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ABSTRACT

A global carbon-isotope curve for the Late Triassic has the potential for 
global correlations and new insights on the complex and extreme environ-
mental changes that took place in this time interval. We reconstruct the global 
δ13Corg profile for the late Norian, improving on sparse published data from 
North American successions that depict a “chaotic carbon-isotope interval” 
with rapid oscillations. In this context, we studied three sections outcrop-
ping in the Lagonegro Basin (southern Italy), originally located in the western 
Tethys. The carbon-isotope profiles show four negative excursions correlat-
able within the Lagonegro Basin. In particular, a negative shift close to the 
Norian/Rhaetian boundary (NRB) appears to correlate with that observed in 
the North American δ13Corg record, documenting the widespread occurrence 
of this carbon cycle perturbation. The 87Sr/86Sr and 187Os/188Os profiles sug-
gest that this negative shift was possibly caused by emplacement of a large 
igneous province (LIP). The release of greenhouse gases (CO2) to the atmo-
sphere-ocean system is supported by the 12C enrichment observed, as well 
as by the increase of atmospheric pCO2 inferred by different models for the 
Norian/Rhaetian interval. The trigger of this strongly perturbed interval could 
thus be enhanced magmatic activity that could be ascribed to the Angayu-
cham province (Alaska, North America), a large oceanic plateau active ca. 
214 ± 7 Ma, which has an estimated volume comparable to the Wrangellia 
and the Central Atlantic Magmatic Province (CAMP) LIPs. In fact, these three 
Late Triassic igneous provinces may have caused extreme environmental and 
climate changes during the Late Triassic.

INTRODUCTION

The Triassic is a key period in Earth’s history, characterized by breakup 
of the supercontinent Pangea, episodes of biotic crises, and climate fluctu-
ations (e.g., Ogg, 2012). This period is constrained by: (1) the end-Permian 
mass extinction—the most extensive biotic decimation of the Phanerozoic 

(e.g., Lucas, 1999; Benton and Twitchett, 2003; Lucas and Orchard, 2004; 
Erwin, 2006); and (2) the end-Triassic mass extinction (e.g., Hallam, 2002; 
Tanner et al., 2004; Richoz et al., 2007). The Triassic is also characterized by 
a dynamic climate regime (e.g., Preto et al., 2010; Rigo et al., 2012b; Trotter 
et al., 2015) and widespread geological and paleontological events, includ-
ing humid and warm episodes (e.g., Carnian Pluvial Event, Upper Triassic, 
Simms and Ruffell, 1989, 1990; Simms et al., 1995; Ruffell et al., 2015), vol-
canism, and changes in the biosphere (e.g., Raup and Sepkoski, 1982; McEl-
wain et al., 1999; Hallam, 2002; Marzoli et al., 2004; McRoberts et al., 2008; 
Lucas, 2010; Rigo and Joachimski, 2010; Rigo et al., 2012b; Dal Corso et al., 
2012, 2014; Trotter et al., 2015). Stable isotopes play a critical role in biogeo-
chemical cycles and therefore can provide important clues of ocean-water 
chemistry, oxygenation, and productivity of marine environments during the 
Triassic. Among these tools, one of the most widely applied is d13Corg. This 
isotopic system varies in time as a function of productivity, organic carbon 
burial, and C assimilation pathway (C3 or C4). Therefore, d13Corg can provide 
essential clues on the evolution of ocean-water chemistry, oxygenation, and 
productivity of past marine environments (e.g., Hayes et  al., 1999; Veizer 
et al., 1999; Payne et al., 2004; Korte et al., 2005; Lucas, 2010; Preto et al., 
2012). In particular, excursions in marine d13Corg records that can be correlated 
globally are often thought to be related to global changes in the carbon cycle, 
such as those induced by marine and terrestrial extinction episodes (Berner, 
2002; Galli et al., 2005; Payne and Kump, 2007; Korte and Kozur, 2010), which 
are often marked by negative d13Corg anomalies.

The carbon-isotope record of the Triassic has been studied in some de-
tail, but its interpretation is complex because of the multiple ecological and 
geochemical controls on this proxy (e.g., Hayes et al., 1999; Veizer et al., 1999; 
Muttoni et al., 2004, 2010, 2014; Payne et al., 2004; Galli et al., 2005, 2007; Korte 
et al., 2005; Lucas, 2010; Mazza et al., 2010; Preto et al., 2012). A pronounced neg-
ative excursion is recorded at the Permian/Triassic boundary with oscillations 
in the lowermost Triassic, which is characterized by strong isotopic instability 
(e.g., Payne et al., 2004; Lucas, 2010). This is followed by a more stable period 
in the Middle Triassic (Payne et al., 2004; Tanner, 2010) and early Late Triassic 
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(Julian, lower Carnian), with steadily rising values of d13Corg and d13Ccarb likely 
related to environmental recovery after the Late Permian mass extinction and 
increasing storage of organic carbon in terrestrial environments (e.g., Lucas, 
2010). The Late Triassic is bracketed by two significant negative shifts, both 
linked to a large igneous province (LIP). The first occurred in the Carnian and 
is associated with the Carnian Pluvial Event and emplacement of the Wrangel-
lia igneous province (e.g., Furin et al., 2006; Dal Corso et al., 2012, 2015). The 
second is at the Triassic/Jurassic transition associated with the end-Triassic 
mass extinction and emplacement of the Central Atlantic Magmatic Province 
(CAMP) (e.g., Marzoli et al., 2004; Whiteside et al., 2010; Schaller et al., 2012; 
Dal Corso et al., 2014). The causes of the Triassic carbon-isotope excursions 
remain a topic of much debate, with the most likely trigger mechanisms be-
ing outgassing during volcanic activity, changes in productivity, ocean anoxia, 
and/or seafloor methane release (e.g., Richoz et al., 2007; Lucas, 2010). These 
processes evidently perturbed the global carbon cycle and caused episodes 
of biotic crises (e.g., Rampino and Stothers, 1988; Jones and Jenkyns, 2001; 
Wignall, 2001; Ward et al., 2004; Richoz et al., 2007; van de Schootbrugge et al., 
2008; Jenkyns, 2010; Tanner, 2010; Pálfy and Kocsis, 2014, Trotter et al., 2015). 
Therefore, a global carbon-isotope curve for the Triassic would have the po-
tential for global correlation and would provide new insights on the environ-
mental changes that took place in this period. Muttoni et al. (2014) provide a 
composite d13Ccarb record from the Ladinian (ca. 242 Ma) to present, but the 
construction of a Triassic organic carbon-isotope record is still in progress. 
Published d13Corg data are especially focused on mass extinction events (i.e., 
Permian/Triassic boundary and Triassic/Jurassic boundary), whereas the long-
term background conditions are largely understudied. For instance, sparse 
carbon-isotope data are available for the Late Triassic, which seems to be char-
acterized by significant d13Corg excursions associated with important episodes 
of faunal turnovers. In particular, data from the Norian (ca. 227.0–205.7 Ma; 
Diakow et al., 2011, 2012; Maron et al., 2015) of North America seem to indicate 
rapid oscillations of d13Corg that culminate in a positive d13Corg excursion that 
corresponds to the extinction of the bivalve Monotis, at the Norian/Rhaetian 
boundary (Ward et al., 2004; Wignall et al., 2007; Whiteside and Ward, 2011). 
This positive excursion is interpreted to have resulted from increased stagna-
tion in ocean circulation (Sephton et al., 2002; Ward et al., 2004). Tethyan sec-
tions have been investigated for d13Ccarb at the Norian/Rhaetian boundary (e.g., 
Atudorei, 1999; Gawlick and Bohm, 2000; Hauser et al., 2001; Muttoni et al., 
2004, 2010; Hornung and Brandner, 2005; Korte et al., 2005; Preto et al., 2013; 
Bertinelli et al., 2016; Rigo et al., 2016), but the Norian organic carbon-isotope 
profile remains incomplete.

