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The Hirnantian Ice Age had a signi cant impact on marine invertebrate biota at the
end of the Ordovician due to drastic cooling and falling sea levels. The Parnafa
Basin (NE Brazil) was located closer to the South Pole during the Hirnantian and
exhibits signi cant ichnofaunal turnover in the Serra Grande Group deposits,
which represent the Iling of the basin during the Late Ordovician to the Early
Silurian. The benthic biota inhabiting the Parna®a Basin during the Hirnantian is
represented by the glacial paleoichnocenosis, preserved in the diamictites of the
upper portion of the Ipu Formation. The local occurrence and low ichnodiversity
of the glacial assemblage indicate harsh conditions during the Hirnantian cooling.
Resting/dwelling traces of large burrowing sea anemones (Conichnus isp.) and
burrows of potential commensal or scavenger organisms (Palaeophycus
tubularis) are the main components of the ichnofossil assemblage, suggesting
severe restrictions on the ecological space occupation by endobenthic
organisms. In contrast, the postglacial deposits of the Tiangua and Jaicos
formations exhibit greater ichnodiversity, as evidenced by the 27 ichnotaxa and
several unidenti ed ichnofossils that form distinct suites preserved in delta plain,
tidal ats, prodelta, and delta front settings. The glacial paleoichnocenosis of the
Serra Grande Group is convergent with the few Hirnantian ichnofauna found in
Gondwanan deposits, whereas the Llandovery postglacial paleoichnocenosis
resembles those documented worldwide since the early Llandovery. Despite
the abrupt decrease in ichnodiversity in Gondwana terranes throughout the
Hirnantian, ichnodisparity remained high, indicating that the main ecological
niches continued to be active and were occupied by tolerant species. The
preponderance of plug-shaped burrows, likely produced by soft-bodied
cnidarians in Gondwana’s Hirnantian ichnofauna, supports the idea that these
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organisms tolerated the signi cant physicochemical variations generated by
glaciation in shallow seas. In contrast, postglacial deposits exhibit greater
ichnodiversity, suggesting that the ichnofauna was substantially renewed as a
result of the worldwide eustatic sea-level rise during the Llandovery stage.

KEYWORDS

Early Paleozoic, global climate change, Hirnantian ice age, ichnofaunal turnover,
paleobiogeography

1 Introduction

The Ordovician Period was a time of signi cant changes on
Earth, involving plate tectonics, climate, and biodiversity (e.g.,
Gibbs et al., 1999; Droser et al., 2000; Cocks and Torsvik, 2002,
CocksTorsvik, 2021; Ghienne, 2003; Munnecke et al., 2010; Harper
and Servais, 2013; Harper et al., 2023; Harper, 2024). Biodiversity
changes were marked by a massive evolutionary radiation (the
Global Ordovician Biodiversity Event [GOBE]), which tripled the
number of marine taxa (e.g., Harper, 2006), followed by a signi cant
mass extinction (the Late Ordovician Mass Extinction [LOME]),
which killed nearly half of the planet s marine life (e.g., Servais et al.,
2009). These events culminated in a short-term global glaciation at
the Late Ordovician (Raymond and Metz, 2004; Twitchett and
Barras, 2004). This glaciation, known as the Hirnantian global
cooling, began in NW Africa, which was positioned at the South
Pole, and spread to Gondwana and peripheral terrains (Scotese
et al., 1999; Cocks and Torsvik, 2021; Scotese, 2023). The latest
record of the Hirnantian glaciation is registered in Brazil, with
glacial deposits preserved in the latest Ordovician earliest Silurian
deposits of the Amazonas, Parnada, and Parana basins (Grahn and
Caputo, 1992; Caputo, 1984; Caputo and Santos, 2019; Cocks and
Torsvik, 2021). In the Parnada Basin, the sedimentary record of the
Hirnantian glaciation is preserved in the Serra Grande Group
(Caputo, 1984; Caputo and Santos, 2019; Cocks and Torsvik,
2021). The glacial deposits are concentrated in the basal Ipu
Formation (Hirnantian Llandovery), whereas the Tiangua and
Jaicos formations encompass sedimentary beds in uenced by
deglaciation during the Llandovery (Caputo, 1984; Caputo and
Santos, 2019).

