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GROUP, EASTERN BRAZIL

JULIANA OKUBO,1 LUCAS INGLEZ,1 GABRIEL J. UHLEIN,2 LUCAS V. WARREN,1 AND SHUHAI XIAO3

1Department of Geology, São Paulo State University, Rio Claro 13506-900, Brazil
2Federal University of Minas Gerais, CPMTC-IGC, Belo Horizonte, 31270-901 MG, Brazil

3Department of Geosciences, Virginia Tech, Blacksburg, Virginia 24061, USA

email: juliana.okubo@unesp.br

ABSTRACT: Microbially induced sedimentary structures (MISS) are abundant in Ediacaran and lower Cambrian
successions. However, the relationship between MISS distribution and facies has not been thoroughly explored in
Ediacaran–Cambrian successions in South America. This study documents the occurrence of MISS and other
potential biogenic structures from the late Ediacaran Serra de Santa Helena Formation in the Bambuı́ Group of
eastern Brazil. This unit overlies the Cloudina-bearing Sete Lagoas Formation and is a mixed carbonate-siliciclastic
succession devoid of macroscopic body fossils. Potential microbial structures include wrinkled structures such as
‘‘elephant-skin’’ and Kinneyia-like textures, as well as pustular structures and abundant positive epirelief discoidal
structures. Another putative biogenic structure is a mm-wide meandering groove resembling a simple locomotion trail
of a small vagile benthic metazoan. Microbial surface textures (i.e., ‘‘elephant skin’’ and Kinneyia-type wrinkles) were
mainly observed in heterolithic deposits, usually at the interface between sandstone and siltstone/shale. On the other
hand, discs show a facies-independent distribution, observed in heterolithic as well as carbonate and marl deposits.
Petrographic analyses of these discs suggest that they have complex origins and some of them may be diagenetic
structures. Thus, while facies may have strongly controlled the preservation of MISS-related structures and textures
in the Serra de Santa Helena Formation, their abundance and diversity in tidal flat deposits indicate the wide
distribution of matgrounds in these shallow marine paleoenvironments. Also, we demonstrate how detailed
description and classification of simple features, such as discoidal structures, is an important task for
paleoenvironmental reconstruction of marine ecosystems at the Ediacaran–Cambrian transition when the microbially
bounded substrates played important roles in the dynamics of coastal environments.

INTRODUCTION

During much of the Proterozoic Eon, low to intermediate energy shallow

marine sediments were sealed by an extensive cover of microbial mats and

biofilms (Bouougri and Porada 2002; Noffke et al. 2002). In siliciclastic

settings, these matgrounds conditioned the development of a whole class of

biosedimentary structures, collectively known as MISS (microbially

induced sedimentary structures, sensu Noffke et al. 1996). Due to the

influence of viscous microbial substances such as extracellular polymeric

substances (EPS), MISS often develop and preserve intricate wrinkled

patterns such as Kinneyia, ‘‘Old Elephant Skin’’ and arumberiamorph

textures (Hagadorn and Bottjer 1997; Gehling and Droser 2009;

Kolesnikov et al. 2012, 2017; Kumar and Ahmad 2014). In addition,

other sedimentological features might be important indicators of microbial

activity in ancient environments, including but not limited to: (1) microbial

gas entrapping structures or gas domes (Bosak et al. 2010; Mata et al.

2012; Knoll et al. 2013); (2) discoidal structures (Gerdes et al. 2000;

Hagadorn and Miller 2011; Taj et al. 2014; Menon et al. 2016; Inglez et al.

2022); (3) ‘‘sand chips’’ (Pflüger and Gresse 1996; Bouougri and Porada

2002); (4) sinusoidal cracks (Bouougri and Porada 2002); (5) multidirec-

tional ripple marks (Noffke 1998); and (6) erosional remnants and pockets

(Noffke 1999).

In late Ediacaran and early Cambrian, benthic motile metazoans

interacted with matgrounds and exploited them for food and possibly

oxygen, disturbing the substrate and/or ingesting mat-laden sediment

(Buatois and Mángano 2011b; Gingras et al. 2011; Buatois et al. 2014;

Mángano and Buatois 2016; Xiao et al. 2019). In this context, microbial

related structures may be associated with the preservation of trace fossils

and other delicate biological structures (Hagadorn and Bottjer 1999;

Bouougri and Porada 2007; Porada and Bouougri 2008; Buatois et al.

2014; Meyer et al. 2014; O’Neil et al. 2020; Droser et al. 2022), making

the identification and interpretation of MISS and related features a key task

to understand their paleoecological relationships, sedimentary processes,

biogenicity, and spatial and temporal distribution.

Discoidal structures are also very common in Ediacaran strata and

usually associated with microbially related structures (Luo et al. 2016;

Menon et al. 2016; Bykova et al. 2017; Bobrovskiy et al. 2018; Inglez et al.

2019, 2022; Ye et al. 2020). However, the interpretation of these

morphologically simple structures should be taken with caution as they

can represent either abiotic- or biotic structures (Inglez et al. 2019).

Depending on their shape, size, and relief, simple discoidal structures have

been interpreted as body and trace fossils of various affinities, ranging

from microbial colonies (Grazhdankin and Gerdes 2007), to macroalgae

(Wang et al. 2017), to holdfast structures of sessile organisms (e.g., form

genus Aspidella, Gehling et al. 2000). Also, several simple plug-shaped

structures, attributed to resting or shallow dwelling burrows (e.g.,

Bergaueria and Conichnus) can be preserved as discoidal features on
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the bedding plane (Pemberton et al. 1988; McIlroy et al. 2005). Finally,

discoidal structures can be generated through abiotic processes, such as

concretion formation (Anderson et al. 2016; Schwid et al. 2021) and fluid

escape (Menon et al. 2016; Inglez et al. 2022).

In the Brazilian Precambrian record, microbial structures have been

described in many sedimentary basins, including different types of

stromatolites and associated structures (Dardenne and Campos Neto

1975; Souza and Müller 1984; Zaine 1991; Sallun Filho and Fairchild

2000; Nogueira et al. 2003; Zucatti Da Rosa 2005; Warren et al. 2014;

Fairchild and Sanchez 2015; Romero et al. 2016). The most studied

Neoproterozoic unit from South America is undoubtedly the Bambuı́

Group in eastern Brazil. Numerous studies on the sedimentology,

stratigraphy, geochemistry, and geochronology of the Bambuı́ provide a

robust geologic background for this unit (e.g., Dardenne 1978; Vieira et al.

2007; Alvarenga et al. 2014; Paula-Santos et al. 2015, 2017; Caxito et al.

2018; Okubo et al. 2018; Caetano-Filho et al. 2019; Uhlein et al. 2019;

Guacaneme et al. 2021). However, despite its likely Ediacaran–Cambrian

age (Warren et al. 2014; Moreira et al. 2020; Tavares et al. 2020), the

scarcity of definitive Ediacaran–Cambrian fossils is notable (Dardenne and

Campos Neto 1975; Fairchild et al. 1996; Fairchild and Sanchez 2015;

Fairchild and Subacius 1986; Sanchez et al. 2018, 2021; Warren et al.

2014). In particular, macrofossils are extremely rare in the Bambuı́ Group.

These are restricted to a few localized occurrences of parautochthonous

skeletal remains of Cloudina sp. and putative Corumbella werneri

fragments (Warren et al. 2014). Recently, an occurrence of putative trace

fossils identified as Treptichnus pedum in association with MISS has been

described in the Três Marias Formation, the uppermost unit of the Bambuı́

Group (Sanchez et al. 2021). Microbial structures are less conspicuous and

generally poorly preserved in predominantly siliciclastic units of the

Bambuı́ Group (Sanchez et al. 2018; Santos et al. 2018; Uhlein et al.

2020), hampering their identification and interpretation.

In this contribution, we present several types of microbially related

structures from the mixed carbonate-siliciclastic platform of the Serra de

Santa Helena Formation, characterized by an extremely positive carbon

isotope anomaly (Middle Bambuı́ Excursion or MIBE; Uhlein et al. 2019)

and one of the less-studied units in the Bambuı́ Group. The presence of

MISS, discoidal and pustular structures, and possible simple trails shed

new light on the paleontological content of this unit that was previously

considered barren of paleobiological data. The presence of distinct

microbial mat-related structures within certain carbonate and siliciclastic

facies is analyzed, aiming at elucidating the relationship between sediment

substrates and microbial communities.