Therefore, the aim of this study is to verify the occurrence and to under-
stand the causes of the Norian organic carbon-isotope perturbations in the 
Tethyan realm, in particular in the Lagonegro Basin (southern Italy), as a con-
tribution to the construction of a more complete global Corg isotope curve for 
the Late Triassic. For this purpose, we investigated three geological sections, 
representing intermediate to distal basinal pelagic successions, for the con-
centration of total organic carbon (TOC) and organic carbon isotopes (d13Corg).

GEOLOGIC SETTING

The Lagonegro Basin is located in the Southern Apennines (Italy) and is 
interpreted as part of the Ionian Sea, a branch of the western Tethys Ocean 
(Şengör et al., 1984; Catalano et al., 2001; Stampfli and Marchant, 1995; Ciara
pica and Passeri, 1998, 2002; Stampfli et al., 2003). The Lagonegro Basin is 
interpreted as an oceanic basin based on the available seismic lines and mag-
netic anomaly pattern of the Ionian Sea, which show that the sedimentary suc-
cession of this area lies upon oceanic crust (e.g., Finetti, 1982; Finetti et al., 
1996; Catalano et al., 2001; Argnani, 2005; Rigo et al., 2007, 2012a; Speranza 
et al., 2012). It consists of shallow to deep basinal pelagic successions, Permian 
to Miocene in age (Scandone, 1967; Rigo et  al., 2005, 2012a, 2012b; Gior-
dano et al., 2010). The Lagonegro sequence is subdivided into many tectonic 
units, accumulated between the Apenninic and Apulian carbonate platforms 
(Mostardini and Merlini, 1986) during the Apenninic orogenesis and formation 
of a part of the Southern Apennines chain (southern Italy). The Upper Triassic 
in the Lagonegro Basin is represented by the Calcari con Selce and the Scisti 
Silicei Formations. The Calcari con Selce consists of calcilutites bearing cono-
donts, radiolarians, and thin-shelled bivalves (e.g., Halobia), intercalated with 
marls, siltstones, and calcarenites (Rigo et al., 2005, 2012a; Giordano et al., 
2010). Nodules and layers of chert are present throughout this unit, and lime-
stones show varying degrees of dolomitization. The Scisti Silicei is character-
ized by centimeter-thick multicolored cherts, radiolarites, and often siliceous 
shales (Amodeo, 1999; Bertinelli et al., 2005a; Giordano et al., 2010). This for-
mation represents the beginning of the biosiliceous sedimentation within the 
Lagonegro Basin, occurring from the uppermost Norian to lower Hettangian, 
thus the base of the Scisti Silicei is considered diachronous (Bertinelli et al., 
2005a; Reggiani et al., 2005; Giordano et al., 2010, 2011; Casacci et al., 2016). 
The gradual passage between the Calcari con Selce and the Scisti Silicei is rep-
resented by the so-called “transitional interval” (Miconnet, 1982; Amodeo and 
Baumgartner, 1994; Amodeo, 1999; Bertinelli, 2003; Rigo et al., 2005, 2012a; 
Giordano et al., 2010). Going upward, the “transitional interval” shows a grad-
ual decrease in carbonates in favor of clay and siliceous components. Silici-
fication of the carbonates also increases upward (Amodeo, 1999; Rigo et al., 
2005; Giordano et al., 2010). The base of this “transitional interval” is marked 
by a meter-thick level of red shales (Amodeo, 1999; Bertinelli et al., 2005a; Rigo 
et al., 2005, 2012a; Giordano et al., 2010), which is conventionally used as a 
regional lithomarker within the Lagonegro Basin. This red shale level approx-
imates the base of the Mockina bidentata Zone (sensu Kozur and Mock, 1991), 
Sevatian 1 in age (ca. 216–210.5 Ma; Rigo et al., 2005, 2012a; Maron et al., 2015). 
The Triassic and Jurassic successions of the Lagonegro Basin (i.e., Calcari con 
Selce and Scisti Silicei) can be differentiated in proximal, intermediate, and 
distal facies (Scandone, 1967), depending on thickness of the formations and 
on the amount of resedimented calcarenites and calcirudites coming from the 
adjacent carbonate platforms. The proximal facies in the Calcari con Selce 
persisted from Upper Triassic to Middle Jurassic (Selli, 1962; Scandone, 1967; 
Bertinelli et al., 2005a; Passeri et al., 2005; Rigo et al., 2005; Giordano et al., 
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2010). Instead, the distal facies, which are characterized by the transition from 
the carbonate sedimentation of the Calcari con Selce to the siliceous deposi-
tion of Scisti Silicei, occurred with different patterns between the uppermost 
Triassic and the lowermost Jurassic (Scandone, 1967; Rigo et al., 2005, 2012a; 
Giordano et al., 2010).

The Lagonegro Basin has been investigated at three localities, where the 
Norian/Rhaetian interval is well documented: the Pignola-Abriola, Mount 
Volturino, and Madonna del Sirino sections (Fig. 1). These successions belong 
to the Calcari con Selce and Scisti Silicei and generally display good exposure 
and continuity in the field.

Pignola-Abriola Section

The Pignola-Abriola section crops out along the road between the vil-
lages of Pignola and Abriola (Potenza province, southern Italy) on the moun-
tainside of Mount Crocetta (geographic coordinate system, datum WGS 84: 
40°33′23.50″N, 15°47′1.71″E). This section spans from the upper part of the Cal-
cari con Selce, where the Norian/Rhaetian transition is documented (Amodeo, 
1999; Bazzucchi et al., 2005; Rigo et al., 2005, 2016; Tanner et al., 2006; Giordano 
et al., 2010), to the lowermost part of the Scisti Silicei. The Pignola-Abriola sec-
tion lacks the red shales level of the “transitional interval” that conventionally 
marks the uppermost portion of Calcari con Selce. The basal part (from 0 to 
13 m) of the Pignola-Abriola section consists of thin-bedded cherty limestones, 
sometimes dolomitized, shales, and rare thin layers of calcarenites with plat-
form-derived bioclasts. The overlying 37 m consist of alternations of dark-gray 
shales, thin beds of limestones, and black cherty layers. This part of the section 
is characterized by a progressive decrease in the relative abundance of carbon-
ates in favor of the cherty and siliceous components (Amodeo, 1999; Bazzucchi 
et al., 2005; Rigo et al., 2005; Tanner et al., 2006; Giordano et al., 2010). Re-
peated thin and well-laminated interbeds of black shales with the shaly interval 
across and above the NRB suggest a transient period between suboxic and/or 
anoxic to more oxic conditions (Casacci et al., 2016). The observed sedimen-
tation pattern suggests that the Pignola-Abriola section belongs to the inter-
mediate facies association (Scandone, 1967; Rigo et al., 2005; Giordano et al., 
2010; Casacci et al., 2016).

The Pignola-Abriola section yields rich assemblages of conodonts and pyri-
tized radiolarians (Bazzucchi et al., 2005; Rigo et al., 2005, 2016; Bertinelli et al., 
2016), which were used to construct a biostratigraphic framework for the sec-
tion (Fig. 2), following the conodont and radiolarian biozonations proposed re-
spectively by Kozur and Mock (1991) and Carter (1993) and summarized in Rigo 
et al. (2016) and Bertinelli et al. (2016). The conodont alteration index (CAI) of 
the Pignola-Abriola specimens is ≤1.5 (Giordano et  al., 2010). Mockina zapfei 
and Mockina slovakensis are present from the base of the section (Giordano 
et al., 2010). Mockina bidentata is recovered from ~7 m, defining the base of 
the M. bidentata Zone (Kozur and Mock, 1991; Giordano et al., 2010). The low-
est occurrence (LO) of the conodont Misikella hernsteini marks the base of the 
M. hernsteini–P. andrusovi Zone (Kozur and Mock, 1991), at meter 21.4 (Gior-

dano et al., 2010). Misikella hernsteini occurs with Norigondolella steinbergensis 
and Parvigondolella andrusovi. At ~32 m, the first occurrence of M. hernsteini/
Misikella posthernsteini transitional form is observed. At 44.9 m, Misikella koes­
senensis and M. posthernsteini appear. The first appearance datum (FAD) of 
M. posthernsteini delineates the base of the Rhaetian stage and defines the base 
of the eponymous conodont biozone (Kozur and Mock, 1991; Giordano et al., 
2010). Misikella ultima appears at ~54.2 m with Misikella kovacsi.

