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a b s t r a c t

The Mid-Cenomanian Event was a positive carbon-isotope (d13C) excursion recorded in hemipelagic
basins of the western Tethyan Sea, North to Tropical Atlantic Ocean, and Japan. It is thought of as a
prelude to the Oceanic Anoxic Event 2. However, the Mid-Cenomanian Event has never been studied in
detail in shallow marine platform deposits and it is not known how it relates to carbonate production
and stratigraphic geometry. To better understand how this carbon cycle disruption influenced the neritic
biological communities in shallow carbonates during the Cenomanian, a facies, geochemical, diagenetic,
and sequence stratigraphic study of the northern Aquitaine platform has been conducted. Seventy-six
d13C and d18O measurements have been made on micrite, rudists, and diagenetic cements. Fifteen
sedimentary facies have been arranged into four depositional environments. Three third-order se-
quences (CB, CC, CD) are defined from late early Cenomanian to early late Cenomanian and are well
correlated with eustatic cycles in European basins. Two peaks of the Mid-Cenomanian Event
(MCE1a, þ1.2‰, and MCE1b, þ1.7‰) have been identified for the first time in shallow marine carbonates.
Analysis of diagenetic blocky calcite cements suggests that diagenesis did not affect the d13C of micrite,
which can be discussed in terms of the initial signal. The Mid-Cenomanian Event was synchronous with a
turnover in neritic carbonate producers marking a transition from photozoan to heterozoan facies. This
facies change resulted from the establishment of mesotrophic to eutrophic conditions at the early/mid-
Cenomanian transition, reflecting a clear connection between the Mid-Cenomanian Event and neritic
biological communities. Depositional geometry and carbonate production varied with d13C during the
Mid-Cenomanian Event on the Aquitaine platform. When d13C values were between 2.5‰ and 3‰, the
geometry was a flat platform with a high carbonate sedimentation rate leading to the formation of
sandbars and rudist bioherms (Accommodation/Sedimentation ratio less than 1, A/S < 1). When the d13C
value exceeded 3‰, a carbonate demise occurred and clays and marls were deposited in the lower
offshore environment (A/S >> 1). The general carbonate demise affecting the northern Aquitaine plat-
form during the mid-Cenomanian can be explained by both a eustatic sea-level rise and the establish-
ment of eutrophic conditions. The coincidence of the Mid-Cenomanian Event with both (1) the
occurrence of mesotrophic to eutrophic conditions marked by carbonate producer turnover from pho-
tozoan to heterozoan facies and (2) the transgressive cycles, suggests that eustatic sea-level rise leading
to high trophic conditions could explain this positive d13C excursion in the Atlantic and western Tethyan
domain. During the mid-Cenomanian, carbon cycle perturbations largely controlled the neritic biological
communities on shallow carbonate platforms in a part of the western Tethyan domain.

© 2015 Elsevier Ltd. All rights reserved.
ieu).
1. Introduction

The Late Cretaceous is thought to have experienced the highest
sea levels of Phanerozoic times, peaking during the Cen-
omanianeTuronian ages (Haq et al., 1987; Miller et al., 2005; Haq,
2014). These high sea levels combined with high temperatures

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:simon.andrieu@u-psud.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cretres.2015.06.018&domain=pdf
www.sciencedirect.com/science/journal/01956671
http://www.elsevier.com/locate/CretRes
http://dx.doi.org/10.1016/j.cretres.2015.06.018
http://dx.doi.org/10.1016/j.cretres.2015.06.018
http://dx.doi.org/10.1016/j.cretres.2015.06.018
https://www.researchgate.net/profile/Benjamin_Brigaud?el=1_x_100&enrichId=rgreq-1ac05aa890cf58724c576a8cf030e5ab-XXX&enrichSource=Y292ZXJQYWdlOzI4MDAwOTIxMjtBUzoyNTA2ODEzMjM5NDU5ODRAMTQzNjc3ODQ5MzQ5MQ==
https://www.researchgate.net/profile/Simon_Andrieu?el=1_x_100&enrichId=rgreq-1ac05aa890cf58724c576a8cf030e5ab-XXX&enrichSource=Y292ZXJQYWdlOzI4MDAwOTIxMjtBUzoyNTA2ODEzMjM5NDU5ODRAMTQzNjc3ODQ5MzQ5MQ==


S. Andrieu et al. / Cretaceous Research 56 (2015) 587e607588
(Huber et al., 2002; Gustafsson et al., 2003; Forster et al., 2007)
were very favorable to the development of carbonate platforms in
Cenomanian intracratonic basins (Floquet, 1998; Pomar et al., 2005;
Smith et al., 2006; Gertsch et al., 2008; El-Sabbagh et al., 2011).
There are still uncertainties about the factors controlling the for-
mation and evolution of carbonate ramps and platforms, especially
in stable areas. These complex sedimentary systems are influenced
by environmental changes (climate, sea level, trophic conditions)
which can modify their geometry, depositional profile, and the
relative abundance of the main carbonate producers (Frijia et al.,
2015). In the present-day context of human-induced environ-
mental upset, it is important to understand how tropical marine
ecosystems react to such changes. Past carbonate platforms pre-
serve a detailed record of how these particular environments are
affected by sea-level changes and climatic and oceanographic
conditions.

Perturbations of the global carbon cycle induce excursions in the
carbon-isotope record of marine carbonates and organic matter.
The Mid-Cenomanian Event (MCE1) was a carbon-isotope (d13C)
excursion characterized by two positive peaks: MCE1a
(about þ0.5‰) and MCE1b (about þ1‰). MCE1 was recorded in
marine carbonates in the eastern North Atlantic (England and
northern France: Jenkyns et al., 1994; Paul et al., 1994; Mitchell
et al., 1996; Jarvis et al., 2001, 2006; southeastern France: Giraud
et al., 2013; Reboulet et al., 2013; Spain: Rodriguez-Lazaro et al.,
1998; Stoll and Schrag, 2000; northern Germany: Mitchell et al.,
1996; Wilmsen, 2007; Ando et al., 2009), western Mediterranean
(Italy: Stoll and Schrag, 2000) and western interior Basin (Gale
et al., 2008a,b), in marine organic carbon in the tropical Atlantic
(Friedrich et al., 2009) and Morocco (Gertsch et al., 2010), and in
terrestrial organic matter in Japan (Uramoto et al., 2007). MCE1 is
characterized by the occurrence of black shales in ODP Leg 207 only
(tropical Atlantic Ocean, Demerara Rise; Friedrich et al., 2009;
Hardas et al., 2012). It is thought to have been a prelude to
Oceanic Anoxic Event 2 (OAE2) at the Cenomanian/Turonian
boundary (Coccioni and Galeotti, 2003).

All the studies of MCE1 have been carried out on basins or
hemipelagic deep marine environments but none on shallow
carbonate platforms. The effect of MCE1 on neritic biological
communities is very poorly constrained. A first difficulty in
obtaining a geochemical correlation between pelagic and neritic
domains during the Cretaceous is often the low biostratigraphic
constraint resolution in neritic carbonate sediments (Frijia et al.,
2015). A second obstacle to defining a reliable geochemical re-
cord for neritic platforms is that diagenetic processes
may modify the initial geochemical signal (Swart and Eberli,
2006).

Several stratigraphic studies of the Aquitaine platform are
available for the Cretaceous as a whole (Platel, 1998; Biteau et al.,
2006; Lasseur et al., 2008) and some studies focus on the biostra-
tigraphy and lithostratigraphy of Cenomanian limestones (Moreau
and Platel, 1982; Moreau, 1993, 1996). In this paper, we combine
carbon and oxygen isotope analyses, sequence stratigraphy,
diagenetic control, and facies study for the Cenomanian limestones
of the northern Aquitaine Basin. These data are used (1) to compare
the d13C values recorded in the carbonates of the shallow Aquitaine
platform and in the North Atlantic/western Tethys basins, and then
(2) to investigate the potential connection between d13C excursions
and carbonate production or geometry turnovers in shallow
environments.

In detail, a facies description and classification is proposed from
which to define depositional environments. High-resolution cor-
relations have been made to constrain the stratigraphic geometry.
Measurements of d13C are compared with facies, carbonate pro-
duction, and sequence stratigraphy so as to better constrain the
connection between carbon cycle disturbances and neritic car-
bonate producers.

2. Geological setting

The Aquitaine Basin is an intracontinental basin in southwestern
France, in which a Hercynian crystalline basement is overlain by
Triassic to Quaternary rocks (Biteau et al., 2006). The study area lies
in the northern part of the Aquitaine Basin, 20 km west of
Angoulême (Fig. 1). It extends for 5 km from east to west and 3 km
from north to south. During the Late Cretaceous, the Aquitaine
Basin formed a shallow epicontinental sea, at subtropical latitudes
(30� N), bordered to the east by the Massif Central, to the north by
the Armorican Massif, and to the south by the Iberian and Ebro
massifs (Fig. 2A; Philip et al., 2000). The sediments are predomi-
nantly shallowmarine carbonates deposited on platforms along the
northern Ebro Massif andwesternMassif Central, and referred to as
the Aquitaine platform (Fig. 2A). Hemipelagic sediments are found
in the Bay of Biscay that formed the basin during the Cenomanian
(Fig. 2A). The northern part of the Aquitaine platform is a stable
domain where maximum burial occurred during the Late Creta-
ceous, corresponding to 550-m-thick deposits overlying the Cen-
omanian formations (Platel, 1996). The Turonian/Coniacian
boundary is marked by substantial detritic discharge corresponding
to local deformations (Platel, 1987). The Cenozoic is characterized
by uplift that caused denudation and imparted its present config-
uration to the Aquitaine Basin (Biteau et al., 2006).

The mid-Cretaceous (120e80 Ma) was one of the warmest pe-
riods of Phanerozoic history and characterized by high atmospheric
CO2 levels, high tropical sea surface temperatures accompanied by
relatively low latitudinal temperature gradients, high sea levels,
and high faunal and floral turnovers (Haq et al., 1987; Puc�eat et al.,
2007; Gertsch et al., 2010).

