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ABSTRACT

Following the end-Triassic biotic crisis, the first larger benthic foraminifera (LBF) emerged in shallow-water
carbonate platforms of the Early Jurassic Tethys, during the Hettangian and Sinemurian. In inner-platform
settings, these LBF frequently coexisted with large aberrant bivalves of the Lithiotis Facies, characterized by
thick, gregarious accumulations. This study re-assesses the biostratigraphy of LBF and lithiotid bivalve faunas in
a c. 200 m-thick Pliensbachian shallow-water sedimentary succession of the Rotzo Formation in the Trento
Platform (Southern Alps, Italy). By integrating carbon and strontium isotope stratigraphy, we refine the chro-
nostratigraphical framework for key LBF taxa that are widely used in Lower Jurassic carbonate platform
biostratigraphy. Strontium isotope stratigraphy reveals that Orbitopsella primaeva first occurs in the lowermost
Pliensbachian Jamesoni Zone, younger than the late Sinemurian age typically cited. Similarly, the last occurrence
of Orbitopsella praecursor is in the lowermost upper Pliensbachian (early Margaritatus Zone), later than the
traditionally accepted uppermost lower Pliensbachian. This study also constrains the timing of the appearance,
development and demise of lithiotid bivalve associations in the Trento Platform. Lithioperna first appears in the
lowermost Pliensbachian Jamesoni Zone, followed by Opisoma near the boundary between the Jamesoni and Ibex
zones. Higher in the succession, Lithiotis becomes prominent near the Davoei-Margaritatus zone boundary,
forming thick accumulations intercalated with brachiopod-rich beds. The final phase of the Lithiotis Facies is
marked by Cochlearites-Lithioperna mounds, starting from the Subnodosus Subzone of the Margaritatus Zone. The
disappearance of the lithiotid bivalves coincides with the onset of relatively deeper water conditions at the Rotzo
Formation-Misone Limestone boundary in the uppermost Pliensbachian Spinatum Zone.

1. Introduction

Schoepfer et al., 2022), the first LBF forms with microgranular wall
texture and complex shell structures appeared in the Hettan-

Following the Late Permian and end-Triassic mass extinctions, the
Early Jurassic documented the recovery and diversification of larger
benthic foraminifera (LBF) (BouDagher-Fadel, 2018; Septfontaine,
2020; Simmons, 2020). After the end-Triassic biotic crisis (e.g.,
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gian-Sinemurian shallow-water Tethyan carbonate platforms (e.g.,
Hottinger, 1967; Septfontaine, 1981; Bassoullet, 1997; BouDagher-
Fadel and Lord, 2002; BouDagher-Fadel, 2018; Septfontaine, 2020).
These early LBF, predominantly polyphyletic lituolid taxa (order
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Lituolida Lankester, 1885), became important biotic components of
Mesozoic Tethyan sedimentary successions.

In inner-platform settings, lituolids were often associated with large
bivalves constituting the Lithiotis Facies, which formed thick accumu-
lations of gregarious and thick-shelled bivalves that contributed signif-
icantly to sedimentary deposits throughout the tropical Tethyan and
Panthalassa margins (e.g., Broglio Loriga and Neri, 1976; Geyer, 1977
Chinzei, 1982; Fraser et al., 2004; Posenato and Masetti, 2012; Bassi
et al., 2015; Posenato et al., 2018). Among the most distinctive and
abundant lithiotid bivalves, the aberrant, extremely elongated or
strongly flattened species Cochlearites loppianus, Lithioperna scutata, and
Lithiotis problematica proliferated during the Pliensbachian-early Toar-
cian (Fraser et al., 2004; Posenato and Masetti, 2012; Posenato et al.,
2018; Brandolese et al., 2019). The Lithiotis Facies contains other
gregarious and thick-shelled bivalves, with a long stratigraphical dis-
tribution ranging from the Sinemurian to the Late Jurassic. They are
represented by the Myalinida Pseudopachymytilus, the Ostreida Gervil-
leioperna and Pachygervillia, the Carditida Opisoma, and the Mega-
lodontida Pachyrisma and Protodiceras (e.g., Fraser et al., 2004; Posenato
et al.,, 2024). However, identifying these bivalves in the field is chal-
lenging due to their random orientations within hard-cemented lime-
stones. Accurate taxonomic classification requires well oriented shell
sections showing the diagnostic features (e.g., Berti Cavicchi et al.,
1971; Chinzei, 1982; Posenato and Masetti, 2012), highlighting the need
for careful reassessment of their reported geographical and strati-
graphical distributions.

The rich benthic assemblages of lituolid LBF and lithiotid bivalves
flourished after the global negative carbon-isotope excursion (CIE),
known as the Sinemurian-Pliensbachian boundary event (e.g., Jenkyns
and Clayton, 1986; Hesselbo et al., 2007; Korte and Hesselbo, 2011;
Franceschi et al., 2014; Nieto et al., 2023). Stratigraphical correlations
suggest that environmental and climatic perturbations associated with
this event affected the microbially dominated carbonate platforms in the
western Tethyan margins, facilitating the spread of lithiotid faunas
(Franceschi et al., 2014, 2019).

During the Pliensbachian, these assemblages thrived in the Trento
Platform (Southern Alps), a highly variable lagoonal palaeoecosystem
with a complex mosaic of habitats (Bosellini and Broglio Loriga, 1971;
Clari, 1975; Posenato and Masetti, 2012; Posenato et al., 2013a, 2013b;
Bassi et al., 2015). Their disappearance toward the end of the Pliens-
bachian (Fugagnoli, 2004; Posenato et al., 2024) reflects broader
extinction dynamics: lituolid LBF (i.e., Lituosepta, Orbitopsella, Palae-
omayncina) became extinct close to the Pliensbachian-Toarcian across
the entire Tethyan Realm (e.g., Bassoullet et al., 1985; Bassoullet, 1997;
BouDagher-Fadel and Bosence, 2007; BouDagher-Fadel, 2018; Sept-
fontaine et al., 1991; Septfontaine, 2020), whereas a few lithiotid bi-
valves survived after the early Toarcian marine ecosystem crisis
(Posenato et al., 2024).

Although several biostratigraphical schemes for the Lower Jurassic
LBF have been proposed (e.g., Septfontaine, 1984; Septfontaine et al.,
1991; Bassoullet, 1997; Veli¢, 2007; BouDagher-Fadel, 2018; Hughes,
2018), their chronostratigraphical calibration remains uncertain.

This study investigates the biostratigraphy of LBF and lithiotid bi-
valves in a c. 200 m-thick Pliensbachian succession of the Trento Plat-
form. By integrating biostratigraphical data with high-resolution carbon
(813C) and strontium isotope (87Sr/86Sr) stratigraphy, we aim to: (1) re-
assess the chronostratigraphical age of the key lituolid genus Orbitop-
sella, and (2) constrain the age of the onset, development and demise of
the bivalve associations of the Lithiotis Facies in the Trento Platform.

2. Lower Jurassic LBF biozones and their chronostratigraphical
calibration: historical background

Lituolid LBF were first used for the biozonation of Lower Jurassic
carbonate platforms in the southern Apennines of Italy (Sartoni and
Crescenti, 1962; De Castro, 1962). However, the High Atlas of Morocco
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has since become the classical reference area for the micropalaeontology
and biostratigraphy of Lower Jurassic LBF (Hottinger, 1967; Septfon-
taine, 1984). There, six biozones have been distinguished (Septfontaine,
1984): “Siphovalvulina” and Mesoendothyra zone (lower-middle Sine-
murian), Lituosepta recoarensis zone (upper Sinemurian), Orbitopsella
zone (upper Sinemurian-lower Pliensbachian), “Mayncina” termieri and
“Lituosepta” compressa zone (lowermost upper Pliensbachian), and
Pseudocyclammina liasica zone (uppermost Pliensbachian).

Correlating these LBF biozones with the ammonite biozones, the
backbone of the Lower Jurassic chronostratigraphy, remains chal-
lenging due to the rare occurrence of ammonites in shallow-water car-
bonate deposits (Septfontaine, 1984; Septfontaine et al., 1991;
Bassoullet, 1997). The following section reviews the available data for
the most stratigraphically significant lituolid LBF species.

Although the first occurrence (FO) and last occurrence (LO) of
Orbitopsella primaeva have never been directly tied to ammonites, a late
Sinemurian—early Pliensbachian age was proposed for this species by
Septfontaine (1984, fig. 4, p. 221) based on indirect correlation with
ammonite-bearing beds. This interpretation has been widely adopted (e.
g., Kabal and Tasli, 2003; BouDagher-Fadel and Bosence, 2007; Veli¢,
2007; Gale, 2014). In terms of ammonite biozones, the range of
O. primaeva is generally placed within the Raricostatum—Jamesoni-Ibex
zones (Sevillano et al., 2020).

In the High and Middle Atlas, the FO of Orbitopsella praecursor has
been found above beds containing middle lower-Pliensbachian am-
monites of the genus Tropidoceras, while its LO below ammonites of the
upper lower-Pliensbachian-lower upper-Pliensbachian genus Fucini-
ceras (Septfontaine, 1984; Bassoullet et al., 1999). Based on these find-
ings, the range of Orbitopsella praecursor was dated to the uppermost
lower Pliensbachian (upper Carixian in Septfontaine, 1984, fig. 4;
Septfontaine, 2020) and can be correlated to the upper part of the Ibex
and to the Davoei zones. A lower Pliensbachian age also has been
documented for Orbitopsella praecursor in the central Subbetic Chain (SE
Spain; Gonzales-Donoso et al., 1974, 1977), in Mallorca (Alvaro et al.,
1989), and other Mediterranean areas (e.g., Kabal and Tasli, 2003; Velic,
2007). Often associated with Orbitopsella praecursor, Orbitopsella dubari
occurs in the lowermost upper Pliensbachian of Morocco and Algeria
(Hottinger, 1967; Bassoullet and Fares, 1969; Bassoullet, 1997), and
central Apennines (Chiocchini and Mancinelli, 1977).