GEOLOGICAL BACKGROUND

The São Francisco Craton (SFC) in central Brazil consists of an

Archean–Paleoproterozoic igneous and metamorphic basement covered by

Meso- and Neoproterozoic mixed siliciclastic-carbonate sequences. The

Bambuı́ Group represents a late Neoproterozoic to early Cambrian

succession deposited directly above the basement or overlying the Paleo-

to Mesoproterozoic metasedimentary units (Fig. 1A). It comprises six

formal lithostratigraphic units (Dardenne 1978) that include, in ascending

order: (1) the Jequitaı́ Formation (diamictite, conglomerate, sandstone, and

shale); (2) the Sete Lagoas Formation (limestone and dolostone); (3) the

Serra de Santa Helena Formation (limestone, siltstone and marl); (4) the

Lagoa do Jacaré Formation (dark limestone and shale); (5) the Serra da

Saudade Formation (green siltstone, shale, sandstone and limestone), and

(6) the Três Marias Formation (arkose, conglomerate, and shale) (Fig. 1B).

The basal Sete Lagoas Formation corresponds to a post-Marinoan cap

carbonate, followed by laminated and cross-laminated grainstone,

laminated microbialite, mudstone, thrombolite with skeletal remains of

Cloudina sp. and simple trace fossils (Santos et al. 2004; Vieira et al. 2007;

Warren et al. 2014; Kuchenbecker et al. 2016; Perrella et al. 2017). The

upper part of this unit comprises trough-cross bedded ooid grainstone,

breccia, and pseudo-columnar and domal stromatolites (Okubo et al.

2020).

The Serra de Santa Helena Formation stands between the carbonate-

dominated Sete Lagoas and Lagoa do Jacaré formations, and it was

interpreted as a transgressive succession related to a basin-wide drowning

event (Dardenne 1978). In many places, including the Januária and

Montalvânia regions in the northern Minas Gerais state (Fig. 1A), the Serra

de Santa Helena Formation encompasses about 200 m thick siltstone and

shale, with sparse occurrences of carbonate, marl, and tabular beds of fine

sandstone (Uhlein et al. 2019). The lower part of the succession is

composed of thinly laminated rhythmite (siltstone and shale), microbial

carbonates, and marl, followed by matrix-rich and fine-grained arkose,

commonly presenting heterolithic bedding. Toward the top of the Serra de

Santa Helena succession, black to gray, pyrite-rich rhythmite with rare

intercalations of marl and microbialite become progressively common

(Iglesias and Uhlein 2009; Uhlein et al. 2019). Microbialite beds and

associated carbonates yield d13C values characteristic of the Middle

Bambuı́ Excursion (MIBE) interval, ranging fromþ7.3 toþ12.5% VPDB

(Uhlein et al. 2019). The presence of mixed carbonate-siliciclastic facies

with local evidence of subaerial exposure (e.g., mudcracks) and salt

pseudomorphs indicates deposition in inter- to supratidal settings under

transitory evaporitic conditions (Uhlein et al. 2019). Domal and columnar

stromatolites, as well as laminated microbialites, have also been described

in the overlying Lagoa do Jacaré Formation (Iglesias and Uhlein 2009;

Fragoso et al. 2011; Santos et al. 2018; Uhlein et al. 2019).

The depositional age of the Bambuı́ Group has been intensely debated in

the past few decades. The basal Sete Lagoas cap dolostone has been

interpreted as early Ediacaran based on the presence of aragonite and barite

fans, negative d13C values, and anomalous D17O values characteristic of

Ediacaran cap dolostone elsewhere around the world (Caxito et al. 2012;

Crockford et al. 2018; Okubo et al. 2018). The middle Sete Lagoas

Formation is substantially younger, because it contains the terminal

Ediacaran index fossil Cloudina (550–538 Ma; Warren et al. 2014) and a

population of detrital zircon grains with ages of ~ 557 Ma (Paula-Santos et

al. 2015). More recently, novel in-situ carbonate U-Pb dating provided

strong evidence for a hiatus between the lower and middle Sete Lagoas

Formation (Caxito et al. 2021). Geochronologic (and/or biostratigraphic)

data constraining the age of the Serra de Santa Helena and Lagoa do Jacaré

formations are rare. But U-Pb dating of volcanic zircon grains from a tuff

layer of the Serra da Saudade Formation yielded an age of 520.26 5.3 Ma,

suggesting an early Cambrian age for the upper part of the Bambuı́ Group

(Fig. 1B; Moreira et al. 2020). Thus, the stratigraphic interval from the

Cloudina-bearing level in the middle Sete Lagoas Formation to the Serra

da Saudade Formation represents at least 35 Myr of depositional history

from the late Ediacaran to the early Cambrian.

From the upper Sete Lagoas Formation to the lower Serra da Saudade

Formation, the Bambuı́ Group presents carbonate rocks showing

anomalously high d13C values (up to þ16% VPDB) as part of the MIBE

(Uhlein et al. 2019). The origin of the MIBE is still enigmatic, but Cui et

al. (2020) emphasized its regional nature and argued for water-column

methanogenesis and subsequent release of 13C-depleted methane to the

atmosphere as the main driver of 13C enrichment of the water column in a

restricted basin (Caetano-Filho et al. 2020; Cui et al. 2020).

MATERIAL AND METHODS

Due to the poor exposure and limited outcrops, this study is focused on

two sections of the middle–upper Serra de Santa Helena Formation at

Pi tarana (14822 047.16 00S, 44823 01.52 00W) and Lontra areas

(15842053.21 00S, 44823020.43 00W) in the northern Minas Gerais state

(Fig. 1C, 1D). Detailed stratigraphic sections (1:50) were logged at both

localities. Sedimentary facies were characterized in the field and samples
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containing MISS, discs, and other putative biotic structures were collected

from both localities. Several samples were collected as floats, and the

following criteria were used to infer stratigraphic orientation or the

probable top bedding surface of the float samples: (1) the infill of sand

cracks, which seems to represent passive infill with material from above;

(2) the association of sand-cracks with sand-infilled domes, which likely

represent plastic deformation features derived from the accumulation of

fluids beneath a cohesive layer (i.e., gas-domes), and (3) the presence of

discs described below as type 4 discs, with depressed rims and elevated

central regions, which seem to represent the counterparts of collapsed

domes. The presence of these features in float samples allowed us to infer

original stratigraphic orientations. As imperfect as this approach may be,

FIG. 1.—Geology of the study area in central-eastern Brazil. A) Simplified geological map of the studied area, showing the two measured stratigraphic sections (Pitarana

and Lontra localities, red stars). B) Generalized lithostratigraphic column of the Bambuı́ Group in the Januária area. The approximate stratigraphic intervals of logged sections

at the Pitarana and Lontra are marked. C, D) Logged stratigraphic sections at Pitarana (C) and Lontra (D), showing sedimentary facies and stratigraphic distribution of MISS

and discoidal structures described in this work. Paleontological and geochronological data are from: (1) Paula-Santos et al. (2015); (2) Warren et al. (2014); (3) Moreira et al.

(2020), and (4) Sanchez et al. (2021). Key: BA ¼ Bahia State; MG ¼Minas Gerais State; SSH ¼ Serra de Santa Helena Formation.
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our observations give coherent results and are consistent with previously

published material of modern and fossil MISS (Porada and Bouougri

2007).

The samples were observed under a stereoscopic microscope and

photographed with a Nikon-D3100 digital camera and a camera arm Kaiser

RTX. Selected samples were sectioned perpendicular to the bedding plane

and polished with carborundum abrasive on a manual grinder. Polished

slabs were scanned on a high-resolution digital scanner (1600 dpi).

Petrographic analysis of polished thin sections was conducted on a

transmitted light microscope, allowing for the characterization of

sedimentary grains and sedimentary structures that formed the basis for

microfacies interpretation.

The samples containing discoidal structures (type 1, SSH-M3 and type

2, SSH-M9) and Type 2 wrinkle structures (SSH-1) were also examined

under an epifluorescence microscope using UV light to assess the presence

of organic matter. Additionally, Raman analysis was performed in the

EMU LabRam Laboratory, São Carlos Institute of Physics, University of

São Paulo (Brazil), on a Raman Spectroscopy System (Horiba LabRam HR

Evolution UV-VIS-NIR). Excitation was provided by a 532 nm laser

focused onto the sample through a 1003 objective. The target for Raman

analysis was carbonaceous material in the same samples analyzed by

epifluorescence.

