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Abstract

We provide the magnetostratigraphy of the Ladinian/Carnian Punta Grohmann stratigraphic section
(Dolomites, Italy), calibrated with U-Pb ages from the literature (237.58 + 0.04 Ma; 237.68 + 0.05
Ma). The FO of ammonoid Zestoceras lorigae, the base of the vigens-densus palynomorphs Zone,
and sequence stratigraphy suggest a Carnian age for the upper part of the section, which has been
confirmed by the magnetostratigraphic correlation between Punta Grohmann and Prati di Stuores
(Carnian GSSP). Additional magnetostratigraphic correlation between Punta Grohmann and key

time-calibrated Ladinian—Carnian sections from the literature (e.g., Mayerling, Seceda, Rio Nigra)



lead to a more precise age of the Carnian base (~236.5 Ma) and to a better definition of the Middle—

Late Triassic Geomagnetic Polarity Time Scale.

1. Introduction

The Ladinian/Carnian boundary is formally placed in bed SW4 of the Prati di Stuores global
stratigraphic section and point (GSSP) (San Cassiano Formation; Mietto et al., 2012) at the first
appearance datum (FAD) of ammonoid Daxatina canadensis (Whiteaves, 1889), while the FAD of
conodont Paragondolella polygnathiformis (Budurov and Stefanov, 1965) represents a secondary
marker (Broglio Loriga et al., 1999; Mietto et al., 2008; Mietto et al., 2012). The Ladinian in the
Dolomites of northern Iltaly is characterized by intense volcanic activity lasting at least ~5 Myr
(Storck et al., 2019). The chronology of the Ladinian of the Dolomites mainly relies on radiometric
U-Pb ages from the Buchenstein Formation (Fm.) at Seceda (Wotzlaw et al., 2018) and from the
Frommer member (mb.) of the Fernazza Fm. at Rio Nigra (Mietto et al., 2012; Maron et al., 2019;
Gianolla et al., 2021). Although both sections are accompanied by magneto- and biostratigraphic
data, they do not cover the entire Ladinian, making the chronology of this Stage still open to
refinement. The age of the Ladinian/Carnian boundary has been approximated at ca. 237 Ma
considering the radiometric (U-Pb) age of 237.77+0.14 Ma obtained from Rio Nigra (Mietto et al.,
2012; Maron et al., 2019) and estimating the sedimentation rates of the in-between basinal
formations up to the basal Carnian level. Recently, Maron et al. (2019) proposed a similar age of ca.
236.8 Ma for the base of the Carnian derived from the compilation of an updated Geomagnetic
Polarity Time Scale (GPTS) for the Triassic that used the same radiometric age from Rio Nigra as a
chronological tie-point.

Here, we attempt to further refine the chronology of the Carnian Stage by investigating the
magnetostratigraphy and biostratigraphy of the Ladinian—Carnian marine section of Punta
Grohmann (Dolomites, Italy). This section is well calibrated by two radiometric U-Pb datings on

zircons (237.58+0.04 Ma, 237.68+£0.05 Ma; Storck et al., 2019) and is accompanied by ammonoid,



conodont and palynomorphs biostratigraphy (Van der Eem, 1983; Russo et al., 1997; Gianolla et al.,
1998; Mietto et al., 2008). The Punta Grohmann section has also been studied for sequence
stratigraphy, where the Car-1 3" order cycle (Gianolla et al., 1998) represents most of the section

(Mietto et al., 2012; Gianolla et al., 2021).

2. Geological Setting

2.1 Lithostratigraphy

Punta Grohmann is a classic upper Ladinian-lower Carnian basinal section (Ogilvie-Gordon, 1927
Scudeler Baccelle, 1974; Russo et al., 1997; Gianolla et al., 1998, 2021) outcropping at the base of
the Sassolungo/Langkofel Massif, 1.5 km to the west of Passo Sella and 20 km from the village of
Canazei in the Dolomites (ltaly) (Fig. 1A).

The Punta Grohmann section is a ca. 570 m-thick sequence of basinal siliciclastic (mainly
volcaniclastic) and carbonatic deposits belonging to the Wengen Fm. and San Cassiano Fm. (Figs.
1B, 2B, 3A). The section lies above a chaotic assemblage (Caotico Eterogeneo Auct.) with large
blocks of pre-volcanic rocks (mainly from Anisian-Ladinian carbonates and Lower Triassic Werfen
Fm. siliciclastics) embedded in a volcaniclastic matrix, followed by tens to hundreds of meters
(~300-400 m; Storck et al., 2019) of volcanites (pillow lavas, pillow breccias, hyaloclastites)
belonging to the Fernazza Fm (Bosellini et al., 1982, Castellarin et al., 1998; Brandner & Keim,
2011; Gianolla et al., 2021) (Fig. 1B). The base of the section is marked by a submarine erosional
surface overlain by the Marmolada Conglomerate (Cgm.), which is the basal facies of the Wengen
Fm. characterized by para-conglomerates with well-rounded lava pebbles followed by mass flow
and channelized high density turbidites and massive dark-colored sandstones (De Zanche and
Gianolla, 1995; Russo et al., 1997; Gianolla et al., 1998, 2021) (Fig. 2A). The Marmolada Cgm. is
overlain by ca. 150 meters of the typical facies of the Wengen Fm. (thin bedded turbiditic
sandstones alternated with dark pelites). In this part of the section rare calcarenitic levels and

