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Magnetostratigraphy and paleoenvironments in shallow-water carbonates: the
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Abstract. – The present study proposes to estimate the influence of climate, eustatism and local tectonics on the sedi-
mentation of a basin margin at the syn-rift to post-rift transition. For that, paleomagnetic measurements were performed
on a marine marly-calcareous sedimentary succession ranging from Upper Oligocene to Lower Miocene and located on
the northern margin of the Liguro-Provençal basin. The magnetostratigraphic record is correlated to the reference geo-
magnetic polarity scale [ATNTS04, Lourens et al. 2004] with the help of biostratigraphy based on calcareous
nannofossils and planctonic foraminifers [Oudet et al., 2010]. The resulting age model shows that the 100 m-thick sedi-
mentary succession covers a time span of 5 m.y. from the Late Chattian to the Early Burdigalian. Despite several expo-
sure surfaces and a change in the sedimentation rate, no significant hiatus of sedimentation is documented. In addition,
we also estimate the paleoenvironmental evolution through the sedimentary succession. Comparing the dated
paleoenvironmental reconstruction with global d

18O and sea level curves [Miller et al., 2005], we show that the
Carry-le-Rouet succession is an excellent paleoclimatic archive. Indeed, coral reefs developed at the glacial-interglacial
stage transition marking the end of the Oligocene. In addition, the most diversified coral reefs occurred during the
warmest period of the Aquitanian. During rifting, bathymetric variations recorded in the studied succession are related
to local synsedimentary tectonics whereas, during oceanic crust accretion, global sea level changes influence the sedi-
mentation. This result allows to characterise and to accurately date the break-up unconformity at 20.35 Ma.

Magnéto-stratigraphie et paléo-environnements dans des carbonates peu profonds :
les sédiments oligo-miocènes de la marge septentrionale du bassin liguro-provençal

(ouest de Marseille, Sud-Est de la France)

Mots-clés. – Paléomagnétisme, Magnéto-stratigraphie, Néogène, Bassin liguro-provençal, Paléoenvironnements, Carbonates, Paléo-
bathymétrie, Changements paléoclimatiques, Géodynamique.

Résumé. – La présente étude propose d’estimer l’influence du climat, de l’eustatisme et de la tectonique locale sur la sé-
dimentation d’un bassin marginal à la transition syn-rift – post-rift. Pour cela, des mesures paléomagnétiques ont été ef-
fectuées sur une succession sédimentaire marno-calcaire marine d’âge Oligocène supérieur à Miocène inférieur
localisée sur la marge septentrionale du bassin liguro-provençal. L’enregistrement magnéto-stratigraphique a été daté
par une biostratigraphie basée sur les nannofossiles calcaires et les foraminifères planctoniques [Oudet et al., 2010].
Ensuite, cet enregistrement a été corrélé à l’échelle de polarité géomagnétique de référence [ATNTS04, Lourens et al.,
2004]. Le modèle d’âge résultant montre que la succession sédimentaire de 100 m d’épaisseur couvre 5 millions d’an-
nées du Chattien supérieur au Burdigalien inférieur. Malgré trois surfaces d’émersion et un changement de taux de sédi-
mentation, aucun hiatus majeur de sédimentation n’est observé. De plus, nous avons estimé l’évolution
paléoenvironnementale le long de la succession sédimentaire. En comparant les reconstitutions paléoenvironnementales
datées avec les courbes globales de d

18O et du niveau marin global [Miller et al., 2005], nous mettons en évidence que la
succession de Carry-le-Rouet est une excellente archive paléoclimatique. En effet, les récifs coralliaires se sont déve-
loppés à la transition glaciaire-interglaciaire marquant la fin de l’Oligocène. De plus, les récifs coralliaires les plus di-
versifiés se développent durant la période la plus chaude de l’Aquitanien. Pendant le rifting, les variations
bathymétriques enregistrées dans la succession étudiée sont attribuées à la tectonique locale, alors que durant la phase
post-rift, les changements du niveau marin relatif influencent la sédimentation. Ce résultat permet de caractériser et de
dater précisément le passage syn-rift post-rift à 20,35 Ma.
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2. CEREGE, Equipe de Géophysique, BP 80, Europôle de l’Arbois, 13545 Aix-en-Provence cedex 04, France.
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INTRODUCTION

The syn-rift to post-rift transition during basin opening is
marked by the shift of deformation from the margin to the
basin due to oceanic crust accretion. This shift affects sedi-
mentation on the basin margin [Einsele, 2000 and refer-
ences therein]. During rifting, sedimentation occurs on
tilted blocks and under a strong tectonic activity whereas
during post-rifting, sediments are deposited under quiet tec-
tonic conditions. The syn-rift to post-rift transition is
marked on seismic profiles by a break-up unconformity,
separating syn-rift sedimentary bodies with complex geom-
etries from large and flat post-rift sedimentary bodies [e.g.,
Gorini et al., 1993]. Nevertheless, the age of the uncon-
formity is not precise because the seismics and wells stra-
tigraphy is of low resolution. On the contrary, field
investigations on margin sediments may help to accurately
characterize and date the break up unconformity. In addi-
tion, the paleoenvironmental study of syn-rift and post-rift
sediments lying on a basin margin is of high interest since it
allows to estimate the relative influence of climate,
glacio-eustatism and tectonics on sedimentation.

The Late Oligocene-Early Miocene sedimentary rocks
lying on the northern margin of the Liguro-Provençal basin
result from sedimentation composed both of siliciclastic
and carbonate input and of in-situ carbonate production.
This sedimentation is influenced by tectonics since it over-
laps the transition from continental rifting to basin opening.
In the Gulf of Lion, i.e. on the western part of the margin,
the syn-rift to post-rift transition was roughly dated at
~ 21.5 Ma [e.g., Dèzes et al., 2004]. A recent synthesis has
shown that the age of the transition is poorly constrained
and ranges from 19 to 23 Ma [Bache et al., 2010]. The mar-
gin sedimentation is also influenced by global climatic and
glacio-eustatic changes occurring at this period and related
to large Antarctic glaciations [e.g., Zachos et al., 2001;
Naish et al., 2001]. In addition, this sedimentary record is
the most preserved and diversified coral-reef environment
of the French Mediterranean coast documented for this pe-
riod [Chevalier, 1961]. Therefore, the geodynamic and cli-
matic context makes the sedimentary record of high interest
for paleoenvironmental reconstructions. In this framework,
a precise dating of the paleoenvironmental reconstructions
is a key to estimate the location and the age of the break-up
unconformity and to unravel the sedimentological history of
the margin during the Liguro-Provençal basin opening.

For a long time, chronostratigraphy of the considered
sedimentary column has been difficult to establish. Indeed,
no radiochronology could be performed since volcanic
layers are absent. In addition, shallow water marly-carbon-
ate sediments contain few microfossils. Consequently,
biostratigraphy based on rare foraminifers provides scarce
indirect dating points [Anglada, 1972; Maurel-Ferrandini,
1976].

Paleomagnetic investigations have rarely been per-
formed in carbonates since the paleomagnetic signal is gen-
erally weak and unstable. However paleomagnetism in
carbonates is successful when the carrier of the paleo-
magnetic signal is a biomagnetite [e.g., Aïssaoui et al.,
1990] or a magnetite from detrital origin [e.g., Cabioch et al.,
2008]. Nowadays, the limitation due to the signal weakness
can be overcome by the use of the last generation of high
sensitivity superconducting magnetometers. The instability

of the signal, probably linked to heterogeneous magnetic
mineralogy, can be overcome by the measurement of nu-
merous samples in each layer and by a careful selection of
high quality data. In addition, complete remagnetization
could affect carbonates after sedimentation. This impedes
the characterization of primary magnetization and, conse-
quently, paleomagnetic dating of sedimentary rocks.
Remagnetizations are due either to burial diagenesis or to
orogenic fluid migrations at regional scale [e.g., Katz et al.,
1998].

