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RESUMO

Drésticas mudancas climaticas, tectonicas, geoquimicas e bioevolutivas ocorreram ao final da
Era Neoproterozoica e seu registro pode ser encontrado em diversas sucessoes sedimentares ao redor do
mundo. Uma dessas sucessoes ¢ a Formagao Sete Lagoas, unidade carbonatica basal do Grupo Bambui,
aflorante tanto na porc¢ao central e sul do Craton do Sdo Francisco. Considerando a extensa area de
afloramento e grande continuidade estratigrafica desta unidade na regido de Januaria (norte de MG), este
trabalho teve como objetivo definir a evolugdo sedimentar e paleoambiental da Formagao Sete Lagoas
a partir de uma abordagem sedimentologica, estratigrafica e geoquimica integrada, buscando
compreender, por exemplo, variagdes nas condi¢des redox, modificacdes no ciclo do carbono,
temperatura da agua e produtividade organica primaria. Na area estudada, cinco associagdes de facies
foram definidas, da base para o topo: capa dolomitica (AF1), associacdo de carbonatos de perimaré
(AF2), rampa carbonatica influenciada por sismos (AF3), corddo oolitico litoraneo (AF4) e planicie de
maré dominada por microbialitos (AFS5). Devido sua singularidade e importancia no registro, duas
sucessoes distintas foram estudadas detalhadamente: os precipitados de fundo ocednico pertencente a
capa dolomitica e a brecha intraformacional (flat-pebble breccia) nas porgdes basal e intermediaria da
unidade, respectivamente. Os precipitados de fundo oceanico sao representados por leques carbonaticos
(pseudomorfos de aragonita), barita e cimentos apatiticos autigénicos, estes ultimos ineditamente
descritos em contexto de capa carbonatica. Devido & importancia dos leques de barita na definicao de
idade (Marinoana) para os carbonatos de capa estudados, deu-se especial atencao ao estudo da origem
(diagenética, hidrotermal ou metanogénica) deste mineral. A precipitacdo da capa carbondtica com os
leques de fundo ocednico (AF1) foi sucedida pela deposi¢ao de facies de agua rasa (AF2), compondo
um ambiente no qual proliferaram os metazoarios Cloudina e Corumbella associados a trombolitos e
esteiras microbianas. Estes depositos de perimaré foram sucedidos por brechas intraformacionais,
interpretadas como flat-pebble breccia, formada por eventos de sismicidade que atingiram e
modificaram substancialmente a arquitetura da plataforma carbonatica (AF3). Dados de direcdo dos
clastos alongados de AF3 e de paleocorrentes da AF4 indicam que a linha de costa original estava
posicionada na diregdo NE-SW, com abertura oceénica para SE. Extensos depdsitos de corddes ooliticos
e estromatolitos domicos (AF4) sucedidos por planicies de maré de clima arido com microbialitos (AFS5)
representam a ultima etapa de deposi¢do da sucessdo da Formacdo Sete Lagoas, precedendo o
afogamento da plataforma carbonatica representado pela deposicdo de pelitos da Formagdo Serra de
Santa Helena. As associacdes de facies interpretadas foram organizadas em trés sequéncias
deposicionais distintas, com expressivo espessamento de secdo na dire¢do E-NE, possivelmente
relacionado a um aumento na taxa de subsidéncia nesta por¢cdo da bacia. Ao longo da sucessdo
carbonética, os valores isotopicos de Ceab € Ocay mostram uma excursao negativa na base passando para
valores progressivamente mais positivos em diregdo ao topo. Os valores isotopicos de **Scas mostram
co-variancia com os valores de "*Cean, indicando que a pirita e o carbono organico foram oxidados e
soterrados a uma mesma taxa. As concentracdes de sulfato contido no carbonato (CAS — sigla em inglés)
medidas mostram um pico de oxigenagdo na porc¢ao basal da unidade seguida por condi¢des andxicas,
semelhante as estimativas anteriores do reservatorio de sulfato em outras unidades do final do
Ediacarano.

Palavras-chave: Neoproterozoico, Grupo Bambui, Formagao Sete Lagoas, estratigrafia, sedimentologia,
geoquimica



ABSTRACT

Major climatic, tectonic, biogeochemical and evolutionary changes occurred during Late
Neoproterozoic are recorded in several sedimentary successions around the world. One of these
successions is the Sete Lagoas Formation, the basal unit of the Bambui Group, present both in the
southern and central part of Sdo Francisco Craton. Because of excellent exposure and and great
stratigraphic continuity of this unit, this study focused on the the sedimentary and paleoenvironmental
evolution of the Sete Lagoas Formation near Januaria area— MG in the central S3o Francisco Craton,
based on a sedimentological, stratigraphic and geochemical approaches. Five facies associations were
defined in the studied area: cap dolostone (FAl), peritidal carbonates (FA2), seismic-influenced
carbonate ramp (FA3), oolitic belt (FA4) and tidal flat dominated by microbialites (FAS). Due to their
importance in the rock record, two distinct intervals were studied in detail: the seafloor precipitates and
the flat-pebble breccia from the lower and middle part of the unit, respecively. The seafloor precipitates
are represented by carbonate fans (aragonite pseudomorphs), barite and authigenic apatitic cements. The
latter was described here for the first time in a cap carbonate context, and this mineralogical association
is interpreted as the result of iron reduction of sediments in conjunction with high alkalinity of the
seawater. Since barite fans have been used to infer the Marinoan age of this cap carbonate, it is important
to test whether its origin relates to early diagenetic or hydrothermal processes. The FA1 was succeeded
by the deposition of peritidal carbonates (FA2), marked by the presence of thrombolites and laminated
microbialites, which provided environmental conditions for the proliferation of the Cloudina and
Corumbella metazoans. These shallow-water deposits are overlaid by intraformational breccias,
interpreted as flat-pebble breccia, formed by seismic events (FA3). Clast measurements of the
paleocurrent data from FA4 indicate a NE-SW coastline with ocean opening for SE. Extensive ooid
shoals (FA4) succeeded by tidal flats dominated by microbialites (FAS), represent the last deposition
cycle of the Sete Lagoas Formation, preceding the drowning of the carbonate platform represented by
pelitic rocks from the Serra de Santa Helena Formation. The Sete Lagoas carbonate platform deposits
are arranged into three depositional sequences with thickening towards E-NE, possibly related to an
increase of subsidence rate in this part of the basin. Throughout the entire carbonate succession, C and
O isotopic values show a large negative excursion in the base, increasing to positive values upward. The
3Scas isotopic values covary with *Cean, indicating that pyrite and organic carbon were oxidized and
buried at the same rate. Measured carbonate-associated sulfate (CAS) concentrations show an
oxygenation peak in the lower part of the unit, followed by anoxic conditions, similar to previous
estimates of sulfate reservoir in other late Ediacaran carbonate units.

Keywords: Neoproterozoic, Bambui Group, Sete Lagoas Formation, stratigraphy, sedimentology,
geochemistry
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Apresentagdo

A presente tese esta estruturada em dez capitulos. O Capitulo 1 apresenta a problematica tratada
nesta tese. Nos capitulos seguintes, sdo apresentados os métodos e técnicas analiticas utilizados nesta
pesquisa (Cap. 2), uma contextualizacdo dos principais eventos geotectonicos e bioevolutivos ocorridos
ao final do Ediacarano (Cap. 3) e os aspectos geologicos regionais da area de estudo (Cap. 4).

Os resultados estdo apresentados na forma de quatro artigos cientificos (Cap. 5 a 8). O Capitulo
5 corresponde ao manuscrito em preparacgao intitulado “Sedimentary evolution and integrated high-
resolution geochemistry (C, O and S) of the Sete Lagoas Formation, Bambui Group (northern Minas
Gerais State, Brazil)”, que sera submetido a revista Precambrian Research. Este trabalho busca
apresentar um quadro estratigrafico, paleoambiental e quimioestratigrafico completo para a Formagao
Sete Lagoas na regido de Januaria-MG. O Capitulo 6 corresponde ao artigo publicado no periddico
Precambrian Research, intitulado “Phosphogenesis, aragonite fan formation and seafloor environments
following the Marinoan glaciation”. Este trabalho aborda a relagdo dos leques de aragonita e de barita
com o processo de fosfatizagdo no contexto de capa carbonatica que ocorre na base da Formagdo Sete
Lagoas. O Capitulo 7, intitulado “Hydrothermal influence on barite precipitates in the basal Ediacaran
Sete Lagoas cap carbonate, Sdo Francisco Craton, central Brazil”, corresponde ao manuscrito em
preparacdo, que serd submetido a um volume especial da revista Precambrian Research. Neste trabalho,
discute-se a origem e a historia termal da barita presente na capa carbondtica, discutindo sua relacao
com eventos hidrotermais vigentes no craton Sdo Francisco durante o final do Periodo Ediacarano. O
ultimo artigo (Capitulo 8) apresenta o manuscrito em revisao no periodico Journal of South American
Earth Sciences, cujo titulo é “The enigmatic flat-pebble breccias of the Sete Lagoas Formation (Bambui
Group, Brazil): evidences of seismic-induced deformation in an Ediacaran carbonate platform”. Este
artigo trata da analise sedimentoldgica e estratigrafica das brechas carbonaticas (flat pebble breccia)
incomuns que ocorrem na por¢do intermediaria da Formacgao Sete Lagoas, destacando a sismicidade
como o principal mecanismo de formagao destes depdsitos particulares.

O Capitulo 9 apresenta as conclusdes obtidas ao longo da pesquisa e por fim as respectivas
referéncias bibliograficas utilizadas no presente trabalho (Cap. 10). Ao final deste volume, estdo
apresentados uma tabela (Apéndice A) integrando todos os dados geoquimicos (is6topos de Cearb, Ocarb
e Scas, elementos maiores, menores ¢ trago), bem como dois artigos cientificos em que a autora da

presente tese de doutoramento participou como co-autora (Apéndices B e C).
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1. Introducao

Viérias unidades ediacaranas t€m sido estudadas em todo o mundo sob diversos aspectos
geologicos ao longo das ultimas décadas. O reaparecimento de formagdes ferriferas apoés um
hiato de 1 Ga no registro geoldgico representa uma importante mudanca sedimentologica e
geoquimica ocorrida ao final do Neoproterozoico (Hoffman e Schrag, 2002). Estas formagdes
ferriferas estdo intimamente relacionadas a diamictitos glaciais criogenianos depositados em
latitudes equatoriais (Cox et al., 2016, 2013), indicando que estas glaciacdes foram as mais
severas da histéria da Terra (Evans, 2000; Trindade e Macouin, 2007; Williams, 1975). As
assinaturas geoquimicas e isotOpicas preservadas nas rochas sdo andmalas em relagdo ao
restante do registro geoldgico, especialmente durante o Ediacarano, revelando profundas
mudangas na composi¢ao quimica dos oceanos e do ciclo biogeoquimico do carbono (Kaufman
et al.,, 1997, 1991; Knoll et al., 1986). Associado a este contexto de importantes mudangas
paleoclimaticas e em um oceano quimicamente diferente do atual, surgem os primeiros
organismos macroscopicos complexos entre 575 e 565 Ma, seguidos pelas inovacdes biologicas
como mobilidade (>555 Ma), calcificagdo (550 Ma) e predagdo (<549 Ma) (Narbonne, 2005).

Apesar do crescente volume de dados obtidos em sucessdes ediacaranas ao redor do
globo, diversas questdes ainda sdo motivo de intenso debate na literatura (Spence et al., 2016;
Xiao et al., 2016), incluindo o sincronismo dos supostos eventos glaciais globais, sua
distribuicdo latitudinal, o significado de diversas estruturas sedimentares andmalas e o
significado das importantes excursdes isotopicas de C, O e S, observadas nas capas carbonaticas
(Hoffman e Schrag, 2002).

Na América do Sul, uma das unidades neoproterozoicas mais estudadas ¢ a Formagao
Sete Lagoas, base do Grupo Bambui, devido a sua extensa exposi¢do sobre o Craton do Sao
Francisco (CSF). Alguns autores dividem o craton em trés compartimentos (Alkmim et al.,
1996, 1993; Alkmim e Martins-Neto, 2001; Coelho et al., 2008): (i) compartimento oeste, que
corresponde a porcdo externa da Faixa Brasilia; (i) por¢do central, cujas unidades
neoproterozoicas do Grupo Bambui encontram-se praticamente indeformadas, e (iii)
compartimento leste, que corresponde a por¢do externa da Faixa Araguai.

As areas de afloramento da Formagao Sete Lagoas sem deformacao tectonica ocorrem
principalmente nas regides de Janudaria, Arcos e Sete Lagoas nas bordas leste e sul do craton,
respectivamente. Tais areas apresentam excelentes exposi¢des para estudos sedimentologicos e
estratigraficos, ainda que surpreendentemente pese a auséncia de trabalhos de detalhe na porcao

norte do CSF. Devido a descoberta do fossil-guia Cloudina na regido de Januaria (Warren et
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al., 2014) e ao fato das outras regides (Arcos e Sete Lagoas) terem sido amplamente estudadas
ao longo das ultimas décadas por varios autores (Cruz e Nobre-Lopes, 1992; Hidalgo, 2007;
Kuchenbecker, 2011; Nobre-Lopes, 1995; Paula-Santos, 2012; Vieira, 2007), o presente
trabalho procurou concentrar seus estudos na regido de Janudria (municipios de Janudria,
Itacarambi e Montalvania, MG), buscando um melhor entendimento da sucessao sedimentar da
Formagao Sete Lagoas nesta por¢ao da Bacia Bambui.

A Formacao Sete Lagoas apresenta caracteristicas sedimentologicas distintas nas suas
ocorréncias nas porcdes sul (regido de Sete Lagoas, area-tipo da unidade) e central do CSF
(regido de Januaria, area de estudo). Facies de dguas profundas, como os ritmitos de calcilutito
cinza e pelitos (Vieira et al., 2007a), ndo sdo, a titulo de exemplo, encontradas na regido de
Januéria. Por outro lado, as brechas intraformacionais (flat-pebble breccias) que ocorrem
extensivamente na regido de estudo parecem ndo ocorrer em outras por¢des do Grupo Bambui.
Porém, similaridades também ocorrem, como a presenga de estruturas sedimentares andmalas
na base da Formagdo Sete Lagoas, tais como pseudomorfos de aragonita e megamarcas
onduladas, similares aquelas reconhecidas globalmente para as capas carbonaticas
neoproterozoicas (Vieira et al., 2007a, 2015). Além disso, as brechas hidrotermais ricas em Pb
e Zn, descritas no topo da unidade em Janudria por Nobre-Lopes (2002), apresentam
caracteristicas semelhantes e se correlacionam com outras unidades proterozoicas da bacia,
como a Formagao Salitre na Bacia Irecé e parte do Grupo Vazante (ver Misi et al., 2005, 2014).

Considerando o panorama acima exposto, este trabalho almejou o estudo integrado
(estratigrafico, sedimentologico e geoquimico) da sucessdo sedimentar da Formacgdo Sete
Lagoas na por¢ao central do Craton do S@o Francisco (regido de Januaria-MQ), buscando tracar
sua evolucdo sedimentar e paleoambiental e, portanto, preencher importante lacuna no

conhecimento geologico do Neoproterozoico brasileiro.

1.1. Objetivos

A presente tese de doutoramento teve como objetivo principal a realizagdo de estudo
sedimentoldgico, estratigrafico e geoquimico de detalhe da Formacdo Sete Lagoas (Grupo
Bambui) dentro do contexto evolutivo das sucessdes neoproterozoicas desenvolvidas nas

paleomargens do Craton Sdo Francisco. Como objetivos especificos, buscou-se:

e Descrever as associagdes de facies e definir os sistemas deposicionais vigentes durante

a sedimentacdo da Formagdo Sete Lagoas. Adicionalmente, detalhou-se os processos
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formadores de brechas incomuns presentes na porcdo intermediaria da successdo
estudada;

e Definir padrdes arquiteturais e de empilhamento das sucessdes, bem como caracterizar
superficies estratigraficas a fim de compor o quadro estratigrafico adequado para a
Formagao Sete Lagoas na regido de Januaria, MG;

e (Caracterizar em detalhe os precipitados de fundo oceanico presentes na capa carbonatica
da porg¢do inferior da unidade;

e Identificar variagcdes nos padrdes isotopicos de carbono e oxigénio visando auxiliar a
correlacdo da unidade com outras por¢des da bacia;

e Estabelecer uma inédita curva isotdpica de enxofre para a unidade, cujo significado esta
intimamente relacionado com a composi¢ao da 4gua do mar e a oxigenacao dos oceanos

no Periodo Ediacarano.

1.2. Localizacao e acessos

A érea de estudo esta localizada na por¢do norte do estado de Minas Gerais (Figura
1.1A), na margem esquerda do Vale do Sao Francisco, nos arredores do municipio de Januaria
(595 km a norte da capital do estado, Belo Horizonte). Nesta regido, afloram rochas do Grupo
Bambui, compreendendo uma cobertura cratdnica extensa em contato erosivo com rochas
arqueanas e paleoproterozoicas do embasamento do Craton Sdo Francisco. Localmente, a
unidade apresenta espessura total da ordem de 700-1000 m (Misi et al., 2007) e compreende
calcérios e dolomitos da Formagdo Sete Lagoas na base que gradam em direcdo ao topo para
folhelhos e siltitos da Formagao Serra de Santa Helena, seguidos por margas, siltitos, calcarios
e arenitos das formagdes Lagoa do Jacaré, Serra da Saudade e Trés Marias.

As segoes estudadas podem ser acessadas, a partir de Belo Horizonte, pelas rodovias BR
040 e BR-135 até a cidade de Montes Claros, totalizando 425 km de percurso. Rodovias
estaduais e federais irradiam dessa cidade e servem de ligacdo com outros municipios da area
investigada. Destacam-se a BR-135 para Januaria, Manga e Montalvania. Destaca-se também a
presenca na area de estudo do Parque Parque Nacional Cavernas do Peruagu (municipios de
Janudria, Itacarambi e Sdo Jodo das Missdes), no qual ocorrem inimeras cavernas que expdem

de maneira espetacular as rochas da sucessdo basal e intermediaria da Formagao Sete Lagoas.
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Figura 1.1: A) Localizacdo da area de estudo, destacando as principais vias de acesso. B) Localizagdo
das se¢oes estudadas na area de Januaria e Montalvania-MG.

2 Materiais e métodos utilizados

2.1 Trabalhos de campo

Foram realizadas trés campanhas de campo, totalizando 21 dias de campo, nos arredores
dos municipios de Janudria-MG, Itacarambi-MG e Montalvania-MG (Fig. 1.1A). Como
material de suporte de campo, foram utilizadas cartas plani-altimétricas em escala 1:100.000 da
porcdo setentrional do estado de Minas Gerais (Januéria, SD-23-Z-C-II, Regido Leste do Brasil,
Servigo Geografico do Exército) e imagens SRTM georreferenciados e tratadas no software
ARCGIS 10, além dos mapas geoldgicos da CODEMIG (Projeto Fronteiras de Minas - 2015,
escala 1:100.000, Folha Januaria, Catolé, Montalvania).

Antes da aquisicao das se¢des colunares foi priorizado o reconhecimento regional dos
afloramentos, com o intuito de elencar as melhores se¢des existentes na area de estudo. As
exposicdes mais completas verticalmente foram mensuradas e descritas em detalhe (escala
1:50), resultando em dez secdes estratigraficas de alta resolucdo (ver localizagdo na Figura
1.1B). Durante o procedimento de levantamento das se¢des colunares, buscou-se reconhecer as

caracteristicas facioldogicas mais marcantes, como geometria dos depdsitos, identificagdo de
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estruturas sedimentares e diferencas entre microbialitos, extensao lateral e vertical das camadas,
e presenga de espécimes fosseis e icnofosseis. A etapa de campo também teve por objetivo a
coleta de amostras de acordo com variagdes litologicas, faciologicas e contetido fossilifero. As
amostras coletadas foram sistematicamente classificadas e selecionadas para a confecc¢ao de
secdes delgadas, captagdo de imagens por meio de microscopio Zeiss® e preparacao de material

para analises de isotopos estaveis de C, O e S.

2.2 Analise de facies sedimentares

Walker (1992, 2006) define o termo facies sedimentar como um conjunto de rochas
geneticamente relacionadas que corresponde ao registro geoldgico de um processo sedimentar
particular. Esta unidade pode ser distinguida das demais por suas caracteristicas litologicas,
granulagdo, grau de selecdo e de arredondamento dos graos, estruturas sedimentares, geometria
dos estratos, fosseis e coloracdo. Este conjunto de feicdes envolve os processos sedimentares
particulares observados na natureza ou reproduzidos experimentalmente em laboratdrio. Tais
processos sedimentares podem ser os mesmos em diversos ambientes deposicionais, o que torna
necessario agrupar as facies geneticamente relacionadas e com significado ambiental
(associacao de facies).

Os sistemas deposicionais sdo representacdes tridimensionais das associagdes de facies
aos quais estdo incorporados os efeitos produzidos por controles externos, tais como as
variagoes relativas do nivel de base provocadas por mudangas climaticas, causas tectonicas e
variagoes orbitais (Catuneanu, 2006). Um modelo de facies adequado deve, portanto, ser
verossimil ao sistema deposicional que representa e servir de modelo preditivo ou de
compara¢do com exemplos atuais e do registro geoldgico (Walker, 2006, 1992).

No presente trabalho, as facies sedimentares foram inicialmente descritas
macroscopicamente em campo, priorizando-se a identificacdo da geometria do deposito,
estruturas sedimentares, organizacao interna, mineralogia e textura dos graos. Nesta etapa, as
facies foram individualmente fotografadas, amostradas para andlises em laboratorio e
identificadas nas diferentes secdes estratigraficas adquiridas. Depois disso, a descrigdo

macroscopica foi refinada a partir da andlise de laminas petrograficas (microfacies).

2.3 Analise petrogrdfica

As amostras foram serradas e polidas no Laboratdrio de Laminagdo, Departamento de

Petrologia e Metalogenia (DPM), Instituto de Geociéncias e Ciéncias Exatas (IGCE), UNESP
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Rio Claro. Foram realizadas as seguintes etapas: (i) corte em serra diamantada; (ii) desbaste
com rebolo de carbeto de tungsténio e suspensdo de carbeto de tungsténio (grana 600); (iii) pré-
polimento com rebolo de ago fundido e suspensdo de carbeto de tungsténio (grana 800), e (iv)
polimento em politriz com tecido para polimento e pasta diamantada (1p).

As amostras foram submetidas a laminacao e, posteriormente, a analise dos diferentes
litotipos e microfacies carbondticas sob microscopio petrografico Zeiss. A descrigdo
petrografica das se¢des delgadas de rochas carbonaticas foi feita com base na classificacdo de
Dunham (1962) e Embry e Klovan (1971). A andlise e documentagdo das laminas delgadas foi
realizada em um microscopio petrografico Zeiss Axiscope, acoplado a camera digital Canon

EOS 5D Mark II, no Laboratério de Fotomicroscopia do DPM, IGCE/UNESP.

2.4 Anadlises em Microscopio Eletronico de Varredura (MEV) e Microssonda Eletronica

(EPMA)

Foram selecionadas amostras, das quais foram confeccionadas laminas polidas. A
andlise em MEV e EPMA teve por objetivo investigar a morfologia e mineralogia em escala de
microdetalhe, assim como a relagdo temporal entre os minerais formados. As andlises em
Microscopio Eletronico de Varredura (MEV) e Microssonda Eletronica (EPMA) foram
realizadas no Laboratério de Microscopia Eletronica de Varredura e Laboratoério de
Microssonda Eletronica, do Departamento de Petrologia e Metalogenia (DPM), UNESP Rio
Claro, respectivamente.

As imagens de MEV foram geradas em um microscopio eletronico de varredura modelo
JEOL JSM 6010 LA, utilizando voltagem de 15 keV e distancia de trabalho de 10mm. Os mapas
composicionais gerados pela Microssonda Eletronica (EPMA) foram obtidos a partir do
equipamento JEOL JXA 8230, equipado com 5 espectrometros WDS e um sistema
pancromatico de catodoluminescéncia (XM-26730PCL). As amostras analisadas na EPMA
foram metalizadas com carbono, e os mapas elementares foram adquiridos a uma voltagem de
15 keV e corrente de 20 nA visando identificar os elementos maiores: Fe (Ka), Ca (Ka), Mg

(Ka), Ba (La), S (Ka), Si (Ka) e Al (Kat).

2.5 Analise de paleocorrentes

A analise de paleocorrentes ¢ uma ferramenta muito utilizada na anélise de bacias
sedimentares com grande potencial para a reconstituicdo da historia deposicional. O

reconhecimento de padrdes medidos em estruturas sedimentares primarias ¢ importante para a
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reconstituicdo paleogeografica de bacias, visto que auxilia na defini¢do de areas de deposicao
preferencial e padrao de dispersao sedimentar (Potter e Pettijohn, 1977).

A andlise dos padrdes de dispersdo possibilita delimitar espacialmente as provincias
fisiograficas de um dado contexto deposicional e o sentido de influxo sedimentar, auxiliando
na defini¢do de paleolinhas de costa e no sentido de migracdo de dunas subaquosas.

Os dados de paleocorrentes coletados em campo foram tratados no software
Rockworks®. As medidas obtidas em diferentes niveis estratigraficos estdo indicadas nas
colunas estratigraficas de detalhe, sendo que o padrao de dispersdo dos grupos de dados ¢

apresentado na forma de rosetas.

2.6 Analise estratigrdfica

A analise estratigrafica se pautou principalmente na integragdo dos dados oriundos da
analise de facies sedimentares, paleocorrentes e padrdes de variacdo dos isotopos de C e S ao
longo das secdes estratigraficas.

A andlise integrada de associagdes de facies e dos ciclos sedimentares possibilitou a
caracterizacdo dos sistemas deposicionais e padrdes de empilhamento diferenciados, o que
auxiliou na defini¢do da arquitetura da sucessdo. Os ciclos sedimentares sdo definidos como
camadas, ou conjunto de camadas, geneticamente relacionadas que compdem arranjos de
arquitetura progradacional, agradacional ou retrogradacional, depositados sob mesmas
condi¢des de nivel de base. Para sucessdes carbonaticas, os ciclos de alta frequéncia podem ser
utilizados como andlogos as parassequéncias em sucessdes terrigenas no intuito de se
comporem os tratos de sistemas (Mitchum e Van Wagoner, 1991). A identificacdo do arranjo
vertical e lateral destes ciclos permitiu definir pacotes depositados em diferentes ciclos de nivel
de base (Kerans e Tinker, 1997) e, assim, compor um arcabougo estratigrafico adequado.

A partir dai, foi priorizada a identificacdo de superficies estratigraficas que
possibilitassem a melhor compreensdo dos padrdes arquiteturais e correlacdo das associagdes
de facies entre as diferentes sucessoes estudadas. Estas superficies compreendem discordancias
regionais representativas da queda brusca do nivel do mar, superficies-chave (transgressao e
maxima inundacdo) e variagdes gerais no padrao de empilhamento de ciclos de alta e média
frequéncias. A identificacdo tentativa das superficies foi realizada a partir de diversos
parametros, tais como oscilacdo de espessuras das camadas, variacdo vertical na quantidade e

espessura dos termos peliticos, variagdo no modelo de associacdo e sucessdo de facies,
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alteracdes nas tendéncias de paleocorrentes, presenca de depositos de exposicdo subaérea e
variagdes nos valores isotopicos de C.

Por fim, utilizou-se o método de estratigrafia de sequéncias, que permite interpretar
espessas sucessoes sedimentares do ponto de vista genético, geométrico e evolutivo, bem como
efetuar correlagdes de diferentes sucessdes em nivel de bacia (Posamentier et al., 1988; Vail et

al., 1991, 1977; Van Wagoner et al., 1988).

2.7 Andlise de Fluorescéncia de Raio-X (FRX) e Difracdo de Raio-X

Com o intuito de se avaliar se o sinal isotopico aferido ¢ primario (original da
deposicao), foram analisadas 35 amostras, abrangendo toda a sucessdo da Formacdo Sete
Lagoas. As analises de elementos maiores, menores e traco foram realizadas pelo método de
Espectrometria de Fluorescéncia de Raios-X (FRX), utilizando-se o espectrometro de raios-X
Philips PW2400 do Laboratério de Geoquimica do Departamento de Petrologia e Metalogenia
do IGCE/UNESP.

Para isso, foram utilizadas razdes geoquimicas como parametros de identificacao destas
alteracdes, visto que a presenca de fluidos durante a diagénese, dolomitizagdo ou metamorfismo
de rochas carbonaticas leva a um aumento nas razdes Mn/Sr, Fe/Sr, Rb/Sr e 8’Sr/%¢Sr, bem como
um descréscimo nos valores de 3'3C e 3'%0 destes litotipos (Banner e Hanson, 1990). Valores
de 8'3Carb menos alterados sdo mais provaveis de ocorrer em amostras com Mn/Sr <10, Fe/Sr
< 50 e 3'80carb mais negativos que -10%o (Frimmel e Folmi, 2002). Além disso, a correlagio
positiva (covaria¢do) entre os valores de §'°C e 880 de uma mesma sucessdo pode indicar

alteracdo pos-deposicional da assinatura isotopica original (Derry, 2010).

