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| ABSTRACT |

The lower Carboniferous succession of the Carnic Alps represents the best-preserved example of such stratigraphic
interval within the Alps, thus providing crucial insights for paleogeographic and paleoclimatic reconstructions.
This research focuses on the combined biostratigraphic and sedimentological analyses of a stratigraphic section
near Passo di Monte Croce Carnico (central Carnic Alps). The presence of two polygonal sedimentary structure-
bearing levels suggests a sea level drop. Conodont biostratigraphy places these events within the lower part of the
Gnathodus interregnum, correlating with the latest Tournaisian. These data, combined with insights from coeval
sedimentary records within the Carnic Alps and from other basins worldwide, indicate that higher-frequency sea-
level fluctuations, superimposed on an overall regressive trend, influenced the late Tournaisian evolution of the
Carnic Basin.

KEYWORDS | Eustatic variations. Conodont biostratigraphy. Tournaisian. Carboniferous.

INTRODUCTION

three unconformity-bounded major sequences: the Pre-
Variscan Sequence (Dapingian?-Bashkirian), the Permo-

The Carnic Alps host one of the most complete and
well-preserved Palaeozoic sequences globally, making
them a key natural laboratory for studying Palaeozoic
stratigraphy, relative sea-level changes and basin evolution
in the western Paleotethys region. These rocks, spanning
from the Middle Ordovician to the Permian, are litho- and
bio-stratigraphically well featured and are subdivided into

Carboniferous Sequence (Moscovian—Kungurian), and
the Alpine Sequence, which starts in the Late Permian
and includes also younger rocks. For a summary refer to
Corradini and Pondrelli (2021). The Pre-Variscan Sequence
is particularly significant, because it represents the only
(mainly) non-metamorphic succession of this age in the
Alps, and, as a consequence, the reference area for obtaining
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information on the basin evolution and the controls (local
vs global) on its deposition. Furthermore, it provides
critical insights into the paleogeographic evolution of the
westernmost sectors of the Paleotethys Ocean northern
continental margin, of which the Palacozoic basin of the
Carnic Alps was a part (e.g., Von Raumer et al., 2002).

These main sequences are bounded by major
unconformities that are associated with important hiatuses
related to the main stages of the tectonic evolution of
the basin. In addition, additional minor hiatuses are also
present within the sequences themselves, which are, mainly,
disconformities or, less frequently, angular unconformities.
One is located between the Ordovician and the Silurian,
and it was associated with the Hirnantian glaciation (see
the discussion in Corriga ef al, 2021). Another is located
in the upper part of the sequence, where a distinctive facies
transition occurs between the predominantly carbonate
units of Devonian and early Carboniferous age and the
siliciclastic rocks of the Variscan flysch marking the
onset of synorogenic basin evolution (Corradini et al,
2015b). Recent studies have also documented additional
stratigraphic discontinuity surfaces, some of them related
to intervals of subaerial exposure affecting at least parts
of the basin, contributing to shedding light on its complex
depositional history (e.g., Corradini ef al, 2017b, 2024a;
Pondrelli et al, 2015, 2020). The Upper Devonian—
lower Carboniferous part of the succession is particularly
important because it records a major transition from the
warm Middle Devonian greenhouse world to the cooler
icehouse conditions of the late Carboniferous (Qie et al,
2019, cum ref.).

Despite extensive research being carried out in the
Carnic Alps, new evidence from Passo di Monte Croce
Carnico ( ) highlights the occurrence of an outcrop
showing a few metres thick conodont-bearing limestone
section, hosting one bed bounded below and above by
sedimentary surfaces showing evidence of postdepositional
alteration, and whose conodont record allows a detailed
correlation with other well-known sections in the area.
By using an integrated approach of sedimentological
observations, conodont biostratigraphy, high-resolution
imaging, and regional geological context, these events are
dated to the Gnathodus interregnum, and are followed by a
resumption of limestone deposition

GEOLOGICAL SETTING

In the Passo di Monte Croce Carnico/Plockenpass area,
rocks from Katian (Upper Ordovician) to Sepurkhovian
(lower Carboniferous) are exposed, documenting a time
interval of about 130 million years ( ). They belong
to the Pre-Variscan sequence of the Carnic Alps (Corradini
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et al, 2015b). The lithostratigraphy of this sequence was
recently revised by Corradini and Suttner (2015), and thirty-
six formations are now discriminated from the Middle
Ordovician to the Early Pennsylvanian.