platform-derived carbonatic material are found, indicating the presence of a nearby active reef



complex. A chaotic assemblage of carbonate olistoliths embedded in the volcaniclastic sediments is
found at the top of the turbiditic unit, with blocks up to five meters in size and channelized
carbonatic breccias, which are interpreted to indicate erosion of syn- to post-volcanic carbonate
platforms or gravitational re-deposition during platforms progradation (Russo et al., 1997). A
subsequent decrease in siliciclastic input is documented above the olistolithic interval, with ca. 100
m of volcaniclastic sandstones, pelites, marlstones and thin levels of grey/reddish nodular
limestones extending from level ~165 m to ~265 m in the sampled section (Fig. 2A). In this
interval, channelized turbidites, slumps, and mud flows are frequent. Thin ash-beds are preserved in
the mud-dominated part of the sequence. Two U-Pb radiometric ages (237.579 + 0.042 Ma;
237.680 + 0.047 Ma) have been obtained from Isotope Dilution-Thermal lonization Mass
Spectrometry (ID-TIMS) on selected zircons sampled from one of the ash-beds at ca. 220 m (Storck
etal., 2019) (Fig. 2A).

The upper part of the section (San Cassiano Fm.) shows a general coarsening-upward trend and an
increase in siliciclastic and carbonatic input, the latter derived from prograding carbonate platforms.
The initial part of the San Cassiano Fm. is characterized by the presence of slumped deposits, slump
scars and channelized turbidites. The terrigenous fraction is represented by shales alternating with
reworked volcanic sandstones or hybrid arenites. Carbonates are mainly bio-intraclastic calcarenites
rich in coated grains, automicritic clasts, and bioclasts. Ooids are also present (e.g., Stefani et al.,
2010). In this interval, there are also isolated calcareous blocks and carbonatic megabreccias
derived from the surrounding platforms. In general, carbonatic sediments become more abundant
moving upward in the section, because of the interfingering between the San Cassiano Fm. and the
Cassian Dolomite (Fig. 1B). The top of the section is characterized by some meters of carbonatic
megabreccias of the toe of the slope of the overlying Cassian carbonate platform. The contact with
the clinostratified slope of the Cassian Dolomite is disturbed by a minor fault.

The section has been interpreted also in terms of sequence stratigraphy (Gianolla et al., 1998, 2021,

Mietto et al., 2012). The sequence boundary (SB, correlative conformity placed at the onset of the



relative sea level fall) is positioned at the erosional contact between the coarse conglomerates
(Marmolada Cgm.) and the underlying volcanic and volcaniclastics of the Fernazza Fm. (previous
Highstand System Tract — HST deposits). The SB is not represented in the section here considered
(Fig. 2A) but lies a few meters below the Marmolada Cgm. (Gianolla et al., 2021). The lower part
of the Wengen Fm. is characterized by conglomerates, mass-flow and high-density turbidites
representative of the Falling Stage System Tract (FSST), followed by thin bedded low-density
turbidites interbedded with dark pelites, volcaniclastic sandstones and conglomerates representing
the Lowstand System Tract (LST) (Fig. 2A). Calcarenites and horizons of channelized carbonate
breccias and olistolith swarms characterize the regressive interval of LST (Fig. 2A). Above the
carbonate olistoliths, a decrease in the siliciclastic supply was accompanied by the deposition of
volcaniclastic siltstones, pelites, marlstones and thin beds of grey nodular limestone (Transgressive
System Tract — TST). The upper part of the succession is characterized by a general coarsening-
upward trend with an increase in the siliciclastic and carbonate supply related to the progradation of

the terrigenous and carbonate shelf, representing Highstand System Tract (HST) deposits.

2.2 Biostratigraphy
The biostratigraphic record from the Punta Grohmann section is mainly represented by ammonoids
and palynomorph, with reported, but not stratigraphically placed, conodonts (Van der Eem, 1983;

Mietto and Manfrin 1995a, Russo et al. 1997, Gianolla et al. 1998, Mietto et al. 2008).

2.2.1 Ammonoids

From the point of view of the ammonoid faunas, the section was illustrated for the first time by
Mietto and Manfrin (1995a). New sampling in the upper part of the section allowed a revision of
the previous data (Fig. 2B, 3B; Tab. 1). Despite a bed-by-bed study of the section, only about thirty

specimens could be collected; the fauna is therefore poorly represented and fragmentary. Specimens



were collected from pelitic and calcarenitic layers. In the calcarenites, the specimens typically
appear as internal molds (see Mietto et al., 2008).

Starting from the base of the section, the association of long-ranging species, as Lecanites glaucus
(Minster, 1834) and Lobites ellipticus (Hauer, 1860) associated with Maclearnoceras and
Asklepioceras, can be referred to the lower part of the Regoledanus Subzone.

In beds GRH2a (~190 m), GRH3 (~480 m) and GRO10 (~530 m) (Figs. 2B, 3A, 3B; Tab. 1), we
recovered the most significant element of the ammonoid faunas of the Punta Grohmann section,
which is Frankites apertus (Mojsisovics, 1893) (Fig. 3C). This species has a short range at the
Ladinian-Carnian boundary interval, between the upper part of the Regoledanus and the following
Canadensis Subzone (sensu Mietto and Manfrin, 1995b). Outside the Tethys realm, F. apertus is
documented also in the Boreal domain (Tozer, 1994) under the synonym F. sutherlandi (McLearn,
1947) (Mietto et al., 2008, 2012).