The demise of the genus Orbitopsella has been mostly placed in the
uppermost lower Pliensbachian (Septfontaine, 1984; Bassoullet, 1997;
BouDagher-Fadel and Lord, 2002; Septfontaine, 2020). Its persistence
up to the end of the Toarcian (BouDagher-Fadel, 2018, fig. 4.11) re-
quires further confirmation. In the central Subbetic Zone (SE Spain),
O. praecursor disappears from beds bearing early lower-Pliensbachian
ammonites (Gonzales-Donoso et al., 1977, p. 255). However, this
finding is related to the drowning of the platform, which occurred
during the Ibex Zone (Ruiz-Ortiz et al., 2004) and resulted in the sudden
disappearance of Orbitopsella in the area. In the Trento platform, the
presence of a single specimen of Protogrammoceras isseli trans. marianii
alongside O. praecursor suggests that the genus Orbitopsella may have
persisted into the middle Stokesi Subzone of the lower Margaritatus
Zone (lower part of the upper Pliensbachian; Sarti and Ferrari, 1999;
Fig. 1).

Other Lower Jurassic LBF species have a longer stratigraphical dis-
tribution than Orbitopsella primaeva and O. praecursor. Lituosepta
recoarensis, formerly considered an index species for the upper Sine-
murian (Septfontaine, 1984; Bassoullet, 1997; BouDagher-Fadel, 2018;
Sevillano et al., 2020), actually spans the upper Sinemurian-Toarcian
interval (Fugagnoli and Bassi, 2015). Pseudocyclammina liasica has been
reported from the Hettangian to the lower Toarcian (e.g., Bassoullet,
1997; Septfontaine et al., 1991; Dozet, 2009; BouDagher-Fadel, 2018;
Han et al., 2022). Cymbriaella lorigae spans from the Hettangian to the
Aalenian (Fugagnoli, 1999; Schlagintweit and Veli¢, 2011; Veli¢, 2007).
Everticyclammina praevirguliana has been recorded from the middle
Sinemurian to the upper Aalenian (Fugagnoli, 2000; Veli¢c, 2007;
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Fig. 1. Geographical location of the studied area. A, the Trento Platform was a
Lower Jurassic carbonate platform-plateau of the western Tethyan margin
(modified from Posenato and Masetti, 2012). B, the studied succession, located
in Valico di Valbona area, was logged in three sections cropping out near Malga
Zonta (MZ), along the eastern side of Monte Toraro (TO) and the northeastern
side of Monte di Campoluzzo (CL). Arrows point to the stratigraphical top
(younging direction). BCL, biocalcarenites with Cochlearites and Lithioperna
accumulations (Rotzo Formation) and Misone Limestone. MW, mudstone-
wackestone and marl alternations (Rotzo Formation); NWP, nodular
wackestone-packstone and marl alternations (Rotzo Formation); SVO, San
Vigilio Oolite; 1, Rotzo type section; 2, Monte Vignola (Sarti and Ferrari, 1999).

Schlagintweit and Veli¢, 2011; BouDagher-Fadel, 2018) and Paleo-
mayncina termieri in the uppermost Sinemurian-Pliensbachian
(Bassoullet, 1997; Velic, 2007; BouDagher-Fadel, 2018). Amijiella amiji
has been reported from the uppermost Sinemurian to the Bathonian
(Hottinger, 1967; Schlagintweit, 1991; Fugagnoli, 2004; BouDagher-
Fadel, 2018). As no associated ammonite has been found (Han et al.,
2022), the stratigraphical correlation of Bosniella oenensis to the Ibex
Zone requires further confirmation.

3. Stratigraphical setting

In the study area, the Jurassic succession is c. 600 m-thick and
consists of shallow-water limestones of the Calcari Grigi Group (Het-
tangian-Pliensbachian) and the San Vigilio Oolite (Toarcian-lower
Aalenian), overlain by the pelagic limestone of the Rosso Ammonitico
Veronese (upper Bajocian-Kimmeridgian; Castellarin et al., 2005; Mar-
tire et al., 2006). The former two units deposited on a carbonate
platform-plateau (Trento Platform), whereas Rosso Ammonitico Ver-
onese is a pelagic nodular limestone recording the drowning of the
platform (e.g., Winterer and Bosellini, 1981). The Calcari Grigi Group
comprises, in stratigraphical order, the Monte Zugna Formation, the
Loppio Oolitic Limestone, the Rotzo Formation, and the Misone Lime-
stone. Unconformity surfaces occur between the Loppio Oolitic Lime-
stone and the Rotzo Formation, between the Misone Limestone and the
San Vigilio Oolite, and between the San Vigilio Oolite and the Rosso
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Ammonitico Veronese (e.g., Masetti et al., 1998, 2012; Castellarin et al.,
2005; Martire et al., 2006). The present study focuses on these units.

The Loppio Oolitic Limestone consists mainly of massive oolitic
grainstone bodies (35 m-thick in the Rotzo type section; Bosellini and
Broglio Loriga, 1971). These deposits accumulated near or within the
fair-weather wave base (Masetti et al., 1998; Preto et al., 2017). The
upper part is characterized by levels of reddish limestone and bed sur-
faces with dinosaur footprints, suggesting episodes of subaerial exposure
(Petti et al., 2011; Preto et al., 2017). Although lacking direct bio-
stratigraphical markers, this unit is generally assigned to the upper
Sinemurian (Boomer et al., 2001; Masetti et al., 2017; Preto et al., 2017).

The Rotzo Formation consists of prevailing grey to dark grey marl-
stone and bioclastic limestone rich in the peculiar large and aberrant
bivalves of the Lithiotis Facies. This formation represents deposition in a
tropical lagoon, limited seawards by oolitic shoals and bars and land-
wards by marshes (Bosellini and Broglio Loriga, 1971; Clari, 1975). The
formation reaches a maximum thickness of c. 250 m in the depocenter
area (Masetti et al., 1998; Posenato and Masetti, 2012) where the
studied composite section is exposed. Based on LBF biostratigraphy the
formation is considered late Sinemurian to Pliensbachian in age (e.g.,
Fugagnoli and Loriga Broglio, 1998; Fugagnoli, 2004). The only in situ
ammonoid reported in the Rotzo Formation (Protogrammoceras isseli
trans. marianii) occurs within the Orbitopsella zone and marks the middle
Stokesi Subzone of the lower Margaritatus Zone (basal upper Pliensba-
chian; Sarti and Ferrari, 1999).

The Misone Limestone is characterized by massive yellowish
mudstone and wackestone beds, with chert nodules, foraminifera,
radiolarian, sponges, and crinoids. The disappearance of the Lithiotis
Facies is attributed to the onset of deeper marine conditions. This for-
mation is developed along the western margin of the Trento Platform
where it interfingers with shallow- (e.g., Rotzo Formation) or deep-
water successions (e.g., Tofino Formation; Castellarin, 1972; Beccar-
elli-Bauck, 1988; Castellarin et al., 2005). The Misone Limestone is
assigned to the Sinemurian-Pliensbachian (Castellarin et al., 2005).

4. Materials and methods

The studied succession was logged at the Malga Zonta (MZ), Monte
Toraro (TO; Cimoncello di Toraro, CT), and Monte di Campoluzzo (CL)
sections (45°52'03.9" N 11°14'37.2" E; 45°52'1.502" N, 11°16'5.56" E;
45°52'28.4" N 11°15'17.8" E; Fig. 1). Correlation between sections was
made by following bedding along the eastern side of Monte Toraro, and
the northeastern side of Monte di Campoluzzo (Fig. 1). Although local
exposure gaps introduce some uncertainty, the correlation error is
estimated not to exceed +10 m. Hereafter this composite section is
referred to as the Toraro—Campoluzzo section (TCs; Fig. 2).

4.1. Taxonomy of LBF and of lithiotid bivalves

All LBF-bearing deposits consists of hard-cemented limestones. The
absence of isolated specimens, apart from rare Orbitopsella shells,
hampered the preparation of oriented sections (i.e., equatorial, axial).
Taxonomy of lituolid species (families Everticyclamminidae Septfon-
taine, 1988; Hauraniidae, Septfontaine, 1988; Lituoliporidae Gusic¢ and
Veli¢, 1978; Loeblich Jr. and Tappan, 1985; Voloshinova, 1958; see
Kaminski, 2004) follows the species definitions of Hottinger (1967),
Septfontaine (1984, 1985), Fugagnoli and Loriga Broglio (1998),
Fugagnoli (1999, 2000), and Fugagnoli and Bassi (2015), whereas the
phylogenetic concepts are based on Septfontaine (1988). Shell struc-
tures and architectures were distinguished and described following
Hottinger (1967, 1978, 2006). Specimens of Orbitopsella with shell and
protoconch parameters falling close to the limit between two neigh-
bouring species (e.g., Hottinger, 1967; Septfontaine, 1984, 1988;
Fugagnoli and Loriga Broglio, 1998; BouDagher-Fadel and Bosence,
2007) were named as Orbitopsella primaeva/praecursor. Open nomen-
clature was used when bad preservation or the absence of suitably
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Fig. 2. Chronostratigraphy, lithostratigraphy, lithology, LBF and lithiotid bivalves biostratigraphical distribution, §'°C and 87Sr/%6Sr data (see Table S1) of the
Toraro-Campoluzzo composite section. The chronostratigraphical age of the lithostratigraphical units and of the biostratigraphical events is taken form the literature

(see text for details).

Abbreviations: CL, Monte di Campoluzzo; Eomiodon Hor., Eomiodon Horizon; Loppio Oolitic Lms, Loppio Oolitic Limestone; Misone Lms, Misone Limestone; MZ,
Malga Zonta; SVO, San Vigilio Oolite; RAV, Rosso Ammonitico Veronese; TO, Monte Toraro. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

oriented shell section hindered the observation of diagnostic
characteristics.

Isolated bivalve specimens of the Lithiotis Facies are rare in the TCs.
At outcrop scale their taxonomic identification relied on diagnostic
characters observed in oriented sections through the body cavity and
umbonal region (Chinzei, 1982; Broglio Loriga and Posenato, 1996;
Posenato et al., 2013a, 2013b, 2018, 2022, 2024).

4.2. Geochemical analysis

Powders of bulk rock samples for isotopic analysis were collected in
the field, using a battery-operated hammer drill equipped with tungsten
carbide bits of diameter ranging from 8 to 14 mm. About 10 to 20 g of
powder per sample was produced by drilling a 5-10 cm deep hole after
removing the altered surface of the rock. Care was taken to avoid
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cement-filled fractures and cavities and recrystallized shell fragments.
Samples were collected at an average stratigraphical spacing of c¢.1 m.

