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The base of the Rhaetian stage (Norian/Rhaetian boundary, NRB) is still awaiting for-
mal designation by the International Commission on Stratigraphy. At present, only
the 4.30-m-thick Steinbergkogel section (Austria) has been proposed as GSSP (Global
Stratotype Section and Point) candidate for the base of the Rhaetian. Here we present
data from the 63-m-thick Pignola-Abriola section (Southern Apennines, Italy) that we
consider an alternative candidate for the Rhaetian GSSP. The Pignola-Abriola basinal
section, represented by hemipelagic–pelagic carbonate successions belonging to the
Lagonegro Basin, matches all the requirements for a GSSP: 1, it is well exposed with
minimal structural deformation; 2, it is rich in age diagnostic fossils (e.g. conodonts
and radiolarians); 3, it yields a geochemical record suitable for correlation (e.g.
d13Corg/carb); and 4, it has a robust magnetostratigraphy and is correlated with the
Newark APTS for age approximation of the NRB and additional Rhaetian bioevents.
In the Pignola-Abriola section, we opt to place the NRB at the 44.4 metre level, coinci-
dent with a prominent negative shift of ca. 6& of the d13Corg. This level is located
50 cm below the FAD of conodont Misikella posthernsteini s.s within the radiolarian
Proparvicingula moniliformis Zone. Both the negative d13Corg shift and the FAD of
Misikella posthernsteini occur within Pignola-Abriola magnetozone MPA-5r, at
~205.7 Ma, according to magnetostratigraphical correlation to the Newark APTS. We
also illustrate the coeval Mt. Volturino stratigraphical section deposited below the cal-
cite compensation depth (CCD) within the same Lagonegro Basin and characterized
by a detailed radiolarian biostratigraphy and strong d13Corg negative shift around the
NRB. □ Conodonts, GSSP, Late Triassic, magnetostratigraphy, radiolarians, Rhaetian,
stable isotopes.
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The Rhaetian was first proposed as a stage in 1891
by Carl Wilhelm Ritter von G€umbel, named after the
Raetia Province of the Roman Empire and applied
to all those strata containing the bivalve Avicula con-
torta, which was a peculiar bivalve of the shallow-
marine facies of the western Tethys (such as the
K€ossen Beds of Austria). The Rhaetian was included
as Stufe (=Stage) in the first chronostratigraphical

scale of the Triassic System by Von Mojsisovics et al.
(1895), as ‘Zone der Avicula contorta’, and accepted
as the last Stage of the Triassic by von Arthaber
(1905). Since then, the Rhaetian has been subject to
intense debates focusing on whether it should be rec-
ognized as an independent Stage (e.g. Pearson 1970;
Ager 1987) or assigned to the Jurassic System, as
suggested by Slavin (1961, 1963) for ammonoid-bar-
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ren strata of northwestern Europe (a suggestion that
was not met with acceptance), or included in the
Norian Stage, as recommended by Tozer (1967) and
Silberling & Tozer (1968) and adopted for instance
by Zapfe (1974) and Palmer (1983), or even com-
pletely eradicated from geological time-scales (e.g.
Tozer 1984, 1990). However, most specialists, espe-
cially those working in the Tethyan Realm, accepted
the Rhaetian as a Stage of the Upper Triassic Series
(e.g. Kozur & Mock 1974; Ga�zdzicki 1978; Ga�zdzicki
et al. 1979; Krystyn 1980, 1990; F�ahræus & Ryley
1989). Notably, in the Carta Geologica Italiana pub-
lished in the 1970s and 1980s, the Rhaetian was
always considered as a Stage of the Upper Triassic.
In the final report of the IGCP 4 (Zapfe 1983), the
Rhaetian Stage was included in the Tethyan time-
scale, but not in the Canadian or Soviet Union time-
scales. In 1991, the Subcommission on Triassic
Stratigraphy (STS) confirmed the Rhaetian as an
independent Stage, yet a formal marker to define its
base is still lacking.

Possible markers, mostly in the form of bioevents,
to assign the base of the Rhaetian have been listed by
Krystyn (2010) in an activity report of the Norian/
Rhaetian Working Group and also reported by Ogg
in Gradstein et al. (2012); these are

• FAD (First Appearance Datum) of conodont Mis-
ikella posthernsteini;

• Base of the Propavicingula moniliformis radiolar-
ian Zone;

• FAD of conodont Mockina mosheri morphotype
A;

• LO (Last Occurrence) of ammonoid genus Meta-
sibirites;

• FAD of the ammonoid Paracochloceras suessi;

• Disappearance of the standard-size bivalve genus
Monotis; and

• Prominent change from an extended normal-po-
larity magnetozone upward into a reversed polar-
ity magnetozone (UT23n to UT23r), from the
composite scale illustrated by Hounslow & Mut-
toni (2010).

At present, the only suggested GSSP candidate for
the Rhaetian is represented by the Steinbergkogel sec-
tion in Salzkammergut (Austria) (Krystyn et al.
2007a,b). The Steinbergkogel section, exposed in an
abandoned quarry surrounded by a forested area, is
comprised of red and grey, marine pelagic, condensed
Hallstatt Limestone beds with ammonoids, bivalves,
conodonts and other micro-fossils such as calcareous
coccoliths, dinoflagellate cysts and sporomorphs (e.g.
Gardin et al. 2012). This section is composed of three
sub-sections named STK-A, STK-B and STK-C, with

STK-A correlative to STK-C and STK-B stratigraph-
ically coeval. In this composite section, three
events have been suggested as possible markers for
the base of the Rhaetian: (1) first occurrence (FO)
of Misikella hernsteini, corresponding to the FO
Mockina mosheri morphotype A, and close to the
FO of the ammonoid Tragorhacoceras, as well as
the appearance of the genus Rhaetites (Krystyn
et al. 2007a); (2) FAD of Misikella posthernsteini
(Krystyn 2008), correlated to the base of the radio-
larian Propavicingula moniliformis Zone (e.g. Kozur
2003; Giordano et al. 2010) and the FO of Para-
cochloceras suessi (Krystyn et al. 2007a); and (3)
FO of the ammonoid Cycloceltites and Choristoceras
and disappearance of Sagenites, Dionites and Pina-
coceras (Krystyn et al. 2007a). Ammonoid bios-
tratigraphy is considered one of the main tools for
high-resolution dating and correlation of Triassic
sedimentary sequences (Balini et al. 2010). Unfor-
tunately, for the upper Norian and Rhaetian,
ammonoids are documented only locally. For
instance, the only sedimentary formation in Italy
with documented (but poorly preserved) ammo-
noids attributed to Choristoceras cf. rhaeticum
(G€umbel) is the Calcare di Chiampomano
outcropping in the Preone Valley near Udine
(northeastern Southern Alps) (Guembel 1861).

Conodonts and radiolarians are instead more
frequent and are thus used as primary biostrati-
graphic tools for the definition of upper Norian
and Rhaetian strata and correlations (e.g. Carter
& Orchard 2007; Rigo et al. 2007, 2012a; Gior-
dano et al. 2010).

Here, we present data from the 63-m-thick Pig-
nola-Abriola section (Lagonegro Basin, Southern
Apennines, Italy). We show that this section presents
all the desirable attributes of a new, valid GSSP can-
didate for the base of the Rhaetian Stage. We also
illustrate data from the ancillary and coeval Mt. Vol-
turino stratigraphical section deposited in the same
basin but presumably below the CCD.

