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A B S T R A C T   

During the end-Triassic extinction (ETE), carbonate platform biocalcifiers suffered high extinction rates that have 
been linked to volcanically-induced global changes in climate and carbon cycle. Most studies have been focused 
on the classical sections of the Northern Calcareous Alps (NCA, Austria) and Lombardy Basin (Italy), where the 
extinction of the aragonitic Dachstein-type biota (involutinid foraminifera and megalodontid bivalves) coincides 
with the demise of the carbonate platform and with the initial negative carbon isotope excursion (CIE) of the 
reference sections for the Triassic/Jurassic Boundary (TJB). 

In this study, we present a detailed facies analysis, bio- and carbon-isotope stratigraphy of three Southern 
Tethyan carbonate platform sections, Mt. Messapion (Greece), Valle Agricola and Mt. Sparagio (southern Italy) 
that instead show persisting carbonate productivity across the TJB and potentially preserve the most detailed 
record of timing and patterns of the ETE in these ecosystems. 

In the studied sections, the disappearance of the Dachstein-type biota is observed within a positive δ13Ccarb 
excursion that, according to our study, correlates with that documented in the Schattwald beds (NCA) and 
Malanotte Fm (Lombardy Basin) above the initial CIE. This level represents the true extinction of the Dachstein- 
type biota, while the disappearance in the Northern Tethyan sections of the NCA and Lombardy Basin represents 
a pseudoextinction coinciding with the carbonate platform demise. Above the ETE, Southern Tethyan carbonate 
platform sections are characterized either by microbial laminites or ooid and oncoid limestones and low-diversity 
associations. 

This study reveals a possible paleogeographic and/or latitudinal control on the response of biocalcifiers and 
carbonate platform ecosystems during the ETE. The Dachstein-type biota was resilient to the environmental 
perturbations associated with the initial CIE in Southern Tethys, but probably failed to survive subsequent and/ 
or prolonged stress. Despite extinctions, Southern Tethyan carbonate platforms adapted to environmental dis
turbances through a shift of the dominant carbonate production style from aragonitic biocalcification to chemical 
and microbially-mediated CaCO3 precipitation. The ecosystem recovery was slow and aragonitic biocalcifiers 
(dasycladacean algae) reappeared during the early Sinemurian.   

1. Introduction 

The end-Triassic extinction (ETE) is one of the five biggest extinc
tions of the Phanerozoic (Raup and Sepkoski, 1982) and it resulted in a 
severe drop in biodiversity in the marine and continental realms (Hallam 
and Wignall, 1997; Hallam, 2002). Massive volcanism of the Central 
Atlantic Magmatic Province (CAMP), which represents the most exten
sive continental Large Igneous Province known on Earth, has been 
implied as a possible cause of the ETE, based on radiochronologic ages 

documenting that its activity straddles the Triassic–Jurassic boundary 
(TJB) interval (Marzoli et al., 1999, 2018; Deenen et al., 2010; Black
burn et al., 2013; Bond and Wignall, 2014; Dal Corso et al., 2014). 

Despite many studies published in the last two decades (see Wignall 
and Atkinson, 2020 and Schoepfer et al., 2022, for recent reviews), 
several open questions remain about the timing and causes of the ETE. In 
the marine realm, a wealth of data has been gathered from stratigraphic 
sections representative of deep-water hemipelagic and pelagic envi
ronments, while much less is known about the record of the ETE in 
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carbonate platforms. 
In many areas of the Tethys Ocean, carbonate platform sedimenta

tion was terminated around the TJB. Classical examples of this pattern 
are found in the Northern Calcareous Alps (NCA, Austria: Gaździcki 
et al., 1979; Felber et al., 2015) and in the Transdanubian Range 
(Hungary: Pálfy et al., 2021). In these localities, Upper Triassic 
Dachstein-type carbonate platforms were dominated by scleractinian 
corals and calcareous sponges in reef habitats, and by megalodontid 
bivalves, involutinid benthic foraminifera and dasycladacean algae in 
backreef lagoons (Flügel, 1981; Schäfer and Senowbari-Daryan, 1981; 
Flügel and Senowbari-Daryan, 2001; Bernecker, 2005; Krystyn et al., 
2005; Felber et al., 2015; Mette et al., 2016). The demise of this rich and 
diverse biota has been associated with ocean acidification caused by the 
massive injection of carbon dioxide in the ocean-atmosphere system by 
CAMP volcanic activity (Hautmann, 2004; Kiessling and Simpson, 2011; 
Greene et al., 2012; Hönisch et al., 2012; Martindale et al., 2012). 
Platform top sections in the NCA record a long gap between the Rhaetian 
Oberrhaet Limestone and the Hettangian to Sinemurian Hierlatz Lime
stone and Adnet Fm (Krystyn et al., 2005). This gap has been related to a 
rapid sea-level drop (up to nearly 150 m) at the top of the Oberrhaet 

Limestone, followed by a slow transgressive phase that temporarily 
interrupted carbonate platform productivity during the TJB interval 
(Krystyn et al., 2005). More complete TJB sections are restricted to the 
intraplatform Eiberg Basin, where the extinction of the Rhaetian biota 
coincides with a switch from the limestones of the Kössen Fm to the 
carbonate-poor sediments of the lowermost Kendelbach Fm (Schattwald 
beds) (e.g., the Löruns section: McRoberts et al., 2012; Felber et al., 
2015). A significant hiatus is implied in sections where the Löruns oolite 
directly overlies the Kössen Fm (e.g., Steinernes Meer: Felber et al., 
2015). In the Transdanubian Range, the demise of the Dachstein-type 
carbonate platform and the extinction of its biota is associated with a 
significant hiatus across the TJB, which was attributed to emersion 
followed by a tectonically-driven platform drowning event, and more 
recently to a switch to a submarine erosion regime coinciding with the 
transformation from the rimmed Dachstein platform to a carbonate 
ramp (Pálfy et al., 2021, and papers cited therein). 

The classical sections of the Lombardy Basin (southern Alps, north
ern Italy) show a pattern very similar to the Löruns section (NCA, 
Austria), with the extinction of the Upper Triassic shallow-water benthic 
calcifiers coinciding with the interruption of the carbonate platform 
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productivity at the boundary between the Calcare di Zu and the Mala
notte Fm (Galli et al., 2005, 2007). 

Only a few carbonate platforms worldwide were apparently able to 
survive the crisis at the end of the Triassic. In these resilient carbonate 
platforms, fossiliferous Upper Triassic limestones with corals, sponges, 
chaetetids, large megalodontid bivalves and rich benthic foraminiferal 
associations change abruptly into unfossiliferous peritidal and/or ooid- 
oncoid limestones around the TJB. This pattern is well represented by 
the carbonate platforms in southern Italy (Mancinelli et al., 2005; 
Todaro et al., 2017, 2018, 2022), Greece (Romano et al., 2008), Western 
Turkey (Coskun Tunaboylu et al., 2014), and United Arab Emirates 
(Maurer et al., 2008; Al-Suwaidi et al., 2016; Ge et al., 2018; Urban 
et al., 2023). The study of these resilient carbonate platforms is of great 
interest because they preserve the most detailed record of biotic changes 
during the ETE in shallow-water tropical ecosystems. 

In this paper, we present sedimentological, biostratigraphic and 
stable isotope (δ13Ccarb and δ18Ocarb) data for three carbonate platform 
sections that show neither a significant gap nor a switch to carbonate- 
poor facies across the TJB: 1) Mt. Messapion (Pelagonian Carbonate 
Platform, Greece), 2) Valle Agricola (Apennine Carbonate Platform, 
Campania, southern Italy) and 3) Mt. Sparagio (Panormide Carbonate 
Platform, Sicily, southern Italy). These three sections were located at 
subtropical latitudes in the south-western Tethys Ocean during the Late 
Triassic–Early Jurassic (Fig. 1A). We describe the record of biotic 
changes across the TJB and we discuss the chronostratigraphic calibra
tion of the most important bioevents. In addition, we discuss the reli
ability of the carbon-isotope record and we tentatively trace a bio- and 
carbon-isotope correlation between Southern Tethyan carbonate plat
forms and the classical sections of the Lombardy Basin and NCA. 

2. Materials and methods 

2.1. The studied sections, microfacies analysis, and biostratigraphy 

2.1.1. Mt. Messapion (Greece) 
The Mt. Messapion section (geographic coordinates: 38◦27′44.31”N, 

23◦28′43.08″E) is located in Greece, 10 km west of the city of Halkida (or 
Chalkida), and about 60 km to the north-west of Athens (Fig. 1B). It was 
part of the Pelagonian Carbonate Platform, which was established in the 
Middle Triassic and dismembered and drowned starting from the Early 
Jurassic (Celet et al., 1988; Haas et al., 2009) (Fig. 1A). The Upper 
Triassic–Lower Jurassic platform carbonates exposed in the Mt. Messa
pion section display m-thick shallowing upward peritidal cycles, with 
subtidal facies capped by microbial laminites and paleosols. Facies, 
peritidal cyclicity and biostratigraphy of this section were studied by 
Romano et al. (2008). 

The 293 m-thick Mt. Messapion section was logged at decimeter to 
meter scale along a road cut on the southern slope of the mountain. Field 
observations were integrated with microfacies and biostratigraphic an
alyses carried out on 188 thin sections. 

2.1.2. Valle Agricola (Italy) 
The Valle Agricola section (geographic coordinates: 41◦25′42.97”N, 

14◦14′39.22″E) is located near the village of Valle Agricola (Matese 
Mountains, Campania, southern Italy) (Fig. 1C). It was part of the 
Apennine Carbonate Platform, which was established in the Late Triassic 
at the north-western margin of the Adria promontory (Fig. 1A) and 
persisted, with short interruptions of sedimentation, until the Late 
Cretaceous, when it was terminated by emersion (D’Argenio and 
Alvarez, 1980; Bernoulli, 2001; Bosellini, 2004; Parente et al., 2022). 
The Valle Agricola section consists of Upper Triassic peritidal limestones 
with megalodontids, corals and chaetetids, overlain by Lower Jurassic 
ooid-oncoid limestones. The section described in this paper corresponds 
to the lower part of the Costa dei Frascari section of Mancinelli et al. 
(2005). 

The 245 m-thick Valle Agricola section was logged in the field at 

decimeter to meter scale. The outcrop is accessible along a mountain 
path that offers a nearly continuous high-quality exposure of fresh rock 
surfaces with the exception of an interval in the upper part of the section 
where the outcrop is discontinuous or covered by vegetation and small- 
scale faults slightly offset the beds. Field observations were integrated 
with microfacies and biostratigraphic analyses on 196 thin sections. 

