N

N

Inverted responses of the carbon cycle to orbital forcing in
Mesozoic peri-platform marginal basins: implications for
astrochronology

Mathieu Martinez, Landry Guillois, Philippe Boulvais, Jean-frangois Deconinck

» To cite this version:

Mathieu Martinez, Landry Guillois, Philippe Boulvais, Jean-francois Deconinck. Inverted responses of the
carbon cycle to orbital forcing in Mesozoic peri-platform marginal basins: implications for astrochronology.
Paleoceanography and Paleoclimatology, 2020, 35 (6), pp.e2019PA003705. 10.1029/2019PA003705). <insu-
02611080)

HAL Id: insu-02611080
https://insu.hal.science/insu-02611080v1

Submitted on 30 Jun 2020

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizition
HAL Authorization


https://insu.hal.science/insu-02611080v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

L)

Y aud ADVANCIN Check for
AUU EARTHAI\&/

SPACE SCIENCE

Paleoceanography and
Paleoclimatology

RESEARCH ARTICLE
10.1029/2019PA003705

Key Points:

« The 8'3Ceyp measured in
hemipelagic marl and limestone
beds shows opposite responses to
eccentricity depending on the source
of carbonates

« A careful control of the source of
carbonates should be done before
using 8"*C,y, series for
astronochronology in Mesozoic
marginal basins

« Comparisons with the insolation
models suggest that more
carbonated intervals occurred at
eccentricity maxima

Correspondence to:
M. Martinez,
mathieu.martinez@univ-rennesl.fr

Citation:

Martinez, M., Guillois, L., Boulvais, P.,
& Deconinck, J.-F. (2020). Inverted
responses of the carbon cycle to orbital
forcing in Mesozoic periplatform
marginal basins: Implications for
astrochronology. Paleoceanography and
Paleoclimatology, 35, €2019PA003705.
https://doi.org/10.1029/2019PA003705

Received 30 JUN 2019
Accepted 24 APR 2020
Accepted article online 8 MAY 2020

©2020. American Geophysical Union.
All Rights Reserved.

Inverted Responses of the Carbon Cycle to Orbital Forcing
in Mesozoic Periplatform Marginal Basins:

Implications for Astrochronology

Mathieu Martinez' (2, Landry Guillois’, Philippe Boulvais', and Jean-Francois Deconinck>

'Univ Rennes, CNRS, Géosciences Rennes—UMR 6118, Rennes, France, “Université de Bourgogne-Franche-Comté,
UMR CNRS/UBFC 6282 Biogéosciences, Dijon, France

Abstract Astrochronology depends on the faithful record of insolation forcing in climatic proxies,
including the carbon isotope composition measured on bulk carbonates (6"3Cearp). In marginal basins
close to carbonate platforms, the source of carbonate is varied, which can impact the record of the
astronomical cycles in the §'*Ceay signal. We compare here the 8'3Cear, values together with detrital and
weathering proxies before and during a crisis in the platform carbonate production (Weissert event,
Valanginian, ~135 Ma) to document how a change in the carbonate source can affect the record of the orbital
forcing by the carbon isotope system. The level of burial diagenesis was insufficient to alter the clay
mineral assemblages, which are linked to cyclic changes in weathering conditions. The 8'3C .y, values
correspond to the values measured in other parts of the basin, which experienced various levels of burial
diagenesis, suggesting that they also reflect a paleoenvironmental signal. In marl beds, the 8'*C,y, values
increase with detrital and kaolinite content, suggesting that humid/arid cycles controlled the evolution of
the 8"*Cearp signal in marl beds. Before the Weissert event, the 8'3Cearp, values in the limestone beds increase
with CaCOj; content and arid conditions. This can reflect the change of type of carbonate produced in
shallow-marine environments and exported to the basin. These environmental changes disrupted the record
of the eccentricity cycles in the 53Cearb signal. The sources of carbonate must therefore be clearly
identified and documented before using the 8'3Cearp, series for orbital tuning in hemipelagic areas close to
carbonate platforms.

Plain Language Summary The Milankovitch cycles are periodic motions of the Earth'’s orbit at
the origin of cyclic climatic changes recorded in strata. Regular decimetric alternations between marl and
limestone strata deposited in deep seas are notably caused by humid-arid cycles orbitally induced, which
usually take ~20,000 yr to be deposited. Counting these strata cycles allows the duration of the geological
periods to be calculated. The so-called astronomical timescales depend on the faithful stratal record of the
Milankovitch cycles. Carbon isotopes are used to build astronomical timescales despite sources of carbon are
varied and often unconstrained. We compare here proxies from the continental weathering and erosion

to the marine carbonate production recorded in marl-limestone alternations. We show here that the
different sources of carbonates—produced by organisms with variated ecological needs—disrupt the record
of the Milankovitch cycles in the carbon isotopes. The sources of carbon in sediments have to be compared
to additional climatic proxies before being used for astronomical timescales. In addition, we propose
models to explain how the Milankovitch cycles can be recorded and disrupted in the proxies studied here.

1. Introduction

The construction of the geological timescale depends on the reliable identification of the orbital forcing on
sedimentary series (Hinnov & Hilgen, 2012). The insolation cycles can be recorded in the sedimentary
columns through periodic modifications of the atmospheric and oceanic circulations, controlling in turn
temperatures, precipitation, vegetation cover, erosion level, ice volume, atmospheric composition, primary
productivity, or oceanic redox conditions (Strasser et al., 2006). Periodic modifications of the detrital supply
to the basins and of the carbonate production are notably at the origin of the orbitally induced hemipelagic
marl-limestone alternations, which constitute spectacular testimonies of the Milankovitch forcing on
sediment (Cotillon, 1987; Einsele & Ricken, 1991; Gilbert, 1895, Martinez, 2018; Mutterlose &
Ruffell, 1999). The orbitally forced lithological cycles can be so subtle that visual inspection does not
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Figure 1. (a-c) Model of the link between climate, detrital supply, type of carbonate producers, pelagic productivity, pelagic sedimentary deposit, 513Ccarb of the
deposits in the Vocontian Basin, clay mineral assemblages, CaCO3 contents of (hemi)pelagic sediment, and level of organic carbon burial. The model is modified

from Follmi et al. (2006).

allow their objective recognition. Thus, the measurements of paleoclimatic proxies at high resolution
together with spectral analyses are required to identify sedimentary cycles linked to orbital forcing (e.g.,
Ghirardi et al., 2014; Matys Grygar et al., 2017). Then, filtering is usually done on a target cycle, whose
duration is known, to count the number of cycles and calculate durations (e.g., Zeeden et al., 2018). A
large variety of proxies have been applied to detect the sedimentary record of the orbital cycles. These
include (i) lithologic proxies: magnetic susceptibility (MS), gamma ray spectrometry, color levels, or bed
thickness (see, for instance, Li et al., 2019); (ii) geochemical proxies: oxygen and carbon isotope ratios
(Pdlike et al., 2006), element contents and ratios (Vahlenkamp et al., 2020), and total organic carbon
(Huang et al., 2010); (iii) mineralogical proxies: clay mineral assemblages (Moiroud et al., 2012) and wt%
CaCOj; (Herbert et al., 1986); and (iv) paleontological proxies: relative abundance, diversity, or size of
planktic or benthic taxa (Hays et al., 1976; Suchéras-Marx et al., 2010) and type and abundance of
ichnofossils (Rodriguez-Tovar et al., 2011).

