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Abstract: This study focuses on three Bajocian and Bathonian carbonate sections from the south-
eastern part of the Paris Basin (Maconnais area, in the east of France). The main goals of the study
are to propose a palaeoenvironmental model, to get insight into vertical and lateral facies evolution,
to improve correlations and to better understand the origin of the magnetic susceptibility (MS)
signal in these deposits. The sedimentological setting corresponds to a ramp, with two types of geo-
metries: (1) a homoclinal carbonate ramp with oolitic shoals; and (2) a multiple-slopes carbonate
ramp with reef complexes. The MS signal appears to be influenced by facies and ramp geometry.
The evolution of MS seems to be mainly related to changes in carbonate productivity and water
agitation: oolitic facies and reef complexes, with high carbonate production show the lowest
signal, while storm deposits are characterized by higher values. In addition, the MS signal from
proximal tempestites have higher values than distal ones. MS appears to be a useful complementary
proxy for palaecoenvironmental interpretations, correlations and sequential stratigraphy. The facies
evolution, supported by MS curves, shows at least nine successive depositional sequences, which
were inserted into the regional sequential canvas.

During the Aalenian—Bajocian transition, the Bur-
gundy area experienced major changes in palaeo-
geography and biosedimentary domains (Contini
& Mangold 1980; Durlet er al. 1997; Pellenard
et al. 1998) due to the reactivation of Hercynian
faults during the Mid Cimmerian tectonic event
(Rat et al. 1986; Ziegler 1988). Coeval to the tec-
tonic instability, a generic diversification of Sclerac-
tinia occurred, and these corals became the main
frame-builders in reefs (Lathuiliere & Marchal
2009). This predates the basin-scale expansion of
the carbonate platform during the Middle Jurassic
(Dercourt et al. 1993). The climatic transition from
warm and moist conditions during the Lower Bajo-
cian to cooler and dryer conditions during the Upper
Bajocian (Hesselbo et al. 2003; Dera et al. 2011)
affected seawater chemistry, carbonate productivity
and the growth dynamics of reefs (Dromart et al.
1996; Gibbs ef al. 1999; Piuz 2004; Brigaud et al.
2009). However, despite these major changes, the
sedimentology of the Maconnais area is still largely
unknown and fundamental questions concerning
matters such as the stratigraphic and sequential cor-
relations at small and regional scale, and the geo-
metry of the platform, have still to be answered.
For this work, the reference section is the Saint-
Gengoux-de-Scissé (SGS) section, an exceptionally
long and continuous section for the Bajocian and
Bathonian of Burgundy (Pellenard et al. 1998). It
shows noticeable lithological differences from the

regional Bajocian and Bathonian series (Perthuisot
1966; Barusseau 1967; Purser 1975; Pellenard et al.
1998). We also selected two sections in the Azé
caves (Grotte Préhistorique, Grotte de la Riviere).
Despite the good quality of the outcrops (Barri-
quand & Barriquand 2000, 2001, 2009; Combier
et al. 2000; Barriquand et al. 2006) the Bajocian
and Bathonian of the Azé caves have never been
subject to an extensive sedimentological study.

In order to develop a better insight into the sedi-
mentary dynamics and palaeoenvironmental evol-
ution during the Bajocian and Bathonian of the
southeastern Paris Basin, we have applied classic
sedimentological study methods and sequence stra-
tigraphy, as well as magnetic susceptibility (MS)
measurements through the different sections. This
methodology has allowed us to: (1) increase pre-
cision over the lithostratigraphy canvas for the Bajo-
cian and Bathonian of the Miconnais; (2) build a
sedimentological model for the Middle Jurassic of
the Maconnais; (3) integrate the sections in a
regional sequential framework; and (4) test the use
of MS as a correlation tool and as a proxy for
palaeoenvironmental variations.

Since the end of the 1990s, the use of MS in sedi-
mentology has become common (Crick et al. 1997,
2000, 2001, 2002; Ellwood et al. 1999, 2000, 2001).
Widely used on Palaeozoic or Mesozoic rocks,
MS analyses allow high resolution stratigraphic
correlations and helps with the interpretation of
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depositional dynamics and environments (Ellwood
et al. 2001, 2006, 2007, 2013; Da Silva & Boulvain
2002, 2003, 2006; Whalen & Day 2008; Boulvain
et al. 2010; Koptikova 2011). It is used as a proxy
for sea-level changes (Crick ef al. 1997, 2001; Dev-
leeschouwer 1999; Ellwood et al. 2000; Zhang et al.
2000; Racki et al. 2002; Da Silva & Boulvain 2002,
2010; Da Silva et al. 2010; Hladil et al. 2003, 2005;
Mabille & Boulvain 2007; Whalen & Day 2008,
2010) and/or climatic variations and for cyclostrati-
graphy (Ellwood et al. 2011, 2012; Boulila et al.
2008, 2010; De Vleeschouwer et al. 2012a, b; Da
Silva et al. 2013). In this paper, MS is applied for
the first time on the Bajocian and Bathonian from
the Paris Basin. In order to use MS for palacoenvir-
onmental interpretation and to enhance the precision
of correlation, we compared MS trends with facies.
This also permits a better insight into the sedimen-
tary dynamics of the platform and of the distribution
of siliciclastic inputs within the different facies.