Glacial environments are complex and experience severe
changes, causing habitat loss and high environmental stress,
especially for invertebrate biota (Netto et al., 2012). Despite these
harsh ecological conditions, some invertebrates can exploit glacial
settings when substrates are free of ice (e.g., Netto et al., 2009, Netto
et al,, 2012; Crosta et al., 2024). Trace fossils have been extensively
recorded in beds formed during the Late Paleozoic Ice Age and the
Quaternary glaciation, mostly in nonmarine settings (e.g., Netto
et al., 2012). Their occurrence during the Hirnantian glaciation and
the impact of such environmental stress on burrowing communities,
however, remain understudied. The Serra Grande Group has a poor
body fossil record but is rich in trace fossils, particularly in the
Tiangua Formation (e.g., Albuquerque and Dequech, 1946; Viana
et al,, 2010; Assis et al., 2019; Sousa et al., 2019; Barrera et al., 2020;
Memoria et al,, 2021, Memoria et al,, 2023). The ichnological
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signatures of these beds and the in uence of glacial-derived
processes on the composition and distribution of trace fossil
assemblages, however, remain unexplored.

In this study, we present and discuss the ichnofauna of the Serra
Grande Group, aiming (i) to identify the ichnological signatures
and their re ections of impacts caused by glacial processes, and (ii)
to understand potential faunal turnovers during the Hirnantian
icehouse greenhouse cycle.

2 Materials and methods

This work presents sedimentary and ichnological data from
outcrops located on the eastern and southern borders of the
Parnada Basin in Piaud State, NE Brazil (Figure 1). The
stratigraphic framework of the studied sections follows Vaz et al.
(2007), and the sedimentary facies were de ned according to the
criteria proposed by Walker (1992) and Dalrymple (2010). Table 1
summarizes the sedimentary facies and trace fossil content.

Trace fossils occur as both ichnofossils and ichnofabrics. They
were described, measured, and photographed in the eld. Their
description and ichnotaxonomical classi cation are presented in
Table 2 and were conducted using the ichnotaxobases proposed by
Bromley (1996) and the ichnotaxonomy principles outlined by
Bertling et al. (2016), respectively. Diameter, width, and length
were measured using a millimetric-scale transparent ruler, and the
photographs were taken with iPhone 13 and SE cameras, as well as a
Nikon P500 camera in automatic mode. The degree of bioturbation
was estimated using the bioturbation scale (BS) of Reineck (1963),
ranging from 0 (no bioturbation) to 6 (completely bioturbated).
Analysis of ichnodiversity and ichnodisparity followed the proposal
of Buatois et al. (2017).

To study the trace fossil distribution during this interval, a
database of ichnotaxa from Ordovician and Silurian deposits
worldwide was created (Supplementary Material 1).

3 Geological setting

The Parnatha Basin has a Paleozoic Mesozoic sedimentary
in Il, with Paleozoic strata reaching approximately 3,500 m in
thickness at its depocenter (Vaz et al., 2007). Its record spans an
area of circa 600,000 km? in north-northeastern Brazil and exhibits
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FIGURE 1

(A, B) Location maps of the study area (modi ed from Vaz et al., 2007). (C—E) Outcrop location maps of the studied sections.

stratigraphic linkages with strata from northwest Africa (Lima and
Leite, 1978; Goes and Feijo, 1994; Vaz et al., 2007; Milani and
Thomaz, 2000) (Figure 1). Tectonomagmatic events are the primary
drivers of sedimentation in the basin, which was formed during the
Ordovician as a result of isostatic adjustments and cooling following
the amalgamation of Gondwana (Brito Neves et al., 1984; Oliveira
and Mohriak, 2003; Daly et al., 2014). The basement consists of
igneous, metamorphic, and sedimentary rocks ranging in age from
the Proterozoic to the Cambrian, formed and/or reworked during
the Brasiliano-Pan-African cycle (Vaz et al., 2007).

The Serra Grande Group, the focus of this study, is
approximately 900 m thick and represents the initial basin I
from the Ordovician to Devonian, extending over 500 km along
the eastern edge of the basin (Caputo, 1984; Vaz et al., 2007)
(Figure 1). The Serra Grande Group encompasses the following
units, from base to top: the lpu Formation (conglomerates,
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diamictites, and ne- to coarse-grained sandstones), the Tiangua
Formation ( ne- to medium-grained feldspathic sandstones,
siltstones, and shales), and the Jaicos Formation (coarse to
conglomeratic, poorly sorted sandstones). According to Vaz et al.
(2007), the Serra Grande Group was initially deposited under
continental conditions before transitioning to marine and then
back to continental at the top, constituting a complete
transgressive regressive cycle. The Ipu Formation consists of
alluvial fans and uvioglacial and proglacial systems that grade
into a shallow marine shelf environment (Tiangua Formation),
which later gives way to a braided uvial system at the top (Jaicos
Formation), resulting from an accelerated sea-level fall (Kegel, 1953;
Caputo, 1984; Caputo and Lima, 1984; Goes and Feijo, 1994; Vaz
etal., 2007). Grahn et al. (2005) used chitinozoans and miospores to
determine a Llandovery (Early Silurian) age for the Tiangua
Formation, as well as an Emsian Pragian (Early Devonian) age
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TABLE 1 Description and interpretation of the sedimentary facies of the Serra Grande Group in the studied section.

