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Abstract

The influence of microbial communities upon sedimentary dynamics is an issue of increasing significance. Over the last decades, studies have
revealed a particular class of sedimentary structures and textures produced by the interaction among distinct flows, marine substrate, and ben-
thic microbial communities. We present evidence of the oldest record of microbially-induced sedimentary structures (MISS) in South Amer-
ica, as recorded in low-grade metasedimentary rocks of the Early Mesoproterozoic (~1536 £ 33 Ma) Tiradentes Formation, state of Minas
Gerais, SW Brazil. Types 1, 2, and 3 correspond to wrinkle, pustular, and dome structures related to flat or rippled bed surfaces, preserved in
metasandstone deposited in shallow marine settings. Evidence supporting the microbial origin of these structures includes delicate morphol-
ogy, degree of alignment, presence of original mat cover, and orientation of quartz grains indicating biostabilization. The presence of distinct
MISS associated with well-preserved ripple marks, wrinkled surfaces, and flatbeds suggests deposition under varied energy conditions with
different potentials for the preservation of surficial structures. Vertical growth of microbial communities influences sediment cohesion and
stability. This reduces substrate roughness and, as a consequence, wave and current shear, thereby increasing the preservation potential of
bedforms and delicate features of their bedding surfaces.
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INTRODUCTION

The role of biofilms in the preservation of
ripple marks

Microbial communities were widespread in the Precambrian
before the rise of metazoans and their predatory grazing habit
(Gehling 1999, Seilacher 1999, Riding 2006), reaching its climax

in morphotype richness as of the end of the Paleoproterozoic
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and Mesoproterozoic Eras (Awramik and Sprinkle 1999).
These microbial colonies thrived in the ocean substrate by
organizing themselves in benthic, complex, and stratified
arrangements, developing deposits generally called microbi-
alites (Burne and Moore 1987). A thin and organized coat of
microbial communities and extracellular polymeric substances
(EPS) form the biofilms that colonized and covered the sub-
strate of marine and transitional sedimentary environments
(Davey and O’Toole 2000, Decho 2000). Notably, these bio-
films were recognized to interact with the surface sediments,
modifying them and inducing a variety of textures (Davies
etal.2016), known as microbially-induced sedimentary struc-
tures (MISS, sensu Noftke et al. 1996). Furthermore, benthic
microbial communities can interact with physical sedimentary
dynamics in both marine and non-marine environments, pro-
moting substrate stabilization and preserving a series of sedi-
mentary structures (Noffke and Awramik 2013).

The preservation of ripple marks is controlled by the rapid
deposition of sediments, followed by mud/silt deposition or
biofilm cover (Deckere et al. 2001, Noffke et al. 2001, Friend
et al. 2008, Noftke 2010, Davies et al. 2016, Tarhan 2018, Baas
etal.2019, Cuadrado 2020). Also, the wavelength of ripples is
provenly controlled by the presence of cohesive EPS (Baas et al.
2019). The role of biofilms in the preservation of such structures
has been investigated since the early works of Neumann et al.

(1970), who demonstrated their biostabilization characteristics.
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More recently, the interaction between physical (i.e., hydraulic
energy) and biological (i.e., presence of biofilms) parameters
have been shown to control the preservation and mobility of
distinct types of ripples (Friend et al. 2008, Baas et al. 2019,
Cuadrado 2020, Scheidweiler et al. 2021). However, the exact
mechanisms of interaction between variations in the hydraulic
gradient, sedimentary particle grain size, and generation/pres-
ervation of the associated bedforms are still not fully under-
stood. Likewise, the quantification and discussion of the note-
worthy abundance and preservation of bedforms (including
ripple marks) throughout the Precambrian sedimentary record
(examples in Tarhan 2018, Basilici et al. 2020, Bayet-Goll and
Daraei, 2020, Sarkar et al. 2020) are geological issues of grow-

ing interest worldwide.

A case study: metasandstone of the
Tiradentes Formation, SW Brazil

The Brazilian town of Tiradentes, state of Minas Gerais,
Brazil, listed as a National Heritage site, is a historical cen-
tennial town with streets covered by decimeter to meter
metasandstone slabs that are surprisingly well-preserved
and have abundant and diverse ripple marks on their surface.
These stones were originally mined by 18®-century workers
in a nearby quarry where a Mesoproterozoic succession of
shallow marine conditions with a great and diverse amount
of ripple cross-laminated metasandstone is fully exposed.
These belong to the Tiradentes Formation, Sdo Joao del Rei
Basin, Sao Francisco Craton (Ribeiro 1997). Upon the ripple
mark-rich bedding planes, the occurrence of associated sed-
imentary surface textures (SST sensu Davies et al. 2016) of
distinct types is striking. Herein, we present a stratigraphic,
sedimentologic, and detailed morphologic analysis of these
well-preserved examples of SST, aiming to explore the rela-
tionship between surface textures and bedforms. Thus, the
main questions this investigation sought to answer included:
did the presence of SST influence the origin and preservation
of ripple marks? Is there any variation in the quality/type of
preservation regarding changes in the hydraulic regime, gran-
ulation, and categories of associated SST? Is there a correla-
tion between the presence of SST and increased ripple pres-
ervation during the Mesoproterozoic?