Geological setting

The studied area is located in the Maconnais Moun-
tains, which are in the southern part of the Sadne-
et-Loire department of Burgundy (France), 15 km
NNW of Macon. The cuesta morphology of the
Maconnais Mountains is due to five SSW-NNE
monoclinal ranges, separated by normal faults (Fig.
1). These are attributable to the Bresse Basin col-
lapse during the Alpine compression (Perthuisot
1966; Rat et al. 1986). During the Bajocian and
Bathonian, the intracratonic Paris Basin was covered
by a shallow epicontinental sea (Ziegler 1988,
Thierry 2000). The Maconnais area was located at
latitude 25—-30° N and acted as a shallow connection
between the central part of the Paris Basin and the
Tethys Sea. A warm climate and a slow rate of sub-
sidence, among other factors, allowed the develop-
ment of a widespread carbonated platform (Purser
1975; Enay & Mangold 1980; Floquet et al. 1989;
Durlet & Thierry 2000).

During the Aalenian, the area that is now Bur-
gundy experienced a stage of tectonic instability
coeval with a second-order regression maximum
(Ziegler 1988; Dercourt et al. 1993; Graciansky
et al. 1993; Jacquin et al. 1998; Hallam 2001). A
major part of the platform was exposed, leading to
the development of the Mid Cimmerian unconfor-
mity (Ziegler 1988). The first Bajocian Formation
which lies on top of the Mid Cimmerian disconfor-
mity (Purser 1975; Morestin 1986; Ziegler 1988) is
the Calcaire a Entroques Formation, a widespread
unit composed of crinoidal limestones (Perthuisot
1966; Purser 1975; Benyahia 1982). Scleratinian
biostromes and bioherms are classically observed
in this Formation (Barusseau 1967; Purser 1975),

corresponding to the Calcaire a Polypiers Member.
This coral reef unit developed during the Lower
Bajocian, in relation to the transgressive evolu-
tion which ended at the Vesulian disconformity.
This surface highlights the maximum of regression
of a high-amplitude third-order sequence leading
to a regional emersion of the platform, emphasized
by a hardened, burrowed and encrusted surface
(Purser 1975; Durlet 1996). The Upper Bajocian
records the end of the second-order transgressive
phase (Jacquin et al. 1998; Hallam 2001) (Fig. 2),
and the following regressive phase is coeval with
the deposit of the Oolithe Blanche Formation (Purser
1975; Ferry et al. 2007), due to the renewal of the
carbonate factory (Purser 1975; Dromart et al.
1996; Dera et al. 2011).

In the Upper Bajocian, several main formations
can be identified: in succession, these are the Cal-
caire Grumeleux, the Marnes a Ostrea acuminata,
and the Calcaire de Sermizelles Formations
(Tintant 1963; Pellenard et al. 1998). However,
these formations exhibit strong lateral variations in
lithology (Durlet & Thierry 2000), and in our
study area some of these formations have not
been recognized.

The Bajocian—Bathonian boundary is high-
lighted by a progressive transition to oolitic
limestones of the Oolithe Blanche Formation
(Perthuisot 1966; Floquet er al. 1989; Pellenard
et al. 1998).

We have selected a reference section at SGS
(Fig. 2), which is the longest of the area. This
section goes through the Rochebin Mountain along
a west—east water adduction tunnel, 2.3 km north
of the opening of the Azé caves. The west entrance
is located at 46° 27’ 38" N, 4° 45’ 34" E, the east
entrance at 46° 27" 39” N, 4° 46’ 59” E. Only
the eastern half of the 530 m-long tunnel has
been described, as a fault repeats the series. This
87 m-thick section can be used as a framework for
comparison with smaller sections: the Grotte Préhis-
torique section (46° 26’ 24" N, 4° 45’ 40.5” E, com-
posite section visually correlated; Fig. 2) and the
Grotte de la Riviere section (46° 26’ 23" N, 4° 45’
36. 5" E, Fig. 2), both located in the karstic system
reaching into the Rochebin Mountain (Berger &
Martin 1995; Barriquand et al. 2006).

Methodology

Form the studied sections, 226 samples were col-
lected for both thin-section and MS measurements.
MS measurements were performed on the same
samples as those used for the thin sections, in
order to support the correlations, make direct com-
parison with facies trends, and support depositional
interpretations. The analyses were performed on a
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Fig. 1. (a) Localization of Azé in a simplified geological map of the Maconnais Mountains area. Top section beneath
map (b) is a west—east section through the eastern part of the Paris Basin; bottom section (c) is an expanded section
of the Maconnais Mountains area. The A—A’ transect is reported on the geological map (modified after Quesne

et al. 2000).

KLY3 Kappabridge device at the University of
Liege, where samples had been previously weighed
with a 0.01 g precision. The displayed value for
each sample is an average of three measurements
and is expressed in m® kg~!. MS measurements
vary with the nature, amount and grain size of
the minerals.

Results
Description of the studied sections
As a reference section, the SGS section is the only

one described in detail (for more information on
other locations, see Fig. 2). The allocation to
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Fig. 2. Synthetized logs of the Saint-Gengoux-de-Scissé (SGS), Grotte de la Riviere and Grotte Préhistorique sections.
Each section is presented with facies and magnetic susceptibility (MS) curves. Arrows highlight the MS and facies
trends, and their colour illustrates the correlation between the two proxies (see legend). The second-order cycles are
synthetized from Jacquin et al. (1998). Depositional sequences and correlations between logs are established on the
basis of field work and facies, and supported by MS trends. The figured components are described in the legend for
Figure 3.

