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A B S T R A C T

The Triassic/Jurassic boundary (TJB, 201.3 Ma) is characterized by profound turnovers in both marine and 
terrestrial biota, known as end-Triassic mass Extinction event (ETE). During this severe event, distinct negative 
carbon isotope excursions (CIEs) have been globally observed, and they were linked to volcanogenic emissions or 
methane release by dissociation of clathrates. The triggering factor of the negative CIEs was attributed to the 
emplacement of the Central Atlantic Magmatic Province (CAMP) and the break-up of the Pangea. Specifically, 
three significant carbon-cycle disruptions named Precursor, Initial and Main CIE have been recorded in several 
stratigraphic successions deposited in terrestrial and pelagic environments. We investigated the organic carbon 
isotope curve from the subtidal facies of the Mount Sparagio section (Sicily, Italy), which is a continuous peritidal 
succession representing an Upper Triassic to Lower Jurassic carbonate platform edging the south-western side of 
the Tethys Ocean. For the first time, we achieved a complete profile of organic carbon stable isotopic composition 
(δ13Corg) during the end-Triassic mass Extinction event (ETE) in a carbonate shallow water environment. The 
δ13Corg profile highlights the 3 negative excursions that characterized the Triassic/Jurassic boundary time in-
terval in pelagic and deep-water successions. The documented CIEs correspond to significant biotic turnovers 
recognized along the Mt. Sparagio section, suggesting that also the Upper Triassic-Lower Jurassic carbonate 
platforms were affected by the onset of the Central Atlantic Magmatic Province. Furthermore, although the Mt. 
Sparagio section has been studied in detail for microfacies associations and it is well biostratigraphically con-
strained with shallow marine macro- and microfossils, only the documented δ13Corg negative shifts allowed to 
correlate peritidal environments to pelagic successions, making the organic carbon curve (δ13Corg) a powerful 
tool for global correlations.

1. Introduction

The Triassic-Jurassic boundary (TJB) is a time interval of profound 
faunal and floral turnover, characterized by a severe biotic crisis 
recorded in both terrestrial and marine system (Hesselbo et al., 2002; 
Kiessling et al., 2007; Ruhl et al., 2010; Todaro et al., 2017, 2023; 
Zaffani et al., 2018; Du et al., 2020, 2023). This event is one of the Big 
Five mass extinctions occurred in the Phanerozoic and it is known as 
end-Triassic mass Extinction event (ETE) (Raup and Sepkoski Jr, 1984). 
The trigger episode suggested for the ETE is the emplacement of the 
Central Atlantic Magmatic Province (CAMP) along with the beak-up of 
the supercontinent Pangea (Hesselbo et al., 2002; Marzoli et al., 1999, 

2004; Nomade et al., 2007; Zaffani et al., 2018) that might have led 
significant climate and environmental alterations by the emission of 
important amount of volcanogenic CO2 and release of biogenic methane 
starting in the latest Rhaetian (Davies et al., 2017; Ruhl et al., 2011). As 
consequence of the greenhouse gas discharge, a prolonged global 
warming (McElwain et al., 1999) followed by a sudden cooling event 
(Todaro et al., 2023) occurred across the TJB, with a stratification of the 
sea water and change of the oceanic circulation (Huynh and Poulsen, 
2005), inducing the spreading of dysoxic conditions and decreasing of 
the biological pump efficiency (Greene et al., 2012; Hallam and Wignall, 
1999; He et al., 2020, 2022; Pálfy et al., 2001). The CO2 emission into 
the atmosphere by the CAMP has also influenced the carbon cycle (Ruhl 
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et al., 2011; Schaller et al., 2012; Zaffani et al., 2018) with direct 
consequence on the carbonate productivity (Greene et al., 2012; Van De 
Schootbrugge et al., 2008), especially in shallow water environments 
(Todaro et al., 2017, 2018, 2023). In fact, the increase of CO2 in hy-
drosphere might have intensified the dissolution of CO2, resulting in 
ocean acidification that affected the biomineralization of the organisms 
with a carbonate shells, such as sponges, corals, bivalves and foramin-
ifers (Črne et al., 2011; Flügel, 2002; Kiessling et al., 2007; Todaro et al., 
2017, 2023). Furthermore, the increase of biogenic methane and CAMP 
volcanogenic carbon release have been recorded globally on the organic 
carbon isotope system, resulting in 3 negative carbon isotope excursions 
(CIEs) that have been named in stratigraphic order as Precursor, Initial 
and Main CIEs. The first 2 CIEs are uppermost Rhaetian in age, while the 
Main CIE ranges across the TJB (Pálfy et al., 2001, 2007; Ward et al., 
2001, 2004, 2007; Hesselbo et al., 2002; Guex et al., 2004; Ruhl et al., 
2009; Kuroda et al., 2010; Ruhl and Kürschner, 2011; Hillebrandt et al., 
2013; Thibodeau et al., 2016; Yager et al., 2017, 2021; Fujisaki et al., 
2018; Zaffani et al., 2018; Du et al., 2020, 2023). Nevertheless, these 3 
negative CIEs refers to the bulk organic matter in the rock sample, which 
consists of different compounds that have specific values of δ13Corg. 
These components might contribute relatively to the δ13Corg archives, 
without necessarily requiring possible perturbations in the isotopic 
composition of the ocean and atmosphere systems (Van De Schoot-
brugge et al., 2008; Bartolini et al., 2012; Zaffani et al., 2018; Rigo et al., 
2020). However, similar isotopic trends have been found in coeval 
sections at different locations and depositional environments across the 
TJB, suggesting a worldwide shared history and trigger factor, regard-
less of their specific values (Bartolini et al., 2012; Zaffani et al., 2018), as 
also documented for other Triassic time interval close to the TJB such as 
the Norian/Rhaetian boundary (Rigo et al., 2020, 2024).