2.8 Analise isotopica de Ceurp € Ocarp

Todos as amostras coletadas foram posicionadas estratigraficamente em secdes
colunares levantadas em escala de detalhe (1:50). O procedimento laboratorial para as amostras
previamente selecionadas em campo envolveu primeiramente a escolha de pontos com textura
original da rocha preservada por meio da andlise petrografica. Desta maneira, evitou-se as
fraturas, estilolitos, vénulas e por¢des diagenética ou pedogeneticamente alteradas, além de
exemplares ricos em terrigenos. Apds esta etapa procedeu-se com a andlise por
catodoluminescéncia em amostras potencialmente diagenéticas, usando equipamento JEOL
JXA 8230, equipado com 5 espectrometros WDS e um sistema pancromatico de

catodoluminescéncia (XM-26730PCL). Segundo Hemming et al. (1989), Kaufman et al. (1993)
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e Kaufman e Knoll (1995), por¢des ndo luminescentes sdo consideradas pouco alteradas, sendo
que areas mais claras sdo relacionadas a calcita neoformada em veios, estilolitos e poros,
associados a presenca de Mn oriundo de dguas meteoricas. Apos a etapa inicial de selegdo de
areas adequadas a amostragem, sucedeu-se a extragdo com broca milimétrica de vidia de
pequenas porgdes pulverizadas, que foram acondicionadas em recipientes herméticos
individuais do tipo Eppendorff.

Todos os valores de isotopos estaveis de C e O estdo apresentado no Apéndice I.
Segundo o procedimento usual para a andlise isotdpica de elementos leves, conduziu-se
inicialmente a extracdo do gas CO; de amostras pulverizadas a partir da reacdo com &cido
fosforico 100% a temperatura constante de 25°C durante 24 ou 72 horas, dependendo da razdo
entre material calcitico e dolomitico. Apds a extragdo do gas, este foi purificado
criogenicamente a partir do uso de armadilha quimica de nitrogénio liquido e alcool, a fim de
se retirar a d4gua gerada durante a reacdo do carbonato e o acido. A amostra de gés foi analisada
em um espectrometro de massa de razao isotopica com cromatografia gasosa, acoplado com o
sistema Gas Bench II, por extragdo online (Gas Chromatography — Isotope Ratio Mass
Spectrometer, GC-IRMS), Thermo Scientifique modelo Delta V Advantage, do Laboratério de
Andlise de Minerais e Rochas (LAMIR), da Universidade Federal do Parand - UFPR. A
normaliza¢do dos resultados isotopicos obtidos foi realizada mediante a técnica de dois pontos,
usando padrdes internacionais (NBS18 e NBS19). Os resultados, apresentados na notagdo per
mil, apresentam referéncia ao padrao VPDB (Viena - "Pee Dee Belemnite").

No intuito de avaliar o grau de alteracdo diagenética e intempérica dos carbonatos
coletados, o que poderia alterar os valores iniciais de '°C e 8'30, os dados foram analisados do
ponto de vista de seus elementos maores e trago e através da relagdo entre os valores de §'°C e
8180, sendo que este ultimo tende a decrescer na presenga de adguas metedricas ou fluidos

hidrotermais (Kaufman e Knoll, 1995).
2.9 Andlise isotdpica de Scas (Carbonate Associated Sulfate)

O sulfato associado ao carbonato (Carbonate Associated Sulfate - CAS) corresponde a
pequenas quantidades deste elemento incorporadas na estrutura cristalina do carbonato de célcio
durante a precipita¢do, sendo amplamente utilizada para identificar a composic¢ao isotopica de
enxofre da 4gua do mar especialmente durante o final do Pré-Cambriano (Burdett et al., 1989;

Gellatly e Lyons, 2005). Os desdobramentos da analise deste proxy se estendem para a afericao
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da variacdo de oxigé€nio atmosférico, diversificacdo dos eucariontes, bem como possiveis
implicagdes tectonicas na quantidade deste is6topo na d4gua do mar (McFadden et al. 2008).

A composicao isotdpica do enxofre da extragdo com sulfato associado ao carbonato (CAS)
comumente ¢ conduzida usando o protocolo estabelecido por Gill et al. (2011). Inicialmente,
serdo escolhidas amostras com a textura original da rocha preservada, evitando fraturas,
estilolitos, vénulas e porcdes diageneticamente, ou pedogeneticamente, alteradas.
Aproximadamente 100g de amostra ¢ pulverizada e tratada com uma solucdo de 10% NaCl por
24h a fim de remover o sulfato ligado ndo-estruturalmente e o enxofre organico que pode
contaminar o CAS. Esta etapa tem por objetivo remover sulfatos soltiveis que podem estar, por
ventura, presentes nas rochas. Dois enxagues com agua deionizada sdo entdo realizados antes
da amostra ser dissolvida utilizando-se 4N HCI (acidificagdo). Apos a etapa de acidificagdo, a
amostra resultante ¢ centrifugada e filtrada a vacuo (45um) para remover a porc¢ao insoluvel.
Aproximadamente 100 ml de uma solugdo saturada em BaCl, sdo adicionados a solucdo que
contém a amostra dissolvida para forgar a precipitacdo do sulfato na forma de barita. Estes
precipitados de barita foram centrifugados, lavados, secados e pesados.

As amostras de BaSO4 em pd foram entdo homogeneizadas e carregadas em cépsulas de
prata com excesso de V20s e finalmente analisadas quanto as suas razdes isotopicas 3#S/32S. As
analises foram realizadas na Virginia Polytechnic Institute and State University (Virginia Tech),
como parte do doutorado sanduiche da autora sob supervisdo internacional do Prof. Dr. Shuhai
Xiao da referida institui¢do. Para os procedimentos de aferi¢do das razdes isotOpicas de **S/32S,
foi utilizado um espectrometro de massa de razdo isotopica (IRMS) equipado com um
analisador elementar vario ISOTOPE Cube EA para combustdo e anéalise de amostras online.
Os resultados, apresentados na notagdo “per mil”, serdo referentes ao padrao V-CDT (Vienna

Canyon Diablo Troilite) e estdo apresentados no Apéndice A.
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3 Aspectos geoquimicos, paleontologicos, paleoclimaticos e
geotectonicos do Periodo Ediacarano

O Periodo Ediacarano ¢ caracterizado pelas mais pronunciadas mudancgas climéticas,
tectonicas, biogeoquimicas e evolutivas da historia do planeta (Figura 3.1), destacando-se como
principais eventos: (i) multiplas glaciacdes globais que se estenderam até latitudes equatoriais
(Fairchild e Kennedy, 2007; Hoffman et al., 1998; Hoffman e Schrag, 2002; Kaufman et al.,
1997; Kirschvink, 1992; Ridgwell et al., 2003; Spence et al., 2016); (i1) precipitacio carbonatica
sincronica imediatamente apos as glaciagdes globais contendo facies sedimentares andmalas
(Allen e Hoffman, 2005; Corsetti et al., 2004; Hoffman et al., 2011; James et al., 2001;
Kennedy, 1996; Lamb et al., 2012); (iii) grandes variagdes isotdpicas no clclo do carbono
(Halverson et al., 2010, 2005; Kaufman e Knoll, 1995; Rothman et al., 2003); (iv) aumento nos
niveis de oxigénio do sistema atmosfera-oceano (Macdonald et al., 2013; McFadden et al.,
2008; Poulton et al., 2014); (v) surgimento da primeira fauna de metazoarios (Canfield et al.,
2007a; Corsetti et al., 2006; McFadden et al., 2008); e (vi) término do ciclo de rifteamento de
Rodinia e formac¢ao de Gondwana (Hoffman, 1999).

3.1 Glaciacoes globais neoproterozoicas

Diversas evidéncias geoldgicas apontam que durante o Neoproterozoico ocorreram ao
menos trés grandes glaciacdes de amplitude global, compreendidas pela teoria conhecida como
“Snowball Earth” (Kirschvink, 1992; Hoffman et al., 1998). Diamictitos glaciais supostamente
depositados proximo a linha do Equador (Evans e Raub, 2011; Trindade e Macouin, 2007)
ocorrem ao redor do mundo e sdo associados a trés episodios glaciais conhecidos como
Sturtiano, Marinoano e Gaskiers (Figura 3.1, Halverson et al., 2005). A interpretacdo destes
depdsitos glaciais como equatoriais ¢ suportada por uma combinagdo de evidéncias
sedimentoldgicas (diamictitos com presenca de seixos estridados e multiplas fontes de clastos)
e paleomagnéticas (latitudes baixas a moderadas obtidas em podlos paleomagnéticos em que a
magnetizacdo ¢ primaria), conferindo a estes depdsitos uma posi¢do paleogeografica
relativamente confiavel (Evans, 2000).

Depositos glaciogénicos Sturtianos sdo reconhecidos em 14 diferentes paleocontinentes,
porém ha uma grande incerteza quanto a duracao dos episddios glaciais quando comparado aos
depositos Marinoanos mais jovens (Hoffman e Li, 2009). Tais depdsitos sdo representados pela
Formagdo Sturt na Australia (Le Heron et al., 2011), pela Formagdo Chuos na Namibia

(Kennedy et al., 1998), pelo Membro Scott Mountain da Formagao Pocatello, oeste dos EUA
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(Fanning e Link, 2004), entre outros. J4, os depodsitos glaciogénicos Marinoanos ocorrem em
pelo menos 15 paleocontinentes (Hoffman e Li, 2009), sendo o inicio e o fim desta glacia¢ao
datados em 654.5+3.8 Ma e 635.2+0.4 Ma, respectivamente. Estes depositos correspondem aos
diamictitos da Formagdo Ghaub na Namibia (Hoffmann et al., 2004), da Formacao Elatina na
Australia (Williams et al., 2008), da Formag¢ao Nantuo no sul da China (Zhang et al., 2008), da
Formagdo Fiqg em Oma (Allen et al., 2004), entre outros. Por fim, a tltima glaciagdo regional é
denominada de Gaskiers e é reconhecida em pelo menos 8 paleocontinentes (Hoffman e Li,
2009), porém somente a ocorréncia em Newfoundland no Canada foi datada diretamente,
obtendo-se uma idade em torno de 580 Ma. Devido esta particularidade, sua idade, duracgdo e
extensdo permanecem ainda como objeto de intenso debate (Myrow e Kaufman, 2012; Pu et
al., 2016; Spence et al., 2016).

Alguns destes depdsitos glaciais apresentam clastos facetados e estriados e contém
estruturas de deformacao possivelmente causadas por fluxo glacial (Deynoux, 1985; Hoffman
e Schrag, 2002; McMechan, 2000), algumas destas unidades supostamente glaciomarinhas
provavelmente representam depositos de diamictitos formados por fluxo de massa relacionados
a falhas produzidas durante os estagio finais da ruptura de Rodinia (Eyles e Januszczak, 2004;
van Loon, 2008). Tal hipotese alternativa ¢ denominada de Zipper Rift.

A partir de dados estratigraficos de diferentes ocorréncias globais, notou-se que a
maioria destes depoésitos glaciais sdo sobrepostos por sedimentos carbonaticos e,
secundariamente, peliticos. Essa sedimentagdo carbonatica pos-glacial ¢ denominada de capa

carbonatica.

3.2 Capas carbonaticas

Capas carbonaticas sdo unidades continuas de dolomitos puros (e localmente calcarios),
com espessuras da ordem de dezenas de metros (Corsetti e Lorentz, 2006; Hoffman et al.,
2007a; Hoffman e Schrag, 2002; James et al., 2001), que sobrepdem em contato abrupto os
depositos glaciais e de fluxo de massa subaquosos relacionados a glaciagdes globais
Neoproterozoicas. As estruturas interpretadas como representantes dos primeiros registros
sedimentares dos eventos de deglaciacdo (capas Sturtinianas, Hoffman et al., 1998; Fairchild e
Kennedy, 2007) geralmente constituem depositos finamente laminados (localmente ritmicos),

escuros, € ocasionalmente ricos em matéria organica e ferro.
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Figura 3.1: Sintese dos principais eventos tectonicos, bioevolutivos e paleoclimaticos ocorridos no final
do Neoproterozoico e inicio do Cambriano, extraido de Spence et al. (2016). As linhas vermelhas
correspondem as anomalias negativas de is6topos de carbono. Baseado em Nogueira (2003) e Warren
(2011), com compilacdes de Canfield et al. (2008), Lenton et al. (2014), Spence et al. (2016).

Estas unidades, por vezes, contém estruturas do tipo roll-up, e geralmente apresentam
valores de 8'3C > 0 (Corsetti e Lorentz, 2006; Kennedy et al., 1998). As capas carbonaticas que

sobrepdem diamictitos marinoanos por sua vez, sao tipicamente menores que 10 m de espessura

e incluem camadas constituidas por macropeldides, estromatolitos, cristais de barita e estruturas



26

em tubo ou fubestones (Hoffman e Schrag, 2002; James et al., 2001; Jiang et al., 2006; Kennedy,
1996). Estas feicdes sdo comumente recobertas por carbonatos ricos em leques de cristais de
aragonita e/ou por sedimento siliciclastico fino depositados em condi¢gdes de dgua profunda.

Atualmente, trés modelos ndo-excludentes tém sido utilizados para explicar a origem
das capas carbonadticas a partir de condi¢des geoquimicas anomalas. O primeiro assume que 0s
altos niveis de pCO; atmosférica foram responséaveis pela deglaciacdo (modelo Snowball
Earth), levando ao intenso intemperismo quimico dos continentes e consequente aumento da
alcalinidade da 4gua do mar. A alta concentracao de nutrientes e minerais dissolvidos teria entdo
promovido a rapida precipitacdo de capas carbondticas sobre depdsitos interpretados como
glaciais (Higgins e Schrag, 2003; Hoffman et al., 1998; Hoffman e Schrag, 2002). O segundo
modelo assume que a glaciagcdo causou uma estratificacao fisica e criou forte gradiente isotopico
de carbono da superficie até aguas profundas. Neste contexto, a ressurgéncia ou inundagdo
associada a transgressdo pos-glacial pode ter trazido 4dguas profundas mais alcalinas para
plataformas continentais e bacias interiores (modelo de ressurgéncia ou overturn), resultando
na precipitacdo de uma capa carbonatica (Grotzinger e Knoll, 1995; Kaufman et al., 1997;
Ridgwell et al., 2003). Finalmente, o terceiro modelo propde que o frio extremo promoveu a
supersaturagdo inorganica do carbono no oceano (modelo de metanogénese), e a oxidacao do
metano poderia explicar a deposicdo de capas carbonaticas associadas a baixos valores
isotopicos (Jiang et al., 2003; Kennedy et al., 2001).

Crostas, leques de cristais e cimentos fibrosos calciticos, bem como pseudomorfos de
aragonita, ocorrem de forma andmala nas capas carbonaticas (Grotzinger e Knoll, 1995; Pruss
et al., 2008; Sumner and Grotzinger, 2004). Leques de pseudomorfos de aragonita sdo
consideradas as facies sedimentares mais comuns das capas e ocorrem em varias unidades
ediacaranas ao redor do mundo (Corsetti et al., 2004; Hoffman et al., 1998; Hoffman e Schrag,
2002; James et al., 2001; Kennedy, 1996; Lorentz et al., 2004; Nogueira et al., 2003; Peryt et
al., 1990; Pruss et al., 2008; Vieira et al., 2015). As condi¢des ambientais que propiciaram a
formagdo destes leques sdo ainda pouco compreendidas, porém ¢é consenso que tenham se
formado em aguas com pH neutro a alcalino, em ambientes com baixa taxa de sedimentagio e
baixo aporte de material detritico (Sumner e Grotzinger, 2004). Neste contexto, a ocorréncia de
leques de barita ¢ mais restrita, ocorrendo principalmente no noroeste da Africa, sul da China,
Australia central, norte da Mongodlia, noroeste do Canada e agora Brasil (Crockford et al., 2017;

Hoffman e Halverson, 2011; Jiang et al., 2006; Kennedy, 1996; Shields et al., 2007).
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Depésitos fosfaticos que ocorrem no inicio do Ediacarano tém sido relacionados a
atividade de comunidades microbianas em condi¢des anoxicas (Nelson et al., 2010; Papineau,
2010), mas sua relacdo estratigrafica com as capas carbonaticas nao ¢ bem entendida (Hoffman
et al., 2011). A formagdo destes fosforitos pode estar relacionada a eventos de ressurgéncia, a
decomposicdo microbial de matéria organica dentro dos sedimentos ou mesmo o0
retrabalhamento de camadas fosfaticas primarias (Glenn et al., 1994). E importante ressaltar
que este tipo de depdsito preserva um registro excepcional de vida multicelular ediacarana,
principalmente constituida por microfdsseis de organismos protistas (Xiao et al., 1998, 2014b;
Xiao e Knoll, 1999; Zhou et al., 2002; Uchio et al., 2008; Muscente et al., 2015).

Desta forma, os minerais eodiagenéticos e autigénicos que se formam em contexto de
capa carbondtica constituem evidéncia direta (ou indireta) da composi¢do dos elementos
dissolvidos na agua dos oceanos e seu estudo pode, portanto, fornecer importante informagao a

respeito da composi¢do e evolugao da dgua do mar ao final da Era Neoproterozoica.

33 Assinaturas isotopicas e condicdes de oxigenacio nos oceanos durante o
Ediacarano

O aumento progressivo na razdo 3’Sr/%¢Sr nos sedimentos marinhos durante o final do
Neoproterozoico e inicio do Cambriano indica um aumento no intemperismo quimico € no
aporte de nutrientes que chega aos oceanos, aumentando as taxas de soterramento de carbono
organico e favorecendo a produtividade primaria e fosfogénese (Och e Shields-Zhou, 2012;
Papineau, 2010).

Excursdes positivas de 8'3C estdo comumente relacionadas ao aumento do grau de
soterramento da matéria organica devido a altas taxas de sedimentagao e/ou alta produtividade
primaria principalmente por organismos fitoplanctdnicos. Por outro lado, variagdes isotopicas
negativas, comuns as capas carbonaticas, estdo relacionadas a mudangas paleoceanograficas
significativas, interpretadas como: (i) resultado de mistura rapida por ressurgéncia apds eventos
de glaciagdo de aguas profundas depletadas em 8'°C com 4guas rasas; (ii) diminui¢do da
produtividade biologica (abundancia de 3!2C) relacionada a cobertura dos oceanos por lencois
de gelo, no modelo Snowball Earth; (iii) desestabiliza¢cdo de gas hidrato no permafrost terrestre
e transgressao seguindo rapido aquecimento pds-glacial (Kennedy et al., 2001).

Vérios autores compilaram curvas compostas de 8!3C para o Ediacarano (Halverson et
al., 2010, 2005; Macdonald et al., 2013), mostrando uma ampla excursdo negativa de §'°C

(Figura 3.1), correlacionavel em vérias sucessdes carbonaticas ediacaranas ao redor do mundo
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(Shuram em Oma, EN3 no topo da Formag¢ao Doushantuo no sul da China, Zhuya na Sibéria,
Wonoka no sul da Australia, Gametrail no noroeste do Canada e Kanies/Mara no sul da
Namibia, Xiao et al., 2016).

Durante o final do Periodo Neoproterozoico, um significativo aumento nas
concentragcdes de oxigénio na atmosfera e nos oceanos, conhecido como “Neoproterozoic
Oxygenation Event” (NOE) pode ter estimulado a evolucdo dos animais multicelulares
macroscopicos e a subsequente radiacdo dos organismos biomineralizados (Fike et al., 2006;
Och e Shields-Zhou, 2012).

Com base em andlises de especiacdo de ferro e isotopos de enxofre de sedimentos
ediacaranos de dgua profunda em Newfoundland (Canadd), Canfield et al. (2007) propuseram
que as aguas profundas eram ferruginosas e andxicas antes e durante a glaciacdo Gaskiers
(~580Ma), porém dai em diante comegam a ser oxigenadas.

Analises isotopicas de carbono (Cearb € Corg) € enxofre (Ssuifato € Spirita) do Supergrupo
Hugqf de idade ediacarana em Oma (Fike et al., 2006) e a Forma¢ao Doushantuo no sul da China
(McFadden et al., 2008) revelaram a possibilidade de varios pulsos de oxigenagdo depois da
glaciacdo Marinoana. Da mesma forma, Sahoo et al. (2016) propuseram uma série de eventos
de oxigenacdo (OOE — sigla em inglés) nos oceanos neoproterozoicos amplamente andxicos,
com base em andlises de especiagdo de ferro, is6topos de enxofre e enriquecimentos de
elementos sensiveis a variagao redox (U, Mo, Re, V, Cr).

Os is6topos de carbono e enxofre de diferentes se¢des ao longo da bacia Doushantuo
indicam que o oceano no comeco do Ediacarano no sul da China deve ter sido fortemente
estratificado (Huang et al., 2013) com um grande reservatdrio de carbono inorganico dissolvido
(DIC — sigla em inglés) (Jiang et al., 2007) e um gradiente de concentracdo de sulfato da
plataforma para a bacia profunda (Li et al., 2010; Shen et al., 2008).

Outros indicadores, como o0s is6topos de cromo e razdes de cério, t€m sido utilizados
como indicadores de oxigenagdo. Fracionamentos positivos em iso6topos de Cr (8°°Cr > +4.9
%0) em formagdes ferriferas do Canadd indicam evidéncia independente para a progressiva
oxigenagdo em aguas rasas nos oceanos durante o final do Ediacarano (Frei et al., 2009).
Similarmente, anomalias negativas de Ce obtidas para as formag¢des Dengying e Yanjiahe no
sul da China tembém sugerem oxigena¢do das aguas superficiais durante a transi¢do
Ediacarano-Cambriano (Ling et al., 2013).

Por outro lado, reconstrugdes geoquimicas em estratos ediacaranos obtidas por Johnston

et al. (2013) no noroeste do Canadé revelam condigdes dominantemente anoxicas para o0 oceano
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ediacarano, contrastando com a oxigenagdo formulada para este periodo. Além disso, valores
negativos de 6?*3U apresentados para os carbonatos do Grupo Nama (Namibia) por Tostevin et
al. (2019) e para a Formacao Dengying (sul da China) por Zhang et al. (2018) também sugerem
uma extensa anoxia em torno de ~550Ma.

Portanto, com base em diferentes indicadores geoquimicos e isotdpicos, as condi¢des
redox da dgua do mar parecem ter flutuado ou serem heterogéneas de bacia para bacia durante

a transi¢cdo Ediacarano-Cambriano (Shen et al., 2008; Tostevin et al., 2017; Wei et al., 2019).

3.4 Inovacoes paleobiologicas, paleoecoldgicas e evolutivas no Ediacarano

O Ediacarano figura entre o periodo geoldgico do planeta em que se processaram as
mais profundas inova¢des do ponto de vista evolutivo e bioldgico, principalmente marcadas
pelo surgimento dos metazoarios (Xiao e Laflamme, 2009; Wood, 2011). Trés grandes
assembleias de macrofosseis ediacaranos tém sido reconhecidas em todo o mundo, Avalon,
White Sea e Nama e representam trés diferentes estdgios evolutivos da denominada Biota de
Ediacara. A assembleia Avalon (575-560Ma) ¢ caracterizada pela presenga de rangeomorfos e
formas cosmopolitas, como Charniodiscus (Clapham et al., 2003; Clapham e Narbonne, 2002),
que viviam em ambiente de dgua profunda e aféticas apos a glaciagdo Gaskiers (Narbonne e
Gehling, 2003). A assembleia White Sea (560-550Ma) contém a maior diversidade taxonomica
e os primeiros tracos ndo-ambiguos feitos por animais (Jensen et al., 2006) e ¢ notadamente
reconhecida nas montanhas Flinders na Australia ¢ na localidade do Mar Branco na Federacao
Russa.

A assembleia Nama (550-541Ma) inclui varios rangeomorfos e ernietomorfos
(Grazhdankin e Seilacher, 2005, 2002; Narbonne et al., 1997), além dos representantes
biomineralizados mais antigos. Metazodrios esqueletais do final do Ediacarano sao
representados por tubos (Grant, 1990), microfosseis possivelmente silicosos (Gehling e Rigby,
1996; Kontorovich et al., 2008) e animais com carapagas calcarias (Grant, 1992; Grotzinger et
al., 2000; Wood et al., 2002). Organismos calcificados incluem Cloudina (Germs, 1972),
Namacalathus (Grotzinger et al., 2000), Namapoikia (Wood et al., 2002) e alguns outros tdxons
problematicos (Zhuravlev et al., 2011) de afinidade incerta, mas provavelmente representantes
de Eumetazoa, Cnidaria ou Bilateria (Bengtson and Morris, 1992; Kruse et al., 1995). Todos
sdo organismos bentonicos sésseis que viveram em ambientes carbonaticos marinhos rasos

equatoriais e t€ém sido descritos globalmente em localidades como Sibéria, China, Oma, Brasil,
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Espanha, Paraguai e Namibia (Grant, 1990; Grotzinger et al., 2000; Morris et al., 1990; Warren
etal., 2011; Wood et al., 2002; Yuan et al., 2005; Zhuravlev et al., 2011).

Outra inovag¢do paleobioldgica marcante foi o aparecimento de organismos
bioturbadores durante a transi¢do Ediacarano-Cambriano, que transformou o fundo oceéanico,
permitindo a oxigenacao do substrato na chamada Revolu¢ao Agrondmica (Buatois e Mangano,

2018; Jensen, 2006; Figura 3.1).

4 Contexto geologico regional

O Grupo Bambui ¢ o registro sedimentar de uma extensa plataforma epicontinental
siliciclastico-carbonatica desenvolvida sobre o Craton S3o Francisco ao final da Era
Neoproterozoica (Alkmim et al., 1993; Martins-Neto, 2009; Alkmim e Martins-Neto, 2012).
Localiza-se na porg¢ao centro-leste do Brasil e compreende uma extensa cobertura plana em
contato erosivo com as rochas do embasamento Paleoproterozoico e Arqueano do Craton Sdo
Francisco e encontra-se delimitado pelas Faixas Araguai e Brasilia nas porgdes leste e oeste,
respectivamente (Figura 2.2). Proximo a estes limites, a sucessdo sedimentar apresenta algum
metamorfismo e intensa deformacdo, caracterizada pela presenga de dobras localmente com
flanco invertido e falhas inversas (Alkmim et al., 2006, 1996; Coeclho et al., 2008; Marshak ¢
Alkmim, 1989).
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- Embasamento (>1,8Ga)

Figura 2.2: Mapa da localizagdo do Craton do Sao Franscisco e das faixas moveis Brasilia e Araguai.
Fonte: Alkmim and Martins-Neto (2001).
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Historicamente, o Grupo Bambui tem sido interpretado como depositado supostamente
em uma bacia tipo foreland, associada ao desenvolvimento orogénico da Faixa Brasilia
(Alkmim e Martins-Neto, 2001; Castro e Dardenne, 2000; Chang et al., 1988; Dardenne, 2000;
Guimaraes, 1997). Segundo Martins-Neto e Alkmim (2001), um contexto de bacia de foreland
¢ suportado: (i) pela geometria da bacia de acordo com os perfis sismicos regionais (Romeiro-
Silva e Zalan, 2005), nos quais os depositos do Gr. Bambui constituem uma cunha com
espessuras significativas a oeste (Faixa Brasilia) e pouco expressivas a leste (Faixa Araguai);
(i) pelo imbricamento tectonico entre fatias da Faixa Brasilia e dep6sitos Bambui sintectonicos
de derivagdo local (Castro, 1997; Valeriano, 1992); (iii) pela distribui¢do regional de sistemas
deposicionais e dispersao de sedimentos (Castro e Dardenne, 2000; Castro, 1997; Chiavegatto,
1992); e (iv) por estudos de proveniéncia que indicam fontes mistas (plutdnicas, vulcanicas e
metamorficas), derivadas da erosdo de um orogeno em evolugdo (Castro e Dardenne, 2000;

Dardenne, 2000; Uhlein et al., 2017).
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Figura 3.3: Mapa geologico simplificado do craton Sao Francisco. Compilado do banco de dados da
CPRM (Geobank).
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Romeiro-Silva e Zalan (2005) e Martins e Lemos (2007) interpretam que o Grupo
Bambui apresenta caracteristicas de bacia intracratonica em sua base, transicionando para uma
bacia foreland apenas nas unidades superiores. Um dos argumentos aventados por estes autores
¢ a correlag@o das sucessdes estratigraficas ao longo de vérias centenas de quildmetros (Sial et
al., 2016). Contudo, segundo Romeiro-Silva e Zalan (2005), ndo ha espessamento significativo
desta unidade neoproterozoica de leste para oeste, nem variagdes facioldgicas nitidas (sismicas
ou reconhecidas em campo) que permitam considerar o Grupo Bambui uma sequéncia de
antepais, depositada concomitantemente com a deformacdo do Ciclo Orogénico Brasiliano e
sob sua influéncia. Fatores impeditivos a hipotese de deposi¢ao em bacia do tipo foreland ainda
incluem evidéncias paleontoldgicas e geocronoldgicas (Warren et al., 2014; Paula-Santos et al.,
2015) que indicam que as rochas da base do Grupo Bambui teriam sido depositadas ao final do
Ediacarano e, portanto, muito ap6s o pico de atividade tectonica das faixas moveis Brasilia e
Aracguai. Deste modo, evidéncias recentes indicam que, a priori, ndo existe relacdo de causa e
efeito entre a atividade orogénica das faixas modveis marginais e ciclos de subsidéncia e

deposicao da Bacia Bambui durante o Neoproterozoico.

