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Following votes by the Valanginian Working Group, the Interna-
tional Subcommission on Cretaceous Stratigraphy and the Interna-
tional Commission on Stratigraphy, the Executive Committee of the
International Union of Geological Sciences unanimously approved in
December 2024 the Global Stratotype Section and Point (GSSP) for
the Valanginian Stage (Cretaceous System). The base of the Valangin-
ian Stage is defined at the base of limestone bed VGL-B136 of the Ver-
gol section (Montbrun-les-Bains, SE France), and correlated by the
First Occurrence of the ammonite species Hoedemaekeria (nov. gen.)
pertransiens. Other fossil groups such as calpionellids and calcareous
nannofossils are used to characterize the Berriasian/Valanginian bound-
ary. A calibration to the carbon and strontium isotope stratigraphy is
also proposed. The age model based on astrochronology allows to date

the base of the Valanginian Stage at 137.05 Ma (+ 0.2 Ma). Palacomag-
netic investigations reveal that the section is remagnetized and therefore
no palacomagnetic stratigraphy is available. However, an integrated
stratigraphy provides an accurate correlation with the Cafiada Luenga
section (Cehegin, SE Spain), proposed as Standard Auxiliary Boundary
Stratotype (SABS), that is characterized by magnetic chrons calibrated
by several biostratigraphic scales. The base of the Valanginian Stage
falls in the lowermost part of magnetic Chron M14r.

Introduction

Since the recognition of the Valanginian carbon isotopic anomaly
(Weissert, 1989) and its definition as the Weissert Oceanic Anoxic



Event (Erba et al., 2004), a renewed interest for the Valanginian Stage
is witnessed by the increasing number of papers (see Ogg et al., 2012;
Gale et al., 2020, and references therein). In this context, it has become
urgent to formally define the Global Boundary Stratotype Section and
Point (GSSP) of this stage. A first attempt was made during the Sec-
ond International Symposium on Cretaceous Stage boundaries at the
1995 Brussels meeting (Bulot et al., 1996). The former Valanginian
Working Group (VWG) provisionally recommended that a calpionel-
lid should be used as a primary marker. The group noted that some
French and Spanish sites were under consideration as boundary stra-
totype sections, but no section was recommended. However, a year
before the meeting, Blanc et al. (1994) had proposed the Montbrun-
les-Bains section (Drome, France), better known as Vergol, as a can-
didate for the Valanginian GSSP, using an ammonite as the primary
marker for the base of the stage. Later, the Cafiada Luenga section
(Cehegin, Spain) was proposed as an alternative GSSP (Aguado et al.,
2000). In the 2010s decade, two research teams worked on these French
(mainly on ammonites and calcareous nannofossils; Kenjo, 2014; Kenjo
et al., 2021) and Spanish (mainly on ammonites; Company and Tavera,
2015) sections.

After two decades of relative inactivity, the VWG needed to be
reconstituted. Miguel Company (Granada University, Spain) and Stéphane
Reboulet (Lyon University, France) accepted to be the new chairs of
the current VWG (since 2016). The list of members also had to be
updated with respect to the works published on the Valanginian; 27
active specialists of main fields of stratigraphy agreed to collaborate
(see https://cretaceous.stratigraphy.org/wgs/valanginian).

The first goal was to extend the work on both candidate sections,
applying an integrated stratigraphic approach in order to fulfill the
requirements for a GSSP. On the basis of preliminary studies under-
taken during 2021 and 2022, two informal proposals were produced
by Company et al. (2023; Cafiada Luenga) and Reboulet et al. (2023;
Vergol), and submitted to the current VWG in early 2023. The group
approved the First Occurrence (FO) of the ammonite species Hoede-
maekeria (nov. gen.) pertransiens (new combination for “Thurmanni-
ceras” pertransiens; see Appendix 1, Taxonomic note) as the primary
marker and the Vergol section was selected as candidate for the GSSP.
According to this result, a single formal proposal on the Valanginian
GSSP was written by Reboulet and Company (reporters) et al. (2024),
including the Cafiada Luenga section as a candidate for the Standard
Auxiliary Boundary Stratotype (SABS). As approved by the Interna-
tional Commission on Stratigraphy (ICS; Head et al., 2023), the SABS
provides a complementary expression of the boundary interval with-
out designating a specific point. This formal proposal was submitted
to successive votes of the Subcommission on Cretaceous Stratigraphy
and the International Commission on Stratigraphy, being finally unan-
imously approved by the Executive Committee of the International
Union of Geological Sciences.

The Valanginian Stage and Its Definition

Historical Background

The term Valanginian was coined by Desor (1854) to refer to the
beds outcropping in the Neuchatel region (Switzerland), between the

“calcaires compactes et blancs” of the Jurassic and the “Marnes
d'Hauterive”, and which corresponded to the “Néocomien inférieur”
of Campiche (1853). This vague definition was later detailed by Desor
and Gressly (1859), who included in this stage, from top to bottom: “la

e

limonite ou calcaire ferrugineux”, “le calcaire compact ou marbre batard”,
and “les marnes et bréches marneuses grises et bitumineuses”.

As this historic area is located in a shallow-marine environment,
some lithological units are thin, condensed, laterally discontinuous or
generally poor in ammonites. Consequently, French workers under-
took studies in the Vocontian basin (SE France) where the successions
are well-characterized by ammonites. This step corresponds to the
transition from a lithostratigraphic approach to a biostratigraphic one.
Several authors (Lory, 1860-64; Coquand, 1863, 1866; Coquand and
Boutin, 1869) soon established the correlation of the Valanginian with
the pelagic sediments of the lowermost Cretaceous in SE France, spe-
cifically with the succession formed by the “Calcaires de Berrias a
Terebratula diphyoides” and the “Marnes a Belemnites latus et ammo-
nites pyriteuses”, although shortly after, Coquand (1871) would propose
the Berriasian for the Berrias limestones. This separation was subse-
quently adopted by most authors (Kilian, 1887, 1889, 1896; Renevier,
1897; Lory, 1898; Paquier, 1900). However, Kilian (1907, 1910), proba-
bly to reaffirm his position in the dispute with Toucas (cf. discussion
in Hoedemaeker, 1995) over the Jurassic/Cretaceous boundary, pro-
posed eliminating the Berriasian and replacing it with the Hoplites
Boissieri Zone (= Infravalanginian) as the lowest zone of the Valanginian.
It was with Mazenot (1939) that the Berriasian recovered its indepen-
dence, ratified at the Lyon Colloquium of 1963.

The boundary between the Berriasian and the Valanginian was his-
torically placed between the Berrias limestones and the marls with
pyritized ammonites, that is, between the Ammonites boissieri and
Ammonites roubaudianus zones since they were introduced by Kilian
(1889). This scheme was slightly modified by Mazenot (1939), who
distinguished, in the upper part of the Berriasella boissieri Zone, a
level (Horizon de Beaucels = “Horizon supérieur” of Mazenot 1939 =
“Horizon 3” of Kilian) with a clearly Berriasian fauna but containing
some elements with Valanginian affinities (Kilianella aff. pexiptycha
and Thurmannites aff. pertransiens). This horizon was later trans-
ferred to the base of the Valanginian (Barbier and Thieuloy, 1965) and
then integrated in the new Thurmanniceras pertransiens Subzone (of
the former Kilianella roubaudi Zone) by Le Hégarat and Remane (1968).
Finally, Busnardo and Thieuloy (1979) would propose the Thurmannic-
eras otopeta Zone for the Beaucels Horizon. According to this inter-
pretation, the Berriasian/Valanginian (B/V) boundary was placed between
the Berriasella calisto Subzone (introduced by Le Hégarat and Remane,
1968) in the uppermost part of the Berriasian and the T. otopeta Zone
at the base of the Valanginian.

This solution, provisionally recommended by the Cretaceous Sub-
commission at Copenhagen (Birkelund et al., 1984), was accepted by
most authors (Company, 1982, 1987; Company and Tavera, 1982; Raw-
son, 1983; Tavera, 1985; Bulot, 1990; Ettachfini, 1991). However, it should
be noted that Hoedemaeker (1982, 1983, 1984, 1987) suggested an
alternative to this zonal scheme. He moved the B/V boundary to the
base of his Tirnovella alpillensis Subzone, a stratigraphic interval,
nearly correlatable with the B. calisto Subzone, and in which, according
to his observations, typically Berriasian species coexisted with others
belonging to genera traditionally considered as characteristic of the



Valanginian. This option was rejected by most Cretaceous biostrati-
graphic workers.

During the Second International Symposium on Cretaceous Stage
boundaries (Brussels, 1995), the former Valanginian Working Group
(VWG, Bulot et al., 1996) provisionally recommended placing the base
of the Valanginian at the base of the Calpionellid Zone E, which cor-
responded almost exactly to the base of the Thurmanniceras pertran-
siens ammonite Zone. Indeed, in their study of the Montbrun-les-Bains
section (Vergol), Blanc et al. (1994) observed that the First Occur-
rences (FOs) of Calpionellites darderi (index species of Zone E) and
Hoedemaekeria pertransiens are almost synchronous (see also Blanc,
1996). They proposed Vergol as a candidate section for the Valanginian
GSSP and to put the golden spike at the base of bed 210 in which they
recorded the FO of H. pertransiens. Thus, they confirmed the sugges-
tion of Bulot et al. (1993) and Bulot and Thieuloy (1995) to define the
base of the Valanginian Stage using an ammonite as primary marker,
namely the first appearance of H. pertransiens. However, the provi-
sional recommendation of the VWG (Bulot et al., 1996) was to place
the boundary at the base of Calpionellites Zone E (FO of C. darderi in
bed 209, Blanc et al., 1994). In their report, the former VWG only
emphasized the broader geographic distribution of the calpionellid index
species (recorded from Mexico to Turkey; see below), with respect to
distribution of the ammonite H. pertransiens. However, in a more
informal way, the choice of a calpionellid marker was also motivated
by disagreements on the taxonomy of some ammonites (cf. identifica-
tions) that led to some discrepancies in their stratigraphic interpreta-
tions and correlations problems. In the last decade, most of these
palaeontological issues have been solved because of huge improve-
ments in systematic studies and the biostratigraphy of the upper Berri-
asian—lower Valanginian interval, mainly made by Company and Tavera
(2015) and Kenjo et al. (2021; see also Kenjo, 2014). On the basis of
their work on the Vergol section, these latter authors proposed the first
appearance of H. pertransiens to define the base of the Valanginian.
Consequently, this option corresponds to the historical concept of the
(base of the) stage as the base of its former lowest zone, Hoplites (Kil-
ianella) roubaudiana Zone sensu Kilian, matching approximatively
with the base of H. pertransiens Zone. Kenjo et al. (2021, p. 22-24)
discussed the choice of the primary marker and also compared the
French candidate section for the Valanginian GSSP with the Cafiada
Luenga section (Cehegin, SE Spain) that was proposed as a possible
boundary stratotype by Aguado et al. (2000), who defined the base of
the Valanginian by the FO of C. darderi.

Primary Marker

Even though all species are biogeographically limited, the Valangin-
ian Working Group (VWG) preferred to use, as a primary marker, a
unique event such as the first appearance of a fossil species to define
the B/V boundary. This allows an unequivocal determination of age,
contrary to chemical and physical events that are repetitive (Remane
etal., 1996, p. 79), and used here as secondary markers of the Valangin-
ian base. Other reasons can be evoked to justify this approach. Con-
cerning the C-isotope trends, the B/V boundary as observed in the
Vergol and Cafiada Luenga sections (see below) is not characterized
by major changes. Minor variations are not easy to record (cf. sample
step) and recognize in some other sections (more particularly when

they are condensed), and should be interpreted carefully. For the
strontium isotope stratigraphy, the construction of ¥Sr/**Sr curves of
Early Cretaceous time is mainly based on data coming from SE France
and SE Spain (see below) and thus, for the moment, has not been widely
applied elsewhere. The geomagnetic reversal is a worldwide event
and practically instantaneous at the geological time scale. However,
the identification of magnetozones requires to be anchored to a solid
biostratigraphic framework for any given section in order to reduce
errors and improve accuracy for a nonambiguous correlation to the
reference geomagnetic polarity time scale (Ogg, 2020). Futhermore,
specific environmental and sedimentary conditions are required for
recording a complete and exploitable magnetic signature, as evoked
in the current work (cf. the Vergol section) for the Vocontian basin
(see chemical remagnetization, Katz et al., 1998, 2000). In cyclo-
astrochonology, the 405-kyr eccentricity cycle is classically used as a
geochronometer for the Mesozoic (Martinez et al., 2015, and refer-
ences therein) and the record of a series of these cycles throughout a
section allows to give an age model for the studied interval, and also
reinforce correlations, as proposed in the current work for the Vergol
and Cafiada Luenga successions (see below). However, this approach
is not really relevant in order to characterize a surface as the B/V
boundary.

Concerning the choice of the primary marker, three biostratigraphic
fossil groups were recognized by the former VWG (Bulot et al., 1996):
ammonites, calpionellids, and calcareous nannofossils. The current
VWG discussed the advantages and drawbacks of four taxa: Hoede-
maekeria pertransiens (index species of the first ammonite Valangin-
ian zone), Neocomites premolicus (index species of the first ammonite
subzone), Calpionellites darderi (index species of the first calpionel-
lid Valanginian zone), and Calcicalathina oblongata (index species of
the first nannofossil Valanginian zone). In order to define the base of
the Valanginian, the first appearance of H. pertransiens was selected
as the primary marker according to the following points, including both
conceptual and pragmatic approaches. At Vergol, the First Occurrence
(FO) of this ammonite marker is recorded in bed VGL-B136. To char-
acterize the B/V boundary, the FO of N. premolicus, C. darderi and C.
oblongata are considered as secondary markers, as well as chemical
and physical events as evoked previously, allowing an integrated stra-
tigraphy for a global correlation (see below).

The following points refer to the conceptual approach. The index
species, Hoedemaekeria pertransiens, has been historically attributed,
since its definition (Sayn, 1907), to the genus Thurmanniceras Coss-
mann (1901) or to its objective synonyms Thurmannia Hyatt (1900;
non Heer, 1852) and Thurmannites Kilian and Reboul (1914). The type
species of the genus Thurmanniceras (Ammonites Thurmanni Pictet and
Campiche, 1860) is based on poorly preserved and difficult to inter-
pret type material. However, this has not prevented the assignment to
the genus of more than forty species with very diverse phylogenetic
origins and palaeogeographic and stratigraphic distributions, turning
it into a paradigmatic catch-all taxon. This has led many authors to ques-
tion the attribution of pertransiens (and other closely related species such
as otopeta and gratianopolitensis) to the genus Thurmanniceras since
the 1980s (Hoedemaeker, 1982; Gayte, 1984, Bulot, 1995). This is the
reason why, pending a thorough revision, the generic name of these
species appears between inverted commas in the most recent litera-
ture (Company and Tavera, 2013, 2015; Kenjo, 2014; Kenjo et al.,



2021; Reboulet et al., 2022), including the latest versions of the stan-
dard Mediterranean ammonite zonation (Reboulet et al., 2014, 2018;
Szives et al., 2024).

In the framework of an integrated stratigraphy made on some
Moroccan sections (Reboulet et al., 2022), new and well-preserved
neocomitids, sampled on the B/V boundary interval, allowed the comple-
tion of Spanish (Company, 1987; Aguado et al., 2000; Company and
Tavera, 2015) and French (Kenjo, 2014; Kenjo et al., 2021) faunal
data. Our preliminary results (this work) allow us to consider that the
species ofopeta, pertransiens and gratianopolitensis should be grouped
into a new genus, different from Thurmanniceras Cossmann, which
would be restricted to the type species Thurmanniceras thurmanni.
This new genus, Hoedemackeria, is formally introduced here (see
Appendix 1, Taxonomic note).

Hoedemaekeria pertransiens is common, well preserved and shows
a continuous range at Vergol section (Kenjo et al., 2021 and refer-
ences therein; see below). According to these authors, and consider-
ing a global approach (see below), this species is common in basin
facies, rarer to absent in shelf facies. It has a short stratigraphic range
(restricted to the H. pertransiens Zone). This point is relevant, more
particularly in situations where the stratigraphic record of the species
is poor and not continuous (scarcity of the index species due to eco-
logical factors, bad preservation conditions, etc.). In this case, the shorter
the stratigraphic distribution, the closer we are to characterizing the
base of the stage. Hoedemaekeria pertransiens has a large palacogeo-
graphic distribution and it is relatively well represented in the Medi-
terranean Province of the Mediterranean—Caucasian Subrealm (Tethyan
Realm; Company, 1987; Bulot, 1995; Klein, 2005; Kenjo, 2014; Kenjo
et al., 2021). A recent record of H. pertransiens in Mexico (Ovando-
Figueroa et al., 2024a) shows the great potential of this species in the
Tethyan Realm (see below; for the palacobiogeographical attribution
of Mexico during the Early Cretaceous, see Ovando-Figueroa et al.,
2024b). It can be considered that the relatively wider distribution of C.
darderi than H. pertransiens does not represent a significant advan-
tage. Indeed, this calpionellid species is not recognized in some bio-
geographic domains (Boreal Realm and Eastern Tethys) and thus the
characterization of the boundary will be also impossible on large parts
of some continents (using a single marker). Microfossils have a poten-
tial of correlation higher than macrofossils when dating boreholes. For
the Berriasian and Valanginian stages, the inter-calibrations “macro/
microfossils” (outcrops and boreholes) are very often based on the associa-
tion “ammonites and calcareous nannofossils” (see below). Indeed,
calcareous nannofossils such as C. oblongata represent a powerful proxy
for borehole dating. Finally, it was noted that microfossils can be more
easily affected by reworking, and thus one has to be very cautious with
their use because reworked material can remain well preserved in some
cases. Even though the FO of a taxon is not affected by reworking, this
process modifies the range of species and thus, in some situations, it
will be more difficult to pinpoint the “true” FO. In any case, the ranges
(and FOs) of both these valuable biostratigraphic markers, i.e., C. darderi
and C. oblongata, are very well calibrated to the primary marker H.
pertransiens at the Vergol section, allowing a large inter-regional cor-
relation, from platform to basin environments, based on outcrops and
boreholes (see below).

According to a pragmatic approach, it can be noted that ammonites
(such as H. pertransiens) can be often directly and easily identified in

the field. This should not be the first criterion for choosing a marker,
but we have to facilitate the application and the deployment of the selected
solution by the widest number of researchers, including those work-
ing in developing countries. Moreover, the community of Cretaceous
ammonite workers is relatively well represented in different countries
enabling the expertise of a specialist to be deployed in different areas,
as shown by a regular and substantial activity of the [UGS Kilian group
(Hoedemaceker et al. 2003; Reboulet et al., 2006, 2009, 2011, 2014,
2018; Szives et al., 2024).

A detailed discussion about the choice of the primary marker (and
the section) for the Valanginian GSSP was proposed by Kenjo et al.
(2021, p. 22-24), in particular: “The base of Phanerozoic stages is often
defined by biologic markers (GSSP table of ICS, http://www.stratig-
raphy.org/index.php/ics-gssps) that are ammonites for all stages of the
Jurassic System (ratified GSSPs or proposals in progress for other
stages). Indeed, for this period and also for Cretaceous, studies on
ammonites generally provide the highest biostratigraphical resolution
of stages to establish their subdivision and define their base .... a pri-
ority is given here to ammonite biostratigraphic data in order to make
a good and workable correspondence in the subdivision of the Valangin-
ian Stage (ammonite (sub-)zones) and the definition of its base...”.

The Vergol Section (SE France): the Valanginian
GSSP

Location and Geological Setting

The site is located in the Montbrun-les-Bains commune in the
department of Drome (France), about 50 km east of Orange and 40 km
west of Sisteron (Fig. 1A, B). GPS coordinates are: 44°12'11.5"N,
5°25'04.1"E (WGS84 reference frame; https:/www.google.com/maps).
It appears on the Séderon sheet of the “Carte géologique de la France”
at the 1/50,000 scale (Flandrin et al., 1964) and on the topographic sheet,
scale 1/25,000, Banon Sault, n° IGN 3240 OT.

The Vergol section was palacogeographically located in the central
part of the epicontinental Vocontian basin (SE France), at a palaeolati-
tude of approximately 30°N (Savostin et al., 1986; Gréselle and Pittet,
2010; Fig. 2). This basin was surrounded by carbonate platforms (Cotillon
et al., 1980; Gréselle and Pittet, 2010), such as the Jura platform to the
north, and the Provence platform to the south. The Vocontian basin
belonged to the passive margin of the European Tethys and it was
infilled by a sequence of sediments which were deposited in a hemi-
pelagic environment (Gréselle et al., 2011; Martinez et al., 2013).

Access and Protection

At Vergol, three successive sites of observations were selected to
provide a continuous log from the upper Berriasian (Zirnovella alpil-
lensis Zone) to the middle part of the lower Valanginian (Hoedemaeke-
ria pertransiens Zone and Neocomites neocomiensiformis Zone p.p.).
Two long exposures are located along the road D159 where the litho-
logical succession is easily and continuously followed. An intermedi-
ate exposure occurs along (and on the sides of) the small creek orthogonal
to the road. Due to the large area of exposure, most of the beds can be
easily observed on many sites (Fig. 3). Thus, the exposure conditions



Figure 1. Location of the Vergol section (Montbrun-les-Bains, Drome, France). A, general geographic map modified from Kenjo et al. (2021).
B, detailed location map modified from https://www.geoportail.gouv.fr/carte. Red star: Vergol section, GPS coordinates are 44°12'11.5"N

5°25'04.1"E (WGS84 reference frame; https://www.google.com/maps).

Figure 2. Palaeogeographic map of the Vocontian basin (SE France, Lower Cretaceous) modified from Ferry (1991). Red star: Vergol section.

of the Vergol section are highly suitable for accurate observations and
high-resolution sampling. The corresponding sites of observations are
indicated alongside the section (Fig. 4).

Most of the succession is exposed along the road and a large sur-
face area of outcrop (including the interval boundary) is located in
Parcel 218 (of the land register) that belongs to the municipality of
Montbrun-les-Bains. Taking into account that this area is public prop-
erty, the section is fully and permanently accessible.

The whole section is included in the “Parc Naturel Régional des
Baronnies Provengales”. The scientific committee (SC) of the park (S.
Reboulet is one of the SC members), in collaboration with the Mont-
brun-les-Bains municipality and the Drome Department, has a proj-
ect for the development and protection of the Vergol site.

General Description of the Section

The interval of the Vergol section which embraces the Berriasian/
Valanginian (B/V) boundary is 53.12 m thick from bed VGL-B95 to
bed VGL-V43. The cumulative thicknesses are indicated along the
section (in metres, measured from the base of the section; Fig. 4). It was
extensively described by Kenjo (2014) and Kenjo et al. (2021) and the
bed numbering system used here is based on their work. Those authors
proposed a correlation with the Vergol section sensu Blanc et al. (1994)
and Blanc (1996). Above bed VGL-V43, there is a synsedimentary
disturbance (12 m thick); this slump is located in the N. neocomiensi-
formis Zone, around 34 m above the (B/V) boundary.

The Vergol section is an expanded succession deposited in a hemi-



Figure 3. Access and exposure of the Vergol section. Sites of observations (see orange lines); location map modified from Google Earth
(https://earth.google.com/); the location of photos (A to F) illustrated in Fig. 5 is indicated here.

pelagic environment of the Vocontian basin, that is optimal for a con-
tinuous sedimentary record (see astrochronology, Martinez et al., 2013,
2015). The studied interval (VGL-B95 to VGL-V43) is composed of
marl-limestone alternations (Figs. 4 and 5). This interval does not show
any evidence of sedimentary hiatuses such as hardgrounds, phosphate
nodules or glauconitic intervals, which are observed in more proxi-
mal sections located on the surrounding platforms (Gréselle and Pit-
tet, 2010). Only three very small layers (millimetric to centimetric in
thickness), interpreted as turbidites, are recorded but these are located
approximatively 9 metres below and 8 metres above the B/V boundary.
The succession is characterized by an absence of tectonic disturbance.
Metamorphism and (strong) diagenetic alteration can be excluded.
According to Gréselle et al. (2011) “the long-distance correlation of the
marl-limestone alternations in the Vocontian basin shows that they
have a primary origin, and demonstrates that they cannot result from a
diagenetic redistribution of carbonates” (see also Cotillon et al., 1980).

The base of the studied interval (upper Berriasian) is characterized
by thick limestone beds (such as VGL-B100 and VGL-B101, Fig. 5A)
alternating with thin marl layers. Limestone beds become thinner
stratigraphically upwards while marl layers are thicker. The uppermost
Berriasian is characterized by a limestone-dominated interval of 11
limestone beds (calcareous bundle VGL-B119 to VGL-B129; Fig. 5C, D)
named the “Otopeta bundle” that is located just below the B/V boundary.
Around this boundary and in the lowermost Valanginian (Fig. 5B, E),
the limestone beds tend to be thinner while marlstones are thicker, even if
the marl layers remain generally thinner than limestones. From bed
VGL-V30 to bed VGL-V43 (Fig. 5F), marl layers become generally
thicker than limestones. According to the Dunham’s (1962) classifica-
tion, the fine-grained limestones are mudstones or wackestone.

The studied succession is very expanded and has a very good sedi-
mentary record; the rate of sedimentation is around 23 m/Myr (see below).

Sequence Stratigraphy

The hierarchy of cycles used here matches with the cyclostrati-
graphic framework of Gréselle and Pittet (2010; see also Gréselle,
2007; Gréselle et al., 2011) who worked on a large transect from prox-
imal (Jura and Provence platforms) to distal (Vocontian basin) palaeo-
environments (Fig. 2).

As reported on the Vergol section, these authors (op. cit.) recog-
nized four orders of depositional cycles (a to d, see Fig. 6) allowing them
to propose an orbital control for the formation of lithological cycles
that can be defined as depositional sequences sensu Strasser et al. (1999):
(a) Elementary sequences are defined in the basin (deep environment).
They correspond to 20 kyr precession cycles (a single limestone—marl
couplet, sometimes doubled); (b) Small-scale sequences are the smallest
order of sequences recognized in the platform, margin and basin.
These sequences correspond to 100 kyr short-term eccentricity cycles
(composed of 4, 5 or 6 repetitively stacked elementary couplets char-
acterized by an increasing thickness of the limestone beds and higher
carbonate content towards the top of the sequence); (c) Medium-scale
sequences are defined on the platform and margins by discontinuity
surfaces (cf. changes in facies evolution). In the basin, medium-scale
sequences are made of four small-scale sequences; thus, they match to
400 kyr long-term eccentricity cycles (Ber 13, Ber 14, Ber 15, Val 1, Val
2). Medium-scale sequences are often characterized by a strong asym-
metry in carbonate content (thicker and harder limestone beds related
to higher carbonate contents at the top of sequences); (d) Large-scale
sequences are here formed by two medium-scale sequences. These
sequences are bounded by major facies changes and discontinuities in
sedimentation on the platform areas (SB C or Be8, SB D or Val, SBE
or Va2).

Gréselle and Pittet (2010) proposed a reconstruction of sea-level



Figure 4. Section modified firom Kenjo et al. (2021) with indications of cumulative thicknesses (in metres, measured fiom the base of the section)
and stratigraphic intervals of three sites of observations where the profile was drawn; the three exposures are located in Fig. 3. The number-
ing system is based on the limestone—marl couplets; more explanations in Kenjo et al. (2021, figure caption 1).



Figure 5. Photos showing some exposures of the Vergol section. Letters A to F are located in Fig. 3; explanations see text (photos Reboulet).

fluctuations using the identified small, medium and large-scale sequences slower regression (if no sedimentation rate change is identified in a
as well as depositional geometries. Medium- and long-term curves are sequence). It can be noted that the boundary level (VGL-B136) occurred
reported with a strong asymmetric sea-level oscillation (Fig. 6). Their during a sea-level highstand.

shape could be interpreted as a rapid transgressive phase and a much Medium-scale and large-scale sequences can be correlated from the



Figure 6. Sequence stratigraphy of the Vergol section. The current profile (lithology and ammonite zonation modified from Kenjo et al., 2021)
is correlated with those proposed by Gréselle (2007, fig. 3.45a) and Gréselle and Pittet (2010, fig. 11). The sequence stratigraphy (a to d) is
established according to Gréselle (2007), Gréselle and Pittet (2010), and Gréselle et al. (2011): (a) Elementary sequences (20 kyr precession
cycles), (b) Small-scale sequences (100 kyr short-term eccentricity cycles), (¢) Medium-scale sequences (400 kyr long-term eccentricity
cycles), and (d) Large-scale sequences; more explanations see text. Sea-level fluctuations (peri-Vocontian area) modified from Gréselle and
Pittet (2010, fig. 17). 3rd order Sequence Boundary (Be8, Val, Va2) according to Haq et al. (1987) and Hardenbol et al. (1998). Three turbid-
ites are recorded: in layers VGL-B108, VGL-V1 (see Gréselle, 2007; the latter corresponds to the ScMbl surface from Blanc, 1996, p. 85),
and VGL-B114 (this work)
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Figure 7. Correlation transect France (Vocontian basin and surrounding platforms)-Morocco. Interpretations based on Gréselle (2007),
Gréselle and Pittet (2010), Gréselle et al. (2011), Kenjo et al. (2021) and Reboulet et al. (2022). For further explanations on the Vergol section,
see Fig. 6 and its caption. The Chambotte (distal part of the Jura-Dauphinois carbonate platform, SE France) and the Sure Nord (Chartreuse
margin, SE France) sections modified from Greéselle and Pittet (2010). The Carajuan section (distal margin of the Provence Platform, SE France)
modified from Gréselle and Pittet (2010), and Reboulet et al. (2022). Ait Hamouch section (Essaouira-Agadir basin (EAB), Morocco) from
Reboulet et al. (2022). Location of French sections on the inset map modified from Gréselle et al. (2011).

Jura-Dauphinois to Provence platforms, via the Vocontian basin (Fig.
7). According to Gréselle and Pittet (2010), “each section was inter-
preted in terms of sequence stratigraphy based on the stratigraphic
evolution of the depositional environments, on the observation of
remarkable surfaces and on the geometries of the sedimentary bodies”.

Reliable biostratigraphic data allowed correlations of the Vergol section
with the Ait Hamouch section located in the Essaouira-Agadir basin
(EAB, Morocco; Fig. 7; Reboulet et al., 2022). Consequently, the major
sequence boundaries Be8, Val and Va2 were recognized in the north-
ern and southern margin of the Mesozoic Tethys Ocean.



Biostratigraphy

A taxonomic index is provided in Appendix 2.

