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Climate and environmental instability during the early Aptian culminated with the unfolding of the Oceanic
Anoxic Event (OAE) 1a, which resulted in the deposition of black shales in deep marine settings and a typical neg-
ative spike followed by a positive excursion in 5'>C values. In Vercors (southern France) the Urgonian platform
developed prior to and coeval to the OAE1a, but the impact of this paleoenvironmental crisis on the ecology of
benthic ecosystems is yet to be quantified. We gathered field and petrographic data to identify sequence bound-
aries and maximum flooding surfaces that are biostratigraphically dated and correlated between four localities
within the study area. A composite 5'>C curve is built where the C3 to C7 isotope segments from the literature
are identified, pinpointing the onset of the OAE1a above the last episode of deposition of Urgonian facies rich
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Keywords: in rudist bivalves. Furthermore, thin section point counting data are used to quantify the proportion of allochems
Early Cretaceous in samples and to trace changes in the ecology of ecosystems. The principal component analysis of point counting
Aptian data helps define ecological tiers: a diversified, photozoan association with rudists, green algae, and benthic forami-
Geochemistry nifera dominated ecosystems before the OAE1a and up to the C7 segment, while a less diversified heterozoan asso-

Point counting analysis

o ; ciation with bryozoans and crinoids developed after the OAE1a. To explore the triggers for this change, the principal
Statistical analysis

component analysis of elemental geochemical data highlights an increased nutrient and detrital input as major trig-

gering mechanisms for ecological adjustments and changes in the biodiversity of ecosystems. In particular after the

OAE1a, an increase in detrital and nutrient input leads to the replacement of photozoan by heterozoan assemblages

more adapted to these stressful conditions. This research directly links paleoenvironmental deterioration to paleo-
ecological changes and quantifies the amount of adaptation of ecosystems.

© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining,

Al training, and similar technologies.

1. Introduction

The Early Cretaceous (ca. 143 to 100.5 Ma; Gradstein et al., 2020)
recorded a strong increase in biodiversity in shallow-marine settings:
rudist bivalves radiated from the Valanginian to the Late Cretaceous
(Pomar and Hallock, 2008; Skelton and Gili, 2012) while benthic
foraminifera colonized environments from the coastline to distal parts
of continental shelves (Morard et al., 2022). The disposition of continen-
tal landmasses between the tropics and a warmer climate allowed
diversified ecosystems to thrive and to produce carbonate series in
broad intertropical epicontinental seas (Philip, 2003). Facies analysis
of tropical carbonates allows differentiation of two fossil assemblages.
According to Follmi et al. (2006) corals, rudists, benthic foraminifera,
and green algae are typical of a photozoan assemblage that flourishes
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in oligotrophic to slightly mesotrophic waters with lower nutrients
and higher oxygen concentrations. However more recent studies report
that rudists fed from various forms of organic matter in suspension in
the water column, thus not requiring the presence of photosymbionts
(Pomar and Hallock, 2008; Steuber et al., 2023). During times of
enhanced nutrient supply or cooler temperature, a heterozoan assem-
blage develops with bryozoans, crinoids and macroalgae. In case of
strong nutrient supply or detrital input, carbonate ecosystems may
experience choking and enter a phase of drowning when carbonate
production is strongly reduced and replaced, for instance, by condensa-
tion and authigenesis (Lees and Buller, 1972; Carannante et al., 1988;
James, 1997; Mutti and Hallock, 2003; Schlager, 2005; Follmi et al.,
2006; Godet, 2013).

The evolution of shallow-marine carbonate ecosystems is punctu-
ated by periods of slowdown and even shutdown, and the identification
of the mode of carbonate production in the rock record allowed previous
studies to link major paleoceanographic perturbations to paleoecological
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changes on the platform. Follmi et al. (2006) recognized those phases
of drowning of the Helvetic platform during the Valanginian, late
Hauterivian-early Barremian, and early Aptian. During the early Aptian,
enhanced volcanism released isotopically light carbon dioxide and
perturbed the global carbon cycle, leading to the preservation of
organic-rich deposits in (hemi)pelagic settings during the unfolding of
the Oceanic Anoxic Event (OAE) 1a (Schlanger and Jenkyns, 1976), and
to characteristic changes in the carbon isotope composition (6'3C) of
organic and inorganic carbon. Meanwhile carbonate platforms experi-
enced ecological reorganization (Skelton and Gili, 2012). In the Basque-
Cantabrian region of Spain, photozoan assemblages with rudists and
corals are replaced by heterozoan associations with bryozoans and cri-
noids, while pelagic faunas are preserved in a condensed interval related
to the OAE1a (Millan et al.,, 2009; Najarro et al., 2011). Similarly Huck
et al. (2012) related the onset of the OAE1a to the widespread bloom of
Bacinella/Lithocodium, and concluded that enhanced atmospheric pCO,
favored continental weathering and the transfer of nutrients to the
ocean that stimulated microencruster productivity. Huck et al. (2014)
synthesized the impact of the OAE1a on various peri Tethyan and proto
North-Atlantic carbonate platforms: photozoan assemblages either
transitioned toward a more adapted ecosystem dominated by a meso-
trophic assemblage, orbitolinids, or Bacinella/Lithocodium, or remained
the same. In the Gargano Promontory of southeastern Italy, Del Viscio
et al. (2021) conclude that monospecific accumulation of Chodondrota
marked the deterioration of environmental conditions directly prior
the OAE1a, that favor the installation of an ecosystem dominated by
orbitolinids and Bacinella/Lithocodium. Although the impact of the
OAE1a on shallow-marine ecosystems is well established, the character
and intensity of the ecological shift in benthic ecosystems are yet to be
quantified.

This contribution aims to identify the record of the OAE1a in sedi-
mentary series from the Vercors region of southern France (Fig. 1)
using the 8'3C value of rock samples. Systematic point counting analysis
of thin sections will inform on the paleoecology of ecosystems that
thrived in that region of northern Tethys, while elemental geochemistry
will be used to assess paleoenvironmental conditions. Our objectives
are to evaluate petrographic and geochemical datasets using principal
component analysis (PCA) to identify paleoecological associations
and paleoenvironmental forcing mechanisms, respectively. We will
test the hypothesis that the unfolding of the OAE1a led to a minor
shift from a photozoan assemblage to a better adapted, heterozoan
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ecosystem but that major paleoecological changes were triggered by
enhanced nutrient and detrital supply after the OAE1a.

2. Geological setting

During the Early Cretaceous the Vercors was located on the northern
margin of the Tethys Ocean (Fig. 1) where a broad carbonate platform
developed (Masse et al., 1993; Arnaud, 2005b). A warm climate and
tectonically-enhanced local subsidence favored the accumulation of
carbonate shallow-marine deposits (Arnaud, 2005b; O'Brien et al.,
2017). On top of Hauterivian hemipelagic deposits the Glandasse
Bioclastic Limestone, the Urgonian Limestone (rudist-bearing formation
divided into a lower and an upper member by the Lower Orbitolina
Beds), and the Upper Orbitolina Beds (bioclastic limestone with a higher
content in large benthic foraminifera) were deposited (e.g., Arnaud-
Vanneau and Arnaud, 1990). Following on top the Lumachelle I and
Lumachelle II are units rich in suspension feeder organisms and detrital
particles that cap unconformably the Upper Orbitolina Beds (Arnaud-
Vanneau, 1980). These series are dated using benthic organisms and
ammonites found in marly intervals intercalated within platform
carbonates in outer shelf environments. Different calibration of biostrat-
igraphic schemes led to different age models (Fig. 2); we follow ages
from Arnaud-Vanneau et al. (2021) because our study focuses on loca-
tions previously studied by Arnaud-Vanneau (1980). The lower
Urgonian Limestone Formation is dated to the late Barremian-earliest
Aptian, while the Lower Orbitolina Beds, upper Urgonian Limestone
Formation, and Upper Orbitolina Beds belong to the early Aptian
(Arnaud-Vanneau et al., 2021). The Lumachelle I is dated close to the
early-late Aptian boundary and the Lumachelle II belongs to the late
Aptian (Arnaud-Vanneau and Arnaud, 1990; Hfaiedh et al., 2013).

