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Abstract: We investigate herein the lateral and vertical lithological heterogeneities of the
Lower/Middle Oxfordian deposits (“Terrain a Chailles” and “Marnes des Eparges” formations) in
the north-eastern Paris Basin. This new detailed stratigraphic framework documents the evolution
at high resolution of an outer ramp based on regional correlations in order to constrain the evolution
of petrological properties between the clayey “Argiles de la Woévre” Formation and the more cal-
careous “Marnes et Calcaires a Coraux de Foug Formation. The “Argiles de la Woévre” Formation
is targeted for the deep storage of nuclear waste in north-eastern France. Nine wells are correlated
over the “Zone of Interest for Further Research” (ZIRA), defined by the French agency for radioac-
tive waste management (Andra), with a resolution of 0.5-1.0 m. The architecture and the age control
of these formations have been refined, revealing that the “Terrain a Chailles” Formation is charac-
terised by a regular slightly inclined sedimentation gently deeping in the SW direction and shows
a lithological evolution from silty claystones to an increased occurrence of its calcareous content
towards the top (Lower Oxfordian, uppermost mariae and cordatum ammonite zones). The above
“Marnes des Eparges” Formation, characterised by claystone limestone alternations, is assigned to
the Middle Oxfordian (plicatilis ammonite zone), deposited during a slightly enhanced subsidence
phase in the SE part of the basin and documented and associated with onlaps geometries on the
more proximal areas. However, this change in geometry does not affect petrological properties over
ZIRA, as this is not accompanied by lithological changes. The environmental factors controlling
petrological heterogeneities over ZIRA are also discussed. The stepwise increase in the carbonate
content and the decrease in the detrital content towards the Lower to Middle Oxfordian deposits
was likely triggered by a climate change towards drier conditions, modulated by sea level changes
on a ramp morphology. A major condensation phase encompassing most of the Lower Oxfordian
cordatum ammonite zone is also highlighted. The occurrence of a maximum regressive surface asso-
ciated with gentle slope topography is a probable trigger for condensation. Changes in geometries
are, however, associated with the activity of the Metz Fault, which potentially had an influence on
the subsidence rates of the basin at that time.

Keywords: early-middle Oxfordian transition; sequence stratigraphy; carbonate recovery;
carbonate-siliciclastic ramp; Paris Basin; paleoenvironment
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1. Introduction

During subsurface geological investigations for oil and gas exploration, deep geolog-
ical storage, or geothermal studies, the sequence stratigraphic correlations and models are
critical to constraining the lithological and petrophysical heterogeneities of rocks [1-3].
The Paris Basin hosts numerous industrial projects linked to georesources, including ge-
otechnical engineering, oil exploration, gas storage, carbon capture and storage (CCS),
and geothermal prospects. Consequently, numerous past and ongoing geological studies
provide an exhaustive record of subsurface sedimentological, petrophysical and geo-
chemical data and a set of robust stratigraphic schemes for various stratigraphic intervals
[4-12], including the Upper Jurassic strata [13-16].

In the north-eastern part of the Paris Basin, the Andra has settled a subsurface labor-
atory in order to evaluate the feasibility of storage for long-life nuclear waste with me-
dium to high radioactivity. A “Zone of Interest for Further Research” (ZIRA) was defined
as well as a “Zone of Transposition” (ZT), which delimits the best potential zone for a
possible future storage site. The geological target corresponds to the Callovian-Oxfordian
claystone deposits, namely the “Argiles de la Woévre” Formation also referred to as the
COx Unit in this study. The COx unit has been thoroughly studied, notably for its petro-
physical and geochemical properties, including mineralogy, permeability, porosity, mag-
netic susceptibility, and isotopic data [17-26]. The calcareous deposits overlying the COx
unit consist of neritic limestones of Middle Oxfordian age (namely the “Marnes and Cal-
caires a coraux de Foug, that belong to the “Mésangere” Formation) and correspond to
the successive stages of growth of a rimmed carbonate shelf [13-15]. Despite generally
low porosity and permeability properties, these limestone-bearing successions have
equally been deeply investigated for their reservoir properties and diagenetic history.
These indeed represent crucial information for the constraint of paleo- and present-day
hydrological systems in the aquifer overlaying the Cox [13,27-29].

If the facies evolution, geometry and petrophysical properties of the COx claystones
and of the Upper Jurassic limestones are well understood, less attention has been paid to
the transitional interval that precedes the carbonate platform settlement. This interval is
constituted by an alternation of claystones, bioclastic marlstones and limestones ascribed
to the Lower/Middle Oxfordian age and corresponding to the Terrain a Chailles and
Marnes des Eparges formations, for which sedimentological studies have rather been per-
formed at the regional scale [13,14,20,21]. The current understanding of the vertical and
lateral variability of these claystone-limestone alternations is therefore limited in the ZIRA
area and mostly made at a regional scale resolution, which may lead to uncertainties for
the technical design of the shafts of the future possible repository site.

This study aims to build a robust stratigraphic model of this transitional interval with
the objective of obtaining a predictive view of lithological and geomechanical properties
of the Terrain a Chailles and Marnes des Eparges formations in the ZT. This model brings
insights into the design of sealing areas in potential forthcoming wells and descents in the
ZT. Nine wells distributed over the ZT were studied, providing an exceptionally extensive
record of these transitional deposits in a relatively small area (252 km?), and an insightful
constraint to wireline log traces. Electrofacies were computed using wireline logs (Gamma
Ray, Resistivity and PEF) to complete the dataset in uncored wells and intervals. Beyond
the scope of recognising heterogeneities and precise geometry of these deposits at a re-
gional scale, this new stratigraphical model is discussed in light of the factors controlling
the sedimentation and the recovery of carbonates during the Late Jurassic by integrating
local and allogenic parameters such as climate, paleotopography, sea level changes and
tectonics.
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2. Geological Setting
2.1. Geographical and Structural Context

The ZIRA is located near the town of Bure (Meuse area, NE France). The area belongs
to the northeast part of the Paris Basin (Figure 1), which is an intracratonic basin bordered
by Hercynian crystalline massifs formed during the Variscan orogeny [30]. The eastern
edge of the basin shows a homoclinal structure slightly dipping westward towards the
centre. Such geometry is linked to two main subsidence phases: the first with higher rates
during the Triassic-Jurassic interval and the second with lower rates during the Creta-
ceous-Eocene interval [30,31]. The Paris Basin is structured by faults, some inherited from
the Variscan orogeny, which were reactivated during a Mesozoic extensive tectonic phase
and an Eocene transpressional tectonic phase [6,30,32-34]. In the eastern part of the basin,
these are the Vittel, Metz and Saint Martin de Bossenay faults. Other faults are linked to
the propagation of Cenozoic grabbens that formed during the Alpine orogeny, such as the
Gondrecourt, Joinville and Marne grabbens, which delineate the eastern, southern and
western borders of the ZIRA, respectively (Figure 1) [30,33,35-37].
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Figure 1. The studied area is located in NE France, in the northeastern part of the Paris Basin. (A)
Geological map of the eastern part of the Paris Basin, the Zone of Transposition (ZT) is shown in
red (modified after [6,30,32-34]); (B) Location of the ZIRA (area of interest for further research), in
pink, targeted for future research, and location of the studied wells; (C) Geological model in 3D
showing the structure of the basin.



