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Abstract

Microbialites are the most abundant life evidence in Precambrian sedimentary rocks. They are produced by microbial interaction activity and
sedimentary processes reflecting paleoenvironmental conditions. The Ediacaran-Cambrian carbonate and siliciclastic successions in the South-
ern Amazon Craton in Central Brazil, provide a key opportunity to understand how the metazoan life coexisted with the microbial communities.
The spatial and temporal distribution of microbialites as well as morphological and paleoenvironmental changes have been assessed, reinterpret-
ing previous works and including new data from the Araras-Alto Paraguai and Corumbd basins. The deposition was controlled by subsidence and
sea-level changes that affected these basins, considered extensions of epicontinental seas during the Gondwana assembly. The stromatolites are
restricted to coastal deposits and experienced thriving flourishment intervals after the Marinoan Glaciation (635 Ma). Post-glacial transgression
was marked by microbial colonization in shallow platforms represented by stratiform and giant domical stromatolites in the Araras-Alto Paraguai
Basin. The continuity of the transgression generated a moderately deep aragonite sea at about 622 Ma. A progressive sea-level fall caused the im-
plantation of coastal environments under greenhouse conditions with tidal flat and sabkha settings colonized by centimetric-scale stromatolites.
The sea retreat was accompanied by progressive uplift, causing a moderate inversion of the basin and erosion of the succession until ~560 Ma
with the deposition of the last preserved tidal flat deposits with the occurrence of thrombolites. The subsiding Corumbé Basin was the site of
microbially-induced deposition of carbonates in a shallow platform connected to an offshore setting with the proliferation of metazoan straddling
the Ediacaran-Cambrian boundary. Microbial communities were restricted to lagoon deposits during the Lower Cambrian transgression in the
Araras-Alto Paraguai Basin and the last phase refers to the sea retreat towards southeast, developing a fluvial system connected with the arid
and evaporitic tidal flats colonized by microbialites that lasted until the upper Cambrian. Except for the post-glacial stromatolites, the columnar
and domal microbialite indicate that the coastal settings dominated the Ediacaran-Cambrian transition. The preservation of microbialites in the
post-glacial intervals can be associated with the Mg-Ca-CO, oversaturation in dolomitic platforms. The rapid calcification and ability to resist the
dissolution and replacement have increased the stromatolites’ preservation potential reported here, where its well-preserved occurrence in tidal
flats and sabkha occurs due to intense early diagenetic silicification. The change from carbonate accumulation to siliciclastic-rich environments
contributed to the demise of microbially-induced strata. In general, the scarce coexistence between coastal stromatolite and metazoan-bearing
marine deposits makes it challenging to establish a competitive relationship between these organisms, as previously postulated.
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may suggest a global event of sea-level changes. The increase
of siliciclastic input in the continental margins indicates a
depositional control related to the regional uplift linked to the
collision of continental blocks of the West Gondwana (Allen
and Leather 2006, Torsvik and Cocks 2013). Ediacaran car-
bonate platforms were gradually replaced by siliciclastic-rich
environments worldwide, reducing microbial-induced strata
(Allen and Leather 2006). The Phanerozoic microbialites
occur in progressively more restricted settings, accompanied
by the uninterrupted life complexation (Riding and Liang
2008, Riding 2006).

The inference of competition results from comparing the
timing of metazoan appearance with the onset of stromato-
lite decline (Pratt 1982, Grotzinger and Knoll 1999, Riding
2006). This decrease in the preservation potential of the
microbial mats has been associated with geochemical shifts
in the Late Ediacaran to the Early Cambrian oceans and the
advent of metazoan organisms (Pratt 1982, Grotzinger 1990,
Grotzinger and Knoll 1999, Gingras et al. 2011, Peters et al.
2017). Itis challenging to infer stromatolite grazing or distur-
bance by metazoans in the Proterozoic (Walter et al. 1992a,
Walter et al. 1992b, Riding 2006), nevertheless, to understand
its preservation in the geologic record, it is also necessary to
verify changes in carbonate factory to promote early fossil-
ization. Furthermore, other important parameters are the
influence of siliciclastic input over the carbonate platform,
the environmental restrictions, and the resistance of these
organisms to dissolution.

The Ediacaran-Cambrian carbonate and siliciclastic succes-
sions in the Southern Amazon Craton in Brazil exhibit specific
microbialite-rich intervals that indicate significant evidence for
a pre- to early Phanerozoic biosphere. Microbialites are abun-
dant in the post-Marinoan carbonate deposits (~627 Ma) of
the Southern Amazon Craton, mainly in coastal and shallow
marine settings (Nogueira et al. 2003, Romero et al. 2020, Santos
etal.2021). These occurrences belong to the Lower Ediacaran
Araras Group (~627-614 Ma) and the Cambrian Alto Paraguai
Group in the Araras-Alto Paraguai Basin (Santos et al. 2017,
Nogueira et al. 2019) as well as the Upper Ediacaran-lower
Cambrian Corumb4 Group in the Corumbé Basin (Boggiani
etal. 2010, Amorim et al. 2020) (Fig. 1). The carbonate succes-
sion of the Corumbd Basin is a complementary section 300 km
away from the south of the Araras Alto Paraguai basin (Fig. 1).
Previous outcrop-based facies analysis of these successions
allowed the establishment of a robust stratigraphic database,
including the positioning of microbialite strata and valuable
paleoenvironmental reconstructions. (Nogueira et al. 2003,
Boggiani et al. 2010, Parry et al. 2017, Rudnitzki et al. 2017,
Oliveira et al. 2019, Amorim et al. 2020, Romero et al. 2020,
Santos et al. 2021). We used the key surfaces represented by
Cryogenian-Ediacaran and Ediacaran-Cambrian boundaries
to position the classical measured sections with occurrences of
microbialites (Fig. 1). In this sense, this study analyzes the spa-
tial and temporal distribution of microbialites and changes in
morphology and the paleoenvironmental context in the entire
record of both the Araras-Alto Paraguai and the Corumba

basins, reinterpreting previous works and including new data.

2/15

GEOLOGIC BACKGROUND

The carbonate and siliciclastic successions from the Southern
Amazon Craton have been considered exclusively of Ediaca-
ran age and included in a single foreland-type basin with deep
offshore areas towards southeast. The establishment of both
Araras-Alto Paraguai and Corumba4 basins was associated
with the Brasiliano/Pan-African Event, which involved the
Amazon, Sao Francisco-Congo and Parand continental blocks
(Almeida 1964, Trompette et al. 1998, Trindade ef al. 2003,
Alvarenga et al. 2007, Nogueira et al. 2007, Tohver et al. 2010,
Bandeira et al. 2012, McGee et al. 2015). Recent studies indi-
cate that these successions were deformed by transtensional
tectonics and not by collisional events as previously proposed
(Cordani et al. 2013, Nogueira et al. 2019, Santos et al. 2020).
Collisional tectonics was observed only in the rocks of the
underlying Cuiab4 Group (currently restricted to the Paraguai
Belt), marking a suture adjacent to the craton (Nogueira et al.
2019, Santos et al. 2020).

Glacial-marine deposits related to the Marinoan glacia-
tion (635 Ma) evidence the beginning of the sedimentation
in the Araras-Alto Paraguai Basin. Massive and laminated
diamictite and siltstone with dropstones characterize the
Puga Formation (Alvarenga et al. 1988, Nogueira et al. 2019,
Santos ef al. 2020). Post-glacial cap carbonate sharply over-
lies the Puga Formation and represents the basal portion of
the Araras Group. The cap carbonate includes the dolostone
of the Mirassol d’Oeste Formation and the limestone of the
Guia Formation, both underlying the dolostones of the Serra
Quilombo and Nobres formations (Nogueira and Riccomini
2006, Nogueira et al. 2019). The upper Nobres Formation has
been attributed to the not formalized Pacu Formation (Sial
etal.2016) (Fig. 1). The base of the Araras Group has Pb-Pb
age-dates of 627 + 32 Ma and 622 £ 33 Ma for the Mirassol
d’Oeste and Guia formations, respectively, indicating an early
Ediacaran age (Babinski et al. 2006, Romero et al. 2013). This
age has been corroborated by 8*C isotopic values from -5 %o
in the cap dolostone to -2 %o in the upper Araras Group, com-
parable with global curves (Nogueira et al. 2019). A Cambrian
age has been inferred based on the presence of the Skolithos
trace fossil in the siliciclastic Alto Paraguai Group, which
unconformably overlies the Araras Group, pointing to a ~80
Myr interval of either a non-depositional or erosional hiatus
(Santos et al. 2017, Nogueira et al. 2019).

