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Abstract

Episodes of Environmental Change (EECs) were times of accelerated hydrological cycle that punctuated
the Early Cretaceous. Uncertainties in the geologic time scales however preclude full understanding of the
onset, unfolding, and termination of EECs. Here, we reanalyze the hemipelagic sedimentary series from
France and Spain from the Valanginian to the Barremian to provide a comprehensive and accurate time
scale of the Valanginian—-Barremian interval based on the stable 405-kyr eccentricity cycle. According to
our astrochonologic framework, the Weissert Event started 134.56 + 0.19 Mz, in . 2rfect synchronicity with
the peak of volcanic activity of the Parana-Etendeka Large Igneous Proy iniu >, Un average, EECs show a
pacing of 2.40 Myr from the Valanginian to the Barremian, in phase w*h detrital supply and carbon isotope
variations from marine carbonates. Long eccentricity cycles were he~ze key parameters in the regulation of
climate and carbon cycles in the Early Cretaceous through cl ar.ge s in the detrital and nutrient supply,
oceanic fertilization, organic carbon storage and glob7. s.2 le "el. A long obliquity forcing, at 1.2 Myr, is
also observed through the studied interval in both the dew *tal and carbon-isotope ratios series, allowing the
identification of long isotopic stages in the Earl*. ¢ .~taceous. Our study highlights a positive correlation
between continental runoff and sea-level ch=nge, suggesting that glacio-eustasy, and not aquifer-eustasy,
was the main driver of global-sea level 1:*iciuations during the Early Cretaceous. We also demonstrate that
the humid peak related to the Weiscai. Svent is driven by the pacing of the long orbital cycles despite the
emplacement of the Parana-Etende, 2 province. Nevertheless, in comparison to other EECs of the
Valanginian—Barremian, the Weissert Event appears as a singularly long event with stronger impact on
climate and marine ecosystems compared to other EECs. We posit that this is a consequence of the

concomitant effect of the emplacement of the Parana-Etendeka province and the long orbital cycles.



1. Introduction

Dramatic Episodes of Environmental Changes (EECs) punctuated the Early Cretaceous period (Follmi,
2012). According to Follmi (2012), these EECs occurred at time of reinforced greenhouse climatic
conditions, when an accelerated hydrological cycle led to higher levels of continental weathering, increase
of primary productivity, and high amounts of organic carbon storage (Weissert et al., 1998; Bodin et al.,
2009; Follmi, 2012; Stein et al., 2012; Aguado et al., 2014; Duchamp-Alphonse et al., 2014; Mattioli et al.,
2014). From the Valanginian to the Barremian stages (~137 to ~121 Ma; Ge!: =t ..!., 2020), the documented
EECs are the Weissert Event during the mid-Valanginian, the Faraoni "vet at the end of the Hauterivian,

the Mid-Barremian Event and the Taxy Event at the end of the Barren..an (Féllmi, 2012; Fig. 1).

@ =]
g € Filters 5"Cy,,, Filters 5"Cy,, 8Cy Filters
28 2 © Spliced 2.4 Ma (orange) B0y Filter Voer tian 2.4 Ma (orange) Subbelic Umbria-Marche 2.4 Ma (orange)
2 .'é Tethyan ammonite ¢ : E f CaCO; (%) 1.2 Ma (green) (%0 PDB) 2.4 Ma (¥ ~DB) 2 Ma (green) (%o PDB) (%o PDB) 1.2 Ma (green)
[ Zones 8 = ol 80 40 -10 0 10 2 -1 01 -1-05 00" 0 022 10 1 2 15 25 -04 0 0.4
o T T T T T T T T T T T 1 T T T T T T 1
121 T e ' B ettt ~Salbutbtiute sttt [ettlie. i whelettel”ah w i W= sty ) p— el v S B
1. aara J %§
122-] o ]
B g % G. sartausiana G
123 E[- 4
= c
18 T, vendennoski a
o : \ .
124 5 = - P w1 I L5
o aurranam B 2 1E&
=K compressissimat g
= [ H_puichails o
125+ ﬁ K_pichies 1=
¥ hugh 7. hugic
126 o P pletet JEe
7 catutir gg
E
8 batsaris | _CMnokel AL
127 @© Gslearis
™
] g - P ligatus T = e . N < ) RS |
1282 ]
= =
1e 8. sayni Ly
3 =
12918 HEE?
g B <. nodosopicatam £
FRES = e G (i jeanno ]
g, ﬁ Torgt
131 L=y 1 &
4 B EE
T CAllE: 855
C. furcilata . furcliata 1550
132+ 1 §
] ©. (0, nickesi
% M. pregrinus |
1324 - = M. peregrinus T @
= . pronesostatum g
£ 28
[EYEE=S . vermcosum || X 88
B g M. platycostaios. = 23
= K nosaman 255
135+ = 5] 1=Lu
n " = = 18
P £ tormis 2 5
© = & s
136 w a 4 3
% . o) - ‘I 25%
=
° pearmnsians | emoiicus a & g0
c — & qu s
g 137 o =
b 9 __ T otopeta o
1 14 T alpillensis B
R c T. aigifensis
S 138 5|8 1
z lal® 8 pictoti
a E F baissier] .
139- @ 4
& paramimougum

Fig. 1. Time scale calculated here of stages, substages, Tethyan ammonite zones, calcareous nannofossil

zones, magnetochrons, orbital cycles, composite CaCO; series and various 8**Cear, Series



The Weissert Event is defined as a positive carbon-isotope excursion of +1.5 to +2 % PDB amplitude in
bulk carbonate, fossil shells and organic carbon, starting at the end of the Early Valanginian
(Karakaschiceras inostranzewi Tethyan Ammonite Zone; Fig. 1) and culminating in the lower part of the
Late Valanginian (Saynoceras verrucosum Tethyan Ammonite Zone), with worldwide expression (Cotillon
and Rio, 1984; Lini et al., 1992; Weissert et al., 1998; Hennig et al., 1999; Erba et al., 2004; Grocke et al.,
2005; McArthur et al., 2007; Aguirre-Urreta et al., 2008; Gréselle et al., 2011; Kujau et al., 2012; Aguado
et al., 2018; Cavalheiro et al., 2021). Carbon-isotope values remained high in the Late Valanginian and
decreased slowly until the Early-Late Hauterivian transition (Hennig et a'., 1929; Sprovieri et al., 2006;
Aguirre-Urreta et al., 2019; Fig. 1). This event corresponds to the c'an..nauon of the neritic carbonate
production crisis recorded in the peri-North Atlantic and Tethys oce.ns (Wortmann and Weissert, 2000),
and associated to the drowning of carbonate platforms documenteu *+ the peri-Tethys area, spanning from
the Late Valanginian to the Early Hauterivian (S. verrucosun .0 he Crioceratites loryi Tethyan ammonite
zones; Follmi et al., 2006). The beginning of this drcwwning vv/ent corresponds to a 2™-order transgression,
following a 2"-order sea-level fall at the transifion betv.2en the Karakaschcieras inostranzewi and the S.
verrucosum Tethyan ammonite subzone, doctme.~ted worldwide (Hardenbol et al., 1998; Gréselle and
Pittet, 2010; Reboulet et al., 2003, 2022) a* d 0\ several dozens of meters of amplitude (Ray et al., 2019).
Despite the global expression of the ca,“on ‘sotope excursion, no synchronous, thick black shale series is
found in the Tethyan area, sugges*ng tnat (i) the burial of organic carbon occurred in continental areas
(Westermann et al., 2010) or in 1./qh latitudes (Cavalheiro et al., 2021) and/or (ii) the positive carbon-
isotope excursion also results in the demise of the peri-Tethys and North Atlantic carbonate platform, an

important sink in *C (Westermann et al., 2010).

The culmination of the 8**C values in the Upper Valanginian is associated to a global warming event, as
reflected by TEX86 (Cavalheiro et al., 2021) and oxygen isotope data on bulk carbonate (Duchamp-
Alphonse et al., 2007; Charbonnier et al., 2020), to a third-order maximum flooding (Hardenbol et al.,

1998), to increased weathering and humid conditions, as reflected by increased kaolinite contents in the



Vocontian Basin and Umbria-Marche Basin (Fesneau, 2008; Duchamp-Alphonse et al., 2011; Westermann
et al., 2013; Charbonnier et al., 2016, 2020), and palynological assemblages (Kujau et al., 2013). In pelagic
settings, the culmination of the 8**C values is also marked by an increase in fertilization of the water
column, as indicated by the nannofossil assemblages in Tethys and Atlantic realms (Erba et al., 2004;

Bornemann and Mutterlose, 2008; Duchamp-Alphonse et al., 2014; Mattioli et al., 2014).

The Faraoni event is a series of deposits rich in marine organic matter identified first in the Umbria-Marche
Basin (Cecca et al., 1994). These deposits have been correlated through e v.astern Tethys, thanks to
ammonites and calcareous nannofossils (Baudin et al., 1999; Baudin, <u5; Baudin and Riquier, 2014).
This event notably occurs at the transition between the Pseudothu, mannia ohmi and Pseudothurmania
mortilleti Tethyan ammonite subzones (Fig. 1). The last uo~urrence of calcareous nannofossil
Lithraphidites bollii occurred during this event (Company et a'., 7005; Sprovieri et al., 2006). The kaolinite
content, calcareous nannofossil assemblages and orga ic 1. atter geochemistry point to a maximum of
weathering conditions (Moiroud et al., 2012), arcompai.’2d by increased fertilization of the water masses
(Aguado et al., 2014) and increased primary p.or;.‘chvity (Baudin et al., 2002), in a context of 2"-order
maximum flooding (Hardenbol et al., 199:). /™is event is also associated to a drowning event of the
Helvetic platform, the Altmann Memb~r \Rodin et al., 2006b), and in Turkey (Yilmaz et al., 2012),
overlying an emersive surface (Gruc® e al., 2013). The Faraoni Event occurred within a trend toward
increasing 8"°C values of bulk car. nate, starting in the Crioceratites krenkeli Tethyan ammonite subzone
and culminating in the Pseudothurmannia catulloi Tethyan ammonite subzone, with an amplitude ranging

from +0.3 to +0.5 %0 PDB (Godet et al., 2006; Aguado et al., 2014).

The Mid-Barremian Event is a 1 %. PDB increase of bulk carbonate 8"*C values, first observed in the
Umbria-Marche Basin at the early-late Barremian transition (Coccioni et al., 2003; Fig. 1), and then
described in the Lower Saxony Basin (Malko¢ and Mutterlose, 2010; Pauly et al., 2013), in Turkey (Yilmaz

et al., 2012), in the Subbetic Domain (Aguado et al., 2014), and in Denmark (Rudra et al., 2021). The Mid-



Barremian Event lasted 0.4 Myr (Martinez et al., 2020a). Black shale deposits have been found in this
interval in the Lower Saxony Basin (Hauptblattertorn Level; Mutterlose et al., 2009), Danish North Sea
(Munk Marls; Rudra et al., 2021), Italy (F6llmi et al., 2012) and Turkey (Yilmaz et al., 2012). Calcareous
nannofossil assemblages indicate increased fertilization of the water masses (Aguado et al., 2014; Wulff et
al., 2020) and increased marine productivity (Rudra et al., 2021) in a context of increased temperatures
(Mutterlose et al., 2009, 2010, 2012; Huck and Heimofer, 2021) and increased input of fresh water
suggested in the Subbetic Domain and Lower Saxony Basin (Aguado et al., 2014; Mutterlose et al., 2014).
The Mid-Barremian Event occurred in a context of 2nd-order maximum flo~Zing Interval (Hardenbol et al.,
1998). In the Helvetic Platform, it corresponds to a second step of the L@ Hauterivian-Early Barremian
drowning event, marked by (i) a phosphatized hardground characte. *7ing a sequence boundary, and (ii)

then a backstepping of the carbonate platform characterizing a rapiu ~~a-level rise (Godet et al., 2013).

The Taxy Levels were originally defined as black sh7.ie "aye.5 observed at the end of the Barremian series
(Martelites sarasini Tethyan ammonite zone; Fig. 1) a.d used as a correlation marker in the Provence
Basin (Moullade et al., 1998). This organic-rict. p.crker bed is preceded by the drowning of the photozoan
Urgonian platform and the interruption nf its growth, replaced by the heterozoan facies of “Lower
Orbitolina Beds” (Frau et al., 2020). Rc~en. revision of the biostratigraphy in Cassis-la-Bédoule suggests
that these environmental perturbatir.iis ~tarted in the Imerites giraudi Tethyan ammonite Zone and correlate
to a 2"-order maximum flooding 1.*erval (Hardenbol et al., 1998; Frau et al., 2020). Increase in the density
of organic-rich layers have been documented in the Umbria-Marche Basin (F6llmi et al., 2012), in the
Lower Saxony Basin (Mutterlose et al., 2009; Pauly et al., 2013) and in the Atlantic Ocean (Bralower et al.,
1994). The event started with an increase in bulk 5"°C in the 1. giraudi and lower part of M. sarasini zones
with amplitudes of 0.4 %o PDB in the Subbetic Domain (Martinez et al., 2020a; Aguado et al., 2022) and
0.3 %o PDB in the Vocontian Basin (Godet et al., 2006). In the Umbria-Marche Basin, this trend
encompasses the boundary between chrons M1n and MOr (Frau et al., 2018) and is recorded with an

amplitude of +0.6 %o PDB (Stein et al., 2011; Aguado et al., 2022). The increase in bulk §"3C values also



corresponds to a +4 %o PDB increase in organic matter 8*°C in the Provence Basin at Cassis-la-Bédoule
(Stein et al. 2012). This increase in 8"3C values is immediately followed by a sharp decrease in 313C values
recorded in bulk rock with an amplitude of 1.6 %0 PDB in Cassis-la-Bédoule (Kuhnt et al., 1998), 0.8 %o
PDB in the Subbetic Domain (Martinez et al., 2020a, Aguado et al., 2022), 0.5 %o PDB in the Vocontian
Basin (Wissler et al., 2002; Godet et al., 2006) and 0.4 %o PDB in the Umbria-Marche Basin (Sprovieri et
al., 2006; Stein et al., 2011). The end of this negative excursion corresponds to the boundary between MOr
and C34n magnetochrons in the Umbria-Marche Basin, while it corresponds to the upper part of the M.
sarasini Tethyan ammonite zone in Cassis-la-Bédoule and the Subbetic Dor.2in \~rau et al., 2018; Aguado
et al., 2022). In the Cassis-Bedoule section, the negative excursion obs~.ivc 1n bulk carbonate §*°C values
is not observed in organic matter 8**C. This dichotomy was interpretew. hy Stein et al. (2012) as the result of
increased burial of continental organic matter in this section by inci.~sed riverine fresh water supply during
the Taxy event. This agrees with both kaolinite and TEX 8F [roxies that indicate warmer climate and
increased levels of continental weathering during this ev. nt \Stein et al., 2012; Huck and Heimofer, 2021).
Increased fertilization of the water masses is dorumente! around chron MOr in eastern Atlantic and in the

Subbetic Domain (Tremolada et al., 2006; Agurdc ~t af., 2022).

These episodes of environmental chai.7es are thus associated to increased bulk §°C, at least at the
beginning of these events, increas.u =niperatures, continental weathering and supply of fresh waters in
Boreal and Tethyan basins and inc. ~ased in trophic conditions, leading to fertilization of the water masses.
They are also accompanied by 2™-order sea level increases, after a phase of sea-level decrease. Rapid sea-
level and nutrification increases led to drowning of carbonate platforms or, at the end of the Barremian
Stage, led to changes from photozoan to heterozoan facies in peri-Tethyan environments (F6llmi et al.,
2006; Godet et al., 2013). Additional humid peaks and increase in trophic levels were documented from
clay mineral, palynological and calcareous nannofossil assemblages in the earliest VValanginian (Morales et
al., 2013; Kujau et al., 2013; Duchamp-Alphonse et al., 2014; Charbonnier et al., 2016), and in the

Valanginian-Hauterivian transition (Kujau et al., 2013; Charbonnier et al., 2016). A drowning event, the



Lidernen episode, is also documented in the “middle” Hauterivian, from the Lyticoceras nodosoplicatum to
the Plesiospitidiscus ligatus Tethyan ammonite zones (FOllmi et al., 1994; Godet, 2013). All these events
also share the fact that they correspond to 2"-order transgression documented by facies changes (Morales
et al., 2013; Godet, 2013; Aguirre-Urreta et al., 2019), widespread marl formations or drownings on
platforms (van de Schootbrugge et al., 2003; Godet et al., 2013; Morales et al., 2013; Pictet, 2021) and

faunal migration patterns (Walter, 1996; Mutterlose and Bornemann, 2000).

If similarities can be observed between these events, the carbon isotope vz*atcns in the Weissert event
appears of higher amplitude and much longer than in the other episories T environmental changes. The
forcing mechanisms leading to these carbon cycle and climate distui.»ances are still uncertain because of
their heterogenous imprint on the sedimentary record. Of special in, %rtance here is that part of this lack of
understanding results from a lack of global temporal calibré tir.ns of all climatic events at the resolution of
Milankovitch cycles. The Milankovitch cycles correspond o the imprint of the quasiperiodic motions of
the Earth’s orbit and rotational axis on global climate ov.~ 10* to 10° years periods. The climatic precession
(average period 130 Ma: 20.4 + 0.4 kyr), the o.!'ouity (main period 130 Ma: 38.4 + 0.4 kyr) and the
eccentricity cycles (periods: 405 kyr and ca. *00 kyr for the shortest periods) (Laskar et al., 2011;
Waltham, 2015) modify the annual dic*ribtion in insolation at a given latitude which triggers pseudo-
periodic climatic changes ultimatel, |.-eserved in strata. The effect of the Earth’s orbital eccentricity is not
directly observed on the spectra v the insolation series as it modulates the amplitude of the precession
cycles (e.g. Hinnov, 2018). Non-linearities in the climate and sedimentary systems nonetheless allow its
direct observation in sedimentary series (Martinez, 2018). The identification of these quasi-periodic cycles
in the sedimentary record provide accurate durations of geological times, also referred to orbital time scales
or astrochronology. In strata of Mesozoic age, the period of the 405-kyr eccentricity cycle is known with
the best accuracy and is preferred for astrochronology (Laskar et al., 2011). If anchored to radiometric ages,
numerical ages of geological times and climatic events can be given with an accuracy of 0.1 Myr in the

Mesozoic. This is the case for hemipelagic marl-limestone alternations recorded in Early Cretaceous series



which correspond to humid-arid cycles controlled by Earth orbital configuration (Cotillon et al., 1980;
Reboulet et al., 2003; Moiroud et al., 2012). Under humid climate, increased detrital and nutrient inputs to
basins induced meso- and eutrophic conditions in marine environments, decreased neritic carbonate
productivity but increased pelagic carbonate productivity, leading to the deposit of marl beds. Under more
arid conditions, neritic carbonate production and their export to basin increased under oligo- to mesotrophic
conditions concomitant to decreased siliciclastic supply (Reboulet et al., 2003; F6limi et al., 2006), leading
to the deposit of carbonate beds. The sedimentary record of all the Milankovitch cycles can thus be
identified through spectral analyses of the CaCO; content (Martinez et al., 2215, 2020a; Aguirre-Urreta et
al., 2019). Magnetic Susceptibility (MS) and Gamma-Ray Total Coum ‘GRTC) are useful proxies of
CaCO; content in marl-limestone alternations as their measurements a. ~ precise, quick, non-destructive and
inversely correlated to CaCO; (Martinez, 2018). The Valanginia. and Barremian stages were entirely
calibrated with the 405-kyr eccentricity cycle directly obser ac in MS, GRTC and CaCOj; signals (Martinez
et al., 2013; 2020a; Aguirre-Urreta et al., 2019). Tk 1. coi' of this cycle is still missing in most of the
Hauterivian part, which limits the accuracy of the orbita. time scale and prevents from bridging the timing

of the climatic events from the Valanginian to the 2arremian.

Here, we propose to reassess the astr.~hicnology of the Hauterivian series from the Vocontian Basin
(France) and the Subbetic Domain (o~ by analyzing the amplitude modulation of the precession cycles
and extracting the 405-ka eccentricty cycle. The sections studied were accurately dated with thousands of
ammonites and constitute reference sections of this time interval (Bulot et al., 1992; Hoedemaeker and
Leereveld, 1995; Reboulet and Atrops, 1999; Company et al., 2005; Aguado et al., 2014; Aguirre-Urreta et
al., 2019; Kenjo et al., 2021). This new astrochronology is then anchored to CA-ID-TIMS U-Pb ages
measured in the Neuquén Basin (Argentina, Aguirre-Urreta et al., 2017). We also review and reassess the
astrochronology of the Valanginian series from multiple sites of the Vocontian Basin. From this revised
temporal framework and carbon-isotope data synthetized here, we propose a new correlation scheme

between biozones and magnetozones from the Valanginian to the Barremian stages, in line with



radiometric data published elsewhere (Zhang et al., 2021). We also reappraise the numerical ages of the
episodes of environmental changes and related humid peaks and compile detrital and carbon-isotope series
to determine the respective roles of the volcanism and the long orbital cycles on the pacing and intensity of

climatic events during the Early Cretaceous.

