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Abstract

The difficulty of correlating continental deposits hinders predicting lacustrine
and palustrine carbonate facies variations in time and space. This study aims to
understand better the factors governing these facies heterogeneities by measur-
ing carbonate isotopes and conducting facies, petrographic and sequence strati-
graphic analyses of the Lutetian—Aquitanian deposits of the Paris Basin, that
record the transition from marine to lacustrine environments. Large-scale cor-
relations enabled the definition of two lacustrine-palustrine carbonate facies
models. (1) The coastal lacustrine system (Bartonian to Rupelian), consists of
fine-grained brackish carbonate exhibiting episodic marine inputs during short-
term relative sea-level maxima and evaporite sedimentation during relative sea-
level minima. Lacustrine sediments differ notably from marine ones with more
negative 5'°C and 8'®0 compositions that co-vary and a biota adapted to low
salinity conditions. In the associated palustrine environment, depositional se-
quences evolve upwards from micritic lacustrine deposits to nodular and then
laminar calcretes. Microbial-coated grains and rhizoliths indicate biological pro-
cesses during repeated subaerial exposure phases in sub-tropical to arid climates.
(2) The inland lacustrine system (Rupelian and Aquitanian) was disconnected
from the marine domain and showed evidence of microbial activity with micro-
bial crusts and oncoidal rudstones. Facies rich in micritic intraclasts composed of
palustrine and lacustrine facies indicate the reworking of already lithified sedi-
ments along the margins. In the palustrine domain, the calcrete facies are less
abundant than breccias formed in-situ by desiccation, limestones with root traces,
or organic-rich wackestones and marls. This system reflects a more temperate cli-
mate with more developed microbial structures and less exposed carbonates than
the coastal lacustrine system. The southward migration of the depocentre and
the transition from marine environments to (1) coastal and then (2) inland sys-
tems are controlled by uplift phases induced by Pyrenean and Alpine orogenesis.
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in coastal systems.

KEYWORDS

1 | INTRODUCTION

In continental systems, facies vary significantly, both spa-
tially and temporally, making it difficult to predict and
model them. This heterogeneity is partly explained by
the fact that continental environments are more sensitive
than marine environments to changes in accommoda-
tion space (Allen & Collinson, 1986; Bohacs et al., 2000).
Variation in accommodation space is directly controlled
by (1) vertical tectonic movements induced by subsidence
and uplifts and (2) climate, which alters lake levels and
sedimentation rates by varying inflow/evaporation ratios
(Allen & Collinson, 1986; Bohacs et al., 2000; Alonso-
Zarza, 2003). The respective influences of climate and
tectonics on accommodation space and sedimentary fa-
cies variations are still difficult to disentangle, not least
because of the incomparably more significant carbonate
facies heterogeneity than that found on marine platforms
(Della Porta, 2015; De Boever et al., 2017; Capezzuoli
et al., 2022). Despite their significant variability, it is dif-
ficult to discriminate among deposits from nearby envi-
ronments, such as palustrine and pedogenic facies due to
similar sedimentary features (roots, desiccation cracks,
etc.; Freytet & Plaziat, 1982; Wright & Tucker, 1991;
Tandon & Andrews, 2001; Alonso-Zarza, 2003; MacNeil &
Jones, 2006; Brasier, 2011).

Non-marine carbonates represent, by definition, “car-
bonate sediments that form and may be syn-deposition-
ally transformed (“diagenetically altered”) under the
strong influence of meteoric waters, including situations
with various degrees of mixing with seawater, evaporative
or basinal fluids” (De Boever et al., 2017). This definition,
although generic, has limitations in ancient coastal envi-
ronments since it lacks criteria for determining in which
environments carbonates were deposited: non-marine
(lacustrine, palustrine) or marine (lagoons). The coasts
of the Yucatin, Florida and Bahamas platforms are a
perfect example of the close spatial relationship that can
exist between non-marine (mainly palustrine, brackish to
freshwater environments) and marine (lagoon, beach bar-
riers, reefs ...) carbonates (Platt & Wright, 2023). Moreover,
foraminifera have even been found in Cenozoic and
Quaternary lake deposits, attesting a marine water influ-
ence (Dye & Barros, 2005; Strotz, 2015; Lettéron et al., 2017;
Pint et al., 2017; Fritz et al., 2018), while Warren and

Third-order relative sea-level variations appear to control only short-term cycles

Cenozoic, facies model, lacustrine, non-marine carbonate, palustrine, Paris Basin, stratigraphy

Kendall (1985) suggest that the sulphate supply leading
to gypsum precipitation in coastal salinas/playas comes
from marine groundwater. The impact of the marine do-
main on coastal lacustrine and palustrine sedimentation
can therefore play a significant role in sedimentation pro-
cesses and requires further investigation.

Another question related to the impact of the marine
domain on continental environments concerns the abil-
ity or otherwise to correlate marine and non-marine sed-
imentary series. Indeed, the sedimentation processes on
continental systems are largely controlled by autocycli-
cal parameters (river inflow and discharge, local climate,
aquifer-level evolution, glacial storage, tides for very large
lakes...) all depending on the evolution of continental
systems controlled by allocyclical parameters (tectonics
and climate; Allen & Collinson, 1986). Eustatic variations
should not affect lakes or marshes. Nonetheless, MacNeil
and Jones (2006) show that palustrine carbonates devel-
oped during sea-level fall in ancient coastal areas. In the
same way, Platt and Wright (2023) suggest that palustrine
deposits occurring in inland basins may have been influ-
enced by sea level due to ephemeral connections with the
marine domain. The coastal realm, even if predominantly
non-marine, could therefore exhibit cyclicity similar to
that of the marine realm.

Furthermore, there is difficulty in dating non-marine
deposits due to (1) the poor preservation of fossils, (2) the
scarcity of good stratigraphic fossils, and (3) the abun-
dance of sedimentary hiatuses. This creates difficulty in
establishing correlations in non-marine carbonates that
prevent the precise characterisation of sedimentary archi-
tectures, further reinforcing the difficulty in understand-
ing and predicting their facies continuity in the continental
domain. Numerous studies have focussed on spatially
constraining non-marine facies in extensional contexts,
such as in lacustrine rift basins, where the difference in
subsidence rates leads to profiles with steep slopes (Platt
& Wright, 1991; Thompson et al., 2015). In these contexts,
shallow high-energy platforms can develop on topographic
highs, displaying shell or oncoid accumulations, ooid
shoals, mudflats, or wave-dominated sedimentary fea-
tures (Platt & Wright, 1991; Mercedes-Martin et al., 2014;
Thompson et al., 2015; Deschamps et al., 2020; Lettéron
et al., 2022). There is less literature on basins in more
stable tectonic contexts, such as intracratonic basins. In
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these cases, depositional profiles are flatter and smoother,
and the lake margins are more subject to variation in the
lake water level that strongly depends on climate (Platt &
Wright, 1991; Bohacs et al., 2000; Alonso-Zarza, 2003).

While depositional models have already been pro-
posed for lacustrine systems, mostly on extensive contexts
(Mercedes-Martin et al., 2014; Thompson et al., 2015;
Deschamps et al., 2020; Lettéron et al., 2022), several
questions remain. How do climate and tectonics influence
lacustrine and palustrine carbonate facies in intracratonic
basins? How does the relative position of the basin in rela-
tion to the coastline influence non-marine carbonate sedi-
mentation and facies? What are the criteria for identifying
lacustrine carbonates from lagoon carbonates? Do eustatic
variations affect coastal lake systems? If so, do they allow
us to correlate stratigraphic surfaces from the marine to
the continental domain?

The Cenozoic carbonate deposits of the Paris Basin
formedin marine and non-marine settings from the Lutetian
to the Aquitanian (Eocene, Oligocene, Miocene). Their bio-
stratigraphic fauna and flora have been closely studied, pro-
viding an excellent stratigraphic framework for answering
some of the questions raised above (Abrard, 1925; Blondeau
et al.,, 1965; Cavelier, 1969; Turland, 1974; Pomerol &
Riveline, 1975; Gitton et al., 1986). However, most previous
facies and stratigraphic works on the Cenozoic sedimen-
tary rocks of the Paris Basin have focussed on the coastal
and marine domains (Gély & Lorenz, 1991; Briais, 2015;
Briais et al., 2016). Only a few (albeit detailed) studies have
concentrated on interpreting non-marine carbonate facies
(Ménillet, 1974; Guillemin, 1976; Freytet & Plaziat, 1982),
where no magnetostratigraphy or chemostratigraphy is
available. This study has the objective to determine fa-
cies and the depositional environments of both marine
and non-marine Lutetian-Aquitanian carbonates of the
Paris Basin. The relative controls of climate, tectonics
and proximity of the coastline to the variety and distribu-
tion of non-marine carbonate facies are then discussed.
For this purpose, a field and petrographic study was con-
ducted to define facies and depositional environments.
Based on pre-existing biostratigraphic data and by extend-
ing the pre-existing sequence stratigraphic framework to
new outcrops and boreholes (Delhaye-Prat et al., 2005;
Briais, 2015), large-scale cross-sections are proposed to
reconstruct the geometries from the marine to lacustrine
or palustrine domains. To constrain the hydrology and the
type of water (marine vs. meteoric) where carbonate facies
formed, oxygen and carbon stable isotopic data on carbon-
ates were acquired. The main contribution of this study
is to propose two facies models for lacustrine-palustrine
environments corresponding to the newly defined coastal
lake and inland lake systems. For each of these models,
the study assesses the evolution of facies from the lake

depocentre to the palustrine setting. Moreover, evidence is
produced that both climate and geographic location con-
trol facies type and heterogeneity.

2 | GEOLOGICAL SETTING

The Paris Basin is an intracratonic sedimentary basin filled
by Triassic to Quaternary deposits above a Cadomian to
Variscan basement (Guillocheau et al., 2000). During the
Cenozoic, a low subsidence phase occurred along E-W
axes of subsidence until the late Eocene while NE-SW
subsidence continued until the Miocene (Guillocheau
et al., 2000; Briais, 2015). A number of compressive struc-
tures such as NW-SE-orientated folds and faults were
active during these periods related to the Pyrenean col-
lision, while NE-SW flexure is interpreted as a response
to the Alpine collision (Robin et al., 1998; Guillocheau
et al., 2000; Bourgeois et al., 2007; Briais, 2015).