After epifluorescence microscopy and Raman spectroscopy analyses,

samples of discoidal structures were carbon-coated for electron probe

analysis (EPMA) with energy dispersive X-ray spectroscopy (EDS) and X-

ray wavelength dispersive spectroscopy (WDS). The analysis was

performed at the Department of Geology, São Paulo State University,

Brazil, on a JEOL JXA 8230 superprobe equipped with 5 WDS

spectrometers and a panchromatic cathodoluminescence system (XM-

26730PCL). Elemental and cathodoluminescence maps were acquired at

accelerating voltage of 15keV and probe current of 20 nA in order to

identify major elements: Si (Ka), Al (Ka), Ca (Ka), Mg (Ka), Fe (Ka), and
K (Ka).

The distinct surface textures described in Serra de Santa Helena

Formation (Table 1) were categorized following the protocol of Davies et

al. (2016), indicating the degree of confidence on the biogenicity of the

structures. The descriptions were systematized in two groups, Category A

(abiotic) and Category B (biotic/microbial). Additionally, Category Ba was

assigned for structures with evidence for biotic origin, but an abiotic origin

cannot be ruled out; and Category Ab was for the opposite situation.

Surface textures with a plausible biotic origin, but without clear evidence,

are classified as category ab. The analyzed specimens are housed at the

Department of Geology, São Paulo State University, Rio Claro Campus,

São Paulo, Brazil, and identified by their respective numbers in the figure

captions.

Fresh carbonate samples were selected for carbon and oxygen isotope

analysis. Powders were micro-drilled from discoidal structures (Type 1

discs) and the surrounding matrix, avoiding fractures and veins. Aliquots

of the powders were allowed to react with 100% H3PO4 under He

atmospheric conditions. Carbon and oxygen isotopic compositions of

extracted CO2 were then measured in a Delta V Advantage mass

spectrometer at the LAMIR, Federal University of Paraná, Brazil. Isotopic

results are reported in the conventional delta notation (d13Ccarb and

d18Ocarb) as per-mil deviation from the Vienna Pee Dee Belemnite

(VPDB).

RESULTS

Sedimentary Facies

The Pitarana section (Figs. 1C, 2A, 2B) is a 6.5 m-thick succession in

the upper Serra de Santa Helena Formation, predominantly composed of

cm-to-dm thick tabular beds of laminated marl, sometimes interbedded

with carbonate lenses and black shale. In the middle–upper part of the

section, there occurs a ~ 1.6 m-thick interval of rhythmically alternating

beds of siliciclastic siltstone and shale. Discoidal structures occur

exclusively in the lower part of the measured section, occasionally

associated with wrinkle structures. Despite the limited outcrop available for

study and the monotonous variation of lithotypes (Fig. 1C), it can be

inferred that the facies association represents deposition by settling in

relatively calm waters, probably below the fair-weather wave base in a

mixed carbonate-siliciclastic ramp.

The Lontra section is a 10 m-thick succession of the middle Serra de

Santa Helena Formation (Fig. 1D). It begins with tabular medium-grained

cross-bedded sandstone interbedded with rare hummocky and swaley

cross-stratified fine sandstone. In the middle part of the measured section,

medium- to fine-grained quartz sandstone is interbedded with yellowish to

reddish laminated siltstone. Beds of wave-rippled sandstone (Fig. 2C), fine

siltstone, and shale often show heterolithic bedding and mud cracks (Fig.

2D), and a variety of wrinkled and pustular textures (Fig. 3) occur in this

interval. Near the top of the measured section, tabular beds of immature

sandstone are interbedded with shale where abundant mud cracks are

found.

Sedimentary structures at the Lontra section suggest deposition in a

tidally influenced setting in which cross-bedded sandstone deposited in

subtidal channels grades into heterolithic facies in intertidal settings. Fine-

grained facies with mud cracks are interpreted as muddy deposits of inter-

to supratidal flats, subjected to periodical subaerial exposure (Fig. 1D).

Thus, the siliciclastic facies from the Lontra succession were interpreted to

have been deposited in shallower conditions than the marl and rhythmite

from the Pitarana succession. Overall, the general stacking pattern suggests

a deepening succession for the middle to the upper part of the Serra de

Santa Helena Formation in the study area (see Uhlein et al. 2019 for further

explanations).

Sedimentary Surface Textures

Wrinkle Structures and Associated Textures.—Wrinkled surfaces

are the most common type of sedimentary surface textures observed on the

bedding planes in the lower and middle parts of the Pitarana section and in

the middle part of the Lontra section. They are found in heterolithic

deposits, marked by the intercalation of cm-scale, fine to very fine

sandstone layers, and mm-scale, discontinuous siltstone laminae, with

occasional mudstone intraclasts.

Wrinkle structures were observed either at the top (epirelief) or bottom

(hyporelief) of beds and can be generally divided into three distinct

morphological categories. Type 1 wrinkles are mostly observed on the

rippled or planar surface of fine sandstone beds and are characterized by

millimeter-scale, densely distributed pits and flat-topped domes (Figs. 2C,

3A–3C), resembling ‘‘honeycomb texture’’ pattern (Hagadorn and Bottjer

1999; Porada and Bouougri 2007). Type 2 is recognized on an undulated

surface at the top of very fine, centimeter-thick sandstone beds and is

marked by sub-centimetric bulges and depressions, sometimes with a

slightly aligned pattern (Fig. 3D–3F). Type 3 occurs either as epi- and

hyporelief features, associated with thin veneers of micaceous siltstone.

This type of wrinkle structures is best preserved at the bottom of beds and

is characterized by a very delicate crinkled texture, with sub- to millimeter-

size bulges and grooves (Fig. 4A–4C), or occasionally aligned patterns

(Fig. 4D–4F). At the upper bedding surface, this pattern is marked by

delicate ridges, separated by submillimeter-scale, near-circular depressions.

Co-occurrence of Types 2 and 3 was observed on intercalated surfaces

within heterolithic beds.

In cross-section, beds bearing Type 1 wrinkles do not show any

prominent features and are characterized by well-sorted, very fine

sandstone mostly composed of angular grains of quartz. However, slabs

of heterolithic beds show that Type 2 texture is often marked by disrupted
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and plastically deformed lamination. Type 2 wrinkling pattern at the

surface of these beds is marked by a laterally continuous lamina of fine-

grained sediment, presenting crinkly and wavy aspects. Under the

microscope, thin sections containing Type 2 texture show millimeter-scale

layers of clean quartz silt or well-sorted, very fine to fine-grained quartz

sand interbedded with thin layers of dark-colored mud (Fig. 5A–5C). The

dark muddy layers are brownish in color under epifluorescence microscopy

(Fig. 5D). Raman analysis of the dark muddy layers was compromised by

their fluorescent nature, possibly due to the presence of clay minerals. The

micrometer-scale lamination of the dark layers is characterized by a well-

defined crinkling pattern (Fig. 5A), often showing cuspate or flame-like

microstructures (Fig. 5A, 5B). Quartz grains are mostly angular and are

randomly oriented. Platy phyllosilicate minerals are predominantly

oriented parallel to bedding, sometimes following the crinkly laminated

structures observed in thin sections (Fig. 5C).

TABLE 1.—Microbially induced sedimentary structures of the Serra de Santa Helena Formation, Bambuı́ Group.

Structure type Description Interpretation

Wrinkle structures

(Ba or B)

Type 1–Millimeter-scale, densely distributed pits and flat-topped domes (Figs. 2C, 2D, 3A–

3C), resembling a ‘‘honeycomb texture’’ pattern. They are preserved at flat or rippled bed

surface of fine-grained sandstone.

Small-scale load casts forming pitted pattern

resulted from biostabilization of sandy

substrates by endobenthic mats

Type 2—Sub-centimetric bulges and depressions, sometimes distributed with a slightly

aligned pattern as seen on top of an undulate surface on the top of very fine cm-thick

sandstone bedding planes (Fig. 3D). In cross section, they present well-defined borders and

pronounced convex tops and flat bottoms (Fig. 3E), occasionally marked by disrupted and

flexibly deformed lamination. At the micrometer-scale, lamination is characterized by a

well-defined crinkling pattern (Fig. 5A), often showing cuspate or flame-like geometry

(Fig. 5A, 5B). Quartz grains are mostly angular and randomly oriented, while platy

phyllosilicate grains are predominantly oriented parallel to bedding, often following the

crinkly laminated structures (Fig. 5C).

