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ABSTRACT:

A 220-meters thick carbonate-dominated succession has been deposited in shallow-water,
saline lake environments during the Lower to Middle Priabonian (MP17A-MP18 mammal
zones) in the Saint-Chaptes Basin (south-east France). The palaeoenvironmental,
paleoclimatic and palaeogeographic significance of such salt lake carbonates has been
deciphered on the basis of a multi-proxy analyses including 1) depositional and diagenetic
features, 2) biological components (molluscs, benthic foraminifera, characean
gyrogonites, spores and pollens), 3) carbon and oxygen stable isotopes, 4) trace elements
and 5) clay mineralogy. Five stages of lacustrine system evolution have been identified: 1)
fresh-water closed lake under dry climate (unit U1); 2) fresh to brackish water lacustrine
deltaic system with a mixed carbonate-siliciclastic sedimentation under relatively wet
climatic conditions (unit U2); 3) salt-water lacustrine carbonate system under humid
climatic setting (unit U3); 4) evaporitic lake (unit U4); and 5) closed lake with shallow-water
carbonate sedimentation under subtropical to Mediterranean climate with dry seasons
(unit U5). Upper Eocene aridification is evidenced to have started as early as the earliest
Priabonian (unit U1: MP17A mammal zone). A change from humid to dryer climatic
conditions is recorded between units U3 and U4. The Lower-Mid Priabonian saline lake is
interpreted as an athalassic (inland) lake that have been transiently connected with
neighboring salt lakes influenced by seawater and/or fed with sulfates deriving from
recycling of evaporites. Maximum of connection with neighboring salt-lakes (Mormoiron
Basin, Camargue and Central grabens, Hérault Basin) likely occurred during unit U3 and at
the base of unit U5. The most likely sources of salts of these adjacent basins are: 1) Triassic
evaporites derived from salt-diapirs (Rhéne valley) or from paleo-outcrops located east of
the Durance fault or offshore in the Gulf of Lion; or 2) marine incursions from the south,
through Paleogene grabens in the Gulf of Lion.

Keywords: Upper Eocene, Salt lakes, Lacustrine carbonates, Depositional facies,
Paleoenvironments, Paleoclimate, Paleogeography.
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1. Introduction

The European Cenozoic
Rift System (ECRIS) (Fig. 1)
(Ziegler, 1992; Dezes et al., 2004)
is characterized by a dominance
of saline lake environments with
thick carbonate and evaporite
deposition (e.g. Rouchy, 1997).
The origin of the extensive “*|imorizy
development of saline \
environments in the ECRIS and
adjacent areas, such as the Paris
and Aquitanian basins, has long
been and is still a matter of
intense debate and controversy
(e.g. Fontes et al. (1991; 1996);
Rouchy, 1997; Briot and Poidevin,

1998; Boderg at et al ., 1999). The [ Rift-related sedimentary basins of the Paleogene salts:
paleogeography  of  western _, Duropean Cenozoic Rift System (ECRIS) gares (gypsum
. +| Variscan massifs (cross pattern) and anhydrite)

Europe during the Late Eocene- b Y

. . 2 O Halite & sulfates
Early Oligocene and the potential vou Kipiosisfmmetion et

. ) m  Potash
connections between the ECRIS Study area

and the open sea are still
unresolved problems (Rouchy

and Blanc-Valleron, 2009). Fig. 1. Location map of the study area in the European Cenozoic

Biological ts of . Rift System (ECRIS). Paleogene evaporites distribution modified
lological components or marine from Rouchy and Blanc-Valleron, 2009; structural map modified

affinities are common in the after Dézes et al., 2004; Ziegler and Dézes, 2005. DEM from
Priabonian and Rupe“an ASTER Global Digital Elevation Map is a product of METI and

. . NASA. Abbreviations: ASCI: Alés-Saint-Chaptes-Issirac Basin, BF:
sedlmentary record in the ECR|S, Black Forest, BG: Bresse Graben, EG: Eger Graben, GC: Graben
but their hlgh tolerance to Iarge Central, GFB: Grand Faraman Basin, LG: Limagne Graben, LRG:

Lower Rhine Graben, MB: Manosque Basin, MoB: Mormoiron

variations of salinities prevents Basin, URG: Upper Rhine Graben, VG: Vosges massif.

their use as reliable indicators of
marine connections (Briot, 2008).

The Late Eocene is a key period for Cenozoic climate changes prior to the Terminal
Eocene Event (TEE), which is considered as a period of intense climatic deterioration (e.g.
Sotak, 2010). A global cooling event is evidenced by various paleoclimatic proxies: 1) A4z
clumped isotopes (Hren et al., 2013); 2) oxygen-isotope ratio (6'®0O) of deep-sea benthic
foraminifera (e.g. Shackleton, 1986; Miller et al., 2009); 3) paleobotanical data (e.g.
Chateauneuf, 1980; Collinson et al., 1981; Schuler, 1990; Mosbrugger et al., 2005; Uhl et
al., 2007); 4) lipid-based U¥3; and TEXs. (e.g. Liu et al., 2009); 5) otolith oxygen isotope
(lvany et al., 2000); 6) clay mineralogy (e.g. Singer, 1984; Ehrmann and Mackensen, 1992);
and 7) Mg/Ca paleothermometry (e.g. Katz et al., 2008).

The Late Eocene is a prolific period of lacustrine and palustrine carbonate
sedimentation in south of France, particularly in Languedoc basins (Hérault Basin, Ales-
Saint-Chaptes-Issirac Basin (ASCI) (Fig. 1) (e.g. Lettéron et al., 2017) and in the Rhodanian
Valley area (Manosque Basin, Mormoiron Basin) (Fig. 1) (e.g. Triat and Truc, 1974).
However, carbonate depositional models of carbonate saline lakes from ECRIS and related
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Fig. 2. Geological setting of the Saint-Chaptes Basin (SE France) and adjacent Paleogene basins: (A) Regional
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Fig. 2B.
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driving factors are rare (e.g. Triat and Truc, 1974). A detailed and integrated
paleoecological, paleoenvironmental, sedimentological and geochemical characterization
of such saline, lacustrine carbonate systems should provide relevant insights into
paleogeographic and paleoclimatic reconstructions for south-east France Priabonian
basins (Lettéron et al., 2017). The Lower to Middle Priabonian lacustrine-to-palustrine
sedimentary succession is particularly well exposed in the Saint-Chaptes Basin (see
location in Figs 2 and 3) (Alabouvette et al., 1983; Frédet, 1987). Based on an extensive
sedimentological, paleontological (molluscs, benthic foraminifera, characean, spores and
pollens), mineralogical (clay assemblage analyses) and geochemical (trace elements,
carbon and oxygen stable isotopes) database, the present contribution brings new
insights into the interpretation of depositional models of such saline lakes and the
deciphering of paleoclimatic and paleogeographic signals from the sedimentary record.

The present work aims at: 1) constraining the paleoenvironmental interpretations of
carbonate deposits in terms of salinity, water-depth, hydrodynamics and temperature; 2)
providing depositional models for the Priabonian shallow-water, saline lake of the Saint-
Chaptes Basin; 3) linking the vertical and lateral evolution of depositional environments
and geochemical signatures (trace elements, carbon and oxygen isotope ratios) with
changes in salinity, relative lake level, climate and potential connectivity with adjacent
marine or lacustrine realms; and finally 4) providing regional paleogeographical
interpretations for the development of saline lacustrine systems in Priabonian rift basins
from the south-east of France.

2. Geological setting

The Saint-Chaptes Basin (SE France - Fig. 2B) is a small (25 x 10 km), N130°
elongated syncline basin (Figs 2B and 2C). Its apparent asymmetry is related to its
multiphase structural history (Mascle and Vially, 1999). During the Late Cretaceous to
Eocene Pyrenean compressive phase (Arthaud and Seguret, 1981), the northward
displacement and folding of the Mesozoic to Eocene sedimentary cover occurred above a
regional asymmetric detachment/decollement level within the Triassic evaporitic
succession (Fig. 2C) (Séranne et al., 1995) resulting in various east-west trending folded
structures (e.g. St-Chaptes Basin, Gauzac-St-Laurent syncline, Issirac Basin; Arthaud and
Séguret, 1981; Benedicto Esteban, 1996; Sanchis and Séranne, 2000).

The Priabonian sedimentary succession from the Saint-Chaptes Basin is partly
coeval with the development of the Ales half-graben along the Cévennes fault system
during the Late Eocene to Early Oligocene West European rifting phase (e.g. Mauffret and
Gorini, 1996; Michon, 2000; Sanchis and Séranne, 2000). In the Saint-Chaptes Basin, the
Priabonian succession unconformably deposited (onlap or erosional surfaces) onto
Pyrenean-related structures (Late Cretaceous-Late Eocene). These are later unconformably
overlain by Upper Oligocene continental terrigenous series (Fig. 2) temporally consistent
with the formation of the Ales extensional ramp-flat system (Sanchis and Séranne, 2000)
related to the Liguro-Provencal rifting phase. The Priabonian succession of the Alés-St-
Chaptes-Issirac (ASCI) Basin is summarized in Figure 2A. Both in the St-Chaptes and the
Alés basins, sporadic siliciclastic inputs occur into the carbonate-dominated interval
(Frédet, 1987) (Figs 2A and 2B). Evidences of saline environments consist in gypsum and
anhydrite deposition, dominance of brackish-water molluscs and ostracod assemblages
(Roman, 1904) and the common occurrence of benthic foraminifera (Frédet, 1987).
Available paleogeographic reconstructions of Late Eocene times and geochemical data
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(Sissingh, 2001; 2006; Andeweg, 2002; Lettéron et al., 2017) suggest episodic
connections of the ASCI lake water with seawater-derived water bodies.
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Fig. 3. (A) Geological map of the study area (see location in Fig. 1B) and location of the outcrops along the D981 road.
BRGM 1/50 000 maps (Alés, Anduze). (B) Geological cross-section through the Saint-Chaptes syncline basin (see location
on Fig. 3A). The mammalian biostratigraphic control points are reported (Depéret, 1917; Remy 1985, 1994).

3. Methods and dataset

The studied outcrops are located in the north-western part of the St-Chaptes Basin,
along the D981 road, between Monteils and St-Hippolyte-de-Caton villages (Fig. 3). Four
sections were logged and compiled in Figure 4. Analytical methods are outlined below.
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3.1. Sedimentary petrography and analyses of biological components

Petrographic analyses were conducted both macroscopically and microscopically
on thin sections. Microscopic analyses have been performed with a Nikon Eclipse LV100
POL microscope, using conventional transmitted polarized light. Biological components
have been synthesized from published data and used for chronostratigraphic purposes or
paleoenvironmental and paleoclimatic reconstructions; these are spores and pollens
(Gruas-Cavagnetto, 1973; Ellenberger, 1980; Alabouvette et al., 1983), molluscs (Depéret,
1917; Alabouvette et al., 1983), charophytes (Feist-Castel, 1971) and mammals (Depéret,
1917, Rémy, 1985; Rémy, 1994; Rémy and Lesage, 2003). Additional observations from
the present database regarding molluscs, ostracods and benthic foraminifera have been
also integrated.

3.2. Major, minor and trace elements

Whole-rock elemental determinations of major (Al, Ca, Mg, Na, K, Ti, Fe, Mn, P, S in
percent) and minor elements (Mo, Cu, Pb, Zn, Ni, Co, As, U, Th, Sr, Cd, Sb, V, La, Cr, Ba, Sc,
Tl, Se, Ga, Ge, Rb, Sn, Zr, Y, Ce, Li in p.p.m. and Au, Ag, Hg in ppb) were carried out at
Bureau Veritas Commodities Canada Ltd., Vancouver, Canada. A total of thirty-six rock
samples (excluding blanks) were analyzed. The analyses were done by the inductively
coupled plasma mass spectrometry using a PerkinElmer ICP-MS ELAN® 9000
(PerkinElemer, Inc., Waltham, Massachusetts, USA) which was calibrated using Bureau
Veritas interlaboratory standards DS10 and Oreas 45Ea. Samples were pulverized to a fine
powder (~3.75 phi). Subsamples weighing ~1 gram were digested by using the AQ250
Ultra Trace Geochemical aqua regia (HNO3-HCI) package for two hours at 95°C. This
digestion is only partial for Cr and Ba-bearing minerals and some oxides of Al, Hf, Mn, Sn,
Ta and Zr. Volatilization may occur during fuming resulting in some loss of As and Sb. After
cooling and dilution with deionized water, samples were analyzed using laser ablation and
ICP-MS to determine the concentration of thirty-seven elements. Further details on the
detection limits for the geochemical analyses are provided in the online supplementary
material (Table A — Online Supplementary data).

3.3. Clay mineralogy by X-ray diffraction

A total of 18 samples were investigated for clay mineralogy using X-ray diffraction
(XRD). The international procedure described by Moore and Reynolds (1997) was used to
prepare the samples. X-ray diffractograms were performed on oriented mounts of non-
calcareous clay-sized particles (<2 um) after a gentle crush to obtain finely powdered rock,
decarbonation (0.2 N HCI), deflocculation by successive washing with distilled water and
extraction of the clay size fraction applying a Stockes law (1h35). For each sample, three
XRD runs were analyzed after: air-drying (AD), ethylene-glycol solvation (EG) and heating
at 490°C for two hours. Clay analyses were performed at the Biogeosciences Laboratory,
UMR 6282, CNRS Université Franche-Comté, Dijon, France. Diffractograms were obtained
using a Bruker D4 Endeavor diffractometer with CuKa radiations, LynxEye detector and Ni
filter, under a 40 kV voltage and a 25 mA intensity. The scanning range of the goniometer
is 2.5° to 28.5° 26. Relative proportions of each clay mineral species were calculated
according to the area of the basal (001) reflections (Moore and Reynolds, 1997) on the
three XRD diffractograms. Semi-quantification were achieved using the MacDiff 4.2.5
software (Petschick, 2000).