Ammonites

A total of 1023 ammonites, sampled in limestone beds, were identi-
fied. Data are provided by Kenjo (2014) and Kenjo et al. (2021; 855
specimens) and the unpublished work of Jaap Klein (168 specimens;
Fig. 8). Most of them are stored either in the “Collections de géologie”
of the “Université Claude Bernard” (Lyon, France; collection of Kenjo
and Reboulet) or in the Klein’s collection, Numbers RGM 778277-
778431, in the Naturalis Biodiversity Center, Leiden, The Netherlands.
The ammonite study made by J. Klein was restricted to the interval
VGL-B121 up to VGL-V19; phylloceratids, lytoceratids and Neoliss-
oceras grasianum were not sampled.

Dissolution of shells is usual, and ammonites are preserved as internal
calcareous moulds. A huge systematic revision of all species was made
during the PhD thesis of Kenjo (2014). Palaeontological comments
(with photos of ammonites), information on stratigraphy and quantita-
tive data were provided by Kenjo et al. (2021); a long list of references is
available in their work. The ammonite fauna of the studied section
(Fig. 8) is illustrated in Figs. 9 to 12. It consists of 20 (sub-)genera grouped
into 7 families, using the suprageneric classification proposed by Klein
(2005) and Klein et al. (2007, 2009; an appendix is given in Kenjo et al.,
2021). The ammonite zonation is based on the recognition of successive
faunal turnovers and by using interval zones of index species, defined
by the first appearance, and characterized by their association (Kenjo
et al., 2021). It corresponds to the standard zonation of the ITUGS Kil-
ian group (Reboulet et al., 2018; Szives et al., 2024).

Neocomitids are used to build the zonal scheme. The Berriasian
interval is well characterized by the occurrences of Tirnovella alpil-
lensis, and Hoedemaekeria otopeta that is relatively abundant in beds
VGL-B127-B128-B129 (Fig. 8). The first occurrences (FO) of both
these taxa allow to place the bases of the 7. alpillensis Zone and H.
otopeta Subzone, respectively. The lowest specimen of 7. alpillensis
has been found in VGL-B96 (Kenjo et al., 2021). As no sampling has
been made below this layer, it cannot be excluded that the 7. alpillensis
Zone is partly represented in the studied interval (see question marks
put at the base of the (Sub-)Zone, Fig. 8). Lithological correlations show
that the bed VGL-B96 should correspond to bed COUR-96 of the
Courchons section (Saint-André-les-Alpes, Alpes-de-Haute-Provence;
Kenjo, 2014). In this last section, the FO of T. alpillensis is observed
around one metre below (bed COUR-92), but this specimen was iden-
tified with doubt. The presence of other typical Berriasian taxa such
as Erdenella paquieri, Berriasella calisto and Fauriella boissieri is
significant in this interval. The base of the Valanginian is defined at
the base of limestone bed VGL-B136 (at 19.23 m, measured from the
base of the section) in which the FO of Hoedemaekeria pertransiens
(primary marker) is recorded. The basal part of the lower Valanginian
assemblage is also characterized by the occurrences of Hoedemaekeria
gratianopolitensis and Neocomites premolicus. The FO of this latter
species can be used to recognize the base of the Valanginian if H. per-
transiens is rare or absent (see Ettachfini, 2004; Reboulet et al., 2022).
In the upper part of the studied section, the FO of Neocomites neo-
comiensiformis indicates the base of the N. neocomiensiformis Zone.
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The lower Valanginian is characterized by Sarasinella (see discus-
sion in Reboulet et al., 2022). Kilianella is also recorded in this sub-
stage, but the genus first occurs in the top part of the Berriasian.

Olcostephanids are mainly represented by rare Spiticeras and Olco-
stephanus that occur in the upper Berriasian and lower Valanginian
intervals, respectively (Fig. 8).

Haploceratids, lytoceratids and phylloceratids are rare to common.
The species belonging to these families are not really useful to charac-
terize the Berriasian versus Valanginian ammonite assemblages, except
Neolissoceras (Vergoliceras) salinarium that first occurs around the
B/V boundary, and Lyfoceras honnoratianum that seems restricted to
the Berriasian interval in the Vergol section. The main discrepancy
between J. Klein’s unpublished results and those of Kenjo et al.
(2021) concerns the stratigraphic range of Neolissoceras (Vergolic-
eras); this is related to different taxonomical concepts (cf. identifica-
tions). According to J. Klein, Neolissoceras (Vergoliceras) sp. ind.
and N. (V) salinarium first occur in the top part of the Berriasian H.
otopeta Subzone (see the small dashed rectangle in Fig. 8) while
Kenjo et al. (2021) observed these events in the basal part of the H.
pertransiens Zone. During the last meeting of the Kilian Group (War-
saw, 2022), M. Company presented his joint work with S. Reboulet
and made some proposals that were accepted (Szives et al., 2024).
Among them, the N. (V) salinarium Subzone was considered as the
second subzone of the H. pertransiens Zone (see also Kenjo, 2014).
This zonal scheme is adopted here, according to the ammonite ranges
proposed by Kenjo et al. (2021).

Heteromorphs are represented by bochianitids, with Bochianites
neocomiensis being rare but regularly found, and protancyloceratids,
with Leptoceras and Protancyloceras that occur around the boundary
interval. In layers VGL-B123-124, Leptoceras sp. ind. are relatively
abundant. J. Klein also recorded this acme in the lower part of the H. otop-
eta Subzone in some sections of SE France such as Ginestous (see
Janssen, 2021, figs. 6 and 7).

Belemnites

Comparable to other cephalopod groups (especially ammonites),
belemnites occur either in abundance or can be virtually absent and
everything in between. However, one important difference in the dis-
tribution of the belemnites compared to ammonites is their relative
greater abundance in the marl layers as compared to limestone beds
(see Janssen, 2021, for further explanation). Belemnites are stored in
the Janssen’s collection in the Naturalis Biodiversity Center, Leiden,
The Netherlands. The collection numbers are: RGM288680-288700,
RGM288822, RGM582032, RGM582071-582079, RGM582106-582131,
RGM582230-582251, RGM 582326582324, RGM582380-582382,
RGM582433-582437, RGMS582607-582615, RGM614560-614593.

The upper Berriasian is characterized by taxa such as Berriasibelus
incertus, B. aff. exstinctorius, B. triquetrus, Castellanibelus sp. E, Gillieroni-
belus mayeri and Tithonobelus orbignyi, of which most disappear in the
uppermost Berriasian (Fig. 8). In addition, species that relate to Duvalia
ex gt. lata (1.e. Duvalia lata lata, D. lata constricta and Duvalia torngjoen-
sis) diminish significantly and occur less frequently, from the upper
Berriasian into the lower Valanginian.

The B/V boundary does not coincide with a FO of any belemnite taxon.
The first belemnites that indicate an early Valanginian age are from the
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Figure 8. Ammonites and belemnites of the Vergol section, ranges and zonations. Concerning ammonites, the unpublished study made by J.
Klein was restricted to the interval VGL-BI121 up to VGL-V19. Klein's new data are included with Kenjo (2014) and Kenjo et al. (2021)’s data,
except for the lower part of the range of Neolissoceras (Vergoliceras) sp. ind. and N. (V.) salinarium (cf. the small dashed rectangle); see
explanation in the text. Phylloceratids, lytoceratids and Neolissoceras grasianum (grouped in the large dashed rectangle) were not sampled by

J. Klein. Concerning belemnites, data are from Janssen (2021), updated by the author (this study) for the basal part of the section. For further
explanations on the Vergol section, see Fig. 6 and its caption.

Castellanibelus orbignyanus Zone (FO of the index species in the marl tellanibelus orbignyanus, Berriasibelus conicus, Berriasibelus exstincto-
layer VGL-B150, base of layer at 25.27 m; Fig. 8), as defined in Janssen rius, Hibolites aff. pistilliformis and Mirabelobelus blainvillei. Especially
(2021). Here, conventional Valanginian taxa first occur, such as Cas- Berriasibelus, Castellanibelus and Duvalia ex gr. lata but also some
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Figure 9. Ammonites (neocomitids) of the Vergol section (collection of Kenjo and Reboulet, UCBL-FSL, University of Lyon, France): A,
Tirnovella alpillensis, UCBL-FSL 485397, VGL-B112, T. alpillensis (Sub-)Zone; B, Berriasella calisto, UCBL-FSL 485412, VGL-B113, T.
alpillensis (Sub-)Zone; C, Fauriella boissieri, UCBL-FSL 485591, VGL-B125, T. alpillensis Zone, Hoedemaekeria otopeta Subzone; D,
Erdenella paquieri, UCBL-FSL 485337, VGL-B121, T. alpillensis Zone, H. otopeta Subzone; E, T. alpillensis, UCBL-FSL 485603, VGL-
B116, T. alpillensis Zone, H. otopeta Subzone. Scale bar = 1 cm.
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Figure 10. Ammonites (neocomitids) of the Vergol section (collection of Kenjo and Reboulet, UCBL-FSL, University of Lyon, France): A,
Hoedemaekeria otopeta, UCBL-FSL 485350, VGL-B129, Tirnovella alpillensis Zone, H. otopeta Subzone; B, H. otopeta, UCBL-FSL 485345,
VGL-B127, T. alpillensis Zone, H. otopeta Subzone; C, Hoedemaekeria pertransiens, UCBL-FSL 485376, VGLB148, H. pertransiens Zone,
N. premolicus Subzone; D, H. pertransiens, UCBL-FSL 485546, VGL-V16, H. pertransiens Zone, N. (V.) salinarium Subzone; E, H. pertran-
siens, UCBL-FSL 485380, VGL-V22, H. pertransiens Zone, N. (V.) salinarium Subzone. F, H. pertransiens, UCBL-FSL 485377, VGL-V1b,

H. pertransiens Zone, Neocomites premolicus Subzone; G H. pertransiens, UCBL-FSL 485379, VGL-B136, H. pertransiens Zone, N. pre-
molicus Subzone. Scale bar = 1 cm.

hibolitoid genera (Mirabelobelus and Hibolites) are common, though
species abundances might fluctuate throughout the lower Valanginian

and into the lowermost upper Valanginian (see Janssen and Clément,
2002).

Calpionellids

Sixty-six samples were collected in limestone beds from the Vergol
section in order to use them for thin-sections production. They served
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Figure 11. Ammonites (neocomitids) of the Vergol section (collection of Kenjo and Reboulet, UCBL-FSL, University of Lyon, France): A,
Neocomites premolicus, UCBL-FSL 485388, VGL-VS8, Hoedemackeria pertransiens Zone, N. premolicus Subzone; B, Neocomites neo-
comiensiformis, UCBL-FSL 485389, VGL-V43, N. neocomiensiformis Zone; C, N. premolicus, UCBL-FSL 485387, VGL-B141, H. pertran-
siens Zone, N. premolicus Subzone; D, Kilianella lucensis, UCBL-FSL 485440, VGL-VY, H. pertransiens Zone, N. premolicus Subzone; E,
Kilianella roubaudiana, UCBL-FSL 485439, VGL-V31, H. pertransiens Zone, N. (V.) salinarium Subzone; F, Sarasinella eucyrta, UCBL-
FSL 485446, VGL-V28, H. pertransiens Zone, N. (V.) salinarium Subzone. Scale bar = 1 cm.

for documentation of succession of stratigraphically important calcar-
eous microfossils (calpionellids and calcareous dinoflagellates) and
for microfacies analyses. Thin sections are stored in Rehdkova’s col-
lection at the Department of Geology and Palaeontology, Faculty of Nat-
ural Sciences, Comenius University, Bratislava (Slovakia). Bio- and
abiotic components, and biomarkers were studied under a LEICA DM
2500 microscope, equipped with an Axiocam ERc 5s camera, at the
Department of Geology and Palaeontology, Comenius University in
Bratislava. The standard calpionellid zonation of Remane et al. (1986)
modified by Pop (1986) and the calcareous dinocyst zones sensu
Rehékova (2000a) modified on the basis of Ivanova and Kietzmann
(2017) were applied. Microfacies were interpreted according to Dun-
ham (1962). Standard microfacies types (SMFs) and facies zones
(FZs) were defined as proposed by Wilson (1975) and modified by Flii-
gel (2004). New data are presented here.

Calpionellids are not frequent in the Vergol section and become
even rarer and less diverse from the onset of the Praecalpionellites
murgeanui Subzone. The preservation of their loricae is very good in the
lower part of the section where samples contain a calpionellid associ-

ation of the Calpionellopsis oblonga Subzone. Higher in the section
(Fig. 13), in the P. murgeanui Subzone as well as in the Calpionellites
Zone (Calpionellites darderi and Calpionellites major Subzones), the
abundance of calpionellids and their diversity decrease rapidly. The
preservation of loricae in the last-mentioned subzones is variable. While
loricae of C. oblonga are well preserved, loricae of Praecalpionellites
and Calpionellites species, locally also remaniellids and tintinnopsellids,
are much thinner and their collars are partially reduced and, in the case of
the high portion of organic matter in matrix, calpionellid loricae show
microbially induced dark linings. Nevertheless, their preservation is
good enough for the identification on the species level and for the cor-
relation on the (inter-)regional scale. In any case, a uniform preserva-
tion would not be expected under variable environmental conditions,
as documented by Iskra Lakova who studied coeval calpionellid asso-
ciation in the Cafiada Luenga section in which abundant and well-pre-
served calpionellids in the Calpionellites Zone are documented. Similar
preservation was recorded in the Hlbo¢ section in the Western Car-
pathians (Vasicek et al., 1994). Calpionellid assemblages of the Vergol
section are illustrated in Figs. 14 and 15 (A—N).
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Figure 12. Ammonoids (olcostephanids, haploceratids, phylloceratids
and btoceratids) of the Vergol section (collection of Kenjo and Reboulet,
UCBL-FSL, University of Lyon, France): A, Lytoceras honnoratianum,
UCBL-FSL 485455, VGL-B121, Tirnovella alpillensis Zone, Hoede-
maekeria otopeta Subzone; B, Ptychophylloceras (Semisulcatoceras)
semisulcatum, UCBL-FSL 485458, VGL-VY, Hoedemackeria pertransiens
Zone, Neocomites premolicus Subzone; C, Neolissoceras (Vergoliceras)
salinarium, UCBL-FSL 485463, VGL-V2, H. pertransiens Zone, N. (V.)
salinarium Subzone; D, Spiticeras multiforme, UCBL-FSL 485476,
VGL-B112, T. alpillensis (Sub-)Zone. Scale bar =1 cm.

The Calpionellopsis Zone was introduced as the “D Zone” by Remane
(in Le Hégarat and Remane, 1968) and later defined as the Calpionel-
lopsis Standard Zone by Allemann et al. (1971). The FO of Calpionel-
lopsis simplex defines the base of the zone and the FO of C. darderi its
top. This zone is divided into the C. simplex (D1 Subzone of Remane,
1971; not identified in the Vergol section), C. oblonga and P murgeanui
subzones (Fig. 13).

The Calpionellopsis oblonga Subzone corresponds to the D2+D3
subzones of Remane (in Le Hégarat and Remane, 1968), named the
C. oblonga Subzone by Remane et al. (1986). Pop (1986) restricted
the subzone to the interval between the FO of C. oblonga at its base and
the FO of P. murgeanui on the top of subzone. In the Vergol section,
C. oblonga is common to frequent.

The P. murgeanui Subzone was defined and introduced by Pop

(1986). Its base is defined by the FO of P. murgeanui. At Vergol, P.
murgeanui is rare to common, accompanied by Praecalpionellites sir-
iniaensis (scarce). Calpionellopsis oblonga becomes rare. Due to the
rare occurrence and insufficient preservation of collars in the rare lori-
cae resembling those of Praecalpionellites genus, species were some-
times identified with doubt (see question marks on Fig. 13). Therefore, it
is not possible to strictly establish a boundary between the C. oblonga
and P. murgeanui subzones. The first well-preserved loricae of P, sir-
iniaensis and P. murgeanui were documented in limestone samples
VGL-B114 and VGL-B117, respectively.

Allemann et al. (1971) designated Remane’s (1971) E zone as the
Calpionellites Standard Zone. Pop (1974) restricted the top of this
zone to the LO of the genus Calpionellites. The lower boundary of the
Calpionellites Zone was placed at the FO of C. darderi; at Vergol this
matches in limestone bed VGL-B133 (base of layer at 17.89 m). Pop
(1994) subdivided the Calpionellites Zone into the C. darderi and C.
major subzones. Benzaggagh et al. (2012) introduced Calpionellites-
Oblonga or E1 Subzone coinciding with the C. darderi Subzone. Ben-
zaggagh (2020) proposed a new calpionellid (sub-)zonal scheme. It will
have to be thoroughly checked to confirm its use for inter-regional
correlation. The large palacogeographic distribution of localities in
which calpionellids were documented was shown by Wimbledon et
al. (2020); the distribution of index species of Calpionellites standard
Zone was summarized by Lakova and Petrova (2013) or Jiménez-
Lopez et al. (2021).

The C. darderi Subzone was first mentioned by Trejo (1980) but
formally introduced by Pop (1994). In the Vergol section C. darderi is
rare to common.

The C. major Subzone was established by Pop (1994). The lower
boundary is defined by the FO of the index species (recorded in lime-
stone bed VGL-B149) and its upper boundary by the LO of the genus
Calpionellites. Benzaggagh et al. (2012) introduced Calpionellites-
Tintinnopsella or E2 Subzone corresponding to the C. major Subzone.

Calcareous dinoflagellate cysts

Material and methods are indicated above in part “Calpionellids”.
New data are presented here.

Concerning calcareous dinoflagellates (phototropic algae producing
cysts), it is important to emphasize that every new detailed study improves
the understanding of the cyst successive distribution (Grabowski et al.,
2016; Kowal-Kasprzyk, 2016; Ivanova and Kietzmann, 2017; Rehékova,
2019; Mol¢an Matejova et al., 2022; Kietzmann et al., 2023) and helps to
refine cyst zonations as proposed by Borza (1969), Lakova et al. (1999)
and Rehakova (2000b). In assemblages dominated by calpionellids,
calcareous dinoflagellates are generally rare to scarce which can make
their identification in thin-sections much more difficult.

Based on the combination of older and new data, upper Berriasian
and lower Valanginian deposits generally contain cyst associations
consisting of Stomiosphaera wanneri, Cadosina minuta (about this
species, see Granier (2024) and note in the taxonomic index, Appen-
dix 2), Colomisphaera vogleri, Colomisphaera conferta, Colomis-
phaera heliosphaera, Colomisphaera lucida and Carpistomiosphaera
valanginiana. Apart from the last two mentioned cysts, all others,
together with some of long-ranging species such as Cadosina semira-
diata semiradiata, Cadosina semiradiata fusca, Cadosina semiradi-



17

Figure 13. Calpionellids, calcareous dinoflagelletes, calcareous nannofossils (data modified from Kenjo et al., 2021) and ichnofossils of the
Vergol section, ranges and zonations. For further explanations on the Vergol section, see Fig. 6 and its caption.

ata cieszynica, Stomiosphaerina proxima and Colomisphaera lapidosa,
were documented in the Vergol section (Fig. 13). Here, most of the
cysts mentioned above are rather rare to scarce; only C. minuta, which
forms clusters of several cysts, is more frequent.

Thus, the S. wannneri, C. vogleri and C. conferta cyst zones (sensu
Grabowski et al., 2016; Ivanova and Kietzmann, 2017; Kietzmann et
al., 2023) have been recognized throughout the Vergol section. The

lowermost part of the section has been tentatively assigned to the S.
wanneri Zone. The base of the C. vogleri Zone is drawn at the FO of
its index species in bed VGL-B106. The B/V boundary falls within
the C. conferta Zone, the base of which is placed at the FO of the index
species in bed VGL-B119 (base of layer at 12.98 m; Fig. 13). Calcare-
ous dinoflagellate assemblages of the Vergol section are illustrated in
Figs. 15 (O-T) and 16 (A-F).
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Figure 14. Calpionellids of the Vergol section (collection of Rehdkova, Comenius University, Bratislava, Slovakia): A, Calpionellopsis oblonga, VGL-
B105; B, Praecalpionellites siriniaensis, VGL-B114; C, C. oblonga, VGL-B118; D, Tintinnopsella longa, VGL-B118; E, C. oblonga, VGL-B126;
FE Remaniella filipescui, VGL-B127; G, Praecalpionellites murgeanui, VGL-B127; H, Lorenziella hungarica, VGL-B130; I, Tintinnopsella
carpathica, VGL-B131; J, Lorentiella plicata, VGL-B132; K, L. plicata, VGL-B132; L, T. carpathica, with bacterially induced dark rim, VGL-B132;
M, Calpionellites darderi, VGL-B133; N, R. filipescui, VGL-B133; O, C. darderi, VGL-B133; P, C. darderi, VGL-B133; Q, L. plicata, VGL-B135;
R, Remaniella borzai, VGL-B135; S, Calpionellites uncinatus, VGL-B142; T, C. darderi, VGL-B144. Scale bar = 50 um.
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Figure 15. Calpionellids of the Vergol section (collection of Rehdkovd, Comenius University, Bratislava, Slovakia): A, Calpionellites darderi,
VGL-B144; B, Tintinnopsella longa, VGL-B148; C, Remaniella borzai, VGL-B120; D, Tintinnopsella doliphormis, VGL-B108; E, Calpionellites
major, VGL V1B; F, Calpionellites caravacaensis, VGL V2; G, Praecalpionellites siriniaensis, VGL V2; H, C. darderi, VGL-V3; I, C. major,
VLG-V3; J, T. longa, VGL-V5; K, Calpionellites coronatus, VGL-V9; L, Remaniella catalanoi, VGL-V10; M, C. darderi, VGL-V10; N, Remaniella
cadischiana, VGL-V10. Scale bar = 50 um, except for E scale bar = 200 um. Calcareous dinoflagellates of the Vergol section (collection of
Rehdkovd, Comenius University, Bratislava, Slovakia): O, Cadosina semiradiata fusca, VGL-B130; P, Colomisphaera conferta, VGL-B132;
0, Stomiosphaera wanneri, VGL-B132; R, Stomiosphaerina proxima, VGL-B132; S, Colomisphaera vogleri, VGL-B134; T, C. vogleri, VGL-
B136. Scale bar = 20 um.
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Figure 16. Calcareous dinoflagellates of the Vergol section (collection of Rehdkovd, Comenius University, Bratislava, Slovakia): A, Cadosina
minuta, VGL-B137; B, Stomiosphaera wanneri, VGL-B137; C, Cadosina semiradiata semiradiata, VGL-B138; D, Colomisphaera vogleri,
VGL-B139; E, Cadosina semiradiata ciezsynica, VGL-B140; F, Colomisphaera heliosphaera, VGL-B140. Scale bar = 20 um. Microfacies of
the Vergol section (collection of Rehdkovd, Comenius University, Bratislava, Slovakia): G, Matrix with marks of bioturbation, VGL-B132; H,
microfacies with Tintinnopsella carpathica, VGL-B135; 1, fragment of aptychus, VGL-B141; J, ? Sclerites of deep-water corals, VGL-V2; K,
Patchy accumulation of bioclasts and silt admixure due to bioturbation, VGL-V7; L, Enlarged image of the burrowed matrix presented in
image K, deformed lorica and Tintinnopsella subacuta in upper part of picture, VGL-V'7; M, Pyrite accumulation, VGL-V10.



Organic-walled dinoflagellate cysts and other palyno-
morphs (miospores, acritarchs, scolecodonts, microfora-
minifera)

Twenty-five marl samples were prepared at the University of Bor-
deaux (France, Laurent Londeix) and a set of slides is stored in the
collection of the Marine Palynology and Paleoceanography group,
Utrecht University, The Netherlands, under code “000.000.017.384”.
An initial combined count of 500 specimens per sample, was made of
all palynomorphs observed. The count of dinocysts, acritarchs, micro-
foraminifera and scolecodonts (the marine sub-set) was then increased to
500 per sample, allowing better resolution. A fully quantitative paly-
nofloral analysis of the upper Berriasian—lower Hauterivian interval
from the Vocontian basin, including the Vergol section, was reported
by Duxbury (2024; assemblages are illustrated in this work). This
included some systematic revision of marine taxa and contributes to
the current study on the B/V boundary.

Distribution chart: Some fluctuation in dinocyst species diversity
was noted, and the overall trend was one of increasing diversity up-
section, ranging from 32 dinocyst species in marl layer VGL-B97 to
60 species in marl layer VGL-V31 (see Figs. 17 and 18 for sampling lev-
els). Many species are long-ranging, occurring throughout the studied
interval, but others have their first occurrences (FO) and/or last occur-
rences (LO) within this range. As well as FO and LO, quantitative data
allow the recognition of acmes and top and/or base common occur-
rences.

Absolute abundance occurrences of some more common dinocysts,
including several long-ranging taxa, are shown in Fig. 17. They were
selected as they demonstrate significant individual and relative changes in
abundance up-section, which, if repeated in further studies, may be of
fine-scale correlative value in the Vocontian basin. Counts of mio-
spore taxa on which the Sporomorph EcoGroup (SEG) plot is based
are also shown.

The effects of various palacoenvironmental changes on dinocyst
assemblages in the Vocontian basin are only partially understood (see
Wilpshaar and Leereveld, 1994), and although assemblage fluctua-
tions observed in the current study were often very marked with some
apparently rapid, no detailed interpretation has been possible here.
Possible causes of assemblage change due to various palaeoenviron-
mental factors were discussed by Pross and Brinkhuis (2005; surface
water productivity and/or salinity and/or temperature, inshore/offshore
trends), and the same would probably apply to the B/V boundary species.

One gross change in dinocyst assemblages recorded here was a sig-
nificant up-section increase in the ceratioid taxon Phoberocysta neo-
comica, as low as marl layer VGL-VS (H. pertransiens Zone), associated
with increased numbers of a further ceratioid, Pseudoceratium pel-
liferum, although the last is common as low as marl layer VGL-B147
(H. pertransiens Zone, Fig. 17). Wilpshaar and Leereveld (1994) noted
that high abundances of their Muderongia Group (including Phobero-
cysta) have been reported in sediments representing variable salinity
conditions (e.g. Lister and Batten, 1988). It may be the case therefore
that the studied section as low as marl layer VGL-V5 (and possibly as
low as marl layer VGL-B147) was deposited in conditions of relatively
reduced surface water salinity.

The large majority of observed miospore species have very long
ranges - most range at least as low as the Middle Jurassic. Acritarchs
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(marine algae of uncertain affinity) and scolecodonts (jaws of poly-
chaete annelids) are generally rare and appear to be of no stratigraphic
value here (Fig. 17).

Microforaminiferal test linings were common to very abundant
throughout the studied section. There was significant variation in numbers,
however, with relative frequency dropping markedly at sea-level max-
ima and increasing particularly in later regressive phases, presumably
demonstrating a preference for shallower settings.

Miospores formed consistently below 20% of the initial count and
often below 10%. The quantitative counts per sample for all miospore,
acritarch, microforaminifera and scolecodont species are shown in
Fig. 17. Abbink's (1998) SEG model demonstrated palacoecological
changes, including sea-level fluctuations. His scheme was further
summarised in Abbink et al. (2004). Abbink considered 6 SEGs (Fig.
18) to be important in interpreting his assemblages. Miospores recorded
here have been similarly grouped, although because of the relatively
low count of miospores, assemblage fluctuations may suggest only an
approximation of palaeoenvironmental changes. Three SEG's, namely
Coastal, Lowland and Upland were particularly prominent.

For reasons fully discussed in Abbink (1998) and pursued at Ver-
gol by Duxbury (2024), the relationship between the coastal and low-
land SEGs can be taken as a proxy for sea-level change. This is mainly
because of the relative loss of lowland habitat during sea-level rise
and the opposite effect during regressions. A prominent peak in the
Coastal SEG and a marked reduction in the Lowland and Upland
SEGs were seen here centred on marl sample VGL-B129 and close to
peak marine influence in the medium-scale sequence Ber 14. These
palynofloral occurrences are associated with other evidence within
the T. alpillensis Zone (H. otopeta Subzone; Fig. 18), including a high
in the long-term sea-level curve and a high in the marl §"°C isotope
curve, although the relationship between the palynofloral assemblage
and 8"C seems less straightforward.

A marked, stepped reduction in the Coastal SEG and an associated
increase in Lowland and Upland taxa was recorded between marl lay-
ers VGL-B129 and B151, suggesting a lowstand event at the latter
level, associated with both a low in the long-term and medium-term
sea-level curves and a low in the §"°C marl isotope curve, towards the
top of the N. premolicus Subzone (H. pertransiens Zone; Fig. 18).

There was particularly close correspondence between the SEG plot,
particularly the Coastal curve, and the 8"°C marl isotope curve between
marl layers VGL-B129 and V31, interpreted as following the regres-
sive/transgressive/regressive cycle indicated by the long-term sea-level
curve (Fig. 18).

Palynological events and zonations in the Tethys: Several Tethyan
palynofloral zonation schemes exist, with the most relevant to the cur-
rent study being those of Habib (1975, 1977, 1978; Habib and Drugg,
1983), Monteil (1985, 1990, 1992b, 1993) and Leereveld (1997).

Although he used Monteil's (1993) data, Leereveld (1997) concluded
that, "based on the selected dinocyst events the suite of zones cannot
be recognised in SE Spain. In the Rio Argos succession, the position
of the French middle Berriasian—Valanginian dinocyst zones can only
be approximated, because of distinct differences in ranges of the diag-
nostic taxa". Leereveld (1997) extrapolated his zones with varying degrees
of success, into Morocco, Libya, SE France, Switzerland, Romania
and the North Atlantic. He recognized that the value of the regional
dinocyst zonations is limited for interregional correlation. Leereveld
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Figure 17. Palynomorphs of the Vergol section, organic-walled dinoflagellate cysts, miospores, acritarchs, microforaminifera and scoleco-
donts. Absolute abundance of main taxa. For further explanations on the Vergol section, see Fig. 6 and its caption.