GEOLOGICAL SETTING

The Early Mesoproterozoic (1536 £33 Maand 154045
Ma) Tiradentes Formation from the Sao Jodo del Rei Basin is
located southeast of the Sao Francisco Craton (Fig. 1A), and
chronologically correlated with the second extensional cycle
of the Espinhaco Supergroup (Ribeiro et al. 2013). From a
geotectonic perspective, the Espinhago Supergroup comprises
the basal deposits of an intracontinental rift system developed
within the southern part of the Sao Francisco-Congo Craton
(Teixeira et al. 2000). A connection between the Sao Jodo del
Rei and Espinhago basins is suggested based on age and tec-
tonostratigraphic relationships, characterizing the successions
as part of regional-scale polycyclic and asymmetric aulacogens
(Martins-Neto 2000, Ribeiro et al. 2013).

The ~1,000 m-thick, shallow marine Tiradentes Formation
(Fig. 1B) is composed, from the base to the top, by the Tiradentes,
Sao José, Tejuco, and Lenheiro sequences (Ribeiro et al. 2013 ).
The Tiradentes Formation is exclusively constituted by terrig-
enous low-grade metamorphic rocks (low greenschist) rest-
ing unconformably above the Paleoproterozoic basement of
the Mineiro Belt (Ribeiro et al. 1990). In the southern part
of the state of Minas Gerais, the NE-SW Sao José Ridge reaches
alength of 13.5 km and is an impressive mountain range, ris-
ing approximately 1,100 m above sea level (Ribeiro 1997,
Soares et al. 2002). There, the whole succession crops out as
non-weathered and weakly metamorphized rocks (Fig. 1C).

In the study area, comprising the eastern segment of the Sao
José Ridge and between the towns of Tiradentes and Prados
(Fig. 1B), the lower ~150 m-thick Tiradentes Sequence (Ribeiro
1997, Ribeiro et al. 2013) comprises massive metaconglomerate
and cross-bedded pebbly metasandstone with isolated occurrences
of thin-bedded iron formations at the base, and trough cross-bed-
ded and ripple cross-laminated metasandstone at the top (Ribeiro
etal.2013). The Tiradentes Sequence is interpreted as deposited in
a shoreface to foreshore shallow marine environment, character-
izing a regional transgression over a denuded basement (Ribeiro
et al. 2013). The paleocurrents indicate a NE-SW coastline with
an open oceanic connection probably toward SE (Ribeiro ef al.
2003). The intermediate shoreface/foreshore Sao José and Tejuco
sequences are characterized by fine to medium-grained metasand-
stone presenting trough cross-stratification, horizontal stratification,
ripple cross-lamination, and rare swalley/hummocky cross-strat-
ification (Ribeiro 1997, Soares et al. 2002). At the top, the ~450
m-thick deltaic succession of the Lenheiro Sequence (Ribeiro
1997) is composed of metamudstone, metasandstone, and meta-
conglomerate, which are bounded at the top by an angular non-con-
formity with the upper Barroso Sequence (Ribeiro 1997, Ribeiro
etal. 2013) (Fig. 1C). The Barroso Sequence is interpreted to be
deposited under quiescent tectonic settings, probably representing
the installation of a passive margin (sag) basin (Ribeiro et al. 2013).

MATERIAL AND METHODS

The best initial approach to study the sedimentary surface
textures (SST, sensu Davies et al. 2016) in metasandstone of the
Tiradentes Formation is the direct observation of these par-
ticular structures in the paving stones of the historic streets of
Tiradentes town, state of Minas Gerais, where a pleasant walk
reveals distinct preservation SST in ripple marks of different
scales (see Figs. 2A and 2B). After careful historical research
in the Historical and Geographical Institute of Tiradentes,
we found that the streets were originally paved in the mid18™®
century by enslaved laborers. After that, the streets were par-
tially repaved in 1959, keeping their original aspect until today.
During street paving renovation, thousands of rock slabs were
collected from an old quarrylocated in the eastern part of the
Sao Jodo Ridge, near the town of Prados (Figs. 1 and 2C and
2D). Many of these paving slabs correspond to metasand-
stone from the Tiradentes Sequence, the basal succession of
the Tiradentes Formation, some of them presenting wave and

current ripples with very well-preserved SST on their surface.
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The analysis of available satellite images, historical aerial
photos, and geologic maps revealed that the original site
of the abandoned quarry is presently situated in the Sao
José Ridge Environmental Protection Area. In this quarry,
a detailed columnar section (1:50) was measured, and the
lithologies, bed geometries, and structures were described.
After that, the data were systematized in distinct sedimentary
facies (according to the protocol of Miall 2006). The pres-
ence of non-weathered exposure also allowed relatively fresh
SST-bearing rocks to be sampled for further petrographic
analysis. Yet, a large number of paleocurrent data from the
intermediate succession of the Tiradentes Sequence were
also obtained. All paleocurrent data are represented in Clar
notation and the correct position of individual slabs (depo-
sitional surface in normal position) was determined by using
way-up (geopetal) structures such as graded bedding, sole
marks, ripple marks, and cross-bedding.

Source: modified from Ribeiro et al. (2003, 2013).

Much of the description and classification of SST were
performed in the paving slabs from the historic streets of
Tiradentes, where these structures are exceptionally well pre-
served (i.e. presenting diagnostic macroscopic morphologi-
cal features). To avoid weathered samples, we only selected
metasandstone slabs with no evidence of granular disinte-
gration, flaking, and micro-delamination (Smith et al. 2005).
Paving rock slabs showing signs of natural or anthropic erosion
were also avoided and only very-well preserved samples were
considered for the analysis. All the individual slabs analyzed
(n = 306) were cataloged and described regarding lithology,
presence (or absence) of wave or current ripples, presence (or
absence) of SST, and the type of SST. The description and clas-
sification of SST were based on several examples found in the
specific literature, and compared to primary, microbially-in-
duced sedimentary structures (MISS, Mcllroy and Walter
1997, Noftke 2009, 2010, 2018, Noffke et al. 1996, Noftke

SEC: Sao Francisco Craton; Rib. Belt.: Ribeira Belt; C: clay; St: silt; S: sand; G: gravel.