Geosciences 2022, 12, 375

4 of 26

2.2. Paleogeography and Paleoenvironments

During the Jurassic, the NW part of Europe was characterised by epicontinental seas
and archipelagos between the Laurasian continent and the Tethys Ocean [38,39]. The Lor-
raine Platform was abutted on the London-Brabant Massif and prograded towards the
southwest [9,13,40,41]. A marked change from muddy-siliciclastic towards carbonate sed-
imentary deposits is recorded through the Early-Middle Oxfordian boundary
[13,14,40,42]. This change in sedimentation may be related to combined paleoenvironmen-
tal events, including: (i) a long-term sea-level rise [13,43,44] and (ii) a change from cool
and humid to warmer and drier climate accompanied by warmer sea-water temperatures
favourable to carbonate producers [20,45-48].

The increase in carbonate production during the Middle Oxfordian is also recognised
in some other basins worldwide, pointing to the occurrence of a supraregional or global
trigger likely related to a progressive rise in pCO2 associated with a marine current reor-
ganisation [49-54]. However, clumped isotope data from Russia and the oxygen isotope
composition of belemnite rostra from the Polish Basin show stable values across the Ox-
fordian; therefore, a reorganisation of current circulations associated with a general sea-
level rise is an alternative hypothesis [55-58].

2.3. Lithological and Stratigraphic Framework

The studied deposits belong to the “Terrain a Chailles” and “Marnes des Eparges”
formations and are characterised by calcareous ramp deposits that overlay the outer shelf
muddy clinoforms of the “Argiles de La Woévre” Formation (COx unit) and precede the
reefal systems starting from the “Marnes and Calcaires a Coraux de Foug” Formation
[13,14,42] (Figure 2). Reef-bearing deposits correspond to silty calcareous shales and alter-
nations of claystone with nodular limestones (Figure 2). In the northeast direction, the
limestone beds are locally silicified [14]. The “Terrain a Chailles” Formation is dated with
ammonites from the Lower Oxfordian cordatum Zone (upper part, after [59,60]. In the
ZIRA, the “Terrain a Chailles” Formation is divided into two lithological units, named
“Unité de Transition” (UT)" and the first part of the “Unité Silto-Carbonatée” (USC1),
marking a change from claystone to argillaceous limestone deposits (Figure 3). The
“Marnes des Eparges” Formation consists of alternations of calcareous claystone and bio-
clastic limestone beds rich in bivalves and brachiopods [14,20].

S <« 2ZT —> N
A’.Marne Valley o Neufchateau svvsvnmnnnnnnn Foug v Verdun v Ardennes.A
Age| Ammonite Lithostratigraphy
c
+. .® (transversarium
23
:n. o Calcaires Hydrauliques [ \ .
X[~~~ :
O | plicatilis Marnes Blanches des Eparges — —= Marnes Blanches
des Eparges
= Terrain a Chailles Oolithe Ferrugineuse de Senonville
» .8 | cordatum
0T
1
| "oi mariae Argiles de la Woévre
Bl G VA Subaerial exposure Corals
[ ] Oncolitic and oolitic grainstones [ ] Packstone - framestone limestones \V Metz Fault
: Ferruginous oolitic grainstones - Wackestone - floatstone marlstones and limestones  MCF Marnes a Coraux de Foug
[] sandstones I Claystones and marlstones GDA Gaize des Ardennes

AA Transect shown in Figure 1

Figure 2. Lithostratigraphy of the Lower Oxfordian and lower parts of the Middle Oxfordian de-
posits in the NE part of the Paris Basin.
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The lithological units defined by Andra in the ZIRA are grouped into the “Repere
Supérieur Oolithique” unit (RSO), marked by the presence of calcareous beds and the sec-
ond part of the “Unité Silto-Carbonatée” (USC2) marked by marl-limestone alternation.
The latter ends with a change towards dolomicritic limestone, characterising the overlay-
ing unit termed “Faciés Glypticien” (Figure 3). Rare ammonites sampled in USC2 give a
Middle Oxfordian age, e.g., plicatilis zone, but the position of the Lower-Middle Oxfordian
boundary remains imprecise [59]. The correlation of abentonite (altered ash layer), iden-
tified in four Andra boreholes and at Saint-Blin (a well-biostratigraphically constrained
section located 20 km to the south of the ZIRA), allows the vertebrale subzone, plicatilis
zone, to be precisely identified [20,21,61]. Consequently, this confirms that the USC2 unit
belongs to the plicatilis zone, which is consistent with available ammonites from boreholes
(Figure 3).
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Figure 3. Lithological and sequence stratigraphic evolution of Lower and Middle Oxfordian de-
posits in the Bure area (adapted with permission from [13-16].

3. Materials and Methods
3.1. Sedimentological Analyses

The “Terrain a Chailles” and “Marnes des Eparges” formations were logged in eight
boreholes distributed over the ZT area and around the ZIRA (EST104, EST205, EST322,
EST413, EST423, EST433, EST441 and HTM102, Figure 1) at a 1:50 scale. Lithological de-
scriptions were made following the classification scheme of [62,63], leading to the identi-
fication of 22 lithofacies, which were then grouped into 6 facies associations based on their
lithology, depositional processes and faunal content (Table 1). Lithology is a central pa-
rameter used for classification because uncored intervals are characterised by electrofa-
cies. Proportions of clay, quartz and carbonate were visually estimated during the log-
ging. A Bioturbation Index (BI) was used to classify the density of bioturbation [64]. The
identification of facies associations follows Walther’s law, i.e., the vertical evolution of
facies associations corresponds to their lateral evolution [65,66]. Facies were then inter-
preted in terms of paleo-environments [67].

3.2. Electrofacies Analyses

Electrofacies analyses were performed with the aim of completing uncored intervals
in the non-cored EST312 well. The method is a statistical approach that establishes a link
between two independent datasets: the core descriptions (i.e., lithofacies) and wireline
logs. The computation of electrofacies is based on the definition of thresholds applied to
the most conclusive traces for lithological interpretations. Seven logs were available for
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all wells: Caliper, Short-spacing delay time Sonic (DT), Gamma Ray (GR), Deep and shal-
low resistivity, Bulk Density (RHOB/RHOZ), and Photoelectric Effect (PEF). Three traces
were selected: GR, PEF and Deep resistivity, based on their higher capability to discrimi-
nate core lithofacies and for their complementarity.

For instance, some wirelines show linearly correlated signals, such as GR and DT, or
shallow and deep resistivity. Therefore, the tool showing the best response to hole irreg-
ularities and the best sampling resolution was selected: GR and deep resistivity. When
available, spectral GR data were used in order to distinguish the uranium (organic matter,
U-rich minerals) and the Potassium/Thorium signals (clays). The decomposition of the GR
signal shows that there is a minor component of radioactive minerals, such as potassic
feldspar or heavy minerals, in the sedimentary succession. This is consistent with bulk
rock mineralogical analyses that show only traces of potassic feldspar and accessory min-
erals such as apatite [21,48]. Potassium and thorium curves show the same variations,
which are interpreted as changes in clay content. This is fully consistent with the available
mineralogical analyses performed on the core data.

The PEF allows for discriminating the facies with a higher content of carbonates from
those dominated by silts and clays. Finally, resistivity is used as a compaction/cementa-
tion indicator to refine the electrofacies classification. Wireline log data from the selected
tools were plotted against lithofacies data in 3D cross-plots in order to visualise the values
corresponding to changes in lithofacies. The selected threshold values were then applied
to the set of wireline logs, dividing them into groups of electrofacies.