From the Lutetian to the Aquitanian, the Paris Basin
was dominated by carbonate and clastic sedimentation
fluctuating from shallow marine to lacustrine and pa-
lustrine environments (Ménillet, 1974; Mégnien, 1980;
Ziegler, 1990; Meulenkamp et al., 2000; Copestake
et al., 2003; Londeix et al.,, 2014). Coastal environ-
ments, including estuaries, restricted marine domains,
intertidal zones, supratidal zones, or lakes, were im-
portant depositional environments during this inter-
val (Blondeau et al., 1965; Delhaye-Prat et al., 2005;
Figure 1). This variety of depositional environments
depends on the connection of the northern part of the
basin with the marine domain via a NW-SE oriented
channel (Figure 1A,B). This channel is recorded by
littoral shelly sands between the Bray and Vigny anti-
clines (Morellet & Morellet, 1948; Pomerol et al., 1965;
Mathelin & Bignot, 1989; Gély & Lorenz, 1991). The con-
nection became less and less active from the Lutetian
(Figure 1A,B) and was severed by the late Rupelian with
the transition from estuarine and marine environments
to lacustrine systems from the Bartonian (Figure 1C;
Mégnien, 1980). The sedimentary material consists of
carbonates, sands, marls, clays and gypsum evaporites
deposited in shallow marine to lacustrine environments.
Today, these deposits outcrop in the vicinity of Paris
(Figure 1D). Brackish foraminifera, charophytes and
palynomorphs were attributed to calcareous nannofos-
sil assemblages (Calcareous Nannofossil Palacogene NP
and Neogene NN zones) in an effort to correlate non-ma-
rine and marine deposits by comparing palaeontologi-
cal records with the neighbouring basins of Hampshire
in the United Kingdom and Belgium (Blondeau
et al., 1965; Le Calvez, 1970; Pomerol & Riveline, 1975;
Aubry, 1985; Riveline et al., 1996). Five major episodes
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[12] A71-6
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[17] Pecy-Calcaire de Brie
[18] La Baronnie

[19] Montbron

[20] Chalautre

[21] Tunnel, Saint-Loup-de-Naud
[22] Coudray

[23] Préfontaines

[24] Berchére-les-pierres
[25] Ussy-sur-Marne

26] Noyant

[27] Saint-Vaast-les-Mello
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IData from the literature (boreholes and|
outcrops) :
— |[29] Aubry et al. (1977)
[30] Labourgigne (1971)
[31] Le Callonnec et al. (2019)
l£32] Cavelier (1968)
[33] Delhaye-Pratt (2005)
[34] Gigot (1984)
[35] Gigot (1984)
/ [36] Gigot (1973)
[37] Gigot (1980)

Orléans

AL 1,

50 km

1
[38] Labourgigne et Turland (1974)
[39] Marchand (1978)

Age of deposits
9 P I:lMiocene l:lEocene
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— Major faults
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sections
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@ Literature
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[48] C86
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[54] Marcoussis
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[57] Itteville

[58] Etrechy

[59] Cesarville

[60] Pithiviers

[61] Egry

[62] Rebrechien

[63] Saint-Sigismond
[64] Ouarville

[65] Chalou

[66] Monnerville

[67] Chincheny

[68] Boissy-la -riviére
[69] Marolles-en-Beauce
[70] Marchais

[71] Fleury-en-Biére
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[73] Brie 120

[74] Sivry
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[76] Chaunoy
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[82] Voinsles
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[87] Courchamps

[88] Villiers-Saint-Georges
[89] Bouchy Saint-Genest
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FIGURE 1 (A-C) Location of the study area on a palaecogeographical map of Western Europe during (A) the Lutetian, (B) the Rupelian,

(C) the Aquitanian (Londeix et al., 2014; Copestake et al., 2003; Meulenkamp et al., 2000). The study area is highlighted by the red rectangle.

(D) Location of the study outcrops and boreholes, outcrop and borehole data from the literature and databases, cross-sections in this study,

and major faults intersecting the Cenozoic deposits in the Paris Basin.
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of carbonate production are identified for the Lutetian-
Aquitanian period, with N-S migration of the deposi-
tional environment (Figure 2): first, from the Lutetian to
early Bartonian, marine bioclastic grainstones (Calcaire
grossier Formation; equivalent to NP14b to NP15b zones)
gave way to muddy marine facies (top of the Calcaire
grossier and Marnes et Caillasses formations; equivalent
to NP14b-NP16 zones; Figure 2) in the northern part of
the basin (Abrard, 1925; Blondeau et al., 1965; Pomerol
& Riveline, 1975; Toulemont, 1982). In the southern and
eastern parts, planorbid limestones formed in freshwater
environments (Planorbis pseudoammonius; Blondeau
et al., 1965; Calcaire de Morancez, Calcaire de Darvault
and Calcaire de Provins formations). Second, during the
late Bartonian (equivalent to NP17 zone), deposition of
a charophyte-rich lagoon-lacustrine limestone domi-
nated (Chara friteli, Gyrogona tuberosa and Raskyella
vadaszi zones; Calcaire de Saint-Ouen Formation)
between short marine sandy episodes (Sables de

Mortefontaine and Sables de Cresnes-Monceau mem-
bers). Third and fourth during the Priabonian to early
Rupelian (equivalent to NP18, 19, 20, and 21 zones),
lacustrine limestones poor in fossils were deposited in
the southern and eastern parts of the basin (Calcaire de
Champigny and Calcaire de Brie formations; Figure 2).
Gypsum evaporites or marls accumulated in the central
part of the Paris Basin during the Priabonian (Marnes
et Masses de gypses Formation and Marnes blanches de
Pantin Member; Mégnien, 1974; Turland, 1974), giving
way to limestones or marls with marine species during
the early Rupelian (Caillasses d'Orgemont Formation).
Fifth, during the late Rupelian and Aquitanian, la-
custrine carbonates were deposited in the southern
part of the basin, between Chartres, Etampes and
Montargis (Figure 1) with the Calcaire d'Etampes (late
Rupelian, Chara microcera, equivalent to NP24 zone,
Riveline, 1983) and the Calcaire de Beauce formations
(Aquitanian, Stephanochara bertotensis zone; Figure 2)
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FIGURE 2 Schematic lithostratigraphic illustration following a NE-SW cross-section across the study area (modified after Gély, 2016).
Members are written in italics. Palaeoenvironmental interpretations are from Mégnien (1980), Briais (2015), and this study. The names

of the localities are given in Figure 1D. NP-NN: Calcareous Nannofossil zones for the Palacogene (NP) and Neogene (NN) epochs. The
following abbreviations are used for short-term sequence stratigraphic surfaces and systems tracts: CC: Correlative conformity; HST:
Highstand Systems Tract; MFS: Maximum Flooding Surface; TST: Transgressive Systems Tract; SU: Subaerial Unconformity; U: Unit.
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due to the separation of the basin from the marine
domain to the north (Denizot, 1927; Cavelier, 1969;
Ménillet, 1974; Guillemin, 1976; Lozouet, 2012). A sed-
imentary hiatus is recognised during the Chattian, be-
tween these two units (Pomerol, 1989).

These five major episodes of carbonate production
are separated by four siliciclastic episodes (Figure 2):
coastal sands of the Auvers-Beauchamp group (early
Bartonian; Mégnien, 1980; Briais, 2015) and the Sables
de Cresnes-Monceau Member (late Bartonian); marl
deposits with brackish to marine fauna of the Marnes
a Pholadomya ludensis Member (early Priabonian;
Pomerol et al., 1965); the Marnes bleues d'Argenteuil
Member (late Priabonian) and the Argiles vertes de
Romainville (early Rupelian) Member; and finally a
sandy siliciclastic marine episode topped by aeolian
dunes with the Sables de Fontainebleau Formation
(Rupelian; Alimen, 1936; Gitton et al., 1986; Delhaye-
Prat et al., 2005).

Four long-term cycles and 22 short-term depositional
cycles were established by previous work in the Lutetian—
Aquitanian interval of the Paris Basin (Delhaye-Prat
et al., 2005; Briais, 2015). The major stratigraphic sur-
faces that can be recognised throughout the basin and
define these cycles are detailed in the supplementary
material.

3 | METHODS AND MATERIAL
STUDIED

3.1 | Core description, facies and
petrography

This study is based on the detailed examination of 17 out-
crops in the eastern and southern part of the basin and
18 boreholes located in Paris [locations 3-9, 12, 25 and 28
in Figure 1D]. The data set is completed with gamma-ray
well-logs (http://infoterre.brgm.fr/ and http://www.miner
gies.fr/fr) from 51 boreholes available online from the
French Geological Survey databases, supplemented by 11
outcrop or borehole sedimentary logs from 1:50000 scale
geological maps (Marchand, 1968; Labourguigne, 1971;
Labourguigne & Turland, 1974; Gigot, 1973, 1980, 1984)
and other studies (Cavelier, 1968; Aubry et al., 1977;
Delhaye-Prat et al., 2005; Le Callonnec et al., 2018).
Outcrops and boreholes have been described in detail
using the classifications of Dunham (1962) and Embry
and Klovan (1971) for texture, and the commonly used
terminology for non-marine facies based on the structure
of specific facies such as calcretes or microbial carbon-
ates (Platt, 1989; Platt & Wright, 1991; Alonso-Zarza &
Wright, 2010a; Gierlowski-Kordesch, 2010; Alonso-Zarza

et al., 2011; Roche, 2020). Classification of microbial-rich
build-ups after Vennin et al. (2021) is used for the descrip-
tion of microbial features in sedimentary facies. Facies
and microfacies have been characterised based on their
lithology, texture, sedimentary structures and compo-
nent grains observed on macro samples and on 205 thin
sections.

3.2 | Sequence stratigraphy and
cross-sections

To understand the depositional geometries and to es-
tablish stratigraphic cross-sections, outcrops and bore-
holes were interpreted in terms of sequence stratigraphy.
Three types of stratigraphic surfaces used in marine
areas can be applied to continental deposits (Hanneman
& Wideman, 2010): subaerial unconformities, correla-
tive conformities and maximum flooding surfaces. Units
are bounded by sequence boundaries (subaerial uncon-
formities and their correlative conformities), which rep-
resent the shallowest environment recorded within a
sequence and coincide with shifts in stacking patterns be-
tween shallowing-upward and deepening-upward trends
(Strecker et al., 1999; Changsong et al., 2001; Keighley
et al., 2003; Hanneman & Wideman, 2010; Pérez-Rivaréz
et al., 2018; Deschamps et al., 2020; Guan et al., 2021; Melo
et al., 2021; Lettéron et al., 2022). Subaerial unconformi-
ties were identified by surfaces characterised by features
such as erosion karstification or palaeosoils occurrence—
whereas correlative conformities are surfaces that were
not (Hanneman & Wideman, 2010). Maximum flooding
surfaces (MFS) represent the deepest deposits encoun-
tered within a sequence and mark the shift between deep-
ening-upward and shallowing-upward trends (Hamilton
& Tadros, 1994; Keighley et al., 2003). In the succession
of palustrine deposits encountered in this study, the beds
with the least evidence of pedogenic modifications were
interpreted as MFS, recording the periods when the water
level was highest. Subaerial unconformities, correlative
conformities and maximum flooding surfaces separate
transgressive systems tracts, characterised by deepening-
upward facies, and highstand systems tracts, character-
ised by shallowing-upwards facies (Strecker et al., 1999;
Bohacs et al., 2000; Changsong et al., 2001; Keighley
et al., 2003; Bohacs et al., 2007; Deschamps et al., 2020;
Guan et al., 2021). The nomenclature of the short-term
and long-term surfaces used in this work for the Cenozoic
of the Paris Basin was initially defined by Briais (2015).
Two stratigraphic cross-sections were constructed
using the outcrops and boreholes listed in Figure 1D.
The two cross-sections intersect at the Maisse borehole
[location 8] for which detailed sedimentary description
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and gamma-ray well-log interpretation were under-
taken. This allows sedimentary facies and stratigraphic
sequences to be matched with gamma-ray logs. This
matching is used as a reference for interpreting other
gamma-ray logs in terms of sedimentary facies/facies
associations and then to establish correlations between
sedimentary logs and well logs. The first cross-section
is oriented north-south from the Mont-Pagnotte bore-
hole [location 29 in Figure 1D] to Orléans [12] by way
of Paris. The second one is oriented east-west, extend-
ing from Baronnie quarry [18] to Villermain quarry [13].
The age model of the depositional sequences relies on (1)
the biostratigraphic fauna (foraminifera, charophytes,
palynomorphs, dinocysts, malacofauna and mammals)
identified in previous studies in sections from Creil to
Etampes (N-S cross-section, Cavelier, 1968; Pomerol &
Riveline, 1975; Aubry et al., 1977) and (2) correlation
of these sequences with the ones defined in the Briais
cross-sections (2015), which relate to biostratigraphi-
cally well-anchored zones in the north of the basin. For
that, the east-west cross-section provided here inter-
sects those of Briais (2015) between locations 71 to 78
(Figure 1D).