Based on field and petrographic data Arnaud-Vanneau and Arnaud
(1990) interpreted karstified or winnowed surfaces as sequence bound-
aries (Sbs), while facies representing the deepest depositional environ-
ment indicate maximum flooding surfaces (mfss). Aptian Sbs and mfss
are labeled Ap1 to Ap5 (Fig. 2). The Urgonian Limestone started at the
mfsBa3 and lasted until the SbAp2, with the Lower Orbitolina Beds
being interpreted as the transgressive systems tract of the sequence
Ap1. The Upper Orbitolina Beds were deposited between the SbAp2
and the SbAp3 (Arnaud-Vanneau et al., 2021). A spectacular expression
of Sbs corresponds to incised valleys that cut into the Upper Urgonian
Limestone, and that are filled with material from the Upper Orbitolina
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Fig. 1. Location of the study area on a paleogeographic map of the western Tethys ocean during the Aptian (redrawn from Masse et al., 1993), and of the study locations in southern France
(L'Achard: 45.233392°N, 5.587566°E; Les Rimets: 45.108628°N, 5.455335°E; Mortier Tunnel: 45.238292°N, 5.582625°E; Les Jarrands: 45.084895°N, 5.520724°E). Geological map is sim-

plified from BRGM (2024).
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Fig. 2. Stratigraphic correlation of late Hauterivian-late Aptian formations from the Vercors region according to different authors; formations were dated based on biostratigraphic
data. Absolute dating and calibration of ammonite zone are after Gradstein et al. (2020), the evolution of 5'2C values is after Cramer and Jarvis (2020), and the identification of isotopic
segments C1 to C8 is according to Menegatti et al. (1998). Red and blue lines on the right of ammonite zones represent sequence boundaries and maximum flooding surfaces, respectively.

Abbreviations: Sb: sequence boundary; Ha: Hauterivian; Ba: Barremian; Ap: Aptian.

Beds at Les Rimets and L'Achard near the village of Autrans (Arnaud-
Vanneau et al., 2005). Finally Arnaud-Vanneau et al. (2021) interpreted
the depositional geometries from cliffs to demonstrate that during
the late Barremian and early Aptian, the Urgonian platform prograded
in the direction of the nearby Vocontian Basin located to the south
and north of the Provencal platform. Combining these observations
with outcrop data, these authors reported that the regional extent of
the Upper Orbitolina Beds was restricted to paleovalleys and karst
paleotopographies.

3. Material and methods

Conventional field methods were used to describe, measure, and
sample four sections at a resolution of at least 50 cm. A total of 116,
21, 15, and 60 samples were obtained for the L'Achard (45.233392°N,
5.587566°E), Les Rimets (45.108628°N, 5.455335°E), Mortier Tunnel
(45.238292°N, 5.582625°E), and Les Jarrands sections (45.084895°N,
5.520724°E; Fig. 1), respectively.

Only large enough samples were selected for further petrographic
and geochemical analysis (n = 110). They were cut using a water-
cooled rock saw at the University of Texas at San Antonio (UTSA),
USA. Thin sections were produced by Quality Thin Section (Tucson,
Arizona, USA), slabs were prepared for microsampling for carbon and

oxygen isotope analysis, and approximately 50 g of sample was
powdered using a SPEX Shatterbox 8515.

Polished thin sections were analyzed using an Olympus BX61 petro-
graphic microscope to identify allochems and other grains present, and
describe the depositional texture of each sample (Dunham, 1962).
Microfacies for this region have been defined by Arnaud-Vanneau and
Arnaud (1990) and Arnaud-Vanneau and Arnaud (2005). Microfacies
were assigned to each sample, from the (hemi)pelagic (FO) to supratidal
(F11) environment (Arnaud-Vanneau and Arnaud, 1990, 2005). Blanc-
Alétru (1995) added a facies of transgression (FT) for samples with a
high quartz grain content that indicates intense erosion and reworking
during a rapid sea-level rise or large influx of detrital material (Fig. 3).
Thin sections were digitized using an Olympus BX61 microscope at
the University of Lausanne, Switzerland. Each image was loaded into
JMicroVision® for point counting of 250 randomly selected grains.
Sparitic cement, isopach rim, and matrix were initially counted; results
were subsequently normalized to only include allochems and discard
non-biogenetic components.

Slabs were microsampled at UTSA using a Voguemicro dental drill
mounted on a Leica M80 stereoscope. Powdered samples were submit-
ted to the Keck Paleoenvironmental and Environmental Stable Isotope
Laboratory at the University of Kansas for oxygen and carbon isotope
analyses. Approximately 70 pg of powdered sample was loaded into
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Fig. 3. lllustration and repartition of microfacies defined in thin sections, following Arnaud-Vanneau and Arnaud (2005). A: microfacies FT, quartzarenite with fragments of bryozoan (Br),
crinoid, and glauconite (Gl; Les Jarrands, sample FE31); B: microfacies F3, packstone with small rounded fragments of crinoid (Cr) and bryozoan (Mortier Tunnel, sample MT2);
C: microfacies F4, packstone with large rounded fragments of crinoid and bryozoan (Les Jarrands, sample FE9); D: microfacies F5, packstone to grainstone with debris of green algae (Gr),
bivalves (Bi), gastropods (Ga), circalittoral benthic foraminifera (Bf), and ooids (Oo; Les Rimets, sample RI9); E: microfacies F5/F6, packstone to grainstone with green algae, orbitolinid
(Or) and ooid (Les Rimets, sample RI18); F: microfacies F6, grainstone with green algae, orbitolinid, and rudist fragments (Ru; Les Rimets, sample RI6); G: microfacies F7, grainstone
with coral (Co), bivalve, and rudist debris, and with benthic foraminifera and orbitolinid (L'Achard, sample 74); H: microfacies F8, grainstone with pellet (Pe), green algae, miliolid
(Mi), coral and bivalve fragment (L'Achard, sample AS92); I: microfacies F9, grainstone with pellet, miliolid, and bioclast (L'Achard, sample AS96); J: microfacies F10, grainstone with
small pellet, miliolid, and rare rudist (Les Jarrands, sample FE3). All scale bars are 1 mm long. Abbreviations: FWB: fair-weather base; SWB: storm weather base.

vials of the Kiel IV carbonate device and reacted with >100 % phospho-
ric acid at 70 °C. After cryogenic purification isotopologues of CO, were
analyzed on a Thermofinnigan MAT 253 dual inlet isotope ratio mass
spectrometer. The carbon and oxygen isotope ratios are reported in
the delta (&) notation as the per mil (%o) deviation relative to the Vienna
Pee Dee Belemnite standard (VPDB) using internationally calibrated
standards. External reproducibility is reported as +0.1 %o via repeated
analyses of Sigma-Aldrich calcite.

Powdered samples were processed for elemental geochemical anal-
ysis at UTSA. The amount of volatile was estimated by calcination of
ca. 2.0 g of powdered sample at 1050 °C in a MTI KSL-1200X muffle fur-
nace for 90 min to calculate a loss on ignition (Dean, 1974). Glass beads
were produced by mixing 9.0 & 0.001 g of lithium tetraborate (Li,B407)
with 1.8 4 0.001 g of powdered sample into a Pt-Au crucible. Fusion at
1050 °C was performed with a Claisse© LeNeo fusion machine using a
33 minute-long automatized program. Pressed pellets were produced
by homogenizing 6.65 + 0.001 g of powdered sample with 0.35 +
0.001 g of SpectroBlend® binder, and by pressing this mixture in an

aluminum cup at 5 tons for 60 s using an evacuable die set (30 mm
diameter, stainless steel). Glass beads and pressed pellets were analyzed
for their major and trace element concentration, respectively, using
a Rigaku Primus Il Wavelength Dispersive X-Ray Fluorescence spec-
trometer at UTSA, with a 3.6 kW beam power, and current voltage and
intensity ranging between 40 and 60 kV and 60 and 90 mA, respectively,
depending on the atomic number of the element targeted. The detection
limit is better than 0.01 wt% and 10 ppm for major and trace elements,
respectively. Standard deviation is better than 0.3 % (CaO) for major
elements and varies between 0.6 (Zn) and 22.8 ppm (Ba) for trace
elements, based on triplicate analysis of each sample.

From the concentration in major and trace elements, Zr/Zrs, (sh =
shale concentrations from Wedepohl, 1991), P20sys, %terrigenous» MN*,
and CIA (Chemical Index of Alteration) geochemical proxies were calcu-
lated (see Godet et al., 2023, and references therein). The proxy P;Osys is
calculated as an enrichment factor corrected for detrital input, and thus
better identifies stratigraphic intervals with enrichment in phosphorus,
while %terrigenous is a normalization of the Ti concentration in the
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sample to that in the average shale of Wedepohl (1991), expressed in
percent (Engelke et al., 2018, and references therein). Mn* compares
the Mn and the Fe concentration in the sample and in the average
shale to evaluate the redox conditions at time of deposition (Bellanca
et al., 1996). The CIA proxy relies on the leaching of calcium, sodium,
and potassium during weathering of feldspars (Nesbitt and Young,
1982). Because most studied lithologies are carbonate rocks where
CaO0 is produced in-situ, the CaO concentration is replaced by the
Na,O concentration in the calculation of the CIA (McLennan, 1993).