Stable carbon and oxygen isotope compositions were measured on
242 bulk rock carbonate samples using a Thermo Fisher Delta V isotope
ratio mass spectrometer coupled to a ThermoQuest Kiel-III (Department
of Earth Science, Tohoku University). The samples (c. 0.1 mg) were
reacted with 100 % phosphoric acid at c. 72 °C. The isotope ratios are
expressed in conventional delta notation (8 %o) and calibrated to the
NBS-19 international standard relative to the Vienna Pee Dee Belemnite
(VPDB). External precision (16) based on replicate measurements (n =
34) of the laboratory reference material (JCt-1; Okai et al., 2004) was
0.03 %o for 8!3C analysis and 0.04 %o for 5180 analyses. All results are
given in Table S1.

A subset of 46 bulk rock samples, selected with an average strati-
graphical spacing of about 5 m from the 242 samples, was analysed for
879r/%08r ratio with a GVI IsoProbe-T thermal ionization mass spec-
trometer at the Department of Earth and Environmental Sciences,
Nagoya University.

Eleven brachiopod shells of Lychnothyris rotzoana, from the Rotzo
Formation, were examined to assess the quality of preservation. The
shell fragments were cut and embedded in epoxy resin. After polishing
and etching with 5 % HCI for 10 s, surfaces were coated with gold for
imaging with a Scanning Electron Microscope (SEM) Zeiss EVO 40
(University of Ferrara) to check the preservation of the pristine shell
fabric. Gold coating was subsequently removed, and thin sections were
prepared and analysed with a Nuclide ELM2 cathodoluminescence mi-
croscope system operating at 10 kV with a 5-7 mA beam current at the
University of Ferrara. Exposure to the electron beam, before taking the
photo, was on the order of 15-30 s.

For geochemical analyses, material corresponding to SEM and
cathodoluminescence areas was sampled by scratching the cut surfaces,
using a microdrill equipped with a 0.3 mm-diameter tungsten carbide
drill bit, at the lowest rotation speed. About 1 to 3 mg per sample were
collected and analysed for 87Sr/%%Sr ratio using a Thermo Scientific
Neptune MC-ICP-MS at the Centro Interdipartimentale Grandi Stru-
menti of the University of Modena and Reggio Emilia. A further set of 12
samples, previously analysed for §'3C and §'%0 isotopes, was also ana-
lysed for 87Sr/%sr ratio. All results are given in Table S1. The measured
values were adjusted to a value of 0.710248 for NIST SRM 987
(McArthur et al., 2020).

4.3. Strontium isotope stratigraphy

Three horizons of the Rotzo Formation were dated with SIS on well-
preserved brachiopod shells: TO19 (one specimen), at 60.4 m, TO27
(two specimens), at 94.4 m, and TO37-41 (five specimens), at

Table 1
Strontium Isotope Stratigraphy (SIS) ages derived from the brachiopod shells.
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120.4-124.9 m from the base of the section. Numerical ages, chro-
nostratigraphical ages and ammonite zones were determined from the
875r/8%5r ratios using the LOWESS 6 look-up table of McArthur et al.
(2020), which is tied to the Geologic Time Scale of Gradstein et al.
(2020). SIS ages derived from the brachiopod shells are given in Table 1.
When more than one shell was available from the same stratigraphical
level, the mean 87Sr/%%Sr value was used to calculate the preferred SIS
age and the standard error of the mean was combined with the reference
curve to define the minimum and maximum age. The five brachiopod
shells from levels TO37-41 (120.4-124.9 m from the base of the section)
have 87Sr/%0Sr values within analytical error. They were pooled together
because their stratigraphical separation is small and any age difference
would be below the SIS resolution.

Of the 58 bulk carbonate samples analysed for 873r/86sr, 11 were
used for SIS, based on assumption that they retained the pristine-
seawater isotope ratio signature from which they precipitated or were
only minimally altered. The criteria used to select these samples are fully
explained in the following section. Numerical ages, chronostrati-
graphical ages and ammonite zones derived from the bulk rock samples
are given in Table 2.

5. Results
5.1. Lithological and stratigraphical patterns

The lowermost part of the TCs (0-2.4 m) corresponds to the Loppio
Oolitic Limestone (Fig. 2). Above it, the Rotzo Formation is 205 m thick.
The lowermost part, 9.6 m-thick (samples CT8-CT16), corresponds to
the Eomiodon Horizon, characterized by meter-scale alternations of
bioclastic wackestone-packstone with fully marine benthic assemblages
and shallow-water black shales containing monospecific or paucispecific
bivalve accumulations dominated by Eomiodon serradensis, an opportu-
nistic, brackish, shallow-infaunal, veneroid bivalve (e.g., Bassi et al.,
2008; Posenato et al., 2013b; Figs. 3 A-B). Because this horizon is
partially covered by soil deposits in the Monte Toraro section, additional
sampling was conducted along a road exposure in a nearby locality
(MZ), located c. 4 km westwards from Monte Toraro (Fig. 1).

Above the Eomiodon Horizon, the Rotzo Formation is divided into
three informal lithostratigraphical units: mudstone-wackestone (MW),
nodular wackestone-packstone (NWP), and biocalcarenites with Coch-
learites-Lithioperna accumulations (BCL; Fig. 2). The lowermost MW unit
is c. 40 m thick and consists of mudstone-wackestone and marlstone
alternations (Figs. 1-2) with small-sized bivalve shells, mostly of
infaunal species. Bivalves of the Lithiotis Facies are represented only by a
single bed of Lithioperna with small-sized shells (Fig. 2). The middle unit,
NWP, is c. 100 m in thickness and is characterized by nodular

Sample m from the base  Lithostrat. 87Sr/56Sr 878r/%sr  2s.e. (x107%)  numerical age (Ma)**® Chronostrat.”  Ammonite zone’
corrected’  mean -
min preferred max
TO19-BR3 60.4 Rotzo Fm NWP 0.707284 12 189.8 190.12 190.6 Pliensbachian Ibex
TO27-2 94.4 Rotzo Fm NWP 0.707255 0.707253 8 189.2 189.49 189.7 Pliensbachian Ibex
TO27-2i 94.4 0.707250
TO37-1-ter 120.4 Rotzo Fm NWP 0.707221 0.707222 2 188.5 188.67 188.9 Pliensbachian Margaritatus (base)
TO39-1 122.4 0.707222
TO40(1)-1 122.4 0.707224
TO40-1 inner 122.4 0.707219
TO41-3 1249 0.707224

1 The 87Sr/%°Sr has been corrected for the difference between the value of the standard (NIST SRM 987) measured in the lab and the value used by McArthur et al.

(2020) to build the SIS reference curve and look-up table.

2 The minimum (min) and maximum (max) ages are calculated combining the uncertainty of the samples with the uncertainty of the dataset used to build the
reference curve. The uncertainty of the 87Sr/%6Sr mean value for each stratigraphical level is given as 2 s.e. of the mean when the number of samples (n) is >4. When n
< 4, the se is calculated from the standard deviation of the mean value of the standards run with the samples (s.d. = 6 x 1079).

3 The numerical and chronostratigraphical ages and the ammonite zones corresponding to the 8Sr/%°Sr values have been taken from the LOWESS 6 look-up table of
McArthur et al. (2020), with the exception of the Jamesoni-Ibex zone boundary, which is after Hesselbo et al. (2020).
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Strontium Isotope Stratigraphy (SIS) ages derived from bulk rock samples.

m from Lithologic ~ ®Sr/®Sr numerical age (Ma) 22
Sample thebase Lithostrat.  interval  corrected - Chronostrat. * Ammonite zone *
min preferred  max
. lower i
CT1l 44 Eomiodon 0.707392 191.8 19230 1928 Pliensbachian Jamesoni
lower X
CTi5 115 MW 0707381 1916 19211 1926 pjienehachian Jamesoni
lower .
CT39 40 MW 0707325 1914 19108 1905 pyigehachian Jamesoni
CT115 116.2 NWP 0.707227 188.2 188.82  189.5 Pliensbachian Davoei
CT168 126.8 NWP 0.707216 188 188,51  189.3 Pliensbachian  Margaritatus (Stokesi sz)
CT135 14865 RotzoFm NWP 0707191 1875 188.01 188.6 Pliensbachian  Margaritatus (Stokes sz)
upper '
CT143 15345 BCL 0.707183 187.3 187.86 1884 Pliensbachian Margaritatus (Subnodosus sz)
upper ’
1824 18616  186.8 pjignshachian  SPinatum (Apyrenum sz)
CL-56 181.95 BCL 0.707101 lower
1824 18311 1868  yogcian Falciferum (Exaratum sz)
upper )
1826 18599 1866 pjignshachian  SPinatum (Apyrenum sz)
CL-45 192.95 BCL 0.707094 Y
1826 18329 1866  Togcian Falciferum (base)
San upper
CL-07 222.7 Vigilio 0.707247 177 177.87 178.6 Toarcian Variabilis
Oolite
L-02 227 RAV 707094 1 1 1 1694 upper ilabl
CL-0 0.70709 685 169.0 69. Bajocian not available

IThe 87Sr/%°Sr was adjusted for the difference between the value of the standard (NIST SRM 987) measured in the lab
and the value used by McArthur et al. (2020) to build the SIS reference curve and look-up table.

2The minimum (min) and maximum (max) ages are calculated combining the uncertainty of the samples with the
uncertainty of the dataset used to build the reference curve. The uncertainty of the 8”Sr/%Sr value for each sample is
given as 2 s.e. and is calculated from the s.d. of the mean value of the standards run with the samples forn=1 (s.d. =11
x 107% 2s.e. =23 x 1079).

5The numerical and chronostratigraphical ages and the ammonite zones corresponding to the 8Sr/%6Sr values have
been taken from the LOWESS 6 look-up table of McArthur et al. (2020), with the exception of the Jamesoni-Ibex zone
boundary, which is after Hesselbo et al. (2020). The 878r/%08r values of samples CL56 and CL45 give two alternative
numerical ages because they fall close to the Pliensbachian-Toarcian boundary minimum of the reference curve for
marine 87Sr/%Sr. The ages given in the grey shaded cells are not compatible with the available stratigraphical con-

straints.

Abbreviations: Fm, Formation; Lms, limestone; RAV; Rosso Ammonitico Veronese; sz, subzone.

wackestone-packstone and marlstone alternations (Fig. 2). This unit
contains more diversified benthic assemblages with fully marine taxa
such as the alatoform-chambered bivalve Opisoma excavatum (Posenato
et al., 2013a; Fig. 3C-D) and the terebratulide Lychnothyris rotzoana
(Bassi et al., 2024; Fig. 4B, D, F). More frequent and larger in size,
lithiotids are represented by Lithioperna and, in the upper part of the
unit, by Lithiotis (Fig. 4B-C). The upper unit, BCL, c. 60 m in thickness
(Figs. 1-2), consists of thick biocalcarenite beds with metre-thick
bivalve mounds of Cochlearites (Fig. 5A, C, E-F) and Lithioperna
(Fig. 5D) with very large shells, more than 30-40 cm in height.