Geological setting

The Pignola-Abriola and Mt. Volturino sections
belong to the Lagonegro Basin succession (Southern
Apennines) and are made up of hemipelagic to pela-
gic marine deposits. The Lagonegro Basin is consid-
ered part of the southwestern branch of the Tethys
Ocean and is bordered to the north by the Apenninic
and Apulian carbonate platforms (e.g. S�eng€or et al.
1984; Stampfli et al. 1991; Stampfli & Marchant
1995; Catalano et al. 2001; Ciarapica & Passeri 2002,
2005). The deepening-upward Lagonegro Basin suc-
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cession is characterized by Permian to Miocene
formations deposited in shallow to deep basinal
environments. The lower part of the succession is
represented by the ‘Lagonegro lower sequence’ (e.g.
Mostardini & Merlini 1986; Ciarapica et al. 1990;
Ciarapica & Passeri 2005; Rigo et al. 2005) and
includes the following formations (from oldest to
youngest): Monte Facito Formation (Permian to
upper Ladinian); Calcari con Selce (upper Ladinian
to Rhaetian); Scisti Silicei (Rhaetian to Tithonian);
and Flysch Galestrino (Tithonian to Lower Creta-
ceous). This lower sequence, always detached from
its basement, is dissected into several tectonic units
piled up between the Apenninic and Apulian car-
bonate platforms (e.g. Mostardini & Merlini 1986)
during Apenninic orogenesis.

The Upper Triassic–Middle Jurassic Calcari con
Selce and Scisti Silicei formations consist of pelagic
carbonates and siliceous deposits (i.e. cherts and
radiolarites) bearing conodonts, pelagic bivalves
(e.g. genus Halobia), radiolarians and sparse ammo-
noids. In proximal palaeogeographical settings, the
Calcari con Selce persisted from the Late Triassic to
the Early-Middle Jurassic (e.g. Scandone 1967; Berti-
nelli et al. 2005a; Passeri et al. 2005), whereas in
more distal settings, a transition from carbonate sed-
imentation of the Calcari con Selce to siliceous
deposition of Scisti Silicei occurred between the lat-
est Triassic and the earliest Jurassic and is inter-
preted as due to the subsidence of the ocean floor
below the CCD (e.g. Amodeo 1999; Giordano et al.
2010). A precursory switch from carbonate to silic-
eous deposition is documented during the Carnian
(Rigo et al. 2007) and is interpreted as due to a tran-
sitory shift towards more humid climate conditions
(Rigo & Joachimski 2010; Rigo et al. 2012a; Trotter
et al. 2015). Because of the difficulties in placing a
boundary between the Calcari con Selce and the
Scisti Silicei, Miconnet (1982) first introduced the
term ‘Transitional Interval’ to designate the strati-
graphical portion of the Lagonegro succession that
was included in the upper part of the Calcari con
Selce and characterized by an increase of red radio-
laritic intercalation, typical of the overlying Scisti Sil-
icei (Amodeo 1999; Bertinelli et al. 2005a; Passeri
et al. 2005; Reggiani et al. 2005; Rigo et al. 2012b).
In particular, the base of the Transitional Interval is
conventionally marked by a 2.5- to 4-m-thick inter-
val of red shales (Amodeo 1999; Bertinelli et al.
2005b; Reggiani et al. 2005; Rigo et al. 2012b) of
Sevatian 1 age (Mockina bidentata Zone – late Nor-
ian) (Rigo et al. 2005, 2012b). However, in-depth
investigations, mostly for biostratigraphy (e.g. De
Wever & Miconnet 1985; Bertinelli et al. 2005a; Pas-
seri et al. 2005; Reggiani et al. 2005; Rigo et al.

2005, 2012b), revealed that this red shale interval
shows atypical features in the Pignola-Abriola sec-
tion, while it is easily recognized in the Mt. Vol-
turino section.

Pignola-Abriola section: candidate
for the Rhaetian GSSP

Lithostratigraphy

The Pignola-Abriola section was measured on the
western side of Mt. Crocetta along road SP5 ‘della
Sellata’ connecting the villages of Pignola and Abri-
ola (Geographic coordinate system, datum WGS 84:
40° 330 23.50″N, 15° 470 1.71″E) (Fig. 1). The Pig-
nola-Abriola section is located in an area of minimal
structural deformation and within the protected area
of the Parco Appennino Lucano Val d’Agri Lagone-
grese (Fig. 1).

The section is a ca. 63-m-thick basinal succession
dominated by the Calcari con Selce and encompass-
ing the Norian/Rhaetian boundary (Amodeo et al.
1993; Amodeo 1999; Bazzucchi et al. 2005; Rigo
et al. 2005, 2012b; Giordano et al. 2010) (Fig. 2).
Thinly bedded cherty limestones (partially dolomi-
tized in the lowermost part of the section) constitute
the dominant lithology, sometimes intercalated with
centimetre-thick calcarenites due to sporadic gravity
flows/turbiditic events (e.g. Amodeo 1999; Bertinelli
et al. 2005a; Giordano et al. 2011). The siliciclastic
input increases in the upper part of the Calcari con
Selce at the transition with the overlying Scisti Sili-
cei, where shales, radiolarites and subordinate marls
dominate. The lower portion of the section (ca. 0–
6.5 m) (Fig. 2) consists mainly of well-stratified,
thinly bedded cherty dolostones; chert nodules
become frequent above ca. 3.5 m. Calcarenites
linked to gravity flow events and containing frag-
ments of benthic organisms are subordinate. From
ca. 6.5 up to metre 13, repeated intercalations of
shales, several centimetres thick, are present. Cherty
layers become abundant at ca. 13 m from the base.
Between ca. 13 and 22.5 m, limestones gradually
replace dolostones and consist mainly of mud-
stones–wackestones, and less commonly packstones,
with abundant radiolarians and rare bivalves. From
22.5 m up to ca. 39 m, shale frequency decreases
and centimetre-thick chert bands in limestone beds
are common. In addition, three diameter-thick,
often amalgamated and partially dolomitized, fin-
ing-upward beds of calcarenite occur between ca. 34
and 35.5 m and provide useful lithomarkers (Maron
et al. 2015). Between 39 and 43.5 m, nodules and
especially layers and bands of black radiolarian
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cherts become abundant, with an increase in terrige-
nous input up to 56 m. The shales are typically dark
and rich in organic matter, often interbedded with
silicified limestones and thin calcarenites, deposited
in low oxygen (dysoxic to anoxic) conditions. This
frequent alternation of shales, limestones, fine-
grained calcarenites, marls and chert beds constitute
the so-called Transition Interval (Miconnet 1982;
Amodeo 1999) separating the Calcari con Selce from
the Scisti Silicei, although at Mt. Crocetta the lower
part of Scisti Silicei does not crop out extensively.
The uppermost part of the Pignola-Abriola section
(ca. m 56–58) is characterized by diameter-thick
micritic limestone beds with few clayey intercala-
tions, overlain by red radiolarites and chert layers
typical of the Scisti Silicei, extending up to the top of
the measured section (at ca. m 63).

Biostratigraphy

The Pignola-Abriola section has been studied in
detail for conodonts and radiolaria (Amodeo 1999;
Bazzucchi et al. 2005; Rigo et al. 2005, 2012b; Gior-
dano et al. 2010) (Figs 2, 3).