The radiolarians are generally pyritized and not well preserved but are still 
useful in allowing the recognition of two assemblage zone boundaries: the 
base of the Betraccium deweveri Assemblage Zone (Carter, 1993) at ~22 m (late 
Norian in age), and the base of the Proparvicingula moniliformis Assemblage 
Zone at 41 m.

Mount Volturino Section

The Mount Volturino section is located along the southern slope of Mount 
Volturino (geographical coordinate system, datum WGS 84: 40°24′13.46″N; 
15°49′2.25″E). This succession can be ascribed to the Calcari con Selce and 
the Scisti Silicei. The basal part of the section is characterized by red shales 
ascribed to the “transitional interval” (Giordano et al., 2010, 2011). The overly-
ing 56 m consists of cherty limestones with red shale intercalations, red cherts, 
radiolarites, black siliceous shales, and silicified calcarenites rich in organic 
matter (Giordano et al., 2010, 2011; Rigo et al., 2016). This section belongs to the 
intermediate facies association (Scandone, 1967; Giordano et al., 2010, 2011).

The “transitional interval” is characterized by a rich assemblage of cono-
donts and several pyritized radiolarians, unlike the Scisti Silicei, which provides 
a good assemblage of radiolarians but few conodonts (Fig. 2). The CAI of the 
Mount Volturino specimens is 3 (Giordano et al., 2010, 2011). Parvigondolella 
lata, M. bidentate, and P. andrusovi first occur at ~12 m. The first occurrence 
(FO) of M. hernsteini, which defines the base of the M. hernsteini–P. andrusovi 
Zone (Kozur and Mock, 1991; Giordano et al., 2010, 2011), occurs at ~18 m along 
with Parvigondolella vrielyncki. At ~39 m, M. hernsteini/M. posthernsteini tran-
sitional form (Giordano et al., 2010, 2011) first occurs. Unfortunately, radiolari-
ans from the “transitional interval” are very poorly preserved (Giordano et al., 
2010). The base of the B. deweveri Assemblage Zone (Carter, 1993) occurs at 
41 m. The base of the P. moniliformis Zone occurs at 45 m, while the base of 
the Globolaxtorum tozeri Zone is at 51 m (Giordano et al., 2010, 2011). The 
Rhaetian/Hettangian boundary is approximately located in the upper portion 
of the section, within the Nevera Member of the Scisti Silicei (Fig. 2; Berti-
nelli, 2003).

Madonna del Sirino Section

The section of Madonna del Sirino is located on the western flank of Mount 
Sirino, along the trail connecting the Madonna del Brusco Sanctuary to the 
Madonna del Sirino Sanctuary (geographic coordinate system, datum WGS 
84: 40°07′N; 15°48′E). The upper part of the Calcari con Selce and the Scisti 
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Figure 1. Paleogeography and structural map showing the tectonic units of the 
Lagonegro Basin. Black solid stars indicate outcrops of studied sections. Paleo
geography (A) modified from Cosentino et al. (2010); structural map (B) modified 
from Bertinelli et al. (2005b).
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Figure 2. Lithostratigraphy, conodont and radiolarian biostratigraphy, total organic carbon (TOC), and δ13Corg of Lagonegro sections. Biostratigraphy is based on, and integrated from, Giordano et al. 
(2010). Three δ13Corg decreases (S1, S2, and S3, gray bars) are correlated using biostratigraphy. These δ13Corg events show similar magnitude (3‰–5‰). Their durations have been established using 
the age model of Pignola-Abriola section provided by Maron et al. (2015): S1 = ~0.7 m.y., S2 = ~1 m.y., S3 = ~1.3 m.y. In particular, the S3 decrease culminated at the Norian/Rhaetian boundary. 
TOC roughly doubles within S3 at Pignola-Abriola and begins to increase by the Norian/Rhaetian boundary at the other two sections.
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Silicei are exposed in this section. The Calcari con Selce consists of well-bed-
ded micritic limestones, commonly with cherty nodules. The red horizon dis-
tinctive of the “transitional interval” lies in the upper part of Calcari con Selce 
exposed at this section (Reggiani et al., 2005; Tanner et al., 2007). This inter-
val consists of siliceous shale and scattered radiolarites (Passeri et al., 2005). 
The overlying sediments belonging to Scisti Silicei are made up of red and 
green radiolarian-bearing siliceous shales and cherts with minor calcarenites 
(Reggiani et  al., 2005; Tanner et  al., 2007). The Madonna del Sirino section 
is characterized by small amount of platform-derived carbonates and slumps 
and by a reduced thickness of Scisti Silicei, thus it belongs to the distal facies 
association (Scandone, 1967; Miconnet, 1982; Rigo et al., 2005).

Conodont occurrences are scattered (Fig. 2), with a CAI of 3 (Reggiani et al., 
2005). In contrast, radiolarians are abundant. M. bidentata first occurs at the 
base of the section, while P. andrusovi and M. hernsteini appear at ~12 m. The 
FO of M. hernsteini marks the base of the M. hernsteini–P. andrusovi Zone 
(Kozur and Mock, 1991). At ~25 m, the rich radiolarian assemblages permit the 
identification of the base of the P. moniliformis Zone (Carter, 1993). The base 
of the G. tozeri Zone occurs at ~33 m. The Rhaetian/Hettangian boundary is 
approximately located in the upper portion of the section, within the Nevera 
Member (Fig. 2), between the last occurrence of Rhaetian radiolarians and the 
first occurrence of Jurassic radiolarians (Reggiani et al., 2005).

METHODS

The Lagonegro Basin has been investigated for total organic carbon (TOC) 
content and organic carbon isotopes (d13Corg). For the TOC analyses, we ana-
lyzed 101 rock samples from the Pignola-Abriola section, 80 samples from the 
Mount Volturino section, and 47 samples from the Madonna del Sirino section. 
For the d13Corg analyses, we analyzed 96 samples from the Pignola-Abriola sec-
tion, 50 samples from the Mount Volturino section, and 31 samples from the 
Madonna del Sirino section (see Supplemental Material1). All samples were 
washed in high-purity water and selected to avoid sampling unrepresentative 
portions (e.g., fracture-filling mineralization, bioturbation, and diagenetic al-
teration). A few grams of each sample were reduced to a fine powder using a 
Retsch RM0 grinder and dried overnight at 40 °C.

The TOC investigations were conducted at the University of Padova. The 
powders were treated with a 10% HCl solution in silver capsules to remove 
inorganic carbon (i.e., carbonate component). Successively, they were dried 
on a hot plate at 50 °C and analyzed using a Vario Macro CNS Elemental Ana-
lyzer. Results were calibrated against Sulfanilamide standard (N = 16.25%; C = 
41.81%; S = 18.62%; H = 4.65%). The analytical uncertainty of the instrument, 
expressed as relative standard deviation, is s = 0.5%.

