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RESUMO

Estromat6litos démicos gigantes, associados a estruturas tubulares, sdo registrados pela pri-
meira vez na sequéncia de capa carbonética Puga, no sudeste do Craton Amazonico, regido de
Tangara da Serra, Brasil. Os mounds gigantes bem preservados com clpulas démicas indivi-
dualizadas, com expressivo relevo sindptico, métrico a decamétrico atingem cerca de 12 m de
didmetro e até 10 m de altura, formando um biostroma lateralmente continuo por aproxima-
damente 200 m. Este trabalho teve como objetivo descrever e atestar sua biogenicidade a
ocorréncia de estromatélitos gigantes na sequéncia de capa Carbonética Puga, levando em
consideracdo seus aspectos macro, meso e microscopicos e determinar a relacéo estratigrafica
das facies: biogénicas, formada por processos de organomineralizacdo, sejam eles bioinduzi-
dos ou bioinfluénciados com as demais fécies inorgénicas, originadas por precipitacdo e/ou
processos sedimentares (mecanicos) e por fim propor um modelo evolutivo para os giant
stromatolites com as demais facies, fornecendo novas inferéncias para a hidrodindmica do
mar epicontinental, do SE do craton amazoénico. O comec¢o do Ediacarano é marcado por ma-
res epicontinentais, rasos e estratificados, formados por aguas hipersalinas e densas, contras-
tando com as aguas de degelo, leves e ricas em nutrientes. A origem dos estromatolitos gigan-
tes é produto de uma soma de fatores paleoambientais anémalos, ocorridos apés a glaciacéo
Marinoana (635Ma).O substrato de diamicton foi colonizado por comunidades microbianas
extremorfilas, halofilas, em aguas hipersalinas com pouca ou nenhuma influéncia direta de
processos hidrodindmicos, formando estromatdlitos estratiformes com cimento de pseudo-
morfos de gipsita. Com o avanco das condic¢des de greenhouse, ocorre uma continua geracdo
do espacgo de acomodacéo, ocasionada pela elevacdo do nivel do mar, influenciada pela trans-
gressdo sin-deglacial e pelo ajuste glacioisotatico (GIA) que ocasionou soerguimento da zona
costeira e a mistura das aguas. A mistura das aguas foi essencial para os desenvolvimentos
das esteiras microbianas, pois a agua de degelo, rica em nutrientes, produto do intenso intem-
perismo pos-glacial condicionando um aumento da alcalinidade e de elementos essenciais
para a proliferacdo de comunidades microbianas. As comunidades microbianas desenvolve-
ram-se incialmente em equilibrio com a constante migracdo da zona fotica, ocasionada pelo
gradual aumento do nivel do mar. Com o fim da influéncia do GIA o espaco de acomodagao
passa a ser controlado apenas pela transgressdo pos-glacial, acarretando uma maior influéncia
nos processos hidrodinamicos, registrado no expressivo relevo sindptico. A soma destas con-
digdes teria propiciado o desenvolvimento de comunidades microbianas que viriam a se tornar

mounds estromatoliticos gigantes, com relevo sindptico métrico a decamétrico. O constante



aumento de energia, acarretaria o retrabalhamentos das esteiras microbianas, gerando macro-
peloides. O registro demonstra uma alternancia de laminas de macropeloides e estromatoliti-
cas, 0 que sugere que em momentos de estabilizacdo, havia uma tentativa de colonizacéo das
comunidades microbianas. O declinio dos estromatolitos gigantes, no sudeste do Craton
Amazonico, estaria relacionado ao auge das condicdes de greenhouse, com um aumento da
influéncia da transgresséo pos-glacial que condicionaria uma entrada macica de siliciclasticos,
promovendo o soterramento das comunidades microbianas e o subito aumento do nivel do
mar. Assim, 0s estratos estromatoliticos foram sucedidos por uma fabrica calcaria, induzidas

principalmente por processos inorganicos, em um mar saturado em CaCOs.

Palavras-chave: Estromatdlito Gigante. Ediacarano. Terra de Bola de Neve. Glaciacdo Mari-

noana. Capa Carbonética Puga.



ABSTRACT

Giant domical stromatolites, associated with tubstone structures, are recorded here for the first
time the sequence of the Puga cap carbonate the southeast of the Amazonian Craton region of
Tangaré da Serra, Brazil. The well-preserved giant mounds reach 12 m in diameter and up to
10 m in height, forming a 200 m laterally continuous biostrom, with individualized domes,
which display an expressive synoptic, metric to decametric relief. This work aimed to de-
scribe and interpret the first occurrence of giant stromatolites and attest to their biogenicity,
considering their macro, meso and microscopic aspects. It also determined the stratigraphic
biogenic facies relationship, formed by organomineralization processes, whether bioinduced
or bioinfluenced together with the other inorganic facies, originated by precipitation and/or
sedimentary (mechanical) processes of the Puga carbonate sequence and finally, proposed an
evolutionary model for giant stromatolites with the other facies, providing new inferences for
the hydrodynamics of the epicontinental sea, of the SE of the Amazonian craton, with pale-
oenvironmental and bioevolutionary implications for the beginning of Ediacaran. The begin-
ning of Ediacaran marked by epicontinental, shallow and stratified seas, formed by dense and
hypersaline waters, contrasting with the melting waters, light and rich in nutrients. The origin
of the giant stromatolites is the product of a sum of anomalous paleoenvironmental and biotic
factors, which occurred after the Marinoana glaciation (635Ma). The diamicton substrate was
colonized by extremophiles, halophilic microbial communities in hypersaline waters with
little or no direct influence of hydrodynamic processes, forming stratiform stromatolites with
gypsum pseudomorph cement. With the advancement of greenhouse conditions, there was a
continuous generation of accommodation space, caused by rising sea levels, influenced by
syn-deglacial transgression and by the glacio-isostatic adjustment (GIA) that caused the uplift
of the coastal zone and the mixing of the waters. The mixture of the waters that occurred at
the end of the glaciation was essential for the development of microbial mats, since the cool
water was, rich in nutrients. The microbial communities developed initially in balance with
the constant migration of the photic zone, caused by the gradual rise in sea level, with the end
of the GIA's influence. The accommodation space is controlled only by post-glacial transgres-
sion, resulting in a more significant impact on hydrodynamic processes, registered in the ex-
pressive synoptic relief. The sum of these conditions would have propitiated the development
of microbial communities that would become giant stromatolitic mounds, with metric to dec-
ametric synoptic relief. The constant increase in energy would result in the reworking of mi-