existing formations is inferred on the basis of facies Eight lithological units were defined (Fig. 2).
(e.g. Perthuisot 1966; Purser 1975; Pellenard ef al.  Unit 1 (0—1.2 m) starts with yellowish marls, then
1998). The chronostratigraphic and biostratigraphic  nodular or wavy greenish silty limestones to calcar-
frameworks of these formations (e.g. Pellenard eral.  eous marls. Except for sparse crinoids or pelecy-
1998; Durlet & Thierry 2000) have been used todate  pods, this unit is lacking macro-fossils. The bed
our sections. surfaces show red ribbons of metallic oxides.
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Fig. 3. (a) Carbonate ramp defined from F1 to F7 facies associations. The outer ramp (F1) marls were deposited under
calm hemipelagic sedimentation. From the lower mid ramp (F2) to the upper mid ramp (F5), the biological productivity
was higher, with frequent bioturbation and a predominantly coarse bioclastic fraction. The inner ramp (F6 and F7) is
dominated by the action of tide and fair-weather waves, generating a prograding shoal. (b) Complex multiple-slopes
carbonate ramp model defined from the F8 and FO—F10 facies associations. This model highlights the competition
between crinoids and biostromes, and their spatial relationship with shallower and protecting bioherms. The figured

elements are described in the legend. FWWB, fair weather wave base; SWB, storm wave base.

Unit 2 (1.2—-16.8 m, corresponding to the Calcaire a
Polypiers Member, included in the Calcaire a Entro-
ques Formation), is a massive unit composed of
greyish coral limestone (fine bioturbated lime-
stone bearing lamellar recrystallized colonies) alter-
nating with ochre bioclastic limestones (mainly
composed of crinoids, shells fragments and red-
dish pigments). Unit 3 (16.8—19.2 m, corresponding
to the upper Calcaire a Entroques Formation), is a
blackish, brown, ochre, reddish or whitish coarse
crinoidal limestones, with sparse shell fragments
followed by coral limestones. For units 4-5, no

correspondence with an existing formation was
observed, so we have used the term ‘Formation
X’. Unit4 (19.2-37.1 m, Formation X, Upper Bajo-
cian) is composed of wavy sandy limestone and
marl beds, mostly yellowish or ochre, to greyish
for the more calcareous beds. Except for sparse cri-
noids or shells fragments, macro-fossils are scarce
and siliceous nodules are common. Unit 5 (37.1—
479 m, Formation X, Upper Bajocian) differs
from the previous unit because of the appearance
of several darker to black beds among the ochre
beds (probably associated with organic matter, as
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indicated by sulphate layers due to oxidation of
pyrite). These beds contain only sparse belemnites.
Unit 6 (47.9-63.2 m, a possible lateral equivalent
of the Marnes a O. acuminata Formation) exposes
black to dark-grey planar decimetric marls and plur-
idecimetric silty or sandy limestones, with a few
centimetric sulphate layers. Apart from the strongly
dolomitized lowest 2 m which have numerous cri-
noids, the scarce macro-fossils are dominated by
plurimillimetric crinoids and recrystallized shells.
Unit 7 (63.2-70.1 m, possible lateral equivalent of
the Calcaire de Sermizelles Formation) is composed
of ochre to reddish or greyish argillaceous and silty
limestones. Unit 8 (70.1-87 m, corresponding to
Oolithe Blanche Formation) shows a base composed
of slightly silty and argillaceous pale-ochre lime-
stones, followed by ooids with crinoid-fragment
limestones.

Facies

The sedimentological and petrographical descrip-
tions of each facies are presented in Table 1.

In the following text, interpretations are high-
lighted for each facies, organized from the most
distal to the most proximal for each model (Fig. 3).

Homoclinal carbonate ramp

F1: silty black marls. The mudstone texture, the
clay fraction and organic matter conservation, the
laminar bedding or lack of sedimentary structure,
and the lack of bioturbation suggest a calm anoxic
environment. The fauna, dominated by pelagic
organisms such as belemnites, Labalina foramini-
fera (Piuz 2004), crinoid debris and bivalves,
suggests an open-shelf environment.

F1 is interpreted as deposited in a calm disoxic to
anoxic offshore environment, below the storm-wave
base (Burchette & Wright 1992).

F2: silty marls with oxide ribbons, and F3: sandy
marls with silicification. For both F2 and F3 facies,
the wackestone texture, the clay and silt content,
the low organic matter content, and the common
planar bedding suggest a calm environment. The
peloids, the occurrence of slightly wavy beddings,
the alignment of grains and the laminae enriched
in micritized bioclasts suggest short periods of
increased agitation (Fig. 4a). The occurrence of
siliceous nodules in these rocks has been described
as related to Thalassinoides ichnofossils, pro-
duced by the silicification of crustacean burrows
(Coulon 1979; Benyahia 1982). This hypothesis is
supported here by their constant diameter (c. 3 cm)
and their arborescent shape. Their concentration
is higher in the F3 facies than in the F2, perhaps
due to better oxygenation of the sediment or the
smaller clay fraction. The fauna is dominated by

belemnites, foraminifera, crinoids, bivalves and
brachiopod debris, which suggest an open-shelf
environment.

A calm lower offshore depositional environ-
ment, close to the storm-wave base and periodically
agitated by distal storms, is proposed for the F2 and
F3 facies (Tucker & Wright 1990; Burchette &
Wright 1992); F2 was probably deposited in a
slightly deeper setting than the F3 facies. The tran-
sition from disoxic (F2) to oxic (F3) conditions is
coeval with the appearance of plurimillimetric lam-
inae of coarser biodetrital inputs and lighter col-
ours, and certainly suggests periods of gentle water
agitation and water exchange due to storm waves.

