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A detailed sedimentological, geochemical and mineralogical study is carried out on the Early Bajocian to
Early Callovian (Middle Jurassic) limestones of the Paris Basin. Objectives are to document and explain the
facies changes in the context of the climate/environmental evolution at the NW European scale. Deposits
include 18 lithofacies which are stacked into 10 third-order depositional sequences. At a greater time scale, 4
biosedimentary packages are distinguished by their allochems associations. (1) An intracratonic carbonate
environment with coral reefs and crinoid-rich facies is typical of the Early Bajocian. (2) A major facies change
occurred at the Early/Late Bajocian transition with a shift from crinoid- and coral-rich facies to ooid-rich
facies. During the Late Bajocian, a southward-dipping ooid ramp with successive progradational trends was
emplaced. (3) A large lagoon protected by ooid shoals developed during the Bathonian in a muddy ramp
setting. (4) At the Bathonian/Callovian boundary, a second major change occurred with the lagoonal facies
being superseded by an ooid-bioclastic (crinoids, corals) ramp associated with a waning of carbonate pro-
ductivity (retrogradational trend). Our geochemical study including a compilation of bibliographic data allows
us to re!ne the existing sea surface palaeotemperature pattern. A cooling from the latest Early Bajocian to the
Late Bajocian and a subsequent warming from the earliest Callovian to the Early/Middle Callovian transition
are described using a proxy of sea surface temperatures. Together with !13C and mineralogical data, our new
!18O values suggest a palaeo-climatic/palaeo-environmental control of facies in this shallow carbonate ramp
environment.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The Middle Jurassic carbonate formations of the eastern part of the
Paris Basin form the basement of the natural clay barrier chosen by the
French National Agency for Radioactive Waste Management (Andra)
as a target for a laboratory aiming to study the deep disposal of
radioactivewaste. The carbonate architecture and lithological changes
are of primary importance for Andra hydrologists seeking to better
constrain the local hydrological system, which is mainly controlled by
the geometry and facies properties of these carbonate formations. The
pioneering studies of Middle Jurassic carbonate bodies from Burgundy
(Purser, 1975) have been supplemented by numerous studies in this
part of the Paris Basin. They focus on facies analysis and depositional

reconstructions from well-biostratigraphically constrained outcrops
of Early Bajocian (Durlet and Thierry, 2000; Durlet et al., 2001b;
Guillocheau et al., 2002), Late Bathonian/Callovian (Floquet et al.,
1989; Laville et al., 1989; Javaux, 1992; Gaumet et al., 1996). How-
ever synthetic facies evolutions of the whole interval including
geochemical data are not available. Well-log correlations applied at a
multi-basin scale (England, Paris Basin and South-East France Basin),
were carried out on the Late Bathonian/Callovian interval (Garcia
et al., 1996a; Gaumet et al., 2001), or the Jurassic interval (Jacquin
et al., 1998). Those studies identify eustasy as the dominant factor
of carbonate architecture and production in the Paris Basin. However
the possible in"uence of climatic and seawater-chemistry changes
on facies is poorly documented in the eastern Paris Basin carbonate
environments.

The main objectives are to document and explain the main facies
changes in the Middle Jurassic deposits of the eastern Paris Basin. This
paper is based on a multidisciplinary approach including facies analy-
sis, stable isotope chemistry and clay mineralogy within a biostrati-
graphic and sequence stratigraphic framework. The main results are
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used to discuss the relative in"uences of eustatic, tectonic and climatic/
environmental factors on the main facies changes.

Analyses are carried out on Middle Jurassic outcrops and cored
boreholes in the eastern Paris Basin (between Langres and Nancy). A
detailed schematic transect representing the carbonate architecture
is compiled to characterize the depositional environments, to repre-
sent the allochem associations and their lateral and vertical patterns
and !nally to propose synthetic facies and depositional environment
changes during the Middle Jurassic interval. An oxygen isotopic study
is conducted to better constrain the palaeotemperature curve of this
period, which is poorly constrained compared to the Early Jurassic
(Dera et al., 2009a) or the Late Jurassic (Wierzbowski, 2002, 2004;
Brigaud et al., 2008). Isotopic data are then used to test the possible
in"uence of climatic and seawater-chemistry changes on biofacies.
Clay mineral assemblages are also analysed to evaluate and specify
the possible climatic control of their distribution in this part of the
Paris Basin.

2. Geological setting

Located at subtropical latitudes (25–30° N) during Bajocian–
Callovian times, the Paris Basin was covered by an epicontinental
sea open to the Atlantic, Tethys and Northern Oceans (Fig. 1, Thierry,
2000). On a broad scale, North West Europe was an archipelago com-
posed of eroded Hercynianmassifs and the study area lay between the
Central Armorican, London-Brabant and Bohemian Massifs.

Purser (1975) recognized biosedimentary packages – previously
called lithoclines – in the Middle Jurassic limestones of the eastern
Paris Basin which are described below:

Early Bajocian sediments, composed mostly of bioclastic calcare-
nites and coral buildups – the Calcaires à polypiers (Fig. 2) – were
deposited on a vast carbonate environment extending over almost
all of the Paris Basin (Fig. 2, Durlet et al., 2001b; Guillocheau et al.,
2002).

Echinoderms (mainly crinoids) and bivalves associated with
peloids are the main allochems of this carbonate formation (Ferry et
al., 2007).

At the Early/Late Bajocian boundary, an abrupt lithological change
occurred with the appearance of terrigenous components above an
encrusted bored surface corresponding to the ‘Vesulian Unconformity’
(Fig. 2, Durlet and Thierry, 2000). This carbonate crisis is recognized
throughout the north-western Tethyan domain (Jacquin et al., 1998;
Piuz, 2004). The mixed terrigenous/carbonate sedimentation contin-
ued into the Late Bajocian in the south-western part of the study area
and Burgundy with the deposition of the Ostrea acuminata Marls
(Fig. 2). In the north-eastern part of the study area, marly sedimen-
tation (Marnes de Longwy and Oolite à Clypeus ploti) and calcarenite
sedimentation (Oolite miliaire inférieure et supérieure) alternated.
Carbonate episodes correspond to the progradation of sedimentation
along an ooid ramp dipping gently southward from the London-
Brabant landmass (Guillocheau et al., 2002).

During the Bathonian, a carbonate ramp with diversi!ed facies
developed across the Paris Basin (Purser, 1975, 1989; Ferry et al.,
2007). Three main depositional environments are recognized (Fig. 2):
(1) a typical shoal fringe with abundant ooids, peloids, bivalve,
bryozoan and gastropod bioclasts (Oolite Blanche and Oolite de
Fréville); (2) a protected lagoon behind the oolitic shoal with !ne
sedimentation characterized by mudstones with oncoids and benthic
foraminifera, wackestones/packstones with oncoids, and peloidal
grainstones (Calcaires de Chaumont and Calcaires de Neufchâteau);

(3) an intertidal to supratidal area with ephemeral tide-related
subaerial exposures, characterized by laminated mudstone (stroma-
tolites) with fenestral structures, mud cracks and vadose cementa-
tions (Purser, 1975; Javaux, 1992).

The Early Callovian carbonate formation displays mostly ooids,
bryozoans, echinoderms and bivalve-rich bioclastic sediments (Javaux,
1992) and is restricted to the south-western part of the study area
(Pierre de Dijon-Corton and Pierre de Ladoix; Fig. 2). These shallow
marine carbonates correspond laterally to the north to marly, open
marinedeposits (Argiles de laWoëvre). Thus, due to this lateral variation,
a secondabrupt lithological changeoccurred at the Late Bathonian/Early
Callovian boundary in the north-east, and later at the Early Callovian/
Middle Callovian boundary in the south-west.

3. Materials and methods

3.1. Facies analysis

This study is based on the detailed examination of 37 outcrop
sections between Langres and Nancy, and of four cores (EST210,
EST433, HTM102 and L.LI.CD.1; Fig. 1). Three outcrops and !ve
boreholes from previous works are used to complete the descriptions
(Faber, 1957; Guillocheau et al., 2002). Outcrop sections and cores
were logged in detail and microfacies were analysed on a total of 388
thin-sections. The proportion of facies components (bioclasts and non-
bioclastic elements) is estimated from 266 thin sections from EST210,
EST433, HTM102 and L.LI.CD.001 cores. This semi-quantitative esti-
mation is calibrated by point-counting analyses of 10 representative
thin-sections using the Jmicrovision Image (Roduit, 2008) analysis
systemwith aminimumof 200 counts per section. Facies classi!cation
and their environmental interpretation are based on texture, bioclasts
and non-bioclastic elements, sedimentary structures, bioturbations
and hydrodynamism (Purser, 1980; Purser, 1983; Tucker and Wright,
1990; Flügel, 2004). Early cements are observed under a cathodolu-
minescence microscope coupled to a digital camera in order to char-
acterize the early cementation processes and their origin.

