (Zheng and Cravatte, 1986) but strikingly
different from those found for the same time interval at
Capo Rossello in Sicily (Suc and Bessais, 1990), as
detailed immediately below. This northward migration
of thermophilous taxa (some of them being adapted to
dryness) will be discussed later.

2.6. The Central Mediterranean margins: example of
Sicily

The Capodarso section, situated in the Caltanissetta
basin, consists of 170 m of claystones overlain by the
Tripoli Formation and the Calcare di Base. This section
is overlain by the Lower Sicilian Evaporites. Many
samples from the Tripoli Formation were analysed for
foraminifers, dinocysts, palynofacies, CaCO;, pollen
grains and clay minerals (Suc et al., 1995c). These data
together showed that the general evolution of the basin
was from normal marine conditions to confinement and
that the sedimentation of the Caltanissetta basin up to
the beginning of the Messinian salinity crisis was
controlled by global sea level.

The micropaleontology of clayey layers within halite
and kainite bodies in the Salt Member of the Lower
Evaporitic Complex in the Messinian Gessoso-Solfifera
Formation, has been studied in samples taken from the
Racalmuto and Realmonte salt mines, also located in the
Caltanissetta basin (Bertini et al., 1998). The Upper
Evaporites, represented in the reference-section of
Eraclea Minoa in the Caltanissetta basin, are composed
of six major gypsum-—clay alternations (Decima and
Wezel, 1973; Mascle and Heimann, 1976), the last one
corresponding to clays of the Lago Mare facies and silts
of the Arenazzolo Formation. Following the scenario of
Clauzon and Suc for the Messinian salinity crisis (see
above), a hiatus 370 kyr long exists between the
Arenazzolo Formation and the lowermost Zanclean
Trubi Formation (Clauzon et al., 1996). A palynological
study has been undertaken on 32 samples from clays
interbedded with the gypsum, in the clays of the Lago
Mare facies, and in the silts of the Arenazzolo
Formation.

The early Zanclean in the Caltanissetta basin is
represented by the Capo Rossello section, corresponding
to the Trubi formation. The pollen data have been
collected by Suc and Bessais (Suc and Bessais, 1990;
Suc et al., 1995a), and the corresponding climatic
reconstruction has already been published (Fauquette et
al., 1999).

Hence, so far as the five sections of the Caltanissetta
basin are representative of the Messinian succession and
the Early Pliocene, with the pre-evaporitic Messinian
clays and diatomites (the Tripoli Formation) at Capo-
darso, the Lower Evaporites at Racalmuto and Realm-
onte mines, the Upper Evaporites at Eraclea Minoa and
finally the Lower Pliocene at Capo Rossello, it is
possible to describe the vegetation evolution from the
Lower Messinian to the Early Pliocene, keeping in mind
that some deficiencies in the pollen record exist (lack of
pollen grains within evaporites, hiatus in sedimentation
at the top of the Arenazzolo Formation).

The more important variations observed in the pollen
diagrams (Fig. 3) are due to relevant variations in Pinus
pollen percentages. Pinus excepted, the pollen spectra
are dominated by herbs showing an open and xeric
environment, at least on the littoral: arboreal taxa were
certainly growing in the hinterland. Megathermic
elements are regularly recorded, especially at Capo-
darso, but they progressively decrease from the Lower
Messinian to the Zanclean (Suc and Bessais, 1990).
Within these tropical elements is the mangrove taxon
Avicennia. The last appearance of Avicennia is found at
Eraclea Minoa, at 3.48 m. No pollen grains of this taxon
have been found at Capo Rossello during the Early
Pliocene.

2.7. The Eastern Paratethys region

A palynological study has been performed on
Upper Miocene to Lower Pliocene sediments cored at
DSDP Site 380A, in the southwestern Black Sea (Fig.
2) (Popescu, 2001, 2006-this volume). The borehole at
site 380A penetrates a 19 m thick «Pebbly Breccia»
including blocks of stromatolitic dolomite (Ross et al.,
1978) which is considered to have formed in an
intertidal to supratidal environment (Stoffers and
Miiller, 1978). This suggests, together with diatom
data, that the Black Sea was very shallow at that time
(Schrader, 1978). This sea-level drop of the Black Sea
has been interpreted by Hsii and Giovanoli (1979) as
the consequence in the Black Sea of the Messinian
salinity crisis.

Pollen data show, through the whole section, a
forested environment, dominated by subtropical taxa
such as Engelhardia, Myrica, Distylium cf. sinensis,
Taxodiaceae, Sapotaceae, etc. Mesothermic elements
are also abundant. However, the herbaceous elements,
and in particular steppe elements (mainly Artemisia), are
better represented during the Pliocene than during the
Late Miocene. Anyway, in this area, steppe elements
begin to develop just before the hiatus («Pebbly
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brecciay) that putatively corresponds to the Messinian
salinity crisis. Consequently conditions seem to become
drier from the end of the Messinian and during the
Pliocene, even if it was initiated before the crisis.

3. Climate quantification

In the present study, climatic reconstructions have
been made on the pollen data using the «Climatic
Amplitude Method». This method was developed by
Fauquette et al. (1998a,b) specifically to quantify the
climate of periods for which there are, currently, no
modern analogue of the pollen spectra. The basis of this
method consists of transposing the climatic require-
ments of the maximum number of modern taxa to the
fossil data.

This method relies on the relationship between the
relative pollen abundance of each individual taxon
and the climate. The most probable climate for a set
of taxa corresponds to the climatic interval suitable
for the maximum number of taxa. The climatic
estimate is obtained as a climatic interval and a
«most likely value», which corresponds to a weighted
mean.

Five climatic parameters have been estimated in
this study from the pollen data: the mean annual
temperature (7,), the mean annual precipitation (Py),

0°
1

the temperature of the coldest and warmest months
(Tc and Tyw) and the available moisture (i.e. the ratio
actual evapotranspiration on potential evapotranspira-
tion, E/PE).

Plants were separated into three groups, looking at
their modern distributions, as described in Fauquette et
al. (1998a): ubiquitous plants, plants growing under
warm conditions (low latitude/altitude taxa) and plants
growing under cold conditions (high latitude/altitude
taxa). As we want to estimate the climatic parameters for
lower altitudes, the two first groups of plants only are
used in the reconstruction process.

As in Fauquette et al. (1998a, 1999), the pollen of
Pinus and non-identified Pinaceae (due to poor
preservation) have been excluded from the pollen sum
of the fossil spectra because they are over-represented in
the marine, and even coastal, deposits due to their
prolific production and overabundance from air and
water transport (Heusser, 1988; Suc and Drivaliari,
1991; Cambon et al., 1997).

For most of the pollen sequences, climatic estimates
have been calculated on the sum of the spectra and are
reported on maps (Figs. 4, 7 and 9). For three of the
sequences, long «key-sections» (i.e. Maccarone, Bou
Regreg and Site 380A in the Black Sea), climatic
estimates have been calculated for each pollen spectrum
(or for the sum of 3—4 levels at the bottom of Bou
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Ty 20 - 24.6-27.7°C

Pa 1070 - 1100 - 1300 mm
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Ty 24.6 - 26.6 - 27.8°C
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E/PE17.5-22-64%
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Fig. 4. Climatic quantification results based on pollen data from the period preceding the Messinian salinity crisis (early Messinian). 7x: mean annual
temperature, 7¢: mean temperature of the coldest month, 7w: mean temperature of the warmest month, P,: mean annual precipitation, £/PE: ratio
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Regreg sequence where pollen spectra are particularly
poor) and are given on graphs (Figs. 5, 6 and 8).

3.1. The climate before the Messinian salinity crisis
(Figs. 4-6)

In the western Mediterranean region, the climate
before the crisis is documented in North Africa (at
Douiet 1, MSD 1 sites), Sicily (at Capodarso), Spain (at
Can Vilella), along the Atlantic coast (at Carmona and
Bou Regreg) and in the Black Sea area.

The climatic reconstruction for this period shows a
warm and dry climate in southwestern Spain, North
Africa and Sicily. Mean annual temperatures (7,) were
between 15.0—15.5 and 24.7 °C with a most likely value
(MLV) ranging between 20.5 and 22.5 °C. Only the
Douiet 1 and MSD 1 sites show higher values (21.6 to
24.7 °C with a MLV around 23.7 °C). Temperatures of
the coldest (7c) and warmest (7y) months are similar

T, (°C) Tw (°C)

2 46 81012141618

for all the sites (7 between ~8 and 14.6—15.4 °C with
most likely values around 11-14 °C, and Ty between 22
and 27.8 °C with most likely values around 25—
26.5 °C). Mean annual precipitation is very low
everywhere, even at Carmona along the Atlantic coast
(between ~350 and 700 mm with most likely values
around 400—500 mm). The lower part of Bou Regreg
sequence displays important variations in the most
likely value (Fig. 5) due to the presence or absence of
such taxa as Quercus deciduous type, and Carya.
However, estimated intervals do not show variations.
The ratio E/PE (corresponding to the available moisture)
shows low values, comprising between 17.5% and 60—
64%, with a MLV around 20%.

At Can Vilella, in Cerdanya, the climate was warm
and humid. T, was around 15 to 19.8 °C with a MLV of
17 °C, Tc between 5 and 12.5 °C with MLV of 9 °C, and
Tw between 23.5 and 27.7 °C with a MLV of 25.5 °C.
Mean annual precipitation was high, ranging between
Tc (°C) Pa (mm)
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Fig. 5. Climatic quantification results based on pollen data from Bou Regreg for the entire Messinian.
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Fig. 6. Climatic quantification results based on pollen data from Site 380A covering the periods just before the Messinian salinity crisis, during the

first evaporitic phase and the early Pliocene.

1000 and 1350 mm with a most likely value of
1150 mm. The ratio £/PE was between 66% and 84%
with a MLV of 72.5%.

The climate before the Messinian salinity crisis is
also documented in the Black Sea area (DSDP Site
380A) (Figs. 4 and 6). There the climate was warm and
humid at the beginning of the Messinian. On Fig. 4 are
reported values corresponding to a mean climate for
this period. Mean annual temperatures were between
15.6 and 19.8 °C with MLV around 17.3 °C (some-
times higher at the beginning of the sequence),
temperatures of the coldest month ranged between 5
and 9.8 °C, with a most likely value around 7 °C,
temperatures of the warmest month ranged between
24.6 and 27.5 °C with a MLV around 25.5 °C. Mean
annual precipitation was between ~ 1100 and 1550 mm
with a MLV around 1200—1300 mm. The available
moisture was important, between 66% and 100% with
a most likely value of 83.5%. Looking in more detail at
Fig. 6, annual precipitation, mean annual temperatures
and temperatures of the coldest month show oscilla-
tions around the mean values, depending on the
presence or absence of megathermic elements in the
spectra.

3.2. The climate during the Messinian salinity crisis

(Figs. 7 and 8)

The climate during the first desiccation phase of the
Messinian salinity crisis in the Mediterranean region is
documented for Sicily (Racalmuto and Realmonte
mines, Eraclea Minoa), at Carmona, Tarragona, Anda-
lucia, Habibas, Bou Regreg, in the Po Valley, at Borgo
Tossignano, Monticino 88 and in the Black Sea area.
The end of the Messinian salinity crisis is documented at
Torre Sterpi, in the Po Valley and Maccarone, and along
the Adriatic coast (Figs. 3 and 7).

At Racalmuto, Realmonte, Eraclea Minoa, Carmona,
Andalucia, Tarragona, Habibas and Bou Regreg, the
climate during the first desiccation phase was warm and
dry, with the same climatic amplitudes as before the
crisis. The site of Tarragona, located more to the north,
shows slightly higher values of mean annual precipita-
tion (between ~700 and 900 mm with a MLV around
800 mm) and of E/PE with values between 17.5% and
99% (most likely values of 58%).

In the Po Valley, the climate during both first and
second evaporitic phases was warm and humid with
mean annual temperatures between 15.5 and 19.8 °C
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Fig. 7. Climatic quantification results based on pollen data corresponding to the Messinian salinity crisis (1st evaporitic phase: Andalucia, Habibas 1,
Tarragona E2, Carmona, Monticino 88, Borgo Tossignano, Eraclea Minoa, Racalmuto, Realmonte mines, Site 380A; 2nd evaporitic phase:

Maccarone, Torre Sterpi).

(MLYV around 17 °C), mean temperatures of the coldest
month between 5.0 and 9.8 °C (MLV around 6.5—
7.5 °C), and mean temperatures of the warmest month
between 24.6 and 27-28 °C (MLV around 25 °C). Mean
annual precipitation was around 1000 and 1300 mm
(MLV around 1100-1200 mm), and the available
moisture was between 80% and 100% (MLV around
86%).

At Maccarone, one of the «key-site», we present the
climatic evolution along the sequence which covers the
period from around 5.5 to the Early Pliocene (Fig. 8).
Mean annual temperatures were between about 16 and
20 °C for most spectra but up to 23—-24.5 °C for some,
with most likely values oscillating between 17 and
20 °C (only 1 spectrum shows a lower MLV around
15 °C). Estimated temperatures of the coldest month
show significant changes during the first part of the
sequence. These temperatures are between 5 and 15 °C
or 5 and 10 °C or also 10 and 15 °C. Most likely values
are mostly between 7 and 12 °C but up to 15 °C for two
samples. On the other hand, during the second part of
the sequence, temperatures of the coldest month are
more stable, between 5 and 10 °C for most of the
spectra, with a MLV of around 7 to 10 °C. Temperatures
of the warmest month are relatively stable along the first
part of the sequence, between 24.5 and 28 °C with a
most likely value oscillating between 25 and 27 °C.
Mean annual precipitation is less stable along the

sequence. The first part of the sequence is characterised
by both large intervals from around 400 to 1300 mm and
a MLV of 1100 mm and smaller intervals from 1100 to
1300 mm whereas the second part of the Messinian
stage is characterised by more precise ranges from 700
to 1300 mm with a most likely value around 800 to
1200 mm.

In the Black Sea region, the estimated climate is the
same as during the previous period, warm and humid,
but with lower values of mean annual precipitation (650
to 1300 mm with MLV ~ 1100 mm) at the very end of
the Messinian part of the sequence (Fig. 6).

3.3. The climate after the Messinian salinity crisis, at
5.33 Ma (Figs. 8 and 9)

For some sites (Tarragona, Andalucia, Habibas, Capo
Rossello), the climate has already been reconstructed
(Fauquette et al., 1999). Values are given again in Fig. 9.

As for the previous interval, the climate was warm
and dry in the southwestern Mediterranean region but
warm and humid at Maccarone and in the Black Sea
region. At Maccarone, along the Adriatic Sea, the
climate was exactly as at Stirone in the western part of
the Po Valley (Fauquette and Bertini, 2003). However,
looking at the detailed climatic reconstruction at
Maccarone (Fig. 8), mean annual temperatures and in
particular mean temperature of the coldest month show
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Fig. 8. Climatic quantification results based on pollen data from Maccarone covering the end of the Messinian salinity crisis (from around 5.5 Ma) and
the lower Zanclean.
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Fig. 9. Climatic quantification results based on pollen data corresponding to the period after the Messinian salinity crisis, i.e. the Early Pliocene.
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lower values (except for 2 spectra) which never again
exceed 20 and 10 °C respectively. During this period
mean annual precipitation shows higher values than
during the previous part of the sequence, ranging
between 1100 and 1600 mm. Similarly, Fig. 6 shows
for the Black Sea region larger ranges of mean annual
precipitation than during the previous period, from
around 680 to 1550 mm, due to larger amounts of herbs
in the spectra. Temperatures of the coldest month never
again exceed 10 °C (except for one spectrum), in
contrast to the Messinian part.

4. Discussion

A first examination of the synthetic pollen diagrams
in Fig. 3 reveals a high regional variability according to
geographic location and conditions (latitude, longitude,
proximity of highlands, oceanic influence, etc.). What-
ever the period, herb frequency increases southward in
contrast to tree frequency. This indicates that open and
probably dry environments existed in the southern
Mediterranean region prior to, during and after the
salinity crisis. Trees (including high altitude elements)
developed in areas close to mountains such as in the Po
Valley (Alps and Apennines), in Cerdanya (Pyrenees)
and in Black Sea (Plateau of Anatolia). Nevertheless, the
influence of relief appears insufficient to explain high
values of thermophilous trees in lands surrounding the
Black Sea. The location of this region in southeastern
Europe, where the Asian monsoon extended some
control, needs also to be considered (Popescu et al.,
2006-this volume). Indeed, strengthening of the Asian
monsoon over the Eastern Mediterranean region during
the late Miocene—earliest Pliocene has been discussed
by Griffin (2002).

To the south, herb assemblages are dominated by
Poaceae, Asteraceae, Plantago, Erodium and some very
characteristic plants such as Lygeum, Nitraria, Calligo-
num and Neurada. Lygeum today characterises the
southern Mediterranean region under a thermo-mediter-
ranean climate (from semi-arid to arid conditions, with
mean annual precipitation from around 500 to 100 mm,
and under high annual temperatures from around 16 to
26°C; Fauquette et al., 1998b). Nitraria, Calligonum
and Neurada are found today only in North Africa, in
the Sahara, under hyper-arid conditions, with mean
annual precipitation under 150 mm. Mediterranean
xerophytes are frequent in a latitudinal strip extending
from Tarragona to Sicily. In the Nile delta area, the
abundance of herbs has a different significance because
assemblages are dominated by Cyperaceae and Poaceae
which evoke a savannah landscape in the northeastern

Africa realm. The development at so high a latitude of
such a vegetation, which requires relatively humid and
warm conditions, is also supported by the abundance of
megathermic (i.e. tropical elements in the Naf 1 pollen
diagram; Poumot and Suc, 1984) taxa. Such a
vegetational structure in the southeastern Mediterranean
region is in agreement with the hypothesis of Griffin
(2002) who proposes an increase of moisture over this
area during the salinity crisis but appears to contradict
the modelling of climate and vegetation (Fluteau et al.,
2003; Francois et al., 2006-this volume). Perhaps the
climatic contrast between central and southeastern
Mediterranean regions has many subtle touches, the
latter region being less altered by an increase in dryness
than the former.

Obviously, most of the variations observed in the
pollen diagrams are constrained by fluctuations in the
quantity of Pinus (Fig. 3). In fact, Pinus pollen grains
are very effectively transported by air and water, so that
variations in percentages indicate variations in the
position of the coastline (i.e. eustatic variations).
When the littoral zone is far from the sedimentation
point, Pinus is largely over-represented and inversely,
when the littoral zone is close to the site of deposition,
Pinus is less important compared with the other taxa.
Pollen diagrams for Bou Regreg, Carmona, Monticino
88, Maccarone, Capodarso, and Eraclea Minoa demon-
strate this effect well. In any case, excluding Pinus from
the pollen sum results in pollen sequences of almost
homogeneous composition, supporting the idea that no
relevant climatic change occurred in the Mediterranean
region between 6.7 and 5.0 Ma, i.e. just before, during
and just after the salinity crisis. This is in good
agreement with Miinch et al. (2003) who see no climatic
variations between 6.9 and 6.0 Ma from the study of
coral reefs. Interpreting such pollen diagrams initially in
terms of coastline variations (i.e. eustasy fluctuations) is
in good agreement with variability in the amounts of
halophytes (plants living in saline environments along
the shoreline). Pollen of these plants generally increase
as Pinus percentages decrease (at Capodarso, Eraclea
Minoa, in the Messinian part of Site 380A, for example).
Interpretation of the pollen diagram of DSDP Site 380A
is more complicated because a climatic signal overprints
the «eustatic» one. This has been clearly evidenced by
Popescu (2006-this volume) for the early Pliocene part
of the section where the expected earliest Zanclean age
of sediments overlying the breccia has been confirmed
using European climatostratigraphic relationships. Just
below the breccia, desiccation of the Black Sea is
supported by large amounts of halophytes between 935
and 900 m depth interpreted as a moderate lowering of
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sea level, probably related to the first step of the salinity
crisis (Fig. 3). This is in agreement with the reverse
curve of Pinus, the greater percentages of which reveal
more distal conditions (i.e. probably a higher sea-level).
The increase in Pinus above 900 m depth could be
related to the sea-level rise that corresponds to the
Sicilian Upper Evaporites (isotopic stage TG 15) (for
more details, see Popescu, this volume).

It is well established that the inverse relationship
between Pinus and halophytes reflects the distance of
the pollen locality to the paleo-coastline (Suc et al.,
1995c¢). But there is some uncertainty about whether to
interpret some herbs as halophytes. For example,
Artemisia may have an edaphic (halophytic) or a
climatic significance. This question affects Site 380A.
For the Pliocene, large amounts of, and variations in
Artemisia are clearly linked to climate evolution
(Popescu, 2006-this volume). The development of
Artemisia at the end of the Miocene might have double
significance: proximity of the shoreline because of the
Messinian sea-level drop and/or increasing dryness in
the regional climate (Fluteau et al., 2003; Francois et al.,
2006-this volume). So, the decreasing mean annual
precipitation observed on Fig. 6 at the end of the
Messinian may be an artefact, or not.

Climatic quantification from pollen data does not
show obvious climatic change due to the desiccation of
the Mediterranean Sea, especially in the dry southwest-
ern Mediterranean area. Sicily, southern Spain and also
North Africa, where the vegetation was subdesertic, are
certainly not the best regions to detect climatic variation,
especially if small in amplitude. Indeed, a slight change
in temperature is certainly not sufficient to modify this
type of open vegetation. On the contrary, a small
increase in precipitation is sufficient to modify the
vegetation in these regions. But there are no real
changes in the vegetation composition, or associated
changes in precipitation, observed at time of the
Messinian salinity crisis (many herbaceous plants and
subdesertic plants have been recorded continuously).

We have emphasised the presence in some pollen
spectra (Sicily: Capodarso and Eraclea Minoa; North
Africa: Douiet 1 and MSD1; Black Sea: Site 380A) of
Avicennia, a mangrove taxon. Even at very low
quantities, the occurrence of Avicennia pollen grains
indicates the presence of mangrove close to the sampled
site, as the taxon is under-represented in the modern
pollen floras (Blasco and Caratini, 1973; Lézine, 1996).
But it seems that in Sicily and North Africa during the
Messinian, the mangrove communities were impoverished
compared with modern tropical mangroves. Such
impoverished mangroves are found today in the

northern part of the Red Sea area, extending as far as
30°N, i.e. considerably beyond the tropical zone where
fully developed mangroves are growing. In fact during
Messinian time, the North African, Sicilian and northern
Turkish mangroves were certainly highly discontinuous,
at their northern limit of distribution, and thus decidedly
fragile.

In these regions, Avicennia ceases to be recorded in
the Lower Zanclean, except in the Black Sea which
represents its last appearance in the Mediterrancan
region (at about 4.7 Ma) owing to the suitable wet and
warm climatic conditions in the area (Popescu, 2006-
this volume). In fact, the flooding of the Mediterranean
makes the sampled sites more distal so that Avicennia,
whose pollen grains are weakly transported, is less
likely to be recorded. In spite of this bias, some
Zanclean Avicennia pollen have been recorded at Site
380A when the Black Sea was full and the site far from
the coastline. It should be mentioned that no pollen of
Avicennia has been found in the earliest Zanclean
coastal localities studied from the southern Mediterra-
nean region (Spain, Morocco, Algeria, Tunisia, Egypt,
Israel, Turkey, Syria: Suc et al., 1995b, 1999; Drivaliari,
1993; M. Abdelmalek, pers. com.; Suc, unpublished
data; Feddi, unpublished data). Accordingly, we feel
that the disappearance of Avicennia took place before
the earliest Zanclean. The disappearance of Avicennia
was probably due to severe ecological stress, such as the
expansion of hypersaline waters during the desiccation
of the Mediterranean, rather than to a climatic
deterioration. In Sicily, the disappearance of this taxon
occurs between the uppermost Messinian at Eraclea
Minoa and the lowermost Zanclean at Capo Rossello. If
no gap in sedimentation exists between these two
deposits (following Krijgsman’s scenario; Fig. 1), there
is no climatic deterioration to explain such a crucial
disappearance. In contrast, the extinction of Avicennia
along the southern Mediterranean shorelines could be
easily explained by the desiccation, the Caltanissetta
basin and other deeper areas becoming very dry and
salty. These areas would then have been inhospitable to
mangrove which had not survived in refugia within the
Mediterranean realm and could not have returned. This
argument is used to support the scenario of Clauzon et
al. (1996).

Because the causes of this taxon’s disappearance are
still under discussion, it has not been taken into account
in the climate estimates, although it is a good ecological
and climatic marker. However, the climate reconstructed
without Avicennia is consistent with modern climatic
conditions prevailing in the northern part of the Red Sea
(high temperatures and very low precipitation). And, as
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today in the northern part of the Red Sea (Kassas, 1957),
the southern Mediterranean vegetation, prior to the
complete desiccation of the sea, was composed of an
impoverished mangrove zone, an open subdesertic
vegetation zone, and a less open vegetation zone of
mainly evergreen and mixed mesophilous taxa at higher
elevations.

The lower half of the Maccarone section is
characterised by the presence, among a large represen-
tation of herbaceous plants, of pollen grains of Lygeum
(up to 7.6%), a Poaceae found today in North Africa,
southern Italy, Sicily, southern Spain and Crete, under a
thermo-mediterranean semi-arid to arid climate. Thus,
this plant indicates very dry conditions in contradiction
with the abundance of subtropical plants requiring
humidity. This seems to indicate more humid conditions
at the foothill and on the slopes of the uplifting
Apennines and drier conditions in littoral areas. This
hypothesis is reinforced by Lygeum’s unique morphol-
ogy (a relatively big and heavy pollen grain) and,
consequently, its weak affinity for transport, so that its
presence in the sediments indicates that the plant was
living in littoral areas.

Such a composite pollen spectra with plants coming
from two different vegetation types lead to very broad
climatic estimates, particularly with respect to mean
annual precipitation.

It is pertinent to ask whether Lygeum was already
present at Maccarone before the Messinian salinity
crisis. In other words, is the presence of Lygeum at so
high a latitude (at about 4—-5° more than its modern
habitat) directly related to the crisis or not? The first
possibility is that Lygeum was present at Maccarone
before the crisis and that a geographic and climatic
threshold already existed between Monticino/Borgo
Tossignano and Maccarone. The second possibility is
that Lygeum was not present at Maccarone before the
crisis because the harsh ecological conditions imposed
by the crisis (expanding saline environments) led to
the migration of Lygeum with other herbaceous
companions from south (Sicily, Calabria) to north,
where ecological conditions were more suitable. The
apparent absence of Lygeum in the pollen record of
Moscosi, a thin deposit underlying the Maccarone
section, constitutes an argument in favour of the
migration to the North of Lygeum during the salinity
crisis. In any case, the possible migration of
subdesertic herbs to the north is considered by
Clauzon et al. (2005) as a reliable argument (in
addition to the radiometric age of the Maccarone ash)
for proposing that the Adriatic—Po realm became a
perched basin still supplied by freshwater runoff from

the surrounding mountains when the Mediterranean
Sea was desiccated.

Approximately 120 m above the base of the
Maccarone section, the strong and sudden decrease in
tropical, subtropical, and warm-temperate elements and
herbaceous plants, including Lygeum (correlated to a
decrease in temperatures of the coldest month and, less
importantly, to a decrease in mean annual temperatures),
viewed against the increase in Pinaceae may be
interpreted as a significant paleoenvironmental change.
Such a break represents a suddenly increasing distance
of the site from the coastline, and has been related to a
eustatic/tectonic event by Bertini (1994a, 2002) and
Roveri et al. (2001), but to the massive marine
transgression in the area by Clauzon et al. (2005). Our
understanding of the Maccarone pollen flora may be
supported by the data of Vidal et al. (2002) who indicate
that the second phase of evaporite deposition should
occur during a period of global warming. So, the drastic
vegetational changes recorded at Maccarone after
5.5 Ma may not be due to a cooling but rather to
regional environmental changes. In fact Maccarone is
certainly not a «key-site» for understanding the climate
during the Messinian salinity crisis. The pressure of
environmental change is so severe that it is difficult to
distinguish the relative effects of the climate and/or of
the supposed flooding.

The Messinian salinity crisis is a phenomenon in the
Mediterranean region, and its influence certainly
extends beyond the Mediterranean region, but it is
difficult to extricate all the mechanisms involved.
Generally, the Messinian salinity crisis is thought to be
linked to a eustatic control (Kastens, 1992; Zhang and
Scott, 1996), but the timing of the isotope events
compared with the chronology of the crisis suggests that
global sea-level variations are not alone responsible for
the beginning or the end of the crisis (Hodell et al.,
2001; Vidal et al., 2002). In the same way, the climatic
evolution in the western Mediterranean area shows that
the climate is not the direct cause of the Mediterranean
desiccation, as the Mediterranean region was subjected
long before the crisis to continuously high evaporation
(this study; Suc and Bessais, 1990; Bertini, 1994a,b;
Bertini et al., 1998; Warny and Wrenn, 2002; Warny et
al., 2003). It, therefore, now seems clear that the main
factor leading to this event is the closure of the Rifian
corridor after that of the Betic corridor, isolating the
Mediterranean Sea from the Atlantic Ocean (Clauzon et
al., 1996; Krijgsman et al., 1999a,b).

Of course, other mechanisms, all more or less
interdependent, are also involved in this event, such as
global climate evolution, global eustasy, sea temperatures,
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ocean circulation, and ice volume variation (Antarctic
and Arctic). Knowing that the Mediterranean Sea is
supplied mainly by Atlantic waters, closure of the
passage from the Atlantic to the Mediterranean,
associated with a known global sea-level drop (Vidal
et al., 2002), led to evaporation being more important
than filling and, as a consequence, to the desiccation of
the basin. On the other hand, it has been proposed that
the abrupt regional sea-level rise that reflooded the
Mediterranean Sea may have been related to accelerated
ice volume reduction caused by a thinning of the
Antarctic ice sheet (Warny et al., 2003), and that this
facilitated erosion within the Gibraltar Strait and thus its
opening (Blanc, 2002).

5. Conclusions

An intensive pollen review allows us to present this
first regional synthesis for the period including the
Messinian salinity crisis. Two main contrasting areas are
evident with respect to the vegetation cover: a southern
Mediterranean area characterised by dominant open
vegetation growing under dry and warm conditions, and
a northern Mediterranean area inhabited by forest
assemblages (humid and warm conditions) especially
close to upland areas. Few changes are recorded in the
pollen diagrams, these being mostly linked to variability
in Pinus percentages controlled by variations in distance
of site from the shoreline, i.e. to eustatic variations. This
suggests that no significant climatic change occurred
during the studied period, an inference confirmed by
climate quantification. Some megathermic elements
disappear from the Mediterranean realm at the Messi-
nian—Zanclean transition: the most impressive concerns
the mangrove element Avicennia. Our observations
suggest that its regional extinction was caused by its
inability to survive in increasingly saline coastal
environments as the Mediterranean Sea was desiccating.
A noticeable expansion of herbs (including subdesertic
elements such as Lygeum) to the north occurred between
5.5 and about 5.4 Ma, i.e. when the Mediterranean Sea
had become desiccated. This migration might be related
to increasingly harsh conditions in the desiccated areas
without the need to invoke a climatic change towards
drier conditions some 4—5° northward in latitude. It is
probable that migration of plants was induced by a
striking increase in dryness over the central Mediterra-
nean. For example, subdesertic herbs could have moved
to the north and tropical—subtropical elements to the
southeast without climatic conditions in these areas
changing significantly as a response to the desiccation
of the Mediterranean. So, the proposed increase in

moisture in the southeastern Mediterranean might have
been lower than that deduced from the regional
geomorphological response to the salinity crisis.

From this study we are able to answer the two
questions asked in the introduction: (1) has the climate
played a role in triggering the Messinian salinity crisis?
and (2) has the Messinian salinity crisis changed the
climate in the Mediterranean region?

Regarding the first question, climate was not the
direct cause of the Messinian salinity crisis. This is also
evident from the 6'%0 records. Indeed, the Mediterra-
nean region was submitted to continuously high
evaporation long before the crisis, especially in the
south. Given that the Mediterranean Sea is supplied
mainly by Atlantic waters, a closure of the passage from
the Atlantic to the Mediterranean led to evaporation
unrestored by entry of oceanic waters, i.e. to a negative
regional hydrological budget.

Regarding the second question, the Messinian
salinity crisis seems not to have changed the climate
in the Mediterranean region, in particular in the
southwestern area, where the climate was very dry and
warm before, during and after the event. Some other
climatic variations (weak decrease in precipitation at the
beginning of the crisis in the Black Sea region,
increasing precipitation and decreasing temperatures at
the end of the Messinian at Maccarone) may be related
to artefacts. Indeed, some vegetation changes are more
due to environmental variations (sea-level change) than
to climatic changes. This result seem to be confirmed by
model simulations (Fluteau et al., 2003) that show no or
little changes in the Mediterranean region and in the
Rifian area (Atlantic side). On the other hand, these
authors show that the Messinian salinity crisis seems to
influence deeply the summer monsoon in Asia (shift to
the West, temperature decrease over India) and Africa
(weakening of precipitation). But the lack of data avoids
to validate these results.
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Abstract: This synthesis incorporates the 16 most important pollen records available across the
North Mediterranean region sensu lato for the last 2.7 Ma. Their location is discussed with respect
to the present-day bioclimatic Mediterranean realm. A special effort has been made to redraw,
where necessary, the pollen records in terms of modern cyclostratigraphy. The complexity of the
evolution of the Mediterranean flora and vegetation as forced by the climatic cycles is evident. The
influence of the latitudinal thermic (and xeric) gradient is confirmed, and the superimposition of a
longitudinal gradient, forced by the Asian monsoon, is considered. The Mediterranean flora and
vegetation were not altered by any important event during the Early-Middle Pleistocene transition

between 1.2 and 0.7 Ma.

This paper presents a synthesis of the vegetational
and climatic evolution within the bioclimatically
defined Mediterranean realm for the crucial time-
window of 1.2-0.7 Ma. During this interval, 40 ka
obliquity-forced climatic cycles were progressively
replaced by c. 100 ka glacial-interglacial oscilla-
tions paced by multiples of 20 ka precession cycles
(Ruddiman 2003; Maslin & Ridgwell 2005). The
aim is to document changes that occurred, or did not
occur, in this region in response to this global uphea-
val in climate pattern, known as the mid-Pleistocene
revolution. In order to gain a broad insight based on
pollen records, it is necessary to widen the spotlight
beyond 1.2-0.7 Ma and include pollen data from 2.7
Ma to the present day. This record starts at the begin-
ning of pronounced climatic cycles in the northern
hemisphere, and provides a long chronological record
from the Praetiglian Stage to the Holocene (Zagwijn
1975) during which time the effects of successive
types of climatic cycle have been experienced.

