
Abstract
The sedimentary basins in the Continental Rift of Southeastern Brazil (CRSB) provide an opportunity for ichnological analyses due to its 
well-known facies relationships and paleoenvironmental interpretations. This study reports invertebrate trace fossils from the Neogene 
fluvial deposits (Floriano Formation) and applies integrated ichnological and facies analyses to reconstruct the environmental conditions 
recorded in this lithostratigraphic unit. Fieldworks revealed a rich ichnofauna in the Floriano Formation, whose facies associations have 
been interpreted as indicative of meandering river environments. Four sedimentary facies were identified, including bioturbated sandstone, 
horizontally stratified sandstone, laminated sandstone, and mudstone. Six ichnogenera were identified, Arenicolites, Beaconites, Camboryg-
ma, Palaeophycus, Skolithos, and Taenidium. Those ichnogenera occur as Skolithos, Taenidium, and Beaconites ichnocoenoses. The Skolithos 
ichnocoenosis is primarily represented within sand bar deposits, indicating arthropod colonization in abandoned channels. The Taenidium 
ichnocoenosis, which is observed within mudstone layers and presents Camborygma burrows, suggests transitional environments between 
aquatic and subaerial conditions, locally with high water table levels. The Beaconites ichnocoenosis indicates changes in substrate consis-
tency associated with progressive desiccation and extended exposure time. Therefore, the identified ichnocoenoses, combined with the 
analysis of physical sedimentary structures, suggest generally humid conditions during colonization by invertebrates of the meandering 
river deposits of the Floriano Formation.
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INTRODUCTION
Ichnological analyses allow us to infer several paleoecolog-

ical parameters in a depositional setting (e.g., hydrodynamic 
energy, salinity, oxygenation, substrate consistency, and food 
availability), mainly because they are the manifestation of behav-
iors controlled by paleoenvironmental conditions (Buatois and 
Mángano 2011). Therefore, ichnology has played a crucial role 
in paleoecological and paleoenvironmental inferences since the 

rise of the ichnofacies concept (Seilacher 1953). In this sense, 
trace fossils can be a relevant tool to understand the deposi-
tional setting in rocks without body fossils (e.g., Assine 1996, 
Sedorko et al. 2017, Richter et al. 2023), which, in some cases, 
are more precise than microfossil data (MacEachern et al. 1999, 
Aquino et al. 2001). Although trace fossils have been applied to 
understand a wide range of depositional environments, marine 
and coastal settings are by far the most frequently studied (e.g., 
Buatois and Mángano 2011, Sedorko and Francischini 2020). 
In the case of meandering river systems in particular, research is 
often more focused on coastal zones with tidal influence (e.g., 
Pearson and Gingras 2006, Rebata et al. 2006, Dalrymple and 
Choi 2007, Gugliotta et al. 2016), with fewer studies inves-
tigating the ichnology of fluvial settings further inland (e.g., 
Gowland et al. 2018, Sedorko et al. 2020).

Within the context of the Continental Rift of Southeastern 
Brazil (CRSB), the Resende Basin is considerably well-un-
derstood in terms of facies relationships and their paleoen-
vironmental significance (Amador 1975, Melo et al. 1985, 
Riccomini et al. 2004, Ramos et al. 2006). However, the basin 
lacks detailed ichnocoenoses analyses, with a single report of 
Skolithos in fluvial braided deposits of the Resende Formation 
(Fernandes et al. 1992), and a report of trace fossils with paleo-
environmental attribution for the Floriano Formation (Motta 
et al. 2023). Interpreted as representing meandering river envi-
ronments (Ramos et al. 2006, Negrão et al. 2020), the Floriano 
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Formation has revealed an undocumented diverse ichnofauna, 
based on recent fieldwork observations, making it an interest-
ing prospect to investigate the ichnological aspects of these 
environments. Furthermore, considering the rich fossil con-
tent of mammalian, birds, invertebrates, and plants preserved 
in the sedimentary record of Itaboraí, Taubaté, and Curitiba 
basins (Lima and Amador 1985, Bergqvist et al. 2004, Sedor 
2017, Rangel et al. 2019, 2023a, 2023b), ichnological anal-
yses of the siliciclastic filling of the CRSB represent a com-
plementary approach to understanding Cenozoic biotas and 
paleoenvironments of southeastern Brazil. In addition, there 
is limited research on trace fossils related to meandering river 
systems (e.g., Sedorko et al. 2020), as well as few studies deal-
ing with Cenozoic or recent biogenic structures for Brazilian 
strata (e.g. Netto and Rossetti 2003, Nascimento et al. 2021, 
Ramos et al. 2021, 2022, Sedorko et al. 2024). In this sense, 
this study aimed to (1) report undocumented invertebrate 
trace fossils from the Floriano Formation and (2) apply inte-
grated ichnologic and facies analyses for reconstructing the 
environmental conditions represented in the unit.