2. Geological settings

2.1. Subbetic Domain

The Subbetic Domain (Fig. 2) is one of the external units of the Betic Cordi'.2-3, .3 southern Spain
(Martin-Chivelet et al., 2019). It constitutes a domain of hemipelagic deus:*s alternating between marl and
mudstone to wackestone beds, separated from the neritic domain by a . ‘fting phase starting in the
Pliensbachian (Ruiz-Ortiz et al., 2004). During the Early Cretaceous, *i1e Subbetic Domain was part of the
northern Tethys margin and was located at a paleolatitude cc m.rised between 20° and 30°N (Barrier et al.,
2018). During the period, the basin experienced a trarte: sio: al tectonic phase related to the opening of the
Gascogne Bay and the anti-clockwise rotation of the Ibei:2n Plate (Vera et al., 2004). The Subbetic Domain
presents a morphology of swells and troughs refier ::nn these successive tectonic phases. The data shown
here are from three sections located in one n - the.2 troughs: Rio Argos (38°04°15” N; 1°56°58” E), Arroyo
Gilico (38°09'35” N; 1°40'41” W) and C~rraco de Cavila (38°03'10”; N 1°53'20” W), all located in the
Murcia Province (Fig. 2). The macruiw 'na in these sections is composed of ammonites, accompanied by
scarce belemnites, gastropods, biva: /es, brachiopods and irregular echinoids. The microfauna and flora are
composed of calcareous nannofossils, radiolarians and foraminifers. The facies and fauna observed in these

sections point to a deposit depth of several hundred metres (Hoedemaeker and Leereveld, 1995).

2.2. Vocontian Basin
The Vocontian Basin (Fig. 2) belongs to the external units located in western Alps. This is a domain of
hemipelagic deposits alternating between carbonate-rich (mudstone and wackestone) and clay-rich

deposits, surrounded by the carbonate platforms of Jura-Bas-Dauphiné to the North and Provence to the



South. The basin was surrounded to the west by the Vivarais detrital margin and was open to the east to the
Tethys Ocean (Cotillon et al., 1980). The basin opened during the Early Jurassic during rifting phases
related to the opening of the Valais Ocean (Lemoine et al., 1986). During the Early Cretaceous, tectonic
activity was much reduced and consisted of transtensional movement related to the opening of Gascogne
Bay (Graciansky and Lemoine, 1988; Homberg et al., 2013). Most of subsidence during the Valanginian-
Hauterivian was caused by the thermal subsidence of the northern Tethyan margin as it cooled (Wilpshaar
etal., 1997). During this time, the basin was located at a paleolatitude between 30 and 35°N (Barrier et al.,

2018).
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 Subduction Front
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Fig. 2. A. Paleogeographic map of the Early Cretaceous with locations of the Late Jurassic and Early
Cretaceous continental rifts (Frizon de Lamotte et al., 2015). Abbreviations: NB: Neuquén Basin, SD:
Subbetic Domain, VB: Vocontian Basin. B. Map of the Neuquén Basin with location of the EI Porton
section. C. Map of the Vocontian Basin with location of the La Charce-Pommerol section and other

sections mentioned. D. Map of the Betic Range with location of the Rio Argos section and other mentioned



sections. E. Detail of the El Portdn section showing the tuff layer dated within the marl-limestone
alternations. F. Detail of the marl-limestone alternations of the la Charce section. G. Details of the marl-

limestone alternations of the Rio Argos section. Abbreviations: Prec.: Precession; Obl.: Obliquity.

2.3. Climatic and eustatic origins of the marl-limestone alternations

Clay mineral assemblages determined from marl-limestone alternations from the VVocontian Basin and the
Subbetic Domain show that marl beds have higher kaolinite and illite contents, while limestone beds have
higher smectite contents (Cotillon et al., 1980; Deconinck and Chamley, 192Z; M iroud et al., 2012;
Giraud et al., 2013; Ghirardi et al., 2014; Martinez et al., 2020b; Figs. 3 4). Tnis feature has also been
recognized in the Hauterivian-Barremian transition of the Lower Saxo,\/ Basin, in northern Germany
(Mutterlose and Ruffell, 1999) and particularly verified in sections 1.~ ng experienced low level of burial
diagenesis, showing these are primary fluctuations. Nannofo is: aundances are systematically higher in
marl beds than in limestone beds (Mutterlose and Ruf’en 1429; Gréselle et al., 2011; Giraud et al., 2013).
Marl beds also shows mesotrophic assemblages while In,.2stone beds show oligotrophic assemblages. All
these data suggest that marl beds were depositer. u .1er more humid conditions than limestone beds.
Increased detrital and nutrient supply durint moi > humid times led to the deposits of marl beds and
increased surface-water fertility in marii.~ ew. rironments. In marl beds, the bulk carbonate 3"*C also
correlates with the CaCOs content 17 - 1./8; Fig. 4E), likely reflecting this increase in primary productivity
during marl bed deposits. The pelay’c producers are not the dominant carbonate component of these
limestone beds and their abundance decrease when the CaCO; content of the rock increases (Reboulet et
al., 2003; Gréselle et al., 2011). These correlations between lithology and climate are not only true at marl-
limestone alternation scale, but are also verified at 100-kyr, 405-kyr eccentricity scales, and longer time
scale (Fig. 5). In the Vocontian Basin, the trend in CaCO; contents of the alternations mimics the trend in
neritic carbonate production at 107-to-104-year time scales (Ferry and Monier, 1987; Follmi et al., 1994;
Quesne and Ferry, 1995; Reboulet et al., 2003). Detailed platform-basin correlations show a progressive

decrease in thickness and size of carbonate particles toward the basin, which suggest that most of carbonate



mud deposited in the basin was exported from the platforms through nepheloid flows (Reboulet et al.,
2003). In the Neocomites neocomiensiformis Zone of Vergol, the trend in bulk carbonate 8*3C in marl beds
follows the trend in the kaolinite content (Fig. 3). Comparatively, the trend in bulk carbonate 8**C in
limestone beds follows he trend in CaCOj; content. These various trends reflect the change in the isotopic
signature of the carbonate mud through the change in carbonate producers, themselves climatically control

(Martinez et al., 2020Db).
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Fig. 3. Behavior of Magnetic Susceptibility (MS), CaCOj; content 3**C., and clay mineral assemblage
over several marl-limestone alternations of the Vergol section (up; from Martinez et al. (2020b) and the Rio

Argos section (down; from Martinez et al., 2012; Moiroud et al., 2012).
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Fig. 4. Cross plots between the MS, CaCO; content and clay species co.'tent. From A to E: data from
Vergol-Morénas (Martinez et al., 2020b). From F to I: data from F.ic A, jos (Martinez et al., 2012;

Moiroud et al., 2012). The blue line indicates the best fit and the r’.d n.>as the 95 % confidence intervals.

Platform-basin correlations and geometry of the platform carbonate wedges suggest that limestone beds
correspond to regressive intervals, while marl de ~sits formed during transgressive intervals and maximum
flooding (Quesne and Ferry, 1994; Godet et al., 251.»,. This relationship can be complicated at precession-
scale if the amplitude of sea-level change is st enough to transiently inhibit the carbonate production
(Pittet, 2006), leading to the deposit of a u.’n rimestone and marl bed next to a thicker limestone bed or to
clustered thin limestone and marl k 2ds s xparated by thick marl beds (Pittet and Strasser, 1998; Pittet, 2006).
This link between lithology and sea- evel also existed at larger scale since the intervals of local maxima in
clay contents in the S. verrucosum Zone (upper Valanginian; Fig. 5) and the Saynoceras sayni Tethyan
Ammonite Zone (upper Hauterivian; Fig. 6A). Both correspond in time to drowning of the carbonate
platforms, notably marked by stepwise retrograding wedges, condensation and eutrophication in a context
of increased humid climate, as well as widespread offshore marl deposits (Marnes & Astieria in the upper
Valanginian and Marnes d’Uttins and Marnes de Cornaux, at the lower-upper Hauterivian transition; Godet
etal., 2011; Morales et al., 2013; Pictet, 2021). Similarly, transgressive intervals are also noted by the

increase in clay content of the marl-limestone alternations at the base of the Valanginian Stage (Morales et



al., 2013; Figs. 6E, F). The marlier interval at the end of the Valanginian Stage (Ferry, 1987; Fig. 6B)
corresponds to the widespread deposits of the Marnes d’Hauterive (Walter, 1996; Gréselle and Pittet, 2010;
Morales et al., 2013). In the Late Barremian, the marlier interval in the I. giraudi Zone, corresponds in time
to the change of neritic carbonate community from photozoan to heterozoan assemblages, in line with
increased trophic levels (Frau et al., 2020). This model of higher sea-level during marl deposits contradicts
the model of highstand shedding (Schlager et al., 1994), which remains to be explained. In the uppermost
Hauterivian to Barremian of the Subbetic Domain, notice that the 2"-order Maximum Flooding Surfaces
(MFS) are more likey associated with long term decrease in detrital content > lin.o with decreased
sedimentation rates (Martinez et al., 2020a). This correspondence betwe :n 'atrital content and
sedimentation rate was there interpreted as basin starvation during sea: ‘evel rise.

This last example illustrates that the response of the lithology to sea ‘~vel change in marl-limestone
alternations also depends on local factors, such as palaeotop( arapy, areas of the sea floor in the photic
zone, oceanic circulation or sedimentary fluxes. Howr ve, in 2ll cases studied here, marl deposits more

likely occurred under humid conditions while limestone < 2posits occurred under more arid conditions.
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Fig. 6. Examples of bundles and beds used ~re cu:relation markers throughout the VVocontian Basin. A. The
Sayni Marl Interval (Upper Hauterivian) ~t L~ Charce section. Beds numberd are labelled according to
Martinez et al. (2013) following Re’su. ‘et and Atrops (1999) numbering scheme. B. Furcillata Marl
Interval and Radiatus Bundle at the */alanginian-Hauterivian boundary of the La Charce section. C.
Bentonite O3 in the N. neocomiensiformis Tethyan Ammonite Zone (Lower Valanginian) at the Angles
section. Bed number is from Busnardo et al. (1979). D. Close-up view of bentonite O3. E. View of the
Otopeta Bundle at the Vergol section. Bed numbers are from Kenjo et al. (2021). F. View of the Otopeta
Bundle at the Reynier section. Note the interval of less visible limestone beds above the Otopeta Bundle is

due to increase of clay content. This outcropping condition is also observed at Vergol.

2.4. Biostratigraphic framework



Establishing geological time scales requires the calculation of the durations of chronozones rather than
biozones. Biozones are based on the paleontological observation from a section, if possible a given basin.
Because of quality of preservation of the paleontological record, migration of fauna, local environmental
conditions or density of sampling, bioevents are not necessarily recorded synchronously at global scale, and
even within a given basin. In a given basin where multiple sections have been studied, it is possible to
assess and minimize the uncertainties linked to the quality of preservation of the paleontological record
provided the lithological changes can be correlated. This is the case for the VVncontian Basin and the
Subbetic Domain, where remarkable bundles have been correlated through t.2 ha.in (Cotillon, 1971;
Company et al., 2003; Gréselle and Pittet, 2010; Martinez et al., 2020a; '«e: ‘o et al., 2021; Aguado et al.,
2022; Figs. 6-8).

The Valanginain series studied here are composite Vergol-Morénas, 2cynier, Orpierre, Angles and
composite La Charce-Pommerol (Fig. 2). The biostratigraph * r¢ \ ‘ergol-Morénas, Angles and La Charce-
Pommerol are based on ammonites, calcareous nanno”vs. ils «1d calpionellids (Bulot et al., 1992; Blanc,
1996; Reboulet and Atrops, 1999; Reboulet et al.. 2003; Juchamp-Alphonse et al., 2007; Gardin, 2008;
Gréselle et al., 2011; Kenjo et al., 2021). This b’ os .atygraphic framework is refined thanks to the
correlations of remarkable levels and bundl~3 o1 :*mestone beds that can be identified bed-to-bed
throughout the Vocontian Basin (Cotillc.» 1271; Gréselle and Pittet, 2010; Kenjo et al., 2021). These
remarkable levels are from bottom *u .20: (i) the Otopeta Bundle (Figs. 6E, F), described as a series of 12
closely-spaced limestone beds belu. ' the Berriasian-Valanginian boundary, from bed B118 to bed B129 at
Vergol (Kenjo et al., 2021) and correlated to the interval from bed R1 to R13 in Reynier based on gamma-
ray signal (Martinez et al., 2013), (ii) the bentonite layer O3 (Fesneau et al., 2009), first identified in marl
bed V65-V66 at Vergol and then identified in marl A268-A269 at Angles and marl R111-R112 at Reynier
(Martinez et al., 2013; Figs. 6C, D), (iii) the Tetrade, a bundle of four beds at the boundary between the K.
inostranzewi and S. verrucosum zones (Cotillon, 1971), (iv) the Pronecostatum Bundle, at the base of the
Karakaschiceras pronecostatum Tethyan Ammonite Subzone (Cotillon, 1971; Fig. 7), (v) the Peregrinus

Bundle, also called “Faisceau Médian”, a cluster of 10 limestone beds at the base of the Neocomites



peregrinus Tethyan Ammonite Zone, spectacularly correlated throughout the basin (Cotillon et al., 1980;
Fig. 7), (vi) the Nicklesi Bundle, a cluster of 4 limestone beds at the transition between the N. peregrinus
and Olcostephanus (Olcostephanus) nicklesi Tethyan Ammonite subzones (Cotillon, 1971; Fig. 7), (vii) the
double Trinodosum Bundle, two clusters of limestone beds at the transition between the N. peregrinus and
Criosarasinella furcillata Tethyan Ammonite zones, (viii) the base of the Acanthodiscus radiatus Tethyan
Ammonite Zone is marked by a rapid increase in %CaCOjs of the limestone beds and by harder limestone
beds in the field above the Vire Marneuse a Callidsicus (Figs. 6B, 8). The MS and GRTC signals correlate

with the biostratigraphic frameworks and marker beds (Martinez et al., 2012; 2ou:ila et al., 2015).
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Fig. 7. Correspondance between th: Ga.nma-Ray Total Count (GRTC) signal, the 405-kyr eccentricity
cycles and the lithology in the Prone :ostatum, Median and Nicklesi bundles (Upper Valanginian) of the La
Charce section. Ammonite zonation is from Bulot et al. (1992) and Reboulet and Atrops (1999). Calcareous

nannofossil biostratigraphy is from Barbarin et al. (2012).
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Fig. 8. Correspondance betwee’ the Ga'nma-Ray Total Count (GRTC) signal, the 405-kyr, 100-kyr
eccentricity cycles and the litholog;, in the Radiatus Bundle (Lower Hauterivian) of the La Charce section.
Bed number and biostratigraphy are from Reboulet and Atrops (1999), also available in higher resolution in

Mutterlose et al. (2021).

The biostratigraphic framework of the Orpierre section is provided in Charbonnier et al. (2013), which
locates the Berriasian-Valanginian boundary at the first occurrence of Calpionellites darderi. The
biostratigraphic framework of the Berriasian-Valanginian boundary was recently revised at Vergol in

Kenjo et al. (2021). Several remarkable differences between the two biostratigraphic frameworks can be



noted: (i) the LO of calcareous nannofossil R. nebulosus is in the “T.” pertransiens Tethyan Ammonite
Zone and above the FO of calpionellid C. darderi, and calcareous nannofossils E. windii and C. oblongata
at Vergol (Kenjo et al., 2021), while it is below all these events at Orpierre (Charbonnier et al., 2013); (ii)
the FOs of E. windii, C. oblongata and Z. trivectis are above the FO of C. darderi at Vergol (Kenjo et al.,
2021), unlikely the Orpierre section (Charbonnier et al., 2013); (iii) FO of Z. trivectis is below the FO of C.
oblongata at VVergol (Kenjo et al., 2021), unlikely the Orpierre section (Charbonnier et al., 2013).

In addition to these biostratigraphic unconsistencies, the base of the Valanginian Stage defined at Orpierre
(Charbonnier et al., 2013) and at Vergol (Kenjo et al., 2021) do not correlate _~iny the MS and GRTC
signals, while these signals correlate with biostratigraphy higher in the VM 'ai."ginian series and with
lithology (Martinez et al., 2013; Charbonnier et al., 2013; Boulila et ai., 2015). The FO of “T.”
pertransiens occurs ca. 5 m above the Otopeta Bundle and 5 m belo. a rapid increase in GRTC values
(Fig. 9; Kenjo et al., 2021) correlated to the Reynier section Mar'inez et al., 2013). Correlating the GRTC
and MS signals would position the level equivalent to wie FC of “T.” pertransiens at level 10 m at
Orpierre, which would locate the Berriasian-Valanginian “oundary 18 m below the FO of C. darderi
identified in Charbonnier et al. (2013). The wor'. ¢ Kenjo et al. (2021) demonstrate that detailed
observations of biostratigraphic markers are necesary at specific intervals to determine the biozone
boundary with accuracy. In this case, the tse 9f quantitative lithological markers, such as MS and GRTC,
can help in correlating FADs and L AC~ within a basin or between basins. Similarly, the base of NK3B
calcareous nannofossil Zone is loc."2d at the LAD of R. wisei identified in the VVocontian Basin, the base of
the NC4A at the highest position of the LCO of T. verenae between Angles and Orpierre (which questions
the meaning of this LCO, T. verenae having been observed in La Charce in the lower Hauterivian; Gardin,
2008). In addition, the Tethyan ammonite zonation at Reynier and Orpierre is correlated to Vergol-

Morénas, Angles and La Charce (Figs. 9, 10).
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Fig. 9. Biostratigraphic framework of the Berriasian-Valanginian v *ns'don. Ammonite and calcareous
nannofossil data are from Kenjo et al. (2021). Calcareous narnr icssil and calpionellid data are from
Charbonnier et al. (2013). The Gamma-Ray Total Couv~.: ‘{G"TC) data are from Martinez et al. (2013) and
the Magnetic Susceptibility data (MS) are from Charbo. nier et al. (2013). The ammonite zonation at
Reynier and Orpierre is extrapolated from Vergr: “v uarrelation of GRTC and MS signals. Boundaries of
calcareous nannofossil zone boundaries are luc.*au at the FAD or LAD of the index species within the

Vocontian Basin, determined by correlatio,. of GRTC and MS signals.
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Hauterivian. Ammonite data are from Bulot et al. (1992), Few. w2t (1995), Reboulet and Atrops (1999) and

Mutterlose et al. (2021). Calcareous nannofossil dat? are “rom Duchamp-Alphonse et al. (2007), Gréselle et

al. (2011), Barbarin et al. (2012) and Charbonnie: ~t al. (2013). The boundaries of the ammonite and

calcareous nannofossil zones are fixed at the FC rr 1.0 of the considered species index in the Vocontian

Basin and correlated to the other sections 1'si.>1 the Gamma-Ray Total Count (GRTC) and Magnetic

Susceptibility (MS) signals. The GRTC siyals are from Martinez et al. (2013). The MS signal is from

Charbonnier et al. (2013).

In the Hauterivian Stage, the Tethyan and Andean Ammonite zonation are available in Bulot et al. (1992),

Reboulet and Atrops (1999), Hoedemaeker and Leereveld (1995), Company et al. (2003, 2005), Martinez

etal. (2012), Aguado et al. (2014) and Aguirre-Urreta et al. (2017, 2019) and calcareous nannofossil data

are from Thierstein (1973), Gardin (2008), Hoedemaeker and Leereveld (1995), Company et al. (2003) and

Aguado et al. (2014). Correlation between the Andean and Tethyan Ammonite zones is necessary to anchor

the astrochronology of the Tethyan areas (where the stage boundaries are defined) to the Andean radio-

astrochronology (where U-Pb ages are available; Aguirre-Urreta et al., 2017). The widespread, short-lived




distribution of the Olcostephanus (Jeannoticeras) subgenus is regarded as a major ammonite event in the
Hauterivian Stage to establish firm correlations at global scale (Lehmann et al., 2015). The occurrence of
the O. (Jeannoticeras) subgenus is recorded within the Olcostephanus (Olcostephanus) laticosta Andean
Ammonite Subzone and in the Olcostephanus (Jeannoticeras) jeannoti Tethyan Ammonite Subzone
(Aguirre-Urreta et al., 2017, 2019). The correlation between the base of the Holcotpychites neuquensis
Andean Ammonite Zone to the base of the Acanthodiscus radiatus Tethyan Ammonite Zone is another
important correlation line to quantify the variaibility of the duration estimates, and thus, the uncertainty in

the correlation lines.
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Fig. 11. Biostratigraphic framework of the analysed sections from the upper Valanginian to the lower
Barremian in the Neuquén Basin, Vocontian Basin and Subbetic Domain. The ammonite data are from
Bulot et al. (1992), Reboulet and Atrops (1999), Aguirre-Urreta et al. (2019), Hoedemaeker and Leereveld

(1995) and Company et al. (2003). The calcareous nannofossil data are from Thierstein (1973), Gardin




(2008), Hoedemaeker and Leereveld (1995), Company et al. (2005) and Aguado et al. (2014). The pink star
at El Portdn indicates the stratigraphic location of a CA-ID-TIMS U-Pb age on zircons from Aguirre-Urreta

etal. (2017).