(1997) listed several reasons for discrepancies between workers. tion scheme was proposed in Duxbury (2024), based directly on first-
Because of difficulties reconciling these published schemes and the hand observations at Vergol; for further details see Duxbury (2024,
necessarily broad-brush approach to applying them here, a new zona- pp- 598-610). Zonation of the Vergol B/V boundary interval in terms
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Figure 18. Sporomorph EcoGroups (SEG) plot (Abbink, 1998; Abbink et al., 2004) showing the relative percentages of miospore groupings,
mainly represented by three communities: (1) Coastal, reflecting coastal communities: vegetation growing immediately along the coast, never
submerged by the sea but under a constant influence of salt spray; (2) Lowland, reflecting lowland communities: vegetation on plains and/or
in fresh water swamps; the plains may (periodically) be submerged by fresh water, resulting in the possible presence of "wetter" (marsh) and
"drier" taxa in this group; there is no influence of (sea) salt, except, perhaps, under extreme circumstances; and (3) Upland, reflecting
upland communities: vegetation on higher terrain well above groundwater level that is never submerged by water. For further discussion see
Duxbury (2024). The carbon isotope curve is included to facilitate comparisons; comments are in the main text section '"Carbon and oxygen
isotope stratigraphy". For further explanations on the Vergol section, see Fig. 6 and its caption.
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Figure 19. Palynological events of the Vergol section set against the palynofloral zonation schemes of Habib (1977), Monteil (1993), Leerev-
eld (1997) and Duxbury (2024). For further explanations on the Vergol section, see Fig. 6 and its caption.

of the Duxbury (2024) scheme, compared to the schemes of Habib,
Monteil and Leereveld, is presented in Fig. 19. A key marker in the
Monteil's zonation, the FO of Muderongia mcwhaei, was noted in the
Vergol section in marl layer VGL-B110 (base of layer at 7.28 m). The
isolated occurrence of Thalassiphora? charollaisii in marl layer VGL-
B142 (base of layer at 22.08 m) might be also of particular significance
for regional value. Other palynofloral events may allow intra-regional
correlation but this needs to be tested further.

Calcareous nannofossils

Ninety-two samples have been studied for calcareous nannofossils
in the Vergol section. With respect to Kenjo et al. (2021), eleven addi-
tional layers have been studied in the current work. Samples were sys-
tematically taken from adjacent limestone—marl couplets with a closer
spacing across the B/V boundary. Samples and calcareous nannofos-
sil slides are labelled with a FSL number and curated at the “Collec-
tions de géologie” of the “Université Claude Bernard” (Lyon, France;



collection of Kenjo, Mattioli and Reboulet). In this work, taxonomy is
based on Bralower et al. (1989), Aguado (1994), Bown et al. (1998), and
Aguado et al. (2000). The zonation of calcareous nannofossils is
established using interval zones, which are defined by the FO and LO
of marker species. Although preservation is commonly poor to moderate
with specimens severely overgrown, several bioevents are recorded
across the stage boundary of the Vergol section. These events allow a
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precise boundary characterization at Vergol, as shown by Kenjo et al.
(2021), although some of them might have a local extent. Only events
useful in calcareous nannofossil zonations are discussed here (Fig.
13). The distribution chart of nannofossil taxa is given in Figure S1.
Assemblages are illustrated in Fig. 20.

The presence of Cretarhabdus angustiforatus is observed from the
basal interval of the section (marl layer VGL-B108). This event allows

Figure 20. Micrographs of selected, stratigraphically relevant calcareous nannofossil species recorded at Vergol section (collection of Kenjo,
Mattioli and Reboulet, UCBL-FSL, University of Lyon, France): A, Calcicalathina oblongata VGL-146M (M=marl layer), the earliest recorded
specimen at Vergol; B, C. oblongata VGL-V3IM. C, C. oblongata VGL-V3M; D, Large and overgrown Rhagodiscus asper VGL-V1b (closely
resembling to Calcicalathina erbae Bergen, 1998 and Calcicalathina praeoblongata Aguado et al., 2000); E, Eiffellithus windii VGL-B151; F,
Micrantholithus speetonensis VGL-V38M; G, Helenea quadrata VGL-V2cM; H, Percivalia fenestrata VGL-B112M; I, P. fenestrata VGL-
B151M; J, Rhagodiscus nebulosus VGL-V2cM; K, Staurolithites crux VGL-V2¢; L, Staurolithites mutterlosei VGL-V3IM; M, Tubodiscus
firankiae VGL-V2cM; N, T. frankiae VGL-V2cM; O, Tubodiscus jurapelagicus VGL-V3M; P, Zeugrhabdotus trivectis VGL-V3M. Scale bar =5 um.
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the recognition of the C. angustiforatus Nannofossil Zone (NZ) (NK-2)
that is subdivided into two nannofossil subzones (NSZ), namely Assi-
petra infracretacea (NK-2A) and Percivalia fenestrata (NK-2B). The
top of A. infracretacea NSZ is placed at the base of the marl layer
VGL-B112 because of the FO of P, fenestrata. Our record is consis-
tent with that of Aguado et al. (2000) in SE Spain.

The FO of Calcicalathina oblongata (base of the NK-3 NZ) is
recorded in the marl layer VGL-B146 (base of layer at 23.57 m) that
corresponds to the lowermost part of H. pertransiens Zone. The FO of
C. oblongata is also used to designate the base of CC3 NZ of Siss-
ingh (1977). The CC3 NZ is subdivided into a and b, based on the FO
of Eiffellithus windii that in the Vergol section occurs in the limestone
bed VGB-150 (Fig. 13).

The recovery of the FO of C. oblongata in the lowermost part of H.
pertransiens Zone is consistent with previous biostratigraphic data. In
fact, Bown et al. (1998) in their synthesis of Tethyan nannofossil bio-
stratigraphy also reported this event at the base of the H. pertransiens
Zone. Duchamp-Alphonse et al. (2007) recorded consistently the FO
of C. oblongata in the lowermost part of H. pertransiens Zone of the
Angles section. Conversely, C. oblongata is recorded higher in the upper
part of the H. pertransiens Zone in SE Spain (Aguado et al., 2000).

This discrepancy is probably related to the introduction of a new
species (C. praeoblongata, Aguado et al., 2000), morphologically simi-
lar to C. oblongata but with primitive characters. These latter authors found
C. praeoblongata in the lower part of the 7. alpillensis Subzone in SE
Spain (Cafiada Luenga and Miravetes sections). The pictures of C.
praeoblongata shown by Aguado et al. (2000, fig. 8, images 28-33),
however, look like overgrown specimens of Rhagodiscus asper, and
do not possess a central area structure rising from the wall (as is in the
diagnosis of the genus Calcicalathina), but the insertions of the central
area grid on the inner part of the wall are visible. Thus, the discrepant
range of C. oblongata in SE France and SE Spain might be related to
different taxonomic concepts.

Another relevant event is the FO of Micrantholithus speetonensis
in the limestone bed VGL-V4 (Fig. 13). This species is considered as
endemic of the Boreal Realm, where C. oblongata has not been recov-
ered, and was used by Crux (1989) and Mutterlose (1991) to define a
NZ typical of the lower Valanginian at high latitudes. In a single sam-
ple (marl layer VGB-B133), the occurrence of Speetonia colligata has
been recorded. According to Perch-Nielsen (1985), in the North Sea
the FO of C. oblongata can be substituted by the FO of S. colligata.
The recovery of these two species in Vergol attests the relevance of
the section for correlations between the Tethyan and Boreal realms.

Ichnofossils

Almost all the beds are characterized by very good exposures of
both the sections and the upper surfaces. As a consequence, the easy
and large observations allow an optimal analysis of the ichnoassem-
blages in every stratum. The density of the trace fossils has been eval-
uated following an abundance scale (see Olivero, 1996, p. 281). New
data are presented here.

The trace-fossil association observed through the section covering
the B/V boundary interval is characterized by a low diversity. Two
kinds of ichnofossils are recognized: a mottled undefined bioturba-
tion and Zoophycos (Fig. 13).

The mottled bioturbation is produced by abundant and undefined
burrows, which lack of well-marked organization and are visible as
complex spots of light and dark grey colour. These trace fossils are
responsible for an early homogenization of the substrate and suggest
well oxygenated conditions, slow, regular and constant sedimentation,
and soup to soft-ground consistency (Olivero 1996). This dense bio-
turbation is observed throughout the section, but its intensity decreases in
some beds, where Zoophycos is recorded.

Zoophycos is a deep complex burrow system, with one opening at
the seafloor and produced by a deposit feeder (Olivero, 2003; Olivero
and Gaillard, 2007). Zoophycos are only observed in limestone beds
of the upper Berriasian. They are extremely abundant and dense in beds
VGL-B109, B115 and especially B117. In this last case, the Zoophycos
are the largest of the section, reaching 90 cm of width, with 3 to 5
superimposed whorls. The presence of Zoophycos suggests: (a) soft-
to firm substrates, (b) low sedimentation rate, necessary to form the
best sediment for the burrow development, (¢) accumulation of huge
quantities of organic matter promoted by the low sedimentation rates
(Nasiri et al., 2020). The “ideal conditions™ should correspond to irregu-
lar and fast supplies of carbonate-rich material alternating with periods of
low or non-deposition (see Olivero, 1996). Concerning the sequence
stratigraphy of the Vergol section, Zoophycos abundance increases in
the calcareous bundles at the end of the small-scale sequences, and,
for the medium-scale sequences, in or close to the maximum flooding
intervals (Fig. 13). According to the previous remarks made on the
“ideal conditions” for the installation and development of Zoophycos
producers, these intervals could be characterized by a lower sedimen-
tation rate. The greatest abundance of the ichnotaxa recorded in lime-
stone bed VGL-B109 matches with a turbidite layer occurring just
below. The turbidite may have supplied a high organic content inside
the substrate, preserved owing to dysaerobic conditions, and trapped
in the sediment because of high deposition rates. This organic matter
was subsequently exploited by the Zoophycos organisms. Above the
bed VGL-B123, Zoophycos completely disappear and are no longer
observed.

Microfacies

Material and methods are indicated above in part “Calpionellids”.
New data are presented here.

Wackestone texture dominates in the biomicrite limestones of the
Vergol section over the less-represented mudstone texture which
locally occurs at the base of the upper Berriasian sequence (Ber 13,
T. alpillensis (Sub-)Zone). All limestone beds have pyrite scattered in
the matrix, in most of them patchy and nest-like accumulations of
framboidal pyrite are documented (Figs. 16 G-M and Figure S2). In
the basal part of the section, the presence of scattered organic matter
in the limestone matrix varies, while towards to the top its presenta-
tion is rather continuous. Dissolved phosphate may have been fixed
due to microbial activity which led to phosphatization of bioclasts.
Bioclasts are represented by rather frequent radiolarians and sponge
spicules, common fragments of thin-shelled ostracods and crinoids,
rare fragments of aptychi, calcite-walled foraminifera, ophiurids,
echinoids, globochaetes, bivalves, gastropods, ammonites, belemnites
and scarse miliolid foraminifera, together with common to rare calpi-
onellids and calcareous dinoflagellate cysts. It can be noted that the



presence and abundances of radiolarians regularly accompanied by
sponge spicules coincided with sea-level maxima flooding phases
(Figure S2). Laminae of redeposited older sediments (VGL-B132) are
recorded close to a transgressive surface. Enhanced siliciclastics
admixture (VGL-B136-140-141) are observed in the interval of the
ongoing regression. Pseudomorphs after some of the sulfate minerals
(VGL-V2) are documented in the maximum lowering of sea-level
curve. The standard microfacies (SMF) 3 (sensu Fliigel, 2004) pre-
vailed in the Vergol section. This microfacies corresponds to the
facies zone (FZ) 1 sensu Wilson (1975) and indicates a lower slope to
basinal environment.

Chemical and Physical Stratigraphy

Carbon and oxygen isotope stratigraphy

Early Cretaceous trends of §"°C, §'%0, Mg/Ca in calcite were dis-
cussed using data obtained from belemnites from SE France (and Spain),
including the Vergol section, by McArthur et al. (2007). Recently,
limestones (103 beds) and marls (95 layers) were sampled for bulk-
rock analysis. These new data are presented here.

The base of the Valanginian (bed VGL-B136) is not marked in
either limestones or marls by any anomaly in the CaCO; percentage,
nor in Mg/Ca, 80, or 8°C values (Fig. 21).

At the base of the section, at bed VGL-B9S5, the percentage of
CaCO; in limestones is around 98 + 2% and in marls is around 80 +
5%. The proportion of CaCO; in limestones declines uniformly up
section to be 87 + 4% in the upper part of the section above bed VGL-
V35. In marls, the proportion of CaCOj; is more variable than in lime-
stones, fluctuating by around + 15%. Berriasian marls contain around
80% CaCO; whilst Valanginian marls contain around 60%, with the
transition occurring over the 8 metres of section upwards from VGL-
B127.

Values of Mg/Ca in limestones are uniformly between 8 and 10
mmol/mol apart from minor excursions to values of about 14 in the
vicinity of bed VGL-B120 (around 12.5 m) and bed VGL-V25 (around
40.5 m and 41.5 m). In contrast, values of Mg/Ca in marls locally jump to
between 15 and 25 in the vicinity of layer VGL-B115 (between 10.5 m
and 14 m) and are high (between 15 and 25) above layer VGL-V7 (i.e.
above 30 m). A single marl sample, VGL-25 (arrowed on Fig. 21), has a
value of 75 mmol/mol coincident with a minimum in the percentage
of CaCO:;.

The stable isotope composition of oxygen shows a variability of
around £ 0.15%o in 80 in limestones and an overall apparent cyclic-
ity with three minima and two maxima (Fig. 21). There is a broad
match of maxima and minima to the position of sequence boundaries,
with minima occurring around the “lowest” SB, SB D (Val), and SB
E (Va2) and with maxima broadly coinciding with SB C (Be8) and the
SB above VGL-V18. The trend in 8'0 in the marls is more spikey
but overall it parallels the trend in the limestones, but with a variable
offset to more negative values; in layer VGL-B148 and below, the
values in marls are about 0.3%o lower than those in limestones and in
layer VGL-B149 and above, the values in marls are about 0.8%o lower
than those in limestones. The change in the offset of §'*0 between
marls and limestones is abrupt and occurs about 5.5 m above the B/V
boundary.
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In the lower part of the section, below VGL-V1, §"*C in both marls
and limestones shows a broad positive peak, with values for lime-
stones being about 0.5%o0 more positive than values in marls (Fig. 21).
Above VGL-V5, the difference in 8"°C between marls and limestones
essentially vanishes and both have values around 0.8%o to the top of
the section, albeit with some scatter and an interval of 0.6%0 between
VGL-V31 and VGL-V37, where "C in marls briefly dips to values less
positive than in the limestones. The trend for limestones is confused
by three values close to V10 that have *C values around 0.8%o lower
than values of other limestones, possibly owing to sampling an unusu-
ally high proportion of diagenetic cement.

As carbon stratigraphy is used here for global correlation (see below),
further explanations are given on the choice of data presentation. The
8"C curves are here presented separately for limestone and marl lith-
ologies (Fig. 21). In sections elsewhere, a different isotopic composi-
tion for limestone and marl is documented for different time intervals
and sedimentary basins (e.g., Beltran et al., 2007; Mercuzot et al., 2020).
Such differences may be explained by a primary different composi-
tion of bulk carbonate analysed for 8"°C, i.e. the microfossils versus
allochthonous platform-derived carbonates (Beltran et al., 2007). Alterna-
tively, a different diagenetic overprint may affect the 3"°C signal of
the two lithologies. In fact, organic matter remineralisation may pro-
duce lower 8"°C values in early cements in marls compared to carbon-
ate-rich facies (Irwin et al., 1977). This second hypothesis may apply
to the Vergol section as marls are enriched in organic matter with
respect to limestones (see below), and organic matter will have under-
gone early diagenesis.

Whatever the cause of any marl-limestone differences in isotopic
composition, the 8"°C of both limestones and marls displays the same
long-term trend at Vergol, such as (Fig. 21): an increase of values from
low 8"°C (~0.9%o in limestone; ~0.5%o in marls) in the lower part of
the T. alpillensis Zone; a short-lived plateau in values (~1.1%o in lime-
stone; ~0.8%o in marls) in the upper part of T. alpillensis Zone; and
then a general trend toward low 8"C values occurring across the B/V
boundary to reach a negative shift in the lower part of the H. pertran-
siens Zone (~0.5%o in limestone; ~0.3%o in marls).

Strontium isotope stratigraphy (SIS)

Sr-isotope stratigraphy (SIS) is a means of dating and correlating
sediments using the *’Sr/*Sr of Sr in marine precipitates, such as bio-
genic apatite and carbonate: a synopsis of the method as applied to the
Cretaceous is given in McArthur and Howarth (2025). When used to
date sediment, the *’Sr/*Sr of a sample is matched to the same value
on the reference curve for the Cretaceous (see fig. 1 in McArthur and
Howarth, 2025). When used to correlate (see fig. 2 in McArthur and
Howarth, 2025; see below), ¥’Sr/*Sr acts as a proxy fossil which has
changed through time in a known way.

As the world’s oceans today are homogenous in ¥Sr/*Sr (for discus-
sion, see McArthur et al., 2020), they are assumed to have always
been homogenous, so SIS can be used worldwide for correlation and
dating; that is, the method is synchronous worldwide and suffers no
latitudinal or longitudinal restrictions on its application. It is also inde-
pendent of taxa, being unaffected by “vital effects”.

The rate at which ¥’Sr/*Sr was changing through the base of the
Valanginian was 0.000036 per Myr. With the best modern instrumen-
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Figure 21. Chemical stratigraphy of the Vergol section: CaCO; percentage, Mg/Ca, oxygen (5"°0) and carbon (5”C) isotopes; red and blue
curves for samples coming from marls and limestones, respectively; rectangle A, general trend toward high d”C values; rectangle B, a short-
lived plateau in 57 C values; rectangle C, general trend toward low “C values. For further explanations on the Vergol section, see Fig. 6 and

its caption.

tation, and replicate analysis to decrease the standard error of the mean,
#7S1/*6Sr can be measured to + 0.000004 between many laboratories,
and + 0.000001 in a few leading laboratories (McArthur et al., 2020,
2025; McArthur and Howarth, 2025), giving a potential age resolu-
tion around the B/V boundary of ~ 0.12 to 0.03 Myrs.

The limitation on the method is that it requires well-preserved marine

phases for analysis (francolite of fish teeth, calcitic fossils, early dia-
genetic calcite cements). Whilst such material is common across the
GSSP, its presence is not guaranteed elsewhere — but then neither is
the presence of fossils useful for correlation, nor a palacomagnetic
signal, guaranteed elsewhere. The method does allow for interpola-
tion: should material for analysis not be available from a target hori-
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Figure 22. Chemical stratigraphy of the Vergol section: strontium isotopes (*’Sr/*’Sr) after McArthur et al. (2007), and McArthur and How-
arth (2025); phosphorus content (red and blue dots for samples coming from marls and limestones, respectively). For further explanations on
the Vergol section, see Fig. 6 and its caption.
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zon one wishes to correlate to the GSSP, profiling *’Sr/*Sr either side
of the target horizon will usually be possible, with interpolation to the
target bed possible to determine its 8’Sr/*Sr.

Values of ¥’Sr/**Sr increase upsection and have been fitted in Fig.
22 with a second-order polynomial. The value of ¥’Sr/*Sr at the B/V
boundary predicted by this polynomial is 0.707289 + 0.000004 (2.se,
n=12). The boundary value given here (from McArthur and How-
arth, 2025) is 0.000005 less than the value given for the B/V bound-
ary (¥St/*°Sr = 0.707294) in McArthur et al. (2007, 2020) owing to
new finds of ammonites in sections at Vergol (Kenjo et al., 2021) that
lower the putative boundary position by 7 metres from that used by
McArthur et al. (2007). For these latter authors, the base of Valangin-
ian stage was placed at the base of their bed V14b (their fig. 3), that
matches with the bed VGL-V1b herein. The current B/V boundary,
defined at the base of bed VGL-B136 (at 19.23 m), corresponds to the
layer W91 following the bed numbering used by McArthur et al.
(2007, fig. 3).

Phosphorus contents

Total phosphorus content was measured on 110 whole-rock samples:
59 and 51 samples for limestone and marlstone, respectively. Phospho-
rus analyses were conducted at the Institute of Earth Sciences (Uni-
versity of Lausanne, Switzerland). Samples were analysed for total
phosphorus analyses using the ascorbic acid method (Eaton et al., 1995),
following the procedure outlined in Bodin et al. (2006). Phosphorus
concentrations were measured in ppm using a UV/Vis photospectrome-
ter (Perkin Elmer UV/Vis Photospectrometer Lambda 10, Perkin Elmer,
Waltham, MA, USA; A = 865 nm) with a mean precision of 5%. New
data are presented here.

Total phosphorus contents range between 124 and 1581 ppm (Fig.
22). The marl layers are systematically more enriched compared to
the limestone beds. Contents are low in the Berriasian and begin to
increase approximately 2 m below the base of H. pertransiens Zone
(B/V boundary) reaching maximum values in the Val 1 sequence (1581
ppm). Note that this general P increase is observed in both marl lay-
ers and limestone beds.

The increase in P contents characterizing the earliest Valanginian is
widely observed in both platform and basinal environments (e.g.,
Montclus, Angles, La Chambotte, Morales et al., 2013; this work).
These enhanced P fluxes coincide with higher detrital inputs, leading
to a shift between photozoan and heterozoan carbonate production
and ultimately to the demise of the carbonate platform during the
Valanginian (Weissert event). In the western European domain (England,
Germany, France and Switzerland), phosphorus is a good tracer of the
phase of enhanced humidity leading strong weathering and subse-
quent increased fertilization, which reached a maximum in the earli-
est Valanginian.

Geochemically, the base of H. pertransiens Zone is consequently
marked by important environmental, climatic and global changes, which
are well expressed in the Vergol section.

Clay mineralogy

A total of 52 marl samples were analysed using X-Ray Diffraction
(XRD). After moderate grinding in a mortar, powdered samples were

decarbonated with a 0.2N HCI solution. The <2 pm fraction (clay-
sized particles) was extracted with a syringe after deflocculation and
decantation of the suspension for 95 minutes following Stokes’ law;
this fraction was then centrifuged. Clay residue was then smeared on
oriented glass slides and run in a Bruker D8 diffractometer with Cuk,,
radiations, a LynxEye detector and a Ni filter with a voltage of 40 kV
and an intensity of 25 mA (Biogéosciences laboratory, Université
Bourgogne Europe in Dijon, France). Goniometer scanning ranged from
2.5° 10 28° for each analysis. Three runs were performed for each sample
to discriminate the clay phases: (1) air-drying; (2) ethylene-glycol sol-
vation at room temperature during 24 hours, and (3) heating at 490 °C
during 2 hours, as recommended by Moore and Reynolds (1997).
Clay minerals were identified using their main diffraction (dy) peaks
and by comparing the three diffractograms obtained. The relative pro-
portions of the clay minerals are estimated using peak intensity ratios.
The error margin of the method is approximately + 5%. New data are
presented here.

The clay mineral assemblages are dominantly composed of ran-
dom illite-smectite mixed-layers (Interstratified Illite-Smectite Reich-
weite RO, I-S RO, 25 to 70%; it can be ascribed to smectite), illite (15
to 40%) and kaolinite (5 to 30%). Traces of chlorite never exceeding
10% also occur throughout the section. According to the clay mineral-
ogy, it is possible to distinguish three stratigraphic intervals showing a
characteristic mineralogical signature (Fig. 23).

The first interval corresponding to the lower part of the H. otopeta
Subzone from 11.25 to 15.82 m, is mainly characterized by a high
proportion of I-S R0 which gradually increases upwards from 40% to
more than 70%. This increase in I-S occurs essentially at the expense
of illite, while the low proportions of kaolinite (less than 12% in this
interval) show minor variations.

By contrast, the second interval between 15.82 and 25.36 m, pres-
ents a marked decrease in the proportions of I-S RO mainly balanced
by an increase in the proportions of kaolinite and illite. The highest
proportions of kaolinite (about 25%) occur just below the B/V bound-
ary. Within this interval, the fluctuations of the relative proportions of
clay minerals are important with, in particular, a new increase in the
proportions of I-S RO at the expense of illite and kaolinite within the
N. premolicus Subzone.

The third interval from 25.36 m to 34,80 m, shows relatively weak
fluctuations of clay assemblages, with relatively abundant illite (about
40%), average proportions of I-S RO close to 35% and average pro-
portions of kaolinite around 20%. This mineral is however relatively
abundant at the base of this interval.

Numerous analyses of the clay fraction of Berriasian—Valanginian
sediments deposited in the Vocontian basin have been carried out since
the 1980s (Deconinck et al., 1985; Levert and Ferry, 1988; Morales et al.,
2013; Charbonnier et al., 2020). All show that the assemblages consist
of illite, I-S RO sometimes called smectites, and kaolinite. The com-
position of clay assemblages of the Berriasian—Valanginian of Vergol
is therefore consistent with previous analyses.

The influence of diagenesis on clay assemblages seems moderate.
However, I-S are relatively rich in illite and do not expand up to 17
angstroms after glycol solvation, suggesting that an incipient illitisa-
tion of smectite occurred due to burial. However, the influence of dia-
genesis does not seem to have been sufficient to profoundly modify
the initial detrital composition of the clay assemblages.
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Figure 23. Clay mineral assemblages and organic geochemistry of the Vergol section. For further explanations on the Vergol section, see Fig. 6

and its caption.

The mineralogical change between the first and the second interval
coincides with the Ber 15 sequence boundary (Fig. 23). The sea-level fall
could be responsible for the significant increase in illite and kaolinite
at the expense of smectites due to deeper erosion on continental areas.
This change coincides with a decrease in CaCO; probably as a conse-
quence of the dilution of the carbonate production by siliciclastic
detrital particles. As stated above, on carbonate platforms, the end of
the Berriasian is marked by the replacement of a photozoan carbonate
production to an heterozoan one (Morales et al., 2013). This could be

the consequence of a transition to a more regularly humid climate at
the end of the Berriasian. This trend is also recorded in the Mid-Pol-
ish basin by the evolution of the relative proportions of palynomorphs
(Kujau et al., 2013). It is also likely that the increase in kaolinite in the
Vocontian basin results from a modification of the geometry of the
carbonate platforms from a rimmed platform to a ramp. Indeed, a rimmed
platform can play the role of a kaolinite trap while a ramp morphology
facilitates the export of kaolinite into the basin (Godet et al., 2008).
The passage from the second to the third interval also coincides with
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a sequence boundary (Val). The mineralogical change is less marked,
but the high proportions of kaolinite are consistent with an enhanced
erosion and/or a more humid climate.

Organic geochemistry

A total of 50 marl samples were analyzed using a Rock-Eval©6
Turbo (Vinci Technologies) at ISTeP (Sorbonne University, Paris,
France) for a quantitative and qualitative study of their organic matter
and inorganic carbon content. The method, described in detail by Espitalié
et al. (1985-86), Lafargue et al. (1998) and Behar et al. (2001), allows
the determination of both total organic carbon (TOC) and total inor-
ganic carbon (MinC) of the samples with an error of about + 3%. A
CaCO; equivalent can be calculated by assuming that all inorganic
carbon is in the form of calcite (%CaCO; = %MinC % 8.33). The hydro-
gen index (HI) and oxygen index (OI) derived from the Rock-Eval
method are correlated with the H/C and O/C atomic ratios, respectively,
which allow the origin of the organic matter to be determined (Tissot
and Welte, 1984). Tmax is defined as the pyrolysis temperature at which
the maximum yield of hydrocarbons is produced by the kerogen
(Espitalié et al., 1977), thus giving a quick estimate of the thermal
maturity of the samples (Espitalié¢, 1986). New data are presented here.

The interpretable Tmax values range from 427 to 437°C with an
average of 433°C. These values indicate that the organic matter did not
experience high temperatures during burial. Such moderate thermal
diagenesis allows the organic parameters (TOC, HI, OI) to be inter-
preted as a primary signal that may reflect environmental changes that
occurred during deposition of the B/V boundary strata.

The carbonate content of the marl layers ranges from 41 to 96%,
with an average value of about 73%, while the organic carbon content
fluctuates between 0.1 and 0.63%, with an average of 0.3% TOC (Fig.
23). The negative relationship between CaCO; and TOC percentages
most certainly reflects fluctuations in one of the three main sediment
components, namely carbonate, organic matter and siliciclastic detri-
tal input. According to Ricken (1993), an inverse relationship between
CaCO; and TOC indicates that dilution by carbonate cycling input is
the dominant controlling factor. The low organic matter content is here
explained by a much higher carbonate flux than organic matter flux.

Based on HI and OI values, the organic matter preserved in these
marl facies is related to Type IV, an oxidation-resistant organic fraction
(Fig. 23). Geochemically, Type IV is a highly oxidized and altered
organic residue whose origin is not easily determined by the thermal
Rock-Eval method. However, it is highly probable that this organic
residue consists of fragments of higher plants that are more resistant
than planktonic organic matter. The low amount of organic matter, cou-
pled with low HI values and high OI values, argues for deposition in
fully oxic waters (Tyson, 1995). Berriasian—Valanginian strata certainly
represent conditions of low organic productivity and poor preserva-
tion of organic matter.

Although organic carbon contents are very low, the highest con-
tents seem to coincide with periods of low sea-level in the basal part
of the Valanginian. This is consistent with an oxidation-resistant organic
matter fraction, the origin of which is probably associated with conti-
nental inputs rather than indigenous marine production.

The evolution of the carbonate contents of the marl layers does not
show a clear relationship with the interpretation of sea-level variations.

Cyclostratigraphy and astrochronology

Gamma-Ray Total Count (GRTC) was measured at Vergol every 20 cm
from beds VGL-B127 to VGL-V42. This represents a total of 185
measurements. Each measurement was taken in the field using a
SatisGeo GS-512, with an acquisition time of 60 seconds (see Marti-
nez et al., 2013 for the detailed procedure). The total gamma-ray sig-
nal the device collected is expressed in energy equivalent to ppm of
uranium (ppm eU; Martinez et al., 2013).

Mass Magnetic Susceptibility (MS) was acquired at Vergol every 5 cm
from beds VGL-B95 to VGL-V24. This represents a total of 790 sam-
ples. The bulk volumetric MS of each of the samples was measured in
a Kappabridge KLY-3. Blank volumetric MS was subtracted from the
measurements and included the volumetric MS of the holder and the
environment. The volumetric MS were then corrected from the sam-
ple mass and the volume measured, accounting a constant measure-
ment volume of 10 cm® (110 m?). The mass MS values are given in
m’kg.

Astrochronology was obtained from the detection of the Milankov-
itch cycles from the GRTC and MS signals. Prior to spectral analysis,
the drift in the average of both signals was removed using best-fit lin-
ear smoothing curves. The drift in amplitude was then removed to the
residual signal by calculating the instantaneous amplitude of the residual
signal, calculating the long-term trend of this instantaneous amplitude
using a LOcally WEighted Scatterplot Smoothing (LOWESS; Cleve-
land, 1979) with a coefficient of 0.5, and dividing the residual signal
by the long-term trend of the instantaneous amplitude. The detrended
signal was then standardised (average = 0; standard deviation = 1), to
compare variables of different units.