3.4. Stable carbon and oxygen isotopes
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A total of one hundred and five micro-powders of limestone were collected using a
Dremel micro-drill tool. Stable carbon and oxygen isotope analyses were carried out at the
Laboratory of Analytic Geochemistry of the Faculty of Earth Sciences at Utrecht University,
The Netherlands. Carbonate powders were reacted with 103% phosphoric acid at 70°C
using a Gasbench Il connected to a ThermoFinnigan Five Plus mass spectrometer (Thermo
Fisher Scientific). All values are reported in per mil relative to V-PDB by assigning a §"C
and 60 values of +1.95%. and -2.20%. to NBS19 and -46.6%. and -26.7%. to LSVEC,
respectively. Reproducibility and accuracy was monitored by replicate analyses of
laboratory standards calibrated to NBS19 and LSVEC.

4. Results
4.1. Review and synthesis of palynological data

A review and synthesis of published palynological data from the Saint-Chaptes
Basin (Gruas-Cavagnetto, 1973; Ellenberger, 1980; Alabouvette et al.,, 1983) has been
performed and integrated in the present work. Palynological data are available from the
whole section, except in the lowermost part. Two distinct floral assemblages can be
identified from the available database: the FLA1 floral assemblage characterizes the lower
part of the section (units U2 and U3), whereas the FLA2 floral assemblage has been
identified in its upper part (units U4 to U6) (Fig. 5). Gruas-Cavagnetto (1973), Ellenberger
(1980) and Alabouvette et al. (1983) identified 26 plant families, including pollens of
gymnosperms and angiosperms and also spores of Pteridophytes (ferns).
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Fig. 5. Synthesis of palynological data after Gruas-Cavagnetto (1973); Ellenberger (1980); and Alabouvette et al., (1983)
(A) and vertical distribution of molluscs after Depéret (1917) and Alabouvette et al. (1983) (B) in the Priabonian deposits

of the Saint-Chaptes Basin.
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4.1.1. Floral assemblage 1 (FLA1) — Units U2 and U3

Paleovegetational material of FLAT — Alabouvette et al., (1983) revealed a high
concentration of Pteridophyte spores in unit U2 (Polypodiaceae, Osmundaceae,
Gleicheniaceae). The hygrophilous flora was dominated by Schizaeaceae, closely related
to the extant Lygodium species. The same study revealed some aquatic or semi-aquatic
plants: Restionaceae (9%) and Sparganiaceae (2%). Spore concentration decreases from
around 69% in unit U2 to 21% in unit U3. In unit U3, Sapotaceae (18%) were identified in
association with some Sparganiaceae and/or Arecaceae (=Palmae) (14%). In units U2 and
U3, spores are generally dominant whereas pollens are relatively scarce. However, some
spore depleted samples revealed a lowland extra palustrine forests mainly composed by
Pinaceae (14 to 20%), tricolporate angiosperms (17 to 25%) and Fagaceae (9%).

Paleoenvironmental interpretation of the FLA1 floral assemblage — The abundance
and diversity of ferns are indicative of a range of wet habitats including riverbanks, swamp,
marsh or as understory in forests (Collinson, 2001; Kayseri-Ozer, 2013). Schizaeaceae have
a subtropical to tropical climatic distribution in contrast to the cosmopolitan dispersal of
Osmundaceae and Polypodiaceae (Kayseri-Ozer et al., 2014). Osmundaceae are
considered to characterize freshwater wetlands and swamps (Collinson, 2002) or
floodplain swamp forest under subtropical to warm temperate climate (Brown, 1962,
Tidwell and Parker 1987). Gleicheniaceae, Polypodiaceae and Schizaeaceae-Lygodium
assemblages characterize also swamp environments (Kayseri-Ozer, 2013). Modern
Lygodium are frequently assumed to be an epiphytic taxon colonizing pinaceae
(Collinson, 2002). Sapotaceae thrive in evergreen and deciduous mixed forest (Kayseri-
Ozer et al, 2014). Osmundaceae (semi-aquatic tree ferns), Polypodiaceae (mostly
epiphytic, or aquatic, or terrestrial fern), Gleicheniaceae (aquatic to semi-aquatic fern),
Schizaeaceae (climbing ferns) and Sparganiaceae (floating, aquatic to semi-aquatic
monocotyledons) from the Rupelian of Turkey are related to freshwater lowland forests
colonizing rivers and lake/swamp forests (Kayseri-Ozer, 2013, Kayseri-Ozer et al., 2014).
The fern communities may have grown at the margins of, or within the swamp forests.
Fagaceae, Pinaceae and tricolporate testify the development of evergreen and deciduous
mixed and coniferous extra palustrine forests as observed in the Rupelian coal-bearing
sediments of Turkey (Kayser-Ozer, 2013). Osmundaceae often formed peat resulting in
coal during the Mesozoic (Van Konijnenburg-Ban Cittert, 2002). The FLAT assemblage
from the Saint-Chaptes Basin is, therefore, interpreted to derive from a freshwater swampy
area surrounding by an extra-palustrine humid forest.

4.1.2. Floral assemblage 2 (FLA2) - Unit U4 to U6

Paleovegetational material of FLA2 floral assemblage — In contrast to units U2 and
U3, the concentration of spores founded in FLA2 is very low (2 to 3%). Pinaceae (Pinus)
and Taxodiaceae (Doliostrobus sternbergi) dominate the pollen assemblage (from 38 to
65%). Some Oleaceae (4 to 7%) and Aquifoliaceae (3 to 8%) with rarer Araliaceae are
minor components of FLA2 assemblage (Alabouvette et al., 1983).

Paleoenvironmental interpretation of the FLAZ2 floral assemblage — The FLA2 floral
assemblage reflects a retreat of the swamp area. The elevated proportions of conifer
pollens in FLA2 suggest drier substrate conditions compared to FLA1 (Alabouvette et al.,
1983). In the Paris Basin, a renewal of existing floras by conifers occurred during the Early-
Mid Priabonian (palynological zone 5 after Chateauneuf, 1980). As noted by Chateauneuf
(1980), tectonic and relief creation could have favored such a renewal. Schuler (1990)
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evidenced in the Upper Rhine Graben significant climate changes during the Priabonian
inferred from the vegetational changes: 1) Early Priabonian: dense evergreen, swamp and
monsoon forests; 2) Middle Priabonian: floristic assemblages characterizing drier
substrates; and 3) Late Priabonian: floristic assemblages with Pinaceae and microtherm
species corresponding to colder and more humid climates.

Table 1. Summary of the main carbonate lithofacies identified in the Lower Carbonate and Evaporite Formation (LCEF) of
the St-Chaptes Basin and associated paleoenvironmental interpretations.

Facies code Lithofacies Depositional environment Wetland systems Occurrences in units
Mixed terrigenous-carbonate  MTC1 Marlstone and argillaceous marlstone Perennial lake in profundal setting ~ Lacustrine U1, U2 and U6
lacustrine association (>10 m water depth)
MTC2 Quartz-rich peloidal River mouth in a shallow perennial  Lacustrine u2
packstones-grainstone lake
MTC3 Fine-to-medium grained sandstone to Subaqueous lacustrine delta shelf Lacustrine CSF
quartzose calcarenite
Salt lake carbonate association  SLC1 Platy, dark-grey marlstone and Perennial lake Lacustrine U5 and U6
calcareous marlstone
SLC2 Bivalve-ostracodal platy Perennial salt lake Lacustrine U5 and U6
mudstone-wackestone
SLC3 Carbonate mudstone with leached Evaporitic lake Lacustrine U4 and U6
gypsum
SLC4 Calcite raft-rich wackestone-packstone Sheltered shallow salt lake Lacustrine u3
SLCS Papyraceous argillaceous limestone Shallow-water mudflat Lacustrine us
SLC6 Peloidal packstone-grainstone Shallow-water lake margin Lacustrine U5 and U6
SLC7 Oncolitic-Molluscan grainstone-rudstone Lacustrine slopes, Lacustrine U6
marginal-profundal lake transition
SLC8 Laminated bindstone (stromatolites) Shallow-water salt lake margin Lacustrine u3
Floodplain/Palustrine P1 Lignites/organic-rich marlstone and clay ~ Fresh-water swamp Palustrine U2 and CSF
association P2 Silty clay with sideritic rhizocretions Flood-plain/fresh-water swamp Palustrine u2
P3 Brecciated-nodular and clotted-peloidal ~ Lake margin swamp Palustrine to lacustrine UG
limestone
P4 Thinly-bedded oncolitic-bioclastic Fluvial overbank in palustrine/flood  Palustrine to lacustrine U2
grainstone plain environment

4.2. Clay mineralogy

Clay mineral assemblages are mainly composed of RO type illite-smectite mixed-
layer (I/S RO) (20 to 94%) very close to smectite features (14.5-15 A for AD and 16.9-17.3 A
for EG) yet more or less well-crystallized and illite (6 to 42%) (Fig. 6). In the lower part of
the section (unit U1), the clay fraction evinces the only occurrence of palygorskite (up to
19%) while I/S RO are still dominant. It is worth mentioning that the first sample at the base
of the series displays the highest concentration of illite (42%) before decreasing to ~10%.
The interval above palygorskite occurrences (between 40 to 70 meters high, unit U2)
contains chlorite (up to 4%) followed-up by kaolinite (up to 8%). Then I/S RO and illite occur
from 70 to 220 meters (Units U3-6) with some traces of chlorite (<4%). The last 10 meters
of the succession (Unit CSF) exhibit the highest concentrations of chlorite (16 to 22%) and
kaolinite (16 to 23%). This kaolinite-chlorite clay assemblage appearance is associated with
lesser I/S RO (from ~90% to ~30%) and increased illite amount (from ~10% to ~34%).

4.3. Depositional facies and paleoenvironmental interpretations

The description of the carbonate facies is based on the modified Dunham
classification system (Dunham, 1962) clarified by Lokier and Junaibi (2016). The
supporting fabrics were thoroughly described. Fourteen lithofacies have been defined by
lithology, dominant texture, sediment constituents, bedding, sedimentary structures,
fossils and/or trace fossils (if present). The main sedimentological features and associated
biota of the depositional facies identified in the Priabonian succession from the Saint-
Chaptes Basin are summarized in Table 1. The complete lack of purely stenohaline biota,
the mixture of fresh-water and brackish-water mollusc fauna (Alabouvette et al., 1983), the
regular occurrence of characean gyrogonites and the presence of salinity-tolerant benthic
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Fig. 6. Synthesis of lithostratigraphy, clay mineralogy, stable isotopes (C and O), trace elements (Sr/Ca and Na/Ca),
biological markers of salinity and interpretations of the paleogeographic, paleoenvironmental and paleoclimatic evolution
of the Priabonian succession from the Saint-Chaptes Basin. Please refer to the detailed legend of Fig. 4 for the artwork
symbols of lithology, sedimentary and biological features. Abbreviations: CSF — Célas sandstone formation, DSS — deltaic
silicilastic system.

foraminifera (e.g. Frédet, 1987) over the whole studied interval suggest non-marine
environments of variable salinity. Lithofacies were grouped into three facies associations:
1) mixed terrigenous-carbonate lacustrine association; 2) salt lake carbonate association;
and 3) palustrine association. They are defined in this section and then attributed to
depositional settings on the basis of their elementary constituent, vertical stacking, lateral
facies change and overall geometry.

4.3.1. Mixed terrigenous-carbonate lacustrine association

Facies MTC1: marlstone and argillaceous marlstone

Whitish to greyish marlstones and argillaceous marlstones are common in units U1,
U2 and U6 (e.g. Fig. 7A). The carbonate content ranges from 25 to 50% and the clay
fraction is dominated by I/S RO (80 to 90%) with minor proportions of illite (<10%).
Palygorskite is present in unit U1 (Fig. 6). The micro and macrofauna is extremely rare in
this facies. Rare gastropods are present in unit UT. MTC1 intervals are generally massive or
organized into decimeter thick beds.
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Fig. 7. Units U2 and U3: Macroscopic sedimentary features: (A) SITE 1 outcrop (northern side of the D981 road) showing
Unit U2 and base of Unit U3 deposits. (B) Wave-formed structures in quartz-rich peloidal packstone-grainstone (MTC2
facies). (C) Alternation of cm-dm thick beds of fine-grained quartz-rich peloidal grainstone (MTC2) and marlstone (MTC1);
the dashed line indicates the erosive nature of some MTC2 beds. (D) SITE 1 outcrop (southern side of the D981 road, the
dashed line highlights the boundary between the soft mixed terrigenous-carbonate unit U2 and the massive carbonate unit
U3; lignite beds are indicated (L). (E and F) Smooth wavy laminae and cauliflower-like structure at the top of a bindstone
limestone bed (SLC8 facies). (G) Bindstone showing pustular laminae (facies SLC8). (H) Soft sideritic layer from the
uppermost part of the unit U2.
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Fig. 8. Thin-section photomicrographs. (A) Fine-grained quartz-rich peloidal packstone-grainstone (facies MTC2). (B)
Foraminifera-ostracodal mudstone-wackestone (facies SLC2), white arrows show small benthic foraminifera. (C)
Homogeneous micrite with sparse, leached gypsum crystals (facies SLC3). (D) Wackestone-packstone containing various
proportions of subcylindrical calcitic crusts generally composed of one layer of equigranular calcite (facies SLC4). (E)
Packstone with flat, random length, microcrystalline, equigranular calcite rafts (facies SLC4). (F) Well-sorted, peloidal
micrograinstone (facies SLC6), note the intergranular porosity occluded by sparry, blocky calcite. (G) Poorly sorted oncolitic
grainstone (facies P4). (H) Micritic laminae draping characean gyroponites characteristic of laminated bindstone texture
(facies SLC8). (1) Fine-grained Qz-sandstones with abundant micritic grains (peloids) and devoid of intergranular cement
(facies MTC3).

