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Abstract

Marl-limestone alternations are rhythmical inter-bedded deposits that commonly occur in many
sedimentological environments. It is quite well established that these lithological variations originate
from astronomically-driven climatic variations paced by the Milankovitch cycles of main periods 19,
23,41, 100 and 405 ka. However, the sedimentological mechanisms involved are not clear: some models
attribute these alternations to cyclic changes in the carbonate flux, while terrigenous siliciclastic input
remained relatively constant. On the opposite, other models suggest that the carbonate flux was constant
while the siliciclastic flux changed cyclically, or that both fluxes varied in antiphase. To disentangle
these different scenarios, we collected marlstone and limestone samples from two sedimentary
hemipelagic marl-limestone successions of Bajocian, Middle Jurassic (3 marl-limestone couplets over
3.4 m) and Valanginian, Lower Cretaceous (1 marl-limestone couplet over 0.9 m) from the Southern
French Alps (Barles). We measured their concentrations in calcium carbonate, organic carbon,
nannofossil, as well as in extraterrestrial *He (*Hegr). Carbonate contents range from 45% in marls to
86% in limestones. Importantly, the measured *Hegr concentrations of all samples remained nearly
constant in the siliciclastic fractions, within uncertainties (< 20%). Hence, our results indicate that, at
the astronomical timescale, sedimentation rates were mainly controlled by large changes in the CaCOs
net fluxes, leading to variable dilution of the terrigenous input. Nannofossil counting shows that pelagic
CaCO:; fluxes of coccolithophores are inversely correlated to the total carbonate content along the marl-
limestone alternations and represent less than 7% of the total carbonate content. Hence, in this setting,
these marl-limestone alternations were driven by fluctuations in micritic CaCOj; supply from the nearby
carbonate platform that variably diluted nannofossil and organic carbon particles. Finally, assuming a
constant *Hegr flux of 100 pcc.cm™®Ma™, total *Hepr-derived sedimentation rates range from 20 to 30
m/Ma in the marl strata, while they reach up to 80 to 100 m/Ma in the limestone layers. These
sedimentation rates are broadly compatible with local average rates estimated for the whole Bajocian

and Valanginian stages by biostratigraphy.

1 - Introduction

Limestone-marlstone alternations are well known rhythmic inter-bedded deposits that
are commonly encountered in many different carbonate-rich marine settings of the Phanerozoic.
These sedimentological patterns are omnipresent in continental shelf to deep-sea settings, with
some of the oldest records dating back from the Early Paleozoic (Einsele et al, 1982). Although
some studies suggested a diagenetic origin for these limestone-marls cycles (e.g. Munnecke et

al. 2001; Nohl et al. 2021), the dominant hypothesis is that these alternations result from
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primary rhythmic sedimentation patterns driven by the so-called “orbital” climatic cycles
(Gilbert 1895; Milankovitch 1941). This climatic variability is driven by the sinusoidal
fluctuations of the Earth’s orbital parameters around the Sun, that control the climate through
the seasonal repartition of insolation (e.g. Berger et al, 1993). These so-called Milankovitch
cycles result from the combination of three main orbital cyclic parameters: eccentricity (405
and 100 ka periods), obliquity (41 ka), and precession (19 and 23 ka). However, the exact
sedimentological processes transforming this orbital forcing into lithological alternation are still
unclear. Several models exist (e.g. Einsele, 1982; Ricken, 1993): i) Some propose that the
terrigenous siliciclastic flux remain constant during these cycles, while the carbonate input is
variable and controlled by the orbitally driven climatic variations (e.g., (Van Os et al. 1994;
Pittet and Mattioli 2002); ii) other models suggest that the carbonate input remains constant and
that the siliciclastic flux is the main variable factor, through the control of climate on continental
denudation (e.g., Van Os et al. 1994; Mount and Ward 1986); iii) Other models even suggest
joined antiphase variations of both carbonate and terrigenous fluxes (Marcantonio et al. 2009;
Woodard et al. 2011). These various models almost invariably used sedimentary cycle counts
and spectral analyses of the rhythmic successions to build so-called astronomical age models
and estimate the fluxes of carbonate and detrital components. Such age models are however
inherently limited in temporal resolution (>20 ka) and are not able to measure relative changes
in accumulation rates at the timescale of a single marl-limestone alternation. Moreover,
depending on the analyzed setting, these approaches generally imply relatively subjective
choices regarding cycle identification. Hence, given the coarse resolution and uncertainties of
the astronomically-based fluxes, alternative methods are required to reconstruct sedimentation
rates at ka-resolution and further constrain the processes controlling marl-limestone
alternations.

Such ka-resolution age models can be achieved measuring the sedimentary abundance
of particles of extraterrestrial origin. The Earth surface is indeed permanently bombarded by
micrometeorites, known as interplanetary dust particles (IDPs), whose typical sizes are smaller
than 100 um. These IDPs bear significant amount of extraterrestrial *He (*Hegr) and are
sufficiently small to have remained below the helium diffusion temperature during their
atmospheric entry (Mukhopadhyay and Farley 2006). These micrometeorites carry high
amounts of *Hegr accumulated by solar wind implantation and cosmic ray production. They
bring to Earth a flux of *Hegr that ranges between 10° and 10* at.cm2.yr! (McGee and

Mukhopadhyay 2013), before being finally mixed in continental and marine sediments. Since
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IDPs have a *He/*He ratio that is several orders of magnitude higher than the one of the
terrestrial rocks, it is possible to compute the proportion of helium carried by IDPs and the one
carried by terrestrial silicates. The concentration of *Hegr measured in bulk sediment samples
can hence be used as a proxy of past variations of extraterrestrial material flux over long term
timescales (> 1 Ma) (Farley et al. 2006). This application requires the sedimentation rate to be
independently known. Reversely, when the sedimentation rate is unknown, *Hegr
concentrations in sediments may be used to determine the terrestrial sedimentation rate (e.g.
(Marcantonio et al. 1995; 1996; Farley and Eltgroth 2003; Abell et al. 2021). This requires that
the flux of *Hegr can be assumed constant, a hypothesis that is satisfied on < 100 ka timescales
(Farley et al. 2012; McGee and Mukhopadhyay 2013). In this case, *Hegr is an efficient mean
to determine sedimentation rates and we take here advantage of this method.

To improve our understanding of the origin of the marl-limestones alternations we
present here new *Hegr, CaCO;, organic carbon and nannofossil contents of sedimentary
samples collected along meter-scale limestone-marl alternations of a Bajocian (3.4 m — 23
samples) and a Valanginian (0.9 m — 6 samples) section from the French Southern Alps (Digne-
les-Bains, France). We also performed Rock-Eval analysis to measure the total organic carbon
(TOC; wt%) and assess the maximum temperature reached by the samples during their burial
by orogenesis processes. We use these data to establish whether these alternations were
controlled by changing detrital or carbonate fluxes (or a combination of both). The new *Hegr
measurements yield sedimentation rates and changes in carbonate and organic carbon fluxes.
The results unambiguously identify constant silici-clastic input, the variable carbonate net flux
being the dominant processes controlling the studied lithological and geochemical patterns.
This has important implications for our understanding of Mesozoic stratigraphy and

biogeochemical feedbacks.