From the Ordovician to the Early Devonian, a relatively
uniform sedimentation characterized the entire Carnic
basin. At the beginning of the Devonian, the basin
sedimentation began to differentiate and, in the proximal
parts of the basin, large accumulations of fossil remains
were deposited since the Emsian and formed extensive
carbonate buildups. Reef proliferation expanded during
the Middle Devonian, and persisted until the Frasnian.
While reefs dominated the proximal areas, calm water
sedimentation characterized the distal and deeper parts of
the basin. In the slope depositional settings, thick bodies of
gravity-driven reef detritus graded into deeper parts of the
basin, and constitute the so-called “transitional sequence”’
(Pondrelli et al, 2020). At the beginning of the Late
Devonian, a combination of local tectonic movements and
global sea-level variations led to the disappearance of the
reefs (Corradini and Pondrelli, 2021). In the Carnic basin,
the micritic limestones of the Pal Grande Formation were
deposited in a relatively shallow sea, far from any emerged
land. During the lower Carboniferous, the Carnic basin
experienced significant tectonic activity (Spalletta and
Venturini, 1988, 1995), leading to the drowning of some
sectors of the basin, while other areas were uplifted, in some
cases to emersion. Large submarine landslides resulted in
the accumulation of breccias, conglomerates, sandstones,
and pelites in the basin (Hochwipfel Fm.). The Variscan
Orogeny interrupted the marine sedimentation during
the late Bashkirian. For a detailed description of the Pre-
Variscan Sequence, refer to Corradini and Suttner (2015)
and Corradini and Pondrelli (2021, and references therein).

Compared to other areas of the Carnic Alps, the
Variscan sequence is laterally uniform across the Monte
Croce Carnico area. However, the lower part of the
sequence is exposed exclusively on the Austrian side,
whereas, in Italy, only rocks of Middle Devonian age or
younger are exposed.

A prominent WNW trending fault (referred as ‘main’
fault in ) cuts through the area of Passo di
Monte Croce Carnico and separates two successions that
correspond to different parts of the Devonian basin (

). To the South of the fault and a few km West of Passo
di Monte Croce Carnico, Mt Creta di Collina represents
the eastern termination of the largest Devonian reef of the
Carnic Alps, represented by Mt Coglians massif. Here,
the reef deposits of the Kellergrat Fm. (lower Givetian—
Frasnian) are unconformably covered by the brachiopod-
bearing breccia to mainly packstone of the Creta di Collina
Fm. (upper Frasnian—lower Famennian). Then, the Creta di
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FIGURE 1. A) Location map B) with a detailed topographic inset of Passo di Monte Croce Carnico (Pléckenpass). The studied section is marked with

a black asterisk.

Collina Fm. pass gradually to the Pal Grande Fm. (lower
Famennian—Visean).

To the North of the fault, the succession consists of the
so-called ‘transitional facies’ units, which were deposited
in slope-to-basin settings (Corradini and Pondrelli, 2021;
Pondrelli et al, 2020). In the study area, the succession
starts with the massive rudstone deposits of the Cellon
Fm. (lowermost Givetian), followed by the Freikofel Fm.
(Givetian—Frasnian) and by the Pal Grande Fm. (uppermost
Frasnian—Visean). All vertical transitions between these
formations are gradual.

In both settings, the Pal Grande Fm. is unconformably
overlain by the siliciclastic turbidites of the Hochwipfel
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Fm. (middle Visean—Bashkirian). Locally the unconformity
is highlighted by the Plotta Fm. (?Tournaisian—?Visean),
a unit mostly consisting of porous chert and limestone
clasts interpreted as the product of the chemical and
physical alteration processes related to an exposure event
(Corradini et al., 2017b; Pondrelli et al., 2015; Schonlaub
et al, 1991). The Plotta Fm. is present in both parts of
the fault, but it is thicker and widespread in the southern
part of the study area. This disparity is probably due to a
basin physiography inherited from the Middle Devonian
evolution, which left the southern part of the study area in
a shallower topographic position.