The bioclimatic Mediterranean realm is today
defined using the seasonal distribution of temperature
and precipitation, summer (the warmest season) being
dry (Quézel & Médail 2003). This realm is clearly
delimited (Fig. 1), and is subdivided into several belts
according to temperature namely the thermo-
Mediterranean (m >3°C), meso-Mediterranean (0°C
<m<3°C), supra-Mediterranean (—3°C<m<
0°C), mountain-Mediterranean (—7°C<m <3°C)
and oro-Mediterranean (m < —7°C) belts, where ‘m’
is the mean of the minima of the coldest month
(Quézel & Médail 2003). The thermo-Mediterranean
beltis characterized by a plant associationrichin Olea
europaea, Ceratonia siliqua, Chamaerops humilis,
Pinus halepensis, P. brutia, Juniperus phoenicea,
Myrtus communis, Pistacia lentiscus, P. terebinthus

and Lygeum spartium, while the meso-Mediterranean
belt also includes Olea europaea, several evergreen
species of Quercus (e.g. Q. ilex, Q. coccifera, Q.
suber), Pinus halepensis, P. brutia, Phillyrea and
Pistacia. The supra-Mediterranean belt is rich in
deciduous Quercus with Ostrya and Carpinus orien-
talis; the mountain-Mediterranean belt comprises
Pinus nigra, Cedrus, Abies, Fagus and Juniperus; and
the oro-Mediterranean belt consists mainly of
Juniperus and prickly xerophytes (Quézel & Médail
2003). In addition, types of vegetation depend on the
superimposition of the amount of rainfall: desert
(perarid bioclimate: mean annual precipitation
(MAP) <100 mm); steppe rich in Artemisia and other
herbs (arid bioclimate: 100 < MAP < 250 mm);
forest-steppe with Artemisia, Pinus halepensis,
Juniperus and scarce evergreen Quercus (semiarid
bioclimate: 250 < MAP <600 mm); evergreen forest
with sclerophilous oaks, Pinus pinaster and P. pinea
(subhumid bioclimate: 600 < MAP < 800 mm); and
mixed forest with deciduous oaks, Fagus and conifers
such as Cedrus and Abies (humid bioclimate: MAP >
800 mm) (MAP values: if m = 0°C; Quézel & Médail
2003). However, Artemisia steppes are significant in
several contexts: they generally correspond to dry
environments (steppes with xeric forcing), but others
can develop at high Mediterranean altitude under ele-
vated precipitations (steppes with thermal forcing;
Quézel & Barbero 1982).

The modern bioclimatic Mediterranean realm is
known to have existed since 3.6 Ma (Suc 1984), i.e.
the mid-Pliocene, at a time when the Alpine massifs,
such as in the French Southern Alps, Calabria,
Peloponnesus and South Anatolia, were less elevated
than today. For example, a reconstruction based on
pollen data and geomorphology indicates that the

From:HEAD, M.J. & GIBBARD, P.L. (eds) 2005. Early-Middle Pleistocene Transitions: The Land—Ocean Evidence. Geological
Society, London, Special Publications, 247, 147-158. 0305-8719/05/$15 © The Geological Society of London 2005.
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Border ol the
Mediterranesm
vipetation and
climalye

L Pollen Incalities

Fig. 1. Map of the Mediterranean region including the pollen localities discussed and the border of the Mediterranean-
type vegetation and climate (Quézel & Médail 2003). Localities: 1, Garraf 1; 2, Banyoles; 3, Bernasso; 4, Saint-
Macaire; 5, Ceyssac; 6, Seneze; 7, Bresse; 8, Pianico—Sellere; 9, Upper Valdarno; 10, Colle Curti and Cesi; 11, Acerno;
12, Camerota; 13, Vallo di Diano; 14, Crotone; 15, Zakynthos; 16, Tenaghi Philippon.

Mercantour Massif (French Southern Alps) was 30%
less elevated in the Early Pliocene than today
(Fauquette e al. 1999). Similarly, the Silla Massif
(Calabria) is estimated to have been 20% lower
during the Early Pleistocene than today (Ciaranfi et
al. 1983). Nevertheless, despite significant subse-
quent mountain uplift, the modern bioclimatic subdi-
vision of the Mediterranean realm was already in
place at that time (Suc et al. 1995b) and was merely
amplified during the Late Pliocene and Early
Pleistocene (Suc et al. 1995a). Therefore, compari-
sons will be made in this paper between pollen sites
located within the bioclimatic Mediterranean realm
and those beyond it (Fig. 1; Quézel & Médail 2003),
in order to appreciate fine differences in vegetation
irrespective of whether the localities belong to the
earliest or most recent glacials and interglacials. In
addition, the aforementioned ambivalent significance
of modern Artemisia steppes was recently empha-
sized for the Late Pliocene and Early Pleistocene of
the north-central Mediterranean region (Subally &
Quézel 2002). This also requires comparison
between pollen localities of the Mediterranean realm
and those beyond.

This synthesis will be used to reinterpret the con-
sidered localities in terms of cyclostratigraphy, and
to propose a more accurate chronological assign-
ment than was available for most of them when they
were published (the exceptions being Sencze,

Crotone, Vallo di Diano, Zakynthos and Tenaghi
Philippon). The flora, vegetation and climate will be
discussed according to the location of the pollen
records. Finally, some relevant discrepancies noted
between the northwestern and northeastern Medi-
terranean climatic patterns will be discussed.

Floral and vegetational changes, and
climatic cycles in the North Mediterranean
realm

The pollen localities at Garraf 1, Zakynthos and
Crotone are marine, the last of these being just 30 km
from present-day elevations of 1700 m. However,
most sites are lacustrine, and some are today located
at altitudes below 200 m, i.e. Saint-Macaire,
Banyoles, Bresse and Tenaghi Philippon, of which
the last three are just 30 km from present high relief
of 1000—1500 m. Other localities are now at low alti-
tudes of 200-300 m, i.e. Upper Valdarno, Camerota,
and Pianico-Sellere, but are immediately sur-
rounded by high relief of 1200-2500 m. Some local-
ities are at mid-altitudes of around 500 m, i.e.
Bernasso and Seneze, and surrounded by old pla-
teaus of only 700 m, whereas Vallo di Diano is sur-
rounded by still uplifting high massifs of 1000 to
1600 m. Other localities are at rather high altitudes
of 700-850 m, i.e. Ceyssac, Cesi, Colle Curti and
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Acerno, and are surrounded by high massifs of 1000
to 1600 m; an exception is Ceyssac which belongs to
the old French Massif Central, and the present alti-
tude of the surroundings is now probably higher than
during the mid-Pleistocene.

Synthetic pollen diagrams have been constructed
according to Suc (1984): plants are grouped accord-
ing to the ecological significance of their modern
representative, and/or to their behaviour within
the pollen diagrams, e.g. Cathaya and the
Cupressaceae. The pollen diagrams generally show
regular alternations between thermophilous trees
and herbs corresponding to successive climatic
cycles. These cycles are supported in some cases by
oxygen isotope curves obtained from the same sam-
pling, notably at Crotone (Combourieu-Nebout &
Vergnaud Grazzini 1991), Vallo di Diano (Russo
Ermolli 1994) and Zakynthos (Subally et al. 1999)
(Figs 2 & 3).

First, the accurate age of each locality will be pre-
sented and/or discussed in terms of cyclostratigra-
phy with respect to the reference oxygen isotope
curves of Tiedemann et al. (1994) for Ocean Drilling
Program (ODP) Site 659 (Central Eastern Atlantic
Ocean) and Shackleton et al. (1995) for ODP Site
846 (Central Eastern Pacific Ocean) (Figs 2 & 3).
Special attention will then be paid to the significance
of vegetational changes as documented by pollen
data, before examining whether or not the 1.2-0.7
Ma transition from Early to Middle Pleistocene is
characterized by change.

Pollen diagrams and cyclostratigraphy since
2.6 Ma (Figs 2 & 3)

The Garraf 1 pollen diagram records the earliest
glacial-interglacial cycles as constrained by its reli-
able biostratigraphy (Suc & Cravatte 1982). The
illustrated part of the section shows successive peaks
of steppe plants that probably correspond to even
numbers of Marine Isotope Stages (MIS) from 108
to 98.

The Bernasso record (Suc 1978) is earlier than the
Olduvai Subchron according to radiometric and
magnetostratigraphic dating (Ambert ez al. 1990). It
can be considered as extending from MIS 82 to 78
according to the aspect of the pollen record (two
strong glacials separated by an interglacial, itself
interrupted by a moderate brief cooling). The Seneze
record (Elhai 1969) has recently been more accu-
rately constrained by radiometric ages and palaeo-
magnetism: it belongs to the interval corresponding
to MIS 85 to 76 (Roger et al. 2000). The Ceyssac
composite section is dated at its top by radiometric
ages of several volcanic outflows (Ablin 1991). A re-
reading of its pollen record suggests that the lower
part of the section, which has been correlated with

the Seneze pollen diagram (Ablin 1991), covers a
more or less continuous time-span from MIS 83 to
74; its upper part would belong to MIS 21.

The Bresse succession comprises several localities
(including Sens-sur-Seille, Labergement-les-Seurre,
and Simard) and exhibits a very discontinuous pollen
record dated by rodent biostratigraphy (Chaline &
Farjanel 1990); it can be considered as representing
MIS 107 or 105 and 100 to 98 for Sens-sur-Seille,
extending from MIS 55 to 53 for Labergement-les-
Seurre, and representing MIS 50 and 49 for Simard.
The Banyoles composite section corresponds to three
successive nested palaeolakes dated by mammal
remains and palacomagnetism (Julia Brugues & Suc
1980; Leroy 1990; Lgvlie & Leroy 1995). The dis-
continuous pollen record could cover MIS 35 to 34
and 25 to 24. Sediments of the Saint-Macaire maar
are reverse-magnetized and have an age of between
1.4 and 0.7 Ma (i.e. between two well-dated volcanic
outflows; Leroy et al. 1994); they correspond to a
strong glacial which could belong to MIS 34 or 22.

The Pianico-Séllere section (Moscariello et al.
2000) includes the Matuyama—Brunhes reversal
(Pinti er al. 2001) and consequently should cover
MIS 21 to 17. The composite Crotone series
(Semaforo and Vrica sections) benefits from a
detailed chronology that is based mainly on biostra-
tigraphy and magnetostratigraphy (Spaak 1983;
Pasini & Colalongo 1997; Rio et al. 1997) and

Fig. 2. (overleaf) Synthetic pollen diagrams of selected
Late Pliocene to Middle Pleistocene localities from the
northwestern Mediterranean region sensu lato (localities 1
to 8 in Fig. 1) with respect to their time control: Garraf 1
(Suc & Cravatte 1982), Bernasso (Suc 1978; Leroy &
Roiron 1996), Senéze (Elhai 1969), Ceyssac (Ablin 1991),
Bresse (Chaline & Farjanel 1990), Banyoles (Julia
Brugués & Suc 1980; Leroy 1990; Lgvlie & Leroy 1995),
Saint-Macaire (Leroy et al. 1994), Pianico—Sellere
(Moscariello et al. 2000; Pinti e al. 2001). The grey area
represents the time window 1.2-0.7 Ma. Two successive
reference oxygen isotope curves have been plotted:

(1) ODP Site 846 from Shackleton et al. (1995); (2) ODP
Site 659 from Tiedemann et al. (1994). Grouping of plants
follows Suc (1984): 1, Mega-mesothermic (e.g.
subtropical) elements (e.g. Taxodiaceae, Engelhardia,
Mpyrica, Microtropis fallax, Distylium); 2, Cathaya;

3, mesothermic (i.e. warm-temperate) elements (e.g.
Quercus, Carya, Pterocarya, Liquidambar, Carpinus,
Ulmus, Zelkova, Tilia); 4, poorly preserved pollen grains
of Pinus and Pinaceae; 5, meso-microthermic (i.e.
temperate) elements (Cedrus, Tsuga); 6, microthermic
(i.e. cold-temperate) elements (Abies, Picea);

7, palacoecologically insignificant elements; 8, aquatic
plants (e.g. Typha, Potemogeton); 9, Mediterranean
xerophytes (e.g. Olea, Phillyrea, Pistacia, Ceratonia,
Cistus, Quercus ilex type); 10, Cupressaceae; 11, herbs
(e.g. Asteraceae, Poaceae including Lygeum,
Amaranthaceae—Chenopodiaceae, Brassicaceae,
Apiaceae); 12, steppe elements (Artemisia, Ephedra).
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refined by an oxygen isotope stratigraphy allowing
direct correlation to the marine isotope record
(Combourieu-Nebout & Vergnaud Grazzini 1991).
The series represents a continuous pollen record
which runs from MIS 97 to 46 (Combourieu-Nebout
& Vergnaud Grazzini 1991; Combourieu-Nebout
1993).

The lower part of the Citadel section on Zakynthos
Island has been studied from biostratigraphic, mag-
netostratigraphic and oxygen isotope perspectives: it
represents a time-span from MIS 70 to 63 (Subally et
al. 1999). The chronological placement of the Upper
Valdarno composite section is given by mammal evi-
dence combined with palaeomagnetism (Albianelli
et al. 1995). Short, discontinuous pollen records
(Albianelli et al. 1995) might successively belong to
MIS 74,76, 70 and 65 based on their glacial or inter-
glacial status and vegetational dynamics. The
Camerota section has no precise time control and its
age is still debated (Russo Ermolli 1999). A compos-
ite pollen diagram is available which includes the
section of Brenac (1984) probably overlain by bore-
hole S1 of Russo Ermolli (1999). The presence, in
very low quantities, of Taxodiaceae, Engelhardia and
Sapotaceae pollen grains, and the absence of
Cathaya, supports a younger age for the palacolake
of Camerota than for the Crotone series (located in
the same area at low altitude). The importance of
mesophilous elements seems in agreement with
‘warmer’ glacial-interglacial cycles and fits well
with MIS 43 to 39.

The mid-altitude Colle Curti and Cesi sections
contain mammal faunas and are calibrated by palae-
omagnetic reversals (Jaramillo-Matuyama and
Matuyama—Brunhes; Coltorti et al. 1998). The
pollen record indicates successive glacial— intergla-
cial cycles (Bertini 2000) that may respectively cor-
relate with MIS 30 to 26 (Colle Curti) and 18 (Cesi).
The Vallo di Diano borehole benefits from good age
control (radiometric ages and oxygen isotope
record): it extends from MIS 16 to 13 (Russo Ermolli

Fig. 3. (previous page) Synthetic pollen diagrams of
selected Late Pliocene to Middle Pleistocene localities
from the central and eastern South Mediterranean region
(localities 9 to 16 in Fig. 1) with respect to their time
control: Upper Valdarno (Albianelli et al. 1995), Colle
Curti (Bertini 2000), Cesi (Bertini 2000), Camerota
(Brenac 1984; Russo Ermolli 1999), Crotone
(Combourieu-Nebout & Vergnaud Grazzini 1991;
Combourieu-Nebout 1993), Zakynthos (Subally et al.
1999), Vallo di Diano (Russo Ermolli 1994), Acerno
(Munno et al. 2001), Tenaghi Philppon (Wijmstra &
Groenhart 1983). The grey area represents the time
window 1.2-0.7 Ma. Two successive reference oxygen
isotope curves are plotted: (1) ODP Site 846 from
Shackleton et al. (1995); (2) ODP Site 659 from
Tiedemann et al. (1994). Plant groups are as listed in
Figure 2 caption.

1994). The Acerno section, which includes a tra-
chytic tuff dated at 297 ka, shows a complete cli-
matic cycle (Munno et al. 2001) probably running
from MIS 10 to 8. The reference Tenaghi Philippon
long pollen record (Wijmstra & Groenhart 1983)
represents a time interval that is reliably correlated
with marine isotope stratigraphy, i.e. from MIS 25 to
1 (Mommersteeg et al. 1995).

Changes in the North Mediterranean
vegetation and flora between 2.6 Ma and
today (Figs 2 & 3)

The actual relevance of the Mediterranean steppe
vegetation (herb-dominant pollen assemblages rich
in Artemisia) to glacial phases has been established
according to three distinct approaches:

e itsrecord at Tenaghi Philippon immediately pre-
ceding the development of Holocene forest (Van
der Hammen et al. 1971; Wijmstra & Groenhart
1983);

e itsrecord in the Autan 1 and Garraf 1 boreholes
as the first steppe development of the Late
Pliocene (Cravatte & Suc 1981; Suc & Cravatte
1982);

e its correspondence with the oxygen isotope
record from the Crotone series (Combourieu-
Nebout & Vergnaud Grazzini 1991).

A transect of pollen records from northwestern
Europe to the Mediterranean allowed Suc &
Zagwijn (1983) to reconstruct the vegetation of the
Last Glacial: in addition to the continuous preva-
lence of herbs, this transect shows a southward
increase in Artemisia with a significant threshold
when entering the Mediterranean bioclimatic realm.
Such a trend is found again here when comparing the
Bresse and Pianico—Sellere glacial pollen floras
(located distinctly outside of the Mediterranean bio-
climatic realm with respect to latitude; Fig. 1) with
others presented on Figure 2, whatever their age
(earliest or most recent climatic cycles). Similar lati-
tudinal and mostly palaeoaltitudinal features dis-
criminate the Colle Curti and Cesi pollen diagrams
(North Apennines) from others in southern Italy
(Camerota and Vallo di Diano) shown on Figure 3.
Hence, the development of Artemisia steppe, when
represented by widespread herbs, depends not only
on the latitude but also the altitude and probably the
location of the area with respect to the circulation of
air masses. The present-day Artemisia steppes are
linked to arid and subarid bioclimates (Quézel &
Meédail 2003). For example, Artemisia steppe never
expanded significantly at the expense of conifer
forest in the Po Valley during glacials. This is
explained by the high moisture present in the area
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since the earliest climatic cycles (Fauquette &
Bertini 2003; Ravazzi 2003). To the south of the Po
Valley (Upper Valdarno, Colle Curti and Cesi), the
absence or sparseness of Artemisia steppe is prob-
ably due to the humidity even during glacials (and
still persisting) at mid-altitude localities surrounded
by relatively high massifs.

In the Mediterranean realm, glacials are generally
characterized by an outstanding increase in herbs,
especially Artemisia. Nevertheless, the percentage
of Artemisia varies not only with the geographical
features of the pollen site (latitude, palaeoaltitude,
palaeoaltitude of the surrounding massifs, etc.) but
also with the related time interval. For example,
most of the earliest glacials show elevated percent-
ages of Artemisia (Garraf 1, Bernasso, Senéze and
Ceyssac in Fig. 2; Crotone in Fig. 3) that denote drier
conditions corresponding to cooler phases as docu-
mented by the oxygen isotope record (MIS 100 and
98, 96, 82 and 78 representing higher values of
3180). (It should be noted that the high percentages
of Pinus pollen, which is greatly concentrated by
transport to marine sedimentary basins, consider-
ably reduces the percentages of other taxa, including
Artemisia). The same phenomenon is observed
within younger glacials (Saint-Macaire in Fig. 2;
Crotone and Camerota in Fig. 3), consecutively
relating to MIS 62, 58, 50 and 40, and then 34 or 22.

In contrast, the earliest interglacials are less
heterogenous. They generally show a well-developed
forest (see Bernasso, Seneze and Ceyssac; Fig. 2),
characterized by an enrichment southwards in mega-
mesothermic trees such as the Taxodiaceae (Crotone
in Fig. 3). The vegetation during younger intergla-
cials was more homogenous (Banyoles and
Pianico—Sellere in Fig. 2) because of the disappear-
ance of mega-mesothermic elements in southern
Europe (Camerota, Vallo di Diano, Acerno and
Tenaghi Philippon, Fig. 3). Nevertheless, the
north—south thermal gradient was not alone in con-
trolling the extinction of thermophilous elements,
which may have persisted longer in some protected
areas such as the Bresse.

When looking at the long pollen sequences of
Crotone and Tenaghi Philippon, which together
cover almost all the considered time-span, it is clear
that various types of interglacial forests succeeded
one another: mixed forests characterized by large
amounts of Taxodiaceae (Sequoia-type pollen
grains), mixed forests where Cathaya (an altitudinal
conifer living today in subtropical China) prevailed,
mixed forests more equitably dominated by
Taxodiaceae and deciduous trees, and forests exclu-
sively composed of deciduous trees (Fig. 3). This
record respectively concerns: (1) MIS 97 to 75, then
(2) 73 to 51, then (3) 49 to 35, and finally (4) 31 to 1.
It denotes four long climatic intervals as established
by Zagwijn (1975), successively consisting of: (1)

long warm interglacials with cool-temperate glacials
(Tiglian A-B); (2) temperate long (Tiglian C)
and shorter (Eburonian) interglacials with cooler
glacials; (3) warm-temperate long interglacials
(Waalian) with cool-temperate glacials; and (4)
warm-temperate brief interglacials with longer and
colder glacials (Menapian to present). This analysis,
obvious in the northern Mediterranean region when
considering the amount of subtropical and then
warm-temperate trees remaining during glacials,
supports the validity of Zagwijn’s (1975) subdivi-
sions. These so-called megacycles have recently
been relaunched on the basis of oxygen isotope
records by Kukla & Cilek (1996).

In addition, it has been demonstrated by
Combourieu-Nebout (1993) for the Crotone succes-
sion that vegetation dynamics during intergla-
cial-glacial transitions 2.4 Ma ago were almost the
same as for the recent climatic cycles, based on the
reconstruction of Van der Hammen ef al. (1971):
temperature increased prior to precipitation which
continued to increase even when temperature started
to decrease. Such vegetational dynamics are obvious
not only at Crotone (Fig. 3) but also at Seneze,
Ceyssac, Vallo di Diano and Camerota, and to a
lesser degree at Bernasso (Figs 2 & 3).

However, such a synthetic framework is compli-
cated in the Mediterranean region by the effects
of latitudinal (and altitudinal) and longitudinal gra-
dients.

Effects of latitudinal and longitudinal
gradients on past Mediterranean vegetation
and flora

The influence of a north—south gradient is reflected
mainly in the thermophilous trees. Coeval pollen
records show an increased quantity of thermophi-
lous elements to the south, a trend that becomes
evident when comparing the Senéze (Fig. 2) and
Crotone (Fig. 3) pollen records, especially for the
Taxodiaceae. Furthermore, the progressive disap-
pearance of these thermophilous elements, which
are today absent from the Mediterranean realm,
occurred predominantly from north to south (Suc
1996; Popescu 2001; Suc et al. 2004) where they
persisted until about 1 Ma ago (data from
Caltagirone in Sicily: study in progress), i.e. when
more severe climatic conditions began in the area.

In parallel, an important influence is also exerted
by the Asiatic monsoon which generates a longitudi-
nal gradient that results in the preservation of
thermophilous elements in the area, some of these
persevering into recent times or even the present
day: for example, the Taxodiaceae were still living
on the island of Rhodes 500 ka ago (Tsampika
section, study in progress), and Pterocarya,
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Liquidambar, Zelkova and Parrotia are still extant in
this region.

A problem was raised in the work of Subally et al.
(1999) for the Citadel section of Zakynthos Island,
which suggested that glacials are marked by the
development of mid- to high-altitude trees (Cedrus,
Tsuga, Abies and Picea), whereas interglacials are
indicated by herbs (including Artemisia). This inter-
pretation will be discussed in detail later.

What happened to the Mediterranean flora
and vegetation during 1.2-0.7 Ma?

The cooling at 0.9 Ma has been considered severe
(Ruddiman et al. 1989). It probably corresponds to
MIS 22 which reflects strongly increased 8'30
values. In terms of pollen percentages, and conse-
quently of vegetation changes, this event is not strik-
ingly expressed. For example, in Catalonia and the
Po Valley, there is no evidence within the pollen
records for a greater expansion of open vegetation
during glacials and a reduction of forests during
interglacials. It seems that only the composition of
the plant ecosystems changed significantly. Because
of the low number of pollen data across this interval,
only a few regions document what happened at this
climatic break: Catalonia, Languedoc and the Po
Valley in the northwestern Mediterranean region,
and southern Italy.

Suc (1986) has discussed this scenario for the
northwestern Mediterranean province. One major
step occurred beforehand, at 3.6 Ma, with the estab-
lishment of a Mediterranean-like climate (i.e. double
seasonality). It caused a severe impoverishment of
thermophilous elements requiring humidity all year
long (e.g. Engelhardia, Platycarya, Rhoiptelea,
Sapotaceae, Menispermaceae, Taxodiaceae, Sym-
plocos, Microtropis fallax, Distylium, Hamamelis).
However, some elements persisted, such as
Liquidambar, Carya, Pterocarya, Zelkova, Parrotia
persica, Eucommia, Cedrus, Cathaya and Tsuga.
Their disappearance from this area seems to have
occurred during the early Middle Pleistocene. Mean-
while, the composition of the Arfemisia steppes
changed considerably: from 2.6 to c¢. 1 Ma, they
included some thermophilous herbs and shrubs, such
as Phlomis fruticosa and Cistaceae. The younger
steppes lost these elements but contained more
Cupressaceae and, especially, Hippophae rham-
noides. This probably corresponds to a lowering in
temperature.

In southern Italy, a similar scenario characterized
the extinction of thermophilous plants, but here
it occurred later. Engelhardia, Sapotaceae, and
Distylium were still present at Camerota (Brenac
1984; Russo Ermolli 1999) and in a slightly younger
Sicilian section (Caltagirone: study in progress)

during the Early Pleistocene. Their extinction prob-
ably occurred at about 1 Ma because they are absent
from the Vallo di Diano pollen record (Russo Ermolli
1994). Taxodiaceae, Liquidambar, Carya, Ptero-
carya, Zelkova, Eucommia, Cedrus, Cathaya and
Tsuga were still present at Vallo di Diano (Russo
Ermolli 1994). Some thermophilous plants (Zelkova,
Pterocarya) were to disappear from the Rome region
during the last interglacial (Follieri 1979; Follieri et
al. 1986). Zelkova is still living (in very harsh condi-
tions) in Sicily (Di Pasquale et al. 1992). In contrast
to the northwestern Mediterranean region, herbs and
shrubs associated with the Artemisia steppes do not
show any change at about 1 Ma. They continued to
include many Mediterranean thermophilous xero-
phytes such as Lygeum and Neurada.

This overview shows just how important latitude
is for understanding vegetational and floral changes
in southern Europe during the Early-Middle
Pleistocene transition.

Possible discrepancy between the
northwestern and northeastern
Mediterranean regions

Repeated advances of Mediterranean Artemisia
steppes have been understood as corresponding to
glacials, based on the Last Glacial and earliest
glacial records (Suc & Zagwijn 1983). For the earli-
est glacials, this hypothesis was supported by pollen
and oxygen isotope analyses on the same samples
from the Crotone series (Combourieu-Nebout &
Vergnaud Grazzini 1991). However, this reassuring
scenario was contradicted by the results of Subally
et al. (1999) for Zakynthos Island. Here, oxygen
isotope and CaCO, measurements were performed
on the same samples as those used for pollen analy-
sis. The curves show, for the Olduvai time interval,
close similarity to the reference global oxygen
isotope curve (Site ODP 846: Shackleton et al.
1995) and the oxygen isotope curve recorded by
Combourieu-Nebout & Vergnaud Grazzini (1991)
for Crotone. Pollen analyses on Zakynthos Island
sediments were performed using the same method as
for Crotone, and the sediments corresponded to a
similar marine environment (rather deep but rela-
tively coastal terrigenous clays). Pollen grains were
transported from nearby lands that included elevated
relief (the Silla Massif for the Crotone series, the
Peloponnesus Massif for Zakynthos). This means
that these pollen results can be directly compared,
the reliability of pollen data from marine coastal
deposits for vegetational reconstruction being long
established (Suc et al. 1999). For Zakynthos,
Subally et al. (1999) concluded that Artemisia
steppe developed during interglacials and Cedrus
forest during glacials, indicating that glacials were
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dry to the west and humid to the east, interglacials
humid to the west and dry to the east. The ambiguity
in the pollen signal could come from the wide eco-
logical range of the genus Artemisia sensu lato
which shows the full climatic distribution from
perarid and very warm conditions to humid and very
cold ones (Subally & Quézel 2002). An intensive
investigation is presently underway on the modern
pollen of Artemisia as well as on fossil specimens
from the Late Cenozoic of the Mediterranean area as
a means to distinguish ‘cool’ and ‘cold’ Artemisia
species from ‘warm’ ones using pollen morphology
(Suc et al. 2004).

Horowitz (1989) suggested that such opposition
between eastern and western Mediterranean regions
has existed since the earliest climatic cycles, i.e.
since 2.6 Ma. His hypothesis was based on the
present-day strong climatic difference between the
southeastern and the northwestern Mediterranean
regions (which may increase further in the context of
ongoing global warming: IPCC 2001). He consid-
ered that this phenomenon results from variations in
the influence of the Asian monsoon that already
existed during the Early Pliocene (Zhisheng et al.
2001). Bar-Matthews et al. (1997) have contested
this hypothesis by proposing that the eastern
Mediterranean region was characterized by an
increase in precipitation during interglacials and a
reduction during glacials on the basis of the last
deglaciation and Holocene. But this idea was
recently moderated somewhat, with maximum rain-
fall and low temperature being able to be coeval, and
likewise a decrease in rainfall and increase in tem-
perature (Bar-Mathews et al. 2003). This means that
the matter is not completely resolved because some
time lags have been evidenced for the Middle
Pleistocene: (1) between Artemisia maxima and
maxima of other herbs for the Middle Pleistocene in
the Peloponnesus (Okuda et al. 2002); and (2)
between Artemisia maxima and the oxygen isotope
curve (Capraro et al. 2005).

In addition, an example of the early existence (in
the Early Pliocene) of some climatic opposition
between southeastern and southwestern Europe is
provided by pollen records from SW Romania com-
pared to sapropel deposition in the Central
Mediterranean Basin with respect to astronomical
cycles (Popescu et al. in press). In the latter, sapropels
(related to precession minima) are better expressed
during eccentricity maxima (Hilgen 1991). In con-
trast, increasing moisture in SW Romania, character-
ized by expansion of marshes (also in correspondence
with precession minima), is better expressed during
minima of eccentricity (Popescu et al. in press).
Accordingly, the intensity of maxima in humidity
(occurring during minima of precession) alternated
between the western and eastern Mediterranean
regions according to fluctuations in eccentricity.

Conclusions

Sixteen pollen localities have been used for this syn-
thesis which provides a good opportunity to recali-
brate selected records in terms of modern
cyclostratigraphy.

This overview emphasizes the complexity of
changes in flora and vegetation related to climatic
cycles in the Mediterranean realm between 2.7 Ma
and today. Undoubtedly, the latitudinal thermal (and
xeric) gradient (and its altitudinal equivalent) con-
trolled most of this evolution. The timing of disap-
pearances of thermophilous plants in a north—south
orientation is a clear consequence of this forcing, as
well as the persistence of ‘warm’ steppes to the south
after 1 Ma. In addition, a longitudinal Mediterranean
gradient is superimposed on the previous one,
reflecting the influence of the Asian monsoon. The
question of the existence of some (discontinuous?)
discrepancy between northeastern and northwestern
Mediterranean regions during glacials and intergla-
cials is not completely resolved and requires further
research. No important event characterized the
1.2-0.7 Ma Early—Middle Pleistocene transition in
the Mediterranean flora and vegetation.

This paper is a contribution to the French Programme
‘Environnement, Vie et Sociétés’ (Institut Francais de la
Biodiversité). It has also been supported by the
Italian-French Programme ‘Galileo’. M.J. Head is
acknowledged for improving the English, and the two
reviewers, A. Horowitz and P.C. Tzedakis, are thanked for
their constructive comments.
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ABSTRACT

A recently published scenario viewing the Messinian salinity crisis as two evaporitic steps rather than
one has led to a search for new indices of the crisis in the Eastern Paratethys. Fluvial processes
characterized the southwestern Dacic Basin (Southern Romania, i.e. the Carpathian foredeep)
whereas brackish sediments were continuously deposited in its northern part. This is consistent with
previously evidenced responses of the Black Sea to the Messinian salinity crisis. High sea-level
exchanges between the Mediterranean Sea and Eastern Paratethys are considered to have occurred
just before and just after desiccation of the Mediterranean. This accounts for two successive
Mediterranean nannoplankton-dinocyst influxes into the Eastern Paratethys that, respectively, belong
to zones NN 11 and NN 12. Meanwhile, two separate events that gave rise to L.ago Mare facies (with
Paratethyan Congeria, ostracods and/or dinoflagellate cysts) arose in the Mediterranean Basin in
response to these high sea-level exchanges and located 5.52 and 5.33 Ma (isotopic stages TG 11and TG
5, respectively), i.e. just before and just after the almost complete desiccation of the Mediterranean).
These Lago Mare facies formed independently of lakes with ostracods of the Gyprideis group that
developed in the central basins during the final stages of desiccation. The gateway faciliting these
water exchanges is not completely identified. A proto-Bosphorus strait seems unlikely. A plausible
alternative route extends from the northern part of theThessaloniki region up to the Dacic Basin and
through Macedonia and the Sofia Basin. The expression ‘Lago Mare’ is chronostratigraphically
ambiguous and should be discontinued for this purpose, although it might remain useful as

a palacoenvironmental term.

INTRODUCTION or less separated brackish to freshwater basins (Stevanovi¢
etal., 1990).

Normal connections between the Mediterranean Sea
and Paratethys are therefore commonly considered to have
ended in the Late Miocene. Nevertheless, Paratethys
seems to have had a strong influence on the Mediterranean

The relationships between the Mediterranean Sea and the
Paratethys realm have been debated for a long time (Senes,
1973). Before 16 Ma, connections were unobstructed and
faunal exchanges (planktonic and benthic foraminifers,
molluscs, dinocysts, etc) are almost continuously well
documented (Rogl & Steininger, 1983). From 12 Ma, Para-
tethyan conditions evolved into restricted marine environ-
ments (Sacchi etal.,1997), and the complete isolation of the
Pannonian Basin (Western Paratethys) is generally consid-
ered to have occurred in the early Tortonian (Magyar ez al.,
1999). Then, Paratethys became a succession of more

region during the Messinian salinity crisis, i.e. during the
so-called Lago Mare event (Cita et al., 1978a). In many
Mediterranean localities, the Lago Mare facies is charac-
terized by the presence of brackish shallow water fauna
(molluscs: Congeria, Dreissena, Melanopsis, etc.; ostracods:
Qyprideis pannonica gr., Loxoconcha, Tyrrhenocythere, etc) of
Paratethyan origin (Ruggieri, 1967; Cita & Colombo,
Correspondence: J.-P. Suc, Laboratoire PaléoEnvironnements et 1979). More recently, latest Miocene endemic Paratethyan

PaléobioSphére (UMR 5125 CNRS), Université Claude Bernard-  dinocysts including Galeacysta etrusca (Miller et al., 1999)
Lyon 1, 27-43 boulevard du 11 Novembre, 69622 Villeurbanne ~ have been frequently found in the Mediterranean (Corra-
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(Bertini et al., 1995; Bertini, 2002). It has been proposed
that the LLago Mare event was caused by the ‘capture’ of
Paratethyan waters by an almost desiccated Mediterranean
Basin (Hsti ez al., 1973, 1977), the specific process of which
is poorly documented (Cita, 1991). Another interpretation
is proposed by Orszag-Sperber et al. (2000) who consider
the LLago Mare event as the development of lakes within
depressions caused by strong erosion in the desiccated
Mediterranean without any direct linkage with Paratethys.
This resulted in a broad confusion between the marginal
and deep basin Lago Mare facies that is striking on Fig. 8
of Taccarino & Bossio (1999, p. 538) who postulate two suc-
cessive LLago Mare events in the late Messinian.

To explain both the Lago Mare facies in the Mediterra-
nean realm and some MiddleTortonian (Maeotian) Medi-
terranean brackish mollusks and ostracods in the Eastern
Paratethys (Rogl, 1996, 1998), Sprovieri ez al. (2003) have
envisaged a seaway between the Mediterranean Sea and
Paratethys in the area of the present Black Sea, and re-
peated exchanges forced by climate fluctuations since the
Tortonian.

An important part of the Eastern Paratethys constits of
the Dacic Basin (Fig. 1a, b). It corresponds to the Southern
Romania and is delimited to the north and west by the Car-
pathians, to the south by the Balkan Chain (i.e. the Moe-
sian Platform) and to the east by the Black Sea. This area
comprises the foredeep of the Carpathians and it acumu-
lated a very thick succession of terrigenous Neogene sedi-
ments (Marinescu et al., 1998). From the Early to Late
Miocene (i.e. from about 25 to 10 Ma), the Dacic Basin ex-
isted as a transitional basin between the Pannonian Basin
(Western Paratethys) and the Euxinian Basin (i.e. the wes-
tern part of the Eastern Paratethys which extended from
the present-day Black Sea across to the Aral Sea) (Rogl
& Steininger, 1983; Marinescu, 1992). At about 10 Ma, it be-
came the western appendage of the Euxinian Basin, the
connection between the two basins being moderately re-
stricted because of the presence of the Dobrogea horst
(Rogl & Steininger, 1983).