The Corumba Basin is situated in the southernmost por-
tion of the Amazon Craton, exposed in the Urucum Massif and
the Serra do Bodoquena domain, limited to the east by the Rio
Apa Block (Boggiani et al. 2010, Oliveira et al. 2019, Amorim
et al. 2020). The basin comprises a carbonate and siliciclastic
succession organized in five formations, from the base to the
top: Cadiueus, Cerradinho, Bocaina, Tamengo, and Guaicurus
(Alvarenga and Trompette 1993, Boggiani 1998, Walde et al.
2015). The carbonate rocks from the Tamengo Formation and
the siliciclastic rocks from the Guaicurus Formation are of late
Ediacaran and Cambrian ages based on the occurrence of the
biota composed of soft-bodied metazoan (Corumbella), and
skeletal fossils (Cloudina), as well as the possible vendotaenid
algae Eoholynea (Pacheco et al. 2015, Becker-Kerber et al. 2017,
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Figure 1. Location and simplified geologic map of Southern Amazon Craton. Composite lithostratigraphy and microbialite occurrences of
the Ediacaran-Cambrian successions. The major gaps are found in the Lower Ediacaran in Corumb4 Basin (60 Myr) and the Upper Ediacaran
(80 Myr) in the Araras-Alto Paraguai Basin. Measured sections (1-7) are indicated in the composite.

Parry et al. 2017). Available U-Pb CA-ID-TIMS ages in ash beds
indicate a 55530.3 Ma age in the Bocaina Formation and 542
0.3 Ma for the Tamengo Formation (Parry et al. 2017) (Fig. 1).

MICROBIALITES FROM THE
ARARAS- ALTO PARAGUAI
AND CORUMBA BASINS

Carbonate and siliciclastic rocks of the Araras-Alto Paraguai
and Corumbd basins contain a variety of microbialites and struc-
tures related to microbial mats such as crinkled lamination, fenes-
tral porosity, stratiform and domic morphology (e.g., Nogueira
et al. 2003, Boggiani et al. 2010, Romero 2015, Rudnitzki et al.
2017, Nogueira et al. 2019, Romero et al. 2020, Santos et al. 2021).
The microbialites are mainly distributed in the moderately deep
carbonate shelf deposits and peritidal settings of the Araras and
Corumbd groups, as well as the basal siliciclastic coastal sediments
of the Raizama Formation (Figs. 1 and 2, Tab. 1).
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Lower Ediacaran (635-614 Ma)

Stromatolites are the most typical components from the
35 m-thick Puga cap carbonate (Figs. 2A and 2B) at the bor-
der of the Amazon Craton in the regions of Mirassol d* Oeste
and Tangaré da Serra in Mato Grosso (Romero et al. 2020,
Soares et al. 2020, Santos et al. 2021). The stratiform mor-
phology is found at the base of the cap carbonate overly-
ing laminated and low-angle stratified dolostone (Fig. 3).
Meter- to decameter-scale domic and irregular wavy forms
exhibit tubestone structures concentrated in the axial por-
tion (Fig. 3). Giant stromatolites are restricted in the Tangara
da Serra region, exhibitting decameter-scale domal mor-
phology, laterally continuous for hundreds of meters, being
an excellent example of bioherm. Megaripple bedding and
quasi-planar lamination in dolostone and limestone occur
sharply at the top of the microbial mounds. Limestone with
crystal fans (pseudomorphs after aragonite) covers the stro-

matolite-bearing beds.
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Figure 2. Ediacaran-Cambrian stratigraphic sections in the Southern Amazon Craton. The sections are indicated in Figure 1.

Table 1. Summary of microbialite occurrences through the Ediacaran—Cambrian transition in the Southern Amazon Craton.

Stromatolite
Basin Group  Location Formation Rock-type o Thrombolite References
Domal Stratiform Cerebroid
/Columnar-Pseudo
T ad
Sangara 'a Mirassol Dolomit J J Soares et al. 2013,
erra reglon d’Oeste olomute Santos et al. 2021
MT
Nogueira et al.
2003, Nogueira and
Mirassol Mirassol Riccomini 2006, Font
1]
d’Oeste 4’ Oest Dolomite N N et al. 2010, Romero
este
Ar region-MT 2010, Nogueira et al.
aras
Araras/ 2019, Romero et al.
2020
Alto-
Paraguai Nogueira et al.
2003; Nogueira
Ciceres and Ricomini 2006,
Nob hert ’
region-MT obres Cher \/ V v \/ Romero 2015,
Rudnitzki et al.
2017, This study
Gléria
Alto- R« 2015; Thi
P ° . d’QOeste Sepotuba  Chert N N tozlnero 53 This
araguai region-MT study
Boggiani et al.
Corumbd zgfglglll,et fl
iveira
Corumbd and' Bonito  Bocaina Dolomite N N N 2010: Morais 2013,
region-MS R ¢ al. 2016
Corumbé omero et al.
C ba Becker-Kerber et al.
orumbd
Rk Tamengo Limestone N 2017, Amorim et al.
region-MS 2020
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Figure 3. Puga Cap Carbonate stromatolites in the Amazon Craton. (A and B) Giant domic laterally continuous mounds. (C) Tubestone
structures in plan view. (D and D’) Tubestone in longitudinal view. (E) Bitumen impregnated irregularly wavy stromatolites. (F) Irregular
wavy stratiform stromatolites. (G) Domal stromatolite. (H) Irregular wavy stratiform stromatolites Terconi and Calcario Tangara quarries

record by Romero et al. (2020) and Santos et al. (2021).

Silicified microbialites occur at the top of the Araras Group
(Nobres Formation) inside meter-scale shallowing upward cycles
marking the contact between dolomudstone, laminated dolopack-
stone and sandstone with cross-lamination, ripple marks, and
evaporite (pseudomorphs) molds. (Figs. 4A and 4B) (Rudnitzki
et al. 2017, Nogueira et al. 2019). These microbialites comprise
centimetric stratiform and columnar morphotypes frequently
found in the Caceres region (Figs. 1,4C and 4D). Cerebroid mor-
photypes of stratiform to pseudo-columnar stromatolites overlie

5/15

brecciated beds with tabular clasts (Figs. 4C, 4E, and 4F), centi-
meter-scale pseudo-columnar stromatolites resembling throm-
bolites with restricted occurrence in the Planalto da Serra region

(Figs. 4G and 4H).

Upper Ediacaran (555-541 Ma)
Microbialites from the Corumb4 Basin occur associated
with meter-scale shallowing upward cycles composed of dolo-

mitized carbonate in the Bocaina Formation, in the Corumba and
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Figure 4. Lower Ediacaran stromatolites of the Upper Araras Group. (A) Shallowing upward cycles (arrows) in tidal flat deposits comprising
massive and laminated dolostones. (B and C) Silicified stratiform stromatolites in the top of the shallowing upward cycles. (D) Oriented
small-scale mounds in plain view (pen scale is 15 cm). (E) Plain view of the cerebroid stromatolites. (F) Carbonate elongated clast forming
teepee breccia associated with the cerebroid stromatolites. (G and H) Trombolites, note the columnar morphology (scale bar is 10 cm).
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Serra da Bodoquena region, Mato Grosso do Sul. Centimetric
microbialites are found at the top of meter-scale mounds with
predominantly stratiform to gently undulate geometry form-
ing biostrome (Figs. SA and 5B). The centimetric columnar
microbialites can reach up to S0 cm (Figs. SC and SD). In the
region of Bonito, phosphatic minerals are found associated
with stromatolitic lamination.

Cambrian (541-480 Ma)

Cambrian stratiform stromatolites occur solely in the
Araras- Alto Paraguai Basin (Figs. 6A and 6B), locally found
in the top of 3m-thick coarsening upward cycles composed of
sandstone interbedded with silex beds, at the base of Raizama
Formation, exposed in the Serra do Mangaval, near the city
of Céceres. This morphotype is up to 15 cm thick, generally
silicified, and alternates with terrigenous laminae. The microbi-
alite-bearing deposits are interbedded with trough cross-bed-
ded sandstone and rhythmic mudrock-sandstone, composing
inclined heterolithic stratification.

Silicified stromatolites from the upper Alto Group were
described in the region of Gléria d’'Oeste. These structures occur
in centimeter-scale shallowing upward cycles of sandstone and
rhythmite with evaporitic (pseudomophs) molds (popcornand
enterolithic laminae) (Fig. 6C). They exhibit stratiform geometry
(Fig. 6B) with local pseudo-columnar portions. Some colum-
nar stromatolites have a centimetric goblet shape (Fig. 6D).