3.3. Well Correlation: Sequence Stratigraphy

Wells were correlated using the principles of sequence stratigraphy integrated in Ca-
tuneanu [68,69]. In the context of a distal carbonate ramp, maximum flooding surfaces
(mfs) are easier to identify than relative sea-level fall unconformities. Therefore, the cycles
were first identified by MFS picking. High-frequency cycles were then characterised based
on the thickness and stacking patterns of facies associations and electrofacies. Each high-
frequency cycle (or high-frequency sequence) corresponds to a transgression-regression
cycle bounded by two flooding surfaces (fs) or regression maxima. The record and stack-
ing patterns of high-frequency cycles depend on the ratio between the accommodation
(A) and sedimentation (S) rates. High-frequency sequences are organised into sequences
of lower frequency and higher rank (i.e., of lower order).

In addition, certain levels showing particular sedimentary features are identified as
remarkable levels (RL) in all wells. Moreover, firmgrounds were observed on cores at dif-
ferent stratigraphic levels and used for correlation. Finally, recognised high-frequency se-
quences and associated remarkable surfaces are correlated with the help of biostrati-
graphic constraints provided by ammonites and brachiopods [70], as well as the occur-
rence of the bentonite layer identified in 4 wells.

3.4. Regional Correlations

Correlations at larger geographic and stratigraphic scales have previously been
achieved [13,14]. These studies used the concept of [71] based on transgressive-regressive
sequences, which are bounded by maximum regressive surfaces (MRS). This study uses
the correspondence scheme of [3] and [1] to achieve the integration of high-frequency se-
quences in transgressive-regressive sequences, thereby delineating transgressive deposits
(T), maximum flooding surfaces (MFS) and regressive deposits (R), the latter including
highstand normal regressive (HNR) and lowstand normal regressive deposits (LNR).
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4. Results
4.1. Lithofacies Description

The description of the cores led to the identification of 22 lithofacies, which have been
grouped into six main facies associations, noted F1 to F6 from claystone to massive lime-
stone (Table 1 and Figure 4).

Table 1. Description of lithofacies, classification into facies associations and interpretations in terms
of depositional environments.

Facies Litho- Lithological and Textural D itional
actes 1 ,0 tHho oglc‘a ‘an extura Faunal Assemblages and Ichnofabrics ep‘051 tona
Assoc. facies Characteristics Environements
Basin - sedimentation
Clayst: ith horizontal lami- by d tation in the vi-
F1 1o aystone witt ROHZOntat My pauna almost absent. Some Chondrites bioturbations are observed (BI=1) Y decantation i the vi
nations cinity of dysoxic envi-
ronments
¢ Silty calcareous claystone with . . . . .
. . ¢ Rare macrofauna (ammonites, belemites). Some Chondrites bioturbations
F2.1 horizontal beddings or asymer- Outer ramp - low en-
. . are observed (Bl =2)
tical ripples ergy currents (geo-
P2 ® Rare macrofauna (ammonites, belemites). Few calcareous debris are lo-strophic or storms?) in
F2.2 e Calcareous claystone . . .
cally observed (small oyster shells and serpulids) the vicinity of dysoxic
23 Marlstone . BioFurbation is important (BI = 5), in particular by the ichnognera Rhizo-environments
corallium
F3.1 e Silty bioclastic marlstone ® Occurrence of small brachiopods, bivalves and serpulids. Shells are uter - middle ramp
found complete or fragmented ) i . ’
¢ Calcareous bioclastic claystone® Small brachiopods, bivalves and serpulids. Shells are found complete or ransition -environmen
3 32 . under infrequent storm
with storm deposits fragmented .
« Bioclasti st ch in cri influence and low en-
F3.3 y10C astic MALSIoNe RN €y crinoid plates are abundant. Bivalves and serpulids are equally present ergy currents
noid plates
... .. *® Oysters, brachiopods, and other bivalves represent most of the
¢ Calcareous marlstone rich in bi- . . e
F4.1 . macrofauna. Their shells are sometimes found complete, indicating low
valves and/or brachiopods . - .
transportation from their life environment
« Marlstone with large-size bi-" Bivalves of 5 to 15 cm wi.th t'hin' shell (of Pinna typ('e) and gastro'po'ds are '
F4.2 valves observed, often complete, indicating low transportation from their life en-Middle ramp - re-
F4 vironment worked sediment from
* Marlstone with calcareous nod- shallower middle ramp
F4.3 ules containing large-size bi-® Large calcareous nodules containing bivalves of Pinna type settings
valves
. * Nodules can include brachiopods and corals, or have a mudstone texture
* Marlstone with other calcareous o . e
F4.4 Some micritic nodules are bioturbated, indicating that part of them are
nodules . o .
linked to depositional conditions
* Bioturbated argillaceous lime- _ . . .
F5.1 * Highly bioturbated (BI=5). Rare shell debris
stone of mudstone texture
B2 ° S1lty' argillaceous limestone | Rare shell debris (BI=0)
poorly bioturbated .
¢ Argillaceous limestone rich in Middle ramp - low en-
F5.3 shell iebris ¢ Small bivalves, serpulids and brachiopods, are found broken or completeergy environment, bi-
F5 . . . valves and brachiopods
* Argillaceous limestone rich in . . L . )
F5.4 ? ¢ The fauna is moslty composed of brachiopods in-situ, nutrient-rich wa-
brachiopods
¢ Argillaceous limestone rich in ters
F5.5 & ¢ The fauna is moslty composed of oysters
oyster shells
e Argillaceous limestone rich ine The fauna is moslty composed of bivalves of various genera (Ostrea,
" bivalves Pinna, Gryphea, Pectens)
1 " Prominant mudstone limestone® Prominant limestone of mudstone texture, showing partial silification of
" poorly bioturbated the matrix (possibly linked to the dissolution of siliceous sponges)
2 ° Nodular wackestone/floatstone® Most of the fauna is composed of bivalves of Pinna type (i.e. 5 to 15 cmMiddle ramp - re-
" limestone rich in bivalves and thin shells). Brachiopods, oysters and gastropods are equally present worked sediment from
Nodul kestone/floatst hall iddl
Fé6 F6.3 . odurar ,Wa? estone/floatstone Most of the fauna is composed of gastropods and bivalves s a. ower mi . ¢ ramp
limestone rich in gastropods settings (photic zone -
o4 ° Nodular wackestone/floatstone® Brachiopods, corals, and bivalves of various genera composed the faunalless = rich-nutrient wa-
" limestone containing corals assemblages ters)
5 " Packstone limestone rich in cri- Flauro faunal assemblages are composed of crinoid plates and bivalves

noid plates (amongst them numerous oysters).
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Figure 4. Photographs of notable sedimentological observations and illustrations of facies associa-
tions. (A) Ammonites observed in lithofacies F2.1, well EST433, -556 m; (B) Asymmetrical ripple
observed in lithofacies F2.1, well HTM 102, -395.2 m; (C) Lithofacies F2.1: silty calcareous claystone
with bioturbations of Chondrites type, well EST322, -548.65 m ; (D) Lithofacies F4.4: marlstone with
a micritic calcareous nodule showing diagenetic calcite precipitation at its border; well EST423,
-403.5 m; (E) Bioturbated argillaceous limestone with dissolved oyster shells and silicified serpulids
(lithofacies F5.6, BI = 2) (F) Bioturbated argillaceous limestone (lithofacies F5.1, BI = 5); (G) Lithofa-
cies F6.2 showing a floatstone level containing recrystallised bivalve shells and serpulids, filled with
celestine, silica and calcite; well EST433, -562.4 m; (H) Lithofacies F6.3 : floatstone containing bivalve
shells (amongst which Gryphea) and numerous gastropods (Nerinea), well EST 413, -402.7 m; (I)
Lithofacies F6.4 : platy coral in life position, well EST413, —401.8 m; (J) Lithofacies F6.4: floatstone
with reworked massive corals, well EST205, -425.75 m; (K) Lithofacies F2.2: calcareous claystone
showing the superposition of three Mitilidae in life position, well EST322, -519.2 m; (L); Clayey lime-
stone of lithofacies F5.3 affected by Thalassinoides bioturbations, which are infilled by a crinoidal
packstone (lithofacies F5.5), well HTM102, -341.8 m.
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The “Terrain a Chailles” and “Marnes des Eparges” formations deposits show spe-
cific lithological characteristics based on clay, carbonate and quartz contents with singular
fossil and ichnofossil assemblages. Consequently, facies associations have been inter-
preted in terms of paleoenvironments (Figure 4). With the exception of a thin (10 cm) ben-
tonite layer composed of almost pure smectite [21,61] (Figure 3), the most argillaceous
lithofacies are found basinward and reciprocally the most calcareous lithofacies are found
landward (Figures 4 and 5).

