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ABSTRACT - Soft-sediment deformation structures (SSDS) can be produced by abiotic factors, invertebrate bioturbation, or trampling by
large tetrapods. Differentiating between these origins is crucial for ichnological interpretation, particularly in stratigraphic units where body
fossils are rare or bedding-plane exposures are limited. In this study, we describe new occurrences of SSDS interpreted as dinoturbations,
cross-sectional tracks formed by heavy tetrapods, in the Trés Barras Formation (Areado Group, Abaeté Sub-Basin, Sanfranciscana Basin),
in Minas Gerais State, Brazil. These structures occur in fine- to medium-grained, cross-bedded sandstones, and preserve downward deformation,
faulting, and local compaction. Their features, along with their stratigraphic position, support interpretation as tetrapod trampling traces,
possibly produced by dinosaurs. These ichnological findings are significant within the context of the marine incursions into the Sanfranciscana
Basin, as the dinoturbations indicate that, at the time of their formation, the environment was continental. This highlights the potential of
ichnological data to refine paleoenvironmental reconstructions and to identify stratigraphic intervals in which the depositional system was
predominantly continental during episodic marine incursions in intracratonic basins.

Keywords: soft-sediment deformation structures (SSDS), Trés Barras Formation, tetrapod ichnology, continental, eolian.

INTRODUCTION stratigraphically constrain intervals with higher potential for
track preservation. This allows for more efficient prospecting for
Deformation structures in soft sediments can result from bedding-plane tracks, which often provide clearer insights into
abiogenic processes, invertebrate bioturbation, or trampling  trackmaker identity. In cases where SSDS are large and occur in
by large tetrapods (Christofoletti ez al., 2021). Differentiating ~ Middle to Late Mesozoic rocks, they are frequently referred to
among these agents has become an increasingly relevant topic ~ as “dinoturbations,” reflecting the dominant presence and size
in ichnology, as it provides a valuable tool for inferring the  of dinosaurs during that time, making them the most probable
presence of tetrapod paleofauna, especially in stratigraphic ~ producers (see Zaher ez al., 2011; de Carvalho & Santucci, 2018).
units lacking body fossils or with limited bedding-plane Here, we describe new occurrences of dinoturbations in the
exposures (Peixoto et al., 2020, 2025). This is particularly =~ Early Cretaceous Trés Barras Formation (Areado Group, Abaeté
relevant for the Trés Barras Formation, which contrasts with ~ Sub-Basin, Sanfranciscana Basin), located in Minas Gerais State,
the underlying Quirico6 Formation known for its rich body  Brazil. We interpret their triggering mechanisms and analyze
fossil record (Amaral et al., 2019; Bittencourt ez al., 2020;  their morphological characteristics to enhance the accuracy of
Zaher et al., 2011, 2020; Fragoso et al., 2021; de Carvalho &  their identification and interpretation in the sedimentary record.
Santucci, 2021, 2024). Moreover, soft-sediment deformation  Finally, we discuss their significance in the context of the marine
structures (SSDS) attributed to tetrapod trampling can help  incursions that occurred in Sanfranciscana Basin at the time.

Este é um artigo publicado em acesso aberto (Open Access) sob a licenga Creative Commons Attribution (https://creativecommons.org/licenses/by/4.0/), que permite uso, distribui¢do e reprodugdo
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GEOLOGICAL SETTING

The Sanfranciscana Basin is located in central Brazil,
spanning approximately 350,000 km? (Sgarbi et al., 2001; Zalan
and Romeiro-Silva, 2007) (Figure 1A). This basin consists of
two primary sub-basins: Abaeté in the south and Urucuia in
the north (Campos & Dardenne, 1997a; Sgarbi, 2000). The last
bears an important Brazilian aquifer, the Urucuia Aquifer System
(Gongalves et al., 2020). The basin’s geological sequences from
the Phanerozoic include a glaciogenic Carboniferous—Permian
sequence (Santa Fé Group) and two Cretaceous groups (Areado
and Urucuia/Mata da Corda) (Campos & Dardenne, 1997a, b;
de Barros et al., 2025). The Areado Group, part of the Lower
Cretaceous, includes the Abaeté, Quiricd, and Trés Barras
formations, in ascending stratigraphic order (Campos & Dardenne,
1997a; Sgarbi, 2000; Mescolotti et al., 2019).