The discovery of some late Neogene calcareous nanno-
fossil floras both in Southern Romania (Mairunteanu,
1992) and the Crimea (Semenenko & Lyuljeva, 1978; Seme-
nenko & Olejnik, 1995) has presented a new means to
understand Late Neogene relationships between the
Mediterranean Sea and Eastern Paratethys, and has stimu-
lated an intensive and very fruitful research of nannofossils
in the Dacic Basin. Hence, almost seventeen recurrent dis-
coveries of Mediterranean nannofossil occurrences have
been recorded within the Dacic Basin from about 13.5 Ma
up to about 3.5Ma (Papaianopol & Mirunteanu, 1993,
Mirunteanu & Papaianopol, 1995, 1998; Drivaliari ez al.,
1999; Snel ez al., in press). This suggests that transient rela-
tionships occurred repeatedly between the Mediterranean
Sea and the Dacic Basin during the late Neogene.

Accordingly, we can consider the possible influence of
Mediterranean sea-level changes over the Eastern Para-
tethys: some Mediterranean sea-level drops might have
caused the fluvial drainage of Paratethyan waters into the

Mediterranean Basin; whereas some Mediterranean sea-
level rises might have caused the influx of marine surface
water in the Eastern Paratethys (Sprovieri ezal., 2003). Such
a process would explain the repeated nannofossil records
in the Dacic Basin. In particular, two successive Mediterra-
nean nannoplankton influxes have been recorded in
Bosphorian sediments of the northern Dacic Basin (Mar-
unteanu & Papaianopol, 1998; Snel et al., in press). These
sediments belong to the earliest Chron C3r (Snel ez al., in
press). The first influx correlates to Zone NNI11 zone, and
the second to Zone NNI2 (see Fig. 2 for the chronological
assignment of the NN11-NN12 boundary, characterized
by the disappearance of Discoaster quiqueramus and Trique-
trorhabdulus rugosus and/or the appearance of Ceratolithus
acutus: Berggren et al., 1995a, b). These data imply two brief
successive connections at high-sea level between the Med-
iterranean Sea and the Dacic Basin.

In the Black Sea, seismic profiles (Letouzey et al., 1978;
Gillet ez al., 2003; Gillet, 2004) and the results from three
coreholes (Sites 379, 380, 381; Fig. 1a) drilled on DSDP Leg
42B (Ross et al., 1978) suggest that the two main signatures
of the Messinian salinity crisis in the Mediterranean exist
in this basin: evaporite deposition in the abyssal plain, and
an erosional surface on the margin (Hsii & Giovanoli, 1979;
Gillet, 2004). Such a similar and coeval response of the
Black Sea to the Messinian salinity crisis in the Mediterra-
nean implies that the basins (including the Dacic appen-
dage) were connected at high-sea level just before the
crisis.

Several field investigations within the Dacic Basin start-
ing in 1998 (Clauzon & Suc, 1998) were organized to test the
hypothesis of Hsti & Giovanoli (1979). The Dacic Basin was
chosen because of its dense record of Late Neogene Med-
iterranean nannofossils that should document the most
elevated Mediterranean sea levels in the area. Moreover,
the lack of latest Miocene sediments in the Ticleni bore-
hole may be due to an erosional phase consistent with the
Messinian salinity crisis (Drivaliari e al., 1999). We focus
on the time interval 65 Ma, i.e. the period including two
major successive global low sea levels (isotopic
stages TG 22 and TG 20 of Shackleton ezal.,1995) and three
main high sea levels (isotopic stages TG 11, TG 9 and TG 5
of Shackleton ez al., 1995). Precise ages have been allocated
to these isotopic stages by Vidal er al. (2002). TG 22
(5.81 Ma), TG 20 (5.76 Ma), TG 11 (5.52 Ma), TG 9 (5.43 Ma)
and TG 5 (5.33 Ma). It has been established that the Messi-
nian salinity crisis belongs to the C3r reverse chron
(Gautier et al., 1994; Clauzon et al., 1996), its age (5.96—
5.33 Ma) being specified by Krijgsman ez al. (1999a). These
successive eustatic events are manifested in the Mediterra-
nean Basin by strong signatures (Clauzon et al., 1996),
respectively:

e the deposition of the marginal evaporites caused by a
moderate sea-level fall,

e the final phase of carbonate platform deposition on the
margins dated at about 5.60 Ma (Cornée et al., 2004)
and corresponding to a moderate sea-level rise,

2 © 2005 Blackwell Publishing Ltd, Basin Research, doi: 10.1111/j.1365-2117.2005.00269.x
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e the Messinian erosional surface cutting, depending on
the place, carbonate platform and marginal evaporites
(Clauzon, 1997), marginal evaporites (Delrieu ef al.,
1993; Fortuin ez al., 1995) or other older deposits (Clau-
zon, 1999), and corresponding to the deep desiccated
basin evaporites (strong sea-level drop),

e the earliest Zanclean high-stand characterized in
many places by Gilbert-type fan delta constructions
(Clauzon, 1990, 1999).

In the Northwestern Mediterranean region, the two last
signatures are obvious at the base of elevations, especially
at the outlet of deep transverse valleys (Clauzon, 1999). For
this reason, we have developed our field investigations
mainly in the area of Turnu Severin where the Danube Riv-
er achieves its crossing of the Carpathians (Iron Gates)
(Fig. 1b). If the Black Sea and Dacic Basin have been af-
fected by the Messinian salinity crisis, similar impacts

must also exist in the Turnu Severin area and on the
Northwestern Mediterranean region.

SIGNATURES OF THE MESSINIAN
SALINITY CRISIS

The Messinian salinity crisis induced two kinds of results:
immediate events as deposition of (marginal and deep ba-
sin) evaporites, and erosion of the shelf and downcutting of
deep subaerial canyons, and distant effects ranging from
the Gilbert-type fan delta mode of sedimentary filling of
the Zanclean rias, to the complete rebuilding of the shelf
(Lofieral., 2003). First, we will recount the main immedi-
ate and delayed) signatures of the Messinian salinity crisis
within the Mediterranean Basin and the resulting scenario
(Clauzon etal., 1996). We will then describe our field obser-
vations in the Dacic Basin and discuss if similar or distinct
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signatures might have existed in the Eastern Paratethys
and whether characterize the Messinian salinity crisis in
this area.

In the Mediterranean Basin

Evaporites deposited in the Mediterranean abyssal plains
(reported only by seismic records) are the first consequence
of the desiccation of the Mediterranean Sea (Hsii et al.,
1973, 1977, 1978b; Ryan ez al., 1973). The idea of an almost
complete desiccation of the Mediterranean Sea has been
supported by the dismantling of the Messinian margins
under a generalized erosional surface (Ryan & Cita, 1978;
Gorini ¢t al., 1993) and deep subaerial canyons along the
course of rivers (Chumakov, 1973; Clauzon, 1973, 1978,
1979, 1982, 1990) because of the strong drop in sea level.
The product of this erosion mostly accumulated in detritic
cones at the bottom of canyons (Rizzini ez al., 1978; Barber,
1981; Savoye & Piper, 1991; Lofi, 2002). The erosion of the
margins and their hinterland, especially by rivers, during
the Messinian salinity crisis created large voids that were
later occupied by Zanclean waters (the so-called Pliocene
rias: Denizot, 1952; Clauzon, 1990) and infilled by Zan-
clean sediments. Such depositional areas possess two pe-
culiarities from a sedimentary viewpoint: (1) they may
exceed 1000 m in thickness (Nile and Rhone rias) that is
unusual in a margin and (2) in space, interfluves parti-
tioned the deposition realm so that no lateral export of
material could occur from one ria to the next. As a conse-
quence, the Zanclean rias have served as outstanding sedi-
ment traps, depriving the basin of terrigenous material

(Hst er al., 1973; Cita et al., 1978a, 1999). The flooding of

the Mediterranean Basin by Zanclean marine waters dur-
ing the global high sea level of cycle TB3.4 (Haq ez al.,
1987) was sudden as evidenced by the general development
of downlap sedimentary constructions, i.e. the absence of
any transgressive interval, as observed both within the rias
(Clauzon er al., 1995) and in the deep basin (Lofi er al.,
2003). Accordingly, the high sea-level prisms are prograd-
ing Gilbert-type fan delta constructions (Clauzon, 1990,
1999; Clauzon ez al., 1995).

The time interval of the Messinian salinity crisis is now
well defined: it started just after the beginning of the Gil-
bert magnetochron (Chron C3r) (Gautier et al., 1994) and
more precisely at 596 Ma (Krijgsman ez al., 1999a) and
ended at 5.33 Ma. (Lourens ez al., 1996) in correspondence
with isotope stage TG 5 (Shackleton et al., 1995).

A scenario was proposed by Clauzon ezal. (1996) that re-
conciles discrepancies between previous models (deep ba-
sin—shallow water: Hsii et al., 1973; shallow basin—shallow
water: Nesteroff, 1973; deep basin—deep water: Busson,
1990). The so-called ‘two-step’ model has a new chronol-
ogy constrained by the oxygen isotope curve of Vidal ez al.
(2002) and tuned to the astronomical time-scale. It is also
compatible with the cyclostratigraphy proposed by
Krijgsman et al. (1999b) for the Italian evaporites (Fig. 2).
This scenario includes two evaporitic episodes forced by
two sea-level drops separated by a brief sea-level rise cor-
responding to the Upper Evaporites of Sicily (topped by
the Lago Mare Formation which is rich in Paratethyan ele-
ments Congeria, ostracods, and dinocysts and the Arenaz-
zolo Formation), and culminating in the nearest isotopic
low-""0 isotope stage (isotope stage TG 11: Shackleton
etal., 1995) (Fig. 2):
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(<D Ma |G.P.T.S. 5180 (%o vs. PDB) NN |Roussillon,var Sicily eep basin ((Po valley, Adriatic Sea) PASR'?;EEQYS
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Fig. 2. The two-step scenario for the Messinian salinity crisis (Clauzon ezal.,1996) and its various expressions on the margins and in the
deep basin. Chronology is based onVidal ez al. (2002). Late Miocene—FEarly Pliocene chronostratigraphic relationships between the
Mediterranean Sea and the Dacic Basin revised by Snel ez a/. (in press) are followed in the present work. Age of boundary between

nannofossil Zones NN11and NN12 is from Backman & Raffi (1997).
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e the first episode (596-5.64 Ma) was a global sea-level
drop of moderate amplitude (less than 100 m), includ-
ing glacial Antarctic isotope stages TG 22 and TG 20
(Shackleton er al., 1995), that precipitated marginal
evaporites (Sicily, Sorbas, Po Valley, Tyrrhenian realm)
in some more or less isolated basins;

e the second episode (5.52-5.33 Ma) was sea-level drop
of very large amplitude (1500-2000m) that dried up
most of the abyssal plains of the Mediterranean Sea,
resulting in the deposition of abyssal evaporites and
cutting of deep subaerial canyons. Some areas, such
as the Po Valley and Adriatic Sea, were not affected by
the second sea-level drop, and received persistent and
continuous brackish to freshwater sedimentation
(Corselli & Grecchi, 1984; Clauzon et al., 1997) (Fig. 2).

This scenario has some basic discrepancies with the mod-
els of Rouchy & Saint-Martin (1992), Butler ez al. (1995),
Riding ez al. (1998) and Krijgsman ez al. (1999b) that place
the Sicilian Upper Evaporites just before the Zanclean
flooding. The Sicilian Upper Evaporites (including the
TLago Mare and Arenazzolo episodes) are understood by
some of these authors as being the transgressive interval
before Zanclean flooding (Brolsma, 1976; Butler er al.,
1995; Krijgsman et al., 1999b). Such an interpretation is se-
verely contradicted by an absence of any earliest Zanclean
transgressive interval within the sedimentary filling of
Zanclean rias (Clauzon ezal., 1995). New offshore data rein-
force the absence of any transgressive interval in the basin
during the earliest Pliocene (Lofi ezal., 2003). Accordingly,
the Sicilian Upper Evaporites (including the Lago Mare
and Arenazzolo formations) cannot be considered to onlap
the margin at the Messinian/Zanclean transition as con-
sidered by Krijgsman ez al. (1999b). This supports our
positioning of the Sicilian Lago Mare at the end of the
sea-level rise which tops the first evaporitic phase
(Clauzon er al., 1996), i.e. in correspondence with the iso-
tope stage TG 11 according to the adopted chronology
(Fig. 2). In some places such as the Rhone Valley, the Barce-
lona area and the Corsica, a LLago Mare facies undoubtedly
belongs to the Zanclean deposits (Rhone Valley: Denizot,
1952; Ballesio, 1972; Barcelona area: Gillet, 1965; Almera,
1894; Corsica: Pilot et al., 1975; Magné et al., 1977),1.e. to iso-
tope stage TG 5 or later.

In the Eastern Paratethys: Dacic and
Euxinian Basins

Seismic profiles (Letouzey er al., 1978) and results from
three cored boreholes (Sites 379, 380, 381; Fig. la) during
DSDP Leg 42B (Ross et al., 1978) suggested that the two
main signatures of the Messinian salinity crisis in the
Mediterranean exist also in the Black Sea: namely, evapor-
ite deposition in the abyssal plain and a erosional surface
on the margin (Hsii & Giovanoli, 1979). At Site 380A (cored
in the deep basin), a coarse clastic pebbly breccia (19-m
thick) was recovered between 864.5- and 883.5-m depth.

It includes blocks of a stromatolitic dolomite considered
to have formed in an intertidal to supratidal environment
(Stoffers & Miiller, 1978). This suggests that the level of the
Black Sea was very shallow at that time, in agreement with
data from diatoms (less than 50-m water depth) (Schrader,
1978). According to Schrader (1978: p. 856), the comparable
horizon at the nearby Site 381, which was cored in a more
marginal position ‘contains only a few scattered freshwater
assemblages, and lies approximately 900 m above the one
at Site 380A’ Hsii & Giovanoli (1979) have interpreted these
data as evidence of the drop in level of the Black Sea to
1600 m below global sea level in asociation with the Messi-
nian salinity crisis in the Mediterranean. Such an interpre-
tation was also supported by the record of a seismic
reflector (reflector ‘S’) showing that the pebbly breccia is
related to a deltaic system, speculatively a Messinian ero-
sional surface in the Black Sea (Letouzey et al., 1978).
Such an interpretation is supported by a recent high-reso-
lution pollen study at Site 380A where the lowermost
Zanclean age of the aragonite overlying the pebbly
breccia is demonstrated according to a global climatostra-
tigraphic approach (Popescu, in press). All the major and
secondary climatic variations of the early Zanclean have
been recorded at Site 380 and exhibit the same range
in intensity as in other European regions regardless of lati-
tude or longitude. In addition, this study confirms the
coastal status of the uppermost laminated carbonates un-
derlying the pebbly breccia. Gillet (2004) has evidenced
a clear erosional surface below Pliocene and Pleistocene
deposits in several seismic profiles of the western Black
Sea, especially from Site 380 up to Site 381. This strikingly
confirms the previous assumptions of Letouzey er al.

(1978).

NEW DATA FROM THE WESTERN DACIC
BASIN

In order to validate these offshore data on land, the ero-
sional signature of the Messinian salinity crisis was
searched in the Dacic Basin along the Danube River that
is expected to have offered the same response as the other
large rivers (Rhone, Nile). Accordingly, we developed our
investigation at the outlet of the Iron Gates (Figs 1 and 3)
in the Turnu Severin area. Here, the Danube River has cut
a gorge through the Carpathians (Figs 3b and c), the con-
text of which is physiographically similar to Zanclean
Gilbert-type fan delta constructions evidenced in the
northwestern Mediterranean region, and demonstrates
the Messinian age to the underlying erosional surface
(Clauzon, 1999).

Evidence of a prominent Danube erosional
surface at the outlet of the Iron Gates

At Gura Viii (Figs Ib and 3), a strong erosional surface
that we refer to the Messinian salinity crisis cuts Jurassic
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limestones and is overlain by lateral Zanclean foreset beds
(Fig. 4). This erosional surface belongs to a past tributary
of the Danube River on its left side. The axial erosional
surface cannot be observed but is almost parallel to
the Danube’ modern thalweg according to geological
information given in the Exhibition Hall of the Iron
Gates 1 Dam. The dam was built on the Carpathian base-
ment which reached 35 m in altitude. Wells have penetrated
conglomerates just in front of the foreset beds. It is
deduced that the present-day thalweg, which is less steep
than the former one, intersects the erosional surface
downstream from the dam. The erosional surface was
mapped in this area but is not exposed downstream

(Fig. 3a).

The units of the Pliocene Gilbert-type fan delta
of Turnu Severin

At the outlet of the Iron Gates (Figs 1b and 3), the Danube
River cuts thick conglomerates, dipping 20° eastward on
average, that have been erroneously considered as Mid-
dle-Late Miocene in age (“Tortonian—Sarmatian” Savu &
Ghenea, 1967; Nastaseanu & Bercia, 1968) because of their
likeness to a detrital tilted formation overlying Badenian
clays 25km northward (Marinescu, 1978). The Turnu Se-
verin clastic exposure begins close the village of Gura Viii,
immediately donwstream from the Iron Gates 1 Dam, and
is only exposed along the left side of the Danube Valley and
valleys of its northern tributaries (Fig. 3).
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Late Neogene Mediterranean — Eastern Paratethys sea-level changes. Lago Mare deciphered

Zanclean foreset beds

N-NW

5-5E

200

E
@
el
=]
=
<L
Zanclean foreset beds
1 - ) .
00 "“'\ Messinian erosional surface
E Jurassic limestanes
T 1
0 1

Distance (km)

Messinian erosional surface

S

L. -—'.l—_.' S

g
S
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General view of the area. (b) Cross section at Gura Viii (section ‘@’on Figs 1b and 3a). (c) Detail of box C from Fig. 4b (dotted white line: the
Messinian erosional surface). (d). Detail of box D from Fig. 4b (dotted white line: the Messinian erosional surface).

These thick conglomerates constitute the foreset beds
of a very large Gilbert-type fan delta, and are exposed for
more than 20 km. Extending from Gura Viii to the western
suburbs of Turnu Severin, they comprise pebbles within a
sandy, unevenly cemented matrix (Figs 5a—c, e); and
further along the section they become more or less indu-
rated white sands including some conglomeratic channels
(Figs 5d and f). They contain rare molluscs.

The silty bottomset beds outcrop upstream from Hino-
va where they are overlain by sandy foreset beds (Figs 6a—c)
containing a thin layer from which several molluscs have
allowed assignment to the Bosphorian regional substage

(Marinescu, 1978) ('Table 1). This same layer, and two layers
that overlie it have provided us with assemblages of nan-
nofossils and dinocysts (Table 1). In the absence of Discoas-
ter quinqueramus, nannofossils are considered as belonging
to Zone NNI2 which spans the Miocene/Pliocene bound-
ary (Fig. 2; Berggren eral.,1995a, b; Backman & Raffi, 1997).
Nevertheless, they reveal an intense Mediterranean sea-
level rise and crossing off the sill separating the Mediterra-
nean from the Eastern Paratethys, and illustrate the
Zanclean deluge into this Mediterranean appendage. In
the Mediterranean, two remarkable successive changes in
sea-level occurred within this brief time-window: the
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beds. () Detail of the sandy foreset beds.

Messinian draw down and the Zanclean deluge. As a
consequence, bottomset beds of the Turnu Severin
Gilbert-type fan delta inevitably date the underlying ero-
sional surface of the Messinian salinity crisis. We found at
Hinova the same dinocysts as those we found at Cernat
Valley in the area of Ploiesti where NN12 nannofossils oc-
cur (Snel et al., in press). These floras are characterized
by endemic Paratethyan species (Siitoné Szentai, 1989),
but also include many typical Mediterranean elements
(Table1).

The top of the overlying sandy foreset beds is marked by
(1) an angular discordance (15-20°) at the base of subhori-
zontal topset beds and (2) a thin lignite layer (Fig. 6d)
which probably corresponds to lignite A of Ticleanu &
Diaconita (1997). This marks the marine/continental tran-
sition that takes place at a present altitude of 220 m. An-
other lignite (lignite B of Ticleanu & Diaconita (1997) is
exposed just above (Fig. 6¢). Both clays of the bottomset
beds and those clays overlying lignite B are reversely mag-
netized and belong to Chron C3r (Popescu ez al., in press)
(Fig. 6¢).

Above this submarine deltaic wedge, the topset beds
have a total thickness of about 200 m, and comprise alter-
nating sands (with conglomeratic channels) and lignites
(20 layers of unequal thickness, including lignites A and
B), some of which are intensively worked particularly in
the Husnicioara and Motru areas (Ticleanu & Diaconita,

1997, Fig. 3a). At Husnicioara (Fig. 7), lignites I, IVand V
of the regional nomenclature are overlain by thick (42 m)
fluvial sands indicating the strong, continuous influence
of the Danube River. The section shows lignites XIII to
XV at its top. Palaeomagnetic measurements have been
done (Fig. 7a), and the oldest normal event is related to
Chron C3n.4n (Popescu ez al., in press), with the others to
be interpreted later. In the Motru area, the Lupoaia quarry
shows a continuous, 137-m thick, succession of lignites, ex-
tending from lignite V to lignite XIII (Fig. 8), alternating
with clays and some fluvial sands. This section, which re-
presents the almost complete continental accretion in the
Carpathian foreland, is Zanclean in age based on the re-
mains of small and large mammals (Fig. 8). Therefore, pa-
lacomagnetic reversals complemented by pollen records
(reliably correlated to climatic cycles forced by eccentri-
city) indicate that the section starts at Chron C3n.3n and
includes Chron C3n.2n (Popescu, 2001; Popescu et al., in
press). As a consequence, the normal episode recorded at
Husnicioara between lignites XIV and XV is Chron
C3n.In (Popescu ez al., in press). The high-resolution pol-
len records evidence the forcing of eccentricity (100-kyr
cycles) for the lignite—clay alternations (Popescu, 2001,
Popescu eral., in press). According to plant remains (leaves,
fruits, pollen grains), the vegetation of the area resembled
the modern vegetation of Florida and the Mississippi
Delta (Ticleanu & Diaconita, 1997; Popescu, 2001).
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Upstream and to the west of Turnu Severin, material be-
comes coarser and the continental prism is less than 100-
m thick because of Late Pliocene and Pleistocene erosion.

The prism is topped with a conglomeratic abandon-
ment surface marked by some residual siliceous pebbles
(Fig. 9a), as can be observed on a topographic bench at

433-m altitude at Viranic (Fig. 9d) developed on a lapiaz
morphology (Fig. 9b). Karstic Jurassic and/or Sarmatian
limestones have probably been overlain by the final conti-
nental deposits of the Gilbert-type fan delta construction
(Fig.9¢). These deposits aggradated up to the beginning of
the Plio-Pleistocene cutting which was probably forced

(© 2005 Blackwell Publishing Ltd, Basin Research, doi: 10.1111/j.1365-2117.2005.00269.x 9
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Tablel. Fossil content of the bottomset beds of the Turnu Severin Gilbert-type fan delta at Hinova

Paratethyan molluscs

Mediterranean nannofossils

Paratethyan dinocysts

Limnocardium emarginatum
L. petersi

Plagiodacna auingeri
Dreissena rostriformis group

R. minutula

Reticulofenestra minuta
R. pseudoumbilicus

R. doronicoides

Galeacysta etrusca
Spimiferites cruciformis
Tectatodinium psilatum
Mediterranean dinocysts

Dreissenoyma aperta Sphenolithus abies Achomosphaera andalousiensis
Phyllocardium planum planum Calcidiscus leptoporus Operculodinium centrocarpum
Amaurolithus primus Impagidinium parulum(?)
A. amplificus Spiniferites bentori
Coccolithus pelagicus S. elongatus

Helicosphaera kamptneri

S. hyperacanthus

S. ramosus

Nematosphaeropsis labyrinthus
Tectatodimium pellitum

mostly by the earliest Northern Hemisphere glaciations
starting at 2.6 Ma. Indeed, the surface is dated at about
2.2 Ma according to the Slatina mammal faunas which are
augmented by magnetostratigraphy (Radulescu er al.,
1997). Such erosion explains the karstic evolution and pre-
servation of siliceous remnants only (Fig. 9a).

TheTurnu Severin Zanclean Gilbert-type fan
delta compared with the Mediterranean
Pliocene Gilbert-type fan deltas

It should be recalled that the only relatively brief and in-
tense drop — rise succession in sea level of profound im-
portance during the Late Miocene—earliest Pliocene
interval corresponds to the Messinian salinity crisis fol-
lowed by the Zanclean deluge (Fig. 2). This assumption is
additionally supported strongly by all the chronological
data obtained from the topset beds of the Gilbert-type
fan delta; namely mammals, magnetostratigraphy and cli-
mate fluctuations via pollen records.

The evolution of this Gilbert-type fan delta extending
over more than 3 Myrs (from 5.33 to ca. 2.10 Ma) is summar-
ized in Fig. 10. This construction, exceeding 400 m in
thickness, is strikingly similar to the Western Mediterra-
nean deltas that characterized the Pliocene reflooding after
the Messinian desiccation. For example, they are nested
within all the earlier Miocene deposits, they rest on an
erosional surface (the pronounced fluvial Messinian can-
yons related to the desiccation phase), and they have clayey
bottomset beds of earliest Zanclean age (Zone NN12, Zone
MPII) (Clauzon, 1996). They unanimously show three
characteristic well-expressed surfaces: the Messinian ero-
sional surface (at 5.33 Ma), the diachronous marine—non-
marine transition (because of its prograding genesis) very
often expressed by a lignite, and the isochronous abandon-
ment surface expressed everywhere a little earlier than
2 Ma (probably caused by the earliest glacials in the North-
ern Hemisphere). Such similarities have never been re-
ported outside of the Mediterranean context except in the
DacicBasin. The Dacic Basin Gilbert-type fan delta differs
from the Mediterranean Gilbert-type fan deltas in its

number of lignite layers probably owing to the generally
humid feature of the region.

It is demonstrated that the Danube River existed a long
time before the Pleistocene. Indeed, such an impressive
Gilbert-type fan delta system could not be built without
the presence of a powerful river. The first appearance of
the modern hydrographic network in southern Romania
has generally been placed within the Late Pliocene—Farly
Pleistocene (Jipa, 1997). Our results lower this event to
Late Miocene.

Regional extension of the Messinian erosional
surface in the Dacic Basin

Exposed sections, such as Valea Vacii and Cailugdreni
(Ploiesti area; Fig. 11), and Badislava (Rimnicu Vilcea area;
Fig. 11), exhibit continuous sedimentation during the Late
Miocene and Early Pliocene (Marinescu ez al., 1981), as in-
ferred from nannofossil analyses (Marunteanu & Papaia-
nopol, 1998) and palacomagnetic measurements (Snel
et al., in press). Subsurface data are consistent with these
field observations, with many wells revealing a complete
Late Miocene sedimentation (C. Dinu, personal informa-
tion; Fig. 11). In contrast, some other wells, mostly from
the western and southern Carpathian foredeep, are charac-
terized by a hiatus below the Pontian (generally thin) and
the Dacian (often easily recognizable because of the pre-
sence of lignites). These deposits directly overlie Sarma-
tian (with the entire Maeotian missing) or older layers
such as Oligocene or Cretaceous (Fig. 11). This break in
sedimentary record might illustrate an erosional gap
because of the ‘proto-Danube’ and its tributaries. Fig. 11
provides an overview of the two palacogeographically con-
trasted areas in the Carpathian foreland during the Messi-
nian salinity crisis: (1) an erosional zone resulting from the
palaeo-fluvial network and (2) a continuous sedimentary
zone within a perched ‘palaco-lake’. Clarifying the exact
expanse of these areas eastward and southward requires
examination of additional boreholes.

10 © 2005 Blackwell Publishing Ltd, Basin Research, doi: 10.1111/j.1365-2117.2005.00269.x
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Fig.7. Vertical section of the Husnicioara quarry (section ‘d’on Figs 1b and 3a). (a) Lithological succession and palacomagnetic polarity.
Forty-four metres of fluvial sands represent the time-interval between lignites Vand XIII (i.e. about 500 kyr from ca. 4.800 to ca.
4.300 Ma) during which the Danube flood plain aggradated in the area. (b) Lignite I and of overlying clays. (c) From lignite IV to lignite

XV. (d) From lignite V to lignite XIV.

ANEW IDEA ON MEDITERRANEAN-
PARATETHYS LATE NEOGENE
RELATIONSHIPS

Discoveries of repeated Mediterranean nannoplankton
influxes into Paratethys have considerably changed the
concept of Mediterranean—Paratethys isolation since the
Sarmatian. These influxes occurred (1) from earliest Sar-
matian up to Romanian (Dacic Basin: Mdrunteanu, 1992;
Papaianopol & Marunteanu, 1993; Mirunteanu & Papaia-
nopol, 1995; Mirunteanu & Papaianopol, 1998; Drivaliari
et al., 1999; Snel er al., in press) and (2) from Maeotian
to Kimmerian (regional stage following Pontian) in the
Ponto-Caspian Basin (Semenenko & Lyuljeva, 1978;

Semenenko ez al.,1995; Semenenko & Olejnik, 1995) (where
Mediterranean dinocysts were also found: Semenenko &
Olejnik, 1995). It has been proposed that there were many
brief incursions of Mediterranean waters into the brack-
ish-freshwaters of the Paratethys, and that ‘many species
(nannoplankton) died immediately, marking exactly the
moment of the connections’ (Marunteanu & Papaianopol,
1998, p. 121). Such influxes were necessarily forced by high
sea levels in the Mediterranean Sea because coccolitho-
phores and many dinoflagellates live within the photic
zone of surface waters (Sarjeant, 1974; Winter ez al., 1994).
As a consequence, based on two successive records of
Mediterranean nannofossils (and dinocysts) in the Eastern
Paratethys, we consider the possibility that an inflow of

(© 2005 Blackwell Publishing Ltd, Basin Research, doi: 10.1111/j.1365-2117.2005.00269.x 1
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Fig. 8. Vertical section of the Lupoaia quarry (section ‘€’on Figs 1b and 3a). (a) Lithological succession and palaeomagnetic polarity from
lignite V to lignite XIIT and the overlying clays and sands, with indication of the mammal remains. (b) Southern part of the quarry where
sediments run from lignite V to lignite VIIL (c) The threee layers of lignite VIIL. (d) Northern part of the quarry where worked lignites

X to XII are located.

Paratethyan waters reached the Mediterranean realm not
just once (Hsti ez al., 1973) but that two influxes may have
occurred via surface currents. The first influx, corre-
sponding to Zone NNI11, occurs before a strong erosional
surface in the Eastern Paratethys, and just before the deep
basin evaporite deposition in the Mediterranean (isotope
stage TG 11). The second influx, corresponding to Zone
NNI2, occurs just above this erosional surface in the East-
ern Paratethys (see also Semenenko, 1995; Gillet et al.,

2003) and corresponds to the earliest Zanclean in the
Mediterranean (starting at isotope stage T'G 5) (Fig. 12).

Mediterranean water influxes into Paratethys
during the Late Miocene — Early Pliocene

Two influxes of Mediterranean nannoplankton and dino-
cysts occurred (Mirunteanu & Papaianopol, 1998; Snel
et al., in press). The Late Portaferrian—Borphorian influx

12 © 2005 Blackwell Publishing Ltd, Basin Research, doi: 10.1111/j.1365-2117.2005.00269.x
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Fig.9. Residual Late Pliocene abandonment surface near Virdnic. (a) Residual siliceous pebbles at altitude 424 m. (b) Lapiaz at altitude
424 m. (c) Cross section near Virinic (section ‘f” on Figs 1b and 3a) showing the residual top of the Late Pliocene abandonment surface
characterized by remnant siliceous pebbles and lapiaz, the karst system through the Samatian limestones and the basement. The
conglomeratic and sandy foreset beds of the Turnu Severin Gilbert-type fan delta are separated from the Sarmatian limestones and
basement by the Messinian erosional surface. (d) W-E oriented view of the flat morphology of the Late Pliocene residual abandonment

surface.

has been recorded at Valea Vacii, Calugdreni and Badislava
(Fig. 11), and belongs to Zone NNII. The Bosphorian in-
flux has been recorded at Valea Vacii, Cilugdreni, Doicesti,
Hinova (Fig. 11) and Argova Valley (SE Bucharest, well
68913/67), and belongs to Zone NNI12. In contrast to other
localities, the nannoplankton (NN12) and dinocyst influx
at Hinova overlies an important erosional surface consid-
ered to belong to the Messinian salinity crisis. The nanno-

plankton (NN12) influx recorded at Ticleni overlies a gap
within Late Pontian deposits (Drivaliari ez al., 1999). We
therefore conclude that these two successive influxes cor-
respond to two successive high Mediterranean sea levels
occurring immediately before and after the Messinian
salinity crisis, i.e. to isotope stages TG 11 and TG 5 (Fig.
12) which are referred to high global sea levels (Vidal ez al.,
2002; Warny ez al., 2003).

(© 2005 Blackwell Publishing Ltd, Basin Research, doi: 10.1111/j.1365-2117.2005.00269.x 13
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Moara Vlasiei; 2, Afumati; 3, Peris 909; 4, Flimanzeni 185; 5, Dumitrana 1483; 6, Potlogi 146; 7, Titu 1690; 8, Singureni 315; 9, Balaria 590;
10, Ghimpati 2; 11,Videle 96; 12, Orbeasca 255; 13, Ciuperneci 400; 14, Ciolanesti 155; 15, Petresti 1600; 16, Visina 165; 17, Dumbriveni 166;
18, Humele Buzoesti 2046; 19, Cosesti 3275; 20, Milureni 3300; 21, Giesti-Pidureti 75; 22, Spineri 4 and 5030; 23, Gociesti 41; 24, Tatulesti
5036; 25, Corbu 3; 26, Birla 70; 27, Vileni 7; 28, Boianu 48; 29, Boianu 45; 30, Ciuresti 67; 31, Priseaca 3026; 32, Mogosesti 921; 33, Priseaca
2222 34, Brebeni 28; 35, Optasi-Migura 2; 36, Oporelu 3303; 37, Negreni 3014; 38, Priseaca 3025; 39, Doba 26; 40, Izvoru 39; 41, Caracal 2;
42, Dobrotesti 10; 43, Cotmeana 3205; 44, Ticleni; 45, Monrunglav; 46, GerceTsti 116; 47, Piatra Olt 101; 48, Malu; 49, Leu 105; 50, Caracal
490; 51, Mirsani 31; 52, Caracal 499; 53, Caracal 433; 54, Giuvdrasti 16; 55, Stoicinesti 43; 56, Stoicinesti 44; 57, Bocilesti 104; 58, Carligati
2; 59, Plaviceni 8; 60, Pliviceni 44; 61, Lita; 62, Turnu Mirgurele; 63, Putineiu 3; 64, Alexandria; 65, Giurgiu.

Mediterranean nannoplankton influxes into the Central
Paratethys are not restricted events because they are also
recorded in the Azov Sea region, close to Kerc. Here, they
correspond to an interval restricted to Zones NNII and

14

NNI2 and are located in deposits of latest Pontian — ear-
liest Kimmerian age (i.e. almost reaching the earliest Plio-
cene) (Semenenko & Lyuljeva, 1978; Semenenko & Pevzner,
1979; Semenenko & Olejnik, 1995). The influxes are sepa-
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rated by a gap in the deposits that Semenenko (1995) con-
sidered as being because of widespread erosion in the
northwstern Black Sea, recently confirmed by Gillet ez al.
(2003).