For the d13Corg measurements, all the pulverized rock samples were acid-
washed with 10% HCl for at least three hours, usually overnight. Successively, 
the samples were neutralized in deionized water, dried at 40 °C overnight, and 
wrapped in tin capsules. Forty-one samples from the Pignola-Abriola section 

were analyzed using a GVI Isoprime continuous-flow–isotope ratio mass spec-
trometer (CF-IRMS) at Rutgers University: multiple blank capsules and certified 
isotope standards (International Atomic Energy Agency [IAEA] N-1 = 0.43‰, 
IAEA N-3 = 4.72 ‰, National Bureau of Standards [NBS] 22 = –30.03‰; Coplen 
et al., 2006) and an in-house sediment standard were added for every batch 
of isotopic analysis. The standard deviation of the in-house standards during 
the period of analyses was better than 0.2‰. The other 60 samples from the 
Pignola-Abriola section and the samples from all the other sections were ana
lyzed using a Delta V Advantage mass spectrometer connected to a Flash HT 
elemental analyzer at the University of Padova. For every set of analysis, mul-
tiple blank capsules and isotope standards (IAEA CH-6 = –10.45‰, IAEA CH-7 = 
–32.15‰, Coplen et al., 2006) were included. The standard deviation of the in-
house standard during the period of analyses was better than 0.3‰.

Duration of isotopic excursions has been calculated by applying the age 
model proposed by Maron et  al. (2015) on the Pignola-Abriola section (see 
Supplemental Material [see footnote 1]). This model is based on the magneto-
stratigraphic correlation with the Newark APTS (Maron et al., 2015).

RESULTS

We construct late Norian global d13Corg records for three sections outcrop-
ping in the Lagonegro Basin (southern Italy). Several lines of evidence indicate 
that our d13Corg data record a likely primary signal. First, the conodont alter-
ation index (CAI) of specimens recovered in the Lagonegro Basin ranges be-
tween ≤1.5 (Pignola-Abriola; Giordano et al., 2010) and 3 (Mount Volturino and 
Madonna del Sirino; Bazzucchi et al., 2005; Reggiani et al., 2005; Rigo et al., 
2005, 2012a), suggesting that the burial temperatures never exceeded 100 °C 
(Epstein et al., 1977; Di Leo et al., 2002) and 200 °C (Epstein et al., 1977; Baz
zucchi et al., 2005; Reggiani et al., 2005; Rigo et al., 2005, 2012a), respectively. 
The effect of these temperatures is negligible on the d13Corg signal, because 
temperatures approaching those of oil generation are required to signifi-
cantly alter the d13Corg primary signal (Cramer and Saltzman, 2007). Second, 
the Pignola-Abriola d13Corg trend is consistent with (and adds significant detail 
to) the d13Ccarb profile illustrated in Preto et al. (2013) for the Norian/Rhaetian 
interval (S3 in Fig. 3).

The Pignola-Abriola d13Corg profile shows greater detail than the Mount 
Volturino and Madonna del Sirino profiles. This different resolution is mainly 
related to the greater abundance of organic matter in the samples (see the 
TOC content in Fig. 2) of the Pignola-Abriola section, which allows us greater 
density of d13Corg analyses. The samples also contain a higher siliciclastic com-
ponent (i.e., dark shales and marls), and this lithological feature is likely re-
lated to the more proximal position of the Pignola-Abriola section within the 
Lagonegro Basin (Scandone, 1967; Amodeo, 1999; Bertinelli et al., 2005b; Rigo 
et al., 2005, 2016; Giordano et al., 2010, 2011).

The Pignola-Abriola d13Corg profile depicts three decreases (S1, S2, and S3) 
followed by a recovery phase toward background values (Fig. 2). Using the 

TOC and δ13Corg analyses

Sample list and results.

Pignola-Abriola

m sample Lithology TOC% δ13Corg

58.10 Pa i 191
Silicificated 
limestone 1.984

57.80 Pai 189
Silicificated 
limestone 2.321 -25.56

57.65 GNM 119
Silicificated 
limestone 0.149

57.50 Pai 187
Silicificated 
limestone 2.014 -24.66

57.05 Pai 185
Silicificated 
limestone 1.863 -26.43

56.76 GNM 117
Silicificated 
limestone 0.452 -26.61

56.50 Pai 184
Silicificated 
limestone 2.103 -25.80

55.70 GNI 29
Silicificated 
limestone 0.960 -24.41

55.63 Pai 180 Black shale 3.654 -25.71
55.55 GNI 28 Black shale 1.259 -25.63
55.25 GNI 27 Black shale 5.548 -25.40

1Supplemental Material. Sample list, total organic 
carbon and d13Corg analyses, and duration of isotopic 
excursions in Pignola-Abriola section (age model by 
Maron et al., 2015). Please visit http://​doi​.org​/10​.1130​
/GES01459​.S1 or the full-text article on www​.gsapubs​
.org to view the Supplemental Material.

http://geosphere.gsapubs.org
http://doi.org/10.1130/GES01459.S1
http://doi.org/10.1130/GES01459.S1
http://www.gsapubs.org
http://www.gsapubs.org
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Figure 3. Correlation of the Lagonegro δ13Corg profiles with published records: (1) Kennecott Point section, Queen Charlotte Islands, British Columbia, Canada (Hesselbo et al., 2002, then Whiteside 
et al., 2010); (2) δ13Corg and δ13Ccarb of Pignola-Abriola section, Lagonegro Basin, Italy (this work, chronology by Maron et al., 2015; δ13Ccarb record modified from Preto et al., 2013); (3) composite 
δ13Ccarb record from Muttoni et al. (2014): Pizzo Mondello (southern Italy, from ca. 215 to ca. 209 Ma) and Brumano (northern Italy, from ca. 206 to ca. 202 Ma) and Italcementi Quarry (northern Italy, 
dashed line); (4) composite δ13Ccarb record from Korte et al. (2005); (5) Mount Volturino section, Lagonegro Basin, Italy (this work); (6) Madonna del Sirino section, Lagonegro Basin, Italy (this work); 
(7) composite profile for Queen Charlotte Islands: Kennecott Point (from 0 to 120 m) and Frederick Islands (from –215 m to –135 m) (Whiteside and Ward, 2011); (8) Lake Williston, British Columbia, 
Canada (Wignall et al., 2007); and (9) 87Sr/86Sr profile from Callegaro et al. (2012): data from conodonts (Callegaro et al. [2012] original data and Korte et al. [2003]). The 87Sr/86Sr profile has been 
smoothed using the LOcally WEighted Scatterplot Smoothing (LOWESS) method (smoothing factor = 10%). North American successions are highlighted in the light-gray boxes. δ13Corg correlations 
rely on chemostratigraphy and biostratigraphy. Biostratigraphic correlations between ammonoid and conodont biozones are based on Rigo et al. (2016). The carbon-isotope stratigraphy of the  
Pignola-Abriola section depicts three decreases of similar magnitude (3‰–5‰) and duration (~1 m.y.) throughout the late Norian (S1, S2—highlighted by gray bars; and S3—highlighted by the 
orange bar). In particular, S3 appears to occur also in other Tethyan and North American successions (chemostratigraphic correlation highlighted by the orange bar). This correlation is well con-
strained by conodont, ammonoid, radiolarian, and bivalve biostratigraphy. S3, along with S1 and S2, correlates with the decreasing trends in the 87Sr/86Sr record (Callegaro et al., 2012). All these 
oscillations occur within the W3 warming interval (sensu Trotter et al., 2015; blue and red bar). Fire scars (red bar) left on petrified trunks, indicating wildfires, show similar age (Norian) (Byers et al., 
2014). The Late Triassic Angayucham large igneous province (Alaska) paleogeographic position (Sussman and Weil, 2004) is shown as a red dotted circle on the map; the age of the Angayucham 
large igneous province (LIP) is 214 ± 7 Ma (Ernst and Buchan, 2001; Prokoph et al., 2013), compatible with the Norian carbon and strontium decreases. The late Rhaetian–early Hettangian δ13Corg 
signature of the Central Atlantic Magmatic Province (CAMP) is highlighted by R1 gray bar. Its original areal extent (Marzoli et al., 1999) is shown on the map as a gray dotted area. All the discussed 
sections are shown on the map: (1) British Columbia Islands (Canada); (2) Lake Williston (Canada); and (3) Lagonegro Basin (Italy).
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age model for the Pignola-Abriola section of Maron et al. (2015), it is possible 
to propose durations for these isotopic excursions.

