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Boreal and Tethyan realms of Western Europe present significant sedimentological, paleontological, and
stratigraphic differences. The purpose of this study is to constrain regional versus global controls on the
dynamics of a sedimentary system located at the interface of these two realms in order to better understand
the origin of their differences. Detailed sedimentological, palynofacies and calcareous nannofossil analyses
were performed on two sections from the La Rochelle platform (western France). The Pas section includes
part of the Late Oxfordian and Early Kimmeridgian, and the Rocher d'Yves section is assigned to the Late
Kimmeridgian. They correspond to monotonous marl-argillaceous limestone alternations. Limestones are
essentially mudstones with echinoderms, bivalves and foraminifera that suggest low-energy, open-marine
conditions. Highly bioclastic and/or peloidal deposits occur commonly, and show wackestones to wacke-
pack-grainstones textures. These deposits indicate frequent high-energy events, and are interpreted as storm
deposits. Marls dominate in the most proximal depositional environments, while calcareous deposits are
more important in more distal environments. The Rocher d'Yves section is globally more marly than the Pas
section, suggesting a more proximal setting. Palynofacies are dominated by woody particles, suggesting
shallow-water, proximal depositional environments. Calcareous nannofossils are ascidian spicules,
coccoliths, and schizospheres. Watznaueria britannica dominate calcareous nannofossil assemblages in the
Pas section. The Rocher d'Yves assemblages are quasi-exclusively composed of Cyclagelosphaera margerelii,
and indicate more proximal paleoenvironments than those of the Pas section. Different orders of
depositional sequences are defined, with sequence boundaries corresponding to the most rapid relative
sea-level falls. They are hierarchically stacked, and correlate, on the basis of ammonite zones, with the
sequences of contemporaneous sections from Tethyan and boreal realms. The stacking pattern of these
sequences suggests an orbital control on sedimentation. Small-, medium- and large-scale sequences
correspond to precession (20 ky) cycles and to 100 ky and 400 ky eccentricity cycles, respectively. The
elementary sequences have durations shorter than 20 ky. The Kimmeridgian was a period of global sea-level
rise that ended in the Late Kimmeridgian. More proximal depositional environments in the Rocher d'Yves
section (Late Kimmeridgian) than in the Pas section (Early Kimmeridgian) imply a progradation of the La
Rochelle platform during the Kimmeridgian. This progradation resulted from a slowdown of the subsidence
in the Aquitaine Basin during the Kimmeridgian, corresponding to the first steps of Atlantic Ocean opening.
High-frequency cycles on the La Rochelle platform formed in sync with Milankovitch orbital cycles, while
tectonics controlled the formation of the low-frequency cycles.
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1. Introduction

The Kimmeridgian (Late Jurassic, 155.6-150.8 Ma, Ogg et al., 2008)
of western Europe was a warm period (Lécuyer et al., 2003), with
aridification on land throughout (Abbink et al., 2001). The Jurassic
was a tectonically relatively stable period in western Europe. The
Kimmeridgian, however, recorded the first extensional tectonic
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movements that preceded North Atlantic Ocean opening during the
Cretaceous (Montadert and Winnock, 1971). Late Jurassic ammonite
fauna define two distinctive paleobiogeographic areas in western
Europe (Atrops et al, 1993): the boreal and the Tethyan realms
(Fig. 1). This provincialism is probably of climatic origin (Cariou and
Hantzpergue, 1997). This boreal/Tethyan distinction is present in the
Late Jurassic chronostratigraphic chart of Ogg et al. (2008) (Fig. 2).
This chart shows ammonite zones for the boreal and the Tethyan
realms. The durations of the ammonite zones are calculated according
to the absolute ages of Gradstein et al. (1994). The Ogg et al. (2008)
chart also contains a sequence-stratigraphic interpretation for both
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Fig. 1. Paleogeography of western Europe during the Early Kimmeridgian (after Thierry, 2000, and Cariou and Hantzpergue, 1997). The star corresponds to the location of the sections.

realms. Second- and third-order sequence boundaries and maximum-
flooding surfaces are located according to the ammonite zones
(Fig. 2). Sequence-stratigraphic interpretations differ between the
boreal and the Tethyan realms. The Kimmeridgian contains seven
boreal third-order sequences and five Tethyan ones, and the second-
order maximum-flooding surfaces do not correspond with each other.
Colombié and Rameil (2007) suggest that these discrepancies have a
tectonic origin. The purpose of this study is to define the controlling
factors on the dynamics of a sedimentary system located at the
boundary between the boreal and the Tethyan realms, in order to
better understand the origin of their differences.

The mixed carbonate-siliciclastic platform of La Rochelle (Fig. 1),
located between the sub-boreal and the sub-Mediterranean provinces
(Hantzpergue, 1991a), was selected for this work. Various studies
have been carried out on this platform, but these only concern
biostratigraphy (Normand, 1970; Hantzpergue, 1979, 1989, 1991a,b),
regional geology (Normand, 1971; Cariou, 1972; Hantzpergue, 1984,
1985a,b, 1988, 1993, 1995), and paleontology (Lafuste, 1955; Delfaud
and Servant, 1971; Fiirsich and Oschmann, 1986; Olivier et al., 2003,
2008). Two sections are chosen: the Pas and the Rocher d'Yves
sections, dated from Late Oxfordian-Early Kimmeridgian and from
Late Kimmeridgian, respectively. The Rocher d'Yves section includes
the “virgulian” facies, which corresponds to marls with a great

abundance of Nanogyra virgula oysters (Hantzpergue, 1988). This
facies also characterises the Late Kimmeridgian of the Paris Basin, the
Channel Basin, and the Wessex Basin (Fig. 1). Jacquin et al. (1998)
interpreted this facies like the most open-marine facies of the Paris
Basin and the Wessex Basin.

This work is based on a multidisciplinary approach (sedimentology,
palynofacies, and calcareous nannofossil analyses) that allows an
accurate definition of depositional environments and construction of a
facies model. A high-resolution sequential interpretation allows a precise
stratigraphic correlation of the studied sections with other boreal and
Tethyan sections. This narrow spatial and temporal framework then
permits the controls on platform dynamics to be defined.

2. Geological setting

The Pas and Rocher d'Yves sections are located near La Rochelle, in
western France (Fig. 3), and are 53 and 9 m thick, respectively. The Pas
section is located around 6 km north of La Rochelle. It extends from Pas de
I'Assassin to Pointe du Plomb. The Rocher d'Yves section is located about
16 km south of La Rochelle. The two sections, constantly eroded by the
ocean, exhibit fresh outcrops that allow detailed observations.

The Pas and Rocher d'Yves sections are dated by ammonites from the
Late Jurassic (Fig. 2). The Pas section includes the upper part of the
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Fig. 2. Ammonite biozonation of the terminal Oxfordian and the Kimmeridgian of western France and for the boreal and Tethyan realms, Tethyan and boreal third- and second-order
sequences (indicated as “Sequences” and “T-R cycles,” respectively), and stratigraphic location (in grey) of the studied intervals.

planula Zone (Late Oxfordian), the rupellensis Zone and the lower part of
the cymodoce Zone (Early Kimmeridgian) (Hantzpergue, 1979). The
Rocher d'Yves section is located at the boundary between the mutabilis
and the eudoxus Zones (Late Kimmeridgian). Hantzpergue (1984, 1985a)
identified 11 sedimentary discontinuities during the Kimmeridgian,
numbered D1 to D11 (Fig. 2). These discontinuities are present in most of
western European basins. Except for D4 and D6, they all correspond to
ammonite zone boundaries. The Pas section includes D1 and D2, and the
Rocher d'Yves section contains D9. Hantzpergue (1991a, 1993, 1995)

interpreted D1, D2, and D9 as third-order sequence boundaries.
However, according to the sequence-stratigraphic chart of Ogg et al.
(2008), D1 and D2 correspond to third-order maximum-flooding
surfaces of boreal sequences (Fig. 2); D9 corresponds to the maximum-
flooding surface of the Tethyan Kim 4 sequence.