Paratethyan water influxes into the
Mediterranean (latest Messinian—earliest
Zanclean)

Two Lago Mare events can be distinguished in the Medi-
terranean realm, the first event occurs at the top of the Si-
cilian Upper Evaporites (i.e. at the end of the evaporitic
phase on the Mediterranean margins; Clauzon et al.,
1996), and the second occurs at the beginning of the Zan-
clean flooding. We relate them to the two successive high
Mediterranean sea levels (TG 11 and TG 5) which allowed
exchanges of surface waters between the Mediterranean
Sea and Paratethys, as supported by the presence of Para-
tethyan dinocysts (Galecysta etrusca for example) in the two
successive Lago Mare events (Fig. 12).

We present a review of many selected Lago Mare For-
mation localities in the Mediterranean (Fig. 13), taking
mainly into account Paratethyan mollusc, ostracod and di-
nocyst occurrences (Table 2). In this review, deep basinal
localities (containing only ostracods) are distinguished
from marginal ones, which are in turn subdivided into
two categories according to the chronological assignment
that we propose (late Messinian or earliest Zanclean).

The Messinian localities generally overlie marginal eva-
porites (sensu Clauzon ez al.,1996) and/or are overlain by the
Messinian erosional surface; in some places, a nannofossil
age (NN11) is known (Pasquasia: Cita ez al., 1973; Corfou:
Vismara Schilling ez al., 1976). The calcareous nannofossil
assemblages suggest an NNI11 age for the L.ago Mare For-
mation and an NNI12 age for the Arenazzolo Formation,
based on to the disappearance of Discoaster quinqueramus
between them at Capo Rossello (Cita & Gartner, 1973) and
Eraclea Minoa (Bizon ez al., 1978; A. Di Stefano, personal
information) (Fig. 13). These two formations are separated
by the Messinian erosional surface, most conspicuously
expressed westward where the uppermost 5 m of the Lago

(© 2005 Blackwell Publishing Ltd, Basin Research, doi: 10.1111/j.1365-2117.2005.00269.x

Mare Formation are missing at the Eraclea Minoa refer-
ence section. Such data lead us to reject the classical strati-
graphical position of the Arenazzolo Formation (Fig. 2)
and to shift it into the earliest Zanclean (Fig. 12), a view
previously implied by some authors (Brolsma, 1976; Butler
et al., 1995). In this section, cysts of Galeacysta etrusca have
been recorded only during relative high sea levels (i.e.
within the turbiditic layer preceding the last gypsum and
within the Arenazzolo Formation) according both to the
abundance of Pinus vs. halophyte pollen grains (Fauquette
et al., in press) and to a sequence stratigraphic analysis
(Homewood et al., 1992). It is clear that, at Eraclea Minoa,
two successive influxes of Paratethyan elements are re-
corded in relation to relative high sea levels, respectively:
(1) before the almost complete desiccation of the Mediter-
ranean (marked by dinoflagellate cysts including Galeacysta
etrusca and, at a relative lower sea level, by Congeria and os-
tracods) and (2) after the almost complete desiccation of
the Mediterranean (marked by dinoflagellate cysts includ-
ing Galeacysta etrusca). These influxes are separated by the
Messinian erosional surface which corresponds to the
deep desiccated basin evaporites (Clauzon et al., 1996).
Accordingly, these influxes can be respectively related to
isotopic stages TG 11 (last occurrence of Discoaster
quinqueramus, corresponding to the Lago Mare Formation
in Sicily) and TG 5 (earliest Zanclean corresponding to the
Arenazzolo Formation in Sicily), a gap in sedimentation of
190 kyr separating these two layers (Fig. 12). At Cava Serre-
di (Livorno, Italy), the uppermost 20 m of the I.ago Mare
facies are missing from the present-day quarry face at
about 400-m north of the section described by Bossio
et al. (1981). This suggests the presence of the Messinian
erosional surface between Messinian and Zanclean depos-
its, and disputes the continuous deposition claimed by
Bossio ez al. (1981) and Corradini & Biffi (1988).

We distinguished some other earliest Zanclean local-
ities because we observed them above the Messinian ero-
sional surface, as suspected by some previous authors.
These localities include Papiol (Almera, 1894; Gillet,
1965), localities from the Rhone Valley (Fontannes, 1883;
Denizot, 1952; Ballesio, 1972) and Aleria in Corsica (Magné
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et al., 1977) (Fig. 13). In the Tyrrhenian Sea, the Messinian
erosional surface can be followed offshore from Aleria to
the basin where it cuts the Messinian evaporites (Aleria,
1980), that are demonstrated as being the marginal ones
(Clauzon ez al., 1996).

We regard the Colombacci Formation of the Po Valley
and the Adriatic realm, classically accepted as latest Messi-
nian in age (Fig. 2), as earliest Zanclean for the following
reasons. At Maccarone, this Formation with Paratethyan
ostracods and dinoflagellate cysts (including Galeacysta
etrusca: Bertini, 1992; Popescu, in progress; Table 2) repre-
sents a marine environment with planktonic and benthic
foraminifers (Carloni ez al., 1974) and oceanic dinoflagellate
cysts such as Impagidinium aculeatum (Bertini, 1992; Popes-
cu, in progress) which began 44 m below the Colombacci
Formation. It inevitably belongs to a relative high sea level.
The occurrence of in situ foraminifers (Carloni ez al., 1974)
points to a Zanclean age for the Colombacci Formation.
This conclusion was previously reached in a confidential
study for the TOTAL Company on the Montagna dei Fiori
section (near Ascoli, Marche, Italy), an area where the
Colombacci Formation is very thick (Selli, 1973; Bassetti
etal., 1994).

The age has been unclear for some localities from the
Aegean Sea, with assignment to the Messinian (Rogl ez al.,

1991; Syrides, 2000) or Zanclean (Karistineos & Geor-
giades-Dikeoulia, 1985-1986), such as in the Axios-Ther-
maikos Basin (Fig. 13). The significance of the incursion
of Paratethyan waters is also discussed (Syrides, 2000),
and the problem is perpetuated because most of the local-
ities have no age control other than molluscan evidence.
The matter is nonetheless crucial because these faunas
are located in a possible gateway area between the Para-
tethys and the Mediterranean (Stankovic, 1960; Hsii ez al.,
1977, 1978a; Kojumdgieva, 1987; Marinescu, 1992). There-
fore, after several field investigations in the northern Ae-
gean Sea, we established that localities of the Strymon,
Xanthi-Kometini and Gelibolu basins that have Parateth-
yan elements (Fig. 13) were cut by the Messinian erosional
surface (cutting in some places the marginal evaporites, a
feature clearly seen also on seismic profiles of the Prinos
Basin: Proedrou, 1979; Proedrou & Sidiropoulos, 1993),
and overlain by Gilbert-type fan delta deposits showing
bottomset beds belonging to nannofossil Zone NN12. A si-
milar situation is suspected for the Ambarlikoy area (Fig.
13) based on seismic investigations in the Black Sea (Gil-
let, 2004). We have recorded Mediterranean calcareous
nannofossils continuously along the Intepe section at the
western opening of the Dardanelles Strait (Fig. 13). This
section belongs to the Messinian Alg¢itepe Formation
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Table 2. Mediterranean Lago Mare localities and their fossil content

Localities Congeria Ostracods Dinocysts
Alboran Sea:

Vera (Cita et al., 1980) +

Sorbas (Civis et al., 1979; Ott d’Estevou & Montenat, 1990) + +

Site 978A (Iaccarino & Bossio, 1999) +

Northwestern Mediterranean:

Papiol (Gillet, 1960, 1965; Almera, 1894) + +

Théziers, Saint-Marcel d’Ardeche, Saint-Restitut, + +

Allex (Rhone Valley) (Fontannes, 1883; Ballesio, 1972;

Archambault-Guezou, 1976; Carbonnel, 1978)

Cava Serredi (Bossio ez al., 1981; Corradini & Biffi, 1988) +
Pomarance (Bossio et al., 1978)
Aleria (Corsica) (Pilot et al., 1975; Magné et al., 1977) +
Site 975B (laccarino & Bossio, 1999)

Site 654 (Cita ez al., 1990)

Site 974B (Iaccarino & Bossio, 1999)

Po Valley and Adriatic Sea:

Alba (Cavallo & Repetto, 1988)

Torre Sterpi (Corselli & Grecchi, 1984)

Monteglino (Iaccarino & Papani, 1979)

Monticino 1987 (Marabini & Vai, 1988; Bertini, 1992)

Ancone (Gillet, 1968)

Maccarone (Carlonti ez al., 1974; Bertini, 1992)

Le Vicenne (Cipollari et al., 1999; Gliozzi, 1999; Bertini, in progress)
Central Mediterranean:

Vizzini (Di Geronimo ez al., 1989) +
Capo Rossello (Cita & Colombo, 1979; Bonaduce & Sgarrella, 1999)
Eraclea Minoa (Decima & Sprovieri, 1973; Bonaduce & Sgarrella, 1999) +
Pasquasia (Colalongo, 1968; Cita ez al., 1973)

Zinga (Selli, 1973; Martina et al., 1979)

Djebel Kechabta (Burollet, 1952; Benson, 1976)

Ionian Sea:

Corfou (Vismara Schilling ez a/., 1976)

Zakynthos (Kontopoulos et al., 1997) +
Aegean and Marmara seas:

Khairetiana (Crete) (Sissingh, 1972) +

Souvala (Aegina) (Rogl et al., 1991) + +
Axios-Thermaikos Basin (Gillet, 1937, +
Gillet & Geissert, 1971; Syrides, 1998)

Strymon Basin (Syrides, 1995, 1998) +
Xanthi-Komotini Basin (Syrides, 1998) +
Gelibolu (Gillet ez al., 1978; Goriir et al., 1997)

Intepe (Gillet ez al., 1978; Goriir et al., 1997)

Ambarlikoy (Gillet ez al., 1978; Goriir ez al., 1997)

Yalakdere (Gillet ez al., 1978; Goriir et al., 1997)

Eastern Levantine Basin:

Pissouri and Polemi (Cyprus) (Orszag-Sperber ez al., 1980; +
Di Stefano ez al., 1999; Rouchy ez al., 2001)

Site 967 (Spezzaferri et al., 1998) +
Site 968 (Blanc-Valleron et al., 1998) +

+
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++ 4+ + +
+ +
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+
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A distinction is drawn between the deep basin localities and the marginal ones, and among the latter, between those referred to the late Messinian and
those referred to the earliest Zanclean.

Normal characters: deep basin localities Bold characters: localities referred to Late Messinian ltalic characters: localities referred to Early Zanclean.
*Our study.

(Goriiretal.,1997), and has two apparently conformable as- and the the upper part is assignable to Zone NNI12 (indi-
semblages: the lower part of the succession is assignable to cated by the appearance of Ceratolithus armatus/C. acutus,
Zone NNII (co-occurrence of Triquetrorhabdulus rugosus, and the disappearance of Triguetrorhabdulus rugosus). More-
Reticulofenestra rotaria, Amaurolithus primus and A. delicatus), over, as in other Mediterranean and Atlantic regions
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(Backman & Raffi, 1997; Castradori, 1998), the two above-
mentioned nannofossil events are not coincident: the ex-
tinction of 7. rugosus is younger than the appearance of C.
armatus/C. acutus. The two assemblages are separated by a
lignite (5-cm thick), a sand (2-cm thick) and a shelly lime-
stone (17-cm thick), which may express the discontinuity
observed to the north at Yaylakéy (Gulf of Saros) where
clayey bottomset beds belonging to Zone NNI12 are nested
within the Algitepe Formation owing to the Messinian
erosional surface. Presently, only two localities are of un-
certain age: Trilophos (locality 36 on Fig. 13) is assigned to
the late Messinian (Gillet & Geissert, 1971; Syrides, 1998)
pending nannoplankton data (Fig. 13; Table 2); and Souva-
la, a locality of the Aegina Island (35 on Fig. 13), is ascribed
to the earliest Zanclean (Fig. 13; Table 2) because nannoos-
sils of Zone NNI12 overlie beds containing Congeria,
although there is no information on whether an erosional
surface is present (Rogl ez al., 1991). Hence, despite some
missing information on the latter locality, we believe that
the two high sea-level exchanges between the Mediterra-
nean Sea and the Paratethys, occurring just before and just
after the Mediteranean Sea desiccation, have been re-
corded in this area.

Re-examination of the Lago Mare localities suggests
that two successive influxes of Paratethyan organisms en-
terred the Mediterranean Sea, firstly in the late Messinian
and again in the earliest Zanclean. Such influxes were
made of surface waters, these being able to transport Con-
geria and ostracod larvae and where dinoflagellates live in
the photic zone. They necessarily correspond to the two
opposite influxes of Mediterranean surface waters occur-
ring at high sea level, transporting the calcareous nanno-
plankton characterizing Zones NN11 and NNI12 (Fig. 12).
Accordingly, these results suggest the existence of two rela-
tively brief episodes of two-way exchange at high sea level
between the Paratethys and the Mediterranean, the brack-
ish to fresh Paratethyan waters exported at the surface, and
the Mediterranean saline waters imported below surface
(Fig. 12).

DISCUSSION

Two brief influxes of Mediterranean waters (with calcar-
eous nannoplankton and dinoflagellates) have clearly oc-
curred in the late Messinian—earliest Zanclean of the
Eastern Paratethys (Dacic and Euxinian basins). They, re-
spectively, belong to the calcareous nannofossil Zones
NNII and NN12. According to palacomagnetic data in
the northern Dacic Basin (Snel ez a/., in press), they imme-
diately preceded and followed the Messinian salinity crisis.
This timing is also attested by the presence of the Messi-
nian erosional surface below the bottomset beds (assigned
to Zone NN12) of the Gilbert-type fan delta of Turnu Se-
verin. Because nannoplankton and dinoflagellates are
mostly distributed in surface waters (the upper photic
zone, i.e. the uppermost 90 m), it is realistic to correlate
these influxes with the two successive high global sea levels

illustrated by the isotope stages TG 11 and TG 5 of Shack-
leton et al. (1995) which respectively immediately predate
(5.52 Ma) and postdate (5.33 Ma) the Messinian salinity cri-
sis (Vidal ez al., 2002; Warny et al., 2003) (Fig. 12). At the
same time, brief reverse flows of Paratethyan waters will
have entered the Mediterranean, explaining the arrival of
Paratethyan elements (Congeria, ostracods and dinoflagel-
lates) and causing the development of two successive Lago
Mare facies in the Mediterranean. This scenario resolves
the apparently discrepant chronology of this facies that is
represented by localities underlying the Messinian ero-
sional surface, but also localities overlying the same sur-
face (Fig. 12). The present-day water exchanges between
the Maramara and Black seas through the Bosphorus
Strait occurs because brackish waters exit the Black Sea as
a surface current that flows over a deeper reverse current
of saline Mediterranean waters entering the Black Sea
(Fortey, 2000). This presents a realistic analogue for the
suggested water exchanges between the Mediterranean
Sea and Eastern Paratethys during the Late Neogene. In
some areas protected from erosion, the two successive ex-
changes at high sea level have been recorded within the
same vertical section: in the Eastern Paratethys (northern
Dacic Basin) and in the Mediterranean (Eraclea Minoa
classical section, Intepe) (Fig. 13). In the Mediterranean
(except the Po Valley and the Adriatic realm), fluvial erosion
during the Mediterranean desiccation resulted in a nesting
of Zanclean deposits within Miocene deposits that are
generally considerably eroded. Therefore, only one of the
two Lago Mare facies caused by high sea-level exchanges
can be exposed in each locality, except near Eraclea Minoa
and at Cava Serredi (Livorno) where relatively weak ero-
sion occurred. The late Messinian Lago Mare sediments
have been protected from erosion in some Mediterranean
localities (Fig. 13), whereas the earliest Zanclean Lago
Mare deposits are often poorly documented because of
the difficulty in observing the oldest Zanclean sediments
within the Messinian canyons. In the Po Valley and Adria-
tic realm, only the second influx (earliest Zanclean) seems
documented, considering that, at Maccarone, it signifi-
cantly postdates an ash bed dated at 551 & 0.04 Ma
(**Ar/*Ar: Odin ezal., 1997; H. Maluski, personal informa-
tion). Such an assumption can be extrapolated across the
whole region considering that, for example, at Monticino,
the second LLago Mare deposits unconformably overlie the
marginal evaporites (Marabini & Vai, 1988); and at Torre
Sterpi and Sioneri (near Alba), they overlie the reworked
marginal evaporites. These data may support some uplift
of the Otrante Sill during the episode that includes the
first high sea-level exchange between the Eastern Para-
tethys and the Mediterranean (5.90-5.40 Ma) (Fig. 14). The
connection of the Mediterranean Sea with the Eastern
Paratethys at high sea level just before the salinity crisis
provides a better explanation for the sea-level drop of the
latter than by its drainage into the dried-up Mediterra-
nean as proposed by Hsii ez al. (1978a). Similar relation-
ships at high sea level occurred repeatedly between the
two realms before and after the time-window including
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Fig. 14. Proposed sea-level changes in the Mediterranean Sea
and the Eastern Paratethys between 6.00 and 5.30 Ma, and their
brief connections during episodes of high sea level.

the Messinian salinity crisis as attested by Mediterranean
nannofossil records in the Dacic Basin (Mdrunteanu & Pa-
paianopol, 1998) and by the unusual presence of Parateth-
yan fauna in the Mediterranean, such as below the
Crevillente 6 mammal level (Archambault-Guezou et al.,
1979) dated at about 6.1 Ma (Garcés et al., 1998).

The significance of Paratethyan dinocyst influxes into
the Mediterranean Basin is different from that of Congeria
influxes, because they are not recorded simultaneously at
some non-coastal localities, such as Eraclea Minoa for in-
stance. At Eraclea Minoa, Paratethyan dinocysts are re-
corded in the following relatively high sea-level deposits:
(1) a turbiditic layer underlying the last gypsum that re-
presents a relative drop in sea level (Homewood er al.,
1992) and (2) the Arenazzolo Formation. These two rela-
tively high sea-level deposits are separated by the Lago
Mare Formation, which includes Congeria only. We believe
that dinocyst and Congeria migrations have occurred at
the same time (as recorded simultaneously in several
coastal localities, Torre Sterpi for example). But in some
distal localities, such as Eraclea Minoa, dinocysts owing
to their greater abundance appear more reliable for identi-

fying the exact influx level. Indeed, Congeria beds are a
better signature for characterizing more coastal conditions
and brackish-water lagoons along the shoreline.

Such exchanges at high sea-level between the Eastern
Paratethys and the Mediterranean would correspond to
episodic connections not only forced by rises in sea level
but also controlled by palacogeographic features such as
very narrow and winding sills and marine currents. Where
were such connections located? (Fig. 13). A proto-Dardan-
nelles—Bosphorus gateway was considered by Archam-
bault-Guezou (1976), Kojumdgieva (1987) and Marinescu
(1992). The absence of Mediterranean nannofossils from
the earliest Pliocene at Site 380A (Percival, 1978), relatively
close to the present-day Bosphorus Strait, allows us to dis-
card this hypothesis. An approximately 200-kyr delay in
the arrival of Mediterranean diatoms and dinocysts at this
site supports our decision (Schrader, 1978; Popescu, in
press). According to Carbonnel (1980), a passage in the
Black Sea area is untenable because no comparable ostra-
cod faunas are known from wells of DSDP Leg 42B (Ben-
son, 1978; Olteanu, 1978) (Fig. la). The morphology of
Dacic Basin coccoliths supports a direct connection be-
tween the Dacic Basin and the Mediterranean, on the basis
of difference in Crimean coccoliths that show some adap-
tation to Black Sea euxinic conditions because they prob-
ably reached this area later. The possibility of a passage
through the Serres Basin into Bulgaria, already considered
by Kojumdgieva (1987), is discarded according to recent
results published by Zagorchev (2002). Nevertheless, a
gateway through northern Greece, Macedonia and Bulgar-
ia seems possible (Stankovic, 1960; Hsi ez al., 1977, 1978a)
because the area was under prevalent extension at that
time (Dabovski ez al., 2002). Such a possibility, already sug-
gested by Marinescu (1992), should be explored. Assuming
such a scenario, the Dacic Basin could have been directly
connected to the Mediterranean Sea, being itself episodi-
cally connected to the Black Sea north of the Dobrogea
horst through the Reni Strait (Semenenko, 1995) (Fig. 14).
Such a gateway is supported by morphological adaptations
of the dinocysts to the low salinity of the Dacic Basin, which
seems to be less important at Hinova than at Cernat or at
Site 380A, i.e. at an increased distance away from the con-
nection. A passage through the Sofia Basin is supported by
evidence of Mediterranean dinocysts in the Zanclean la-
custrine facies from Ravno Polé borehole near Sofia (Dri-
valiari, 1993). In addition, the canyon of Mezdra to the
north of Sofia is a reliable candidate for providing the out-
let towards the Danube Plain. We suggest that the most re-
liable outlet of this gateway in the Aegean Sea is the area
of Thessaloniki (i.e. the Axios-Thermaikos Basin) where
Syrides (1998) found Paratethyan Congeria together with
typical Mediterranean organisms (Mactra, Abra, Parvivenus
widhalmi). This prospective gateway is also supported by
the presence in the Zanclean lacustrine layers of Ptole-
mais, a nearby basin, of Spinsferites cruciformis, a typical di-
nocyst from the Paratethys (Kloosterboer-van Hoeve et al.,
2001) at a time when Mediterranean nannofossils of Zone
NNI3 also penetrated the Dacic Basin (Mirunteanu &
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Papaianopol, 1998). Hence, a passage through the region of
Thessaloniki, Macedonia and the Basin of Sofia must be
preferred (Fig. 13) and needs to be tested by future investi-
gations.

The evolution of the Mediterranean region (including
the Po Valley) and Eastern Paratethys during the interval
6.00-5.30 Ma, as forced by changes in Mediterranean sea
level and relationships with the Atlantic Ocean, is sum-
marized in Fig. 14. Some attention is given to the function
of sills within the Mediterranean—Eastern Paratethys
realm, which controlled exchanges between the basins or
caused their isolation. Fig. 14b corresponds to the margin-
al evaporitic phase, and Fig. 14d to the deep basin desicca-
tion. High sea levels in Fig. 14c (i.e. isotope stage TG 11) and
14 (i.e. isotope stage T'G 5) would have produced exchanges
between the Mediterranean Sea and Eastern Paratethys,
i.e. the Lago Mare events in the Mediterranean realm and
simultaneous nannoplankton-dinocyst influxes in the
Dacic and Euxinian basins.

The northern part of the Dacic Basin has evolved as a
perched basin disconnected both from the Black and
Mediterranean seas (Figs 11 and 14), with residual brackish
to fresh waters probably caused by the highly positive water
budget of the area forced by climatic conditions and proxi-
mity of high reliefs. A similar evolution was envisioned for
the Po Valley—Adriatic Basin which probably existed during
the desiccation of the Mediterranean Sea as a perched
freshwater basin (Fig. 14), continuously fed by waters from
the Alpine and rising Apennine mountain ranges: during
the salinity crisis, the area was characterized by almost
continuous sedimentation (Corselli & Grecchi, 1984; Cita
& Corselli, 1990; Clauzon ez al., 1997; Figs 2 and 12). This
hypothesis is supported in the lower part of the Maccarone
section by high percentages of certain subdesertic plants
(such as Lygeum; Bertini, 1994, 2002) that are generally
abundant in Sicily before and after the salinity crisis (Suc
& Bessais, 1990; Bertini et al., 1998). Subdesertic plants
probably migrated northwards during the desiccation of
the Mediterranean Sea because they could not persist
within the evaporitic basin where such dry conditions pre-
vailed (Fauquette ezal., in press). The upper part of the sec-
tion (including the Colombacci Formation) deposited
prior to the Zanclean clays has yielded planktonic forami-
nifers and ostracods that are considered not to be reworked
(Carloni et al., 1974), and oceanic dinocysts such as Impagi-
dinium aculeatum (Bertini, 1992). We suggest these data in-
dicate that the basin once again received marine waters
from the Mediterranean before the officially defined be-
ginning of the Pliocene. Simultaneously, a strong increase
in bisaccate pollen grains occurs parallel to a manifold de-
crease in coastal plants (halophytes), which expresses the
sudden establishment of offshore conditions (Bertini,
1994, 2002). This break is so abrupt that it cannot be ex-
plained by a tectonic event. We consider that water of the
Po Valley—Adriatic lake was at the same level as the Medi-
terranean Sea, which was now able to overtop the uplifted
Otrante Sill (Fig. 14) and introduce surface marine waters
during Zanclean flooding, i.e. isotope stage TG 5.

The interpretation of ostracod layers is not easy in
terms of invasion of the Mediterranean Basin by Parateth-
yan waters. There is no ambiguity for the more or less mar-
ginal localities where ostracods are generally associated
with the other Paratethyan immigrants (Congeria, dino-
cysts): they really result from brackish water inflows (Fig.
13: localities 9—22 and 36—42 for the first influx, localities
9-10, 23-35 and 40 for the second influx) from the Eastern
Paratethys (Table 2). More debatable is the interpretation
of ostracod layers found, without any other marker of Para-
tethyan origin, at the top of the Messinian series in the
deep Mediterranean Basin boreholes (Fig. 13: localities
43—48) ('Table 2). These ostracods, accepted as being in situ
because of their fragile carapaces, are thought to represent
brackish- or freshwater lakes developed on the deep sea
floor just after the desiccation of the Mediterranean Sea
(Taccarino & Bossio, 1999). Such deep deposits are consid-
ered to have occurred later than the marginal Lago Mare
sediments (laccarino & Bossio, 1999, p. 538, Fig. 8). Never-
theless we believe that they result from different events as
already suggested by Carbonnel (1980) who put forward
the following arguments: the ostracod faunas revealed by
deep sea boreholes are less diverse than the marginal ones,
and some differences in carapace morphology exist. For
us, the presence of lakes on the deep sea floor is incompa-
tible with Mediterranean—FEastern Paratethys exchanges at
high sea level. Hence, we consider that such lakes in the
deep, almost desiccated Mediterranean Basin had devel-
oped immediately at the end of the desiccation or existed
during longer periods in some intermediate basins (see
ODP Site 652 in the Tyrrhenian Basin; Cita ez al., 1990). We
suggest that local ecological conditions caused the appear-
ance of Gyprideis group ostracods in these deep Mediterra-
nean lakes, as suggested by Rouchy et al. (2001) for the
southern Cyprus basins. In contrast, the marginal Lago
Mare facies seem to have been caused by real influxes of
Eastern Paratethys waters during cross exchanges at high
sea level between the Mediterranean Sea and the Eastern
Paratethys.

Finally, three Lago Mare events occurred in the Medi-
terranean Sea between 596 and 5.30 Ma: they are distinct
not only chronologically but also in view of their origin.

They have been labelled LM 1, LM 2, and LM 3 on Fig. 12:

e LM 1occurred at 5.52 Ma and corresponds to isotope
stage TG 11; LM 2 occurred at the end of the desicca-
tion, i.e. just before 5.33; and .M 3 occurred at 5.33 Ma
and corresponds to isotope stage TG 5;

e LM land LM 3 result from exchanges at high sea level
between the Mediterranean Sea and Eastern Para-
tethys and are characterized by Congeria, ostracods
and dinocysts; LM 2 reflects ecological changes in the
deep Mediterranean lagoons at the end of desiccation,
and is marked only by the presence of ostracods.

As a consequence, we recommend restricting the term
Lago Mare to a palacoecological context, and discontinu-
ing its use in chronostratigraphic applications.
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Our results resolve the widespread confusion surround-
ing the old Lago Mare concept (Hsti et al., 1973, 1977; Cita
et al., 1978b), which was implied by Fortuin er a/l. (1995,
p. 198) in terms of stratigraphic relationships with the
Messinian erosional surface, and by Iaccarino & Bossio
(1999, p. 538, Fig. 8) as diachronism that we explain by
differences between the Mediterranean margins and
central basins.

Referring to the map on Fig. 13, LM 1 has a widespread
geographic distribution across the Mediterranean mar-
gins. In contrast, LM 2 is restricted to the central Mediter-
ranean basins. Lastly, LM 3 appears less widely distributed
than LM 1, a feature that could be explained by the insuffi -
cient strength of the Paratethyan surface current to oppose
the pressure of inflowing Atlantic water.

CONCLUSION

Some classical signatures of the Messinian salinity crisis
in the Mediterranean Basin have been found in the Dacic
Basin (Eastern Paratethys) in the area of Turnu Severin,
close to the course of the modern Danube, namely:

e an erosional surface overlain by clay deposits belong-
ing to calcareous nannofossil Zone NN12,
e an impressive Gilbert-type fan delta.

In addition to evaporite deposition and the presence of an
erosional surface in the Black Sea, these new elements lo-
cated at the outlet of the Iron Gates assert that the Eastern
Paratethys was also severely affected by the Messinian sali-
nity crisis.

Influxes of Mediterranean nannofloras and dinocysts
penetrated the Dacic Basin and northwestern part of the
Euxinian Basin during events corresponding to Zones
NNI11and NNI12, i.e., just before and just after the desicca-
tion of the Mediterranean. Hence, new data on Mediterra-
nean influxes into the Eastern Paratethys, and new field
evidences from the Dacic Basin, suggest that the Mediter-
ranean Sea and the Eastern Paratethys were connected at
high sea level just before and just after the crisis, providing
another explanation for Black Sea desiccation other than
its drainage into the desiccated Mediterranean Basin. Our
data suggest that high sea-level cross exchanges existed
between the Mediterranean Sea and the Eastern Para-
tethys.

The Danube River appeared as an immediate conse-
quence of the salinity crisis, and rapidly reached a course
similar to its modern one over the Romanian Plain. The
Messinian erosional surface developed along the Danube
course and along its main tributaries whereas the northern
part of the Dacic Basin remained as a perched lake, fed by
Carpathian rivers owing to a regional positive hydrologic
budget. This area endured continuous sedimentation,
as was proposed for the Po Valley and the Adriatic
realm.

Henceforth, the L.ago Mare must be considered a triple
event. Two events, LM 1 and .M 3, affected only the Med-

iterranean margins: one Paratethyan water incursion oc-
curred just before the Mediterranean became desiccated,
the other marking the Zanclean reflooding of the Mediter-
ranean; they respectively correspond to isotope stages TG
11 (5.52 Ma) and TG 5 (5.33 Ma). They are only recorded in
the marginal and perched satellite basins. They did not af-
fect the deep Mediterranean Basin lakes (containing ostra-
cods of the Gyprideis group) which we believe to have
developed (I.M 2 event) when the Mediterranean was des-
siccated, just before the Zanclean infilling.

The gateways followed by these water exchanges are
more clearly defined. A proto-Bosphorus Strait seems to
be unnecessary, but a gateway through Macedonia and
Bulgaria seems possible and is being explored.
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Abstract

The occurrence of planktonic foraminifers in the latest Messinian deposits (uppermost Di Tetto Formation and Colombacci Formation) of the
Marche Province (Apennine foredeep, Italy) has stimulated a debate since the 1970s. An earlier palynological study of the entire Maccarone
section revealed a pronounced, and a sudden increasing frequency of saccate pollen grains which indicates more distal conditions, and thus a
transgression. At first attributed to tectonic activity, this transgression is now interpreted as representing the Zanclean marine transgression after the
discovery of Ceratolithus acutus, the calcareous nannofossil marker of the earliest Zanclean in the Mediterranean Sea. Evidence from marine
dinoflagellate cysts and planktonic foraminifers supports this result. The Colombacci Formation and uppermost part of the Di Tetto Formation (i.e.
the entire p—ev2 stratigraphic unit) belong to the earliest Zanclean. The so-called Lago Mare no longer has a regional chronostratigraphic sense, and
should be understood as the invasion of Paratethyan organisms via surface waters owing to a connection at high sea-level between the Aegean Sea
and the Eastern Paratethys (Dacic Basin). A new robust environmental reconstruction of the northern Apennine foredeep is proposed, which
respectively considers the effects of tectonics and Mediterranean eustasy.
© 2007 Elsevier Masson SAS. All rights reserved.

Résumé

La présence de foraminiferes planctoniques dans les dépots du Messinien terminal (sommet de la Formation Di Tetto et Formation a
Colombacci) de I’avant-fosse apenninique (Italie, région adriatique) est sujette a discussion depuis les années 1970. L’étude palynologique de la
coupe de Maccarone avait révélé une soudaine et forte augmentation des pollens a ballonnets traduisant un milieu plus distal dans sa moitié
supérieure. Cette transgression, qui a d’abord été attribuée a I’activité tectonique, est ici établie comme étant la transgression marine du Zancléen
apres la découverte de Ceratolithus acutus, le marqueur chez les nannofossiles du Zancléen basal en Méditerranée. La présence conjointe de kystes
de dinoflagellés marins et de foraminiferes planctoniques appuie ce résultat. En conséquence, la Formation a Colombacci et la partie sommitale de
la Formation Di Tetto, c’est-a-dire ’intégralité de 1’unité stratigraphique p—ev2, relevent du Zancléen basal. Les dépots qui étaient attribués au
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Lago Mare n’ont plus de sens chronostratigraphique mais reflétent I’invasion d’organismes paratéthysiens a la suite d’échanges d’eaux de surface
lors de connexions a haut niveau marin entre la mer Egée et le bassin Dacique (Paratéthys orientale). Une nouvelle reconstitution environnementale
de I’avant-fosse apenninique septentrionale est proposée, qui prend solidement en compte les effets conjugués de ’activité tectonique et des

variations du niveau marin méditerranéen.
© 2007 Elsevier Masson SAS. All rights reserved.

Keywords: Zanclean transgression; Calcareous nannofossils; Marine dinoflagellate cysts; Lago Mare

Mots clés : Transgression zancléenne ; Nannofossiles calcaires ; Kystes de dinoflagellés marins ; Lago Mare

1. Introduction

In the northern Apennines, the Messinian-Zanclean sedi-
mentary succession overlying the evaporitic Gessoso-Solfifera
Formation has been described as comprising of three clastic
formations (Roveri et al., 1998), from the base to top:

e the Di Tetto Fm. consisting of clays and turbidites, including
a volcanic ash dated at about 5.50 Ma (Odin et al., 1997); this
formation is the lower unit of the post-evaporitic depositional
sequence (Bassetti, 2000; Roveri et al., 2001); it has been
assigned to the latest Messinian with respect to *°Ar/*°Ar
dating of the volcanic ash, and is constrained by the
astronomical age of the Miocene-Pliocene boundary at
5.33 Ma (Lourens et al., 1996, 2004);

e the Colombacci Fm. consists of alternating thin limestones
and clays, containing remains from the Paratethys (ostracods:
mostly of Cyprideis; molluscs), and assimilated into the so-
called Lago Mare (Cita and Colombo, 1979; Orszag-Sperber,
2006); this is the upper unit of the post-evaporitic
depositional sequence (Roveri et al., 2001), which is assigned
to the latest Messinian in agreement with the classical
understanding of the Lago Mare facies, and because of the
Zanclean fossil content of the overlying clays; a geometrical
unconformity separates this formation from the underlying
one (Bassetti, 2000);

e the Argille Azzurre Fm. which constitutes the widespread
early Zanclean facies, including the relevant planktonic
foraminifers (Selli, 1973).

Recently, another subdivision was proposed on the basis of
detailed sedimentological investigations (Roveri et al., 2001;
Manzi et al., 2005; Roveri and Manzi, 2006):

e a post-evaporitic unit 1 (p—ev;) that overlies the Gessoso-
Solfifera Fm., and comprises the ash layer and some
turbidites; it has an estimated time-span of 5.60 to 5.40 Ma;

e a post-evaporitic unit 2 (p—ev,) i.e. separated from the
underlying unit by a minor discontinuity; rich in turbiditic
layers, it includes in its upper part the Colombacci
limestones; it has an estimated time-span of 5.40 to
5.33 Ma, terminating where the Argille Azzure conformably
overlies the Colombacci Fm.