PALEOENVIRONMENT

The paleoenvironment of the Ediacaran succession in the
Southern Amazon Craton is predominantly interpreted as
marine to coastal settings (Fig. 1). In contrast, microbialites

cannot found in moderately to deep waters, as evidenced in

the upper part of the Guia Formation, or the lower Serra do
Quilombo Formation (Fig. 7). The evolution of stromatolites
in the basal succession from the Araras-Alto Paraguai Basin
was heavily dependent on the post-glacial sea level that influ-
enced the deposition of cap carbonates drowned by long-term
transgression responsible for the preservation of ~400 m-thick
limestones (Nogueira et al. 2007, 2019; Fig. 7). Dolomitic
stratiform stromatolite flourished directly overlying Marinoan
glacial diamictite, marking the Cryogenian-Ediacaran bound-
ary (Romero et al. 2020). These stromatolites represent the
first occurrence of microbial mats in hypersaline, dense, strat-
ified, and calm shallow waters preceding the glacial isostatic
adjustment (GIA) (Santos et al. 2021). The laminae were per-
colated by sodium-rich sulfate-brine fluids filling interpeloidal
porosity with gypsum and organominerals precipitation as a
consequence of microbial metabolism (Santos ef al. 2021).
The establishment of greenhouse conditions and GIA
influence increased the accommodation space with defin-
itive implantation of glacio-eustatic retrogradational set-
tings and abundant nutrients, comprising an ideal scenario
for developing giant microbial mounds (Santos et al. 2021).
The continuity of long-term transgression in an ice-free sea
allowed the reworking by oscillatory flow from extreme winds,
generating megaripple bedded-strata (Allen and Hoffman
2005, Romero et al. 2020, Santos et al. 2021). The stromat-
olites are not observed in the maximum flooding associated
with a siliciclastic inflow and these factors are suggested to
have caused the demise of stromatolites in this succession
(Romero et al. 2020, Santos et al. 2021), which was followed
by the deposition of long-term transgressive lime mud in
an aragonitic sea recorded by calcite crystal fans (pseudo-
morphs after aragonite), precipitated directly on the basin

floor under the highest temperature during the climax of

Figure 5. Upper Ediacaran stromatolites of the Corumb4 Group. (A and B) domic laterally continuous mounds. (C and D) detail of

stromatolitic lamination (scale bar is 10 cm).
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Figure 6. Cambrian stromatolites of the Alto Paraguai Group. (A and A’) Stratiform stromatolites from the Raizama Formation (scale-lens
cap is 8 cm). (B and B’) representative sample of stratiform stromatolite. (C) Popcorn evaporite pseudomorphs (arrows) associated with

domical stromatolite. (D) Goblet shape domical stromatolites in plain view.

greenhouse conditions (Nogueira et al. 2003, 2019, Soares
et al. 2020). This microbial interval exhibits 8'*C around
—5%o passing to —4%o for anoxic, deep-platform limestone
succession, hindering colonization of microbial communi-
ties. The deep-water limestones keep the 8'3C values around
—2%o for more than 350 m-thick upsection, suggesting the
return of carbon productivity in Neoproterozoic seawaters,
which is comparable with other cratons worldwide (Fig. 7)
(Nogueira et al. 2019).
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The continuous disappearance of anoxic and deep waters
conditions related to the long-term transgression was evidenced
by the progressive shallowing-up sea waters. Afterward, evi-
dence of awarm climate is recorded in the dolomitized arid tidal
flat successions from the upper Araras Group (Nogueira et al.
2019). The §"C values ranging from —2.5%o to +0.3%o con-
firm a change of Neoproterozoic seawater conditions (Fig. 7).
Domal stromatolites occur at the top of Araras Group, mark-

ing the limit between subtidal-intertidal deposits, forming



Braz. J. Geol. (2022), 52(2): e20210065

. . . GO
Agel Lithostratigraphy and basin Paleobathymetry Sr /Sr §"C %oV-PDB
Ma Period Araras-Alto Paraguai Corumbi [Decp Shallow] 6 -4 2 0 2 4 6 8 8 64 2 02 4 6 8
E sws: |:irwn| 07088 0,7074
s s
£
£
& £
@ E]
£
: S
E To0 2
Cambrian % £
£ 3004 2
540 8 =k
L~ i P
£
=
S
5
g
550 B
Upper
Ediacaran ~80 Myr I
y HRS exposed() -~ H
g 4 Last ocurrence of
ime scal 3 D . . 1 H H
change }i 0 large microbialites| : H
: i |Otavi Group |:
580 R : = e
Gaskiers Gléi(:latlon
L 600 . : °&
@D
K & ° H
=
7 < @D
i g o
° i
! Maiberg”
+ anomaly
° : O .
N d End Cryogenian
° : .' Glaciation
- 620) = £ °
%3 p
53 o anomaly °
- 640 P
. £
Cryogenian
=7 Microbialites
Dlamicme [‘_—Ajsiliciﬁed dolostone l:l*“dal flat/ sabkha &  Baviinella faveolata U Cloudina
@ Dol Dolostone breccia [ Tidal- and storm- C((@ Acritarch sp. * Eoholynia corumbensis Stratiform Thrombolite
olostone dinfluenced shoreline G S S
Bituminous [ sandy dolostone ] Siphonophycus sp. Domal stromatolie (2N Silicified
i Moderately deep platform ciosphaeridia assemblage Skolithos with tubestone
limestone Glacislmarine — y deepp ©) reiosphaeridia assemblage il e Soosiite) catoid
[==] Ash tayer - B storm-dominated platform & vase-shaped microfossil | Pwtocrariamiarnicotes % “ercbroi
allow platform
F=] Sandstone o plato 6 Small shelly-fossil Paleobathymet Phosphatic )
s [ (‘la(‘fO;—samramd deep - Offshore transition Corumell aleobathymetry s Cryogenian-Ediacaran
Evaporitic breccia P20 B Corumbelia Boundary
E] Intraclastic dolostone/ x:“:g::;ely fo decp anoxic %h"mface'“‘md“l M Trace fossil Corumbé Basin Araras Alto-Paraguai Basin mmsss  Ediacaran-Cambrian
sandstone Boundary

Figure 7. Sea-level curve, carbon isotope, and ¥Sr/*Sr chemostratigraphy and lithostratigraphy of Ediacaran-Cambrian of the Southern
Amazon Craton (Modified of Nogueira et al. 2019, Sial et al. 2016) compared to composite 8"*C curve of Otavi Group in Namibia (Halverson
et al. 2005, Macdonald et al. 2009). In this context, the Araras Group does not trespass the lower Ediacaran. Mid- to late Ediacaran and
Cambrian deposits are recorded in Corumbd Group. Cambrian deposits also occur in the Araras-Alto Paraguai Basin. Carbon data in the
upper Nobres Formation has been attributed to the not formalized Pacu Formation (Sial et al. 2016).

meter-scale shallowing to brining-upward cycles of arid tidal
flat and sabkha (Nogueira and Riccomini 2006, Nogueira
et al. 2007, Rudnitzki et al. 2017). The presence of desiccation
cracks, rip-up clasts, and tepee features compose a brecciated
substrate where microbial mats grew, forming cerebroid mor-
phology, indicative of subaerial exposure in tidal flat (Fig. 4G).
We considered these 8'3C values to be less altered as carbon
depletion can be associated with meteoric waters commonly
related to the peritidal setting. The slightly negative §"*C val-
ues around -2.0%o and 0%o near to the Cambrian deposits
associated with Sr/%¢Sr values between 0.7074 and 0.7089
are compatible with the Ediacaran- post-Marinoan- carbon-
ates calibrated with 8*C and ¥’Sr/*¢Sr curves, from the Otavi
Group of Namibia (Nogueira et al. 2019, see Fig. 7 for the
locality and stratigraphic position of this data).

Isolated limestone with thrombolites exposed in the

Eastern Araras-Alto Paraguai Basin (Fig. 6) was positioned at
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the top of the Araras Group (Sial et al. 2016). The 6*C values
around +6.6%o to +8.9%o are more enriched than the Araras
Group exposed in the western and central part of the Araras-
Alto Paraguai Basin. These positive values are comparable with
those found in the basal Otavi Group of Namibia (Fig. 7) and
indicate a continuity of tidal sedimentation conditions before
the Gaskier glaciation and preserved from the Cambrian inci-
sion event. The constant ¥Sr/%Sr ratios between 0.7087 and
0.7088 (Fig. 7) confirm this stratigraphic position compared
with the Sr data for the Araras Group (cf. Nogueira et al. 2007).