3.2. Geochemical analysis

In order to reconstruct Middle Jurassic seawater temperatures,
59 Trichites shells, 50 oyster shells and 3 belemnites rostra were
recovered from eastern Paris Basin outcrops (10 outcrops and 1 core;
see Appendix A for location). Each Low Magnesium Calcite (LMC)
shell (0.5 cm to 2 cm thick) was sectioned, polished and investigated
using cathodoluminescence (CL) microscopy to identify diagenetic
recrystallisations. Luminescent and non-luminescent areas of each
shell and rostrum were accurately mapped to sample exclusively the
well preserved non-luminescent areas for isotopic analyses. After CL
studies, 50 Trichites shells, 41 oyster shells and 3 belemnites guards
were selected and micro-drilled from non-recrystallized parts for
isotopic investigations. The carbon and oxygen isotope compositions
of 197 micro-drilled parts from the 94 well-preserved bivalves and
belemnites (on average more than two sub-samples per bivalve shell
or belemnite guard) were analysed at the Leibniz Laboratory for
Radiometric Dating and Stable Isotope Research, Kiel (Germany).
Calcite powders were reacted with 100% phosphoric acid at 75 °C
using a Kiel III online carbonate preparation line connected to a
ThermoFinnigan 252 mass-spectrometer. All isotopic values are
reported in the standard !-notation in per mil relative to V-PDB
(Vienna Pee Dee Belemnite) by assigning a !13C value of +1.95‰ and
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Fig. 1. A—Location of the study outcrops and boreholes on a simpli!ed geological map of the eastern Paris Basin. B—Location of the study area on palaeogeographic reconstruction
(from Purser, 1975; Enay and Mangold, 1980; Thierry, 2000) with locations of isotope study sites from the literature: Bulgaria (Metodiev and Koleva-Rekabova, 2008); England
(Anderson et al., 1994; Podlaha et al., 1998; Jenkyns et al., 2002; Price and Page, 2008); Germany (Podlaha et al., 1998); Poland (Wierzbowski and Joachimski, 2007); Portugal
(Jenkyns et al., 2002); Russia (Podlaha et al., 1998; Riboulleau et al., 1998) and Scotland (Jenkyns et al., 2002; Nunn et al., 2009). C—Palaeogeographic map of France (modi!ed from
from Purser, 1975; Enay and Mangold, 1980).
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Fig. 2. Schematic lithostratigraphic illustration of a north–east–south-west transect (modi!ed from Contini, 1968; Thierry et al., 1980). Biostratigraphic ammonite zonation and ages from Gradstein et al. (2004). Previous biostratigraphic
studies based on brachiopod and ammonite faunas are used to constrain the timing of facies evolution (Thierry et al., 1980; Mangold et al., 1994; Garcia et al., 1996b; Courville and Raffray, 2007). Additional brachiopods and ammonites were
collected to improve the pre-existing dating based on brachiopod associations (Garcia et al., 1996b). Main brachiopod associations for the Bajocian–Callovian intervals corresponding to third-order maximum "ooding surface in the Paris Basin
(Garcia et al., 1996b; Hardenbol et al., 1998): 1—Lissajousithyris matisconensis association, 2—Ferrythyris ferryi and “R.” edwarsi association, 3—Rocheityris curvata and Globirhynchia sp. association, 4—Tubithyris globata association, 5—
Burmirhynchia cf. multiplicata association, 6—Lotharingella woevrica and Kallirhynchia concinna association, 7—B. thierachensis, B. proteiformis, Digonella digona and Kutchirhynchia cf obseleta association, 8—Eudesia multicostata and
B. elegantula association, 9—Digonella divionensis, Lotharingella gremifera, L. leedsi and Ornithella sp1. association, 10—Septaliphoria mourdoni association, 11—Kallirhynchia sp. and Ornithella sp. association.
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Table 1
Lithofacies descriptions.

Lithofacies Non-bioclastic components Bioclastic components Sedimentary and
biogenic structures

Sorting and grain size Energy and depositional
environment

General environmental
interpretation

F1—marls with abundant
quartz and bivalves

Quartz (C), wood
fragments (R)

Bivalves (F), brachiopods (F),
crinoids (F), sponges (F),
ammonites (F)

Abundant bioturbation Quartz ~100 µm
well sorted

Very low energy lower
offshore

Outer-ramp
Paleodepth >50 m

F2a—oncoid
wackestone/packstone

Nubecularia oncoids (A),
ooids (R), pellets (R)

Foraminifera (F), bivalves (F),
crinoids (F), ammonites (F),
corals (C)

50 cm planar bedding
bioherms (<2 m thick
and <3 m lateral extend)

~100 µm to 0.5 cm
poorly sorted

Low to moderate energy
upper offshore

Mid-ramp environment
Paleodepth—30–50 m

F2b—bivalve/echinoderm
wackstone/packstone

Pellets (C), quartz (R) Bivalves (A), miliolina (C),
echinoids (C), brachiopods (C),
corals (R))

10 cm to 1 m planar
bedding, (HCS), bioturbation

Poorly sorted Low to moderate energy
upper offshore

F2c—ooid/crinoid
Wackestone/Packstone

Ooids (C), intraclasts (F) Crinoids (A), bivalves (F);
brachiopods (F); sponges (F),
echinoids (R), coral (R))

Tempestite (HCS) Pebbles ~5 mm to 5 cm
very poorly sorted

Low to moderate energy
upper offshore (storms)

F3a—radial ooid
packstone/grainstone

Radial ooids (A) Bivalves (R), crinoids (R),
brachiopods (R), bryozoan (R)

Cross bedding 500 µm; very
well sorted

Moderate energy, wave
dominated, shoreface

Inner ramp environment
(shoal and reef)
Paleodepth <30 mF3b—concentric ooid

grainstone
Concentric ooids (A),
super!cial ooids (R)

Bivalves (F), coral debris (C),
brachiopods (R), gastropods (R),
intraclast (F)

Cross bedding 500 µm to 1 mm;
very well sorted

High energy, wave
dominated, shoreface

F3c—micritic ooid
grainstone

Micritic ooids (A) Bivalves (F), green algae (R) Cross bedding 500 µm to 1 mm;
very well sorted

High energy, wave
dominated, shoreface

F3d—super!cial ooid
grainstone

Super!cial ooids (A),
oncoids (F)

Bivalves (A), crinoids (C) Cross bedding 250 µm to 5 mm
poorly sorted

High energy, wave
dominated, shoreface

F3e—bioclastic ooid
grainstone

Ooids (A) Bivalves (A), crinoids (C),
bryozoan (C), intraclasts (F)

Cross bedding 50 µm to 5 mm;
very poor sorted

High energy, wave
dominated, shoreface

F3f—bioclastic
peloidal grainstone

Peloids (A), nubecularia
oncoids (R)

Echinoids (A), crinoids (A),
bivalves (A), coral debris (F)

Cross bedding 250 µm to 3 mm;
moderately sorted

High energy, wave
dominated, shoreface

F3g—coral bioconstructions
(boundstone)

Lamellar, massive, ramose
phaceloid corals (A), bivalves (F)

Bioherms and biostromes
(2–10 m thick and
2–20 m lateral extent)

High energy, wave
dominated, shoreface

F3h—crinoid/packstone
grainstone

Peloids (C) Crinoids (A), brachiopods (C);
bryozoans (C)

Cross bedding 1 mm; well sorted High energy, wave
dominated, shoreface

F4a—peloidal/foraminiferal
Mudstone/Packstone

Oncoids (F), peloids (A),
ooids (F), intracalsts (C)

Foraminifera (C), bivalves (C),
echinoderms (R), Cayeuxia (C)

Planar bedding 50 µm to 1 cm very
poorly sorted

Low to moderate
energy protected
environments

Inner ramp lagoon
Paleodepth <30 m

F4b—oncoid–peloid
packstone/grainstone

Intraclasts (C), ooids (C),
pellets (C)

Ooids (C), foraminifera (C) Cross bedding 50 µm to 5 cm very
poor sorted

Low to moderate
energy protected
environments

F4c—pellet
grainstone/packstone

Pellets (A), wood
fragments (R)

Bivalves (C), foraminifera (C),
Cayeuxia (C)

Planar and cross bedding 30–10 µm well sorted Low to moderate
energy protected
environments

F5a micritic algal
mudstone/packstone

Peloids (F), oncoids (C) Bivalves (R) Peloidal structures microbial
laminae birdseyes, root traces

Poorly sorted Low energy shoreface Inner ramp supratidal
Paleodepth <5 m

F5b—oncoid-bioclastic
grainstone/rudstone

Pellet (C), intraclasts (R/F),
peloids (F), oncoids (C)

Foraminifera (C/A), bivalves (A)
gastropods (A), Cayeuxia (C)

Birdseyes, stalactitic cements 100 µm to 2 cm
very poorly sorted

High energy, foreshore,
beach

F5c—lignite Very low energy backshore

R=rare:<10%; C=common: 10–20%; F=frequent: 20–30%; A=abundant: >50‰.
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a !18O value of !2.20‰ to NBS19. Reproducibility was checked by
replicate analysis of laboratory standards and was ±0.05‰ (1") for
oxygen isotopes and ±0.02‰ (1") for carbon isotopes.

3.3. Carbonate production estimation

Relative carbonate production was calculated at three points
along the outcropping SW–NE transect (Fig. 1): Chaumont, Neufchâ-
teau and Nancy. Carbonate content is measured on cuttings with a
GEO-RS calcimeter during the EST210 and EST433 cores drilling with
a 2 m sampling step. The thickness of carbonate formations (lime-
stones, marls and clays) and carbonate content inferred from the
CaCO3 content of a representative section (EST210 and EST433) was
measured and accumulation rates were estimated (the carbonate
thickness is divided by the corresponding biozonation duration,
m/My). The siliciclastic sedimentation rate was also estimated,
dividing the siliciclastic thickness by the corresponding biozona-
tion duration (m/My). The compaction rate is not taken into
account.

3.4. Clay mineralogy

Clay mineral assemblages were identi!ed using X-ray diffraction
(XRD) on 32 samples from EST210, HTM102 cores, and from out-
crops (Luzy-sur-Marne, Sommerecourt, Jonchery, Neufchâteau and
Champ-la-noir; Fig. 1). Samples were decarbonated, and the clay
fraction (<2 µm) was separated by sedimentation and centrifuga-
tion using the analytical procedure of Holtzapffel (1985). X-ray
diffractograms were obtained using a Bruker D4 Endeavour dif-
fractometer with CuK" radiation and a Ni !lter. Semi-quantitative
estimations were based on peak area summed to 100%, the relative
error being 5% (Moore and Reynolds, 1989). The compilation of
published clay mineral data from the Middle Jurassic interval from
the Paris Basin allowed us to better constrain the mineralogical
signal. Eight outcrop sections that are biostratigraphically well-
constrained and with mineralogical analyses were added to the
database (Sombernon, Beaume-les-Créancey, Echannay, Val Suzon,
Chassagne-Montrachet, Dijon, Buffon and Chaumont, Moral, 1979;
Floquet et al., 1991; Javaux, 1992).

4. Results

4.1. Sedimentary facies

Based on 18 lithofacies merged into 5 facies associations (Table 1),
a composite sedimentological log of the Middle Jurassic (Bajocian
to Callovian) from Andra cores (EST433 and EST210) is proposed to
characterize the synthetic stratigraphic succession (Fig. 3). Observa-
tions are summarized in Table 1 and environmental interpretations are
given below. The progressive lithological changes observed from a
great distance along the transect (more than 100 km, Fig. 4) during the
Middle Jurassic suggest a very low dipping slope without shelf breaks
and gravity deposits, thus characterizing a carbonate ramp pro!le
(Pierre et al., in press). In this paper, the ramp terminology was
adopted from Burchette and Wright (1992) who de!ne (1) an outer
ramp below the stormwave base (SWB); (2) amid-ramp between the
SWB and the fair-weather wave base (FWWB), and (3) an inner ramp
located above the FWWB including either high energy environments
(shoreface and beach) and back-shoal infratidal to supratidal
environments (e.g. muddy lagoon, tidal "ats, swamps).

