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Following votes by the Barremian Working Group, the
International Subcommission on Cretaceous Stratigra-
phy and the International Commission on Stratigraphy,
the Executive Committee of the International Union of
Geological Sciences unanimously approved in March
2023 the Global Stratotype Section and Point (GSSP) for
the Barremian Stage (Lower Cretaceous). The base of the
Barremian Stage is defined at the base of bed 171 of the
Rio Argos section, near Caravaca (SE Spain) and cor-
related by the first appearance of the ammonite species
Taveraidiscus hugii. This event falls within the NC5C cal-
careous nannofossil Subzone, the Lilliputianella semielon-
gata planktonic foraminiferal Zone, and the Dorothia
ouachensis benthic foraminiferal Zone. It roughly coin-
cides with the beginning of a slightly negative trend interval in
the 6"°C curve. Indirect calibration to the magnetostrati-
graphic scale suggests that the boundary falls in the lowermost
part of polarity chron M3r. According to the astrochrono-
logical analysis, a time interval of 0.74 myr separates the
beginning of the late Hauterivian Faraoni Episode from
the base of the Barremian, which is dated at 125.77 MA.

Introduction

The Barremian Working Group was established in 1994 with the
aim of defining the base of the Barremian Stage and proposing a can-
didate stratotype section. Following the discussions held before, during
and after the 2nd Symposium on Cretaceous Stage Boundaries (Brus-
sels, 1995) the members of the Working Group decided, by a large
majority, to recommend drawing the lower boundary of the Barre-
mian Stage at the base of the Taveraidiscus hugii ammonite Zone
(AZ), defined by the first occurrence (FO) of the index species. Con-
currently, the Rio Argos section (Caravaca, SE Spain) was selected as
the most appropriate to become the GSSP for this boundary (Rawson
etal., 1996).

Between 1994 and 2015, several studies were conducted on the
biostratigraphy and palaeobiology of various fossil groups in the Rio
Argos section: ammonites (Hoedemaeker, 1995, 2013; Hoedemaeker
and Leereveld, 1995; Company et al., 2002, 2003, 2005, 2010), bel-
emnites (Janssen, 1997), calcareous nannofossils (Hoedemaeker and
Leereveld, 1995; Gea, 2004; Company et al., 2005; Aguado et al., 2014),
and planktonic foraminifera (Coccioni and Premoli Silva, 1994;
Hoedemaeker and Leereveld, 1995; Coccioni et al., 2004, 2006). The
specific research work to prepare the proposal began in 2010. The Rio
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Argos section was re-measured and re-sampled for further bio—,
chemo— and cyclostratigraphic studies (Martinez et al., 2012, 2015,
2020; Moiroud et al., 2012, Sauvage et al., 2013; Baudin and Riquier,
2014). Preliminary accounts of the proposal were presented at the
International Cretaceous Symposia of Ankara (Company et al., 2013)
and Vienna (Company et al., 2017), and at the Business meeting of the
International Subcommission on Cretaceous Stratigraphy in Milan
(2019). This report brings together the most relevant published, and
some still unpublished, results on the Hauterivian—Barremian bound-
ary in the Rio Argos section.

Definition of the Base of the Barremian. Histori-
cal Background

Coquand proposed the Barremian Stage in 1862 for the upper part
of the Neocomian, characterised by “Belemnites minaret, Ammonites
ligatus, Scaphites Yvani, etc” (Coquand 1862, p. 535). As noted by
Busnardo (1965a), Coquand’s “Barremian” embraces both the upper
Hauterivian and the Barremian of more recent usage. The modern
interpretation of Barremian effectively dates from Kilian (1888), who,
in his study of the Montagne de Lure succession in SE France, included
Crioceras angulicostatum (= Pseudothurmannia spp.) among the
Hauterivian species, and the “Horizon de Combe-Petite”, with Holco-
discus and Pulchellia, in the Barremian.

Kilian’s (1888, 1896, 1910) placing of the faunas of the Pseudothu-
rmannia beds in the highest Hauterivian was followed by most subse-
quent workers, including the Pre-Albian Stages Working Group
(predecessor of the Barremian Working Group), which regarded the
Spitidiscus hugii (now Taveraidiscus hugii) AZ as the basal zone of
the Barremian (Rawson 1983, table 1). However, Busnardo (in Rawson
1983) favoured to take the appearance of Raspailiceras and Barre-
mites to mark the base of the stage, which would therefore lie within
the Pseudothurmannia angulicostata AZ, while other specialists (Avram,
1983; Vasicek et al., 1983) preferred to place the boundary at the base
of this zone. At a symposium on Cretaceous Stage Boundaries organ-
ised by the International Subcommission on Cretaceous Stratigraphy
in Copenhagen in 1983 it was agreed that the boundary should be
placed either at the base or at the top of the P. angulicostata AZ, and
that one within the zone “should be avoided” (Birkelund et al., 1984,
p- 8).

Following the establishment of the Barremian Working Group, it
became evident during the first exchanges of views among its mem-
bers that there was no obvious microfossil or non-biostratigraphic
event that could convincingly replace the ammonites as a primary tool
for defining the base of the Barremian Stage (Rawson et al., 1996).
Thus, in the Working Group meeting held during the 2™ Cretaceous
Stage Boundaries meeting in Brussels in 1995, the debate was focussed
on which ammonite level would provide the best boundary. Three
possible, and classical, horizons were discussed in Brussels: base of
the Pseudothurmannia beds, middle of the Pseudothurmannia beds
and base of the S. hugii AZ (i.e. above the Pseudothurmannia beds).
By a large majority view (11 out of 13 votes in a subsequent postal
ballot), the members of the Barremian Working Group recommended
drawing the base of the Barremian Stage at the base of the S. hugii
AZ. The other two alternatives were rejected mainly due to the diffi-

culty in differentiating Pseudothurmannia species from each other
and from other late Hauterivian crioceratitids and, consequently, in
accurately recognizing the base of the Pseudothurmannia beds and
their eventual subdivisions.

Conversely, the base of the T hugii AZ is clearly defined and fits
closer to the traditional concept of the Hauterivian—Barremian bound-
ary. The index species is easy to recognise and does not present taxo-
nomic identification problems (Busnardo et al., 2003; Vermeulen et
al., 2018). It is common in both shallow and deep-water facies. How-
ever, in keeping with the strong endemism of marine fauna and flora
during the late Hauterivian and early Barremian (Rawson et al., 1996),
its geographic distribution is quite restricted and limited to the north-
ern margin of the Mediterranean area (see below).

When introducing the Barremian Stage, Coquand (1862) cited sev-
eral localities where this stage could be recognised, among them Bar-
réme, Angles and Vergons, in the Basses-Alpes. In 1963 the Collogue sur
le Crétacé Inférieur proposed the Angles roadside section as the Bar-
remian “stratotype” (Busnardo 1965b) because of its apparent com-
pleteness, accessibility and lack of tectonic disturbance, as well as a
sufficient richness in ammonites.

However, Busnardo (1965a) showed that in the Angles “strato-
type” the crucial passage beds from Hauterivian to Barremian were
hidden beneath fallen rocks and there were problems of exposure in
the sequence. Hence, in 1983 during the meeting in Copenhagen it
was recommended that sections in southeast France, southeast Spain,
the Carpathians, the Crimea and the Caucasus should be considered
for the boundary stratotype (Birkelund et al., 1984). Although Bus-
nardo and Vermeulen (1986) subsequently obtained some specimens
from the boundary interval at Angles, ammonites “are scarce around
this interval and there are problems of exposure” (Rawson et al.
1996). After reporting several other possible sites in Europe, the Bar-
remian Working Group recommended that the Rio Argos section in
SE Spain would represent an appropriate boundary stratotype section
(supported in the subsequent postal vote by 12 out of 13 members)
(Rawson et al., 1996).

The Rio Argos Section: the GSSP for the Base
of the Barremian Stage

Geographical and Geological Setting

The beds around the Hauterivian—Barremian boundary outcrop at
several points along the river Argos and its tributaries (Hoedemaceker,
1995, 2013; Hoedemaeker and Leereveld, 1995). The GSSP (section
Agl in Fig. 1, equivalent to section A in Hoedemaeker, 1995, 2013) is
the most complete and continuous of these outcrops. It is located
some 8 km WSW of Caravaca and 1.5 km NW of the small village of
Benablon (Region of Murcia, SE Spain), on the southern bank of the
river. The geographical coordinates of the base of the section are:
38°4'13.5"N 1°56'54.3"W, altitude: 771 m (sheet n° 910-IV of the
1:25000 IGN topographic map, and sheet n°® 910 of the 1:50000
IGME geologic map) (Fig. 1).

Four other nearby sections were sampled to complement some
observations and check the consistency of the records. Two of them
(sections Ag5 and Ag4, equivalent to sections C and W in Hoede-



337

Caravaca

ArchivebAg1 Ag3

Benablon

Barranda

Moratalla

S

Calasparra

Molino

del Rio,

Figure 1. Geographic location of the Rio Argos section. A, Map showing the location of section Ag1 (GSSP) and other sections studied in the
Caravaca region (Ag5, Ag4, Kvl and V1). B, Detailed location map of section Agl. C, aerial view of section Agl (source: Cartomur).

maeker, 2013) are located also in the Rio Argos area, 0.6 and 4.5 km
downstream, respectively, from the GSSP. The other two are section
Kvl, in the Barranco de Cavila, 6.5 km SSW of Caravaca (Company
et al., 1995), and section V1 near the Arroyo Gilico, 17 km ENE of
Caravaca and 8 km SES of Calasparra (Aguado et al., 2014; Premoli
Silva et al., 2018; Martinez et al, 2020).

From a geological point of view, the Rio Argos area is located in
the Subbetic Domain, which together with the Prebetic Domain con-
stitutes the External Zones of the Betic Cordillera (Fig. 2A, B). These
are made of a complex of thrust sheets comprising thick successions
of sedimentary rocks deposited during the Alpine tectonic cycle (Tri-
assic to Early Miocene) on the southern margin of the Iberian Plate,
which was located at the western end of Tethys, on the northern edge
of the seaway connecting with the Central Atlantic Ocean (Fig. 2C).
The proximal part of southern Iberian palacomargin (Prebetic Domain)
was, during the Cretaceous, a vast epeiric domain that extended from

a shallow marine platform in the north to more distal environments to
the south, giving way to a complex pelagic basin (Subbetic Domain).
The morphology of this Subbetic Basin was quite irregular due to
severe intracontinental rifting, which gave rise to well defined swells
and troughs bordered by extensional faults that were tectonically
active during the Jurassic and the Early Cretaceous (Vera, 2001; Vera
et al., 2004). The Rio Argos succession would be deposited in a subsi-
dent and relatively deep area within this basin (Rey, 1995; Gea, 2004)
(Fig. 2D).

Description of the Section

A thick, well-exposed and tectonically almost undisturbed Lower
Cretaceous succession crops out along the Rio Argos west of Cara-
vaca (Fig. 2B). It encompasses the entire Berriasian—Upper Albian
interval, except for a hiatus comprising the Upper Aptian—-Middle
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Figure 2. Geologic and palaeogeographic location of the Rio Argos section. A, Simplified geologic map of the Betic Cordillera. B, Geological
sketch map of the Rio Argos area: a, Triassic; b, Jurassic; c, Miravetes Formation (Berriasian-upper Barremian); d, Argos Formation (upper
Barremian-middle Aptian); e, Represa Formation (upper Albian); f, Upper Cretaceous; g, Palacogene; h, Neogene; i, Quaternary. C, Palae-
ogeographic location of the Rio Argos section (red star) in the Western Tethys (modified from Barrier et al., 2018). D, Hypothetical recon-
struction of the southern Iberian palaecomargin with the relative position of the sections studied: 1, sections Agl, Ag4 and Ag5; 2, section Kvi;

3, section V1.

Albian (van Veen, 1969; Gea, 2004). The lower part of this succession
(Berriasian—Upper Barremian) consists of a marl-limestone rhyth-
mite that corresponds to the Miravetes Formation (van Veen, 1966).

The entire section Agl extends from the lower Hauterivian (Lytico-
ceras nodosoplicatum AZ) up to the lower Barremian (Kotetishvilia
compressissima AZ). However, for the present study, we have anal-
ysed only a ~40 m thick interval embracing the uppermost Hauteriv-
ian (Pseudothurmannia ohmi AZ) and lowermost Barremian (7. hugii
AZ); i.e., between beds 144 and 193 (Figs. 3 and 4). For a better
understanding, we have retained the original bed numbering of
Hoedemaeker and Leereveld (1995), also used in most of the subse-
quent studies on this section.

The lower 8 m of the section (beds 144 to 154), belonging to the
Pseudothurmannia ohmi ammonite Subzone (ASz) and most of the
Pseudothurmannia mortilleti ASz, consist of a rhythmic alternance of
light gray limestone beds (10-75 c¢m thick) and dark gray marlstone
interbeds (10—65 cm thick). A thin laminated black shale interval
occurs at the base of the Pseudothurmannia mortilleti ASz (bed 148),
which represents the local equivalent of the Faraoni Level (Baudin,
2005; Company et al., 2005; Sauvage et al., 2013; Baudin and Riquier,
2014), a well-known organic-rich horizon that has been recognised
within the uppermost Hauterivian sediments in several basins of the

western Mediterranean Tethys. It was first described by Cecca et al.
(1994a) in the Maiolica Formation of Umbria—Marche Apennines in
central Italy, and subsequently documented in southern Alps, and in
the Vocontian, Subbetic and Utrahelvetic basins (see Baudin and
Riquier, 2014, for references). Its occurrence has been also suggested
in other Mediterranean areas as well as outside the Mediterranean
domain (Baudin and Riquier, 2014).

The uppermost part of the P. mortilleti ASz and the Pseudothur-
mannia picteti ASz (beds 155 to 170b, with a thickness of 15 m) are
represented by a predominantly marly interval with yellowish lime-
stone and marly limestone beds (1045 cm thick) and light grey marl-
stone layers up to 120 cm thick.

The following 9 m of the section (beds 171 to 182, T. hugii ASz)
correspond to a more regular succession of yellowish limestone beds
(1045 cm thick) and greyish marlstone interbeds (10—-60 cm thick).

Finally, the uppermost 8 m of the section (beds 183 to 192, Psilotis-
sotia colombiana ASz) are made of thick marlstone layers (up to 100
cm) alternating with thinner marly limestone beds (10—40 cm thick).

The lithological composition and succession of the complementary
sections (Ag4, Ag5, Kvl and V1) is very similar to that of section
Agl, although with some differences in the relative thicknesses of the
intervals. All the five sections can be lithologically and biostrati-
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Figure 3. A, General view of section Agl. B, Detailed view of the beds around the Hauterivian/Barremian boundary in section Agl.

graphically correlated bed-to-bed (Fig. 4).

Texturally, the sediments composing the lithological successions
are mudstones with calcitised radiolarians and scarce foraminifera.
The lime fraction is mostly made up of calcareous nannofossil remains
(Hoedemaeker and Leereveld, 1995; Gressier, 2010), while clay min-
erals (illite, smectite, chlorite and kaolinite) are, by far, the main com-
ponents of the detrital fraction (Moiroud et al., 2012).