Code Facies Description Trace fossils Interpretation Fac_les_

assoclation

SPt Trough cross- | Pebbly sandstone bodies with trough Conichnus isp., Heimdallia chatwinni, | Deposition by tractive FAl
strati ed crossbedding. The sets are arranged in simple horizontal burrows, and unidirectional ows through
pebbly coarsening-upward successions and lenticular epichnial ridges. migration of 3-D gravel bars
sandstones geometry. Concentrations of faceted pebbles (Eyles and Eyles, 1992).

occur at the top of the sets.

St Trough cross- | Light-orange, medium- to coarse-grained Arthrophycus linearis, Cruziana Deposition by tractive ows FA2; FA4
strati ed sandstone with dispersed granules. Trough acacensis, Didymaulyponomos rowei, through migration of 3-D
sandstone crosshedding is the predominant sedimentary Heimdallia chatwinni, Musculopodus sandy dunes under lower

structure. The top bounding surfaces are wavy sedentarius, Nereites irregularis, ow regime conditions. The
and may contain facies Ssar. The sets have a Palaeophycus tubularis, Ssar facies on top of deposits
pattern of reverse grading and are arranged in Rhizocorallium commune, simple suggests reworking by
coarsening-upward succession and lenticular horizontal burrows, and epichnial combined ow currents.
geometry. The sets are sometimes separated by | ridges occur in FA2. Microbial mats/bio Ims grow
lenses of sandy heterolithic bedding, where the | FA4 is unbioturbated. during quiescence periods
foresets of cross-bedding end asymptotically. (Reineck and Singh, 1975;
Biostabilization features and leveling ripples Noffke et al., 2001; Collinson
occur locally. and Mountney, 2019).

Sp Planar cross- Orange, medium- to coarse-grained micaceous Deposition by tractive ows FA4
strati ed sandstone. Planar crossbedding is the through migration of 2-D
sandstone predominant sedimentary structure. The sets sandy dunes under lower

have a normal grading and are arranged in a ow regime conditions
ning-upward succession and lenticular (Lindholm, 1987; Collinson

geometry. Intra- and extraformational pebbles and Mountney, 2019).

(2 cm), mostly angular, occur aligned in the

foresets.

Ssar Symmetrical Light-orange, medium- to coarse-grained Deposition by combined ow | FAL; FA2; FA3;
and sandstone with symmetrical and asymmetrical currents under lower ow FA4
asymmetrical ripple marks. Undulate bed bounding surfaces regime conditions (Reineck
rippled de ne inter- and intrafacies contacts in these and Singh, 1975).
sandstone beds (~ 5 10-cm thick). The sets have

lenticular geometry. Internally, mud lenses and
mud drapes occur sporadically throughout the
facies.

Sla Low-angle Light-orange, well-sorted ne- to medium- Arthraria isp., Arthrophycus Deposition by tractive ows FAL; FA2
Cross- grained sandstone with wavy tops. Low-angle alleghaniensis, Beaconites antarcticus, with alternations between
strati ed crossbedding is the predominant sedimentary Bifungites cruciformis, Bifungites unidirectional and
sandstone structure. Locally, the sandstone shows a munizi, Cruziana acacensis, Cruziana bidirectional currents,

homogeneous aspect. The sets are arranged in isp., Didymaulichnus lyelli, posteriorly reworked by
coarsening-upward successions. Biostabilization | Didymaulyponomos rowei, combined ow currents.
features, synaeresis cracks, and plant fragments | Diplocaterion isp., Gordia isp., Microbial mats/bio Ims grow
occur locally. Halopoa isp., Heimdallia chatwinni, during quiescence periods

Lockeia siliquaria, Nereites isp., (Clemmensen, 1976; Arnott,

Palaeophycus tubularis, 1993; Noffke et al., 2001).

Psammichnites plummeri,

Rhizocorallium commune,

Thalassinoides cf. suevicus, and

epichnial ridges.

