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Abstract A detailed facies analysis and interpretation of
the evolution of depositional environments along a north—
south transect of the Late Oxfordian—Early Kimmeridgian
French Jura carbonate platform highlights hierarchically
stacked depositional sequences. The identified small- and
medium-scale depositional sequences are matched with the
precise cyclostratigraphic framework initially established
for the Swiss Jura platform. The superimposition of a long-
term (2nd order) sea-level rise with long (400 kyr) eccen-
tricity cycles explains most of the French Jura platform
architecture. During the Bimammatum and Planula zones,
the climate became progressively warmer and more arid,
allowing enhanced carbonate production. This resulted in a
strong progradation of the French Jura platform that pro-
gressively evolved from a ramp to an oolitic rimmed shelf.
A brief interval characterized by a more humid climate
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during the upper Bimammatum Zone caused an increase in
siliciclastic and nutrient input, leading to a reduction in
carbonate production and strong retrogradation of the
platform. During the Platynota and lower Hypselocyclum
zones, the shallow inner shelf carbonate production once
more exceeded the accommodation, leading to a general
aggradation of the platform. From the upper Hypselocy-
clum Zone, with a more humid climate, the carbonate
production did not outweigh the accommodation creation
and the platform evolved to a flat-topped shelf. Thus, sea-
level changes and climatic conditions (temperature and
humidity) are the key factors controlling the nature of the
sedimentation and the depositional profile of the French

Jura platform during the Late Oxfordian—Early
Kimmeridgian.
Keywords Carbonate platform - Depositional sequence -

Depositional environment - Climate - French Jura
Moutains - Late Jurassic

1 Introduction

The Late Jurassic was a prolific Epoch for carbonate pro-
duction and widespread carbonate platform construction
(Kiessling et al. 2003; Leinfelder et al. 2002). Between the
Paris Basin to the northwest and the Ligurian segment of
the Mesozoic Tethys to the southeast, extensive shallow
carbonate areas constituted the Jura, Lorraine and Swabian
platforms (Reinhold 1998; Colombié and Strasser 2005;
Carpentier et al. 2010). The growth and demise of these
carbonate platforms occurred in various climatic, eustatic
and tectonic contexts (Pittet and Strasser 1998; Pittet et al.
2000; Jank et al. 2006a; Carpentier et al. 2006, 2007). In-
deed, these ‘carbonate factories’ were controlled by
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numerous environmental parameters such as water depth,
light, nutrient supply, temperature, salinity, hydrodynamic
processes, and oxygenation (Lees 1975; Wright and
Burchette 1996; Halfar et al. 2006). Late Jurassic carbo
nates recorded orbital (Milankovitch) cycles that were re-
sponsible for low-amplitude sea-level changes (Strasser
2007; Strasser et al. 1999, 2012). Other factors, apart from
sea-level variations, that can affect carbonate production
are siliciclastic and nutrient input (Mutti and Hallock 2003;
Carpentier et al. 2010). The Late Jurassic generally is
thought to have had an equable global climate and warm
temperatures (Frakes et al. 1992; Hallam et al. 1993).
Nevertheless, several recent studies indicate Late Jurassic
climate variations in shallow platform carbonates with
short-term sea surface temperature changes in the north-
western Tethys (Dromart et al. 2003a, b; Carpentier et al.
2006; Brigaud et al. 2008; Donnadieu et al. 2011; Dera
et al. 2011).

The Late Jurassic Swiss Jura platform has been inten-
sively studied, and a precise sequential and cyclostrati-
graphic framework has been established (Gygi and Persoz
1986; Gygi 1986; Strasser 1994; Pittet 1996; Strasser et al.
1999, 2000; Colombié 2002; Hug 2003; Jank et al. 2006b).
However, these works did not reconstruct a detailed de-
positional architecture of the Late Jurassic Swiss Jura
platform, which is commonly represented by general
lithostratigraphic profiles (Gygi et al. 1998; Gygi 2000). In
comparison, there are several lithostratigraphic studies for
the Late Jurassic French Jura platform available (Enay
1966; Gaillard 1983; Bernier 1984; Enay et al. 1988; Enay
2000), but only one sequential study (Cochet et al. 1994).
Thus, the sequential framework of the French Jura platform

needs to be improved, especially as correlation with the
Swiss Jura is still fragmentary. Moreover, the depositional
architecture and the nature of the controlling factors (i.e.
tectonic or eustatic) for the French Jura platform are still
debated (Cochet et al. 1994). The work presented here
gives a detailed sedimentological analysis of 10 sections
along a north—south transect of the French Jura platform
during the Late Oxfordian—Early Kimmeridgian interval.
The aims of this paper are (1) to propose a new scheme of
the French Jura platform architecture; (2) to illustrate a
common sequential stratigraphic framework between the
French and Swiss Jura Mountains; and (3) to decipher the
main stages and mechanisms that governed the evolution of
the French Jura platform.