On the eastern flank of Cimoncello di Toraro (CT) and Monte Toraro
(Fig. 1), only the lower part of BCL unit is recorded. At 1.870 m altitude (c.
182 m above the base of the succession and 25 m above the base of the
BCL unit; Fig. 2), a peculiar 4 m-thick interval characterized by large
Lithioperna with unusual coarse and thick prismatic shells occurs. This
interval was used to correlate the succession with Monte di Campoluzzo
(CL, located at c. 2 km north-west; Figs. 1, 5D), where the BCL unit is
characterized by frequent Cochlearites and Lithioperna mounds up to 3 m in
thickness and several hundred metres wide. Similar large mounds are also
present at the top of the Monte Toraro, above the interval marker (Fig. 5).

At the Monte di Campoluzzo section (Fig. 1), the uppermost Rotzo
Formation passes gradually upward into white or yellow mudstone-
wackestone, characterized by the occurrence of abundant sponges and
crinoids. Lithiotid bivalves disappear at c. 9.6 m below the unconformity
marking the base of the San Vigilio Oolite (SVO; Fig. 2). Based on fossil
content and rock colour, the bivalve-barren interval is assigned to the
Misone Limestone, although typical chert nodules (Castellarin et al.,
2005) are locally absent.

The Misone Limestone is overlain by the San Vigilio Oolite (upper
Toarcian-lower Aalenian; Clari and Pavia, 2002; Castellarin et al.,
2005), which at the Monte di Campoluzzo section consists of 10.4 m of
white, yellow or red oolite and oncoid grainstone with frequent cross-
bedding structures. The lower and upper limits of the San Vigilio
Oolite are sharp and erosional, corresponding to time gaps of various
duration (e.g., Masetti et al., 2012).

The last lithostratigraphical unit of the sampled succession is the
lower member of the Rosso Ammonitico Veronese (upper Bajo-
cian-middle Callovian; Martire, 1992, 1996; Clari et al., 1984; Martire
et al., 2006; Barbieri and Grandesso, 2007), characterized by red
nodular pelagic limestone with hardground surfaces and stromatolite
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Fig. 3. Eomiodon Horizon from the Malga Zonta outcrop and nodular W/P and marl alternation unit of the middle Rotzo Formation, Monte Toraro outcrop. A,
Eomiodon Horizon of the lower Rotzo Formation (MZ). B, bivalve pavement with Eomiodon serradensis and plant remains (MZ). C-D, articulated and fragmented shells

of Opisoma excavatum, sample CT101.

structures. Only the lowermost part of the Rosso Ammonitico Veronese
was sampled at the Monte di Campoluzzo section (Figs. 2, 5G).

5.2. Larger benthic foraminiferal biostratigraphy

The LBF assemblages from the TCs are highly diverse and consist of
taxa typical of the Lower Jurassic western Tethys (e.g., Hottinger, 1967;
Septfontaine, 1984; Bassoullet, 1997; Fugagnoli, 2004; BouDagher-
Fadel and Bosence, 2007; Fugagnoli and Bassi, 2015; Gale and Kelemen,
2017; Sevillano et al., 2020). They include twelve species belonging to
ten genera (Fig. 6): Agerella martana, Amijiella amiji, Bosniella oenensis,
Cymbriaella lorigae, Everticyclammina praevirguliana, Haurania deserta,?
Lituosepta sp., Orbitopsella praecursor, Orbitopsella primaeva, Paleo-
mayncina termieri, Pseudocyclammina liasica, Pseudocyclammina sp.

The FO of Orbitopsella primaeva is just above the Eomiodion Horizon,
at 12 m from the base of the section (Fig. 2). The FO of Orbitopsella
primaeva/praecursor transitional forms is recorded at 57 m, in the
lowermost part of the NWP unit (Fig. 2). These forms co-occur with
typical O. primaeval, up to 62 m from the base of the section, and with
O. praecursor, whose FO is at 73 m from the base of the section. The LO of
the genus Orbitopsella is at c. 130 m, in the upper part of the NWP unit
(Fig. 2). Everticyclammina praevirguliana appears together with
O. praecursor and reaches the top of the section. Agerella martana occurs
between c. 50 m and c. 110 m. Pseudocyclammina liasica ranges from 90
m to c. 130 m, disappearing together with Orbitopsella spp. Palae-
omayncina termieri is present from 123 m to 170 m.?Lituosepta sp. is
recorded in a few beds at c. 150-160 m. Pseudocyclammina sp. ranges
from 155 m (FO) to the top of the section (i.e., Misone Limestone).
Amijiella amiji appears at 110 m and disappears at c. 160 m. The Misone
Limestone, is characterized by Cymbriaella lorigae and Bosniella oenensis,
along with Pseudocyclammina sp., E. praevirguliana, and Haurania deserta.

The dasycladalean alga Palaeodasycladus mediterraneus occurs
throughout the Rotzo Formation and is associated with the microfossil
Thaumatoporella parvovesiculifera. Both these taxa are characteristic of
Lower Jurassic inner-platform settings of the western Tethys (e.g., Sar-
toni and Crescenti, 1959;Chiocchini and Mancinelli, 1978; Chiocchini
et al., 1979, 1994; Fliigel, 1983; BouDagher-Fadel et al., 2001; Sokac,
2001; Mancinelli et al., 2005).

5.3. Carbon isotope stratigraphy

In the Monte Toraro section, the uppermost 240 cm of the Loppio
Oolitic Limestone (Fig. 2) shows 8'3C values ranging between —1.09 %o
and +0.53 %o, with the lowest value in bed CT1.

The Eomiodon Horizon exposed in the Monte Toraro succession
(samples CT8-CT16; Fig. 2) records 513C values from —0.07 %o at the
base to +0.37 %o at the top of the interval (Table S1), with minor fluc-
tuations around 0 %o in the lower part and a plateau of +0.2 %o to +0.5
%o in the upper part. In the MZ section (Fig. 3A) the 8'3C profile of the
upper 3 m of the Eomiodon Horizon shows a plateau with values between
+0.88 %o and +0.13 %o (Table S1), followed by a negative shift to —1.06
%o at 3.30 m from the base.

The informal MW unit (samples CT17 to CT47) is characterized by
5'3C values ranging between —1.54 %o and +2.19 %o (Table S1). The
513C profile (Fig. 2) shows an overall rising trend with superimposed
high amplitude fluctuations resulting into four negative peaks at 14 m
(—1.54 %o), 26.1 m (—0.48 %o), 30.6 m (—1.34 %o), and 41.5 m (—0.53
%) (Fig. 2).

The lowermost part of the informal NWP unit (samples CT48-CT63)
records 8'3C values from +1.10 %o to +2.17 %o, showing minor fluctu-
ations of less than 0.5 %o between adjacent samples and no definite trend
(Fig. 2, Table S1). The subsequent interval (samples CT62-CT73; Table
S1), displays a rising trend from +1.81 %o to +2.99 %o (Fig. 2, Table S1),
reaching the maximum value at 70.4 m from the base of the section.

This is followed by a c. 38 m thick interval of rather stable 5'3C
values, ranging from +2.27 %o to +2.99 %o (samples CT74 to CT106,
from 71.2 to 109.4 m; Fig. 2, Table S1). A distinct positive excursion
occurs above, starting at +2.47 %o (110.2 m, sample CT107), peaking at
+4.2 %o (118.05 m, sample CT118) and decreasing to +2.77 %o at 123.8
m (sample CT127; Fig. 2, Table S1).

The uppermost NWP unit (samples CT168-CT135, 126.8-148.65 m)
shows rather invariant §'3C values, ranging from +2.88 %o to +3.46 %o
(Fig. 2, Table S1). The lower part of the BCL unit (samples CT136-CL64,
149.15-174.75 m) features a broad positive excursion with super-
imposed high amplitude fluctuations, reaching peak values of >5 %o at
around 160 m from the base of the section. The upper BCL unit
(CL63-CL32, 175.95-206.75 m) shows 513C values of +2.26 %o to+4.64
%o (Table S1), with an overall decreasing trend and four superimposed
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Fig. 4. Details of the nodular W/P and marl alternation unit of the middle Rotzo Formation, Monte Toraro. A, Valico di Valbona; the beds figured in this photograph
encompass the bulk samples CT46-CT72 and the brachiopod bed of sample TO27. B, beds with Lithiotis problematica and uppermost brachiopod beds with Lych-
nothyris rotzoana (TO39-T041). C, Lithiotis problematica accumulation with transversally sectioned shells; the arrows indicate the umbonal cavity, a peculiar tax-
onomical character of this species (CT123, TO39). D, F, Lychnothyris rotzoana accumulations, bed TO41. E, Orbitopsella bed (CT118).

positive excursions (Fig. 2).

The Misone Limestone (samples CL31-CL19) displays a relatively flat
s8¢ profile between +2.42 %o and+3.36 %o (Table S1), with a minor
positive fluctuation at the base of the unit (positive peak of +3.36 %o at
209.75 m; Fig. 2). In the SVO (samples CL18-CLO03) §'3C values range
from +1.90 %o to +2.55 %o (Table S1) with a low amplitude negative
excursion reaching a minimum of+1.90 %o at 218.9 m (Fig. 2). In the
thin interval of the RAV at the top of the studied section two samples
shows 83C values of +2.85 %o and +2.77 %o (Table S1).

