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ABSTRACT

Detailed analysis of Lutetian-Bartonian deposits in the Paris Basin (‘Marnes
et Caillasses’ Formation) provides new evidence of concomitant magnesian
fibrous clays (palygorskite and sepiolite) and early microcrystalline dolomite.
Although relatively uncommon in sedimentary archives, palygorskite and
sepiolite are found in a wide range of environments, from deep-marine to
terrestrial. In coastal bay environments, these clay minerals can be formed
under arid conditions, either by direct precipitation or by transformation
from a precursor, often in association with carbonate. The concomitant for-
mation of fibrous clays and dolomite remains poorly understood until now.
Most models consider that fibrous clays form alongside calcite. More
recently, it has been suggested that dolomite dissolution can facilitate fibrous
clay formation during diagenesis. A new integrative model for concomitant
dolomite and fibrous clay formation in coastal marine bay systems is pro-
posed here, based on X-ray diffraction, organic carbon isotopes, electron
microscopy, cathodoluminescence, and epifluorescence. In such systems,
highly fluctuating hydro-biogeochemical conditions alternately favour the
early formation of dolomite or fibrous clays. This study highlights, for the
first time, the concomitant presence of three striking processes: (i) micro-
bially influenced microcrystalline dolomite formation; (ii) detrital Al-Fe-
smectite transformation into palygorskite; (iii) dolomite dissolution, facilitat-
ing magnesium availability. These processes are favoured by the warm cli-
mate conditions of the Middle Eocene and a progressively restricted coastal
bay environment related to regional regression. Based on geochemical and
biostratigraphic data, this study also provides the first evidence of the Late
Lutetian Thermal Maximum (LLTM) in coastal environments. During the
LLTM, increased aridity punctuated by episodic floods linked to intensified
run-off further exacerbated the already highly fluctuating hydro-
biogeochemical conditions, thus favouring the early formation of dolomite
and fibrous clays. These climate conditions, combined with basin confine-
ment linked to Pyrenean deformation, may have facilitated the onset of a

significant Eocene fibrous clay episode in NW Europe.
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INTRODUCTION

Palygorskite and sepiolite are hydrous magne-
sium silicate fibrous clay minerals, relatively
rare in the rock record, where they reflect partic-
ular physico-chemical conditions. They can,
however, be found in many different environ-
ments (Isphording, 1973; Singer, 1979; Singer &
Galdn, 1984; Galan & Singer, 2011), including
deep-marine (Tazaki et al., 1986; Chamley, 1989),
coastal lagoon (Weaver & Beck, 1977; Perri
et al, 2018) and lacustrine (Lopez-Galindo
et al., 1996) or other terrestrial environments
(Singer & Norrish, 1974). These fibrous clay min-
erals are generally interpreted as markers of arid
to semi-arid conditions in sedimentary processes
(Chamley, 1989; Weaver, 1989; Fagel, 2007;
Jones & Conko, 2011), but have also been associ-
ated with hydrothermalism (Fulignati, 2020).
Different mechanisms have been proposed for
palygorskite formation, including neoformation
by direct precipitation in alkaline waters and
soils, or transformation from a precursor such as
smectite, illite-smectite mixed-layers (Trauth,
1977; Weaver & Beck, 1977; Suarez et al., 1994;
Lopez-Galindo et al., 1996; Chen et al., 2004;
Zaaboub et al., 2005; Xie et al., 2013) or chlorite
(Hong et al., 2007). The presence of a precursor
in palygorskite formation has been primarily
inferred in these cases by transmission electron
microscopy (TEM), in deep-sea (Tazaki et al.,
1986) or terrestrial environments (Suarez
et al., 1994), including lacustrine settings (Chen
et al., 2004). Dissolution of poorly ordered dolo-
mite, acting as a magnesium source, has been
suggested as an alternative mechanism for paly-
gorskite formation during various diagenetic
stages (Ingles & Anadoén, 1991; Ryan et al,
2019). By contrast, sepiolite is generally consid-
ered to form through direct precipitation from
the solution (Pozo & Calvo, 2018).

The simultaneous presence of palygorskite
and dolomite has often been taken to indicate a
magnesium-rich environment (Weaver & Beck,
1977; Singer, 1984; Ingles & Anadén, 1991; Xie
et al., 2013) and inferred in peritidal-to-shallow
coastal or lacustrine settings (Weaver &
Beck, 1977; Ingles & Anadén, 1991; Draidia
et al.,, 2016; Kadir et al.,, 2016). Dolomite has

sometimes been described as microcrystalline
and subhedral (Wen et al., 2020; Sdnchez-Rom-
an et al., 2023) and is thought to have originated
syn-sedimentarily or in association with early
diagenetic processes (Weaver & Beck, 1977; Gill-
haus et al., 2010; Wen et al., 2020). In shallow
coastal environments, dolomite formation at low
temperature and under surficial conditions is
most likely mediated by microbial activity (Vas-
concelos & McKenzie, 1997; Sanchez-Romadn
et al., 2009a; Bontognali et al., 2010, 2014; Pet-
rash et al., 2017; DiLoreto et al., 2021), but clay
minerals may also facilitate its formation (Liu
et al., 2019). In modern environments, especially
in hypersaline lakes, the formation of magnesian
fibrous clays under the influence of microbial
activity has also been suggested (Del Buey
et al., 2018, 2021; Perri et al., 2018). Despite the
apparent similarity between these processes,
palygorskite formation mechanisms have gener-
ally considered calcite precipitation rather than
dolomite formation, mainly in lacustrine or
other terrestrial environments (Pozo &
Calvo, 2018). A comprehensive model explain-
ing the mechanisms leading to the concomitant
early formation of fibrous clays and microbially
mediated dolomite in coastal environments
remains to be developed.

In the Paris Basin, several fibrous clay epi-
sodes related to evaporitic deposits have been
identified in the Palaeogene period (Pomerol,
1967), particularly associated with massive Pria-
bonian  gypsum  deposits around  Paris
(Trauth, 1977). The first occurrence of palygors-
kite deposits of some importance in the Paris
Basin is, however, recognized in the late Lute-
tian (Cavelier, 1963; Pomerol, 1967; Trauth
et al., 1968; Thiry, 1989). This occurrence, asso-
ciated with microcrystalline dolomite (Cailliere
et al., 1966; Fontes et al.,, 1970; Arnould
et al., 1971) and gypsum (Soyer, 1960; Toule-
mont, 1987), is identified in the ‘Marnes et Cail-
lasses’ Formation (MCF), where the depositional
environment has variously been described as
lagoonal, sabkha-like or even lacustrine (Broek-
man, 1984; Fontes & Toulemont, 1987). At a
global scale, the Eocene was marked by several
hyperthermal events such as the Late Lutetian
Thermal Maximum (LLTM), identified in
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open marine deposits (Intxauspe-Zubiaurre
et al., 2018; Westerhold et al., 2020). The con-
comitance between hyperthermal events and the
simultaneous development of fibrous clays and
dolomite in the coastal environments of the
Paris Basin provides the ideal opportunity to
investigate the possible influence of climate on
the formation of these magnesian minerals.

This study investigates the mechanisms driv-
ing the concomitant early formation of fibrous
clay minerals and microcrystalline dolomite in a
coastal marine bay setting, in relation to specific
climate conditions, based on petrological obser-
vations (transmission and scanning electron
microscopy (TEM and SEM), cathodolumines-
cence and epifluorescence) together with miner-
alogical  (X-ray  diffraction: @~ XRD) and
geochemical (8'°C,,g) analyses. Disentangling the
relative impact of climate, depositional environ-
ment and palaeogeography on the processes
leading to the formation of fibrous clays and
dolomite will provide important information
about their distribution. For the first time, a
comprehensive model is proposed to explain the
concomitant, microbially mediated formation of
palygorskite and dolomite in ancient coastal
environments.

GEOLOGICAL SETTING

Palaeogeography of the Paris Basin

The intracratonic Paris Basin was open to the
North Sea during the early Eocene, whereas the
Ardenno-Rhenish and Vosges massifs to the east
and the Massif Central to the south were
emerged lands throughout the Eocene (Fig. 1A).
To the west, a palaeo-Channel strait between the
emerged Cornubian High and Armorican Massif
intermittently connected the Paris Basin to the
Atlantic Ocean (King, 2006). In relation to the
Weald—-Artois—Ardennes uplift (Pomerol, 1978;
Gély, 1996, 2016) linked to Pyrenean deforma-
tion (Briais, 2015), the direct connection to the
North Sea disappeared progressively during the
late Lutetian and the Bartonian. During that
period, as a result, the Paris Basin became a gulf
primarily connected to the Atlantic Ocean
(Fig. 1A).

Lithostratigraphy and biostratigraphy

In the Paris Basin, thermal subsidence led to the
deposition and preservation of sediments during

the Cenozoic (Brunet & Le Pichon, 1982),
despite a very low accommodation rate (Guillo-
cheau et al., 2000). During the Eocene, alternat-
ing siliciclastic and carbonate sediments were
deposited in shallow epicontinental seas or ter-
restrial environments. A complex lithostratigra-
phy related to the numerous lateral facies
variations has been developed since the 18"
century (Mégnien & Mégnien, 1980; Gély, 2016;
Egal, 2023). Figure 2 presents a concise view of
the lithostratigraphic units spanning the late
Ypresian—early Bartonian interval (~51 to
39 Ma). The upper Ypresian siliciclastic system
is followed by a major hiatus of at least 2 Myr
(Pomerol, 1989; Briais et al., 2016; Steurbaut
et al., 2016). A Lutetian inner carbonate plat-
form system is described above, starting with a
bed of coarse, calcareous, glauconitic sand
(‘Glauconie grossiere’ unit), diachronous at the
scale of the Paris Basin, followed by three shal-
low marine, bioclastic limestone units (‘Calcaire
a Nummulites laevigatus’, ‘Calcaire a Ditrupa
strangulata’, ‘Calcaire a Milioles et Orbitolites
complanatus’) representing the ‘Calcaire gros-
sier’ Formation (Mégnien & Mégnien, 1980). The
carbonate platform then passed to a restricted
environment represented by the ‘Marnes et Cail-
lasses’ Formation (MCF), described as a lacus-
trine to sabkha-like or lagoonal environment
(Fontes & Toulemont, 1987), yet affected by
marine incursions in the north-western part of
the basin (e.g. ‘Falun de Foulangues’ unit; Cave-
lier & Le Calvez, 1965). A shorter hiatus, associ-
ated with emersion and karstification (Pomerol,
1989; Briais, 2015; Marie, 2023; Moreau, 2023),
occurred during the early Bartonian, before the
development of a siliciclastic coastal system
(‘Sables d’Auvers’ and ‘Sables de Beauchamp’
units). Terrestrial and lacustrine environments
and soils persisted throughout the period along
the eastern and southern margins of the Paris
Basin (Fig. 2; Blondeau, 1965; Thiry, 1989;
Gély, 2016; Moreau et al., 2024). The Paris Basin
is marked by a long-term Lutetian regression
culminating during the MCF and ending with a
period of regional emersion between the MCF
and the ‘Sables d’Auvers’ unit (Briais, 2015;
Moreau et al., 2024).

