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ABSTRACT

The Messinian Salinity Crisis is well known to have resulted from a significant drop of the Mediter-
ranean sea level. Considering both onshore and offshore observations, the subsequent reflooding is
generally thought to have been very sudden. We present here offshore seismic evidence from the
Gulf of Lions and re-visited onshore data from Italy and Turkey that lead to a new concept of a two-
step reflooding of the Mediterranean Basin after the Messinian Salinity Crisis. The refilling was first
moderate and relatively slow accompanied by transgressive ravinement, and later on very rapid, pre-
serving the subaerial Messinian FErosional Surface. The amplitude of these two successive rises of sea
level has been estimated at < 500 m for the first rise and 600-900 m for the second rise. Evaporites
from the central Mediterranean basins appear to have been deposited principally at the beginning of
the first step of reflooding. After the second step, which preceeded the Zanclean Global Stratotype
Section and Point, successive connections with the Paratethyan Dacic Basin, then the Adriatic
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foredeep, and finally the Euxinian Basin occurred, as a consequence of the continued global rise in
sea level. A complex morphology with sills and sub-basins led to diachronous events such as the
so-called ‘L.ago Mare’. This study helps to distinguish events that were synchronous over the entire
Mediterranean realm, such as the two-step reflooding, from those that were more local and diachro-
nous. In addition, the shoreline that marks the transition between these two steps of reflooding in the
Provence Basin provides a remarkable palacogeographical marker for subsidence studies.

INTRODUCTION

The almost complete desiccation of the Mediterranean
Sea in the Messinian resulted in the deposition of thick
evaporites in the central basins (Hsii es al., 1973; Rouchy
& Caruso, 2006) and the cutting of deep fluvial canyons
(Chumakov, 1973; Clauzon, 1973, 1978, 1980a, 1982,
1990; Savoye & Piper, 1991) (Fig. 1). The termination of
the Messinian Salinity Crisis (MSC), i.e. the reflooding of
the Mediterranean Basin, is classically considered to have
been very sudden (Hsti ez al., 1973; Clauzon & Cravatte,
1985; Pierre et al., 1998; Blanc, 2002; Lofi et al., 2003).
The generally accepted age for this event is that of the
Zanclean Global Stratotype Section and Point (GSSP) at
5.332 Ma (Table 1; Hilgen & Langereis, 1993; van Cou-
vering et al., 2000; Lourens et al., 2004). Offshore, this
very rapid event is reflected by the sharp contact between
the Messinian evaporites and Zanclean mudrocks (Cita
et al., 1978) or the Zanclean prograding sediments down-
lapping directly on the Messinian Erosional Surface

(MES) (Lofi et al., 2003). Onshore, this contact is often
reflected by the prograding sedimentary filling of Gilbert-
type fan deltas within the Zanclean rias without any on-
lapping transgressive parasequence (Fig. 2; Clauzon,
1990). In the earliest Pliocene, the Mediterranean Basin
was starved of terrigenous sediments (Cita et al., 1978,
1999a), which concentrated within the rias. In several rias
from southern France and northeastern Spain, the clayey
bottomset beds of the Gilbert-type fan deltas have been
dated by foraminifers from the Sphacroidinellopsis Acme
Zone (Civis, 1977; Clauzon & Cravatte, 1985; Zheng &
Cravatte, 1986) in agreement with the nannofossil record
(Matias I Sendra, 1990). The Gilbert-type fan deltas have
been identified as infilling Messinian fluvial canyons all
around the Mediterranean Basin and in adjacent territo-
ries as illustrated in Fig. 1.

The question of the suddenness of the Mediterranean
reflooding has been reopened since a progressive refloo-
ding of the Mediterranean was advocated by Krijgsman
et al. (1999a), possibly preceding the earliest Zanclean

20E IVE 40°E
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Fig. 1. Map of the Messinian central basin evaporites and fluvial canyons identified around the Mediterranean Basin and adjacent ter-
ritories during the peak of the Messinian Salinity Crisis (5.60—5.56? Ma). At that time, the water level in the Mediterranean Basin was
some 1600 m lower than the global sea level. Major tectonic structures and corresponding topographic highs are drawn according to
Jolivet et al. (2006) also valid for Figs 16, 19, 20 and 22. Map of central basin evaporites is from Rouchy & Caruso (2006). Map of flu-
vial canyons is from field observations of some of us (G. C., J.-P. S.; J.-L.. R., L. M..) and from the related literature (Nile area: Chuma-
kov, 1967, 1973; Bentz & Hughes, 1981; Said, 1982; Goudie, 2005; Lybia: Gritfin, 2002; Drake ez al., 2008; Nicolai, 2008; Paillou

et al., 2009; North Tunisia: El Euch — El Koundi ez al., 2009; Antalya Basin, South Turkey: Poisson et al., 2011; Southeastern Spain:
Soria et al., 2008; Northwestern Italy: Breda ez al., 2007). Map of the Po Basin and Apennine foredeep is from Boccaletti er al. (1990)
and Clauzon er al. (1997), that of the Dacic Basin from Clauzon ez al. (2005), that of the Pannonian Basin from Csato et al. (2007),

and that of the Euxinian Basin to Gillet ez al. (2007).

© 2011 The Authors
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Table 1 (continued)

Concerned parts of this paper

References

Localities

Proxies

Events

Age (Ma)

Section “Maccarone (Apiro,

Marche)”

CIESM et al. (2008)
Krijgsman ez al. (1999b)

Warny et al. (2003)

Apennines

16-17 precession cycles of Primary Lower
Gypsum Continuous dinoflagellate cyst and
pollen records (chronologically calibrated by

*Halite in central basins

5.60

foredeep, Sorbas
Salé (Atlantic
Morocco)

*Second sea-level fall (>1000 m)
*Closure of the Rifian corridor

Fig. 1and 22

bio-, magnetostratigraphy and oxygen isotope

stratigraphy) indicating increased coastal

conditions at the Atlantic outlet of the Rifian

corridor

Section “Eraclea Minoa

(Sicily)”

Fig. 22

Krijgsman et al. (1999b)

Sorbas (SE Spain),

Sicily

Bio- and magnetostratigraphy, astrochronology

of the first evaporites

*Evaporites in marginal basins
*Beginning of the MSC

5.96

Gautier et al. (1994)

*First sea-level fall (ca. 150 m)

Ages in bold characters are suggested in this paper. For ages corresponding to several events (5.96 and 5.6 Ma), the latter are indicated from the oldest (at the bottom) to the youngest (at the top). The relevant parts of this

paper are indicated.

(Cavazza & Decelles, 1998; Cornée et al., 2006). The
problem also arises when considering the Sicilian Caltan-
issetta Basin (Fig. 3), a piggy-back basin located at that
time some 150-200 km northward of its present-day posi-
tion (Boccaletti ez al., 1990; Casero, 2004; Jolivet et al.,
2006). The interpretation of the environmental setting of
the basin is controversial, representing either a deep Med-
iterranean central basin that was subsequently uplifted
(Hsti et al., 1973; Krijgsman et al., 1999a; Rouchy & Car-
uso, 2006; Roveri & Manzi, 2006; Krijgsman & Meijer,
2008; Roveri et al., 2008a,b), assuming synchronism of
these evaporites with those of the Mediterranean central
basins; or a marginal (even though relatively deep)
domain (Brolsma, 1975; Butler et al., 1995; Clauzon
et al., 1996; Popescu et al., 2009) assuming that the evap-
orites in this basin are older than those of the central
basins. This question has been discussed for a long time
(Hsii ez al., 1973) and is still intensely debated (e.g. Rou-
chy & Caruso, 2006; CIESM, 2008). Recent data acquired
offshore Tunisia (Sicily Strait) support the hypothesis
that the Caltanissetta Basin was rather a marginal basin
even if it deepens significantly from North to South (El
Euch — El Koundi ez al., 2009).

A very rapid process for the Mediterranean reflooding
after the MSC was until now considered satisfactory as
finer resolution data based on biostratigraphy or seismic
data were not available. This paper reviews recent off-
shore seismic evidence from the Gulf of Lions and its
relationship with boreholes (Bache et al., 2009) showing
two types of erosional surfaces in regressive and trans-
gressive conditions, respectively. We re-visited and com-
pleted recently published onshore data documenting the
post-MSC marine transgression in different palaeoenvi-
ronmental contexts, particularly from Italy (Sicily: Lon-
deix et al., 2007; Popescu et al., 2009; Marche: Popescu
et al., 2007) and Turkey (Melinte-Dobrinescu et al.,
2009) (Fig. 3). Several published and new age determina-
tions will be repeatedly used in this article. To help the
reader, they have been summarized in Table 1, pointing
out which event they date and how and where they have
been obtained within the relative literature. Nannofossils
have been intensively used for defining the chronostrati-
graphic position of the exposed sections considered here
(see Popescu et al., 2007; Melinte-Dobrinescu et al.,
2009) following the chart shown in Fig. 4 (Berggren
et al., 1995; Rafti et al., 2006), in which the two steps in
deposition of the Messinian evaporites proposed by Clau-
zon et al. (1996) are indicated, a distinction which is now
widely accepted (CIESM, 2008; Ryan, 2011). After dis-
playing data from the Gulf of Lions that illustrate a
post-MSC reflooding of the Mediterranean in two steps,
we discuss the extension of this model to the eastern basin
and its potential chronology. We then consider the geody-
namic causes and attempt to quantify the associated
sea-level changes, leading to a revision of the late Messini-
an—early Zanlcean eustatic events in the Mediterranean
region (see the map of Fig. 3 for most of the localities
cited in the article).

© 2011 The Authors

Basin Research © 2011 Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists
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(C)

+*e s Topset beds: pebbles, sands, clays, alteration
& %% Foreset beds: conglomerates and sands
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.- .
B Block formation Hj\_* Messinian erosional surface

Fig. 2. Gilbert-type fan deltas (Gilbert, 1885, 1890) need a significant accommodation space. This was provided by erosion and very
fast flooding in the case of the Mediterranean in early Zanclean time. (a) Characteristic organization of Zanclean Gilbert-type fan del-
tas (Clauzon, 1990). They are composed of a prograding subaqueous part (clayey bottomset beds and conglomeratic to sandy foreset
beds, the sedimentary dip of which may reach 30-35°) and an aggrading subaerial part (conglomeratic to sandy almost horizontal top-
set beds often affected by significant alteration). Two key chronological surfaces bound them: the Messinian Erosional Surface at the
base (1), and the abandonment surface at the top (3). The diachronous subaqueous-continental (i.e. marine-continental in this case
study) transition is sandwiched between the foreset beds and the topset beds (2), corresponding to a condensed layer (often a lignite).
(b) Carros Breccia (Nice, SE France) overlain by an iron crust (indicated by the arrow). (c) Breccias of Salzidere (Bandirma, Turkey,
southern coastline of the Marmara Sea) overlain by an iron-rich crust (indicated by the arrow). (d) Coarse fluvial deposit with
reworked blocks of Messinian gypsum within the Messinian fluvial canyon at Garrucha (Vera Basin, southeastern Spain). (¢) Coarse flu-
vial deposit with reworked blocks of Messinian gypsum within the Messinian fluvial canyon at San Ippolito (Volterra area, Central Italy).

addition, the Gulf of Lions has been characterized by a
relatively high total subsidence rate, which has continu-

OFFSHORE DATA

The Western Mediterranean potentially records any con-
nection with the Atlantic Ocean due to its location near
the Strait of Gibraltar. Within the Western Mediterra-
nean, the Gulf of Lions is exceptional in that its Neogene
sedimentary strata have not been significantly deformed
except for salt-related tectonics in the deep basin (Gaul-
lier, 1993; Dos Reis et al., 2008) and no significant post-
sedimentation uplift has occurred in the deep basin. This
area can thus be considered as a good reference for sea-
level variations in the whole Mediterranean Basin. In

© 2011 The Authors

ously created accomodation space (Steckler & Watts,
1980; Bessis, 1986; Burrus, 1989; Rabineau et al., 2005;
Bache er al., 2010). This configuration, together with the
availability of numerous offshore data (seismic profiles,
boreholes), has permitted accurate descriptions of the
transition between the Messinian halite identified in the
central Mediterranean basins and the Zanclean prograd-
ing sediments (Gorini, 1993; Lofi, 2002; Lofi et al., 2005;
Bache, 2008; Lofi & Berné, 2008; Bache et al., 2009).
Here, we will review these observations.

Basin Research © 2011 Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 5
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Fig. 3. Location map of the studied areas with most of the main localities cited in the text and in Table 1. The map was created using
GeoMapApp System developed by Haxby ez al. (2010). 1, Gulf of Lions (seismic profiles and boreholes), details are given in Fig. 5; 2,
Eraclea Minoa in the Caltanissetta Basin (onshore sections); 3, Maccarone (onshore section near Apiro); 4, Dardanelles Strait area

(onshore sections).
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Seismic profiles

Three key surfaces intercalated between the precrisis
Miocene and the Pliocene deposits can be identified in the
Gulf of Lions (Fig. 5).

The first key-surface (‘f* on Fig. 5) is the ‘MES’ also
named ‘Margin Erosional Surface’ by Lofi & Berné
(2008). This surface corresponds to the discordant contact
between the Miocene deposits (‘a’ on Fig. 5) and the over-
lying prograding Pliocene and Pleistocene sequence (‘g’
on Fig. 5). This pervasive erosional surface has long been
identified in the Rhone Valley (Denizot, 1952; Clauzon,
1973, 1982) and on the Gulf of Lions shelf (Ryan & Cita,
1978; Gennesseaux & Lefebvre, 1980; Lefebvre, 1980;
Gorini, 1993; Guennoc ez al., 2000; Dos Reis, 2001; Lofi,
2002; Dos Reis et al., 2005, 2008; Lofi ez al., 2005). Map-
ping of this surface shown in Fig. 6 revealed a pattern of

up to fifth order dendritic drainage and represents a sub-
aerial landscape (Gennesseaux & Lefébvre, 1980; Gorini
et al., 1993; Guennoc et al., 2000; Lofi et al., 2005).
Beneath the shelf, the sudden reflooding at the end of the
MSC is supported by the Zanclean prograding sediments
downlapping directly on the MES (Lofi ez al., 2003). The
MES therefore represents the preserved subaerial land-
scape just before reflooding, which is generally dated at
5.332 Ma (Table 1; see also the ‘Introduction’). The land-
scape corresponding to the onset of the drawdown has not
been preserved on the shelf because of uninterrupted sub-
aerial exposure during the Messinian drawdown.

The second key-surface is the ‘Basal Erosional Surface’
(BES) (‘D” on Fig. 5), which corresponds to the discor-
dant contact between precrisis Miocene deposits and
the syn-crisis detrital deposits (Maillard ez al., 2006). At
the present time, a controversy exists concerning its

© 2011 The Authors
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Fig. 5. Line drawing and details of seismic lines perpendicular and parallel to the margin of the Gulf of Lions showing the major key
surfaces related to the Messinian Salinity Crisis. Location of seismic profiles on I'ig. 6. See uninterpreted seismic profile on Fig. S1.

significance. On the basis of detailed mapping of this sur-
face, Bache (2008) and Bache ez al. (2009) considered the
‘BES’ as the marker of the Messinian drawdown in the
basin (‘b> on Fig. 5). In contrast, Lofi & Berné (2008)
interpreted this surface as a pre-MSC discordance related
to sub-marine slope canyon erosional systems and placed
the ‘BES’ higher in the Miocene series. A full discussion
concerning the consequences of these interpretations is
beyond the scope of this article, but can be found in Bache
et al. (2009).

Finally, the third surface (planation surface ‘¢’ on
Fig. 5) is a straight and smooth surface that is locally con-
formable with the underlying precrisis series (between 64
and 90 km from the coast on Fig. 5), but that is also
locally erosional (90-100 km; Fig. 5) as it truncates the
underlying syn-crisis series (Bache, 2008; Bache et al.,
2009). Above this surface, sedimentary units are charac-
terized by onlap termination of seismic reflectors in the
deepest part and downlap termination in the shallower
part (Figs 5 and 7). The limit between the MES and the
planation surface ‘e’ is clear and occurs at a constant two-
way travel time of 1.6 s over most of the shelf (Figs 5-7).
Towards the basin, the limit of salt deposition represents
the maximum extent of erosion. The planation surface ‘e’
thus extends over 50 km, from the shelf to the basin
(Fig. 6).

Boreholes

Boreholes located on the shelf (Fig. 6) show that the
MES truncates Miocene sediments and underlies the ear-
liest Pliocene sediments (Cravatte ez al., 1974; Gorini
et al., 1993; Guennoc et al., 2000; Lofi er al., 2003). The
youngest Miocene sediments were found in the Tramon-

tanel well and were dated as Tortonian (Cravatte er al.,
1974), i.e. between 11.61 and 7.25 Ma (Lourens et al.,

© 2011 The Authors
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Fig. 6. Subsurface mapping of the basal Pliocene of the Gulf of
Lions showing the limits between the various topographic zones
(from the basin to the margin: halite, planation surface ‘¢’, Mes-
sinian Erosional Surface) and location of line drawings shown in
Figs 5and 8. Boreholes: Ca, Calmar; Ci, Cicindelle; S7, Siroc-
col; Mi, Mistrall; Tra, Tramontanel; Ra, Rascassel; Aul,
Autanl; CAg, Cap d’Agdel; Can, Canetl.

2004). The record of the Upper Miocene sediments is
missing, having been removed by subaerial erosion during
the MSC. The amplitude of erosion during the MSC
reaches at least 1 km in the central part of the Languedoc
shelf (Lofi er al., 2005; Bache, 2008; Bache et al., 2009).
Boreholes Autanl and GLP2 drilled on the slope
(Fig. 6) cross-surface ‘e’ respectively in its landward and
seaward areas (Fig. 5). In the Autanl borehole, a very

Basin Research © 2011 Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 7
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Fig. 7. Detail of the transition from the
Messinian Erosional Surface (subaerial
erosion ‘f’) to the planation surface ‘e’.
The boundary between these two sur-
faces is located at a constant two-way tra-
vel time of 1.6 s over the entire margin

sharp contact occurring at 2424 m depth is described
between a littoral to mid-shelf Upper Miocene environ-
ment and an outer shelf — upper slope earliest Pliocene
environment (Cravatte et al., 1974). In the GLP2 bore-
hole (Guennoc ez al., 2000), salt and anhydrite deposits
alternating with calcareous clays related to the MSC have
been described in the well (between 3703 and 3437 m)
and underlie the planation surface ‘¢’ (Fig. 8). Fifty
metres of azoic sandy clays intercalated with micaceous
sandstone have been drilled between the salt deposits and
the lowermost Pliocene clays.

ONSHORE DATA

Three main areas will be considered here (Sicily, Marche
and Dardanelles; Fig. 3), which show common character-
istics of the terminal MSC in various palaeoenviron-
ments. We will then discuss the presence of coarse block
deposits between the MES and Gilbert-type fan delta
sediments (i.e. the Block Formation of Fig. 2) which
have now been observed throughout the Mediterranean
region.

Eraclea Minoa (Sicily)

The cyclic pattern of the Sicilian Upper Evaporites (six
gypsum — clay cyclothems) has been described by many
authors (Fig. 9a; Decima & Wezel, 1971; Nesteroff &
Glagon, 1977, Homewood et al., 1992; Bonaduce & Sgar-
rella, 1999; Rouchy & Caruso, 2006; Krijgsman & Meijer,
2008; Manzi et al., 2009), especially in the Eraclea Minoa

(a—d). Near the Pyrenees, the boundary is
located at a two-way travel time of
around 1.4 s (e, ). This boundary repre-
sents the shoreline just before 5.46 Ma.
Modified from Bache ez al. (2009). See
uninterpreted seismic profiles on Fig.

S2.

key-section (Figs 3 and 9c¢). The calibration of the Upper
Evaporites with the Astronomical Tuned Neogene Time
Scale (ATNTS2004: Lourens ez al., 2004) from 5.52 to
5.332 Ma has been proposed considering a continuous
sedimentation in the Sicilian Basin during the peak of the
MSC (Krijgsman & Meijer, 2008; Roveri et al., 2008a,b).
Each sequence ranges from brackish (gypsum and lower-
most clay) to marine (clay overlain by diatomite and turbi-
dites, i.e. the highest relative sea level) (Homewood et al.,
1992). This interpretation is supported by geochemistry
(Pierre & Fontes, 1979), foraminifers (Nesteroff & Gla-
con, 1977), dinoflagellate cysts (Londeix ez al., 2007) and
pollen grains (Suc & Bessais, 1990; Fauquette et al.,
2006).

Here, we focus on the uppermost cycle, constituted by
the last gypsum bed overlain by clays (I.ago Mare Unit)
and silts (Arenazzolo Unit), immediately below the Trubi
carbonates (Fig. 9). Following Cita & Colombo (1979),
we emphasize the distinction between the I.ago Mare and
Arenazzolo deposits, often improperly grouped within
the Arenazzolo Unit (Decima & Wezel, 1971; Bonaduce
& Sgarrella, 1999) or a ‘LLago Mare — Arenazzolo’ Unit
(Rouchy & Caruso, 2006). From bottom to top, the Lago
Mare, Arenazzolo and Trubi formations represent quite
different environmental conditions: (i) brackish shallow-
water conditions as shown by the faunal content (ostrac-
ods; dreissenids, i.e. freshwater bivalves coming from the
Dacic and Euxinian basins: Fig. 1), (i1) a higher energy
littoral environment and (iii) open marine conditions, as
shown by foraminiferal fauna (Cita & Colombo, 1979) and
dinoflagellate cyst flora (Londeix et a/., 1999, 2007). An
intense debate arose from the discrepancies and large

© 2011 The Authors
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sponds to the girdled stratigraphic interval in (a). (g) View of Section 2.

uncertainties about the palaeo-water depth estimates for
the Trubi deposition. Using quantitative studies on ben-
thic foraminifers, Brolsma (1978) proposed 100—1000 m,
whereas Cita & Colombo (1979) proposed 1400-2400 m,
using benthic foraminifers and the sharp sedimentary
contrast between the uppermost Messinian and lower-
most Zanclean deposits, in both exposed sections and
DSDP (Deep Sea Drilling Project) wells. Disagreement

© 2011 The Authors

also concerns the location of the most significant environ-
mental change. Cita & Gartner (1973) and Cita et al.
(1999b) proposed the location of the environmental break
at the base of the Trubi, emphasizing the presence of a
sharp and even unconformable contact. Brolsma (1975)
interpreted the Arenazzolo Unit as a transitional interval
leading to the Trubi conditions and proposed locating the
environmental break between the L.ago Mare and Are-
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nazzolo units. The Zanclean GSSP was eventually estab-
lished at the base of the Trubi (van Couvering et al.,
2000).

At Eraclea Minoa, two sections located on both sides of
the Zanclean GSSP were studied (Londeix er al., 2007,
Popescu et al., 2009) (Fig. 9c and d).

Section 1 (Fig. 9¢ and f) starts with clays and diatomit-
ic turbidites underlying the highest gypsum bed of the
Sicilian Upper Evaporites. This bed is overlain by the
Lago Mare Unit (7.80 m thick), constituted by clay
deposits, which includes in its upper part three character-
istic layers (two dreissenid coquina layers, 25 and 40 cm
thick respectively, and a 32 cm thick white sand layer
between the two previous layers). The Lago Mare Unit is
followed by the silty Arenazzolo Unit (5.60 m thick) com-
prising 6.5 dark—light alternations (Figs 9¢ and 10a). The
upper part of this section corresponds to the Trubi Unit
and is constituted by cyclic carbonates and marls. The
position of the Zanclean GSSP, placed at the base of the
Trubi Unit, is indicated on Fig. 9f.

We performed new analyses of nannofossils from the
Eraclea Minoa Section 1 to better characterize the major
environmental changes affecting the Lago Mare, Arenazz-
olo and Trubi units. The calcareous nannoplankton iden-
tified in the Lago Mare Unit of Section 1 includes, among
other taxa, Nicklithus amplificus, Amaurolithus primus, Coc-
colithus pelagicus, Discoaster quinqueramus, Helicosphaera
carteri s.l., Helicosphaera intermedia, Pontosphaera multi-
pora, small-sized reticulofenestrids, Reticulofenestra pseu-
doumbilicus,  Sphenolithus ~ group  abies/moriformis,
Triguetrorhabulus striatus and  Triquetrorhabulus rugosus
(Fig. 9e). Considering that the Sicilian Upper Evaporites
that end the Sicilian Messinian evaporitic series are sig-
nificantly younger than 5.96 Ma (the robust age of the
beginning of the MSC; Table 1), N. amplificus (highest
occurrence at 5.939 Ma: Raffi er al., 2006; Fig. 4) could
be reworked. This nannoflora, which includes D. quin-
queramus (highest occurrence at 5.54 Ma: Raffi er al.,

(c)

Arenazzolo

30
Messirian Erosionsl Surface 7

Lago Mara

CaCO, (%)

2006; Fig. 4), precedes Zone NN12 and hence might be
related to the Subzone NNI11d (Fig. 4). Londeix ez al.
(2007) studied dinoflagellate cysts from the successive
uppermost part of the Eraclea Minoa section (LLago Mare
and Arenazzolo units) and lowermost part of the classic
Capo Rossello section (Fig. 9b) (lowermost Trubi). The
dinoflagellate cyst assemblage of the L.ago Mare Unit is
dominated (>60%) by Lingulodinium machaerophorum
and Homotryblium spp. (Fig. 10e) that indicate coastal to
lagoonal environments (Londeix ez al., 2007). The pres-
ence of Cretaceous reworked dinoflagellate cysts on top
of the LLago Mare Unit results from an increased terres-
trial input, and was considered to announce the major
erosional episode of the Mediterranean desiccation phase
(Londeix et al., 2007). The Arenazzolo Unit is charac-
terized by an increase in more marine dinoflagellate cysts
assemblages (occurrences of Impagidinium spp.) showing
fluctuations between dominant outer shelf conditions
and inner shelf to coastal conditions (everywhere <50%
coastal, apart from two incursions; Londeix ez al., 2007),
documenting a significant rise of sea level at the base fol-
lowed by secondary fluctuations of sea level. The Trubi
dinoflagellate cyst assemblage with Impagidinium patulum
mostly documents open marine conditions (Fig. 10e).
To summarize, the dinoflagellate cyst study from Eraclea
Minoa (Section 1; Fig. 9¢) and the nearby equivalent
Capo Rossello section p.p. by Londeix e al. (2007) sug-
gests that Lago Mare deposits represent a coastal to
brackish-lagoonal environment, Arenazzolo deposits cor-
respond to inner and outer shelf marine conditions, and
Trubi deposits to open marine conditions. The differ-
ence in bathymetry between Arenazzolo and Trubi
might have been only 100-150 m. We obtain similar
results using pollen analysis (Fig. 10d) and especially the
‘Pinus/Halophytes’ ratio (P/H). In the P/H ratio, the
increasing relative frequency of Pinus (an easily water-
transported pollen grain) correlates with the increasing
offshore distance, in opposition to that of halophytes

(d) (e) DinoNageliate cyst assemblages

.