2 Geographical and palaeogeographical settings

The study area is located in the Jura chain, which is an arcuate
fold belt located in front of the western Alpine arc. The 10
studied sections are aligned along a general north—south
151 km long transect between Besancon and Oyonnax in
eastern France (Fig. 1a). Up to the Late Oxfordian—Early
Kimmeridgian, the French Jura platform can be subdivided
into northern (from Besancon to Champagnole), central
(from Champagnole to Saint-Claude) and southern (from
Saint-Claude to Belley) palacogeographical sectors (Enay
et al. 1988; Cochet 1995; Cariou 2013). Two sections
(Consolation and LLa Main) are located in the Northern Jura,
five in the Central Jura (Mont-Rivel, La Chatelaine, Loulle,
Balerne, and Morillon), and three in the Southern Jura
(Chancia, Molinges, and Champfromier). During the Late
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Jurassic, the platform was part of a large shallow epiconti-
nental sea, at the northern margin of the oceanic Ligurian
Tethys, between the Paris Basin to the northwest and the
Delphino-helvetic Basin to the south (Thierry et al. 2000;
Fig. 1b). The Jura platform was at a palaeolatitude of around
26-27°N, with a climate that was subtropical, semi-arid to
arid (Frakes et al. 1992; Dercourt et al. 1993). The platform
was at the transition between the Tethyan and boreal realms
(Cecca et al. 2005). The sediments deposited on the Jura
platform mainly correspond to shallow-water carbonates and
marls (Gaillard 1983; Bernier 1984; Cochet 1995; Pittet
1996; Colombié 2002; Hug 2003).

3 Lithostratigraphy and biostratigraphy

There have been several attempts to construct a Late
Jurassic lithostratigraphic framework for the French Jura
Mountains (Bernier 1984; Enay et al. 1988; Chevallier
1989; Cochet et al. 1994). The rarity of ammonites along
the French Jura platform explains why the dating of some
lithostratigraphic units is still subject to debate (Enay 2000,
2002; Bernier 2002). Along the studied transect, only the
Champfromier section—located in the southernmost part
of the Southern Jura—displays a detailed biostratigraphic

Table 1 Litho- and biostratigraphy of the Late Jurassic Jura Mountains

Age Sub-boreal

framework from the base of the Planula Zone to the top of
the Divisum Zone (Hantzpergue 1975; Cochet 1995). The
stratigraphic position of the Molinges section is given in
Olivier et al. (2011). For the Central Jura, the stratigraphic
position of the Loulle section refers to Cariou et al. (2014).
The litho- and biostratigraphic frameworks presented in
Table 1, and used for the correlation of studied sections,
largely follow the work of Cariou (2013). Only the main
lithostratigraphic modifications, with the more recent at-
tempts of Cochet et al. (1994) and Enay (2000), are spe-
cified below. Major changes concern the Central Jura
sector, where the Couches du Morillon Formation is at-
tributed to the Bimammatum Zone rather than the Planula
Zone. This formation groups the Oolithe du Mont Rivel,
the Calcaires blancs du Mont Rivel, the Calcaires marneux
récifaux de Loulle, and the Calcaires de Loulle members
(Cariou 2013). As a consequence, the Central Jura lateral
equivalent of the Southern Jura Oolithe de Ramasse
(Oolithe de Corveissiat of Bernier 1984; see Enay 2000)
Formation is therefore the Oncolithe de Pillemoine Mem-
ber. Thus, contrary to the work of Cochet et al. (1994), the
Central Jura was not emerged during the Platynota and
lower Hypselocyclum zones, but recorded the Calcaires
d’Aranc Formation and the lower part of the Calcaires et
Marnes a ptéroceres Formation (Cariou 2013).
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4 Materials and methods

The 10 studied sections illustrate a 200 m thick Upper
Oxfordian—Lower Kimmeridgian succession. These sec-
tions were logged at bed scale and documented by field
observations and by more than 950 polished slabs and 450
thin sections (Cariou 2013). For the beds that were not
sampled, facies were analysed in the field with a hand lens.
The sedimentary structures were also described in the field.
The classification of Dunham (1962) was used to determine
textures. The main sedimentary grains and fossil abun-
dances were established using a semi-quantitative estima-
tion (see Cariou 2013). All these sedimentological data
were used to interpret the depositional environments. The
high-resolution sequence stratigraphic analysis follows the
concepts of Strasser et al. (1999). Facies changes and
discontinuity surfaces allow different orders of hierarchi-
cally stacked depositional sequences to be identified.