2- Geological settings and samples description

2-1 — The Mesozoic sedimentary terrains of the Barles half window

We sampled two carbonate-rich sedimentary successions of 3.4 and 0.9 m long,
respectively belonging to the Bajocian and the Valanginian. Both are located in the foreland of
the French Southern Alps, in the autochthonous Mesozoic cover of the Barles-Digne-les-Bains
zone (Haccart et al. 1989) (Fig. 1). This Mesozoic sedimentary succession exposes different
lithological facies: a few hundreds of meters of evaporites, restricted at the bottom of the pile,

are topped by a pluri-kilometric thick succession of marine formations mainly composed of
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more or less regular alternations of limestone and marl beds (Fig. 1). Most of these marl-
limestone rhythms were deposited in open epicontinental marine environments developed at
the boarders of the Tethys Ocean and surrounded by a mosaic of emerged lands (Massif Central)
and shallow water carbonate platforms (Provence in the South, Jura in the North), with
important lateral variations in the bathymetry (Fig 2A and B).

Along the Bes river, the Barles section exposes a Mesozoic sedimentary cover of about
3000 m-thick from the Rhaetian (Upper Triassic) to the Albian (Lower Cretaceous) (Fig. 2C).
Alternations of marl and limestone beds occur at different time scales and imply different
controlling mechanisms. Over multi-million years timescale, the observed inter-stages
limestone marl variations probably result from the combined effects of changes in tectonics,
eustasy and climate (Graciansky et al. 1999). Over shorter timescales (<1 Myr), the marl-
limestone lithological alternations in Southern France are often characterized by a clear
rhythmicity that was probably paced by orbitally-driven climate changes (e.g. Martinez et al.
2015; Giraud et al. 1995; Sucheras-Marx et al. 2013).

This foreland zone of the external Alps has been affected by moderate to high intensity
folding and faulting during the alpine orogenesis, that started at the Oligocene, 35 Ma ago (Ford
et al. 2006). After its burial under the overlying pluri-kilometric sedimentary pile (3 km for the
Valanginian, 4 km for the Bajocian; Figs. 1 and 2), the Barles folded window has later been
buried under the ~3 km thick Digne thrust sheet 12 Ma ago (Fig. 1), before being exhumed
around 6 Ma ago (Schwartz et al. 2017).
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Figure 1 — A) Satellite picture of the Southern French Alps and localization of the
studied area (square) © Google Earth, B) Satellite picture of the Barles half-window and
the Digne sheet © Google Earth, C) Geological map of the studied area (modified from
Agard and Lemoine 2005), D) North south cross-section of the Barles autochtonous half-
window (modified from Agard and Lemoine 2005). Stars show the location of the

sampled sections.
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2.2 - Bajocian section (~170 Ma)

We collected 23 samples along a 3.38 m section of Bajocian age exposed on a
continuous fresh outcrop in the northern bank of the Bes river (44.261036° N, 6.263431° E),
the bedding dip is vertical with a strike of 110°N (Supp. Table 1, Figs. 1-3). The sampling site
is located about 50 m above the base of the Bajocian formation, which has a total thickness of
~100 m at this location (Figs. 1 and 2). Our sampling covers three marl-limestone duplets (12
marl and 11 limestone samples). We removed the most altered surficial layers with a geological
hammer, targeting fresh samples of ~500 g each. Samples positions were noted on the outcrop
with a yellow mark and their relative positions in the vertical scale measured with a precision
of about 2 cm (Fig. 3).

This Bajocian succession is characterized by an alternation of pluridecimetric thick
calcareous beds and marly beds, with numerous Zoophycos trace fossils and Stephanoceras
ammonites. The limestones have a mudstone facies. The detrital fraction is relatively rich in
muscovite and has a silty-clay granulometry. The sedimentological characteristics indicate a
depositional environment in an open marine platform located in the lower offshore bathymetric
zone.

The timescale of the Bajocian stage remains rather poorly constrained relatively to other
Mesozoic stages. Its biostratigraphic scheme based on ammonites (Cariou and Hantzpergue
1997) has been recently updated with calcareous nannofossil data (Ferreira et al. 2019). The
GTS2020 (Gradstein et al. 2020) gives a duration of 2.73 Ma for the whole Bajocian stage. A
cyclostratigraphic analysis ((Huang 2018) based on the dataset of (Ikeda, et al 2016)), indicate
a total duration of 4 Ma for the two Bajocian-Bathonian stages, implying a duration of ~2 Ma
for the Bajocian. However, a cyclostratigraphic study based on Chaudon-Norante section in the
South Alpine basin suggested that the lower Bajocian stage may last at least 4 Ma (Sucheras-
Marx et al. 2013), leading to a much longer estimate of 9.5 Ma for the whole Bajocian. These
estimates bracket the average sedimentation rate between 10 and 50 m/Ma for the Bajocian

section sampled at Barles (37 m/Ma using the 2.73 Ma duration of the GTS2020 timescale).

We also collected a single sample in the Bathonian-Oxfordian succession exposed near
Saint Clément (44.245449°N, 6.267806°E), which is a >500 m thick, homogeneous unit of dark
marls (“Terres Noires) deposited in ~8 Ma (Fig. 2), corresponding to a mean sedimentation

rate of at least 60 m/Ma.
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Figure 3 — Sedimentological log and picture of the A) Bajocian and B) Valanginian

sampled sections. Stars show the positions of the samples.

2.3 - Valanginian section (~139 Ma)

We collected 6 samples along a 0.88 m succession of Valanginian age, in a fresh outcrop

of a gulley on the right bank of a small tributary of the Bes river, at the southern edge of the
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Clue de Barles (44.231113°N, 6.256626°E), where the bedding dip is vertical with a strike of
95°N (Supp. Table 1; Figs. 1-3). The sampled sections belong to the lowest part of the
Valanginian, ~20 m above the top of the Berriasian formation. This section is characterized by
submetric alternations of limestones and marls (Figs. 2 and 3). The 6 samples cover a single
marl-limestone duplet (3 marl and 3 limestone samples). These limestones have a fine micritic
facies, with no visible macrofossils, and the limestone-marl transition is very progressive. We
targeted fresh samples of ~200 g each with a geological hammer. Sample positions were noted
on the outcrop with a yellow mark and their relative positions in the vertical scale measured
with a precision of about 2 cm (Fig. 3).

The total thickness of the Valanginian succession is 150 m at the sampling site.
Assuming that the Valanginian is fully represented in this interval and its total duration is
5.1 Ma in GTS2020 (Martinez et al. 2013; Gradstein et al. 2020), the studied succession was

deposited at an average sedimentation rate of 29 m.Ma'.