4.1.1. Outer ramp
In the marly facies F1, the presence of ammonites, belemnites,

brachiopods and the abundant bioturbation indicates an open and
distal environment. The absence of hydrodynamic structures suggests
a permanent low-energy environment probably located below the
SWB. The London-Brabant landmass, located 150 km to the north,
may have been the source of the detrital quartz, locally abundant in
this facies (Ferry et al., 2007). The water depth in this lower offshore
was probably greater than 50 m.

4.1.2. Mid-ramp
Facies association F2 corresponds to marl–limestone alternations

with mudstone to packstone textures. Bioturbation and abundant
benthic fauna (bivalves, brachiopods, echinoids, crinoids) indicate
normal oxygenation and salinities. The occurrence of hummocky cross
strati!cation and gutter casts, suggests a sedimentation between the
SWB and the FWWB. The occasional presence of hermatypic corals in
biostromes, mainly composed of lamellar forms Isastrea, argues for an
environment in the photic zone, with a water depth probably lower

Fig. 3. A—Sedimentological log, vadose cementation, clast proportions, CaCO3 percentages, facies associations and sequence stratigraphy (3rd order sequences) of the Middle
Jurassic. This sedimentological log is a composite section of EST433 and EST210 Andra boreholes. B—Sedimentological log legends.
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than 50 m (Geister and Lathuilière, 1991; Leinfelder et al., 2002;
Lathuilière et al., 2005). On the basis of the dominant allochems, facies
association F2 includes (1) an oncoid packstone to wackestone (facies
F2a), (2) a bivalve/echinoderm packstone to wackestone (F2b) and
(3) an ooid/crinoid packstone to wackestone.

4.1.3. Inner ramp

4.1.3.1. Shoal. Facies association F3 comprises 8 lithofacies: (1) ra-
dial ooid grainstone (F3a), (2) concentric ooid grainstone (F3b),
(3) micritic ooid grainstone (F3c), (4) super!cial ooid grainstone
(F3d), (5) bioclastics-ooid grainstone (F3e), (6) bioclastic/peloidal
grainstone (F3f), (7) coral bioconstruction (boundstone texture, F3g)
and (8) crinoid grainstone (F3h). In facies association F3, the presence
of echinoderms, brachiopods and bryozoans in different proportions
according to lithofacies suggests well-oxygenated water with normal
salinity. Common cross bedding (Fig. 5E) and grainstone textures in-
dicate a shallow environment (shoreface) corresponding to an oo-
litic or bioclastic shoal under tide- and wave-dominated conditions
(Loreau, 1982; Javaux, 1992). The reefs, mainly observed during the
Early Bajocian, belong to patch reef type (Geister and Lathuilière,
1991). The coral patch reefs recognized in this study (Fig. 5F–G), are
composed of lens-shaped bodies and dome-shaped bioherms build-
ups reaching 10 m thick and 10–20 m lateral extent. Predominantly
lamellar forms, Isastrea sp., with additional taxa Kobyastraea, Peri-
seris, and rare branching forms, these scleractinian corals constitute
the main component of reefs (Geister and Lathuilière, 1991;
Lathuilière, 2000b; Lathuilière, 2000a). Relief can be locally created
and lateral progradation sets of facies F3f are observed (Fig. 5F–G).
Coral biostromes (1–3 m large and <0.5 m thick) are also observed
during the Early Callovian (Rimaucourt). In F3 facies association,
common cross bedding, grainstone texture and coral bioconstructions
probably developing under oligotrophic conditions, argue for a
depositional environment above the FWWB (Geister and Lathuilière,
1991; Leinfelder et al., 2002). The water depth in this high energy
environment is probably lower than 30 m.

4.1.3.2. Lagoon. Three facies are distinguished in facies asso-
ciation F4: (1) peloidal/foraminiferal mudstone/packstone (F4a),
(2) oncoids–peloids grainstone/packstone (F4b) and (3) pellets grain-
stone/packstone (F4c). In F4a and F4b (Fig. 6E), the abundance of lime
mud indicates low hydrodynamic conditions. The size distribution of
allochems and the diversity of components in facies F4a including
oncoids, peloids, ooids, miliolids, bivalves, intraclasts, Cayeuxia and
Ortonella cyanobacteria suggest possible periodic re-sedimentation
by storm currents. Oncoids and very well-preserved gastropods are
often interpreted as having been deposited in protected lagoonal
environments. Pellet facies associated with Miliolina foraminifera,
oncoids, ooids and Cayeuxia cyanobacteria is also common in lagoon
environments (Fig. 6F).

4.1.3.3. Intertidal to supratidal environments. Laminated micritic
deposits with fenestrae, mud cracks and root traces are common in
the Bathonian facies under study, suggesting intertidal environments.
The presence of carbonate wash-over deposits forming "at islands is
also well documented within the Bathonian carbonate deposits
(Purser, 1975; Javaux, 1992). These islands were surrounded by
coarse calcarenitic beaches mainly composed of micritic intraclasts,
oncoids and large bioclasts (Fig. 6G). Meniscus and pendent cements
are commonly observed in these beach deposits (Fig. 6G). They
indicate that beachrocks contributed to the nucleation, expansion and
preservation of the wash-over islands. In supratidal "at islands, in
very low energy environments, brackish or brine ponds with
charophytes and type-III organic matter decantation may have given
rise to lignite layers (F5c facies). The lithofacies association F5 marks
very proximal environments on the foreshore.

4.2. Biosedimentary system changes in the sequence
stratigraphic framework

Following the sequence de!nition of Vail et al. (1977) re-
examined by Jacquin et al. (1998) for Mesozoic series of European
basins, 10 depositional sequences (Sequences I to X; Fig. 4) were
recognized from the Early Bajocian (humphresianum Zone) to Early
Callovian (koenigi Zone), on the basis of vertical facies succession and
bounding surfaces (Sequence Boundaries SB1 to SB11) along the
study transect (Fig. 4). The boundary between sequences is generally
marked by an abrupt vertical facies change from shallow to deep
("ooding surface). This deepening is usually underlined by a "at
bored surface due to the conjugate action of marine cementation,
mechanical abrasion and marine boring organisms (bivalves, annelids
and echinoids). Demonstrable evidence of terrestrial exposures (va-
dose cements, phreatic meteoric cements, pedogenesis or karsti!ca-
tion) extending all along the inner ramp settings is only observed in
association with SB5, SB6, SB7 and SB8 bounding surfaces, that
require a relative sea level fall. Due to the relative proximal de-
position of the carbonate system and the probably low amplitude of
eustatic variations, Lowstand System Tracts (LST) are only observed
in Sequences V, VI and VII during sea level drop inferred from expo-
sure surfaces (SB6, SB7 and SB8). These sequences are previously
recognized in the Paris Basin as third-order cycles (Garcia et al.,
1996a; Gaumet et al., 1996; Hardenbol et al., 1998; Jacquin and de
Graciansky, 1998). At a longer time scale, the 10 third-order se-
quences are stacked into 4 biosedimentary packages (Figs. 4 and 7),
which are distinguished on the basis of allochem assemblages and
sedimentary architectures.

4.2.1. Early Bajocian–Crinoidal accumulations and coral reef
development (Sequence I)

The Early Bajocian limestones (Calcaires à polypiers) are mainly
characterized by bioclastic facies (crinoid- and bivalve-rich packstone
and grainstone; facies F3f and F3h, Fig. 6B–C), coral-rich facies (F3g)
and Nubecularia oncoid wackestone/packstone facies (F2a; Figs. 5 and
6A). Echinoderms, bryozoans, bivalves, brachiopods, and coral debris
form the main allochems of this period. Some coral reefs induced
palaeoslopes up to 10–15 m high (Figs. 4 and 7A) comparable to well-
exposed reef slopes that have been described 50 to 100 km south-
westward, in the Haute-Marne department and Burgundy (Durlet
et al., 2001b). The carbonate system can be represented as a long-scale
intra-cratonic carbonate ramp with an extensive coral reef develop-
ment in the eastern part of the Paris Basin (Geister and Lathuilière,
1991; Lathuilière, 2000a,b; Leinfelder et al., 2002).

In the study area, the Early Bajocian limestones are about 30 m
thick. The lowermost part of these deposits is dated to the laeviuscula
Zone (Calcaires d'Ottange; Fig. 2) and propinquans Zone (Calcaires de
Haut-Pont; Fig. 2), which are only observed in the north-eastern part
of the transect by Guillocheau et al. (2002). A large part of the
transect is represented only by deposits (Calcaires à polypiers) dated
to the humphresianum Zone by ammonites and brachiopods (Thierry
et al., 1980; Mangold et al., 1994). These carbonate deposits are
subdivided into three Members (Calcaires à polypiers inférieurs, On-
colite Cannabine and Calcaires à polypiers supérieurs). The Oncolite
Cannabine and Calcaires à polypiers supérieurs deposits form a 20 m-
thick aggrading–prograding sequence documented by Guillocheau
et al. (2002) in the study area. This sequence (Sequence I) is dated to
the blagdeni Sub-Zone (Mangold et al., 1994). Its lower surface
marked an abrupt facies change from bioclastic grainstone (F3 facies
association) in the Calcaires à polypiers inférieurs to oncoid wack-
estone/marl alternations (F2 facies association) in the Oncolite
cannabine. This boundary is a bored surface, grains are early cemented
by Isopachous Fibrous Calcite (IFC) cements. These cements are
truncated by borings and commonly overlapped by geotropic micritic
internal sediments. They are inclusion-rich and exhibit a cloudy
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Fig. 4. Correlation diagram of theMiddle Jurassic in the eastern Paris Basin on a Langres–Nancy transect. This illustration is composed of the 37 outcrop sections and one core studied in this work completed by previous descriptions of !ve cores (Faber, 1957; Gaumet, 1997; Guillocheau et al., 2002) and three outcrop sections (Guillocheau et al., 2002). Correlations
are based on well dated "ooding surfaces by biostratigraphy (ammonite and brachiopod associations) and 10 recognized sequence stratigraphic cycles (I to X) delimited by Sequence Boundaries (SB1 to SB11).
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brown-to-yellow luminescence. Such characteristics of IFCs prob-
ably indicate their initial HMC (High Magnesium Calcite) mineral-
ogy, precipitating from phreatic marine waters (Brigaud et al.,
in press).