Chondrites isp., Cochlichnus isp.,

Phycosiphon isp., Rosselia isp.,

mollusk trails, and plug-shaped

burrows occur locally.

Spl Parallel- Orange, ne- to medium-grained, micaceous Lockeia and simple vertical shafts. Deposition by tractive ows FA2
laminated sandstone with parallel lamination as the under upper ow regime
sandstone predominant sedimentary structure. Climbing conditions. The sporadic

ripples occur locally. Tabular geometry. climbing ripples indicate
eventual drops in  ow
velocity (Cheel and Topton,
1986; Nichols, 2009).

Sm Massive Orange, ne- to medium-grained sandstone, Deposition by rapid FA2

sandstone locally coarse, structureless, and massive, with deposition, probably through
tabular geometry. Discontinuous symmetrical the deceleration of a heavily
and asymmetrical ripple lamination (facies sediment-laden current or
SSar) can be observed at the top. subsequent destruction by
intense bioturbation
(Continued)
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TABLE 1 Continued

Code

Facies

Description

Trace fossils

10.3389/fev0.2026.1760723

Interpretation

(Collinson and Mountney,
2019).

Facies
association

Shs Hummocky Light-orange, ne- to medium-grained Diplocraterion isp., Lingulichnus isp., Sedimentation under FA3
Cross- sandstone, with a predominance of nes. The Rosselia isp., and Skolithos isp. combined ow with strong
strati ed grains are subrounded and very well sorted. Palaeophycus isp. and Planolites isp. wave action and
sandstone Internally, predominant hummocky cross- occur locally. unidirectional currents
strati cation and the external geometry are modulated by the dominant
lenticular. in uence of a storm (Dumas
and Arnott, 2006; Collinson
and Mountney, 2019).
Sqp Quasi-planar- | Light-orange, well-sorted ne- to medium- Arthraria isp., Arthrophycus Deposition by high-energy FA2
strati ed grained sandstone with quasi-planar alleghaniensis, Cruziana acacensis, events, presumably storms.
sandstone strati cation. The top of the beds is wavy and Cruziana isp., Didymaulichnus lyelli, The Ssar facies on top of
may contain Ssar facies. Locally, it may grade Didymaulyponomos rowei, deposits suggests reworking
to Sla facies. The sets are arranged in Diplocaterion isp., Gordia isp., by combined currents.
coarsening-upward succession. Biostabilization Heimdallia chatwinni, Lockeia Microbial mats/bio Ims grow
features and plant fragments occur locally. siliquaria, Palaeophycus tubularis, during quiescence periods
Rhizocorallium commune, (Clemmensen, 1976; Arnott,
Thalassinoides cf. suevicus, and 1993; Noffke et al., 2001).
epichnial ridges.
Ssg Sigmoidal Light-orange, ne-grained micaceous sandstone | ?Bergaueria, Chondrites,?Cruziana, Deposition by tractive ow FA2
Cross- showing wavy tops arranged in a ning- Palaeophycus, Planolites, and paired- through migration of sandy
strati ed upward cycle ending in siltstone. Sigmoidal openings of vertical shafts. dunes (probably 3-D) under
sandstone cross-bedding is the predominant sedimentary lower ow regime conditions;
structure. Tabular geometry. Plant fragments strongly reworking scoured
occur locally. the face of bedforms, which
were posteriorly reworked by
combined currents (Reineck
and Singh, 1975; Nichols,
20009).
Ht Heterolithic Intercalations between centimetric layers of Asterosoma isp., Bergaueria isp., Deposition modulated by FAL; FA3
bedding ne-grained micaceous sandstone with ripples, | Cruziana isp., Cylindrichnus isp., uni- and bidirectional
cross-lamination, and millimetric layers of Diplocaterion isp., Heimdallia currents, with energy level
mudstone (mainly silt). Internal laminations chatwinni, Lingulichnus isp., alterations under lower ow
are not always evident. Double mud drapes Palaeophycus tubularis, Planolites isp., | regime settings. Double mud
occur. The top of the sandstone layers is Psammichnites isp., and drapes indicate slack water
usually wavy. Plant fragments may occur Protovirgularia isp. in FA3 periods, suggesting tidal
locally in the mud layers. FAL is unbioturbated. in uence (Reineck and Singh,
1975; Allen, 1985; Baas et al.,
2016).
Sst Starved- Carbonaceous siltstone with isolated sandy Deposition modulated by FA3
rippled ripples or starved ripples. The sandstone of uni- and bidirectional
siltstone ripples is very ne- to ne-grained. Plant currents with energy level
fragments. The external geometry is tabular. alterations under lower ow
regime conditions and
limited sediment input (Percy
and Pedersen, 2020; Rygel
and Quinton, 2025).
Mp Massive Structureless carbonaceous mud with abundant Deposition of ne-grained FA2
carbonaceous | plant fragments. sediments through the
mud decantation process. The

homogeneous bedding
probably results from water
drained out during
compaction and/or
bioturbation (Reineck and
Singh, 1975; Nichols, 2009).