The domal and columnar stromatolites of the Bocaina
Formation (Corumb4 Group) present 6'*C positive values
(Fig. 7). They are the massive colonization of microbial com-
munities in tidal flat settings (Boggiani 1998, Gaucher et al.
2003, Oliveira ef al. 2019). In contrast, only fragments of
microbial mats are found in the distal deposits of the Upper

Ediacaran Tamengo Formation (Amorim et al. 2020) or
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covering the Cloudina body fossil, apparently in situ (Becker-
Kerber et al. 2017). This rare occurrence in the storm-influ-
enced moderately deep ramp with high energy zones was an
inappropriate site for the microbial communities colonization
(Amorim et al. 2020). Thus, despite the occurrence of some
isolated outcrops with microbialites that can be associated
with the Marinoan cap carbonate (Romero et al. 2016), the
upper part of the Corumbé Group has a continuous record
from the Late Ediacaran until the Cambrian transition with
the local occurrence of phosphatized stromatolites (Fig. 7).
Phosphorus is one of the essential elements in all life forms, and
the abundance of phosphorites in the Proterozoic-Phanerozoic
transition is related to the significant phosphogenic events.
Phosphorus has increased progressively in the oceans since
the Sturtian. They had a relatively short-lived peak at around
the upper Ediacaran-Cambrian boundary, particularly during
the Tommotian, followed by an overall decrease during the
Cambrian (Harland et al. 1990). Many fossil and recent phos-
phorites are associated with upwelling-dominated deep anoxic
oceanic environments, and the upwelling transported this ele-
ment to the shallow-water photic zone (Cook and Shergold
1984, Cook 1992). In shallow waters, phosphorus is retained
in bottom sediments and recycled as microbial biomass of
benthic secondary producers (Soudry 2000). The prolifera-
tion of microbial communities was the primary mechanism
in the phosphorus trapping, enabling increasing biological
storage of this element in the uppermost bottom sediments.
The Lower Ediacaran Araras Group was uplifted during
the middle and upper Ediacaran and later truncated by the
Cambrian Unconformity (Santos et al. 2017, Nogueira et al.
2019, Santos et al. 2020). The Cambrian deposition in the
Araras- Alto Paraguai basin was dominated by siliciclastic flu-
vial, coastal, and marine environments. Stratiform microbial
mats were restricted and developed mainly in lagoon settings in
the Raizama Formation (Fig. 6A). In constract, the Guaicurus
Formation in the Corumb4 Basin, a contemporaneous unit of
the Raizama unit, was deposited under anoxic and deep waters
conditions that hinder the flourishment of microbial mats.
The microbialites are generally stratiform and domal in
the Araras-Alto Paraguai basin. This similarity in morphology
denotes that the paleoenvironmental did not change dramat-
ically, and the high preservation potential degree is related
to the fast pre-lithification of carbonates. Our observations
indicate that Ediacaran-Cambrian stromatolite-bearing suc-
cessions were deposited predominantly in coastal environ-
ments, including shallow waters or intertidal areas with rapid
cementation that increase the potential preservation degree.
The preservation of microbialites in the post-glacial intervals
was triggered by the Mg-Ca-CO, oversaturation, an anoma-
lous process in post-Marinoan dolomitic platforms (Nogueira
et al. 2019, Romero et al. 2020, Santos et al. 2021). The rapid
calcification and the resistance to the dissolution and sub-
stitution increased the preservation potential observed by
well-preserved domic mounds. The intense eogenetic silicifi-
cation likely increased the preservation of stromatolites in tidal
flats and sabkha deposits. The kinetic precipitation velocity of

insoluble salts contributed primarily to the fast cementation

and increased potential preservation. Carbonate and eoge-
netic silica are not poorly preserved in these mounds since
they were modified and replaced by later silica.

At the end of the Neoproterozoic a narrowing abundance
of these structures in carbonate settings occurred, which
are linked to the advent of grazing and burrowing metazoan
organisms or decrease in the carbonate saturation of seawa-
ter not favoring the microbial mats precipitation and preser-
vation (Grotzinger ef al. 1990, Grotzinger and Knoll 1999,
Riding and Liang 2005, Warren et al. 2013). Despite being
confident that paleontological stratigraphic data have sus-
tained this hypothesis, the stromatolite-bearing successions
are generally discontinuous, truncated by unconformities
and lacking a more detailed paleoenvironmental interpreta-
tion to elucidate the factors responsible for the reduction of
the preservation potential degree. The observation in large
scale of several successions worldwide has revealed that many
intervals devoid or with low frequency of stromatolites coex-
isting with the metazoan fossils may indicate mainly hydro-
dynamic and paleoenvironmental control (Grotzinger et al.
2005, Gingras et al. 2011). In the studied successions, even
the intervals with microbialites coexisting with the metazoan
fossils in the Tamengo Formation (Becker-Kerber et al. 2017),
donot support evidence of direct competition between them.
The authors suggested that the Cloudinas and microbialites
shared the same space, similarly to the interaction between
microbialites and metazoan in modern stromatolites, where
the metazoans shaped the framework of the microbialites (e.g.,
Ricardi-Branco et al. 2018). Also, if erosional events are not
considered, the microbial colonization was relatively contin-
uous and reflected solely on its preservation in coastal and

shallow waters deposits.

BASIN EVOLUTION AND
STROMATOLITE COLONIZATION

The coastal and marine settings developed on the Southern
Amazon Craton were an extension of epicontinental seas
linked to the assembly of the Gondwana (Hoffman 1991, Li
et al. 2008, Shields-Zhou and Och 2016, Spence et al. 2016).
Sea-level rise and fall events were associated with basin tec-
tonics combined with the emergence of orogenic belts in the
Western Gondwana (Cordani et al. 2013, Santosh et al. 2014).
The Araras-Alto Paraguai and the Corumbd basins were installed
over metasedimentary rocks of the Cuiabd Group, compris-
ing the Cryogenian fold-thrust Paraguai Belt and tectonic seg-
ments that record the primordial phase of the Gondwana (cf.
Santos et al. 2020). The flooding conditions led to the forma-
tion of several coastal environments flanking epicontinental
seas, influencing the geochemistry, biologic, biogeographic
factors, and oceanic circulation (Torsvik and Cocks 2013,
Zhang et al. 2015, Babcock et al. 2015).

The Marinoan glaciation affected the Gondwana (~635 Ma),
and the retreat of glaciers led to the flooding of all cratonic
margins, favoring microbial colonization in shallow dolomitic
platforms represented by stratiform and giant stromatolites in
deposits at the base of Araras-Alto Paraguai Basin (Fig. 8A).
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During this phase, the southernmost portion of the craton
was uplifted due to the collision of tectonic blocks. The con-
tinuous transgression allowed the precipitation of micrite in
an aragonite sea, forming a moderately deep platform. The
continuous sea-level fall led the progradation of coastal envi-
ronments concomitantly with greenhouse conditions. The sea
retreat caused partial exposition of post-Marinoan carbonates
and culminated in the implantation of tidal flat and sabkha
settings with flourishment of small-scale microbial mounds,
marking the limit between the intertidal and subtidal zones

(Fig. 8B). The progressive uplift caused a moderate inversion

of the basin and erosion of the succession until ~615 Ma
(Fig. 8C). Isolated tidal flat persisted until the mid-Ediacaran
(~560 Ma). Afterwards, the Corumbé Basin was established
with the deposition of microbially-induced carbonates in the
Bocaina Formation, forming mounds in shallow water plat-
forms connected to the offshore setting (Fig. 8C).

The uplift and erosion of the Araras-Alto Paraguai Basin
lasted until the Cambrian and represented a gap of ~80
Myr (Nogueira ef al. 2019). The Middle Ediacaran-Lower
Cambrian unconformity is recorded solely in the Araras-Alto

Paraguai Basin and represents an essential surface for regional
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correlation. This surface can be partially correlated with the
Great Unconformity, a gap in Earth’s stratigraphic record asso-
ciated with the erosion produced by the Neoproterozoic gla-
ciations (Powell et al. 1875, Peters and Gaines 2012, Keller
et al. 2018). In the Araras-Paraguai basin, the unique record
of glaciation is represented by the Marinoan diamictite,
which underlies the Araras Group. The putative occurrence of
Gaskier glaciation in this region is poorly defined (Alvarenga
et al. 2007, McGee et al. 2014). Thus, we considered that the
Middle Ediacaran-Lower Cambrian unconformity is related
to the local uplift and linked to the regional collision of conti-
nental blocks during the assembly of the Gondwana. In con-
trast, the maximum marine invasion occurs in the Corumb4
Basin (Fig. 8D). In the Lower Cambrian (541-521 Ma), the
sedimentation in the Araras-Alto Paraguai Basin was resumed
with sea-level rise deposition in coastal and marine settings
with rich-microbial mats lagoons (Fig. 8D). In the Upper
Cambrian, the sea-level fall caused the implantation of tidal
flats and microbial mats developed, the last record in the
Araras-Paraguai Basin (Fig. 8E).