The Pas and Rocher d'Yves sections were located on the La Rochelle
platform (Fig. 1). This platform was a mixed carbonate-siliciclastic
platform that developed south of the Armorican Massif and north of
the Aquitaine Basin (Hantzpergue and Maire, 1981). Both sections
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Fig. 3. Geographic location of the studied sections: the Pas section north of La Rochelle, next to the paths “Pas de I'Assassin,” “Pas de Digolet,” and “Pas de Mortefoin” (a), and the

Rocher d'Yves section to the south (b). Sections are indicated by bold lines.
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Fig. 4. Key for the Pas and Rocher d'Yves sections. Three pyrite nodule sizes are distinguished: small (less than 1 mm), medium (between 1 mmand 1 cm), and large (more than 1 cm).

include marl-limestone alternations, but the Pas section is more
calcareous than the Rocher d'Yves section. The Pas section corresponds
to marls and argillaceous limestones that indicate external platform
depositional environments (Hantzpergue, 1988). Coral reefs occur at
the end of the Early Kimmeridgian (Olivier et al., 2003, 2008), around
10 m above the Pas section, after discontinuity D3 (Fig. 2), along
Hercynian faults (Fig. 1). These reefs indicate more proximal
environments than previously. They disappear during the Late
Kimmeridgian, and are replaced by the “virgulian” facies, which
uniformly covers the entire La Rochelle platform (Hantzpergue, 1988).

3. Material and methods

A detailed bed-by-bed log was made for each section, containing field
observations, thicknesses, lithologies, samples, textures, allochem con-
tents and sedimentary structures. The key is shown in Fig. 4. Forty
samples, representing the different lithologies and sedimentary struc-
tures observed in the field, were selected for microfacies analyses.
Calcimetry was done to specify lithology defined in the field, by
measuring CO, emissions under exposure to hydrochloric acid. Marls
correspond to 35 to 65% CaCOs, calcareous marls comprise between 65
and 78% CaCOs, argillaceous limestones between 78 and 90% CaCOs, and
limestones have values higher than 90%. The relative abundances of
allochems were estimated by counting them under a light microscope.
Allochems in sedimentary facies were counted at 40x magnification,
except for quartz and pyrite, which are smaller than the other allochems,
and were counted at 100x magnification. The two sections also exhibit

bioclastic and/or peloidal deposits containing sedimentary structures. In
these, allochems were systematically counted at 100x magnification. All
of these observations allow the definition of sedimentary facies and their
interpretation as depositional environments. Also the bioclastic and/or
peloidal deposits observed in the field and in thin section were thus
characterised and interpreted.
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Fig. 5. Palynofacies constituents used in this study, modified from Steffen and Gorin
(1993) and Courtinat et al. (2003) (equi. = equidimensional, blade = blade-shaped).
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Palynofacies constituents are the organic particles used to describe
palynofacies (Fig. 5, modified from Steffen and Gorin, 1993, and
Courtinat et al.,, 2003). Sixty-four samples were selected for
palynofacies analyses with a sampling resolution of 1 to 1.5 m. The
samples reflect all of the encountered lithologies. Palynofacies slides
were made according to the standard palynological preparation
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method (e.g. Steffen and Gorin, 1993). In order to avoid any statistical
skew, at least 300 particles were counted at 250x magnification for
each slide (Courtinat et al., 2003).

Seventy-eight samples, corresponding to different lithologies,
were selected for calcareous nannofossil analyses. Smear-slides
were created following the method of Geisen et al. (1999), which
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Fig. 6 (continued).

allows the calculation of the absolute abundance of calcareous
nannofossils. Three types of calcareous nannofossils were identified:
ascidian spicules, coccoliths, and schizospheres (see Appendix for a
taxonomic list). For coccoliths and schizospheres, 300 specimens
were generally counted in each smear-slide under a polarising

microscope at 1560x magnification. In samples with rare nannofos-
sils, specimens were counted following a transverse (200 fields of
view) on smear-slides. Ascidian spicules were counted separately
because of their very high abundance with respect to other
nannofossils. In order to better describe the coccolith assemblages,
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diversity, measured by the Shannon index (1), and evenness (2), were

calculated and compared with species richness.

s
H=— 'Z] pilnp;
iz

Ey =H/ InS.

H: Shannon index, Ey: evenness, S: species richness, and p;:
relative abundance of each species.

Sedimentary facies and palynofacies analyses allow the definition
of depositional sequences that reflect variations in relative sea level.
Sequences were defined according to Strasser et al. (1999). Elemen-
tary sequences are the smallest units observable in the repetitive
stackings of beds. These elementary sequences form small-scale
sequences, which themselves stack into medium-scale sequences,
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which form large-scale sequences. Small-, medium-, and large-scale
sequences thus defined are similar to those of Vail (1987). However,
the outcrops do not allow the observation of the geometries of system
tracts (Vail et al, 1991). Consequently, instead of lowstand,
transgressive, and highstand system tracts, the terms lowstand,
transgressive, and highstand deposits are used. A cyclostratigraphic
interpretation is proposed according to the stacking pattern of the
different orders of sequences and the durations of the ammonite
zones.

4. Results
4.1. Sedimentology

4.1.1. Section description

The Pas section presents beige to light-grey marl-limestone
alternations (Fig. 6). The lower part of this section corresponds to
22 m of calcareous marl-argillaceous limestone alternations with
some marl-argillaceous limestone alternations between metres 10
and 15. This lower part ends with 2 m of marl-argillaceous limestone
alternations, largely dominated by marls. The top of this interval
corresponds to a sharp erosional surface, located between the most
marly interval and a massive, bioturbated wackestone bed. Above this
bed, the middle of the section is composed of 14 m of mainly marl-
argillaceous limestone alternations. These alternations are covered by
another 3 m marly interval with thin argillaceous limestone beds,
which is also capped by a sharp erosional surface. This surface is
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followed by three red-brown, massive, and bioturbated wackestone
beds, in turn followed by 9m of calcareous marl-argillaceous
limestone alternations, which form the upper part of the section.
Calcareous beds are thicker than marly beds in this interval. The two
erosional surfaces are located at the boundaries between the planula
and the rupellensis ammonite Zones, and between the rupellensis and
cymodoce Zones, respectively. They correspond to the D1 and D2
discontinuities identified by Hantzpergue (1984, 1985a). The D1
discontinuity also corresponds to the boundary between the Oxford-
ian and Kimmeridgian stages.

The Rocher d'Yves section is composed of dark-grey marl-
argillaceous limestone alternations that present a high abundance of
N. virgula oysters (Fig. 7). The section starts with a 1 m-thick marly
interval that contains abundant lenses and layers of N. virgula
packstones. It is followed by three massive mudstone beds with
N. virgula packstone lenses. The upper part of the section is composed
of 7 m of marl-argillaceous limestone alternations, and ends with 1 m
of N. virgula marls. In the last 3 m of marl-argillaceous limestone
alternations, only subtle variations in induration and coloration allow
the differentiation between calcareous beds and marly beds.

4.1.2. Facies description

Seven facies are defined according to the texture, which is
mudstone (Fig. 8a) or wackestone (Fig. 8b), the lithology, and the
most abundant allochems (Fig. 9). The contents in allochems of
argillaceous limestones and calcareous marls are the same. Thus,
these two lithologies were associated in the definition of facies F3 to
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Fig. 7. Facies and microfacies details in the Rocher d'Yves section.
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Fig. 8. Pictures of different sedimentary facies. (a) and (b) are macroscopic pictures of facies F6 and F7, respectively. (c) and (d) are microscopic pictures taken in natural light of

facies F4 and F5, respectively. Scale represents 0.4 mm.

F6 (Fig. 9). Bioclast abundance and diversity, and calcium carbonate
contents are the main features that allow the definition of these facies.
These parameters globally increase from facies F1 to F7 (Fig. 9), as
revealed by thin sections (Fig. 8c and d).

The lower and the middle parts of the Pas section consist of
alternations between facies F1 and F4 (Fig. 6). Only one occurrence of
facies F6 is observed at the end of the planula Zone. Facies F5 and F6
are present in the upper part of the Pas section. Facies F7 occurs twice,
capping the two erosional surfaces present in the Pas section (Fig. 6).
The Rocher d'Yves section exhibits facies F1 to F4 and facies F6.