2.1.3. Monte Sparagio (Italy) 
The Mt. Sparagio section (geographic coordinates: 38◦3′47.36”N, 

12◦43′13.32″E) is located near the village of Custonaci (northwestern 
Sicily, southern Italy), in the southern part of the San Vito Lo Capo 
Peninsula (Fig. 1D). It was part of the Panormide Carbonate Platform 
connecting Africa and Adria along the southwestern arm of the Tethys 
Ocean (Zarcone et al., 2010) (Fig. 1A). The section records peritidal 
carbonate sedimentation in the inner sector of the carbonate platform 
during the Late Triassic (Sciacca Fm) to the Early Jurassic (Inici Fm), 
followed by drowning in the Middle Jurassic (Rosso Ammonitico Fm). 
Data on the litho- and biostratigraphy, facies, and carbon- and 
strontium-isotope stratigraphy can be found in Todaro et al. (2017, 
2018, 2022). 

The 250 m-thick Mt. Sparagio section was logged in the field at 
decimeter to meter scale. Field observations were integrated with 
microfacies and biostratigraphic analyses on 199 thin sections. 

2.2. Carbon and oxygen stable isotope analysis 

Carbonate powders for stable isotope analysis were sampled in the 
field, using a battery-operated hammer drill equipped with carbi
de‑tungsten bits of diameter ranging from 10 to 18 mm. About 10 to 20 g 
of powder per sample were produced by drilling a 5–10 cm deep hole 
after eliminating the altered surface of the rock and avoiding cement- 
filled fractures and cavities and recrystallized shell fragments. This 
sampling methodology for stable isotope analysis has been already 
applied to other carbonate platform sections (e.g., Franceschi et al., 
2014; Eltom et al., 2021) but we further tested its reliability by 
comparing the stable isotope values obtained from selected microdrilled 
polished slabs and bulk samples drilled in the field in the same bed. 
Further details are provided in the supplementary material (File S1). 

Carbonate powders of the Mt. Messapion (321 samples, sampling 
resolution from 20 cm to 4.2 m across outcrop gaps) and Mt. Sparagio 
sections (221 samples, sampling resolution from 20 cm to 4.3 m across 
outcrop gaps) were analyzed for carbon (δ13Ccarb) and oxygen (δ18Ocarb) 
isotope ratios at the Laboratory of Paleoclimatology and Isotopic Stra
tigraphy of the Department of Physics and Earth Sciences of the Uni
versity of Ferrara (Italy). Carbonate powders of the Valle Agricola 
section (550 samples, sampling resolution from 10 cm to 6.7 m across 
outcrop gaps) were analyzed at the Department of Earth Science “A. 
Desio”, University of Milan (Italy). The results are reported as per mil 
(‰) deviation relative to the Vienna-Pee Dee Formation Belemnite 
(VPDB) international standard. Details on the analytical techniques are 
given in the supplementary material (File S1). 

2.3. Repository of the studied material 

All the samples and thin sections used for this study are stored at the 
Dipartimento di Scienze della Terra, dell’Ambiente e delle Risorse, 
Università degli Studi di Napoli Federico II, collection Mariano Parente. 

3. Results 

In the studied sections, lithofacies were recognized based on texture, 
main components and sedimentary structures. Lithofacies descriptions 
and interpretations are summarized in Tables 1–3. Detailed lithofacies 
descriptions, outcrop and microfacies photographs are given in the 
Supplementary material (File S1). Stable isotope results are included in 
the supplementary material (File S2). Notes on the identification of 
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foraminifera and the author(s) and year of the description of the genera 
and species mentioned in the text and/or figures are given in the taxo
nomic appendix (Appendix A). 

3.1. Mt. Messapion 

3.1.1. Lithofacies, fossil associations and bioevents 
Ten lithofacies are recognized in the Mt. Messapion section (Table 1; 

File S1). The section is subdivided into three intervals, based on fossil 
content and dominant lithofacies (Fig. 2). 

Interval A (0–52.7 m) is characterized by peritidal cycles generally 
capped by red paleosols. Macrofossil associations are represented by 
large (up to 40 cm) dicerocardiid and megalodontid bivalves, and by 
gastropods. Microfossil associations comprise dasycladacean algae and 
rich benthic foraminiferal assemblages dominated by involutinids. The 
most common involutinid taxa are: Triasina hantkeni (Fig. 3A), Aulotortus 
spp. (Fig. 3B-D), Parvalamella friedli, Lamelliconus permodiscoides, Frent
zenella crassa and Trocholina spp. (Fig. 3E). Lageninids, possibly falling 
in the range of variability of the genera Polarisella (Fig. 3F) and Aus
trocolomia, in addition to Gandinella falsofriedli, Glomospira sp., (Fig. 3G), 
undetermined textulariinids (Fig. 3H), and to the fusulinid genus 
Endoteba (Fig. 3I) are represented by rare specimens. Robertininids 
(family Duostominidae: Fig. 3J) and miliolinids (family Milioliporidae) 
are rare and observed in few samples. Dasycladacean algae are common 
in some samples and are mainly represented by Griphoporella curvata 
(Fig. 3K). The incertae sedis Thaumatoporella parvovesiculifera is com
mon in few samples. Ostracods and cyanophyceans occur in mud-rich 
and laminated microfacies. 

The uppermost bed with megalodontid bivalves occurs at 51.4 m, 
very close to the top of interval A. The highest occurrence (HO) of Tri
asina hantkeni, of other involutinid genera (Aulotortus, Lamelliconus, and 
Parvalamella), of the family Duostominidae, and of the dasycladacean 
alga G. curvata marks the top of interval A at 52.7 m. 

Interval B (52.7–125.7 m) is characterized by peritidal cycles with 
dm-thick intervals of laminated whitish dolomites. Red paleosols are 
present only in the basal 15 m. This interval is poorly fossiliferous. 

Macrofossils are very rare and represented by fragments of small bi
valves. Microfossil associations are dominated by T. parvovesiculifera 
(Fig. 3L); textulariinid benthic foraminifera (Fig. 3M-N) and ostracods 
are very rare. 

Interval C (125.7–293 m) is characterized by peritidal cycles with 
cm- to dm-thick intervals of laminated whitish dolomites. Red paleosols 
are especially frequent in the uppermost part of the interval. Oncoids 
and ooids are frequent components of grainy facies. This interval is more 
fossiliferous, compared to interval B, especially in its upper part. 
Macrofossil associations are characterized by bivalves and gastropods. 
Microfossil associations comprise foraminiferal assemblages with mod
erate diversity dominated by textulariinids and mainly represented by 
Duotaxis birmanica (Fig. 3O), Duotaxis metula, Siphovalvulina spp. 
(Fig. 3P), Radoicicina ciarapicae (Fig. 3Q). Everticyclammina sp. (Fig. 3R) 
occurs from 214.4 m. Poorly preserved dasycladacean fragments occur 
starting from 192.8 m. The lowest occurrence (LO) of specimens refer
able with certainty to Palaeodasycladus mediterraneus (Fig. 3S-T) is at 
224.5 m. Thaumatoporella parvovesiculifera is relatively less common 
compared to interval B. 

3.1.2. Carbon and oxygen stable isotopes 
The δ13Ccarb values range overall between − 1 and +2.8‰ with most 

values between +1 and +2.5‰ (Fig. 2). The carbon isotope profile 
shows some high-amplitude fluctuations of up to 2–3‰ over short 
stratigraphic intervals <2–3 m thick, especially between 0 and 140 m. 
These high-amplitude/short-term fluctuations are superimposed on 
larger scale features, which develop over intervals 40 to 100 m thick. 
The first large-scale feature is a positive excursion reaching a maximum 
of +2.7‰ at about 20 m and ending at a minimum of about +0.4‰ at 42 
m. A second large-scale positive excursion starts with a steep rise to a 
value of +2.4‰ at 44.7 m and then peaks to +2.7‰ at 59 m. From this 
maximum, δ13Ccarb values show a long-term decrease to a minimum of 
− 1‰ at 137.6 m. Above this level, the δ13Ccarb is characterized by a third 
broad positive excursion with values fluctuating around +2‰. 

The δ18Ocarb values range overall between − 7.1 and − 0.6‰ with 
most values between − 4 and − 1.5‰ (Fig. 2). The oxygen isotope profile 

Table 1 
Lithofacies of the Mt. Messapion section. Relative abundances given as number of specimens/abiotic grains per thin section as follows: vr (very rare) = 1; r (rare) = 2–3; 
f (frequent) = 4–10; c (common) 10–25; vc (very common) = 25–50; a (abundant) > 50.  

Mt. Messapion 

Lithofacies Texture Abiotic components Fossil content Depositional 
environment 

Megalodontid floatstone 
(Fb) 

Floatstone in 
mudstone-wackestone 
matrix 

Peloids (f) 
Bivalves (a), matrix: foraminifera (c) and dasycladaceans (c), 
ostracods (r), T. parvovesiculifera (vr), gastropods (r) 

Subtidal lagoon 

Bioclastic mudstone- 
wackestone (MWb) 

Mudstone-wackestone Intraclasts (r) 
Bivalve fragments (c), foraminifera (c) and dasycladaceans (c), 
gastropods (r), nodules of cyanophyceans (r), echinoid spines (r), 
ostracods (r), T. parvovesiculifera (r) 

Subtidal lagoon 

Oncoid floatstone (Fo) 
Floatstone in 
mudstone matrix 

Oncoids (a), concentric 
ooids (f), intraclasts (r), 
peloids (c) 

Foraminifera (vr), dasycladaceans (vr) Subtidal lagoon 

Ooid packstone-grainstone 
(PGo) Packstone-grainstone Ooids (a), intraclasts (r) 

Gastropods (r), bivalve fragments (r), T. parvovesiculifera (r), 
foraminifera (r-f) 

Inlet of tidal 
channels (subtidal) 

Homogeneous mudstone 
(M) Mudstone Intraclasts (r) Foraminifera (r), ostracods (r), T. parvovesiculifera (r-c) Subtidal lagoon 

Peloidal and bioclastic 
packstone-grainstone 
(PGpb) 

Packstone-grainstone 
Peloids (a), intraclasts (r-f), 
oncoids (vr) 

Bivalve fragments (vr-a), foraminifera (vr-a) and dasycladaceans 
(vr-a), gastropods (r-f), cyanophyceans (r), echinoid spines (r), 
T. parvovesiculifera (r-f) 

Subtidal lagoon 

Flat pebble conglomerate 
(fp) Rudstone 

Lithoclasts (a), black 
pebbles (f) Ostracods (vr) 

Tidal flat 
(intertidal) 

Fenestral mudstone- 
wackestone (MWf) Mudstone-wackestone 

Intraclasts (c), black 
pebbles (c) T. parvovesiculifera (c), foraminifera (vr-r), ostracods (r-f) 

Tidal flat 
(intertidal) 