Paratathyan tinolagailate cysts
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Fig. 10. Environmental significance of LLago Mare, Arenazzolo and Trubi deposits in Sicily; age of Arenazzolo. (a) View of the dark-
light bands at Eraclea Minoa (Section 1) as reported on Fig. 9b. (b) Upper part of Section 1 of Eraclea Minoa. Studied samples: 1-44
from Eraclea Minoa (Section 1), a—d from Capo Rossello. Same legend as in Fig. 8. (¢) Total CaCOj; content from the Arenazzolo Unit
at Section 1 of Eraclea Minoa. (d) Pollen ratio ‘Pinus/Halophytes’ (logarithmic abscissa scale). (¢) Dinoflagellate cyst assemblages with
respect to their environmental (coastal to oceanic) significance. Distribution of Paratethyan dinoflagellate cysts is indicated.
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(plants restricted to coastal environments) (Suc et al.,
1995). We interpret the abrupt and intense changes in
the pollen ratio P/H (Fig. 10d) as indicating that the
rise in sea level preceding Arenazzolo corresponds to a
significant increase in the distality at the locality. On the
other hand, the continuing process of sea-level rise at
the base of Trubi apparently did not coincide with an
increased distality. Accordingly, palynological data
(dinoflagellate cysts and pollen grains) support the inter-
pretation that the most significant break in marine influ-
ence occurred between the Lago Mare and Arenazzolo
units. We must indicate that Eastern Paratethyan dino-
flagellate cysts (Galeacysta etrusca mostly) are regularly
recorded from 60 cm above the base of Arenazzolo prac-
tically up to its top (Fig. 10e; Londeix er al., 2007,
Popescu ez al., 2009).

Section 2 (Fig. 9¢ and g) is markedly different from
Section 1: the Lago Mare Unit is significantly thinner
(1.50 m thick only) and truncated at its top, ending with a
single residual 2 cm thick coquina layer rich in dreisse-
nids; the Arenazzolo Unit (same thickness as at Section 1)
clearly onlaps the LLago Mare clays (Fig. 9g) and, accord-
ing to our new nannofossil analyses, contains typical ‘Plio-
cene’ specimens, Helicosphaera selli and  Discoaster
asymmetricus, while Ceratolithus acutus was not recorded
(Fig. 9¢). We therefore conclude that the upper part of
the LLago Mare of Section 1 has been eroded in Section 2,
and that the erosional contact between Arenazzolo and
Lago Mare should correspond to the MES (Fig. 9¢) and,
hence, the peak of the MSC with the major sea-level
drawdown.

Here, we consider that desiccation of the Mediterra-
nean is not expressed by intensely marked erosion, prob-
ably because the locality occupied an interfluvial
position in a semi-arid area with limited erosion and
condensed sedimentation (Suc & Bessais, 1990; Fau-
quette ¢t al., 2006) as known in other peri-Mediterra-
nean localities (Vera Basin, Cuevas de Almanzora
section: Clauzon, 1980b; Dardanelles Strait area, Intepe
section: Melinte-Dobrinescu er al., 2009). However, sig-
nificant and coeval erosion is suggested by several off-
shore wells in the area such as Zagara 1 and Venere 1
(Fig. 3) and by seismic profiles where Lower Pliocene
deposits immediately overlie the Upper Miocene, so-
called Terravecchia (VI.D.E.P.I. Database: fttp://www.
videpi.com/mappa.php). This interpretation is also sup-
ported by the offshore data from Tunisia, which indicate
that the dramatic sea-level drop that caused evaporite
deposition in the Mediterranean central basins and the
cutting of fluvial canyons on their margins occurred
after the deposition of a thick marginal evaporitic suc-
cession similar to the Sicilian series (Fig. 9a; El Euch —
El Koundi et al., 2009).

The 6.5 dark-light alternations observed at Section 1
within the Arenazzolo Unit (Figs 9e and 10a and b; see
also: Decima & Wezel, 1971; : fig. 9), already indicated by
Brolsma (1975) at Capo Rossello, resemble the preces-
sion-related carbonate cycles of the overlying Trubi

© 2011 The Authors
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(Hilgen & Langereis, 1989). To clarify the cause of the
dark-light alternations of the Arenazzolo Unit, we esti-
mated its CaCOj3 content by measurement of the escaped
CO; as reaction to HCI using a Bernard calcimeter. The
values are shown in Fig. 10c: on the whole, dark bands
correspond to higher carbonate contents, with a more reli-
able relationship in the upper Arenazzolo. Although vari-
ations in Arenazzolo CaCOj3 only fluctuate between 15%
and 25%, at a lower level than in the Trubi (60-80%:
Hilgen & Langereis, 1989), in the same way, we speculate
that the dark-light alternations can be similarly used as a
chronometer to estimate by precession-tuning the age of
the base of Arenazzolo on the basis of the continuity in
sedimentation between Arenazzolo and Trubi (Londeix
et al.,2007).

Maccarone (Apiro, Marche)

The Maccarone section (Figs 3 and 11a) belongs to the
reference area for the Apennine foredeep, where reworked
marginal gypsum is observable beneath a thick clayey-
turbiditic series (the Di Tetto Formation) devoid of
foraminifers in its lower part (Carloni ez al., 1974; Pope-
scu et al., 2007), i.e. the p-ev;b sequence of Roveri ez al.
(2001) (Fig. 11a). This formation is overlain by the Co-
lombacci clay-limestone alternations and topped by the
Lower Zanclean open-marine Argille Azzurre (>700 m in
thickness within the foredeep, 210 m at Maccarone
located on the edge of the foredeep) (Roveri & Manzi,
2006). The Maccarone section benefits from three precise
ages near its base and top (Fig. 11a): (i) an ash layer first
dated at 5.51 + 0.05 Ma using *’Ar/*Ar (Odin et al.,
1997), but recently, re-dated at 5.555 + 0.06 Ma
(Table 1; Cosentino ez al., 2009) as considered in Fig. 11,
and (i) the evidence of the C3n.4n (i.e. Thvera) normal
palacomagnetic Chron (Gennari ef al., 2008), the base
and top of which are respectively dated at 5.235 and
4.997 Ma (Lourens et al., 2004). As a consequence, the
base of the Argille Azzurre Formation, just preceding the
Sphaeroidinellopsis Acme (Zone MPI1), is reasonably
dated at 5.332 Ma by Gennari ¢ al. (2008). This chrono-
logical calibration of the section has been recently
strenghtened by Popescu ¢z al. (2007) who recorded the
first evidence of C. acutus at 133 m in the section
(Fig. 11a), the marker of the nannoplankton Subzone
NN12b (Fig. 4) whose Lowest Occurrence is dated at
5.345 Ma (Table 1; Raffi er al., 2006). Popescu et al.
(2007) demonstrated that the increased distance from pal-
aeoshoreline indicated by a sudden doubling of disaccate
pollen grains at ca. 110 m in the section (Fig. 11a; Bertin-
1, 1992, 2006) was caused by the entrance of marine waters
into the Apennine foredeep, almost coeval with the earli-
est influx of Paratethyan surface waters. The above-men-
tioned age model of the section (Fig. 11a) allows us to
propose a new cyclostratigraphy, based on the pollen
record studied by Bertini (1992, 2006), which differs from
that of Roveri & Manzi (2006) and Gennari et al. (2008).
We use the pollen ratio (SE/AE) ‘Subtropical Elements/
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Fig. 11. Maccarone (Apiro, Marche). (a) Litho-, bio- and chronostratigraphy. Ages of palacomagnetic Chron C3n.4n and of the base
of Zanclean are from Lourens ez al. (2004), age of the Lowest Occurrence of Ceratolithus acutus is from Raffi et al. (2006). Age

(5.36 Ma) in bold characters is the estimated age of the entrance of marine waters into the Apennine foredeep. Lithology from Popescu
et al. (2007). Magnetostratigraphy: Messinian sediments (G. Napoleone, pers. comm.), Zanclean sediments (Gennari ez al., 2008). (b)
Pollen ratio ‘Subtropical Elements (SE)/Altitudinal Elements (AE)’ (logarithmic abscissa scale) from Bertini (1992, 2006), plotted on
the log of the Maccarone section. (¢) Eccentricity curve between 5.62 and 5.30 Ma (Laskar et al., 2004), plotted on the orbital time-

scale. Uncertainty on the age of the ash is indicated by the grey range.

Altitudinal Elements’; i.e. mostly Taxodiaxeae plus other
subtropical plants (Engelhardia, Nyssa, Arecaceae, Cyrill-
aceae-Clethraceae, etc.) vs. the Cedrus—Tsuga—Abies—Picea
altitudinal forest complex (Fig. 11b). The curve expresses
the amount of pollen grains of low-altitude thermophilous
forests (i.e. SE) relative to those of coniferous forests
growing in significantly cooler conditions at higher alti-
tude (i.e. AE). Maxima of SE in the pollen records repre-
sent spreading of thermophilous forests during warmer
phases, while maxima of AE correspond to descents of the
altitudinal forest belts as a response to cooler phases, mak-
ing this index very useful for climate reconstructions at
the foot of high mountains (Popescu, 2001). It is estab-
lished that, in contrast to Late Pleistocene, Pliocene and
Early Pleistocene cooling phases occurred during times of
high eccentricity and the warmer phases correspond to
low eccentricity (Li ez al., 1998). This relationship was
applied to a well-dated long section by Popescu (2001)
and Popescu er al. (2006a), who correlated the highest
values of the SE/AE ratio with minima of eccentricity
and its lowest values with maxima of eccentricity. Consid-
ering the time-window 5.60—5.30 Ma that corresponds to
deposition of the Maccarone section, it is worth noting
that three eccentricity minima (warmer phases) appear at
5.592, 5.486 and 5.378 Ma respectively (Fig. 11c; Laskar
et al., 2004). In-between, the highest value of the SE/AE
ratio is directly correlated with the lowermost minimum
of eccentricity at 5.378 Ma, consistent with the first
occurrence of C. acutus at 5.345 Ma (Fig. 11a). Then, the

underlying maxima of SE/AE are correlated with the suc-
cessive minima of eccentricity (at 5.486 and 5.592 Ma)
and the inserted minima of SE/AE are correlated with
the maxima of eccentricity (at 5.428 and 5.533 Ma)
(Fig. 11band ¢).

The Dardanelles Strait area

In this area, two kinds of sedimentary records have been
observed (Fig. 12; Melinte-Dobrinescu ez al., 2009). At
Intepe (Fig. 12a), an apparently continuous section
(Fig. 12b), with bay to lagoon environments and a con-
stant nannoflora allows, by using the first appearance of
C. acutus (at 5.345 Ma; Table 1) (Fig. 12b and c), the
precise location of the MSC below this point. A thin
bed of lignite was observed below a thin rubefied (i.e.
fired) clayey bed transformed into porcellanite. This
contact (Fig. 12b and c) has been interpreted as evi-
dence of local emersion and correlated with the peak of
the MSC (Melinte-Dobrinescu ez al., 2009). These
authors correlated the lignite with the marginal evapor-
ites (the first step of the MSC; Clauzon ez al., 1996).
However, a few hundred metres northwards, Melinte-
Dobrinescu et al. (2009) pointed out thick sandy foreset
beds (dipping at 25° to the West) of a Gilbert-type fan
delta, with clayey bottomset beds exposed along the
northern shoreline of the Dardanelles Strait at
Seddiilbahir where the first appearance of C. acutus (i.e.
at 5.345 Ma; Table 1) has been recorded (Fig. 12b and
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Fig. 12. Two types of Messinian — Zanclean deposit organization in the area of the Dardanelles Strait. (a) Location map. 1, Intepe; 2,
Seddiilbahir. The dotted grey line displays the local coastline at the end of reflooding of the Mediterranean after the MSC. (b) Intepe,
a bay-lagoon locality, and Seddiilbahir where a Gilbert-type fan delta infils a ria resulting from a Messinian fluvial canyon, with loca-
tion of photographs c—e. (c) Middle part of the Intepe section showing the lignite overlain by rubefied (fired) clays. (d) Seddiilbahir:
clayey bottomset beds of the Gilbert-type fan delta. (¢) Sandy foreset beds of the Gilbert-type fan delta northward Intepe.

d). The Zanclean Gilbert-type fan delta infills a Messin-
ian fluvial canyon (Fig. 12a and b), where the MES was
identified at several points. In both localities (Seddiilba-
hir and Intepe), the lowermost clays just above the MES
(Seddiilbahir) or the Messinian subaerial exposure (In-
tepe) show a record of 7. rugosus, which is an accurate
biostratigraphic nannofossil marker (Fig. 4). Ceratolithus
acutus appears above (Fig. 12b—d) (Melinte-Dobrinescu
et al., 2009). Triquetrorhabdulus rugosus disappears in the
upper part of the Intepe section (Fig. 12) at 5.279 Ma
(Fig. 4: Raffi et al., 2006) as it also does in the upper
part of the Gilbert-type fan delta bottomset beds
(Fig. 12b). Melinte-Dobrinescu ez al. (2009) concluded
that the nannofossil succession in the post-MSC depos-
its in the Dardanelles Strait area, consistent with that of
Fig. 4, suggests marine reflooding older than the base of
the Zanclean Stage.

Block Formation in fluvial Messinian canyons
around the Mediterranean

Coarse deposits made of large cemented rounded blocks
reworked from Mesozoic limestones were described by
Clauzon (1978) directly covering the MES in the Var ria
(Nice area, southeastern France) and immediately over-
lain by the foreset beds of the Zanclean Gilbert-type fan
delta (Clauzon er al., 1990). This Block Formation is
locally known as the Carros Breccia. Clauzon (1980b)
described a similar formation at Garrucha near Vera
(southeastern Spain) where, in an identical stratigraphic
situation, gypsum blocks were deposited, being reworked
from the marginal Messinian evaporites (first step of the
MSC: Clauzon et al., 1996). Recently, we have identified
such coarse deposits (with reworked Messinian gypsum
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or not) in identical stratigraphic positions around the
Mediterranean Basin and adjacent seas, such as the Mar-
mara Sea (more details on outcrop location are given in
caption of Fig. 16). We interpret those blocks as river-
transported deposits resulting from a debris-flow process
in which the fine particles have or have not been cemented
(Nemec, 1990). Their stratigraphic position (Fig. 2a)
places them after the erosional peak of the MES and prior
to the marine sediments of the Gilbert-type fan delta. We
are unable, at this stage of the study, to determine if they
were deposited in subaerial or submarine conditions, i.e.
at the end of the erosional phase or just after the sudden
reflooding. According to the literature and mostly to our
field observations, about 20 localities displaying such
deposits are now recorded; they are shown in the ‘Discus-
sion’ section. In some localities such as at Carros, the
cemented blocks are covered by an iron-rich crust
(Fig. 2b), the significance of such a chemical sedimenta-
tion being unclear (subaerial water-table iron pan or sub-
marine microbialite?).

DISCUSSION
Atwo-step reflooding in the Gulf of Lions

The MES, characterized by a badland morphology (Ryan,
1978), has long been interpreted as a subaerial erosional
surface (Ryan & Cita, 1978; Gennesseaux & Lefebvre,
1980; Gorini, 1993; Guennoc et al., 2000; Dos Reis, 2001;
Lofi et al., 2003, 2005; Dos Reis et al., 2005, 2008). The
planation surface ‘e’ (Figs 5-7) observed seaward the
MES, has recently been interpreted as being related to
wave erosion at the end of the MSC (Bache, 2008; Bache
et al., 2009). This interpretation is supported by the

13
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smooth aspect of surface ‘e’ over a large horizontal dis-
tance, by the erosional truncations of the underlying ser-
ies, and also by the onlap termination of the overlying
series (Figs 5 and 7), which are all characteristic features
of transgressive surfaces (Cattaneo & Steel, 2003; Catu-
neanu, 2006). Past analogues of such transgressive sur-
faces are known in southeastern France (Champion et al.,
2000). These surfaces, related to Miocene transgressions,
present an almost horizontal smooth morphology over
large distance (Fig 13a and b), which may be compared
with the planation surface ‘e’ highlighted in this study.

Wave erosion is essentially contained between the surf
zone and the limit of fair-weather wave base, which is
usually located between 10 and 20 m depth (Demarest &
Kraft, 1987; Abbott, 1998; Catuneanu, 2006) and can
reach up to 40 m depth in the case of extreme wave
energy, such as in the Canterbury Plains in New Zealand
(Leckie, 1994). Sunamura (1987) also calculated a maxi-
mum theoretical depth of 40 m offshore Japan. In the case
of extreme storm waves, the wave base can reach 70 m to
maximum depth of 200 m in the Irish Sea and New-
foundland (Cattaneo & Steel, 2003; Guillocheau et al.,
2009). Consequently, surfaces abraded by wave ravine-
ment during a landward shift of the shoreline can be used
to estimate the associated increase in bathymetry. For this
purpose, we need to estimate their slope at the time of
their formation (see below the ‘Quantification of the two
steps’ section).

Storm events can erode clean sands from the shoreface
and deposit them further offshore (between the fair-
weather wave base and the storm wave base). These
deposits are often enriched in micas and intercalated
between offshore silty-clay deposits (Guillocheau et al.,
2009). The 50 m of azoic deposits found in the GL.P2 well

(Fig. 8), corresponding to an alternation of fine to med-
ium micaceous sandstone with subrounded to subangular
grains and silty calcareous clays, could be the result of
such events. In the Gulf of Lions, wave action has thus
reworked the previous deposits and also reshaped the sub-
aerial unconformity into a typical planation surface. This
early transgression must have been relatively slow to
enable wave erosion, removal of material and smoothing
of the surface.

The contact between badland morphology and the pla-
nation surface ‘¢’, at constant TWT (two-way time) depth
throughout the Gulf of Lions (Fig. 7), has been inter-
preted as indicating the location of the palaeoshoreline
at the end of the wave erosion phase and just before the
very rapid reflooding of the Mediterranean (Bache, 2008,
Bache et al., 2009). Numerous representative analogues
of this situation can be found in areas where wave action
affects the present-day shoreline (Fig. 13c and d).

A major transition in the variations of the relative sea
level and a two-step reflooding can thus be proposed.
First, a slow landward migration of the shoreline
smoothed the distal subaerial relief of the deepest part of
the MES, and reworked previous regressive deposits
(Step I; Fig. 5); and second, very rapid reflooding ‘froze’
the remaining subaerial surface (MES) without further
erosion or deposition because it suddenly became out of
the range of wave action (Step II; Fig. 5).

Can the two-step reflooding scenario be
extended to the scale of the entire
Mediterranean?

The evidence of Gilbert-type fan deltas within several
Zanclean rias (Dardanelles area as described above: Melin-

Fig. 13. (a, b) Examples of transgressive surfaces in southeastern France, Nerthe Massif, Provence. These erosional surfaces, related
to Miocene transgressions (Champion ez al., 2000), present a smooth morphology over large distances, which may be compared with
the planation surface ‘e’ highlighted in this study. (a) Planation surface at the top of the Nerthe Massif, Provence. (b) Cretaceous lime-
stone deposits are truncated and overlain by Miocene transgressive deposits. Photograph: Jean-Loup Rubino. (¢, d) Examples of pres-
ent shore in the North of France where the combined effect of waves and tides leads to erosion of the cliff. These shorelines are
representative analogues of our interpretation of the landscape in the Gulf of Lions just before the Step II of reflooding. (c) Vattetot-
sur-Mer, Seine Maritime. Photograph: Charlélie Coutinho. (d) Etretat, Seine-Maritime. Photograph: Anne Duperret.
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te-Dobrinescu et al., 2009; Antalya Basin in southwestern
Turkey: Poisson et al., 2011; many other localities
observed by some of us in the northern Aegean, Cyprus
and Syria) suggests that both the Western and Eastern
Mediterranean basins reflooded in a similar way. One
question that arises about the slow reflooding phase (Step
1) is whether it is only restricted to the Western Mediter-
ranean (Provence-Algiers Basin) or whether it concerned
the whole Mediterranean Basin. In the Western Mediter-
ranean, erosional surfaces (Garcia et al., 2011) or submar-
ine terraces (Estrada ez al., 2011) have already been linked
with a two-step reflooding scenario. In the Fastern Medi-
terranean, a comparable wave ravinement surface can be
observed off the Nile Delta in the interfluves bordering
the Abu Madi canyon, where it contrasts sharply with the
lowermost part of the canyon fill (Dalla ez al., 1997). A
series of flat ravinement surfaces have also been identified
in the Levantine Basin and ascribed to wave erosion (Ber-
toni & Cartwright, 2006;: see their fig. 14 and text p. 112).
These surfaces have been interpreted as the effect of
repeated phases of base-level change during the MSC.
The location of these ravinement surfaces, landward of a
subaerial surface linked to the peak of the Mediterranean
Sea-level fall during the Messinian desiccation event (Ber-
toni & Cartwright, 2007), suggests a formation during a
reflooding process. The hypothesis of a formation during
a regressive trend seems unlikely because in this case, sub-
aerial erosion would have erased the previous topography.

As a consequence, a question arises concerning the
Sicily sill, which today separates the two Mediterranean
basins (ca. 100 m in bathymetry: Fig. 14, profile AB) and
controls their water exchanges (Astraldi ez al., 1999). Pal-
aeotectonic reconstructions (Jolivet ez al., 2006) suggest
that a wider space existed between Tunisia and the Italian
Peninsula during the Tortonian and early Messinian times,
before the opening of the South Tyrrhenian Sea in the
Pliocene and subsequent appearance of the Etna volcano in
the Mid-Pleistocene. The precise limits and the depth of
this probably wider strait are difficult to estimate, although
it was likely to be much deeper than what it is today (Jolivet
et al.,2006). The map shown in Fig. 15 gives a hypotheti-
cal idea about the palaeogeography of the Mediterranean
and surrounding regions at the end of Step I of reflooding
despite the lack of information on the palacoshoreline
location other than for the Gulf of Lions (Fig. 6).

Tentative age model of the reflooding
process and suggested resulting
palaeogeographical changes

If the palaeogeography at the end of Step I of reflooding is
highly hypothetical (Fig. 15), that after Step II is well-
controlled as mapping the early Zanclean marine deposits
is achieved inland (see the most recent map published by
Jolivet et al., 2006). The map after Step II (Fig. 16) has
been significantly completed thanks to some recent publi-
cations (Soria et al., 2008; Clauzon ez al., 2009; E1 Euch —
El Koundi et al., 2009; Melinte-Dobrinescu ez al., 2009;
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Poisson et al., 2011) and to the intensive field investiga-
tions of some of us (G. C., J.-P. S., J.-L.. R., L.. M.).

The above-mentioned data collected in Sicily (Eraclea
Minoa), in the Apennine foredeep (Maccarone) and in the
Dardanelles Strait, support that the reflooding of the
Mediterranean Basin (i.e. Step II) was completed signifi-
cantly before 5.332 Ma as suggested by previous studies
(Cavazza & Decelles, 1998; Cornée et al., 2006). The clas-
sical reflooding at 5.332 Ma (Zanclean GSSP; van Cou-
vering et al., 2000) must be now seriously questioned
because of new convergent data obtained from high-reso-
lution studies in deposits just overlying the MES (Cornée
et al., 2006; Melinte-Dobrinescu ez al., 2009), from the
Sicilian Arenazzolo Formation wrongly considered as
exclusively composed of reworked microfossils (Londeix
et al., 2007), and from an extensive nannofosil research in
the Apennine foredeep (Popescu ez al., 2007, 2008).
Using cyclostratigraphy and astrochronology, it is possi-
ble to date this event in Sicily and in the Apennine fore-
deep. If we apply to the 6.5 dark—lights alternations of the
Arenazzolo Unit the same quasi-period as evidenced in
the Trubi (i.e. 20 kyr), its duration should be of about
130 kyr. That would date its base, and hence Step II of
the Mediterranean reflooding, at 5.46 Ma (Table 1), an
age consistent with the basal bottomset beds of the Dar-
danelles Gilbert-type fan delta preceding the first appear-
ance of C. acutus (Fig. 12b) dated at 5.345 Ma (Fig. 4).
In the Apennine foredeep, using the established relation-
ship between the pollen ratio SE/AE and eccentricity
(Fig. 11b and c), the arrival of marine waters at Macca-
rone can be dated at 5.36 Ma (Fig. 11; Table 1; Popescu
et al., 2007). The slightly delayed entrance of marine
waters into the Apennine foredeep is consistent with its
potential status as an isolated perched freshwater basin
during the peak of the MSC (Fig. 1) (Clauzon et al.,
1997, 2005).

The precise age and duration of Step I of reflooding are
at the moment impossible to estimate. It is constrained
between 5.60 Ma, the consensual age of the sea-level
drawdown in the Mediterranean (CIESM, 2008) and the
above-proposed age at 5.46 Ma for the sudden Step II of
reflooding. Another key-age can be deduced from the dat-
ing of the base of the Arenazzolo Unit at 5.46 Ma: the
first influx of Paratethyan waters after the MSC at
5.45 Ma (Table 1) indicated by dinoflagellate cysts half a
dark-light cycle above the base of Arenazzolo (Fig. 10e).