Small-scale load casts forming pitted pattern

with occasional sand cracks resulted from

biostabilization of sandy substrates by

endobenthic mats

Type 3—Millimetric to submillimetric bulges and grooves distributed at the top of micaceous

siltstone beds with a reticulate (Fig. 4A–4C), or sometimes aligned pattern (Fig. 4D and

E). Also observed as submillimetric epirelief ridges and near-circular depressions at the

bottom of beds. The Type 3 wrinkle structures are marked by delicate crinkled texture in

cross section.

Reticulate pattern associated with the

colonization of the surface by epibenthic

mats

Pustular and discoidal

structures (A or Ab)

Type 1—Subcircular or slightly elongate to irregularly shaped epirelief mounds preserved

within a 3-5 mm thick light-colored carbonate bed, intercalated with dark, thinly laminated

mudstone/marl deposit. Mounds range from 6 to 10 mm in diameter, and are preserved as

solitary or clustered individuals with mutually deformed margins (Fig. 6A). These

structures are 0.37 mm high (mean vertical relief). Locally marked by a slight central

depression. In cross section, no clear lateral boundary is observed between the discs and

the light-colored bed in which they occur (Figs. 6B–6D). The lower surface of this bed is

often undulated, showing symmetric crests and throughs (Fig. 6B). The light-colored bed is

composed of carbonate matrix with scattered opaque minerals. Opaque minerals are also

common in the discs-bearing bed, interpreted as partially oxidized framboidal pyrite

crystals (Fig. 7C–7E).

Selective cementation of the disc-bearing beds

during early diagenesis

Type 2—Isolated or clustered epirelief domes (Fig. 8A and B) or hyporelief depressions (Fig.

8C) in marl facies. They range from 4 to 9 mm in diameter (mean diameter of 5 mm), and

0.1 mm high (mean vertical relief, n ¼ 88). Domes are infilled with light-colored calcite

microspar, greatly contrasting with the dark-gray mudstone sediment above and below (Fig.

8D–8H). They are observed both as discrete (Fig. 8D) or laterally connected individuals in

cross section (Fig. 8E). Locally, laminae above and below the discs are deformed (Fig. 8D

and E). Small patches of pyrite crystals occur near the margin of the discoidal structures

(Fig. 8G, 8H). Carbonaceous material is detected both within the discoidal structures and

in underlying bed (Fig. 9C, 9E).

Entrapment and accumulation of fluids

produced by the decay of the buried mat

underneath a cohesive microbial mat

surface. These discoidal structures are

somewhat similar to Intrites and Nimbia

(Menon et al. 2016; Néraudeau et al. 2018)

Type 3—Circular or semi-circular features preserved in marl facies as positive epirelief discs.

They are marked by pronounced raised margins and depressed central regions forming

either a ‘‘C’’ or ‘‘Donut’’-shaped structures ranging from 0.8 to 1 cm in diameter (Fig.

11A). Inner depressions show a mean diameter of 0.45 mm. Usually observed as isolated

structures, they occasionally form clusters of up to 2 or 3 individuals. Clustered discs can

be coalesced or mutually deformed.

Type 4—Elliptical structures with a mean diameter of 0.4 cm (ranging from 0.3 to 0.5 cm),

showing slightly raised margins and a wide flat central area (Fig. 11B). Discs are preserved

as epirelief features in top of fine-grained sandstone beds, occurring either isolated or

connected with each other, forming a chain-like pattern with their long axes aligned (Fig.

11C). Vertical cross sections do not reveal any structure in depth.

Simple trail (Ba or B) Elongate, rectilinear to curved negative epirelief groove flanked by raised margins (levees) at

one terminal end (Fig. 11D) in a fine-grained sandstone. Preserved in the same bed as the

Type 4 ellipsoidal structures, both linear groove and the elongation axes of discs are

approximately parallel to the throughs of ripple marks.

Possible interpretations include sinusoidal

cracks analogous to ‘‘Manchuriophycus’’,

the probable pseudo trace fossil

Vaqueiroichnus stewarti (McMenamin

2016) or a simple trail within the

morphological spectrum of Helminthopsis-

Archaeonassa
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Discoidal Structures.—Discoidal structures are abundant at several

levels of the studied interval and were identified in different facies

associations (cross-laminated fine sandstone, laminated siltstone, and marl)

at both sections. The described structures show considerable morpholog-

ical and size variations and can be classified into four distinct categories

(Types 1–4; Figs. 6–10, 11A–11C). Type 1 discoidal structures are

subcircular to elongate to irregularly shaped mounds preserved on the top

surface (positive epirelief) of a thin (~ 2 mm) light-colored carbonate bed

intercalated with dark, thinly laminated mudstone/marl layers, in the lower

part of the Pitarana section (sample SSH-M3; Figs. 1C, 6A). They range

from 6 to 10 mm in diameter, occurring either as solitary structures or in

clusters containing up to three individual protrusions. Occasionally, there is

either a slight depression or a protuberance in the central part of the

structure. Closely packed mounds are often deformed near their touching

margins, and some larger, irregularly shaped structures seem to have

resulted from the merging of two or more individual discs (Fig. 6A). Under

the microscope, the lower surface of the disc-bearing bed is smooth and

undulate, showing symmetric crests and troughs in profile (Fig. 6B) and

the discs have a vertical relief of 0.37 mm (range¼ 0.26–0.45 mm, n¼ 6).

Carbonate carbon isotope compositions are similar between the disc-

bearing bed (d13Ccarb ¼þ5.9 % VPDB) and the underlying dark-colored

sediment (d13Ccarb ¼þ5.3 % VPDB; Fig. 6B).

There are no clear boundaries between the discoidal structures (Fig. 6B–

6E); in fact, the discoidal structures form a continuous bed that is underlain

and overlain by dark-colored matrix (Fig. 6B–6D). The disc-bearing bed is

composed of light-colored carbonate sediments and cement, with

disseminated opaque minerals (Figs. 6B–6D, 7A, 7C). No epifluorescence

was identified within these discoidal structures or in the matrix (Fig. 7A,

7B). The opaque minerals in the disc-bearing bed occur as small reddish

sub-spherical aggregates, ranging from 10 to 20 lm in diameter (Fig. 7C–

7E). They probably represent scattered iron oxide/hydroxide pseudo-

morphs after the oxidation of framboidal pyrite, based on the distribution

of Fe (Fig. 7D–7F). Back-scattered images and EDS data reveal euhedral

pyrite and iron oxide, with residual pyrite dispersed in a matrix composed

of calcite and scattered quartz grains (Fig. 7E, 7F).

Cathodoluminescence and elemental maps do not show any boundary

between the disc-bearing bed and the infilling of the mounds, and both seems

to be composed of homogeneous calcite cement with microspar morphology.

Immediately overlying the discs there is a thin lamina, which is enriched in Si,

Al, Fe, and Mg, indicating the presence of clay minerals (Figs. 6E, 7B, 7F).

Type 2 discoidal structures are relatively small subcircular domes that

range from 4 to 9 mm in diameter (n¼ 88, mean diameter of 5 mm) and

typically have a central depression (Fig. 8A–8C). They are preserved as

either positive epirelief (Fig. 8B) or negative hyporelief (Fig. 8C), with a

vertical relief of 0.1 mm (range ¼ 0.09–0.16 mm, n ¼ 16). Although the

discs are often isolated from each other, they may form localized clusters,

with closely spaced domes showing deformed margins and poorly defined

boundaries (Fig. 8B), similarly to those observed in Type 1 discs (Fig. 6A).