3.3 | Stable isotope analyses (613C and
6180)

The Cenozoic carbonates of the Paris Basin were only
slightly buried (a hundred metres at most) implying lim-
ited burial diagenesis of the micrite. Carbon and oxygen
isotope analyses were conducted on 43 micritic carbon-
ate samples collected in the Maisse well [location 8 on
Figure 1D] in deposits dated from the Lutetian (top of the
Calcaire grossier Formation) to the end of the Rupelian
(Calcaire d'Etampes Formation; Supplementary data).
The micrites all have a low-magnesium calcite mineral-
ogy (>1% MgO). They are autochthonous micrites ex-
cept for the palustrine facies where pseudomicrites are
present (Fliigel & Munnecke, 2010). Carbonates (2.5mg)
were sampled by micro-drilling on newly sawn faces in
homogeneous micritic areas, with the powder placed in
sealed tubes and dissolved using H;PO, to produce CO.,.
Carbon and oxygen isotopic compositions of the evolved
CO, were measured using a gas chromatograph coupled
to a GVInstruments Analytical Precision 2003 mass spec-
trometer at the Université Paris Cité (Institut de Physique
du Globe de Paris, Paris, France) (for method details see
Assayag et al., 2006). Three internal standards (Rennes
1; Merck and Accros) were used to convert raw isotope
values into 5'%0 sppp and 81°C ,ppp vValues and evaluate the
reproducibility of the analyses. The isotopic values repre-
sent the mean of four analyses made for each sample. The

external reproducibilities (1c) for §'3C and 8'%0 values are
0.1% and 0.2% respectively.

4 | RESULTS: DEPOSITIONAL
ENVIRONMENTS AND
SEDIMENTARY FACIES

Thirty-two sedimentary facies were grouped into six depo-
sitional environments: (1) the open marine inner platform
for facies deposited in a high hydraulic energy marine set-
ting above the fair-weather wave base; (2) the restricted
marine domain for facies deposited in calm and shallow
marine environments with varying salinity; (3) the coastal
lake for facies deposited under fresh to brackish waters in
the coastal environment with rare sporadic connections
with the marine domain; (4) the floodplain; (5) the palus-
trine environment, recording the deposition of carbonates
under fresh or brackish water which were then subjected
to subaerial exposure and modification of the sediment;
and (6) the inland lake, never connected to a marine set-
ting. Observations, descriptions and isotopic data are pre-
sented in detail below. A summary table is given in the
supplementary material.

4.1 | Facies association FA1 Open-marine
inner platform

This facies association contains granular bioclastic lime-
stones with two distinctive facies: a siliciclastic and
foraminifera rudstone (facies Fla) and a bioclastic grain-
stone or rudstone (facies F1b) (Figure 3A through F).
The biota is composed of gastropods, bivalves, annelids
(serpulids and ditrupes), echinoderms, and a wide vari-
ety of benthic foraminifera (nummulitids, orbitolinids,
miliolids, etc.). Based on previous studies, bryozoans,
sponges, brachiopods, fishes or turtles have also been
found in these facies in the Paris Basin (Merle, 2008).
Siliciclastic and foraminifera rudstones (facies Fla) pre-
sent Thalassinoides burrows while bioclastic grainstones
display Ophiomorpha bioturbations (facies F1b). Facies
Fla, which is coarser than facies F1b, presents nummu-
lites (often oriented), erosion gullies and erosive surfaces.
Facies F1b shows cross bedding in dunes ranging from
10cm to 1m in height (types II to IV of Allen, 1980), pla-
nar bedding (Figure 3A) or wave ripples. The smallest
dunes more frequently have reactivation surfaces.

The marine biota, the sedimentary structures, the com-
mon bioturbations (Figure 3D) and the large quantity of
detrital quartz, all suggest a well-oxygenated open marine
domain with a high energy wave-dominated or tide-domi-
nated environment located above the fair-weather wave base
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(Briais, 2015). Dunes in facies F1b indicate an open marine ~ marks high energy tidal flat environments. Facies Fla in-
environment between the subtidal and the intertidal do- dicates a shoreface environment further to the shoreline
mains while cross-bedding alternating with planar bedding ~ where storm events are recorded (Pemberton et al., 1992).
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FIGURE 3 Open marine inner platform facies association FA1. The numbers indicated [#] correspond to the location of the boreholes
and sedimentary sections in Figure 1. (A) Quarry face revealing cross-bedding in dunes and planar bedding; Facies F1b; Calcaire grossier
Formation, Lutetian [27]. (B) Sandy rudstone with coarse quartz and shell fragments; Facies Fla; Calcaire grossier Formation, Lutetian [5].
(C and D) Rudstone and grainstone with marine bivalves, gastropods, echinoderms and foraminifera, see the bioturbation (Ophiomorpha)
in picture D; Facies F1b; Calcaire grossier Formation, Lutetian [3 and 6]. (E) Bioclastic grainstone in thin sections with quartz (Qz), benthic
foraminifera (B.F.), miliolids (Mil.) and echinoderms (Ech.); Facies F1b; Calcaire grossier Formation, Lutetian [6]. (F) Same facies as picture
D with bivalves (Bi.); base of the Sables de Fontainebleau Formation, Rupelian [8].

This facies association is abundant in the Calcaire grossier
Formation (Lutetian) and at the base of the Sables de
Fontainebleau Formation (Rupelian).

4.2 | Facies association FA2 Restricted
marine inner platform

Petrography and sedimentary structures—Seven facies
compose this association: (1) grainstone/packstone with
miliolids (facies F2a) (Figure 4A,B,C), (2) alternations
of foraminifera-rich wackestone and grainstones (fa-
cies F2b) (Figure 4A,D), (3) bioturbated floastone with a
wackestone matrix (facies F2c) (Figure 4E,F), (4) alterna-
tions of dolomite and wackestone with foraminifera and
storm wash-over (facies F2d) (Figure 4G,H), (5) alterna-
tions of miliolid grainstone and green marls (facies F2e)
(Figure 4I), (6) alternations of gypsum and mudstone/
wackestone levels (facies F2f) (Figure 4J), and (7) biotur-
bated mudstone (facies F2g) (Figure 4K). They correspond
to centimetre-sized to decimetre-sized muddy limestone
alternations with low faunal diversity (benthic foraminif-
era, dasyclads, echinoderms, gastropods, bivalves) and
less detrital input than facies association FA1. Beds are
planar or present metre-scale undulations (Figure 4L).
Marine foraminifera families identified in these facies
are, among others, Calcarinidae, Miliolidae, Fabulariidae,
Polymorphinidae or Valvulinidae. Marine-brackish fami-
lies are also present, such as Bolivinidae, Buliminidae,
Discorbidae, Elphidiidae or Rosalinidae.

All these facies show few detrital grains, sometimes
abundant bioturbations, laminations and alternation be-
tween muddy and granular lamina and/or beds, indicating
fluctuating hydrodynamic energy from low to moderate
energy environments, typical of restricted marine envi-
ronments (Wilson, 1974; Arribas et al., 2004). The fora-
minifera assemblage characterises a marine environment
with salinity fluctuations. The low biota diversity is dom-
inated by miliolids and dasyclad algae, which suggests a
protected marine environment such as an inner lagoon
(Wilson, 1974; Langer & Lipps, 2003; Amao et al., 2016).
Alternating muddy and shelly beds suggests deposition
during storm wash-overs. In facies F2f, alternating gypsum
and mudstone/wackestone with tepee structures indicates
a supratidal environment along the margin, subjected to

alternating periods of flooding and then exposure during
dry episodes (Kendall & Warren, 1987).

Oxygen and carbon isotopes—Isotopic values range
from —4.6 to 1.1%o for "°C and from —4.3 to 1.9%. for
the 5'%0 (mean value of —2.2 and —1.2%o, respectively),
i.e., close to the range of non-recrystallised marine fos-
sils obtained from marine molluscs from the Paris Basin
(Huyghe, 2010) and from ostracods from the Hampshire
Basin (Marchegiano & John, 2022), which, for a similar
age, range from —2.5 to 1.5%o for the §"°C and from —5
to —0.5%o for the 5'*0 (Figure 5). This is consistent with
the marine origin mentioned before. Some micrites (es-
pecially in facies F2e and g) exhibit variable oxygen iso-
topic compositions with some positive values, showing
fluctuations in water chemistry during phases of evapora-
tion. This association is exclusive to the upper part of the
Calcaire grossier and the Marnes et Caillasses formations
(Lutetian to early Bartonian).

4.3 | Facies association FA3 Coastal Lake

Petrography and sedimentary structures—This facies as-
sociation consists of five facies showing rare sporadic
connections of the basin with the marine domain: (1)
alternating gypsum limestones and marls (facies F3a)
(Figure 6A,B,C), (2) euryhaline foraminifera wackestone
to mudstone (facies F3b) (Figure 6D,E), (3) shell rich
packstone (facies F3c) (Figure 6F), (4) varves (facies F3d),
and (5) gypsiferous marls (facies F3e). Facies F3a is locally
composed of alternating gypsum, millimetre-scale planar
microbial laminae, or calcite dendrites in a micritic matrix
(Figure 6A,B,C). The gypsum crystallised as saccharoidal,
lenticular or dendritic forms and is sometimes recrystal-
lised in calcite or in silica. Facies F3b, F3c and F3d present
a biota of ostracods, euryhaline foraminifera (families:
Bolivinidae, Buliminidae, Discorbidae, Nonionidae, and
Rosalinidae; genus: Elphidiella and Caucasina), gastro-
pods, bivalves and charophytes (Figure 6D,E,F). The varve
facies F3d corresponds to alternating limestone beds sev-
eral tens of centimetres thick and thin clayey interbeds.
The fossil assemblage in the gypsiferous marls F3e consists
of brackish to marine species (Corbulidae, Turritellidae,
Potamididae families) associated with charophytes in the
northern part of the basin. However, they show an affinity
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for brackish to freshwater environments (Lymnaeidae,
Planorbidae, Truncatellidae families with genus Nystia)
in the southern part.