Principal component analysis (PCA) for geochemical and point
counting data was completed with an R code that uses corrplot, ggplot2
and ggfortify packages. The PCA plot of point counting data permitted
identifying clusters that correspond to ecological associations. In
Microsoft Excel, a pivot table helped quantify the amount of each
ecological association in each sequence stratigraphic system track. To
quantify the degree of ecological diversity in each sample, Hill numbers
D were calculated using frequency of allochems from point counting
data and a diversity index of 0.5 (>°D) and 2 (?D) to favor rare and
most common species, respectively (Daly et al., 2018).
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4. Results and interpretation
4.1. Facies, depositional environments, and sequence stratigraphy

4.1.1. L'Achard

The section (Fig. 4) starts with a soft bed of the Lower Orbitolina
Beds with abundant large orbitolinids, fine grained bioclastic frag-
ments, some iron coating (<5 % of allochems), and texture ranging
from wackestone to packstone (microfacies F8 indicative of a lagoon
environment; Table 1).

The Upper Urgonian Limestone (1 to 15 m) consists of massive
gray to tan beds of medium- to coarse-grained packstone to grainstone
with abundant miliolids, rudist bivalve fragments, crinoids, lithoclasts,
occasional corals, green algae, and orbitolinids; this assemblage is
interpreted as microfacies F5 to F7 deposited in an outer platform,
subtidal to patch reef environment, following Arnaud-Vanneau and
Arnaud (1990). A sequence boundary is interpreted at a switch from
F8 to F6 microfacies at 15 m; it corresponds to the SbAp2 according to
Arnaud (2005a).
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Fig. 4. Lithological column of the L'Achard Sud section, where beds are color-coded as a function of their microfacies inferred from the petrographic analysis of thin sections. This permits
identifying sequence boundary (Sb) and maximum flooding surface (mfs) with red and blue lines, respectively. On the right-hand side of the lithocolumn carbon isotope (5'*C), oxygen
isotope (6'%0), detrital input (Zr/Zrqp, %terrigenous), Tedox (Mn*), nutrient input (P,0sys), and continental weathering (CIA*) values are plotted as a function of sample position in the

measured section.
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Table 1
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Summary of the characteristics of microfacies defined in Arnaud-Vanneau and Arnaud (2005). Microfacies FO to F3 are not identified in this study.

Name Texture

Skeletal components

Thickness

Sedimentary structure

Depositional environment

FO

F1

F2

F3

F4

F5

F6

F7

F8

F9

F10

F11

Mudstone to
wackestone
Wackestone

Wackestone

Packstone to
grainstone
Packstone to
grainstone
Grainstone

Grainstone
Grainstone
Wackestone
to packstone

Wackestone
to packstone
Packstone to
grainstone
Mudstone or
grainstone
Packstone to
grainstone

Radiolaria, ammonite
Sponge spicules
Sea urchins, peloid

Echinoderm, small benthic
foraminifera
Bryozoan, crinoid

Large rounded bioclast of algae, large
benthic foraminifera, and coral debris
Ooid

Coral

Large benthic foraminifera, algae,
rudist and coral fragments, rare
echinoderm debris

Small rudists, abundant miliolids

Micritized grains, oncoids
Stromatolites, rare small miliolids

Crinoid, bryozoan

Decimetric to
metric
Decimetric to
metric
Decimetric to
metric
Decimetric

Decimetric to
metric
Decimetric

Decimetric
Decimetric
Decimetric to
metric

Metric
Metric
Decimetric to
metric

Decimetric to
metric

Alternation of marlstone and
limestone beds

Alternation of marlstone and
limestone beds

Wavy bedding surface

Wavy bedding surface

Cross beddings (rare)

Cross stratifications

Cross stratifications

Oblique cross stratifications
Massive

Massive

Massive

Keystone vugs, bird's eyes

Oblique cross stratifications

Basin, below storm-weather wave base

Hemipelagic basin, below storm-weather wave base
Outer shelf and slope, below storm-weather wave base
Outer shelf, straddling the storm-weather wave base and
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The Upper Orbitolina Beds (15 to 57.8 m) consist of mostly
grainstone with abundant miliolids, rudist bivalves, crinoids, orbitolinids,
corals (up to 10 mm), green algae, occasional gastropods, bryozoans,
and ooids. Microfacies vary: miliolid- and rudist-rich microfacies

Lithology
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Orbitolinid-rich limestone

Sandy limestone

F7 (moderate to high energy, subtidal to tidal environment) and F9
(shallow tidal environment of the inner platform; 13.5 to 36.3 m) tran-
sition to microfacies F5 to F7 (subtidal-tidal environment with high to
moderate energy, respectively; 36.3 to 39.5 m). From 39.5 to 40 m
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Fig. 5. Lithological column of the Mortier Tunnel section, where beds are color-coded as a function of their microfacies inferred from the petrographic analysis of thin sections. This permits
identifying sequence boundary (Sb) and maximum flooding surface (mfs) with red and blue lines, respectively. On the right-hand side of the lithocolumn carbon isotope (5'3C), oxygen
isotope (6'%0), detrital input (Zr/Zrqp, %terrigenous), Tedox (Mn*), nutrient input (P,0sys), and continental weathering (CIA*) values are plotted as a function of sample position in the
measured section.
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microfacies F4 was deposited in a deep outer platform environment; it
marks the deepest environment encountered in the section, and
is interpreted as the maximum flooding surface Ap2 of Arnaud
(2005a). From 40 to 50.8 m microfacies in the Upper Orbitolina
Beds range from F8 to F5 from the base to the top of the interval; this
indicates a deepening-upward trend from a lagoonal to outer plat-
form subtidal environment, whereas microfacies F7 to F9 from 50.8
to 55.2 m (patch reef to inner platform environment, respectively)
are interpreted as a shallowing-upward trend. From 55.2 to 57.8 m
orbitolinid-rich microfacies F5 indicates a forereef or backreef envi-
ronment above the fair-weather wave base.

The Lumachelle Il (57.8 to 60.3 m) is a tan to light brown, massively
bedded sandy beds of wackestone-packstone to packstone-grainstone.
It contains abundant crinoids, bryozoans, bivalve fragments, varying
amounts of detrital quartz grains, and occasional glauconite (microfacies
F4, deep outer platform subtidal environment). The SbAp3 is placed at
the transition from F7 to F5 microfacies at 55.2 m while the position of
SbAp4 is inferred in a hillslope where rocks are poorly exposed between
the Upper Orbitolina Beds and the Lumachelle II (Fig. 2).

4.1.2. Mortier Tunnel

The Upper Urgonian Limestone (0 to 0.75 m) comprises massive
beds of packstone-grainstone that are fractured, gray in color (Fig. 5).
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It has abundant large orbitolinids, miliolids, bioclastic fragments, occa-
sional rudists, and green algae (microfacies F8) that indicate a lagoonal
environment. The topmost sample of the Upper Urgonian Limestone
includes abundant miliolids, occasional orbitolinids, and green algae
(microfacies F9, inner platform setting); it is capped by a karst filled
by a grainstone with crinoids, miliolids, orbitolinids, some lithoclasts
and bioclastic fragments (microfacies F4, subtidal environment). The
karst surface is interpreted as the SbAp2.

The Upper Orbitolina Beds (0.75 to 4.95 m) include abundant
miliolids, rudists, orbitolinids, occasional ooids, green algae, and
lithoclasts. Depositional textures range from mudstone-wackestone
(5.2 m) to grainstone (3.6 m). The depositional environment gradually
shifts from an outer platform shallow subtidal (microfacies F5, 0.75 to
1.1 m) to a forereef (microfacies F6 at 2 m), and lagoonal environment
(microfacies F7 and F8 up to 4.35 m). The last bed of the Upper
Orbitolina Beds (4.34 to 4.95 m) indicates a backreef (microfacies F6)
to shallow lagoonal (microfacies F7) environment based on the pres-
ence of large orbitolinids and ooids. The mfsAp2 is interpreted in
microfacies F5 at 0.9 m.