This study focuses specifically on the MCEF,
which consists primarily of dolomite and clayey
limestone, with some clay beds and gypsum
lenses that occasionally recrystallized into cal-
cite and silica (Mégnien & Mégnien, 1980;
Fontes & Toulemont, 1987; Toulemont, 1987).
Large gypsum lenses provide the first evidence
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Fig. 1. Palaeogeographical map of the Paris Basin and surrounding areas (A) and geological map showing the
studied sections in the Paris Basin (B). (A) Late Lutetian—early Bartonian palaeogeographical map of the NW Euro-
pean domain (modified from Meulenkamp et al., 2000, after Bignot et al., 1968 and Knox et al., 2010); purple stars
indicate localities mentioned in the discussion: Foraminifera-rich deposits (with Alveolina elongata and abundant
Nummulites) in the Channel Strait (FC), Isle of Wight (IW) and Campbon Basin (CB). (B) Geological map (modified
from Asch, 2005 (IGME 5000); Quesnel et al., 2014; Iakovleva et al., 2021). Pink stars indicate the studied sec-
tions: Le Tillet (LT); Saint-Maximin (SMx); Isles-les-Meldeuses (IM); Ussy-sur-Marne (Us).

of evaporitic conditions in the Paris Basin dur-
ing the Palaeogene (Arnould et al, 1971;
Toulemont, 1987).

The biostratigraphy of the Paris Basin during
the end Ypresian—early Bartonian interval is
mainly based on foraminifera and nannofossils.
The upper Ypresian siliciclastic system has been
assigned to Zone NP12 (nannoplankton biozona-
tion; Aubry, 1986), but only the base of Zone
NP13 has been identified locally (Steurbaut
et al., 2016); the lowermost Lutetian platform
carbonate corresponds to the upper part of Zone
NP14 (Aubry, 1986), suggesting that most of
zones NP13 and NP14 are missing. The presence
of Nannotetrina fulgens alongside Braarudo-
sphaera bigelowii, Discoaster barbadiensis,

D. boulangeri, D. saipanensis, Ericsonia for-
mosa, Micrantholithus flos, Pemma rotundum,
Reticulofenestra dictyoda, R. pseudogammation,
Rhabdosphaera crebra and Zygrhablithus bijuga-
tus, but without Discoaster sublodoensis or
Rhabdosphaera inflata identifies Zone NP15 in
the upper part of the ‘Calcaire a Nummulites
laevigatus’ unit (Aubry, 1986). This nannofossil
biozonation is consistent with the presence of
sometimes abundant Nummulites laevigatus,
indicative of the lower Lutetian SBZ13 (shallow
benthic foraminifera biozonation; Serra-Kiel
et al., 1998). The simultaneous occurrence of
Chiasmolitus solitus, Discoaster tanii nodifer
and Reticulofenestra hillae without Reticulofe-
nestra reticulata identifies the lower part of
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Fig. 2. Concise late Ypresian—early Bartonian lithostratigraphy and chronostratigraphy in the Paris Basin (modi-
fied from Gély, 2016 after Briais, 2015; Marie, 2023 and Moreau et al., 2024). Chronostratigraphic scale from GTS
2020 (Speijer et al., 2020). Hyperthermal events are from Rivero-Cuesta et al. (2019) for the MECO, Westerhold
et al. (2018a) for the LLTM and Westerhold et al. (2018b) for the EECO. Long-term sequence stratigraphic frame-
work after Briais (2015) and Moreau et al. (2024). EECO, Early Eocene Climatic Optimum; LLTM, Late Lutetian
Thermal Maximum; MECO, Middle Eocene Climatic Optimum; NP, nannoplankton biozonation; SBZ, shallow
benthic foraminifera biozonation. Stratigraphic range and approximate position of the studied sections: Le Tillet
(LT); Saint-Maximin (SMx); Isles-les-Meldeuses (IM); Ussy-sur-Marne (Us).

Zone NP16 in the MCF (Aubry, 1986). The pres-
ence of Alveolina elongata in the Le Tillet core
(Le Calvez, 1968) identifies the SBZ17
(Serra-Kiel et al., 1998) in the ‘Falun de Foulan-
gues’ unit. As the SBZ17 marks the lowermost
Bartonian (Serra-Kiel et al., 1998), the MCF thus
encompasses the late Lutetian—early Bartonian
transition (Fig. 2). The co-occurrence of Discoas-
ter bifax, D. distinctus, D. tanii nodifer, Chias-
molithus solitus, Reticulofenestra hillae and
Neococcolithites dubius identifies Zone NP16 in
the ‘Sables d’Auvers’ unit (Aubry, 1986). The
presence of Reticulofenestra reticulata and Neo-
coccolithites dubius and the absence of N. minu-
tus together indicate the upper part of Zone

NP16 in the ‘Sables de Beauchamp’ unit
(Aubry, 1986).

MATERIALS AND METHODS

Four sections (i.e. two outcrops and cores from
two boreholes) were studied along a NW-SE
transect (Fig. 1B). The Le Tillet borehole
(drilled in 1966, 45 km north of Paris) spans
193.35 m, from the Upper Cretaceous Chalk to
the ‘Sables de Beauchamp’ (SaB) unit (Cave-
lier, 1968). The Saint-Maximin outcrop (Les
Longeres des Haies—BPE Lecieux quarry, 10 km
east of Le Tillet) encompasses the transition
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Fig. 3. Field views of the ‘Marnes et Caillasses’ Formation. (A) Saint-Maximin outcrop (Les Longeres des Haies—
BPE Lecieux quarry) illustrating the contact between the ‘Calcaire a Milioles et Orbitolites complanatus’ (CMO)
unit and the ‘Marnes et Caillasses’ Formation. (B). Close-up view of the outcrop showing the alternation of clay
intervals (yellow arrows) and more or less indurated carbonate beds in the ‘Marnes et Caillasses’ Formation. (C)
Isles-les-Meldeuses outcrop (Sabliére Capoulade quarry) showing the contact between the ‘Marnes et Caillasses’
Formation and the ‘Sables d’Auvers’ unit with evidence of deformation and karstification (Briais, 2015).

between the ‘Calcaire a Milioles et Orbitolites
complanatus’ (CMO) unit and the MCF
(Fig. 3A and B). The Isles-les-Meldeuses out-
crop and the Ussy-sur-Marne borehole are
located approximately 50 km north-east of
Paris. The Isles-les-Meldeuses outcrop (sampled
in 2013 in the Sabliere Capoulade quarry, no
longer exposed) encompasses the transition
between the MCF and the ‘Sables d’Auvers’
(SaA) unit (Fig. 3C). The Ussy-sur-Marne bore-
hole (drilled in 2013) spans 49 m, from the
‘Calcaire a Ditrupa strangulata’ (CD) unit to the
Bartonian sands.

Microscopic and epifluorescence analyses of 42
thin sections (Table 1), using an Axioscope 7 (Carl
Zeiss Microlmaging GmbH, Jena, Germany), at the
Biogéosciences Laboratory (GISMO platform,
Université Bourgogne Europe), complemented

macroscopic sedimentary facies observations.
Cathodoluminescence analyses were performed
on 34 of these thin sections, using a polarizing
photomicroscope (Zeiss, Jena, Germany), in the
Department of Geology and Applied Geology (Uni-
versity of Mons, Belgium). The cathodolumines-
cence (CL) images were generated by a
cold-cathode CITL CL system (Cambridge Image
Technology—model Mk5, UK), operated at 15 kV
acceleration voltage, 500 pA beam current, with a
current density of about 8 pA mm ™. Cathodolu-
minescence images were captured with a
Peltier-cooled digital colour camera (Lumenera
model Infinity 3, Canada), set from 0.1 s to a few
seconds exposure time, depending on CL intensity
and microscope magnification. Multiple frame
averaging was used to reduce noise. Colour cali-
bration of the camera (white balance) was
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Table 1. Summary of analyses performed in this study.

Site Stratigraphic interval ~ Thick. (m) TS Cath. Epi. XRD §"C,, TEM SEM Pal

Le Tillet CMO unit to Sables 39.7 17 17 17 66 64 5 3 0
de Beauchamp unit

Saint-Maximin CMO unit to Marnes 7.5 16 11 16 40 19 5 14 0
et Caillasses Fm.

Isles-les- Marnes et Caillasses 21.5 0 0 0 22 16 6 4 3

Meldeuses Fm. to Sables
d’Auvers unit

Ussy-sur-Marne  CD unit to Sables 35.4 9 6 9 58 58 0 7 3
d’Auvers unit

Total 42 34 42 186 157 16 28 6

Thick.: Succession thickness; TS: Thin sections; Cath.:

Palynology

performed wusing the blue-filtered,
halogen light source of the microscope.