With respect to the available ages (Table 1), it is possi-
ble to propose interpretative palaecogeographical maps at
successive times between 5.46 and 5.30 Ma. At 5.46 Ma,
fluvial canyons were suddenly filled by marine waters that
transformed them into rias, but the connection which
existed with the Dacic Basin prior to the MSC through
the Balkans (Popescu ez al., 2009) has not been re-estab-
lished (Fig. 16). In many places, a Block Formation (with
or without reworked Messinian marginal evaporites) is
sandwiched between the MES and Gilbert-type fan delta
deposits as shown on Fig. 2a. Such deposits have been
interpreted as submarine slumps caused by dissolution
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Fig. 14. Two present-day topographic profiles (a—d) illustrating the physiography of the Mediterranean Basin and some peripherial
areas just after the Messinian Salinity Crisis. Sills and nearby mountains are indicated. On the profiles, vertical dotted lines indicate
direction changes. The map was created using GeoMapApp System developed by Haxby ez al. (2010).

and collapse (Los Feos, Nijar Basin: Fortuin & Krijgs-
man, 2003) or as an olitostrome representative of enig-
matic tectonics (Garrucha, Vera Basin: Ott D’estevou
et al., 1990). We suggest that they are river-transported
coarse deposits as shown by Breda er al. (2007). The two-
step reflooding scenario allows the emplacement of these
debris-flow deposits between the end of the drawdown
and the beginning of Step II, just after the sudden
entrance of marine waters into the proximal part of can-
yons, completely changing the base-level and stream
power of the rivers that become incapable of transporting
such blocks. The block deposits are then capped by the
arrival of the first prograding sediments of the Gilbert-
type fan deltas.

Figure 17 illustrates the re-connection of the Dacic
Basin with the Mediterranean at 5.45 Ma (Table 1)
attested by dinoflagellate cysts in the Sicilian Arenazzolo

16

Unit (Fig. 10e). This is consistent with the results of
Popescu et al. (2006b) who obtained an astronomic age of
ca. 5.40 Ma at the exposed base of bottomset beds of the
Zanclean Gilbert-type fan delta at Turnu Severin (SW
Romania). As previously suggested by the results
obtained by Melinte-Dobrinescu et a/. (2009) in the Dar-
danelles area as well as the evidence in the Istanbul region
of nearby distinct Messinian fluvial networks (one flowing
from the Thrace Basin towards the Black Sea, the other
one flowing from the Marmara area towards the Aegean
Sea; Suc et al., 2009), the gateway re-connecting the
Mediterranean with the FEastern Paratethys was not
located in the region of the Marmara Sea. After exploring
all the sedimentary basins in the Balkans area, a gateway
passing at Serres and Skopje (i.e. in the area drained today
by the Strymon—Vardar River), then at Nis$ before joining
the Dacic Basin (i.e. in the area drained today by the Tim-
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that time, the water level in the Mediter-
ranean Basin was some 650 m below the
Atlantic Ocean, the waters of which flo-

wed into the Mediterranean.

Paleoshoreline:

I:l Land Fluvial canyon |:| River El obsenved

[ Froshwator taxo [l Maring roalm [ 7| Major tectonic structures [ 7] hypothatic

10w o* 10°E 20°E HE

40'E

'5.46 Ma
(just after Step Il of refiooding)

Euxinian Basin

b
4
1]
Cratg sill i \. ]
o bt
i?

30N

[ Land

- Marine realm with bathymatric gradation |:| River

[ Freshwatar lake [/~ ] Major tactonic structures ] Rin with block formations (red circla)

Fig. 16. Palacogeographical map of the Mediterranean Basin and Eastern Paratethys just after Step II of the Mediterranean refloo-
ding, i.e. just after the dramatic rise in sea level at 5.46 Ma. At that time, the Mediterranean and the Atlantic were connected (i.e. at
the same sea level). The Block Formations, now frequently identified (according to literature or our own observations) at the base of
the Zanclean marine sediments, are indicated by red circles. Localities with gypsum or anhydrite blocks: L.os Feos (1) in the Nijar
Basin and Garrucha (2) in the Vera Basin (Clauzon, 1980b) (SE Spain); San Ippolito (3) near Volterra (Central Italy), Kalamaki (4) on
the island of Zakynthos; Loutra Eleftheron (5) near Kavala (NE Greece); Gebiz (6) near Antalya (S Turkey) (Glover & Robertson,
1998); Amargeti (7), Pissouri (8) Psematismenos (9) and Boghaz (10) on the island of Cyprus; Magaracik (11) near Samandag (SE Tur-
key); Kferyeho (12) near Lattaquié (Syria). Localities with various rocks: Oued Haddouba and Ikamba (13) in the Melilla area (N
Morocco) (Cornée ez al., 2006); La Pedrera (14) near San Miguel de Salinas (E Spain) (Garcia-Garcia et al., 2011); Le Boulou (15)
and Ille sur Tét (16) near Perpignan (S France); Cessenon (17) and Magalas (18) near Béziers (Ambert ez a/., 1998) and Tour de Piquet
and Bruque-Cabal (19) near Montpellier (Ambert, 2011) (SE France); Carros (20) in the Nice area (SE France) (Clauzon, 1978); Ven-
timiglia (21) (NW Italy) (Breda ez al., 2007); Salzidere (22) in the Bandirma region (S Marmara Sea, N Turkey).

ok River) has been suggested (Clauzon et al., 2005; Pope-
scu et al., 2009; Suc et al., 2009) as shown in Fig. 17.
Such a gateway is supported by our recognition of three
illustrative Zanclean Gilbert-type fan deltas nested within
Miocene deposits, respectively close to

(1)Serres (at Ano Metochi; Fig. 18a), dated by mollusks
(abundant Pecten benedictus and Ostrea lamellose: Karistin-

© 2011 The Authors

eos & Georgiades-Dikeoulia, 1985-86) in agreement
with the pollen flora (rich in Taxodiaceae, Liguidambar,
Zelkova, Cathaya, Cedrus, Picea, etc.) that we found in the
bottomset beds similar to those from the other well-dated
pollen localities in the region (Biltekin, 2010);

(2)Skopje (in the Dracevo — Batinci area; Clauzon et al.,
2008), dated by the nannofossil C. acutus (Fig. 18b and c);
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Fig. 17. Palacogeographical map of the
Mediterranean Basin and Eastern Parate-
thys at 5.45 Ma (after the second step of
the Mediterranean reflooding) when the
Mediterranean Sea and Dacic Basin re-
connected due to continuing rise of global
sea level.

e piedmont alluvial fan

(3)Nis (at Gabrovacka Reka), dated by nannofossils (C.
acutus and T. rugosus) (Fig. 18d).

The delayed invasion of Mediterranean waters into the
Dacic Basin was probably caused by the crossing of a sill,
here called the Balkans sill, which we tentatively locate
east of Skopje (Fig. 17). At Dracevo (Skopje), the mar-
ine-continental transition of the Gilbert-type fan delta, i.
e. the marker of the early Zanclean coastline, is today at
395 m altitude (Clauzon et al.,2008). This value provides
an idea of the post-Pliocene uplift.

On the basis of the eccentricity tuning of the pollen
record from the Maccarone section, it is possible to date
at 5.36 Ma the arrival of marine waters into the Apen-
nine foredeep (Fig. 11) and hence the re-connection of
this lake with the Mediterranean Sea (Fig. 19). The Pel-

Fig. 18. Zanclean Gilbert-type fan del-
tas in the Balkans. (a) Serres (Ano Meto-
chi): foreset beds of the Zanclean
Gilbert-type fan delta nested within the
Miocene piedmont alluvial fan; (b, c)
Zanclean Gilbert-type fan delta near
Skopje: (b) foreset beds at Dracevo; (c)
bottomset beds at Batinci; (d) Nis: bot-
tomset beds of the Zanclean Gilbert-type
fan delta at Gabrovacka Reka.

agosa high was probably the obstacle that isolated this
lake during the peak of the MSC (instead of the Otranto
high proposed by Clauzon et al, 2005). This is sup-
ported by the evidence of the Colombacci Formation
(affected by influxes of marine waters) only to the north
of the Gargano Peninsula (which today is the coastal
expression of the Pelagosa sill; Fig. 14, profile CD).
This assumption is in agreement with the presence of
marine fishes within the Colombacci Formation in the
region of Ancona (Carnevale ef al., 2006). The Pelagosa
sill is today 160 m deep (Fig. 14, profile CD; Gacic
et al., 2002). At that time, marine waters had not yet
invaded the entire Po Plain (Fig. 19; Mary er al., 1993;
Channell ez al., 1994; Sprovieri et al., 2007; Violanti
et al., 2011).

© 2011 The Authors
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Fig. 19. Palacogeographical map of the
Mediterranean Basin and Eastern Parate-
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Fig. 20. Palacogeographical map of the
Mediterranean Basin and Eastern Parate-
thys at 5.31 Ma when the Dacic and
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bal sea level.

Finally, the Mediterranean waters crossed the Scythian
sill (Fig. 20), i.e. the Reni sill of Semenenko (1995), today
exposed in the Dobrogea region (Fig. 14, profile CD).
Incursion of Mediterranean species (diatoms: Schrader,
1978; dinoflagellate cysts: Popescu, 2006; calcareous coc-
coliths including C. acutus and T. rugosus: Popescu et al.,
2010) into the Euxinian Basin is documented by DSDP
Site 380 (Fig. 3). It occurred at 5.31 Ma (Table I;
Fig. 20) as established by cyclostratigraphy (Popescu
et al.,2010).

Why did these peripheral (Dacic, Apennine and Euxi-
nian) basins not re-connect simultaneously to the Medi-
terranean at the time of the sudden Step II of the
reflooding? Probably because of the presence of sills at
different altitude elevations that were successively inun-
dated during the continuing slower global rise of sea level
after 5.46 Ma by the end of the late Miocene Antarctic
glaciation (Hardenbol er al., 1998; Miller et al., 2005).

© 2011 The Authors

The minimum 50 m water depth increase between
5.46 and 5.332 Ma could explain the sedimentological
differences between the Arenazzolo (prodeltaic muds)
and Trubi (white chalky pelagic oozes) units, also
reflected by their respective dinoflagellate cysts content
(Fig. 10e).

What happened at Gibraltar?

Today, the water circulation within the Mediterranean
Sea is controlled by sills and, mostly, by the sill of Gibral-
tar (Bethoux & Gentili, 1999). Accordingly, what hap-
pened at the Strait of Gibraltar is crucial to unravelling
the process of the Mediterranean reflooding after the
MSC. The erosional activity of the Atlantic flow after ini-
tial erosion by a local river (Blanc, 2002), a process that
was modelled by Loget ez al. (2005), has been proposed in
contrast to the Gibraltar palaeo-falls (Hsii ez al., 1973) or
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a major tectonic event (Krijgsman & Garcés, 2004). This
is supported by the distance of 30 km separating the strait
from the sill that shifted westward as a consequence of
this erosion. Recently, Garcia-Castellanos ez al. (2009)
proposed that the Atlantic flow directly cut the Gibraltar
channel in a cataclysmic way. Campillo e al. (1992) and
then Garcia-Castellanos et al. (2009) documented the
presence in the central Alboran Sea of a major palaeo-
channel, wich constitutes the relic of a major gateway
between the Atlantic Ocean and the Mediterranean Basin.

Step I of reflooding relates to an early stage of (subaer-
ial or marine) erosion at Gibraltar resulting in the
entrance of Atlantic waters in moderate quantity whatever
its proposed duration (26 years: Blanc, 2002; 100—
3000 years: Garcia-Castellanos, 2009), that anyway
appears greatly insufficient with regard to the events that
occurred during this time-interval:

(1) as a consequence of the erosion at Gibraltar, the
volume of entering Atlantic waters should have
progressively increased; we estimate that the total
volume of water in the Mediterranean Basin at the
end of Step I could represent 25% of its capacity;

(2) in the same way, the progressive sea-level rise
would form the planation surface.

Step II of reflooding (Fig. 16) is the sudden, fast and
massive entrance of Atlantic waters into the Mediterra-
nean Basin as the immediate response to the collapse of
the sill suggested by Blanc (2002) and Garcia-Castellanos
et al. (2009), with similar proposed duration (respectively
10—11 years and a few months to 2 years). The Mediter-
ranean physiography at the time when this rapid influx
started is sketched out in Fig. 15. From a rough estimate,
including a final catastrophic sea-level rise of 600900 m,
we conclude that ca. 50% of the water volume of the
Mediterranean Basin entered it just after the collapse as
opposed to the 90% proposed by Garcia-Castellanos et al.
(2009).

The sea-floor topography of the Western Alboran
Basin as deduced from seismic lines and structural maps
(Alvarez-Marron, 1999; Comas e al., 1999; Mauffret
et al., 2007) seems to have been made of successive small
basins at increasing depths from West to Fast and still
infilled by marine waters during the peak of the MSC,
into which the Atlantic continuously overflowed, feeding
the abyssal plains farther East after their almost com-
plete desiccation. Such a physiography could explain
how the Mediterranean biota (molluscs, echinids, bry-
ozoans, etc.) recovered so quickly after the crisis from
some Alboran potential refuge basins, providing a possi-
ble response to this nagging question pointed out by pal-
aeontologists (Néraudeau et al., 2001; Néraudeau, 2007).
This hypothesis is expressed on the map of Fig. 1. Col-
lapse at Gibraltar would have occurred at 5.46 Ma,
probably as hypothesized by Blanc (2002) as the result
of a significant threshold in the erosion intensity. At that
time, the Atlantic water channel through the Gibraltar
area would suddenly become a wide strait and the sill

would have acquired its approximate present-day mor-
phology. The flow of Atlantic waters across the basins of
the sill would have instantaneously supplied the entire
Mediterranean Sea with preserved marine endemic ben-
thic organisms.

Quantification of the two steps

The increase in bathymetry during the two steps of re-
flooding can be estimated. For this purpose, the palaco-
shoreline identified between the badland morphology and
the planation surface ‘e’ provides a distinct point of refer-
ence. The palacoshoreline is located at a present-day
depth of 1.6 s (TW'T'T) in the whole Gulf of Lions mar-
gin (Fig. 5). We estimate this point at a depth between
1800 and 2100 m taking into account the seismic veloci-
ties (Sonic from e-logs) and respective depths found in
the nearby Autanl and Rascasse boreholes. The original
depth of the palacoshoreline can be estimated by subtract-
ing the Pliocene and Quaternary subsidence from its pres-
ent-day depth (Fig. 21). Rabineau er al. (2006), using
Pliocene and Quaternary geometries on the shelf, esti-
mated this subsidence at around ca. 215 m Ma ™' at ca.
62 km from the coast in the same area. Considering the
age of 546 Ma for the end of Step I of reflooding
(Table 1 and above), ca. 1200 m of subsidence are
obtained at this point. We can conclude that the palaco-
shoreline was located between 600 m (1800—1200 m) and
900 m (2100-1200 m) below the present sea level at
5.46 Ma. The palaeoshoreline represents the seaward
boundary of the MES, which has been preserved during
the second step of reflooding. The rapid increase in
bathymetry during this second reflooding step thus
amounted to between 600 and 900 m.

The increase in bathymetry during the first step of
reflooding may also be estimated. We have thus deduced
the initial depth of the seaward limit of observation of
the planation surface ‘¢’. This point is located at a maxi-
mum distance of 112 km from the coast, at around 3 s
(TWTT). We also estimate its depth, taking into
account the respective velocities and depths of the
GLP2 well and ESP 202 seismic profile, between 3000
and 3400 m. Extrapolating the total subsidence calcu-
lated by Rabineau ez a/. (2006) towards the basin with a
linear trend (Fig. 21), we obtain a total subsidence of ca.
430 m Ma ! at ca. 112 km from the coast. Considering
the age at 5.46 Ma (Table 1), a subsidence of ca.
2300 m is obtained at this point. This limit was thus
localized between 700 m (3000-2300 m) and 1100 m
(34002300 m) below the present sea level at 5.46 Ma.
The shoreline displacement, during which the planation
surface ‘e’ formed (Step I), occurred between two points
respectively located at 1.6 s TWTT (600-900 m) and
3 s TWTT (700-1100 m) depth before the onset of Pli-
ocene subsidence. The maximum increase in bathymetry
during this step was thus around 500 m (1100-600 m)
and the corresponding maximum slope value of the
planation surface ‘€’ was 1%. This estimate was made

© 2011 The Authors
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considering an extrapolation of shelf tilting towards
the basin as calculated by Rabineau et al. (2006),
and it is thus a maximum value. Assuming that the min-
imum value of this slope was (0%, the total increase in
bathymetry for the two-step reflooding is estimated
between 600 m (600 m for the second step and 0 m for
the first step with a slope value of 0%) and 1100 m
(600 m for the second step and 500 m for the first step) in
the earliest Pliocene. A relative sea-level curve can be pro-
posed for the Gulf of Lions according to this calculation
(Fig. 22).

Beginning of the FPliocene
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The rate of sea-level rise for the second step of the post-
MSC reflooding can be estimated around 60 m kyr ' (at
least 600 m in at most 10 000 years). This high rate shows
that this transgression was catastrophic and must be
related to a special event at Gibraltar (see above). Due to
uncertainties on the timing of the first step of reflooding,
the corresponding rate cannot be estimated. However,
contrasted rates for the two steps of the post-MSC refloo-
ding may explain why the rugged regressive MES has
been preserved landward of 1.6 s TWTT and erased by
wave erosion seaward of it.
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Fig. 22. Variation of the Mediterranean sea level in the Gulf of Lions between 6 and 5.30 Ma encompassing the Messinian Salinity
Crisis, with special attention to the reflooding phase. Successive major changes are estimated with respect to present-day sea level

(noted ‘0°). A two-step process is highlighted: the first step (? — 5

.46 Ma) is characterized by a relative sea-level rise (500 m at the

most). A first transgression flattened previous topography to build a remarkable ravinement surface (slope value between 0% and 1%);
the second step (at 5.46 Ma) corresponds to an ultra-rapid Mediterranean sea-level rise contained between 600 and 900 m in ampli-
tude. Just after this outstanding and sudden rise in sea level, Arenazzolo deposition began. After Gilbert-type fan delta sediments

began to infill the rias, successive connections of the Mediterrane:

an Basin with adjacent basins formed as global sea level continued to

rise: with the Dacic Basin (Eastern Paratethys) at 5.45 Ma, with the Apennine foredeep at 5.36 Ma, at last with the Euxinian Basin

(Eastern Paratethys) at 5.31 Ma (see Figs 17-20).
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Deposition of the central evaporites (L.ower, Mobile
and Upper units: Lofi er al., 2011; total thickness: up to
2800 m) requires a continuous input of marine water at
the beginning of Step I of reflooding, before the brine
concentration reached a critical threshold (Fig. 22). How-
ever, it is not excluded that some halite was deposited ear-
lier, i.e. during the sea-level drawdown, and was mixed
with detrital deposits. In fact, it can be assumed that two
phases are distinguishable and in close succession (Bache
et al., 2009): (i) the main erosion phase coeval with the
sea-level drop and deposition of detrital material in the
almost desiccated basin and (ii) deposition of the major
part of evaporites during the beginning of Step I of refloo-
ding, a phase during which fluvial erosion continued on
lands and margins. Using modelling, Govers (2009) sug-
gested that most of the evaporites were deposited before
sea-level drop. Our data contradict this conclusion
because the MES and related detrital products underlie
the central basin evaporites (Bache ez al., 2009; Montad-
ert et al., 2011), which thus formed after sea-level lower-
ing. Also using modelling, Meijer & Krijgsman (2005)
concluded that there were repeated desiccations and
re-fillings of the Mediterranean, based on the supposed
correspondence of the exposed Sicilian Upper Evapor-
ites and the Upper Unit in the central basins. We
oppose this hypothesis too on the basis of the observed
relationships between seismic units in the central basins
(Bache et al., 2009; Montadert et al., 2011). Duration
of evaporite deposition in the central basins, especially
the thick halite, was probably brief (<50 000 years in
our scenario) in agreement with general assumptions
(Lugli ez al., 2008), but impossible to define more pre-
cisely (Fig. 22).

The transition from massive halite to the Upper evapo-
ritic Unit marks the dilution of Mediterranean waters that
increased during the following ‘dilution event’, generally
pointed out as belonging to the ‘L.ago Mare’ episode (Cita
et al., 1990; laccarino & Bossio, 1999; Rouchy er al.,
2001), an assumption clarified by Clauzon ez al. (2005)
who distinguished two kinds of ‘L.ago Mare’ episodes that
occurred during three major distinct events (Fig. 22).
Two of these so-called ‘Lago Mare’ events correspond
with surface water exchanges between the Mediterranean
and Dacic Basin (Eastern Paratethys) through the Balkans
gateway, attested by Mediterranean nannoplankton in the
Dacic Basin (Drivaliari ez al., 1999; Clauzon et al., 2005,
Snel ez al., 2006) and conversely Paratethyan dinoflagel-
late cysts in the Mediterranean (Londeix et al., 2007,
Popescu et al., 2007, 2009). Such events, called ‘Lago
Mare’ 1 and 3, occurred during high sea levels, respec-
tively just before the desiccation phase and just after Step
II of reflooding (Fig. 22). In some exposed sections, they
can follow each other in a pseudo-stratigraphic continu-
ity, such as at Eraclea Minoa (Fig. 9e; Londeix er al.,
2007; Popescu et al., 2009) and Intepe (Fig. 12b; Melin-
te-Dobrinescu ez al., 2009). ‘Lago Mare’ 2 is known as a
brief dilution event, which seems to characterize the cen-
tral basins only. Being evidenced by ostracods and geo-

chemical measurements only (see, e.g., Pierre et al.,
2006), it could correspond to increased run-off preceding
more significant marine water input. Its duration remains
unknown and these sediments necessitate new research
studies, especially to complete their micropalacontological
content (nannofossils, dinoflagellate cysts), for decipher-
ing their exact origin.

It should be noted that this process of Mediterranean
reflooding in two steps after the MSC is unrelated to the
debate about scenarios of this dramatic episode, which
focuses on the chronological position of evaporitic bodies
and fluvial erosion (Rouchy & Caruso, 2006).

CONCLUSION

Considering offshore observations in the Gulf of Lions, a
two-step reflooding of the Western Mediterranean Basin
is proposed for the end of the MSC (Fig. 22):

(1) Step I (5.56? —5.46 Ma) is characterized by a rela-
tively moderate and slow sea-level rise (500 m at
the most) leading to the landward migration of the
shoreline. This first transgression, which was
accompanied by the flattening effect of waves and
tides, flattened previous highs and formed a
remarkable ravinement surface. It resulted from
the beginning of a progressively increasing erosion
of the Gibraltar barrier.

(2) Step II (instantaneous at 5.46 Ma) was particularly
sudden and dramatic, resulting from the collapse of
the Gibraltar channel. It caused the so-called ‘Plio-
cene Deluge’, being dated prior to the Zanclean
GSSP by onshore studies. This violent sea-level
rise of 600900 m flooded the largest part of fluvial
canyons, which were suddenly transformed into
rias (as attested by numerous Gilbert-type fan del-
tas), contributing to preserve the MES all around
the Mediterranean and the palaeoshoreline evi-
denced in the Gulf of Lions.

Such a scenario seems to have also been the case in the
Eastern Mediterranean Basin, which requires a more
detailed research.

We suggest that central basin evaporites were mostly
deposited during the beginning of Step I of reflooding.
After Step II of rapid Atlantic reflooding of the Meditera-
nean, sea-level rise slowly but regularly continued as a
result of the global rise in sea level and the successive con-
nections between the Mediterranean and the Dacic Basin
(at 5.45 Ma), the Adriatic foredeep (at 5.36 Ma), the
Euxinian Basin (at 5.31) and finally the Po Plain were
established.

In summary, the events that occurred during the MSC
appear to have been characterized by high complexity,
some being synchronous at the scale of the entire Medi-
terranean, others diachronous with respect to environ-
mental or regional conditions such as the so-called ‘Lago
Mare’ events, which had a dual nature.

© 2011 The Authors
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Many new geological aspects may be addressed as a
consequence of this work. First of all, the key surfaces
observed in the Gulf of Lions provide remarkable points
of reference. It will be necessary to correlate them at the
scale of the whole Western Mediterranean, as well as
within the Eastern Basin. Secondly, as two-step refloo-
ding of the Mediterranean has never been considered
before, the quantification of the steps will help constrain
future models of reflooding as well as subsidence studies
(post-Messinian vertical movements). Finally, kinematic
studies can be conducted to confirm the existence of
Messinian sills within the Mediterranean Basin (Sicily —
Thunisia area for example) and their influence on its refloo-
ding history.
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Abstract

The sedimentary record of the offshore part of continental margins is characterized by
an important tectonic and thermic subsidence, which favours a good preservation of
sedimentary sequences (as opposed generally to the onshore part of margins). This
sedimentation in turn enhances the subsidence because of loading effects. The
quantification of this total postrift subsidence and more specifically deciphering the
relative effect of the different factors is not easy, especially when no wells are available
in the area. We present here a direct estimation based on the geometry and the
interpretation of sedimentary markers as seen on seismic data, in the Gulf of Lion, to
evaluate total subsidence rate from the coast to the outer shelf and in the deep sea from
the end of Messinian to present day (the last circa 5.6 Ma) with minimal assumptions.

On the shelf, the Pliocene-Quaternary subsidence shows a seaward tilting reaching a
rate of 240-260 m/Ma at the shelf break (70 km from the present day coastline), i.e. a
total angle of rotation of (0.88°, with a hinge point (rotation point) located 13 km
landward of present day coastline (around Sete city). This rate is the same as the rate
calculated for the last 500,000 years at 70 Km (Rabineau et al., 2006, 2007). This
suggests that subsidence rate has been constant during the Pliocene-Quaternary,

creating, continuously and regularly a large amount of accommodation to be filled by



sediments. A minor reactivation has been detected on the inner shelf that induces a
localised deformation of Pliocene-Quaternary sedimentary cover. The amplitude of this
deformation is small, but can induce a shift of up to 50 m in the Pliocene series. It is
superimposed on deeper faults that seem to have been reactivated at around 1 Ma. The
quantification of Pliocene-Quaternary subsidence also enabled to evaluate isostatic
rebound on the outer shelf during the messinian crisis (up to 1.3 km uplift at the
Herault-Séte canyon heads).