Paleoenvironmental interpretation — The lack of subaerial exposure features
(desiccation, pedogenesis) within MTC1 facies suggests a deposition in a perennial water
body. The scarcity of biological elements may be related to profundal lake setting (>10 m
water depth) or to unfavorable conditions for benthos development (low oxygenation, low
nutrient supply and/or variable salinity).
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Facies MTC2: Quartz-rich peloidal packstone-grainstone

MTC2 facies is reported from the lower part of unit U2 only. It consists of a mixture
of carbonate allochems (dominantly peloids with rarer ostracods and molluscs) and very
fine to fine-grained quartz particles (up to 25%) that are set in a matrix made of carbonate
silt particles, micrite and clays (Fig. 8A). The clay fraction is dominantly composed of I/S RO
type (~ 80%) with minor proportions of illite (? to 17%), kaolinite (<8%) and chlorite (<5%).
The carbonate content typically ranges from 60 to 70%. MTC2 deposits are organized into
decimeter thick strata displaying symmetric ripple structures with smooth edges that are
attributed to wave-related structures (Fig. 7G). MTC2 deposits are interbedded within
MTC1 marlstones and argillaceous marlstones. More rarely, some beds exhibit an erosive
base (Fig. 7C).

Paleoenvironmental interpretation — The lack of subaerial exposure evidence within
MTC2 intervals suggests a deposition in a perennial subaqueous environment. The high
content in sand-sized quartz particles suggests the vicinity of a river mouth. The wave-
formed structures suggest a shallow-water environments subject to surface wave action.

Facies MTC3: Fine-to-medium grained sandstones to quartzose calcarenite

Facies MTC3 corresponds to the basal deposits of the Célas Sandstone Formation
(CSF) in the Saint-Chaptes Basin. It consists of 1 to 10 cm-thick flat-based beds of fine-to-
medium grained sandstones or quartzose calcarenites interbedded within silty marlstones.
Allochems are essentially composed of quartz grains (40 to 60%) and calcitic peloids (40
to 60%). Abundant macroporosity indicates minor cementation or, by contrast, intense
dissolution (Fig. 8l), rock cohesion is mainly due to compaction. MTC3 deposits are usually
cross-bedded and the top of the beds often exhibits asymmetric ripples.

Paleoenvironmental interpretation — The lack of subaerial exposure evidence within
MTC3 along with its association with silty marls suggest a deposition in a perennial
subaqueous environment. The occurrence of thin beds of cross-bedded sandstone or
quartzose calcarenite within profundal silty marl deposits may suggest an export by fluvial
currents of sand material from the lake margin area toward the toe of a lacustrine delta.

4.3.2. Salt lake carbonate association

SLC1 facies: Platy dark-grey marlstone and calcareous marlstone

Platy dark grey marlstones and calcareous marlstones are common in the units U5
and U6 (e.g. SITE 3 - Figs 9B and 9C). The carbonate content ranges from 50 to 75% and
the clay fraction is dominated by interstratified 1/S/R0 (80 to 90%) with minor proportions
of illite (10 to 20%) (Fig. 6). They consist of thinly-bedded mudstones with mm to cm-thick
beds with planar laminations and flat surfaces (Fig. 9C). Planar laminations are commonly
underlined by variations in organic-matter content. Well-preserved fossil fishes are
common, as well as coaly plant remains. Molluscs are rare and mainly consist of small-
sized bivalves (Polymesoda).

Paleoenvironmental interpretation — The lack of subaerial exposure evidence
associated to well-preserved laminae suggest a deposition in a subaqueous, low
hydrodynamism environment. The occurrence, although rare, of bivalves such as
Polymesoda suggests relatively shallow water-depths (<10 m: Morton, 1983) in brackish-
water conditions (Esu and Girotti, 2010). The preservation of organic matter suggests
relatively poorly-oxygenated waters. The water salinity and low-oxygen conditions, rather
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Fig. 9. (A) Alternating mudstone-peloidal packstone and laminae with fine-grained dissolved gypsum crystals (facies SLC3).
(B) SITE 3 outcrop showing the upper part of unit U5. (C) Bivalve-ostracodal, platy mudstone-wackstone (facies SLC2). (D)
Macroscopic aspect of laminations within papyraceous argillaceous limestones (facies SLC5). (E) SITE 3 outcrop (lower part
of unit U5), within papyraceous argillaceous limestones. (F) Shrinkage cracks on the surface of papyraceous limestones (see
location on Fig. 9H). (G) Detail of coarse-grained poorly sorted, oncolitic-bioclastic grainstone-rudstone (facies SLC7)
laminae within silty marlstones. (H) Alternating beds of oncolitic-bioclastic grainstone-rudstone (SLC7 facies) within
marlstones (MTC1).

than water-depth, are likely responsible for the lack of bioturbation and limited benthos
on the lake bottom (Gierlowski-Kordesch and Rust, 1994).

SLC2 facies: Bivalve-ostracodal platy mudstone-wackestone

Bivalve-ostracodal platy mudstones are common in units U5 and Ué. The carbonate
content is high (>90%) and it consists of a mudstone to wackestone with bivalves
(Polymesoda), ostracods and benthic foraminifera (Fig. 8B). Centimeter-thick beds devoid
of internal lamination characterize the latter deposits. Their whitish color suggests a very
low organic-matter content. The gastropod Potamides may occur in SLC2 limestones.
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SLC2 facies may form up to 10 m-thick intervals interbedded within peloidal grainstone
(SLC6).

Paleoenvironmental interpretation — As for the SLC1 facies, the lack of subaerial
exposure evidence (desiccation, pedogenesis) and the monotonous, regularly-bedded
succession of platy limestones in SLC2 intervals are indicative of perennial subaqueous
environments. The common and regular occurrence of benthic foraminifera as well as the
Potamides-Polymesoda molluscan assemblage, are indicative of brackish, oligo-
mesohaline waters (Daley, 1972). In addition, Polymesoda needs water temperatures
between 18°C and 32°C (Morton, 1983). The relative abundance of the biota and the poor
preservation of organic-matter suggest well-oxygenated waters. The low clay content
compared to SLC1 facies could be related to higher rates of carbonate mud production or
a lowering in detrital input. As a result, SLC2 facies seemingly deposited in a saline
(dominantly oligo-mesohaline) perennial lake, in warm (>18°C), well-oxygenated and
shallow (<10 m) waters.

SLC3 Facies: Carbonate mudstone with leached gypsum

SLC3 facies occurs in unit U4 and at the top of unit U6. It consists of alternating
laminated carbonate mudstone and peloidal (fecal pellets) grainstones (carbonate content
>80%) with rare ostracods and comprising up to 1 cm-thick layers of lenticular-tabular
gypsum (dissolved lenses from 0.1 to 2 mm length) (Fig. 9A). Gypsum crystal are
embedded within a homogeneous micrite with rare ostracods (Fig. 8C). The dissolution
voids after gypsum dissolution may remain empty, filled with sparry calcite or micrite
cements. Dark, organic matter-rich laminae are common in SLC3 facies.

Paleoenvironmental interpretation — The biological content dominated by
ostracods, the lack of exposure evidence and the common association with peloidal
grainstones (fecal pellets) suggest a shallow, perennial water body. Lens-shaped gypsum
is commonly reported from soil environments (Cody, 1979), the absence of mudcracks
and desiccation features within the sediment, suggest a subaqueous formation of the
gypsum in a hypersaline lake environment rather than in intertidal or subaerial
environments (Playa et al., 2007; Mees et al., 2012). The wavy morphology of the micritic
laminae overlying the gypsum layers could be related to the draping of the uneven top
gypsum surface but may also reflect displacive deformation due to gypsum growth within
the sediment. Early gypsum formation within muddy sediments below the sediment-water
interface has been reported in modern mesohaline coastal salt lakes from the south of
France (Lévy, 1972). Thus, the SLC3 facies likely deposited in a shallow perennial lake
under evaporitic conditions.

SLC4 facies: Calcite raft wackestone-packstone

It consists of mud-rich carbonate deposits comprising various proportions of
crystalline flakes (Figs 8D and 8E), ostracods and small benthic foraminifera. This facies
were only found in unit U3. They are organized into decimeter thick isopachous beds of
tight limestones (Fig. 7D). Subhorizontal, slightly wavy cryptolaminations (commonly infra-
millimetric) are common. Flat crystalline flakes have been described as calcite rafts (Folk et
al., 1985; Pentecost and Viles, 1994; Taylor et al., 2004; Gandin and Capezzuoli, 2014),
paper-thin rafts (e.g. Guo and Riding, 1998) or floating mats (Archer et al., 1989). Calcite
rafts (Folk et al., 1985; Guo and Riding, 1998; Gandin and Capezzuoli, 2014) are made of a
micrite film in the center, lined on one or both surfaces by microcrystalline, equigranular
calcite (Fig. 8E). SLC4 facies may also contain various proportions of subcylindrical calcitic
crusts generally composed of one layer of equigranular calcite of similar morphology as
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the ones of calcitic rafts (Fig. 8D). Such structures likely represent calcitic encrustations
around macrophytes (e.g. Guo and Riding, 1998). Oncoids are also common within calcite
raft wackestone-packstone. The cortex of the oncoids typically displays filamentous
structures. The associated molluscan assemblage is dominated by the gastropod
Potamides aporoschema.

Paleoenvironmental interpretation — Calcite rafts are predominant in sheltered
environments with standing-water conditions, in area with marked dry and wet seasons
(Taylor et al., 2004). Rafts are well known from thermal and non-thermal waters: cave pool,
lake shorelines when the lake water pH increases, standing-water conditions in fluvial
systems and hot spring pools (Folk et al., 1985; Taylor et al., 2004). They precipitated at
the surface of carbonate-rich stagnant water bodies where degassing of CO, and/or
evaporation occurs (Folk et al., 1985; Gandin and Capezzuoli, 2014). Calcite rafts are
commonly broken and tilted by hydrodynamism induced by several sources of turbulence,
such as biological activity, currents or wind and/or by the pressure exert by gas bubbles
on the solid crystalline plates (Gandin and Capezzuoli, 2014). Brackish-water conditions
are suggested by the common occurrence of benthic foraminifera and further
documented by the gastropod Potamides indicative of saline-water environments
(Macpherson and Gabriel, 1962; Plaziat, 1993; Kowalke, 2006).

SLC5 facies: Papyraceous argillaceous limestone

SLC5 facies occurs in unit U5 (SITE 2 - Fig. 9D). It consists of very thinly-laminated
(~0.1 mm) argillaceous mudstones (carbonate content: 75 to 90%) commonly affected by
desiccation cracks (Figs 9E and 9F). In such papyraceous argillaceous limestones, well-
preserved fossil fishes are common as well as insects together with the gastropod
Potamides aporoschema.

Paleoenvironmental interpretation — The common and regular occurrence of
desiccation cracks within SLC5 deposits suggests a deposition in a very shallow lake
margin prone to repeated subaerial exposition. The preservation of desiccation cracks and
the lack of pedogenic features within the papyraceous deposits are indicative of short-
term (seasonal?) exposures in a relatively dry climatic setting. Modern descendants of the
fish Hemitrichas usually live in brackish to hypersaline waters but their dominance
pinpoints temporary hypersaline conditions consistent with a dry climate and significant
seasonal evaporation (Reichenbacher, 2004).

SLCé facies: Peloidal packstone-grainstone

It consists of a packstone-grainstone with abundant peloids, rare ostracods and
benthic foraminifera (Fig. 8F), forming massive 10 to 20 cm thick beds, devoid of
significant sedimentary structure. Peloidal packstone-grainstone are common in units U5
and U6 and are commonly found alternating with bivalve-ostracodal mudstones (SLC2).
The mollusc fauna is dominated by the Potamides-Polymesoda association. Peloids do not
show evidences of significant mechanical or chemical compaction. Their respective
uniformity (shape and size) strongly suggests a fecal origin (fecal pellets) (e.g. Freytet and
Verrecchia, 2002) (Fig. 8F). The intergranular porosity is generally entirely occluded by
sparry (blocky) calcite cements or by micrite matrix.

Paleoenvironmental interpretation — As for SLC1 facies, the lack of subaerial
exposure evidence (desiccation, pedogenesis) and their association with the platy
limestones SLC2 suggest a deposition in a perennial water body. The common occurrence
of benthic foraminifera as well as the Potamides-Polymesoda molluscan assemblage are
indicative of warm, shallow, oligo-mesohaline waters (Daley, 1972; Morton, 1983). As for
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SLC2 facies, the poor preservation of organic-matter suggest well-oxygenated waters.
Lacustrine calcitic fecal pellets are commonly interpreted to be produced by crustaceans
(Finkelstein et al., 1999) but they are also known to be formed by worms or gastropods
(Fltgel, 2010). The common grainstone texture of SLC6 facies may not be related to high
energy conditions but rather to the development of dense populations of pellet-
producing organisms. SLCé facies presumably occured in a salt (dominantly oligo-
mesohaline) perennial lake, in warm (>18°C), well-oxygenated and shallow (<10 m)
waters.