crobial mats, generating macropeloids, agglomerates of micropeloids. The record demon-



strates an alternation of macropeloids and micropeloids blades, which suggests that in times
of stabilization, there was an attempt to colonize microbial communities, that were reworked
continuously by the wave. The decline of giant stromatolites, in the southern of the Amazoni-
an craton, would be related to the height of greenhouse conditions, with an sudden increase in
the influence of post-glacial transgression, which would condition a massive siliciclastic en-
try, promoting the burial of microbial communities. Thus, the stromatolitic strata were suc-
ceeded by a limestone factory, induced mainly by inorganic processes, in a sea saturated with
CaCO0a3. Giant stromatolites are considered here as an essential record for understanding post-
glacial conditions, from the beginning of Ediacaran.

Keywords: Giant Stromatolite. Ediacaran. Snowball Earth. Marinoan. Puga Cap Carbonate.
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sequence Puga Cap carbonate (PCC).
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1 INTRODUCAO
1.1  APRESENTACAO

O Neoproterozoico (~1000-542Ma) foi uma Era de intensas mudancas paleogeografi-
cas e paleocliméticas que interferiram de maneira crucial na evolucdo da vida. Condi¢des de
temperaturas extremas caracterizam o fim do pré-cambriano, registrando glaciagdes globais
do tipo Snowball Earth, atingindo as baixas paleolatitudes, sendo encerradas por um brusco
aquecimento, condicionado por efeito estufa, passando de condi¢Ges Icehouse para de gree-
nhouse (Hoffman et al. 1998, 2017). De acordo com Fairchild & Kennedy (2007) s&o conhe-
cidos dois episodios de glaciacbes durante o Neoproterozoico em escala global, Esturtiana
(710Ma) e Marinoana (635 Ma) (Figl). Segundo Corsetti & Lorentz (2006) o Criogeniano é
um periodo importante para o entendimento da teoria do Snowball Earth, pois ocorrem duas
glaciacGes em escala global (Esturtiana em 710 Ma e Marinoana em 635 Ma). As sequéncias
de capas carbonaticas sdo importantes registros das intensas mudancas climaticas, ligadas a
um rapido aquecimento e tem distribuicdo em ambito global, estando depositadas sobre dia-
mictitos glaciais, sem indicios de retrabalhamentos ou hiatos deposicionais, (Fig.1.1), (Ho-
ffman et al. 1998, Hoffman & Scharg 2002) Ocorrem como camadas continuas, constituidas
predominantemente por dolomitos e calcarios finos, sdo caracterizadas por suas estruturas
andmalas como tubstones associados a estromatdlitos, megaripples, leques de cristais de ara-

gonita, além das excursdes negativas de 6 ** C (Hoffman et al. 2017).
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Figura 1.1- Comparacdo litoestratigrafica das sequéncias de capas carbonética, Esturtiana (710Ma) e
Marinoana (635Ma) TST=Trato de Sistema transgressivo; HST=Trato de Sistema de Mar Alto e
MF=Superficie de Inundacdo Maxima. Extraido de Hoffman et al. (2017).



Estromatolitos sdo estruturas organossedimentares originadas pela interacdo de pro-
cessos metabolicos de esteiras microbianas, com processos quimicos e fisicos. Ocorrem desde
3,5 Ga até o recente (Fig.1.2), e sdo excelentes indicadores paleoambientais (Allwood et al.
2007, Brehm et al. 2004). Sdo os mais antigos registros de vida em varios cratons e represen-
tam um dos principais registros fosseis componentes de depositos pés-glaciais de sequéncias
de capas carbonaticas, associados ao fim do evento Snowball Earth (Bosak et al. 2013a; Cha-
cén 2010, Schopf 1994). Embora os estromatolitos possuam baixa resolucao bioestratigrafica,
seu uso como proxy paleoambiental ainda é subutilizado em sequéncias de capa carbonaticas,
pois a maioria dos trabalhos concentram-se em atestar a biogenicidade dessas estruturas (Bo-
sak et al. 2013a, Pruss et al. 2010). A ocorréncia de estromatolitos associados a mudancas
paleoceanograficas e paleoambientais extremas, sdo respostas diretas aos fendbmenos pos-
glaciais e fornecem um excelente proxy para o entendimento da interacdo entre processos
bioldgicos e sedimentoldgicos (Bosak et al. 2013b, Riding 2011). A ocorréncia de estromato-
litos tem sido atribuida a um clima quente, com um aumento de nutrientes, oriundo de dguas
de degelo, produto dos intensos intemperismos pos-glacial (Fabre & Berger 2012, Hoffman et
al. 2017). Por outro lado, o desaparecimento repentino dessas estruturas estaria relacionado
principalmente a transgressao e retrabalhamentos desses depositos por acdo de correntes em

um mar sem gelo (Lamb et al. 2012, Nogueira et al. 2019).
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Figura 1.2- Ocorréncia dos Estromatdlitos, desde o arqueano, com maior abundancia no Proterozoica.
Modificado de Fairchild & Sanchez (2015).



Estromatélitos domicos associado a estruturas tubulares sdo descritos para o sul do
craton amazonico, na porg¢do superior de capa dolomitica, da sequéncia de Capa Carbonética
Puga, relacionada a Formacdo Mirassol d"Oeste, base do Grupo Araras (Nogueira et al. 2003,
Romero 2015). Estruturas tubulares séo tipicas dos registros pds-Marinoano, inicio do Ediaca-
rano, e sua origem ainda € alvo de discussfes, mas dois modelos sdo mais aceitos: Escape de
fluidos, sob altas pressées (Nogueira 2003, Romero et al. 2011, 2016) o outro modelo explica
que as estruturas tubulares sdo resultado da interacdo contemporanea entre o crescimento de
microbialitos e sedimentagdo/cimentacdo em um mar supersaturado em CaCO3 (Corsetti &
Grotzinger 2005). Na sequéncia de capa carbonatica Puga, assume-se o primeiro modelo de
escape de fluidos, ainda relacionados aos metabolismos das comunidades microbianas, em
uma plataforma rasa com intensa atividade biogénica. Essas estruturas organossedimentares
sdo sobrepostas por facies de retrabalhamentos como laminagdes quasi- planares e megari-
pples demonstrando um aumento do nivel do mar e da influéncia dos processos hidrodinami-
cos, principalmente onda (Font et al. 2010, Nogueira et al. 2003, 2007, 2019).