The aim of this study is to build up a geomagnetic po-
larity record from high quality data, anchored with a
brand-new and robust biostratigraphy [Oudet et al., 2010]
and correlated with a reference geomagnetic polarity refer-
ence scale ATNTS04 [Lourens et al., 2004]. The resulting
age model will be discussed in terms of sedimentation rates
and possible sedimentary hiatuses. Paleomagnetic dating of
the paleoenvironments in the study area will enable us to
discuss the margin evolution regarding global paleoclimatic
and sea level variations and regional geodynamics.

GEOLOGICAL SETTINGS

Geodynamic context

A continuous succession of continental and marine sedi-
ments of Late Oligocene to Early Miocene age is exposed
along the coast of Carry le Rouet, near Marseille (figs 1, 2).
The sediments were deposited on the northern margin of the
Liguro-Provençal basin, which opened in two steps: a
syn-rift phase from 30.0 to 21.5 Ma followed by a post-rift
stage with ocean crust accretion from 21.5 to 14.0 Ma
[Gattacceca, 2000; Gattacceca et al., 2007 and references
therein]. These steps are associated with the anticlockwise
rotation and the southeastwards drift of the Corsica-Sar-
dinia continental block (fig. 1) [e.g., Westphal et al., 1976;
Gattacceca, 2000; Gattacceca et al., 2007]. The break-up
unconformity between syn-rift and post-rift sediments has
been identified on seismic profiles [Gorini et al., 1993] and
dated between 19 and 23 Ma [Bache et al., 2010 and
references therein].

Lithostratigraphy

Since Matheron [1839] numerous regional studies were de-
voted to the geology of the sedimentary succession of Carry
le Rouet [e.g., Andreieff et al., 1972; Monleau et al., 1988;
Nury, 1990; Nury and Thomassin, 1994; Borgovini, 2003;
Galloni, 2003; Conesa et al., 2005a; Besson et al., 2005;
Oudet, 2008; Oudet et al., 2010].

The Late Oligocene-Early Miocene sedimentary succes-
sion of the Carry-le-Rouet area (fig. 2) reaches a total thick-
ness of about 130 m. The present study focuses on the
topmost 100 m of the succession in which marine influ-
ences are observed. Layers gently dip southwestward
(~ 4o). The outcrops are exposed in a band 8 km long and
up to 2 km wide along the east-west coast. The sedimentary
succession unconformably overlies a deformed and eroded
Mesozoic basement (fig. 2). This succession is composed of
six lithostratigraphic units [Andreieff et al., 1972]. The
conglomeratic Rouet unit consists of fluvial deposits with
marine influences in the topmost 8 m (Unit 1, fig. 3). The
parareefal Cap de Nautes unit (Unit 2), the brackish Rousset
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unit (Unit 3), the bioclastic Carry unit (Unit 4), the
biodetrital Sausset unit (Unit 5) and the Plan de Sausset unit
(Unit 6) are composed of marine and marine-continent
transitional deposits (figs 3, 4).

Biostratigraphy

The biostratigraphic dating of the Carry-le-Rouet succes-
sion was previously established using foraminifers and con-
tinental gastropods [Anglada, 1972; Maurel-Ferrandini,
1976; Nury, 1990]. Unit 1 was attributed to the late Chattian
(late Oligocene) on the basis of large specimens of helicid
gastropod Wenzia ramondi [Nury, 1990]. According to the
foraminifer biostratigraphic chart of Blow [1969], Anglada
[1972] assigned an Aquitanian age to units 4 and 5. In
unit 4, Anglada [1972] observed, at the base of the Rousset
marls (fig. 2), the lowest occurrence of the epiplanctonic
foraminifer assemblage Globigerina praebulloides occlusa
/ Globigerinoides quadrilobatus primordius. He attributed
this assemblage to the base of the N4 foraminifer zone and
thus to the beginning of the Miocene. Anglada [1972] also
reported the coexistence of Globigerinoides quadrilobatus
primordius / Globigerinoides quadrilobatus quadrilobatus
within the Tuilières marls (fig. 2) of unit 5 (fig. 3). He re-
lated the last occurrence of this assemblage either to the end
of the N4 zone or to the beginning of the N5 zone. Finally a
Burdigalian age based on planctonic foraminifers and larger

benthic foraminifers was established for unit 6 by
Maurel-Ferrandini [1976]. The author attributed the lowest
occurrence of the assemblage Globigerinoides trilobus
trilobus / Globigerinoides altiaperturus to the beginning of
the N6 zone. In addition Maurel-Ferrandini [1976] found
Miolepidocyclina burdigalensis, which is a larger benthic
foraminifer characteristic for Early Burdigalian age, at the
base of unit 6.

A new biostratigraphy based on calcareous nannofossils
and planctonic foraminifers [Oudet et al., 2010] was per-
formed and calibrated to the very last geological time scale
[Gradstein et al., 2004; Ogg et al., 2008]. This bio-
stratigraphy was used in the present study in order to con-
strain the paleomagnetic correlations. The nannofossil
stratigraphy shows that:

– the lowest occurrence (LO) of Sphenolithus delphix
was observed at ~11 m, the first appearance datum (FAD)
of this species is 23.21 Ma;

– the LO of Helicosphaera ampliaperta was observed at
~81.5 m, its FAD is 20.43 Ma;

– the LO of Sphenolithus belemnos was observed at
~98 m, its FAD is 19.03 Ma.

The planctonic foraminifer stratigraphy shows that:
– the LO of Globoquadrina dehicens was observed at

~50 m, its FAD is 22.38 Ma;
– the LO of Paragloborotalia incognita was observed at

~66.5 m, its FAD is 20.93 Ma;
– the LO of Globigerinoides altiaperturus was observed

at ~84 m, its FAD is 20.06 Ma.

MATERIAL AND METHODS

Stratigraphic description

In order to perform the paleomagnetic and paleoenv-
ironmental studies, a bed-by-bed lithological log was con-
structed for the Late Oligocene-Early Miocene sedimentary
marine succession. The 100 m-thick synthetic stratigraphic
column was based on six logs distributed along the
Carry-le-Rouet rocky coast (fig. 2). These logs were corre-
lated together using several marker beds (fig. 3: mb1 to
mb7) of 0.5 to 3 km lateral extension (fig. 2). The logging
took into account the geometry of the deposits and the lat-
eral facies variations along the 5 km-long cross-section. Fa-
cies and biological component descriptions were based on
field observations and thin sections observations.

Paleomagnetism and rock magnetism

A Pomeroy hand drill was used to collect 106 cores from 58
sedimentary levels. The cores were cut in 22 mm-long cy-
lindrical samples resulting in 213 samples. Oriented blocks
retrieved from 3 marly levels were sub-sampled using
8 plastic boxes of 8 cm3.