CONCLUSION

The Ediacaran-Cambrian carbonate and siliciclastic
successions, exposed in the Southern Amazon Craton (cen-
tral-western Brazil), host various microbialite types. Each
type occurs in a specific paleoenvironment related to tec-
tonic and sea-level changes. This work provides an essen-
tial window of opportunity to evaluate the preservation
potential of microbialites through the geologic record, the
role of carbonate factory and siliciclastic input in fossiliza-
tion, helping to understand the environmental restrictions
and their resistance to the diagenesis. Coastal and marine
environments affected by basin subsidence and sea-level
changes controlled the microbial colonization after the
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Marinoan glaciation (635 Ma). These conditions were
responsible for the morphology and size of these biogenic
structures. Centimeter-scale stratiform and dome-like stro-
matolites were most frequent than giant domes, and during
the Cambrian, the microbial communities colonized more
restricted environments. The preservation of post-Marinoan
stromatolites is associated with the Mg-Ca-CO3 oversatu-
rated waters that caused fast calcification. In the restricted,
evaporitic environments, meteoric waters with silica in its
solution promoted the early fossilization of stromatolites.
The early fossilization has caused resistance to dissolution
and substitution during burial diagenesis. In general, the
poorly documented coexistence of coastal microbial mats
and metazoan-bearing marine deposits impairs the under-
standing of the competitive relationship between these

organisms, as previously postulated.

ACKNOWLEDGMENTS

The authors would like to thank the Programa de Pés-
Graduagdo em Geologia e Geoquimica do Instituto de
Geociéncias da Universidade Federal do Par4, the Conselho
Nacional de Desenvolvimento Cientifico e Tecnologico
(CNPq), Fundagio de Amparo a Pesquisa do Estado de Sao
Paulo (FAPESP) for financial, logistic and technical support
during twenty years for the research group of Sedimentary
Basin Analysis of Amazonia (“Grupo de Analise de Bacias
Sedimentares da Amazonia™ 1 GSED) of the Universidade
Federal do Para. A.C.R. Nogueira and C. Riccomini are
Research productivity scholarships of CNPQ, Brazil (pro-
cesses # 307484/2019-0 and 312510/2017-9, respectively).
To Dr. Lucas Warren and the two anonymous reviewers for
the inestimable patience, suggestions and criticisms and scien-
tific support and encouragement of GSED researchers in the
elaboration and improvement of this manuscript.

Manuscript ID: 20210065. Received on: 09 SEP 2021. Approved on: 09 MAR 2022.

How to cite this article: Nogueira A.C.R., Santos R.F,, Romero G.R., Bandeira J., Riccomini C., Barrera LA.R., Silva P.A.S., Soares J.L.,
Fairchild T, Nogueira A.A.E., Gées A.M., Oliveira R.S., Medeiros R.S.P., Andrade L.S., Brito A.S., Oliveira P.G.A., Sodré A.A.N., Carvalho
D.F,, Truckenbrodt W. 2022. Ediacaran-Cambrian microbialites of the Southern Amazon Craton: relation with the metazoan rise, sea-level
changes, and global tectonics. Brazilian Journal of Geology, 52(2):€202100685. https://doi.org/10.1590/2317-4889202220210065

AN.: Supervision, Investigation, writing - original draft, review and improved the manuscript, methodology. R.S.: Investigation;
methodology, writing-original draft, review and improved the manuscript, Investigation; prepared Figures. G.R.: Investigation, methodology,
writing - original draft, review and improved the manuscript. J.B.: Investigation, review and prepared Figure 8. C.R.: review and improved the
manuscript. LB.: review and prepared Figure 2. P.A.S.: review and editing. J.S.: Investigation, review and editing. T.F.: Investigation and review.
AN.: review and editing. A.G.: review. R.O.: Investigation and review. R.M.: review and editing. L.A.: review and editing. A.B.: review. P.O.:

review. A.A.N.S.: review. D.C.: review. W.T.: review.

Competing interests: The authors declare no competing interests.

REFERENCES

Allen P.A., Hoffman P. 200S. Extreme winds and waves in the aftermath
of a Neoproterozoic glaciation. Nature, 433(7022):123-127. https://doi.
org/10.1038/nature03176

Allen PA,, Leather J. 2006. Post-Marinoan marine siliciclastic sedimentation: the
Masirah Bay Formation, Neoproterozoic Hugf Supergroup of Oman. Precambrian
Research, 144(3-4):167-198. https://doi.org/10.1016/j.precamres.2005.10.006

Allwood A.C., Walter M.R., Burch ILW,, Kamber B.S. 2007. 3.43-billion-
year-old stromatolite reef from the Pilbara Craton of Western Australia:
Ecosystem-scale insights to early life on Earth. Precambrian Research, 158(3-
4):198-227. https://doi.org/10.1016/j.precamres.2007.04.013

Almeida FF.M. 1964. Geologia do Centro-Oeste Matogrossense. Boletim da
Divisdo de Geologia e Mineralogia DNPM, 219:1-53.

12/15


https://doi.org/10.1590/2317-4889202220210065
https://doi.org/10.1038/nature03176
https://doi.org/10.1038/nature03176
https://doi.org/10.1016/j.precamres.2005.10.006
https://doi.org/10.1016/j.precamres.2007.04.013

Braz. J. Geol. (2022), 52(2): e20210065

Alvarenga C.J.S. 1988. Turbiditos e a glaciagdo do final do Proterozdico
Superior no Cinturdo dobrado Paraguai, Mato Grosso. Revista Brasileira de
Geociéncias, 18:323-327.

Alvarenga C.J.S,, Figueiredo M.E, Babinski M., Pinho E.E.C. 2007. Glacial
diamictites of Serra Azul Formation (Ediacaran, Paraguay belt): Evidence of
the Gaskiers glacial event in Brazil. Journal of South American Earth Science,
23(2-3):236-241. https://doi.org/10.1016/jjsames.2006.09.015

Alvarenga CJ.S., Trompette R. 1993. Evolugao tectonica brasiliana da
Faixa Paraguai: A estruturagio da regido de Cuiaba. Revista Brasileira de
Geociéncias, 23(1):18-30.

Amorim K.B., Afonso JW.L.,, Leme J.M., Diniz C.Q.C,, Rivera L.C.M,,
Gutiérrez J.C.G., Boggiani P.C., Trindade R.LF. 2020. Sedimentary facies,
fossil distribution and depositional setting of the late Ediacaran Tamengo
Formation (Brazil). Sedimentology, 67(7):3422-3450. https://doi.
org/10.1111/sed.12749

Awramik S.M., Sprinkle J. 1999. Proterozoic stromatolites: The first
marine evolutionary biota. Historical Biology, 13(4):241-253. https://doi.
org/10.1080/08912969909386584

Babcock L.E, Peng S.C, Brett C.E., Zhu MY, Ahlberg P, Bevis M.,
Robison R.A. 2015. Global climate, sea-level cycles, and biotic events in the
Cambrian Period. Palaeoworld, 24(1-2):5-15. https://doi.org/10.1016/j.
palwor.2015.03.005

Babinski M., Trindade R.LF,, Alvarenga C.J.S., Boggiani P.C., Liu D., Santos
RV, Brito Neves B.B. 2006. Chronology of Neoproterozoic ice ages in
central Brazil. In: Gaucher C., Bossi J. (Eds.). Proceedings V South American
Symposium on Isotope Geology. Punta del Este, Uruguay, 1:303-306.

Bandeira J, McGee B., Nogueira A.CR., Collins A., Trindade R.LF. 2012.
Sedimentological and provenance response to Cambrian closure of the Clymene
Ocean: The Upper Alto Paraguai Group, Paraguay belt, Brazil. Gondwana
Research, 21(2-3):323-340. https://doi.org/10.1016/j.gr.2011.04.006

Baumgartner R.J., Van Kranendonk M.J., Wacey D., Florentini M.L., Saunders
M, Caruso S., Pages A., Homan M., Guagliardo P. 2019. Nano—porous pyrite
and organic matter in 3.5-billion-year-old stromatolites record primordial life.
Geology, 47(11):1039-1043. https://doi.org/10.1130/G46365.1

Becker-Kerber B., Pacheco M.L.A.E,, Rudnitzki L.D., Galante D., Rodrigues
F, Leme J.M. 2017. Ecological interactions in Cloudina from the Ediacaran
of Brazil: implications for the rise of animal biomineralization. Scientific
Reports, 7:5482. https://doi.org/10.1038/541598-017-05753-8

Boggiani P.C. 1998. Andlise estratigrdfica da Bacia Corumbd (Neoproterozéico)-
Mato Grosso do Sul. PhD Thesis, Instituto de Geociéncias, Universidade de
Sao Paulo, Sao Paulo, 183 p.