SLC7 facies: Oncolitic-molluscan grainstone-rudstone

It is documented in unit U6 as decimeter-to meter thick crudely-laminated beds
(Fig. 9H) intercalated within profundal lacustrine marlstones and argillaceous platy
limestones (MTC1 and SLC1 facies) commonly displaying gravity-related structures. The
base of the oncolitic beds is erosive. Oncoids are generally coarse-grained (typically 1 to 5
mm in diameter) and the nuclei generally consist of mollusc fragments (Fig. 9G). The
cortex is made of continuous and relatively isopachous micrite laminae.

Paleoenvironmental interpretation - Lacustrine oncoids are known to be
characteristically concentrated in shallow, nearshore areas with moderate wave or current
agitation and where detrital or shell material is available to form the nuclei (Hargrave et al.,
2014; Lanes and Palma, 1998). The occurrence of thin oncoid-rich beds within profundal
lacustrine deposits may be interpreted as being related to an export of the oncoids that
formed in the shallow lake margin into the deep lake. The erosive base of the beds and
the presence of slumps in the embedding marls suggest that the oncoids have filled slope
gullies at the transition between the shallow lake margins and profundal lake
environments.

SLCS8 facies: Laminated bindstone (stromatolites)

This facies has been defined as laminated limestones with bindstone texture that
are dominantly made of sub-horizontal, wavy, clotted peloidal micrite laminae (100 um to
1 mm thick) alternating with variably continuous microsparite to sparite laminae (up to 0.5
mm thick). In the Saint-Chaptes Basin, laminated bindstones exhibit exclusively low-relief,
planar morphologies. Dessication cracks are common. Wavy micritic laminae are
commonly found draping mollusc shells, ostracods or characean gyrogonites (Fig. 8H).
Two distinct morphologies of laminae have been evidenced: smooth wavy laminae in unit
Ué or pustular laminae in unit U3 (Figs 7E and 7F). The microbial origin of such laminae is
suggested by small-scale corrugations and by preferential thickening over small
irregularities of the substrate. Characean thalli and molluscs (Potamides, Polymesoda,
Galba) are commonly associated with laminated bindstones.

Paleoenvironmental interpretation — Planar-laminated bindstones (stromatolites)
are indicative of very shallow-water environments (e.g. Wattine et al., 2003). The shallow-
water conditions for planar-laminated bindstone deposition (probably less than a few
meters) is supported by the molluscan assemblage and by the abundance of characean
gyrogonites and thalli. Stromatolites are reported from freshwater to hypersaline lakes
(e.g. Talbot and Allen, 1996). The brackish-water affinity of the molluscan assemblage
suggests, therefore, deposition in the very shallow (less than few meters) margins of a salt
lake.
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4.3.3. Flood-plain and palustrine association

P1 facies: Lignite/organic-rich marlstone and clay

Depending on the concentration of organic matter, the lithology varies from lignite
to organic-rich marlstones whose contact is typically transitional (Fig. 7D). The lignite-
bearing strata are organized into decimeter-thick, massive or parallel laminated beds.
Root traces are common in lignite beds and organic-rich marlstones and clays. Organic-
rich marlstones contain a variable proportion of macro- and microfossils including fresh-
water gastropods with preserved aragonite (Galba, Planorbis), ostracods, charophytes,
phytoclasts, vertebrate remains and rare foraminifera. Three significant lignite intervals
occur in the Saint-Chaptes Basin: 1) in the topmost part of the unit U2 (2.2 m at Mas de la
Bastide mine); 2) in the topmost part of the unit U3 (Serre de Cauvel Unit, ~1 m); and 3) at
the bottompart of the unit U6 (~1 m). Lignites are composed of water (17.9 to 24.5%),
plant material (34 to 34.8%), ashes (6.4 to 11.5%), fixed carbon (31 to 34.5%) and sulfur
(5.8 to 6.8%) (Alabouvette et al., 1983).

Paleoenvironmental interpretation — Lignites result from the accumulation of
organic matter in anoxic conditions. Parallel laminations suggest a low-energy
depositional environment (e.g. coastal marsh; Samanta et al., 2016). Such an interpretation
is also supported by the common occurrence of pedogenic features (root traces) within or
above the lignite beds.

P2 facies: Silty clay with sideritic rhizocretions

Decimeter to meter thick beds of silty clay with sideritic rhizoconcretions are
interbedded within the lignite/organic-rich marlstones (P1) in the upper part of unit U2
(Figs 7D and 7B). P2 facies is characterized by the occurrence of reddish-orange colored
sideritic concretions (Fig. 7B). Two types of concretions have been identified: 1) scattered,
large (up to 15 cm wide), friable and irregular to subcylindrical nodular concretions,
preferentially vertically-oriented; and 2) narrow (<2 cm width), elongated (up to 15 cm
long) vertical structures with central moulds. Vertical concretions are randomly spreading
within the silty clays, typically above the friable nodular concretions.

Paleoenvironmental interpretation — The association of nodular and cylindrical
concretions with hollow center is commonly associated with root-related features, formed
in suboxic meteoric phreatic zone (Bojanowski et al., 2015). The roots penetrateddeeply
into a waterlogged soil. Sideritic beds have been associated to backswamp paludal
deposits close to meandering streams in an alluvial floodplain with frequent overflows
(Tidwell and Parker, 1987).

Facies P3: Brecciated-nodular and clotted-peloidal limestone

This facies corresponds to limestones with breccia-like texture and is characterized
by the occurrence of the following features: 1) nodular fabrics; 2) clotted fabrics with
micritic peloids; 3) grains coated by micrite; and 4) wrinkled microcracks. Root traces are
also commonly observed in facies P3. Two dominant textures are identified: brecciated-
nodular limestones and clotted-peloidal limestones. Brecciated-nodular limestones are
carbonate microbreccias with poorly sorted (10 to 1000 pm), angular to subangular
micritic elements set within a micritic matrix or cemented by sparry (blocky) calcite
cements, exhibiting common root traces and wrinkled microcracks. Clotted-peloidal
limestones are wackestone to packstone with subrounded micritic peloids (50 to 100 pm
in diameter) and coated intraclasts. Circumgranular cracks are common around intraclasts.
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Paleoenvironmental interpretation — The brecciated-nodular and clotted-peloidal
textures are known to characterize a typical facies association of palustrine environments
at the margin of shallow lakes with fluctuating lake level (Freytet, 1973). The clotted-
peloidal texture is generally assigned to a more advance degree of pedogenic
transformations compared to the brecciated-nodular limestones (Armenteros et al., 1997).
The development of palustrine carbonates is known to mainly characterize semi-arid to
subhumid environments (Alonso-Zarza, 2003).

P4 facies: Thinly-bedded oncolitic-bioclastic grainstone

It consists of poorly sorted grainstones to rudstones with oncoids (0.1 to 5 mm in
diameter), molluscs, ostracods and benthic foraminifera (miliolids and textulariids). It
occurs in units U2 as decimeter thick lenticular beds (lense lateral extension <100 m)
interbedded within organic-rich silty marlstones with root traces (P1 facies). No erosional
feature is present at the base of the oncoid-rich beds. Oncoids are generally small-sized
(<2 mm) and the nucleus of the oncoids is generally not preserved and occurs as molds
(Fig. 8G). The rounded sections of the nucleus and the elongated shape of most of the
oncoids suggest that the cortex developed around plant stems. The cortex is generally
made of regular, continuous, relatively isopachous micrite laminae.

Paleoenvironmental interpretation — Oncoid morphology is strongly influenced by
the hydrodynamic settings. Oncoids with continuous micrite layers are indicative of
incessant wave activity or agitated conditions (Dahanayake, 1977; Lanés and Palma, 1998).
The grainstone texture also support agitated waters. The occurrence of thin, non-erosive-
based, oncoid-rich lenses within palustrine/flood plain deposits may be interpreted as
being related to overbank processes that caused the spread and accumulation of fluvial
oncoids over the floodplain (Arenas et al., 2007). However, the common occurrence of
well-preserved benthic foraminifera suggests an influence of lacustrine salt water during
deposition of oncoid-rich beds.

4.4. Elemental and isotopic geochemistry
4.4.1. Carbon and oxygen stable isotopes

Geochemical data including carbon and oxygen stable isotopes have been
reported in the Table B. In order to extract the primary paleoenvironmental signal of bulk
rock carbon and oxygen isotope measurements from the diagenetic overprint, the rock
samples have been classified into four diagenetic classes: 1) samples devoid of pedogenic
overprint and with low (<5%) sparry calcite cement content and no micrite cement (class 1);
2) samples devoid of pedogenic overprint and with high sparry calcite cement content
(class II); 3) samples with pedogenic features such as root traces, brecciation, grain
micritization, pervasive microsparitization/sparitization (class Ill); and 4) samples with
microsparitic calcite infilling intergranular pore spaces (class V).

In the unit U1 (Fig. 10A), basal limestones (Euzet vertebrate-rich horizon - EUZ
sample in Figure 4) belong to diagenetic class Il (pedogenic carbonates) and exhibit
highly negative 3"* CV-PDB values (from -3.46 to -4.84%.) with §'"®0OV-PDB values ranging
from -4.94 to -5.35%.. Overlying silty marls (diagenetic class I) exhibit strong variations in
8'®OV-PDB (from -4.09 to +0.89%.) whereas "> CV-PDB remains negative and display low
fluctuations (from -1.58 to -2.65%).
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Fig. 10. Stable carbon (6 *CV-PDB) and oxygen (6 "®*OV-PDB) isotope cross-plots: (A) unit U1, (B) units U2 and U3, (C) units
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In the unit U2, all measured samples correspond to quartz-rich peloidal-oncoidal
packstone (facies MTC2) belonging to the diagenetic class | (Table B). The §'*CV-PDB is
mostly positive and exhibits very low variations (from -0.03 to +0.71%.) whereas the §'*OV-
PDB ranges from -3.98 to -2.50%. (Fig. 10B).

In the unit U3, class | samples (SLC4 facies: calcite raft-rich packstone) display
negative to moderately positive §"*CV-PDB values (from -2.20 to +0.32%.) and a highly
negative §8'®*0OV-PDB (-4.95 to -2.88%.). Stromatolitic limestones (SLC8 facies) with
significant sparry calcite cementation (class Il samples) are significantly depleted in *C and
80O compared to class | samples, with 33 CV-PDB values ranging from -1.93 to -2.77%. and
8'®OV-PDB values ranging from -5.16 to -6.29%. (Table B).
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Fig. 11. Vertical distribution of the abundance
of the main elements through the Priabonian
section of the Saint-Chaptes Basin. Values were
determined by ICP-MS analyses and expressed
in part per million (ppm) or in percent (%).

The carbon and oxygen isotope
signature of the units U4 contrasts sharply with
that of the other units (Fig. 10Q).

Measurements in unit U4 indicate a strong
depletion in *C with §'*CV-PDB values ranging

from -2.67 to -4.76% (Table B). The
corresponding interval has the following
characteristics: 1)  carbonates  contain

significant proportion of calcitic microsparitic
infilling partly or entirely the intergranular
space of peloidal sands (diagenetic class IV);
2) mudstones are rich in dark, organic matter-
rich laminae; and 3) leached lense-shaped
gypsum crystal are common. §'®*OV-PDB
values of unit U4 samples are negative and
range from -3.34 to -4.26%. (Table B).

In the unit U5, the isotopic signature of
carbonates is characterized by an apparent
covariant trend between §"CV-PDB and
8'®0OV-PDB (Fig. 10C). Class | samples (SLC2
molluscan-ostracodal mudstone and SLC5
papyraceous argillaceous mudstone) exhibit a
relatively narrow range of positive §"*CV-PDB
(from +0.69 to +1.80%.) whereas & '*OV-PDB is
highly variable (from -6.53 to -0.84%.). The
most 'O enriched values correspond to
papyraceous argillaceous mudstone (8'®0OV-
PDB: -3.21 to -0.84%.) whereas molluscan-
ostracodal mudstone are mostly O depleted
(8'®0OV-PDB: -5.84 to -2.23%.). Diagenetic class
Il samples from unit U5 mainly consist of
peloidal grainstones (facies SLC6) whose
intergranular pore space is entirely occluded
by sparry calcite cement. Class Il samples are
BC and 0O depleted compared to class |
samples from the same unit (5 *CV-PDB: -0.19
to +0.81%o; '®*OV-PDB: -6.53 to -3.51%o).

In the unit U6 (Fig. 10D), class | samples
include  molluscan-ostracodal  mudstones
(SLC2 facies) and silty marlstones (MTC3). In
contrast to unit U5, class | samples exhibit
negative §"CV-PDB values (from -0.32 to -
0.61%o) and low variations in 8'®OV-PDB (from
-3.12 to -4.36%o0). Samples with high content in
sparry calcite cement (class ) are significantly
depleted in O (3'®0OV-PDB: -7.50 to -3.61%o)
whereas  8"CV-PDB  remain moderately
negative (from -1.83 to 0.00%).
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4.4.2. Major, minor and trace elements

As illustrated on Figure 11, a strong correlation exists with the vertical variations of
the K, Al, Fe, Th, Ni, Zn, V, Cr and Mg element concentrations. Maximum values are
observed in the terrigenous-rich intervals (clay and/or quartz-rich deposits from units U1,
U2 and Ué6). Abundance of Fe, K, Al and Mg exhibits strong positive correlations with
Pearson indices ranging from 0.704 to 0.994 (Fig. 12 and Table 2). In contrast, Ca
negatively correlates (Fig. 12B and Table 2) with Fe, K, Al and Mg (Pearson indices: -0.785
to -0.920). Finally the abundance of Na is not significantly correlated with that of Fe, K, Al
and Mg (Fig. 12D and Table 2).