The trends in the carbon isotope ratios have previously been interpreted as a proxy for Cog versus Ccqry, pro-
duction as a response of changes in detrital supply and sea level (Jarvis et al., 2006; Martinez & Dera, 2015;
Weissert et al., 1998). As these changes are related to orbital forcing, the 8*>C signal is a convenient proxy to
establish astronomical timescales (Pilike et al., 2006; Zachos et al., 2001). However, the comparison of st3c
curves with lithological proxies shows changes in the correlation between the carbon cycle and the lithology
(see Ait-Itto et al., 2018; Bajnai et al., 2017; Giorgioni et al., 2012; Grippo et al., 2004). These changes in cor-
relations notably modify the number of repetitions of the target frequency from one proxy to another and
increase the uncertainty in the calculation of the duration of the geological period of interest. In a given sedi-
mentary basin, the change in environmental conditions can change the source of carbon at a basin scale and
locally modify the response of the carbon cycle to the orbital forcing. For instance, in (hemi)pelagic
marl-limestone alternations deposited in marginal basins near carbonate platforms, limestone beds com-
monly originate from the export of carbonate produced in shallow-marine environments (Colombié &
Strasser, 2003; Pittet & Mattioli, 2002) until the mid-Cretaceous. In the Late Cretaceous and the Cenozoic,
the limestone beds may be formed by the export from shallow-marine environments and/or pelagic produc-
tion (Beltran et al., 2009; Van Os et al., 1994). In the Vocontian Basin (Southeastern France), quantification
of the pelagic and nonpelagic carbonates has been made before the mid-Cretaceous (Gréselle et al., 2011)
and shows that the platform-derived carbonates were the main constituent of the carbonates. The flux of
pelagic producers was the highest when the wt% CaCO; content of the sediment reaches the lowest values
during the Weissert event, an episode of environmental changes marked by enhanced continental weather-
ing and trophic levels, which led to a crisis in the production of shallow-marine carbonates (Duchamp-
Alphonse et al., 2014; Erba et al., 2004; Mattioli et al., 2014). Knowing the balance between pelagic and
platform-derived carbonate, changing the type of shallow-marine or pelagic carbonate producers necessarily
impacts the value of 8"3C of the carbonates deposited in the basin (Figure 1). The climate conditions can
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Figure 2. (a) Paleogeographic map of the Western Tethys during the Early Cretaceous (from Dercourt et al., 1993) with location of the Vocontian Basin.
(b) Location of the section studied in the Vocontian Basin (from Gréselle & Pittet, 2010).

modify the source of carbonate in the (hemi)pelagic marl-limestone alternations. Such a modification can
inverse the response of the carbon cycle to the orbital forcing and prevent the use of the 8**C signal for
astrochronology. The §'*C values measured on bulk carbonate in hemipelagic marl-limestone alternations
are here compared to clay mineral assemblages and MS before and during a crisis of the shallow-marine
carbonate producers. We aim here to test the impact of the change in carbonate sources on the response
of the carbon cycle to orbital forcing in deep-marine marginal basins located near carbonate platforms.

2. Geological Setting

During the Early Cretaceous, the Vocontian Basin, part of the Dauphino-Helvetic Zone of the external wes-
tern Alps of France, was located at a paleolatitude of about 30° on the northern margin of the Tethys Ocean
(Dercourt et al., 1993; Figure 2a). It was surrounded by the Vivarais Margin to the west and by the carbonate
platforms of the Jura-Bas Dauphiné to the north and of Provence to the south (Figure 2b). The Vocontian
Basin was open only to the east to the Tethys Ocean (Figure 2a). The thick lower Cretaceous deposits consist
of decimetric marl-limestone alternations occasionally interrupted by gravity flow deposits (e.g., slumping)
deposited in a (hemi)pelagic environment, that is, below the storm wave limit. The macrofauna is domi-
nantly composed of ammonites and belemnites and also contains a small amount of bivalves and gastropods
(Reboulet et al., 2003). The microfossils include calcareous nannofossils, foraminifers, ostracods, and dyno-
cysts (Blanc, 1996). They point to a water depth estimated at several hundred of meters (Wilpshaar &
Leereveld, 1994).

In the western part of the Vocontian Basin—where the influence of thermal diagenesis is low—kaolinite and
illite clay minerals are more abundant in the marl beds, whereas smectite is more abundant in the limestone
beds (Deconinck & Chamley, 1983; Deconinck, 1987; Levert & Ferry, 1988; Figure 1). The lithological alter-
nations reflect humid/arid cycles in which marls were deposited under tropical humid climate, marked by
high levels of continental weathering and high levels of detrital and nutrient exports to the basin
(Deconinck & Chamley, 1983; Mutterlose & Ruffell, 1999; Figure 1). Limestone beds were deposited in a
more arid climate, marked by low levels of detrital and nutrient exports to the basin. Spectral analyses
and visual inspection both highlighted that these alternations can be grouped into bundles of 5 to 20 alter-
nations, which mark the imprint of the short and long eccentricity and the precession cycles (Gréselle &
Pittet, 2010; Martinez et al., 2015). The calcareous nannofossil flux and the abundance of bivalves and gas-
tropods are higher in marl beds than in limestone beds (Giraud et al., 2013; Gréselle et al., 2011; Reboulet
et al., 2003), whereas the ecological communities are dominated by mesotrophic assemblages (Figure 1).
These are likely to be a consequence of increased trophic levels during humid climate and subsequent
increased detrital and nutrient input (Giraud et al., 2013). Conversely, ecological communities in
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Figure 3. Vergol-Morénas composite section showing the log of the section, the gamma ray spectrometry (GRS) available in Martinez et al. (2013), the 8"3C curves
from Gréselle et al. (2011), Kujau et al. (2012), and this study (blue and brown diamonds), and the pictures of the two sequences of the Vergol-Morénas section
studied here. LOWESS = LOcally WEighted Scatterplot Smoothing (Cleveland, 1979).

limestone beds indicate reduced fluxes of calcareous nannofossils dominated by oligotrophic taxa, reflecting
decreased trophic levels of the basin under more arid climate conditions. Correlations from distal to
proximal marine environments and of the fossil content in the limestone beds indicate that these
hemipelagic limestone beds originate from the exports of carbonate from shallow-marine environments
(Reboulet et al., 2003). The link between marl-limestone alternations and sea-level changes can depend
on the morphology of these proximal marine environments (homoclinal ramp, rimmed, or open platform;
Pittet & Strasser, 1998). Conversely, the marl-limestone alternations of the Vocontian Basin are always
linked to cycles in the clay mineral assemblages and are thus indicative of humid-arid cycles.