The upper surface is a major discontinuity at the Paris Basin scale
(e.g. Durlet et al., 2001b; Vesulian unconformity: SB2; Fig. 5D)marked
by a bored surface with submarine cementation, submarine bio-
erosion and a drastic facies change from bioclastic grainstone (F3f) to
oyster coquina beds and marls (F1). In the study area, clear exposure
evidence is not observed below SB2.

4.2.2. Late Bajocian—Ooid ramp development (Sequences II, III and IV)
The Late Bajocian limestones (Oolite miliaire) are mainly com-

posed of ooid grainstone facies (F3a–d, Figs. 5 and 6A). The transect
(Figs. 4 and 7B) displays a general south-west dipping ramp, with a
proximal area in the north-eastern part built alongside the London-
Brabant Massif in the Ardennes (Oolite de Doncourt; Thierry et al.,
1980) and the distal part near the south-western part of the study
area where marly deposits (F1; Marnes à Ostrea acuminata) replace
the ooid facies (F3a–d; Oolite miliaire). Along the transect (Figs. 4
and 7B), the depositional system evolves from inner ramp (F3a–e)
to outer ramp (F2a, F2b and F1 facies). Three third-order
sequences, with aggrading to prograding geometries, are recog-
nized in these deposits (Sequences II, III and IV). SB2, SB3 and SB4
are bored surfaces which are cemented by 20–50 µm thick marine
IFC cements, initially in HMC mineralogy. No meteoric diagenetic
phases (cements, pedogenesis or dissolution features) are associ-
ated with these surfaces. The HSTs, which show shallowing-up
vertical evolution from F1 to F3 facies associations, reveal well-
expressed aggrading–prograding ooid wedges that mainly pro-
grade south-westward (Fig. 4; Oolite miliaire inférieure, Oolite de
Chaumont and Oolite miliaire supérieure). The three TSTs are
successively marked by the Marnes de Longwy, Oolite à Clypeus
ploti and the Marnes à Ostrea acuminata (Fig. 4). Ammonites allow
us to date the MFS (maximum "ooding surface) of Sequence II to
the niortense Zone in Marnes de Longwy, the MFS of Sequence III to
the parkinsoni Zone (acris Sub-zone) in Oolite à Clypeus ploti and
Marnes à Ostrea acuminata, and the MFS of Sequence IV to par-
kinsoni Zone in Marnes à Ostrea acuminata (Mangold et al., 1994).
At the end of Sequence IV, ooid deposits covered the entire study
area.

4.2.3. Bathonian—Muddy ramp (Sequences V, VI, and VII)
The Bathonian carbonate formations are mainly composed of

micritic facies (facies association F4, Calcaires de Chaumont, Figs. 4 and
7C) and ooid grainstones (F3a–d; Oolite Blanche and Oolite de Fréville).
The transect (Figs. 4 and 7C) displays a new ramp orientation, now
dipping to the north–east with a proximal area in the south (lagoonal
facies F4 of the Calcaires de Chaumont) and a distal part to the north–
east (marl facies F1; Marnes à Rhynchonelles).

The Bathonian period is marked by the development of a large
protected inner ramp environment (lagoonal, intertidal and suprati-
dal facies, Figs. 1, 4 and 7C). In the study area, depositional en-
vironments evolve laterally from supratidal facies associations (F5),
through lagoonal (F4) and shoal inner-ramp facies (F3a–e), to mid
and outer ramp facies (F2a, F2b and F1 facies). Three stratigraphic
sequences can be recognized (Sequences V, VI and VII, Fig. 4)
separated by two bored surfaces (SB6 and SB7; Fig. 5C).

The lower surface of Sequence V (SB5) is locally cemented by
microstalactitic cements that developed up to a few centimetres down
from the surface in core EST210. These pendent cements are
characterized by inclusion-poor crystals of non-ferroan calcite,
which are non-luminescent with few brightly luminescent growth
bands. Such characteristics indicate a vadose environment, an initial
LMC mineralogy and suggest a meteoric or mixed parent waters
which probably percolated downward during a sea level drop.

SB6 characteristics evolve from the south–west to the north–east
(basinward). At the south–west, near Chaumont, it is an exposure
surface with karstic features and root traces at the top of the Oolite
Blanche (Purser, 1989). SB6 is frequently covered by a lignite layer or
early cemented by microstalactitic cements (EST210 core), indicating
an exposure episode (Floquet et al., 1991). At the north–east, at the
top of the Caillasse à Anabacia, SB6 is a single "at bored surface with
only marine IFC cements, covered by marls (Marnes à Rhynchonelles
inférieures). This allows us to interpreted the top of the Caillasse à
Anabacia as a possible LST during a sea level drop (Fig. 4).

SB7 (Fig. 5C) usually corresponds to amarine"at bored surfacewith
IFC marine cements truncated by bivalves and annelids borings.
However, SB7 evolves to an irregular discontinuity overlying coarse
grainstone to rudstone deposits, and truncating non-luminescent
microstalactitic calcitic cements (EST433 core, F5b, Fig. 6G). As for
SB5 and SB6, theses cements suggest an exposure episode probably
coeval with LST deposits (Cailasse à Rhynchonelles, Fig. 4). Sequence VII
is marked at the base by a thick TST with marl deposits to the north–
east, which can drown the lagoon as recognized in the Neufchâteau
outcrop during the hodsoni Zone (Marnes à Rhynchonelles supérieures;
Fig. 4). The same event is also recorded in southern Burgundy with a
marl invasion (Marnes à Pholadomya; Garcia et al., 1996a, Gaumet et al.,
1996) over proximal carbonate deposits and is well-detected in the
Boulonnais area (North of France, Vidier et al., 1995) in the hodsoni
Zone. Aggradation of lagoonal facies (Calcaires de Chaumont; Sequence
VII; facies F4) and the progradational trend of the ooid facies de!ne the
HST of this sequence (Oolite de Fréville; Sequence VII; facies F3a–d,
Fig. 8A–B). Its top is marked by SB8 (D1 sensu Floquet et al., 1989;
Fig. 5A–B), which is also recognized in Burgundy and Lorraine (Floquet
et al., 1989, 1991; Javaux, 1992;Mangold et al., 1994). Non-luminescent
meniscus LMC cements developed below SB8 (Fig. 6F), through the
upper 4 m of the Oolite de Fréville in EST433 core (Figs. 3A and 7C).
Below this 4 m-thick of meniscus cement developments, non-lumi-
nescent scalenohedral and blocky early spar cements developed con-
temporaneously to the meniscus cements in core EST433. Such
characteristics indicate a meteoric phreatic zone developed below a
meteoric vadose zone during an exposure event. The vertical devel-
opment ofmeteoric vadose cements below SB8 suggests a sea-level fall
of at least 4 m. In protected lagoon environments near Chaumont, SB8
exposure surface is marked by an irregular surface with root traces
(paleokarst; Fig. 5B). Exposure surface SB8 probably corresponds to a
LST with ooid shoal progradations (Oolite de Fréville) in the north-
eastern transect during this sea level fall (Fig. 8C). Upper surface SB8 of
this LST is a submarine surface with IFC cement development near
Neufchâteau, during a drowning event (Fig. 8D).

4.2.4. Uppermost Late Bathonian–Early Callovian—Oobioclastic ramp
development (Sequences VIII, IX and X)

The Early Callovian formations (Dijon-Corton Limestone and Ladoix
Limestone) are mainly composed of oobioclastic grainstones (facies
association F3, Figs. 4 and 7D) that are sometimes rich in brachiopods,
bryozoans, coral debris and crinoids (e.g. the Pierre de Rimaucourt in
Fig. 2 and4). Lagoonenvironments disappear in the studyarea at the end
of Bathonian (Javaux, 1992; Garcia et al., 1996a; Gaumet et al., 1996;
Gaumet et al., 2001). In northern Burgundy, well-preserved conifer
needles (Brachyphyllum, Palaeocyparis), !licoides forms (Lamatopteris
genus) and cycadophytes (Otozamites, Sphenozamites) have been found
in the Calcaires à Plantes of the Etrochey quarry, indicating nearest
islands (Lemoigne and Thierry, 1968; Gaumet et al., 1996). Consequent-
ly, the rampmorphology evolved from localized islands and ooid shoals
in the south–west (Burgundy to Chaumont; F3) to amarly outer ramp in
north–east (Neufchâteau to Nancy; F1, F2; Argiles de la Woëvre; Fig. 7).

The uppermost Late Bathonian–Early Callovian limestones are
subdivided into 3 third-order sequences (Sequences VIII, IX and X)
separated by marine bored surfaces (SB9 and SB10), with only marine
cements truncated by borings. Above SB8, the Marnes à Eudesia,
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Marnes à Ornithella and Argiles de la Woëvre deposits form the TST of
the Sequence VIII (Fig. 8D). MFS, dated by brachiopods of the discus
Zone, occurs in these marls levels. The following HST is marked by
shallowing-up with progradations of bioclastic and ooid bodies
(Fig. 8E). The shallow F3e facies is only located in the south-western
part of the transect (Fig. 4). It developed within a retrogradational
sequence with a decline of the previous well-developed carbonate
system. The geometries in Fig. 4 illustrate the retrogradational trend
in the study area at the Bathonian/Callovian transition. The TST of
Sequence IX "ooded the previous carbonate deposits of Sequence VIII
(Fig. 4). This sequence is dated by brachiopods and ammonites to the
herveyi Zones which marked its MFS, as in Chaumont, Jonchery or
Andelot outcrops (Fig. 4); (Floquet et al., 1989, 1991). Limited ooid
progradation (Pierre de Dijon-Corton) on the ramp is observed in the
south-western part of the study transect (HST, Sequence IX; Fig. 4).
Sequence X corresponds to a TST with marl deposits, followed by a
HST (Pierre de Ladoix, Pierre de Rimaucourt). Brachiopods and
ammonites date this sequence to the calloviense Zone (Courville and
Raffray, 2007). The top surface SB11 of Sequence X is a major
discontinuity in Burgundy (D3 sensu Floquet et al., 1989) marked by a
drastic facies change from crinoid-rich oobioclastic grainstones to
iron-ooid bearing marls. This discontinuity without any evidence of
subaerial exposure is bored by polychets and bivalves under marine
conditions as earlier suggested by Purser (1969).