4.1.3. Highly bioclastic and/or peloidal deposits
Seven types of highly bioclastic and/or peloidal deposits (S1 to S7)
are defined for the two sections, according to the size of the allochems

they contain and their shapes (Fig. 10). These deposits are mainly
present in facies F2 to F6, and are largely concentrated in facies F4,
which is the most common facies in the two sections (Figs. 6 and 7).
These deposits are a few millimetres to a few centimetres thick. They
present sharp and erosive bases (Fig. 11a, b, g and i), except for S3 and
S6 (coarse and fine patches, respectively), which present more diffuse
bases (Fig. 11e). Horizontal preferential orientation of both convex-up
and convex-down shells (Fig. 11d and e) is a common feature of these
deposits. Normal grading (Fig. 11f and h) is not systematically
present. Cross (Fig. 11g, i and j) and planar (Fig. 11f) laminations are
only present in fine deposits and laminae (S4 to S7).

Allochems within the highly bioclastic and/or peloidal deposits
are micrite- (Fig. 11a) or both micrite- and sparite-supported
(Figs. 11b and d). The texture is wacke-packstone or wacke-pack-
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F6 M - calcareous marl /
argillaceous limestone

F7 W - limestone

(echinoderms, undifferentiated bivalves, and foraminifers)

Relatively high abundance and diversity of bioclasts
(echinoderms, undifferentiated bivalves, and foraminifers)
and oysters

High abundance and diversity of bioclasts (echinnoderms,
undifferentiated bivalves, foraminifers, brachiopods, and
serpulids)

Fig. 9. Facies defined in the Pas and Rocher d'Yves sections. These are reported on the Pas and Rocher d'Yves sections, respectively, in Figs. 6 and 7.
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. Main allochems (from the
f Tex
Deposits Granulometry and shape Type of base exture e D
S1 Coarse (millimetric) bioclastic layer  Sharp erosional W-P-G
Undifferentiated bivalves,
s2 Coarse (millimetric) bioclastic lens Sharp erosional  W-P-G oysters, peloids
S3 Coarse (millimetric) bioclastic patch  Diffuse w
S4 Fine (around 100 pm) layer Sharp erosional W-P-G
S5 Fine (around 100 pm) lens Sharp erosional ~ W-P-G Quartz, peloids,
ndifferentiated bivalves
S6 Fine (around 100 pm) patch Diffuse w vndiiereniiated bval
S7 Laminae (5 to 50 pm) Sharp erosional W-P-G

Fig. 10. Highly bioclastic and/or peloidal deposits observed in the Pas and Rocher d'Yves sections. These are reported on the Pas and Rocher d'Yves sections, respectively, in Figs. 6 and 7.

grainstone, except for coarse and fine patches (structures S3 and S6,
respectively), which are wackestones. The Pas section preferentially
contains fine deposits and laminae (S4 to S7), while the Rocher d'Yves
section presents a high proportion of coarse deposits (S1 to S3). In the
two sections, some deposits contain allochems that are not present in the
rest of the samples (Figs. 6 and 7): for instance, samples Di 1, Di 3, PB 7,
PB 107, and PB 12 in the Pas section and RY-4, RY 2, RY 5 and RY 22 in the
Rocher d'Yves section. The tops of the highly bioclastic and/or peloidal
deposits are commonly strongly bioturbated (Fig. 11c and h).

4.2. Palynofacies

Palynofacies observed in the Pas (Fig. 12) and Rocher d'Yves
(Fig. 13) sections are mainly composed of woody fragments and
dinocysts, with an average of 77% and 10%, respectively. Small
quantities of spores, pollen, marine algae other than dinoflagellates
(mainly tasmanids), and foraminifera linings are also present.
Palynomorphs are more abundant in the Rocher d'Yves section than
in the Pas section, with an accumulated maximum of about 10%.
Dinocysts, which dominate the palynomorphs in both sections, are
very sensitive to degradation, and thus are good indicators of general
organic-matter preservation (Bombardiere and Gorin, 1998). The Pas
section presents a lot of fragmented and poorly preserved dinocysts.
Dinocysts are well preserved in the Rocher d'Yves section, indicating a
better preservation of the organic matter than in the Pas section.

CaCOs is relatively constant in the Pas section (Fig. 12), with an
average value of 74%, except for higher values in the wackestone beds
(metres 25 and 43). The amorphous organic matter (AOM) is well
represented in both sections, with an average value of 12.5%. The AOM
signal of the Pas section is relatively constant (Fig. 12), but percent-
ages are slightly higher in the planula Zone than in the rupellensis and
cymodoce Zones (14.5% and 11%, respectively), and two peaks around
50% are observed in the wackestone beds (Fig. 12). The Pas section
shows an increase in the marine/continental ratio in its lower part,
followed by a strong decrease (more than 25%) at the end of the pla-
nula Zone. Values of the marine/continental ratio stay low (less than
10%) in the middle and upper parts of the Pas section (Fig. 12). The
opaque/translucent ratio does not show any particular trend, except in
the massive wackestone beds (facies F7, metres 25 and 43), while it
strongly decreases (Fig. 12) due to a high amount of very degraded,
brown to translucent woody particles. The PM4T/PMA4E ratio progres-
sively decreases throughout the planula and rupellensis Zones, from
19% at the base of the section to 4% at the end of the rupellensis Zone
(metre 40), and increases at the end of the rupellensis Zone and in the
first half of the cymodoce Zone.

CaCOs fluctuates from 48 to 97% (average value of 63%) in the
Rocher d'Yves section, with a very low value (28%) at the top of the
section (Fig. 13). The AOM content in the Rocher d'Yves section is
lower (average value of 7%) than in the Pas section (Figs. 12 and 13).

The marine/continental ratio presents overall higher fluctuations in
the Rocher d'Yves section than in the Pas section. The average ratio
shows a small decrease from the base (30%) to the top (20%) of the
section. The opaque/translucent and PMA4T/PM4E ratios globally
follow opposite trends. The relative abundance of AOM correlates
positively with the calcium carbonate content in the Pas section
(r=0.5783/p=0.0001), but there is no correlation observed in the
Rocher d'Yves section (r=0.1607/p = 0.4533).

4.3. Calcareous nannofossils

Three types of calcareous nannofossils are observed in the samples
of the Pas section: coccoliths, schizospheres and ascidian spicules.
Coccolith preservation varies from bad to good (Fig. 14). The absolute
abundance of ascidian spicules is relatively constant (average value of
1.5*10'° spicules per gram of rock), excepting a sharp decrease at the
base of the cymodoce Zone (Fig. 14). The absolute abundance of
coccoliths and schizospheres is also relatively constant (average value
of 1.6%10” per gram of rock) in the lower part of the Pas section,
before a first decrease at the top of the planula Zone (Fig. 14). The
fluctuation of the absolute abundance of coccoliths and schizospheres
in the middle part of the Pas section is more important, and a second
strong decrease is recorded at the base of the cymodoce Zone. The
absolute abundances of ascidian spicules, coccoliths and schizo-
spheres present very low values in the second interval of massive
wackestone beds (Fig. 14, metre 43), except for one point at the base
of the third bed. Species richness and diversity of coccoliths are low in
the Pas section, and follow the same trend as the absolute abundances,
with a maximum in diversity and species richness in the upper part of
the rupellensis Zone. Evenness shows lower values in the first half of
the rupellensis Zone than in the rest of the section.

The calcareous nannofossil assemblages of the Pas section (Fig. 14)
are dominated by Watznaueria spp. (average value of 56%, maximum
value of 90%). Watznaueria britannica is the most abundant species
(average value of 41%, maximum value of 63%). The six morphotypes
of W. britannica, described by Giraud et al. (2006) in the Late Jurassic of
the western Swabian Alb (southern Germany), are recognised in the
Pas section. Cyclagelosphaera margerelii also presents a high relative
abundance (average value of 27%, maximum value of 67%). Watz-
naueria barnesiae, W. fossacincta, W. biporta and Schizospherella spp.
are common (Fig. 14). Watznaueria barnesiae and W. fossacincta were
lumped together because they are believed to represent end-members
of a morphological continuum (Lees et al., 2004, 2006; Bornemann and
Mutterlose, 2006). Lotharingius hauffii is rare to abundant.