Thehighest sea levelsduring theCretaceouswere reachedduring
CenomanianeTuronian times. The maximum flooding surface, cor-
responding to the major transgression that affected the Cretaceous
from the Berriasian to the Turonian, is recorded in lower Turonian
deposits (Moreau,1996;Hardenbol et al.,1998). The northernpart of
the Aquitaine platform gradually flooded during the Cenomanian as
attested to by 75-m-thick limestones, marls, and clayey marine
deposits (Platel, 1996). Bourgeuil et al. (1970) describe the Cen-
omanian lithology and paleontology of the Angoulême region in the
northern Aquitaine Basin. The lower Cenomanian formations,
directly overlying the late Jurassic deposits, can be divided into two
lithological units (Fig. 2B): (1) black clays to bluish marls (“Argiles
Lignitif�eres de Coquand” Formation) and (2) a detrital horizon
including glauconitic sands, sandstones, and limestones (“Gr�es et
Sables Verts” Formation). The middle Cenomanian deposits corre-
spond mainly to the “Premier Niveau de Calcaire �a Rudistes” For-
mation (Fig. 2B), which includes both argillaceous limestones and
limestones with foraminifera, rudists (Ichthyosarcolites), and echi-
noid spicules. The late Cenomanian deposits can be subdivided into
three lithological units (Fig. 2B). The “Argiles t�egulines de Coquand”
Formation at the base are bluish marls, rich in oysters and locally
pyrite-rich. The “Sables sup�erieurs �a Pycnodontes” Formation is
composedmostly of quartz andmica-rich sands. The “Secondniveau
de calcaire �a rudistes” Formation, at the top, is made up of well
cemented, thin laminated detrital limestones.

The “Gr�es et Sables Verts”, “Premier Niveau de Calcaire �a
Rudistes” and “Argiles t�egulines de Coquand” Formations corre-
spond to the lithostratigraphic units B, C and D described by
Moreau (1993; Fig. 2B and Fig. 3). Francis (1984) correlated the
lithostratigraphic units of the northern Aquitaine platformwith the
Sarthe Formations using ammonite, foraminifer and ostracod
biostratigraphy. He correlated the B2 and B3 (Figs. 2B and 3) sub-



Fig. 1. Location of the study outcrops and quarries on a simplified geological map of the northern part of the Aquitaine Basin.
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units with the “Sables et Gr�es de la Trugalle et de Lamnay” For-
mation, the C unit with the “Sables et Gr�es duMans” and “Sables du
Perche” Formations, and the D unit with the “Marnes �a Ostrea
biauriculata” Formation. Francis (1984) and Platel (1996) suggest
the occurrence of 4 regionally-developed hardgrounds at the B-C,
C-D, F-G and G-H unit boundaries, extending from the northern
Aquitaine platform to the western Sarthe. The hardgrounds are
present on the top of cycles displaying a decrease of the terrige-
nous/carbonate sediment ratio and an increase of the coarse grains
proportion upwardly (Francis, 1984). There is abundant evidence of
strong current activity at the termination of each cycle. These
hardgrounds are commonly glauconitized and may be overlain by
phosphatized nodules and fossils fragments. The sedimentological
description strongly suggests that hardground development rep-
resents the culmination of a shoaling episode (Francis, 1984). The
correlation of four major hardgrounds between the Aquitaine and
Paris basins proposed by Francis (1984) indicates that a eustatic
control might be implicated in their development. Local hard-
grounds also develop in the northern Aquitaine platform. Their
origin is associated with local effects such as deposition over
“swells” or changes in water depth associated with tectonism
(Francis, 1984). The Cenomanian deposits record three second-
order hemicycles (Fig. 2B, Hardenbol et al., 1998). The trans-
gressive hemicycle C1 extends from the top of the Jurassic lime-
stones, separated from Cenomanian limestones by an erosional
discontinuity, to the maximum flooding surface in the “Argiles
lignitif�eres de Coquand” Formation. The regressive hemicycle C2
extends from the maximum flooding surface to the “Premier
Niveau de Calcaire �a Rudistes” Formation. The transgressive
hemicycle C3 ends in the lower Turonian “Calcaires argileux �a
Exogyra” Formation. These second-order hemicycles encompass
five third-order cycles: CA, CB, CC, CD and CE (Fig. 2B, Platel, 1996).
The ammonite biozonation for the northern Aquitaine platform
(Moreau et al., 1983, Moreau, 1996), coupled with the benthic
foraminifer faunal associations defined by Moreau (1996) were
used to establish a reliable biostratigraphical framework for the
sedimentary sections (Fig. 3). The ammonites are very rare and only
40 specimens have been studied from the Atlantic coast to
Angoulême (Moreau et al., 1983). The oldest specimen found in the
northern Aquitaine Cenomanian platform is Engonoceras sp., but
this ammonite does not allow a reliable attribution to a precise
biozone of the “Gr�es et Sables verts” Formation (Moreau et al.,
1983). The ammonite (Acanthoceras (Acanthoceras) pseudor-
enevieri, Moreau et al., 1983) coming from the top of the B3 sub-unit
at Rioux (Charente-Maritime; Fig. 3) provides the oldest precise
biozonation attribution. This ammonite indicates the early part of
the middle Cenomanian, and can be attributed either to the early
part of the Acanthoceras rhotomagense Zone or to the Cunning-
toniceras inerme Zone (Moreau et al., 1983, Fig. 3). There is no evi-
dence for the presence of the Cunningtoniceras inerme Zone in the
study area, but this biozone is referenced in Maine above the Rouen
hardground (Robaszynski et al., 1998). Calycoceras cenomanense
occurs in the uppermost part of the unit C at the Port-des-Barques
(Charente-maritime) and indicates the Acanthoceras jukesbrownei
Zone (Moreau et al., 1983; Fig. 3). The “Argiles t�egulines de
Coquand” Formation (unit D) has yielded Thomelites cf. lattense
near Angoulême (Charente), indicating an early late Cenomanian
level (Calycoceras guerangeri Zone; Moreau et al., 1983; Fig. 3). The
unit G has yielded Neolobites vibrayeanus at Port-des-Barques
(Charente-Maritime), suggesting a high Cenomanian level but
probably below the Metoicoceras geslinianum Zone (Moreau et al.,
1983; Fig. 3). The top of the unit G has yielded Calycoceras (Caly-
coceras) naviculare and Calycoceras geslinianum (Moreau et al.,
1983; Fig. 3). These ammonites indicate the Metoicoceras geslinia-
num Zone (Moreau et al., 1983; Fig. 3). Themiddle-late Cenomanian
boundary is located in the lower part of the “Argiles t�egulines de
Coquand” Formation (unit D, Fig. 3). The early part of the middle
Cenomanian is indicated by Acanthoceras (Acanthoceras) pseudor-
enevieri at the top of the B3 sub-unit, where is probably located the
early-middle Cenomanian boundary (Moreau, 1993; Fig. 3).

Moreau et al. (1978) and Moreau (1993, 1996) studied the dis-
tribution of 24 benthic foraminifer species, much more abundant
than ammonites on the northern Aquitaine platform. Three benthic
foraminifer biozones were defined by Moreau (1993, 1996) for the
Cenomanian. As for ammonite, foraminifers were attributed to the
lithostratigraphic units of the northern Aquitaine platform defined
by Moreau (1993). There are no early Cenomanian ammonites
discovered for the northern Aquitaine platform. However, Moreau
et al. (1978), Moreau (1993, 1996), Platel (1996) and Meunier
et al. (1999) described an Orbitolina association (O. concava and O.
conica) coupled with Simplalveolina simplex, in the B1 sub-unit
(“Gr�es et sables verts” Formation), which is typical of the early
Cenomanian (Fig. 3). This Orbitolina association is also recognized
by Francis (1984) and Juignet et al. (1974) as a useful biostrati-
graphic guide to the position of the terminal early Cenomanian on
the both sides of the Straits of Poitou. The C unit is characterized by
a middle Cenomanian association: Ovalveolina ovum and Praeal-
veolina cretacea (Moreau et al., 1978; Moreau, 1993, 1996; Platel,



Fig. 2. A. Location of the study area on the late Cenomanian paleogeographic map, modified from Philip et al. (2000). B. Lithostratigraphic units and sequence stratigraphy
framework of the Cenomanian deposits of the northern Aquitaine Basin, modified from Moreau (1996), Platel (1996), and Hardenbol et al. (1998).
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1996; Fig. 3). The appearance of this foraminifer association occurs
in the B3 sub-unit and can be correlated with the occurrence of
Acanthoceras (Acanthoceras) peudorenevieri which indicates the
early middle Cenomanian. The first occurrence of the Ovalveolina
and Praealveolina association is correlated in the Poitou with the
beginning of the middle Cenomanian, well-dated with ammonite
fauna (Juignet et al., 1974). It allows a reliable location of the early-
middle Cenomanian boundary in the B3 sub-unit, in the upper part
of the “Gr�es et Sables Verts” Formation (Fig. 3). The late Cen-
omanian is characterized by the predominance of Prealveolina
cretacea on the entire platform (Moreau, 1996).

According to the abundance of Tenua and Hystrichosphaeridium
and the occurrence of the Guembelitria harrisi, Globigerinelloides cf.
aegelfordensis and Hedbergella planispira planktonic foraminifer
association, Moreau (1977, 1996) attributed the A unit (“Argiles
lignitif�eres de Coquand” Formation) to the early Cenomanian.

The correlation between foraminifers associations and
ammonite occurrences allow the definition of a precise bio-
stratigraphical framework (at the ammonite biozone scale), as in
the standard Cenomanian ammonite zonal scheme (Hardenbol
et al., 1998; Fig. 3).