Litoestratigrafia

A subdivisdo estratigrafica classica, e mais usual, do Grupo Bambui foi proposta por
Dardenne (1978). Litoestratigraficamente, o Grupo Bambui tem aproximadamente 700 metros
de espessura, alcancando localmente 1000 m (Misi et al., 2007), e compreende carbonatos e
dolomitos da Formagao Sete Lagoas (a qual sera detalhada na se¢do 4.1) na base que grada em
direcdo ao topo para folhelhos e siltitos da Formacdo Serra de Santa Helena. Esta unidade ¢
coberta por margas, siltitos, carbonatos e arenitos das formagdes Lagoa do Jacaré, Serra da
Saudade e Trés Marias (Figura 3.4). Algumas modificacdes foram feitas nos tltimos anos neste
esquema, atribuindo algumas unidades que representam variagdes laterais das unidades
inicialmente descritas e que ndo ocorrem em toda a extensdo do Craton Sdo Francisco (e.g.,

Lagoa Formosa e Gorutuba, Uhlein et al., 2011b; Kuchenbecker et al., 2016).
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Figura 3.4: Coluna estratigrafica do Grupo Bambui (baseado em Dardenne, 1978). Espessuras
compiladas por Lima (2005) e os ciclos de sedimentacao segundo Dardenne (1978), Martins (1999) e
Martins-Neto ¢ Alkmim (2001).

As unidades do Grupo Bambui assentam-se diretamente em contato erosivo sobre
rochas granito-gndissicas do embasamento arqueano/paleoproterozoico, rochas glaciogénicas
ou rochas metassedimentares. As unidades glaciogénicas presentes no Craton Sdo Francisco
correspondem a Formagdo Jequitai, Formacdo Carrancas e Grupo Macaubas. A Formagao
Jequitai ¢ constituida por diamictitos intercalados por arenitos e pelitos de origem glacial e
ocorre principalmente na regido da Serra do Cabral e Serra da Agua Fria (MG) e nas imediagdes
da Faixa Brasilia (Alvarenga et al., 2012; Uhlein et al., 2011a, 2004). Composta por
conglomerados, siltitos, ritmitos e raros dolomitos, a Formagdo Carrancas foi inicialmente
definida por Costa e Branco (1961) como um Membro dentro da Formacao Sete Lagoas, devido
ao seu carater descontinuo. Posteriormente, revista por outros autores ao longo dos ultimos
anos, foi elevada a hierarquia de Formag¢ao Carrancas e posicionada na base do Grupo Bambui
meridional (Uhlein et al., 2011b).

Algumas unidades, como as formag¢des Samburd (conglomerado e arenito) e Lagoa
Formosa (conglomerado, siltito, calcario e jaspilito) ocorrem apenas na por¢ao oeste da bacia
(Uhlein et al., 2011c), enquanto que os calcarios da Formagao Jaiba afloram exclusivamente na
porcdo leste da bacia (Chiavegatto et al., 2003) e representam provavelmente uma plataforma

carbonadtica localizada (Uhlein et al., 2019).
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A Formagdo Serra de Santa Helena ¢ composta por siltitos e argilitos com arenitos e
lentes carbonaticas subordinadas. Fluxos gravitacionais sub-aquosos de baixa densidade
relacionados a atuacdo de correntes de turbidez e retrabalhamento por ondas de tempestade sdo
os principais mecanismos deposicionais associados a esta unidade (Lima, 2005). A Formacao
Lagoa do Jacaré compreende grainstones ooliticos a pisoliticos cinza-escuros a pretos,
localmente com estratificagao cruzada tipo hummocky e intercalado com folhelhos e margas.

A Formagao Serra da Saudade ¢ dominada por folhelhos e siltitos, estes ultimos podem
ocorrer como laminados esverdeados ricos em glauconita e com teor de K>O de cerca de 15%
ou localmente fosfaticos (7-20% P»Os). Localmente, os diamictitos, siltitos, arenitos, jaspilitos
e carbonatos da Formagdo Lagoa Formosa, aflorantes em grande parte do limite meridional
sudoeste do Craton Sdo Francisco, representam uma variagdo lateral da Formagao Serra da
Saudade (Uhlein et al., 2011c) e representa leques clasticos provenientes das frentes de
empurrdo da Faixa Brasilia (Castro e Dardenne, 2000; Seer et al., 1987; Uhlein et al., 2011c,
2017).

A Formacao Trés Marias ¢ composta por arenitos finos, quase sempre feldspaticos ou
liticos, com laminacdes e estratificagdes cruzadas, estratificagdo hummocky, bem como dobras
convolutas, marcas onduladas e gretas de contracao (Chiavegatto, 1992). A deposi¢do da
Formagao Trés Marias ocorreu em ambiente deltaico e fluvial a leste e em ambiente plataformal,
com ac¢do de ondas de tempestade, a oeste (Chiavegatto, 1992; Lima, 2005), e representa o
assoreamento final da Bacia Bambui. Lateralmente a esta unidade, foi definida recentemente a
Formac¢ao Gorutuba, que apresenta em sua parte basal uma brecha composta por clastos de
calcario imersos em matriz arcoseana. Arenitos arcoseanos com estratificacdes cruzadas
acanaladas tornam-se predominantes em dire¢do ao topo, bem como eventuais lentes de
conglomerado e pelito. Tal unidade possivelmente registra um periodo de soerguimento,
exposi¢do e erosdo da extensa plataforma marinha representada pelo Grupo Bambui

(Kuchenbecker et al., 2016a).

4.1 Formacao Sete Lagoas

A Formagdo Sete Lagoas ¢ a unidade basal do Grupo Bambui e ¢ basicamente
constituida por carbonatos e pelitos subordinados (Dardenne, 1978; Vieira et al., 2007a). Tal
unidade repousa em discordancia sobre o embasamento granito-gnaissico e, localmente sobre
os diamictitos das formagdes Carrancas e Jequitai (Dardenne, 1978). Dois importantes altos do

embasamento ocorrem no compartimento central do Craton do Sao Francisco (Figura 3.5): o
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Alto de Sete Lagoas (a sul), no qual a area-tipo da unidade foi descrita, e o Alto de Januaria (a
norte), que engloba a area estudada.

Scholl (1976) subdividiu a Formagdo Sete Lagoas em dois membros, da base para o
topo: (i) Membro Pedro Leopoldo, com espessura de 40 a 100 m, sendo constituido por margas
e calcarios impuros e calcéarios dolomiticos impuros que gradam para siltitos e filitos em dire¢ao
a borda da bacia; e (i1)) Membro Lagoa Santa, com espessura de 100 a 150 m, sendo constituido
por calcarios puros, com matéria organica e laminagao ritmica. Esta descri¢do, embora muito
utilizada em trabalhos de mapeamento, dificulta a interpretacdo mais detalhada dos aspectos
sedimentoldgicos e estratigraficos que possibilitem uma ampla correlagdo da unidade.

Em sua area-tipo ou se¢do-tipo (proximidades da cidade homoénima a sul do Estado de
Minas Gerais), Vieira et al. (2007a, b) estimaram a espessura da Formacao Sete Lagoas em 200
m, organizadas em duas sequéncias deposicionais em uma rampa carbonatica homoclinal com
conexao ocednica supostamente para oeste. A sequéncia basal inicia-se com os precipitados de
fundo oceanico (pseudomorfos de aragonita), cujos valores de 8'C negativos chegam a -4,5%o.
Tais facies sdo interpretadas como capa carbondtica na acep¢ao classica de Hoffman e Schrag
(2002). No topo desta sequéncia basal, ocorrem depdsitos carbonéticos sustentados por graos
com laminac¢do planar, por vezes hummocky, que gradam lateralmente para calcarios com
laminag¢ao planar, que podem apresentar estruturas heteroliticas e climbing ripples. Estas facies
sdo interpretadas como depositadas, respectivamente, em rampa dominada por tempestade e
rampa dominada por maré, apresentando valores de §!3C proximos a 0%o. A segunda sequéncia
inicia-se com ritmitos de calcario com pelitos que gradam em direcdo ao topo para calcarios
negros com laminagao planar ou truncada de baixo angulo, depositados em rampa profunda. O
inicio desta segunda sequéncia ¢ caracterizado por um pronunciado salto isotépico na curva de
8!3C de valores levemente positivos para valores da ordem de +8%o. No topo desta sequéncia,
calcarios negros com laminagao truncada e presencga de estromatoélitos depositados em rampa
dominada por ondas, gradam lateralmente para calcdrios negros com laminagdo convoluta,
indicando inclinagdo pronunciada do substrato. Os valores de 3'°C neste intervalo sdo
amplamente positivos e podem chegar até 14%o (Vieira et al., 2007b). Alguns autores como
(Martins e Lemos, 2007; Romeiro-Silva e Zalan, 2005; Vieira et al., 2007a) sugerem uma
discordancia na por¢do média da Formacao Sete Lagoas, dividindo-as nas duas sequéncias

supracitadas.
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Figura 3.5: A) Mapa esquematico da bacia Bambui mostrando a distribui¢do de altos e baixos do
embasamento. (Fonte: Alkmim & Martins-Neto, 2001). O retangulo representa a localizagdo da area
estudada.

Abreu Lima (1997) e Nobre-Lopes (2002) estudaram os carbonatos da Formacao Sete
Lagoas na regido norte de Minas Gerais. Nobre-Lopes (2002) abordou as relagdes existentes
entre as mineralizacdes de Zn/Pb e as rochas encaixantes da Formacao Sete Lagoas na regido
de Januaria, focando principalmente na evolugdo diagenética dos carbonatos desta unidade e

subdividindo a unidade em sete litofacies (ou membros informais), a saber:

(1) Dolomito basal: esta facies ¢ representada por dolomito rosa, laminado (Abreu-Lima,
1997), intercalado com niveis mais calciticos, alcangando uma espessura de até 5 m;

(i1)) Calcarios argilosos: calcarios argilosos, roxos, microcristalinos, freqlientemente
dolomiticos, finamente laminados, sendo o limite das camadas delimitado por filmes argilosos
verdes. A espessura desta litofacies foi estimada em 20 metros;

(ii1) Calcarios escuros: Sao calcéarios finamente cristalinos, bem estratificados, com
bancos variando de 5 a 40 cm. S3o comuns interestratificacdes argilosas rosadas, assim como
horizontes e nddulos de chert preto. Gretas de contragdo, marcas onduladas e estratificagdes
tipo hummocky foram observadas nestes calcarios. Esta litofacies apresenta grande continuidade

ao longo das serras de Janudria e Itacarambi e sua espessura foi estimada em cerca de 80 metros;

36
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(iv) Calcirruditos: caracterizada por apresentar brechas intraformacionais com
fragmentos de forma lamelar (0,5 a 15 cm), matriz cinza (calcitica) e rdsea (magnesiana).
Segundo Nobre-Lopes (2002), os intervalos de brecha podem formar ciclos gradacionais
centimétricos a decimétricos e apresentar intraclastos maiores na base e menores no topo,
passando, para camadas com laminacdo plano-paralela. Esta litof4cies alcanca até 15 metros de
espessura;

(v) Calcarenito dolomitico: € constituida por calcarenitos dolomiticos rosados ou cinza-
claros, ooliticos, apresentando por vezes, intercalagdes de niveis intraclasticos. Os calcarenitos
quando roseos, sdo dolomiticos e exibem textura sacardide, enquanto que as por¢des de cor
cinza sdo calciticas e finamente cristalinas. Estes calcarenitos sio bem laminados e apresentam
frequentes estratificacdes cruzadas de baixo angulo. Pode alcancar até 30 metros de espessura;

(vi) Dolomito rosado: dolomito rosado, localmente cinza, sacardide, vacuolar e
localmente silicoso, com estratificagdes cruzadas geralmente muito afetadas pela dolomitizacao
e brechagdo. No topo deste nivel, ocorre a maioria das mineralizagdes de Pb-Zn exploradas na
regido. Nobre-Lopes (2002) dividiu estes dolomitos em trés subunidades informais: dolomito,
dolomito estromatolitico e dolomito oolitico e intraclastico, alcangando uma espessura estimada
de 50 metros;

(vii) Dolomito bege: unidade constituida por dolomitos cinza claros a beges, laminados,
organizados em camadas de 0,40 a 1,5m. Localmente podem apresentar estruturas microbianas
e estromatolitos associados. A espessura média desta unidade ¢ superior a 30 metros.

Na regido de Januaria, o contato da Formagdo Sete Lagoas com a Formagao Serra de
Santa Helena ¢ concordante e transicional, sendo representado pelo aumento gradual do
conteudo de pelitos nos carbonatos de topo da unidade, passando para margas cinza-
esverdeadas da base da Formagao Serra de Santa Helena.

Quanto a arquitetura geral da sucessdo da Formacao Sete Lagoas, Abreu-Lima (1997) e
Dardenne (1972) sugerem que esta represente, pelo menos, um ciclo regressivo terminando nos
dolomitos rosa sacaroidais da litofacies 6 de Nobre-Lopes (2002). Para esta autora, a Fm. Sete
Lagoas ¢ composta por sucessdes do tipo shallowing-upward, em que cada topo de ciclo ¢é
interpretado como depositado em dguas cada vez mais rasas.

De um modo geral, as formagdes que constituem o Grupo Bambui compdem dois ciclos
de sedimentagdo carbonatica e pelitica-psamitica, representativas de trés ciclos de sedimentacao
regressiva num contexto de ambiente marinho raso (Alkmim e Martins-Neto, 2001; Dardenne,

1978; Martins, 1999; Figura 5). Na por¢do leste, o primeiro megaciclo inicia-se com uma
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sucessdo de calcilutitos dolomiticos e ritmitos carbondticos jazem ora sobre o embasamento
granitico-gnaissico ora sobre os diamictitos Carrancas, caracterizando a base do primeiro
megaciclo neste dominio. O topo do primeiro megaciclo ¢ representado por calcarenitos e
calcissiltitos cinza escuros de dgua rasa portadores de estromatoélitos.

De acordo com os autores supracitados, o segundo megaciclo inicia-se com folhelhos
da Formacao Serra de Santa Helena, que mostram uma tendéncia de aumento progressivo do
retrabalhamento por ondas de tempestade, da proporcao siltitica e da intercalacdo de lentes e
camadas silto-arenosas em dire¢@o ao topo. Calcarenitos ooliticos e oncoliticos de dguas rasas
intensamente retrabalhados por ondas da Formagdo Lagoa do Jacaré completam o segundo
megaciclo. Sucessdes em shallowing upward de ordem hierarquica inferior ocorrem bem
desenvolvidas na transi¢do de aguas profundas para dguas rasas (zona de transi¢do entre as
formacdes Serra de Santa Helena e Lagoa do Jacaré).

O terceiro megaciclo inicia-se com os pelitos da Formagdo Serra da Saudade,
terminando com os depositos da Formagdo Trés Marias. Ao contrario dos megaciclos
anteriores, o sistema de topo deste megaciclo (Formagdo Trés Marias) ndo contém calcarios,
sendo caracterizado por arcdseos, arenitos e conglomerados de origem marinha rasa a fluvial

(Chiavegatto, 1992).

4.1.1 Idade dos depdositos carbonaticos

A idade de deposi¢ao do Grupo Bambui tem sido tdpico de ampla discussao e constitui
uma questdo importante para a correta correlagdo das sucessdes neoproterozoicas do SW de
Gondwana, tais como os grupos Corumba (Brasil), Itapucumi (Paraguai), Arroyo del Soldado
(Uruguai), Sierras Bayas (Argentina) ¢ Nama (Namibia). A determinacdo de idades precisas
dos depdsitos ediacaranos na Formagdo Sete Lagoas ¢ dificultada pela aparente auséncia de
niveis de tufos vulcanicos, que poderiam fornecer idades de deposicdo confidveis para os
depdsitos glaciais e capas carbonaticas associadas. Trabalhos recentes concordam em
considerar as rochas da base da Formagao Sete Lagoas como depositadas em contexto de capa
carbonatica pos-glacial, apesar de discordarem quanto a idade dos depdsitos glaciais cobertos
por elas, se Sturtiana (Babinski et al., 2012, 2007; Vieira et al., 2007b) ou Marinoana (Caxito
et al., 2012; Okubo et al., 2018).

Rodrigues (2008) e Pimentel et al. (2011) dataram zircdes detriticos coletados na
transicao entre as formagdes Sete Lagoas e Serra de Santa Helena em 610 Ma, indicando uma

possivel discordancia, com um hiato de aproximadamente 120 Ma separando os carbonatos de
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capa marinoanos do restante da Formacdo Sete Lagoas. Zircdes de cerca de 540-510 Ma
também tém sido encontrados nas formacdes Sete Lagoas e Serra de Santa Helena (Paula-
Santos et al., 2015; Pimentel et al., 2011), o que refor¢ca a idade Ediacarana terminal para, ao
menos parte da sucessdo. Na borda oeste do craton do Sao Francisco, idades K-Ar das rochas
das nappes da Faixa Brasilia que cavalgam as unidades inferiores do Grupo Bambui, sugerem
uma idade minima de deposi¢@o para as mesmas em torno de 567 Ma (Valeriano et al., 2000).
J& na borda leste, a sucessao inteira do Grupo Bambui ¢ afetada pela deformagao vergente para
oeste da Faixa Aracguai, cujo pico metamorfico foi atingido em torno de 575 Ma (Silva et al.,
2011).

O trabalho de Sanchez (2014), reuniu e discutiu as principais ocorréncias
paleontoldgicas encontradas na Formagado Sete Lagoas (Sommer, 1971, 1982, 1981; Simonetti
e Fairchild, 1989; Hidalgo, 2007; Warren et al., 2014). No entanto, a reinterpretacdo e o correto
posicionamento estratigrafico destes fosseis interpretados originalmente como pertencentes
genericamente ao Grupo Bambui, levou ao entendimento de que alguns destes de fato ocorriam
em unidades por vezes mais antigas do que a Formagdo Sete Lagoas (grupos Macaubas e
Paranod), ou penecontemporaneas, mas com outro contexto deposicional (Grupo Una).
Independentemente deste fato, a presenga de microbialitos, como Conophyton, esteiras
microbiais silicificadas e raros microfitolitos e algas fossilizadas na Formacao Sete Lagoas ndo
contribuem com uma determinacdo precisa da idade (Fairchild e Subacius, 1986; Marchese,
1974; Nobre-Lopes e Coimbra, 2000). Microfosseis, como cianobactérias filamentosas e
cocoidais encontradas em camadas de silex, também ndo apresentam qualquer significado
bioestratigrafico (Fairchild et al., 1996). Uma excecdo, ainda que inconclusiva, ¢ uma espécie
tentativamente identificada como acritarca planctonico com ornamentagdes e espinhos da
Formacgao Sete Lagoas, que sugere idade presumivelmente Ediacarana para a base do Grupo
Bambui (Cruz e Nobre-Lopes, 1992; Hidalgo, 2007).

A recente descoberta do fossil-guia Cloudina da Fm. Sete Lagoas representa um dado
bioestratigrafico robusto e assegura uma idade entre 550-542 Ma ao menos para a por¢do média
da Formacdo Sete Lagoas (Warren et al., 2014). Recentemente, Linnemann et al. (2019)
propuseram que a biozona da Cloudina se estenderia até¢ 538 Ma. Neste sentido, a ocorréncia
de Cloudina e a datagdo de zircdes detriticos com idades mais jovens que 560Ma (Paula-Santos
et al., 2015), constituem as evidéncias mais fortes de idade Ediacarana Terminal para a base do

Grupo Bambui.
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Nas ultimas décadas, a Formacgao Sete Lagoas, tem sido extensivamente estudada do
ponto de vista de seus aspectos quimioestratigraficos, paleomagnéticos, tectonicos e
geocronoldgicos. No entanto, informagdes detalhadas acerca da estratigrafia e sedimentologia
desta unidade (incluindo dados paleontoldgicos) ainda sdo bastante escassos, especialmente na
porcdo norte da Bacia Bambui.

Devido a excelente exposi¢do das rochas na regido de Janudria (norte do Estado de
Minas Gerais), ampla continuidade em érea e grande variedade de facies sedimentares
carbondticas, a Formagdo Sete Lagoas constitui nesta localidade uma unidade ideal para a
aquisi¢do de dados de cunho estratigrafico, sedimentoldgico e geoquimico. Deste modo,
procedeu-se um estudo voltado a compreensao dos padrdes sedimentares e paleoambientais que
condicionaram a deposicdo da Formagdo Sete Lagoas nesta por¢do da Bacia Bambui. Este
estudo foi embasado por descri¢cdes de facies sedimentares, (posteriormente relacionadas em
associagdes de facies), reconhecimento de padrdes arquiteturais e superficies de correlacdo
estratigrafica, paleocorrentes e dados isotdpicos de C, O e S. Neste sentido, sdo apresentados
dados inéditos de isotopos de enxofre que possibilitaram determinar as condigdes redox,
estratificacdo da dgua e influéncia tectonica no ambiente marinho interior em que se depositou
a Formagdo Sete Lagoas.

O resultado desta abordagem integrativa foi um modelo deposicional inédito coerente
com toda a sucessdo da Formacdo Sete Lagoas na area de estudo, bem como inferéncias
importantes quanto aos parametros paleoambientais entdo atuantes durante o Ediacarano na

por¢do SW do proto-supercontinente Gondwana.
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Abstract

Large excursions in 8C and 8*S are found in sedimentary succesions from the
Ediacaran Period that may provide detailed mechanistic information about oxidation of Earth’s
surface, variations in the carbon cycle and climatic conditions. However, poor stratigraphic
resolution and diagenetic concerns have thus far limited the interpretation of these records. Here
we present an integrated sedimentological, stratigraphic and new 8'°C and §**S isotopic data of
the Sete Lagoas Formation (SLF), Bambui Group at Janudria region (northern of Minas Gerais
State, Brazil), central part of the Sdo Francisco Craton. Eighteen sedimentary facies were
described and grouped into five facies associations, from base to top: cap dolostone, peritidal
carbonates, seismic-influenced carbonate ramp, oolitic belt and microbialitic tidal flat. Clast
measurements of the flat-pebble breccia and paleocurrent data allow us to interpret a NE
paleoshoreline. The entire sedimentary succession consists of two depositional sequences
deposited in a large rimmed carbonate ramp open to the ocean southeastward. The basal
sequence (S1) comprises a cap dolostone deposition related to a rapid transgression (TST1),
where seafloor precipitates, like carbonate fans and void-filling barite, represent the maximum
flooding surface (MFS). The presence of seafloor precipitates both in and out the regional
basement high and the increase in thickness towards E-NE indicate the basin depocenter and
thus, an area characterized by more pronounced subsidence rate. In this context, the peritidal
facies represent a highstand system tract (HST1) that culminate with the deposition of the very
shallow flat-pebble breccia facies. A second transgressive system tract (TST 2) begins with the
deposition of ooid shoals and domal stromatolites, representing a relatively deepening in water
depth (MFS 2). The third transgressive system tract (TST 3) is bounded at the base by a karstic
surface (SB3), which constitutes a regional unconformity, followed by tidal deposits that grades
to the fine siliciclastic succession of the Serra de Santa Helena Formation. Sulfur and carbon
isotopic excursions are coupled, but concentration of carbonate-associated sulfate (CAS) shows
an inverse pattern. Using different depositional rates and age uncertainties, we estimated the
minimum and maximum sulfate reservoir size of the lower SLF, suggesting an oxygenation
peak just above the cap dolostone, followed by a widespread low sulfate, which is consistent to

previous estimates for the Ediacaran sulfate reservoir.
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5.1 Introduction

Integrated sedimentological, stratigraphic, paleontological and geochemical studies of
terminal Ediacaran carbonate successions records have been widely employed to understand
environmental changes coincident with the origination and evolution of complex animals (Cui
et al., 2016; Hall et al., 2013; Smith et al., 2016), the redox conditions of the oceans (Hurtgen
et al., 2006; Johston et al., 2013) and the origin and significance of isotopic anomalies (Cui et
al., 2017; Loyd et al., 2013; Macdonald et al., 2013; Zhu et al., 2013).

In the past few decades, the Bambui Group, particularly the Sete Lagoas Formation, has
been extensively studied, concerning mainly chemostratigraphic (Alvarenga et al., 2004;
Guacaneme et al., 2017; Kuchenbecker et al., 2016; Paula-Santos et al., 2017; Santos et al.,
2004; Uhlein et al., 2019), paleomagnetic (D’Agrella-Filho et al., 2000; Raposo et al., 2006),
tectonic (Reis et al., 2017; Reis and Suss, 2016; Uhlein et al., 2017) and geochronological
aspects (Paula-Santos et al., 2015). Paleontological data are still scarce in the Sete Lagoas
Formation, relying mostly in the Ediacaran index fossil Cloudina (Warren et al., 2014, Perrella
Jr. et al., 2017) and some sparse microfossil data (Simonetti and Fairchild, 2000). Recently,
redox proxies, such as chromium isotopes, rare-earth elements and redox-sensitive elements,
have been used to infer seawater conditions following the Marinoan glaciation (Caxito et al.,
2018; Paula-Santos et al., 2018; Hippertt et al., 2019), trying to define the onset of more
complex life and ecologies in this basin. However, the analysis of the available literature reveals
that the vast majority of geochemical data is focused on the analysis, in greater or lesser detail,
of carbon and oxygen isotope data from southern and/or northern part of the Bambui basin area
(see Fig. 1, Alvarenga et al., 2014; Guacaneme et al., 2017; Paula-Santos et al., 2017; Perrella
et al., 2017; Uhlein et al., 2019; Caetano-Filho et al., 2019). Thus, despite the importance of
this approach for the definition of putative variations in primary productivity, burial of organic
matter and restriction of the basin, some important insights on the biological and physical
processes operating in the post-Marinoan oceans are still lacking. In this way, recent work has
demonstrated the growing importance of the use of paired carbon and sulfur isotope proxies in
order to determine redox conditions, ocean stratification and tectonic influence on the sulfur
content in the Ediacaran oceans (Cui et al., 2016; McFadden et al., 2008). The marine
biogeochemical sulfur and carbon cycles are interconnected via their respective redox-sensitive
reservoirs and fluxes. Both elements have a single, large oxidized oceanic reservoir (dissolved
sulfate and inorganic carbon) and the burial of their reduced species (pyrite and organic carbon)

represents the two main net sources of oxygen to the surface environment. Even though the
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concentration and isotope composition of sulfate may vary within and among marine basins
(Kah et al., 2004), the seawater sulfate sulfur isotope (8**Scas, as recorded by carbonate-
associated sulfate) and carbon isotope (8'3Cecar, as recorded in carbonate) records allow redox
changes in the surface environment to be traced through geological time.

Due to its excellent exposure, stratigraphic continuity and high carbonate-content, the
Sete Lagoas Formation at Janudria area (northern Minas Gerais State, central east Brazil) is
ideally suited for reconstructing the chemistry of the post-Marinoan ocean. Some studies,
mainly focused on facies (Perrella Jr et al., 2017), sequence stratigraphy (Caetano-Filho et al.,
2019), geochemical proxies (Hippert et al., 2019; Uhlein et al., 2019) have been carried out, but
none of them contains a complete and integrated analyze of the Sete Lagoas Formation
succession in this part of the Bambui Basin. Thus, this work aims to fill an important gap in the
study of this terminal Ediacaran unit, including, 1) a detailed sedimentary facies description, ii)
sequence stratigraphy framework, iii) contribute complementary 8'°C and §'30 data, and iv)
new detailed results on the 3**S composition and concentrations of carbonate-associated sulfate
(CAS) of the entire succession of Sete Lagoas Formation. The analysis of these proxies allows
the depositional and stratigraphic contextualization and spatio-temporal positioning of these
variables, making it possible to increase the biostratigraphic resolution of the terminal
Ediacaran in the SW Gondwana and allowing to assess if there is a causal relationship between

environmental variations and important evolutionary events.

5.2  Geological Setting

The Bambui basin covers the Sdo Francisco Craton (SFC) in central-eastern part of
Brazil, exposing a large diversity of Neoproterozoic mixed terrigenous-carbonate deposits (Fig.
5.1). Originally, the Bambui Group was interpreted as entirely deposited in a foreland basin
developed in response to the uplift of the southern Brasilia orogenic belt along the western
margin of the SFC (Alkmim and Martins-Neto, 2012; Reis et al., 2017; Reis and Suss, 2016).
This interpretation was accepted for decades mainly due: 1) the thickness variation of this unit
in their western and eastern parts (4 km thick adjacent to the Brasilia fold belt and only few
hundred meters thick close to the Araguai fold belt, Martins-Neto, 2009; Reis et al., 2017); ii)
tectonic imbrication between Brasilia fold belt slices and Bambui deposits, such as Sambura
and Lagoa Formosa formations (Uhlein et al., 2017), and iii) provenance data indicating mixed
(magmatic arc, plutonic and metamorphic) sources and derivation from erosion of the hinterland

during thrusting (Uhlein et al., 2017). An alternative interpretation suggests deposition on an
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epeiric ramp for the Sete Lagoas Formation (Drummond et al., 2015; Hippertt et al., 2019,
transitioning to a foreland system towards the upper units of Bambui Group (Martins and
Lemos, 2007). However, recent geochronologic and paleontological data (Warren et al. 2014;
Paula-Santos et al. 2015) indicate an Ediacaran age for the base of the Bambui Group which is
substantially younger than the peak activity age of the Brasilia and Araguai mobile belts. This
strongly suggests an independent evolution of the surrounding orogens and Bambui Basin,
which possibly evolves much more like an intracontinental (epeiric) basin than a foreland
system.