In the upper Hauterivian, the La Charce and Rio Argos sections are correlated with (i) the base of
Saynoceras sayni Tethyan Ammonite Zone, (ii) the last occurrence of the Cruciellipsis cuvillieri calcareous
nannofossil, and (iii) the local maximum in the GRTC values in the P. ligatus Tethyan Ammonite Zone.
The boundary between the S. sayni and the P. ligatus Tethyan Ammonite zen.2s was notably located at Rio
Argos from these correlations, as there is a gap in the ammonite record f.u1.> 4u to 75 m (Hoedemaeker and
Leereveld, 1995; Martinez et al., 2015; Fig. 11).

The ammonite and calcareous nannofossil biostratigraphy of the Ba -~inian Stage was defined at Rio
Argos, Arroyo Gilico and Barranco de Cavila in Company e a'. (2003) and Aguado et al. (2014, 2022).
Rio Argos and Arroyo Gilico are easily correlated wit'r a. nmunites, bundles of limestone beds and the
record of the 100-kyr eccentricity cycles (Martinez et al., 2020a). Arroyo Gilico and Barranco de Cavila are
correlated with the first occurrence of Lithraphian .- nugio (Aguado et al., 2022), occurring both near the
top of 405-kyr eccentricity cycle B5 (Martin2z e. 1l., 2020a; Fig. 12). Finally, Deshayesites oglanlensis was
not found in Barranco Cavila, so that the2 1. an uncertainty zone on the location of the Barremian-Aptian
boundary, that we underlined in a ¢ cy area (Fig. 12). The location of the stage boundary was located using
the 8*°C signal (Martinez et al., 20."a; Aguado et al., 2022). The impact on the uncertainty of the stage

ages is discussed below.
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Fig. 12. Biostratigraphic framework from the upz~r r.2uterivian to the lowermost Aptian. The ammonite

data are from Aguado et al. (2014) and calca. ec''s nannofossil data from Aguado et al. (2014, 2022).

2.5. Previous astrochronologic framewg -\,

2.5.1. Valanginian Stage

The duration estimates of the VValanginian Stage was assessed at 7.0-7.6 Myr in Rio et al. (1989), 5.9 Myr
in Huang et al. (1993), 7.0 Myr in Giraud et al. (1995) and 4.7 Myr in Gréselle and Pittet (2010). Since
Bulot (1996), the definition of the base of the Valanginian Stage moved from the FO of the “T. " otopeta
Tethyan ammonite to the FO of C. darderi calpionellid, equivalent in time to the FO of “T.” pertransiens
(Blanc, 1996). As the duration of the “T.” otopeta Subzone is assessed at 0.43 Myr, the duration of the
Valanginian Stage without the “T.” otopeta Subzone is 6.4-7.2 Myr in Rio et al. (1989), 5.5 Myr in Huang

etal. (1993) and 6.4 Myr in Giraud et al. (1995). These three durations estimates were calculated from the



Angles section and are based on cycle counting (Rio et al., 1989; Gréselle and Pittet, 2010) or on spectral
analyses on encoded lithology (Huang et al., 1993; Giraud et al., 1995). In all these cases, the durations
depend on the visual identification of the lithology, which is much harder in the upper Valanginain. In the
S. verrucosum Tethyan Ammonite Zone, the limestone beds vanish so that precession cycles can not be
discriminated. In the remainder of the upper Valanginian, a precession cycle can be subdivided into a
bundle of thin limestone beds, which could be related to rapid sea-level change that could transiently
inhibited the carbonate production and export within a precession cycle (Pittet and Strasser, 1998; Pittet et
al., 2000). In the upper Valanginian, Boulila et al. (2015) noted that approxi~.:tei, half of precession
cycles are missing in the upper part of the N. peregrinus Tethyan Ammc .. £one, thereby compromising
reliable duration estimates with precesion cycle counting only. Thus. v *le counting from a section leads to
highly variable durations and it is preferable to recognize longer cvi!~5 from a quantitative proxy for a
more reproducible procedure and to limit the risk of entirely n’ss'ng cycles. With such an approach,
Sproveri et al. (2006), Martinez et al. (2013) and Charuo: nie. <t al. (2013) respectively estimated the
duration of the Valanginian Stage at 6.9 Myr, 5.08 Myr a.>d 4.8 Myr, respectively. The high variability of
the duration assessments is here linked to the apor. riate definition of the base of the Valanginian Stage,
the sample resolution adapted to the charact«riza.’on of the precession cycle, necessary to recognize the
eccentricity cycles, and the presence of _~dn . entary discontinuities. It is noteworthy that in the lower
Valanginian, the interval covering Zuc ky:r cycles V1 and V2 defined in Martinez et al. (2013)
encompasses 64 marl-limestone alw. *nations, attributed to the precession cycle (Blard et al., 2023), which
should correspond to 3 repetitions of the 405-kyr eccentricity cycle. So, the age model of this interval needs

a reappraisal.

2.5.2. Hauterivian Stage
The duration estimates of the Hauterivian Stage were assessed at 4.8-5.2 Myr in Rio et al. (1989), 5.3 Myr
in Huang et al. (1993), 5.3 £ 0.4 Myr in Fiet et al. (2006), 5.93 = 0.41 Myr in Martinez et al. (2015) and

5.21 £ 0.08 Myr in Aguirre-Urreta et al. (2019). Rio et al. (1989) and Huang et al. (1993) based their



calculations on marl-limestone couplet counting and visual identification on the Angles and nearby
Vergons sections. The definition of the base and top of the Hauterivian have not changed since their study.
Both the Angles and Vergons sections contain a series of slumps, which can be associated to missing
sequences. For instance, the two slumps in the lower Hauterivian of La Charce correspond to a total of 30
marl-limestone alternations preserved in Pommerol (Martinez et al., 2015). Fiet et al. (2006) did not specify
from which section they counted the marl-limestone couplets, which prevents from assessing the quality of
the sections they studied. The duration of the Hauterivian Stage calculated from astrochronology varies
from 5.93 + 0.41 Myr (Martinez et al, 2015) to 5.21 + 0.08 Myr (Aguirre-Ur:z*a el al., 2019). In all cases,
the sections are composite and devoid of slumps. In Martinez et al. (2017, (he uncertainty in the duration
came from the identification of the 405-kyr eccentricity cycles in the L>rly Hauterivian. A total of 6
repetitions of the 405-kyr cycle was interpreted from the filter of the ~aumma-ray series in La Charce-
Pommerol. The Early Hauterivian in the composite La Charce-"0 nmerol contains 108 marl-limestone
couplets attributed to precession which suggests a she e duiction. The shorter duration finally appeared
more consistent with the radio-astrochronology of the Pi.matué Member in the Neugquén Basin (Aguirre-
Urreta et al., 2019; Fig. 2). The calibration of th: v cner Hauterivian at Rio Argos is mainly based on the
record of the 100-kyr eccentricity cycle (Actirre ‘Jrreta et al., 2019). Spectral analyses from the
Hauterivian-Barremian boundary demor. tra.~s that the 405-kyr cycle can be extracted from the spectrum
of clay mineral assemblages or fror. a.m0ntude modulation of the 100-kyr eccentricity from magnetic
susceptibility (Martinez et al., 2012 As in the Early Valanginian, the extraction of the 405-kyr eccentricity

cycle needs a reappraisal, notably through testing the amplitude modulation of the precession cycles.

2.5.3. Barremian Stage

The duration of the Barremian Stage was assessed at Gorgo a Cerbara (Umbria-Marche Basin, Central
Italy) at 5.13 + 0.34 Myr in Fiet and Gorin (2000), 4.93 Myr in Bodin et al. (2006a), 4.4 Myr in Sprovieri et
al. (2006). The duration of the Barremian Stage in these cases was calculated upon the visual identification

of the lithological record of the 100-kyr eccentricity cycles from the first occurrence of the Tethyan



ammonite Taveraidiscus hugii to the base of magnetochron MOr. In this interval, Fiet and Gorin (2000)
identified 47 bundles, Bodin et al. (2006a) identified 49.3 bundles and Sprovieri et al. (2006) identified 44
bundles. Fiet and Gorin (2000) applied a mean duration of 109 kyr of the short eccentricity cycle, while a
mean duration of 100 kyr was applied in Bodin et al. (2006a) and Sprovieri et al. (2006). The duration of
109 kyr corresponds to the average between the two main periods of the short eccentricity of 124 kyr and
95 kyr (see Laskar et al., 2004, 2011). In the astronomical solution of Laskar et al. (2011) taken in the last
50 Myr, the average duration of 47 consecutive 100-kyr eccentricity cycles is 4.47 + 0.11 Myr (20), leading
to an average duration of the 100-kyr cycle of 95.2 + 2.2 kyr. Thus, the dura*:>ns oroposed in Fiet and
Gorin (2000), Bodin et al. (2006a) and Sprovieri et al. (2006) should be +.v +u.1,4.7+0.1and 4.2+ 0.1
Myr, respectively. This difference, from the same section and three di “~rent studies, illustrates the
uncertainty of the cycle-derived durations based on the visual identi.*~ation of the lithological cycles only.
In the Angles section (Vocontian Basin, SE France), cycle ccutii g attributed to the precession cycle led to
a duration estimate of the Barremian Stage of 4.5 Myr (b)du. <t al., 2006a). However, in the Vocontian
Basin, the Barremian Stage is defined from the first occu. “ence of the ammonite T. hugii to the first
occurrence of the ammonite Deshayesites oglarier .is (Delanoy, 1997; Reboulet et al., 2018). Recent
reattribution of ammonite specimen together wiu. refined calcareous nannofossils biostratigraphy (Frau et
al., 2018; Aguado et al., 2022) suggest t.:at 1,"agnetochron MOr correlates within the interval of |. giraudi-
M. sarasini Tethyan ammonite zonr.. C~ruon-isotope stratigraphy suggests that the positive carbon-isotope
excursion linked to the Taxy Episo.'2 occurred within chron MOr, while the related negative carbon-isotope
excursion correlates to the top of chron MOr. The Barremian Stage, as defined from Tethyan ammonites,
ends within chron C34n (Aguado et al., 2022). Following the correlations proposed in Aguado et al. (2022)
and the lithology of Gorgo a Cerbara, the interval equivalent to the Barremian Stage defined by ammonites
contains 51 repetitions of 100-kyr cycle in the sequencing of Fiet and Gorin (2000), corresponding to a
duration of 4.9 Myr, and 47 repetitions of the 100-kyr cycle in the sequencing of Sprovieri et al. (2006),
corresponding to a duration of 4.5 Myr. These durations are in good agreement with the duration of

4.58%912 Myr proposed in Martinez et al. (2020a) from the 405-kyr cycle identified from spectral analyses



on magnetic susceptibility signals. Different durations of the Barremian Stage were thus proposed because
of the difficulty in recognizing the orbital cycles with visual inspection only, different definitions of the
Barremian Stage used, and different durations of the ~100-kyr eccentricity cycle used. Here, the spectral

analyses will be briefly described as the age model has no change compared to Martinez et al. (2020a).

3. Datasets

3.1. Carbon isotopes

A total of 656 new carbon-isotope data from the Subbetic Domain were aco'.:-=a /2r the purpose of this
study. Powdered bulk rock samples from Arroyo de Gilico and Cavila s~.cuons were collected at a constant
interval of ~0.21 m. These samples were analysed for C-isotope ratios .'sing a ThermoScientific MAT253
Isotope Ratio Mass Spectrometer connected to a Kiel IV Carbonate D<vice at the Stable Isotope Laboratory
of the Instituto de Geociencias, Universidad Complutense de M.ac'rid. Isotopic values were calibrated
against carbonate standards (NBS-19, NBS-18, and ir -nu 1se tandards). The isotope data are reported with
the 6 (%o) notation referred to the Vienna-Pee Dee Belen.~ite (VPDB) standard and an averaged analytical

error (16) £ 0.01%eo.

The bulk carbon-isotope data from the \'~cu. tian Basin and the belemnite data were compiled from the
literature (Emmanuel and Renard, 752" mennig et al., 1999; van de Schootbrugge et al., 2000; Duchamp-
Alphonse et al., 2007; McArthur e ~l., 2007; Godet et al., 2006; Bodin et al., 2009; Gréselle et al., 2011,
Kujau et al., 2012; Charbonnier et al., 2013; Bodin et al., 2015; Price et al., 2018; Martinez et al., 2020b).
The data were reported to the bed they were measured and correlated to the different sections, so that they
were positioned on the same spliced section and calibrated to time to the same age model. The bulk carbon-

isotope data from the Umbria-Marche Basin are from Sprovieri et al. (2006).

3.2. Total Gamma-ray Total Count

The Gamma-Ray Total Count (GRTC) have been acquired in Martinez et al. (2013, 2015) every 0.20 m in



the Valanginian and Hauterivian of the sections of Reynier, Vergol-Morénas, Angles, La Charce and Rio
Argos. Prior to meaurements, the surfaces have been cleaned from weathered material and smoothed. The
GRTC measurements were acquired with a SatisGeo GS-512 device and expressed in equivalent uranium
concentration [ppm Ueq] (1 ppm = 1 pg/g), with a constant 1-min duration of acquisition. The
reproducibility of the measurement was assessed by measuring 30 times the same spot in marl and
limestone beds. The standard deviation of the measurements is 5 % of the mean value. A scintillometer
arrangement was used to produce an energy spectrum for the natural gamma-ray emitted from an outcrop.
This spectrum was interpreted electronically to yield concentrations of the p~i=~ipal gamma-ray sources
involved, namely potassium (K), thorium (Th) and uranium (U). K and 7n . e usually concentrated in clay

minerals, while U is associated to organic matter (Myers and Wignall, *987).

3.3. Magnetic susceptibility

Mass-normalized Magnetic Susceptibility (MS) has ..~er acquired every 0.25 m with a Kappabridge KLY -
2 in El Port6n in Aguirre-Urreta et al. (2019) and €.=ry 0.07 m with a Kappabridge KLY-3 in Arroyo
Gilico and Barranco de Cavila in Martinez et al. (2020a). The mass-normalized MS data from Vergol were
acquired with a Kappabridge KLY-3 in Muartii,~z et al. (2020b). Volumic MS were normalized to the
sample mass in Aguirre-Urreta et al. (2019, and to the mass and the volume measured (10 cc) in Martinez
et al. (2020a, 2020b). The repre-uc hility of the volumic MS measurements in these studies is 1 % of the
MS value. The mass-normalized M< data from Orpierre were acquired in Charbonnier et al. (2013) with a

Kappabridge MFK-1B.

3.4. Calcium carbonate content (CaCO3)

CaCO5; wt % data were acquired every 0.07 m in Arroyo Gilico and Barraco de Cavila in Martinez et al.

(2020a) using an automatic calcimeter Dream Electronique, with a range of masses 90-150 mg and



measurement time of 20 s at a temperature of 20 + 2 °C. The maximum error in the determination of the
carbonate content is £4%. CaCO; wt % were acquired every 0.50 m in the Angles section in Giraud (1994)
and every 0.20 m in Rio Argos X.Ag-1 section in Moiroud et al. (2012), using a Bernard calcimeter. The

maximum error of the Bernard calcimeter in the determination of the carbonate content is £5%.

4. Spectral analyses

The long-term trend in the average was calculated using best-fit linear regres2ian >r LOcally Weighted
Scatterplot Smoothing (LOWESS; Cleveland et al., 1979). This long-ter« .-enu was subtracted from the
series studied prior to the spectral analyses. In case of persistence of a “rend in the variance in the residual,
the instantaneous amplitude was calculated using a Hilbert Transfo, . a LOWESS was applied on this
instantaneous amplitude and the residual series was divided 'ty .no LOWESS of the instantaneous
amplitude. The method and parameters of detrend wer . .05 1 to remove the variance at frequencies near 0
while not creating spurious spectral peaks or impacting «.!*eady existing spectral peaks at low frequencies
(Vaughan et al., 2015).

Spectral analyses of the considered intervals wei > performed using 2z Multi-Taper Method (2n-MTM,;
Thomson, 1982, 1990). The confidence '2ve'< in the spectrum were obtained by calculating the moving
median over 20% of the spectrum, r. > hadng the best-fit red-noise model of this moving median and
extrapolating the confidence levels ~ssuming a x* model. The spectral peaks exceeding the 95% confidence
level in a first incrementation were excluded from the calculation of the moving median to not bias the
confidence levels toward high values (Mann and Lees, 1996). Evolutive spectral analyses were performed
on long compilations of climatic series in order to determine the pervasivity of the ong cycles observed in
the 2n-MTM spectra applying Time-Frequency Weighted fast Fourier Transforms (TF-WFFT; Martinez et
al., 2015). The length of the windows selected is generally 6 Myr, except for the §*Cyy Of the Subbetic

Domain, studied with 4-Myr long windows.

Filters were done applying Taner lowpass and bandpass filters (Hinnov et al., 2002). Amplitude



modulations were determined by calculating the instantaneous amplitude of the band of interest filtered,
usually the precession band, using Hilbert Transform. The 2n-MTM spectra of the instantaneous amplitude
of the filtered bands were then calculated to determine on which periods their amplitude evolved. The
orbital calibration was performed on the 405-kyr eccentricity cycle either directly filtered from the
detrended series, or filtered from the instantaneous amplitude of the precession band. The age model

assumes a constant sedimentation rate between each boundary of the 405-kyr cycles.

5. Calibration of the Valanginian Stage

5.1. Extraction of the 405-kyr eccentricity in the lower Valanginian

The calibration of the Early Valanginian Subtage is based on the recoi.' of the 405-kyr eccentricity cycle
directly filtered from the standardized series or filtered from the ins.>aaneous amplitude of the precession

band from the Vergol-Morénas, Orpierre, Reynier and Angles ~.ec:ions.

5.1.1. Spectral analyses of the Reynier series

The trend of the GRTC series of the Reynier ser.ae > was calculated using the LOWESS method with a
coefficient of 0.2. The residual series was then swondardized (average = 0; standard deviation = 1). At
Reynier, the marl-limestone alternations ~ho.* a progressive increase in detrital fraction and thickness (Fig.
13). Evolutive spectral analyses surpu.* tie increase in the thickness of marl-limestone alternations from 0
to 55 m before this thickness stabn.es (Martinez et al., 2013). Noteworthy, the filter of the 405-kyr
eccentricity at Reynier generally shows a ratio of 1:20 with the precession cycles, except at two noticeable
intervals: cycles V1-V2 in Martinez et al. (2013), which contain 64 marl-limestone alternations, and cycle
V5 of Martinez et al. (2013) which contain 12 cycles. This latter feature is also observed in Vergol-
Morénas and Angles. It occurs in the upper part in the K. inostranzewi Tethyan Ammonite Zone, which is
marked by a thick slumped and turbidite-rich interval at La Charce, and a slumped interval at Orpierre.
This interval is generally interpreted as an important 3"-order lowstand (Hardenbol et al., 1998; Mutterlose

and Bornemann, 2000; Reboulet et al., 2003; Gréselle and Pittet, 2010; Reboulet et al., 2022), possibly



glacio-eustatically forced (Gréselle and Pittet, 2010; Reboulet et al., 2022). High-amplitude variations in
sea-level and climate may have here truncated approximately half of the 405-kyr cycle in the K.
inostranzewi Tethyan Ammonite Zone, although the exact mechanism remains to be clarified.

The non-correspondance between the number of marl-limestone alternations within cycle V2 in Martinez et
al. (2013) suggested a hemi-precession control on these alternations. However, recent *Hegr analyses
suggest the precession cycle remain the dominant forcing factor of the marl-limestone alternations in the
lower Valanginian (Blard et al., 2023), implying that in this part of the Valanninian, the direct filter does
not appropriately account for the number of 405-kyr eccentricity cycles. We %~'is Uivide here the Reynier

series into a first interval from 0 to 55 m and a second from 45 m to the “op T the series.
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8"*Cpui data from Orpierre is from Charbonnier et al. (2013).



From 0 to 55 m, the 2z-MTM spectrum shows significant cycles above the 99 % confidence level at 18,
8.1,0.70 and 0.56 m (Fig. 14A), and cycles above the 95 % confidence level at 2.4 and 0.49 m. The
precession cycle ranges from 0.49 to 0.70-m thick, the 100-kyr eccentricity cycle corresponds to the peak at
2.4 m, the 405-kyr eccentricity cycle corresponds to the band from 8.1 m to 18 m. The spectrum of the
instantaneous amplitude of the precession cycle shows a peak at 2.6 m, corresponding to the 100-kyr
eccentricity cycle, and peaks at 9.6 m and 18 m, corresponding to the 405-kyr eccentricity cycle (Fig. 14B).
The precession band was filtered from the GRTC signal applying a bandpass filter with lower and higher
frequency cuts at 1.1091 cycles.m™ and 2.4182 cycles.m™. The 100-kyr ecce:.*vicizy band was filtered from
the GRTC signal applying a bandpass filter with lower and higher frequ-.iie,* cuts at 0.1818 cycles.m™ and
0.50921 cycles.m™. The 405-kyr eccentricity band was filtered from 1.~ instantaneous amplitude of the
precession band applying a bandpass filter with lower and higher fre ~uency cuts at 0.04545 cycles.m™ and
0.1364 cycles.m™.