One of the reference localities for this succession is the
Maccarone section (close to Apiro: 43°24'20"” N, 0°3900" E,
top of the section 430 m asl; Fig. 1), where the ash bed was

dated (Odin et al., 1997). At Moscosi, the Messinian gypsum
underlying the Maccarone section is resedimented (Bassetti
et al., 1994; Roveri et al., 1998, 2001; Bassetti, 2000; Manzi
et al., 2005). The well-exposed section here (Fig. 2) has been
the subject of several investigations, including those on
foraminifers (Carloni et al., 1974a), and palynology (Bertini,
1992, 1994, 2002, 2006).
Results from these studies raised several inconsistencies:

e Relatively diverse if not abundant planktonic (and some
benthic) foraminifers found discontinuously at about 60 m
(and more continuously at about 20 m) below the Zanclean
clays (Fig. 2; Carloni et al., 1974a). Moreover, a marine
microfauna was found in several sections (sometimes
associated with coccoliths) but systematically interpreted
as reworked because of incompatibilities with the ostracod
Cyprideis (Casati et al., 1976; Bassetti et al., 2003).
Colalongo et al. (1976) admittedly expressed a more
moderate viewpoint, and Carloni et al. (1974a) accepted
the co-existence of this fauna with Cyprideis;
Dinoflagellate cysts (including marine species such as
Impagidinium aculeatum, Lingulodinium machaerophorum,
Spiniferites ramosus) show a sudden improvement preserva-
tion, and increase in diversity 60 m below the Zanclean clays
(Fig. 2; Bertini, 1992, 2006);
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Fig. 1. Location map of the Maccarone section.
Fig. 1. Localisation géographique de la coupe de Maccarone.



S.-M. Popescu et al./ Geobios 40 (2007) 359-373 361

Thickness &0%
(m) e i @ 37
z . ) & F o &
A E = & & S g &
N o 200 1 Q < a2 ¥ & ¢
s g — - —
L E MPI3Z = —
E S - - -
a S MPI2 d— —
{ _______ — —
1—5.33 Ma CE L —
e Y
- 1 &
Colombacci Fm. = ! z
" 150 e R —
s ==l B
> i ., £, !
E © = 4 g .
a == : 2 8
. . B
£ T _ P
= = J-=—| ¢ & B
_ 8
— LOE
“Y _ 2 _ _540Ma-— == . & & AN SESE. s
S A — - - w 5
& === § B £
= 100" =& &%
= [
1 — e E 5 2
(=] g T =
== f &3
== I pE
N ] E&
e E=
= 2
[ e E
; =] 2
o 50-=="- Lithology
. — =
-
! == =2-
——_| o
5.50 Ma — 3 [ |2 | ©
0{———| =» . o
Eap==r : S—

Fig. 2. Lithology and traditional bio-chronostratigraphy of the Maccarone section with some micropaleontological data and pollen marker taxa. The updated
chronostratigraphy proposed in the present work is shown in Fig. 3. Lithology after Bertini (2006), modified according to our observations: a, Volcanic ash; b,
Turbiditic layer; ¢, Calcareous clay; d, Light clay; e, Grey clay; f, Black clay; g, Limestone. Bio- and chronostratigraphy is from Carloni et al. (1974a, 1974b), Bassetti
et al. (1994), Odin et al. (1997), Roveri et al. (1998), Manzi et al. (2005), Bertini (2006), Roveri and Manzi (2006). Foraminiferal records are from Carloni et al.
(1974a) with a discontinuous record of rare specimens from their sample 22A (i.e. at about the pev;b—pev, formation boundary), more continuous record of frequent
specimens from their sample 42 (i.e. at the Di Tetto-Colombacci formation boundary), and continuous record of abundant specimens from their sample 49 (i.e. at the
base of the Argille Azzurre Fm.). Dinoflagellate cysts are from Bertini (1992, 2006) who indicated a better preservation, and a slightly higher diversity in marine
dinoflagellate cysts 40 m below the Colombacci Fm., and fully marine conditions (with the abrupt appearance of Impagidinium patulum) at the base of the Argille
Azzurre Fm. Bertini (1992, 2006) also pointed out the early presence of Paratethyan dinoflagellate cysts (the so-called Impagidinium sp. 1) with respect to the
Colombacci Fm. (somewhat 10 m below the first carbonate layer) in which they are frequent. Pollen records are from Bertini (1992): Pinus, Cathaya, Cedrus, Tsuga,
Abies, and Picea have an amplified signal owing to their buoyancy (facilited by the presence of bladders) during aquatic transport; subdesertic elements: Ziziphus,
Croton, Agavaceae, Agave, Cordyline, Nolina, Prosopis, Lygeum, Calligonum.

Fig. 2. Lithologie et bio-chronostratigraphie classique de la coupe de Maccarone complétée de quelques données micropaléontologiques et des taxons marqueurs dans
la flore pollinique. La nouvelle chronostratigraphie déduite de ce travail est donnée dans la Fig. 3. Lithologie d’aprés Bertini (2006), modifiée selon nos observations :
a, Cinérite ; b, Niveaux turbiditiques ; ¢, Argile calcaire ; d, Argile claire ; e, Argile grise ; f, Argile noire ; g, Calcaire. Bio- chronostratigraphie d’apres Carloni et al.
(1974a, 1974b), Bassetti et al. (1994), Odin et al. (1997), Roveri et al. (1998), Manzi et al. (2005), Bertini (2006), Roveri et Manzi (2006). Données sur les
foraminiferes d’apres Carloni et al. (1974a), avec un enregistrement discontinu de rares spécimens a partir de leur échantillon 22A (a peu pres la limite entre les
formations pev,b-pev,), un enregistrement davantage continu de spécimens fréquents a partir de leur échantillon 42 (limite entre les formations Di Tetto et
Colombacci), et un enregistrement continu de spécimens abondants a partir de leur échantillon 49 (base de la Formation des Argille Azzurre). Kystes de dinoflagellés
d’apres Bertini (1992, 2006), montrant une meilleure préservation et une diversité 1égerement plus €levée des éléments marins 40 m sous la Formation a Colombacci,
et des conditions franchement marines (avec 1’apparition soudaine d’Impagidinium patulum) a la base de la Formation des Argille Azzurre. De plus, Bertini (1992,
2006) souligne la présence de kystes de dinoflagellés paratéthysiens (sous 1’appellation Impagidinium sp. 1) antérieurement a la Formation a Colombacci (10 m
environ sous le premier lit carbonaté) dans laquelle ils sont fréquents. Données polliniques d’apres Bertini (1992) : Pinus, Cathaya, Cedrus, Tsuga, Abies et Picea ont
un signal amplifié di a leur flottabilité facilité par leur(s) ballonnet(s) remplis d’air ; éléments subdésertiques : Ziziphus, Croton, Agavaceae, Agave, Cordyline,
Nolina, Prosopis, Lygeum, Calligonum.
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e Arapidincrease in abundance of Pinus pollen (from 30 to 75%
on average) occurs also at about 60 m below the Zanclean
clays, and 37 m below the first Colombacci limestone
(Bertini, 1992, 1994, 2002, 2006), and the consequence of a
tectonic event (Bertini, 2002, 2006) is discarded (Clauzon
et al., 2005);

e Pollen of Lygeum spartum, a typical subdesertic plant (Brullo
et al., 2002), was almost continuously recorded in association
with other subdesertic elements (Agavaceae including Agave,
Nolina, and Cordyline as well as Croton, Prosopis, and
Calligonum) at such a high latitude along the lowermost
110 m of the section (sometimes up to 5%: Fig. 2; Bertini,
1992, 2006) in an humid palaeoclimatic context (Fauquette
et al., 20006).

These discrepancies have prompted the present study. High-
resolution sampling was performed on the lowermost Argille
Azzurre, Colombacci, and uppermost Di Tetto formations at
almost regular intervals (0.80—1 m) following deep excavations
(45 samples versus 20 in the same interval by Bertini, 1992,
2002, 2006), and stopped when solifluction disturbed observa-
tion in the middle part of the Di Tetto Formation (Fig. 3).

Our investigations concern the nannoplankton (not pre-
viously documented in the section), dinoflagellate cysts, and
planktonic foraminifers, focussing on an interval about 40 m
thick including the uppermost part of the Di Tetto Fm., the
entire Colombacci Fm. (i.e. the major part of the p—ev, unit),
and the beginning of the Argille Azzurre Fm. (Fig. 3). Two
modest geometrical unconformities have been reported,
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Fig. 3. Revisited chronostratigraphy of the Maccarone section with the location of the studied samples and the recorded occurrences of the calcareous nannofossil
stratigraphic markers Ceratolithus acutus and Triquetrorhabdulus rugosus. Lithology after Bertini (2006), and modified from our observations: a, Volcanic ash; b,
Turbiditic layer; ¢, Calcareous clay; d, Light clay; e, Grey clay; f, Black clay; g, Limestone. Photographs: A, The entire Maccarone section (the vertical lines indicate
sampled segments); B, The boundary between the Di Tetto and Colombacci formations; C, Upper part of the Maccarone section.

Fig. 3. Chronostratigraphie révisée de la coupe de Maccarone avec I’emplacement des échantillons étudiés et les enregistrements des nannofossiles calcaires marqueurs
stratigraphiques Ceratolithus acutus et Triquetrorhabdulus rugosus. Lithologie d’apres Bertini (2006), modifiée selon nos observations : a, Cinérite ; b, Niveaux
turbiditiques ; ¢, Argile calcaire ; d, Argile claire ; e, Argile grise ; f, Argile noire ; g, Calcaire. Photographies : A, Ensemble de la coupe de Maccarone (les lignes verticales
indiquent les segments échantillonnés) ; B, Limite entre les formations Di Tetto et Colombacci ; C, Partie supérieure de la coupe de Maccarone.
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respectively in the upper part of the Di Tetto Fm. (i.e. at the
boundary between the p—ev; and p—ev, units (Roveri and
Manzi, 2006), and at the boundary between the Di Tetto and
Colombacci formations (Bassetti, 2000) (i.e. within the p—ev,
unit). They are related to the regional tectonic activity, that is
well-recognized in marginal areas (Roveri et al., 1998, 2001)
but not directly expressed in the Maccarone section itself.

2. Calcareous nannofossils

Calcareous nannofossils are generally abundant, except in
the Colombacci Fm. (samples 20-35). Preservation is on the
whole moderate, except in the Colombacci Fm., and the four
lowermost samples of the studied section where it is poor, and
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in some samples where it is relatively good (Fig. 4). The
assemblages are dominated by Coccolithus pelagicus, Reticu-
lofenestra pseudoumbilicus, Sphenolithus abies, S. moriformis,
Triquetrorhabdulus rugosus, and the small reticulofenestrids
(Fig. 4). Of particular biostratigraphic significance are (1)
Triquetrorhabdulus rugosus (nearly continuous occurrence
from sample 1 to 25 and 34 to 42, and an isolated occurrence in
sample 29), and (2) Ceratolithus acutus (nearly continuous
occurrence from sample 5 to 15, isolated occurrences in
samples 21 and 33, and a continuous record at the top of the
section from sample 43) (Fig. 4).

The top of the calcareous nannofossil Zone NN11 is defined
by the disappearance of Discoaster quinqueramus (Berggren
etal., 1995a), the age of which was estimated at about 5.537 Ma

Reworked specimens
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Fig. 4. Recorded occurrences of calcareous nannofossils in the present study. Key taxa are in bold face. For the reworked specimens, the size of the black rhombs

relates to the amount of reworking.

Fig. 4. Distribution des nannofossiles calcaires trouvés dans notre étude. Les taxons marqueurs sont en caracteres gras. Spécimens remaniés : la taille des symboles est

en relation avec I’importance du remaniement.
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Fig. 5. Comparison of Late Miocene and Early Pliocene bio- and chronos-
tratigraphy in the Mediterranean Sea according to the “EEDEN Integrated
Neogene Correlation Table™ coordinated by laccarino, S. and Steininger, F.F.
(unpublished) with the global time scale of Lourens et al. (2004).

Fig. 5. Bio- et chronostratigraphie du Miocéne supérieur et du Pliocene inférieur
de Méditerranée selon la charte établie par le Programme “EEDEN” coor-
donnée par laccarino et Steininger (inédit) comparée a la charte globale de
Lourens et al. (2004).

by Backman and Raffi (1997), and precisely recalculated at
5.58 Ma by Lourens et al. (2004) (Fig. 5), although this species
is very rare or even absent in the Mediterranean area (Rio et al.,
1984). In the studied samples, only a few broken specimens of
D. quinqueramus were observed, and are probably reworked.
Ceratolithus acutus had a proposed range of 5.372-5.046 Ma in
the equatorial Atlantic (Backman and Raffi, 1997) which was
recalculated 5.35-5.04 Ma by Lourens et al. (2004) (Fig. 5).
This datum precedes the disappearance of Triquetrorhabdulus
rugosus (Berggren et al., 1995a, 1995b) placed at 5.28 Ma by
Lourens et al. (2004). In the Mediterranean region, the first
appearance of C. acutus was delayed until the beginning of the
Pliocene (Cita and Gartner, 1973; Castradori, 1998) because of
the isolation of the basin during the Messinian salinity crisis,
the so-called “Non Distinctive Zone” of laccarino and
Salvatorini (1982) (Fig. 5). Moreover, as in other Mediterra-
nean and Atlantic sites (Backman and Raffi, 1997; Castradori,
1998), the two above-mentioned nannofossil events are not
coincident: the extinction of 7. rugosus is younger than the
appearance of C. acutus. As a consequence, the presence of C.
acutus in any Mediterranean sediment means that this deposit
necessarily belongs to the earliest Zanclean (Fig. 5). At first
sight, the studied interval from the Maccarone section, which
records both Triguetrorhabdulus rugosus (samples 1-42), and
Ceratolithus acutus (samples 5-45), belongs to the MNN12
Calcareous Nannofossil Zone of Rio et al. (1990) who emended
the standard zonation of Martini (1971), that is, to the earliest
Zanclean (Fig. 5).

Even we assume that highest occurrences of T. rugosus
might represent reworking, the almost continuous presence of
C. acutus throughout the investigated succession (except its
base and some barren intervals) is referable to MNN12.

Also notable is the increased frequency of Coccolithus
pelagicus towards the base of the study successions (samples

5-10). Siesser and Kaenel (1999) also reported an increased
abundance of C. pelagicus (considered to be more related to
cool surface waters, during the Pliocene; Bukry, 1981) in the
Western Mediterranean area, within the lower part zone NN12.
By contrast, the paracme of Reticulofenestra pseudoumbilicus,
a bio-event reported in the lowermost zone MNN12 by such
authors as Rio et al. (1990) and Di Stefano (1998) was not
encountered in the studied section. This may be due to the
reworking, which could have modified the original nannofloral
composition. Alternatively, the basal Zanclean R. pseudoum-
bilicus paracme may have a limited applicability in the
Mediterranean area (Van Couvering et al., 2000).

3. Dinoflagellate cysts

More than 200 dinoflagellate cysts have been counted per
sample, yielding a total of 45 taxa. The preservation of
specimens is on the whole poor to moderate in the Di Tetto Fm.
(samples 1-19) and moderate to good in the Colombacci Fm.,
and the lower part of the Argille Azzurre Fm. (samples 26-45).

Particular effort have been made to identify the brackish
stenohaline Paratethyan species: Galeacysta etrusca, Impagidi-
nium globosum, Millioudodinium bacculatum, Millioudodinium
baltesii, Millioudodinium dektense, Millioudodinium pelagicum,
Millioudodinium punctatum, Pontiadinium inequicornutum,
Pontiadinium obesum, Pontiadinium pecsvaradense, Pyxidinop-
sis psilata, Romanodinium areolatum, Spiniferites balcanicus,
Spiniferites bentorii subsp. budajenoensis, Spiniferites bentorii
subsp. coniunctus, Spiniferites bentorii subsp. oblongus,
Spiniferites bentorii subsp. pannonicus, Spiniferites cruciformis,
Spiniferites galeaformis, Spiniferites inaequalis; Spiniferites
maisensis, Spiniferites sagittarius, Spiniferites tihanyensis,
Spiniferites validus, Spiniferites virgulaeformis. This was done
by directly comparing the Maccarone specimens with topotypes
of Paratethyan taxa as well as their corresponding original
iconography and description. The following species are invalid,
and a study is in progress with M.J. Head for their emendation:
Impagidinium globosum Siito-Szentai, 1985, Millioudodinium
baltesii Siito-Szentai, 1990, Millioudodinium dektense Siito-
Szentai, 1990, Millioudodinium pelagicum Siito-Szentai, 1990,
Millioudodinium punctatum Baltes, 1971, Spiniferites balcani-
cus Baltes, 1971, Spiniferites bentorii subsp. budajenoensis
Siito-Szentai, 1986, Spiniferites bentorii subsp. coniunctus
Siito-Szentai, 1988, Spiniferites bentorii subsp. oblongus
Siito-Szentai, 1986, Spiniferites bentorii subsp. pannonicus
Siito-Szentai, 1986, Spiniferites sagittarius Siito-Szentai, 1990,
Spiniferites tihanyensis Siito-Szentai, 1988. One result of our
taxonomic studies is that the Impagidinium sp. 2 of Corradini and
Biffi (1988), also illustrated by Bertini (1992: Pl. 3, Fig. 9), is a
morphotype of Spiniferites cruciformis (Wall et al., 1973): see
Marret et al. (2004) and Mudie et al. (2004) for illustrative
photographs. Corradini and Biffi (1988) suggested that
Impagidinium sp. 1 may be equivalent to Millioudodinium
(Leptodinium) bacculatum but did not consult the reference
material of Baltes (1971). Our taxonomic investigations now
indicate that Impagidinium sp. 1, as illustrated also by Bertini
(1992: PL 3, Fig. 10) from the Maccarone section, is indeed
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Millioudodinium bacculatum, and not Caspidinium rugosum of
Marret et al. (2004) (see also Sorrel et al., 2006) as claimed by
Bertini (2006). Results are presented in a detailed dinoflagellate
cyst occurrence diagram (Fig. 6a,b).

Fig. 7 displays the relative frequency of some marker taxa
according to their ecological significance (marine euryhaline
and stenohaline species, brackish stenohaline species). The
reworked dinoflagellate cysts contain such taxa as Achomo-
sphaera alcicornu (Eisenack, 1954), Davey and Williams,
1966, Homotryblium oceanicum (Eaton, 1976), Bujak et al.,
1980, Deflandrea spp., Spiniferites granulatus (Davey, 1969b),
Lentin and Williams, 1973), Achomosphaera ramulifera
(Deflandre, 1937), and specimens that show an increased
uptake of safranine stain. Their percentage is based on the total
number of in situ plus reworked cysts (Fig. 7).

365

In contrast to Bertini (2006) we consider our quantitative
study of dinoflagellate cysts (Fig. 7) to show an important
environmental change in surface-water salinity. To characterize
these environmental changes, taxa have been grouped
according to their ecological significance (Fig. 7): (1) marine
stenohaline dinoflagellate cysts indicated in bold characters on
Fig. 6a, (2) marine euryhaline dinoflagellate cysts incorporating
other marine taxa presented in Fig. 6a, (3) brackish stenohaline
Paratethyan dinoflagellate cysts based on independent curves of
marker taxa (Spiniferites cruciformis, Galeacysta etrusca, and
Pyxidiniopsis psilata), and one curve for the other taxa listed in
Fig. 6b, (4) the fresh-water alga Pediastrum. Reworked
dinoflagellate cysts are also plotted on Fig. 7. A morphological
study of Galeacysta etrusca, Spiniferites balcanicus, and
Romanodinium areolatum, originating from different well-
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Fig. 6. Recorded occurrences of dinoflagellate cysts in the present study: a, marine species; b, brackish Paratethyan species. Key taxa are in bold characters.
Fig. 6. Distribution des kystes de dinoflagellés trouvés dans notre étude : a, espéces marines ; b, especes saumatres paratéthysiennes. Les taxons marqueurs sont en

caracteres gras.
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Fig. 6. (Continued).

dated Mediterranean and Paratethyan sections, suggests that
these species probably represented different steps in evolution/
adaptation to environmental changes (probably in surface-
water salinity) of the same species (Popescu, unpublished). As a
consequence, these taxa have been grouped within the
Galeacysta etrusca curve (Fig. 7). It is also notable that the
specimens identified in the present study as Spiniferites
cruciformis and Pyxidiniopsis psilata display a range of
morphologies just as they do in the Black Sea Holocene
sediments (Wall et al., 1973). Our data from the entire Neogene
of Paratethys show that the transition from oval to cruciform
body, and the well- to poorly-expressed tabulation characterizes
reduced surface-water salinity.

The lower and upper parts of the studied section (samples 1—
5 and 43-45, respectively) are dominated by the marine
euryhaline (80%), and stenohaline (15%) dinoflagellate cysts
documenting a typical marine environment (Fig. 7). The middle
part of the studied section (samples 7-42) is characterized by

prevalent brackish Paratethyan species, indicating a decrease in
surface-water salinity.

The freshwater alga Pediastrum is frequent in the lower part
of the studied section (samples 1-20) with an acme in samples 7
and 8 (in equal number to the dinoflagellate cysts), exactly
where this event was also identified by Bertini (2006). It is
noteworthy that the vertical distribution of Pediastrum is
practically in phase with the greatest amounts of reworked
dinoflagellate cysts (Fig. 7), and a palynofacies dominated by
coaly microdebris and woody microfragments (samples 1 to
12), documenting an important arrival of freshwater probably
because of an intensified river input (Poumot and Suc, 1994).

4. Planktonic foraminifers
This study only relates to the Colombacci Fm. and the

lowermost Argille Azzurre Fm. On the whole, preservation is
moderate to poor. Planktonic foraminifers are abundant and
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diverse only in samples 41 (Colombacci Fm.), and 43-45
(Argille Azzurre Fm.). Reworked specimens are frequent.
Results are given on Fig. 8, and are consistent with those
published by Carloni et al. (1974a). However, planktonic
foraminifers from sample 24 to 40 display a small size (found
only within the <250 wm fraction), a peculiarity also noticed
by Colalongo et al. (1976) in the Colombacci Fm. of Cella, that
indicates unfavourable environmental conditions. Ostracods
are abundant in samples 38 to 42, as already pointed out by
Carloni et al. (1974a) and Casati et al. (1976).

5. Discussion

Many consistent lines of evidence reveal the evolution of
aquatic and continental environmental conditions in the area of
Maccarone, which can be extended to the entire Adriatic
foredeep, and Po Basin by integrating the available informa-
tion.

Marine Zanclean Mediterranean waters entered this region
before the arrival of the planktonic foraminifers Sphaeroidi-
nellopsis and then Globorotalia margaritae, the marker species
of zones MPI1 and 2, respectively, which belong to the early
Zanclean (Cita and Gartner, 1973). This is attested by (1) the
first appearance of Ceratolithus acutus, the nannofossil marker
for the base of the Pliocene in the Mediterranean which cannot

be explained by reworking (Fig. 3), (2) the almost regular
occurrence of non-reworked planktonic foraminifers (Fig. 8),
and (3) marine dinoflagellate cysts (Figs. 6 and 7). The early
arrival of Zanclean foraminifers might be detected through the
record in the uppermost Di Tetto Fm. of the benthic species
Uvigerina rutila (Carloni et al., 1974a: sample 22A), which
being a marker for the Zanclean (laccarino, 1967; Cita and
Gartner, 1973), likewise cannot be suspected of reworking.
Additional evidence of the normal marine condition of the
Colombacci Fm. was recently provided by Carnevale et al.
(2006a) who studied otoliths of euryhaline marine fish from the
Ca’Ciuccio section close to Montecalvo in Foglia. These
authors proposed that the marine refilling of the Mediterranean
preceded the Miocene-Pliocene boundary.
The marine incursion operated in two pronounced steps:

e the first one occurred in the upper Di Tetto Fm. (starting
before sample 1 and lasting through sample 15) based on (1)
the abundance of marine euryhaline dinoflagellate cysts
(Impagidinium aculeatum, Nematosphaeropsis labyrinthus,
N. cf. lemniscata Spiniferites ramosus, S. bulloideus,
Lingulodinium machaerophorum, Operculodinium centro-
carpum, Pentapharsodinium dalei) accompanied by marine
stenohaline taxa (Impagidinium patulum, 1. strialatum,
Spiniferites  bentorii, S. mirabilis, S. hyperacanthus,
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S. membranaceus, S. cf. falcipedius, Achomosphaera,
andalousiensis) (Fig. 7), and (2) the coeval diversity in
calcareous nannofossils including the appearance of Cer-
atolithus acutus (Figs. 3 and 4);

the second step occurred in the Colombacci Fm., and
intensified in the Argille Azzurre Fm. (samples 23-45); it is
marked (1) by strongly anoxic conditions (about 80% of a
yellow and fleecy amorphous organic matter in the
palynofacies of samples 23-26 corresponding to black and
grey clays) probably caused by a contrasted water stratifica-
tion (Poumot and Suc, 1994) (Fig. 7), (2) marine euryhaline
dinoflagellate cysts which increase again in parallel to the
marine stenohaline species (Fig. 7), (3) diversity of
calcareous nannofossils more manifest from sample 33
(Fig. 4), (4) increasing diversity in planktonic foraminifers,
these displaying a normal size from sample 41(Fig. 8).

Between these two steps, influx of marine water continued as
evidenced by dinoflagellate cysts, in sample 20 for example
(Fig. 7), and more continuously by calcareous nannofossils
(Fig. 4). The process is characteristic of an influx of marine
waters overflowing a sill (the Otrante Sill in this case), surface
waters entering first the isolated basin with dinoflagellates and
coccoliths, followed by deeper waters with more abundant

foraminifers. Among the latter, the planktonic marker species
entered the Apennine foredeep when salinity reached a
sufficiently elevated level for their persistent presence. At
the beginning of the transgression, the euryhaline dinoflagellate
cysts are more abundant than the steohaline ones, as explained
by their great capacity to adapt within a large salinity and
temperature range (Marret and Zonnerveld, 2003).

The dinoflagellate cyst record shows that the so-called Lago
Mare event (corresponding to the Colombacci Fm.: Cita and
Colombo, 1979; Bassetti et al., 2003; Orszag-Sperber, 2006) is
sandwiched within the marine transgression here referred to the
earliest Zanclean (Figs. 3 and 7). Accordingly, the classical
interpretation of a Lago Mare event as resulting from the
draining of Paratethyan brackish waters into an almost
desiccated Mediterranean Basin (Hsii et al., 1973; Cita et al.,
1978: Fig. 12, p. 1018) is fully disproved as already
demonstrated by Clauzon et al. (2005) on the basis of such
evidence as the coeval inflow of Mediterranean marine waters
into the Eastern Paratethys. Actually, two Lago Mare events
happened in the Mediterranean Sea as a result of cross
exchanges with the Eastern Paratethys at high sea-level, the first
event just before the Mediterranean desiccation, and the second
event caused by the reflooding of the Mediterranean Sea during
the earliest Zanclean (Clauzon et al., 2005). The Lago Mare
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event recorded at Maccarone is that of the earliest Zanclean. It
documents the existence of high sea-level connections with the
Eastern Paratethys allowing inflow to the Mediterranean of
reduced salinity surface waters originating from the Paratethys,
transporting stenohaline dinoflagellates, and larvae of ostracods
and molluscs. As also coroborated by fish remains, the Lago
Mare events occurred when the Mediterranean Sea was full of
water: see Carnevale et al. (2006b) for the first Lago Mare
event, and Carnevale et al. (2006a) for the Zanclean one. As a
consequence, the systematic dismissal of marine elements as
reworked within the Lago Mare events (in accordance with the
conventional assumption that it is impossible to record
ecologically mixed fossil assemblages), must be abandoned.
The records of foraminifers and calcareous nannofossils within
the Colombacci deposits, such as at Cella (Colalongo et al.,
1976), Gualdo (Casati et al. (1976), and Monticino (Rio and
Negri, 1988) regain their full significance. The small size of
planktonic foraminifers testify to the unfavourable quality of
waters. The significance of the ostracod species in the region
has been clarified by Bassetti et al. (2003) who demonstrated
their weak relationship with the contemporaneous Paratethyan
species. These results pointed out the risk to define the Lago
Mare events on the basis of the ostracods only, and reinforced
the ecological significance of such events.

In the middle part of the Maccarone section, the relative
frequency of Pinus pollen rapidly (within just a 5.5 m thick
interval) increases from 33 to 78% in parallel with a moderate
increase in the other saccate pollen grains (Cathaya, Cedrus,
Tsuga, Abies, and Picea: Fig. 2; Bertini, 2002, 2006). Pinus in
particular but also other saccate pollen grains are known to be
over-represented in distal aquatic sediments because they are
more buoyant during water and air transport (Heusser, 1988;
Beaudouin et al., 2007). Such a shift has been correctly
understood as reflecting a transgressive trend resulting in an
increasing distance of the locality from shore (Bertini, 2002).
However, this event was attributed to tectonic activity in the
northern Apennines (Bertini, 2006), and associated with the
regional unconformity separating p—ev2 from p—evl units
(Bertini, 2002). This break appears too abrupt to be explained
by a tectonic event, especially when considering the
unlikelihood of a transgressive trend occurring in an area
undergoing compression (the Maccarone subaquatic sedi-
ments of the Colombacci Fm. have been uplifted to 380 m asl).
It is much more plausible to explain a rapid retreat of the
shoreline by the sudden marine Zanclean transgression, as
documented herein.

The lower part of the studied section (samples 1-17) is
characterized both by large numbers of reworked dinoflagellate
cysts, a palynofacies rich in coaly microparticles and woody
microfragments, and presence of abundance of Pediastrum. The
intense river input could relate to the tectonic phase to which
interstratified marginal deltaic conglomerates belong consis-
tently (Roveri et al., 2001; Manzi et al., 2005). This tectonic
phase was still active when the Zanclean marine flooding
occurred, as recorded at the base of unit p—ev2. At the end of
deposition of the Colombacci Fm., a decrease in tectonic
activity might have caused a rise in sea level at the beginning of

the Argille Azzurre deposition, thereby allowing the late arrival
of the planktonic foraminifer markers of the early Zanclean.

The two step scenario of the Messinian salinity crisis as
conceived by Clauzon et al. (1996) is based on the following
basic observations: all around the Mediterranean Basin, the
Messinian marginal evaporites are cut by an impressive
erosional surface itself overlain by early Zanclean Gilbert-
type fan deltas (Clauzon et al., 1996, 2005, in progress). These
features prove that two successive drops in sea-level occurred:
the first was a minor one that caused the deposition of the
marginal evaporites; then, a severe drawdown resulted in the
cutting of deep fluvial canyons joining the central basin
evaporites in the almost desiccated abyssal plains (Lofi et al.,
2005). Signs of these two steps are detected in the Maccarone
area: the resedimented evaporites from marginal areas
document the first sea-level drop; and the unexpected presence
(with significant percentages) of subdesertic plants at such a
high latitude during the time-span 5.50-5.40 Ma (Fig. 2) at a
time when the scenario of Clauzon et al. (1996, 2005) places the
almost complete desiccation of the Mediterranean Sea. Today,
Lygeum spartum (the most abundant subdesertic element
recorded at Maccarone) does exceed a latitude of 40°30’ N in
the Italian Peninsula (Brullo et al., 2002). Bertini (2006)
invokes a drier climatic episode to explain this northward
expansion of subdesertic elements, a hypothesis fully contra-
dicted by (1) the regional floral context denoting humid warm-
temperate conditions (abundance of Taxodiaceae, Engelhardia,
Quercus, etc.; Bertini, 1992) as also supported by palaeocli-
matic quantification (Fauquette et al., 2006), (2) the absence of
any drier phase at that time in North Africa where, on the
contrary, a wetter episode is documented (Griffin, 2002;
Fauquette et al.,, 2006). It is more plausible to accept that
subdesertic plants moved northward because the southern
Italian Peninsula had become uninhabitable during the
paroxysmic phase of desiccation: indeed, a subdesertic plant,
adapted to very xeric conditions, thrives when it receives a large
quantity of water but is alone having survived a very dry
climate.

Two of the debated scenarios of the Messinian salinity crisis
have considered the question of the Adriatic and Po region
where shallow-water primary evaporites are still in place on the
margin but were resedimented later within the Apennine
foredeep which never desiccated (Roveri et al., 1998, 2001;
Bassetti, 2000):

e it was proposed by Manzi et al. (2005) and Roveri and Manzi
(2006) to enlarge the Adriatic foredeep model to the whole
Mediterranean Basin, postulating that “a large part of the
evaporites lying on the Mediterranean floor could have a
clastic origin” (Manzi et al., 2005: p. 899). This implies that
the Mediterranean Sea never dried out, a proposal that fully
contradicts the nature, and thickness of the Mediterranean
central basins evaporites inferred from seismic profiles
(Savoye and Piper, 1991; Gorini et al., 2005; Sage et al.,
2005; Bertoni and Cartwright, 2006), and the presence of
deep fluvial (i.e. subaerial) canyons separated by a well-
expressed erosional surface on the interfluves (Chumakov,
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1973; Clauzon, 1973, 1978; Savoye and Piper, 1991; Gorini
et al., 2005; Lofi et al., 2005; Bertoni and Cartwright, 2006);

e Clauzon et al. (1997, 2005) suggested that the Adriatic and Po
region persisted as a perched lake (because they display a
continuous subaquatic sedimentation during the time-interval
of the Mediterranean desiccation), isolated from the
desiccated Mediterranean Sea as a result of the combined
effects of the Otrante Sill, and the positive hydrologic budget
of the region surrounded by uplifting massifs. A significant
part of the Dacic Basin experienced a similar evolution
(Clauzon et al., 2005) when both the Mediterranean Sea and
Black Sea simultaneously desiccated (Gillet, 2004). The
Marmara Sea probably persisted too as a perched isolated
lake based on the palacogeography published by Cagatay
et al. (2006), and our own recent field observations.

Combining the former data from Bertini (1992, 1994, 2002,
2006), especially those concerning the lower part of the
Maccarone section, together with our new data focussing on the
upper part of the section with a higher sampling resolution
(including dinoflagellate cysts, calcareous nannofossils, and
planktonic foraminifers) as well as data recently published on
the area (micropaleontological and geochemical information by
Bassetti et al., 2003, 2004, respectively, and fish records from
Carnevale et al., 2006a), it is possible to reconstruct a reliable
environmental evolution of the Apennine foredeep in the late
Messinian through early Zanclean. This evolution, which is
fully consistent with the geodynamic reconstruction depicted
by Roveri et al. (1998, 2001), is summarized in Fig. 9, and may
be described as follows. Two main geodynamic events
significantly influenced the environments during a period of
relatively stable warm and wet climate (Fauquette et al., 2006):

e a powerful tectonic activity continuously affected the region
during the Mediterranean Sea desiccation at a time when the
Adriatic—Po basin was a perched lake surrounded by uplifting
landmasses. This is clearly evidenced by geological
observations (Roveri et al., 1998, 2001; Bassetti, 2000),
and is supported by strong signs of an intense run-off in the
palynological residues (abundant reworked palynomorphs,
coaly and woody microparticles, presence of Concentri-
cystes, abundance of Pediastrum). The continuity of this
intense tectonic activity during a relatively long interval
explains the absence of any unconformity in the foredeep as
reported for the Maccarone section. During the earlier part of
this phase, subdesertic plants spread northwards. This should
be understood as an epiphenomenon caused by the
desiccation of the Mediterranean (Fauquette et al., 2006);

e a marine transgression conceals the effects of tectonism
within the sedimentary record because of its suddenness and
considerable amplitude. This is undoubtedly the Zanclean
transgression as revealed by the coccolith marker Cerato-
lithus acutus. In the Maccarone area, the effects of run-off are
henceforth less well expressed probably because the deltaic
zones and shoreline were pushed back inland. As another
consequence of this event, turbiditic layers progressively
disappeared from the foredeep. Tectonic activity probably
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continued but it was less obvious in the sedimentary record.
The Zanclean transgression re-established relationships with
the Eastern Paratethys through a gateway going from
northern Greece up to the Dacic Basin via the Macedonian
and Bulgarian basins (Clauzon et al., 2005). This connection
allowed brackish surface waters originating from the eastern
Paratethys to reach the Adriatic-Po region with their cortege
of immigrant living organisms. Evidence for the invasion of
Paratethyan dinoflagellates ceases in the second metre of the
Argille Azzurre Fm. presumably because of the tectonic
closure of the North Aegean-Dacic Basin gateway. In the
earliest Zanclean (i.e. the youngest Di Tetto and the entire
Colombacci deposits), salinity was probably low in the
Apennine foredeep, favouring the immigrant dinoflagellates
while creating unfavourable conditions for the already-
arrived planktonic foraminifers. The water column rapidly
stratified, and led to anoxic deposits (black layers rich in
amorphous organic matter: possibly representing sapropels).
The alternation between calcareous beds (‘“‘colombacci’),
and clays might be understood as resulting from variations in
salinity as foreseen by Bassetti et al. (2004). The somewhat
ambiguous environmental conditions reported for the
Colombacci Fm. by geochemists (Casati et al., 1976;
Molenaar and De Feyter, 1985; Bassetti et al., 2004)
probably originate in the difficulty for waters of various
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quality to mix. Such waters would have included locally-
sourced former freshwater enriched by a continuous intense
run-off, normal marine Mediterranean waters entering the
basin, and surface Paratethyan brackish waters.