The first d13Corg decrease (S1) has an amplitude of ~4‰ and occurs within 
the Mockina bidentata Zone, upper Sevatian 1. The recovery phase toward 
higher values is recorded above the M. bidentata and M. hernsteini–P. andru­
sovi Zones, in the Sevatian 2. The duration of S1 is ~0.70 m.y.

The second decrease (S2) predates the first appearance of the M. hern­
steini/posthernsteini transitional forms (sensu Giordano et al., 2010, 2011). This 
negative oscillation shows an amplitude of ~4‰ and lasts for ~1.00 m.y.

The third decrease (S3) in the carbon-isotope profile culminates at the 
Norian/Rhaetian boundary, over the M. hernsteini–P. andrusovi and M. post­
hernsteini Zones and within the base of the radiolarian P. moniliformis Zone. 
This decrease reaches the lowest d13Corg value at the Norian/Rhaetian boundary 
(sensu Maron et al., 2015; Rigo et al., 2016), almost in correspondence to the 
FAD of the conodont M. posthernsteini. It shows the highest amplitude among 
the observed oscillations (~6‰) and lasts for ~1.33 m.y. The recovery phase oc-
curs within the M. posthernsteini Zone. The return to background d13Corg values 
is associated with persistent high TOC content, a feature that is not evident in 
the recovery phases of S1 and S2.

Using biostratigraphy (conodont and radiolarian biozonations), we try 
to correlate these three d13Corg decreases (S1, S2, and S3) with the Mount 
Volturino and Madonna del Sirino d13Corg profiles, as shown in Figure 2. In 
Mount Volturino and Madonna del Sirino, a ~4‰ decrease occurs within the 
Mockina bidentata Zone (Fig. 2), which has been identified as S1. Within the 
M. hernsteini–P. andrusovi Zone, a ~4.5‰ decrease is recorded in the Mount 
Volturino section, which we correlate with S2. Apparently, S2 is not recorded 
in Madonna del Sirino, but this could be an artifact due to the low-resolution 
sampling and the poor biostratigraphic resolution of the section. Notably, S2 is 
preceded by a ~2‰ negative peak (dashed in Fig. 2) in both the Pignola-Abriola 
and Mount Volturino sections, supporting our correlations. However, because 
this negative peak is constrained by few data and is not documented in the 
Madonna del Sirino section, we conservatively do not use this negative peak 
for correlations outside the Lagonegro Basin. S3 seems easily correlatable 
within the Lagonegro Basin: in Mount Volturino and Madonna del Sirino, it 
reaches its minimum within the base of the radiolarian P. moniliformis Zone, 
depicting an amplitude of ~4‰ and 6‰, respectively (Fig. 2). Notably, in Mount 
Volturino and Madonna del Sirino sections, S1–S3 do not show the high-fre-
quency fluctuations that marked the Pignola-Abriola d13Corg decreases (Fig. 2). 
These high-frequency fluctuations could be explained simply by the different 
sampling resolution of the study sections, but they could be also the result of 
a variable mixing of carbon with different isotopic composition, provenance, 
and source in the Pignola-Abriola section, especially if we recall that this is the 
most proximal site (e.g., Holmden et al., 1998; Veizer et al., 1999; Immenhauser 
et al., 2003; Swart and Eberli, 2005; Swart, 2008; Muttoni et al., 2014).

In the Madonna del Sirino and Mount Volturino sections, a fourth d13Corg 
decrease is recorded in the upper Rhaetian (R1, Fig.2), just below the Rhaetian/
Hettangian boundary (201.3 ± 0.2; Schoene et al., 2010), within the radiolar-

ian G. tozeri Assemblage Zone. The R1 d13Corg decrease has an amplitude of 
5‰–6‰ and is not documented in the Pignola-Abriola section because this 
succession terminated before the Triassic/Jurassic boundary (Fig. 2).

DISCUSSION

Correlations with Published Records

The detailed comparison of the studied sections indicates that the car-
bon-isotope records are correlatable within the Lagonegro Basin, especially 
for S3, suggesting that these recurrent decreases in d13Corg are likely a common 
feature within the Basin. The correlation among the studied sections cannot 
be considered an artifact of the lithostratigraphy, because the base of the Scisti 
Silicei has been shown to be diachronous within the Basin (Giordano et al., 
2010, 2011). Moreover, based on chemostratigraphy integrated with biostra-
tigraphy, the isotopic trend appears unrelated to the lithological facies; in fact, 
coeval shifts are observed in different lithological units (Fig. 2).

Only a few other Norian sections have been investigated for the organic 
carbon-isotope record. Wignall et al. (2007) observed a ~3‰ negative d13Corg 
shift at the Norian/Rhaetian boundary in the composite Lake Williston record 
(British Columbia, Canada), likely correlatable with our S3 event (Fig. 3), based 
on biostratigraphic constraints. Specifically, the extinction of the large forms 
of bivalve Monotis, the FAD of the conodont Misikella posthernsteini, and the 
base of the radiolarian Proparvicingula moniliformis Zone are considered vir-
tually coeval biohorizons (Rigo et al., 2016) and have been suggested in fact to 
be used to approximate the base of the Rhaetian stage (Ogg in Gradstein et al., 
2012; Rigo et al., 2016; Bertinelli et al., 2016). Notably, S3 in Lake Williston is 
not characterized by a highly noisy record as in Pignola-Abriola (Fig. 3), where 
the high-frequency fluctuations are probably due, as discussed above, either 
to the higher sampling resolution or to mixed carbon sources.