When using older sedimentary marker from the deep-sea (the base of salt deposits,
dated at 5.6 Ma) to estimate the subsidence rate on ECORS profile, we also find a
seaward tilting subsidence of the slope with a measured angle of 1.44°. The subsidence
increases up to 996 m/Ma at 200 Km from the coast. From this point to the deepest part
of the basin, the total subsidence is then almost vertical and reaches 1070 m/Ma during
the last 5.6 Ma in the deepest part of the basin.

These very high total subsidence rates enable high sedimentation rates along the margin,
which in turn enabled the detailed record of climate evolution during Pliocene-

Quaternary that make of the Gulf of Lion a unique archive.

Abstract: (452 words). Main Text : 4578 words ; 13 Figures.
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1. Introduction : A rapid overview of Subsidence studies in the Gulf of Lion

Subsidence studies in the Gulf of Lion margin (Fig. 1) have recently been summarized in
Bache, 2008 ; Bache et al., 2010. We provide here only a short summary. Subsidence has long
been considered as an Atlantic-type passive margin with a general and regular seaward tilt of
the shelf (Le Pichon et al., 1971; Watts & Ryan (1976) ; Ryan, 1976; Biju-Duval, Letouzey et
al., 1978; Montadert, Letouzey et al., 1978 ; Steckler and Watts, 1980, Burrus, 1989). While
uniform extension models (McKenzie, 1978) were largely used to explain the evolution of

such margins, many discrepancies with the predictions of these models have been highlighted



in the Gulf of Lions. Steckler and Watts (1980) used biostratigraphic data from commercial
wells and described a relatively small volume of syn-rift sediments compared to post-rift
sediments. This first type of discrepancy was not corroborated by more recent studies, which
described a great thickness of synrift sediments (Bessis, 1986; Guennoc et al., 2000). Bessis
(1986) and Burrus (1989) pointed out that the evolution of the subsidence of the Gulf of Lions
was qualitatively (rapid initial subsidence during rifting, followed by a slower thermal
subsidence after rifting) but not quantitatively in agreement with the uniform stretching model
proposed by McKenzie (1978) which led them to introduce the concept of “paradox of
stretching” in the Gulf of Lions. Réhault ef al. (Réhault, Boillot et al.,1984), Bessis, Burrus,
1986, Burrus et al. (Burrus, Bessis ef al., 1987), also tried to compare the vertical evolution of
the Liguro-provencal basin to classical models of subsidence in open oceans and concluded
that present-day depth of the basin was at least 1000 m deeper than what it should be (if the
model is right and applies here).

Other studies in the area have shown that tectonic subsidence associated with rifting was
small and local and that most of the subsidence only started in Miocene time as a consequence
of postrift thermic cooling enhanced by sediment loading {De Voogd, 1991 #26} {Gorini,
1994 #27}.

Seranne, 1999, observes that the Gulf of Lion margin displays structural and stratigraphic
features similar to 'Atlantic-type' margins, however he suggests that the Oligocene rifting of
the Gulf of Lion represents the initial stage of a succession of rifting events and back-arc
basin formation, due to continuously retreating subduction during convergence of Africa and
Europe (Seranne, 1999) (Jolivet et al., 2006). The A colder mantle may account for the
abnormal subsidence of the basin (500 m/Ma), and could be a result of the >40 Ma long

subduction beneath this area (Serrane et al., 1999 ; Chamot-rooke et al., 1999).

Total subsidence rate of the deep Mediterranean Sea, after deposition of evaporites has first
been estimated to be 20 cm/ka (i.e. 200 m/Ma) by Ryan (Ryan, 1976). In the same paper Ryan
estimates Pliocene-Quaternary amount of subsidence ranging from >400 m for the inner shelf
to >1000m for the outer shelf and >1200 m for the edge of the abyssal plain (Ryan, 1976). For
De Voogt et al.1991, the (postrift) total subsidence rates calculated along the margin show an
overall regular tilting for the last 20 Ma from the shelf to the slope (apart from the messinian
isostatic readjustment). The tectonic subsidence computed was 20 m/Ma on the shelf and 180
m/Ma in the deep basin (at more than 250 km from the coast on ECORS profile). Note that
these values correspond to the tectonic subsidence only, a value to which thermal and gravity

subsidence (loading) need to be added, to obtain total subsidence. So this estimation gives a



much higher rate of subidence than that calculated by Ryan (1976). Seranne, 1999 estimates
the average total subsidence as 500 m/Ma.

Bessis (1986), Burrus (1989), and Burrus & Audebert (1990) note an enhanced total
subsidence rate during the Pliocene-Quaternary (5 Ma) in the very deep basin of the Gulf of
Lion that remains largely unexplained and that has also been observed in the Ligurian Sea
(Réhault et al., 1984). Burrus & Audebert, 1990 interpret this increase as related to Alpine

compression.

Bache, 2008 also applied 1D backstripping in the deep Gulf of Lion at the position of ESP
206 (Expanded Spread Profile, see position in fig. 1) (allowing access to thicknesses of the
main units), using the empirical age-depth equation of Parsons & Sclater, 1977. Bache, found
a general post-messinian subsidence (after the refill of the Mediterranean Sea) of around
1100 m for the last 5.3 Ma ; i.e. 210 m/Ma. The same subsidence including the messinian
event, i.e. between 5.96 to present gives a total subsidence of 3,2 km, i.e.: 535 m/Ma
(because of the loading effect of the enormous amount of messinian deposits) (Bache et al.,
2009).

For the Pliocene-Quaternary time-period, Lefebre (1980) realised a cartographic synthesis and
an isopach map of Pliocene-Quaternary deposits at the scale of the Gulf of Lion based on

seismic profiles. He noted the general tectonic stability of the shelf since the messinian.

A conclusion also reached by Lofi ef al., 2003 and Mauffret ef al. 2001, when studying the
westernmost part of the Gulf of Lion. Most of the faults occur and play in post-aquitanian
sediments and are sealed by the messinian unconformity (Gorini et al., 2005). A late
Miocene-early Pliocene extensional tectonics has been shown in the westernmost part of the
Gulf of Lion, but these faults are active only until the early Pliocene (Mauffret ez al. 2001).
We willl come back to this phase in the discussion.

Lefebre, 1980, Genesseaux & Lefebvre (1980) and Guennoc et al. (2000) mapped the
messinian erosional surface on the shelf and showed the effect of the deep cutting of the
messinian Rhone river on the shelf. Guennoc et al. also produced a reconstructed
paleomessinian surface by correcting the present day messinian surface from water and
Pliocene-Quaternary sediment loading. The depth of this reconstructed surface on the slope is
around 1500 m in the vivinity of the GLP2 drillhole, which is also thought to be the position
of the messinian shoreline. Present day depth of the same point (GLP2 is now at 3437 m). On
the Aude-Hérault intefluve a point located at present day at 1800 m has been reconstructed at
600 m). On the inner shelf a point at 1500 m is corrected to 500 m. Note that this surface is

not exactly the surface at time of deposition because thermal cooling (inducing further



subsidence) was not taken into account (Guennoc et al., 2000). However this correction
shows at least 1000 m to 1200 m to 1937 m of subsidence (from the middle to outer shelf to

upper slope (GLP2) due solely to water and sediment loading.

Using very high resolution Sparker data from IFREMER, Rabineau (2001), Rabineau et al.
(2006, 2007) calculated subsidence rate of the western shelf of the Gulf of Lion for the last
540 000 years. In this area, erosional surfaces are related to glacial maxima of 100,000 years
cycles and are very well preserved (Aloisi, 1986, Berné et al., 2004, Rabineau et al., 2005).
The effect of subsidence is clearly shown on these seismic profiles where erosion surfaces,
which represent the same environment at different times, show angles of inclination that
increase with age (with depth below earth surface). The present day depth of paleoshorelines
therefore corresponds to the depth below Sea Level (SL) at time of deposition plus the
movement of the floor after deposition (see Fig. 7 in Rabineau et al., 2006). Rabineau et al.
2006 measured the tilt on the seismic profiles by the inclination of successive erosion
surfaces; using the ages of erosional surfaces (MIS2, 6, 8, 10 and 12), they obtained the rate
of subsidence i.e. 250 m/Ma at 70 km from the coast around the Aude and Hérault canyon
heads, the rotation point being 13.5 km offshore of present day coast. This was confirmed
using stratigraphic modelling to reconstruct observed geometries (Rabineau ef al., 2006,
2007). The recent Promess boreholes PRGL1 and PRGL?2 drilled on the shelf and upper slope
through the erosional surfaces, lowstand shorefaces and prodeltaic muds further confirmed
this interpretation and validated the methodology by giving a ground-truth and detailed age-
control of previous interpretation using C14 datings, biostratigraphy and isotope analyses

(Bassetti et al., 2008 ; Sierro et al., 2009).

In 2008, Jouet and co-authors modelled late-Quaternary subsidence rates on the shelf using
numerical stratigraphic modelling (with Sedflux Model using used the following statement S=
GS + WL=(WS + TTS) + WL where GS : geohistory subsidence ; WL : Water loading ; WS :
Sediment weight ; TTS : tectonic-thermal Subsidence.) in order to decipher the relative role of
parameters (Jouet et al., 2008). These authors showed the importance of water loading
variations (between Last Glacial Maximum and high stand of sea-level, like present day
situation) reaching 60-65% of total subsidence, whereas tectonic-thermal subsidence

contributed only to 35-40 %.

These ealier studies at least, show despite of many discrepencies, that subsidence rate are

particularly high in the Gulf of Lion whatever the factor responsible for it.



In our paper, we will not deal with mecanisms and origin of subsidence, our purpose is only
to measure postrift total rates of subsidence (S) over the entire margin during Mesinian-

Pliocene-Quaternary times using sedimentary markers with known paleobathymetry.

3. Data and Methodology:
* 1D and 2D study of Accomodation from Seismic Stratigraphy and Sequence stratigraphy

Many factors of global, regional or local scale have long been recognised to control the
overall geometry and deposition of sediments. The method applied in this study is based on
the recognition, the interpretation and the dating of paleosurfaces as seen on seismic reflection
profiles using concepts of seismic stratigraphy (recognition of stratal termination and
configuration). Those surfaces are correlated at a regional scale and are then used as markers

to quantify the vertical evolution of the margin and potential tectonic deformation.

Sequence stratigraphy models developed from the pioneer work of Exxon in 1977, and further
developed in the 1980-1990s aiming at explaining the formation and the geometries of
sequences within a chronostratigraphic framework. Most authors recognize three factors
variable in time, that control directly the creation, expression and organisation of sedimentary
sequences [Vail, Colin et al., 1987; Jervey, 1988; Posamentier, Jervey et al., 1988a ;
Posamentier and Vail, 1988b; Guillocheau, 1991 ...] : (1) Eustatism (with absolute sea-level
variations), (2) Movements of the substratum (Subsidence s. 1. and compaction) (Figure 2a)
and (3) Sedimentary Fluxes.

Conceptual model are based on the fact that sedimentary series can be described as a logical
succession of units, which geometry and localisation on a coast-to-basin depositional profile is
a function of varying Relative Sea-Level (also named « Accommodation ») that is variable in
space and time. Accommodation represents the total space measured from a fixed point that is
open to sedimentation in the basin though time. It is therefore the space comprised between
the substratum and the sea-level, that is, the space created either by subsidence and/or by
eustatism and is independent of the presence or not of sediments (Figure 2). This
accommodation in the basin can then be filled, completely or partially, by sediments, which
will form depositional sequences. Note that many other parameters have an impact on the
detailed nature of the sediments and deposition style, but they have no impact on
accommodation, which is therefore a useful concept. Calculation of accommodation at a given
point and a given time can be handled in two ways : (1) by additionning the value of

subsidence and the value of sea-level that both need to be known (Figure la), (2) by



additionning the thickness of sediments and their bathymetry at time of deposition (Figure
2b). On passive continental margins, the subsidence often takes the form of a tilt and can
therefore be measured with a point of rotation and an angle of rotation (Figure 2¢).

Variation of Accommodation can then be calculated between two time period, AAcco (t2-t1)=
Acco (t2) — Acco(tl) = Asubsi (t2-t1)+ A Eustat (t2-t1)= (e2+b2) — (e1+b1)

(Note that Asubsi is positive for a lowering of the sea-floor between tl and t2; Eustat is
positive if above present day sea-level ; bathymetry (b) is positive below sea-level, A Eustat is

positive if sea-level rises between t1 and t2)

e In this study we used the database build during the French GDR Marges and Actions
Marges Program thanks to the collaboration of TOTAL which gave access to all their
conventional standard seismic lines, high resolution multi-channel data (LRM lines in
particular) and industrial boreholes (Figure 1). Additional high and very high resolution
seismic profiles from IFREMER were also used (Figure 1 and 3). Seismic Stratigraphy
principles were applied to interpret seismic profiles (Payton, 1977 ; Catuneanu et al., 2009 for
example) (Figure 4 and 5). In order to have as many chronostratigraphic constraints as
possible within the sedimentary column, we used seismic profiles of different resolution but at
the same position, so that the well-constrained and well-dated Quaternary surfaces can also be
placed on lower resolution profiles as shown on Figure 4. Key reflectors identified are

labelled MES (Margin Erosional Surface in pink), Pliol1 (green), q10 (red), D30 (orange).

* Time-depth conversion

The measure of the Pliocene-Quaternary subsidence using observed depositional profiles and
key sedimentological reference points (i.e. shoreline, offlap break, toeset break,...), imposes
to convert profiles and interpretation from TWTT to depth (in meters), in order to measure
directly tilting or movements of the substratum (Figure 2¢). On the shelf we used velocities
measured in two wells: Rascasse and Tramontane (Figures 1 and 6 A and B). Tramontane
well is located 30 Km from the coast, 6 km to the SW of LRM18 profile, Rascasse well is
located in a more distal part of the profile on the outer shelf at 55 km from the coast (Figures
1 and 6). Measured boreholes velocities were correlated to seismic profiles and showed that
we could distinguish specific velocities for different sedimentary packages. We therefore
identified the Topset part of big sedimentary prisms, the foreset part, and the toeset part each
with specific values of velocities. We therefore defined a 2D velocitiy profile (Figure 6C) on

the shelf. We then used this 2D profile to convert interpreted reflectors from TWTT to depth



(m) and we therefore obtain a 2D section of interpretated profile LRM18 in depth (see later

in results).

On the slope and deep sea we used ESP (Expanding Spread Profiles) data that were shot along
the ECORS profile (De Voogd, 1991 #26), and that have been interpreted by Pascal et al.,
1993, and the velocities obtained by tomographic inversion from new refraction data acquired
during the Sardinia Cruise (Gailler et al., 2009) to build the 2D velocity model (Figure 6D).
We also compared those velocities with measuremets at GLP2 well (1246 m water depth, see
position on ECORS line, Figure 5) and Figure 6 TFP measurements in GLP2 showed
velocities from 1800 m/s at the top of the well to 2500 m/s at 2508 m ; 3000 m/s at 4100 m ;
3180 m/s at 4855 m (at the base on Miocene series), and 3320 m/s at 5345 m (i.e. at 4100
mbsf).

After time-depth conversion, we therefore obtain a 2D section of interpreted reflectors in

depth (m) (Figure 7 and 12).
* Dating of surfaces

Very high-resolution profiles interpreted in earlier studies (Rabineau, 2001, 2005) showed
that the last 5 erosional surfaces correspond to the last five glacial maximum erosions of
100,000 years cycles, with preservation of the shoreline on the outer shelf. The fifth surface
D30 was interpreted as MIS12.2 and therefore dated at 434 000 years (according to orbitally
tuned isotopic Specmap curve, Imbrie, 1984) (Rabineau et al. 2005, 2006). This interpretation
and dating has now been confirmed on the shelf thanks to the Promess drillsite (Bassetti ez al.,

2008, Sierro et al., 2009).

The messinian margin erosional surface (MES) is generally dated at 5.33 Ma according to the
GSSP (Global Stratotype Section and Point) of the Lower Pliocene Zanclean Stage dated
astronomically by Van Couvering et al., 2000. Most authors also agreed to date the initiation

of salt deposition at 5.6 Ma, and the end of the Salinity crisis at 5.33 Ma (CIESM, 2008).
4- Data and Results : measure of subsidence rates
a- On the shelf

The high resolution erosional surface D30 was plotted on LRM18 profile (Figure 4). Below
this D30 surface, other erosional surfaces could be plotted: surface q10 corresponds to a

major erosional surface, that lies around 450 ms (or 400 m) below present day sea-level at



shotpoint 3400 on LRM18 and seals an important incision on the outer shelf. At the base of
the profile a proeminent erosional surface appears which corresponds to the well-known
messinian margin erosional surface (MES) dated at 5.33 Ma. Above the MES and below the
upper two surfaces (D30 and q10) we distinguished a number of large clinoforms (around 500
m high). Clinoforms are named p1 to p14, and all show a gently dipping linear topset part, a
highly dipping foreset part curving more or less progressively to a gently dipping bottomset
part (Figure 7). All clinoforms show these 3 parts organisation, topset parts of clinoforms are
all preserved through time, and show an increased topset-slope with increasing age. The
overall organisation can be described as a prograding-agrading margin. Clinoform p11 (green)
on the shelf shows an important erosion that truncates the topset part of earlier clinoforms p10
and p9. In the upper part of the section some erosional V-shaped filled incisions appear, that
are related to paleocanyons heads that have been filled. The organisation and functioning of
quaternary canyons have been described in detailed studies in the area (Baztan et al., 2005;
Gaudin ef al., 2006, Canals, 2008, Lastras et al....). The oldest observed incision of that type
has been observed just above pl1 clinoform. Therefore it seems that canyons appear around

pll as also suggested by Lofi et al., 2003.
» Significance of offlap breaks or topset-foreset breaks

The offlap-break (or clinoform breakpoint) has often been described in sequence
stratigraphy as the inflexion point between topset and foreset (Vail ef al., 1991). It has very
often been considered as the position of the shoreline, i.e. the «Zero» of sea-level. Topsets
sediments were therefore attributed to continental facies. Foresets in that case represent the
delta front or shoreface shallow environment. Numerous discussions recently occurred about
this notion, and pointed to the abuses of this interpretation (Emery & Myers, 1996, Tropéano,
2001, Cattanéo et al., 2004, 2009, Helland-Hansen, 2009; Henriksen et al., 2009). Those
recent publications clearly showed that clinoforms and offlap break occur at very different

scales (from current ripples, to shoreline break and shelf-edge break).

Present day situation in the Gulf of Lion also shows two kinds of offlap-breaks of very
different scale (Figure 4): the offlap break related to the shoreline and the offlap-break related
to the shelf break. To avoid confusions we used this specific terminology with a shoreline-
offlap break, a shelf-offlap break (Figures 4 and 7). At present day those two points lie at a
water-depth of 0-10 m and 150-160 m as shown on bathymetric map (Berné et al., 2001;
2002).



Earlier studies also demonstrated that the Last Glacial Maximum (LGM) paleo-shoreline,
20 ka ago, 1s recorded on the outer shelf, at the top of 30 m-thick sand bodies and at a
present day bathymetry of 115 m (Aloisi, 1986, Berné et al. :1998, Rabineau et al. 1998,
2005, 2006, Jouet et al. 2006, Bassetti et al., 2006, 2008). During the LGM, sea-level is at
least 100 m below present day sea-level, so the shelf-offlap break was lying at around 50
m bathymetry.

We therefore think that paleo-shelf-offlap break during Pliocene-Quaternary do not
represent the shoreline but the shelf break and that the height of clinoforms represents the
slope. Paleobathymetry of this offlap-break can be estimated to be between 50 and 150
m. We assumed that this paleobathymetry is the same for all identified shelf-offlap-
breaks. Topsets of clinoforms therefore represent several environments from subaerial,
fluvial to shoreline and continental shelf all eroded during lowstand. We consider that all
Pliocene-Quaternary Topsets are related to the same process and therefore represent the
same paleoenvironments and the same paleobathymetry at time of deposition.

Therefore offlap-breaks in sedimentary record a paleobathymetry of either O (shoreline
offlap-break) or 150m (shelf-offlap break). We also identified a toeset-offlap break at the

base of foresets that we will use to calculate accommodation (see below).

* Calculation of Pliocene-Quaternary Subsidence rates

We used two distinct methods to calculate total subsidence.
a) Accommodation calculation at two different points (A and B) on profile LRM18

between Zanclean (around 5,3 Ma) and Present Day (Figure 7).

Zanclean accommodation can be estimated using the height of Pliocene prisms
between offlap break and toeset break. This height is around 650 m at point A The
bottomsets of clinoforms are therefore deposited under a waterdepth of at least 650 m
for the most landward clinoforms. To this value we must add the paleowater depth of
the offlap break, which can be estimated by analogy to present day situation at 150 m
at the most, so that Zanclean accommodation at point A is 800 m. At point B it is
more difficult to estimate accommodation with this method because we are lacking
appropriate marker to estimate the paleowater depth of initial deposits (just above the
messinian). However, we can postulate that it is at least of the same order of
magnitude (800m, probably more). Note that this estimate is a regional estimate as
locally the messinian erosional surface is very irregular and can induce locally large

thickness variations.



-Present Day accommodation is easily estimated as the sum of the thickness of
sediments plus present-day bathymetry (i.e. the present day depth of the messinian
surface). From the depth profiles at point A this value is 1050 m and at point B it is
2240 m.

So, the amount of accommodation created during Plioquateranry time is: Zanclean
Acco —Actual Acco is of 250m at point A on the inner shelf and 1440 (as a maximum)
at point B. This creation of accommodation corresponds to the sum of subsidence and
eustatism variations (between Zanclean and actual time). If we estimate eustatism at
initial time (Zanclean) we can therefore deduce the Pliocene-Quaternary subsidence
amount and rate. The early Pliocene is well-known to have been an interval of global
warmth. According to global estimates of eustatic variations (Miller ez al. 2005), sea-
level shows a regressive tendancy between Zanclean and present-day time estimated
to correspond to a first order sea-level drop of Aeustat = eust final-eust ini= -40m
(Shackleton et Opdyke, 1977 ; Blackwelder, 1981). For Miller et al., 2005 the best
estimate for sea-level at 5.33 Ma is +48.8 m above present day sea-level. Other
estimates of sea-level during very early Pliocene give a sea-level at +25m above sea-
level (Kennett & Hoddell, 1993), or +88 m in Haq et al., 1987 compared to presentday
sea-level, so we would have a loss of space due to sea-level drop (Aeustat = eust
present-eust Zanclean).

We averaged this value to +50 m in our estimate.

Finally, the creation of subsidence itself is calculated using the following relation:
Asubsi + A eustat = AAcco ; Asubsi= Aacco —Aeustat

And we obtain the following values: ASubsi = 300m at point A and <1600 m at point
B. If we date initial prism p1 at 5.33 Ma, we obtain subsidence rates of S56m/Ma and

<300m/Ma (Figure 7).

b) Using the same LRM18 depth-profile we analysed the tilt of erosional surfaces.
In the upper part of the profile quaternary erosional surfaces are well-known and sampled by
cores and the new Promess drillsite. Studies at this scale demonstrated that the erosional
surface correspond to a polygenic surface related to glacial regression (Rabineau ez al, 2005)
slightly reworked during transgression (Bassetti et al., 2006). The erosional surface was
mostly subaerial during LGM and now corresponds to the shelf of the Gulf of Lion. This
surface can easily be approximated to a line from the middle to the outer shelf, this line has a
slope of 1,5 m/km (0,15 %, 0,0859°). This approximation of erosional surfaces in topset areas

was done for all plotted clinoforms in the outer part of the profile (from pll to present)



(Figure 8). The lines show an increasing slope with increasing age of clinoforms. Topset of
clinoforms (Figures 2A and 8) can reach 15m/km (1.5 %, 0,86°) foresets can reach 50-
62m/km (5-2.6.2 % or 2.86-3.5 °) and bottomsets 3m/km. All lines showed a common
rotation point located at 13 km landward of present day coast. As we assume that topsets
represent the same paleoenvironment and the same paleobathymetry at time of deposition
which is proven for at least the last 434 000 years (Rabineau et al., 2005, Bassetti et al.,
2008), they correspond to a caracteristic slope at time of deposition. We considered this slope
to be the same as present day slope of the shelf i. e. 1,5m/km. (= 0,086 °). Observed
increasing slopes are due to post-depositional tilting of the margin related to subsidence.
However detailed analysis of slope adjustment performed on the outer shelf showed that the
landward part of clinoforms did not fit well with real observed geometries (figure 8, see zoom
8B). Further investigation on seismic profiles showed that around 32 km from the coast we
observed a small but systematic deformation of reflectors (Figure 7 and 8). All reflectors
from early Pliocene to pl4 show the same deformation, whereas reflector q10 is much less
deformed and D30 not deformed. We therefore conclude that there is a tectonic deformation
with 50 m uplift in the landward part of the section. This deformation can be followed on
several lines and mapped in the western area (see discussion and Figure 9). The age of
reflectors extrapolated between pl and D30 (see method section) led us conclude that the
uplift occurs around q10, i.e. 1 Ma.

If we restore the landward part of the section before this deformation we then find a good
adjustment of topsets, that can be propagated down to p1 clinoform with the same previously
defined rotation point.

Present-day approximation-line of the sea-floor lies at 150m at Km 70. The tilt between
approximation of pl and the approximation of present day sea-floor brings line-p1 at 1430 m
at Km70 Figure 10), i.e. 1280 m of subsidence at 70 km from present-day coast. The angle of
tilt (between early Pliocene to present day) is therefore o =0.88° (=1,54%) (see definition on
Figure 02). The first visible prism pl on the shelf (appearing at Km6) lies directly on the
messinian surface (dated at 5,33 Ma). If we date this first prism as 5,3 Ma we found a total
subsidence rates of 49 m/Ma at 19 km from the coast to 241 m/Ma at 70 km from the coast. In
other words, the tilt of the shelfis of 0,16 °/Ma = 0,28 %/Ma.

The two methods to estimate subsidence rate are in good agreement, this second method is
more precise than our calulation of accommodation because it describes the 2D evolution of
the subsidence.

This value 241m/Ma is exactly the same order as the subsidence calculated for the last

434,000 years (250 m/Ma) (Rabineau et al., 2006). This common value calculated at two very



different time scale is a strong argument for a regular and constant subsidence rate during
all the Pliocene-Quaternary. It corresponds to the most parcimonious hypothesis (as used in
phylogeny reasoning, e.g. Lecointre & Le Guyader, 2001). This "total" subsidence measured
from a geometrical point of view is the overall outcome of any processes by which the ground
surface has moved at the margin scale.