Figure 1. Location and stratigraphic position of the studied succession. (A) Sao Francisco Craton and the study area location in the state of
Minas Gerais, Brazil. (B) Geological map of the Sao José Ridge, showing the location, in the eastern section of the studied sites (red stars).
(C) Schematic columnar section of the Sao Jodo del Rei Basin and the base of the Carandai Basin. The detailed columnar section of Fig. 3 was

acquired in the intermediate/upper part of the basal Tiradentes Sequence.
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etal.2001, Hagadorn and Bottjer 1999, Porada and Bouougri
2007, Porada et al. 2008, Kumar and Ahmad 2014, Menon et al.
2015, Menon et al. 2016, Davies et al. 2016).

The microscopic classification of rocks followed Folk (1980)
the sedimentary lithotypes. Due to the presence of incipient
low-grade metamorphism in the rocks described, their denom-
ination was preceded by the prefix “meta”. The petrographic
analysis allowed the macroscopic description to be refined and
several microstructures to be identified in the rock framework,
possibly related to substrate stabilization promoted by either
epi- or endobenthic microbial communities. All laboratory
procedures were performed in the facilities of the Department
of Geology, Universidade Estadual Paulista “Jilio de Mesquita
Filho” (UNESP), Rio Claro, Brazil.

SEDIMENTARY SUCCESSION

The paving stones on the streets of Tiradentes taken from
anabandoned quarry near the town of Prado in the eastern part
of the Sao José Ridge (Fig. 1) were extracted from the upper-
most part of the Tiradentes Sequence, which crops out with
an exposure of ca. 20 m (Fig. 3), where five sandstone-domi-
nated sedimentary facies were described (Tab. 1).

At the base, the sedimentary pile studied is characterized
by a 5.8 m-thick, fining-upward succession of four facies of

metasandstone with different structures (see Tab. 1). Meter-thick
tabular beds of planar cross-stratified (Sp), dm-scale sigmoidal
beds of trough cross-stratified (St) and low angle cross-strat-
ified (Sh) metasandstone occur in the lower part of this basal
succession. Dm- to m-thick wave-ripple cross-laminated (Sr )
(Fig. 3B) and current ripple cross-laminated metasandstone
(Sr.) beds overlay, and cm-scale intervals with climbing rip-
ples can occur locally. These are commonly associated with
SST in their upper bedding surface. The Sr facies is interbed-
ded with cm- to dm- scale tabular and sigmoidal sets of fine- to
medium-grained trough cross-stratified metasandstone (St).

The ~7 m-thick intermediate succession is also organized
in a fining-upward package, where dm- to m-thick sigmoidal
sets of trough cross-stratified metasandstone (St) are interbed-
ded with equally thick tabular beds of cm-scale current ripple
cross-laminated metasandstone (Sr_) (Fig. 3C). Towards the
top, a thick interval (ca. 3.5 m) of fine- to medium-grained,
low angle cross-stratified metasandstone (Sh) dominates.
This facies is organized in m-thick beds that are separated by
mm- to cm-scale Sr, which, as an example of the lower current
ripples (Fig. 3D), also present SST in its plane beds.

In the upper 6-m-thick succession, wedge-shaped sets of
medium-grained metasandstone with trough cross-stratification
(St) dominates (Fig. 3E), commonly grading to fine-grained
ripple cross-laminated metasandstone (Sr_). Also, swalley

Figure 2. The paving stones of Tiradentes, SW of Brazil. (A) Panoramic view of a classic street in the historic town of Tiradentes, showing the natural,
metasandstone-derived pavement. (B) View of the eastern part of the Sao José Ridge from the town of Prados. The location of the old quarry where
the columnar section was acquired (Fig. 3) is pointed by a black arrow. (C) Detail of paving stones displaying several examples of well-preserved
ripple marks. (D) General view of the old quarry where the metasandstone rock slabs were collected. Note the pronounced dip of the beds (~20/30).
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C: clay; S: silt; Fs: fine sand; Ms: medium sand; Cs: coarse sand.
Figure 3. Stratigraphic constrain of the analyzed SST. (A) Columnar section, sedimentary facies of the Tiradentes Sequence shoreface deposits

acquired in the old quarry, at the eastern part of the Sao José Ridge (see Fig. 1 for the precise location). (B) Fine metasandstone showing
symmetric wave ripples. (C) Amalgamated tidal bars. (D) Low angle cross-stratified metasandstone with rippled laminae. (E) Wedge-shaped
bed of trough cross-stratified metasandstone. (F) Asymmetric ripple laminated metasandstone.
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cross-stratified metasandstone (Ss) is common, mainly asso-
ciated with the lower part of the coarsening-upward succes-
sions. The thickness of St increases upwards, whereas Sr_beds
become thinner upwards. At this interval, SST are abundant
in the upper planes of Sr_(Fig. 3F).