Facies association F1 is characterised by fainted laminated claystones with high feasi-
bility. F1 shows limited silt and carbonate content and the absence of benthic organ-
isms. Bioturbation is limited to a few burrows of Chondrites type, with a bioturbation
Index (BI sensu [72]; and [64]) of 1.

Facies association F2 is composed of calcareous claystone and may display an im-
portant amount of silt-sized quartz grains in compositional mixing (sensu [73]). F2 ei-
ther shows a horizontal bedding or the occurrence of asymmetrical ripples. Benthic
macrofauna are rare. Few ammonites and belemnite rostra have been found (Figure
4A). F2 groups three lithofacies: lithofacies F2.1 shows a high detrital component (28—
35% of silts), and the ichnogenus Chondrites is regularly found (BI =2 to 3) (Figure 4C);
F2.2 contains small shell debris; lithofacies F2.3 shows higher carbonate content in the
matrix (marlstones) and is thoroughly bioturbated (BI = 5), notably by the small-sized
Rhizocorallium traces (most of specimens are less than 10 cm long), found in both sub-
vertical and subhorizontal position.

Facies association F3 is constituted by bioclastic marlstones, which can contain an im-
portant silt fraction. This association groups three lithofacies with distinct detrital con-
tent (F3.1) and faunal assemblages (F3.2 and F3.3). F3 shows either horizontal lamina-
tions or low angle laminations with upward curvatures, interpreted as hummocky
cross stratifications (HCS). Bioclasts commonly accumulate parallel to the bedding in
these facies. Lithofacies F3.1 and F3.2 contain small oyster fragments, serpulids and
brachiopods. Bivalves of a large size belonging to the Mytilidae family have been ob-
served in life positions. A larger diversity of carbonate producers is observed with the
occurrence of crinoid plates, which can become dominant in lithofacies F3.3.

Facies association F4 shows the occurrence of marlstones with brachiopods, bivalves
(F4.1 and 4.2) and calcareous nodules (F4.3 and F4.4). Bivalves and brachiopods are not
found in life positions, but their shells are often complete and relatively well preserved.
Large-sized bivalves (5 to 15 cm) with thin shells (of Pinna type; F4.2) are increasingly
shallowing upward. Bivalves and brachiopods can form nodules, characterising the
lithofacies F3.6 (shells being either infilled by carbonate sediment or used as a nucleus
for the precipitation of secondary carbonates, Figure 4D). Calcareous nodules are also
found around massive corals, but some are purely micritic, as in lithofacies F4.4.
Facies association F5 is characterised by argillaceous limestone and consists of a group-
ing of six lithofacies. Argillaceous limestone devoid of macrofauna can be either highly
or poorly bioturbated (Figure 4E,F; from F5.1, with BI =5 and F5.2, with BI =0, respec-
tively). They can contain small-size fragmented bioclasts (serpulids, bivalves and bra-
chiopods in F5.3) and benthic organisms in life positions or poorly transported, such
as brachiopods (F5.4), oysters (F5.5) and bivalves of various genera (Pinna, Gryphea,
Pectenids, F5.6).

Facies association F6 encompasses massive limestone with generally low fine clastic
content (clay and silt), forming decimetre-thick stacked beds. The base and top of beds
are often undulated, and beds yield a nodular aspect (Figure 4G,H). Carbonate mud-
stone (sensu [74]; lithofacies F6.1) is extremely stiff. Wackestone and floatstone lime-
stones contain accumulations of benthic organisms. Lithofacies F6.2 is characterised by
wackestone to floatstone with bivalves (of Pinna and Ostrea type) and brachiopods
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(Figure 4G,H). Large-sized gastropods, notably Nerinea, are observed in lithofacies
F6.3. Reworked massive corals as well as platy corals in place are found in lithofacies
F6.4 (Figure 3L]). Shells are sometimes found broken or with separate valves but are
most of the time complete. Finally, bioclastic packstones rich in crinoid plates consti-
tute the lithofacies F6.5. These have only been observed in the last two metres of the
EST441 well or preserved in bioturbations (Figure 4L).

4.2. Electrofacies Correspondences

A good correspondence between lithofacies and wirelines is observed (Figure 5).

Thresholds were applied on GR, PEF and deep resistivity, and allowed to define nine elec-
trofacies (noted EF1 to EF9, Table 2). The correspondence between lithofacies and electro-
facies is directly established for massive limestone (F6 = EF2), marly limestone (F5 = EF1),
and marlstones with nodules (F4.3 and F4.4 = EF6), for which lithology is the main crite-
rion of differentiation in both methods (Table 2).
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Figure 5. Diagrams in 3D showing the relationship between the wirelines’ signals (x and y axes)
and lithofacies descriptions (plotted by colour). The DT (Sonic) and density values are well corre-
lated and show redundant information with the GR and PEF values. The most discriminant wire-
lines for lithofacies determination are GR, DR and PEF.

In more marly and argillaceous facies, the bulk carbonate content (and, by extension,
the EF) is also influenced by the macrofauna (amount and size of bioclasts), while
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lithofacies are identified based on the type of faunal associations and sedimentary struc-
tures. Thereby, a group of correspondences has been established for more marly and ar-
gillaceous facies, for which the amount of calcitic bioclasts has a greater influence on wire-
line logs than the type of bioclast. In addition, the boundaries between electrofacies are
computed thresholds, while the distinction between lithofacies depends on observations;
thus, the latter might be less objective, notably in marly lithology. Nevertheless, the clas-
sification of marlstones (both in electrofacies and lithofacies) is not crucial for sequence
analysis, as their identification is sufficient to delimitate high-frequency sequences. The
lithological changes are well expressed in both methods and a similar framework can be
established (Table 2).

Table 2. Correspondence between lithofacies and electrofacies.

Applied Thresholds EF Lithology Lithofacies
Low resistivity EF1 Argillaceous limestone F5
Limestone |GR<40
High resistivity EF2 Limestone Fé6
low resistivity EF3 Marlstone F2.3
PEF <3.5
high resistivity EF4 Poorly calcareous marlstone F3
Marlstone |40 <GR<60
RP <30 ohm.m EF5 Calcareous marlstone F4.1-4.2
PEF >3.5
RP > 30 ohm.m EF6 Very calcareous marlstone F4.3-44
RP <10 ohm.m EF7 Claystone 1
PEF <3.5
Claystone | GR>60 RP > 10 ohm.m EF8 Compacted / silty claystone 2.1
PEF >3.5 EF9 Calcareous claystone 2.2

5. Interpretations
5.1. Depositional Model

Facies association F1, showing a very argillaceous lithology with discrete horizontal
laminations, does not indicate sedimentological evidence for hydrodynamism, which
supports that sediment deposition occurred mainly by decantation in a quiet environment
below the storm wave base (SWB; Figure 6). The occurrence of frequent Chondrites indi-
cates the vicinity of dysoxic environments [75].