3. Material and methods

3.1. Sedimentology

Eight underground quarries (1) le Picot (Pi), (2) Sireuil (Si), (3)
l'Antenne (An), (4) le Bois de la Roche (BR), (5) la Meur�e (M), (6)



Fig. 3. Lithology (Moreau, 1996; Platel, 1996), sequence stratigraphy (Platel, 1996; Hardenbol et al., 1998), biostratigraphic units and sub-units (Moreau, 1993, 1996), ammonite fauna
(Moreau et al., 1983; Platel, 1996) and foraminifer fauna (Moreau, 1996) of the Cenomanian of the northern Aquitaine platform and Angoulême region Formations (Bourgeuil et al.,
1970).
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Airsoft (Ar), (7) Chez Bernier (CB) and (8) Pombreton (Pb), two
outcrop sections (D7 and D84) and nine boreholes have been
studied (Fig. 1). In all 19 sedimentary logs showing lithology,
texture, allochem content, and sedimentary structures were drawn.
Some 52 thin-sections were made from the 201 samples collected
along the sedimentary logs: five from SC4 cores, four from SC5
cores, five from SC6 cores, six from SC7 cores, six from Sireuil
quarry, seven from le Picot quarry, five from l'Antenne quarry, four
from laMeur�e quarry, five from Chez Bernier quarry, and three from
the D7 road outcrop.

On the basis of thin-section descriptions using light microscopy,
different variables were visually quantified to characterize the
microfacies including grain type, texture, granulometry, and sort-
ing. Porosity was calculated using jmicrovision software. Four
photographs were taken of each thin section with LAZ EZ software
and assembled on Photoshop. The blue proportion (color of the
resin injected into the porosity) in each view could then be
measured with jmicrovision. Rudist shells and diagenetic cements
were examined under cathodoluminescence microscope. Cath-
odoluminescence analyses were carried out on a cold-cathode,
operating at 14 kV and at 100e200 mA, coupled to an Olympus
microscope BX41.

3.2. Sequence stratigraphy

Following the definition of Embry (2009), sequence strati-
graphic interpretations were integrated into seven logs to recon-
struct a stratigraphic cross-section. In this sequence stratigraphy
model, units are bounded either by a subaerial unconformity (SU)
when the surface was exposed, or by a maximum regressive surface
(MRS) when the surface was not exposed. Maximum regressive
surfaces coincide with a shift from a shallowing-upward to a
deepening-upward pattern (Embry, 2009) and have been called
transgressive surfaces (Van Wagoner et al., 1988). Maximum
flooding surfaces (MFSs) mark the shift from deepening-upward to
shallowing-upward patterns of the depositional sequences defined
in this study. Subaerial unconformities or maximum regressive
surfaces form sequence boundaries (SBs). Depositional sequences
are composed of transgressive and regressive systems tracts (TSTs
and RSTs). The transgressive systems tract is characterized by ret-
rograding structures, with more distal facies upwardly and the
regressive systems tract is characterized by prograding structures,
with more proximal facies upwardly.
3.3. Geochemistry

Stable carbon and oxygen values of dental micro-drilled sparry
calcite, rudists, and micrite samples were used to reconstruct the
mid-Cenomanian d13C curve and to evaluate the potential diage-
netic influence. Carbonate powders of micrite samples (n¼ 34) and
grainstone samples (n ¼ 4) were reacted with 100% orthophos-
phoric acid at 25 �C and the CO2 gas given off was analyzed using a
VG Sira 10 mass spectrometer to determine O and C isotope com-
positions at the GEOPS laboratory (Universit�e Paris-Sud, Orsay).
Reproducibility was checked by replicate analysis of laboratory
standards and was ±0.1‰ for oxygen and carbon isotopes alike.

Carbonate powders of sparry calcite (n ¼ 35) and rudists (n ¼ 4)
were reacted with 100% phosphoric acid at 75 �C using a Kiel I
prototype dual inlet line connected to a ThermoFinnigan 251 mass
spectrometer. Reproducibility was checked by replicate analysis of
laboratory standards and was ±0.2‰ (1s) for oxygen isotopes and
±0.1‰ (1s) for carbon isotopes.

All isotope values are reported in the standard d-notation in per
mil relative to V-PDB (Vienna Pee Dee Belemnite) by assigning a
d13C value of þ1.95‰ and a d18O value of �2.20‰ to NBS19.
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4. Results

4.1. Sedimentary facies

The limestones under study were sorted into 15 different facies,
which were then arranged into four facies associations. These four
facies associations are typical of four depositional environments
ranging from lower offshore to backshore (Fig. 4). Observations and
descriptions are summarized in Table 1. A composite sedimento-
logical log of the Cenomanian rocks from Rocamat cores at Sireuil
quarry (SC5 and SC6 boreholes) is proposed to characterize the
stratigraphic succession (Fig. 5).

The four facies associations reflect the following four deposi-
tional settings: (1) lower offshore for facies deposited below the
storm wave base (facies association FA1), (2) upper offshore for
facies deposited between the stormwave base and the fair-weather
wave base (facies association FA2), (3) shoal/barrier environments
for wave- and tide-dominated facies deposited above the fair-
weather wave base (facies association FA3), (4) lagoon to back-
shore environments for mud-supported facies and lignite layers
(facies association FA4).

4.1.1. Facies association FA1 (lower offshore)
This facies association contains (1) clayey facies (facies F1a,

Fig. 6A), (2) marls (facies F1b, Fig. 6A) and (3) a beige mudstone
with fine clayey lamina (facies F1c, Fig. 6B). These facies contain
various microfauna and macrofauna in very small amounts. Fauna
are composed of bivalves, especially oysters such as Exogyra
Columba major, small benthic foraminifera (Flabellammina, Daxia,
Haplophragmoides, Ammobaculites), planktonic foraminifera
(Guembelitria, Hedbergella, and Praeglobotruncana), nautilus, and
echinoids Hemiaster and Periaster (Moreau, 1996). The very fine
granulometry and the absence of sedimentary structures within
these facies indicate a very calm depositional environment, prob-
ably below the storm wave base.

4.1.2. Facies association FA2 (upper offshore)
Facies association FA2 contains two limestone facies: (1) pellet

and echinoderm wackestone/packstone (facies F2a, Fig. 7A and B)
and (2) pellet and echinoderm packstone/grainstone alternating
with marl interbeds (facies F2b, Fig. 7C and D). In this facies asso-
ciation, the dominant fauna are echinoderms, bivalves, miliolids,
and bryozoans, which indicate normal oxygenation and salinity, or
quite deep water. Carbonate grains and bioclasts are moderately-
sorted with sizes ranging from 100 mm to 1 mm. The accumula-
tion of fragmented bivalve shells together with local observations
of shell-graded-layers and gutter casts suggest sedimentation un-
der storm influences in an upper offshore environment between
the storm wave base and the fair-weather wave base.

4.1.3. Facies association FA3 (shoal environment)
Facies association FA3 contains seven facies: (1) a coarse and

poorly sorted bioclastic grainstone rich in echinoderms, bivalves,
Fig. 4. Depositional model of the Cenomanian facies associations (FA) and it
and bryozoans (facies F3a, Fig. 8A); (2) a fine and well-sorted
echinoderm grainstone facies with high porosity (facies F3b,
Fig. 8B and C); (3) a well cemented, fine and very well-sorted
grainstone, rich in echinoderms and miliolids (facies F3c, Fig. 8D);
(4) a well cemented echinoderm, peloid, and Praealveolina facies
with low porosity (facies F3d, Fig. 8E); (5) an oolitic grainstone
facies (facies F3e, Fig. 8F), (6) a very poorly sorted grainstone to
rudstone facies, rich in rudists (facies F3f, Fig. 8G) and (7) a glau-
conite and quartz sandstone.

In facies association FA3, the presence of echinoderms and
bryozoans in various proportions depending on the facies suggests
well-oxygenated water with normal salinity.

All these facies are grainstones and exhibit sigmoid cross-
bedding sets of megaripples indicating shallow, high-energy,
wave-dominated conditions in a shoreface environment. Locally,
megaripples forming herringbones can be observed (Fig. 8C), sug-
gesting possible periods of tidal influences.

4.1.4. Facies association FA4 (protected lagoon to backshore)
Three facies are distinguished in facies association FA4: (1) a

rudist rudstone (facies F4a, Fig. 9AeC), (2) a foraminifer/rudist
packstone to rudstone (facies F4b, Fig. 9D), and (3) lignite layers
(facies F4c). In facies F4a and F4b, the fauna is mainly rudists and
benthic foraminifera such as miliolids and very well-preserved
Praealveolina. These facies also contain echinoderms, bryozoans,
gastropods, and coral debris. In these mud-supported facies, the
presence of peloidal texture and the very well-preserved Praeal-
veolina sp. and gastropods are indicative of a protected lagoon
environment. Rudists are rarely found in life position but they can
locally form bioherms of Durania in facies F4a (Moreau, 1996). In
facies F4c, organic matter and very fine granulometry suggest a
very calm and protected depositional environment. The carbonate
content in facies F4c is lower than carbonate content in the marls
(facies F1b) of the Cc sequence (Fig. 6A). In this backshore envi-
ronment, organic matter accumulation may have given rise to
lignite layers.

4.2. Facies architecture and depositional sequences

Three third-order depositional sequences (CB, CC, and CD) were
recognized from the “Gr�es et sables verts” Formation (early Cen-
omanian) to the “Argiles t�egulines de Coquand” Formation (late
Cenomanian). Considering this interval lasted approximately 4 My,
the average duration of each cycle is about 1.3 My (Gradstein et al.,
2004), which is in the range of duration for third-order cycles
(1e10 My; Schlager, 2004). The sedimentary logs and the sequence
stratigraphic interpretations are summarized in Fig. 10.

4.2.1. The CB sequence (early to mid-Cenomanian)
This sequence is included in the “Gr�es et sables verts” Forma-

tion. The maximum flooding surface is found in the D7 road
outcrop only (Fig. 10) and is characterized by mud-supported
limestones rich in pellets. The shallowing trend, corresponding to
s location from the lower offshore to backshore in the Aquitaine Basin.