Este trabalho descreve a ocorréncia de estromatdlitos gigantes, registrada na sequéncia
de capa carbonatica Puga (PCC), no sul do craton amazo6nico. Sdo formas démicas gigantes,
com estruturas tubulares associadas, configurando um biostroma lateralmente continuo. O
tamanho andmalo destas estruturas organossedimentares, em conjuntos com as demais associ-
acOes de facies, fornecem novas inferéncias paleoambientais e bioevolutivas para o inicio do
Ediacarano. Os estromatolitos gigantes na PCC sdo a primeira ocorréncia no contexto do pds-
Snowball Earth para a América do Sul, enquanto a segunda ocorréncia em capa dolomitica no
mundo, na sucessdo ediacaranas do Death Valley (Cloud et al. 1974). Os estromatolitos gi-
gantes sdo os principais candidatos para avaliar 0s processos sedimentares e biologicos ocor-
ridos apos a glaciagdo Marinoana (635Ma), nas plataformas dolomiticas ediacaranas, prece-
dendo a transgressédo de longo termo.

1.2  AREA DE ESTUDO

A area de estudo esta localizada na porcéo oeste da regido de Tangara da Serra, Estado
do Mato Grosso, distante 240 km da capital Cuiaba. O estudo concentrou-se na mina Calcario
Tangard, (Fig. 1.3) nas frentes de lavras, as quais exibem as melhores exposicdes da sequén-
cia de capa carbonética Puga, para a regido. O acesso para a area de estudo é feito pela da
rodovia MT-358, km 18, saindo-se de Tangara da Serra em direcdo a cidade de Campo Novo

e segue-se por 15 km em estrada vicinal até a entrada da mina de Calcario Tangara.



Tangar

o

4 ;
™. &
&

'Amazon
' Craton -

)/

Mitraso‘l d ’Oes_;c';
S it
54°00°

Figura 1.3- Localizagdo das ocorréncias da sequéncia de capa carbonética Puga, no sudeste do Créton
Amaz6nico, em destaque a &rea de estudo, na mina Calcério Tangara, na regido de Tangara da Serra.

1.3  OBJETIVOS

Este trabalho teve como objetivo descrever e interpretar a primeira ocorréncia de es-
tromatolitos gigantes no contexto de capa carbonatica pds-Marinoana, no SE do Craton Ama-
zbnico, atestar a biogenicidade dos mounds gigantes, levando em consideracdo seus aspectos
macro, meso e microscépicos; determinar a relacéo estratigrafica das facies: biogénicas, for-
mada por processos de organomineralizacdo, sejam eles bioinduzidos ou bioinfluénciados
com as demais fécies inorganicas, originadas por precipitagdo e/ou processos sedimentares
(mecénicos), da sequéncia de capa carbonética Puga.

E por fim propor um modelo evolutivo para os giant stromatolites com as demais fa-
cies, fornecendo novas inferéncias paleoambientais e bioevolutivas para o inicio do Ediacara-

no sudeste do craton amazonico.
1.4 MATERIAIS E METODOS

Para alcancar tais objetivos foi realizado um estudo sedimentoldgicos e estratigrafi-
co de detalhe da capa dolomitica, Formacdo Mirassol d"Oeste, baseado em dados de testemu-
nhos de sondagem e afloramentos, sendo empregadas técnicas agrupadas em dois grupos
principais: anélise estratigrafica e anélise de facies/Microfacies. As amostras foram coletadas
sistematicamente (a cada 20 cm) em dois testemunhos de sondagem, o JOR de 40 metros
(Fig. 3.6) e JBN de 32 metros (Fig.3.7) e mais espacadas nos afloramentos das frentes de la-

vra (a cada 1 m), seguindo principalmente a individualizacdo das facies.



As caracteristicas mesoscopicas foram observadas em lajes polidas e as microscopicas
em 93 laminas polidas, confeccionadas no laboratorio de laminacao da UFPA.Estas secBes
foram tingidas com alizarina vermelha S (0,29/100 ml de 1,5% HCI). (Dickinson et al. 1966)
e posteriormente descritas no Laboratério de Petrografia do Grupo de Analises de bacias Se-
dimentares da Amazénia - GSED da UFPA. Para a classificacédo dos litotipos e das Microfa-
cies utilizou-se a proposta modificada de Dunham (1962), além de Wright (1992), Tucker
(1992) e Tucker & Dias Brito (2017).

O estudo contou também com o auxilio de microscopia com catodoluminescéncia que
estimula a luminescéncia em sec6es polidas, através do bombeamento de elétrons. A lumines-
céncia é condicionada pelas caracteristicas composicionais (Hemmig et al. 1989), as imagens
de catoluminescéncia fornecem a distribuicdo espacial dos elementos tracos, principalmente
Fe?* e Mn?*, em calcita, dolomita e cimentos. Para este estudo a microscopia com catodolu-
minescéncia contribuiu para os detalhes sobre a composicéo e disposi¢do dos tipos de carbo-
nato de cimento, demonstrando as fases de cimentacdo, permitindo ordenamento de eventos
diagenéticos e destacou, quando presente conteudo siliciclasticos dispersos na matriz dos do-
lomitos estudados. As imagens de catodoluminescéncia foram obtidas utilizando um micros-
copico optico Leica, modelo DM 4500 PLED acoplado ao aparelho Optical catholuminescen-
ce CL 8200 mk5-2. s do laboratério de Catodoluminescéncia do Instituto de Geociéncias
(UFPA).