3 — Methods

3.1 - Samples preparation and dry bulk density measurement

We selected hand-size subsamples showing no visible fracture, no alteration crust, nor
large clasts. Subsamples of ~50 g were then weighted, before being hold and weighed in water,
in order to determine their volume by hydrostatic weighting, following the Archimedes’

principle. Weights were then divided by volumes to compute the bulk densities.

3.2 - Major, trace elements and carbonate contents

The CaCOs content of the samples was estimated using three independent approaches:
1) major elements (including Ca and C), and trace elements were analyzed at CRPG-SARM
(Nancy) from 1 gram aliquots, with the standard protocol involving total alkaline fusion
followed by ICP-OES, atomic spectroscopy and ICP-MS analyses (Carignan et al. 2001), i1) by
measuring the residual weight of the non-carbonate fraction (NCF), obtained after 72 hours of
10% HCI digestion at room temperature, as part of the helium isotope measurements carried
out on (see section 3.2.1) iii) by multiplying by 7.976 the mineral carbon contents (MinC)
obtained during the Rock-Eval pyrolysis performed with 2 g aliquots (Jiang et al. 2017) (see

section 3.5.).
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3.3 - Helium isotopes analysis and calculations of sedimentation rates
3.3.1. Decarbonation

Subsamples of ~50 g were gently crushed and weighted. They were then dissolved in
~200 mL of 10% HCI during 72 hours, a duration sufficient to yield a total disappearance of
any bubble. After centrifugation at 5000 rpm for 5 minutes, the supernatant was poured away.
Then, remaining samples were rinsed three times in ~200 mL of deionized water. After each
rinsing step, samples were centrifugated and the supernatant was again poured away. Although
we paid a special attention to avoid unexpected loss of the remaining non-carbonate fraction, it
is possible that a few % of the finest fraction of the sample were unintentionally lost during the
rinsing steps. The decarbonated residues were then dried at 60°C for 48 hours and weighted to

compute the proportion of the non-carbonate fraction relative to the initial weight.

3.3.2. Helium isotopes analysis

All helium isotope concentrations were measured at the CRPG Nancy noble gas facility with
an upgraded SFT mass spectrometer (Mabry et al. 2013; Blard et al. 2015). *He and “He
concentrations were measured in unseived decarbonated aliquots ranging in mass from 42 to
504 mg (weighting precision of 0.1 mg, 1c) that were wrapped in tin foils before being loaded
in the carrousel of a home designed high vacuum metal induction furnace (Zimmermann et al.
2018; Blard 2021). Helium was extracted by heating the samples at 1400°C during 20 min.
Subsequent re-extraction were at blank levels, showing that this procedure was sufficient to
release the totality of the helium from the samples. Associated *He and “He blanks were (747)
x 10° atoms and (2.240.8) x 10° atoms, respectively. The blank correction represents less than
1% of the helium concentrations analyzed in these samples. After the sample heating, the
extracted gas was cleaned in a metal purification line, using a succession of charcoals cooled
in liquid nitrogen, foam getters and Ti-sponge, until the remaining pressure had reached less
than 1 mbar. Finally, the remaining gas was focused in a cryosorber head cooled at 8 K, before
being re-heated at 75 K and released in the SFT mass spectrometer for analysis (Blard et al.
2015; Blard 2021). The instrument sensitivity was calibrated using the HESJ helium standard
(Matsuda et al. 2002), which has a certified *He/*He ratio of 20.63 Ra (Ra = 1.384 x 10 being
the atmospheric *He/*He ratio). Long term external sensitivities of the SFT were (4.3940.09) x
10'® ¢ps/mol, and (7.87+0.02) x 10'> mV/mol for *He and “He, respectively. The analysis of a

CRONUS-P pyroxene during the same analytical session, yielded *He and “He concentrations
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of (4.8840.06) x 10° at/g and (3.55£0.06) x 10!%at/g, in very good agreement with the
calibrated value (Blard et al. 2015; Blard 2021).

3.3.3. Isotopic determination of the *Hegr component

In marine sediments, the helium isotopic budget is determined by a two-components isotopic
mixing between the helium terrestrial silici-clastic endmember and the extraterrestrial
endmember. Hence, we used the helium ratio (Rsampic) and the total *He concentration (*Hesample)
measured in the bulk samples to compute the concentration of extraterrestrial *He (*Hegr)

(Marcantonio et al. 1995):

R
1- _Rsc

3 _ Rsample 3
HeET - 1- Rsc X Hesample (1)

RET

, where Rsc = (*He/*He)sc, and Rer = (PHe/*He)er are the silici-clastic terrestrial and
extraterrestrial isotopic ratios, respectively. Here we use a value of 0.01 R, for Rsc and 300 Ra
for Ret. The value of Rsc is calculated considering that these isotopic endmembers equals the
production ratio of nucleogenic *He and radiogenic *He, using the equations of Andrews and
Kay (1982), Andrews (1985) and Blard (2021) and the major and trace elements measured in
the samples, assuming a Li concentration of 75125 ppm in the silici-clastic component (Teng
et al. 2004). Since Rsc has shown variations in different materials (McGee and Mukhopadhyay
2013; Marcantonio et al. 1998), we consider here a significant relative uncertainty of 50% on
Rsc, as well as Ret, and propagate this uncertainty using the Taylor’s formula on the calculation
of *Hegr with equation (1).

Recent work showed that atmospheric helium may be absorbed on the surface of
recently crushed silicates (Protin et al. 2016; Cox et al., 2021). However, given the
granulometry of the analyzed samples (Dso from 5 to 15 um, Supp. Table 1), the amplitude of
this potential contamination is 1 to 2 orders of magnitude lower than the “He concentrations
measured in these samples, implying that a potential contamination by atmospheric helium can

be safely neglected.

3.3.4. *Hegr concentrations in sediments: a way to measure sedimentation rates
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If the net flux of *Hegr, Fer (at. m2.Ma™!) can be assumed constant over the timescale of
interest, the concentrations of *Herr measured in the non-carbonate fraction of sediments can

be used to compute the mean terrigenous sedimentation rate, Ssc (m/Ma) (e.g. Farley 1995;

Abell et al. 2021):

F
Ssc = T (2)

~ px Hegr

, where p (g/m?®) is the bulk density of the analyzed sample. Here we used a mean *Hegr
accumulation rate of 2.7x10'3 at.m2.Ma™! (100 pcc.cm.Ma™!), an average value based on the

stack record of Farley et al. (2012) covering the 100-34 Ma period.

Then, knowing the non-carbonate fraction (NCF), the total sedimentation rate St (m/Ma)

1s obtained from:

S
STot = % (3)

With:

Stot = Ssc + Scacos 4)

Scacos (m/Ma) being the net calcium carbonate sedimentation rate.

3.4 - Laser granulometry

We analyzed the granulometric distribution of aliquots of ~100 mg of the non-carbonate
fraction using the laser granulometer (Malverner Mastersizer 3000®) of the Laboratoire de
Glaciologie of ULB (Université Libre de Bruxelles).

