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Abstract

Oncoid nucleation and growth have been attributed to microorganism activity, commonly cyanobacteria, resulting in the trapping of organic,
bioclastic or lithoclastic nuclei by concentric laminations. However, the factors controlling these processes are not well understood, especially
regarding freshwater precipitation systems. Freshwater oncoids from alluvial terraces underlying paludal tufas in Quaternary carbonate de-
posits in Central-West Brazil (Bodoquena downstream plains) were submitted to petrological studies by optical microscope, x-ray diffraction
and fluorescence, scanning electron microscopy and C&O stable isotopes analyses. Biogenic structures where well-preserved cyanobacteria
EPS sheath structures suggest in vivo precipitation by CO2 concentrating mechanisms, whereas smooth rhomb calcite crystals likely indicate
post mortem precipitation. The four identified morphologic features of spherical and subspherical oncoid types suggest growing in a shallow
water body, with constant laminar flow and the absence of predators. The chemical and isotopic composition of the oncoids may represent
nucleation and growth under relatively milder climatic conditions than today. This oncoid nucleation system may bring valuable information
about climatic changes in Central-West Brazil (Tropical South Hemisphere) at the end of the Pleistocene and the beginning of the Holocene.
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INTRODUCTION

Oncoids are carbonate-coated grains produced by micro-
organism activity, commonly cyanobacteria, resulting in the
trapping of organic, bioclastic, or lithoclastic nuclei by con-
centric laminations (Logan et al. 1964, Dahanayake 1978,
Fliigel 2010). Although the term ‘oncoids’ does not represent
a genetic terminology, it is commonly used to refer to nodu-
lar coated grains formed by microbial activity (Fliigel 2010).

As a microbialite and a carbonate coated grain, oncoids
generally can bring palaeoclimatic and palaeoenvironmental
information (Védrine et al. 2007, Zhang et al. 2015, Sequero
et al. 2020) since they require specific factors for their full
development, the most critical including:

* incidence of light that allows cyanobacterial colony
growth, (Leinfelder and Hartkopf-Frdder 1990, Higele

et al. 2006);
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* water body features such as depth, temperature, energy
and low sedimentary input that enable nucleation and
allow the development of a variety of morphologies
and sizes (Logan et al. 1964, Riding 1975, Dahanayake
1978, Higele et al. 2006, Védrine et al. 2007, Zhang
etal. 2015);

* physicochemical conditions of the water and atmosphere
that provide resources for cyanobacteria calcification,
also predicting the oncoid framework (Merz 1992,
Merz-Preifl and Riding 1999, Riding 2006, Sequero
et al. 2020);

* lack of predators and competitive biota, enabling the
oncoids’ nucleation and growth in a free-competition/ pre-
dation environment (Riding and Awramik 2000, Higele
et al. 2006, Riding 2006).

This study focuses on cool freshwater oncoids, up to 10 mm
long, found in the alluvial terraces of the Formoso River, Serra
daBodoquena region in Central-West Brazil. The aims of this
work were:

* describing the oncoid occurrences in the alluvial terraces
of the Formoso River;

* identifying the factors controlling their growth, with par-
ticular reference to microbial activity;

* understanding the oncoids’ significance in the regional

Quaternary carbonate deposits context, considering that

oncoids have only been reported to occur stratigraphically

below tufas (paludal and riverine).
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Through the evaluation of the main factors influencing
the oncoid nucleation and growth in the Serra da Bodoquena
Region, we suggest an old nucleation context for those car-
bonate-coated particles that involves climatic changes in the
southern hemisphere during the Quaternary Period.

BACKGROUND

Geological setting

The studied oncoid occurrences are located at Serra da
Bodoquena (21°15’S, 56°34'W), in the Paraguay Fold Belt,
southwest of the Pantanal wetlands (Mato Grosso do Sul
State, Brazil). The Serra da Bodoquena (Fig. 1) is a geomor-
phological domain constituted of a set of hills reaching ele-
vation of 800 m, distributed over a 220 km long and 40 km
wide N-S-trending structure, considered a carbonate plateau
sustained by the Neoproterozoic metacarbonates, metapelites,
and metapsammitic rocks of the Corumbé Group (Boggiani
et al. 1993, Oliveira et al. 2017).

The Serra da Bodoquena is drained by several streams

and creeks in which one example is the Formoso River and its

tributaries that drain the Eastern Bodoquena ridge. The rivers’

freshwater dissolves the metacarbonate rocks of the Corumba

Group and forms a karstic system, providing the carbonatic

source for the Quaternary carbonate precipitation on the

downstream plains (Boggiani et al. 1993, Sallun Filho et al.

2009a, Oliveira et al. 2017).

The downstream Quaternary deposits are formed due to
bicarbonate and calcium ion precipitation. However, they show
many particularities involving biological activity and geomor-
phological relief features (Oste et al. 2021).