GEOLOGICAL SETTING
The CRSB is a Paleogene geological province that extends 

for approximately 900 km in an NW-SE trend between the 
states of Paraná and Rio de Janeiro (Riccomini 1989, Riccomini 
et al. 2004; Fig. 1A). It developed over the Neoproterozoic 
Ribeira Belt, which is a part of the Brasiliano Orogenic Cycle 
(Hasui et al. 1975, Heilbron et al. 2004, Negrão et al. 2020). 
Jurassic-Cretaceous tholeiitic dikes associated with the open-
ing of the Atlantic margin (Almeida et al. 2000, Guedes et al. 
2005) and Late Cretaceous alkaline massifs are intruded in the 
Neoproterozoic basement (Riccomini 1989, Thomaz Filho 
and Rodrigues 1999, Rosa and Ruberti 2018).

The tectonic evolution of the CRSB can be divided into 
five stages, with the first stage responsible for its origin in 
the Eocene and the subsequent stages related to neotectonic 
deformations during the Neogene and Quaternary, including 
distensive, transcurrent, and compressive events (Riccomini 
et al. 2004). 

The CRSB is divided into three distinct portions, each 
containing Cenozoic basins (Melo et al. 1985): the Western 
Segment (Curitiba Basin), the Central Segment (São Paulo, 
Taubaté, Resende, and Volta Redonda basins), and the Eastern 
Segment (São José de Itaboraí, Macacu, and Barra de São João 
basins; Fig. 1A).

Riccomini (1989) considered that the origin of the CRSB 
would be due to Paleogene tectonic reactivations along 
Neoproterozoic shear zones induced by thermomechanical 
subsidence of the Santos Basin in the adjacent offshore region. 
An Eocene NW-SE distensive tectonic phase caused the for-
mation of NE-SW and ENE-WSW half-grabens, such as the 
Resende Basin.

The sedimentary filling of the CRSB basins consists of 
deposits related to alluvial fans along the tectonically active 
basin flanks, transitioning into axial braided and meandering 
fluvial systems, as well as lacustrine environments. Negrão et al. 

(2020) proposed the more recent lithostratigraphic chart of 
the Resende Basin, based on previous studies performed by 
Ramos et al. (2006). According to Negrão et al. (2020), the 
Paleogene sedimentation in the Resende Basin is related to 
three tectonic stages: Pre-Rift Stage, with braided river depos-
its of the Ribeirão dos Quatis Formation (massive or incip-
iently stratified orthoconglomerates and minor interbedded 
cross-stratified sandstones); Rift Stage I, with braided river and 
alluvial fan deposits of the Resende Formation (main syntec-
tonic sedimentation, which is recorded by submature strati-
fied conglomerates and feldspathic sandstones interbedded 
with greenish massive mudstones, and matrix- and clast-sup-
ported breccias and pebbly wackes); and Rift Stage II, with the 
braided river deposits of the Pinheiral Formation (quartzose 
orthoconglomerates and feldspathic sandstones interbedded 
with relatively thick mudstones layers). 

The Neogene stratigraphic record corresponds to the 
Floriano Formation (stratified conglomerates and sand-
stones, and massive reddish mudstones), which is interpreted 
as a post-rift fluvial meandering system (Negrão et al. 2020). 
Sigmoidal lateral accretion features are observed, composed 
of stratified fine sandstones and laminated siltstones (Carmo 
1996, Ramos et al. 2006, Negrão et al. 2020). Covering the 
succession, Pleistocene and Holocene alluvial deposits are 
associated with the filling of Quaternary grabens and valleys.