Conodonts are common throughout the entire
section, even though they are rare around the NRB,
as first noted by Krystyn et al. (2007a,b). The Con-
odont Alteration Index (CAI) is 1.5, suggesting that
burial temperatures never exceeded 100 °C (sensu

Epstein et al. 1977; Bazzucchi et al. 2005; Giordano
et al. 2010; Maron et al. 2015). In stratigraphical
order, the following updated and main bioevents
have been recognized:

• at metre 7, sample PI5, the first occurrence (FO)
of Mockina bidentata;

• at metre 21.4, sample PR16, FO of Misikella hern-
steini, co-occurring with Parvigondolella andru-
sovi;

• at metre 32, sample GNC3, the FO of Misikella
buseri;

• at metre 33.4, sample PR10, the FO of Misikella
hernsteini/posthernsteini morphocline;

• at metre 44.9, in sample PIG24, the first appear-
ance datum (FAD) of Misikella posthernsteini s.s.;
and

• at metre 55.5, sample GNC100, the FO of Misi-
kella ultima in association with Misikella koesse-
nensis.

The radiolarian associations (Figs 2, 4) are well
preserved and conform to the biozonation proposed
by Carter (1993), which consists of radiolarian
assemblage zones biochronologically correlated to
the North America ammonoid zonation proposed
by Tozer (1979):

• Sample PR14 at metre 25 yielded a radiolarian
assemblage referable to the Betraccium deweveri
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Zone (U.A. 1 Carter 1993) based on the presence
of Betraccium deweveri Pessagno & Blome,
Praemesotaturnalis gracilis Kozur & Mostler, Te-
traporobrachia sp. aff. T. composita Carter, Ayrto-
nius elizabethae Sugiyama, Citriduma sp. A sensu
Carter (1993), Globolaxtorum sp. cf. G. hullae
(Yeh & Cheng), Lysemela sp. cf. L. olbia
Sugiyama, Livarella valida Yoshida and Livarella
sp. sensu Carter (1993) (Giordano et al. 2010); a
similar assemblage was found also in sample
PR15 at metre 23.5 and sample PR13 at metre
27.5. The presence of Globolaxtorum sp. cf.
G. hullae Yeh & Cheng in this assemblage is atyp-
ical, because the genus Globolaxtorum is usually
referred only to the Proparvicingula moniliformis
and Globolaxtorum tozeri zones (O’Dogherty
et al. 2009).

• Sample PA25 at metre 41 yielded a radiolarian
assemblage referable to the Proparvicingula monil-
iformis Zone, Assemblage 1 and 2, Subassemblage

2a (U.A. 2–8 Carter 1993), for the presence of
Fontinella primitiva Carter, Praemesosaturnalis sp.
cf. P. sandspitensis Blome, Globolaxtorum sp. cf.
G. hullae Yeh & Cheng and Livarella densiporata
Kozur & Mostler (Bazzucchi et al. 2005; Gior-
dano et al. 2010).

Misikella posthernsteini is a phylogenetic descen-
dent of M. hernsteini (e.g. Mostler et al. 1978;
Kozur & Mock 1991; Giordano et al. 2010). Both
species display a similar cusp as posterior denticle,
but they differ in (1) number of blade denticles,
which are 3 (rarely 4) in M. posthernsteini and 4–6
in M. hernsteini; and (2) shape of the basal cavity,
which is shaped like a heart or drop in M. posth-
ernsteini and M. hernsteini, respectively. All speci-
mens with intermediate features are grouped in the
Misikella hernsteini/posthernsteini morphoclines and
are here referred to as Misikella hernsteini/posthern-
steini transitional forms; they are characterized by
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Fig. 2. The Pignola-Abriola section with, from left to right, stratigraphical log, radiolarian and conodont biostratigraphy, total organic
matter percentage (TOC), and d13Corg and d13Ccarb curves. Magnetostratigraphy and the virtual geomagnetic poles (VGP) are from
Maron et al. (2015). The prominent d13Corg negative shift located close to the FAD of conodont Misikella posthernsteini s.s. is here
reported as primary proxy for the base of the Rhaetian. Notably, the d13Corg negative peak occurs within the base of the radiolarian
Proparvicingula moniliformis Zone.
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the reduction of the number of blade denticles and
the evolution of the drop-shaped basal cavity into
a heart shape. These transitional forms are also
well documented in other sections of the Lagone-
gro Basin (e.g. Giordano et al. 2010), as well as the
Lombardian Basin of northern Italy (Muttoni et al.
2010). The occurrence of the Misikella hern-
steini/posthernsteini morphoclines is followed by
the occurrence of Misikella posthernsteini sensu
stricto (m 44.9, sample PIG24), providing a contin-
uous and reliable biostratigraphical signal (Remane
2003). Calibration with radiolarian biostratigraphy
(Giordano et al. 2010) reveals that only those spec-
imens of Misikella posthernsteini characterized by a
heart-shaped basal cavity due to a real groove on
the posterior margin of the basal cavity developed
by the extension of a distinct furrow along the
backside of the cusp occurred within the radiolar-

ian Proparvicingula moniliformis Zone (sensu Carter
1993). These specimens were interpreted as
Misikella posthernsteini sensu stricto (Giordano
et al. 2010).

Recently, calcareous nannofossils (e.g. Prin-
siosphaera sp.) also were recorded and estimated to
contribute between 2.5 and 15% to the amount of
carbonate production at the Pignola-Abriola section
(Preto et al. 2013).

Notably, thin cross-section bivalve shells have
been observed in the limestone beds of the Pignola-
Abriola section, but no good specimens have been
collected from these strata. However, a single speci-
men of Monotis limaeformis Gemmellaro was docu-
mented in the Mt. Sirino area (De Lorenzo 1894),
ca. 50 km to the south of the Pignola-Abriola sec-
tion. This species is strictly related to the Monotis
salinaria group (De Lorenzo 1894; Grant-Mackie

Fig. 3. SEM micrographs of upper Norian to Rhaetian conodonts from the Pignola-Abriola section Calcari con Selce Fm (after Bazzucchi
et al. 2005 and Giordano et al. 2010, modified). Scale bar = 100 lm. 1, a, b, c, Mockina zapfei (Kozur); sample PIG 0. 2, a, b, c, Mockina
slovakensis (Kozur); sample PIG 0. 3, a, b: Mockina bidentata (Mosher); PIG 7. 4, a, b: Norigondolella steinbergensis (Mosher); PR 16. 5, a,
b, c, Misikella hernsteini (Mostler); sample PIG 16. 6, a, b, Misikella posthernsteini Kozur & Mock; sample PIG 24. 7, a, b, Misikella kovacsi
Orchard; sample PIG 40. 8, a, b, c, Misikella ultima Kozur & Mock; sample PIG 40.
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1978), which is Sevatian in age (late Norian) (e.g.
McRoberts 2010).

Chemostratigraphy

The Pignola-Abriola section has been investigated
for organic carbon isotope (d13Corg) and total
organic carbon (TOC) variations. Rock samples
were collected from the section (76 samples)
(Table 1), washed in millipore water and selected to
avoid the sampling of not representative portions of

the sample (e.g. fracture-filling mineralization, bio-
turbation, diagenetic alterations). Several grams of
each sample (<5 g) were reduced to a fine powder
using a Retsch RM0 grinder and dried overnight at
40 °C.