FIG. 2.—Field photographs of the Pitarana section and sedimentary structures of the Lontra section. A) Studied outcrop of the Serra de Santa Helena Formation at the

Pitarana section. B) Detail of A showing interbedded massive and laminated marl. C) Ripple marks in fine sandstone at the Lontra section. Top bedding surface view. D)

Siltstone with polygonal mud cracks and wrinkled pattern at the Lontra section. Bottom bedding surface view. Rock hammer (A, B) is 25 cm long and coin (D) is 2 cm in

diameter.
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Interestingly, these disc-bearing surfaces are marked by a distinct positive-

relief reticulate to irregularly shaped pattern that seems to connect the

discs. The discs have a greater positive relief than the reticulate pattern

(Fig. 8B). In cross-section, most individual domes show a flat lower surface

with a sharply defined boundary (Fig. 8D–8F), which separates the discs

from underlying sediment (Fig. 8G, 8H). One slab sectioned perpendicular

to the bedding plane revealed lensoidal structures (Fig. 8E, white arrow)

that are similar in composition to the discoidal structures exposed on the

slab upper surface (Fig. 8E, yellow arrows). However, these lensoidal

structures have a flat top and a convex-downward bottom (Fig. 10C, 10D).

Domes are infilled with light-colored calcite microspar, which greatly

contrasts with the sediment above and below (Figs. 8D, 8F–8H, 9A, 9C–

9D). This sediment consists of gray mudstone layers rich in scattered sand

and silt-sized quartz and mica grains, which are interbedded with black

organic-rich laminae (sample SSH-M9, Fig. 8D, 8F, 8G). No vertical

tubular structures or convex down lenses were observed within the discs

(Fig. 8D, 8E, 8F), but there are some fractures cutting the infilling

vertically (Fig. 9D). No epifluorescence was identified within these

discoidal structures or in the matrix (Fig. 9A, 9B). However, Raman

spectroscopic analysis shows that carbonaceous material is present in both

the discoidal structure and underlying layer (Fig. 9C, 9E).

Elemental maps show that the matrix is enriched in Mg, Si, Al, and K,

whereas the disc is homogeneous and Ca-rich (Fig. 10E). In other words,

the disc is predominantly calcitic in composition with some silicate

FIG. 3.—Wrinkle structures in the Serra de Santa Helena Formation. A–C) ‘Honeycomb’ texture (Type 1) in very fine sandstone (A, B) and coarse siltstone (C) from the

Lontra section. All are floats but probably top bedding surface views. D) Sub-centimetric bulges and depressions, sometimes with a slightly aligned pattern associated with

mm-scale sand cracks (Type 2). Yellow arrows indicate sand cracks. Float but probably top bedding surface view. E) Cross-section of D (section 10–20) showing bulges and

surficial sand cracks. F) Cross-section of D (section 30–40) showing small-scale load structures (yellow arrows). Coin (A–C) is 2 cm in diameter.
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FIG. 4.—Type 3 wrinkles in siliciclastic facies of the Serra de Santa Helena Formation. A–C) ‘Elephant-skin’ texture in siltstone (A) and fine-grained sandstone (B, C) from

the Lontra section. All are floats but probably top bedding surface views. D) Millimetric ridges and grooves preserved in fine-grained sandstone at the Lontra section. Note

mat chips in lower right (black arrows). Float but probably top bedding surface view. E) Detail of D showing Arumberia-like structure. Parallel alignment of grooves is

denoted by white dashed line. F) Cross-section of D (10–20) showing disrupted laminae (black arrows) of fine-grained sediment overlain by sandstone. Float but upper surface

probably represents top bedding surface.
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Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/38/4/188/5840717/i1938-5323-38-4-188.pdf
by Virginia Tech user
on 03 May 2023



minerals (as shown by the Si map) and the matrix is composed of dolomite,

quartz, and phyllosilicates.

Type 3 discs show a donut or more rarely C-shaped morphology and

occur on top of dark-colored marl beds (Fig. 11A). They are 0.8–1.0 cm in

diameter and have a raised margin surrounding a central depression (~
0.45 cm in diameter; Fig. 11A). They are usually found scattered on the

bedding plane, but a dense aggregate is seen to occupy a localized area of 2

to 2.4 cm2 (Fig. 11A, upper left). When aggregated, discs are observed to

deform each other or coalesce into more irregular structures (Fig. 11A,

upper left).

Finally, Type 4 discoidal structures were observed either at the top or at

the bottom surface of very fine micaceous sandstone at the Lontra section.

FIG. 5.—Petrographic thin-section photomicrographs under parallel polarized light and interpretive diagrams of Type 2 wrinkle structures from siliciclastic facies of the Serra

de Santa Helena Formation at the Lontra section. A) Fine-grained sandstone preserving crenulated/crinkled microlaminae, showing cuspate or flame-like microstructures (white

arrow). Stratigraphic up-direction unknown. B) Section transverse to wrinkle structures showing several mud-sand-mud triplets and a cuspate or flame-like microstructures (white

arrow). C, D) Bright-field light microscopic image (C) and corresponding epifluorescence microscopic image (D) detailing the mud-sand-mud triplets. Yellow arrows in C mark

quartz grains, which seems to be randomly oriented. Red arrows in C mark phyllosilicate minerals that are predominantly parallel to the bedding. In D, quartz grains in fine-

grained sandstone show green epifluorescent color whereas microbial laminar are brownish in color (white arrow). E, F) Schematic comparison between small-scale load

structures and wrinkle structures (Kinneyia), modified from Porada et al. (2008); (E) load structures with downward protrusions of sandstone (light yellow) or coarse siltstone

(dots) into underlying mudstone (maroon). Individual loads are separated by sharp-crested ridges in underlying mudstone; (F) wrinkle structures (Kinneyia) with upward

protrusions of sandstone or coarse siltstone into overlying siltstone or mudstone. Note the flat contact with overlying tabular bed (mudstone in E or sandstone in F).

!
FIG. 6.—Type 1 discoidal structures from the Serra de Santa Helena Formation at the Pitarana section. A) Discoidal structures on a top bedding plane. Note that some discs

show a small irregular hollow at the center of structure. B) Cross-section of discoidal structures (dashed line in (A) showing persistent lateral continuity between discs. Carbon

isotope values of a discoidal structure and underlying sedimentary matrix are marked on the figure. Stratigraphic up-direction on top. C, D) Parallel- (PPL) and cross-polarized

(XPL) light microscopic images of B. E) Cathodoluminescence (CL) and elemental maps of area marked by rectangle in B, showing no prominent boundaries between

discoidal structures. Elements are marked in lower left of each panel.
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The discs range from 0.3 to 0.5 cm in diameter, and show a subcircular to

elliptical morphology. In epirelief, they are characterized by a wide and flat

central area surrounded by a relatively thin and raised margin. When

observed in hyporelief, the margin is marked by a discrete subcircular

groove. The discs are often coalesced with each other to form a chain-like

feature (Fig. 11B, 11C). Cross-sections did not reveal any distinctive

internal structures associated with this type of disc, which indicate that the

discs and the matrix are both composed of very fine-grained sandstone.

Meandering Groove as a Possible Trace Fossil.—A poorly preserved

curved to meandering groove (Fig. 11C–11D) is present on the top surface

of a fine sandstone bed bearing ripple marks, wrinkle structures, and Type

4 discoidal structures. At one terminal part of the structure, the shallow

groove is flanked by raised margins (Fig. 11D), resembling lateral levees

and possibly indicating active sediment displacement. Interestingly, the

slab illustrated in Figure 11C shows a slightly undulate surface with a

pattern that may indicate former ripple marks partially levelled by the

colonization of epibenthic mats (see Noffke et al. 2002 for similar

examples). The groove structure and the elongation axes of ellipsoidal

structures (Type 4 discs) are both oriented parallel to the troughs.

DISCUSSION

Determining the biotic versus abiotic origin of bedding-surface textures

is not an easy task (Hagadorn and Bottjer 1997, 1999; Thomas et al. 2013),

although several criteria have been proposed (see Davies et al. 2016;

Noffke 2009, 2018; Noffke et al. 2002, among others). One well-accepted

protocol was originally proposed by Noffke (2009), who outlined

diagnostic characteristics of MISS. According to Noffke (2009), (1) MISS

must occur in sedimentary rocks that experienced no more than low-grade

metamorphism; (2) MISS commonly occur at regression-transgression

transition in stratigraphic sections; (3) microbial mats develop and become

preserved under specific hydraulic and depositional conditions; (4) the

distribution of MISS is not random, but it reflects the average hydraulic

pattern in a defined area; (5) the geometries and dimensions of MISS must

correspond to modern examples; and (6) MISS represent, were caused by,

or are related to ancient biofilms or microbial mats, identified in thin

sections as wavy crinkled laminae and filament-like textures, often in

association with framboidal pyrite. Because abiotic processes may create

patterns mimicking true MISS, the biotic versus abiotic interpretation of

MISS-like structures should be built on multiple lines of evidence

combining paleoenvironmental, lithological, macrostructural, textural,

geochemical, and mineralogical data (Hagadorn and Bottjer 1997; Noffke

2009, 2021; Noffke et al. 2022).

