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Abstract — Based on detailed sedimentological analyses of cores, interpretation of well logs and a set of
geochemical measurements performed on lacustrine sedimentary rocks, the palaeoenvironmental evolution
and the sedimentary architecture of the Paleogene continental Vistrenque Basin (SE France) have been
reconstructed. The analysis of sedimentary archives revealed three main stages of baswilition: (1) a
deep-lake basin (Priabonian-earliest Rupelian) whose sedimentation was dominated by terrigenous gravity-
driven deposits during a period of high subsidence rate and strike-slip fault activity and under a prevailing
humid climate; (2) an evaporative deep lake (early Rupelian) characterized by a drastic reduction in lake
volume (forced-regression), terrigenous supplies and deposition of evaporites in disconnected sub-basins;
(3) an overall long-term normal regressive stage (middle Rupelian to earliest Chattian) of Ilke in
characterized by an increase in terrigenous supplies and a vertical upward transition from deep-lake gravity-
driven deposits to marginal lake andodplain sedimentation. The onset of lake volume reduction and
forced regression during the early Rupelian is associated with (1) the reworking of marginal lake carbonates
into the deep lake areas, (2) the deposition of organic-rich sediments¥T0%%) coupled with sulphate-
reduction processes in the deepest areas of the lake, (3) an important decrease in terrigenous supplies and (4)
a long-term increase id"0 of matrix-supported carbonates. This early Rupelian forced regression of the
Vistrenque lacustrine system is interpreted to result from a regional decrease in precipitation in response to
global cooling during the Eocene-Oligocene Transition (EOT). Thad in Il of the Vistrenque lake system

(late Rupelian-early Chattian) and the onset ofoadplain occurred in more humid conditions during a
stage of decreased activity of the Nimes Fault, prior to or during an early stage of the Liguro-Provencal
rifting.

Keywords: Eocene-Oligocene transition / lake basin / strike-slip basin / Liguro-Provencal rifting / carbonates /
gravity-driven sedimentation

Résumé — Archives sédimentaires continentales de |  'évolution tectonique et climatique du sud-est

de la France autour de la transition Eocéne-Oligocene : le Bassin de la Vistrenque (Camargue). Une
reconstitution de’Evolution paléoenvironnementale et darchitecture sédimentaire du bassin paléogéne

de la Vistrenque (Sud-Est de la France) a été réalisée a partarddyise détaillée de carottes de forage, de
I"interprétation de diagraphies et de mesures géochimiques (isotopes stables du carbormxgjétes|

teneurs en matiere organique et en carbonat@ndlyse des archives sédimentaires a révélé 3 étapes
principales dévolution du bassin : (1) une phase précoce a sédimentation lacustre profonde (Priabonien-
Rupélien basal) a dominante gravitaire, pendant une période de fort taux-de subsidence et de climat humide ;
(2) une phase ultérieure de réduction de volume du lac (régression forcée) au Rupélien inférieur, caractérisée
par une baisse drastigue des apports terrigenes et le dégdapdrites dans des sous-bassins
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compartimentalisés et déconnectés ; (3) une phase de régression normale du lac et de comblement du bassin
(Rupélien moyen a Chattien inférieur), exprimée par une transition verticale de dép6ts lacustres profonds
gravitaires a des dép6ts marginaux puis de plaim®ddation. Linitiation de la réduction de volume du lac

au Rupélien inférieur et la phase de régression forcée est enregistrée pargsjoh des bordures
carbonatées du lac et leur remaniement dans les dépéts gravitaires profonds, (2) le dép6t de sédiments riches
en matiere organique (CO¥ 10%) couplé a des processus de sulfato-réduction bactérienne, (3) une
diminution signi cative des apports terrigénes et (4) une tendan@igrentation dd*®0 des carbonates
lacustres. Cet épisode de régression forcée est la conséquemcelidhat plus sec en réponse au
refroidissement global de la transition Eocéne-Oligoceéne. Le remplissagiedu bassin lacustre et
I"installation dune plaine dnondation &est produit en contexte plus humide et de faible activité de la faille

de Nimes, au cours dn stade précoce de la phase de rifting Liguro-Provencal ou antérieurement a celle-ci.

Mots clés : Transition Eocéne-Oligocéne / bassin lacustre / bassins sur décrochement / rifting Liguro-Provencgal /
carbonates / sedimentation gravitaire

1 Introduction basins (ASCI system)Lettéron et al., 2017, 2018 2022
Camargue BasiiBenedicte@t al.,, 1996 and offshore in the Gulf
Continental sediments revealed to be very sensitive tof Lion (Central Graben, Grand Faraman BaSliaranneet al,
climate changes because they result from physical dr999 (see location ifrig. 1). These basins are characterized by
biological processes occurring in nearby areas or in diredhick siliciclastic, carbonate and evaporite sedimentaiog, (
contact with atmospheree (g, Fabre and Mainguet, 1991 Benedicto, 1996Rouchy, 199y.
Nutz et al, 2019. Among continental depositional systems, The Vistrenque Basin is located in the western part of the
lakes have been shown to constitute comprehensive afithmargue area. Itis the deepest Cenozoic continental basin in
reliable archives of the evolution of environmental parameterSoutheast France with more than 3200 m thick Paleogene
at various time scales due taictuations in their level which succession. This basin is bounded to the west by the Nimes
respond to climate and hydrologic changes and to the ability ¢fault (Figs. 1and2) which acted as a sinistral strike-slip fault
biologically or chemically-produced carbonates to recordhs early as the Priabonian in Langued8eérannest al.,2021).
palaeo-temperatures, pCO2, salinity and hydrologic balancdis major fault may also have triggered the formation of the
(e.g, Talbot, 1990 Tanner, 2010 Lettéron et al, 2017. Vistrenque Basin during the Priabonian and Early Oligocene, a
Additionally, sedimentation in contintental basins is alsdew million years before the Gulf of Lion extension. The
extremely sensitive to tectonic setting like in shallow-marind’aleogene sedimentary ihof the Vistrenque Basin has been
setting €.g, Ashley and Renaut, 2002ince the latter controls subdivided into three main units: the lowermost terrigenous-
the formation and location of reliefs and terrigenous sedimeriich lacustrineé Série GriseUnit is more than 2000 m thick; an
sources as well as those of subsident areas where sedimentsiatermediate siliciclastic-rich uvial ‘Série Rouge Unit,
deposited and preserved. around 200m thick; and an evaporite-ricBérie Calcaréo-
The time interval ranging from the Priabonian (Latesaliferé Unit, of few hundreds of metres thick, at the top
Eocene) to the Rupelian (Early Oligocene) is marked at €Fig. 3). Since the Série Calcaréo-Salifére Unit has been shown
global scale by the most important climate change of thto be linked to the Upper Oligocene to Aquitanian rifting
Cenozoic resulting in the establishment of Antarctic ice shee{8enedictoet al, 1996 Semmaniet al, 2023, this study
(Liu et al.,2009 and records the transition from greenhouse tdocuses only on the ante-saliferous units, namely the Série
icehouse conditiond/adeet al,, 2012. In terrestrial mid-to- Rouge and underlying units.
high latitude environments, long-term cooling during the The density of subsurface data (cores, cuttings, well logs)
Eocene-Oligocene transition (EOT) resulted in major changdsom the Gallician and Pierrefeu sectors (see location in
in oristic and faunistic associations, and in regionaFigs. 2A and 3B) makes it possible to investigate the
hydrological cycles Hutchinson et al, 2021 but also sedimentary record and the tectonic evolution of the
promoted climate aridity Yfancey et al, 2003 Pageet al, Vistrenque Basin during the transition from the Pyrenean
2019 and seasonalityHldrett et al, 2009. Moreover, this compressional stage to the rifting of the Gulf of Lion margin,
period is characterized in Western Europe by a major transiticand to document the record of the well-known global climate
in tectonic regime from compressional (Pyrenean compreshange at the Eocene-Oligocene transition in continental
sion) to extensional (European Cenozoic Rift System: ECRI8nvironments from Southwestern Europe. The present study
and Liguria-Provence extensior§érannest al., 2021 which  aims to: 1) dene the depositional facies and reconstruct the
occurred coevally with the development of the marine Westerdepositional palaeoenvironments, 2) reconstruct the evolution of
Alps foreland basin to the easigseph and Lomas, 2004  depositional systems and patterns of the Paleogene sedimentary
Late Eocene and Oligocene continental rift basins have beém Il of the Vistrenque Basin, 3) link the evolution of these
extensively documented in the literature concerning Westemtepositional systems to changes in climate and tectonic regimes
Europe, onshorex(g, Upper Rhine Grabetilanc-Valleronand in Southeast France during the Priabonian-Rupelian times, and
Schuler, 1997 Bresse GrabenCurial and Moretto, 1997 4) discuss the relevance of continental sedimentary records as
Valence Basin:Dromart and Dumas, 199Apt-Manosque- archives of past climate changes in Southwestern Europe around
Forcalquier BasinLesueur, 1991Alés-Saint-Chaptes-Issirac the Eocene-Oligocene transition.
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Fig. 1. Structural map of Southeast France and location of the Vistrenque Basin among the many Cenozoic continental basdsafteodi
Benedicto (1996)AB: Alés Basin, AiB: Aix Basin, Ca: Carpentras, CG: Central Graben, GFB: Grand Faraman Basin, GN: Garrigues Nimoises,
HB: Hérault Basin, IB: Issirac Basin, Ma: Marseille, Mo: Montpellier, MB: Manosque Basin, MoB: Mormoiron Basin, Ni: Nimes, NPFZ: North
Pyrenean Fault Zone, Pe: Perpignan, RB: Roussillon Basin, SB: Sommiéres Basin, SCG: Saint-Chaptes Graben, t.z.: transfer fault zone, Va
Vaccarés Basin, ViB: Vistrenque Basin. The black star indicates the position of the Priabonian northern carbonate succession at Butte louto
(e.g, Pellat and Allard, 1895Semmaniet al., 2029.

2 Geological setting Western European Rift extension (ECREegler, 1992 and
_ _ _ the Oligocene-Aquitanian Liguria-Provence riftirBgnhedicto
2.1 Regional tectonic setting et al, 1999 in Languedoc, Provence, Rhone Valley and Gulf

of Lion areasFig. 1). In Languedoc, the Nimes Fault has been

The Camargue area is located in Southeast France, near i®wn to accommodate sinistral strike-slip movements as
Rhéne Delta, between the limestone plateaus of@sgrigues early as the Priabonian in response to both the Pyrenean
Nimoise$ and the MediterranearFig. 1). This area has an shortening and Western European Rift extensiBgrénne
approximately triangular shape and is constituted of twet al.,, 2021).
Cenozoic sedimentary basins that are entirely buried beneath The Mesozoic substratumis constituted mainly of Jurassic and
the Rhone Delta sediments: the Vistrenque Basin to the weStetaceous marine carbonates and is exposed irGheigues
and the Vaccarés Basin to the edsp( 1). As a result of the Nimoises (Fig. 1). These carbonates also constitute the buried
convergence and collision of the Iberia-Corsica-Sardinia blocktructural highs that bound the Paleogene Vistrenque Basin to the
with the European plate, the Mesozoic to Eocene cover hasast (Albaron high; Jurassic), to the north (Jonquiéres high; Lower
been folded and thrusted during the Pyrenean shortening @retaceous), and to the south (Grau-du-Roi and Saintes-Maries
Languedoc and Provence.§, Mascleet al, 1994 Arthaud highs; JurassicHig. 2). The Palaeozoic basement is known from
and Laurent, 19955éranneet al., 1995 Bestaniet al, 2019.  the Massif Central, and Provencal Maure and Esterel massifs.
The Paleogene Vistrenque Basin (50 * 30%is controlled by  Offshore in the present Gulf of Lion, the Paleozoic basement was
the major Nimes Fault and is one of the many continentahtersected by Paleogene extensional basigs Grand Faraman
basins that opened during the late Eocene and the OligoceneBasin, Central Graben) formed during the Oligocene-Aquitanian
Southeast of FranceCavalieret al, 1984 Semmaniet al,  extension $érannest al., 1995. RecentlySérannest al (2021
2023. These basins resulted from the Priabonian-Rupeliahave reconstructed a Pyrenean relief, south of Camargue and
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Fig. 2. (A) Structural map of the Vistrenque Basin showing the location of the deep boreholesedhaffeBenedictet al (1996. A101: Albaron

101 A2:Albaron2 A3:Albaron3 AG6:Albaron6 A7:Albaron7 A-Mortes1: Aigues-Mortes1 Aub: Aubord1l Char 1: Charnier 1
Csg1,2:Caissargues1,2.1:Lunell L2:Lunel2 L3:Lunel3 LJ:LaJasette M1:Montcaiml M2:Montcalm?2 P:Pierrefeul P:

Pierrefeul Stes Maries: Saintes-Maries-de-la-Mer 10$V: Saint-Véran 1 V3:Vaunage 3.t.z.: transfer zone. The rectangle shows the studied

area (Pierrefeu and Gallician sectors, north and south to the transfer zone respectively) shown in the geographi€aue38f(B) Non-

migrated seismic prde SG3 interpreted, aft@&enedicto (1996)ocation in (A) is indicated by the AB transect; (C) NW-SE cross-section through

the Vistrengque Basin on the northern Vauvert compartment (neddafterBenedictoet al., 1996 see location in A): CD transect).