The TOC investigations were conducted following
the standard acid attack method (Schlanger & Jen-
kyns 1976), which requires the reaction of the pow-
ders with a 10% HCl solution in silver capsules.
Once the reaction was finished, the samples were
dried on a hot plate at 50 °C. All samples were anal-

Fig. 4. Upper Norian–Rhaetian radiolarians from the Calcari con Selce (Pignola-Abriola section) and from the Scisti Silicei (Mt. Vol-
turino section). Samples PR13, PR14 and PR15 from Pignola-Abriola, and sample MVV5 from Mt. Volturino, are referred to the Betrac-
cium deweveri Zone; sample PA25 (Pignola-Abriola) is referred to the Proparvicingula moniliformis Zone, Assemblage 1; sample MV23
(Mt. Volturino) is referred to the Proparvicingula moniliformis Zone, Assemblage 1–2 and MV 31 (Mt. Volturino) to the Globolaxtorum
tozeri Zone Assemblage 3. Scale bar = 100 lm for 1–2, 8–12, 14–15; 150 lm for 6; 200 lm for 3–5, 7, 16–18 (after Bazzucchi et al. 2005
and Giordano et al. 2010, 2011, modified). 1. Betraccium deweveri Pessagno & Blome, sample PR14. 2. Betraccium deweveri Pessagno &
Blome, sample MVV53. Citriduma sp. A, sensu Carter (1993), sample PR13. 4. Citriduma sp. A, sensu Carter (1993), sample MVV5. 5.
Tetraporobrachia sp. aff. T. composita Carter, sample PR14. 6. Praemesotaturnalis gracilis (Kozur & Mostler), sample PR14. 7, Livarella
sp., sensu Carter (1993), sample PR14. 8. Globolaxtorum sp. cf. G. hullae (Yeh & Cheng), sample PR14. 9. Fontinella primitiva Carter,
sample PA 25. 10. Praemesosaturnalis sp. cf. P. sandspitensis (Blome), sample PA25. 11, Livarella densiporata Kozur & Mostler, sample
PA25. 12, Globolaxtorum hullae (Yeh & Cheng), sample PA25. 13. Pseudohagiastrum sp. A sensu Carter 1993, sample MV23 14. Praeme-
sosaturnalis sp. aff. P. sandspitensis (Blome), sample MV31. 15. Paronaella pacofiensis Carter, sample MV23. 16. Octostella dihexacanthus
(Carter), sample MV31. 17. Pseudohagiastrum giganteum Carter & Hori, sample MV 31. 18. Livarella valida Yoshida, sample MV31
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ysed using a Vario Macro CNS Elementar Analyser
at the University of Padova. Results were calibrated
against Sulphanilamide standard (N = 16.25%;
C = 41.81%; S = 18.62%; H = 4.65%). The analyti-
cal uncertainty of the instrument is r = 0.5% (%
RSD, relative standard deviation).

For the d13Corg measurements, pulverized rock
samples were acid-washed with 10% HCl for at least
three hours (usually overnight). Successively, the
samples were neutralized in millipore water, dried at
40 °C overnight and wrapped in tin capsules. Forty-
one samples were analysed using a GVI Isoprime
CF-IRMS mass spectrometer at Rutgers University:
multiple blank capsules and isotope standards (NBS
22 = �30.03&; Coplen et al. 2006; and an in-house
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&. Fifteen samples were analysed using a
Delta V Advantage mass spectrometer connected to
a Flash HT Elementar Analyser at the University of
Padova. For every set of analysis, multiple blank cap-
sules 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 analy-
ses was better than r = 0.3&.

d13Corg and d13Ccarb profiles. – The recorded d13Corg

shows a minimum of �29.95& and a maximum of
–23.70&, with an average value of ca. �25.95&.
Between metre 36 and 44.4, the curve depicts an
important negative shift, with amplitude of ca. 6&,
over a span where the TOC content roughly doubled
(Fig. 2). This shift exhibits a marked negative peak
at metre 44.4 m (d13Corg = �29.95&, highlighted
by the grey line in Fig. 2), ca. 50 cm below and thus
almost coincident with the FAD of the conodont
Misikella posthernsteini s.s. (dashed line in Fig. 2;
Maron et al. 2015) and 4 m above the beginning of
the radiolarian Proparvicingula moniliformis Zone,
Assemblage 1 (sensu Carter 1993; Giordano et al.
2010) (Fig. 2). Because it is relatively easy to recog-
nize and has good potential for global correlation,
we propose the lowest d13Corg value close to the
FAD of M. posthernsteini s.s., within the P. monili-
formis Zone (sensu Carter 1993; Giordano et al.
2010), as a geochemical marker for the GSSP of the
Rhaetian (Fig. 2). This negative peak occurs during
a d13Corg short-term excursion, which falls within a
longer term decrease of the d13Corg.

The stable isotope composition of carbonate
(d13Ccarb) ranges from �1.80 � 1.00& to
2.07 � 1.00&, with a mean of ca. 0.99 � 1.00&
(Preto et al. 2013). Around the NRB, the d13Ccarb

curve follows almost perfectly the trend of the
d13Corg curve, showing a significant negative shift at
ca. 45 m (d13Ccarb = �0.69 � 1.00&), almost coin-
cident with the FAD of the M. posthernsteini
(Fig. 2).

The close parallelism between the d13Corg and
d13Ccarb confirms that the Pignola-Abriola isotopic
signal is primary. Decreasing trends in both curves
are regarded as due to an input of isotopically light
carbon in the ocean system, which may be linked to
decrease in primary productivity, decrease in organic
carbon burial, clathrates dissociation, wildfires, iso-
lation of epicontinental seas and/or emplacement of
large igneous provinces (LIPs) (e.g. Hesselbo et al.
2002; Higgins & Schrag 2006; Jenkyns 2010; Tanner
2010; Meyer 2014).

Magnetostratigraphy

A total of 220 samples have been collected for
palaeomagnetic analyses and 9 for rock magnetism
experiments (IRM). The analyses were performed at
the Alpine Laboratory of Paleomagnetism (ALP) of
Peveragno, Italy. The samples were thermally
demagnetized up to 675 °C and then analysed with a
2G three-axial DC-SQUID cryogenic magnetometer.
For details, see Maron et al. (2015).

The analysis of the NRM indicates a mean magne-
tization of the samples of 0.08 mA/m. Rock mag-
netic experiments indicate haematite and magnetite
as the main carriers of the magnetization, with sub-
sidiary iron sulphide (Maron et al. 2015). The char-
acteristic component of magnetization (ChRM) was
isolated in 121 samples (ca. 55%) mainly up to 450–
550° (maximum of 625 °C), showing north-down
and south-up directions. The reversal test of McFad-
den & McElhinny (1990) was applied to the ChRM
component directions and resulted positive (Maron
et al. 2015). A sequence of virtual geomagnetic poles
(VGPs) was obtained from the ChRM directions.
The VGP latitudes have been arranged in strati-
graphical order to obtain a sequence of geomagnetic
polarity reversals along the Pignola-Abriola section.
A total of 22 polarity reversals have been recognized
and grouped in 10 magnetozones labelled from
MPA1n to MPA5r (Fig. 2).