Of course, an uncertainty is associated with the estimate of subsidence, corresponding to
errors in the measurements (+/- 5m), time-depth conversion, paleomorphology variations,
paleobathymetries estimates (+/- 20 m), sea-level estimation (+/- 20m), the linear
interpolation and the dating of first clinoform p1. So, we estimated this error to + 45-50 m for

the last 5 Ma, i.e. +/- 15m/Ma.

* Defining ages of surfaces

As the rate of subsidence is constant through time, we suggest to extrapolate the datings of
reflectors between the Messinian and the upper Quaternary on the shelf. The same amount of
tilt between two surfaces implies that the amount of time between the surfaces is the same.
We have therefore extrapolated age of surface D30 downwards so that q10 surface is dated
around 1 Ma and pliol1 around 2.7 Ma.

2- From the upper slope to the deep Basin: the base of the salt used as a marker to

measure subsidence

Applying the same methodology as defined on the shelf, we can also analyse the subsidence
on the slope and in the deep basin using the ECORS profile transformed in depth (Figure 12).
The base of salt surface shows two different segments: a tilted part (between Km 120 and 200
from the Coast) and a nealy flat surface from Km 200 to the very deep basin. We therefore
define another hinge point at Km 200 and fit a line through the upper part. The approximated
line rotates around a point located at 22 Km onshore of present coastline to Km 200 from
coastline (142 km from rotation point) where the surface lies at around 5.6 km. The slope of
this surface compared to horizontal is therefore 1.44° (or 2.5 %) (Figure 11). Some salt has
been deposited on this surface but has then moved creating the well-known salt tectonic in the
basin (Dos Reis, 2001, Dos Reis et al., 2004). A few small pillows of salt can still be observed
on this surface. The question we do not know is wether this surface had already a slope when

the salt has been deposited.



If we consider that this surface was flat at time of deposition, the slope measures directly the
amount of subsidence. Recent studies and synthesis on the messinian salinity crisis have been
summarized in a consensual paper, CIESM, 2008 where most authors agreed to date the
initiation of salt deposition at 5.6 Ma. We can therefore compute a maximum rate of
subsidence of 0,26°/Ma for the last 5.6 Ma. At Km 200 from the Coast (222 Km from the
rotation point), the maximum total rate of subsidence would be D*tana = 222000*tan(1.44°)/
5.6= 996 m/Ma over 5.6 Ma.

If the basin had a paleomorphology with an already tilted surface, then the subsidence would
be of course smaller. On the other hand the subsidence on the slope can not be smaller than
the subsidence calculated on the shelf. If we just extrapolate the value measured on the shelf,

we found a value of D*tano. = 222000*tan(0.88°)/5.6= 608 m/Ma over 5.6 Ma.

Between Km 62 and Km 110, another sedimentary paleo-marker has been identified: a planar
surface of erosion found in the entire Gulf of Lion (Bache, 2008, Bache et al. 2009). This
surface occurs from 1.6 twtt around Km 62 (near the Aude-Herault canyon) (Profile LRM16-
Ligo20), which corresponds to a depth of 1800-2100 m (using velocities from wells) (Bache
et al., 2011). This surface can be followed easily at least down to 2.6 twtt around Km 110.
This surface has been interpreted as a transgressive surface that erodes the previous messinian
regressive erosional surface and its lowstand deposits (the detritic fans) and occurs at the end
of the messinian salinity crisis, before the very rapid transgression which is so rapid that it
leaves the shelf unaffected by the transgression (Bache et al.,, 2011). The landward
termination of the surface (the position of the shoreline before the final rapid transgression)
lies at 1.6 twtt all along the margin and therefore demonstrates that Pliocene-Quaternary
subsidence has been homogeneous in the central part of the margin. On the contrary, the

landward terminaison lies at 1.4s only on both edge East and West of the Gulf of Lion.

On profile RM107 (Figure 12) a strike line at the base of the slope (see location on Figure 1),
we observe that messinian reflectors, dip towards the West. The top of the massive salt layer
goes from 3.35 to 4.32 twtt and the base of salt from 3.95 twtt to 4.5 twtt. This slope also
mimics the general subsidence during Pliocene-Quaternary which increases towards the West
and diminishes toward the edge of the Gulf of Lion.

In the deepest part of the basin (from Km 200 around ESP205) the base of salt is clearly
imaged on profiles below a transparent layer) (Figure 11) and shows a sub-horizontal surface

very gently dipping from 5.2 twtt (5.6 km) at Km200 to a maximum of 5.4 s twtt around



41°30° (profiles PROGRES e.g.pgstk06, pgstk09 and Sardinia) which corresponds to a depth
around 6 km at 270 km from the coast. The average dip of this surface is therefore around
0,005 % or 0,003°. We have an additional subsidence of the deepest central part of the basin
of 70 m/Ma compared to the Km200 point. In the deepest part of the basin, all potential
postdepositional movements of the margin have been nearly vertical as the base of salt

remains nearly horizontal in this domain.

6- DISCUSSION
Tectonic and Geodynamic implications: deformation and isostatic rebound

* Deformation and rotation point

The detailed interpretation of erosional surfaces enabled us to demonstrate a small but visible
deformation in the inner part of the shelf. The position of the break in slope induced by the
deformation coincides with the position of major pre-messinian faults as mapped by Bache,
2008 (Figure 9B). Dating of the surfaces (see previous section) further enabled us to date this
deformation slightly before 1 Ma. All the reflectors below the ql0 marker are highly
deformed (see pliol1 for example on Figure 9A), whereas q10 itself (dated at 1 Ma) is less
affected so part of the deformation occurred before and finally q5 (0,5 Ma) is not affected at
all.

In this study we found a rotation point 22 km landward of the coast on ECORS NW-SE, at 13
km landward of the coast on LRM18 and a small deformation of the inner part of the shelf
occurring around 1 Ma. This rotation point is somewhat different to that calculated for the last
500,000 years that was found at 13 Km seaward of the coast (Rabineau et al., 2006). This
difference can be explained by the deformation occurring at 1 Ma which uplifts the inner part
of the shelf, this would have prevented deposition of younger strata on the inner shelf and
shifted depocenter 30 km seaward resulting in a pinchout of Quaternary sequences and
erosional surfaces at 13 Km offshore from the coast from this period (1 Ma) to present day.
Position of this rotation point must be further investigated in 3D and compared to onshore

studies.

* [sostasy

Caluclation of Pliocene-Quaternary on the margin showed that subsidence rate reached 250

m/Ma at shelf break. Observation of Miocene strata underneath the messinian erosional



surface however appear to be about planar and parallel to each other in this area. Wells on the
shelf showed that those Upper Miocene deposits are very shallow (Cravatte et al., 1974
describes a brackish to inner shelf environment at both Mistral and Tramontane ; In Autanl
well (which is located much further on the upper slope) paleoenvironments are described as
inner to middle shelf. We therefore think that hose Miocene deposits have been deposited as
horizontal strata. The amount of Pioquaternary subsidence should therefore have tilted them,
which is not what we observe. We therefore think that Miocene strat have been deformed
before the Pliocene-Quaternary which is probably related to an isostatic re-adjustement
related to the Messinian erosional and salinity crisis. This suggestion has been proposed by
many authors (Ryan, 1976 ; Norman & Chase, 1986; Mauffret et al., 2001, Gorini et al., 2005
; Ryan, 2011). The drop of sea-level, the intense erosion on the shelf (over 1.5 twtt amount of
sediments that have been eroded in our areca Bache, 2008, Bache ef al. 2009) must have
generated an isostatic rebound. Our results on Pliocene-Quaternary subsidence therefore also
give, a direct estimate of this isostatic rebound. Miocene strata have been uplifted during the
MSC and then subsided again during the Pliocene-Quaternary. As they are back to horizontal
at present day, the amount of Plioquateranry subsidence equals the amount of uplift during the
crisis (i.e. 1280 m at Km 70). We can therefore approximate the rebound during the crisis
to be about 1.3 Km in this area. This value is of the same order than that evaluated by
Mauffret et al., 2001 who found 1.7 km of uplift in the offshore part of the Albeéres Massif
(i.e. about 20 km south of our estimate near the Pyrenees) which is not fully compensated by
Pliocene-Quaternary subsidence as the landward dipping geometry of the strata on the outer
shelf demonstrate. Considering the duration of the crisis to be 700 000 ka at the most
(CIESM, 2008) we found a rate of more than 1830 m/Ma which shows how rapid vertical

movement can be.

The value we found here is far greater than the values obtained with isostatic modelling by
Govers et al., (2009) in the Gulf of Lion. Govers described both the effect of the dessication
creating an uplift of the margin and the effect of evaporites deposition (creating a load) (see
his figure 9). But this uplift is limited to 300 to 600 m (from 100 Km offshore to present-day
shoreline), furthermore the uplift is partly compensated by subsidence effect of evaporites
deposition. However the model does not take into account the huge amount of erosion on the
shelf (more than 1 km thick, Bache et al., 2009) nor the huge amount of terrigeneous and

evaporitic deposits (over 3 km thick Bache ez al., 2009).

* Meaning of the hinge point between subsidence values at 200 Km relation to deep structure

of the margin.



This study also demonstrated an abrupt change of the subsidence around Km 200 (on ECORS
profile). From 30 Km onshore to this point, the subsidence corresponds to a strong tilt of the
margin (1.44° of tilt since the beginning of salt deposition at 5.6 Ma). This area of strong tilt
on the slope is located in the domain II of highly thinned continental crust just above the T-
reflector described by De Vogt et al., 1991. From Km200 seaward, the subsidence of the
margin is nearly vertical allowing the preservation of the tabular salt. The value of total
subsidence may have reach up to 1070 m/Ma in the center of the Basin. The point at Km 200
falls in the Domain III above the “undetermined crust” between the strongly thinned
continental crust domain II and the oceanic crust domain IV (Bache et al., 2010). Further
studies and modelling will need to investigate the detailed relation between these

observations.

Such high and vertical subsidence rates in the center of the basin allows the deposition of
thick amount of sediments that do not fit classical conservational extensional models as has
been also observed in much older open ocean, like the South Atlantic (Moulin et al., 2005;
Aslanian ef al., 2009) leading to new models for the evolution of margins (Aslanian et al.,

2009 ; Bache et al., 2010).

8. Conclusions

The seismic shows that our studied area subsided regularly without substantial local
deformation nor variations in rates; this enables us to propose a model for the
subsidence with a linear and constant tilt during Plioquateranry. The rate increases with
the distance from the Coast, the rotation point is located 13 Km landward of the coast, it
reaches a rate of 250 m/Ma at 70 km from the coast, for the last 5,3 Ma, i.e. with an
angle of rotation of 0.88° for the last 5 Ma. The same measurement on a larger scale
(Ecors profile) also show an inclined base of salt surface up to Km 200 with an angle of
1.41° for the last 5,6 Ma. From 200 Km seaward there is a break in slope, subsidence is
nearly constant and vertical from this point to the central part of the Provence basin
where it may reach 1070 m/Ma for the last 5.6 Ma. The total subsidence rates are very
high in the Gulf of Lion and allow an extremely detailed record of climate history and
consequences on the sedimentary system (erosion/deposition). This work needs to be
further extended in space and time to provide full 3D description of subsidence history
of the margin. Ideally, IODP drillings on the shelf and in the deep Gulf of Lion would

enable to better constrain this scenario of subsidence quantification.
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Figure Captions

Figure 01 Location of Study Area, Dataset and bathymetry of the Gulf of Lion (modified
from Berné et al, 2002). Red triangles correspond to industrial wells. Blue triangles
correspond to the two PROMESS European boreholes. Big green dots represent the ESP data,
small green dots repsent OBS data on Sardinia profiles. Thick lines (black, green or red)
correspond to seismic lines shown in this paper. The blue thick line represents the end of the
smooth surface (at 1.6 twtt) and the pink thick line represents the limit of salt (from Bache,
2008, Bache et al., 2009)

Figure 02- Definition of Accommodation or relative sea-level

A) Accommodation is a function of Subsidence and Eustatism, it does not depend on
sedimentary fluxes, nor hydrodynamics or autocyclic factors.

Accommodation = Subsidence + Eustatism

Accommodation = Thickness (e) + Bathymetry (b)

B) Example of accommodation variation between tl and t2,

Accommodation in each time step is calculated as the sum of the thickness of sediment +
bathymetry above sediments at ti.

Acco2-Accol=(e2+b2) -(el=bl) = (A Subsi) + (A Eustat)

Variation in Accommodation is positive when new space is created (either by subsidence or
by eustatism (sea-level rise) or both)

In this example subsidence is not varying so variation of accommodation are solely due to
increase in sea-level. On the other hand, resulting geometry does not depend only on
accommodation variations but also on sediment fluxes and hydrodynamic in the basin. In case
B) shown observed geometry implies a high sediment flux between t1 and t2.

C) Calulation of the angle of subsidence

Figure 03-resolution.ai

Seismic Profiles with three different resolution but located at the same place. A) Sparker
profile 1049 from BASARI cruise ; B) Multichannel high resolution profile SMAVHO07 and
C) conventionnal industrial LRM18 (TOTAL) together with their frequency spectrum. The
distance between P1049 and SMAVHO07 is less than 100 m; distance between SMAVH 07
and LRM18 is less than 1 kilometer. Note that the combination of profiles from different

resolution enables to follow and recognise sedimentarystructures on the different scales. For



example here the LGM sandy prism (red dot) clearly imaged on Sparker data (with highly
dipping reflectors) can just be guessed on the LRM line.

Figure 4 Seismic Profile LRM18 in TWTT (s) and interpretation of prograding clinoforms.
Black pins on top show cross-lines, Wells Tramontane (TR) and Rascass (RA) are projected
on the profile. Shelf-Offlap breaks and Slope-toeset breaks and shoreline breaks have been
identified on profile. Key reflectors are labelled and highlighted in colors MES (pink), p11
(green) , ql0 (red), q5(orange) and sea-floor. Location of Figure 3 (Zoom) on this profile is

also shown.

Figure 05 —ECORS

Line drawing of Profile ECORS NW-SE (in seconds TWTT)

(modified from Olivet, 1996 ; Bache, 2008; Bache et al., 2009 ; Bache et al., 2010 ; name of
messinian surfaces adapted from Lofi et al. 2011).

Thick lines represent respectively from deepest to shallowest : base of continental crust (CC),
top of substratum (S), basal messinian erosional surface Dm (in red), base of presumed
evaporites in blue LUl ; base of probable turbidites (LUO), margin messinian erosional

surface (MES in pink), base and top of salt (MU), and sea-floor.

Figure 06- velocity models.ai

A) and B) Interval velocities measured in TRAMONTANE and RASCASSEwells
positionned on dip-profile LRM10 and LRM16 (see location on Figure 1).

Main reflectors have been identified : q5 (435,000 ka) ; q10 (around 1 Ma) ; pliol1 (around
2,7 Ma) and the messinien margin erosional surface MES (5,3 Ma) (in pink) and light green
reflector (Miocene) below the messinian on LRM16 (see age estimates in discussion). Note in
orange on LRMI10, a paleo-canyon cut along its course and sealed by the ql0 erosional
surface.

Note on LRM16, the presence of a Fault that offsets the light green Miocene reflector (from
Bache, 2008).

In green nice clinoforms are developped with topsets, forestes and bottomsets, the last
clinoform of this package is the PlioXX surface. Below the blue surface, reflexions are sub-
plane and correspond to bottomsets of previously deposited clinoforms.

C) 2D evolution of velocites based on wells Tramontane and Rascasse projected on Profile

LRM18 (see Figure 1 for location). Enveloppes for velocity intervals are based on geometries



of deposits as observed on seismic profiles (velocities appeared to change from topsets to
foresets and bottosets). Note also that those limits are not time-lines but related to major
lithology changes. Within enveloppes interval velocities show linear variations and jumps at
interfaces. Note also that extrapolation towards upper-slope is subject to caution as the
evolution of velocities might be very different (in part due to the presence of canyons).

D) Velocity model used for time-depth conversion using Velocities as measured on ESP data
(Pascal et al., 1993) and Sardinia data (Gailler et al., 2009) and interpretation of seismic
profile

Figure 7-LRM18Acco.ai

Seismic Profile LRM18 in depth (m) used for calculation of 1D accommodation and
subsidence at points A et B. Black pins on top show cross-lines, Wells Tramontane and
Rascass are projected on the profile.

Initial accommodation corresponds to early Pliocene stage. Final accommodation
corrresponds to present-day stage. Here we considered that offlap breaks represent the shelf
breaks with a constant paleowater depth approximated to 150 m. Eustatism at initial stage
(early Pliocene) is considered to be between 40 and 70 m (Haq ef al., 1987), we took 50m in
this estimate, eustatism at final stage (present -day) is equal to 0 m. Accomodation has been
estimated by measuring the height of clinoforms (between offlap breaks and toeset breaks)
which corresponds to the minimal space that enables clinoform deposition ; we added to this
value the paleo-water depth of the offlap break (150 m). Accomodation = Eustatism +
Subsidence. The rate of subsidence is calculated using a duration for Plioquateranry of 5.33

Ma (occurring after the Messinian Salinity Crisis).

Figure 8-ApproxTopsets.ai

A) Seismic Profile LRM18 in depth (m) used for calculation of 2D subsidence along the
profile. Black pins on top show cross-lines. Topsets of reflectors pl1 to present day
sea-floor are well approximated to straight lines on the outer part of the shelf (from
Km36 to Km70. Lines are inclined seaward, inclination increases with the age of
reflectors. All lines have a common rotation point which is located 13 km landward of
present-day coast.

B) Inset B) shows the misfit of those lines in the inner part of the shelf. Note around the

blue arrow (at Km 32) how reflectors pliol1 to pliol4 are deformed.

Figure 9-LRM16.a1



A) Zoom on Seismic Profile LRM16 in TWTT (s) and interpretation of Miocene and
Pliocene-Quaternary strata. Wells Tramontane is on the profile. Note the deformation
of pliol1 refelctor and q10 reflector just above a major deeper Fault F1. Interpretation
of Miocene strata slightly modified from Bache, 2008. Another deformation can be
suspected in the landward most part of the profile See position of profile and Faults on
Figure B.

B) Mapping of Major Faults and thickness of Miocene deposits (without messinian
deposits) (in seconds twtt) from Bache, 2008. The thick line represent the position of
Seismic Profile LRM16 shown in A). Major Fault F1 is localised near the Tramontane

well (green dot) on the profile.

Figure 10-Rectot.ai

Seismic Profile LRM18 in depth (m) used for calculation of 2D subsidence along the profile.
Black pins on top show cross-lines. The inner part of the shelf (Km 0 to Km 36) has been
reconstructed to correct the effect of post-depositional deformation (large scale deformation).
In this configuration topsets of reflectors p1 to present day sea-floor are well approximated to
straight lines both on the inner and outer part of the shelf. All lines are inclined seaward, their
inclinations increase with the age of reflectors. All lines have also a common rotation point
which is located 13 km landward of present-day coast. The tilting of the margin from pl to
present day can be measured directly on the profile, it reaches 1280 m at Km 70 from the
coast. Considering that the first clinoform pl can be dated as early Pliocene (just after the
Zanclean reflooding) we estimated its age between 5.3 and 5 Ma. This allows us to calculate a
subsidence rate going from 0 m/Ma at -13 Km landward of the coast to 240-255 m/Ma at Km

70 seaward from the coast (near the upper slope).

Figure 11 — A) ECORS profile converted in depth (using previous velocity law-figure 06).
Dm : discontinuity at the base of Messinian deposits; LUO, LUI : lower unit of messinian age
; MU : mobile unit (salt) ; according to Bache et al., 2009. For a more detailed interpretation
of Miocene and messinian deposits see recently published paper from Bache et al., 2009 ;
Bache et al., 2010. The vertical dashed red line indicates a change in the direction of the
seismic profile. B) Approximation of the messinian surface to the base of salt with a straight
line inclined seaward. The line has a rotation point which is located 22 km landward of

present-day coast.



Figure 12 - RM107

Seismic Profile RM01-107 (Courtesy Melrose Ressources) in TWTT (s) (see location on
figures 1) and interpretation of Pliocene-Quaternary deep-sea fan deposits. Black pins on top
show cross-lines, Well GLP 2 is projected on the profile.

I, II, IIT: Lower, Intermediate and Upper Series, respectively. I-3: channel/levee system 3 of
Series I (1 to n from the oldest to the youngest). Q10 (in red) and Pliol1 (in green) represent
majour erosional boundaries respectiveley between Series I-II and Series II-III. Stratigraphic
interpretation from the shelf correlated to the deep sea suggest ages of 2.7 Ma for Pliol1 and
1 Ma for q10 (see discussion). Thin red lines are local erosional unconformities; pink bodies
are local or regional MTDs.

Differencial subsidence is imaged by the inclinaison of the base of salt deposit (in pink).
Local defomation, pull-downs can be observed below canyons, they are artefact due low
water velocities in canyons compared to adjacent sediments. Note that the general

westernward inclination is also observed in underlying deposits (yellow reflectors).

The rate of subsidence is calculated using a duration for Salt and Plioquateranry of 5.6 Ma (an

age agreed by most authors, see CIESM, 2008).
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Figure 1 Dataset location in th eGulf of Lion . Red triangles correspond to industrial wells. Blue triangles
correspond to the two PROMESS European boreholes. Big green dots represent ESP data (Expanding
Spread Profiles), small green dots repsent OBS data on Sardinia profiles. Thick lines (black, green or red)
correspond to seismic lines shown in this paper. The blue thick line represents the end of the smooth surface
(at 1.6 twtt) and the pink thick line represents the limit of salt (from Bache, 2008, Bache et al., 2009).
Bathymetry of the Gulf of Lion (from Berné et al., 2002)
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Figure 2- Definition of Accommodation or relative sea-level

A) Accommodation is a function of Subsidence and Eustatism, it does not depend

on sedimentary fluxes, nor hydrodynamics or autocyclic factors.

Accommodation = Subsidence + Eustatism

Accommodation =Thickness (e) + Bathymetry (b)

B) Example of accommodation variation between t1 and t2,

Accommodation in each time step is calculated as the sum of the

thickness of sediment + bathymetry above sediments at ti.

Acco2-Accol=(e2+b2) -(e1=b1) = (Delta Subsi) + (Delta Eustat)

Variation in Accommaodation is positive when new space is created (either by subsidence or by eustatism or both)
In this example subsidence is not varying so variation of accommodation are solely due to increase in sea-level.
On the other hand, resulting geometry does not depend only on accommodation variations

but also on sediment fluxes and hydrodynamic in the basin. In case B) the observed geometry

implies a high sediment flux between t1 and t2.

C) Defining a, the angle of subsidence, between t1 and t2 and the rate of subsidence «/ (t2—t1) (°/Ma).
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Figure 3- Seismic Profiles with three differente resolution but located at the same place. A) Sparker profile
1049 from BASARI cruise ; B) Multichannel high resolution profile SMAVHO7 and C) conventionnal
industrial LRM18 (TOTAL) together with their frequencie spectrum. Note that the combination of profiles
Jfrom different resolution enables to follow and recognise sedimentarystructures on the different scales. For
example here the LGM sandy prism (red dot) clearly imaged on Sparker data (with highly dipping reflectors)
can just be guessed on the LRM line.
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Figure 4 Seismic Profile LRM18 in TWTT (s) and interpretation of prograding clinaforms. Black pins on top show cross-lines, Wells Tramontane
(TR) and Rascass (RA) are projected on the profile. Shelf-Offlap breaks and Slope-toeset breaks and shoreline breaks have been identified on profile.
Key reflectors are labelled and highlighted in colors MES (pink), pllI (green) , q10 (red), g5{orange) and sea-floor. Location of Figure 3 (Zoom) on this
profile is also shown.

FIGURE 4 -

60



ESP201 ESP202 ESP203 ESP204 ESP205 ESP206 ESP207
. 1] GP2 ] v [ [ ]
iprojected)
0 20 40 60 80 100 Pfl_l", 120 * 140 160 180 200 220 240 260 280 300

o - . ]
-2

-4

6

-8

-10

-12 -12
-14 14

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Figure 05 - line drawing of Profile ECORS NW-SE (in seconds TWTT)

(modified from Olivet, 1996 ; Bache, 2008; Bache et al., 2009 ; Bache et al., 2010 name of messinian surfaces adapted from Lofi et al. 2011).
Thick lines represent respectively from deepest to shallowest : base of continental crust (CC), top of substratum (S),

basal messinian erosional surface Dm (in red), base of presumed evaporites in blue LU1 ; base of probable turbidites (LUO),

margin messinian erosional surface (MES in pink), base and top of salt (MU), and sea-floor.
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Figure 6-Velocity models
A) and B) Interval velocities measured in TRAMONTANE and RASCASSE; wells positionned on dip-profile LRM10 and
LRM16 (see location on Figure 1).
Main reflectors have been identified : D30 (434,000 ka) ; q10 (around 1 Ma) ; plioll (around 2,7 Ma) and the messinien
margin erosional surface MES (5,3 Ma) (in pink) and light green reflector (Miocene) below the messinian on LRM16 (see
age estimates in discussion). Note in orange on LRM10, a paleo-canyon cut along its course and sealed by the q10 erosional
surface.
Note on LRM 16, the presence of a Fault that offsets the light green Miocene reflector (from Bache, 2008).
In green nice clinoforms are developped with topsets, forestes and bottomsets, the last clinoform of this package is the
PlioXX surface. Below the blue surface, reflexions are sub-plane and correspond to bottomsets of previously deposited
clinoforms.
C) 2D evolution of velocites based on wells Tramontane and Rascasse projected on Profile LRMI1S8 (see Figure 1
Jor location). Enveloppes for velocity intervals are based on geometries of deposits as observed on seismic
profiles (velocities appeared to change from topsets to foresets and bottosets). Note also that those limits are not
time-lines but related to major lithology changes. Within enveloppes interval velocities show linear variations and
Jumps at interfaces. Note also that extrapolation towards upper-slope is subject to caution as the evolution of
velocities might be very different (in part due to the presence of canyons).
D) Velocity model used for time-depth conversion using Velocities as measured on ESP data (Pascal et al., 1993) and
Sardinia data (Gailler et al., 2009)
and interpretation of seismic profile
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Figure 7- Seismic Profile LRM18 in depth (m) used for calculation of 1D accommodation and subsidence at points A et B. Black pins on top show
cross-lines, Wells Tramontane and Rascass are projected on the profile.