In the Kennecott Point section (Queen Charlotte Islands, British Colum-
bia, Canada), Ward et al. (2004) recognized a positive d13Corg excursion corre-
sponding with the extinction of the bivalve Monotis, at the Norian/Rhaetian 
boundary, which is interpreted as resulting from enhanced stagnation due to 
subdued ocean circulation (Sephton et al., 2002; Ward et al., 2004). This re-
sult conflicts with the negative d13Corg shift recorded at the Norian/Rhaetian 
boundary in the Lagonegro Basin (Maron et al., 2015; Rigo et al., 2016; this 
work). In fact, Ward et al. (2004) and subsequently Whiteside and Ward (2011) 
establish the base of the Rhaetian stage at the last occurrence of the bivalve 
Monotis. In their work, Ward et  al. (2004) noticed a reduction in maximum 
Monotis shell size approaching the final extinction. The presence of dwarfed 
forms has been observed also by McRoberts et al. (2008) and explained as a 
peculiar feature of Monotis around the Norian/Rhaetian boundary in response 
to stressed environments and/or during recovery phases following mass ex-
tinction events. Therefore, the d13Corg negative peak (d13Corg = –30.5‰) occurring 
~10 m below the positive d13Corg excursion recorded in Kennecott Point section 
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and coinciding with the last occurrence of the large-sized Monotis (i.e., ~8 cm, 
Ward et al., 2004) could be correlated with the minimum d13Corg value reached 
in S3 in the Lagonegro Basin (Fig. 3). Whiteside and Ward (2011) implemented 
the Kennecott Point d13Corg record with new data from Frederick Islands (Queen 
Charlotte Islands, British Columbia, Canada), offering an almost complete 
Norian organic carbon-isotope stratigraphy for the Queen Charlotte Islands. 
The North American Norian d13Corg record is characterized by rapid oscillations 
associated with relatively low faunal generic diversity (Whiteside and Ward, 
2011). These carbon-cycle perturbations are referred to as a “chaotic carbon 
interval,” which is in contrast to stable carbon-isotope intervals characterized 
by high-richness faunas (Whiteside and Ward, 2011). Using the biostratigraphic 
constraints proposed by Rigo et al. (2016), the conodont and radiolarian bio-
zones recognized in the Lagonegro Basin can be correlated to the ammonoid 
biozones of the North America realm. Specifically, the ammonoid Gnomo­
halorites cordilleranus Zone coincides with the conodont Mockina bidentata 
Zone and Parvigondolella andrusovi–Misikella hernsteini Zone, while the 
Paracochloceras amoenum Zone corresponds to the conodont M. posthern­
steini Zone and radiolarian Proparvicingula moniliformis Zone (Orchard, 1991; 
Carter, 1993; Dagys and Dagys, 1994; McRoberts et al., 2008). Therefore, we 
tentatively correlated S1 and S2 with the two Norian decreases recorded at 
Queen Charlotte Islands as shown in Figure 3. In agreement with the biostrati-
graphic correlations summarized in Rigo et al. (2016), S1 and S2 should occur 
within the base of the ammonoid G. cordilleranus Zone, while S3 should reach 
its minimum close both to the base of the ammonoid P. amoenum Zone and 
the disappearance of large forms of bivalve Monotis. As already discussed, a 
significant negative peak occurred in correspondence to the extinction of the 
Norian Monotis forms, which we correlated to the S3 minimum. According to 
this correlation, the observed d13C perturbations can be traced over wide areas 
(i.e., North America and Tethys domains): in fact, the Lagonegro Basin was 
located on the eastern side of the supercontinent Pangea, while the Queen 
Charlotte Islands were positioned on the other side of the Panthalassa Ocean 
during the Norian (Fig. 3). These results consequently suggest a global signif-
icance of the d13C perturbations and, in turn, of the mechanisms affecting the 
organic carbon record during the late Norian.

Causes of Carbon-Cycle Perturbations

The multiple d13Corg events documented in the Norian were likely caused 
by retention of 12C or the release of isotopically light carbon into the atmo-
sphere-ocean system. This relative increase in 12C can originate from different 
mechanisms, such as the isolation of an epeiric sea, a decrease in primary pro-
ductivity, or input of 12C from a comet impact, methane hydrate dissociation, 
peatland thermal decomposition, and/or enhanced magmatic activity (e.g., 
Kent et al., 2003; Hesselbo et al., 2004; Higgins and Schrag, 2006; Jenkyns, 
2010; Tanner, 2010; Meyers, 2014; Schaller et al., 2016). S1 and S2 are recog-
nizable at least at a basinal level, while S3 seems to have a more convincing 

global occurrence (Rigo et al., 2016). Therefore, since S1–S2 and S3, are likely 
different in nature, different causative mechanisms should be invoked to ex-
plain these perturbations in the d13Corg curve.

S1 and S2 require some local mechanism(s) affecting the Lagonegro Basin 
during the late Norian. These two decreases might be explained as the re-
sult of changes in relative contributions of d13Corg components. Organic matter 
present in sediments can include a number of different components, such as 
bacteria, phytoplankton, zooplankton, pollen, and/or other terrestrial biomass. 
Each of these components is characterized by a specific value of d13Corg. This 
means that changes in relative contributions of these components could affect 
the bulk d13Corg record, without necessarily requiring changes in the global iso-
tope composition of the ocean and/or the atmosphere (van de Schootbrugge 
et al., 2008; Fio et al., 2010; Bartolini et al., 2012), which instead would be re-
flected as global d13Corg variations.

The interpretation of S3 requires a more comprehensive discussion. Be-
cause this d13Corg decrease has been clearly recognized on both sides of the 
supercontinent Pangea, we should consider only those mechanisms able to 
affect the global carbon cycle. Therefore, we can exclude some of the above-
listed hypotheses. First, it is well established that the Lagonegro Basin was a 
branch of the western Tethys, not an epeiric sea (Şengör et al., 1984; Catalano 
et al., 2001; Stampfli et al., 1991; Stampfli and Marchant, 1995; Ciarapica and 
Passeri, 1998, 2002; Stampfli et al., 1998; Stampfli et al., 2003; Speranza et al., 
2012). Second, the decrease in primary productivity, as explanation for d13Corg 
decrease, should result in a TOC decrease; instead, TOC maintains almost con-
stant values throughout the Lagonegro Basin record and even increases in the 
Pignola-Abriola S3, where it roughly doubles (Fig. 2). Third, a comet impact 
can release ~102 to 103 Gt of light carbon (d13C = –45‰) depending on its size 
(Greenberg, 1998), producing a rapid (less than 1 k.y.) negative shift in the d13C 
values of ~0.2‰–1.6‰ (Kent et al., 2003; Kaiho et al., 2009). A comet impact is 
thus able to cause sudden and short-lived decreases in the d13C record, which 
contrasts with the gradual and relatively slow decreases over S3 of the studied 
d13Corg profiles. Moreover, the only impact structure crater documented in the 
upper Norian is the Manicougan crater, which has a radiometric age of ca. 
214.5 (214.5 ± 0.5 Ma with 40Ar/39Ar and 214.56 ± 0.05 Ma with U/Pb dating, 
Ramezani et al., 2005), ~3 m.y. before S1.

Among the remaining hypotheses, the most plausible mechanism able 
to introduce isotopically light carbon into the atmosphere-ocean system 
throughout the latest Norian could be the injection of volcanogenic green-
house gases. The Rhaetian d13Corg decrease (R1) might instead be correlated 
with the negative organic carbon-isotope excursion recognized worldwide 
just before the Triassic/Jurassic boundary, the so-called initial negative car-
bon-isotope excursion (CIE) (McElwain et  al., 1999; Pálfy et  al., 2001, 2007; 
Hesselbo et al., 2002; Dal Corso et al., 2014). The initial CIE is proposed as a 
prelude phase of the main CAMP activity (e.g., Hesselbo et al., 2002; Guex 
et al., 2004; Whiteside et al., 2010; Ruhl and Kurschner, 2011; Dal Corso et al., 
2014). If this is true, the Norian organic carbon-isotope perturbations recorded 
in the Lagonegro Basin could be interpreted as pulsed pre-CAMP volcanic 
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activity, and S3 might have been caused by a separate input of volcanogenic 
CO2 to the atmosphere-ocean system. We cannot exclude a priori that S1 
and S2 also might be the result of inputs of volcanogenic CO2. In fact, the 
recurrent d13Corg decreases (S1, S2, and S3) during the Norian could be inter-
preted as representing the typical pulsing behavior of magmatic activity (e.g., 
Tolan et al., 1989; Saunders et al., 1997; Courtillot and Renne, 2003; Jerram 
and Widdowson, 2005; Ernst et al., 2008; Greene et al., 2012). We cannot ex-
clude that S1 and S2 might occur at global scale, but we were not able to 
recognize them in the North American Lake Williston section because this suc-
cession covers a limited interval across only the Norian/Rhaetian boundary 
d13Corg. Moreover, the correlation with the composite British Columbia Islands 
succession is not straightforward because of a gap immediately below the 
Norian/Rhaetian boundary. Nevertheless, in order to take into consideration 
on one hand results and on the other hand the reliability of proposed correla-
tions, the following interpretations can be considered more pertinent for S3 
and hypothetical for S1 and S2.

These volcanic emissions would have enhanced chemical weathering via 
acceleration of the hydrological cycle and increased nutrient discharge (e.g., 
nitrates and phosphates) to the ocean, driving increased biological produc-
tivity (e.g., Jones and Jenkyns, 2001; Jenkyns, 2010; Pogge von Strandmann 
et al., 2013) and resulting in high TOC content, which is observed in the case of 
the Pignola-Abriola S3 event.