The ammonoids recovered in the interval between the first occurrence of F. apertus in bed GRH2a
and the first occurrence of Celtites epolensis Mojsisovics, 1882 in bed GRH80 (~490 m; Fig. 2A,;
Tab. 1) are referred to the upper part of the Regoledanus Subzone. The occurrence of the ammonoid
Celtites epolensis, which has never been found in the Carnian (see Mojsisovics, 1882, Broglio
Loriga et al., 1999, Balini et al., 2000), constrains a large part of the Punta Grohmann section, up to
~490 m, to the upper Ladinian. C. epolensis is well known from the Wengen Fm. of Lombardy-
Giudicarie (stratum tipicum and type area for this species, respectively), where it seems confined to
the lower part of the upper Ladinian (Balini et al., 2000).

Outside the type area, Mietto et al. (2008) reported C. epolensis from 12 additional
localities/sections of the Southern Alps (other than Punta Grohmann), where this species covers an
upper Ladinian biostratigraphic interval that includes the Neumayri and Regoledanus Subzones, up
to the Carnian base (Mietto and Manfrin, 1995a, 1995b).

In one of these sections (Val Giaule 2, Pieve di Cadore, Belluno), the single specimen of C.

epolensis described in Mietto and Manfrin (1995b: pl. 1, fig. 18) from bed VG 40, and reported also



in Broglio Loriga et al. (1998), shows a shape of the ribs that does not seem to fit perfectly into the
original description and illustration of Mojsisovics (1882). In bed VG 40, this specimen was found
in association with Celtites sp., Asklepioceras sp., Protrachyceras sp. and Zestoceras cf. enode
(Tozer, 1972), a fauna attributed to the upper Ladinian Regoledanus Subzone (Mietto and Manfrin,
1995b; Mietto et al., 2008).

In any case, the specimen of C. epolensis from Punta Grohmann reported in this work is defined
according to the original criteria of Mojsisovics (1882), and its co-presence with F. apertus
indicates a late Ladinian age for the lower and middle part of the Punta Grohmann section.

The Carnian ammonoid Zestoceras lorigae (Mietto et al., 2008) is documented near the top of the
section, in bed GRO10 (~530 m; Figs. 2B, 3A, 3B), where it is associated with F. apertus and a
probable new species of Celtites (Tab. 1). This latter differs from Celtites epolensis in having a
different ornamentation, characterized by thinner, thicker and less proverse ribs. Unfortunately, the
specimens at our disposal are too fragmentary for a precise diagnosis, therefore we prefer to use for
these specimens an open nomenclature (Celtites sp. A). The first occurrence of Zestoceras lorigae
at meter ~530 is here used to approximate the base of the Carnian (base of the Canadensis Subzone;
see ammonoid distribution of the Prati di Stuores Carnian GSSP, Mietto et al. 2012).

In a recent sampling campaign, four very significant new specimens, even if fragmentary or poorly
preserved, have been identified at Punta Grohmann in beds GRO10 and GRH90.

The first one (GRO-10.5; Fig. 3D) consists of an internal mold of Carnites sp. in which the
ammonitic suture line is well recognizable. Unfortunately, it was not possible to isolate this
specimen from the outcrop.

Other two specimens (GRO-10.7 and GRO-10.8) are attributed to fragments, of internal sides of
trachyceratids (Fig. 3E). Both fragments show ribs ornamented with pointed tubercles separated by
narrow and deep intercostal spaces, which suggest to assign these specimens to either Trachyceras

sp. or to Daxatina sp. (Fig. 3E). Lack of observable sutural line prevents the discrimination of these



two taxa, which in any case appear both in the basal Carnian Canadensis Subzone as in the Prati di
Stuores/Stuores Wiesen GSSP section (Mietto et al 2008, 2012).

Finally, in level GRH90, just below level GRO10, another specimen (GRH-90.1, left in situ) is an
almost complete internal side of a test referable to Asklepioceras sp. (Fig. 3F), a genus which is
documented, not only in the Tethys Realm, from the Regoledanus Subzone (late Ladinian) to Aon
Subzone (early Carnian) (or correlative subzones in the Boreal realm).

With the exception of the specimens GRO-10.5 and GRH-90.1 (in situ), all the material is stored at

the Geological and Paleontological Museum of the Padova University.

2.2.2 Conodonts

The conodont fauna reported by Russo et al. (1997) is characterized by the presence of
Budurovignathus hungaricus (Kozur and Vegh, 1972), B. mungoensis (Diebel, 1956), B. cf.
longobardicus (Kovacs, 1983), Gladigondolella tethydis (Huckriede, 1958), and Pseudofurnishius
murcianus (van de Boogaard, 1966), species that range from late Ladinian (Longobardian) to the
early Carnian (early Julian), but their stratigraphic position within the section has not been clarified
by the authors. Unfortunately, the secondary conodont biomarker of the Carnian base,
Paragondolella polygnathiformis (Budurov and Stevanov, 1965) (Mietto et al., 2008, 2012), has not

been found at Punta Grohmann.