The XRD analyses were conducted on 186
samples (Table 1) for bulk and clay fraction
(<2 ym), using a D8 Endeavor diffractometer
(Bruker, Billerica, Massachussetts, USA) with

tungsten-

CuKo radiation, Lynxeye XE-T detector
under 40 kV voltage and 25 mA intensity
(Biogéosciences laboratory, GISMO Platform,

Université Bourgogne Europe). All samples were
manually crushed in an agate mortar. To remove
carbonates for the clay fraction analyses, approx-
imately 10 g of powdered samples was agitated
in 200 mL of osmosed water and a 0.2 mol L™"
HCI solution was progressively added until the
pH remained acidic (<2) after approximately 3
min, indicating that the reaction is complete.
For very carbonated samples, a few drops of
6 mol L' HCI solution were used instead of the
0.2 mol L ™" solution. The residue was evacuated
and neutralized by successive rinses until clay
deflocculation was reached. Ammonia water
was added to a few samples from Saint-Maximin
and Isles-les-Meldeuses to help deflocculation.
Clay-sized particles were extracted with a
syringe, after decantation of the suspension for
95 min following Stokes law, and then centri-
fuged at 2300 g for 40 min. The resulting paste
was then smeared on glass slides for clay orien-
tation. Clay minerals were identified using their
main diffraction peak (dpog;) by combining the
X-ray diffraction patterns obtained after each of
the three treatments applied to each sample
(Brown & Brindley, 1980; Moore & Reyn-
olds, 1997): (i) air-drying, (ii) ethylene-glycol
saturation overnight and (iii) heating at 490°C

Cathodoluminescence; Epi.: Epifluorescence; Pal.:

for 120 min. Semi-quantification was performed
using the MacDiff 4.2.6 software based on the
peak area method, including deconvolution
(Petschick, 2010). Estimated uncertainties for
clay mineral and non-clay mineral proportions
are between 1 and 3% (Hillier, 2000;
Warr, 2022).

Scanning electron microscope (SEM) observa-
tions were conducted on 28 samples (Table 1)
using a Hitachi SU8230 (Ibariki, Tokyo, Japan)
in backscattered electron mode operating at
15 kV (ARCEN platform, Université Bourgogne
Europe). Energy-dispersive X-ray (EDX) spectros-
copy was used for qualitative chemical elemen-
tal analysis, with a ThermoFischer Scientific
UltraDry 30 mm? (ThermoFischer Scientific,
Waltham, Massachusetts, USA) combined with
the Hitachi SU8230. Small sample pieces were
cleaned using compressed air, mounted on alu-
minium stubs with electrically conductive car-
bon tape and coated with a thin (20 nm) layer of
carbon. All rock samples were analysed at an
accelerating voltage of 15 kV, with a working
distance of 4 mm.

Transmission electron microscope (TEM)
observations were performed on 16 clay fraction
samples (Table 1). All samples were prepared
by depositing a drop of the clay fraction diluted
in a 2% Dbutylamine solution onto a
carbon-coated copper grid. Five samples were
observed using a JEOL JEM-2100F microscope
(JEOL (Europe) SAS, Croissy-sur-Seine, France),
operating at 200 kV with a point-to-point reso-
lution of 0.19 nm (ARCEN analysis platform,
Université Bourgogne Europe), combined with
EDX spectroscopy in TEM mode for qualitative
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Early formation model of dolomite & fibrous clays 1867

chemical elemental analysis, using a Bruker
XFlash Detector 5030 spectrometer (Bruker
France, Wissembourg, France) fitted on the
JEM-2100F microscope, and 11 samples were
observed using a Hitachi HT7800 (Hitachi High
Tech Corp., Tokyo, Japan), operating at 100 kV
with a point-to-point resolution of 0.36 nm
(Dimacell analysis platform, INRAe, Dijon,
France).

Organic carbon isotope analysis (3'°C,g) was
performed on 157 samples (Table 1). Samples
were reacted with 15 ml of a 2 mol L™" HCI
solution for 2 h, or with 10 mL of a 6 mol L™}
HCl solution for 48 h when bulk mineralogy
showed evidence of dolomite. The §'°C isotope
analysis was performed in duplicate on a Vario
Micro Cube elemental analyser coupled in con-
tinuous flow mode to an isotope ratio mass spec-
trometer (IsoPrime, Elementar, Hanau, Germany)
at the Biogéosciences Laboratory (GISMO plat-
form, Université Bourgogne Europe). Certified
USGS40 (with §'°C,, = —26.39%,) and caffeine
IAEA-600 (8'°Copg = —27.77%,) international ref-
erence materials were used for calibration. Car-
bon isotope composition is expressed in delta
notation and reported in permil (9,) relative to
the Vienna Pee Dee Belemnite (VPDB) standard.
External reproducibility based on duplicate ana-
lyses of samples is better than +0.2%, (10).

Palynological analyses were carried out on six
samples from Isles-les-Meldeuses and Ussy-sur-
Marne, among which only one contained a
quantitatively rich palynomorph association.
Palynomorphs were concentrated using standard
palynological techniques (i.e. Erdtman, 1960;
Roche et al, 2008) with the methodology
described in Iakovleva et al. (2021).

RESULTS

Facies and associated depositional
environments

Facies recognition based on field (Fig. 3A to C),
macroscopic and microscopic observations
(Figs 4 and 5), combined with previous descrip-
tions for the Le Tillet core (Cavelier, 1968), and
for the Ussy-sur-Marne core and the Isles-les-
Meldeuses outcrop (Briais, 2015), resulted in 11
facies (F1 to F11) grouped into four facies asso-
ciations (FA1 to FA4), interpreted in terms of
depositional environments (Table 2).

The first facies association (FA1) includes
facies F1, F2a and F2b (Table 2). F1 is composed

of medium-to-coarse sand and mud, with 3D
megaripples, metre-scale erosion channels,
cross-bedding stratification, tangential oblique
lamination, ripple cross-bedding and mud
drapes with bioclasts in the bottomsets (Table 2).
Rare bivalves and gastropods are present, as
well as bioturbations such as Ophiomorpha,
especially at the top of the megaripples. F2a is
composed of fine to coarse glauconitic sand and
mud with bioclasts, and is marked by ripple
cross-bedding and mud drapes with a micritic
matrix and bioclasts (Table 2). F2b is composed
of coarse sand to conglomerate with gravels and
is marked by 3D megaripples with tangential
oblique laminations and channelized erosional
surfaces (Table 2; Fig. 3C). Both facies F2a and
F2b contain reworked material (e.g. carbonate
clasts, clayey pebbles and bioclasts, mainly from
the underlying MCF).

FA1 is interpreted as a siliciclastic-dominated
estuary (Van Wagoner et al., 1990; Cattaneo &
Steel, 2003; Boyd et al., 2006; Zecchin & Catu-
neanu, 2013). Tidal influence is indicated by the
presence of 3D megaripples, cross-bedding and
mud drapes. The transition from coarse sand to
conglomerate with 3D megaripples in Isles-les-
Meldeuses (F2b) to fine-to-coarse glauconitic
sand with ripple cross-bedding and mud drapes
in Le Tillet (F2a) indicates a deepening pattern.
Along with this lateral variation, the presence of
reworked material in both F2a and F2b is inter-
preted as a transgressive lag (Van Wagoner
et al., 1990; Cattaneo & Steel, 2003; Zecchin &
Catuneanu, 2013). FA1 is assigned to the SaA
unit (Figs 6 and 7).

The second facies association (FA2) includes
facies F3, F4a, F4b and F5, mainly composed of
packstone and grainstone rich in bioclasts
(Fig. 4A and B). The main difference between
these facies is their bioclastic content and size
(Table 2), with serpulids and oysters in F3, fora-
minifera in both F4a and F4b (e.g. miliolids,
Nummulites, Orbitolites complanatus), but smal-
ler and more peloidal in F4b than in F4a
(Table 2). F5 is enriched in sand but still con-
tains foraminifera and bioclasts.

The packstone-to-grainstone texture, the pres-
ence of cross-bedding stratification and the frag-
mentation of most biotic components suggest an
agitated environment. Among these biotic com-
ponents, the presence of shallow benthic forami-
nifera (e.g. Nummulites, orbitoids, and locally
abundant miliolids), along with characeae and
molluscs (e.g. oysters), suggests rather shallow
marine conditions in facies association FA2.
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Fig. 4. Microfacies described in Table 2. (A) Facies F3 (Sample Us 47.20): Packstone with serpulids (Sp), Oyster
fragments (Oy) and bioclasts; (B) Facies F4 (Sample LT 58.00): Grainstone with foraminifera such as miliolids and
Orbitolites complanatus (Or), bioclasts (e.g. echinoids (Ec)) and quartz grains (Qz); (C) Facies F6a (Sample LT
56.10): Bioclastic micropackstone with foraminifera, ostracods (Os), peloids and quartz grains (Qz); (D) Facies F7
(Sample SMx 08): Floatstone with bivalves (Bi), foraminifera and quartz grains (Qz) embedded in a micritic matrix
with granulation and circumgranular cracks; (E) Facies F8 (Sample SMx 09): Laminated wackestone with forami-
nifera (Fo), ostracods (Os) and Characeae (Ch); (F) Facies F9a (Sample SMx 21): Dolomicritic wackestone with dis-
solved or recrystallized bioclasts; (G) and (H) Clayey facies F10 (Sample Us 32.60), pyrite (Py) under polarized
light (G) and reflected light (H) highlighting framboidal morphology of pyrite.
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Early formation model of dolomite & fibrous clays 1869

Fig. 5. Pedogenetic and microbial features described in Table 2. (A) Granular matrix and circumgranular cracks
(Cc) within facies F6a (Sample LT 52.90), with bioclasts such as foraminifera (Fo), bivalves (Bi) and ostracods
(Os); (B) detail of A, using cathodoluminescence, highlighting granulation and cracks; (C) dolomicritic facies F9a
(Sample Us 26.10) with root traces (Rt), brecciation (Br) and cracks filled by calcite. Rare foraminifera (Fo) and
ostracods (Os); (D) dolomicritic facies F9a (Sample Us 26.10) with cracks filled by calcite and brecciation (Br); (E)
detail of C using cathodoluminescence, showing the dark and bright orange luminescence of calcite in the frac-
tures (ODc) and the dull orange luminescence of the dolomicrite (Dm). Bright orange on the right is an artefact;
(F) cathodoluminescence observation of D, showing bright orange and dark luminescence of calcite (ODc) in the
cracks and the dull orange luminescence of the dolomicrite (Dm). Bright orange in the matrix is an artefact; (G)
dark micritic laminae and peloids showing crenulation within the dolomicritic facies associated with quartz (Qz;
F9c; Sample LT 48.25); (H) epifluorescence observation of G with mixed UV light and blue light (respectively,
75% and 25%), highlighting the microbial crenulation.
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Early formation model of dolomite & fibrous clays 1873

This facies association is interpreted as a
marine-influenced bay (Reynaud et al., 2012;
Briard et al., 2020) and is assigned to units CD
and CMO (Figs 6 and 7).