The Pignola-Abriola section was then correlated
to Tethyan sections from the literature provided
with magnetostratigraphy and conodont biostratig-
raphy (Fig. 5). The magnetostratigraphy of the
Steinbergkogel section (H€using et al. 2011), GSSP
candidate for the Rhaetian stage (Krystyn et al.
2007a,b; Krystyn 2008), is comparable with the data
from Pignola-Abriola, only introducing a revision in
the biostratigraphy of Steinbergkogel. We think that
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Table 1. Stable isotope composition of carbon (d13Corg) and percentage of organic matter (TOC) versus sample height position of the
Pignola-Abriola and Mt. Volturino sections.

PIGNOLA-ABRIOLA MT. VOLTURINO

m Sample TOC% d13Corg m Sample TOC% d13Corg

58.10 Pa i 191 1.984 71.00 MV49 0.611 �19.88
57.80 Pai 189 2.321 �25.56 68.00 MV45.60 0.115
57.65 GNM 119 0.149 66.00 MV44 0.161 �21.89
57.50 Pai 187 2.014 �24.66 65.00 MV 43 0.174 �25.15
57.05 Pai 185 1.863 �26.43 64.00 MV42 0.294
56.76 GNM 117 0.452 �26.61 57.50 MMV 9 0.095
56.50 Pai 184 2.103 �25.80 56.00 MVV8 0.371
55.70 GNI 29 0.960 �24.41 52.00 MMV 1 0.693 �28.05
55.63 Pai 180 3.654 �25.71 51.50 MV 35 0.380
55.55 GNI 28 1.259 �25.63 51.00 MMV 2 1.111 �27.78
55.25 GNI 27 5.548 �25.40 50.66 MMV 3 �27.36
54.45 Pai 173 5.663 �25.77 50.50 MMV 4 0.941 �26.33
53.75 GNM 102 8.410 �27.83 49.50 MMV 6 0.925 �26.56
53.15 Pai 168 1.359 �25.67 49.00 MMV 7 1.192 �27.52
52.65 GNI 26 5.684 �25.85 48.20 MMV 8 �25.23
52.50 Pai 166 0.136 �25.26 47.10 MMV 9 �27.46
52.13 Pa i 164 0.963 46.60 MMV 10 �26.50
51.65 Pai 162 0.079 �26.52 46.50 MV 31 0.124
51.40 GNI 25 6.664 �25.97 46.20 MMV 11 �25.42
51.05 GNM 85 0.618 �25.86 45.00 MVV 6 0.706
50.80 Pai 160 0.096 �25.17 42.50 MV 27B 0.288 �23.47
50.20 Pai 157 0.107 �25.03 42.45 MMV 13 �27.35
49.25 GNI 24 4.780 �26.56 41.50 MV 24 0.195 �24.29
49.15 GNI 23 9.895 �24.36 41.43 MMV 16 �24.25
48.90 GNI 22 3.667 �26.15 41.00 MV 23 0.295 �26.13
48.65 Pai 155 2.113 �25.72 40.20 MV 22 �26.12
48.40 GNI 21 5.074 �25.77 39.50 MV 21 0.198
48.10 GNI 20 12.653 �25.40 39.00 MV 20B 0.384
47.40 GNI 19B 9.024 �25.86 38.45 MMV 22 �24.73
47.20 Pa i 146 Dark 1.895 38.00 MMV 23 �24.67
47.20 Pa i 146 Bright 0.945 38.00 MV 17 0.293 �26.07
46.80 GNI 19 0.943 �25.68 37.50 MV 16 0.500 �23.15
46.45 GNI 18 11.623 �26.05 36.30 MMV 27 �24.30
46.30 GNI 17 12.589 �26.37 37.00 MV15 0.479
45.95 Pai 143 0.106 �24.90 36.00 MVV 5 0.329 �24.52
45.80 GNI 16 0.728 �27.10 35.60 MMV 29 �24.35
45.65 Pai 142 10.337 �25.89 35.00 MV11 1.092 �24.86
45.30 GNI 15 2.032 �27.13 34.00 MVC7 0.310 �23.65
45.23 GNI 14 2.566 �25.42 34.00 MMV 32 0.389
45.18 Pai 139 �27.58 33.50 MMV 33 0.891
44.95 Pai 136 6.856 �25.80 32.00 MVV4 0.367
44.75 Pai 134 2.321 �24.91 31.00 MVC6 0.215 �25.60
44.35 GNM 52 8.663 �29.95 30.50 MV7 0.323 �24.83
43.30 GNP 3 7.845 �27.26 29.00 MVC 5 0.218 �26.29
42.60 Pa i 119 8.045
42.35 GNP 2 10.681 �28.28
42.28 GNM 41A 8.327 �27.55
42.20 Pai 116 6.125 �25.18
41.30 Pai 111 8.014 �24.46
40.70 GNM 37 6.074 �27.97
40.19 GNM 35B 10.557 �26.55
40.00 Pai 108 13.025 �25.47
39.35 GNP 1 2.967 �27.93
38.30 Pai 104 1.451 �24.31
37.73 GNI 13 0.818 �25.58
37.50 GNI 12 5.960 �24.90
37.30 GNI 11 6.261 �25.76
36.80 Pai 101 0.941
36.10 GNI 10 8.876 �23.70
35.70 GNI 9 3.992 �24.19
33.80 Parc 1 2.354
33.40 Parc 3 1.979 �25.97
32.95 Parc 6 1.853

(continued)
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the first occurrence (FO) of conodont Misikella pos-
thernsteini at Steinbergkogel (see specimens in plate
1 in Krystyn et al. 2007a) should be considered
equivalent to the FO of Misikella hernsteini/posthern-
steini transitional forms (sensu Giordano et al. 2010)
in the Pignola-Abriola section (Maron et al. 2015).
In particular, the main reversal interval in Stein-
bergkogel (ST1/B- to ST1/H- in STK-A subsection;
ST2/B- to ST2/H- in STK-B+C subsection) is con-
sidered equivalent to magnetozones from MPA3r to
MPA5r at Pignola-Abriola (Fig. 5). In addition, we
find that the Norian/Rhaetian Oyuklu section (Gallet
et al. 2007) is comparable with Pignola-Abriola
whereby interval from Oyuklu magnetozone OyB-
to OyD- should correspond to magnetozones
MPA4r to MPA5r at Pignola-Abriola (Fig. 5). More-
over, the upper part of the Carnian–Norian Pizzo
Mondello section (Muttoni et al. 2004), from mag-
netozone PM-8n to PM-12n, should correspond to
the lower part of the Pignola-Abriola section from
MPA1n to MPA3n, equivalent to the magnetozones
SB-8n to SB-11n in the Silick�a Brezov�a section
(Channell et al. 2003) (Fig. 5). Notably, conodont
biostratigraphy of Silick�a Brezov�a section has been
reclassified after Mazza et al. (2012). The Pignola-
Abriola section also has been correlated with the
Brumano/Italcementi Quarry composite section,
upper Rhaetian to Hettangian in age (Muttoni et al.
2010, 2014), using as tie point the FO of M. posth-
ernsteini s.s. We conclude that the magnetostratigra-
phy of the Brumano/Italcementi Quarry section is
substantially younger than the magnetostratigraphy
of Pignola-Abriola.