for the top of the Jaicos Formation. These biostratigraphic data
prompted Vaz et al. (2007) to consider the presence of depositional
hiatuses in the sequence characterizing this unit. The Ipu Formation
occurs exclusively along the oriental border of the basin and was
considered to be of Ordovician Silurian age based on the presence
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of equivalent chitinozoans and miospores similar to those found in
the Tiangua Formation (Grahn et al., 2005; Vaz et al., 2007).
Other western Gondwana Paleozoic basins, such as the
Taoudeni, Adrar, Tindouf, and Chad basins in North and Central
Africa, the Cape-Karoo Basin in South Africa, and the Amazon and
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TABLE 2 Trace fossils recorded in the Serra Grande Group.

Ichnotaxon

Arenicolites isp.

Description

Simple, vertical to oblique, U-shaped, unlined, unbranched burrows, which are preserved on

10.3389/fev0.2026.1760723

Interpretation

Dwelling burrow of  Iter-, suspension-, or

(Figure 4D) bedding planes as paired circular apertures and, in cross-section, as parallel U-limbs without deposit-feeding organisms, mainly
spreite. polychaetes, but also crustaceans and insects.
Arthraria isp. Shallow, horizontal burrow exhibiting closely spaced chambers that resemble a dumbbell shape. Feeding or dwelling in burrows of uncertain
(Figure 4E) origin, likely produced by a worm-like
organism.
Arthrophycus Horizontal to slightly inclined, branched burrows with regularly spaced surface rings along the Arthropod feeding burrows.
alleghaniensis main axis, exhibiting a palmate morphology, circular to square cross-sections, and compacted
(Figure 4F) walls and Il similar to the host rock.
Arthrophycus Arthrophycus with a sinuous trajectory. It may exhibit false branching. It is preserved in full relief. | Arthropod feeding burrows.
brongniartii
(Figure 4G)

Asterosoma isp.

Horizontal to inclined complex burrow composed of a bunch of spindle-shaped concentric

Feeding burrow of deposit-feeding

(Figure 5J) tunnels. polychaetes.

Beaconites Horizontal, unbranched burrow with meniscate Il and compacted wall. The diameter ranges from | Feeding/grazing burrow of deposit-feeding
antarcticus 8 to 10 mm and does not exceed 70 mm in length. organisms, probably arthropods.

(Figure 4H)

Bergaueria isp.

Vertical, cylindrical, plug-shaped burrow with a rounded base, passively lled. No particular

Basal preservation of burrows produced by

(Figure 41) ornamentation is observed. The burrows range from 1.8 to 3.2 cm in diameter and 0.4 to 1 cm in stationary suspension-feeding organisms,

height. probably sea anemones, or deposit-feeding
sea cucumbers.

Bifungites Horizontal preservation of a shallow burrow similar to an inverted p, with cruciform ends. The Dwelling burrow of suspension-feeding

cruciformis burrow is unbranched, with smooth walls and passive Il. The maximum diameter is 70 mm. Only | infaunal invertebrates, such as annelids or

(Figure 4J) one cruciform end is preserved. arthropods.

Bifungites Bifungites with anchor-shaped ends. Dwelling burrow of suspension-feeding

fezannensis infaunal invertebrates, such as annelids or

(Figure 4K) arthropods.

Chondrites isp.
(Figure 5S)

Complex horizontal tunnel system with an opening to the surface but branching deeper, forming a
dendritic network. The branches vary from 1 to 8 mm in diameter.

Feeding burrow of chemosymbiont infaunal
worm-like organisms, possibly annelids or
sipunculids.

Cochlichnus isp.
(Figure 5R)

Sinuous, horizontal, full-relief burrows are preserved on the bases of sandstone slabs. The average
burrow width is 0.7 mm, and the longest preserved segment is ~ 2 cm.

Feeding burrow (fecal trail) of detritivore
organisms, such as nematodes and annelids.