Initial acc lation corresponds to early Pliocene stage. Final accommodation corrresponds to present-day stage. Here we considered that offlap
breaks represent the shelf breaks with a constant paleowater depth approxi [ to 150 m. Eustatism at initial stage (early Pliocene) is considered to
be betwween 40 and 70 m (Shackleton et Opd\;\c 1977 ; Hag et al., 1987), here we used 50 m; eustatism at final stage (present -day) is equal to 0 m.
Accomodation has been estimated by measuring the height of clinoforms (between offlap breaks and roeset breaks) which corresponds to the minimal
space that enables clinoform deposition ; we added to this value the paleo-water depth of the offlap break (150 m). Acc d
Subsidence. The rate of subsidence is calculated using a duration for Plioguateranry of 5.33 Ma (occurring after the Messinian Salinity Crisis).
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Figure 8 A) Seismic Profile LRM18 in depth (m) used for calculation of 2D subsidence along the profile. Black pins on top show cross-lines. Topsets of
reflectors pll to present day sea-floor are well approximated to straight lines on the outer part of the shelf {from Km36 1o Km70. Lines are inclined seaward,
inclination increases with the age of reflectors. All lines have a commeon rotation point which is located 13 km landward of present-day coast. Inset B) shows the
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the shelf) as well as 10 but to a lesser extent.
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Figure 9 A) Zoom on Seismic Profile LRM16 in TWTT (s) and interpretation of Miocene and
Plioquaternary strata. Wells Tramontane is on the profile. Note the deformation of plioll refelctor and q10
reflector just above a major deeper Fault F1. Interpretation of Miocene strata slightly modified from Bache,
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and Faults on Figure B. B) Mapping of Major Faults and depth of Substratum (in seconds twtt) from
Bache, 2008. The thick line represent the position of Seismic Profile LRM16 shown in A). Major Fault
F1 is localised near the Tramontane well (green dot) on the profile.
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Figure 10 Seismic Profile LRM18 in depth (m) used for calculation of 2D subsidence along the profile. Black pins on top show cross-lines. The inner part of
the shelf (Km 0 1o Km 36) has been reconstructed 1o correct the effect of post-depositional deformation (large scale deformation). In this configuration
topsets of reflectors pl to present day sea-floor are well approximated to straight lines both on the inner and outer part of the shelf. All lines are inclined
seaward, their inclinations increase with the age of reflectors. All lines have also a common rotation point which is located 13 km landward of present-day
coast. The tilting of the margin from pl to present day can be measured directly on the profile, it reaches 1430 - 150 =1280 m at Km 70 from the coast.
Considering that the first clinoform pl can be dated as early Pliocene (just after the Zanclean reflooding) we estimated its age between 5.3 and 5 Ma. This
allows us to calculate a subsidence rate going from 0 m/Ma at -13 Km landward of the coast to 240-255 m/Ma at Km 70 seaward from the coast (near the
upper slope) or an angleof 0,88° (see figure 2).
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Figure 11- A) ECORS profile converted in depth (using previous velocity law-figure 06). Dm : discontinuity at the base of Messinian deposits;

LU0, LU1 : lower unit of messinian age ; MU : mobile unit (salt) ; according to Bache et al., 2009, CC : Continental Crust. For a more detailed interpretation of Miocene
and messinian deposits see recently published paper from Bache et al., 2009 ; Bache et al., 2010. The vertical dashed red line indicates a change in the direction of
the seismic profile.

B) Approximation of the messinian surface to the base of salt with a straight line inclined seaward.
The line has a rotation point which is located 22 km landward of present-day coast.
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Figure 12

Seismic Profile RM01-107 (Courtesy Melrose) in TWTT (s) (see location on figures 1) and interpretation of Plioquaternary deep-sea fan deposits.
Black pins on top show cross-lines, Well GLP 2 is projected on the profile.

I 11, H1: Lower, Intermediate and Upper Series, respectively. I-3: channelllevee system 3 of Series I (1 to n from the oldest to the youngest). q10 (in red)
and plioll (in green) represent majour erosional boundaries respectiveley between Series I-II and Series H-111. Stratigraphic interpretation from the
shelf correlated to the deep sea suggest ages of 2.7 Ma for Plioll and 1 Ma for 10 (see discussion). Thin red lines are local erosional unconformities;
pink bodies are local or regional MTDs.

Differencial subsidence is imaged by the inclinaison of the base of salt deposit (in pink). Local defomation, pull-downs can be observed below canyons,
they are artefact due low water velocities in canvons compared to adjacent sediments . Note that the general westernward inclination is also observed
in underlying deposits (vellow reflectors).

The rate of subsidence is calculated using a duration for Salt and Plioguateranry of 5.6 Ma (an age agreed by most authors, see CIESM, 2008).
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1. Abstract

The Messinian Salinity Crisis is well-known to have resulted from a significant drop of the
Mediterranean Sea level after its isolation from the world ocean at the end of the Miocene.
This outstanding event has been intensely studied within the Mediterranean basins however
new offshore observations from central basins have been collected to better constrain
conceptual scenarios and numerical models. In this study, we review geological markers of
the Messinian Salinity Crisis in the Gulf of Lions and show that detrital prisms deposited
prior to the central evaporites, the precipitation of which occurred in a context of sea-level
rise. These results highlight three steps for the evolution of the central Mediterranean basins
during the peak of the Messinian Salinity Crisis. The first step immediately follows the major
and fast sea-level drawdown and corresponds to a transfer of clastics from eroded margins to
central basins. The second step corresponds to the deposition of thick central evaporites and
pro parte contemporaneous wave abrasion during a slow landward migration of the shoreline.
The third step is the catastrophic instantaneous reflooding of the Mediterranean. A numerical
simulation of the Messinian evaporite precipitation shows that this scenario can be modelled
assuming a value of evaporation minus precipitation when the basin was dried up higher than

today.

Keywords: Messinian, Mediterranean, Erosion, Evaporites.

2. Introduction

The largest known sea-level fall on the Earth occurred as a result of the isolation of the
Mediterranean Sea from the world ocean at the end of the Miocene. This isolation, associated
with a significant evaporation rate led to the deposition of a thick series of evaporites in the

central Mediterranean basins (Hsti et al., 1973) and intense subaerial erosion at its periphery
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(Barber, 1981; Barr and Walker, 1973; Chumakov, 1973; Clauzon, 1973, 1978, 1982;
Denizot, 1952; Ryan and Cita, 1978; Savoye and Piper, 1991). This event was the paroxysm
of the Messinian Salinity Crisis (MSC). The well-accepted “desiccated, deep basin” model
(Cita, 1973; Hsii, 1972; Hsi et al., 1973; Ryan, 1973) is based on a demonstrated deep
Mediterranean Sea (over 1500 m) at the onset of its desiccation phase. In the 1990s, the
peripheral Mediterranean basins, easily accessible to field studies, were used to constrain the
timing of the MSC (Gautier et al., 1994; Hilgen and Langereis, 1993; Krijgsman et al., 1999;
Lourens et al., 2004; Van Couvering et al., 2000). These advances have resulted in several
new conceptual scenarios, mostly derived from the initial “desiccated, deep basin” model.
Two groups of conceptual scenarios are usually referred to (Fig. 1): one that favours a
synchronous deposition (at 5.96 Ma) of the first evaporites in all the Mediterranean basins
before the huge sea-level fall (Krijgsman et al., 1999; Rouchy and Caruso, 2006), and the
second that favours a diachronous deposition of the evaporites through two phases of
desiccation (Butler et al., 1995; Butler et al., 1999; Clauzon et al., 1996; Riding et al., 1998).
According to the second scenario, peripheral basins experienced deposition of evaporites (at
5.96 Ma) before the onset of a major sea-level fall and erosion and central basins experienced
deposition of evaporites only after the onset of the sea-level fall. The peak of the MSC is the
phase that begins with the huge sea-level fall and that ends with the catastrophic marine
reflooding (phase 2 on figures). There is a large agreement on the age of the beginning of this
paroxysm phase (5.60 Ma; CIESM, 2008), but its duration is still debated (70 kyrs: Krijgsman
et al., 1999; ca. 140 kyrs: Bache et al., 2012; Butler et al., 1995; ca. 270 kyrs: CIESM, 2008)
as also the age of its end (5.46: Bache et al., 2012; 5.332: CIESM, 2008; Krijgsman et al.,
1999). Anyway, its brevity, together with the magnitude of the associated sea-level variation
(Clauzon, 1982; Savoye and Piper, 1991), make this event quite unique in terms of

depositional processes.
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Despite the fact that the history of the peripheral basins is reconstructed in a satisfactory way,
the relationship with that of the central basins is still unclear because the geophysical
investigation of the central basins is often incompletely worked. Several aspects of the peak
of the MSC have been undertaken using numerical models, in particular the huge sea-level
fall and the following reflooding (Blanc, 2000; Blanc, 2006; Garcia-Castellanos et al., 2009;
Govers, 2009; Govers et al., 2009; Krijgsman and Meijer, 2008; Meijer and Krijgsman, 2005;
Ryan, 2008). Here, in order to clarify the succession of events which have affected the
Mediterranean central basins, we re-visit the geological markers of the MSC in the Gulf of
Lions showing the marginal transition to the Provence central Basin (Fig. 2) and we
particularly study in detail the relationships between the subaerial erosional surface and the
central evaporites. New constraints for conceptual scenarios of the MSC are provided and

submitted to a first test with a numerical model.

3. Data and method

The Gulf of Lions (Fig. 2) is weakly deformed by Pliocene and Quaternary tectonics and
characterised by a relatively high subsidence rate which has continuously created
accommodation space (Bache et al., 2010; Bessis, 1986; Burrus, 1989; Rabineau et al., 2005;
Steckler and Watts, 1980). This configuration, together with the availability of a large set of
seismic reflection data (Fig. 2), has permitted accurate descriptions of the relationships
between the Messinian halite and the sedimentary units of the Gulf of Lions margin (Bache,
2008; Bache et al., 2009; Gorini, 1993; Lofi et al., 2005). In this study, conventional and
high-resolution seismic reflection data are interpreted using the principles of seismic
stratigraphy (Vail et al., 1977). We identify seismic units using configurations of seismic
reflectors including reflector continuity and termination. The extensive coverage of seismic

data enabled an integrated seismic stratigraphy to be developed. Interpretation and correlation
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of seismic reflectors have been assisted by biostratigraphic and lithostratigraphic data from
eleven wells that sampled Miocene and younger sedimentary cover. Seismic two-way travel-

time (TWT) has generally been tied to formation tops in wells using sonic logs.

4. Observations in the Gulf of Lions

4.1. Key surfaces and seismic units previously defined

Several sedimentary and erosional features related to the MSC have been previously observed
in the Gulf of Lions. From the shelf to the deep basin, four key elements provide crucial
information for constraining the interpretation of the MSC (Figs. 2 and 3).

(1) The Messinian Erosional Surface (MES) corresponds to the subaerial morphology
preserved at the end of the MSC, just before the catastrophic reflooding of the Mediterranean
(Bache et al., 2012). This surface has been used to estimate the maximum (>1500 m) sea-level
fall (Clauzon, 1982). However, the seaward extension of this subaerial morphology has been
smoothed by a transgressive ravinement surface (Bache et al., 2009) that does not allow to
precisely locate the shore corresponding to the lowest sea level. The MES deeply eroded older
deposits (Miocene shelf). Previous estimates indicate that more than 10,000 km® have been
eroded from both the Rhone Valley and shelf of the Gulf of Lions (Bache et al., 2009). This
represents twice the Storegga slide volume or three times the Mount Everest volume that has
fed the central basin by the momentary subaerial exposure of only a small part of the
Mediterranean periphery. The total amount of eroded volumes around the Mediterranean has
yet to be evaluated in order to constrain mass variations and resulting regional isostatic
response of the crust (Norman and Chase, 1986).

(2) Detrital prisms (Dm) have been identified at the outlet of the Messinian drainage systems
in the distal part of the Gulf of Lions (Bache et al., 2009; Lofi et al., 2005). These units are

sandwiched between the prograding pre-Messinian Crisis shelf and overlying Pliocene
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sediments. The lower part of these prisms extends toward the basin beneath the earliest
central evaporites, and the upper part is contemporaneous with deposition of the central
evaporites (Bache et al., 2009). Two conflicting interpretations of the lower part have been
proposed. The first interpretation attributes these detrital prisms to submarine erosion forced
by pre-Messinian sea-level falls (Lofi and Berné, 2008). The second interpretation attributes
the same deposits to the subaerial erosion of the Gulf of Lions shelf during the Messinian sea-
level drawdown (Bache et al., 2009).

(3) The evaporite series of the Western Mediterranean central basin is usually divided into
“lower evaporites”, “halite” and “upper evaporites”. In the Provence Basin, the first evaporitic
unit (LU1), previously considered about 500-600 m thick (Lofi et al., 2005; Montadert et al.,
1978), has been recently revaluated at about 1500 m thick using more recent and dense
seismic reflection and refraction data (Bache et al., 2009). The total thickness of evaporites
(lower unit LU1, halite MU, upper unit UU) in the Western Mediterranean Basin is therefore
estimated to be on the order of 3 km. This reappraisal has significant consequences for
numerical models which typically use a total evaporite thickness of around 1500 m (Blanc,
2006; Govers, 2009; Govers et al., 2009; Meijer and Krijgsman, 2005) in the Western
Mediterranean.

(4) A transgressive ravinement surface (TRS) truncates detrital prisms in the region extending
from the evaporite domain to the shelf where the MES is observed (Bache et al., 2009; Bache
et al., 2012). The boundary between this surface and the MES has been interpreted as a
paleoshoreline and clearly highlights a two-step reflooding process (Bache et al., 2009; Bache
et al., 2012). We consider that the first step of reflooding (step I in Bache et al., 2012) was
sufficiently slow to allow wave abrasion and reshaping of previous topography (by the TRS).
The second step (step 11 in Bache et al., 2012) was so rapid that the MES has been preserved

from wave erosion in the landward part of the shelf. The preserved shoreline at the above
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mentioned point just before the catastrophic reflooding represents a new reference for all
studies of the MSC. The initial position of this paleoshoreline has been estimated between
600 m and 900 m below the present sea level (Bache et al., 2012) by subtracting the Pliocene
and Quaternary subsidence from its present-day position. The rapid increase in water depth
during the catastrophic reflooding was thus between 600 and 900 m. This reappraisal provides
new information for numerical models that until now have commonly used a minimum value
of 1000 m for the catastrophic reflooding (Blanc, 2006; Garcia-Castellanos et al., 2009; Loget

and Van Den Driessche, 2006; Loget et al., 2005).

4.2.  New observations

The transition between Pre-Messinian Crisis deposits and Messinian evaporites and the
transition between evaporites and the TRS have been accurately examined in order to better
constrain the beginning and the end of the peak of the MSC.
4.2.1. Pre-salt seismic units

Clinoforms dipping steeply basinward (Dm) fill two major incisions located at the outlet of
the Messinian fluvial network (Figs. 2 and 3). These prisms have been sampled by GLP2 and
Autan 1 wells where an undifferentiated Burdigalian to Tortonian age has been proposed
(Brun et al., 1984; Cravatte et al., 1974; Guennoc et al., 2000). However foraminifer
assemblages poor in stratigraphic markers from these wells do not allow to reject a Messinian
age for Dm unit. The seismic unit located beneath Dm prisms is characterised by parallel
reflectors in the Gulf of Lions shelf area and by sigmoidal progradations toward the basin
(Fig. 4). Five reflectors (Mil to MiS5) are observed within this unit and analysed by wells,
giving age constraints for Dm prisms. The youngest reflector preserved from Messinian
erosion (Mi5) intersects three wells at the exact position of an obvious sedimentary boundary

(in Mistral 1) or above it (in Tramontane 1 and Calmar 1) (Fig. 5). In Tramontane 1 and
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Mistral 1 this boundary, respectively located at 1540 and 1675 m depth, corresponds to a
transition from marine to littoral conditions (Fig. 5; Cravatte et al., 1974). The sediments
overlying this boundary and located below the base of Dm are dated in these wells from
Middle to Upper Miocene (Cravatte et al., 1974). In Calmar 1, the boundary is located at 1400
m and has been ascribed to the Serravallian/Tortonian transition (Fig. 5; Guennoc et al.,

2000), leading to a younger age for the deposition of Dm prisms.

4.2.2. Transgressive evaporites

The TRS identified in the Gulf of Lions highlights the existence of a slow landward migration
of the shoreline before the catastrophic reflooding of the Mediterranean (Bache et al., 2009;
Bache et al., 2012). Seismic units onlapping this surface were not clearly identified due to the
unclear seaward extent of this surface and the lack of seismic data to accurately observe this
transition. First interpretations assumed that only the Upper Evaporites (UU) and 52 m of
sandstones drilled in GLP2 well between 3437 and 3385 m (Brun et al., 1984) were deposited
during this transgressive step (Bache et al., 2009; Bache et al., 2012). The sandstone unit
contains a clayey level at 3426.70 m depth which provided a calcareous nannoflora with
Amaurolithus primus and A. tricorniculatus (Fig. 7; Brun et al., 1984), that can be precisely
dated between 5.54 and 5.35 Ma (Di Stefano and Sturiale, 2010; Raffi et al., 2006), i.e. in
agreement with chronology of the reflooding proposed by Bache et al. (2012) (Fig. 8).

The TGS-NOPEC seismic line (Fig. 6) acquired in the Gulf of Lions in 2001 allows us to
refine our interpretation of the transition from the TRS to the evaporite units. The TRS is
characterised by its smooth aspect, the erosional truncation of the underlying series and by the
onlap termination of the overlying series (Fig. 7). Thickness map of the seismic unit
immediately above the TRS (Fig. 9) confirms its onlap configuration seaward of the

paleoshoreline preserved just before the catastrophic reflooding. Toward the basin the base of
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this seismic unit can be followed within the upper part of LU1 and its top corresponds to the
top of UU. This configuration means that the upper part of LU1 and the overlying MU and
UU units were deposited in a transgressive context, during the landward migration of the
shoreline that led to the formation of the TRS. An heterogenous evaporitic body (thick of 266
m) has been drilled in GLP2 well between 3703 and 3437 m depth (Fig. 7; Brun et al., 1984).
It is made of an alternation of halite, clays and anhydrite. The Messinian age of these
evaporites is supported by the occurrence of Amaurolithus tricorniculatus in the overlying
unit and attested by that of Globigerina nepenthes at 3508.70 m depth (Brun et al., 1984).
This interval probably corresponds to the seismic facies mapped above the TRS (Figs. 7 and
9). In addition the clays sandwiched between the evaporitic bodies are characterized by 80%
of planktonic foraminifers (at 3508.70 m from a side well core; Fig. 7), that is consistent with

their deposition in a context of sea-level rise (Brun et al., 1984).

5. Scenario of the peak of the Messinian Salinity Crisis

These new observations lead to subdivide the peak of the MSC (phase 2) into three distinct
steps including instantaneous events at the geological scale (Figs. 8, 10 and 11): (i) the sea
level drop at 5.60 Ma which followed the high sea-level episode of Lago Mare 1, (ii) a slow
rise in sea level at the origin of the TRS, and (iii) the very fast catastrophic marine reflooding
at 5.46 Ma which caused the high sea-level episode of Lago Mare 3 (Clauzon et al., 2005;
Bache et al., 2012). Lago Mare 2 is still an imperfectly explained episode of unknown
duration, which only concerned the central basins (Clauzon et al., 2005; Fig. 6).

5.1. Step I, sea level drop. subaerial erosion and detrital deposition

The lower part of Dm prisms and its distal counterpart have been interpreted as deposited
before the initiation of the Messinian drawdown dated at 5.60 Ma, i.e. during the Middle-

Upper Miocene (Lofi and Berné, 2008), maybe at the Serravallian/Tortonian transition



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

characterised by the most pronounced global drawdown prior to the Messinian (Haq et al.,
1987). Arguments for this interpretation are the identification of five successive generations
of submarine canyons at the base and within the seismic unit that contains the prisms and
aggradational geometry of the topsets beds observed within one of the interpreted canyons,
which appeared to Lofi ef al. (2008) as hardly compatible with the major Messinian lowering
phase.

An alternative interpretation links Dm prisms with the MES (i.e. the major Messinian
drawdown) (Bache et al., 2009). This interpretation is supported by the position of the prisms
at the outlet of the Messinian subaerial erosional network, the consistency between the
volume of sediments eroded by the MES and the volume of Dm prisms and the magnitude of
sea-level fall necessary to produce the erosional surface identified at the base of the prisms
(Bache et al., 2009). Our observations provide further arguments to support this interpretation.
The younger reflector identified on the Gulf of Lions shelf (Mi5) beneath the base of Dm unit
has been dated at around the Serravallian/Tortonian transition (Fig. 5). Description of the
interval that includes this reflector in boreholes and of a Serravallian/Tortonian fluvial
incision in the Rhone Valley (Besson et al., 2005) are consistent with a global sea-level fall at
the Serravallian/Tortonian transition (Haq et al., 1987). It means that Dm prisms have been
deposited after and independently of the Serravallian/Tortonian sea-level fall. The lower part
of Dm prisms extends within the basin deep beneath the halite (MU) and just beneath LU,
which has been interpreted as the first evaporite unit (Lower Evaporites) deposited in the
Provence Basin (Bache et al., 2009). It suggests that the main Messinian sea-level drawdown
responsible of the formation of the MES (step I) occurred before the main phase of evaporite
precipitation (step II). The existence of submarine canyons within Dm units is not in

contradiction with a Messinian regressive environment. These canyons could have been

10
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formed in a very short time at the beginning of the Messinian drawdown, when the shelf was
already exposed to subaerial erosion but before the almost complete desiccation of the basin.
Further observations support a deposition of Messinian evaporites in the Provence Basin after
the main Messinian sea-level drawdown. The MES is commonly described as extending
below the salt (MU) in the Gulf of Lions (Clauzon et al., 1996; Lofi et al., 2005). Lofi ef al.
(2005) suggested that the MES could also be traced at the base of the Lower Evaporites (LU1)
based on the onlap termination of their seismic reflectors. Our observations highlight that the
most significant erosion in the basin is located at the base of Dm prisms (Fig. 3). Erosional
surfaces have been observed within the evaporitic units (LU1-MU-UU) but of lesser
significance, suggesting that a huge sea-level drawdown after a first stage of evaporite
deposition under a significant water column is unlikely.

An Upper Miocene tectonic phase has also been highlighted in the western part of the Gulf of
Lions (Mauffret et al., 2001). Lofi ef al. (2008) suggested that this episode, probably
accompanied by an increase of clastic sediment supply, is a possible origin for the formation
and subsequent filling of the submarine canyons observed within Dm prisms. In order to
decipher the tectonic and eustatic origin of theses canyons, the same authors suggested
looking for the existence of submarine canyons on the eastern Gulf of Lions which was not
affected by Upper Miocene tectonics. The identification of Dm prisms and of their basal
incision in the eastern part of the Gulf of Lions (Fig. 3; see also Bache et al, 2009) allows to
discard such a tectonic hypothesis.

Observation of clastic deposits beneath the central evaporites in the Gulf of Lions provides
new perspectives for the interpretation of pre-evaporites deposits elsewhere in the
Mediterranean. Dives have been performed offshore the region of Nice where a Messinian
low sea-level detritic cone has been described by Savoye and Piper (1991) who did not

provide clear relationships between detritals and the central evaporites. The clastics are
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constituted by rounded pebbles with buff-coloured sandstones suggesting a subaerial
deposition (Savoye and Piper, 1991). Clastic deposits related to the MES and
contemporaneous with central evaporites have been identified on the Sardinian (Sage et al.,
2005), Valencia (Maillard et al., 2006) and Ligurian (Obone-Zue-Obame et al., 2011)
margins. Unlike the Gulf of Lions, seismic data used for these studies did not allow to
interpret seismic units beneath the evaporites. Even if terrigenous input was probably higher
in the Gulf of Lions due to the strong fluvial network dominated by the powerful Rhone
River, detrital deposits linked with the MES beneath the central evaporites near these margins
cannot be excluded.

Thick clastic deposits within a channelled system are overlain by the Messinian evaporites
offshore Cyprus according to Montadert et al. (in press) who refer them to the Nile input
during the Mediterranean desiccation. In the Levantine Basin, identical relationships between
clastic deposits and Messinian evaporites were identified offshore Israel by Bertoni and
Cartwright (2007). The similarity of the events which affected the Western and Eastern
Mediterranean basins is thus suggested, starting by the desiccation phase at the origin of the
MES and thick clastic deposits (step 1) followed by evaporite deposition (step II).

The sea level drop is generally accepted to have been very fast, ca. 1500 yrs (Benson et al.,
1991) but the duration of the clastic deposition episode cannot be estimated. Accordingly, the

age of the upper limit of the detrital deposition episode on Figure 7 is fully speculative.

5.2, Step I, onset of the reflooding: evaporite deposition and marine

abrasion

The large amount of salt precipitated during the MSC requires the evaporation of about 8
times the volume of the Mediterranean and thus continuous water inputs from oceans to the

Mediterranean during the precipitation stage (Benson et al., 1991; Blanc, 2006; Hsii et al.,
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1977; Ryan, 2009). To explain this crucial point, precipitation in all the basins (peripheral and
central) before the huge Messinian sea-level fall and before the total isolation of the
Mediterranean (Krijgsman et al., 1999) is often referred to and quite easy to reproduce with
numerical modelling (Blanc, 2006; Garcia-Castellanos and Villasenor, 2011; Meijer and
Krijgsman, 2005; Ryan, 2008). However sedimentary geometries in the central Mediterranean
basins do not support this hypothesis, which would imply erosion and detritic deposits after
the deposition of thick evaporites.