The studied outcrop exposes rock of the Pal Grande
Formation (Spalletta et al, 2015a). This unit consists of
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grey fossiliferous mudstone and wackestone sedimented
in a pelagic environment that was far from land but not
particularly deep. At places, the colour turns reddish,
mainly in the lower part of the unit. The age spans from
the Frasnian (FZ 9; Joachimski et al, 1994) to the Visean
(Gn. texanus Zone; Perri and Spalletta, 1998d). However,
in different sectors of the Carnic Alps, some biozones are
at place missing. These hiatuses are evidenced by minor
unconformities or paraconformities, suggesting local
subaerial exposures of parts of the basin.

FIGURE 2. Geological map of the area around Passo di Monte Croce Carnico.
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PREVIOUS RESEARCH IN THE AREA

The area around Passo di Monte Croce Carnico
has been extensively explored by geologists since the
19" century, and tens of papers have been published
on various aspects of the geology, palaeontology, and
stratigraphy of the area. A recent geological map of the
central sector of the Carnic Alps, including the Passo di
Monte Croce Carnico area, was published by Pondrelli
et al. (2020).
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A few stratigraphic sections in the area serve as reference
sections for global studies. For example, the Cellon section
is a reference section for the uppermost Ordovician and the
Silurian (Corradini ef al, 2015a and references therein;
Corriga et al, 2016; Walliser, 1964) and the Griine
Schneid section for the Devonian/Carboniferous boundary
(Schonlaub et al, 1988; Spalletta et al, 2021 and references
therein). While a complete list of publications on this part
of the Carnic Alps would be too extensive, here we focus on
research conducted in the near proximity to Casera Collinetta
di Sotto area, where the present study has been performed.

Gedik (1974) illustrated the Famennian and
Carboniferous conodont fauna of several localities in the
Passo di Monte Croce Carnico area. Later, Perri and Spalletta
(1998a, b, ¢) and Corradini and Pondrelli (2021) described
the conodont biostratigraphy of several Famennian to
Visean limestone section of the Pal Grande Fm., which are
located to a few tens of metres to the south-east of the Casera
Collinetta di Sotto D new section here studied (see below),
which are hereafter listed in stratigraphic order. The Casera
Collinetta di Sotto C section (Perri and Spalletta, 1998a)
exposes about 18.5m of Famennian limestones dated to the
Palmatolepis marginifera utahensis Zone. The Casera
Collinetta di Sotto B section (Perri and Spalletta, 1998b)
is more than 30m thick and exposes rocks from the Pa. m.
utahensis to the Palmatolepis gracilis manca Zone.

The Casera Collinetta di Sotto A section (Corradini and
Pondrelli, 2021; Perri and Spalletta, 1998c) exposes about
15m of grey to pinkish micritic limestones, unconformably
capped by a silcrete level attributed to the Plotta Fm.
Conodonts from the limestone beds allow to discriminate
six Famennian Zones from the Pseudopolygnathus
granulosus to the Bispathodus ultimus, the upper
Tournaisian Scaliognathus anchoralis Zone, and the
Gnathodus interregnum which spans the Tournaisian/
Visean boundary interval. The top of the Famennian and
most of the Tournaisian are missing in the carbonate
succession, with a hiatus of at least 10Ma, evidenced in the
field by a 30cm thick mineralized horizon.

NOTES ON UPPER TOURNAISIAN/LOWER
VISEAN CONODONT BIOSTRATIGRAPHY

In comparison to the lower and middle Tournaisian
conodont zonations (Lane ef al, 1980; Sandberg ef al,
1982), which are still in use with some modifications only
in the lower part (Corradini et al, 2017a; Kaiser et al.,
2009), the upper Tournaisian scheme is less stable, and no
standard, global, zonation has yet been established.

Barrick et al (2022) showed four major regional
zonations in use in the Mississippian: the European deep-
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water, the standard Russian, the South China, and the North
American Midcontinent zonations. The taxa used in these
zonal schemes are essentially the same, but in each region
the succession of species and reported ranges differ slightly,
which has led to different zonations. The same approach
is followed by Corradini ef al (2024b) in their review on
global conodont biostratigraphy.

For a long time the anchoralis-latus Zone was
considered as the youngest zone of the Tournaisian,
followed around the base of the Visean by a fexanus
Zone or a homopunctatus Zone (i.e.: Groessens, 1974;
Higgins and Austin, 1985; Lane et al, 1980; Perret and
Delvolve, 1994; Ziegler and Lane, 1987), depending on the
geographic areas.