Conichnus isp.
(Figures 4A C)

Conical, unlined, vertical, plug-shaped burrow, circular to elliptical in cross-section. The basal part
is smooth and rounded. The burrow is preserved in full relief on the bed top.

Dwelling/resting trace of sea anemone-like
organisms.

Cruziana acacensis

Bilobed furrow with lobes separated by a median ridge 2 to 5 mm wide, from which sets of ve

Crawling trace of a trilobitomorph

(Figure 4L) discrete, inclined scratches emerge. The length varies from 5 to 9 cm. The furrow is preserved in arthropod.

concave epirelief.
Cruziana isp. Cruziana with deep oblique scratches. Crawling trace of a trilobitomorph
(Figure 4M) arthropod.

Cylindrichnus isp.
(Figures 41, 5K)

Vertical, cylindrical burrows with concentrically laminated
to 15 mm in diameter.

Ils. Specimens observed range from 6

Dwelling burrow of detritus or suspension-
feeding polychaetes.

Didymaulichnus
lyelli (Figure 4N)

Bilobed, unbranched, horizontal, straight to sinuous burrow with a narrow median groove. The
burrow is preserved in convex relief.

Crawling/grazing burrow of arthropods.

Didymaulyponomos
rowei (Figure 40)

Unbranched, unornamented, horizontal, straight to sinuous burrow. The average width is 20 mm,
reaching 75 cm in length.

Crawling/grazing burrow of arthropods.

Diplocaterion isp.

Vertical U-shaped burrow with spreite, preserved in plan bed as paired circular openings

Dwelling/equilibrium burrow of suspension-

(Figure 5L) connected by a relic tube. The diameter ranges from 5 to 15 mm, and the vertical shafts are feeding invertebrate organisms, mostly
spaced 25 to 60 mm apart. crustaceans.
Gordia isp. Sli is a smooth and irregularly meandering horizontal burrow. It is preserved in full relief on the Feeding/grazing (fecal trail) of worm-like
(Figure 4P) bed top. invertebrates.
Halopoa isp. Elongated, horizontal to oblique, unbranched burrow with irregular longitudinal striations. The Feeding burrow produced by worm-like
(Figure 5Q) diameter ranges from 15 to 28 mm, and the lengths may reach 120 mm. The burrows are reserved | animals that expand their bodies
in full relief. hydraulically to penetrate the sediment, or
by crustaceans that could push against the
burrow walls with their carapaces.
(Continued)
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TABLE 2 Continued

Ichnotaxon

Heimdallia
chatwinni
(Figure 4R)

Lingulichnus isp.
(Figure 5M)

Description

Vertically oriented to inclined unbranched burrows, showing internal vertically disposed sediment
packages. Vertical spire is rarely exposed.

Vertical to inclined burrow with elliptical cross-section. The Il features concentric or spur-shaped
laminae. Specimens range from 2 to 5 mm in diameter and 10 mm in depth.

10.3389/fev0.2026.1760723

Interpretation

Feeding burrow of deposit-feeding
invertebrates, possibly crustaceans.

Dwelling burrow of infaunal lingulid
brachiopods.

Lockeia siliquaria
(Figure 5A)

Almond-shaped burrow with Il similar to the host rock. The maximum width ranges from 4 to
12 mm.

Resting trace of bivalve mollusks.

Musculopodus
sedentarius
(Figure 5B)

Short, bilobed, oval-shaped structure with one end somewhat rounded and the other somewhat
triangular. A slightly eccentric median groove separates the two lobes, which are ornamented by
striae forming a 40° 50° angle with the median groove. The striae are tangential to the edges. The
structure is 34 cm wide, 74 cm long, and 2 cm deep. Each lobe is approximately 11.5 cm wide,
and the median groove is 1 cm wide.

Resting trace of slugs (gastropod mollusks).
Represents the stationary morphology of
Climactichnites.

Nereites irregularis

Horizontally oriented, winding burrow with a U-shaped cross-section, a pronounced central

Feeding/grazing burrow of detritus-feeding

groove is 0.2 cm wide, and the external borders are 0.3 cm wide.

(Figure 5C) groove, and smooth walls. The meanders are 1 to 2 mm wide, and the central groove has lateral organisms, probably enteropneusts.
scratches, locally removed by weathering. The burrow is preserved as positive hyporelief.

Nereites isp. Nereites without speci ¢ features. The average burrow width is 0.8 cm, and the central groove is Feeding/grazing burrow of detritus-feeding

(Figure 5D) 0.2 cm wide. The burrow is reserved in concave epirelief. organisms, probably enteropneusts.