According to Noffke et al. (2022), MISS are defined into five classes

reflecting the dominant microbial activity that governs the formation of the

structures: (1) structures caused by growth; (2) structures caused by

biostabilization; (3) structures caused by baffling and trapping; (4)

structures caused by binding; and (5) structures caused by the interference

of all above-mentioned microbial activities.

Wrinkle Structures

Interpretive classifications of microbially related textures, such as

wrinkle marks, often take into consideration their taphonomic and

ecological significance (Gerdes et al. 2000; Noffke 2018). Type 1 and

Type 2 wrinkles are preserved on top of very fine sandstone and

occasionally in sandstone intercalated with siltstone veneers (Fig. 3A–

3D). They resemble patterns of honeycomb textures, which is sometimes

considered within the morphological spectrum of Kinneyia-like struc-

tures (Porada and Bouougri 2007; Porada et al. 2008). These features

have been considered as the record of small-scale load casts developed in

sandstone and siltstone deposits due to rapid sediment deposition over a

biostabilized substrate (Porada et al. 2008). Indeed, cuspate and flame-

like structures of millimeter-scale were observed in vertical cross-sections

of heterolithic beds containing Type 2 wrinkles (Fig. 5A, 5C). Also,

small-scale surficial sand cracks can occur in association with these

textures (Fig. 3D), and both features can be explained by the enhanced

cohesiveness of these deposits due to sediment binding by endobenthic

mats in higher energy settings within the intertidal zone. In modern

environments, these shallow intrastratal communities can develop during

latency periods of few hours associated with daily tide related

hydrodynamic variations (Noffke 2010).

Microbial binding is controlled by sedimentary parameters and produces

structures such as reticulate patterns with centimeter- to millimeter-scale

ridges and tufts (Gerdes et al. 2000; Shepard and Sumner 2010). In-situ

preservation of microbial mats requires a pause in sedimentation, during

which the mat develops, and the deposition of fine-grained sediment that

drapes the mat surface and replicates the mat fabrics (Noffke et al. 2022).

These microbial-sedimentary processes likely contributed to the formation

of Type 3 wrinkles, which are marked by greater morphological details and

are characterized by reticulate patterns similar to elephant skin textures

(Fig. 4A–4E). They occur in association with millimeter-scale laminae of

siltstone and claystone within heterolithic deposits, probably representing

the record of more mature epibenthic mats that developed during longer

latency periods within the supratidal zone (Noffke 2010; Cuadrado et al.

2014).

!
FIG. 8.—Type 2 discoidal structures from the Serra de Santa Helena Formation at the Pitarana section. A) Top bedding surface view of marl, showing several cm-sized discs

scattered in the bedding surface. B) Detail of Type 2 discoidal structures locally forming clusters (black arrow). Top bedding surface view. C) Bottom bedding surface view of

negative hyporelief characterized by locally connected shallow impressions with central knobs or ridges. D) Cross-section showing the distribution of discoidal structures

within the same bed. Discoidal structures have a convex-up top and a flat base, with overlying sediment layer warping around the discoidal structures. Stratigraphic up-

direction on top. E) Vertically cut and polished slab showing two distinct disc-bearing beds, separated by alternating thin layers of dark- and light-colored sediments. The

upper bed contains isolated discs with a convex-up top and a flat base (yellow arrows), whereas the lower bed contains discs with a flat top and convex-down base (white

arrow). These two disc-bearing beds are detailed in Figure 10. F) Close-up of area marked by rectangle in D, showing discs between thin layers of marl with silt grains (grey

layers). G) Close-up of area marked by rectangle in F, showing the terminal edge of a discoidal structure. Note that overlying sedimentary laminae warp around the discoidal

structure. H) Close-up of area marked by rectangle in G, showing that the discoidal structure is composed of a light-colored cement-dominated material, and the sediment

above and below is dark-colored. The lens cap in (A) is 5 cm in diameter and the coin in (C) is 2 cm in diameter. Key: gml¼gray mudstone layer; bol¼black organic laminae.

 
FIG. 7.—Type 1 discoidal structures from the Serra de Santa Helena Formation at the Pitarana section. A, B) Close-up views of area marked by the left rectangle in Figure

6C. Bright-field light microscopic image (A) and corresponding epifluorescence microscopic image (B), showing the upper surface of the disc-bearing bed and the overlying

thin lamina. C) Small reddish spherical structures dispersed in the calcite matrix (labeled arrows C1–C4, with magnifications in lower left panel), possibly representing

oxidized pyrite framboids. D, E) Back-scattered (BSE) images of oxidized pyrite framboids, which have bright colors due to the presence of iron. Rectangle in D marks area

shown in E; (E) Pyrite and iron oxide with residual pyrite in a calcitic matrix with some quartz grains. F) EDS spectra of areas marked in B and E, representing a clay layer

overlying discoidal structures in B (EDS 1) and the presence of pyrite, iron oxide, calcite, and quartz in E (EDS 2).
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Discoidal Structures

The four types of discoidal structures investigated in this study have

similar size ranges, and can occur as negative hyporeliefs (Type 2) or

positive epireliefs (Types 1, 2, 3, and 4). Despite their general discoidal

geometry, these structures show a certain degree of morphological

variation, sometimes showing an irregular or elongate morphology (e.g.,

Types 1 and 4). When densely distributed, these morphological variations

seem to result from either mutual deformation or the partial merging of

closely spaced structures (Figs. 6A, 8B, 10A, 10B).

Type 1 discs (Figs. 6, 7) are preserved exclusively in carbonate and marl

facies. Although these discs are superficially similar in size, shape, and

relief to Ediacaran macrofossils such as Beltanelliformis (Saint Martin and

Saint Martin 2018), Nemiana (Ivantsov et al. 2014), and Nimbia

(Néraudeau et al. 2018), they are more likely to be early diagenetic

concretions resulting from differential cementation (Schwid et al. 2021).

Unlike Beltanelliformis and Nemiana, Type 1 discoidal structures are

preserved as positive epirelief features, and do not preserve concentric

folds or wrinkles that could indicate the presence of an organic wall

(Ivantsov et al. 2014). In vertical cross-sections, there are no discernable

boundaries between these structures; instead, they form a continuous bed

consisting of light-colored carbonate sediments and cements (Fig. 6B–6E).

Finally, carbonate material from the discoidal structures and underlying

sediment has similar d13C values (Fig. 6B), indicating a common source of

alkalinity for carbonate precipitation. These observations indicate that,

although Type 1 discoidal structures resemble early diagenetic concretions

on bedding surface view, they do not form discrete structures in vertical

cross-section views; thus, the disc-bearing layers were probably cemented

during early diagenesis, prior to the cementation of underlying and

overlying layers. The early diagenetic cementation was probably facilitated

by microbial activities (e.g., microbial sulfate reduction), as suggested by

the presence of oxidized pyrite framboids (Fig. 7C–7E).

Type 2 discoidal structures (Figs. 8–10) are filled with light-colored

carbonate material (with calcite and organic matter) in sharp contrast with

the dark-colored host rock (with dolomite, siliciclastic material, and

organic matter) (Fig. 9E). The warping microlaminae above and below the

discoidal structures (Fig. 8D, 8F) indicate that lithification of the discs

predated sediment compaction. Terrigenous or carbonate mud may have

FIG. 10.—Parallel- (PPL) and cross-polarized (XPL) light microscopic images, back-scattered electron (BSE) microscopic image, and elemental maps of thin section

prepared from slab illustrated in Figure 8E, showing the upper and lower beds bearing Type 2 discoidal structures from the Serra de Santa Helena Formation at the Pitarana

section. A, B) Parallel- and cross-polarized light microscopic images of the upper disc-bearing bed. C, D) Parallel- and cross-polarized light microscopic images of the lower

disc-bearing bed. E) Elemental maps and BSE image of the discoidal structure marked in A.

 
FIG. 9.—Type 2 discoidal structures from the Serra de Santa Helena Formation at the Pitarana section. A, B) Close-up views of area marked by rectangle in Figure 8D.