Our observations show a significant detrital phase (step I) followed by evaporite precipitation
(step II). The age of the detrital episode deduced from the relationship between the MES and
central basin evaporites and the relationship between evaporitic sequences and the TRS
identified in the Gulf of Lions suggests that a significant part of the evaporites (upper part of
LU1, MU and UU) has been deposited after the main Messinian drawdown and during a
transgressive episode (step II), which occurred before the catastrophic reflooding of the
Mediterranean (step III). Therefore, precipitation of the lower part of LU1 during the massive
drawdown cannot be excluded. Similar conclusions can be assumed for the Eastern
Mediterranean because of the location of the Messinian evaporites above the clastic deposits
(Bertoni and Cartwright, 2007; Montadert et al., in press).

Duration of deposition of central evaporites is currently impossible to predict. The authors
agree for a very fast process for halite and potash salt deposition (for example, 50 kyrs, even
less, are suggested for the Sicilian halite, thick of about 700-800 m if undeformed; Bertini et
al., 1998; CIESM, 2008).

A landward migration of the shoreline (step II) implies an increase of accommodation space
for sedimentation. This process can be explained by (i) subsidence, (ii) by a rise of the
Mediterranean sea-level or (iii) by a combination of both. Transfer of sediment from the

eroded margins to the basin accompanied by a high precipitation rate of evaporites can
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generate subsidence in the central basins. However the observation of transgressive
ravinement surfaces in the Valencia Trough (Garcia et al., 2011) and possibly in the Alboran
margin (Estrada et al., 2011) as well as the necessity of water inputs from oceans to
precipitate evaporites suggest a combination of subsidence and increase of the Mediterranean
sea-level (Bache et al., 2012). This context coupled with a high evaporation rate was
favorable to precipitate thick evaporites at the centre of the Mediterranean after the major
Messinian drawdown dated at 5.60 Ma (Butler et al., 1995; Butler et al., 1999; CIESM, 2008;
Clauzon et al., 1996; Riding et al., 1998) and before the catastrophic reflooding of the
Mediterranean at 5.46 Ma (Bache et al., 2012), followed by a continuing sea-level rise well-
documented at 5.332 Ma (Hilgen and Langereis, 1993; Lourens et al., 2004; Van Couvering et
al., 2000).

Here, we assume sufficient water inputs from ocean after the Messinian drawdown and before
the catastrophic reflooding. Recent numerical models suggest that such water input is
insufficient or unlikely to occur after the closure of the Rifian Corridor (Blanc, 2002; Garcia-
Castellanos et al., 2009; Govers, 2009; Govers et al., 2009). The numerous uncertainties on
models constraints (erodibility, uplift rate, climate data...) and the lack of alternative
conceptual scenarios consistent with our observations do not allow to discard our
assumptions. Loget et al. (2005) have shown that intense regressive erosion developed
inevitably in the Gibraltar area after the Messinian drawdown. It should be a likely process to
explain a continuous input of marine waters necessary to precipitate enough evaporites in the
desiccated Mediterranean Basin.

In the Eastern Mediterranean, wave ravinement surfaces comparable to the TRS observed in
the Gulf of Lions have been observed off the Nile Delta in the interfluves bordering the Abu
Madi canyon, where it contrasts sharply with the lowermost part of the canyon fill (Dalla et

al., 1997). A series of flat ravinement surfaces have also been identified in the Levantine
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Basin and ascribed to wave erosion (Bertoni and Cartwright, 2006). Our interpretation of the
TRS in the Gulf of Lions (and Western Mediterranean) provides good perspectives to discuss
the occurrence of step II in Eastern Mediterranean and to compare the evolution of these two

parts of the Mediterranean during the peak of the MSC.

5.3.  Step I, instantaneous catastrophic reflooding: prograding Gilbert-

type fan deltas and completed inundation

In several places in the Mediterranean Basin, it has been observed that the post-Crisis marine
reflooding preceded the Zanclean GSSP (Calabria: (Cavazza and DeCelles, 1998);
Dardanelles Strait: (Melinte-Dobrinescu et al., 2009); Sicily: (Londeix et al., 2007); Apennine
Foredeep: (Popescu et al., 2007)). Indeed, this extremely fast reflooding has been dated at
5.46 Ma (Bache et al., 2012), i.e. about 128 kyrs before the Zanclean GSSP corresponding to
the base of the Trubi Formation in Sicily dated at 5.332 Ma (Lourens et al., 2004; Van
Couvering et al., 2000). The excessively brief duration of this episode [comprised between <2
yrs (Garcia-Castellanos et al., 2009) and ca. 36 yrs (Blanc, 2002)] is attested by prograding
sediments within the fluvial valleys (suddenly transformed into marine rias): debris flows
with large blocks stopped just at the front of subaerial - submarine deposits, overlain by
conglomeratic to sandy foreset beds of Gilbert-type fan deltas (Bache et al., 2012). Then, the
continuing sea-level rise in the Mediterranean is illustrated at 5.332 Ma by the Trubi deposits
onlapping the fanglomerate deposits in Calabria (Cavazza and DeCelles, 1998) and the
Arenazzolo Unit in Sicily (Bache et al., 2012; Popescu et al., 2009), and the Argille Azzurre
Formation onlapping the Colombacci Formation in the Apennine Foredeep (Bache et al.,
2012; Popescu et al., 2007). Later, continuing sea-level rise is indicated by some marine
incursion(s) into the sedimentary filled and emerged rias (e.g.: Roussillon Basin at Trouillas:

(Suc, 1976); Var area at Saint-Isidore: (Clauzon et al., 1990); Nijar Basin at Gafares: (Bassetti
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et al., 2006)). Cavazza and DeCelles (1998) proposed to refer this “additional sea-level rise”
to the isostatic readjustment resulting from the Mediterranean Basin reflooding. The time-
interval which separates the catastrophic reflooding in Sicily evidenced at the base of the
Arenazzolo Unit (estimated at 5.460 Ma; Bache et al., 2012) from the base of the Trubi
Formation (dated at 5.332 Ma; Van Couvering et al., 2000; Lourens et al., 2004), 128 kyrs, is
too long to be ascribed to the isostatic downlift which should be of the order of about ten
thousand years only if we refer to the relatively low amplitude sea-level rise of the Holocene
(Lambeck and Bard, 2000). Bache et al. (2012) preferred to consider the continuing global
sea level rise after the catastrophic reflooding to explain the wider inundation observed after

5.332 Ma around the Mediterranean.

6. Test by numerical modelling

In order to discuss the relevancy of the proposed scenario, several numerical experiments
have been performed. The aim of these numerical experiments is to test if the scenario is
reliable taking into account realistic hydro-climatic conditions. The results are not used to
support the scenario, but to illustrate the consistency of our interpretation of the geological
observations.

The tested numerical model allows to estimate a water and a salinity budget of the Western
Mediterranean Basin. As a complementary interest, it allows to predict the level of the
Mediterranean Sea and the evaporite thickness in the Western central Basin, an output that
can be compared with data. The method to perform such a numerical experiment is already
indicated in several studies (Blanc, 2000; Blanc, 2006; Gargani et al., 2008; Gargani and
Rigollet, 2007; Meijer, 2006; Meijer and Krijgsman, 2005) and details are also reported in the
supplementary material. Basically, the quantitative influence of the Atlantic sea-water inflow,

river discharge and rainfall is taken into account and counterbalanced by the rate of water
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evaporation. The relevant factors controlling the water budget are the climatic conditions
(precipitation, evaporation, and the resulting river discharge) and the context of the
Atlantic/Mediterranean connection (sea-water inflow). In this simple model, the mechanism
that reduces/increases the input of Atlantic waters (tectonic uplift or relaxation, erosion of the
paleo-sill, isostatic rebound, global sea-level variations) and the modified regional and global
climatic contexts are not considered.

On the other hand, several constraints have been considered in the numerical experiments
such as our age model, the proposed steps of the peak of the MSC and the corresponding
estimates of the Mediterranean sea level (see previous section; Bache et al., 2012). Indeed, the
input data (precipitation, evaporation, river discharge, Atlantic sea-water inflow) of the
numerical model have been chosen in order to fit the geological observations presented above
and their interpretation (a 1500 m sea-level drawdown at 5.60 Ma; deposition of the thick
evaporite body starting after the sea-level fall and during a slow sea-level rise from -1500 m
to -900/-600 m depth until 5.46 Ma; a catastrophic instantaneous reflooding at 5.46 Ma). The
numerical experiment (Fig. 12) shows that it is possible to obtain a significant quantity of
evaporites (>2000 m in thickness) in accordance with the seismic data when considering a
value of E-P at the time of the drop of sea level of 1.75 m’>/m%/yr and a river discharge of

7500 m®/s.

7. Discussion

The data from the Gulf of Lions presented in this paper and their interpretation, consistent
with the interpretation of similar data from the Eastern Mediterranean (Bertoni and
Cartwright, 2007; Montadert et al., in press), lead to revise the debated conceptual scenarios

and to conceive new constraints for numerical models.
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7.1.  Revision of conceptual scenarios

Mediterranean evaporites have been deposited in peripheral and central basins. No physical
link has been established between these two domains, and evaporites from the central basins
have not been fully sampled or accurately dated. Therefore the timing of evaporites deposition
in the central basins may be quite different from that of the peripheral basins (5.96-5.60 Ma;
Clauzon et al., 1996; CIESM, 2008).

The synchronous scenarios imply that evaporites from the central basins have been formed
under a high water column. The diachronous scenarios involve the isolation of peripheral sub-
basins and evaporite deposition in relation with an initial sea-level fall (~150 m) followed by
deposition of central evaporites after the major drop in sea level (~1500 m) (Fig. 1). Only a
diachronous scenario is consistent with step I of the peak of the MSC in the Gulf of Lions
(Figs. 8, 10 and 11), that we interpret as corresponding to the subaerial exposure of the shelf
and deposition of huge detrital prisms before the precipitation of evaporites.

Hardie and Lowenstein (2004) re-interpreted the cores from DSDP Legs 13 and 42A and
suggest that evaporites of the central Mediterranean were deposited under relatively deep-
water (below wave base) conditions. Considering that only a small part of the upper
stratigraphic units of the evaporitic body have been sampled (tens of metres), these authors
specified: “Until we have deep cores that penetrate the entire evaporite section we cannot
hope to unravel more from existing DSDP cores than the depositional history of the very last
phase of the Messinian evaporite body that lies beneath the floor of the Mediterranean Sea”.
Deep-water (below wave base) conditions for this last episode is in agreement with the end of
our proposed step II of the peak of the MSC in the Gulf of Lions (Figs. 8, 10 and 11), which
would correspond to the deposition of central evaporites in a context of sea-level rise.

An extensive discussion resulted in a consensus now largely accepted (CIESM, 2008),

following the proposal of Clauzon et al. (1996) in separating the desiccation cycles of the
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peripheral basins during which the Mediterranean was full of water (5.96 — 5.60 Ma) from the
almost complete drying up of the central basins (5.60 — 5.46 Ma), which constitutes the peak
of the MSC. Our study supports this scenario. However, controversy continues about the
status of two Mediterranean regions:

- Sicily: a peripheral basin (relatively deeper than the others) for many authors (Bache
et al., 2012; Bertini et al., 1998; Butler et al., 1995; Clauzon et al., 1996; Clauzon et
al., 2005; El Euch-El Koundi et al., 2009; Pedley and Grasso, 1993; Pedley et al.,
2007; Popescu et al., 2009; Suc et al., 1995) or a central deep basin uplifted during the
Pliocene and Quaternary (Krijgsman et al., 1999; Krijgsman and Meijer, 2008; Manzi
et al., 2009; Manzi et al., 2011; Rouchy and Caruso, 2006; Rouchy and Saint Martin,
1992; Roveri et al., 2008a; Roveri et al., 2008b);

- Apennine Foredeep: an appendix of the central deep lonian Basin (Roveri and Manzi,
2006; Roveri et al., 2008b) or a perched relatively deep basin isolated during the peak
of the MSC (Bache et al., 2012; Clauzon et al., 1997; Clauzon et al., 2005; Corselli
and Grecchi, 1984; Popescu et al., 2007).

Even if similar data characterize the West and East Mediterranean basins as mentioned

above, continuing investigations are necessary not only in these debated areas but also in

coring the central evaporites to reach a consensus at the size of the entire Mediterranean

and, as a consequence, to perform a new generation of numerical modellings at this scale.

7.2.  Constraints for numerical models

During the last decade, several numerical models have been performed to complete the

history of the MSC insufficiently elucidated from field and analytic data:
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- geomorphological models (Messinian erosion) (Babault et al., 2006; Garcia-
Castellanos et al., 2009; Gargani, 2004a, b; Loget and Van Den Driessche, 2006;
Loget et al., 2005)

- sedimentological models (Messinian evaporites) (Blanc, 2002; Blanc, 2000; Garcia-
Castellanos and Villasenor, 2011; Gargani et al., 2008; Krijgsman and Meijer, 2008;
Meijer, 2006; Meijer and Krijgsman, 2005)

- geodynamical models and vertical movement (isostasy) modelling (Duggen et al.,
2003; Gargani, 2004a, b; Gargani et al., 2010; Govers, 2009; Govers et al., 2009;
Norman and Chase, 1986)

- oceanographic and atmospheric modelling (Alhammoud et al., 2010; Gladstone et al.,
2007; Meijer and Tuenter, 2007; Murphy et al., 2009; Schneck et al., 2010)

- complex interaction modelling (between climate, global sea-level, tectonic, sea-water
inflow and river discharge) (Garcia-Castellanos and Villasenor, 2011; Gargani et al.,
2008; Gargani and Rigollet, 2007)

These models have probably contributed to improve the understanding of the MSC and
highlighted the complexity of this event. Indeed, various complex feedback processes were
involved in this crisis and justify the use of a modelling approach. Furthermore, modelling
approach allows to test quantified data. As a consequence, modelling results have led to
generate new ideas.

Such results are used to argue for and against synchronous or diachronous scenarios. It is
often concluded from modelling that the evaporitic sedimentation in the central
Mediterranean basins began before any drawdown of sea-level at 5.60 Ma (Blanc, 2006;
Govers, 2009; Govers et al., 2009; Krijgsman and Meijer, 2008; Meijer and Krijgsman,
2005). To support this hypothesis, the authors invoke a rise in salinity sufficient to precipitate

evaporites before the sea-level drop (Blanc, 2006), either argue that a complete blocking of
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Atlantic seawater exchange (caused by flexural uplift) after the major drawdown would
prevent the deposition of thick evaporites at that time (Govers, 2009), or consider that
evaporite thickness (ca. 3 km where undeformed) calculated for shallow-water deposition of
the so-called “Lower Evaporites” in the central basins is unrealistic (Krijgsman and Meijer,
2008).

Modelling outputs depend on the data available as well as assumptions that could not be
completely constrained nor tested. We believe that models do not demonstrate that a specific
interpretation is the “truth”, but could allow verifying a minimum of coherency and
plausibility in the interpretation.

Our numerical simulation (see supplementary material and Figure 12) shows that (1) the sea
level in the central basins and the thickness of the evaporites are strongly dependent of
evaporation/precipitation rates and Atlantic water flux; (2) a value of E-P>1.75 m’/m®/yr is
required to reproduce a precipitation of thick evaporites (>2000 m) in the central basins after
the major sea-level drawdown, assuming a river discharge comparable to the present-day of
about 7500 m’/s (Gargani and Rigollet, 2007; Meijer and Krijgsman, 2005; Struglia et al.,
2004).

In the absence of any alternative, previous studies of water and salt budget have used present-
day hydrological fluxes with E-P ranging between 0.5 and 1 m*>/m*/yr (Meijer and Krijgsman,
2005). E-P value of 0.9-1 m*/m?/yr during the peak of the MES is also suggested from recent
climate modelling (Murphy et al., 2009). The higher value of E-P (1.75 m®/m?/yr) required in
our model to reproduce a mass of evaporites in agreement with our observations is however
consistent with the reconstructed climatic parameters at the time of the MSC indicating lower
annual precipitations and higher mean annual temperature than today in the southwest

Mediterranean lands (Fauquette et al., 2006; Van Dam, 2006).

21



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

In the Dead Sea, which can be compared to the Mediterranean Basin at the time of the MSC,
the rate of evaporation has been measured between 1.7 m’/m?*/yr and 1.25 m*/m?/yr between
1944 and today (Yechieli et al., 1998). With regard to the low precipitation rate (about 0.1
m’/m?/yr) at the shore of the Dead Sea (Neumann et al., 2010), an average E-P value of 1.5
m’/m*/yr can be considered. The E-P value of 1.75 m’/m’/yr required to reproduce a
precipitation of thick evaporites (>2000 m) in the Mediterranean central basins after the major
sea-level drawdown is thus acceptable. Moreover, evaporation rates >2 m’/m*/yr have been
recorded in various lakes in arid regions (Abd Ellah, 2009; Kotwicki and Isdale, 1991).

A higher E-P value than today is all the more suitable so as it probably increased during the
desiccation phase (2-II), an evolution which is suggested by the momentary migration of the
subdesertic plants 3° northward their habitat at the onset of the MSC (Fauquette et al., 2006;
Popescu et al., 2007).

New observations in the Gulf of Lions provide good perspectives to constrain the other types
of modelling the MSC process. In particular, sedimentary transfers implied by step I (erosion
at the Mediterranean periphery and huge detrital deposits in the central basins) should be
taken into account when modelling the isostatic response to the outstanding changes in sea

level.

8. Conclusion

Using seismic lines and data from wells in the Gulf of Lions, we show that detrital prisms
have been deposited before and during the deposition of evaporites in the Mediterranean
Provence-Algiers central Basin. The upper part of these evaporites has been deposited
contemporaneously with the formation of a transgressive ravinement surface, during the
landward migration of the shoreline. Three successive steps subdividing the peak of the MSC

(5.6-5.46 Ma) are defined to characterise this sedimentary pattern: step I (5.6-? Ma)
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corresponds to the deposition of detritals in relation with intensive subaerial erosion
immediately after the fast Messinian major sea-level drawdown; step II (?-5.46 Ma) is
characterised by deposition of evaporites (more than 2 kilometers in thickness) since the sea-
level drawdown and during a slow sea-level rise resulting in landward migration of the
shoreline; step III is the instantaneous catastrophic reflooding of the Mediterranean at 5.46
Ma.

This scenario, the first to be expressed for the peak of the MSC, has been numerically
modelled for the Western Mediterranean and the expected thickness of evaporites implies that
precipitation minus evaporation (E-P) was higher than today when the basin was dried up.
Because of similar observations, this scenario should be expandable to the whole
Mediterranean. The missing pieces for continuing to improve the understanding of the peak of
the MSC at the scale of the whole Mediterranean are ground-truth observations of the pre-
evaporite geometries as well as an accurate datation of the corresponding sediments.
Recognition at larger scale of the critical stratigraphic markers identified in the Gulf of Lions
in other Mediterranean basins should allow:

1/ a finer chronostratigraphic constraint of the MSC leading to comparisons between different
basins. In particular, the understanding of the connections between Western and Eastern
Mediterranean and the role of sill that probably separated these basins is necessary to model
the MSC for the whole Mediterranean (Bache et al., 2012; Gargani et al., 2008; Gargani and
Rigollet, 2007; Leever et al., 2011; Leever et al., 2010);

2/ the quantification of vertical movements across the whole Mediterranean that will lead to
better understanding of the behaviour of the lithosphere (its rigidity) in response to rapid
variations of load during the MSC (sedimentary transfers, sea-level variations).

New data acquisition (geophysical and sampling) is needed in the central basins to provide

accurate dating of the Messinian events, for example in drilling the pre-salt sedimentary
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deposits. In addition, another important perspective relates the Messinian climate. A precise
estimate of evaporation and precipitation rates as well as Atlantic water flux is needed to
constrain numerical modelling of the MSC. Anyway, this refined scenario of the MSC, with
particularly a first complete reconstruction of the peak of the crisis, opens new and promising

perspectives for a significant progress in deciphering this outstanding episode.

9. Supplementary material

To obtain the requested sea-level variation and to predict the observed evaporite thickness in
the Western Mediterranean Basin, it is necessary to calculate the water budget and to take into
account the geometry of the basin. The water budget of the Western Mediterranean Basin is
estimated by summing the discharge from rivers Q,i.r, the precipitation P and the Atlantic
Ocean flux Qocean- The fresh water loss by evaporation E is also taken into account. Starting
from an initial volume of sea water V) of the Western Mediterranean Basin a new volume V(?)
is calculated at the time 7. The water budget is given by:

AV =Vy-V(1) =Vo+ Qriver + P+ Qocean— E

During the Messinian Salinity Crisis in the Mediterranean area, the evaporation £ was higher
than the sum of the water influx triggering a drawdown of the Mediterranean sea-level. The
sea level Z(?) is calculated from the surface area S(z) using the equation Z(?)=a.S(t)+Z,, where
a and Z, are parameters that depend on the geometry of the Western Mediterranean Basin at

the Messinian time. For the Western Mediterranean Basin a and Z; are assumed to be equal to

‘12 -
4461.5 x 10 m and to -3123 m respectively. The surface area S(?) is obtained using the

relation

AV =a. [Sz(z+Az) _ Sz(t) 7/2

where At is the time step.
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To calculate the evaporite thickness, it is necessary to know the water volume and the salt
concentration. The salinity of the Mediterranean at the beginning of the crisis Cy is considered
to be 35 g/l, equal to the salinity of the Atlantic Ocean C,.cqy. The salinity of rivers Ci e, 18
assumed to be of 1 g/I. The salt concentration of the Western Mediterranean Basin at time ¢ is
therefore given by:

C(1) = [My+ Myiver (1) + Mocean(t)] / V(1)

where V(?) is the volume of the sea water at the time ¢ and M, = Cy.Vj is the mass of
evaporites when all the water in the Western Mediterranean is evaporated. Mie (1) =
Oriver(t).Criver.t  1s the mass of evaporites which come from river discharge Qyiver,
Mocean(t) =Qocean -Cocean - t 18 the mass of evaporites which come from the Atlantic Ocean
through an oceanic inflow Q,c.., When Atlantic waters overflooded the Gibraltar sill. The salt
precipitates when C(?) >130 g/1. This precipitation allows the formation of evaporite minerals.

The salt density used to calculate the volume of evaporites is 2170 kg/m’.
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12.Figure captions

Figure 1. The synchronous and diachronous scenarios for the deposition of the Messinian
evaporites.

According to the synchronous scenario, phase 1 corresponds to a limited sea-level fall and
rise leading to evaporite deposition in the peripheral basins. Phase 2 (i.e. the peak of the
MSC) is characterised by a huge sea level drop, evaporite deposition in the central basins, and
subaerial erosion of the margins.

According to the diachronous scenarios, evaporites in the central basins were deposited
during minimum sea level (phase 2) and after the deposition of evaporites in the peripheral

basins (phase 1).
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The synchronous scenario considers that evaporites have been deposited at variable sea levels.
Duration of phase 2 is indicated according to (1) Krijgsman et al. (1999) for the “synchronous
scenario” (70 kyrs), and (2) Butler et al. (1995) and Bache et al. (2012) on the one hand and
CIESM (2008) on the other hand for the “diachronous scenarios” (140 and 270 kyrs

respectively).

Figure 2. Map showing the data used for this study and location of Messinian seismic
markers in the Gulf of Lions. The Transgressive Ravinement Surface (TRS) related to the end
of the Messinian Salinity Crisis and its limit with the subaerial Messinian Erosional Surface
(MES), which is interpreted as a paleoshoreline preserved just before the catastrophic
reflooding, are highlighted. Dm detrital prisms, located at the outlet of the Messinian drainage
networks, are truncated by the TRS. Upstream limit of the halite is deduced from the
upstream limit of the listric faults. Boreholes: Cal, Calmarl; Cil, Cicindellel; Aml, Agde
Maritimel; Sil, Siroccol; Mil, Mistrall; Tral, Tramontanel; Ral, Rascassel; Aul, Autanl;

Au2, Autan2; GLP1, Golfe du Lion Profond 1; GLP2, Golfe du Lion Profond 2.

Figure 3. Sedimentary and morphological evolution of the Gulf of Lions from the margin to
basin at the time of the MSC.

(a) Seismic cross-section showing the markers of the MSC. Location of the cross-section in
Fig. 2.

(b) Chronostratigraphic chart based on seismic interpretation that suggests the precipitation of
central evaporites only after the major sea-level fall (this study). Note that the vertical scale of
the chart is time in Ma. This chart highlights a depositional hiatus on the shelf and erosion and

reworking of sediments deposited before the major drawdown.

40



985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

Subdivisions of the MSC: 1, First phase leading to evaporite deposition in the peripheral
basins; 2, Second phase (i.e. the peak of the MSC) characterised by a huge sea level drop,
evaporite deposition in the central basins, and subaerial erosion of the margins.

Subdivisions of the peak of the MSC: step I, detrital deposition in the central basins after the
huge sea-level drop; step II, step during which central evaporites were deposited and the TRS

developed; step 111, instantaneous catastrophic reflooding.

Figure 4. Uninterpreted and interpreted seismic profile across the Gulf of Lions shelf (LRM
28) showing the position of reflectors Mil to Mi5 beneath Dm unit. A Serravallian/Tortonian
age for Mi5 leads to a younger age for the deposition of Dm prisms. Location of seismic

profiles in Fig. 2.

Figure 5. Stratigraphic correlation between Tramontane 1, Calmar 1 and Mistral 1 wells in
the Gulf of Lions shelf. Stratigraphic boundaries and interpretation of depositional
environments come from Cravatte et al.; (1974) for Tramontane 1 and Mistral 1 and from
Guennoc et al.; (2000) for Calmar 1. Mi5 intersects the three wells at the exact position (in
Mistral 1) or above (in Tramontane 1 and Calmar 1) an obvious sedimentary boundary (bold
black line). In Tramontane 1 and Mistral 1 this boundary, respectively located at 1540 and
1675 m depth, corresponds to a transition from marine to littoral conditions. In Calmar 1, the
boundary is located at 1400 m and corresponds to the Serravallian/Tortonian transition,

leading to a younger age for the deposition of Dm prisms, which are younger than Mis5.