The tufa deposits along the Formoso river are proposed to
be included in the Pleistocene-Holocene Serra da Bodoquena
Formation (Sallun Filho et al. 2009a), (Fig. 1) and it is sub-
divided into two members: Rio Formoso (riverine tufas) and
Fazenda Sao Geraldo (paludal tufas) members. The Rio Formoso
Member includes both active and inactive riverine tufa depos-
its (Sallun Filho et al. 2009a).

e The paludal tufas consist of friable micrite deposits occur-
ring on river banks (Boggiani et al. 2002), possibly formed
in oxbow lakes (Boggiani et al. 2002, Utida et al. 2017) of
6,530t0 6,310 yr BP age (**C,21°15’S, 56°34'W) (Sallun
Filho et al. 2009b);

Figure 1. A. Geological context and location of the studied outcrops near Serra da Bodoquena Highlands.
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* Theriverine tufa deposits occur in dams and waterfall set-
tings, where the inactive tufa provided ages from 2,130 to
3,410 yr BP (%C, 21°02’S, 56°51’W) (Sallun Filho et al.
2009b), forming stratified deposits recording the annual
deposition cycle, with increasing growth in warm and rainy
periods and decrease or absence of growth during cold
periods (Boggiani et al. 2002, Sallun Filho et al. 2009a,
Oliveira et al. 2017).

The active and inactive tufas are porous, displaying a wide
range of structures related to macrophyte growth (mainly bryo-
phytes) and microorganisms. The main facies are described as
stromatolitic and phytoherm boundstone, phytoclastic rud-
stones, as well as oncoidal grainstones and rudstones (Oliveira
et al. 2017, Oste et al. 2021).

The Serra da Bodoquena region is located in Tropical South
America, commonly referred as the atmosphere’s ‘walker’ cir-
culation zone (Baker et al. 2001). The region is considered
the most sensitive to atmospheric variation and important
for paleoclimatic reconstruction using oxygen isotope record
(%o, V-PDB, V-SMOW) correlated to insolation (W m?) in
U/Th dated samples (Baker et al. 2001, Wang et al. 2004, Cruz
Jr. et al. 2005, Seltzer et al. 2014, Novello et al. 2019) while
using a pollen sedimentary record (Absy et al. 1991, Ledru
1993, Whitney et al. 2011).

Cyanobacteria related to oncoids

The cyanobacteria are wrapped in a biofilm known as EPS
(protective extracellular polymeric substance) (Riding and
Awramik 2000, Decho et al. 2005, Riding 2006) that is able
to catalyze calcium carbonate (CaCO,) precipitation (Decho
et al. 2005, Dupraz and Visscher 2005, Dupraz et al. 2009).

The cyanobacteria colonization coupled with calcium
carbonate precipitation might form concentric laminations
around a lithoclastic or bioclastic nuclei resulting in a car-
bonate-coated grain (Logan et al. 1964, Dahanayake 1978).

Considering that carbonate precipitation and its media-
tion by biological activity are the core of oncoid nucleation
and growth, the ecosystem present in the freshwater coated
grains or oncoids are suitable for a series of environmental
paleoclimatic interpretations.

Under this classification, the coated grains described as
oncoids were previously interpreted as related to organisms
from Nostocales order (Rivularia, Calothrix, Schizothrix,
Phormidium) (Riding 1975, Pentecost 1978, Pentecost and
Talling 1987, Higele et al. 2006). In particular, the Rivularia
genera was considered a bioindicator or environmental proxy
since its proliferation is generally restricted to specific physi-
cal-chemical parameters (Perona and Mateo 2006, Berrendero
etal. 2008, Oren 2015, Shalygin et al. 2018), even being reported
in a series of ecological niches as freshwater, terrestrial, and

marine environments (Berrendero et al. 2008).

METHODS

The studied oncoids were collected in the Formoso river
alluvial terraces (GCS WGS84: Longitude 56°3’, Latitude

21°1’), occurring as rudstones and floatstones, overlaid by
the paludal tufas (Fig. 2).

Four oncoids that represent each morphology type and
one well- cemented floatstone were selected for petrographic
studies in thin sections using the Zeiss Stereo microscopic
model at Lamir Institute (LAMIR at the Federal University of
Parana), and an Olympus BXS1 at CTAF Institute (Centro de
Tecnologias Avangadas em Fluorescéncia — Biology Department,
Universidade Federal do Parand). The sample descriptions fol-
lowed the Dunham limestone classification (1962) modified
by Embry and Klovan (1971), and the coated grains’ classifica-
tion followed Fliigel (2010) descriptive terminology (Dunham
1962, Embry and Klovan 1971, Fliigel 2010).

To evaluate the presence of biological activity and to
describe the oncoids’ internal laminations, scanning electron
microscopic (SEM) analyses were conducted using a JEOL
SEM model 6010LA, equipped with an energy dispersive
X-ray spectrometer. One lithified rudstone, and six oncoidal
fragments representative of morphology types and nuclei com-
position were Au-coated before the SEM examination, and the
analyses were conducted with an accelerating voltage of 20 kV
using the minimum beam diameter. In addition, three mor-
phology representative samples were selected to be evaluated
ina SEM TESCAN VEGA 3 LMU, EDS type chemical analy-
sis system (Oxford) using the AZ Tech software (Advanced)
with 80 mm? SDD type detector.

Mineralogical and geochemical analyses were carried out at
LAMIR with five total powdered samples (325 to 400 mesh),
three oncoidal samples, and two lithified rudstones. The min-
eralogical composition was determined using X-ray diffraction
(XRD) through a PANalytical diffractometer, Empyrean model
with an X-accelerator detector, equipped with a Cu tube. Scans
from bulk samples were run from 260 angles from 3 to 70°,
using a step-size of 0.016° and count time of 10.16 s per step.
The chemical composition (wt%) of the main oxides (CaO,
MgO, SiO,, A20,, Fe20,,Na, 0, K, 0, TiO,, MnO,and P,0O.)
and four trace elements (Sr, Ba, S, and Cl) were obtained via
quantitative X-ray fluorescence through a PANalytical model
Axiox-Maxwith Rh tube, using alithium tetraborate fused bead.