These mud-rich facies with few detrital grains (>10%)
indicate a restricted depositional environment with low

terrestrial input. The fossil assemblage is characteristic
of a brackish to freshwater environment with fluctuating
salinity (mostly mesohaline to oligohaline conditions) in
coastal environments like estuaries, lagoons and coastal
lakes (Plaziat, 1993; Dye & Barros, 2005; Strotz, 2015; Pint
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FIGURE 4 Restricted marine facies association FA2. The numbers indicated [#] correspond to the location of the boreholes and
sedimentary sections in Figure 1. (A) Horizontal alternations of bivalve-rich grainstone (facies F2a) and wackestone with foraminifera
(facies F2b); Calcaire grossier Formation, Lutetian [6]. (B) Grainstone with miliolids; Facies F2a: miliolidae (mil.), dasycladian algae

(da.), echinoderms (ech.), glauconite and quartz; Calcaire grossier Formation, Lutetian [6]. (C) Same facies as picture B; Calcaire grossier
Formation, Lutetian [3]. (D) Wackestone with foraminifera; Facies F2b: benth. Foram: benthic foraminifera; Calcaire grossier Formation,
Lutetian [6]. (E and F) Floatstone with large gastropods (gast.) and bivalves (bi.) in a wackestone matrix; Facies F2¢ with foraminifera,
bivalves, ostracods and ditrupes, miliolids (Mil.) and benthic foraminifera (benth. Foram.). Bivalves are marine species (Veneridae); Calcaire
grossier Formation, Lutetian [8]. (G and H) Alternating dolomite (dol.) and wackestone with foraminifera subjected to turbation by a
tempestite with crushed gastropods (gast.). Note the desiccation cracks (DsC) at the bottom of the sample; Facies F2d; Marnes et Caillasses
Formation, Lutetian-Bartonian [1]. (I) Alternating cross-bedded and bioturbated green marls and grainstone with foraminifera; Facies F2e;
Calcaire grossier Formation, Lutetian [26]. (J) Alternating mudstone to wackestone layers with fluid escape and tepees; Facies F2f; sparite
has precipitated between the laminae; Marnes et Caillasses Formation, Lutetian-Bartonian [1]. (K) Bioturbared mudstone; Facies F2g; green
clay fragments are present; Calcaire grossier Formation, Lutetian [8]. (L) Alternating marls and mudstones with undulating bedding; Facies

F2g; Marnes et Caillasses Formation, Lutetian-Bartonian [27].

et al., 2017; Fritz et al., 2018; Lettéron et al., 2018). These
salinity variations are supported by the presence of gyp-
sum levels in the depositional record.

Oxygen and carbon isotopes—Isotopic values range
from —7.0 to —2.3%o for the "°C and from —6.2 to 1.7%.
for the 8'®0 (means of —5.6 and —3.5%o, respectively;
Figure 5). The isotopic composition of the micrite clearly
distinguishes this environment from a restricted marine
setting since its 8"3C and 80 values are more negative
and within the range of open lakes (Talbot, 1990). This is
best interpreted here as reflecting a higher contribution of
meteoric waters (Allan & Matthews, 1982; Talbot, 1990).

Synthesis—Facies association 3 therefore presents
mud-dominated carbonate with a low detrital content,
a dominance of brackish species, and records meteoric
isotope values. These observations are interpreted as in-
dicating a coastal lake environment. The varve facies F3d
represents the deeper and/or calmer part of the coastal lake
whereas the shell packstone of facies F3c indicates moder-
ate hydrodynamic energy with local accumulation of shells
along the lake margin (Gierlowski-Kordesch, 2010). Facies
F3a with gypsum levels and microbial mats indicates saline
water deposits in a playa-like environment (Schreiber, 1988;
Rouchy et al., 2001; Fliigel & Munnecke, 2010). These
gypseferous marls (F3e) are most influenced by marine in-
cursions, as shown by the common occurrence of marine
species. Some levels composed by this facies even show a
marine environment like lagoons. This facies association
made up the limestone and marl formations in the centre
and the northern part of the basin during the Bartonian,
Priabonian and early Rupelian.

4.4 | Facies F4 Floodplain

The floodplain is represented by only one facies in the
Paris Basin: coarse to fine sandy clays. This facies is
present at the base of the Lutetian deposits. It consists
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FIGURE 5 Cross-plot of stable carbonate isotopic composition
(6"3C and 80 values vs PDB) of micrite for marine, lacustrine
and palustrine facies of the Cenozoic of the Paris Basin. Although
some of the facies analysed show patches of sparitic cements or
grains, the analyses were systematically carried out on micrite to
reduce the impact of diagenesis on isotopic signals. The marine
isotopic domain is given by the two blue rectangles based on the
isotopic composition of ostracods from the Hampshire Basin
(Marchegiano & John, 2022) and marine molluscs from the Paris
Basin (Huyghe, 2010).

of bioturbated, brownish sandy clays to marls with ter-
restrial gastropods and sinuous vertical millimetre-wide
bioturbations with a fine, organic-rich centre interpreted
as ancient roots. This facies is present above erosional
surfaces.

This facies is interpreted as floodplain associated with
fluvial systems, marking the transgression of the Lutetian
deposits above the Ypresian sedimentary formations.
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4.5 | Facies association FA5 Palustrine
environment

Petrography and sedimentary structures—The palus-
trine facies association is composed of eight facies dis-
playing abundant subaerial exposure markers such as
desiccation cracks or pedogenetic processes: (1) tubular
limestones (facies F5a; Figure 7A,B), (2) nodular brec-
ciated limestones (facies F5b, Figure 7C,D,E), (3) lami-
nar brecciated limestones (facies F5c, Figure 7F), and
chalky altered limestones (facies F5d, Figure 7G), (5)
peloidal grainstones (facies F5e, Figure 7H,I), (6) in-
situ brecciated limestones (facies F5f, Figure 7J,K,L),
(7) organic-rich wackestone and marls with reworked
intraclasts (facies F5g, Figure 7M), and (8) alternating
mudstone and wackestone with root traces (facies F5h,
Figure 7M,N). Facies F5a to F5d present intense suba-
erial exposure leading to extensive transformation of
the primary sediment, which is difficult to recognise in
some cases. Fauna is either absent or limited to rare
ostracods. In facies F5b and F5c, intraclasts are mainly
desiccated, displaying a jigsaw-puzzle structure. They
are locally silicified by opal A, microcrystalline quartz
or chalcedony. In thin section, facies F5a to F5c show
alveolar-septal structures (Figure 7F), coated grains
with micritic agglutinated fabrics or concentric micro-
bial laminations (Figure 7C,D), rhizoliths and clotted
micrite. Tubular voids interpreted as rootlet moulds and
rarely preserved polygonal white or brownish prisms
(Microcodium) extend throughout the matrix and the
intraclasts (Figure 7B,C,F). Micrite laminae with desic-
cation cracks, fenestral fabrics and rootlet moulds mak-
ing up the laminar brecciated limestones without any
significant change in thickness (Figure 7F). A micritic
matrix or a sparitic calcitic cement separate the clasts,
while vadose calcitic cements develop in the porosity
(Figure 7E). Facies F5e to F5h also present markers
of subaerial exposure, although these are notably less
important than in facies F5a-d. The top of the beds
are often irregular but well recognisable in outcrops.
The primary sediment is partly preserved and can be
identified and described. Gastropods and ostracods are
common, charophytes are locally present but rare, and
former roots are abundant in the upper part of some

beds. Sometimes, the presence of laminated structures
lying horizontally within the intraclasts confirms that
the clasts have not been remobilised in in-situ brecci-
ated limestones (facies F5f; Figure 7J). In Figure 77,
they also highlight that the two intraclasts were for-
merly continuous. The surface of the intraclasts ranges
from rough to smooth and may be locally covered by
micritic laminar calcretes (Figure 7K). Between in-
traclasts, the filling consists either of gastropods and
reworked polygenetic carbonate intraclasts within a
micritic matrix that is rarely desiccated or by sparite
cements (Figure 7J,K,L). The alternation of mudstone
and wackestone with root traces (facies F5h) exhibits
a palustrine carbonate in the upper part of the beds,
while the bottom is unaffected by subaerial exposure
(Figure 7N). Peloidal grainstone F5e fills desiccation
cracks, microcavities or karstic channels within previ-
ously described facies.

Oxygen and carbon isotopes—The isotope composi-
tions are depleted in *C and 0 with values ranging from
—8.8 to —4.7%o for the 8"°C and from —6.2 to —2.5%o for
the 620 (mean values of —7.1 and —4.6%o, respectively;
Figure 5). The highly negative §"°C and 80 values indi-
cate the influence of meteoric fluids (Talbot, 1990). Note
however that the micrite of these facies has been modified
early by biological activity.

Synthesis—All facies of this facies association FAS5
present characteristics of subaerial exposure suggest-
ing the ephemeral presence of water in lacustrine sys-
tems or seasonal wetlands, i.e., typical of a palustrine
environment (Freytet & Plaziat, 1982; Platt, 1989; Platt
& Wright, 1991; Freytet & Verrecchia, 2002; Alonso-
Zarza & Wright, 2010a). The muddy limestone rep-
resents the highest water level while the subaerial
exposure features (peloids, roots, desiccation, ...) record
the depositional system with the lowest water level
(Freytet & Plaziat, 1982; Platt & Wright, 1991; Bohacs
et al., 2000; Freytet & Verrecchia, 2002; Alonso-Zarza
& Wright, 2010a). Facies F5a to F5d are interpreted as
calcretes composed mainly of beta microfabrics which
were formed during long or intense episodes of sub-
aerial exposure (Wright, 1994; Kosir, 2004; Kabanov
et al., 2008; Alonso-Zarza & Wright, 2010a). The pres-
ence of alveolar-septal structures, rootlet moulds and

FIGURE 6 Coastal lake facies association FA3. The numbers indicated [#] correspond to the location of the boreholes and sedimentary
sections in Figure 1. (A) Cores presenting alternating gypsum, limestone and organic matter; Facies F3a; Masses de gypses Formation,
Priabonian [28]. (B) Gypsum developing in limestone; Facies F3a; Marnes et Caillasses Formation, Lutetian-Bartonian [1]. (C) Limestone
with calcite dendrites and recrystallised gastropods (some are shown with black arrows); Facies F3a; Calcaire de Saint-Ouen Formation,
Bartonian [5]. (D) Wackestone with microfossils; Facies F3b; Calcaire de Saint-Ouen Formation, Bartonian [2]. (E) Wackestone with
pelloids (Pel.), ostracods and small foraminifera (benth. foram.); Facies F3b; Calcaire de Saint-Ouen Formation, Bartonian [7]. (F) Shell-
rich packstone with ostracods, charophytes, gastropods (gastr.) and euryhaline benthic foraminifera (benth. foram.); Facies F3c; Calcaire de

Saint-Ouen Formation, Bartonian [6].
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Microbial mat

Microcodium in these facies, plus fenestral fabrics in
some layers in facies F5c suggest a rhizogenic origin
(Wright et al., 1988; Wright, 1989; Alonso-Zarza, 1999;
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Alonso-Zarza & Wright, 2010). These facies record
the strong weathering of the primary carbonate of the
Lutetian, Priabonian, Rupelian and Aquitanian.
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4.6 | Facies association FA6 Inland lake

Petrography and sedimentary structures—This association
is composed of seven facies: (1) polygenetic breccia (facies
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F6a), (2) wackestone with lithoclasts (facies F6b), (3)
grainstone with peloids and shell fragments (facies F6c),
(4) shell-rich floatstone (facies Fé6d), (5) oncoidal wacke-
stone to packstone (facies F6e), (6) microbial crust (facies
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FIGURE 7 Palustrine carbonate facies association FA5. The numbers indicated [#] correspond to the location of the boreholes and
sedimentary sections in Figure 1. (A and B) Rhizoliths. Root cells are still identifiable (black arrows). Rootlet moulds are filled by calcedony
(in white); Facies F5a; Calcaire de Beauce Formation, Aquitanian [12]. (C and D) Peloids coated by micritic envelopes (mi.env); Facies F5b;
Calcaire de Champigny Formation, Priabonian [18 and 21]. (E) Geopetal cement in nodular brecciated limestone; Facies F5b; Calcaire de
Champigny Formation, Priabonian [8]. (F) Laminar brecciated limestone displaying a recrystallised millimetre-thick root level with alveolar
septal structures (Al. Sep. St.) around which desiccation cracks (Dess.C.) develop; Facies F5c; Calcaire de Brie Formation, Rupelian [8].