After the redefinition of the base of the Visean by
the first occurrence of the foraminifer Eoparastaffella
simplex (Devuyst et al, 2003), ratified in 2008 by the
International Commission on Stratigraphy (ICS), the
conodont zonation had to be recalibrated. The event that
better approximates the Tournaisian/Visean boundary is
the first occurrence of Pseudognathodus homopunctatus
(Ziegler, 1960), which enters slightly above, whereas the
last representatives of Scaliognathus anchoralis Branson
and Mehl, 1941 became extinct well below the boundary.
The interval between the LAD of Sc. anchoralis and the
FAD of Gn. homopunctatus has been named differently
by various authors (ie.: Babek et al, 2010; Devuyst and
Kalvoda, 2007; Devuyst ef al., 2003) and is characterized by
the presence of several long-ranging species of Gnathodus.

In the Carnic Alps, Schonlaub ef al. (1991) used the old
concept of the anchoralis-latus Zone, extended to all the
upper Tournaisian, and Perri and Spalletta (1998d) proposed
a texanus-homopunctatus Zone immediately following
the anchoralis-latus Zone for the base of the Visean. In
their sections at the Tournaisian/Visean boundary, Perri
and Spalletta (1998d) recognized a stratigraphic interval
characterized by “a monotonous, long-ranging gnathodid
fauna” between the last appearance of the scaliognathids and
the first appearance of Pseudognathodus homopunctatus.

In this paper, we follow the scheme suggested by
Devuyst and Kalvoda (2007), as adopted by Corradini ef al.
(2017b), with the anchoralis Zone in the upper Tournaisian
and a Gnathodus interregnum across the Tournaisian/
Visean boundary, followed by an homopunctatus Zone in
the lower Visean.

MATERIAL AND METHODS

Sample preparation and study were undertaken at the
Department of Mathematics, Informatics and Geosciences
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of the University of Trieste, Italy. Conodonts were extracted
from limestone samples by conventional formic acid
technique at a 4% concentration. Conodont elements were
extracted by hand picking from unseparated residue under
binocular microscopes. The whole fauna is stored in the
micropalaeontological collections of the Department of
Mathematics, Informatics and Geosciences of Trieste
University.

Selected conodonts were photographed with the photo
stacking method described by Zocchi and Corradini (2024)
using a Nikon D7100 camera equipped with Mitakon
20mm f/2 4.5X super macro lens. Other specimens were
photographed by a Scanning Electron Microscope (SEM)
JEOL JSM-6010PLUS/LA at the Department of Chemical
and Geological Sciences of the University of Modena and
Reggio Emilia, Italy.

A Virtual Outcrop Model (VOM; Xu et al, 2000) of
the studied section, showing the evidence of sub-aerial
exposure, was generated using the Structure from Motion-
Multi View Stereo (SM-MVS) photogrammetry technique
(e.g., Arbués et al, 2012; Favalli et al, 2012) from a set
of 234 (3968x2976 pixels) photographs collected using a
DIT Spark™ UAV (Unmanned Aerial Vehicle). The VOM
was created following the well-established workflow in
Agisoft Metashape software (e.g., Carrivick ef al, 2016;
Corradetti et al, 2022). It was then used to produce a
bedding-perpendicular, orthorectified view of the observed
polygonal features, enabling quantitative analysis without
perspective distortion. Additionally, the VOM serves to
digitally preserve the outcrop, promote digital accessibility
and enhance reproducibility of the study, as sampling
locations are clearly marked within the model (Burnham
et al., 2022; Cawood and Bond, 2019), available at the link
provided in the next section.

THE CASERA COLLINETTA DI SOTTO D
(CSD) SECTION

The Casera Collinetta di Sotto D section is exposed
about 600m Southwest of Passo di Monte Croce Carnico,
at coordinates 46°36°02.6” N, 12°56°07.7” E and altitude
of 1415m (Zocchi, 2022). Here about 7m of massive grey
limestones of the Pal Grande Formation are exposed,
organized in thick beds dipping roughly 70° to the south
( ), and entirely bounded by pelites and sandstones
of the Hochwipfel Formation. The limestones represent an
olistolith of Pal Grande Formation material slid within the
Hochwipfel Formation.

The section consists of gray mudstone and wackestone.
Macrofossils are rare, and only a few ammonoids are
observable in the field ( ). In general, they are
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relatively abundant in the bed of sample CSD 3 ( ,
whereas isolated specimens are present in the central part
of the section ( ).