Languedoc that links the French-Spanish Pyrenees to tieargin Pellat and Allard, 1895Semmaniet al., 2022, the
Provence segment of the Pyrenean orogen and dated the orBaleogene sedimentary succession of the Vistrenque Basin is

of its dismantling to the Priabonian (late Eocene). almost entirely buried beneath the Miocene deposits and the
Pliocene and Quaternary sediments of the Rhéne Delta. Within
2.2 Stratigraphic framework of the Vistrenque Basin the Vistrenque Basin, the Paleogene stratigraphic column

_ _ _ changes laterally in both lithologies and thicknesses between
Except for the Priabonian carbonate succession exposedtié different sectors, particularly between the Gallician and
the Butte louton hill (black star ofrig. 1) in its Northern Pierrefeu sectors, since the basin is affected by transfer faults
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resulting in its compartmentalizationFig. 2A). In the 3.2 Depositional facies and palaeoenvironmental
Pierrefeu sector, the Paleogene successid@2Q0m thick) interpretations
has been subdivided into three main lithological units, from

bottom to top: ‘Série Grisg ‘Série Rouge and ‘Série The de nition of the depositional facies is based on the
Calcaréo-salifereformations Yalette and Benedicto, 1995 description of the sedimentological features observed both
(Fig. 3A). macroscopically on cores and microscopically on thin sections

Very recently,Semmaniet al. (2023 provided a revised (>1000 thin sections were examined). The thin sections were
chronological framework for the Paleogene of the Vistrenquéiade by the geological departments of the oil companies
Basin. In the Gallician sectorF{g. 3A), the lowermost during the 1950s and 196&. The thin sections dataset was
lacustrine-dominated: Série Grise and ‘Série Calcaire prepared with a close vertical spacing (ranging from 5cm to
formations are Priabonian to Middle Rupelian in age. Thd m).
overlying uvio-lacustrine' Série Mixté and ‘Série Rouge Microscopic analyses on thin sections were carried out
formations are late Rupelian to early Chattian in age. Thessentially semi-quantitatively in order to de the deposi-
return to lacustrine conditions resulted in the deposition of tional facies Tab. 2. Semi-quantitative analysis includes
thick carbonate and evaporite successitBéfie Calcaréo- estimation of average grain size, grain sorting and morpho-
Salifére Formation) €.g, Valette and Benedicto, 199@&hich  scopic features, and proportion ohes (carbonate mud and
is attributed to the Upper Oligocene to Aquitanian time intervas$ilt). The de nition of the depositional facies is also based on
by Semmaniet al. (2023. the identi cation of biological content, sedimentary structures,

Seismic data interpreted Malette (1991)suggest that the sStratal patterns, and vertical stacking patterns. Depositional
Série Calcaréo-Salifere Formation unconformably overlies thealaeoenvironments are interpreted from the depositional
Série rouge and underlying units. Chronostratigraphic dafacies grouped within facies associations (FAb. 3 and from
(Semmanet al.,2023 revealed that such unconformity can betheir vertical evolution.
dated to the early Chattian. Syn- Gulf of Lion rifting  The carbonates have been described using the Dunham
sedimentation lasted until the late Aquitanian and the brealklassi cation systemunham, 196Pmodi ed byEmbry and
up event that separates syn-rift from post-rift deposits wa€lovan (1971) and the terrigenous deposits have been
dated to the Burdigalian and corresponds to the spreading eassi ed using the granulometric classation ofWentworth
the Liguro-Provencal BasinGorini et al., 1993. The post- (1922)

Aquitanian Miocene and Pliocene-Quaternary correspond to
the post-rift stage of the Gulf of Lion margifigs. 2Band2C;

Séranneet al, 1995 3.3 Stable carbon and oxygen isotope analyses of

carbonates

3 Database and methods Carbon and oxygen stable isotopes compositions of bulk-
rock carbonates have been measured on 117 samples from
Gallician 9 well, 89 samples from Pierrefeu 1 well and 35

Msamples from Vauvert 1 well in order to provide insights into

|I_’ake palaeohydrology. Measurements have been performed on

Fpatrix—supported fabrics (calcareous claystones, marlstones,

Energies) as part of the petroleum exploration in the Gallician . : !
sector in the 1950s and later during a development drilling argillaceous limestones ar]d_ Ilme_stones, Qf mudst_one-wacke-
stone textures) from th&Série Grisg ‘Série Calcaire and

survey withthe Pierrefeu 1 welldrilled in 1963. Since the 1870 ‘Série Mixté formations. Carbon and oxygen stable isotopes

salt mining using halite leaching led to the drilling of more than o 4 .
g 9 9 9 ignatures of carbonates from th&érie Mixté and ‘Série

20 well doublets in the Pierrefeu sector in order to extract brir&% & unit itered by the int d ; i
from the thick evaporite accumulation of the Série Calcaréd>CUde Unis are allered by the intense pedogenic m
tions that these limestones underwent and are therefore not

Saliféere Formation Kig. 3B). However, these wells are not . ;
Rig. 3B) nsidered. The isotope analyses were performed at the

considered in this work since the studied intervals (Série Rou ; ;
Formation and underlying units) have not been reached. aboratory of Analytic Geochemistry of the Faculty of Earth
$C|ences at Friedrich-Alexander-University of Erlangen-

3.1 Database

Borehole data were acquired by oil companies (SNPL
CEP: former companies currently incorporated into Tota

This study is based on data from 6 wells (cores and drilling’ b G Carbonat d ted with
cuttings, well logs, geological reports) from the Gallician an urg erg, Lermany. Larbonate powders were reacted wi
Pierrefeu sectors: Gallician 1, Gallician 3, Gallician 7,-00% Phosphoric acid at 7€ using a Gasbench Il connected
Gallician 9, Vauvert 1, and Pierrefeu 1 (see location ifC & ThermoFisher DELTA V Plus mass spectrometer. Al

alues are reported in per mil relative to V-PDB. Reproduc-

Fig. 3B). All these wells have reached the Série Roug lity for d™3C andd®0 was +0.0% and +0.0%, (1 standard

Formation and intersected partially to totally the underlyin J . ;
units. The maximum depth, the deepest explored stratigrap viation), respectively. Carbon and_ oxygen stable isotope
' easurements have been reported in Supplementary data

levels, and the available well log data and geological repor

are summarized iffable 1 able S1
Many wells were not considered in this studg.d,

Gallician 2, 4, 5, 6, and 8) due to lack of core data. HoweveR.4 Organic matter and CaCO 5 concentrations

the studied wells, listed ifable lare a representative selection

of the sedimentary record of the Paleogene of the Vistrenque The present work integrates unpublished measurements of

Basin.Figure 4provides a correlation panel of the Paleogendotal organic matter content (TOC) and calcimetric analyses

sections from these wells. from oil companies inhouse reports. The TOC measurements
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Fig. 3. (A) lithological columns and correlations of the Gallician 9 and Pierrefeu 1 wells located in the Gallician and Pierrefeu sectors
respectively and chronstratigraphic framework af@mmaniet al. (2023; (B) Geographical map of the Gallician and Pierrefeu sectors
(enlargement of the rectangle showrHig. 2A) showing the location of subsurface database (wells and seismic lines), LGA = LaGaline well;
numbers refer to the Gallician wells (from Gallician 1 to Gallician 9), medi afterValette (1991)
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Table 1. List of boreholes studied in this work and the dataset used. Core intervals are indicated for the Paleogene series, Fm: formation (se
location inFig. 3B).

Well Location Year of Depth (reached formation) Dataset (well logs, documents) Cores and cuttings data
completion
Gallician 1 Vauvert 1951 2004 m (Série Rouge Fm)  Electrical logs, Gamma Ray (GR), Cores: 1612 1929 m
(Gard) geological reports, master-log
Gallician 3 Vauvert 1951 1871 m (Série Mixte Fm) Electrical logs, Gamma Ray (GR), Cores: 1720 1871 m
(Gard) geological reports, master-log
Gallician 7 Vauvert 1952 2087 m (Série Mixte Fm) Electrical logs, Gamma Ray (GR), Cores: 2007 2087 m
(Gard) geological reports, master-log
Vauvert 1  Vauvert 1952 3626 m (Série Grise Fm) Electrical logs, Gamma Ray (GR), Cores, essentially:
(Gard) geological reports, master-log 1897 2014 and
2902-3067 m
Gallician 9 Vauvert 1956 2653 m (Série Grise Fm) Electrical logs, Gamma Ray (GR), Cores: 1830 1997 /
(Gard) geological reports, master-log 2190 2247 | 2365- 2653
Cuttings: 2000-2190 m
Pierrefeu 1 Vauvert 1963 5137 m (Lower Electrical logs, Gamma Ray (GR), Discontinuous cores
(Gard) Cretaceous) geological reports, master-log between 1740 and 4830 m

Base of Paleogene: 4920m

have been performed in 1992 at the IFP (French Institute @fiterpretations are summarized ifable 2 Due to the
Petroleum) using a Rock Eval apparatus and following thdif culty to capture large-scale sedimentary geometries in
methodology established Wyspitaliéet al. (1985. The data drill cores, interpretatios of detrital carbonates and
are displayed in Supplementary dataTable S2 siliciclastics in terms of depositional environments are
based on the vertical and distribution of facies (F1 to F13)

3.5 Sequence stratigraphy analysis and well and on their facies associations (FAL to FA&b. 3.

correlations . . . .
4.1.1 Hemipelagic lacustrine marls and evaporite

Sequence stratigraphy analysis was carried out at tfacies: F1, F2 and F3
metric to decametric scale in the cored intervals. HighF1. Anhydritic marlstones and anhydrite
resolution depositional cycles are ded using vertical

dif cult to make, only the major sedimentary cycles recorde Avdrit Ist st of dark | .

during the Paleogene in the Vistrenque Basin will be describe@YC" |cdm|ars ?ne?‘ ((:jo_nS|s 0 ;r 'g_feyﬁf_“afs etr:_clzasmg
Well correlations are based on lithological criteria and welfParse nodules of anhydrite (up to 2cm in sizg,. 5 while

log data (Gamma Ray), the recognition of transgressiv randed anhydrite consists of centimetre-thick layers of nodular

regressive cycles and the iderdation of the major uncon- annydrite, “alternating with thin, millimetre-thick, micrite
g y J aminae Fig. 5B). Anhydrite has also been observedlimg

formities from the vertical stacking pattern, and the vertica . - . .
gp ,ractures. The anhydritic marlstones are organized in two pluri-

evolution of carbon and oxygen isotope composition o e thick int s of nelv laminated blatelet |
lacustrine carbonates and the corresponding long-term trendi€lr€ tiCk Intervals of nely laminated piatejet maris
ercalated with ne silty sandstones and organic-rich layers.

of in ow-evaporation balance. Sequence boundaries ha ) . :
been dened as major, correlatable subaerial exposure surfac e banded anhydrite mte_r\_/al (Im th'Ck)_ is bracketed .
etween those two anhydritic marlstones intervals. In thin

or may correspond to conformable surface of maximu . . . . .
regression of the lake (basinal correlative conformity). section, anhydrite nodules display a microcrystalline structure
made of little needle crystal§ig. 50. A few relicts of small
prismatic to lenticular crystals have been evidenced within
anhydrite nodules Fig. 5D) thus suggesting a gypsum
4.1 Depositional facies and palaeoenvironmental precursor. _ o
interpretations Interpretation: _The n_odular habit of the anhyd.rlte. is a
common diagenetic fabric thus does not necessarily indicate
In the studied wells, the investigated Paleogene intervafibaerial sabkha environment®ean et al., 1975. The
display a great diversity of depositional facies includingoccurrence of relicts of pseudomorphs after gypsum crystals
strictly terrigenous, carbonate and evaporite-rich deposits &dggests that laminated anhydrite derives from the diagenetic
well as mixed terrigenousarbonate deposits. Thirteen transformations (under burial conditions?) of laminated gypsum
depositional facies (F1 to F13) have been described, thefeposits. The original alternation of gypsum and organic-rich
main characteristic featuresand palaeoenvironmental carbonate layersrects uctuations between more and less arid

4 Results and interpretations
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Fig. 4. Correlation panel of wells Gallician 7, Gallician 1, Gallician 3, Gallician 9, Vauvert 1 and Pierrefeu 1 from the Gallician and Pierrefeu
sectors showing the sedimentary units, litholologies and lithostratigraphic correlations. Lithostratigraphic correlations are carriggl out usi
lithological similarities and gamma ray (GR) signagRa/T: microgram of Radium/Time (radioactivity measurement).

conditions leading to precipitation of these minerals on a shallowmillimetric to submillimetric in thickness, plane-parallel to
perennial lake oor while the nodular texture results from wavy and may also be crumpleBi¢. 5E). The dark layers are
subsequent diagenetic transformation of gypsum into anhydrigsriched in organic matter and in detrital particles of mud to
(Orti and Salvany, 2004 Large and scattered prismatic silt size. In contrast, light laminae are dominated by micrite,
anhydrite crystals embedded in a marlstone background aa@d display low detrital and organic matter content. Preserved
likely to form and grow within the mud matrix during early fossils are lacking in this facies although the papyraceous
diagenesis, prior to mud lithcation. As discussed t§emmani  marlstones may contain high amounts of terrestrial plant debris
et al. (2023, sulphate may derive from the leaching of triasicintercalated between the laminae. These laminites are
evaporites in the catchment area of the lake or from transientganized into thick intervals with a thickness ranging from
marine water incursions. several decimetres to few metres. This facies is particularly
frequent in the upper part of theSérie Calcaire and less
frequent in the upper part of ti&érie Grisé Formation while
the lowermost intervals of th€Série Grisé are devoid of it.
Interpretation: The ne grain-size in the laminates
This facies consists of alternations of light beige and darkndicates deposition in areas located far from the clastic
grey, greenish grey and browmely laminated argillaceous sources. The lack of fauna suggests anoxic conditions, and the
limestones and papyraceous marlstones. Laminae are offereservation of the original laminae indicates that they have

F2. Finely laminated argillaceous limestones and
papyraceous marlstones (laminites)
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Table 3. Depositional facies associations of the Paleog&éeie rougeand underlying units §érie mixte, ‘ Série calcaire ‘ Série gris€) from
the Vistrenque Basin (Camargue, SE France)nge in the Gallician and Pierrefeu sectors and their palaeoenvironmental interpretations.

Facies association Facies Code Depositional facies Occurrence Palaeoenvironmental

interpretation

FA1 Evaporite-rich F1 Anhydritic marlstones and Uncommon, reported only Evaporative perennial

perennial lake anhydrite from one thick interval lake

from “Série grisé
Formation.

FA2 Profundal lake F2 Finely laminated Frequent in the Série Profundal perennial lake
argillaceous limestones calcairé Formation & with poorly oxygenated
and papyraceous occasional in thé Série conditions
marlstones gris€’ Formation

F3 Dark grey marlstones with  Common in the' Série
scarce fauna gris€ and in the"Série
calcairé formations

FA3 Lake slope and F4 Glauconite-rich sandstones Common in thée‘Série Gravity-driven currents

offshore lake and ne-grained gris€ Formation in the lake slope and
calcarenites offshore lake

F5 Coarse calcarenites and  Frequent in the upper part
microconglomerates of the’ Série grisé
Formation
F6 Matrix-supported Occasional to frequent in
conglomerates the “Série grisé
Formation
FA4 Deltaic and littoral F7 Thinly-bedded quartzose Frequent in the upper part Vicinity of a riverine
lake calcarenites of the’ Série calcaire mouth (lacustrine delta)
Formation but also at the and lake littoral
base of the'Série mixté
Formation
F8 Oncolitic limestones Occasional in th8érie
mixte” Formation
F9 Microbial limestones Frequent in th&érie
mixte” and“Série
calcairé Formations
FA5 Fluvial association F10 Polymictic conglomerates Frequent in the Série Channelized and
and microconglomerates  roug€ and less théSérie  overbank deposits
mixte” Formation
F11 Fine to medium Common in the' Série
sandstones (Quartzose roug€ and occasional in
sandstones) the “Série mixté
Formation.

FA6 Floodplain F12 Variegated and mottled Common in thée'Série Floodplain and very

association calcareous claystones Rougé and*“Série mixté shallow pond/ephemeral

formations and occasional water pans
in the “Série calcaire
Formation.