A final consequence of these results is the necessary revision
of the regional stratigraphy, chronostratigraphy, and geological
mapping caused by moving the p—ev2 unit into the Zanclean
Stage.

6. Conclusion

We emphasize the importance of the Maccarone section, part
of which was revisited in our investigations. Our study
demonstrates the value of multiple approaches, and exposes the
danger of systematically rejecting data simply because it
contradicts classical assumptions. Two meaningful advances
characterize this work:

e a closing of the debate initiated in Bologna in 1967 at the 4th
Congress of the Regional Committee on Mediterranean
Neogene Stratigraphy about whether the Colombacci
Formation is Messinian or Pliocene in age. It unequivocally
belongs to the earliest Pliocene, as does the underlying
uppermost part of the Di Tetto Fm. (i.e. the entire p—ev2
stratigraphic unit);

e the lowering in the regional stratigraphy of the Zanclean
transgression. This allows, after integrating all available data,
a new reconstruction of terrestrial and aquatic environments
that is fully compatible with the regional geodynamic picture
(Roveri and Manzi, 2006), recent advances in regional
palaeoenvironmental studies (Bassetti et al., 2004; Carnevale
et al., 2006a), and the Lago Mare scenario formulated by
Clauzon et al. (2005). The invasion of Paratethyan species is
clearly the consequence of the Zanclean high sea-level that
connected the Mediterranean to the Eastern Paratethys.

The failings of the Lago Mare as chronostratigraphic unit are
manifest. Within the Apennine foredeep, an area under strong
geodynamic control, the respective effects of local tectonics
and Mediterranean eustasy have been clarified. Because of the
suddenness and amplitude of the Zanclean transgression, it is
the Mediterranean eustatic signature that prevails in the
sedimentary and palaeobiological records.
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Abstract

After some deontological considerations, we confirm that evidence of Mediterranean reflooding by Atlantic waters occurs significantly below
the formally defined base of the Zanclean Stage at 5.332 Ma, as shown by the lowest occurrence of the calcareous nannofossil Ceratolithus acutus
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Résumé

Apres quelques commentaires d’ordre déontologique, nous confirmons que la réinvasion du bassin méditerranéen par les eaux atlantiques est
intervenue bien avant la base « officielle » de 1’étage Zancléen placée a 5,332 Ma. Cela est notamment illustré par la présence du nannofossile
Ceratolithus acutus (photographies a I’appui) dans la partie inférieure de la Formation p-ev, a Maccarone. La présence de cette espece ne peut étre
établie qu’apres une recherche au microscope plus longue que de coutume. La cyclostratigraphie du Messinien supérieur de la Province des

Marches doit étre révisée en conséquence.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Our reply to the comment of Roveri et al. is concise because
our data are essentially self-evident. First, we wish to make a
deontological observation. Roveri et al. in their Introduction
wrote: “Popescu et al. (2007) derive palaeoenvironmental
implications supporting the Messinian salinity crisis scenario
proposed by the same Authors group in previous papers
(Clauzon et al., 2005)”. The two-step scenario for the Messinian
Salinity Crisis (Clauzon et al.,, 1996) was proposed after
comprehensive field observations in the Sorbas Basin and other
Mediterranean peripheral basins where well-dated Messinian
marginal evaporites are cut by a huge erosional surface overlain
by lower Zanclean deposits (see also Gautier et al., 1994). Such a
situation which clearly documents two successive sea-level falls,
a moderate one corresponding to the marginal evaporites
followed by an outstanding one that caused the central basin
evaporites and an intense coeval subaerial erosion (including
fluvial canyons) of the margins, is observed all around the
Mediterranean and does not necessitate an adjustment of the
data as additional support as suspected by Roveri et al. This
assumption written by Roveri et al. curiously resembles that of
Bertini (2006: p. 250, line 11): “It is a fact that such event [i.e.
‘““an additional Lago-Mare event” as indicated five lines above] is
indispensable to validate the two diachronous steps-model
proposed by Clauzon et al. (1996)”’. Such assumptions seem to
run counter to the deontological approach in science. Our
concept of stratigraphy is to consider all the data and not merely
select those in agreement with our so-called previously edified
scenario. The alternative would allow any new data, even
contradictory, to be integrated and serve to validate or modify our
interpretation. It happens, however, that our two-step scenario
(Clauzonetal., 1996) was fully accepted by a group of specialists
of the Messinian Salinity Crisis during the CIESM Workshop in
Almeria (November, 7-10, 2007), i.e. before submission of the
comment by Roveri et al., an agreement recently published in a
CIESM paper, the editing of which was curiously led by M.
Roveri himself (CIESM Workshop Monographs, 2007; see
especially its Fig. 4, p. 17).

2. The post Salinity Crisis reflooding of the
Mediterranean and the Zanclean GSSP

Our contradictors are correct to emphasize that the marine
records in the Di Tetto and Colombacci formations cannot be

related to the early Zanclean Stage as clearly defined by the
Zanclean Global Stratotype Section and Point (GSSP) at
Eraclea Minoa (Van Couvering et al., 2000). The Zanclean
GSSPis dated at 5.332 Ma in the Sicilian Series and has its echo
in the Argille Azzurre overlying the Colombacci Formation in
the Marche Series.

But the signs of marine reflooding of the Mediterranean
prior to the Zanclean GSSP are not isolated, as they are also
suggested in Morocco (Cornée et al., 2006), Calabria (Cavazza
and DeCelles, 1998), Sicily (Londeix et al., 2007), Gulf of
Lions (Bache, 2008), northeastern Aegean Sea (Clauzon et al.,
2008), etc.

Our somewhat provocative title (Popescu et al., 2007) aimed
to show again how greatly the Zanclean GSSP (Van Couvering
et al., 2000) is compromised, given that it immediately follows
a sedimentary hiatus on the Mediterranean margins and is
complicated by a marine reflooding that is now known to occur
in two steps. Can such a GSSP be appropriate when linked to
such an exceptional succession of major events?

3. The Maccarone fossil records

Roveri et al. announce a more complete study of the
Maccarone section by their group that is based on a dense
sampling. We may expect very promising discussions arising
from the paleobiological records and forthcoming geochemical
measurements.

It is not necessary to repeat descriptions of the dinoflagellate
cyst flora (Bertini, 1992, 2006; Popescu et al., 2007) recalled by
Roveri et al. Additional new details on this flora are provided by
Popescu et al. (in press). In any case, a complete understanding
of ecological variations within Lago Mare facies as reflected in
the dinoflagellate cyst record requires a detailed comparison
with the type specimens from the Pannonian Basin, these being
available only in Komlo and Lyon.

Foraminifers from the Di Tetto and Colombacci formations
are considered by Roveri et al. as reworked, and they are
rejected only on the weak argument that their presence is in
contradiction with the ostracod record which has a freshwater
signature. Such contradictory coexisting faunas are not
exceptional in coastal environments within the Lago Mare
context, as pointed out in Corsica (Casabianda locality) by
Saint Martin et al. (2007) for sediments also containing
Ceratolithus acutus, the marker of the nannofossil subzone
NN12b (Popescu et al., 2007).
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Fig. 1. 1. Ceratolithus acutus Gartner and Bukry, sample 5 (Popescu et al., 2007), crossed nicols. 2. Ceratolithus acutus Gartner and Bukry, sample 5 (Popescu et al.,
2007), parallel light. 3. Ceratolithus acutus Gartner and Bukry, sample 13 (Popescu et al., 2007), crossed nicols. 4. Ceratolithus acutus Gartner and Bukry, sample 13
(Popescu et al., 2007), parallel light. 5. Ceratolithus acutus Gartner and Bukry, sample 21 (Popescu et al., 2007), crossed nicols.

C. acutus is actually present, even if very scarce, in the
Colombacci and underlying upper Di Tetto formations with
similar morphology to that found in the Argille Azzurre
deposits. Sediment caving cannot be invoked as we sampled in
late August 2004, at the bottom of deep excavations made a few
days earlier by the Roveri group. The presence of C. acutus
almost continuously in our samples 5-15, and then episodically
(samples 21 and 33) and finally continuously from sample 43, is
fully consistent with the succession of bioevents recorded in the
Maccarone section (Bertini, 1992, 2006; Popescu et al., 2007)
as in many other peri-Mediterranean sections (Clauzon et al.,
2008):

e at about 110 m from the base of the section, large increases in
Pinus (indicative of more distal environment) and the coeval
presence of foraminifers and marine dinoflagellate cysts;

e record of Triquetrorhabdulus rugosus from at least 130 m;

e first record of C. acutus at about 135 m;

o full marine conditions at 172 m (Argille Azzurre Fm.).

Roveri et al. argue that C. acutus is a very scarce species in
the lower Zanclean of the Mediterranean where they mention it
has been recorded only by Castradori (1998). This is inaccurate
because the species was reported not only in several
Mediterranean regions [i.e. at Capo Rossello by Cita and
Gartner (1973), in the Aegean region (Acropotamos locality,
northern Greece) by Snel et al. (2006b) and regularly by us
everywhere in the Mediterranean Basin (Clauzon et al., 2008;
Popescu et al., in press), as well as in the Paratethys (Dacic
Basin: Marungeanu and Papaianopol, 1998; Snel et al., 2006a).
In agreement with E. Di Stefano et al. (1996) who declare that
“Due to the rare presence of the species [i.e. C. acutus], in the
Mediterranean sequence this bioevent [i.e. the First Occur-
rence of C. acutus] can be identified only with a longer than
routine investigation of the smear slides, but its recognition
at the base of the Mediterranean Pliocene sequence is
extremely important” (p. 408, lines 18-21), we performed a
very careful analysis of each sample from the Maccarone
section. Notably, the nannofossil C. acutus was recorded with
very low frequency throughout the lower part of the studied

section, where it is extremely rare (i.e., one specimen per more
than 50 fields of view [FOV]) (Fig. 1(1-5)). Moreover, in the
investigated sequence, it was not recorded in all samples. The
absence of C. acutus in these samples is probably due to non-
preservation, as its absence is coincident with those samples
that yielded a poor or poor-to-moderately preserved nanno-
fossil assemblages. A higher abundance of C. acutus (one
specimen per 30-50 FOV) was observed towards the upper
part of the section. However, a careful calcareous nanno-
plankton investigation could not omit specimens of C. acutus.
On the other hand, the “typical Pliocene species widely
documented in Late Miocene (e.g. Discoaster tamalis,
Helicosphaera sellii)”’, according to Roveri et al., were not
found by us in the Maccarone section.

Roveri et al. question our record of C. acutus at Maccarone
on the basis of their cyclostratigraphy of the Colombacci Fm.
This cyclostratigraphy is calibrated using two ages: that of the
base of the Argille Azzurre Formation at 5.33 Ma which is
reliable, and that at the boundary between p-ev; and p-ev,
Formations at 5.42 Ma which is only speculative (see also
Gennari et al., 2008). We conclude that our oldest specimens
of C. acutus in the lower p-ev, Formation provide at last
another reliable age (5.35 Ma: Lourens et al., 2004; 5.345:
Raffi et al., 2006) for revising the cyclostratigraphic
interpretation of the late Messinian in the Marche Province,
taking also into account the radiometric age of the ash layer at
5.50 Ma.

4. Conclusion

Although there are many other aspects to counter assump-
tions made by Roveri et al., we consider that our detailed
arguments are clearly sufficient to objectively establish the
presence of early influxes of Mediterranean marine waters into
the previously isolated Apennines foredeep. Such influxes
occurred significantly before the formally-defined base of the
Zanclean Stage, and resulted from what was probably an almost
complete reflooding of the Mediterranean Basin significantly
before 5.332 Ma. We appreciate the opportunity provided by
Roveri et al. to reiterate our conclusions.



660 S.-M. Popescu et al./Geobios 41 (2008) 657-660

References

Bache, F., 2008. Evolution Oligo-Miocéne des marges du micro-océan Liguro-
Provencal. PhD thesis, Université de Bretagne occidentale, Brest.

Bertini, A., 1992. Palinologia ed aspetti ambientali del versante adriatico
dell’ Appennino centro-settentrionale durante il Messiniano e lo Zancleano.
PhD Thesis, University of Florence.

Bertini, A., 2006. The northern Apennines palynological record as a contribute
for the reconstruction of the Messinian palaeoenvironments. Sedimentary
Geology 188/189, 235-258.

Castradori, D., 1998. Calcareous nannofossils in the basal Zanclean of the
Eastern Mediterranean Sea: remarks on paleoceanography and sapropel
formation. In: Robertson, A.H.F., Emeis, K.-C., Richter, C., Camerlenghi,
A. (Eds.), Leg 180, Proceedings of the Ocean Drilling Program, Scientific
Results 180, 113-123.

Cavazza, W., DeCelles, P.G., 1998. Upper Messinian siliciclastic rocks in
southeastern Calabria (southern Italy): palaeotectonic and eustatic impli-
cations for the evolution of the central Mediterranean region. Tectonophy-
sics 298, 223-241.

CIESM Workshop Monographs (Antén, J., Briand, F., Cagatay, M.N., De
Lange, G.J., Flecker, R., Gaullier, V., Guiliano, L., Gunde-Cimerman,
N., Hiibscher, C., Krijgsman, W., Lambregts, P., Lofi, J., Lugli, S., Manzi,
V., McGenity, T.J., Roveri, M., Sierro, F.J., Suc, J.-P.), 2007. The Messinian
Salinity Crisis from mega-deposits to microbiology — A Consensus Report.
CIESM Workshop Monographs 33, 7-28.

Cita, M.B., Gartner, S., 1973. Studi sul Pliocene e gli strati di passagio dal
Miocene al Pliocene, IV. The stratotype Zanclean foraminiferal and nan-
nofossil biostratigraphy. Rivista Italiana di Paleontologia e Stratigraphia 79,
503-558.

Clauzon, G., Suc, J.-P., Gautier, F., Berger, A., Loutre, M.-F., 1996. Alternate
interpretation of the Messinian salinity crisis: Controversy resolved?
Geology 24, 363-366.

Clauzon, G., Suc, J.-P., Armijo, R., Meyer, B., Melinte-Dobrinescu, M.C.,
Lericolais, G., Gillet, H., Cagatay, M.N., Popescu, S.-M., Jouannic, G.,
Ucarkus, G., Cakir, Z., Quillévéré, F., 2008. Impact of the Messinian
Salinity Crisis in the region of the Marmara Sea. Did a connection exist
between the Aegean and Black seas at that time? 61th Turkish Geological
Congress, Ankara, Abstracts book, pp. 136-137.

Clauzon, G., Suc, J.-P,, Popescu, S.-M., Marunteanu, M., Rubino, J.-L.,
Marinescu, F., Melinte, M.C., 2005. Influence of the Mediterranean sea-
level changes over the Dacic Basin (Eastern Paratethys) in the Late
Neogene. The Mediterranean Lago Mare facies deciphered. Basin Research
17, 437-462.

Cornée, J.-J., Ferrandini, M., Saint Martin, J.-P., Miinch, P., Moullade, M.,
Ribaud-Laurenti, A., Roger, S., Saint Martin, S., Ferrandini, J., 2006.
The late Messinian erosional surface and the subsequent reflooding in
the Mediterranean: New insights from the Melilla-Nador basin

(Morocco). Palaeogeography, Palaeoclimatology, Palaeoecology 230,
129-154.

Di Stefano, E., Sprovieri, R., Scarantino, S., 1996. Chronology of biostrati-
graphic events at the base of the Pliocene. Palacopelagos 6, 401-414.
Gennari, R., Taccarino, S.M., Roveri, M., Manzi, V., Grossi, F., 2008. Integrated
biostratigraphic and physical stratigraphic framework: a high definition
correlative tool for the Lago Mare deposits. Specialized Session of the
French Geological Society on “Mio-Pliocene geodynamics and paleogeo-
graphy of the Mediterranean region: eustacy—tectonics interference”, Lyon,

Abstracts Volume, pp. 3941.

Gautier, F., Clauzon, G., Suc, J.-P.,, Cravatte, J., Violanti, D., 1994. Age et durée
de la crise de salinité messinienne. Comptes rendus de 1’Académie des
sciences de Paris 320 (2), 1103-1109.

Londeix, L., Benzakour, M., Suc, J.-P., Turon, J.-L., 2007. Messinian paleoen-
vironments and hydrology in Sicily (Italy): The dinoflagellate cyst record.
Geobios 40, 233-250.

Lourens, L.J., Hilgen, F.J., Laskar, J., Shackleton, N.K., Wilson, D., 2004. The
Neogene Period. In: Gradstein, F., Ogg, J., Smith, A. (Eds.), A Geological
Time Scale. Cambridge University Press, Cambridge, pp. 409—440.

Mairungeanu, M., Papaianopol, 1., 1998. Mediterranean calcareous nannoplank-
ton in the Dacic Basin. Romanian Journal of Stratigraphy 78, 115-121.

Popescu, S.M., Dalesme, F., Jouannic, G., Escarguel, G., Head, M.J., Melinte-
Dobrinescu, M.C., Siit3-Szentai, M., Bakrac, K., Clauzon, G., Suc, J.-P,, in
press. Galeacysta etrusca complex, dinoflagellate cyst marker of Parate-
thyan influxes into the Mediterranean Sea before and after the peak of the
Messinian Salinity Crisis. Palynology.

Popescu, S.M., Melinte, M.C., Suc, J.-P., Clauzon, S., Quillévéré, E., Siitd-
Szentai, M., 2007. Earliest Zanclean age for the Colombacci and uppermost
Di Tetto formations of the “latest Messinian” northern Apennines: New
palaeoenvironmental data from the Maccarone section (Marche Province,
Italy). Geobios 40, 359-373.

Raffi, I., Backman, J., Fornaciari, E., Pilike, H., Rio, D., Lourens, L., Hilgen, F.,
2006. A review of calcareous nannofossil astrobiochronology encompass-
ing the past 25 million years. Quaternary Science Reviews 25, 3113-3137.

Saint Martin, S., Saint Martin, J.-P., Ferrandini, J., Ferrandini, M., 2007. La
microflore de diatomées au passage Mio-Pliocéne en Corse. Geobios 40,
375-390.

Snel, E., Marungeanu, M., Macalet, R., Meulenkamp, J.E., Van Vugt, N., 2006a.
Late Miocene to Early Pliocene chronostratigraphic framework for the
Dacic Basin, Romania. Palacogeography, Palaecoclimatology, Palacoeco-
logy 238, 107-124.

Snel, E., Mirunteanu, M., Meulenkamp, J.E., 2006b. Calcareous nannofossil
biostratigraphy and magnetostratigraphy of the Upper Miocene and Lower
Pliocene of the Northern Aegean (Orphanic Gulf-Strimon Basin areas),
Greece. Palacogeography, Palacoclimatology, Palaecoecology 238, 125-130.

Van Couvering, J.A., Castradori, D., Cita, M.B., Hilgen, FJ., Rio, D., 2000. The
base of the Zanclean Stage and of the Pliocene Series. Episodes 23, 179-186.



The Messinian Salinity Crisis in the Dardanelles region:
Chronostratigraphic constraints

Mihaela Carmen Melinte-Dobrinescu®, Jean-Pierre Sucb,
Georges Clauzon®, Speranta-Maria Popescu®, Rolando Armijo°®, Bertrand Meyerf,
Demet Biltekind, M. Namik Cagatayd, Giilsen Ucarkusd, Gwénaél J ouannicf,

Séverine Fauquette?, Ziyadin Cakir’

a, National Institute of Marine Geology and Geo-ecology (GEOECOMAR), 23-25
Dimitrie Onciul Street, RO-024053 Bucharest, Romania,
e-mail: melinte(@geoecomar.ro

b, UMR 5125 PEPS, CNRS, France; Université Lyon 1, Campus de La Doua, Batiment
Géode, 69622 Villeurbanne Cedex, France
e-mail: jean-pierre.suc@univ-lyonl.fr, speranta.popescu@univ-lyonl.fr

¢, C.E.R.E.G.E.(UMR 6635 6635 CNRS), Université Paul Cezanne, 13545 Aix-en-
Provence Cedex, France
e-mail: clauzon@cerege.fr

d, Istanbul Technical University, School of Mines and Eurasia Institute of Earth
Sciences, Istanbul, Turkey
e-mail: cagatay@itu.edu.tr, ucarkusl @itu.edu.tr, zivadin.cakir@jitu.edu.tr

e, Laboratoire de Tectonique, Institut de Physique du Globe de Paris (UMR 7154
CNRS), 75252 Paris Cedex, France
e-mail: armijo@ipgp.jussicu.fr

f, Laboratoire de Tectonique (UMR 7072 CNRS), Université Paris 6, 75252 Paris
Cedex 05, France
e-mail: bmeyer@ccr.jussieu.fr; jouannic.gwenael@neuf. fr

g, Institut des Sciences de 1’Evolution (UM2-CNRS), CC 061, Université Montpellier 2,
Place Eugene Bataillon, 34095 Montpellier Cedex 05, France
e-mail: severine.fauquette@univ-montp2.fr

Abstract.

An intense controversy on chronostratigraphy of Late Miocene — Early Pliocene
deposits and the Messinian Salinity Crisis in the Dardanelles area led to a systematic
investigation of calcareous nannoplankton content of 10 key-sections representative of
the most relevant regional Kirazli and Algitepe formations. Our study shows clearly that
the Kirazli Formation deposits predate the Messinian Salinity Crisis while those of the
Alcitepe Formation postdate this outstanding event, which severely impacted the region
as widely known around the Mediterranean Basin. Fluvial canyon cutting or gap in
sedimentation linked to the peak of the Messinian Salinity Crisis separate the two
formations. Detailed palaeoenvironmental investigations allow reconstructing the
regional palaeogeography before, during and after the Messinian Salinity Crisis. No
passage existed in the area during the Messinian Salinity Crisis between the
Mediterranean Sea and Eastern Paratethys.

Key words: Calcareous nannoplankton, Chronostratigraphy, Messinian Salinity Crisis,
Palaeogeography, NE Aegean region.



1. Introduction

During the Late Neogene, very significant paleobiogeographical changes have taken
place in the Mediterranean region S.l., fundamentally because the connection of the
Atlantic Ocean with the Mediterranean Sea and the Paratethys (a residual continental sea
which covered large areas of the Central and Eastern Europe) Sea was restricted and
sometimes completely interrupted (Senes, 1973; Rogl and Steininger, 1983; Marinescu,
1992; Rogl, 1998; Popov et al., 2004; Marunteanu and Papaianopol, 1995; Sprovieri et
al., 2003; Clauzon et al., 2005; Popescu, 2006; Melinte, 2006). The latest Miocene is
characterized by an exceptional event, which is the severe sea-level drop of the
Mediterranean Sea, leading to the Messinian Salinity Crisis (MSC). This event is
characterized throughout the Mediterranean basin by both, deposition of thick evaporites
in its deep basins and cutting of huge fluvial canyons across its margins (Hst et al., 1973;
Clauzon, 1973; Cita et al., 1978; Clauzon et al., 1996). Such a prominent geological event
produced significant changes in the palacobiological assemblages, mirrored especially by
the marine planktonic organisms (such as planktonic foraminifers, calcareous
nannoplankton and dinoflagellates), which are very sensitive to environmental changes.

Consequently, the Messinian Salinity Crisis is now recognized as the most prominent
event marking paleobiogeographical change in the Mediterranean. Examples of case
studies of spectacular features associated with the MSC are widespread over the entire
Mediterranean area (for an overview, see: Agusti et al., 2006; Rouchy et al., 2006; Suc et
al., 2007; CIESM, 2008). The present study is devoted to improve our knowledge of the
MSC in the Dardanelles region (Fig. 1A), which is crucial for our understanding of the
evolution of the linkage between the Aegean Sea and the Black Sea. The existence of a
gateway at the time of the MSC is subject of controversy (in support of such a gateway,
see: Esu, 2007; Faranda et al., 2007; Gliozzi et al., 2007; Stoica et al., 2007; in opposition
of such a gateway, see: Clauzon et al., 2005; Popescu, 2006; Gillet et al., 2007; Popescu
et al., 2008). However, most studies of the regional stratigraphy are at odds with the mere
existence of a good record of the MSC in the Dardanelles (see, for examples: Gortir et al.,
1997, 2000; Cagatay et al., 1998, 2006; Tiirkecan and Yurtsever, 2002; Saking and
Yaltirak, 2005). The consensus among regional stratigraphers is that the rocks
outcropping in the Dardanelles are chiefly sediments of Eocene to Middle-Late Miocene
age and that the region is basically devoid of marine sediments of Pliocene age (Figs. 1B,
1C). The typical strong marginal signature of the MSC is present all around the
Mediterranean (including the Aegean Sea), with an erosional surface and deeply incised
fluvial canyons, subsequently covered and filled with marine Pliocene sediments
(examples from the Western Mediterranean: Clauzon, 1973, 1978, 1980a, 1980b, 1982,
1990; Gautier et al., 1994; Guennoc et al., 2000; Lofi et al., 2003, 2005; Cornée et al.,
2006; Maillard and Mauffret, 2006; Sage et al., 2005 — example from the Central
Mediterranean: El Euch — El Koundi et al., accepted — examples from the Eastern
Mediterranean: Chumakov, 1973; Delrieu et al., 1993; Poisson et al., 2003). Even if these
erosional effects of the MSC were suspected in the Dardanelles region (Cagatay et al,
2006), they were not clearly evidenced until today, mapped and recognized as such by the
conventional stratigraphy.

Defying the stratigraphical consensus, the study by Armijo et al. (1999) presented
evidence for a widespread erosion surface and a prominent canyon that parallels the
present-day Dardanelles Strait. These authors interpreted explicitly these features as
possibly resulting from the MSC, given the large uncertainties in the ages of the



formations mapped in the area (Ternek, 1964). Both the erosion surface and the canyon
appear carved into the sediments of the Kirazli Formation and filled by sediments of the
Algitepe Formation (Armijo et al., 1999). Consequently, Armijo et al. (1999) deduced for
these two formations a possible Messinian and an early Pliocene age, respectively (Fig.
2). The study by Armijo et al. (1999) includes a geological map that shows strong folding
affecting layers of the Kirazli Formation, but not those of the overlying Algitepe
Formation. Therefore, that important unconformity would also correlate roughly with the
MSC, providing an invaluable constraint for the age of the propagation of the North
Anatolian Fault across the region (Armijo et al., 1999). The work by Armijo et al. (1999)
has been strongly criticized (e.g., Yaltirak et al., 2000 vs. Armijo et al., 2000) and its
main stratigraphic inferences dismissed (e.g., Sakin¢g and Yaltirak, 2005; Cagatay et al,
2006).

In order to clarify the significance of the Messinian Salinity Crisis and its geological
imprint in the Dardanelles region, we revised the stratigraphy by a systematic sampling of
the most critical sedimentary units and by dating them using calcareous nannofossils. We
studied ten key-sections (Enez and Yaylakdy in the Gulf of Saros; Burhanli, Eceabat,
Poyraztepe, Kilitbahir, Seddiilbahir, Intepe, Yenimahalle and Truva in the Dardanelles
Strait) where Late Neogene deposits are well exposed (Figs. 1B, 1C). Our study aims are:
(1) dating these sections with respect to global bio- chronostratigraphy using calcareous
nannofossils, (2) reconstructing marine and continental palaeoenvironments using
nannoplankton, dinoflagellate cysts and pollen grains, and (3) setting up a reliable
chronostratigraphic basis for current and future studies of the Messinian Salinity Crisis in
the Dardanelles region, as well as for studies using the MSC as a chronometer for
deformation associated with the North Anatolian Fault.

The age of the Algitepe Formation is the crucial question for the ongoing controversy
(Fig. 2). The Algitepe Formation is described as being composed of brackish- to fresh-
water carbonates, interbedded with marine sandstones and siltstones (Gortir et al., 1997;
Cagatay et al., 1999) as more or less conformably overlying the Kirazli Formation
(Cagatay et al., 2006). It is overlain by shallow fluvio-marine siliciclastic rocks (Goztepe
Fm. in the North Marmara region, Truva Fm. in the South Marmara region: Gortir et al.,
2000; Cagatay et al., 2006). A brackish Paratethyan fauna (i.e, Mactra sp., Paradacna
abichi, Dreissena sp., Cardium sp., and C. edulis) was reported from the Algitepe
Formation, suggesting that these deposits belong to the Pontian Paratethyan Stage (Gillet
et al., 1978; Taner, 1979; Cagatay et al., 2006) and, as a consequence, to the so-called
“late Messinian Lago Mare” (Saking and Yaltirak, 2005; Cagatay et al., 2006). Some
intercalations of layers with Mediterranean marine faunas (Ostrea, Pecten) were also
reported (Saking and Yaltirak, 2005), that emphasizes the dual, Paratethyan and
Mediterranean, influence in the area. To characterize the MSC in the region, we focussed
our study on the passage between the Algitepe Formation and the underlying Kirazli
Formation.

2. Material and methods

Qualitative nannofloral investigations were performed for the sections Enez, Yaylakdy,
Buhranli, Eceabat, Poyraztepe, Kilitbahir, Seddiilbahir, Intepe, Yenimahalle and Truva,
while quantitative analyses were undertaken on the Intepe section. In all, 35 samples
from >34 m of sediments of the Intepe section were investigated. To retain the original
sample composition, smear slides were prepared directly from untreated samples. The



calcareous nannofloral analyses were performed using a light polarizing microscope at
x1600 magnification. We estimated the degree of preservation as follows: P = poor,
severe dissolution, fragmentation and/or overgrowth; the specific identification is
hindered up to 70%; M = moderate, dissolution and/or overgrowth; the specific
identification is hindered up to 30%; G = good, little dissolution and/or overgrowth;
diagnostic characteristics are preserved, and the specimens could be identified to species
level (up to 90%). For the semi-quantitative nannofloral analyses, at least 300 specimens
were counted in each sample. Abundances of the taxa encountered were recorded as
follows: R, rare, 1 specimen/>20 fields of view; F, few, 1s/11-20 FOV; C, common, 1s/2-
10 FOV; A, abundant, >1s/FOV. The nannofloral taxonomic identification follows Perch-
Nielsen (1985) and Young (1998).

Palynogical samples were analysed from some of these sections: Burhanli (1 sample),
Eceabat (1 sample), Seddiilbahir (2 samples), Intepe (9 samples). Each sample (20 g of
dry sediment) was processed using standard method (Cour, 1974): acid digestion,
concentration using ZnCl, (at density 2.0) and sieving at 10 um. A 50 pl volume of
residue was mounted between the coverslip and microscope slide using glycerine in order
to allow rotation of palynomorphs for their complete examination resulting in their proper
identification. Counting of palynomorphs was performed using a light microscope, their
identification was done at x1000 magnification. Pollen grains were identified with a
botanical approach. 150 pollen grains except those of Pinus were identified and counted
per sample. The pollen slides showing very poor concentrations in dinoflagellate cysts, a
new sieving at 20 um was performed on the pollen residue that permitted to concentrate
the dinoflagellate cysts and a new slide was obtained using 50 pl from the new residue.
Only the nine samples from the Intepe sections were analysed: all the specimens present
on a slide were identified and counted. The freshwater algae Pediastrum and
Botryococcus were considered as transported by rivers, and were also counted. Their
vertical distribution documents duration and intensity of freshwater inputs.

3. Results
3.1. Bio- and chrono-stratigraphy

The calcareous nannoplankton offers an accurate way of biostratigraphic dating based
on successive appearance-disappearance events within the time-window 8-4 Ma, which is
of interest to this study. It uses the classical nannoplankton Zonation of Martini (1971),
the major events of which are now precisely dated (Backman and Raffi, 1997; Lourens et
al., 2004; Raffi et al., 2003; Raffi et al., 2006). They are summarized on Figure 3. Five of
the concerned taxa have been recorded in the studied sections: Amaurolithus primus
(First Appearance Datum, FAD: 7.424 Ma; Last Appearance Datum, LAD: 4.50 Ma),
Reticulofenestra rotaria (FAD: ca. 7.41 Ma; LAD: imprecise, up to ca. 6 Ma),
Triquetrorhabdulus rugosus (FAD: 12.671 Ma; LAD: 5.279 Ma), Ceratolithus acutus
(FAD: 5.345 Ma; LAD: 5.040 Ma), and Reticulofenestra pseudoumbilicus (FAD: 8.761
Ma; LAD: 3.839 Ma). It should be noted that, when different ages were proposed by
Raffi et al. (2006), we considered those proposed for the Eastern Mediterranean when
available. Combining appearance-disappearance datum of these taxa allowed us to easily
distinguish nannoplankton Zones 11 to 13 (Fig. 3).

3.1.1. Gulf of Saros



Near Enez, the studied section is located on the eastern shoreline of the Enez lagoon
(40°46°24” N latitude, 26°04° E longitude; Fig. 1B), an area described as covered by
deltaic deposits of the Meri¢ River overlying the Kirazli Formation (Cagatay et al., 1998,
2006) while Saking et al. (1999) indicates some bioclastic carbonate rocks attributed to
the Alcitepe Fm., the upper part of which could belong to Zanclean. Here, brownish clays
with a thickness of about 8 m have provided a poorly to moderately preserved nannoflora
analysed within 7 samples. The joint presence of Triquetrorhabdulus rugosus and
Ceratolithus acutus specifies the beginning of the NN12b nannofossil Subzone (Table
1), representing the extreme end of Messinian (after the MSC) to early Zanclean (Fig. 3).

At Yaylakoy, blue clays are exposed along the beach (40°36°22” N latitude, 26°21°28”
longitude E; Fig. 1B) below coquina beds with Ostrea and interbedded with Cardium-
bearing sands of Zanclean age (Cagatay et al., 1998, 2006). This section probably
corresponds to the upper third of the Erikli section of Saking et al. (1999) and Saking and
Yaltirak (2005) that the authors refer to the Algitepe Formation. The studied sample of
the blue clays includes Ceratolithus acutus and Triquetrorhabdulus rugosus. Reworked
specimens are rare. This moderately preserved nannoflora also belongs to the beginning
of the nannofossil Subzone NN12b (Table 1), i.e. the extreme end of Messinian (after the
MSC) to early Zanclean (Fig. 3).

3.1.2. Dardanelles Strait

At Burhanli (40°18°17” N latitude, 26°33°08” E longitude; Fig. 1C), five samples from
the variegated clays of the Kiralzi Formation provided a moderately preserved nannoflora
with  Amaurolithus primus, Reticulofenestra pseudoumbilicus, R. rotaria and
Triquetrorhabdulus rugosus (Table 1). Reworkings from Cretaceous, Eocene, Oligocene
and Miocene have been observed. Such an assemblage belongs to the lower part of the
nannofossil Subzone NN11b (i.e. to the latest Tortonian — early Messinian) (Table 1, Fig.
3).