The original bedding is mostly concealed by pressure-
solution processes. However, two bedding surfaces,
about 20cm apart in the central part of the section, are
distinguished by decimetre-scale polygonal structures
affecting the limestone. These features are fractures filled
with mudstone and siltstone, and are well visible because
they are more resistant to weathering and erosion compared
to the limestone host rock ( ). These structures
exhibit a polygonal shape similar throughout the two beds.
Their morphometric parameters have been derived from a
population of 50 polygons using an orthorectified image
not subject to perspective deformation ( ). The
polygons show a maximum dimension ranging from 5 to
12cm, with most of them being around 7cm. The length-
to-height ratio in about 70% of the cases ranges between
values of 0.83 and 1.23, meaning that most of the polygons
are fairly regular. A significant percentage of polygons,
though, shows elongated shapes. Despite the post-
depositional deformation, where the structures are visible
in lateral view, they show a V-shaped downward termination.
Such sedimentary structures might, in principle, represent
shrinkage, either desiccation or syneresis cracks, or
microbially induced structures, or be related to bioturbation
(see discussion below).

The microfacies is represented by a biomicritic
packstone/wackestone with high content of fossil debris of
goniatites, trilobites, ostracods and possible radiolarians,
among others ( ). A low-resolution version of the VOM
(~2.3M triangles and 8192x8192 pixels), showing the exact
positions of the collected rock samples, is available in the
Sketchfab public repository at https://skfb.ly/oMNM?7.

Conodont data

Six conodont samples were collected from the CSD
section and processed with the conventional formic acid
technique. About 10.6kg of rocks yielded about 550
conodont elements (Tab. 1). About one fourth of the
association is represented by ramiform elements. The
state of preservation is generally quite good, even if some
elements are broken. Conodont colour is dark brown,
corresponding to a Colour Alteration Index (CAI) of 4
( ). The abundance is variable from 178 elements/kg
(sample CSD 1) to 16 (sample CSD 0), with an average of
56 elements/kg (Tab. 1).

Twelve  species  belonging to  six  genera
(Bispathodus, Gnathodus, Lochreia, Protognathodus,
Pseudopolygnathus and Scaliognathus) were identified
( ; Tab. 1). Genus Gnathodus is by long
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FIGURE 3. Selected views of the CSD section. A) View of the section with the position of the samples highlighted in yellow. B) View of the bedding plane
showing polygonal structures. C) Close-up view of a bed rich in ammonoid remnants. D) Longitudinal section of an ammonoid. E) Transversal view
of an ammonoid. F) Detail of the surface with polygonal structures. G) Orthorectified image showing the recognized polygonal structures enclosed
within red-bordered rectangles. These shapes have been used to derive the length and height of different features for morphometric analysis.
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FIGURE 4. Chronostratigraphy (System, Series, Stage), lithostratigraphy,
stratigraphic column, conodont samples, distribution of conodonts,
and biostratigraphy of the Casera Collinetta di Sotto D (CSD)
section. The arrows indicate the two levels with polygonal structures.
Abbreviations: Bi. = Bispathodus, Gn. = Gnathodus, L. = Lochriea,
Pr. = Protognathodus, Ps. = Pseudopolygnathus, Sc. = Scaliognathus.

the more represented in all samples, and represents
more than 90% of the fauna. The two species Gn.
pseudosemiglaber THOMPSON AND FELLOWS, 1970 and
Gn. semiglaber BISCHOFF, 1957 represent the 26% each.
Pseudopolygnathus and Scaliognathus are present only
in the lowermost part of the section (samples CSD 0 and
CSD 1), where rare elements of Ps. oxypageus LANE,
SANDBERG AND ZIEGLER, 1980, Ps. pinnatus VOGES, 1959,
Sc. anchoralis anchoralis BRANSON AND MEHL, 1941 and
Sc. an. europensis LANE AND ZIEGLER, 1983 occur.