The third facies association (FA3) includes
facies F6 to F8 (Table 2). ‘Crenulated micritic
laminae’ (F8 to F9) and ‘clotted’ fabrics (F6) are
often observed in FA3. Facies F6a has a
wackestone-to-micropackstone texture, with bio-
clasts and abundant peloids (Fig. 4C). Bioclasts
include foraminifera (mostly miliolids), ostra-
cods (sometimes articulated) and often unbroken
gastropods up to millimetre-size. Peloids are
individual or fused in clusters and organized in
laminae. They can be distinguished from well-
rounded faecal pellets by their smaller size and
diffuse contour (Fliigel, 2004). These peloids are
ordered in mesoclots (Kennard & James, 1986).
Their association with dense micritic laminae
supports a microbial origin (Vennin et al., 2019).
This facies also contains plant fragments and
intraclasts. F6a often presents a granular matrix
and circumgranular cracks (Fig. 5A and B), with
highly variable porosity as well as brecciation
and possible root traces (Table 2). Facies F6b is
a dolomitic packstone with micritic peloids and
moulds of dissolved bioclasts (e.g. foraminifera,
bivalves and possible ostracods). This facies is
dolomitized by a micritic-to-microsparitic
cement mainly composed of anhedral dolomite
crystals (up to 15 pm), replacing peloids and
bioclasts (Table 2). Facies F7 is a very localized
facies corresponding to floatstone beds of flat-
tened, almost complete gastropods (e.g. Pota-
mides lapidorum), and fragmented,
disarticulated bivalve shells (Fig. 4D). Facies F7
has an erosive base, evolving upwards into
mudstone with rare gastropods, bivalves, forami-
nifera and ostracods. Continuous stacked or coa-
lescent thin micritic laminae are observed,
sometimes alternating with laminated peloids.
F7 is affected by granulation, brecciation, cir-
cumgranular cracks and desiccation cracks filled
with calcite sparite or silica. Facies F8, also
local, is a laminated wackestone composed of
planar laminations of unbroken Characeae,
ostracods (sometimes articulated), miliolids and
small bivalve fragments (Fig. 4E). It also con-
tains diffuse peloids organized in a clotted
structure (10 to 100 pm), with dense crenulated
micritic laminae.

Moderate energy is indicated by the
wackestone-to-micropackstone texture, the abun-
dant micrite and micritic peloids, as well as the
presence of articulated ostracods and unbroken

gastropods (F6a). The presence of a granular
matrix, granular cracks, brecciation and root
traces suggests emersion associated with pedo-
genesis. The packstone texture suggests slightly
higher hydrodynamic conditions, while the
replacement of peloids and recrystallization of
bioclasts by small anhedral dolomite crystals
(F6b) could indicate dolomitization processes in
the mixing zone (Petrash et al, 2021). The
floatstone texture, the erosive base, the shelly
concentration and the thinning-upwards organi-
zation (F7) suggest storm wash-over deposits,
while the accumulation of Potamides lapidorum
suggests fluctuating salinities. Emersion phases
and relatively intense pedogenesis are marked
by granulation, brecciation, circumgranular
cracks and desiccation cracks filled by sparitic
cement or silicifications. The combination of
micrite, micritic peloids, crenulated micritic
laminae, unbroken Characeae and articulated
ostracods (F8) suggests very low energy and
probably decantation processes. Microbial mats,
composed of crenulated micritic laminae and
peloid clusters, ubiquitously form in the inter-
tidal zone, associated with dolomite forming as
a primary precipitate (Bouton et al., 2016; DiLor-
eto et al., 2019). The micritic clotted texture
aligns with observations from other studies
(Arenas & Pomar, 2010; Hips et al., 2015). These
studies interpret such features as evidence of
microbially mediated calcium carbonate precipi-
tation. The clotted texture observed in this study
is thought to result from organically mediated
calcification processes, leading to the formation
of clots and/or the cementation of peloids.
Facies association FA3, combining these three
facies, reflects a shallow environment with mod-
erate energy and sporadic emersion, here inter-
preted as a coastal bay (Reynaud et al., 2012;
Briard et al., 2020).

The last facies association (FA4) includes
facies F9 to F11 (Table 2). Facies F9 corresponds
mainly to relatively homogeneous dolomicritic
mudstones and has been subdivided based on
fossil content, as well as pedogenetic and diage-
netic features. F9a contains rare bioclasts
(mostly foraminifera and ostracods, rarely
moulds of gastropods and bivalves) and
wackestone-to-packstone intraclasts (Table 2).
Bioclasts are often dissolved or recrystallized
(Fig. 4F), and this facies is affected by granula-
tion, root traces and calcite-filled cracks sealed
by brecciation (Fig. 5C and D). The calcite filling
the cracks is non-luminescent under CL (Fig. 5E
and F). Facies F9b presents small vugs, probably
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Early formation model of dolomite & fibrous clays 1875

Fig. 6. Sedimentological log with organic carbon isotopes (8"°Cyg), bulk and clay mineralogy (XRD) of the cores
Le Tillet (A) and Ussy-sur-Marne (B). Biostratigraphy and lithostratigraphy are based on descriptions by Cave-
lier (1968) for the Le Tillet core and Briais (2015) for the Ussy-sur-Marne core. Depth in metres. CD: ‘Calcaire a
Ditrupa strangulata’ unit; CMO: ‘Calcaire a Milioles et Orbitolites complanatus’ unit, MCF: ‘Marnes et Caillasses’
Formation, SaA: ‘Sables d’Auvers’ unit, SaB: ‘Sables de Beauchamp’ unit. Colours within the log correspond to
facies defined in Table 2. Labels (f1 to f4) correspond to identified fibrous clay mineralogical events.

corresponding to dissolved bioclasts or
bird-eyes, microbial crenulation and planar lam-
ination (Table 2). Facies F9c contains diffuse
micritic peloids organized in clusters, silica
micro-precipitations and crenulated and irregu-
lar micritic laminae encompassing quartz grains
(Table 2; Fig. 5G and H). It is also affected by
granulation. Facies F10 consists of centimetric-
to-decimetric clay horizons with rare ostracods,
foraminifera and bivalve and gastropod frag-
ments (Table 2). Micrometric dolomite crystals
and framboidal pyrites are observed in this
facies (Fig. 4G and H). In facies F10, one sample
from Ussy-sur-Marne yielded a quantitatively
rich palynological assemblage, composed almost
entirely (~99%) of dinoflagellate cysts (dino-
cysts) with single bissacate and angiosperm pol-
len grains. The dinoflagellate cyst assemblage
contains ~35 species, among which Glaphyro-
cysta microfenestrata, G. intricata, Enneadocysta
pectiniformis, E. robusta and Thalassiphora
fenestrate, possibly suggesting a latest Lutetian—
early Bartonian age for the deposits (Powell,
1992). This assemblage is dominated by
Homotryblium-group (mostly  Homotryblium
abbreviatum, ~45%), while Spiniferites ramosus
(~14%), Areoligera-group (~14%) and Thalassi-
phora pelagica (~9%) are very common. Facies
F11 consists of gypsum pseudomorphs in calcite
or quartz, embedded inside a dolomicritic
matrix (Table 2).

In facies association FA4, the dolomicritic tex-
ture and clayey horizons of facies F9 and F10
indicate very low energy and most likely decan-
tation processes, while the gypsum pseudo-
morphs of facies F11 indicate evaporitic
conditions. The dinocyst assemblage may indi-
cate restricted marine to open marine inner
neritic settings. The high abundance of represen-
tatives of the dinocyst genus Homotryblium is
considered to reflect warm and dry intervals
with reduced run-off and strong evaporation
(Brinkhuis, 1994; Sluijs et al., 2005). Homotry-
blium abbreviatum forms almost half of the
dinocyst assemblage, suggesting increased

salinity in a nearshore setting. Microbial mats
are often formed in shallow-water evaporitic
environments, as shown by their presence in
many modern hypersaline lagoons (Gerdes &
Krumbein, 1987), and marine intertidal and
supratidal areas (Lokier, 2013; Court et al., 2017;
Carmeille et al.,, 2018; Manaa & Aref, 2022).
Granulation, root traces and calcite-filled cracks
sealed by brecciation indicate emersion and
intense pedogenesis, particularly in facies F9. In
this facies, the calcite filling is non-luminescent
under CL (Fig. 5E and F), indicating oxidizing
conditions, while bright luminescent orange
growth zonation suggests rapidly fluctuating
redox conditions. The framboidal pyrites in
facies F10 probably reflect sulphate-reducing
bacterial  activity (Machel, 2001; Popa
et al., 2004; Wen et al., 2020; Li et al., 2022).
Facies association FA4 is interpreted as a
restricted coastal bay (Reynaud et al., 2012; Bri-
ard et al., 2020), which can reach sabkha-like
conditions. FA3 and FA4 are assigned to the
MCF (Figs 3A and B, 6 and 7), with a regional
emersion surface at the top (SB in Fig. 2; e.g.
Pomerol, 1989; Briais, 2015; Marie, 2023;
Moreau, 2023; Moreau et al.,, 2024), which is
locally karstified (Fig. 3C).

The facies in these four facies associations
vary both laterally and vertically along a NW-SE
transect, from Le Tillet to Ussy-sur-Marne
(Fig. 8). The erosional surface between the car-
bonate system (corresponding to the MCF: FA2—
FA4) and the siliciclastic sediments (corre-
sponding to units SaA and SaB: FA1) is
assigned to a sequence boundary (SB in Fig. 2)
recognizable at basin scale (Haq et al., 1988;
Briais, 2015; Marie, 2023; Moreau et al., 2024).
Based on chemostratigraphy (see Organic carbon
isotopes), a 2 to 5%, negative §'°C,,q excursion is
used as a datum to correlate the four sections.
The lateral and vertical facies variations along
this transect record a transition from a marine-
influenced bay (FA2) to a more coastal bay
(FA3), with laterally restricted environments
(FA4) becoming dominant upwards, especially
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Early formation model of dolomite & fibrous clays 1877

Fig. 7. Sedimentological log with organic carbon isotopes (8'°Cyg), bulk and clay mineralogy (XRD) of the out-

crops Isles-les-Meldeuses (A) and Saint-Maximin (B).