The overall succession is characteristic of shallow marine set-
tings, probably representing tide- to wave-dominated deposits
subjected to storm-wave action. The lower, fining upward suc-
cession suggests deposition in a tidal setting, with the amalga-
mation of tidal bars (subtidal to lower intertidal) at the base and
presence of fine-grained ripple cross-laminated facies at the top
(upperintertidal) (according to Davis Jr. and Dalrymple 2012).
The intermediate succession is characterized at the base by tidal
bars (amalgamated St facies with sigmoidal geometry, Olariu
etal.2012) and at the top by beach facies (low-angle cross-strat-
ified metasandstone produced by swash and backwash move-
ments, Clifton 1969, Davis Jr. and Dalrymple 2012). Finally, the
stacking pattern of the upper succession (coarser-grained and
thicker beds towards the top) suggests a prograding wave-dom-
inated cycle with local foreshore storm deposition (swalley).
Paleocurrents measured in the low-angle cross-beds and ripple
cross-laminated facies (Fig. 3) show persistent oscillatory wave
movements in the NW-SE direction, indicating a paleoshore
positioned in the NE-SW direction.

SEDIMENTARY SURFACE TEXTURES

The SST described in this study only occur in metasandstone
from the uppermost succession of the Tiradentes Sequence.
Despite the common presence of these structures in the rock
exposure located in the eastern part of the Sdo José Ridge (=
old quarry, Figs. 2A and 2B), the most representative exam-
ples were observed in non-weathered rock slabs used for pav-
ing the historic streets of the town of Tiradentes (Figs. 2C and
2D). In total, 306 paving stones were analyzed, with nearly half

of them (148 samples, 48.4%) showing SST on the exposed
bedding surface. Regardless of their modes of occurrence, all
types of SST occur in fine to medium-grained ripple-cross lam-
inated metasandstone (Figs. 2 and 3), partially or fully cov-
ering the bedding surface (Figs. 4 and S). The identification
of SST in the field revealed a preferred association with wave
ripples (94 samples, 63.5%), and current ripples (54 samples,
36.5%). In other words, SST tend to occur by covering symmet-
ric (wavy) and asymmetric (current) ripple marks deposited
in the shallower waters of the depositional setting (Fig. 3A).

Atthe old quarry section, the SST are abundant and pres-
ent in all three intervals described in the succession, associated
with both wave and current ripple cross-laminations (see Fig. 3).
These are particularly more abundant in the intermediate and
upper intervals, where current ripples are more common than
wave ripples. When observed in the outcrop, the regularity of
individual beds of wavy ripple cross-laminated sandstone is
also noteworthy, showing SST on the bedding surface. In some
cases, almost all original depositional surfaces have evidence
of SST in a frequency per area of about 1 structure/cm.

Three different patterns of SST were observed, herein
named as Types 1, 2, and 3. The most frequent SST observed
is characterized by shallow (mm-scale) grooves and crests, with
elongated, straight, or sinuous morphology, similar to a wrinkle
pattern (Type 1), which covers the troughs and ridges of ripple
marks (Figs. 4A-4D). The second structure (Type 2) observed
has an mm-scale pustular-shaped morphology. These pustu-
lar morphologies occur scattered or in dense accumulations
above ripple marks or flat beddings (Fig. 4E). A third common
structure (Type 3) in the samples analyzed is represented by
cm-scale dome structures that display torus-shaped (Figs.
SA-SC) or elongated dome-shaped (Figs. SD-SF) morphol-
ogies. Contrary to the other SST, these latter structures were
not observed directly above ripples, but are always associated
with the intervals where they occur (see Fig. S).

Table 1 - Sedimentary facies from the Mesoproterozoic Tiradentes Sequence.

Code Facies Description Depositional process
Cm- to dm-thick tabular beds, with undulated Migration of ripple marks under lower flow regime
base and top. of fine- rainé d sandstone produced by the action of unidirectional bottom
S Ripple cross- Meter-thick bp ’ s ar. gm dof om- '1 currents (asymmetric) and fair-weather wave
laminated sandstone A e1:s (s rcnm:t:caafltcloas I;ﬁ:rfe t:c§ ansdc:aie oscillations (symmetric). Supercritical climbing
'PP SZ ercritilcal climb);n I lles ripples are the product of increased deposition rate
P § rippies. in relation to the tangential celerity (Allen 1982).
0.5 to 2.5 m-thick tabular beds, with sharp base Attenuated bedform produced in the transition
Sh Low angle cross- and top, of fine- to medium-grained sandstone ~ between the lower and upper flow regimes (Best
stratified sandstone presenting horizontal to low angle cross- and Bridge 1992) by the action of swash and
stratification. This facies is usually related to Sr. backwash movements (Clifton 1969).
Planar cross-stratified 0.25 to 1.25 m-thick tabular beds, with sharp Migration of subaqueous, two-dimensional dunes,
Sp sandstone base and top, of medium-grained sandstone under unidirectional lower flow regime (Allen
presenting planar cross-stratification. 1963, Miall 2006).
025 to 1 m-thick beds with tabular, wedge- Migration of subaqueous, three-dimensional
Trough cross-stratified  shaped, and sigmoidal morphology, of fine to & Daqueons, .
St sandstone medium-grained sandstone presenting trough dunes, under unidirectional lower flow regime
cross-stratification. (Allen 1963, Miall 2006).
Dm-scale tabular beds, with sharp base and Geﬁlerated ];Y long—wa;e periodsl:nd rcrlloderate 1
) . ! o oscillatory velocities and very weak unidirectional
Ss Swalley cross-stratified  undulated top, of medium-grained sandstone flow, below fair-weather wave base and above

sandstone

presenting swalley cross-stratification with dm-
scale amplitude and cm-scale height.