MATERIALS AND METHODS
The Floriano Formation deposits investigated in this study 

are exposed at an outcrop first described by Carmo (1996) in 
the Resende Municipality, Rio de Janeiro state (Brazil), along 
the RJ-161 road (22º26’49” S; 44º26’30” W, 443 m). The sed-
imentary facies were described and analyzed by considering 
their texture, geometry, composition, primary sedimentary 
structures, and trace fossil content. This analysis followed the 
protocol outlined by Miall (1996), and we selected three geo-
logical logs (P1, P2, and P3) to represent the outcrop (Figs. 2 
and 3). In all stratigraphic horizons, we conducted a thorough 
search for trace fossils, and their descriptions were based on the 
ichnotaxonomic classification and ichnocoenosis approach as 
proposed by Bromley (1996), which considered ichnocoeno-
sis as an ichnoassociation that can be related to one definite 
biocoenose, reflecting a depositional scenario. The amount of 
bioturbation was quantified using a visual scale, ranging from 0 
(no bioturbated) to 6 (bed completely bioturbated), following 
the approach suggested by Reineck (1963) (see Netto 2020 
for the visual scale). Few hand samples were analyzed in pol-
ished cross-sections to better examine key ichnotaxobases of 
some specimens.

RESULTS
The studied section exhibits lenticular to sigmoidal beds 

of poorly stratified and laminated sandstone interbedded with 
massive mudstone, showing fining upward cycles (Fig. 2). 
The high amount of trace fossils precluded the clear obser-
vation of primary sedimentary structures, but the sigmoidal 
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Figure 1. Geological setting of the studied area. (A) Position of the basins in the Continental Rift of Southeastern Brazil with emphasis on 
Resende Basin (modified from Riccomini et al. 2004). (B) Geological map of the Resende Basin with the position of studied outcrop in the 
cropping out area of Floriano Formation. Modified from Ramos et al. (2006).

Figure 2. Panoramic view of the studied outcrop. (A) Composite field photographs of the exposed sedimentary deposits. (B) The same 
image with a superimposed interpretative drawing highlighting the general sigmoidal geometry of the deposits and the position of geological 
sections (P1, P2, and P3). See Table 1 for facies codes.
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geometry is evident (Fig. 2B). The finning upward cycles are 
locally truncated by a more erosive sand-bar, and the whole 
deposit is truncated by conglomeratic beds of probable 
Quaternary age (Fig. 2).

Four sedimentary facies (Sb, Sh, Sl, and M facies) were 
recognized. The Sb and Sh facies crop out as lenticular to sig-
moidal beds of poorly stratified, feldspathic sandstones with 
subangular to subrounded grains, moderate to well sorted, 
low compaction, and subordinate amounts of lutitic epima-
trix probably originated by decomposition of the feldspathic 
framework. The Sl facies is more tabular and represents fine 
to very fine feldspathic sandstones mainly composed of sub-
angular grains, with good selection and low compaction, also 
with subordinate amount of lutitic epimatrix. Finally, the 
mudstone presents a lenticular geometry when overlying the 
sand-bars or can be tabular in the upper portion of the sec-
tion (Fig. 2), presenting a mottled texture with thin lenses of 
fine-grained sandstone, and blocky structures suggesting the 
effects of pedogenesis (Table 1).  

Trace fossils ichnocoenosis
Six ichnogenera were identified in the studied section: 

Arenicolites, Beaconites, Camborygma, Palaeophycus, Skolithos, 
and Taenidium. Those ichnogenera were grouped considering 
the facies (Fig. 4) and interrelation with each other, resulting 
in three ichnocoenoses: Skolithos, Taenidium, and Beaconites 
ichnocoenoses.

The Skolithos ichnocoenosis is dominated by simple verti-
cal structures, passively filled, with smooth to rarely irregular 
walls identified as Skolithos (Fig. 5A), associated with sparse, 
simple horizontal structures with a lined wall identified as 
Palaeophycus (Fig. 5B). Rarely, it is associated with passively 
filled burrows with U-shaped basal portion, identified as 
Arenicolites (Figs. 5B and 5E). The bioturbation scale is highly 
variable, between 1 and 5 (Fig. 3). A low bioturbation scale 
is commonly associated with coarser-grained facies (Figs. 3B 
and 3C), increasing toward the top of coarse-grained beds, 
where Palaeophycus becomes increasingly rarer (Figs. 3A–3C). 
This ichnocoenosis is restricted to Sh and Sb facies.