Facies association F2, again characterised by bioturbations from the ichnogenus
Chondrites, indicating low-oxygen environments [75], is marked by a silty fraction and
shows some asymmetrical ripples, testifying to currents of low energy (lithofacies F2.1;
Figure 4B). Given the proximity of dysoxic areas, these facies are attributed to geostrophic
currents or storm deposits [76,77]. Therefore, the abundance of Chondrites and the scarcity
of bioclasts in lithofacies F2.1 indicate that F2.1 is relatively distal compared to other litho-
facies. A slight increase in lime mud is noticed in lithofacies F2.3. These marly deposits
are strongly bioturbated and frequently show the ichnogenus Rhizocorallium. After [78],
the short size and subvertical shape of most specimens might indicate the fossil trace of a
suspension-feeding organism on a firmground substrate. Lithofacies F2.3. is thus inter-
preted as a slightly shallower environment in outer ramp settings (Figure 6).

Facies association F3 shows HCS, which is attributed to storm waves and current
influences. The ramp model of [79-81] outlines the outer ramp from the middle ramp
based on the frequency of storm deposits. Therefore, F3 is rather attributed to an outer
ramp depositional environment. Facies association F4 is characterised by frequent re-
working, typifying a middle ramp depositional environment. The good preservation state
of bivalve shells, corals and gastropod shells of F4 indicates, however, a limited winnow-
ing (Figure 6).

The transition to more proximal environments continues either with a rather in-situ
sedimentation documented by the marly limestones (F5), or by the occurrence of
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reworked calcareous deposits containing abundant macrofauna, including brachiopods,
bivalves, gastropods and corals (F6). A zonation of the benthic macrofauna can be identi-
fied across the ramp. Oysters, often colonised by serpulids, constitute the first calcareous
benthic macrofauna observed in the distal part of the ramp (F3). They are followed by the
settlement of abundant brachiopods (amongst which are rynchonellids) and bivalves
(such as Pinna and pectenids). These organisms are rather suspension-feeders, indicating
nutrient-rich waters. In the most proximal part, thick-walled bivalves (Gryphea), gastro-
pods and massive corals are found. The occurrence of massive and platy corals suggests
lower nutrient rates and seawater environments close to the photic zone.

LOWER OXFORDIAN CORDATUM ZONE - LOWER UPPER OXFORDIAN (PLICATILIS ZONE)
ANDRA units UT-USC1-RSO-USC2

EST322 EST433 EST423
SwW NE
Sea level
FWwB "~
SWB
Terrain a Chailles and
Marnes des Eparges Formations
Fauna Bioturbations Facies Figure caption
u?’ Crinoids & Brachiopods @& Gryphea @  Rhizocorralium I F [ ] F4 FwwB Fair weather
ave base
& Crinoid plates @  Pectenids < Oysters A~ Chondites I P2 Fs wav
. _ SWB Storm wave
&  Gastropods S Large size bivalves @  Mytilids wwr  Intense bioturbation [l F3 0] F6 base
(of Pinna type)
& Massive corals &  Serpulids

Figure 6. Depositional model of lower and upper Oxfordian deposits (cordatum to plicatilis zones).
Depositional environments show a progressive deepening towards the SO, typifying a homoclinal
ramp morphology. Numbers F1-F6 indicate the five facies association recognised; B. stands for
Basin.

All investigated wells show that a lithological transition occurs within the “Terrain a
Chailles” Formation. In the lower part of the formation, lithofacies show little variation.
These are mostly linked to changes in quartz (silt fraction) and carbonate contents and
correspond to outer ramp settings. In contrast, the upper part of the “Terrain a Chailles”
Formation and the “Marnes des Eparges” Formation show an increased occurrence of cal-
careous beds and benthic organisms with a higher diversity in benthic macrofauna. Pale-
oenvironments thus evolve towards middle ramp settings.

5.2. High-Frequency Sequences

In the lower part of the “Terrain a Chailles” Formation, mfs are placed in the most
argillaceous deposits (F1/EF7) and fs are at the top of the most calcareous deposits
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(F2.3/EF8-EF9) based on DT and GR trends (Figure 7). The latter deposits are characterised
by intense bioturbation accompanied, in some cases, by the occurrence of short-shaped
Rhizocorallium. This may indicate the incomplete development of firmgrounds [78] and
highlights reduced sedimentation rates at fs.

High-frequency sequence

LOWER OXFORDIAN CORDATUM ZONE - LOWER UPPER OXFORDIAN (PLICATILIS ZONE)
ANDRA units UT-USC1-RS0O-USC2

GR

0 100
L
Electro- Litho- DT Accomodation /
: : L 140 40 Surfaces : :
facies facies g Sedimentation rate
mfs
TRANSGRESSION
F6.3/F6A4 fs
F6.1/F6A2
[EF5-EF6]_F4 REGRESSION
mfs
—7 A TRANSGRESSION
fs \ REGRESSION

Figure 7. Scheme of typical high-frequency sequences (lithofacies, electrofacies, GR, DT) in the
uppermost Lower Oxfordian / lowermost Middle Oxfordian deposits.

In the upper part of the “Terrain a Chailles” Formation and in the “Marnes des
Eparges” Formation, mfs are also placed in the most argillaceous deposits (F1/EF7-EF9),
and fs in the most calcareous deposits (F6/EF2) based on DT and GR trends (Figure 7). The
stack of epibenthic Mytilidae bivalves in life position likely illustrates reduced sedimen-
tation rates and the occurrence of firmgrounds. Firmground occurrences tend to show a
certain pattern: they are absent in the lower part of the “Terrain a Chailles” Formation,
found in mfs in the upper part of the “Terrain a Chailles” Formation, and they are mixed
with fs in the two high-frequency sequences that precede major surfaces RL1 and RL2.

The Mfs are marked by positive GR and DT peaks. A progressive joint decrease in
GR and DT characterise shallowing-upward trends until they reach minimum values cor-
responding to fs. The amplitude of GR and DT variations is smaller in the lower part of
the “Terrain a Chailles” Formation (50 API and 50 ms.ft!) compared to the upper part of
the “Terrain a Chailles” Formation (100 API and 100 ms.ft"' respectively).

High-frequency cycles are characterised by facies associations evolving from F1 to
F6. They are typically marked by a short decrease, followed by a progressive increase in
carbonate content, well recorded in the GR and DT wirelines (Figure 7). High-frequency
cycles are therefore less expressed in the lower part of the “Terrain a Chailles” Formation,
where facies associations F5 and F6 are not present.

5.3. Correlation of Wells

Noticeable sedimentary features and DT/GR changes allowed remarkable levels to
be defined, which were used for correlation between wells. Amongst remarkable levels
(RL), a maximum carbonate content can be correlated in the nine wells at the boundary
between the “Terrain a Chailles” and “Marnes des Eparges” formations. This remarkable
level is indicated as RL1 (Figure 8).
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Figure 8. Correlation of the nine wells investigated around the ZIRA based on the main remarka-

ble surfaces. Wells have been horizontalised on surface RS2.

A second remarkable level (RL2) is identified at the top of the “Marnes des Eparges”
Formation. It consists of a level of floatstone (F6) showing bioturbations filled by crinoid
ossicles (Figure 4L) observed in wells HTM102, EST433, EST205 and EST104. In well
EST413, these bioturbations occur in floatstone and framestone levels with platy corals,
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indicating the beginning of the overlying “Marnes et Calcaires a Coraux de Foug” For-
mation. In well EST423, similar boundstone facies is noticed but bioturbations with cri-
noids were not observed. RL2 is more calcareous than the underlying deposits. In addi-
tion, levels of firmground showing accumulation of epibenthic bivalves in life positions
were observed on cores at different stratigraphic levels and used for correlation.