F4: slightly detrital bioclastic limestone, and F5:
bioclastic limestone. The widespread grainstone and
packstone textures and the sorting and erosion of
grains indicate a regularly agitated palaeoenviron-
ment. Clay and coarser quartz inputs are diluted
by the more efficient carbonate factory. In the field,
facies are organized in fining-upward sequences
and exhibit hummocky cross-stratifications and
tabular cross-stratifications. Bioturbation and light
colours attest to good oxygenation. The decrease
in pelagic foraminifera and bivalves, substituted
by crinoids and brachiopods, could be related to
shallower conditions (Fig. 4b).

A storm-dominated upper offshore deposi-
tional environment is interpreted for the F4 and F5
facies. F5 facies has been strongly influenced by
biodetrital supply reworked by storms, in conjunc-
tion with higher in situ carbonate production. F4
facies is considered to have been deposited in a
slightly deeper and calmer setting.

Fo6: bioclastic—oolitic limestone, and F7: oolitic
limestone. The grainstone texture, the abundance
of oolitic grains, the absence of detrital elements
(Fig. 4c), and the cross-bedding suggest a constantly
agitated environment with high hydrodynamic con-
ditions, above the fair-weather base. The presence
of encrusting worms and Codiacea attests to good
oxygenation conditions in a shallow environment
located in the photic zone.

A shallow and constantly agitated shore environ-
ment is proposed (Purser 1975). The F6 facies was
deposited in an upper shoreface environment in
which oolitic grains mixed with in sifu bioclastic
materials accumulated. The F7 facies is consistent
with a foreshore environment, where the fair-
weather and tidal currents allowed the formation
of ubiquitous a-ooids (Purser 1975; Vincent et al.
1997).

Multiple-slopes carbonate ramp with bioconstruc-
tions

F8: crinoidal limestone. The generalized
grainstone texture, coarser grains and common
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Table 1. Lithofacies and microfacies descriptions, and general environmental interpretations

Lithofacies Colour Texture* Bioclastic components{ Non-bioclastic Sedimentary and Grain size and General
components biogenic structures sorting Environmental
Interpretation
Homoclinal Ramp
F1 — silty black Black to dark grey =~ Mudstone Pelagic foraminifers, Quartz, clay, peloids, Bioturbation, Quartz: 10— Lower off-shore,
marls calcispheres, bivalves, organic matter, planar-bedding, 100 pm VGS below the storm
crinoids oxide ribbons siliceous nodules waves base
F2 — silty marls Ochre to grey Wackestone Pelagic foraminifers, Quartz, clay, peloids, Bioturbation, planar (or 200 wm to 1.5 mm  Lower off-shore,
with oxides bivalves, crinoids, organic matter wavy) bedding, Quartz: 50— above thestorm
ribbons calcispheres (scarce), oxide nodular 100 wm GS waves base
ribbons
F3 — sandy marls Ochre Packstone Microbioclasts, bivalves or  Quartz, clay, peloids, Bioturbation, planar or 200 wm to 2 mm
with crinoids fragments oxide ribbons wavy bedding, Quartz: 50—
silicifications nodular 150 pm GS to
MS
F4 — slightly Pale ochre Packstone/ Crinoids, bivalves, Quartz, clay, peloids, Bioturbation, planar or 500 um to 4 mm Upper off-shore,
detrital grainstone bryozoans, brachiopods, oxide ribbons or HCS stratification Quartz: 100— storm-dominated
bioclastic pelagic foraminifers pigments 150 pwm MS to
limestone GS
F5 — bioclastic Pale ochre to pale Grainstone/ Crinoids, brachiopods, Quartz, clay, lumps, Bioturbation, planar or 500 wm to >1 cm
limestone grey packstone bryozoans, bivalves oxide pigments HCS stratification Quartz: 100—
200 pm MS
F6 — bio-oolitic Whitish to pale Grainstone Crinoids, bryozoans, Pseudo-ooids, o and Planar-bedding, 300 wm to 4 mm Foreshore, above
limestone ochre brachiopods, green -ooids, mud-coated cross-bedding MS to WS fair-weather
algae, encrusting worms, grains, base
foraminifers
F7 — oolitic White Grainstone Crinoids, brachiopods, a and B ooids, Planar-bedding, tabular 500 pm to 1 mm Foreshore, tide
limestone gastropods, bryozoans, mud-coated grains, cross-bedding, HBS, MS to GS domintaed
encrusting worms, Tumps stylolithic joints
foraminifers
Multiple-slopes
ramp
F8 — crinoidal Grey ochre, Grainstone/ Crinoids, brachiopods, Oxide pigments Cross-bedding, 500 wm to 4 mm Upper off-shore,
limestone reddish, pale packstone gastropods, bryozoans, planar-bedding, or GS storm-dominated
ochre bivalves, foraminifers no bedding
F9 — reefal Pale ochre, grey Packstone / Crinoids, brachiopods, Oxide pigments No bedding, 500 wm to 5 mm Upper off-shore,
bioclastic ochre grainstone gastropods, bivalves, planar-bedding, or GS to MS below
limestone urchin spines, corals cross-bedding fair-weather
fragments, bryozoans waves base
F10 — coral Pale grey to grey Framestone Corals, urchin spines, Slightly argillaceous Biostrome, bioturbation 1 mm to >1cm
limestone crinoids, gastropods, MS to WS

brachiopods, bivalves

*The textural classification of microfacies follows Dunham (1962).