Table 2. Pearson correlation coefficients between all pair of geochemical elements (Al, Fe, Mg, Ca, K and Na).

N=28 Al Fe Mg Ca K Na
Al 1 0.927 0.744 —0.901 0.994 0.011
Fe 0.927 1 0.708 —0.920 0.904 —0.135
Mg 0.744 0.708 1 —0.785 0.704 —0.011
Ca —0.901 —0.920 —0.785 1 —0.873 0.210
K 0.994 0.904 0.704 —0.873 1 0.034
Na —0.011 —0.135 —0.110 0.210 0.034 1
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Fig. 12. Cross-plots of elemental concentrations after ICP-MS analyses: (A) Fe vs Al; (B) Ca vs Al, (C) K vs Al; (D) Na vs Al;
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plot.
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Fig. 13. Cross-plots of selected trace-element concentration as a function of Al and Ca abundance respectively: (A and B))

Zn; (C and D) Th; (E and F) Cr; (G and H) V: (I and J) Sr; (K and L) Mn.
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As illustrated on Figure 13, the abundance of selected trace elements including Zn,
Th, Cr, and V displays strong positive correlation with Al content (Pearson indices: from
0.942 to 0.995), and strong negative correlation with Ca content (Pearson indices: from -
0.911 to -0.934). In contrast, Sr and Mn do not show significant correlation with Al and Ca
(Figs 131, 13J, 13K and 13L). The strong negative correlation between Al and Ca and the
low deviation from the linear regression (Fig. 12B) is indicative of a mixture between
terrigenous material and carbonate formed into the lake. The low Mg content (<3.68%)
over the whole section confirms the absence or scarcity of dolomite in the Saint-Chaptes
Priabonian carbonate deposits.

In addition, no preserved sulfate mineral has been identified either in the field or in
thin-sections (only molds after gypsum crystal dissolution are present) and sulfur
concentrations are always very low (<0.72%). As a consequence the analyzed elements
have been grouped into two main classes (Fig. 11) these are: 1) class El1containing
terrigenous-related-elements (K, Al, Fe, Th, Ni, Zn, V, Cr and Mg); and 2) class E2
containing carbonate-related elements (Ca, Na, Sr and Mn). As suggested by clay
assemblage analyses Al, Fe, Mg and K are probably related to I/S RO and illite. The
concentration of calcium is therefore considered as being related to the calcite content.

Since no positive correlation is evidenced between Sr and terrigenous element
content (Fig. 11), the Sr may be related to: 1) an incorporation into calcite or aragonite
(replacement of Ca); 2) an incorporation into calcium sulfates (replacement of Ca); and 3)
the presence of celestine (SrSO4). The general scarcity of preserved sulfur (<0.72%) and
the lack of significant correlation between Sr and S content (Fig. 12F), strongly suggest
that strontium is mostly related to the carbonate fraction. Since aragonite (mollusc shells)
is only preserved from few clay-rich intervals (in units U1 and U2), the Sr/Ca ratio
calculated from trace element analyses from units U3 to U6 is therefore considered as
representing the Sr/Ca of calcite. Sr/Ca in calcite depends on the water-contained Sr/Ca
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remained low to moderate and probably did not affect significantly the distribution
coefficient of the Sr/Ca ratio. By contrast, although poorly preserved, sulfates were present
at high concentrations in the Saint-Chaptes Basin, as indicated by the gypsum relics from
units U4 and Ué. As a consequence, potential control of sulfate concentration must be
considered in the interpretation of measured Sr/Ca from carbonate rocks in evaporitic
intervals.

Sodium may be related to adsorption on calcite crystals, Na-bearing clays and Na-
bearing feldspars. In the Priabonian succession of the Saint-Chaptes Basin, XRD analyses
revealed that, only interstratified smectite-illite (IS RO) may potentially represent a source
of sodium in the clay fraction of the sediment and their proportion display low variations
from unit U2 to unit U6 (70 to 94%). Clays and feldspars are unlikely to represent a
significant source for sodium in the studied samples from unit U2 to the CSF since: 1) no
positive correlation is evidenced between sodium and terrigenous content in limestones
and argillaceous/silty limestones (Fig. 11); and 2) Na/Ca is significantly lower in the most
terrigenous intervals (unit U2 and CSF) than in the unit U3 limestones (Fig. 12). However,
although the influence of sodium from non-carbonate minerals is still possible in a few
samples, it can be argued that a low Na/Ca in a bulk carbonate rock indicates that
carbonate minerals formed from a water containing little sodium or have been re-
equilibrated with a sodium-poor solution (Land and Hoops, 1973). In order to reduce the
uncertainly related to a potential diagenetic alteration of the initial carbonate Na/Ca and
Sr/Ca ratios, only values for diagenetic class | samples have been considered for lake
chemistry reconstructions (Fig. 14).

4.5. Diagenetic features

The Priabonian limestones from the Saint-Chaptes Basin have undergone various
phases of diagenetic transformations including: 1) selective dissolution of gypsum and
aragonite (mollusc shells); 2) sparry calcite cementation; 3) microcrystalline cementation;
and 4) pedogenesis.

g S\ R » : 0.3 mm |

Fig. 15. Thin-section photomicrographs illustrating the main diagenetic features. (A) moldic pores after leaching of
lenticular gypsum crystals within mudstone deposits (facies SLC3). (B) Mosaic to drusy blocky calcite cementation
occluding the intergranular space of a well sorted peloidal grainstone (SLC6 facies). (C) Sparry calcite cement (C2) within
a moldic pore resulting from the dissolution of an aragonitic gastropod shell. (D) Anisopachous fringes of bladed calcite
cements (C1 cement) within an oncolitic grainstone. (E) Calcite microspar infilling the intergranular space of a peloidal
grainstone. (F) Brecciated-nodular texture with clotted peloids interpreted as resulting from pedogenic processes.
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4.5.1. Dissolution features

Dissolution features are widespread in the whole section. Dissolution selectively
affects gypsum crystals (Fig. 15A) disseminated in limestones (in units U4 and Ué) and
mollusc aragonite shells. By contrast, aragonitic shells are usually well preserved in clay-
rich intervals (e.g. in palustrine marlstones from unit U2). Calcitic bioclasts (benthic
foraminifera, ostracods and characean gyrogonites) are generally well preserved except in
pedogenic horizons.

4.5.2. Sparry calcite cementation

The formation of calcite spars occurs in the intergranular pore space of peloidal
grainstones (SLCé facies - Fig. 15B) and oncolitic-bioclastic grainstones-rudstones (SLC7
facies), in the fenestral pores of the stromatolitic limestones (facies SLC8) and within
moldic and intraskeletal pores or fractures (Fig. 15C). The petrographic analyses of thin-
sections allowed to distinguish two types of sparry calcite cements:

- Anisopachous fringes of bladed calcite cements (C1 cement: Fig. 15D): they are
found in units U2 and U3, infilling partially the intergranular pore space of
oncolitic grainstones and fenestral pores of stromatolites. Samples with C1
cement (diagenetic class Il) are significantly depleted in *C (§"*CV-PDB: from -
1.93 to -2.77) and 80O (8'®*OV-PDB: from -5.16 to -6.29) compared to samples
that are devoid of cement (diagenetic class |). The anisopachous nature of the
cement fringes, their strongly *C-depleted isotopic composition and the lack of
mechanical compaction evidences in the corresponding samples suggest that
C1 cements formed in meteoric vadose environments during early phases of
subaerial exposures.

- Mosaic to drusy blocky calcite cements (C2 cement: Fig. 15B): they occurred
essentially in units U5 and U6 where they generally occlude entirely the
intergranular pores of grainstones, molds or fractures. Samples with C2
cements (diagenetic class Il) are slightly depleted in *C and "®O compared to
samples devoid of cements (diagenetic class 1) with §'*CV-PDB values ranging
from +0.81 to -1.83%. and §'®*OV-PDB values ranging from -3.51 to -6.53%.. The
carbon and oxygen isotope signature of cement C2 has not been directly
measured (no micro-sampling performed), but the trends identified on §'*CV-
PDB- 4'®OV-PDB cross-plots (Fig. 10D) allow a range of §"*C and 88O values to
be estimated for this cement: moderately negative in §"*CV-PDB (from 0 to -2%o)
and highly negative in §"®0OV-PDB (<-7%c). The overall morphology of the
cements, their vertical distribution in the Priabonian succession and their
estimated isotopic signature suggest a formation in a meteoric phreatic or
freshwater lacustrine phreatic diagenetic domain, after the deposition of unit
Ué.

4.5.3. Microcrystalline cementation

Calcitic microsparite infills of the intergranular space of peloidal sands have been
evidenced within unit U4 (Fig. 15E). The highly negative §"*CV-PDB of the peloidal
carbonates from unit U4 (from -2.67 to -4.76%o) may result from a meteoric vadose origin
of the intergranular microsparite (neomorphosed micrite matrix or microsparitic cement).
However, their close association with leached gypsum crystals and the lack of subaerial
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exposure features identified in unit U4 may also suggest carbonate precipitation resulting
from bacterial sulfate reduction processes (e.g. Visscher et al., 2000).

4.5.4. Pedogenic features

Pedogenic features are relatively rare in the Saint-Chaptes Basin. They have been
identified at the base of unit U1, within unit U2 and in unit U6. The main pedogenic
features that have been identified are: 1) root traces (voids); 2) sideritic rhizoconcretions
(Fig. 7H); 3) brecciated-nodular texture (Fig. 10F); 4) clotted-peloidal texture; and 5)
dissolution of calcitic bioclasts. Samples with brecciated nodular and clotted-peloidal
textures (diagenetic class Ill) have significantly *C-depleted carbon isotopic signature with
8"*CV-PDB values ranging from -4.94 to -5.35%.

5. Discussion

5.1. Evolution of lake chemistry, hydrology and depositional facies in response to
paleoclimatic and paleogeographic changes

The evolution of the Saint-Chaptes paleoclimate and paleoenvironment (water
chemistry and hydrology) during the lower to mid-Priabonian has been reconstructed
from the integration of biological assemblages (molluscs, foraminifera, ostracods),
palynological data, sedimentological and mineralogical features, trace element
measurements and stable isotope of carbon and oxygen.

5.1.1. Unit U1

The molluscan assemblage from the basal limestone of unit U1 (Galba,
Strophostoma, Glandina, Cyclostoma) is strongly indicative of fresh-water environments.
The basal limestone (Euzet vertebrate fossil site, Fig. 6) is a pedogenic carbonate breccia
(facies P1) suggesting palustrine environments at the onset of the Priabonian lacustrine
carbonate system development in the Saint-Chaptes Basin. The overlying monotonous
succession of silty marls (facies MTC1) suggests a deposition in a perennial lake,
dominated by terrigenous sedimentation. The negative 8 *CV-PDB signature of the
lacustrine marls (from -1.58 to -2.65%.) is consistent with a continental origin of the
carbonate fraction and may be related to the recycling of organic carbon deriving from the
marginal swamps. The strong variations in 8 "®OV-PDB (-4.09 to +0.82%.) coupled with
almost unchanged O0*CV-PDB are indicative of evaporitic conditions. Evaporitic conditions
are also supported by the presence of palygorskyte within the silty marls (e.g. Singer,
1984; Verrecchia and Le Coustumer, 1996; Colson et al., 1998). The high Sr/Ca ratio
measured in the basal limestones (Fig. 6) are probably linked to the reworking of
Mesozoic limestone elements contained in the overlying Bartonian conglomerates. Sr/Ca
values in the overlying silty marls are low (<0.003) and are consistent with a lake water of
continental origin (e.g. Renard, 1975; Chivas et al., 1993). In contrast anomalously high
Na/Ca ratio may be related to the presence of Na-bearing minerals (feldspars?) in the
terrigenous fraction.

As a consequence, limestones and silty marls from unit U1 record a deposition in a
fresh-water lake with a negative inflow-evaporation balance, probably in a relatively dry
climatic setting.
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Fig. 16. Depositional models for Priabonian salt lake carbonate systems from the Saint-Chaptes Basin. (A) Salt-lake and
wetland model under wet-climate (U2 and U3 units). (B) Salt lake model under dryer climate (U5 and U6 units).

5.1.2. Unit U2

Unit U2 deposits, dominated by MTC3 facies, reflect the development of a mixed
carbonate-siliciclastic system with high content in sand-sized quartz particles which
suggests significant surface water inflows within the lake. This is consistent with the
palynological assemblage (FLA1) that suggests subtropical to tropical humid climate and
major development of the lacustrine swamp area (Fig. 16A). The occurrence of palustrine
lignite beds at the top of unit U2 also provides evidence of humid climatic conditions. In
addition, the low variations in §'®OV-PDB suggest low evaporation compared to inflow,
which is also consistent with a relatively humid climate. Such low evaporation and tropical
humid conditions are in agreement with the dominance of I/S RO (close to true smectite)
the occurrence of small content of kaolinite and the disappearance of palygorskite in the
clay assemblage. In the context of an open lake system under a humid climate, the
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dominantly positive 3'*CV-PDB values could be related to: 1) a significant *C uptake
related to photosynthetic activity in the lake that controls the carbon isotopic composition
of the dissolved inorganic carbon (DIC); or 2) a connection of the lake with a neighboring
sea-water-influenced water body (Fig. 16A). The latter interpretation would be supported
by the occurrence of benthic foraminifera in the upper part of unit U2 that suggests
brackish water conditions. In addition, the Sr/Ca and Na/Ca ratios exhibit strong variations
with the maximum values of 0.0053 and 0.0040 respectively (Fig. 14). Such values match
within the range of Sr/Ca and Na/Ca of the estuarine/lagoonal Bartonian Saint-Ouen
Limestone from the Paris Basin (Renard, 1975). However, since elevated Sr contents are
present in most marine evaporites (e.g. Playa and Rosell, 2005), the leaching of gypsum,
anhydrite and halite and the accumulation of the produced ions in lakes may also result in
high Sr/Ca and Na/Ca ratio in lacustrine carbonates.