storm wave base, under low aggradation rates
(Dumas and Arnott 2006).
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Figure 4. Honey-comb and pustular SST from the Tiradentes Sequence (Types 1 and 2, respectively). (A) Wave rippled surface entirely
covered by honeycombed SST. (B) Current rippled metasandstone slab partially covered by honeycombed SST. (C) Current ripples
partially covered by honeycombed SST. Note that the surface bearing SST is identical to the lower rippled surface. (D) Detail of rippled
surface completely covered by honeycombed SST. (E) Partial covering of a rippled surface by small-scale pustular SST. The white dashed line
represents the limit of the original microbial mat. Note that the pustular structures seemingly occur above the slightly rippled surface. (F-G)
Detail of SST characterized by slightly aligned pustular structures (white arrow points to the paleoflow). (H) Irregular pustular structures
without evident preferential orientation. The scale bar in D is 5 cm in length. All structures are preserved in positive epirelief, and the white
arrow indicates the shear vector as the flow direction.
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Wrinkle structures (Type 1) were observed fully or
partially covering the current (asymmetric) or wave (sym-
metric) ripple marks in fine metasandstone (Figs. 4A-4D).
Type 1 structures are more developed on the troughs of the
rippled surface (Figs. 4C and 4D). Occasionally, the upper
bed bearing honeycombed SST molds the lower rippled bed,
displaying an identical rippled pattern (Fig. 4D). In detail,
the honeycombed structures are discontinuous, elongated,
and bifurcated forms with flat-topped crests separated by
irregular and aligned troughs (Fig. 4D). In general, the size
of individual alveolus/cavities varies between a minimum
of 0.2 and a maximum of 10 mm. The width and length of
crests never exceed 0.5 and 30 mm.

Pustular structures (Type 2) also occur above rippled or
flat beddings (Figs. 4E-4H) and commonly show some degree
of alignment (Fig. 4F and 4G), although surfaces with pustules
without evident orientation also occur (Fig. 4H). Generally, the
small pustules vary in size between 3 and 30 mm (Figs. 4F and
4H), and are preserved in positive epirelief, elevating less than 1
mm from the bedding plane. Hyporelief counterparts were rarely
observed, showinga characteristic pitted texture, interpreted as the
external molds of individual small pustules/nodules preserved as
negative relief. The density in the area of pustular surfaces is usu-
ally between 1.5 and 2 individual pustules/cm? locally reaching
2-3 pustules/cm? forming local swarms (Sarkar et al. 2011). Some
samples observed in petrographic slides reveal that the pustules/

Figure 5. Domed structures from the Tiradentes Sequence, SW Brazil (Type 3). (A-C) Large-sized torus-shaped structures, characterized by
raised borders and a depressed central region. These structures are partially covered by a surface bearing “Kinneyia-like” SST (A). (D-F) Aligned
and elongated circular domed structures on flat bedding. All structures (A-F) are preserved in positive epirelief, except for E (negative hypolief).
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nodules are locally covered by very-fine crystals of phyllosilicate
(sericite; Fig. 6A). Cuspate erosive forms have not been observed,
but some samples show sediment accumulation in the leeward
side of the pustules (Figs. 4E and 4F and 7).

The cm-scale dome structures (Type 3) occur in horizontally
stratified or low-angle cross stratified beds associated with inter-
vals rich in ripple cross-laminated metasandstone. They occur
with two distinctive morphologies: positive epirelief discoidal
structures defined by well-marked raised rims and a central
depression, resembling a torus-shaped feature (Figs. SA-SC),
and positive epirelief and negative hyporelief small sediment
pimples, or protrusions, forming a simple dome-shaped feature
(Figs. SD-SF). Discs are generally elongated (width/length ratio
varies from 0.3 to 1.2, but most of the values are concentrated at
0.7), varying in length from 7.9 to 82.6 mm and in width from
4.7 to 66 mm (Fig. 8). Only a small number of structures (n = 6

of 160) show a near-circular geometry. When torus-shaped discs
are present, their central depression is typically voided and their
length varies from 2.4 to 52.9 mm and width varies from 1.2 to
35.4 mm, also showing an elongated shape (0.62 width/length
ratio). Both torus- and dome-shaped discs are notably oriented
according to a preferential direction (see Fig. 5). The density of
the structures varies between 1.2 to 1.5 structures/cm? and struc-
tures occur scattered or in clusters according to the preferential
orientation (Figs. SA-5C). On non-weathered (.. fresh metasand-
stone slabs) bedding planes, it was possible to observe that the
surface was covered by very thin sericite lamina, a situation also
observed in the thin section (see Fig. 6B). When observed under
the microscope, the sericite laminae are less than 0,01 mm thick
and composed of individual sericite grains, suggesting that these
were an originally laterally continuous layer of clay minerals later

being affected by low-grade metamorphism.

Figure 6. (A and B) Thin sections of metasandstone, showing phyllosilicate (sericite) (yellow arrows) covering the putative original

depositional surface.

Figure 7 - Type 2 SST morphologies. (A) Model of formation of pustular structures. (B) Measurements of length and width. (C) Histogram

showing normal distribution of the width/length ratios of pustular structures.
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MICROBIAL ORIGIN OF THE SURFACE
SEDIMENTARY TEXTURES

The structures (Types 1,2,and 3) observed in the metasand-
stone from the upper part of the Tiradentes Sequence are
extremely common and occur in association, commonly in
overlapping centimeter-thick beds (see Figs. 4E and SA).
The high frequency of superposed surfaces bearing SST
observed in outcrops is another striking feature, suggesting
that the original depositional surface almost always presents
some type of structure. The most common SST observed is
Type 1, followed by Types 2 and 3.