4.2.5. Middle and Late Callovian—Marly outer ramp
The Middle and Late Callovian is characterized by thick clay

deposits (150 m) with a rich ammonite fauna indicating an outer
ramp environment. It corresponds to a period of carbonate depletion,
replaced by siliciclastic marly and clayey sedimentation (Collin et al.,
1999, 2005; Collin and Courville, 2006; Thierry et al., 2006).

4.3. Oxygen isotopes

The 197 oxygen isotopic values of the 94 LMC shells and rostra
range from !2.9 to 0.6‰ PDB in !18O (Fig. 9C and Appendix A). The
values show a quite large variability either between shells from the
same bed or within a single oyster shell. The intra-shell variability has
been quanti!ed using the difference between maximum and
minimum !18O values of bivalves that have more than 2 isotope
analyses. The mean value of intra-shell variability for all analysed
Trichites and oysters is 0.5‰, and reaches a maximum of 1.6‰ in a
sample. The Trichites and oyster shells recovered in a same
stratigraphic bed display similar values, as seen in the Rimaucourt
outcrop (!18Omean value of!1.9‰ PDB for Trichites and!1.8‰ PDB
for oysters; Appendix A) or from the Pouillenay quarry (!18O mean
value of !0.8‰ PDB for a Trichites and !0.7‰ PDB for an oyster;
Appendix A). The !18O values of Trichites or oyster shells are slightly
lower (0.5–0,7‰) than the values of belemnite rostra collected from a
same bed in the Pouillenay outcrop (uppermost Calcaires à polypiers;
level 31.2 m and uppermost Marnes à Ostrea acuminata, level 41 m
Appendix A). The !18O values of bivalves are the same for different
environments during a given stratigraphic interval. For example,
during the garantiana Zone or parkinsoni Zone , !18O values for

oysters from the outer ramp (!0.5 to !1.5‰ PDB; Marnes à Ostrea
acuminata; Fig. 9C) are similar to values for ooid shoals of inner ramp
(!0.5 to 1.5‰ PDB; Oolite miliaire; Fig. 9C).

Despite the variability displayed in oxygen isotope values, !18O
values of non-luminescent oyster shells exhibit variations along the
studied stratigraphic interval (Fig. 9C). During the humphresianum
Zone, !18O values vary between!2.9‰ PDB and!0.5‰ PDB with an
average of!1.5‰ PDB calculated on 100 !18O values measured on 34
Trichites shells and one oyster shell. From the Early Bajocian
(humphresianum Zone) to the Late Bajocian (garantiana and parkin-
soni Zones), !18O increases to average values of!1‰ PDB with values
between !1.9 and !0.3‰ PDB (Fig. 9C). During the hodsoni Zone,
only one non-recrystallized Trichites has been found, and only three
values were measured; they reveal !18O of !1‰ PDB on average
which is similar to values measured in the Late Bajocian and the
Earliest Callovian. In the discus and herveyi Zones, 16 !18O values of
seven oyster shells (Ostrea sp.) range from !1.9‰ PDB to 0.6‰ PDB
with a mean value of !0.6‰ PDB. !18O values of Trichites and oyster
shells from the calloviense Zone are about 1.2‰ PDB lower, with
average values of !1.8‰ PDB (Fig. 9C). One oyster shell from the
jason Zone of the Middle Callovian yields three values comparable to
that found for the calloviense Zone, ranging from!2‰ PDB to!1.4‰
PDB with a mean value of !1.7‰ PDB.

4.4. Carbon isotopes

The 197 new carbon isotopic compositions of the 94 LMC shells
and rostra range from !0.8‰ PDB to 4.4‰ PDB in !13C (Fig. 9E and
Appendix A). These new data are included in a compilation of !13C
data from bivalves and belemnites sampled from England (Anderson
and Arthur, 1983; Podlaha et al., 1998; Jenkyns et al., 2002; Price and
Page, 2008), Scotland (Jenkyns et al., 2002), Portugal (Jenkyns et al.,
2002), Bulgaria (Metodiev and Koleva-Rekalova, 2008), Poland
(Wierzbowski and Joachimski, 2007), Germany (Podlaha et al.,
1998) and Russia (Podlaha et al., 1998; Riboulleau et al., 1998), in
order to generate a compilation curve for the Tethyan domain
(Fig. 9E). A composite curve from bulk analysis of the pelagic domain
(Umbria Basin, Italy; Subbetic Basin, Spain; South-East Basin, France)
is also reported in Fig. 9E (Corbin, 1994; Bartolini et al., 1999; Bartolini
and Cecca, 1999; O'Dogherty et al., 2006). From the discites Zone to
the humphresianum Zone, !13C values for bivalve and belemnite shells
increase from 1‰ PDB to 4‰ PDB (Fig. 9E), mirroring the shift
recorded in pelagic environments on bulk samples and on fossil
woods from England (Hesselbo et al., 2003). A !13C decrease is
observed on belemnite guards from England (Jenkyns et al., 2002)
from 4‰ in the humphresianum Zone to 1‰ in the parkinsoni Zone
(Fig. 9E), which is similar to that documented for bulk carbonate
samples from the pelagic domain of the western Tethys Sea (Corbin,
1994; Bartolini et al., 1999; Bartolini and Cecca, 1999; O'Dogherty
et al., 2006). Carbon-isotope values remain relatively stable and low
during the Bathonian both for bivalve and belemnite shells and for
bulk rock (Fig. 9E). An increase to average values of 3–4‰ is observed
during the Callovian both in bivalves and belemnites, and bulk rock
samples (Fig. 9E and Appendix A).

Fig. 5. A—Jonchery quarry displaying the Calcaires de Chaumont (lithofacies F4b: Oncoids–Peloids Packstone, lagoon, inner ramp) and the Pierre de Dijon-Corton (Marly lithofacies F1
of outer ramp, Ooids/crinoids Wackestone/Packstone lithofacies F2c of mid-ramp and oobioclastic Gainstone lithofacies F3e of inner ramp). B—Sequence Boundary-SB8 marked by
an irregular (probably karsti!ed) surface associated with root traces (RT), indicating supratidal environments (F5a lithofacies Calcaires de Chaumont, Jonchery quarry). C—
Neufchâteau outcrop displaying the Calcaires de Neufchâteau (lithofacies F4a: Peloidal/foraminiferal Mudstone/Packstone, lagoon environment)/Marnes à Rhynchonelles inférieures
(Marly lithofacies F1, outer ramp; and Bivalves/echinoderms Wackestone/Packstone lithofacies F2b, mid-ramp environments) transition—SB7. D—Bored surface SB2 (Vesulian
unconformity, in EST210 core 738 m depth) separating the Calcaires à polypiers supérieurs (lithofacies F3f: bioclastic peloidal Grainstone, inner ramp) and the Marnes de Longwy
(Marly lithofacies F1, outer ramp), bo: boring, b: brachiopod. E—Cross bedding strati!cation in bioclastic peloidal grainstone (lithofacies F3f—Calcaires à polypiers supérieurs; Ozières
quarry, inner ramp environments). F—Domal bioherms composed of scleractinian corals with massive forms and phaceloid ramose forms (lateral extent of 30 m and 3 m thick; coral
lithofacies F3g, inner ramp environments). The lateral F3f lithofacies displays cross bedding (Calcaires à polypiers inférieurs, Dampierre quarry). G—Coral reef (F3g facies; 15 m thick
and lateral extent >50 m) and F3f lithofacies (bioclastic/peloidal Grainstone, inner ramp environments). SB1 separates coral patch-reef (Calcaires à polypiers inférieurs) to Oncolite
cannabine (F2a lithofacies, mid-ramp environments); Sommerécourt quarry.
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4.5. Carbonate production and siliciclastic sedimentation rate

Neritic carbonate production is quanti!ed along the study transect
(Fig. 9F and Appendix B). Carbonate production was maximal during
the Early Bajocian (humphresianumZone)where carbonate formations
occurred everywhere along the transect with an average carbonate
sedimentation rate of about 60 m/My (Fig. 9F). A !rst carbonate crisis
is recorded in the niortense Zone with an average rate decreasing
to 8 m/My, while the siliciclastic sedimentation rate increased to
30 m/My during the Early Bajocian to the Late Bajocian. Carbonate
production, mainly composed of ooids, oncoids and bivalves, in-

creased in the garantiana Zone and peaked in the parkinsoni Zone
(65 m/My, Fig. 9F and Appendix B). The Early Bathonian is character-
ized by low carbonate productivity (15 m/My) and low siliciclastic
sedimentation rates (8–17 m/My). From the hodsoni Zone to the orbis
Zone, carbonate and siliciclastic sedimentation rates increased
respectively to about 25 m/My and 35 m/My (Fig. 9F). Carbonate
productivity then fell between the orbis Zone and the discus Zone to
values of less than 5 m/My. In the eastern Paris Basin, carbonate
productivity was low during the Early Callovian (4 m/My on average)
and very low at the beginning of the Middle Callovian (<5 m/My)
whereas siliciclastic production increased to about 35 m/My.

Fig. 6. A—Ooid grainstone characterizing shoal environments of the Late Bajocian/Bathonian interval (F3c lithofacies—Oolite miliaire inférieure, E078 sample, EST210 core).
B—Peloidal/bioclastic grainstone with brachiopods, bivalves and echinoderms characterizing shoreface environments during the Early Bajocian (F3f lithofacies—Calcaires à
polypiers supérieurs, E127 sample, EST210 core). C—crinoid-rich grainstone with bryozoans and brachiopods characterizing shoal environments (inner ramp) during the Early
Bajocian and Early Callovian (F3h—Pierre de Rimaucourt, Rimaucourt). D—Radial ooid packstone characterizing protected shoal in inner ramp environments (F3b lithofacies—
Oolite miliaire inférieure, CAR19 sample, L.LI.CD1 core). E—Peloidal/foraminiferal wackestone with oncoids and organic matter characterizing muddy lagoon environments,
inner ramp (F4a—Calcaires de Chaumont, sample E043, EST210 core). F—Pellet/oncoid grainstone with ooids and Cayeuxia porostromate, characterizing lagoon and inner ramp
(F4c—Calcaires de Chaumont, sample E040, EST210 core). G—Bioclastic and oncoid rudstone with non-luminescent meniscus and stalactitic cements characterizing beach rock
environments during a sea level fall (SB7); (F5b lithofacies—Calcaires de Chaumont, sample E438, EST433 core). H—Non-luminescent lowmagnesium calcite forming Meniscus
Cement (MC) between ooids and bioclasts under SB8 re"ecting sea level fall and exposure period (F3c—Oolite de Fréville, E409 sample, EST433 core).