FBioclastic components are sorted in decreasing relative abundance: GS, good sorting; HCS, hummocky cross-stratifications; MS, moderate sorting; VGS, very good sorting; WS, weak sorting.
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Fig. 4. (a) F2—F3 facies association, distal storm deposits. (b) F4—F5 facies association, proximal storm deposits. (c)
F6-F7 facies association, oolitic tidal deposits. (d) F8 crinoidal limestone facies. (e) Preserved stalks from pentacrines,
Calcaire a Entroques Formation, Grotte de la Riviere section. (f) FO—F10 reef facies association. (g) Silicified lamellar
scleractinian colony from the Calcaire a Polypiers Member, Grotte de la Riviére section. (h) Subaerial exposure surface

with palaeokarsts located at the top of the third sequence of the Calcaire a Polypiers Member, Grotte de la Riviére
section (see * on Fig. 2).
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cross-stratifications suggest high hydrodynamic
conditions. The fauna, largely dominated by cri-
noids, associated with brachiopods, bivalves, gas-
tropods, bryozoans and fragments of corals (Fig.
4d), emphasizes an open marine-shelf influence,
associated with high rates of benthic in sifu carbon-
ate production and the proximity of reefal environ-
ments. The current ecological restrictions related
to modern crinoids, and their extrapolations to Jur-
assic equivalents (Purser 1975; Benyahia 1982;
Morestin 1986) suggest a necessity for normal sal-
inity and oxygenation, good water limpidity, and
an environment dominated by calm conditions in
order to avoid the constant dislocation of organisms,
and the presence of abundant plankton. The preser-
vation of stalks (Fig. 4e) suggests a low transport
rate of crinoids after their death.

An upper offshore environment, above the
storm-wave base, periodically agitated and allowing
only short-to-very-low transport of crinoid frag-
ments, is inferred.

F9: bioclastic limestone, and F10: coral lime-
stone. The bioclastic limestone and the coral
limestone (Fig. 4f) are commonly interdigitated,
suggesting that the coral reefs developed at depths
of less than 100 m. The abundant micritic matrix,
the presence of clay (Fig. 4g), the planar stratifica-
tion and the upright position of the colonies
suggest a calm and protected living environment
for the coral limestone facies. The low angle of
the reef flanks and the absence of reworked facies
point to a biostromal geometry. The coral reefs are
dominated by Thamnasteria, known to present
various morphological shapes (Lathuiliere 20000),
but inferred to have arisen in deeper environments
than the large bioherms affected by fair-weather
waves (Benyahia 1982; Morestin 1986; Piuz 2004).
The annex-fauna, dominated by sea urchin spines,
belemnites and bivalves exhibit the influence from
the open-shelf. The very few crinoids emphasize a
mutual exclusion with corals.

Facies 9 and 10 were deposited in a calm and
protected depositional environment below the fair-
weather base, most probably in the storm-wave
zone.

MS

All the sections have relatively similar mean val-
ues (SGS, 0.36 x 108 m? kg™ '; Grotte Préhistori-
que, 0.64 x 107 8m? kgfl; Grotte de la Rivieére,
0.86 x 10 3m? kg~ '). These MS values are one
order of magnitude lower than the MS .rine standard
of 5.5 x 10 ®*m® kg™ ' defined by Ellwood et al.
(2011) on the basis of ¢. 11 000 marine rock sam-
ples, and our results indicate relatively pure carbon-
ates in our sections.

When we compare MS behaviour with facies
evolution, three types of behaviour are observed
(Fig. 2):

(1) MS increases with shallowing-upward facies;
we call this a positive correlation and it is the
case for the Upper Bajocian of the SGS, Grotte
Préhistorique and Grotte de la Riviere section,
and a part of the Upper Aalenian/Lower Bajo-
cian in the Grotte de la Riviere section (green
arrows, Fig. 2).

(2) The MS decreases with shallowing facies; we
call this a negative correlation and it is
observed in the Lower Bathonian of the
SGS, and of the Grotte Préhistorique sections
(red arrows, Fig. 2).

(3) Inthe Lower Bajocian portion of the SGS and
Grotte de la Riviere section, the link between
MS and facies is not clear (uncertain corre-
lation) and will be discussed further below
(orange arrows, Fig. 2).

Sequential stratigraphy

The definition and terminology of depositional
sequences derive from the Exxon model (e.g. Vail
et al. 1991;Van Wagoner 1995; Catuneanu 2006)
and are adapted to current knowledge of Jurassic
sequential stratigraphy (e.g. Jacquin et al. 1998;
Durlet & Thierry 2000; Hallam 2001). The second-
order cycles (Fig. 2) are from Jacquin ez al. (1998).
The sequential stratigraphy of our sections relies on
a combination of field work and the facies. The field
work enabled us to identify unconformities (Figs 2
& 4h) and the geometry of the beds, and to establish
the facies evolution. The facies and microfacies ana-
lyses have allowed us to develop two depositional
models outlining the palacoenvironmental and rela-
tive sea-level variations. Therefore, the vertical
variations of relative sea level together with uncon-
formities or abrupt shifts in palaeoenvironments
allow several sedimentary cycles to be identified.
The hierarchy of these cycles relies on the amplitude
of palaecoenvironemental changes and the sequential
background of the Bajocian and Bathonian of
Burgundy (Jacquin et al. 1998; Durlet & Thierry
2000; Thiry-Bastien 2002). The contribution of
MS towards this research goal is discussed later.
The Calcaire a Entroques Formation exhibits —
in the SGS section at least — three complete
shallowing-upward sequences (from crinoids mead-
ows (F8) to biostrome depositional environments
(F10), Fig. 2). At its base, a first incomplete
sequence shows distal storm deposits (F2) grading
vertically to a reefal environment (F10). In the
Grotte de la Riviére section, the same sequences
have also been identified at the base of the Cal-
caire a Entroques Formation (Fig. 2). However,
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compared with a thickness of c¢. 20m in SGS,
they only reach 3 m of thickness in the Grotte de
la Riviere. In addition, in the Grotte de la Riviére,
the upper boundaries of the basal and third
sequences are unconformity surfaces with subaerial
exposure (Fig. 4h). These irregular surfaces develop
at the top of the biostromes (F10 facies) and show
decimetric palaeokarsts filled with crinoid lime-
stones (F8 facies).