Watznaueria britannica dominates the assemblages of the planula
Zone, and then its relative abundance decreases until the second
erosional surface, which corresponds to the end of the rupellensis
Zone (Fig. 14). Lotharingius hauffii is present at the base of the section
(Fig. 14). It presents higher relative abundances than previously
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Fig. 11. Pictures of the different bioclastic and/or peloidal deposits observed under a light microscope (a to h) and macroscopically (i to k). Scale represents 1 mm, except for picture
h which is 0.4 mm. All microscopic pictures are taken in natural light. (a) Coarse wacke-packstone (structure S1) with sharp base on facies F3. (b) Coarse wacke-grainstone
(structure S1) with sharp base on facies F3. (¢) Coarse bioturbated top of a structure S1, with pack-grainstone texture at the base, becoming wackestone at the top. (d) Coarse wacke-
grainstone with oriented bioclasts (structure S1). (e) Coarse bioclastic wackestone (structure S3) with diffuse base on facies F3. (f) Finely laminated wacke-packstone (structure S4).
(g) Fine, cross-stratified wacke-packstone with sharp base (structure S7). (h) Fine wacke-packstone (structure S4), normally graded and bioturbated at the top. (i) Fine bioclastic
layer with hummocky cross-stratification and sharp erosive base (structure S4). (j) Finely cross-stratified laminae (structure S7). (k) Coarse bioclastic patch (structure S3).
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Fig. 12. Stratigraphic distribution of the palynofacies parameters in the Pas section.

around the boundary between the planula and ruppelensis Zones
(Fig. 14). Schizosphaerella spp. is frequent after metre 27, and reaches
its maximum in relative abundance (31%) at the end of the rupellensis
Zone (Fig. 14). The upper part of the Pas section is characterised by a
dominance of small coccoliths in the nannofossil assemblages. Watz-
naueria britannica is the most abundant taxon (average value of 42%),
with a dominance of small specimens (morphotype A). Cyclagelo-
sphaera margerelii (average value of 18%) and L. hauffii (average value
of 5%) are abundant.

Only ascidian spicules and coccoliths are observed in the Rocher
d'Yves section (Fig. 15). The preservation of coccoliths is moderate to
good. Some samples are barren or present only rare coccoliths. The
absolute abundance of ascidian spicules strongly fluctuates, with an
average value of 10 billion per gram of rock. The absolute abundance
of coccoliths presents a peak (more than 300 billion) at the base of the
section (Fig. 15), followed by relatively low values (average value of
7*10% per gram of rock). Because of the quasi-monospecific
assemblages of C. margerelii observed in the Rocher d'Yves section
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Fig. 13. Stratigraphic distribution of the palynofacies parameters in the Rocher d'Yves section.

(see description in the next paragraph), the species richness,
diversity, evenness, and relative abundances are not plotted
(Fig. 15). Watznaueria britannica (morphotypes A and B) is also
present (maximum value of 5%).

In the two sections, Cyclagelosphaera spp. are generally more
affected by dissolution or recrystallisation than other species, and
larger coccoliths are generally more poorly preserved than smaller
ones. In the two sections, the absolute abundance of ascidian spicules
is higher than those of both coccoliths and schizospheres. The
absolute abundances of ascidian spicules, coccoliths, and schizo-
spheres are negatively correlated with calcium carbonate content, and
the absolute abundances of ascidian spicules and coccoliths are
positively correlated in the Pas section (Table 1). No correlations are
observed in the Rocher d'Yves section (Table 2).

5. Interpretation
5.1. Facies models

5.1.1. Vertical facies succession

The Pas and Rocher d'Yves sections correspond to a mixed
carbonate-siliciclastic platform. Most macro- and micro-fossils ob-
served in the field and in thin sections are ubiquitous organisms.
However, undifferentiated echinoderm fragments, oysters, undiffer-
entiated bivalves, and benthic agglutinated foraminifera (suborder
Textulariina) dominate the fossil associations, and indicate shallow-
and normal-marine depositional environments (Tucker and Wright,
1990; Fliigel, 2004). Mudstones are dominant and indicate low-
energy depositional environments. Clays came from land and form
more argillaceous deposits. Clay can float over long distances, and
form deep-sea deposits. However, sedimentary facies variations are
weak, suggesting few relative sea-level variations. Consequently,
these argillaceous deposits could be formed along the coast line, and
consequently are more proximal than calcareous deposits.

Moreover, an increase in the abundance and diversity of the
bioclastic content is also observed from the most proximal to the most
distal environments. However, an exception is observed. According to
its high carbonate and bioclastic contents, F7 should be the most distal
facies. However, its position is hard to define on the proximal-distal
transect, and in addition it appears sparsely (only two occurrences in
a 63 m section). The significance of this facies is discussed later (see
Sections 5.2 and 5.4).

The facies evolution reflects the spatial organisation on a
proximal-distal transect. Fig. 16 shows an example of the most
complete small-scale sequences observed in the Pas and Rocher
d'Yves sections. In the Pas section, alternations between F1 and F4 are
observed all along the lower and the middle parts of the section
(Fig. 6). In the upper part of the Pas section, transitions from F4 to F5
and from F5 to F6 are common, and succession F4 to F5 to F6 is

observed at metre 48 (Fig. 6). As sedimentary facies become more
bioclastic as they are more distal, and as F6 is more bioclastic than F5,
which is more bioclastic than F4, the facies succession F4 to F5 to F6
indicates a deepening tendency. A similar vertical succession, from F2
to F3 to F4, is also observed in the Rocher d'Yves section (Fig. 16).
These vertical successions suggest a horizontal organisation of the
sedimentary facies, from F1 in the most proximal settings to F6 in the
most distal settings.

Oyter-rich facies F2 and F3 are only present in the Rocher d'Yves
section. They are largely dominated by N. virgula. This oyster is known
to live on hardgrounds as well as on soft sediment (Fiirsich and
Oschmann, 1986). Today, oysters preferentially live in proximal
environments, close to the coast line. This suggests that F2 and F3 are
proximal sedimentary facies, which is in accordance with the
proposed horizontal organisation of the sedimentary facies (Fig. 16).

5.1.2. Significance of the highly bioclastic and/or peloidal deposits

The observed highly bioclastic and/or peloidal deposits present a
sharp and erosional base. They commonly develop as wacke-
packstones or wacke-pack-grainstones. Allochems are horizontally
oriented. They are well sorted if they are coarse (i.e., bioclasts that are
recognisable with the naked eye), and the deposits present cross- or
parallel-stratification if the grains are fine (i.e., bioclasts that are not
recognisable macroscopically). These characteristics indicate high-
energy deposits (Tucker and Wright, 1990; Fliigel, 2004), and the
combination of a sharp erosive base and a well-sorted organisation is
characteristic of event deposits (Einsele et al., 1991, 1996). On a
shallow platform, storms are the most likely phenomenon to have
caused such high-energy structures (Aigner, 1982).

The tops of storm deposits are often reworked by bioturbation.
This indicates a break in storm activity (Einsele et al., 1996; Fliigel,
2004). The coarse and fine bioclastic patches (structures S3 and S6,
respectively) contain allochems that are horizontally oriented,
present a more diffuse but visible base (Fig. 11e), and sometimes a
well-sorted organisation of the allochems can be observed. So they
can be interpreted as storm deposits that are strongly reworked by
bioturbation. This can result from lower-energy conditions, indicating
less important storms or more distal parts of the storm deposits. In
these cases, the storm deposits will be thinner and contain more mud
(Fliigel, 2004).

The allochem content of the storm deposits seems to be principally
controlled by sedimentary facies: storm deposits of the Pas section,
which contain very few coarse bioclasts, except in facies F7, are
dominated by fine allochems (structures S4 to S7). Exceptions are
localised in the upper part of the Pas section, in the cymodoce Zone,
where the bioclastic content in the storm deposits becomes more
diversified and coarser than in the lower part. The lower part of the
Rocher d'Yves section contains coarser bioclasts, and storm deposits
are also largely dominated by coarse allochems, which are fragmented
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Table 1
Correlation indices between calcareous nannoplankton (coccoliths and schizospheres),
ascidian spicules, and calcium carbonate content for the Pas section.

Table 2
Correlation indices between calcareous nannoplankton (coccoliths), ascidian spicules,
and calcium carbonate content for the Rocher d'Yves sections.