2.2.3 Palynomorphs

Regarding the palynostratigraphy, Van der Eem (1983) described at Punta Grohmann a rich
palynological association characterized by elements like Camerosporites secatus Leschik, 1956
emend. Scheuring, 1970, Ovalipollis pseudoalatus Thiergart (Schuurman, 1976), Partitisporites
spp. and Cycadopites. Based on this association, Van der Eem (1983) attributed the middle-lower
part of Punta Grohmann section to the Secatus-Dimorphus and Secatus-Vigens phases, which are

considered late Ladinian in age. In the upper part of the section, the appearance of Vallasporites



ignacii (Leschik, 1956), Lagenella martinii (Leschik, 1956; Klaus, 1960) and Patinasporites densus
Leschik, 1956 emend. Scheuring, 1970 suggests a Carnian age (Vigens-Densus Phase; Fig. 2B). A
similar pollen assemblage characterizes the Prati di Stuores/Stuores Wiesen Carnian GSSP (Broglio

Loriga, et al., 1999; Mietto et al 2012).

3. Paleomagnetism

3.1 Material and methods

A total of 93 standard (~10 cc) drill core samples have been recovered from the Punta Grohmann
section, 31 directly from the outcrop and 62 from oriented hand-picked blocks. Samples have been
collected avoiding parts of the section disturbed by slumps (Fig. 3A-B). All samples were thermally
demagnetized in steps of 50°C-25°C from room temperature up to 675°C with an ASC Scientific
TDA48 furnace. The natural remanent magnetization (NRM) was measured after each step with a 2G
Enterprises 755 DC-SQUID cryogenic magnetometer located in a magnetically shielded room. The
directions of the NRM were plotted on standard vector end-point demagnetization diagrams
(Zijderveld, 1967) and the characteristic remanent magnetization (ChRM), where present, was
isolated with standard principal component analysis of selected thermal demagnetization data.
Backfield isothermal remanent magnetization (IRM) acquisition experiments were performed on 6
representative samples using an ASC Scientific IM-10-30 impulse magnetizer and an AGICO JR-6
spinner magnetometer. Thermal demagnetization of a three-component IRM (Lowrie, 1990) was
performed on another set of 7 samples adopting 2.5 T, 0.4 T and 0.12 T orthogonal fields. Finally,
the low-field magnetic susceptibility (k) was measured with an AGICO KLY -3 Kappabridge. Two
samples, representative respectively of the Wengen Fm. and San Cassiano Fm., have been selected
for thermomagnetic experiments using an AGICO MFK1-FA Kappabridge with CS-3 furnace as
well as hysteresis and first-order reverse curves (FORCs) using a PMC Micromag 3900 Vibrating

Sample Magnetometer (VSM). The analyses were conducted at the Alpine Laboratory of



Paleomagnetism (ALP) of Peveragno (ltaly) and the Laboratory of Paleomagnetism of ETH Zurich

(Switzerland).

3.2 Magnetic properties

Values of remanent magnetization (Jxrm) and susceptibility (i) at room temperature are relatively
high throughout the section, with an average value of Jygm = 64.5 x 10° A/m (Fig. 2C) and of k =
61 x 10 SI (Fig. 2D). The highest values, with peaks of 300-370 x 10 A/m for Jyrm and 460-470
x 10 SI for «, are observed in the lower-medium part of the section, where the volcaniclastic
fraction is abundant (Fig. 2C, D). The backfield IRM acquisition curves (Fig. 4A; data in
Supplementary Tab. S1) show the dominance of low coercivity phases (40 — 80 mT) with saturation
reached between 100 and 300 mT, suggesting the presence of magnetite and/or maghemite. The
presence of magnetite is evident also from the three-axis IRM experiments (Fig. 4B; data in
Supplementary Tab. S1). The intermediate-coercivity 0.4 T curve shows a decay starting from 475-
500°C and reaching a maximum unblocking temperature of ~600°C in most of the samples,
coherent with the presence of a mixture of magnetite and hematite (Fig. 4B). The hard-coercivity
2.5 T curve, which carries a very small amount of the remanence, shows instead a maximum
unblocking temperature of ca. 625-675°C, confirming the presence of hematite (Fig. 4B). The low-
coercivity 0.12 T curve, which carries most of the remanence, shows a more complex behavior (Fig.
4B). Magnetization (J) rapidly decrease from room temperature up to 375-400°C, probably due to
the presence of maghemite. Then, a more gradual reduction of J up to 500-575°C, indicating the
presence of magnetite, is followed by a rapid decrease and complete demagnetization between
600°C and 625°C, suggesting a tail of secondary hematite, probably very fine-grained and
superparamagnetic (Roberts et al., 2020).

The thermomagnetic curve of sample PG21 (Fig. 5) shows a dramatic decrease in susceptibility
during the heating process between ca. 470°C and ca. 570°C followed by a slower decrease up to

650°C. This indicates the presence of magnetite/maghemite and hematite. The cooling curve is not



reversible and shows reduced susceptibility values (Fig 5). In the thermomagnetic experiment of
sample PG80 (Fig. 5) susceptibility starts decreasing from ca. 550°C up to 650°C, suggesting the
presence of a mixture of magnetite and hematite. The cooling curve is not reversible and shows
magnetic enhancement (Fig. 5).

The hysteresis curves of samples PG21 and PG80 (Fig. 6A) indicate values of Hc (coercivity) of 8.4
mT (PG21) and 9.6 mT (PG80) Jr (magnetization of remanence) of 4.9 x 103 Amzlkg (PG21) and
ca. 6.6 x 10* Am%kg (PG80), Js (magnetization of saturation after correction for paramagnetic
contribution) of 3.9 x 10? Am?/kg (PG21) and ca. 4.2 x 10 Am?/kg (PG80). The coercivity of
remanence (Hcr), obtained from backfield demagnetization experiments, is estimates between 25
and 30 mT for both samples. The Day-Dunlop plot (Day et al., 1977; Dunlop, 2002) in Fig. 6B
shows that the ferromagnetic grains of PG21 and PG80 fall in the Pseudo Single Domain (PSD)
area (Day et al., 1977; Dunlop, 2002) or the single domain (SD)+multi domain (MD) mixing area
above ca. 70-80% of MD contribution (Dunlop, 2002).