From 45 m to the top of the series, the 2z-MTM spect unn shuws significant cycles above the 99 %
confidence level at 17 m, 7.3 m, .3 mand 1.0 m (Fig. 1~ 7), and cycles above the 95 % confidence level at
2.1m, 1.6 mand 0.73 m. The cycle of 17 m is 2.rc'ited to the 405-kyr eccentricity cycle, the cycle at 2.1
m to the obliquity and the cycles from 1.6 tn 1.0 . to the precession cycle. The 2n-MTM spectrum of the
instantaneous amplitude of the precessic.» cy ~le shows spectral peaks at 17 and 12 m, attributed to the 405-
kyr eccentricity cycle, from 4.6 to 2.0 .M, actributed to the 100-kyr eccentricity cycle, and at 2.8 m (Fig.
14D). The precession band was filw.ved from the GRTC signal applying a bandpass filter with lower and
higher frequency cuts at 0.5591 cyclesm™ and 1.4451 cycles.m™. The 405-kyr eccentricity cycle extracted
from the instantaneous amplitude of the precession band was filtered applying a bandpass filter with lower

and higher frequency cuts at 0.0455 cycles.m™ and 0.1364 cycles.m™.



Confidence levels (CL)
- - =-9%CL — — —95%CL ---—- 90 % CL —-—-—Median
8 10
5 ﬁ405-k;rr REY”‘I'EY' GRTC A 405—kyr‘ ecc. ' B 405-kyr I Precéssion I C I D
1g 8CC- 0-55m _ 18 205 13 Reynier | .| 405-kyr ecc. Reynier |
ASJ Precession 6k ' 100-kyr ecc. i ' GRTC N7 AM Precession
I 0.56 la6 26 | 1.0 45-140 m 45-140 m
iy 10 | |‘, | 1 ‘ M I\ Reynier | b |
= _100kyr 070 _xh‘ 0.49 N || AM Precession
5 ecc. f i) ari [ 0-55m
3 24 ‘ ‘ | ! |
5] t |‘ ‘1 11 (B | 1
o ﬁi‘l' ft =it f”‘\l | | |
| Il )
AN A A s ]
NN T 117 AT T
Nk W) \ U W
H v { f {v “ T -
/ J \ . \ ] _
D0 0.5 1.0 15 2.0 25 OO 0.2 . i 0 0.8
T 8
405-kyr | . T 405-kyr | o '
Precession E 405-kyr ecc. F YT Precession G H
e Z e T 1 ||
8 i Angles F Angles | Angles ggc. Angles
obl GRTC AM Precession | 10 ‘| 78 H GRTC 1 6r AM Precession
A 18 : 32-1551 32-155m
o 6 b + ‘ 8k \l i
% 47.4 i |l‘ 100-kyr \ s | 100-kyr
s || i 4p eccentricity 6 eccentricity
Z 4pd \ |‘1‘3 1 H | 6.3 .
& Il - \ ﬂ | ( | | o
L o ! | | - '
20 Mﬁs 1 FU Uk |,
| A - - ¢ Akl Ky )
i j‘U‘ f P N A 2
| L‘ \)N" v — itz AP A, 'y
% 05 001 02z 03 04 050 %01 0z 03 04 05
12 —
405'k r T T N T T T X X T 2 T T
25 rece. Y Precession 1 ‘??E-Icyr ecc. J 12_‘;23 kyr 2?205 kyr ecc. ? L
14 100kyr 0'(9 Vergol | 101 18,0 vergol 1 [0 Vergr Morénas Ol g t00kyr VergorMorénas 7
20 3-'? cc. | GRTC 4 | AM Precession 10ﬁ3 GRTC : ec Cy AM Precession
— ‘i AN [\ o38m sk ‘ /66 0-38m 14 4v i65m spffer o 46-165m 1
= W 81100~ . |-
xi5d \[VH} e 4r ||\ I il
g I % T 1| 100y | BH“T 1l
| 8 L ]
[<) J" [ 1 3 . 1
& 107 | “ . 4k | ecc ] 0. Precession | l | | |
s f | 33 o =B Ll ‘ | 4
s |/ [ e bl I
- - }
A 2t \I ‘ L, 4hi1-- 43}51_2{3199’8 4 Ll ) | " _
L/ A B ey i e e LAY A Vel W
0 L 0 | L . ‘ 0 WA ¥V WY =T *!“' v Ul P
0 0.5 . 0 0.2 0.4 0.6 0.8 0.2 04 06 0.8
405wy Preckssion” "l B o atskyr ' N P
136’3‘ 0.52 Orpierre “, /| ece. Ovierrs | 30f 1.0 Orpierre 4 100-kyr ecc.
201, | |046 Ms 200/ AM Piec ssic 1] 405-kyr [l MS 8 50 M2 oerre
. 100-kyr | |“ 04 8.3-32m | 23 25f ?;C- |'|‘ 44-92m A AM Precession
S5 55 |‘| i 1 1sp | 1 I 35 44-92m
\E ( ’ 05? ‘ | h ‘I
p N
Z 105 | - 0.70“ i\ 4 10 1
N e T ” [T~- | 100-kyr
1.0 | T4l | &
V5 5t | 2. 7
\ \ 9
= L,\ \ \./- N N AYe
3 % 0. 0. 06 08 01 02 03 04 05

Frequency (cycles.m™)

Freyuency (cycles.m™)

Frequency (cycles.m™)

Frequency (cycles.m™)

Fig. 14. 2n-Multi-Taper (MTM) o1 the direct signals and amplitude modulation of the precession cycles

from Reynier (A-D), Angles (E-H), Vergol-Morénas (I-L) and Orpierre (M-P). Periods are lebeled in

meters above correspondant spectral peaks. ecc.: eccentricity, obl.: obliquity, prec.: precession.

Finally, the 405-kyr eccentricity band directly extracted from the GRTC signal of the whole section was

filtered applying a bandpass filter with lower and higher frequency cuts at 0.08584 cycles.m™. From 0 to 55

m, the filter of the 405-kyr eccentricity cycle in the instantaneous amplitude of the precession cycle at



Reynier shows four cycles, namely here B/V to V3, which is one more cycle than the direct filter of the
405-kyr band directly extracted from the GRTC signal (Fig. 13). Interestingly, these four cycles encompass
86 marl-limestone alternations, either an average of 21.5 cycles per 405-kyr cycle and an average period of
18.8 kyr per alternation. These four 405-kyr eccentricity cycles also contain seventeen 100-kyr eccentricity
cycles, which corresponds to an average period of 95.3 kyr, in excellent agreement with the mean period of
the 100-kyr cycle in the astronomical solution (95.2 kyr). Thus, the sequencing of the 405-kyr eccentricity
using the instantaneous amplitude of the precession cycle in interval B/V to V3 agrees with the number of
marl-limestone alternations and 100-kyr eccentricity cycles and is preferred £z~ asirochronology to the
direct filter of the GRTC signal. The filter of 405-kyr eccentricity cycle 's\. pnase with the direct filter of
the GRTC series in cycle B/V. Its amplitude decreases in the upper ha. € of cycle V3 and is no longer useful
upward in the Valanginian series. A 405-kyr eccentricity cycle is au.'~u here, so that the numbering of 405-
kyr cycles differs compared to Martinez et al. (2013) from ¢\ ¢!+ \ '3 upward.

In the interval from 45 m to the top of the series, the 2us- <yr ~and extracted from the GRTC signal shows
five complete cycles, which encompass ca. 90 marl-lime.*one alternations. On details cycles V4, V5, V7,
V8 contain ca. 20 alternations, while cycle V6 cor . ins ca. 10 alternations. This feature was observed
elsewhere in the basin (Martinez et al., 2012 Fiy. 13). Conversely, the filter of the 405-kyr eccentricity
cycle in the instantaneous amplitude of i~e . acession shows weak amplitudes, in phase with the direct
filter in cycle V5, and then inverse "¢ irom the top of V6 in the K. inostranzewi Tethyan Ammonite
Zone (Fig. 13). This change of pha.~ corresponds to the decrease in carbonate content in the sedimentary
series in line with the crisis in carbonate production associated with the Weissert Event. The 405-kyr band
filtered from the signal has higher amplitudes than the 405-kyr band filtered from the AM of precession, is
in phase with clay mineral assemblages (Martinez et al., 2020b) and is consistent between all the sections
considered. Consequently, the 405-kyr band filtered from the signal is much more reliable to establish the

sequencing of the 405-kyr cycle in this interval.
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Fig. 15. Correlation of the astrochronologic frar.. vo1.'s from the lower Valanginian to the lower
Hauterivian. The 8**Cpy from La Charce is “ro..> Gréselle et al. (2011), Hennig et al. (1999) and van de
Schootbrugge et al. (2000). The §**Cpyy fro Angles is from Duchamp-Alphonse et al. (2007). The §"Cpux

from Orpierre is from Charbonnier e* al. (7013).

5.1.2. Spectral analyses of the Angles series — lower Valanginian

The trend of the GRTC series of the Angles section was calculated using the LOWESS method with a
coefficient of 0.2 (Fig. 15). The residual series was then standardized. The 2n-MTM spectrum shows
spectral peaks above the 99 % confidence level at 21 m, attributed to the 405-kyr eccentricity band, at 7.4
m, at 1.8 m, from 1.5 to 1.1 m, attributed to the precession, and at 0.9 m (Fig. 14E). The 2z-MTM of the
instantaneous amplitude of the precession band shows spectral peaks at 24 m, attributed to the 405-kyr

eccentricity, and at 6.3 m, attributed to the 100-kyr eccentricity (Fig. 14F). Another peak is observed at 12



m. The precession band was filtered from the GRTC signal applying a bandpass filter with a lower and
upper frequency cuts of 0.6161 and 1.0429 cycles.m™. The 405-kyr eccentricity band was filtered from the
GRTC signal applying a lowpass filter with the upper frequency cut of 0.0920 cycles.m™. The filter of the
405-kyr band from the GRTC signal correlates with Reynier (Figs. 13, 15). As also shown in Martinez et
al. (2013), it shows that the thickness of the 405-kyr band varies from 23 m (cycle V9) to 10 m (cycle
V10). The 2n-MTM spectrum of the interval covering the base of the series to level 155 m shows the 405-
kyr eccentricity band at 20 m and the precession band from 1.5 to 1.1 m (Fig. 14G). The 2a-MTM
spectrum of the instantaneous amplitude of the precession band shows the 42T ky. eccentricity band at 23
m, the 100-kyr eccentricity band from 7.8 to 5.0 m and other spectral peuks ~t 12 and 3.9 m (Fig. 14H). The
405-kyr eccentricity band was filtered from the instantaneous amplituu~ of the precession band applying a
lowpass filter with the upper frequency cut of 0.0613 cycles.m™. Tri. %iter of the 405-kyr band from the
instantaneous amplitude of the precession band is in phase w itt. tt e filter of the 405-kyr band from the
GRTC signal up to the upper boundary of cycle V5 ard . inv2rse phase from the base of cycle V7 to the

top of cycle V9 (Fig. 13).

5.1.3. Spectral analyses of the VVergol-Morér as s.ies

The trend of the GRTC series of the Vei 20l _~ction below the slump (0-38 m) was calculated applying a
best-fit linear regression. The residr.au ~enies was then standardized. The 2z-MTM spectrum shows
significant cycles above the 99 % confidence level at 0.79 m and 0.63 m attributed to the precession, and a
significant peak above the 95 % confidence level at 3.2 m, attributed to the 100-kyr eccentricity cycle (Fig.
141). A peak at 14 m is also observed and attributed to the 405-kyr eccentricity cycle. The 2n-MTM
spectrum of the instantaneous amplitude of the precession band shows a peak at 3.3 m attributed to the 100-
kyr eccentricity cycle, a peak at 11 m attributed to the 405-kyr eccentricity cycle and peaks at 8.0 and 6.6 m
(Fig. 14J). The precession band was filtered from the GRTC signal applying a bandpass filter with lower
and higher frequency cuts at 1.0635 cycles.m™ and 1.7265 cycles.m™. The 100-kyr eccentricity band was

filtered from the GRTC signal applying a bandpass filter with lower and higher frequency cuts at 0.2072



cycles.m™ and 0.4144 cycles.m™. The 405-kyr eccentricity band was filtered from the GRTC signal
applying a lowpass filter with a higher frequency cut at 0.1243 cycles.m™ and was filtered from the
instantaneous amplitude of the precession band applying a lowpass filter with a higher frequency cut at
0.1105 cycles.m™.

The filter of peak at 11 m from the instantaneous amplitude of the precession band correlates with the filter
of this band at Reynier (Fig. 13). Cycles B/V to V2 encompass twelve 100-kyr eccentricity cycles and 34
marl-limestone alternations, corresponding to an average of 17 marl-limestone alternations per 405-kyr
eccentricity cycle. As in Reynier, the 405-kyr band directly filtered from the TR T signal and filtered from
the instantaneous amplitude of the precession band are in phase in cycle o/ .. In the interval 0-38 m of the
Vergol-Morénas section, the filter of the 405-kyr band from the instan.~neous amplitude of precession is
thus preferred to the direct filter of the GRTC signal.

Above the slump (46 m to the top), the trend of the GRTC st rir.s 1 vas calculated using the LOWESS
method with a coefficient of 0.5 (Fig. 13). The residu7. s« ries ‘was then standardized. The 2z-MTM
spectrum shows spectral peaks above the 99 % cnnfidenc > level at 30 m and from 1.5 to 0.8 m (Fig. 14K).
Spectral peaks above the 95 % confidence level, a > cuserved at 14 m, 8.8 m, 3.6 m and 1.8 m. The peaks
from 14 to 30 m are attributed to the 405-kyt ecuontricity cycles, the peaks at 8.8 and 3.6 m to the 100-kyr
eccentricity cycles and the peaks from 1.2 tu 2.8 m to the precession cycles. The range of periods covered
by each band reflects the progressive i.>rease in sedimentation rate due to the increase in detrital supply
from the lower to the upper Valang:nian (Martinez, 2018). The 2z-MTM spectrum of the instantaneous
amplitude of the precession band in the upper part of the Vergol-Morénas series shows spectral peaks from
25 to 14 m, in the 405-kyr eccentricity band, a peak at 9.0 m and at 4.0 m, in the 100-kyr eccentricity band
(Fig. 14L). The precession band was filtered from the GRTC signal applying a bandpass filter with lower
and higher frequency cuts at 0.5189 cycles.m™ and 1.4003 cycles.m™. The 405-kyr eccentricity band was
filtered from the GRTC signal applying a lowpass filter with higher frequency cuts at 0.0700 cycles.m™ and
was filtered from the instantaneous amplitude of the precession band applying a bandpass filter with lower

and higher frequency cuts at 0.0329 cycles.m™ and 0.0659 cycles.m™.



The filter of the 405-kyr eccentricity band from the instantaneous amplitude of the precession shows much
lower amplitudes than in the Berriasian-Valanginian boundary interval and shall not be used for
astrochronology (Fig. 13). The filter of the 405-kyr eccentricity cycle from the GRTC signal shows high
amplitudes and correlates with Reynier from the base of cycle V7 to the base of cycle V9. The boundaries

of 405-kyr cycles from the base of cycle V4 to the base of cycle V6 are correlated to Reynier and Angles.

5.1.4. Spectral analyses of the Orpierre series — lower Valanginian

The MS signal at Orpierre shows a progressive increase in thickness from 1~ 52 m, in line with a rapid
increase in amplitude, reflecting the progressive enrichment in detrital ¢ onent observed at Reynier and
Vergol (Fig. 13). The spectral analyses in the lower Valanginian of Oiierre was subdivided into two
intervals to account this change in sedimentation rate and the two 0w~/ vation hiatuses above level 32 m
and below level 44 m (Fig. 13).

The trend of the Orpierre series from 8.3 to 32 m was caiula.>d using the LOWESS method with a
coefficient of 0.5 (Fig. 13). The residual series was then _*andardized. The 2z-MTM spectrum shows
spectral peaks above the 99 % confidence level irc.~ (01,52 to 0.40 m (Fig. 14M). Additional peaks are
observed at 10 m, 2.3 m, 1.0 m, 0.70 m and 01.55 M below the 95 % confidence level. The peak at 10 m is
attributed to the 405-kyr eccentricity cyc'e, v e peak at 2.3 m to the 100-kyr eccentricity cycle and the peak
at 1.0 m to the obliquity. The peaks aw ® ru and 0.58 m are within the precession band and correspond to
the increase in the thickness of the . narl-limestone alternations. The 2n-MTM spectrum of the
instantaneous amplitude of the precession band from 8.3 to 32 m shows periods at 10 m related to the 405-
kyr eccentricity, and at 2.9 m related to the 100-kyr eccentricity (Fig. 14N). The precession band was
filtered from the GRTC signal applying a bandpass filter with lower and higher frequency cuts at 1.3468
cycles.m™ and 2.8199 cycles.m™. The 100-kyr eccentricity band was filtered from the GRTC signal
applying a bandpass filter with lower and higher frequency cuts at 0.2946 cycles.m™ and 0.5051 cycles.m™.
The 405-kyr eccentricity band was filtered from the GRTC signal applying a lowpass filter with a higher

frequency cut at 0.2104 cycles.m™ and from the instantaneous amplitude of the precession band with a



lowpass filter applying a higher frequency cut of 0.1473 cycles.m™. The 405-kyr band filtered from the
GRTC signal correlates with Reynier and Vergol-Moreénas. In particular, the lower and higher boundaries
of cycles B/V are identified. The filter of the 405-kyr band from the instantaneous amplitude of the
precession band shows maxima at the lower boundaries of B/V and V2. It however does not show the
maximum in the lower boundary of V1 because of the trend in rapid increase in amplitudes of the
precession cycle observed in the MS signal of Orpierre. Here, the lower boundary of V1 is located on the
maximum of the filter of 405-kyr band from the GRTC signal, which correlates with Reynier and Vergol-
Moreénas.

The trend of the Orpierre series from 44 to 92 m was calculated using th: L OVWESS method with a
coefficient of 0.5 (Fig. 13). The residual series was then standardized. The 2z-MTM spectrum shows
spectral peaks above the 99 % confidence level from 1.2 to 0.64 m, .*~ked to the marl-limestone
alternations and attributed to the precession cycle (Fig. 140) 2.1d a peak above the 95 % confidence level
at 19 m, attributed to the 405-kyr eccentricity cycle. Tue *m-1."TM spectrum of the instantaneous amplitude
of the precession band in this interval shows a peak at 1, ™, attributed to the 405-kyr eccentricity cycle,
peaks from 5.0 m to 3.0 m, attributed to the 100 k. eccentricity, and peaks at 13 m and 10 m (Fig. 14P).
The precession band was filtered from the GRTwc signal applying a bandpass filter with lower and higher
frequency cuts at 0.7582 cycles.m™ and 2 4.23 cycles.m™. The 405-kyr eccentricity band was filtered from
the GRTC signal applying a lowpas. i:'ter with a higher frequency cut at 0.0627 cycles.m™ and from the
instantaneous amplitude of the prev~ssion band applying a lowpass filter with a higher frequency cut at
0.06798 cycles.m™. The boundaries of the filter of the 405-kyr eccentricity band from the MS signal
correlate with Reynier and Angles and with the filter of the 405-kyr band in the instantaneous amplitude of

the precession band of Orpierre (Figs. 13, 15).