F13 Nodular-brecciated Frequent in the Série

limestones (Pedogenically
modi ed carbonates)

mixte” and occasional in
“Série rougé (lowermost
parts) and' Série calcaire
Formation.
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not been affected by bioturbation. The preservation of organgandstones, the bounding surfaces of the layers may be erosive
matter also suggests stragid water preventing oxygenation of with rip-up clasts Fig. 6B) and may exhibit soft sediment

the lake bottom. Finally, the absence of subaerial exposudeformation and load structures such asne structures and
features €.g, root traces) in these marlstones indicatependulous load casFig. 6B andC).

deposition in deep and perennial lake conditions.

F5. Coarse calcarenites and microconglomerates

F3. Dark grey marlstones with scarce fauna . . .
Coarse-grained quartzose calcarenites and microconglom-

Marlstones are very common in th&Série Grisé erates are reported mostly from the upper part of“tBérie
Formation and are found occasionally in ti&érie Calcaire  Gris€ Formation. Clasts are made of various lithologies
and“ Série Mixt€ formations. F3 facies occurs in massive andncluding limestones, sandstones, and more rarely siliceous
structureless intervals in alternation with calcarenites anelements Fig. 7A). Rip-up elements are also found among
conglomerates (F4 to F7 facies, see description hereinaftéhese grainsKig. 7A). In F5 facies, carbonate grains are
(Fig. 5. These marls may contain sigieant amounts of silt- essentially lithoclasts or fragments of marine bioclastg,(
sized quartz and mica particles (=silty marlstones), and mindoraminifera, echinoderms, bryozoans) which can be found
proportions of coarse detrital grains. Laminations are lackingithin the lithoclasts or as separate grains within the sandy
and the marls are organic-rich thus resulting into the grey tmatrix thus suggesting that they are reworked. The micro-
dark grey colour; terrestrial plant remains are sometimesonglomerates generally display a grain-size break with the
frequent. Preserved carbonate biotic remains are very scamabjacent marlstones (F3 facies) and may show parallel
and consist mainly of ostracod shellsd. 5G). Pyrite is also laminations and grade upward into medium am sand-
reported from these marlstones. stones. This facies occurs generally in several centimetres to

Interpretation: The detrital fraction is made ofne-sized few decimetres thick intervals intercalated between the
particles (silt, clay) indicating sedimentation in quiet areasandstones (F4 facies) and the silty maristones (F3 facies).
located far from the sources hence in distal and central parts of
a perennial lake. Preservation of organic matter as well as titg. Matrix-supported conglomerates
extreme scarcity of carbonate skeletal grains suggests low _ ) i
oxygen conditions on the lake bottom as observed in ancient This facies consists of sub-rounded to angular poorly
and modern perennial lakes with water strasition @asilici, sorted clasts, ranging in size from several millimetres to 1 cm
1997). The occurrence of pyrite is also consistent with anoxi@nd that reach up to 3cm for the coarsest elements, embedded
conditions in a lake bottom affected by sulphate reductioWithin a marlstone or silty sandstone matrixid. 7B). F6
processeseckmantet al, 1999. These dark grey marlstones intervals shovy neither grading nor !ntern_al beddmg.. In the
are therefore interpreted to form in the distal, deeper, angwer and middle parts of thé¢Série Grisé Formation,
poorly oxygenated areas of a lake which is subjected to detritgpnglomerates are oligomictic and clasts generally consist in

uxes carrying the ne grains and the plant remains. light grey marly I_imestones of I\/_Iesozoig age bearing a cIearjy
de ned Mesozoic fauna associated with some quartz grains

and reworked calcite sparBig. 70). In the upper part of this
S i unit, the conglomerates are also oligomictic and the matrix
F4. Glauconite-rich sandstones and  ne-grained may contain lacustrine carbonate grairSig( 7D). The
calcarenites conglomerates and breccias are found in alternation with the
F4 facies occurs within theSérie Grisé Formation and F2. F3 and F4 facies described in the previous sections.
consists of moderately to well-sorteche mixture dominated
by angular quartz, oxides minerals, glauconite and mickterpretation of F4, F5 and F6 facies
grains with reworked miscellaneous siliceous and carbonate In the “Série Grisé Formation, F4 sandstones are
elements. The latter include small-sized peloids and brokegharacterized by good sorting and grading, and they display
bioclasts €.g, benthic foraminifera, bryozoans, and echino-sedimentary structures such as parallel laminations and current
derms) derived from the reworking of Mesozoic marinefipples Fig. 6A). These sedimentary structures are described
limestones cropping out in the catchment area, as well degether in the turbidite sequence Bbuma (1962) the
microcodiumdebris likely reworked from the neighbouring parallel laminations are reported from the sandy level Th, and
Paleogene continental limeston&sgs. 6A D-G). Terrestrial  the current ripples are indicative of the Tc interval. Such
plant remains are common whereas coeval lacustrine carbgsedimentary structures and vertical stacking of facies have
ate grains are scarce and could be represented by only a fé@en associated with turbidity currenBo@ima, 1962Tinterri
ooids or peloids and characean remains. Sedimentagj al., 2020.
structures are represented by plane parallel laminations and The presence of preserved plant fossils and the interbed-
current ripplesffig. 6). Atthe core scale, these sandstones magling of the F4 sandstones with the F3 marlstones together with
also grade downwards into medium-sized sandstones atftte lack of subaerial features suggest deposition in perennial
upwards into siltstones and marlstones (F3 fadies,6A-C).  lake conditions. The abundance of marine carbonate clasts,
These sandstones may occur in several centimetres thitlkcluding bryozoans and reworked Mesozoic foraminifera
intervals Fig. 6B) but also frequently alternating with (€., Cuneoling, together with siliceous elements (sponge
marlstones in the form of millimetre to few centimetres thickspicules) and glauconite mineral grains, suggests feeding from
layers thus forming banded interval§ig. 6C “banded the erosion of the Mesozoic sedimentary cover that constitutes
sandstonés sensuLowe and Guy, 2000 In such banded the neighbouring catchment area. Part of the siliciclastic

4.1.2 Gravity-driven lacustrine facies: F4, F5 and F6
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Fig. 5. Anhydritic marls and anhydrite (F1) hely laminated limestones and papyraceous marlstones (F2), dark grey marlstones with scarce
fauna (F3) facies. (A) and (B) Hand sample images showing the whitish anhydrite nodules set in the marlstone matrix (A) and the bandec
anhydrite resulting from the coalescence of the anhydrite nodules (B). (C) Thin section of the facies F1 showing the needle microcrystalline
structure of the anhydrite nodules (white arrow) embedded in a marlstone background (XPL image). (D) Thin section of the banded anhydrite
(F1 facies) displaying the relicts of prismatic to lenticular crystals (white arrows) within the anhydrite nodules (PPL). (E) Core photograph
showing the alternation of white and dark millimetre-thick laminae within the papyraceous marlstones (F2 facies), the white arrow indicates
accumulation of horizontally settled plant leaves. (F) Hand sample showing a dark grey marlstone (Facies F3) interval that lies below a gre)
sandstone interval (further detailed images on sandstonegirf). (G) Microphotograph showing a close-up view of the box in (F) and
displaying the microscopic characteristics of the dark grey marlstones (facies F3), the arrow indicates an ostracod shell.
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Fig. 6. Glauconite-rich sandstones ande calcarenites (F4 facies). (A) Core photograph diigpaite-rich sandstone 4Racies) alternating with
marlstone/siltstone similar to those descripesliously (F3) in the form of planar parallel lamtions similar to the upper parallel laminatiaf the Td

member of the Bouma sequenBa(ma, 1962 The white arrows indicate current ripples within the sandstones similar to those from the Tc layer of the
Bouma sequence, and the black arrows indicaté@cast. As an indication, the direction of the curmeoild be from the left to the right of the picture.

Darker areas in the core sample indicate the accumulation of leaves. (B) Hand sammd@mmedium sandstone (F4 facies) displaying parallel
lamination (lower parallel laminatis of the Tb level of a Bouma sequence) with an erosive base and grain size cut-off with the underlying marlstone
layer (F3 facies). The white arrows in F4 facies indicate rip-up clastedifiom the F3 facies marls. (C) Core photograph displays alternation of

the glauconite-rich sandstones (F4) and marls/siltstones (F3). Load structures are indicated by the arrows: white arrows indicate pendstious load ¢
while black arrows indicateame structures. (D) Close-up view of the F4 sandstones from (A) showing the dominance of wells®dedrtz and

the abundance of glauconite mineral indicated by the white arrows (PPL microphotograph). (E) Thin sectioreafdifarenites (F4 facies) displaying

the mixture of miscellaneous grains with the noticeable abundance of evgldsozoic foraminifera (white arrows) and the presence of lacustrine
ooids/peloids (black arrows). (F) Thin section under PPL exhibiting a gize cut-off between the calcarer{fd facies) and the underlying mstidne
(F3facies). (G) Thin section under PPL of a medium-sized calcarenite (F4 facies) displaying dominant carbonate extraclasts, some of which containi
foraminifera (white arrows), the blackraw indicates a lacustrine ooid/peloid.

material supply, especially the quartz grains, may also blacustrine delta front of the Ediacaran Camaquéd Basin
sourced from the dismantling of metamorphic and igneou@Vestern Santa Béarbara Rift, Southernmost Brazil) and
rocks from distal areas (Pyrenean relief to the south and/attributed to uvial oods entering the lake system in the
Cévennes Massif to the northwest). form of hyperpycnal ow (Lehnet al., 201§.
The occurrence of F4 sandstones in alternation with dark
grey marlstones (F3 facies) which together form thanded 4.1.3 Terrigenous lake margin facies
sandstonésntervals, displaying rip-up clastsame structures . .
and pendulous load casts, suggest that F4 facies results frc'):r?f Thinly-bedded quartzose calcarenites
transitional gravity-driven ows in the deep parts of the lake  The bedded quartzose calcarenites occur mostly in the
(Haughtonet al., 2009 Tinterri et al, 2020. Those soft upper levels of théSérie Calcaireformation and at the base
sediment deformations have been described in marine-gravity the “Série Mixt€ Formation. In contrast to quartzose
driven sediments and have been interpreted to result fromcalcarenites from F5 facies which alternate with siltstones/
transitional ow, the characteristics of which are intermediatemarlstones in the form of centimetre layers, F7 facies forms
between a cohesiveow and low-density currentT{nterri massive decimetre to metre beds displaying pedogenic features
et al., 2016 2020. on top (F13 facies)Kig. 8B). In thin section, however, the F7
The grain-size break with the underlying marlstones anéacies exhibits similar grain contents such as quartz and
the presence of parallel laminations within the coarseniscellaneous reworked grains from the Mesozoic carbonates.
sandstones and microconglomerates (F5 facies) suggest alInterpretation: The high content of carbonate clasts and
deposition resulting from densityow currents (Ta layer in quartz grains suggests high terrigenous in the depositional
Bouma (1962, S3 layer inLowe (1982). area. The carbonate grains are dominated by extraclasts
In the F6 conglomerate facies, size and shape of carbonateurced by the erosion of the Mesozoic cover from the
clasts indicate low to moderate transport and the proximity afieighbouring drainage area of the lake. The low matrix content
the source. Within these conglomerates, the occurrence @hud and silt) suggests winnowing of the sediment. However,
reworked lacustrine carbonate graiesy, characean remains, the presence of pedogenic featureg( cracking) at the top of
ooids) suggests that the lake margins are also subjectedtt® calcarenite beds indicate subaerial exposure. In addition,
mechanical erosion during the deposition of these conglonthe occurrence of this facies in alternation with grey marlstones
erates. The poor sorting of the grains and the matrix-support¢B3 facies) and palustrine limestones (F13 facies, see
texture suggestn massealeposition as described Bynterri  description hereinafter) indicates the vicinity of the stream
et al. (2020. F6 facies is interpreted as resulting from themouth and thus may be interpreted to be the delta or lacustrine
freezing of cohesive debrioows (Talling et al., 2012 Tinterri  shoreface deposits in the lake margin subjected to lake level
et al, 2020. uctuations.
The F4, F5 and F6 facies are interbedded within the F3
marlstones and form hectometre-scale intervals in thg1 4 Carbonate lake margin facies: F8 and F9
Gallician sector which is located in the central part of th L
Vistrenque BasinHaughtonet al. (2009 related the E)Jlifferent 8. Oncolitc limestones
stratal morphologies and their sedimentary features (current Oncolitic limestones are found occasionally in the upper
and load structures, bedding geometry) to the basinwarshrt of the"Série Calcaire Formation. F8 facies is dominated
evolution of density current. F4, F5 and F6 are thereforey spherical to elongate oncoids and may be classias a
interpreted to result from gravity-currents (hyperpycnav) oatstone of oncoids according to the clasaition of Dunham
that initiated on the slopes of the lacustrine basin and reachédunham, 1962 modi ed by Embry and Klovan (1971)In
the deep areas of the lake. Similar stratal pattern withithin section, these oncoidal-rich carbonates display highly
lacustrine gravity-driven deposits have been described in th@rous zones and the oncoids displaye micrite coatings
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Fig. 7. (A) Core photograph showing the coarse calcarenite (F5 facies). Note that the base of the sample contains coarse grains while the gra
size becomesner at the top, the dashed lines indicate parallel lamination. (B) Core photograph showing a matrix-supported conglomerate with a
particularly monomictic composition of the angular clasts (Clast). (C) Thin section of a sandy matrix showing the wide variety of reworked
elements: foraminifera (F) and carbonate lithoclasts (Clast) (PPL). (D) Thin section under plane polarized light showing the nature of the clast:
and the matrix. For instance, the clast on the right-hand side of the picture contains a marine limestone made of abundant sponge spicules. T
marlstone matrix may contain lacustrine elements produced in situ like characean remains (Char). (E) Microphotograph under plane polarize
light of a bedded quartzose calcarenite (F7 facies) from the upper interval‘@éhie Calcaire Formation. The detrital elements are similar to

those from the previously deed calcarenites and microconglomerates. These calcarenites (F7 facies) are characterized by the presence c
pedogenic features such as perigranular cracks (white arrows).
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Fig. 8. Fluvial continental carbonate facies (F8 and F9). (A) Thin section of an oncolitic limestone (F8 facies) displaying various oncoid shapes,
spherical (black arrow) and elongate (white arrows) within a interparticle porous zone. The texture of the limestone after the Dunham
classi cation Dunham, 196pis oatstone to rudstone. (B) Detail of an oncolitic limestone showing the coatings of a spherical oncoid (Onc). (C)
Core photograph showing beige microbial crusts (tufa fragments?) within a microbial limestone (F9 facies). (D) Microphotograph under plane
polarized light showing microbial crusts (probably tufa fragments) that are non-organized and some of which look like broken crusts (white
arrow). (E) Floatstone of microbial limestone (F9) showing micrite coating on thin grains (encrustations around leaves?). The white arrow
indicates incipient pedogenic imprints expressed by the development of critedswith calcite.