Microbial laminite (LAM) Bindstone 
Intraclasts (c), black 
pebbles (c) 

Foraminifera (r), bivalve fragments (vr), ostracods (vr), 
T. parvovesiculifera (r) 

Tidal flat 
(intertidal- 
supratidal) 

Paleosol (PAL) Mudstone Intraclasts (c), lithoclasts 
(c) 

Barren (reworked foraminifera, ostracods, bivalves and 
dasycladaceans) 

Subaerial  
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Fig. 2. Litho-, biostratigraphy and stable isotope profiles (δ13Ccarb and δ18Ocarb) of the Mt. Messapion section (Pelagonian Carbonate Platform, Greece). Interval A is 
fossil-rich and its top is defined by the extinction of the benthic foraminifera Triasina hantkeni, Aulotortus spp., Lamelliconus spp., Parvalamella spp., of the Duo
stominidae, and of the dasycladacean alga Griphoporella curvata. Interval B is poorly fossiliferous and dominated by Thaumatoporella parvovesiculifera. The top of 
interval B is defined by the onset of increasing abundance and diversity of benthic foraminifera followed by that of dasycladacean algae (see text for further details). 
The Triassic/Jurassic boundary is approximated to the extinction level of the T. hantkeni assemblage (see paragraph 4.2). The gray line in the stable isotope profiles 
represents a 5 m moving average. 
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Fig. 3. Microfossils of the Mt. Messapion section. A) Triasina hantkeni (52.7 m); B) Aulotortus sinuosus (52.7 m); C) Aulotortus communis (38.3 m); D) Aulotortus 
tumidus (35.9 m); E) Trocholina sp. (5.8 m); F) Polarisella sp. (8.1 m); G) Glomospira sp. (47.1 m); H) undetermined textulariinid (5.8 m); I) Endoteba sp. (38.3 m); J) 
Duostominidae (52.7 m); K) Griphoporella curvata (17.5 m); L) Thaumatoporella parvovesiculifera (116.5 m); M) cf. Endotriadella sp. (53.0 m); N) ?Siphovalvulina (60.5 
m); O) Duotaxis birmanica (256.5 m); P) Siphovalvulina cf. colomi (268.9 m); Q) Radoicicina ciarapicae (239.7 m); R) Everticyclammina sp. (239.7 m); S) Palae
odasycladus mediterraneus (232.9 m); T) Palaeodasycladus mediterraneus (239.7 m). Scale bar is 500 μm for photographs A-B, D-E, H, L, S-T; it is 200 μm for photograph 
J; it is 100 μm for photographs C, F-G, I, M-R. Numbers in parentheses refer to height from the base of the section. 
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shows some high-amplitude/short-term fluctuations up to 5‰ over 2 m- 
thick stratigraphic intervals that are particularly common above 50 m. 
These fluctuations are superimposed on large scale features. A first 
positive excursion lies between 0 and 42 m, and reaches a maximum of 
− 1.1‰ at 20 m; a second positive excursion lies between 42 and 68.7 m, 
where the δ18Ocarb values rise to − 0.75‰ at 55 m; a third positive 
excursion lies between 68.7 and 90.6 m, where the δ18Ocarb values rise to 
− 0.56‰ at 72.5 m. The overlying stratigraphic interval is characterized 
by frequent high-amplitude fluctuations superimposed on a relatively 
stable long-term trend with values around − 2.5‰. The uppermost part 
of the section (279.3 to 291 m) is characterized by a decreasing trend to 
− 4.8‰. 

3.2. Valle Agricola 

3.2.1. Lithofacies, fossil associations and bioevents 
Nine lithofacies are recognized in the Valle Agricola section (Table 2; 

File S1). The section is subdivided into two intervals, based on fossil 
content and dominant lithofacies (Fig. 4). 

Interval A (0–211.6 m) is made of peritidal cycles with rich and 
diverse macrofossil associations, consisting mainly of megalodontid bi
valves, chaetetids, and corals, testifying deposition in a sector close to 
the platform margin. The microfossil content is also rich and diverse and 
dominated by benthic foraminifera, associated with common dasycla
dacean algae (mainly represented by fragments referable to Griphopor
ella curvata) and T. parvovesiculifera. Among foraminifera, the most 
significant taxa are: Aulotortus spp. (Fig. 5A-B), Aulosina oberhauseri (at 
the base of the section; Fig. 5C), Triasina hantkeni (from 23.0 m; Fig. 5D- 
E), Parvalamella friedli (Fig. 5F), Lamelliconus permodiscoides (Fig. 5G), 
Frentzenella crassa (Fig. 5H) and Trocholina spp. (Fig. 5I). Lageninids, 
tentatively referable to the genera Polarisella and Austrocolomia (Fig. 5J), 
are represented by rare specimens. Textulariinids assigned to “Tro
chammina” spp. (Fig. 5K-L), Duotaxis metula (Fig. 5M) and D. birmanica, 
“Tetrataxis” spp., in addition to Gandinella falsofriedli (Fig. 5N), and 
Glomospira sp. are common. Rare specimens belonging to the fusulinid 
genus Endoteba (Fig. 5O), to miliolinids of the family Milioliporidae 
(Fig. 5P) and Ophthalmidiidae (Fig. 5Q), and to robertininids of the 
family Duostominidae (Fig. 5R-T) are also present. 

The LO of T. hantkeni is identified at 23.0 m (Fig. 4) in the lower part 

of interval A, about 100 m below the level indicated by the lower- 
resolution study of Mancinelli et al. (2005). The uppermost beds with 
megalodontid bivalves, and fragments of corals and chaetetids are 
observed at 196.5 m, 200 m, and 201.2 m, respectively. The HO of 
T. hantkeni, of other involutinid genera (Aulotortus, Lamelliconus, and 
Parvalamella), of the family Duostominidae, and of G. curvata is observed 
at 211.6 m and marks the top of interval A. 

The uppermost part of interval A is characterized by discontinuous 
exposure and by the occurrence of small-scale faults. However, the 
outcrop is continuous, and no faults were observed at the boundary 
between interval A and B, which is traced within the same bed. 

Interval B (211.6–245 m) consists of ooid packstone-grainstone at 
the base and of oncoid grainstone-rudstone in the upper part. It is un
fossiliferous (samples at 212, 212.2 and 212.5 m are barren) to very 
poorly fossiliferous up to 217.3 m. The diversity and abundance of 
micro- and macrofossils gradually increase toward the top of the section, 
where cyanophycean nodules, gastropods and fragments of bivalves 
represent the dominant biotic components, accompanied by rare tex
tulariinid benthic foraminifera (“Trochammina” species, ?Siphovalvulina) 
and echinoid spines in some samples. 

3.2.2. Carbon and oxygen stable isotopes 
The δ13Ccarb values range overall between − 1.4 and +3.5‰ and most 

values fall between +1 and +3‰ (Fig. 4). The carbon isotope profile 
shows several high-amplitude fluctuations, of up to 2–3‰ over short 
stratigraphic intervals <2–3 m thick, superimposed on larger scale 
features that develop over intervals 20 to 100 m thick. The first positive 
excursion is observed between 0 and 20 m, and reaches a maximum of 
+2.9‰ at 7 m. A second positive excursion lies between 20 and 57 m, 
and reaches a maximum of +3‰ at 35 m. At 58.5 m, the δ13Ccarb rises 
sharply to +2.8‰ followed by a gradual decrease to a minimum of 
+1.2‰ at 120 m. From 120 to 193 m, the δ13Ccarb record shows frequent 
high-amplitude (2–4‰) meter scale fluctuations around average values 
of about +1.3‰ that are superimposed on a slight long-term decreasing 
trend. The top of the section (193–245 m) shows the largest-scale pos
itive excursion, which is characterized by a two-step rise to a maximum 
value of +3.5‰ reached at 214.9 m and followed by a gradual decrease 
to +2.5‰. This interval is characterized by the absence of high- 
frequency fluctuations in the δ13Ccarb record. 

Table 2 
Lithofacies of the Valle Agricola section. Relative abundances given as number of specimens/abiotic grains per thin section as follows: vr (very rare) = 1; r (rare) = 2–3; 
f (frequent) = 4–10; c (common) 10–25; vc (very common) = 25–50; a (abundant) > 50.  

Valle Agricola 

Lithofacies Texture Abiotic components Fossil content Depositional 
environment 

Fossiliferous floatstone (Ff) 
Floatstone in 
wackestone- packstone 
matrix 

Peloids (f), black pebbles 
(r) 

Bivalves (a), corals (f), chaetetids (f) matrix: foraminifera (f-c) and 
dasycladaceans (c), T. parvovesiculifera (r-c), ostracods (r), 
gastropods (c) 

Subtidal lagoon 

Bioclastic mudstone- 
wackestone (MWb) 

Mudstone-wackestone Intraclasts (r) 
Bivalve fragments (f-c), foraminifera (f-c) and dasycladaceans (r- 
c), gastropods (r), cyanophyceans (r), echinoid spines (r), 
T. parvovesiculifera (r-a) 

Subtidal lagoon 

Homogeneous mudstone 
(M) 

Mudstone Intraclasts (r) Foraminifera (r) Subtidal lagoon 

Peloidal and bioclastic 
wackestone-packstone 
(WPpb) 

Wackestone-packstone 
Peloids (a), intraclasts 
(r), oncoids (vr) 

Bivalve fragments (c), foraminifera (c-a) and dasycladaceans (f), 
gastropods (f), cyanophyceans (r), echinoid spines (r), ostracods 
(r), T. parvovesiculifera (r-a) 

Subtidal lagoon 

Oncoid grainstone-rudstone 
(GRo) 

Grainstone-rudstone 
Oncoids (a), ooids (r-f), 
intraclasts (vr), peloids 
(c) 

Gastropods (r-c), bivalve fragments (r-c), echinoid spines (r), 
foraminifera (r) 

Platform margin-sand 
shoal (intertidal) 

Ooid packstone-grainstone 
(PGo) 

Packstone-grainstone Ooids (a), intraclasts (r), 
peloids (r), oncoids (r) 

Foraminifera (r), echinoid spines (r), ostracods (r) Platform margin-sand 
shoal (intertidal) 

Fenestral mudstone- 
wackestone (MWf) Mudstone-wackestone 

Intraclasts (vr), black 
pebbles (c) 

T. parvovesiculifera (c), foraminifera (r), ostracods (r), bivalve 
fragments (r) Tidal flat (intertidal) 

Microbial laminite (LAM) Bindstone-mudstone 
Intraclasts (c), black 
pebbles (c) 

Foraminifera (r), ostracods (r), gastropods (r), T. parvovesiculifera 
(r), bivalve fragments (r) 

Tidal flat (intertidal- 
supratidal) 

Lithoclastic-intraclastic 
breccia (B) 