5 Facies and depositional settings

Based on Cariou (2013), facies are grouped into five
facies associations (FA1-FAS), typical of depositional
environments ranging from outer shelf to tidal flats
(Table 2). Facies association FA1l includes mudstones
with marly intercalations (F1.1) and mudstones with thin
bioclastic horizons (F1.2). These two facies are observed
in the Calcaires pseudolithographiques and Couches du
Burlandier formations in the southernmost Jura and in
the Calcaires a térébratules Member in the northernmost
Jura (Figs. 2, 3). Their mud-supported texture and the
presence of ammonites are consistent with deposition in
a marine offshore setting (Enay 1966, 2000; Hantzpergue
1975; Gaillard 1983; Bernier 1984; Olivier et al. 2011;
Gorog and Wernli 2013). Laminated bioclastic horizons
of facies F1.2 reflect the influence of distal tempestites at
the transition between the lower and upper offshore.
Facies association FA2 encompasses oncoid packstone
(F2.1), coral-microbialite patch reefs and biostromes
(F2.2), oncoid marls (F2.3), and bioclastic wackestone
(F2.4). Facies F2.1-3 are characteristic of several lithos-
tratigraphic members (troisiéme niveau a concretions,
Calcaires marneux récifaux de Loulle, Oncolithe de Pille-
moine, and Calcaires a térébratules) and of the Calcaires
d’Aranc Formation in the southernmost Jura (Fig. 3). Fa-
cies F2.4 is observed in the Calcaires et Marnes a ptér-
oceres Formation. It did not coexist with other facies that
constitute FA2. Oncoid packstone (F2.1) and coral-micro-
bialite patch reefs (F2.2) are close to the inner- to mid-
ramp transition, whereas coral-microbialite biostromes
(F2.2) and oncoid marls (F2.3) were deposited in the
central to distal parts of the mid ramp (Olivier et al. 2011).

Mud-supported texture of Facies F2.4 is consistent with
deposition below the fair-weather wave base (upper
offshore).

Facies association (FA3) corresponds to ooid grainstone
(F3.1), ooid-bioclastic grainstone (F3.2), peloid-intraclastic
packstone (F3.3), and coral patch reefs (F3.4). These facies
are observed in the Oolithe du Mont Rivel and the Oolithe
blanche de Balerne members, and in the Oolithe de Ra-
masse Formation (Fig. 3). Facies F3.1, with grainstone
texture, some micritic intraclasts, and local mud drapes, is
interpreted as being part of a tidally-influenced shoal
complex (Table 2). Facies F3.2, with more abundant bio-
clasts (i.e. crinoid and bivalve fragments) associated with
ooids, may have been deposited on the seaward side of the
tide-dominated shoal complex (Halley et al. 1983). Facies
F3.3, with abundant intraclasts, coral fragments, oncoids
and some gastropods, was deposited in channels that cut
across the shoal. Facies F3.4 corresponds to meter-scale
coral patch reefs surrounded by ooid grainstones. These
bioconstructions are part of the shoal complex.

Facies association FA4 comprises peloid-oncoid pack-
stone (F4.1) and peloid-oncoid packstone with stromato-
poroids (F4.2), peloid grainstones (F4.3), bioturbated
mudstones (F4.4) and bioclastic packstones (F4.5). Facies
F4.1 and F4.3 are observed in the Calcaires blancs du Mont
Rivel and Calcaires de Loulle members (Fig. 3). Facies
F4.2 and F4.3 are characteristic of the Calcaire a Cardium
Member and the Calcaire d’ Aranc Formation. Facies 4.5 is
observed in the Calcaires et Marnes a ptéroceres Forma-
tion. It did not coexist with other facies that constitute FA4.
Facies F4.1 and F4.2 are both characterized by large on-
coids with cortices made of Lithocodium and Bacinella
(oncoid types 3 and 4 of Védrine et al. 2007). Facies F4.2 is
characterized by abundant stromatoporoids of the genus
Cladocoropsis, which are classically observed in shallow
lagoon and inner ramp settings (Leinfelder et al. 2005).
Facies F4.1 and F4.2 are here interpreted as deposits of
back shoal settings. Facies F4.3, with grain-supported
texture and abundant peloids, represents small back shoal
bars. Facies F4.4, with mud-supported texture and abun-
dant infaunal activity, reflects low-energy internal platform
deposition. Facies F4.5, with fauna observed in life posi-
tion and packstone (locally grainstone) texture, is inter-
preted as deposits of a low-energy shoreface setting
(Table 2).

Facies association FA5 contains three facies (F5.1-F5.3)
characteristic of tidal flats (Cariou 2013). Facies F5.1 is
observed in the Calcaires de Loulle Member. Facies F5.2
and F5.3 are observed in the Calcaires d’ Aranc Formation
(Fig. 3). Facies F5.1 corresponds to biolaminites that
record dinosaur tracks (Cariou et al. 2014). Facies F5.2
corresponds to a finely laminated mudstone with intense
infaunal activity and some desiccation cracks. Facies F5.3
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corresponds to a black pebble limestone, suggesting phases
of emersion (Strasser 1984; Bernier 1984).