Stepwise thermal demagnetisation was performed on
208 samples. Natural remanent magnetisation (NRM) and
remanent magnetisation at steps 100, 200, 300, 350, 400
and 450oC were measured using the superconducting rock
magnetometer 2G760R (2G enterprises) of CEREGE (Aix-
en-Provence, France). The demagnetisation step 450oC
was sufficient to remove the viscous overprint and to re-
veal the primary paleomagnetic signal. Thermomagnetic

FIG. 1. – Geodynamic context of the study area in the frame of Corsi-
ca-Sardinia anticlockwise block rotation and Liguro-Provençal basin ope-
ning. Paleo-locations of Corsica and Sardinia from 30 Ma before to present
day after Gattacceca et al. [2007]; transfer zones and present-day oceanic
crust limit after Maillard et al. [2003]. ArFz: Arlesian fracture zone; CFZ:
Catalan fracture zone; NBFZ; North-Balearic fracture zone.
FIG. 1. – Contexte géodynamique de la zone d’étude dans le cadre de la ro-
tation antihoraire du bloc corso-sarde et l’ouverture bu bassin liguro-pro-
vençal. Paléo-localisations de la Corse et de la Sardaigne de 30 Ma
jusqu’à présent d’après Gattacceca et al. [2007] ; zones de transfert et li-
mite actuelle de la croûte océanique selon Maillard et al. [2003] ; ArFz :
zone de fracture arlésienne ; CFZ : zone de fracture catalane ; NBFZ ;
zone de fracture nord Baléares.
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FIG. 2. – A : Geological map of Carry-le-Rouet area modified from Andreieff et al. [1972]; B: east-west cross-section of stratigraphic units with marker
beds, lithology, and logs position (encircled numbers). Dips are corrected.
FIG. 2. – A : Carte géologique du secteur de Carry-le-Rouet [modifié d’après Andreieff et al., 1972] ; B : Coupe E-W des unités stratigraphiques avec les
niveaux marqueurs, la lithologie et la position des logs (nombres entourés). Les pendages sont corrigés.
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measurements have shown that neoformation of magnetite
above 450oC may affect the remanent magnetization.
Stepwise alternating field demagnetisation was performed
on 13 samples (5 cylinders and 8 filled plastic boxes) which
were too brittle for heating. Natural remanent magnetisation
and remanent magnetisation were measured at steps 2.5, 5,
10, 15, 20, 30, 45, 60, 80 and 100 mT. All paleomagnetic
data were treated using the PaleoMac software [Cogné,
2003].

In order to preserve samples for paleomagnetic investi-
gation, rock magnetic analyses were only conducted on
fragments resulting from cylinder preparation. We investi-
gated temperature dependence of magnetic susceptibility up
to a maximum temperature of 600oC on 5 representative
samples using a CS2 furnace attached to a Kappabridge
KLY2 magnetic susceptibility meter (AGICO) [Hrouda,
1994].

RESULTS

Stratigraphic description

This following description includes lithology, fossil assem-
blages, lateral facies variations, geometry of sedimentary
bodies and noticeable exposure surfaces. This description
will be used for paleoenvironmental interpretations.

– Upper part of unit 1 (log section: 4-8 m)

This upper part is characterized by a yellow detrital interval
(fig. 3; log section: 4-7 m) of clast-supported, chenalized
conglomerates, limy sandstones, and clayey siltstones.
These deposits include fragments of bivalves, oysters, gas-
tropods, very rare rhodoliths, and clasts with sponge-bor-
ings. Thick lamellar to branching coral-colonies (poritids),
in-life position, encrust clasts from the top of the first con-
glomeratic bed and build a thin coral carpet [Galloni, 2003].
A single lobe-shaped conglomerate with rare oysters
clasts-incrustation, displays beach features like low angle
stratification, and very well-sorted and well-rounded peb-
bles. The yellow interval is intercalated with red detrital de-
posits (fig. 4A). These deposits are azoïc, clast-supported
conglomeratic beds and clayey interbeds showing
paleosoils and pulmonate gastropods (fig. 3: log sections:
0-4 m and 7-8 m; fig. 4A) [Nury, 1990]. The conglomeratic
beds are composed of mutually erosive, nested channels.
The yellow interval discordantly erodes the underlying de-
posits and is itself deeply incised by red conglomeratic
channels (fig. 4A). Clasts from unit 1 are pebbles to boul-
ders up to one meter in size. A predominant clasts fraction
is composed of Barremian rudists limestones observed in
the Nerthe nearby outcrops. A minor clast fraction consists
of siliceous clasts (Permo-Triasic radiolarites, quartzites...)
from far-distant and diverse sources.

– Unit 2 (log section: 8-3 m)

This unit onlaps unit 1. It exhibits two discontinuous levels
of several vertical-stacked coral biostromes and derived
bioclastic deposits sometimes mixed with sandstones
(figs 2, 3, 4B: R1, R2), and two interbedded marly intervals
(Barqueroute marls) [Borgovini, 2003; Galloni, 2003]. The
first interval is composed of shelly marls with coal and the

second one of silty marls with sandstone beds. Both marly
intervals include bioclastic, clayey beds. The coral
biostromes are lense-shaped bodies up to a few meters thick
and a few hundred meters to one kilometer wide (figs 2,
4B). They pinch out laterally with a slope composed of
coral breccias and clayey bioclastic limestones (figs 2, 3,
4B). The coral assemblage is set in clayey, bioclastic lime-
stones or sandstones. It consists of in-life-position, coales-
cent or scattered, massive colonies and bundles of poritids
and faviids, bundles of mussids, and of fragments of
branching acroporitids and poritids [Galloni, 2003] (fig. 3).
Associated organisms are molluscs, echinoids (scutellids),
red coralline-algae, and larger hyaline benthic foraminifers
(lepidocyclinids, miogypsinids, and amphisteginids). Bushy
rhodoliths commonly coat coral fragments. Bivalves (in-
cluding the pectinid Amussium) and porcelaneous
foraminifers (miliolids, austrotrillinids and soritids) can be
abundant within the marly intervals. Planktonic
foraminifers (globigerinids) are rare or lacking. Reworked
tree fragments occur within bioclastic, clayey limestones at
the top of the unit (fig. 3).

– Unit 3 (log section: 32-43 m)

The lowermost part of this unit exhibits a coral breccia with
siliceous pebbles, shelly coarse-grained sandstones, and a
level of stromatolites encrusting reworked trees fragments
(figs 2, 3, 5A) [Andreïeff et al., 1972]. The sandstones also
form the coral breccia matrix and fill bioturbations
developped down to the clayey limestones from the topmost
part of unit 2. Deposits overlying stromatolites are
thin-bedded, clayey limestones and sandstones, both
interbedded with shelly, silty marls and fine-grained sands
(fig. 4B). Fossils are thin bivalve-shells, reworked
stromatolitic fragments and small benthic foraminifers in-
cluding rare miliolids. Gastropods potamids (fig. 5B),
mytilids and oysters, and rare coral-fragments are observed
in the upper part of the unit. Planktonic foraminifers have
not been observed [Anglada, 1972].

– Unit 4 (log section: 43-66 m)