CaCos Calcareous Ascidian CaCos Calcareous Ascidian
nannoplankton spicules nannoplankton spicules
CaCO4 r=1.0000 CaCOs r=1.0000
Calcareous r=—0.3564,p=0.0176 r=1.0000 Calcareous r=—0.2194, p=0.2200 r=1.0000
nannoplankton nannoplankton
Ascidian spicules r=—0.3764, p=0.0118 r=0.6546, p<0.0001 r=1.0000 Ascidian spicules r=—0.2042, p=0.2544 r=0.1607, p=0.4533 r=1.0000

Abbreviations: r: coefficient of correlation; p: probability.

Abbreviations: r: coefficient of correlation; p: probability.
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oyster and undifferentiated bivalve shells (Fig. 7). However,
allochems that are present in storm deposits are also present in
smaller proportions in the rest of the sediments (see Figs. 6 and 7) or
are not present at all. This can be explained by the transport of these
allochems over a long distance by storm-induced currents (Gagan
et al,, 1988, 1990).

5.1.3. Contribution of the storm deposits to the facies model

The presence of storm deposits is a common feature of mid-ramp
sediments (Burchette and Wright, 1992; Reading and Burchette,
1996). However, they are diluted in the Pas section, and more
frequent in the Rocher d'Yves section. This could be the result of the
more proximal conditions that prevailed in the Rocher d'Yves section,
but also from an increase in storm activity. Moreover, storm deposits
are relatively scarce compared to other shallow areas during the
Kimmeridgian (for instance Iberia, Badenas and Aurell, 2001b). This
could be due to the emerged lands localised to the south-east of the La
Rochelle platform (Fig. 1), protecting it from the north-eastern
influence of hurricanes that were common during Late Jurassic
times (Marsaglia and DeVries Klein, 1983, 1985).

5.2. Palynofacies

The high abundance of woody particles indicates proximal
depositional environments (Steffen and Gorin, 1993; Tyson, 1993),
which are close to the continental source. Dinocysts are principally
proximate and proximo-chorate morphotypes, which are character-
istic of unstable, nearshore marine paleoenvironments (Prauss, 1989).
However, this assumption is empirical, and observations of modern
cyst distributions do not support this interpretation (Tyson, 1995).

Four parameters describe palynofacies: the relative abundance of
amorphous organic matter (AOM), which results from the degradation
of marine or continental organic matter, the marine/continental
component ratio (Steffen and Gorin, 1993; Tyson, 1993; Pittet and
Gorin, 1997), the opaque/translucent phytoclast ratio (also called
palynomacerals: PM; Summerhayes, 1987; Tyson, 1989, 1995) Pittet
and Gorin, 1997, and the inertinite PM4T/PMA4E ratio (Tyson, 1987). A
high percentage of AOM can reflect low-energy conditions (Tyson,
1987). The marine fraction is more important in distal environments
than in proximal ones. Translucent phytoclasts reflect fresher, less
transported woody particles than do opaque phytoclasts. Blade-
shaped PM4Ts have a better buoyancy than equidimensional PM4Es
(Whitaker, 1984; Boulter and Riddick, 1986; Tyson, 1987; Van der

Zwan, 1990). A higher PM4T/PMA4E ratio reflects a longer transport.
The marine/continental, opaque/translucent, and PM4T/PM4E ratios
can be interpreted in terms of proximality-distality: a higher ratio
indicates more distal depositional environments than a lower one.
However, the marine/continental ratio can also be interpreted in terms
of preservation. Dinocysts dominate the marine fraction. Woody
particles are the essential constituents of the continental fraction.
Dinocysts and other marine algae are more prone to degradation than
woody particles (Bombardiere and Gorin, 1998). Therefore, a low
marine/continental ratio can indicate a lower preservation state of
organic matter. The opaque/translucent ratio can also indicate the
state of preservation. Translucent, fresh woody particles are more
prone to degradation than opaque ones (Gorin and Steffen, 1991; Hart,
1986). Organic matter-oxidation increases in high-energy, and maybe
more proximal, depositional environments (Gotz et al., 2005).
Therefore, a high value of the opaque/translucent ratio reflects low
preservation in proximal depositional environments. Only the PM4T/
PMA4E ratio cannot be affected by preservation. It is based on the most
resistant organic particles, and only reflects particle buoyancy.

High AOM values reflect low-energy conditions, and possibly
higher relative sea level. There is an exception for the two series of
brown-red wackestone beds (facies 7), that show a high proportion of
brown, very degraded phytoclasts. These very altered particles do not
resemble to long transported and oxidised woody particles, but look
like fresh woody particles reworked from the continent and rapidly
buried. So, these particles can be interpreted as fresh woody particles
that were reworked during a transgression. The marine/continental
and the PM4T/PMA4E ratios decrease from the base of the Pas section to
the top of the rupellensis Zone (Fig. 12), despite higher values in the
most distal part of the section (for instance between metres 20, 31 and
45). This decrease may result from a progressive shift from more distal
to more proximal environments. A relatively similar pattern is
observed in the PM4T/PM4E ratio, which shows an evolution from
more distal environments in the lower part of the section to more
proximal environments around the boundary between the rupellensis
and cymodoce Zones, near the second erosional surface. The opaque/
translucent ratio is relatively steady throughout the Pas succession,
suggesting a relatively stable hydrodynamism and/or no change in
organic-matter preservation. The latter is confirmed by the constant
and important dinocyst degradation all along the section. There is no
significant correlation between the opaque/translucent and the
marine/continental ratios and between the opaque/translucent and
PMA4T/PMA4E ratios. This suggests that the opaque/translucent ratio
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does not reflect proximal-distal variations. The PM4T/PM4E ratio
increases during the beginning of the cymodoce Zone, suggesting an
increase in relative sea level. The marine/continental ratio does not
increase. This could be due to a preservation problem, as the marine
fraction is poorly preserved all along the Pas section.

The Rocher d'Yves section shows a global decrease in the marine/
continental ratio (Fig. 13) that can be interpreted as a progressive
evolution towards more proximal environments. However, no
significant differences were observed in the organic-matter preser-
vation throughout the succession. Moreover, there is no correlation
between the marine/continental ratio and the PM4T/PMA4E ratio or the
opaque/translucent ratio. On the other hand, the opaque/translucent
and PM4T/PM4E ratios follow opposite trends. This relation suggests a
hydrodynamic control on these ratios. When hydrodynamism
increases, blade-shaped particles (PM4T) are easily transported
onshore and translucent particles are easily degraded (Hart, 1986;
Van der Zwan, 1990). This leads to a decrease in the PM4T/PM4E ratio
and in an increase in the opaque/translucent ratio.

The comparison between the palynofacies of the two sections
must be considered with caution. Values of the marine/continental
ratio are lower in the Pas section than in the Rocher d'Yves section,
suggesting a more proximal setting or more important degradation of
organic matter. The preservation of dinocysts is clearly better in the
Rocher d'Yves section, with a lower proportion of AOM than in the Pas
section. This suggests that the organic-matter preservation is an
important factor that explains the differences between the marine/
continental ratio of the Pas and Rocher d'Yves sections. Proximal-
distal variations control the PM4T/PMA4E ratio in the Pas section, while
they depend on hydrodynamism in the Rocher d'Yves section. The
opaque/translucent ratio is affected by both preservation and
hydrodynamism. Therefore, these three ratios do not allow the
comparison of the two sections in terms of proximality-distality.
However, the AOM content is lower in the Rocher d'Yves section than
in the Pas section (Figs. 12 and 13). The high AOM content reflects
low-energy conditions (Tyson, 1987). This suggests higher energy
conditions in the Rocher d'Yves section than in the Pas section, and
maybe shallower bathymetry or more frequent storms than in the Pas
section. This is in agreement with the sedimentological interpretation,
but this has to be considered with caution, as it is difficult to compare
two sections separated by 2 My.

Moreover, the AOM positively correlates with the calcium
carbonate content in the Pas section (Table 1). This suggests that
carbonate-rich intervals reflect lower-energy conditions than marly
intervals. The Rocher d'Yves section presents fewer samples than the
Pas section (23 and 43, respectively), perhaps too few for a relevant
comparison (Table 2).