6 Depositional sequences, facies models
and sequential interpretation

Previous studies carried out on French Late Jurassic
sedimentary successions show distinct hierarchical stack-
ing patterns and facies evolution that allow large-, medi-
um-, small-, very-small scale, and elementary depositional
sequences to be identified (Olivier et al. 2011; Cariou
2013; Cariou et al. 2014). The inhomogeneous outcrop
quality of studied sections coupled to the influence of au-
tocyclic processes that are common in shallow-marine
settings make it difficult to correlate the elementary and
very small-sequences (Cariou 2013). Figure 3 shows an
attempt to correlate studied sections based on small- and
medium-scale depositional sequences. Examples of a de-
tailed description of small-scale sequences can be found in
Olivier et al. (2011) for the Molinges section and Cariou
et al. (2014) for the Loulle section. The following de-
scription only considers medium-scale sequences (SI-
SVII).

The first medium-scale sequence (SI) is observed in both
the Central Jura and in the northernmost part of the
Southern Jura. In the Central Jura, the sharp installation of
ooid grainstones (F3.1) above inner shelf marly limestones
of the Marnes de Besangon Formation marks the increasing
accommodation trend of SI. The progressive progradation
of peloid-oncoid packstone (F4.1) documents the decreas-
ing accommodation trend of SI. In the Southern Jura, the
increasing accommodation trend of SI is recorded by the
deposition of oncoid marls (F2.3). The decreasing accom-
modation trend of SI corresponds to the deposition of on-
coid packstone (F2.1) and coral-microbialite bio-
constructions (F2.2; Olivier et al. 2011). The second
medium-scale sequence (SII) is still clearly visible in the
Central Jura where the retrogradation of coral-micro-
bialite bioconstructions (F2.2) over ooid-bioclastic
grainstone (F3.2) marks the increasing accommodation
trend of SII. The progradation of peloid-oncoid packstone
(F4.1) and the incursion of dinosaurs in the Central Jura
highlights the decreasing accommodation trend of SII. In
the Southern Jura, the increasing accommodation trend of
SII corresponds to coral-microbialite bioconstructions
(F2.2) and oncoid packstone (F2.1). The decreasing ac-
commodation trend is marked by the progradation of ooid
grainstone (F3.1). The facies observed in the first two
depositional sequences (SI and SII) are part of a first
depositional model (Fig. 4a). In this model, shoreface
deposits correspond to (1) an ooid shoal (F3.1) with small
coral patch reefs (F3.4); (2) a back shoal area with peloid-

oncoid packstone (F4.1) and peloid bars (F4.3); and (3) a
tidal flat with dinosaur tracks (F5.1). Upper offshore de-
posits correspond to oncoid packstone (F2.1), coral-mi-
crobialite bioconstructions (F2.2) and oncoid marls
(F2.3). Lower offshore deposits correspond to limestones
with marly intercalations (FAl) of the Calcaires lités
Formation (Olivier et al. 2011).

The third medium-scale sequence (SIII) can be followed
from the Northern to the Southern Jura. Thick ooidal de-
posits (Oolithe de Ramasse Formation) observed in the
northernmost part of the Southern Jura (Chancia and
Molinges sections) display an aggradational pattern that is
consistent with the increasing accommodation trend of
SII. The decreasing accommodation trend of SIII is em-
phasized by the progradation of peloid-oncoid packstone
(F4.2). Tidal flat deposits (F5.2) recorded in the northern-
most part of the Southern Jura mark the top of SIII. The
fourth and fifth medium-scale sequences (SIV and SV) are
characterized by a general aggradational pattern. In the
Northern and Central Jura, SIV and SV are represented by
interior platform mudstones (F4.4) that display a progra-
dational pattern towards the south, emphasizing decreasing
accommodation trends of these sequences. Facies observed
in the medium-scale sequences SIII to SV are part of a
second depositional model (Fig. 4b). This model is still
characterized by an important tidal dominated shoal com-
plex with the deposition of ooid grainstone (F3.1). Seaward
of this shoal complex, mid-shelf deposits are characterized
by oncoidal and bioclastic deposits (F2.1). Back shoal
deposits correspond to oncoid packstone with stromato-
poroids (F4.2), peloid bars (F2.3), and shallow interior
platform mudstones (F4.4). Emergent areas are restricted to
local islands probably generated by the growth of microbial
mats (F5.2) on the interior of the platform.