The lower part of this unit is represented by bioclastic lime-
stones interbedded with silty marls and fine-grained sands,
and by the Rousset marls (log section: 43-53 m; figs 2, 3,
4C). The bottom surface of the first bed is slightly erosive
on unit 3, with lag deposits composed of siliceous pebbles
and oysters fragments. Several limestone beds and marly
interbeds host reworked abundant gastropods (fig. 5C:
endobiont turritellids), bivalves, and, or fragmented colo-
nies of erect rigid bilamellar bryozoan Smittina [fig. 5D;
Moissette, pers. com.]. Subordinate organisms are
echinoids, reworked and smoothed coral fragments, small
benthic foraminifers, and globigerinids planctonic
foraminifers [Anglada, 1972]. The upper part of this unit
comprises lobe-shaped, cross-bedded siltstones to sand-
stones, laterally interbedded with the Rousset marls,
cross-bedded bioclastic limestones with turritellids, bryo-
zoans and scattered corals fragments, and two coral-levels
(log section: 53-66 m; figs 2, 3, 4C, 4D: R3, R4). The
siliciclastic deposits are coarsening-upward sorted. They
show, from bottom to top, planar laminations, hummocky
cross-stratification (HCS), and megaripples [Borgovini,
2003]. They contain reworked fragments of benthic
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foraminifers, bryozoans, red-algae, and stromatolites
[Andreieff and l’Homer, 1972]. The few meter-thick
coral-level R3 is composed of cross-bedded coral breccias
of branching acroporitids and poritids, topped by a
2 km-long and 0.5 m-thick coral carpet (figs 2, 3, 4D, 5E:
mb 4). The coral breccias show a regular alternation of
decimeter-thick bioclastic limestones and thin marls. Sub-
ordinate fossils are echinoid spines (cidarids), red algal
coating on corals and lepidocyclinids. The coral carpet
(sensu Riegl and Piller [1999]) is a single layer of either co-
alescent or scattered coral colonies in life position, settled
on and buried by a bioturbated (clayey) bioclastic sediment.
This coral level is the most diversified of the whole sedi-
mentary succession [Chevalier, 1961]. Main corals are
domal colonies and bundles of poritids and faviids, bundles
of mussids, and thin lamellar dendrophyllids [Chevalier,
1961; Galloni, 2003]. Associated organisms are similar to
those of unit 2, including noticeable bushy rhodoliths. The
coral carpet is affected by early lithification, syn-sedimen-
tary fractures and sub-aerial exposure [Andreïeff et al.,
1972]. Oyster clumps and faviids bundles both in upright
living position locally top the coral carpet. The overlying
deposits are lobe-shaped sandstones, interbedded Carry
marls with rare planctonic foraminifers, and a shelly lime-
stone with abundant lucinoids and rare oyster encrustation
(figs 2, 3, 5F). The coral-level R4 is a lobe-shaped body of
one kilometer wide and a few meters thick, pinching out
both to the SW and NW (figs 2, 4D) [Borgovini, 2003;
Galloni, 2003]. This body exhibits bioclastic, clayey sand-
stones to shelly limestones with coral fragments of branch-
ing poritids and acroporids, and of massive poritids and
faviids (figs 2, 3, 4D). It is topped at Port Carry by a
0.5 m-thick coral carpet built by these massive colonies
(fig. 4D). Oysters, pectinids and red algal fragments best
occur in sandstones while lucinoids and turritellids are
abundant in shelly limestones.

– Unit 5 (66-9 m)

The unit exhibits marly interbeds with rare globigerinids
(Tuillière and Vaquette marls) and lobe-shaped sandstones,
shelly, bioclastic limestones, and one isopachous conglom-
eratic bed with well-rounded gravels and sponge borings
(figs 2, 3: mb 6). Syn-sedimentary deformation affects
sandstones and is expressed by up to 1 m-thick, balls and
pillars. One of the shelly limestones is blanketed by a silty
mud, which fills the moldic porosity. This layer is sealed by
sandstones. Fossils are composed of accumulation of bi-
valves (mainly lucinoids) or gastropods (turritellids),
echinoids (scutellids), and coralline-algae, and rare coral-
fragments.

– Lowermost part of unit 6 (94-98 m)

This part exhibits a marine conglomerate covered by a
bioclastic limestone (fig. 2, 3: mb 7). The conglomerate
erodes the underlying unit 5 (fig. 2) and contains
green-stained quartz gravels, white Mesozoic carbonate
clasts, and clasts from the underlying unit [Maurel-
Ferrandini, 1976]. All gravels are well-rounded and sup-
ported in a coarse sandy matrix. Fossils are abundant
mytilids and large oysters, subordinates bivalves, cirripeds
and scutellids. Oyster clumps in up-right living position
may build banks in the bioclastic limestone. No corals were
observed.

Magnetic mineralogy

Temperature dependence of low field magnetic susceptibil-
ity (MS) experiments were performed on five samples rep-
resentative for different lithologies in order to determine
Curie temperatures, which allow the identification of the
carrier of remanent magnetic signal (fig. 6). The MS is low
at room temperature and the signal progressively decreases
with increasing temperature for samples CLR104, CLR88
and CLR65 down to negative values (fig. 6A, 6B and 6C).
This progressive decrease is attributed to the behaviour of
paramagnetic particles such as clays. The negative values of
MS observed at high temperature are attributed to diamag-
netic contribution of carbonates. The heating curves also
show that the MS signal strongly falls at 360oC and from
420oC to 580oC for samples CLR104, CLR88 and CLR65
(fig. 6A, 6B and 6C) indicating the probable occurrence of
iron sulphides and titanomagnetite, respectively. Sample
CLR65 is, in addition, characterised by a pronounced MS
fall at ~590oC (fig. 6C). This temperature corresponds to
the Curie point for pure magnetite. The cooling phases
show the reversibility of the curves with MS increases at
590oC and between 420oC to 580oC, confirming the occur-
rence of magnetite and titanomagnetite, respectively
(fig. 6A, 6B and 6C). Some curves present secondary for-
mation of ferromagnetic particles during heating (fig. 6D).
MS is negative and close to zero at the beginning of the
heating run. MS increases at ~450oC and reaches 7 10-6 SI
g-1 at 560oC for sample CLR92 and at ~520oC and reaches
10 10-6 SI g-1 at 560oC for sample CLR 73. MS decreases
down to negative values at ~590oC in both heating curves.
Strong MS increase in heating curves CLR 92 and CLR73
are assignable to the formation of secondary magnetite as
the decrease of MS happens at ~590oC, which is the Curie
temperature for magnetite. Secondary formation of magne-
tite is commonly reported from thermomagnetic measure-
ments in carbonates [e.g., Schneider et al., 2004]. This
shows that heating the samples at higher temperatures than
450oC would lead to the acquisition of an artificial magneti-
zation through the secondary formation of magnetite. This

FIG. 3. – Late Oligocene – Early Miocene sedimentary succession of Carry-le-Rouet, with GPS coordinates of logs, main fossils, paleoenvironments, wave
energy zonation and water depth estimates.
FIG. 3. – Succession sédimentaire Oligocène supérieur-Miocène inférieur de Carry-le-Rouet avec les coordonnées GPS des logs, les principaux fossiles,
les paléo-environnements, la zonation d’énergie des vagues et l’estimation de la profondeur d’eau.
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would be responsible for a complete overprint of the pri-
mary magnetization. The magnetic mineralogy determina-
tion shows that the magnetic assemblage is not constant and
that the contribution of more than one ferromagnetic phase
can be documented. It shows also that heating above
~450oC can be responsible for secondary mineralization of
ferromagnetic particles. Magnetite, which is the most
convenient carrier of paleomagnetic signal, is identified.
This shows that paleomagnetic studies can be performed.
However, the protocol must avoid very high temperature
demagnetisation and a careful selection of high quality data
is needed.

Demagnetisation of the natural remanent
magnetisation (NRM)

Orthogonal projection [Zijderveld, 1967], stereographic
plots and demagnetization diagrams of stepwise thermal de-
magnetization of 6 selected samples are shown in figure 7.
Lowest NRM intensities are in the order of 0.1 mA m-1
(e.g., CLR51_1 in fig. 7). After several demagnetization
steps, the remanent magnetization intensity decreases down
to 0.01 mA m-1. A strong fall of the intensity for sample
CLR 110_1 at ~300oC may suggest the presence of iron
suphides, which have nevertheless not been evidenced in

FIG. 4. – Interpreted photographs of the Carry-le-Rouet sedimentary architecture with stratigraphic subdivision, marker beds, and logs location. A: East
Cap de Nautes; B: West Cap de Nautes; C: Cap de l’Anse Rousset; D: Port Carry.
FIG. 4. – Photographies interprétées de l’architecture sédimentaire de Carry-le-Rouet avec la subdivision stratigraphique, les bancs marqueurs et la loca-
lisation des logs. A : Est de Cap de Nautes ; B : Ouest de Cap de Nautes ; C : Cap de l’Anse Rousset ; D : Port Carry.