Palaeophycus Straight to slightly inclined, unbranched, smooth-walled horizontal burrow. The diameter ranges Feeding/dwelling burrow of Iter-feeding

tubularis from 6 to 23 mm. polychaetes.

(Figure 5E)

Phycosiphon isp. Oblique to horizontal, actively lled burrow with meandering trajectory and forming a lateral Feeding burrow of deposit-feeding, probably

(Figure 5P) spreite. The burrows are 0.5 1 mm wide. chemosymbiont organisms.

Planolites isp. Simple, unlined, unbranched, straight or curved horizontal tunnel actively lled, with diameters of | Feeding burrow of deposit-feeding worm-like

(Figure 5N) 0.7 1.5 mm. The tunnels may intersect each other. animals.

Protovirgularia isp. Bilobate, horizontal to subhorizontal trail with a straight to slightly curving median ridge and Crawling/grazing trails of bivalve mollusks.

(Figure 50) regular chevron-shaped marks.

Psammichnites Horizontally oriented, straight to slightly winding trail presenting a U-shaped cross-section with a | Crawling/feeding trails of bivalve mollusks.

plummeri pronounced central groove. The trail s borders are delimited by elevated crests. The external

(Figure 5F) borders present a symmetric laminated pattern. The trails are 0.8 cm wide on average; the central

Rhizocorallium

Horizontal to inclined U-shaped burrow with spreite. The width and depth of the U-tubes range

Dwelling/feeding burrow of suspension or

Epichnial ridges
(Figure 5I)

Parana basins in South America, contain deposits stratigraphically

Horizontal, unbranched burrow with a long, straight trajectory and smooth wall, lled with the
same sediment as the host rock. Intersections are common. The average diameter is 3 mm. The
burrow is preserved in positive epirelief.

4 Results

similar to those of the Serra Grande Group (Caputo, 1984).

Diamictites and faceted, striated, and polished dropstones
deposited during the Hirnantian Ice Age support this correlation

associations

(Caputo, 1984; Caputo and Santos, 2019). Paleomagnetic data

revealed that the shift of the glacial center from northern Africa
to southwestern South America at the end of the Ordovician led to a
signi cant temperature drop, culminating in the rst Phanerozoic
mass extinction (Ghienne, 2003; Cocks and Torsvik, 2021).

represented by distinct
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commune from 20 to 55 mm and from 28 to 75 mm, respectively, while the burrow diameters range from 6 deposit feeders, probably polychaetes or

(Figure 5G) to 13 mm. crustaceans.

Rosselia isp. Vertical, funnel-shaped burrow with a concentric lining surrounding the causative tunnel. The Dwelling/feeding burrow of suspension- or

(Figure 5T) burrow diameters range from 5 to 7 cm. detritus-feeding worms, likely terebellid
polychaetes.

Skolithos isp. Simple, cylindrical, vertical to slightly inclined, undisturbed, unbranched passively lled shafts. Dwelling burrow of invertebrate animals.

(Figure 5U)

Thalassinoides Horizontal to inclined branching burrow system composed of smooth-walled, straight to slightly Dwelling/feeding burrow of decapod

suevicus curved tunnels with cylindrical cross-section, featuring Y-shaped branches and ares at the crustaceans.

(Figure 5H) junctions.

Feeding/grazing burrows of arthropods.

4.1 Sedimentary facies and facies

Thirteen sedimentary facies were identi ed within the Serra
Grande Group deposits exposed in the study area. These facies are
ne- to coarse-grained sandstones, ne-
grained heterolithic beds, and siltstones, as described and
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interpreted in Table 1. Coarse-grained to conglomeratic sandstones
dominate the lower and upper portions of the Serra Grande Group
sedimentary succession (Ipu and Jaicos formations, respectively)
(Figure 2). The middle section consists of amalgamated beds of
well-sorted, ne- to medium-grained sandstones interspersed with
subordinate heteroliths and siltstones (Tiangua Formation). The
deposits are predominantly lenticular in geometry and were
grouped into four facies associations, representing braided delta
deposits within a shallow marine platform setting.