Prospects for high-precision geochronology. – Sedi-
mentation rates were estimated by comparing the
thickness of the Pignola-Abriola magnetozones
with the duration of their equivalent magneto-
zones in the Newark APTS (Olsen et al. 2011)

(Fig. 6). The resulting preferred correlation option
implies depositional rates that are very low (ca.
2.6 m/My) in the lower portion of the section
(from the base to ca. 26 m), increasing to ca.
5.6 m/My from metre 26, and reaching ca. 9.8 m/
My from metre 43.5 upwards (Maron et al. 2015).
The presence of more marls, shales and marly
limestones in the upper part of the section sug-
gests a major input of siliciclastic fraction, consis-
tent with the observed increase of sedimentation
rates and the higher concentration of magnetic
minerals. The age model derived from this pre-
ferred correlation option was used to date the
level containing the Norian/Rhaetian boundary
(approximated by the carbon isotope shift and
associated bioevents; see above) to ca. 205.7 Ma
(see Maron et al. 2015 for details), in substantial
agreement with the high-precision U-Pb
geochronology constraints by Wotzlaw et al.
(2014). Considering a Triassic/Jurassic boundary
at 201.3 Ma (Schoene et al. 2010; Guex et al.
2012), the Rhaetian is ca. 4.4 Myr long; consider-
ing the Carnian/Norian boundary at ca. 227 Ma
(Muttoni et al. 2004; Maron et al. 2015), the Nor-
ian Stage is ca. 21.3 Myr long.

Age of the main events around the Norian/Rhaetian
boundary. – The calibration of the Pignola-Abriola
magnetostratigraphy with the Newark APTS (Olsen
et al. 2011) allows dating the main events recorded
around the Norian/Rhaetian boundary. For instance,
the Sevatian1/Sevatian2 boundary, defined by the
FO of conodont Misikella hernsteini, is placed at ca.
210.8 Ma, while the FO of Mockina bidentata (Alau-
nian/Sevatian boundary) is at ca. 216.2 Ma (Fig. 6).
The FO of the M. hernsteini/posthernsteini transi-
tional morphotype, corresponding to the older Misi-
kella posthernsteini specimens sensu Krystyn et al.
(2007a), is placed at ca. 207.6 Ma (Fig. 6). The FO

Table 1. (Continued)

PIGNOLA-ABRIOLA MT. VOLTURINO

m Sample TOC% d13Corg m Sample TOC% d13Corg

32.70 Parc 7 2.580
32.05 Parc 10 3.668
31.70 GNI 8 1.855
31.65 GNI 7 0.309 �24.58
31.60 GNI 6 0.164
31.50 Parc 12 2.923 �25.96
30.89 Parc 15 1.880
30.70 GNI 5 1.348
30.65 GNI 4 0.152 �25.30
30.55 GNI 3 6.841 �26.95
30.40 Parc 16 2.036
30.30 GNI 2 5.996 �25.66
29.90 GNI 1 2.589 �27.68
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of Misikella ultima is at ca. 204.7 Ma, while the base
of the Proparvicingula moniliformis Zone (proxy for
the NRB) is placed at ca. 206.2 Ma. Finally, the age
of the prominent d13Corg negative spike located only
50 cm below the FAD of M. posthernsteini s.s. is of
ca. 205.7 Ma (Fig. 6).

Demonstration of regional and
global correlation

Regional correlation

The litho- and biostratigraphical correlations of the
NRB interval in the Lagonegro Basin were well illus-
trated and discussed by several authors since the end
of the 19th century, such as De Lorenzo (1894),
Scandone (1967), De Capoa (1970, 1984), Miconnet
(1982), Amodeo (1999), Bertinelli et al. (2005), Baz-
zucchi et al. (2005), Reggiani et al. (2005), Rigo
et al. (2005, 2012b) and Giordano et al. (2010,
2011). From a biostratigraphical perspective in dif-

ferent localities and sections from the Lagonegro
Basin, a well-defined NRB has been documented with
the occurrence of the Misikella posthernsteini s.s.,
such as in the Mt. S. Enoc, Pignola-Abriola and Sasso
di Castalda sections (e.g. Giordano et al. 2010).

We thus studied a second key stratigraphical sec-
tion, known as Mt. Volturino, which is coeval to the
GSSP candidate Pignola-Abriola section but depos-
ited in a deeper depositional setting of the Lagone-
gro Basin, below the CCD (Giordano et al. 2010,
2011). The Mt. Volturino section exposed ca. 17 km
to the south of Pignola-Abriola and yielded con-
odont and radiolarian biostratigraphy as well as a
strong d13Corg peak around the NRB (Fig. 7).

The litho-, bio- and chemostratigraphy of the Mt.
Volturino section is described hereafter.

Monte Volturino section

Lithostratigraphy. – The section is located along the
southern slope of Mt. Volturino (between La Torre
and Coste Roberto) (Geographical coordinate
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Fig. 5. Correlation of the magnetostratigraphy and biostratigraphy of the Pignola-Abriola section with data from Tethyan marine sec-
tions in literature, as Steinbergkogel (STK-A and B+C; H€using et al. 2011), current GSSP candidate for the Rhaetian Stage (Krystyn et al.
2007a,b), Brumano/Italcementi Quarry (Muttoni et al. 2010, 2014), Oyuklu (Gallet et al. 2007), Pizzo Mondello (Muttoni et al. 2004,
2014) and Silick�a Brezov�a (Channell et al. 2003). Conodont biostratigraphy of Silick�a Brezov�a reclassified after Mazza et al. (2012); the
specimens of conodont Misikella posthernsteini in Steinbergkogel (as considered in Krystyn et al. 2007a,b) are here attributed to the Misi-
kella hernsteini/posthernsteini transitional form (after Giordano et al. 2010). The Pignola-Abriola section is correlated to the Newark
Astrochronological Polarity Time Scale (APTS; Olsen et al. 2011) following the correlation of Maron et al. (2015). The level containing
the Norian/Rhaetian boundary in Pignola-Abriola, placed with a negative d13Corg spike of ca. �30& and virtually coincident with the
first appearance datum (FAD) of conodont M. posthernsteini s.s., is dated at 205.7 Ma (Maron et al. 2015), within magnetozone E20r of
the Newark APTS.
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system, datum WGS 84: 40°24013.46″N; 15°4902.25″
E) within the area of the Parco Appennino Lucano
Val d’Agri Lagonegrese, the same protected area of
the Pignola-Abriola section (Fig. 1). The Mt. Vol-
turino section shows a very good exposure of the
Calcari con Selce in transition with the overlying
Scisti Silicei. The lower 4 metres of the section is
represented by cherty limestones (mostly mudstone
and wackestones) ascribed to the Calcari con Selce.
At 4 m above the base of the section, a 4-m-thick
unit of red shales marks the base of the ‘Transitional
Interval’ (i.e. upper part of Calcari con Selce)
(Fig. 7). Above this horizon, a portion of ca. 9.70 m
is characterized by thin red shale layers intercalated
to thick cherty limestones beds. The overlying
8.30 m consists instead of thicker red shale layers
with thinner cherty limestones intercalations. At
26 m above the base of the section, a 1-m-thick layer
of red shales occurs, overlain by an interval rich in
shales and silicified limestones characterized by 7 m
of very thin cherty limestones (often silicified) alter-
nating with red shales, red cherts and radiolarites
(Fig. 7). Within the upper part of the ‘Transitional
Interval’, between 28.70 and 38.0 m, thin dark shales
and cherty layers, radiolarites and partially silicified

laminated limestones become dominant and are
capped by 1 m of dark shales. Above this organic-
rich interval, only siliceous sedimentation occurs,
dominated by radiolarites, representing the base of
the Buccaglione member of the Scisti Silicei. The
basal 12 m of the Buccaglione member consists of
red radiolarites, radiolarian cherts and siliceous
shales, overlain by a 3-m-thick graded calciruditic
bed at 47 m. A 1-m-thick transitional bed character-
ized by thin calcarenites intercalated with green to
red shales is overlain by the Nev�era member of the
Scisti Silicei, which consists in black siliceous shales
interbedded with silicified calcarenites rich in
organic matter (Fig. 7).