Although the ETE has been deeply investigated, a direct correlation 
of the biotic turnovers and physical events (e.g. expansion of dysoxic 
conditions) between pelagic basins and carbonate platforms is still 
missing due to the different index fossils used as biostratigraphic 
markers and the absence of other physical stratigraphic tools useful for 
correlation (e.g. magneto- and cyclostratigraphy, radiometric ages). We 
thus studied the organic carbon isotopic composition of Mt. Sparagio 
section (Sicily, Italy) (Todaro et al., 2017, 2018, 2022b, 2023; He et al., 
2020, 2022), that represents a continuous peritidal succession edging 

the south-western side of the Tethys Ocean across the TJB, in an effort to 
describe a common physical tool for global correlations.

2. Geological setting

The studied section is located in the San Vito Lo Capo Peninsula in 
north-western Sicily (Fig. 1). This area belongs to the Apennine- 
Maghrebian fold and thrust belt and consists of a pile of south-verging 
thrust sheets that were accreted during Miocene and early Pliocene 
times (Abate et al., 1991; Giunta and Liguori, 1972). Successively, the 
thrust system has been dissected by Pliocene and Pleistocene normal and 
strike-slip faults mostly related to the Tyrrhenian extension (Nigro and 
Renda, 2002) (Fig. 1 A, B). The stratigraphic architecture of the thrust 
sheets in this area consists of Upper Triassic to Miocene carbonate suc-
cessions. In particular, in the southern area of the San Vito Lo Capo 
Peninsula, the Mt. Sparagio thrust crops out as a W-E oriented elongated 
ridge of about 15 Km. This ridge consists of Mesozoic marine succes-
sions, up to 1500 m in thickness, and it is represented in stratigraphic 
order by Upper Triassic-lowermost Jurassic peritidal cycles draped by 
Middle-Upper Jurassic Ammonitico Rosso limestone, which is covered 
by Cretaceous rudist breccias interpreted as slope debris and talus 
aprons (Randazzo et al., 2020, 2021). Lower Miocene glauconitic cal-
carenites follow upward through a deep erosional truncation.

The studied section crops out along the northern slope of the Mt. 
Sparagio ridge, close to the village of Custonaci, in a locality known as 
the Mt. Cocuccio (38◦05′N, 12◦51′E) (Fig. 1 C, D). The section consists of 
an about 400 m thick monotonous succession of peritidal cycles strad-
dling the Triassic/Jurassic boundary. Paleogeographically, it belonged 
to a large Mesozoic carbonate platform that edged the western termi-
nation of the Tethys (Siculo-Tunisian platform sensu Di Stefano et al., 
1996; Todaro et al., 2022a).