The spectral analyses were performed using a 2z-Multi-Taper Method
(2n-MTM; Thomson, 1982). Confidence levels were calculated using
a robust red noise procedure applied on a moving median calculated
over 20 % of the spectrum (Mann and Lees, 1996). Filters were calcu-
lated using Taner lowpass or bandpass filter (Hinnov et al., 2002). This
filter minimizes changes in amplitude and phase between the original
and filtered series at the band of interest.

New data are presented here. The results on GRTC were published
in Martinez et al. (2013); the levels at which each value has been acquired
were updated to the log presented for this work.

The GRTC values range from 5.3 to 11.6 ppm eU (Fig. 24), with an
average value of 7.6 ppm eU. The signal shows a long-term trend to
increasing GRTC values until interval VGL-V24-V30. This trend reflects
the progressive enrichment in clay content in the succession. At marl—
limestone alternation scale, the GRTC values are higher in marl lay-
ers than in their surrounding limestone beds. This reflects higher con-
tent in K, U and Th in clay than in limestone. The amplitude of the
elementary sequences (limestone—marl couplet) increases from base
to top of the succession, which reflects (i) the progressive change from
limestone-dominated alternations to more mixed content between clay
and CaCOs, and (ii) the progressive increase in thickness of the marl
layers. The gamma-ray signal is acquired over a radius of ca. 20-25 cm.
Thus, the GRTC values of the marl layers smaller than this radius are
likely underestimated, which contribute to decreased amplitude of the
fluctuations of the GRTC signal marl-limestone alternation scale below
bed VGL-B143.

The MS values range from 2.5 x 10° m’kg™ to 41.6 x 10° m’kg’
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Figure 24. Gamma-Ray Total Count (GRTC, after Martinez et al., 2013) and Mass Magnetic Susceptibility (MS; new data from Martinez)
curves of the Vergol section. For further explanations on the Vergol section, see Fig. 6 and its caption.

(Fig. 24), with an average value of 15.9 x 10 m’kg™". The signal shows a
long-term trend to increasing MS values, reflecting the progressive
enrichment of clay in the succession. At marl-limestone alternation
scale, the MS values in the marl layers are higher than in their surrounding
limestone beds. This is a common feature in the marl-limestone alter-
nations, as the content in paramagnetic clays is higher in marl layers
than in limestone beds (e.g., Martinez et al., 2020). The amplitude of
the elementary sequences increases from base to top of the succession,
which reflects the progressive change from limestone-dominated
marl-limestone alternations to mixed marl and limestone alternations.

The 2n-MTM spectrum of the GRTC signal shows spectral peaks
above the 99% confidence level at 14 m, 3.3 m and from 0.80 to 0.67 m
(Fig. 25A). Following Martinez et al. (2023), the peak at 3.3 m is
attributed to the 100-kyr eccentricity cycle, while the band from 0.80 m to
0.67 m is attributed to the precession band. The precession band was
filtered with a Taner bandpass filter, applying lower and higher fre-
quency cuts of 1.1523 cycles.m™ and 1.5912 cycles.m, respectively.
The spectrum of the instantaneous amplitude calculated from this fil-
tered series shows a spectral peak at 8.6 m (Fig. 25B), attributed to the
405-kyr eccentricity cycle.
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Figure 25. Spectral analysis of the Vergol section. A, the 2r-MTM spectrum of the Gamma-Ray Total Count (GRTC) signal. B, the 2n-MTM
spectrum of the instantaneous amplitude filtered from the precession band of the GRTC signal. C, the 2n-MTM spectrum of the MS signal. D,
the 2n-MTM spectrum of the instantaneous amplitude filtered from the precession band of the MS signal.

The 2a-MTM spectrum of the MS signal shows spectral peaks
above the 99% confidence level at 10 m, and from 0.73 to 0.40 m
(Fig. 25C). Another peak above the 95 % confidence level is observed
at 2.3 m. The bands of 10 m, 2.3 m, and 0.73-0.40 m (average: 0.57 m),
show a period ratio of 1:4.3:17.7, which is close to the ratio between
1:4.25:20 of the 405-kyr eccentricity, the 100-kyr eccentricity (mean
period: 95.6 kyr), and the precession cycle. The precession band was
filtered with a Taner bandpass filter, applying lower and higher frequency
cuts of 1.3165 cycles.m™ to 2.7089 cycles.m™, respectively. The spectrum
of the instantaneous amplitude calculated from this filtered series
shows a spectral peak at 7.9 m (Fig. 25D), attributed to the 405-kyr
eccentricity cycle.

The filter of the 405-kyr eccentricity band from the MS signal and
from the instantaneous amplitude of the precession band show consis-
tent maxima above 35 m, 25 m, 18 m and 10 m, and used to bound the
405-kyr eccentricity cycles (Fig. 26). The maximum of the instanta-
neous amplitude of the precession band of the MS signal is preferred
to bound the lower boundary of cycle T.A.-405-1 at 1.2 m, as this is
consistent with the number of marl-limestone alternations. The filter
of the 405-kyr band from the instantaneous amplitude of the preces-
sion band of the GRTC signal shows maxima at 18.20 m, 26.65 m,
34.75 m consistent with the maxima observed in the MS signal (Fig.
26). The upper boundary of cycle V2 is located consistently with

Martinez et al. (2023) and with the number of marl-limestone alterna-
tions, in between the two last maxima of the filter.

A comparison with the sequential analysis sensu Gréselle and Pittet
(2010) shows some discrepancies in the identification of the medium-
scale sequences (400 kyr long-term eccentricity cycles). Their method
is partly based on a visual identification and a counting of small-scale
sequences (100 kyr short-term eccentricity cycles) that composed the
medium-scale sequences; however, this approach partly depends on
outcrop conditions and thus could be partly subjective. Nevertheless,
a match can be made as follows: Ber 13 and TA-405-1; Ber 14 and
TA-405-2; Ber 15 and B/V; Val 1 and V1; Val 2 and V2 (Fig. 26).

The sedimentation rate from the obtained age model (Table 1) ranges
from a minimum of 17 m/Myr within cycle B/V to a maximum of 29
m/Myr within cycle V2. The average sedimentation rate of the whole
studied succession is 23 m/Myr (Fig. 26).

The floating ages of the 405-kyr eccentricity cycles are anchored on
a CA-ID-TIMS U-Pb age of 130.394 + 0.16 Ma obtained from zircons
coming from a tuff layer in the Neuquén basin (Argentina) near the
base of the Holcoptychites agrioensis Andean ammonite Subzone
(Aguirre-Urreta et al., 2017). The calendar age of the Olcostephanus
laticosta Subzone was deduced with astrochronology anchored on
this tuff layer (Aguirre-Urreta et al., 2019). The presence of the short-
lived subgenus Olcostephanus (Jeannoticeras) within the O. laticosta
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Figure 26. Astrochronology of the Vergol section from the standardised Gamma-Ray Total Count (GRTC) and Mass Magnetic Susceptibility
(MS) signals, and the sedimentation rate curve. For further explanations on the Vergol section, see Fig. 6 and its caption.

Table 1. Age model of the Vergol section around the Berriasian/Valanginian
boundary; the bases of the 405-kyr eccentricity cycles are measured from

the base of the section (see Fig. 26)

Base cycle Level (m) Numerical age (Ma)

V3 47.80 135.89

V2 36.10 136.30

Vi 25.30 136.70

B/V 18.15 137.11
T.A.-405-2 10.80 137.51
T.A.-405-1 1.20 137.92

Andean ammonite Subzone allows the correlation of this ammonite
subzone to the Olcostephanus (Jeannoticeras) jeannoti Tethyan ammo-
nite Subzone (Reboulet et al., 2014; Lehmann et al., 2015), then allowing
the calendar ages of the 405-kyr eccentricity cycles of the Vocontian
basin to be calculated (Martinez et al., 2023). The uncertainty of the
correlation was assessed at one 100-kyr eccentricity cycle by compar-
ison of the duration from the anchor point to the base of the Hauteriv-
ian Stage in the Neuquén and the Vocontian basins (page 12 in Martinez
et al., 2023 and Fig. 27 here). The age model allows the base of the
Valanginian Stage (= base of the H. pertransiens Zone) to be dated at
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Figure 27. Correlation of astronomical age models of the El Porton (Neuquén basin), La Charce-Pommerol (Vocontian basin, Drome
Department) and Vergol-Morénas. Modified from Martinez et al. (2023). In the Vergol-Morénas section, the levels in metres above the slump
are from Martinez et al. (2013), while below the slump, the levels are from this study.
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Table 2. Ages of the base of the Valanginian Stage and ammonite (sub-)zones including their durations; the bases of the (sub-)zones are measured

from the base of the section (see Fig. 8)

Base ammonite (sub-)zone Base bed Level (m) Age (Ma) Duration (kyr)
N. neocomiensiformis Zone VGL-V38 49.76 135.82 -
N. (V.) salinarium Subzone VGL-V2 26.91 136.64 820
H. pertransiens Zone N. premolicus Subzone VGL-B136 19.23 137.05 410
H. otopeta Subzone VGL-B116 11.33 137.48 430
T. alpillensis (Sub-)Zone VGL-B96 0.38 137.96 480

137.05 Ma (+ 0.2 Ma; Martinez et al., 2015, 2023; this work). The total
uncertainty is the quadratic propagation of the uncertainties in the
CA-ID-TIMS age in the Neuquén basin and the uncertainty in the cor-
relation between the Neuquén and the Vocontian basins. The uncer-
tainty in the age of a given level calibrated by astrochronology increases
with the distance from the nearest anchor points (De Vleeschouwer
and Parnell, 2014). It does, however, not propagate throughout the
series unless there is miscounting of the number of repetitions of the
405-kyr eccentricity cycles within the studied series. This miscounting
can happen if the record of the 405-kyr eccentricity cycle is unclear in
the proxy studied and if entire 405-kyr eccentricity cycles are not pre-
served in the sedimentary record due to erosion or non-deposition. In
these cases, those risks are limited as multiple sections for a given
time intervals, well correlated by lithostratigraphy, chemostratigraphy
and biostratigraphy were studied (Martinez et al., 2013, 2015, 2023).
Recent LA-ICP-MS U-Pb ages were obtained on zircons from volca-
nic tuff layers in Japan (Tomaru et al., 2025). These ages were anchored
with carbon isotope ratios to the Vocontian basin and currently give
undistinguishable ages compared to the ages proposed in the astro-
chronology here regarding the uncertainty of the ages published in
Tomaru et al. (2025). The ages of the base of (sub-)zones (and there-
fore their numerical durations) are proposed here (Table 2).

Magnetic stratigraphy and elemental geochemistry

This palacomagnetic and rock magnetic study utilizes a total num-
ber of 114 samples collected from a 53.12 m thick interval of the upper
Berriasian—lower Valanginian of the Vergol section. All the palaco-
magnetic samples come from limestone beds from which they were
collected using a drilling machine. Additionally, field measurements
were made of 181 magnetic susceptibility (MS) and 165 gamma-ray
spectrometry horizons; these were performed both in limestone beds
and marl layers using ZH Instruments SM-30 magnetic susceptibility
meter and Georadis GT-32 portable radioisotope assay analyzer, respec-
tively. Geochemical composition of 114 limestone horizons was addi-
tionally evaluated using an Olympus DP-6000 portable x-ray fluorescence
spectrometer. All palacomagnetic experiments were carried in the Polish
Geological Institute—NRI in Warsaw, according to the standard proce-
dure described by Lodowski et al. (2022). New data are presented here.

Natural Remanent Magnetizations are in general low and very low
(typically 0.5-1.5 x 10* A/m; 2—4 x 10® Am2/kg), as is the Magnetic Sus-
ceptibility signal (typically 04 x 107 SI; 0.5-2 x 10-8 m*/kg), which point
to the low contribution of a magnetic fraction. Palaecomagnetic inves-
tigations (both thermal demagnetization (TD) and alternating field
demagnetization (AF) treatment) revealed the presence of the charac-
teristic component of an exclusively normal polarity (Figure S3), which

indicates that the upper Berriasian—lower Valanginian of the Vergol
section has been remagnetized (see also Katz et al., 2000, Kechra et al.,
2003). MS generally rises through the section; this applies also to Th
and Ti contents, however correlation between MS and clastic proxies
is only moderate, which implies a possible contribution from authi-
genic magnetic minerals (Fig. 28 and Figure S4). The dominant mag-
netic phase is magnetite (S ratio is usually near or above 0.75), however
diagenetic (?) hematite also occurs, especially in samples coming
from near the rock surface (Figure S4).

Geochemical investigations (field GRS and XRF measurements)
performed in the Vergol section point to increasing contribution of
clastic fraction in its lower part (upper Berriasian—lowermost Valangin-
ian) and relatively stable values above (Fig. 28). The seafloor was well
oxygenated (U/Th usually near 0.5); however the lowermost part of
the section (7. alpillensis Subzone) might have been deposited under
more hypoxic conditions (U/Th usually at 0.75-1; Fig. 29; see also Jones
and Manning, 1994; Algeo and Liu, 2020). Importantly, this phenom-
enon correlates with enrichment of Zn at the base of the section (Fig.
29), which can evidence perturbations in the water column mixing (=
relative stratification) during this time. Finally, palaeohumidity prox-
ies (Th/K, Ti/K on Fig. 29; e.g., Schnyder et al., 2006; Grabowski et
al., 2021a) point to less humid late Berriasian (especially during the 7.
alpillensis Subzone) in relation to the subsequent early Valanginian.

The Caifiada Luenga Section (Cehegin, SE Spain):
the Valanginian SABS

The Spanish section is included as a Standard Auxiliary Boundary
Stratotype (SABS, see Head et al., 2023) to support the GSSP and
extend its correlation potential. This proposal is justified by the fact
that the Cafiada Luenga section provides a robust magnetostratigraphic
record of the Berriasian/Valanginian (B/V) boundary interval, together
with a rich, diverse and well-preserved fossil content that ensures pre-
cise correlation with the Vergol section (see below). Previous works
on the bio- and magnetostratigraphy of this section were published by
Allemann et al. (1975), Company (1987), Ogg et al. (1988), Aguado
(1994), Aguado et al. (2000), and Janssen (2003). On the basis of these
works, an informal proposal to establish the Caflada Luenga section
as the Valanginian GSSP was made (Company et al., 2023).

Geological and Geographical Location

Geologically, the Cafiada Luenga section belongs to the Subbetic
zone, a complex tectonostratigraphic domain characterized by the
prevalence of pelagic and hemipelagic sediments deposited from the
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Figure 28. Clastic proxies in the Vergol section. Magnetic Susceptibility (MS) shown for comparison. CGR: Computer Gamma Ray. For fur-

ther explanations on the Vergol section, see Fig. 6 and its caption.

Early Jurassic to the Early Miocene in the south Iberian palacomar-
gin. Extensional tectonics linked to the Atlantic seafloor spreading
affected the Subbetic basin during the Jurassic and Early Cretaceous,
resulting in active listric faults that led to block tilting and lateral
changes in depth and subsidence rates (Vera et al., 2004). The Cafiada
Luenga succession was deposited on a pelagic swell bordered by troughs
to the north and south (Rey, 1993; Gea, 2004). A palaeolatitude of
29°N (£ 3.5°) was determined by Ogg et al. (1988) (Fig. 30).

The section is located in the Cafiada Luenga ravine, 3.1 km SSW of
Cehegin and some 750 m upstream from the confluence of the ravine
with the River Quipar. The geographic coordinates of the middle part
of the section are 38°03'55"N, 1°48'43"W (WGS84 reference frame;
https://www.google.com/maps; Fig. 30). The Lower Cretaceous expo-
sures along the Caflada Luenga ravine are listed in the geosite inventory
(Arana et al., 2009) and in the Archaeological and Palaeontological
Chart of the Region of Murcia. In addition, the Cehegin Town Council, in
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Figure 29. Selected palaeoenvironmental proxies in the Vergol section. Computer Gamma Ray (CGR) shown for comparison. For further

explanations on the Vergol section, see Fig. 6 and its caption.

a plenary session held on January 28, 2022, unanimously approved to
carry out the pertinent actions for the permanent protection of the
Cafiada Luenga section. In any case, the section lies along the bed of
the ravine and is therefore located in the public domain managed by
the Segura River Hydrographic Confederation.

Description of the Section

The entire Cafiada Luenga section extends from the middle Berria-
sian to the lower Valanginian. For the present work we have analysed only
the upper part of the section, an interval about 13 m thick embracing
the levels around the B/V boundary (beds 0 to 20; Fig. 30).

The base of the section (beds 0 to 3, approximately 1.25 m thick),
belonging to the lower part of the Tirnovella alpillensis Subzone, is
made up of reddish to gray nodular calcilutites to calcirudites that cor-
respond to the top of the Upper Ammonitico Rosso Formation (Rey,
1993; Gea, 2004). The microfacies are wackestones to crinoidal pack-
stones, with calpionellids, calcareous dinoflagellates, benthic foraminifera,
calcified radiolaria, and ostracods. The macrofossils are abundant, mostly
ammonites, accompanied by belemnites, bivalves, pygopid brachio-
pods and irregular echinoids. The intense bioturbation, the presence
of omission surfaces (marked by thin limonitic crusts), and the corro-
sion of the upper side of the fossils indicate small interruptions in the
sedimentation of these materials, which have been usually interpreted
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Figure 30. Caiiada Luenga section. A, General geographic location; red star: GPS coordinates are 38°03'55"'N, 1°48'43"'W (WGS84 refer-
ence frame; https://www.google.com/maps). B, Detailed location and access. C, Location of the section in a simplified geologic map of the
Betic Cordillera. D, General view of the succession.



as having been deposited on little subsident, relatively shallow pelagic
swells (Cecca et al., 1992; Rey, 1993).

The remainder of the section consists of alternating light grey lime-
stone and marly limestone beds (5 to 55 cm thick) and dark grey marl-
stone interbeds (2 to 110 cm thick) of the Miravetes Formation (Veen,
1969). Texturally, these sediments are mudstones with calpionellids,
calcareous dinoflagellates, calcitised radiolarians and benthic fora-
minifera. The lime fraction is mostly made up of calcareous nannofossils
remains, whereas clay minerals (mainly illite and kaolinite) are, by
far, the main components of the detrital fraction (Fesneau, 2008). Pyrite,
generally altered to limonite, is also common in these facies either as
nodules or filling burrows and ammonite phragmocones. Macrofossil
remains are common throughout this interval, with ammonites consti-
tuting the vast majority of these (more than 95%). The same benthic
invertebrates present at the top of the Upper Ammonitico Rosso For-
mation (crinoid plates, irregular echinoids, brachiopods, and bivalves)
are still relatively frequent in the lower levels of the Miravetes Forma-
tion, but decrease progressively upwards. The lithological and palae-
ontological characteristics of the marl-limestone rhythmites of the
Miravetes Formation indicate a deposit in a distal, low-energy, rela-
tively deep environment, considerably more subsident than that of the
Upper Ammonitico Rosso Formation.

Biostratigraphy

Ammonites are the most abundant group of macrofossils in the
Caifiada Luenga section and also the most useful for biostratigraphi-
cally characterising the B/V boundary. Belemnites have been shown
to have some biochronological value. Among microfossils, calpionel-
lids, calcareous dinoflagellate cysts and calcareous nannofossils pro-
vide very valuable information, while benthic foraminifera and organic
walled dinoflagellate cysts, also well represented, are potentially
interesting (further explanations in Company et al., 2023). The mate-
rial is housed at the palacontological collections of the University of
Granada (Spain). Main biostratigraphic events are represented in Fig. 31.

Ammonites

More than 600 ammonites have been collected in the successive
bed-by-bed sampling carried out on the section. Most of these are well
enough preserved to be identified at the species level. The analysis of
their stratigraphic distribution (details in Aguado et al., 2000, and Com-
pany and Tavera, 2015) has enabled us to accurately characterize the
uppermost Berriasian Tirnovella alpillensis Zone and the lowermost
Valanginian Hoedemaekeria pertransiens Zone of the standard zona-
tion (Szives et al., 2024).

The lowermost part of the section (beds 0 to 4) corresponds to the 70
alpillensis Subzone (Fig. 31). The ammonite assemblage is com-
posed of typical Berriasian neocomitids such as 7. alpillensis, Berria-
sella calisto, Fauriella boissieri and Erdenella paquieri. Olcostephanids
are also frequent, being mainly represented by Spiticeras gevreyi, which
is replaced by Spiticeras polytroptychum, a transitional species to the
genus Olcostephanus, in the uppermost part of the subzone. Bed 3 has
yielded a rich population of a form very similar to the Andean Groe-
bericeras bifrons. Some representatives of the genus Kilianiceras also
occur in this interval.
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The FO of Hoedemaekeria otopeta in bed 5 defines the base of the
uppermost Berriasian subzone. The assemblage of this subzone largely
coincides with that of the T alpillensis Subzone. Berriasella calisto,
T. alpillensis and E. paquieri are still present. Spiticeras polytropty-
chum reaches its acme in this interval and gives way to its descendant
Olcostephanus drumensis in the uppermost part of the subzone (bed
8). The heteromorph genus Leptoceras, which has its first records in
the underlying subzone, also shows its maximum frequency in these
levels, shortly before disappearing.

The marker to define the base of the Valanginian is the FO of H.
pertransiens. This event has been recorded in bed 9 in the Cafiada
Luenga section and coincides with a major renewal in the ammonite
fauna. Most of the species present in lower levels disappear. Only O.
drumensis, Kilianella lucensis (an uncommon species that had appeared
in the middle part of the H. ofopeta Subzone), and the last and rare
representatives of Kilianiceras, together with other long-ranging spe-
cies, pass into the H. pertransiens Zone. Besides the index species,
other new taxa that appear at the base of the Valanginian are Kilianella
roubaudiana, Neocomites premolicus, Sarasinella eucyrta and Hoede-
maekeria gratianopolitensis.

The FO of Neolissoceras (Vergoliceras) salinarium marks the base
of the upper subzone of the H. pertransiens Zone. This event takes place
in bed 17 in the Cafiada Luenga section. Hoedemaekeria pertransiens
and K. roubaudiana continue to be present, although scarcely, throughout
the N. (V) salinarium Subzone, whereas H. gratianopolitensis, N. pre-
molicus and O. drumensis disappear in its lower part (Company and
Tavera, 2015). Some new neocomitid species, like Kilianella drumen-
sis, appear in this interval.

Belemnites

Janssen (2003) provided a thorough account on the B/V boundary
belemnites from Cafiada Luenga and other sections in SE Spain. These
data were later updated (Janssen, 2021), and have been revised again
for this work. Typical latest Berriasian belemnites include Berriasi-
belus aff. exstinctorius, Berriasibelus triquetrus, Gillieronibelus may-
eri, Conobelus piradoensis, Duvalia miravetesensis, and Tithonobelus
orbignyi. Castellanibelus orbignyanus appears near the base of the
Valanginian replacing another undescribed species of Castellanibelus
(Fig. 31). Other typical earliest Valanginian species are Hibolites aff.
pistilliformis and B. exstinctorius. The FO of Duvalia superconstricta
is recorded at the base of the V. (V) salinarium Subzone.

Calpionellids

A total of 21 thin sections from samples collected in the limestone
beds have been studied. Calpionellids are abundant and very well pre-
served in all the samples.

The lower beds (0 to 5) of the section correspond to the Calpionel-
lopsis oblonga Subzone. Together with the index species, Tintinnopsella
carpathica is the dominant species in the assemblage. Calpionellopsis
simplex and Calpionellopsis sp. A are also very abundant, while Calpio-
nella alpina, Calpionella minuta, Tintinnopsella longa and Lorenziella
hungarica are common. Rare to single occurrences of Lorenziella pli-
cata, and several species of Remaniella have been also found in this
interval. Sporadic records of species characteristic of lower strati-
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Figure 31. Cafiada Luenga section. Main biostratigraphic markers.

graphic levels, such as Crassicollaria parvula, Sturiella dolomitica and
Borzaites atava, are restricted to the basal levels (beds 0 to 3).

The FO of Praecalpionellites murgeanui, which marks the base of
the upper subzone of the Calpionellopsis Zone, has been recorded in
bed 6, corresponding to the lower part of the H. otopeta Subzone (Fig.
31). Tintinnopsella carpathica and C. oblonga are the dominant spe-

cies. Praecalpionellites murgeanui, C. minuta and 7. longa are abun-
dant. Calpionellopsis simplex, Calpionellopsis sp. A, L. plicata, Remaniella
filipescui and R. cadischiana are rare to common, whereas Reman-
iella colomi, R. catalanoi, and R. borzai are rare to very rare. Reman-
iella colomi disappears at the base of this subzone.

The base of the Calpionellites darderi Zone and Subzone is defined



by the FO of the index species. This event, together the FOs of Calpi-
onellites coronatus and Praecalpionellites hillebrandlti takes place in
bed 8, just below the base of the H. pertransiens Zone. Calpionellites
darderi is abundant to common but 7. carpathica is the dominant
taxon in the assemblage. Species that were already present in the C.
oblonga Zone, P. murgeanui, Tintinnopsella longa, C. alpina, L. hun-
garica, C. oblonga, Calpionellopsis sp. A, continue to be common in
the C. darderi Subzone. Calpionella minuta, L. plicata, R. cadischi-
ana, R. filipescui and R. catalanoi are rare to very rare, the latter spe-
cies disappearing in bed 11, at the top of this subzone. The FO of
Praecalpionellites siriniaensis has been recorded in this same bed.

The upper levels of the section (beds 12 to 20) can be assigned to
the Calpionellites major Subzone. The subzonal index is associated in
this interval with other species of Calpionellites such as C. darderi
and C. coronatus, already present in the underlying subzone, and
Calpionellites caravacaensis, which first appears in bed 16. The fre-
quency of these species of Calpionellites is variable throughout the
interval, whereas 7. carpathica is still the dominant element, and 7.
longa, C. oblonga and L. hungarica are abundant, particularly in the
highest beds of the section. Praecalpionellites murgeanui and L. pli-
cata are rare.

Calcareous dinoflagellate cysts

Calcareous dinocysts were studied in the same thin sections as the
calpionellids. Significant events recorded in the Cafiada Luenga sec-
tion are: the FO of Colomisphaera lucida (bed 3), the FO of Stomios-
phaera wanneri (bed 5), and the FO of Colomisphaera conferta (bed
9; Fig. 31). Therefore, the upper part of the Stomiosphaerina proxima
Zone, the entire Stomiosphaera wanneri Zone and the lower part of
the Colomisphaera conferta Zone of the zonal scheme proposed by
Lakova et al. (1999) are represented in the section.

Calcareous nannofossils

For the present study a total of 40 samples, mainly from marly lith-
ologies, were investigated for calcareous nannofossil content. Preser-
vation fluctuates between moderate to poor. Nannofossil abundance
varies from very abundant (more than 20 nannofossils / field of view)
to very rare (1 nannofossil / 2 fields of view or less).

Calcareous nannofossil assemblages in the Caflada Luenga section
are dominated by the representatives of the genus Watznaueria (W.
barnesiael W. fossacincta, W. britannica, W. manivitiae, and W. cynthae)
followed by narrow canal Nannoconus (mainly N. steinmannii ssp.
steinmannii, and N. steinmannii ssp. minor). Wide canal nannoconids,
such as N. kamptneri and N. globulus, are rare. Other common taxa
include Cyclagelosphaera margerelii, Diazomatolithus lehmanii and
Micrantholithus hoschulzii. All these species are typical of low-lati-
tude cosmopolitan and Tethyan assemblages. However, scattered records
of very rare specimens of Crucibiscutum salebrosum and Sollasites
horticus within the lowermost 1.8 m of the section could indicate a
cool water influx.

The calcareous nannofossil subzones NK-2A (pro parte) and NK-
2B (pro parte) of the zonation proposed by Bralower et al. (1989) were
identified in the section (Fig. 31). The lowermost beds (0 to 3), with
C. angustiforatus, and Percivalia nebulosa (= Rhagodiscus nebulosus)
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correspond to the NK-2A Subzone. The FO of Percivalia fenestrata,
recorded at the base of the marly interbed 3-4 (middle part of the 7.
alpillensis Subzone), defines the lower boundary of the NK-2B Sub-
zone, although it is difficult in practice to place this limit due to the
presence of specimens showing morphologic characters intermediate
between P. nebulosa and P. fenestrata (see Bralower et al., 1989;
Aguado et al., 2000).

Typical specimens of Calcicalathina oblongata, whose FO marks
the base of NK-3 Zone, were not recorded, and only some specimens
showing intermediate characters between Calcicalathina praeoblon-
gata (= Calcicalathina erbae) and C. oblongata were found near the
top of the section.

Other stratigraphically significant calcareous nannofossil events
recorded throughout the section were the FO of Tubodiscus jurape-
lagicus (top of bed 0), the FO of Rucinolithus wisei (interbed 2-3) and
the FO of Tubodiscus verenae (base of interbed 3-4, together with the
FO of P, fenestrata), all of them in agreement with the stratigraphic
position indicated by Bralower et al. (1989) and Aguado et al. (2000).

Magnetostratigraphy

The magnetostratigraphy of the Cafiada Luenga section and of another
one located some 300 m upstream in the same ravine was studied by
Ogg et al. (1988). Both sections (which correspond, respectively, to
VCY and VCZ in Ogg et al., 1988) display identical magnetic polarity
sequences which can be correlated with the interval between the upper
part of the polarity Chron M16n and the lower part of the polarity
Chron M14r (Figs. 31, 32).

According to the results provided by Aguado et al. (2000) and
updated here, the base of the polarity Chron M15r falls within the 7.
alpillensis Subzone and in the uppermost part of the NK-2A Sub-
zone. The base of polarity Chron M15n practically coincides with the
base of the H. otopeta Subzone, and its top correlates with the middle
part of the P. murgeanui calpionellid Subzone and the upper part of
the H. ofopeta Subzone. The base of the Valanginian, marked by the
FO of H. pertransiens, calibrates with the lower part of the polarity
Chron M14r.