The Vergol section, studied here, is located in the southern part of the Vocontian Basin (Figure 2b), in the
Drome Department between Aulan, to the north, and Montbrun-les-Bains, to the south. The section starts
in the uppermost Berriasian and records the Berriasian-Valanginian boundary (Blanc, 1996; Figure 3).
The detailed ammonite and calcareous nannofossil biostratigraphic schemes provided in this section make
it one of the two candidates for the Valanginian Global Stratotype Sections and Points (GSSPs; Reboulet &

MARTINEZ ET AL.

40f 19



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2019PA003705

Atrops, 1999; Gradstein et al., 2012; Kenjo et al., 2014). The section crops out up to the upper Valanginian. At
the transition between the lower and the upper Valanginian strata, the quality of the outcrop is much better
in the nearby section of Morénas, next to Aulan, 4 km north of Vergol. Marker beds make the two sections
easily correlatable (McArthur et al., 2007; Reboulet, 1996; Reboulet et al., 2003). As the bed pattern is iden-
tical in both sections, they are usually regarded as one composite series (Kujau et al., 2012; Martinez
et al., 2013). The marl-limestone alternations are carbonate dominated in the Berriasian (~80 wt% CaCOs
on average; Giraud et al., 1995) and progressively enriched in clay throughout the uppermost Berriasian
to the base of the upper Valanginian (Figure 3). In the lower Valanginian, the alternations have a mean
wt% CaCOs content around 65% (Giraud et al., 1995) and are composed of marl and limestone beds of equal
thicknesses. At the base of the upper Valanginian, the alternations vanish in favor of a 30-m-thick claystone
formation in which thin and scarce limestone beds intercalate (Figure 3), with mean wt% CaCO; content
lower than 50% (Giraud et al., 1995). The scarcity of limestone beds in this interval is interpreted to be a con-
sequence of the crisis in neritic carbonate producers that led to decreased exports of carbonate to the basin
(Follmi et al., 2006). The astrochronology of the Vergol section was established on the basis of the 405-kyr
eccentricity cycle filtered from spectral gamma ray data measured in the Vergol-Morénas and other sections
in the Vocontian Basin (Martinez et al., 2013). Two sequences of 405-kyr duration each are studied here.
Sequence 1 (hereafter S1) is in the lower Valanginian, at the transition between the Tirnovella pertransiens
and the Busnardoites campylotoxus ammonite zones (Reboulet et al., 2011) or within the Neocomites neoco-
mensiformis Zone according to recent revision of the biostratigraphic scheme (Reboulet et al., 2014). Mixed
carbonate-detrital alternations crop out in S1 (Figure 3). Sequence 2 (hereafter S2) is at the base of the upper
Valanginian, within the Saynoceras verrucosum Zone (Reboulet et al., 2011), where thick marl deposits are
observed (Figure 3).

3. Material and Methods
3.1. Sampling

A total of 46 samples for S1 and 43 for S2 was collected, which represents a sample per ca. 10-kyr duration
each, either two samples per lithological cycle (or precession cycles). In S1, samples were taken in the middle
of each limestone and marl beds. In S2, gamma ray measured in Martinez et al. (2013) guided the choice of
samples, as gamma ray is related to lithology. Samples were each taken at local maxima and minima of the
gamma ray curve, which correspond respectively to local maxima and minima in clay content. In laboratory,
samples were washed, and the weathered part of the carbonate samples was removed with a saw. The MS,
stable isotopes, and clay mineral assemblages were then measured for each sample.

For the stable isotope and clay mineralogy analyses, the softer and most friable samples were finely pow-
dered in an Abich mortar (steel) and then in a boron carbide mortar. The hardest samples were powdered
in an agate mortar.

3.2. MS and Calcimetry

The MS was measured using a Kappabridge KLY-3S at Geosciences Laboratory, University of Rennes 1.
Samples were crushed or sawed depending on their lithology into pieces of ~10-20 g and set into a plastic
container. The samples were then weighed, and their volumic MS was measured three times and corrected
from blank measurements. The massic MS was then calculated by normalizing the volumic MS to the sam-
ple mass. The results are expressed in m> kg™" and given with a precision of +4 x 107'° m*® kg™". The CaCO;
content was measured to verify that the MS fluctuations are linked to the lithology. The measurements were
performed following the volumetric method employing a Bernard calcimeter. The uncertainty of the mea-
surements is below 5% (Lamas et al., 2005).

3.3. Stable Isotopes (5"3C and §'%0)

The carbon and oxygen isotope compositions were analyzed at Geosciences Laboratory, University of
Rennes 1. The amount of powder required from each sample was calculated according to its CaCOj esti-
mated percentage. Powder is reacted with anhydrous phosphoric acid (H;PO,) for a few hours at 50°C.
The produced CO, was isolated in a vacuum line and then analyzed with a VG Optima triple-collector mass
spectrometer. The 8'C values are expressed in Pee Dee Belemnite (PDB) and the 8*%0 values in Standard
Mean Ocean Water (SMOW) and then converted in PDB. A lab internal standard (Prolabo Rennes) was
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measured continuously during the experiment and attest of the result accuracy. The Prolabo Rennes and
replicate analyses of some samples allow estimating a global uncertainty (1) of +0.05%. for §**C and
+0.2%, for 8*%0.

3.4. Clay Mineralogy

Mineralogical analyses were performed at the Biogeosciences Laboratory, University of Bourgogne Franche-
Comté. Clay mineral assemblages were identified by X-ray diffraction (XRD) on oriented mounts of noncal-
careous clay-sized particles (<2 um), following the analytical procedure of Moore and Reynolds (1997). After
removing carbonate using 0.2-N HCI, deflocculation of clays was completed by repeated washing with dis-
tilled water. Particles finer than 2 um were concentrated by centrifugation. Diffractograms were obtained
using a Bruker D4 Endeavor diffractometer with CuK,, radiation with LynxEye detector and Ni filter, under
40-kV voltage and 25-mA intensity. Three preparations were analyzed, the first after air drying, the second
after ethylene-glycol solvation, and the third after heating at 490°C for 2 hr. The goniometer was scanned
from 2.5° to 28.5° for each run. Three XRD runs were obtained; the clay minerals were identified by the posi-
tion of their main diffraction peak, and their proportions were estimated in relation to their area. Areas were
determined on diffractograms of glycolated runs with MacDiff 4.2.5 software (Petschick, 2000). Replicate
analyses of some samples and the internal procedure of quantification using MacDiff on mixtures of clay
minerals in known proportions allow to estimate the uncertainty of the relative proportions of the clay
minerals as 5%.