The Taenidium ichnocoenosis is dominated by horizon-
tally or vertically oriented unwalled structures with tightly 
spaced menisci, identified as Taenidium (Figs. 5C and 5D). 
The biogenic structures range from 4 to 18 mm in diameter, 
and menisci in most vertical specimens show a concave-up 

orientation (see Figs. 5C and 5D). Additionally, there are also 
occasional occurrences of walled meniscate burrows attributed 
to Beaconites (Figs. 5F and 5G). Simple vertical structures 
identified as Skolithos are subordinated (Fig. 5G), as well as 
simple horizontal structures identified as Palaeophycus. On a 
single level, vertically oriented, passively filled, ramified struc-
tures were identified, and the lateral chambers, smooth walls, 
and regular diameter allowed the attribution to Camborygma 
(Figs. 5H and 5I). The described Camborygma specimens 
present a diameter between 1.6 and 2.1 cm, reaching 2.6 cm 
near the region of ramification, while the maximum depth is 
9 cm. The bioturbation scale in this ichnocoenosis varies from 
3 to 6 but is often very high (5–6; Fig. 3). This ichnocoenosis 
is restricted to M and Sl facies.

Finally, the Beaconites ichnocoenosis is the less diverse in 
the studied outcrop, dominated by simple vertical structures 
attributed to Skolithos (Fig. 4E), as well as walled, meniscated 
structures attributed to Beaconites (Fig. 5J) and unwalled 
meniscated structures attributed to Taenidium. Less often, 
Palaeophycus also occurs (Fig. 5J). The bioturbation scale is 
high (Fig. 6), obliterating the physical sedimentary structures. 
This ichnofabric is restricted to a mudstone bed in the upper-
most section (P3), just below a conglomeratic bed (Fig. 3A) 
inferred as Quaternary (e.g., Carmo 1996). The structures are 
filled with material similar to that of the host rock, which is an 
argument to consider these structures as penecontemporane-
ous rather than produced in the overlying beds.

DISCUSSION
The four sedimentary facies (Sh, Sb, Sl, and M facies) were 

grouped into three architectural elements: 
 • Sand Bars (SB) composed of bioturbated sandstone 

(Sb facies) and sandstone with horizontal stratification 
(Sh facies); 

 • Crevasse Splays (CS) composed of laminated sandstone 
(Sl facies); 

 • Floodplain (FP) mudstones (M facies; Table 1). 

The most common elements in the studied section are Sand 
Bars and Floodplain mudstones, presenting a low degree of 
pedogenesis (facies M). Crevasse Splays are restricted to one 
level (interval around 1 m of Fig. 3A). These deposits are gen-
erally organized as sigmoidal beds with finning upward cycles, 

Table 1. Facies and inferred depositional processes of the studied outcrop, Floriano Formation.

Code Facies Description Process Figure

M Mudstone Mudstone with mottled texture, locally with thin lenses of 
fine-grained sandstone, with incipient pedogenesis

Decantation in the overbank locally 
disrupted by tractive flows 3A, 3E

Sb Bioturbated 
sandstone

Medium-grained quartzose sandstone with mottled 
texture in lenticular beds

Tractive processes obliterated by 
high bioturbation activity 3B

Sh
Sandstone 

with horizontal 
stratification

Fine- to coarse-grained sandstone, highly bioturbated, 
with faint horizontal stratification locally presenting a 

mottled texture in lenticular beds

Tractive processes in unidirectional 
flow, locally obliterated by 

bioturbation activity
3C

Sl Laminated 
sandstone

Very fine- to fine-grained sandstone with parallel 
lamination in tabular to lenticular bed

Tractive processes in 
unidirectional flow 3D
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Figure 3. Facies and ichnocoenoses distribution in the studied outcrop. (A) Geological section of P3 with the level of occurrence of facies and 
trace fossils. (B) Geological section of P2 with the level of occurrence of facies and trace fossils. (C) Geological section of P1 with the level of 
occurrence of facies and trace fossils. P1 is inserted laterally and below P2 and P3 (see Fig. 2 for the position).

representing an initial dominance of tractive process (repre-
sented by Sh and Sb facies) followed by a decantation phase 
(M facies) (Nichols and Fisher 2007). Overlying those beds, a 
general tabular bed of reddish mudstone occurs, representing 
the FP element. These characteristics corroborate the inferred 
meandering fluvial system for the studied outcrop (Carmo 
1996, Negrão et al. 2020, Motta et al. 2023).