Fig. 7. Facies distribution and palaeoenvironmental reconstruction of the eastern Paris Basin during four successive steps. Lithofacies are indicated by numbers.
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4.6. Clay mineralogy

Claymineral assemblages are composed of chlorite, illite, kaolinite,
random illite–smectite mixed layers (I/S) R0 (here called smectites)
and random illite–smectite mixed layers R1 (Fig. 9G, Appendices C
and D). Four intervals are distinguished:

! The Early Bajocian (humphresianum Zone) with relatively abun-
dant kaolinite (20%), I/S R1 (30%) and illite (50%); (Fig. 9G). The
higher proportions of kaolinite occur in eastern and southern parts
of the Paris Basin (Appendix D).

! During the Late Bajocian, a mineralogical change occurred from
kaolinite-rich to smectite-rich sediments. From the niortense to
parkinsoni Zones, the clay fraction contains small amounts of
kaolinite (<5%) balanced by the presence of smectite (20%).
Proportions of illite and I/S R1 are similar to those from the Early
Bajocian (Fig. 9).

! From themorrisi to the discus Zones, kaolinite proportions increase
from 5% to 20% while smectite disappears (Fig. 9G). Kaolinite is
more abundant in the eastern part of the Paris Basin than in its
southern part (Appendix D).

! During the Early Callovian, clay assemblages are dominantly
composed of illite and I/S R1 and kaolinite (20% on average). The
proportions of this mineral decrease southwards from 30 to 40% in
the north–east of the Paris basin to less than 5% in Burgundy
(Appendix D).

5. Discussion: Factors controlling carbonate deposition

5.1. Accommodation and climatic changes—Global and regional trends

5.1.1. Eustasy vs European tectonic in!uences—A review
Sedimentary sequences and their system tracts are directly

controlled by accommodation space (A) and by sediment supply (S)
and/or carbonate production (G); (e.g. Schlager, 1993, 2005;
Catuneanu et al., 2009). Accommodation space can be created by
changes in (1) global eustasy (tectono-eustatism or glacio-eustatism)
and/or (2) basin-scale subsidence rate which may be associated with
local syn-sedimentary active faults. Changes in sediment supply and/
or in carbonate production control the way the accommodation space
is !lled. Climatic changes and environmental effects at a global or
regional scale are an important controlling factor of carbonate
production and sediment supply. The TSTs previously recognized
de!ne a retrogradational geometry where S or G<A (Schlager, 1993)
whereas the HSTs re"ect a progradational trend with S or G>A. In the
eastern Paris Basin, the Middle Jurassic carbonate system displays
variability on (1) geometries and (2) carbonate production and/or
siliciclastic input. Detailed third-order cycles in the western Tethyan
domain are well documented in Middle Jurassic European Basins
(Dromart et al., 1996; Garcia et al., 1996a; Garcia et al., 1996b; Gaumet
et al., 1996; Hardenbol et al., 1998; Gaumet et al., 2001). The 10
stratigraphic sequences recognized in this study compare well with
the previously published cycles inferred from the north–west Tethyan
domain (e.g. Hardenbol et al., 1998). The maximum "ooding surfaces
found in the northern Tethyan domain are also found in the eastern
Paris Basin as the ‘Vesulian transgression’ which is well-expressed in
Western Europe for the Late Bajocian (Figs 2 and 8); (Jacquin et al.,
1998; Guillocheau et al., 2000; Aurell et al., 2003). This transgression
is also recognized in Greenland (Surlyk, 1991), Argentina (Legarreta

and Uliana, 1996), North Africa (Durlet et al., 2001a) and is considered
as global by Hallam (2001).

The 10 third-order sequences recognized in this study represent a
time interval of 8 My, corresponding to an average sequence duration
of 0.8 My (Gradstein et al., 2004), that is in the duration range for
third-order cycles (0.1 to 1 My; Schlager, 2005).

The origin of these cycles is still debated but relative sea-level
changes represent the sum of (1) eustatic movements (tectono-
eustasy and glacio-eustasy) and (2) regional tectonic movements
(basin-scale subsidence). These cycles have been already interpreted
as re"ecting eustasy (Hardenbol et al., 1998). The main argument for
this assumption is the success in global correlation of sequences and
the similarity of the estimated sea level changes. In the west European
domain, the Middle Jurassic is marked by (1) thermal doming in the
central North Sea, (2) oceanic accretion in the Ligurian Tethys and (3)
the opening of the Central Atlantic Ocean (Guillocheau et al., 2000).
Added to the opening of Indian Oceans, these major geodynamic
events which newly created ocean ridges displacing seawater onto
continental margins, may control global-eustasy. European geody-
namic events affecting the Eurasian platemay also control the thermal
subsidence of the intracratonic Paris Basin which can be super-
imposed on global tectono-eustatic mechanisms (Guillocheau, 1991;
Guillocheau et al., 2000; Robin et al., 2000). It is dif!cult to distinguish
the relative role of tectono-eustasy and local basin subsidence because
the two processes may have the same origin (Robin et al., 2000).

As suggested by Price (1999) for the Bathonian, eustasy can be
in"uenced by the presence of ice (glacio-eustasy in"uence). In the
eastern Paris Basin, whatever the origin of the third-order cycles, their
successful global correlation at the European scale (Hardenbol et al.,
1998), con!rms the possible eustatic signal. Our study suggests that
the maximum sea level fall inferred from the vertical occurrence of
vadose cements was probably limited (5–10 m), while the sea level
rise may have been of 50–100 m, judging from the presence of
brachiopods, bivalves and crinoids in the marly interval of the Middle
Jurassic outer ramp environment.

5.1.2. Western Europe palaeotemperature patterns
Previous studies have shown that marine bivalves precipitate their

shells in oxygen isotope equilibrium with seawater (Mook and Vogel,
1968; Lécuyer et al., 2003), and their !18O values have been suc-
cessfully used to reconstruct the sea surface temperatures (SST) of
past oceans (Steuber et al., 2005; Brigaud et al., 2008), including for
the Middle Jurassic (Anderson et al., 1994; Jenkyns et al., 2002;
Wierzbowski and Joachimski, 2007). The Trichites and oyster shells
that we recovered from the same stratigraphic levels display similar
values (Appendix A), con!rming the absence of vital effects for this
group, at least for oxygen isotopes. Therefore we gathered the !18O
from both organisms into a single data set to reconstruct the pattern
of marine temperatures (Fig. 9). Throughout the whole study interval,
we consider shallow palaeo-depths (<50 m for inner and mid-ramp),
which allows us to reconstruct sea surface water temperatures from
our !18O samples. A change from open to more restricted environ-
ments occurred during the Bathonian, with the development of a
lagoon. However, the two Bathonian samples analysed come from an
outer ramp environment, north of the lagoon. Consequently, all of our
samples come from openmarine environments.We used the equation
of Anderson and Arthur (1983) to calculatemarine temperatures from
bivalve !18O values. A !18O of seawater of !1‰ SMOW is generally
used for the Jurassic period, to account for the absence of ice-sheets
(Shackleton and Kennett, 1975). However, in tropical areas, modern

Fig. 8. Diagram of facies/architecture changes at the Bathonian/Callovian transition in a third-order sequence stratigraphic framework. A—Early HST of Sequence VII is marked by
lagoon and shoal aggradation in a muddy ramp. B—Carbonate production increased, and the ooid shoal progrates. C—Sea level fall caused a large exposure in the muddy ramp, with
karsti!cations and vadose cementation. LST develops during sea level fall (Oolite de Fréville). D—The beginning of the TST is marked by marine bored surface during drowning,
probably due to eustasy. TST (Marnes à Eudesia,Marnes à Ornithella and Argiles de la Woëvre) deposited in the entire study area. E—Carbonate production increased, and oobioclastic
shoal progrades (HST).
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Fig. 9. A—Changes in biofacies associations during the Early Bajocian–Early Callovian interval. B–C–D—Evolution of Western Europe Peritethyan seawater temperatures during the Middle Jurassic period inferred (B) from belemnite rostra
(this study and Anderson et al., 1994; Podlaha et al., 1998; Jenkyns et al., 2002; Wierzbowski and Joachimski, 2007; Metodiev and Koleva-Rekalova, 2008; Price and Page, 2008; Nunn et al., 2009) , (C) from bivalve shells (this study and
Anderson et al., 1994; Jenkyns et al., 2002; Price and Page, 2008) and (D) from !sh teeth (this study) and Lécuyer et al., 2003. Smoothing curves were computed using a Kernel Smoothing Regression, based on a Gaussian Kernel non-
parametrical Regression (after Yi Cao available at http://www.mathworks.com/matlabcentral/!leexchange/19195). Grey area corresponds to the con!dence interval of the smoothing curve. E—Carbon-isotope curve, data from this study,
bivalve shells and belemnite rostra, and from bulk rocks (Corbin, 1994; Bartolini et al., 1999; Bartolini and Cecca, 1999; O'Dogherty et al., 2006). Grey curve is the Kernel smoothing interval con!dence. F—Changes in carbonate production and
in siliciclastic sedimentation rate in the eastern part of the Paris Basin. G—Changes in clay mineral assemblages. The graph indicates average clay proportions from samples of this study with bibliographic data correlated to ammonite
biozonations and the geological time scale (Moral, 1979; Floquet et al., 1991; Javaux, 1992; Gradstein et al., 2004). Average proportions of clay minerals of the Middle and Late Callovian were computed using the HTM102 and A901 Andra
boreholes (data from Pellenard and Deconinck, 2006).
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surface waters are affected by intensi!ed evaporation, which could
result in an increase of 1‰ of the local seawater !18O compared with
that of the global ocean (Zachos et al., 1994; Bigg and Rohling, 2000).
We have therefore used a !18O seawater of 0‰ to reconstruct marine
palaeotemperatures from our bivalve samples, which we think more
appropriate for the relatively shallow environment (<50 m deep) and
tropical latitudes of the study sections in the Middle Jurassic (Lécuyer
et al., 2003; Pucéat et al., 2003; Roche et al., 2006).