C and O stable isotopes were conducted in a Gas Bench
II and a Thermo Delta V Advantage mass spectrometer
(ThermoFisher Scientific) using 400 to 600 lLg samples,
digested with orthophosphoric acid at 72°C with. The results
were referenced to the V-PDB scale using the following ref-
erence materials: NBS 19, IAEA-CO-1, IAEA-CO-8, and
IAEA-CO-9. Standard deviation was reported (10) to the
internal deviation of 8 to 10 readings of the same preparation.

RESULTS

Facies description

The studied deposits were described as fluvial terraces
that flank the actual fluvial floodplain and the Formoso
River’s current stream, and the five main facies described were
(Fig. 2): A basal layer of siliciclastic clay (Claystones) and
four allochthonous calcareous facies that consist of oncoidal
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Figure 2. Outcrop view of the Formoso River alluvial terraces; (A) Rudstones (Rs) and floatstones (Fs) showing imbricated oncoid in a
lateral view of trough cross-stratification, the massive mudstone (Mm) overlies the oncoidal lenses; (B) Stratified rudstones (Rs), massive
mudstones (Mm), and laminated Claystone (Cl) at the base; (C) Lenticular grainstone (Gl), composed of biogenic calcareous fragments
in sand fraction, predominantly algae or macrophytes tubes, stalks and Mollusca shells; (D) Rudstones (Rs) and Floatstones (Fs) and their
transitional contact (dashed line); (E) Oncoidal Rudstone lenses with infiltrated clay; (F) Transversal cut of oncolite hand-sample showing a
bimodal distribution of the framework oncoids and early cementation features, found in small occurrences.
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lenses (Rudstones and Floatstones), calcareous sand lenses
(Grainstones), and at the top occur a powdery micrites layer
(Mudstones), as detailed below.

Claystone facies — laminated clay (Cl)

The massive to crudely laminated brown claystones in
the studied terrace correspond to its basal interval with 0.5
to 1.5 m-thick, and up to 10m wide observed (Fig. 2B).
The claystone has a poor plastic aspect and stratification
is visible. Organic components such as carbonaceous frag-
ments occur in smaller proportions (5%). Oncoids with
diameters < 2 mm were observed, dispersed at the upper
part of the clay layers.

Calcareous sand — stratified grainstone (Gs)

The Gs facies occur in 10 to 30 cm-thick highly friable
lenses of biogenic carbonate fragments. The framework grain
sizes range between 0,5 to 2 mm, and fragments with 2 to
16 mm are make up 20% of the sample. The main composition
is represented by calcified tubes of calcareous algae, stalks of
macrophytes, calcified Mollusc shells, oncoids, and partially
nucleated oncoidal fragments (Fig. 2D). The colors are whit-
ish to yellowish.

Oncoidal lenses — stratified rudstones and
floatstones (Rs and Fs)

The oncoidal facies occurs as 0.5 to 1.5 m-thick up to 10 m
wide highly friable lenses. The framework is constituted of
oncoids ranging from 0,5 mm to 6 cm, forming oncoidal rud-
stones and floatstones with medium-sized (up to 3 m) through
cross-stratification (Figs. 24, 2B and 2C). The oncoids’ sizes
range from 0.5 to 6 cm on the x-axis (longest length) up to
3 cm on the y axis (height). The z-axis, although variable,
occurs with less thickness or the same size as the x-axis size.

The rudstones and floatstones” matrix is comprised of bio-
clasts or limestone fragments in a sand fraction such as shells,
calcified tubes of calcareous algae, smaller oncoids, or oncoidal
fragments smaller than 2 mm. Quartz grains partially encrusted
with calcium carbonate are also common and the Floatstone
matrix may also include clay. The proportions of brown clay
are greater at the base of outcrops, gradually disappearing to
the top. The rudstone facies are absent in clay.

In the stratified rudstone (Rs) facies lenses with infiltrated
gray clay (Fig. 2E), of high plasticity occur. In the stratified
floatstone (Fs) facies occurs a well-lithified layer around 10
to 30 cm- thick and 1 m wide (Fig. 2F).

Mudstone facies — powdery micrites/massive
mudstone (Mm)

The Mm facies overlies the oncoidal facies (Figs. 2A and
2B),and it is composed of gray powdery micrites and calcareous
fragments (< 10%) such as calcified Mollusc shells, calcareous
algae tubes and macrophytes stalks. The Mm facies overlie the
oncolytic facies through an abrupt contact. The Mm facies are
highly friable with a massive structure, where Cyanobacteria

filaments are encrusted with carbonate crystals.

Oncoids morphologic features
The oncoids were classified based on their shapes into four

main types (Fig. 3):

* shape 1: includes oncoids showing triangular shapes,
with concave tops, elliptical sides and no laminations at
the base (Fig. 3A);

* shape 2: oncoids with triangular shapes and concave tops,
thinner laminations on the base compared to top and side
laminations (Fig. 3B);

* shape 3: oncoids with an elliptical shape and continuous
laminations of similar thickness (Fig. 3C);

¢ shape 4: oncoids with spherical shapes, continuous and
similar thick-sized laminations (Fig. 3D).

Petrographic features
Three internal structural patterns were distinguished in
the studied oncoids (Fig. 4):
*  massive micrite lamination with moldic porosity (Fig. 4A);
*  bacterial shrub structure (Fig. 4A);
* layers with amorphous organic matter between lamina-
tions (Fig. 4B).