Macrofossil remains are common throughout the section, being
overwhelmingly dominated by ammonites (>97%), which are accom-
panied by scarce irregular echinoids, brachiopods, belemnites, bivalves
and gastropods. Ammonites are invariably preserved as casts and
moulds; any trace of the original shell being absent. Most of the speci-
mens are fairly complete, with phragmocone and body chamber, and
even the peristome is fully or partially preserved in many of them. No
signs of abrasion, encrustation, bioerosion or any other evidence of a
prolonged residence of shells on the sea floor or taphonomic rework-
ing have been detected. Body chambers are, in general, well preserved,
although moderately compressed due to diagenetic compaction. Phragmo-
cones are strongly flattened, even collapsed, indicating incomplete or
no sediment filling. Irregular lumps or fine linings of limonitised
pyrite can be frequently observed in the inner whorls. Most ammonites
lie parallel to the bedding surfaces, suggesting a softground, rather
than soupground, substrate consistency. All these taphonomic fea-
tures point to a rapid burial of the shells in a low-energy environment
with a relatively high sedimentation rate (Maeda and Seilacher, 1996;
Fernandez-Lopez, 1997; Fernandez-Lopez et al., 2000).

In general, the bioturbation is intense and pervasive. Among the
identified ichnotaxa, Trichichnus, Chondrites, Thalassinoides and Plano-
lites are largely dominant, although some other traces like Zoophycos
or Rhizocorallium have also been identified (Rodriguez-Tovar and
Uchmann, 2017). This assemblage is characteristic of the Zoophycos
ichnofacies, which has usually been related to lower offshore to bathyal,

fine-grained substrates, below the storm wave base and free of turbid-
ity currents (Seilacher, 2007).

Sedimentological, palacontological, taphonomic and palaeoichno-
logical data indicate that the Rio Argos succession was deposited in a
stable, distal, low-energy, deep-water marine environment. A several
hundred metres depth has been estimated for these deposits (Rey, 1993;
Hoedemaceker and Leereveld, 1995; Gea, 2004). Except for the Fara-
oni Level equivalent interval (FLE), the sediment deposition took
place in oxic bottom waters, although dysoxic to anoxic conditions
could develop within the sediment. Sedimentation seems to have been
continuous throughout the studied interval, since no evidence of inter-
ruptions or condensations has been detected.

Protection, Access and Facilities

The Lower Cretaceous succession outcrops along the river Argos
are listed in the geosite inventories of the Spanish Geological Survey
(IGME) and the Region of Murcia. In the latter it is pointed out that
the preservation conditions of the outcrops are optimal and that the
risk of deterioration due to anthropic action is low (Arana et al., 2009).
Even so, these outcrops have been catalogued as Site of Special Geo-
logical Interest in the General Urban Development Plan of the munic-
ipality of Caravaca, favouring their conservation and promotion and
prohibiting the construction of any building or facility.

The succession of the river Argos is also included in the Archaeo-
logical and Palaeontological Chart of the Region of Murcia as a step
prior to its declaration as a Site of Cultural Interest with the category
of Palaeontological Zone, according to Law 4/2007 on Cultural Heri-
tage of the Region of Murcia. This declaration will imply the prohibi-
tion of all types of intervention (works, landfills, quarries, constructions,
etc.) except those that are aimed at the scientific study and safeguard-
ing of the outcrops.
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Furthermore, the Spanish Law 42/2007 of Natural Heritage and
Biodiversity contemplates that stratotypes can be declared Natural
Monuments, so the Rio Argos section could enjoy the highest degree
of protection.

The section can be reached following the local road between Cara-
vaca and Archivel and then taking the turning to Molino del Rio, a
small countryside hotel that is placed just opposite the section (Fig. 1).
The hotel offers accommodation, meals and other tourist services
throughout the year, and there is a small parking area next to the
entrance of the hotel.

We are currently in contact with officials from the Departments of
Culture and Environment of the Region of Murcia and the Caravaca
Town Council, and with the specialists in Geological Heritage and
Geodiversity from the University of Murcia in order to outline the
conditioning, signposting and maintenance of the Rio Argos section
and its use as a scientific and educational resource.

Biostratigraphy

Ammonites are by far the most abundant group of macrofossils in
the Rio Argos section and also the most useful for biostratigraphi-
cally characterising the Hauterivian—Barremian boundary. Among the
other macroinvertebrates, only the belemnites have been shown to
have a certain biochronological value. Other macroinvertebrates are
very infrequent and have not been studied in detail. Among microfos-
sils, calcareous nannofossils, foraminifera, and organic walled dyno-
cists provide valuable information, while radiolarians, although frequent,
are calcitised and impossible to determine.

Ammonites

Ammonite faunas are particularly rich, diversified and well pre-
served throughout the uppermost Hauterivian—lowermost Barremian
interval in the Rio Argos succession. First identified by van Veen
(1966, 1969), these faunas and their stratigraphic distribution have
been analysed in detail in several subsequent papers (Hoedemaeker,
1992, 1995, 2013; Hoedemaeker and Leereveld, 1995; Company et
al., 2002, 2003, 2005, 2010; Vasicek and Hoedemaeker, 2003; Marti-
nez et al., 2012). These studies have contributed decisively to the
development and refinement of the Mediterranean standard ammo-
nite zonal scheme proposed by the former Lower Cretaceous Cepha-
lopod Team (Hoedemaeker and Bulot, 1990; Hoedemaeker et al.,
1993) and the current Lower Cretaceous Ammonite Working Group
(Hoedemaceker et al., 2003; Reboulet et al., 2009, 2018; Szives et al.,
2023) for the latest Hauterivian and the earliest Barremian.

For the present study, the GSSP (section Agl) and the four comple-
mentary sections (Ag4, Ag5, Kvl and V1) were systematically sam-
pled bed-by-bed. Almost 4000 ammonites were collected (more than
1000 from section Agl), most of them being well enough preserved to
be identified at the species level. They are housed in the palacontolog-
ical collections of the University of Granada. All these ammonites
correspond to typical Mediterranean taxa. The analysis of their strati-
graphic distribution has enabled us to accurately characterise the
uppermost Hauterivian P. ohmi AZ and the lowermost Barremian 7.
hugii AZ of the standard zonation (Szives et al., 2023) in the sections
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studied (Figs. 4 and 5).

As stated above, the members of the Barremian Working Group
decided to recommend drawing the lower boundary of the Barremian
Stage at the base of the 7 hugii AZ (Rawson et al., 1996). This zone
had been introduced by Busnardo (1984) without formally defining
its boundaries. It was in the first zonal scheme adopted by the Lower
Cretaceous Cephalopod Team (Hoedemaeker and Bulot, 1990) where
the lower boundary of the 7. /ugii Zone was defined by the FO of the
index species (see also Company et al., 1995).

The first specimens of 7. hugii (Fig. 6) have been recorded in bed
171 of section Agl, and in a strictly equivalent stratigraphic position
in the four complementary sections. It is a fairly common species,
which extends throughout its nominal zone and reaches the lower part
of the Kotetishvilia nicklesi AZ, although its acme is restricted to the
beginning of its stratigraphic range. According to our interpretation
(Company et al., 2006, 2008), the nominal species Taveraidiscus oosteri
and Taveraidiscus alcoyensis can be considered synonyms of 7. hugii.
As thus conceived, the index species is quite uniform and easily iden-
tifiable, showing a certain variability in the strength of ornamentation,
from very densely and finely ribbed specimens (morphotype oosteri)
to others, such as the lectotype of the species, with moderately thicker
and less dense ribs. The geographic distribution of 7. Augii extends
along the northern margin of the Mediterran—Caucasian subrealm
(sensu Westermann, 2000), having been reported from Spain, France,
Italy, Switzerland, Austria, Hungary, Slovakia, Romania, Bulgaria,
Crimea and Georgia (see references in Klein, 2005). In the Betic Cor-
dillera it is present both in pelagic and neritic settings.

In addition to the primary marker, several other ammonite events
relevant to the characterisation of the Hauterivian—Barremian bound-
ary have been recorded in the sections studied. One of them is the FO
of Taveraidiscus intermedius (Fig. 7A). This highly variable species
(herein considered a senior synonym of Taveraidiscus heeri, T. kiliani,
T querolensis and T. vandeckii) is a close relative of 7. hugii, from
which it differs in its more evolute and inflated shell, and the pres-
ence of constrictions from an earlier ontogenetic stage. In general, the
FO of T. intermedius coincides with that of 7" hugii, but in some sec-
tions its appearance slightly predates that of the index species. Such is
the case with section Agl, where the FO of T intermedius has been
recorded in bed 170.

As mentioned above, the genus Pseudothurmannia played an
important role in the historical debate on the Hauterivian-Barremian
boundary. This genus dominates the assemblages of the uppermost
Hauterivian P ohmi AZ. The successive FOs of the species P. ohmi
(Fig. 7B) (bed 144 in section Agl), P. mortilleti (Fig. 7C) (herein regarded
as a senior synonym of P. catulloi) and P. pseudomalbosi (Fig. 7D)
(bed 148), and P, picteti (Fig. 7E) (bed 156) mark the base of the three
subzones of the zone. The last occurrence (LO) of the genus takes
place in bed 160, i.e. well below the base of the Barremian. This event
is traceable in the same stratigraphic position in the complementary
sections Ag4, Ag5 and V1, as well as in systematically sampled sec-
tions in SE France (Busnardo and Vermeulen, 1986; Vermeulen,
2005; Busnardo et al., 2013; Vermeulen et al., 2018) and Switzerland
(Busnardo et al., 2003). This strongly contrasts with the observations by
Hoedemaceker (1995, 2013), who placed the LO of the genus Pseudo-
thurmannia within the 7' hugii AZ in the Rio Argos succession. This
and other discrepancies between Hoedemaeker’s data and ours may
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Figure 5. Ammonite stratigraphic distribution and zonation in the Rio Argos section.

tions C—K corresponded to those of section A. However, we have

be due to problems in the bed numbering system used by our colleague.
Hoedemaeker (2013, p. 3) indicated that the bed numbers of his sec-

detected some errors in the bed-to-bed equivalences assumed by
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Figure 6. Three specimens of Taveraidiscus hugii showing the morphological variability of the species: A, specimen X.Ag1.172.55; B, speci-
men X.Agl.172.29; C, specimen X.Ag4.28.104. Scale bar = 1 cm.

Figure 7. Other relevant ammonite species: A, Taveraidiscus intermedius. specimen X.Agl.176.1; B, Pseudothurmannia ohmi, specimen
X.Ag5.19r.1; C, Pseudothurmannia mortilleti, specimen X.Agl.150.36; D, Pseudothurmannia pseudomalbosi, specimen X.V1.3.66; E,
Pseudothurmannia picteti, specimen X.Ag1.158.1; F, Plesiospitidiscus subdifficilis, specimen X.V1.-2.22; G, Barremites tenuicinctus, speci-
men X.Agl.181.3; H, Psilotissotia chalmasi, specimen X.V1.19.160; 1, Psilotissotia colombiana, specimen X.Ag4.47.12; J, Kotetishvilia nick-

lesi, specimen X.Ag4.50.30; K, Discoidellia favrei, specimen X.Agl.162.1; L, Sabaudiella argosensis, specimen X.Agl.158.27; M,
Garroniceras morloti, specimen X.Ag1.164.29. Scale bar = 1 cm.
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Hoedemaeker for these sections, which could explain the differences
in the stratigraphic position of some events.

Another event also used by some authors (Busnardo, 1965a; Bus-
nardo and Vermeulen, 1986) to mark the base of the Barremian is the
phylogenetic replacement of the genus Plesiospitidiscus (Fig. 7F) by
Barremites. The first representatives of this latter genus, that can be
ascribed to the species B. fenuicinctus (Fig. 7G), occur in bed 160 of
the section, coinciding with the last specimens of Pseudothurmannia.
They are not very frequent in the uppermost Hauterivian beds, but
become common, even abundant, in the basal Barremian. The FO of
Barremites has been recorded in an analogous stratigraphic level in
the Angles (Busnardo and Vermeulen, 1986) and Veveyse de Chatel-
Saint-Denis (Busnardo et al., 2003) sections.

Pulchelliids also provide secondary markers that may help to con-
strain the boundary position. One of them is the FO of Psilotissotia
chalmasi (Fig. TH), recorded in bed 174, slightly above the base of the
Barremian, and in a position equivalent to that in the Angles section
(referred as P. mazuca in Vermeulen, 2003, 2005). The FO of Psilotis-
sotia colombiana (Fig. 71), which defines the base of the upper sub-
zone of the T hugii Zone in the Mediterranean standard zonation,
takes place in bed 183. Kotetishvilia nicklesi (Fig. 7J), the index spe-
cies of the second zone of the Barremian, first appears in bed 193.
Another interesting pulchelliid is Discoidellia favrei (Fig. 7K), a spe-
cies that straddles the Hauterivian—Barremian boundary, having its
FO in the upper part of the P. mortilleti ASz (bed 155), and its LO
around the boundary between the 7. hugii and P. colombiana ASzs
(bed 182), in accordance with its stratigraphic range recorded in SE
France (Vermeulen, 2005; Vermeulen et al., 2018). It should be noted,
however, that the low frequency and the restricted geographical distri-
bution of these species, known only from the western Mediterranean
area, considerably limit their correlation potential.

Finally, it is worth mentioning two heteromorph species, which
are common in the uppermost Hauterivian, and whose LOs are
recorded near the boundary. They are Sabaudiella argosensis (Fig.
7L), which ranges from the base of the P. mortilleti ASz (bed 149)
up to the middle part of the P. picteti ASz (bed 164), and Garronic-
eras morloti (Fig. 7M) (probably, a senior synonym of “Holcodis-
cus” evolutus), a species strictly confined to the P. picteti Subzone
(beds 156-169).

Belemnites

Janssen (1997) described and figured part of the belemnite fauna
collected from beds around the Hauterivian—Barremian boundary in
the Rio Argos section, and calibrated its stratigraphic distribution with
the ammonite zonation. From this paper and additionally collected
specimens, combined with the herein revised bed-to-bed correlation
of the Rio Argos sections (see above), the following main belemnite
bio-events around the Hauterivian—Barremian boundary could be rec-
ognized: the LO of Duvalia dilatata at the boundary between the P.
mortilleti and P. picteti ASzs (beds 154-158), the FO of D. silesiaca
in the upper part of the 7 hugii AZ (bed 188), and the FO of Duvalia
pontica in the succeeding K. nicklesi AZ (bed 195). Other compo-
nents of the uppermost Hauterivian include so far undescribed duvali-
ids in the P. mortilleti and Ps. picteti ASzs (beds 151-167) and the
abundant occurrence of Hibolites gr. subfusiformis. The latter can be

found regularly up to lowermost part of the 7 hugii AZ, eventually
being replaced by Hibolites jaculiformis. Comparable associations
have been reported from other areas of the Mediterran—Caucasian
subrealm (see references in Janssen and Fdzy, 2004, 2005; Janssen et
al,, 2012).