4. Results
4.1. S1

The MS values in S1 range from 16.6 X 10~° to 29.1 x 10~° m® kg~ " in the limestone beds, while they range
from 27.5 x 107° to 41.9 x 10~° m® kg™" in the marl beds (Figures 4 and 5). The average MS value is
21.6 x 107 m® kg™" in limestone beds and 35.8 x 10™° m® kg™" in marl beds. The CaCO; content ranges
from 75% to 89% in limestone beds and from 41% to 50% in marl beds. The average wt% CaCOj5 content is
82% in limestone beds and 50% in marl beds.

The 880y, values range from —1.3%o to —0.8%0 PDB in limestone beds and from —2.2%o to —1.1%0 PDB in
marl beds (Figures 4 and 5). The average 8180 ar, value is —1.1%o PDB in limestone beds and —1.5%0 PDB in
marl beds. The §'*Ceay, values range from 0.6%o to 1.2%. PDB in limestone beds and from 0.1%o to 0.9%. PDB
in marl beds (Figures 4 and 5). The average 8'3Carp value is 0.9%0 PDB in limestone beds and 0.7%o. PDB in
marl beds. These values are generally in agreement with values previously published by Gréselle et al. (2011)
and Kujau et al. (2012) (Figure 3). Three values are nonetheless outstandingly low compared to their neigh-
boring data (Figure 4).

The clay mineral assemblages are composed of kaolinite, illite, RO-type illite-smectite mixed layers (I-S RO
hereafter called smectite), chlorite, illite, and R1-type illite-smectite mixed layers (I-S R1). In the clay fraction
of limestone beds, kaolinite and illite contents range from 2% to 18% and from 13% to 21%, respectively. The
proportions of these minerals are higher in the clay fraction of marl beds, 7% to 27% of kaolinite and 13% to
28% of illite (Figures 4 and 5). Smectite and chlorite contents respectively range from 29% to 51% and from
14% to 48% of the clay fraction of limestone beds. The proportions of these minerals are lower in the clay frac-
tion of marl beds, ranging from 24% to 44% of smectite and from 7% to 27% of chlorite (Figures 4 and 5). The
proportion of the I-S R1 in the clay mineral assemblages ranges from traces to 16% in limestone beds (aver-
age: 8%), while it ranges from 3% to 15% in marl beds (average: 9%) (Figures 4 and 5).

Compared to their adjacent limestone beds, marl beds show higher MS values, lower 5'®0 values, higher
contents in kaolinite and illite, and lower contents in chlorite and smectite (Figures 4 and 5). At high fre-
quency, the MS values correlate with kaolinite and illite content and inversely correlate with 5"80carp values
and smectite content. The variations in the content in I-S R1 do not systematically follow the change in
lithology. The 8'C.ay, values show various behaviors within S1. In the lower and upper parts of S1 (respec-
tively intervals Sla and Slc), the 8'3C carp values are not significantly different between marl and adjacent
limestone and do not show high-frequency cycles consistent with lithology. In the middle part of S1
(Interval S1b), the 8*3Ccay, series shows high-amplitude cycles linked to the lithology, with higher values
in limestone beds than in marl beds.
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Figure 4. Magnetic susceptibility (MS), oxygen and carbon isotope ratios, and clay mineral assemblages of Sequences 1 and 2 (S1 and S2, respectively). Shaded
gray lines in S1 are the projections of the marl beds. Black dashed lines are the projection of the prominent limestone beds.

The trend of the MS signal in S1 (thick black curve in Figure 4) broadly correlates with the trends of the kao-
linite and illite signals and shows an inverse correlation with the trends of the 8%0carb signal and smectite
signals. The trend of the 8Cearp signal displays no correlation with the other signals.

4.2. S2

The MS values in S2 range from 27.8 X 10~ to 56.8 x 10~° m* kg™* (Figures 4 and 5), with an average value
of 42.7 x 107? m® kg™'. The wt% CaCOj; content ranges from 15% to 67%, with an average value of 47%
(Figure 4). The 8"80carp and 8"3Ceapp values respectively range from —2.7%o. to —0.9%. PDB (average:
—1.8%0 PDB) and from 0.6%o to 2.6%. PDB (average: 1.9%. PDB). The clay fraction contains the same clay
minerals as in S1 (Figures 4 and 5). Kaolinite content ranges from 11% to 34% (average: 26%), illite from
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Figure 5. Boxplots of the magnetic susceptibility, clay minerals, and oxygen and carbon isotopes in limestone beds of S1 and marl beds of S1 and in S2. As the
lithologic contrast vanishes in S2, we decided to gather all values of a considered proxy in S2 in one boxplot.

18% to 36% (average: 30%), smectite from 7% to 26% (average: 14%), chlorite from 8% to 32% (average: 13%),
and I-S R1 from 7% to 28% (average: 17%).

Throughout S2, the trends of kaolinite, MS, and 8'*C series correlate, while they show an inverse correlation
with smectite. A total of 39 out of the 43 §'>C values measured here is within the range of values previously
published in this interval (Figure 3). The four other values are lower than previously published. Three of
these four samples are within prominent limestone beds in this interval (Figure 4).

5. Discussion
5.1. Relation Between Lithology and Weathering Levels

In both S1 and S2, kaolinite and illite contents increase with the MS value, while smectite content decreases
(Figures 4 and 5). The MS signal shows a strong inverse correlation with the CaCOj; content, which indicates
that higher MS values reflect the detrital content (Figure 6¢). Kaolinite and illite contents thus increase with
the level of detrital content in the marl-limestone alternations, while smectite content decreases.