The Lumachelle II (4.95 to 6.5 m) is tan to light brown and is
more prone to erosion than underlying formations. Its facies corre-
sponds to an orbitolinid- and ooid-rich packstone to grainstone with
abundant bryozoans and crinoids, and occasional quartz and glauconite
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Fig. 6. Lithological column of the Les Rimets section, where beds are color-coded as a function of their microfacies inferred from the petrographic analysis of thin sections. This permits
identifying sequence boundary (Sb) and maximum flooding surface (mfs) with red and blue lines, respectively. On the right-hand side of the lithocolumn carbon isotope (5'*C), oxygen
isotope (6'%0), detrital input (Zr/Zrqp, %terrigenous), Tedox (Mn*), nutrient input (P,0sys), and continental weathering (CIA*) values are plotted as a function of sample position in the
measured section.
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(microfacies F5, outer platform subtidal environment). The contact
between the Upper Orbitolina Beds and the Lumachelle II corresponds
to a karst surface at 4.95 m, is associated with an abrupt fauna change,
and corresponds to stacked SbAp3 and SbAp4 as the Lumachelle I is
missing.

4.1.3. Les Rimets

The Les Rimets outcrop (Fig. 6) features an incised valley into
the Upper Urgonian Limestone, filled with deposits of the Upper
Orbitolina Beds, and capped by the Lumachelle II (Arnaud-Vanneau
and Arnaud, 1990). The Upper Urgonian Limestone (0 to 1.25 m) is a
white to light gray packstone rich in miliolids and orbitolinids with
bioclastic fragments, rudists, and miliolids, which is interpreted as a
lagoonal (microfacies F8) to an inner platform subtidal (microfacies
F9) environment. Its top surface is karstified and is interpreted as the
SbAp2.

The Upper Orbitolina Beds are medium to dark gray in color and
are organized in thin beds of variable competency. From 1.25 to 2.5 m
a marly wackestone with corals, bioclastic fragments, occasional
orbitolinids, and bivalve fragments is interpreted as being deposited in
a backreef (microfacies F8, 1.25 to 1.45 m) to a shallow lagoonal envi-
ronment (microfacies F9, 1.45 to 2.5 m). From 2.5 to 3 m the facies tran-
sitions into an orbitolinid- and ooid-rich packstone to grainstone with
green algae, bivalves, miliolids, crinoids, and well-rounded grains
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(microfacies F6). At 3 m the facies changes to an orbitolinid- and ooid-
rich packstone with noticeable thin cross-stratifications (microfacies
F5); we interpret the mfsAp2 in this interval because the overlying
facies (3.5 to 4.6 m) transitions to microfacies F6 (orbitolinid and ooid
grainstone with higher quantities of bivalve fragments, bryozoans,
miliolids, and rounded bioclastic fragments) indicative of shallower
environments. The remainder of the Upper Orbitolina Beds (4.6 to
ca. 6 m) correspond to orbitolinid- and ooid-rich wackestone to packstone
with fewer bivalve, bryozoan, and crinoid allochems, indicative of an
outer platform shallow subtidal (microfacies F5) to an outer platform
tidal (microfacies F6) environment.

The Lumachelle II (6 to 6.85 m) consists of tan to light brown, coarse
grainstone with abundant quartz, crinoid and bryozoan (microfacies F4,
outer platform, deep subtidal environment). The boundary between
the Upper Orbitolina Beds and the Lumachelle II is interpreted as the
stacked SbAp3-SbAp4.

4.14. Les Jarrands

At the base of the outcrop, the Upper Orbitolina Beds (0 to 2.1 m;
Fig. 7) include beds of gray, fine-grained miliolid packstone to
grainstone with occasional orbitolinid, oncoid, lithoclast, and large
rudist. The occurrence of Bacinella-Lithocodium, lithoclasts, miliolids,
orbitolinids, bird's eyes, and coated rudist fragments indicates
microfacies F9 (inner platform shallow tidal environment) to F10
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measured section.
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(supratidal environment). The morphology of Bacinella-Lithocodium
falls into the patchy-cloudy (samples FE-1 and 2) and lump (samples
FE-3 and 5) categories of Rameil et al. (2010), confirming their deposi-
tion in a shallow subtidal environment with high sedimentation rate
and oxygen level, and low nutrient input and alkalinity. At the top of
the Upper Orbitolina Beds, an irregular surface infilled by facies from
the Lumachelle I corresponds to the SbAp3.

Beds of the Lumachelle I (2.1 to 6.4 m) are light tan, often laterally
truncated, display cross-stratification, and have a coarse-grained
texture. The lowermost beds (2.1 to 4.4 m) correspond to a coarse-
grained crinoid and bryozoan grainstone with occasional orbitolinids,
bivalves, and quartz. Top beds (4.4 to 6.4 m) are medium-grained
crinoid and bryozoan grainstone with more ooids and less quartz, glau-
conite, rudist, and orbitolinid than in the lower beds. Beds of the
Lumachelle I are interpreted to be deposited in an outer platform, shal-
low subtidal (microfacies F5) to deep subtidal (microfacies F4) environ-
ment. The Lumachelle I ends with an irregular surface interpreted as the
SbAp4.

The Lumachelle II (6.4 to 27 m) is tan to light brown in outcrop and
is more prone to erosion than underlying formations. The lowermost
samples (6.4 to 8.5 m) correspond to a quartz-rich (30-75 %) grainstone
to calcareous quartzarenite with crinoid, bryozoan, rudist, and occa-
sional glauconite; the lack of orbitolinid and ooid distinguishes this
formation from the Lumachelle I. The interval between 8.5 and 14 m
corresponds to intermittent marls with less quartz. The depositional
texture ranges from packstone to grainstone with crinoid, bryozoan,
large rudist, quartz (8-25 %), and occasional glauconite. A calcareous
quartzarenite (70 % quartz) interval (14 to 14.15 m) overlies a thin,
intermittent marl zone, and includes crinoid, bryozoan, and rudist
fragments. From 14.5 to ca. 18 m a marly interval with less quartz (5-
30 %) mimics the interval between 8.5 and 14 m. The uppermost
Lumachelle 1T (18 to 27 m) is a clean, coarse-grained crinoid- and
bryozoan-rich grainstone with intervals rich in quartz (10-40 %), occa-
sional bivalves and glauconite. Facies in the Lumachelle I indicate an
outer platform subtidal environment (microfacies F4) intercalated
with facies of transgression (FT). The mfsAp4 is interpreted in a marly
interval at 14.5 m.
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4.1.5. Point-counting data

Point counting data are plotted alongside lithological columns in
Figs. 4 to 7; mean values in each lithostratigraphic unit are summarized o —
in Table 2. v

The only sample from the Lower Orbitolina Beds indicates the
dominance of orbitolinids (mean of 37 %; Table 2) and bivalves (mean
of 16 %). In the Upper Urgonian Limestone the most abundant allochem
is pellet (mean of 34 %) followed by bivalve (15 %) and lithoclast (mean

Crinoid Gastropod Glauconite

[l
of 11 %). The Upper Orbitolina Beds are dominated by benthic foraminif- glev~ey
era (mean of 26 %) and pellet (mean of 15 %); on average the orbitolinid -
represents 6 % of allochems. The Lumachelle I is dominated by crinoid g
(mean of 34 %) and bryozoan (mean of 23 %), while quartz (mean of ;? NN

30 %) and crinoid (mean of 28 %) are the most occurring grains in the

Occurrence of allochems and detrital grains (mean values in percent) in each formation considered.
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7.8 m before they increase by ca. 0.45 %o from 9.9 to 31.7 m. A small neg- E
ative spike (amplitude of ca. —0.4 %.) from 32.7 to 35.7 m precedes an 2
increase of 1.2 %o up to 53 m before 6'3C values decrease back through Elemo -
the rest of the section (Fig. 4). 630 values increase from 2.1 to 38.7 m i
(amplitude of +0.5 %), then decrease to a minimum of —6.4 %. at =
42.8 m before a second increasing-upward trend to the top of the Eloccoo
section. A cross plot of 8'3C vs. 6'80 values reveals a poor correlation S
(R? = 0.2) for the whole section (Fig. 8). o B
At Mortier Tunnel (Fig. 5) a negative excursion in 6'>C values from % g2 § 5 5
1.8 to 3.1 m (amplitude of —1.8 %.) is followed by an increase up to e
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1.7 %o at the top of the outcrop. Trends in 6'30 values are nearly identical
to the 8'3C trends: a decreasing trend to a minimum of —6.1 %o (1.8
to 3.1 m) precedes an increase in values (amplitude of +2 %.) from
3.1 m to the top of the section. A cross-plot of 8'3C vs. 6'20 values
(Fig. 8) indicates a moderately strong correlation (R?> = 0.7).