As a consequence, mixed carbonate-siliciclastic deposits from unit U2 record a
lacustrine to palustrine sedimentation in a palustrine wetland environment such as
lacustrine swamp close to a salt lake and under a tropical to subtropical humid climate
(Figs 16A and 6). The salinity revealed by the present data may result from: 1) a
connection with marine environments or with neighboring marine-influenced lake waters;
2) a connection with a neighboring inland salt lake; and 3) a direct supply in salts derived
from the leaching of marine evaporites though groundwater or surface water inflows.

5.1.3. Unit U3

Unit U3 is characterized by a dominant shallow-water, lake margin (saltmarsh),
carbonate sedimentation (SLC4 and SLC8 facies). The molluscan assemblage is dominated
by the brackish water gastropod Potamides. Brackish water conditions are further
supported by the common occurrence of small benthic foraminifera (Fig. 16A). The humid
character of the climate prevailing during unit U3 deposition is supported by the FLA1
floral assemblage. The §'®OV-PDB values are negative and dos not show strong variations
thus suggesting non-evaporative conditions consistent with the prevailing humid climate.
The depletion in *C of unit U3 limestones compared to unit U2 is likely to be related to the
abundance of calcite rafts that are known to develop in carbonate-rich stagnant water
bodies where degassing of carbon dioxide occurs (Folk et al.,, 1985, Gandin and
Capezzuoli, 2014). In addition, as for the top of unit U2, limestones display elevated Sr/Ca
and Na/Ca ratios (up to 0.0053 and 0.0038 respectively) consistent with a formation within
a lake influenced by seawater (Renard, 1975) or by recycled evaporites.

As a consequence, unit U3 limestones have been deposited within a salt lake
system, in a tropical to subtropical humid climate (Figs 16A and 6).

5.1.4. Unit U4

Unit U4 is characterized by an alternation of marls and carbonate mudstones with
figures of gypsum crystal dissolution (SLC3 facies), suggesting evaporitic conditions. The
palynological assemblage found in unit U4 suggests drier substrate conditions around the
lake and could be related to a subtropical to mediterranean climate characterized by a dry
season?also supported by the high proportion of I/S RO (likely original Fe-Al smectite
formed during pedogenesis). Evaporites may, therefore, have formed during dry seasons
in a very shallow, closed salt lake. The highly negative § *CV-PDB of these carbonates may
result from an early diagenetic phase of *C-depleted microsparitic cement formation that
may be related to bacterial sulfate reduction processes. The very low Sr/Ca ratios of unit
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U4 (Fig. 6) carbonates may be related: 1) to the depressive effect of high sulfate
concentrations on the Srincorporation into calcite crystals; or 2) to the sequestration of the
strontium available in the lake water as a result of evaporite precipitation, in the Saint-
Chaptes Basin but possibly also in neighboring basins (Alés, Camargue or Mormoiron
basins).

The deposition of unit U4 thus reflects a significant climate change characterized by
drier conditions compared to unit U2 and U5 and to a higher degree of lake closure with
regards to groundwater and surface water inflows and to neighboring salt lake systems.

5.1.5. Unit U5

Carbonate-dominated deposits from unit U5 (SLC1, SLC2, SLC5 and SLCé6 facies)
characterize perennial salt lake environments. Brackish water conditions are suggested by
(Fig. 6): 1) the molluscan assemblage (Potamides and Polymesoda), 2) the common and
regular occurrence of benthic foraminifera, 3) the presence of dinoflagellate cysts and 4)
the high Sr/Ca ratios (>0.003). The palynological assemblage is similar to that of unit U4
and suggests subtropical to mediterranean climate with a dry season. Such a climatic
setting is consistent with repeated desiccation cracks evidenced in marginal lake deposits
(papyraceous argillaceous mudstone: SLC5 facies) that may represent seasonal drying of
lacustrine mudflats (Fig. 16B) and the dominance of I/S RO close to smectite. The existence
of dry seasons with negative inflow-evaporation balance may explain the high variability of
3'® OV-PDB (from —5.84 to —0.84%.) coupled with almost unchanging 8*CV-PDB (from
+0.69 to +1.80%0) in lacustrine mudstones (Talbot, 1990; Arenas et al.,, 1997). Such
positive §'*CV-PDB values are a common feature of closed lakes with long water residence
time (Talbot, 1990; Talbot and Kelts, 1990). They may also suggest that the DIC (dissolved
inorganic carbon) from the influx waters are not significantly depleted in '*C (e.g. Andrews
et al., 1997), which could reflect a relatively dry, weakly-vegetated catchment area (Talbot,
1990). In addition, the regional basement of the Priabonian deposits are dominantly made
of marine Cretaceous limestones that typically display positive 8"*CV-PDB values (e.g.
Bastide, 2014). The leaching of the Cretaceous limestones in the catchment area may have
resulted in C-enriched HCO; waters. Positive 8"*CV-PDB values in carbonates would be
also consistent with a formation in a marine-influenced water.

Finally, the absence of evaporite deposits in unit U5 is indicative of a lower degree
of lake closure compared to the evaporitic unit U4, thus suggesting higher groundwater
/surface water inflows or higher connectivity with neighboring lakes. The very low Na/Ca
values recorded in the unit U5 carbonates (<0.002), combined with relatively high Sr/Ca
ratios (>0.003) discard a purely marine origin for the salinity in the lake system. As a
consequence, unit U5 carbonates deposited in a brackish water shallow perennial lake,
probably connected to neighboring closed salt lakes that are disconnected from sea-water
influences, in a subtropical to mediterranean climate with dry season.

5.1.6. Unit U6 and Célas Sandstone Formation (CSF)

The carbonate-dominated deposits from unit U6 (dominantly MTC2, SLC6 and
SLC7 facies) are indicative of perennial salt lakes as evidenced by the occurrence of
benthic foraminifera and brackish-water mollusc assemblages (Polymesoda). As for units
U4 and U5, subtropical to mediterranean climate (Fig. 6) with dry season prevailed at the
time of unit U6 andCélas sandstone deposition, as evidenced by the FLA2 floral
assemblage. The shift toward negative 8"*CV-PDB values evidenced for unit U6 mudstones

Lettéron, A., Hamon, Y., Founier, F., Séranne, M., Pellenard, P. and Jospeh, P., 2018. Reconstrcutnion of a saline, lacustrine carbonate
system (Priabonian, St-Chaptes Basin, SE France): depositional models, paleogeogrpahix and paleoclimatic implications. Sedimentary
Geology, 367, 20-47.



: . . legend: M.  Magnetostratigraphy —+  Major development Relative abundance: Zr 7
o |PE | M. Charophytes 8 i :
M Zones PE Z. planktonic foraminifera zones of conifer species 7% Preridophytes | E | RS
F s i M. Z. Mammals zones [D] Datation 7 Pinacee e —20-50%
- R -0 Lst.  Limestone [F] rormation &7 Cupressaceae — 3 — e 20%
SRR
AR HE 8 : B Val St-Chapt
&l - 2 3 = & o S . resse alence -Chaptes
< | 8 3 £ 3 - Paris Basin (1) Upper Rhine Graben (2) Basin (3) Basin (4) Basin (5)
] 35| ¢ : H
] g5 2 3 £
L tAE z 5 |[D] (] 7z 7 |[D] (] A 7 2| I\ 7z ) [l |7 2 |D)F]| &~
31 ; i
Lyelm. R cci Layered
= major : NP Foraminifera Breccia 2 . n;‘;r]q .
) | _majer | 2/ -~ . s
k3l a= ' ‘2,“23 marls e A il
2 % 5 Rhabdochara NP Fontainebleau Sands I L A
2 Mp| T = ! Variegated marls A-T4
1z c 22 NP 23| (Falm of Jeurre) : (= marls without El
295 i 1 wmiey || B B K |
4 & $BZ 1
E ol - Marls with Qyster
z = Salt v E2
L G- Iychn -
|z pmigus . ~ 1R d vl .
< | Stephanochara Sanmois -7 Brig g:j: B=T5
334 2 || e g M |t T La Sl IV -
1E =T E I
{2 —I = 5|k I Caillasses d"Orgemont) ¢ (Potash salts)
— 8 Greenclaysof *~. | N B! [ 11 ®m |
= 2 L Romainville ] vp | Fossiliterowszome | &4 M || BB .
4 ] § 20 ‘White Marls of Pantin , | 20 Striped marls E4 f
]Ls § )| Blue Marls of Argenteuil I C=T6 : [ | Martignargues
: Iychn. . s saltll |G m Wm0 1 | Lst. (UCEF)
1 1 Mp sevtennis First mass = CGypsum 1 | i , [RRRNRRRRRRBAER
45 Marls between the rwo masses . . ES : " Subsalt | Mp | CSF| Nodata
= .
B R Second mass = Gypsum 2 | || Salt 11 1 formation 18/19)
= i 1 8
S A T R D e A B [N SRR ) B [ RN w0 CS (M | |ue
15| BR= | |-------4 L &
= 1 No
1 T—? ‘;:.: Lucina Marls Green marls 1T : E6 data us
] —_— IMTH ? T —
R N i ,'c ; 2
364 2 MP 4 s aciformis = 7 ? No data
L 218 | wberendata { (no drilled) u4 No
1z 5 H. lineara data
EICINITS .,  E - I'hird mass = Gypsum 3 | | Salt I s
18 5 L
1= G. miberosa _? o
= |
377 = [ R = <wi , "
17b| @ wiberosa © hudersis § T st (ea Green marls | 1 1 MP
Psitochara 9. e
Me| e |9 1 | e
e 17a o
dasz
L s 16] e [T

Fig. 17. Stratigraphic correlation chart for the Paris (1), Upper Rhine (2), Bresse (3), Valence and Saint-Chaptes (5) basins
and the vertical evolution of the relative abundances of Pinaceae, Cupressaceae and Pteridophytes. The biostratigraphic
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(2012). The Charophyte zonations of Riveline et al. (1996) and Sanjuan et al. (2014) have been integrated. The
chronostratigraphic framework of: — (1) the Paris Basin is compiled from Cavelier (1965); Chéiteauneuf and Gruas-
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Briais (2015); — (2) the Upper Rhine Graben from Sittler et al. (1975); Duringer (1988); Schuler (1990); Blanc-Valleron (1991);
Fontes et al., (1991); Blanc-Valleron and Schuler (1997); Becker (2003); Sissingh (2003); Giamboni et al. (2004); Berger et al.
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Basin from Gudefin (1977); Dumas (1987); Fontes et al. (1996); Dromart and Dumas (1997); — (5) St-Chaptes Basin from
Feist-Castel (1971); Alabouvette et al. (1983); Frédet (1987); Remy (1994, 1999); Remy and Lesage (2005) and this study.
Palynological data are compiled from Chétauneuf (1980) for the Paris Basin, Schuler (1990) for the Bresse and Valence
basins and from Gruas-Cavagnetto (1973); Ellenberger (1980) and Alabouvette et al. (1983) for the Saint-Chaptes Basin.
Additional abbreviations: C - polarity chron, CSF - Célas Sandstone Formation, EOT - Eocene-Oligocene Transition, Lst. -
limestone, MP - Paleogene mammalian reference level, n - normal polarity, NP - standard calcareous nannoplankton, r -
reverse polarity, SBZ - shallow benthic zone.

may be related to a disconnection from the regional closed salt lakes. The lake was
therefore probably only fed with local surface and groundwater inflows. A severe
disconnection from the local fresh-water inflows and from the regional lakes led to
hypersaline conditions and gypsum precipitation at top of unit Ué6. This event (of possible
tectonic origin?) foreshadows profound changes in the regional hydrological network,
which subsequently led to the installation of a terrigenous deltaic system in the Saint-
Chaptes Basin (Célas Sandstone Formation). The overall decrease in Sr/Ca and Na/Ca
ratio from unit U5 to the Célas Sandstone Formation (Fig. 14) is consistent with a
transitional disconnection of the ASCI lake with regional salt lakes and with a change in the
dominant origin of water inflows (from salt water to fresh-water).
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The negative isotopic signature of both §"*CV-PDB and §'®OV-PDB of the carbonate
fraction of the Célas Sandstone Formation (peloids and oncoids) and the very low Sr/Ca
and Na/Ca ratios are consistent with a lake water of continental, freshwater origin.
However, the occurrence of limestone beds with Polymesoda, interbedded within the
sandstones (Depéret 1917; Remy, 1985) suggests that a residual salinity remained in the
lake during the deposition of the Célas sandstones. In addition, the development of a
deltaic siliciclastic system (Célas Sandstone Formation: CSF) from Ué carbonates to CSF
terrigenous deposits may suggest a return to positive inflow-evaportation balance.
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Fig. 18. Stratigraphic correlation chart synthetizing the stratigraphic distribution of saline Priabonian-Rupelian formations
and paleoclimatic evolution of the Paris Basin (1), Upper Rhine Graben (2), Valence Basin (3), Saint-Chaptes Basin (4),
Mormoiron Basin (5) and the Apt-Manosque-Forcalquier Basin (6). The chronotratigraphic framework of: (1) the Paris Basin
has been compiled from Cavelier (1965); Chateauneuf (1980); Chéteauneuf and Gruas-Cavagnetto (1978); Aubry (1986);
Gély and Lorenz (1991);, Rouchy and Blanc-Valleron (2009); and Briais (2015); — (2) the Upper Rhine Graben from Sittler et
al. (1975); Duringer (1988); Schuler (1990); Blanc-Valleron (1991); Fontes et al. (1991); Blanc-Valleron and Schuler (1997);
Becker (2003); Giamboni et al. (2004); Berger et al. (2005A; 2005B); Roussé (2006); and Hinsken et al. (2007); — (3)
Valence Basin from Gudefin (1977); Dumas (1987); Fontes et al. (1996); Dromart and Dumas (1997); — (4) Saint-Chaptes
Basin from Feist-Castel (1971); Alabouvette et al. (1983); Frédet (1987); Remy (1994; 1999); Remy and Lesage (2005) and
this study; — (5) Mormoiron Basin and (6) Apt-Manosque-Forcalquier Basin from Destombes (1962); Gigot et al. (1975);
Ducreux (1987); Lesueur (1991); Escarguel et al. (1997); Apostolescu and Dellenbach (1999); and Costeur et al. (2009,
2011). Additional abbreviations: C - polarity chron, CSF - Célas Sandstone Formation, EOT - Eocene-Oligocene Transition,
Lst. - limestone, MP - Paleogene mammalian reference level, n - normal polarity, NP - standard calcareous nannoplankton,
r - reverse polarity.
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5.2. The depositional record of Lower-Middle Priabonian climate changes in the St-
Chaptes Basin