Their nuclei consist of sub-angular to sub-rounded (Fig. 4C),
low to medium sphericity quartz grains (Fig. 4D), moldic
microorganisms (Fig. 4E), moldic Mollusca shells includ-
ing Bivalve and Gastropod Groups, as well as amorphous sil-
ica replacing relict nuclei (Fig. 4F). Early diagenetic features
include mosaic calcite cement and microcrystalline iron oxides
and hydroxides cement.

The oncoids also show continuous or discontinuous growth
phases, sometimes with remnant oncoids eroded (Fig. 4G) asa

new nucleus-substrate to a subsequent growing phase (Fig. 4H).
Oncoid microfacies

Massive micrite with moldic porosity

The massive micrite layers (Fig. S) represent the main
microfacies forming 100 to 400 (m-thick layers around the
nucleus (Fig. SA). The EPS sheath relict structures related to
the cyanobacteria filaments occur throughout the lamination
(Fig. SB). The filament structures show ~ 6 [im in diameter
and lengths of 50 to 250 um (Fig SC). The related moldic
porosity represents up to 7% of the sample. Smooth rhomb
calcite crystals are also common (Fig. SD), usually around
> 20 Um, surrounded by subhedral crystal aggregates (Fig. SE).
Rare cyanobacteria calcified filaments (Fig. SF), up to 3um in
diameter, are observed in the massive micrite layers (Fig. SG).
Needle calcite crystals up to 2[tm complete this textural pat-
tern (Fig. SH).

Bacterial shrub

The bacterial shrub structure forms discontinuous lami-
nation (Fig. 6) and is usually responsible for irregularities in
the oncoid shapes. When the bacterial shrub is well developed
(0.5 to 1.5 cm), there is a growth predominance on one side
of the oncoid per growing cycle (Figs. 6A and 6B).
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Figure 3. Oncoids’ morphologic features. (A) Type 1, triangular, showing no laminations at the base or the concave top; (B) Type
2, triangular, showing a concave top and thin basal laminations; (C) Type 3, with elliptical shape, regular, continuous, and similar
thick-sized laminations, slightly thicker at the sides; (D) Type 4, showing spherical shape, regular, continuous, and similar thick-sized
laminations. Nucleus not used to indicate morphologic features; (A) Amorphous silicon nuclei; (B) Quartz crystal nuclei; (C) Moldic
shell nuclei; (D) Quartz crystal nuclei.
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Figure 4. Examples of the main petrographic aspects of the studied oncoids (A, B, C, D, F, G, H) under naturallight and (E) UV epifluorescence.
(A) Alternating lamination cycles with massive and bacterial shrub laminations, porosity filled by amorphous organic matter; (B) Carbonate
massive and concentric laminations, porosity filled by amorphous organic matter; (C) Carbonate coated grains with quartz crystal nucleus,
early diageneses feature such as druses mosaic calcite, ferruginous cement; (D) Oncoids with carbonate concentric lamination around a
quartz crystal nucleus, early diageneses features such as druses mosaic calcite and ferruginous cement. (E) Carbonate coated grains, detail for
microorganism moldic porosity; (F) Carbonate coated grains with amorphous silica nuclei, early diageneses feature such as druses mosaic
calcite and ferruginous cement; (G) Carbonate massive and concentric laminations around the oldest oncoid nuclei, porosity filled by
amorphous organic matter; (H) Oncoid with more than one nucleation stages, amorphous silica substituting relict nuclei.
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Figure 5. Massive micrite with moldic porosity. SEM photomicrograph. (A) Massive micrite layers showing highly porous layers with moldic
porosity; (B) Massive lamination with moldic porosity by EPS sheath structure cyanobacteria filamentous and honeycomb EPS; (C) Moldic
porosity of EPS sheath structure cyanobacteria filamentous with calcified proteobacteria structure; (D) Clusters of calcite needle crystals; (E)
Smooth rhomb crystals next to a quartz crystal nucleus; (F) Smooth rhomb crystals and amorphous organic matter; (G) Massive lamination
with moldic porosity and calcified cyanobacteria filament; (H) Massive lamination with calcified cyanobacteria filament.
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Figure 6. SEM photomicrograph and UV epifluorescence (D) of bacterial shrub structure. (A) Type 2 oncoid with bacterial shrub areas; (B)
Type 3 oncoid with bacterial shrub areas; (C) Bacterial shrub structures; (D) Cyanobacteria arrangements in a bacterial shrub structure; (E)
Filamentous cyanobacteria EPS sheath structure, and calcified cyanobacteria filament; (F) Filamentous cyanobacteria EPS sheath structure,
and calcite needle crystals composite; (G) Filamentous cyanobacteria EPS sheath structure; (H) Detail of the relict cytoplasmatic membrane
within EPS sheath structure.
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The calcite crystals show > 10 LLm euhedral shapes, sparse
cyanobacteria calcified filaments (Fig. 6E), and needle cal-
cite crystals (Fig. 6F). Moldic porosity can reach 18% of the
sample with ~ 100 Um in length (Fig. 6G) 6 llm-diameter
pores (Fig. 6H).