Type 1 structures have a typical honeycombed arrange-
ment and are similar to those classified as honeycombed
or “Kinneyia”-like structures, such as those exemplified by
Hagadorn and Bottjer (1997), Bottjer and Hagadorn (2007),
Porada and Bouougri (2007), and Porada et al. (2008). In gen-
eral, “Kinneyia-like structures are small-sized forms, from 3-30
mm of wavelength (Herminghaus et al. 2016), and the hon-
eycombed pattern usually has millimetric alveolus/ cavities.
It is important to note that all Type 1 structure samples were
described in non-weathered rock slabs with no evidence of
granular disintegration, micro-delamination, pores, and alveoli
(Smith et al. 2005). Thus, the honeycombed pattern probably
represents the original organic surface and was not produced
by post-depositional alteration or weathering.

Although the lower size class overlaps, the Type 1 struc-
tures described herein are slightly bigger than others from
Neoproterozoic and Phanerozoic successions (Bouougri and
Porada 2002, Porada and Bouougri 2007, Porada et al. 2008,
Davies et al. 2016). However, the size and shape are compati-
ble with other Mesoproterozoic examples (Noffke and Chafetz

2011, Tang et al. 2011). Despite some recent controversy (see
discussion in Davies et al. 2016), the origin of “Kinneyia” is
frequently assigned to an organic influence to some degree,
either aslithified organic surfaces (Noffke et al. 2001), gas bub-
bles produced and trapped beneath microbial mats (Hagadorn
and Bottjer 1999), or as small-scale load casts formed beneath
beds of microbial mats (Noffke et al. 2002, Davies et al. 2016).
In any case, experimental studies were able to reproduce wrin-
kled structures remarkably similar to a “Kinneya” pattern,
suggesting that the development of this class of structures is
influenced by the presence of microbial mats and aggregates
supporting its organic affinity (Thomas et al. 2013, Mariotti
et al. 2014, Herminghaus et al. 2016). Considering this, the
presence of thin beds bearing honeycombed structures devel-
oped over structures from the bed immediately below (Fig. 4C)
indicates that the ripple marks were covered by sediments on
which Type 1 structures developed. In other words, this occur-
rence style putatively suggests the preservation of the original
organic surface over the previously deposited rippled surface.
In this way, this type of structure is considered comparable
to the “transparent wrinkle structures” described by Noftke
(2000, 2009) and Noftke et al. (2002).

The pustules swarms observed at the rippled or flat bedding
from the Tiradentes Sequence are strikingly similar in shape
and size to structures interpreted as inverted flutes, or set-
ulfs, as defined by Friedman and Sanders (1974). These small
(mm-scale) pustular and elongated bedforms are deposited as
the result of high-speed unidirectional subaqueous currents
or winds (Sarkar et al. 2011), upon an exposed damp sub-
strate of fine sand, where the presence of exceedingly small
obstacles (most likely unfossilized organic debris) and the

Figure 8 - Type 3 SST morphologies. (A) Model of elongated dome- and torus-shaped disc SST formation. (B) Measurements of external
and internal length and width of discs. (C) Histogram showing normal distribution (dotted orange line) of the width/length ratios of

external and internal discs.
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enhanced cohesion of the wet sediment induce the accumula-
tion of material leeward the miniature obstacles (Sarkar et al.
2011). According to Sarkar et al. (2011), the positive, small-
scale elevations formed in exposed or very shallow coastal
settings (Bottjer and Hagadorn 2007) have very low preser-
vation potential and were exclusively preserved by sealing of
the substrate promoted by the covering of microbial mats.
Thus, this organic protection was responsible for stabilizing
the loose sand protecting it and allowing the fossilization of
this delicate structure in very shallow (inter to supratidal)
environments. It is important to note that in some cases the
distribution of the pustule swarms also resembles patchy
ripples described by Sarkar et al. (2014) for Neoproterozoic
intertidal sandstone from the Jodhpur Group, India. In both
Indian and Brazilian occurrences, the presence of ripples just
under storm or upper-flow regime beds without being cov-
ered by a mud lamina is suggestive of preservation by micro-
bial mats (Sarkar et al. 2014). Despite a possible sampling
bias (Davies et al. 2016), the massive occurrence of setulfs
and patchy ripples in the Proterozoic and early Paleozoic
probably reflects the abundance of biofilm mats at this time
interval (Sarkar et al. 2011).