Table 1
Facies associations, lithofacies, non-bioclastic, and bioclastic components, sedimentary and biogenic structures, granulometry, sorting, and paleoenvironmental interpretations of the Cenomanian carbonates of a part of the north
Aquitaine Basin.

Facies association Lithofacies Non-bioclastic components Bioclastic components Sedimentary and biogenic
structures

Granulometry and sorting Energy and depositional
environment

FA1: Lower offshore F1a: clays Benthic and planktonic
foraminifera (R), oysters (R),
nautilus (R), echinoids (R)

Very well sorted; <4 mm Very low energy, lower
offshore

F1b: marls Benthic and planktonic
foraminifera (R), oysters (R),
nautilus (R), echinoids (R)

Very well sorted Very low energy, lower
offshore

F1c: mudstone with
bivalves

Silt (R) Bivalves (R), benthic
foraminifera (R)

Local clay laminae Very well sorted Very low energy, lower
offshore

FA2: Upper offshore F2a: wacke/packstone with
pellets/peloids and
echinoderms

Pellets (F), glauconite (R) Echinoderms (F), bivalves
(C), miliolids (C), bryozoans
(R)

Shell-graded layers Moderately sorted, 100
e300 mm, some elements
~1 mm

Moderate to low energy,
upper offshore

F2b: alternations between
marls and pack/grainstone
with pellets/peloids and
echinoderms

Pellets (F), peloids (C),
glauconite (R)

Echinoderms (F), miliolids
(C), bivalves (C)

Gutter casts, shell graded
layers

Moderately sorted, 200
e600 mm

Moderate to low energy,
upper offshore

FA3: Shoreface F3a: coarse bioclastic
grainstone

Oolites (R), intraclasts (R),
pellets (R), peloids (R)

Echinoderms (F), bryozoans
(F), bivalves (F), miliolids
(C), corals (R), brachiopods
(R)

Sigmoid cross-bedding
megaripples

Poorly sorted, 500 mm
e2 mm

High energy, shoreface,
wave dominated

F3b: echinoderm grainstone Pellets (R), peloids (R),
intraclasts (R)

Echinoderms (A), bivalves
(F), foraminifera (R),
bryozoans (R), coral
fragments (R), brachiopods
(R)

Sigmoid cross-bedding
stratifications in
megaripples, herring bone
stratifications

Well sorted, 300 mm
e700 mm

High energy, shoreface, tide
dominated

F3c: echinoderm and
miliolid grainstone

Pellets (C), peloids (R),
quartz (R), superficial ooids
(R)

Echinoderms (F), miliolids
(F), bivalves (C)

Bioturbations Very well sorted, about
200 mm

High energy, shoreface,
wave dominated

F3d: echinoderm and
praealveolina grainstone

Peloids (C), pellets (R),
quartz (R)

Echinoderms (F),
praealveolina (F), bivalves
(F)

Sigmoid cross-bedding
stratifications, herring bone
stratifications

Well sorted, 300e700 mm High energy, shoreface, tide
dominated

F3e: oolitic grainstone Ooids (A), peloids (C),
intraclasts (C), aggregates
(R) quartz (R), glauconite (R)

Coral fragments (C),
echinoderms (C),
Foraminifera (C), bivalves
(R), bryozoans (R)

Sigmoid cross bedding
stratifications in
megaripples

Moderately sorted, 300
e500 mm, some elements
~1 mm

Very high energy, shoreface
(oolitic shoal)

F3f: grainstone to rudstone
with echinoderms, rudists,
and peloids

Peloids (F), Quartz (C),
Glauconite (R)

Echinoderms (F), rudists (F),
foraminifera (C), red algae
(R)

Megaripples Poorly sorted, 300 mm
e2 mm, decimetric rudists

Very high energy, shoreface
(rudist reef)

F3g: Glauconite and quartz
sandstone

Quartz (A), glauconite (F),
hematite (C)

Bivalves (R) Cross-bedding Moderately sorted 500 mm
e1 mm

High energy shoreface,
wave-dominated

FA4: Protected lagoon to
backshore

F4a: Rudist rudstone to
floatstone

Peloids (R), quartz (R) Rudists/bivalves (A),
echinoderms (C), bryozoans
(R), gasteropods (R),
brachiopods (R),
foraminifera(R), Durania
bioherms (R)

Peloidal structures,
microbial laminae

Very poorly sorted, 200 mm
to several decimeters

Low energy lagoon

F4b: Foraminifera and
rudist packstone to
rudstone

Intraclasts (R) peloids (R),
quartz (R)

Rudists/bivalves (A),
foraminifera (A),
echinoderms (R),
gasteropods (R), bryozoans
(R), coral fragments (R)

Peloidal structures,
microbial laminae

Very poorly sorted, 200 mm
to several millimeters

Low energy, possible storm
washover deposits in
lagoon

F4c: carbonaceous dark
clays

Very well sorted; <4 mm Very low energy, backshore

R ¼ rare: <10%; C ¼ common: 10e20%; F ¼ frequent: 20e40%; A ¼ abundant: >40%.
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Fig. 5. A. Synthetic sedimentological log of the SC5 and SC6 borehole, facies associations, percentage of skeletal and non-skeletal elements, and sequence stratigraphy. B. Sedi-
mentological log legends.
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Fig. 6. A. Beige mudstone with clay lamina e F1c e Borehole SC7. B. Clays and Marls e F1a and F1b e Borehole SC7.
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the regressive systems tract, is characterized by a vertical facies
evolution from 2-m-thick pellet and peloid packstone facies (D7
road outcrop, facies F2b, Fig. 10) to 2 m-thick bioclastic cemented
rudstone rich in rudists, echinoderms, intraclasts, and quartz (F3f,
Figs. 5A and 10). The depositional model may be a low dipping
ramp prograding to the south-west during the regressive systems
tract (Figs. 10 and 11A). The upper boundary of the CB sequence is a
maximum regressive surface, characterized by a sudden facies
change from well cemented rudist rudstone (F3f) to marly facies
several meters thick (facies F1c-b) reflecting rapid deepening. It
corresponds to the top of a second-order regressive cycle in Euro-
pean basins (Hardenbol et al., 1998). The upper boundary of the CB
sequence is marked by a regionally-developed hardground, in
northern Aquitaine and Sarthe (Francis, 1984; Platel, 1996). In our
study area the top of the CB sequence corresponds to a well-
cemented and very coarse rudists rudstone (facies F3f). The
Fig. 7. A. Fine packstone with pellets (Pe), bivalves (Bi), and echinoderms (Ech) e F2a e Th
noderms (Ech) e F2a e Thin-section SC6-3 e Borehole SC6. C. Marl-limestone alternations e
(Pe), bivalves (Bi), and echinoderms (Ech) e F2b e Thin section Pi85 e Picot quarry.
presence of megaripples suggests a deposition in a high energy
wave-dominated shoreface (Table 1). In thin section, this facies
displays glauconite, calcareous algae, dissolution and well-
developed isopachous bladed early cement. This early isopachous
cement is mainly located a few decimeters below the maximum
regressive surface, where it contributed to early lithification during
sedimentary gaps associated with submarine hardground, as
documented in the Middle Jurassic Burgundian platform (Purser,
1969; Durlet and Loreau, 1996; Brigaud et al., 2009). This hard-
ground underlines a facies change from shoal (facies F3f) to more
open marine facies (facies F2b).
4.2.2. The CC sequence (mid-Cenomanian)
The CC sequence in the middle Cenomanian “Premier niveau de

calcaire �a rudistes” Formation (Figs. 5A and 10) comprises three
different facies: marls (facies F1b), bivalve mudstones (F1c), and
in-section SC4-2 e Borehole SC4. B. Very fine wackestone with pellets (Pe) and echi-
Top of the access ramp to the Antenne quarry. D. Packstone to grainstone with pellets



Fig. 8. A. Coarse bioclastic grainstone with echinoderms (Ech), bryozoans (Br), bivalves (Bi), crinoids (Cr), miliolids (Mi), and brachiopods (Bra) e F3a e Thin-section SC7-8 e

Borehole SC7. B. Echinoderm (Ech) grainstone with miliolids (Mi), bivalves (Bi), and pellets (Pe) e F3b e Thin-section SC7-4 e Borehole SC7. C. Herring bone stratifications in an
echinoderm grainstone e F3b e Pombreton quarry (Po). D. Echinoderm (Ech)/miliolid (Mi) grainstone showing bryozoans (Br) e F3c e Thin-section Pi60 e Picot quarry. E.
Echinoderm (Ech), alveolinoid (Alv), and peloid (Pe) grainstone e F3d e Thin-section Pi71 e Picot quarry. F. Oolitic (Oo) grainstone showing peloids (Pe), grapstones (Grap), and
some echinoderms (Ech) e F3e e Thin-section D7-3 e D7 outcrop. G. Rudist rudstone to grainstone with echinoderms (Ech), peloids (Pe), and bivalves (Bi) e F3f e Thin-section SC5-
5 e Borehole SC5. H. Blocky calcite in cathodoluminescence.
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wackestones/packstones rich in echinoderms, pellets, and bivalves
(facies F2a). Mudstone facies rich in bivalves vertically followed by
marl deposits several meters thick form the transgressive systems
tract. The maximum flooding surface is in the marls at a depth of
34 m in the composite log of SC5 and SC6 boreholes (Figs. 5A and
10). The regressive systems tract is composed of mudstone with
bivalves (facies F1c) and wackestone/packstone (facies F2a). The
facies model is represented by lower offshore facies (mudstone,
marls, and clays: facies F1c, F1b, and F1a) and upper offshore facies
(wackestone to packstone, facies F2a) deposited along a gently
dipping ramp (Fig. 11B). The top of the regressive systems tract of
the CC sequence is characterized by a 90 cm-thick lignite layer
observed at Picot quarry (Fig. 10). This sequence boundary is a
subaerial unconformity. The Cc sequence is characterized by a
carbonate demise observable in the three logs where it is exposed
(D7 road outcrop, composite log of the SC5 and SC6 boreholes,



Fig. 9. A. Rudist (Ru) rudstone showing rare praealveolina sp. (Pra)e F4a e Thin-section D7-1 e D7 outcrop. B. Block of a rudist-rich rudstone e F4a e Sireuil quarry. C. Top of the D7
outcrop. D. Rudist (Ru) and alveolinoids (Alv) rudstone with rare echinoderms (Ech) e F4b e Thin-section D7-5 e D7 outcrop.