2 FUNDAMENTACAO TEORICA
2.1 CONTEXTO GEOLOGICO

Grupo Araras

O Grupo Araras ocorre de maneira descontinua na porc¢ao sul do Craton Amazoénico e
com maior continuidade a norte da Faixa de Dobramentos Paraguai, no estado de Mato Gros-
so, (Fig.2.1) (Nogueira & Riccomini 2006, Soares & Nogueira 2008). A primeira mencao das
rochas carbonéticas Araras, como *“grupo”, foi feita por Almeida (1964) que o dividiuem
duas possiveis formac6es: uma inferior pelitica-carbonética e uma superior predominantemen-
te pelitica. Nogueira & Riccomini (2006) subdividiram formalmente o Grupo Araras em qua-
tro formacoes, (Fig. 2.2), baseando-se em dados facioldgicos e estratigréaficos, da base para o
topo: Mirassol d"Oeste, Guia, Serra do Quilombo e Nobres.

O Grupo Araras € comumente associado ao contexto da Faixa de Dobramentos Para-
guai, segundo a proposta classica, os depdsitos metassedimentares do Grupo Cuiabd, sedi-
mentares da Formacdo Puga, Grupo Araras e Grupo Alto Paraguai estariam ligados ao contex-
to do evento de orogenia Brasiliano-Pan-Africano, que originou a Faixa de Dobramentos Pa-
raguai de (Almeida 1964, Alvarenga & Trompette 1993, Nogueira et al. 2003). Porém, Santos
et al. (2019), demostraram que apenas as rochas do Grupo Cuiaba registram o evento com-
pressional que originaram o cinturdo Paraguai, com padrfes estruturais transpressivos. Ja 0s
depdsitos sedimentares possuem um padrdo transtensional, ndo coerente com eventos de fe-
chamento. Os depositos relacionados as formagdes: Puga (Criogeniano), Grupo Araras (Edia-
carano) e Grupo Alto Paraguai (Cambriano- Ordoviciano) estariam relacionados a bacia intra-
cratonica, Araras Paraguai, invertida durante o Ordoviciano com a colagdo das Bacias Paleo-
zoicas (Nogueira et al. 2018, 2019, Santos et al. 2017, Santos et al. 2019).
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Figura 2.1- Localizacdo e mapa geoldgico simplificado do sudeste do Craton Amaz6nico. Mostrando o
contexto da bacia intracratdnica, Araras Paraguai, a norte da faixa de dobramentos Paraguai e Sudeste
do Craton Amazonico. Destaque paras as ocorréncias de capa carbonatica Extraido de Nogueira et al.

(2019).

A Formacdo Mirassol d”Oeste, com espessura aproximada de 15m, é composta pre-
dominantemente por dolomitos finos, dolomitos peloidais, com estromatolitos estratiformes e
estruturas tubulares associadas a estromatdlitos démicos, além de facies como laminacdes
quasi-planares e megaripples. Esta unidade encontra-se assentada diretamente sobre 0s dep6-
sitos glaciais da Formacéo Puga. (Nogueira et al. 2003; Nogueira & Riccomini 2006). Os de-
positos da Formacdo Mirassol d"Oeste, sdo interpretados como de plataformas rasas, sob in-
tensa influéncia de atividades biogénicas (Nogueira et al. 2019; Soares & Nogueira, 2007).

A Formacdo Guia possui espessura aproximada de 200m e consiste em calcarios finos
betuminosos, folhelhos, brechas calcareas, pelitos com leques de cristais de calcita e lamina-
cao plana. Localmente ocorrem brechas e estruturas deformacionais, interpretadas como am-
bientes de plataformas rasas a profundas, registrando altas concentragfes de CaCOz3 (Bre-
laz,2012; Nogueira & Riccomini 2006; Soares & Nogueira 2008). A Formacdo Mirassol
d"Oeste e a base da Formacdo Guia constituem a sequéncia de capa carbonatica Puga, cap
dolostone e cap cemenstone limestone, respectivamente, estando relacionadas ao contexto
pos-Marinoana(635Ma), (Nogueira et al. 2003,2007,2019, Soares et al. 2013).

A Formacéo Serra do Quilombo, com exposicdo de aproximadamente 100m de espes-
sura, € constituida por dolomitos finos, dolomitos arenosos com estratificacdo cruzada hum-

mocky, brechas com cimento dolomitico. Essa associacgdo € interpretada como depdsitos ori-



undos de plataforma rasa a profunda com influéncias sismicas e tempestades (Nogueira &
Riccomini, 2006). A zona de contato entre a formacgdes Guia e Serra do Quilombo é marcada
por intenso fraturamento (Nogueira et al. 2003). A Formacdo Nobres consiste em dolomitos
finos, dolomitos ooliticos, estromatdlitos de ocorréncia subordinada, alem de dolomitos are-
nosos, brechas, ritimitos arenito/pelito e arenitos que sdo interpretados como depoésitos de
planicie de maré/Sabkha (Nogueira & Riccomini, 2006; Rudnitzki & Nogueira, 2012;
Rudnitzki et al. 2016).

As idades dos depositos carbonaticos do Sul do craton amazonico, relacionados ao
Grupo Araras, foram estimadas principalmente com base nas relagdes quimioestratigraficas e
cronoestratigraficas (Nogueira et al. 2007; Romero et al. 2013; Rudnitzki et al. 2016). Idades
Pb/Pb foram obtidos para a sequéncia de capa carbonatica Puga, base do Grupo Araras,
627+32 para a capa dolomitica (Formacdo Mirassol d"Oeste (Babinski et al. 2006) e 622+33
para a capa calcéria (Formacdo Guia) (Romero et al. 2013).