The shape of the processed first-order reversal curves (FORCs) of PG21 and PG80 (Fig. 7) are
compatible with the presence of low-coercivity PSD particles (Roberts et al., 2000), with a
coercivity of ~60 mT. A discrete contribution of multi-domain (MD) particles is present in both
samples.

In summary, the magnetic mineralogy of the Punta Grohmann stratigraphic sequence is represented
by a mixture of magnetite and hematite, where magnetite seems to be the main carrier of remanence

among the analyzed samples.

3.3 Magnetostratigraphy

Characteristic remanent magnetization (ChRM) component directions, scattered but generally
oriented either north-and-down or south-and-up in both in situ and tilt-corrected coordinates, have
been isolated in 56 out of a total of 93 samples from the Punta Grohmann section (Fig. 8) in a

temperature range from a minimum of 150°C to a maximum of 675°C. The mean ChRM direction



in tilt-corrected coordinates, calculated by applying standard Fisher statistics on n = 56 ChRM
directions, is Dec.: 6.4°E, Inc.: 40.5°, ags = 9°, k = 5.5 (Tab. 2, Fig. 9). The high directional
scattering of the ChRM component directions, frequently observed in medium- to coarse-grained
sediments deposited in high- to variable-energy depositional systems and interpretable as due to
grains mobility and interactions that tend to disturb the alignment of ferromagnetic particles
imparted by the (weak) Earth’s magnetic field, prevents accurate calculations of paleolatitude and
paleopole position. However, we believe that the dual-polarity structure of the ChRM as revealed
by alignments of thermal demagnetization steps provides sufficient information for polarity
attribution and magnetostratigraphy.

Virtual Geomagnetic Poles (VGPs) have been calculated for each ChRM component direction and
plotted relative to stratigraphic depth (Fig. 2E; ChRM and VGP data in Supplementary Tab. S2).
Acknowledging from general paleogeography that during the Ladinian-Carnian the Dolomites were
located in the northern hemisphere (e.g., Muttoni et al., 2013), the latitude of the sample VGP
(positive for normal polarity, negative for reverse polarity) was used for interpreting the polarity
stratigraphy. The VGP latitudes define 8 magnetozones, four of normal polarity and four of reverse
polarity, named from base to top from GR1 to GR4 (Fig. 2E). The grey interval of uncertain
polarity within GR1r (Fig. 2E) is due to the poor sample recovery and the low-quality record of the

ChRM in this particular interval.

4. Correlations with key sections from the literature

4.1 Magnetostratigraphic correlation of Punta Grohmann with key Ladinian-Carnian sections
Ladinian magnetostratigraphy, in literature, is mainly represented by a series of key stratigraphic
sections, such as: Prati di Stuores (northern Italy; Mietto et al., 2012), Mayerling (Austria; Gallet et
al., 1998), Rio Nigra (northern Italy; Maron et al., 2019), Wayao (South China; Zhang et al., 2015),
Gammstein 1 (Austria; Gallet et al., 1998), Mendlingbach West (Austria; Gallet et al., 1998), Aghia

Triada (Greece; Muttoni et al., 1997), Froétschbach (northern Italy; Muttoni et al., 1997) and Seceda



(northern Italy; Muttoni et al., 2004) (Fig. 10). These sections have been used by Maron et al.
(2019) to propose a new Geomagnetic Polarity Time Scale (GPTS) for the Triassic, where Seceda,
Mayerling, Prati di Stuores (Carnian GSSP; Mietto et al., 2012) and Wayao have been used as
reference sections for the Ladinian-Carnian portion of the GPTS. Following the
magnetostratigraphic correlations proposed in Maron et al. (2019), the lower part of the Seceda
section, where the Anisian/Ladinian boundary corresponds to the FAD of ammonoid
Eoprotrachiceras curionii, is correlated with Frotschbach, Aghia Triada, and Mendlingbach West
(Fig. 10). The magnetostratigraphy of Seceda is also coherent with Gammstein 1, where the SC4n
to SC6n interval in Seceda and the GS3n to GS4n interval in Gammstein 1 can be both correlated to
the lower part of Mayerling (MA1n to MA3n interval) (Fig. 10). The Mayerling section can also be
correlated with Prati di Stuores, with the MA4r-MAb5r interval corresponding to the S1r-S13r
interval (Fig. 10). Magnetozones S3r and S4n of Prati di Stuores corresponds to the WA2r and
WAZ3n of the astronomically-tuned (405 kyr and 100 kyr eccentricity cycles; Zhang et al., 2015)
Wayao composite section (Fig. 10).