Calcareous Nannofossils

The calcareous nannofossil biostratigraphy and assemblage com-
position of sections Agl and V1 have been reported and analysed in
Aguado et al. (2014) and Martinez et al. (2020). Calcareous nannofos-
sils were investigated in 43 marlstone samples from section Agl and
38 from section V1 (Figs. 8 and 9), taken irregularly spaced. In addi-
tion, 15 samples were studied from section Ag5 (between beds 19 and
25) in order to detect the LO of Lithraphidites bollii. Finally, in Marti-
nez et al. (2020), a set of 30 additional samples were studied in section V1
to gain precision in the location of FOs and LOs of biostratigraphic
markers. For details about sample preparation and analysis we refer to
Aguado et al. (2014) and Martinez et al. (2020).

A total of 62 taxa were identified (Figs. 8 and 9), and photomicro-
graphs of the most representative of them are shown in Figs. 10 and
11. The nannofossil total abundance fluctuates from 2.4 nannofossils/
field of view (n/fv) in average for section Agl to 6 n/fv in average for
section V1, and preservation varies from moderate or moderate to
poor (sections Agl and Ag5) to moderate to good (section V1).

Assemblages are composed of mainly cosmopolitan and Tethyan
taxa (Figs. 8-11). They are dominated by the genera Watznaueria (14%—
58%, average 39%), Nannoconus (9%—51%, average 26%) and Micran-
tholithus (2%—26%, average 12%). Other common taxa are Assipetra
terebrodentarius, Biscutum constans, Diazomatolithus lehmanii, Dis-
corhabdus ignotus, Lithraphidites carniolensis, Rhagodiscus asper
and small Zeugrhabdotus (including Z. noeliae, and Z. trivectis).

Biostratigraphically, the complete interval studied in sections Agl
and V1 (Figs. 8 and 9) and also in section Ag5 is assigned to the NC5
Zone of Bralower et al., (1995), based on the absence of the taxa
Cruciellipsis cuvillieri and Hayesites irregularis. Assipetra terebro-
dentarius and Lithraphidites bollii are present from the lowermost
samples in sections Agl and V1, and allow the assignment of these
levels to the NC5B Subzone (Bralower et al., 1995; Company et al.,
2005; Aguado et al., 2008, 2014; Fig. 12). Following Bralower et al.
(1995), the LO of L. bollii marks the boundary between NC5B and
NCS5C subzones. In the studied sections (Tables 1 and 2), L. bollii is
rare, but consistently recorded, along their lower part. The LO of L.
bollii was recorded in sample 148b, at the base of FLE (Aguado et al.,
2014; Fig. 12), in section Agl, and in a similar position in sections
Ag5 and V1 (Martinez et al, 2020; Fig. 12). These results are consis-
tent with those obtained by Baudin et al., (1999) who observed the LO
of L. bollii within the lower part of the FLE at Vergons (SE France). In
most of the other previous literature, the LO of this species with
respect to the position of the FLE is not clearly indicated (Cecca et al.,
1994b; Bersezio et al., 2002; Godet et al., 2006), or located below
(Channell et al., 1995; Coccioni et al., 1998; Bellanca et al., 2002;
Tremolada et al., 2009) or above it (Channell et al., 1995; Erba et al.,
1999).

The LO of Calcicalathina oblongata was used to separate the
NCS5C and NC5D subzones by Bralower et al. (1995), and the CC5
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Figure 8. Range table showing percentage abundances for all calcareous nannofossil taxa recorded from section Agl and their correlation to
ammonite zones. A minimum of 300 specimens per sample were counted for percentage determination (see Aguado et al., 2014 for details).
Nannofossil zonation according to Bralower et al. (1995). Preservation (Roth and Thierstein, 1972): P=Poor; PM=Poor to moderate;

MP=Moderate to poor; M=Moderate;

MG=Moderate to good; G=Good. Watznaueria spp. includes: W. barnesiae, W. biporta, W. cynthae, W.

fossacincta, and W. ovata. Solid black horizontal lines indicate stratigraphically relevant bioevents (FOs and LOs of key species).
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Figure 9. Range table showing percentage abundances for all calcareous nannofossil taxa recorded from section V1 and their correlation to
ammonite zones. A minimum of 300 specimens per sample were counted for percentage determination (see Aguado et al., 2014 for details).
Nannofossil zonation according to Bralower et al. (1995). Preservation (Roth and Thierstein, 1972): P=Poor; PM=Poor to moderate;

MP=Moderate to poor; M=Moderate;

MG=Moderate to good; G=Good. Watznaueria spp. includes: W. barnesiae, W. biporta, W. cynthae, W.

fossacincta, and W. ovata. Solid black horizontal lines indicate stratigraphically relevant bioevents (FOs and LOs of key species).

and CC6 zones by Sissingh (1977) and Perch-Nielsen (1985). This
bioevent lies above the last studied samples in the section Agl (corre-
sponding to the lowermost part of the K. nicklesi AZ), and has been
recorded in the uppermost part of the K. nicklesi AZ in section V1
(Martinez et al., 2020; Fig. 12).

According to all this, the NC5B and NC5C nannofossil subzones
were identified in the studied interval of the Agl section, and NC5B,
NCS5C, and basal part of the NC5D subzones in the studied interval of
section V1 (Fig. 12). The Hauterivian—-Barremian boundary falls in

the middle part of the NC5C subzone.

In addition, following the zonations proposed by Sissingh (1977)
and Perch-Nielsen (1985) the interval studied in Agl section can be
assigned to the CC5 Zone based on the absence of Speetonia colli-
gata and the presence of Calcicalathina oblongata. As the LOs of S.
colligata (sample -12) and C. oblongata (sample 37a) are recorded in
V1 section, the uppermost part of CC4, CC5, and basal part of CC6
zones can be identified.

Coccioni et al. (1998) reported the presence of ‘large Zeugrhabdotus



346

15 16
m
25 '.26

Figure 10. Light micrographs of the most relevant nannofossil taxa found throughout the study interval. All micrographs under cross-polar-
ized light. (1, 2, 4, 9, 14) Micrantholithus spinulentus: 1, paratype, sample Ag5.20.2; 2, sample Agl.157; 4, holotype, sample V1.-7; 9, sample
V1.0; 14, paratype, sample V1.1. (3, 13) Lithraphidites carniolensis: 3, sample V1.25; 13, sample Agl.184. (5, 6) Micrantholithus obtusus: 5,
sample V1.25; 6, sample V1.0. (7, 8) Micrantholithus hoschulzii: 7, sample V1.0; 8, sample Ag5.20.2. (10) Nannoconus bermudezii, sample
V1.-10. (11, 12) Nannoconus steinmannii: 11, sample V1.6; 12, sample V1.-9. (15) Manivitella pemmatoidea, sample V1.1. (16, 17) Nannoco-
nus kamptneri: 16, sample V1.6; 17, sample V1.11. (18-22) Lithraphidites bollii: 18, 19, sample V1.1; 20, sample Ag1.137; 21, sample V1.-2;
22, sample Ag1.148.1. (23, 31) Conusphaera rothii: 23, sample Agl.180; 31, sample V1.-1. (24) Helenea chiastia, sample V1.25. (25) Cretar-
habdus conicus, sample V1.6. (26) Retecapsa angustiforata, sample V1.25. (27) Assipetra terebrodentaria, sample V1.24. (28) Cyclagelos-
phaera margerelii, sample Ag1.188. (29, 30) Rhagodiscus asper: 29, sample V1.1; 30, sample Agl.184.
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Figure 11. Light micrographs of the most relevant nannofossil taxa found throughout the study interval. All micrographs under cross-polar-
ized light. (1-3) Nannoconus sp. cf- N. circularis: 1, sample V1.1; 2, sample V1.6; 3, sample V1.16. (4) Nannoconus wassallii, sample V1.28.
(5) wide canal nannoconid (apical view), sample Ag5.20.4. (6-9), Nannoconus circularis: 6, sample V1.20; 7, sample V1.16; 8, sample V1.11;
9, sample V1.11, apical view. (10) Haqius circumradiatus, sample V1.40. (11, 12, 16, 22) Zeugrhabdotus embergeri: 11, 22, very large speci-
mens, samples V1.-2 and Agl.178; 12, 16, normal size specimens, samples V1.-9 and Ag5.20.3. (13-15) Calcicalathina oblongata: 13, sample
V1.0; 14, sample V1.-9; 14, sample V1.16. (17, 23) Watznaueria barnesiae: 17, sample V1.24; 23, sample Agl.184. (18, 19) Watznaueria
biporta: 18, sample V1.24; 19, sample Ag1.184. (20, 21, 28) Biscutum ellipticum: 20, sample V1.1; 21, sample V1.16; 28, sample Ag1.184. (24-
26, 31) Diazomatolithus lehmanii: 24, sample Ag5.20.1; 25, sample V1.0; 26, sample V1.11; 31, sample V1.16. (27) Discorhabdus ignotus,
sample V1.24. (29, 30) Zeugrhabdotus noeliae: 29, sample V1.-1; 30, sample V1.0. (32) Podorhabdus gorkae, sample V1.28. (33) Axopodor-
habdus dietzmannii, V1.11. (34) Staurolithites siesseri, sample Agl.188. (35) Percivalia fenestrata, sample Agl.148.2. (36) Zeugrhabdotus
erectus, sample Agl.184. (37) Rotelapillus laffittei, sample Agl.184. (38, 39) Staurolithites mitcheneri: 38, sample Agl.148.2; 39, sample
V1.40. (40, 41) Micrantholithus hoschulzii, isolated elements, sample V1.1. (42) Mitosia infinita, sample V1.24.
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Figure 12. Fluctuations in the percentage abundances of nannoconids and pentaliths derived from the quantitative study in sections Agl and
V1 (see text for details). The most relevant nannofossil events are also marked.



embergeri’ within the levels of the Faraoni Level in the Fiume Bosso
section. We have also found large to very large (14-20 pum) speci-
mens of Z. embergeri (Fig. 11.11, 11.22) in all sections, but they were
found scattered along the study interval and not restricted to the FLE.

As mentioned above, Micrantholithus is a major constituent of the
late Hauterivian—early Barremian nannofossil assemblages in the studied
sections. Our results show a discrete peak in the abundance of Micran-
tholithus, reaching percentages greater than 25-35%, within the upper
part of the Balearites angulicostatus ASz and the P. ohmi ASz (Com-
pany et al., 2005; Aguado et al., 2008, 2014; Fig. 12). This event
probably corresponds with the ‘pentalith acme’ reported by some pre-
vious authors below the FLE (Erba et al., 1999; Channell et al., 2000;
Bellanca et al., 2002; Bersezio et al., 2002; Tremolada et al., 2009).
Micrantholithus spinulentus, a species characterised by its very large
size (14-25 pum) and deeply indented sides resulting in medium to
long free rays (Aguado, 1994; Company et al., 2005; Aguado, 2012;
Aguado et al., 2014; Figs. 10.1, 10.2, 10.4, 10.9, 10.14), was found
from the base of the studied interval, and its LO was recorded in both
Agl and V1 sections in the middle part of the P. colombiana ASz
(Figs. 8,9 and 12).

Our results also show that there are some fluctuations in the compo-
sition of the nannoconid assemblages throughout the studied interval
(Company et al., 2005; Aguado et al., 2008, 2014). The most conspic-
uous change consists in an increase in the abundance of the wide canal
nannoconid group (Nannoconus bucheri, N. circularis, N. globulus, N.
grandis, N. kamptneri, N. sp. cf. N. circularis) compared to the nar-
row canal nannoconid group (N. bermudezii, N. steinmannii). This
increase initiates below the FLE, in the uppermost part of the B. angu-
licostatus ASz and extends throughout the P. ohmi and P, picteti ASzs,
having been identified in both Agl and V1 sections (Fig. 12). A group
of Nannoconus characterised in side view by a very wide canal and
thin and parallel walls, but being higher than wide (Figs. 11.1-11.3),
were found throughout the B. krenkeli~T. hugii ASzs interval. These
forms differ from the holotype of N. circularis (Déres and Achérite-
guy, 1980) and are reported here as Nannoconus sp. cf. N. circularis.
The FO of typical N. circularis (forms as wider as high in side view,
and similar to the holotype, Figs. 11.6-11.9) was recorded, in both
sections, slightly above the FLE within the upper part of the P. morti-
lleti ASz (Company et al., 2005; Aguado et al., 2008, 2014; Fig. 12).

Our biostratigraphic results, and those derived from the quantita-
tive analysis, are consistent between the three sections studied (Agl,
Ag5 and V1). Most of these results are also consistent with previous
data from the upper Hauterivian—lower Barremian interval in Italy
(Ceccaet al., 1994b; Channell et al., 1995; Coccioni et al., 1998; Erba
et al., 1999; Bersezio et al., 2002; Bellanca et al., 2002; Tremolada et
al., 2009), SE France (Baudin et al., 1999) and some German sections
(Mutterlose, 1989). The presence of Micrantholithus spinulentus as a
taxon characterising the late Hauterivian to earliest Barremian inter-
val, is documented for the first time in the sections studied (Company
etal., 2005; Aguado et al., 2008, 2014; Aguado, 2012).

Foraminifera

Foraminifera from both marlstone and limestone layers of section
Agl were investigated in a total of 139 samples collected bed-by-bed
from bed 124 to interbed 195-196. This interval spans from the base
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of the upper Hauterivian Balearites balearis AZ, to the lower part of
the lower Barremian K. nicklesi AZ (Hoedemaeker and Leereveld,
1995, Company et al., 2003).

All studied samples contain foraminifera. Their abundance fluctu-
ates from rare to abundant. Their preservation varies from very poor
to quite good, and specimens are mainly recrystallized and the origi-
nal walls are not preserved. Planktonic foraminiferal diversity is mod-
erately low (up to eighteen species) throughout. Benthic foraminifera
usually occur in higher abundances and diversity when compared to
the planktonic counterpart. Zonal marker species and some signifi-
cant species have been imaged using SEM and are illustrated in Fig-
ures 13 to 15.

Planktonic foraminifera

Detailed studies on the stratigraphic distribution of planktonic fora-
minifera in the Rio Argos succession were published by Coccioni and
Premoli Silva (1994) and Coccioni et al. (2004, 2006, 2007). Here the
planktonic foraminiferal zonation of Coccioni (2020) is followed.

According to the previous investigations mentioned above, Hed-
bergella infracretacea (reported as Hedbergella delrioensis in Coc-
cioni and Premoli Silva, 1994) is already present in the lowermost
sample. Consequently, the lower boundary of the H. infracretacea
Zone lies below the base of the interval here considered. Higher in the
succession, the FOs of Lilliputianella semielongata and Lillipu-
tianella roblesae are recognized in bed 138, in the upper part of the
Balearites binelli ASz (Company et al., 2003).

The FO of L. semielongata marks the base of the L. semielongata
Zone and has been reported from the same stratigraphic position in the
Angles (Coccioni et al., 2007) and the Arroyo Gilico sections (Premoli
Silva et al., 2018). The upper boundary of this zone is marked by the
FO of Lilliputianella similis, which has been recorded in interbed
198-199 in the Rio Argos section, within the K. nicklesi AZ, slightly
above the top of the studied interval (Coccioni and Premoli Silva,
1994). Therefore, the Hauterivian—Barremian boundary falls in the
middle part of this zone.