5.2. Extraction of the 405-kyr eccentricity in the upper Valanginian
5.2.1. Spectral analyses of the Orpierre series — upper Valanginian

The calibration of the Late Valanginian Subtage is based on the filter of the 405-kyr eccentricity cycle from



the Angles, La Charce-Pommerol and Orpierre sections (Charbonnier et al., 2013; Martinez et al., 2013).
The trend of the MS series of the Orpierre section was calculated from 95 to 200 m using the LOWESS
method with a coefficient of 0.2 (Fig. 13). The residual series was then standardized. The 2n-MTM
spectrum shows spectral peaks above the 99 % confidence level at 18 m, attributed to the 405-kyr
eccentricity cycle, and from 1.5 to 0.8 m, attributed to the precession cycle (Fig. 16A). The spectrum of the
instantaneous amplitude of the precession band shows spectral peaks at 16 m, attributed to the 405-kyr
eccentricity cycle, and from 6.1 to 3.9 m, attributed to the 100-kyr eccentricitv cycle (Fig. 16B). Another
peak is observed at 3.1 m. The precession band was filtered from the MS sic: 2! a.plying a bandpass filter
with a lower and upper frequency cuts at 0.6446 and 1.2134 cycles.m™. 7 e 4u5-kyr eccentricity band was
filtered from the MS signal applying a lowpass filter with the upper fre uency cut of 0.1138 cycles.m™ and
from the instantaneous amplitude of the precession cycle applying a “andpass filter with lower and higher
frequency cuts of 0.0284 cycles.m™ and 0.1043 cycles.m™. The ir*erval V7 to V11 is bounded from the
filter of the 405-kyr eccentricity cycle from the MS siyna’ (F.3s. 13, 15). It contains 93 precession cycles,
which corresponds to 18.6 precession cycles per 405-kyi ~ycle on average, either an average period of the
precession cycle of 21.8 kyr. The 405-kyr band 1. veq from the instantaneous amplitude of the precession
cycle shows a broad reverse correlation with the -*05-kyr band filtered from the MS band, in line with the

correlation observed in Reynier and Vergal .~ cycles V7 and V8 (Fig. 13).
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5.2.2. Spectral analyses of the Angles series — v *."alanginian

The 2n-MTM spectrum of the Angles sectic.” frorn 150 m to the top of the series shows spectral peaks
above the 99 % confidence level at 1.8, 1.~ aid 1.2 m attributed to the precession cycle (Fig. 14C), a peak
above the 95 % confidence level at 31 1., and a peak above the 90 % confidence level at 7.1 m. The 2x-
MTM spectrum of the instantaneous amplitude of the precession cycle shows cycles at 17 m, attributed to
the 405-kyr eccentricity band and from 8.5 to 4.4 m, attributed to the 100-kyr eccentricity band (Fig. 14D).
The precession band was filtered from the GRTC signal applying a bandpass filter with lower and upper
frequency cuts at 0.4744 cycles.m™ and 0.8365 cycles.m™. The 405-kyr band was filtered from the
instantaneous amplitude of the precession band applying a bandpass filter with lower and upper frequency
cuts at 0.0897 cycles.m™and 0.2564 cycles.m™. As in Orpierre, the base of cycle V12 corresponds to a
minimum in the 405-kyr band filtered from the instantaneous amplitude of the precession band (Fig. 15).

Then, the base of cycles V13 and V/H correspond to a maximum in the 405-kyr band filtered from the



instantaneous amplitude of the precession band, showing a progressive change of phasing between the 405-
kyr band filtered from the GRTC signal and the same band filtered from the instantaneous amplitude of the

precession cycle.

5.2.3. Spectral analyses of the La Charce series — upper Valanginian

The trend of the La Charce series from 0 to 110 m was calculated using a best-fit linear regression (Fig.
15). The residual series was then standardized. The 2n-MTM shows spectral neaks at 24 m and 13 m,
attributed to the 405-kyr eccentricity cycle, at 6.4 m, and from 1.4 to 0.9 m, <**ib.ted to the precession
(Fig. 14E). The 2n-MTM of the instantaneous amplitude of the precessi~in «.2nd shows spectral peaks from
31 to 12 m attributed to the 405-kyr band, at 8.0 m, and from 4.5 to 3., m, attributed the 100-kyr
eccentricity (Fig. 14F). The precession band was filtered applying a ~~uidpass filter with a lower and upper
frequency cuts of 0.7727 and 1.1455 cycles.m™. The 405-ky. e.centricity band was filtered from the GRTC
signal applying a lowpass filter with the upper frequer.cy sut of 0.1227 cycles.m™ and from the
instantaneous amplitude of the precession band aoplying > bandpass filter with lower and higher frequency
cuts at 0.02727 cycles.m™ and 0.0977 cycles.m™. e 405-kyr band filtered from the GRTC signal
correlates with Angles and Orpierre. The 40-ky, hand filtered from the instantaneous amplitude of the
precession band generally shows minimcm «mplitudes at maxima of the 405-kyr band from the GRTC
signal, in line with the correlation ¢’uscvved at Orpierre, but not in line with the correlation observed at

Angles in cycles V13 and V/H.

5.3. Summary of the calibration of the Valanginian Stage

In the interval B/\VV-V/2, the 405-kyr band filtered from the instantaneous amplitude of the precession cycles
are much consistent with the number of marl-limestone alternations and 100-kyr eccentricity cycles than
the 405-kyr band filtered from the GRTC signal (Fig. 13). Conversely, the interval from cycle V3 to H1 is
consistent with the number of marl-limestone alternations, the bundles of limestone beds used as

correlation markers throughout the basin (Fig. 7; see also Charbonnier et al., 2013) and to the number of



100-kyr eccentricity cycles at the Valanginian-Hauterivian transition (Fig. 8). The sequencing of the 405-

kyr eccentricity cycle in the Valanginian Stage is thus based on the filter of the instantaneous amplitude of
the precession cycle in cycles B/V, V1 and V2 and based on the filter of the 405-kyr band from the GRTC
signal from cycle V3 to H1. The duration of the VValanginian Stage revised here from our interpretation of

the 405-kyr sequencing is 5.81 Myr.

Compared to Martinez et al. (2013), this duration is 0.72 Myr longer. It is due to the reinterpretation of the
405-kyr sequencing in the Early Valanginian, in line with the number of prez:-siu.3 and 100-kyr
eccentricity cycles in the B/V-V2 interval (Fig. 13) and to the revised b?us.atigraphy of Vergol (Kenjo et
al., 2021), which locates the base of the “T.” pertransiens Tethyan Ai..monite Zone three 100-kyr
eccentricity cycles lower than Blanc (1996). The 405-kyr eccentrici.,” cycle is best recorded throught the
amplitude modulation of the precession cycles at the Berrias ar.-\'alanginian transition, where the
carbonate fraction is the highest. Comparatively, the 2us- Kyr >ccentricity cycle is best expressed in the
remaining part of the Valanginian, where the detrital frac:on is higher (Fig. 15).

In a given stratigraphic interval and geographic se'.’nq, detrital proxies tend to record longer cycles
compared to carbonate-related proxies (Martinez, 2018). In the astronomical series, the energy of the
eccentricity is contained within the amp: tuuc of the precession cycles. The direct expression of the
amplitude of the 405-kyr eccentrici*y ..> tuie GRTC series reflects non-linear processes affecting detrital
sediment supply and acting as natu. ~I lowpass filters. They thus attenuate the amplitude of the precession
cycles and enhance the expression of the 405-kyr eccentricity cycles (Martinez, 2018). The duration of
pedogenesis (up to 10° years; Lin, 2011) or duration of transport of detrital particles (Jerolmack and Paola,
2010) are examples of such processes. Comparatively, carbonate systems are much more dynamic and able
to respond within Milankovtich timescales (Pittet et al., 2000; Strasser, 2018). These different dynamics
could explain the better preservation of the 405-kyr eccentricity cycle in the amplitude modulation of the
precession cycles in carbonated intervals, while this cycle is better preserved independently of the

precession cycles in detrital-dominated intervals.



6. Calibration of the Hauterivian Stage

6.1. Extraction of the 405-kyr eccentricity in the Hauterivian

6.1.1. Spectral analyses of the Rio Argos series

The trend of the GRTC series of the Rio Argos section was calculated using the LOWESS method with a
coefficient of 0.2 (Fig. 17). The residual GRTC series was then standardized. The spectrum of the GRTC
series from 0 to 80 m shows the precession cycle with periods ranging from 1.3 to 1.0 m, obliquity cycle at
1.8 m and the 100-kyr eccentricity cycle from 7.6 to 5.2 m (Fig. 18A). The 1C7-k,+ eccentricity band was
filtered applying lower and higher frequency cuts at 0.1188 and 0.2500 .yc:~s.m™. The precession band
was filtered applying lower and higher frequency cuts at 0.7250 and 1.750 cycles.m™ (Fig. 18A). The
spectrum of the instantaneous amplitude of the precession band sho. = spectral peaks at 25 m and 15 m,
related to the 405-kyr cycle, and at 6.0 and 4.5 m, related to he 100-kyr cycle (Fig. 18B). The 405-kyr
band was filtered from the instantaneous amplitude of e precession band using a Taner lowpass filter

applying a higher frequency cut at 0.0750 cycles m™ (Fiy. 18B).
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Fig. 18. 2n-Multi-Taper (MTM) spectra of GRTC signals and ampn.2*:ue modulation of the precession

cycles from Rio Argos (A-F) and La Charce-Pommerol (G-11) Piriods are labeled in meters; ecc.:

eccentricity, obl.: obliquity, prec.: precession.

The spectrum of the GRTC series from 65 to 125 . shows the 405-kyr cycle at 15 m, the 100-kyr cycle

from 3.9 to 2.9 m, the obliquity cycle at 1.7 in ai.2 the precession cycle from 1.0 to 0.8 m (Fig. 18C). The

100-kyr eccentricity band was filtered a;.nly.~g lower and higher frequency cuts at 0.2133 and 0.4200

cycles.m™. The precession band wax 1:"te1ed applying lower and higher frequency cuts at 0.8883 and

1.3467 cycles.m™. The spectrum 0. *he instantaneous amplitude of the precession band shows spectral

peaks at 15 m, related to the 405-kyr cycle, and from 4.8 to 3.4 m, related to the 100-kyr eccentricity (Fig.

18D). The 405-kyr band was filtered from the instantaneous amplitude of the precession band using a

Taner lowpass filter applying a higher frequency cut at 0.1200 cycles.m™.

The spectrum of the GRTC series from 120 to 161 m shows the 100-kyr cycle at 3.3 m, the obliquity from

1.4 t0 0.99 m and the precession from 0.75 to 0.64 m (Fig. 18E). The 100-kyr eccentricity band was filtered

applying lower and higher frequency cuts at 0.2005 and 0.3744 cycles.m™. The precession band was

filtered applying lower and higher frequency cuts at 1.1377 and 1.6304 cycles.m™. The spectrum of the



instantaneous amplitude of the precession band shows spectral peaks at 14 m, related to the 405-kyr cycle
and at 4 m, related to the 100-kyr cycle (Fig. 18F). The 405-kyr band was filtered from the instantaneous
amplitude of the precession band using a Taner lowpass filter applying a higher frequency cut at 0.1207
cycles.m™.

The filter of the 405-kyr band in the instantaneous amplitude of precession in the Rio Argos series shows 9
complete 405-kyr eccentricity cycles, labeled H6 to H/B, and 36 repetitions of the 100-kyr eccentricity

cycle, labeled “e100-H24’to “e100-B4” (Fig. 17).

6.1.2. Spectral analyses of the La Charce-Pommerol series

The trend of the GRTC series of the La Charce-Pommerol section was ~alculated using three best-fit linear
regressions (Fig. 17). The detrended GRTC series was then standaru:~cd. The 2n-MTM spectrum of the
GRTC series from 75 to 240 m shows high-power spectral p '2'.s “rom 36 to 18 m and from 1.0 to 0.78 m
(Fig. 18G). Additional peaks are observed with lower amilitues at 3.6 m and from 0.72 to 0.63 m. The
peaks from 1.0 to 0.78 m correspond to the thickness ot .2 marl-limestone alternations and are related to
the precession cycles. The band from 5.0 to 3.6 .n .~rresponds to the 100-kyr eccentricity cycle. The
spectrum of the instantaneous amplitude of t1e p. 2cession band shows spectral peaks at 33 m, 22 m, 17 m,
14 m,85m,6.2m,5.0mand 4.2 m (Fig 1cY). The cluster of peaks from 22 to 14 m reflect the 405-kyr
eccentricity cycle, while the peaks f.u.» 5.J to 4.3 m are related to the 100-kyr eccentricity cycles. The
precession band was filtered apply:."q a bandpass filter with the lower frequency cut at 0.9318 cycles.m™
and the upper frequency cut at 1.3216 cycles.m™. The 100-kyr eccentricity band was filtered applying a
bandpass filter with lower and upper frenquency cuts at 0.1857 and 0.3076 cycles.m™. The 405-kyr band
was filtered from the instantaneous amplitude of the precession band in the Hauterivian part of the La
Charce-Pommerol series using lower and higher frequency cuts of 0.0396 and 0.0761 cycles.m™ (Fig.
18H). The filter of the 405-kyr band in the instantaneous amplitude of precession shows 8 complete
repetitions of the 405-kyr cycles in the Hauterivian part of the La Charce-Pommerol section, labeled as H1

to H8 (Fig.17).



6.2. Summary of the calibration of the Hauterivian Stage

From the base of cycle H1 to the top of cycle H8 at La Charce-Pommerol, a total of 34 repetitions of 100-
kyr cycles and 162.5 marl-limestone alternations are observed. It leads to average periods of 95.3 and 19.9
kyr for the 100-kyr eccentricity and the precession, respectively. In the EI Porton section (Neuguén Basin),
ca. 22 repetitions of the 100-kyr cycles have been identified in the lower Hauterivian (Aguirre-Urreta et al.,
2019), compared to 23 at La Charce-Pommerol (Fig. 17). In the upper Hauterivian, the GRTC of the La
Charce-Pommerol and Rio Argos sections can be correlated using ammonite Znaion and a rapid increase
in the GRTC values in the P. ligatus Tethyan ammonite Zone (Fig. 17). i 1.~ Interval encompasses ca. 3.5
repetitions of the 405-kyr cycles (labeled as H5 to H9), and ca. 14 repc*itions of the 100-kyr cycles labeled
as H23 to H37 in both sections. This new astrochronology of the Ha *crivian with the 100-kyr and 405-kyr
eccentricity cycles provides a consistent age model between b7, Neuquén, Vocontian and Subbetic basins.
The duration of the Hauterivian Stage revised here frc.n  ur . terpretation of the 405-kyr sequencing is
5.54 Myr.

The band-pass filtering and instantaneous ampli.ur.> o the precession cycle at La Charce-Pommerol shows
a consistent timescale with the astrochronol- gy ¢ € the Pilmatué Member and the number of marl-limestone
couplets based on the record of the 405-,vr . ~centricity cycle (Fig. 17). The duration of the Late
Hauterivian provided here (3.39 M 1, = nr addition longer than the duration proposed in Aguirre-Urreta et
al. (2019) [3.02 Myr]. The differenc~ is due to the use of the 405-kyr eccentricity cycle to calibrate the Rio
Argos section in this study, while it was previously calibrated with the 100-kyr eccentricity cycle.
Correlations between Rio Argos and other sections in the Subbetic Domain (Arroyo Gilico and Barranco
Cavila; Martinez et al., 2020a) demonstrates that not all 100-kyr eccentricity cycles are preserved in a given
section of the Subbetic Domain, while all the 405-kyr eccentricity cycles are preserved. Calculating stage
durations with the 405-kyr eccentricity here prevents underestimation of the stage duration because of non-

deposition of the short cycles.



7. Calibration of the Barremian Stage

7.1. Extraction of the 405-kyr eccentricity in the Arroyo Gilico section

The trend of the MS series of the Arroyo Gilico section was calculated using a LOWESS regression with a
coefficient of 0.25 (Fig. 19). The 2z-MTM spectrum of the Arroyo Gilico series shows spectral peaks
above the 95 % confidence level at 11 m and 6.5 m, attributed to the 405-kyr eccentricity cycle, from 3.6 to
1.6 m, attributed to the 100-kyr eccentricity cycle, and from 0.80 to 0.37 m, attributed to the precession
cycle (Fig. 20A). The large variability of each band is due to variations in the sedimentation rate, as
depicted in Martinez et al. (2020a). The 2n-MTM spectrum of the instantaneZ:'s anplitude of the
precession band shows a main spectral peak at 10 m, attributed to the 4C5-n_'r pand (Fig. 20B). The
precession band was filtered from the MS signal applying a bandpass \:'ter with lower and higher
frequency cuts of 1.0433 and 3.0230 cycles.m™. The 100-kyr eccenw. =ity band was filtered from the MS
signal applying a bandpass filter with lower and higher frequ 2rcy cuts of 0.1873 and 0.6889 cycles.m™.
The 405-kyr eccentricity band was filtered from the M5 < gn..' applying a lowpass filter with a higher
frequency cut of 0.1873 cycles.m™ and from the instanta:.2ous amplitude of the precession band applying a
bandpass filter with lower and higher frequency ct . * 0.05350 and 0.1940 cycles.m™. Maxima of 405-kyr
filtered from the MS signal generally correstonu *o maxima of the 405-kyr filtered from the instantaneous
amplitude of the precession cycle. Only >ne >xception is observed at boundary between H/B and B1 (Fig.

19).
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7.2. Extraction of the 405-kyr eccentricity in the Barranco de Cavila section
The trend of the MS series of the Barranco de Cavila section was calculated first using a LOWESS

regression with a coefficient of 0.5. Then, a LOWESS regression was performed on the instantaneous



amplitude of the residual series with a coefficient of 0.2. The variance of the residual series was detrended
by dividing the residual series to the LOWESS regression of the instantaneous amplitude of the residual
series (Fig. 19). The 2r-MTM spectrum of the Barranco de Cavila series shows spectral peaks above the 99
% confidence level at 14 m, 4.5 m, 1.5 m, 0.53 m and 0.45 m (Fig. 20C), and spectral peaks above the 95 %
confidence level at 7.5 m, 1.1 m and 0.74 m. The 405-kyr eccentricity band ranges from 14 to 7.5 m, and
locally to 4.5 m around level 15 m (Martinez et al., 2020a). The 100-kyr eccentricity band ranges from 4.5
to 1.5 m, and the precession band from 0.74 to 0.45 m. The 2n-MTM spectrum of the instantaneous
amplitude of the precession band shows spectral peaks from 15 to 7.5 m, att*i>'ite.! to the 405-kyr
eccentricity band and from 4.4 to 1.8 m, attributed to the 100-kyr eccent: i,/ pand (Fig. 20D). The
precession band was filtered from the MS signal applying a bandpass \:'ter with higher and lower
frequency cuts of 1.1399 and 2.3686 cycles.m™. The 100-kyr eccenw. =ity band was filtered from the MS
signal applying a bandpass filter with higher and lower frequ arcy cuts of 0.1628 and 0.7476 cycles.m™.
The 405-kyr eccentricity band was filtered from the Mo < gn.' applying a lowpass filter with a higher
frequency cut of 0.1628 cycles.m™, and from the instanta."2ous amplitude of the precession band applying a
bandpass filter with lower and higher frequency ct .~ or 0.0555 and 0.1628 cycles.m™. Maxima of 405-kyr
filtered from the MS signal generally correstonu *0 maxima of the 405-kyr filtered from the instantaneous
amplitude of the precession cycle. Two . vce,tions are observed at boundary between B5-B6 and B10-B/A

(Fig. 19).

7.3. Summary of the calibration of the Barremian Stage
The sequencing of the 405-kyr eccentricity cycle in the Barremian Stage is based on the 405-kyr band
filtered from the MS signal. The duration of the Barremian Stage remains unchanged compared to Martinez

et al. (2020a) at 4.5813:35 Myr.

8. Construction of the Geological Time Scale

8.1. Ages of stages, ammonite zones and calcareous nannofossil zones



At El Porton, the base of the O. (O.) laticosta Andean ammonite Subzone is dated at 130.21 + 0.16 Ma,
from integrated radio-astrochronology (Aguirre-Urreta et al., 2017, 2019) (Fig. 17). The base of the O. (O.)
laticosta Subzone is correlated to the base of the Olcostephanus (Jeannoticeras) jeannoti Tethyan
ammonite Subzone at La Charce-Pommerol. Counting the 100-kyr cycle from the base of the Hauterivian,
this correlation line corresponds to cycle “e100-H10 at El Porton, and to cycle “e100-H11” at La Charce-
Pommerol. An additional uncertainty of 0.1 Myr thus arises from the correlation from the Neuquén to the
Vocontian Basin. The uncertainty from the U-Pb age (0.16 Myr) is independent from the uncertainty from

the Neuguén-Vocontian basins correlation (0.10 Myr). The combined stande: uncertainty of the numerical

ages in the Vocontian Basin is v0.162 + 0.102 = 0.19 Myr. Anchoring “ne . 7je of the base of the O. (J.)
jeannoti Tethyan ammonite Zone at 130.22 + 0.19 Ma to the 405-kvr s."uencing leads to an age of the
Valanginian/Hauterivian boundary at 131.25 £ 0.19 Ma, an age of tn. Serriasian/VValanginian boundary of
137.06 £ 0.19 Ma, an age of the Hauterivian/Barremian bour 9.ry at 125.71 + 0.19 Ma and an age of the
Barremian/Aptian boundary at 121.15 + 0.31 Ma. Th~. un erta:nty corresponds to the combined standard
uncertainties from the U-Pb age (0.16 Myr), the ''ncertair..y from the Neuguén-Vocontian basins
correlation (0.10 Myr) and the biostratigraphic inr.e *ainty on the location of the Barremian-Aptian
boundary. In addition, to the ages of the stag »s, wa provide here the ages of Tethyan ammonite zones and
subzones and the calcareous nannofossii ~anw3 and subzones (Tables 1-3).