Rudstone 
Lithoclasts (a), 
intraclasts (a) 

Bioclasts (r) 
Tidal flat (intertidal- 
supratidal)  
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The δ18Ocarb values of the samples from the Valle Agricola section 
range overall between − 3.6 and +0.7‰ with most values between − 2 
and 0‰ (Fig. 4). The oxygen isotope profile shows high- amplitude 
fluctuations of up to 2–3‰ from 0 to 193 m, and up to 1‰ from 193 m to 
the top of the section. These fluctuations extend over stratigraphic 

intervals that are 2–3 m thick. Although less clear than the carbon 
isotope record, the oxygen record also shows large-scale features. A first 
positive excursion occurs between 0 and 56.5 m, and reaches a 
maximum of +0.1‰ at 34.5 m. A second broad positive excursion is 
observed between 56.5 m and 156.8 m, where the δ18Ocarb reaches a 

Fig. 4. Litho-, biostratigraphy and stable isotope profiles (δ13Ccarb and δ18Ocarb) of the Valle Agricola section (Apennine Carbonate Platform, Campania, Italy). 
Interval A is fossil-rich and its top is defined by the extinction of the benthic foraminifera Triasina hantkeni, Aulotortus spp., Lamelliconus spp., Parvalamella spp., of the 
Duostominidae, and of the dasycladacean alga Griphoporella curvata. Interval B is poorly fossiliferous and contains gastropods and rare textulariinid benthic fora
minifera (see text for further details). The Triassic/Jurassic boundary is approximated to the extinction level of the T. hantkeni assemblage (see paragraph 4.2). The 
gray line in the stable isotope profiles represents a 5 m moving average. 
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Fig. 5. Benthic foraminifera of the Valle Agricola section. A) Aulotortus tumidus (9.8 m); B) Aulotortus impressus (34.0 m); C) Aulosina oberhauseri (9.8 m); D) Triasina 
hantkeni (23 m); E) Triasina hantkeni (211.6 m); F) Parvalamella friedli (211.4 m); G) Lamelliconus permodiscoides (211.3 m); H) Frentzenella crassa (168.3 m); I) 
Trocholina sp. (14.7 m); J) Austrocolomia sp. (166.5 m); K) “Trochammina” almtalensis (40.7 m); L) “Trochammina” alpina (3.8 m); M) Duotaxis metula (119.9 m); N) 
Gandinella falsofriedli (13.3 m); O) Endoteba sp. (199.0 m); P) Miliolipora sp. (186.7 m); Q) Ophthalmidiidae (141.3 m); R) Duostominidae (16.8 m); S) Duostominidae 
(205.3 m); T) Duostominidae (211.6 m). Scale bar is 200 μm for photographs A-S, it is 100 μm for photograph T. Numbers in parentheses refer to height from the base 
of the section. 
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maximum of 0‰ at 94.5 m. The upper part of the section (156.8–245 m) 
is characterized by a rising trend, with δ18Ocarb values reaching a 
maximum of 0‰ at 229.7 m. 

3.3. Mt. Sparagio 

3.3.1. Lithofacies, fossil associations and bioevents 
The quality of the rock exposure is rather poor. A few beds reveal a 

distinct peritidal cyclicity, with mud-dominated facies capped by mi
crobial laminites and/or red paleosols (see also Todaro et al., 2017). In 
most beds, a thick patina of superficial alteration prevents the obser
vation of depositional textures and sedimentary structures, which are 
revealed only by exposing fresh surfaces. Depositional lithofacies are 
often overprinted by a network of dissolution cavities with geopetal 
infills of internal sediment, crystal silt and cement. Despite these limi
tations, eight lithofacies are recognized at Mt. Sparagio (Table 3; File 
S1). The section is divided in two intervals, mainly based on the fossil 
content (Fig. 6). 

Interval A (0–177.8 m) consists of peritidal cycles with fossiliferous 
base-of-cycle facies containing megalodontid bivalves with maximum 
shell size of 20 cm and benthic foraminifera. Dasycladacean algae are 
also abundant in some beds. Benthic foraminifera are mainly repre
sented by involutinids. The most significant taxa are: Aulotortus spp. 
(Fig. 7A-B), Triasina hantkeni (Fig. 7C), Parvalamella friedli (Fig. 7D), 
Lamelliconus permodiscoides (Fig. 7E), Frentzenella crassa and Trocholina 
spp. (Fig. 7F-H). Lageninids, possibly falling in the range of variability of 
the genera Polarisella (Fig. 7I) and Austrocolomia, textulariinids assigned 
to the genera Duotaxis, “Tetrataxis” (Fig. 7J), and “Trochammina” 
(Fig. 7K) are represented by rare specimens. Very rare specimens of 
robertininids (family Duostominidae: Fig. 7L) are observed in two 
samples (at 167 and 168.2 m). Dasycladacean algae are mainly repre
sented by Griphoporella curvata (Fig. 7M). The HO of T. hantkeni is 
identified at 164.9 m, followed by the HO of Aulotortus, Parvalamella, 
and Lamelliconus, and of Griphoporella curvata at 177.1 m. The upper
most bed with megalodontid bivalves marks the top of interval A, at 
177.8 m. 

Interval B (177.8–250.6 m) consists of peritidal cycles with very poor 
macrofossil associations represented by fragments of small bivalves and 
gastropods. Microfossil associations are characterized by 
T. parvovesiculifera (Fig. 7N), which is the only abundant taxon, and by 
rare Aeolissaccus dunningtoni (Fig. 7O), textulariinid benthic 

foraminifera (Fig. 7P) and ostracods. 

3.3.2. Carbon and oxygen stable isotopes 
The δ13Ccarb values range overall between − 1.8 and +3.5‰ with 

most values between − 1 and +2‰ (Fig. 6). The carbon isotope profile 
shows high-amplitude fluctuations of up to 4‰ over stratigraphic in
tervals <2 m thick, especially between 0 and 145 m. These short-term 
fluctuations are superimposed on a series of positive excursions that 
are tens of meters thick. The first positive excursion is observed between 
0 and 41.7 m, with δ13Ccarb reaching a peak of +2.4‰ at 23 m. A second 
excursion is observed between 41.7 and 69 m, with a δ13Ccarb peak of 
+1.9‰ at 56.6 m. A third excursion is observed between 69 and 89.5 m, 
with a peak of +1.7‰ at 73.7 m. The fourth excursion is observed be
tween 73.7 and 142.5 m, with a peak of +1.3‰ at 124.6 m. The largest- 
scale and broadest positive δ13Ccarb excursion occurs between 142.5 and 
250 m, reaching a maximum value of +3.55‰ at 195.4 m. The rising 
limb of this excursion is notably characterized by lower-amplitude 
fluctuations compared to the rest of the section. 

The δ18Ocarb values range overall between − 4 and +2‰ with most 
values lying between − 3 and − 1‰ (Fig. 6). The oxygen isotope profile 
shows high-amplitude/short-term fluctuations of up to 3‰ over short 
stratigraphic intervals <3 m thick throughout the section. The most 
striking feature of the δ18Ocarb profile is a high-amplitude (+4‰) posi
tive excursion starting at 187.2 m and ending at about 200 m, with the 
δ18Ocarb reaching a maximum value of +1.8‰ at 191 m. This positive 
excursion coincides with a dolomitized interval (see paragraph 4.5). 

4. Discussion 

4.1. Biozonation of the studied sections 

Several biozonations were proposed for Upper Triassic–Lower 
Jurassic Tethyan carbonate platforms, mainly based on benthic fora
minifera and dasycladacean algae (Gaździcki, 1983; Septfontaine, 1984; 
De Castro, 1991; Chiocchini et al., 1994; Barattolo and Romano, 2005; 
Mancinelli et al., 2005; BouDagher-Fadel and Bosence, 2007; Velić, 
2007; Romano et al., 2008; BouDagher-Fadel, 2018). In this study, we 
apply a biozonation derived by the integration of the zonal schemes 
introduced by Gaździcki (1983) for the West Carpathians (Slovakia and 
Poland), and by Chiocchini et al. (1994) for the central Apennines (Italy) 
(Fig. 8). A similar scheme was adopted by Mancinelli et al. (2005) for the 

Table 3 
Lithofacies of the Mt. Sparagio section. Relative abundances given as number of specimens/abiotic grains per thin section as follows: vr (very rare) = 1; r (rare) = 2–3; f 
(frequent) = 4–10; c (common) 10–25; vc (very common) = 25–50; a (abundant) > 50.  

Mt. Sparagio 

Lithofacies Texture Abiotic components Fossil content Depositional 
environment 

Megalodontid floatstone (Fb) 
Floatstone in 
mudstone-wackestone 
matrix 

Peloids (f) 
Bivalves (a), matrix: foraminifera (c) and dasycladaceans (c), 
ostracods (r), T. parvovesiculifera (vr), gastropods (r) Subtidal lagoon 

Peloidal and bioclastic 
mudstone-wackestone 
(MWpb) 

Mudstone-wackestone Peloids (r), intraclasts (r), 
oncoids (r) 

Bivalve fragments (f), foraminifera (f) and dasycladaceans (r), 
gastropods (r), ostracods (r), echinoid spines (r), 
T. parvovesiculifera (r) 

Subtidal lagoon 

Homogeneous mudstone (M) Mudstone Intraclasts (r) 
Foraminifera (r), dasycladaceans (vr), gastropods (r), ostracods 
(r), T. parvovesiculifera (vr) Subtidal lagoon 

Oncoidal floatstone-rudstone 
(FRo) 

Floatstone-rudstone Peloids (a), intraclasts (a) Bivalve fragments (r), foraminifera (vr), gastropods (r), 
ostracods (r) 

Subtidal lagoon 

Peloidal-intraclastic-bioclastic 
packstone-grainstone (PGpib) 

Packstone-grainstone 
Peloids (a), intraclasts (a), 
oncoids (vr), ooids (vr) 

Bivalve fragments (r), foraminifera (f) and dasycladaceans (r), 
echinoid spines (r), gastropods (vr), ostracods (r), 
T. parvovesiculifera (f-c) 

Subtidal lagoon 

Fenestral mudstone-wackestone 
(MWf) Mudstone-wackestone 

Peloids (r); intraclasts 
(vr), black pebbles (vr) T. parvovesiculifera (f), foraminifera (r), ostracods (r) 

Tidal flat 
(intertidal) 

Microbial laminite (LAM) Bindstone Peloids (r), intraclasts (c) Foraminifera (r), ostracods (r), T. parvovesiculifera (r) 
Tidal flat 
(intertidal- 
supratidal) 

Paleosol (PAL) Mudstone Intraclasts (c), lithoclasts 
(c) 

Barren Subaerial  
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Fig. 6. Litho-, biostratigraphy and stable isotope profiles (δ13Ccarb and δ18Ocarb) of the Mt. Sparagio section (Panormide Carbonate Platform, Sicily, Italy). Interval A 
is fossil-rich and its top is defined by the extinction of megalodontid bivalves. Interval B is poorly fossiliferous and dominated by Thaumatoporella parvovesiculifera. 
The Triassic/Jurassic boundary is approximated to the extinction level of megalodontid bivalves (see paragraph 4.2). The gray line in the stable isotope profiles 
represents a 5 m moving average. The dolomitized interval is discussed in paragraph 4.5. 
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Valle Agricola section and by Romano et al. (2008) for the Mt. Messa
pion section. 