The classic stratigraphy of the Bambui Group, defined by Dardenne (1978), comprises
six formal units, from base to top (Fig. 5.2): 1) Jequitai Formation (glacially-related diamictite,
conglomerate, sandstone and shale); ii) Sete Lagoas Formation (limestone and dolostone); iii)
Serra de Santa Helena Formation (siltstone and marl); iv) Lagoa do Jacaré Formation (dark
limestone and shale); v) Serra da Saudade Formation (green siltstone, shale and sandstone; and

vi) Trés Marias Formation (arkose, conglomerate and shale).

5.2.1 Stratigraphy and depositional aspects of the Sete Lagoas Formation

The Sete Lagoas Formation is essentially a carbonate unit that overlies glaciogenic
diamictites or resting unconformably on Archean-Paleoproterozoic basement; its thickness vary
from 130 to 180 m (Caetano-Filho et al., 2019; Drummond et al., 2015; Kuchenbecker et al.,
2016; Vieira et al., 2007)(Caetano-Filho et al., 2019; Drummond et al., 2015; Kuchenbecker et
al., 2016b; Vieira et al., 2007b).

The basal part of the Sete Lagoas Formation is constituted by a cap dolostone
characterized by seafloor precipitated typical from the aftermath of Marinoan glaciation. This
unit is recognized in both southern, central and northern parts of SFC (Vieira et al., 2007;
Alvarenga et al., 2014; Perrella et al., 2017). Aragonite fans were identified in western area,
such as Serra de Sdo Domingos locality (Alvarenga et al., 2014), and eastern margins of the
SFC, as well as in the southern boundary, such as Arcos and Sete Lagoas areas (Vieira et al.,
2007; Kuchenbecker et al., 2016). Void-filling barite and apatite cement were also reported in
the central part of Bambui Basin (Okubo et al., 2018).
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Figure 5.1: A) Simplified geological map of the Sao Francisco Craton, showing the glaciogenic units
and the Bambui Group. The dashed rectangle represents the studied area. B) Outcrop area of the Sete
Lagoas Formation at Janudria area and location of the ten studied sections (red stars). Sections A-A’ and
B-B’ are represented in the Figs. 6 and 7, respectively.
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Figure 5.2: Lithostratigraphy of the Bambui Group, with the main lithotypes of each unit and estimated
thickness. The gray box represents the Sete Lagoas Formation.

Following the basal cap carbonate interval, a typical shallow platform sedimentation
took place and is essentially characterized by peritidal carbonate facies. This succession is
recognized in different parts of the Bambui Basin, such as the Correntina, Campos Belos and
Bezerra areas (Alvarenga et al., 2014; Caxito et al., 2012; Drummond et al., 2015) and Januaria
area (Perrella Jr. et al., 2017) on the northern and central part of the Bambui Basin, respectively.
In central-northern part of the Bambui Basin, the peritidal facies association is composed of
microbialite facies, as well as grainstones with plane-parallel and undulating laminations, wavy
and linsen cross-laminations, cross-bedded grainstones and marl locally, presenting mud
cracks, tepees and possible salt pseudomorphs interpreted as deposited in inner to middle ramp
settings (Caxito et al., 2012). Pristine in situ francolite was locally reported in intertidal flat
settings (Drummond et al., 2015). Towards the southern part of SFC, rhytmites and shales with
hummocky cross-stratification cover the CaCOs oversaturated deep platform (Vieira et al.,
2007). In Arcos area, aragonite fans-bearing grainstones are overlain by 12 m-thick succession
of green marl, mudstone and shales, suggesting deposition in distal environment (Kuchenbecker
et al., 2016; Reis and Suss, 2016). Intraformational breccias are recognized at Janudria area

(Perrella Jr. et al., 2017), but apparently it is not present on the northern part of Bambui Basin.

5.2.2 Sete Lagoas Formation age constraints and geochemistry

Paula-Santos et al. (2017) defined three distinct chemostratigraphic intervals for the Sete

Lagoas Formation: i) the basal CI-1 is composed of cap dolostone succession, with carbon
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isotope values ranging from -3 to -5 %eo; ii) the intermediate interval characterized by negative
values increasing upward until the CI-2, where carbonates show 8'3C values varying in a narrow
range around 0 %o; and iii) the uppermost CI-3 interval, comprising dark laminated and massive
carbonate, showing a major positive shift carbon isotope record from 4 to 16%o.. In the upper
part of the unit, the extreme 8"*Ccay positive excursion have been considered a regional
chemostratigraphic marker in the basin probably related to variations in the organic production,
high concentration of dissolved CO: in the ocean waters, high rates of organic burial,
methanogenesis and/or reservoir effect due basin restrictions (Iyer et al., 1995; Martins and
Lemos, 2007; Sansjofre et al., 2011; Paula-Santos et al., 2017, 2015; Santos et al., 2004; Vieira
et al., 2007; Uhlein et al., 2019).

87Sr/%6Sr data show constant values around 0.7075, rarely reaching up to 0.7083
(Alvarenga et al., 2014; Caxito et al., 2012, 2018; Paula-Santos et al., 2017). 37Sr/*¢Sr values of
0.7074-0.7076 are characteristic of both lower and upper Sete Lagoas Formation in different
localities (references in Caxito et al., 2012). The lack of secular variation in 8’Sr/%6Sr suggests
that the Bambui Group was deposited over a relatively short time interval (Misi et al., 2007).
Paula-Santos et al. (2015) proposed high Sr influx due to chemical weathering of ancient
carbonates from the surrounding orogenic belts to explain the low 3Sr/*®Sr ratios in Sr-rich
carbonates from the upper Sete Lagoas Formation. Paula-Santos et al. (2017) and Uhlein et al.
(2019) also suggested that the upper part of the unit would be entirely deposited in a restrict
basin probably isolated from the ocean.

Some redox proxies, such as rare earth elements (REE) and Cr isotopes, have also been
used to determine the conditions during the deposition of the Sete Lagoas carbonates. Cap
dolostone samples from both southern and northern occurrences of the Sete Lagoas Formation
in the SFC are enriched in REE and Y and flat type shale normalized distributions, which has
been interpreted as a large input of freshwater in shallow marine environment following
deglaciation (Caxito et al, 2018; Paula-Santos et al., 2018). Additionally, Hippertt et al. (2019)
suggested that lower Sete Lagoas Formation was marked by oscillating oxygenation pulses
evidenced by iron speciation data, pointing towards oxygenated bottom waters. Fully
oxygenated conditions were interpreted just above the middle Sete Lagoas Formation based on
seawater-like REE+Y, positive 8°*Cr and high U/Th (Caxito et al., 2018).

Babinski et al. (2007) obtained a Pb-Pb whole isochron array of 740 + 20 Ma on
carbonates containing aragonite fan pseudomorphs in the southern part of the Sdo Francisco

Craton, suggesting a middle-Cryogenian (post-Sturtian) age for the Sete Lagoas cap carbonate.
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However, previous studies from Babinski et al. (1999) and D’Agrella-Filho et al. (2000)
suggested that a large-scale fluid percolation event reset the Pb isotope compositions of the
entire Bambui basin and caused widespread remagnetization throughout the SFC. Trindade et
al. (2004) support this hypothesis and suggested that this regional-scale fluid migration occurred
close to ~520Ma, whereas Gongalves et al. (2019) pointed out that the massive fluid flow event
occurred between 515 Ma and 495 Ma. Consequently, interpretation of Pb isotope data and Pb-
Pb ages for the Sete Lagoas Formation carbonates is not straightforward and has to be analyzed
with parsimony. The precise age of the basal cap carbonate of the Sete Lagoas Formation
remains unsolved, but the presence of pink cap dolostone with negative §!*C and §'%0 values
and overlying carbonate with aragonite and barite fans points to a post-Marinoan age for its
deposition (Caxito et al. 2012, Okubo et al. 2018). This age is reinforced by the negative triple
oxygen isotope anomalies found in thin barite layers on top of the cap dolostone that can be
tentatively correlated to other Marinoan-related carbonates around the world (Crockford et al.,
2017). On the other hand, the age of deposition of the intermediate portion of the Sete Lagoas
Formation succession is well constrained and is interpreted as occurred in the late Ediacaran
due to the presence of Cloudina index fossil in peritidal carbonates (Warren et al., 2014) and
detrital zircons younger than ca. 560 Ma (Paula-Santos et al., 2015).

In sum, assuming a Marinoan age for the cap dolostone, a possible unconformity is
suggested separating this basal unit and the upper strata containing Ediacaran detrital zircons
and Cloudina fragments (Uhlein et al. 2019). This unconformity, probably representing an
85Ma long hiatus, is tentatively characterized by a regional karstification in the top of the basal
to intermediate shallowing-upward cycle in the Sete Lagoas Formation (Martins and Lemos,
2007) or significant alterations in the seawater geochemistry without any obvious depositional

change (Caxito et al. 2018).

5.3 Material and Methods

Ten columnar sections were measured in detail (1:50 scale) in the Janudria region,
northern part of the Minas Gerais State, Brazil. Four sections (Barreiro, Agropop, Morro de
Itacarambi and Riacho da Cruz, see Fig. 5.1B) named by their proximity to the main farms or
localities in the study area were used to build the composite section. Eighteen sedimentary
facies were described and grouped into five facies associations: i) cap dolostone (FA1), ii)
peritidal (FA2), iii) seismic-influenced carbonate ramp (FA3), iv) oolitic belt (FA4), and v)

microbialitic tidal flat (FAS). The facies analysis, definition of depositional systems and the



49

vertical stacking pattern of the Sete Lagoas Formation succession led to the identification of
main stratigraphic surfaces (sequence boundary — SB, maximum flooding surface — MFS,
transgressive surface — TS), allowing the correct positioning of the depositional system tracts
(high stand system tract — HST and transgressive system tract — TST) in a sequence stratigraphic
framework (Fig. 5.4). A total of 105 paleocurrents were measured from cross stratified ooid
grainstone (FA4) from the middle part of the Sete Lagoas Formation.

Samples were collected at regular intervals (~1m), or according to facies changes and
sectioned and polished for macroscopic analysis. Additionally, 22 petrographic thin-sections
were examined under normal and polarized light in the Laboratory of Petrography from the
Department of Petrology and Metallogeny, Sdo Paulo State University (UNESP), Brazil.
Several not weathered samples were selected and analyzed for major and trace elements,
carbonate-associated sulfate concentration and carbon, oxygen and sulfur isotopic composition
(88 Cearb, 8'80Ocarb, 8**Scas).

Major and trace elements were determined using a Philips PW2400 X-ray spectrometer
at Geochemistry Laboratory of the Petrology and Metallogeny Department of the Sao Paulo
State University (UNESP). For major element analysis, ~0.7g of carbonate powder was melted
with 6.5g of Li2B4O7. Rb and Sr analysis was undertaken using X-ray fluorescence of 6.0g of
carbonate powders mixed with 1.5g of wax binder. This mixture was covered with H3:BO3 and
then pressed.

A total of 66 samples were carried out for carbon, oxygen and sulfur isotopic analyses.
For the determination of carbon and oxygen isotopes, homogeneous samples were selected
avoiding fractured, weathered, and mineral-filled zones and were pulverized using a
microdrilling device. The powder obtained was reacted with 100% H3;POs under a He
atmospheric conditions. The carbon and oxygen isotopic compositions of the CO» extracted in
the process were then measured in a Delta Advantage mass spectrometer in the Federal
University of Parand (UFPR), Brazil. Isotopic results are reported in the conventional per-mil
delta notation (83 Cearb and 8'®Ocarb) With respect to Vienna Pee Dee Belemnite (VPDB).

The sample preparation and sulfur isotopic analysis of carbonate-associated sulfate
(CAS) geochemical analyses were performed in the Department of Geosciences at Virginia
Tech, USA. Approximately 100 g of sample was powdered and treated with a 10% sodium
chloride solution to remove soluble sulfate. These samples were rinsed three times with
deionized water between each leach. After each rinse, the sample was allowed to settle, and the

overlying water was carefully decanted. The carbonate was then dissolved in 4N HCI



50

(acidification) and the supernatant solution was separated and allowed to react with saturated
BaCl: solution. At this step, the acid-leachable sulfate was precipitated as barite. In order to
avoid the oxidation of the ore sulfides, 8 out of 66 samples from the Mississippi-Valley type
mineralization breccia interval were acidified in an anaerobic atmosphere. The barite was then
filtered from the solution using a 0.45 um membrane filter and allowed to dry. The filter with
barite precipitate was then dried and weighed. The BaSO4 precipitates were then homogenized
and loaded into tin capsules with excess V205 and analyzed for their *S/32S isotope ratio on an
Isoprime 100 isotope ratio mass spectrometer (IRMS) coupled with a vario ISOTOPE Cube
EA. Sulfur isotope compositions are reported in standard delta notation as per mil (%o)
deviations from the Vienna Canyon Diablo Troilite (V-CDT) and calibrated using international
standards (IAEA-SO-5, IAEA-SO-6 and NBS-17).

The 8**Ssuitate composition is dictated by the mass and isotopic compositions of S fluxes
into and out of the ocean. Mass balance equations for 8*#Ssuitate (adopted from Kabh et al., 2004)
are used to illustrate how the individual residence times of marine dissolved sulfate influence
the degree to which perturbations to the coupled geochemical cycles of C and S affect the rate
and magnitude of isotopic change. The model, including the rationale behind assigned values

of all of the variables and our sensitivity analyses, are further discussed in detail.

5.4 Results

5.4.1 Facies and facies association of the Sete Lagoas Formation

The macroscopic description of the sedimentary facies in the study area, complemented
by petrographic description of representative samples, were represented in ten detailed (1:50)
columnar sections (see Fig. 5.1B for location of the sections). The different facies described
and summarized in the Table 1 were grouped into five facies associations (FA): a) cap dolostone
(FA1); b) peritidal carbonates (FA2); ¢) seismic-influenced carbonate ramp (FA3); d) oolitic
belt (FA4) and e) microbialitic tidal flat (FAS).

The cap dolostone facies association (FA1) lies directly above a regional unconformity
characterized by an irregular basement paleosurface and is represented by ~2.5 m of
dolomitized domal stromatolite (Fig. 5.3A). On top of the cap dolostone, 1-2 cm thick (locally
reaching 15 cm) layers of aragonite crystal fans (F2) and void-filling barite cement (F3) occur
in laminated grainstone and microbial facies and extend laterally for at least 30 km (Fig. 5.3B).
Carbonate fans consist of (sub-) acicular (needle-like) crystal units with hexagonal (~200 pm

diameter) cross sections and square terminations, like aragonite crystals. Each crystal unit is
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composed of numerous small equant calcite crystals. When associated with carbonate fan
crystals, barite occurs as radiating bladed crystals isolated in the rock matrix or minor void-
filling cements. In addition, microcrystalline barite and pyrite fill void space and encrust apatite
cement.

The lack of current or wave-related sedimentary structures and the presence of preserved
seafloor precipitates suggest deposition below the storm wave base level (Hoffman et al., 2017,
2011) associated with an enhanced seawater alkalinity (Higgins and Schrag, 2003; Vieira et al.,
2015). Also, the co-occurrence of carbonate crystal fans and phosphate cements reflects high
seawater dissolved inorganic carbon, phosphorus, and calcium concentrations increased by the
continental weathering and ocean upwelling (Bergmann et al., 2013; Okubo et al., 2018).

The peritidal carbonate facies association (FA2) correspond to a ~60-meters-thick
succession well exposed in Barreiro, Sapé and Riacho da Cruz sections (Figs. 5.5 and 5.7). This
facies association is mainly composed of cross-stratified and laminated grainstones (F§, F10
and F11), heterolithic facies (F5) and mudstones (F4), occasionally associated with swaley
cross bedded fine grainstone (F12). Evaporitic breccia (F13), laminated microbialites and
continuous thrombolytic biostromes (F6 and F7) occur interbedded with these facies. The
thrombolites show great lateral extension and are composed of low domes up to 0.1 to 0.4 m
high containing irregular spheroidal cm-scale clotted grains and pustules (Fig. 5.3C). Similar to
other Ediacaran carbonate successions, Cloudina and rare Corumbella fragments occur as
loosely packed bioclastic deposits associated with trombolytic facies (Warren et al., 2014).
Locally, biostromes up to 0.5 m high are present, showing domal shape and internal wrinkled
lamination. The alternation of stromatolites and thrombolites represent lateral variation of facies
and could reflect changes in environmental parameters, such as hydrodynamic conditions
and/or variations in water depth and luminosity (Feldmann and McKenzie, 1998).

The heterolithic wavy beds (F5, Fig 5.3E) and fine grainstone facies present wave- and
current-ripple cross-lamination (Fig. 5.3D) suggesting the action of wave orbitals and tidal
currents in shallow water conditions. The presence of contorted and laterally interrupted
microbialites with tepee structures also indicate subaerial exposure of microbial mats and
mudstones under evaporitic conditions and reinforce the hypothesis of deposition in reduced
bathymetry probably in inter to supratidal settings (peritidal). The sparse presence of swaley
and hummocky cross-stratified grainstone (Fig. 5.3F) indicates that occasionally storms could
affect the carbonate platform, reworking and transporting shallow sediments and possibly

skeletal bioclasts (i.e., Cloudina) to deeper parts of the basin. The presence of terrigenous facies
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in both Sapé and Riacho da Cruz sections suggests relative proximity to the continental sources

and sporadic input of detrital sediment in the microbial carbonate factory.

Figure 5.3: Facies associations of the Sete Lagoas Formation at Januaria region. A) Contact between the
Sete Lagoas cap dolostone and the basement. B) Aragonite fans (on the top) and void-filling barite (dark
layer in the center) present in the cap dolostone as seafloor precipitates. C) Thrombolites constituted by
irregular nodules from the peritidal facies association (FA2) at Barreiro section. D) Wave ripples in
cross-bedded grainstones of peritidal facies association (FA2). E) Interbedded cm-thick layers of
mudstone/marls with cross-laminated grainstone, forming wavy heterolithic bedding. F) Small size
hummocky cross-stratified grainstone above a thrombolite layer (FA2).

The FA3 is ~20-m-thick and represents a local stratigraphic marker in the studied
sections. These deposits consist of alternation of flat-pebble breccia and laminated
microbialites. Breccia beds range from 0.4 to 2.2 m in thickness, whereas microbialite beds vary
from 0.1 to 2.1 m thick. Individually, each breccia bed shows tabular geometry with sharp and
undulated contacts with both underlying and overlying undeformed planar microbialite beds.

The flat-pebble breccia is mostly clast-supported, where the clasts are usually platy or oblate
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with angular edges (Fig. 5.4A) and mainly disposed horizontally within the sedimentary bed.
Few clasts are sub-vertical or chaotically disperse and some levels show bidirectional
imbrication. There is no evidence of normal gradation and ductile deformation. The latter
suggests that the clasts were deposited as rigid objects. The angulosity, shape, size and sorting
of the clasts also suggests deposition in very shallow batymetry with reduced clast transport or
reworking. The presence of vertical clasts, deformation increasing upward, lateral continuity of
breccia beds and the alternation of breccia and undeformed beds in abrupt contact led us to
interpret an in-situ fragmentation of early lithified microbialite beds due to the impact of shock
waves related to seismic activity concomitant to sedimentation (see Okubo et al. under review
for detailed explanation). Usually, gravel shorefaces tend to show crestlines nearly parallel to
the paleoshoreline (Hart and Plint, 1995). Thus, size measurements of the largest axes of clast
(Fig. 5.5B) allow us to interpreted that the most elongated pebbles in the breccia facies tend to
deposit parallel to the shoreline in a NE direction (Fig. 5.5A).

The succession that covers the flat-pebble breccia and peritidal facies from the FA2 and
FA3 was deposited in an inner middle ramp environment rimmed by an oolitic belt (FA4). FA4
corresponds a typical oolitic belt facies association and has thickness ranging from10 to 30 m,
reaching maximum of 140 m near Montalvania town.These subtidal deposits consist of meter-
scale thick sets of trough cross-bedded ooidgrainstones interbedded with tabular beds with
normal gradation (F15),low-angle cross-stratified grainstone (F10) and wave cross-laminated
grainstone (F8). The ooids are 300 um in diameter, spherical, concentric and often intensely
recrystallized (Fig. 5.4C). Ooids are commonly formed in environments with agitated water
commonly, such as shallow subtidal environments located in platform margins, straits and
seaways between (barrier) islands (e.g. Rankey et al., 2006); ¢) in subtidal hypersaline lagoons
(e.g., Jahnert and Collins, 2011) and in subtidal platform interiors where wave and storm action
are more important than tides. The prevalence of facies F15 and F10 suggests deposition in
shallow bathymetry from the migration of ooid sand bars and dunes, similarly to those reported

in coastal oolitic belts present in other Ediacaran carbonate ramps (Warren et al. 2019).
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Figure 5.4: Facies associations of the Sete Lagoas Formation at Januaria region. A) Clast-supported flat-
pebble breccia in the middle part of the Sete Lagoas succession (FA3) in the Barreiro section. Note the
presence of vertical clasts and punctual imbrication at the base. B) Trough cross-stratified grainstone
from the oolitic belt facies association (FA4) at Agropop section. C) Recrystallized ooids from the trough
cross-stratified dolograinstones from the Agropop section. Note that they still preserve the concentric
microstructure, but it is not possible to identify the original composition of the nuclei. D) Decimetric
layer of domal stromatolite, strongly recrystallized from the oolitic belt facies association (FA4). The
limits between the domes are not well-marked, but the wrinkle lamination is clearly present. E) Small
coalescent stromatolites from the oolitic belt facies association (FA4) in the Morro de Itacarambi section.
F) Brecciated stromatolite representing a karstification surface at the base of the tidal flat association
(FAS5).

Domal stromatolite (F16), sometimes fractured and silicified, is also interbedded with
ooid grainstones. They usually have 0.4 to 1.2 m in height (Fig. 5.4D) and present smooth to

wrinkle lamination that grew into pseudo-columnar, sometimes coalescent, structures (Fig.

5.4E). The domal morphology suggests accretion under high energy and shallow water



55

conditions and is coherent with deposition in stabilized substrates located in shallow trough
areas between oolitic bars.

Several paleocurrent data (n=105) acquired from low-angle and cross-stratified
ooidgrainstone facies and indicate main sedimentary transport towards NW (Fig. 5.5),
reinforcing that the paleoshoreline presented NE-SW direction and the offshore setting (ocean
waters) was located to SE quadrant. The predominant NW paleocurrent direction indicates the
dominance of flood-tidal currents. The broad dispersion to SE may indicate subordinate ebb
tidal currents. The E-W direction from Agropop section may represent ebb and flood tidal
currents in a channel or reentrance of the shoreline.

Selective dolomitization is present in the FA4 succession, either as a result of early or
burial diagenesis and/or a product of hydrothermal activity (Nobre-Lopes, 2002). The
percolation of hot fluids through the ooid grainstone facies in this part of the basin is reinforced
by a restricted interval of Pb-Zn breccia (F17) possibly formed during the hydrothermal event
(Nobre-Lopes, 2002).

The FAS succession is ~10 m thick and represents intertidal to supratidal deposits
mainly composed of laminated to crenulated microbialites sometimes showing disrupted layers
and wrinkle lamination. Brecciated stromatolite (F18) is a ~0.3 m thick bed, clast-supported
and consists of cm-sized angular fragments, sometimes preserving thin lamination (Fig. 5.4F).
The last few meters of the Sete Lagoas Formation are marked by 1-5 cm thick black chert layers
interbedded with laminated microbialites. These black chert layers are recrystallized and
sometimes peloidal in composition, usually not preserving their original peloidal
microstructure. The brecciated stromatolite (F18) indicate fragmentation due to subaerial
exposure of microbialite from the underlying facies association and development of a regional
karstic surface. The presence of black chert facies in this context may represent a more
evaporitic conditions towards the top of the Sete Lagoas Formation. This succession is finally
covered by siltstones of the Serra de Santa Helena Formation, characterizing a transgressive

surface over a regional erosive unconformity.



Table 5.1: Facies, facies associations and interpretations of the Sete Lagoas Formation at Januaria area. FA: facies associations

of the fragments preserve microbial lamination

FA Facies Description Interpretation
. Dolomitized meter scale domal stromatolite, associated with seafloor precipitates (aragonite pseudomorphs and ~ Microbial accretion in reduced bathymetry in seawater with high alkalinity, associated to
° F1 - Domal stromatolite . . X L . i
2 void-filling barite) preserved on top of the domes deglaciation (after the Marinoan glacial event)
=
o
2 F2 - Aragonite pseudomorphs Carbonate fans (originally aragonite) occur in multiple thin layers (5-10cm), that grew as radiating crystals ard- . . . S
] ragonite pseudomorp wroon ns (originally aragont ) occur 10 mutip . 1n ‘ayers (. ), grewasr Ing crystals upwar Iron reduction associated to high alkalinity in a cap carbonate context
S (carbonate fans) oriented (seafloor perpendicular). Phosphatic cements occur associated to these facies
[=9
<
. . . Irregular cm-thick veins and majo: d-filling cement occ multiple layers, sometimes interbedded with . - . . .
2 F3 - Veins and void-filling rreguiar 1ck veins an yor vord-lifing cement occur in muitip yers, sometl T wi Barite precipitation during early diagenesis related to the cap carbonate context, later
. aragonite fans and concordant with the bedding. Barite crystals, commonly forming rosettes, grew both upwards . .
< barite cement . ! S . influenced by hydrothermal fluids
= and downwards in stratigraphic orientation
F4 - Carbonate mudstone Centimeter to decimeter scale tabular beds of carbonate mudstone dominated by micrite Carbonate mud settling in stagnant and shallow water conditions
F5 - Grainstone and mudstone Fine grained cross-laminated grainstone intercalated with varying proportions of carbonate mudstones (wavy  Alternated traction by oscillatory flows related to fair-weather wave orbitals and settling
heterolitic beds structures), with some terrigenous contribution processes
F6 - Thrombolite Centimeter thick irregular beds composed of irregular centimeter to decimeter scale low domes, showing rounded ~ Carbonate precipitation induced by microbial activity in shallow waters occasionally
to irregular clotted fabric internally exposed to subaerial conditions and reworking processes.
F7 - Laminated microbialite Ccnnmlctcr to dCCImCt.C r scalf: thick tabular beds of finely, irregularly smooth laminated carbonates sometimes Microbial mat deposits in shallow water subjected to subaerial exposure and reworking
presenting V-shaped diseccation cracks
_ F8 - Wave cross laminated Centimeter to decimeter scale thick tabular to lenticular beds of very fine to fine grained grainstones showing  Migration of symmetrical ripples related to sediment transport by fair-weather wave orbitals
S grainstone cross-laminations with opposite dip directions in shallow waters
% F9 - Black chert (bands/layers Centimetric layers or nodules of black chert, usually associated with wave cross laminated grainstone and  Percolation and precipitation of silica-rich waters during eodiagenesis filling vugs and other
~ and nodules) thrombolite cavities
o R ~ s- N JU— . . ’ )
< F10-Low aqglc cross-bedded Decimeter to meter scale thick tabular beds of fine to medium grainstones showing low angle cross-stratification Migration of low amplitude bedforms formed under upper flow regime, probably related to
[ grainstone swash and back wash flows (foreshore)
. . Tabular beds, decimeter to meter-scale thick, laterally continuous for tens of meters, internally composed of fine ~ Vertical accretion of horizontal bedforms formed under upper flow regime, also related to
F11 - Laminated grainstone . - . L !
to very fine grained grainstone with planar lamination swash and back wash flows as facies F10
F12 - Swaley cross bedded Lenticular to tabular, centimeter to decimeter beds of fine grained grainstones with symetrical swaley cross ~ Migration of ripples produced by combined oscillatory and unidirectional flow, related to
grainstone (SCS) stratification. SCS commonly occur associated with wave cross laminated grainstone. storm events in shallow areas (lower shoreface)
F13 - Evaporitic breccia Centimeter to decimeter scale tabular beds of clast-supported breccia constituted of centimetric clasts of  Subaerial exposure of microbialite facies (F6 and F7), associated with crystallization of salts
P microbialites. Horizontal stylolites, tepees and salt pseudomorphs are present. in evaporitic conditions
F7 - Laminated microbialite See above See above
o
§ F14 - Flat pebble breccia Tabular beds of clast-supported monomitic breccia, constituted mostly of fitted tabular clasts. Rounded clasts are  In situ fragmentation of early lithified microbialite beds, rearranged by episodic seismic
p rare. Clast imbrication and tepee structures are locally observed. events
F10 - Low—aqglc cross-bedded See above See above
- grainstone
° Lenticular, decimeter beds of cross-stratified ooid grainstone stacked in meter scale thick cosets. Coarse-grained A . .
© . . nueutar, dect T beds 5 thiec oo1d grainstone st 1 meter sca . rse-gramn Migration of 2D and 3D dunes (bars) by action of longshore currents and/or action of
Q F15 - Cross-bedded grainstones  deposits usually present trough cross-stratifications whereas fine to medium grained deposits commonly show . X .
k= . . . PP breaking fair-weather wave orbitals (upper shoreface)
= tabular cross-stratification. Selective dolomitization is present
8 Carbonate precipitation induced by microbial activity in shallow waters rarely exposed to
\ F16 - Domal to pseudo Dolomitized, sometimes silicified, meter scale domal stromatolite, locally pseudocolumnar. Intensely fractured nate precip ncucec by Y . Y CXpO
< . . subaerial conditions. Variation in bathymetry, accommodation space, hydrodynamics and
B columnar stromatolite and recrystallized. L S . .
= sediment availability explain changes in the morphology.
. Meter-scale tabular beds of clast-supported breccia constituted of angular clasts and crosscut b; artz veins. . S . .
F17 - Hydrothermal breccia a'e fabuar . ~supported breceia constitu ngular clasts and crosscut by qu; e Percolation of Pb-Zn hydrothermal fluids in grainstone facies
Intense silicification and interparticle porosity
_ F7 - Laminated microbialite See above See above
5 =
, =g R Jlavers
LEE g F8 - Black chert (bands/layers See above See above
< 5SS and nodules)
w88 . . . . ot . . . -
S E F18 - Brecciated stromatolite Centimeter to decimeter scale beds of clast-supported breccia constituted of angular stromatolite fragments Some Subacrial exposure of stromatolites, associated to karstification process
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5.4.2 Sequence stratigraphy framework

In the study area, the Sete Lagoas Formation comprises a complete 3rd order sequence
(Sequence 1 — S1) bounded at the base by regional erosive unconformity (Figs. 5.6 and 5.7)
with the Paleoproterozoic basement and at the top by the shallower facies represented by the
seismic influenced carbonate ramp (FA3). A second transgressive system tract (TST2)
corresponds to an increase in the accommodation space, allowing the deposition of ooid shoals
and domal stromatolites in deeper conditions. This succession is covered by microbialitic tidal
deposits separated from the siliciclastic succession of the Serra de Santa Helena Formation by
a well-developed karstic surface (SB3).