The diversity of the assemblages is moderately low, being domi-
nated by species of the genus Hedbergella (H. aptiana, H. excelsa, H.
infracretacea, H. laculata, H. praetrocoidea and H. sigali) accompa-
nied by Lilliputianella (L. eocretacea, L. pauliani, L. roblesae and L.
semielongata), Favusella hoterivica and Globigerinelloides paragot-
tisi. In addition, high numbers of gorbachikellids occur in the interval
between beds 135 and 183, including the FLE. An overall increase in
planktonic foraminiferal size (up to 250 um) occurs at some levels
and particularly within the FLE.

The occurrence of L. eocretacea, L. roblesae and L. semielongata
in the lower part of the L. semielongata Zone, predating the onset of
the Faraoni Episode, represents the first radiation of planktonic fora-
minifera with radially elongated chambers (Coccioni et al., 2004,
2006, 2007). However, from their first appearance up to the top of the
studied interval, subclavate to clavate chambered forms are unevenly
distributed and represent only a minor component of the assem-
blages. Remarkably, records of these morphotypes are scattered and
very rare within the FLE.
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Figure 13. Scanning electron microscope micrographs of selected planktonic foraminiferal taxa. 1-3, Hedbergella aptiana, sample U34-35. 4-
6, Hedbergella aptiana, sample V86-87. 7-9, Hedbergella excelsa, sample U28. 10-12, Hedbergella laculata, sample A196-199. 13-15, Hed-
bergella infracretacea, sample U34-35. 16-18, Hedbergella praetrocoidea, sample V118-119. 19-21, Hedbergella praetrocoidea, sample N47-
48. 22-24, Hedbergella praetrocoidea, sample V118-119. 25-27: Hedbergella sigali, sample V118-119, x165. Scale bar = 50 um.
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Figure 14. Scanning electron microscope micrographs of selected planktonic foraminiferal taxa. 1, Lilliputianella eocretacea, sample 138. 2,
Lilliputianella eocretacea, sample 139. 3, Lilliputianella eocretacea, sample 138. 4, Lilliputianella eocretacea, sample 139. 5-7, Lilliputianella
pauliani, sample U34-35. 8-10, Lilliputianella pauliani, sample U34-35. 11-13, Lilliputianella pauliani, sample A207-208. 14-16, Lillipu-
tianella roblesae, sample A207-208. 17-19, Lilliputianella semielongata, sample A207-208. 20-22, Lilliputianella semielongata, sample A207-
208. 23-25, Lilliputianella semielongata, sample U34-35. 26-28, Lilliputianella similis, sample A218-219. 29-30, Globigerinelloides paragot-
tisi, sample N1. 31-32, Globigerinelloides paragottisi, sample P65-66. 33-34, Favusella hoterivica, sample A57-58. Scale bar = 50 um.
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Figure 15. Scanning electron microscope micrographs of selected benthic foraminiferal taxa. 1, Textularia bettenstaedti. 2, Dorothia
ouachensis. 3, Dorothia hauteriviana. 4, Dorothia kummi. 5, Dorothia praeoxycona. 6, Dorothia zedlerae. 7-9, Conorotalites cf. bartensteini.
10-12, Conorotalites intercedens. 13-15, Gavelinella barremiana. Scale bar = 100 um.

Benthic foraminifera

Several benthic foraminiferal events have been identified in the Rio
Argos section: the FOs of Dorothia praeoxycona (interbed 128-129),
Conorotalites bartensteini (interbed 175-176), Gavelinella barremi-
ana (interbed 175-176), and Conorotalites intercedens (interbed 185—
186), the LO of Dorothia kummi (interbed 195-196), and the tempo-
rary disappearance of Dorothiinae (between interbed 143—144 and
interbed 191-192). A new zonation based on some of these bioevents
is here proposed for the studied interval, revising the Early Creta-
ceous zonal scheme introduced by Moullade (1984).

The Dorothia ouachensis Zone is subdivided into two subzones
using the FO of D. praeoxycona. The assemblages of the lower Textu-

laria bettenstaedti Subzone (up to bed 128) are quite well diversified
and mainly represented by the genera Ammodiscus, Dorothia, Spiril-
lina, Laevidentalina, Lenticulina, and Astacolus. The upper Dorothia
praeoxycona Subzone corresponds to the interval between the FO of
the index species (interbed 128—129) and the FO of G barremiana. Its
assemblages are well diversified and dominated by different species
of Ammodiscus, Glomospirella, Spirillina, Laevidentalina, Lenticulina,
Astacolus, and Reussoolina and of polimorphinids. The Hauterivian—
Barremian boundary falls in the uppermost part of this subzone.

The base of the overlying Gavelinella barremiana Zone is defined
by the FO of the index species (interbed 175-176), and its top by the FO
of Conorotalites aptiensis (above the interval studied). The assemblages
in this zone are quite well diversified and dominated by Ammodiscus,



Glomospirella, Spirillina, Laevidentalina, Lenticulina, Astacolus, and
Gavelinella.

Benthic foraminifera are abundant and quite well preserved through-
out the FLE, showing higher abundances than planktonic foraminifera,
with assemblages dominated by epifaunal taxa and representatives of
the genera Ammodiscus, Spirillina, Laevidentalina and Lenticulina. A
marked decline in the relative abundance of agglutinants has been rec-
ognised, with the agglutinated tubular taxa partially replaced by laevi-
dentalinids and lenticulinids that are interpreted to be highly tolerant
to oxygen deficiency (e.g., Nyong and Ramanathan, 1985; Tronchetti
and Grosheny, 1991; Coccioni and Galeotti, 1993; Moullade et al.,
2000; Holbourn and Kuhnt, 2002; Friedrich et al., 2003; Grosheny et
al., 2006). These findings suggest an overall increase in fertility of
surface waters associated with dysoxic bottom waters during the Fara-
oni Episode. It is also worth mentioning the temporary disappearance
of Dorothiinae throughout the interval between interbed 143—144 and
interbed 191-192, encompassing the FLE and the Hauterivian—Barre-
mian boundary.

Dinoflagellate Cysts

The stratigraphic distribution of organic-walled dinoflagellate cysts
from the Lower Cretaceous Rio Argos succession was thoroughly
examined by Leereveld (1995, 1997). He also integrated data from
ammonite controlled sections in SE France and Switzerland, and pro-
posed a zonal scheme valid for the whole western Mediterranean region.
The Hauterivian—Barremian boundary falls within the upper part of
the Subtilisphaera perlucida dinocyst Zone. The base of this zone is
defined by the LO of Aprobolocysta eilema (in the marlstone interbed
138-139 of section Agl, corresponding to the B. binelli ASz, see
Company et al., 2003), and its top by the FO of Subtilisphaera scabrata
(interbed 195-196, in the lowermost part of the K. nicklesi AZ).
According to Leereveld (1995, 1997), other significant events recorded
in this interval are the LO of Palaecysta complicata and the FO of
Subtilisphaera senegalensis in interbed 154-155, and the LO of
Exiguisphaera phragma in interbed 170-171. In any case, it should be
taken into account that, as pointed out by Leereveld (1997, p. 433), no
sample between beds 171 and 195 (i. e., the whole 7. hugii AZ)
yielded identifiable dinocysts, so the position of this last event cannot
be accurately calibrated against the ammonite zonation.

Chemostratigraphy

Organic Matter

Previous data on the organic geochemistry of the Rio Argos succes-
sion, largely on the FLE, were provided by Baudin (2005), Sauvage et
al. (2013) and Baudin and Riquier (2014). For the present study, 61
samples taken in the middle part of the marlstone interbeds between
interbed 135—136 (top of the B. balearis ASz) and interbed 185-186
(lower part of the P. colombiana ASz) from section Agl, and 14 sam-
ples around the FLE (beds 18-25) from section Ag5 have been anal-
ysed (Figs. 16 and 17; Tables 1 and 2).

Information on the thermal evolution of the organic matter can be
achieved by pyrolytic measurements, especially using the Tmax parame-
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ter (Espitali¢ et al., 1985). Tmax values are relatively low (~427°C on
average), which indicates that the organic matter did not experience
high temperature during burial and is still immature with respect to
petroleum generation. This is in agreement with the moderate burial
diagenesis deduced from clay mineralogy (Moiroud et al., 2012). Such a
moderate diagenesis suggests that the Rock-Eval parameters (TOC,
HI) represent a primary signal and reflect the environmental changes
during the deposition of uppermost Hauterivian and lowermost Barre-
mian strata.

If we except the FLE, the background sediment from section Agl
shows a low organic carbon content with TOC ranging from 0 to 0.4%
(0.13% on average), while calcium carbonate content varies from 39
to 68.5% with an average of 52% (Fig. 16, Table 1). The calcium car-
bonate and organic matter contents of marlstone interbeds appear very
homogeneous throughout the studied interval and no trend may be
drawn along this interval of section Agl. No relationship between the
percentages of carbonate and organic carbon content can be observed
(Fig. 18A), which suggests that organic matter is not diluted by the
carbonate flux and argues for a more or less constant ratio of the car-
bonate flux vs organic matter flux through time, at least during the
background marlstone interbed deposition.

According to the low range of HI values (25 to 147 mg HC/g TOC),
the organic matter of the studied samples is distributed between oxi-
dised Type II and Type IV (Fig. 18C). The small amount of sedimentary
organic matter in marlstone interbeds is probably the result of slightly
enhanced preservation of organic matter, that mainly corresponds to
land-derived organic matter (Type III) and the non-metabolisable
fraction of marine organic matter (oxidised Type Il and Type IV). The
low amount of organic matter, associated with low HI values, argues
for deposition in fully oxic pelagic waters. However, anoxic conditions
were developed within the sediment as pyrite is a ubiquitous mineral
in all the studied interval.

The lithological succession of the FLE in sections Agl and Ag5 is
comparable to the Italian and French occurrences, but its thickness
reaches 2 meters that is the most expanded record of the Faraoni Epi-
sode (Baudin and Riquier, 2014). The TOC varies from 0.03 to 3.8%
within the FLE (Tabs. 1 and 2). HI values of the FLE fluctuate between
52 and 338 mg HC/g TOC that indicates a good preservation of marine
phytoplanktonic (Type IT) organic matter (Fig. 18C). Calcium carbon-
ate content is in the same range than the background sedimentation
(Fig 18A), which suggests that the organic enrichment of the FLE is
not related to dissolution of carbonate but rather to an increase of pri-
mary productivity. The better preservation of sedimentary organic matter
suggests the development of dysoxic conditions during the Faraoni
Episode time interval.

Carbon Isotope Stratigraphy

Data on carbon and oxygen isotope stratigraphy in the Rio Argos
section were reported by Aguado et al. (2014), who performed a high-
resolution analysis of 137 bulk carbonate samples from limestone,
marlstone and marly limestone beds. The §"*C values fluctuate between -
0.09%o and 1.75%o. The 6'*0 values, which vary between -1.9%o and -
3.42%o, display a high frequency oscillation very likely due to diage-
netic alteration; therefore, they have not been taken into account as a
stratigraphic tool (Fig. 19).
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The carbon isotope curve shows a small negative spike (around
0.7%0) measured in the laminated black shale interval (bed 148) that
marks the beginning of the FLE at the base of the P mortilleti ASz
(bed 148). This anomaly is rapidly followed by a positive excursion
leading to the maximum value (1.75%o) towards the top of the FLE

(bed 152). After a decrease in the upper part of the P. mortilleti ASz,
the values remain more or less stable, around 1%o, throughout most
of the P. picteti ASz. The Hauterivian—Barremian boundary falls
into a time of slightly decreasing carbon isotope values, which reach
their minimum (-0.09%o) in the uppermost part of the 7. hugii AZ. A
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trend to increasing values is observed at the transition to the K. nick-
lesi AZ.

A similar general pattern can be observed in the carbon isotope curve
of the section V1 (Aguado et al., 2014; Martinez et al., 2020), and in
the curves established for other pelagic and hemipelagic successions
from the Apennines (Gorgo a Cerbara and Fiume Bosso), the Ultra-
helvetic domain (Veveyse de Chatel-Saint-Denis) and the Vocontian
Basin (Angles) (Godet et al., 2006). In all these sections, with differ-
ences in detail, the positive excursion associated with the Faraoni
Level is recognised, followed by a stable phase and, finally, a smooth
trend towards more negative values from terminal Hauterivian and
including the Hauterivian/Barremian boundary. Carbon isotope record is
thus revealed as a useful tool for the recognition and characterisation
of'the base of the Barremian Stage.

Strontium Isotope Stratigraphy

No systematic analysis of ¥Sr/**Sr has been performed in the Rio
Argos section. However, high-resolution Sr-isotope curves are avail-
able for the Hauterivian—Barremian interval based mainly on data
from the Vocontian Basin (McArthur et al., 2007; Bodin et al., 2009;
Mutterlose et al., 2014). According to these curves, the Hauterivian—
Barremian boundary falls within an interval of steadily increasing val-
ues from 0.707442 in the Subsaynella sayni AZ (early late Hauterivian)
to a relative maximum of 0.707504 in the Kotetishvilia compressis-
sima AZ (late early Barremian), from which the curve shifts to lower
values. The measure on a belemnite coming from the very base of the
Barremian in the Angles section yielded a value of 0.707470 +

0.000011 (Bodin et al., 2009).

Magnetostratigraphy

The Early Cretaceous limestones of the Rio Argos succession
are affected by an intense Neogene remagnetisation that, unfortu-
nately, prevents any magnetostratigraphic analysis (Hoedemaeker
etal., 1998).

Bartolocci et al. (1992) and Channell et al. (1995) placed the Hauterivian/
Barremian boundary in the uppermost part of polarity chron M5n (=
CM4), mainly on the basis of the calibration between the magneto-
stratigraphic record in Gorgo a Cerbara (Lowrie and Alvarez, 1984)
and the ammonite findings in this and other central Italian sections
(Cecca et al., 1994b, 1995). Although it is generally accepted nowa-
days (Ogg, 2020; Gale et al., 2020), the revision of some taxonomic
assignments leads us to nuance or slightly modify this correlation.