The lowermost biozone in our scheme is the Aulosina oberhauseri 
(=Triasina oberhauseri after Rigaud et al., 2012a) Zone following 
Gaździcki (1983) (Fig. 8). This biozone is present only in the lowermost 
portion (0–23 m) of interval A in the Valle Agricola section, below the 
LO of T. hantkeni (Fig. 4). 

The overlying Triasina hantkeni Zone is defined by the LO and HO of 
T. hantkeni (Fig. 8). The dasycladacean alga Griphoporella curvata is 
commonly found in assemblages of this biozone (Chiocchini et al., 1994; 

Mancinelli et al., 2005; Romano et al., 2008), but it is also reported from 
older stratigraphic intervals (Barattolo et al., 1993), therefore it cannot 
be used as a marker for the T. hantkeni Zone. The remaining part of in
terval A at Valle Agricola (23–211.6 m) and the whole interval A at Mt. 
Messapion (0–52.7 m) are assigned to the T. hantkeni Zone, based on the 
occurrence of the marker species (Figs. 2 and 4). Interval A at Mt. 
Sparagio (0–177.8 m) is also assigned to the T. hantkeni Zone, based on 
the occurrence of the nominal species up to 164.9 m, of other involu
tinids up to 177.1 m (e.g., Aulotortus, Lamelliconus, and Parvalamella 
species) and of megalodontid bivalves up to 177.8 m (Fig. 6). 

Fig. 7. Microfossils of the Mt. Sparagio section. A) Aulotortus communis (174.0 m); B) Aulotortus impressus (169.4 m); C) Triasina hantkeni (164.3 m); D) Parvalamella 
friedli (177.1 m); E) Lamelliconus permodiscoides (168.7 m); F) Frentzenella crassa (169.4 m); G) Frentzenella crassa or Trocholina sp. (173.1 m); H) ?Trocholina sp. 
(168.7 m); I) Polarisella sp. (164.9 m); J) “Tetrataxis” inflata (144.4 m); K) “Trochammina” cf. alpina (168.7 m); L) Duostominidae (167.0 m); M) Griphoporella curvata 
(169.4 m); N) Thaumatoporella parvovesiculifera (225.4 m); O) Aeolisaccus dunningtoni (198.6 m); P) "Trochammina" sp. (247.9 m). Scale bar is 200 μm for photographs 
A-B, D-L, N–P, it is 500 μm for photographs C, M. Numbers in parentheses refer to height from the base of the section. 
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The overlying Thaumatoporella parvovesiculifera Zone corresponds to 
the interval between the HO of the T. hantkeni assemblage (i.e., 
T. hantkeni, Aulotortus, Lamelliconus, and Parvalamella) and of mega
lodontid bivalves, and the LO of Palaeodasycladus mediterraneus (Fig. 8). 
The T. parvovesiculifera Zone is recognized at Mt. Messapion 
(52.7–224.5 m) and corresponds to the whole interval B, where 
T. parvovesiculifera is the only common microfossil, and to the lower part 
of interval C (Fig. 2). Interval B of the Valle Agricola section (211.6–245 
m) is also attributed to the T. parvovesiculifera Zone, considering that 
Mancinelli et al. (2005) reported the occurrence of this taxon in this 
section for ca 100 m between the HO of T. hantkeni and the LO of 
P. mediterraneus (Fig. 4). Interval B of the Mt. Sparagio section 
(177.8–250 m) is also entirely attributed to the T. parvovesiculifera Zone, 
and corresponds to the interval from the top of the T. hantkeni Zone to 
the top of the section (Fig. 6). 

The overlying Palaeodasycladus mediterraneus Zone is defined at its 
base by the LO of the nominal taxon (Fig. 8). This biozone is recognized 
only in the uppermost part of interval C at Mt. Messapion (224.5–293 
m), based on the LO of the P. mediterraneus at 224.5 m (Fig. 2). 

4.2. Chronostratigraphic calibration of the bioevents defining the 
carbonate platform biozones 

The LO of T. hantkeni is here used to approximate the Norian/ 
Rhaetian boundary in agreement with Gaździcki (1983), because in 
sections containing conodonts this species has been consistently found at 
or slightly above the LO of Misikella posthernsteini (Slovakia, Poland and 
Hungary: Gaździcki et al., 1979, Gaździcki, 1983; Indonesia: Martini 
et al., 1997; Slovenia: Gale et al., 2012; Italy: Jadoul et al., 2012), which 
is the current candidate primary event to define the base of the Rhaetian 
Stage (Krystyn et al., 2007; Bertinelli et al., 2016; Ogg et al., 2020). An 
exception is observed in the paleoequatorial sections of the United Arab 
Emirates, where T. hantkeni has been reported below the LO of 
M. posthernsteini (Maurer et al., 2015; Davies and Simmons, 2018; Ge, 
2021; Urban et al., 2023). The conodont-controlled late Norian age of 
T. hantkeni mentioned by Urban et al. (2023) for the Northern Calcar
eous Alps (NCA, Austria) and referred to the work of Reijmer and 
Everaars (1991) requires further studies, because the specimen illus
trated in the latter paper as T. hantkeni likely falls in the range of 

variability of A. oberhauseri. 
The HO of the T. hantkeni assemblage and of megalodontid bivalves 

is used to approximate the Rhaetian/Hettangian boundary, in agree
ment with previous biozonations of Triassic–Jurassic Tethyan carbonate 
platforms (e.g., Gaździcki, 1983; De Castro, 1991; Chiocchini et al., 
1994; Mancinelli et al., 2005; Velić, 2007; Romano et al., 2008). This 
chronostratigraphic calibration is supported by the sequence of events 
observed in the carbonate platforms bordering the intraplatform basins 
of the NCA (Golebiowski and Braunstein, 1988; McRoberts et al., 1997; 
Mette et al., 2016), where the HO of T. hantkeni, Aulotortus species and 
megalodontid bivalves is broadly coeval to the extinction of Rhaetian 
ammonites and conodonts, and slightly precedes the first appearance of 
the ammonite Psiloceras spelae tirolicum, which defines the base of the 
Hettangian Stage at the GSSP section of Kuhjoch (Eiberg Basin, NCA, 
Austria: Hillebrandt, 2013). 

The LO of P. mediterraneus has been regarded as a late Hettangian to 
late Sinemurian event (Sartoni and Crescenti, 1962; De Castro, 1987, 
1991; Chiocchini et al., 1994; Barattolo and Romano, 2005; Mancinelli 
et al., 2005; Romano et al., 2008). However, all the sections in the 
southern Alps and northern Apennines where the LO of P. mediterraneus 
can be constrained by ammonoids, indicate an early Sinemurian age for 
this event, most probably falling in the Bucklandi (index species Arietites 
bucklandi) or Semicostatum (index species Arnioceras semicostatum) 
Chronozone (see supplementary material File S1 and Fig. S1.7 for 
further details). 

4.3. Extinction patterns across the TJB interval 

The TJB in the studied section is approximated to the extinction level 
of T. hantkeni and G. curvata at Mt. Messapion and Valle Agricola, and of 
megalodontid bivalves at Mt. Sparagio (Fig. 9), as discussed in para
graphs 4.1 and 4.2. 

In the studied sections, the sequence of bioevents across the TJB 
displays similar patterns: Rhaetian involutinids disappear together with 
G. curvata at the top of the T. hantkeni Zone, and with Duostominidae at 
Mt. Messapion and Valle Agricola. The extinction level of Duo
stominidae cannot be precisely established at Mt. Sparagio as they occur 
in two samples only (at 167 and 168.2 m), likely for adverse ecological 
conditions. A highest occurrence close to the TJB for this group is also 

Fig. 8. Biozonations of Upper Triassic – Lower Jurassic carbonate platforms. Chronostratigraphy after Gradstein et al. (2020).  
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documented in the Mt. Cefalo (Latium, Italy, Southern Apennines: 
Mancinelli et al., 2005) and Slovenian (Gale et al., 2011) sections. Tri
asina hantkeni disappears together with the other involutinids at Mt. 
Messapion and Valle Agricola. The earlier disappearance of T. hantkeni 
in the Mt. Sparagio section, about 12 m below the HO of the other 
involutinids, might be due to its rare occurrence under locally unfa
vorable environmental conditions. 

The HO of megalodontid bivalves is very close to the top of the 
T. hantkeni Zone at Mt. Messapion and Mt. Sparagio. At Valle Agricola, 
the HO of megalodontids is about 15 m below this level. This difference 
might be partly due to the poor exposure of the upper part of the Valle 
Agricola section, where a 4 m-thick interval below the last bed with 
Rhaetian fossils is covered by vegetation and a thick soil and could not 
be investigated (Fig. 9). 

Summing up, the extinction of the typical Dachstein-type associa
tion, dominated by megalodontids, involutinid foraminifera and dasy
cladacean algae, coincides with the top of the T. hantkeni Zone in the 
studied sections. Poor exposure and local paleoenvironmental condi
tions are probably responsible for the slight differences in the extinction 
level of Rhaetian taxa in individual sections. 

It is worth noting that the ETE severely affected carbonate platform 
assemblages from the backreef lagoon to the reef front. Dasycladacean 
algae (Barattolo and Romano, 2005; Bucur and Reolid, 2024), bivalves 
(Kiessling and Aberhan, 2007), corals (Kiessling et al., 2009; Martindale 
et al., 2012), and chaetetids (West, 2015) suffered high extinction rates. 
However, relatively few species among foraminifera became extinct 
during the ETE. The family Milioliporidae (miliolids), which preferen
tially lived close to the carbonate platform edge (Schäfer and Senowbari- 
Daryan, 1981; Zaninetti et al., 1992; Martini et al., 1997) and has a very 
sporadic occurrence in the studied sections, disappears at the TJB, as 
well as the Duostominidae (robertininids). Involutinids were severely 
affected by the ETE. Nevertheless, several genera (e.g., Involutina and 
Trocholina) that are absent in the studied sections above the TJB, sur
vived the event in refugium areas (Rigaud et al., 2015; Gale et al., 2020) 

and diversified during the Early Jurassic (Rigaud et al., 2013). Textu
lariinids and lageninids, which were adapted to different habitats from 
the backreef lagoon to basinal deeper water settings, were nearly un
affected by the ETE, and show increased diversity during the Hettangian 
(Tappan and Loeblich, 1988; Kaminski et al., 2010). 