In the Vergol-Morénas section, the organic matter is immature, with Ty, values in mid-Valanginian
organic-rich samples ranging from 427°C to 430°C (i.e., temperature of the oven at which maximum of
hydrocarbon forms during Rock-Eval pyrolysis) (Kujau et al., 2012; Levert & Ferry, 1988; Reboulet
et al., 2003). This implies that in the marl beds of the Vergol-Morénas section, the thermal diagenesis was
not sufficient to trigger illitization of the smectite layers by incorporation of potassium, as this process starts
when the organic matter evolves from immature to mature (Deconinck & Debrabant, 1985; Dellisanti
et al., 2010; Levert & Ferry, 1988). The presence of I-S R1 may be an indicator of such an evolution. In the
eastern part of the Vocontian Basin, where the level of thermal diagenesis was higher, the content in I-S
R1 decreases from the lower to the upper Valanginian strata (Duchamp-Alphonse et al., 2011). In the
Vergol-Morénas section, this trend is opposite and seems to be related to higher detritism. Thus, illitization
of smectite in marls appears limited, and we interpret the presence of I-S R1 to be related to weathering of
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Figure 6. (a) Crossplots of the 518003rb and the 513ccarb series in Sequence 1 (S1). The correlation coefficients are
calculated for the whole of S1 and after removing three suspicious data (in red). (b) In S2 with in red a suspicious
point. (c) Crossplot of the MS values and the wt% CaCO3 content. (d) Crossplot of the kaolinite content within the clay
mineral assemblages and the Slgocarb values in S1. The color points reflect the MS values, related to the content in
detrital particles.

material containing I-S R1 or to the moderate weathering of illite. Limestone beds in S1 have higher chlorite
contents than in their adjacent marl beds (Figures 4 and 5). In limestone beds, the dissolution of
high-magnesium calcite releases Mg, which can be incorporated into smectite layers to form chlorite
(Deconinck & Debrabant, 1985). Thus, the short-term cycles observed in the chlorite content can be
attributed to postdepositional processes. Despite this decrease in the amount of smectite in limestone
beds, our data show that the content of smectite is still higher in limestone beds than in marls, reflecting
primary fluctuations of smectite contents.

The fluctuations of kaolinite, smectite, and illite contents thus reflect changes of environmental conditions.
Increases in kaolinite and illite contents in marls, and in smectite content in limestone beds, have been
observed throughout the Western Tethys areas in the Lower Saxony Basin (Mutterlose & Ruffell, 1999), in
the Subbetic Domain (Moiroud et al., 2012), and in other sections in the Vocontian Basin (Cotillon
et al., 1980; Deconinck & Debrabant, 1985). The clay mineral assemblages also correlate with the nannofossil
fluxes, which increase in the marl beds (Giraud et al., 2013; Gréselle et al., 2011; Mattioli et al., 2014;
Reboulet et al., 2003). The clay mineral assemblages represent cyclic changes of the levels of weathering
in continents. The deposition of marl beds occurred during low seasonality and humid conditions, which
led to higher levels of hydrolysis and weathering on continents and to increased detrital and nutrient export
to the basin. In turn, these climatic conditions led to increased trophic levels and pelagic productivity
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Table 1
Proportion of Detrital Particles and Pelagic and Nonpelagic Carbonates In or Near the Sequences Studied
Proportion Accumulation
pelagic rate Accumulation rate
Proportion Proportion carbonate Accumulation pelagic nonpelagic
Proportion pelagic nonpelagic within bulk  rate detritism carbonates carbonates
Sequence detritism (%) carbonates (%) carbonates (%) carbonate (%) (cm kyr_l) (cm kyr_l) (cm kyr_l)
Beds Average 20 5 75 6 0.9 0.2 3.2
75c-82—limestone
Minimum 12 0 58 0 0.3 0 1.8
Maximum 33 12 86 17 1.5 0.5 4.8
Beds 75c-82—marl Average 45 8 47 15 2.4 0.4 2.5
Minimum 32 0 41 0 1.8 0 1.8
Maximum 54 20 54 29 3.0 1.1 32
S2 Average 49 19 32 38 3.1 1.2 2.0
Minimum 23 11 10 20 1.5 0.7 0.6
Maximum 60 35 53 78 3.8 2.2 3.4

Note. Data are from Gréselle et al. (2011); accumulation rates are calculated from the sedimentation rates provided in Martinez et al. (2013).

(Mattioli et al., 2014; Duchamp-Alphonse et al., 2014; Figure 1c). The detrital proxies and the clay mineral
assemblages in S1 thus show an obvious record of the precession and the 405-kyr eccentricity cycle, while
in S2, they show an obvious cycle trend, which follows the 405-kyr eccentricity cycle (Figure 4). Detrital
and weathering proxies are in phase before and during the Weissert event.

5.2. Relations Between Lithology and Carbon Isotope Ratios

5.2.1. Source of Carbonates in the Early Cretaceous in the Vocontian Basin

In S2, the 8"C,yp values increase from level 105 to 117 m and slightly decrease toward the top of S2
(Figure 4). This trend covaries with the MS, kaolinite, and illite series, while the smectite series shows an
opposite trend (Figure 4). In S1, the 8'3C arp curve shows a trend to stable values throughout the sequence.
In detail, the 8"3Cay, values are systematically higher in limestone beds than in their adjacent marl beds
from level of 60 to 65 m (average values: 1.1%o0 PDB in limestone beds; 0.6%. PDB in marl beds) (Figures 4
and 5). Above and below this interval, the §'*C,y, values do not display significant differences between marl
and limestone beds (average values: 0.8%o, PDB in both marl and limestone beds).

The source of carbonate in the marl and the limestone beds of the Vergol-Morénas section was explored in
Reboulet et al. (2003), Gréselle et al. (2011), and Mattioli et al. (2014). At Vergol-Morénas, the flux of pelagic
carbonates (i.e., from pelagic producers) versus nonpelagic carbonates was quantified from Bed 76 upward,
that is, it starts above S1 and encompasses S2. The flux of pelagic carbonates remains low until Bed 82 and
rapidly increases upward (Gréselle et al., 2011). The interval from Beds 76 to 82 is thus regarded as the best
equivalent to S1 in terms of pelagic versus nonpelagic carbonate fluxes.

In S2, the CaCOj; content ranges from 15% to 67%, with an average value of 47%. In this interval, the nanno-
fossil flux is the highest in the Vergol-Morénas section (Gréselle et al., 2011; Mattioli et al., 2014) probably
due to higher trophic conditions following increased detrital and nutrient input to the basin (Bornemann
& Mutterlose, 2008; Mattioli et al., 2014; Figure 1c). In S2, the pelagic carbonate accounts on average for
40% of the total carbonate and reaches up to 80% (Gréselle et al., 2011; Table 1). The mean sedimentation
rate in this interval is 6.4 cm kyr~* (Martinez et al., 2013), implying a mean accumulation rate of the pelagic
carbonate of 1.2 cm kyr™", a mean accumulation of the nonpelagic carbonate of 2.0 cm kyr™, and a mean
accumulation rate of the detrital fraction of 3.1 cm kyr_1 (Table 1).