The cycles show an average thickness of about 1.5 m, and they 
regularly consist by three shallowing-upward lithofacies, with a subtidal 
facies prograding on an erosional surface, overlain by an intertidal 
stromatolitic facies and, in turn, by a reddish, yellowish or greenish 
paleosoil. On the base of the macro and micropaleontological associa-
tions in the subtidal facies three units have been differentiated from the 
base: 1) Unit A, about 111 m thick, contains a very diversified associa-
tion of large megalodontoids (Megalodon spp. and Dicerocardium spp.) 

Fig. 1. A) Location of the studied section (red star) in a simplified tectonic sketch of the Central Mediterranean area; B) Geology of the Capo San Vito Peninsula (mod. 
after Abate et al., 1991): the red asterisk indicates the sampled section along the northern slope of Mt. Sparagio. C) Google Earth image (plain view) of the studied 
locality and D) geological cross section of the sampled section. (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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and benthic foraminifers among which Triasina hantkeni; 2) Unit B, 
about 179 m thick, shows a drastic decrease of the biodiversity and size 
of the megalodontoids still associated to Triasina hantkeni; 3) Unit C 
(140 m thick) records the disappearance of megalodontoids and Triassic 
benthic foraminifers and the presence of the opportunistic incertae sedis 
Thaumatoporella parvovesiculifera and Aeolisaccus sp. Between Unit B and 
C, a barren interval of about 10 m is assumed as the Triassic/Jurassic 
boundary (Todaro et al., 2018, 2023).

The high biodiversity of the bivalve community recorded in the Unit 
A suggests a climatic optimum during the latest Rhaetian, with tem-
peratures up to 30 ◦C (Todaro et al., 2023), reflecting the maximum SST 
(sea surface temperature) that a tropical shallow water carbonate plat-
form (T-factory) can tolerate (Laugié et al., 2019). The drastic reduction 
of the bivalve biodiversity between Unit A and Unit B was interpreted as 
a precursor of the End Triassic Extinction and coincides to a quick 
cooling phase (down to 18 ◦C) as suggested by high δ18Ocarb values 
(Todaro et al., 2023). A second dramatic event corresponding to the 
extinction of the Rhaetian bivalve community is recorded at the TJB 
(between Unit B and C), with a remarkable decrease in temperature of 
>30◦, during which the peritidal water temperature cooled down to few 
degrees (5 ◦C) (Todaro et al., 2023). These two extinction pulses 
recorded in the bivalve community well also correlate to the two 
negative δ13Ccarb excursions Initial-CIE and Main-CIE (Todaro et al., 
2018, 2022a, 2022b, 2023). The extinction of Rhaetian bivalves and 
Rhaetian biotic association is also related to an expansion of oceanic 
anoxia, as recorded by the positive shift of the δ34SCAS combined with I/ 
(Ca + Mg) record from the top of Unit B of the Mt. Sparagio section that 
provide evidence of oxygen decline in the western Tethys peritidal en-
vironments during the ETE (He et al., 2020, 2022). Moreover, the Zn, Pb, 
Sr isotopic signatures documented in the Mt. Sparagio section confirmed 
the impact of CAMP to the ETE. In particular, Zn isotopic values in the 
median-upper part of Unit B and in the barren interval proved a typical 
riverine input of magmatic rocks and the unusually low radiogenic 
87Sr/86Sr signature combined with Pb isotopes match the compositional 
field of CAMP volcanism either in the form of eroded particulate ma-
terials or volcanic fallout (Todaro et al., 2022a, 2022b).

3. Material and methods

Carbonate carbon (δ13Ccarb) was previously investigated and inter-
preted by Todaro et al. (2018, 2023). We thus focused on organic carbon 
(δ13Corg) for better correlations between TJB sections deposited in 
widely separated sedimentary environments (e.g. shallow marine versus 
deep water environments) and to understand if the three emissions of 
volcanogenic gas by the CAMP suggested as main trigger events for the 
ETE (e.g Davies et al., 2017; Zaffani et al., 2018; Du et al., 2020) might 
have affected also the peritidal carbonate platforms. We thus analyzed 
106 samples previously selected from the subtidal facies of the Mount 
Sparagio section, starting from 92 m the base of Unit A, avoiding 
possible modern organic matter contamination. The lower part of Unit A 
(from 0 to 91 m) was not sampled because this part of the section crops 
out in an active quarry. However, samples and images for biostrati-
graphic purposes from this part of Unit A were collected during 2015, 
when the quarry was still inactive (see Todaro et al., 2017).