The predominant facies in the outcrop consist of amal-
gamated sandy beds (Sb and Sh facies) bearing trace fossils of 
the Skolithos ichnocoenosis, which are characterized as Sand 
Bars macroforms. These facies are interpreted to be formed 
by the migration of sandy bedforms in fluvial channels with 
lateral accretion, interbedded with mudstone that represents 

the finning upward cycle (Figs. 2 and 3) (Carmo 1996). 
The horizontal stratified sandstone (facies Sh) was generated 
by upper regime flow at the top of fluvial bars (Miall 2014). 
The presence of Skolithos ichnocoenosis corroborates high 
energetic settings in the fluvial bars. On the contrary, biotur-
bated sandstone (Sb facies) in amalgamated beds evidences 
episodes of decrease in the velocity of fluvial discharge and 
sedimentation, allowing colonization of the top of the Sand 
Bars. The overall dominance of Skolithos ichnocoenosis in 
those facies (Sh and Sb) indicates colonization of sand bars 
by arthropods, which is the most common bioturbating group 
in continental settings, in subaqueous conditions (Ratcliffe 
and Fagerstrom 1980, Krapovickas et al. 2009). The higher 
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Figure 4. Sedimentary facies from the studied outcrop. (A) Massive orthoconglomerate facies from Quaternary levels (not the focus of this 
study). (B) Bioturbated and massive sandstone facies. (C) Sandstone with faint horizontal stratification. (D) Mudstones (M), Laminated 
sandstone (Sl), Horizontally-stratified sandstone (Sh), and bioturbated sandstone (Sb). (E) Mudstone with pedogenetic features; note the 
blocky structure (white arrow) and trace fossils with irregular walls (yellow arrow). See Table 1 for facies codes.

Figure 5. Trace fossils from the studied section. (A and B) The Skolithos ichnocoenosis with Skolithos (Sk), Arenicolites (Ar), and Palaeophycus 
(Pa). (C–I) The Taenidium ichnocoenosis with Taenidium (Ta), Beaconites (Be), and Camborygma (Ca) – the yellow arrow indicates the 
lateral chamber. ( J) The Beaconites ichnocoenosis with Skolithos (Sk), Beaconites (Be), and Palaeophycus (Pa).
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bioturbation density in the top of the sand beds suggests that 
the main colonization took place during reduced hydraulic 
energy and sedimentation rate.

The Sand Bar deposits are occasionally interbedded with 
mudstone (M) or locally with fine-grained laminated sand-
stone (Sl). This intercalation is interpreted as representing low 
energy conditions and decantation of mud (M) within proxi-
mal sectors of the floodplain, and crevasse splay deposits (Sl). 
Within these intervals, the former represents a more restricted 
component (in both lateral extension and thickness), exhib-
iting an incipient degree of soil development, as evidenced 
by the density of trace fossils and local blocky structures in 
mudstone deposits (Fig. 4D). In both these mudstones and 
the Crevasse Splays deposits (Sl facies), trace fossils of the 
Taenidium ichnocoenosis occur in low diversity, representing 
a transition between aquatic and terrestrial depositional sys-
tems (Frey and Pemberton 1984). Taenidium, Palaeophycus, 
and Skolithos are commonly found in soft substrates, while the 
walled Beaconites suggest firmground conditions due to local 
subaerial exposure (Savrda et al. 2000, Buatois and Mángano 
2002). The presence of antagonistic wall signatures (soft-
ground for Taenidium and firmground for Beaconites) in the 
same levels attests to the occasional exposure events at the top 
of the Sand Bars and proximal floodplain. The occurrence of 
Camborygma suggests crayfish-dwelling activity in crevasse 
splay deposits (e.g., Hasiotis and Mitchell 1993). The depth 
of Camborygma burrows can serve as an indicator of the water 
table level because its chambers remain submerged during 
colonization (Hasiotis 2007). Thus, the shallow depth of the 
studied Camborygma (maximum 9 cm) suggests colonization 
during a period of high groundwater levels. This characteris-
tic is frequently associated with proximal floodplains where 
the low permeability of deposits is responsible for the poor 

drainage of the profile (Martinsen et al. 1999, Catuneanu 
2006, Batezelli 2017).