Biostratigraphy. – The Mt. Volturino section
yielded pyritized radiolarians, in particular in the
Transitional interval, and conodont associations in
the calcareous portion of the section (e.g. Giordano
et al. 2010, 2011). The biozonations are those pro-
posed by Kozur (2003) and Carter (1993) for con-
odont and radiolarian biostratigraphy, respectively.
Conodont CAI is 2.5–3 (sensu Epstein et al. 1977).

Mockina bidentata, Parvigondolella lata and
Parvigondolella andrusovi first occur at ca. 12 m
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(Giordano et al. 2010, 2011), defining the base of
the Mockina bidentata Zone (Kozur & Mock 1991)
(Figs 3, 7). Misikella hernsteini first occurs at 18 m,
along with Parvigondolella vrielyncki, followed by the
first occurrence of the Misikella hernsteini/M. posth-
ernsteini transitional form at 39 m (Giordano et al.
2010, 2011) (Figs 3, 7).

From the base of the Scisti Silicei at ca. 39.7 m up
to metre 44.5, well-preserved radiolarian assem-
blages documented the upper Norian Betraccium
deweveri Zone (U.A. 1 Carter 1993), in particular by
the presence of Citriduma sp. A, sensu Carter (1993)
and Betraccium deweveri Pessagno & Blome in sam-
ple MVV5 (Giordano et al. 2010, 2011) (Figs 4, 7).
Between metres 44.5 and 51.5, the conjunct occur-
rence of Paraonella pacofiensis Carter and Pseudoha-
giastrum sp. A (sensu Carter 1993) can be referred to
the Proparvicingula moniliformis Zone, in particular
to the Unitary Association 5–18 (sensu Carter 1993),
which corresponds to the upper part of the Assem-
blage 1 and the lower-mid part of Assemblage 2
(=2a, 2b, 2c) of the Proparvicingula moniliformis
Zone (Carter 1993). Sample MV 31 at 51.5 m, with

Pseudohagiastrum giganteum Carter & Hori, Praeme-
sosaturnalis sp. aff. P. sandspitensis (Blome),
Livarella valida Yoshida, Octostella dihexacanthus
(Carter), is referable to the Globolaxtorum tozeri
Zone, Assemblage 3 (U.A. 24–27) (Giordano et al.
2010, 2011) (Figs 4, 7). Notably, in sample MV27b,
Serilla sp. aff. S. tledoensis is referable to the Unitary
Association 16–27 (Carter 1993), which corresponds
to the middle-Proparvicingula moniliformis Zone
(Subassemblage 2c, 2d) and Globolaxtorum tozeri
Zone (Assemblage 3) (Fig. 7).

Chemostratigraphy. – The Mt. Volturino section
has been studied for its d13Corg and TOC composi-
tion. Forty-four samples were analysed following the
methods described above. The d13Corg values range
between a minimum of �28.05& and a maximum
of �23.15&, with an average value of ca. �25.60&
(Fig. 7; Table 1). The curve displays a main negative
shift at m 47 with amplitude in the order of ca. 3&.
This negative shift likely corresponds to the Pignola-
Abriola negative peak that occurs at 44.4 m
(d13Corg = �29.95&), almost coincident with the
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FAD of the conodont M. posthernsteini s.s. in the
Pignola-Abriola section. Unfortunately, the con-
odont M. posthernsteini was not recovered in the
Mt. Volturino section. Nevertheless, the Mt. Vol-
turino and the Pignola-Abriola negative fluctuations
both occur in the Proparvicingula moniliformis Zone
(sensu Carter 1993; Giordano et al. 2010) (Fig. 7).

Long distance and global correlation. – The succes-
sion of conodont and radiolarian faunas in the both
Pignola-Abriola and Mt. Volturino sections record
specific bioevents that occurred homotaxially within
other Tethyan (e.g. Austria, Turkey, Slovakia, Sicily,
Lombardian Basin) as well as extra-Tethyan strati-
graphical successions (e.g. British Columbia,
Nevada) (Fig. 8). In particular, the FAD of the Teth-
yan conodont Misikella posthernsteini was voted by
the Task Force for the NRB in 2010 and convention-
ally adopted to establish the NRB (Krystyn 2010).

The appearance of the Tethyan Misikella posthern-
steini s.s. has been correlated with the appearance of
the North American Mockina mosheri morphotype A
(e.g. Giordano et al. 2010; Tackett et al. 2014),
through the appearance of both the conodont species
just above the base of the radiolarian Proparvicingula
moniliformis Zone, in particular within Assemblage 1
sensu Carter (1993) as stated by Carter & Orchard
(2007) and Giordano et al. (2010) and Tackett et al.
(2014) (Fig. 8). Moreover, the base of the Mockina
mosheri Zone seems to coincide with the base of the
North American ammonoid Paracochloceras amoe-
num Zone (e.g. Orchard & Tozer 1997). In the upper
part of the radiolarian Betraccium deweveri Zone, the
bivalve Monotis fauna disappeared globally: this
event has been largely used to define the base of the
Rhaetian, especially in the North America (Fig. 8).
Instead, the rare dwarf Monotis specimens and thin-
shelled pectinids that replaced the standard-size
Monotis are considered Rhaetian (Wignall et al.
2007; McRoberts et al. 2008; McRoberts 2010). In
fact, the dwarf Monotis species were found in associ-
ation with ammonoids belonging to the Paracochlo-
ceras genus and with the conodont M. posthernsteini
(McRoberts et al. 2008). The extinction of the stan-
dard-size Monotis species occurs at the lower bound-
ary of the Sagenites reticulatus Zone (Dagys & Dagys
1994). In the Tethyan realm, the base of the Sagenites
reticulatus Zone is considered coeval to the base of
the Paracochloceras suessi Zone (Dagys & Dagys
1994; Krystyn et al. 2007a) and ex-Cochloceras suessi
Zone sensu Kozur (2003) (Fig. 8). Moreover, the base
of the P. suessi Zone seems to coincide to the FAD of
the conodont M. posthernsteini (Kozur 2003; Krys-
tyn & Kuerschner 2005; Krystyn et al. 2007a, 2007b;
Moix et al. 2007).