(G) Chalky altered limestone with recrystallised micrite in microsparite and silica (Si.); Facies F5d; Calcaire de Champigny Formation,
Priabonian [8]. (H) Peloidal grainstone (large arrows) filling a karstic cavity (small arrows); Facies F5e; Calcaire d'Etampes Formation,
Rupelian [8]. (I) Peloidal grainstone (facies F5e) filling spaces between two in-situ intraclasts with gastropods (gast.); Facies F5e and F5f;
Calcaire de Beauce Formation, Aquitanian [16]. (J) In-situ brecciated limestones with stromatolitic-like structures inside the intraclasts;
Facies F5f; Calcaire de Beauce Formation, Aquitanian [14]. (K) In-situ brecciated limestones with a thin layer of laminar calcrete visible
around the in-situ intraclasts; Facies F5f; Calcaire de Beauce Formation, Aquitanian [16]. (L) In-situ brecciated limestones showing jigsaw-
puzzle like centimetre-sized intraclasts marking desiccation of the former carbonate rock. The intergranular space is cemented with vadose
and phreatic cements; Facies F5f; Calcaire de Provins Formation, Lutetian [18]. (M) Alternation of palustrine facies F5g and F5h affected by
the development of a metre-sized karstic cavity; Calcaire de Beauce Formation; Aquitanian [11]. (N) Wackestone with root traces and peloid

development; Facies F5h; Calcaire d'Etampes Formation, Rupelian [8].

F6f), and (7) alternations of mudstone and marls (facies
F6g; Figure 8). Gastropods are the main fossil found in
these facies; ostracods and charophytes are present in
lesser amounts. Fenestral porosity is present and filled
by dogtooth or drusy sparite cements. Polygenetic brec-
cia facies (F6a) display reworked carbonate intraclasts
of a few centimetres to a few tens of centimetres in size
with different morphologies (rounded to sub-angular)
and origins (black pebbles, microbial crusts, palustrine
carbonate) without preferential orientation, and locally
attesting to a polyphase process of breccia formation
(Figure 8A,B). Lithoclastic wackestones (facies F6b) ex-
hibit similar reworked intraclasts but with smaller mil-
limetre-sized fragments and lower proportions of grains.
The clasts are mostly rounded and sometimes concen-
trated along horizontal levels a few millimetres thick
(Figure 8C). Within centimetre-thick to decimetre-thick
grey to bluish indurated beds, floatstones and rudstones
with gastropods (F6d) or with oncoids (F6e) are present
(Figure 8E,F,G). Desiccation is often identified at the top
of the beds. Alternation of clear and dark millimetre-
thick micritic laminae, with the dark ones occasionally
containing some fragments of organic matter can form
columnar or planar structures covering exposure surfaces
or filling the intergranular space (Figure 8H). Encrusted
shells (Lymnaeidae) are unaltered and intact when in
contact with the laminae. These laminae are interpreted
as microbial crusts (facies F6f). They display often mic-
ritic and rarely hybrid laminated microfabrics (Vennin
et al., 2021). Finally, the mudstone-marl alternation (fa-
cies F6g) is composed of beds of mudstones or wacke-
stones several centimetres thick with reworked intraclasts
and gastropods alternating with marls (Figure 8I). No
subaerial exposure features were identified in this facies.
Oxygen and carbon isotopes—The isotopic values of
these facies are negative, ranging from —7.8 to —4.3%o
for the 8"°C and from —4.8 to —2.3%. for the §'°0, and a

covariation is identified (mean values of —6.8 and —3.2%o,
respectively; Figure 5). These values correspond to the
range found in modern temperate lakes and confirm the
formation of the micrite in meteoric water (Talbot, 1990).

Synthesis—The biota and isotope composition of the
micrite of this association indicates deposition in a fresh to
brackish-water lake, isolated from any marine influence.
“Pure” lacustrine limestones are rare, with most showing
slight signs of subaerial exposure towards the top of the
beds (desiccation cracks, tubular voids interpreted as rootlet
moulds, fenestral porosity). The polyphasic breccia indicate
multiple reworking of the sediment (Figure 8B). Black litho-
clasts present in these breccia (facies F6a), known as “black
pebbles” (Platt, 1989), attest to a short transport distance
from the palustrine system (Platt, 1989; Miller et al., 2013).
Because such breccia generally occur above subaerial expo-
sure surfaces, they are interpreted as resulting from rework-
ing of primary sediment in shallow water. The facies F6b
is interpreted as resulting from deposition of the smallest
reworked intraclasts transported over longer distances than
that seen in facies F6a formed. In the mud-wackestone and
clayey marl alternations (facies F6g) (Figure 8I), the ab-
sence of subaerial features and organic matter-rich or clayey
levels suggests a deposit far from the lake margins but still
above the hypolimnion (Platt & Wright, 1991; Gierlowski-
Kordesch, 2010). This facies association is encountered in
the last episodes of carbonate sedimentation in the Paris
Basin in the Calcaire d'Etampes (late Rupelian) and the
Calcaire de Beauce (Aquitanian) formations.

5 | STRATIGRAPHIC SEQUENCES,
FACIES DISTRIBUTION AND PALAE
OENVIRONMENTAL EVOLUTION

The two cross-sections are constructed above and below
the major subaerial unconformity R2, which is taken as
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a horizontal surface (Figures 9 and 10). This preceeds
the marine transgression of the Sables de Fontainebleau
Formation above palustrine or lacustrine formations
(Calcaire de Brie and Caillasses d'Orgemont formations).

The stratigraphic surfaces defined by Briais (2015)
were correlated further south and east in the lacustrine
and palustrine facies and help to define cycles. Fifteen
short-term stratigraphic cycles (shorter than 4 Myrs long)
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FIGURE 8 Inland lake facies association FA6. The numbers indicated [#] correspond to the location of the boreholes and sedimentary
sections in Figure 1. (A) Polygenetic breccia with black angular limestone pebbles and reworked carbonate intraclasts; Facies F6a; Calcaire
de Beauce Formation, Aquitanian [16]. (B) Polyphase and polygenetic limestone breccia; Facies F6a; Calcaire de Beauce Formation,
Aquitanian [14]. (C) Reworked limestone intraclasts forming beds in a micritic matrix; Facies F6b; Calcaire de Beauce Formation,
Aquitanian [14]. (D) Grainstone with peloids and shell fragments (red arrows); Facies F6c; Calcaire de Beauce Formation, Aquitanian

[12]. (E and F) Gastropod (gast.)-rich rudstone beds. An erosional surface separates facies F6d from facies F6e in picture F; Facies F6d;
Calcaire de Beauce Formation, Aquitanian [13]. (G) Beds of oncoidal rudstone; Facies Fé6e; Calcaire de Beauce Formation, Aquitanian
[13]. (H) Columnar laminated microbial crusts overlying an eroded surface; Facies F6f; Calcaire de Beauce Formation; Aquitanian [16].

(I) Alternating mudstones and gastropod marls; Facies F6g; Calcaire d'Etampes Formation, Rupelian [10].

have been identified from the Lutetian to the Rupelian
(47-28 Ma) using the facies associations described above.
The average duration of a cycle is approximately 1.25 Myr,
which matches the range of duration of third-order cycles
(Vail et al., 1991; Hardenbol et al., 1999). All these cycles
are included in four lower-order cycles (longer than 4
Myrs long), considered by Briais (2015) as second-order
cycles. The first one ranges from the Lutetian to the early
Bartonian (LB cycle, duration ~7Myr) and is delimited
by the L1 and B2 subaerial unconformity. It is followed
by the early Bartonian to middle Priabonian (BP cycle,
~7Myr) and the middle Priabonian to late Rupelian (PO
cycle, ~7-8 Myr) cycles topped, respectively, by the P3 and
Al subaerial unconformity. The final cycle ranges from
the Aquitanian to the Burdigalian (A cycle, =4-5Myr).
These cycles are detailed below.

51 | Lutetian- early Bartonian LB cycle:
Isolation of the marine carbonate platform

The Lutetian to early Bartonian LB cycle contains three
short-term cycles (LB1, LB2 and LB3), each one mainly
composed of marine carbonate rocks from the FA1 and
FA2 facies associations. This cycle extends from the ero-
sional subaerial unconformity L1, recording a 2 Myrs
long hiatus (Pomerol, 1989; Briais et al., 2016), to the
erosional subaerial unconformity B2 at the top of the
Marnes et Caillasses Formation. The deposits thin out
from north to south (Figure 9). Biostratigraphic data
and sequence stratigraphic correlations suggest that the
maximum flooding surfaces of each cycle, L2, L3 and
B1, are onlapping southwards and westwards (Figures 9
and 10). The Lutetian marks a long-term regression from
open marine (facies association FA1) to restricted ma-
rine environments (facies association FA2). Nonetheless,
the maximum flooding surfaces L2 and L3 seem to not
extend beyond the Remarde Anticline (Figure 9) and
Melun (Figure 10), where they merge with the L1 sur-
face, while the B1 maximum flooding surface stretches
further southwards and westwards to Pithiviers and
Etampes (Figures 9 and 10).

Biota suggest that, during the LB1 and LB2 cycles,
the deepest bathymetries were located in the northern
part of the basin, decreasing southwards and along
the Bray and Remarde anticlines (Merle, 2008). The
upper regressive systems tract of the LB2 cycle re-
cords the shallowing of the basin with the appearance
of restricted marine limestones (FA2), which persists
throughout the LB3 cycle with several evaporitic epi-
sodes around Paris (Figures 9 and 11B). Restricted ma-
rine deposits pass laterally into a palustrine domain
extending westwards to Provins (Figures 10 and 11B)
with in-situ brecciated limestones (facies F5f, Calcaire
de Provins Formation) and southwards from Pithiviers
to Orléans with several facies displaying the freshwa-
ter gastropod Biomphalaria pseudoammonia (facies
F5f, F5g, F5h; Turland, 1974; Mégnien, 1980; Gély &
Lorenz, 1991; Merle, 2008).