This study examines the basal Trés Barras Formation
within the southern portion of the Abaeté sub-basin (Figure 1).

The underlying Quiricé Formation is composed of fine-grained
siliciclastic rocks, such as shales and siltstones, with
local interlayers of cross-bedded sandstones and very thin
pseudomorphic salt deposits (Cardoso et al., 2022, 2024).
It is interpreted as formed in lacustrine and playa-lake settings
(Campos & Dardenne, 1997a; Sgarbi ef al., 2001; Mescolotti,
2015; Simplicio et al., 2016). The marine microfossils are in
shale and chert (Kattah & Koutsoukos, 1992; Pessagno Junior &
Dias-Brito, 1996; Dias-Brito et al., 1999; Fauth et al., 2024).
Overlying the Quirico Formation, and interfingering with
it, there is the Trés Barras Formation, which consists of eolian
sandstones with paleodunes and wet interdune facies, and
subordinate fluvial deposits (Sgarbi, 1991; Campos & Dardenne,
1997a, b; Mescolotti ef al., 2019). This unit also contains records
of structures of bioturbation, such as Taenidium, and the chert-
bearing marine microfossils (Kattah & Koutsoukos, 1992;
Pessagno Junior & Dias-Brito, 1996; Carvalho & Kattah, 1998;
Dias-Brito et al., 1999; Mescolotti et al., 2019; Fauth et al., 2024).
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Figure 1. Localization of the area studied. A, studied locality within Brazil and Minas Gerais State (MG). B, geological map of area around the studied outcrop
(-17.968494, -45.983100) near Rio do Sono bridge in Jodo Pinheiro County. Modified from Cambria et al. (2025).
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Concerning the age of the Areado Group, this should
be from Barremian—Aptian based on the identification of
Globigerinelloides (Dias-Brito et al., 1999), with studies of
radiolarians from chert microfacies of the Trés Barras Formation
indicating a Barremian age (Dias-Brito ef al., 1999). The Quirico
Formation has been proposed to range from Valanginian—Albian
based on ostracods (Do Carmo et al., 2004; Leite et al., 2018),
with more recent studies suggesting a narrow age range from
Berriasian to possibly Albian (Leite ez al., 2024). However, there
is an ongoing discussion about the taxonomical assignment of
these ostracods (Coimbra, 2020; Leite & Do Carmo, 2021), which
precludes a more precise age assignment. The SSDS described
here are in the Rio do Sono outcrop (-17.968494 S, -45.983100 W)
of Trés Barras Formation, in the Jodo Pinheiro County, Minas
Gerais State, and probable molds of Pattersoncypris recovered
from the heterolithic layers overlying the dinoturbations (Figure 2)
allow correlation with the Alagoas Stage of Aptian age.

MATERIAL AND METHODS

The studied outcrop is located near the Rio do Sono bridge in
Jodo Pinheiro County, Minas Gerais State, Brazil (coordinates:
-17.968494 S, -45.983100 W), and corresponds to exposures of
the Trés Barras Formation (Areado Group, Abaeté Sub-Basin,
Sanfranciscana Basin) interfingering with the Quirico Formation.
Fieldwork focused on documenting soft-sediment deformation
structures (SSDS) within fine- to medium-grained sandstones
and adjacent heterolithic deposits. Sedimentological logging
was conducted at the outcrop scale, with attention to lithofacies,
sedimentary structures, bed geometry, and stratigraphic
relationships, using traditional methods of facies analysis (sensu
Walker, 1992), in which the genetically related lithofacies define
facies associations corresponding to sub-environments in a
depositional system. The lithofacies code follows Miall (1977).
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Figure 2. Stratigraphic log and position of the dinoturbation in the studied section. A, sedimentological log of the studied section at “Rio do Sono bridge”.