In S1, the CaCOj3 content ranges from 41% to 89%, with an average value of 65% (average in marl beds: 50%;
average in limestone beds: 82%). Quantification of pelagic versus nonpelagic carbonate fluxes from Beds 76
to 82 shows that in limestone beds, the pelagic carbonate accounts on average for 6% of the total carbonate,
with a maximum of 17% (Table 1). In marl beds, it accounts on average for 15% of the total carbonate, with a
maximum of 30%. The marl-limestone alternations correspond to the record of the precession cycle in this
interval (e.g., Gréselle & Pittet, 2010; Martinez et al., 2013). Assuming a mean duration of 20.3 kyr of the pre-
cession cycle (Waltham, 2015) in which a bed represents a half a precession cycle, the mean accumulation
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rate of pelagic carbonate in limestone beds is 0.2 cm kyr™" with a maximum value of 0.5 cm kyr~" (Table 1).
The mean accumulation rate of nonpelagic carbonates is 3.2 cm kyr™", and the mean accumulation rate of
the detrital fraction is 0.9 cm kyr™'. In marl beds, the mean accumulation rate of pelagic carbonate is
0.4 cm kyr ™', with a maximum of 1.1 cm kyr™*. The mean accumulation rate of the nonpelagic carbonate
is 2.5 cm kyr™!, and the mean accumulation rate of the detrital fraction is 2.4 cm kyr ™. The flux of carbonate
from the pelagic producers shows a broad correlation with the detrital flux in S1 and S2, reflecting higher
levels of productivity in the basin following increased detrital and nutrient supply in a humid climate.

The flux of nonpelagic carbonate increased during the deposition of limestone beds under more arid climate
and composed the majority of the carbonate fraction in the Vocontian Basin. The marl-limestone alterna-
tions follow the clay mineral assemblages. In addition, microfauna and macrofauna do not show selective
preservation related to the CaCOj3 content. The ammonite abundance does not follow the lithology, while
bivalves and gastropods are more abundant in marl than limestone beds (Mattioli et al., 2014; Reboulet
et al., 2003). These observations do not agree with a model of diagenetic redistribution of CaCO3 during shal-
low diagenesis (Cherns & Wright, 2009; Munnecke et al., 2001). The amount of carbonate in the basin mir-
rors the carbonate productivity in the surrounding platforms and margins (Reboulet et al., 2003; Gréselle
et al., 2011; Figure 1). In the margins of the Vocontian Basin, carbonates notably contain tempestites show-
ing decreased grain size toward the basin (Gréselle & Pittet, 2010; Virgone & Masse, 1997). This suggests that
the nonpelagic carbonates were exported from the platforms through resuspension during storm events and
redeposition basinward of carbonate mud (Reboulet et al., 2003). The types of carbonate producers changed
from aragonitic photozoan to calcitic heterozoan producers during the T. pertransiens Zone in the Jura and
Helvetic platforms, probably following increased humid climatic conditions, nutrient input, and trophic
levels (Morales et al., 2013, 2016). The 8'*Cay, values in the Jura and Helvetic platforms follow the trends
observed in the Vocontian Basin, and their average values around the minimum in the 8"*Cc,y, curve range
from 0.1%o to 1.1%o, lower or in line with the values in the Vocontian Basin (Morales et al., 2013, 2016).
Meanwhile, photozoan producers still existed in the Provence Platform (Bonin et al., 2012; Morales
et al., 2016; Virgone, 1997). 8'3C .1 data are scarcer than in the Jura and Helvetic platforms. They seem
to show values in line of the values observed in the Vocontian Basin (Bonin et al., 2012) or 0.5%o to 1%o hea-
vier than in the basin (Hennig-Fischer, 2003). The highest 8"3Cearp values are observed at 3%. PDB in the
internal platform environments (Hennig-Fischer, 2003).

5.2.2. Contribution of Postdepositional Processes on the Carbon Isotope Ratios

The changes in the 8'3Cearp, values in the Vergol-Morénas can be explained by early, burial, and late diagen-
esis, the initial mineralogy of the carbonate, the ecology of the carbonate producers, the dissolved inorganic
carbon value and size, and the ratio between organic and inorganic carbon stored on a global scale. In S2, no
correlation is observed between the 8'3Ce,, and 880y, values (Figure 6b). Comparison with the data pre-
viously published in the Vergol-Morénas section indicates that a value at level 105 m is significantly lower
than its adjacent values and is regarded as suspicious (Figures 3 and 4). In S1, the 813Ceup, and 880
values show a moderate correlation (r = 0.54), which appears to be in part supported by lithology
(Figure 6a). Three samples show particularly low values in marl beds (Figures 3 and 6a). In these samples,
late diagenesis or oxidation of organic matter may have decreased both the carbon and oxygen isotope ratios.
The correlation coefficient between the 8"*Cgarp, and 8'*0¢,r values is much lower after excluding these
three samples (r = 0.35; Figure 6a). Importantly, the 813C.ump, values observed in the Vergol-Morénas are
the same as in the same interval of other sections in the basin having experienced various levels of burial
diagenesis (Charbonnier et al., 2013; Duchamp-Alphonse et al., 2007; Gréselle et al., 2011; Hennig et al., 1999;
Kujau et al., 2012). Katz et al. (2000) have shown that there is no trend in the 8'3C carp values related to the
level of the burial diagenesis. Comparatively, the 8180 arp, values of the same time intervals become depleted
eastward, which reflects increased thermal diagenesis during alpine deformation (see also van de
Schootbrugge et al., 2000).

Shallow burial diagenesis could provoke short-term cycles in the carbon and oxygen isotope ratios by dissol-
ving aragonite in clay-richer intervals and precipitation of low-magnesium calcite in carbonate-rich intervals
(Cherns & Wright, 2009; Munnecke et al., 2001; Westphal, 2006). According to this model, the difference in
CaCOs; content between marl and limestone beds in the precursor sediment should be subtle, that is, less
than 10%. This phenomenon tends to increase the carbon and oxygen isotope ratios in marl beds and
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Figure 7. Comparison of the trend of the magnetic susceptibility with the 513ccarb series in marl and limestone beds in S1. (1) Biostratigraphic scheme following
Reboulet et al. (2011). (2) Biostratigraphic scheme following Reboulet et al. (2014).

decrease these ratios in limestone beds (Frank et al., 1999; Thierstein & Roth, 1991). Analyses of the shape of
burrows in the Hauterivian strata in other sections of the basin, which experienced similar burial conditions
(Gaillard & Jautée, 1987), suggest that compaction started with early dewatering of sediments and continued
during the deep burial phase. No stylolite is observed in the limestone beds. As stated above, the quality of
preservation of the faunal assemblages is not related to the CaCO; content, and the abundances of
nannofossils, bivalves, and gastropods are even higher in marl beds (Gréselle et al., 2011; Mattioli
et al., 2014; Reboulet et al., 2003). The microfauna and macrofauna observations thus do not follow the
pattern of early dissolution of carbonate in carbonate-depleted intervals and reprecipitation in
carbonate-rich intervals. The difference in CaCO; content between marl and limestone beds (31% on
average) is mostly primary as it follows the clay mineral assemblages.