Microbial activity related structures

summary
Four major types of calcite crystal structures that com-

pound the microfacies can be described as:

* EPS sheath structure: represents specifically a calcifi-
cation of the EPS sheath, without a filament preserved,
occurring in both microfacies, in massive micrite as a
moldic porosity and Bacterial Shrub as a tubular struc-
ture with a radial arrangement, showing a regular growth
pattern on samples;

*  Smooth Rhomb Crystals: represents rhombohedral crys-
tal, occurring frequently in both microfacies and also
showing a regular growth pattern along with the samples;

* Needle Crystals: observed normally in small clusters,
rarely occurring without a regular pattern;

* Calcified filaments: in this situation, the filament is prop-
erly calcified without specific relation to the EPS sheath
and does not form calcite structures. They rarely occur
without a regular pattern.

Chemical and mineralogical composition

The energy-dispersive X-ray spectroscopy showed
the main composition of Ca, O, and C, (5,000 to 12,000
cps) while Si, Al, K, and Fe occur in low proportions (>
1,000 cps) (For further detail, see supplementary mate-
rial). The amorphous organic matter (Figs. 7A and 7B)
occurs either in the moldic porosity (Figs. 7C and 7D)
or disseminated throughout the lamination. The subse-
quent micrite-growth cycles trap the organic material
(Figs. 7E~7H) and the later organic matter infiltrations
represent a subordinate occurrence.

The bulk mineralogic composition of oncoids consists
mainly of calcite and quartz, and it is similar in all studied
oncoid morphology types. The bulk rock chemical compo-
sition shows CaO contents around 54%, SiO, from 0.77 to
1.35%, as well as minor Fe,O,, AIZO& and MgO (Tab. 1).

Carbon and oxygen stable isotopes

Carbon and Oxygen stable isotopes (8§ %oVPDB) were
investigated in oncoids (from Rs and Fs), calcareous frag-
ments (Gs), and clays (Cl), representing the main facies
described above (Tab. 2). Bulk rock oncoid samples (Rs
and Fs) showed isotopic ratios between -5.55 to -6.13 %o
VPDB for 8'*C and -7.37 to -7.51 %oVPDB for 6'*O. The
calcareous fragments (GI) showed relatively more negative
8'3C ratios around -6.33 to -6.46 %oVPDB. However, 8'*O
are similar, ranging from -7.41 to -7.82 %o VPDB. Dissimilar
ratios were observed in clays (Cl), where the values ranged
from -3.96 to -6.62 %o VPDB for 6"°C, and -8.18 to -9.02
%oVPDB for 8'*0.
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DISCUSSION

Oncoids nucleation, growth and
morphology

The nucleation and growth of the oncoids start when the
EPS allows microbial communities to attach themselves to
the substrate (Decho et al. 2005, Decho and Gutierrez 2017).
Several surfaces have the substrate potential to trigger nucle-
ation, such as quartz grains or Mollusca shells. Therefore, the
lamination is evidence of the oncoidal growth processes, with
an interbedding of bacterial activity-related structures and
pores filled with amorphous organic matter.

Studies of the Rivularia haematites have shown evidence
of increased productivity during Winter and poorly calcified
layers during Summer (Pentecost 1978, Pentecost and Talling
1987). Considering that Rivulariaceae and Nostocaceae fam-
ilies are the most common oncoid-forming microorganisms
(Rjding 1975, Pentecost 1978, Pentecost and Talling 1987,
Leinfelder and Hartkopf-Froder 1990, Riding and Awramik
2000, Higele et al., 2006, Shalygin et al. 2018), and by morphol-
ogy comparison through SEM results (Reviers 2002, Shalygin
et al. 2018) we interpreted that the EPS sheath structures may
have originated from organisms of the Rivulariaceae family,
whereas the calcified filamentous structures may be related
to the Nostocaceae family.

The set of laminations are responsible for the oncoidal
morphology, which has been used for environmental interpre-
tation since they are able to provide water-energy conditions
(Logan et al. 1964, Dahanayake 1978, Leinfelder and Hartkopf-
Froder 1990) and light incidence information (Leinfelder and
Hartkopf-Froder 1990, Higele et al. 2006).

The genesis of concentric oncoids was initially inter-
preted as a result of rolling of the particles in submerged envi-
ronments with constant movement, leading to the spheroid
rounded shapes (Logan et al. 1964, Dahanayake 1978, Fliigel
2010). However, new studies have suggested that spherical
and subspherical oncoids may have in situ growth, with simi-
lar-thick lamination patterns, where coarse-grained substrates
enhance growth in response to light reflection at the base of
the oncoids, in which agitated hydraulic conditions are not a
requirement (Leinfelder and Hartkopf-Fréder 1990, Higele
et al. 2006, Zhang et al. 2015).

Studies on oncoids of the Alz river in Germany suggested
that differences in light incidence may cause eccentricity of the
concentric lamination and the lack of mechanical disturbances
and bearing allow in situ growing processes (Higele et al. 2006).
The described oncoid types have similar features to the ones
described in the Alz river, such as different sizes of lamina-
tion causing oncoidal eccentricity (Fig. 8). Furthermore, the
type 1 oncoid (concave top lacking basal lamination) does not
bear evidence such as surface erosion and was likely attached
to the substrate during growth. The in-situ growth implies the
absence of carbonate production at the oncoid’s base and may
be indicative of either absence or reduced light incidence.

Type 2 may indicate that the initial oncoid nucleation stage
occurred attached to the substrate and it was later detached.