In the Gorgo a Cerbara section the magnetic polarity reversal from
chron M5n to M3r was recorded at 829.5 m (Lowrie and Alvarez, 1984).
Cecca et al. (1994b, 1995) reported a rich and diversified ammonite
fauna from the guide-bed of the Faraoni Level (base of the P morti-
lleti ASz) at 822 m, and typical Barremian Taveraidiscus intermedius
at 833 m. In the absence of other significant ammonites between
metres 822 and 833, Cecca et al. (1994b, 1995) choose to draw the
Hauterivian/Barremian boundary between metres 824 and 828 (i. e. in
the upper part of chron M5n) “on the basis of data from other sections
(Mount Petrano)” (Cecca et al., 1995, p. 192). These data refer to the
presence, in several sections of the Monte Petrano area, of a bed with



Table 1. Calcium carbonate content and Rock-Eval pyrolysis results of the upper Hauterivian and lower Barremian strata along section Agl. Tmax is
not determined for S, peaks below 0.1 mg/g. HI is not determined for S, = 0 mg/g or TOC < 0.05%. The grey part corresponds to the FLE

Sample CaCO; % Tmax °C S mg/g S, mg/g TOC % HI mg HC/g TOC
185-186 41 0.03 0.00 0.00
182-183 60 0.02 0.03 0.09
181-182 52 0.02 0.02 0.05
180-181 53 0.04 0.06 0.11 54
179-180 54 0.05 0.05 0.13 38
178-179 62 0.02 0.01 0.05
177-178 45 0.02 0.05 0.15 33
176-177 63 0.04 0.02 0.06
175-176 55 0.05 0.05 0.12 41
174-175 44 424 0.03 0.25 0.39 64
173-174 41 428 0.07 0.35 0.40 87
172-173 47 0.10 0.09 0.21 42
171-172 47 0.03 0.02 0.09
170b-171 52 0.06 0.08 0.15 53
170a-170b 43 426 0.03 0.23 0.32 71
170-170a 420 0.04 0.19 0.22 86
169-170 0.04 0.11 0.17 64
168-169 53 0.01 0.08 0.08 100
167-168 438 0.02 0.11 0.13 84
166-167 48 439 0.03 0.16 0.14 114
165-166 428 0.02 0.10 0.14 71
164-165 0.02 0.05 0.20 25
163-164 0.02 0.06 0.17 35
162-163 66 0.04 0.09 0.13 69
161-162 55 0.04 0.06 0.14 42
160-161 39 0.01 0.08 0.12 67
159-160 0.06 0.08 0.24 33
158-159 69 0.02 0.05 0.08 62
157-158 47 0.01 0.01 0.06
156-157 52 0.01 0.01 0.07
155-156 43 431 0.03 0.29 0.30 96
154-155 0.02 0.06 0.13 46
153a-154 56 0.02 0.07 0.07 100
153-153a 56 0.01 0.03 0.06
152-153 46 424 0.01 0.10 0.16 62

146-147 55 429 0.02 0.53 0.36 147
145-146 43 425 0.03 0.29 0.22 131
144-145 0.03 0.03 0.06
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Table 1. (continued)

Sample CaC0O;% Tmax °C S, mg/g S, mg/g TOC % HI mg HC/g TOC
143-144 61 0.02 0.04 0.10 40
142e-143 59 0.13 0.09 0.10 90
142d-142e 0.05 0.04 0.08
142c¢-142d 0.06 0.11 0.16 68
142b-142¢ 0.04 0.07 0.15 46
142a-142b 0.02 0.01 0.04
142-142a 45 425 0.03 0.20 0.20 100
141-142 0.04 0.05 0.10 50
140-141 0.02 0.04 0.10 40
139-140 0.02 0.01 0.06
138-139 0.00 0.00 0.00
137-138 0.05 0.16 0.20 80
136-137 0.03 0.08 0.20 40

Table 2. Calcium carbonate content and Rock-Eval pyrolysis results of the upper Hauterivian FLE along section Ag5. Tmax is not determined for S,
peaks below 0.1 mg/g. HI is not determined for S, = 0 mg/g or TOC < 0.05%. The grey part corresponds to the FLE

Sample CaCO; Tmax S, S, TOC HI
25m 58.5 0.16 0.00 0.05

18m2 middle 44.5 437 0.09 0,01 0.14
18m1 base 55.5 430 0.11 0.65 0.52 125

heteromorph ammonites attributed by Cecca et al. (1995) to “Paraspinoc-

eras” evolutum. The bed, situated 4-5 m above the Faraoni Level,
was dated as lowermost Barremian according to the data available at
that time. However, these ammonites were later correctly reinterpreted
(Vasicek and Hoedemaeker, 2003) as Sabaudiella argosensis, a spe-
cies that, as seen above, has its LO in the middle part of the P, picteti
ASz. This implies that the Hauterivian/Barremian boundary in the
Gorgo a Cerbara section should rather be drawn between metres 829
and 833, practically coinciding with the boundary between chrons
M5n and M3r or, more likely, in the lowermost part of chron M3r. This
conclusion would be in full agreement with the results by Lukeneder
et al. (2016, fig. 3) in the Puez section (Southern Alps, Italy), where
they recorded the M5n/M3r magnetic reversal in the uppermost
Hauterivian, a little above the LOs of Pseudothurmannia picteti and
Sabaudiella sp. (see Lukeneder, 2012, fig. 3). According to the cali-
bration proposed, the base of chron M3r would lie approximately
between beds 166 to 171 in the Rio Argos section.

Sequence Stratigraphy

The sequence chronostratigraphic framework developed by Hard-
enbol et al. (1998) for the European basins, as modified by Arnaud
(2005a, b) for the Vocontian Basin, fits very well with the observa-
tions in the Betic Cordillera for the latest Hauterivian—earliest Barre-
mian interval (Company et al., 2005). See, however, Hoedemaeker
(1998) for a somewhat different interpretation.

The maximum flooding surface of sequence Ha6 coincides with the
base of the P. mortilleti ASz (bed 148 in section Agl). It corresponds
to a second-order peak transgression, coeval and very likely linked to
the onset of the Faraoni Episode, as reported from many pelagic and
hemipelagic settings of the western Mediterranean Tethys (Baudin,
2005; Company et al., 2005, 2008; Bodin et al., 2006a; Baudin & Riquier,
2014). It also represents an important drowning episode in the evolu-
tion of the Prebetic platform in the south Iberian margin during the
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Figure 18. A, Carbonate vs. organic carbon content (TOC) of studied samples. B, S, vs TOC diagram of studied samples. C, Kerogen type
according to TOC and HI parameters. D, Origin and thermal maturation of the studied samples.

Early Cretaceous (Castro et al., 2008).

Arnaud (2005b) placed the sequence boundary Ha7 in the middle
part of the P, picteti ASz, namely at the base of bed 67 of the Angles
section. Accurate bio— and cyclostratigraphic calibration between the
Angles and Rio Argos sections (see Martinez et al., 2012) allows cor-
relation of this bed with bed 164 of section Agl, coinciding with the
last records of the genus Sabaudiella, and little after the disappear-
ance of the genus Pseudothurmannia. This sequence boundary, which
constitutes the base of a second order regressive cycle, reflects a dras-
tic relative sea level fall responsible for a major unconformity in the
perimediterranean platforms (Arnaud-Vanneau and Arnaud, 1990;
Company et al., 1992, 2008; Jacquin et al., 1998; Arnaud, 2005a; Bodin
et al., 2006b; Pictet, 2021). It also coincides with the start of deposition
of the turbiditic Cerrajon Formation in the Subbetic Domain (Braga et
al., 1982; Ruiz-Ortiz et al., 2006).

According to Arnaud (2005a, b) the maximum flooding surface of
sequence Ha7 would correlate with the middle part of the 7. hugii ASz
(bed 78 of the Angles section, equivalent to bed 178a of section Agl).
It is around this stratigraphic level that sedimentation resumed after

the Ha7 sequence boundary discontinuity in several areas of the Preb-
etic Domain (our personal observations) and also in the western High
Atlas (Company et al., 2008).

It can be concluded, therefore, that the Hauterivian—Barremian
boundary is located in the depositional sequence Ha7 and would cor-
respond approximately to the top lowstand surface of the sequence
(Hoedemaeker, 1998; Arnaud, 2005b) (see Clavel et al., 1995 for an
alternative interpretation).

Cyclostratigraphy and Astrochronology

Magnetic Susceptibility (MS), Gamma-Ray Spectrometry (GRS),
CaCO; content and clay mineral assemblages were acquired every
0.20 m during two sampling visits in order to detect the sedimentary
cycles through spectral analyses, determine their climatic origin, and
provide an orbital time scale in section Agl. The methods applied to
perform these measurements have been detailed in Martinez et al.
(2012, 2015) and in Moiroud et al. (2012). We will outline here the
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Figure 19. Carbon and oxygen isotope stratigraphy in the Rio Argos section.

results from signals, the link between sedimentary cycles and astrocli-
matic cycles and the astrochronology of section Agl.

Results

MS and GRS show a strong inverse correlation with CaCO; con-
tent (Fig. 20). MS and GRS values are higher in marlstone interbeds
than in limestone beds. Higher MS values in marlstone interbeds

reflect a higher content in paramagnetic clay minerals (such as smec-
tite and illite) than in limestone beds, in which diamagnetic minerals
(e.g. calcite and dolomite) are dominant (see Martinez et al., 2012;
Martinez, 2018). Higher GRS values in marlstone interbeds reflect a
higher content in potassium and thorium (associated with clay miner-
als) than in limestone beds. GRS values show a marked peak at the
base of the Faraoni Level coinciding with high TOC values, which
reflects enrichment in uranium under oxygen-deficient conditions
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Figure 20. CaCO; (% wt), Magnetic Susceptibility (MS), Gamma-Ray Spectrometry (GRS), clay mineral content within the clay fraction and

ratio between the clay content throughout section Agl.

(Sauvage et al., 2013).
Marlstone interbeds also show higher contents in kaolinite and illite

and lower content in IS RO (thereafter referred as smectite) than lime-
stone beds. This reflects that marlstone interbeds were deposited



under annually humid conditions while limestone beds were deposited
under seasonally-arid conditions. The marl-limestone alternations of
the Rio Argos section correspond to climatic cycles with varying lev-
els of humid conditions, continental weathering and detrital supply to
the basin. The marl-limestone alternations have an average thickness
of 0.65 m (standard deviation: 0.29 m, min: 0.10 m, max: 1.50 m). In
addition to these elementary sequences, kaolinite, kaolinite/smectite,
kaolinite/illite and kaolinite/chlorite show three sequences of ~14 m
each, while MS, GRS and CaCO; show sequences of ~3 m.

Spectral analyses of MS, CaCO; and GRS show a high-power
period at 3.5 m, a period at 13.7 m in the MS signal corresponding to
the 405-kyr eccentricity, periods from 1.3 m to 1.0 m and periods
from 0.75 m to 0.54 m (Fig. 21). Another period is observed at 1.8 m
in the GRS series. In the MS signal, the period ratios between the
cyclesof 13.7m,3.5m, 1.15mand 0.65 m (21.1: 5.4 : 1.7 : 1) is close to
the ratios 0of 20 : 4.9 : 1.9 : 1 of the astronomical cycles of the 405-kyr
eccentricity, ~100-kyr eccentricity, 38.5-kyr obliquity and ~20-kyr
precession. The application of CO efficient CO rrelation analysis

E Kyr) O P g (100 ky 0

361

(COCO; Li et al., 2018) shows the maximum correlation between the
spectrum of the MS series and the astronomical solution at sedimenta-
tion rate of 3.2 cm.kyr™ (Fig. 22A). Applying an average sedimentation
rate of the periods of 13.7 m, 3.5 m, 1.15 m and 0.65 m leads to
respective durations of 428 kyr, 109 kyr, 35.9 kyr and 20.3 kyr. The
COCO analysis provides here a statistical justification of the interpre-
tation deduced from the comparison of period ratios. In the CaCOs,
GRS, kaolinite/chlorite and kaolinite/illite series, the COCO analysis
provides maximum correspondence between the sedimentary and the
astronomical spectra for sedimentation rates ranging from 2.6 to 3.4
cm.kyr! (Fig. 22B, C, E, F). In the kaolinite/smectite series (Fig. 22D,
maximum correspondence is not observed. This is a consequence of
maximum of kaolinite/smectite ratio during the Faraoni Episode,
which corresponded to an event of reinforced weathering and hydro-
lysing conditions. Comparatively, the maximum of the first 405-kyr
cycle in the MS series is recorded 6 m above the base of the Faraoni
Episode (Fig. 23).

In the spectra of the clay mineral assemblages, the highest powers
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Figure 21. 2rn-Multi-Taper spectra of the various proxies considered.



362

' COCO

-
<
N

10°'f

H, significance level

100E L L L L 100 L

1 I

0 2 4 6 8 10 0 2

2 4 6 8 10
Sedimentation rate (cm.kyr™")

6 8 10
Sedimentation rate (cm.kyr")

-
(=]
)

10°'F

H, significance level
H, significance level

100: L L 1 L 100 1

ot Do COCO E 34

(1)) SRR, S

‘coco! F 31
kaol/ill

' COCO
kaol/chl

107

102

H, significance level

1 I ] 100 I I I L

0 2

Sedimentation rate (cm.kyr")

6 8 10 0 2 4 6 8 10
Sedimentation rate (cm.kyr')

Figure 22. COefficient COrrelation (COCO) analyses of the proxies used for cyclostratigraphy.

are observed in the 405-kyr eccentricity band, although with longer
periods than in the MS signal, related to the strong asymmetry of the
lowest cycle, due to the maximum of humidity during the Faraoni
Episode (Bodin et al., 2007). Spectral analyses of the marl-limestone
couplets show periods at 13.6 m, 3.1 m and 1.3 m, respectively corre-
sponding to the 405-kyr, 100-kyr and obliquity. Another period is
observed at 1.7 m. Marl thicknesses show periods at 16.2 m and 3.4 m
corresponding to the 405-kyr and 100-kyr eccentricity, while lime-
stone bed thicknesses show periods at 10.2 m and 2.9 m, respectively
corresponding to the 405-kyr band and the 100-kyr eccentricity.
Another period at 1.7 m is observed. It is noteworthy that the spectra
of the marl thicknesses and the couplet thicknesses have similar
shapes with highest powers in the 405-kyr band while the spectrum of
the limestone thicknesses shows highest powers in the 100-kyr band.
This shows that (i) the eccentricity cycles control the variations in the
sedimentation rates at short terms and (ii) these short-term variations
in the sedimentation rates are mainly controlled by variations in the
detrital supply although there is also a response of the carbonate sup-
ply at Milankovitch scale.

In general, the proxies of detrital supply (clay mineral assem-
blages, marl and couplet thicknesses) show highest powers in the
405-kyr eccentricity band, while the proxies which incorporate a
carbonate component (CaCO;, MS, GRS, limestone thicknesses)
show highest periods in the 100-kyr band. This was explained by the
fact the carbonate system has variegated responses to the orbital
forcing disrupting the power of the 405-kyr eccentricity cycle (Mar-
tinez, 2018).

Astrochronology

The filter of the 100-kyr band in the MS signal shows that the Rio
Argos section contains thirteen repetitions of the 100-kyr cycle and
three repetitions of the 405-kyr cycle (Fig. 23; Martinez et al., 2012,
Martinez, 2018). Interestingly, the amplitude modulation of the 100-
kyr filter in the MS follows the 405-kyr cycle (Fig. 23), as expected
in the astronomical models (Laskar et al., 2011). A total of twelve
repetitions of the 100-kyr cycle are observed from the filter of the
GRS signal (Fig. 23). The difference is at the base of the FLE, where
a maximum in GRS values corresponds to a minimum in the MS
values. This maximum in the GRS values is due to enrichment in
uranium and corresponds to a different phenomenon than the detri-
tal supply. The filter of the GRS also shows maxima in amplitude
every ~14 m, in phase with the maxima observed in the filter of the
MS signal. In addition, the filter of the precession cycle shows
amplitude modulation controlled by this 405-kyr cycle, as expected
in the astronomical models (Laskar et al., 2011). These observa-
tions demonstrate the quality of the record of the orbital cycles in
the section Agl, making it an exceptional site to reconstruct the past
changes of the Earth orbit. A difference of 150 kyr is observed in the
maximum of amplitude related to the base of e405-B1 between the
amplitude modulation of the 100-kyr cycle in the MS and GRS and
the precession cycles of the GRS signal.