De forma discordante, as rochas siliciclasticas do Grupo Alto Paraguai recobrem a
Formacdo Nobres, topo do Grupo Araras (Nogueira,2003; Nogueira & Riccomini,2006). En-
tre a Formacdo Raizama, base do Grupo Alto Paraguai, e a Formacgdo Nobres é registrado um
gap de ao menos 80 milhdes de anos entre os depdsitos Ediacaranos do Grupo Araras, iSO
porque Santos et al. 2017, descreveram a ocorréncia de traco fossil, icnofacies Skolithos, Sko-
lithos linearis, Diplocraterion parallelum e Arenicolites isp, marcando o Cambriano para a bacia

intracratOnica Araras Paraguai (Nogueira et al. 2018;2019; Santos et al.2017).
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3 RESULTADOS

Submitted in: Geology

31 LIFE IN THE AFTERMATH MARINOAN GLACIATION: THE GIANT
STROMATOLITES SAGA IN THE PUGA CAP CARBONATE, SOUTHERN AMAZON
CRATON- BRAZIL

ABSTRACT

Giant domical stromatolites associated with vertical tubestone structures have been
recorded, for the time, in the Marinoan (635 Ma) Puga cap dolostone on the southern Amazon
craton, Brazil. The well-preserved giant domic mounds are reaching 12 m in diameter a high
at 10m, forming laterally continuous biostromes of at least 200 m. After Icehouse conditions,
the diamicton substrate was colonized by microbial communities under hypersaline and dense
shallow water. The continuous generation of accommodation space was concomitant with
sea-level rise and glacial isostatic adjustment (GIA), causing subsidence on the coastal zone
as proposed by the Snowball Earth hypothesis. The oxidizing zone kept stationary during the
decrease of post- GIA transgression supplied by expressive nutrient-rich ice-melt waters.
These conditions caused the flourishment of microbial mats with the development of lateral
continuous giant stromatolitic mounds. The demise of microbial communities by massive
siliciclastic inflow caused the end of giant stromatolite saga in the Amazon Craton, afterwards
succeeded by the deposition of long-term transgressive lime muds in a CaCO3- oversaturated
sea. The giant stromatolites are considered here as an essential feature of the recognition of

Post-Marinoan cap carbonates on the Amazon Craton.

3.2 INTRODUCTION

Stromatolites are the oldest records of life in several Precambrian cratons and repre-
sent one of the main components of post-glacial deposits (cap carbonates) linked to the
Snowball Earth event (Chacdn, 2010, Bosak et al. 2013a, Schopf, 1994). Although stromato-
lites have low biostratigraphy resolution, their use as a paleoenvironmental proxy is still un-
derused in cap carbonates as most of the work focus on the biogenicity of these structures
(Bosak et al. 2013a, Pruss et al. 2010). The occurrence of stromatolites associated with ex-
treme palaeoceanographic and paleoenvironmental changes provide and direct response to
post-glacial phenomena provide an excellent tool to understand the interaction between bio-

logical and sedimentological processes (Bosak et al. 2013b, Riding 2011). Moreover, the oc-
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currence of stromatolites has been attributed to a warm climate with an increase of rich-
nutrients ice-meltwaters after snowball conditions (Fabre & Berger 2012, Hoffman et al.
2017).

In contrast, the sudden disappearance of these structures was related mainly to trans-
gression and reworking by currents in an ice-free sea (Nogueira et al. 2019). Giant stromato-
lites in the Puga Cap Carbonate (PCC), Southern Amazon Craton are an unusual feature that
provides new paleoenvironmental inferences as life colonized these Ediacaran dolomitic plat-
forms (Fig. 1A). The Giant stromatolites in PCC are the second occurrence within cap dolo-
stones, also recorded in the Death Valley Ediacaran succession (Cloud et al. 1974). They are a
prime candidate to evaluate the sedimentary and biological processes that occurred in cap
dolostone, preceding the pronounced long-term transgression responsible for cap limestone

deposition.
3.3 GEOLOGIC SETTING

The platform carbonate deposits of the Araras Group, inserted in the context of the
Cryogenian-Cambrian inverted intracratonic basin (Nogueira et al. 2019) are over 700 m thick
and exposed in the southern Amazon Craton, Fig. 1A were divided into four formations from
the base to the top (Mirassol d"Oeste, dolostone; Guia, limestone and shale, Serra do Quilom-
bo, dolostone, and dolomitic breccia, and Nobres, dolostone, chert, sandstone, and lime mud-
stone, formations (Nogueira et al. 2003) (Fig.1 C).
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Figure 3.1- A) Geological map of the southwestern Amazon Craton. Indicating the Araras- Paraguai
Basin, Paraguai Belt and the occurrences of Puga Cap carbonate with giant stromatolites (star). B)
Neoproterozoic cap carbonate measured sections with an indication of giant stromatolites (*) overlaid
by megaripple bedded dolostone and cap cemestone limestone. The 13C and Sr/Sr curves were ob-
tained from Font et al. 2006, Nogueira et al. 2003, 2007,2019, Soares et al. 2013. C) Lithostratigra-
phy, chemostratigraphy (13C and Sr/Sr curves) and paleobathymetry of the Neoproterozoic-Cambrian
deposits (cf. Nogueira & Riccomini 2006 and Nogueira et al. 2019).
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The PCC comprises the Mirassol d'Oeste Formation (cap dolostone) and the lower of
the Guia Formation (cap cemenstone limestone), covering the glacial diamictites of the Puga
Formation, Fig. 1B. The cap dolostone has a micritic texture and primary precipitation in an
anoxic environment, associated with intense biological activity, a shallow marine platform
(Font et al. 2010, Nogueira et al. 2003, 2019, Soares et al. 2013). The fast precipitation and
early lithification of these bioconstructions increased the preservation potential. The dolostone
succession comprises low-angle lamination passing to stromatolites and megaripple bedding,
with 813C variation ranging from -3,5 to -8,9 %0 and 87Sr/86Sr values in PCC varies of
0,7074 up to 0,7090 (Nogueira et al. 2007, 2019) consistent with another cap carbonates
worldwide (Halverson et al. 2010, Hoffman et al. 2017, Nogueira et al. 2019). The study is
localized near the Tangara da Serra region, in Calcario Tangara quarry, in Mato Grossso state.
(Fig 3.1A).

3.4  MATERIALS AND METHODS

The sedimentological and stratigraphic study of the Mirassol d"Oeste Formation was
based on drill core and outcrop data. A sedimentary log was elaborated for each analyzed suc-
cession (Fig. 3.5). Samples were collected systematically (every 20 cm) in two drill cores
(Fig. 3.6 and 3.7) and spaced (every 1 m) in outcrops, following facies individualization. The
mesoscopic features were observed in polished slabs and microscopic features in 93 polished
thin sections of the cap dolostone. The petrographic analysis was carried out using a cathodo-
luminescence image contributed to the details about the composition and disposition of car-

bonate cement types and highlighted siliciclastic content.