Boggiani P.C., Gaucher C.,, Sial A.N.,, Babinski M., Simon C.M., Riccomini
C., Ferreira V.P,, Fairchild T.R. 2010. Chemostratigraphy of the Tamengo
Formation (Corumbéd Group, Brazil): a contribution to the calibration of
the Ediacaran carbon-isotope curve. Precambrian Research, 182(4):382-
401. https://doi.org/10.1016/j.precamres.2010.06.003

Bosak T., Knoll A.H., Petroff A.P. 2013. The meaning of Stromatolites.
Annual Reviews of Earth and Planetary Sciences, 41:21-44. https://doi.
org/10.1146/annurev-earth-042711-105327

Burne RV, Moore L.S. 1987. Microbialites: organosedimentary deposits
of benthic microbial communities. Palaios, 2(3):241-254. https://doi.
org/10.2307/3514674

Cook PJ. 1992. Phosphogenesis around the Proterozoic-Phanerozoic
transition. Journal of the Geological Society, 149:615-620. https://doi.
org/10.1144/gsjgs.149.4.0615

Cook PJ., Shergold J.H. 1984. Phosphorus, phosphorites and skeletal
evolution at the Precambrian-Cambrian boundary. Nature, 308:231-236.
https://doi.org/10.1038/308231a0

Cordani UG, Pimentel M.M., Aratjo C.E.G., Basei M.A.S., Fuck A,
Girardi V.AV. 2013. Was there an Ediacaran Clymene Ocean in central
South America? American Journal of Science, 313(6):517-539. https://doi.
org/10.2475/06.2013.01

Font E., Nédelec A., Trindade R.LF, Moreau C. 2010. Fast or slow
melting of the Marinoan snowball Earth? The cap dolostone record.
Palaeogeography, Paleoclimatology, Palaeocology, 295(1-2):215-228. https://
doi.org/10.1016/j.palaeo.2010.05.039

Gaucher C., Boggiani P.C., Sprechmann P,, Sial A.N,, Fairchild T. 2003.
Integrated correlation of the Vendian to Cambrian Arroyo del Soldado and
Corumbi Groups (Uruguay and Brazil): palaeogeographic, palaeoclimatic
and palaeobiologic implications. Precambrian Research, 120(3-4):241-278.
https://doi.org/10.1016/S0301-9268(02)00140-7

Gingras M., Hagadorn JW.,, Seilacher A., Lalonde SV, Pecoits E., Petrash
D., Konhauser K.O. 2011. Possible evolution of mobile animals in
association with microbial mats. Nature Geoscience, 4:372-375. https://doi.
org/10.1038/ngeo1142

Grotzinger J.P. 1990. Geochemical model for the Proterozoic stromatolite
decline. American Journal of Science, 290:80-103.

Grotzinger J.P.,, Arvidson R.E., Bell J.E, Calvin W,, Clark B.C., Fike D.A.,
Golombek M., Greeley R., Haldemann A., Herkenhoff K.E., Jolliff B.L.,
Knoll A.H,, Malin M., McLennan S.M., Parker T., Soderblom L., Sohl-
Dickstein J.N., Squyres SW., Tosca N.J., Watters W.A. 2005. Stratigraphy and
sedimentology of a dry to wet eolian depositional system, Burns formation,
Meridiani Planum, Mars. Earth and Planetary Science Letters, 240(1):11-72.
https://doi.org/10.1016/j.epsl.2005.09.039

Grotzinger J.P., Knoll A.H. 1999. Stromatolites in Precambrian carbonates:
evolutionary mileposts or environmental dipsticks? Annual Review of Earth
and Planetary Sciences, 27:313-358. https://doi.org/10.1146/annurev.
earth.27.1.313

Halverson G.P,, Hoftman P.E,, Schrag D.P., Maloof A.C., Rice A.-H.N. 2005.
Toward a Neoproterozoic composite carbon-isotope record. GSA Bulletin,
117(9-10):1181-1207. https://doi.org/10.1130/B25630.1

Harland W.B., Armstrong R.L., Cox A.V,, Craig L.E., Smith A.G., Smith D.G.
1990. A Geologic Time Scale 1989. Cambridge: Cambridge University Press.

Hoffman P. 1991. Did the Breakout of Laurentia Turn Gondwanaland
Inside-Out? Science, 252(5011):1409-1412. https://doi.org/10.1126/
science.252.5011.1409

Keller C.B., Husson J.M., Mitchell R.N., Bottke W.E,, Gernon T.M., Boehnke
P, Bell E.A., Swanson-Hysell N.L., Peters S. 2018. Neoproterozoic glacial
origin of the Great Unconformity. Proceedings of the National Academy of
Sciences, 116(4):1136-1145. https://doi.org/10.1073/pnas.1804350116

Knoll A.H. 2015. Paleobiological Perspectives on Early Microbial Evolution.
Cold Spring Harbor Perspectives in Biology, 7(7):a018093. https://doi.
org/10.1101/cshperspect.a018093

Li Z.X., Bogdanova A.S., Collins A., Davidson A., Waele R., Ernst R.E,,
Fitzsimons I.CW.,, Fuck R.A., Gladkochub D.P,, Jacobs J., Karlstrom K.E.,
Lu S., Natapov L.M., Pease V., Pisarevsky S.A., Thrane K., Vernikovsky V.
2008. Assembly, configuration, and break-up history of Rodinia: a synthesis.
Precambrian  Research, 160(1-2):179-210. https://doi.org/10.1016/j.
precamres.2007.04.021

Macdonald F.A., Jones D.S., Schrag D.P. 2009. Stratigraphic and tectonic
implications of a newly discovered glacial diamictite-cap carbonate
couplet in southwestern Mongolia. Geology, 37(2):123-126. https://doi.
org/10.1130/G24797A.1

McGee B, Collins A.S,, Trindade R.LF, Jourdan F. 2014. Investigating mid-
Ediacaran glaciations and final Gondwana almagamation using coupled
sedimentology and “’Ar/*Ar detrital muscovite provenance front h Paraguay
Belt, Brazil. Sedimentology, 62(1):130-154. https://doi.org/10.1111/sed.12143

McGee B., Collins A.S., Trindade R.LF,, Payne J. 2015. Age and provenance
of the Cryogenian to Cambrian passive margin to foreland basin sequence
of the northern Paraguay Belt, Brazil. Geological Society of America Bulletin,
127(1-2):76-86. https://doi.org/10.1130/B30842.1

Morais L. 2013. Paleobiologia da Formagdo Bocaina (Grupo Corumbd),
Ediacarano, Mato Grosso do Sul. MS Dissertation, Instituto de Geociéncias,
Universidade de Sao Paulo, Sao Paulo, 112 p.

Nogueira A.C.R., Riccomini C. 2006. O Grupo Araras (Neoproterozdico)
na parte norte da Faixa Paraguai e Sul do Criton Amazénico. Revista
Brasileira de Geociéncias, 36(4):576-587.

Nogueira A.C.R., Riccomini C., Sial A.N,, Moura C.AV,, Fairchild T.R.
2003. Soft-Sediment Deformation at The Base of The Neoproterozoic Puga
Cap Carbonate (Southwestern Amazon Craton, Brazil): Confirmation
of Rapid Icehouse to Greenhouse Transition in Snowball Earth. Geology,
31(7):613-616. https://doi.org/10.1130/0091-7613(2003)031%3C0613
:SDATBO%3E2.0.CO;2

13/15


https://doi.org/10.1016/j.jsames.2006.09.015
https://doi.org/10.1111/sed.12749
https://doi.org/10.1111/sed.12749
https://doi.org/10.1080/08912969909386584
https://doi.org/10.1080/08912969909386584
https://doi.org/10.1016/j.palwor.2015.03.005
https://doi.org/10.1016/j.palwor.2015.03.005
https://doi.org/10.1016/j.gr.2011.04.006
https://doi.org/10.1130/G46365.1
https://doi.org/10.1038/s41598-017-05753-8
https://doi.org/10.1016/j.precamres.2010.06.003
https://doi.org/10.1146/annurev-earth-042711-105327
https://doi.org/10.1146/annurev-earth-042711-105327
https://doi.org/10.2307/3514674
https://doi.org/10.2307/3514674
https://doi.org/10.1144/gsjgs.149.4.0615
https://doi.org/10.1144/gsjgs.149.4.0615
https://doi.org/10.1038/308231a0
https://doi.org/10.2475/06.2013.01
https://doi.org/10.2475/06.2013.01
https://doi.org/10.1016/j.palaeo.2010.05.039
https://doi.org/10.1016/j.palaeo.2010.05.039
https://doi.org/10.1016/S0301-9268(02)00140-7
https://doi.org/10.1038/ngeo1142
https://doi.org/10.1038/ngeo1142
https://doi.org/10.1016/j.epsl.2005.09.039
https://doi.org/10.1146/annurev.earth.27.1.313
https://doi.org/10.1146/annurev.earth.27.1.313
https://doi.org/10.1130/B25630.1
https://doi.org/10.1126/science.252.5011.1409
https://doi.org/10.1126/science.252.5011.1409
https://doi.org/10.1073/pnas.1804350116
https://doi.org/10.1101/cshperspect.a018093
https://doi.org/10.1101/cshperspect.a018093
https://doi.org/10.1016/j.precamres.2007.04.021
https://doi.org/10.1016/j.precamres.2007.04.021
https://doi.org/10.1130/G24797A.1
https://doi.org/10.1130/G24797A.1
https://doi.org/10.1111/sed.12143
https://doi.org/10.1130/B30842.1
https://doi.org/10.1130/0091-7613(2003)031%3C0613