A recent U-Pb ID-TIMS age of 127.1 = 0.3 Ma was calculated on zircons from a bentonite layer calibrated
to the uppermost part of magnetoch, »n M1r in Svalbard Islands (Midtkandal et al., 2016; Zhang et al.,
2021). This interval stratigraphically corresponds to the transition between the Toxancyloceras
vandenheckii and the Gerhardtia sartousiana Tethyan Ammonite zones, dated in our age model at 122.96 +
0.19 Ma. “Ar-*Ar ages indicate an age of chron MOr of 121.2 + 0.5 Ma (He et al., 2008). In addition,
Zhang et al. (2021) extrapolated an age of the base of chron MOr of 121.2 + 0.4 Ma. Considering that chron
MOr occurred within the I. giraudi—M. sarasini Tethyan Ammonite Zone (Frau et al., 2018; Aguado et al.,
2022), which base and top are respectively dated at 122.01 + 0.19 Ma and 121.15 + 0.31 Ma, our age model

fit with the age of chron MOr proposed in He et al. (2008) and Zhang et al. (2021).



The Geologic Time Scale 2020 (GTS 2020) proposes an age of the Berriasian/Valanginian boundary of
137.7 £ 0.5 Ma, an age of the Valanginian/Hauterivian boundary of 132.6 £ 0.6 Ma, an age of the
Hauterivian/Barremian boundary of 126.5 £ 0.7 Ma, and an age of the Barremian/Aptian boundary of 121.4
*+ 0.6 Ma (Gale et al., 2020). Compared to the GTS 2020, the age model proposed here differs by 0.6 Myr
for the Berriasian/Valanginian boundary, 1.3 Myr for the Valanginian/Hauterivian boundary, 0.8 Myr for
the Hauterivian/Barremian boundary, and 0.2 Myr for the Barremian/Aptian boundary. The age model of
the GTS 2020 is a comprise between cyclostratigraphically-derived durations of stages in the Early
Cretaceous (Fiet and Gorin, 2000; Martinez et al., 2013, 2015) and smoothir.g <onae (Agterberg et al.,
2020), anchored to the age of the Albian-Cenomanian boundary. Thus, t'ie .'tfterences between the age
model here and the GTS 2020 arise from the new sequencing of the 4u>-kyr eccentricity cycle, much
consistent with the number of precession cycles recorded and with 1. “iometric data, the use of a more
precise correlation to anchor the durations a radiometric age ‘A guirre-Urreta et al., 2019), and the

consistent use of 405-kyr eccentricity cycles identifier. n.m.~easured data.

8.2. Construction of long climatic series

Spectral analyses were performed on marl-li nes.>ne alternations using CaCO; content, gamma-ray total
count and magnetic susceptibility. GRTC and MS data are inversely correlated to CaCO; content so it is
possible to approach the CaCO; cor..e. * iom these signals and perform spectral analyses on long series
covering the Berriasian to the Barremian. The GRTC data were converted into CaCO; by correlating the
GRTC and CaCO; data from Angles and Rio Argos (Fig. 21; Giraud, 1994; Martinez et al., 2012, 2013,
2015). As CaCO; and GRTC data were sampled during different campaigns, they are not exactly at the
same level and a sample collected for CaCOj; can be located stratigraphically in between two GRTC
measurements. The equivalent GRTC values at levels sampled for CaCO; were obtained (i) from linear
interpolation of the two surrounding GRTC measurements if they were taken in the same bed, (ii) from the
closest GRTC value taken at the same bed as the sample taken for CaCO; measurement (Tables S1-S2).

The MS data from Orpierre were converted into CaCOs content using the correlation between MS and



CaCO; data from Vergol-Morénas (Martinez et al., 2020b; Fig. 4A). Note that the calculated CaCO;
content reaches values below 0 % in the latest Berriasian and in the earliest Hauterivian, and values above
100 % in the middle Valaginian. This is because the MS values do not only depend on the CaCO; but also
to the type of iron-bearing mineral species and their proportion in the bulk rock. The values of these
intervals are not retained in the spliced curve. The data from Reynier are selected as representative from
137.23 to 134.69 Ma and are retained in the spliced curve because this section is devoid of gravity flow
deposit and correspond to a continuous, uninterrupted record of marl-limestone alternations in this interval.
The data from Vergol-Morénas are selected as representative from 134.69 te 233.08 Ma as the GRTC
values in Vergol-Morénas are similar to Angles and La Charce-Pommer 1. "he data from Orpierre are
selected as representative from 133.68 to 132.26 Ma, as they are less a*ected by hiatuses than Angles and
La Charce (Boulila et al., 2015). The data from La Charce-Pommerc' ure selected from 132.26 to 127.82
Ma, the data from Rio Argos from 127.82 to 126.79 Ma, the 17.a “rom Arroyo Gilico from 126.79 to

123.97 Ma, and the data from Barranco Cavila from 1Z5.17 1. 120.86 Ma (Figs. 1, 22).
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Fig. 21. Cross-plots between the CaCO; and equivalent GRTC series from (A.) the Angles section and (B.)
the Rio Argos section. The solid blue line corresponds to the best-fit linear regression and the dashed red

lines to the 95 % confidence intervals.
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Fig. 22. Construction of the spliced CaCO; series from the Vocontian Basin and the Subbetic Domain. A.
GRTC series from Reynier, Vergol-Morénas, Angles, La Charce-Pommerol and Rio Argos calibrated into
time. B. MS series from the Orpierre section. C. CaCOs content series from Rio Argos X.Ag-1, Arroyo
Gilico and Barranco Cavila calibrated into time. D. CaCO3-equivalent series from Reynier, Vergol-
Morénas, Angles, La Charce-Pommerol and Rio Argos together with CaCO; series from Rio Argos X.Ag-
1, Arroyo Gilico and Barranco Cavila calibrated into time. The vertical bars represent where the various

series are cut to build the composite series. E. Composite CaCOj series.

The imprint of the long eccentricity cycle on the carbon cycle from the | .aw Berriasian to the earliest
Aptian was tested on compilations of (i) 784 8'*Cyy data from the Vo.ntian Basin (Emmanuel and
Renard, 1993; Hennig et al., 1999; van de Schootbrugge et al., 200u, <odet et al., 2006; Duchamp-
Alphonse et al., 2007; Gréselle et al., 2011; Kujau et al., 201 2; CF arbonnier et al., 2013; Martinez et al.,
2020b; Fig. 23; see Supplements), (ii) 338 8"*Cye date measu, 2d on well-dated belemnite rostra from the
Vocontian and the Subbetic basins (van de Schoontbrugge 2t al., 2000; McArthur et al., 2007; Bodin et al.,
2009, 2015; Price et al., 2018; Fig. 24; see Supr te"..>rts) and positioned bed by bed in the sections selected
for the spliced CaCO; series. Only data that -~oulu be positioned bed by bed were selected (see correlations
available as supplements at: https://zeno. .0, J/record/5517740). The age of the samples compiled from the
latest Berriasian to the earliest Aptin . ‘as determined from the astrochronology provided here (Tables 1,
2). The age of the belemnites collec:2d from the Malbosiceras paramimounum to the Tirnovela alpillensis
subzones was calculated proportionally to their position within the ammonite subzone. The durations of the
M. paramimounum to the T. alpillensis subzones is the same as in the Geologic Time Scale 2020 (Gale et
al., 2020). The ages of these subzones were anchored to the age of the base of the Valanginian Stage
provided here (Table 4). The compilation of stable isotope data on bulk rock together with their age and
stratigraphic location is given in supplement. The bulk-rock data from the Subbetic Domain provided here
(Fig. 25; see Supplements) were analysed to test the imprint of long orbital cycles in the Barremian Stage

of the Subbetic Domain.
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(Umbria-Marche; Sprovieri et al., 2006).



Age (Ma)
139 138 137 136 135 134 133 132 131 130 129 128 127 126 125 124 123 122 121
1 I 1 1 1 I 1 I 1 I 1 1 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I 1 I 1

Berr. p.p. Valanginian Hauterivian Barremian
Late p.p. Early l Late Early Late Early Late
o ———— LMK T NK3B [ NCAA [ NC4B T NCSA [ W | NCSC o] NCSET INCSEEI ] Nosha

5'3C (%0 PDB)

N 2 s o
o o o wu ob

N
3

Frequency (cycles.Myr™")

139 138 137 136 135 134 133 132 131 130 129 128 127 126 125 1. 128 122 121
Age (Ma)

Fig. 24. Evolutive spectral analysis of the 8*Cy. Series from we stern Tethys calibrated to time. Periods are

labeled in Myr.

Hauterivian p.p. Barre’_..ﬁ:n
Late Early | Late
NC5B NC5C  |NcsD] NC5F1 | NC5E2 NG NG° [ NCBA2
2& I T I I I T I I T T ]
= 1»_/\_/\/ ‘_/\/\/
g
£ OF N
L
o - .
2 —
1 1 | | 1 L | 1
126 125 124 123 122 121
Age (Ma)

Fig. 25. Evolutive spectral analysis of the 8'°Cy series from the Subbetic Domain calibrated to time.

Periods are labeled in Myr.
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Domain, (E.) the §"*Cyyi Series from the Umbria-Ma.~he Basin. The periods are labeled in Myr.

8.3. Correlation with magnetochrons

The age model provided here is from sectins *ell dated by biostratigraphy and chemaostratigraphy.
However, no magnetostratigraphy is :‘aila..!e on these sections, likely because of post-deposition
remagnetization (Hoedemaeker ot ' , 1¢ 98; Katz et al., 2000). The magnetostratigraphic framework from
the Valanginian to the Barremian i< available from the Umbria-Marche Basin (Central Italy; Channell et
al., 1995, 2000), anchored to calcareous nannofossil and ammonite biostratigraphy and carbon-isotope
stratigraphy (Sprovieri et al., 2006). A correlation scheme is proposed here between the carbon-isotope
curve from the Vocontian Basin and from the Umbria-Marche Basin (Fig. 23; Table 5). This is based on (i)
the Weissert carbon-isotope excursion in the Late Valanginian, (ii) the minimum in 3**C values in the Early
Valanginian, (iii) the minimum in the 8**C values in the Late Hauterivian, (iv) the positive excursions
related to the Faraoni, Mid-Barremian and Taxy events. The proposed ages of the magnetochrons is

provided in Table 6. The difference in the age of the bioevents with the VVocontian and Subbetic domains is



provided in Table 7. The ages can show an excellent correspondence for the ages of the FO of ammonites
“T.” pertransiens and A. radiatus, the FO of calcareous nannofossil T. verenae, L. bollii and R. irregularis.
It can however reach a difference of 0.8 Myr in the LO of calcareous nannofossils R. wisei and R.
terebrodentarius. Aguado et al. (2018) demonstrated that the LO of R. wisei is not recorded at the same
interval of the Weissert positive carbon-isotope excursion. The difference in age of 0.8 Myr recorded
between the VVocontian, Subbetic and Umbria-Marche basins is possibly due to the uncertainty in the
stratigraphic location of their first and last occurrences. The top of magnetochron M1r is dated at 123.17 +
0.19 Ma in our age model from the Umbria-Marche Basin, while Zhang et a'. {?0.1) proposed 123.1 + 0.3
Ma for the upper part of this chron. Still in our age model from the Umk.1a Marche Basin, magnetochron
MOr is dated from 121.40 to 121.13 + 0.19 Ma (Table 7). This is consi_*ent with the age of 121.2 + 0.5 Ma
proposed with Ar-Ar ages by He et al. (2008). Chron MOr occurrea . “inin the interval 1. giraudi—M.
sarasini Tethyan ammonite zones (Frau et al., 2018; Aguadc e* al , 2022), so the age of the start of chron
MOr should be in between 122.01 and 121.15 Ma. So e ma.‘imum uncertainty of the age of chron MOr
calculated here is 0.6 Myr. In summary, our age model Is sonsistent with the numerical ages produced for

magnetochrons.

9. Impact of the long orbital cycles on ~lin. te and sedimentary series

9.1. Spectral analyes of long climatic . ries

The spectrum of the composite CaC s series indicates prominent cycles at periods of 2.5 Myr related to the
eccentricity (g4-g3) cycle (Laskar et al., 2011), at 1.2 Myr related to the long obliquity (s4-s3) cycle
(Laskar et al., 2011), and at 0.88 My, 0.68 Myr, 0.49 Myr, 0.41 Myr, 0.36 Myr (Fig. 23A). The three last
peaks correspond to the 405-kyr eccentricity (g2-g5) periods and their modulator linked to the 2.4-Myr
cycle (Laskar et al., 2011). On the amplitude spectrogram, the 2.5-Myr cycle is expressed through the
entire interval studied (Fig. 22F). The 1.2-Myr cycle is observed through the entire interval, except from
127 to 125 Ma. The 0.68-Myr cycle is only observed from 132 to 128 Ma, and is probably too local to bear

any astronomical information, despite close affinity to the g2-g1 period in the astronomical solutions



(Laskar et al., 2011). The period of ~0.8 Myr is observed through the entire series. This period could be
related to an amplitude modulation of the obliquity cycle related to s4-s3+g4-g3 (Hinnov, 2000) or to the
0.97-Myr eccentricity cycle g1-g5 (Laskar et al., 2011).

The spectrum of the 8Chui compiled from the Vocontian Basin shows outstanding periods at 2.5 Myr, 1.2
Myr and 0.82 Myr (Fig. 23B). As in the CaCOj series, the 2.5-Myr period is related to the (g4-g3)
eccentricity period, and the 1.2-Myr period to the (s4-s3) obliquity period. A period of 0.82 Myr is also
observed. On the amplitude spectrogram, the 2.5-Myr cycle is expressed throrigh the studied interval, with
a gap in the Early Hauterivian, likely because of the occurrence of the two s'=ps at La Charce. In the
interval equivalent at Pommerol, no bulk carbon-isotope value is availaFe (~1g. 24C).

The spectrum of the 8**Cy Series shows a prominent cycle with a peni.1 of 2.5 Myr (Fig. 23C). Another
period at 1.4 Myr is also observed. On the amplitude spectrogram (+ . 25B), the 2.5-Myr period is
observed throughout the whole interval with periods ranging fron 1.9 to 2.8 Myr related to (g4-g3)
eccentricity. Periods around 0.4 Myr in the Berriasian, v. langinien and Early Barremian related to (g2-g5)
eccentricity. A period at 1.1 Myr is observed in the Late ~arremian and a period at 0.83 Myr is observed in
the Late Hauterivian.

The spectrum of the 813Cpyui Series from the « ate Hauterivian-Barremian of the Subbetic Domain shows
prominent cycles at 2.5 Myr related to (y1-y42) eccentricity, 1.1 Myr on average related to (s4-s3) obliquity
and 0.43 Myr related to (g2-g5) ecc.nicny (Fig. 23D). The amplitude spectrogram shows a period at 2.4
Myr related to the eccentricity cyci. (g4-g3) expressed in the Early and lower part of the Late Barremian
(Fig. 26B). This period increases to 3.4 Myr in the last part of the Late Barremian, in response of the high-
amplitude negative excursions related to the Taxy Event. Another period is observed at 1.1 Myr throughout
the Late Hauterivian and Barremian, related to the obliquity (s4-s3). Finally, a period at 0.4 Myr is
observed throughout the Late Hauterivian and Barremian, related to the eccentricity (g4-g3).

The spectrum of the 8" Cpyui series from the Maiolica Formation of the Umbria-Marche Basin shows a
prominent cycle at 2.2 Myr related to (g4-g3) eccentricity, peaks at 1.5 to 0.99 Myr that we attribute to (s4-

s3) obliquity and peaks around 0.41 Myr related to (g2-g5) eccentricity (Fig. 23E). The amplitude



spectrogram shows the period of 2.5 Myr throughout the series with periods ranging from 2.0 to 2.6 Myr
(Fig. 27B). The group of periods attributed to (s4-s3) obliquity is expressed throughout the series as well
with periods ranging from 1.0 to 1.4 Myr. Finally, the group of periods attributed to the (g2-g5) eccentricity

cycle is only expressed from the base of the interval studied to the top of the Valanginian.
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Fig. 27. Evolutive spectral ana’y.s ¢ e 813Chui series from the Umbria-Marche calibrated to time.

Periods are labeled in Myr.

9.2. Impact of the long orbital cycles on lithology and carbon isotope ratios

The presence of persistent cycles with 2.5-Myr and 1.2-Myr periods in the composite CaCO; and §'°C
series demonstrates the role and the outstanding pacing of these long orbital cycles on the lithology and
carbon-isotope ratios, at least in the Western Tethys, from the Berriasian to the Barremian stages. From the

latest Berriasian to the middle part of the Hauterivian, the filter of 2.4 and 1.2-Myr cycles in the composite



CaCQg; are in opposite phase with their counterpart in the carbon-isotope ratios (Fig. 1). This implies that
increased detrital fraction in the sediment in the Vocontian Basin corresponded to periods of increased
values of 8°C both in bulk rock and belemnites. This is consistent with observations in the field (Fig. 5).
Analyses of clay mineralogy (Duchamp-Alphonse et al., 2011; Morales et al., 2013; Charbonnier et al.,
2016; Martinez et al., 2020b), calcareous nannofossil assemblages (Gréselle et al., 2011; Duchamp-
Alphonse et al., 2014; Mattioli et al., 2014) and platform-basin correlations (Gréselle and Pittet, 2010;
Morales et al., 2013) point that these periods correspond to increased weathering of continent, increased
fertilization of the water masses due to increased nutrient supply and increasz2 se.. level. In other words,
the 3**C reaches maximum values when the detrital supply is also maxir i, ‘wnile the neritic carbonate
production was minimal. This demonstrates that the long orbital cycle. triggered repetitive phases of humid
peaks, leading to increase in weathering, detrital supply, fertilizatior. ~7 marine environments, decline in
neritic carbonate productivity and increased burial of organic curk on in marine and/or continental
environments throughout the Berriasian-Aptian times 11.2 sconario is also consistent with earlier
suggestions (Follmi, 1995; Bodin et al. 2006b) of a posiu ‘e link in between global oceanic nutrient levels
(as deduced from phosphorus accumulation rate; a..1 sea-level fluctuations, given that maximum flooding
intervals are characterized by increased claycarw ~nate ratio in the Lower Cretaceous of the western
Tethyan realm (e.g., Godet et al., 2013). ~ru. that perspective, the early Valanginian, latest Valanginian
and mid-Hauterivian humid events % v uie same charateristics as the Episodes of Environmental Changes
(EECs) described in Follmi (2012) ond can be regarded as such. The humid peak of the Early Valanginian
is bounded in the interval of increase in GRTC values at Vergol in between beds B150 and V28 (levels
11.55 mto 27.35 m), at Reynier in between beds R34 and R69 (levels 10.80 m to 28.10 m) and at Orpierre
in between 13.97 m and 31.46 m (Figs. 9, 13). This interval is in the middle of the “T.” pertransiens
Tethyan ammonite zone and corresponds to very humid interval in Morales et al. (2013) on the basis of
clay mineral and palynologic assemblages. The latest VValanginian event is located at La Charce from bed
LCP179 to 183 (levels 74.52 m to 79.55 m, Figs. 10, 15) and at Angles from bed A372 to 376 (levels

203.83 to 210.38 m), at the transition between the C. furcillata and T. callidiscus Tethyan ammonite



subzones. This interval shows a maximum in humid conditions determined from kaolinite and
palynological assemblages (Kujau et al., 2013; Charbonnier et al., 2016). The mid-Hauterivian event
corresponds to the increase in GRTC values observed at La Charce from bed LCP 273 to 295 (levels
177.50 to 193.65 m; Figs. 11, 17) around the Marl Interval of Sayni (Fig. 6A). The age of these events in
given in Table 8. It shows that these events are separated by an average duration of 2.46 Myr, in line with
the cycle observed in the composite CaCO3 and 5™°C series. This demonstrates the outstanding pacing of
the 2.4-Myr eccentricity cycle on the recurrence of the EECs in the Early Cretaceous.

From the uppermost Hauterivian to the Barremian, the filters of 2.5 and 1.2-".%/r « /cles in the composite
CaCO; content turn in phase with their counterpart in the & Cpui Series “riy 1). In this case, the EECs
correspond to periods of increased carbonate content in the Subbetic L ~main. This feature has already been
noticed in Martinez et al. (2020a) and is associated with decreased sc~imentation rate at times of higher sea
level, which point to starvation of detrital sediment. Clay mi e’al and calcareous nannofossil assemblages
still indicate that these periods of EECs correspond to «nc eas>d levels of humidity on continents and
fertilization of the water masses, in line with the nhasing ~etween EECs and environmental conditions
observed during the Valanginian and the Hauteriv» . scages. This change of phasing between lithology and
carbon cycle is an example of the local/regi~nal \ ~sponse of sedimentary systems to a global forcing.