Northward Eceabat (40°11°30” latitude N, 26°21°18” E longitude; Fig. 1C), four
samples have been studied from the whitish clayey base (40 m thick) belonging to the
Kirazli Formation, and one sample from a clayey intercalation within calcareous tabular
deposits of the Algitepe Formation (Saking et al., 1999). All of them display a nannoflora
characterized by a poor to moderate preservation and few reworked specimens. It
includes Amaurolithus primus, Reticulofenestra pseudoumbilicus, R. rotaria, and
Triquetrorhabdulus rugosus (Table 1). As for Burhanli, such an assemblage belongs to
the lower part of the nannofossil Subzone NN11b (i.e. to the latest Tortonian — early
Messinian) (Table 1, Fig. 3).

In the nearby Poyraztepe hill (40°12°27.6” N latitude, 26°21°59.9” E longitude; Fig.
1B), the upper part of the section belonging to the Algitepe Formation and with a
stratigraphic position higher than the top of the Eceabat section, provided a nannoflora
from its uppermost clayey intercalations underlying the topmost limestone. They contain,
among an important amount of reworked specimens, Triquetrorhabdulus rugosus and
Reticulofenestra pseudoumbilicus, a nannoflora of the upper NN11b Subzone (Table 1),
i.e. the late Messinian (Fig. 3).

Near Kilitbahir, two thin sections were investigated: the one on the seashore
(40°10°08.8” E longitude, 26°22°16” N latitude) belongs to the Kirazli Fm. and that
along a path above the castle (40°08°35” E longitude, 26°22°10” N latitude) to the
Algitepe Fm. (Saking et al., 1999; Saking and Yaltirak, 2005) (Fig. 1C). The coastal



locality is made of 1.50 m of blue clays rich in mollusc shells overlain by about 20 m of
sands including, 4 m over their base, a blue clayey bed (1 m thick). Of the four samples
collected, the three lowermost samples contain Triquetrorhabdulus rugosus and
Reticulofenestra pseudoumbilicus (Table 1); reworking is important in these samples.
The fourth sample (intercalated clays) provided the same calcareous nannofossil
assemblage plus Ceratolithus acutus, a nannoflora unchanged above the castle (Table 1).
The two samples yielding C. acutus are characterized by a weak reworking. They belong
to Subzone NN12b (Table 1), i.e. the extreme end of Messinian to early Zanclean (Fig.
3). The three coastal samples belong to Subzone NN12a (i.e. to the latest Messinian)
(Table 1, Fig. 3). As it has been demonstrated that the Mediterranean reflooding
anticipated the base of the Zanclean Stage (Popescu et al., 2007, 2008) as defined by its
GSSP (Global Stratotype and Point Section: Van Couvering et al., 2000) and in the
absence of any unconformity between samples of Subzones NNI12b and NN12a, we
consider that all these samples postdate the MSC.

At the beach of Seddiilbahir, there are two distinct sections both referring to the
Algitepe Fm. (Saking and Yaltirak, 2005), of which the second section constitutes the
reference exposure: (1) to the East (40°02°30” N latitude, 26°11°12.1” E longitude; Fig.
1C), a thin section (5 m thick) mostly made of sands, clays and marls, yielded within five
samples an homogenous nannoflora with few reworking, including Triquetrorhandulus
rugosus, Reticulofenestra pseudoumbilicus, R. rotaria, referring to lower part of Subzone
NN11b (i.e. latest Tortonian to early Messinian in age) (Table 2, Fig. 3); (2) to the West
(40°02°38” N latitude, 26°10°55” E longitude; Fig. 1C), the second section, made of thick
clays (about 30 m) rich in mollusc shells, provided Triquetrorhabdulus rugosus and
Reticulofenestra pseudoumbilicus in its lowermost 7 metres (samples 1-7; Table 1) plus
Ceratolithus acutus in the overlying sediments (samples 8-12; Table 1). Reworking is
weak. As there is no unconformity within the West Seddiilbahir section, nannoflora
evidences the continuous passage from Subzone NN12a to NN12b (Table 2), i.e. from the
latest Messinian (after the peak of the MSC, as at the Kilitbahir seashore section) to the
early Zanclean (Fig. 3). However, the Seddiilbahir West section is discordant over the
Seddiilbahir East one.

The Intepe section (40°1°27” N latitude, 26°20°33” E longitude; Fig. 1C) (Gillet et al.,
1978; Saking and Yaltirak, 2005) is about 77 m thick, of which we studied the 36 m thick
central part (Figs. 4A, 4C). The studied section is made up of sands, clays, calcareous
sandstones and thin limestones. It is topped by yellow sands and pebbly sandstones and a
thick calcareous flagstone which constitutes a local reference surface. The section is rich
in Mactra shells and displays also gastropod shells such as Melanopsis. In its middle part,
the section displays a thin lignite (5 cm thick) (Gillet et al., 1978) overlain by a sand (2
cm thick) and a Mactra coquina (17 cm thick). Thirty five samples were studied: all of
them provided a relatively well-preserved nannoflora (Fig. 5). From the biostratigraphic
point of view, Reticulofenestra rotaria was found discontinuously up to sample 18,
Triquetrorhabulus rugosus continuously recorded from sample 1 to sample 31,
Ceratolithus acutus from sample 24 to sample 35 (Table 3; Fig. 4C). Hence, the lower
part of the studied section (samples 1-18) belongs to the beginning of the NN11b
calcareous nannofossil Subzone according to the joint occurrence of R. rotaria and T.
rugosus, while its upper part (i.e. from sample 24 where C. acutus appears) represents a
large part of Subzone NN12b including the disappearance level of T. rugosus (Table 3;
Fig. 4C). As a consequence, the interval between samples 18 and 24 belongs to the



continuing NN11b Subzone and maybe to NN12a Subzone for the uppermost layers just
preceding sample 24 (Fig. 3). Distinction between Messinian and Zanclean can be placed
around samples 23-24 according to the first appearance level of Ceratolithus acutus. If
some changes in sea-level have been recorded in the section with respect to an impact of
the MSC, they concern the layers immediately underlying the appearance of C. acutus
(Fig. 4C). Our research focussed on the lignite corresponding to our sample 21 (Figs. 4C,
4D) as a first candidate because of its deposition under few centimetres of water. The
lignite has an erosional contact with the overlying fine sand (Fig. 4E). But the expected
gap in sedimentation is obvious in a lateral outcrop where the lignite is directly overlain
on a long distance by reddish clays indicative of an emersion phase (Fig. 4F), because in
present-day lignite quarries, lignites catch fire readily upon exposure, cooking the
overlying clays, thus producing ‘porcellanite’ (Fig. 4G). This is the obvious signature of
an emersion event that occurred just before the appearance of C. acutus. Accordingly, we
may consider that (1) the lignite corresponds to the first step of the MSC (5.960-5.760
Ma; Fig. 3) characterized by a weak fall in sea-level (ca. 150 m), (2) the immediately
overlying clays correlate with the sea-level rise separating the two steps of the MSC
(5.76-5.60 Ma; Fig. 3), (3) the erosion of these clays or their cooking (when being partly
preserved during the duration of exposure) signs the huge drop in sea-level (ca. 1,500 m)
of the peak of the MSC (5.60-5.46 Ma; Fig. 3) (Clauzon et al., 1996).

About 34 m thick, the Yenimahalle section (39°57°51” N latitude, 26°17°46” E
longitude; Fig. 1C), is mostly composed of sands, sandstones and limestones including
some clayey intercalations. It was described by Cagatay et al. (2006) who included it into
the Algitepe and Truva formations. Palacomagnetic measurements performed here by W.
Krijgsman (Cagatay et al., 2000) revealed a contiuous reverse signal and the section was
assigned to Chron C3r, and more precisely to its Messinian part. However, the
Yenimahalle section should be relatively younger than the Intepe section because it
overlies an obvious morphological surface atop the Intepe section, an assumption also
supported by the absence of any calcareous coccolith at Yenimahalle. Ceratolithus acutus
is recorded without Triquetrorhabdulus rugosus in the upper part of the Intepe section
(Fig. 4C) which could belong to the upper part of Chron C3r, and possibly Chron C3n.4n
(see Fig. 3). As a consequence, the Yenimahalle section should be assigned at least to the
next reverse chron, i.e. Chron C3n.3r.

The Truva section (39°57°30” N latitude, 26°14°47” E longitude; Fig. 1C), with a
thickness of only 5 m, and composed of limestones and intercalated clays, tops the Truva
Fm. No calcareous nannoplankton was found in the two studied samples.

The above results of this nannofossil biostratigraphic study allows us to date in detail
several reference sections of the formations in NW Turkey and relate them precisely with
respect to the events of the MSC.

3.2. Palaeoenvironmental reconstructions
3.2.1. Marine palaeoenvironments
3.2.1.1. Calcareous nannofossil fluctuations

For the nannofloral semi-quantitative analyses of the Intepe section, seven taxonomic
groups were counted, as follows:



(1) The Discoaster group, generally inhabits the lower photic zone (Flores et al., 2005), it
may occupy the same ecological niche as Florisphaera profunda which was found in
tropical and subtropical waters in the modern ocean (Okada and Mclntyre, 1977) or in
Mediterranean sapropels (Negri et al., 1999; Castradori, 1998). The discoasterids are
commonly related to the warm surface-waters (Backman and Pestiaux, 1987), although
some discoasterids (such as D. asymmetricus, D. tamalis and D. variabilis) seem to be
more related to cool waters, while D. brouweri is seen as a proxy of warm surface waters
(Bukry, 1981; Raffi et al., 1998) during the Neogene. This group indicates oligotrophic
conditions in the upper part of the photic zone (Chepstow-Lusty et al., 1989).
(2) The “small sized” reticulofenestrids (with the long axis <3 um), are assumed to be
indicative of hypereutrophic and schizohaline conditions (Wade and Bown, 2006,
referring to Reticulofenestra minuta) presenting similar trend as the cold-water species
Coccolithus pelagicus (Kouwenhoven et al., 2006). Negative correlation between the
“small sized” and the “large-sized” reticulofenestrids was observed in the late Messinian
of the Pissouri Basin (Cyprus).
(3) Reticulofenestra pseudoumbilicus is a diagenetic resistant and long-ranging Neogene
nannofossil. In the Western Mediterranean Late Messinian sequences, high abundance of
R. pseudoumbilicus is coeval with peaks in opal, diatoms and cold-eutrophic
foraminifers, indicating generally high productivity and relatively cool conditions (Flores
et al., 2005). Blooms of R. pseudoumbilicus associated with increase in discoasterid
relative abundance, identified in Early Miocene, are regarded as indicative of an
oligotrophic setting and warm water surface conditions (Melinte, 2005).
(4) Coccolithus pelagicus lives today in the cold waters of the North Hemisphere (Ziveri
et al., 2004) and is considered as a cold surface-water proxy (Raffi and Rio, 1981)
indicatig mesotrophic conditions (Flores et al., 2005). It was supposed that C. pelagicus
changed its trophic preference along time. During the Early Tertiary and Miocene, it was
a cosmopolitan coccolith, abundant in warm and cool surface waters (Bukry, 1981).
Since the Late Neogene, C. pelagicus developed an affinity for cool waters, and could be
used as a palaeotemperature proxy (Bukry, 1981; Raffi and Rio, 1981).
(5) Sphenolithus abies is more related to mesotrophic conditions and normal marine
surface water (Wade and Bown, 2006). The sphenoliths seem to have shallower water
preference (Perch-Nielsen, 1985). Some authors (Gibbs et al., 2004; Flores et al., 2005)
assumed that the sphenoliths document oligotrophic warm surface waters.
(6) The calcareous dinoflagellate Thoracosphaera is a ‘disaster’ taxon which blooms
under stressful marine conditions (i.e. just above the K/T boundary: Perch-Nielsen, 1985;
Gardin, 2002). Its increased abundance was interpreted to reflect unusual environmental
conditions, as high amount of CO,, salinity decrease and probably pH fluctuation of the
surface waters, accompanied by episodes of considerable warming (Hildebrand-Hubel et
al., 1999; Lamolda et al., 2005). Because Thoracosphaera spp. is usually fragmented, we
counted as one specimen either a whole coccosphere, or fragments which represented at
least 3/4 of a coccosphere.
(7) Braarudosphaera bigelowii, the blooms of which indicate lowering salinity intervals
(i.e. just above the Cretaceous/Tertiary boundary event: Lamolda et al., 2005; or in basal
Oligocene deposits of the Central Paratethys area: Melinte, 2005). It is also assumed that
this taxon prefers marginal seas (Cunha and Shimabukuro, 1997).

The lower 3.8 m of the section (samples 1-7) are characterized by a relative high
diversity, the number of the identified taxa belonging from 19 to 25, the maximum of



diversity was observed at the base of this interval (Table 4). The nannofloral assemblages
are dominated by Coccolithus pelagicus (~30%) accompanied by Reticulofenestra
pseudoumbilicus and small sized reticulofenestrids, which make together up to 30%,
Discoaster spp. and Sphenolithus abies are common (Fig. 5). Rare reworked Cretaceous
and Palaecogene nannofossils are also present. Probably this represents the last Messinian
interval where normal marine conditions prevailed in the studied area, most likely
accompanied by a mesotrophic setting.

The next 2.50 m (samples 8-13) are characterized by a slow and continuous decline of
the diversity, from 17 up to 13 taxa (Table 4). A substantial decrease of the taxa related to
open marine conditions, such as the discoasterids and sphenoliths (which make together
no more than 1%), was observed. The small sized reticulofenestrids show slow
fluctuations (between 11-16%), while Reticulofenestra pseudoumbilicus has an ascending
trend and reaches at the top of this interval 30%. Coccolithus pelagicus continuously
decreases from 28% to 14%. Notably, Braarudosphaera bigelowii and Thoracosphaera
have a more consistent frequency as in the older interval, the former up to 7%, and the
latter up to 9%, indicating stressfully conditions in relation probably with the drop in
salinity (Fig. 5). The reworked Cretaceous-Paleogene-Miocene taxa are common.

The paleoenvironmental deterioration is more pronounced in the next 4.0 m of the
Intepe section, running from samples 14 to 21. The diversity decreases drastically (Table
4), from 14 to only 5 taxa at the top of the interval (sample 21). The sphenoliths and the
discoasterids are vanished; the abundance of the small sized reticulofenestrids
significantly decreases from 15% at the base of this interval below 2% towards the top,
like Coccolithus pelagicus and Reticulofenestra pseudoumbilicus, which shift from 19%
to 4% and 30% to 7%, respectively (Fig. 5). Notably, at the beginning of this interval, a
significant increase of the calcareous dinoflagellate Thoracosphaera (with a peak at 21%)
was observed. Thoracosphaera decreases at the top of this interval, up to 1%, and its
lowermost abundance corresponds to the highest frequency of Braarudosphaera
bigelowii, representing almost 60% of the total nannoflora. The significant decrease of
Thoracosphaera, coincident with the Braarudosphaera bigelowii bloom, indicates an
important decrease in salinity. The collapse of the calcareous nannofossil assemblage and
the progressive decrease in salinity probably indicate the transition from less saline
(brackish) environment to continental one, marked by a lignite layer (sample 21). Hence,
we may assume that a brackish environment prevailed in the studied area just before the
beginning of the MSC.

The next 2 m (samples 22-26) are characterized by a revitalization of the marine
assemblages. The nannofloral diversity abruptly increases from 5 to 19 taxa at the base of
this interval, and afterwards reaches the value of 23 (Table 4). Very few reworked taxa
were encountered. Braarudosphaera bigelowii represents a minor component of the
nannoflora and does not exceed 3% (Fig. 5). Thoracosphaera, after a peak at 15%,
recorded at the base of this interval, drops to values below 5%. Coccolithus pelagicus
increases more than twofold (from 5% to 11%), while Reticulofenestra pseudoumbilicus
has a decreasing trend (from 16% to 10%). Discoasterids recover from 0.5% to 11%, as
well as sphenoliths, which have a maximum of abundance (21%) at the top of this
interval. Interestingly, the sphenolith maximum is synchronous with the maximum of the
small-sized reticulofenestrids, which shift from 2% to 20%. All these data indicate
reflooding by marine waters and progressive re-establishment of normal marine



conditions. Additionally, the high sphenolith frequency could be indicative for a
mesotrophic setting.

The youngest 11 m (samples 27-35) of the studied succession are characterized by a
moderate diversity (18-21 taxa), low fluctuation of Reticulofenestra pseudoumbilicus
(between 11-15%), and higher fluctuation in abundance of the small-sized
reticulofenestrids (from 16% to 24%). As in the subjacent interval, only few reworked
nannofossils were observed. In this interval, as in the whole studied section, the small-
sized reticulofenestrids could be negatively correlated with Reticulofenestra
pseudoumbilicus. The single interval where no correlation could be evidenced between
these two nannofloral groups is placed in the middle part of the Intepe section (i.e. the 2
m characterized by the calcareous nannoplankton collapse, samples 17-21; Fig. 5). The
abundance of Coccolithus pelagicus slightly varies (between 11-16%). Braarudosphaera
bigelowii and Thoracosphaera represent minor component of the assemblages. The
former is between 0.5% and 5%, and almost vanished towards the topmost interval, while
the latter is between 0.9-3%. The discoasterids increased throughout this interval, from
11% at the base up to 17% towards the top. The sphenolith abundance decreases from
24% at the base of this interval up to 16% towards the top. Taking into account the
paleoceanographic significance of the discoasterids and sphenoliths (i.e., Castradori,
1998; Flores et al., 2005; Kouwenhoven et al., 2006) we may assume a progressive shift
from mesotrophic to oligotrophic conditions towards the top of the Intepe section.

To summarize, three main ecostratigraphic intervals have been identified within the
Intepe section (Fig. 5):

- interval 1 (samples 1-13) denoting almost normal marine conditions;

- interval 2 (samples 14-21) illustrative of a sea-level fall associated with a decrease

in salinity (probably brackish conditions), and some emersion at its top;

- interval 3 (samples 22-35) indicating a return to almost normal marine conditions in

spite of some deterioration in the uppermost layers.

3.2.1.2. Dinoflagellate cysts

The dinoflagellate cyst flora comprises only 13 taxa, to which can be added freshwater
algae as Pediastrum and Botryoccocus colonies that are interpreted as markers of
freshwater input. Preservation of dinoflagellate cysts is poor to moderate. The
dinoflagellate cyst assemblage is consituted by: (1) oceanic species and other neritic
species as Spiniferites mirabilis and S. membranaceus, (2) marine autotrophic
cosmopolitan species such as Lingulodinium machaerophorum, Operculodinium
centrocarpum sensu Wall and Dale, Spiniferites bentorii, S. bentorii subsp. truncates, S.
hyperacanthus, S. ramosus, S. bulloideus, Spiniferites spp., and (3) Paratethyan brackish
species as Galeacysta etrusca and Impagidinium globosum. despite dinoflagellate cyst
scarcity in the Intepe section, their assemblage distribution, completed by the relative
frequency of freshwater algae documents palacoenvironmental changes.

During the time-interval corresponding to samples 15-19, the dinoflagellate cyst flora
was dominated by marine euryhaline species as O. centrocarpum, L. machaerophorum,
Spiniferites bulloideus, S. ramosus, S. bentorii, S. bentorii subsp. truncates, S.
hyperacanthus. The high relative abundance of Spiniferites spp. (more than 50 %),
characterized by short processes, denotes the deterioration of marine conditions, in
relation with a drop in salinity (Kokinos and Anderson, 1995; Hallett, 1999; Ellegaard,
2000; Sorrel et al., 2006; Popescu et al., 2008). We need to mention the presence of S.
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mirabilis within sample 15 (one specimen), and that presence of the Paratethyan brackish
dinoflagellate cysts Galeacysta etrusca in sample 17 (one specimen) and Impagidinium
globosum in samples17 and 19 (one specimen per sample). Morphology of G. etrusca
denotes that this specimen belongs to the morphological group “C” (small endocyst /
exocyst ratio) of Popescu et al. (2008). Its record in sample 17 (1) indicates that the age
of this sediment is significantly older than the MSC and a fortiori than the formal “Lago
Mare” event(s) (Clauzon et al., 2005), and (2) supports that no passage between the
Aegean Sea and Eastern Paratethys existed through the Bosphorus Strait area before and
after the Messinian Salinity Crisis, in agreement with the assumption of Clauzon et al.
(2005), Popescu (2006) and Popescu et al. (2008).

Samples 20 to 23 are characterized by the absence of dinoflagellate cysts and a huge
increase (acme) of Pediastrum that indicates a new change in the local environments
marked now by fresh- to brackish-water conditions. Salinity at that time is probably less
than 4.6 pps, according to minimum of salinity tolerance of S. ramosus (Marret and
Zonneveld, 2003), identified as the most tolerant marine eurihaline species within the
Intepe assemblage. This interpretation is consistent with the absence of calcareous
nannoplankton and deposition of a lignite layer (sample 21) when shallow water and
freshwater conditions prevaled. Pediastrum was also found in sample 24, with a high
relative abundance indicating continuous fresh- to brackish-water conditions, sometimes
interrupted by incursions of marine waters. Sample 25 is charactrized by increase in
diversity of marine dinoflagellate cysts and their relative abundance in opposition to a
decrease of Pediastrum, that indicates increased salinity. Sample 26 is characterized by
the absence of marine dinoflagellate cysts and increase of freshwater algae, thad indicates
the return of prevalent freshwater input.

According to the dinoflagellate cyst record, we may propose a more detailed evolution
of the environmental conditions during the time-interval corresponding to samples 14-26,
as summarized:

- from sample 14 to 19 (i.e. interval 2 of nannoflora; Fig. 5) the local environment
was characterized by low saline conditions and evolved progressively to brackish
ones at the top of the interval; this decrease in salinity of surface-waters caused
unfavourable conditions for marine plankton;

- samples 20 to 23 indicate an huge input of freshwater resulting in brackish to
freshwater conditions in the local environment, sometimes interrupted by some
marine incursion revealed by the calcareous nannoplankton;

- samples 24 and 26 display the progressive increase in salinity in relation with the
reflooding by marine waters and some freshwater inputs.

3.2.2. Continental palaeoenvironments

Sixteen samples from the Dardanelles Strait area provided pollen grains in sufficient
quantity. They inform on the vegetation of the region just before and after the MSC.
Herbs (Asteraceae, Poaceae, Amaranthaceae-Chenopodiaceae, Caryophyllaceae,
Artemisia, etc.) predominated before the MSC (Burhanli, Eceabat, Intepe p.p.) while trees
were mostly composed of warm-temperate elements (Quercus, Carya, Zelkova, etc.) with
few subtropical elements (Taxodiaceae, Engelhardia) (Fig. 6). After the MSC (Intepe
p.p., Seddiilbahir), subtropical trees (with Cathaya) show larger percentages as Pinus and
altitudinal trees (Cedrus, Abies, Picea) do (Fig. 6). Increase in disaccate pollen grains
(Pinus, Cedrus, Abies, Picea) could indicate a more distal location of the upper part of
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the Intepe section with respect to the palaecoshoreline, i.e. in relation with marine water
invasion after the MSC. However, the larger representation of halophytes
(Amaranthaceae-Chenopodiaceae) and freshwater plants (Sparganium, Alismataceae,
Potamogeton) after the MSC points out nearby coastal environments.

As a consequence, we suggest that the increase in conifer pollen grains (Cedrus mainly,
with Abies and Picea) could be significative of some relief uplift resulting in a larger
representation of altitudinal conifers in coastal pollen records. Southward Intepe, the
Kayaci Mount which is made of Eocene-Oligocene volcanic rocks does not bear evidence
for uplift during the latest Miocene. Cedrus does not like silice-rich soils but prefers
limestones, dolomites and flyschs (Quézel, 1998; Quézel and Médail, 2003) and the
Kayaci relief, whatever its elevation, is not a likely source of Cedrus pollen grains.
Armijo et al. (1999) suggested that the Ganos-Gelibolu Mountain, situated to the North of
the Dardanelles and mostly constituted by Eocene-Oligocene flysch and volcanics, has
been uplifted during the Messinian as a response to the propagation of the North
Anatolian Fault (Fig. 1B). This relief appears to be a good candidate for the habitat of
Cedrus forests as they exist today in southern Turkey (Quézel, 1998; Quézel and Médail,
2003). Uplift occurred during the late Messinian as significant percentages in Cedrus plus
Abies and Picea were recorded at Intepe after the MSC (samples 22-26) at the difference
of the older deposits (Burhanli, Eceabat and Intepe samples 15-20) (Fig. 6).
Reconstruction of the mean annual temperature by palaeoclimatic transfer function
(Fauquette et al., 1998) in the coastal area using a selection of the pollen assemblage
(altitudinal trees are not employed for this calculation) offers a possibility to estimate
minimum palaeoaltitude of the nearby massif (Fauquette et al., 1999) as altitudinal
elevation of conifer belts is narrowly linked to temperature and, as a consequence, to
latitude of the massif (Ozenda, 1989). This estimate was done using the pollen record of
Intepe after the MSC. The most probable mean annual temperature calculated for the
Intepe samples 22-26 is 16.5°C (range: 15-18.5°C). This temperature is recorded today,
in Turkey at low altitude, at around 38.5° of North latitude. We applied the method
described by Fauquette et al. (1999) where the estimated palacotemperatures are shifted
into present-day latitudes. The obtained latitudes are projected onto the altitudinal
elevation gradient of the Abies-Picea belt with respect to decreasing latitude (100 m in
altitude per degree in latitude; Ozenda, 1989) and provide a range from 1,800 to 2,400 m
for the minimum altitude of the Ganos Mountain with a most probable value at 2,000 m.

4. Discussion

The new bio- and ecostratigraphic data provide consistent information on the impact of
the MSC in the Dardanelles which must be discussed in terms of palaeogeographic
inferences and palacoenvironments.

4.1. Palaeogeographic inferrences

This study allows to date precisely some key-sections defining the regional
stratigraphic framework, which was previously established by rather loose correlations of
lithological units, using mollusc macrofossils which may have a large range of salinity
tolerance and duration (Saking et al., 1999).

The most important outcome concerns the Algitepe Fm. which is younger than the
Messinian Salinity Crisis according to its two reference sections:
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- at Seddiilbahir, the Algitepe Fm. deposits (i.e. the Seddiilbahir West section) are
separated from the Kirazli Fm. deposits (i.e. the Seddiilbahir East section) by an
unconformity which hence corresponds to the Messinian Erosional Surface (Figs.
7B, 7C);

- at Intepe, the Alcitepe Fm. deposits conformably overlie those of the Kirazli Fm.,
but we established that they were separated by a lack of sediments resulting from
emersion and probably some erosion in relation with the peak of the MSC, this is
what we called the Messinian discontinuity (Figs. 4, 7B).

In addition, the Eceabat section plus its uppermost part at Poyraztepe hill, which were
conventionally attributed to the Algitepe Fm. on the basis of lithological similarities, have
a late Messinian age and must belong to the Kirazli Fm. (Figs. 3, 7B, 7D). Beds of the
Eceabat and Poyraztepe sections are horizontal and culminate at altitude 143 m (Fig. 7D).
Southward, between Eceabat and Kilitbahir (Fig. 7D), sediments younger than the MSC
start from the seashore and relate to the early Zanclean up to the altitude 125 m where
calcareous nannoplankton (Triquetrorhabdulus rugosus and Ceratolithus acutus) was
recorded above the Kilitbahir castle (Figs. 3, 7B, 7D, 7G). As they are also almost
horizontal and covered by the Alcitepe calcareous flagstone, they are obviously nested
within the Messinian succession of Eceabat-Poyraztepe from which they are separated by
the Messinian Erosional Surface (Figs. 7B, 7D). The extremity of the Gelibolu Peninsula
obviously corresponds to the sedimentary filling of a fluvial valley incised during the
peak of the MSC (Fig. 7A), as suggested by Armijo et al. (1999). Many places in this
area, such as at Nuriyamut (Figs. 7A, 7B), show thick early Zanclean sands with gravels
with an organization in foreset beds dipping (25-30° at Nuriyamut) in the direction of the
axis of the Messinian valley (Fig. 7F). Such a sedimentary organization is typical of a
Gilbert-type fan delta which is the widespread feature of sediments within the Messinian
canyons after the Mediterranean reflooding (Clauzon, 1990; Clauzon et al., 1990). Clayey
deposits at Seddiilbahir West and Kilitbahir seashore constitute the bottomset beds of the
Dardanelles Gilbert-type fan delta more or less imbricated with coarser foreset beds (Fig.
7B). The calcareous topmost plateau of Algitepe constitutes the abandonment surface of
the Gilbert-type fan delta.

On the southern coastline of the Dardanelles Strait, the horizontal sediments observed
in the Intepe section are suddenly (300 m northward the section) replaced by sands and
gravels organized in foreset beds dipping (25°) in direction of the Dardanelles Gilbert-
type fan delta (Fig. 7E). The contact is obviously erosional as it has been precisely
followed onland back to the Giizelyali village (Fig. 7A). This Gilbert-type fan delta
construction fills a canyon cut by a tributary of the main Dardanelles fluvial drain during
the peak of the MSC (Figs. 7A, 7B). Here, the Messinian Erosional Surface incises
deposits of the Kirazli Fm. and laterally evolves into a discontinuity in an interfluve
context (Intepe section) as drawn on Figure 7B.

Accordingly, the impact of the MSC is obvious in the region and must henceforth be
considered in the stratigraphic setting and palacogeographic reconstructions. The gap in
sedimentation because of erosion (Dardanelles and tributary Messinian canyons) or non-
deposition (Intepe) is chronostratigraphically located in the extremely latest Messinian,
i.e. during the peak of the MSC, and not in the Zanclean as repeatedly assumed as by
Saking et al. (1999) and Saking and Yaltirak (2005). Nesting of post-MSC deposits
within the pre-MSC ones must allow to distinguish the Algitpe Fm. from the Kirazli Fm.
without using the often misleading facies characteristics.
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In the Gulf of Saros, nesting of the post-MSC sediments within the older ones is not
very pronounced, probably because of a relatively weak fluvial activity. The most intense
fluvial activity during the MSC located in the Dardanelles Strait area and rapidly
diminished when passing to an interfluve context, as supported by the
palacoenvironmental data.

In spite of its reverse palacomagnetic signal and the record of Paratethyan organisms,
the Yenimahalle section cannot be considered as representative of the MSC in the region.
Clearly overlying the topmost flagstone of Intepe, which has a similar significance as the
abandonment surface of the Dardanelles Gilbert-type fan delta, the Yenimahalle section
has a younger Zanclean age and represents the end of the Pliocene sedimentation in the
region (Fig. 7B).

4.2. Palaeoenvironments

The present-day southern shoreline of the Dardanelles Strait is a key-area because of
the proximity of distinct environments during the peak of the MSC (a fluvial canyon and
an interfluve domain) and after it (a subaquatic delta system and a coastal domain). Such
a coexistence is somewhat normal but the accuracy of its record over a short distance is
infrequent. At Intepe, the local environment fluctuated between marine and almost
freshwater conditions in relation with moderate to intense fluvial freshwater inputs.
Blooms of Thoracosphaera are situated at the base and towards the top of the interval
characterized by the calcareous nannoplankton collapse (Fig. 5). Such blooms may reflect
unstable marine conditions, associated with a high nutrient input and the lack of other
marine planktonic competitors. Bloom of Braarudosphaera bigelowii at the top of the
Messinian layers at Intepe is probably a local event relating to the palaeogeographic
context. As they are more sensitive to environmental changes than the nannoplankton,
dinoflagellate cysts require that the Intepe locality was very close to the paleoshoreline. A
bay head (Fig. 7A) seems to be the probable palacogeography before and after the MSC
while the varying freshwater inputs depended from the nearby river. Such a relatively
isolated context was significantly impacted by the successive fluctuations in
Mediterranean sea-level and the resulting steps of the MSC (Clauzon et al., 1996). The
moderate sea-level fall of the first step of the MSC is marked by the lignite and some
development of marsh conditions (5.96-5.76 Ma; Fig. 3). The following sea-level rise is
indicated by the overlying clays (5.76-5.60 Ma; Fig. 3), mostly eroded or cooked during
the episode of emersion corresponding to the huge sea-level drop of the peak of the MSC
during which the nearby fluvial canyon was cut (5.60-5.46 Ma). Climatic conditions are
warm and relatively dry out of the riverbanks as supported by the large percentages of
herb pollen grains. Some relief uplifted during the MSC, which supports the idea of
creation of important relief in the Ganos-Gelibolu Massif.

According to these results, the generally suggested gateway between the Black Sea (i.e.
the Eastern Paratethys) and Aegean Sea through the Marmara realm during the MSC
(Goriir et al., 1997; Cagatay et al., 2006) cannot be perpetuated. Indeed, a connection
between these domains is incompatible with a coeval subaerial erosion both on the Black
Sea side (Gillet et al., 2007) and the Dardanelles area (this work) during the peak of the
MSC. Connection would have been only possible during times of high sea level, i.e.
before and after the peak of the MSC (Clauzon et al., 2005) or before its first step.
However, the extreme scarcity of Paratethyan dinoflagellate cysts in the Intepe sediments
does not support such a connection, as they are representative of surface waters. For the
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same reason, a one-way passage resulting in influx of Paratethyan organisms only into
the Mediterranean realm (see discussion in: CIESM, 2008) is questionable. The almost
continuous presence of the Paratethyan bivalves and ostracods before and after the MSC
in the region (Cagatay et al., 2006) needs to be explained. It has been suggested that their
arrival was caused by an episode of high sea-level just before the peak of the MSC
(Clauzon et al., 2005; Popescu et al., 2008) and that their persistence was favoured in
some relatively isolated environments (lagoons, bays) at the frontier between marine,
brackish and freshwater conditions (Cagatay et al., 2006). Testing the scarcity or absence
of Paratethyan dinoflagellate cysts, which should be the first immigrants, appears to be an
appropriate diagnosis.

5. Conclusion

The chronological constraints presented in this work provide a sound background for
new prospects on the late Miocene — Pliocene stratigraphy and palacogeography in the
Dardanelles region. Evidence of the strong impact of the MSC in the region, as elsewhere
around the Mediterranean, indicates that the Dardanelles Strait was a fluvial collector
eroding the older rocks during the peak of the MSC. Systematic use of calcareous
nannoplankton results in a clarified regional stratigraphy, unbiased by lithological
similarities and where the peak of the MSC may be used as a robust chronological
reference. The study in progresses aims at reconstructing the Messinian fluvial network
in the Marmara region and deciphering the role of the MSC on the North Anatolian Fault
propagation across the region. At last, the Dardanelles-Marmara region is to be discarded
as a connection between the Eastern Paratethys and Mediterranean Sea during the
Messinian Salinity Crisis.
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Fig. 1. Location and geological maps.

A, Study area.

B, Geological map of the studied area according to Tiirkecan and Yurtsever
(2002).
Localities: 1, Enez; 2, Yaylakdy.

C, Geological map of the area surrounding the Dardanelles Strait according to
Tiirkecan and Yurtsever (2002).
Localities: 3, Burhanli; 4, Eceabat; 5, Poyraztepe; 6, Kilitbahir (seashore);
7, Kilitbahir (castle); 8, Seddiilbahir East; 9, Seddiilbahir West; 10, Intepe;
11, Yenimabhalle; 12, Truva.
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Armijo et al. (1999) Conventional stratigraphy
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Fig. 2. Controversed age of the Neogene formations in the Dardanelles Strait area.
Time-interval corresponding to the Messinian Salinity Crisis (MSC) is indicated
by a red band. Defining the stratigraphic position of the Al¢itepe Formation with
respect to the MSC is critical. The hypothesis represented to the left (Armijo et
al., 1999) assigns a Pliocene age (post MSC)to the Alcitepe Formation.
The hypothesis that is currently proposed in the conventional stratigraphy (e.g.,
Goriir et al., 1997; Saking et al., 1999; Tiirkecan and Yurtsever, 2002; Cagatay et
al.,, 2006) assigns a Miocene age (pre MSC and partly coeval with it) to the
Algitepe Formation. The undulating line represents an important erosion and
tectonic unconformity in the hypothesis of Armijo et al. (1999), only a slight
unconformity in the conventional stratigraphy.
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Fig. 3. Chronostratigraphy, calcareous nannoplankton biostratigraphy of the Late

Miocene and Early Pliocene and inferred age of the studied sections. Chronology
refers to Lourens et al. (2004), calcareous nannoplankton events to Raffi et al.
(2006).