Twenty cycles of high frequency have been identified and correlated (Figure 8). The
boundary between the mariae and cordatum ammonite zones (Lower Oxfordian), identified
between the surfaces mfs8 and mfs9 in well EST322, was then extended in the other wells.
Similarly, the boundary between the cordatum and the plicatilis zones, defining the Lower-
Middle Oxfordian boundary, occurs between fs8 and fs9 in wells EST322 and HTM102.
The stacking pattern of the high-frequency sequences allowed for defining three trans-
gressive-regressive cycles of lower frequency (higher rank).

5.4. Transgressive Regressive Sequence and Architecture of Sedimentary Deposits

The correlation of wells allows for delineating three transgressive-regressive se-
quences. The first MRS of the third order (corresponding to fs8) marks the end of a long-
term regressive pattern. It is marked by a maximum carbonate content well expressed in
the GR and DT records and corresponds to the maximum progradation of proximal de-
posits (facies association F6) in the most distal part of the study area (well EST322).

The second MRS of the third order corresponds to fs14 and marks a change in deposit
geometries. Above this surface, three high-frequency cycles are recorded only in most dis-
tal parts of the ZIRA (i.e., numbered 15, 16 and 17 in wells EST104, EST205, HTM102,
EST322). The thickness of these three cycles is higher in the distal wells (i.e., of 4.7 and 2.6
m in EST322 and HTM102, respectively), and slightly decreases in wells EST104 and EST
205 (towards 2.2 and 2.0m, respectively), until these units disappear in the proximal areas
(i.e., wells EST 433, EST 441, EST423, EST413 and EST 312), forming an onlapping body.

MRS1 and MRS2 terminate regressive deposits R1 and R2 and likely represent the
maxima of regression of sequences of lower rank. The MFS of the second sequence is
placed in the most argillaceous deposits, recorded by higher GR values (Figure 8). It cor-
responds to mfs13 and pinpoints the end of the second transgressive phase (T2). This is in
accordance with previous studies on borehole HTM102 [20,21] (cf. Figure 3).

The MEFS of the third sequence could either be placed: 1) at a second maximum in
clay content in the interval (mfs18) or 2) in the return of homogeneous calcareous deposits
at the regional scale, possibly located higher up in the succession [13,14,82,83]. The study
of deposits higher up in succession (Middle Oxfordian) is thereby needed to further con-
strain T3.

6. Discussion
6.1. Accommodation Changes Driven by Sea Level Variations

The stratigraphic sequences highlighted in this work can be compared to other strat-
igraphic frameworks established at larger scales in the eastern part of the Paris Basin
[13,14,59], the entire basin and elsewhere [6,44,84].

-Regressive deposits (R1)

In the eastern part of the Paris Basin, the “Terrain a Chailles” Formation, which is
assigned to the Lower Oxfordian mariae and cordatum ammonite zones and corresponds
to the R1, has a duration of 0.8 Myr, according to correlations with the geological time
scale [84,85]. The MRS is marked by the surface RL1 (equivalent to fs8, Figures 8 and 9),
which corresponds to a regional sequence boundary (named LJII by [13], S2 by [16] and
S3 by [14]). This surface corresponds to the 161 Myr “medium or minor cycle boundary”
termed JOx2 of [84] and may represent the sequence boundary of 3rd order Ox2 of [44].
The regressive trend of the “Terrain a Chailles” Formation is therefore interpreted as re-
cording an eustatic sea-level decrease.
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The low thickness attributed to the cordatum ammonite zone (two to three metres in
the various parts of the ZIRA), although ammonite biostratigraphy for this interval is not
well documented, suggests the occurrence of a major hiatus and a possible sequence
boundary gathered with RL1. However, clear evidence supporting the occurrence of a sea
level fall discontinuity (e.g., major change in geometry, a major erosive surface, abrupt
facies change towards proximal deposits in distal settings or exposure features) in proxi-
mal settings is lacking in this mid-outer ramp domain. Nevertheless, such a stack of sur-
faces implies that an LNR is missing in the study area. Studies carried on a wider scale in
the eastern Paris Basin have not evidenced any LNR in the more distal part of the Basin
[13,14].

Therefore, it is possible that the top of R1 records an HNR, followed by a highly con-
densed LNR [3,71]. This hypothesis is supported by the work of [14] and [86]. In Switzer-
land, a sharp contact at the base of a 1.5- to 2.5-metre-thick carbonate bedset that contains
abundant bivalves, notably Pholadomya protei, is interpreted as a sea-level fall. Our obser-
vations show that Pholadomya are present at fs10 in well EST441, at fs9 in well EST423, at
fs12, 13 and 18 in well EST413 and at fs3 in well EST104. Therefore, in the ZIRA, although
Pholadomya are observed in some wackestone to floatstone deposits of facies association
F6, they rather indicate an induration of substrate during transgressive surfaces than sea
level fall discontinuities, additionally pointing to generally low sedimentation rates.

The preservation of an LNR at the top of R1 might be indicated by 3 metres thicken-
ing of the interval corresponding to the high-frequency cycles 5 to 7 in the SE direction
(towards the basin, Figure 9). A correlative conformity might be placed where dismantling
facies first appear (lithofacies F6.2 to F6.4). These beds are found in the cycle of high-fre-
quency 4 and are well expressed in most proximal wells (EST413, EST423 and EST441).
They evolve basinward towards nodular marlstones with bivalves and brachiopods in
wells EST104 and EST205 (lithofacies F4.3 and 4.4) and towards clayey-silty limestone
with crinoid plates (classified in lithofacies F5.2) in EST322. However, basinward thicken-
ing seems to start slightly above this surface (Figure 8).

EST413
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Figure 9. Correlations on an NE-SW transect (wells EST322 — EST413 — EST312) showing lithologi-
cal evolution and transgression/regression cycles. Litho and electrofacies have been grouped into
calcareous deposits (from nodular marlstone to massive limestone in blue) and clayey deposits
(clays, silty calcareous clays and bioclastic marlstone in grey). Wells have been horizontalised on
surface RL2.
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Another possibility is that the LNR of this sequence is dominated by siliciclastic de-
posits, as is classically assumed for mixed carbonate-siliciclastic ramps [67,83] and as is
observed in equivalent deposits from Spain [87]. However, such quartz-rich facies are not
observed in wells located in the more distal part of the ZT.

LNR deposits are not always well expressed in ramp settings, as their thickness and
texture are highly dependent on the amplitude of the relative sea level fall [67]. The small
thickness of the cordatum ammonite zone may either indicate a major hiatus or a highly
condensed interval. In the absence of sedimentary features characteristics of emersion or
net shallowing up (karstic features, paleosols, or shoreface or lagoonal environments),
condensation is preferred here. It could occur either during a potential LNR (as a result of
low sedimentation rates between dismantling facies) or during the following relative sea
level rise (T2, Figure 9). In the latter case, however, a strong shift of depocentres towards
the proximal part of the basins would be expected and is not, for instance, observed.

-Transgressive deposits T2 and regressive deposits R2

This interval has a relative constant thickness over the ZIRA (between 8 and 12 me-
tres) and corresponds to the S3 sequence of [14] (Figures 8 and 9). The MFS at the end of
T2 is marked by a maximum in the clay content (observed in lithofacies and the GR rec-
ord), corresponding to mfs13. At the regional scale, if the correlations are correct, the
thickness of this sequence is highly variable. Sequence S3 is well developed 50 km west-
ward and north-westward of the ZIRA (with thicknesses reaching 80 m), while it is absent
15 km north of the ZIRA. Ref. [14] attribute these regional differences to the accommoda-
tion / sedimentation ratio variation. As a tectonic interplay has not been evidenced in this
study, the transgressive-regressive interval T2—-R2 is attributed to sea-level changes.