The climatic disturbances associated wii the Taxy Event started in the I. giraudi Tethyan ammonite zone
(Frau et al., 2020; Martinez et al., 25.27). Nonetheless, the fertilization event of water masses occurred
during the negative carbon-isotope ~xcursion (Aguado et al., 2022). This negative excursion is interpreted
as an increase in influx of dissolved inorganic carbon through increase in oxidation of marine organic
matter and/or increase in supply of oxidized terrestrial organic matter (Stein et al., 2012). So the phasing
between climate and carbon isotope can also change depending on the source of carbon. It should also be
noted that the EECs described have been defined in the peri-Tethys, Northern Atlantic and Northern
European areas, all lying in the same climatic belt, from humid subtropical to tropical savannah
(Charbonnier et al., 2020; Burgener et al., 2023). The humid phases described here may hence vary in time

and space depending on the motions of the climatic belts, themselves orbitally-controlled at Milankovitch



time scales (Armstrong et al., 2016).

It is also noteworthy that from the Hauterivian to the Barremian, the filters of the 2.5-Myr in the 8BCpe is
in opposite phase with their counterparts in the §"3Cpux (Fig. 1). The reason for this is unclear. It could
relate to a lower density of sampling in Hauterivian and Barremian stages, less studied than the
Valanginian Stage, which contains the onset of the Weissert Event. It could be also linked to the high
variaibility of the '*Cpe values within a specific level caused by the fact belemnites were nektonic dwellers

and they could change depth and cross long distances during their life.

9.3. Orbital configuration at the inception of the Episodes of Environme.ita! Cnanges

The analysis of the amplitude modulation of the precession cycles sho. 's minimum amplitudes during the
Weissert, the Faraoni, Mid-Barremian and Taxy episodes (Figs. 15, 27, 19). The precession cycles show
high amplitudes during the Early Valanginian and Mid-Haut i vi¢ n events, and variable amplitudes
depending on the section in the latest Valanginian eve.it \~ig. 15). High amplitudes of precession during the
humid peaks of the Early Valanginian and mid-Hauterivi. 1 imply that these events occurred at high
eccentricity times leading to high variability in tae srecession cycles. This context triggers alternate periods
of minimum seasonality to extremely high s+:aso .ality. In this context, high seasonality favour, for instance,
the intensity of the monsoon cycle whic:. ca:. lead to increae in rainfall, weathering of continents and
surface of humid areas on continents (¢ g., Lézine et al., 2014).

Minimum amplitudes could be exp:~ined in the Weissert by the disappearance of carbonate beds, so that
the lithology shows less variaibility. In this case, this is not sure whether the low amplitudes observed
during the humid peak of the Weissert Episode are related to actual decrease in the eccentricity of the Earth
orbit or simply a regional response to a climatic forcing. However, minimum in amplitude of the precession
and short eccentricity cycles have been well documented during the Faraoni Event (Martinez et al., 2015).
In the Subbetic Domain, increase in clay content generally implies more humid climate (Moiroud et al.,
2012). This is not the case during the Faraoni which appears singular from the rest of the analysed series

from that point of view (Fig. 5), possibly due to starvation of detrital sediment in a context of 2"-order



maximum flooding (Martinez et al., 2020a). Such feature occurred in the Mid-Barremian and Taxy events
which show some similarities with the Faraoni Event. It is thus intriguing to observe that these three events
occurred at time of low amplitude of precession, which implied a long period of moderate seasonality.
Martinez and Dera (2015) suggest that this context is favourable to the development of annually humid
climate leading to increase in nutrient supply and fertilization of the sea-water masses. Recent investigation
of charcoal abundance, elemental composition from XRF and clay mineral analyses in the Early Jurassic
appear to corroborate this hypothesis (Hollaar et al., 2022). Variable phasing hetween the onset of EECs
and amplitude of precession cycles needs further investigation from a proxy :>depzndent from lithology
and more directly linked humid-arid cycles (e.g. Hollaar et al., 2022). C'in.. *e simulations performed in the
context of the Eocene-Oligocene transition demonstrate that the respoi.~e of the biota to a given orbital
configuration can be heterogeneous in space and time (Tardif et al., 2721). Thus, it is also possible that no
simple linear mechanism exists between the onset of the EE('s an | the change in the orbital configuration

and that this relationship may vary through time.

9.4. An orbitally-controlled glacio-eustatism in .n¢ =arly Cretaceous?

The EECs and related humid peaks are assc« iate. with widespread marl deposits and important maximum
flooding surfaces in neritic environment. (k houlet et al., 2003; Godet et al., 2013; Morales et al., 2013), as
well as faunal exchanges between Teu :7ain and Boreal realms (Walter, 1996; Mutterlose and Bornemann,
2000), reflecting major sea-level n.> events (Matthews and Frohlich, 2002; Frau et al., 2020; Morales et
al., 2016). In the Helvetic Platform, three drowning unconformity surfaces (Gemsmattli, Lidernen and
Altmann) are associated with the Weissert, Mid-Hauterivian and Faraoni events, respectively (Bodin et al.,
2006a; Godet, 2013; Morales et al., 2016). These unconformities reflect rapid sea-level changes (falls and
rises) and eutrophication, following increased detrital and nutrient input to the basin (van de Schootbrugge
et al, 2003; Bodin et al., 2006b).

Aquifer-eustasy has been proposed to explain these rapid sea-level variations in a supposed equally warm

Cretaceous. In this model, sea level decreases because of ground-water storage during the humid phases



(Follmi, 2012). Here, the opposite is inferred, indicating that aquifer-eustasy cannot explain these Early
Cretaceous sea-level variations, as already suggested by Davies et al. (2020). Recent TEX 86 analyses
performed on Valanginian (Cavalheiro et al., 2021) and Barremian rocks (Huck and Heimhofer, 2021)
suggest that the mid-Valanginian, the mid-Barremian and the Taxy events all corresponded to warming
phases. Evidence for glacial sedimentation at high-paleolatitude in Southern Hemisphere supports the idea
of persistent polar ice caps during the Late Valanginian (Alley et al., 2020), in line with evidence for a
cooling event in the Late Valanginian (McArthur et al., 2007; Price and Passey, 2013; Bodin et al., 2015;
Cavalheiro et al., 2021) and frequency of glendonites at high latitudes (Price, 294.).

Interestingly, the end of the Early Valanginian (K. inostranzewi Tethyar ai, monite Zone, cycle V6; Fig.
15) corresponds to an important regression event preceding an importa.~t transgression during the S.
verrucosum Zone. All these events have several dozens of meters o1 ~iplitude (Davies et al., 2020). In the
upper Valanginian, the cold interval from the Olcostephanus (sIc astephanus) nicklesi to the
Criosarasinella furcillata Tethyan ammonite subzone, (v /cle> V10-V12; Fig. 15) also corresponds to an
important regressive event preceding the transgression a. *he end of the Valanginian (Ferry, 1987). These
cold and regressive events precede the Weissert ar-' the latest Valanginian Event. Their asymmetric nature
(Gréselle and Pittet, 2010), amplitude, the f2=t trict they are recognized at large geographic scale and the
fact that glacial features have been ident.fieu in Australia from the Valanginian to the Albian (Alley et al.,
2020) point that these time interval*. . “responded to transient polar ice cap development phases. In the
mid-Hauterivian, from the L. nodos ~plicatum to the S. sayni Tethyan ammonite zones, the trend in the
GRTC values shows a long-tern decrease followed by two steps of rapid increase separated from each other
by 0.5 Myr (Fig. 17). Assuming the formation are increasingly carbonated when the sea level decrease, this
trend implies a long-term sea level decrease in the Early Hauterivian followed by rapid increase at the
beginning of the Late Hauterivian. In the Helvetic Platform, this time interval is represented by the
Liedernen drowning unconformity, marked by an important regression followed by important transgressive
events (Godet, 2013). As in the middle and Late Valanginian, an important regression event occurred

before the rapid transgression, pointing again to glacio-eustatism. The second minimum in GRTC value at



the end of the Early Hauterivian coincides in the Neugquén Basin with a shift from basinal environment to
aeolian dunes and fluvial systems. This change could be the local expression of a widespread-identified
regression event (Sahagian et al., 1996; Mutterlose and Bornemann, 2000; Pictet, 2021). In the Barremian
Stage, Frau et al. (2020) noticed high-amplitude sea level falls around the Baremian-Aptian transition and
evoked glacio-eustatism as the most likely mechanism of sea level decrease on the basis of
paleotemperature reconstructions (O’Brien et al., 2017), and numerical modeling of climate (Donnadieu et

al, 2006; Ladant and Donnadieu, 2016; Pohl et al., 2019).

10. Synchronism between the Parana-Etendeka LIP and the Weisse' ¢ L 7ent

The base of the Weissert Event is defined by a worldwide increase in v bulk-rock and organic §"°C values
during the late Early Valanginian (Fig. 2). Detailed bulk-rock stable *~utope data accurately position the
Weissert Event in the Vergol-Morénas and La Charce-Pomn erol series (Hennig et al., 1999; Gréselle et al.,
2011; Kujau et al., 2012; Martinez et al., 2020b). Froru.2 tn. e scale revised here, the onset of the
Weissert carbon isotope excursion is dated at 134.50 £+ 0.29 Ma. This new age refines and replaces the
previous dating at 135.22 + 1.00 Ma (Martinez ~.c .. *2015). The end of the rising phase of the carbon-
isotope excursion is dated at 133.96 £ 0.19 Ma, «.d the end of the plateau phase is dated at 132.44 + 0.19
Ma.

Thiede and Vasconcelos (2010) anc v ™asi et al. (2011) proposed ages of Parana continental flood basalt of
134.7 + 1 Ma, and 134.3 + 0.8 Ma, “rom “°Ar-*Ar and U-Pb ID-TIMS analyses, respectively. These ages
suggest rapid extrusion of the continental flood basalt, and synchronous to the start of the mid-Valanginian
carbon-isotope excursion. However, CA-ID-TIMS U-Pb ages recently provided ages of 133.6 + 0.12 Ma
(Rocha et al., 2020), which lies within the plateau phase of the carbon-isotope excursion. A further
compilation and critical review of Ar-Ar and U-Pb ages nonetheless suggests that the activity of main
phase of the Parana-Etendeka Large Igneous Province (LIP) started 135.0 + 0.6 Ma and ended 133.2 + 0.2
Ma, with a peak of activity dated at 134.4 £ 0.1 Ma, and eruptions possibly ceasing 132.0 + 0.2 Ma (Fig. 1)

(Gomes and Vasconcelos, 2021). This compilation agrees with recent “’Ar-*Ar ages performed throughout



a vertical stratigrahic profile of the Parana province and indicating ages from ca. 135.5 to ca. 133.5 Ma
(Bacha et al., 2022). This in line with significant enrichment in mercury measured at the base of the
positive carbon-isotope excursion (Charbonnier et al., 2017; Vickers et al., 2023). This synchronicity
reinforces the hypothesis of a probable link between the onset of the Weissert Event and the peak of
activity of the Parana-Etendeka province.

Paleomagnetic data suggest the activity of the Etendeka province likely covered 16 magnetochrons
suggesting long-lived activity of the Etendeka province (Dodd et al., 2015). Conversely, Mena et al. (2011)
shown that the Parana province covered three to five magnetochrons, startin “*iu. normal polarity.
Paleomagnetic and carbon-isotope data from the Umbria-Marche Basin %o v tnat the Weissert carbon-
isotope excursion started within magnetochron M12n (Weissert and ki ha, 2004), in line with
paleomagnetic data from the Parané province. If this correlation is co-vect, this suggest that the majority of
the Parana continental flood basalt were deposited from chrc ¢ M 12n to M11An.1n, in line with a short-
lived activity of the magmatic province (Gomes and  ac. nce!2s, 2021). If the ages of Rocha et al. (2020)
appeared to be the most likely, the correlations between ¢ Parana province and the magnetochron would
shift to the interval from M11An.1n to M11n, stai . ieporting short-lived activity of the province.

The Comei-Bunbury province is another maama.’< province active during the Late Valanginian (Zhu et al.,
2009; Harry et al., 2020). Unfortunately, the Maturaliste magmatic Plateau (SW Australia), belonging to the
Comei-Bunbury province, has not F<c. anitled down the base of the magmatic series. The eldest
magnetochron recorded is M11r (korry et al., 2020), leaving the possibility of the Naturaliste Plateau to be
synchronous of the Weissert carbon-isotope excursion. SHRIMP and LA-ICP-MS U-Pb ages performed on
the Comei Basalts indicate the activity of the province occurred 131.5 £ 0.8 Ma, which seems to postdate
the carbon-isotope excursion (Zhu et al., 2009). The extension of the volcanic centers of the Comei-
Bunbury province reaches ~0.13 x 10° km? (Zhu et al., 2009; Olierook et al., 2017), which is much smaller
than the Parana-Etendeka province (~1 x 10° km? Frank et al., 2009). The estimated total volume of
magma extruded from the Parana-Etendeka province is comprised between 2 and 3 x 10° km?, with an

estimated average effusion rate of 0.9 to 1.7 km*/yr, in line with other LIPs associated with global



environmental crises (Gomes and Vasconcelos, 2021).

It is however noteworthy that the humid peak related to the Weissert Event still follows the pacing of the
2.4-Myr eccentricity cycle, which demonstrates that the emplacement of the Parana-Etendeka volcanic
province did not modify the pacing of the EECs caused by the long orbital cycles. However, the carbon-
isotope excursion which defines the Weissert Event started 0.6 Myr before the humid peak, while the other
EECs of the Valanginian-Barremian are all shorter than 0.5 Myr. The long-term trend CaCO; curve shows
minimum values during the Weissert Event (Fig. 1), in line with the neritic carbonate production crisis
inferred at this time (F6lImi et al., 2006; F6llmi, 2012). The humid peak rel~:2 tu the Weissert Event also
corresponds to a global warming phase, maximum in kaolinite content 2:i1u cutrophication of the marine
environments in the Valanginian series (Duchamp-Alphonse et al., 20.1: Charbonnier et al., 2020). Finally,
the Late Valanginian cold interval (Bodin et al., 2015; Cavalheiro e. ~!., 2021) has likely lasted more than 1
Myr while the other cold intervals suspected in the Valangin ar.-F auterivian have not lasted more than 0.5
Myr. The Weissert Event thus appears as a singularly ‘or y evont compared to other EECs which had
profound impact on climate and marine ecosystems. The <lease of greenhouse gases during the
emplacement of the Parana-Etendeka may there’or . have caused increase in temperature, humid conditions,
detrital and nutrient supply to basins, favorir g eu:*ophication of marine environments and crisis in the
neritic carbonate productivity. Storage ¢ ary~nic carbon on continents and high latitude marine
environments (Westermann et al., 25,3 Lnarbonnier et al., 2020; Cavalheiro et al., 2021; Vickers et al.,
2023) may have favored the onset L€ a long-lasting cold snap in the Late Valanginian by drawdown of
atmospheric CO,. It is thus noteworthy that the onset of the Parana-Etendeka LIP did not modify the pacing
of the carbon and detrital cycles caused by the long orbital cycles. However, it amplified and lengthened
the climatic changes provoked by the long eccentricity cycles, triggered a long-lasting carbon isotope
excursion in bulk carbonate and a long-lasting cooling event leading to developments of ice caps during the

Late Valanginian.

11. Conclusions



Our revised time scale demonstrates that the long orbital cycles paced the occurrence of EECs, through
cyclic fluctuations of global precipitation, and likely through glacio-eustatically induced sea levels changes.
The concomitant increase in orbitally forced humidity and sea level triggered conditions to increase the
burial of organic matter in continental and marine environments. During the late Early Valanginian, the
middle Late Valanginian and the end of the Early Hauterivian, high-amplitude sea-level falls, cooling
events and subsequent rapid sea-level increases may point to glacial maximum conditions separated by
~2.5 Myr on average. Our time scale clearly demonstrates the synchronicity between the onset of the
Weissert Event and the peak of activity of the Parana-Etendeka large igneouz ~rowince. Nevertheless, the
Weissert Event peak in detrital supply and 8**C maxima keep following . nacing of the 2.4-Myr
eccentricity cycle. The Weissert Event appears thus as a singularly long event with stronger impact on
climate and marine ecosystems than other Episodes of Environmenu. ~ianges defined in Follmi (2012),
which was the consequence of the concomitant effect of the 'mpl. .cement of the Parana-Etendeka province

and long orbital cycles.
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Figure captions
Fig. 1. Time scale calculated here of stages, substages, Tethyan ammonite zones, calcareous nannofossil

zone, magnetochrons, orbital cycles, composite CaCOj series and various 8**Ccar, Series

Fig. 2. A. Paleogeographic map of the Early Cretaceous with locations of the Late Jurassic and Early
Cretaceous continental rifts (Frizon de Lamotte et al., 2015). Abbreviations: NB: Neuquén Basin, SD:
Subbetic Domain, VB: Vocontian Basin. B. Map of the Neugquén Basin witb :><a.on of the El Portén
section. C. Map of the Vocontian Basin with location of the La Charce- o1, merol section and other
sections mentioned. D. Map of the Betic Range with location of the ki> Argos section and other mentioned
sections. E. Detail of the El Portdn section showing the tuff layer da:~ within the marl-limestone
alternations. F. Detail of the marl-limestone alternations of t'\e «a Zharce section. G. Details of the marl-

limestone alternations of the Rio Argos section. Abbr~viction.: Prec.: Precession; Obl.: Obliquity.

Fig. 3. Behavior of Magnetic Susceptibility (MS), Zar.O3 content d13C and clay mineral assemblage over
several marl-limestone alternations of the VV«rgo. section (up; from Martinez et al. (2020b) and the Rio
Argos section (down; from Martinez et ..' . .212; Moiroud et al., 2012).

Fig. 4. Cross plots between the MS . Zu3 content and clay species content. From A to E: data from
Vergol-Morénas (Martinez et al., z220b). From F to |I: data from Rio Argos (Martinez et al., 2012;

Moiroud et al., 2012). The blue line indicates the best fit and the red lines the 95 % confidence intervals.
Fig. 5. 8"°C, Gamma-Ray Total Count (GRTC), Magnetic Susceptibility (MS) and clay mineral
assemblages from the Vergol-Morénas section. The §'°C data are from Gréselle et al. (2011), Kujau et al.

(2012), Martinez et al. (2020b). The two pictures to the right are from Vergol-Morénas.

Fig. 6. Examples of bundles and beds used are correlation markers throughout the Vocontian Basin. A. The



Sayni Marl Interval (Upper Hauterivian) at La Charce section. Beds numberd are labelled according to
Martinez et al. (2013) following Reboulet and Atrops (1999) numbering scheme. B. Furcillata Marl
Interval and Radiatus Bundle at the Valanginian-Hauterivian boundary of the La Charce section. C.
Bentonite O3 in the N. neocomiensiformis Tethyan Ammonite Zone (Lower Valanginian) at the Angles
section. Bed number is from Busnardo et al. (1979). D. Close-up view of bentonite O3. E. View of the
Otopeta Bundle at the Vergol ection. Bed number is from Kenjo et al. (2021). F. View of the Otopeta
Bundle at the Reynier section. Note the interval of more difficult outcropping conditions due to increase of

clay content. This outcropping condition is also observed at Vergol.

Fig. 7. Correspondance between the Gamma-Ray Total Count (GRTC, signal, the 405-kyr eccentricity
cycles and the lithology in the Pronecostatum, Median and Nicklesi > indles (Upper Valanginian) of the La
Charce section. Ammonite zonation is from Bulot et al. (19¢ 2) an 1 Reboulet and Atrops (1999). Calcareous

nannofossil biostratigraphy is from Barbarin et al. (207.¢,

Fig. 8. Correspondance between the Gamma-R¢y ~tar Count (GRTC) signal, the 405-kyr, 100-kyr
eccentricity cycles and the lithology in the Radiac s Bundle (Lower Hauterivian) of the La Charce section.

Bed number and biostratigraphy are ava.'abi> in Mutterlose et al. (2021).

Fig. 9. Biostratigraphic framework ~f the Berriasian-Valanginian transition. Ammonite and calcareous
nannofossil data are from Kenjo et al. (2021). Calcareous nannofossil and calpionellid data are from
Charbonnier et al. (2013). The Gamma-Ray Total Count (GRTC) data is from Martinez et al. (2013) and
the Magnetic Susceptibility data (MS) is from Charbonnier et al. (2013). The ammonite zonation at Reynier
and Orpierre is extrapolated from Vergol by correlation of GRTC and MS signals. Boundaries of
calcareous nannofossil zone boundaries are located at the FAD or LAD of the index species within the

Vocontian Basin, determined by correlation of GRTC and MS signals.



Fig. 10. Biostratigraphic framework of the analysed sections from the lower Valanginian to the lower
Hauterivian. Ammonite data are from Bulot et al. (1992), Reboulet (1995), Reboulet and Atrops (1999) and
Mutterlose et al. (2021). Calcareous nannofossil data are from Duchamp-Alphonse et al. (2007), Gréselle et
al. (2011), Barbarin et al. (2012) and Charbonnier et al. (2013). The boundaries of the ammonite and
calcareous nannofossil zones are fixed at the FO or LO of the considered species index in the Vocontian
Basin and corralted to the other sections using the Gamma-Ray Total Count (GRTC) and Magnetic
Susceptibility (MS) signals. The GRTC signals are from Martinez et al. (2013). The MS signal is from

Charbonnier et al. (2013).