Braz. J. Geol. (2022), 52(2): e20210065

Nogueira A.C.R., Riccomini C., Sial A.N., Moura C.AV,, Trindade R.LF,
Fairchild T.R. 2007. Carbon and Strontium isotope fluctuations and
palaeoceanographic changes in the late Neoproterozoic Araras carbonate
platform, southern Amazon Craton, Brazil. Chemical Geology, 237(1-
2):168-190. https://doi.org/10.1016/j.chemge0.2006.06.016

Nogueira A.C.R., Romero G.R., Mecenero E.A., Sanchez F.H.G.D., Bandeira
J., Santos .M., Pinheiro RV.L., Soares J.L., Lafon J.M., Afonso JW.L.,
Santos H.P,, Rudnitzki 1.D. 2019. The Cryogenian-Ediacaran Boundary in
the Southern Amazon Craton. In: Sial A.N., Gaucher C., Ramkumar M.,
Ferreira V.P. (Eds.). Chemostratigraphy across major chronological boundaries.
New York: Willey, p. 89-114.

Oliveira R.S. 2010. Depdsitos de rampa carbondtica ediacarana do Grupo
Corumbd, Regido de Corumbd, Mato Grosso do Sul. MS Dissertation, Instituto
de Geociéncias, Universidade Federal do Par4, Belém, 104 p.

Oliveira R.S., Nogueira A.C.R., Romero G.R., Truckenbrodt W.,, Bandeira
J. 2019. Ediacaran ramp depositional model of the Tamengo Formation,
Brazil. Journal of South American Earth Science, 96:102348. https://doi.
org/10.1016/jjsames.2019.102348

Pacheco M.L.AF, Galante D. Rodrigues F, Leme ].M., Pidassa B.,
Hagadorn W, Stockmar M., Herzen J., Rudnitizki .D., Pfeiffer F., Marques
A.C. 201S. Insights into the Skeletonization, lifestyle, and affinity of the
unusual Ediacaran fossil Corumbella. Plos One, 10(3):e0114219. https://
doi.org/10.1371/journal.pone.0114219

Parry L.P,, Boggiani P.C., Condon D.J., Garwood R., Leme J.M., Mcllroy
D., Brasier M.D,, Trindade R.L.LF, Campanha G.A.C., Pacheco M.L.A.F,,
Diniz C.QC., Liu A.G. 2017. Ichnological evidence for meiofaunal
bilaterians from the terminal Ediacaran and earliest Cambrian of Brazil.
Nature Ecology & Evolution, 1(10):1455-1464. https://doi.org/10.1038/
s41559-017-0301-9

Peters S.E., Gaines R.R. 2012. Formation of the ‘Great Unconformity’ as
a trigger for the Cambrian explosion. Nature, 484:363-366. https://doi.
org/10.1038/nature10969

Peters S.E, Husson J.M., Wilcots J. 2017. The rise and fall of stromatolites
in shallow marine environments. Geology, 45(6):487-490. https://doi.
org/10.1130/G38931.1

Powell JW. 187S. Exploration of the Colorado River of the West and its
Tributaries (Government Printing Office, Washington, DC). Monography. U.S.
Geological Survey, 291 p.

Pratt B.R. 1982. Stromatolite decline: A reconsideration. Geology,
10(10):512-515. https://doi.org/10.1130/0091-7613(1982)10%3CS12:
SDR%3E2.0.CO;2

Pruss S.B., Bosak T., Macdonald F.A., McLane M., Hoffman P.F. 2010.
Microbial facies in a Sturtian cap carbonate, the Rasth of Formation, Otavi
Group, northern Namibia. Precambrian Research, 181:187-198. https://doi.
org/10.1016/j.precamres.2010.06.006

Ricardi-Branco F, Callefo F.,, Cataldo R.A., Notke N., Pessenda L.C.R.,
Vidal A.C,, Branco F.C. 2018. Microbial biofacies and the influence of
metazoans in Holocene deposits of the Lagoa salgada, Rio de Janeiro state,
Brazil. Journal of Sedimentary Research, 88(11):1300-1317. https://doi.
org/10.2110/jsr.2018.64

Riding R. 2000. Microbial carbonates: the geological record of calcified
bacterial-algal mat sand biofilm. Sedimentology, 47(Suppl. 1):179-214.
https://doi.org/10.1046/j.1365-3091.2000.00003.x

Riding R. 2006. Cyanobacterial calcification, carbon dioxide
concentrating mechanisms, and Proterozoic-Cambrian changes in
atmospheric composition.  Geobiology, 4(4):299-316. https://doi.

org/10.1111/}.1472-4669.2006.00087.x

Riding R. 2011. Microbialites, stromatolites, and thrombolites. In: Reitner J.,
Thiel V. (Eds.). Encyclopedia of geobiology. Heidelberg: Springer, p. 635-654.

Riding R., Liang L. 2005. Geobiology of microbial carbonates: metazoan
and seawater saturation state influences on secular trends during the
Phanerozoic. Palaeogeography, Palaeoclimatology, Palaeoecology, 219(1-
2):105-118. https://doi.org/10.1016/j.palaeo.2004.11.018

Romero G.R. 2010. Estromatdlitos e estruturas associadas na Capa
Carbondtica da Formagdo Mirassol D’Oeste, Grupo Araras, Faixa Paraguai
(Neoproterozoico, MT). MS Dissertation, Instituto de Geociéncias,
Universidade de Sao Paulo, Sao Paulo, 104 p.

Romero G.R. 2015. Geobiologia de microbialitos do Ediacarano da
Faixa Paraguai e do sul do Crdton Amazénico (MS e MT): implicagdes
paleoambientais, paleoecolégicas e estratigrdficas. PhD Thesis, Instituto de
Geociéncias, Universidade de Sao Paulo, Sao Paulo, 215 p.

Romero G.R., Sanchez E.A.M., Morais L., Boggiani P.C., Fairchild T.R.2016.
Tubestone microbialite association in the Ediacaran cap carbonates in the
Southern Paraguay Fold Belt (SW Brazil): Geobiological and stratigraphic
implications for a Marinoan cap carbonate. Journal of South American Earth
Sciences, 71:172-181. https://doi.org/10.1016/j.jsames.2016.06.014

Romero G.R., Sanchez E.A.M,, Soares J.L.,, Nogueira A.C.R., Fairchild
T.R. 2020. Waxing and waning of microbial laminites in the aftermath of
the Marinoan glaciation at the margin of the Amazon Craton (Brazil).
Precambrian ~ Research, =~ 348:105856.  https://doi.org/10.1016/j.
precamres.2020.105856

Romero J.A.S., Lafon J.M., Nogueira A.C.R., Soares J.L. 2013. Sr isotope
geochemistry and Pb-PB geochronology of the Neoproterozoic cap
carbonates, Tangard da Serra, Brazil. International Geological Reviews,
55(2):185-203. https://doi.org/10.1080/00206814.2012.692517

Rudnitzki 1.D., Romero G.R., Hidalgo R., Nogueira A.C.R. 2017. High
frequency peritidal cycles of the upper Araras Group: Implications for
disappearance of the Neoproterozoic carbonate platform in southern
Amazon Craton. Journal of South American Earth Science, 65:67-78. https://
doi.org/10.1016/j.jsames.2015.11.006

Santos H.P, Mingano G., Soares J.L., Nogueira A.C.R. Bandeira J,
Rudnitzki 1.D. 2017. Ichnologic evidence of a Cambrian age in the southern
Amazon Craton: Implications for the onset of the Western Gondwana
history. Journal of South American Earth Science, 76:482-488. https://doi.
org/10.1016/j.jsames.2017.03.008

Santos LM., Pinheiro RVL. Holdsworth R.E., Nogueira A.CR,
Santos H.P., Domingos EH.G. 2020. Basement—cover relationships and
deformation in the Northern Paraguai belt, Central Brazil: implications
for the Neoproterozoic-Early Paleozoic History of Western Gondwana.
Journal of the Geological Society, 177(3):475-491. https://doi.org/10.1144/
jgs2018-184

Santos R.F, Nogueira A.C.R. Romero G.R. Soares ]JL., Bandeira
Junior J. 2021. Life in the aftermath of Marinoan glaciation: The giant
stromatolite evolution in the Puga cap carbonate, southern Amazon Craton,
Brazil. Precambrian Research, 354:106059. https://doi.org/10.1016/j.
precamres.2020.106059