(Fig. 8A-B). This facies occurs in the form of inframetric bedsalso have formed in spring or downstreamvial environ-
of brown vacuolar limestones, the top of which displayingments and transported byw toward a lake shore. The lack
pedogenic features such as circumgranular cracks and raaft matrix suggests strong hydrodynamic setting. The
traces. F8 limestones are found intercalated between rgdesence of pedogenic features on top of F8 beds indicates
calcareous marlstones (F12 facies, see description hereinafteupaerial exposure and therefore caons the shallow water
and palustrine limestones (F13). setting which may be corstent with deposition in an
Interpretation: The occurrence of these limestonesephemeral shallow lake setting. Oncolitic grainstones are
interbedded with red marlstones and palustrine limestoneeported from the margin of a saline lake setting in the
may suggest deposition inuvial to nearshore lacustrine neighbouring Priabonian Saint-Chaptes Baslret{gron
settings, possibly in the form of bed load ihof channel or et al., 2018 while Arenaset al. (2007 described overbank
overbank deposits in theuvial system or as littoral deposits oncoid-rich deposits in aoodplain from the Paleogene of
at the vicinity of a riverine mouth in a lake. Oncoids mayMallorca Island (Spain).
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F9. Microbial limestones F10 facies are frequent in the lower part of theérie
. i . . Rougé Formation and are less frequent in the underlying
Microbial limestones occur in the form of metre-thick bedS‘Série Mixté Formation. Conglomerates are also present in

cr;:illti)rrr?g\tlrne \Q?)Cléglrz?trirrl:?[?:t:gaelz nr;i:drgblijarl)l cé];ui(iguvramamgo?tfhe“Série Calcaire but are mainly made of carbonate clasts
and contains less terrigenous siliciclastic grains; these

proportions of ne angular quartzigs. 8CandD). In thin  w50omictie conglomerates have been described above
section, these microbial limestones consist of wregularl;&see F6 facies hereinbefore).

ar_rang_ed micrite and sparite miIIim_etre Iamina_le alternatin The terrigenous polymictic conglomerates are organized
with highly porous areas. The laminae are slightly br()kerilntoinframetricto metric beds and are found in alternation with

(Fig. 8D) and show little displacement. Other features ma andstones and marlstones (F11 and F12, see descriptions

include micrite encrustations around unpreserved eleme %reinafter) These conglomerates may grade upwards into
(probably leaves). These limestones may display pedogenic. i, and ne sandstones and then marlstones
modi cations at the top of the beds including circumgranular '

cracking Fig. 8B). _ _
These limestones are frequent in the upper intervals of tet1- Fine to medium sandstones (quartzose

“Série Calcaire Formation and in the"Série Mixt¢  Sandstones)

Formation. Microbial limestones are found in alternation with  These sandstones are mainly made of very to medium-

brecciated limestones (F13 facies ded hereinafter). sized quartz grains with associated micas, feldspars, and
Interpretation: The presence of microbial crusts andglauconite/chlorite; less common centimetre-scale lithic
encrustations (calcareous tufa) may indicate deposition imudstone fragments are also preseffig( 9B). These
lacustrine, uvial or water spring setting&\(enasetal.,2010.  quartzose sandstones are well to moderately sorted and
Limestone bedrock availability is required to providecarbonate mud fraction is very low or even lacking; dominant
carbonate solutes to theuvial system Pentecost, 2005  grain size ranges from 80 to 26@n (average 170mm) while
The substratum of the Vistrenque Basin and the surroundingise matrix may be constituted of silts and clays. Sandstones are
are dominated by Mesozoic marine carbonates thus makinggfoic except the occurrence of scarce plant debris. In thin

possible for uvial waters to be enriched in carbonate solutessection, current ripples are highlighted by the orientation of
Tufa limestones can form within a broad range of climategheet mineralse(g, mica, Fig. 9D).

(Arenaset al, 201Q even though alternation of clear and dark  F11 quartzose sandstones are common in ‘“tBérie
laminae points to temperate to semi-arid climafées et al,  Rougé Formation and occur in decimetre to metre-thick beds
2007). However, tufa facies have been described from thg, alternation with conglomerates and marlstones. This

uvial and lacustrine settings from the Middle Eocene angerrigenous facies becomes less frequent in the subjacent
Oligocene of Mallorca Island (Spainjenaset al, 2007in  “Série Mixt¢ Formation and scarce or even absent in the
Arenaset al, 2010 under tropical and subtropical climate. |owermost‘Série Calcaire Formation. The sandstone beds of

. _T_he limited displ_acement of microbial crusts indicates thQ‘netriC thickness may lie over Cong|omerate intervals and
vicinity of the location where these are formed to the lakexhibit vertical normal (ning-up) grading to marlstones and
littoral. The presence of mud matrix in these facies indicateghus form p|urimetric stacks of Cong|omerates, sandstones
rather a lacustrine depOSitional environment. Moreover, thgnd marlstones. However, in some cases, structureless
presence of incipient pedogenic mogations suggests short- sandstones may also occur as discrete and isolated decimetric
term subaerial exposure. The F9 facies is therefore interpretgdds interbedded with calcareous siltstones and claystones
to form within a lake littoral by reworking of carbonate crusts(F12 facies, see description hereinafter).

formed within nearby uvial stream and spring waters |nterpretation of F10 and F11 facies: The clast-

emerging from a carbonate-rich bedrock. supported fabric of the conglomerates (F10 facies) suggests
bed load transport within a channel. The wide range of the

4.1.5 Fluvial facies lithological nature of the clasts suggests feeding from both

F10. Polymictic conglomerates & microconglomerates nearby and far sources. An example of nearby source includes

tufa elements resulting from the erosion of contemporaneous

These conglomerates and microconglomerates are poogpstream uvial carbonatesHig. 9D). The upwards grading of
sorted heterometric deposits and consist of a mixture of coargige conglomerates into sandstones (F11 facies) and calcareous
sand to granule and pebble size gravelg(9A). The meansize claystones (F12 facies described hereinaftereces slow-
of the clasts is 1 cm and the largest may reach upto 4 cmin sizewn of uvial currents, the energy of which gradually
The clasts are subangular to subrounded and are of divergecreases allowing further deposition afe sand grains and
lithologies, these are dominantly made of quartz, feldspar, anflen ne particles (silts and clays), and therefore channé.in
mica, but also brown and beige limestone clasts of Mesozoic ad 0 facies therefore represents deposition as bedlodidoin
Cenozoic ages with accessory glaucorffig (9C). Some grains  praided and/or meandering streams in the proximal to central
display anisopachous pendent cement and micrite coatifgarts of the alluvial plain; the presence of outsize clasts would

(Fig. 9A). These polymictic conglomerates are clast-supportei@gdicate more proximal (braided channels) areas of the alluvial
and have a sandy matrix made ofe to medium sandstones thatp|ain.

in llIs the inter-clastic voids, the sandstones are medium-sized The dominance of quartz' other silicates and metamorphic
(average size 1 mm). The conglomerates have no obviousminerals in these polymictic conglomerates and siliciclastic
internal grading or sedimentary features. Moreover, preferentighndstones indicates feeding from the weathering of crystalline
imbrication is very crude or even roughly displayed. rocks. Since the nearby catchment area of the basin is made
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Fig. 9. Conglomerates (F10 facies) and sandstones (F11 facies). (A) Core photograph showing a polymictic clast supported conglomerate. Th
white arrows indicate pendant cements and/or micrite coating around the clasts. (B) Core photograph of a siliciclastic-rich sandstone (F1.
facies). The lithic fragment indicated by the white arrow consists of a tufa clast (further det@its 8). (C) Thin section showing the poor

sorting of the clasts and the sandy matrix within the conglomerates F10 (Carb = carbonate lithoclasts). Notice the thin micritic coating around the
grains. (D) Thin section photograph exhibiting the arrangement of sheet mirelsnjca) in F11 sandstones as outlined by the arrows and

that may suggest current ripples (PPL).

essentially of Mesozoic carbonates and glauconite sanduggests direct and sigrdant feeding from the erosion from
stones, the origin of the minerals, especially metamorphic, ihe regional Albian sandstones cover. Apart from the upwards
to be found in the mountain ranges that where beingrading into ne deposits, other evidence foruvial
dismantled at those times, probably the Pyrenees thdeposition setting includes the presence of pedogenic features
bordered the basin to the SoutBé&ranneet al., 2021 or characteristic of alluvial plain in these claystones thus
the Massif Central further to the northwest. Moreover, thesupporting the uvial depositional setting for these conglom-
relative abundance of polycrystalline quartz suggests erates. In addition, sedimentary structures (current ripples)
metamorphic origin for this mineral. The contribution of highlighted by the orientation of sheet minera¢sg, mica,

the Albian glauconite-rich sandstones to the feeding of thEig. 9D) in the sandstones suggest deposition by water
uvial streams is very low or next to nil since glauconitestream. However, when the sandstones are found in the form
mineral is rarely observed in the F10 and F11 facies imf thin beds intercalated within the variegated claystones (F12
contrast to the glauconite-rich sandstone interval from thtacies below), these rather represent overbank or shrosmt
“Série Grisé where the high proportion of this mineral deposits in the oodplain.
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Fig. 10.Variegated and mottled calcareous claystones (F12 facies). (A) Core photograph fré®étiee Rougé formation showing a
dominantly red calcareous claystone displaying green mottles (black arrows). (B) Core photograph showing different hues of red and orang
colours within a sandy claystones (F12 facies). (C) Core photograph showing different ped structures with a broad palette of colours in the
variegated marlstones with light pink (white arrow), dark red (grey arrow) and dark red-purplish (black arrow) clay matrix. (D) Thin section
photograph showing green mottles (white arrows) within a dominantly brown sandy claystone (PPL). (E) Thin section photograph showing
cross-cut root lled with blocky sparite (white arrow) within a variegated calcareous claystone (PPL).

4.1.6 Floodplain and palustrine carbonate facies are found in these marlstones and include root traces
F12. Variegated and mottled calcareous claystones (Figs. 10GE). ,

These variegated and mottled claystones are widespread

Lithofacies F12 consists of predominantly vivid red sandyacross the Vistrenque Basin especially in tis&rie Rouge

calcareous claystones, variegated with brown, yellow, greepormation where these form the essential part of this
and occasionally orange coloufsgs. 10A-C). Inthin section,  stratigraphic interval but are also frequent in the upper and
these claystones are made up of vemg sand size (or silt size) middle parts of the underlyingSérie Mixte¢ and are also
siliciclastics including abundant quartz, feldspar, and micgeported in two levels within théSérie Calcaire Formation
(muscovite and biotite), with clays and oxides and very scarggeological reports). In cores, the calcareous claystones are
glauconite. Silt is abundan«@0mm in size) while quartz organized into decimetre-to-metre thick intervals the thickness
grain size averages B and coarser quartz grains of which may reach up to 2.20 m. These calcareous claystones
(>100nm) are found to be scattered within the silty matrixoccur alternating with sandstones (F11), conglomerates (F12)

(Fig. 10D. F12 facies is in general azoic and displaysand brecciated limestones (F13 facies, see description
marmorisation patches (mottling). Other pedogenic featur@gereinafter).
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Interpretation: The high content of clays and silts in thesesubaerial exposureFfeytet, 1973 Platt and Wright, 1992
calcareous claystones indicates settle-outnef siliciclasticin  However, pseudomicrokarst features suggest longer duration of
calm areasArenaset al.,2010. The depositional setting may subaerial exposure leading to the dissolution of limestones around
be ephemeral lake and/ooodplain. However, the association the root traces resulting in the formation of cavities and further their
of these claystones with theuvial deposits (F10 and F11) lling with geopetal silt (vadoseli Blocky and mosaic cements
rather suggestsoodplain area. The dominant reddish mottlingpoint to phreatic meteoric environments subsequently twoging
in these calcareous claystones results from the concentrationasfd burial beneath the overlying sediments.
iron and manganese and indicates reducing conditions during The occurrence of pedogenically modd carbonates (F13
the pedogenesis and later dehydration and oxidation of hydrdiacies) on top of F7 facies suggests the regression of the lake
minerals which are transformed into crystalline hematiteshoreline and/or progradation of the deltaic system of the lake,
(Taboret al., 2017. and formation of very shallow and ephemeral water bodies. In

The presence of root traces within these claystonethe same way, pedogenesis modifying the oncolitic and
indicates development of vegetation over theodplain. microbial limestones corms the subaerial exposure of their
Moreover, the alternation of thin sandstone beds with thdepositional settings (littoral shoreline). Moreover, the
marlstones suggests overbank deposition. Furthermore, theszurrence of F13 palustrine limestones beds in alternation
marlstones are stacked in the form of plurimetre thickwith uvial conglomerates and sandstones (F10 and F11
intervals; the widespread record of the variegated marlstonéacies) and variegated calcareous claystones (F12 facies) is

across the Vistrenque Basin suggests aggradoagiplain. indicative of ephemeral carbonate pond environments devel-
oped within the oodplain. o

F13. Nodular-brecciated limestones (pedogenically Palustrine limestones are known from semi-arid to

modi ed carbonates) subhumid climate setting®(att and Wright, 1992 Moreover,

] ) . ) ) _these authors suggest that microkarst cavities, vadose cements

F13 consists of white-beige brecciated limestones withng rhizocretions are characteristic of intermediate climate
occasional amounts of siliciclastics and detrital carbonategngitions. Those features, including aMécrocodium have
(Fig. 11A). The lacustrine host rocks may consist of gastropofleen described breytet and Plaziat (1982 the Upper
mudstones to wackestones with ostracod shells and characggtaceous and Lower Tertiary of Languedoc (Southeastern
remains that display incipient and evolved pedogenic featurggance). Palustrine limestones with nodular-brecciated fabric
sensuFreytet and Plaziat (1982psulting in a nodular and are also documented in the Priabonian lacustrine deposits from
brecciated texture. In many cases, the host rock consists of thg |ssirac Basin (ASCI systerhgttéronet al., 2017.
calcarenites (F7 facies) and intraclastic limestones (F8 and F9
facies) dened previously that display those pedogenic
modi cations Figs. 11B-E). 4.2 Facies associations and palaeoenvironmental

Incipient pedogenesis is expressed by perigranular crackgterpretations
weakly differentiated glaebules and sparse root traces. The
limestones that are most extensively affected by pedogenesis The vertical distribution of the thirteen depositional facies
display abundant and/or enlarged root traces, well developel$ ned previously in the studied wells allowed to identify six
perigranular cracks but also well differentiated glaebules andcies associations that enable to infer the depositional
pseudomicrokarst featureSig. 110). The cavities may reach environments. The facies associations are: evaporite-rich
few centimetres in size and may bied with bitumen and/or perennial lake facies association (FA1), profundal lake facies
different materials€.g, ostracodal mudstone). association (FA2), gravity-driven lake slope and offshore lake

In thin section, theses limestones display dense daflacies association (FA3), deltaic and littoral lake facies
micrite with sparse detrital grains. The perigranular cracks armgssociation (FA4), uvial stream facies association (FA5),

lled with calcite while the dissolution cavities arbed with  palustrine and oodplain facies association (FA6). These
geopetal vadose silt and further cemented with blocky calcitiacies associations are described hereinafter and summarized
spar Fig. 11Q. Beta calcrete fabricsensuAlonso-Zarza and in Table 3 The vertical distribution of these facies associations
Wright (2010) (e.g, Microcodiun) are also reported from a are displayed irFigure 12for the six studied wells.
few levels Fig. 11B. Evaporite-rich perennial lake facies associatiofFAl)

F13 facies occurs mainly in the uppermost part of theonsists of the anhydritic marls and anhydrite grouped under
“Série Calcaire Formation and within theSérie Mixte the facies F1. Based on the petrographic characters, the lack of
Formation and is less frequent in tHeérie RougéFormation.  subaerial exposure evidence, and the alternation with deep lake
The F13 limestones beds are decimetre-thick and typically cafark grey marlstones (F3), facies F1 has been shown to formin
the plurimetre-thick upward transition from the conglomerategvaporative perennial saline lake subjected to negativanin
(F10 facies) to quartzose sandstones (F11 facies) amwaporation balance.
calcareous claystones (F12 facies) in ti8#rie Mixté¢ and Profundal lake facies association(FA2) includes the
“Série Rougéformations. In the Série Calcaire Formation,  nely laminated argillaceous limestones and papyraceous
however, pedogenically moded limestones (F13 facies) cap marlstones (F2 facies) and the dark grey marlstones with
the calcarenite beds (F7 facies) and the intraclastic limestonssarce fauna (F3 facies) that indicate deposition in the deep
(F8 and F9 facies). part of a perennial lake with poorly oxygenated waters.