5.2 | Early Bartonian to middle
Priabonian BP cycle: from an estuarine to a
carbonate-evaporitic lacustrine system

The long-term BP cycle records six short-term cycles (BP1
to BP6), marking a marine transgression above the Marnes
et Caillasses Formation (subaerial unconformity B2) dur-
ing the early Bartonian with estuarine and tidal siliciclas-
tic sands (BP1 to BP3; Briais, 2015), and then isolation of
the basin during the late Bartonian to middle Priabonian
with lacustrine and evaporitic deposits (facies association
F3, BP4 to BP6) (Figures 9 and 10). The cycle ends with
the subaerial unconformity P3 at the top of the Marnes
et Masses de gypses and the Calcaire de Champigny
formations.

The first three short-term cycles (BP1 to BP3) present
the same geometries as the Lutetian cycles LB1 and LB2,
i.e., a maximum thickness and depth in the northern part
of the basin and thinning southwards where the maximum
flooding surfaces are interpreted to onlap and facies are
shallower (Figure 9). A sedimentary hiatus is identified
in the eastern part during these cycles (Figure 10). During
the last three short-term cycles of the BP cycle (BP4 to
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FIGURE 11 Palaeoenvironmental evolution during five periods of carbonate sedimentation. These reconstructions are based on the

cross-sections of this study (Figures 9 and 10) and on pre-existing palaeoenvironmental maps (Mégnien, 1980; Merle, 2008; Briais, 2015). The
Shallow Benthic Zone (SBZ) and the Calcareous Nannofossils (NP) are based on the global chronostratigraphic chart (Speijer et al., 2020).
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BP6), lacustrine limestones, marls and evaporites develop
from Creil to Etampes (FA3, Calcaire de Saint-Ouen to
the top of Marnes et Masses de gypses formations), pass-
ing southwards and eastwards into palustrine limestones
(FAS, Calcaire de Champigny Formation, Figures 9 and
11C,D). The maximum thickness of deposits occurs in
Paris and decreases northwards. Deposits also thin out
around the Meudon and Remarde anticlines (Figure 9).
At Paris, the transgressive systems tract of the BP4 cycle
is composed of lacustrine marl and limestone facies
mixed with thin evaporite layers while it thins out com-
pletely eastwards (facies F3a-d; Calcaire de Saint-Ouen
Formation; Figures 9 and 10). The maximum flooding
surfaces of cycles BP4 to BP6 are identified as gypsiferous
marls (facies F3e) with marine or brackish fauna (respec-
tively inside the Marnes a Pholadomya ludensis Member
for BP4, Marnes a lucines Member for BP5, and Marnes
d'entre-deux-Masses Member for BP6). Episodes of con-
nection with marine water are marked by the occurrence
of marine bivalves or foraminifera along the maximum
flooding surfaces (Pomerol et al., 1965; Mégnien, 1980),
which record salinity close to but lower than that of nor-
mal seawater. The highstand systems tracts of cycles BP4,
BP5 and BP6 correspond to gypsum deposits around Paris,
and spread as far as the Meudon Anticline as noted by
Gély & Lorenz (1991) and Mégnien (1974). From the BP4
to BP6 cycles, a palustrine domain dominated by calcretes
(F5a to F5d) migrates from Pithiviers, Melun and Provins
towards Paris (Figures 9, 10 and 11D). Along the margins
of the basin, palustrine sequences presenting coastal la-
custrine facies FA3, in-situ brecciated limestones F5f or
chalky altered limestones F5d overlayed by other calcretes
(facies F5a-c) develop in several locations [8, 17 and 20
in Figures 1D, 10 and 12]. Maximum flooding surfaces
of each cycle are located inside the less modified beds by
pedogenetic processes, mainly in limestone and marl beds
contaning ostracods, charophytes and foraminifera (facies
F3b, F5f or F5g; Figure 12).

The descriptions in the west and north-west of the
basin of the same palustrine limestones as in the south
and south-east (Mégnien, 1980) and the thinning of sed-
iments in the north of the basin (Figure 9) suggest that
the lake was periodically closed to the marine domain
and surrounded by a frequently exposed palustrine area
(Figure 11D).

5.3 | Middle Priabonian to early
Rupelian PO cycle: from coastal lakes to
inland lakes

The long-term PO cycle is composed of six short-term cy-
cles (PO1 to PO6) showing the evolution of a lacustrine

domain (facies association FA3) into a sandy marine en-
vironment. The PO cycle ends with the establishment
of lacustrine and palustrine domains (F5 and F6) in the
southern part of the basin. It ends with the subaerial un-
conformity Al, corresponding to a major sedimentary
hiatus beginning at the end of the Rupelian and extend-
ing throughout the Chattian (Figure 9). In some localities
between Etampes and Orléans, this hiatus is located be-
tween the Calcaire d'Etampes (Rupelian) and the Molasse
du Gatinais (Aquitanian) formations with sandy or silty
marl levels directly overlying lacustrine carbonates.
Depocentres are located around Paris until the last short-
term cycle PO6, when the depocentre migrates southward.

During the PO1 and PO2 cycles, gypsiferous marls (fa-
cies F3e, Argiles bleues d'Argenteuil, Marnes de Pantin,
Glaises a cyrénes and Argiles vertes de Romainville mem-
bers) displaying brackish to marine fauna develop in a
coastal lake environment in the northern part of the basin
from Creil to Pithiviers (Figure 9). They pass southwards
and eastwards into palustrine deposits with calcrete fa-
cies (facies association FA5, Calcaire de Brie Formation).
Palustrine environments migrate strongly northwards
during the deposition of the highstand systems tracts of
the PO2 sequence (Figure 9). These cycles exhibit the
same facies and sequences as the BP5 and BP6 cycles
previously described. The maxium thickness of the PO3,
PO4 and POS5 cycles is seen around Paris and Etampes
and thins southwards and eastwards with the Sables de
Fontainebleau Formation (Figures 9 and 10). This forma-
tion marks a sandy marine transgression from the north-
west to the south-east of the basin (Figure 9). Cycle PO6,
however, displays a maximum thickness in the south and
east of the study area with alternating lacustrine and pa-
lustrine facies passing to calcrete facies from Orléans to
Etampes (facies F5b, F5c, F5e, F5g, F5h, F6b, F6d, F6f
and Fé6g; Calcaire d'Etampes Formation; Figure 9). It is
correlated with a sedimentary hiatus from Paris to Creil
(Figures 9 and 10).

5.4 | Miocene A cycle, a lake on a low
energy microbial asymmetrical lacustrine-
palustrine margin

This last long-term cycle corresponds to the Neogene de-
posits in the Paris Basin and contains the carbonate la-
custrine Aquitanian Molasse du Gatinais and Calcaire
de Beauce formations and the siliciclastic fluvial Sables
et Marnes de 1'Orléanais Formation. They occur after a
5 Myr long hiatus covering the Chattian (Pomerol, 1989)
throughout the basin (Figure 11E). The transgressive sys-
tems tract of this long-term cycle is composed of lacustrine
and palustrine limestones (commonly facies F5f, F5g, F5h,
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FIGURE 12 Carbonate section of the Bartonian-Priabonian in the Maisse borehole (location 8 in Figure 1) with the associated gamma-
ray log, the vertical facies succession, the interpretation of sediment exposure time to subaerial processes, and the sequence stratigraphic
interpretations. Refer to Section 4 for the facies and facies association nomenclature and explanations of their interpretation. Note that the
gamma-ray log effectively distinguishes between different facies associations (FA). Abrupt facies changes and erosive surfaces characterise

subaerial unconformities.

F6a, F6b, F6d, F6e and F6f) in the north of the Miocene
basin (locations 11, 13, 14, 15, 16 and 24 in Figures 1D, 9,
10 and 11E) and more clayey facies near the depocentre at
Orléans (facies F6b, F6c and F6g) (Figures 9, 10 and 11E).
Multiple shorter depositional sequences are topped by
desiccation cracks and indicate successive lake-level vari-
ations. The last highstand systems tract recorded by a suc-
cession of desiccated limestones (facies F6d, F5f and F5h)
covered by cryoturbated white marls, with the A2 subae-
rial unconformity at its top, is identified at the top of the
Calcaire de Beauce Formation in several localities in the
basin (locations [11], [13], [14], [15] and [16] in Figures 10
and 13).

Differences in facies on either side of the basin are
recognised and record differences in water inflow. Facies
F6b is associated with in-situ brecciated limestones (fa-
cies F5f) along the western margin [locations 13, 14, 15,
16 and 24 in Figure 1D], and with limestones with root
traces and wackestones or marls with lithoclasts (respec-
tively facies F5h and F5g) on the eastern margin [location
11] (Figure 13). As the asymmetrical lacustrine system
model from Arenas and Pardo (1999) suggests, poorly
drained margins are more brecciated and subject to the
erosion of pre-existing material, while heavily vegetated
fringes develop along well-drained margins. Therefore,
the Aquitanian lake shows an asymmetrical profile with a
poorly drained western margin and a well-drained eastern
margin. This scheme is consistent with the presence of a
fluvial system arriving from the south-east at the begin-
ning of the A cycle.

6 | DISCUSSION

6.1 | Marine and tectonic influences
on palaeoenvironments and sedimentary
geometries

Each short-term and long-term cycle was readjusted
in time thanks to the biostratigraphic framework de-
tailed in Sections 2 and 3 in three locations: in the cen-
tre and the north (locations around Paris [1 to 7] in
Figure 1D), in the south (locations around Maisse [8 to
16], and to the east (Provins [17 to 21]). Some uncertain-
ties remain, however, about the exact age of surfaces.
Because coastal lacustrine facies show connections

with the marine realm, these cycles are compared to
the global sea-level curve and European marine cycles
(Figure 14; Hardenbol et al., 1999; Miller et al., 2020;
Speijer et al., 2020). The maximum flooding surfaces of
the BP4, BP6 and PO1 cycles in the central and northern
parts of the study area can be correlated to those in other
European basins (Figure 14). This could indicate that
these cycles are being controlled by large-scale sea-level
variations. However, it was not possible to identify these
cyclesin the eastern part of the basin. Only the major
regressive trend is recorded (Figure 14). This indicates
that the control of relative sea-level variations over
short-order cycles decreased or even disappeared east-
wards, where environments lay further from the marine
domain. However, the Bartonian-Priabonian short-term
cycles of the Paris Basin and of European basins are not
consistent with global sea-level variations, which means
that these sea-level variations are not principally a re-
sult of eustacy. For example, the major unconformity P3
coincides well with a sequence boundary in European
cycles but corresponds to a global sea-level maximum
(Figure 14). Moreover, the short-term cycles identified
in the Paris Basin during the Lutetian-Bartonian differ
somewhat from third-order cycles in other European
basins, both in number and age while the study area
was mostly occupied by estuarine, restricted or even
open marine platform environments during this period
(Figure 14; Hardenbol et al., 1999; Speijer et al., 2020).
These differences may be explained by local and/or re-
gional tectonic movements (Briais, 2015). When the
tectonic constraints relaxed, the palaeotopography flat-
tened, enabling the deposition of marine sediments over
long distances, which then represent maximum flood-
ing surfaces. There is no discernible link between the
PO6 and A cycles and the eustatic cycle.