Percent of
Argilaceous Elementary
O Jimestone cycle

B Marl thickness (cm)

m
=]
I
WE

Small-scale
Medium-scale
sequences

o o
o =

o
o o o o o o &
© © N T © ©

7

| Elementary

D. Carcel et al. / Sedimentary Geology 223 (2010) 334-359

5.3. Calcareous nannofossils

The absolute abundances of coccoliths and schizospheres are
negatively correlated with the calcium carbonate content in the Pas
section (Table 1). This could be due to a lower preservation of calcareous
nannofossils in limestones than in marls (Thierstein and Roth, 1991;
Erba, 1992; Mattioli, 1997). However, no apparent link between calcium
carbonate content and nannofossil preservation is observed (Figs. 14
and 15). The Kimmeridgian deposits of the La Rochelle area are
essentially mudstones. The absolute abundance of ascidian spicules in
the samples is very high compared to those of coccoliths and schizo-
spheres, and can represent most of the carbonate fraction in marly
samples, which suggests that ascidians could be very important
carbonate producers. However, the absolute abundance of ascidian
spicules is also negatively correlated with the calcium carbonate content
(Table 2). Ascidian spicules, coccoliths and schizospheres could be
diluted by another source of carbonate (see Discussion). No correlations
are observed for the Rocher d'Yves section (Table 1), probably for the
same reason that the AOM does not correlate with calcium carbonate in
the Rocher d'Yves section (see last paragraph in Section 5.2).

The absolute abundance of ascidian spicules in the second red-
brown bed series is very low, and coccoliths are very scarce in 3
samples (Fig. 14, between metres 42 and 45). These samples are
characterised by high calcium carbonate contents. No apparent link is
observed between the calcium carbonate content and preservation.
Paleoenvironmental conditions were therefore probably not suitable
for calcareous nannofossils during the deposition of these beds. This
point is further discussed later.

Extant ascidians are benthic organisms that live in very shallow
marine environments, between 6 and 15 m depth (Moreira da Rocha
and Barros de Faria, 2005). Ascidians spicules are abundant in the Pas
and Rocher d'Yves sections (Figs. 14 and 15), indicating that the
paleoenvironments of the two sections could approximately corre-
spond to their living depth. However, intervals in the Rocher d'Yves
section show very low absolute abundances of ascidian spicules
compared to the rest of the section (Fig. 15). They could correspond to
paleoenvironments that were not suitable for ascidians, above or
below their living bathymetry. As paleoenvironments in the Rocher
d'Yves section are more proximal than those of the Pas section, and as
these low abundance intervals appear in the most proximal parts of
the section (see Figs. 7 and 15), they could correspond to a
paleoenvironment with a bathymetry less than 6 m depth.

W. britannica, C. margerelii, and W. barnesiae/fossacincta are consid-
ered as r-strategists that can live in unstable environments (Lees et al.,
2005, 2006). Within this group, W. britannica is indicative of higher
trophic conditions in surface waters than C. margerelii and W. barnesiae/
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Fig. 17. An example of a small-scale sequence formed by the stacking of elementary sequences (marl-limestone alternations) from the Rocher d'Yves section.
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fossacincta (Pittet and Mattioli, 2002; Olivier et al., 2004), and small-sized
specimens of W. britannica indicate higher trophic conditions than large
ones (Olivier et al., 2004; Lees et al., 2005; Giraud et al., 2006; Tremolada
et al, 2006). C. margerelii is dominant in neritic and/or restrictive
environments (Bown, 2005; Giraud et al., 2005). W. barnesiae is
considered a eurytopic taxon (Mutterlose, 1991; Lees, 2006; Street and
Bown, 2000), but still reflects lower trophic conditions than W. britannica
and C. margerelii (Lees et al., 2006). Pittet and Mattioli (2002 ) consider W.

barnesiae as a mesotrophic taxa. Watznaueria biporta seems to be
adapted to low surface-water temperatures and/or low nutrient input
(Hardas and Mutterlose, 2007). Schizosphaerella spp. reflects oligotrophic
conditions (Claps et al, 1995; Cobianchi and Picotti, 2001) and/or
proximal conditions in carbonate environments (Pittet and Mattioli,
2002). Lotharingius hauffii is indicative of meso- to eutrophic conditions
(Bucefalo Palliani et al., 1998; Pittet and Mattioli, 2002), and could be
abundant in proximal eutrophic paleoenvironments (Mattioli, 2006).
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Fig. 18 (continued).

W. britannica is dominant in most of the samples in the lower part
of the Pas section (planula Zone, Fig. 14), with a higher proportion of
smallest-sized specimens (morphotype A). C. margerelii is dominant
in two samples (Fig. 14, near metres 3 and 19) and presents high
percentages. W. barnesiae/fossacincta and W. biporta are also well
represented in this part of the section. Consequently, the nannofossil

assemblages recognised in the lower part of the Pas section indicate
unstable shallow paleoenvironments with high trophic conditions in
surface waters.

The relative abundance of L. hauffii is higher at the end of the
planula Zone and the beginning of the rupellensis Zone than in the
rest of these two zones, indicating meso- to eutrophic conditions.
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The relative abundance of Schizosphaerella spp. increases significantly
from the middle to the top of the rupellensis Zone (Fig. 14). This
increase could reflect more proximal conditions than previously.

The smallest morphotype of W. britannica (Morphotype A)
dominates in the upper part of the Pas section, and C. margerelii is
abundant. L. hauffii is frequent. The absolute abundances of both
ascidian spicules and calcareous nannoplankton (coccoliths and
schizospheres) are high compared to the rest of the section. This
assemblage indicates higher trophic conditions in the cymodoce Zone
than in the rest of the section.

Except for the peaks at the base of the section, which probably
result from condensed intervals (no indications of higher trophic
conditions, no eutrophic species, no diversification or higher
abundances in micro-fossils), the absolute abundance of coccoliths
and schizospheres is very close to that of the Pas section (average of
14 million coccoliths per gram of rock for the Rocher d'Yves section,
and 16 million coccoliths and schizospheres for the Pas section). C.
margerelii largely dominates the assemblages of the Rocher d'Yves
section. Most samples show monospecific assemblages. The domi-
nance of C. margerelii indicates neritic and/or unstable environments
(Bown, 2005; Giraud et al., 2005). Furthermore, modern coccoliths
show higher abundances (East China Sea, Wang and Cheng, 1985,
South China Sea, Cheng, 1995), species richness, and diversity (East
China Sea, Wang and Cheng, 1985, British Honduras, Scholle and
Kling, 1972) in distal environments than in proximal ones. One or two
species generally dominate in more proximal environments (Asian
marginal seas, Okada and Honjo, 1975; Honjo, 1977). Assemblages in
the Rocher d'Yves section therefore indicate more proximal paleoen-
vironments than those in the Pas section.

5.4. Sequence definition

A sequence-stratigraphic interpretation of the Pas and Rocher d'Yves
sections is difficult because of the homogeneous sedimentary facies.
Some parts of the Pas section only show two or three facies, which do
not allow a definition of depositional sequences. Sedimentary facies
analyses indicate that the carbonate content increases from more
proximal to more distal environments (Section 5.1). The AOM relative
abundance is more important in the calcareous deposits than in the
marly deposits. This indicates that calcareous deposits are more distal
than marly ones (Section 5.2). Moreover, decreases in marine/
continental and PM4T/PM4E ratios from more calcareous to more
argillaceous deposits in the Pas section also indicate that marl-
dominated intervals correspond to more proximal environments than
limestone-dominated intervals (Fig. 12). This trend is also visible in the
calcareous nannofossil assemblages (Fig. 14). The schizosphere relative
abundance increases in the rupellensis Zone, with a maximum in marl-
dominated deposits (Section 5.3). This dominance of schizospheres
suggests that marl-dominated intervals reflect more proximal condi-
tions than limestone-dominated intervals. Calcareous nannofossil
analysis reveals monospecific assemblages in the Rocher d'Yves section,
indicating more proximal environments than in the Pas section, which is
globally more calcareous.

On the basis of the carbonate and bioclastic contents, facies F7
should indicate the most distal environment (Section 5.1). However,
in these beds, the palynofacies contain a high proportion of AOM,
which results from the alteration of brown woody particles, and a low
proportion of the marine fraction. Samples taken in these beds contain
few calcareous nannofossils and sometimes do not include any
coccoliths. These observations point to a transgressive facies.
Transgression leads to fresh wood and bioclast reworking, and their
accumulation results in wackestone texture. Coccoliths are produced
by photosynthetic organisms, so increased turbidity due to trans-
gression could decrease their productivity and explain their low
abundances in facies F7.