4.1.1 Glaciomarine facies association

Glaciomarine facies association (FAL) is characterized by
packages of ne- to medium-grained sandstone with low-angle
cross-strati cation (Sla facies), coarse-grained to conglomeratic
sandstone with channeled cross-strati cation (Spt facies), ne-
grained sandstone with symmetric and asymmetric ripples (Ssar
facies), and heterolithic deposits (Ht facies) (Table 1). Faceted
pebbles may occur in the Spt facies. The Sla facies exhibits
lenticular geometry and is locally overlain by the Spt facies,

10.3389/fev0.2026.1760723

forming thickening-upward cycles (Figure 3A). In general, the
thickness of the cycles and the angles of the cross-strati cations
increase toward the top, where the coarser lithologies are
concentrated. The Ssar facies (symmetric and asymmetric ripples)
may appear intercalated at the top of the sandstone beds. The Ssar
facies shows signs of biostabilization, and leveling ripples are
common (Figure 3B). The heterolithic deposits (Ht facies) occur
locally, interspersed with the sandstones of the Ssar facies (Table 1).
The ichnofauna occurs exclusively in the Spt facies (Figure 3C) and
is characterized by simple, indistinct burrows with both vertical and
horizontal orientations, as well as a local abundance of Conichnus
isp. (Figures 4A C).

FAL represents subaqueous deposition in shallow marine
environments characterized by unidirectional currents with high
hydrodynamic energy (Spt), bidirectional currents and/or
oscillatory ows (Sla and Ssar), and periods of reduced or
negligible energy (Ht) (e.g., Reineck and Singh, 1975; Collinson
and Mountney, 2019). Subrounded clasts indicate intensive
reworking, whereas the presence of faceted pebbles indicates
glacial in uence (e.g., Caputo and Santos, 2019).
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FIGURE 2

Sedimentary logs of the studied outcrops showing facies and trace fossil distribution. Ipu Formation:
angle cross-strati cation (Sla facies), coarse-grained to conglomeratic sandstone with channeled cross-strati cation (Spt facies),
sandstone with symmetric and asymmetric ripples (Ssar facies), and heterolithic deposits (Ht facies). Tiangua Formation:

ne- to medium-grained sandstone with low-
ne-grained
ne- to medium-grained

sandstones with low-angle cross-strati cation (facies Sla), sigmoidal cross-strati cation (facies Ssg), or nearly planar cross-strati cation (facies Sqp);

sandy-muddy heterolithic beds (Ht facies);

ne-grained sandstone with symmetrical and asymmetrical ripple marks (Ssar facies); low-angle cross-

strati cation (Sla facies); starved ripples (Sst facies); and ne- to medium-grained sandstone with hummocky cross-strati cation (Shs facies). Jaicos
Formation: medium- to coarse-grained, poorly sorted sandstone with channeled cross-strati cation (St) and mainly planar cross-strati cation (Sp)

(see Table 1).
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FIGURE 3

trace fossils. (O) Interference ripples and asymmetrical ripples.

Sedimentary deposits of the Serra Grande group. (A) Low-angle cross-strati ed sandstone (facies Sla). (B) Symmetrical and asymmetrical rippled
sandstone (facies Ssar). (C) Trough cross-strati ed pebbly sandstone (facies Spt). (D) Sigmoidal cross-strati ed sandstone (facies Ssg). (E) Quasi-
planar-strati ed sandstone (facies Sgp). (F) Parallel-laminated sandstone (facies Spl). (G) Massive sandstone (facies Sm). (H) Massive carbonaceous
mud (facies Mp). (I) Heterolithic bedding (facies Ht). (J) Starved-rippled siltstone (facies Sst). (K) Hummocky cross-strati ed sandstone (facies Shs).

(L) Trough cross-strati ed sandstone (facies St). (M) Planar cross-strati ed sandstone (facies Sp). (N) Trough cross-strati ed sandstone (facies St) with

4.1.2 Delta front/plain facies association

Delta front/plain facies association (FA2) is characterized by the
predominance of ne- to medium-grained sandstones with low-
angle cross-strati cation (facies Sla), sigmoidal cross-strati cation
(facies Ssg), or nearly planar cross-strati cation (facies Sgp)
(Figures 3A, D, E). Medium- to coarse-grained sandstone with
dispersed grains and cross-strati cation (facies St) also occurs, and
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its upper bounding surfaces are wavy and may contain facies Ssar.
Fine- to medium-grained, micaceous sandstone with parallel
strati cation (facies Spl, Figure 3F) or massive (facies Sm,
Figure 3G), and ne- to medium-grained sandstone with
symmetrical and asymmetrical ripple marks (facies Ssar) occur in
association, along with massive carbonaceous mudstone containing
phytodebris (facies Mp, Figure 3H). The Sm facies (massive
sandstone) occurs locally, forming thickening-upward cycles.
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