4.4. Stratigraphic continuity and facies changes across the TJB 

Deposition in shallow waters makes carbonate platform sections 
particularly susceptible to non-deposition and/or erosion during epi
sodes of subaerial exposure. For this reason, we have examined in detail 
the intervals across the biostratigraphically defined TJB looking for 
sedimentological evidence of significant stratigraphic gaps. 

At Mt. Messapion, the uppermost bed with Rhaetian benthic fora
minifera and dasycladacean algae is a subtidal bioclastic packstone- 
grainstone, overlain by 40 cm of whitish dolomitized microbial lam
inite that is capped by a laterally discontinuous cm-thick red paleosol. 
This shallowing-upward peritidal cycle is similar to the other cycles 
occurring in interval A and in the lower part of interval B. The paleosol 
at its top documents an interval of subaerial exposure. The duration of 
the hiatus associated with the paleosol cannot be constrained by 
biostratigraphy as it coincides with the boundary between two adjacent 
biozones (see Fig. 9). Interval B shows the same peritidal cyclicity as 
interval A (see also Romano et al., 2008), but with subtidal facies 
characterized by very low diversity assemblages dominated by 
T. parvovesiculifera. In this section, in agreement with Romano et al. 
(2008), the level of the HO of Rhaetian fossils is considered to represent 
the true extinction of these taxa, as it does not coincide with a sharp 
facies change nor with evidence of a significant stratigraphic gap. 

At Valle Agricola, the uppermost sample with Rhaetian foraminifera 
and dasycladacean algae is a bioclastic wackestone, which passes up
ward, within the same bed, into an ooid grainstone. The contact is a 
sharp surface that does not preserve any evidence of subaerial exposure 
and is therefore interpreted as a submarine erosional surface. The 

Fig. 9. Patterns of extinction of Rhaetian carbonate platform taxa in the three studied sections.  

A. Montanaro et al.                                                                                                                                                                                                                            



Palaeogeography, Palaeoclimatology, Palaeoecology 649 (2024) 112335

15

presence of a minor stratigraphic gap associated with this surface cannot 
be excluded, but carbon-isotope correlation with other records excludes 
the presence of a major hiatus (see paragraph 4.6). Above the extinction 
level, the section continues with ~5 m of ooid packstone-grainstone. 
Low-diversity fossil assemblages, consisting of gastropods, rare bivalve 

shells and textulariinid benthic foraminifera, are documented in the 
overlying oncoid grainstone-rudstone. 

At Mt. Sparagio, the uppermost bed with megalodontids is observed 
at 177.8 m. In the overlying 7 m-thick stratigraphic interval, the quality 
of the outcrop is discontinuous, due to a thick soil and vegetation cover. 

Fig. 10. δ13C and δ18O crossplots and δ13C whisker plots of the studied sections. A) δ13Ccarb and δ18Ocarb crossplot of the Mt. Messapion section; B) δ13Ccarb and 
δ18Ocarb crossplot of the Valle Agricola section. C) δ13Ccarb and δ18Ocarb crossplot of the Mt. Sparagio section; D) δ13Ccarb whisker plots for the lithofacies of the Mt. 
Messapion section; E). δ13Ccarb whisker plots for the lithofacies of the Valle Agricola section; F) δ13Ccarb whisker plots for the lithofacies of the Mt. Sparagio section. 
The gray area shows the range of oxygen and carbon stable isotope values exhibited by Norian-Rhaetian low latitude brachiopod shells after Prokoph et al. (2008). 
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The few beds exposed in this interval consist of peloidal-intraclastic 
mudstone-wackestone with rare T. parvovesiculifera. Above this inter
val, the section continues with peritidal cycles capped by microbial 
laminites and fenestral mudstones. The subtidal facies show very low- 
diversity assemblages dominated by T. parvovesiculifera. As at Mt. Mes
sapion, the HO of Rhaetian fossils does not coincide with a facies change 
nor with evidence of a significant stratigraphic gap, therefore it is 
considered to represent the true extinction of these taxa, in agreement 
with Todaro et al. (2017, 2018, 2022). 

4.5. Reliability of the δ13Ccarb record in the studied sections 

Carbon-isotope stratigraphy represents a crucial technique for 
accurately dating and correlating stratigraphic sections. However, the 
reliability of carbon isotope data must be carefully evaluated because 
several factors can cause deviations of the local carbon isotope trend 
from the global signal. These include biological fractionation, local 
paleoceanographic conditions (Weber and Woodhead, 1969; Patterson 
and Walter, 1994) and post-depositional diagenetic alteration (e.g., 
Dickson and Coleman, 1980). In particular, deposition in shallow-waters 
frequently exposes carbon platform sediments to meteoric diagenesis, 
potentially imparting depleted δ13Ccarb values to levels below subaerial 
exposure surfaces, reflecting the influence of soil-derived CO2 (Allan and 
Matthews, 1982; Lohmann, 1988; Joachimski, 1994; Immenhauser 
et al., 2008). Moreover, shallow-water limestones consist of a wide 
textural and mineralogical variety of skeletal and non-skeletal compo
nents, whose relative abundance might influence the isotopic signal 
recorded by bulk samples. 

Assessing the influence of local environmental conditions and of 
diagenesis is of paramount importance before attempting any strati
graphic correlation based on the carbon-isotope record. Strong covari
ation between δ13Ccarb and δ18Ocarb is commonly taken as evidence of 
diagenetic alteration due to meteoric water influx in the mixing zone 
(Allan and Matthews, 1982), or of a trend of decreasing alteration within 
the freshwater phreatic zone (Swart, 2011). Therefore, we tested the 
reliability of the carbon isotope records of the three studied sections by 
evaluating the covariation of carbon- and oxygen-isotope data (Fig. 10A- 
C). Correlation coefficients between δ13Ccarb and δ18Ocarb values were 
also calculated separately for each lithofacies, in order to highlight 
whether the stable isotope signal is influenced by the depositional and 
early diagenetic conditions. The relationship between lithofacies and the 
δ13Ccarb signal is further investigated through the whisker plots 
(Fig. 10D-F). 

The correlation coefficients between the carbon- and oxygen isotope 
values calculated for each section (all data) are very low for Mt. Mes
sapion (R2 = 0.07; Fig. 10A), moderate for Valle Agricola (R2 = 0.44; 
Fig. 10B) and Mt. Sparagio (R2 = 0.46; Fig. 10C), suggesting an overall 
minor to moderate diagenetic overprint (e.g., Immenhauser et al., 2008; 
Huck et al., 2017). The subaerial to intertidal lithofacies (PAL, LAM, 
MWf) generally yield among the highest R2 of each section and a higher 
variability in the δ13Ccarb and δ18Ocarb values, with several outliers in the 
whisker plots (Fig. 10D-F). This is in line with the expectations that these 
top-of-cycle lithofacies are more exposed to the effects of meteoric 
diagenesis. 

The data-points of each lithofacies do not plot as separate clusters in 
the cross-plots of δ13Ccarb vs δ18Ocarb (Fig. 10A-C), suggesting that the 
isotopic signal is not significantly influenced by the lithofacies type. 
Further support to this observation is provided by the whisker plots, 
showing that almost all lithofacies have interquartile δ13Ccarb ranges 
broadly overlapping, except for the ooid packstone-grainstone and 
oncoid grainstone-rudstone of Valle Agricola (Fig. 10E). Ooid precipi
tation is mediated by diverse autotroph/heterotroph microbial com
munities, which may deviate the isotopic signal far from the equilibrium 
of the ambient seawater and shift the δ13Ccarb toward more positive 
values via enhanced photosynthetic activity (Diaz et al., 2015; Chen 
et al., 2022). However, it is worth noting that the positive δ13Ccarb 

excursion encompassing the extinction of Rhaetian taxa in the Valle 
Agricola section is not controlled by the occurrence of ooid grainstones 
as it starts a few meters below and continues across the facies change 
(Fig. 4). 

Most of the samples of the studied sections have stable isotope values 
falling within the range of Late Triassic (Norian-Rhaetian) seawater 
(Fig. 10A-C) reconstructed from low latitude brachiopod shells (Prokoph 
et al., 2008). The Mt. Messapion section shows some samples with very 
negative δ18Ocarb and invariant δ13Ccarb values, likely reflecting a 
moderate influence of late burial diagenesis (Marshall, 1992; Immen
hauser et al., 2003, 2008). The Mt. Sparagio section displays some 
samples with enriched δ18Ocarb values obtained in the dolomitized in
terval between 188.5 and 198.4 m (Fig. 10C, F). The δ18Ocarb of these 
samples is about 2–3‰ more positive compared to the samples of 
adjacent levels, which is roughly the expected difference between calcite 
and dolomite precipitated at equilibrium from the same fluid (Vascon
celos et al., 2005). In all sections, some samples are shifted toward more 
negative δ13Ccarb and δ18Ocarb values with respect to the Late Triassic 
seawater (Fig. 10A-C), a trajectory that suggests early meteoric 
diagenesis (Allan and Matthews, 1982; Joachimski, 1994; Immenhauser 
et al., 2008). In the Mt. Messapion and Valle Agricola section such 
depleted values are mainly recorded in supra- to intertidal (LAM, MWf) 
lithofacies, whereas at Mt. Sparagio they are also recorded in subtidal 
lithofacies (FRo, PGpib, MWpb), suggesting a more pervasive influence 
of meteoric diagenesis in the latter section. 

Summing up, minor to moderate diagenetic alteration, mostly due to 
meteoric diagenesis, certainly affected the carbon-isotope ratios of some 
samples. The effects of diagenetic alteration are more severe at Mt. 
Sparagio, which displays the most negative and variable δ13Ccarb values 
(Fig. 10F) and the highest δ13Ccarb vs. δ18Ocarb correlation coefficients in 
almost all lithofacies (Fig. 10C). In all sections, meteoric diagenesis is 
likely responsible for some high-amplitude fluctuations toward negative 
δ13Ccarb values defined by one or few data-points recorded in supra- to 
intertidal lithofacies. However, the stable isotope values obtained dur
ing this study mostly fall within the range of Late Triassic tropical 
seawater. Moreover, crossplots and whisker plots (Fig. 10) show that the 
measured isotopic values are not controlled by the lithofacies type. 
These arguments support the hypothesis that at least the long-term 
trends and excursions of the δ13Ccarb profiles represent a faithful re
cord of changes in the carbon isotope ratio of the global ocean, and as 
such could be used for global correlation. 