Biostratigraphy

Two biozones at the Tournaisian/Visean boundary are
discriminated in the Casera Collinetta di Sotto D section

( ):
Scaliognathus anchoralis Zone

This Zone corresponds to the total range of
Scaliognathus an. anchoralis and Sc. an. europensis.Ithas
been discriminated in the lower part of the section (sample
CSD 0-1) by the presence of both markers. Grathodus
semiglaber and Gn. pseudosemiglaber are present in
the upper part of the Zone. Genus Pseudopolygnathus is
present only in this part of the section.
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Gnathodus interregnum

This Zone is the interval between the LAD of the
subspecies of Scaliognathus anchoralis and the FAD
of Pseudognathodus homopunctatus, and spans the
Tournaisian/Visean boundary. It has been discriminated in
the upper part of the Casera Collinetta di Sotto D section.
The lower boundary occurs above sample CSD 1, where
both Scaliognathus an. anchoralis and Sc. an. europensis
have their last occurrence, and the Zone reaches the top of
the section. It is important to note that the occurrence of
one small element of Lochreia saharae NEMYROVSKA,

FIGURE 5. Microfacies of the Pal Grande Fm. in the CSD section. A)
Biomicritic packstone, Sample CSD O. B) Biomicritic packstone with
large goniatite and brachiopod shells, sample CSD 2. C) Biomicritic
packstone/wackestone, sample CSD 2A.
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PERRET-MIROUSE AND WEYANT, 2006 in sample CSD 4
indicates that the upper part of the section already has a
Visean age.

DISCUSSION

The polygonal sedimentary structures represent the
most distinctive features in an otherwise homogeneous
deposit. The genetic interpretation of such features, if not
associated with other sedimentary structures or deposits,
can be controversial due to the equifinality of this polygonal
morphology. In particular, the genesis of these structures
might reflect processes like desiccation related to exposure
phases, biogenic activity (bioturbation), associated
with microbial fauna (microbially induced sedimentary
structures; e.g., El Kabouri et al, 2023), synaeresis cracks
(Pratt, 1998), or seismites, following mud shrinkage and
sediment injection related to earthquakes (Pratt and Ponce,
2019; Pratt et al., 2024). Nonetheless, several considerations
can be put forward.

Sea level drop in the Carboniferous of the Carnic Alps

Post-depositional deformation hampers the detailed
characterization of the morphometric parameters in three
dimensions. However, the overall shape and scale of the
polygons appear too regular to suggest injection from the
subsurface. Our data does not allow to rule out formation
as synaeresis cracks or seismites, but this possibility seems
less likely. Moreover, there is no evidence of microbialites
in these deposits, unlike those observed in other parts of
the Carnic Alps (e.g., Farabegoli ef al, 2023), so that the
hypothesis of a genesis related to microbial activity appears
unlikely:.

The polygonal geometry observed at the top of
beds 1 and 2 may have formed as mud cracks resulting
from desiccation after exposure events. The length-to-
height ratio of individual features, as observed in the
undeformed orthomosaic ( ), is mostly around 1,
and this regular pattern, along with their fairly similar
dimensions, supports this interpretation. However, many
of the angles shaping the polygons are rounded, which is
inconsistent with this hypothesis. Additionally, a minority

FIGURE 6. Selected conodonts photographed using the photo stacking method. A) Scaliognathus anchoralis anchoralis Branson and Mehl, 1941;
upper view of P1 element; sample CSD 0. B) Scaliognathus anchoralis europensis Lane and Ziegler, 1983; upper view of P1 element; sample
CSD 1. C) Gnathodus pseudosemiglaber Thompson and Fellows, 1970; upper view of P1 element; sample CSD 2. D) Gnathodus cuneiformis
Mehl and Thomas, 1947; upper view of P1 element; sample CSD 2. E) Bispathodus stabilis stabilis (Branson and Mehl, 1934); upper view of P1
element; sample CSD 2. F) Gnathodus semiglaber Bischoff, 1957; upper (F1), lateral (F2) and lower (F3) views of P1 element; sample CSD 3. G)
Pseudopolygnathus pinnatus Voges, 1959; upper view of P1 element; sample CSD O. H) Gnathodus cuneiformis Mehl and Thomas, 1947; upper

view of P1 element; sample CSD 1.
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of the polygonal structures exhibit an elongated pattern,
further complicating this interpretation. Moreover, no other
sedimentary structures associated with subaerial exposure
(e.g., tepee, caliche) have been found, making it impossible
to unambiguously confirm the occurrence of subaerial
exposure. The morphometric parameters of the polygonal

Sea level drop in the Carboniferous of the Carnic Alps

pattern may also be consistent with formation by trace
fossils, possibly Thalassinoides (e.g., Liu et al, 2024;
Yanin and Baraboshkin, 2013), although the forms appear
more interconnected than is typical for this ichnogenus.
Also, Thalassinoides is made by burrowers, whilst the
polygonal structures in the CSD section are placed on

FIGURE 7. SEM photos of selected conodonts.