FIG. 5. – Photographs of fossiliferous facies in Carry-le-Rouet sedimentary succession; A: stromatolitic coats on trees fragments – unit 3 – west Anse de
Barqueroute; B: potamids-rich clayey limestone; Por = poritids fragments – unit 3 – east anse de Rousset; C: turritellids-rich limestone; D: bryozoan Smit-
tina-rich clayey limestone – unit 4 – east Anse de Rousset; E: coral breccia with acroporids branching fragments in a muddy matrix and F: lucinoids-rich
limestone; Pot = potamids; Tu = turritellids – unit 4 – east Port de Carry.
FIG. 5. – Photographies des faciès fossilifères de la succession sédimentaire de Carry-le-Rouet ; A : fragments d’arbres encroûtés par des stromatolites –
Unité 3 – ouest de l’anse de Barqueroute ; B : calcaire argileux riche en potamides ; Por= fragments de poritidés – Unité 3 – est de l’anse Rousset ; C :
calcaire riche en turritelles ; D : calcaire argileux riche en bryozoaires Smittina – Unité 4 – est de l’anse de Rousset ; E : brèche corallienne avec des
fragments d’acroporidés branchus dans une matrice argileuse et F : calcaire riche en lucines ; Pot = potamides ; Tu = turritelles– Unité 4– est du port de
Carry.
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the magnetic mineralogy. These intensities are low but can
still be detected by the magnetometer. Thermal demagnetis-
ations show that the viscous overprint is generally removed
below 200oC. The inclination of the stable magnetisation is
coherent with the geomagnetic inclination expected for
the estimated paleolatitude (inclination of 54.5o for a
paleolatitude of 35oN in case of normal polarity) consider-
ing the 20o of uncertainty linked to the paleosecular varia-
tions (CLR18_1, CLR92_1 and CLR31_1 in fig. 7). A
normal overprint is observed on curves presenting a reverse
polarity, avoiding a mis-orientation of the samples
(CLR23_3, CLR51_1 and CLR110_1 in fig. 7). As ex-
pected for carbonate rocks, some demagnetisation patterns
were of low quality. Whatever the demagnetisation method
used, samples are affected by spurious magnetisations and
no clear relationship exists between the lithology and the
quality of the demagnetisation curve. For a total of 221
samples, only 169 (~76.5%) could be interpreted. For 138
samples characterised by high and medium quality demag-
netisation curve (type 1), characteristic remanent magnetis-
ation (ChRM) was estimated using the least squares method
[Kirschvink, 1980]. For 31 samples characterised by low
quality demagnetisation curve (type 2), ChRM was esti-
mated using Fisher’s statistics [Fisher, 1953].

Geomagnetic polarity record (GPR)

Inclinations and declinations of the ChRM as well as the re-
versal angle (RA) are displayed in figure 8. RA is defined
as the angle between the determined ChRM direction of a
sample and the field direction of a geocentric axial dipole
of normal polarity at the coring site, i.e. 0o (180o) for a pure
normal (reversed) dipole direction [Demory et al., 2005].
Determination of RA is helpful in case of noisy
paleomagnetic data impeding the observation of a clear
antipodality between normal and reversal polarities. Low
values of RA reflect normal polarities whereas high values
of RA reflect reverse polarities. Several samples measured
in a single layer sometimes present dispersed inclination
and declination of ChRM. This dispersion is especially ex-
pressed when reverse polarity is partially overprinted by
normal polarity. The overprint persistence differs from one
sample to another. This affects the orientation of the ChRM.
We could attribute the dispersion to heterogeneities in the
magnetic mineralogy related to sediment heterogeneities
within a single layer. Therefore, an average of RA of the
best quality data (type 1, or type 2 when type 1 is absent)
selected for each measured layer (fig. 8) was used to estab-
lish a geomagnetic polarity record (GPR). Averaged RA be-
tween 0o and 45o were assigned to normal polarities and
average RA between 45 and 180o were assigned to reverse
polarities. This record displays several polarity changes.
Remaining uncertainties concern only two layers character-
ised by average RA very close to 45o and four short
intervals presenting no data (fig. 8). The cumulative
thickness with no data reaches ~20 m, what corresponds to
~20% of the entire sedimentary column.

INTERPRETATIONS

Lithology, fossil assemblages, geometry of sedimentary
bodies and exposure surfaces characterisation were used to
reconstruct the paleoenvironmental evolution recorded in
the sedimentary succession (fig. 3).

Paleoenvironments

Upper part of unit 1

This section records a transition from continental to marine
environments. The red detrital deposits including nested,
clast-supported channels and clays, are typical of a braided
fluvial system as has been already demonstrated [Nury,
1990]. The yellow detrital interval represents a marine litto-
ral setting with clast-supported channels and lobe-shaped
conglomerates both interpreted as deltaïc distributaries and
gravel beach. The thin coral carpet is the first attempt of
reef building in a such detrital setting.

Unit 2

This unit represents a typical, protected inner-platform and
reef-like environment, characterized by high mud decantation,
abundant porcelaneous foraminifers, and scattered wide coral
biostromes. The first marly interval (log section: 8-12 m) with
shelly marls and coal similar to those described in the brack-
ish unit 3, may specifically record brackish trends [Andreieff
and l’Homer, 1972]. Coral fragments and larger hyaline ben-
thic foraminifers within the second marly interval (log section:

FIG. 6. – Low field magnetic susceptibility (MS) versus temperature for 5
selected samples. The black and grey curves correspond to the heating and
cooling phases, respectively. The diamagnetic contribution of the oven has
been subtracted from the data.
FIG. 6. – Susceptibilité magnétique en champ faible versus température
pour 5 échantillons représentatifs. Les courbes noires et grises correspon-
dent respectivement aux phases de chauffe et de refroidissement. La contri-
bution diamagnétique du four a été soustraite des données.
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21-31 m) represent lateral influences of coral biostromes. This
interval sets in a deeper setting than the coral biostromes R1
and R2. Using the foraminifer assemblage, Anglada [1972]
assigned water depths lower than 20 m to unit 2. Similar envi-
ronmental settings have been described in Oligocene-Early
Miocene platforms from Indo-Pacific region [e.g.,
Chapronière, 1975; Fournier et al., 2004; Conesa et al.,
2005b]. The authors proposed water depths lower than 15 m.
The high content of branching coral fragments deposited in
muddy, bioclastic sediment within or in the vicinity of the
coral buildups, may be related to storms in a back-reef setting
or to bioerosion as observed at present in the Caribbean Sea
[e.g., Scoffin, 1993; Aronson and Pretch, 1997]. Nevertheless,
reworked tree fragments and pebbles within a coral breccia at
the top of the unit (fig. 3) are evidence of storm wave-action.
They are also indicative of the vicinity of the land.

Unit 3

In the lowermost part of this unit, sandstones are interpreted
as beach rock deposits because they are coarse-grained,
well sorted, and poorly cemented. The overlying stoma-
tolites encrusting tree fragments, the shelly marls and lime-
stones with brackish potamids gastropods and reworked
stromatolites fragments were attributed to a restricted and

brackish, inner platform-setting. Sporadic occurrence of
mytilids, oysters and reworked coral fragments within de-
posits may indicate washover events during storms.