The long-term cycles (5-10Ma) of the Paris Basin do
not correlate with those of the European basins. It likely
indicates that long-term cycles are mainly controlled by
tectonics (Figure 14). The cross-sections highlight three
different basin configurations (Figures 9, 10 and 14): (1)
during the Lutetian and Bartonian, the depocentre was
located north of the Bray Fault and deposits progressively
onlapped southwards; (2) from the late Bartonian to early
Rupelian, the depocentre migrated to Paris and to the east-
ern part of the basin while the northern part of the basin
and the Meudon Anticline underwent uplift; (3) during
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the late Rupelian, the depocentre moved further south  Pyrenean deformations whereas the last configuration is
before the large uplift of the basin during the Chattian.  linked to Alpine deformations (Guillocheau et al., 2000;

The

first and second configurations are associated with Bourgeois et al., 2007; Briais, 2015). The depocentre
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FIGURE 14 Synthetic chronostratigraphic diagram from the Lutetian to the Aquitanian showing stratigraphic cycles in Europe and
in the Paris Basin (1: Speijer et al., 2020), global sea-level variations (2: Miller et al., 2020), the evolution of the Paris Basin configuration
resulting from tectonic activity and the evolution of depositional systems/environments, and climate (3: Chateauneuf, 1980; 4:

Mégnien, 1980; 5: Huyghe et al., 2015; 6: Cramer et al., 2009). The time of each cycle is based on the biostratigraphic fauna discovered in the

basin correlated to the global chronostratigraphic chart (see Section 2 for details; Gradstein et al., 2020).

migration and major palaeogeographical changes related
to these deformations resulted in different sedimentary
profiles. The first configuration favours the northward
connection of the basin to the marine domain, and then
the deposition of open and restricted marine facies (as-
sociations FA1 and FA2; Calcaire grossier and Marnes et
Caillasses formations). The progressive southward migra-
tion of the depocentre during the Bartonian-Priabonian

implies a progressive disconnect of the basin from the
marine domain and the deposition of coastal lake facies
(association FA3, Calcaire de Saint-Ouen and Marnes et
Masses de gypses formations). During the Rupelian, the
migration of the depocentre even further south implies a
complete disconnect with the marine domain, and thus
the formation of an inland lake facies (association FA6,
Calcaire d'Etampes and Calcaire de Beauce formations).

85U8017 SUOWWOD 381D deol(dde Uy Aq pausenob aJe sajolie YO ‘88N 4O Sa|nJ o} Afeig)TaUIIUO A8]IA UO (SUORIPUOD-PUE-SWLIBYW0D A8 | IMATed1BUI|UO//SHNY) SUORIPUOD Pue SWiB | 84} 88S *[Z02/T0/0] U0 Areiqi auljuo A8|iM ‘80Ul aueiyooD Aq #9z 2dap/z00T 0T/I0p/woo A8 |imAelq1jeul uoj/Sdny wioiy papeojumoq ‘0 ‘2/8vS502



26

MOREAU ET AL.

COASTAL LACUSTRINE SYSTEM - Semi-arid, subtropical climate B AN
PALUSTRINE ENVIRONMENT B | COASTAL LAKE

5°C (%o): -8.8 t0 4.7 5°C (%): -7.0t0 -2.3 5°C (%o): -4.6 to 1.1

580 @bo): -6.2 to0 -2.5 5'80 Qho): -6.2 10 1.7 580 Qho): 4.3 10 1.9

Microbial Calcrete formation Gypsum deposits L
developmen Q e ———— Weak marine influence

~<—_"Microbial development

R — = :
DsC :ﬁ = ?;/'Q\ o §7% 0%
aminar calcrete b C O
F———— N 50 Q0
Gast = @Q — o n
N = & i NS e Q\O%OO
w°) N > < o( o
A C >0 TSR G g
Ie}
Nodular calcrete Int Ost &
halky calcrete
o S e W MACROSCOPIC CALCRETES MACROSCOPIC IN-SITU BRECCIA F3c SHELL RICH PACKSTONE

500 ym

AN TR T
Recrystallization
= R

T

F5f IN-SITU POLYGENIC BRECCIA

RUPELIAN
-AQUITANIAN
PALUSTRINE ENVIRO! INLAND LAKE
5'°C (%o): -8.8 to -4.7 5'3C (%0): -7.8 to -4.3
5'%0 (ko) -6.2 to -2.5 5'%0 (%o): -4.8 to -2.3

Calcrete formation Microbial development

high water level
low water level

I

seee
.
P
—_—
MACROSCOPIC MICROBIAL [
CRUST & SHELL RICH BED Fefqﬁg"gﬁgﬂ) [I;IEAWG/EE[L\/?"SD S

1 mm [ 500 pm ]

;0‘5

Fb5e PELOIDAL GRAINSTONE F6d SHELL RICH BED F6f MICROBIAL CRUST

I:I Evaporitic sediments Sands @ Oncoids (Onc) ® Peloids (Pel)
<) In-situ intraclasts (Int) (@) Benthic foraminifera= Microbial crusts (MC) /ﬁ Root moulds
E’Cm reworked intraclasts @ Bivalves L8 Charophytes . )

._~./Mm reworked intraclasts @%> Gastropods (Gast) °<°; Ostracods (Ost) ~~ Erzillfge(lg%r(]: )

FIGURE 15 Depositional and facies models of lacustrine-palustrine carbonate systems of the Paris Basin during the Cenozoic.

(A) Coastal lacustrine system model: mixed carbonate-evaporitic brackish to hypersaline lacustrine to palustrine environments, with

episodic connections with the marine domain; semi-arid, subtropical climate; Bartonian to Rupelian. (B) Inland lacustrine system: low

energy freshwater microbial lacustrine margin isolated from the marine domain; temperate climate; Rupelian and Aquitanian.
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6.2 | Carbonate palaeoenvironment
classification at the transition between
marine and non-marine domains

It is a challenge to classify and relate facies between
marine and non-marine domains in many ancient sedi-
mentary systems especially where outcrops are rare (e.g.,
the Issirac Basin, France) or with subsurface data (co-
quina formations in the Campos, Santos or Sergipe ba-
sins, Brazil; Thompson et al., 2015; Lettéron et al., 2018;
Favoreto et al., 2021). In some previous works focussing
on the Cenozoic of the Paris Basin, palaeontologists based
their palaeoenvironmental definitions on salinity crite-
ria (Abrard, 1925; Denizot, 1927; Blondeau et al., 1965;
Pomerol et al.,, 1965; Cavelier, 1968; Mégnien, 1974;
Turland, 1974; Pomerol & Riveline, 1975; Aubry
et al., 1977; Mégnien, 1980). Indeed, deposits with a pal-
aeontological record suggesting normal marine salinity
were defined as open to restricted marine, deposits with
a brackish water fauna were classified as coastal brackish
lagoonal, and deposits with freshwater to brackish fossils
were interpreted as lacustrine. The large-scale cross-sec-
tions traced in this study indicate that levels with marine
or brackish fauna are correlated with those with brackish
to freshwater fauna without any thickness variations and
without “barrier” facies (sand bars, palaeosols, marshes
etc.). This suggests a salinity gradient within a single
waterbody rather than separate lakes or lagoons. These
salinity gradients must therefore have resulted from the
mixing of seawater and meteoric water from the drain-
age basin, and/or from a variable evaporation rate. Three
distinct settings (restricted marine domain, coastal lake
and inland lake) can be defined based on facies, salinity,
sedimentary geometries, palaeogeography and carbon
and oxygen isotope data of micrites.

First, the restricted marine platform (facies associa-
tion FA2) was attached to the marine domain, experi-
encing variable salinity (marine, brackish or hypersaline
water) and deposition of marine influenced sediments
(diversified marine fauna, slightly negative §"°C val-
ues). This setting developed in the Paris Basin during
Lutetian- early Bartonian times (Figure 11A,B). Second,
during Bartonian-Rupelian times the coastal lake (FA3)
in the Paris Basin was dominated by meteoric and flu-
vial waters although ephemeral connections occurred
with the marine domain (8"°C and 80 values covary
and are negative; Figure 11C,D). Finally, the inland lake
setting (FA®6) is disconnected from any marine influ-
ences and freshwater sediments formed (late Rupelian
and Aquitanian stages in the Paris Basin; Figure 11E).
The following parts of the discussion presents detailed
facies models and differences for the newly defined
coastal lake and inland lake settings.

6.2.1 | The coastal lacustrine system

The coastal lacustrine system (facies association FA3
and FAS, Figure 15) was dominated by freshwater, re-
corded in the lacustrine sediments by the abundance of
ostracods, charophytes and gastropods, but had ephem-
eral connections with the marine domain (Figure 15A).
Carbon and oxygen isotopes show a large range of val-
ues but are lower than those from the restricted marine
carbonates (Figure 15A). This indicates variation in sa-
linity due to (1) the mixing between meteoric and ma-
rine waters and (2) a decrease in the inflow-evaporation
ratio (Figures 5 and 15; Talbot, 1990). Carbonate facies
are micritic with some bioclastic levels (both marine
and lacustrine fauna). The faunal content and its diver-
sity are generally greater in marine influenced deposits
(Fiirsich, 1993), which present packstone to rudstone
textures (facies F3b and F3c) or marly facies (F3e).
Freshwater deposits often present mudstone to pack-
stone textures. Ephemeral connections with the marine
domain, probably during storms as attested by the pres-
ence of tempestites, favour the development of euryha-
line foraminifera and marine fauna in brackish to saline
waters (Pint et al., 2017; Fritz et al., 2018).

This system developed under two different climates in
the Paris Basin: a subtropical climate (wet with contrasted
seasons) during the Bartonian and the Rupelian, and a
semi-arid climate (dry with strong seasonality) during the
Priabonian (Figure 14; Chateauneuf, 1980). Under a sub-
tropical climate, gypsum precipitation was reduced and
micritic facies (facies F3b and F3c) and varves (facies F3d)
formed on the margins and in the depocentre of a strat-
ified lake (Figure 15). Under semi-arid conditions, high
gypsum-content deposits formed in the depocentre of the
lake (facies F3a and F3e) (Priabonian, Figure 15). Planar
microbial laminae formed on the lake margins, mostly
with gypsum deposits (facies F3a). The same facies dis-
tribution was identified depending on the climate in the
oligohaline to mesohaline and hypersaline lake models
(Eugster & Hardie, 1978; Allen & Collisson, 1986; Bohacs
et al., 2000; Lettéron et al., 2022) or in sabkha and non-ma-
rine evaporitic environments (Evans et al., 1969; Warren &
Kendall, 1985; Shaw et al., 1990; Cooke et al., 1993; Rouchy
et al., 1993; Arenas & Pardo, 1999; Bouton et al., 2016).
However, it differs with respect to the presence of marine
fauna due to marine connections.