A very important result of our study consists in the identification of 
the extinction level of Rhaetian assemblages within the upper part of a 
positive δ13Ccarb excursion that is consistently recorded in three car
bonate platform sections that were located at a distance of hundreds of 
km and that underwent a different geologic evolution. This positive 
excursion is defined in each section by many data-points along strati
graphic intervals that are tens of meters thick, it persists across different 
lithofacies (i.e., it is not controlled by facies changes) and represents a 
+1 (Mt. Messapion) to +2.5‰ (Valle Agricola) deviation from pre- and 
post-excursion mean values. The amplitude of these excursions is com
parable to other medium to large-scale isotopic events identified in 
Southern Tethyan carbonate platforms that have been linked to per
turbations of the global carbon cycle (e.g., Trecalli et al., 2012; Frijia 
et al., 2015; Amodio and Weissert, 2017). All these observations, and the 
consistent occurrence at a correlative stratigraphic level in the three 
sections (see next paragraph), strengthen the hypothesis that the posi
tive δ13Ccarb excursion encompassing the extinction level of Rhaetian 
fossil assemblages is a primary feature of the isotopic record of the 
global ocean. 

4.6. Correlation of Tethyan carbonate platform sections and the timing of 
the extinction of the Dachstein-type biota 

In the reference sections for the TJB interval (e.g., the GSSP section 
for the base of the Hettangian Stage at Kuhjoch, NCA, Austria, and St. 
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Audrie’s Bay, proto-North Atlantic, SW Britain), the ETE has been linked 
to a series of negative isotopic excursions in the organic carbon record, 
which are known as the precursor, initial, and main CIE (e.g., Hesselbo 
et al., 2002; Ruhl and Kürschner, 2011; Korte et al., 2018; Zaffani et al., 
2018). In particular, the initial CIE is broadly coeval to the onset of the 
CAMP emplacement and to the extinction of many fossil groups (e.g., 
ammonoids) (Hesselbo et al., 2002; Whiteside et al., 2010; Ruhl and 
Kürschner, 2011; Kent et al., 2017; Lindström et al., 2017; Korte et al., 
2018; Ruhl et al., 2020; Wignall and Atkinson, 2020). The data pre
sented in the previous paragraphs show that the HO of Rhaetian car
bonate platform assemblages falls within the rising limb of a δ13Ccarb 
positive excursion in the Pelagonian, Apennine, and Panormide car
bonate platforms. Correlating the δ13Ccarb profiles of these carbonate 
platform sections with the δ13Corg profiles of the reference TJB sections 
is complicated by the absence of ammonoids and conodonts in shallow- 
water sections and by the apparent decoupling of the δ13Ccarb and 
δ13Corg records across the TJB (e.g., Clémence et al., 2010a, 2010b; 
Bachan et al., 2012; Bartolini et al., 2012; Ge, 2021). 

For this reason, we attempted a correlation based on the bio- and 
carbon-isotope stratigraphy for all the Southern Tethyan carbonate 
platform sections for which a well-resolved δ13Ccarb record is available. 
Subsequently, we compared the timing and patterns of extinction in 
Southern Tethyan carbonate platforms with those documented in the 
classical sections of the Lombardy Basin and NCA, for which the δ13Ccarb 
is also available (Fig. 11). 

A bio-chemostratigraphic pattern very similar to that documented in 
the studied sections is observed at equatorial paleolatitudes in the 
Ghalilah Fm of the United Arab Emirates, where the extinction of 
Rhaetian assemblages (the coral Retiophyllia, bivalves and brachiopods) 
occurs at the top of the Sumra Mb, within a positive δ13Ccarb excursion, a 
few meters below the onset of a δ13Ccarb decreasing trend (Maurer et al., 
2008; Al-Suwaidi et al., 2016; Ge et al., 2018) (Fig. 11). The HO of 
Rhaetian carbonate platform assemblages falls a few meters below the 
peak of the δ13Ccarb positive excursion, and therefore appears to be 
broadly synchronous with the extinction documented in the three car
bonate platforms studied. By contrast, the extinction of T. hantkeni and 
megalodontid bivalves in the Mt. Cefalo section (southern Apennines, 
Latium, Italy) falls below a 2 m-thick caliche horizon where a major 
short-lived δ13Ccarb negative excursion is recorded (Mancinelli et al., 
2005; Bachan et al., 2012) (Fig. 11). Previous studies suggested that the 
geochemical signal might be affected by meteoric alteration and that the 
stratigraphic record is probably incomplete (Bachan et al., 2012). 

In the classical sections of the Lombardy Basin, the HO of T. hantkeni 
and megalodontid bivalves occurs at the boundary between the shallow- 
water carbonate succession of the Calcare di Zu Fm and the poorly 
fossiliferous marls of the Malanotte Fm, slightly below a short-lived 
negative δ13Ccarb excursion that has been correlated with the initial 
CIE (Galli et al., 2005, 2007; Bachan et al., 2012; Bottini et al., 2016; 
option 1 in Zaffani et al., 2018). At Lorüns, the disappearance of in-situ 
Rhaetian assemblages of the backreef lagoon coincides with the switch 
to the carbonate-poor lithologies of the Schattwald beds and occurs 
slightly below a major short-lived negative excursion that has been 
correlated with the initial CIE (McRoberts et al., 1997; Felber et al., 
2015). In other Dachstein-type sections (e.g., Steinernes Meer, NCA, 
Austria; Tata, Transdanubian Range, Hungary), previous studies docu
mented a significant stratigraphic gap across the TJB, between Rhaetian 
fossil-rich backreef lagoon and reef carbonates and the overlying Het
tangian to Sinemurian poorly fossiliferous limestones (Krystyn et al., 
2005; Felber et al., 2015; Pálfy et al., 2021). 

In addition, the δ13Ccarb record of Southern Tethyan carbonate 
platforms shows a single positive excursion across the TJB interval, 
while in the Val Adrara section (Lombardy Basin) two positive excur
sions were documented (P1 and P2 of Bachan et al., 2012). The P1 
excursion falls at the base of the Malanotte Fm, and according to paly
nomorph (HO of Rhaetipollis germanicus: Galli et al., 2005, 2007) and 
calcareous nannofossil (HO of Prinsiosphaera triassica and LO of 

Schizosphaerella punctulata: Bottini et al., 2016) bioevents, and to 
organic carbon-isotope stratigraphy (Zaffani et al., 2018) lies very close 
to the TJB. The P2 excursion falls about 50 m above the LO of 
S. punctulata (Bottini et al., 2016) and well within the Hettangian 
Albenza Fm, which documents the recovery of the carbonate platform 
after the TJB carbonate crisis (Jadoul and Galli, 2008). 

Bachan et al. (2012) suggested that the P1 excursion at Mt. Cefalo is 
elided by a hiatus at the level of the caliche horizon and that the only 
positive excursion of this section correlates with P2 at the base of the 
Albenza Fm. However, our data indicate that the δ13Ccarb positive 
excursion encompassing the extinction of Rhaetian taxa in four Southern 
Tethyan carbonate platform sections (except for Mt. Cefalo) cannot 
correspond to the rising limb of P2 in the Lombardy Basin, because P2 
falls well within the Hettangian (Jadoul and Galli, 2008; Bachan et al., 
2012; Bottini et al., 2016). Instead, we suggest that this positive 
excursion is correlatable with the P1 positive peak recorded in the 
Malanotte Fm (Fig. 11). According to this correlation, the extinction of 
Rhaetian assemblages in the resilient carbonate platforms at the tropical 
and equatorial paleolatitudes of Southern Tethys slightly postdates that 
documented in the classical sections of the NCA and Lombardy Basin 
(Fig. 11). The resilient Southern Tethyan carbonate platforms docu
ment, therefore, the true extinction level of the Dachstein-type biota, 
while the sections at the northern margin of the Tethys Ocean might 
represent a pseudoextinction due to the demise of the carbonate plat
form. Notably, this pattern of carbonate platform demise at higher lat
itudes and more resilient carbonate platforms at lower latitudes was 
documented during other global paleoenvironmental perturbations like 
the early Aptian oceanic anoxic event (Weissert et al., 1998; Skelton and 
Gili, 2012). 

4.7. Patterns and timing of recovery after the ETE in Southern Tethyan 
carbonate platforms 

The ETE in Southern Tethyan carbonate platforms is characterized 
by the sharp and synchronous disappearance of highly fossiliferous 
Rhaetian associations. These assemblages are substituted by low- 
diversity associations dominated by T. parvovesiculifera in sections 
where peritidal facies persisted above the ETE (Mt. Messapion, Mt. 
Sparagio), and by cyanophycean nodules and small gastropods in sec
tions where peritidal facies are sharply overlain by ooid-oncoid grain
stone-rudstone (Valle Agricola). This low-diversity interval (“survival 
interval” of Barattolo and Romano, 2005) is tens of meters thick and, 
with reference to carbon isotope stratigraphy, extends from the upper 
part of the rising limb to the end of the δ13Ccarb P1 excursion (Fig. 11). 
This interval testifies a shift in the dominant carbonate production style, 
from prolific aragonitic biomineralization (megalodontid bivalves, 
involutinid benthic foraminifera, dasycladacean algae), to CaCO3 pre
cipitation mediated by microbial activity (microbial laminites, ooids) or 
by relatively simple, small-sized organisms that dominate low diversity 
assemblages in the aftermath of ecologic crisis (e.g., T. parvovesiculifera) 
and are here interpreted as “r-strategists”, in agreement with Barattolo 
and Romano (2005) and Romano et al. (2008). 

The recovery of carbonate platform ecosystems after the ETE was 
very slow. The progressive re-appearance and diversification of textu
lariinid benthic foraminifera in carbonate platform assemblages 
occurred in the Hettangian. The dasycladalean algae regained their role 
as dominant carbonate producers several Myr after the ETE, seemingly 
in the early Sinemurian, with the appearance of P. mediterraneus, 
accompanied in some localities by Tersella and Fanesella spp. (Barattolo 
and Romano, 2005; Mancinelli et al., 2005). The return of larger benthic 
foraminifera was even more delayed, with rich and diverse assemblages 
appearing in the late Sinemurian-Pliensbachian (Septfontaine, 1984). 