Unit 4

The lower part (log section: 43-54 m) of unit 4 shows a ver-
tical deepening trend from a shallow outer platform-setting
with turritellids limestones to an outer platform-setting rep-
resented by bryozoans (Smittina) silty marls and clayey
limestones, and the overlying Rousset marls with
globigerinids planctonic foraminifers (fig. 3). The sharp
erosive surface and lag deposits, topping the brackish unit,
suggest the onset of open marine conditions. The first
turritellids limestone (mb 2), devoid of muddy matrix, was
probably deposited in the upper shoreface zone, during
storms as turritellids are especially infaunal gastropods.
The shelly deposits were stabilized by scattered crusts of
oysters and membraniporiform bryozoans in the upper part
of the bed, and then covered by bioturbated fine-grained
sands. This event both indicates a decrease in sedimentation
rate and deepening with the first onset of the lower
shoreface zone and deeper, outer platform-setting. Del Río
et al. [2001] have assigned an inner to middle shelf-setting
to similar mixed accumulation of turritellids and

FIG. 7. – Orthogonal projections [Zijderveld, 1967], stereographic plots and demagnetization diagrams for 6 selected type 1 samples. On the orthogonal
projection plots, open and solid circles represent projections on vertical and horizontal planes, respectively. On the stereographic plots, open and solid cir-
cles represent reverse and normal inclinations, respectively.
FIG. 7. – Projections orthogonales [Zijderveld, 1967], stéréographiques et diagrammes de désaimantation pour 6 échantillons de type 1. Sur les projec-
tions orthogonales, les cercles vides et pleins représentent respectivement les projections sur les plans verticaux et horizontaux. Sur les projections stéréo-
graphiques, les cercles vides et pleins représentent respectivement les inclinaisons inverses et normales.
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adeoniform bryozoan in the middle to late Miocene of Ar-
gentina. Smittina and especially Smittina cervicornis are
frequently reported in the middle Miocene of Central
Paratethys [e.g., Schmid et al., 2001; Moissette et al., 2007;
Holcová and Zágoršek, 2008]. Moissette et al. [2007] and
references therein defined Smittina cervicornis as an extant
stenobathic species. According to the authors this species
is characteristic for moderately deep environments
(30-100 m) in the Mediterranean sea, and has an optimal
depth range of 40-60 m. Schmid et al. [2001] and Holcová
and Zágoršek [2008] respectively estimated a paleodepth
range of 30-60 m to 50-100 m, for Smittina. These authors
related the in situ development of Smittina in quiet, muddy
environment with suboxic conditions and a low sedimenta-
tion rate. Such a setting is mostly reached in unit 4 as
Smittina are deposited in a muddy sediment devoid of
bioturbation. Nevertheless, these bryozoans have been
transported. Only the last Smittina bed prior to Rousset
marls deposition shows mostly in situ development with
well-preserved, up to a few centimeters-long fragments of
colonies. Thus the overlying marls may have deposited un-
der the storm wave base in the offshore zone.

In the upper part (log section: 54-66 m) of unit 4, the
gradual change from Rousset marls to coarsening-up,
cross-bedded sandstones records increasing detrital inputs.
The upward succession of planar laminations, HCS and
megaripples, indicates the onset of lower and upper
shoreface zones, respectively (fig. 3) [Borgovini, 2003].
Bioclasts such as stromatolites fragments were reworked
and transported seaward from the inner platform. The over-
lying cross-bedded bioclastic deposits with locally abun-
dant Smittina among other bryozoans, turritellids and few
coral fragments were interpreted as hydraulic dunes gener-
ated in the upper shoreface zone. They represent a shallow
outer platform-setting. The coral-level R3 indicates the on-
set of a coral-reef environment. The alternation of branch-
ing acroporitids-poritids breccia and muddy sediment
suggests episodic storm-deposition in a relatively deep and
sheltered lagoonal setting, as observed nowadays in the Ca-
ribbean [e.g., Scoffin, 1993]. The overlying coral carpet
with bioturbated, clayey limestones and scattered domal
and robust-branching coral-colonies was interpreted as a
shallower lagoonal setting (figs 2, 3, 4D: mb 4). Common
bioturbation and infaunal bivalves indicate low sedimenta-
tion rates while common bushy rhodoliths may be related to
episodic currents. Andreieff and l’Homer [1972] described
an exposure surface at the top of the coral-level R3. Above
this surface, scattered, in-life position, oysters clumps and
faviids bundles, buried by sandstones, represent a first at-
tempt of reef initiation, prior to the onset of a new coral car-
pet at the top of lobe-shaped sandy limestones (coral level
R4). The coral buildups and the bioclastic limestones may
have deposited in a shallow outer-platform setting.

Unit 5

The alternance of shelly limestones (with either turritellids,
or reworked infaunal bivalves), and marls indicates several
environmental changes from shallow to deep outer-platform
settings. Several lobe-shaped sandstone intervals represent
recurrent strong detrital inputs. The Tuillière marls (fig. 3)
with common globigerinids [Anglada, 1972] may corre-
spond to a deeper outer-platform setting, under storm

wave-action. These marls deposited in a deepening event,
which lead to the drowning and demise of the underlying
coral level R4. The Vaquette marls with common bivalves
and less planktonic foraminifers, may have deposited in a
shallower outer-platform setting. One shelly beds shows ex-
posure revealed by a muddy silt vadose infilling the moldic
porosity and sealed by the overlying sandstone. Finally the
isopachous marine conglomerate (figs 2, 3: mb 6) was inter-
preted as a gravel beach deposit as all gravels, including
mollusc and reworked coral pebbles, are well-rounded and
bored by sponges.

Unit 6

Well-rounded gravel and clean coarse-sands of the marine
conglomerate are related to transport and winnowing by
longshore current. The marine conglomerate corresponds to
a littoral environment either in the foreshore zone or in the
upper shoreface zone. The abundant mytilids and oysters in
the overlying bioclastic limestone indicate the same
environmental setting.

Age model based on magnetobiostratigraphy

The geomagnetic polarity record (GPR) anchored with
biostratigraphic dating points (section II.3 and Oudet et al.
[2010]) was correlated to the Astronomical Tuned Neogene
Time Scale [ATNTS04, Lourens et al., 2004] (fig. 8). The
time interval between the First Appearance Datum (FAD) of
Sphenolithus delphix (23.21 Ma) and the FAD of
Globoquadrina dehicens (22.38 Ma) ranges from the
subchron C6Cn.2r to the subchron C6Br, including 4
subchron boundaries which were recognized in GPR estab-
lished in the present study. This allowed straightforwardly
correlating the GPR to the ATNTS04. A few meters below
the lowest occurrence (LO) of Globoquadrina dehicens, a
subchron boundary was observed in the GPR and correlated
to the C6Br-C6Bn.2n boundary. This was done considering
that the true LO of Globoquadrina dehicens (22.38 Ma)
may be a few meters below the LO revealed by the
biostratigraphic study. The vertical shift of the LO along the
Carry section is explained by the absence of planktonic
foraminifers within unit 3, which sedimentation represents
a shallow and brackish, inner platform setting.

The time interval between the FAD of Globoquadrina
dehicens (22.38 Ma) and the FAD of Paragloborotalia in-
cognita (20.93 Ma) ranges from the subchron C6Br to the
subchron C6Ar. This interval comprises several boundaries
of short subchrons. Using linear interpolation, the polarity
change observed in the GPR at z = ~56 m was correlated to
the C6Bn.1n-C6AAr.3r boundary. The polarity change lo-
cated close to the LO of Paragloborotalia incognita was
correlated to the C6AAn-C6Ar boundary. The absence of
some subchrons in the GPR was attributed to the resolution
of the study impeding the detection of very short subchrons
and to no data intervals within the log.