The sixth medium-scale depositional sequence (SVI)
marks a general accommodation gain over the entire Jura
platform with the deposition of bioclastic wackestone
(F2.4). With a general aggradational pattern, the in-
creasing accommodation trend of SVI corresponds to the
evolution from grain-supported to mud-supported texture.
A thin interval of bioclastic packstone (F4.5), only
recorded in the Central Jura, marks the decreasing ac-
commodation trend of SVI. The seventh medium-scale
depositional sequence (SVII) is incompletely recorded
along the studied area. Nevertheless, the increasing ac-
commodation trend is also marked by the general evolu-
tion from bioclastic packstone (F4.5) to bioclastic
wackestone (F2.4) with some incursions of mudstone
(FA1) from the Southern Jura to the Central Jura. The
decreasing accommodation trend of SVII is beyond the
scope of the present study but corresponds to the depo-
sition of grain-supported limestones of the Calcaires des
Gorges de Nouailles Formation in Northern and Central
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Fig. 3 Correlation of sections and depositional sequences. The
numbered medium-scale sequences (SI-SVII) are interpreted to
correspond to the 100-kyr eccentricity cycle. Sequence boundaries

N

Jura, and the Calcaires a stromatoporidés de Matafelon
Formation in the Southern Jura. Facies observed in SVI
and in the lower part of SVII are part of a third deposi-
tional model (Fig. 4c). In this model, the Jura platform

Ox6' to Kim 3 according to Hardenbol et al. (1998). Geographical
coordinates of sections are in Fig. 2

corresponds to a large epeiric system, in which the dis-
tribution of the facies belts is consistent with a non-rim-
med shelf. The large extension of shallow settings could
have significantly damped the hydraulic energy of waves,
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a Sequences SI-SlI

<sea level
fair weather wave base
e’

Fig. 4 Facies models. Not to scale

explaining the deposition of mud in a mainly grain-sup-  weather wave base, sediments correspond to bioclastic
ported fabric (F4.5) even in zones where wave friction wackestone (F2.4), whereas lower offshore deposits are
would generally impact the sea floor. Below the fair-  represented by mudstone with ammonites (FA1).



282

N. Olivier et al.

Numerous studies have been carried out on the Late
Jurassic deposits of the Swiss Jura Mountains leading to a
precise sequential and biostratigraphic framework (Pittet
1996; Gygi 2000; Hug 2003; Jank et al. 2006a, b;
Colombié and Rameil 2007; Strasser 2007). Lithostrati-
graphic and biostratigraphic frameworks obtained for the
French Jura Mountains allow a comparison to be made
with the Swiss Jura and the sequence-chronostratigraphic
chart of Hardenbol et al. (1998) (Table 1; Fig. 3). Thus, the
lower boundary of medium-scale depositional sequences
SII, SIII, SIV, and SVI can be tentatively correlated with
sequence boundaries Ox7, Ox8, Kiml, and Kim2, respec-
tively. The lower boundary of SI can be correlated with
Ox6' (Hug 2003; Védrine et al. 2007) and the upper
boundary of SVII corresponds to Kim3. The cyclostrati-
graphic interpretation given by Strasser (2007) suggests
that the durations of the Swiss depositional sequences
correspond to orbital frequencies. Applied to the studied
French Jura sections, this sequence-chronostratigraphic
framework leads us to consider that the small- and medi-
um-scale sequences SI-SVII were formed by the 100- and
400-kyr orbital cycles of eccentricity, respectively.

7 French Jura platform evolution and controlling
factors

The evolution of the French Jura platform during the Late
Oxfordian—Early Kimmeridgian can be subdivided into 6
main stages (Fig. 5). The first stage corresponds to the first
medium-scale depositional sequence, SI, during the Bi-
mammatum Zone (Stage 1, Fig. 5). According to Strasser
et al. (2012), the climate evolution of the Jura platform
during this time-interval was marked by a cooling trend. In
the French Central Jura, the sharp installation of ooid de-
posits and coral reefs (Oolithe du Mont Rivel Member)
does not point to cool seawater temperatures. Indeed, both
corals and ooids are very rare or absent at temperatures
below 20 °C, and the optimal conditions for coral devel-
opment occur between 24 and 28 °C (Lees 1975; Tucker
and Wright 1990). Rather than a putative control by tem-
perature, the initiation of the carbonate production in the
French Central Jura could be explained by a change in
terrigenous input. Humidity changes in the hinterland in-
fluence the terrigenous influx, which modifies the water’s
trophic level (Mutti and Hallock 2003). For the Swiss Jura
platform, the climate is considered to have become less
humid above Ox6’ (Pittet 1996; Hug 2003; Védrine 2007,
Strasser et al. 2012). Such a climate change may have
favoured the formation of ooids and coral reefs on the inner
shelf marly limestone of the Marnes de Besangcon Forma-
tion. The installation of these shallow, high-energy de-
posits could also have been favoured by a position above a