At Les Rimets (Fig. 6) 6'3C values increase by ca. 0.5 %o from the
base to the top of the measured section with negative excursions of an
amplitude of ca. 0.5 %, at 1.1 and 4.7 m. The evolution of 580 values is
characterized by low values (minimum of —5.1 %o at 1.1 m) before a
maximum of —2.8 % is reached at 1.3 m. The remainder of the section
corresponds to a steady trend toward more negative values. A cross
plot of 8'3C vs. 5'80 values reveals a poor correlation (R* = 0.02).

At Les Jarrands (Fig. 7) 6'3C values decrease from 0.2 to 6.6 m
(amplitude of —1.35 %o), increase up to 17.7 m (amplitude of 2.1 %),
and decrease through the remainder of the section (amplitude of
1.2 %.). 5180 values trend positively from 0.2 to 3.4 m (0.8 %o amplitude),
negatively from 4.0 to 6.6 m (0.65 %, amplitude), and positively up to
the top of the section (2.65 % amplitude). A cross plot between §'>C
and 680 values indicates a fair correlation (R*> = 0.58; Fig. 8).

The cross plot of 83C vs. 880 values (whole dataset) shows a
systematic deviation from the Estimated Seawater Composition (ESC)
toward lower 6'C and more negative 5'®0 values (Fig. 8), with two
Upper Orbitolina Beds and one Lumachelle Il samples having negative
513C values.

4.3. Elemental geochemistry

At L'Achard Zr/Zrs, values remain lower than 0.01 except in the
Lower Orbitolina Beds (base of the section) and in the Lumachelle II
(57.6 to 59.6 m) where maximum values of 0.25 and 0.23 are reached,
respectively (Fig. 4). Aside from a high value of 6.1 % at 20.5 m, %e.r
values follow a similar trend with a maximum value in the Lumachelle
I (10.4 % at 57.6 m). P,0sys values average at 0.02 from the base of
the section to the base of the Lumachelle Il at 57.6 m high, then increase

10

up to a maximum of 0.07 at the top of the section. A large scattering is
observed in Mn* values that range from 0 to 1.1 throughout the section
with no apparent trend. CIA* values do not vary much from the base of
the section to 57.6 m with an average of 96 % in this interval, while
values in the Lumachelle II decrease down to 80.5 %.

At Mortier Tunnel Zr/Zrs, and %...+ values remain lower than
0.05 and 2 %, respectively, from 0 to 3 m; values increase up to 0.12
and ca. 6 % at 3.8 m. Zr/Zrg, and %, Values slightly decrease in the
Lumachelle II (0.09 and 4.5 %, respectively), before reaching values
of 0.1 and 5.6 %, respectively toward the top of the section. P,Osys
values average at ca. 0.02 from the base of the section up to 3.1 m,
then increase up to 0.225 at 3.8 m. In the remainder of the section
P,0s4s Values average at 0.06. Mn* values average around 0.7 from
the base of the section up to 1.1 m before they increase to a maximum
of 1.6 at 2.3 m. Mn* values then decrease down to ca. 0.2 at 4 m and
remain low up to the top of the section. CIA* values slightly decrease
upward, from 93.1 % at the base of the section up to 80.8 % at its top.

At Les Rimets Zr/Zrs, and %, values display identical increasing-
upward trends, from 0.01 and 0.6 % at the base of the section up to
0.225 and 7.1 % at its top, respectively (Fig. 6). P,0sys values average
at ca. 0.2 throughout the section except a high value of 0.4 at 5.8 m.
Mn* values average at ca. 0.6 throughout the section except a low
value of —0.1 at 5.8 m. CIA* values increase from 55 to 92.8 % from 0.7
to 1.3 m, and subsequently average around 85 % in the remainder of
the section.

At Les Jarrands Zr/Zrg, and % values display an increasing-upward
trend from 0 and 0.5 % at the base of the section to 0.36 (at 8.6 m) and
7.5 % (at 6.6 m), respectively. %+ values then remain at ca. 6 % from
6.6 to 14.2 m, while Zr/Zrg, values rapidly decrease from a maximum
value of 0.36 at 8.6 m down to 0.1 at 12.7 m, before increasing back to
0.22 at 17.7 m. Both Zr/Zrg, and %, values display decreasing-
upward trends in the remainder of the section to reach values of 0.175
and 4.6 % at the top of the section, respectively. P,0sxs values are the
lowest in the Upper Orbitolina Beds (average value of 0.03). They
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increase in the Lumachelle I and in the Lumachelle IT up to 14.5 m with
maximum values of 0.76, 0.82, and 0.87 at 6.6, 17.7, and 22.0 m, respec-
tively. CIA* values decrease upward throughout the section, from 87 % at
its base up to 69.8 % at its top.

4.4. Data analysis

In the PCA plot of geochemical data (Fig. 9) Lower Orbitolina Beds,
some Upper Orbitolina Beds, and Lumachelle II datapoints align with
vectors for detrital (e.g., Zr/Zrspn, %terr) and nutrient supply (P20sys) in
the right-hand side quadrant. On the left-hand side quadrant, Upper
Urgonian Limestone and most Upper Orbitolina Beds datapoints align
with Ca0, CIA*, and Mn* vectors. In the upper, middle part of the plot,
the vector for SiO; aligns with Lumachelle I, some Upper Orbitolina
Beds and some Lumachelle II datapoints. The score of PC1 and PC2
sums at 69.3 %; loadings of each parameter on PC1 and PC2 are reported
in Fig. 9.

The PCA of point counting data defines three clusters in the top right
(Tier 1: Bacinella-Lithocodium, gastropod, lithoclast, pellet, rudist,
serpulid, and sponge), bottom right (Tier 2: undifferentiated benthic
foraminifera, coral, green algae, miliolid, ooid, orbitolinid, ostracod,
and stromatolite), and bottom left (Tier 3: bivalve, bryozoan, crinoid,
glauconite, and quartz) of the plot. Datapoints of Upper Urgonian Lime-
stone and ca. 30 % of Upper Orbitolina Beds fall into Tier 1, while Lower
Orbitolina Beds, two Upper Urgonian Limestone and ca. 70 % of Upper
Urgonian Limestone datapoints fall into Tier 2, and datapoints of
Lumachelle I, Lumachelle II, and some Upper Orbitolina Beds fall into
Tier 3. The score of PC1 and PC2 sums at 31.43 %; loadings of each
parameter on PC1 and PC2 are reported in Fig. 9.

The proportion of each tier is plotted alongside a composite 5'>C
curve for the study area assembled based on the recognition of
Sbs and mfss (Fig. 10). In the Upper Urgonian Limestone Tier 1, Tier 2,
and Tier 3 represent 34, 45, and 21 % of ecosystems, respectively. In
the Upper Orbitolina Beds Tier 1, Tier 2, and Tier 3 represent 24, 52.5,
and 23.5 % of ecosystems, respectively. In the Lumachelle I and II,
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Tier 1, Tier 2, and Tier 3 represent 14.5, 3.5, and 82 % of ecosystems, re-
spectively. Regarding ecological diversity, Hills numbers that favor com-
mon species (°D) display a slightly increasing trend from 0.5 up to 1.0 at
42.6 m, then values drop down to 0.5 in the remainder of the Upper
Orbitolina Beds. In the Lumachelle I and II, 2D values increase back up
to 0.9. Hills numbers that favor rare species (°°D) display more scatter-
ing in the Upper Urgonian Limestone and the Upper Orbitolina Beds,
with values ranging from 3.3 (23.9 m) to 14.2 (26.6 m). In the upper
part of the Upper Orbitolina Beds, a decreasing-upward trend parallels
the one described in 2D values. In the Lumachelle I and II, ®°D values
increase up to 7.9 (56.8 m) before they decrease down to 3.8 at the
top of the section; this trend is interrupted by a spike in values up to
8.7 at 62.1 m.