3.5 RESULTS

3.5.1 Stratigraphy and Sedimentology

The base of the succession consists of diamictites and dropstones of the Puga For-
mation, making up the first 10m of the cores, which directly covered by approximately 30m
thick the cap dolostone sequence of the Mirassol d"Oeste Formation. This Formation is initial-
ly formed by stratiform stromatolites, passing up section to giant domed stromatolites, associ-
ated with tubular structures. Are covered by layers with onlap geometry, consisting of quasi-
planar laminations with low angle truncations and megaripples, marking the last 5 meters of
the unit. The Guia Formation is the top of the succession, consisting of dolomitic marl inter-

bedded with multi-layered calcite crystal fans bedding limestone (See Table 3.1 and Fig 3.5).
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3.5.2 Giant Stromatolites from PCC

In the main section, pseudo-columnar giant stromatolites present an extension of ap-
proximately 200m as a biostrome (Fig.3.8). The domes are about 10m in height and 7 m wide
and having an expressive high, metric to decametric, synoptic relief (Fig.3.2 A). In plain
view, these domes occur as subcircular to elliptic forms with diameters of up to 20m (Fig.
3.2B and Fig 3.2C). These structures present rhythmic laminae, alternating between submil-
limetric thinner darker and, thicker ones. Vertical tubestone structures are found associated
with giant stromatolites and occur within the flattest portion of the domes they are best seen in
plain view displaying circular-shaped structures, 2 cm in diameter, with a positive edge (Fig.
3.2D and 3.2E).
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Figure 3.2- The giant biostrome of PCC. A) large-scale pseudo-columnar mound; scale= 1,86 m. B)
and C) drone flyover image outlined the elliptical pattern of the mounds (scale = 1.86 m). D)
Tubestone in the axial zone of the domes showed in detail in E).



16

In thin section, the stromatolites show well-preserved lamination, and mainly by
dolomicrite peloids clustered in coalesced microclots. That resembles in part shrubs,
(Fig.3.3A to 3.3C). Fine detrital particles dispersed in the matrix are observed, with the pro-
portion increasing to the top of the stromatolite (Fig 3.3E and see Fig.3.9). Several genera-
tions of cement occur between clots, in laminoid, and irregular fenestrae. Gypsum is pseudo-
morph is the most common cement that arises from the base to the middle of the microbial
succession (Fig.3.3C and 3.3D), succeeded by calcite, which is then the dominated cement.

) DESaETS

Figure 3.3- The PCC stromatolite microstructures. A) Dolomicritic peloids clustered in microclots. B)
Coalescent grumose peloids with dendritic to dense patterns similar to shrubs. C) Dolomitized gypsum
pseudomorph filling interpeloidal porosity D) Bladed crystal displaying isolated swallowtail twinned
gypsum pseudomorph. E) Dense dark laminae (opaque) alternating with irregular fenestral porosity
filled with calcite. G) Macropeloids intercalation with stromatolitic laminations.
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The grumose texture changes in the upper part of the stromatolite domes passing to
microcyte lamination (0,5mm thick per laminae) (Fig.3.3E) of dense dark laminae alternating
with light laminae with irregular fenestral porosity. Between and above the domes, at the top
of the succession, dolograinstones intercalated with microbial mats occur which are composed
of different large peloids up to 3 mm (Fig 3.3F) with siliciclastic grains dispersed in the ma-
trix, and calcite cement filling the pores. Above stromatolites level, a 20 cm to 1.60 m of a
thick layer of laterally discontinuous dolomitic marls occurs in abrupt contact with the dolo-

mitic cover, consisting of a mixture of dolomite, silt of fine sand and clay.

3.6 DISCUSSION

3.6.1 Biogenicity

Stromatolites are common in cap dolostones worldwide (Bosak et al. 2013b, Corsetti
& Grotzinger 2005, Hoffman et al. 2017) and in the PCC they were described as simple strati-
form forms with low synoptic relief (Font et al. 2010, Nogueira et al. 2003, 2019). The meter-
scale domes described here as giant stromatolites have all the biogenicity attributes according
to Buick et al. (1981) and Bosak et al. (2013): 1) large-scale domes with diameter up to 10m,
forming concentric laterally continuous beds for dozens of meters comparable with the giant
mounds of to the Post-Marinoan Noonday Dolomite (cf. Cloud et al. 1974); 2) primary dolo-
micrite considered as a product of organomineralization (Dupraz et al. 2009, Fontes, et
al.2005 Nédélec et al. 2007, Ridding 2000); 3) isolated and coalescing peloidal clots (Turner
et al. 2000, Bosak et al. 2013) similar to shrub structures (cf. Frasier & Corsetti 2003); 4) oc-
currence of fenestral fabric interpreted as gas escape feature are related to by degradation of
organic matter or phototrophism during the development of microbial mats (Grover & Read
1978, Mata et al. 2012); 5) tubestone structures commonly found in stromatolites related to
the Marinoan cap dolostone (Cloud et al. 1974, Corsetti & Grotzinger 2005, Romero et al.
2016); and 6) negative C13 isotope signature considered as a microbial activity which de-
stroyed the magnesium-sulfate ionic pairs and produced organic-derived 12C enriched bicar-
bonate (Nédélec et al. 2007).

3.6.2 Flourishment and Growing of Microbial Communities

The initial stressed microbial community of the PCC, colonized the diamicton sub-
strate in hypersaline, cold and dense shallow water, contrasting with the warm and less dense
upper water layer (Liu et al. 2014, Hoffman et al. 2017, Yang et al. 2017). The colonization

of the substrate in hypersaline waters here interpreted as made by extremophilic, halophilic
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microbial communities, commonly described in younger deposits capable of overcoming do-
lomite precipitation kinetics in a high salt environment, still favors microbial lithification eco-
systems (Dupraz & Visscher 2005, Goh et al. 2006, Thompson & Ferris 1990). Dolomite
pseudomorphs after gypsum and the occurrence of gammacerane biomarkers (Souza Jr. et al.
2016, Van Maldegem et al. 2019) are indicative of hypersaline waters. The energy generated
by oscillatory flows would not be enough to trigger water mixing (Yang et al. 2017). Thus, it
can be inferred that initially, the PCC microbial communities (Halofilas) developed in a pro-
tected, calm environment below thermocline conducive to the growth of the biostromes
(Fig.3.4A). However, the increased runoff of nutrient-rich melt-waters gave rise to a high mi-
crobial proliferation, expressively manifested in anomalously giant domical mounds, growing
in a continuously generated accommodation space generation. The transgression after degla-
ciation is associated with low or absent riverine inflow and scarce content of terrigenous
grains.