Fig. 10. Correlation and sequence stratigraphy diagram between the main sedimentary logs: the D7 outcrop (D7), the Picot, Antenne, and Sireuil boreholes, and the quarries of the
La Meur�e, Chez Bernier, and Pombreton.
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Fig. 11. Facies distribution on carbonate depositional environments of the north Aquitaine Basin in six successive steps from late early Cenomanian to early late Cenomanian in a
third-order sequence stratigraphic framework. A. Regressive systems tract of the CB sequence (early to mid-Cenomanian) marked by a ramp morphology with oolitic and coral rich
limestones. B. Transgressive systems tract of the Cc sequence showing deeper ramp morphology with clays to bioclastic limestones. C. Muddy lagoon rich in rudists, CD sequence,
early transgressive systems tract. D. Bioclastic shoal showing carbonate sandbars of several hundred meters, CD sequence, middle transgressive systems tract. E. Storm dominated
environments displaying muddy limestones rich in echinoderms, CD sequence, late transgressive systems tract. F. Clayey outer ramp, CD sequence, uppermost transgressive systems
tract.
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Antenne borehole), with the occurrence of marls (F1b) and clays
(F1a); (Figs. 10 and 5A).

4.2.3. The CD sequence (mid to late Cenomanian)
The transgressive systems tract of the CD sequence contains all

the facies associations, from the lignite layer (facies F4c) at the base
to the FA1 facies association at the top (Figs. 5A and 10), forming
25-m-thick carbonate deposits. The early transgressive systems
tract comprises facies from the FA4 facies association composed of
micritic rudstones rich in rudists and foraminifera (Figs. 5A and 10).
These facies are present at the base of the sequence from west to
east. The study area was occupied by a lagoon during this early
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sequence (Figs. 10 and 11C). The thickness of the rudist level varies
substantially, from 5.5 m in the SC5 borehole to 50 cm in the Picot
borehole (Fig. 10). This can be explained by local rudist-bioherms in
the lagoon, causing high carbonate productivity (Fig. 11C). Rudist
bioherms probably separated the open platform in the west of the
study area from the protected lagoon rich in miliolids and Praeal-
veolina in the east (facies F4b) (Platel, 1998).

An echinoderm grainstone facies (facies F3a to F3d) forms the
middle transgressive systems tract with sigmoid and herring bone
stratifications (Figs. 5A and 9). This level varies widely in thickness
from 3 m in the composite borehole of Sireuil quarry (Fig. 5A) to
11 m in the Picot borehole, although they are only three hundred
meters apart horizontally (Fig. 10). The great thickness variations
are explained by carbonate sandbars several hundred meters wide
(Facies F3aed, Fig. 11D) in the Picot and the Antenne quarries
(Fig. 10). Some sedimentary logs (La Meur�e, Sireuil, and Picot
boreholes) display 1 m-thick bioclastic packstone (facies F2a-b)
intercalated between bioclastic grainstone facies (F3a-d). This
could be explained by protected hollows below the fair-weather
wave base (Fig. 11D). The top of the sandbars was affected by
waves or tides, as indicated by cross-bedding stratification in the
Sireuil, Chez Bernier, and La Meur�e quarries (Figs. 10 and 11D). The
top of the echinoderms grainstone facies is locally characterized by
the occurrence of one or several hardgrounds. These hardgrounds,
displaying abundant isopachous bladed early cement, are local and
not referenced by Francis (1984).

In the late transgressive systems tract echinoderm/pellet
wackestones to packstones tens of meters thick alternate with thin
marly beds (facies F2a and F2b; Figs. 5A and 10). The local presence
of echinoderm grainstone patches (facies F3a and F3b) intercalated
between the micritic limestones reveals the existence of a topo-
graphic high affected by shoreface environments (Figs. 5A and 11E).
The development of these shallow environments was probably
favored by the paleorelief of the sandbars deposited during the
middle part of the transgressive systems tract.

The uppermost part of the transgressive systems tract is
composed of (1) beige mudstones with bivalves (facies F1c), (2)
marls (facies F1b), and (3) clays (facies F1a, Fig. 9A) from�19.7 m to
0 m in the composite Sireuil log (Fig. 5A). The paleoenvironment
was an outer ramp with very fine clayey facies deposited below the
stormwave base (Fig. 11F). The maximum flooding surface of the CD
sequence is located in the upper Cenomanian “Argiles t�egulines de
Coquand” Formation. Francis (1984) described a regionally-
developed hardground at the top of the “Premier niveau de calc-
aires �a rudistes” Formation (lithostratigraphic unit C, Moreau, 1993,
Figs. 3 and 5A). This hardground is relatively well expressed in core
SC6 (Fig. 5A). In the synthetic sedimentological log of SC5 and SC6
boreholes (Fig. 5A), the depositional environments mark a pro-
gressive deepening from the base to the top of the CC sequence,
with facies evolving from shallow carbonates (facies F3a to F3d) to
upper offshore mudstone (facies F1c) and finally to lower offshore
clays (facies F1a). The top surface of the mudstone facies appears
sharp and bioturbated by vertical burrows. This surface between
the “Premier Niveau �a Rudistes” Formation and the “Argiles
t�egulines de Coquand” Formation could correspond to a sudden sea
level rise before the maximum flooding surface. No early cemen-
tation evidence is found but this surface could correspond to a
minor sedimentary gap as suggested by Francis (1984).

4.3. Geochemistry

Forty-two d18O and d13C values are available along the sedi-
mentary section (Table 2, Fig. 12). Thirty-three were measured on
the micrite matrix in mud-supported facies, four in well-preserved
rudists, and five within poorly cemented grainstone samples. The
stable carbon isotope ratio varies between �1.7‰ and þ3.7‰ with
a mean value of 2.8‰.

At the base of the section, within the lower Cenomanian “Gr�es et
Sables verts” Formation, the values rise by þ0.7‰ from 2.1‰
(�38.5 m) to 2.8‰ (�37.4 m; Fig. 12). From �37.4 m to �22.2 m,
values fluctuate mostly between 2.4‰ and 2.8‰. This plateau
features two maxima at �33.2 m (3.3‰) and �22.2 m (3‰)
(Fig. 12). From�22.2 m to�20.2 m, d13C values decline significantly
by about 1‰ (Fig. 12). This fall is followed by a rapid þ1.7‰ rise
from�20.2 m to�19.3 m. From�19.3 m to�6.3 m, the values form
another plateau with d13C fluctuating between 3.3‰ and 3.7‰.
From �6.3 m to �1.3 m, the values decline steeply to �1.7‰
(Fig. 12).

The stable oxygen isotope ratio varies between�5‰ and�1.7‰
with a mean value of �3.5‰ (Fig. 12). The lower part of the depo-
sitional succession, from �38.5 m to �35.8 m, displays a slow
decline from �3.5‰ to �4.5‰. This trend is followed by a peak
at �33.2 m (�2.5‰) (Fig. 12). From �32.2 m to �20.2 m, values
mainly fluctuate between �4‰ and �5‰. This plateau is punctu-
ated only by a very high value of �2.7‰ (Fig. 12). From �20.2 m
to �5.2 m, the data show a progressive increase from �5‰
to �2.2‰. The values end with a fall to �3.3‰ (Fig. 12).

Thirty nine measurements were made in well-preserved rudists
(n ¼ 4) and in blocky calcite cements (n ¼ 35, Fig. 8H) from geodes
in order to evaluate the initial isotopic composition of the seawater
and the potential diagenetic effect on isotopic values from the
micrite matrix (Table 2, Fig.13). The preservation of the rudist shells
was estimated performing catholuminescence microscopy. Well-
preserved rudist shells are non-luminescent under cath-
odoluminescence microscopy, while recrystallized rudist shells are
filled by blocky calcite (sparite), and have an orange luminescence.
Stable oxygen isotope values display considerable variability,
from �7.5‰ in blocky calcites to �1.7‰ in well-preserved rudist
shells. The blocky calcites have the lowest d18O values and the
greatest variability of the d18O data set from �7.5‰ to �3.7‰. The
micrite samples have higher d18O values than the blocky calcite and
moderate variability from �5.0‰ to �2.2‰. The rudist d18O values
are the highest from the data set from�2.8‰ to�1.7‰. The poorly
cemented grainstone d18O values range from �4.5‰ to �3.5‰.

The d13C values do not display any clear variations with sample
type, in contrast to d18O data. The d13C values in micrite range from
1.9‰ to 3.7‰, except for two micrite samples from the uppermost
section (Fig. 12). However, d13C variability in blocky calcite, from
2.4‰ to 3.4‰ (except for one sample with a value of 1.9‰), is
slightly lower than the variability in the micrite samples (Fig. 13).
The rudists d13C values range between 2.4‰ and 2.9‰.

5. Discussion

5.1. d18O vs d13C signals: diagenetic influence

In order to evaluate the possible d18O and d13C diagenetic sig-
nals, we measured the carbonate cements in recrystallized rudists
or geodes directly (Fig. 8H). We identified a well-defined d18O
diagenetic domain from �7.5‰ to �4.5‰ (Fig. 13). Four well-
preserved rudist shells display the initial d18O signal of carbonate
between �2.8‰ and �1.7‰ (Fig. 13). For the d13C, most diagenetic
cement values are in the range of d13C rudist values from 2.4‰ to
2.9‰. In order to estimate the possible parent fluid compositions
from the d18O values, we need to assess the thermal evolution of the
study area. The lowest temperature was the sea water temperature
during the Cenomanian. This stage was the warmest of the Creta-
ceous period with sea water temperatures reaching 25e30 �C
(Puc�eat et al., 2003). The maximum temperature of the Cen-
omanian rocks was reached during maximum burial, at the end of



Table 2
Location in the well, stage, core depth, sample type, and isotope compositions (oxygen and carbon) of micrite, poorly cemented grainstones, blocky calcite, and rudist samples.