Lithostratigraphy is based on field descriptions by

Briais (2015) for the Isles-les-Meldeuses outcrop. Elevation in metres. CMO: ‘Calcaire a Milioles et Orbitolites
complanatus’ unit, MCF: ‘Marnes et Caillasses’ Formation, SA: ‘Sables d’Auvers’ unit. Colour within the log cor-
responds to facies defined in Table 2. Labels (f1 to f4) correspond to identified fibrous clay mineralogical events.

towards the south-east. The erosion observed at
the top of the MCF seems to be more pro-
nounced towards the north-west (see also
Marie, 2023).

Dolomite characterization

The magnesium-rich carbonates observed in the
coastal bay (FA3) and restricted coastal bay (FA4)
environments are composed of micrometric
grains (Fig. 9A to D); they present the characteris-
tic XRD ordering reflections (101), (015) and (021)
of dolomite (Fig. 9E; Bradley et al., 1953; Gregg
et al.,, 2015). The lower intensity of the (015)
ordering reflection compared to the (110) reflec-
tion suggests some cation disorder in the dolo-
mite in these two facies associations (Goldsmith
& Graf, 1958; Gregg et al., 2015). The Ca/Mg ratio
of dolomite can be estimated using Lums-
den (1979) equation’s, based on the slight shift of
the (104) reflection towards lower 20 values, indi-
cating between 51 and 56 mol% CaCOj; in FA3
dolomite and between 52 and 57 mol% CaCOQOj; in
FA4 dolomite. In the coastal bay (FA3), dolomite
microcrystals mimetically replace earlier grains,
cements and organic remains (Fig. 9A). They pre-
sent a dark to non-luminescent core, alongside
concentric and sectoral zoning under cathodolu-
minescence (Fig. 9B). Dolomite crystals are even
smaller in sediments from the restricted environ-
ment (FA4; Fig. 9C and D), resulting in a homoge-
neous dull orange luminescence. In these
dolomite crystals, any growth or sectoral zoning
is barely visible, although some crystals appear to
have cores darker than their rims (Fig. 9C). In
dolomite crystals, Mg®" substitution by Mn*"
results in a red colour under cathodolumines-
cence, while Ca*" substitution by Mn**, which is
not common, results in a green to yellowish col-
our (El Ali et al., 1993; Richter et al., 2003). These
substitutions are also observed in cathodolumi-
nescence emission spectra, with a distinctive
emission peak at ~650 nm for Mg*" substitution
and at ~575 nm for Ca*" substitution. Cathodolu-
minescence spectral analysis of the studied dolo-
mites (Fig. 9F) shows a broad peak resulting from
the overlap of the two aforementioned peaks of

roughly similar intensity, leading to a
yellow-greenish to orange emission colour under
cathodoluminescence, making it difficult to dif-
ferentiate from calcite without spectral analysis
(Fig. 9B and C) and suggesting a high substitution
of Ca®*" by Mn*". The SEM observations (Fig. 9G
and H) confirm the micrometric size (ranging
from <1 to 10 pum), the presence of both rhombo-
hedral and anhedral dolomite microcrystals, and
reveal the presence of a hollow core in most crys-
tals, which could explain the non-luminescent
character of the «crystal cores under
cathodoluminescence.

Clay mineralogy

In the clay fraction (<2 pm) of the CMO unit
(‘Calcaire Grossier’ Formation), clay minerals are
dominated by RO-type mixed-layer illite/smec-
tite (ISRO, referred to as ‘smectite’ hereafter;
avg = 67%) and illite (avg = 31%; Figs 6 and 7;
Table S1). By contrast, in the clay fraction of the
MCF, clay minerals are generally dominated by
fibrous clays: palygorskite (avg =43%, max =
98%) and sepiolite (avg = 7%, max = 48%).
Smectite is also present in the MCF (avg = 39%)
and even dominant in the Le Tillet core
(avg = 64%). Fibrous clay-dominated events are
recognized throughout the MCF, interbedded in
the smectite-rich background sedimentation (f1
to f4 in Figs 6 and 7). In the clay fraction of the
SaA and SaB units, clay minerals are character-
ized mainly by smectite and also by illite, while
kaolinite occurs sporadically (from 5% to 17%;
Figs 6 and 7; Table S1).

Smectite-rich intervals in the MCF, identified
by XRD (Fig. 10A), show a diffuse cloudy shape
in TEM images (Fig. 10B) while palygorskite-rich
and sepiolite-rich intervals, identified by XRD
(Fig. 10A), display the characteristic fibre-like
habitus in TEM images, variable in length, yet rel-
atively short (Fig. 10C). Higher resolution TEM
images reveal the presence of rods (formed by two
or more laths), aggregated into bundles (Fig. 10D),
corresponding to the fibres observed in SEM
images (Garcia-Romero & Sudrez, 2013). In SEM
images, the typical platy or flaky structure of
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Early formation model of dolomite & fibrous clays 1879

detrital smectite (Iacoviello et al., 2012) is
observed, but sometimes with small fibres emerg-
ing from the flakes (Fig. 11A). No features such as
hairy shape, rose shape or honeycomb structure
which are generally interpreted as evidence of
neoformed smectites (Fesharaki et al., 2007;
Iacoviello et al., 2012) were observed, indicating
that mostly detrital smectites are present. Fibrous
clays display large flakes with a wavy organiza-
tion around detrital grains in low-resolution SEM
images (Fig. 11B). Higher resolution images
clearly highlight the common fibrous habitus
(Fig. 11C) and a clayey matrix mainly composed
of entangled small fibres (Fig. 11D), closely asso-
ciated with dolomite (Fig. 11E). The EDS analyses
reveal the systematic presence of magnesium
alongside potassium, calcium and iron within the
smectite particles, while small proportions of cal-
cium, potassium and iron are still present within
the palygorskite particles (Fig. 11F).

Organic carbon isotopes

Organic carbon isotope (8"°C,yg) results are pre-
sented for each section, from the most distal to
the most proximal. For Le Tillet, 8'°C,,, values
vary between -22.3%, and —21%, within the
CMO unit and between —23.39, and —19.29,
with an average value of —20.9%, in the MCF
(Fig. 6A). The most negative value (—23.3%,) is
observed at a depth of 49 m. The interval
between 42 m and 38.5 m is characterized by
scattered values (ranging from —269,, to —19.1%;
Table S2), corresponding to reworked material.
In the SaA and SaB units, negative values are
recorded, with an average value of —27%,. For
Saint-Maximin, §'°C,,, values are quite variable
within the CMO unit (ranging from —23.3%, to
—18.78%,), with an average value of —20.9%,
(Fig. 7B). In the MCF, §"Cyy values vary
between —23.6%, and —189%, with an average
value of —19.8%,, and the most negative value
(—23.69%,; Table S2) is found at the base of the
formation (at ~4 m). For Isles-les-Meldeuses,
8"Corg values within the MCF have an average
value of —21.5%, and are marked by a negative
peak (at ~2.30 m) with a value of —24.3%,
(Fig. 7A; Table S2). In the SaA unit, values
decrease to an average of —26.3%,. For Ussy-sur-
Marne (Fig. 6B), the CD and CMO units are
marked by contrasted 8'°C,, values (ranging
from —24.13Y%, to —18.1%,). In the MCF, §"°Cyq
values vary between —24.6%, and —19.5%,, with
an average value of —21.4%,, and the most nega-
tive value (—24.6%,) is found at the base of the

formation (at a depth of ~36 m; Table S2). In the
SaA unit, negative values are recorded, with an
average value of —269%,,.

Even though background §'°C,, values differ,
a negative excursion with an amplitude of 2 to
5%, is observed towards the base of the MCF for
all four sections. This negative excursion is con-
sidered an isochron for the transect in Fig. 8.
The unconformity at the top of the MCF corre-
sponds to a strong negative shift (5 to 79, ampli-
tude) in the three sections where it is observed
(Le Tillet, Isles-les-Meldeuses and Ussy-sur-
Marne).

DISCUSSION

Depositional environments and magnesian
minerals

From the marine environment of the ‘Calcaire
Grossier’ Formation to the more restricted coastal
bay environments of the MCF, the studied succes-
sion is characterized by a shallowing-upwards
trend topped by a locally karstified and erosive
surface, interpreted as a maximum regressive sur-
face (Fig. 8; Haq et al., 1988; Briais, 2015;
Marie, 2023; Moreau et al., 2024). This surface is
overlain by a transgressive lag (F2a and b) initiat-
ing a deepening trend and the development of a
siliciclastic estuarine system (FA1; Fig. 8). A lat-
eral continuity between a marine-influenced bay
and a coastal bay, as proposed in Fig. 12, is sug-
gested by (i) episodic marine incursions (i.e.
‘Falun de Foulangues’ unit; F.F in Fig. 2) in the
NW of the studied area (Cavelier & Le Cal-
vez, 1965; Briais, 2015; Gély, 2016); (ii) the pres-
ence of similar facies to FA2 (foraminifera-rich
deposits including abundant Nummulites) in the
Channel strait (Fig. 1A; Auffret ef al., 1975), prob-
ably contemporaneous with FA3 identified in the
MCEF, as indicated by the occurrence of Alveolina
elongata (i.e. SBZ17); (iii) poorly preserved fora-
minifera in the more restricted facies (F9 and
F10). Such lateral facies variation in the Paris
Basin has also been proposed by Broekman (1984)
and Fontes & Toulemont (1987). In the studied
sections, the transition between the marine-
influenced and the restricted coastal bay seems
abrupt (Fig. 8). A sequence boundary between the
marine ‘Calcaire Grossier’ Formation and the
more restricted MCF cannot be ruled out, as sug-
gested by Brachert et al. (2023). Within the MCF,
based on the correlation between the four studied
sites (Fig. 8), the coastal bay (FA3) becomes
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Early formation model of dolomite & fibrous clays 1881