These recurrent inputs of isotopically light carbon are recorded also in the 
Norian/Rhaetian composite d13Ccarb profile constructed by Muttoni et al. (2014) 
(Fig. 3). This composite d13Ccarb curve depicts three negative peaks at ca. 212, 
206, and 202 Ma, correlatable with the dating of the minimum d13Corg values of 
S1, S3, and R1 respectively (ca. 211.5, 206, and 201 Ma; Fig. 3). Unfortunately, 
this d13Ccarb curve (Muttoni et al., 2014) has a gap exactly in the interval between 
209 and 207 Ma, when S2 may have occurred. To further support the global 
significance of S3, we also compare our data with the d13Ccarb profile of Korte 
et al. (2005), which displays a minimum value of the d13Ccarb at ca. 206 Ma, 
correlatable with the S3 negative d13Corg peak at Pignola-Abriola (Fig. 3). This 
line of evidence further highlights the global meaning of the Norian/Rhaetian 
boundary carbon-cycle perturbation (i.e., S3).

The occurrence of Norian volcanic activity is also supported by an increase 
of surface water temperature of the Tethyan subtropics of ~6 °C (~1.5‰), re-
corded in the d18Ophos curve from biogenic apatite (labeled “W3” in Trotter et al., 
2015). The W3 warming phase is documented in the Norian and is correlatable 
with S1, S2, and S3 d13Corg decreases (Fig. 3). A late Norian warming is further 
supported by paleobotanical and pedogenic evidence, which estimate an in-
crease of atmospheric CO2 from 600 to 2100–2400 ppm and 2000–3000 ppm, 
corresponding to a warming of ~3–4 °C and 7–10 °C, respectively (McElwain 
et al., 1999; Cleveland et al., 2008). The proposed scenario is hence in agree-
ment with estimates based on numerical coupled ocean-atmospheric climate 
models performed for the Upper Triassic (Huynh and Poulsen, 2005).

An additional piece of evidence supporting the hypothesis of a magmatic 
activity as the source of isotopically light carbon in the system is the 87Sr/86Sr 

record (Callegaro et al., 2012). Because the residence time of strontium is 
longer (~2.4 m.y.; Jones and Jenkyns, 2001) than the mixing time of the ocean 
(~1–2 k.y.; e.g., Broecker and Li, 1970; Gordon, 1973; Hodell et al., 1990; Garrett 
and St. Laurent, 2002), the 87Sr/86Sr curve is representative of the global sea-
water composition (Veizer et al., 1997; Korte et al., 2003). The 87Sr/86Sr compo-
sition of seawater is controlled by two major fluxes: the riverine flux, whose 
87Sr/86Sr depends on the balance between the weathering of highly radiogenic 
old sialic crust and less radiogenic young basalts (average 87Sr/86Sr = ~0.710) 
and the hydrothermal flux, sourced from the mantle 86Sr (average 87Sr/86Sr = 
~0.703; e.g., Faure, 1986; Palmer and Edmond, 1989; Veizer et al., 1997; Taylor 
and Lasaga, 1999). Therefore, increases of seawater 87Sr/86Sr are commonly 
interpreted as increased continental weathering of highly radiogenic old sialic 
crust and/or denudation rates, which in turn could be driven by humid cli-
mate and/or tectonics (Palmer and Elderfield, 1985; Raymo et al., 1988; Hodell 
et al., 1989), whereas negative shifts are usually linked to weathering of young 
basalts (which implies the emplacement of some kind of volcanic activity) 
and/or increased rate of seafloor spreading (Berner and Rye, 1992; Jones and 
Jenkyns, 2001). The 87Sr/86Sr profile (Callegaro et al., 2012) depicts three nega-
tive excursions correlatable with the d13Corg decreases recognized throughout 
the late Norian in the Lagonegro Basin, Queen Charlotte Islands and Lake 
Williston sections (Fig. 3). However, at the base of the Rhaetian stage, the 
87Sr/86Sr curve shows an opposite trend compared to the d13Corg record. In 
fact, while the d13Corg returns to background values, the 87Sr/86Sr profile keeps 
decreasing, suggesting two possible scenarios: (1) a lag in response time 
of the 87Sr/86Sr system due to its longer seawater residence time; or (2) per-
sistent magmatic activity and/or weathering of volcanic rocks, coupled with 
increase of primary productivity and/or inhibition of the organic matter ox-
idation processes (increasing d13Corg). The decrease in efficiency of organic 
matter recycling mechanisms may be related to oxygen-depleted conditions, 
which is supported by the high TOC content (Fig. 2, see TOC content after S3 
in Pignola-Abriola). Moreover, the Rhaetian d13Corg profile is mimicked by the 
187Os/188Os curve recorded in Japan (Kuroda et  al., 2010) and in the United 
Kingdom (Cohen and Coe, 2007), suggesting that an abrupt and intense 
large-scale event affected multiple isotopic systems during the Late Triassic, 
causing large perturbations in the d13Corg, d13Ccarb, 87Sr/86Sr, and 187Os/188Os rec
ords. Seawater 187Os/188Os, like 87Sr/86Sr, is controlled by two major fluxes: 
(1) weathering of continental crust (average 188Os/187Os = ~1.3) and (2) mantle 
and/or extraterrestrial inputs (average 188Os/187Os  = ~0.13) (e.g., Shirey and 
Walker, 1998; Peucker-Ehrenbrink and Ravizza, 2000; Cohen and Coe, 2007; 
Kuroda et al., 2010). In particular, young mantle-derived basalts could release 
large amounts of unradiogenic Os; hence, based on this rationale, Os isotopes 
are used to identify the initiation of major basalt volcanism (e.g., Cohen and 
Coe, 2007; Ravizza and Peucker-Ehrenbrink, 2003; Turgeon and Creaser, 2008; 
Tejada et al., 2009; Kuroda et al., 2010).

The late Norian volcanic activity seems to resemble the best known Meso
zoic LIPs, such as the Wrangellia (estimated duration: late Ladinian–early 
Norian, U-Pb zircon dating from a gabbro sill: 232.2 ± 1.0 Ma, Mortensen and 
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Hulbert, 1991), the CAMP (estimated duration: late Rhaetian–early Hettangian, 
U-Pb zircon dating of the North Mountain basalt: 201.56 ± 0.01/0.22 Ma, e.g., 
Marzoli et  al., 2006a, 2006b; Blackburn et  al., 2013), and the Karoo-Ferrar 
(Toarcian, 183.1 Ma, e.g., Bomfleur et al., 2014; Sell et al., 2014). The emplace-
ment of all these LIPs coincides with episodes of significant biotic crises, sug-
gesting that a causal relationship might exist between eruptions and climate 
change (e.g., Rampino and Stothers, 1988; Furin et al., 2006; Rigo et al., 2007, 
2012a; Rigo and Joachimski, 2010). With respect to the tempo, the estimated 
duration of the Norian activity is very similar to those inferred for the CAMP and 
the Wrangellia. The main phase of CAMP volcanism lasted less than 1.6–2 m.y.; 
a comparable duration of 2 m.y. has been proposed for the Wrangellia phase 
(Greene et al., 2010, 2012). These durations are consistent with those estimated 
in the Pignola-Abriola section, where the d13Corg decreases last between 0.7 and 
1.3 m.y. The total duration of the late Norian volcanic activity, from S1 to S3, 
is ~7 m.y., if the age model of Maron et al. (2015) is adopted; this is consistent 
with the total duration of the Karoo-Ferrar event (~8–10 m.y.; Jourdan et al., 
2007; Hastie et al., 2014) and of each major pulse of the Karoo-Ferrar LIP, which 
lasts from ~0.8–3 to 4.5 m.y. (Jourdan et al., 2007). All these estimated dura-
tions are comparable to those observed in the Pignola-Abriola section during 
the late Norian (~1.3 m.y. for each decrease).