Sample name Well/outcrop name Stage Core depth (m) Sample type d13C (‰. PDB) d18O (‰. PDB)

SC6-7 SC6 late Cenomanian 1.3 micrite �1.699 �3.281
SC6-8 SC6 late Cenomanian 2.3 micrite 0.381 �3.446
SC6-9 SC6 late Cenomanian 3.3 micrite 1.912 �3.184
SC6-10 SC6 late Cenomanian 4.3 micrite 2.556 �3.09
SC6-11 SC6 late Cenomanian 5.3 micrite 2.927 �2.164
SC6-12 SC6 late Cenomanian 6.3 micrite 3.296 �2.281
SC6-13 SC6 late Cenomanian 7.3 micrite 3.514 �2.441
SC6-15 SC6 late Cenomanian 9.3 micrite 3.613 �2.483
SC6-16 SC6 late Cenomanian 10.2 micrite 3.382 �2.885
SC6-17 SC6 late Cenomanian 11.3 micrite 3.349 �3.839
SC6-18 SC6 late Cenomanian 12.3 micrite 3.728 �2.843
SC6-19 SC6 middle Cenomanian 13.3 micrite 3.621 �2.953
SC6-20 SC6 middle Cenomanian 14.3 micrite 3.455 �3.394
SC6-21 SC6 middle Cenomanian 15.2 micrite 3.577 �3.102
SC6-22 SC6 middle Cenomanian 16.2 micrite 3.546 �3.391
SC6-23 SC6 middle Cenomanian 17.3 micrite 3.363 �3.597
SC6-24 SC6 middle Cenomanian 18.3 micrite 3.323 �4.131
SC6-25 SC6 middle Cenomanian 19.3 micrite 3.399 �3.675
SC6-26 SC6 middle Cenomanian 20.2 micrite 1.968 �5.002
SC6-27 SC6 middle Cenomanian 21.3 micrite 2.457 �4.826
SC6-28 SC6 middle Cenomanian 22.2 poorly cemented grainstone 2.968 �4.239
SC6-29 SC6 middle Cenomanian 23.3 micrite 2.821 �4.188
SC6-30 SC6 middle Cenomanian 24.5 micrite 2.683 �3.975
SC6-31 SC6 middle Cenomanian 25.3 poorly cemented grainstone 2.395 �4.462
SC6-1 SC6 middle Cenomanian 26 blocky calcite 2.97 �6.68
SC5-8 SC5 middle Cenomanian 0.7 micrite 2.577 �2.657
SC5-9 SC5 middle Cenomanian 1.7 micrite 2.656 �4.201
SC5-4 SC5 middle Cenomanian 2.1 blocky calcite 3.02 �7.16
SC5-4 SC5 middle Cenomanian 2.1 blocky calcite 2.81 �7.51
SC5-4 SC5 middle Cenomanian 2.1 blocky calcite 3.01 �7.15
SC5-4 SC5 middle Cenomanian 2.1 blocky calcite 3.15 �6.33
SC5-4 SC5 middle Cenomanian 2.1 blocky calcite 2.66 �5.00
SC5-4 SC5 middle Cenomanian 2.1 blocky calcite 2.52 �4.49
SC5-10 SC5 middle Cenomanian 2.7 micrite 2.911 �4.372
SC5-11 SC5 middle Cenomanian 3.6 micrite 2.855 �4.232
SC5-12 SC5 middle Cenomanian 4.6 micrite 2.912 �4.805
SC5-13 SC5 middle Cenomanian 5.7 micrite 2.761 �4.242
SC5-14 SC5 middle Cenomanian 6.7 micrite 2.576 �4.312
SC5-15 SC5 middle Cenomanian 7.7 micrite 3.313 �2.5
SC5-16 SC5 middle Cenomanian 8.5 micrite 2.89 �2.553
SC5-17 SC5 middle Cenomanian 9.5 micrite 2.865 �3.086
SC5-3A SC5 middle Cenomanian 9.8 rudist 2.39 �2.77
SC5-3A SC5 middle Cenomanian 9.8 rudist 2.41 �2.66
SC5-3A SC5 middle Cenomanian 9.8 blocky calcite 3.11 �6.19
SC5-3A SC5 middle Cenomanian 9.8 blocky calcite 3.14 �6.93
SC5-3A SC5 middle Cenomanian 9.8 blocky calcite 3.20 �6.46
SC5-3A SC5 middle Cenomanian 9.8 blocky calcite 2.99 �6.28
SC5-3A SC5 middle Cenomanian 9.8 blocky calcite 3.28 �6.63
SC5-3A SC5 middle Cenomanian 9.8 blocky calcite 3.14 �6.79
SC5-3A SC5 middle Cenomanian 9.8 blocky calcite 2.94 �7.02
SC5-3B SC5 middle Cenomanian 9.8 rudist 2.85 �1.72
SC5-3B SC5 middle Cenomanian 9.8 blocky calcite 2.75 �5.00
SC5-3B SC5 middle Cenomanian 9.8 blocky calcite 3.00 �5.22
SC5-3B SC5 middle Cenomanian 9.8 blocky calcite 2.94 �7.38
SC5-3C SC5 middle Cenomanian 9.8 rudist 2.37 �2.51
SC5-3C SC5 middle Cenomanian 9.8 blocky calcite 2.41 �3.66
SC5-3C SC5 middle Cenomanian 9.8 blocky calcite 2.56 �7.52
SC5-3C SC5 middle Cenomanian 9.8 blocky calcite 3.37 �6.66
SC5-3C SC5 middle Cenomanian 9.8 blocky calcite 2.82 �5.17
SC5-18 SC5 middle Cenomanian 10.4 poorly cemented grainstone 2.725 �4.474
SC5-19 SC5 middle Cenomanian 11.3 poorly cemented grainstone 2.76 �4.191
SC5-5 SC5 middle Cenomanian 11.4 blocky calcite 2.66 �5.40
SC5-5 SC5 middle Cenomanian 11.4 blocky calcite 1.82 �5.99
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.90 �6.49
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.49 �7.38
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.91 �5.60
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.72 �5.35
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 3.05 �7.08
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.92 �6.37
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.98 �5.99
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.91 �5.29
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.75 �4.87
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.99 �6.83
SC5-6 SC5 middle Cenomanian 11.6 blocky calcite 2.66 �5.18
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Table 2 (continued )

Sample name Well/outcrop name Stage Core depth (m) Sample type d13C (‰. PDB) d18O (‰. PDB)

SC5-20 SC5 middle Cenomanian 12.5 micrite 2.842 �3.698
SC5-21 SC5 early Cenomanian 13.5 poorly cemented grainstone 2.143 �3.481
D7-5 D7 road middle Cenomanian outcrop blocky calcite 3.03 �7.22
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the Cretaceous, corresponding to 550 m-thick deposits above the
Cenomanian carbonates (Platel, 1996). Assuming a thermal
gradient of 30 �C/km and a surface temperature of 20 �C, the
temperature reached during the maximum burial was about 40 �C.
From the early Paleocene to the present, the Cenomanian rocks
have been exhumed (Biteau et al., 2006) and so temperatures have
fallen. Considering a temperature range of 25e40 �C during burial,
the pore fluid composition of blocky calcite cements, whose d18O
values vary from �7.5‰ to �4.5‰, ranges from �5‰ V-SMOW
to þ1‰ V-SMOW according to the calcite-water fractionation
Fig. 12. Evolution of the d18O and d13C values during the Cenomanian compared to the c
equation of Kim and O'Neil (1997). Cenomanian sea water heated
with increasing burial implies temperatures of 50e60 �C for the
lowest d18O values of calcite (�6 to �7.5‰; Fig. 13), which is un-
realistic judging the shallow burial history of the north Aquitaine
platform. Meteoric burial diagenesis originated blocky calcite ce-
ments (Fig. 8H) in intragranular spaces, in geodes and was
responsible for the recrystallization of some rudist shells. Meteoric
diagenetic processes change the d18O signal in well cemented
grainstone facies. Three micritic matrix d18O values ranging
from �5‰ to �4.8‰ are in the domain of possible meteoric
omposite sedimentological log (SC6 and SC5 boreholes) and sequence stratigraphy.



Fig. 13. d18O and d13C composition of 33 micrites, 35 blocky calcites, 4 rudists, and 5
poorly cemented grainstones.
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diagenesis and may have been affected by meteoric diagenetic
microcements (Fig. 13). One poorly cemented grainstone d18O value
of �4.5‰ could have been affected by meteoric diagenesis. We will
avoid interpreting the entire d18O micritic matrix values and poorly
cemented grainstone data set in terms of the paleoenvironment. By
contrast, the blocky calcite cements (Fig. 8H) cannot be differenti-
ated by their d13C compositions, suggesting that the meteoric fluids
were buffered with the surrounding marine carbonates. Carbon
isotope data can therefore be regarded as reflecting disturbances of
the initial carbon cycle.

5.2. The Mid-Cenomanian Event: review and d13C inter basin
correlation

The Mid-Cenomanian Event (MCE1) was a carbon isotope
excursion involving two closely spaced positive peaks, MCE1a and
MCE1b. MCE1 is characterized by the occurrence of black shale
deposits in ODP Leg 207 only (tropical Atlantic Ocean, Demerara
Rise; Friedrich et al., 2009) and so is not considered as an OAE.
MCE1 also differs from OAEs by its lower intensity of about þ1‰
shift compared to about þ3‰ shift for OAE2 (Gertsch et al., 2010).
All previous studies have identified MCE1 in clayey basin deposits,
in deep carbonate (marl-limestone alternations) deposits of hem-
ipelagic basins (Fig. 14), or in terrestrial organic matter (Uramoto
et al., 2007).