Fig. 11. Biostratigraphic framework of the analysed sections from the .nper Valanginian to the lower
Barremian in the Neuguén Basin, Vocontian Basin and Subbetic Du.~an. The ammonite data are from
Bulot et al. (1992), Reboulet and Atrops (1999), Aguirre-Uriatw e al. (2019), Hoedemaeker and Leereveld
(1995) and Company et al. (2003). The calcareous nar.no"oss.' data are from Thierstein (1973), Gardin
(2008), Hoedemaeker and Leereveld (1995) and Compau.,’ et al. (2005) and Aguado et al. (2014). The pink
star at EI Porton indicates the stratigraphic locat.or. °f a CA-ID-TIMS U-Pb age on zircons from Aguirre-

Urreta et al. (2017).

Fig. 12. Biostratigraphic framewor}. 1, >m «he upper Hauterivian to the lowermost Aptian. The ammonite

data are from Aguado et al. (2014) .nd calcareous nannofossil data from Aguado et al. (2014, 2022).

Fig. 13. Correlation of the astrochronologic frameworks in the lower part of the Valanginian series. The
3"*Cpui data of Vergol is from Gréselle et al. (2011), Kujau et al. (2012), Martinez et al. (2020b). The

8"Cpux data from Orpierre is from Charbonnier et al. (2013).

Fig. 14. 2n-Multi-Taper (MTM) of the direct signals and amplitude modulation of the precession cycles

from Reynier (A-D), Angles (E-H), Vergol-Morénas (1-L) and Orpierre (M-P). Periods are lebelled in



meters above correspondant spectral peaks. ecc.: eccentricity, obl.: obliquity, prec.: precession.

Fig. 15. Correlation of the astrochronologic frameworks from the lower Valanginian to the lower
Hauterivian. The 3"*Cpy from La Charce is from Gréselle et al. (2011), Hennig et al. (1999) and van de
Schootbrugge et al. (2000). The 8**Cp from Angles is from Duchamp-Alphonse et al. (2007). The 8**Cpui

from Orpierre is from Charbonnier et al. (2013).

Fig. 16. 2n-Multi-Taper (MTM) spectra of the direct signals and amplitude r.24u.xtion of the precession
cycles from Orpierre (A-B), Angles (C-D) and La Charce (E-F). Period-, au. laneled in meters above the

correspondant spectral peak. ecc.: eccentricity, obl.: obliquity, prec.: p. ~cession.

Fig. 17. Correlation of the astrochronologic frameworks fror t’i1e upper Valanginian to the lowermost
Barremian. Magnetic Susceptibility data (MS) is from A urre Urreta et al. (2019). Gamma-Ray Total

Count data (GRTC) are from Martinez et al. (2013, 2015,

Fig. 18. 2n-Multi-Taper (MTM) spectra of 7R C signals and amplitude modulation of the precession
cycles from Rio Argos (A-F) and La Chorce Pommerol (G-H). Periods are labeled in meters; ecc.:

eccentricity, obl.: obliquity, prec.: p.ecssion.

Fig. 19. Correlation of the astrochronologic frameworks from the upper Hauterivian to the lowermost

Aptian. Magnetic Susceptibility data (MS) is from Martinez et al. (2020a).

Fig. 20. 2n-Multi-Taper (MTM) spectra of MS signals and amplitude modulation of the precession cycles
from Arroyo Gilico (A-B) and Barranco de Cavila (C-D). Periods are labeled in meters; ecc.: eccentricity,

obl.: obliquity, prec.: precession.



Fig. 21. Cross-plots between the CaCO; and equivalent GRTC series from (A.) the Angles section and (B.)
the Rio Argos section. The solid blue line corresponds to the best-fit linear regression and the dashed red

lines to the 95 % confidence intervals.

Fig. 22. Construction of the spliced CaCOj series from the Vocontian Basin and the Subbetic Domain. A.
GRTC series from Reynier, Vergol-Morénas, Angles, La Charce-Pommerol and Rio Argos calibrated into
time. B. MS series from the Orpierre section. C. CaCO; content series from Rio Argos X.Ag-1, Arroyo
Gilico and Barranco Cavila calibrated into time. D. CaCOs-equivalent series <-on, Reynier, Vergol-
Morénas, Angles, La Charce-Pommerol and Rio Argos together with Cecc_ series from Rio Argos X.Ag-
1, Arroyo Gilico and Barranco Cavila calibrated into time. The vertica. hars represent where the various

series are cut to build the composite series. E. Composite CaCO; se: 7.

Fig. 23. Evolutive spectral analysis of the 8 Cuui Seris » -on. the Vocontian Basin calibrated to time
(periods are labeled in Myr) and correlation of this series “o the §"3Cp,u from the Maiolica Formation

(Umbria-Marche; Sprovieri et al., 2006).

Fig. 24. Evolutive spectral analysis of th.~ & "y Series from western Tethys calibrated to time. Periods are

labeled in Myr.

Fig. 25. Evolutive spectral analysis of the 8'°Cy series from the Subbetic Domain calibrated to time.

Periods are labeled in Myr.

Fig. 26. 2n-Multi-Taper (MTM) spectra (A.) the composite CaCOj series, (B.) the compiled §*Cyyy Series
from the Vocontian Basin, (C.) the compiled 8'°Cy series, (D.) the 8"*Cpuy series from the Subbetic

Domain, (E.) the 8 Cpui series from the Umbria-Marche Basin. The periods are labeled in Myr.
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Fig. 27. Evolutive spectral analysis of the 8'°Cy series from the Umbria-Marche calibrated to time.

Periods are labeled in Myr.



Table 1. Age models of the different sections studied

Level

Level

Level La

Level

. Bed no Level Bed no N Bed no La Level Level Bed no Level
Numerical Arroyo Bed no Rio Charce- Bed no Bed no R Vergol- Bed no X
Label Barranco Barranco Arroyo e - Charce- Angles K Orpierre Vergol- > - Reynier
age (Ma) . . o Gilico Rio Argos Argos Pommerol Angles Orpierre by Morénas Reynier
Cavila Cavila (m) Gilico Pommerol (m) (m) Morénas (m)
(m) (m) (m) (m)
marl
Base.Al 120.91 BC101b- 67.12
102
BaseBA 12131 | MABC98- 5554
98b
BaseB10 12172 | MMBCH 4989
BaseB9 12212 | MBCET 4z47
marl
Base.B8 122.53 BC81b-81c 28.26
BaseB7 12203 | MMIBCTS 43
BaseB6 12334 | MAIBCTL- g4 | MATAGEA- o9
72 85
BaseB5 12374 | MarBCES- 488 marl AG71- g5 13
66 72
BaseB4  124.15 marl 2667 6160
limestone
Base.B3 124.55 AG52 51.75
limestone
Base.B2 125.96 AG38 41.64
marl
BaseBl 12536 marl AG28- 3154 | RAlss- 1 46°
29
186
mai
Base.HB 125.77 ma”fGGlS' 2445 | PAOL 1267
- 70c
me '
Base.H13 126.17 marl AG8-9 1208 b1 155- 129.27
156
marl AC marl RA5
Base.H12 126.58 minus1-1 11.6 11-12 117.87
marl AG marl
Base.H11 127.98 minusl. -0.60 RA137- 104.07
minus16 138
limestone
Base.H10 127.38 RA118 86.47
marl
BaseHo  127.79 RAL05- 7347 | MmarlLlcp 226.63
375b-376
106
marl marl LCP
Base.H8 128.20 RAB9.00 5187 13-314 208.92
marl marl LCP
Base.H7 128.60 RA73-74 33.47 297-298 195.65
marl marl LCP
Base.H6 129.01 RAB5-56 14.07 279-280 182.42
limestone
Base.H5 129.41 LCP259 165.63
marl LCP
Base.H4 129.82 241K-241L 148.50
BaseH3  130.22 marl LCP231- 13558
232
BaseH2  130.63 marl 116.46

LCP215H-




Base.H1

Base.VH

Base.V13

Base.V12

Base.V11

Base.V10

Base.V9

Base.V8

Base.V7

Base.V6

Base.V5

Base.V4

Base.V3

Base.V2

Base.V1l

Base.BV

131.03

131.44

131.84

132.25

132.65

133.06

133.46

133.87

134.27

134.68

135.08

135.49

135.89

136.30

136.70

137.11

215i

limestone
LCP203

marl LCP180-
181

limestone
LCP166a
limestone
LCP156a

marl LCP136-
138

limestone
LCP128

marl LCP109-
110

98.24

76.48

60.92

48.02

34.30

25.57

8.30

marl
A373-374

limestone
36la
limestone
A354a
marl
A342-
343a
limestone
338a
marl
A321-
3722a
ma.
306b.
07
n v
A30. c-
303d
marl
A296a-
296b
limestone
A281
limestone
A259

206.25

188.87

174.85

156.72

147.00

24.44

105.01

85.74

71.20

53.29

35.00

marl
Orp800-
801
limestone
Orp 763
limestone
0727
|
C.p "97-
69.
lim stor
Or 662
marl
Orp613-
614
marl
Orp598-
599

N.A.

marl
Orp567-
568
limestone
Orp539
limestone
Orp526
marl
Orp498-
499
limestone
Orp4gl
limestone
Orp456
marl
Orp427-
428

223.51

206.37

187.88

170.87

153.56

129.25

112.76

96.11

88.59

71.83

52.65

37.03

25.40

16.54

9.25

marl
VM118b-
118c
marl
VM107c-
108

marl
V.VM97f-98

marl VM90-
91

limestone
VM75b
limestone
VM56

marl
V.VM35-36

limestone
V.VM16
limestone
VM3
marl
B.VM134-
135

148.60

124.17

97.81

87.19

71.48

55.12

33.40

21.15

13.98

marl
R190c-
191

limestone
R171

marl
R156-157

marl
R143-144

limestone
R123

limestone
R102

marl R76-
7

limestone
R57

limestone
R38

marl R15-
16

130.42

111.42

94.82

81.52

63.45

45.95

32.25

22.05

13.05




Table 2. Calculated age of the ammonite zones. The selected age is from the Reynier section from the base of the series to 134.69 Ma, from Vergol-
Morénas from 134.69 to 133.68 Ma, from Orpierre from 133.68 to 132.26 Ma, from La Charce-Pommerol from 132.26 to 127.82 Ma, from Rio Argos

from 127.82 to 126.79 Ma, from Arroyo Gilico from 126.79 to 123.97 Ma and from Barranco Cavila from 123.97 Ma to the top of the series.

Biochron Age Barranco Age Arroyo Age Rio Age La Charce- Age Angles Age Orpierre A, = Vergol- Age Reynier Selected age Comment
Cavila (Ma) Gilico (Ma) Argos (Ma) Pommerol (Ma) (Ma) (Ma) Morc has (Ma) (Ma) (Ma)
Base Forbesi Zone 120.95 120.95
Base Oglanlensis Zone 121.15 121.15 Base Aptian
Base Sarasini Zone 121.85 121.85
Base Giraudi Zone 122.01 122.01
Base Feraudianus Subzone 122.33 122.33
Base Provincialis Subzone 122.57 122.57
Base Sartousiana Zone 122.96 122.96
Base Alpinum Subzone 123.39 122 4 123.48
Base Vandenheckii Zone ‘24 75 124.05 Base Late
Barremian
Base Moutonianum Zone 1.4.42 124.42
Base Cailladiscus Subzone 124.56 124.56
Base Compressissima Zone / 124.72 124.72
Fallax Subzone
Base Pulchella Zone 124.93 124.93
Base Nicklesi Zone 125.15 125.17 125.15
Base Colombiana Subzone 125.42 125.44 125.42
Base Hugii Zone 125.71 125.74 125.71

Base Barremian

Base Picteti Subzone 126.15 126.15 126.15




Base Mortilleti/Catulloi Subzone 126.45 126.39 126.45
Base Ohmi Zone 126.52 126.47 126.52
Base Angulicostata / Seitzi 126.69 126.63 126.69
Subzone
Base Krenkeli Subzone 126.96 126.94 126.94
Base Binelli Subzone 127.03 127.03
Base Balearis Zone 127.25 127.25
Base Ligatus Zone 128.06 128.06 128.06
Base Sayni Zone 129.19 129.10 129.10 Base Late
Y ' ' ’ Hauterivian
Base Nodosoplicatum Zone 129..° 129.95
Base Jeannoti Subzone '30.22 130.22
Base Loryi Zone 130.46 130.46
Base Radiatus Zone 131.25 131.12 131.25 Base
_ Hauterivian
Base Callidiscus Subzone 131.41 131.39 131.41 131.41
Base Furcillata Zone 131.92 131.92 132.01 131.92
Base Nicklesi Subzone 132.83 132.85 132.91 132.91
Base Peregrinus Zone 133.35 133.36 133.36 133.34 133.36
Base Pronecostatum Subzone 133.70 133.72 133.73 133.71 133.73
Base Verrucosum Zone 134.16 134.18 134.20 134.18 134.20 Base Late
Valanginian
Base Platycostatus Subzone 134.52 within slump 134.53 134.52 134.53
Base Inostranzewi Zone 134.83 134.86 134.82 134.82 134.82
Base Neocomiensiformis Zone 135.85 135.86 135.85 135.85
Top Premolicus Subzone 136.35 136.36 136.34 136.34
Base Pertransiens Zone 137.06 137.08 137.06 137.06 Base

Valanginian




Table 3. Calculated age of the calcareous nannofossil zones. The selected age is from the Reynier section from the base of the series to 134.69 Ma,

from Vergol-Morénas from 134.69 to 133.68 Ma, from Orpierre from 133.68 to 132.26 Ma, from La Charce-Pommerol from 132.26 to 127.82 Ma,

from Rio Argos from 127.82 to 126.79 Ma, from Arroyo Gilico from 126.79 to 123.97 Ma and from Barranco Cavila from 123.97 Ma to the top of

the series.

Base nannofossil Age Barranco Age Arroyo Age Rio Argos Age La Charce- Age Angles  Age ( Yp_ien_? Age Vergol- Age Reynier | Selected Age
zone Cavila (Ma) Gilico (Ma) (Ma) Pommerol (Ma) (Ma) M Morénas (Ma) (Ma) (Ma)
NC6A2 121.71 AU 121.71
NC6A1 122.21 122.21
NC5E3 122.39 122.39
NC5E2 123.33 123.32 123.33
NC5E1 124.47 124.47
NC5D 124.97 124.97
NC5C 126.37 126.39 126.37
NC5B 127.22 127.22
NC5A 128.50 128.34 128.34
NC4B 130.09 130.09
NC4A 132.00 132.03 132.09 132.00
NK3B 133.98 133.99 134.01 133.99 134.01
NK3A 136.88 136.88 136.85 136.85




Table 4. Calculated ages of the ammonite zones in the Berriasian Stage. The durations of the ammonite zones in the Berriasian are the same as in the
Geologic Time Scale 2020.

Base zones in Berriasian

Age.Ma
"Thurmanniceras" Otopeta Subzone 137.49
Tirnovella alpillensis Zone 137.95
Berriasella picteti Subzone 138.54

Fauriella boissieri Zone / Malbosiceras paramimounum Subzone | 139.39




Table 5. Age model of the correlations between the carbon-isotope curves between the composite Vocontian and the composite Umbria-Marche
basins.

Level Maiolica (m) | Age Vocontian and Subbetic (Ma)
336.82 121.19
330.58 121.78
319.44 122.54
290.52 124.72
273.69 125.41
259.75 126.74
233.28 128.30
195.98 131.01
191.98 131.65
180.82 132.23
165.80 132.81
147.98 133.95
136.70 134.52
123.04 135.10
113.64 135.92
89.62 137.46




Table 6. Calculated ages of magnetochrons in the Maiolica Formation. Levels are from Sprovieri et al. (2006).

Base magnetochron | Level (m) Absolute age (Ma)

C34n 333.93 121.13
Mor 332.55 121.40
M1n 311.13 123.17
M1r 306.55 123.51
M3n 295.42 124.35
M3r 269.83 125.78
M5n 256.96 126.90
M5r 250.31 127.30
Mén 248.25 127.42
Mér 245.8 127.56
M7n 243.35 127.71
M7r 235.18 128.19
M8n 233.39 128.29
M8r 229.16 128.60
M9n 225.58 128.86
MOr 217.68 129.4%
M10n 212.24 129.83
M10r 207.38 130.18
M10Nn.1n 201.04 130.64
M10Nn.1r 199.8 130.73
M10Nn.2n 195.01 131.17
M10NnN.2r 194.08 131.31
M10NnN.3n 188.05 131.85
M1ONr 182.61 132.14
M11n 168.69 132.70
M11r.1r 159.67 133.20

Table 7. Age of bioevents in the Maiolica Formation and comparison with the VVocontian Basin and Subbetic Domain

Age Model Maiolica " Comparison Vocontian and Subbetic




Event Depth (m) Age (Ma) [| Age (Ma) Absolute difference in age (Ma)
FO R. irregularis 327.23 122.01 121.91 0.10
LO C. oblongata 274.37 125.38 124.97 0.41
Base T. hugii 265.87 126.16 125.71 0.45
LO L. bollii 262.83 126.45 126.37 0.08
FO R. terebrodentarius | 236.73 128.10 127.22 0.88
LO C. cuvillieri 230.68 128.49 128.34 0.15
FO L. bollii 208.50 130.10 130.09 0.01
Base A. radiatus 194.23 131.29 131.25 0.04
FO N. bucheri 183.05 132.11 131.49 0.62
LOT. verenae 172.70 132.54 132.00 0.54
LO R. wisei 130.45 134.79 134.01 0.78
FO T. verenae 101.73 136.68 136.74 0.06
Base T. pertransiens 95.83 137.06 137.06 0.0"




Table 8. Calculated ages of the climatic events. The selected age is from the Reynier section from the base of the series to 134.69 Ma, from Vergol-
Morénas from 134.69 to 133.68 Ma, from Orpierre from 133.68 to 132.26 Ma, from La Charce-Pommerol from 132.26 to 127.82 Ma, from Rio Argos

from 127.82 to 126.79 Ma, from Arroyo Gilico from 126.79 to 123.97 Ma and from Barranco Cavila from 123.97 Ma to the top of the series.

Event Age Barranco Age Arroyo Age Rio Age La Charce- Age Reynier Age Vergol- Age Jry'erre Age Angles  Selected age Duration between
Cavila (Ma) Gilico (Ma) Argos (Ma) Pommerol (Ma) (Ma) Morénas (Ma) (1a) (Ma) (Ma) events (Myr)
Top Taxy 121.19 121.19
Base d13C Taxy 121.74 121.74
anomaly
Base Taxy 122.07 122.07 2.42
Top MBE 124.04 124.04
Base MBE 124.49 124.49 2.02
Top Faraoni 126.39 126.36 126.39
Base Faraoni 126.51 126.46 126.51 2.67
Top Mid Hauterivian
Event 128.7C 128.71 128.71
Base Mid
Hauterivian Event 1.9.2/. 129.18 129.18 2.40
Top End Valanginian
Event 131.46 131.44 131.46
Base End
valanginian Event 131.58 131.58 131.58 2.38
Top climax Weissert 133.74 133.75 133.72 133.75
Base climax 133.97 133.96 133.96 133.96 2.52
Weissert
Base Weissert 134.56 134.58 134.56 134.56
Top Early 136.11 136.18 136.11
Valanginian Event
Base Early
Valanginien Event 136.85 136.90 136.85




Declaration of interests

XThe authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the
work reported in this paper.

[TThe authors declare the following financial interests/personal relationships which may be considered as potential competing interests:



Graphical abstract .

Wa—--— Age (Mg

Flkers
24Majomnge) oG

%) l2Majgreen)  (%.FOB)

o 2101

£
zones 8z 5%
1214 [y b
LRI i
122 %
HE ]
1234 5]
& 18]
134 B
E B
135 =1
H
18 - gi-
1214 i B minarn %_
£ g [
128 %[5
5oama) i%
120+ Kl
B BE
- 1=
150 E P T O e 3%
181 e H
M
L [y H
132 o
Oy ek - ‘E—
w8 *om uH
W gt 3
N prone sosratan. ?
ERL LT —
ETE A vascsar [ Ele
W vl :‘m =]
135 2]
L W = B
138 E , %:\_1
padwsse |y rkar HE
15 N ig
Tz t
& =) T aEenn 11
1381 ! Py
F bouramy "
- EaurUTa N

CRIVAE V| CIEWA | Ot S HT, C1.0HZ | OLEHE (002 He 07 S B o S Bl SB35 A,

40 -0 0
T T T

Valarginian Cabon lsolope

L]
Event

Excurgion




e New time scale proposed from the Valanginian to the Barremian
e Onset of the Weissert Event synchronous to the Parana-Etendeka Large Igneous Province
e Control of long obliquity and eccentricity on detrital and carbon cycles