The sparse and rare outcrops of Norian successions limit the recognition 
of volcanic deposits associated with the emplacement of a LIP during the late 
Norian, which is identifiable so far only by its geochemical signatures. Volcanic 
deposits linked to this event could have undergone subduction, accretion as 
allochthonous terranes, or collision. Recent dating of the Late Triassic Angayu-
cham large igneous province (Alaska, Pallister et al., 1989) gives an estimated 
age of 214 ± 7 Ma (Ernst and Buchan, 2001; Prokoph et al., 2013), which is con-
sistent with both the Norian age of the 87Sr/86Sr and d13Corg decreases (from ca. 
214–206 Ma, Maron et al., 2015) and distinguishable from those of Wrangellia 
(late Ladinian–early Norian, Mortensen and Hulbert, 1991) and CAMP activities 
(late Rhaetian–early Hettangian, e.g., Marzoli et al., 2006a, 2006b; Blackburn 
et al., 2013). The total volume of the Angayucham oceanic plateau has been 
evaluated from the areal extent of outcropping ophiolites, and the most re-
cent estimates range between 225 and 450 × 103 km3 (Ernst and Buchan, 2001; 
Prokoph et al., 2013). This volume is not dissimilar from that of the Wrangellia 
oceanic plateau (~500–1000 × 103 km3; Lassiter et al., 1995; Ernst and Buchan, 
2001; Prokoph et al., 2013), although it is one order of magnitude smaller than 
the volume estimated for the CAMP deposits (~2500 × 103 km3) and the Karoo-
Ferrar continental flood basalts (~5000 × 103 km3) (Prokoph et al., 2013; Ernst 
and Buchan, 2001). Considering the magnitude of S3, ~3850 Gt of volcano-
genic CO2 (d13C = –5‰; e.g., Dunkley-Jones et al., 2010; Jones et al., 2015) are re-
quired to produce a ~6‰ d13Corg shift (e.g., Leavitt, 1982; Caldeira and Rampino, 
1990; Cervantes and Wallace, 2003; Courtillot and Renne, 2003; Self et al., 2005; 
Beerling et al., 2007; Sobolev et al., 2011; Jones et al., 2015). If we assume that 
the average CO2 emission of a large igneous province is ~0.5 wt% of the total 
erupted material (e.g., Leavitt, 1982; Caldeira and Rampino, 1990; Symonds 
et al., 1994; Cervantes and Wallace, 2003; Schminke, 2004), then the Angayu-

cham could have introduced in the ocean-atmosphere system ~700–1750 Gt 
of carbon, which equals ~2560–6400 Gt of CO2. From this calculation, it results 
that the carbon-dioxide emissions of a LIP of the size of the Angayucham could 
justify a d13Corg decrease such as S3.

Even if LIPs are assumed to outgas SO2 and CO2 at significant rates (e.g., 
the CAMP is thought to outgas SO2 and CO2 at rates of at most 1 Gt per year; 
Self et  al., 2005), CO2 emissions alone may not be sufficient to account for 
the significant magnitude of the Norian LIP d13Corg decreases (e.g., even up to 
6‰ for Pignola-Abriola S3, this work). Therefore, some other mechanism(s) 
might further contribute to the effects of the late Norian LIP emissions on the 
carbon-isotope system. For instance, fire scars left on fossil tree trunks from 
the Petrified Forest Member of the Upper Triassic Chinle Formation (Arizona, 
United States) provide evidence of widespread peatland fires throughout the 
Norian and likely throughout the whole Late Triassic (Byers et al., 2014). The 
age of these wildfires ranges from 213.1 to 209 Ma (Ramezani et al., 2011; Byers 
et al., 2014), within the estimated duration of the Norian LIP activity (“Wild-
fires” in Fig. 3). The carbon isotopic composition of land-plant organic matter 
can reach values up to ~–35‰ (e.g., Meyers, 2014). As a consequence, these 
wildfires could play a role in explaining the large magnitude of the Norian 
d13Corg decreases. To produce a d13C shift of the magnitude of S3, these wild-
fires would have had to introduce ~150 Gt of carbon in the atmosphere, which 
corresponds to ~550 Gt of carbon dioxide. Recent studies highlight frequent 
wildfires during the Late Triassic, even before the above-cited interval of time 
(e.g., 227.6 ± 0.08 and 211.9 ± 0.7 Ma; Tanner and Lucas, 2016).

Finally, the intense warming indicated by the oxygen-isotopic record (Trot-
ter et al., 2015), which could have occurred due to the emplacement of a Norian 
LIP with its associated CO2 flux (see different CO2 models above), might have 
destabilized methane hydrate reservoirs (d13C = –60‰), which could have fur-
ther increased the amplitude of the observed carbon-isotope excursions. This 
mechanism has already been proposed to explain short-term changes during 
the Karoo-Ferrar carbon-isotope excursion (Kemp et al., 2005). Therefore, wild-
fires and clathrate dissociation may account for the minor negative peaks, the 
high-frequency fluctuations, and the total amplitude of changes recognized in 
the d13Corg profiles with higher resolution data sets (Fig. 3). Considering the 
extremely low isotopic carbon composition of clathrates (e.g., Dickens et al., 
1995; Kvenvolden, 2002), ~87 Gt of carbon, i.e., ~117 Gt of methane, would be 
required to produce a d13Corg decrease such as S3. It is also worth noting that 
the estimated durations for the secondary and short-lived d13Corg peaks in the 
Pignola-Abriola section range between ~10 and 100 k.y. according to the age 
model of Maron et al. (2015), which essentially means that each single peak 
might represent an input of 12C-rich carbon in the ocean-atmosphere system 
due to a combination of possible sources, which include volcanogenic gases, 
methane release, and wildfires. Whereas wildfires and methane hydrate dis-
sociation contributed to the magnitude of the Norian d13Corg decreases, they 
should be considered as possible amplification factors of the magmatic ac-
tivity, which we propose as the trigger mechanism of the Norian carbon-cycle 
perturbations.
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CONCLUSIONS

The organic carbon-isotope record of the Lagonegro Basin (western Tethys) 
shows the occurrence of a ~5‰ negative shift close to the Norian/Rhaetian 
transition, preceded by two additional d13Corg decreases of similar magnitude 
(3‰–5‰), correlatable within the Lagonegro Basin. Moreover, the carbon-iso-
tope perturbation close to the Norian/Rhaetian boundary is correlatable (using 
biostratigraphy) with that recognized in the North America realm, supporting 
the idea that the latest Norian carbon cycle was affected at a global scale. We 
propose that the trigger mechanism for the input of isotopically light carbon 
in the ocean-atmosphere system was the emplacement of a large igneous 
province, possibly amplified by consequent feedbacks. The d18Ophos profile, the 
87Sr/86Sr curve, and increase in the pCO2 values strongly support this scenario. 
This suggested late Norian volcanic activity was thought to be active between 
214 and 206  Ma and is tentatively attributed to the Angayucham province, 
a complex ocean plateau originally located on the western margin of North 
America and today outcropping in Alaska. The late Norian d13Corg records pre-
sented here improve the Late Triassic organic carbon-isotope record, which 
displays a series of decreases we link to the emplacement of different LIPs: 
the late Ladinian–early Norian Wrangellia, (possibly) the late Norian Angayu-
cham, and the late Rhaetian–early Hettangian CAMP. These events may have 
had extreme environmental consequences, such as a decrease in primary pro-
ductivity and/or a warming phase, which could have favored the establish-
ment of humid conditions and episodes of seawater oxygen depletion, biotic 
crises, and extinctions, contributing to the complex history of this particular 
period of time.
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