The time interval between the FAD of Paragloborotalia
incognita (20.93 Ma) and the FAD of Helicosphaera
ampliaperta (20.43 Ma) ranges from the subchron C6Ar to
the end of the subchron C6An.2n. This interval includes
one polarity change which is missing in the GPR. This
missing boundary was attributed either to no data interval in
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the GPR or to a major exposure surface which could mark a
hiatus of sedimentation.

The time interval between the FAD of Helicosphaera
ampliaperta (20.43 Ma) and the FAD of Globigerinoides
altiaperturus (20.06 Ma) ranges from the end of the subchron
C6An.2n and the subchron C6An.1n. This interval includes
one polarity change identified in the GPR at z = ~ 83 m. The
polarity change located close to the LO of Globigerinoides
altiaperturus was correlated to the C6An.1n-C6r boundary.

Thanks to these correlations, the age model is com-
posed of 9 paleomagnetic correlations extended by the
biostratigraphic dating points located at both extremities of
the sedimentary succession (fig. 9). The time span covered
by the sedimentary succession is of ~ 5 m.y.

DISCUSSION

Quality of the paleomagnetic record

The paleomagnetic results show clear variations of the ori-
entation of stable remanent magnetisations. This proves that
no complete secondary remagnetization affected the studied

rocks. On the contrary, other paleomagnetic studies led on
sedimentary rocks of southeastern France reported Tertiary
remagnetizations attributed either to orogenic fluids circu-
lation [Aubourg and Chabet-Pelline, 1999; Kechra et al.,
2003] or to burial diagenesis [Katz et al., 1998]. The pres-
ent study, however, is noticeably different for the following
reasons:

– the study area is located far away from the Alpine
orogeny (several hundred kilometres). Hence, remagne-
tization linked to orogenic fluids did not affect the rocks of
the study area. Concerning the Pyrenean orogeny, which de-
formed the Mesozoic substratum, the deformations ended in
the Eocene times, i.e. before deposition of rocks of the
present study;

– the Carry-le-Rouet sedimentary succession has not
been buried. This excludes any burial diagenesis;

– the sedimentary facies (mostly shallow water carbon-
ates including siliciclastics) of the present study are drasti-
cally different from the cited studies [Aubourg and
Chabert-Pelline, 1999; Kechra et al., 2003; Katz et al.,
1998] which are focused on deep sea carbonates and shales.

FIG. 8. – From left to right : biostratigraphic dating points [Oudet et al., 2010 and see section Biostratigraphie], composite log, declination, inclination and
reversal angle profiles of the ChRM, deduced geomagnetic polarity record and correlation with a geomagnetic polarity reference scale [ATNTS04, Lourens
et al., 2004]. Numbers correspond to declinations expected for a normal (1) or reverse (2) polarity, inclination expected for a reverse (3) or normal (4) pola-
rity and threshold at RA = 45o (5) used to discriminate between normal and reverse polarity.
FIG. 8. – De gauche à droite : datations basées sur la bio-stratigraphie [Oudet et al., 2010 et voir § Biostratigraphie], log composite, profiles de déclinai-
son, d’inclinaison et de l’angle inverse de l’aimantation rémanente caractéristique, enregistrement de la polarité géomagnétique et corrélation avec l’é-
chelle de polarité géomagnétique de référence [ATNTS04, Lourens et al., 2004]. Les nombres correspondent à la déclinaison attendue pour une polarité
normale (1) ou inverse (2), à l’inclinaison attendue pour une polarité inverse (3) ou normale (4) et à la limite à 45o de l’angle inverse utilisée pour discri-
miner les polarités normales des polarités inverses.
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Age model and exposure surfaces

The age model (fig. 9) allows to discuss on sedimentation
rates and their relations to the distribution and significance
of the different exposure surfaces.

The sedimentary column from z = 10 m to z = 37 m
covers a time span of ~ 450 ky, implying a sediment accu-
mulation rate of ~ 6 cm ky-1 (segment 1). The sedimentary
column from z = 37 m to z = 98 m covers a time span of ~
3.75 m.y., inducing a sediment accumulation rate of ~
1.62 cm ky-1 (segment 2). These very low sedimentation
rates can be attributed to sedimentary hiatuses and to
diagenesis (compaction, dissolution...). Exposure surfaces
evidenced in the log probably mark the major hiatuses but
numerous short hiatuses, mostly undetectable, are distributed
all along the log. The role of hiatuses in the low sediment
accumulation rates is, therefore, important but difficult to
quantify. Nevertheless, the distribution of exposure surfaces
is not homogeneous along the sedimentary column. Only
one exposure surface was observed in segment 1 and no
strong sedimentary hiatus was evidenced on this surface.
Segment 2 showing lower sediment accumulation rates is
marked by two exposure surfaces that could mark
strong sedimentary hiatuses, especially the subareal exposure

surface located at the top of R3 (see section Paleoenviron-
ments). Coral growth may also participate to the increase of
sedimentation rates but the growth rate is hard to estimate.

Considering the possible hiatuses marked by the occur-
rence of exposure surfaces, the age model is probably much
smoothed. Nevertheless the age model points out that a major
change in sediment accumulation rate is observed at ~ 37 m
in the sedimentary column that corresponds to an age of
22.75 Ma. This change could be related to local deformation
taking place during rifting. This deformation can be responsi-
ble for changes in sediment supplies, bathymetric variations
and changes in carbonates productivity affecting sedimenta-
tion rates.

Paleoenvironments, global d18O and relative sea level
curves

The paleoenvironments were precisely dated using the most
realistic age model based on paleomagnetism and
biostratigraphy (fig. 9). Wave energy zones boundaries
were dated using linear interpolations between the correla-
tion points of the age model. Paleoenvironments were com-
pared to the d

18O and global sea level curves [Miller et al.,
2005 and references therein] both recalibrated using

FIG. 9. – Age model built up from paleomagnetic correlation (black crosses) and biostratigraphic anchor points (open diamonds). The age model is built up
from 9 paleomagnetic correlations and extended at both extremities by 2 biostratigraphic dating points. The main exposure surfaces are also noticed.
FIG. 9. – Modèle d’âge construit à partir des corrélations paléo-magnétiques (croix noires) et ancré par la bio-stratigraphie (diamants vides). Le modèle
d’âge est construit à partir de 9 corrélations paléo-magnétiques et est étendu à ses deux extrémités par deux datations bio-stratigraphiques. Les principa-
les surfaces d’émersion sont aussi indiquées.
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ATNTS04 [Lourens et al., 2004] and to the regional
geodynamic events related to the Liguro-Provençal basin
opening (fig. 10). The comparison between the paleo-
environments determined in the present study and global
scale curves was possible since the Mediterranean Sea and
the Atlantic Ocean were largely connected in the period
considered [e.g., Séranne, 1999].

Late Oligocene-Early Miocene d
18O and global sea

level variations Miller et al. [2005] are mostly influenced
by Antarctic glaciations [Zachos et al., 2001; Naish et al.,
2001]. The comparison between the paleoenvironments and
the d

18O curve suggests that the first coral reef (R1, fig. 10)
occurred during the glacial period characterised by high
d

18O values at the end of the Oligocene (fig. 10). Neverthe-
less, the high d

18O values are not coherent with the increase
observed in global sea level curve, depicting the end of the
Late Oligocene glacial stage. This misfit could be attributed
to the smoothness of the d

18O curve. Regarding the global
sea level curve, the first coral reef occurred at the gla-
cial-interglacial transition. The most diversified coral reef
R3 occurred during the warmest period of the Aquitanian
and marked by low d

18O values. Nevertheless, in spite of
the good match between coral reef occurrences and

warming phases, coral reefs described in the Mediterranean
region in this period [Bosselini and Perrin, 2008] are not
only influenced by temperature, but also by other parame-
ters such as, for instance, trophic requirements [Brandano
et al., 2009].