The Upper Bajocian of the SGS section regis-
tered palaeoenvironmental oscillations from the
outer ramp (F1) to the top of the mid ramp (F5)
(Fig. 2) and three complete depositional sequences
were recognized. The first sequence postdating the
Vesulian discontinuity reaches its maximum flood-
ing surface at the first appearance of the F1 facies,
at the base of unit 5 (Fig. 2) and ends with several
proximal storm-dominated beds in the upper part
of the garantiana Zone. The second sequence ends
2 m above the base of the lateral equivalent of the
Marnes a O. acuminata Formation, in the lower
part of the parkinsoni Zone. The third sequence
ends in the Calcaires de Sermizelles Formation, in
the uppermost part of the parkinsoni Zone. In the
Grotte Préhistorique section, only the lateral third
sequence is identified and correlated to the SGS
section (Fig. 2). This sequence ends at the occur-
rence of the very proximal storm-influenced beds.
The thickness of this lateral equivalent sequence is
¢. 15 min SGS and 8 m in the Grotte Préhistorique.
In both SGS and Grotte Préhistorique sections
(Fig. 2), the last third-order trangressive cycle is
expressed by a short retrograding phase, quickly
evolving to an aggrading Bathonian oolitic sedi-
mentation. The bathymetric amplitude of this
maximum flooding surface might be reduced by
the second-order regressive phase.

Discussion
Depositional model

The facies F1 to F7 are included in a first model
(Fig. 3a), corresponding to a homoclinal carbonate
ramp, including facies from the outer ramp to the
inner ramp. This model represents the facies succes-
sion and ramp profile during the Upper Aalenian/
Lower Bajocian (except the Calcaire a Entroques
Formation) and during the Upper Bajocian to the
Lower Bathonian (Fig. 2). Below the storm-wave
base, the hemipelagic sedimentation is only affected
by sparse distal storm deposits (F1) and includes
most of the Marnes a O. acuminata Formation. In
the mid ramp, the occurrence of thick proximal
storm deposits towards the upper mid ramp increase
accordingly to storm energy (F2 to F5). The
common coquinas in the Calcaires de Sermizelles
Formation of the Grotte Préhistorique section

(Fig. 2) are in agreement with the facies developed
by Pellenard et al. (1998). The inner ramp is domi-
nated by the action of tide and fair-weather waves
(Javaux 1992) leading to the development of an
oolitic shoal and tidal flat (F6 and F7).

The second depositional model (Fig. 3b), appli-
cable to the Lower Bajocian Calcaire a Entroques,
showed a multiple-slopes geometry due to the
development of bioherms, biostromes and a ‘cri-
noids meadow’ (facies F8 to F10). Although the
exact palacobathymetry significance of Bajocian
crinoids accumulations is still debated (Neumeier
1998), the frequent interdigitating F9 and F10
facies in our sections and the low post-mortem
transport of crinoids (Fig. 4e) suggest that the cri-
noids meadows should have developed nearby and
in competition with the reefs. In agreement with
Purser (1975), storm waves most probably reworked
the crinoids along lines of higher hydrodynamic
energy, developing sub-tidal bars of accumulations
possibly parallel to the bioherms. In contrast to
Daulin (1969) and Piuz (2004), but in agreement
with Benyahia (1982), Morestin (1986) and Dromart
et al. (1996), the biostromes (F10) are assumed to
have developed in shallower environments than
most of the crinoid meadows, and below the bio-
herms. These well-documented reefs (Benyahia
1982; Morestin 1986; Dromart et al. 1996) should
have offered protection against storm-wave energy,
and the biostromes would have benefited from an
area of quiet hydrodynamic conditions in which
clay accumulated, limiting crinoid expansion (F9).
These settings, favouring colonization by pioneer
biostromes, have been established through several
studies (Daulin 1969; Purser 1975; Benyahia 1982;
Piuz 2004), and are in agreement with our sec-
tions. On the Grotte de la Riviere section, the first
lamellar coral colonies appear on the F2 facies (Fig.
2). These pioneer colonies were therefore most
probably able to settle and develop on a loose sub-
strate during periods of low sedimentation rate or
after a storm (Piuz 2004), these being condi-
tions that favour lateral instead of vertical growth
(Lathuiliere 2000a, b). In addition, a resistant
greyish limestone included in the Calcaire a Entro-
ques Formation has been described by Barusseau
(1967) and Benyahia (1982) and is considered as
having been formed in a calm area where no bio-
stromes developed.

MS and facies

In our homoclinal carbonate ramp model, environ-
ments dominated by the tide and fair-weather
waves (F6 and F7) show low negatives mean MS
values. This is due to the constant and high water
agitation during deposition that probably did not
allow the deposition of siliciclastic particles. In
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addition, the values decrease from the distal (F6) to
the proximal (F7) facies. In the shallowest facies
(F7), the very high carbonate production (ooids
production and many bioclasts) tends to decrease
the MS values. Accordingly, in these settings, the
regressions on the facies curve (Fig. 2) correlate
with a decrease of the MS values, and the transgres-
sions on the facies curve correlate with an increase
of the MS values (red arrows, Fig. 2).