hypothetical NE-SW oriented axial swell (Enay et al.
1988; Cochet et al. 1994). Moreover, the first stage of
development of the French Jura platform occurred during a
sea-level rise both at the second order (Hardenbol et al.
1998) and medium-scale cycle Ox6’ (Hug 2003; Védrine
et al. 2007; Olivier et al. 2011). In the Central Jura, this
sea-level rise generated sufficient accommodation gain to
accumulate the thick ooid interval, the Oolithe du Mont
Rivel Member, on a carbonate platform that probably
displayed a ramp profile (Cochet et al. 1994). A sea-level
fall at the scale of the medium-scale sequence SI controlled
the progradation of back shoal deposits of the Calcaires
blancs du Mont Rivel Member. Deposits observed in the
Central Jura notably correspond to inner ramp ooids, co-
rals, and oncoids with a cortex made of Lithocodium,
which reflect well-oxygenated, well-agitated, oligotrophic
conditions (Schmid and Leinfelder 1996; Dupraz and
Strasser 1999; Shiraishi and Kano 2004; Lefort et al. 2011;
Olivier et al. 2012). In the Southern Jura, the presence of
oncoids devoid of photo- and oligotrophic encrusters as-
sociated with mixed photo-heterotrophic coral assemblages
indicates more nutrient-rich conditions in a mid ramp set-
ting (Olivier et al. 2011).

The second stage of the French Jura platform growth
occurred during the increasing accommodation trend of
medium-scale sequence SII (Stage 2, Fig. 5). This stage is
characterized by a large extension of mid-ramp deposits
over the northernmost part of the Southern and Central Jura.
These deposits notably correspond to small-size biocon-
structions composed of mixed photo-heterotrophic coral
assemblages and abundant microbialites, which emphasize
mesotrophic conditions (Olivier et al. 2011; Cariou 2013;
Cariou et al. 2014). The last record of siliciclastic inputs
onto the Jura platform is known to have occurred spo-
radically in the upper part of the Bimammatum Zone (Gygi
1986; Pittet 1996; Pittet and Strasser 1998; Hug 2003). The
presence of marly limestones in the Central Jura is consis-
tent with a climate that became temporarily more humid
during SII (Pittet 1996; Hug 2003; Strasser et al. 2012).
Even if an inner ramp shoal complex might have migrated
towards the north (Fig. 3), the carbonate production seems
to have been reduced during this second stage. Indeed,
nutrients linked to terrigenous inputs can limit coral growth
and the formation of ooids (Hallock and Schlager 1986;
Leinfelder 1993; Pittet 1996). As the upper Bimammatum
Zone is still characterized by a seawater temperature in-
crease (Brigaud et al. 2008; Martin-Garin et al. 2010), more
nutrient-rich waters coupled to the sea-level rise of SII led
to an important retrogradation of the French Jura platform,
which still displayed a ramp profile.

The third stage of the French Jura platform growth oc-
curred during the decreasing accommodation trend of
medium-scale sequence SII (Stage 3, Fig. 5). The upper
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Fig. 5 French Jura platform evolution. Not to scale

Bimammatum Zone is characterized by the installation of a ~ Bimammatum Zone, although inputs of freshwater, char-
warm, arid climate (Strasser et al. 2012). The Burgundy  acterized by low 5'®0 values, may have led to a decrease in

platform recorded the temperature maximum during the  carbonate 3'%0 values as well and

to an



284

N. Olivier et al.

overestimation of the calculated isotopic temperatures
(Carpentier et al. 2006; Martin-Garin et al. 2010). Under a
relatively warm climate, and with a reduced amount of
terrigenous flux, this third stage reflects favourable condi-
tions for enhanced carbonate production. The French
Central Jura records the establishment of a new ooid shoal.
In a back shoal position, some of the oncoids still display a
thick cortex made of Lithocodium, signifying shallow,
well-agitated waters and good light conditions. The return
to oligotrophic conditions related to the sea-level fall of SII
allowed carbonate production to exceed the available
space. This explains the strong progradation of ooid de-
posits towards the Southern Jura (Fig. 3). It also permitted
the progradation of back shoal and tidal flat deposits with
their abundant dinosaur tracks into the Central Jura. The
presence of these tracks in the uppermost part of the Bi-
mammatum Zone is the earliest record of a dinosaur in-
cursion on the Jura platform during the Late Jurassic
(Cariou et al. 2014).