5.4. Strontium isotope ratios

The four bulk rock samples of the Loppio Oolitic Limestone have
875r/%6Sr values ranging from 0.707381 to 0.707447 (Table S1), with a
scatter of up to 60x107° over a stratigraphical distance of about 30 cm.
The two samples of the Eomiodon Horizon in the CTs show values
0.707392 and 0.707381. One sample from the same stratigraphical in-
terval in the MZ section shows a value of 0.707392 (Table S1). The seven
bulk rock samples from the informal MW unit exhibits values from
0.707325 to 0.707417 (Table S1) with no consistent stratigraphical
trend. In the NWP unit the 87Sr/%Sr values of the seven brachiopod
shells range from a maximum of 0.707284 for sample TO19 to a mini-
mum of 0.707219 for sample TO40, showing a trend of decreasing
values with stratigraphical height (Fig. 2). The bulk rock samples range
from a maximum %Sr/%°Sr value of 0.707345 at the base of the unit

(sample CT53) to a minimum of 0.707191 at the top (sample CT135)
(Table S1). These values are more scattered compared to those of the
brachiopod shells, with some outliers interrupting the overall decreasing
trend. Bulk rock samples show values up to 60x10~°® higher than
brachiopod shells from adjoining stratigraphical levels (for instance, see
bulk samples CT67 and CT60 and the brachiopod shell TO19-BR3; Table
S1). The seventeen bulk rock samples from the informal BCL unit range
between 0.707094 and 0.707352 (Table S1), displaying a rather wide
scatter (Fig. 2). Three samples in the Misone Limestone have 875y /86gr
values ranging from 0.707113 to 0.707148. The five bulk rock samples
from the SVO range from a maximum of 0.707327 at the base of the unit
to a minimum of 0.707247 close to the top. Finally, two samples at the
base of the RAV have values of 0.707094 and 0.707159.

6. Discussion

6.1. Assessing the preservation of the marine strontium isotope ratio in
brachiopod shells and bulk rock samples

Eleven brachiopod shells collected from the Rotzo Formation were
examined with SEM and cathodoluminescence to assess their state of
preservation. Specimens were considered well-preserved when (1) they
retained original microstructural features observable under the SEM,
and (2) the corresponding portion of the thin sections were non-
luminescent under cathodoluminescence (e.g., Garbelli et al., 2012).
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Fig. 5. Details of the biocalcarenites with Cochlearites-Lithiperna accumulations unit of the upper Rotzo Formation, Monte Toraro (CT, TO) and Campoluzzo (CL).
A-F, biocalcarenite beds with metre-thick bivalve mounds of Cochlearites and Lithioperna (CT, TO, CL). A, bed surface with a Cochlearites loppianus valve laying with
the inner surface upwards, CT150. B-C, Cochlearites and Lithioperna bed, the circled shells show the taxonomical characters for the identification of Cochlearites,
CT153. D, articulated Lithioperna scutata shells, CL67. E, flank of a Cochlearites loppianus mound, upper part of the Toraro succession. F, Cochlearites mound,
CT165-CT167. G, unconformable and erosional contact between the San Vigilio Oolite and the Rosso Ammonitico Veronese, CL01-CL02.

This combined approach allowed us to evaluate both the structural
integrity and the reliability of the geochemical data prior to their use in
SIS.

The seven brachiopod shells ultimately selected for SIS (Table 1)
show good preservation of both the fibrous and columnar layer micro-
structures (Fig. 7). In these specimens, the fibres display a well-defined
outline and the columns of the tertiary shell layer show micrometric
banding of suggesting minimal diagenetic alteration. Conversely, sam-
ples with disrupted microstructure with evidence of dissolution were
excluded, as these features are indicative of diagenetic modification and
loss of primary isotopic information. Luminescence, controlled primar-
ily by the molar ratio of Fe/Mn, serves a good proxy for diagenesis, given
that pristine marine carbonate is typically depleted in Fe and Mn
(Machel, 2000). Accordingly, non-luminescent shells are interpreted as
least affected by secondary alteration, whereas luminescent portions
reflect Mn enrichment, usually derived from the breakdown of organic
matter during diagenesis (Fujioka et al., 2025). In line with the

diagenetic experiments of Fujioka et al. (2025), our observations indi-
cate that Mn-enriched, luminescent domains correspond to shell por-
tions where original carbon and oxygen isotope compositions have been
overprinted. Such domains are therefore unsuitable for paleoenvir-
onmental reconstructions or stratigraphical purposes. By combining
SEM-based microstructural screening with cathodoluminescence imag-
ing we were able to identify brachiopod shells most likely to preserve
primary isotopic signatures, thus maximizing the reliability of SIS re-
sults. The analysed shell fragments are non-luminescent across most of
their structure, except for portions along fractures permeated by late
diagenetic fluid or zones with disrupted microstructure. The fibrous
layer shows poor to weak luminescence, while the columnar layer is
consistently the darkest part of the shell (Fig. 8). The surrounding rock
matrix is similarly poorly to slightly luminescent, comparable to the
fibrous layer, except in areas hosting cements precipitated by late
diagenetic fluids.

By contrast, bulk rock carbonate samples represent mixtures of
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Fig. 6. Selected LBF lituolid species from the Monte Toraro (TO) and Monte di Campoluzzo (CL) sections, Rotzo Formation. A, Orbitopsella primaeva; B-form, TO. B,
Orbitopsella primaeva; A-form, TO. C, Orbitopsella praecursor; A-form, TO. D, Everticyclammina praevirguliana; A-form, TO. E, Pseudocyclammina liasica; A-form, TO. F,

Bosniella oenensis; A-form, CL. G, Cymbriaella lorigae; A-form, CL.

pristine marine precipitates and diagenetic material introduced through
interaction with marine and non-marine fluids. Their geochemical
composition is, therefore, commonly altered to some degree, causing
their strontium isotopic ratio to deviate from contemporaneous
seawater values (e.g., Banner, 1995; Swart, 2015). The high-amplitude
fluctuations and large scatter (up to 50-150 x 107® over strati-
graphical intervals of <10 m) observed in the 8sr/%sr values ratios of
most bulk rock samples (Fig. 2, Table S1) clearly indicate diagenetic
overprinting or contamination by non-marine strontium. Such vari-
ability is incompatible with the expected smooth evolution of marine
87r/%Sr over time, a consequence of the long residence time of stron-
tium in the seawater (McArthur, 1994; McArthur et al., 2016, 2020).
The following criteria were applied to select a subset of bulk rock
samples for SIS, under the assumption that they retained the pristine
isotope ratio of the seawater or were only minimally altered. We started
by comparing the 37Sr/%°Sr values of bulk rock samples and well-
preserved brachiopod shells from adjoining levels (within <4 m; Table
S1). Most bulk rock samples have 8751 /855y values that are offset toward
higher values relative to the well-preserved brachiopods (Fig. 2). This
offset supports the hypothesis that diagenetic alteration or contamina-
tion with strontium of continental origin moved the pristine marine
values of carbonates precipitated from seawater toward more radiogenic
values, a well-known pattern commonly reported in the scientific liter-
ature (e.g., Veizer and Compston, 1974; McArthur, 1994; Banner, 1995;
Brand et al., 2011; Frijia et al., 2015; Yamamoto et al., 2017; Table S1).

10

Two bulk samples with 8 Sr/%°Sr values within analytical error of well-
preserved brachiopods from adjoining stratigraphical levels were
considered non-altered, or minimally affected by diagenesis and/or
contamination, and they were retained or SIS (CT168 and CT115; Fig. 9,
Table S1). Under the hypothesis that in the studied succession diagenetic
alteration moved the original 8Sr/%Sr ratios toward higher values, in
intervals lacking brachiopod shells, we retained for SIS the bulk rock
samples showing the lowest 7Sr/%0Sr values (Fig. 9). Two samples
complying with this criterion were discarded because their Sr isotope
ratio would produce a SIS age older than a sample stratigraphically
below. This is the case of sample CT5, in the Loppio Oolitic Limestone,
and of sample CL31, in the Misone Limestone (Fig. 9, Table S1). The plot
of 87Sr/%5sr vs the stratigraphical position (metres from the base of the
section; Fig. 9), shows that segments connecting the subset of samples
selected for SIS (bulk rock samples with lowest 875r/805r values and
well-preserved brachiopod shells) display only minor changes in incli-
nation (Fig. 9). Assuming a nearly constant long-term accumulation rate
and the absence of significant gaps, this pattern aligns with the accepted
view of linear changes in marine Sr/%6Sr ratio through geological time
(McArthur et al., 2016), supporting the hypothesis that the selected bulk
rock samples preserved their pristine marine strontium isotope ratio or
were only minimally altered.
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Fig. 7. Shell microstructure of brachiopods specimens observed with the scanning electron microscope. A, shell sequence composed of an outer fibrous (f) and inner
columnar (c) layer, specimen TO19-BR3. B, detail of A showing the fibres (f), with a keel and saddle outline crossed by a punctum (p), and the boundary with the
columns (c). C, columnar layer of specimen TO19-BR3. D, detail of C s showing accretionary bands (arrows) in a column. E, fibres of the umbonal region, specimen
TO27-2. F, details of D showing morphologically preserved fibres with keel and saddle outline. G, shell sequence of the middle shell region with fibres (f) and
columns (c). H, columnar layer of the specimen TO37-1-ter. I, detail of H with accretionary bands. J, shell sequence composed of an outer fibrous (f) and inner
columnar (c) layer, specimen TO40-1 (inner). K, fibrous layer (f) crossed by small punctae (p), specimen TO41-3. L, detail of M showing the fibres with keel and

saddle outline. The outermost shell surface is at the top of the images.

6.2. Strontium isotope stratigraphy of the Rotzo Formation

SIS ages of the selected brachiopod shells and bulk rock samples were
used to assign numerical ages, chronostratigraphical positions and cor-
responding ammonite zone to lithostratigraphical intervals recognized
in the studied TCs (Fig. 9, Tables 1-2).

Sample CT11 in the Eomiodon Horizon yielded a SIS age of 192.30
Ma, corresponding to the lower Pliensbachian Jamesoni Zone (Fig. 9,
Table 2). This confirms the Pliensbachian age inferred by previous Au-
thors (Posenato and Masetti, 2012; Posenato et al., 2013b). Notably,
sample CT11 and sample MZ9 from the Eomiodon Horizon of the MZ

11

section show the same 87Sr/%%Sr ratio (Table S1).

Sample CT15, at the base of the MW unit, gives a SIS age of 192.10
Ma and sample CT39, at 40 m from the base of the TCs, provides a SIS
age of 191.08 Ma (Table 2). These two samples constrain the lower
Pliensbachian age of the MW unit and support a correlation with the
Jamesoni Zone.

The brachiopod shell of sample TO19, at 60.4 m from the base of the
section, in the lower part of the NWP unit, yields a SIS age of 190.12 Ma,
which corresponds to the lower Pliensbachian (Fig. 9, Table 1). The two
brachiopod shells of sample TO27 provide a SIS age of 189.49 Ma, which
is located within the Ibex Zone, based on the calibration of Hesselbo
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Fig. 8. Luminescence features of the brachiopod specimen TO19-BR3. The
image captured with the cathodoluminescence microscope system (right) is
coupled with optical photomicrographs under transmitted light (left). The
outermost shell surface is at the top of the image.

et al. (2020) (Table 1).