The sequence boundary 1 (SB1) is characterized by a regional unconformity developed
at the Paleoproterozoic basement, forming an irregular erosive paleosurface. Above this

unconformity, well-preserved seafloor precipitates overlying domal stromatolites from the FA1
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constitute a typical transgressive pattern, representative of the coastal onlap migration due to
post-glacial (Marinoan) deglaciation and rise of sea level. The SB1 and TS1 occur amalgamated
in a configuration commonly related to intracratonic basins and homoclinal ramps without slope
(Lindsay et al., 1993). The deposits from the basal cap dolostone (FA1) were interpreted as
representative of the initial stages of the transgressive system tract (TST1), similarly to coeval
cap carbonates from Namibia, Canada and China (Hoffman et al., 2017; Hoffman and Schrag,
2002; Saylor et al., 1995). The maximum flooding surface (MFSI, Figs. 5.6 and 5.7) was
marked by the appearance of aragonite and barite seafloor precipitates level. These particular
structures (e.g. carbonate fans and void-filling barite cements) are discontinuously preserved
along the cap carbonate in different parts of the Bambui Basin in which the Sete Lagoas
Formation crops out, such as Arcos (Kuchenbecker et al., 2016), Sete Lagoas (Vieira et al.,
2015) and Serra de Sdo Domingos areas (Alvarenga et al., 2014).

In the Borrachudo section (Fig. 5.6), peritidal (FA2), seismic-influenced carbonate ramp
(FA3) and oolitic belt (FA4) facies associations are missing, which led us to interpret that these
facies associations truncate against an original inclined surface (SB1), representative of the
irregular basement paleosurface (Fig. 5.6). The onlapping against the basement and the
terrigenous contribution in the lower part of the unit corroborates the interpretation of Januaria
area acted as a paleo-high during the deposition of Sete Lagoas Formation. The absence of these
facies associations (FA2, FA3 and FA4) in the Borrachudo section may be interpreted as a
higher subsidence rate towards E-NE part of the basin, which is corroborated by thicker ooid
deposits from the (FA4) near Montalvania town.

Above the MFS 1, the succession is composed of peritidal deposits (FA2) containing
Cloudina fragments (Warren et al., 2014) and pristine francolite (Drummond et al., 2015). This
succession was interpreted as representative of the initial stages of the high-stand system tract
(HST1). In Campos Belos area (Drummond et al., 2015), intertidal to subtidal deposits,
represented by phosphate-bearing siltstones and sandstones, could represent a lateral variation
of the FA2 with significantly higher siliciclastic input, probably reflecting proximity to the
Brasilia orogenic belt. According to Caetano-Filho et al. (2019), the correlative of the FA2
succession is marked by high Sr/Ca ratios, which is consistent the data presented here (Fig. 5.8)
and probably represent an increased incorporation of Sr in carbonate minerals due to
progressive basin restriction.

Paula-Santos et al. (2015, 2017) and Uhlein et al. (2016, 2017, 2019) have suggested a

possible unconformity between cap carbonate from the FA1 and peritidal deposits of the FA2
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(respectively, C-1 and C-2 intervals from these authors), aiming to explain a possible age
difference between the Marinoan cap dolostone and the succession bearing the index fossil
Cloudina. However, no evidence for this unconformity at top the Sete Lagoas cap carbonate

was recognized in the field and are here considered conjectural in this part of the basin.

l\ l\’
NW Morro de SE

Borrachudo Itacarambi

[
@«
T

Seq. 3

<

......

....... N ==

Sequence 2

........
ooooooooo

Legend

D Cap dolostone (FA1)
D Peritidal (FA2)

Seismicinfluenced | @ [ 4 o L ON&

carbonate ramp (FA3) | & ko o o NG

D Oolitc belt (FAY) 2 R -
3 ERETINERTEN N ===

Facies associations
+
+
+
S

D Microbialiic tidal flat (FAS) | | = 5 5 O F

oooooo

Sete Lagoas Formation

D Paleoproterozoicbasement |~ © T T =
D SeradeSantaHelena b 4 4 4 4 4 4
Formaton(SSH)  [a gL
Crenulated
microbialite Black
chert

él Laminated
maobiaite Q Sitsione
B s _ es

.....
Stratigraphic surfaces | + + + + &

breccia

Stromatoite
D Hydrotermal

breccia
. Mudstone
/=Yl oryan B
QU] brecca "
Grainstone oo

Sequence 1

tooding
B
ooooooooo

| 15km L 3km 30km .

Figure 5.6: Sequence stratigraphic framework of the Sete Lagoas Formation. Note that the Borrachudo
section is located on top of the Janudria structural high. For the localization of the columnar sections in
the study area, please see Fig. 1. PL: parallel lamination; CL: cross lamination; LCS: low-angle cross
stratification; SCS: swaley cross stratification; TCS: tabular cross stratification; TRCS: trough cross
stratification.

The appearance of brecciated deposits (FA3) overlying the peritidal succession were
interpreted as the result of synsedimentary seismicity affecting the carbonate ramp (Okubo et
al. under review) during the final stages of the HSTI1. The intraclastic calcarenite
(Kuchenbecker et al., 2016) in Arcos section and intraclastic breccia (Drummond et al., 2015)
in Campos Belos area can be potentially correlated with this seismic interval and possibly
represent a stratigraphic marker for the basin. Reworked phosphorite grains are also attributed

to reworked and transport of peritidal sediments from the FA2 (Drummond et al., 2015).
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The sequence S1 is limited at the top by a sequence boundary (SB2, Fig. 5.7), placed on
top of the flat-pebble breccia. The sequence S2 begins with the SB2, which is amalgamated
with the transgressive surface (TS2) that limits the base of the TST2. Above these stratigraphic
surfaces, bars and dunes from the oolitic belt system (FA4) overlie the flat-pebble breccia (FA3)
and peritidal (FA2) facies, configuring a retrogradational pattern representative of the initial
stages of the TST2. In this environment, ooidgrainstones and stromatolites represent the lateral
variations of the inter- to subtidal settings. This ooid succession are usually 20 to 30 meters
thick in Arcos and Janudria area (Caetano-Filho et al. 2019), but they can reach hundreds of
meters at Montalvéania area, suggesting that the basin was progressively deeper in the E-NE
direction. The maximum flooding surface was placed at the base of the upper domal stromatolite
(F16) interval (Fig. 5.7), which is interpreted to form deeper than the ooidgrainstones. This
interval probably reflects the maximum production of the carbonate factory related with the
increasing accommodation space, allowing the deposition of few hundred meters of
ooidgrainstones and domal stromatolites rather than thrombolites and laminated microbialites
(shallower facies).

The brecciated stromatolite (F18) facies marks a subaerial exposure of the stromatolites
in the carbonate ramp, which corresponds to the upper sequence boundary (SB3). Microbialites
in a tidal flat setting (FAS5) alternate between laminated and crenulated during the final moments
of Sete Lagoas deposition. This interval is marked by the decreasing in the carbonate
production, development of a regional karstic paleosurface (SB3), followed by an increase in
the terrigenous input, representative of the beginning of the sedimentation of tidal flat siltstones

and marls from the Serra de Santa Helena Formation.
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Figure 5.7: Paleocurrent data, stratigraphic surfaces, columnar sections and respective 8"Cear (%o,
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columnar sections in the study area, please see Fig. 1. PL: parallel lamination; CL: cross lamination;
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TRCS: trough cross stratification.
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5.4.3 Stable isotope geochemistry and evaluation of diagenetic alteration

Carbon isotope values vary between -4.33 %o PDB and 4.77 %o PDB, and the oxygen
isotopes vary between -4.45 %oPDB and -12.77 %o PDB throughout the Sete Lagoas succession
(Figs 7 and 8). 8**Scas values range from +21.26 %o CDT to +53.14 %oCDT over all sampled
facies. CAS concentrations vary between 12.83 and 367.28 ppm (mean = 64.52, n = 66),

showing a persistent negative stratigraphic trend (Fig. 5.8).
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Figure 5.8: Composite stratigraphic column, geochemical data (Cearb, Ocary and Scas isotopes), CAS
concentration, carbonate content and St/Ca and Mn/Sr ratios for the Sete Lagoas Formation at Januéria
area. Pink color in the section represents dolomite and blue are calcite.

Because both §'%0 and Mn/Sr original values are usually modified during diagenesis,
these parameters have been commonly used as diagenetic indicators for the quality of the 8'3C
signal (Kaufman and Knoll, 1995). 8'¥Ocar is a useful indicator of alteration as 5'*0, suggesting
that there is no significant influence of diagenesis in their isotopic composition (Fig. 5.9A).

5**S and CAS concentrations also do not covary, suggesting that they are essentially

primary values. In addition, they do not seem to correlate directly with facies or stratigraphic
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surfaces (Fig. 5.9B). The carbon and sulfur isotopic curves are positively correlated through the
entire succession of the Sete Lagoas Formation, but CAS concentration shows an inverse pattern
(Fig. 5.8). Most of Mn/Sr ratios are lower than 10 in this study and the absence of covariation
between Mn/Sr and CAS concentration is consistent with minimal diagenetic overprinting (Fig.
5.9C). The absence of any correlation between 3**S and 8'¥Ocar (Fig. 5.9D) suggests that post-
depositional processes did not alter significantly the S isotope composition of CAS.

Importantly, the cap dolostone samples from the base of the base of the Sete Lagoas
Formation (FA1) show higher CAS concentration, decreasing towards the top of the unit. Below
the 10 m mark, CAS concentrations are higher than 250 ppm and 8°*S values vary from 22.2 to
32.8 %0 CDT. CAS concentrations from the peritidal facies association (FA2) are highly
variable, from 2.16 to 287.5 ppm. Flat-pebble breccia interval (FA3) corresponds to very low
CAS concentrations (from 9.58 to 45.81 ppm) and relatively high 8**Scas values (43.9 to 48.2
%0 CDT).

Low CAS concentrations in the oolitic belt facies association (FA4) could also be
alternatively related to dolomitization (Fig. 5.8). During diagenesis (e.g., dolomitization), CAS
could be released from the crystal lattice of precursor carbonate minerals (e.g. aragonite, high-
Mg calcite), and sulfate in pore water could be incorporated in stabilized carbonate minerals
(e.g., low-Mg calcite, dolomite), reflecting a relative decrease in CAS concentration (Gill et al.,
2008; Shen et al., 2010). However, Gill et al. (2008) studied the impact of meteoric diagenesis
on CAS and concluded that 3**Scas is relatively unaffected and still preserves primary &**Ssusate
values.

Between 90 and 120 m height (FA4), the 8**Scas profile is depleted and shows great
variation (Fig. 5.8). Samples JJ17H, JJ17K and JJ17L show anomalous concentrations of Zn
(2323, 139 and 269 ppm, respectively), possibly reflecting a Pb-Zn MVT mineralization
interval in the oolitic belt facies association (FA4), as previously observed by Nobre-Lopes
(2002). Marenco et al. (2008) and Mazumdar et al. (2008) have demonstrated that pyrite
oxidation during the CAS extraction procedure can alter the primary values both [CAS] and
8**Scas. Due to this, we acidified samples from this interval potentially enriched in sulfides in
an anoxic environment in order to avoid sulfide oxidation and the lack of correlation between
Fe concentration and 8**Scas and [CAS] (Figs. 5.9E and 5.9F). Our results reinforce that pyrite
oxidation was not significant and the pyrite oxidation during CAS extractions is unlikely to

have caused significant change in the 8**Scas values.
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Figure 5.9: Isotope and elemental cross-plots for the Sete Lagoas Formation. A) 8"*Ocarb vs. 8"*Cearv; B)
[CAS] vs. 8**Scas; C) [CAS] vs. Mn/Sr; D) 8**Scas vs. 8'¥Oca; E) 8**Scas vs. [Fe]; F) [CAS] vs. [Fe].

5.5

Discussions

5.5.1 Interpreting the sulfur and carbon signatures

Carbon and sulfur isotopic curves are coupled, but CAS concentration shows an inverse

pattern. An inverse correlation between sulfate concentrations and the **Sue might suggest that

microbial sulfate reduction was responsible for decreasing sulfate concentrations in pore waters

and enriching any residual sulfate with respect to 34S (Hurtgen et al., 2002; Tostevin et al.,

2017).

Cearb and Scas isotopes seem to correlate positively, which means that both patterns were

driven by the co-burial of reduced C and reduced S (i.e. pyrite and organic carbon) This pattern

is commonly observed in the Phanerozoic geologic record (e.g. Gill et al., 2011). In this system,

organic matter fuels microbial sulfate reduction, and pyrite is formed when H»S produced from
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microbial sulfate reduction reacts with iron minerals and is buried along with the residual
organic matter. The carbon and sulfur leaving the ocean through burial are enriched in 2C and
328 via isotope fractionations accompanying photosynthetic and microbial sulfate reduction
pathways, respectively, leaving the seawater correspondingly enriched in '*C and 3*S. This
coupling can result in positive shifts for both species in seawater.

Carbonate-associated sulfate and &**Spyriie data from Namibia, South China and
Australia suggested that marine sulfate concentrations were particularly low following
Neoproterozoic glacial events (Hurtgen et al., 2002; McFadden et al., 2008; Loyd et al., 2012;
Tostevin et al., 2017). When sulfate concentrations are lower, rapid temporal changes in §3*Ssw
are usually interpreted as a modification of original 6**Ssw of marine sulfate signal by local
processes like river fluxes or to show inter-basin heterogeneity. Rates of change in 8**Ssw are
commonly used to estimate the size of the marine sulfate reservoir, assuming that faster rates
of change represent a smaller marine sulfate reservoir that can be more easily perturbed over

short timescales (Algeo et al., 2015; Kah et al., 2004; Loyd et al., 2012).

5.5.2 Paleoenvironmental implications for the Sete Lagoas Formation: modeling the
marine sulfate reservoir

Here we used a mass balance-based modeling of the sulfur cycle to identify global
environmental parameters that could have contributed to changes in the mass and 3**S of the
marine sulfate reservoir. For this, the composite section (Fig. 5.8) was divided into two
intervals: a non-steady state (0 to 40 m height) and a steady-state interval (40 to 130 m height).
In the first interval, CAS decreases from 350 ppm to 50 ppm and 5**Scas increases from 25%o
to 40%o.

In order to discuss rates of change, it is necessary to establish a depositional timescale,
which is often difficult for Precambrian successions. The Sete Lagoas Formation is bounded
below by a cap carbonate, with an inferred age of 635Ma (Caxito et al., 2012; Crockford et al.,
2017). Given the lack of well-dated horizons in this interval, we estimate a minimum and
maximum mass of the sulfate reservoir (M) using accumulation rates in a non-steady state
model (Fig. 5.10). The mass of sulfate reservoir was calculated using the following equation

and the parameters from Kah et al. (2004):

Mo: [FW (SW -0 sulfate) - pr A34S]/ (dasulfate/dt) [1]
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where ddsuitate/dt is the change in the sulfur isotopic composition of oceanic sulfate, Ssuifate (%o0),
through time in units of %o/Myr, Fy is the total flux of sulfur entering the oceans as sulfate
(“weathering” flux) in mol/Myr with isotopic composition dw in %o, Fpy is the flux of sulfur
leaving the oceans as pyrite, A*S is the difference between the isotopic composition of coeval
sulfide and sulfate, and M, is the mass of sulfate in the oceans. Estimates for modern fluxes and
their isotopic compositions are as follows: Fy = 1x10' g yr -, 8w = +6%o, Fpy = 4x10'% g yr -1,
A¥S =25 %o.

For the minimum M, we assume that the 40 m-thick strata between the Marinoan cap
carbonate and the Cloudina occurrence was deposited in 5 Ma, duration proposed by Hoffman
et al. (1998) for a Snowball Earth episode, resulting in a very high depositional rate of 8 m/Myr.
For the maximum M, we assume that the same strata would last no more than 80 Ma, which is
aproximately the difference between the Marinoan age and the index fossil, resulting in a very
low depositional rate of 0.5 m/Myr. Considering these assumptions, we constrain the total
marine sulfate reservoir of the Sete Lagoas Formation between 1 x 10'® mol and 1.6 x 10! mol
(SO42 concentrations of 0.83-13.3 mM, respectively), which is consistent with the range of
sulfate concentrations calculated for another Brazilian Marinoan cap carbonate from the
Mirassol d’Oeste Formation, Araras Group (Sansjofre et al., 2016).

Considering that sedimentation rate was relatively constant during this time interval, it
is very unlikely that the sedimentation rate was very low as 0.5 m/Ma (depositional rate
considering no unconformities), compared to the conservative depositional rates between 30 or
40 m/Ma for the late Neoproterozoic assumed by Kah et al. (2004) in their model. Thus, besides
the possibility of a regional unconformity in this interval, another alternative interpretation
could be different sedimentation rates throughout the lower Sete Lagoas Formation due to local
variations in the basin subsidence. Future studies should focus on recognizing tie-points with

reliable ages, which can be used to generate a more refined model.
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Sensitivity of reservoir size to deposition rate
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Figure 5.10: Sensitivity of the marine sulfate reservoir size to deposition rate, calculated using Kah et
al. (2004) approach The sensitivity of M, to changes in ddsur/dt varies as a natural log with respect to
deposition rate. M, is most sensitive at deposition rates < 2 m/Ma (~3.4 mM increase for 1 m/Ma rate
increase), moderately sensitive at rates of 2-4 m/Ma (~1.1 mM per | m/Ma rate increase), and insensitive
at rates > 6 m/Ma (~ 0.2 mM per 1 m/Ma rate increase).

Based on the measured CAS concentration, we interpreted an oxygenation event (367
ppm or 3.82 mM) at the top of cap dolostone, followed by a widespread low sulfate conditions
(125 ppm or 1.3 mM) during the first stage of deposition of the lower Sete Lagoas Formation.
This increase in oxygen probably favored the sulfate formation, and consequently, barite
precipitation.

Finally, in terms of the paleoenvironmental evolution of the Sete Lagoas Formation, a
protracted watermass oxygenation, is consistent with our CAS concentration interpretation. It
is important to note that this regional event representing a global oxygenation phenomenon
registered in several contemporaneous post-Marinoan deposits (Caxito et al. 2018; Hippertt et
al. 2019). In the same interval, the lower 8**S values could be explained by the large input of
freshwater, similarly to those interpreted by Paula-Santos et al. (2018), based on REE data in
the lower Sete Lagoas Formation. Following this oxygenation event, positive Ce/Ce* values
from Paula-Santos et al. (2018) reflect bottom water anoxia for both shallow and deep settings.

This anoxia could also explain our low CAS concentrations in the steady-state interval.
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Conclusions

Based on detailed sedimentologic, stratigraphic and new C, O and S isotopic data from

the Sete Lagoas succession in the Janudria 4rea (northern Minas Gerais State, Brazil), we

conclude that:

Five facies associations were defined for the Sete Lagoas Formation at Janudria area:
1) cap dolostone, ii) peritidal, iii) seismic-influenced carbonate ramp, iv) oolitic belt,
v) microbialitic tidal flat;

The basal sequence (S1) comprises the cap dolostone deposition related to a rapid
transgression (TST1), culminating in a seafloor precipitates layer interpreted as a
maximum flooding surface (MFS1). Following this, diferente facies were deposited
in peritidal settings until the flat-pebble breccia deposition in a shoreface position
and corresponding to a highstand system tract (HST1). A second transgressive
system tract (TST2) corresponds to an increase in the accommodation space rate,
allowing the deposition of ooid shoals and domal stromatolites in deeper water
conditions. This succession is covered by microbialitic tidal deposits separated from
the Serra de Santa Helena Formation by a pronounced regional karstic paleosurface
(SB3);

Clast measurements, paleocurrent data and stratigraphic analyses allow us to intepret
a NE-SE shoreline direction with offshore setting (ocean waters) located to SE
quadrante. The thickening of the oolitic belt succession (FA4) suggests an increase
in the subsidence rates towards E-NE;

Carbon and sulfur isotopic curves are coupled, but CAS concentration shows an
inverse pattern. The positive correlation between Ccab, and Scas isotopes probably
means that both patterns were driven by the co-burial of reduced C and reduced S
(i.e., pyrite and organic carbon). This pattern is commonly identified in early
Phanerozoic successions.

Low sulfate concentrations are required to adequate the high rates of isotopic change
observed in the Sete Lagoas Formation succession and agrees with previous
estimates for the size of the Ediacaran sulfate reservoir. However, our data suggest
a significant increase in sulfate concentration in the lower Sete Lagoas Formation,
which is consistente with the oxygenation intepreted by recente studies based on Cr
isotopes (Caxito et al., 2018), REE data (Paula-Santos et al., 2018) and iron
speciation and RSE data (Hippertt et al., 2019) in other localities of SFC.
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Alguns modelos geoquimicos indicam que altas concentragcdes de fosfato na dgua do
mar ocorreram apos as glaciagdes atribuidas aos eventos de Snowball Earth ao final do periodo
Neoproterozoico. No entanto, até o presente momento ndo existia nenhuma evidéncia
inequivoca de fosfogénese (e.g. precipitagao e soterramento de fosfato) durante a deposicao das
capas carbonaticas que recobrem os diamictitos glaciais ao redor do mundo. Neste trabalho
publicado no periddico Precambrian Research, sdo apresentados dados petrograficos e
geoquimicos da por¢do basal da Formagdo Sete Lagoas com o objetivo de discutir o significado
da associacdo mineral (aragonita + barita + apatita + pirita) nos ambientes marinhos rasos
desenvolvidos apds a glaciagdo Marinoana (~635 Ma).

O novo modelo proposto neste trabalho ilustra um ambiente em que a fosfogénese e a
formagdo de leques de aragonita sdo concomitantes e discute o papel da ferro-reducdo na
formacao destes dois minerais. Neste modelo, os leques de aragonita sdo formados proéximo a
interface sedimento-agua, logo abaixo do limite aerobio-anoxico. Neste ambiente, o processo
de ferro-redugdo libera Fe**, que inibe a nucleagdo de carbonato e favorece a precipitagdo de
aragonita diretamente no fundo ocednico. Ao mesmo tempo, a dissolu¢do dos particulados de
oxido de ferro abaixo deste limite libera fosfato, criando condi¢des para a formacao da apatita.
Outros dois minerais, como a pirita e barita, substituem a apatita, indicando que tais minerais
sdo posteriores a formacao dos leques carbonaticos e dos cimentos de apatita. Vale ressaltar que
o processo de ferro-reducdo estd envolvido na formagao tanto da apatita quanto da aragonita.
Tanto a presenca de ferro quanto a alta alcalinidade favorecem a formacgdo dos leques de
aragonita. Além disso, a alta alcalinidade remove o célcio da 4gua do mar durante a precipitagdo
da calcita e limita a precipitagdo de fosfato, pois ambos os minerais precisam de calcio para a
sua formacgao.

Considerando o exposto, tem-se que a principal contribui¢do deste artigo consiste na
descricao inédita de cimentos de apatita em um contexto de capa carbondtica Marinoana em
nivel global. Da mesma forma, ¢ inovador também o modelo que explica sua relagdo com os
demais minerais autigénicos presentes na capa carbonatica da Formacao Sete Lagoas.
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ABSTRACT

Carbonates in the Sete Lagoas Formation (Sao Francisco craton, Brazil) preserve a record of chemical, biological,
and oceanographic changes that occurred during the Ediacaran Period. The base of this formation constitutes a
post-glacial cap carbonate, which contains seafloor precipitates (carbonate and barite crystal fans) as well as
various authigenic and diagenetic minerals (apatite, pyrite, and barite). Here, we present petrographic and
geochemical data on this unit, and discuss the significance of its mineral association for marine environments
following the Marinoan (‘Snowball Earth’) glaciation. For the first time, we report well-developed apatitic ce-
ments in a Neoproterozoic cap carbonate. Isopachous and intergranular void-filling cements encrust and sur-
round seafloor-precipitated fan crystals that precipitated as aragonite. We propose a model for the origin of this
mineral association, which relates phosphogenesis and aragonite fan formation to a single set of environmental
conditions. According to this model, the boundary between oxic and anoxic conditions was located at or just
below the sediment-water interface. Burial of iron (oxyhydr)oxides below this boundary liberated phosphate to
pore water and provided fuel for iron reduction. Iron reduction released Fe?*, which inhibited nucleation of
carbonate and allowed for aragonite growth on the seafloor. Concurrently, ‘iron-pumping’ shuttled phosphate
from the water column to the sediment, and perhaps in conjunction with organic phosphorus remineralization
via anaerobic microbial pathways, created conditions conducive to phosphate mineralization. This model cor-
roborates the hypotheses that aragonite crystal fan formation requires the presence of an inhibitor to carbonate
nucleation, in addition to high alkalinity, and that Fe®* serves as this inhibitor. Overall, our work documents a
close association between aragonite crystal fan formation and phosphog is at the beginning of the Ediacaran,
illumi the pal ir ts of cap carbonates with seafloor precipitates, and contributes to under-

P

standing of phosphogenesis following low latitude glaciations.

1. Introduction

indicate that the Sturtian and Marinoan glaciations extended to tropical
latitudes (Meert and van der Voo, 1994; Trindade and Macouin, 2007).

The Ediacaran Period witnessed major changes in the Earth system,
including a rise in the oxygen level of the atmosphere-ocean system
(McFadden et al., 2008; Macdonald et al., 2013; Lenton et al., 2014;
Laakso and Schrag, 2017) and the radiation of complex multicellular
eukaryotic life (Xiao et al., 2014). Various lines of evidence indicate
that these changes followed an intense period of global (‘Snowball
Earth’) glaciation (Kirschvink, 1992; Hoffman et al., 1998). Glacial
diamictites occur worldwide in the Neoproterozoic. In general, three
glacial episodes—the Sturtian, Marinoan and Gaskiers glaciations—are
recognized in this interval (Halverson et al., 2005), and a combination
of geochronologic and paleomagnetic data (Evans & Raub, 2011)

* Corresponding author.
E-mail address: juokubo@rc.unesp.br (J. Okubo).

https://doi.org/10.1016/j.precamres.2018.04.002

Received 29 May 2017; Received in revised form 27 February 2018; Accepted 5 April 2018

Available online 06 April 2018
0301-9268/ © 2018 Elsevier B.V. All rights reserved.

Although some glacial deposits show faceted and striated clasts and
contain deformation structures caused by glacial flow (Deynoux, 1985;
Hoffman & Schrag, 2002; McMechan, 2000; Hoffman, 2011), some of
the ‘glaciomarine’ units likely represent syntectonic mass-flow deposits
(Eyles and Januszczak, 2004; van Loon, 2008).

Cap carbonates are continuous units of pure dolostone (and locally
limestone), up to tens of meters thick (James et al., 2001; Hoffman &
Schrag, 2002; Corsetti & Lorentz, 2006; Hoffman et al., 2007), which
commonly overlie sharp contacts with glacial deposits and subaqueous
mass flow deposits around the world. These units are interpreted as the
primary sedimentary records of deglaciation (Hoffman et al., 1998;
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Fairchild & Kennedy, 2007). Sturtian cap carbonates are generally dark,
finely laminated, organic- and iron-rich units with rhythmic and ana-
stomosing laminae (Hoffman and Schrag, 2002). These successions
sometimes contain roll-up structures, and generally have §'*C va-
lues > 0 (Kennedy et al., 1998; Corsetti & Lorentz, 2006). Marinoan cap
carbonates, in contrast, are typically less than 10 m thick and their
representative features include macropeloids, stromatolites, barite
crystals and tubestone structures (Kennedy, 1996; James et al., 2001;
Hoffman & Schrag, 2002; Jiang et al., 2006a). These features are
commonly overlain by limestones rich in aragonite crystal fans and/or
by deep-water fine-grained siliciclastics. A regional (Gaskiers) glacia-
tion is dated at 580 Ma, but the geographic extent of this event remains
a subject of debate (Myrow and Kaufman, 1999; Pu et al., 2016; Spence
et al., 2016).