Changes in the carbonate content therefore reflect variations in
relative sea level. They allow several orders of depositional sequences to
be defined. Elementary sequences form the smallest repetitive pattern
observed in the studied sections, and correspond to marl-limestone
alternations (Fig. 17). A sequence boundary corresponds to the most
rapid fall of the relative sea level. As marls are more proximal than
limestones, sequence boundaries correspond to the transition from a
calcareous bed to a more marly bed. An argillaceous elementary
sequence, formed by a thick marly bed and a thin argillaceous limestone
bed, reflects more proximal conditions than a more calcareous
elementary sequence, formed by a thinner marly bed and a thicker
argillaceous limestone bed. Argillaceous elementary sequences are
generally thicker than calcareous ones (Figs. 17 and 19).

The sequence-stratigraphic interpretation is given in Fig. 18 for the
Pas section and in Fig. 19 for the Rocher d'Yves section. A small-scale
sequence is formed by the stacking of elementary sequences, and
contains 2 to 12 elementary sequences. Sequence boundaries (SB) of
small-scale sequences correspond to the transition from a more
calcareous and thinner elementary sequence, presenting distal facies,
to the most argillaceous and thickest elementary sequences,
corresponding to the most proximal facies (Fig. 17). A sequence
boundary also corresponds to the lowest marine/continental and
PM4T/PMA4E ratios. Transgressive surfaces (TS) correspond to a decrease
in clay content and thickness of the elementary sequences, and a shift to
more distal facies. They also correspond to an increase in marine/
continental and PM4T/PM4E ratios. Maximum-flooding deposits corre-
spond to the thinnest and the most calcareous elementary sequences,
the most distal sedimentary facies, and the highest marine/continental
and PMA4T/PMA4E ratios. The SB located at the top of the small-scale
sequence given in Fig. 17 is more important than the one located at the
bottom (stronger sedimentary facies contrast) because it also corre-
sponds to a medium-scale sequence boundary.

Medium- and large-scale sequences are defined according to the
same rules as small-scale sequences. In the Pas section, three to five
small-scale sequences form medium-scale sequences, which stack
into large-scale sequences. The medium-scale sequences that sur-
round the two erosional surfaces of the Pas section (Fig. 18) are
incomplete. For instance, medium-scale sequence 10 only contains
one small-scale sequence. The medium-scale sequences of the Rocher
d'Yves section systematically contain 4 small-scale sequences
(Fig. 19). The boundary between medium-scale sequences 1 and 2
corresponds to discontinuity D9 of Hantzpergue (1984, 1985a).

In the Pas section, large-scale sequences contain 4 medium-scale
sequences (Fig. 18). Maximum-flooding deposits correspond to the
thinnest and most calcareous alternations or series of alternations,
while lowstand and transgressive deposits include the thickest and
most argillaceous alternations. This can be explained by a more
important siliciclastic input in more proximal environments than in
more distal environments, resulting in thicker marl-limestone
alternations. The Rocher d'Yves section does not show any complete
large-scale sequence (Fig. 19).

Large-scale sequences 3 and 4 of the Pas section are characterised
by stronger facies variations than large-scale sequences 1 and 2.
Large-scale sequences 3 and 4 exhibit important erosive surfaces at
their lowermost part (Fig. 18), which correspond to discontinuities D1
and D2 of Hantzpergue (1984, 1985a), and are interpreted as
transgressive surfaces. Facies F7, which corresponds to massive
brown-red wackestone beds, follows both these surfaces.

Facies F7 is a transgressive facies, and does not belong to a
proximal-distal transect because it reflects particular hydrodynamical
conditions (reworking of sediments by a transgression). It does not
occur in the second large-scale sequence of the Pas section (Fig. 18),
but appears in the third large-scale sequence (where it corresponds to
aless than 1 m bed), and becomes more important in the fourth large-
scale sequence (where it corresponds to five beds that reach 2 m in
thickness). This increase in the proportion of facies F7 correlates with
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Fig. 19. Sequential interpretation of the Rocher d'Yves section.

the shift to more proximal environments between the base and the 5.5. High-resolution correlations
top of the Pas section, deduced from the decrease in the marine/

continental and PM4T/PM4E ratios (Fig. 12), and the increase in the Hantzpergue (19914, 1993, 1995) interpreted D1 and D2 as third-
relative abundances of schizospheres (Fig. 14). Reworking by order sequence boundaries. According to the sequence-stratigraphic
transgression becomes more efficient in more proximal environ- chart of Ogg et al. (2008), D1 and D2 correspond to the third-order

ments, where bathymetry is lower than in more distal environments. maximum-flooding surfaces of boreal sequences (Fig. 2). In the
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interpretation proposed in this work, D1 and D2 correspond to the
transgressive surfaces of the large-scale sequences 3 and 4,
respectively.

The rupellensis Zone of Hantzpergue (1979) almost corresponds to
the sub-boreal baylei Zone defined by Ogg et al. (2008) (Fig. 2). In the
Pas section, the planula Zone precedes the rupellensis Zone. The pla-
nula Zone is supposed to be a Tethyan ammonite zone (Fig. 2). In the
boreal realm, the baylei Zone is supposed to follow the pseudocordata
Zone, and so should be the rupellensis Zone of the Pas section.

According to the ammonite biostratigraphy, the large-scale
sequences of the Pas section correlate with the boreal third-order
sequences of Ogg et al. (2008) (Fig. 20). The base of large-scale
sequence 3 is located in the planula Zone, and the base of large-

scale sequence 4 is located in the rupellensis Zone (Fig. 20). Conse-
quently, the bases of large-scale sequences 3 and 4 in the Pas section
most probably correspond to the boreal third-order sequence
boundaries Ox 8 and Kim 1 of Ogg et al. (2008), respectively
(Fig. 20). The maximum floodings of third-order sequences Ox
8 and Kim 1 are localised in the first half of the rupellensis Zone and
at the beginning of the cymodoce Zone, respectively. There is no
complete large-scale sequence in the Rocher d'Yves section.

The third-order sequence boundaries of the Pas section also
correlate with those defined in Oxfordian and Kimmeridgian sections
(Fig. 20) from the Swiss Jura (Colombié, 2002; Colombié and Strasser,
2005; Strasser, 2007) and south-eastern France (Colombié, 2002,
Colombié and Strasser, 2003, Strasser, 2007). However, the large- and
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Fig. 20 (continued).

medium-scale sequences of the Pas and Rocher d'Yves sections
correspond to medium- and small-scale sequences from the Swiss
Jura and south-eastern France, respectively. Based on cyclostratigra-
phy, Strasser (2007) gives a duration of 400 ky for the Tethyan third-
order sequences Ox 7 which is closed to the boreal third-order
sequences Ox 8 defined in the Pas section, and for Ox 8, which
corresponds to Kim 1 in the Pas section (Fig. 20). This suggests that
sedimentation of the La Rochelle sections is orbitally controlled, and
that large- and medium-scale sequences of the Pas sections
correspond to 400 and 100 ky eccentricity cycle, respectively.
Consequently, small-scale sequences should correspond to 20 ky
precession cycle.

Ogg et al. (2008) propose a duration of 800 ky and 1.2 My for the
Tethyan third-order sequences Ox 7 and Ox 8, respectively (Fig. 2).
This is in contradiction with the duration based on cyclostratigraphy
proposed by Strasser (2007). This suggests that the durations of the
ammonite zones and third-order sequences are over-estimated in the
chart of Ogg et al. (2008) for the end of the Oxfordian, or that the
cyclostratigraphic interpretation is wrong.

According to ammonite biostratigraphy (Fig. 2), Tethyan third-
order sequence boundary Kim 4 correlates with the base of the
medium-scale sequence 2 of the Rocher d'Yves section (Fig. 20). This
boundary corresponds to the major discontinuity D9 (Fig. 2)
identified by Hantzpergue (1984, 1985a). As Kim 4 has a 800 ky
duration in the Boreal realm, D9 probably corresponds to a 400 ky
sequence boundary localised between the boreal sequence bound-
aries Kim 4 and Kim 5 (Fig. 2). This discontinuity includes the
lowstand deposit of small-scale sequence 5.