Sample CT115, at 116.2 m from the base of the section, yields a SIS
age of 188.82 Ma. This age is congruent to the upper Pliensbachian
Davoei Zone. The brachiopod shells of samples TO37-TO41 give a SIS
age of 188.67 Ma, which corresponds to the boundary between the
Davoei and the Margaritatus zones (McArthur et al.,, 2020; Fig. 9,
Table 1).

Sample CT168, at 126.8 m from the base of the section, gives a SIS
age of 188.50 Ma, corresponding to the lowermost part of the upper
Pliensbachian lower Margaritatus Zone (Stokesi Subzone) according to
the direct calibration in the look-up table of McArthur et al. (2020)
(Table 2 and Fig. 9). Sample CT135, at the top of the NWP unit (at
148.65 m from the base of the section) gives a SIS age of 188.01 Ma,
corresponding to the Margaritatus Zone (uppermost part of the Stokesi
Subzone; Table 2).

Sample CT143, in the lowermost part of the BCL unit, at 153.45 m
from the base of the section, gives a SIS age of 187.86 Ma, corresponding
to the upper Pliensbachian Margaritatus Zone (Subnodosus Subzone).
Sample CL56, at 177.15 m from the base of the section, gives a SIS age of
186.16 Ma, which falls within the Spinatum Zone according to the
calibration of McArthur et al. (2020) (Fig. 9, Table 2). Sample CL45, in
the upper part of the BCL unit (at 192.95 m from the base of the TCs),
gives a SIS age of 185.99 Ma, in the upper Pliensbachian Spinatum Zone
(Table 2). As stated above, we hypothesize that the 87Sr/%0sr ratio of
sample CL-31 was shifted toward higher value by digenetic alteration.
For this reason, we excluded it from the SIS dataset. Since no evidence of
an unconformity is observed at the top of the Rotzo Formation, and
considering the age obtained from sample CL45 in the upper part of the
BCL unit, we tentatively accept an uppermost Pliensbachian age for the
Misone Limestone.

Sample CLO7, at 6 m above the base of the San Vigilio Oolite, yielded
a SIS age of 177.87 Ma, corresponding to the upper Toarcian (Variabilis
Zone). This result is consistent with the age inferred from bio-
stratigraphical constraints for the base of this formation (Callomon
et al., 1994).

Sample CL02, at the base of the Rosso Ammonitico Veronese, gives a
SIS age of 169.01 Ma, corresponding to the upper Bajocian. This age is in
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Fig. 9. Strontium isotope stratigraphy of the Toraro-Campoluzzo composite
section. The ®7Sr/%®sr values of well-preserved brachiopod shells and of a
subset of the bulk rock samples have been used to assign numerical and chro-
nostratigraphical ages and to correlate to standard ammonite zones. The con-
version from Sr isotope ratios to ages is made by using the LOWESS 6 look-up
table of McArthur et al. (2020), which is tied to the Geologic Time Scale of
Gradstein et al. (2020). The criteria applied to select the bulk samples for
strontium isotope stratigraphy are explained in paragraph 6.2. The data of
strontium isotope stratigraphy are summarized in Tables 1-2. For abbreviations
see Fig. 2.

good agreement with that attributed to the lower member of the RAV
based on ammonites (Martire, 1996).

6.3. Assessing the reliability of the carbon isotope record of the
Toraro—Campoluzzo composite section as a stratigraphical tool for global
correlations

The carbon isotope record of shallow-water carbonates is widely
used as a stratigraphical tool for global correlation and chronostrati-
graphical calibration (e.g., Halverson et al., 2005; Maloof et al., 2005;
Huck et al., 2011; Parente et al., 2007). However, several potential
pitfalls complicate the correlation between carbon isotope records
derived from shallow-water carbonates and those representing the
global ocean, as preserved in deep-water sediments (e.g., Immenhauser
et al., 2008; Swart, 2008, 2015; Ahm and Husson, 2022, and references
therein). These pitfalls can be broadly grouped into three general cate-
gories: (1) palaeoceanographic effects, which may decouple the
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chemistry of neritic water masses from that of the open ocean (see
Immenhauser et al., 2008, for a review); (2) compositional biases,
arising from the much greater heterogeneity of shallow-water carbonate
sediments when compared with the relatively homogeneous open ocean
deep-water carbonate sediments (e.g., Geyman and Maloof, 2021); (3)
diagenetic alteration, which for carbon isotopes is mainly driven by
syndepositional respiration of organic matter within marine pore waters
and by interaction with meteoric water during early diagenesis (e.g.,
Patterson and Walter, 1994; Allan and Matthews, 1982; Swart, 2015).

In this section, we assess the impact of compositional and diagenetic
effects on the stable isotopes record of the studied section by examining
crossplots of carbon and oxygen isotope ratios. Nearly all analysed bulk
rock samples have §'0 values within the range of Pliensbachian sub-
tropical shallow seawater, as defined by well-preserved brachiopod
shells (Figs. 10, S1; Veizer and Prokoph, 2015). Since the oxygen isotope
ratio of carbonates is easily altered during diagenesis, even at low water-
to-rock ratios (Banner and Hanson, 1990), this observation suggests that
diagenesis did not play a major role in significantly modifying our
dataset.

By contrast, carbon isotopes of carbonates are generally more resis-
tant to diagenetic alteration, as they are buffered by the large amount of
carbon supplied through carbonate dissolution compared to the rela-
tively minor contribution of carbon from diagenetic fluids (Banner and
Hanson, 1990). Nevertheless, deviations from the expected primary
seawater signal are evident in the dataset. Many samples fall outside the
range of Pliensbachian tropical seawater (Figs. 10, S1), as defined by the
compilation of well-preserved belemnite and brachiopod shells in Pro-
koph et al. (2008). Specifically, most samples from the BCL unit, and
nearly half of those from the NWP unit, displays 8'3C values up to 2 %o
higher than the maximum value recorded by coeval brachiopods and
belemnites. A possible explanation is that this subset of samples reflects
the original higher aragonite content of their depositional setting, as
aragonite tends to yield 8'°C values shifted toward higher values
(Romanek et al., 1992). This interpretation is also consistent with the
observation that nearly all samples with §'3C values >3 % (i.e., outside
the range of well-preserved Pliensbachian brachiopods and belemnites,
whose shells are made of low-Mg calcite) are from levels characterized
by accumulations of lithiotid bivalves (Fig. 2), whose thick shells were
dominantly aragonitic. Furthermore, apart from these anomalously
positive values (8'3C values >3 %o), the remaining samples from other
lithologic intervals exhibit largely overlapping 5'°C ranges (Figs. 10,
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S1). This pattern suggests that, outside the influence of aragonite-rich
lithiotid accumulations, there is no compelling evidence for a strong
facies-related control on the §'3C signal.

Another potential source of compositional bias lies in the heteroge-
neity of 5'3C values in the dissolved inorganic carbon (6'3Cpic) of
seawater over shallow-water platforms. Local photosynthesis and
calcification of marine organisms preferentially remove '2C from the
seawater, thereby enriching the residual DIC in 13¢ (Swart et al., 2009).
These processes can generate isotopic fractionations of up to approxi-
mately 8 %o (Emrich et al., 1970; Romanek et al., 1992). Therefore, when
establishing carbon isotope stratigraphy from shallow-water carbonates,
it is critical to target settings less affected by strong 5'°Cpyc heteroge-
neity. In the case study, as we analysed carbonates deposited in a
lagoonal palaeoecosystem, the effect of 613CD1C heterogeneity is likely
minimal.

Starting from Allan and Matthews (1982), a positive correlation
between 5'3C and 8'%0 values has been often invoked as evidence for
diagenetic alteration by waters of mixed meteoric-marine origin. In our
dataset, the crossplots in Fig. 10 (see also Fig. S1) show that a strong
positive correlation (r> = 0.95) is present only in the samples of the
Loppio Oolitic Limestone, at the base of the studied section. This is
consistent with the evidence of subaerial exposure at the top of this unit,
both in the studied section and in other areas of the Trento Platform
(Petti et al., 2011; Preto et al., 2017). By contrast, the Rotzo Formation
shows neither sedimentological nor petrographic evidence of subaerial
exposure and/or meteoric diagenesis. Moreover, no significant covari-
ance between carbon and oxygen isotope ratios is observed (Figs. 10,
S1). Importantly, the 5'80 values largely overlap with those of well-
preserved brachiopod shells (Figs. 10, S1; Prokoph et al., 2008; Veizer
and Prokoph, 2015). Taken together, these lines of evidence support the
interpretation that the carbon isotope record of the Rotzo Formation
could preserve, at least in the major features, the primary signal of the
global ocean. In the following sections we explore the correlation of this
record with reference curves of sections from deep-water settings, using
the SIS age constraints as tie points.

6.4. Comparing the carbon isotope record of the Rotzo Formation with
reference 51°C curves

Figure 11 shows a correlation panel comparing the carbon isotope
profile of the studied section with those of two well-documented

o RAV
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Fig. 10. Crossplot of §'3C and 8'®0 values of bulk rock samples from the Toraro—-Campoluzzo composite section (see dataset in Table S1). The shaded red area
delimits the region of 5'80 values measured on well-preserved brachiopod shells of Veizer and Prokoph, 2015. The shaded blue area delimits the region of 8'>C values
from well-preserved brachiopod and belemnite shells of Prokoph et al., 2008. A strong positive correlation (r> = 0.95) between §'*C and 880 values is present in
samples from the Loppio Oolitic Limestone. For abbreviations, see Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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successions in the UK: Robin Hood’s Bay in the Cleveland Basin (Korte
and Hesselbo, 2011) and the Mochras Core in the Cardigan Bay Basin
(Storm et al., 2020). These two successions are used as reference sections
for carbon isotope stratigraphy because they are calibrated against the
GTS 2020 by means of standard ammonite zonation and are considered
as reliable records of global carbon isotope events. For the Trento
Platform, we plotted a smoothed curve obtained by applying a 5-points
moving average to the carbon isotope ratios listed in Table S1. For the
Cleveland Basin we used the data provided in the supplementary ma-
terial of Korte and Hesselbo (2011). In particular, the curve labelled
“813C shells” in Fig. 11 is a 5-points moving average of the carbon
isotope ratios from belemnite, brachiopod and bivalve shells with Sr >
400 ppm and Mn < 250 ppm, considered to be well preserved by Korte
and Hesselbo (2011). The curve labelled “8'3C wood” is a 5-points
moving average of 5'3C values from wood samples (Table S1 in Korte
and Hesselbo, 2011). For the Mochras core in the Cardigan Bay Basin we
plotted a 7-points moving average of the §'3C TOC values reported in the
supplementary material of Storm et al. (2020). The two reference sec-
tions of Korte and Hesselbo (2011) and Storm et al. (2020) are con-
strained by a well-established ammonite zonation, whereas the position
of the ammonite zone boundaries in the studied section has been
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inferred on the basis of the SIS data (see paragraph 6.2).