Figure 6. Uninterpreted and interpreted seismic profile (TGS-NOPEC) across the Gulf of

Lions showing the transition from the shelf to the evaporite units. Dm prisms and their distal

counterpart are respectively represented in yellow and blue. The Transgressive Ravinement
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Surface (TRS), characterised by its smooth aspect, the erosional truncations at the underlying
series and by the onlap termination of the overlying series, can be confidently interpreted
from the shelf domain to the GLP2 well. Seaward of GLP2 the surface can be followed in the

upper part of LU1 and clearly below MU. Location of seismic profiles in Figure 2.

Figure 7. Zoom of the TGS-NOPEC seismic profile (Fig. 6) showing onlap configuration of
the seismic unit (in green) that overlies the TRS in correspondence with the evaporitic unit
drilled by well GLP2 (3703 — 3437 m depth). The (52 m thick) overlying sandstones and

clays (3437 — 3385 m depth) are indistinct on the seismic profile.

Figure 8. Chronology of events which affected the Mediterranean peripheral (including the
Sicilian Caltanissetta Basin and the Apennine Foredeep) and central basins with respect to sea
level changes (modified from Bache et al., 2012).

Subdivisions of the MSC: 1, First phase leading to evaporite deposition in the peripheral
basins; 2, Second phase (i.e. the peak of the MSC) characterised by a huge sea level drop,
evaporite deposition in the central basins, and subaerial erosion of the margins.

Subdivisions of the peak of the MSC: step I, detrital deposition in the central basins after the
huge sea-level drop; step II, step during which central evaporites were deposited and the TRS
developed (the formation of TRS corresponds to the step I of Bache et al., 2012); step III,

instantaneous catastrophic reflooding (step II of Bache et al., 2012).

Figure 9. Thickness map (in ms TWT) of the seismic unit that overlies the TRS (in green on

Figure 7) showing the pinch-out of the unit seaward of the paleoshoreline preserved just

before the catastrophic reflooding. This configuration suggests that this unit (and its lateral
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equivalent represented by UU-MU-upper part of LUI1) has been deposited during the

landward migration of the shoreline that led to the formation of the TRS.

Figure 10. Scenario of the MSC deduced from the data available onland for the peripheral
basins (see Bache et al., 2012) and for the central basins from the seismic interpretation which
supports a precipitation of central evaporites only after the major sea-level fall (this study).
The stages of this scenario are detailed in the text.

Subdivisions of the MSC: see Figure 7.

Figure 11. Variation of the Mediterranean sea level in the Gulf of Lions between 6 and 5.30
Ma encompassing the MSC (modified from Bache et al. (2012)). Successive major changes
are estimated with respect to present-day sea level (noted “0”). The initial position of the
paleoshoreline just before the catastrophic reflooding (step 2-11I) has been estimated between
600 m and 900 m below the present sea level by (Bache et al., 2012) by subtracting the
Pliocene and Quaternary subsidence deduced by (Rabineau et al., 2006) from its present-day
position. The rapid increase in water depth during step 2-III was thus between 600 and 900 m.
Solid and dashed black lines are constrained by an increase of 600 m and 900 m respectively.

Subdivisions of the MSC: see Figure 7.

Figure 12. Numerical simulations constrained by the interpretation of seismic data supporting
a precipitation of central evaporites after the major sea-level fall. The water budget has been
comprehended to introduce 1/ the existence of a detrital episode in relation with the maximum
desiccation phase (step 2-I) prior to the precipitation of evaporites and 2/ a two-step
reflooding (step 2-II during which evaporites deposited, and step 2-1II, which ended the

MSC). The value of E-P has been chosen at 1.75 m*>/m*/yr. River discharge = 7500 m’/s.
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Variation of sea level is in blue and that of water budget in black. The resulting simulation of
evaporite thickness is in purple. Solid and dashed lines are constrained by the initial position
of the paleoshoreline just before step 2-I1I, respectively at 600 m and 900 m below the present
sea level (Bache et al., 2012). The geometry of the basins is identical to that previously used
by (Meijer and Krijgsman, 2005). Evaporites begin to precipitate when water salinity reaches
130g/1 (Gargani et al., 2008; Meijer and Krijgsman, 2005). The water budget is calculated
using river and Atlantic Ocean flow as well as precipitation and evaporation (Gargani and

Rigollet, 2007). See the supplementary materials for further details.
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Structure and evolution of the Gulf of Lions : the Sardinia seismic experiment and the GOLD
(Gulf of Lions Drilling) project
D. Aslanian, M. Rabineau, F. Klingelhoefer, M. Moulin, P. Schnurle, A. Gailler, F. Bache, E.
Leroux, C. Gorini, A. Droxler, N. Eguchi, J. Kuroda, K. Alain, F. Roure, B. Hagq.

Since the wellknown models of McKenzie (1978) and Wernicke (1985), understanding the
formation of passive continental margins, that is to say the way continental lithosphere is thinned
and leads to subsidence, is one of the main challenges in Earth Sciences. These conservational
models, i.e. simple shear, pure shear or polyphase models, which exclude exchanges between lower
continental crust and upper mantle, are usually proposed to explain lithospheric stretching and
consequent crustal thinning of passive continental margins. These models imply huge amount of
horizontal movement, however, these movement are not observed in the field and authors suggested
that lower continental crust may have been removed from its original place and have flowed towards
the middle part of the system (allochthonous domain, part 2 in Figure 1) or/and it may also have
flowed towards both extremities of the system.

Actual geometries

Part art art 1

. / \
(conceptual approach)

Lace N Before oceanic crust
1) 1)

A) Conservative Models (l\a = B) Kinematic Constraints

Z A7 LLL Hac I
Ho Aser=Lact " Haer
| L 0 | . | Tightest reconstruction |
- M - 9
—_—— Expected Fit
/2 /2 Al/2 | A2
2) AL ///A AL 2| A/2 A2
Ag =L, *H . :
0 . Total horizontal movement given
. i by kinematic reconstruction (Al < Al.)
Total horizontal movement
AL= Ly *(1-H,, /Hp) / \
If part 2 = Continental crust If part 2 = Continental crust

|:| Continental crust
| I

Allochthonous domain 3 I 4

- Oceanic crust

|:| Missing lower continental crust

Figure 1: Continental crust thinning process: conceptual versus kinematic approaches. Top: Simplified geometries of a
system of conjugate margins. Drawn after the conjugate Angola and Espirito Santo continental passive margins. A)
Conceptual approach (conservational model): The actual area of continental crust is intrinsically strictly equal to the
initial area, the continental crust thinning process can be converted in the horizontal movement. B) Kinematic
Constraints: the horizontal movement is given by precise kinematic reconstruction. A wide thinned basin remains in that
case. The allochthonous domains (part 2) of each margin overlap each other and are not shown on figure B-2. The
quantity of « missing » lower continental crust depends on the nature (lower continental or not) of the allochthonous

domain. After Aslanian & Moulin, GSL, 2012.

Therefore, one of the main impediment to our understanding of margin formation is the unknown
nature of the intermediate domain between the unthinned continental crust and the true oceanic
crust. Another unknown is how do margin evolve from a margin in a high position during all its



formation, with the presence of subaerial deposition of basalts, shallow water evaporites, subaerial
erosion, or carbonates platform construction, towards a basin affected by strong subsidence during
the plate divergent phases. Passive margins seem to be close to sea level position during a long time,
even after the break-up as carbonates are post-dating the oceanic crust (e.g. on central and south
Atlantic margins).

The Gulf of Lion: an unique natural laboratory. The Gulf of Lion (Figure 2) has appeared in the
last years as an unique natural laboratory to study both evolution and interaction of deep processes
(geodynamics, tectonics, subsidence, isostasy) and more surperficial processes (rivers behaviour,
sedimentary fluxes, sea-level changes, climate impact and evolution...) due to a number a peculiar
characteristics:

France

Topography (m)

-5000 4000 -3000 -2000 -1000 0 1002003005001000 4000

Figure 2 : Localisation of Sardinia profiles (ved lines in the top-figure) and the GOLD project in the Gulf of Lion. The
NW-SE profile was prolongated onland (dots). The brown lines represent the limits of the different crustal domains (see
more details in the text). After Moulin et al.,JGI submitted



* It represents a segment of a continental margin which is both young (less than 35 Ma) and
with a low slope gradient (less than 1°). This allows the precise observation of its structure and
the detailed analysis of its huge (up to 7.7 km) of sedimentary cover (because of a small amount
of instabilities); its homologous margin, the Sardinia margin, is equally accessible. Such an entire
system in a small area, is a very rare object that needs to be used to validate models of continental
break-up and subsidence evolution

e The sedimentary series are continuous and complete, neither affected by substratum tectonics
nor by recent tectonics or gravity processes (Figure 3). Interpretation of sediment strata provides
therefore three kinds of information: information on paleoclimatic history, information on
tectonical history of the margin (vertical movements), and finally, as correlations are possible all
along the margin, it allows for a precise evaluation of sedimentary fluxes and
erosion/sedimentation balance.
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Figure 3- ECORS NWSE and Sardinia 1 profile showing the thickness of Miocene and plio-quaternary sequences,
separated by the messinia. Note the presence of a strong reflector T, the High velocity zone and the sub-aerial erosion
(red ligne) recorded before the first miocene sediment. Latin numbers represent the different domains (see text for
details). After Bache et al., EPSL 2010, modified with results form Gailler et al, ESPL 2009 and Moulin et al., JGI
submitted

e The time span of the basin (30 Ma) records some key events in climate évolution. Cenozoic
records indeed show a global drop in temperatures and overall cooling of climate and the onset
of glacial-intergalcial climatic cycles. The cooling did not occur gradually, but in "steps", with
intervals of sudden change, alternating with stable intervals. The Mediterranean is particularly
sensitive to the record of astronomically induced oscillations in climate. This has already been
extensively studied in the Mediterranean. However, the Gulf of Lions enables to link these
oscillations to their effect on sea-level and the erosion/sedimentation behaviour of sedimentary
systems.



* Except during the Messinian Event, the Mediterranean Sea has been connected to the global
ocean so that sea level variations are directly linked to Antarctic then both Arctic and Antarctic
ice caps fluctuations. Shelf and slope of the Gulf of Lion have recorded with a great detail the
successive glacio-eustatic fluctuations with a reconstruction of paleoshoreline positions. This has
been intensively studied for the last 500,000 years on the shelf and related to sea-level amplitude
and finally confirmed by the PROMESS European drilling project. This approach needs to be
extended back in time. Such detailed paleobathymetric markers, such as those of the Messinian
surface or Pliocene-Quaternary shorelines, will give markers with a precision never reached before
to reconstruct paleogeographies (and also sea-level changes) and to better constraint the evolution
of the subsidence of margin.

* The margin is the final sink for sediments coming from the second largest rivers in
Mediterranean: the Rhone. Its drainage basin responds to climate change, with for example the
influence of mountain glaciers over the Alps during the Pliocene and Quaternarywhich has to be
compared to periods without glaciers (Miocene and Messinian periods). This influence has never
been quantified on large time scale. Erosion/sedimentation balance in this closed basin should
answer the question of sedimentary fluxes variability.

* The large shelf and the low continental gradient (less than 1°) in the Gulf of Lion enables the
best possible observations for understanding the Messinian Mediterranean Event as a whole.
Here, we can measure subaerial erosion on the shelf, observe markers of marine transgression on
the slope and at the toe of the slope and map the succession of detritic units and their lateral
seaward evolution and correlation to the evaporites. The deep basin is the only area with a full
record of evaporite deposits. It is also in the Western Mediterranean Sea that the history of
Mediterranean-Atlantic connections is the most direct and complete.

e The Gulf of Lion is the only place in the world where we will be able to evaluate the effect of
the magnitude of sea-level variations on the sedimentary system and on sediments budgets with
amplitudes varying from 1500 m drop and rise, 100 m drop and rise and 50 m drop and rise.
Because the Western Mediterranean is a closed system, no sediment is lost and we can have
access to a real Source to Sink system with quantified sediment fluxes.

e Finally, thanks to an exceptionally huge quantity of data (seismic profiles of different
resolution, cores, drillings) coming from both industry and academia, the Gulf of Lion appears to
be the very place to discuss precisely fundamental questions about passive margins, paleo-climate,
sea-level and Messinian Crisis and deep Biosphere and fully integrate results of the ultra-deep
drill. Intensive work (seismic interpretation, 3D mapping) has already been done by french
academic teams (Universities, CNRS, IFREMER, BRGM, IFP) with a support from the Industry
(TOTAL) in the Framework of the French GDR Marges and « Actions-Marges » Programs,
(http://gdrmarges.lgs.jussieu.fr ; http://www.actionsmarges.univ-rennes1.fr/).

Geodynamical setting

The Liguro-Provencal basin reveals a structure and evolution corresponding to a pair of rifted
margins formed by the rupture and counterclockwise rotation of the Corso-Sardinian micro-
continent with respect to the Ibero-European plate from the end of Eocene (Priabonian, 33.7 Ma),
in a general context of collision between Africa and Europe. The opening took place at the
southern end of the intra-European rift system, in back-arc situation, in response to a SE rollback of



the slab of the African plate subducting beneath the European plate during an extensional phase.
This Corso-Sardinian micro-continent rotation resulted in the emplacement of an oceanic crust,
starting in the Late Aquitanian (23 Ma to 19 Ma) and ended at the Langhian (about 15 Ma).
Although rifting in back-arc basins might differ in some points from cratonic rifting, the mechanics
of thinning the continental crust should remain similar. Therefore the conjugate margins of the
Gulf of Lions and West Sardinia represent a unique natural laboratory to address fundamental
questions on rifting (e.g., on crustal thinning, on the nature of the continent-ocean transition zone
and on the style of rifting), because of their young age, complete sedimentary layers and accessibility.

Seven domains can be indentified in the Liguro-Provencal basin on the base of gravity, magnetic,
reflection and wide-angle seismic data. The figure 2 shows the Gulf of Lion side, with the four
western domains. Domain I represents a 20km thick continental crust, domain II, the necking zone,
domain III the intermediate crust and Domain IV the oceanic domain. Both ECORS-CROP and
Sardinia 1 reflection seismic profile show the existence of a prominent landward dipping reflector
located in the crust at the SE limit of the continental slope and called the T-reflector (Figure 3).
Both images show a wide zone of high velocities southeastward of this reflector. These high
velocities could be the expression of flowing lower continental crust underplated and intruded by
partial melt, or represent serpentinized peridotite material exhumed during the initial opening of
the basin. Based on these findings an opening along a lithospheric detachment fault (possibly
represented by the T-reflector) has been proposed for the basin with the Sardinia margin
representing the upper crustal plate, with exhumation of the mantle or lower crustal material
occurring on the Gulf of Lions side. But the lack of deep crustal seismic data from the Sardinia
margin has until now prevented to test this hypothesis and assess the asymmetry in depth.

Sardinia Experiment

Wide-angle seismic data can be used to quantify the continental crustal thickness, determine the
degree of symmetry of rift structures and hence address fundamental questions concerning the
mechanisms of rifting. During the SARDINIA experiment of the Ifremer French R/V L’Atalante,
six coincident wide-angle and reflection multi-channel seismic (MCS) profiles, as well as CHIRP and
bathymetry profiles, were acquired: three located in the Gulf of Lion area and three located on the
conjugate margin offshore Sardinia. The main aims of the Sardinia wide-angle seismic cruise were to
image continuously the deep crustal structure of the paired conjugate margins, to verify the
existence of a high-velocity zone on the Sardinia margin and to constrain the nature of the ocean-
continent transition zone.

First results based on tomographic modelling of the two main conjugate profiles of this experiment
showed a symmetrical distribution of seismic velocities on both sides (Figure 4 and ?7?) (no figure for
the other side).
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Fig. 4. Final velocity models resulting from the tomographic inversion of Pg, Pn and PmP arrivals. White
circles: OBS/OBH locations; solid black lines: location of the Moho interface inverted from PmP arrivals;
white dashed line: approximate location of the top of the crust, based on previous work from ESP and wide-
angle modelling; black dashed ticks: limits of the 3 different Regions determined from wariations of the crustal
velocity structures modelled here. From Gailler et al, ESPL 2009.

Along both profiles, the resulting 2D velocity models show a similar evolution of the long
wavelength crustal velocity structures from the continental platform to the deep basin. Three
different regions can be distinguished on this tomographic inversion image (Fig. 4).

In Region 1, which corresponds to domain I and II, Moho depth reaches 24 km in its inner part
and decreases progressively to 18 km in its distal part (~ 130 km distance). This implies a thinning of
the crust from 22 to 12 km. This crust is characterised by low velocities and a very low vertical
velocity gradient. The upper mantle velocity is also low, confirming the previous observation on the
ECORS profile. This high-velocity zone which is imaged on both margins of the basin might
corresponds to lower crustal material or a mixture of serpentinized upper mantle material with
lower crustal material. The existence of this zone on both sides of the margin does not support a
hypothesis of a simple shear style opening along a lithospheric detachment fault.

Region 2 is interpreted as the continental-oceanic transition zone, as the crustal velocity structure is
not typical of either continental nor oceanic crust. The thickness is about 6 km. Region 3, with a
thickness of only 5km, has seismic velocities and vertical velocity gradients which are typical of
oceanic crust, with the upper layer showing a high-velocity gradient (Layer 2) and a second layer with
a lower velocity gradient (Layer 3). The transition to Region 3 might occur over a distance of 20-30
km probably corresponding to the onset of seafloor spreading.

High velocities found in lower crust have been interpreted in different ways, such as:
a) Exhumed mantle material
b) Highly thinned continental or oceanic crust overlying serpentinized mantle
¢) Exhumed lower crust or mixture of lower crustal and upper mantle material

The high velocities found in the lower crust along the margin of the NW-Mediterranean basin
(Figure 3 & 4) have been associated to mantle material exhumed during the initial opening of the
basin and serpentinized by fluid flow through faults in the crust. In this case the late reflections
found in OBS records should correspond to the base of the serpentinization front, as has been



observed on the Iberian and Canadian margins, where they have weak amplitude compared to the
phases corresponding to reflection between lower crust and upper mantle material on the same
profile. In our OBS record, PmP arrivals show the same amplitude in Regions 2 and 3, which does
not clearly support an origin from serpentinized mantle material only.

Highly thinned continental crust or thin oceanic crust overlying serpentinized mantle material is
proposed on magma-poor margins. This crustal geometry would produce a PmP reflection above the
serpentinized mantle layer and possibly a second reflection from the serpentinization front, which is
not supported by our data, where the single PmP reflection can clearly be associated to the base of

the high-velocity zone (Figure 5).
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Figure 4 Bandpass filtrered (5-20 Hz) data from OBS 8 on profile AB, on the location of the GOLD project. The data
are gain-adjusted according to the offset and reduced to velocity of 6 km/s. B/ Synthetic seismograms calculated from the
model for the same station using the asymptotic approach of ray theory from the Zelt code (Zelt & Smith, 1992). The
synthetic seismograms are calculated every 500 m, with a sampling rate of 120 Hz, obtained by convolution of the impuls
response with a 29-point low passed Ricker wavelet. From Moulin et al., JGI submitted.

The last possibility, namely exhumed lower crustal material or a mixture of lower crustal and upper
mantle material would produce one reflection with amplitude similar to that of a “normal” PmP
reflection. This last interpretation is in good agreement with our data.

Ground Truth experiment: the GOLD project

The aim of the GOLD project (Gulf Of Lion Drillings) is to realise the first ever deep drilling in the
Gulf of Lion, offshore the french coast. The drill site, situated by 2400 m water depth at the toe of



the slope, would go through 6,2 km of sediments deposited during the last 23 Millions years, down
to the substratum. This drilling imposes the use of a drill ship equipped with a BOP (Blow Out
Preventer) in order to go through the 1 km thick Messinian salt layer that has never been reached.

The project gathers a large range of Marine Science disciplines (geology, microbiology, geochemistry,
geophysics, biology) as well as Engineering Sciences (instrumentation, signal processing)

* Major challenges and innovative aspects

The major challenges of this drilling project are focused around 6 major scientific, social and
economic themes

1) Greenhouse gases storage: the drilling would enable to estimate potential greenhouse gases Storage
in sandy reservoirs located below the Messinian salt layer, in the deep offshore of the Gulf of Lion
in an area near major north Mediterranean industrial centres (Marseille-Fos, Barcelone).

2) Energy Ressources: the drilling below the salt would enable to evaluate potential hydrocarbon
resources in the Mediterranean Sea. The only well know source rock is Messinian in age and are
generally immature in most of the Algero-Provencal basin. We need to explore deeper and older
series (Aquitanien, Burdigalien, Langhien et Tortonien). On another hand, the drill site also offers
strong potential for geothermal energy. The concentration of Lithium in the thick evaporites layer
(3000 m) should also be evaluated.

3) Climate and Sea-level changes: the Gulf of Lion is a unique place to study exceptionnally well-
preserved sedimentary archives. The quantity of sediments deposited is directly dependant on the
existence of the northern hemisphere Ice sheet, and its variations in size and thickness. These
variations are related to climate changes, so that we can read glacioeustatic cyclicities in teh
sediments. This has been demonstrated using a dense grid of seismic lines for the last 500 000 years
and validated by the shallow Promess drill site on the shelf. The new very deep drilling would
extend this type of results to the last 23 Ma.

4) Geodynamic, thermicity and margin formation: The formation of the sedimentary basins and
continental passive margins have long been explained by numerous physical models, usually built on
only one passive margin considered as the reference. However, The recent ante-salt discoveries,the
presence of carbonate at the end of the passive margin building... demonstrate that these models fail
usually to fit the observations. Passive continental margins are so diverse that the existence of a
unique thinning process must be re-considered and discussed. However, the recurrence of some
general features (abrupt thinning, large transitional domain, whatever the nature of the crust
oceanic, continental or mixed) pleads in favour of general rules. No margin presents all the features
needed to support a general model, but each margin supplies pieces of the jigsaw. Drilling the
substratum of a deep margin, studying the paleo-envirronement of the first deposits in order to
reconstruct the geodynamic history of this margin, is not common. Few places have already been
drilled in that purpose. None of them occurs in a young Basin, built in a back-arc context. We need
this information to understand the thinning of the continental crust, the building of the passive
margins and the continental basins. What is the nature of the crust in the intermediate domain? In
what kind of environment are the first sediments deposited? The drilling will offer the ground-truth
necessary to constrain models of margin formation and subsidence and their consequences on
potential hydrocarbon resources.

5) Deep Biosphere and the limits of Life: What is the maximum depth where life exists! What form does
it take ? Today’s maximum depth where signals of life have been proven is 1626 m below sea-floor,
but this is only the maximum depth where life has been searched for. The deep drilling (7.7 km) is a
unique opportunity to constrain the physicochemical limits of life in extreme conditions in terms of



either salinity (in the salt layer), pressure and temperature (as we go deeper) and the composition,
function and adaptation of microbial community (bacteries, archea, virus, microeucaryotes) in the
deep Mediterranean Sea. The drilling gives us a unique opportunity to better understand the
beginning of Life and its potential adaptationto extrem envirronments.

6) Extreme events : the nearly complete dry out of the Mediterranean Sea during the Messinian event
represents a unique hydrological, sedimentological and biological event in Earth history. This
catastrophic crisis affects all the Mediterranean Sea with a sea-level fall of more than 1500 m
inducing a gigantic erosion on the continent and the shelf. Nearly 3000m of evaporites and salt are
also deposited in less than 500 000 years. DSDP, IODP drillings only sampled the first meters of
this serie. The deep drilling will enable to sample the entire section and definitely test the
contradictory models that exist for the process and consequences of this crisis. Quantification of
mass movement involved will give essential data set to study and understand the dynamic of
underlying mantle (inducing isostatic adjustment).

Finally, the drill site could also be instrumented as a permanent and unique observatory.
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Figure 6 : Gold position on the two Sardinia crossing seismic profiles. The multichannel seismic reflection data was
acquired using a 4.5 km long, 360 trace digital streamer and a tuned airgun array of 8260 in3. The shotinterval was 60
s at an average speed of 5 knots, which translates to a shotspacing of about 140-150 m. The airgun array consisted of 16
airguns with volumes ranging from 100 in3 G-guns to 16 L Bolt airguns, tuned to the first bubble and towed at depths of

1828 m, in order to enhance low frequencies and ensure a good seismic penetration. The processing sequence consists of:
data geometry and binning, noise editing, timewariant band-pass filtering (6-20-48-62 Hz at seafloor to 2-12-24-32 Hx 4
s bellow), RMS wvelocity analysis at 2.5 km spacing, and pre-stack Kirchhoff depth migration.

The GOLD project will be submitted to the IODP Panel in april 2012. It final overall goal is to
sample most strata from Upper Evaporites to Miocene strata down to the basement and focuse on
Extreme paleoenvironements, their geodynamic and deep biosphere consequences and to reach the
intermediate domain, which nature is crucial to identify to understand passive margin genesis and
evolution.




The GOLD project will gather a unique group of expertises. A Public-Private Consortium is
envisioned with representatives from Universities, public insitutions (Ifremer, IFP-energies
nouuvelles, BRGM...) and private companies from petroleum world and other industrial technical
or environmental world. Please contact aslanian@ifremer.fr and marina.rabineau@univ-brest.fr.

Suggested reading:

The results and observations presented here are discussed in full in: Crustal structure of a young margin pair:
New results across the Liguro-Provencal Basin from wide-angle seismic tomography, by Gailler et al. (EPSL,
2009); Evolution of rifted continental margins: The case of the Gulf of Lions (Western Mediterranean
Basin), by Bache et al (EPSL, 2010); Kinematic consequences of conservative models in the South Atlantic
Ocean, by Aslanian & Moulin, 2012.

Recently this GOLD project has been identified as a key initiative of the “Chantier Méditerranée”
within MISTRALS national initiative (Mediterranean Integrated Studies at Regional And Local Scales)

an initiative of CNRSINSU, CIO-E and ANCRE (Comité Inter-Organismes-Environnement and
Alliance Nationale de Coordination de la Recherche pour 1'Energie, involving CNRS, IFP, BRGM,
IFREMER, IRD and CEA) and more specifically as a key initiative and priority within its TERMEX
(Mediterranean Earth sciences experiment) component (Rabineau et al., 2012, special volume on
TERMEX). See also: http/ :www.esf.org/magellan  (click on Science Meetings) and
http://www.congres.upmc.fr/gold/.