Starting from the correlation framework just described, the Punta Grohmann section can be
correlated to the Prati di Stuores section (GSSP of the Carnian Stage; Mietto et al., 2012) through
bio- and magnetostratigraphy. The boundary between the Regoledanus and Canadensis ammonoid
Subzones marking the Ladinian/Carnian boundary is recognized at Prati di Stuores by the FAD of
Daxatina canadensis (Broglio Loriga et al., 1999; Mietto et al., 2012), while at Punta Grohmann it
is approximated by the FO of Zestoceras lorigae (Figs. 2, 10). Magnetozones GR3n, GR3r and
GR4n at Punta Grohmann can be correlated to Prati di Stuores magnetozones S1n, S1r and S2n,
respectively (Fig. 10). Following this correlation, the Ladinian/Carnian boundary, placed close to
the base of magnetozone S2n at Prati di Stuores (Broglio Loriga et al., 1999; Mietto et al., 2012),
can be projected to the base of GR4n at Punta Grohmann, broadly corresponding to the FO of Z.

lorigae (Fig. 10).



The Punta Grohmann section can also be correlated through magnetostratigraphy with the
Mayerling section in Austria (Gallet et al., 1998). Magnetozones GR2n, GR2r and GR3n at Punta
Grohmann can be correlated to magnetozone MA4n straddling sub-magnetozone MA4n.1r at
Mayerling (Fig. 10). Then, magnetozone GR3r can be correlated to MA4r. There seems to be no
thick reverse magnetozone at Mayerling that could be readily correlated to GR1r at Punta
Grohmann. However, sedimentation rates are likely to be much higher in the lower part of the Punta
Grohmann section (0-320 m), characterized by abundant siliciclastic turbidites (Wengen Fm.), than
at Mayerling, where pelagic carbonate deposition dominates (Gallet et al., 1994, 1998). Hence, we
propose to correlate magnetozone GR1r to MA3r (Fig. 10).

The Rio Nigra section hosting the U-Pb age of 237.77 £ 0.05 Ma was correlated by Maron et al.
(2019) to Mayerling by considering magnetozone RN1r at Rio Nigra equivalent to MA3r at
Mayerling (see figure 12 in Maron et al., 2019). Here we revise this correlation (Fig. 10).
Considering that the Wengen-like strata comprising the Rio Nigra section (Frommer Mb. of the
Fernazza Fm.) could have high accumulation rates similar to the Wengen Fm. of the Punta
Grohmann section, then the comparatively thin RN1r magnetozone at Rio Nigra seems unlikely
correlative to MA3r at Mayerling or to G1r at Punta Grohmann. Alternatively, the RN1n-RN2n
polarity interval at Rio Nigra could entirely be included within magnetozone MA3n at Mayerling
(Fig. 10).

This new interpretation is in agreement with the Neumayri/Regoledanus ammonoid subzones
boundary that has been registered in Rio Nigra (Maron et al., 2019) and that has been inferred for
Mayerling by Maron et al. (2019) through the comparison of the conodont and ammonoid
biostratigraphic scales from the Reifling Basin of Austria, to which Mayerling belongs, and the
Dolomites (Krystyn, 1983; Mietto and Manfrin, 1995a; Gallet et al., 1998; Hochuli et al., 2015)
(Fig. 10).

Finally, according to recent lithostratigraphic analyses and regional correlations, the Rio Nigra

section could altogether fall within the unconformity that at Punta Grohmann marks the boundary



between the volcanites of the Fernazza Fm. and the Marmolada Cgm. (Storck et al., 2019; Gianolla
etal., 2021) (Fig. 1B), pointing to an older age of the Rio Nigra magnetostratigraphy with respect to

Punta Grohmann (Fig. 10).

4.2 Age of the Ladinian/Carnian boundary

The U-Pb ages obtained from the ash-bed at ca. 220 m in the Punta Grohmann section (237.58 +
0.04 Ma and 237.68 £ 0.05 Ma; Storck et al., 2019) are used in association with the radiometric
ages from Seceda (Wotzlaw et al., 2018) to estimate the age of the Ladinian/Carnian boundary
(Tab. 3). The pelagic marine section of Mayerling, characterized by a more continuous
magnetostratigraphy across the Ladinian/Carnian boundary interval (marked by the FAD of
conodont Paragondolella polygnathiformis; Gallet et al., 1998), can be used as reference section for
this interval onto which to project the aforementioned U-Pb ages by means of magnetostratigraphic
correlations. Following the correlation in Figure 10, the radiometric age of 239.04 + 0.10 Ma at the
base of SC5n at Seceda (Wotzlaw et al., 2018) is projected at the base of MA2n at Mayerling (Fig.
10; Tab. 3), coherently with the Seceda-Mayerling correlation in Maron et al. (2019).

The U-Pb age of Rio Nigra (237.77 £ 0.05 Ma; Mietto et al., 2012) cannot be precisely projected
onto Mayerling albeit according to our revised correlation, it should fall somewhere within MA3n.
The radiometric ages of Punta Grohmann can be projected within Mayerling magnetozone MA3r
(Fig. 10; Tab. 3). Mayerling and Prati di Stuores have been correlated after Maron et al. (2019), and
accordingly, the Ladinian/Carnian boundary, as defined at Prati di Stuores (FAD of ammonoid
Daxatina canadensis), has been projected within MA5n at Mayerling. Assuming a substantially
uniform sediment accumulation rate for Mayerling, the age of the Carnian base (FAD of D.
canadensis) is here estimated at 236.5 Ma (Fig. 11; Supplementary Tab. S3). An error of + 0.1 Ma
have been estimated by the sum in quadrature of the errors of the U-Pb ages used as tie-points (Tab.
3; Supplementary Tab. S3). The reconstructed magnetochronology of the Ladinian-Carnian interval

implies very high long-term sedimentation rates in the lower part of the Punta Grohmann section up



to ~321 m (~1306 m/Myr; Fig. 11), followed by progressively lower rates of ~211 m/Myr and ~156
m/Myr up to ~470 m, and a final increase up to 274 m/Myr in the uppermost part of the section
(Fig. 11). These are long-term rates averaged over extended stratigraphic intervals characterized by
different facies, so it is likely for example that the lowermost part of the section (0 — 170 meters)
made by turbidites and carbonate megabreccias (representing the FSST and LST) is characterized
by even higher sedimentation rates.