In S1, the 8"®0,y, values are higher in limestone beds than in marls, which is the opposite predicted if the
cycles were controlled by dissolution-reprecipitation during the shallow burial diagenesis. Similar carbon
isotope values observed at a given time interval throughout the Vocontian Basin suggest at least
basin-scale control on these values (F6llmi et al., 2006; Martinez et al., 2015). The trends in the 8'®Ogap
values are also identical throughout the basin, despite the fact that values are shifted to negative values east-
ward. This suggests that the 8'®0.,, values are affected by precipitation during the thermal diagenesis. The
trends however reflect fluctuations in the mean 880y, value of the carbonate deposited in the basin. It is
noteworthy that in S1, the §'®0,p values decrease with increasing kaolinite contents, leading to a strong
inverse correlation (r = —0.8; Figure 6d). These changes can reflect warmer and/or more humid conditions
during the deposit of marl beds, with increased freshwater and meteoric input to the basin. These data sug-
gest that the trends of the §13Curp, and 880, curves reflect the fluctuations of the carbon and oxygen iso-
tope ratios of the carbonate deposited in the basin. Postdepositional processes nonetheless decreased the
8'3Ceup, values of 4 points, which are not discussed any further.

5.2.3. Impact of Environmental Processes on the Trends in the Carbon Isotope Ratios

In marl beds of S1 and S2, the 8'3C..y, values correlate with the detrital flux, the kaolinite, and the illite
contents (Figures 4, 5, and 7). In both S1 and S2, the trends in the §3Ce,y series follow the 405-kyr
eccentricity cycles observed in the MS signal and clay mineral assemblages. Thus, in marl beds, the
8"3Cearp values increase with the weathering level, detrital flux, and the pelagic production during low
seasonality humid climatic conditions. These environmental conditions favored a low level of carbonate
production from the shallow-marine environments in which heterozoan calcitic producers were
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dominant. As the pelagic producers were also mainly calcitic, the carbon isotope signatures are compar-
able from the platform to the basin (Morales et al., 2016; Mutti et al., 2006). Thus, the trends in the
8"3Cear series in marl beds in S1 and S2 reflect regional or global climate changes and may, for instance,
be related to the balance between organic and inorganic carbon burial in continental and marine domains
(e.g., Lini et al., 1992; Bornemann & Mutterlose, 2008; Westermann et al., 2010; Mattioli et al., 2014;
Charbonnier et al., 2020; Figure 1c).

The trend of 83C.y, values in limestone beds of S1 still follows a 405-kyr eccentricity cycle (Figure 7).
However, the trend is in the opposite direction of the trend of §'*Ceay, values in marl beds and increases dur-
ing the most arid time in S1. Pelagic producers reach their lowest fluxes during arid times because of a
decrease in trophic levels. This environmental setting could however have favored the production of carbo-
nate in the photozoan platforms (Mutti & Hallock, 2003; Halfar et al., 2004; Figure 1a) still persistent in
Provence (Virgone, 1997). Photozoan platforms usually show higher 8'3Ceup values than heterozoan
because the aragonite fractionates to heavier carbon and because photosynthesis from benthic algae locally
increases the seawater 8">C value (Fliigel, 2004; Porter, 2010; Romanek et al., 1992). On average, the carbo-
nate exported from shallow-marine, photozoan, environment tends to increase the 8'*C,yp values of peri-
platform sediments (Godet et al., 2006; Swart, 2008; Swart & Eberli, 2005; Turpin et al., 2012).

Interestingly, the tempestites observed in the Provence Platform commonly exhibit a bundling pattern,
which is attributed to the 100- and 405-kyr eccentricity cycles (Gréselle & Pittet, 2010; Virgone &
Masse, 1997), suggesting a link between environmental conditions and amount of carbonate exported from
the Provence Platform. At the beginning and the end of S1 (respectively Sla and S1c), no significant differ-
ence exists in the 8'3Cg,yp, values between marl and limestone beds. This can be due to the fact that the export
of calcite from heterozoan platforms was favored during increasingly humid intervals (Figure 1b) or to a
homogenization of the carbon isotopes ratios between marl and limestone beds. As the intervals of homoge-
nous values between marl and limestone beds follow the climatic variables, the first scenario appears to be
the most likely. During the most arid times, the increase in export of aragonite from photozoan platforms
increased the 8'3Cay, value by 0.6%. PDB. Assuming that the 8'3Cpc value corresponded to the lowest
values observed in Interval S1b (i.e., 0.6%. PDB) and that calcitic producers precipitated at equilibrium with
DIC and a 8'3C value of 3%. PDB of the aragonitic producers in the Provence Platform, about 25% of the car-
bonate of the limestone could come from the export of aragonite. Assuming a maximum value of 5%. PDB, as
observed in modern Great Bahama Bank (Swart & Eberli, 2005), the contribution of the aragonitic export to
the total CaCOj3 content would be reduced to less than 15%.

5.3. Implications for Astrochronology

The presented 813C . series shows two distinct responses to the orbital forcing, depending on the main
source of carbonate (Figures 7 and 8). In marl beds of both S1 and S2, the 8"3Cearp values increase with
increasing humidity, reflecting increased trophic conditions, pelagic primary productivity, and organic car-
bon storage cycles. Thus, if measured in marl beds only, the 813C . series seems to provide a faithful record
of the 405-kyr eccentricity cycles. Eccentricity cycles usually have extremely low amplitudes in the spectra of
the insolation series, as the energy of the eccentricity is contained in the amplitude of the precession cycles.
Erosion and pedogenesis are diffusive processes that can disrupt the amplitude modulation of the precession
cycles and permit the direct expression of the eccentricity cycles in the spectra of the paleoclimatic series
(Martinez, 2018). As primary productivity partly depends on the nutrient input favored by increased conti-
nental weathering, they depend on the diffusive processes and are thus prone to record directly the eccentri-
city cycles (e.g. Beaufort et al., 1997).

In limestone beds of S1, the 8'*C.,y, signal reflects the change in the type of carbonate producers, from
photozoan to heterozoan, between Sla-Slc and S1b. It thus increases in more arid periods and decreases
in more humid periods, which is the exact opposite trend, as observed in marl beds (Figure 7). Whereas
the 8"3Ceayp values in marls reflect Tethyan-scale or global-scale change in climate, the trend in the
8"3Cearp values in limestone beds reflects local, basin-scale changes in the type of carbonate exported to
the basin from the surrounding carbonate platforms. The 8"3Cearb signal in limestone beds seems to be able
to record the 405-kyr eccentricity cycle (Figure 7), probably as a consequence of changes in detrital input and
trophic levels. Nonetheless, spectral analyses performed on a §'*C,,;, series measured on samples collected
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Figure 8. Distortion of the insolation series to the climatic proxies. (a) Insolation series from 2 to 5 Ma (in gray) with a LOWESS smoothing curve (black dotted
curve) calculated over 5% of the series length. The red curve corresponds to the function of the Gaussian function used to calculate the weighted moving
average (see panel b.). The interval was selected arbitrarily to cover one complete 2.4-Myr eccentricity cycle within the last 40 Myr, where the astronomical
solutions show negligible uncertainties (Laskar et al., 2004, 2011). (b) Gaussian-weighted moving average (in gray) of the insolation solution shown in panel (a)
with, in black, a LOWESS smoothing calculated over 5% of the series length. In brown, the envelope of the minima, and in blue, the envelope of the maxima. (c)
Link between insolation series and detrital supply focused on one 405-kyr eccentricity cycle. Assuming that increased detrital supply occurs during
eccentricity minima (see text), the signal shown in this panel is simply the opposite of the signal shown in panel (b). (d) Output 8"3C values in marl and limestone
beds to an input insolation forcing. In marl beds, the 8'3C series follows the detrital input. In limestone beds, the stc signal shows an opposite trend to the

detrital input.

at an even spacing on these marl-limestone alternations would hardly show the eccentricity cycles, because
the opposite trends observed in marl and limestone beds would interfere and disrupt the eccentricity cycles.