Laterally to the lake (facies association FA3), a pa-
lustrine domain (FAS5) developed, strongly affected by
subaerial exposure (Figure 15A). The negative 8"°C and
580 values indicate the influence of meteoric fluids
(Figures 5 and 15). In this palustrine environment, the ini-
tial carbonate formed in low saline meteoric water judg-
ing from the biota and the negative carbon and oxygen
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isotope values of the micrites (Arenas et al., 1997; Alonso-
Zarza & Arenas, 2004; Leng & Marshall, 2004; Huerta &
Armenteros, 2005; Fischer-Femal & Bowen, 2021). The
palustrine domain was greatly extended in a semi-arid
climate, which is consistent with the current view of pa-
lustrine carbonate formation (Freytet & Plaziat, 1982;
Wright & Tucker, 1991; Platt & Wright, 1992; Alonso-
Zarza, 2003; Huerta & Armenteros, 2005; Alonso-Zarza &
Wright, 2010; Azerédo et al., 2015). Palustrine facies show
varying degrees of modification by subaerial exposure
processes, ranging from simple desiccation of the primary
mud (facies F5e and f) to total pedogenic overprinting (fa-
cies F5a to d). These varied features (desiccation cracks,
microkarsts, root traces, calcretes, rhizoconcretions) re-
veal different durations of exposure to surface processes,
directly dependent on the climate. Under subtropical con-
ditions, these features are less developed and the calcrete
facies are thinner in metre-thick depositional sequences.
The depositional sequences begin at the base with in-situ
brecciated limestones (facies F5f) and chalky altered lime-
stones (facies F5d) marking high sedimentation rates and
moderate pedogenetic processes, i.e., a high lake-water
level during a relatively wet period (Figure 12; Alonso-
Zarza & Wright, 2010). The common presence of lacus-
trine facies below palustrine facies within depositional
sequences indicates a lacustrine origin for the micrite.
Facies F5f and F5d pass upwards into nodular brecciated
limestones (facies F5b) and then tubular and laminar
brecciated limestones (facies F5a and F5c), which indi-
cate a lower sedimentation rate and formation by intense
pedogenesis during longer periods of subaerial exposure
(Figure 12). Subaerial exposure increasingly modified pal-
ustrine facies with distance from the lake (Figure 15).

6.2.2 | The inland lacustrine system

The inland lacustrine system (facies associations FA6
and FA5) presents no marine influence but instead indi-
cate sedimentation in freshwater (8'°C and 8'®0 values
covary and are negative during the late Rupelian and
Aquitanian; Figure 15B). Fossils such as gastropods, os-
tracods and charophytes are present but only abundant
in specific locations on the lake margins, where they may
form coquinas (facies F6d; Gierlowski-Kordesch, 2010).
These fossil-rich beds alternate with thick micro-
bial crusts (facies F6f) and oncoidal beds (facies Fée).
Desiccation in the lacustrine facies is frequent and marks
subaerial exposure. The abundance of reworked intra-
clast facies (F6a and F6b) and grainstones with peloids
and shell fragments (facies F6c) highlights the rework-
ing by waves of desiccated carbonates from the palus-
trine and lacustrine margins (Strasser, 1984; Platt, 1989;

Vera & Jiménez de Cisneros, 1993; Miller et al., 2013).
In the deepest part of the lake, alternations of marls and
mudstones (facies F6g) form. As mentioned by Platt and
Wright (1992), the highly extended palustrine domain
indicates that the lacustrine-palustrine system was
mainly shallow, as attested by the abundance of desic-
cated lacustrine facies (facies F6a, b, d and e) and the
rarity/absence of deep-water facies. The palustrine do-
main that developed laterally to the inland lake is differ-
ent to the palustrine domain associated with the coastal
lake. Fewer calcretes formed and they are localised in
the areas furthest from the lake (Figure 15). Instead, or-
ganic-rich marls and alternating mudstones and wacke-
stones with root traces (facies F5g and F5h) were more
frequent along the lake margins. Breccia facies formed
in-situ by desiccation or by recycling of the pre-existing
and early cemented carbonate are also abundant (facies
F5f, F6a). This model is similar to those of Freytet and
Plaziat (1982), Allen and Collinson (1986), Platt (1989)
or Bohacs et al. (2000) when open or balanced-filled
lakes have low-energy margins. Nonetheless, it differs
by showing a lower detrital input, abundant microbial
crusts and reworked intraclasts, and a large variety of
palustrine facies. The differences in facies distribution
between the coastal and inland lacustrine systems can
be explained by the wetter climate during the Rupelian-
Aquitanian than during the Priabonian (Figure 15B;
Chateauneuf, 1980).

In the inland lake, micrite is still dominant but mi-
crobial activity is clearly more important than in coastal
lakes, with the abundance of laminated microbial crusts
and microbial oncoids (facies F6e and f). These differences
in microbial structures between coastal and inland lakes
probably result from climate changes. Indeed, microbial
structures are more developed during periods of temperate
climate (Rupelian and Aquitanian) (Chateauneuf, 1972;
Utescher et al., 2000; Scherler et al., 2013). The enhanced
development of microbial structures in wet climates
during the Aquitanian is already known from other lo-
cations in Western Europe (Roche et al., 2018; Arenas-
Abad, 2021; Vennin et al., 2021). High precipitation rates
may favour microbial activity by bringing nutrients into
the lakes.

Palustrine carbonates formed therefore periodically
from the late Lutetian to the Aquitanian in the Paris Basin
and pass laterally to restricted marine and lacustrine en-
vironments (facies associations FA2, FA3 and FA6). In
the fossil record, palustrine carbonates have been identi-
fied in numerous settings associated with deposits from
internal ramps, lagoons, rivers and lakes (Alonso-Zarza
& Wright, 2010a). These carbonates are often linked to
significant underlying karstic aquifer systems (Platt &
Wright, 2023). These aquifers can supply the necessary
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CaCOs; for carbonate formation in marshes through ris-
ing groundwaters (“Groundwater Dependent Carbonate
Factories” by Platt & Wright, 2023). Therefore, the ap-
pearance and development of palustrine carbonates in the
fossil record can be interpreted in response to the aquifer
level rising due to marine transgression in coastal settings
or regional watershed responses to inland basin filling.

In the case studied here, the palustrine and lacustrine
carbonates are currently karstified and overlay the karst-
ified Cretaceous chalk aquifer in the eastern and south-
ern parts of the basin. Although no information about the
exact age of these karstifications is known, the presence of
Burdigalian mammals in the karsts within the Aquitanian
Calcaire de Beauce Formation suggests that some of these
karsts formed very early after sedimentation, no later than
a few million years. Consequently, the chalk aquifer and
possibly underlying karstic aquifers within non-marine
carbonates may have controlled the water supply in these
lacustrine-palustrine environments. While brief marine
connections have been identified in the coastal lacustrine
system, they are not recorded in the palustrine domain;
their contributions may be relatively minor compared to
the inputs from the watershed and underlying aquifers.
Moreover, the drier climate of Priabonian-early Rupelian
times likely contributed to the extensive development of
palustrine facies compared to the late Rupelian and the
Aquitanian, affecting the water inflow from the watershed
and the evaporation rate. The preservation of these palus-
trine deposits, which can reach thicknesses of 40-50m in
the Calcaire de Champigny Formation, is likely favoured
by local subsidence occurring to the east and south of the
basin during the Lutetian-Aquitanian.

7 | CONCLUSIONS

The petrographic and facies studies of 35 new sedimen-
tary sections coupled with data from the literature for
the coastal and continental carbonate formations of the
Cenozoic of the Paris Basin allow us to define 32 facies
formed in depositional environments ranging from open
marine to lacustrine and palustrine. Key short-term and
long-term sequence stratigraphic surfaces (maximum
flooding and maximum regressive surfaces) were corre-
lated along two large-scale cross-sections to distinguish
spatial and temporal facies evolution and depositional ge-
ometries. Two facies models are proposed for coastal and
inland lacustrine systems, encompassing both the lacus-
trine and palustrine environments.

Coastal lacustrine systems developed during the
Bartonian and Rupelian in the Paris Basin. These lakes
had episodic connections with the marine domain. This
environment differs from lagoon environments by a

fauna adapted to low salinity conditions (mesohaline to
oligohaline), a strong negative carbon and oxygen anom-
aly of the micrite indicating a major contribution from
continental waters and sediment thicknesses reducing
towards the marine domain. Facies correspond to varves
or evaporites in the depocentre while micritic carbonates
with a brackish fauna were deposited on the lake mar-
gins. The associated palustrine domain is mainly marked
by the formation of calcrete facies presenting different
textures (chalky, nodular, laminar and rhizoliths) and
showing successive metre-sized shallowing upwards se-
quences, recording subaerial exposure. In-situ brecciated
limestones and chalky calcretes are the palustrine facies
located closest to the lake margins. Moving away from
the lake, they pass into nodular and then into laminated
calcretes and rhizoliths. The latter are the most devel-
oped palustrine facies in the coastal lake system.

Inland lacustrine systems developed during the
Rupelian and the Aquitanian in the Paris Basin. Lakes
became disconnected from the marine domain and were
home to freshwater fauna. As a result, oxygen and carbon
isotope values are highly negative and less variable than
in the coastal lake. Microbial crusts with micritic or hy-
brid laminated microfabrics and oncoids are frequent and
attest to intense microbial activity. In the palustrine do-
main, organic-rich layers, limestones with root traces and
peloidal grainstones formed close to the lake margins.
They present subaerial exposure features such as rootlet
moulds, desiccation cracks and microkarstification, and
they are frequently interbedded with lake facies. In-situ
brecciated limestones and rare calcrete facies reflect a
longer exposure time and are located further from the
lake margin.

In the intracratonic Paris Basin, large-scale and long-
term tectonic processes were the main control of long-term
cycles and led to the southward migration of the dep-
ocentre. Tectonism was responsible for the changes from
dominant marine environments in the Lutetian to coastal
lacustrine systems during the Bartonian and then inland
lacustrine systems during the Rupelian and Aquitanian by
modifying the connection of the basin with the marine do-
main. Third-order relative sea-level variations recorded in
other European basins seem to control short-term cycles in
the coastal lacustrine systems (BP4, BP6 and PO1 cycles),
but not in the inland systems. As a result, short and long-
term sequence stratigraphic surfaces (maximum regressive
and maximum flooding surfaces) could be extended from
the marine domain to the coastal lacustrine systems, allow-
ing correlation between these two depositional settings.
This reinforces the importance of differentiating between
coastal and inland lacustrine environments. The impact of
climate on non-marine carbonate production was a major
feature in the Paris intracratonic basin. In more temperate
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to humid climates, lacustrine carbonate production was in-
duced by microbial activity.

Finally, it is highly likely that the presence of aquifers
in the Cretaceous chalk and in the lacustrine-palustrine
carbonate formations played a significant role in the for-
mation of the palustrine deposits on the surface, by supply-
ing the calcium carbonate necessary for their formation.
However, the existence of such aquifers when palustrine
carbonates were formed remains to be proven.
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