6.2. Local Tectonics and Inherited Paleotopography

The regressive interval R2 ends in the ZIRA with a second maximum regressive sur-
face (placed at fs14, equivalent to the S2b surface of [16], which corresponds to a change
in the geometry of deposits, as onlaps are identified above the MRS. This change in de-
posit geometries is not associated with major facies changes at the ZIRA scale. This surface
may be correlated to the sequence boundary of sequence 54 of [14] (Figure 9), which marks
the boundary between the vertebrale and the antecedens ammonite subzones in the Middle
Oxfordian plicatilis ammonite zone. Our transects indicate the occurrence of differential
subsidence within sequence 5S4 (Figure 9), with enhanced subsidence towards the basin
(SW) compared to other sequences. This feature could be linked to extensive tectonics ac-
cording to the activity of the Metz Hercynian fault, which likely created a hill in the Senon-
ville area (about 50km in the NE, Figures 1 and 2), and a locally intermittent subsidence
towards the SW [6,30,32-34].

In the regressive interval R1 (Lower Oxfordian), bedsets settle on an inherited topog-
raphy created by the underlying clayey sediments of the Cox [40,88]. Our data support
the occurrence of a relatively constant slope showing a slightly convex shape with slightly
steeper relief in the NE part of the basin (Figure 9). The slightly convex shape is likely
attributed to the distal downlaps of underlying muscles of progradation of the Cox and
might point to a gentle slope break typical of ramps on prograding clastics (belonging to
the distally steepened ramp, following [89].

The slope angle is a determining factor that controls the facies and geometries of
overlying deposits. In this case study, high-energy deposits laterally equivalent to the
mud-rich deposits of the “Terrain a Chailles” and “Marnes des Eparges” formations are
only located seventy kilometres northward of the ZT and are constituted by the oolitic
facies of the “Oolithe de Senonville” Formation [14]. The restriction of coarse deposits to
the euphotic and hydrodynamic zones, and the spread of muddy and silty deposits in
euphotic settings, is very typical of a “low energy ramp” with a gentle slope [67,89,90].

In addition, the occurrence of a gently dipping slope equally has an influence on the
morphologies of sedimentary deposits. During relative sea level drops, it limits the extent
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of subaerial exposure areas and restricts the power of reworking processes [67,91]. Con-
sequently (and contrary to rimmed platform morphologies), the record of LNR deposits
strongly depends on the amplitude of the relative sea level change. Alternatively, relative
sea level rises typically gently affect dipping ramps by generating condensation [67],
which explains the occurrence of an important hiatus at RL1 (where most of the cordatum
ammonite zone is missing).

A (slightly distally steepened) ramp on prograding clastics morphology (sensu [89])
is observed in the whole studied succession up to the remarkable level RL2. This level
marks the settlement of the coral reefs of the “Marnes a Coraux de Foug” Formation,
which might sign a switch towards a shallow ramp and downslope buildups, and later
evolve towards a rimmed shelf morphology during the Middle Oxfordian [13,14,89].

6.3. Palecenvironmental Changes through the Lower—Middle Oxfordian Boundary

The change from a muddy siliciclastic sedimentation towards a carbonate platform
system is well known through the Early-Middle Oxfordian boundary in the North
Tethyan domain (Brigaud, Ferry). Regional stratigraphic works carried out in the western
and eastern Paris Basin highlight the settlement of a reefal barrier in the Middle Oxfordian
[9,13,14,16]. In an indirect manner, palaeontological studies report equally the extension
of coral reefs in the Middle Oxfordian [92,93], marking the extension of rimmed carbonate
shelves at low latitudes after their demise during the Late Callovian and Early Oxfordian.
However, very few studies have detailed the transitional stages between the clay lobe
system and the carbonate-rimmed shelf at that time interval [14].

In this study, a stepwise return of carbonate production after the Late Callovian and
Early Oxfordian carbonate crises is documented. The initiation of the recovery is wit-
nessed by the deposition of the first sedimentary bodies containing a diversified car-
bonate-producing fauna (brachiopods, bivalves and a few crinoids). These are found in
the upper part of the regressive interval R1 (of Early Oxfordian age, marizge ammonite
zone, praecordatum subzone). Calcified organisms are dominated by suspension—feeding
fauna, typical of a heterozoan factory, and indicating high rates of nutrients in ocean wa-
ters [94-96].

The bedsets at the base of the “Marnes des Eparges” Formation, deposited during the
plicatilis Zone (Middle Oxfordian), show the settlement of the first massive corals and con-
tain abundant crinoid plates, reaching a further step in the colonisation and diversification
of carbonate-producing organisms. Although massive corals are organisms living symbi-
otically with photosynthetic organisms and living in oligotrophic waters, they are less
sensitive to turbidity than other hermatypic corals [97,98]. Their association with suspen-
sion-feeding organisms, such as crinoids, may indicate a slight decrease in water turbidity.

A further step in the recovery of carbonates occurred later in the Middle Oxfordian.
The settlement of platy corals in the “Marnes a Coraux de Foug” Formation and higher
up in the “Calcaires a Coraux de Foug” Formation initiates a change in the margin topog-
raphy towards a rimmed shelf by adopting a shallow ramp and downslope buildup mor-
phology [13,89]. The switch towards a photozoan carbonate production mode occurring
during the Middle Oxfordian documents here the climax of a long-term decrease in detri-
tal fluxes towards seawaters.

Sedimentary deposits evolve from a homoclinal ramp towards a distally steepened
ramp at the regional scale (NE Paris Basin[14]). Similar changes have been documented in
Switzerland [86,99], where deposits very similar to the NE Paris Basin are found (e.g.,
marl-limestone alternation with brachiopods and bivalves, [99], in certain sections in
Spain poorly affected by tectonics [87] and in Uzbekistan [50]. Despite various tectonic
contexts, the extensive growth of carbonate reefs during the Middle Oxfordian is equally
documented in the Atlantic Ocean (Alabama, [100]), pinpointing the extent of the recovery
of the carbonate factory at tropical paleolatitudes.
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6.4. Impact of Climate Variations on the Sedimentary Record
-Long-term climate evolution

Previous studies performed in the eastern Paris Basin have shown that drier climatic
conditions take place during the Early Oxfordian [20,48,101], likely leading to reduced
weathering and lowering continental fluxes towards the ocean. The decrease in humidity,
however, is either documented from the “Argiles de la Woevre” Formation (correspond-
ing to earlymost Oxfordian mariae Zone, scarburgense subzone) or from the “Terrain a
Chailles” Formation where the first calcareous beds are observed (i.e., later in the Early
Oxfordian, in the mariae - cordatum ammonite zone boundary) depending on the used
proxy (clay mineralogy or terrestrial biomarkers). From clay mineralogical data, more hu-
mid conditions deduced from the reappearance of kaolinite are likely recorded in the
transversarium zone in the Eastern Paris Basin above the “Marnes des Eparges” Formation
(i.e., “Marnes et Calcaires a coraux de Foug” Formation). In the studied interval, clay min-
eral evolution is relatively homogeneous and mainly composed of smectite and illite, sug-
gesting a semi-arid climate with contrasting seasons (Figure 3).