B, detail of the dinoturbation in the St facies.
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SSDS were mapped, measured, and photographed in situ, with
their orientation, geometry, and deformation style carefully
described. Structures were analyzed using ichnological criteria
for cross-sectional tracks, based on diagnostic features proposed
by Loope (1986), Melchor (2015), and Christofoletti et al.
(2021). Specific attention was given to downward deformations,
localized faulting, folding, and associated compaction features.

RESULTS

Stratigraphical section

The SSDS are in sandstone with trough cross-stratification
(St facies), characterized as well sorted fine- to medium-grained
sandstone (Figure 2), interpreted as the dune toe (Mountney, 20006).

Underlying the St facies there are beds with moderately sorted
fine- to medium-grained sandstone with horizontal stratification
(Sh facies), which also bear smaller SSDS (Figure 2). The outcrop
also presents low-angle cross-stratified, fine- to medium-grained
sandstone and heterolithic siltstone with thin lenses of very
fine-grained sandstone (see detailed description of the outcrop
in Cambria et al., 2025), where some ostracods were recovered.

Soft-sediment deformations in Trés Barras Formation

The structures (Figure 3A) are deformations of sedimentary
layers downward, with a concave-upward general morphology,
down-folding the underlying strata and producing normal faults
(Figure 3B), all evidence of a descending force vector restricted
to a small area, like the foot of the animal when stepping.

Undeformed beds.

. Tracking surface.

Downward deformed beds.

Adjacent structures related with
the trampling.

s . Outlining of the
~“ cross-section undertrack.

Surface more resistent to
N .~ the weathering, standing out
from the outcrop surface.

Normal fault.

Figure 3. Cross-section tracks of heavy tetrapods in Trés Barras Formation. A, general view of the cross-section tracks in the trough cross-stratification sandstone
(St facies). B, indication of the sedimentary structures related to the production of the cross-section tracks. Areado Group, Sanfranciscana Basin, Minas Gerais
State, Brazil. Scale bars =20 cm.
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The SSDS in the St facies also propagate to the underlying
low-angle cross-stratified sandstone (Sh facies) because of the
descending force. Sh facies also bears smaller SSDS (Figure 2).
No casts are evident, so the feet that produced the deformations
do not enter deep in the substrate, and the layers overlying
the structures are plain upward. The uppermost portion of the
largest deformation can be part of the plain view track (tracking
surface). It seems that the differential compaction of the trampled
sediment in this part, and the layers immediately below, make this
more resistant to weathering, so the deformed section endures
and stands out from the outcrop (Figure 3B), this can also have
influenced the degree of cementation in these parts. There are
other adjacent sedimentary structures (Figure 2B) related to the
downward propagation of the deformation by trampling in the
soft sediment and could be marginal parts of other cross-section
tracks or deformations induced by them.

DISCUSSION

Soft-sediment deformation structures (SSDS) can be produced
by abiogenic agents or biogenic agents like bioturbation by
invertebrates or trampling by heavy tetrapods (Christofoletti et al.,
2021; Varejao et al., 2022). Based on Christofoletti et al. (2021)
and Melchor (2015), we interpret the SSDS reported there as
produced by tetrapods, therefore, being cross-section tracks of
animals trampling on the dune toe (St facies), and in interdune
areas (Sh facies) (Cambria ef al., 2025). Other occurrences of
similar structures were already reported in other outcrops of
Trés Barras Formation (Mescolotti ef al., 2019, fig. 8). There
are similar examples of cross-section tracks in interdunes from
other units (Christofoletti et al., 2021; Dentzien-Dias et al.,
2007, fig. 5; Diaz-Martinez et al., 2018, fig. 3G-J; Paz et al.,
2014, figs. 5B and 6A), in dunes (Francischini et al., 2018, figs.
6C-D; Helm et al., 2018; Hsieh et al., 2023; Loope, 1986),
and also examples in other continental depositional settings in
Brazil (Carvalho et al., 2021; Carvalho & Leonardi, 2021, fig.
10C-D; Varejdo et al., 2022).