All the samples were washed with millipore water (15 g), dried in 
oven at 40 ◦C overnight, and then reduced into subcentimetric frag-
ments. The fragments were then attacked by a solution of 10% HCl 
overnight (at least 12 h). Successively, the solution was neutralized in 
millipore water and the residues were dried at 40 ◦C overnight and 
eventually wrapped in tin capsules for δ13Corg analyses. The samples 
were analyzed at the Department of Geosciences of the University of 
Padova by using a Delta V Advantage mass spectrometer connected to a 
Flash HT Elemental Analyzer via the ConFlo IV interface, along with 
isotope international and in-house standards and multiple blank cap-
sules. Before the calibration against IAEA CH-6 (= − 10.45‰) and IAEA 
CH-7 (= − 32.15‰) (Coplen et al., 2006) following the two-point 

calibration method, the raw data were corrected for the blank contri-
bution. The standard deviation of the in-house standard (ZER =
− 26.00‰) was better than 0.2‰ during the period of analyses.

To identify any diagenetic alteration that might have affected the 
carbon isotope primary signal, the samples were previously studied as 
thin sections (Todaro et al., 2017, 2018) and also scanned with SEM 
(FESEM-JEOL) to exclude the presence of dolomite by measuring the wt 
% of Mg2+ (0.2–0.7) at the Department of Chemical Engineering of 
University of Palermo (Italy) (Todaro et al., 2018, 2022a, 2022b). Other 
observations to confirm the negligible influence of diagenetic processes 
were carried out with cathodoluminescence and elemental indicators, 
such as Mg/Ca, Mn/Sr (He et al., 2020, 2022).

Furthermore, we randomly tested several samples after the acid 
attack to prove the absence of carbonates (e.g. calcite, dolomites) in the 
residues before running the δ13Corg isotope analyses. We thus performed 
X-ray powder diffraction (XRPD) analyses by using a Philips X'Pert Pro 
MPD diffractometer. This instrument works with a Co anode source, 
long fine focus, set to 40 kV – 40 mA and the θ/θ geometry is based on a 
240 mm radius vertical goniometer. Incident beam setup includes the 
Bragg-BrentanoHD (BBHD) module, divergence slits of ¼◦, antiscatter 
slits of 1◦ and Soller slits of 0.04 rad. The diffracted beam path is 
composed of antiscatter slit of 9.1 mm aperture, Soller slits of 0.04 rad 
and X'Celerator Position Sensitive Detector with a 2.122◦ 2θ active 
length. Measurements were carried out between 3◦ and 85◦ 2θ angle, 
using a 0.017◦ step size, counting 100 s per virtual step on a spinning 
sample (1 revolution per second). Samples were prepared using the 
front-loading procedure over a zero-background Si-crystal sample 
holder, manufactured to give no diffraction lines. Total scan time is 1 h 
and 6 min for each sample. Minerals were identified using High Score 
(Plus) version 4.9.0 by PANalytical B.V., Almelo, The Netherlands 
(Degen et al., 2014), by means of ICSD (2016–1), PDF-2 (2002) and COD 
(2021) databases.

4. Results

After acid digestion, all the studied samples bear principally phyl-
loslicates and clay minerals, with k-feldspar and titanium dioxide as 
minor components, without any piece of evidence of crystalline car-
bonates. The powder diffraction files are reported for each sample on the 
online materials.

The resulting δ13Corg profile shows a negative trend starting from the 
base of the studied segment from − 22.8‰ to − 26.6‰, followed by a 
positive trend reaching the value of − 21.6‰. This negative-positive 
trend developed from the uppermost part of Unit A up to the basal 
most part of Unit B (Fig. 2). A quick negative shift up to the minimum 
value of − 27.6‰ follows, which rapidly returns to the maximum value 
of − 21.3‰.

A second back and forth peak apparently occurred in the lower part 
of Unit B, before the beginning of a prolonged negative trend (Fig. 2).

After these 2 prominent and significant shifts, a long trend to more 
negative value is recorded up to the end of Unit B, followed by a stable 
period along Unit C, where the profile is characterized by minor oscil-
lations with a mean value around − 26.2‰ (Fig. 2). It is noteworthy that 
a clear positive shift of ca. 4‰ is evident between Unit B and C, above 
the suggested biostratigraphic Triassic/Jurassic boundary (Fig. 2). We 
prudentially prefer to not connect the two values of − 22.1‰ at m 190.1 
and 24.2‰ at m 245.6 to the Mt. Sparagio δ13Corg curve, because they do 
not apparently align with the general trend of the carbon organic profile, 
and they have been here interpreted as outliers (Fig. 2).