In the North America, the base of the Sagenites
reticulatus Zone correlates to the base of the ammo-
noid Paracochloceras amoenum Zone (Krystyn 1990;
Dagys & Dagys 1994). Carter (1993) correlates the
base of the radiolarian Proparvicingula moniliformis
Zone with the base of the Paracochloceras amoenum
Zone, later confirmed by Orchard et al. (2007) and
the base of the radiolarian Globolaxtorum tozeri Zone
with the base of the ammonoid Choristoceras crick-
mayi Zone (Carter 1993). Notably, in North Amer-
ica Misikella posthernsteini occurred in the
Choristoceras crickmayi Ammonoid Zone (Orchard
1991; Orchard et al. 2007), differing from the Teth-
yan Misikella posthernsteini that instead occurs at the
base of radiolarian Proparvicingula moniliformis
Zone (Giordano et al. 2010), as also observed in the
candidate Pignola-Abriola section (Fig. 2). The Cho-
ristoceras crickmayi Ammonoid Zone is considered
coeval to the base of the Tethyan ammonoid Van-
daites stuerzenbaumi Zone (Dagys & Dagys 1994;
Whiteside & Ward 2011) (Fig. 8). In particular, the
Vandaites stuerzenbaumi Zone is represented by two
subzones that are the Vandaites saximontanus Sub-
zone (ex-’Choristoceras’ haueri Subzone) and the
homonymous Vandaites stuerzenbaumi Subzone
(Maslo 2008). Moreover, the base of the radiolarian
Globolaxtorum tozeri seems to coincide with the base
of the conodont Misikella ultima (P�alfy et al. 2007)
(Fig. 8).

Around the NRB, some bioevents described above
occurred in a very short time interval and therefore
could be interpreted as coeval: (1) occurrence of the
conodonts Misikella posthernsteini s.s. and Mockina
mosheri morphotype A; (2) the occurrence of
ammonoid Paracochloceras amoenum, which corre-
sponds to the base of the Sagenites reticulatus Zone
(coeval to the base of the Paracochloceras suessi); and
(3) the base of the radiolarian Proparvicingula monil-
iformis, and the disappearance of standard-size
bivalve Monotis spp. (Fig. 8).

These bioevents support, and are supported by,
the geochemical evidence (d13Corg) documented at
Pignola-Abriola and Mt. Volturino sections around
the NRB (Fig. 7).

The d13Corg negative shift: new proposal as
primary proxy for the NRB

Even if Misikella posthernsteini has been voted as pri-
mary marker for the base of the Rhaetian stage
(Krystyn 2010), and it is commonly used to recog-
nize the NRB in the Tethys (Balini et al. 2010), Misi-
kella posthernsteini appears to be rare in the North
American realm, where it seems to occur in a
younger stratigraphic interval than in the Tethys
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(Fig. 8), weakening its potential as primary tool for
global correlations. For these reasons, we propose
the prominent negative d13Corg peak occurring in

proximity of the FAD of Tethyan Misikella posthern-
steini s.s. as the primary event to define the base of
the Rhaetian stage. Notably, the organic carbon
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isotope system appears unaffected by diagenetic
alteration, because temperatures approaching those
of oil generation are required to alter significantly
the d13Corg primary signal (Hayes et al. 1999; Cra-
mer & Saltzman 2007).

The d13Corg negative shift documented in the can-
didate Pignola-Abriola section and in the coeval Mt.
Volturino section seems to correspond to similar
shifts in other sections from the North American
realm, such as Williston Lake (Wignall et al. 2007),
Kennecott Point (Ward et al. 2001, 2004) and Fred-
erick Island (Whiteside & Ward 2011), that are well-
calibrated biostratigraphically (Fig 9). The occur-
rence of this negative peak also on the eastern side of
the Panthalassa shows that the d13Corg negative shift
recorded at the NRB provides a globally correlatable
chronostratigraphical event and thus a useful geo-
chemical/physical proxy in identifying the base of
the Rhaetian stage (Fig. 9).

87Sr⁄ 86Sr and 187Os ⁄ 188Os datasets

A recent late Norian to Rhaetian marine 87Sr⁄86Sr
curve based on analyses of biogenic apatite and
carbonate (e.g. Korte et al. 2003; Cohen & Coe
2007; Callegaro et al. 2012; Tackett et al. 2014)
highlights two significant shifts, one in the late
Norian and one in the late Rhaetian (Fig. 10).
Although Callegaro et al. (2012) used only
conodonts with CAI < 2 for their evaluation of the
Sr isotopic signal, here we include also results from
conodonts with CAI = 2.5 because the threshold
CAI value for the maintenance of the pristine Sr
isotopic composition is precisely 2.5 (Ebneth et al.
1997; Korte et al. 2003). This curve is well mim-
icked by the Rhaetian seawater 187Os⁄188Os curve
illustrated by Cohen & Coe (2002) and Kuroda
et al. (2010) (Fig. 10). A first decreasing trend is
documented in both the 87Sr⁄86Sr and 187Os⁄188Os
curves, starting in the latest Norian, more precisely
in the uppermost conodont Misikella hensteini-
Parvigondolella andrusovi Zone (Callegaro et al.
2012) or top of the Betraccium deweveri radiolarian
Zone (Kuroda et al. 2010), from 0.70798 to
0.70777 for 87Sr⁄86Sr and from 0.6 to 0.2 for
187Os⁄188Os (Fig. 10). These lowest values mostly
coincide with the base of the conodont Misikella
ultima Zone, which mostly corresponds to the base
of the Globolaxtorum tozeri radiolarian Zone (P�alfy
et al. 2007), marking the change in trend to higher
values both of the 87Sr⁄86Sr and 187Os⁄188Os curves
(Fig. 10). In this context, the d13Corg negative shift
that marks the base of the Rhaetian stage accord-
ing to our proposition falls within a decreasing
trend of both the 87Sr⁄86Sr and 187Os⁄188Os curves.

Conclusions

In this work, we propose the Pignola-Abriola section
as candidate GSSP for the Rhaetian Stage. The Pig-
nola-Abriola section fulfils the requirements for the
selection of boundary stratotypes of chronostrati-
graphical units:

1 The Pignola-Abriola section is well exposed in an
area of minimal structural deformation with easy
access along the SS 5 road ‘la Sellata’ and is
located in the protected area of the Parco Appen-
nino Lucano Val d’Agri Lagonegrese.

2 The Pignola-Abriola section is a continuous 63-
m-thick basinal succession, consisting of thinly
bedded cherty limestones, shales and sparse layers
of calcarenites (Calcari con Selce Fm), deposited
in the Lagonegro Basin (Southern Apennines).

3 The Pignola-Abriola section is fossiliferous, with
distinctive and well-preserved conodont and radi-
olarian cosmopolitan fauna; the FAD of the con-
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Fig. 10. Strontium and Osmium curves around the NRB (Kur-
oda et al. 2010; Callegaro et al. 2012) with integrated bivalve,
radiolarian and conodont biostratigraphical schemes.
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odont Misikella posthernsteini s.s. and the base of
the radiolarian Proparvicingula moniliformis Zone,
which are two bioevents suggested to mark the
base of the Rhaetian, are well-documented and
intercalibrated.

4 The Pignola-Abriola section shows a marked neg-
ative d13Corg excursion of ca. 6& within an over-
all decreasing trend, and that is mirrored by a
negative shift of d13Ccarb curve, occurring ca. 0.5
metres below the FAD of M. posthernsteini s.s.
and within the radiolarian P. moniliformis Zone.
This negative carbon isotope shift is here sug-
gested as the primary physical marker for the
Norian/Rhaetian boundary.

5 The Pignola-Abriola section is subdivided into 10
magnetozones, calibrated with conodont and
radiolarian biostratigraphy and statistically corre-
lated with the Newark APTS.
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