The astronomical tuning is based on the record of the 405-kyr
eccentricity cycles, anchored to a radiometric age obtained in the
Neuquén Basin at the base of the Holcoptychites agrioensis Andean
AZ (Aguirre-Urreta et al., 2017), correlated to the base of the Olco-
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Figure 23. Astrochronology of the Rio Argos section.

Table 3. Ages of the base of ammonite zones and subzones in the Rio
Argos section

Horizon Selected age (Ma)
Base K. niclesi AZ -125.21
Base P. colombiana ASz -125.48
Base T. hugii AZ (base Barremian stage) -125.77
Base P, picteti ASz -126.20
End Faraoni Episode -126.39
Base P. mortilleti ASz (start Faraoni Episode) -126.51
Base P. ohmi AZ -126.57

stephanus (Jeannoticeras) jeannoti Mediterranean AZ (Aguirre-
Urreta et al., 2019). The ages of the base of the ammonite zones and
subzones of the Agl section are shown in Table 3.

The Boundary Level: Primary and Auxiliary
Markers

The base of the Barremian Stage is placed at the base of bed 171 (at
22.8 m from the base of the section), coinciding with the FO of the
ammonite species Taveraidiscus hugii. There are, in addition, several
other bioevents with regional to global correlation potential, which
can be used as secondary markers to constrain the boundary in the
absence of the index species. Their stratigraphic position, from bot-
tom to top in the section, is as follows (Fig. 24):

* Bed 138: FO of the planktonic foraminifera species Lillipu-
tianella roblesae and Lilliputianella semielongata. These events
mark the base of the L. semielongata Zone. Both species have
been recorded in the western Tethys (from Spain to Iran) and
Mexico. Lilliputianella semielongata is also present in boreholes
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in the eastern North Atlantic and western North Pacific.

Bed 144: FO of the ammonite genus Pseudothurmannia (species
Pseudothurmannia ohmi). This genus is present throughout the
western Tethys (from Morocco to Georgia) and also in the Carib-
bean area (Mexico and Cuba).

Bed 148: LO of the calcareous nannofossil species Lithraphidites
bollii. This event, which coincides with the base of the FLE,
marks the boundary between NC5B and NC5C calcareous nan-
nofossil Subzones. It is a rather reliable event in moderate to well
preserved nannofossil assemblages. However, in poor to moder-
ate assemblages, L. bollii can be difficult to differentiate from
etched/overgrown broken specimens of Lithraphidites carniolen-
sis. Poor preservation and/or reworking could artificially extend
the LO of L. bollii and the upper range of the NC5B Subzone.
This could explain some records of this species above the FLE
(e.g., Channell et al., 1995; Erba et al., 1999). L. bollii is a typically
Tethyan species, having been reported from Spain to Iran, but it is
also present in the southern Andes (Neuquén and Magallanes
basins) and North Atlantic boreholes.

Bed 148: FO of the ammonite species Pseudothurmannia morti-
lleti and Sabaudiella simplex. The latter species is the first repre-
sentative of the genus Sabaudiella, which is present in both the
Mediterranean and Andean regions.

Bed 149: FO of the ammonite species Pseudothurmannia pseudo-
malbosi and Sabaudiella argosensis. Both species are restricted
to the Mediterranean region.

Interbed 154—155: FO of the calcareous nannofossil species Nan-
noconus circularis (typical forms). Nannoconus circularis is mostly
recorded from low-latitude assemblages, but also in some temper-
ate latitudes (NW Germany) in periods of Tethyan warm-water
influxes (Mutterlose and Ruffell, 1999).

Interbed 154—-155: FO of the dinoflagellate species Subtilis-
phaera senegalensis, and LO of the dinoflagellate species Palae-
cysta complicata. The former species is a typically low latitude
taxon, whereas the latter one has also been found in higher lati-
tudes (eastern Canada, England, Germany, Siberia).

Bed 155: FO of the ammonite species Discoidellia favrei, reported
from the Mediterranean region and Cuba.

Bed 156: FO of the ammonite species Pseudothurmannia picteti
and Garroniceras morloti. Both species are restricted to the Med-
iterranean region.

Bed 158: LO of the belemnite species Duvalia dilatata, distrib-
uted throughout the Mediterran—Caucasian Subrealm.

Bed 160: LO of the ammonite genus Pseudothurmannia, and FO
of the ammonite species Barremites tenuicinctus. The latter is the
first species strictly attributable to Barremites, a genus that has
been reported from the western Tethys (from Morocco to Geor-
gia), Caribbean area (Mexico and Cuba), California and Japan.
Bed 164: LO of the ammonite species Sabaudiella argosensis.
Bed 169: LO of the ammonite species Garroniceras morloti.

Bed 170: FO of the ammonite species Taveraidiscus intermedius,
widely distributed in the western Tethys (from Spain to Georgia).
Interbed 170-171: LO of the dinoflagellate species Exiguisphaera
phragma. This species has been recorded in both Tethyan and
Boreal realms, and in boreholes in the North Atlantic and Indian
Oceans. However, as indicated above, the exact position of this
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event cannot be accurately calibrated as none of the samples from
the 7. hugii AZ yielded identifiable dinocysts.

Bed 171: FO of the ammonite species Taveraidiscus hugii (base
of the Barremian). As mentioned above, the geographic distribu-
tion of the primary marker extends along the northern margin of
the Mediterran—Caucasian Subrealm (from Spain to Georgia).
Bed 174: FO of the ammonite species Psilotissotia chalmasi, known
from the Mediterranean region. Specimens attributed of this spe-
cies have also been reported from Colombia, but their identity is
doubtful.

Interbed 175-176: FO of the benthic foram species Gavelinella
barremiana and Conorotalites bartensteini. The two species have
a wide geographic distribution. Gavelinella barremiana is con-
sidered to be an important stratigraphic marker of the Barremian,
occurring in both Tethyan and Boreal realms, and in boreholes in
the Atlantic, Indian and Pacific Oceans (Giraldo-Gémez et al., 2022).
Conorotalites bartensteini has been reported from the Mediterra-
nean region and NW Europe, and in boreholes in North Atlantic
and Arctic Oceans.

Bed 182: LO of the ammonite species Discoidellia favrei.

Bed 183: FO of the ammonite species Psilotissotia colombiana,
known from France, Spain and Colombia.

Interbed 185-186: LO of the calcareous nannofossil species
Micrantholithus spinulentus. This species has been recorded in the
Mediterrran—Caucasian subrealm (Spain, Iran), and boreholes in
the North Atlantic Ocean (Blake Basin and Galicia Margin).
Interbed 185—186: FO of the benthic foram species Conorotalites
intercedens, widely distributed in the Mediterranean region and
NW Europe, and boreholes in North Atlantic and Arctic Oceans.
Bed 188: FO of the belemnite species Duvalia silesiaca, known
from the Mediterranean region.

Bed 193: FO of the ammonite species Kotetishvilia nicklesi, reported
throughout the Mediterran—Caucasian subrealm, from Morocco
to Armenia.

Bed 195: FO of the belemnite species Duvalia pontica, recorded
throughout the Mediterranean region.

Interbed 195-196: LO of the benthic foram species Dorothia kummi.
This species has been found in the Mediterranean region, NW
Europe, and boreholes in the North Atlantic Ocean.

Further auxiliary marker criteria, with global correlation potential,

are provided by non-biostratigraphic methods:

The base of the Barremian correlates with the beginning of a
gradual negative trend in the C-isotope curve near bed 170. The
trend to lower C-isotope values is preceded by a 10-meter interval
with stable C-isotope compositions. The positive C-isotope excur-
sion related to the Faraoni Episode follows below the stable interval.
Published data (Bodin et al., 2009) provide a Sr-isotope value of
0.707470 for the lowermost Barremian in the Angles section.
Indirect calibration to the magnetostratigraphic scale suggests
that the Hauterivian—Barremian boundary falls in the lowermost
part of polarity chron M3r.

The boundary is located in the depositional sequence Ha7, corre-
sponding approximately to the transgressive surface of the sequence.
The cyclostratigraphic analysis indicates a duration of 0.80 myr
for the P. ohmi AZ and of 0.56 myr for the 7' hugii AZ. The time
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interval from the start of the Faraoni Episode to the Hauterivian—
Barremian boundary is assessed at 0.74 myr. The base of the Bar-
remian Stage is dated at 125.77 Ma.

Correlation

Outer Platform to Basin Settings

Due to a persistent regressive sea level trend during the latest
Hauterivian and the early Barremian (Hardenbol et al., 1998; Hagq,
2014), many marine basins became isolated, or even emerged, which
triggered a high degree of endemicity among many organic groups,
strongly hampering interregional correlation (Mutterlose, 1992; Raw-
son et al., 1996; Lehmann et al., 2015). This is the case, in particular,
for ammonites, belemnites and calcareous nannofossils, whereas the
record of planktonic foraminifera is, in general, rather poor, and mostly
restricted to the western Tethys and North Atlantic Ocean. As previ-
ously mentioned, the ammonite species 7. hugii, the primary marker
for the Hauterivian/Barremian boundary, has not been reported out-
side the Mediterran—Caucasian subrealm, but no other event appears
to constitute a better alternative for defining and correlating the base
of the Barremian. In the following paragraphs we will discuss, using
available biostratigraphic and non-biostratigraphic markers, the possi-
bilities of correlation of the Hauterivian/Barremian boundary in open
marine successions in other geographic areas outside the Tethyan
realm.

Historically, particular attention has been paid to the correlation
between Tethyan and Boreal realms. In the Boreal Atlantic subrealm,
the Hauterivian/Barremian boundary has been placed either at the
base of the Fissicostaticeras rarocinctum AZ (Rawson, 1971; Kemper,
1976; Mutterlose and Wiedenroth, 2009) or at the base of the Craspe-
dodiscus variabilis AZ, equivalent to the upper part of the Craspedo-
discus discofalcatus AZ (Kemper et al., 1981; Rawson, 1995). These
correlations were based on the occurrence in this stratigraphic inter-
val, in both NE England and N Germany, of trituberculate crioconic
ammonites, such as Paracrioceras spathi and Paracrioceras strom-
becki, closely resembling Emericiceras gr. thiolliereilemericii, a group
of Tethyan species that appears in the uppermost part of the P. picteti
ASz and ranges into the 7. /hugii AZ. Nevertheless, Kakabadze and
Hoedemaeker (2010) noted that similar trituberculate heteromorphs
are already present in lower levels in N Germany, so resemblances
with the Tethyan species may merely be due to morphological conver-
gence. More relevant for correlation purposes are data from Crimea
and North Caucasus. In these two regions, Craspedodiscus discofal-
catus and other Boreal simbirskitids co-occur with specimens of the
genus Pseudothurmannia (Kakabadze, 1983; Baraboshkin, 2002, 2004a),
which confirms that the C. discofalcatus AZ of the Boreal standard
scale proposed by Baraboshkin (2004b) is, at least in part, equivalent
to the P. ohmi AZ of the Mediterranean standard scheme. To gain fur-
ther insight on the Hauterivian/Barremian boundary correlation it is
necessary to resort to non-biostratigraphic events. In the Russian Plat-
form, Baraboshkin and Guzhikov (2018) reported the probable local
equivalent of the Faraoni Level at the base of the C. discofalcatus AZ,
in the middle part of chron M5n, i.e. in the same magnetostratigraphic
position as in the central Italian sections. Also, according to these authors,

the Boreal Hauterivian/Barremian boundary, drawn at the top of the
C. discofalcatus AZ, is placed in the lowermost part of chron M3r,
coinciding with the magnetostratigraphic calibration proposed here
for the base of the Barremian in the Mediterranean region (see above).
This chronostratigraphic coincidence of the Hauterivian/Barremian
boundary in the two realms is furtherly supported by the available
strontium-isotope stratigraphic record (Mutterlose et al., 2014), and
by the recorded LO of the dinocyst E. phragma at the base of the F.
rarocinctum AZ in the Boreal realm (Leereveld, 1995).

Not less problematic is the correlation with the Andean region. In
the Neuquén Basin (west-central Argentina), Aguirre-Urreta and Raw-
son (2012) proposed the Sabaudiella riverorum AZ for beds, at the
top of the Agrio Formation, that had previously not yielded ammo-
nites and had been included in the upper part of the Paraspiticeras
groeberi AZ. They correlated this latter zone with the Pseudothurmannia
catulloi ASz (= P. mortilleti ASz) and the lower part of the P. picteti
ASz of the Mediterranean standard zonation, and the S. riverorum AZ
with the upper part of the P. picteti AZ and the lower part of the basal
Barremian 7. hugii AZ. More recently, however, Aguirre-Urreta et al.
(2019) have correlated the S. riverorum AZ with the uppermost part
of the B. balearis AZ and the whole P ohmi AZ. In our opinion, the
stratigraphic coincidence, both in the Neuquén Basin (Aguirre-Urreta
etal., 2019) and in the Mediterranean region, of the LO of the calcare-
ous nannofossil Lithraphidites bollii, the FO of the genus Sabau-
diella, and a negative excursion in the carbon isotope ratios rather
suggests that the base of the S. riverorum AZ should be equated to the
base of the P mortilleti ASz. The S. riverorum beds are overlain by
continental sediments of the basal Huitrin Formation, which mark a
regression and the beginning of the disconnection of the Neuquén
Basin from the Pacific Ocean. This regression could be related to the
sea level fall associated with the sequence boundary Ha7 (Hardenbol
etal., 1998), dated from the upper part of the P. picteti ASz.

Analogously, in the Chafiarcillo Basin (northern Chile), the beds
with Paraspiticeras and Sabaudiella from the lower part of the Upper
Nantoco Member were correlated by Mourgues (2007) with the P,
mortilleti and P, picteti ASzs. These beds are followed by the subtidal
to supratidal deposits of the uppermost Nantoco Formation evincing
an important regression phase in the basin. The lower part of the over-
lying Totoralillo Formation is barren of ammonites. Its middle part
has yielded an ammonite assemblage composed exclusively by endemic
species (Shasticrioceras AZ) that was tentatively correlated with the
upper part of the 7. hugii AZ and the lower part of the K. nicklesi AZ
(Aguirre-Urreta et al., 2007).

The late Hauterivian—early Barremian interval is represented in
most of the Austral Basin (southern Patagonian Andes) by the organic-
rich, outer shelf to basinal facies of the Rio Mayer Formation (Arbe,
2002). Two ammonite associations, made up mostly of endemic taxa,
have been recognized in this interval (Riccardi, 1984; Aguirre-Urreta,
1993): a lower Favrella wilckensi AZ, in which the index species
coexists with Protaconeceras patagoniense and Homeomorphites
varicostatus, and an upper Hatchericeras patagonense AZ, with sev-
eral species of the genus Hatchericeras, Cryptocrioceras yrigoyeni,
Malgasaynella besairiei, Sanmartinoceras afiicanum insignicostatum
and Homeomorphites varicostatus. Other species of the genus Prot-
aconeceras have been recorded from the Craspedodiscus gottschei
Zone in eastern England and the Subsaynella sayni Zone in SE France



(Kemper et al., 1981), which has led to the assignment of an early late
Hauterivian age to the F wilckensi AZ (Riccardi et al., 1987). The age
of the H. patagonense Zone is more debatable, but the presence of C.
yrigoyeni, a species that shows affinities with some members of the
subfamily Gassendiceratinae, would suggest an early late Barremian
age for this biostratigraphic unit. In fact, both ammonite assemblages
are separated by a barren interval about 200 meters thick (Riccardi et
al., 1987), so the Hauterivian/Barremian boundary would most likely
lie somewhere in that interval. Unfortunately, the results of foramin-
ifera and calcareous nanofossils studies (Malumian & Nafiez, 2002;
Concheyro and Angelozzi, 2002) are also inconclusive and there are
no data available on other non-biostratigraphic markers.