Interval S1 highlights how local environmental changes can disrupt the record of the orbital cycles in a sedi-
mentary series. This interval is located at the transition between the T. pertransiens and the B. campylotoxus
ammonite zones, now in the N. neocomiensiformis Zone, according to the more recent revision of the
Tethyan ammonite zonation (Reboulet et al., 2011, 2014). This interval corresponds to the transition
between photozoan to heterozoan platforms, which occurred in a long-term trend toward a humid climate
(Morales et al., 2013, 2016). Interestingly, during the B. campylotoxus Zone, the Provence Platform still
records photozoan ecosystems, while the Jura and Helvetic Platform have already turned into a heterozoan
mode (Morales et al., 2016). Within this long-term trend, higher-frequency climate changes may thus have
favored the development of heterozoan or photozoan platforms. In turn, it impacted the 8**C values of the
carbonates exported to the Vocontian Basin by changing the ecological conditions and fractionation of the
carbonate produced. Interval S1 seems to be a transitional time between a Berriasian-early Valanginian
mode, where higher values in 813C are observed in limestone beds, to a late Valanginian mode, where higher
8'3C values are observed in marls. Several cases document this change of correlation between carbon iso-
topes and lithology (Ait-Itto et al., 2018; Bajnai et al., 2017; Laurin et al., 2017; Martinez, 2018). The
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impact of changing the source of carbonate to the basin implies changing the response of the carbon isotopes
to the orbital cycles. Consequences are distortions of the eccentricity cycles, modifications in their apparent
number of repetitions (cycle counting is then used to calculate durations), and occurrences of “nodes” in the
evolutive spectral analyses, that is, bifurcation of the main cycle usually attributed to hiatuses (Meyers &
Sageman, 2004) or to amplitude modulations.

To illustrate this, we distort in Figure 8 an insolation model calculated at 30°N, the approximate paleolati-
tude of the Vocontian Basin during the Early Cretaceous (Dercourt et al., 1993). The insolation series was
taken in the recent past, where the insolation series are the most accurate (Laskar et al., 2004, 2011). It covers
a complete 2.4-Myr eccentricity cycle (Figure 8a). Sedimentary processes such as weathering and pedogen-
esis have long memory effects (Lin, 2011), which can buffer the short cycles (Armitage et al., 2013). We mod-
eled this buffering effect by applying a Gaussian-weighted moving average oriented to the past
(Martinez, 2018; Figure 8b). This disrupts the amplitude modulation of the precession cycles and allows a
direct observation of the eccentricity cycles, as in the MS and clay mineral assemblages. We set here a max-
imum of detrital supply to minima of eccentricity (Figure 8c), as the main events of increased trophic con-
ditions and detrital supply seemed to occur during or near this orbital configuration during the Jurassic
and the Cretaceous (Batenburg et al., 2016; Kuhnt et al., 2017; Martinez & Dera, 2015; Mitchell et al., 2008).
Figure 8c thus shows decreased detrital supply during maxima in eccentricity values. In S1, the 8"*C values
correlate with detrital flux in marl and show an inverse correlation with detrital flux in limestone beds
(Figure 7). To illustrate this, we inverted the trend in the §'*C values at the time of decreased detrital supply
compared to the trend of the '>C values during times of increased detrital supply (Figure 8d).

The amplitude of the short-term cycles in the 83Ceard signal increases from Sla to S1b and decreases to
Slc (Figure 7). In the distortion pattern shown in Figure 8, the configuration of increased amplitude of
the 8"°C.r, signal (Interval S1b) would most likely occur during the time of high eccentricity, while
Sla and Slc would be the most likely associated to low eccentricity conditions (Figure 8d). As the
response of the carbonate system depends on nutrient and detrital input from the continent, the output
83C signal in both marl and limestone is not linear to the Earth's orbital parameters and the amplitude
modulation pattern was already disrupted before the deposit of sediment in the basin. Decreased eccen-
tricity may have favored low seasonality, humid conditions around the Tethyan area in the Jurassic
and the Early Cretaceous, thus favoring heterozoan producers and increased primary productivity
(Martinez & Dera, 2015). Conversely, increasing eccentricity may have favored decreased detrital and
nutrient input to the basin, favoring photozoan producers and decreasing the amount of organic carbon
stored in both continental and oceanic domains, thus increasing the amplitude of the change in 8Cearp
signal from a marl to a limestone bed. It thus seems that carbonate-dominated and marl-dominated inter-
vals link to long-term changes in the orbital configuration, potentially allowing the reconstruction of the
eccentricity cycles during the Early Cretaceous.

6. Conclusions

In the hemipelagic marl-limestone alternations of the Vocontian Basin, marl and limestone beds show two
distinct and opposite responses to the orbital forcing, depending on the climatic conditions and the type of
carbonate producer on adjacent platforms. The 8"3Cearp values in marl beds show a positive correlation with
the level of detrital input to the basin, reflecting humid/arid cycles and the level of organic carbon stored in
continents and oceans. Conversely, the §'*C,yp values in limestone beds are more likely to reflect the type of
shallow-marine carbonate (photozoan or heterozoan) exported to the basin. Depending on the main type of
shallow-marine carbonate producers, the 8'3Cearp values can be alternatively the highest during the most
arid or the most humid times of a 405-kyr eccentricity cycle. These distinct responses disrupted the record
of the eccentricity cycles in the carbon isotopes while it is still preserved in clay mineral assemblages and
lithological proxies. We show here that coupling the §'*C_,,;, signal with other proxies is essential to test
the source of carbonates and the reliability of the carbon isotopes as a proxy for orbital tuning in a marginal
basin close to carbonate platforms. From comparisons with insolation series, carbonate-dominated intervals
in the Vocontian Basin seem to have occurred during high eccentricity conditions, while more
marl-dominated intervals (including the Weissert event) seem to have occurred during low eccentricity
conditions.
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