The water mixing was essential for the development of the microbial ecosystem in a
predominantly oxide stratified water column and restricted anoxia in the water-sediment inter-
face (Nogueira et al. 2007, 2019, Sanjofre et al. 2014). The sea-level rise in an ice-free ocean
with normal salinity together with the continuous increase of an oxidizing zone conditioned
the gradual growth of stromatolites with the development of exceptional large mounds. The
complete retreat of glaciers was accompanied by the post-glacial isostatic adjustment or GIA
characterized by raising continental areas and generating relative sea-level rise through eustat-
ic subsidence (Creveling & Mitrovica 2014). It is difficult to estimate the time related to the
duration of GIA because of the lack of specific markers in the cap carbonates (Hoffman et al.
2017).
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Terrigenous flow

Legends
Stratiform ).. 3z i Giant Stromatolites - Megaripples i Gypsum
=—| Stromatolite Tl Megaripples with structure tubulares (Cap Limestone Cemesione)
(Cap dolostone) _—
Cristal Fan:
Dolomitic Marls ! (Aragonite)
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Figure 3.4- A model for the PCC Giant Stromatolites growth. T=Time A) T1. The syn-deglacial trans-
gression with diamicton substrate colonized by extremophiles without the influence of hydrodynamic
processes, forming stratiform stromatolites with gypsum pseudomorph cement. B) T2. Increased ac-
commodation space and water mixing as a result of GIA with marine transgression allowing abundant
growth of the microbial communities in giant biostromes. C)T3. The end of GIA conditions is marked
by the advancement of post-glacial transgression and hydrodynamic processes start to act more effec-
tively, with wave action and currents reworking the microbial mats D) T4. The end of the stromatolites
from PCC is caused by the massive influx of siliciclastics generating intense turbidity and burial of the
communities, with a subsequent change of the carbonate factory.

Macropeloides
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The initial transgression was probably fast during the GIA strongly induced by the
combined action between the post-glacial sea-level rise and the subsidence. When the GIA
ceased the accommodation space, the ecosystem was influenced only by a slow transgression
keeping an oxidizing zone that allowed the large flourishment of cyanobacteria to develop
domical stromatolites (Fig.3.4B). Generating significant synoptic relief. Sporadic siliciclastic
inputs created a well-marked lamination at the upper part of the biostrome, evidencing incipi-
ent trapping and bedding, very common in transitional and shallow marine environments
(Suarez-Gonzalez et al. 2019). The synoptic relief of stromatolites during the GIA became
progressively more domic upward concomitant with the post-glacial transgression and contin-
uous migration of the oxic zone.

The larger siliciclastic inflow succeeded in the GIA breakdown and the wave rework-
ing of cyanobacteria mats producing macro and micropeloids as well as megaripples and qua-
si-planar laminations with low angle truncations(Fig.3.4C, indicates high-velocity oscillatory
flows in shallow to moderately deep waters (Arnott 1993, James et al. 2001, Nogueira et al.
2019, Soares et al. 2013). The intercalation of stromatolitic slides with macropeloids suggests
that under less energetic conditions, there was an attempt to colonize the substrate at stabiliza-
tion times, that wave constantly intense up the bed by reworking (Bosak et al. 2013). The de-
cline of stromatolites is associated with the influx of siliciclastics, generating intense turbidity
in the water column (Fig. 3.4D). According to Yang et al. (2017), the post-glacial transgres-
sion record in the cap carbonate sequences corresponds to the thermal expansion of the
oceans, the climax of greenhouse conditions. The cap limestone cementstone that covers the
cap dolostone was deposited in a moderately deep-sea but still within the calcite compensa-
tion depth. This facies relationship demonstrates a change in the carbonate factory also re-
cording a CaCOa3 supersaturated event (Nogueira et al. 2019) and studies of organic fossils at
the PCC illustrate the transition from benthic to planktonic communities (Elie et al. 2007,
Souza Jr. et al. 2016, Van Maldegem et al. 2019), therefore, the end of ideal conditions for

microbial communities to colonize.
3.7 CONCLUSION

Giant domic stromatolites are recorded in the Amazon Craton in the classical Cap
Carbonate succession and were resultant mainly by the increase of accommodation space dur-
ing post-glacial transgression. The flourishing of this microbial ecosystem was influenced by
GIA, concomitant with the nutrient-rich ice-melt waters inflow in the sea. The transition from

stratiform to domic in morphology was a result of an adaptation to the continuous migration
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of the oxic zone. The pronounced long-term transgression and increased siliciclastic inflow
caused the demise of microbial communities. The siliciclastics rapidly buried the giant stro-
matolites by induced lime muds still indicates a CaCO3- oversaturated sea. The giant stro-
matolitic mounds never more returned in the Ediacaran carbonate platforms of the Amazon

Craton.
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Table 3.2- Summary of depositional facies and microfacies, structures and processes of the sequence

Puga Cap carbonate (PCC).

Description

Process

Facies/microfacies
Df-Foliated Diamictite

Paranconglomerate of clay matrix, with incipient
foliation composition exhibiting varied faceted
and striated clast sizes up to 10 cm, varying
composition (sandstone, gneiss and granite and
volcanic etc .)

Abrasion over basement and
sedimentary rocks, subsequent
deposition from ablation and
deformation produced by
glaciotectonic.

Drm-massive
dropstone

Siltite / sandy matrix, with millimeter to
centimeter size dropstone, of varying
composition (sandstone, gneiss, granite and
volcanic, and etc.).

Subaqueous origin for

suspension processes, flow or

rain traction debris and
resedimentation.