Bright-field light microscopic image (A) and corresponding epifluorescence microscopic image (B) showing the contact between a discoidal structure and the host rock. C, D)

Close-up views of areas marked by rectangles in Figure 10A; (C) cross-section showing the flat lower boundary of a disc and the sharp contact between the disc and the

surrounding rock. Raman spectroscopic analyses were carried out on the marked spots; (D) parallel-polarized light microscopic image showing a fracture cutting the discoidal

structure and filled with brownish material containing carbonaceous material (CM). E) Raman spectra corresponding to spots marked C and D. Note that carbonaceous

material is present within the disc and in the matrix.
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acted as nuclei for cement precipitation, but they are not abundant. The

interpretation is consistent with the abundance of calcite cement in

discoidal structures (Fig. 10). The presence of patches of Fe oxides

(interpreted as oxidized pyrite; Fig. 8G, 8H) near the boundary between the

discoidal structures and the matrix is reminiscent of pyrite rims that may be

present in some carbonate and chert concretions (Raiswell and Fisher

2000; Xiao et al. 2010). It is possible that lithification of the discoidal

structures was driven by anaerobic oxidation of organic matter by sulfate

reducing microbes during early diagenesis (Raiswell and Fisher 2000).

Sulfate reduction coupled with pyrite precipitation can enhance pore-water

alkalinity, thus promoting carbonate precipitation and the lithification of

these discoidal structures (Canfield and Raiswell 1991; Visscher and Stolz

2005). Thus, we favor an abiotic origin for Type 2 discoidal structures (i.e.,

they do not represent holdfasts or other macroscopic organisms), although

their formation may be related to the build-up of gases derived from

organic matter degradation beneath a thin veneer of cohesive mat-

sediment, and their preservation may have been facilitated by early

lithification induced by microbial processes such as microbial sulfate

reduction. Thus, this type of discoidal structures corresponds to

biostabilization Type 2 of Noffke et al. (2022).

FIG. 11.—Discoidal structures and simple trails from the Serra de Santa Helena Formation at Lontra section. A) C- and donut-like discoidal structures (Type 3), showing an

incomplete or a complete ring around a central depression. Note that discs occasionally deform each other or coalesce into more irregular structures (black arrow). Top

bedding surface view. The coin is 2 cm in diameter. B) Close-up of C, showing Nimbia-like discoidal structures (Type 4) with a central flat area surrounded by a raised circular

margin. The discs are preserved on the top bedding surface of fine sandstone and occur individually or in aggregates. C) Slightly rippled bedding surface containing wrinkles

and discoidal structures (black arrows). Labeled rectangles mark areas shown in B and D. Top bedding surface view. D) Close-up of C, showing a possible trace fossil with

slightly raised margins tentatively interpreted as lateral levees (black arrow).
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Type 3 discoidal structures (Fig. 11A) are characterized by a central

depression, which may represent the collapsed conduit through which fluid

escaped during sediment compaction (Dornbos et al. 2007; Callow et al.

2011; Menon et al. 2015, 2016; Inglez et al. 2022). Although this

interpretation needs to be further tested with petrographic observation in

thin sections, as has been done for Type 2 discs (Figs. 8–10), it is possible

that fluids were trapped under well-developed biofilms or a thin cohesive

layer covering the bedding surface, and they were forced to escape during

sediment compaction.

Type 4 discoidal structures (Fig. 11B) are superficially similar to Nimbia

(Néraudeau et al. 2018) in the presence of a flat central area surrounded by

a thin circular rim. However, their morphology is more variable than

Nimbia, since some specimens are elongate, irregular, and distributed on a

chained-like pattern. Thus, these features are more likely to represent

partially collapsed gas domes, developed by the accumulation of fluids

derived from microbial metabolic processes beneath epibenthic mats.

Given the delicate nature of these surficial textures and since the

siliciclastic deposits are usually considered less prone to early cementation

when compared with carbonate deposits, the flattened morphology of these

discs may indicate poorer preservation of otherwise similarly developed

features such as Types 2 and 3 discs.

Putative Trails or Sinusoidal Cracks?

Shallow epirelief grooves with a curved to loosely meandering

morphology (Fig. 11C, 11D) are somewhat similar to simple trails produced

by epibenthic invertebrates (Jensen 2003; Buatois and Mángano 2011a;

Gehling and Droser 2018). Their preservation on the top of sedimentary

beds, as well as their raised margins, seemingly suggests active displacement

of sedimentary material by a passing animal (Knox and Miller 1985; Jensen

et al. 2005). Given the presence of putative lateral levees, a reasonable

comparison can be made with ichnotaxa such as Helminthopsis isp. with a

possible gradation to Archaeonassa fossulata at its terminal part.

On the other hand, the relatively abrupt turns (nearly 908; Fig. 11D) are

rather unusual for meandering trails produced by vermiform animals

(Buatois and Mángano 2016), although a putative trace fossil described as

Vaqueroichnus stewarti from the Neoproterozoic Mina el Mesquite

Formation in Mexico (McMenamin 2016) also shows abrupt turns of

approximate 908 to 1208. Because there is only a single available specimen

that is morphologically simple, a critical assessment of alternative

interpretations must be taken before further paleoecological and paleoenvir-

onmental inferences are made. Sinusoidal cracks associated with cohesive

sandy sediments due to the presence of EPS-rich microbial mats (Harazim et

al. 2013; W.J. McMahon et al. 2017) can resemble the linear structure found

in the Serra de Santa Helena Formation. These features, which can be

preserved as curved grooves on top of sedimentary beds, are preferentially

orientated parallel to the crests and troughs of rippled surface (Seilacher

2007). Indeed, similar sinusoidal cracks were originally reported as biogenic

structures and often referred to as ‘‘Manchuriophycus’’ (Seilacher 2007; S.

McMahon et al. 2017). Thus, it is possible that trail-like structure from the

Serra de Santa Helena Formation may be considered broadly as microbially

induced sedimentary structure. This interpretation is consistent with the co-

occurrence of the trail-like structure with elephant skin-type surface texture

that is generally considered as MISS. Another possibility is that the linear

groove in the Serra de Santa Helena Formation may represent pseudotrails

produced by rafting microbial fragments or aggregates in very shallow

waters (Mariotti et al. 2016; Warren et al. 2020).

FACIES DISTRIBUTION AND BIOGENICITY OF SURFACE SEDIMENTARY

TEXTURES ON THE SERRA DE SANTA HELENA FORMATION

Mata and Bottjer (2013) proposed a facies model showing the

environmental control for wrinkle structure formation and preservation,

which can be applied here to illustrate the facies distribution of the microbial

induced sedimentary structures in the Serra de Santa Helena Formation (Fig.

12). In their model, wrinkle structures are preferentially preserved in

heterolithic beds deposited either in the offshore transition or tidal flat

environments. In these settings, wrinkles are preserved at the interface

between underlying sandstone and overlying siltstone or shale, similar to

what we see in the Serra de Santa Helena Formation. This facies controlled

distribution is hypothesized as a direct result of the preference of

phototrophic microbes to colonize quartz-rich sandy substrates due to its

high translucence (Noffke et al. 2002; Mata and Bottjer 2013). Also, the

deposition of silt and/or mud under low energy conditions, covering

microbially stabilized sand, further enhances the potential for microbial mat

preservation (Mata and Bottjer 2009). Our observations are consistent with

the Mata and Bottjer (2013) model and other studies (e.g., Mata and Bottjer

2009; Noffke et al. 2002) as the wrinkle structures and Type 4 discoidal

structures of the Serra de Santa Helena Formation are also observed in

heterolithic strata, probably associated to tidal flat environments. However,

discoidal structures of the Types 1 to 3 associated to limestone and marl

deposits are more likely associated with offshore transition environments.

Concerning the biogenicity of these structures, most of the surface

textures described above can be classified as ‘‘Ba’’ (sensu Davies et al.

2016), as there is no unambiguous evidence to support either a definitive

biotic or abiotic origin, although microbial activities likely played a direct

or indirect role in their formation. The surface textures classified as Type 1

and 2 wrinkles are interpreted as related to disruption and plastic

deformation analogous to small-scale cuspate or flame-like load casts

developed under the influence of biostabilization by endobenthic mats. As

such, these types of structures are the direct product of the interaction

between biotic and physical processes within the depositional setting. On

the other hand, Type 3 wrinkle structures are interpreted as surfaces

colonized by epibenthic mats, and thus of essentially biologic origin (‘‘B’’).