The fourth stage of the French Jura platform growth
occurred during the medium-scale sequence SIII (Stage 4,
Fig. 5). This sequence is assigned to the Planula Zone,
which is characterized by a warm, dry climate (Pittet et al.
2000; Strasser et al. 2012). Such climate conditions al-
lowed intense carbonate production and the progradation of
an ooid shoal-rimmed shelf that dipped gently both
northwards and southwards. The retrogradation of the on-
coid packstone of the Oncolithe de Pillemoine Member in
the northern part of the Central Jura suggests an accom-
modation creation that was partially triggered by tectonics.
On the other hand, the platform progradation towards the
south can be explained by a carbonate production that
exceeded the available space. This fourth stage of platform
growth is characterized by a large extension of shallow
inner shelf carbonates over the entire Central Jura and the
northernmost part of the Southern Jura (Fig. 3). Inner shelf
deposits correspond to oncoid packstone rich in Clado-
coropsis. While some stromatoporoid taxa might have
tolerated slightly higher salinities (Leinfelder et al. 2005),
the presence of some corals and common oncoids with
Lithocodium and Bacinella indicates prevailing olig-
otrophic marine conditions. In the Central and Northern
Jura, mid-shelf deposits are still characterized by oncoids
that display a cortex made of Lithocodium and Bacinella
and by some corals. This suggests the presence of nutrient-
depleted waters up to a mid-shelf position. The presence of
marly intercalations and rare quartz observed in an outer
shelf setting suggests more nutrient-rich waters in a distal
part, below the storm wave base. During the sea-level fall
of SIII, available space was completely filled by inner shelf
deposits, leading to the record of tidal flat settings in the
upper part of the Planula Zone. After the dinosaur incursion
at the end of the Bimammatum Zone, this is the second

occurrence of emersive deposits along the French Jura
platform that had strongly prograded towards the south.

The fifth stage of the French Jura platform growth oc-
curred during the medium-scale sequences SIV and SV
(Stage 5, Fig. 5). At the base of the Platynota Zone, Lefort
(2011) observed a small decrease in calculated isotopic
temperatures in the Lorraine-Champagne platform. Bri-
gaud et al. (2008) also indicated a small decrease in cal-
culated isotopic temperatures in the Lorraine platform
between the Platynota and Hypselocyclum zones. From
Kiml, Colombié (2002) indicates a semi-arid climate with
relatively well-developed humid seasons for the Swiss Jura
platform. In the Northern French Jura platform, an increase
in quartz content is observed in deposits of the Calcaires a
pétroceres inférieurs Member (Cariou 2013). This confirms
a greater terrigenous influx from the hinterland and thus a
climate with a rainy season during the fifth stage. More
nutrient-rich conditions might explain sparser occurrences
of ooid limestones along the French Jura platform during
the Platynota and lower Hypselocyclum zones (Fig. 3).
Combined with the installation of a more humid climate,
the Early Kimmeridgian in the Central Swiss Jura is also
characterized by a general loss of accommodation
(Colombié 2002; Colombié and Strasser 2005). These au-
thors suggest that a slowing down of the 2nd order sea-
level rise coupled with an adequate carbonate production
allowed sedimentation to keep up with sea-level rise.
During the Platynota and lower Hypselocyclum zones, the
French Jura platform reached maximum extent with mid-
shelf oncoid limestones in the southernmost Jura (Fig. 3).
From the northern part of the Southern Jura up to the
Northern Jura, shallow inner platform sediments built up
close to sea level, locally filling available space as indi-
cated by tidal flat deposits. This general aggradational
pattern emphasizes a change in the platform profile that
evolved into a flat-topped shelf.

The sixth stage of the French Jura platform growth oc-
curred during the medium-scale sequences SVI and SVII
pro parte (Stage 5, Fig. 5). This stage is characterized by
the retrogradation of mid-shelf deposits over the French
Jura platform during the upper Hypselocyclum Zone. This
pattern may reflect a long-term maximum flooding that
occurred during the Hypselocyclum and Divisum zones
(Contini and Hantzpergue 1973, 1975; Hantzpergue 1975;
Cochet et al. 1994). Such retrogradation was also favoured
by the flat-topped shelf topography established during the
Panula Zone. Indeed, flat-topped carbonate platforms are
highly sensitive to low-amplitude relative sea-level fluc-
tuations, leading to the deposition of widespread and nearly
synchronous beds similar in lithology and stacking pattern
(Strasser et al. 1999; Jank et al. 2006c). Phases of ret-
rogradation that occurred during the Hypselocyclum and
Divisum zones emphasize a carbonate production that
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could not keep pace with the generated accommodation. A
decrease in carbonate production could be explained by an
increase in terrigenous input, which is consistent with a
semi-arid climate with humid seasons up to the Divisum
Zone observed for the Swiss Jura platform (Colombié
2002). More nutrient-rich conditions are documented by
the heterotrophic fauna observed in deposits of the Cal-
caires et Marnes a ptéroceéres Formation (Table 2). The
large extension of a flat inner shelf could have significantly
reduced storm-induced waves and currents, accounting for
the lack of high-energy deposits.