From the mid ramp towards outer ramp envi-
ronments (F1 to F5) of the homoclinal carbonate
ramp model, MS mean values are positive and low
(Fig. 5a). This seems to be related to good carbonate
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productivity and to the ramp geometry. The occur-
rence of a well-developed oolitic shoal and/or
tidal flat is expected to enhance the occurrence of
a restricted environment that is protected from the
open marine shelf. The siliciclastic magnetic min-
erals are partially retained in this restricted environ-
ment, most likely at the expense of the mid ramp
environments. In addition, the mean MS values
per facies (Fig. 5a) decrease towards the deeper
environments. This pattern seems to be related to
the effect of the vicinity of a landmass on the distri-
bution of magnetic minerals. In addition, storms
have been considered as significant suppliers of

Sea level
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Fig. 5. Average values of bulk magnetic susceptibility per facies. (a) Facies of the homoclinal carbonated ramp.

(b) Facies of the carbonate ramp with reef build-up. Values of the homoclinal ramp model are compared with values
from Devonian and Carboniferous ramps showing similar sedimentary settings. FWWB, fair weather wave base;
SWB, storm wave base.
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siliciclastic magnetic minerals (Ellwood ez al. 2001).
The decrease of storm deposits towards the deeper
environments (F5 to F1) could therefore favour the
decrease of mean MS values towards the deeper
environments. Consequently, in these settings, the
regressions on the facies curve (Fig. 2) correlate
with an increase of the MS values, and the transgres-
sions on the facies curve correlate with a decrease of
the MS values (green arrows, Fig. 2).

The reefal environments of the multiple-slopes
carbonate ramp show lower average bulk MS
values (Fig. 5b) than proximal storm deposits of
the homoclinal carbonate ramp (Fig. 5a), although
they share the same range of bathymetry (Fig. 3a,
b). The higher in situ carbonate production of the
reefal environments might have diluted the effect
of the grains driving the magnetic signal. In these
environments, no relationship appears between the
mean MS values and the facies (Fig. 5b), and conse-
quently, the relationship between sea-level vari-
ations and MS signal is unclear for the Calcaire a
Entroques Formation (orange arrows, Fig. 2).

Therefore, unlike the lithological curves, the MS
curve trends cannot be used as a direct proxy for
palaeobathymetric variations in our sections. They
are a function of the facies belt and prevailing
depositional environment. The relationships estab-
lished between the relative sea-level variations and
MS signal are valuable because a relationship
between a palacoenvironmental proxy and MS
values is a first indicator of a preserved primary
signal (e.g. Da Silva & Boulvain 2002, 2006). More-
over, the MS signal trends can be used in the major
part of our section to corroborate the sea-level vari-
ations deduced from the facies curves. During the
Bajocian (except for the Calcaire a Entroques For-
mation), the regressions on the facies curve (Fig.
2) are coeval with an increase of the MS values,
and the transgressions are coeval with a decrease
of the MS values. During the Bathonian, the
regressions on the facies curve (Fig. 2) are coeval
with a decrease of the MS values, and the transgres-
sions are coeval with an increase of the MS values.

The relationship between facies and MS on car-
bonate and ramp models has already been studied on
the Tournaisian of China (Zhang et al. 2000) and
Belgium (Bertola et al. 2013), on the Devonian of
Belgium (Mabille & Boulvain 2007; Da Silva
et al. 2009a) and Germany (Mabille er al. 2008),
and on the Tournaisian and Early Visean in Western
Europe (Babek ef al. 2010) and of South Whales
(Babek et al. 2013). On the Devonian carbonate
platform (Da Silva et al. 2009a, b), the MS signal
is influenced by siliciclastic input (e.g. Ellwood
et al. 1999), with a decrease of MS values towards
deeper facies. This is explained by the fact that
deeper facies are away from the main source on
the land. On the Devonian ramp (Da Silva et al.
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2009a), the evolution is opposite with an increase
of MS values from the inner to the outer ramp.
This behaviour is explained through the influence
of water agitation, sedimentation rate and/or car-
bonate production, controlling magnetic mineral
distribution. In this Devonian example, and in con-
trast to our Jurassic values (Fig. 5a), the MS values
are lowest in the mid ramp which is characterized by
the highest carbonate productivity and water agita-
tion during deposition. MS values are higher in the
outer ramp, where water agitation and carbonate
production are the lowest, allowing magnetic par-
ticles to settle out. Mabille ef al. (2008) and Bertola
et al. (2013) reached similar conclusions on the
Devonian and Carboniferous of Belgium. Babek
et al. (2010) conclude that these trends are related
to landward/basinward facies shifts of a low-
productivity carbonate ramp. Babek et al. (2013)
noticed the same trend, with minimal values for
the oolitic barrier, as in our Jurassic sections. They
attribute these results mostly to the dilution of the
terrigenous inputs by carbonates, in relation to car-
bonate production and carbonate dispersal.