Hauterivian and Barremian marine sediments are also well repre-
sented in different lithostratigraphic units of central and northern
Colombia, with the Paja Formation in the Villa de Leyva region being
the best documented succession (Patarroyo, 2020). This thick unit (up
to 940 m), Hauterivian to late Aptian in age, and composed mainly of
slightly calcareous, finely laminated dark shales, contains a diverse and
well-preserved fossil pelagic fauna (marine reptiles, fish and ammo-
nites), plant remains and a depauperate benthic association (micro-
bial mats, thin-shelled bivalves, and very rare foraminifera and other
invertebrates) (No¢ and Gomez-Pérez, 2020). The middle member of
the Paja Formation bears a rich ammonite fauna, which has many ele-
ments in common with the Mediterranean assemblages and which
enables the identification of most of the Barremian (Biirgl, 1956;
Etayo-Serna, 1968; Patarroyo, 2000, 2004). The base of this member,
where Psilotissotia colombiana has been recorded, correlates with the
upper part of the 7. hugii AZ. The underlying lower member of the
Paja Formation, a ~350 m thick interval of black shales with some
siltstone and limestone intercalations, has yielded identifiable ammo-
nites only near its base, namely several species of early Hauterivian
Olcostephanus (Etayo-Serna, 1968). It is therefore not possible to
accurately fix the position of the Hauterivian/Barremian boundary in
this succession. Also, the available C- and Sr-isotope stratigraphic
data (Moreno-Sanchez and Hincapié-Jaramillo, 2010) are not detailed
enough to allow a reliable correlation.

In the North American Pacific Coast ranges, rocks of Hauterivian
and Barremian age occur only in a few localities in northern Califor-
nia, southwestern Oregon, and British Columbia (Popenoe et al.,
1960; Jeletzky, 1970). The best known succession, corresponding to
the lower part of the Buden Canyon Formation, outcrops in the Ono—
Cottonwood area (Shasta County, northern California). Ammonite
faunas of the latest Hauterivian—early Barremian interval show
marked endemism also in this region, where two local range zones,
the Hertleinites aguila AZ and the Shasticrioceras patricki AZ, have
been recognized. Imlay (1960) dated the association of H. aguila AZ,
present in the Ogo Member, as late Hauterivian, based mainly on its
stratigraphic position and on the morphological similarity between the
index species, H. aguila, and the genus Craspedodiscus, whose spe-
cies characterize the sediments of that age throughout the Boreal
realm. Murphy (1975) introduced the S. patricki AZ for the ammo-
nite assemblage present at the base of the Lower Chickabally Mem-
ber and attributed to it a late early Barremian age, arguing for the
presence in this assemblage of a pulchelliid similar to Kotetishvilia
compressissima. It should be noted that both ammonite assemblages
are separated by an interval several hundred meters thick, mostly cor-
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responding to the conglomeratic Roaring River Member, in which no
identifiable ammonites have been found. Murphy (1975) also pointed
out that the base of the Barremian would probably have to be located
in the upper part of the H. aguila AZ, where the first representatives
of the genus Barremites appeared. This idea was later confirmed by
Fernando et al. (2011) in a study that combined calcareous nannofos-
sil biostratigraphy, which did not provide conclusive data on the position
of the Hauterivian—Barremian boundary, and magnetostratigraphy,
which placed the base of the M3r chron in the upper part of the Ogo
Member.

Late early to late Barremian open marine sediments, with rich
ammonite assemblages, are widely distributed in Japan (Obata and
Matsukawa, 2007, 2009; Matsukawa and Obata, 2015; Matsukawa,
2017, 2018, 2022). In contrast, ammonite reports from terminal
Hauterivian or basal Barremian are very scarce. Matsukava et al (2007)
and Matsukawa and Fukui (2009) described an ammonite assemblage
from the Hida—Furukawa region composed of 'Pseudothurmannia aff.
baleare, Phyllopachyceras infundibulum, and Acrioceras (Paraspi-
noceras) sp.'. Simultaneously, Goto (2007) reported the finding in the
Uchinamigawa area of a specimen of Pseudothurmannia sp., a deter-
mination later corroborated by Matsukawa and Asahara (2010). Both
ammonite records come from the middle part of the Tetory Group, a
thick Middle Jurassic—Early Cretaceous sequence mainly consisting
of continental deposits with some marine intercalations. This unit out-
crops in the Inner Zone of central Japan and is a key element to better
understand the tectonic events and the evolution of the terrestrial eco-
systems in East Asia (Matsukawa et al., 2006; Sano, 2015). In this
context, the mentioned ammonite records were taken as evidence of a
transgressive episode around the Hauterivian/Barremian boundary
(Matsukawa et al, 2007; Matsukawa and Fukui, 2009; Sano, 2015).
However, the revision of the Japanese specimens reveals that those
attributed to the genus Pseudothurmannia show closer affinities with
Crioceratites gr. duvalii/villiersianus, whereas Acrioceras (Paraspi-
noceras) can be reinterpreted as Megacrioceras cf. doublieri. Conse-
quently, the actual age of this ammonite assemblage is more likely
early late Hauterivian, more in line with the radiometric age (130.7 +
0.8 Ma) obtained in supposedly age equivalent units (Sano, 2015).
With the currently available data it is therefore not possible to accu-
rately locate the Hauterivian/Barremian boundary in the Tetori Group
succession. However, detailed ongoing studies on C-isotope stratigra-
phy (T. Hasegawa, 2022, pers. com.) might shed light on this issue in
the near future.

As can be seen, the aforementioned endemicity problems and the
presence of discontinuities and facies changes in the stratigraphic suc-
cessions, together with the lack of continuous, detailed and reliable
records of biostratigraphic and non-biostratigraphic events, make the
correlation with other palaecogeographic domains particularly diffi-
cult. These same issues preclude, for now, the selection of Standard
Auxiliary Boundary Stratotypes, as recently approved by ICS (Head
et al. 2022), whose designation broadly follows the same require-
ments established for GSSPs. Hopefully, in the future, some of these
sequences will be known in sufficient detail to meet these require-
ments and allow us to extend our knowledge and understanding of the
Hauterivian/Barremian boundary to other palacogeographical con-
texts.
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Shallow-water Carbonate Platforms

These environments are represented by the Urgonian limestones in
many of the Tethyan margins during the Early Cretaceous. Organ-
isms such as rudist bivalves, corals, large benthic foraminifera, and
dasycladalean algae dominate in these facies, while ammonites, ben-
thic foraminifera, and calcareous nannofossils are virtually absent.
This has hindered the accurate dating of the Urgonian formations and
the study of their palaecogeographical evolution. In recent years, how-
ever, reliable calibration of the stratigraphic ranges of orbitolinids
against ammonite scales for the late Hauterivian—early Aptian inter-
val has been provided (Clavel et al., 2009, 2010; Granier et al., 2013,
2021; Frau et al., 2021, 2023). These authors studied several sections
in SE France in which strata bearing orbitolinids are immediately
overlying or underlying or even bounded by strata bearing ammo-
nites.

According to the latest version of this calibration (Granier et al.,
2021), most of the orbitolinids present in the Upper Hauterivian span
the Hauterivian—Barremian boundary and have little biostratigraphic
value. Two species (Paleodictyoconus beckerae and Valserina primi-
tiva) have their LOs in the in the uppermost Hauterivian P. ohmi AZ.
Six other species have their FOs in the lowermost Barremian 7. hugii
AZ: Valserina turbinata (which is restricted to the lower Barremian),
Cribellopsis schroederi, Orbitolinopsis cuvillieri, Orbitolinopsis kil-
iani, Orbitolinopsis buccifer, and Vanneauina vercorii., although there is
a recent striking record of the last two species in upper Berriasian
limestones of eastern Serbia (Schlagintweit & Bucur, 2021). Eopalor-
bitolina pertenuis has its LO near the boundary between the 7. hugii
and K. nicklesi AZs, whereas the emblematic Palorbitolina lenticu-
laris appears somewhat higher, in the Nicklesia pulchella AZ.

Dasycladalean algae are also diverse in the Urgonian facies from
the Hauterivian to the Aptian. Most of them have long stratigraphic
ranges, although some are of stratigraphic interest. A preliminary cali-
bration against ammonite zonation was presented by Clavel et al
(2007), later modified by Clavel et al. (2014). According to the data of
these authors, among the species present in the Hauterivian, Angioporella
neocomiensis and Suppiluliumaella corbarica seem to become extinct
in the late Hauterivian, while Deloffrella hauteriviana reaches the
Barremian and would have its LO around the limit between the 7.
hugii and K. nicklesi AZs.

Non-marine Settings

No analysis has been carried out on the distribution of sporo-
morphs in the Rio Argos section. According to Leereveld (1997),
these fossil remains are scarce and poorly preserved.

It seems that charophytes are the most promising group for long-
distance correlations in continental environments. Pérez-Cano et al.
(2021) have recently proposed a Barremian—early Aptian Eurasian
charophyte biozonation, whose index species were widely distributed
from Western Europe to China. The lowest unit of this zonation is the
Atopochara trivolvis var. triquetra Zone, which correlates the inter-
val between the uppermost Hauterivian and the lower Barremian N.
pulchella AZ. This calibration is based on the finding of lacustrine
layers containing charophytes interfingered between Urgonian lime-
stones with orbitolinids and dasycladales in the French Jura and Sub-

alpine Chains (Martin-Closas et al., 2009) and on dating by means of
strontium isotope stratigraphy in sections of the Iberian Chain (NE
Spain) (Pérez-Cano et al., 2021). Other charophytes occurring in the
A. trivolvis var. triquetra Zone in the so-called Tethyan Archipelago
(Western Europe and North Africa) are Globator maillardii var. tro-
chiliscoides, G. maillardii var. biutricularis, Clavator grovesii var.
gautieri, Clavator harrisii var. dongjingensis, C. harrisii var. harrisii,
C. harrisii var. reyi, Clavator calcitrapus var. jiangluoensis, Ascid-
iella stellata var. stellata, A. stellata var. lata, Ascidiella triquetra,
Ascidiella iberica var. iberica, Hemiclavator adnatus, Hemiclavator
neimongolensis var. posticecaptus, and Pseudoglobator fourcadei.

According to Pérez-Cano et al. (2021), the A. trivolvis var. triquetra
Zone would be equivalent to the Ascidiella iberica Zone proposed by
Feist et al. (1995) in the Wealdean Basin in England, in which A.
trivolvis vat. triquetra and A. iberica var iberica co-occur. This validates
the placing of the Hauterivian/Barremian boundary “near the base of
the upper division of the Weald Clay” suggested by Feist et al. (1995). A
similar conclusion was reached by Hoedemaeker (1999) and Hoede-
maeker and Herngreen (2003) by sequence stratigraphy correlation.

The association of 4. trivolvis var. triquetra and C. harrisii var.
harrisii has been reported from several localities in NE China (Wang
and Lu, 1982; Martin-Closas and Wang, 2008; Martin-Closas, 2015;
Pérez-Cano et al., 2021). It is present in the Jiufotang Formation of
the Jehol Group (Wang et al., 2008), which would suggest a latest
Hauterivian—early Barremian age for this formation containing the
late Jehol Biota. However, radiometric dating indicates a younger age
for the Jiufotang Formation, between ~123 and ~119 Ma (Yu et al., 2021),
which corresponds to the late Barremian—early Aptian according to
the most up-to-date numerical age models (Gale et al. al., 2020; Mar-
tinez et al., 2020; Zhang et al., 2021). In contrast, an earliest Barre-
mian age fits better for the lower—middle part (Lujiatun, Lower Lava and
Jianshangou members) of the underlying Yixian Formation, which
hosts the middle Jehol Biota and is radiometrically dated between
~125.3 and ~125.9 Ma, according to the most recent data (Chang et
al,, 2017; Zhong et al., 2021; Li et al., 2022). Nevertheless, as highlighted
by Li et al. (2022), at least part of this stratigraphic interval, namely
the Lower Lava and Jiufotang members, show a normal magnetic polarity
(Pan et al., 2001; Zhu et al., 2007), whereas the earliest Barremian
coincides, according to what is currently accepted, with chron M3r
(Gale, 2020; Ogg, 2020; see above). These inconsistencies deserve further
scrutiny in order to pinpoint the temporal evolution of the exceptional
Jehol Biota.

The assemblage of the A. trivolvis var. triquetra Zone, represented
by the index species and C. calcitrapus var. jiangluoensis has also been
recognized in Argentina (Musacchio, 1989; Pérez-Cano et al., 2020,
2021). It has been recorded in the lower part of the La Amarga Forma-
tion, a continental unit which unconformably overlies the uppermost
Hauterivian marine sediments of the Agrio Formation in the southern
sector of the Neuquén Basin, and is equivalent to the above men-
tioned Huitrin Formation (Leanza and Hugo, 2011).

Conclusions

The Rio Argos section (Caravaca, SE Spain) has been confirmed as
the Global Boundary Stratotype Section (GSSP) for the base of the



Barremian Stage. The section meets most of the requirements of the
ICS guidelines for the establishment of global chronostratigraphic
standards. The interval analysed is ~40 m thick and embraces the
uppermost Hauterivian P ohmi AZ and the lowermost Barremian 7.
hugii AZ. 1t is very well exposed, without synsedimentary or tectonic
disturbances. The lithological succession, consisting of a rhythmic
marlstone-limestone alternation, without gaps, condensations or facies
changes, evidences a continuous sedimentation, accumulated at an
average rate of 2.9 cm.kyr! in an open marine environment. Both
macrofossils (mainly ammonites) and microfossils (mainly calcare-
ous nannofossils and foraminifera) are abundant and well preserved.

The base of the Barremian Stage is defined at the base of bed 171 of
the Rio Argos section (at 22.8 m from the base of the section) by the
first appearance of the ammonite species Taveraidiscus hugii. In addi-
tion to the primary marker, about thirty secondary biostratigraphic
markers with regional to global correlation potential are identified in
the studied interval. These bioevents correspond to ammonites, bel-
emnites, calcareous nannofossils, benthic and planktonic foraminifera,
and organic-walled dinocysts. The Hauterivian/Barremian boundary
falls in the middle part of the NC5C calcareous nannofossil Subzone,
in the middle of the Lilliputianella semielongata planktonic foramin-
ifera Zone, and near the top of the Dorothia ouachensis benthic fora-
minifera Zone.