High rates of sediment accumulation (more than 1000 m/Myr) are not uncommon in turbiditic
basins, especially if confined (e.g., Marini et al., 2020).

In this respect, a possible explanation of the high accumulation rates observed in the lower part of
the section is the filling of a confined (ponded) basin, whereas the generally lower rates observed
upsection could be due to the consequent spillover of the turbiditic sediments once the basin is
completely filled. The slight increase of the sedimentation rates in the uppermost part of the section
(above ~470 m; Fig. 11), characterized by the input of coarse-grained sediments (calcarenites and
sandy marlstones) and the presence of carbonate breccias (Fig. 2A), is coherent with the
progradation of the Cassian carbonate platform of the Sassolungo/Langkofel massif over the basinal
deposits of the San Cassiano Fm. (e.g., Mietto et al., 2012; Storck et al., 2019; Gianolla et al.,

2021).

5. Conclusions

The magnetostratigraphy of the Punta Grohmann section, provided with U-Pb ages of 237.58 + 0.04
Ma and 237.68 + 0.05 Ma (Storck et al., 2019), represents an opportunity to calibrate the Triassic
Geomagnetic Polarity Time Scale (GPTS) around the Ladinian/Carnian boundary, and update the
age of the base of the Carnian. As in the compilation of the Triassic GPTS of Maron et al. (2019),
we used the Mayerling section (Northern Calcareous Alps, Austria) as a reference section to
calibrate the age of the base of the Carnian, because this pelagic section has a continuous

stratigraphy and a relatively constant sediment accumulation rate. Projecting the U-Pb ages of Punta



Grohmann (Storck et al., 2019) and Seceda (Wotzlaw et al., 2018) into the Mayerling reference
magnetostratigraphy, we obtained an age for the Ladinian/Carnian boundary of ~236.5 (x 0.1) Ma,
which is ~500-300 kyr younger than previously estimated (e.g., Mietto et al., 2012; Maron et al.,
2019). Beyond the chronological implications of the magnetostratigraphy, the sediment
accumulation rates estimated for the Punta Grohmann section reveal the complex post-volcanic
topography of this area during the uppermost Ladinian and its influence on the sedimentation of the

Wengen Formation.
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Figure Captions

Figure 1: A) Location of the Punta Grohmann section in the Dolomites of northern Italy; B) Bio-
chrono-stratigraphic chart and stratigraphic relationship of Ladinian-Carnian Formations in
the Western Dolomites (modified after Gianolla et al., 2021).

Figure 2: Magnetostratigraphy, rock-magnetic properties and biostratigraphy of the Punta
Grohmann section: A) lithostratigraphy and sequence stratigraphy (Mietto et al., 2012;
Gianolla et al., 2021; FSST is Falling Stage System Tract, LST is Lowstand System Tract,
TST is Transgressive System Tract, HTS is Hightstand System Tract); samples for
magnetostratigraphy are represented by red ticks; B) ammonoid (this study) and
palynomorph (Van der Eem, 1983) biostratigraphy; C) NRM magnetization (Jxrm); D)
magnetic susceptibility (k); E) VGP latitudes, used to define a sequence of 8 magnetozones
from GR1n to GR4r. The Ladinian/Carnian boundary is here approximated by the First
Occurrence of ammonoid Zestoceras lorigae. The HST of Car-1 is generally attributed to

the basal Carnian (Gianolla et al., 1998).
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3: View of the Punta Grohmann outcrop from Col Rodella with indication of the sampling
path followed to collect paleomagnetic samples as well as the position of the ash-bed
providing the U-Pb ages of Storck et al. (2019) (A). In panel (B) a blow-up of the upper part
of the section showing the position of relevant ammonoid-bearing levels GRH3, GRH90,
and GRO10 located respectively at ~480 m, ~510 m, and ~530 m from the section base.
Representative ammonoids coming from these levels are: Frankites apertus (GRH-3.1;
panel C), Carnites sp. (GRO-10.5; panel D), Trachyceras sp. vel Daxatina sp. (GRO-10.7;
panel E), and Asklepioceras sp. (GRH-90.1; panel F).

4: Isothermal Remanent Magnetization (IRM) experiments. Backfield IRM acquisition
curves (A) indicate remanence coercivities (Hc) of 40-80 mT and saturation remanences
attained at 100-300 mT consistent with magnetite. Three-axis IRM thermal demagnetization
curves (B) show a dominant soft coercivity (0.12 T) mineral phase interpreted as magnetite
coexisting with (superparamagnetic?) hematite and a high-coercivity (2.5 T) phase
interpreted as hematite. Detail of the high temperature interval between 540°C and 680°C is
shown for each sample.

5: Heating and cooling curves of magnetic susceptibility of samples PG21 (Wengen Fm.)
and PG80 (San Cassiano Fm.). Heating curve of PG21 shows a dramatic drop in
susceptibility after 470°C, indicative of magnetite, and a maximum Curie temperature T¢ =
650°C, indicative of hematite. Similar data are obtained from the heating of sample PG80,
with a rapid drop of susceptibility after 550°C (magnetite) and a maximum T¢ of 650°C
(hematite).