The tentative correlation framework presented in Fig. 11 suggests
that the long rising trend of the 8'3C curve, extending from the base of
the Rotzo Formation to the lower part of the NWP unit corresponds to
the rising arm of Sinemurian-Pliensbachian boundary event (SPBE) as
delimited in the Mochras core by Storm et al. (2020, fig. 3). The same
event has also been recognized in the Cleveland Basin curve of Korte and
Hesselbo (2011, fig. 6), and in many other sections of northern and
southern Tethyan margins (e.g., Morettini et al., 2002; Schootbrugge
van de et al., 2005; Speranza and Parisi, 2007; Woodfine et al., 2008;
Marino and Santantonio, 2010; Duarte et al., 2014; Bougeault et al.,
2017), including other successions of the Trento Platform (Franceschi
et al.,, 2014, 2019). This correlation supports the attribution of the
Eomiodon Horizon and of the MW unit of the Rotzo Formation to the
lower part of the Jamesoni Zone, as independently inferred from the SIS
data (see paragraph 6.2).

Higher up in the section, we propose that the positive 5'3C excursion
observed in the lower part of the BCL unit of the Rotzo Formation cor-
relates with the late Pliensbachian positive event identified in the 5!°C
curves of the Cardigan Basin (Fig. 11). A correlative positive excursion,
referred to the Subnodosus positive event in Storm et al. (2020, fig. 3), is
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Fig. 11. Carbon isotope stratigraphy of the Toraro-Campoluzzo composite section. The carbon isotope profile of the studied section has been correlated with the
profiles of two well-dated reference sections that preserve the record of global carbon isotope vents of the Early Jurassic Ocean: the Robin Hood’s bay section in the
Cleveland Basin (Korte and Hesselbo, 2011) and the Mochras core in the Cardigan Bay Basin (Storm et al., 2020). The 5'3C carb curve for the Trento Platform (this
study) has been obtained by applying a 5-points moving average to the 5'°C data of the bulk samples of the Toraro-Campoluzzo composite section (the data are listed
in Table S1). The 8'3C shells curve of the Cleveland Basin is a 5-points moving average of the carbon isotope ratios of well-preserved belemnite, brachiopod and
bivalve shells with Sr > 400 ppm and Mn < 250 ppm (data in Table S1 of Korte and Hesselbo, 2011). The curve labelled as “5'°C wood” is a 5-points moving average
of the carbon isotope ratios of the wood samples (Korte and Hesselbo, 2011, Table S1). For the Mochras core in the Cardigan Bay Basin we have plotted a 7-points
moving average of the 8'C TOC values contained in the supplementary material of Storm et al., 2020. The Sinemurian—Pliensbachian boundary event and the Late
Pliensbachian Event are recognized in the carbon isotope profile of the Trento Platform by visual comparison with the reference curves. The correlation of carbon
isotope events is aided by the chronostratigraphical framework established by strontium isotope stratigraphy. For abbreviations see Fig. 2.
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also evident in the Mochras 5'3C record, although its delimitation differs
(Fig. 11). Comparable positive excursions have likewise been docu-
mented in other sections from both northern and southern Tethyan
margins and in the Paris Basin (e.g., Schootbrugge van de et al., 2010;
Peti et al., 2017; Mercuzot et al., 2019; Schollhorn et al., 2020). This
correlation supports assigning the base of the BCL unit of the Rotzo
Formation to the upper part of the Margaritatus Zone and placing the
Margaritatus-Spinatum zone boundary, both tentatively inferred from
the SIS data (Fig. 11).

6.5. Chronostratigraphical calibration of larger benthic foraminiferal
events and lithiotid bivalves

The age constraints established through the integration of SIS and
carbon isotope stratigraphy (paragraphs 6.2 and 6.4) provide the basis
for assigning a chronostratigraphical age to the biostratigraphical events
of LBF and to the onset and demise of the Lithiotis Facies in the Rotzo
Formation (Fig. 12).

6.5.1. Chronostratigraphical distribution of larger benthic foraminifera
Two LBF intervals can be distinguished in the studied section: the
Orbitopsella interval and the post-Orbitopsella interval. These intervals
correspond to those originally described by Fugagnoli and Loriga Bro-
glio (1998) and Fugagnoli (2004) in the Trento Platform. The lower limit
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of the Orbitopsella interval is marked by the FO of Orbitopsella primaeva,
whereas its upper limit is marked by the LO of the genus Orbitopsella and
of Pseudocyclammina liasica. In the Monte Toraro section, the FO of
Orbitopsella primaeva is just above the Eomiodon Horizon, at the base of
the MW unit of the Rotzo Formation. In other areas of the Trento Plat-
form the FO of Orbitopsella primaeva, in association with Lituosepta
recoarensis, is located in the Eomiodon Horizon (Val Gola section in
Fugagnoli, 1998).

Based on the SIS age of samples CT15, and on the additional
constraint offered by the recognition of the Sinemurian-Pliensbachian
Boundary Event in the 8'3C curve of the TCs, the FO of O. primaeva in the
Rotzo Formation can be assigned to the lowermost Pliensbachian,
correlating with the lower part of the Jamesoni Zone (Fig. 12, Table 2).
This age is in agreement with the Pliensbachian age inferred for the
Eomiodon Horizon (Posenato and Masetti, 2012; Posenato et al., 2013b)
but is younger than the late Sinemurian age previously proposed for the
FO of O. primaeva in the Rotzo Formation (Fugagnoli and Loriga Broglio,
1998; Fugagnoli, 2004) and in the Lower Jurassic Tethyan LBF schemes
(e.g., Kabal and Tasli, 2003;Veli¢, 2007; Gale, 2014). These earlier in-
terpretations were based on the Morocco successions, where the FO of
Orbitopsella primaeva is placed between a level with middle Sinemurian
ammonites and a level with middle lower-Pliensbachian ammonites
(Septfontaine, 1984, fig. 4). It is evident that these chronostratigraphical
constraints are compatible with the lower Pliensbachian age proposed
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Fig. 12. Chronostratigraphical calibration of the biostratigraphical distribution of larger benthic foraminifera and lithiotid bivalves in the Toraro-Campoluzzo
composite section. By integrating strontium isotope stratigraphy and carbon isotope stratigraphy we obtained a well-constrained framework for the correlation of the
first occurrence (FO) of Orbitopsella primaeva with the lower part of the Jamesoni Zone and of the last occurrence (LO) of the genus Orbitopsella with the lowermost
part of the Margaritatus Zone. This represent a significant refinement of the previously accepted ages which were poorly constrained by indirect correlation to
ammonite-bearing beds. Similarly, we obtained new constraints on the ages of the onset, development, and demise of the most renowned bivalves of the Lithiotis

Facies in the Rotzo Formation.
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here through the integration of SIS and carbon isotope stratigraphy. A
comparable age for the FO of Orbitopsella has also been reported in the
Betic Cordillera (southern Spain; Gonzales-Donoso et al., 1977).

In the TCs, the LO of the genus Orbitopsella (Orbitopsella praecursor
and Orbitopsella primaeva/precursor) is in the upper part of NWP unit, at
c. 130 m from the base of the section. The SIS ages of the brachiopod
shells TO37-41 (from 120.4 m to 124.9 m from the base) and of the bulk
sample CT168 (at 126.8 m from the base) constrain this level to the
lowermost part of the upper Pliensbachian correlating with the Stokesi
Subzone of the Margaritatus Zone (Fig. 12, Tables 1-2). Most studies on
the biostratigraphy of Lower Jurassic LBF propose a slightly older age
for the LO of the genus Orbitopsella, either in the uppermost lower
Pliensbachian (uppermost Carixian in Septfontaine, 1984) or at the
lower-upper Pliensbachian boundary (e.g. Bassoullet, 1997; Fugagnoli
and Loriga Broglio, 1998; Kabal and Tasli, 2003; Fugagnoli, 2004; Velic,
2007). These earlier interpretations either rely on Septfontaine (1984)
or do not provide explicit evidence. In fact, Septfontaine’s (1984, p. 221)
calibration of the LO of Orbitopsella praecursor to the lower Pliensba-
chian is based solely on correlation with levels containing the ammonite
genus Fuciniceras. However, this genus is also typical in the lower upper
Pliensbachian Stokesi Subzone (e.g., Meister et al., 2011) and the
Fuciniceras lavinianum Zone is regarded as the Tethyan equivalent of
the Stokesi Subzone (Braga, 1983; Braga et al., 1982, 2025). Orbitopsella
dubari, exclusively identified in the lowermost upper Pliensbachian
(Hottinger, 1967; Bassoullet, 1997), occurs associated with O. praecursor
in the Rotzo Formation but not in the Monte Toraro area (Fugagnoli,
2004). The lowermost upper Pliensbachian age (Stokesi Subzone) pro-
posed here for the LO of the genus Orbitopsella in the Rotzo Formation,
constrained by SIS, is therefore entirely compatible with the Septfon-
taine’s framework (Septfontaine, 1984). This age is also supported by
the occurrence of an ammonite of the Stokesi Subzone in O. praecursor-
bearing beds of Monte Baldo (western Trento Platform; Sarti and Ferrari,
1999).

Pseudocyclammina liasica, generally considered an upper Pliensba-
chian-lower Toarcian species that typically appears after the LO of
Orbitopsella praecursor (Septfontaine, 1984; Bassoullet, 1997), in the
Monte Toraro section co-occurs with O. praecursor in the lower Pliens-
bachian and disappears in the lowermost upper Pliensbachian.