5. Discussion

5.1. Correlation of δ13Corg fluctuations at Mt Sparagio

The δ13Corg values from Mt. Sparagio permit the construction of a 
complete C organic profile from upper Rhaetian to lower Hettangian, 
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Fig. 2. Stratigraphic log of Mt. Sparagio section with lithostratigraphy and the extension of the lithofacies Unit A, B, and C firstly described by Todaro et al. (2017). 
Biostratigraphy and the main bioevents are illustrated along the stratigraphic log. The δ13Corg profile is reported with the identification of the 3 main negative carbon 
excursions characterizing the TJB time interval that are in stratigraphic order the Precursor (P-CIE), Initial (I-CIE) characterized by 2 peaks, and Main CIE (M-CIE).

Fig. 3. Chemostratigraphic correlation by using the δ13Corg curves among selected TJB sections in which the 3 CIEs have been clearly documented. Noteworthy is the 
double peak of the I-CIE in those sections with a detailed δ13Corg profiles. The yellow, gray, and green horizontal bars represent the negative P-CIE, I- CIE and M-CIE 
respectively. The dashed line marks the Triassic/Jurassic boundary defined in Kuhjoch section (Austria), GSSP of the Hettangian stage, by FO of ammonite Psiloceras 
spelae (Hillebrandt et al., 2013). (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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recorded for the first time in a continuous peritidal succession of a 
carbonate platform in the Tethys Ocean (Fig. 2). Across the Triassic/ 
Jurassic boundary (TJB) of the Mt. Sparagio succession we recognized 
three prominent perturbations of the δ13Corg that have been interpreted, 
in stratigraphic order, as precursor (P-CIE), initial (I-CIE) and main (M- 
CIE) carbon isotope excursion (Figs. 2, 3). These CIEs are consistent with 
those recognized in other TJB sections, deposited at different latitudes 
and side of the Pangea, and they have been recorded worldwide in both 
carbonate and organic carbon systems and in different sedimentary 
environments such as a mixed terrigenous‑carbonate ramp, pelagic open 
marine basins, and even below the CCD (e.g. Pálfy et al., 2001, 2007; 

Ward et al., 2001, 2004, 2007; Hesselbo et al., 2002; Guex et al., 2004, 
Guex et al., 2012; Ruhl et al., 2009; Kuroda et al., 2010; Ruhl and 
Kürschner, 2011; Thibodeau et al., 2016; Yager et al., 2017, 2021; 
Zaffani et al., 2018; Fujisaki et al., 2018; Du et al., 2020, 2023)(Fig. 3). 
The record of almost simultaneous perturbations in both carbonate and 
organic carbon systems (Precursor, Initial, Main CIEs) indicates an 
external source of CO2 (volcanic gas by CAMP) that affected the climatic 
and environmental stability across the TJB, inducing the ETE.

Across the uppermost part of Unit A (=base of the studied segment) 
and the lowermost part of Unit B, we documented the P-CIE character-
ized by a negative excursion of ca. 4‰ (Figs. 2, 3). It is noteworthy that 