6: Hysteresis curves (A) and derived parameters Jr/Js vs. Hcr/Hc (B) of samples PG21
(Wengen Fm.) and PG80 (San Cassiano Fm.). The hysteresis parameters are consistent with
PSD magnetite or SD+MD magnetite mixtures (Day et al., 1977; Dunlop, 2002).

7: First-order reversal curve (FORC) diagrams of PG21 (Wengen Fm.; panel A) and PG80

(San Cassiano Fm.; panel B). In both diagrams, the shape of the central ridge is typical of
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PSD or a mixture of SD+MD magnetite. The contours of samples PG80 are more dispersed,
probably because of more abundant MD grains in the mixture. FORCs have been processed
using VARIFORC (Egli, 2013) integrated in FORCinel (Harrison and Feinberg, 2008).

8: Vector end-point thermal demagnetization diagrams of representative samples from Punta
Grohmann. Open/closed symbols represent projections onto the horizontal/vertical axis.
Thermal demagnetizations in °C.

9: Equal area projection of the ChRM component directions of the Punta Grohmann
samples. The ChRM component directions are scattered in both in situ and tilt-corrected
coordinates, although generally distributed either to the north-and-down or to the south-and-
up. These directions have been used to calculate VGP latitudes in Figure 2E and derive the
magnetostratigraphy of the Punta Grohmann section.

10: Correlation between Punta Grohmann and key Ladinian/Early Carnian
magnetostratigraphic sections from the literature used by Maron et al. (2019) to define the
Ladinian—Carnian portion of the Triassic Geomagnetic Polarity Time Scale (GPTS): Prati di
Stuores (northern Italy; Mietto et al., 2012), Mayerling (Austria; Gallet et al., 1998), Rio
Nigra (northern Italy; Maron et al., 2019), Wayao (South China; Zhang et al., 2015),
Gammstein 1 (Austria; Gallet et al., 1998), Mendlingbach West (Austria; Gallet et al.,
1998), Aghia Triada (Greece; Muttoni et al., 1997), Frotschbach (northern Italy; Muttoni et
al., 1997) and Seceda (northern Italy; Muttoni et al., 2004). Radiometric ages from Seceda
are after Wotzlaw et al. (2018), from Rio Nigra after Mietto et al. (2012), and from Punta
Grohmann after Storck et al. (2019). We used data from Punta Grohmann accompanied by a
revised correlation between Rio Nigra and Mayerling to update the Ladinian—Carnian
portion of the Triassic Geomagnetic Polarity Time Scale of Maron et al. (2019). The age of
the Ladinian/Carnian boundary is here recalculated at ca. 236.5 Ma from a previous estimate

of 236.8 Ma (Maron et al., 2019). See text for discussion.



Figure 11: Magnetostratigraphy (in meters) of the Punta Grohmann section plotted against the
Ladinian—Carnian Geomagnetic Polarity Time Scale of this study, implying very high long-
term (average) sedimentation rates in the lower part of the section followed upsection by
lower values and a final increase in the uppermost part of the section. These accumulation
rates are compatible with the infilling of a small, ponded basin (e.g., Marini et al., 2020).
The error interval around the average sedimentation rate values is indicated by the grey area

(see Tab. S3 for calculation).

Table Captions

Table 1: Ammonoid distribution in the Punta Grohmann section.

Table 2: In situ and tilt-corrected ChRM component mean direction and associated Fisher statistics
of Punta Grohmann samples.

Table 3: Radiometric ages (with errors) used as tie-points to calculate the age of the Carnian base.

Supplementary material

Table S1: Thermal demagnetization of three-axis IRM and backfield acquisition of IRM of Punta
Grohmann samples.

Table S2: ChRM component directions and VGP latitudes of Punta Grohmann samples.

Table S3: Age model of the Punta Grohmann section and relative error calculation.



TABLE 1. Ammonoid distribution in the Punta Grohmann section
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TABLE 1. Paleomagnetic mean directions of the Punta Grohmann section

MEAN DIRECTIONS

In Situ Tilt-Corrected

Site N k | ogs Dec. Inc. k | ags | Dec. | Inc.

Punta Grohmann | 56 | 5.4 | 9.1° | 17.3°E | 61.6° | 5.5 | 9.0° | 6.4°E | 40.5°

Note: N:number of samples Dec.: mean Declination Inc.: mean Inclination

k: Fisher precision parameter ags: radius of the 95% confidence cone




TABLE 3. Tie-points for Carnian Age calculation

Age (Ma) Section Reference Original Relative Mayerling
Magnetozone Magnetozone
239.04+0.10 | Seceda Wotzlaw et al., SCbhn MA2n
2017
237.58+0.04 | Punta Storck et al., GR1r MA3r
Grohmann 2019
237.68+0.05 | Punta Storck et al., GR1r MA3r
Grohmann 2019
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Highlights

e New magnetostratigraphic data of a U-Pb constrained Ladinian section improves Triassic
chronology.

e The Punta Grohmann time-calibrated magnetostratigraphic data has been used to update the
Geomagnetic Polarity Timescale of the late Ladinian.

e Updated Geomagnetic Polarity Timescale led to a revised age of the Ladinian/Carnian
boundary (~236.5 Ma).
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