A) Lochreia saharae Nemyrovska, Perret-Mirouse and Weyant, 2006; upper view of P1 element; sample CSD 4. B) Scaliognathus anchoralis
europensis Lane and Ziegler, 1983; upper view of P1 element; sample CSD 0. C) Pseudopolygnathus oxypageus Lane, Sandberg and Ziegler,
1980; upper view of P1 element; sample CSD 1. D) Gnathodus cuneiformis Mehl and Thomas, 1947; upper view of P1 element; sample CSD 4.
E) Bispathodus stabilis stabilis (Branson and Mehl, 1934); upper view of P1 element; sample CSD 2A. F) Scaliognathus anchoralis anchoralis
Branson and Mehl, 1941; upper view of P1 element; sample CSD 1. G) Gnathodus cuneiformis Mehl and Thomas, 1947; upper view of P1 element;
sample CSD 2. H) Gnathodus semiglaber Bischoff, 1957; upper view of P1 element; sample CSD 3. |) Pseudopolygnathus cf. pinnatus Voges, 1959;
upper view of P1 element; sample CSD 1. J) Gnathodus cf. pseudosemiglaber Thompson and Fellows, 1970; upper view of P1 element; sample CSD
3. K) Gnathodus cf. pseudosemiglaber Thompson and Fellows, 1970; upper view of P1 element; sample CSD 3. L) Gnathodus pseudosemiglaber
Thompson and Fellows, 1970; upper view of P1 element; sample CSD 3.

Geologica Acta, 23.14, 1-15 (2025) [ 10 |
DOI: 10.1344/GeologicaActa2025.23.14

e =R B N N T

QN U bR AR B R R D R RA D WL LW W LW WL LW WER NN NN NN = = e e e
DR OO =~ 3 0 U EOULD~O0 0 I EIDRL =0V IR KON~ 0 A0 N & W



O 0 N N B WD —

LML B B R AR BB DR R W LWL W W W W LW WR NN NN RN NN S = e e e e
[ I ORI R BV R SN o NIV VORI TR SRV S SNt TS SR S U R T S Vo S BN T o NI D O OV I S S o S Vo S - R S > N U SO SU C RSN

C. Corradini et al.

bedding planes. Due to the limited size of the outcropping
area containing polygonal features and the effects of
post-depositional deformation (CAl= 4.3, suggestive of
anchizone conditions; Brime ef al., 2008), it is not possible
to definitively support or rule out either hypothesis.

Desiccation cracks would indicate subaerial exposure,
while the two levels of bioturbation may suggest the
formation of a hardground settling associated with a
decline in carbonate factory production, leading to
condensed sedimentation. Alternatively, a transgressive
phase with more oxygenated conditions may have promoted
bioturbation. However, this transgressive scenario is not
supported by the rock record, which shows neither a revival
of the carbonate factory nor a landward or deepening facies
migration at the basin scale. Therefore, both scenarios point
to a sea-level drop.

A sea-level drop is further supported by global data.
In the late Tournaisian a prominent global regression took
place, followed by a sharp transgression within the early
Visean. The sequence boundary occurred above the last
occurrence of Sc. a. anchoralis (Babek et al., 2010) and
is more or less coincident with the stage boundary In
several regions where the Tournaisian sequences primarily
consist of shallow-water sediments, evidence of subaerial
exposure, such as karst surfaces in China (Hance ef al,
1997), karst and facies variations in northern continental
Europe and British Isles (Babek ef al, 2010; Hance et al.,
2001; Herbig, 2016; Poty, 2016), and evaporite deposition
in North America (Petty 2010), have been documented.