Type 3 SST have a dome shape, and although circular
morphologies are present, most of the structures are elon-
gated (Figs. SB-SD and 8A). Also, most of the observed
structures have a torus-shaped morphology (160 from 199;
see Supplementary Materials Section). The association of
these morphologies with upper-flow regime structures (pla-
nar cross-stratified sandstone, Sp) in the presence of seric-
ite-rich laminae is noteworthy. Interestingly, the general ori-
entation of these structures (and also of Type 2 structures)
has different directions in distinct overlapping layers, which
allows their alignment by tectonic stretching to be ruled out.
Similar structures have been previously interpreted as fluid-es-
cape (Intrites-like structure, sensu Menon et al. 2015) and
gas domes (Noffke 2010). However, Intrites-like structures
are described as millimetric discoidal mounds commonly
preserved in hyporelief, unlike the often centimeter-scale
torus-shaped features we present, which occur at the top
of sedimentary beds. In any case, the morphology of the
torus-shaped structures is coherent with what is expected
of a fluid-escape feature (e.g., gas-domes or sand-volcanoes)
with a collapsed central region (Sarkar et al. 2014, Taj et al.
2014, Menon et al. 2015). During growth and decay, gases
produced under mats by the metabolic activity of microbes
may accumulate and migrate upwards, building up under-
neath an impervious microbially stabilized layer resulting in
a dome-like structure (Sarkar et al. 2014, Taj et al. 2014, Tu
et al. 2016, Menon et al. 2015, 2016). A depressed central
region in these discoidal mounds is most likely a response
to the relaxation of the pressure generated by the upward
movement of fluids, which leads to a partial collapse of the
structure before burial (Noftke 2010, Menon et al. 2016).
As cross-section observations were not performed in these
structures, no internal features, such as a central fluid conduit
or microbial lamination, could be observed in these features.

From the morphological perspective, a striking elongation,
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oriented to a preferential orientation was observed in most
of the Type 3 structures measured. Preferential elongation
parallel to the paleocurrents suggests that circular domed
structures may have formed under more quiet conditions
and were sheared afterward by strong currents, which is
seen by the normal distribution of the width/length ratios

of both external and internal discoidal features (see Fig. 8).
Selected samples of metasandstone showing ripple

cross-lamination associated with SST were petrographi-

cally characterized as quartz-sandstone with incipient met-
amorphic recrystallization. The framework is composed of
quartz grains (ca. 90%) and muscovite (sericite; ca. %)
and opaque minerals (ca. $%). The micas occur in thin and
irregular laminae (Figs. 6A and 6B) above the sutured and
aligned quartz grains showing well-marked segregation of
the well-sorted grains, highlighting foresets of the ripples.
The distribution of the phyllosilicate grains sandwiched by
ripple cross-laminations is noteworthy. This condition could
be achieved by two main processes: deposition of mica in
the troughs of ripple marks during standing waters; or sta-
bilization of ripple marks by microbial biofilms, also during
standing water conditions, followed by trapping of phyllo-
silicate (clay-minerals or sericite, Noffke et al. 2001). Due
to the association of ripples with honeycombed, pustular,
and elongated dome/torus surface marks, and considering
the low-grade metamorphism in the area, it is suggested that
micas were originally trapped by the mucilaginous biofilms,
and thereby are interpreted as sinusoidal structures (sensu

Noffke 2010). This condition suggests that biofilms influ-

enced the development of SST upon ripples in two distinct

ways (i.e., biostabilization and grain binding).

The classification of the analyzed structures as probably
biotic in origin is grounded by several lines of evidence, such as:
¢ all structures (n = 148) correspond to original SST cov-

ering rippled or flat beddings;

* the pustular, nodular, honey-comb, and dome structures
are comparable to modern and ancient examples described
as MISS (Davies et al. 2016);

* several samples analyzed (especially pustular and dome
structures) have some degree of alignment, probably
reflecting deformation by the action of currents during
deposition (ie., reflect hydrodynamic conditions during
deposition, Davies et al. 2016);

* the petrographic analysis reveals the presence of thin lam-
ina constituted by sericite grains covering the original bed-
forms. As previously explained, these lamina are possibly
not the product of weathering and is interpreted as the
original cover of mats by adhered fine-grained sediments;

e textural evidence of sediment stabilization revealed by the
segregation and orientation of quartz grains (Figs. 6A-6B).

Another important feature to attest to the biotic origin of
MISS is the presence of preserved organic matter (Davies et al.
2016). However, depositional characteristics (deposition by
high-energy processes in shoreface to offshore transition con-
ditions) and the presence of very low-grade metamorphism

virtually preclude the preservation of organic fraction.
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THE IMPORTANCE OF MISS IN THE
PRESERVATION OF SEDIMENTARY
STRUCTURES AND SEDIMENT DISPERSION

Over the last decades, several works demonstrate that the
preservation potential of delicate sedimentary structures such
as ripples, tool, and flute marks are significantly increased by:
events of rapid burial; immediate cover by mud/silt particles;
absence of bioturbation; and presence of microbial/microalgal
EPS covering (Deckere et al. 2001, Noffke et al. 2001, Friend
et al. 2008, Noftke 2010, Davies et al. 2016, Cuadrado and Pan
2018, Tarhan 2018, Cuadrado 2020). In addition to the rapid
burial and the cohesiveness that mud drapes promote on the
marine substrate, the effect of bioturbation and organic pro-
tection in the preservation of sedimentary structures is striking
(Tarhan 2018). In the first case, sediment mixing by infaunal
organisms results in a substantially decreased fluid content
and cohesiveness of the sediment obliterating the depositional
framework, including sedimentary structures (Tarhan 2018).
In the case of sole marks, the influence of bioturbation in their
preservation is so significant that is a sharp decline is observed
in the record of these structures in the Phanerozoic following a
progressive increase in the rates of sediment mixing by burrow-
ing animals (Tarhan 2018). In this sense, the absence of signif-
icant bioturbation throughout almost the entire Precambrian
may be pointed out as a major contributor to the abundance of
preserved sedimentary structures (Dalrymple 2011), which is
also coincident with the predominance of microbial forms at
that time (Gehling 1999, Seilacher 1999, Bottjer et al. 2000,
Méngano and Buatois 2014).