Des-Dolobounstone
with stratiform
stromatolites

Stratiform Organosedimentary structures with
syndepositional cement filled laminate fenesters
with Gypsum.

Dolomite precipitation through

microbial communities,

without hydrodynamics
influence.

Dsd-Doloboustone
with domic pseudo-
columnar associated

with tubestone

Giant Stromatolite: Domical
organosedimentary biostroma. The fenestras are
predominantly irregular, filled with spatic calcite
cement. Tubestone structures are common in the

Precipitation of dolomite by
microbial community, with
strong hydrodynamics

influence. Incipient trapping

Dolograinstone with
megaripple marks

asymmetric with micro and
macropeloids.

structures. upper portions of the domes. and bidding processes at the
top of the giant stromatolite.
Dm — Peloidal Corrugated symmetrical lamination, rarely Carbonate nucleation and

fast cementation during
oscillatory flows.

Dpt — Peloidal
Dolomudstone/
dolopackston with
plane parallel
lamination)

Parallel lamination,
low angle lamination,
stylolites, micro- and macro
peloids

Predominance of suspension
with
sporadic oscillatory flows.
Nucleagdo do carbonato
seguido de rapida cimentacdo.

Dq — Dolograinstone/
peloidal dolomudstone
with
quasi-planar lamination
and
Low angle truncation

Quasi-planar lamination with
low angle truncation,
micro-ripples, micro-

macropeloids.

High velocity oscillatory flow.
Nucleation of

carbonate and quick
cementation,

Bs —Slump Breccia

Chaotically arrenged clasts. Massive matrix.

Fracturing and fragmentation
dolomites and limestones
during movement of
partially lithified masses

Clc —Limestone with
crystalfans
and wavy lamination

Crystal Fans, wavy
corrugated laminations
convolutes and deformed layers.

Crystal growth in

CACO3 supersaturated waters,
sporadically

influenced by currents.

Cm — Limestones with Asymmetric Wavy megarippple Migration of bed shapes
Wavy bedding marks, generated by currents and
Lamination. convolute lamination and waves.
Muddrapes. Periodic continental influx of

Terrigenous grains.

CMq — Limestone with
quasi-planar lamination
and
bituminous marl

Quasi-planar lamination and
bituminous marl layers.

Calcite Precipitation With
sporadic high-speed
unidirectional flows
and impregnation by

hydrocarbon

Ci — Limestone with

irregular lamination

Irregular lamination, rare and
sparse crystals fans and

Calcite precipitation in

deep waters, relatively
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Figure 3.8- A) Photomosaic of the main exposure of giant stromatolite in PCC, forming a laterally continuous biostrome for 200 meters, B) photointerpreta-
tion of C). Photomosaic of the upper part of the main exposure of the giant stromatolite of PCC in contact with the marls and limestone layer. D) photointer-
pretation of C).
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0,5mm
e —

Figure 3.9- Photomicrograph mosaic showing detail of the locations of previous images Figure 3.3f
exhibits in the manuscript. A) Under Polarized light. B) Doubly polarized and C) and D) Cathodolu-
minescence image in different scales with presence of enhanced terrigenous (arrows).
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4 CONCLUSOES

Os estromatoélitos démicos gigantes sdo pela primeira vez registrados na sequéncia de
capa carbonatica Puga, no Sudeste do Craton Amazonico. A sua ocorréncia foi condicionada
por uma soma de fatores paleoambientais anémalos que propiciaram um sistema de adaptacédo
e crescimento andmalo distinto pos-glaciacdo Marinoana (635 Ma) diferente de todas as evi-
déncias de vida microbiana previamente registrada para o Ediacarano da América do Sul. As
comunidades microbianas que inicialmente colonizaram o substrato de diamicton glacial, ex-
perimentaram condigdes estressantes, em um oceano estratificado com pouca influéncia dos
processos hidrodinamicos, formado por guas rasas, hipersalinas e densas, contrastando com a
agua de degelo, leve, quente e rica em nutrientes. Nesse ecossistema cianobacteriano os pro-
cessos hidrodindmicos ndo seriam efetivos o suficiente para desencadear a mistura das aguas,
com 0s avancos dos processos de degelo, ocorre um aumento do nivel do mar, concomitante
ao soerguimento costeiro e continental ligado ao ajuste glacio-isoeustatico (GIA). Os proces-
sos relacionados ao GIA, gerariam a mistura das aguas, promovendo a entrada de aguas de
degelo, rica em nutrientes, permitindo o florescimento de esteiras microbianas, que gerariam
estruturas organossedimentares de grande escala, ou mounds estromatoliticos gigantes. O re-
levo sinoptico reduzido dos estromatdlitos durante o GIA teria sido modificado tornando-se
progressivamente mais alto concomitante com o avango da transgressao pos-glacial e a conti-
nua migracdo ascendente da zona éxica do ambiente marinho. Esta mudanca ambiental am-
pliou os movimentos fototaticos dos organismos promovendo a estabilizacdo e adaptacdo do
crescimento estromatolitico. O climax da transgressdo pds-glacial concomitante com o maior
influxo das aguas de degelo ocasionou o aumento do influxo siliciclastico que paulatinamente
soterraram as comunidades microbianas, promovendo o desaparecimento desse ecossistema.
O continuo aumento do nivel do mar associado ao aumento do influxo siliciclasticos e da
energia hidrodinamica nos ambientes costeiros foram condig¢des indspita que desencadearam
o0 declinio das comunidades microbianas bent6nicas. Assim os estratos estromatoliticos foram
gradualmente sucedidos por uma fabrica carbonatica produzida por planctons e submetida
parcialmente a precipitacdo inorganica devido ao aumento da temperatura, em um mar satura-
do de CaCOa3. As condic¢des andmalas para ao desenvolvimento dos mounds estromatoliticos
gigantes ndo retornaram as plataformas carbonéticas desenvolvidas nas margens do Craton
Amazodnico. Os mounds estromatoliticos gigantes desenvolvido durante a precipitagdo da capa

carbonatica Puga é um dos Unicos registros que fornece informac@es singulares e inequivocas
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para o entendimento das condigdes paleoambientais e paleoclimaticas do inicio do Ediacarano

apos o ultimo evento de Snowball Earth.
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