3.5 - TOC determination and rock-Eval pyrolysis

We measured total organic carbon (TOC, wt.%) content, mineral carbon (MinC, wt.%)

content, hydrogen index (HI, mg HC/g TOC, HC=hydrocarbons), oxygen index (OI, mg CO»/g



368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398

399

400

TOC), and Tynax (°C) in powdered whole-rock sample using a Rock-Eval 6 (Espitalie et al.,
1985; Behar et al., 2001) at the Institute of Earth Sciences of the University of Lausanne (ISTE—
UNIL), Switzerland. Measurements were calibrated using the IFP160000 standard. 7y.x gives
an estimate of the thermal maturation level of the organic matter (Espitalie et al., 1985; Peters
1986). Pyrograms were carefully checked and HI values were not interpreted for TOC <0.2
wt.%, and T values for Sz <0.3 mg HC/g to avoid misinterpretation of flat thermograms

(Peters 1986).

3.6 - Calcareous nannofossil slide preparation and quantification

We applied a random-settling method for calcareous nannofossil slide preparation
(derived from (Beaufort et al 2014; Beaufort 1991). After crushing with an agate mortar, 1 mg
of powder (weighted with a 0.1 yg precision microscale) was mixed with 35 mL of water in a
beaker and placed during a few seconds in an ultrasonic cleaner. Next, 40 mL of water was
added in the beaker. 1 mL of this solution was pipetted in a dedicated decantation device, and
this volume was finally completed by 2 mL of the same solution; the device being protected
with a precisely weighed cover slide. The powder was left for decantation at least 4 h. Then,
the water was cautiously aspirated out and the cover slide was oven-dried at 50°C overnight.
The cover slide was weighed again and then glued on a slide with a Norland optical adhesive
74 glue which crystallized in a UV cage after 30 s under radiation.

The calcareous nannofossils were observed and counted using an optical microscope
Leica DM6000 with a red filter (655 nm) under x1000 magnification, a set of circular polarizers
(one right and one left) and a right circular analyzer. Whole calcareous nannofossils (= 50% of
the fossils) were counted in at least 50 fields of views. However, all identifiable calcareous
nannofossils represented by both whole specimens and fragments were photographed with a
Spot Flex Monochromatic 15.0 64 Mpx. The pictures were directly used to measure the mass
of the calcareous nannofossils and the mass of the calcite within each field of view following
the method of Beaufort et al. (2021) for calcite mass quantification. The total mass of calcareous
nannofossil calcite was estimated using the ratio between the sum of the mass of the fields of
view and the sum of the mass of all calcareous nannofossils observed (whole and fragments).
The absolute abundance (AbAb) of calcareous nannofossil in nannofossils/g was calculated

following:

AbAb = = x 9216
f

ov MgampleX 1073

)
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with n the number of calcareous nannofossil counted, fov the number of fields of view, 9216
the number of fields of view within a cover slide, mymp. the mass of powder on the cover
slide in mg. The mass contribution to the bulk rock of calcareous nannofossils CaCOs

(CaCOsnumo) in Wt% was then computed as follow:

sum of measured mass nannofossil

CaC03 Nanno — X CaC03 (6)

sum of measured mass fov

with CaCOs the proportion of calcium carbonate in the bulk rock (in wt%).

4 - Results

4.1 - Carbonate fraction, major trace elements, dry bulk density and granulometry

CaCOs, dry bulk densities (DBD) and granulometry of the NCF fractions are provided
in Supp. Table 1 while major, trace elements are available in Supp. Table 2. The CaCO;
contents range from 45 wt.% in marls to 86 wt.% in limestones (Figs. 4 and 5). The three
methods used to determine the carbonate contents yield dataset that are highly correlated
(R*>0.97). However, for several samples, the HCI dissolution method yields CaCOs contents
that are up to 10 wt% higher than those obtained by the two other methods. This indicates
possible loss of NCF during the rinsing steps, leading to overestimate of the actual CaCOs
fraction. Hence, in the following, we only consider the CaCOs3 fraction measured at SARM.
Since samples do not display evidence of biogenic silica nor secondary authigenic minerals
(e.g. pyrite), we assume that the NCF content consists only of silici-clastic material.

DBD range between 2.41 and 2.64 g/cm? for Bajocian samples, and between 2.31 and
2.61 g/cm? for Valanginian samples. CaCOs-richer samples generally have the highest DBD
values. A similar range of DBD values and relationships with CaCO3 were reported for lower
Bajocian samples from the Chaudon-Norante section, Subalpine Basin, France (Sucheras-Marx
et al. 2013).

Grain size distribution of the NCF measured by laser granulometry yield Dso (median
value) ranging from 3.8 to 17.6 microns, with a mean value of 9.3 microns (Figs. 4 and 5). The

silici-clastic fractions (NCF) of limestones are characterized by smaller grain sizes (Dso of 7.7



434  pm and 3.9 um for the Bajocian and Valanginian sections, respectively) than those of the marls
435  (Dso of 12.4 um and 8.5 um for the Bajocian and Valanginian sections, respectively (Supp.

436  Table 1). Grain size distributions are unimodal, mode and median being similar.
437

o6z .
5 391dnp p,€ : 18
R e8¢ ;
—e d lg =
L T fl‘nppuz ! 83
g YU 1 g o
. T wise o 2
~o_ Vlala"P)sl
oo el o
=8 -8
3 -
[
2t ' SRLE S
E% ‘H\‘u / o EE
S 8 I\ ©EE
¢ 2 - | / IR P &
a2 8 ANA il \ s 3 8
| e S L wreru pa i I
;S a® e s o8
a = T e a_ s o8 g8
ol J
:~°_ =]
w o
B el e 2 4 DEPOC e
F A P T M . AR P X e i
%00 jg 4 O O o &
oL & &
m- *3
- | "]
g5 g
&7 o ' 4 A + 2 leo
m 3 2 e
8¢ - + /
EE oE' i Y d J» N d \, "
g
83,
=P A . £58
Nz v s e e Ao EVE
% * \ » \— ESE
o &%
8
@ ; o—oo o o0, —0° o—© L S,
g s g o ! o oo o o
E 4
o
< g E
bl
[ Y]
8Rg
o
<
T L B T { = LI B ) P T
$33933Y 33w 279 §assie
438 33333 33 33 338 34433 3334243
439
440 Figure 4 — Log of the Bajocian section with carbonate fraction, Al,O3/SiO, (proxy of

441 clays/quartz), Ds, (um) of silici-clastic fraction, CaCO; from nannofossils (wt %), Total
442 Organic Carbon (%), *He g1 concentration (at/g) in the NCF fraction and in the bulk
443 sediment, silici-clastic sedimentation rate, total sedimentation rate, mean accumulation

444 rate, age model
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447 Figure 5 — Log of the Valanginian section with carbonate fraction, Al,Os/SiO, (proxy of