Fig. 9. Dolomite from the coastal bay (FA3) and restricted coastal bay (FA4) environments. (A) Dolomitized pack-
stone to grainstone (facies F6b, FA3, sample LT 49.00), bioclasts are either dissolved or recrystallized by small
dolomite crystals; (B) detail of A, under cathodoluminescence, highlighting small, mostly anhedral dolomite crys-
tals (<10 pm), exhibiting dull orange-brown luminescence, with some more greenish or reddish shades in sectoral
zoning and darker luminescent cores; (C) homogeneous dolomicritic facies (F9a, FA4, sample LT 52.00) under
cathodoluminescence, highlighting micrometric dolomite crystals, exhibiting a dull to orange-brown occasionally
greenish-yellow luminescence, sometimes with a darker luminescent core. The darker corner (bottom-left) corre-
sponds to a non-luminescent calcite crystal filling a pore. Green dots are artefacts from the abrasive powder; (D)
detail of C under polarized light, highlighting micrometric, anhedral to rhombohedral dolomicrite grains; (E) X-
ray diffraction patterns for the two dolomite samples shown in A-D, displaying detail between 20° and 55° 2 0
and calibrated on the (slight) (101) quartz reflection. Dolomite reflection (d), calcite (c) and quartz (q), dolomite
ordering reflections (101), (015) and (021) are indicated with an asterisk. Mol% CaCQOj is calculated using Lums-
den’s (1979) equation basoed on position of the (104) reflection of dolomite (LT49.00: d(104d) = 2.900 A and
LT52.00: d(104d) = 2.897 A); (F) cathodoluminescence spectra for the two dolomite samples shown in A-D, com-
pared with calcite (UWC3) and dolomite (UW6220) standards from the University of Wisconsin — Madison (Cui
et al., 2022); (G) SEM observation of facies F9b (FA4, sample SMx 29) showing mostly anhedral, micrometric
dolomite crystals with a hollow core. Note the presence of palygorskite fibres around some crystals; (H) SEM
observation of micrometric dolomite crystals embedded in a clayey (palygorskite) matrix (facies F10, FA4, sample
SMx 17). Some dolomicritic crystals present a hollow core.

laterally more restricted towards the south-east,
with localized marine incursions corresponding
either to small channels (F6) or higher energy epi-
sodes, such as storm wash-over deposits (F7;
Fig. 12). In the restricted coastal bay (FA4), the
presence of significant evaporitic sabkha-like
deposits is indicated by the large gypsum lenses
around Paris (Facies F11), often tens of metres
thick (Toulemont, 1987) and also by microbial
mats (F9).

The three shallow-water carbonate environ-
ments (FA2 to FA4) are characterized by distinc-
tive mineralogical associations (Fig. 12). The
relatively high-energy marine-influenced bay
(FA2) is dominated by calcite, and the very low
clay content (<1%) is composed of smectite and
illite assemblages. Dolomite and Mg-fibrous clays
(palygorskite and sepiolite) appear in the transi-
tional coastal bay (FA3), suggesting more evapo-
ritic conditions. These conditions become
dominant in the restricted coastal bay (FA4),
where the clay content rises to a maximum of
88% (16% on average), reflecting higher decanta-
tion processes. In FA4, palygorskite (up to 98% in
some samples) and sepiolite (up to 48% in some
samples) are dominant, representing an average
of 55% in the clay mineralogy. A noticeable
decrease in smectite content within the clay frac-
tion is observed as the environment becomes
more restricted (Fig. 12). This progressive decline
suggests either that the main source of smectites
is the open marine domain or that smectite desta-
bilization in restricted environments results in
the formation of other clay minerals (Eberl
et al., 1987; Deconinck et al, 1988; Ingles &

Anadén, 1991). At that time, smectite and illite
were the dominant clay minerals in the marine
domain of the Hampshire and North Sea basins
(Huggett & Knox, 2006), again suggesting a detri-
tal origin for smectite from the open marine
domain. In contrast, Mg-fibrous clays are only
dominant in the restricted coastal bay, where they
generally form a dense matrix of short entangled
fibres (Fig. 11), often in close association with
small dolomite crystals (Figs 9H and 11E). The
clear edges of palygorskite in TEM images
(Fig. 10B to D) and the presence of iron within
palygorskite fibres (Fig. 11F) also suggest an in
situ formation process (Del Buey et al., 2025).

Formation of fibrous clays and dolomite in a
coastal bay environment

Early dolomite formation in the Paris Basin
The co-occurrence of fibrous clays and dolomite
observed in the Eocene deposits of the Paris
Basin has been described in similar restricted
coastal settings and/or evaporitic environments
(Isphording, 1973; Ingles & Anaddn, 1991; Del
Buey et al., 2018; Perri et al., 2018; Kirkham &
Huggett, 2020), raising questions about the con-
ditions and mechanisms regulating their
formation.

The two morphologies of dolomite observed
in the Paris Basin coastal bay suggest two pro-
cesses of formation (Fig. 13). The dolomite iden-
tified in the restricted coastal bay deposits (FA4)
is characterized by micrometric, anhedral to
rhombohedral crystals with a hollow core
(Fig. 9), features commonly associated with
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1882 J. Talon et al.

primary dolomite formation influenced by
microbial activity in evaporitic environments
(Pineda et al., 2021; Sanchez-Roman
et al., 2023). This dolomite also presents a slight
cation disorder and Ca-enrichment, with
unusual greenish-yellow to orange cathodolumi-
nescence, reflecting high substitution of Ca®*" by
Mn?*" (Fig. 9), typical of syn-sedimentary or early
diagenetic dolomite formed under evaporitic
conditions (Gillhaus et al., 2010; Cui
et al., 2022). The presence of clotted and lami-
nated microbial structures (in FA4) in the MCEF,
in association with dolomite, suggests the poten-
tial role of microorganisms in syngenetic to early
diagenetic dolomite formation (Fig. 5G and H).
Microbial activity and its associated organo-
mineral substances (extracellular polymeric sub-
stances—EPS), as well as poorly crystallized
Mg-Si phases, can fix and facilitate the dehydra-
tion of cations and act as nucleation sites, thus
promoting early dolomite formation (Fig. 13;
Bontognali et al., 2010; Krause et al., 2012;
Zhang et al., 2012a,b; Pace et al., 2016; Petrash
et al., 2017; Perri et al., 2018; Guo et al., 2023a,
b; Sdnchez-Roman et al., 2025). These microbial
mechanisms require a sustained high pH (above
8) to precipitate the Si-Mg phases and fix cat-
ions (Pace et al., 2016; Petrash et al., 2017; del
Buey et al., 2023; Mather et al.,, 2023). Indeed,
dolomite precipitation associated with microbial
activity generally occurs at pH above 7.5 (Warth-
mann et al.,, 2000; van Lith et al., 2003; Wacey
et al., 2007; Sanchez-Roman et al., 2011).

In coastal bay deposits (FA3), dolomite crys-
tals are generally coarser than in the restricted
coastal bay deposits (FA4), but still under 10 um
(Fig. 9). These crystals are also anhedral to
rhombohedral, with a similar slight cation disor-
der and Ca-enrichment, as well as unusual
greenish-yellow to orange cathodoluminescence
(Fig. 9). Replacing previous grains and cements,
these larger crystals display sectoral zoning
under cathodoluminescence (Fig. 9), suggesting
relatively rapid crystal growth under disequilib-
rium conditions (Reeder & Prosky, 1986).
Replacement of a carbonate precursor, promoted
by increasing temperature and alkalinity in
addition to increasing Ca and Mg concentrations
and Mg/Ca ratio, is a commonly inferred near-
surface dolomite formation process (Machel,
2004; McKenzie & Vasconcelos, 2009; Gregg
et al., 2015). These early diagenetic dolomites
are promoted under evaporitic conditions (Folk
& Land, 1975; McKenzie, 1981; Illing & Tay-
lor, 1993; Zentmyer et al., 2011). The so-called

‘dolomites’, later qualified as very high-
magnesium calcite (VHMC) or proto-dolomite
(Gregg et al., 2015; Kaczmarek et al., 2017),
directly precipitated in evaporitic conditions,
and were perhaps microbially influenced (Vas-
concelos et al., 1995; Bontognali et al., 2012; Sa
nchez-Roman et al, 2025). They could then
become precursors and transform into more
ordered dolomite through early diagenetic age-
ing processes (Fig. 13; Vasconcelos & McKen-
zie, 1997; Petrash et al., 2021; Neuhuber
et al., 2024). This dolomite is therefore inter-
preted as being primarily related to early dolo-
mitization processes of a pre-existing carbonate
phase, such as calcite, aragonite, proto-dolomite
or VHMC. There is no evidence in the Paris
Basin coastal bay environments of secondary
late diagenetic dolomite, another potential path-
way for dolomite formation (Fig. 13). Two pri-
mary or early diagenetic dolomite formation
mechanisms are therefore retained: (i) the influ-
ence of microbial activity in the restricted
coastal bay (FA4); (ii) rapid recrystallization
from a carbonate or VHMC precursor in the
more open coastal bay (FA3).

Fibrous clay formation in the Paris Basin

In the Lutetian-Bartonian coastal bay deposits
of the Paris Basin (FA3-4), TEM and SEM
images show relatively short palygorskite fibres
(no more than a few micrometres; Figs 10, 11
and 14) suggesting rapid nucleation under high
ionic saturation (Garcia-Romero & Sudrez, 2013).
The SEM images of palygorskite fibres emerg-
ing from Mg-smectites, and dense, flaky paly-
gorskite entanglements strongly suggest the
transformation from smectite to palygorskite,
with palygorskite retaining some of the mor-
phology of smectite (Figs 11, 14A and B). The
size of the initial smectite particles might con-
trol to some extent the size of the palygorskite
fibres formed. The systematic presence of iron
and potassium in both Mg-smectite and paly-
gorskite in the EDS spectra (Fig. 11E) further
suggests a precursor mineral enriched in K
and Fe, such as detrital Al-Fe-smectite. The
observed Mg-smectite would thus result from
magnesium incorporation into the initial detri-
tal Al-Fe-smectite, as previously described in
similar environments (Trauth, 1977; Weaver &
Beck, 1977). Subsequently, increased magne-
sium occupancy within Mg-smectite octahedral
sites would induce lattice strains, resulting in
inversion from a sheet structure (e.g. smectite)
to a chain-like structure (e.g. palygorskite), as

© 2025 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 72, 1860—1898

85UB01 7 SUOWILLOD BAea1D 3|qedtjdde ayy Aq peusenob are sajolie O ‘88N JO 3N oy AkeiqiT 8ulUO /8|1 UO (SUO 1 IPUOD-pUR-SLBY W00 A8 1M AeIq1jBulUoy/Sdiy) SUOIPUOD Pue SWLB | 8U} 885 *[5202/60/2T] U0 A%eiqi8uliuO A8 |1 ‘80Ul 8Ueiyo0D Aq #7200, PES/TTTT OT/I0p/w0d A3 | im Afeid Ul |uo//Sdny Wwoj papeojumoq ‘9 ‘GZ0Z ‘TE0ESIET



Early formation model of dolomite & fibrous clays

1883

] g

Smectite

4 6 8 10 12 14 16

26
N
AN
o
{
N
)
N
\.\é?
= =
§ 28 ¢ S
s 22 & S
& T = o
| £ & 5
P |

«—lllite (003) + Qz (101)?