5. Discussion
5.1. Identification of the OAE1a

The OAE1a was first identified in deep marine series where high or-
ganic matter contents indicate anoxia (Schlanger and Jenkyns, 1976),
and it was subsequently associated with a perturbation in the global
carbon cycle reflected in the evolution of 6'3C values (Weissert
et al,, 1979; Weissert, 1989; Menegatti et al., 1998). In shallow-marine
settings, high total organic carbon content is rarely preserved because
of the rapid oxidation of organic matter, but trends in 8'3C values can
help identify the OAE1a if isotope segments defined by Menegatti
et al. (1998) are recognized in the absence of strong diagenetic alter-
ation that could impact 6'3C values (e.g., Swart, 2015).

In Vercors, because studied outcrops did not provide a thick, contin-
uous and complete sedimentary archive representative of the latest
Barremian-early Aptian, we compiled a composite §'>C curve (Fig. 10)
based on the sequence stratigraphic interpretation and correlation of
studied sections to help locate the record of the OAE1a within the sedi-
mentary succession. The chemostratigraphic interpretation of the com-
posite 8'3C curve requires the evaluation of the preservation of the

4 sio,

N

PC2 (11.2%)

-2 |

PC1 (58.1%)

PC1  PC2
MgO 0.68 -0.30
Sio, 0.35 0.86
ca0 0.69 -0.26
Fe,O, 0.91 -0.09
Zrizr,, 090  0.00
Porerrigenous 0.88 -0.07

4+

N
!

PC2 (10.75%)

-4 -

2 0.0
PC1 (20.68%)

PC1 PC2
Benthic Foraminifera Undiff. 0.52 -0.48
Bivalve Undiff. -0.45 0.20
Bryozoan -0.67 -0.08
Coral 0.26 -0.08
Crinoid -0.73 -0.21
Green Algae 0.62 -0.21

Lithostratigraphic units

©Lower Orbitolina Bed

© Upper Urgonian Limestone
© Upper Orbitolina Bed
©Lumachelle |

©Lumachelle Il

Ostracod; Str: Stromatolite

Ecological associations

- Tier 1: Bac: Bacinella-Lithocodium; Gas: Gastropod; Lit: Lithoclast; Pel: Pellet; Rud: Rudist; Ser: Serpulid; Spo: Sponge

Tier 2: BFU: Benthic Foraminifera (undifferentiated); Cor: Coral; GrAl: Green Algae; Mil: Miliolid; Oo: Ooid; Orb: Orbitolinid; Os:

I Tier 3: Biv: Bivalve (undifferentiated); Br: Bryozoan; Cr: Crinoid; GI: Glauconite; Qz: Quartz
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11



A. Godet, ]. Byerly, M. Bourdon et al.

Ap4

Sedimentary Geology 473 (2024) 106757

-00.¢ 0©

Ap3

Ap2

0 1 2 3 4 5
8%3C (%o VPDB)

° Poclste-0-00-°
° ool.noomﬁoo-}—uud&'&ouaommou—wﬁp’

0 20 40 60 80100
CIA*

"04 08
PO

27 5xs

100 0 5 10 15 0

Hills numbers Y%terrigenous

Chemostratigraphy Sequence stratigraphy
® | 'Achard sequence boundary
© Mortier Tunnel HST
YLesRimets - X - - -~ maximum flooding surface
OLes Jarrands TST
sequence boundary

Ecological associations

8 Tier 1: Bacinella-Lithocodium; Gastropod; Lithoclast; Pellet;
I Tier 2: Benthic Foraminifera (undifferentiated); Coral; Green

I Tier 3: Bivalve (undifferentiated); Bryozoan; Crinoid;

Rudist; Serpulid; Sponge

Algae; Miliolid; Ooid; Orbitolinid; Ostracod; Stromatolite

Glauconite; Quartz
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isotope signal. Carbonates formed in deeper marine settings are less
susceptible to be altered by early meteoric diagenesis, and their 5'>C
values may reflect a rock-buffered diagenetic system (Swart, 2015).
The 6'3C and §'80 values for Lower Cretaceous (hemi-)pelagic carbon-
ates from the Vocontian Basin (southeastern France) range between
0.98 and 4.76 %o, and —2.11 and —4.81 %., respectively (Herrle et al.,
2004); any departure from these ranges of values signifies diagenetic
overprint. Most of our data falls within the Aptian ESC (Fig. 8) and
have a moderate coefficient of correlation (R? = 0.5), suggesting a mod-
erate diagenetic impact (Oehlert and Swart, 2014; Swart, 2015). Three
datapoints from the Upper Orbitolina Beds (Mortier Tunnel), the
Lumachelle I and the Lumachelle II (Les Jarrands) have negative §'>C
values with 6'80 values between —5 and —7 %.. Such 6'80 values fall
within or close to the calcite meteoric line of Lohmann (1988), while
the negative 6'>C values may indicate meteoric diagenesis in discrete
horizons where cements precipitated from freshwater enriched in
soil-respired CO,. Field observations confirm this interpretation in
the Lumachelle I at Les Jarrands, where karstification associated with
the SbAp3 can explain the 5!C value of —0.1 %.. A similar trend was
observed in upper Barremian series deposited ca. 55 km further south
in the Glandasse Plateau, where Fouke et al. (1996) interpreted negative
5'3C values as resulting from meteoric diagenesis. There is no evidence
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for karstification in the Lumachelle II at Les Jarrands, however the
quartzarenite lithology of that sample with a negative 6'3C value may
indicate a very shallow environment prone to meteoric diagenesis
without the development of a karst surface, and the higher relative con-
tribution of cement in this siliciclastic lithology compared to a lime-
stone. The last datapoint with a negative 8'3C value (Upper Orbitolina
Beds, Mortier Tunnel) belongs to the TST Ap2 where meteoric diagene-
sis is unlikely to occur (Morad et al., 2012); because the overall trend in
5'3C values in this TST Ap2 mimics the global trend in 8'>C values, we
conclude that this datapoint may still reflect the original signal. Finally
one 6'80 value lower than —6.50 %. (Lumachelle II, Les Jarrands) is as-
sociated with a positive 6'3C value, and suggests increased rock-fluid
interaction during incipient burial that primarily affects 5'80 values
(Choquette and James, 1987). Based on these interpretations, we con-
clude that our 6'3C data can serve for chemostratigraphic correlation
with series where the expression of the OAE1a is recognized.

The Vercors composite 6'C curve (Fig. 10) exhibits several isotope
segments diagnostic of the OAE1a: Menegatti et al. (1998) defined a
negative 6'3C spike at the base of the OAE1a (segment C3) followed
by a rapid increase in 6'3C values (C4), a short-lived plateau (C5), and
a second increase (C6) before a longer-lasting plateau (C7). These iso-
tope segments are placed alongside the lower Aptian &'>C curve for
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the Vocontian Basin reproduced from Follmi et al. (2006) in Fig. 10. In
the TST Ap2 (Upper Orbitolina Beds), a negative spike in §3C values
down to —0.1 %, mimics the C3 segment. Then a rapid increase in
813C values up to 2.32 %, at the mfsAp2, a decreasing-upward trend,
and a subsequent increasing-upward trend in the HST Ap2 correspond
to segments C4, C5 and C7, respectively. The identification of the C3-
C7 isotope segments in the Vercors permits placing the onset and
unfolding of the OAE1a in the Upper Orbitolina Beds.

The OAE1a has been identified in other peri-Tethyan carbonate plat-
forms after the reliability of the isotope signal was carefully assessed. In
the Gargano Promontory of southeastern Italy, Del Viscio et al. (2021)
constrained the impact of meteoric diagenesis on lower Aptian series
based on §'3C vs. §'%0 cross plots, elemental geochemistry and stron-
tium isotope values, and discarded datapoints associated with exposure
surface or dissolution. As a result, these authors recognized isotope seg-
ments C2 to C7 that allowed the correlation with other regions from
Italy. A major outcome of the study by Del Viscio et al. (2021) is the
identification of a Chondrodonta marker bed toward the end of the C2
segment, reflecting the installation of environmental stress directly
prior to the OAE1a. This marker bed, however, was not recognized in
the south-central Apennines: there, Amodio and Weissert (2017) iden-
tified the OAE1a based on the evolution of 8'>C values, but interpreted
the onset of paleoenvironmental instability ca. 1.2 Myr based on the oc-
currence of Palorbitolina lenticularis and Bacinella-Lithocodium. Further
south on the Arabian Plate (Abu Dhabi), Steuber et al. (2022) identified
an influence of diagenesis on 6'20 values, but successfully identified iso-
tope segments C2 to C8 of Menegatti et al. (1998) in their 5'3C curve.
Using time series analysis, Steuber et al. (2022) estimated the duration
of the C3 and C4 segments at 104 and 40 kyr, respectively, refining the
timing of the onset of the OAE1a.