The post-Orbitopsella interval, c. 75 m-thick, encompasses the upper
part of the studied section, from the LO of O. praecursor in the NWP unit of
the Rotzo Formation up to the Rotzo Formation-Misone Limestone
boundary (Fig. 12). This interval is characterized by the occurrence of
Amijiella amiji, Everticyclammina praevirguliana, Haurania deserta,
Palaeomayincina termieri,?Lituosepta sp., and Pseudocyclammina sp. In
addition, Bosniella oenensis and Cymbriaella lorigae have their FO in the
uppermost part of the Rotzo Formation (Fig. 2). Based on the SIS con-
straints (Table 2) and on the identification of the Late Pliensbachian Event
in the 8'3C curve of the TCs (Fig. 12), the post-Orbitopsella interval of the
Rotzo Formation can be assigned to the lowermost upper Pliensbachian
(Margaritatus Zone, Stokesi Subzone) through to the uppermost Pliens-
bachian (Spinatum Zone).

6.5.2. Age and distribution of the lithiotid bivalves in the Rotzo Formation

In the lowermost part of the studied succession lithiotid bivalves are
rare. They appear in MW unit at c. 16 m from the base of the Rotzo
Formation with small (c. 10 cm high) and thin shells of Lithioperna
(Fig. 12). This first level can be assigned to the lowermost Pliensbachian,
based on the SIS age of sample CT15 (Table 2), and correlated with the
lower part of the Jamesoni Zone (Fig. 12). Lithioperna re-appears in the
lower part of NWP unit at c. 60 m from the base of the Rotzo Formation
with larger (c. 20 cm high) and thicker specimens. This level can be
attributed to the lower Pliensbachian based on the SIS age of the
brachiopod shells of sample TO19 (Fig. 12, Table 1), and correlated with
the upper part of the Jamesoni Zone, within the Sinemur-
ian-Pliensbachian Boundary Event of the 513C curve (Fig. 12). Few
metres above, the bivalve association also includes Opisoma. The first
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appearance of Lithiotis is recorded at c. 115 m from the base of the Rotzo
Formation, where this aberrant lithiotid species constitutes m-thick ac-
cumulations intercalated with brachiopod-rich beds (Brandolese et al.,
2019; Bassi et al., 2024). The SIS age of the brachiopods of samples
TO37-41 support an age for the Lithiotis beds close to the boundary
between the Davoei and the Margaritatus zones (Fig. 12, Table 1).
Cochlearites appears in the BCL unit, forming thick lens-shaped accu-
mulations (bivalve mounds) together with Lithioperna, which are char-
acteristic of the upper Rotzo Formation. The SIS age of sample CT135
indicates that Cochlearites-Lithioperna mounds correspond to a level
within the upper Pliensbachian Margaritatus Zone (Fig. 12), close to the
boundary between the Stokesi and Subnodosum subzones (Table 2).
This correlation is reinforced by the interpretation of the Late Pliens-
bachian Event recorded in the §'3C curve (Fig. 12).

Lithiotid bivalves disappear at the Rotzo Formation-Misone Lime-
stone boundary. This stratigraphical level is correlated with the upper-
most Pliensbachian Spinatum Zone, based on the SIS age of sample
CL45, and its position above the Late Pliensbachian Event in the §'3C
curve (Fig. 12).

The biostratigraphical distribution of the lithiotid bivalves docu-
mented in the TCs, which represents the depocenter of the Rotzo For-
mation, can be traced across the Trento Platform (e.g., Rotzo
stratigraphical section; Franceschi et al., 2014). In the condensed and
more landward successions of the Lessini Mountains, where the strati-
graphical hiatus between the Rotzo Formation and the Loppio Oolite
Limestone is perhaps longer, thick Lithioperna accumulations appear at
c. 8 m above the base of the Rotzo Formation (e.g., Vajo dell’Anguilla
section; Posenato and Masetti, 2012, fig. 5). In the same area, Lithiotis
appears at c. 10 m above the base of the Rotzo Formation, while the last
Lithiotis specimens, associated with Cochlearites, occur at c. 30 m above
base (Campodalbero stratigraphical section; Posenato and Masetti,
2012, fig. 5). In the western part of the Trento Platform (Viote strati-
graphical section), toward the Lombardia Basin, the first bed of the
Rotzo Formation contains an accumulation of Pachygervillia, a thick and
large bivalve of the Lithiotis Facies, with broad geographical and strati-
graphical distribution (Posenato and Crippa, 2023). In this section, the
first Lithioperna accumulation occurs at c. 25 m above the base
(Franceschi et al., 2014).

The stratigraphical and geographical distribution of the large bi-
valves of the Lithiotis Facies in the Rotzo Formation reflects both
evolutionary changes linked to global environmental perturbations,
recorded by the strong Pliensbachian variations in §'°C, and local
environmental changes, related to the significant tectonic activity that
affected the Trento Platform during the Early Jurassic (e.g., Masetti
etal., 2012; Martinelli et al., 2017; Franceschi et al., 2019). Establishing
a common stratigraphical framework to disentangle local and global (or
at least Tethyan-wide) events in the evolutionary history of lithiotid
bivalves remains challenging due not only to the scarcity of reliable
chronostratigraphical constraints but also to the complex interplay of
regional and global drivers. References to lithiotid taxa lacking field
photographs of diagnostic oriented shell sections should be considered
with great caution. Available data from the Trento Platform point to
three main proliferation phases of the lithiotid bivalves. The earliest, in
the middle Sinemurian, is represented by Gervilleioperna (Posenato et al.,
2024). The second, documented in this paper, recorded in the Ibex and
Davoei zones, after the negative CIE of the Sinemurian-Pliensbachian
Boundary Event, is characterized by an assemblage dominated by Lith-
ioperna, Lithiotis, and Opisoma, with subordinate Gervilleioperna, Pachy-
gervillia, and Pseudopachymytilus. The third phase, characterized by the
Cochlearites-Lithioperna association, is recorded during the upper
Pliensbachian Margaritatus zone and starts with the onset of the positive
CIE of the Late Pliensbachian Event (Fig. 12). This phase records the
maximum proliferation of lithiotids, when they formed some metre-
thick and several hundred-metre-wide bivalve mounds (Posenato and
Masetti, 2012). In the Trento Platform, the disappearance of the lith-
iotids in the latemost late Pliensbachian is related to a local increase in
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water depth recorded by the deposition of the Misone Limestone. In the
Apennine Platform (Trecalli et al., 2012; Posenato et al., 2018), Morocco
(Brame et al., 2019), and Chile (Aberhan and von Hillebrandt, 1999) the
lithiotids reached the early Toarcian, when they underwent extinction
during the biocalcification crisis (e.g., Trecalli et al., 2012; Brame et al.,
2019; Posenato et al., 2024). Among the bivalves of the Lithiotis Facies
only Gervilleioperna, Opisoma, and Pachyrisma survived to this mass
extinction, extending into the Middle-Late Jurassic (Posenato et al.,
2024).

7. Conclusions

In the Toraro—Campoluzzo area (Trento Platform, Southern Alps,
western Tethyan margin), at the depocenter of the Rotzo Formation, the
onset of lagoonal conditions is marked by the deposition of the Eomiodon
Horizon, which unconformably overlies the platform margin facies of
the Loppio Oolitic Limestone. Carbon and strontium isotope stratig-
raphy constrain this horizon to lowermost Pliensbachian, correlating
with the lower Jamesoni Zone.

Integration of isotope stratigraphy with biostratigraphical data re-
fines the chronostratigraphical framework for lituolid LBF and the onset,
development and demise of the Lithiotis Facies in the Rotzo Formation.
The results are summarized as follows:

1. In the studied area the first occurrence of Orbitopsella primaeva lies in
the lowermost lower Pliensbachian Jamesoni Zone, younger than the
late Sinemurian age commonly accepted in the most used bio-
stratigraphical schemes. The last occurrence of Orbitopsella prae-
cursor is in the lowermost upper Pliensbachian (lowermost
Margaritatus Zone), also younger than previously accepted so far.
This revised calibration, based on carbon and strontium isotope
stratigraphy, represents a significant improvement over earlier cal-
ibrations, which were based on poorly constrained indirect correla-
tions with ammonite-bearing beds.

2. Lithioperna first appears in the lower part of the lowermost Pliens-
bachian Jamesoni Zone, followed by Opisoma in the upper part of the
Jamesoni Zone. Lithiotis first occurs near the boundary between the
Davoei and the Margaritatus zones, forming m-thick accumulations
intercalated with brachiopod beds. The final stage of the Lithiotis
Facies is represented by the occurrence of thick Cochlear-
ites-Lithioperna mounds within the Margaritatus and Spinatum
zones. Lithiotid bivalves disappear at the Rotzo Formation-Misone
Limestone boundary, in the uppermost Pliensbachian Spinatum
Zone.

The scarcity of ammonite-dated horizons in Lower Jurassic shallow-
water carbonate platforms continues to limit chronostratigraphical
resolution. The approach applied here demonstrates that integrating
strontium and carbon-isotope stratigraphy provides a powerful tool for
refining LBF and Lithiotid bivalve biostratigraphy. Extending this
methodology across carbonate platforms will help unravel the evolu-
tionary history of these faunas and their relationship to climate change
and global carbon cycle perturbations during the Early Jurassic.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2025.113423.
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Taxonomic list of LBF, calcareous algal, bivalve, and brachiopod taxa
mentioned in the text and figures, listed in alphabetical order.

LBEF:

Agerella martana (Farinacci, 1959).

Amijiella amiji (Henson, 1948).

Bosniella oenensis (Gusic¢, 1977).

Cymbriaella lorigae (Fugagnoli, 1999).

Everticyclammina praevirguliana (Fugagnoli, 2000).

Haurania deserta (Henson, 1948).

Lituosepta compressa (Hottinger, 1967).

Lituosepta recoarensis (Cati, 1959).

Orbitopsella dubari (Hottinger, 1967).

Orbitopsella praecursor (von Gilimbel, 1872).

Orbitopsella primaeva (Henson, 1948).

Paleomayncina termieri (Hottinger, 1967).

Pseudocyclammina liasica (Hottinger, 1967).

Calcareous algae:

Palaeodasycladus mediterraneus (Pia) (Pia, 1927).

Microproblematicum:

Thaumatoporella parvovesiculifera (Raineri) (Pia, 1927).

Bivalves:

Cochlearites loppianus (Tausch, 1890).

Eomiodon serradensis (Tausch, 1890).

Lithioperna scutata (Dubar, 1948).

Lithiotis problematica (Giimbel, 1871).

Opisoma excavatum (Boehm, 1884).

Brachiopods:

Lychnothyris rotzoana (von Schauroth, 1865).
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