448 clays/quartz), Ds, (um) of silici-clastic fraction, CaCO; from nannofossils (wt %), Total

449 Organic Carbon (%), *He g1 concentration (at/g) in the NCF fraction and in the bulk
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4.2 - *He and “He concentrations

All helium results are presented in Supp. Table 3, with analytical uncertainties at the 1o
level. Bulk *He and “He concentrations measured by fusion range from (0.80+0.23) x 10° to
(2.8740.14) x 10° at/g and from (0.51£0.01) x10'3 to (2.03+£0.03) x 10'3 at/g, respectively. Bulk
(*He/*He) ratios range from 0.042+0.005 Ra to 0.222+0.018 Ra, values that are statistically
above the value of the pure siliciclastic endmember Rsc (Rsc = 0.010£0.005 Ra) (Fig. 6).
Computed *Hegr fractions using the two endmembers mixing assumption (Equation 1) range
between 76 and 96%, the average value being 87% (Fig. 6). Associated relative uncertainties
are anti-correlated with the proportion of *Hegr and range from 2 to 12% (1o). Hence, even
considering a 50% uncertainty on the crustal *He/*He isotopic ratio (McGee and
Mukhopadhyay 2013; Marcantonio et al. 1998), the proportion of *Hegr is high enough to
ensure a statistically robust determination of the extraterrestrial excess, above the terrestrial *He
background (Fig. 6).

“He concentrations are positively correlated with the sample granulometry. Moreover,
(U-Th)/*He ages that are tentatively computed from the bulk U-Th and “He concentrations are
younger than 1 Ma. Such ages are considerably lower than the depositional ages of these
sedimentary rocks, and even than the age of 6 Ma estimated for the exhumation event that
occurred after the emplacement of the Digne sheet (Schwartz et al. 2017). Since the

granulometry (Dso) of the silici-clastic fraction is smaller than the a-ejection-implantation of

20 um, it is highly probable that the radiogenic “He produced in these sedimentary samples has

continuously escaped form these sediments.
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Figure 6 — Measured *He/*He ratio (Ra) vs total *He concentrations (at/g) measured in
the NCF fraction. Black lines show variable mixing between the terrestrial and the
extraterrestrial helium endmembers, with *He/*He isotopic ratios of 0.010+0.005 Ra and
300 Ra, respectively. Range of the terrestrial endmember (grey box) is defined
considering the minimum and maximum “He concentrations measured in this dataset,

and for Ryc a theoretical production *He,,cieogenic/'He adiogenic Tatios of 0.01 Ra.

SHegr concentrations in the silicate fraction range from (0.65+0.12) x 10° at/g (BAJ-
4D) to (2.7240.16) x 10° at/g (VAL-1C). Most of replicates of a same sample (n = 2 to 4) agree
within 2c uncertainties, indicating that the interaliquot variability is comparable with the
analytical uncertainties. This suggests that the analyzed aliquots (~200 mg) are large enough to
be homogeneous and representative of the average 3Hegr concentration of their belonging
stratigraphic layers. Hence, we compute for each sample a weighted average *Hegr
concentration based on the uncertainty weighted mean of all aliquots (Fig. 7; Supp. Table 4).

For the Bajocian samples, average *Hegr concentrations in the non-carbonate fractions are
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(0.95+0.20) x 10°at/g and (1.20+0.34) x 10°at/g in the marl and limestone samples,
respectively (Fig. 7). The Valanginian samples display slightly higher *Hegr concentrations in
the non-carbonate fractions: (1.70+0.30) x 10° at/g and (1.5440.12) x 10° at/g in the marl and
limestone, respectively (Fig. 6).

Hence, 3Hegr concentrations of the silici-clastic fractions are similar, within
uncertainties, between marl and limestones in both Bajocian and Valanginian samples. In other
words, *Hegt measured in the non-carbonate fraction is not correlated with the CaCOs3 content
of the sample (Fig. 7A).

Mean *Hegr concentrations in Bajocian total bulk sediments (i.e., when the CaCO3
fraction is considered) are respectively (0.28+0.14) x 10% at/g and (0.4140.11) x 10° at/g in
limestones and marls. The *Hegr concentrations in Valanginian total bulk sediments are
(0.3140.06) x 10° at/g in limestones and (0.74+0.14) x 10 at/g in marls. The CaCOs contents
are hence negatively correlated with *Hegr total concentrations, both in the Bajocian and

Valanginian samples (Fig. 7B).
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4.3 - SHegr-derived sedimentation rates

Applying equations 2) to 4) and a constant *Hegr flux of 100 pcc.cm?.Ma™! (derived
from (Farley et al, 2012) the obtained *Hegr concentrations yield silici-clastic sedimentation
rates ranging between 5.5+0.4 and 16.8+3.2 m.Ma! for the Bajocian samples, and between
5.242.8 m/Ma and 8.0+3.0 m/Ma for the Valanginian samples. Total sedimentation rates range
from 17.4+1.4 m/Ma to 78£13 m/Ma for the Bajocian section and from 12.7+2.5 m/Ma to
41.043.8 m/Ma for the Valanginian section (Supp. Table 4, Figs. 4,5 and 8). Total
sedimentation rates show a non-linear positive correlation with the CaCO; contents of the
analyzed strata (Fig. 8). Such a relationship is typical of carbonate-dominated systems fed by
constant detrital fluxes (Fig. 7-3 in Ricken 1993).
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line is the mean of all data point, while the Sy, curve is calculated using equation (3) and

this mean Sgc value: St =Ssc/NCF.

4.4 - Rock-Eval pyrolysis

The Rock-Eval results are presented in Supp. Table 5. The TOC values are similar in
both successions: 0.11-0.5 wt.% in the Bajocian samples (Fig. 4) and 0.10-0.44 wt.% in the
Valanginian samples (Fig. 5). The T, values are much higher in the Bajocian samples than in
the Valanginian samples (mean 502°C versus 436°C), suggesting that the kerogen in the oldest
samples is thermally overmature, whereas that of the youngest samples is immature to slightly
mature. It should be noted, however, that the Bajocian samples record very low S2 values
(<0.2 mg HC/g), characteristics of overmature samples, that often produces multimodal S2
peaks and hence erroneous T, values (Yang and Horsfield 2020). The Rock-Eval pyrolysis
values of the Bajocian samples should therefore be interpreted with caution in terms of thermal
maturity and organic matter type. The Valanginian samples record higher S2 values (0.17 to
1.01 mg HC/g) that allow more reliable interpretation of the T,, and HI values. The
Valanginian samples record higher HI values (27-229 mg HC/g TOC) than the Bajocian
samples (22-72 mg HC/gTOC), whereas samples from both sites record comparable OI values
(48-262 mg CO,/gTOC). The Valanginian samples are hence dominated by type III kerogen
(terrestrial and residual organic matter) with possibly little and variable amounts of type II
kerogen (algal bacterial), whereas Bajocian samples contain highly altered, residual kerogen of
type IV. These data indicate that the Valanginian samples likely experienced burial

temperatures of 80°C.