Santosh M., Maruyama S., Sawaki Y., Meert ].G. 2014. The Cambrian
Explosion: Plume-driven birth of the second ecosystem on Earth. Gondwana
Research, 25(3):945-965. https://doi.org/10.1016/j.gr.2013.03.013

Schopf JW,, Kudryavtsev A.B., Czaja A.D., Tripathi A.B. 2007. Evidence of
Archean life: Stromatolites and microfossils. Precambrian Research, 158(3-
4):141-158S. https://doi.org/10.1016/j.precamres.2007.04.009

Shields-Zhou G., Och L. 2016. The case for a Neoproterozoic Oxygenation
Event: Geochemical evidence and biological consequences. GSA Today,
21(3):4-11. https://doi.org/10.1130/GSATG102A.1

Sial A.N.,, Gaucher C., Misi A., Boggiani P.C., Alvarenga C.J.S., Ferreira
V., Pimentel M., Pedreira J., Warren L., Fernindez-Ramirez E, Geraldes
M, Pereira N, Chiglino L., Cezirio W. 2016. Correlations of some
Neoproterozoic carbonate-dominated successions in South America
based on high-resolution chemostratigraphy. Brazilian Journal of Geology,
46(3):439-488. https://doi.org/10.1590/2317-4889201620160079

Soares J.L., Nogueira A.C.R., Domingos EH. Riccomini C. 2013.
Synsedimentary deformation and the paleoseismic record in Marinoan cap
carbonate of the southern Amazon Craton, Brazil. Journal of South American
Earth Science, 48:58-72. https://doi.org/10.1016/jjsames.2013.08.001

Soares].L.,Nogueira A.C.R, Santos R.F,, Sansjofre P., Ader M., Truckenbrodt
W. 2020. Microfacies, diagenesis and hydrocarbon potential of the
Neoproterozoic cap carbonate of the southern Amazon Craton. Sedimentary
Geology, 406:105720. https://doi.org/10.1016/j.sedge0.2020.105720

Soudry D.R.E. 2000. Microbial phosphate sediment. In: Riding R., Awramik
S.M. (Eds.). Microbial sediments. Berlin, Heidelberg: Springer-Verlag, p. 127-136.

Spear J.R., Corsetti F.A. 2013. The evolution of geobiology in the context of
living stromatolites. In: Bickford M.E. (Ed.). The web of geological sciences:
advances, impacts, and interactions, 500. Geological Society of America
Special Paper, p. 549-565.

14/15


https://doi.org/10.1016/j.chemgeo.2006.06.016
https://doi.org/10.1016/j.jsames.2019.102348
https://doi.org/10.1016/j.jsames.2019.102348
https://doi.org/10.1371/journal.pone.0114219
https://doi.org/10.1371/journal.pone.0114219
https://doi.org/10.1038/s41559-017-0301-9
https://doi.org/10.1038/s41559-017-0301-9
https://doi.org/10.1038/nature10969
https://doi.org/10.1038/nature10969
https://doi.org/10.1130/G38931.1
https://doi.org/10.1130/G38931.1
https://doi.org/10.1130/0091-7613(1982)10%3C512
https://doi.org/10.1016/j.precamres.2010.06.006
https://doi.org/10.1016/j.precamres.2010.06.006
https://doi.org/10.2110/jsr.2018.64
https://doi.org/10.2110/jsr.2018.64
https://doi.org/10.1046/j.1365-3091.2000.00003.x
https://doi.org/10.1111/j.1472-4669.2006.00087.x
https://doi.org/10.1111/j.1472-4669.2006.00087.x
https://doi.org/10.1016/j.palaeo.2004.11.018
https://doi.org/10.1016/j.jsames.2016.06.014
https://doi.org/10.1016/j.precamres.2020.105856
https://doi.org/10.1016/j.precamres.2020.105856
https://doi.org/10.1080/00206814.2012.692517
https://doi.org/10.1016/j.jsames.2015.11.006
https://doi.org/10.1016/j.jsames.2015.11.006
https://doi.org/10.1016/j.jsames.2017.03.008
https://doi.org/10.1016/j.jsames.2017.03.008
https://doi.org/10.1144/jgs2018-184
https://doi.org/10.1144/jgs2018-184
https://doi.org/10.1016/j.precamres.2020.106059
https://doi.org/10.1016/j.precamres.2020.106059
https://doi.org/10.1016/j.gr.2013.03.013
https://doi.org/10.1016/j.precamres.2007.04.009
https://doi.org/10.1130/GSATG102A.1
https://doi.org/10.1590/2317-4889201620160079
https://doi.org/10.1016/j.jsames.2013.08.001
https://doi.org/10.1016/j.sedgeo.2020.105720

Braz. J. Geol. (2022), 52(2): e20210065

Spence G., Le Heron D., Fairchild I. 2016. Sedimentological perspectives on
climatic, atmospheric and environmental change in the Neoproterozoic Era.
Sedimentology, 63(2):253-306. https://doi.org/10.1111/sed.12261

Tohver E., Trindade R.LF, Solum J.G., Hall C.M., Riccomini C., Nogueira
A.CR. 2010. Closing the Clymene Ocean and bending a Brasiliano belt:
evidence for the Cambrian formation of Gondwana from SE Amazon
craton. Geology, 38(3):267-270. https://doi.org/10.1130/G30510.1

Torsvik T.H., Cocks L.R.M. 2013. Gondwana from top to base in space and
time. Gondwana Research, 24(3-4):999-1030. https://doi.org/10.1016/].
gr2013.06.012

Trindade R.LE, Font E., Dagrella-Filho M.S., Nogueira A.C.R., Riccomini
C. 2003. Low-latitude and multiple geomagnetic reversals in the Puga cap
carbonate: slow carbonate precipitation just after the snowball Earth. Terra
Nova, 15(6):441-446. https://doi.org/10.1046/j.1365-3121.2003.00510.x

Trompette R., Alvarenga CJ.S., Walde D. 1998. Geological evolution
of the Neoproterozoic Corumb4 Graben system (Brazil) Depositional
context of the stratified Fe and Mn ores of Jacadigo Group. Journal of
South American Earth Science, 11(6):587-597. https://doi.org/10.1016/
$0895-9811(98)00036-4

Walde D.H.G, Carmo D.A. Guimardes E., Vieira LV, Erdtmann
B.D., Sanchez E.AM., Adorno R., Tobias T.C. 2015. New aspects of

Neoproterozoic-Cambrian transition in the Corumbd region (state of Mato
Grosso do Sul, Brazil). Annales de Paléontologie, 101(3):213-224. https://
doi.org/10.1016/j.annpal.2015.07.002

Walter M.R. 1994. Early life on Earth. In: Bengtson, S. (ed.). Nobel Symp. 84.
New York: Columbia University Press, 599 p.

Walter M.R., Bauld J., Des Marais D.J,, Schopf JW. 1992a. A general
comparison of microbial mats and microbial stromatolites: bridging the
gap between the modern and the fossil. In: Schopf JW,, Klein C. (Eds.).
The Proterozoic biosphere: a multidisciplinary study. New York: Cambridge
University Press, p. 335-338.

Walter M.R., Grotzinger J.P., Schopf JW. 1992b. Proterozoic stromatolites.
In: SchopfJW,, Klein C. (Eds.). The Proterozoic biosphere: a multidisciplinary
study. New York: Cambridge Press, p. 253-260.

‘Warren LW, Simées M.G., Fairchild T.R., Riccomini C., Gaucher C., Anelli
L.E., Freitas B.T,, Boggiani P.C., Quaglio F. 2013. Origin and impact of the
oldest metazoan bioclastic sediments. Geology, 41(5):507-510. https://doi.
org/10.1130/G33931.1

Zhang K., Zhu X., Yan B. 2015. A refined dissolution method for rare earth
element studies of bulk carbonate rocks. Chemical Geology, 412:82-91.
https://doi.org/10.1016/j.chemgeo.2015.07.027

15/15


https://doi.org/10.1111/sed.12261
https://doi.org/10.1130/G30510.1
https://doi.org/10.1016/j.gr.2013.06.012
https://doi.org/10.1016/j.gr.2013.06.012
https://doi.org/10.1046/j.1365-3121.2003.00510.x
https://doi.org/10.1016/S0895-9811(98)00036-4
https://doi.org/10.1016/S0895-9811(98)00036-4
https://doi.org/10.1016/j.annpal.2015.07.002
https://doi.org/10.1016/j.annpal.2015.07.002
https://doi.org/10.1130/G33931.1
https://doi.org/10.1130/G33931.1
https://doi.org/10.1016/j.chemgeo.2015.07.027