The grey strips correspond to two steps of the MSC (Clauzon et al., 1996)
accepted by a representative community working on the Messinian Salinity Crisis
(CIESM, 2008). Locality numbers, see Figs. 1B, 1C.

25



Samples

‘Parcellanite

Triquetrorhabdulus rugosus -—|

@
e
3
o
3
- £
v S
i
©
& 0O
o}
e
g
Lignite &
g
L
3
%
x
Lignite 14
10
9
8
7
<]
5
. Ed« e ETs i
B+ [l WWs [~
1 c

Fig. 4. Lithostratigraphy and calcareous nannoplankton biostratigraphy of the central part
of the Intepe section.
A, General view of the Intepe section where red lines indicate the studied part of
the section;
B, Upper part of the studied section;
C, Lithological log of the studied section, location of samples, extension of three
calcareous nannofossil species providing biostratigraphic information;
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1, Dark-light clay; 2, Sand; 3, Calcareous sandstone; 4, Mollusc shells; 5, Lignite;
6, Sandstone; 7, Limestone; 8, Silt.

D, Lignite-coquina interval including the discontinuity caused by the peak of the
MSC;

E, Detail of Figure 4D;

F, Fired clays (porcellanite) overlying the lignite and marking the discontinuity
caused by the peak of the MSC;

G, Present-day analogue from the S Romania lignite Lupoaia quarry showing
clays transformed into porcellanite after being naturally fired by the underlying
lignite.
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Fig. 5. Fluctuation of the selected calcareous nannofossil groups in the Intepe section
(NW Turkey).
Legend, see Figure 4C.
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Fig. 6. Synthetic pollen diagram from some localities before and after the peak of the
MSC.
1, Subtropical trees; 2, Cathaya; 3, Warm-temperate trees; 4, Cupressaceae;
5, Cool-temperate trees (Cedrus mainly); 6, Boreal trees (Abies and Picea);
7, Elements without signification; 8, Mediterranean xerophytes; 9, Herbs;
10, Steppe elements (Artemisia mainly).
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Fig. 7. The Messinian fluvial canyon in the western part of the Dardanelles Strait.
A, Map showing the main Messinian fluvial canyon and a tributary (grey surface),
the Early Zanclean coastline (dotted grey line), and location of photographs C-F.
Sections: 4, Eceabat; 5, Poyraztepe; 6, Kilitbahir (seashore); 7, Kilitbahir (castle);
8, Seddiilbahir East; 9, Seddiilbahir West; 10, Intepe; 11, Yenimahalle; 12, Truva.
B, Reconstructed composite cross-section (a-b, c-d) in the Dardanelles Strait and
the extremity of the Gelibolu Peninsula through the Zanclean Gilbert-type fan
delta with calcareous nannoplankton events and location of photographs C-F and
Fig. 4.
1, Clay; 2, Limestone; 3a, Messinian Erosional Surface; 3b, Messinian
discontinuity; 4, Sandy and gravelly foreset beds.
C, Photograph of the beach of Seddiilbahir showing the Messinian Erosional
Surface cutting the clays and sands of the Seddiilbahir East section and overlain
by the clayey bottomset beds of the Seddiilbahir West section. Nannoplankton
markers are indicated.
D, View of the surroundings of Eceabat showing the Al¢itepe Formation deposits
inbedded within the Eceabat-Poyraztepe sections now reported to the Kirazlh
Formation. Nannoplankton markers and the Messinian Erosional Surface are
indicated.
E, Sandy and gravelly foreset beds near the Intepe section.
F, Sandy and gravelly foreset beds at Nuriyamut.
G, Kilitbahir (seashore) section with calcareous nannoplankton markers.
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Table 1. Calcareous nannoplankton content and biostratigraphy of the Burhanli, Eceabat,
Poyraztepe, Kilitbahir (seashore and castle), Enez, and Yaylakdy sections.
The double line illustrates the lack of sedimentation during the peak of the MSC.
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Coccolithus pelagicus
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Thoracosphaera sp.

Reticulofenestra rotaria
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Braarudosphaera bigelowii
Helicosphaera carteri var. wallichi
Reticulofenestra pseudoumbilicus
Sphenolithus moriformis | S. abies
Triquetrorhabdulus rugosus

Table 2. Calcareous nannoplankton content and biostratigraphy of the Seddiilbahir East
and West sections.
The double line illustrates the lack of sedimentation during the peak of the MSC.
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Table 3. Calcareous nannoplankton content and biostratigraphy of the Intepe section.

The double line illustrates the lack of sedimentation during the peak of the MSC.
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ABSTRACT

More than a thousand specimens of Galeacysta etrusca complex from eleven 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 statistically distinguished, 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:

- the high sensitivity of Galeacysta etrusca complex for reconstructing paleoenvironments
and the connection—isolation phases of basins;

- the detailed history of this species which originated in the Pannonian Basin at ca. § Ma
before invading the Dacic Basin at about 6 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 5.48-5.33 Ma, respectively)
and, finally, into the Black Sea at 5.13 Ma;

- an improved paleogeographic reconstruction for the Mediterranean and Paratethyan realms
with focus on the location of corridors and the timing of when they were active.

Field observations and dinoflagellate cyst data lead us to consider that the reflooding of the
Mediterranean Basin by Atlantic waters occurred at ca. 5.48 Ma, about 150 kyrs before the
Zanclean GSSP (5.33 Ma).

Key words: Galeacysta etrusca complex; Paratethys—Mediterranean; Messinian; Zanclean;
“Lago Mare”.
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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 the latest Messinian age at Cava Serredi (Livorno
Province, Italy; Text-Figure 1B) by Corradini and Biffi (1988). Morphologically close
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 a reduced expression of the tabulation. Based on
studies of the Pannonian Basin (Central Paratethys), Siit6-Szentai (1988) attempted to transfer
Thalassiphora balcanica to the genus Spiniferites, although the resulting combination was not
validly published until later as Spiniferites balcanicus (Baltes, 1971) Siitd-Szentai 2000. Siito-
Szoltanné (1994) maintained Spiniferites balcanicus and Galeacysta etrusca as separate
species, but considered Galeacysta etrusca as a planktonic (thecate) form. Nematosphaeropsis
bicorporis Siitd-Szentai 1996 is also morphologically close 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 provided by the same author (under the name Siiténé Szentai, 1996), thereby
completing requirements for valid publication.

Hence, Galeacysta etrusca, Romanodinium areolatum, Spiniferites balcanicus, and
Nematosphaeropsis bicorporis are all validly published names relating to morphologically
close, if not identical cyst forms. The spatial and temporal distribution of Galeacysta etrusca,
Romanodinium areolatum, Spiniferites balcanicus, and Nematosphaeropsis bicorporis is
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 (Pomérol, 1973; Régl and Steininger, 1983; Piller et al., 2007).
This fragmentation implies important paleoenvironmental changes marked by progressive
decrease in salinity from west to east in these basins.

It has been demonstrated that dinoflagellates are sensitive 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 reduced
salinities of surface waters. Laboratory experiments on living specimens have confirmed the
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 morphological changes are
controlled by multiple factors such as salinity, temperature and nutrients.

The presence of transitional morphologies between Galeacysta etrusca, Romanodinium
areolatum, Spiniferites balcanicus and Nematosphaeropsis bicorporis, strongly suggests that
all these taxa could be considered as morphological variants of the same species. As a
working hypothesis in this study, we therefore group them in the Galeacysta etrusca complex.
Hereafter, we will abbreviate Galeacysta etrusca complex to Galeacysta etrusca, except when
referring to the species described by Corradini and Biffi indicated as Galeacysta etrusca
Corradini and Biffi 1988. We provisionally use the name Galeacysta etrusca Corradini and
Biffi 1998 because the type material is illustrated and described unambiguously, although we
acknowledge that the name Romanodinium areolatum Baltes 1971 has priority. 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 Corradini & Biffi 1988, at
about 8 Ma (Magyar et al., 1999a), then followed by its high abundance up to ca. 5 Ma,
allows this species 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
Horvéath, 2002; Popov et al., 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 complete desiccation of the Mediterranean
Sea. The regular occurrence of Galeacysta etrusca Corradini & Biffi 1988 in the latest
Messinian deposits brought this species to becoming 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 degree of
separation between ectocyst and endocyst (the parameter used in this paper) representing the
same morphological response to environmental stress as process length of chorate
dinoflagellate cysts, (2) the overall size and length/width ratio of endocyst and ectocyst, and
(3) shape of endocyst from oval to cruciform (here disregarded). This variability is
documented by a biometric and statistic analysis of a data set made of 1144 specimens of
Galeacysta etrusca from Central-Eastern Paratethys and Mediterranean sections located
within the Upper Miocene and Lower Pliocene (Text-Figure 1B). Two complementary
aspects are most particularly worked out: (1) the geographic and hydrographic reconstruction
of the Paratethys and Mediterranean realm around the Messinian Salinity Crisis, and (2) the
morphological and biometric characterization of Galeacysta etrusca as a response to
environmental (salinity and nutrient) changes. These two research axes lead us to answer two
main questions:

(1) Is it possible to distinguish between the two “Lago Mare” events evidenced by
Clauzon et al. (2005) using the morphological and biometric range of Galeacysta
etrusca complex in the Mediterranean realm?

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

THE MESSINIAN SALINITY CRISIS AND THE “LAGO MARE” EVENTS

The Mediterranean experienced dramatic changes during the Late Miocene when it
became temporarily isolated as a result of tectonic activity (Hsii et al., 1973; Duggen et al.,
2003; Jolivet et al., 2006). Isolation led to the Messinian Salinity Crisis, peaking with a severe
drop in Mediterranean sea-level which resulted in the deposition of thick evaporites in central
basins (Hsii et al., 1973; Rouchy and Caruso, 2006) and intense subaerial erosion of the
margins (Clauzon, 1999). During the almost complete desiccation 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 Mediterranean Sea was considered as a single
isochronous event by Hsii et al. (1973) and is evidenced by the “Lago Mare” biofacies
characterized by Paratethyan fossil 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 Salinity Crisis; and (2) by the clear
evidence of two successive falls in sea level (Clauzon et al., 1996). 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 marginal 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 5.640 to 5.480 Ma when a major sea-level drop resulted
in: (1) the almost complete desiccation of the Mediterranean Sea, (2) deposition of the central
basin evaporites, and (3) massive subaerial erosion (deep river canyons and intense
dismantling of the margins) that strongly cut the marginal evaporites and extended to the base
of the central basin evaporites. These two sea-level drops were separated by an intermediate
transgressive and cyclic episode corresponding to the Upper Evaporites of Sicily, where, as at
Eraclea Minoa, relatively low sea-levels caused the deposition of six gypsum beds.

Similar events (deposition of marginal evaporites followed by huge erosion) also
impacted the Eastern Paratethys (Gillet et al., 2003; 2007; Clauzon et al., 2005) which had
been connected almost continuously to the Mediterranean Sea during the high sea-level
episodes of the Neogene since about 14 Ma (Marunteanu and Papaianopol, 1995; 1998).
Popescu (2006) used the late arrival of marine dinoflagellate cysts at DSDP Site 380, Leg 42
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: (1) molluscs (dreissenids and lymnocardiids),
(2) ostracods (Cyprideis pannonica group), (3) dinoflagellate cysts (Galeacysta etrusca,
Spiniferites cruciformis, Pyxidinopsis psilata etc.) in the Mediterranean (Clauzon et al.,
2005); simultaneously with the presence of Mediterranean planktonic microorganisms: (1)
coccoliths (Marunteanu and Papaianopol, 1995, 1998; Semenenko and Olejnik, 1995;
Clauzon et al., 2005; Snel et al., 2006), (2) foraminifers, (3) dinoflagellate cysts (Popescu,
2006; Popescu et al., 2006) in the Paratethys implies that these two seas communicated 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). This leads to the new concept of
the “Lago Mare” events (Clauzon et al., 2005) depicted in Text-Figure 2. Contrasting the
various concepts related to the term Lago Mare, we put it within inverted commas when it
concerned the peculiar related Mediterranean biofacies or the event at the origin of the
invasion of Paratethyan organisms into the Mediterranean [two high sea-level exchanges, and
an intermediate dilution episode; see Clauzon et al., 2005 for more details], and we wrote it
without inverted commas when a stratigraphic formation described as such is concerned.
These two “Lago Mare” events are in agreement 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
evaporites 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 a polyphased erosion even though a single erosion event is marked on
the Mediterranean margins (Lofi et al., 2005), and (3) Braga et al.’s (2006) scenario where the
marginal pre-evaporitic paleotopography is confused with the Messinian erosional surface
which everywhere postdates the marginal evaporites (Clauzon et al., 1996).

STUDIED LOCALITIES AND THEIR CHRONOSTRATIGRAPHIC SETTING

According to Clauzon et al. (2005), within the time-interval 6-5 Ma two phases of water
exchanges existed between Mediterrancan and Paratethys seas, each high-sea level
connections generating a “Lago Mare” event in Mediterranean margins. The first episode
preceded the desiccation phase of the Messinian Salinity Crisis and refers to the NN11b
calcareous nannoplankton subzone (Text-Figure 2), causing during highest intensity the
arrival of Galeacysta etrusca Corradini & Biffi 1988 recorded at Cava Serredi, Eraclea Minoa
(first influx) and Aghios Sostis. The second episode immediately followed the desiccation



phase of the Messinian Salinity Crisis in the late NN12a and earliest NN12b calcareous
nannoplankton zone (Text-Figure 2); the resulting invasion of Galeacysta etrusca lasted about
180 kyrs (as calculated at Eraclea Minoa between the above proposed age for the base of
Arenazzolo and that of the base of the acme of Sphaeroidinellopsis; Lourens et al., 2004)
while the two-way water-exchange continued sporadically until ca. 5 Ma as evidenced at
DSDP Hole 380A (Popescu, 2006) (Text-Figure 2).

In this paper we studied fourteen localities (Majs 2, Krajaci¢i, Krasi¢, Cernat, Valea
Vacii, Eraclea Minoa, Hinova, Maccarone, San Donato and DSDP Hole 380A, Malunje,
Torre Sterpi, Sioneri and Casabianda) distributed on the Central 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
studied localities are reported below.

The Central Paratethys (Pannonian Basin)

The earliest appearance of Galeacysta etrusca is at 8 Ma in the Pannonian Basin
(Central Paratethys), were it persisted for 3 myrs, until 5 Ma. This species has been used as a
chronostratigraphic indicator throughout the Pannonian Basin (Magyar et al., 1999a, b; Miiller
et al., 1999). Because the late Miocene stratigraphy of this basin is still in discussion (Sacchi
and Horvath, 2002; Piller et al., 2007), we will follow here the classical assumption which
discards the Pontian Stage in the Pannonian Basin (Magyar et al., 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 Galeacysta etrusca in typical low salinity condition (Majs 2 section),
and (2) the possible morphological modification in relation with a relative increase in salinity,
indicated by the presence of marine dinoflagellate cysts (Malunje, Krasi¢ and Krajacici
sections) and meaningless coccoliths (Krajaci¢i). The Majs2 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 condition at this time is indicated by the
presence of typically Paratethyan dinoflagellate cysts assemblages and the absence of marine
dinoflagellates cysts. The Malunje, Krasi¢ and Krajaci¢i sections from the Pannonian Basin
belong to the Upper Pannonian (Text-Figure 2; Magyar et al., 1999a; Kovaci¢ 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 etrusca represents a
common species recorded in sediments belonging to the regional Pontian Stage (Text-Figure
2). In spite of an intensive effort in magnetostratigraphy under biostratigraphic control by
molluscs, the age boundaries of the regional stages in the Dacic Basin are still disputed
(Maeotian—Pontian: 6.15-5.75 Ma; Pontian—Dacian: 5.30—4.70 Ma; Vasiliev et al., 2004; Snel
et al., 2006; Stoica et al., 2007; see also: Clauzon et al., 2005; Popescu et al., 2006);
discrepancies are indicated on Text-Figure 2. Age boundaries of the regional substages have
only been proposed by Snel et al. (2006) and are reported for indicative purpose in Text-
Figure 2: 6 Ma for the Odessian—Portaferrian and 5.60 Ma for the Portaferrian—Bosphorian. In
this study, we chronologically calibrate the sections using the global nannoplankton
biostratigraphy and considering their position with respect to the Messinian Erosional Surface
identified in both basins. Four localities were analyzed for these two basins, respectively
Cernat, Valea Vacii and Hinova in the Dacic basin, and DSDP Hole 380A 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



nannoplankton of the NN11b subzone (Marunteanu and Papaianopol, 1998; Snel et al., 2006)
since the basin was at that time connected with the Mediterranean (Clauzon et al., 2005) and
are considered corresponding to the Late Messinian. The Hinova section contains a
Bosphorian mollusc fauna and includes calcareous nannoplankton assignable to zone NN12a
(Popescu, 2001; Clauzon et al., 2005; Popescu et al, 2006). More precisely, they have an
astronomical age from 5.40 to 5.34 Ma according to vegetation cycles identified in the pollen
record (Popescu et al., 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 Hole 380A considered in this study overlie the
Messinian Erosional Surface (Gillet et al., 2007) and cover an astronomically dated time-
window from 5.11 to 5.00 Ma, as also indicated by the pollen record (Popescu, 2006) (Text-
Figure 2).

The Mediterranean realm

In the Mediterranean margins, Galeacysta etrusca is recorded at Cava Serredi
(Corradini and Biffi, 1988), Maccarone (Bertini, 2006; Popescu et al., 2007) and San Donato
(Bassetti, 1997) in Central Italy; Torre Sterpi and Sioneri (Popescu, unpublished) in Northern
Italy; at Eraclea Minoa in Sicily (Londeix et al., 2007) and Casabianda in Corsica (Popescu,
unpublished) (Text-Figure 1B). According to their biostratigraphic chronology and their
position with respect to the Messinian Erosional Surface (Text-Figure 1B), Cava Serredi and
Agios Sostis are considered as Messinian localities, corresponding to the first “Lago Mare”
event (Clauzon et al., 2005); on contrary, 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 Eraclea Minoa section that includes the
two “Lago Mare” events. Cava Serredi, Eraclea Minoa, Maccarone and Casabianda sections
were restudied in order to better understand their chronostratigraphic position with respect to
the Messinian Salinity Crisis. The new obtained bio- and chronostratigraphic data are
presented below.

At the Cava Serredi quarry, a Lago Mare deposit of about 26 m in thickness was
described in the 1980s, sandwiched between the uppermost thick gypsum bed and the
Zanclean clays (Bossio et al., 1981). It was clearly subdivided into two parts: the lower part
(7.50 m thick), dreissenid-rich, including some highly concentrated beds (coquinas), is
considered to indicate brackish conditions; whereas the upper part (about 18 m thick) was rich
in Melanopsis and Theodoxus shells and corresponds to a more freshwater environment (Text-
Figure 3A, B; Bossio et al., 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 that are well-characterized by our lowest record of Ceratolithus
acutus 3 m above their base, which precedes that of Sphaeroidinellopsis evidenced by Bossio
et al. (1981) (Text-Figure 3B, C). The Lago Mare is composed only of dreissenid-rich
sediments (including coquinas). The Melanopsis layer is absent. We conclude that the missing
ca. 19 m of Lago Mare (i.e. the entire Melanopsis layer plus ca. 1 m of dreissenid-rich
sediment) were eroded during the desiccation phase of the Messinian Salinity Crisis and that,
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 Corradini & Biffi
1988 layer of Cava Serredi documents what we consider as an episode of high sea-level and
intensive exchange between the Mediterranean and Eastern Paratethys just preceding the
Mediterranean desiccation phase (Text-Figure 2) (Clauzon et al., 2005). The marine



conditions of the Cava Serredi dreissenid beds have recently been supported 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 (Clauzon et al., 2005; Londeix et
al., 2007). Here, the desiccation is not expressed by well-marked erosion, probably because
the locality occupied an interfluvial position in a semi-arid area (Suc and Bessais, 1990;
Fauquette et al., 2006). However, a discontinuity 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 in its upper part three
characteristic layers (two dreissenids coquinas, 25 cm and 40 cm thick respectively, bordering
a white sand 32 cm thick). This is followed by the silty Arenazzolo Formation (5.60 m thick)
comprising 7.5 dark-light cycles, which is itself overlain by the carbonate—marly cyclic Trubi
Formation at the base of which the Zanclean GSSP has been placed (Text-Fig. 4C, E).
Nannofloral assemblages from the Lago Mare Formation contain, among other taxa,
Amaurolithus amplificus, Amaurolithus primus, Coccolithus pelagicus, Helicosphaera carteri
s.l., Helicosphaera intermedia, Pontosphaera multipora, small-sized reticulofenestrids,
Reticulofenestra pseudoumbilicus, Sphenolithus group abies/moriformis, Triquetrorhabulus
striatus and Triquetrorhabulus rugosus, and may be related to the subzone NNI11b.
Galeacysta etrusca has been reported only in the diatomitic turbidite underlying the highest
gypsum and within the Arenazzolo Formation (Londeix et al., 2007). We studied specimens
from four samples, one from the diatomitic turbidite and three from the Arenazzolo Formation
(Text-Figure 4C). At section 2, major differences have been observed with respect to section
1: (1) the Lago Mare Formation is significantly reduced (1.50 m thick only) and does not
show the three aforementioned reference layers in its upper part (Text-Figure 4D, E), and (2)
the Arenazzolo deposits clearly onlap the Lago Mare clays (Text-Figure 4E). We suggest that
the upper part of the Lago Mare of section 1 has been eroded in section 2. As a consequence,
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. This proposal is
fully consistent with new offshore data from the Strait of Sicily which sharply contradict the
proposed Messinian erosion in Sicily as sandwiched between the Lower and Upper Evaporites
(Butler et al., 1995; Krijgsman et al., 1999), an interpretation resulting from confusion with
the effects of local tectonics (Clauzon et al., 1996). In agreement with 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 of about 150 kyrs, taking the 7.5 dark—
light cycles of the Arenazzolo Formation as precessional cycles just as those of the
immediately overlying Trubi Formation (Hilgen and Langereis, 1993). Hence, the base of the
Arenazzolo Formation would date from 5.48 Ma, that should be the age of the Mediterranean
reflooding after the Messinian Salinity Crisis (Text-Figure 2), an assumption consistent with
the new concept of the “Lago Mare” events as representing repeated exchanges during high
sea-level between the Mediterranean and Paratethys (Clauzon et al., 2005). The Galeacysta
etrusca occurrences at Eraclea Minoa are limited to episodes of rising sea-level represented
by the diatomitic turbidite and Arenazzolo Formation (Londeix et al., 2007) that we consider
bordering 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) formations (Popescu et



al., 2007; Table 1). The Argille Azzurre Formation characterizes the beginning of the
Zanclean in the area (Selli, 1973) but the recent recording of Ceratolithus acutus both in the
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 characterizes 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 erosional 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 sediments directly overlying those containing dreissenids and Galeacysta etrusca.
The Casabianda diatomites obviously deposited after the end of the Messinian Salinity Crisis
(Text-Figure 2).

METHODS

Within the framework of the previously discussed chronostratigraphy, 47 samples
(Table 1) were selected from most of the localities mentioned above (Majs 2, Krajaciéi,
Krasi¢, Cernat, Valea Vacii, Eraclea Minoa, Hinova, Maccarone, San Donato and DSDP Hole
380A). Malunje, Torre Sterpi, Sioneri and Casabianda were not retained for final statistical
analyses and comparisons because Galeacysta etrusca is scarce at these localities. We did not
examine the Galeacysta etrusca specimens from Agios Sostis. We did not recover the
Galeacysta etrusca Corradini & Biffi 1988 horizon at Cava Serredi at the top of the
dreissenids layers in the present-day working face of the quarry, 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, concentration using ZnCl, (at density 2.0) and sieving at 10 um. A 50
ul volume of residue was mounted between the coverslip and microscope slide using
glycerine in order to allow rotation of dinoflagellate cysts for their complete examination and
homogeneity in measurements. Galeacysta etrusca was identified using a light microscope at
x600 and x1000 magnifications.

For each specimen we took four measurements at the light microscope (Plate 1): the
length and width of the endocyst (Lgy and Wy, respectively) and the length and width of the
ectocyst (Lgc and Wi, respectively). To obtain homogenous 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 between all the studied sections
(complete data set: 1,144 individuals), coupled with a Canonical Variate Analysis (a
multigroup Discriminant Analysis; Text-Figure 5) (Legendre & Legendre, 1998). Log-
transformation was used in order to normalize initially right-skewed distributions 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:
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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 Simpson et al., 1960: 356-358) of the endocyst and ectocyst length and width
products (i.e., the Dgyjzc ratio, expressed in percentage of ectocyst’s length x width), allowing
the comparison of the relative (not absolute) dimensions of these two dinocyst structures. Y
directly co-varies with the relative distance of ectocyst from endocyst: all size being equal, the
greater the separation, i.e. the smaller the endocyst with respect to the ectocyst, the smaller ¥
and Dgyjec. Thus, it is an estimate of one of the main “shape parameters™ classically used to
describe and discriminate the dinoflagellate cyst taxa considered in this work (see the
Introduction section).

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 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 early
Zanclean sections: Maccarone (13 samples, 698 individuals) and Hinova (16 samples, 247
individuals) (Text-Figure 6). One-way ANOVAs 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 =
2x107%%; ¥: F=13.9; df = 12, 99; p = 2x10™'° [both ANOVAs include a Welch-Satterthwaite
correction]). Conversely, no heterogeneity is found in the Hinova section (X: F = 1.15; d.f. =
15,231; p=0.31; Y: F=1.04; df = 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 Dgyzc 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 are made of rather small-sized individuals with a mean
Denec ratio of about 34%, identical at the 95% confidence level to that observed at Hinova
(Student #-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 Dgy/zc ratio
of about 41%, both X and Y mean values being significantly greater than observed previously
(Student r-test on X: ¢ = 28.6, d.f. = 564, p = 3x10™; Student s-test on Y: t = 7.14, d.f. = 564, p
= 3x10™"%). Between these two sets of assemblages, intermediate samples illustrate a gradual
compositional transition from assemblages dominated by small individuals with a mean
Dgnjec ratio close to 34%, to assemblages dominated by large-sized individuals with a mean
Denec ratio of about 41%. Hence, the “transition 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-Dgy;zc individuals (characteristic of the lower part of the analyzed
time series) and larger-sized and larger-Dgy/ec individuals (characteristic of the upper part of



the analyzed section). Thus, these first results clearly indicate that at least two stable,
dimensionally homogeneous biometric groups (hereafter named “groups”) with mean Dgnjec
ratios of about 34% and 41%, respectively, can be statistically distinguished at Maccarone,
whereas a single one can be 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 such 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 Dgy/ec rat10
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 Dgyjzc, the smaller 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 Dgyjzc 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
“q.

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 relatlonshlp between X and Y is observed only for group “a” (R*> =
0.081, n = 333, pruo: re=0] = 1 3x107), whereas for both groups “b” and “d”, X and Y appear
linearly independent (“b” =1.6x10, n =107, p = 0.68; “d”: R* = 2. 4x10°, n = 482, p=

0.29). From this point of view, group “d”, which is observed only in the upper part of the
Maccarone section (samples 35 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 1dentiﬁed based on Y. A one-way ANOVA of Y between groups “a”, “b”
and “d” (group “c” is not considered due to its scarcity in the data set) 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 Hole
380A for groups “a” and “b”, Cernat for groups “a” and “c”). The way groups and “b” are
identified in such mixed samples is exemphﬁed in Text-Figure 9. These two examples
illustrate the fact that when these two groups are found simultaneously, their Y distribution
partially 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 consequence of failure of the mixture analysis to
detect the joint occurrence of these two groups, leading to a false identification 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 illustrate the fact
that these biometric groups can only be identified 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.
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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 Krajaci¢i (Plate 2,
fig. 1), and group “c” at Majs 2 (Plate 2, figs. 8-9). At Krasi¢ (Plate 2, fig. 5), 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 which are represented in the Mediterranean Basin as recorded at Cava
Serredi and Eraclea Minoa belong to group “b”.

After the Messinian Salinity Crisis, the Galeacysta etrusca assemblage from Hinova
(Plate 2, figs. 2—-3) comprises only specimens of group “a”, but that from DSDP Hole 380A is
represented by groups “a” (dominant) and “b”. Specimens recorded at Eraclea Minoa belong
entirely to group “b” (Plate 2, fig. 4). Assemblages from Maccarone are more diverse and
have changed along the interval during which Galeacysta etrusca is recorded: at the
beginning of invasion, only group “a” (Plate 2, fig. 6) is present; then, three groups are
recorded at the same levels (mostly group “d”, with “a” and “c” as subordinate groups); and
finally only group “d” remains (Plate 2, figs. 7, 10-12). At San Donato, the Galeacysta
etrusca specimens measured within the interval preceding its disappearance belong

exclusively to group “b”.
DISCUSSION

Paratethyan and Mediterranean Galeacysta etrusca history around the
Messinian/Zanclean boudary

In this study, the oldest Galeacysta etrusca specimens originate from the late Pannonian
age (Majs 2 section in the Pannonian Basin) and belong to the biometric group “c”, i.e.,
specimens with rather high Dgyec ratio values corresponding to dinocysts with a relatively
small distance between the 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. 1) and
group “b” in the Krajaci¢i section (Plate 2, fig. 5). 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 was living in fresh to brackish conditions just before the marine
connection between the Pannonian Basin and the Mediterranean Sea (see above). This
assumption is in agreement with the absence of any other marine organisms (including other
dinoflagellate cyst species) and is consistent with the high Dgy/zc ratio of Galeacysta etrusca.
Groups “a” and “b”, identified at the Krajaci¢i and Krasi¢ sections (Plate 2, figs. 1, 5) show
decreases in their Dgyjpc ratio, probably in response to increased salinity as a result of the
connection at high-sea level between the Pannonian Basin and Mediterranean 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 Krajacici.

In the Dacic Basin, at Cernat, Galeacysta etrusca shows two morphological groups: (1)
group “c”, characterized by a high Dgyzc ratio, 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 that associated to group “c”, induced by the
connection between the Dacic Basin and Mediterranean Sea during the Portaferrian—
Bosphorian, as indicated by the presence of NN11b calcareous nannoplankton subzone in the
same samples. The persistence only 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 according to Schrader’s (1978) diatom record at DSDP Hole 380A
(Text-Figure 1). Indeed, we found no marine or brackish dinoflagellate cyst, including
Galeacysta etrusca, in the same intervals of DSDP Hole 380A (Popescu, 2006). However, the
presence in the Crimea of calcareous nannoplankton 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 sediments dating from the latest Messinian. At Cava Serredi,
Galeacysta etrusca Corradini & Biffi 1988 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 on Text-Figure 7). Group “a” has lower Dgyjgc 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
(Stevanovi¢, 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, Stevanovi¢ (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 Stage 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 momentarily entered the Dacic Basin.

The presence of Mediterranean calcareous nannoplankton in the Maeotian of the Dacic
Basin (Marunteanu and Papaianopol, 1998; Snel et al., 2006) but also the Pannonian Basin at
Krajaci¢i, simultaneously with the presence of Mediterranean marine dinoflagellate cysts,
suggests that these Paratethyan basins were 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 Mediterranean Sea, passing by 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 nannoplankton 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 Ma exclusively (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 coccoliths
recorded at Krajaci¢i (Text-Figure 2), one must envisage some delay in the arrival of the
sublittoral to lacustrine Congeria rhomboidea in the Dacic Basin. Anyway, 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
the 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 transports 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 Mediterranean Basin.

During the Messinian Salinity Crisis, important paleogeographic changes impacted
Europe: the Mediterranean and the 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 an intensive fluvial erosion (Csato et al., 2007).

Galeacysta etrusca group “a” (Plate 2, figs. 2-3), because it was prevalent in the Dacic
Basin before the peak of the Messinian Salinity Crisis, probably survived when this basin
partly shrank as a suspended lake during the paroxysm of the crisis (Clauzon et al., 2005) and,
as a consequence, was alone in the basin at 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 recorded at Eraclea
Minoa in fully marine waters accompanied 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-Po realm in the latest
Messinian as indicated at the Maccarone section (Popescu et al., 2007). But Popescu et al.
(2007 text-fig. 7) have shown that two major marine incursions 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 diversity of calcareous nannoplankton
including the marker Ceratolithus acutus (Text-Figure 2), and (2) above the Colombacci
Formation as supported by such marine organisms as dinoflagellate cysts, calcareous
nannoplankton and more abundant planktonic foraminifers. The first marine incursion
probably modified the previous freshwater conditions into brackish water ones, similar to
those of the Dacic Basin, thus permitting the immigrant Paratethyan species to colonize this
basin without changing their morphology. Indeed, Galeacysta etrusca was first represented by
group “a” (Plate 2, fig. 6; Text-Figure 7). Then, continuous freshwater river input and brief
minor marine influxes within the Colombacci Formation induced weak fluctuations in salinity
and nutrient content that might explain the morphological diversification of Galeacysta
etrusca into groups “c” and “d” while accompanied by the persisting group “a” (Plate 2, figs.
7, 10-12; Text-Figures 6, 7). Finally, the development of stable environmental conditions
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 50 kyrs, i.e., between the first appearance of Ceratolithus acutus
(5.35 Ma) and that of the planktonic foraminifer Sphaeroidinellopsis (5.30 Ma: Lourens et al.,
2004). Northward, at San Donato (Text-Figure 1), Galeacysta etrusca arrived later (in the
uppermost layer of the Colombacci Formation), without other Paratethyan immigrants, when
marine conditions were almost completely established. This explains why group “b” alone is
recorded, as at Eraclea Minoa.

Later on (at ca. 5.13 Ma), dinoflagellates of the Dacic Basin entered the Black Sea
(Euxinian Basin) when the sea level rose to overflow the Reni Sill, developing predominant
cysts of group “a” accompanied by fewer specimens of group “b” (Plate 2, fig. 4).



Environmental, hydrographic and geographic insights from Galeacysta etrusca

Based on the above-discussed scenario, it is now possible to answer the questions
challenged in the Introduction.

First, it appears unrealistic to distinguish from the available evidences the two “Lago
Mare” events in the Mediterranean Basin on the basis of Galeacysta etrusca morphology and
biometry as we have observed and measured it. Indeed, this study establishes that each
invasion of Paratethyan dinoflagellates is represented by Galeacysta etrusca individuals
exclusively belonging to biometrical group “a” (corresponding to specimens with a relatively
large distance between the endocyst 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 marine conditions, group
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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 characterize freshwater environments.

Second, the accurate chronologic location of the studied materials and the high
environmental sensitivity of Galeacysta etrusca undoubtedly refine our knowledge of the
Central-Eastern Mediterranean and Paratethys during the time-interval 6-5 Ma as detailed
below.

From ca. 8 Ma to 5.60 Ma (Text-Figures 2, 7), the connection of the Pannonian Basin both
with the Dacic Basin and the Mediterranean Sea should be envisaged as a Y-shaped corridor
with two northern branches diverging northward of Ni§ (Text-Figure 10A). This
reconstruction is consistent with geological maps (Krdutner and Krsti¢, 2003) and some
previous assumptions (see for example: Stankovi¢ in Hsi 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 another 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—Medi