Despite those different interpretations regarding the mech-
anisms of SST formation (see Davies et al. 2016 for a complete
compilation), several studies point to the influence of micro-
bial communities in the origin of most of these structures
(Dade et al. 1992, Hagadorn and Bottjer 1999, Noftke et al.
2001, 2002, Friend et al. 2008, Thomas et al. 2013, Mariotti
et al. 2014, Baas et al. 2019, Cuadrado 2020). When pres-
ent, biofilms and microbial mats are important to stabilize
the substrate against erosion by currents or small-scale waves
in shallow marine environments or even in Precambrian and
early Phanerozoic eolian sediments (Noffke et al. 1996, 2001,
Porada and Bouougri 2007, Callow and Brasier 2009, Tarhan
2018, Basilici et al. 2020, Cuadrado 2020). The presence of
organic extracellular polymeric substances (EPS) covering
the substrate directly influences the cohesiveness of sediment
and its stability (Tolhurst ef al. 2002), drastically reducing
bed roughness, bottom stress, and bed erodibility (Friend
et al.2008). When the exposed substrate is covered by a mat
or biofilm during a microbial bloom, the bedform is stabi-
lized by the EPS and the movement tends to cease (Friend
et al. 2008, Cuadrado 2020). With the vertical growth of the
microbial colony, bed roughness decreases, reducing shear-
ing produced by waves/currents and consequently the ero-
sion of substrate (Friend et al. 2008). This process clearly
increases the potential preservation of delicate bedforms
(Friend et al. 2008), also allowing plastic deformation by
current shearing, like Type 2 and Type 3 structures studied
here (Figs. 4F and 4G and 5D-SF).
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MISS are biogenic structures known in the geological
record since the Paleo-Archean (Noffke et al. 2003, 2006).
Notably, the presence of MISS is faciologic and environmen-
tally dependent (Noffke et al. 2006, Bayet-Goll and Daraei
2020, Sarkar et al. 2020). During the Precambrian, MISS are
recorded mostly on paralic to shallow marine environments
(Davies et al. 2016) associated mostly with siliciclastic facies
(Noftke et al. 2003, 2006, Porada and Bouougri 2007, Basilici
et al. 2020, Sarkar et al. 2020). The observation of modern
tidal flats subjected to seasonal storm events shows that the
flow energy in a given sedimentary environment plays a sig-
nificant role in the mat and bedform morphology (Cuadrado
2020). In general, lower energy settings are associated with
planar laminations, while higher energy deposits are related
to 3D ripples and associated erosional MISS (Baas et al. 2019,
Cuadrado 2020). The latter condition is expected to occur in
a narrow strip between sandy tidal channels and muddy tidal
flats where strong currents winnow the clay and EPS, and help
preserve 3D morphologies (Baas et al. 2019).

The presence of planar lamination associated with collapsed
gas domes, ripples, and planar laminated beds with sheared
pustular MISS, and ripple marks associated with wrinkled sur-
faces, in the investigated interval, suggests deposition under
changing energy conditions. The overall depositional pattern,
from tide to wave-dominated settings towards the top of the
section and the presence of distinct MISS associated with the
well-preserved bedforms also points to such variable energies
with implications in the potential preservation of these surfi-
cial structures. While gas domes and pustules are observed in
higher density clusters in the lower tide-dominated interval,
wrinkle marks are mainly observed in the upper wave-domi-
nated beds. Although our data do not allow the observation of
an evident relationship between the stratigraphic abundance of
MISS and bedform preservation, the fact that mud-silt drapes
and the number of bedforms covered by surface textures are
absent is striking. Furthermore, most of the observed MISS
are associated with evidence of strong flow velocities, such as
those responsible for the deposition of 3D ripples. Also, pla-
nar-laminated sandstone with preservation of thicker mats is
present, suggesting lower flow velocities, which were further
sheared by subsequent strong currents, resulting in elongated
setulfs and sheared gas domes. The grain size of these bedforms
varies between fine to medium sand, which could be misin-
terpreted as a product of deposition in relatively low-energy
environments. However, as pointed out before, the presence
of biofilms changes the response of sediments to high flow
energies; therefore, the energy is not directly reflected in grain
size in such conditions (see discussion in Cuadrado 2020).

CONCLUSIONS

MISS are widespread in the Mesoproterozoic Tiradentes
Formation of the Sao Jodao Del Rei Basin, Sao Francisco
Craton, Brazil. The identified structures (Types 1, 2, and
3) fulfill the key features attesting to their biological ori-
gin, including 3D morphology, patterns of deformation,

evidence of original biostabilization, and great similarity
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with modern and fossil examples. The specific association
of ripple marks with wrinkled surfaces and ripple and pla-
nar laminated beds with domes and pustular structures indi-
cate deposition under variable flow conditions. Therefore,
our data consistently show that changes in the morphology
of the MISS studied are likely derived from environmental
controls on their morphogenesis and environmental distri-
bution. Finally, in this studied case, the presence of biofilms
directly conditioned the preservation of bedforms acting as
a protective cover against erosion and transport by currents
and waves. Thus, they are of key importance for bedform
deposition and preservation in shallow marine siliciclastic
environments. Considering previous reports and proposed
ages for the unit, these are the oldest known MISS in South
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America Precambrian successions. The profusion of sedi-
mentary surfaces presenting MISS and preserved bedding
structures indicate that the microbial benthic communities
were abundant in the shallow sea that occupied this part of
the Sao Francisco Craton during the Mesoproterozoic Era.
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