This process requires biofilm development and represents a
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Figure 7. (A-B) Photomicrographs and SEM images of amorphous organic matter. (A) Type 2 oncoid, with an amorphous organic matter
concentration near to the oncoid nuclei. Layers of organic matter also occur between massive micrite layers; (B) Type 2 oncoid, showing
bacterial shrub structure around the nuclei with the amorphous organic matter between massive micrite layers; (C and D) Amorphous
organic matter in bacterial shrub structure; (E) Amorphous organic matter disseminated in massive micrite layers; (F) Amorphous organic
matter disseminated in the transition between massive and bacterial shrub layering; (G) Amorphous organic matter trapped by massive
lamination; (H) Amorphous organic matter filling pores in massive micrite layers with smooth rhomb calcite crystals.
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Table 1. Major element distribution in Formoso River oncoids. Values in weight % oxides.

SAMPLE CaO MgO SiO, ALO, FeO, KO SO TiO, MnO PO, LOI SUM
Floatstone 01 31.73 0.16 33.21 2.42 3.69 0.13 0.04 0.14 0.57 0.04 27.87 100.01
Floatstone 02 43.72 0.11 13.76 0.68 431 0.03 0.05 0.04 0.71 0.03 36.20 99.66
Oncoid 03 54.05 0.13 0.77 0.35 0.75 0.02 0.06 0.03 0.18 0.03 43.63 99.99
Oncoid 04 53.68 0.08 1.35 0.41 0.29 0.02 0.06 0.03 0.04 0.02 43.99 99.96
Oncoid 05 54.06 0.07 0.99 0.42 0.40 0.02 0.07 0.03 0.04 0.02 43.61 99.73
Table 2. Carbon and oxygen stable isotopes ratios. Values in %oVPDB.

Code Sample Facies d3C 10 [8C] %0 10 [6'%0]
133/19-01 Claystone Cl -4.58 0.09 -9.02 0.05
133/19-09 Grainstone Gl -6.46 0.02 -7.82 0.09
133/19-11 Floatstone Fs -6.44 0.02 -7.57 0.06
133/19-12 Rudstone Rs -6.13 0.02 -7.44 0.09
133/19-13 Rudstone Rs -6.22 0.09 -7.41 0.04
133/19-16 Mudstone Mm -6.62 0.08 -8.8 0.05
133/19-22 Grainstone Gl -6.33 0.07 -7.54 0.08
133/19-23 Rudstone Rs -6.38 0.05 -7.41 0.04
133/19-33 Floatstone Fs -1.44 0.04 -7.56 0.04
133/19-35 Floatstone Fs -3.96 0.06 -8.18 0.05
133/19-44 Oncoid Rs -5.82 0.05 -7.51 0.06
133/19-45 Oncoid Rs -6.04 0.04 -7.39 0.05
195/18-01 Oncoid _ -5.97 0.04 -7.66 0.0S
195/18-02 Oncoid _ -5.65 0.07 -7.53 0.07
195/18-03 Oncoid _ -5.5§ 0.02 -7.37 0.03
195/18-04 Oncoid _ -5.98 0.03 -7.44 0.04
195/18-05 Oncoid -5.66 0.03 -7.39 0.03

transition between non-concentric laminations development
to fully concentric ones.

The oncoids with spherical shapes (types 3 and 4) show
concentric and similar thick size lamination. This pattern sug-
gests oncoidal growth detached from the substrate, where the
concentric biofilm may indicate a similar incidence of light
around the oncoid, implying bearing occurrences.

Since most oncoids were nucleated around quartz grains
of 0.1 to 1 mm, and considering the nucleation likely occurs
below the deposition curve (Hjiilstrom diagram), suggesting a
flow velocity between 0.1 and 1 cm.s™. For oncoids nucleated
from grains transported as bedload, the flow velocity would
be between 1 to 20 cm.s™ (Nichols 2009).

Given the predominance of regular lamination in terms
of format, continuity and linearity, oncoid genesis possibly
occurs under a laminar flow influence. For oncoids nucle-
ated on detrital quartz grains, only in initial nucleation
stages, an estimate using the Reynolds number was pro-
posed to infer the flow type, considering the water viscos-
ity to be 1x10° Pa.s, the fluid specific mass 1.0 kg.m?, the
flow velocity of 0.1 to 1 cm.s™ (Hjiilstrom diagram), and
assuming that a laminar flow requires Re < 500, the water
body depth could not exceed 50 cm to maintain a laminar
flow (Nichols 2009).

12

Carbon and oxygen isotopic record and
significance

Isotopic C and O ratios (8 %oVPDB) in riverine and palu-
dal tufas are controlled by karst groundwater (Andrews et al.
2000, Andrews 2006). At Central-West Brazil latitude (21°S),
we can consider a similar 8'*O to the ground and meteoric
water (Gat 1971, Darling 2004) in the current climate, where
continentality is the main factor that leads to relatively more
negative 8'°0 values in the region (Garnett et al. 2006).

The 6**O ratios of -7.30%o to -8.00%o in the studied oncoids
(Tab. 2) are close to results obtained in recent and sub-re-
cent tufas of the Formoso River (Taika and Mimosa sites)
in which the values range from -6.50%o up to -8.50%o (Oste
2017). This resembling results for ancient and recent tufa in
comparison to oncoids, endorse the meteorical water source.