In shallow carbonate deposits of the Aquitaine platform, MCE1a
is detected and corresponds to a plateau at about 2.8‰ (Figs. 12 and
14). This plateau displays a sharp rise around the early/mid-
Cenomanian transition of about þ0.6‰ from 2.2‰ to 2.8‰. The
maximum amplitude from 2.2‰ to 3.3‰ is þ1.1‰. The end of this
plateau corresponds to a rapid fall from 3.0‰ to 2.0‰ (Figs. 12 and
14). The north Aquitaine platform section shows in its upper part an
extended plateau at about 3.5‰ characterized by a þ1.7‰ excur-
sion from 2.0‰ to 3.7‰ (Figs. 12 and 14). After the end of this
second plateau, d13C values fall from 3.7‰ to �1.7‰ at the begin-
ning of the late Cenomanian (Figs.12 and 14). This sudden fall at the
end of the MCE1b also occurs in the d13C values of the Azaoul
section, which display a rapid decrease from 1.9‰ to �1‰ (Fig. 12).
The diagenesis influence is not suggested by the authors to explain
this profile (Gertsch et al., 2010). In the northern Aquitaine plat-
form, there is no noteworthy correlation between the d18O and the
d13C values at the middle-late Cenomanian boundary (Fig. 12). The
d18O data display a small fall from �2.2‰ to �3.1‰
between �5.3 m and �4.3 m and are stable from �4.3 m to �1.3 m
(Fig. 12). In the “Argiles t�egulines de Coquand” Formation, the d18O
values are not include in the diagenetic domain (Fig. 12). The low
d13C values are so not controlled by meteoric diagenesis. The last
two d13C values at �2.3 m and �1.3 m are very low (0.4‰
and �1.7‰, Figs. 12 and 13) and can reflect early diagenesis under
organic matter influence (Lavastre et al., 2011; Pellenard et al.,
2014). However, the rapid fall from 3.7‰ to 1.9‰ in the “Argiles
t�egulines de Coquand” Formation can be interpreted as reflecting
the global carbon cycle signal.

The two plateaus correspond to MCE1a and MCE1b, which are
verywell expressed in the d13C correlation diagram from sections in
England (Southerham and Folkestone) to Morocco (Azaoul, Fig. 14).
The amplitude of the d13C excursion varies widely in the different
sections (Fig. 14). MCE1a and MCE1b amplitudes vary accordingly:
(1) þ0.5‰ and þ0.6‰ for the Southerham section, (2) þ0.5‰
andþ0.9‰ for the Folkestone section, (2)þ0.5‰ andþ0.8‰ for the
Cap Blanc-Nez section (Paris Basin, France), (3) þ0.6‰ and þ1.1‰
for the Blieux section (Vocontian Basin, France) and (4) þ2‰
and þ2‰ for the Azaoul section (Morocco). The highest d13C
excursion amplitude is registered in the ODP Leg 207 (tropical
Atlantic Ocean, Demerara Rise; Friedrich et al., 2009), and is
about þ4‰ for MCE1a and þ2.2‰ for MCE1b. In the Aquitaine
platform, the MCE1a shift (þ1.1‰) is better expressed than in the
Cap Blanc-Nez and Blieux sections but lower than in the Azaoul and
Demerara Rise sections. In the north Aquitaine shallow-marine
carbonates, MCE1b is very well marked with a þ1.7‰ positive
excursion, which is slightly lower than the MCE1b excursion in the
Azaoul section. MCE1 is detected for the first time in shallow-
marine carbonates and appears to be very well expressed. In the
northern France and England basins, the d13C data show a standard
profile during the middle Cenomanian, with a characteristic double
peak (MCE1a and MCE1b, Fig. 14). The amplitude of the d13C values
increase fluctuates between 0.5‰ and 0.6‰ for MCE1a and be-
tween 0.6‰ and 0.9‰ for MCE1b (Fig. 14). However in the southern
basins, the d13C values display slightly different profiles for the
MCE1 (Fig. 14). In the Blieux section, the MCE1b is characterized by
a þ1.1‰ excursion followed by a large plateau. A similar plateau
also characterized the MCE1b in the northern Aquitaine platform
(Fig. 14). In the Azaoul section, the MCE1a and MCE1b amplitude is
about þ2‰, which is, like for the northern Aquitaine platform,
significantly greater than for the northern France and England ba-
sins. This high amplitude might be characteristic of shallower
records.

The carbon isotope composition (d13C) of bulk carbonates, ob-
tained from a transect of Holocene to early Miocene drilled sedi-
ments from the Great Bahamas Bank to the basin, exhibits anti-
correlated trends of the d13C curves between the basin and the
platform (Swart and Eberli, 2006), making platform-to-basin iso-
topic correlation difficult. When a negative d13C excursion is
detected in shallow platform deposits, a positive d13C excursion is
recorded in pelagic sediments. The hypothesis advanced to explain
this result was the diagenetic influence of early meteoric water due
to subaerial emersion. In the Aquitaine platform, no evidence has
been found of early meteoric diagenesis, such asmeniscus cements,
microstalactitic cements, or karstifications. Only meteoric diagen-
esis during burial responsible for blocky calcite cement develop-
ment is documented. Our study displays similar trends between
basin and shallow platform d13C curves. This very well marked
record of MCE1 allows us to discuss its effect on carbonate pro-
ducers, facies distribution, and architecture.

5.3. The Mid-Cenomanian Event: influence on shallow-marine
carbonate producers and depositional geometry

5.3.1. Signification of facies associations in terms of nutrient
conditions

The early Cenomanian on the northern Aquitaine platform is
marked by 5e20 m-thick sandstones alternating with oolitic



Fig. 14. Detailed d13C correlations between the north Aquitaine section, sections of Northwest Europe (Southerham, Folkestone, Cap Blanc-Nez), the Blieux Section (Vocontian basin,
France) and the Azaoul section (Morocco). The Southerham section (Sussex, England): Paul et al. (1994) for lithology, carbon-isotope curve, palaeontological data; Gale (1990, 1995)
for lithology; Wilmsen (2007) for carbon-isotope curve. The Folkestone section (Kent, England): Gale (1989) for lithology, palaeontological data; Paul et al. (1994) for lithology,
carbon-isotope curve, palaeontological data; Mitchell and Carr (1998) for lithology; Robaszynski et al. (1998) for sequence stratigraphy. The Cap Blanc-Nez section (Escalles;
Boulonnais, France): Paul et al. (1994) for lithology and isotope curve; Am�edro et al. (1994) for lithology and palaeontological data; Robaszynski et al. (1998) for sequence stra-
tigraphy and palaeontological data; Am�edro et al. (1997) for lithology, palaeontological data. The Blieux section (Vocontian basin, France): Reboulet et al. (2013). The Azaoul section
(Morocco): Gertsch et al. (2010); Kuhnt et al. (2009).
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carbonate deposits (Moreau and Platel, 1982; Moreau, 1996). Only
the upper part of these early Cenomanian limestones is described
in this study. They are rich in ooids, coral fragments, peloids,
intraclasts, or aggregates, which are the main carbonate producers
with echinoderms, foraminifera, and rudists in minor proportions
(facies F3e, Fig. 15). This grain association is called photozoan,
marking warm sea water temperatures (>22 �C) and oligotrophic
conditions in a sub-tropical environment (James, 1997; Mutti and
Hallock, 2003). Carbon isotopic values were normal at about 2‰
during the early Cenomanian (Fig. 15).

Middle Cenomanian limestones, deposited during the MCE1,
display completely different carbonate grain associations that are
composed mostly by echinoderms, brachiopods, bryozoans, and
rudists in lower proportions (Fig. 15). This heterozoan grain asso-
ciation is typical of cool-water carbonates (James, 1997). However,
Mutti and Hallock (2003) suggest that this grain association might
occur in a sub-tropical environment when the nutrient gradient is
high under mesotrophic to eutrophic conditions. As temperature
during the Cenomanian was warm and relatively stable (Puceat
et al., 2003), the facies change between early and mid-
Cenomanian can be related to nutrient increase, leading to
increased planktonic biomass and reduced light penetration
(James, 1997; Mutti and Hallock, 2003; F€ollmi et al., 2006; F€ollmi,
2012).
5.3.2. Evolution of depositional sequences, facies, and geometry
during MCE1

The third-order depositional sequences CB, CC, and CD identified
in the study area are well correlated with the eustatic chart for the
European basins (Hardenbol et al., 1998) and with the sequences
described by Robaszynski et al. (1998) in Sarthe. Robaszynski et al.
(1998) identified three third-order sequences from the late early
Cenomanian to the early late Cenomanian (sequences 3, 4 and 5).
These sequences are comparable to the sequences CB, CC, and CD of
the northern Aquitaine Basin.

The sequence boundary between CB and CC at the base of the
middle Cenomanian is well-marked in the study area by a sudden
facies change from lower offshore to shoreface environments
(Fig. 12). This corresponds to a second-order sequence boundary at
European scale. A single full third-order sequence (CC) is recorded
in our study area for the mid-Cenomanian, as in the eustatic chart
(Hardenbol et al., 1998). The upper boundary of the CB sequence is
marked by a regionally-developed hardground, in northern Aqui-
taine and Sarthe (Francis, 1984). In our study the upper boundary of
the CB sequence is characterized by the occurrence of glauconite,
dissolution and an abundant early cementation. The early cements
are isopachous with bladed crystals and formed in marine water
environment (Purser, 1969; Durlet and Loreau, 1996; Brigaud et al.,
2009). The upper boundary of the CB sequence does not display



Fig. 15. Synthetic diagram showing d13C isotopic curve, third, second, and first order European sequence stratigraphy cycles (Hardenbol et al., 1998), depositional environments,
climate, and temperature (Puc�eat et al., 2003), nutrient concentration, carbonates producers, and depositional profile evolution during the early to late Cenomanian on the North
Aquitaine platform.
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encrusting fossils like in major condensed surfaces. The ammonite
and foraminifer biostratigraphic data display a relatively contin-
uous recording for the middle Cenomanian series of the northern
Aquitaine platform. The foraminifer species referenced by Moreau
(1996) do not record any change at the CB-CC boundary. These in-
dications allow us to suppose that only a minor part of the d13C
signal could be missing in this interval. Eustatic control leading to
decreasing water depth is assumed to be implicated in the devel-
opment of the regionally-developed hardgrounds in northern
Aquitaine and Sarthe (Francis, 1984). This hypothesis is supported
by our study, which display a correlation between the top of a
second-order regressive cycle in European basins and the CB-CC
sequence boundary.