Palynological synthesis reveals a major turnover in the floral assemblages during
the deposition of the Lower to Middle Priabonian (MP17A-MP18) succession from the
Saint-Chaptes Basin. Vegetation of the Saint-Chaptes Basin was dominated by
pteridophytes and tropical species during U2 and U3 deposition, whereas their
abundance decreased in favor of Pinaceae and Cupressaceae during U5 to U6 deposition.
A similar floral change has been also recorded in the same time interval, from the “Green
Lymnaea Marls II” formation in the Upper Rhine Graben (Schuler, 1990) and from the
“Lucina Marls” formation in the Paris Basin (Chateauneuf, 1980) (Fig. 17). As a result, floral
turnover from subtropical to tropical species to subtropical-mediterranean species
detailed in the Saint-Chaptes Basin is not a local trend but likely reflects paleoclimate
changes recorded at continental scale during the Lower-Middle Priabonian (Fig. 18).
Palynological syntheses at European scale interpreted such a turnover as being part of a
trend of climate aridification that occurred during the Priabonian (Schuler, 1990; Postigo-
Mijarra et al., 2009) (Figs 17 and 18). The Saint-Chaptes clay mineralogy (occurrence of
palygorskite) and stable isotope record evidence an early dry phase that occurred during
the deposition of the lowermost Priabonian U1 unit (MP17A mammal zone), prior to the
units U2-U3 humid stage, thus suggesting that late Eocene climate aridification started
very early in Priabonian times and possibly earlier.

The humid to drier transition recorded by palynological data between unit U3 and
unit U5 also largely controlled the sedimentological expression and the nature of the
saline, carbonate lacustrine systems. The depositional facies associations identified from
unit U2 to U6 (Fig. 4 and Table 2), allowed two distinct depositional models to be defined:
1) a humid climate mixed terrigenous-carbonate, salt lake model (units U2 and U3: Fig.
16A); and 2) a dryer climate carbonate salt lake model (units U5 and Ué: Fig. 16B). The
humid period depositional model (Fig. 16A) is characterized by the development of
wetland environments at the transition between terrestrial and lacustrine domain, with
significant deposition of palustrine facies including coal beds (facies P1). Lacustrine
marginal deposits consist of massive, decimeter thick beds of calcite raft-bearing
limestones (SLC4 facies) and stromatolites (SLC8 facies) with only scattered subaerial
exposure surfaces.

In contrast, during periods of dryer climates (Fig. 16B), lake margins are
characterized by the deposition of thinly laminated carbonates associated with the
repeated occurrence of desiccation cracks (SLC5 facies), thus suggesting a seasonally-
controlled deposition. An increase in intra-annual seasonality throughout the Priabonian
has been highlighted in the Isles of Wight, UK, (Gale et al., 2006; Sheldon et al., 2009), in
the Paris Basin (Chateauneuf, 1980), and in the Rennes Basin, France (Ollivier-Pierre, 1980;
Bauer et al., 2016, Tramoy et al., 2016). In addition, the occurrence of gypsum (in units U4
and U6) suggests occasional but significant negative inflow-evaporation balance in the
lake system that is consistent with a relatively dry climate or at least with a seasonally dry
climate.

Finally, the carbon and oxygen isotope record reveals open lake conditions for unit
U3 carbonate system, whereas the lake behaves mostly like a closed lake during units U4
to U6 deposition. Such a change in lake closure degree is consistent with a decrease in
water inflows in the basin and is likely to be related to the climate aridification trend
evidenced by palynological data.
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5.3. Priabonian saline lake environments in the St-Chaptes Basin: paleogeographic
implications

The origin of saline lake environments and associated evaporite deposits in
Paleogene basins of western Europe is the object of various scientific debates and
controversies (e.g. Bodergat et al., 1999). Salinization of lakes may result from various
environmental and geological processes: 1) leaching of non-evaporitic rocks in the
catchment area and their subsequent concentration in the lake as a result of negative
inflow-evaporation balance (e.g. Spencer et al., 1985); 2) dissolution in surface of
evaporite bodies such as exhumed salt diapirs (Emre and Truc, 1978) and accumulation of
salts in a lake basin; and 3) connections with sea-water through topographic corridor or
groundwater inflows in coastal area (Rouchy, 1997) (Fig. 19A); 4) accumulation of marine
aerosols over an exposed continent in arid climates (e.g. Chivas et al., 1991; Herczeg et al.,
2001); and 5) salt supply from hydrothermal fluid inflows (e.g. Vengosh et al., 1995;
Chaboureau et al., 2012). In the Saint-Chaptes Basin, the oldest occurrence of significantly
saline (oligo-mesohaline) lake environments is recorded within units U2 and U3 during
periods of relatively wet climate as suggested by palynological and mineralogical
assemblages and stable isotope results (Fig. 6). As a consequence the salinity is unlikely to
be related to accumulation of ions deriving from the leaching of non-evaporitic rocks in
the drainage area or from marine aerosols since such processes are restricted to dry
climates. Triassic evaporites have been considered as a possible source for lake salinity in
Priabonian and Rupelian rift basins from SE France (e.g. Truc, 1978; Fontes et al., 1996).
Extensive Triassic gypsum/anhydrite and halite deposits are present in most of western
Europe regions and most of the Paleogene rift basins developed above thick (up to 900
m) Triassic evaporites (Fig. 18). Subaerial dissolution of exhumed salt diapirs basins has
been shown to have supplied significant amounts of salts in rhodanian lake basins during
the Priabonian and Rupelian (Emre and Truc, 1978). In addition, a Triassic origin for salts
has been evidenced for evaporites in upper Eocene playa-lake systems from the Almazan
basin in Spain (Huerta et al., 2010). Below the Alés and Saint-Chaptes basins, east of the
Cévennes fault system, Triassic evaporites are buried below a thick Mesozoic and
Paleogene cover (Sanchis and Seranne, 2000). At a larger scale, except at the location of
the salt diapirs (see location on Fig. 19B), Triassic evaporites are everywhere covered by a
thick pre-Priabonian (Jurassic, Cretaceous and Paleocene-Eocene) sedimentary cover in
the onshore domain comprised between the Cévennes and Durance fault systems. In
addition, west of the Cévennes fault system, in the Cévennes and Montagne Noire massifs
(see location in Fig. 19B), the Triassic succession is dominantly composed of terrigenous
deposits and comprises only localized and thin evaporite-bearing intervals (Alabouvette et
al., 1982; Cula and Courel, 1987). Therefore, surface paleo-water inflows coming from this
area could nothave yielded sulfates in the ASCI lake. As a consequence leaching of
Triassic evaporites from the Cévennes and Montagne Noire massifs probably did not
contribute significantly to sulfate supplies in the Saint-Chaptes Basin during the
Priabonian.

However, Keuper evaporites (mostly gypsum) crop out south-west of the ASCI, in
the Corbieres (Lespinasse et al., 1982, Berger et al., 1997; Ellenberger et al., 1997). They
are exposed in diapirs and in decollement associated with thrust planes, which are related
to the Pyrenean orogenic structures (e.g. Gorini et al. 1991; Viallard and Gorini, 1994;
Guennoc et al., 2000). Structural studies further west, along strike of the Pyrenean orogen
clearly show the structural setting and the chronology of the evaporites rising across the
Mesozoic cover up to aerial exposure during Pyrenean inversion (e.g. James and Canerot,
1999; Rougier et al., 2016). East of the Corbiéres, similar structures are present, deeply
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Fig. 19. (A) Paleogeographic map with the main structural features of western Europe during the Priabonian, modified after
Ziegler (1988); Anaddn et al. (1989); Bois (1993); Gorini et al. (1994); Mauffret and Gorini, 1996; Régl (1999); Séranne
(1999); Gély and Sztrakos (2000); Casula et al. (2001); Sissingh (2001, 2006); Andeweg (2002); Meulenkamp and Sissingh
(2003); Deézes et al. (2004); Berger et al. (2005B); Bauer et al. (2016); and Ozsvért et al. (2016). (B) Paleogeographic map of
south-east France during Priabonian to Rupelian, modified after Dubois and Delfaud (1989); Bois (1993); Séranne et al.
(1995); Guennoc et al. (2000); Lettéron et al. (2017).
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buried beneath Neogene cover of the Gulf of Lion, where the Pyrenean thrust belt
collapsed in Oligocene to Miocene times (Gorini et al., 1991; Gorini, 1993; Viallard and
Gorini, 1994). Dissolution of Keuper evaporites, exposed in the southern drainage basins,
across the Pyrenean thrust and fold belt may have provided material for the sulfates found
in the Priabonian St-Chaptes Basin.

Direct connections with marine environments are discarded since a set of saline
lakes are intercalated between the St-Chaptes Basin and the Priabonian coastline of the
Alpine Foredeep Sea to the east (Mormoiron, Valreas, Valence and Manosque basins via
the Crest Sill, cf. Sissingh, 2001; 2006) and probably from the Western Neotethyan Sea to
the south (Camargue, Grand Faraman and Central Graben) (Fig. 19B).

Tertiary offshore grabens in the Gulf of Lion (Fig. 19B) have been evidenced and
mapped by various studies based on marine seismic interpretation (e.g. Gorini, 1993;
Gorini et al., 1994; Séranne et al., 1995; Benedicto-Esteban, 1996; Guennoc et al., 2000).
A limitation of considering the Tertiary offshore grabens as potential pathways for marine
connections from the south, is the poorly-constrained age of such basins since syn-rift
deposits have not been drilled (e.g. Gorini, 1993; Guennoc et al., 2000). The existence of
significant topographic reliefs inherited from the Pyrenean orogeny in the Gulf of Lion,
during the pre- and syn-rift periods has been evidenced by structural restorations based
on marine seismic profiles. Paleo-elevations ranging from 1300 to 1500 meters have been
estimated for the reliefs existing in the Gulf of Lion prior to rifting, i.e. in Priabonian times
(Séranne et al., 1995; Benedicto et al., 1996). In addition, the southward thinning of the
syn-rift series in offshore grabens (Gorini, 1993; Séranne, 1999) and the southern origin of
the terrigenous material deposited in onshore grabens (e.g. Frédet, 1987) support the
idea of a topographic barrier that may have prevented the connection of the Priabonian
onshore basins with Western Neotethyan Sea to the south. However, the similarities in
structural style and basin orientation between onshore and offshore grabens would
suggest that the formation of offshore extensional basins (e.g. The Cathare Basin) started
during the Priabonian (Gorini, 1993). Even though significant reliefs existed in the Gulf of
Lion area during the Priabonian, these may have been deeply intersected by grabens, thus
forming low-elevation corridors, favoring possible marine connections to the south. A
similar structural and geomorphological configuration has been demonstrated in the
Upper Rhine Graben (e.g. Roussé, 2006; Hinsken et al., 2007) (Fig. 1).

The lack of direct connection between the Saint-Chaptes area and the marine realm
is supported by the trace element signature of carbonate deposits (high Sr/Ca and low
Na/Ca) in units U5 and Ué. As a consequence, three possible local/regional origins of the
salinity can be inferred for the Saint-Chaptes lake basin: 1) Hydrothermal springs with
sulfate-rich waters deriving from circulations along the regional Triassic decollement level;
2) connections, at least temporary with neighboring saline lakes (e.g. Camargue or
Mormoiron Basins); and/or 3) leaching of Triassic evaporites exposed by Pyrenean
orogeny in the southernmost areas (> 100 km) (e.g. Corbiéres). These conclusions
deferred the problem to that of the origin of salinity in the neighboring lakes in the
rhodanian basins or in the offshore Gulf of Lion grabens. Relationships between
Priabonian-Rupelian evaporitic sedimentation and dissolution of Triassic salt diapirs has
been evidenced in the Mormoiron Basin (Emre and Truc, 1978; Truc, 1978). A continental
origin (recycling of Triassic evaporites) for Paleogene evaporites from the Valence Basin
has been inferred from geochemical data and paleoecological analyses (Fontes et al.,
1996). The possibility of the existence of marine connections through the “Crest Sill" as
assumed by Sissingh (2001) seems therefore unlikely. In the rhodanian basins, Triassic
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salts are likely to be mainly supplied from the salt diapirs located in the Rhone Valley (e.g.
Suzette, Propiac, Condorcet diapirs: location on Fig. 19B) or from the area located east of
the Durance fault where Triassic formations may have cropped out during the Priabonian
(Fig. 19B) as a result of the previous Pyrenean deformations (Guilhaumou et al., 1996). No
data exist regarding the nature of the Priabonian deposits in the Gulf of Lion basins since
this interval has never been drilled and/or formally dated (Guennoc et al., 2000). In the
offshore rift basins, Tertiary deposits directly overlie the Paleozoic basement (Grand
Faraman Graben) whereas a Mesozoic cover is preserved in the hanging walls of the
Camargue Basin and the Central Graben (Fig. 19B). An erosion of Triassic evaporites in the
Gulf of Lion area and their recycling in Priabonian lakes in the Camargue Basin and the
Central Graben is therefore an hypothesis to be considered, provided that these basins
have already functioned at that time.