Regarding the stable carbon isotopes (8 %cVPDB), it is
mandatory to consider the degassing effect in tufas, where
this continuous process might increase 8"*C dissolved inor-
ganic carbon (DIC) values, and consequently, influence the
carbon isotopic values for tufas downstream (Pentecost and
Spiro 1990). The photosynthesis effects controlled by cya-
nobacterial action remove the *CO,, resulting in the calcite
3C enrichment (Pentecost and Spiro 1990, Arp et al. 2001a,
Arp et al. 2001b).
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Figure 8. Illustrative scheme summarizing the four main oncoids types and their interpreted genesis conditions separated into three situations:
Situation A: containing concave oncoids, type 1, representing concave oncoids, without carbonate production at the base. Situation AB:
involves concave oncoids, type 2, representing a transition between A and B situations. Situation B: involves spherical oncoids, types 3 and 4,
with concentric lamination and similar carbonate production around the oncoid. Oncoids with A situation genesis likely had in situ growth,
partially fixed to the substrate. In contrast, oncoids with B situation genesis have grown detached from the bottom substrate, with favorable
conditions that allowed similar concentric carbonate production around the oncoid, often subjected to bearing.

The higher plants photosynthesis’ influence is negligible
due to the oncoids’ (cyanobacteria colony) inability to compete
with macrophytes (Dandurand et al. 1982, Higele et al. 2006).
However, in the current tufa-system environment, higher plants
influence the phytoherm facies along the rivers (Oste 2017).
The abundance of C3 plants also indicates wet conditions, and
it holds the 8**C around -8.00%o (Smith et al. 2004).

The §C values between -5.50 to -6.50%o in oncoids are
less negative when compared with values of recent and sub-re-
cent tufas from the Formoso river (-7.00%o to -9.50%o) (Oste
2017). The less negative data for oncoids indicates a further
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specific microbial action (Schidlowski 2000), confirming the
lack of macrophytal influence.

Oncoids in Quaternary deposits at
Central-West Brasil significance

Active riverine tufas from the Formoso river formed under
the same climatic conditions have different facies, interpreted
as a consequence of geomorphological features in the environ-
ment that controls CO, degassing, flow velocity, and conse-
quently the biota development (Oste et al. 2021). In summary,
there were two predominant features often described in the
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literature from the Serra da Bodoquena Region, formed under
the actual climatic condition: the riverine and paludal tufas.

Subordinately, the oncoidal floatstones and rudstones were
observed in alluvial terraces of the Formoso River. Oncoidal facies
were described in a riverine environment at the Formoso River,
cemented in a muddy matrix (Oste et al. 2021), and in the
Fazenda Sdo Geraldo’s oncoids underlying unconsolidated
micrites (paludal tufas environment) (Utida 2009, Oliveira
et al., 2017, Utida et al. 2017). We observed oncoids under-
lying the paludal tufas (massive mudstone Facies), separated
by an abrupt and irregular contact. These observations led us
to suggest that the genesis of oncoids is not recent and may
have occurred before the current time.

The described oncoids possibly had genesis at a time
before the establishment of the current tufa precipitation sys-
tem. In the region’s rivers (Formoso and its tributary), oncoids
in nucleation processes were not observed, and the current
absence of oncoids in nucleation may be explained by the fact
that oncoids require specific conditions for nucleation. One of
the main factors is the absence of macrophytes (higher plants
and green algae) and predators such as gastropods (Leinfelder
and Hartkopf-Fréder 1990, Higele et al. 2006), both occuring
abundantly in the region (Oliveira et al. 2017, Utida et al. 2017,
Oste et al. 2021) these aspects can suggest a major climatic
change for oncoid nucleation before the establishment of the
actual climatic system. The summary of the interpreted evolu-
tion of the Formoso River carbonate precipitation system and
the ages suggested for oncoid nucleation are shown in Tab. 3.

The age of the rudstone deposits or individual oncoids is
still unknown, however, the paludal micrites (Mm) that overlie
the oncoidal lenses have shown C'* ages of 5,650 to 4,200 to
years BP (Sallun Filho et al. 2009b) and an estimated depo-
sitional rate around ~ 7.5 cm/100 years (Utida 2009). Based
on these "“C ages and the thickness (5.0 m) of the deposits,
we can infer that a major paludal micrite deposition may have
started around 8,500 yr BP, culminating with the lake level fall
triggered by a drought period between 8,500 to 4,000 to yr

BP (Absy et al. 1991), (Fig. 9) and thus, setting the maximum
depositional age of the oncoidal lenses.

Consequently, the oncoid genesis occurred before the
major paludal tufa systems establishment and may be related to
the end of the Pleistocene and the beginning of the Holocene.
Despite the major paludal tufas depositional episode (Boggiani
et al. 2002, Oliveira et al. 2017, Utida et al. 2017), relatively
small layers continue to deposit in favorable topographic and
hydrological conditions (Oste et al. 2021). Calcified gastro-
pod shells, macrophyte stalks and calcareous algae increase
toward succession, indicating proliferation up the section.
The lack of indicative reworking and transport features over
long distances indicates that the deposition occurred near the
original nucleation site.

We interpreted that oncoid nucleation possibly started
after the arboreal pollen decrease in 27,000 yr BP (Ledru
1993) (Fig. 9), since oncoids are unable to compete with
macrophyte plants, establishing their minimum nucleation
ages where the absence of macrophyte plants and predators
such as gastropods, allowing their full development (Higele
et al. 2006, Zhang et al. 2015, Xiao et al. 2020). Recent palino-
logical interpretations in '*C dated samples from the Laguna
la Gaiba along the Paraguay River (Pantanal wetlands hydro-
logical linked) interior of Tropical South America, also show
colder and drier conditions with an open landscape with smaller
trees proliferating and lower lake levels around ~ 45,000 and
19,500 yr BP (Whitney et al. 2011).