Three non-exclusive models can account for the origin of the cap
carbonates. First, assuming that high atmospheric pCO, levels were
responsible for deglaciation (the Snowball Earth model), such condi-
tions may have driven intense chemical weathering on the continents,
which in turn, enhanced seawater alkalinity and promoted rapid pre-
cipitation of cap carbonates around the world (Hoffman et al., 1998;
Hoffman & Schrag, 2002; Higgins & Schrag, 2003). Second, assuming
that glaciation caused physical stratification in the ocean and created a
strong surface-to-deep water carbon isotope gradient, post glacial up-
welling or flooding may have delivered alkalinity-rich deep water to
continental shelves and interior basins (the overturn or upwelling
model), resulting in carbonate precipitation (Grotzinger & Knoll, 1995;
Kaufman et al., 1997; Ridgwell et al., 2003). Lastly, if extreme cold
fostered inorganic carbon supersaturation in the ocean (methane
model), methane oxidation could account for deposition of cap carbo-
nates and their associated low carbon isotopic values (Kennedy et al.,
2001; Jiang etal., 2003). Overall, these models provide insights into the
possible oceanographic conditions associated with low latitude glacia-
tion and illustrate the extreme environmental shifts associated with
climate change.

Authigenic minerals provide invaluable information on the evolu-
tion of seawater, as they contain direct and indirect evidence of che-
mical inputs into the ocean and recycling within it (Kastner, 1999).
Seafloor-precipitated carbonate crystal fans, generally pseudomorphs
after aragonite, occur in many Neoproterozoic cap carbonates (Peryt
et al., 1990; Kennedy, 1996; Hoffman et al., 1998; James et al., 2001;
Hoffman & Schrag, 2002; Nogueira et al., 2003; Lorentz et al., 2004;
Pruss et al., 2008; Vieira et al., 2015). The environmental conditions
that fostered their formation remain poorly understood. In general,
aragonite fans form in conditions with neutral to alkaline seawater pH,
low average sedimentation rates, and low influx of detrital clastic ma-
terial (Sumner & Grotzinger, 2004). During deposition of cap carbo-
nates, high alkalinity and the presence of inhibitors to carbonate nu-
cleation (perhaps Fe>* under anoxic conditions) may have also
contributed to aragonite fan formation. By limiting nucleation, the in-
hibitors promote a buildup of alkalinity. Under these conditions, mi-
neral growth is localized to preexisting surfaces on the seafloor, where
aragonite incorporates dissolved inorganic carbon (DIC) and develops
into encrusting cements.

Barite represents another major component of Neoproterozoic cap
carbonates. Dolostone units overlying Marinoan glacial diamictites
around the world contain barite crystal fans as well as various forms of
diagenetic barite (Kennedy, 1996; Jiang et al., 2006a,b; Shields et al.,
2007; Macdonald et al., 2009; Zhou et al., 2010; Hoffman & Halverson,
2011; Macdonald & Jones, 2011; Bergmann et al., 2013). These barites
variably signify primary seafloor cements and chemical sediments,
which formed in deep-water settings (below storm wave base) during
marine transgression (Kennedy, 1996; Hoffman & Halverson, 2011) as
well as products of fluid mixing in sedimentary sulfate-methane tran-
sition zones influenced by gas-hydrate destabilization (Kennedy et al.,
2001; Jiang et al., 2003, 2006a,b; Shields et al., 2007; Cui et al., 2017).

Notably, the cap carbonate record of authigenic minerals does not
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extend to calcium phosphate minerals (Hoffman et al., 2011), even
though P:Fe ratios in iron formations and geochemical models suggest
that high dissolved phosphate concentrations developed during and/or
in the aftermath of low-latitude glaciations (Planavsky et al., 2010;
Laakso & Schrag, 2017). The dearth of phosphorite in cap carbonates
stands at odds with the cap carbonate models. Riverine input and ocean
upwelling constitute the major fluxes of phosphorus to shelf settings
conducive to phosphogenesis, the authigenic and early diagenetic pre-
cipitation of phosphate with sediment (Glenn & Arthur, 1990; Glenn
et al., 1994; Papineau, 2010). As cap carbonate deposition may have
resulted from enhanced post-glacial continental weathering and deep
water upwelling, the absence of phosphorite is striking. High alkalini-
ty—which sequesters Ca via CaCO3 precipitation and generally limits
the rate of phosphate precipitation (Briggs & Wilby, 1996)—may ac-
count for this pattern.

In this contribution, we describe the association of seafloor pre-
cipitates (carbonate and barite crystal fans) and authigenic and diage-
netic minerals (apatite and barite) within the cap carbonate unit in the
lower part of the Sete Lagoas Formation (central Sao Francisco craton)
near Janudria, central Brazil. In addition, we discuss its significance for
global seawater chemistry and sedimentary environments following
Neoproterozoic glaciations. Overall, the presence of apatite in this cap
carbonate has direct implications for the origin of the seafloor pre-
cipitates as well as indirect implications for the phosphorus cycle
during the Cryogenian-Ediacaran critical transition.

2. Geological setting, stratigraphy, and depositional age

In east-central Brazil, the Sao Francisco craton (SFC) is related to the
Brasiliano-Pan African orogenies (Trompette, 1994; Brito Neves et al.,
1999; see Fig. 1A). The cratonic cover Bambui basin is surrounded by
the late Neoproterozoic Aracuai and Brasilia fold belts in its central
portion, and was formed at the end of the Neoproterozoic (Chang et al.,
1988; Pimentel et al., 2001, 2011; Martins-Neto, 2009; Reis & Suss,
2016). Overall, the Bambui Group constitutes a thick (up to 2000 m)
succession of carbonate and siliciclastic rocks (Fig. 1B and C), which is
subdivided, from base to top, into the Sete Lagoas (SLF), Serra de Santa
Helena, Lagoa do Jacaré, Serra da Saudade, and Trés Marias formations
(Dardenne et al., 1978; Fig. 1C). In some places, the SLF is underlain by
the glaciogenic Jequitai Formation. Regardless, the SLF is comprised of
limestone and dolostone (containing well preserved stromatolites) in-
terbedded with shale and mudstone (Vieira etal., 2007). Above the SLF,
the Serra de Santa Helena Formation contains shale, siltstone, and
sandstone with subordinate limestone, and the Lagoa do Jacaré For-
mation consists of abundant black and grey limestone, marl, and shale,
marking a resumption of carbonate production. Siliciclastic units pre-
dominate near the top of the Bambui Group succession, represented by
siltstone and shale of the Serra da Saudade Formation and the sand-
stone of the uppermost Trés Marias Formation (Chiavegatto, 1992).

The carbonates of the SLF were deposited within a shallow carbo-
nate platform just above an erosive discordance with cratonic basement
rocks or in conformity with glaciogenic deposits of the Jequitai
Formation. In the vicinity of Januéria (Fig. 1A and B) in the central
portion of SFC, the Bambui succession overlies Paleoproterozoic mig-
matites and gneisses that constitute the Januaria high (Fig. 1B). In this
region, the SLF consists mainly of grainstone, microbialite, dolostone,
and mudstone. Intraformational and hydrothermal breccias are present
in the middle part of the unit and rare black chert occurs as thin (less
than 5cm) layers and nodules within the grainstone. In general, black
chert likely precipitated during diagenesis in anoxic sedimentary mi-
croenvironments influenced by microbial activity (Xiao et al., 2010;
Muscente et al., 2015).

The lowermost portion of the SLF resembles a typical post-glacial
cap carbonate succession (Vieira et al., 2007), and despite absence of
the glaciogenic Jequitai Formation in some sections of the Sao Fran-
cisco craton, geochronological and paleontological data constrain the
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Borrachudo section; B: Sapé section; C: Riacho da Cruz section. C) Stratigraphic section of the Bambui Group in the SFC with the location of the sections presented in
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age of the cap carbonate to the Late Neoproterozoic. U-Pb LA-ICP-MS
dating of detrital zircon populations collected above the cap carbonate
provide a maximum depositional age between 610 Ma (Rodrigues,
2008) and 550 Ma (Paula-Santos et al., 2015) for the middle part of the
SLF. In addition, the tubular shelly fossil Cloudina—a potential Edia-
caran index fossil (Xiao et al., 2016)—occurs in the middle portion of
the SLF in the Januéria region (Warren et al., 2014), confirming a
terminal Ediacaran age for that part of the unit. Occurrence of the fossil
Corumbella—known from upper Ediacaran strata in Brazil, Paraguay,
and the US (Hahn et al., 1982; Hagadorn & Waggoner, 2000; Warren
et al., 2011)—likewise corroborates this age. Lastly, planktonic acri-
tarchs with external morphological projections and ornamentation
suggest an Ediacaran age for the base of the Bambui Group (Cruz and
Nobre-Lopes, 1992). Other biotic elements in the SLF—microbialites
(e.g., Conophyton and thrombolites), silicified microbial mats, and
prokaryotic and algal microfossils—do not help to further refine this
age (Marchese, 1974; Fairchild & Subacius, 1986; Fairchild et al., 1996;
Nobre & Coimbra, 2000), but do represent common elements in term-
inal Neoproterozoic successions worldwide (Xiao et al., 2014; Muscente
et al., 2015).

The maximum depositional age of the cap carbonate and its relative
stratigraphic position remain uncertain. In general, the lithological
features (e.g., crystal fans and basal pink dolomites), carbon and

oxygen isotope profiles, and *Sr/*Sr ratios (0.7074-0.7076) of the
unit best match those of Marinoan cap carbonates (Halverson et al.,
2005; Hoffman et al., 2007; Caxito et al., 2012). A controversial Pb-Pb
isochron age of 740 + 22 Ma taken from the base of the SLF suggests
that the formation was deposited following the Sturtian event (Babinski
et al., 2007; Misi et al., 2007; Kaufman et al., 2009). However, the data
associated with this age may reflect alteration of the original Pb isotope
signal (Caxito et al., 2012) in response to widespread post-burial re-
magnetization during a large-scale fluid percolation event in the Sao
Francisco craton (Babinski et al., 1999; D’Agrella-Filho et al., 2000). If
so, the Pb-Pb age may not be reliable. Regardless, the succession likely
contains an unconformity between the lower and upper portions of the
SFL (Paula-Santos et al., 2015; Uhlein et al., 2016). Although field
surveys have not yet convincingly documented such a feature, a shorter
rather than a longer hiatus would account for the limited variation
observed in the Bambui Group strontium isotope curve through the SLF
succession (Caxito et al., 2012). Thus, the best available data supports
an Ediacaran age for the cap carbonate. The lithology of the cap car-
bonate—particularly, the presence of crystal fans—points to a Mar-
inoan age, and no substantial carbonate units with similar features
occur over Gaskiers glaciogenic deposits. Also, reports of anomalous
A0 isotope values within the Sete Lagoas cap carbonate, similar to
those found in South China and Mauritania, reinforce the post-
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Marinoan context (Crockford et al., 2017). For these reasons, we infer
the existence of an unconformity between the base and the middle
portion of the sequence, representing an 85 million-year hiatus.

Phosphatic rocks, minerals, and biosedimentary structures occur in
the SLF and in the Salitre Formation (Una Group) of the Irecé Basin,
which is correlated with the SLF on the basis of chemostratigraphic data
(Misi and Veizer, 1998). Vieira et al. (2015) reported apatite as an
accessory diagenetic mineral phase in the SLF cap carbonate, but did
not describe its petrography or origin. The most substantial phosphatic
deposit in the unit occurs in its middle part, where microbial laminated
mud-rich siltstone and intraclastic grainstone contain pristine and re-
worked phosphorite, including discontinuous phosphatic laminae and
in situ, fine to medium sand-size, ellipsoidal peloids (Drummond et al.,
2015). This phosphorite purportedly formed in response to windblown
delivery of phosphorus adsorbed on aeolian iron (oxyhydr)oxide and
clay (Drummond et al., 2015). In the correlated Salitre Formation,
phosphate digitate stromatolites are found at the top of peritidal car-
bonate cycles, and likely formed when microbial organisms inhabiting
intertidal flats created redox and sedimentological conditions con-
ducive to phosphorus mineralization, for instance, by storing and re-
leasing phosphate (Caird et al., 2017). Regardless of the exact processes
involved in phosphogenesis in each of these cases, the data are sug-
gestive of high phosphate availability through deposition of the Sete
Lagoas and Salitre formations.

3. Material and methods

Three stratigraphic sections were measured in the central part of the
SFC near Janudria city (Figs. 1B and 2). In all sections, the SLF directly
overlies the Paleoproterozoic basement. Rock samples from the Borra-
chudo and Riacho da Cruz sections were prepared as slabs and thin
sections, which were then analyzed via polarized light microscopy and
scanning electron microscopy (SEM). All SEM analyses were conducted
at an accelerating voltage of 15 keV and a working distance of 10 mm
and resulted in secondary electron (SE) and backscattered electron
(BSE) images with compositional contrast (Muscente and Xiao, 2015).
In addition, several samples were carbon-coated for electron probe
microanalysis (EPMA) with X-ray energy dispersive X-ray spectroscopy
(EDS) and X-ray wavelength dispersive spectroscopy (WDS). The EPMA
work was conducted at the Department of Petrology and Metallogeny
(Sao Paulo State University), using a JEOL JXA 8230 superprobe
equipped with 5 WDS spectrometers and a panchromatic cath-
odoluminescence system (XM-26730PCL). All WDS and EDS data (in-
cluding elemental maps) were acquired at accelerating voltages of
15 keV and probe currents of 20nA in order to identify major elements:
Fe (Ka), Ca (Ka), Mg (Ka), Ba (La), S (Ka), Si (Ka) and Al (Ka).

For carbon and oxygen isotopic analyses, carbonate powders were
obtained via microdrilling of homogeneous samples (fractured,
weathered, and mineral-filled zones were avoided). These powders
were reacted with 100% H3;PO,4 under He atmospheric conditions. The
carbon and oxygen isotopic compositions of the CO, extracted through
the process were then measured in a Delta Advantage mass spectro-
meter in the Federal University of Parana. Isotopic results are reported
in the conventional per-mil delta notation (8'*Ceyy, and 8'®0,,y,) with
respect to Vienna Pee Dee Belemnite (VPDB).

4. Results

Seafloor-precipitated cements were discovered in all studied sec-
tions (Figs. 2 and 3). Combined field, petrographic, and in situ geo-
chemical analysis show that these fans variably consist of calcium
carbonate (Figs. 3-5) and barite (Figs. 3 and 6). The precipitates evi-
dently grew as radiating crystals (i.e., fans) oriented sub-parallel re-
lative to the seafloor as well as upward-oriented (seafloor perpendi-
cular) bed-forming crystals. Carbonate and barite crystal fans occur in
rocks of the same facies near the base of the Sete Lagoas Formation.
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Beginning a few meters above the base of the succession, carbonate fans
occur in parallel-laminated beds, which vary from millimeters to deci-
meters in thickness (Fig. 3A and B). Barite fans, conversely, occur as
irregular layers within microbial carbonate and laminated grainstone.
These layers extend over laterally continuous areas between 10 and
15 square-meters, are generally 1-2 cm thick, and reach 15 ecm thick in
some strata exposed in the Borrachudo section (Fig. 2). With the ex-
ception of one layer in the Riacho da Cruz section, which bifurcates
along the bedding plane (Fig. 3E), the strata containing barite fans are
typically stratiform and have flat tops and bases (Fig. 3D).

The calcium carbonate and barite cements occur in close strati-
graphic association. However, the relative succession of carbonate- and
barite-containing layers varies among sections (Fig. 2). In the Borra-
chudo section, layers containing carbonate and barite cements alternate
in the succession. Conversely, in the Sapé section, seafloor carbonate
occurs exclusively within strata below those with barite fans, and in the
Riacho da Cruz section, carbonate fans occur in strata (8'°Ceyp,
—3.76%0; 8'®Ocarn, —12.77%0) above those with barite precipitates
(8"Cearb, —3.15%0; 8'%Ocarp, — 8.68%0).

Electron imaging and in situ geochemical analysis generated mi-
neralogical and geochemical data on the various minerals in the unit.
As observed from cross sections of bedding surfaces, the fan-forming
crystals emanate within horizontal and irregular clay layers (Fig. 3F)
with high Al and Si contents relative to the Ca- and Mg-rich calcite
matrix of the limestone (Fig. 6). The seafloor barite cements consist of
radiating blade-shaped crystals, which are generally between 200 um
and 3cm in length and about 50 um in thickness (Figs. 3F and 6). In
contrast, the carbonate cements consist of (sub-)acicular (needle-like)
crystal units with hexagonal (~200um diameter) cross sections
(Figs. 3B, C and 4A) and square terminations (Fig. 5D), like aragonite
crystals. Each crystal unit, however, consists of mosaic calcite, and is
comprised of numerous small equant crystals (Fig. 4B). Polysynthetic
twinning of the mosaic crystal units is common. In some layers, the
calcite contains a markedly higher concentration of Mg than the sur-
rounding limestone matrix (Fig. 8). Elsewhere, the mosaic units are
surrounded by a high-Mg calcite matrix (Fig. 5C).

Besides assorted detrital (quartz, zircon, rutile, and clay - similar to
those described by Bergmann et al., 2013) grains and barite and car-
bonate crystal fans, the matrix of the Sete Lagoas cap carbonate con-
tains three conspicuous forms of sedimentary minerals: apatitic ce-
ments, microcrystalline barite, and pyrite (including pseudomorphs of
iron oxide after pyrite, Fig. 7). The apatitic cements occur exclusively in
layers with carbonate fan crystals (Fig. 4). In these layers, the phos-
phate minerals occur as isopachous cements encrusting detrital grains
(Fig. 4D), as void-filling cements in intergranular spaces (Fig. 4C-E),
and as thin laminae within Mg-calcite layers (Fig. 4C and E). The
phosphate minerals also rarely occur as cements within rounded ag-
gregates of quartz, calcite, and barite (Fig. 4F). In contrast to these
cements, barite and pyrite were found in microcrystalline forms in
virtually all samples. Both minerals fill void spaces and encrust apatite
(Fig. 4D). In some places, the minerals occur in close association with
each other, as exemplified by barite mixed with nodular pyrite/iron
oxide (Fig. 7). Elsewhere, the minerals occur in relative isolation
(Figs. 6, 7 and 9). Microcrystals of both types are found albeit rarely as
inclusions within the mosaic calcite making up the carbonate fan
crystals (Fig. 4).

5. Discussion

Petrographic and in situ geochemical analyses of the lower SLF near
Janudria corroborate previous studies, which documented aragonite
and barite as major sedimentary minerals within Neoproterozoic cap
carbonates (Hoffman et al., 2011). Carbonate crystal fans have been
reported from other sections of the SLF (Caxito et al., 2012; Vieira et al,,
2015; Kuchenbecker et al., 2016), and in general, are common sedi-
mentary features of cap carbonates around the world (Corsetti et al.,
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Fig. 2. Measured stratigraphic sections of the lower Sete Lagoas Formation. The columns show the stratigraphic positions of the aragonite fans and barite-bearing
strata in relation to various lithologies. Note the prominent negative excursions in the carbon and oxygen isotopic curves near the base of the Sete Lagoas Formation.

M = mudstone, W = wackestone, P = packstone, G = grainstone.

2004; Lorentz et al., 2004; Pruss et al., 2008), particularly those over-
lying Marinoan age glacial diamictites (Hoffman et al., 2011). The
presence of well-preserved clusters of aragonite crystals (Figs. 3B, 8)
suggests that fan formation in the SLF took place below storm wave
base or in protected marine environments, where wave action did not
exert a destructive influence, as previously suggested by Vieira et al.
(2015). The pseudohexagonal habit of the crystals in these fans in-
dicates that they originally precipitated on the seafloor as aragonite,
which was altered to calcite during post-burial diagenesis (Pruss et al.,
2008).

Marinoan cap dolostones commonly contain two types of barite
(Hoffman et al., 2011)—primary seafloor precipitated crystal fans
(Kennedy, 1996; Hoffman and Halverson, 2011) and early diagenetic
barites often associated with tepee and tepee-like brecias (Jiang et al.,
2006a, 2006b; Shields et al., 2007)—corresponding to the bladed
crystals and microcrystalline forms of barite found in the Janudria
section of SLF, though we did not observe any demonstrable tepees or
tepee-like structures. Detrital barite grains (Figs. 4 and 7) may represent
products of reworking of fan crystals on the seafloor. In the Riacho da
Cruz section, the barite fan crystals emanate within a clay layer (Figs.
3F and 6), affirming that the crystals grew on the seafloor. This milli-
metric layer could represent a stylolite (Jiang et al., 2006a), produced
by pressure-solution during compaction burial, or a pause in the sedi-
mentation, leading to the decantation of the clay over a previous sur-
face in low energy conditions.

Various processes contribute to barite formation and diagenetic al-
teration, each affecting the morphology and isotopic composition of the
resulting crystals (Griffith and Paytan, 2012). In modern marine en-
vironments, barite generally forms via hydrothermal/cold seep, bio-
genic, and diagenetic pathways (Paytan et al., 2002; Shields et al.,
2007). Whereas biogenic barite crystals that form in proximity to
sinking particular matter and within organisms are typically smaller
than Spum and ellipsoidal in shape, hydrothermal barite generally

consists of rosette-forming tabular crystals 20-70 um in diameter, and
diagenetic barite occurs at tabular crystals 20-700 ym in diameter
(Paytan et al., 2002). Biogenic barite generally has a low preservation
potential, as diagenetic dissolution in the sulfate-methane transition
zone of the sedimentary column destroys biogenic crystals and pre-
cipitates barite with a diagenetic overprint (Zhou et al., 2015). Ac-
cordingly, the cap carbonate barites most likely represent hydro-
thermal, cold seep, and/or diagenetic minerals. The processes that
promoted widespread precipitation of barite cements on the seafloor
during deposition of the cap carbonates remain a subject of debate
(Crockford et al., 2016).

For the first time, we report well-developed apatitic cements in a
Neoproterozoic cap carbonate. We interpret the phosphatic minerals as
products of penecontemporaneous authigenic mineralization for the
following reasons. First, pyrite and microcrystalline barite encrust the
apatite and fill voids within the phosphatic matrix, indicating that those
minerals formed later in diagenesis within the sulfate reduction and
sulfate-methane transition zones of the sedimentary column (Fig. 4D).
Second, isopacheous phosphate cements encrusting detrital quartz
grains and carbonate fan crystals affirm that the phosphate minerals
formed prior to the later pyrite and barite (Fig. 4D). Lastly, apatitic
cements bind quartz, calcite, and barite in rounded aggregates, which
suggest that phosphate mineralization occurred at depths near the se-
diment-water interface permissive to sedimentary reworking and
rounding of material (Fig. 4F), as exemplified by authigenic phospho-
clasts in Ediacaran phosphorites (Muscente et al., 2015). Supplemen-
tary to these interpretations, subsequent to cementation of the inter-
granular space between aragonite fan crystals, phosphate
mineralization evidently produced several thin laminae within Mg-rich
calcite (Fig. 4C and E). These thin laminae point to restriction of
phosphate mineralization to a particular depth in the sedimentary
column, where sedimentary and geomicrobiological processes con-
centrated phosphate beyond ordinary supersaturation levels and drove
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Fig. 3. Photographs and photomicrographs of barite- and aragonite-bearing layers of the lower Sete Lagoas Formation. A) Decimetric aragonite fans in the
Borrachudo section. B-C) Thin sections of samples from the Riacho da Cruz section. Scale: 5cm. B) Millimetric-scale acicular/needlelike crystals forming centimetric
aragonite crystal fans. Paralell nicols, 2.5 % . C) Cross section of aragonite fans, showing pseudohexagonal prisms. Paralell nicols, 10 X. D) Lateral view of barite (light
grey) and aragonite (dark grey) bearing layers (Borrachudo section). Scale: 5cm. E) Detail of barite fans in the Riacho da Cruz section. F) Rock slab from the Riacho
da Cruz section containing barite fans on a surface developed in carbonate/thrombolite substrate (Fig. 4). Arag: aragonite, Ba: barite.

phosphogenesis (Glenn et al., 1994). Overall, in terms of their sedi-
mentology and petrography, the phosphate minerals in the SLF cap
carbonate resemble authigenic and early diagenetic phosphatic features
in typical phosphatic carbonates and phosphorites of Ediacaran and
Cambrian ages (Creveling et al., 2014; Muscente et al., 2015).

This occurrence of apatite supplements other reports of phosphatic
rocks, minerals, and biosedimentary structures in the SLF and corre-
lated Salitre Formation (Drummond et al., 2015; Caird et al., 2017).
Vieira et al. (2015) previously reported apatite as an accessory diage-
netic mineral phase in the SLF cap carbonate, but those author did not
describe substantial sedimentary phosphatization of the unit, and they
not investigate the petrography of the apatite in any detail. Hence,
phosphate mineralization constitutes a widespread but unexplored as-
pect of the SLF cap carbonate, which merits detailed discussion.

5.1. Model of formation of these authigenic and diagenetic minerals

The petrographic and geochemical data in this original report as
well as data from other studies (Jiang et al., 2006a; Shields et al., 2007;
Pruss et al., 2008) provide a basis for assessing the origin of the car-
bonate crystal fans and apatitic cements in the Marinoan cap carbonate

at the base of the SLF. As we argue below, the minerals mutually illu-
minate the localized sedimentary and geobiologic processes involved in
their formation as well as provide insights into their stratigraphic and
geographic distribution. In addition, from a global to regional per-
spective, the co-occurrence of carbonate crystal fans and phosphate
cements makes sense in terms of the cap carbonate formation and
Ediacaran phosphogenic episode models, which attribute high seawater
DIC, phosphorus, and calcium concentrations to enhanced continental
weathering and ocean upwelling. Therefore, our work provides data
pertinent to a variety of hypotheses (Grotzinger and Knoll, 1995;
Kaufman et al., 1997; Hoffman et al., 1998; Hoffman and Schrag, 2002;
Higgins and Schrag, 2003; Ridgwell et al., 2003; Muscente et al., 2015;
Laakso and Schrag, 2017) regarding the low latitude glaciations of the
Neoproterozoic.

Aragonite growing on the seafloor may have incorporated DIC from
the water column, sediment, or both. Explanations for post-glacial cap
carbonate formation generally implicate enhanced alkalinity in benthic
marine environments, making the seawater DIC pool the plausible if not
likely source of alkalinity. Remineralization of organic carbon via
anaerobic microbial processes (iron, manganese, nitrate, and/or sulfate
reduction) in the sediment may have further elevated bicarbonate
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Fig. 4. BSE-SEM images of aragonite fan crystals and encrusting apatitic cements. A) Pseudohexagonal cross-sectional shape of the crystals units, composed of mosaic
calcite, a pseudomorph after aragonite. B) Small equant crystal units making up the larger mosaic calcite pseudomorphs after aragonite. C) Phosphate minerals (P)
filling the intergranular space and occurring as thin laminae within a Mg-calcite layer. D) Phosphate minerals occurring as isopachous cements on quartz (Qz) and
calcite (Calc) grains and filling void spaces between them. Note that barite (Ba) in this image is encrusting the phosphate cement, indicating that it formed later than
the cement. E) Phosphate minerals occurring as void-filling cements in intergranular spaces and as thin laminae within a Mg-calcite layer. F) Phosphatic rounded

aggregate, composed of quartz, calcite and barite grains.

concentrations beyond supersaturation with respect to aragonite, and
thereby, promoted formation of the mineral at the sediment-water in-
terface. If so, the DIC contribution of organic carbon remineralization to
aragonite crystal fan growth may have been most significant in seafloor
environments, where the oxic-anoxic redox boundary was located near
the sediment-water interface. Isotopic data, nonetheless, suggest that
carbonate fans in other late Neoproterozoic carbonates principally de-
rived alkalinity from isotopically well-mixed DIC reservoirs, most likely
seawater (Pruss et al., 2008). Thus, the sedimentary DIC contribution to
growth of the SLF aragonite may have been minor. Regardless of the
alkalinity source, formation and growth of aragonite may additionally
require the presence of transient inhibitors to carbonate (micrite) nu-
cleation (Sumner and Grotzinger, 1996; De Leeuw, 2002; Pruss et al.,
2008). The presence of iron minerals in interstices of fan units (Pruss
et al., 2008)—like the pyrite and iron oxides (pyrite pseudomorphs)
reported in this study—suggests that Fe>* may have served this role
during periods of cap carbonate deposition.