The upper levels of the outcrop are dominated by mud-
stone deposits with tabular geometry associated with the FP 
element. The mudstone reflects low energy conditions and 
deposition of fine sediment through decantation in more distal 
settings of the floodplain, and the high bioturbation indexes 
observed and the mottled texture of the material indicate a low 
sedimentation rate associated with probable subaerial condi-
tions (Nichols and Fisher 2007). The low diverse Beaconites 
ichnocoenosis preserved in those mudstones often presents 
traces with irregular walls, interpreted as a result of firmground 
conditions in the substrate, as a result of progressive desicca-
tion of the water body. Although presenting low ichnodiver-
sity, the high bioturbation scale corroborates a scenario of long 
periods of exposure to this reddish level close to the top of the 
outcrop (Buatois and Mángano 2007). 

Typically, active fluvial channels are associated with 
the Skolithos ichnofacies, which are characterized by sim-
ple, vertical, cylindrical burrows primarily attributed to 
Skolithos (Buatois and Mángano 2007). On the contrary, 
ichnofabrics featuring distinct meniscate burrows like 
Taenidium are typically assigned to the Scoyenia ichno-
facies, which represents inactive or abandoned channels 
as well as various overbank settings (Fig. 5). The over-
all absence of structures indicative of frequent subaerial 
exposure (e.g., mudcraks and rhizoliths), the predomi-
nance of softground over firmground ichnocoenoses, and 
the occurrence of Camborygma attest colonization under 
generally humid and possibly flooded conditions (Buatois 
et al. 2020). However, the local occurrence of well-defined 
walls in Beaconites ichnocoenosis suggests sporadic firm 
substrates (Buatois and Mángano 2004), as expected in a 

SB: Sand Bars; CS: Crevasse Splays; FP: Floodplain mudstones. 
Figure 6. Idealized distribution of the ichnocoenoses in the meandering river system represented by Floriano Formation, Resende Basin. 
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meandering fluvial system. The presence of the Scoyenia 
and Skolithos ichnofacies in the Floriano Formation pro-
vides evidence of biological activity during the Miocene in 
meandering rivers in an inferred prevalent humid condition 
due to the dominance of subaqueous ichnocoenoses with-
out evidence of frequent subaerial exposure. 

A recent study dealing with the same unit reported 
Arenicolites, Planolites, and Taenidium (Motta et al. 2023). 
The presence of Arenicolites and Taenidium is here con-
firmed. The horizontal structure attributed to Planolites, 
described as passively filled, would better fit in the diagno-
sis of Palaeophycus (e.g., Pemberton and Frey 1982, Fillion 
and Pickerill 1990). Motta et al. (2023) inferred that the 
deposits of the Floriano Formation were colonized by 
organisms adapted to low humidity and that fluctuation in 
the water table precluded the proliferation of trace fossils. 
However, Motta et al. (2023) only analyzed the interval 
from Sl facies to the upper reddish mudstone level, which, 
in fact, represent transitional subaqueous (our Taenidium 
ichnocoenosis) and subaerial (our Beaconites ichnoco-
enosis) conditions. On the contrary, when considering 
the whole section, our data suggest the predominance of 
generally humid conditions in these paleoenvironments. 
Finally, the authors argued that they made the first report 
of Scoyenia ichnofacies in meandering deposits from Brazil, 
but Sedorko et al. (2020) have already reported this ichno-
facies for Capacete Formation (Cretaceous).

CONCLUSION
The integrated approach of ichnology and facies analysis 

corroborated a fluvial meandering depositional setting colo-
nized under predominantly humid conditions for the Floriano 
Formation (Resende Basin). The identification and classifi-
cation of three dominant ichnocoenoses, namely, Skolithos, 
Taenidium, and Beaconites ichnocoenoses, have revealed colo-
nization patterns, substrate consistency changes, and paleoen-
vironmental conditions of a meandering fluvial environment 
with periods of sediment influx starvation and incipient soil 
formation processes. These ichnocoenoses represent expres-
sions of Scoyenia and Skolithos ichnofacies. Further studies 
focusing on other basins and lithostratigraphic units within 
the CRSB can enhance our understanding of the controls in 
trace fossil distribution in continental settings.
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