Chemostratigraphy

A high-resolution analysis of 60 bulk carbonate samples from lime-
stone, marlstone and marly limestone beds was performed to study
the carbon and oxygen isotope stratigraphy in the Cafiada Luenga sec-
tion (Fig. 32). The §"C values fluctuate between -0.24%o and 1.34%o,
and the §'%0 between -2.08%o and -1.03%o. The carbon isotope curve
shows fairly stable values, around 1%. throughout the entire section,
except for two well defined, W-shaped negative excursions, one in the
uppermost part of the 7. alpillensis Subzone (upper part of Chron M15r)
and one in the upper part of the N. premolicus Subzone (Chron M14r).
The high(er) amplitude of these both peaks might be partly linked to a
diagenetic impact. However, this effect can be minimized in the cur-
rent study. According to Cramer and Jarvis (2020), remineralization
effects are most likely where sediments have low carbonate content
and high organic content; this is not the case at Cafiada Luenga. More-
over, it seems relevant to consider these both §'"°C values as geochem-
ical events as they are also recorded in similar stratigraphic intervals
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Figure 32. Cariada Luenga section. Magnetostratigraphy, chemostratigraphy and astrochronology.

of other sections such as Vergol and Montclus (France; see below).
The §"0 curve presents a slight negative trend from the base of the
section to the middle part of the N. premolicus Subzone, where it

undergoes abrupt oscillations and reaches minimum values; above this
interval it recovers slightly towards more positive values.
No systematic analysis of Sr/*Sr has been conducted in the Cafiada



Luenga section. However, McArthur et al. (2007) used some of the
belemnites collected by Nico Janssen in this and other sections from
SE Spain, together with others from SE France, to construct the Sr iso-
tope curve around the B/V boundary. Data plotted in Fig. 32 are only
those from the Cafiada Luenga section. Fitted with a linear regression, the
predicted value of *'Sr/*Sr at the B/V boundary is 0.707285 + 0.000004
(2.se,n=06).

Cyclostratigraphy and Astrochronology

The CaCO; content was measured every 5 cm in order to detect the
sedimentary cycles through spectral analyses, determine their cli-
matic origin, and provide an orbital time scale for the Cafiada Luenga
section. The sedimentation rates can be calculated using the cyclo-
astrochonology.

The CaCoO;s signal is detrended and treated with spectral analyses
following the same procedure as the gamma-ray and magnetic sus-
ceptibility signals from Vergol. The 2n-MTM spectrum of the CaCO,
signal shows spectral peaks above the 95% confidence level at 5.1 m
and 0.18 m. Other peaks at 1.2 m, 0.29 m and 0.18 m exceed the 90%
confidence level. The ratio between the periods of 5.1:1.2:0.29:0.18 m
is 1:4.25:17:28. The cycle of 5.1 m could thus relate to the 405-kyr
eccentricity cycle, the peak of 1.2 m could relate to the 100-kyr eccen-
tricity cycle and the periods from 0.29 m to 0.18 m to the precession
cycles. The boundaries of the 405-kyr eccentricity are correlated from
the Vergol section with biostratigraphy and carbon-isotope curves aided
with the maximum of the filter of the 405-kyr band. The astrochrono-
logical interpretation, with the eccentricity (405-kyr) is presented in
Fig. 32. The boundaries from the base of T.A.405-2 to the base of V1
are near maxima of the filter of the 405-kyr filter at Cafiada Luenga.
The top of V1 is near the top of the interval. A maximum of the filter
of the 405-kyr filter does not correspond to a 405-kyr cycle boundary
according to biostratigraphic correlation. This maximum is driven by
the existence of limestone bed 16 within a thick marl interval. The
presence of this bed only is enough to deviate the filter to higher val-
ues, so it is not sure whether it has an orbital origin. Three complete
405-kyr long-term eccentricity cycles are recognized across the inter-
val covering the B/V boundary. The average sedimentation rate of the
Cafiada Luenga section is around 9 m/Myr (further explanation below).

Correlation of the Vergol (GSSP) with the Cafiada
Luenga (SABS) Sections

An attempt at correlation of the Vergol and Cafiada Luenga sec-
tions is proposed here for the first time (Fig. 33) in order to show their
suitability and complementarity as GSSP versus SABS, respectively.
This integrated approach is mainly based on bio-and isotope stratigra-
phy. Cyclostratigraphy allows calculation of a sedimentation rate for
some intervals. The zonal schemes are complemented by major bio-
events which are put alongside the sections. The method of graphic
correlations is also used in order to strengthen the characterization of
the Berriasian/Valanginian (B/V) boundary, the correlation of some
events between the two sections, and the comparison of the sedimen-
tary record. A cross-plot is presented in Fig. 34. It is mainly based on
First Occurrences (FO) and Last Occurrences (LO) of ammonoids
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and calpionellids; only one point on calcareous nannofossils is shared
by the two sections (Fig. 34). These 3 groups have been selected as
they were candidates for the primary marker due to their robust and
proven biostratigraphic significance. The biostratigraphy of other
groups is less known and probably more discrepant. The FO of T.
alpillensis has been chosen as the reference “0 metre” (origin of the
coordinates) for building the graph and comparing both sections. The
reliability of this FO needed to be confirmed. However, the FO of the
Hoedemaekeria pertransiens provides a possible alternative datum
level as the origin of the coordinates; the results are identical for the
calculation of the regression line and its correlation coefficient (NB:
the use of the FO of T. alpillensis allows us to have positive values of
both axes). As the Vergol section is more expanded, it is considered as
the “standard reference section” (SRS) in the graphic correlations and
so put on the x-axis, and the Cafiada Luenga section (compared to the
SRS) is put on the y-axis. The main results and interpretations can be
summarised as follows.

Characterization of the Berriasian/Valanginian Boundary

The restricted interval around the B/V boundary, defined at the base
of limestone bed VGL-B136 at Vergol that coincides with the FO of
H. pertransiens (species recorded in bed CL9 at Cafiada Luenga), is
well characterized in both sections by ammonoid and calpionellid
events such as the FOs of H. gratianopolitensis, N. premolicus, C. dard-
eri and Calpionellites coronatus, and the LOs of H. otopeta, T. alpillen-
sis, and B. calisto. According to the method of graphic correlation, the
good correlation coefficient of the regression line (y = 0.3992x — 1.4115;
> = 0.88; green line in Fig. 34) shows that all considered biostrati-
graphic events (Fig. 33) are consistent and robust for the characteriza-
tion of the studied interval; this strongly supports the boundary correlation
between the two sections (NB: using a polynomial curve, this coeffi-
cient is higher, I = 0.93).

In the Cafiada Luenga section, the B/V boundary occurs in the lower
part of polarity Chron M14r. According to the cyclo-astrochronology
performed on the Vergol section and a radioisotopic age provided from
the study of the Neuquén basin (Argentina, Aguirre-Urreta et al., 2017;
this work, see above), the age model allows dating the base of the
Valanginian Stage at 137.05 Ma (£0.2 Ma). In this section, the predicted
value of ¥Sr/*Sr at the B/V boundary is 0.707289 + 0.000004 (2.se, n
=12), very close to the value measured on a belemnite found in the
marly layer VGL-B134 (0.707293). At Cafiada Luenga, a linear regres-
sion was used in order to estimate a strontium isotopic value on the B/V
boundary; the predicted value of St/*Sr at the B/V boundary is 0.707285 +
0.000004 (2.se, n = 6). However, this must be interpreted carefully as
data are scarce, especially in the middle part of the section, and a lin-
ear fit may not be valid. The sequence stratigraphy established at Vergol
shows that the B/V boundary is located between Sequence Boundar-
ies SB Be8 and SB Val.

Correlation of Some Events in the Upper Berriasian (p.p.)

A solid correlation can be drawn for the base of the H. otopeta Sub-
zone using the FO of the index species (VGL-B116 and CL5). In both
sections, the FOs of P. fenestrata and P. murgeanui are recorded below
and above this line, respectively. As the base of polarity Chron M15n
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Figure 33. Correlations of the Vergol and Cariada Luenga sections using an integrated stratigraphy. See Kenjo et al. (2021, p. 23-24) and the
current work (text and Fig. 34) for explanation on the ratio 2.5 between the scales of the two sections.
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Figure 34. A, graphic correlation: cross plot Vergol (VGL) versus Caiiada Luenga (CL) sections. The slope of the regression line (green dash;
y=10.3992x — 1.4115; ¥* = 0.88) is around 0.4; this means that the Vergol section is 2.5 (= 1/0.4) times more expanded than the Cafiada
Luenga section. B, biostratigraphic events 1 to 15, table showing the location (in metres measured from the base of the beds VGL-B96 or
CL0) of first (FO) and last (LO) occurrences of main taxa (ammonites, calpionellids and calcareous nannofossils).

practically coincides with the lower boundary of the H. otopeta Sub-
zone at Cafiada Luenga (CL5), this magnetic event should occur just
below the bed VGL-B116 at Vergol. According to the Spanish sec-
tion where the base of the polarity Chron M14r is located in the top
third of the P. murgeanui Subzone (base of CL7), this magnetic event
should occur in the top third part of the calcareous/Otopeta bundle of
the Vergol section for which the calpionellid zonation is also well

established. Using the graphic correlation, the regression line (Fig. 34)
allows us to correlate approximatively the bases of M15n and M14r
with beds VGL-B114 and VGL-B126, respectively (Fig. 33). The car-
bon-isotope stratigraphy may strengthen these suggestions taking into
account that the small “peaks” “d” and “f” recorded at Vergol could be
recognized just below and above the polarity Chron M15n at Cafiada
Luenga. However, as the carbon isotope curves are not characterized
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by strong variations of §"°C, their correlation should be interpreted
carefully. According to this integrated approach, the Sequence Boundary
(SB) of medium-scale sequences Ber 14 (SB C = Be8) and Ber 15 of
the Vergol section could be approximatively correlated just below
beds CLS5 and CL7, respectively.

Correlation of Some Events in the Lower Valanginian
®-p)

At the Vergol and Cafiada Luenga sections, above the B/V boundary,
the carbon isotopic curve is characterized by a value decrease (from
“g” to “h”, located in the lower and upper parts of the N. premolicus
Subzone, respectively) followed by an increase in values to reach the
peaks “i”” and “k”, the latter recorded in the lower part of the N. (V) salinar-
ium Subzone (Fig. 33). The upper part of the medium-scale sequence
Ber 15 (small-scale 4?) of the Vergol section may be correlated with
beds CL12-13-14 as the FOs of C. major are observed in these intervals;
the beginning of a stronger decrease in carbon isotope values is recorded
in their top parts. Thus, the SB Val could be drawn at the base of bed
CL15. The medium-scale lowstand deposits of the Vergol section could
be correlated to the marly limestones CL15-16?; in this interval of
both sections, the FOs of Calpionellites caravacaensis and B. exstinc-
torius are recorded.

Comparison of the Interval of the T. alpillensis — H. per-
transiens (p.p.) Zones

The aim of this part is to compare the sedimentary record (sections
more or less expanded). Four approaches are used here.

As previously stated, the bases of the H. otopeta Subzone and
H. pertransiens Zone are interpreted as solid lines of correlation.
Thus, the stratigraphic intervals dated from the H. ofopeta Subzone
are fully represented and their thickness can be compared: 8 m and
3.2 m for Vergol and Cailada Luenga sections, respectively. There-
fore, as far as these intervals are concerned, the French section is 2.5
times (8/3.2) more expanded than the Spanish one (Kenjo et al.,
2021). In Fig. 33, this ratio is used to compare the different scales of
both sections.

The sedimentation rates can be calculated using the cyclo-astrocho-
nology. Four 405-kyr long-term eccentricity cycles are identified on
the Vergol and Cafiada Luenga sections across the interval covering
the B/V boundary (Fig. 33). As it is not complete in the Spanish sec-
tion, the cycle TA-405-1 cannot be compared. As shown in Table 3, the
average sedimentation rate of the Vergol section is 2.4 times higher
than that of Cafiada Luenga section.

The sedimentation rate can also be inferred using the correlation of
the carbon isotope curves. Among the most relevant changes in the iso-

tope changes recorded in both sections there are two negative shifts
named “b” and “h”. The thicknesses of the intervals between them are
around 22 m and 8.50 m in the Vergol and Cafiada Luenga sections,
respectively. The ratio is 2.59 (22.50 m at VGL / 8.50 m at CL).

According to the graphic correlation (Fig. 34), the slope of the
regression line (y = 0.3992x — 1.4115; r* = 0.88) is around 0.4. Thus,
according to this method, the Vergol section is 2.5 (= 1/0.4) times
more expanded than Cafiada Luenga. In conclusion, the 4 approaches
yield consistent results and show that the Vergol section is around 2.5
times more expanded than the Cafiada Luenga section.

The plot distribution suggests some changes in the accumulation
rate and can be commented as follows. For building the graph, the FO
of T alpillensis has been chosen as the reference “0 metre” (origin of
the coordinates, cf. method of the graphic correlations). At Cafiada
Luenga, the FO of this index species is recorded at the base of the suc-
cession that is made up of reddish to gray nodular calcilutites to cal-
cirudites from 0 to 1.25 m beds (beds 0 to 3; Upper Ammonitico Rosso
Formation; Fig. 31). According to the description made previously,
this interval is condensed (very low sedimentation rate, stratigraphic
gaps). This explains the offset of point 1 (FO of T. alpillensis) with
respect to the regression line (Fig. 34). Then, three sets of points (bio-
stratigraphic events) can be recognized along this line. For the inter-
mediate set (events 5 to 12; Fig. 34), the slope of the segment (linking
these points) is lower than that of the entire regression line. This would
suggest a stronger condensation at Cafiada Luenga close to the B/V
boundary, and so a lowered sedimentation rate. However, it would be
not really appropriate to calculate a rate for this short interval (deci-
metric in thickness). Indeed, in this preliminary study, the cross-plot is
based on FOs and LOs recorded in the Vergol and Cafiada Luenga sec-
tions, and not on First Appearance Datums (FAD) and Last Appearance
Datums (LAD) interpreted from a synthesis of biostratigraphic events
observed in a larger number of sections. Even if a sedimentation rate
was estimated using this approach, it would be irrelevant to compare
it with the rate proposed by the cyclo-astrochonology (Table 3). Indeed,
the eight events of the cross-plot are restricted to a 30 cm thick interval
of the Cafiada Luenga section (from event 5 at 5.5 m to event 12 at 5.8 m),
while the 405-kyr cycle B/V covers an interval of 3.50 m thick (from
5.24 mto 8.74 m, Figs. 31, 32).

In the current work, the method of graphic correlations is used to
establish a regression line based on fifteen biostratigraphic events, and
its slope (0.4) provides a ratio (s-rVGL/s-rCL) showing that Vergol section
is 2.5 times more expanded than Cafiada Luenga section. This regres-
sion line allows to project the position of chrons M15n and M14r recorded at
Cafiada Luenga section (y-axis) onto the Vergol section (x-axis), in agree-
ment with the correlations carried out under biostratigraphic control
(see different zonal schemes on Fig. 33).

Table 3. Compared sedimentation rates of the Vergol (VGL) and Caiiada Luenga (CL) sections and their ratios

Vergol (VGL) 405-kyr cycles and
sedimentation rate (s-r)

Cafiada Luenga (CL) 405-kyr cycles and
sedimentation rate (s-r)

Ratio : s-r VGL / s-r CL

V1, s-r=26.67 m/Myr
B/V, s-r=17.65 m/Myr
TA-405-2, s-r = 18.15 m/Myr
TA-405-1, s-r =23.70 m/Myr

V1, s-r=12.07 m/Myr Ratio =2.21
B/V, s-r = 8.64 m/Myr Ratio =2.04
TA-405-2, s-r = 6.35 m/Myr Ratio =2.86

TA-405-1, not complete -




Criteria for the Global Correlation of the Ber-
riasian/Valanginian Boundary

The different types of stratigraphy are discussed in the following
parts. Bio-chemical-physical criteria are reviewed for establishing global
correlations with the boundary (interval), drawing on records from the
GSSP and its auxiliary section for the magnetostratigraphy. As non-
ambiguous markers (evolution being an irreversible process), fossils
are used to calibrate chemical and physical binary markers. All these mark-
ers from the Berriasian/Valanginian boundary (B/V) interval have been
studied in various land sections or ocean sites. In order to summurize
this data set, a series of tables is presented.

Biostratigraphy

The latest Jurassic and earliest Cretaceous (Tithonian—Barremian)
is an interval characterized by a well-marked evolution and develop-
ment of endemic marine faunas and floras in different parts of the
world. This provincialism makes supra-regional correlation of bio-
stratigraphical zonations difficult between the Tethyan and Boreal
realms. The late Berriasian and early Valanginian were times with rel-
atively strong biogeographic restrictions (Mutterlose, 1992b; Méller
et al., 2015; and references therein) when sea-level was particularly
low (Hagq et al., 1987; Haq, 2014), leading many marine basins to become
isolated or even emerged. Considering ammonite faunas as an example,
this situation gave rise to a high degree of endemism so that not only
were the Boreal and Tethyan assemblages clearly different, but there
was also faunal differentiation within each realm (Rawson, 1993, 1994;
Lehmann et al., 2015), which considerably hampers interregional cor-
relation. Besides the impact of physical barriers (cf. opening or clo-
sure of seaways), the biogeographic distribution could be also caused
by environmental conditions, climate differences, oceanic circulation
patterns and other factors as post-mortem transport.

Ammonites

In both the Vergol and Cafiada Luenga sections, the ammonite fauna
shows a typically Mediterranean character and consists of seven fami-
lies, namely Neocomitidae, Olcostephanidae, Haploceratidae, Phyllo-
ceratidae, Lytoceratidae, Bochianitidae and Protancyloceratidae. The
neocomitids and, to a lesser extent, the olcostephanids are the most
relevant groups for biostratigraphy (Company and Tavera, 2015; Kenjo
etal., 2021).

The uppermost beds of the Berriasian are mainly characterized by
five species of neocomitids: Berriasella calisto, Fauriella boissieri,
Tirnovella alpillensis, Erdenella paquieri and Hoedemaekeria otopeta
(Figs. 8, 31). Except for the last of these, which seems to be restricted
to the northern margin of the Mediterranean area, these species are
distributed throughout the Mediterranean—Caucasian Subrealm (Wes-
termann, 2000; Lehmann et al., 2015), and extend westwards to the
Caribbean Province (Mexico). Some of them have also been reported
from the Indo-Pacific (Spath, 1939; Collignon, 1962) and Andean (Rivera,
1951; Leanza and Wiedmann, 1989) subrealms, but these citations must
be considered erroneous or highly doubtful.

The selected primary marker for the definition of the base of the
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Valanginian stage is the FO of Hoedemaekeria pertransiens. As stated
above, H. pertransiens is a well-defined species, easily recognizable
and frequent, especially in hemipelagic sections, as is the case of Vergol
and Cafiada Luenga. This frequency ensures the correct location of its
FO and makes correlations more reliable. Its geographical distribution
extends throughout the Mediterranean Province, having been reported
from Morocco, Tunisia, Spain, France, Italy, Austria, Poland, Hungary,
Romania, Bulgaria and Ukraine (Crimea; see references in Klein, 2005)
and, recently, also in Mexico (Ovando-Figueroa et al., 2024a). By contrast,
records of this species in Argentina (Leanza, 1945; Aguirre-Urreta, 1993),
Peru (Rivera, 1951), Colombia (Huber and Wiedmann, 1986), Pakistan
(Spath, 1939) and Sumatra (Baumberger, 1925) are definitely incorrect.

Closely related to H. pertransiens is Hoedemaekeria gratianopo-
litensis, which also appears at the base of the Valanginian (Aguado et
al., 2000; Reboulet et al., 2022) and shows a similar geographical dis-
tribution. Hoedemaekeria gratianopolitensis has often been confused
with Thurmanniceras thurmanni, a classic but usually misinterpreted
species (see discussions in Bulot, 1995; Aguado et al., 2000; Kenjo,
2014) and which has occasionally been misreported from the Andean
basins. Furthermore, a large number of species defined in the Boreal-
Pacific, Indo-Pacific and Andean subrealms have been attributed to
the genus Thurmanniceras (see Klein, 2005), but none of them seem
to have a direct relationship with the Mediterranean forms and are
therefore not suitable for correlation.

Neocomites premolicus (FO) is considered by the Valanginian Working
Group (VWQ) as a good secondary marker. This species is morpho-
logically well characterized and easily recognizable in the field. According
to Company and Tavera (2015) and Kenjo et al. (2021, and references
therein), the FO of N. premolicus occurs in the basal part of the H.
pertransiens Zone, and its short stratigraphic range is restricted to the
lower part of the zone. Thus, N. premolicus is used as the index species of
the first subzone of the H. pertransiens Zone. This species is frequent
in basin environments. As it is also particularly common in neritic
environments, in which H. pertransiens may be rare or even absent,
the FO of N. premolicus can be used to recognize the B/V boundary
(see discussions in Ettachfini, 2004; Company and Tavera, 2015; Rebou-
let et al., 2022). Neocomites premolicus has a relatively wide geo-
graphic distribution (see Klein, 2005, p. 307-308). The species has been
recorded throughout the Mediterranean area, from Morocco to Bul-
garia, also extending west to Mexico (Ovando-Figueroa et al., 2024b)
and east as far as Japan (Ehiro et al., 2020). On the other hand, reports
of this species in Madagascar (Barrabé, 1929), Antarctica (Covacev-
ich, 1976) and California (Imlay and Jones, 1970) are most likely wrong.

The genus Kilianella is represented in the sections of Vergol and
Cafiada Luenga by three species: Kilianella chamalocensis, Kilianella
lucensis and Kilianella roubaudiana (Figs. 8, 31). The first of these
appears in the T alpillensis Subzone and reaches the basal beds of the
Valanginian, K. lucensis is present in the H. ofopeta Subzone and in
the lower part of the H. pertransiens Zone, and K. roubaudiana extends
throughout the H. pertransiens and Neocomites neocomiensiformis
zones (Aguado et al., 2000; Kenjo, 2014; Company and Tavera, 2015;
Kenjo et al., 2021; Reboulet et al., 2022). The three species are typi-
cally Mediterranean, although K. chamalocensis has also been identified
in Japan (Ehiro et al., 2020), and K. roubaudiana in Mexico (Gonzalez-
Arreola et al., 1995), Cuba (Myczynski, 1977) and Pakistan (Fatmi
and Rawson, 1993). It should also be noted that other species closely
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resembling K. roubaudiana, such as Kilianella asiatica and Kilianella
crassiplicata, characterize respectively the lower Valanginian beds of
the Indo-Pacific and Boreal-Pacific subrealms.

The genus Sarasinella also appears around the B/V boundary and,
in its current conception, would be restricted to the H. pertransiens
and N. neocomiensiformis zones, although similar morphologies reap-
peared iteratively throughout the late Valanginian and basal Hauteriv-
ian (Company, 1987; Ettachfini, 2004; Reboulet et al., 2022). Species
such as Sarasinella eucyrta, Sarasinella longi or Sarasinella trezan-
ensis appear only sporadically in pelagic settings, but are much more
frequent in the basal beds of the Valanginian in the shelf environments of
the Mediterranean area (Wippich, 2003; Ettachfini, 2004; Reboulet
et al., 2022). Species very similar to these, such as Sarasinella varians,
Sarasinella subspinosa and Sarasinella uhligi have been reported from
the lower Valanginian of northern Indian subcontinent (Uhlig, 1910;
Spath, 1939; Fatmi, 1977), while the actual status of many other spe-
cies attributed to this genus in other parts of the world seems to be
much more doubtful.

Among the olcostephanids, the most relevant species for the identi-
fication of the lower boundary of the Valanginian is Olcostephanus
drumensis. Specimens strictly attributable to this species appear in the
uppermost part of the H. otopeta Subzone and persist to the base of
the N. (V) salinarium Subzone. The geographical distribution of this
species exceeds the Mediterranean—Caucasian Subrealm and extends
towards Mexico (Gonzalez-Arreola et al., 1995) and Pakistan (Fatmi
and Rawson, 1993).

The presence of the Boreal genus Platylenticeras, which character-
izes the lowermost Valanginian in NW Germany, has been well docu-
mented in many localities in SE France and other areas of the northern
margin of the Mediterranean province (Spain, Switzerland, Czech
Republic, Poland). In most cases, the specimens come from the lower
part of the N. neocomiensiformis Zone and belong to offshoot species
that are not known in Germany. However, the subspecies Platylentic-
eras latum tenue and Platylenticeras heteropleurum occidentale are
common to both regions, having been recorded from the base of the
H. pertransiens Zone in some French sections and allowing a direct
correlation of this level with the German Platylentyceras-Schichten
(Thieuloy, 1977; Kemper et al., 1981).

This correlation is further reinforced by the finding of some speci-
mens of Paratollia also at the base of the H. pertransiens Zone in
some French sections (Thieuloy, 1977). This genus defines the base of
the Valanginian in England (Casey, 1973) and is also present in the
Platylenticeras beds in Germany (Jeletzky and Kemper, 1988).

Another line of evidence for the correlation with the Boreal Realm
is supported by the alleged close relationship (Thieuloy, 1977; Alsen
and Rawson, 2005; Mitta, 2018) between Delphinites (Delphinites)
ritteri, an extremely rare element of the ammonite assemblages of the
base of the H. pertransiens Zone in SE France, and the species of Del-
phinites (Pseudogarnieria), which characterize the base of the Valangin-
ian in Russia and Greenland, and allow the correlation to be extended
to the rest of the Boreal Realm (see discussion in Alsen, 2006).

Belemnites

The genus Castellanibelus, with type species C. orbignyanus, is
well known from the Valanginian of SE France (Duval-Jouve, 1841;

Orbigny, 1847; Combémorel, 1972; Picollier, 2022). Specific assign-
ments and stratigraphic extent vary considerably (cf. Janssen, 2021;
Picollier, 2022).

The palaeogeographic distribution of Castellanibelus is not well
known but for their restricted occurrences in the Mediterranean Prov-
ince of the Tethyan Realm. The genus occurs possibly as far west as
Mexico, but firmly established occurrences, through published fig-
ured specimens, are only known from Spain (Janssen, 2003), Switzer-
land (Mayer-Eymar, 1887), Ukraine (Crimea; Kabanov, 1960; Krymgol’ts,
1997) and France (see above for references). In addition, the genus
might occur in Hungary (Fézy et al., 2010) and the Czech Republic
(Horak, 1988). While other figured and published specimens of Cas-
tellanibelus, among them figured specimens of C. orbignyanus, refer
to the late early Barremian belemnite genus Curtohibolites (Switzerland,
Ooster, 1857; Bulgaria, Stoyanova-Vergilova, 1963), the late Valangin-
ian Adiakritobelus, the latest Jurassic to Berriasian—Valanginian bel-
emnite genera Conobelus and/or Berriasibelus (Switzerland, Gilliéron,
1873; France, Toucas, 1890; Azerbaijan, Ali-Zade, 1972), or Duvalia
(Hungary, Jekelius, 1915). In addition, some likely teratologic belem-
nite specimens have been figured as Castellanibelus (Serbia, Vasicek
etal., 2009).

If we look at the distribution of this genus, just by looking at cita-
tions, it is additionally found in Algeria, Georgia, Morocco, Rumania,
and Tunisia. All in all, this points to a distribution largely restricted to the
western part of the Mediterranean Province. No further records are
known outside this palacogeographic area, let alone details regarding
the stratigraphic distribution but for Spain and France.

Calpionellids

Calpionellid associations across the B/V boundary are generally
not abundant (Allemann and Remane, 1979; Blanc, 1996; Vasicek et
al., 1994, 1999; Petrova and Metodiev, 2012; Omaiia et al., 2017) but
they are well preserved and easily recognizable in oligotrophic envi-
ronments (Pop, 1994; Vasicek et al., 1994; Griin and Blau, 1997; Andreini
et al., 2007; Lakova and Petrova, 2013; Benzaggagh, 2020). In envi-
ronments with increasing fertility, they are not so well preserved (for
instances, see Omaiia et al., 2017, Kietzmann et al., 2021). In this situ-
ation, Calpionellites darderi can be confused with other Calpionellites
species, Praecalpionellites murgeanui and some species of Remaniella.
The FO of C. darderi is considered by the VWG as a relevant second-
ary marker. Indeed, according to Blanc et al. (1994) and Aguado et al.
(2000), the FOs of C. darderi and H. pertransiens lie very close to
each other (see also Bulot et al., 1996; this work). Calpionellites darderi
has a relatively long stratigraphic range (lower Valanginian). This
species is recorded in Mexico, Argentina and Mediterranean area (see
below).

Around the B/V boundary, three biostratigraphically significant events
have been identified both in the Vergol and Cafiada Luenga sections
(Figs. 13, 31). They are the successive FOs of P murgeanui, C. darderi
and Calpionellites major. This homotaxial succession has been con-
sistently recorded throughout the Tethyan Realm (Pop, 1986, 1994, 1997,
Rehakova, 1995; Blanc, 1996; Lakova et al., 1997, 1999; Rehakova and
Michalik, 1997a, b; Lukeneder and Rehakova, 2004; Pszczotkowski
and Myczynski, 2004, 2010; Andreini et al., 2007; Benzaggagh et al.,
2012; Petrova and Metodiev, 2012; Lakova and Petrova, 2013;



Omaiia et al., 2017; Benzaggagh, 2020). These calpionellid events
have also been robustly correlated with ammonite successions (Le
Hégarat and Remane, 1968; Allemann et al., 1975; Allemann and
Remane, 1979; Company and Tavera, 1982; Vasicek et al, 1983, 1994,
1999; Pop, 1989; Blanc et al., 1994; Aguado et al., 2000; Lukeneder
and Rehakova, 2004, 2007; Pszczotkowski and Myczynski, 2004; Fozy
et al, 2010; Petrova et al., 2011; Kietzmann et al., 2021; and this paper)
and calibrated against the magnetostratigraphic scale (Channell and
Grandesso, 1987; Channell et al., 1987; Ogg et al., 1988; Aguado et al.,
2000; Grabowski et al., 2016, 2019a; Kietzmann et al., 2021; Lodowski
etal., 2022).

The FO of P. murgeanui is recorded in the middle part of Chron
M15n and correlates with the lower part of the H. ofopeta Subzone.
This event was used by Pop (1986) to define the base of the upper-
most subzone of the Calpionellopsis Standard Zone. This P murgeanui
Subzone has been maintained in most of the subsequently proposed
zonal schemes (Pop, 1994; Blanc, 1996; Griin and Blau, 1997; Lakova
et al., 1997; Rehakova and Michalik, 1997b; Olveczka and Rehakova,
2022). It has been recognized throughout the Mediterranean area,
from Morocco to Greece and Romania, and also in Cuba.

The Calpionellites Zone, the highest of the Rome standard zona-
tion agreed upon by Allemann et al. (1971), was originally defined as
the interval between the FO of C. darderi and the disappearance of the
calpionellids. Later, Borza (1984) reduced the extent of the zone to
that of the total range of C. darderi, and Pop (1994) subdivided this
short Calpionellites Zone into two subzones (the C. darderi Subzone
below and the C. major Subzone above), using the FO of the latter spe-
cies as the limit between both. This scheme has been adopted by prac-
tically all subsequent authors (Griin and Blau, 1997; Lakova et al., 1997,
Rehéakova and Michalik 1997b; Andreini et al., 2007; Olveczka and
Rehékova, 2022). Assemblages with C. darderi have been reported
from throughout the Mediterranean-Caucasian Subrealm (from Morocco
to Iran) and also from the Caribbean (Mexico and Cuba) and Andean
(Argentina) basins. The FO of C. darderi correlates with the lower part of
Chron M14r and the upper part of H. otopeta Subzone.