In addition, insolation also affects atmospheric circula-
tion and convective intensity, and consequently the hydrolog-
ical cycle (Cruz Jr. et al. 2005), oxygen isotopic record from
radiocarbon on dated lacustrine sediments in Salar de Uyuni,
also shows an increase in natural Y-radiation (c.p.s.) around ~
20,000 to 10,000 yr BP, produced by Earth’s precessional cycle
considering the Tropical South America region (Baker et al.
2001). Although we have not seen current oncoid nucleation
and growth on actual rivers and a correlation with climatic

changes in Central-West Brazil, a more favorable environment

Table 3. Relatively ages interpretations, correlated to environmental conditions.

Palinological
Quaternary C'*AGE Relative ages 2 ;no (:fllca
Carbonatic Yr BP (Interpretative . eco R
Epoch ) . A 15°to 25°S, Events
Deposits (Sallun Filho et al. correlation 45° to 60° W
21°S, 56°W 2009b) according to Fig. 10) (Ledru 1993)
Riverine tufa 2,130+ 60; Evidence of
Late Holocene (predominance) 2,420 £ 70; _ mesophytic, Modern Conditions
P 3,410 70; semideciduous forest
. Paludal tufa 4,200 £ 40; Lake level fall
Middle Holocene redominance 5,650 % 50; - - Absy et al. 1991
p Y
. Younger Dryas Event
*
Early Holocene All:11v1al tit:irrexilces _ Arlozu 8301 5; (i;)l()) © Lowarboreal pollen (12,900 to 11,700
epositio ,000 y: yr BP)
*
Spread of oncoids _ 15,000 to 20,000 GAP
yrBP Sedimentation Last Glacial
inni Maximum
Late Pleistocene Bc?glnmng Of. *25,000 yr BP ceases
oncoids nucleation -
Before 25,000 yr BP Drop of arboreal Flooded Planicie

Claystone depostion

pollen rate

(Absy et al. 1991)
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Figure 9. Interpreted climatic and environmental conditions during Upper & Late Pleistocene and Holocene for Midwest Brazil, (Latitude
15° to 25°S, Longitude 45° to 60° W) based on palynological studies (Ledru 1993). The estimated stratigraphic position for oncoidal lenses
based on oncoids nucleation and growing requirements (Hégele et al. 2006), outcrop features, and previous studies of carbonate deposits in
the Serra da Bodoquena Formation, including phytoherm tufa from Aquidaba River (Rio Formoso Member), micrite tufa and Mollusca shells
of Fazenda Sio Geraldo Member (Sallun Filho et al. 2009a, Sallun Filho et al. 2009b, Oliveira et al. 2017, Utida et al. 2017). An estimated
deposition rate for micrites (7,5 cm for 100 years) allows inferring the beginning of precipitation after the Younger Dryas Event, which
culminates with low lake levels suggested by (Absy et al. 1991). Oncoids are probably older than the Younger Dryas Event (11,700 to 12,900
years BP). They may represent the depositional gap around 25,000 to 17,000 years BP. The start of oncoids nucleation probably occurred
when the arboreal pollen rate decreased 27,000 years ago.
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for oncoid development in the past can be suggested, possibly
around ~ 27,000 to 10,000 yr BP.

The Bodoquena Highlands’ underground karst system
consists of the current tufa system’s ion source (Boggiani ef al.
1993, Oliveira et al. 2017), and likely provided the ion source
to the oncoids’ genesis in the past. The stratigraphic disposi-
tion observed in outcrops and sedimentary structures such as
stratification in floatstones and rudstones, and massive struc-
ture in mudstone, corroborates the hypothesis of genesis of
the oncoidal facies in a different stage compared to the paludal
tufa (Mudstone facies). The oncoids appear to record a previ-
ous climatic system relatively colder and drier.

CONCLUSIONS

These oncoid occurrences represent the basal interval of the
Quaternary deposits of the Serra da Bodoquena downstream
plains, and probably occurred under different climatic condi-
tions during the end of the Pleistocene and the beginning of the
Holocene. We demonstrated that morphological, chemical, and
isotopic aspects of oncoids coupled with stratigraphic research
can provide valuable information concerning nucleation set-
tings and environmental significance. This study interprets that
oncoids grew in a shallow water environment, with alaminar flow
incidence, absence of macrophytes and competing organisms.

These oncoid occurrences represent the basal interval of the

Quaternary deposits of the Serra da Bodoquena downstream
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plains. Their genesis likely occurred under a different climatic
condition during the Upper Pleistocene. The 21°S latitude
in Brazil (Tropical South Hemisphere), was probably under
colder and drier conditions (Whitney et al. 2011, Novello et al.
2017,2019), and oncoid nucleation possibly occurred under a
shallow water body, with a reduced population of competitor
organisms such as higher plants (Ledru 1993, Whitney et al.
2011), possibly under higher sunlight incidence (Baker et al.
2001, CruzJr. et al. 2005) culminating in favorable conditions
for oncoid-forming cyanobacteria proliferation (Higele et al.
2006, Riding 2006, Zhang et al. 2015). Detailed studies with
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ing the transition between the Pleistocene to the Holocene in
Central-West Brazil (Tropical South Hemisphere), constrain-
ing the ages and evolution stages of this Quaternary carbonate

system and its climatic controls.
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