4.5 — Abundance of calcareous nannofossils and their CaCQO; contribution

The nannofossils results are reported in Supp. Table 6. Calcareous nannofossil absolute
abundances range between 9.6x10° and 2.2x108 nannofossil/g in the Bajocian samples, with the
exception of three samples whose nannofossil content was below the detection limit of the
method. The carbonate-rich beds tend to have lower calcareous nannofossil absolute and
relative abundances than marlstones intervals (Fig. 9D). The absolute abundances in the

Valanginian samples range between 6.2x107 and 3.8x10® nannofossil/g, but, contrary to the



569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595
596
597
598
599
600
601

Bajocian samples, this section does not show a clear correlation with the CaCO; contents of the
sediments (Fig. 9D).

Calcareous nannofossil calcium carbonate contribution to the bulk rock is ranging
between 0 wt% and 2.2 wt% in the Bajocian section (Fig. 4) and between 1.9 wt% and 6.1 wt%
in the Valanginian section (Fig. 5). The relative abundance of nannofossils is lower in the base
of the Bajocian section and tend to increase in the upper part, but this nannofossil content seems
similar, within uncertainties, between limestones and marlstones. In the Valanginian, however,
the marlstones display slightly higher CaCOsnano Values than limestones. Nevertheless, in both
sections, the values are very low (<10%), implying that nannofossils are not the main source of

CaCO;s in these samples (Figs. 4 and 5).

5. Discussion

5.1 - Accuracy of the *Hegr-derived sedimentation rates

5.1.1) Representativity of a 200 mg aliquot — number of analyzed IDPs.

Multi-aliquots (n = 2 to 4) *Hegr analyses from 18 different samples yield interaliquot
weighted standard deviations of ~30%. Experimental observations indicate that the majority of
the 3Hegr signal preserved in oceanic sediments resides in IDPs smaller than 10 pm diameter,
with a mode between 2 and 10 pm (McGee and Mukhopadhyay 2013; Mukhopadhyay and
Farley 2006). Given that the 3Hegr concentrations in IDPs is ~3x10'* at/g (Kehm et al., 2006),
an IDP of 5 um diameter bears ~4x10* at of *Hegr, assuming these particles are spherical and
have a density of 2 g/cm?® (Kehm et al., 2006). Hence, the average *Hegr amount of 2x103 at of
SHepr measured in the silicate fraction of a ~0.2 g aliquot is carried on average by ~6 IDPs of
5 pm. Assuming that the number of IDPs present in one sample follows a Poisson distribution,
we can compute the theoretical uncertainty arising from this interaliquots variability as ¢ =
1NN, (N being the average number of IDPs present in one analyzed aliquot). With n = 5,
6 ~40%, a value that is in good agreement with the observed interaliquots standard deviation
of ~30% observed in this dataset. This good agreement confirms that the majority of the *Hegr
signal relies on <10 um IDPs rather than on micrometeorites larger than 50 pm (Stuart et al.

1999). Future studies may improve the representativity of analyzed samples and reduce the

uncertainty. This can be done by using the same statistical approach, taking into account the
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silici-clastic sedimentation rate, to compute the number of IDPs present in a sample, and hence

adjust the minimal sample mass required to be representative.

5.1.2) Validity of a constant *Hegr flux of 100 pcc.cm2.Ma™!

There are only few paleorecords of *Hegr flux (Fgr) over pluri-million years timescales
from well-dated sedimentary successions (McGee and Mukhopadhyay 2013), and even less for
the Mesozoic period. For the Jurassic, (Chavrit et al., 2016) reported three measurements of
SHegr in the Toarcian of the Sancerre core (Paris Basin). The near-continuous record of Fgr
between 100 and 30 Ma computed by Farley et al. 2012 from a stack of various datasets
(Mukhopadhyay et al. 2001; Farley et al., 2012; 1998) shows a long-term average Fgr
background of 100 pcc.cm2.Ma!. Although this reconstruction revealed transient increases at
some periods, either caused by spike of *Hegr inputs, or by inaccuracy in the sediment age
model, it however shows that these Fgr variations are very limited at timescale shorter than
100 ka. Given the likely short duration of the two successions analyzed here, we tentatively use
a constant *Hegr flux of 100 pcc.cm?.Ma™! to compute sedimentation rates.

Heating experiments on fragments of meteorites in lab conditions reported by (Fiiri et
al. 2013) show significant helium loss during the atmospheric entry of micrometeorites.
However, the constant *Hegr flux of 100 pcc.cm2.Ma' calibrated by Farley et al (2012) was
established using similar material to the one used in this study in terms of granulometry and
sedimentological conditions. Any potential atmospheric loss is hence cancelled off and already
accounted for in the 100 pcc.cm™.Ma! flux and we thus assume this effect to have a negligible

impact on the *Hegr-based reconstructed sedimentation rates.

5.1.3) Thermal history of the sediments and preservation of the *Hegr signal

Post depositional alteration of the initial *Hegr burial may have occurred, either by
thermal diffusion (Mukhopadhyay and Farley 2006) or weathering. According to the Rock-Eval
pyrolysis data, the Bajocian samples are overmature, while the Valanginian samples are
immature to slightly mature and likely experienced burial temperatures of 80°C. This
temperature range is in rather good agreement with the thermochronological data from the
nearby Oligocene sediments of the Vélodrome site, indicating that the southern part of the
Barles half-window reached 120°C between 12 and 6 Ma (Schwartz et al. 2017), as a result of
the emplacement of the ~3 km-thick Digne thrust sheet. The higher maturity of Bajocian

samples indicated by the Rock-Eval pyrolysis could be partially due to lateral variations in the
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thickness of the Digne thrust. However, this differential heating more surely results from the
Mesozoic and Cenozoic pile that buried the Bajocian below at least 4 km (120°C assuming a
30°C/km geothermal gradient), before deformation and exhumation started at the Oligocene
(34 Ma) (Ford et al. 2006).

One may question whether this burial heating has led to partial loss of the initial *Hegr
signal. Using thermal diffusion modeling based on experimental data from sea floor IDPs-rich
sediments, (Mukhopadhyay and Farley 2006) suggested that temperatures above 100°C during
5 Ma are sufficient to completely (>99%) release the initial *Hegr signal from IDPs. However,
these IDPs diffusion parameters were established by heating the samples between 200°C and
1400°C and extrapolated below 200°C using an Arrhenius relationship assuming a single
diffusion domain, a simplification that may lead to inaccuracies (Delon et al. 2018). Hence,
uncertainties about *He diffusions in IDPs hamper to precisely compute and constrain the
amount of *Hegr that may have been lost during the burial history of these Bajocian and
Valanginian sediments. However, some key observations indicate that the *Hegr loss has been
limited (negligible) in these sediments since their deposition, and that thermal loss does not
constitute a major source of inaccuracy in this dataset:

First, the *He/*He ratios measured in our dataset are significantly higher than the crustal
(*He/*He) endmember, an observation that strongly supports the presence of a *Hegr signal in
the samples (Fig. 6). Second, there is a good agreement between the mean *Hegr-derived
sedimentation rates and those established from biostratigraphy (see next section 5.1.4). If
significant post-depositional *Hegr loss had occurred, the *Hegr-based sedimentation rates

would have been higher than those based on biostratigraphy.