Moreover, a 3 °C increase in seawater temperatures is recorded by the 5'%0 values of
oysters and brachiopods through the Lower-Middle Oxfordian boundary (cordatum—trans-
versarium ammonite zones [47]. Therefore, the stratigraphic scheme built in this study
shows that the initiation of carbonate recovery (in the uppermost marize ammonite zone,
praecordatum subzone) occurs during the onset of a climatic shift from cool and arid con-
ditions (i.e., Lower Oxfordian) to more humid and warm conditions (i.e., Middle Oxfor-
dian).

In addition, the recovery of carbonate production is associated with transgressive
and highstand normal regressive deposits [2,3]. The stepwise relative sea-level rise likely
triggered the gradual flooding of Tethyan margins and the progressive diversification of
carbonate producers in the context of low weathering and continental runoff [48,101]. This
hypothesis is coherent with mixed silicilastics—carbonate ramp models [2,67,83] and strat-
igraphic works on deposits from the Lower-Middle Oxfordian transition in the western
Tethys [87].

-Climate cyclicities of high frequency

Eight sequences of high frequency have been interpreted in the “Terrain a Chailles”
Formation, which has a duration of 0.8Myr, by correlation with [85]. Therefore, each high-
frequency sequence represents a duration of 0.1Myr, which is consistent with a rhythmic-
ity of fourth to fifth order, and a sedimentation controlled by Milankovitch cyclicities
[102,103]. An orbital trigger tuned by precession and eccentricity cycles has already been
inferred for shallow water Oxfordian deposits from sedimentological analyses in the Jura
domain mountains [102,104]. In addition, the record of the 100-kyr, 405-kyr, and possibly
the 2.4-myr eccentricity cycles is obtained from the 83C and 58O signals of the bulk car-
bonate during the Lower Oxfordian in the same Andra Borehole [45] and confirms that
Milankovitch cycles likely influenced sedimentation around the Lower/Middle Oxfordian
transition. The good correspondence between the stratigraphic scheme proposed in this
study and the GTS [85] is, however, explained by the lithological similarity and the (pal-
aeo)geographical proximity between our site of study and the site of reference used in the
GTS (outer ramp deposits of Switzerland, after [86]. Therefore, it is possible that the du-
ration of the cordatum and plicatilis zones is underestimated in the GTS, as a condensed
surface has been identified at the top of the “Terrain a Chailles” Formation (MRS1).

High-frequency sequences reflect relative sea-level variations. Changes in orbital pa-
rameters trigger changes in insolation, which generate sea-level variations via various
mechanisms. During cool time intervals, these variations are principally triggered by the
wanning and waxing of polar ice [105], while during warmer time intervals, they are in-
terpreted to reflect changes in water temperature and volume of ocean waters and water
retention and release in lakes and aquifers [106-108]. Although the occurrence of limited
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polar ice caps is discussed for the Oxfordian [107-109], their volume was likely too small
to induce glacio-eustatic variations [102,110].

In addition, high-frequency cycles are characterised by enhanced detrital content
during relative sea level rises and carbonate-dominated sedimentation during relative
sea-level falls. This does not support the occurrence of changes in water volume linked to
insolation changes, as colder time intervals would rather be associated with relative sea
level falls.

Milankovitch-paced marl-limestone alternations are also interpreted as directly re-
flecting short-term climate fluctuations by inducing high-frequency changes in humidity
and nutrient input in the ocean [111]. However, a higher detrital input would be expected
during warmer time intervals, which is not in adequation with the general environmental
transition that occurs through the Lower Middle Oxfordian boundary, where a siliciclas-
tic-dominated shelf with cool and arid conditions evolves towards a carbonate shelf with
a warmer and more humid climate.

An alternative hypothesis is that orbitally driven changes in insolation triggered
changes in temperature and climate that modulated relative sea level via the storage of
water in aquifers during more humid phases. Aquifer-eustasy is indeed increasingly
viewed as a controlling factor for third to fifth order sequences during time periods de-
void of polar ice, given its amplitude and the retention time of water in aquifers (10 to 10°
years; [108,112-115]. During warmer and more humid phases, water is stored, and the
relative sea level decreases. Conversely, during colder and more arid phases, the relative
sea level rises due to the discharge of aquifers. In parallel, orbitally driven changes in
temperature likely modulate carbonate production with warmer phases, leading to en-
hanced carbonate production [111]. Such climatic alternations suggest a highly contrasted
seasonal climate governed by humidity—aridity phase oscillations. This is in agreement
with the nature of clay minerals found in the basin (e.g., smectites), which formed in
nearby continental landmasses at that time and with maximal eccentricity periods recog-
nised during the Late Jurassic [116].

7. Conclusions

The vertical and lateral evolutions of sedimentary facies of the “Terrain a Chailles”
and “Marnes des Eparges” formations were investigated across the ZIRA. Nine wells
were correlated based on their lithofacies and petrological properties (GR, DT and elec-
trofacies based on a combination of GR, PEF and deep resistivity), allowing a resolution
better than a metre. The new sequence stratigraphic framework established in this work
has been combined with previous biostratigraphic work to provide robust (supra)regional
correlations. A basinward shift of depocenters has been identified in the “Marnes des
Eparges” Formation (Middle Oxfordian age). This has no influence on rock properties, as
this is not associated with any facies change. The gently deeping slope in the SW direction
occurring at the base of the “Terrain a Chailles” Formation indicates a slightly distally
steepened ramp prograding on siliciclastics. This impacted depositional geometries, as a
general “stack of plates” pattern is documented at the ZIRA scale. The interplay between
sea-level variations and climatic oscillations during sediment deposition are other factors
that influence lithological properties in the subsurface by controlling the relative amount
of terrigenous fluxes and carbonate production. A stepwise increase in carbonate produc-
tion is observed in the “Terrain a Chailles” Formation (Early Oxfordian age), starting in
the uppermost mariae ammonite zone, which is marked by an increase in the frequency of
marl limestone alternations and the appearance of the first calcareous fauna of brachio-
pods and bivalves. A second step is reached at the base of the “Marnes des Eparges” For-
mation (close to the Lower-Middle Oxfordian boundary, cordatum—plicatilis ammonite
zones boundary), where a few massive corals are found. A further step is documented
with the settlement of coral buildups in the “Marnes a Coraux de Foug” Formation (later
in the Middle Oxfordian).
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EF was useful for completing the stratigraphic model in uncored intervals. More gen-
erally, this study shows that wireline-based and sedimentological logs allow us to bring
complementary insights to constrain a stratigraphical model. EF are based on an objective
classification and are more affected by the amount of bioclasts than by their nature. Cor-
relations based on EF (and wirelines in general) depend on the resolution of the tools:
usually 0.5m and 1.0m for GR and DT, respectively. The sedimentological part of this
study allowed us to obtain a sedimentological log at a better resolution (centimetric), qual-
itative information on the faunal content and the building of a depositional model. The
counterpart is a less quantitative view of lithological heterogeneities. Therefore, the recon-
struction of paleoenvironments not only allows predicting lithologies by the building of
depositional models but also permits precising wire well log signals. Reciprocally, elec-
trofacies (based on GR, PEF and deep resistivity wireline logs) have given an estimation
of the proportion and size of calcareous bioclasts, which is linked to the recovery of car-
bonate production and paleoenvironmental changes, and which can equally be used to
predict geomechanical properties in the subsurface.

This new stratigraphical model additionally details the modality of the carbonate re-
covery after the Late Callovian — Early Oxfordian carbonate crisis, providing insights on
the role of local and supra-regional parameters, such as eustatism, topography, tectonics
and climate, on the evolution of the geometry, heterogeneity and faunal content of sedi-
mentary bodies in a transitional interval between muddy-siliciclastic and reefal carbonate
series.
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