Five major events corresponding to carbonate producers and
facies turnovers and/or platform geometry changes mark the evo-
lution of the Aquitaine carbonate platform during the Cenomanian
(Fig.15). During the transgressive systems tract and early regressive
systems tract of the third-order sequence CB, ooid to mud facies
were deposited along a homoclinal ramp profile with no slope
break. Event 1 occurred toward the end of the second-order
regressive hemicycle C2 and the third-order hemicycle CB
(Fig. 15). It corresponds to the beginning of MCE1a, correlated with
the development of rudist and echinoderm facies (heterozoan
facies, Fig.15). Event 2 corresponds to the start of the first carbonate
production demise (carbonate production demise 1; sequence CC,
Figs. 5A, 12 and 15) characterized by the occurrence of clays and
marls. Carbonate demise 1 is correlated with the highest d13C value
during the MCE1a excursion (3.3‰, Fig. 15) and with the onset of
the transgressive systems tract of the third-order sequence CC
(Fig. 15). The accommodation/sedimentation ratio (A/S) greater
than 1 can be explained both by a global sea level rise as recorded
on the European chart (Hardenbol et al., 1998) and by the carbonate
production demise 1 (Figs. 5A, 12 and 15), which could favor the
initiation of the transgressive systems tract of the third-order
sequence CC. The regressive systems tract of CC could have been
controlled by sea level fall, as recorded on the eustatic chart
(Hardenbol et al., 1998). After this first d13C peak during MCE1a, the
carbonate thrived again from event 3 to event 5, through the early
transgressive systems tract of the CD sequence (Figs. 11, 12 and 15).
From event 3 to 4, heterozoan facies rich in rudists, echinoderms,
and brachiopods developed within a flat lagoon with rudist bio-
herms (Figs. 11, 12 and 15). The transgressive systems tract of the CD
sequence is correlated with a first, second, and third-order eustatic
rise on the European eustatic chart (Hardenbol et al., 1998). Car-
bonate productionwas high due to rudist-rich facies (facies F4a and
F4b) and accommodation was favored by a general sea-level rise at
European scale and/or local subsidence. After deposition of the
rudist facies (facies F4a and F4b), facies became more heterozoan
from events 4 to 5 (facies F3a, F3b, F3c and F3d) with bryozoans,
echinoderms, and non-rudist bivalves occurring in higher pro-
portions (Fig. 15). Echinoderm-rich granular facies were deposited
forming elongated 300 m-wide and 10 m-thick sand bars (Fig. 15).
The mesotrophic to eutrophic conditions probably enhanced het-
erozoan producers at the origin of the sand bar carbonate facies.
Event 5 (Fig. 15) occurred during the transgressive systems tract of
the third-order sequence CD and was concomitant with a second-
order and first-order sea-level rise on the eustatic chart
(Hardenbol et al., 1998). At the regional scale, event 5 showed a
major facies change from shallow carbonates to clayey deposits
(Moreau, 1996). This was the beginning of the MCE1b event, which
was synchronous with the beginning of a second carbonate pro-
ducer demise (carbonate production demise 2; Fig. 15). During this



S. Andrieu et al. / Cretaceous Research 56 (2015) 587e607 605
second d13C excursion, marls and clays (facies association FA1) were
deposited along a flat homoclinal ramp. No carbonate producers are
observed, except very rare, small benthic foraminifera (Fla-
bellammina, Daxia, Haplophragmoides, Ammobaculites) and plank-
tonic foraminifera (Guembelitria, Hedbergella and
Praeglobotruncana). Macrofauna are scarce and composed of rare
Exogyra sp., nautilus and echinoids Hemiaster and Periaster
(Moreau, 1996).

During the late early Cenomanian and the mid-Cenomanian on
the north Aquitaine platform, different facies and geometries are
observedwhen the d13C values vary.When the d13C ratio was below
2.5‰, photozoan facies dominated. Platform geometry corre-
sponded to a ramp without slope breaks (Figs. 15 and 16). When
d13C values were between 2.5‰ and 3‰, the facies became het-
erozoan (Figs. 15 and 16), which could be explained by the
appearance of mesotrophic conditions. Platform geometry was flat
(shoal or lagoon) with high carbonate production leading to
sandbars and rudist bioherms measuring several hundreds of me-
ters. When the d13C value exceeded 3‰, a carbonate production
demise occurred (carbonate production demises 1 and 2, Figs. 15
and 16). Platform geometry was a clayey ramp with a very slight
slope. The carbonate platform demise from the middle part of the
mid-Cenomanian to the late Cenomanianwas enhanced by a third-
order sea level rise (Hardenbol et al., 1998), but may have been
triggered by the occurrence of eutrophic conditions (Fig. 16).

5.3.3. The Mid-Cenomanian Event: a possible scenario
MCE1 was a positive d13C excursion that was well expressed

both in the marine domain (Jenkyns et al., 1994; Paul et al., 1994;
Mitchell et al., 1996; Rodriguez-Lazaro et al., 1998; Stoll and
Schrag, 2000; Jarvis et al., 2001, 2006; Gertsch et al., 2010; Wilm-
sen, 2007; Ando et al., 2009; Giraud et al., 2013; Reboulet et al.,
2013) and terrestrial domain (Uramoto et al., 2007), indicating a
global carbon atmospheric/marine reservoir change (Giraud et al.,
Fig. 16. d13C versus trophic conditions, facies, main carbonate producers, carbonate prod
Aquitaine platform.
2013; Reboulet et al., 2013). MCE1 may reveal pumping of CO2 by
incorporation of organic carbon (12C) in marine sediments or biota,
or in soils or terrestrial plants. MCE1 is marked by the local pres-
ence of organic-rich deposits in the tropical Atlantic Ocean
(Demerara Rise; Friedrich et al., 2009) indicating possible organic
burial in the deep Atlantic.

On the Aquitaine platform, the temporal concordance of both (1)
the occurrence of mesotrophic to eutrophic conditions marked by
carbonate producer turnover and (2) MCE1 (Fig. 15) suggests a
connection between the global carbon cycle and shallow marine
carbonates.

The Cenomanian is characterized by a first-order high sea level
(Hardenbol et al., 1998). During the Cenomanian, the Aquitaine
platform, which had been exposed since the late Jurassic, was
flooded. High stand sea level intervals favored an increase in
nutrient flux leading to eutrophic conditions in the marine domain.
This process is a common explanation of positive d13C excursions
(Weissert and Mohr, 1996) and has been suggested by Reboulet
et al. (2013) for MCE1. Heterozoan facies in shallow marine car-
bonates on the Aquitaine platform during the mid-Cenomanian
suggest a similar scenario in which local carbon burial in marine
and maybe terrestrial domains led to global carbon perturbation.

6. Conclusion

The limestone to clay deposits from late early Cenomanian to
early late Cenomanian form 15 facies, deposited in lower and upper
offshore, shoreface, lagoon, and backshore settings. Six distinct
platform geometries occurred during the Cenomanian age: (1) an
oolitic shallow ramp subject to detrital input; (2) a deeper ramp
rich in echinoderms, pellets, and bivalves; (3) a platform with a
large lagoon where rudist bioherms and foraminifera developed;
(4) a platform dominated by granular facies with sand bars of
several hundred meters rich in echinoderms, bivalves, and
uction rate, and geometry during the Mid-Cenomanian Event (MCE1) on the North
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bryozoans; (5) an upper offshore with echinoderms, bivalves, and
pellets, and finally (6) marls and clayey sediments in a lower
offshore setting. In terms of sequence stratigraphy, three third-
order depositional sequences (CB, CC, CD) have been identified and
are closely correlated with the European eustatic chart (Hardenbol
et al., 1998). The Mid-Cenomanian Event (MCE1) is reported for the
first time in a shallow marine environment, in the Aquitaine plat-
form, showing two well-expressed positive excursions: MCE1a
(amplitude of þ1.2‰) and MCE1b (amplitude of þ1.7‰). The ana-
lyses of diagenetic blocky calcite cements suggest that diagenetic
processes did not affect the d13C of micrite, which can be discussed
in terms of the initial signal. MCE1 was synchronous with a turn-
over of carbonate producers resulting in the transition from pho-
tozoan facies during the early Cenomanian to heterozoan facies
during the mid-Cenomanian. This change is indicative of the
establishment of mesotrophic to eutrophic conditions from the
early/mid-Cenomanian transition. Different geometries and facies
are observed when d13C varies. In the Aquitaine platform, for d13C
values below 2.5‰ the facies are photozoan, rich in ooids and coral
fragments, and the depositional geometry corresponds to a
homoclinal ramp profile with no slope break. For d13C values be-
tween 2.5‰ and 3‰, the carbonate producers are heterozoan with
the occurrence of echinoderms, bryozoans, and rudists and depo-
sitional geometry is a flat platformwith high carbonate production
(sandbars/rudist bioherms). When the d13C value exceeded 3‰ on
the Aquitaine platform, a carbonate demise occurred, which can be
explained by both a eustatic rise and the establishment of eutrophic
conditions. The coincidence of MCE1 with both (1) the occurrence
of mesotrophic to eutrophic conditions marked by carbonate pro-
ducer turnover and (2) the transgressive cycles, suggests that a
eustatic sea-level rise leading to high trophic conditions could
explain this positive d13C excursion in the Atlantic and western
Tethyan domain.
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