Phosphate follows a number of paths from the water column to
sediment, and phosphogenesis may involve precipitation of dissolved

pore water phosphate derived from one or more sources. The major
fluxes of phosphate to the water column in modern marine shelf en-
vironments include upwelling of nutrient-rich seawater and riverine
input of phosphate derived from continental weathering (Glenn et al.,
1994; Follmi, 1996). Given hypotheses regarding the source of alkali-
nity in cap carbonate deposition (Grotzinger and Knoll, 1995; Kaufman
et al., 1997; Hoffman et al., 1998; Hoffman and Schrag, 2002; Higgins
and Schrag, 2003; Ridgwell et al., 2003), we cannot exclude either of
these possibilities or the possibility of aeolian input (Drummond et al.,
2015). In any case, phosphorus burial occurs through burial of organic
matter, iron (oxyhydr)oxide particulates, phosphatic skeletons, and
detrital apatite (Glenn et al., 1994; Follmi, 1996). The SLF cap carbo-
nate contains no skeletal or detrital apatite grains besides the rounded
aggregates of quartz, calcite, and barite (Fig. 4F), which are cemented
by authigenic phosphate and likely formed via local reworking of
phosphatized sediment. Phosphate mineral cements in the SLF, there-
fore, likely precipitated from pore water phosphate derived from two
sources: remineralization of organically bound phosphorus and deso-
rption of phosphate from surfaces of iron (oxyhydr)oxide particulates.
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Fig. 5. BSE-SEM images and EDS spectra of the aragonite and barite fans. A) Barite crystals (1) encrusting pseudomorphed aragonite fan crystals. B) Clay surface
between the matrix and the barite fans, which is composed of pyrite (6), phosphate (2), and barite (1). C) Details of carbonate fan crystals and inter-crystal spaces
containing pyrite grains. D) Surface above the aragonite fans containing barite, diagenetic calcite, and phosphate cement. Numbers in the figure indicate the spot

analysis.

In modern phosphogenic settings, the most efficient process of organic
phosphorus remineralization is microbial sulfate reduction under an-
oxic conditions (Arning et al., 2009). The presence of pyrite and iron
oxide (pyrite pseudomorphs) provide some evidence for this process.
Likewise, these iron minerals affirm that dissolved iron was present
during diagenesis, and is consistent with the inference that burial of
iron (oxyhydr)oxide particulates below the oxic-anoxic boundary lib-
erated phosphate to pore water. Thus, in general, the data suggest that
phosphogenesis occurred near the redox boundary, where both pro-
cesses maximally contributed to pore water phosphate supersaturation.
This hypothesis is consistent with interpretations of other examples of
Precambrian phosphogenesis (Nelson et al., 2010; Drummond et al.,
2015; Muscente et al., 2015).

Iron (oxyhydr)oxide availability influences both aragonite fan for-
mation and phosphogenesis. Dissolution of iron (oxyhydr)oxide parti-
culates below the redox boundary liberates phosphate for phospho-
genesis; microbial iron reduction fueled by these particulates produces
DIC for aragonite growth; and both processes result in production of

reduced iron (Fe?*), which inhibits carbonate nucleation, and thereby,

creates alkaline conditions conducive to aragonite growth on the sea-
floor. Despite these interrelated aspects of the mineralization processes,
marine environments typically favor carbonate over phosphate miner-
alization, as high ambient bicarbonate concentrations limit the amount
of calcium available for reaction with phosphate (Briggs and Wilby,
1996). Correspondingly, pH exerts a strong influence, as acidity de-
stabilizes carbonate minerals, enhances calcium availability, and allows
for phosphate precipitation under some circumstances (Allison, 1988).

In this context, a dichotomy presents itself. On the one hand, iron
(oxyhydr)oxide burial and microbial metabolisms (carbon and phos-
phorus remineralization) create conditions conducive to both aragonite
fan formation and phosphogenesis. Yet, on the other, microbial re-
mineralization of carbon generates alkalinity, which generally pre-
cludes phosphate precipitation and prevents the two mineralization
processes from occurring at the same time. A sedimentary model for the
mineral association in the SLF cap carbonate must take this dichotomy
into consideration. We infer (1) that aragonite crystal fan formation and
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Fig. 6. BSE-SEM image and WDS elemental maps of the contact between the barite fans and the underlying microbialite (Riacho da Cruz section). This contact layer is
rich in clays, accounting for its high Al, Si and Mg contents. Detrital barite crystals are commonly found in the matrix of the microbialite facies, as seen below the clay

contact layer.

phosphogenesis occurred in an environment, where the oxic-anoxic
boundary was located near the sediment-water interface (Fig. 9), and
(2) that burial of iron (oxyhydr)oxides below this boundary drove both
phenomena through its influence on phosphate and Fe?* concentra-
tions. In the presence of Fe>* generated via reduction of iron (oxyhydr)
oxides, carbonate precipitation was largely restricted to preexisting

surfaces of aragonitic crystals, which grew on seafloor cements. Fol-
lowing burial of these crystals within sediment with phosphate-rich
pore water, phosphate precipitated on the crystals and in the inter-
granular spaces between them. The contributions of carbon and phos-
phorus remineralization to mineral growth were likely minor, at least
following burial of the aragonite crystals fans, as those microbial

Fig. 7. BSE-SEM image and WDS elemental maps of barite associated with iron oxide pseudomorph of pyrite in microbialites (Borrachudo section).
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Fig. 8. BSE-SEM image and WDS elemental maps of aragonite fans from the Borrachudo section, showing barite inclusions with carbonate fan crystals.

processes produce alkalinity that kinetically limits phosphate pre-
cipitation. In any event, pyrite subsequently formed in the sulfate re-
duction zone. Diagenetic microcrystalline barite also formed after
prolonged burial, most likely in the sulfate-methane transition zone

(Zhou et al., 2015), though the origins of cap carbonate barite remain
controversial (Crockford et al., 2016). The presence of pyrite and barite
inclusions (and absence of apatite inclusions) within the carbonate fan
crystals (Figs. 5 and 8; Vieira et al., 2015) corroborate this paragenetic

sequence, affirming that the inversion of aragonite to calcite occurred
concurrently with barite and pyrite formation in the sulfate reduction
and/or methanogenesis zones (Fig. 9).

5.2. Seawater phosphate in the aftermath of glaciation

The discovery of apatite in the SLF represents a striking outcome of
this study. Although P:Fe ratios in iron formations and geochemical
models suggest continental weathering during and following low lati-
tude glaciations contributed to high dissolved phosphate concentrations
in the ocean (Planavsky et al., 2010; Laakso and Schrag, 2017), and
enhanced post-glacial seawater phosphate availability could partly ac-
count for the inferred rise in oxygen levels in the Neoproterozoic

(Lenton et al., 2014; Laakso and Schrag, 2017), cap carbonates have
provided little support for a connection between glaciation and en-
hanced phosphorus burial (Hoffman et al., 2011). Putative evidence for
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Fig. 9. Sedimentary model for aragonite crystal fan formation and phosphogenesis in the Sete Lagoas Formation, depicting sedimentary and redox-dependent
microbial processes. Reactions, microbial zonation, and geochemical gradients provided in sediment profile. The minerals formed near the sediment-water interface
just below the oxic-anoxic boundary. Iron reduction below this boundary released Fe?*, which inhibited nucleation of carbonate, thereby allowing for growth of
aragonite. Concurrently, dissolution of iron (oxyhydr)oxide particulates liberated phosphate, and in conjunction with remineralization of organic phosphorus via
sulfate reduction deeper in the sediment, created conditions conducive to formation of authigenic and/or early diagenetic apatite. Deeper in the sediments, sulfate
reduction and methanogenesis led to the formation of pyrite, diagenetic microcrstyalline barite, and calcite. OM, organic matter.



J. Okubo et al

a relationship includes phosphorite overlying cap carbonates in West
Africa (Trompette et al., 1980; Bertrand-Sarfati et al., 1997; Shields
et al., 2007), South China (Xiao et al., 1998; Zhang et al., 1998; Zhou
et al., 2002; Muscente et al., 2015), and Mongolia (Sheldon, 1984; Ilyin
et al., 1986; Ilyin, 2009; Macdonald and Jones, 2011). In most cases,
however, stratigraphic continuity between cap carbonate and phos-
phorite remains tenuous (Hoffman et al., 2011). The absence of phos-
phorite and phosphatic minerals in cap carbonates is therefore con-
spicuous, given the supposedly high seawater phosphate concentrations
that developed in association with low latitude glaciation. Un-
fortunately, the newly discovered apatitic cements in the SLF do not fill
this knowledge gap, as they may reflect local or regional phenomena,
like many other phosphatic rocks in Neoproterozoic successions (She
et al., 2014; Drummond et al., 2015; Muscente et al., 2015; Cui et al.,
2016; Caird et al., 2017). High ocean alkalinity during deposition of cap
carbonates likely limited development of the broad and long-lived
phosphogenic conditions that became established later in the Ediacaran
(Cook and Shergold, 1986; Cook, 1992; Drummond et al., 2015;
Muscente et al., 2015; Caird et al., 2017). Even so, phosphate mineral
cements in the SLF cap carbonate indicate that such circumstances did
not preclude the formation of localized phosphate deposits within cap
carbonates. Consequently, future studies may begin to fill the knowl-
edge gap by targeting particular cap carbonate microfacies for petro-
graphic and in situ geochemical analyses. Given the roles that iron
(oxyhydr)oxides play in the aragonite fan formation and phosphogen-
esis, microfacies containing carbonate fan crystals merit particular at-
tention in future investigations.

6. Conclusions

The base of the Sete Lagoas Formation cap carbonate (Sao Francisco
craton, Brazil) preserves a record of geochemical, biological, and
oceanographic changes that occurred during the Ediacaran Period and
contains seafloor precipitates as well as distinct authigenic and diage-
netic minerals. Our work explores the significance of these minerals for
global seawater chemistry and sedimentary environments following
Neoproterozoic glaciations.

® For the first time, this study documents isopachous and void-filling
apatitic cements in a Neoproterozoic cap carbonate. These cements
occur with carbonate fan crystals within strata correlated with the
base of the Sete Lagoas Formation, which contains lithological fea-
tures (e.g., aragonite and barite crystal fans and basal pink dolos-
tone), carbon and oxygen isotope profiles, and *Sr/®°Sr ratios
(0.7074-0.7076) consistent with Marinoan cap carbonates
(Halverson et al., 2005; Hoffman et al., 2007; Caxito et al., 2012).
The carbonate fan crystals consist of pseudohexagonal calcite units,
representing pseudomorphs after aragonite. These minerals formed
near the sediment-water interface below the boundary between oxic
seawater and anoxic pore water. Iron reduction at this boundary
released Fe?*, which inhibited nucleation of micritic carbonate,
thereby allowing for formation of aragonite. Concurrently, dissolu-
tion of iron (oxyhydr)oxide particulates liberated phosphate bound
to their surfaces, and perhaps in conjunction with remineralization
of organic phosphorus via sulfate reduction deeper in the sediment,
created conditions conducive to formation of the authigenic and/or
early diagenetic phosphate minerals.

Taken altogether, this model suggests that aragonite crystal fans in
Neoproterozoic cap carbonates primarily incorporated alkalinity
from well-mixed seawater rather than microbially and diag-
enetically influenced pore water, and corroborates the hypothesis
that, in addition to high alkalinity, the presence of inhibitors to
carbonate nucleation (Fe**) was a prerequisite for their formation.
In addition, given the inferred role of iron reduction, the model
suggests that aragonite fans may track seafloors intersected by oxic-
anoxic redox boundaries through stratigraphic and geographic
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space.

e Lastly, this study records a rare but expected occurrence of phos-
phogenesis following a low latitude Neoproterozoic glaciation. Cap
carbonates generally provide little support for a connection between
glaciation and phosphorus burial. Nonetheless, future studies may
begin to fill this knowledge gap by targeting cap carbonate micro-
facies containing carbonate fan crystals, given the role that iron
reduction played in the origins of both apatite and aragonite in the
Sete Lagoas Formation.
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7. “Hydrothermal influence on barite precipitates in the basal
Ediacaran Sete Lagoas cap carbonate, Sao Francisco Craton,
central Brazil”, artigo submetido a um volume especial da
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(Influéncia hidrotermal em precipitados de barita na capa carbonatica eoediacarana Sete Lagoas,
Craton Sao Francisco, Brasil central)
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Buscando o melhor entendimento do ambiente em que se depositou a capa carbonatica
Marinoana da Formacgdo Sete Lagoas, este trabalho explora a origem da barita descrita no artigo
intitulado “Phosphogenesis, aragonite fan formation, and seafloor environments following the
Marinoan glaciation”, publicado na revista Precambrian Research (2018, 311: 24-36, ver
Capitulo 6). Baritas pré-cambriana podem ser interpretadas como de origem diagenética,
hidrotermal ou associada a precipitacdo in situ por emanagdo de metano (cold seep).
Precipitados de barita de fundo oceanico e cimentos de barita preenchendo cavidades em capas
carbondticas tém sido usualmente interpretados como sinsedimentares ou eodiagenéticos, e t€ém
sido utilizados para aferir a geoquimica dos paleoceanos durante a deglaciagao pds- Snowball
Earth. A ocorréncia de barita associada a anomalia negativa de oxigénio triplo na base da
Formacgao Sete Lagoas (Crockford et al., 2017), constitui uma das principais evidéncias de idade
Marinoana para a capa carbonatica da Formacdo Sete Lagoas. Devido a ocorréncia de
mineralizagdes do tipo Mississippi Valley (MVT) na area estudada (norte de Minas Gerais
abarcando os municipios de Januaria, Montalvania e Morro do Itacarambi), ¢ importante testar
se a barita (mineral comum em depositos MVT) associada aos carbonatos de capa ainda
preserva o sinal isotopico primario, ou seja, ainda representa as condigdes geoquimicas originais
da 4gua do mar Ediacarano.

A utilizagdo de técnicas como a espectroscopia Raman e anélises de inclusdes fluidas,
possibilitou compreender como e porque o evento hidrotermal que afetou as rochas da regido
norte da Bacia Bambui modificou a evolugdo térmica da barita. A mineralizagdo MVT na
Formacgao Sete Lagoas apresenta caracteristicas semelhantes a outros depdsitos no Craton Sao
Francisco (Misi et al., 2005), cujas estimativas de temperatura em inclusdes fluidas de sulfetos
mostram temperaturas variando entre 100 e 250°C e salinidades moderadas (3 a 20% NacCl).
Devido a influéncia hidrotermal localizada nas rochas da Formagdo Sete Lagoas, este tipo de
estudo mostra que muitos cuidados analiticos devem ser adotados ao utilizar o mineral barita
como indicador geoquimico da composi¢do da paleo-dgua do mar Ediacarano.
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Abstract

Most Precambrian sediment-hosted barites have been interpreted to be diagenetic,
hydrothermal exhalation, or methane-seepage in origin. However, seafloor barite precipitates
and void-filling barite cements in basal Ediacaran cap carbonates have been interpreted as
sedimentary and early diagenetic in origin, and they have been used to infer ocean geochemistry
in the aftermath of the terminal Cryogenian (or Marinoan) Snowball Earth glaciation. Barite
crystals precipitated syndepositionally from seawater or authigenically from porewaters in
direct communication with seawater can potentially offer insights into Neoproterozoic ocean
geochemistry. In this study, we analyzed void-filling barite cements from the basal Ediacaran
Sete Lagoas cap dolostone to determine whether the barite records seawater geochemical
signatures (i.e., early diagenetic in origin) and whether it experienced post-depositional
hydrothermal alteration. Sete Lagoas barite occurs as veins and as major void-filling cement in
multiple horizons, sometimes interbedded with carbonate fans. Barite crystals, commonly
forming rosettes, grew both upwards and downwards. Barite is present as radiating bladed
crystals, isolated crystals in the matrix, inclusions within carbonate fan crystals and minor void-
filling cements, sometimes partially replacing carbonate fans. Sulfur isotope compositions of
coexisting barite and carbonate-associated sulfate show similar values, suggesting a similar
source, perhaps both derived from seawater sulfate. Assuming that CAS was sourced from
seawater sulfate, we infer that the Sete Lagoas barite was precipitated from porewaters in
connection with seawater and hence the source of sulfate ultimately came from the seawater.
Carbonaceous material (CM) and fluid inclusions in barite crystals share a similar thermal
history with a peak temperature in the range of 206-257°C. CM was not detected in the host
rock, possibly due to pervasive dolomitization, thermodegradation of CM or the fine-grained
nature of the host rock. Estimated temperatures and salinity based on fluid inclusions are both
higher than seawater, suggesting that hydrothermal activities, perhaps those related to MVT
mineralization in the Sao Francisco Craton, may have influenced the Sete Lagoas barite. Thus,
although the Sete Lagoas barite may have originally precipitated from seawater or porewaters
in communication with seawater, it may have been subsequently influenced by hydrothermal
activities and thorough diagenetic assessment must be done before the Sete Lagoas barite can
be used to infer seawater geochemistry and environment in the aftermath of Marinoan Snowball

Earth.
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7.1 Introduction

Modern barite precipitates from a variety of fluids, including hydrothermal fluids, cold
seeps, seawater, and pore water within sediments (Griffith and Paytan, 2012). While most
Precambrian sedimentary barites are interpreted to be derived from hydrothermal exhalation
(Huston and Logan, 2004), diagenetic and methane-seepage origins have been proposed for
Archean barite (Heinrichs and Reimer, 1977; Reimer, 1980) and barites in basal Ediacaran cap
carbonates (Shields et al., 2007; Zhou et al., 2010).

Griffith and Paytan (2012) identified four models of barite precipitation: (i) marine
barite forms when barium is released during degradation of organic material, creating
microenvironments that are supersaturated with respect to barite and leading to the precipitation
of barite in the water column; (ii) hydrothermal barite precipitates from Ba-rich hydrothermal
fluids ascending from depth and mixing with seawater near the seafloor; (iii) cold-seep barite
precipitates at the sediment-water interface when Ba-rich fluids are driven out of the sediment
by tectonic and hydrological processes not related to volcanic or hydrothermal activity; and (iv)
diagenetic barite usually forms through barite dissolution mediated by sulfate reduction in
sediments, followed by re-precipitation of barite. This latter process occurs when Ba-rich pore
fluids interact with pore water enriched in sulfate at redox boundaries within the sediment.

Two types of barite have been described from basal Ediacaran cap dolostones:
syngenetic seafloor barite formed at the water-sediment interface and occurring as laterally
continuous barite layers in the upper few centimeters of the cap dolostones (Hoffman and
Halverson, 2011; Kennedy, 1996) and early diagenetic barite formed as void-filling isopachous
crustose cements associated with tepee-like structures and sheet cracks (Jiang et al., 2006;
Shields et al., 2007). Anomalies in A'’O have been reported from these barites (Crockford et
al., 2017, 2016; Peng et al., 2011; Zhou et al., 2010). These anomalies are thought to represent
a global signature and, as such, can be used to correlate cap dolostones from different
paleocontinents (Crockford et al., 2017) and to constrain the temporal duration of the cap
dolostone deposition based on the time scale at which A!’O anomalies come and go (Crockford
et al., 2018). However, late diagenetic or hydrothermal barites have also been reported from
some basal Ediacaran cap dolostones (Bristow et al., 2011; Zhou et al., 2017), and these barites
do not show A0 anomalies (Bao et al., 2008; Killingsworth et al., 2013). Thus, the
interpretation of A!'’O data requires a solid understanding of the origin and diagenetic history

of barite in basal Ediacaran cap dolostone.
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Three conceptual models have been proposed for the origin of syngenetic and early
diagenetic barite in the basal Ediacaran cap dolostone (Crockford et al., 2016): (i) upwelling of
anoxic, barium-rich, sulfide-rich, but sulfate-poor deep waters into an oxygenated surface ocean
(Hurtgen et al., 2006), (ii) barium sequestration during the oxidation of methane seeping from
permafrost that was flooded during rapid marine transgression (Shields et al., 2007), and (iii)
upwelling of sulfate-free and Ba**-rich deep water to shallow platform environments where
Ba?* mixed with sulfate from riverine input to precipitate barite (Peng et al., 2011). Thus, there
is no consensus about the sources of Ba and sulfate that drove barite precipitation in the cap
dolostone. Ba could come from deep water (Hurtgen et al., 2006; Zhou et al., 2010) or
groundwater seepage (Shields et al., 2007), whereas the sulfate can be associated with seawater
(Hurtgen et al., 2006; Zhou et al., 2010) or riverine input (Peng et al., 2011). Understanding the
source of sulfate is critical to deciphering the origin and diagenetic history of the barite, which
in turn helps constrain the sulfur and oxygen cycles in the aftermath of terminal Cryogenian
glaciation.

In this study, we investigated void-filling barite cements in the basal Ediacaran cap
dolostone of the Sete Lagoas Formation, Bambui Group, central Brazil. Our goal was to test
several hypotheses about the origin and diagenetic history of the Sete Lagoas barite by
addressing the following questions: (i) whether the barite precipitated from porewaters in direct
connection with seawater and hence sulfate was ultimately sourced from seawater, (ii) whether
barite cements experienced any subsequent hydrothermal alteration, and (iii) if hydrothermal
alteration did occur, what is the nature of the hydrothermal fluids.

We first conducted a detailed petrographic analysis to define the morphology and mode
of occurrence of the barite crystals. We then analyzed the sulfur isotope compositions of barite
(5**Sbarite) and carbonate associated sulfate (3**Scas) of the Sete Lagoas Formation, and
compared these values with published 3°*S values of Mississippi-Valley type (MVT) sulfide
minerals in the S3o Francisco Craton, in order to test whether the Sete Lagoas barite precipitated
from pore fluids that were isotopically similar to seawater or to MVT hydrothermal fluids.
Raman spectroscopy and fluid inclusion analysis were used to characterize the thermal history
of the Sete Lagoas barite. Raman spectra of carbonaceous material (CM) present in barite
crystals and in fluid inclusions hosted in barite crystals were used to estimate temperatures, and
Raman spectra of O-H stretching bands of fluid inclusions were used to calculate the salinity of

the hydrothermal fluids.
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7.2  Geological Setting

The Sao Francisco Craton (SFC) in central Brazil consists of an Archean-
Paleoproterozoic igneous and metamorphic basement covered with Meso- and Neoproterozoic
sedimentary strata. The Bambui Group is part of the sedimentary cover of the SFC. The Bambui
Group (Fig. 7.1A) in the Sao Francisco basin and the Una Group in the Irecé and Una-Utinga
basins consist of glaciogenic diamictites overlain by thick carbonate successions (Misi et al.,
2011, 2007). These glaciogenic units include the Jequitai Fm. and Carrancas Fm. (Bambui
Group) and the Bebedouro Fm. (Una Group) in the Irecé and Una-Utinga basins. The Vazante
Group in Sdo Francisco Basin (Fig. 7.1A) is also accumulated in a passive margin setting and
rest directly on a glaciogenic unit (Santo Antonio do Bonito Formation, Dardenne et al., 1998).
However, at least part of the Vazante Group possibly predates the Bambui Group (Geboy et al.,
2013; Misi et al., 2011). The detailed correlation among these carbonate successions (Fig. 7.1B)
is tentatively supported by regional stratigraphic and chemostratigraphic data (Azmy et al.,
2001; Misi et al., 2011; Misi and Veizer, 1998), but it remains a matter of intense debate (Misi
et al., 2014).

The Bambui Group is subdivided into five units (Dardenne, 1978). From the base to the
top, these units include the Sete Lagoas (SLF), Serra de Santa Helena, Lagoa do Jacaré, Serra
da Saudade, and Trés Marias formations. The SLF is the basal unit of the Bambui Group and
consists of limestone and dolostone, overlying glaciogenic diamictites or resting unconformably
on Paleoproterozoic basement. In the studied area in the vicinity of the town of Januaria (central
Brazil), the SLF is in sharp contact with the basement (Fig. 7.1C). The lowermost 2.5 meters of
the SLF represents the basal Ediacaran cap dolostone, with aragonite fans and barite cements
(Caxito et al., 2012; Crockford et al., 2017; Okubo et al., 2018). In the upper part of the SLF,
small and localized Mississippi Valley type (MVT) mineralization has been described. The
sulfide ores consist primarily of sphalerite, pyrite, and galena with barite, quartz, and minor
calcite as associated minerals (Misi et al., 2014, 2005).

The age of the MVT event in the Sao Francisco Craton is still matter of debate. Misi et
al. (2014) claimed the hydrothermal event that affect the craton was Neoproterozoic. However,
some authors claimed that the mineralization could be younger. Rock paleomagnetism, U-Pb
and Pb isotope data in the undeformed carbonates of the Bambui Group provided independent
evidence for a strong event of remagnetization and resetting of the isotopic system between
530-500Ma (D’Agrella-Filho et al., 2000). Similarly, Trindade et al. (2004) suggested that

carbonates from the Salitre Formation in the Irecé basin recorded a regional-scale fluid
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migration event close to ~520Ma. These authors also interpreted that Pb signatures in both
carbonates and sulfides indicates a common source for the fluids responsible for the Pb-Zn
mineralization and remagnetization. Thus, mineralization and remagnetization events must
overlap in time. More recently, Gongalves and others (2019) pointed out that this massive fluid
flow event that affected the eastern border of the Sdo Francisco Craton could have been even

younger (between 515 Ma and 495 Ma).
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Figure 7.1: Simplified geological map (A) and generalized schematic stratigraphic columns of the
carbonate units (B) of the S@o Francisco Craton and their tentative stratigraphic correlation with coeval
successions. The upper strata of Morro Agudo deposit (Mesoproterozoic) are thrusted over the
Neoproterozoic successions (modified after Misi et al., 2005, 2014). C) Composite section of the Sete
Lagoas Formation at Januaria area. Red arrow in (C) denotes stratigraphic horizon where barite samples
were collected for this study. SSH: Serra de Santa Helena Formation, MVT: Mississippi-Valley type
mineralization.



94

Pb-Zn deposits and prospects were found in different units (e. g. Morro Agudo and
Vazante (Vazante Gr.), Serra do Ramalho (Sete Lagoas Fm.), Trés Irmas (Salitre Fm.) and
others, see Fig. 1A) (Cordeiro et al., 2018; Kyle and Misi, 1997; Misi et al., 2014, 2005). These
deposits are all similar in terms of stratigraphic position (Fig. 7.1B), association with
contemporaneous normal faults, the relatively high temperatures of formation, and the massive
nature of the mineral deposits. These features corroborate the interpretation of flow of metal-
bearing hydrothermal fluids along fractures and fault zones, probably related to the complex
polycyclic Brasiliano orogeny and diagenetic evolution of the host basins (Misi et al., 2014,

2005, 1999).

7.3 Methods

Barite and carbonate samples were collected from a horizon 2.5 meters above the base
of the Sete Lagoas cap dolostone, the same stratigraphic horizon studied by Crockford et al.
(2017, 2019) and Okubo et al. (2018).

Standard petrographic thin sections were prepared and examined using a transmitted
light microscope. Doubly polished thick sections of barite were prepared for Raman and
microthermometry analyses of fluid inclusions. The fluid inclusions were classified according
into fluid inclusion assemblages based on their origins (primary, pseudosecondary, and
secondary) following Goldstein and Reynolds (1994). The inclusions were also examined under
UV-light microscopy to assess the presence of hydrocarbons (Bodnar, 1990).

A barite-bearing hand samples was scanned using X-ray computed tomography (X-ray
CT) at the University of Texas High-Resolution X-ray CT Facility, in order to reconstruct the
three-dimensional shape, orientation, and relative volume of the barite crystals. The sample was
scanned at a voltage and current of 220 kV and 0.3 pA, respectively. Barite crystals and the
dolostone matrix have high contrast in X-ray attenuation so that they can be easily differentiated
in X-ray CT scans: barite crystals are much brighter than the dolostone matrix. The X-ray CT
data were processed using Avizo (version 9.0; Visualisation Centre Group) to segment and
estimate the relative volume of the barite crystals from the dolostone matrix. Because of the
high contrast, segmentation was achieved using simple thresholding techniques.

In order to understand the origin of barite in the Sete Lagoas Formation, we analyzed
the sulfur isotope compositions of both the barite (8°**Sparic) and carbonate-associated sulfate
(8**Scas) of subjacent dolostones. All sample preparation and geochemical analyses were

performed in the Department of Geosciences at Virginia Tech. Sulfur isotope compositions are
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reported in standard delta notation as per mil (%o) deviations from the Vienna Canyon Diablo
Troilite (V-CDT) and calibrated using international standards (IAEA-SO-5, IAEA-SO-6 and
NBS-17).

Carbonate-associated sulfate (CAS) was extracted using the method described in Gill et
al. (2011). Approximately 100 g of sample was powdered and treated with a 10% sodium
chloride solution to remove soluble sulfate. These samples were rinsed three times with
deionized water between each leach. After each rinse, the sample was allowed to settle, and the
overlying water was carefully decanted. The carbonate was then dissolved in 4N HCI, the
supernatant solution was separated and allowed to react with saturated BaCl, solution, and the
acid-leachable sulfate was precipitated as barite. The barite was then filtered from the solution
using a 0.45 pm membrane filter and allowed to dry. The filter with barite precipitate was then
dried and weighed. The BaSO4 precipitates were then homogenized and loaded into tin capsules
with excess V20s and analyzed for their 3S/32S isotope ratio on an Isoprime 100 isotope ratio
mass spectrometer (IRMS) coupled with a vario ISOTOPE Cube EA.

Fluid inclusions in barite crystals were examined under a petrographic microscope. They
vary in size from <1 um to 10 um. They are usually rounded to irregular in shape. The fluid
inclusions form inter- and intragranular inclusion trails, generally parallel to the cleavage planes
of the host crystal; these are considered as secondary fluid inclusions. Some intragranular
inclusions are randomly distributed in barite crystals, and these are probably primary fluid
inclusions.