Fig. 4. Biostratigraphy and the main bioevents illustrated along the Mt. Sparagio section. Outcrop photos and details show the macrobenthos communities before, at 
the beginning and during the calcification crisis. Survival interval is characterized by the acme of Thaumatoporella parvovesiculifera associated to Aeolisaccus sp.
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in the upper part of Unit A, corals and large megalondontoids persist but 
they are characterized by thinner shells and skeleton bodies, interpreted 
as the beginning of the macrobenthos crises likely related to the increase 
of the ocean acidification (Figs. 2, 4) (Todaro et al., 2023). Successively, 
the base of Unit B is marked by the disappearance of the large mega-
lodontoids and corals. After the returning to more positive values, a first 
prominent negative shift interpreted as I-CIE occurred at the lower part 
of Unit B, which testifies the decreasing diversity and size of the mac-
robenthic communities, as observed in the megalodontoid bivalves 
(Todaro et al., 2023) (Figs. 3, 4). This first I-CIE shift is recorded in a 
short interval, which is very rapid and distinguishable by its notable 
excursion value of >6‰ (Fig. 3). This C perturbation from organic 
matter is conspicuous compared to slightly perceptible variation docu-
mented in the δ13Ccarb in the same time interval (Todaro et al., 2017). 
After the first negative peak, a second significant negative-positive shift 
was recorded in Unit B, which is also documented in other pelagic sec-
tions (Bachan et al., 2012; Fujisaki et al., 2018; Hesselbo et al., 2002, 
2004; Ruhl et al., 2009; Yager et al., 2017, 2021; Zaffani et al., 2018) 
(Fig. 3). We interpreted this second shift as a secondary pulse of the I- 
CIE, characterized by less amplitude compared to the first pulse, and 
occurring during a δ13Corg returning trend to more positive values. This 
secondary negative shift is well visible in detailed δ13Corg curve, where 
the sampling pace is thorough (Fig. 3). Afterwards, a long trend towards 
more negative values (from − 21.7‰ to 27.2‰) starts just after the first 
and second shifts of the I-CIE, reaching and then persisting at values 
around − 26.3‰ along the whole Unit C, with minor fluctuations of 
±0.6‰. This long δ13Corg decreasing trend and the successive stability at 
negative values represent the M-CIE, developing across the TJB (e.g. 
Hesselbo et al., 2002; Fujisaki et al., 2018; Zaffani et al., 2018; Du et al., 
2020). The first most negative peak of M-CIE is very close to the FO of 
the voted primary biomarker Psiloceras spelae (ammonite) in Kuhjoch 
section (Austria) (Fig. 3), which defines the base of the Hettangian, thus 
the Triassic/Jurassic boundary (Hillebrandt et al., 2013). Significantly, 
this most negative peak at the end of the negative trend and charac-
terizing the base of the M-CIE is consistent with the TJB biostratigraphic 
constrains of other pelagic sections (Fig. 3). At Mt. Sparagio, these stable 
and more negative values distinguishing the uppermost part of the M- 
CIE occur in unquestionable Jurassic rocks, as testified by the bloom of 
the oligotrophic Thaumatoporella parvovesiculifera (Fig.4), associated to 
problematic Aeolisaccus sp. and the foraminifer Siphovalvulina sp. (bio-
zone LA sensu Barattolo and Romano, 2005). However, a short and 
significant positive peak occurred between the δ13Corg negative trend 
and the stable values of organic carbon, which is very marked at Mt. 
Sparagio (Figs. 2, 3). This positive peak of the δ13Corg corresponds to the 
acme of T. parvovesiculifera as firstly described by Todaro et al. (2017, 
2018), marking the extinction of the Rhaetian (Triassic) macro- and 
micro communities (e.g. megalodontoids, Triasina hantkeni) (Fig. 4).

5.2. Controlling factors of the ETE at Mt Sparagio

The end Triassic Extinction (ETE) in shallow-water environments 
affected both reef and peritidal dwelling organisms. In reef settings, 
corals and hypercalcified sponges suffered the major losses of taxa 
(Flügel, 2002; Kiessling, 2005; Kiessling and Simpson, 2011; Stanley 
et al., 2013), together with the high-energy miliolid foraminifera group 
(e.g. Galeanella sp., Siculocosta sp., Costifera sp., etc.). In peritidal/ 
lagoonal and back reef settings, the major target of the ETE consists of 
the bivalve megalodontoids characterized by thick aragonitic shells 
(McRoberts et al., 2012), along with benthic foraminifers and calcareous 
algae (Flügel, 2002). Besides Mt. Sparagio, at least three Tethyan peri-
tidal sections allow to document the end-Triassic faunistic decline and 
the Jurassic recovery, that are the Croci d'Acerno section (De Castro, 
1990), the Mt. Messapion section (Romano et al., 2008) and the section 
at Tataiskele (Turkey, Coskun Tunaboylu et al., 2014). All these sections 
record the sudden disappearance of the Rhaetian benthic community 
that includes bivalve megalodontoids, Triassic foraminifers and 

calcareous algae that are replaced by oligotrophic assemblages domi-
nate by Thaumatoporella parvovesiculifera. This event is assumed as the 
biostratigraphic TJB in peritidal facies (biozone TA/LA sensu Barattolo 
and Romano, 2005). As previously reported by Todaro et al. (2017, 
2018) at Mt. Sparagio, the Rhaetian subtidal beds show the presence of 
megalodontoids (Megalodon sp., Dicerocardium sp.) (Fig. 4), benthic 
foraminifera such as Triasina hantkeni, Auloconus permodiscoides, Duo-
taxis birmanica, Tetrataxis inflata, Aulotortus sinuosus, and the calcareous 
algae Cayeuxia sp., Orthonella sp., Griphoporella curvata. Along the sec-
tion, this faunal association is later replaced by the oligotrophic 
microfacies dominated by T. parvovesiculifera and Aeolisaccus sp. that 
characterized the lowermost Jurassic (Fig. 4).