Sequence stratigraphy

The Mid Cimmerian unconformity which predates a
transgressive phase of a second-order cycle (Durlet
& Thierry 2000) is not observed in our sections.
Daulin (1969), Purser (1975) and Durlet & Thierry
(2000) assumed that the tectonic uplift might have
been of lower amplitude in the Maconnais area,
allowing the deposition of several depositional
sequences during the Aalenian—Bajocian transition.
According to Durlet & Thierry (2000), the geometry
of the reef and its lateral variations during the pro-
piquans and humphriesianum Zones of Lower
Bajocian might highlight four regressive and trans-
gressive trends due to third-order cycles, where
the subaerial exposure surfaces indicate a temporary
emersion of the reefs, such as at the top of the basal
and third sequence of the Grotte de la Riviere
(Fig. 4h). Despite a consequent thickness difference,
the Calcaire a Polypiers Member shows at least
three complete depositional sequences in both
SGS and Grotte de la Riviere sections (Fig. 2).
The identification of these sequences permits a
precise correlation of our sections and allows their
integration into the regional canvas. The difference
of thickness seems to be related to the position
of the sections along the reef, the Grotte de la
Riviere section being in a more lateral position
than the SGS section. The Vesulian disconformity
is highlighted more by the sharp lithological and
platform geometry transition than by an unconfor-
mity surface. The transition is identified in both
the SGS and the Grotte de la Riviére section (VD
on Fig. 2).
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It is important to note that neither the SGS nor
the Grotte de la Riviére reefal units rests on a
thick bioclastic substratum. In the absence of new
biostratigraphical data, it is difficult to be precise
about the stratigraphical position of the base of
the reefal lenses. The first hypothesis proposed is
that the studied area was deeper than the average
bathymetry in Maconnais, and the various storm-
dominated beds deposited below the reefal episodes
are time-equivalent lateral variations of the Cal-
caire a Entroques Formation. The reefal lenses
would have thus developed in the propinquans and
humphriesianum ammonite Zones. The second
hypothesis is that the Mid Cimmerian unconformity
would have had very low impact in the studied area,
and the transition from Aalenian storm-dominated
sediments (Quesne et al. 2000) to Bajocian reefs
would have been continuous, in the absence of
thick crinoidal limestones in between. Such a tran-
sition has been described at Saint-Marc-sur-Seine,
140 km north of Azé (Durlet & Thierry 2000). In
this case, the series could be condensed and the
storm deposits below the reefal development
would have been deposited in the Upper Aalenian.
The first reefal lenses could therefore appear in the
discites and laeviscula Zones, and then spread in
the propinquans and humphriesianum Zones. This
would explain the increasing thickness of coral
beds at the expense of crinoids beds in the deposi-
tional sequences (Fig. 2), while in a general
second-order transgressive phase (Jacquin er al.
1998).

The Upper Bajocian in Burgundy is subject to
high tectonic activity inducing important individua-
lizations of palacogeographical areas, partly due to
the reactivation of Hercynian faults (Graciansky
et al. 1993; Pellenard er al. 1998) making large-
scale correlations of the third-order sequences
more difficult (Durlet & Thierry 2000). On the
SGS and Grotte Préhistorique sections, the occur-
rence of a third-order maximum flooding surface
at the base of the Marnes a O. acuminata Formation,
and the maximum flooding surface of the third
sequence in the Calcaires de Sermizelles is in agree-
ment with Pellenard et al. (1998), while the first
depositional sequence of the Upper Bajocian is
uncorrelated (Fig. 2). This suggests a possible
regional-scale sequential correlation, except for
the lowest part of the Upper Bajocian. In the SGS
and Grotte Préhistorique sections, the sequences
based on the facies and MS positive and negative
correlations might be showing more precise corre-
lations than the lithostratigraphic framework (Fig.
2). Smaller variations of the facies curve, as in the
Oolithe Blanche Formation of the SGS section, are
identified (Fig. 2). These changes, often in relation-
ship with the MS curve, are assumed to be related to
fourth- or fifth-order sequences.

Conclusions

In this paper, we selected three Bajocian and Bath-
onian sections from the southeastern Paris Basin in
the Maconnais area (Burgundy, France), in order to
provide a detailed sedimentological model, comple-
mented by magnetic susceptibility (MS) analy-
sis. The reference section of this work (Saint-
Gengoux-de-Scissé (SGS) section) is exceptionally
well preserved and continuous from Lower Bajo-
cian to Bathonian. Ten facies were defined and
grouped into six facies associations (external ramp,
distal storm deposits, proximal storm deposits, inner
ramp, crinoid meadows and coral reefs). Two sedi-
mentological models were proposed to identify
and assess the palaeoenvironmental dynamics
occurring during the Bajocian and lower Bathonian
in the Maconnais area. The first model is of a homo-
clinal carbonate ramp with storm deposits and
shallower oolitic shoals. The second model is of a
multiple-slopes carbonate ramp with reef com-
plexes which developed during a short time interval
in the Lower Bajocian. The bulk MS signal has been
shown to be partially related to both facies and ramp
geometry. Its relationship to facies is mainly related
to carbonate productivity: oolitic and reefal facies,
characterized by the highest carbonate production
and water agitation during deposition, display the
lowest values. The storm deposits show higher
values, suggesting that the MS values are driven
by the siliciclastic inputs. These detrital inputs are
distributed in accordance with the general ramp geo-
metry and the hydrodynamic conditions. In the
homoclinal carbonate ramp, mean MS values per
facies decrease from upper to lower mid ramp and
increase from the upper to lower inner ramp.
These trends allow the use of MS trends as a comp-
lementary palaeobathymetric tool in those sedimen-
tary settings. Based on facies and MS curves in the
proper sedimentary environments, ten complete
third-order sequences have been identified. These
provide a sequential canvas which improve upon
the stratigraphic precision of the studied area, pre-
viously based on the lithofacies framework, and
permit a regional correlation. MS has proved to be
a complementary proxy of great interest for
palaeoenvironmental interpretation, correlations
and sequential stratigraphy for the Bajocian and
Bathonian of the southeastern Paris Basin.
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