Very similar patterns are observed in other Southern Tethyan car
bonate platform sections across the TJB (Ghalilah Fm, United Arabian 
Emirates: Maurer et al., 2008; Al-Suwaidi et al., 2016; Ge et al., 2018; 
Urban et al., 2023; Tahtaiskele section, western Turkey: Coskun 

A. Montanaro et al.                                                                                                                                                                                                                            



Palaeogeography,Palaeoclimatology,Palaeoecology649(2024)112335

18

Fig. 11. The litho-, bio- and carbon-isotope record of Tethyan carbonate platforms across the TJB interval: Mt. Messapion, Valle Agricola and Mt. Sparagio after this study; litho- and biostratigraphy of the composite 
section of the Ghalilah Fm after Maurer et al. (2008), Al-Suwaidi et al. (2016), Hönig et al. (2017), and Urban et al. (2023), carbon-isotope record after Ge et al. (2018), the stratigraphic log refers to the Wadi Naqab 
section of Hönig et al. (2017); Mt. Cefalo after Mancinelli et al. (2005) and Bachan et al. (2012); lithostratigraphy and carbon-isotope record of Val Adrara after Bachan et al. (2012); biostratigraphy after Galli et al. 
(2005, 2007) and Bottini et al. (2016); Lorüns after Felber et al. (2015). Position of the TJB at Val Adrara and Lorüns according to Bottini et al. (2016) and Felber et al. (2015), respectively. The positive carbon-isotope 
peaks P1 and P2 are after Bachan et al. (2012). The gray band indicates a likely correlative stratigraphic interval defined at the base by the onset of a δ13Ccarb increasing trend and at the top by the onset of a decreasing 
trend. The dashed purple line highlights the diachronous extinction level of Rhaetian carbonate platform associations in the Tethys Ocean, as it falls within the gray band in Southern Tethyan resilient carbonate 
platforms (except for the incomplete Mt. Cefalo section) and below the gray band in Northern Tethyan carbonate platforms (see text for further details). All sections are illustrated with the same vertical scale. Ab
breviations: Duostom. = Duostominidae; ober. = Aulosina oberhauseri; parvov. = T. parvovesiculifera; med = P. mediterraneus; Sakhr = Sahkra; Ma = Malanotte; SB=Schattwald beds; L = Lorüns; H=Hierlatz; A = Adnet. 
(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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Tunaboylu et al., 2014) and therefore emerge as general evolutionary 
patterns of low-latitude shallow-water ecosystems. 

5. Conclusions 

In this paper we document the facies, and the bio- and carbon-isotope 
stratigraphy of three Southern Tethyan carbonate platform sections 
across the Late Triassic–Early Jurassic time interval: Mt. Messapion 
(Greece), Valle Agricola, and Mt. Sparagio (Italy). These sections are 
particularly relevant for investigating the tempo and mode of ecosystem 
response to the ETE, because they witness persistent shallow-water 
carbonate sedimentation across the TJB interval. 

In the studied sections, the ETE is documented by the disappearance 
of rich and diverse Rhaetian associations dominated by megalodontid 
bivalves, involutinid foraminifera and dasycladacean algae within the 
rising limb of a positive δ13Ccarb excursion. A similar pattern is observed 
in the Ghalilah Fm of the United Arab Emirates, representative of a 
carbonate platform at subequatorial paleolatitude. The reproducibility 
of this bio- and chemostratigraphic pattern in different paleogeographic 
domains suggests that it is not biased by diagenetic alteration or by local 
paleoceanographic conditions. We suggest that the positive δ13Ccarb 
excursion encompassing the extinction of Rhaetian taxa in Southern 
Tethyan carbonate platforms is correlative with the positive δ13Ccarb 
excursion documented above the initial negative CIE in the lowermost 
part of the Malanotte Fm in the Lombardy Basin and in the Schattwald 
beds at Lorüns (NCA). According to this correlation, the extinction of 
Rhaetian carbonate platform assemblages in the Southern Tethyan 
domain represents the true extinction level of the Dachstein-type biota, 
whereas its disappearance at the initial CIE in the NCA and Lombardy 
Basin likely represents a pseudoextinction caused by the demise of the 
carbonate platform. 

The extinction level of Rhaetian taxa is overlain by an interval 
characterized by low-diversity fossil assemblages dominated by 
T. parvovesiculifera at Mt. Messapion and Mt. Sparagio, where peritidal 
facies persisted above the TJB, and by small gastropods and cyano
phycean nodules at Valle Agricola, where peritidal facies are sharply 
overlain by ooid-oncoid grainstone-rudstones. The low-diversity post- 
extinction interval testifies for a shift of the dominant carbonate pro
ducers, from aragonitic biocalcifiers (megalodontid bivalves, involuti
nid benthic foraminifera, dasycladacean algae) to calcitic r-strategists 
(e.g., T. parvovesiculifera) and microbial carbonate precipitation (mi
crobial laminites, ooids). 

For the first time, our study highlights a paleogeographic and/or 
latitudinal pattern in the response of benthic biocalcifiers and of car
bonate platform ecosystems to the environmental perturbations at the 
TJB interval. At higher latitudes, on the northern margin of the Tethys 
Ocean, the Dachstein-type biota and the carbonate platform ecosystems 
failed to adapt to the environmental perturbations associated with the 
initial CIE. Rhaetian assemblages in Southern Tethys were instead 
resilient and survived this crisis, but subsequent and/or persistent 
environmental stress ultimately caused their extinction globally. Despite 
the extinction of the most prolific aragonitic biocalcifiers, tropical and 
equatorial carbonate platforms of Southern Tethys kept growing 
through a change in the dominant style of carbonate production and a 
shift to chemical or microbially-mediated CaCO3 precipitation. The 
ecosystem recovery was slow and gradual, and healthy carbonate plat
forms with rich and diverse assemblages of biocalcifiers (dasycladacean 
algae) re-appeared in Southern Tethys some Mys after the ETE, in the 
early Sinemurian. 
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Appendix A. Taxonomic appendix 

The taxonomic identification of benthic foraminiferal taxa is based 
on the species and genus concepts given in the original descriptions and 
illustrations and takes into account Loeblich and Tappan (1988), and the 
revisions by Piller (1978) and Rigaud et al. (2012a, 2012b, 2013) for 
involutinids, and Gale et al. (2018) for the genus Siphovalvulina. Iden
tification of representatives of the families Duostominidae Brotzen 
(1963), Milioliporidae Brönnimann and Zaninetti (1971), and Oph
thalmiididae Wiesner (1920) follows their original description and 
Loeblich and Tappan (1988). Discrimination between Duotaxis, “Tetra
taxis” and Siphovalvulina follows Haig et al. (2021). The genus “Tetra
taxis” is quoted and regarded as textulariinid because Mesozoic 
specimens show a finely agglutinated single-layered wall that differs 
from the calcareous double-layered wall exhibited by the Paleozoic 
representatives of this genus (Loeblich and Tappan, 1988). “Trocham
mina” is quoted because Triassic species assigned to this genus have an 
agglutinated likely calcitic-cemented wall, whereas the wall of the type- 
species (i.e., the modern species Trochammina inflata Montagu, 1808) is 
finely agglutinated, imperforate and organic-cemented, and thus 
Triassic “Trochammina” should be moved to a different genus (Haig 
et al., 2007). The undetermined textulariinids, mentioned in the text and 
figures, include specimens that cannot be determined at the genus level, 
because of poor preservation or non-diagnostic cuts. They also include 
taxa that have not been described in the literature yet, and whose 
description will be the purpose of future works. 

Taxonomic list of species and genera, with author(s) and year of 
description identified during this study and mentioned in the text and/or 
figures, listed in alphabetical order. 

Foraminifera: 
Genus Aulosina Rigaud, Martini, and Rettori, 2013 
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Aulosina oberhauseri (Koehn-Zaninetti and Brönnimann, 1968) 
Genus Aulotortus Weynschenk, 1956 
Aulotortus communis (Kristan, 1957) 
Aulotortus impressus (Kristan-Tollmann, 1964) 
Aulotortus sinuosus Weynschenk, 1956 
Aulotortus tumidus (Kristan-Tollmann, 1964) 
Genus Austrocolomia Oberhauser, 1960 
Genus Duotaxis Kristan, 1957 
Duotaxis birmanica Zaninetti and Brönnimann, 1975 
Duotaxis metula Kristan, 1957 
Genus Endoteba Vachard and Razgallah, 1988 
Genus Endotriadella Vachard, Martini, Rettori, and Zaninetti, 1994 
Genus Everticyclammina Redmond, 1964 
Genus Frentzenella Rigaud et al., 2013 
Frentzenella crassa (Kristan, 1957) 
Genus Gandinella Ciarapica and Zaninetti, 1985 
Gandinella falsofriedli (Salaj, Borza and Samuel, 1983) 
Genus Glomospira Rzehak, 1885 
Genus Involutina Terquem, 1962 
Genus Lamelliconus Piller, 1978 emend. Rigaud et al., 2013 
Lamelliconus permodiscoides (Oberhauser, 1964) 
Genus Miliolipora Brönnimann and Zaninetti, 1971 
Genus Parvalamella Rigaud, Martini and Rettori, 2012 
Parvalamella friedli (Kristan-Tollmann, 1962) 
Genus Polarisella Mamet and Pinard, 1992 
Genus Radoicicina Gale et al., 2018 
Radoicicina ciarapicae Gale et al., 2018 
Genus Siphovalvulina Septfontaine, 1988 emend. Gale et al., 2018 
Siphovalvulina cf. colomi BouDagher-Fadel, Rose, Bosence and Lord, 

2001 
“Tetrataxis” inflata Kristan, 1957 
Genus Triasina Majzon, 1954 
Triasina hantkeni Majzon, 1954 
“Trochammina” almtalensis Koehn-Zaninetti, 1969 
“Trochammina” alpina Kristan-Tollmann, 1964 
Genus Trocholina Paalzow, 1922 emend. Rigaud et al., 2013 
Dasycladacean algae: 
Genus Griphoporella Pia, 1915 
Griphoporella curvata (Gümbel, 1872) Pia, 1915 
Genus Palaeodasycladus Pia, 1927 
Palaeodasycladus mediterraneus (Pia, 1920) 
Incertae sedis: 
Genus Aeolissaccus Elliot, 1958 
Aeolissaccus dunningtoni Elliot, 1958 
Genus Thaumatoporella Pia, 1927 
Thaumatoporella parvovesiculifera (Raineri, 1922) 

Taxonomic list of species and genera with author(s) and year of 
description mentioned in the text and identified by previous studies, 
listed in alphabetical order. 

Ammonoids: 
Arietites bucklandi Sowerby, 1818 
Arnioceras semicostatum Young and Bird, 1829 
Psiloceras spelae Guex et al., 1998 subsp. tirolicum Hillebrandt and 

Krystyn, 2009 
Calcareous nannofossils: 
Prinsiosphaera triassica Jafar, 1983 
Schizosphaerella punctulata Deflandre and Dangeard, 1938 
Conodonts: 
Misikella posthernsteini Kozur and Mock, 1974 
Corals: 
Retiophyllia Culf, 1967 
Dasycladacean algae: 
Fanesella Cros and Lemoine, 1967 
Tersella Morellet, 1951 
Palynomorphs: 

Rhaetipollis germanicus Schulz, 1967 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2024.112335. 
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