T T T T T T
18 20 22 24 26 28

illite

4 6 8 10 12 14 16 18 20 22 24 26 28
20
=~ )
S e
$
B 2
5 =
S -
o
= 8 83
g s 8S
o P n=
= 2 T
g = | a
) | !

T
4 6 8 10 12 14 16 18
20

20 22 24 26 28

Fig. 10. X-ray diffraction patterns (A) and TEM images (B-D) of selected clay samples. (A) Representative X-ray dif-
fraction patterns of oriented mounts from key clay samples, showing the three treatments (air-dried in black,
ethylene-glycol saturation in blue and heating at 490°C for 2 h in red). From top to bottom: Smectite-rich sample with
minor palygorskite and illite (Sample Us 32.60), Palygorskite-rich sample with minor illite (Sample Us 35.40) and
fibrous clay-rich sample also containing smectite and illite (Sample IM 10). Sm: smectite, Sep: sepiolite, Pal: paly-
gorskite and Qz: quartz. (B) Smectite-rich sample, with orange arrows indicating short palygorskite fibres (Sample
SMx 09); (C) Palygorskite fibres and detrital illite crystal in a palygorskite-dominated sample (Sample IM 04); (D)
Detail of palygorskite fibres, showing laths in white, rods in blue and bundles in orange (Sample LT 38.55).

suggested by Weaver & Pollard (1973) and
Chen et al. (2004). Detrital smectites could pro-
vide the aluminium necessary for palygorskite
formation (Trauth, 1977; Weaver & Beck, 1977;
Xie et al., 2013), while direct precipitation of

sepiolite from solution would occur afterwards,
when aluminium activity is low (Fig. 13). After

investigating ~ Priabonian = and  Oligocene
deposits  (Paris Basin, SE France, and
Morocco), Trauth (1977) proposed that the
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1884 J. Talon et al.

Fig. 11. SEM images of selected clay samples. (A) Detrital smectite, with fibre-like structures emerging from the
flakes (Sample Us 32.60); (B) detrital quartz grain within palygorskite laminae (Sample IM 18); (C) detail of sample
IM 18 showing wavy palygorskite laminae, highlighting the fibrous habitus; (D) palygorskite matrix made of
entangled fibres (Sample Us 36.60); (E) microcrystalline dolomite and palygorskite fibres (Sample Us 36.60); (F)
EDS spectra for smectite, framed in blue (blue circle in image A), and palygorskite, framed in orange (orange circle

in image E).

transformation of Mg-smectite into palygorskite
is also controlled by the ratio between silica in
solution and magnesium available for clay for-
mation (i.e. Si/Mg ratio). This author suggested

that Mg-smectite undergoes conversion into
palygorskite under a high Si/Mg ratio, then
sepiolite precipitates from the solution. Con-
versely, a low Si/Mg ratio favours Al-saponite,
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Fig. 12. Depositional model proposed for the Paris Basin during the late Lutetian-early Bartonian, with average
bulk and clay mineralogies, representative of the marine-influenced bay and the coastal bay. HWL, high water
level; LWL, low water level. The separation and question mark represent the uncertainty regarding the lateral
facies variation between FA2 and FA3 (see text for a detailed discussion).

followed by Mg-saponite formation, and finally
stevensite precipitation from the solution
(Fig. 13). In addition to high silica and magne-
sium activity, fibrous clay formation requires a
pH between 8 and 9.5, and relatively high alu-
minium activity for palygorskite (Fig. 13; Bir-
soy, 2002; Galan & Pozo, 2011; Guggenheim &
Krekeler, 2011).

The SEM images of palygorskite fibres devel-
oping inside dissolved dolomite and growing
out of dolomite crystals (Fig. 14C to E) also sug-
gest a process of dolomite dissolution, promot-
ing palygorskite formation within the restricted
coastal bay environment (FA4). Previous studies
have hypothesized that the input of slightly
acidic meteoric water would lead to the dissolu-
tion of poorly ordered dolomite, releasing

hydrogenocarbonate and magnesium ions, thus
increasing pH and magnesium activity, promot-
ing palygorskite formation (Fig. 13; Ingles &
Anadén, 1991; Ryan et al., 2019).

Here, the presence of Mg-smectite and the
subsequent formation of palygorskite is inter-
preted as mainly resulting from the transforma-
tion of detrital Al-Fe-smectite, which probably
entered the Paris Basin coastal bay through both
marine and terrestrial inputs (Fig. 12). Direct
precipitation from solution is frequently pro-
posed for fibrous clay formation during pedo-
genesis (Singer & Norrish, 1974; Galan &
Pozo, 2011). Such a mechanism cannot be ruled
out in the Paris Basin as emersion and pedogen-
esis features are clearly identified in the
restricted coastal bay deposits (FA4; Fig. 5A to
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Early formation model of dolomite & fibrous clays 1887
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Fig. 14. SEM data illustrating the mechanisms described in Fig. 13. (A) Fibre-like structures emerging from Mg-
smectite flakes (Sample Us 32.60) representing the transformation from a sheet to a chain-like structure due to
magnesium incorporation; (B) entangled palygorskite fibres reminiscent of the typical flaky smectite morphology
(Sample Us 36.60). This could represent an advanced transformation stage of a smectite flake into palygorskite;
(C) small palygorskite fibres growing in place of a dissolved dolomite crystal (Sample SMx 16); (D) palygorskite
fibre growing on a dissolving anhedral dolomite crystal (around 2 pm) with a hollow core (Sample SMx 21); (E)
EDS spectra of the palygorskite fibre (orange) growing from the dolomite crystal (purple) in image D.

F), but SEM observations mainly highlight pro-
cesses of transformation from detrital smectite
and dolomite dissolution for palygorskite
formation.

A model reconciling the concomitant early
formation of dolomite and fibrous clays

To overcome competition for magnesium, the
concomitant formation of palygorskite and

primary or early diagenetic dolomite requires
favourable factors, shown in this study to be
present in the late Lutetian-early Bartonian
coastal bay of the Paris Basin (Figs 12 and 13).
Microbial activity (microbial mats and EPS)
could act as a template and ionic reservoir, pro-
moting both dolomite and Mg-clay formation,
yet requiring slightly different pH conditions
(Del Buey et al., 2018, 2021; Perri et al., 2018;
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1888 J. Talon et al.

Sanchez-Roman et al.,, 2023, 2025; Cupertino
et al., 2024). These highly variable pH condi-
tions may have been influenced through biologi-
cal and physical processes such as those found
in modern marine environments:

1 Uptake of inorganic carbon by phytoplankton
during photosynthesis may increase pH, while
release of CO, through respiration processes will
decrease pH, resulting in large seasonal or even
daily pH variations in coastal environments
(Raven, 1991; Wallace et al., 2014; Baumann &
Smith, 2018; Raven et al., 2020).

2 Sulphate-reducing bacteria (SRB)-related pro-
cesses occur within a wide range of pH values
(Widdel, 1988; Hao et al., 1996; Koschor-
reck, 2008). The presence of SRB in the
restricted coastal bay of the Paris Basin is evi-
denced by framboidal pyrite (Fig. 4G to H) and
also by sulphur isotopes (Fontes & Toule-
mont, 1987). Microbial sulphate reduction and
the associated anaerobic degradation of organic
matter also contribute to dolomite formation at
low temperatures, locally increasing alkalinity
and producing EPS (Vasconcelos & McKen-
zie, 1997; Sdnchez-Romadan et al., 2009b; Petrash
et al., 2017; Yao et al., 2024). Indeed, by regulat-
ing the pCO, and alkalinity, methanogenesis
and anaerobic methane oxidation control the for-
mation of dolomite in organic-rich marine sedi-
ments (Moore et al., 2004).

3 Occasional freshwater inputs into a hypersa-
line restricted environment (Krumgalz, 1980).
Previous studies of the MCF have inferred the
impact of freshwater inputs on salinity and
ionic concentrations (Fontes et al., 1970;
Renard, 1972; Fontes & Toulemont, 1987), coher-
ent with a schizohaline environment (Folk &
Siedlecka, 1974).

Such highly fluctuating and dynamic hydro-
geochemical conditions might also provoke
shifts in microbial communities and in EPS
composition and production (DiLoreto
et al.,, 2019, 2021), facilitating dolomite (Deel-
man, 1999; McCormack et al., 2024) as well as
fibrous clay formation.

The circulation of slightly acidic meteoric
water during emersion phases would have low-
ered the pH, impeding fibrous clay formation.
This effect would have been counterbalanced by
the dissolution of newly formed poorly ordered
dolomite, increasing pH as well as magnesium
activity, therefore promoting palygorskite forma-
tion once again (Fig. 13).

Interestingly, negatively charged clay minerals
such as illite or smectite, similar to microbial
communities and associated EPS, may facilitate
dolomite formation (Fig. 13; Liu et al., 2019;
Wen et al., 2020; Molnéar et al., 2021). Trans-
forming detrital Al-Fe-smectite into Mg-smectite
could therefore act as a precursor for palygors-
kite and also promote dolomite formation. The
direct precipitation of Mg-smectite and dolomite
is further favoured by high silica activity (Fang
& Xu, 2022; Hobbs et al., 2024). Observations of
occasional silicification as nodules or thin layers
interspersed within dolomite in the MCF (Fig. 7)
provide evidence of high silica activity. Such
silicifications prove the high availability of silica
to increase the Si/Mg ratio, favouring the trans-
formation of detrital smectite into palygorskite
instead of saponmite. This Si/Mg ratio is also
enhanced by dolomite formation (Fig. 13).

Gypsum precipitation, induced by the evapo-
ritic conditions prevailing in the Paris Basin
during the late Lutetian—early Bartonian, would
have further increased the Mg/Ca ratio and Mg*"
availability, thus promoting both the formation
of dolomite (Zentmyer et al., 2011) and fibrous
clays (Fig. 13).