Further auxiliary marker criteria, with global correlation potential,
are provided by non-biostratigraphic tools. The base of the Barremian
correlates with the beginning of a gradual negative trend in the C-iso-
tope curve, preceded by a stable interval, which follows the positive
excursion related to the Faraoni Episode. Previously published data
provide a Sr-isotope value of 0.707470 for the lowermost Barremian.
Indirect calibration to the magnetostratigraphic scale suggests that the
boundary falls in the lowermost part of polarity chron M3r. It is located in
the depositional sequence Ha7, corresponding approximately to the
transgressive surface of the sequence. Finally, according to the astro-
chronological analysis, a time interval of 0.74 myr separates the start
of the Faraoni Episode from the base of the Barremian, which is dated
at 125.77 MA.
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Appendix. Taxonomic index

Alphabetic list of the taxa mentioned in the text and figures

Calcareous nannofossils

Assipetra infracretacea (Thierstein, 1973) Roth, 1973

Assipetra terebrodentarius (Applegate et al. in Covington & Wise, 1987)
Rutledge & Bergen in Bergen, 1994

Axopodorhabdus dietzmannii (Reinhardt, 1965) Wind & Wise, 1983

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

Braarudosphaera bigelowii (Gran & Braarud, 1935) Deflandre, 1947

Calcicalathina oblongata (Worsley, 1971) Thierstein, 1971

Chiastozygus Gartner, 1968

Conusphaera rothii (Thierstein, 1971) Jakubowski, 1986

Cretarhabdus conicus Bramlette & Martini, 1964

Cretarhabdus loriei Gartner, 1968

Crucibiscutum Jakubowski, 1986

Cruciellipsis cuvillieri (Manivit, 1966) Thierstein, 1971

Cyclagelosphaera margerelii Noél, 1965

Cyclagelosphaera rotaclypeata Bukry, 1969

Diazomatolithus lehmanii Noél, 1965

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

Hagqius circumradiatus (Stover, 1966) Roth, 1978

Hagius ellipticus (Griin in Griin & Allemann, 1975) Bown, 1992 emend.
Bown, 2005

Hayesites irregularis (Thierstein in Roth & Thierstein, 1972) Apple-
gate et al. in Covington & Wise, 1987

Helenea chiastia Worsley, 1971

Hemipodorhabdus gorkae (Reinhardt, 1969) Griin in Griin & Alle-
mann, 1975

Lithraphidites bollii (Thierstein, 1971) Thierstein, 1973

Lithraphidites carniolensis Deflandre, 1963

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

Micrantholithus Deflandre in Deflandre & Fert, 1954

Micrantholithus hoschulzii (Reinhardt, 1966) Thierstein, 1971

Micrantholithus obtusus Stradner, 1963

Micrantholithus spinulentus Aguado, 2012

Micrantholithus stellatus Aguado in Aguado et al., 1997

Mitosia infinita Worsley, 1971

Nannoconus Kamptner, 1931

Nannoconus bermudezii Bronnimann, 1955

Nannoconus bucheri Bronnimann, 1955

Nannoconus circularis Déres & Achériteguy, 1980

Nannoconus globulus Bronnimann, 1955

Nannoconus grandis Déres & Achériteguy, 1980

Nannoconus kamptneri Bronnimann, 1955

Nannoconus steinmannii Kamptner, 1931

Nannoconus wassallii Bronnimann, 1955

Owenia partita (Varol in Al-Rifaiy et al., 1990) Bown in Kennedy et al., 2000

Palaeomicula maltica (Worsley, 1971) Varol & Jakubowski, 1989

Percivalia fenestrata (Worsley, 1971) Wise, 1983

Retecapsa angustiforata Black, 1971

Retecapsa crenulata (Bramlette & Martini, 1964) Griin in Griin &
Allemann, 1975

Rhagodiscus asper (Stradner, 1963) Reinhardt, 1967
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Rotelapillus crenulatus (Stover, 1966) Perch-Nielsen, 1984

Sollasites Black, 1967

Speetonia colligata Black, 1971

Staurolithites mitcheneri (Applegate & Bergen, 1988) Rutledge &
Bown, 1998 in Bown et al., 1998

Staurolithites siesseri Bown in Kennedy et al., 2000

Staurolithites stradneri (Rood et al., 1971) Bown in Bown & Cooper, 1998

Tegumentum stradneri Thierstein in Roth & Thierstein, 1972

Tranolithus gabalus Stover, 1966

Tubodiscus frankiae Bown, 2005

Watznaueria Reinhardt, 1964

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

Watznaueria biporta Bukry, 1969

Watznaueria cynthae Worsley, 1971

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

Watznaueria ovata Bukry, 1969

Zeugrhabdotus Reinhardt, 1965

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

Zeugrhabdotus embergeri (No€l, 1958) Perch-Nielsen, 1984

Zeugrhabdotus noeliae Rood et al., 1971

Zeugrhabdotus trivectis Bergen, 1994

Zeugrhabdotus xenotus (Stover, 1966) Burnett in Gale et al., 1996

Dinoflagellate cysts

Aprobolocysta eilema Duxbury, 1977

Exiguisphaera phragma Duxbury, 1979

Subtilisphaera perlucida (Alberti, 1959) Jain & Millepied, 1973
Subtilisphaera scabrata Jain & Millepied, 1973

Subtilisphaera senegalensis Jain & Millepied, 1973

Palaecysta complicata (Neale & Sarjeant, 1962) Williams & Fensone, 2016

Dasycladalean algae

Angioporella neocomiensis Conrad & Masse, 1989

Deloffiella hauteriviana (Masse, 1999 in Masse et al., 1999) Granier, 2013
Suppiluliumaella corbarica (Jatfrezo, 1973) Carras, 1995

Charophytes

Ascidiella iberica var. iberica Grambast, 1966

Ascidiella stellata var. lata Martin-Closas, 1996

Ascidiella stellata var. stellata (Martin-Closas & Grambast-Fessard,
1986) Martin-Closas ex Schudack, 1993

Ascidiella triquetra (Grambast, 1969) Martin-Closas, 1996

Atopochara trivolvis var. triquetra (Grambast, 1968) Martin-Closas, 1996

Clavator calcitrapus var. jiangluoensis (Wang & Li in Wang & Lu,
1982) Pérez-Cano, Bover-Arnal & Martin-Closas, 2020

Clavator grovesii var. gautieri (Grambast, 1979) Martin-Closas, 1996

Clavator harrisii var. dongjingensis (Hu & Zeng, 1981) Martin-Clo-
sas 2000

Clavator harrisii var. harrisii Peck, 1941

Clavator harrisii var. reyi (Grambast-Fessard, 1980) Martin-Closas, 1996

Globator maillardii var. trochiliscoides (Grambast, 1966) Martin-Closas,
1996

Globator maillardii var. biutricularis Vicente & Martin-Closas, 2013

Hemiclavator adnatus (Martin-Closas & Grambast-Fessard, 1986)
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Schudack, 1989

Hemiclavator neimongolensis var. posticecaptus (Martin-Closas &
Grambast-Fessard, 1986) Martin-Closas, 1996.

Pseudoglobator fourcadei Grambast, 1969

Planktonic foraminifera

Favusella hoterivica (Subbotina, 1953)

Globigerinelloides paragottisi Verga & Premoli Silva, 2003
Hedbergella Bronnimann & Brown, 1958

Hedbergella aptiana Bartenstein, 1965

Hedbergella delrioensis (Carsey, 1926)

Hedbergella excelsa Longoria, 1974

Hedbergella infracretacea (Glaessner, 1937)

Hedbergella laculata (Banner, Copestake & White, 1993)
Hedbergella praetrocoidea Kretchmar & Gorbachik in Gorbachik, 1986
Hedbergella sigali Moullade, 1966

Lilliputianella eocretacea (Neagu 1975)

Lilliputianella pauliani (Neagu, 1975)

Lilliputianella roblesae (Obregén de la Parra, 1959)
Lilliputianella semielongata (Longoria, 1974)
Lilliputianella similis (Longoria, 1974)

Small benthic foraminifera

Ammodiscus Reuss, 1862

Astacolus Montfort, 1808

Conorotalites bartensteini (Bettenstaedt, 1952)
Conorotalites intercedens (Bettenstaedt, 1952)
Dorothia Plummer, 1931

Dorothia kummi (Zedler, 1961)

Dorothia ouachensis (Sigal, 1952)

Dorothia praeoxycona Moullade, 1966
Dorothiinae Balakhmatova, 1972

Gavelinella Brotzen, 1942

Gavelinella barremiana Bettenstaedt, 1952
Glomospirella Plummer, 1945

Laevidentalina Loeblich & Tappan, 1986
Lenticulina Lamarck, 1804

Polimorphinidae Orbigny, 1839

Reussoolina Colom, 1956

Spirillina Ehrenberg, 1843

Textularia bettenstaedti Bartenstein & Oertli, 1977

Large benthic foraminifera

Cribellopsis schroederi Arnaud-Vanneau, 1980
Eopalorbitolina pertenuis (Foury, 1968)
Orbitolinopsis buccifer Arnaud-Vanneau & Thieuloy, 1972
Orbitolinopsis cuvillieri Moullade, 1960
Orbitolinopsis kiliani (Henson, 1948)
Paleodictyoconus beckerae Clavel et al., 2009
Palorbitolina lenticularis (Blumenbach, 1805)
Valserina primitiva Schroeder et al., 1969
Valserina turbinata (Foury, 1968)

Vanneauina vercorii (Arnaud-Vanneau, 1980)

Ammonites
Abrytusites neumayri (Haug, 1889)

Acrioceras meriani (Ooster, 1860)

Acrioceras ramkrishnai Sarkar, 1955

Ammonites ligatus Orbigny, 1841

Amorina fumisugium (Uhlig, 1883)

Amorina paxillosa (Uhlig, 1883)

Anahamulina gaspardae Vermeulen & Vasicek, 2011
Anahamulina pictetiformis (Busnardo in Busnardo et al, 2003)
Anahamulina subcylindrica (Orbigny, 1850)

Arnaudiella wiedmanni Vermeulen, 1998

Balearites angulicostatus (Orbigny, 1841)

Balearites balearis (Nolan, 1894)

Balearites binelli (Astier, 1851)

Balearites krenkeli (Sarkar, 1955)

Barremites Kilian, 1913

Barremites psilotatus (Uhlig, 1883)

Barremites tenuicinctus (Sarasin & Schondelmayer, 1901)
Buergliceras jimenezi Vermeulen, Company, Sandoval & Tavera, 2010
Craspedodiscus Spath, 1924

Craspedodiscus discofalcatus (Lahusen, 1874)
Craspedodiscus gottschei (Koenen, 1904)
Craspedodiscus variabilis (Rawson, 1971)

Crioceratites duvalii Leveillé, 1837

Criocratites villiersianus (Orbigny, 1842)
Cryptocrioceras yrigoyeni (Leanza, 1970)

Discoidellia apenninica (Cecca, Faraoni & Marini, 1998)
Discoidellia favrei (Ooster, 1860)

Discoidellia masylaea (Coquand, 1852)

Discoidellia vermeuleni (Cecca, Faraoni & Marini, 1998)
Emericiceras emericii (Léveillé, 1837)

Emericiceras honnoratianum (Orbigny, 1842)
Emericiceras thiollierei (Astier, 1851)

Favrella wilckensi (Favre, 1908)

Fissicostaticeras rarocinctum (Koenen, 1902)
Garroniceras morloti (Ooster, 1860)

Hamulina Orbigny, 1850

Hamulinites munieri (Nickles, 1894)

Hamulinites nicklesi Avram, 1999

Hatchericeras Stanton, 1901

Hatchericeras patagonense Stanton, 1901
Hemihoplitidae Spath, 1924

Hertleinites aguila (Anderson, 1938)

“Holcodiscus” evolutus Fallot & Termier, 1923
Homeomorphites varicostatus (Riccardi & Aguirre-Urreta, 1989)
Hypophylloceras semistriatum (Orbigny, 1841)
Kotetishvilia compressissima (Orbigny, 1841)
Kotetishvilia nicklesi (Hyatt, 1903)

Lyticoceras nodosoplicatum (Kilian & Reboul, 1915)
Lytoceras anisoptychum Uhlig, 1883

Lytoceras densifimbriatum Uhlig, 1883

Lytoceras subfimbriatum (Orbigny, 1841)
Malgasaynella besairiei (Collignon, 1949)
Megacrioceras doublieri (Jaubert, 1856)

Neolissoceras subgrasianum (Drushchits, 1960)
Nicklesia pulchella (Orbigny, 1841)

Olcostephanus Neumayr, 1875

Paracrioceras spathi Kemper, Rawson & Thieuloy, 1981



Paracrioceras strombecki (Koenen, 1902)

Paraspinoceras Sarkar, 1955

“Paraspinoceras” evolutum (Fallot & Termier, 1923)

Paraspiticeras Kilian, 1910

Phyllopachyceras infundibulum (Orbigny, 1841)

Phyllopachyceras winkleri (Uhlig, 1882)

Plesiospitidiscus Breistroffer, 1947

Plesiospitidiscus subdifficilis (Karakasch, 1907)

Protaconeceras Casey, 1954

Protaconeceras patagoniense (Favre, 1908)

Pseudothurmannia Spath, 1923

Pseudothurmannia catulloi (Parona, 1898)

Pseudothurmannia mortilleti (Pictet & de Loriol, 1858)

Pseudothurmannia ohmi (Winkler, 1868)

Pseudothurmannia picteti Sarkar, 1955

Pseudothurmannia pseudomalbosi (Sarasin & Schondelmayer, 1901)

Pseudovaldedorsella compsensis (Kilian, 1910)

Psilotissotia chalmasi (Nicklés, 1890)

Psilotissotia colombiana (Orbigny, 1842)

Raspailiceras Wright, 1956

Sabaudiella Vasi¢ek & Hoedemaeker, 2003

Sabaudiella argosensis Vasi¢ek & Hoedemaeker, 2003

Sabaudiella riverorum Aguirre-Urreta & Rawson, 2012

Sabaudiella simplex Busnardo in Busnardo et al, 2003

Sanmartinoceras africanum insignicostatum Riccardi, Aguirre-Urreta
& Medina, 1987

Scaphites yvani Puzos, 1832

Shasticrioceras Anderson, 1938

Shasticrioceras patricki Murphy, 1975

Silesitidae Hyatt, 1900
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Subsaynella sayni (Paquier, 1900)

Subpulchellia fouquei (Nickles, 1894)

Taveraidiscus alcoyensis (Nickles, 1890)

Taveraidiscus heeri (Ooster, 1860)

Taveraidiscus hugii (Ooster, 1860)

Taveraidiscus intermedius (Orbigny, 1841)

Taveraidiscus kiliani (Paquier, 1900)

Taveraidiscus oosteri (Sarasin & Schondelmayer, 1901)

Taveraidiscus querolensis (Busnardo in Busnardo & David, 1957)

Taveraidiscus vandeckii (Orbigny, 1850)

Vasicekina autinae Vermeulen, 2010

Veveysiceras arbeitae Vermeulen, Lazarin, Lépinay, Leroy & Mascarelli,
2013

Belemnites

Belemnites minaret Raspail, 1829
Duvalia dilatata (Blainville, 1827)
Duvalia pontica Shvetsov, 1913
Duvalia silesiaca Uhlig, 1902
Hibolites subfusiformis (Raspail, 1829)
Hibolites jaculiformis Shvetsov, 1913

Ichnofossils

Chondrites Sternberg, 1833
Planolites Nicholson, 1873
Rhizocorallium Zenker, 1836
Thalassinoides Ehrenberg, 1944
Trichichnus Frey, 1970
Zoophycos Massalongo, 1855