5.2. Quantifying paleoecological change during periods of environmental
stress

The impact of paleoenvironmental changes on benthic ecosystems
during the early Aptian is documented by changes in the main
carbonate-producing organisms in the proto-North Atlantic (Huck
et al., 2012), the switch from a photozoan to a heterozoan association
in the Helvetic Alps (Follmi et al., 2006; Stein et al., 2012; Bonvallet
et al,, 2019), or the collapse in neritic carbonate production coupled
with an increased occurrence of pelagic faunas in northern Spain
(Millan et al., 2009). In the Gargano Promontory of Italy, Del Viscio
etal. (2021) demonstrated that the occurrence of Chondrodonta directly
prior to the OAE1a marked the start of deteriorated paleoenvironmental
conditions; in particular monospecific beds are found on top of rudist-
dominated deposits and before a fossil assemblage with orbitolinids
and Bacinella-Lithocodium. Thus, the Chondrodonta bedsets described
directly below the OAE1a represent the incipient deterioration of envi-
ronmental conditions and transition from oligotrophic to mesotrophic
conditions. The quantification of the degree of biodiversity change asso-
ciated with the OAE1a could inform on the paleoecological impact of
this crisis, however that information is still lacking: Stein et al. (2012)
used point counting data to relate the proportion of fossil association
with specific paleoecological conditions, but these authors did not lever-
age these data to quantify how much ecosystems changed as the envi-
ronment deteriorated.

The identification of isotope segments C3 to C7 in the Upper
Orbitolina Beds (see section 5.1) offers a stratigraphic framework to
compare the makeup of ecosystems before, during, and after the
OAE1a based on point counting data. To unravel biotic associations
PCA is applied to point counting data that exclude cement and matrix
to only consider rock components with a paleoecological significance.
Three clusters of datapoints (Tier 1, Tier 2, and Tier 3; Fig. 9) are
interpreted as three distinct biotic associations. Tier 1 includes a fossil
assemblage where rudists are the most important biocalcifying photo-
autotrophic organisms (Schlager, 2005), although Pomar and Hallock
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(2008) classify these organisms as suspension feeders based on a
comparison with the feeding strategy of modern bivalves. Rudists are
grouped with pellets, gastropods, and Bacinella-Lithocodium; the pres-
ence of rudist bivalves in Tier 1 indicates a photozoan (Follmi et al.,
2006) to moderately heterozoan assemblage as rudists are thought to
have fed on picoplankton from seawater (Pomar and Hallock, 2008).
Tier 2 includes the orbitolinid, benthic foraminifera, green algal and
miliolid vectors, which indicate a lagoon environment with increased
salinity (Schlager, 2005). Tier 3 represents the least diverse assemblage:
it includes bivalve, crinoid, bryozoan and non-carbonate grain (quartz
and glauconite) vectors, and reflects a heterozoan assemblage more
adapted to stressful conditions (F6llmi et al., 2006). The proportion of
each tier was quantified in each system tract (pie charts in Fig. 10). In
the Upper Urgonian Limestone the proportion of Tier 1 increases from
19 to 48 % to the expense of Tier 2 which proportion decreases from
63 to 27 % in the TST and HST Ap1, respectively. This trend reflects the
widespread development of very shallow environments that favored
the production of carbonate grains during a keep-up HST (Sarg, 1988),
and a slightly improved biodiversity, as deduced from increased 2D
and %D values (Fig. 10). Sea level seems to control changes in ecological
associations during the sequence Ap1. Following on top in the TST Ap2,
the increased proportion of Tier 2 (56 %) supports a carbonate produc-
tion in restricted lagoonal environments with an increased salinity be-
fore the rise in sea level accelerates: at L'Achard microfacies F7 and F8
characterize the base on TST Ap2 and transition to microfacies F5 to F3
indicative of more open marine settings near the mfsAp2 (Fig. 4). Hill
numbers signal an increase in biodiversity, which is consistent with
the installation of more open marine settings. This peak in biodiversity
coincides with the C4 segment and with the mfsAp2 (Fig. 10). Moreover
based on the abundance and morphology of calcareous nannofossils
Erba et al. (2010) concluded that the C4 isotope segment corresponds
to the return to conditions more favorable to carbonate production
after a period of acidification associated with the C3 segment. Biodiver-
sity changes in the Vercors follow these trends, as lower ®°D and 2D
values are reported just prior to and at the C3 isotope segment, respec-
tively, while both biodiversity indices increase during the C4 segment.
Thus, paleoecological changes associated with the onset of the OAE1a
seem to affect both shallow and deeper marine settings, and may reflect
a supraregional trend.

A switch occurred in the HST Ap2: this systems tract is not domi-
nated by Tier 1, but instead Tier 2 represents 49 % of the ecosystem
and biodiversity index reaches a minimum value toward its base. In
particular °°D and 2D reach 3.6 and 1.0 at 33.2 m, respectively, coeval
with the transition between isotope segments C5 and C6: these minimal
values reflect a decreased biodiversity in rare species while the biodi-
versity of common species is maintained. In this interval carbonate
production by benthic foraminifera and green algae makes up 97 % of
allochems (sample AS62; see Data repository), and vectors for these or-
ganisms overlap Tier 2 datapoints in Fig. 9B. In northern Spain a similar
increase in carbonate production by benthic foraminifera is supported
by the abundance of orbitolinid-rich facies that occurs in a HST within
the OAE1a, and is associated with a pulse of terrigenous continental
material (Millan et al., 2011). Our dataset also supports an increased
detrital input that starts earlier in the TST Ap2 where %errigenous Values
increase up to 6.15 % at the mfsAp2. In the Western Swiss Jura several
authors (Blanc-Alétru, 1995; Godet et al., 2010; De Kaenel et al.,
2020) reported intense erosion and reworking in upper Barremian
series where they documented the presence of erosional surfaces,
encrusted and bored pebbles, and the presence of late Berriasian—early
Valanginian calpionellids in these upper Barremian deposits. The
sequence stratigraphic interpretation of these series led Godet et al.
(2010) to place these phases of intense reworking within a transgressive
systems tract. Similarly the increase in detritism seen in Vercors may
reflect enhanced sediment reworking during the increasing rise in sea
level. Subsequently %errigenous Values decrease down to <1 % in the HST
Ap2, before the start of the C7 segment. In the C7 segment (ca. 39 to



A. Godet, ]. Byerly, M. Bourdon et al.

55.1 m) %terrigenous Values higher than 1% and up to 7.1 % are correlated
with a decrease followed by an increase in diversity (®°D = 12.3 and
2D = 0.9), and a final decrease in ®°D values that reach a minimum of
6.2 at the top of the HST Ap2. That relationship may indicate an incipient
deterioration in the environment that favored more common and
adapted species while rarer species were more sensitive and collapsed.
A more significant drop in biodiversity occurs in the Lumachelle I and
Lumachelle II: while the diversity of common species maintains a high
value of 0.8, the %D value decreases from 12.3 (base of TST Ap3) to
4.2 in the HST Ap4. A continuously increasing-upward detrital and
nutrient input triggered this drop in biodiversity and the dominance
of Tier 3 association that represents 74 % of the ecosystem in the TST
Ap3. The biodiversity of ecosystems continues to decrease in the
Lumachelle II (TST and HST Ap4): Tier 3 makes up 87 (TST Ap4) and
96 % (HST Ap4) of the fossil association, while Hill numbers decrease
to 0.5 (D) and 2 (°°D) in the early TST Ap4. To summarize, the biodi-
versity loss that shallow-marine ecosystems experienced is significant:
using Hills numbers ®°D we calculated a 46 % decrease in biodiversity
from before to after the OAE1a (i.e., from the Upper Urgonian to the
Lumachelle), with much of the loss (39 %) occurring from the Upper
Orbitolina Beds to the Lumachelle. Factors associated with sea level
changes may have contributed to these changes, such as the shift in
the depositional environment or variation in detrital and nutrient fluxes
(see Section 5.3).