Interpretation: The features observed in F13 facies Lake slope and offshore lake density currents facies
(perigranular cracks, glaebules, root traces) characterize veagsociation(FA3) encompasses lacustrine terrigenous-domi-
shallow lake margin environments subjected to repeated short-terrated facies (glauconite-rich sandstones ané calcarenites
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Fig. 11. Brecciated and palustrine limestones (F13 facies). (A) Core photograph of a nodular limestone (F13 facies). The nodules (glaebules) ar
well differentiated indicating long-duration pedogenic processes, the voids between the nodulesl avigh silt and blocky calcite (spar). (B)

Thin section of a pedogenically modid calcarenite (F7 facies) displaying cracks lined with the clay material (white arrow). This facies is
frequent at the top of the F7 calcarenite beds. (C) Thin section of an intraclastic limestone with microbial crusts (F9 facies) displaying subaeria
exposure features (siltll, perigranular cracks (white arrows) around a nodule composed of ostracodal mudstone (black arrows indicate
ostracods). (D) Microphotograph showing a conduit (outlined by the dashed line) within a dense dark riéctiteith clasts of the same

micrite, resulting probably from the enlargement of a root cavity dledi with glaebules (PPL). (E) Thin section of a palustrine carbonate made

of dense dark micrite and showing a well-developed clustéMicfocodium

F4, coarse calcarenites and microconglomerates F5, and Deltaic and littoral lake facies associatiofFA4) consists
conglomerates/breccias F6). The presence of sedimentariybedded calcarenites (F7), that are sometimes grading into
structures €.g, current ripples, parallel laminations, load coarse-grained deposits (calcirudites) downwards amet
structures) and the vertical evolution of facies allowed tgrained deposits (calcisiltites) upwards, and of intraclastic
interpret these facies to be formed in slope and offshore lak@nestones (F8-F9). These three facies have been shown to be
conditions (delta front) by gravity-driven currents that evolvetopped by pedogenically modiéd limestones (F13 facies). On
downwards from a cohesiveow to a low-density ow. one hand, the F7 calcarenite beds deposited in the riverine
Perennial lake conditions are evidenced from the lack ahouth may be affected by pedogenic magitions. The
subaerial exposure features. The terrigenausis high during  presence of subaerial exposure features and the lack of
the deposition of these facies and enters the lake in the form sédimentary structures related to gravity-driven curreats, (
hyperpycnal ow during uvial oods upstream. parallel laminations, erosive base, load structures) strongly
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Fig. 12. Sedimentary units, lithologies and depositional lithofacies associations and transgressive-regressive cycles of Priabonian (?) to earl
Chattian deposits from the Vistrenque Basin wells: (A) Gallician 9; (B) Gallician 7; (C) Gallician 3; (D) Gallician 1; (E) Vauvert 1; (F) Pierrefeu
1. See main text for details on facies associationniten.

suggestdeposition in littoral andtigc setting, upstream to the FA3 Floodplain facies associatiofFA6) consists of variegat-
depositional setting. On the other hand, carbonate-rich margegd and mottled calcareous claystones (F12) and brecciated
littoral depositional setting is inchted by deposition of oncoliths limestones (F13) with less frequent thinly bedded silici-
and reworked intraclasts (tufa fragments) formed in a nearby watelastic sandstones (F11). The calcareous claystones may
spring. FA4 re ects therefore deposition in the vicinity of ariverinere ect either oodplain deposition or oxidation and
mouth where the progradational lake shoreline regression may ledelcarbonation of lacustrine ma after subaerial exposure.
to subaerial exposure tife littoral areas and installation of shallow The lack of fauna within these claystones and the occurrence
waterbodies instead (palustrine margin). of interbedded overbank sandstones (F11) point te
Fluvial facies association (FA5) comprises the F10 particles settlement over th@odplain. The oodplain may
(polymictic conglomerates) and F11 (quartzose sandstondsg intersected by channels which in turn may be abandoned
corresponding to thelling of a channel with both siliciclastic in the form of ponds and oxbow lakes. The latter ephemeral
and carbonate clasts. This facies association characterizgater pans undergo short-term drying and wetting
uvial depositional environments probably under high taycles leading to the development of the F13 palustrine
moderate energy streams (braided to meandering rivers). limestones.
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Fig. 13.d™C andd'®0 cross-plots of carbonates from Pierrefeu 1 well (A, B) and Vauvert 1 well (C) withiti $éeie Gris& Formation.

4.3 Carbon and oxygen stable isotopes signatures of range and vary from 1.80%0 V-PDB to 2.0%6 V-PDB.
lacustrine carbonates d*®0 values are also widely distributed since these range
between 5.0%0 PDB and 0.546 PDB (Fig. 13A).
The dataset used in this chapter is listed extenso iwithin the “Série Calcaire Formation, measurements
Supplementary data Table S1. The C&O stable isotopes exhibit similar ranges of values of oxygen and carbon
signatures are graphically illustrated on the multi-wellstable isotopes ratios as those from the underlyiBgrie
correlation ofFigure 12 on the crossplots iffigure 13and  Grise' Unit. d*3C values range from 2.03%0 PDB to 2.03%o

on the panels oFigure 14 PDB while d*®0 vary between 5.6%%0 PDB and 1.6%%o
- PDB. The bulk-rock geochemical signal from Gallician 9
4.3.1 Gallician 9 well carbonates is altered by the abundant carbonate detrital

In the “Série Grise Formation between 2189m and fra(_:tion_ and there_fore are not considered for palaeohydro-
2652 m depthsg™3C of bulk rock carbonates values have alogical interpretation purposes.
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4.3.2 Pierrefeu 1 well vapor exchangd{and Ku, 1997 Leng and Marshall, 2004n

closed lake. The highestisotopic valuesa@ high degree of
uilibration of the TDIC (Total Dissolved Inorganic Carbon)
h atmospheric C@related to increased water residence

time, and preferential evaporative loss of tH®© (Talbot,

18 1990 Leng and Marshall, 200Q4vhile the lowest values reect
b 3.83% V-PDB) andd "O values (from 7.5%ot0 1.3%0 |0 or time residence, less evaporated water and therefore

covorel by cored K30 1o K26, & posiive covariant rend is010PiC composiions that are closer (o those obims.

evidenced at hectometre scalé and the lowermost cores (K In Vauvert 1 well, a covariant trend is also evidenced but is
nd K30) exhibit moderately negatidé*C values £1. 7% to a%ak and values are more scattered possibly because of higher

a yneg e and variable concentrations in carbonate detrital particles

; 18,
mg.s?;gr)fz) z:vtir\llltlaewtijthi(zt\@ggrsie(_é'r?ggxl):ct)?maet‘)i.(;lrg%%v%er dt?ﬁe within the matrix, as also observed in Gallician 9 well,
9 ) compared to Pierrefeu 1 counterpart: the Vauvert 1 and

top of this interval, howeverd*®0 and d**C display lesser L
negative values dlgo 6% V-PDB) while 1QC is less Sizlr“rg{aerb 91 \\/,vv(zlllls are located around 3.5km to the south of

important ¢°C 1%0 V-PDB). In addition, a positive The highly negatived*®0 values (down to 7.5%%o V-

gg\@ggﬂt t;g?gc ':nggls%\';d ng][s rgsg: tt?ordg]%a?;gngg%B) evidenced in the lowéiSérie Gris& Formation in both
9 Pierrefeu 1 and Vauvert 1 wells are consistent with values

made of organic-rich marlstones whete’C values are very : : ; ;
. measured in Priabonian meteoric cemeri®& to  8%o V-
negative {5.38% o 3.5k, V-PDB) althoughd'"0 values pSESrel I CHABRNEr TEEole CEment a‘f; D018 The

remain similar to the values observed at hectometre sca\ll%ry negativedlgo values that have been measured in the

(7% V-PDB). lower part of theé' Série Grisé Formation in Pierrefeu 1 (4830
d13C|:: r%r: d4gggomé§ﬁir§itl<2ai) t%gfeiim (c?jrewgg) ?r?rjlt(?' kt)ﬁShOSO m) apd Vauvert 1 (3623020 m) wells suggest re]atively_
maximum values on top of this inter%al %eing respeétiverShort residence time of waters and constant or increasing
3 8%k and—1.32% (Fiq. 138 Conversely to the underlving 2 €rage lake volume through the considered time interval. In
p3.83%a 3% (Fig. 138). Conversely to the underlying addition, the negative*>C values in these intervals suggests

:mg:x:: (ﬁ?kigfﬁfagﬁogo\ﬁl?ﬁé r"i‘/r; pooSIStilt\i/\(/aeWclt(?\llgr%Q:i that the dissolved inorganic carbon from the freshwaten\vs
: ' P was signi cantly depleted in*3C which is indicative of a

: 18
trends are also evidenced betwed!]ﬁc_ and d™"0 at core 4 nsely vegetated catchment area in a relatively humid
(metre to decametre) scale. However, in the upper interval %ﬁmatic setting Talbot, 1999

the “Série Grisé Formation (34472900 m: cores K18 to A major break in the vertical evolution of carbon and

K15), the available dataset suggests an overall slightl : oy ; :
decreasing upward trend in bath°C andd™0, Xxygen isotope compositions of carbonate sediments occurs in

Pierrefeu 1 around 4070 m and in Vauvert 1 around 3020 m and
which display a signicant increase upward and covariant
4.3.3 Vauvert 1 well trend ofd**C andd*®0. Within the intervals overlying these
In Vauvert 1 well, carbonates from samples with matrix-depths e, 4006-3525m in Pierrefeu 1 and 3022548 m in
supported fabrics exhibit a wide ranged3fC (from 3.8%, Vauvert 1), d™C values are positive. In these intervals,
to p3.09% V-PDB) and d*®0 values (from 6.98% to covariant trends evidenced at metre-to-decametre scale likely
0.7%o V-PDB) (Fig. 130Q. In the lower part of the studied '€ ect high-frequency secular changes of volume of a closed
section (36223020 m, cores K62 to K53), available carbon!@ke while the overall (few hundred metre scale) increasing
and oxygen stable isotope measurements display apparent Igfgward trend ird™0 is indicative of long-term reduction of
vertical variations witrd“*C values ranging from 1.51%. to  lake volume. a3 _
b 0.92 V-PDB andd*®O values from 6.87 to 4.38%o In Pierrefeu 1 well, the very negativé’C excursion that
V-PDB in spite of the relative scarcity of measurement@ccurs in the organic-enriched intervals from tiérie Grisé
(14 values) within this interval. From 3020 m to 2548 m (cores 0rmation (K28 core) likely results from GQeleased from
K52 to K34), d**C and d'®0 values are widely distributed the organic matter consumption on the lake bottom by
although an overall increasing upward trenddifO (up to ~ Sulphate-reducing bacteria as evidenced in other organic-rich
0.7%o V-PDB), a shift toward more positive values lake basinsarothers and Kharaka, 198Qelts and Talbot,

(maximum d*3C: p 3.0%%. V-PDB) and a roughly positive 1990. Such sulphate-reduction processes may have been
covariant trend may be observed. triggered by the development of anoxic conditions on lake

bottom as a result of signéant organic-matter supply coupled
with strengthened water stratiation. Water stratication may
have been favoured by an increase in lake salinity and
associated enhancement of the density difference between the
Covariance ofi**C andd*®0O usually occurs in carbonate epilimnion and the hypolimnion and thus limiting water
lake sediments under the condition of long-term hydrologicamixing and favouring anoxia on lake bottomg, Sonnenfeld,
closure, typically for time periods greater than 5,000 yris ( 1985. This interpretation is consistent with the saline nature of
and Ku, 1997. Covariant trends have been idemdl in the lake during the entire Priabonian and at least episodically
Pierrefeu-1 at metre-to-decametre scale and likelyece during the Rupelian as established by previous studies
variations through times of lake hydrological balance angSemmaniet al, 2022 2023 and by the coeval onset of

In Pierrefeu 1 well, carbonates from matrix-supportecg
samples (calcareous claystones, marlstones, argillacecw
limestone and micritic limestones) from tH&érie Grisé
formation exhibit a wide range of**C (from 5.36% to