The occurrence of benthic foraminifera of marine affinities in Western European Rift
basin deposits has been commonly considered as an evidence of connection with marine
environments (e.g. Merle and Michon, 2001), but such interpretations must be qualified
since benthic foraminifera communities living in modern saline lakes that have never been
connected with marine environments have been reported in a number of studies (e.g.
Cann and De Deckker, 1981; Plaziat, 1991). In addition, some mollusc taxa of marine
affinities such as Potamides that are common in the Saint-Chaptes Basin and in most of the
European Priabonian saline lake environments are known to be able to adapt to athalassic
lakes (Plaziat, 1993; Kowalke, 2006) and their occurrences in the depositional record
should not be regarded as a robust evidence of marine connections (e.g. Briot, 2008).
Marine connections, however, represent a possible cause for the existence of saline
conditions in the Paleogene basins of the Gulf of Lion and the Camargue Basin.
Structurally-inherited topographic depressions may have act as corridors between marine
environments and continental lake basins as suggested by the development of SW-NE-
trending grabens in the Gulf of Lion area may have cause marine incursions from the
southern Neotethyan Sea (Fig. 19B).

6. Conclusions

The palaeoenvironmental and palaeogeographic significance of the Lower to
Middle Priabonian carbonate succession (Lower Carbonate and Evaporite Formation:
LCEF) from the Saint-Chaptes Basin has been deciphered by a detailed multi-proxy
approach integrating sedimentological, paleontological and geochemical analyses. Five
main stages of lacustrine system evolution have been identified within the LCEF
succession: 1) Fresh-water closed lake under dry evaporitic climatic conditions (unit U1); 2)
Fresh to brackish water lacustrine deltaic system with a mixed carbonate-siliciclastic
sedimentation under relatively wet climatic conditions (unit U2); 3) Salt-water lacustrine
carbonate system under humid climatic setting (unit U3); 4) Evaporitic lake (unit U4); and
5) Closed lake with shallow-water carbonate sedimentation under subtropical to
Mediterranean climate with dry seasons (unit U5).

Palynological data, trace elements, stable isotopes and clay mineralogy support a
depositional record of the Upper Eocene climatic deterioration. Aridification is evidenced
to have started as early as the earliest Priabonian (unit U1: MP17A mammal zone). A
continental large-scale transition from humid (units U2-U3) to dryer climatic conditions
(units U4 to U6), has been recorded in the Lower to Mid Priabonian (MP17B-MP18
mammal zones) succession of the Saint-Chaptes Basin. This climate change could be
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correlated with the climate transition between Gypsum 3 and Lucina marls in the Paris
Basin or Salt | and Green Marls Il in the Upper Rhine Graben (Fig. 18).

The complete lack of purely stenohaline biota, the Na-depleted elemental
signature of carbonates and the long distance (>100 km) from the closest marine
environments suggest that the Saint-Chaptes lake probably mainly behave like an
athalassic (inland) lake. However, the salt-water conditions evidenced by biological
component and trace element signatures (high Sr/Ca ratio) from U2 to U6 units are
strongly indicative of transient connections with water bodies influenced by seawater.
However supply of sulfates deriving from Triassic evaporates leaching and/or from fluid
circulations linked to faults initiated during the Pyrenenan deformation cannot be ruled
out. Maximum of connection with neighboring salt-lakes (Mormoiron Basin, Camargue
and Central grabens, Hérault Basin) probably occurred during unit U3 and at the base of
unit US5. Likely sources of Triassic salts are the salt-diapirs from the Rhone valley (e.g.
Suzette diapir) but also paleo-outcrops of Triassic evaporites located east of the Durance
fault or offshore in the Gulf of Lion. Paleogeographic reconstructions indicate also the
possibility of marine incursions from the south, through the Camargue, Grand-Faraman
and Central grabens in the Gulf of Lion (Fig. 19B).
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Supplementary data

Table A. Representative geochemical proxies with detection limits for ICP-MS analyses. *The
digestion is only partial for some Cr and Ba minerals and some oxides of Al, Hf, Mn, Sn, Ta and Zr.

Element Detection Upper

limit Limit
Ag 2 ppb 100 ppm
Al* 0,01% 10%
As 0.1 ppm 10,000 ppm
Au 0.2 ppb 100 ppm
B* 20 ppm 2,000 ppm
Ba* 0.5ppm 10,000 ppm
Bi 0.01 ppm 2,000 ppm
Ca* 0,01% 40%
Cd 0.01 ppm 1,000 ppm
Co 0.1 ppm 50 ppm
Cr* 05ppm 10%
Cu 0.01 ppm 10,000 ppm
Fe* 0,01% 30%
Ga* 0.1 ppm 10,000 ppm
Hg 5 ppb 2,000 ppm
K* 0,01% 5%
La* 0.5ppm 10,000 ppm
Mg* 0,01% 5%
Mn* 1 ppm 10,000 ppm
Mo 0.01 ppm 10%
Na* 0.001% 2,000 ppm

Ni 0.1 ppm 100 ppm
p* 0.001% 5%

Pb 0.01 ppm 10,000 ppm
S 0,02% 10%

Sh 0.02 ppm 2,000 ppm
Sc 0.1 ppm 100 ppm

Se 0.1 ppm 100 ppm
Sr* 0.5ppm 10,000 ppm
Te 0.02 ppm 1,000 ppm

Th* 0.1 ppm 2,000 ppm
Ti* 0,00% 5%

Tl 0.02 ppm 1,000 ppm
u* 0.05 ppm 2,000 ppm
V* 2 ppm 10,000 ppm
W* 0.05 ppm 100 ppm
Zn 0.1 ppm 10,000 ppm
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Table B. Carbon and oxygen stable isotope database from this study (samples location are located
on Figure 4, Saint-Chaptes Basin, SE France. Refer to the text for lithofacies code (cf. Table 1) and
diagenetic classes (cf. section: carbon and oxygen stable isotopes).

Unit Sample Elevation (m) 8180 (%o vs V-PDB)  813C (%o vs V-PDB)  Lithofacies code  Diagenetic class

ul EUz 1,26 -4,84 -4,94 P3 Il
Ul G001 7,60 -3,46 -5,35 P3 1
Ul G002 3,48 -4,09 -1,58 MTC 1 |
Ul G154 30,78 0,82 -1,72 MTC 1 |
Ul G156 32,29 -2,48 -2,65 MTC 1 |
Ul G157 32,96 -2,31 -1,70 MTC 1 |
Ul G158 33,29 -2,85 -2,36 MTC 1 |
U2 G003 43,01 -3,20 -0,03 MTC 2 |
U2 G004 43,96 -3,14 0,04 MTC 2 |
U2 G005 44,75 -3,01 -0,03 MTC 2 |
U2 G006 45,69 -3,19 0,14 MTC 2 |
uz2 G007 47,32 -3,08 0,50 MTC 2 |
U2 G008 49,27 -3,18 0,35 MTC 2 |
U2 G009 50,15 -3,23 0,16 MTC 2 |
U2 G010 51,16 -3,06 0,32 MTC 2 |
U2 G012 54,49 -2,84 0,55 MTC 2 |
U2 G013 55,60 -3,29 0,58 MTC 2 |
U2 G014 56,74 -3,28 0,71 MTC 2 |
U2 G015 57,61 -3,36 0,45 MTC 2 |
U2 G016 58,61 -3,98 0,59 MTC 2 |
U2 G017 59,89 -2,50 0,17 MTC 2 |
U2 G018 61,42 -3,18 0,30 MTC 2 |
U3 G028 69,32 -3,06 0,32 SLC4 |
U3 G029 70,00 -3,98 -1,67 SLC4 |
U3 G030 70,36 -3,31 -1,64 SLC4 |
U3 G031 70,85 -2,90 0,16 SLC4 |
U3 G033 72,26 -4,95 -0,41 SLC4 |
U3 G035 73,30 -4,20 -1,48 SLC4 |
U3 G036 74,33 -4,50 -1,27 SLC4 |
U3 G037 74,93 -2,88 -2,20 SLC4 |
U3 G038 75,13 -4,42 -1,43 SLC4 |
U3 G039 76,00 -3,78 -1,19 SLC4 |
U3 G040 76,36 -3,89 -1,20 SLC4 |
U3 G042 77,80 -5,16 -1,93 SLC8 I
U3 G043 78,75 -4,16 -0,03 SLC4 |
U3 G044 79,50 -3,42 -1,59 SLC4 |
U3 G045 80,11 -4,53 -0,63 SLC4 |
U3 G160 90,36 -3,54 -1,54 SLC4 |
U3 Glel 91,32 -6,29 -2,77 SLC8 1
U4 G162 120,92 -3,34 -3,69 SLC3 v
U4 G163 121,53 -3,48 -4,76 SLC3 v
U4 G164 125,30 -4,20 -2,67 SLC3 v
U4 G165 126,03 -4,26 -2,91 SLC3 [\
us G047 147,96 -3,60 1,02 SLC2 |
U5 G050 151,82 -1,73 1,75 SLC5 |
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us G052 156,00 -3,21 1,20 SLC5

|
U5 G053 156,27 -0,84 1,80 SLC5 |
U5 G054 157,95 -5,35 0,48 SLC6 1
uUs G059 167,04 -5,06 1,50 SLC2 |
U5 G063 172,91 -2,13 1,11 SLC5 |
U5 G064 173,63 -2,42 1,20 SLC2 |
us G067 177,68 -1,38 1,68 SLC5 |
us G069 179,84 -2,23 1,22 SLC2 |
us G070 180,70 -5,25 0,95 SLC?2 |
us G071 181,26 -2,86 1,36 SLC2 |
us G072 181,87 -2,33 1,37 SLC?2 |
us G073 182,48 -2,55 0,99 SLC2 |
us G075 184,30 -5,71 1,14 SLC?2 |
us G076 184,78 -3,83 1,55 SLC?2 |
us G077 185,31 -2,65 1,24 SLC?2 |
us G078 186,10 -3,38 1,26 SLC2 |
us G079 189,88 -2,65 0,88 SLC?2 |
us GO08o 190,46 -2,88 1,33 SLC2 |
U5 G081 194,90 -2,84 1,34 SLC?2 |
us G082 196,17 -4,52 0,18 SLC6 I
U5 G083 196,77 -5,29 0,69 SLC?2 |
us G084 197,56 -4,20 141 SLC2 |
U5 G085 200,27 -4,13 1,30 SLC?2 |
U5 G086 201,89 -4,80 0,57 SLC6 I
us G087 202,59 -4,83 0,81 SLC?2 |
us G089 204,50 -4,89 0,21 SLC6 I
us G090 206,47 -5,84 0,80 SLC2 |
us G092 208,47 -5,33 -0,19 SLC6 I
us G093 209,15 -5,65 0,82 SLC2 |
us G120 210,00 -4,94 0,61 SLC6 I
us Gl21 210,42 -5,72 0,04 SLC6 1
us G122 211,66 -6,53 0,10 SLC6 I
us G123 212,08 -6,04 0,18 SLC6 1
us G125 212,62 -5,68 0,32 SLC6 I
us G124 212,84 -5,39 0,43 SLC6 1
U5 G126 213,44 -5,90 0,27 SLC6 I
us G127 214,62 -4,84 0,22 SLC6 1
us G128 215,27 -3,53 0,73 SLC6 I
us G129 215,84 -4,27 0,65 SLC6 1
us G131 216,15 -3,70 1,30 SLC2 |
us G130 216,52 -4,50 0,85 SLC6 1
us G132 216,94 -4,05 0,75 SLC6 I
us G133 217,20 -3,51 0,67 SLC6 1
us G134 217,84 -4,45 0,45 SLC6 I
Us G135 218,56 -4,87 0,95 SLC6 1
ue G101 218,99 -4,36 -0,32 MTC 3 |
u6 G136 219,25 -5,12 0,00 SLC6 1
ue G137 219,63 -3,12 -0,55 SLC2 |
u6 G138 220,12 -4,07 -1,42 SLC2 |
ué G105 223,11 -5,42 -0,54 SLC6 I
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ué G106 223,42 -4,46 -0,75 SLC?2 |

u6 G107 223,64 -6,02 -1,01 SLC6 1
U6 G108 225,48 -5,73 -1,03 SLC6 1
u6 G109 226,39 -4,86 -0,69 SLC6 1
U6 G110 227,02 -4,64 -1,25 SLC?2 |
u6 Gli1 227,33 -3,61 -0,94 SLC2 |
ue Gli2 227,95 -6,34 -1,00 SLC3 1
U6 G113 228,85 -4,02 -0,61 MTC 3 |
U Gli4 230,02 -5,99 -1,83 SLC8 I
CSF G117 233,61 -7,50 -0,71 MTC 4 I
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