Our data (192 trichites and oyster shells from the eastern Paris
Basin) display a relatively large variability within the same strati-
graphic interval (ammonite Zone), up to 8 °C, which is higher than the
variability observed within a single oyster shell (2–3 °C on average,
and up to 6 °C; Fig. 9). It is likely that this variability re"ects seasonal
changes in both temperature and seawater !18O, although as shell
growth may have slowed or ceased with extreme seasonal tempera-
tures, we probably do not record the entire seasonal range (Brigaud
et al., 2008). Despite this variability, our data display signi!cant
temperature changes within the study interval. A cooling of about 2 °C
is recorded from temperatures of 22 °C on average during the Early
Bajocian (humphresianum Zone) to 20 °C on average during the Late
Bajocian (garantiana and parkinsoni Zones); (Fig. 9C). Our samples
yield similar temperatures (19–20 °C) during the Late Bathonian and
the earliest Callovian (Fig. 9C). A warming of about 4 °C is then
observed from the earliest Callovian to the Early/Middle Callovian
transition with temperatures reaching 24 °C on average (Fig. 9C).

We added to our new data set (n=192) a compilation of 104 !18O
values for bivalves recovered from similar neritic environments of
southern England and Poland (Anderson et al., 1994; Jenkyns et al.,
2002;Wierzbowski and Joachimski, 2007; Price and Page, 2008). These
data display variability comparable to our data, and also comparable
temperatures as illustrated in the jason Zone (Fig. 9C). Poland oyster
samples display lower temperatures of about 4 °C on average at the
Bajocian/Bathonian transition (Wierzbowski and Joachimski, 2007).
These lower temperaturesmayderive from the5°higher palaeolatitude
of Poland (30–35°N) compared with the Paris Basin or from the
in"uence in this area of a cooler surface current from the boreal area at
the onset of the Bathonian. As no data are available from the eastern
Paris Basin at the beginning of the Bathonian (Fig. 9C), values coming
from Polish sections could prolong the cooling trend initiated by our
data from the lowermost Late Bajocian to the uppermost Late Bajocian
(Fig. 9C). This remains to be con!rmedby additional data from the Paris
Basin or England. Data from England display a clear subsequent cooling
of about 8 °C from the Early/Middle Callovian boundary (24 °C on
average in the Paris Basin) to the end of the Callovian, with tempera-
tures reaching a minimum of 16 °C in the lamberti Zone (Fig. 9C).

These sea surface temperature variations inferred from bivalve
!18O values are not detected from !sh-tooth !18O from the Paris Basin,
except for the cooling trend of the Middle to Late Callovian (Dromart
et al., 2003b; Lécuyer et al., 2003). The lack of higher !sh-tooth !18O
values during the Bajocian and Callovian may be due to the scarcity of
available data. Some samples display markedly higher !18O values,
and therefore lower temperatures, during the latest Bathonian.
However, these samples are from the north-western Paris Basin
which has been interpreted by Lécuyer et al. (2003) as evidence of a
cooler water mass bathing the northern part of the Paris Basin.

Nevertheless, the temperature changes attested by bivalve !18O
values are also recorded in belemnites. Add to our 3 belemnites, an
exhaustive compilation of 238 belemnite oxygen isotope values is
made (Fig. 9B) from England (Anderson et al., 1994; Jenkyns et al.,
2002; Price and Page, 2008), Scotland (Jenkyns et al., 2002; Nunn et
al., 2009), Portugal (Jenkyns et al., 2002), Bulgaria (Metodiev and
Koleva-Rekalova, 2008), Poland (Wierzbowski and Joachimski, 2007),
Germany (Podlaha et al., 1998) and Russia (Podlaha et al., 1998;
Riboulleau et al., 1998). Temperatures have been calculated from
belemnites using the equation of Anderson and Arthur (1983). Recent
studies have suggested that belemnites were nectobenthic organisms,

living close to the sea"oor (Wierzbowski and Joachimski, 2007; Dera
et al., 2009b; Wierzbowski and Joachimski, 2009). This interpretation
can explain the lower temperature (2–3 °C) recorded in the 3
belemnites than those recorded in bivalves collected from a same
stratigraphic level in the Pouillenay quarry. The coeval belemnites and
bivalves are sampled in limestones and marls from the Pouillenay
quarry (in F2 and F3 facies association) re"ecting shallow environ-
ments of inner and mid-ramp (<50 m). The difference in !18O values
may indicate that belemnites thrived in colder deeper water (basin),
and could occasionally migrate to shallower and warmer waters
(mid- to inner ramp). The temperatures inferred from contempora-
neous belemnites from Portugal, England, Bulgaria, Germany, Scot-
land and the Paris Basin (e.g. in the Early Bajocian; Fig. 9C) are similar,
although part of the belemnites from Scotland yield lower tempera-
tures than the remainder of the samples. This suggests that bottom
waters may have been well mixed in the Tethys. Belemnite !18O data
display a cooling of Tethyan bottom waters from the Early Bajocian
(humphresianum Zone) to the latest Bajocian (Fig. 9B), of similar
amplitude (4 °C) to that recorded by the bivalves. Tethyan bottom
temperatures remained quite stable, then, during the Early Bathonian.
Data from the earliest Callovian are too scarce to distinguish whether
the Early Callovian warming is also recorded by belemnites, although
the few existing data yield higher temperatures than those from the
earliest Late Bathonian (Fig. 9B). A cooling trend of about 6 °C is then
suggested from theMiddle to Late Callovian by belemnite !18O values,
mirroring that evidenced by bivalve !18O from England (8 °C; Fig. 9B–
C; Dromart et al., 2003a,b).

5.2. Climatic and eustatic in!uences on carbonate evolution

5.2.1. Vesulian unconformity: From bioclastic to ooid-dominated
carbonate production (Early–Late Bajocian transition)

In Western Europe, the end of the Early Bajocian is usually marked
by relatively high carbonate productivity (Dromart et al., 1996) with
crinoid-rich facies and/or hermatypic coral reefs, in particular in the
eastern Paris Basin (Geister and Lathuilière, 1991; Lathuilière, 2000a,
b; Lathuilière and Marchal, 2009). At palaeolatitudes higher than 25–
30°N, it was even the !rst time during the Mesozoic that scleractinian
corals formed almost exclusively large reefs in shallow settings
(Geister and Lathuilière, 1991; Leinfelder et al., 2002). Between reefs,
the carbonate factory represented by echinoderms, brachiopods,
bivalves and bryozoans suggests well-oxygenated water with normal
salinity under oligo- to mesotrophic conditions (Piuz, 2004).
Temperatures in western Tethyan seawater (18–28 °C) correspond
to a maximal thermal event (humphresianum Zone; Fig. 9). This
seawater temperature may have favoured the development of coral
reefs in Western Europe in particular in the eastern Paris Basin.

InMiddle Jurassic series of the eastern Paris Basin, the burial depth is
relatively low and temperatures never exceed 50 °C (Clauer et al., 2007).
As a result, in Mesozoic series, the clay mineralogical associations are
generally considered as detrital and they can be used as an environ-
mental proxy (Debrabant et al., 1992; Dera et al., 2009a). In the hum-
phriesianum Zone (Early Bajocian), the kaolinite content reaching 15%
may indicate either intensi!ed chemical weathering of kaolinite soils or
reworkingof ancient kaolinite-bearing rocks (Chamley, 1989;Dera et al.,
2009a). The occurrence of relatively abundant kaolinite in this interval is
consistent with a warm climate suggested by isotopic data. Kaolinite
may also indicate a more humid period (Fig. 10), as suggested by plant
taxa (sphenophytes and pteridosperms) in England during the Early
Bajocian in the Gristhorpe Member (Hesselbo et al., 2003).

A disturbance of the carbon cycle is evidenced in the Tethyan
domain (Spain, France, Italy, England) by lighter carbon-isotope
values at the Aalenian/Bajocian transition (Bartolini et al., 1999;
Bartolini and Cecca, 1999; Hesselbo et al., 2003; O'Dogherty et al.,
2006) followed by a positive carbon excursion at the end of the Early
Bajocian (Corbin, 1994; Bartolini et al., 1999; Bartolini and Cecca,
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Fig. 10. Summary illustration of:—The eastern Paris Basin characteristics: main carbonate facies through time and environmental succession, sequences, 3rd order cycles, carbonate production;—Thewestern European basins: A. eustatic cycles
(Hardenbol et al., 1998); B. carbonate production (Dromart et al., 1996; Gaumet et al., 2001); C. synthetic palaeoclimate (data from Fig. 8) and D. water chemistry; —The global scale: E. carbon-isotope curve (from Fig. 8.); F. Strontium curve
(Jones et al., 1994; Jenkyns et al., 2002), G. Circum-Paci!c volcanism (Feraud et al., 1999; Pankhurst et al., 2000; Campbell et al., 2007) and H. organic rich layers (Dromart et al., 2003a).
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1999; Morettini et al., 2002; O'Dogherty et al., 2006). Lighter carbon-
isotope values indicate increased atmospheric pCO2 whereas positive
excursions correspond to reduced pCO2 (e.g. Weissert and Mohr,
1996; Hesselbo et al., 2003). Bartolini and Cecca (1999), Bartolini and
Larson (2001) and Hesselbo et al. (2003) interpret the !13C evolution
as the result of increasing volcanism in circum-Paci!c subduction
zones which may have contributed to excess amounts of pCO2 in the
atmosphere. Following Bartolini and Cecca (1999), this increased
pCO2may have affected seawater chemistrywhichwould have caused
a decrease in pH, coinciding with the onset of biosiliceous planktonic
production andwith a pelagic carbonate crisis in Italy during the Early
Bajocian. Lowered oversaturation in calcium carbonate could explain
the bioclastic composition of facies in neritic carbonate environments
and explain the scarcity of physico-chemical precipitation (ooids,
micrite) in Early Bajocian deposits of the Paris Basin (Fig. 10).

A drastic facies change underlain by the ‘Vesulian’ discontinuity
(Durlet and Thierry, 2000) from bioclastic facies to marls/ooids facies
occurred at the Early/Late Bajocian boundary in the Paris Basin. This
change is also well-expressed in western Tethyan domains, for
example in the Iberian domain at the Early/Late Bajocian boundary
(from bioclastic facies to marls; Aurell et al., 2003) or in Switzerland
(to ooid facies; Gonzalez, 1996; Gonzalez and Wetzel, 1996). It
coincided with a sea level rise considered as global (Hallam, 2001)
although other factors (climate) probably contributed to this crisis.