The distribution of these different types of sedimentary surface textures,

and associated structures in vertical cross-section along distinct facies, can

be considered to reflect variations in bathymetry and hydrodynamics

within the inter- to supratidal zones (Noffke 2009, 2010).

The discoidal structures described in this paper may be interpreted as

concretions (Type 1) or fluid escape structures (Types 2, 3, 4), although

microbes may have played an indirect role through their metabolic

production of gas and their extracellular polymeric substances. The

comparison between Type 1 discs and Ediacaran body fossils is superficial

and they unlikely share a similar origin, as the studied discoidal structures

lack any concentric folds (which are a diagnostic feature of Beltanelli-

formis and Nemiana) and are preserved as positive epirelief features (as

opposed to the typically positive hyporelief preservation mode of

Beltanelliformis and Nemiana). Therefore, the discoidal structures from

the Serra de Santa Helena Formation are classified as ‘‘A’’ or ‘‘Ab’’ sensu

Davies et al. (2016).

The meandering groove structure is classified as ‘‘Ba’’ or ‘‘B’’. Possible

interpretations include sinusoidal cracks analogous to ‘‘Manchuriophy-

cus’’, or an affinity to the putative trace fossil Vaqueiroichnus stewarti or

simple trails such as Helminthopsis and Archaeonassa.

Despite the uncertain origins of the structures described in this paper,

most interpretations outlined above are either directly or indirectly related

to microbial mats. Thus, it is safe to conclude that the Serra de Santa

Helena Formation archives abundant sedimentary evidence for the

extensive development of microbial mats in supra- to subtidal and offshore

transition settings in the Ediacaran Bambuı́ basin.

IMPLICATIONS FOR THE PALEOBIOLOGICAL RECORD OF THE BAMBUÍ

BASIN

The upper Sete Lagoas Formation, the Serra de Santa Helena

Formation, the Lagoa do Jacaré Formation, and the lower Serra da

J. OKUBO ET AL.204 P A L A I O S

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/38/4/188/5840717/i1938-5323-38-4-188.pdf
by Virginia Tech user
on 03 May 2023



Saudade Formation are characterized by anomalously high d13Ccarb

values. This anomaly is known as the Middle Bambuı́ Excursion or MIBE

(Uhlein et al. 2019; Cui et al. 2020). In the Serra de Santa Helena

Formation, the carbon isotopic values are consistently positive, varying

betweenþ7.3 toþ12.5% (Uhlein et al. 2019), reflecting the climax of the

MIBE. The anomalously high d13Ccarb values have been interpreted as a

result of deposition in a restricted and anoxic basin under the influence of

water-column methanogenesis (Cui et al. 2020; Caetano-Filho et al.

2020). Based on geochemical data, Caetano-Filho et al. (2019, 2020)

argued that hypersalinity, high alkalinity, anoxia, and active methano-

genesis in a restricted basin may have led to stressful conditions that

excluded eukaryotic life during the MIBE interval.

Abundant stromatolites are known from the Bambuı́ Group, particularly

the Sete Lagoas, Lagoa do Jacaré, and upper Serra da Saudade formations

(Vieira et al. 2007; Santos et al. 2018; Uhlein et al. 2020). However,

eukaryotic fossils and particularly macroscopic animal fossils are rare in

the Bambuı́ Group, either because of their poor preservation (Simonetti

and Fairchild 2000; Warren et al. 2014), their rarity due to ecologically

stressful environment (Caetano-Filho et al. 2019, 2020; Hippertt et al.

2019; Caxito et al. 2021), or inadequate sampling. On the other hand, the

presence of microbially induced sedimentary structures in the Serra de

Santa Helena Formation indicates extensive development of benthic

microbial communities in shallow to moderately deep marine settings,

similar to those described in modern environments with intense

methanogenesis (Birgel et al. 2015). Microbial mats are thought to be

conducive to the preservation of Ediacara-type macrofossils (Gehling

1999; Steiner and Reitner 2001; Droser et al. 2022). Thus, the profusion of

MISS but the lack of macroscopic animal fossils in the Serra de Santa

Helena Formation suggests that the environment was habitable to microbial

communities but hostile to macroscopic animals.

The interactions between various microbial communities and different

types of substrates led to the formation of a variety of microbially induced

sedimentary surface textures described in this paper. The abundant MISS

in the Serra de Santa Helena Formation are consistent with the

interpretation of progressive restriction of the Bambuı́ basin (Paula-Santos

et al. 2017; Caxito et al. 2021; Guacaneme et al. 2022), where typical late

FIG. 12.—Facies model showing the distribution of MISS from the Serra de Santa Helena Formation. Modified from Mata and Bottjer (2013). Wrinkles and Type 4 discs

from this study are found preferentially in heterolithic deposits in the tidal flat settings and Type 1–3 discs in the offshore transition. Key: PAR¼ photosynthetically active

radiation.

MISS STRUCTURES FROM THE MIDDLE BAMBUÍ GROUPP A L A I O S 205
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Ediacaran and early Cambrian macrofaunas were not present, but benthic

microbial assemblages thrived.

CONCLUSIONS

The Serra de Santa Helena Formation of the Bambuı́ Group contains a

wide range of structures formed through the interactions between microbial

mats and physical processes. In this study, we integrate sedimentological

observation, morphological description, and petrographic data to assess the

distribution and origin of wrinkle, discoidal, and curvilinear groove

structures from the Serra de Santa Helena Formation.

Wrinkle structures are found in both fine sandstone and siltstone

deposits. Three morphotypes of wrinkle structures are described. Type 1

(honeycomb-like structures) and Type 2 (bulges and depressions) were

only observed on sandstone beds. Type 3 (elephant skin-like structures)

were only recovered from thin veneers of silt-grade sediment. These

structures are interpreted as microbially induced sedimentary structures

(MISS). In particular, the intricate patterns of Type 3 may represent

fossilized epibenthic mats, developed in stable fine-grained supratidal

settings. In contrast, Types 1 and 2 morphologies likely reflect

biostabilization of sandy substrates by endobenthic microbial communities.

Four different types of discoidal structures were identified in fine

sandstone, marl, and carbonate facies (Types 1–4). Despite morphological

variations, Types 2, 3, and 4 may have a similar origin related to fluid

accumulation in a sealed substrate underneath a cohesive microbial mat.

Although Type 1 discoidal structures superficially resemble early

diagenetic concretions, no well-defined boundaries were identified between

discs. Instead, Type 1 discoidal structures form continuous beds dominated

by calcite cements, indicating that selective cementation of the disc-bearing

beds during early diagenesis may have played an important role.

Regardless, microbial activities (e.g., microbial sulfate reduction) may

have facilitated calcite precipitation and cementation, thus contributing to

the formation of Type 1 discoidal structures. Thus, the formation of the

discoidal structures is interpreted to be biotic-physical.

A meandering groove structure is reported from the Serra de Santa

Helena Formation. It shares some similarities with simple trails such as

Helminthopsis produced by epibenthic invertebrates; in particular, part of

the groove is flanked by raised margins that are analogous to lateral levees

and suggestive of sediment displacement by motile animals. The single

available specimen and the unusual sharp turns, however, demands the

consideration of alternative interpretations (e.g., grooves produced by

rafting microbial aggregates or mat fragments).

The recognition of possible biotic structures in the Serra de Santa

Helena Formation is important because they help to understand the benthic

ecology of siliciclastic and carbonate substrates in the Bambuı́ basin at

Ediacaran–Cambrian transition. Although the Serra de Santa Helena

Formation may have been deposited in a restricted and anoxic basin that

was hostile to macroscopic Ediacaran animals, microbial life thrived in the

Bambuı́ basin.
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BUATOIS, L.A. AND MÁNGANO, M.G., 2016, Ediacaran ecosystems and the dawn of animals,

in M.G. Mángano and L.A. Buatois (eds.), The Trace-Fossil Record of Major

Evolutionary Events: Springer, Dordrecht, p. 27–72.
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Jacaré Formation, Bambuı́ Group, state of Minas Gerais, Brazil: Revista Brasileira de

Paleontologia, v. 21, p. 195–207.

SANTOS, R.V., SOUZA DE ALVARENGA, C.J., BABINSKI, M., RAMOS, M.L.S., CUKROV, N.,
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