In summary, simultaneous primary or early
diagenetic formation of Mg-fibrous clays and
poorly ordered dolomite is favoured by factors
such as (i) microbial activity, (ii) detrital
alumina-silicate inputs, (iii) early carbonate pre-
cursors, (iv) dissolved silica availability and (v)
gypsum precipitation. These factors, highly
dependent on environmental changes in schizo-
haline settings, would induce slight variations
in physico-chemical conditions (e.g. pH, Mg/Ca,
Si/Mg) and biological activity, and may thus
explain the intricate Mg-rich minerals observed
in the late Lutetian—early Bartonian deposits of
the Paris Basin, as summarized in the compre-
hensive model proposed in Fig. 13.

Forcing mechanisms (climate and
palaeogeography) on clay sedimentation

In the Paris Basin, a fibrous clay-rich episode is
recorded within the MCF, along the 65 km long
transect studied here (Fig. 15). Assigned to the
Lutetian-Bartonian transition from benthic fora-
minifera (SBZ15-17), nannofossil (NP16) and
dinocyst assemblages, this fibrous clay-rich
episode is the earliest one identified in the
Cenozoic of the NW European domain
(Pomerol, 1967; Trauth et al., 1968). Interrupting
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Early formation model of dolomite & fibrous clays 1889

the smectite-dominated sedimentation of the
Eocene, this episode can be divided into four
fibrous clay-rich events (f1 to f4), despite some
discrepancies in the evolution of the clay con-
tent (Fig. 15). The f2 event is concomitant with
the most negative 8'°C,,, values (~—249%,) in the
MCF. In the Le Tillet core, this negative organic
carbon isotope excursion immediately precedes
the level where SBZ17 is identified, marking the
beginning of the Bartonian stage (Serra-Kiel
et al., 1998). Based on this biostratigraphic con-
straint, and in agreement with isotopic trends
along the transect, this negative organic carbon
isotope excursion is here assigned to the Late
Lutetian Thermal Maximum (LLTM; Fig. 15).
The transient LLTM (~30 kyr), corresponding
to the last Palaeogene hyperthermal event
within a global long-term cooling trend, has
been dated at 41.52 Ma in deep-marine records
(Fig. 15; Speijer et al, 2020; Westerhold
et al., 2020). The LLTM is marked by negative
isotope excursions measured on benthic forami-
nifera (~0.8%, 5'°C and ~0.5%, 6'®0), interpreted
as a ~2°C warming of deep seawater (Edgar
et al., 2007; Westerhold et al., 2018a). This event
coincides with the highest insolation values of
the last 45 Myr (Westerhold & Rohl, 2013;
Intxauspe-Zubiaurre et al., 2018; Westerhold
et al., 2018a). Such hyperthermal climate condi-
tions would have led to extreme seasonal con-
trast, with prolonged dry seasons and occasional
rainfall and run-off episodes on land (Intxauspe-
Zubiaurre et al., 2018; Westerhold et al., 2018a).
Short run-off episodes inland would thus have
punctuated the generally arid conditions, while
evaporative conditions probably persisted in
coastal settings. Semi-arid to arid conditions are
confirmed by the predominant palygorskite and
sepiolite preserved in the Lutetian-Bartonian
coastal bay deposits of the Paris Basin, as these
fibrous clay minerals are unstable under a wet
climate (Chamley, 1989; Galdn & Pozo, 2011).
Brief freshwater inputs inferred from oxygen,
sulphur and strontium isotopes (Fontes
et al.,, 1970; Renard, 1972; Fontes & Toule-
mont, 1987) highlight the extremely variable
salinity conditions recorded in the MCF. Such
conditions are confirmed by euryhaline biotic
assemblages mainly composed of Cerithiidae,
Sphaenia, Corbula and Potamididae (Abrard,
1925; Gély, 1996). Extreme seasonal variability
induced by the LLTM event could thus have
enhanced evaporation in the Paris Basin bay,
while increased rainfall on land may have
caused periodic flooding (Fig. 12). These climate

conditions would have led to a schizohaline
environment particularly favourable to the for-
mation of fibrous clays and dolomite (Folk &
Land, 1975; Weaver & Beck, 1977), that is con-
firmed by higher proportions of palygorskite and
sepiolite (fibrous clay event f2) during the LLTM
in Saint-Maximin, Isles-les-Meldeuses and Ussy-
sur-Marne (Fig. 15), according to the position of
the LLTM based on carbon isotopes and biostrat-
igraphic data.

In addition to climate influence, palaeogeogra-
phical changes could explain the clay mineral-
ogy variability (smectite versus fibrous clays)
recorded in the MCF. Smectite content is higher
in the Le Tillet core, particularly in the ‘Falun
de Foulangues’ unit (SBZ17, Le Tillet core,
Fig. 15), which is interpreted as a marine incur-
sion in the NW Paris Basin (Cavelier & Le Cal-
vez, 1965; Briais, 2015; Gély, 2016). Smectite is
also predominantly recorded in the more open
settings of the Hampshire and North Sea basins
(Huggett & Knox, 2006). Based on the palaeogeo-
graphical reconstruction of the NW European
domain (Fig. 1), a detrital origin is proposed for
the smectite observed in the NW Paris Basin,
possibly related to marine incursions (Fig. 12).
Alternatively, fluvial inputs from the eastern
Vosges and NE Ardenno-Rhenish Massifs (Blon-
deau, 1965; Sissingh, 1998, 2003) may have pro-
vided detrital smectite in more proximal settings
towards the SE (i.e. Ussy-sur-Marne core), par-
ticularly during episodic flooding (Fig. 12). The
progressive emersion of the Artois High during
the late Lutetian—early Bartonian may have
resulted from long-wavelength Pyrenean tectonic
deformation (Briais, 2015). This change in
palaeogeography gradually restricted the Paris
Basin by its isolation from the Belgian and
North Sea basins (Fig. 1A; Pomerol, 1978; Cave-
lier & Pomerol, 1979; Gély, 1996; King, 2006).
The resulting flat coastal bay, favouring an
increase in ion concentration, is expected to
have promoted magnesian mineral formation.

During the late Lutetian—early Bartonian, both
climate and palaeogeographical changes could
have favoured the formation of Mg-fibrous clays
and dolomite in the Paris Basin, but disentan-
gling these two forcing mechanisms remains dif-
ficult. Supporting the climate hypothesis are the
palygorskite and sepiolite identified in the
upper Lutetian lacustrine deposits and soils
around the Paris Basin (Thiry, 1989); in late
Lutetian-Bartonian deposits in the shallow car-
bonate gulf of the Campbon Basin, France
(Fig. 1A; Esteoule-Choux, 1970, 1984); in the
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Early formation model of dolomite & fibrous clays 1891

upper Lutetian lacustrine-to-palustrine deposits
in NE and SE France (Valleron et al., 1983); in
the Lutetian evaporitic lagoonal deposits in
southern Ttaly (Cavalcante et al., 2011); and in
the Ypresian-to-Bartonian alluvial-to-lagoonal
deposits in Spain (Inglés & Anadén, 1991). In
similar climate conditions, however, the middle
Eocene estuarine bay deposits of SE England
(Isle of Wight; Fig. 1A), with high fluvial influx
(Plint, 1983; Clark et al., 2022), mainly record
smectite and illite, with kaolinite content
decreasing from east to west (Huggett &
Knox, 2006). The Lutetian—Bartonian siliciclastic
marine deposits in Belgium also record smectite
and illite, with minor kaolinite and chlorite
(Mercier-Castiaux et al., 1988). The low ion con-
centrations and predominance of detrital
influxes in these more open depositional envi-
ronments result in chemical conditions unfa-
vourable to the formation of magnesian
minerals. The MCF appears thus as a peculiar
depositional environment combining restricted
conditions in a coastal embayment, in relation
to the palaeogeographical context and optimum
climate conditions (LLTM), promoting enhanced
microbial activity, highly variable circumneutral
to high pH, high Mg and Si activities, favourable
to early fibrous clay and dolomite formation.

CONCLUSION

In the Paris Basin, the late Lutetian is marked by a
change from a marine-influenced bay to a shallow
schizohaline coastal bay, where the restricted
coastal bay is characterized by microbial activity,
pedogenesis and evaporite precipitation. The
coastal bay records a mineralogical transition
from the calcite-dominated marine-influenced
bay, with low clay content dominated by smectite
and illite, to more restricted environments where
microcrystalline dolomite and Mg-fibrous clays
(palygorskite and sepiolite) predominate. The
neoformation of Mg-clays by the transformation
of a detrital Al-Fe-smectite precursor, controlled
by a high Si/Mg ratio, is the predominant mecha-
nism for palygorskite formation, which is coun-
terbalanced by concomitant early dolomite
formation. In the restricted coastal bay, dolomite
formation may result from two processes: (i)
direct precipitation of dolomite under microbial
influence; (ii) dolomite formation through the
ageing of a very high-magnesium calcite precur-
sor, directly precipitated under microbial influ-
ence. In reaction to slightly more acidic

conditions or during early diagenesis, dolomite
dissolution may be an additional process, leading
to palygorskite formation in relation to local
chemical changes. These processes, promoted by
microbial activity, require high ionic concentra-
tion, rapidly changing pH with predominantly
alkaline conditions and high availability of fine
detrital material. Such physico-biochemical con-
ditions were brought together during the late
Lutetian—early Bartonian in the Paris Basin by the
following combination of palaeogeographical and
climatic factors: (i) Pyrenean deformation result-
ing in a restricted shallow flat and preferably car-
bonated environment and (ii) a predominantly
arid climate, punctuated by occasional run-off
episodes further inland, resulting in schizohaline
conditions. The major mineralogical change
recorded in the ‘Marnes et Caillasses’ Formation,
highlighted by Mg-fibrous clays and carbonate
mineralogy during the late Lutetian-early Barto-
nian, reveals unique conditions exacerbated by
the Late Lutetian Thermal Maximum (LLTM), rec-
ognized here for the first time in the coastal set-
tings of the Paris Basin. The climate conditions
induced by the LLTM cannot, however, be con-
sidered as the only trigger for the formation of
dolomite and palygorskite, but would rather have
facilitated these processes, in association with the
palaeogeography of the Paris Basin, marked by a
persistent shallow water system. Based on obser-
vations of these restricted coastal environments,
this study proposes a comprehensive model to
explain the concomitant formation of palygorskite
and dolomite, influenced by microbial activity
and highly fluctuating hydro-biogeochemical
conditions.
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