5.1.4) Agreement between the *Hegr-derived sedimentation rates and the long-term rates

based on the stratigraphic timescale

Comparing the average sedimentation rates determined by *Hegr with those obtained
from biostratigraphy on million-year timescales provides clues on the accuracy of the *Hegr
“sedimentometer” and the preservation of this signal. The average (+ average of 1o
uncertainties) of our *Hegr-based total sedimentation rates are 366 m.Ma! and 25+7 m.Ma'!
for the Bajocian and the Valanginian samples, respectively (Figs. 4 and 5). Using the GTS2020
biostratigraphic timescale (Gradstein et al. 2020), the average local sedimentation rates for

these two stages are 37 m.Ma! and 29 m.Ma!, respectively. This good agreement suggests that
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the 3Hegr flux during the Middle Jurassic and Early Cretaceous times did not depart
substantially from the Late Cretaceous flux of 100 pcc.cm?.Ma! computed by (Farley et al
2012). This observation also suggests that the initial extraterrestrial *He signal contained in the
IDPs have been preserved in the sediments, even after their burial and heating above 80°C. The
sedimentation rate computed from the single *Hegr measurements from the Bathonian-
Oxfordian black shales is 151 m.Ma!, whereas the biostratigraphic constraints yield a higher
mean deposition rate of 60 m.Ma'. Given that only one sample was analyzed in the Bathonian
black shales, this apparent discrepancy is difficult to interpret. However, if helium loss had
occurred, the 3Hegr sedimentometer would have on the contrary yielded higher sedimentation

rate that the biostratigraphic estimate.

5.2 - Control of the sedimentation rates at the orbital time scale

The *Hegr-derived sedimentation rates indicate constant (within uncertainties) silici-
clastic fluxes in both the Bajocian and Valanginian samples (Figs. 3, 4 and 7). On the contrary,
sedimentation rates correlate positively with CaCOs contents in both sections (Figs. 3, 4 and
7). This observation indicates that astronomically driven environmental changes led to strong
changes in CaCO; deposition fluxes, leading to variable dilution of the overall constant
terrigenous silici clastic and the *Hegr inputs (Fig. 9A and C). Moreover, both the TOC (%)
and the SiO; fraction - a proxy of the silici-clastic abundance - show a strong negative
correlation with the CaCOs3 proportion (Fig. 9), supporting a similar mechanism of increasing
dilution by higher CaCOs fluxes. The same dilution mechanism is also reflected by the decrease
in the nannofossil CaCOj; contribution with increasing total CaCOj3, in the case of the Bajocian

samples (Fig. 9D), despite it is not the case for the Valanginian section (Fig. 9D).
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Figure 9 — Plots of several proxies against the CaCQO; proportion (wt%): A) SiO,
proportion (wt%) — a proxy of the silici-clastic fraction, B) AL,Os/SiO, — a proxy of the
clays/quartz ratio, C) Total organic carbon (TOC, wt%), D) CaCQO; proportion from

nannofossils (wt %)

SHegr-based sedimentation rates may tentatively be used to constrain the durations of a
single limestone-marl duplet by building high resolution age models (Figs. 4 and 5): in the case
of the Bajocian section, our data yield durations of ~38 ka (BAJ 1-2 duplet), ~38 ka (BAJ 3-4
duplet) and ~29 ka (BAJ 5-6 duplet) (Fig. 4). Interestingly, the lithology of the Bajocian section
(Fig. 3) suggests that marl interbeds contain another cycle, which would be consistent with the
obliquity/precession hierarchy.

The Valanginian limestone-marl duplet correspond to a total duration of ~37 ka (Fig.
5). Those periods are close to the typical period of obliquity forcing (that was ~38 ka during
the Cretaceous, Berger et al 1992), which has been independently identified by
cyclostratigraphic studies of Cretaceous marl-limestone alternations in Southern France

(Martinez et al. 2013; 2015). This agreement should be taken with caution since *Hegr
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sedimentation rates are based on a *Hegr flux derived from the Cretaceous (Farley et al., 2012),
and not specifically calibrated for the Valanginian or the Bajocian. These durations could hence
be revised upward or downward in the future using *Hegr flux from independently well-dated
sections of the same area and age. A second limitation of our dataset is that it only covers few
marl-limestone duplets and is hence too small to provide a statistically significant spectral
analysis of cyclicity. The strength of the *Hegr approach is to be complementary of classical
spectral approaches in cyclostratigraphy (e.g. Westerhold et al. 2020; De Vleeschouwer et al.
2013), by bringing higher-resolution internal time constraints at the scale of a marl-limestone
cycle. Our data indeed show for the first time that, in this Southern France Mesozoic setting,
limestone strata are characterized by a “time dilatation” due to larger sedimentation rates, hence
corresponding to much shorter duration than the deposition of marl strata (Figs. 4 and 5). Since
variations in the 3Hegr flux are likely limited at timescales shorter than 100 ka (McGee and
Mukhopadhyay 2013), these relative changes in sedimentation can be interpreted with

confidence.

5.3 — A steady silici-clastic flux despite variable weathering conditions at the orbital

timescale?

In comparable settings, cyclic variations in clay mineralogy between marl and
limestones bed have been identified and interpreted as evidences for precipitation-driven
changes in weathering at the orbital timescale (e.g. Martinez et al. 2015; Deconinck et al. 2003).
Our results based on the *Hegr sedimentometer indicate constant terrigenous fluxes in marl and
limestones beds at the orbital timescale (Figs. 4, 5, 8).

This contradiction may however be more apparent than real, for instance if orbitally-
driven weathering fluctuations were not accompanied by significant changes in the efficiency
of physical erosion rates over the continents. It is also possible that reduced fluvial clay-rich
inputs were compensated by higher eolian quartz-rich input during arid phases (and vice and
versa during humid phases). Such a compensatory mechanism is supported by the partial
correlation between the Al2O3/Si0; ratio and the granulometric variations of the silici-clastic
fraction (Dso) (Figs. 4 and 5). Accordingly, marl deposition would have occurred during wet
phases with higher clay inputs, and limestone deposition during drier periods with higher
eoalian blown quartz propotions. Overall, this hypothetical relationship between changes in
humidity and CaCOs contents agrees with that inferred from clay mineral data in comparable

settings (Moiroud et al. 2012). More data should be obtained from various paleolatitudes and
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chronozones to better characterize variations in the nature and the flux of the silici-clastic

components.