Seawater temperatures recorded in belemnites and bivalves show a
decreasing trend inWestern Europe. In the eastern Paris Basin, the clay
mineralogy of Late Bajocian sediments reveals a dramaticmineralogical
change characterized by the disappearance of kaolinite and the ap-
pearance of smectite (Fig. 9G). This change can be interpreted as
indicative of cooler and drier conditions (Dera et al., 2009a). If clay
minerals in the Paris Basin result from the erosion of palaeosols, the
smectite may indicate high seasonal contrasts on continents (Chamley,
1989). Cooler conditions are consistent with temperatures as recorded
by oxygen isotopes measured on belemnite guards and bivalves. A
change fromawet to anarid environment is also suggested at the Early/
Late Bajocian boundary (Fig. 10) with a microphyllous conifer "oral
assemblage becoming dominant during the Late Bajocian in the Scalby
Formation, Yorkshire (Hesselbo et al., 2003). The mineralogical change
may also re"ect a eustatic rise of sea level with prevailing deposition of
smectite in distal environments, while kaolinite was deposited in near-
shore, proximal environments. The cooling episode of the Late Bajocian
immediately following a !13C positive excursion, well-expressed both
in marine domains (Corbin, 1994; Bartolini et al., 1999; Bartolini and
Cecca, 1999; Morettini et al., 2002; O'Dogherty et al., 2006) and in
terrestrial domain (Hesselbo et al., 2003),may indicate pumpingof CO2,
inducing a decrease in atmospheric pCO2 (Fig. 9E).

However, at present, marine organic carbon burial has not been
found during the Bajocian (Bartolini et al., 1999). A similar situation is
known also in the Valanginian where a positive !13C excursion is
recordedalthough theorganicmatter storage in sediments is extremely
limited (Gröcke et al., 2005). Additionally, the 87Sr/86Sr isotope curve
plateau beginning at the Early/Late Bajocian transition can be inter-
preted as enhanced continental erosion and/or sea-"oor activity de-
cline (Fig. 10). This possible continental weathering may have induced
a drop in pCO2 which is consistent with a cooling episode. The climatic
changes (cooling and drier conditions; Late Bajocian; Fig. 10) appear to
be a major controlling factor in the shallow carbonate facies change
from mainly bioclastic to ooid facies in Western Europe (Iberian
domain, Paris Basin, Switzerland). An ammonite diversity crisis is also
described for the Early/Late Bajocian transition (e.g. extinction of
Stephanoceratoidea genus, O'Dogherty et al., 2006; Moyne and Neige,
2007). This possible drop in pCO2 and drier conditions may have
favoured carbonate calcium oversaturation in shallow carbonate envi-
ronments, so enhancing ooid precipitation in seawater and possibly
triggering the observed replacement of coral and bioclastic facies by
ooids facies between the Early and the Late Bajocian.

5.2.2. Installation and development of a muddy ramp (Bathonian)
In the Paris Basin, large scale lagoon development in inner ramp

environments occurred at the Bajocian/Bathonian boundary. This
development corresponds to the maturity stage of the ooid ramp. The
spatial distribution of oolitic shoals, formed in shallow, high-energy
environments, show that they were localized and/or limited at the
edge of fault structures (south of the Vittel Fault and north of the
Neuchâteau fault; Fig. 4). At the beginning of the Bathonian, lagoonal
environments were particularly well developed in this zone (Fig. 4).
The local "exuremovements related to in"uence of variscan accidents
(e.g. Vittel Fault, Durlet et al., 1997; Jacquin et al., 1998) probably
contribute to the installation of the protected inner ramp environ-
ments and to the polarity ramp "ip-"opped (Fig. 4).

Sequence boundaries recording meteoric diagenesis and exposure
episodes (SB5 to SB8), only observed during this period, are coeval
with the minimum sea surface temperature in the western tethyan
domain (Fig. 10). Glacio-eustasy may have in"uenced sea level
drops during the Bathonian, with the possible ice presence at high
palaeolatitudes (Price, 1999).

Ooid-rich carbonate deposits are also documented in the Iberian
domain (Aurell et al., 2003) and England (Great Oolite, Sellwood et al.,
1985). As in the pelagic domain of Spain and Italy, there is no
signi!cant carbon-isotope change at the Bajocian/Bathonian bound-
ary and during the Bathonian (Fig. 9, Bartolini et al., 1999; O'Dogherty
et al., 2006), suggesting stable environmental conditions and
relatively low pCO2. The 87Sr/86Sr isotope curve is also stable from
the beginning of the Late Bajocian to the Late Bathonian (Fig. 10),
suggesting possible stable conditions. Stable and low pCO2 conditions
may have favoured calcium carbonate oversaturation, carbonate
precipitation, and the development of this muddy ramp in the eastern
part of the Paris Basin.

5.2.3. The origin of carbonate depletion at the Bathonian/Callovian
boundary

A major carbonate productivity crisis and a decrease in the ooid/
(bivalve plus echinoderm) ratio are observedat theBathonian/Callovian
boundary. This waning of carbonate production at the Bathonian/
Callovian boundary is observed from England (Bradshaw and Cripps,
1992; Jeans, 2006) to the Iberian domain (Aurell et al., 2003) and is well
documented by Dromart et al. (1996) and Gaumet et al. (2001). The
seawater temperature shows a warming during the Early Callovian,
peaking at the Early/Middle Callovian boundary. This change, which
follows an increase in kaolinite (Fig. 9G), observed as soon as the Late
Bathonian in the northern Paris Basin and England (Debrabant et al.,
1992; Jeans, 2006), may indicate enhanced weathering in a warm and
humid climate (Chamley, 1989). Vascular plant biomarkers used as
proxies for palaeo"ora and palae"ora indicate also humid conditions
during the Callovian in the Eastern Paris Basin (Hautevelle et al., 2006).
The circum-Paci!c volcanismactiveduring theEarly Callovianmayhave
contributed to the rise in pCO2 (Dromart et al., 2003a; Campbell et al.,
2007). Consequently, high pCO2 levels may have enhanced weathering,
resulting in highnutrient transfer to the oceans (e.g.Weissert andMohr,
1996). Togetherwith eutrophic conditions and greaterdetrital input in a
humid climate, the rise in pCO2 favoured lowered oversaturation in
calcium carbonate (ocean acidi!cation), possibly explaining the
widespread neritic carbonate production crisis in Western Europe and
the Arabian domain (Dromart et al., 2003a). The coeval second-order
global sea level rise during the Callovian may also have enhanced the
carbonate crisis (Hardenbol et al., 1998; Pellenard et al., 1999).
Widespread eutrophication of seawater seems to become favourable
to organic carbon burial during the earliest Middle Callovian (organic
rich layer in the central Atlantic and in the western Tethyan domain
during the Middle Callovian; Bartolini et al., 1999; Dromart et al.,
2003a). This scenario, although still speculative, is con!rmed by the!13C
increase from the latest Early Callovian to theMiddle Callovian (Fig. 10).
Seawater cooling during the Middle–Late Callovian following the
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carbonate crisis, can be related to this carbon sequestration during the
Middle Callovian (Dromart et al., 2003a,b).

6. Conclusions

TheMiddle Jurassic formations consist of 18 lithofacies attributed to
!vemajor facies associations that are characteristic of distinct carbonate
ramp settings. Four biosedimentary packages can be distinguished
during the Early Bajocian–Early Callovian, characterized by distinct
allochem associations and sedimentary architectures. (1) A large in-
tracratonic carbonate environment with coral reefs and bioclast-rich
facies characterized the Early Bajocian. (2) A major facies change
occurred at the Early/Late Bajocian boundary (Vesulian unconformity)
with development of clay-rich and ooid-rich facies deposited in a
southward-dipping ramp. (3) The Bathonian period is marked by the
development of a large protected inner ramp environment (lagoonal,
intertidal and supratidal facies) developed in the Paris Basin (Figs. 1, 4
and 5), the ooid shoal prograded favouring the development of a wide
lagoonwith infratidal to supratidal environments. (4) At the Bathonian/
Callovianboundary, a secondmajor change occurredwith thewaningof
lagoonal facies replaced by an ooid-bioclastic ramp associated with a
waning of carbonate productivity (retrogradational trend). Ten depo-
sitional sequences are identi!ed in carbonate formations of the eastern
part of theParis Basin. They re"ect third-order sequences relative to sea-
level variations.

Palaeotemperature reconstructions inferred from !18O of bivalve
shells and belemnite rostra allow us to re!ne existing sea surface
palaeotemperature patterns. This is the !rst time that a cooling from
the latest Early Bajocian to the LateBajocian anda subsequentwarming
from the earliest Callovian to the Early/Middle Callovian boundary has
been described using a proxy of sea surface temperatures. Together
with !13C, mineralogical data and compilation of palaeotemperature
data from the western Tethys, our new palaeotemperature values
suggest the palaeo-climatic/palaeo-environmental controls of facies
on a shallow carbonate ramp environment. The high carbonate pro-
duction with coral-reef development during the Early Bajocian was
clearly optimized by warm conditions. Possible high pCO2 and asso-
ciated lowered oversaturation in calcium carbonate probably favoured
only bioclasts as carbonate producers, impeding ooid and micrite
precipitation. Environmental changes to cooler and drier conditions,
suggested by !18O and claymineral assemblages occurred at the Early/
Late Bajocian. The Late Bajocian cooling episode immediately following
a positive !13C excursion may indicate pumping of CO2. Drier con-
ditions associated with a fall in pCO2 may have favoured calcium
carbonate oversaturation in seawater which could have triggered the
observed replacement of bioclastic and coral facies by ooid facies in
Western Europe. At the Bajocian/Bathonian boundary, the appearance
of awide lagoon corresponds to thematurity stage of the previous ooid
ramp. A muddy ramp developed in a large part of the Paris Basin. The
relatively stable climatic conditions and carbon cycle may also have
favoured carbonate production in oversatured seawater. Exposure
episodes, only observed during the Bathonian period, are coeval
with the minimum sea surface temperature in the western tethyan
domain. Glacio-eustasymayhave in"uenced sea level drops during the
Bathonian, with the possible ice presence at high palaeolatitudes
(Price, 1999). Climate warming, possibly related to volcanism (in-
crease pCO2) favoured eutrophic conditions and lowered oversatura-
tionwhich could explain thewidespread carbonate production crisis in
Western Europe. Seawater cooling during the Middle/Late Callovian
interval followed this carbonate crisis.
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