The FO of C. major is located within Chron M14r, in the lower to
middle part of the N. premolicus Subzone. The FO of Calpionellites
caravacaensis is recorded somewhat higher, near the boundary between
the N. premolicus and the N. (V) salinarium subzones, both in Vergol
and in Caflada Luenga. These two species of Calpionellites with cylindri-
cal loricae have been identified in assemblages throughout the western
Tethys, from Mexico to Iran (Benzagagh et al., 2012; Jiménez-Lopez
etal., 2021).

Calcareous dinoflagellate cysts

The zonation based on calcareous dinoflagellate cysts is consid-
ered a useful tool for interregional correlation. Upper Berriasian and
Valanginian deposits studied worldwide (summarized in Ivanova and
Kietzmann, 2017) contain a cyst association consisting of Stomiosphaera
wanneri, Colomisphaera vogleri, Colomisphaera conferta, Colomisphaera
heliosphaera, Cadosina minuta, Cadosina semiradiata semiradiata,
Cadosina semiradiata fusca, Cadosina semiradiata cieszynica, Cados-
ina semiradiata olzae, Carpistomiosphaera valanginiana, Colomis-
phaera lucida, Cadosinopsis nowakii and Stomiosphaera echinata.
Apart from the last five mentioned cysts, the others were documented

51

in the Vergol section (Fig. 13). Here, in accordance with similar profiles,
most of the cysts mentioned above are rather rare to scarce, and only
C. minuta, which forms clusters of several cysts, is more frequent.
Thus, the S. wanneri, C. vogleri and C. conferta cyst zones (sensu
Grabowski et al., 2016; Ivanova and Kietzmann, 2017; Kietzmann et
al., 2023) could be considered as indicative of a late Berriasian to
early Valanginian age of the deposits exposed in the Vergol section. A
more precise determination of the Berriasian—Valanginian succes-
sional cyst events still needs to be verified in the future. The distribu-
tions of the above-mentioned taxa according to different authors are
given in Figure S5.

Palynofloral zonations worldwide

Lower Cretaceous palynofloral zonal schemes world-wide were
described and discussed by Williams and Bujak (1985) and Stover et
al. (1996). The latter authors stated that (a) the major gaps in dinofla-
gellate cyst zonations are the Upper Triassic and Cretaceous; and (b)
several works have been published for Boreal regions, but few for
tropical or subtropical sections. The (sub-)zones are listed below fol-
lowing Williams and Bujak (1985). This list is far from comprehen-
sive; it is meant to give some idea of the large variations in taxa used
by various authors and the changes in dinocyst assemblages.

Arctic: Most taxa listed in the assemblages of the Sentusidinium
cuculliforme - Paragonyaulacysta borealis (late Berriasian—early Valangin-
ian) and Tanyosphaeridium magneticum zones (Valanginian; Davies and
Norris, 1980; Davies, 1983) were not recorded at Vergol. Although
Pocock (1976) compared his zones (‘“Small spinate dinoflagellate cysts”
Zone, Berriasian; Biorbifera johnewingii Zone, lower Valanginian)
with the standard European ammonite succession and with the Arctic
Canadian ammonite-pelecypod zonation of Jeletsky (1970), the age-
assignments are questionable - e.g., Habib and Drugg (1983) illustrated
Dapsilidinium deflandrei ranging not older then the late Valanginian
whereas Monteil (1992a, b) recorded it from the uppermost part of the
lower Valanginian.

Boreal: Davey (1979) defined the Pseudoceratium pelliferum Zone
(upper Ryazanian—lower Valanginian; N.B.: Ryazanian is here con-
sidered as a regional stage nearly equivalent to the middle—late Berri-
asian, according to the Geological Time Scale, Gale et al., 2020). He
compared his zonation with Early Cretaceous assemblages from Speeton
(England), the western North Atlantic, SE France, Switzerland and
California. Despite this, the Ryazanian/Valanginian boundary interval is
poorly covered in Davey's scheme partly because of low-resolution
and because of range differences between his predominantly Boreal
data and data from Tethys.

Duxbury (1977, 2001, 2018, 2023) defined a zonation based on
interval (sub-)zones, including LKP5 (upper Berriasian) to LKP7 (lower
Valanginian). Most taxa used to define these were not recorded at Ver-
gol and others were much rarer (see Duxbury, 2024). Duxbury (2018,
fig. 2) highlighted events that occur in Speeton unit D4 (lower Valangin-
ian, Paratollia = Platylenticeras Zone) and some of these are shown
in Fig. 35 (after Duxbury, 2024, text-fig. 14) as they occur at Speeton
and at Vergol. If the events listed in Fig. 35 were isochronous between
Speeton and Vergol, it might imply that the B/V boundary at Speeton
is currently drawn too low (see Duxbury, 2024, p. 615 for further dis-
cussion).
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Figure 35. Some dinocyst events of the Vergol section correlated into the Speeton outcrop (England; after Duxbury, 2024, text-figure 14). If
the correlation of events is further confirmed, this might imply that the Berriasian/Valanginian boundary in Speeton is currently drawn too

low (see also Duxbury, 2024, p. 615).

According to Riley (1977) and Fisher and Riley (1980), their Phobero- subzones. This uses the LO of D. spinosum as a top Ryazanian marker.
Scriniodinium pharo and D. spinosum were not recorded at Vergol.

cysta neocomica Zone is subdivided into the Dingodinium spinosum
Riley (1977) used Egmontodinium toryna as an alternative for the top

(? upper Berriasian) and Scriniodinium pharo (lower Valanginian)



of the Ryazanian (top E. toryna subzone). He emphasized that his
zonation was valid for the Boreal Realm only.

Transitional: Williams et al. (1990) listed ten palynofloral zona-
tion schemes for offshore Canada. The Phoberocysta neocomica Zone,
as defined by Williams (1975), represents the entire Berriasian—Valanginian
interval. The ranges of Spiculodinium neptuni and P. neocomica are
restricted to this zone, and the range of Biorbifera johnewingii (index
species of the subzone) is entirely within the lower part (Williams,
1975, fig. 5). All of these taxa range throughout the studied interval at
Vergol.

Tethyan: See above “Palynological events and zonations in the
Tethys” and Duxbury (2024).

Australasian: Berriasian—Valanginian dinocysts in Australasian
biozonation schemes (Helby et al., 1987; Backhouse, 1987, 1988; Davey,
1988) are largely southern hemisphere-restricted and were largely
absent from Vergol. Macrofaunal dating of sections analysed may be
questionable in terms of chronostratigraphy and cannot be directly
related to Tethyan ammonites. Helby et al.'s (1987) Batioladinium
reticulatum, E. toryna and Systematophora areolata zones define their B/
V boundary, which lies between the second and third of these zones.
Their key species, B. reticulatum and E. toryna, occur at Vergol, but
the first has a much younger range with its FO within Bed VGL-V48
(lower Valanginian; Duxbury, 2024). Egmontodinium toryna was very
rare, occurring only in marl layers VGL-V5 and VGL-V26. The major-
ity of accessory species named by Helby et al. were not recorded at
Vergol.

Worldwide: All key taxa listed by Williams (1977) for the Phobero-
cysta neocomica Zone and its Biorbifera johnewingii-Cribroperidin-
ium orthoceras Subzone (Berriasian—Valanginian) occur throughout
the studied interval at Vergol.

Calcareous nannofossils

Since its definition (Worsley, 1971, emended by Thierstein, 1971),
Calcicalathina oblongata has been reported to consistently occur in
the lower part of the Valanginian in classical biozonation papers (Siss-
ingh, 1977; Perch-Nielsen, 1985; Bralower et al., 1989; Bown et al.,
1998). Even though the FO of C. oblongata is recorded later in the
upper part of the H. pertransiens Zone in SE Spain (Cafiada Luenga
section; Aguado et al., 2000; this work), the FO of C. oblongata is
considered by the VWG as a good secondary marker to approximate
the base of the Valanginian considering that the discrepancy in the
identification is probably related to different taxonomical concepts
(see Kenjo et al., 2021, their appendix B, for further explanations on
the taxonomy and identification of this taxa). Calcicalathina oblon-
gata is characterized by a long stratigraphic range (lower Valangin-
ian—lower Barremian). This taxon is relatively rare but recorded
consistently in samples of hemipelagic and pelagic sections; it is very
rare to absent in shelf facies. Calcicalathina oblongata has a wide
geographic distribution in the Tethyan Realm, but this species is not
record in Boreal Realm (see below).

Tethyan Realm: According to Mutterlose (1992b), two provinces
can be recognized: a Mediterranean Province (southern and central
Europe, the Mediterranean area, Mexico and Cuba) and an Indo-Pacific
Province (the southern Oceans and Australia).

Perch-Nielsen (1985) presented a synthesis of the available stan-
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dard biozonations for the Cretaceous and their correlations to histori-
cal stratotypes. She based her correlation for the Berriasian—Valanginian
interval on the papers of Sissingh (1977), Roth (1978), and Perch-
Nielsen (1979). Perch-Nielsen (1985) stated that the range of nanno-
fossil species can be subject to controversy due to potentially differ-
ent taxonomic concepts between authors, but also to uncertainties in
sample position. Although ammonite zones are not shown in this syn-
thetic scheme, C. oblongata is reported to consistently occur in the
basal Valanginian. Considering the CC3 Zone of Thierstein (1971)
emended by Sissingh (1977) (base placed at the FO of C. oblongata),
Perch-Nielsen (1985, page 340) stated “... In the North Sea, the FO of
C. oblongata can be substituted by the FO of S. colligata and/or the
FO of C. salebrosum. In the Boreal region, CC3 can be subdivided by
the range of Micrantholithus speetonensis into CC3a and CC3b (with
M. speetonensis) and CC3c”.

Bown et al. (1998, fig. 5.1) proposed a synthesis of Tethyan nanno-
fossil biostratigraphy including the Tethyan NC zones (after Roth,
1978, 1983; Bralower, 1987), NK zones (after Bralower et al., 1989)
and CC zones (after Sissingh, 1977, 1978; Perch-Nielsen, 1979, 1985;
Applegate and Bergen, 1988). Nannofossil events were calibrated against
ammonite zones, although ammonite zones are not available for the
DSDP sites studied by some of the aforementioned authors (e.g.,
Bralower et al., 1989) and are not provided by some reference papers
(e.g., Perch-Nielsen, 1985), and it remains unclear how Bown et al.
(1998) established such cross correlations. In fact, as an example, in
Bralower et al. (1989) ammonite zones are only available for the Ber-
rias and Broyons sections, where C. oblongata was not recorded. A
correlation with the Boreal realm and a calibration with the magneto-
stratigraphic scale were also provided by Bown et al. (1998). In this
reference work (based upon numerous papers, see their Introduction
and their part 5.2), the FO of C. oblongata is placed in their fig. 5.1 at
the base of the Valanginian, “Pertransiens Zone”. As the attribution of
such event to the base of Valanginian seems to be a common record in
the papers cited above, its attribution to the “Pertransiens Zone” might
be an indirect, interpreted datum. This scheme was reported in the
Geologic Time Scale 2012 and 2016 (Ogg et al., 2012, 2016). In GTS
2020 (Gale et al., 2020), the FO of C. oblongata is placed in the basal
part of their “Tirnovella pertransiens Zone”, and the base of polarity
Chron M14r occurs in the top part of their “Tirnovella alpillensis
Zone”. Kenjo et al. (2021, p. 19, their figs. 10 and 11) showed that the
appearance of C. oblongata is generally reported in the basal Valanginian,
thus it is typical for the lower part of this stage. These authors also dis-
cussed the report by Aguado et al. (2000) of the FO of C. oblongata
from the upper part of the H. pertransiens Zone in SE Spain.

In SE France (Vocontian basin), the FO of C. oblongata (that defined
the base of the NK-3 Zone) is consistently recorded in the lowermost
part of the Valanginian Stage as recorded at Vergol (Kenjo et al., 2021;
this work, Fig. 13), Angles (Duchamp-Alphonse et al., 2007, fig. 2),
Montclus (Morales et al., 2013, fig. 6) and Orpierre (Charbonnier et
al., 2013, fig. 2). In these sections, the nannofossil biostratigraphy is
calibrated with the calpionellid and/or ammonite zonations, and sta-
ble carbon isotopes data are also available.

In Italy, the nannofossil zonation of some sections is calibrated with
the magnetostratigraphic scale and carbon isotopes are also provided.
At Capriolo (Lombardian basin), the integrated stratigraphy includes
a calpionellid zonal scheme (Channell et al., 1987, fig. 11). Accord-
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ing to the latter authors, the FO of C. oblongata, recorded just above
the FO of Calpionellites darderi, occurs in the magnetic Chron CM 14r
(see also Kuhn et al., 2005, figs. 3 and 8). At Fiume Bosso (Umbria
Apennines), the appearance of C. oblongata occurs in the basal part of
CM14r (Bralower et al., 1989, fig. 3). In the Fonte Giordano section
(Umbria Apennines), the latter authors observed the bioevent in CM14n
(see their fig. 4). The distribution of calcareous nannofossil marker
species is also reported in the Pusiano section (Lombardian basin).
The FO of C. oblongata is recorded in the basal part of the magnetic
Chron CM13. In the Chiaserna Monte Acuto section (Umbria-Marche),
the FO of C. oblongata is recorded at the base of the former “Thur-
manniceras otopeta Zone” (Sprovieri et al., 2006, figs. 2, 5; but in fig.
6, this event is put in the upper part of their “S. boissieri Zone”), so in
the upper part of the Berriasian Stage. However, due to a variable sed-
imentation rate in various localities and to a very different thickness
of magnetic chrons, the attribution to a precise magnetic chron might
be problematic in some sections.

In Turkey (NW Anatolia), the C. oblongata Zone was recognized,
and its lower boundary occurs in the basal part of the Valanginian (Ozkan,
1993, figs. 2, 3). In Romania, the FO of the marker is recorded in the
upper Valanginian of three sections (Melinte and Mutterlose, 2001,
figs. 3-6). Thus, as underlined by these authors, “a notable difference
in the FO of this species is obvious” as elsewhere in the Tethys this FO is
observed in the lower Valanginian. In both publications, the nannofos-
sil biostragraphy is calibrated with the calpionellid and/or ammonite
zonations.

In the Atlantic Ocean, C. oblongata was recorded in several sites
and the NK/NC-3 Zone was reported according to some works such
as Roth (1978, fig. 3, site 391 DSDP Leg 44, site 534 DSDP Leg 76;
1983, fig. 6, site 534 DSDP Leg 76), Watkins and Bowdler (1984, fig.
2, tab. 1, site 535 DSDP Leg 77), Covington and Wise (1987, tab. 1, site
603 DSDP Leg 93), Applegate and Bergen (1988, fig. 5, ODP Leg 103),
Bralower et al. (1989, fig. 9, DSDP 534A; fig. 10, DSDP 391C), Bor-
nemann et al. (2003, fig. 2, DSDP 105- 534A-367), and Bergen (1994,
fig. 2, tab. 1, DSDP 534).

In the Southern Ocean, Mutterlose and Wise (1990; east Antarctica,
Weddell Sea, site 692B ODP Leg 113) noted the absence of import-
ant Valanginian index taxa such as C. oblongata. A calcareous nanno-
fossil zonal scheme for the Indo-Pacific Province was suggested by
Mutterlose (1992a, NW Australia, sites 765-766 ODP Leg 123) and
he proposed a correlation with the zonations of the Tethyan (mainly
based on the Mediterranean Province) and Boreal Realm (see also
Mutterlose, 1992b). In the Pacific Ocean, Lozar and Tremolada (2003,
figs. 2, 3, 4) recognized the NK-3 Zone in site 1149 ODP Leg 185 and
underlined the scarcity and sporadic occurrence of C. oblongata.
According to Bown (2005, fig. 3), this Tethyan zonal marker is absent
in site 1213 DSDP Leg 198 (NW Pacific Ocean, Shatsky Rise) and
rare in site 1214. This author used Rhagodiscus dekaenelii as proxy
marker to identify the NK-3 Zone.

In North America, according to Bralower (1990), C. oblongata was
not recorded in the studied sections of the Sacramento Valley (Cali-
fornia). Concerning South America, in the Neuquén basin (Argen-
tina), Bown and Concheyro (2004) noted the absence of C. oblongata
as well as other standard index species of both Tethyan and Boreal
affinity. Aguirre-Urreta et al. (2005, fig. 9) proposed a calibration of
Neuquén nannofossil events against the ammonite zonation, and a

comparison with Tethyan nannofossil events that is calibrated against
the West Mediterranean ammonite zones.

Boreal Realm (Germany, England, The Netherlands, Green-
land, North Sea, Barents Sea): As summarized by Moller et al.
(2015), two zonal schemes have been proposed for this realm: (a) the
BC zonation (Boreal Cretaceous) of Bown et al. (1998) that is derived
from the work of Perch-Nielsen (1979), Jakubowski (1987), Crux
(1989) and Mutterlose (1991); for the Ryazanian—Hauterivian interval,
this zonation is based on material from sections in NE England (Spee-
ton), NW Germany (Lower Saxony basin), North Sea basin and the Bar-
ents Sea; and (b) the LK zonation (Lower Kreide) of Jeremiah (2001)
that is based on boreholes and sections from the North Sea basin, The
Netherlands, England and Germany. Pauly et al. (2012a, fig. 9) pro-
posed a detailed biostratigraphic zonal scheme (calcareous nannofossils
and ammonites) for the Ryazanian—Hauterivian stages of NE Green-
land that is correlated with existing Boreal zonations (NW Europe).
According to these authors, Tethyan taxa are rare or absent in the studied
area (C. oblongata is missing, see Pauly et al., 2012b). According to
Jeremiah (2001), in the southern North Sea basin and onshore UK sec-
tions, C. oblongata is absent from the Boreal nannofossil assemblages.
However, farther north, this taxon occurs in the lower Hauterivian (cf.
his fig. 21; see the LO of this taxon noted in fig. 9 of Pauly et al., 2012a).
Moller et al. (2015) also provided results for the Ryazanian—Hauteriv-
ian interval of the Wollaston Forland (NE Greenland). They proposed
a correlation with the zonal schemes (ammonites and calcareous nan-
nofossils) of northern Germany and Speeton (NE England), including
the Tethyan ammonite biostratigraphy. These authors also discussed
the characterization of the Ryazanian/Valanginian boundary, particu-
larly in terms of calcareous nannofossil events (cf. LO of Sollasites
arcuatus, FO of Triquetrorhabdulus shetlandensis, and FO Micran-
tholithus speetonensis) that occurs in the Wollaston Forland and in
some other classical boreal areas (NW Europe, North Sea).

Chemical and Physical Stratigraphy

Carbon isotope stratigraphy

The Valanginian stage records the first positive carbon-isotope excur-
sion of the Lower Cretaceous, namely the Weissert OAE (Erba et al.,
2004) starting in the uppermost early Valanginian (lower part of the
Karakaschiceras inostranzewi Zone; McArthur et al., 2007). No such
isotopic event was recognized through the upper Berriasian—lower
Valanginian interval; only relative minor variations in the carbon iso-
topic curve are recorded (see Weissert et al., 1998, fig. 2; Follmi et al.,
2006, fig. 3; Price et al., 2016, fig. 6). According to Cramer and Jarvis
(2020; GTS, fig. 11.12), the §"°C.,, values fall towards an absolute
Cretaceous minimum (lower than 1%o) in the top part of the Berriasian
(LBeE = Late Berriasian Event); low values are also recorded in the
basal part of the Valanginian.

In the Vergol (France) and Cafiada Luenga (Spain) sections, two
shifts toward low 8"C.,y values are recorded just below (negative shift
“b”, blue arrow in Fig. 36; T. alpillensis (Sub-)Zone, Chron M15r)
and just above (negative shift “h”, red arrow in Fig. 36; H. pertransiens
Zone, N. premolicus Subzone, upper part of Chron M14r) the B/V
boundary. The interval between these two isotopic events is character-
ized by higher values, around +1%o.. In order to complete the descrip-
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Figure 36. Carbon isotopic correlation of the Vergol section with other marine successions such as Montclus (France, after Morales et al.,
2013), Zalidou (Morocco, after Reboulet et al., 2022) and Kuhn O (Greenland, after Pauly et al., 2013) calibrated by biostratigraphy. For cor-

relation, the datum plane matches with the base of Valanginian characterized by biostratigraphic data. Carbon isotopic correlation with other
sections, including Cafiada Luenga, is continued in Fig. 37.

tion of the carbon isotopic curve of the Vergol section (see above), it is namely Montclus (carbon-isotope data in Morales et al., 2013). Previ-
compared with another expanded section from the Vocontian basin, ous peaks “a” to “k” identified at Vergol (and Cafiada Luenga too) can
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be recognized at Montclus and similar trends are recorded (Fig. 36).
In the basal part of the Vergol section, the trend of the isotopic curve
had to be interpreted carefully as no data are available below the 7.
alpillensis Zone. However, prior to small positive peak “a”, lower
8"C. values are recorded in the basal part of this zone (named “neg-
ative shift TaZ” in Fig. 36). This trend could be identified at Mont-
clus, but just below the 7. alpillensis Zone (N.B.: in this section, the zonal
scheme was made by Le Hégarat (1973) and should be updated). At
Cafiada Luenga, this negative shift is not well marked and it is indi-
cated with doubt (Fig. 37). At Vergol and Montclus, above an increase
in values, a short-lived plateau in §"°C.,y, is recorded from peaks “d”
to “f”. Then, a general trend towards low §"*C,, values is observed in
the interval around the B/V boundary, more precisely from peaks “f”
to “h”. In a more detailed description of the curves, it should be noted
that, at Montclus, the boundary is characterized by a shift toward low
8"C.u values, named here “negative shift HpZ” (located between
positive peaks “f” and “g”). This trend is less marked at Vergol and
Cafiada Luenga (Figs. 36, 37). In the framework of interregional cor-
relations, it should be noted that small variations in the carbon isoto-
pic curve may not be observed in more condensed sections (such as
some sections in Italy or Hungary, see below) and/or in sections from
which the sampling resolution is insufficient. Consequently, negative
shifts (such as “b” and “h”) of the carbon isotopic curve are indicated
with a question mark on sections selected to illustrate the global cor-
relation based on isotope stratigraphy.

In Morales et al. (2016), the Montclus section was correlated with
three successions located in the Helvetic Alps (northern Tethyan car-
bonate platform). The authors noted an abrupt decrease in §"*C.,y, val-
ues (0.7%o) in the interval around the B/V boundary. In SE France,
carbon-isotope stratigraphy was also provided for the Angles (Vocon-
tian basin, Emmanuel and Renard, 1993; Duchamp-Alphonse et al.,
2007), Orpierre (Vocontian basin, Charbonnier et al., 2013), and La
Chambotte and Juracime (inner Jura Platfom, Morales et al., 2013)
successions. Basinal sections were calibrated with the ammonite and/
or calcareous nannofossil and/or calpionellid zonations. Reboulet et
al. (2022) proposed a correlation between a French Valanginian com-
posite basinal section (Angles-Vergol-La Charce) and some Moroc-
can successions characterized by carbon-isotope data. As invoked above
for some successions, a shift toward low §'°C,, values (shift “h”, red
arrow in Fig. 36) is also recorded in the basal part of the Valanginian
(N. premolicus Subzone) in the Zalidou, Ait Hamouch and Igouzou-
len sections (Essaouira-Agadir basin).

In the Barlya section (Western Balkan, Bulgaria; Grabowski et al.,
2016), the general trend of the carbon isotopic curve is similar to that
observed at Vergol and Cafiada Luenga: the negative shift “b” (blue
arrow in Fig. 37) in the lower part of Chron M15r; a short-lived pla-
teau in 8"C.,y, values occurring in Chron M15n and basal part of Chron
M14r; and then, on the interval crossing the B/V boundary, a decrease
in 8"C,,, values to reach the negative shift “h” (red arrow) in Chron
M14r. Grabowski et al. (2016) proposed to correlate the Barlya sec-
tion with the Berrias section (Vocontian basin, carbon-isotope data in
Emmanuel and Renard, 1993) where a shift toward low values also
occurs in Chron M15r (Fig. 37). The uppermost part of the section
must be interpreted carefully as recent work on magnetostratigraphy
proposed a new scale without the record of chrons M15n and M14r
(Wimbledon et al., 2024; see discussion below). According to this

new result, the last shift toward higher values could correspond to the
peak “c” or “e” observed at Caflada Luenga. Grabowski et al. (2021b)
added a correlation with the Montclus section (Vocontian basin, car-
bon-isotope data in Morales et al., 2013); they noted a good coinci-
dence of second-order variations between the 8"C.,, of the three
aforementioned sections.

In some sections of the Lombardian basin such as Capriolo, Polaveno
(Fig. 37) and Pusiano, (northern Italy; Breggia, Switzerland), varia-
tions in 8"°C,,y are calibrated with the calcareous nannofossil zona-
tion and magnetostratigraphy (Lini et al., 1992; Channell et al., 1987,
1993; Bersezio et al., 2002); calpionellid zonation is added for the
Xausa section (Trento Plateau, northern Italy; Weissert and Channell,
1989), and Capriolo. For the Umbria-Marche basin (Chiaserna Monte
Acuto section, central Italy), Sprovieri et al. (2006) provided a car-
bon-isotope composite record calibrated by calcareous nannofossil
zonation. According to these all studies, from the upper part of the
Berriasian up to the lower part of the Valanginian, the §°C,, curve
oscillates around an average value of 1.3%o (Fig. 37; see also Weissert et
al., 1998, fig. 2). Similar values with low variations in the §C
curves are also recorded in the Lysonka section (western Carpathians,
Poland, Grabowski et al., 2013) and Harskut succession (Fig. 37; Bakony
Mountains, Transdanubian Range, Hungary; Fézy et al., 2010; Lodowski
et al., 2022). Concerning the latter section, the authors provided a high-
resolution stratigraphic calibration using biostratigraphy and magne-
tostratigraphy. The Kryta Valley section (Tatra Mts, Western Carpathians,
Poland) was calibrated using biostratigraphy (such as calpionellids and
calcareous nannofossils), magnetic and stable-isotope stratigraphy
(Grabowski et al., 2024). From the upper part of the Berriasian (M16n)
up to the lower part of the Valanginian (M14n), the §"°C,,q, curve
oscillates slightly around an average value of 0.7%o, and thus it is dif-
ficult to identify the negative shifts “b” and “h”. Indeed, the latter (red
arrow in Fig. 37) could be linked to the general trend toward low 8°C
values (observed after the short-lived plateau, see rectangles); how-
ever, this negative shift “h” is located in the basal part of Chron M14n
at Kryta Valley, while this peak is dated from the top part of Chron
M14r at Cafiada Luenga. At Hlboca (Slovakia; Grabowski et al., 2010,
fig. 11), 8" Ce values vary between 1.2 and 1.3%o through chrons
M17-M16; then, a decrease is recorded from the chrons M15 to M13
to reach 0.6%o.

Carbon-isotope data are also available for NE Mexico (Adatte et al.,
2001), the Atlantic Ocean, such as Deep Sea Drilling Project (DSDP)
site 535 (Gulf of Mexico; Robertson and Bliefnick, 1983), sites 534A
and 603B (west Atlantic, Bornemann and Mutterlose, 2008). For hole
534A (Fig. 37), a minor shift toward low §'*C,, values is recorded in
the basal part of Chron M15r; this could be interpreted as the negative
shift “b”. Another shift toward low 8"C.,,, values is observed in Chron
M14r, very closely to the boundary NK-2/NK-3 calcareous nannofos-
sil zones (the base of NK-3 Zone can be considered as a secondary
marker to approximate the B/V boundary). Charbonnier et al. (2013)
and Morales et al. (2013) correlated some typical French basinal sec-
tions (Angles, Orpierre and Montclus) with the site 534A. For the sites
416A (DSDP east Atlantic, Wortmann and Weissert, 2000) and 1149B
(Ocean Drilling Project Leg 185, Pacific Ocean, Lozar and Tremo-
lada, 2003), the resolution of the isotopic curves is low and the inter-
val around the B/V boundary is probably not represented (see also
Borneman and Mutterlose, 2008).
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Figure 37. Carbon isotopic correlation of the Cafiada Luenga section with other marine successions such as Berrias (France; section after
Grabowski et al., 2016, 2021; on the right part, magnetic zonation after Wimbledon et al., 2024, see Fig. 38), Capriolo, Polaveno (Italy; sec-
tions after Channell et al., 1993 and Bersezio et al., 2002, respectively), Kryta Valley (Poland; section after Grabowski et al., 2024), Barlya
(Bulgaria; section after Grabowski et al., 2021), Hdrskut (Hungary; section after Lodowski et al., 2022), and Atlantic Ocean (DSDP Hole
534A after Bornemann and Mutterlose, 2008), calibrated by bio-magnetostratigraphy. The base of Chron M15r is used as the datum plane for
correlation. Carbon isotopic correlation with other sections, including Vergol, is shown in Fig. 36.

Concerning the Boreal Realm, the Speeton section is characterized
by carbon-isotope stratigraphy (McArthur et al., 2004). However, just
two samples are available for the top part of the Berriasian stage, and
the Berriasian—Valanginian interval is condensed or some strata are
missing within the late Valanginian sequence. Mutterlose et al. (2014)
compared these Boreal results with Tethyan data; the §"°C values of
the Boreal belemnites show the same long-term trend as the Tethyan

ones, but they are in general by 1-2%o more positive than the Tethyan
data. Pauly et al. (2013) published the first carbon-isotope record
(8"Car and 8"C,,) for the upper Ryazanian-Barremian interval of NE
Greenland (Redryggen and Kuhn @ sections). They noted that §*C,
values observed in their study are on average much lighter than con-
temporaneous values presented for the Tethyan bulk-rock carbonate
(Weissert and Erba 2004) and belemnite guards (McArthur et al.,
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2007). The minor negative shifts “b” and “h” are indicated with doubt
on the Kuhn @ section (Fig. 36).

Strontium isotope stratigraphy (SIS)

For Early Cretaceous time, the construction of ¥’Sr/*Sr trends
(Figs. 22, 32, 33) is largely based on data coming from SE France and
SE Spain, including the Vergol and Cafiada Luenga sections, respec-
tively (McArthur et al., 2007, 2020; Bodin et al., 2009, 2015; McAr-
thur and Howarth, 2025).