6. Discussion
6.1. Sedimentological and paleontological aspects

The ascidian spicules represent an important carbonate fraction,
but are diluted, with coccoliths and schizospheres, by another source
of carbonate mud. Coral reefs are present in the La Rochelle platform
during the Late Jurassic, located along the Hercynian faults (Hantz-
pergue, 1985b, 1988). Carbonate production increases during
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highstand periods, leading to more calcareous deposits (Neumann
and MclIntyre, 1985).

Colombié et al. (2007) worked in the Late Kimmeridgian-Early
Tithonian of the Aquitaine Basin. They propose that this mud is
produced by corals and other carbonate-producing organisms during
highstand periods, and redistributed by storms all over the platform.
Coral reef emersion during lowstand periods leads to a decrease in
carbonate production. This could also explain why the maximum-
flooding and highstand deposits are dominated by carbonate mud,
and that the lowstand deposits are dominated by clay.

6.2. Evolution of the La Rochelle sedimentary system

According to Ogg et al. (2008), the Late Kimmeridgian corresponds
to a second-order maximum flooding (Fig. 2). Hantzpergue (1993,
1995) defined third-order sequences in the La Rochelle sections. He
assumed that the “virgulian” facies, which is characteristic of the
Rocher d'Yves section, indicates the second-order maximum flooding.
Jacquin et al. (1998) gave the same interpretation of this facies in the
Channel Basin. However, the facies encountered in the Rocher d'Yves
section generally indicate more proximal depositional environments
than in the Pas section. In this study, the N. virgula facies (F2 and F3)
correspond to more proximal environments than those of the Channel
Basin. However, the Rocher d'Yves section is located close to the
second-order maximum flooding, and should be more distal than the
Pas section, which formed during the beginning of the second-order
transgression. This implies that the sediment supply was higher than
the accommodation space creation during the second-order sea-level
rise, leading to the progradation of the La Rochelle platform from the
Early to the Late Kimmeridgian.

Such a phenomenon was also observed by Colombié and Strasser
(2003), with a progradation of the Jura platform during the Late
Kimmeridgian, but there was the result of a higher carbonate
production. The Rocher d'Yves section is globally more argillaceous
than the Pas section. An increase in carbonate production cannot
explain the progradation of the La Rochelle platform. An increase in
siliciclastic input from the continent is not a good explanation either,
as the Late Kimmeridgian was more arid than the Early Kimmeridgian
(Abbink et al., 2001).

Consequently, this progradation could have a tectonic origin. If
subsidence slows down, the platform can prograde. This was observed
in the Kimmeridgian of the Lusitanian Basin: a tectonically induced
marine sea-level drop led to a rapid and complete filling of marine
parts of the Lusitanian Basin, mainly by clastic sediments (Leinfelder,
1987). This was also observed in the Iberian Basin by Badenas and
Aurell (2001a), where basin uplift, due to the onset of the Late
Jurassic-Early Cretaceous rifting stage of the Atlantic Ocean, led to a
basinward progradation of the shorelines. The Jurassic in the
Aquitaine Basin, and more largely in the Bay of Biscay, was a relatively
calm tectonic period (Montadert and Winnock, 1971). However, the
active tectonic phase that preceded the opening of the North Atlantic
and corresponded to the rotation of the Iberian block during the lower
Cretaceous (Garcia-Mondéjar, 1996), started during the Late Jurassic
(Laughton, 1972; De Graciansky and Wylie Poag, 1985). This led in the
Aquitaine Basin to an abrupt increase in subsidence during the Early
Kimmeridgian, rapidly compensated by thermally-induced basement
uplift until the Late Kimmeridgian and the Tithonian.

7. Conclusions

The Pas and Rocher d'Yves sections correspond to shallow open-
marine environments. The combination of sedimentological, palyno-
facies and calcareous nannofossil analyses allow a partitioning of
sedimentary facies along a proximal-distal transect. Distal deposi-
tional environments are more calcareous and contain more abundant
and more diversified bioclasts than proximal ones. Siliciclastic input

from the continent resulted in proximal argillaceous deposits thicker
than distal carbonate deposits.

Sediments are essentially mudstones, but the two sections contain
abundant bioclastic and/or peloidal deposits. These deposits display
wackestone to wacke-pack-grainstone textures, cross- or planar-
stratification, and are grain-sorted. Their presence in shallow-water
deposits and their sharp bases indicate that they are storm deposits.
The Pas and Rocher d'Yves sections therefore correspond to low-
energy environments with frequent storm events.

A high-resolution sequence-stratigraphic interpretation is pro-
posed for the two sections. Correlations with other boreal and
Tethyan sections provide further support for this interpretation. The
sequence-stratigraphic interpretation was used to establish a precise
cyclostratigraphic framework, revealing that sedimentation was
controlled by precession and the two eccentricity cycles. Large- and
medium-scale sequences in the La Rochelle sections correspond to
400 and 100 ky eccentricity cycles, respectively. Consequently, the
duration of small-scale sequences should correspond to the preces-
sion cycle (20 ky), and elementary sequences should be shorter than
20 ky. The cyclostratigraphic interpretation proposed in this study is
the same as the one established in the Iberian ranges (eastern Spain)
by Badenas et al. (2003), who proposed a duration of 20 ky for
bundles (equivalent to small-scale sequences) and 100 ky for sets of
bundles (equivalent to medium-scale sequences).

This study reveals a progradation of the La Rochelle platform
during the Kimmeridgian, despite the fact that the Kimmeridgian was
a period of global sea-level rise. A rapid increase in subsidence during
the beginning of the Kimmeridgian is followed by a basement uplift in
the Aquitaine Basin during the rest of the stage, leading to a loss in
accommodation space and the progradation of the platform. These
tectonic movements correspond to the first steps of the Atlantic Ocean
opening. Consequently, if orbital cycles control high-frequency
sequences (tens and hundreds of thousands of years), tectonics
seems to be the essential factor controlling the formation of low-
frequency sequences (millions of years).
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Appendix A. Observed coccolith species

Ascidian spicules

Didemnum spp.

Coccoliths

Biscutum dorsetensis (Varol and Girgis, 1994) Bown and Cooper in
Bown, 1998

Crepidolithus perforata (Medd, 1979) Griin and Zweili, 1980
Cyclagelosphaera margerelii Noél, 1965

Cyclagelosphaera tubulata (Griin and Zweili, 1980) Cooper, 1987
Cyclagelosphaera wiedmanni Reale and Monechi, 1994
Diazomatolithus lehmanii Noél, 1965

Discorhabdus criotus Bown, 1987

Ethmorhabdus gallicus Noél, 1965

Lotharingius contractus Bown and Cooper, 1989

Lotharingius crucicentralis (Medd, 1971) Griin and Zweili, 1980
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Lotharingius hauffii Griin and Zweili in Griin et al., 1974
Lotharingius sigillatus (Stradner, 1961) Prins in Griin et al., 1974
Miravetesina favula Griin in Griin and Allemann, 1975
Nannoconus compressus Bralower and Thierstein in Bralower et al.,
1989

Parhabdolithus liasicus Deflandre in Grassé, 1952

Podorhabdus grassei Noél, 1965

Triscutum expansus (Medd, 1979) Dockerill, 1987

Triscutum sullivanii de Kaenel and Bergen, 1993

Tubirhabdus patulus Rood et al., 1973

Watznaueria barnesiae (Black, 1959) Perch-Nielsen, 1968
Watznaueria biporta Buckry, 1969

Watznaueria britannica (Stradner, 1963) Reinhardt, 1964
Watznaueria communis Reinhardt, 1964

Watznaueria fossacincta (Black, 1971) Bown in Bown and Cooper,
1989

Watznaueria manivitiae Buckry, 1973

Watznaueria manivitiae/britannica Giraud et al., 2009
Watznaueria ovata Buckry, 1979

Zeugrhabdotus embergeri (Noél, 1958) Perch-Nielsen, 1984
Zeugrhabdotus erectus (Deflandre in Deflandre and Fert, 1954)
Reinhardt, 1965

Incertae sedis: Schizosphaerella spp.
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