4.3.4 Palaeohydrological interpretation of stable
isotope signatures

Page 25 of39



N. Semmaniet al. BSGF 2024, 195, 8

d'®0 increase which reects decient in ow-evaporation interval is not denitely known although pollen data suggest an
balance, lake volume reduction and therefore increaseshrliest Rupelian age at the depth of 2530 m. In this sector, the
salinity. lowermost intervals of theSérie Grisé Formation that are not
Above the organic-rich interval from Pierrefeu 1 well drilled, hundreds of metres thick according to seismic data
(between 4300m and 4100 m, TOC (Total Organic Carbor(Fig. 2B), may have been deposited as early as the Priabonian
> 5% and up to 10%) and above the depth of 3020 m in Vauve(Bemmaniet al, 2023. The sequence boundary SB1 that
1 well, the overall increasing upward trenddi°C is likely — separates the Priabonian Rupelian deposits from the
indicative of both higher water residence time and weaklyCretaceous substratum is only known from the Pierrefeu 1 well
vegetated catchment area thus strongly suggest dryer climatethe Pierrefeu sector. The glauconite-rich interval is made of a
during the deposition of these intervals. Changes in nature sficcession of gravity-driven elemental sequences dominated by
the substrate of the drainage area through times may also hawee sandstones (low-density turbidites, FA3 association)
modi ed the long-term variation af*C of the DIC (Dissolved intercalated with marlstones (FA2) in the lower interval while
Inorganic Carbon) and subsequently of the lacustrineoarser material (matrix-supported conglomerates, F6 facies)
carbonates. Finally, the upward decreasing trenddi’C  becomes more frequent upwards and dominant in the
andd®0 recorded in the upper part of th8érie Grisé from  overlying conglomerates interval. The top of the glauco-
Pierrefeu 1 well (K18-K15: 34472900 m) is interpreted to nite-sandstone interval is characterized by chaotically
result from a long-term increase in connected volume of lakerganized conglomeras with lacustrine to palustrine
water. carbonate elements which are likely to be reworked from
The analysis of carbon and oxygen isotope compositions tfie lake margins (intraformational clasts), but also by the
lacustrine carbonates that are common irf'thérie Griseand change of the provenance of the clastic material in the
“Série Calcaire formations (Priabonian to Middle Rupelian) overlying interval. The occurrence of sigieiant amounts of
from both Pierrefeu 1 and Vauvert 1 wells shows that thesmarginal lacustrine clasts reworked within profundal deposits
signals record an overall similar evolution between the twguggests a long-duration subaerial exposition of the lake
wells. The early stage of lake basin Ih(Priabonian to early margins and their subsequent erosion and is therefore
Rupelian: 49204080 m in Pierrefeu 1, 3623020m in consistent with a signicant lake regression associated with
Vauvert 1) occurred within a constant or increasing lake major fall in lake level.
volume and is followed by a stage of lake contraction (Early Evaporites (FAL facies association) are abundant in the
Rupelian: 40803525m in Pierrefeu 1, 302@458 m in overlying interval which constitutes the uppermost part of
Vauvert 1). This cycle of long-term lake waxing and waningthe Pr-Rupl sequence and indicates the maximum of forced
is followed by a later stage of increasing volume of connecteregression of the lake resulting from long-term negative
lake water during the early to middle Rupelian times (3525in ow-evaporation balance. The top of the evaporites
2860 m in Pierrefeu, 2458300 m in Vauvert 1). interval does not display petrographic evidence of subaerial
exposure and the FA1 facies association has been shown to
form in a perennial evaporative lake. The sequence boundary
4.4 Sedimentary cycles and well correlations SB2 which corresponds to the top of the evaporites interval is
. . . . therefore a maximum regression surface corresponding to
The vertical stacking pattern of facies associations anghe o\wermost lake level prior to the water replenishment of

corres_p_onding depositional environments aII_ow to iden_ﬂf}fhe basin at the onset of the deposition of the overlying
depositional sequences deed as transgresswe—regresswepup 2 sequence.

(T-R) cycles. The interpretation of T-R cycles has been
complemented by the identiation of vertical trends of carbon
and oxygen isotope ratios of lacustrine micrites front‘tBérie
Gris€ and “Série Calcairé formations. The chronostrati-
graphic framework used in this section was constructed b
Semmaniet al. (2023 using U/Pb absolute ages and pollen-
based climatostratigraphic approaches.

Four medium-scale (few hundreds of metres thick
depositional sequences (Pr-Rupl to Rup-Chl) can beetk
within the studied units “Gérie Rougé and underlying
formations) of the reference section of Gallician 9 well. Th
depositional sequences described below are shown on t
reference section of Gallician 9 and on the sections of the oth
studied wells Fig. 12.

Sequence Rup2: early Rupelian

Sequence Rup2 overlies the evaporites of the sequence Pr-
upl. The lower part of the sequence is constituted of
[ternation of marlstones (FA2) and gravity-driven sandstones
(FA3) and corresponds to the upper part of the papyraceous

arls interval and the entire calcarenites and calcisiltites
nterval (2233.42140 m): this interval, composed on deep-
lake deposits and devoid of evaporites are indicative of a return
do a positive in ow-evaporation balance which is consistent

éth a transgressive hemicycle. FA2 becomes less frequent in

e regressive hemicycle which is characterized by upward
Increase of frequency of the FA4 (F7), and FA6 (F12/F13)
facies associations which constitute a thick interval that caps
the sequence at the top. The regressive hemicycle therefore
4.4.1 Gallician 9 well records the transition from deep lake conditions (FA2) to
deltaic and littoral conditions (FA4) which are accompanied by
the development of shallow ephemeral lake amddplain

In the Gallician sector, the studied wells have not reached thnditions (FAG). The top of sequence Rup2 is therefore a

base of the Paleogene. The base of sequence Pr-Rupl is set astuence boundary (SB3) that records thimg of the lake
base ofthe glauconite-rich interval. The age ofthe glauconite-ricystem and subaerial exposure of the lake.

Sequence Pr-Rupl: Priabonian (?) to early Rupelian
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Sequence Rup3: early to middle Rupelian suggest that the two units, nameIgérie Mixté and“Série
Sequence Rup3 is daed between SB3 and the top of theRougé’ should be grouped in the same depositional sequence.

e - . - The lower part of the“Série Mixt¢ Formation is
Série Calcaire Formation (SB4). In the Gallician 9 well, th'e interpreted to form the transgressive hemicycle of sequence

lower part is made of alternation of FA4 and FAG faciesp \)/op1 " and the maximum transgression can be placed
associations which represent a return to lacustrine sedimen

. : ; ithin the lacustrine interval (FA2) close to the formation top.
tion, and cprresppnd to th.e transgressive hemicycle of the Iak? e uppermost part of theSérie Mixté¢ Formation together
This hemicycle is constituted of smale-scale sequences

lina of a shallow lake by reworked Mesozoic to Eocen ith the “Série Roug& Formation record the regressive
9 ; y % micycle of sequence Rup-Chl with a return to dominant
carbonates supplied from the nearby catchment area. Towarcrg

the top of this hemicycle, offshore lake conditions are recorde, vial ‘sedimentation. The uvial ‘short-term sequences
P ycle, corded in sequence Rup-Chl are autocyclic and lateral

by the frequent marlstones deposits (FA2) that corresponds\scariations between wells are difult to capture

the maximum transgression surface. The regressive hemicycle U/Pb dating on calcite at the base of t‘rféérie Rouge

is characterized by an alternation of deep lake (FA2) to deltailgormation provided an absolute age of 27.88+1.71 Ma
and littoral facies (F7, F8 and F9) that evolves upwards t emmaniet al, 2023 e
palustrine deposits at the topmost part. Short-term sequences ’ '
have been idented within this regressive hemicycle and
consist mostly of metre to plurimetre thick lacustrine deltaié-4-2 Vauvert 1 well

and littoral deposits capped by repeated subaerial exposure |n a similar way to Gallician 9 well which is located 735 m
surfaces. An example of these subaerial exposure surfacesgtthe southeast, theSérie Grisé (“Série Calcaire auct)
that dated with U/Pb dating method on calcite which prOVide([tormation is dominated in Vauvert 1 well by gra\/ity_driven
an absolute age of 31.27 + 1.90 Ma for the earlidélstg ofthe  deep lacustrine carbonate-dominated terrigenous sedimenta-
mwrokars; cavities resulting from meteoric diagenesigion. The stable isotope measurements revealed a major break
(Semmaniet al., 2023. _ in stable isotope vertical trend around the depth of 3020 m: the
The regressive hemicycle of sequence Rup3 is boundedigtreasingd*®0 values above 3020 m suggest a long-term
top by a long-term subaerial exposure surface (SB4) which isegative in ow-evaporation balance and therefore a reduction
marked by drastic changes in sedimentation patterns within thg |ake volume. This event coincides with the occurrence of
overlying “Série Mixt¢ and“Série Rougé formations. The conglomerate intervals of similar petrographic nature to those
most signi cant change concerns the nature of the clastighserved in Gallician 9 in the lower part of the Pr-Rup1 forced
supply origin where crystalline (metamorphic and igneousjegressive hemicycle. The sigeant decrease of terrigenous
sources are involved in the place of local Mesozoic to Eocengontent from 2800 m up to 2458 rfif). 14A) is consistent with

carbonate clastic supply. an important reduction in water iow and lake volume and

therefore point to a correlation of the 245820 m interval
Sequence Rup-Ch1: middle-late Rupelian to early (?) from Vauvert 1 well with the Pr-Rupl forced regressive
Chattian hemicycle evidenced in the Gallician 9 well.

In the Gallician sector, this sequence corresponds to the The interval 24582300 m made essentially of gravity
“Série Mixt¢ and“Série Rougk formations. At the base of driven and profundal lake deposits (FA2 and FA3 facies
the sequence, tH&érie Mixt€ Formation is bounded by the associations) reects a transgression of the lake after the forced
major subaerial exposure surface SB4 which separates it fromgression hemicycle. Sedimentation is dominated by deltaic
the underlying“Série Calcaire Formation. At top of the and littoral lake and oodplain deposits (FA4 and FAG6 facies
sequence, the overlyingérie Rougeé Formation is bounded associations) within the upper part‘@érie Mixt¢ Formation
by a lacustrine ooding surface which separates it from the(2306-2056 m) and by uvial and oodplain deposits (FA5
overlying“ Série Calcaréo-Salifétd-ormation Figs. 12A-F).  and FA6) within the' Série RougéFormation (2056-1922 m).

The base of sequence Rup-CHEé€rie Mixte¢ and“Série  This upward transition toward the installation of@odplain is
Rouge€ formations) is characterized by the repetitiveindicative of an overall normal lake regression as evidenced in
occurrence of plurimetre-thick parasequences maderafl the Rup 2 to Rup 3 sequences previously described in Gallician
(FA5) and oodplain (FA6) facies associations, and in les® well. The scarcity of core data in th&Série Mixt€
extent profundal lake facies association (FA2). The lower paformation (2056-2458 m) in Vauvert 1 well prevents from the
of the“Série Rougé Formation is made of alternatingivial  identi cation of the boundaries of sequences Rup 2, Rup 3
and oodplain deposits (FA5 and FA6) while the upper parwithin this package: these sequences are here merged into
records mostly oodplain facies (FA6). ThéSérie Mixt¢  one single lower-order transgressive-regressive sequence
Formation records repetitivdling of a shallow lake while the (Figs. 12Eand 14A).

“Série Rougeéindicates ratheruvial and oodplain settings,

and the lack of palustrine cart_)onates is t_he unique dIS}_tIngUISH_—4_3 Pierrefeu 1 well

ing feature. In both formations, clastic deposits indicate

feeding from the erosion of crystalline rocks. Laterally, the Asin Gallician 9 and Vauvert 1 wells, the lower part of the
“Série Mixté¢ Formation was not encountered in the Pierrefed Série Grisé shows frequent gravity-driven deep lacustrine
1 well and this likely results from lateral variation of facies.terrigenous deposits. Stable isotope signatures allowed to
However, the thick“Série Rouge& Formation has been identify a major turnover in lake paleohydrology between 4300
encountered in many wells accross the Vistrenque Basind 4070 m depths and the onset of long-term negativein

and constitutes a correlatable unit. These consideratioeyaporation balance conditions which are persistent up to
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around 3525m. The signtant reduction in terrigenous therefore a signicant riverine freshwater input enters the lake
supplies within the 4300 #8525 m interval as evidenced during the deposition of these gravity-driven deposits in the
by core observations and by a decrease in gamma-r@gyofundal areas. The deposition of cohesives debrites and
(Fig. 14B and an increase in CaGQ@ontent is consistent turbidites in the lake slope and bottom accompanies hyper-
with a decrease in terrigenous sediment inputs associated wjglicnal ows and the water irow therefore resulted in lake
a decrease in water iow and therefore with a long-term transgression. Riverine inputs that feed the lake mostly drain
negative inow-evaporation balance. This interval mayigneous and metamorphic rocks from the southern Pyrenean
therefore be considered to correlate with the forced regressiveliefs and Mesozoic marine carbonates from the neighbouring
hemicycle of sequence Pr-Rup 1 described in the Gallician-8f the lake. Such meteoric-derived river streams most likely
section. The lower interval (49208300 m) therefore corre- consist of freshwater. However, oligo-mesohaline conditions
sponds to the transgressive hemicycle of sequence Pr-Rupirithe northern margin of the Priabonian lake at Butte louton
Above this level, the interval 3522860 m (upper part of evidenced by Semmani et al. (2022 strongly suggest
the" Série Grisé) is constituted of a monotonous succession otontribution by saline water, albeit very diluted by riverine
alternating gravity-driven deposits and profundal marls (FAZreshwater inputs, in the central and southern parts of the lake,
and FA3 facies associations). Such a vertical successigarticularly in Pierrefeu and Gallician sectors.
together with the nearly constant to slightly decreasing trend in  The high clastic uxes entering the lake indicate important
d°C and d*®0 signals suggest a long-term increase ofveathering upstream in the catchment area. In the lower units
connected volume of lake water, consistent with a transgreé-Série Gris& Formation) from the Gallician area, the nature
sive trend Fig. 14B). The sharp lithological change supportedof the clasts €.g, marine carbonates, glauconite mineral)
by Gamma Ray signal shift at the contact between the top sfuiggests detrital feeding from the erosion of the Mesozoic
the“Série Grisk and the overlying Série Rougé Formation cover that forms the bedrock of the catchment area. The
and the lack of lateral equivalent of th&érie Calcaireand monomictic nature of the matrix-supported conglomerates
“Série Mixte€ formations described in Gallician 9 weRig. 4  suggests dominant clastic supply from the surroundings and
strongly suggest the occurrence of a normal fault intersectirigdicates that far crystalline basement constitutes a less
the well. Nevertheless, the long-term evolution of thedominant source for the feeding of clastic material. T&érie
sedimentation in the Pierrefeu sector is similar to that in th&rise’ Formation overlies unconformably the Mesozoic cover
Gallician sector and the upward transition to th@odplain  constituted at top by the Albian glauconite sandstones, and the
deposits of the'Série Rouge Formation suggest an overall Neocomian (Lower Cretaceous) and Jurassic marine carbo-
normal regression of the lake. As in Vauvert 1, sequences Rup2tes which provide the detrital material to the lake. Compared
to Rup3 have been merged into a single transgressives the Gallician counterpart, sedimentation is dominated by

regressive cycleHigs. 12Fand 14B). ne grained deposits in the Pierrefeu sector which may
constitute the distal area of the basin.