Mutterlose et al. (2014) used SIS to resolve some of the difficulties
of correlation between the Tethyan and Boreal realms in the Valangin-
ian—Barremian interval. Their data were from Speeton (McArthur et
al., 2004) and the Vocontian basin (McArthur et al., 2007; Bodin et
al., 2009). According to Mutterlose et al. (2014; their fig. 3), the pro-
file through the Boreal and the Tethyan realms show a good match.
Nevertheless, these authors stated that “the overlap of the two Sr-isotope
curves highlights discrepancies between the Boreal and the Tethyan
zonation schemes for the Valanginian/Hauterivian boundary and the
lower/upper Barremian boundary”. Whether “discrepancies” is the
appropriate term is moot: there seems to us to be no reason why Tethyan
and Boreal zonal boundaries should coincide. Mutterlose et al. (2014)
therefore both aided Tethyan—Boreal correlation and also highlighted
minor zonal mismatches in existing correlations of that time. It is
emphasised here that their fig. 3 repesents, in our view, a preliminary
correlation of Tethyan and Boreal Realms and a correlation by SIS
that can be substantially improved by further analysis of belemnites
and brachiopods (which are readily available from multiple sites) to
modern standards (to < = 0.000004 in *’Sr/*Sr) at a greater sample
density. This example therefore is for illustrative purposes only.

Moller et al. (2015, fig. 2) provided ¥'Sr/**Sr-data for the upper
Ryazanian and the Valanginian through the Redryggen section (Wol-
laston Forland, NE Greenland). Data are for belemnite specimens.
These authors noted a good match between the values of *’Sr/*Sr in
Greenland and those from France, Spain and England (McArthur et
al., 2004, 2007; Bodin et al., 2009). Of most importance, however, is
that regression analysis of the ¥Sr/*Sr data of Moller et al. (2015) pre-
dicts a value of 0.707293 + 0.000003 (2.se., n = 14) for the Ryazanian/
Valanginian boundary based on the ammonite zonal scheme of NE
Greenland. This value is within uncertainty of the value of 0.707289 +
0.000004 (2.se, n = 12) for the GSSP at Vergol. Further analysis could
be made to test this point as material for analysis is not in short sup-
ply. Note that all samples of Maller et al. (2015) were > 0.15 m from
the R/V boundary and that the boundary value was obtained by inter-
polation. These authors discussed the position of the Ryazanian/
Valanginian boundary according to their data (cf. discrepancy of the
ammonite and Sr-isotope based ages on one hand and the nannofossil
findings on the other).

Magnetic stratigraphy

In the Cafiada Luenga section, the base of the magnetic polarity
Chron M14r occurs in the upper part of the H. ofopeta Subzone, top
part of the P. murgeanui calpionellid Subzone (Ogg et al., 1988; Aguado
et al., 2000). Since then, in terms of magnetostratigraphy, the base of
the Valanginian stage is consistently assigned to the lower part of Chron

M14r (see the Geologic Time Scale, Ogg et al., 2012, 2016; Gale et al.,
2020). The magnetic scale of the Cafiada Luenga section can be drawn
on the Vergol section according to a precise correlation based on an
integrated calibration (see above; bio-chemio-cyclo-stratigraphy, Fig.
33; method of graphic correlations, Fig. 34). In terms of global cor-
relations, this couple of sections will be correlated with (a) the Ber-
rias section (SE France); (b) a set of sections along a European West—
East transect; (c) sections and/or boreholes located in South America,
Africa and Atlantic Ocean; and (d) two sections located in England
and Colombia to establish correlations with continental successions.

Vergol-Caiiada Luenga versus Berrias: At Berrias, the magneto-
stratigraphy was performed by Galbrun (1984, 1985; see also Galbrun
and Rasplus, 1984, and Galbrun et al., 1986). According to Galbrun
(1985, p. 134), “a correlation between BER.SZ.N.1 and Chron M15n
seems improbable because of the short thickness of this polarity sub-
zone”. Ogg et al. (1988) did not correlate them either. However, sub-
sequent authors such as Jan du Cheéne et al. (1993), and Blanc (1996)
interpreted this small interval of normal polarity (layer 193/65 in Gal-
brun et al., 1986) as Chron M15n, and Grabowski et al. (2016, 2021b)
followed that interpretation (Fig. 38). It should be noted that Galbrun
(1985) included the top part of the section (beds 191 to 198) in his
interval BER.Z.R.1 (see his fig. 5) that is correlated with Chron M15r.
But it seems that he correlated the top of the BER.SZ.N.1 with the top
of Chron M15n in his fig. 6 (see the dashed line). This could explain
this interpretation made by some authors.

However, the presence and position of M15n in the Berrias section
is difficult to accept from the point of view of ammonite and calpio-
nellid stratigraphy in the Caflada Luenga section. According to Jan du
Chéne et al. (1993), the base of their Chron M14r is reported in the
upper part of the “Callisto Subzone” and so below the “Otopeta Sub-
zone”. For Blanc (1996, fig. 60), the base of this magnetic event (M 14r)
occurs in the “Otopeta Subzone” as the author lowered its base to
nearly match with the base of Chron M15r. This is not in agreement
with the current magneto-bio-stratigraphic calibration (see data on the
Cariada Luenga section). Some discrepancies in the correlations based
on the calpionellid zonation are also noted (Fig. 38). Indeed, at
Cafiada Luenga, the base of Chron M14r is recorded in the top part of
the P. murgeanui Subzone. However, at Berrias, this magnetic event is
stratigraphically lower, in a transitional interval covering the d3i and
d3s calpionellid subzones, and the d3t subzone (= P. murgeanui Sub-
zone) is not recorded (Blanc, 1996, figs. 56 and 60). This is further
evidence that the interpretations of (the base of) M14r proposed by
Jan du Chéne et al. (1993) and Blanc (1996) might be wrong. These
issues might be partly due to the bad outcrop conditions for the top
part of the section (cf. alluvial deposits of the river partly covering beds)
that could be characterized by some condensed intervals and even
stratigraphic gaps.

Recently, the magnetostratigraphy of the Berrias section was revised
and calibrated with the biostratigraphy (Wimbledon et al., 2024).
According to these authors, the top part of the section (including the
layer 193) is characterized by Chron M15r and dated from the C.
oblonga Subzone (Fig. 38). They did not recognize M15n and M 14r.
Therefore, the base of M15r was chosen as datum plane for the cor-
relations of sections.

Vergol-Caiiada Luenga versus a European W-E transect (France,
Italy, Austria, Hungary, Poland, Bulgaria, Ukraine): Ogg et al.
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Figure 38. Magnetostratigraphic correlation of the Vergol-Caiiada Luenga sections with the Berrias section: A, section after Galbrun (1984,
1985), Galbrun and Rasplus (1984), Galbrun et al. (1986); B, section after Jan du Chéne et al. (1993); C, section after Blanc (1996); D, sec-
tion after Grabowski et al. (2016, 2021b); E, section after Wimbledon et al. (2024). The base of Chron M15r is used as datum plane for cor-
relation. Magnetostratigraphic correlation with other sections is continued in Fig. 39.

(1988) proposed a correlation of the Berrias section with others from Italy (Fig. 39). For the Italian sections, the base of Chron M14r is
Spain (Cehegin), central (Bosso) and northern (Capriolo and Xausa) recorded in the upper part of the Calpionellopsis Zone (Zone D, i.e.
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Figure 39. Magnetostratigraphic correlation of the Vergol-Caniada Luenga sections with other marine successions from France (Berrias sec-
tion after Ogg et al., 1988), Italy (Xausa, Capriolo and Bosso sections after Ogg et al., 1988; Polaveno section after Bornemann and Mutter-
lose, 2008), Hungary (Hdrskut section after Lodowski et al., 2022), Poland (Rowienka section after Grabowski et al., 2019; Kryta Valley after
Grabowski et al., 2024), Bulgaria (Barlya section after Grabowski et al., 2021), and Ukraine (Crimea, Zavodskaya Balka composite after Ark-
adiev et al., 2017). The base of Chron M15r is used as the datum plane for correlation. Magnetostratigraphic correlation with other sections

is continued in Fig. 40.

H. otopeta Subzone) as observed at Cafiada Luenga. The issue about
the interpretation of M14r at Berrias clearly appears on this figure. It
can be also noted in their work that the base of M15r occurs in the
middle part of the Calpionellid D2 Subzone, while for Jan du Chéne et

al. (1993) this magnetic event matches with the basal part of D3 Sub-
zone. Channell et al. (1993) also provided an integrated study (mag-
netostratigraphic scale and carbon isotopic curve calibrated by a
calcareous nannofossil zonation) on some Italian sections such as Capri-



olo (Fig. 39), Pusiano and Polaveno (see also Bornemann and Mutter-
lose, 2008; Fig. 39). Chron M14r is recorded in the central northern
Calcareous Alps (Austria), however without detailed data (Krische et
al., 2018). In agreement with data of the Cafiada Luenga section
(Aguado et al., 2000), the base of M14r is recorded in the top part of
the Calpionellopsis Zone, P murgeanui Subzone, of the Harskat (Hun-
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gary, Lodowski et al., 2022; see also Fozy et al., 2010), Réwienka
(Poland, Grabowski et al., 2019a) and Barlya (Bulgaria, Grabowski et
al., 2016, 2021b; see also Lakova et al., 1999; Petrova et al., 2011)
sections (Fig. 39). In the Kryta Valley section (Poland, Grabowski et
al., 2024), the P. murgeanui Subzone is not recognized but the base of
M14r is also recorded in the top part of the Calpionellopsis Zone. For

Figure 40. Magnetostratigraphic correlation of the Cafiada Luenga section with other marine successions from Argentina (Puerta Curaco
section after Kohan Martinez et al., 2017, including calpionellid-ammonite zonal schemes reported here from Kietzmann et al., 2021) and
Namibia (Parand—Etendeka composite section after Dodd et al., 2015); two continental successions located in England (Dorset composite
section after Ogg et al., 1994) and Colombia (Cuchilla del Ramo section after Jiménez et al., 2021) are included. The base of Chron M15r is
used as the datum plane for correlation. Magnetostratigraphic correlation with other sections is shown in Figs. 38 and 39.
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the four sites, a calibration with nannofossil and/or ammonite zona-
tions and/or a carbon isotopic curve is provided. For Ukraine (Crimea),
Arkadiev et al. (2017, 2018) proposed a magnetic scale alongside the
Zavodskaya Balka composite section in which the base of Chron
M14r is dated from the top part of the Berriasian (Fig. 39).

Vergol-Caiiada Luenga versus South America, Africa and Atlantic
Ocean: In their cyclostratigraphic study performed on sequences of
the Neuquén basin (Argentina), Kietzmann et al. (2015) interpreted
that the top part of the Arroyo Loncoche section could correspond to
the Chron M14r that is correlated with the base of the Neocomites
wichmanni Zone (cf. Andean ammonite zonation). However, accord-
ing to them, the succession above the M15n is an interval with no
magnetic data. In the same basin, Kohan Martinez et al. (2017) studied
the Puerta Curaco section characterized by a magnetostratigraphic scale
(with unnamed chrons), but with no zonal scheme for dating. A few
years later, this section was dated by the study of a calpionellid distri-
bution and an ammonite zonation (Kietzmann et al., 2021). As the
magnetostratigraphy is not reported in fig. 6 of the latter authors, we
propose to report some calpionellid events in fig. 1 of Kohan Martinez
et al. (2017). This allowed us to identify the magnetic chrons, mainly
using the FOs of C. simplex and C. oblonga that are generally recorded in
chrons M16r and M16n of the studied sections, respectively (Fig. 40).
According to this pattern, the FO of C. darderi is observed in Chron
M13r at Puerta Curaco; but it should be noted that this index species is
represented by one sample and could occur earlier (in M14r as expected).
However, our interpretation should be considered with caution. Dodd
et al. (2015) reported an extensive magnetostratigraphic study for the
Etendeka portion (in Namibia, Tafelkop section) of the Parana—Etend-
eka LIP (Fig. 40). In the basal part of their composite magnetostratig-
raphy, Chron M14r is recorded. For the Atlantic Ocean, the DSDP
holes 534A and 603B are characterized by a magnetostratigraphic scale
(Ogg, 1983, 1987). According to Ogg (1987), “the Valanginian cannot be
correlated between sites and do not match the M-sequence block model”.
However, in site 534A, the M14r seems to be recognized. These two
boreholes were correlated with the Polaveno section (Bornemann and
Mutterlose, 2008; see Fig. 37 for the correlation between the Polaveno
section and DSDP hole 534A), showing in the three sites the trend in
the carbon isotopic curve during the Valanginian.

Vergol-Caifiada Luenga versus continental successions: A syn-
thesis of Tethyan—Boreal correlations between marine and continen-
tal facies covering the Berriasian—Valanginian interval was made by
Hoedemaker (1987). It should be noted that the B/V boundary is placed
in his chart at the base of the 7. alpillensis Zone, and the interpretation of
his 7. pertransiens Zone does not correspond to the current concept.
The B/V boundary defined and largely characterized in marine suc-
cessions can be correlated with the non-marine ones of the English
Purbeck—Wealden stratotypes zoned by ostracods and palynomorphs
(Allen and Wimbledon, 1991). Those authors proposed updated cor-
relations between the north European Purbeck—Wealden onshore
basins, and with global marine standards. Ogg et al. (1994), who pro-
vided a composite magnetic scale of the Portland and Purbeck Beds
from the Dorset and Wilshire of southern England, noted that “the ter-
restrial to marginal-marine Purbeck Beds encompass polarity chrons
M19r through M14r, implying deposition from latest Tithonian (Late
Portlandian) to the beginning of the Valanginian stage” (Fig. 40).
Another work allowing us a correlation with a non-marine succession

is given by Jiménez et al. (2021) who provided a magnetostratigra-
phy of a thick continental succession (largely fluvial-facies sedimen-
tary sequence) well exposed in the northern Andes (Colombia). According
to their Model A (their fig. 11), the Chron M 14 could be recorded in
the top part of the Cuchilla del Ramo section (Fig. 40).

Synthesis

In order to summarize and complete previous parts on the global
correlation, a compilation of marine successions is made for France
and Spain (Table 4a), Europe (Table 4b), and South America and
Africa (Table 4c). DSDP wells and continental successions are also
reported (Table 4d). For each line (section/wells), a cross (or a circle)
is put in the column (markers) when original/source data are avail-
able; main references are also indicated.

The Vergol section: Requirements for a GSSP
and Series of Stratigraphic Markers

The Vergol Section and Requirements for a GSSP

Requirements and key features of the Vergol section for the GSSP
of the Berriasian/Valanginian (B/V) boundary are presented in Table 5:
geology and lithology (Table 5a), bio-chemical-physical stratigraphy
(Table 5b), and accessibility, development and protection Table 5c).

Series of Stratigraphic Markers through the Vergol Sec-
tion

The base of the Valanginian is defined at the base of limestone bed
number VGL-B136. This level coincides with the First Occurrence
(FO) of the ammonite species Hoedemaekeria (nov. gen.) pertran-
siens which marks the base of the H. pertransiens Zone.

Concerning the carbon isotope stratigraphy, a short-lived plateau in
values (~1.1%o in limestone; ~0.8%o in marls) is recorded in the upper
part of T. alpillensis Zone, and then a general trend toward low §"C
values occurs across the B/V boundary to reach a negative shift in the
lower part of the H. pertransiens Zone (~0.5%o in limestone; ~0.3%o
in marls).

At the base of VGL-B136 (19.23 m), the predicted value of ¥’Sr/
8Sr is 0.707289 (£ 0.000004; 2.se, n = 12). The Valanginian GSSP is,
for now, the only Cretaceous GSSP that has been profiled for *’Sr/*Sr.

In addition to the primary marker, a series of secondary biostrati-
graphic events of inter-regional correlation value is provided in Table
6 in order to characterize the interval around the B/V boundary at the
Vergol section.

Summary

The Global boundary Stratotype Section and Point (GSSP) for the
base of the Valanginian Stage is the base of bed VGL-B136 at 19.23
metres in the Vergol Section (Montbrun-les-Bains, Drome, France).
This point is marked by the First Occurrence (FO) of the ammonite
Hoedemaekeria (nov. gen.) pertransiens as primary marker. Additional
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Table 4a. Lists of sections or wells representing marine palaeo-environments located in France and Spain (Table 4a), in other countries of Europe
(Table 4b), and in South America and Africa (Table 4c); list of DSDP wells and continental successions (Table 4d). For each site, data available on
biostratigraphy (A= ammonite, B = belemnite, C = calpionellid, N = calcareous nannofossil, CD = calcareous dinoflagellate, OD = organic dinoflagellate)
and chemical-physical stratigraphy (C = carbon isotopes, Sr = strontium isotopes, Mag = magnetic scale) is indicated by a cross (x) or a circle (0). Main
references are indicated; some of them can be consulted preferentially (* = see references therein)

Biostratigraphy

Chemical-physical stratigraphy

Section Location

B C N

CD=x

Isotope Reference

OD=0

Ma,
C Sr &

Vergol France X X X X X, 0

McArthur et al. (2007)
Gréselle et al. (2011)

Martinez et al. (2013)

Janssen (2021)

Kenjo et al. (2021%*)

McArthur and Howarth (2025)
Current work

Angles France X X X

Allemann and Remane (1979)
Duchamp-Alphonse et al. (2007%*)

Barret-le-Bas France X X

Remane and Thieuloy (1973a)
Allemann and Remane (1979)
Thieuloy (1979)

Blanc (1996)

Montclus France X X X

X Morales et al. (2013, 2016*)

Orpierre France

Charbonnier et al. (2013%*)

Berrias France X X X X, 0

Galbrun et al. (1986)
Emmanuel and Renard (1993)
Jan du Chene et al. (1993%)
Blanc (1996)

Ginestoux —
Les Oliviers
La Garenne

France X X

Le Hégarat and Remane (1968)
Le Hégarat (1973)

La Faurie - Pusteau France X X

Le Hégarat (1973)
Remane and Thieuloy (1973b)

Majastres France X X X X

Bulot (1995)
Blanc (1996)
Janssen (2021)

Cafiada Luenga Spain X X X X X, 0

Ogg et al. (1988)
Aguado et al. (2000%*)
Janssen (2003, 2021)
McArthur et al. (2007)
Current work

Miravetes Spain X X X X 0

Allemann et al. (1975)
Hoedemaeker (1982)

Hoedemaeker and Leereveld (1995)
Janssen (1997, 2003)

Leereveld (1997)

Aguado et al. (2000%)

markers for correlation are provided. A Standard Auxiliary Boundary
Stratotype (SABS) at Cafiada Luenga section (Cehegin, SE Spain)
demonstrates that this point corresponds to a level within magnetic
Chron M14r.

Integrated Stratigraphy of the Berriasian/Valanginian
Boundary of the Vergol Section

The Vergol section (Vocontian basin, SE France) is located in a par-
cel of land that belongs to the municipality of Montbrun-les-Bains
(Departement of Drome); as public property, the site is fully and per-
manently accessible. The outcrop conditions are highly suitable for
accurate observations and high-resolution sampling.

The Berriasian/Valanginian (B/V) boundary was studied in a 53.12 m
thick interval from beds VGL-B95 to VGL-V43 (Fig. 41). The suc-

cession is composed of a marl-limestone alternation, stacked hierar-
chically (see below), characterized by a continuous sedimentation (no
gaps or condensation) and the absence of tectonic disturbance. This
thick and expanded section has a very good sedimentary record; the
average sedimentation rate is 23 m/Myr (see below).

The Vergol site is well correlated with other sections of SE France,
from the Jura-Dauphinois to Provence platforms, via the Vocontian basin.
This large transect allowed us to define a cyclostratigraphic framework,
and four orders of depositional cycles were recognized (elementary
and small/medium/large sequences). Coupled with a study on the dep-
ositional geometries, a reconstruction of sea-level fluctuations is pro-
posed for the studied interval. It can be noted that the boundary level
(VGL-B136) occurred during a sea-level highstand (Fig. 41). A cor-
relation between the Vergol and Ait Hamouch (Morocco) sections shows
that the major sequence boundaries Be8, Val and Va2 were recognized in
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Table 4b. (continued)

Biostratigraphy Chemical-physical stratigraphy

Section Location % h N CD=x Isotope M Reference
C OD=0 C Sr ag

Channell and Grandesso (1987%)
(Fiume) Bosso Italy X X X Ogg et al. (1988)
Bralower et al. (1989)

Channell et al. (1987, 1993)

Capriolo Italy X X X X Ogg et al. (1988)
Chiaserna Monte Acuto  Italy X X Sprovieri et al. (2006)
Fonte Giordano Italy X X Bralower et al. (1989)
Polaveno Italy X X X Bornemann and Mutterlose (2008)
Pusiano Italy X X X Channell et al. (1993)
Channell et al. (1987)
Xausa Italy X X X X Ogg et al. (1988)
Weissert and Channell (1989)
Hollenstein an der Ybbs  Austria X X X Vasicek et al. (1999)
Klausriegler-Bach Austria X X X Lukeneder and Rehakova (2004)
Hochkogel Austria X X X Lukeneder and Rehakova (2007)
Fozy et al. (2010)
Harskut Hungary x X X X X X X Price et al. (2016%*)
Lodowski et al. (2022)
Kapusénica Poland X X X Pszczotkowski and Myczynski (2004)
Kryta Valley Poland X X X X X Grabowski et al. (2024)
Pszczotkowski and Myczynski (2004)
Lysonka Poland  x X X X Grabowski et al. (2013)
Rowienka Poland X X X Grabowski et al. (2019a)
Strazovce Slovakia  x X X X X Vasicek et al. (1983)
Mraznické Lucky Slovakia X X Vasicek et al. (1983)
Brodno Slovakia X X Vasicek et al. (1994)
N . Vasicek et al. (1994)
Hibog Slovakia X X X Grabowski et al. (2010)
Lakova et al. (1999)
Barlya Bulgaria  x X X X X X Petrova et al. (2011)
Grabowski et al. (2016, 2021*)
Zavodskaya Balka Ulkraine X X Arkadiev et al. (2017, 2018)
(Crimea)
McArthur et al. (2004*)
Speeton England  x X 0 X X Mutterlose et al. (2014)
Duxbury (2018)
Pauly et al. (2012a, b, 2013)
Redryggen Greenland x X X X Moller et al. (2015)
McArthur and Howarth (2025)
Table 4c. (continued)
Biostratigraphy Chemical-physical stratigraphy
Section/well Location - Isotope Ma, Reference
A B c N DX P £
OD=0 C Sr
. Kohan Marti tal. (2017
Puerta Curaco Argentina X X X K?e t:nman?l el:lZlZ. ?282 1() )
Cuesta del Chihuido Argentina X X X Kietzmann et al. (2021, 2023)
Narambuena block (wells 1-3)  Argentina X X Kietzmann et al. (2021, 2023)
Zalidou, Ait Hamouch Morocco X X X Reboulet et al. (2022%*)

Tafelkop Namibia X Dodd et al. (2015)
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Biostratigraphy Chemical-physical stratigraphy
Well/section Location CD=x Isotope Reference
A B C N _ Mag
OD=o0 C Sr

DSDP 535 Gulf of Mexico X X X Bornemann and Mutterlose (2008*)
DSDP 534A West Atlantic X X X Bornemann and Mutterlose (2008%*)
DSDP 603B Price et al. (2016%*)

Dorset *
(continental succession) England X Ogg et al. (1994%)
Cuchilla del Ramo Colombia x  Jiménezetal. (2021)

(continental succession)

Table 5a. Key features of the Vergol section for geology and lithology (Table 5a), bio-chemical-physical stratigraphy (Table 5b), and accessibility,

development and protection (Table 5c)

GEOLOGY and LITHOLOGY

Vergol section (Montbrun-les-Bains, France, Vocontian basin)

Exposure over an adequate thickness.

Yes. 53 m thick, from beds VGL-B95 to VGL-V43.

Continuous sedimentation.
No gaps or condensation close to the boundary.

Yes. A basinal and expanded section without gaps or condensation.

Rate of sedimentation.

According to the astrochronology, the average sedimentation rate is around 23 m/Myr.

Absence of synsedimentary or tectonic disturbance.

Yes, both factors can be excluded. There is a slump, but 35 m above the B/V boundary.

Absence of metamorphism and strong diagenetic alteration.

Yes, both factors can be excluded. According to the clay mineralogy, the influence
of diagenesis was not sufficient to profoundly modify the initial detrital composition
of the clay assemblages.

Absence of vertical facies changes at/near the boundary.

Yes. From the base to the top of the section, there is a uniform lithology made by a
monotonous marl-limestone alternation.

Favourable facies for long range correlations.

Yes. Located in open marine environment and characterized by a hemipelagic
facies, the section is suitable for long distance correlations.

Table 5b. (continued)

BIO-CHEMICAL-PHYSICAL STRATIGRAPHY

Vergol section (Montbrun-les-Bains, France, Vocontian basin)

Biostratigraphy.

Abundant and diverse of generally well-preserved ammonoids, belemnites, calpionellids,
nannofloras and dinoflagellates (and other palynomorphs). The section is also characterized by
ichnofossils and microfacies study.

Chemostratigraphy.

Accurate carbon, oxygen and strontium isotope stratigraphy available. Carbonate, organic and
phosphorus contents also analysed.

Sequence stratigraphy.

Cyclostratigraphic framework available. Four orders of depositional cycles are recognized.
The major sequence boundaries are identified in the northern (France, including Vergol) and
southern (Morocco) margins of the Tethys Ocean.

Astrochronology.

Available. Obtained from the detection of the Milankovitch cycles from the Gamma-Ray Total
Count and Mass Magnetic Susceptibility signals. The age model, based on astrochronology
performed on the Vergol section and anchored on a radioisotopic age from the Neuquén basin
(Argentina), allows us to date the base of the Valanginian Stage (= base of the H. pertransiens
ammonite Zone) at 137.05 Ma (+ 0.2 Ma), and the base of ammonite (sub-)zones (and therefore
their numerical durations).

Magnetostratigraphy.

No. Palacomagnetic investigations (both thermal and alternating field demagnetization methods)
reveal that the Vergol section is remagnetized. However, an integrated stratigraphy provides an
accurate correlation with the Caflada Luenga SABS characterized by magnetic chrons.

Chronometry.

No. But see astrochronology for an age model.

Table 5c. (continued)

ACCESSIBILITY, DEVELOPMENT and PROTECTION

Vergol section (Montbrun-les-Bains, France, Vocontian basin)

GSSP indicated by a permanent marker.

A permanent marker will be placed.

Physical and logistical accessibility.

Section very close of the road (D159) with car park. Large area of exposure. Very
good outcrop conditions highly suitable for accurate observations and high-resolu-
tion sampling.

Free access for research.

Open access from public. Section fully and permanently accessible for researchers
as it is public property.

Permanent protection of the site.

Section located in the “Parc Naturel Régional des Baronnies Provencales”. Sub-
stantial public support also provided by the Montbrun-les-Bains municipality and
the Council of the Drome Department. These institutions are engaged in the
development and protection of the site (in preparation).
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Table 6. Series of primary and secondary biological markers along the Vergol section. See also Fig. 4 for the indications of cumulative thicknesses (in

meter, measured from the base of the section) of the Vergol section

Bed number Meter at the Event
M (Marl layer) base (b) or LO (Last Occurrence)
L (Limestone layer) top (t) of layer FO (First Occurrence)
VGL-V5 (L) 28.87 (b) FO Berriasibelus exstinctorius (belemnite)
VGL-V4 (L) 28.11 (b) FO Micrantholithus speetonensis (calcareous nannofossil)
VGL-V2 (L) 26.91 (b) FO Neolissoceras (Vergoliceras) salinarium (ammonite) and Calpionellites caravacaensis (calpionellid)
VGL-B150 (M) 25.27 (b) FO Castellanibelus orbignyanus (belemnite)
VGL-B149 (L) 24.54 (b) FO Calpionellites major (calpionellid)
VGL-B146 (M) 23.57 (b) FO Calcicalathina oblongata (calcareous nannofossil)
VGL-B142 (M) 22.08 (b) occurrence Thalassiphora? charollaisii (organic dinoflagellate)
VGL-BI141 (L) 21.27 (b) FO Neocomites premolicus (ammonite)
VGL-B137 (L) 19.80 (b) FO Hoedemaekeria (nov. gen.) gratianopolitense (ammonite)
VGL-B136 (L) 19.23 (b) FO Hoedemaekeria (nov. gen.) pertransiens (ammonite)
VGL-B135 (L) 19.04 (t) LO Hoedemaekeria (nov. gen.) otopeta and Berriasella calisto (ammonite)
VGL-B133 (L) 17.89 (b) FO Calpionellites darderi and C. coronatus (calpionellid)
VGL-B129 (L) 16.46 (t) LO Tirnovella alpillensis (ammonite)
VGL-B119 (L) 12.98 (b) FO Colomisphaera conferta (calcareous dinoflagellate)
VGL-B117 (L) 12.05 (b) FO Praecalpionellites murgeanui (calpionellid)
VGL-BI116 (L) 11.33 (b) FO Hoedemaekeria (nov. gen.) otopeta (ammonite)
VGL-B112 (M) 9.03 (b) FO Percivalia fenestrata (calcareous nannofossil)
VGL-B110 (M) 7.28 (b) FO Muderongia mcwhaei (organic dinoflagellate)
VGL-B107 (L) 5.97 (b) FO Colomisphaera vogleri (calcareous dinoflagellate)
VGL-B96 (L) 0.38 (b) FO Tirnovella alpillensis (ammonite)
VGL-B95 (L) 0m (b) Base of this bed = base of the section

the northern and southern margin of the Mesozoic Tethys Ocean,
respectively.

Macro/microfossils are generally abundant, diverse and well pre-
served. Ammonites, belemnites, calpionellids, calcareous nannofossils
and calcareous dinoflagellate cysts, palynomorphs (including organic-
walled dinoflagellate cysts), ichnofossils and microfacies were stud-
ied with high-resolution sampling and analysis. At Vergol, the base of
the Valanginian is defined at the base of limestone bed VGL-B136
(base of layer at 19.23 m) that coincides with the FO of Hoedemacke-
ria pertransiens which, as index species, also marks the base of the
first Valanginian ammonite zone (Fig. 41). The ammonite data/results
from two authors (J. Klein and S. Reboulet) are largely in agreement.
The FO of Castellanibelus orbignyanus (belemnite) is recorded in
marl layer VGL-B150 (base of layer at 25.27 m). The microfossil
events that best approximate the B/V boundary are the FO of Calpio-
nellites darderi (calpionellid) in limestone bed VGL-B133 (base of
layer at 17.89 m) and the FO of Calcicalathina oblongata (calcareous
nannofossil) in marl layer VGL-B146 (base of layer at 23.57 m). Other
secondary biostratigraphic markers include the FO of Colomisphaera
conferta (calcareous dinoflagellate) recorded in limestone bed VGL-
B119 (base of layer at 12.98 m). Two organic-walled dinoflagellate
cysts events might be of particular significance for regional value: an
isolated occurrence of Thalassiphora? charollaisii in marl layer VGL-
B142 (base of layer at 22.08 m) and the FO of Muderongia mcwhaei
in marl layer VGL-B110 (base of layer at 7.28 m).