5.4 — Causes of the CaCO; flux variability at the orbital timescale

The main implication of our highly resolved 3Hegr dataset is that the studied marl-
limestone cycles resulted from cyclic and large changes in CaCO; mud inputs driven by
insolation variations at the orbital timescale (Fig. 4, 5 and 8). This observation is important for
improving our understanding of the orbitally-driven sedimentary mechanisms leading to marl-
limestone alternations (Ricken 1993; Einsele et al. 1982). A quite straightforward mechanism
is a cyclic climate control on the carbonate factory (Reboulet et al. 2003). Our microfossil data
show that this variability is not controlled by changes in pelagic CaCO; production from
calcareous nannoplankton (Figs. 3, 4 and 8), in line with previous studies of Bajocian
(Sucheras-Marx et al. 2013) and Valanginian (Gréselle et al. 2011) strata from the Vocontian
Basin. The main source of variability could therefore be changes in the flux of allochtonous,
platform-derived CaCO; mud (e.g. Reboulet et al. 2003; Gréselle et al. 2011). Previous studies
have identified the Provence carbonate platform as the most likely source of this mud for the
Valanginian interval (Reboulet et al. 2003) (Fig. 2). Such a modulation of the micritic CaCO;
accumulation rate could either result from variations of primary production in the nearby
“carbonate factory” platforms (Schlager 2005), or changes in efficiency of the lateral transfer
of CaCO; (e.g. Andrieu et al. 2022). Environmental conditions (temperature, salinity, water
transparency) may indeed favor or inhibit biologically induced CaCO; production (Michel et
al, 2018) or its preservation in the water column (Sulpis et al. 2021). As mentioned above
(section 5.3), higher carbonate production may have occurred during drier intervals with lower
clay input, promoting carbonate platform growth through water transparency. Further
identification of the specific involved environmental factors would be largely speculative given
the lack of constraints about the ecology and nature of the main micrite producers. Given the
ramp-morphology of the Provence platform, changes in CaCO; fluxes could alternatively or
additionally imply rhythmic distal-to-proximal migration of facies belts related to sea level
changes (Andrieu et al. 2022). Such rhythmic sea level fluctuations at the orbital timescale
would point to climatically driven eustasy (Sames et al. 2016; Ray et al. 2019). Aquifer- and
thermal-eustasy have been repeatedly suggested as drivers of sea-level changes during
Mesozoic greenhouse climates, but require extreme climatic changes that seem incompatible
with data (Ray et al. 2019). By contrast, eustatic changes linked to the demise/growth of ice

sheets is consistent with oxygen isotope data and the abundance of glendonites at high
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paleolatitudes, which place the Bajocian as one of the coolest periods of the Jurassic (Dera et
al. 2011). The presence of Bajocian icesheets, in the absence of absolute temperature estimates
and definitive sedimentological evidence, however remains speculative. The Valanginian has
also been suggested as being a relatively cool climate period (e.g. Cavalheiro et al. 2021) and
modeling results show that the presence of a proto ice cap in Antarctica was possible during
several periods of the Cretaceous greenhouse (Ladant and Donnadieu 2016). Variations of ice
sheet volume in Antarctica had the potential to induce sea level fluctuations of few meters to
several tens of meters during the Mesozoic (Donnadieu et al. 2011), which would have led to

cyclic starvation of the platform CaCO; production or change in CaCO; export efficiency.

5.5 — Are variations of CaCQ; also dominant at longer time scale?

The pioneering work of Ricken (1993) revealed that carbonate-dominated successions
deposited over long interval (> 1 Ma) in reefal, hemipelagic and deep-sea settings are
characterized by a non-linear positive relationship between total sedimentation rates and CaCOs
content (Fig. 7-3 in Ricken 1993). This relationship implies that the CaCO; deposition flux is
the main source of temporal variability in such carbonate-rich systems. Our new *HeET data
show that this relationship is also valid on much shorter orbital timescale (< 10 ka) in
hemipelagic settings (Fig. 8). A comparable CaCO; dilution mechanism may also dominate
deep-sea carbonate-rich rhythmic sequences of Mesozoic and Cenozoic age. Available *He
records of the Paleocene-Eocene transition (Farley and Eltgroth 2003; Murphy et al. 2010), for
instance, indicate rather constant *Hepr concentrations in the non-carbonate fraction in
carbonate-rich, deep-sea strata recovered at ODP sites 690 (Weddell Sea, Southern Ocean) and
1266 (Walvis Ridge, Southern Atlantic). These data also suggest that variable carbonate input
(through dissolution or variable surface export) was the main controlling mechanism of
sedimentation rates in deep-sea carbonate-rich strata. Such a “fractal” behavior suggests the
existence of a robust and temporally invariant driving mechanism in many carbonate-rich, marl-
limestone rhythmic depositional sequences. However, a dominant control of carbonate input on
rhythmic sedimentation is certainly not universal. The data compiled by Ricken (1993) show
that sedimentation rates are largely controlled by siliciclastic input near active margins with
high rates of clastic input (Ricken 1993). Notable examples include upper Cretaceous
successions deposited on the western margin of the Western Interior Seaway (USA), where
some studies found that the main driver of the marl-limestone alternations was silici-clastic

fluctuations (e.g. Locklair and Sageman 2008). In such cases, lateral or temporal changes in
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clastic input may exert, through variable dilution, a strong influence on organic carbon contents

(Ricken 1993). A similar dilution of organic carbon (by carbonate input) is clearly apparent in

our dataset (Figs. 3,4 and 8). It thus remains to investigate to which extend recurrent intervals

of higher organic contents recorded in many Mesozoic sequences systematically reflect periods

of lower clastic or carbonate input. The application of the *Hegr approach used herein could

therefore bring valuable clues to better identify the fundamental drivers of such episodes of

organic enrichment. The *He methodology notably holds potential to reconstruct sedimentary

fluxes with a millennial resolution across episodes of rapid and global biogeochemical

perturbations, such as the Oceanic Anoxic Event 2 at the Cenomanian-Turonian transition.

Concluding remarks

Our high resolution *Hegr records from two pilot marl-limestone sections of the
Bajocian (3.4 m) and the Valanginian (0.9 m) of Haute-Provence (Barles) show that
the silici-clastic flux was constant through these marl limestone alternations.
Nannofossil abundances indicate that the main drivers of the total sedimentation
rates are flux changes in platform-derived CaCO; mud, and not the pelagic

productivity.

Total sedimentation rates derived from 3Hegr at the “orbital scale” agree with mean
bio-cyclostratigraphic estimates, supporting the use of *Hegr as a reliable high

resolution sedimentometer, even in Middle Jurassic-Lower Cretaceous deposits.

Previous work suggested variable detrital input as the dominant controlling factor of
sedimentation rates at both orbital- and Ma-timescale in some Upper Cretaceous
hemipelagic strata of the Western Interior Seaway deposited closer to active margins
(e.g., Ricken, 1993; Locklair and Sageman, 2008). Hence, applying the *Hegr tool
to these other settings will be a key to test whether CaCOs; variability was a

ubiquitous driver of Mesozoic marl limestone alternations.
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