5 Discussion Moreover, the abundance of plant debris (leaves, stems)
within the FA3 facies association suggests dense vegetation

5.1 Depositional models for the Paleogene lacustrine cover in the surroundings of the lake. Dense vegetation cover

succession and high riverine inows are consistent with relatively humid

] . ) _ conditions. The lack of subaerial exposure features,(

The analysis of the vertical stacking pattern of the studieflerigranular cracks, root traces, dissolution cavities) within
sedimentary successiotSg¢rie Rougeand underlying units) these units strongly suggests persistence of perennial lake
and the lateral relationships of the deed depositional facies conditions. In addition, the persistently very negati#€0
associations within the correlatable sedimentary units enablg|ues of carbonate matrix in tHeSérie Gris® Formation
to construct three depositional models that characterize theig. 14, close to those of calcite precipitated from meteoric
in Il of the Vistrenque Basin from the Priabonian to lateyaters within the neighbouring Priabonian Saint-Chaptes
Rupelian-early Chattian timesFig. 19: (1) profundal Basin (ettéronetal, 201§ support also signicant freshwater
freshwater to oligohaline lake, (2) perennial evaporative lakesypplies (riverine, groundwater and/or precipitation). The
and (3) shallow lake with extensiveoodplain, depending on covariant trends betweett®0 andd**C are consistent with
tectonic, climatic, and hydrological setting. increased water residence tim&sg( 13.

On the other hand, FA2 facies association, especially the
laminated argillaceous limestones and papyraceous marlstones
(F2 facies) suggest lake stratation and deposition in deep

FA2 and FA3 facies associations indicate profundal lak@oorly oxygenated lake bottorRiatt and Wright, 1991 Water
setting subjected to high clastic supply. Their dominance istrati cation may result from thermal or density processes.
transgressive/stillstand hemicycle and lowermost part dbtrati cation may be enhanced by the saline nature of the water
regressive hemicycle of sequence Pr-Rupl and transgressaed by seasonal evaporation of the surface waters (epilimnion).
hemicycle of sequence Rup2 allows to reconstruct for thed@eposition of marlstones and argillaceous limestones during
intervals a profundal lake depositional model and assess th@wv clastic supply periods suggests a tendency for hydrological
clastic and water supplies, water salinity, topography, bedrodkke closure. Organic matter preservation in the lake bottom is

Profundal freshwater to oligohaline lake: Figure 15A

composition and tectonic setting. consistent with the water stratiation, poor oxygenation of
The abundance of FA3 in these sequences indicates higke bottom, and perennial lake conditions.
clastic uxes entering the lake system. Clastioxes are The thicknesses of the transgressive and stillstand

transported into the lake system byuvial streams and hemicycle (223 m) and lower part of regressive hemicycle
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Fig. 14. Synthetic panel of vertical variations 0, d*°C, CaCQ content, Gamma Ray signal, TOC (Total Organic Carbon), and the
interpreted lacustrine transgressive and regressive trends and long-tenwenaporation balance: A: Vauvert 1 well; B: Pierrefeu 1 well.
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(145m) of sequence Pr-Rupl and of the transgressivend incision of the Priabonian to Rupelian lake margins during
hemicycle (93 m) of sequence Rup2 in the reference sectidhe early Rupelian forced regression.

of Gallician 9 well are important and these thicknesses are The deposition system in which the regressive hemicycle of
found to be much more important in the Pierrefeu 1 wellsequence Pr-Rupl formed is therefore a perennial, saline to
Theses intervals are characterized by monotonous accumulgspersaline, profundal lake subjected to dryer climate conditions
tion of interbedded gravity driven deposits with profundal lakeand to reduced clastic gravity-drivenix and the depositional
marls without any evidence of subaerial exposure. Thiarea of evaporites is plausibly disconnected from the main
stacking pattern reects persistence of deep lake conditions irwaterbody by an emerged crest of tilted blo€lig( 16).

the studied areas (Gallician and Pierrefeu sectors). The

persistence of deep lake conditions and steep lacustrine slopgallow lake with extensive  oodplain: Figure 15B

allowing deposition of hectometre scale turbidite stacks may . .

result from the absence of a topographic sill in the lake system n the regressive hemicycles of sequence Rup2, and the
that would result in water oubw and/or from a high entire sequences Rup3 _and Rup-C_hl,_fames asso<_:|at|o_ns FA4,
subsidence rate leading to continuous creation of accommbAS and FA6 are dominant and indicate lacustrine littoral

dation space and keeping the studied area in profundal lakelta, _uvial and OOdea_in s_ettingsF(ig. 15B). Profundal lake
conditions during these time intervals. deposits such as organic-rich marls are rare and correspond to

Finally, these intervals from Sequences Pr-Rup he maximal expansion of the lake. In contrast to the perennial

(transgressive/stillstand and lower regressive hemicycle) amiofundal lake system described previously, this lacustrine
Rup 2 (transgressive hemicycle) were formed within ®Yystem is rapidly and repeatediyled and exposed. These
freshwater to oligohaline highly subsiding lake systenf@Pid uctuations of the shoreline are evidenced by the
comprising a slope break into the bottom and fed by higﬁrequent subaerlal_ exposure surfaces and pedogenesis occur-
siliciclastic and carbonate detrital inputs from the southerAiNg at top of plurimetre-thick shallow lake sequences. The
Pyrenean reliefs and from the neighbouring highs of thalmost lack of gravity driven deposits (FA3) and dominance of

catchment area within humid to semi-humid conditiondMarginal lacustrine facies (FA4) suggest a gentler basin
(Fig. 15A). topography. Moreover, the lack of laminated marlstones and

the poor preservation of organic matter suggests a non-
strati ed water body which is consistent with the shallow water
conditions.

In Gallician 9 well, FA1 facies association is the dominant  Pedogenic carbonates occur in semi-arid to semi-humid
facies association within the upper part of the regressiveonditions. The presence of pseudomicrokarst features in the
hemicycle of Sequence Pr-Rupl with FA2 and FA3 found irf Série Calcaireand” Série Mixt¢ formations is indicative of
lesser extent. The alternation of anhydrite with organic-riclintermediate climate condition®latt and Wright, 1992 The
grey marlstones in the evaporative interval and the lack aibundance of lacustrine detrital calcarenites in the t6@éfie
subaerial exposure evidence allowed to interpret theiCalcairé Formation and the upward transition toodplain
formation within perennial evaporative lake conditions.deposits suggests progradation of an alluvial system into the
Hypersaline conditions and arid climate are required téake. Alluvial and deltaic progradation and ihof the lake
precipitate these evaporites (gypsum and anhydrite). Concesystem may have been promoted by slowing of subsidence.
tration of solutes into brine results in water strattion. In sequences Rup3 and Rup-Ch1, the dominant siliciclastic
Strati ed waters are associated with poorly oxygenateduxes strongly suggest uplift and erosion of crystalline rocks.
bottom, and this is consistent with the preservation of organithe crystalline basement that constitutes the continuation of
matter in the anhydritic marls (F1 facies). the French-Spanish Pyrenees to the east covers large areas to

The lack of evaporites in the correlative levels fromthe south of the Vistrenque Basin, in place of the present Gulf
Vauvert 1 and Pierrefeu 1 suggests transient disconnectiarf Lion and therefore may have acted as a source of igneous
between lake waters from Gallician 9 area and those fromnd metamorphic clasts into the lake. The increasingly
deeper areas in the lake basin. This is consistent with a tectonioportant involvement of far crystalline sources compared
compartmentalization of the basin controlling the lake bottonto the nearby Mesozoic marine carbonates suggests low relief
topography and with the formation of a localized evaporativereation in the margins of the lake and therefore slowdown of
ponded areas developing on the hanging-wall of a tilted blockhe erosion of these rocks. Low topography creati@n,slow
For instance, the compartmentalization between the Gallicissubsidence across the Vistrenque Basin allowed the pro-
and Pierrefeu sectors may likely be caused by the Galliciagradation of far detrital uxes into the lacustrine system.
transfer zone that separates the Marsillargues and Vauvert In conclusion, the sedimentary system of the marginal
compartmentsKig. 2A). The forced regression of the lake andlacustrine and uvial to oodplain deposits of the regressive
the signi cant reduction of the clasticuxes into the lake hemicycle of sequence Rup2 and sequences Rup3 and Rup-
bottom strongly suggest a very negative aw-evaporation Ch1l consists of a shallow lake subjected to both carbonate and
balance. No direct information is available about thesiliciclastic terrigenous uxes under semi-arid to semi-humid
expression of the forced regression surface in the lakeonditions and undergoing frequent subaerial exposure
margins, but the occurrence of reworked ooids, of similar siz€Fig. 158. An analogue of a such mixeduvio-lacustrine
shape, and structures with those from the Priabonian northesgstems is known in the basal Cretaceous from the Central
lake margin (Butte loutorSemmankt al, 2022 in the upper northern Spain Rupelo formation of the Western Cameros
regressive hemicycle of sequence Pr-Rupleots exposure Basin Platt, 1989in Platt and Wright, 199Pwhere abundant

Perennial evaporative lake: Figure 15A
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Fig. 15. Simpli ed block diagrams showing the depositional models for (A) profundal perennial lake, and (B) shallow lake with extensive
oodplain. Evaporites (F1 facies) formed within perennial lake conditions precipitate in compartmentalized areas with maximum reduction of
connection to the main saline waterbody ($ég. 16 for further details).
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Fig. 16. Conceptual model of the sedimentarylirof the Vistrenque lacustrine system from the Priabonian (?) to early Chattian as a function of
palaeohydrological and tectonic setting. Sequences Pr-Rupl, Rup2, Rup3 and Rup-Chheddrden the Gallician 9 well reference section.
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marlstones (calcareous claystones) of red and green colours dit cult to quantify in terms of changes in the depth of the

abundant in the alluvial setting andodplain near a low depositional area.

energy gentle slope margin. A striking aspect of the Vistrenque Basin lake evolution is
the development of deep gravity facies since the earliest stage
of the sedimentation, as suggested by the turbidites of the base

5.2 Tectonic and climatic controls on the Paleogene of the “Série Gris& in Pierrefeu 1, overlying the Mesozoic
Vistrenque Basin in |l during the late Priabonian and substratum. This suggests that a deep topographic depression
early-mid Rupelian was already existing prior to its ifi by water and prior

lacustrine sedimentation. During the Priabonian to earliest

In the Vistrenque Basin, the present study shows Rupelian transgression/stillstand, some marginal areas of the
signi cant development of clastic gravity-driven sedimentavistrenque Basin (at least around Butte louton to the North and
tion, especially in the southern part of the basin (GalliciarPuech du Teil to the WestSemmaniet al., 2022 were
sector). In the Pierrefeu sector, these deposits are mwe occupied by a shallow water lake margin with carbonate
grained, and this polarity trend suggests a dominant SSW-tgedimentation showing high-frequency cycles of transgression
NNE direction of sedimentaryuxes. Detrital uxes sourced and forced regression which suggest the occurrence of short
from the south are documented in the neighbouringpisodes of negative imw-evaporation balance in a period of
Sommiéres, Saint-Chaptes and Ales basins during theainly sub-humid climate. Finally, the high terrigenouses,
Priabonian Rémy, 1985Reémy and Fournier, 200%ettéron  the persistence of a perennial deep-lake setting as well as the
et al, 2018 2022). stable isotope signatures of deep-lake carbonates strongly

In contrast to these Languedoc siliciclastiaxes, the suggest a relatively humid climate setting during the late
almost monogenic character of the carbonate extraclasts in tRéiabonian in the Vistrenque BasiRig. 17). This is consistent
lower part of the Vistrenque Paleogene linsuggests with palaeoclimatic reconstructions from sedimentologic and
signi cant involvement of the Mesozoic cover from thepalaeobotanic data of the late Priabonian in the Ales and Saint-
surroundings of the basin in the supply of sedimentaryesto  Chaptes basinsTanrattanat al., 202Q Lettéronet al., 2022
the depositional system. The nature of the sedimentargs Semmaniet al., 2023.
is consistent with the nature of the basin substratum revealed in The onset of the forced regressive hemicycle ideutifrom
the wells. The substratum is Early Cretaceous in age to thhe depositional and stable isotope records in Gallician 9,
North and the West, while the Lower Cretaceous cover ivauvert 1 and Pierrefeu 1 wells is situated around 100 m above a
absent to the South and to the East in the Grau-du-Roi-Saintgsllen ora characterizing the Priabonian-Rupelian climatic
Maries-de-la-Mer and Albaron high&i@s. 2A 2C). deterioration in Vauvert 1 (3200 m depth: location Fig. 17),

The thick accumulation of gravity-driven deposits (hecto-and around 100 m above another pollena, earliest Rupelianin
metre scale units) during the Priabonian (?) and early Rupeliage, in Gallician 9 (2530 m depth: location 6Fig. 17). The
required both a strong subsidence to create the space fatter re ects a stage of signtant precipitation decrease during
sedimentation and signtant water inows into the basin. The the earliest Rupelian timeS¢émmanet al, 2023. The present
Vistrenque Basin is controlled by the Nimes Fault that acted agataset suggests therefore that the Eocene-Oligocene transition
a sinistral strike-slip fault within the NNE-SSW trending (EOT) and the earliest Rupelidaridi catiori evidenced from
Languedoc fault belt during the PriaboniaBéfanneet al.,  pollen records held just prior to the effective reduction in lake
2021). Furthermore, only an important basin structurationvolume and lacustrine forced regression. In Pierrefeu 1 well,
resulting from high subsidence rates and the absence of @tated inthe most subsiding profundal area of the lake, the stage
outlet sill of the system allows to maintain profundal lakeof lacustrine forced regression starts with the deposition of
conditions where sedimentation does not take pace with thgganic-rich horizons (TO£10%) associated witiC depleted
accommodation. Very steeply subsiding topographies conisotope composition which suggests sulphate-reduction pro-
monly characterize pull-apart basins.d, Platt and Wright, cessesKig. 12F 13A, 14B). Sulphate reduction processes are
1992 Smitet al, 200§ and this is consistent with the strike- linked to enhanced water stratiation likely resulting from
slip motion of the Nimes Fault during Priabonian and earlyncreased salinity g.g, Sonnenfeld, 1985 Vauvert 1 and
Rupelian times as mentioned above although normal faufsallician 9 did not record such organic-matter enrichment and
motions would have occurred in relation to the Westersulphate-reduction processes because of their shallower
European Rift extension. This basin cguration allows to depositional settings and of prevailing more oxygenated waters.
account for the hectometre-scale monotonous succession |afPierrefeu 1 well, the decrease in organic matter concentrations
alternating FA2/FA3 facies associations in the slope anih lake bottom sediments in the later stages of forced regression is
deepest areas of the lake systéfig(16. Periods of important  likely to be related to the decrease in terrestrial organic matter into
extensive tectonic activity have favoured creation of a stronghe lake consequent to the continental slight addtion and the
topography following the uplift of the footwall in the reduction of vegetation cover in the catchment area. Compared
surroundings and consequently their erosion favoured byith the late Priabonian pollenoras from the Alés Basin
enhanced precipitation that promote the development gflaruéjols 1 well 798 m location 3 irfrig. 17, Montchamp
coarse-grained gravity-driven uxes (FA3). Conversely, location 4 inFig. 17), pollen data from Vauvert 1 (3200 m) and
periods of low water inows lead to a decrease in terrigenousGallician 9 (2530 m) indicate that the vegetation change was
inputs and therefore favour carbonate production in the lakenaracterized by a strong decrease in tropical plants and
(FA2 facies association). FA2 and FA3 are formed in thetrengthening of open environments including Ephedra as shrub
deeper parts of the lake, the lateral evolution of facies imarker of less humid conditionkert-Bond and Renner, 20)L6
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Fig. 17.(A) Correlation chart of the Bartonian to Aquitanian deposits from the North-Montpellier, Aleés-Saint-Chaptes and Vistrenque basins,
and inferred ages. Biostratigraphy scale is based on mammal reference levels (M.Z.). Ages from North-Montpellier and Aleés-Saint-Chapte:
basins are based on fossil mammal and charophytes biostratigraphy. The chronostratigraphic framework from the Vistrenque basin is based |
U-Pb datings on carbonate minerals, Sr and S isotopes and pollen-based climatostrati®ampimyarfi et al., 2023. Dominant
palaeoenvironments and lithologies of the formations are indicated. White areas correspond to non-depositional and erosional hiatuses. Tt
Priabonian interval from Alés-Saint-Chaptes basins is documenté@tidronet al. (2018 Lettéron 2022 and North-Montpellier basin
stratigraphy is based d®éranneet al. (202]). (B) Benthic foraminiferal oxygen isotope curve (smoothed curve over 20ka in blue, smoothed
curve over 1Ma in red; aftéVesterholdet al, 2020 re ecting the global climate evolution and Priabonian to Chattian regional palaeoclimate
characterization (according Eauquettest al., 19983 recorded in southern France basiBsifymanet al, 2023. (C) Evolution of the regional