Concerning the carbon isotope stratigraphy, both marls and lime-
stones displays the same long-term trend in §"°C values in the interval

around the B/V boundary: a short-lived plateau in values (~1.1%o in
limestone; ~0.8%o in marls) in the upper part of the Tirnovella alpil-
lensis ammonite Zone, and then a general trend toward low §"C val-
ues occurring across the B/V boundary to reach a negative shift in the
lower part of the H. pertransiens ammonite Zone (~0.5%o in lime-
stone; ~0.3%o in marls; Fig. 41). Strontium isotope stratigraphy (based
on belemnites) is available for the Vergol section. According to the
curve, the predicted value of 'St/**Sr at the B/V boundary is 0.707289 +
0.000004 (2.se, n = 12).

Vergol is a suitable reference section to establish an astronomical
time scale of the studied interval (detection of the Milankovitch cycles
from the GRTC and MS signals). Five 405-kyr eccentricity cycles are
identified; for each of these, a sedimentation rate is proposed (Fig. 41).
For the B/V sequence covering the boundary, the value is 17 m/Myr.
A rate increase is observed for the Valanginian sequences to reach
26.5 m/Myr for V1 and 29 m/Myr for V2. Comparatively, both Berri-
asian sequences are characterized by lower sedimentation rates, 23.5 m/
Myr for T.A.-405-1 and 18 m/Myr for T.A.-405-2. This is in agreement
with the study of ichnofossils as only these two Berriasian sequences
are characterized by the presence of Zoophycos, considering that their
installation and development are partly explained by a low(er) sedi-
mentation rate.

The floating ages of the 405-kyr eccentricity cycles are anchored on
a CA-ID-TIMS U-Pb age obtained from zircons coming from a tuff
layer in the Neuquén basin (Argentina, lower Hauterivian). This
radioisotopic age is tied to the ammonite zonation recognized in this
basin which in turn is correlated with the Mediterranean standard
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Figure 41. Integrated stratigraphy of the Vergol section: biostratigraphy including ichnofossils, sequence stratigraphy, cyclo-astrochronology

and chemical stratigraphy (strontium and carbon isotopes).

zonation. The age model allows the base of the Valanginian Stage (=
base of the H. pertransiens ammonite Zone) to be dated at 137.05 Ma
(+0.2 Ma). The uncertainty here includes the uncertainty in the radio-
isotopic age obtained in the lower Hauterivian of the Neuquén basin
and the uncertainty in the correlations from the Neuquén basin to the
Vocontian basin. Numerical ages and durations of ammonite (sub-)
zones are also provided.

Concerning the magnetostratigraphy, it was not possible to charac-
terize magnetic reversals through the Vergol section. The palacomag-
netic study indicates that the upper Berriasian—-lower Valanginian succession
of Vergol was remagnetized. However, the magnetic scale was estab-
lished in the Cafiada Luenga section that is very well-correlated with
the Vergol section using a solid integrated stratigraphy.

The integrated stratigraphy (bio-chemical-physical investigations)
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Figure 42. Integrated stratigraphy of the Vergol section: biostratigraphy including a Sporomorph EcoGroup (SEG) plot, sequence stratigra-
phy, chemical stratigraphy (phosphorus content, clay mineralogy and organic geochemistry) and physical stratigraphy (Field GRS and XRF

measurements).

applied on the studied interval of the Vergol section allowed us to charac-
terize sea-level and climatic fluctuations, and to give some informa-
tion on water column and seafloor conditions. For example, this can
be interpreted by modifications observed in the clay mineral assem-
blages, phosphorus contents, field GRS and XRF measurements, and
Sporomorph EcoGroups (Fig. 42).

In conclusion, the base of the Valanginian is accurately dated by
(bio-)stratigraphic events and the B/V boundary interval is also
strongly characterized by major palacoenvironmental changes well
expressed at Vergol. This has strengthened the choice of the section
as a GSSP.



Main Characteristics of the Cafiada Luenga Section

The SABS section for the base of the Valanginian is located in the
Cafiada Luenga ravine, near Cehegin (Murcia, SE Spain). The analyzed
interval (beds 0 to 20) is about 13 metres thick and includes the upper-
most Berriasian Tirnovella alpillensis ammonite Zone and the lower
part of the basal Valanginian Hoedemackeria pertransiens ammonite
Zone. The lowermost part of the section (beds 0 to 3, 1.2 m thick, cor-
responding to the lower part of the T alpillensis ammonite Subzone)
is made up of nodular limestone, with evident signs of condensation.
The rest of the section consists of an alternation of marl and marly
limestone beds, deposited in a distal marine environment, with an
average sedimentation rate of 9 m/Myr.

The fossil record is abundant and well preserved. The analysis of
the stratigraphic distribution of ammonites, belemnites, calpionellids,
calcareous dinoflagellates and calcareous nannofossils allows the
establishment of a very accurate correlation with the Vergol section.
The FO of H. pertransiens, primary marker for the B/V boundary, is
located in bed 9 of the section (Figs. 31, 32). The correlation with the
Vergol section is also reinforced by non-biostratigraphic tools, such as
the carbon isotope curve, strontium isotope record and cyclostrati-
graphic analysis.

The Cafiada Luenga section provides a reliable magnetostratigraphic
record for the B/V boundary interval, spanning from the upper part of
the M16n polarity chron to the lower part of the M14r polarity Chron.
The high-resolution correlation between the Cafiada Luenga and Vergol
sections, well-controlled by an integrated stratigraphy (Fig. 33; see
also graphic correlation, Fig. 34), ensures precise calibration of the
GSSP against the Geomagnetic Polarity Time Scale. Thus, the base of
magnetic Chron M14r recognized at Cafiada Luenga (bed CL7) should
occur in the “Otopeta calcareous bundle” at Vergol, and may be placed
approximatively at layer VGL-B126 (Fig. 33).
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Appendix 1. Taxonomic note on the new genus
Hoedemaekeria (Ammonite)

Company M. and Reboulet S. are contributors of this taxonomic
note. Thus, considering taxonomic rules, they should be considered as
co-authors of this new genus.

Order Ammonitida Haeckel, 1866

Suborder Ammonitina Haeckel, 1866

Superfamily Perisphinctoidea Steinmann, 1890

Family Neocomitidae Salfeld, 1921

Genus Hoedemaekeria nov. gen.

ZooBank registration number: 37B95C43-797A-4C5F-93B7-5602790-

BSCAE

Type species: Thurmannia pertransiens Sayn, 1907, p. 43.

Specific content. Hoedemaekeria pertransiens (Sayn, 1907),
Hoedemaekeria gratianopolitensis (Sayn, 1907) and Hoedemaekeria
otopeta (Thieuloy, 1979).

Etimology. The new genus is dedicated to our Dutch colleague
Philip J. Hoedemaeker, who was the first to question the attribution of
its type species to the genus Thurmanniceras, in which it had tradi-
tionally been included (see Klein, 2005, pp. 279-280). The generic
name is to be treated as feminine.

Diagnosis. Discoidal, subinvolute to subevolute neocomitids, with
compressed, rectangular to subtrapezoidal whorl section, gently con-
vex flanks and flattened venter. Marked sexual dimorphism, with
small to moderate sized microconchs (45-70 mm in diameter) show-
ing lappeted apertures, and large to very large macroconchs (120-250
mm in diameter) with simple apertures.

Both dimorphs show a similar ontogenetic development. In the
early whorls, the section is equidimensional to weakly compressed.
The ribs are rigid, slightly prorsiradiate, simple or bifurcated towards
the middle of the flank, and end in an oblique, small ventrolateral
thickening, leaving a narrow smooth ventral band. Numerous oblique
constrictions regularly appear throughout this stage.

Gradually the shell acquires its characteristic morphology, the
whorl expansion rate increasing and the section compressing. The ribs
become sinuous, arise singly or in pairs from small periumbilical bul-
lae and most of them bifurcate in the upper third of the flank. The con-
strictions tend to disappear and, in some species, also a more or less
pronounced attenuation of the ribbing on the flank occurs.

In the body chamber, which occupies about half a whorl, notice-
able changes occur in the structure of the shell. The microconchs
develop an elliptical section, with a gently convex venter, accompa-
nied by a moderate umbilical egression. In the macroconchs, the rela-
tive whorl width increases, and the ribs tend to cross the broadly
rounded ventral region. Strongly thickened, even tuberculated, ribs
may also appear near the aperture in the macroconchs.

Remarks. As mentioned above, the species included in the new
genus have traditionally been assigned to the genus Thurmanniceras
(see lists of synonymy in Klein, 2005). The type species of this genus
(T. thurmanni) was defined by Pictet and Campiche (1860) on hetero-
geneous and poorly preserved material, which, together with a strongly
idealized original iconography, considerably hampered the subse-
quent interpretation of the genus.

The lectotype of 7. thurmanni (in Pictet and Campiche, 1860, pl.
34, fig. 1a, b; designated by Baumberger 1906), of which we have
examined casts and photographs, is a fragment corresponding to half
a whorl with a diameter close to 118 mm. At this stage, the whorl sec-
tion is ovate, with moderately convex flanks, truncated venter, and
sharp ventrolateral shoulders. The ornamentation consists of weakly
falcoid ribs, which arise singly in a barely perceptible umbilical thick-
ening and divide towards the middle of the flank into two ribs that
exhibit a small, but distinct, ventrolateral tubercle, and cross the ven-
ter without hardly losing relief. Some additional bifurcated and inter-
calatory ribs also occur sporadically in the upper part of the flank.

From our perspective, the differences in shell shape and ornamenta-
tion pattern are sufficiently diagnostic to justify the exclusion of H.
pertransiens and its close relatives from the genus Thurmanniceras,
whose content would be restricted to the type species.

Stratigraphic and geographic distribution. Uppermost Berria-
sian (Tirnovella alpillensis Zone, H. otopeta Subzone) and lowermost
Valanginian (H. pertransiens Zone) from the Western Tethys (Medi-
terranean Province and Mexico; see “Criteria for the Global Correla-
tion of the Berriasian/Valanginian Boundary”, part “Ammonites”™).

Appendix 2. Taxonomic index
Alphabetic list of the taxa mentioned in the text and figures.

Ammonites

Berriasella calisto (Orbigny, 1850)

Berriasella picteti (Kilian, 1906)

Berriasella Uhlig, 1905

Bochianites neocomiensis (Orbigny, 1842)

Bochianitidae Spath, 1922

Clavithurmannia foraticostata Thieuloy, 1979

Delphinites (Delphinites) ritteri Sayn, 1901

Delphinites (Pseudogarnieria) Spath, 1923

Erdenella paquieri (Simionescu, 1899)

Fauriella boissieri (Pictet, 1867)

Groebericeras bifrons Leanza, 1945

Haploceratidae Zittel, 1884

Hoedemaekeria (nov. gen.) Company & Reboulet (this paper; see
Appendix 1, Taxonomic note)

Hoedemaekeria (nov. gen.) gratianopolitensis (Sayn, 1907)

Hoedemacekeria (nov. gen.) otopeta (Thieuloy, 1979)

Hoedemaekeria (nov. gen.) pertransiens (Sayn, 1907)

Holcophylloceras silesiacum (Oppel, 1865)

Holcoptychites agrioensis (Weaver, 1931)

Karakaschiceras inostranzewi (Karakasch, 1889)

Kilianella Uhlig, 1905

Kilianella asiatica Spath, 1939

Kilianella chamalocensis Mazenot, 1939

Kilianella crassiplicata (Stanton, 1896)

Kilianella drumensis (Breistroffer, 1937)

Kilianella lucensis (Sayn, 1907)

Kilianella pexiptycha (Uhlig, 1882)

Kilianella roubaudiana (Orbigny, 1850)

Kilianiceras Djanélidzé, 1922



Leptoceras Uhlig, 1883

Leptoceras studeri (Ooster, 1860)

Lytoceras Suess, 1865

Lytoceras honnoratianum (Orbigny, 1841)

Lytoceras quadrisulcatum (Orbigny, 1841)
Lytoceratidae Neumayr, 1875

Neocomites neocomiensiformis (Uhlig, 1902)
Neocomites premolicus Sayn, 1907

Neocomites wichmanni Leanza, 1945

Neocomitidae Salfeld, 1921

Neolissoceras (Neolissoceras) Spath, 1923
Neolissoceras (Neolissoceras) grasianum (Orbigny, 1841)
Neolissoceras (Vergoliceras) Atrops & Reboulet, 1996
Neolissoceras (Vergoliceras) extracornutum (Cecca, 1995)
Neolissoceras (Vergoliceras) salinarium (Uhlig, 1888)
Olcostephanidae Pavlow, 1892

Olcostephanus Neumayr, 1975

Olcostephanus laticosta (Gerth, 1925)

Olcostephanus drumensis Kilian, 1910

Olcostephanus (Jeannoticeras) Thieuloy, 1965
Olcostephanus (Jeannoticeras) jeannoti (Orbigny, 1841)
Paratollia Casey, 1973

Phylloceras (Hypophylloceras) tethys (Orbigny, 1841)
Phylloceratidae Zittel, 1884

Platylenticeras Hyatt, 1900

Platylenticeras heteropleurum occidentale (Sayn, 1901)
Platylenticeras latum tenue Koenen, 1915
Protancyloceras Spath, 1924

Protancyloceras punicum Arnould-Saget, 1953
Protancyloceratidae Breistroffer, 1947
Ptychophylloceras (Semisulcatoceras) semisulcatum (Orbigny, 1841)
Sarasinella Uhlig, 1905

Sarasinella ambigua (Uhlig, 1902)

Sarasinella eucyrta (Sayn, 1907)

Sarasinella longi (Sayn, 1907)

Sarasinella subspinosa (Uhlig, 1910)

Sarasinella trezanensis (Sayn, 1907)

Sarasinella uhligi Spath, 1939

Sarasinella varians (Uhlig, 1910)

Spiticeras Uhlig, 1903

Spiticeras gevreyi Djanélidzé, 1922

Spiticeras multiforme Djanélidzé, 1922

Spiticeras polytroptychum (Uhlig, 1888)
Thurmanniceras Cossmann, 1901

Thurmanniceras thurmanni (Pictet & Campiche, 1860)
Tirnovella alpillensis (Mazenot, 1939)

Belemnites

Adiakritobelus Janssen & Fozy, 2004

Berriasibelus Delattre, 1952

Berriasibelus conicus (Blainville, 1827)

Berriasibelus exstinctorius (Raspail, 1829)

Berriasibelus aff. exstinctorius (Raspail, 1829) sensu Janssen, 2021
Berriasibelus incertus (Weis, 1991)

Berriasibelus kabanovi (Weis, 1991)

Berriasibelus triquetrus (Weiss, 1991)

Castellanibelus Combémorel, 1972

Castellanibelus orbignyanus (Duval-Jouve, 1841)

Castellanibelus sp. E (sensu Janssen, 2021)

Conobelus piradoensis Janssen, 2003

Curtohibolites Stoyanova-Vergilova, 1963

Duvalia Bayle, 1878

Duvalia lata constricta Stoyanova-Vergilova, 1965

Duvalia lata lata (Blainville, 1827)

Duvalia miravetesensis Janssen, 2003

Duvalia superconstricta Janssen, 2018

Duvalia tornajoensis Janssen, 2003

Gillieronibelus mayeri (Gilliéron, 1873)

Hibolites (sensu Blainville, 1827, non Hibolithes Denys de
Montfort, 1808)

Hibolites aff. pistilliformis (Blainville, 1827) sensu Janssen, 2021

Mirabelobelus Janssen & Clément, 2002

Mirabelobelus blanvillei Janssen & Clément, 2002

Pseudobelus Blainville, 1827

Pseudobelus bipartitus Blainville, 1827

Tithonobelus Janssen, 2022

Tithonobelus orbignyi (Janssen & Clément, 2002)

Calpionellids

Borzaites atava (Griin & Blau, 1996)

Calpionella alpina Lorenz, 1902

Calpionella elliptica Cadish, 1932

Calpionella minuta Housa, 1990

Calpionellites Colom, 1948

Calpionellites allemanni Rehanek, 1988

Calpionellites caravacaensis Allemann in Allemann & Trejo, 1975
Calpionellites coronatus Trejo in Allemann & Trejo, 1975
Calpionellites darderi (Colom, 1934)

Calpionellites major Colom, 1948

Calpionellites uncinatus Cita & Pasquaré, 1959
Calpionellopsis Colom, 1948

Calpionellopsis oblonga (Cadish, 1932)

Calpionellopsis simplex (Colom, 1939)

Crassicollaria parvula Remane, 1962

Lorenziella hungarica Knauer & Nagy, 1964

Lorenziella plicata Remane in Le Hégarat & Remane, 1968
Praecalpionellites Pop, 1986

Praecalpionellites hillebrandti Grin & Blau, 1999
Praecalpionellites murgeanui (Pop, 1974)
Praecalpionellites siriniaensis Pop, 1986

Remaniella Catalano, 1965

Remaniella borzai Pop, 1994

Remaniella cadischiana (Colom, 1948)

Remaniella catalanoi Pop, 1996

Remaniella colomi Pop, 1996

Remaniella filipescui Pop, 1994

Sturiella dolomitica (Griin & Blau, 1996)

Tintinnopsella carpathica (Murgeanu & Filipescu, 1933)
Tintinnopsella dacica Filipescu & Dragastan, 1970
Tintinnopsella doliphormis (Colom, 1939)
Tintinnopsella longa (Colom, 1939)

Tintinnopsella subacuta (Colom, 1948)
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Calcareous dinoflagellate cysts
Cadosina minuta Borza, 1980 —note: This taxon should be transferred to
the Acritarchs (Granier, 2024). This author introduces a new genus
and a new species, namely Octahedronoides tethysianus. According
to Daniela Rehakovéd and Stan Duxbury, further investigations are
needed before making any changes.

Cadosina semiradiata fusca Wanner, 1940

Cadosina semiradiata cieszynica (Nowak, 1968)

Cadosina semiradiata olzae (Nowak, 1966)

Cadosina semiradiata semiradiata Wanner, 1940

Cadosinopsis nowakii Borza, 1984

Carpistomiosphaera valanginiana Borza, 1986

Colomisphaera carpathica (Borza, 1964)

Colomisphaera conferta Rehanek, 1985

Colomisphaera fortis Rehanek, 1982

Colomisphaera heliosphaera (Vogler, 1941)

Colomisphaera lapidosa (Vogler, 1941)

Colomisphaera lucida Borza, 1986

Colomisphaera vogleri (Borza,1969)

Parastomiosphaera malmica Borza, 1964

Stomiosphaera echinata Nowak, 1968

Stomiosphaera moluccana Wanner, 1940

Stomiosphaera wanneri Borza, 1969

Stomiosphaerina proxima Rehanek, 1987

Organic-walled dinoflagellate cysts

Aprobolocysta humilis Duxbury, 2024

Aprobolocysta pustulosa Smith & Harding, 2004
Batioladinium reticulatum Stover & Helby, 1987

Bicornus obscurus Duxbury 2024

Biorbifera johnewingii Habib, 1972

Bourkidinium granulatum Morgan, 1975

Cauca maculosa Duxbury, 2018

Chlamydophorella Cookson & Eisenack, 1958
Chlamydophorella caminus Duxbury, 2024

Circulodinium hirtellum Alberti, 1961

Cribroperidinium Neale & Sarjeant, 1962

Cribroperidinium orthoceras (Eisenack, 1958) Davey 1969
Ctenidodinium elegantulum Millioud, 1969
Cymososphaeridium validum Davey, 1982

Dapsilidinium deflandrei (Valensi, 1947) Lentin & Williams, 1981
Dapsilidinium warrenii (Habib, 1976) Lentin & Williams, 1981
Diacanthum hollisteri Habib, 1972

Dingodinium spinosum (Duxbury, 1977) Davey, 1979
Downiesphaeridium flexuosum (Davey et al. 1966) Islam 1993
Druggidium apicopaucicum Habib, 1973

Egmontodinium toryna (Cookson & Eisenack, 1960) Davey, 1979
Exiguisphaera asketa Duxbury, 2018

Exiguisphaera phragma Duxbury, 1979

Exochosphaeridium robustum Backhouse, 1988

Foucheria modesta Monteil, 1992

Heslertonia inferior Duxbury, 2024

Hystrichodinium pulchrum Deflandre, 1935

Hystrichodinium voigtii (Alberti, 1961) Davey, 1974
Hystrichosphaeridium diversum Duxbury, 2018
Hystrichosphaerina schindewolfii Alberti, 1961

Impletosphaeridium tribuliferum (Sarjeant 1962) Islam 1993

Kleithriasphaeridium fasciatum (Davey & Williams, 1966) Davey, 1974

Kleithriasphaeridium simplicispinum (Davey & Williams, 1966)
Davey, 1974

Muderongia Cookson & Eisenack, 1958

Muderongia dedecosa (Gocht, 1957) Duxbury, 2023

Muderongia extensiva Duxbury, 1977

Muderongia mcwhaei Cookson & Eisenack, 1958

Muderongia simplex Alberti, 1961

Paragonyaulacysta borealis Brideaux & Fisher, 1976

Perisseiasphaeridium cretaceum Duxbury, 2018

Phoberocysta Millioud, 1969

Phoberocysta latissima Duxbury, 2024

Phoberocysta neocomica (Gocht, 1957) Millioud, 1969

Prolixosphaeridium prolatum Duxbury, 2024

Protoellipsodinium seghire subsp. medaaure Below, 1981

Protoellipsodinium touile mugatae Below, 1981

Pseudoceratium pelliferum subsp. pelliferum Gocht, 1957

Pseudoceratium pelliferum subsp. radiculatum (Gocht, 1957)
Duxbury, 2024

Scriniodinium pharo (Duxbury) Davey, 1982

Sentusidinium cuculliforme Davies, 1983Spiculodinium? inordinatum
Duxbury, 2024

Spiniferites Mantell, 1850

Systematophora areolata Klement in Davey, 1982

Systematophora sp. A Monteil, 1993

Systematophora? daveyi Riding & Thomas, 1988

Systematophora? scoriacea (Raynaud, 1978) Monteil, 1992

Tanyosphaeridium hirsutum Duxbury 2024

Tanyosphaeridium magneticum Davies, 1983

Tanyosphaeridium cf. variecalamum Davey & Williams, 1966

Thalassiphora? charollaisii Monteil, in press

Vexillocysta spinosa Duxbury, 2018

Wallodinium lunum (Cookson & Eisenack, 1960) Lentin & Williams,
1973

Wrevittia helicoidea (Eisenack & Cookson, 1960) Helenes & Lucas-
Clark, 1997

Miospores

Appendicisporites Weyland & Krieger, 1953

Callialasporites dampieri (Balme, 1957) Dev, 1961

Callialasporites trilobatus (Balme, 1957) Dev, 1961

Cicatricosisporites Potonié¢ & Gelletich, 1933

Classopollis torosus Burger, 1965

Concavissimisporites variverrucatus Brenner 1963

Cyathidites Couper, 1953

Foveosporites subtriangularis Kemp, 1970

Gleichenidites senonicus Ross, 1949

Lycopodiumsporites austroclavatidites (Cookson, 1953) Potonié, 1956

Monosulcites Cookson ex Cooper, 1953

Pilosisporites trichopapillosus (Thiergart, 1949) Delcuort & Spru
mont, 1955

Sestrosporites pseudoalveolatus (Couper, 1958) Dettmann, 1963

Staplinisporites caminus (Balme, 1957) Pocock, 1962

Trilobosporites bernissartensis (Delcuort & Sprumont 1955) Potonié, 1956

Vitreisporites pallidus (Reissinger, 1950) Nilsson, 1958



Acritarchs

Cyclopsiella Drugg & Loeblich, 1967

Halophoridia caperata (Srivastava 1984) Duxbury, 2024
Micrhystridium Deflandre, 1939

Pterospermella Eisenack, 1972

Rhombodella cf. vesca Duxbury, 1980

Tasmanites Newton, 1875

Calcareous nannofossils

Anfractus harrisonii (Medd, 1979)

Assipetra infracretacea (Thierstein, 1973) Roth, 1973

Axopodorhabdus dietzmannii Reinhardt, 1965

Biscutum constans (Gorka, 1957) Black in Black & Barnes, 1959

Biscutum ellipticum (Gorka, 1957) Griin in Griin & Allemann, 1975.

Calcicalathina Thierstein, 1971

Calcicalathina erbae Bergen, 2000

Calcicalathina oblongata (Worsley, 1971) Thierstein, 1971

Calcicalathina praeoblongata Aguado in Aguado et al., 2000

Conusphaera mexicana subsp. mexicana (Trejo, 1969)

Conusphaera mexicana subsp. minor Bown & Cooper, 1989

Conusphaera rothii (Thierstein, 1971) Jakubowski, 1986

Cretarhabdus angustiforatus (Black, 1971) Bukry 1973, emended
Bralower et al., 1989

Cretarhabdus conicus Bramlette & Martini, 1964

Cretarhabdus inaequalis Crux, 1987

Cretarhabdus aft. striatus (Stradner, 1963) Black, 1973

Crucibiscutum salebrosum (Black, 1971) Jakubowski, 1986

Cruciellipsis cuvillieri (Manivit, 1966) Thierstein, 1971

Cyclagelosphaera margerelii Noél, 1965

Diadorhombus rectus Worsley, 1971

Diazomatolithus lehmanii Noél, 1965

Diazomatolithus subbeticus Griin, 1975

Discorhabdus ignotus (Gorka, 1957) Perch-Nielsen, 1968

Discorhabdus rotatorius (Bukry, 1969) Thierstein, 1973

Eiffellithus windii Applegate & Bergen, 1988

Ethmorhabdus hauterivianus (Black, 1971) Applegate et al. in
Covington & Wise, 1987

Hagius circumradiatus (Stover, 1966) Roth, 1978.

Hagius ellipticus (Grin in Griin & Allemann, 1975), Bown, 2005

Helenea chiastia Worsley, 1971

Helenea quadrata (Worsley, 1971) Rutledge & Bown in Bown et al., 1998

Kokia curvata Perch-Nielsen, 1988

Manivitella pemmatoidea (Deflandre in Manivit, 1965) Thierstein, 1971

Micrantholithus hoschulzii (Reinhardt, 1966) Thierstein, 1971

Micrantholithus obtusus Stradner, 1963

Micrantholithus speetonensis Perch-Nielsen, 1979

Nannoconus bermudezii Bronnimann, 1955

Nannoconus broennimanni Trejo, 1959

Nannoconus bucheri Bronnimann, 1955

Nannoconus colomi Kamptner, 1938

Nannoconus dolomiticus Cita & Pasquaré, 1959

Nannoconus globulus subsp. globulus Bronnimann, 1955

Nannoconus globulus subsp. minor (Bronnimann, 1955) Bralower in
Bralower et al., 1989

Nannoconus inornatus Rutledge & Bown, 1996

Nannoconus Kamptner, 1931
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Nannoconus kamptneri subsp. kamptneri Bronnimann, 1955

Nannoconus kamptneri subsp. minor (Bronnimann, 1955) Bralower in
Bralower et al., 1989

Nannoconus oviformis Perch-Nielsen, 1988

Nannoconus quadratus (No€l 1959) Deres & Achéritéguy 1980

Nannoconus steinmannii subsp. minor (Kamptner, 1931) Deres &
Achéritéguy, 1980

Nannoconus steinmannii subsp. steinmannii Kamptner, 1931

Nannoconus wintereri Bralower & Thierstein, 1989

Percivalia fenestrata (Worsley, 1971) Wise, 1983

Percivalia nebulosa (Bralower in Bralower et al., 1989) Aguado in
Aguado et al. 2000

Polycostella senaria Thierstein, 1971

Retecapsa octofenestrata Bralower in Bralower et al., 1989

Retecapsa surirella (Deflandre & Fert, 1954) Griin in Griin & Allemann, 1975

Rhagodiscus asper (Stradner, 1963) Reinhardt, 1967

Rhagodiscus dekaenelii Bergen, 1994

Rhagodiscus gallagheri (Rutledge & Bown, 1996)

Rhagodiscus nebulosus Bralower in Bralower et al., 1989

Rhagodiscus pseudoangustus (Crux, 1987)

Rotelapillus laffittei (Noél, 1957) Nogl, 1973

Rucinolithus wisei Thierstein, 1971

Sollasites arcuatus Black, 1971

Sollasites horticus (Stradner et al. in Stradner & Adamiker, 1966)
Cepek & Hay, 1969

Speetonia colligata Black, 1971

Staurolithites crux (Deflandre & Fert, 1954) Caratini, 1963

Staurolithites laffittei Caratini, 1963

Staurolithites mutterlosei Crux, 1989

Triquetrorhabdulus shetlandensis Perch-Nielsen, 1988

Tubodiscus frankiae Bown, 2005

Tubodiscus jurapelagicus (Worsley, 1971) Roth, 1973

Tubodiscus verenae Thierstein, 1973

Umbria granulosa Bralower & Thierstein in Bralower et al., 1989

Watznaueria Reinhardt, 1964

Watznaueria barnesiae (Black in Black & Barnes, 1959)
Perch-Nielsen, 1968

Watznaueria biporta (Bukry, 1969)

Watznaueria britannica (Stradner, 1963) Reinhardt, 1964

Watznaueria communis Reinhardt, 1964

Watznaueria cynthae Worsley, 1971

Watznaueria fossacincta (Black, 1971) Bown in Bown & Cooper, 1989.

Watznaueria manivitae Bukry 1973

Watznaueria ovata Bukry, 1969

Zeugrhabdotus diplogrammus (Deflandre in Deflandre & Fert,
1954) Burnett in Gale et al., 1996

Zeugrhabdotus elegans (Gartner 1968) Burnett in Gale et al., 1996

Zeugrhabdotus embergeri (Nogl, 1958) Perch-Nielsen, 1984

Zeugrhabdotus erectus (Deflandre in Deflandre & Fert, 1954)
Reinhardt, 1965

Zeugrhabdotus fissus Griin & Zweili, 1980

Zeugrhabdotus trivectis Bergen, 1994

Zygolithus xenotus Stover, 1966

Ichnofossils
Zoophycos Massalongo, 1855