The main trigger of the ETE might be related to the onset of CAMP, 
which would have affected the dissolution (and calcification) of coral 
skeletons and megalodontoids as consequence of oceanic acidification 
(Hautmann et al., 2008). Furthermore, the decrease of calcification rates 
could have also been responsible of reduced growth sizes of this group of 
bivalves during Rhaetian (McRoberts et al., 2012), as documented also 
by the bivalve turnovers recorded between Unit A and B at the M. 
Sparagio. Greene et al. (2012) strongly supported the CAMP-induced 
acidification of the oceans as the most efficient triggering factor of the 
ETE. In addition, the development of dysoxic/anoxic conditions was 
reported in both deep- and shallow-water sedimentary basins, 
increasing the extinction rates of benthic communities (He et al., 2020, 
2022; Jost et al., 2017; Luo et al., 2018). However, the individuation of 
the most invoked and efficient triggers among anoxia, acidification, 
cooling and global warming that caused the losses of many genera and 
species is still debated, or more probably, related to different causes 
working contemporaneously (Hautmann, 2004; Stanley et al., 2013).

Considering the δ13Corg curve and the extinction trends at Mt. 
Sparagio it is possible to recognize different events during Rhaetian and 
across the TJB (Figs. 3, 4):

1) optimum of ecologic conditions favored the growth of very abundant 
and diversified gigantic megalodontoids associated to coral carpets 
and a high diverse invertebrate benthic fauna at the lower part of 
Unit A;

2) disappearance of the large megalodontoids and the coral carpets that 
are replaced by thin shelled but still large megalodontoids associated 
to isolated and anomalously thin branch corals in the upper part of 
Unit A, which was interpreted as the first signal of acidification 
associated to a gradual warming (Todaro et al., 2023), and corre-
sponding to the precursor CIE;

3) drastic reduction of diversity and size of megalodontoids along Unit 
B, probably direct effect of the ocean acidification increasing in the 
lagoon environments induced by the Initial CIE;

4) abrupt extinction of all the Triassic benthic associations at the top of 
Unit B, corresponding to strong cooling episode, reaching cooler 
temperature of ca. 18–20 ◦C (Todaro et al., 2023) along with the 
spreading of dysoxic/anoxic conditions (He et al., 2020, 2022), 
previously described also in marginal facies of the Panormide Car-
bonate Platform (Scopelliti et al., 2009);

5) lasting of unfavorable ecologic conditions permitted the develop-
ment of opportunistic species such as the calcareous alga Thauma-
toporella sp.;

6) gradual reestablishment of the normal ecologic conditions allowed a 
gradual recovery of the benthic communities during the earliest 
Jurassic, recorded in the upper portion of the Main CIE.

6. Conclusions

The Mt. Sparagio section has been investigated for organic carbon 
isotope and we described for the first time a complete δ13Corg profile in a 
Tethyan carbonate platform during the end-Triassic mass extinction 
event. In particular, we documented:
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- the 3 negative excursions that characterized the Triassic/Jurassic 
boundary time interval, that are in stratigraphic order the Precursor, 
the Initial, and the Main CIE;

- the correspondence between the negative CIEs and the biotic turn-
overs documented along the Mt. Sparagio section testifies the influ-
ence of the Central Atlantic Magmatic Province also on shallow 
water communities across the Triassic/Jurassic boundary;

- the evidence of an extinction trend consisting of decreasing in 
thickness of bivalve shells and coral skeleton bodies following by the 
extinction of large megalodontoids and eventually of the Triassic 
macro and microbenthic communities characterized the ETE of 
carbonate platform;

- the δ13Corg correlation between peritidal environments with pelagic 
successions confirms the organic carbon isotopes as a powerful tool 
for global correlations.
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