Thickness variations in Upper Jurassic sedimentary
successions in the Swiss Jura Mountains are related to the
synsedimentary reactivation of Permo-Carboniferous
basement structures (Pittet 1996; Allenbach 2002; Wetzel
et al. 2003; Jank et al. 2006a). The influence of a hypo-
thetical NE-SW oriented axial swell has also been invoked
as a facies control for the French Jura platform develop-
ment (Enay et al. 1988; Cochet et al. 1994). However, the
present does not support a major structural influence. In-
stead, it supports a control by variations in the carbonate
production in tune with sea-level and climatic changes.
Indeed, the Upper Jurassic sedimentary succession of the
French Jura Mountains has revealed that the hierarchical
stacking pattern of depositional sequences can be explained
by the superposition of different orders of sea-level fluc-
tuations (Olivier et al. 2011; Cariou et al. 2014). During the
Late Oxfordian—Early Kimmeridgian interval, the differ-
ent sedimentary bodies observed on the French Jura plat-
form appear to have been formed in tune with a long-term
(2nd order) sea-level rise coupled to eccentricity (400 kyr)
cycles. Cariou et al. (2014) suggest that a 2.4 Myr cycle
may have played a preponderant role in the subsequent
incursions of dinosaurs onto the Jura platform. The re-
gressive trend of the 2.4 Myr cycle, which includes the
dinosaur track site of Loulle, ends around Kiml. In this
scenario the general flat top morphology and successive
emergent surfaces observed at the end of SIII could be
characteristic of a highstand system within the 2.4 Myr
cycle.

The successive stages of the French Jura platform
growth also highlight the major role played by climatic
conditions. The studied time-interval is effectively marked
by a general and long-term climate-warming trend from the
Early Oxfordian to the Kimmeridgian (Riboulleau et al.
1998; Abbink et al. 2001). Along with it, the climate be-
came progressively less humid (Védrine 2007; Strasser
et al. 2012), leading to warm, oligotrophic waters on the
Jura platform. Such environmental conditions allowed in-
tense carbonate production, as illustrated by the develop-
ment of large ooid shoal complexes in the Central Jura
during the Bimammatum Zone or in the Southern Jura
during the Planula Zone. Such intense carbonate

production was able to change the shelf morphology, which
progressively evolved from a ramp to a shoal-rimmed
shelf. Periods characterized by a notably more humid cli-
mate also had an impact on the nature of the sedimentation
and on the platform growth. Thus a more humid climate led
to the increase in the amount of terrigenous and nutrient
input from the hinterland. Under more nutrient-rich con-
ditions, the carbonate production decreased and when the
platform was subjected to a rise in sea-level, it caused
major phases of retrogradation (cf. Stages 2 and 6, Fig. 5).

8 Conclusions

This study provides a detailed sedimentological analysis
of an Upper Oxfordian—Lower Kimmeridgian succes-
sion along the French Jura platform. Facies evolution
and the correlation of ten studied sections emphasize
hierarchically stacked depositional sequences. The re-
sulting sequential framework reveals small- and medium-
scale depositional sequences that formed in tune with
orbital cycles of short (100 kyr) and long (400 kyr) ec-
centricity, as had been previously established for the
Swiss Jura platform.

The detailed analysis of sedimentary deposits permitted
the identification of 5 main facies associations character-
istic of depositional environments ranging from outer
platform to tidal flat settings. Spatio-temporal evolution of
facies along the platform has led to the reconstruction of
three successive facies models, and to the subdivision of
the platform development into six main stages. Throughout
these stages, the profile of the platform progressively
evolved from a ramp during the Bimammatum Zone, to an
ooid shoal-rimmed shelf during the Planula and lower
Hypselocyclum zones, and finally to a flat-topped shelf up
to the lower Divisum Zone.

The French Jura platform evolution was directly con-
trolled by the superimposition of different orders of sea-level
fluctuations. Most of the sedimentary body geometries were
triggered by the 400-kyr long eccentricity cycle superim-
posed onto a long-term (2nd order) sea-level rise. On two
occasions the carbonate accumulation largely exceeded sea-
level rise, leading to the subaerial exposure of part of the
platform. At the end of the Bimammatum Zone, tidal flat
deposits with dinosaur tracks were recorded in the French
Central Jura. This is the first Late Jurassic dinosaur incursion
onto the Jura platform. During the Platynota and lower
Hypselocyclum zones, tidal flat deposits were recorded on
the northern part of the Southern Jura, highlighting the strong
progradation of the French Jura platform.

The platform evolution and the nature of the sedimen-
tation were also strongly dependent on the climatic con-
ditions, notably in terms of temperature and humidity
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variations. During the Bimammatum and Planula zones,
the climate became progressively warmer and arid. Re-
sulting oligotrophic conditions gave rise to enhanced car-
bonate production on the shallow platform, notably during
the middle Bimammatum and Planula zones. During the
upper Bimammatum Zone and the lower Hypselocyclum to
lower Divisum zones, a climate with humid seasons was
responsible for increased siliciclastic and nutrient input.
This led to a decrease in carbonate production, and con-
sequent strong retrogradation of the platform, enhanced by
a rise in sea-level.
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