It is not possible to identify the tetrapod group that produced
these cross-section tracks as fine anatomical characteristics
are not accessible in the described structures. Dinosaurs and
Crocodyliformes are feasible producers since they were the largest
tetrapods inhabiting the terrestrial realm during the Cretaceous
(Sookias et al., 2012; Turner & Nesbitt, 2013; Vermeij, 2016;
Smith et al., 2016; Godoy & Turner, 2020; Otero et al., 2022;
Jannel et al., 2022; Dempsey et al., 2025). In Brazil, they had high
diversity and a broad range of body sizes (Bandeira et al., 2018;
Bittencourt and Langer, 2011; Langer ef al., 2022; Leonardi &
Carvalho, 2021). Corroborating with dinosaurs as producers, there
are records of dinosaur tracks in plain view in the Trés Barras
Formation (Carvalho & Kattah, 1998, 2024) and other body fossils
in the Quiric6é Formation (Navarro, 2019; Zaher et al., 2011,
2020). However, it is not possible to rule out Crocodyliformes,
at least as producers of the smaller SSDS, since there were large
species in Brazil during the Cretaceous (Bandeira ef al., 2018,
2025; Godoy & Turner, 2020; Langer ef al., 2022).

The Lower Cretaceous deposits of the Sanfranciscana Basin
are classical expressions of continental depositional settings,
deposited by rivers, lakes, deltas, playa lakes, and eolian dune
fields (Sgarbi & Dardenne, 1997; Zalan & Romeiro-Silva, 2007,
Fragoso, 2011; Mescolotti ef al., 2019; Cardoso et al., 2022), but
fossil findings of marine organisms preserved in thin chert layers,
including radiolarians, foraminifera, bivalves, sponge spicules,
and dinoflagellate cysts (Kattah, 1991; Kattah & Koutsoukos,
1992; Pessagno Junior & Dias-Brito, 1996; Dias-Brito et al.,
1999; Fauth ef al., 2024), raised the idea that marine incursions
were able to reach deep inside the craton, but without leaving a
broad geological record in-line with its dimension. The evidence
is concentrated in the chert layers interpreted as radiolarites and
shale (Fauth et al., 2024). Several hypotheses were raised to
explain the marine fossil occurrences, from remobilization through
hurricanes (Sgarbi, 2011); A large marine incursion coming from
the Pacific (Pessagno Junior & Dias-Brito, 1996; Dias-Brito et al.,
1999), and more recently proposed, at least three episodic marine
incursions facilitated by faults (Fauth et al., 2024).

The fact that several marine incursions with such magnitude
were able to occur without broad geological record is a phenomenon
that needs to be studied since this raises the possibility that
other marine incursions in the South America continent, and
even elsewhere, took place without any elusive evidence. The
dinoturbations reported here indicate that at the time of their
production, the area represents a continental depositional setting .

CONCLUSIONS

The soft-sediment deformation structures (SSDS) reported
here are interpreted as cross-section tracks produced by large
tetrapods. It is not possible to identify the tetrapod group of the
producer, but since the section is from the Early Cretaceous
(Aptian), large dinosaurs are the most probable the tracemakers,
having been the heaviest animals of the time on the continents,
but Crocodyliformes remain an alternative tracemakers, at least
for the smaller SSDS. The relevance of the rigorous study of such
occurrences relies on the fact that there is evidence that marine
incursions were able to reach deep inside the craton, flooding the
Sanfransciscana Basin. In this context, and in an attempt to find
ichnological signals of these marine incursions, the dinoturbation
reported here indicates a continental setting at least at the moment
of the production of the dinoturbation (within the Aptian).
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