tectonic setting from the late Eocene to earliest Miocene in southern France. The hatched area represents an uncertainty in the time inter
separating successive tectonic stages. Pollen sample locationS@fteranet al., 2023: 1: Euzet Hill, 2: Serre de Cauvel 3; 3: Maruéjols-1

798m; 4: Montchamp; 5: Vauvert-1 well 3200m; 6: Gallician-9 well 2530m; 7: Gallician-1 well 1648m.

The occurrence of evaporites in Gallician 9 well and theimost of information come from macroras from which
absence in the more profundal settings of the Vauvert 1 amglianti ed reconstructed palaeoclimatic parameters are some-
Pierrefeu 1 areas suggest transient disconnection of théhat less robust compared with those obtained from pollen
depositional area of Gallician 9 from the main water bodydata Girard et al, 2019. In addition, only few pollen data
during the maximum of lake regressiorrid. 16. The considered in this synthesis are valid for palaeoclimatic
combination of available pollen data, the depositional featuragconstructions for their weak approach in botanical identi
identi ed in the studied wells and the chronostratigraphication and/or incomplete pollen counting. On the contrary, our
constrains strongly suggest that a sigr@int reduction of lake dataset represents a robust, multiproxy evidence of some
volume occurred during the early Rupelian and is associatédridi catiori in terrestrial environment in Southeast France
with a stage of signicant decrease in precipitation. Evenduring the early Rupelian following the EOT transition. The
though most studies regarding palaeoclimatic changes limk between global cooling and regional lowering in
European terrestrial environments during the EOT have showprecipitation is not straightforward and requires detailed
a signi cant decrease in mean annual temperature around thalaeo-relief and wind reconstructions to be established.
Priabonian-Rupelian boundayi¢sbruggeet al.,2005 Erdei  However, the available palaeogeographic reconstructions for
et al, 2012 Hren et al, 2013 Tanrattanaet al, 2020, southeast France during the Paleogeleséph and Lomas,
evidence for critical change in precipitation at a large2004 Semmaniet al, 2023 suggest that decrease in lake
geographic scale remains unclear. However, a southwawdlume during the early Rupelian results from decreased
gradient of drier conditions has been suggested for thgrecipitation associated with global oceanic cooling and
Oligocene period from a synthesis of palaeobotanical studiefecreased regional moisture around the western Alpine Sea.
despite their high heterogeneitytescheet al.,, 202)). Indeed, The classication of present-day bioclimates with respect both
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to mean annual temperature (MAT) and mean annualowed into another lake located further north (Mormoiron and/
precipitation (MAP) established byauquetteet al. (1998a) or Apt-Manosque-Forcalquier basins).
(Supplementary material$able S3 allows to characterize the
environmental evolution of Southeast France through seven3 A record of the transition from Pyrenean
selected pollen locations encompassing the EOT according $Bortening to Liguro-Provengal rifting?
climate reconstructions proposed Bgmmaniet al. (2023)
(Fig. 17 Supplementary material3able S3. The age of the onset of the Liguro-Provengal rifting is
Gravity sedimentation in lakes downstream of an imporregionally assumed to be late Rupelian or early Chattian
tant hydrographic network carries sigoant water uxes (Séranne, 1999 In the neighbouring North Montpellier
during the humid periods. The transgression of the lake systebbasins, mammalian fossil assemblageSrothet, 1984
and its connection with neighbouring saline water bodieSéranneet al., 2021) allow constraining the onset of the
followed by less humid period explains the formation of theifting phase during or prior to the MP25 horizon (2428.8
lacustrine basin evaporites. Compared to other continentdla after Gradstein, 2012). The Priabonian to early-middle
basins in the Western European Rift systeeng({ Valence Rupelian age of theSérie Grisé and“Série Calcairgin the
Basin, Bresse Basin, Upper Rhine Graben and in less extent tiistrenque Basin, as inferred from U-Pb datings and pollen-
Manosque BasinRouchy, 199Ywhere evaporites records are based climatostratigraphysémmaniet al, 2023, strongly
signi cant during the Rupelian, evaporites are scarce in thguggests a pre-rift depositionFi§. 17). Moreover, the
southern part of the rift system constituted by the Camarguextremely thick Pr-Rupl lacustrine sequence (up to 1400 m)
area and are limited to the early Rupelian Stage of globaccumulated within less than 3.5 Myrs is indicative of a
cooling and associated continental arwhtion. deposition in a highly subsiding basin. Strike-slip movement
The overlying sequence Rup2 marks the end of evaporitief the Nimes Fault, bordering the Vistrengue Basin, has been
conditions in Gallician 9 well and a return to a terrigenous-richgvidenced from the Priabonian sedimentation in the neigh-
gravity-driven sedimentation and to a long-term positivébouring North-Montpellier and Saint-Chaptes-Ales basins
in ow-evaporation balance. Such an inversion in palagSéranneet al, 2021). The partly coeval, thick lacustrine
ohydrological balance is interpreted to be related to a potentiaequences (Pr-Rupl, Rup2 and Rup3) forming ‘tBérie
a return to wetter conditions on the continentfollowing theGris€¢ and “Série Calcairé in the Vistrenque Basin are
brief stage of cooling that occurred during the earliest Rupeliatherefore likely to have deposited in a transtensional basin
times Vesterholdet al,, 2020 (Fig. 17). resulting from the strike-slip movement of the Nimes Fault
The occurrence of deep-water gravity-driven sedimentduring a transitional stage between the Pyrenean shortening
become less frequent toward the top of Rup2 sequence &md the Liguro-Provencal rifting=g. 17).
Gallician 9 and shallow, marginal lacustrine sedimentation In constrast, the available age for tHi&érie Rougé
dominates in sequence Rup3 while sequence Rup-Chil (&7.88+ 1.7 Ma) may be consistent with a syn-rift deposition.
characterized by the development afodplain environments Additionally, the karstication of the limestone at the top of
in the studied wells from the Vistrenque Basin that intersect thBup3 and the available U-Pb age below SB4 (31.27 + 1.9 Ma:
“Série Rougeand"“ Série Mixte formations (Gallician 1, 3,7, Semmanet al, 2023 may support a potential sigréant time
9, Vauvert 1, and Pierrefeu 1 wells). Since the palaegap below the overlyingSérie Mixté€'.
ohydrological balance remains positive during the middle to A major change in the nature of terrigenous inputs above
late Rupelian interval, such a palaeoenvironmental vertic&B4 surface suggests a sigoant shift in drainage areas and/
evolution may suggest either an increase in terrigenou® river orientation in response to the onset of the Liguro-
supplies or a decrease in subsidence rates. The latt@rovencal rifting. The occurrence of metamorphic and igneous
interpretation is more likely since the vertical disappearancelements in the Série Mixt€ and“Série Rouge formations
of gravity-driven sediments could be related to gentle basimay be indeed related to sediment supplies from the Massif
topography following a slowing down of subsidence and faulCentral located northwest of the Vistrenque Basin and to
activity. In addition, an increase in terrigenous supplies isouthward sedimenttransport directions. However, this change
unlikely since the southern Pyrenean reliefs which are believaday also be related to a complete abrasion of the Mesozoic
to have sourced a large proportion of the sediment wergedimentary cover on the southern Pyrenean reliefs and
probably less elevated during the mid-late Rupelian compareibsequent erosion of the crystalline basement.
to the late Priabonian to early late Rupelian. This elevation The preservation of a relatively thick alluvial plain
decrease is consistent with the collapse of this Pyreneauccession“Série Rougg) suggests a phase of sigeant
segment that started as early as the Priabonian south to taecommodation cré@n, more in line with a subsiding
Languedoc aresSgranneet al.,2021). Moreover, reconstruc- basin rather than passive ith The “Série Rougeé
tion of terrestrial precipitation §emmani et al, 2023 Formation is almost isopacheous across the basin
Supplementary material¥able S4 suggest that the mid-late (Fig. 12 with a thickness averaging 200 m, which is
Rupelian climate was not as humid as during the Priabonianonsistent with a deposition in a symmetric graben in
Finally, the overall shallowing upward trend recorded incontrast with the younger Aquitanian fan-shaped, syn-rift
sequences Rup2 to Rup3 combined with the upwardequence evidenced from seismic ples by Benedicto
decreasing trend im*®0 and d*°C which is indicative of etal.(1996) and associated with the development of a half-
long-term positive inow-evaporation balance and therefore ofgraben controlled by the Nimes Fault.
an increase in connected lake volume, suggests that the In the overlying“Calcaréo-salifére Formation Fig. 4),
Vistrenque Basin was likely connected to a neighbouringhattian in age, strontium and sulphur isotope signatures of
waterbody, and that the terminalivial plain system probably evaporites revealed seawater ux which is likely related to
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marine connections with the Western Neotethys to the south increase of oodplain and uvial deposits reecting an

during the Liguro-Provencal rifting phas&dmmaniet al., overall regressive trend of the lake system between the
2023. Finally, the thick, fan-shaped, clastic sediment wedge early-middle Rupelian and early Chattian times.
overlying the “Calcaréo-salifere Formation Fig. 2B), — The thick succession (up to 2000 m) of Priabonian to early-

assigned to the Aquitanian were interpreted as representing middle Rupelian deep-lacustrine gravity-driven deposits
the main stage of rift basin development in the Vistrenque area re ects sedimentation in a highly subsiding basin during a

(Benedictoet al, 1996 Séranne, 1999 stage of strike-slip and transtension motions of the Nimes
Finally, the available sedimentologic, stratigraphic and Fault. The marginal lacustrine andoodplain deposits
geochronologic results suggest that thHgérie Mixt€¢ and within the upper part of the Paleogene Vistrenque Basin

“Série Rouge formations (Rup-Chl sequence: late-Rupelian in Il (“Série Mixt¢ and “Série Roug& Rup-Chl

to Chattian) likely deposited either during a phase of tectonic sequence) accumulated during a phase of tectonic
guiescence subsequent to the strike-slip motion of the Nimes quiescence subsequent to the strike-slip motion of the
Fault and/or during an early stage of the Liguro-Provencal Nimes Fault and/or during an incipient stage of the Liguro-
rifting (Fig. 17). Provencal rifting.

6 Conclusion
Supplementary material
Sedimentological and stratigraphic analysis of the Paleo-
gene succession from the Vistrenque Basin (Camargue ardaple S1: Carbon and oxygen isotopes ratios of the samples
integrating carbon and oxygen isotope measurements &®m Gallician 9, Vauvert 1 and Pierrefeu 1 wells, KB: kelly
lacustrine carbonates and total organic carbon (TOC) datushing (zero reference for drillsrdepth measurements).
allowed to _document a case of the record O.f changes in Cf“.ma‘}%ble S2:Total organic carbon (TOC) measurements from Pierrefeu
and tectonic setting around the Eocene-Oligocene transition Neell
a continental basin from Southwestern Europe. '
— Three depositional sequences (Pr-Rupl to Rup3) have be&able S3: Classi cation of bioclimates according to mean annual
de ned within the Priabonian to early-mid Rupelian of thetemperature (MAT) and mean annual precipitation (MARUquette
Vistrenque Basin. To account for the several hectometress al, 1998,

thick stack of turbidites in the depocentre of the Vistrenqug,pie s4: Reconstructed climate parameters and bioclimate
Basin, the sedimentary system consisted of a highlyparacterization from some selected pollen recofesrmani
subsiding profundal freshwater to oligohaline lake which,; 5| 2023.
was fed with signicant clastic uxes and riverine inows Ir; bold characters, the most likely value (MLV, for more
during the transgressive hemicycles of sequences Pr-Rugdi,iis seeFauquettét al, 1998H. '
and Rup2 where the lake waterbody has recorded its ' '
maximum expansion. o : .

— Local deposition of evaporites within the Vistrenque Basinlo.&giigggf&ig?gomatenal 's avallablefips:/www.bsgr.rf
during the early Rupelian provides further evidence for the
continental record of the brief phase of decreaseg\clmowIe dgments
precipitations inferred from previous pollen analyses.
These evaporites occur at the top of the forced regressive

stagle .Of se(fqlfjer]ce Pr;jRupl Wr(]j'cg] IS Ted by the _vertlcal Education and Research and is part of the PhD of teeauthor. This
.evg “tr'loé‘lg’ acﬁjlg‘“ .Comme yfa| Ong't?rm 'nct';ease work also beneted from the nancial supports of CEREGE (APIC
in both d™0 andd™"C signatures of lacustrine carbonate,y1g RrpH) Carb3E TotalEnergies-AMIDEX Chair and INSU

matrices. Such a forced regression trend has been idehti q(ﬁmject EOT-Climate funded by the TelluS-Syster Program) and

and C.Orrsllatﬁd b%twgen threedwells lolc?ted mdd'Stm e thank them profoundly for their support. We would like to thank
tectonic blocks and Is interpreted to result from a ecreasi%talEnergies for providing in-house documents as a part of the data
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