The adaption of carbonate ecosystems to changing
paleoenvironmental conditions during the early Aptian is documented
in other locations of the northern Tethyan margin. In the Helvetic
Alps, carbonate production operated a switch from photozoan
(Schrattenkalk Formation) and heterozoan (Griinten Member) ecosys-
tems in the early Aptian during the C3 isotope segment. After a phase
of drowning (Luitere Bed, C4 to C7 segments) the return of a heterozoan
production occurred in the late Aptian (Brisi Beds; Follmi and Gainon,
2008). Follmi et al. (2006) postulated that enhanced weathering of
continental landmasses and delivery of nutrients, especially phos-
phorus, drove these changes in benthic carbonate factory, with
heterozoan assemblages being better adapted to mesotrophic condi-
tions. This model applies to the Vercors since the large occurrence of
Tier 3 in the Lumachelle I and II parallels an increase in P,0sxs values
in the late Aptian, but does not explain the evolution of ecosystems
preserved in northwestern Spain (Millan et al., 2011). There, benthic
ecosystems experienced a slow down during the C3-C6 segments but
the productivity of ecosystems with rudists and branching corals
resumed during the C7 segment and afterward. Thus the unfolding of
the OAE1a did not affect these ecosystems as much as those in the
Vercors and Helvetic Alps, suggesting that local to regional forcing
mechanisms modulated the impact of the OAE1a and favored the resil-
ience of ecosystems.

5.3. Paleoenvironmental forcing on the paleoecology of the Urgonian
platform

The nature of carbonate-producing ecosystems and ecological
reorganizations result from the complex interplay of environmental
parameters (Mutti and Hallock, 2003; Arnaud-Vanneau, 2005; Schlager,
2005). Recent studies leveraged major and trace element concentrations
to reconstruct the quality of seawater at time of deposition, especially
when the remobilization of trace elements during early diagenesis is
discarded (Swart, 2015). To improve the statistical analysis of geochem-
ical dataset Coimbra et al. (2017) demonstrated that PCA allows
assessing the impact of paleoenvironmental parameters during different
diagenetic stages or in different lithologies. Following these authors,
Godet et al. (2023) applied PCA to elemental and isotope geochemical
data to reconstruct Albian depositional environmental conditions in cen-
tral and west Texas, and demonstrated that periods of enhanced nutrient
supply or increased salinity were detrimental to Albian carbonate ecosys-
tems on this region of the Comanche Platform.
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Building onto Coimbra et al. (2017) and Godet et al. (2023), two
clusters are defined in the PCA plot of geochemical data (Fig. 9A): in
the left side, cluster 1 includes Lower Orbitolina Beds, Lumachelle I
and Lumachelle II data that align with vectors of detrital and nutrient
supply proxies. This relationship indicates sedimentation in an environ-
ment with significant detrital and nutrient supply, which is consistent
with the frequent occurrence of transgressive microfacies FT rich in
quartz and glauconite, the dominance of heterozoan ecosystems
with suspension-feeders (crinoids and bryozoans), and the high pro-
portion of Tier 3 (up to 96 % in HST Ap4). In the right side of the plot,
Upper Urgonian Limestone and Upper Orbitolina Beds datapoints align
with CIA*, Mn*, and CaO vectors; this is interpreted as an enhanced
carbonate production under a strongly weathering climate and in
well-oxygenated water with low nutrient and detrital input during
the early Aptian. Further to the north in the southeast of the Paris
Basin, Deconinck et al. (2021) interpreted a humid climate prone to en-
hanced weathering from the presence of kaolinite in the clay fraction of
lower Aptian deposits, with most humid conditions coeval with isotope
segments C3 to C5 and a decreasing trend in humidity in the C6 and C7
isotope segments. This phase of enhanced weathering could be respon-
sible for higher %errigenous Values in the Upper Orbitolina Beds especially
in the C4-C5 segments, while detrital input decreases in the C6 and
most of the C7 segments. Further south in Italy, coeval series preserved
on the Gargano Promontory were deposited in central Tethys, and re-
cord a succession with stromatolites (C3, C4 and most of C5segments),
rudists and Bacinella-Lithocodium (end of C5 segment) and orbitolinids
and Bacinella-Lithocodium (C6 segment; Del Viscio et al., 2021). These
authors concluded that climate instability led to the occurrence of
Chondrodonta prior to the OAE1a when nutrient input increased to
favor the installation of mesotrophic conditions. In the UAE, rapid depo-
sitional environment changes are associated with the OAE1a: Steuber
et al. (2022) report a switch from skeletal wackestone to packstone
(distal inner ramp; C2 segment) into orbitolinid wackestone to
packstone (distal outer ramp), and facies with Bacinella-Lithocodium
(distal inner ramp and the low-energy mid-ramp; C3 segment) before
the switch to wackestone with Bacinella-Lithocodium (low-energy
mid-ramp) and rudist wackestone (proximal outer ramp) in the C4
and C5 segments, respectively. Geochemical data indicate that a drop
in carbonate production in the C3 segment results from a decreased
pH linked to a maximum in seawater temperature and an increased de-
trital input. Steuber et al. (2022) concluded that this decreased pH was
induced by the short-lived injection of CO, into the atmosphere-ocean
system that can originate from the Ontong-Java large igneous province.

These changing paleoenvironmental conditions impacted the ecol-
ogy of benthic ecosystems. Highly diversified photozoan assemblages
(Tiers 1 and 2, °°D values up to 14.2) in the Upper Urgonian Limestone
and Upper Orbitolina Beds thrived under oligotrophic conditions
(P,0sxs values lower than 0.1), while in the Lumachelle I and II less
diversified (®°D mean value of 5.6 for a maximal value of 8.7) Tier 3
assemblages were deposited under mesotrophic conditions (P,0sxs
values up to 0.9). The interpretation of diversity indices in the light of
paleoenvironmental reconstruction based on geochemical data
illuminates triggering mechanisms for the demise of the Urgonian
platform in the Vercors. In the Lumachelle II a significant drop in diver-
sity in the TST Ap4 correlates with a decrease in %errigenous Values while
P,0sxs values increase from 0.1 to 0.9. This suggests that nutrient supply
was the main driver of loss of biodiversity in the TST and HST AP4, and
that changes in these two parameters after the OAE1a led to the demise
of the platform. The major perturbation of the carbon cycle associated
with the OAE1a (C3 isotopic segment) and the subsequent boosted
diversity (C4-C5 isotope segments) reflect the ecological reorganization
of the Urgonian ecosystems, while the alignment of Lumachelle I and
Lumachelle II datapoints with vectors of %ierrigenous and P2O0sxs
(Fig. 9A) indicates that the demise of the platform was triggered by
choking by nutrients and, to a lesser extent, detrital particles linked to
climate change.
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6. Conclusions

The detailed study of the lower Aptian series from the Vercors region
of southern France provides insights into the potential of resilience of
carbonate ecosystems subjected to super greenhouse conditions. The
record of the OAE1a is identified in Vercors based on variations in &'>C
values; the recognition of isotope segments C3 and C4 places the
onset of the OAE1a just prior to the mfsAp2 of the early Aptian after
the end of deposition of rudist-bearing, Urgonian limestones, while
the identification of isotope segments C5 to C7 helps locate the rest of
the OAE1a in the TST of the sequence Ap2.

Our multidisciplinary dataset helps constrain and quantify the kind
of ecological adjustments ecosystems experienced, and identify the
main trigger for these changes. Our analysis of thin sections demon-
strates that the unfolding of the OAE1a is associated with an ecological
adjustment of benthic ecosystems that produced carbonate typical of a
photozoan assemblage throughout the OAE1a, with a higher proportion
of ecosystems with green algae, benthic foraminifera, and stromatolites
in the C5-C7 segments. This switch is associated with an incipient de-
crease in biodiversity and parallels the adaptation of ecosystems toward
a heterozoan assemblage more adapted to higher detrital and nutrient
supplies. We identify detrital input as the first trigger for paleoecological
change in the aftermath of the OAE1a while nutrient supply in the
late Aptian pushed the platform into a phase of drowning. This
paleoenvironmental evolution is a consequence of climate change and
increased weathering that are also documented in nearby regions.

Our approach that combines geochemical, petrographic data
and their statistical analysis permits us to finetune the succession of
paleoecological changes induced by major paleoenvironmental
changes such as the OAE1a. The multidisciplinary nature of our dataset
provides a comprehensive view of paleoenvironmental perturbations
and paleoecological adaptations linked to climate change. The applica-
tion of our workflow to locations that preserve the record of the OAE1a
under different paleolatitudes may help untangle how local and global
paleoenvironmental changes shaped the potential of resilience of carbon-
ate ecosystems. Moreover our workflow has the potential to be applied to
other locations and/or time periods to complete our understanding of
biotic responses to climate changes at different time and spatial scales.
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from Vercors, France”, Mendeley Data, V1, doi: 10.17632/czzy824tcy.1.
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