In the Carnic Alps the Tournaisian depositional setting
is an open sea, where pelagic, though not deep, limestones
sedimented. The area was far from any land and, therefore,
the global regression did not result in facies changes
(Corradini et al.,2017b). Nevertheless, evidence of subaerial
exposures is documented in the uppermost Tournaisian and
across the Tournaisian/Visean boundary in various parts
of the Carnic Alps. Schonlaub ef al (1991) postulated a
widespread emersion in the uppermost Tournaisian. Their
evidence is based on the mostly disconformable contact
between the Pal Grande Formation limestone and the
Hochwipfel Formation, often emphasized by the presence
of a cherty lentiform horizon which at places includes
regolith facies (Plotta Fm., Spalletta et al, 2015b). The
available conodont data indicate an age for this exposure
within the anchoralis-latus Zone’ (Schonlaub et al,
1991, p. 93). Beside this regolith, in some localities, a
breccia horizon consisting of limestone clasts, supported
by an ochraceous pelitic matrix, occurs at the top of the
limestones at the disconformity surface that separates the
limestones from the overlying flysch deposits. The age of
the clasts is comprised between the age of the topmost
underlying limestone and the anchoralis-latus conodont
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Zone. The breccia was interpreted by Schonlaub er al
(1991) as a dissolution collapse breccia. Also, fissures and
caves are present in the uppermost part of the limestones.
Based on these data, Schonlaub ef al (1991) concluded
that the Carnic Alps were interested by a widespread
emersion during the anchoralis-latus conodont Zone
(upper Tournaisian), followed by sudden deepening that
generated the deposition of the Hochwipfel Fm.

Corradini et al (2017b) documented a subaerial
exposure in the Rio Sglirs area (near Cason di Lanza pass)
by the occurrence of a palacodoline and a loose mud-cracks-
bearing block. The authors dated the exposure to the upper
part of the Sc. an. anchoralis Zone. Pondrelli ef al. (2015)
proposed an exposure surface around the Tournaisian/
Visean boundary in the Mt. Pizzul area, South of Cason di
Lanza Pass. These two exposures are not coeval: this might
reflect a series of higherfrequency eustatic cycles within
the late Tournaisian, and/or the influence of local tectonics,
which caused a subaerial exposure of at least parts of the
area. This preceded a possibly more widespread emersion
near the Tournaisian—Visean boundary, associated with a
global sea-level low stand.

The importance of local tectonics was proposed
by Vai (1998, and references therein) who interpret the
occurrence of sedimentary dykes and breccias as related
to extensional tectonic activity in the general geodynamic
context of a deepening of the Carnic Basin and by Spalletta
and Venturini (1995), who proposed a transtensional-
transpressional regime that fragmented the basin into
fault-bounded blocks so that parts of these blocks were
locally uplifted to subaerial exposure, whereas other blocks
underwent rapid deepening and the carbonatic pelagic
sedimentation persisted to the deposition of radiolarian
chert below the CCD (Spalletta and Venturini, 1988;
Venturini and Spalletta, 1998).

While it is difficult to distinguish between the local
tectonic and eustatic controls, the different exposure
surfaces documented in the Tournaisian of the Carnic Alps
align with the high frequency 4" order eustatic variations
documented in the Tournaisian and in the Visean in
northern Europe (Poty, 2016; Herbig, 2016), within a 3™
order sequence boundary more or less coincident with the
stage boundary, or just below (Babek et al., 2010).

The two mud-cracks-bearing potentially exposure
surfaces in the CSD section are just above and just below
sample CSD 2, and are dated to the lower part of the
Gnathodus interregnum: their age correspond with the
maximum regression of the 3™ order sequence boundary,
and this suggest an eustatic control on their formation.
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CONCLUSION

New data from the Casera Collinetta di Sotto D
section near Passo di Monte Croce Carnico (Carnic Alps)
provide evidence for a sea level drop event during the latest
Tournaisian, within the Gnathodus interregnum Zone. This
interpretation is supported by the presence of polygonal
sedimentary structures and by the local and global
geological context. Although alternative explanations such
as synaeresis cracks, seismites, or microbially induced
sedimentary structures cannot be entirely ruled out,
polygonal sedimentary structures are morphologically
consistent with a genesis either as desiccation cracks or
by bioturbation. Such interpretation would suggest either a
subaerial exposure or condensed sedimentation in a context
of reduced carbonate factory production. Both settings
are suggestive of sea level drop conditions, specifically
indicating at least two episodes of high-frequency eustatic
fluctuations near the Tournaisian/Visean boundary. These
findings are consistent with similar sea-level variations
documented in other parts of the Carnic Alps and
worldwide, including China, northern Europe, the British
Isles, and North America and support the interpretation of
a global regression during the latest Tournaisian, followed
by a transgression in the lower Visean.
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