Paleobathymetries, relative sea level curve and
geodynamics

Paleobathymetries estimated from the paleoenvironmental
reconstructions were compared to the global sea level
curve. In the present study, the time interval between
23.5 Ma and 20.6 Ma is marked by strong paleobathymetric
variations with two phases of high sea level. These two
phases were deduced from offshore zone characterisations
succeeding several events of very low bathymetry (fig. 10).
Paleobathymetric variations (0 to 50 m) are in the same
range than the global sea level variations (– 40 to + 10 m).
Nevertheless, these variations do not fit the global sea level
variations between 23.5 and 20.35 Ma. Especially the maxi-
mum depth of ~ 50 m estimated in the log at ~ 22.1 Ma
does not coincide with a high sea level. In addition, the off-
shore zone described between 21 Ma and 20.75 Ma does

FIG. 10. – Dated paleoenvironmental reconstructions and comparison with global d18O and sea level curves of Miller et al. [2005] and references therein
both recalibrated according to ATNTS04 [Lourens et al., 2004]. Coral reefs (R1, R2, R3 and R4), exposure surfaces and water depth estimations are also
noticed. To the right, geodynamic events succession associated to the Liguro-Provençal basin opening [Gattacceca et al., 2007 and reference therein].
FIG. 10. – Reconstructions paléo-environnementales datées et comparées aux courbes globales de d18O et de variation du niveau marin de Miller et al.
[2005] et références incluses, les deux courbes étant étalonnées suivant l’échelle des temps géologiques ATNTS04 [Lourens et al., 2004]. Les récifs coral-
liaires (R1, R2, R3 et R4), les surfaces d’émersion et les estimations de profondeur d’eau sont aussi indiqués. A droite, succession des événements géody-
namiques associés à l’ouverture du bassin liguro-provençal [Gattacceca et al., 2007 et références incluses].
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not fit the increase of sea level occurring at ~ 20.65 Ma.
The mismatch between paleobathymetry and global sea
level is probably linked to local deformation.

Indeed, especially during rifting, movements along nor-
mal faults can be responsible for local increases of
bathymetry. Syn-sedimentary brittle deformation in the
Miocene has been measured in and around the study area
(fig. 11). All faults are meter scale in size and show a nor-
mal displacement. Fractures are of the same scale and result
from extension with syn-sedimentary filling. Faults and
fractures are steep, striking N080o in average, which indi-
cates a NNW-SSE direction of extension that affected the
studied rocks during Aquitanian times. These brittle,
syn-sedimentary deformations argue for a tectonic-driven,
syn-rift subsidence in the Aquitanian.

Above the major exposure surface dated at ~ 20.35 Ma,
the quite stable paleobathymetry until 19.3 Ma is followed
by a decrease from 19.3 to 19 Ma. This variation is in

agreement with the global sea level curve, which shows sta-
ble and relatively high level followed by a fall in the same
time interval. Hence, from 20.35 to 19 Ma, the
paleobathymetric variations match the global sea level vari-
ations. This shows that no local tectonics has changed the
paleobathymetry. The absence of tectonics, the lack of ex-
posure surface as well as the flat geometry of the sediments
younger than 20.35 Ma characterise post-rift sediments.
This implies that the major exposure surface at 20.35 Ma
corresponds to the break up unconformity on the margin.

CONCLUSIONS

In the present study, we established a geomagnetic polarity
record (GPR) for the Late Oligocene-Early Miocene car-
bonate succession of Carry-le-Rouet. The difficulty to ac-
cess a high quality paleomagnetic signal in carbonates was

FIG. 11. – Syn-sedimentary normal faults and extensional fractures affecting the Oligo-Miocene rocks in and around the study area. A : location of faulted
sites. a : parareefal Cap de Nautes unit, Petite Calanque ; b : parareefal Cap de Nautes unit, Boumandariel ; c : parareefal Cap de Nautes unit, calanque du
Petit Nid ; d : bioclastic Carry unit, anse de la Tuilière ; e : Oligocene, Source Salée. B : stereographic projections of normal faults (with black arrows) and
extensional fractures, lower hemisphere projection ; with arrows indicating the estimate direction of extension. C (left) : exemple of syn-sedimentary nor-
mal faults in the parareefal Cap de Nautes unit of Boumandariel and of Calanque du Petit Nid ; and C (right) : example of syn-sedimentary extensional
fracture filled with overlying sediments in Bioclastic Carry unit of Anse de la Tuilière.
FIG. 11. – Failles normales syn-sédimentaires et fractures en extension affectant les roches oligo-miocènes dans et autour de la zone d’étude. A : localisa-
tion des sites faillés. a : formation para-récifale du Cap de Nautes, Petite Calanque ; b : formation para-récifale du Cap de Nautes, Boumandariel ; c : for-
mation para-récifale du Cap de Nautes, Calanque du Petit Nid ; d : formation bioclastique de Carry, Anse de la Tuilière ; e : Oligocène, Source Salée.
B : projections stéréographiques des failles normales (avec les flèches noires) et fractures en extension, projection en hémisphère inférieur, avec flèches
indiquant la direction d’extension estimée. C (gauche) : exemple de failles normales syn-sédimentaires dans la formation para-récifale du Cap de Nautes
de Boumandariel et de la Calanque du Petit Nid ; and C (droite) : exemple of fracture syn-sédimentaire en extension remplie des sédiments sus-jacents
dans la formation bioclastique de Carry de l’Anse de la Tuillière.
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overcome by the investigation of numerous samples per
layer. Only 138 samples (~62.5% of all the measured sam-
ples) were suitable to determine the geomagnetic polarity
within 56 layers. The resulting GPR covers 80% of the
sedimentary succession.

Using biostratigraphic constraints based on calcareous
nannofossils and planctonic foraminifers [Oudet et al.,
2010], the GPR was correlated to a reference geomagnetic
polarity scale ATNTS04 [Lourens et al., 2004]. The result-
ing age model implies that:

– the sedimentary column covers a time span of ~ 5 Ma
from the Late Chattian to the Early Burdigalian. Despite
some changes in sediment accumulation rates and the pres-
ence of several exposure surfaces, no major sedimentary hi-
atus is evidenced. One inflexion of the age model curve
shows a decrease of the sediment accumulation rates from 6
to 1.62 cm ky-1 around 22.75 Ma. This change could be cor-
related to tectonic pulses occurring during rifting;

– paleoenvironments and paleobathymetries have been es-
timated using lithology, fossil assemblages, lateral variations
of facies and geometry of sedimentary bodies. These incomes
have been dated using the age model. This leads to the follow-
ing conclusions:

– the Carry-le-Rouet sedimentary succession is an ex-
cellent climatic archive for the Late Oligocene to Early

Miocene. Indeed, coral reefs occurrences match the glacial
to interglacial transition and the most diversified coral envi-
ronment matches the warmest period of the Aquitanian;

– the paleobathymetric changes in the lowermost part of
the sedimentary succession are not related to sea level vari-
ations. They are more likely controlled by the tectonic ac-
tivity during rifting as deduced in section Paleo-
bathymetries, relative sea level curve and geodynamics. For
the highermost part of the sedimentary succession, the
paleobathymetry matches the sea level changes. This
reveals quiescent tectonic activity on the margin characteristic
for the post-rift period coeval with oceanic crust accretion in
the basin. The change in tectonic regime correlates with the
noticeable exposure surface dated at ~ 20.35 Ma, which is at-
tributed to the break-up unconformity. This result consider-
ably improves the accuracy of the break-up unconformity
dating.
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