Raman analysis was performed at Virginia Tech using a JY Horiba LabRam Raman
microprobe system equipped with 600 grooves/mm gratings. Excitation was provided by a
514.57 nm (green) laser focused onto the sample through a 100x objective. The targets for
Raman analysis were carbonaceous material (CM) in barite crystals and fluid inclusions, which
sometimes also contain CM. Raman spectra were recorded in the 1000-4000 cm™! range,
avoiding the barite peak (988 cm') that can sometimes overwhelm the CM peaks. Raman
spectra of CM can be used as a geothermometer to estimate the peak metamorphic temperature
of the host rock (Aoya et al., 2010; Beyssac et al., 2002; Kouketsu et al., 2014; Lahfid et al.,
2010; Rahl et al., 2005). Raman spectra were processed using the Fityk software for baseline
correction, spectral deconvolution, and peak fitting (Wojdyr, 2010). Spectra were reduced using
the pseudo-Voigt function for the following peaks: G-band (a minor peak at ~1593 ¢m™'), D1
(a broad peak at ~1350 cm™!), D2 (a sharp and prominent peak at ~1610 cm™), D3 (a minor
shoulder at ~1470 cm™), and D4 (a minor broad peak with fixed position at 1245 cm™!). Raman
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carbonaceous material thermometry was performed following the procedure described in
Kouketsu et al. (2014), using fitting cases F and G shown in the Fig. 7.3.

The conventional method of determining the salinity of fluids in inclusions is to measure
the ice melting temperature and then determine the salinity based on the known relationship
between salinity and ice-melting temperature (Bodnar, 1993). However, if the inclusions are
too small or do not contain a vapor bubble when frozen, the ice melting temperature cannot be
measured with precision. Fortunately, the salinity of such inclusions can also be estimated based
on Raman analysis of the H>2O band owing to the fact that the “shape” of the broad H.O band
changes systematically with salinity (Mernagh and Wilde, 1989; Moncada and Bodnar, 2012;
Sun et al., 2010). The shape of the water band is partly dependent on the ionic environment of
the water molecules and the variation in Raman-band shape can be used to determine the salinity
of inclusions that are as small as 1 micron, which are too small for conventional

microthermometric analysis.

7.4  Results
7.4.1 Petrography, microCT, and sulfur isotope data

The Sete Lagoas cap dolostone is interpreted as post-Marinoan or basal Ediacaran
deposits on the basis of its sedimentological and geochemical similarities with other post-
Marinoan cap carbonates, including the presence of aragonite fans, pink dolostones, and
comparable 37Sr/%®Sr ratios and 8'3Ccarbonate profiles (Caxito et al., 2012; Halverson et al., 2005;
Hoffman et al., 2007). In the study area, the ~2.5-m-thick cap dolostone rests directly on the
Paleoproterozoic basement rocks and contains void-filling barite cement in the domal
stromatolite facies. Barite occurs as veins and as major void-filling cement in multiple layers,
sometimes interbedded with aragonite fans. Barite crystals, commonly forming rosettes, grew
both upwards and downwards in stratigraphic orientation (Figs. 7.2A, B), suggesting that they
precipitated from pore fluids in the sediment and not on the seafloor, i.e., they were post-
depositional precipitates. Barite is present as radiating bladed crystals, isolated crystals in the
matrix, and inclusions within carbonate fan crystals and minor void-filling carbonate cements.

Microcrystalline barite and pyrite also fill void space and encrust apatite cement.
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Figure 7.2: Mesoscopic and microscopic features of the barite layer. A) Void-filling barite in the outcrop,
commonly forming rosettes, growing inward from both the top and bottom of the vug. B) Dolomitic
matrix (top) and radiating bladed barite crystals (bottom). C) Secondary (?) fluid inclusion trails
perpendicular to growth direction of barite crystals. Plane polarized light microscopy (PPL). D) Enlarged
view of (C), showing trails of intergranular and intragranular secondary (?) fluid inclusions
perpendicular to the growth direction of barite crystals. PPL.

X-ray CT analysis of a Sete Lagoas specimen shows a layer of void-filling barite crystals
and a layer of the host rock. The barite layer (bottom half of Fig. 7.3) accounts for 66% of the
total volume of the specimen, whereas the host rock (top half in Fig. 7.3) accounts for 34%. In
the barite layer, bladed barite crystals (green color in bottom half of Fig. 3) occur densely in a
micritic carbonate matrix (pink color in bottom half of Fig. 7.3), with the former representing
volumetrically 76% of the barite layer and the latter 23%. In the host rock layer, a small amount

of microcrystalline barite (green color in top half of Fig. 7.3) is present in the dolostone (blue

color in Fig. 7.3) of the host rock.
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Figure 7.3: X-ray CT three-dimensional reconstruction of a Sete Lagoas sample that contains a layer of
void-filling barite crystals (bottom half of the specimen) and a layer of the host rock (top half of the
specimen). Barite is segmented as blue color, micritic matrix in the barite layer as pink color, and
dolostone in the host rock as blue color. (A—B) and (C—D) are two different views of the same specimen,
with (A) and (D) showing only the barite component of the specimen. Microcrystalline barite
corresponds to small crystals that grew within the dolostone. 8°*Scas and 8**Spariee Values are marked on
the specimen. The specimen is oriented in stratigraphic up direction.

The results of sulfur isotope compositions of barite crystals and CAS are marked on Fig.
3, with 8**Scas = 32.8%0 CDT, and two measurements of 3**Sparite gave values of 26.6 and
27.8%0 CDT. For comparison, 8**Sparitc values from the same unit reported by Crockford et al.
(2017) range from 25.7 to 32.2%o CDT. Thus, our measurements of 3°**Scas and 8**Sparitc Overlap
with Crockford et al.’s (2017) 8**Sparite measurements. Arguably, this can be taken as evidence
that the barite and CAS were ultimately sourced from the same reservoir, namely seawater
sulfate, although this interpretation needs to further tested using additional §**Scas data to
determine whether it captures the entire range of 83*Sparite data reported in Crockford et al.

(2017).

7.4.2 Raman spectroscopy and fluid inclusions

The petrographic observations and sulfur isotope data described above suggest that the
Sete Lagoas barite crystals were post-depositional but record seawater 83*S values. Thus, it is
likely that they were precipitated during early diagenesis from porewaters in connection with
seawater. In this section, we describe petrographic observations of fluid inclusions (FI) and
Raman data of carbonaceous material (CM) to evaluate the diagenetic and thermal history of

the Sete Lagoas barite.
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Petrographic observations show that FI and CM are present in void-filling barite crystals
(Fig. 7.2C, D); they may also be present in the dolostone matrix, but the micritic nature of the
matrix sediment makes it difficult to discern them under a petrographic microscope. Fluid
inclusions are mainly less than 5 um in size (Fig. 7.5). Two-phase fluid inclusions (Fig. 7.5D)
are common, and one-phase and three-phase fluid inclusions containing solid phases (Fig. 7.5A,
C) are rare. Most fluid inclusions occur as linear trails (Fig. 7.5B, D) that are nearly
perpendicular to the long crystal direction (Fig. 7.2D). Considering that barite crystals have
perfect {001} cleavages, it is likely that these FI trails follow the cleavages, with the slight
deviation from an orthogonal relationship with the long axis of the crystal being a result of two-
dimensional thin sections. However, there are some randomly distributed intragranular fluid
inclusions (Fig. 7.5A), and these could be primary fluid inclusions.

Because CM is present in both barite crystals and fluid inclusions, it offers opportunity
for Raman CM geothermometric analysis. Furthermore, independent temperature estimates can
be obtained from FI homogenization temperatures. Result of peak fitting and resolved peaks
shown on Fig. 4 for CM trapped in the barite crystal (top) and fluid inclusion (bottom). Raman
CM geothermometric data, based on CM in barite crystals, suggest that the barite crystals
experienced a peak temperature of 238+10 °C (calibrated using the D1 peak; n =9) and 210+10
°C (calibrated using the D2 peak; n =9) (Fig. 7.4A-B). Raman CM geothermometric data, based
on CM in fluid inclusions trapped barite crystals, gave a peak temperature of 257+12 °C
(calibrated using the D1 peak; n = 6) and 206+12 °C (calibrated using the D2 peak; n = 6) (Fig.
7.4C-D). The maximum homogenization temperature of fluid inclusions was ~150 °C (Bodnar,
personal communication). Considering that the homogenization temperatures of the fluid
inclusions represent minimum trapping temperatures (Roedder and Bodnar, 1980), the three

sets of temperatures are broadly consistent with one another.
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Figure 7.4: CM Raman spectra and CM Raman temperatures. A-B) Representative Raman spectrum and
histogram of CM Raman temperatures based on CM in barite crystals. C-D) Representative Raman
spectrum and histogram of CM Raman temperatures based on CM in fluid inclusions trapped in barite
crystals. Blue and red lines in (A) and (C) mark Raman peaks for barite and CM (D1-D4).

Figure 7.5: Fluid inclusions in barite crystals, showing secondary trails and some primary fluid
inclusions. Most of them are two-phase liquid-rich fluid inclusions (liquid + vapor, yellow arrows). A)
Primary fluid inclusions randomly distributed and some secondary fluid inclusions. At the bottom, there
is a three-phase fluid inclusion (red arrow). B) Secondary trails of two-phase fluid inclusions. C) Matrix
(left) — barite crystal (right) interface, showing trails of secondary fluid inclusions cutting the barite
crystal. Note that the large fluid inclusion at the center is three-phase fluid inclusion (red arrow). D)
Trail of two-phase secondary fluid inclusions showing stretching.



101

Table 7.1: CM Raman peak parameters and CM Raman temperatures based on CM in barite crystals
and CM in fluid inclusions hosted in barite crystals. CM Raman temperatures were calculated using
geothermometers from Kouketsu et al. (2014).

Barite crystals
CM-B1 91.2 45.1 76.5 299 282 229
CM-B2 106.2 529 62.7 23 250 176
CM-B4 86.7 423 87.8 40.3 292 248
CM-B5 138.8 48.8 73.6 83.5 180 204
CM-B6 113.7 46.0 102.2 1038.6 234 223
CM-B7 122.1 455 98.5 2022 215 226
CM-B8 1124 52.7 56.6 40.7 236 177
CM-B9 1313 46.8 1230 9.6 196 217
CM-B10 103.0 515 69.2 339 257 186
Fluid inclusions
CM-FI-S4 102.1 452 200.8 58.1 258 228
Cl;/ll'sl' 115.1 50.7 160.4 1397 231 191
CM-FI-S1 106.7 533 59.6 13.0 249 174
CM-FI-S5 90.2 45.7 46.0 13.0 284 225
CM-FI-S8 100.2 50.6 72.7 54 263 192
CM-FI-S9 103.1 45.6 78.4 87.0 256 226

Petrographic and Raman spectroscopic analyses of fluid inclusions also reveal the
presence of hydrocarbons. Some FIs are fluorescent under UV epifluorescence (Fig. 7.6A),
indicating that these inclusions contain organic hydrocarbon molecules. This inference is
consistent with Raman spectroscopic analysis, which reveals a peak near 2918 cm!
characteristic of methane (Lin et al., 2007) (Fig. 7.6B) and suggests the presence of methane
dissolved in the liquid phase.

Finally, Raman spectra of the aqueous phase in FIs allowed estimates of salinity. Based
on calibrated relationships between salinity and variations in the O-H stretching band (Sun et
al., 2010), the salinity of FIs in Sete Lagoas barite crystals is determined to be ~10%wt NaCl
(Fig. 7.7B), higher than that of normal seawater (3.5% wt NaCl).
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Figure 7.6: Methane-bearing fluid inclusions (FI). A) Blue UV-fluorescence of primary and secondary
fluid inclusions; B) Raman spectrum of two-phase fluid inclusion, showing the presence of hydrocarbon
(CH4 — 2918 cm-1) and water.
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Figure 7.7: Representative Raman spectrum of fluid inclusions in barite crystals of the Sete Lagoas
Formation (dashed line; SL barite FI) and calibration Raman spectra showing Raman O-H stretching
bands for water with known salinities (solid gray lines; Sun et al., 2010). The salinity of Sete Lagoas
fluid inclusions is estimated to be ~10 wt% NaCl.
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7.5  Discussions

Although modern barite deposits forms in cold seeps, diagenetic, hydrothermal, and
pelagic environments (Griffith and Paytan, 2012; Paytan et al., 2002), most documented
occurrences of Proterozoic barites represent stratiform deposits that are of hydrothermal or cold
seep origins (e.g. Clark et al., 2004; Crockford et al., 2019; Deb et al., 1991; Huston and Logan,
2004). Geochemical data offer a useful tool to test the different origins of barite. For example,
strontium and sulfur isotopic compositions of barite can help to constrain the source of sulfate
and the geochemical processes that act upon the sulfate prior to its precipitation as barite. By
comparing the Sr isotope compositions of barite and carbonate in the basal Ediacaran
Doushantuo cap dolostone, Peng et al. (2011) attributed the source of sulfate for barite
precipitation to a mixture of riverine and seawater sulfate. Turchyn et al. (2009) suggested that
similar 83*S values of coexisting barite and CAS indicate that they both formed in equilibrium
with seawater. Following the same reasoning, the similarity in sulfur isotopic compositions
between the barite and CAS of the host rock in the Sete Lagoas cap dolostone suggests that
sulfate for barite precipitation was ultimately sourced from the seawater. Recently, Crockford
et al. (2019) presented the Ba isotope variation obtained for different environments (cold seep,
terrestrial, hydrothermal, pelagic) and discussed some lines of evidence in considering if post-
Marinoan barites were deposited in seep-like environments. They also concluded that the source
of barium was seawater.

Assuming that the barite and CAS were ultimately sourced from the same reservoir
(seawater sulfate), we can also compare the 3**Scas and 83*Sparite values from the Sete Lagoas
Formation with 3**Sparite values from other supposedly correlative units in the Sdo Francisco
Craton (Fig. 7.8). 8**Scas and 8°**Sparitc values from the Sete Lagoas Formation range from
25.7%0 to 32.2%0 CDT (Crockford et al., 2017; this paper), broadly similar to values from the
Salitre Formation of the Irecé Basin, where 83*Sparite range from +25.2%o to +32.8%0 CDT (Kyle
and Misi, 1997). However, these values are different from 6**Sparite values from the Salitre
Formation at Nova Redengao (+33.6%o to +41.0%0 CDT; Misi et al., 2005), and those from the
Sete Lagoas Formation in the Montalvania region (48.2%o to 50%0 CDT; Gomes, 2005). Such
differences could result from incomplete stratigraphic coverage, stratigraphic miscorrelation,
regional variation due to basin restriction, diagenetic alteration, or different origins for barite in
different units. For example, the high 8**Sparite values from the Salitre Formation at Nova

Redencao reflect a more restricted environment in a semi-isolated basin (Misi et al., 2005). The
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same may be said of the relatively high 8**Sparite values from the Sete Lagoas Formation in the
Montalvania region (Gomes, 2005).

Sulfur isotopic data of sulfide minerals (8**Spyrite, 8**sphaterite and 83*Sgalena) have also been
reported from the Sete Lagoas Formation and other supposedly correlative stratigraphic units
(Salitre Formation - Irecé basin and Nova Redencdo deposit) in the Sdo Francisco Craton (Fig.
8). Like the 83*Sparitc data, the 8°*Spyrite data also show significant variations within and between
stratigraphic units. 8**Spyricc values have not been reported for the Sete Lagoas Formation, but
83*Spyrite values are 19.1-22.6%o in the Salitre Formation in the Irecé Basin (Kyle and Misi,
1997), 17.2 — 17.6%o in the Salitre Formation at Nova Redeng¢ao (Misi et al., 2005) and 1.5—
29.58%o in the Morro Agudo deposit (Misi et al., 2005). 3**Sgaiena values are 18 — 35.5%o in the
Sete Lagoas Formation in the study area (Iyer et al., 1992),17.3-32.4%o in the Sete Lagoas
Formation in the Montalvania region (Iyer et al., 1992; Gomes, 2005), 19.4 — 26.2 in the Sete
Lagoas Formation in the Serra do Ramalho region (Gomes, 2005), 7.1 — 39.36%o in the Irecé
basin (Misi et al., 2005), 0.1 — 16.2%o at Nova Redencao deposit (Misi et al., 2005), 1.7 — 33.9%o
in the Morro Agudo deposit (Iyer et al., 1992). 8**Sgphateritc Values are 25.4 — 30.4%o in the Sete
Lagoas Formation in the Serra do Ramalho region (Gomes, 2005), 21.1 — 22.6%o in the Salitre
Formation in the Irec€ basin (Misi et al., 2005), 16.5 — 18.6%o in the Salitre Formation at Nova
Redengao (Misi et al., 2005) and 0.3 — 38.8%o in the Morro Agudo deposit (Misi et al., 2005).

The isotopic difference between sulfate and co-existing sulfide can be used to infer the
origin of sulfide, with greater fractionations (>20%o) suggesting sulfide formation by bacterial
reduction of sulfates (BSR) and small fractionations (<10%o) suggesting sulfides production
through thermochemical reduction of sulfates (TSR) (Cui et al., 2018; Machel et al., 1995;
Worden et al., 2000). The difference between mean §**Ssufe and mean §3*Ssuride values (=
average 8>*Saufae — average 83*Squifide) 18 1.9%o, 25 %o, 8.2%o, 20.1%0 and 11.3%o at Januaria
locality (Sete Lagoas Formation), Montalvania locality (Sete Lagoas Formation) Irecé Basin
(Salitre Formation), Nova Redencdo (Salitre Formation) and Morro Agudo deposit (Vazante
Group), respectively. Thus, some authors have proposed that sulfides in the Salitre Formation
at Nova Redencao locality was derived from BSR (Gomes, 2005), whereas sulfides in the Salitre
Formation in the Irecé Basin may have derived from TSR (Kyle and Misi, 1997), likely at
temperatures higher than 110°C (Machel, 2001; Machel et al., 1995). A more systematic
petrographic and isotopic study between barite, pyrite and the hydrothermal base metal sulfides
would improve the understanding of the paragenetic relationship between these minerals, as

well as the processes involving the barite formation (e.g. Magnall et al., 2016).
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Figure 7.8: Sulfur isotope data of sulfides and sulfates from Sete Lagoas Formation (Janudria, Serra do
Ramalho and Montalvania localities) and other supposedly correlative units, Salitre Formation (Irecé
and Nova Redengao localities) and Vazante Group (Morro Agudo locality), of the Sdo Francisco Craton.
See Fig. 1 for location. Januaria: barite and CAS (Crockford et al., 2017; this study), galena (Iyer et al.,
1992); Serra do Ramalho: sphalerite and galena (Gomes, 2005); Montalvania: barite and galena (Iyer et
al., 1992; Gomes, 2005); Irecé Basin: barite and pyrite (Kyle and Misi, 1997), galena and sphalerite
(Misi et al., 2005); Nova Redengdo: barite, galena, sphalerite and pyrite (Misi et al., 2005). Morro
Agudo: barite, pyrite, galena and sphalerite (Misi et al., 2005).

Indeed, Raman CM paleotemperatures based on CM in barite crystals (180°C to 292°C
for T-D1 and 176°C to 248°C for T-D2) and fluid inclusions of the Sete Lagoas cap dolostone
(231°C to 284°C for T-D1 and 191°C to 228°C for T-D2) suggest that the Sete Lagoas Formation
did experience temperatures greater than 110°C (Table 1). These temperatures are also
consistent with the temperatures reported for limited fluid inclusions in sphalerite from the
Salitre Formation and quartz and dolomite from the Vazante Group in the SFC (Carvalho et al.,
2017; Kyle and Misi, 1997; Misi et al., 2005). In the Sete Lagoas Formation, Gomes (2005)
reported primary fluid inclusions in fluorite from 120 °C to 310 °C at Montalvania locality, 140
°C to 240 °C at Serra do Ramalho locality and ~190 °C at Janudria locality. In the Irecé Basin,
primary fluid inclusions in sphalerite indicate a range of homogenization temperatures from ~
140°C — 200 °C (Gomes et al., 2000; Kyle and Misi, 1997). In the Morro Agudo deposit
(Vazante Group), the mineralization is related to a main fault zone, showing paleotemperatures
ranging from 100°C to 300 °C that decrease as they move away from the fault (Cunha et al.,
2000).

It is possible that the thermal alteration of CM and secondary fluid inclusion trails in

barite crystals of the Sete Lagoas Formation were related to Mississippi-Valley-type Pb-Zn
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mineralization in the Sdo Francisco Craton. Indeed, independent evidence for MVT
hydrothermal activities, including the presence of saddle dolomite and fluorite, dissolution and
collapse brecciation (Coelho et al., 2005; Nobre-Lopes, 2002), have been reported from the Sete
Lagoas Formation in the Januaria region. In addition, the presence of methane in fluid inclusions
trapped in Sete Lagoas barite crystals, as evidenced by Raman data (Fig. 6B), may have been
product of thermodegradation related to MVT mineralization. Crockford et al. (2019) also
interpreted that organic matter degradation or hydrothermal circulation could have played a role
in the barite precipitation.

Although the chemical diversity between individual MVT deposits is large and requires
each deposit or ore-district to be addressed separately, the salinity of MVT fluids is typically
16 to 26 wt% NaCl equivalent (Basuki and Spooner, 2002). In the Irecé Basin, limited
determinations of final ice-melting temperatures suggest that the fluid inclusions have a salinity
of 3—10 wt. % NaCl equivalent, reaching almost ~25 % NaCl equivalent in the Nova Redencao
deposit (Gomes et al., 2000; Kyle and Misi, 1997). In the Morro Agudo deposit (Vazante
Group), primary and pseudosecondary fluid inclusions in sphalerite crystals indicate moderate
saline solutions (~14 % wt NaCl) (Cunha et al., 2000). Importantly, the salinity of fluid
inclusions in Sete Lagoas barite crystals (~10% NaCl equivalent) is similar to that of MVT
fluids determined previously (~10-24.3% NaCl equivalent; Gomes et al., 2000; Cunha et al.,
2000).

According to Leach et al. (2001), radiometric dating of MVT ore minerals has been
difficult due to the low abundances of the natural radioactive isotopes of dated minerals
(fluorite, calcite and sphalerite) and the selection of cogenetic minerals that represent an
isotopically homogeneous isotopic composition. In the Sdo Francisco Craton, no direct dating
of MVT ore minerals have been reported yet. However, paleomagnetic studies of MV T deposits
(D’ Agrella-Filho et al., 2000; Trindade et al., 2004) have argued that the MVT deposits in the
Sete Lagoas and Salitre formations are related to a regional fluid-flow event in the early
Cambrian (~520Ma). Also, younger rocks, such as the Cretaceous Urucuia Group that covers
the Bambui Group, does not seem to host MVT mineralization, either because these rocks did
not record the mineralization or the MVT mineralization is older than the deposition of these
rocks.

An important implication of this study is that Sete Lagoas barite may have altered by
hydrothermal activities such as MVT mineralization event in the Sdo Francisco Craton.

Although major elements in the barite, such as sulfur and oxygen, may be buffered against
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hydrothermal alteration and may still be useful in the study of ocean geochemistry and
paleoenvironments in the aftermath of the Marinoan glaciation (Crockford et al., 2017, 2016;
Hoffman and Halverson, 2011), caution must be exercised when using trace elements such as
strontium concentrations and isotopes to infer paleoceanographic and environmental
conditions. Such hydrothermal activities can also affect the geochemistry of any primary fluid
inclusions present in the Sete Lagoas barite, because barite-hosted fluid inclusions are
particularly susceptible to necking, stretching, leaking or decrepitation and re-equilibration,

which can lead to large variability in homogenization temperature (Ulrich and Bodnar, 1988).

7.6  Conclusions

We carried out integrative petrographic, sulfur isotopic, Raman spectroscopic, and fluid
inclusion analyses to understand the origin and hydrothermal alteration of void-filling barite
crystals in the basal Ediacaran Sete Lagoas Formation in the Sdo Francisco Craton, central
Brazil. Petrographic observations indicate that the barite was post-depositional cement
precipitated from porewaters. Co-existing barite and carbonate-associated sulfate (CAS) have
marginally overlapping 8*S values (8**Soarite = 25.7-32.2%0 CDT; 8**Scas = 32.8%0 CDT),
suggesting that they were sourced from the same sulfate pool. Assuming that CAS was sourced
from seawater sulfate, we infer that the Sete Lagoas barite was precipitated from porewaters in
connection with seawater and hence the source of sulfate ultimately came from the seawater.
Fluid inclusion and Raman spectroscopic analyses suggest that carbonaceous material (CM) in
barite crystals and in fluid inclusions trapped in the barite crystals share a similar thermal
history, with a peak temperature in the range of 206-257°C. Raman spectroscopic analysis also
reveals that the salinity of the fluid inclusions is ~10 wt% NaCl equivalent, higher than that of
seawater but similar to that of fluids in the early Cambrian Mississippi Valley Type (MVT)
mineralization in the S3o Francisco Craton (~3-20 wt% NaCl equivalent; Misi et al., 2005).
These results suggest that the Sete Lagoas barite was affected by hydrothermal activities, and
we hypothesize that these hydrothermal activities were related the MVT mineralization event
in the Sdo Francisco Craton (Cordeiro et al., 2018; Misi et al., 2005). Although the major
element geochemistry of void-filling barite cements in the Sete Lagoas Formation has been used
to infer seawater geochemistry and paleoenvironments in the aftermath of the Marinoan
Snowball Earth glaciation (Crockford et al., 2017; Hoffman and Halverson, 2011), data
presented here indicate that the Sete Lagoas barite was affected by hydrothermal activities

related to MVT mineralization, and caution must be taken when using Sete Lagoas barite
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(particularly its trace element geochemistry) to infer seawater geochemistry and

paleoenvironments.
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Brechas intraformacionais sdo fécies particulares e ocorrem em profusdo em
plataformas carbonaticas neoproterozoicas. Estes depoésitos tém sido comumente descritos
como: 1) olistoestromas (Formac¢do Doushantuo, China); 2) edgewise conglomerates
(Formagao Buah, Oma); 3) molar tooth strutures (noroeste do Canadd), 4) tsunamitos; 5)
tempestitos; 6) escorregamentos submarinos; 7) exposicao subaérea ou até mesmo 8) produtos
relacionados a eodiagénese. No entanto, independentemente de sua origem, estas facies sempre
representam eventos deposicionais e/ou processos bastante particulares e importantes atuantes
nas plataformas carbonaticas antigas. Ainda que pese a existéncia de poucos exemplos de
deformacdes sedimentares descritas em unidades carbondticas ediacaranas brasileiras (a
exemplo da Formag¢do Mirassol do Oeste, Grupo Araras), esta facies € particularmente comum
nas unidades carbondticas do Grupo Bambui. Ao longo da sucessdo sedimentar da
Formagao Sete Lagoas na regido de Januaria, MG, ocorrem brechas de colapso, brechas
evaporiticas, brechas hidrotermais e brechas intraformacionais (flat-pebble breccia).
Especialmente no caso deste ultimo tipo de facies, praticamente inexistem trabalhos na
literatura que propdem uma discussdo detalhada sobre o mecanismo de formagdo desses
depdsitos. Deste modo, neste trabalho, buscou-se caracterizar, descrever e interpretar a origem
dos 20 metros de flat-pebble breccia, que ocorrem na parte intermedidria da sucessdo da
Formacgao Sete Lagoas. Estas camadas se caracterizam por apresentarem clastos tabulares
muito angulosos, dispostos horizontalmente ao acamamento e comumente encaixados uns aos
outros, evidenciando transporte e/ou retrabalhamento reduzidos.

Caracteristicas intrinsecas a estes depdsitos, tais como a presenga de clastos verticais e
feicdes de deformagdo aumentando em direcdo ao topo das camadas, continuidade lateral das
brechas e alternancia de camadas brechadas e ndo-brechadas em contato abrupto, conduziram
a uma interpretacdo que considera a fragmentagdo in sifu de camadas de microbialitos
laminados precocemente litificadas devido ao impacto de ondas de choque relacionadas a
atividade sismica concomitante a sedimentacao.
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Abstract

The Sete Lagoas Formation (Ediacaran), located in the central part of the Sdo Francisco
Craton (Brazil), consists of limestones and dolostones deposited in very shallow waters in the
inner part of a rimmed carbonate platform. Four breccia types occur throughout the stratigraphic
succession: evaporitic breccia with tepees, flat-pebble breccia, hydrothermal breccia and
brecciated stromatolites. Here we combine a detailed sedimentological and stratigraphic
analyses of the flat-pebble breccia in order to determine its origin and the processes and
environmental conditions that originated these brecciated facies. The studied interval consists
of a 20 m-thick succession of tabular beds composed of flat-pebble breccia interbedded with
laminated microbialites. In these breccia beds, the clasts are usually platy or oblate with angular
edges and are mainly disposed horizontally within the sedimentary bed, suggesting that they
were not transported or reworked. The presence of microbialite clasts with sharp edges and
vertices in the Sete Lagoas flat-pebble breccia suggests that the lithification process started very
early in diagenesis; even the sediments exposed at the bottom were, at least, partially lithified.
Some breccia levels show bidirectional imbrication and the clast size analyze reveal that the
higher aspect ratio clasts show a NE-SW orientation whereas square clasts tend to fill the space
among oriented clasts. Breccia clasts are vertically oriented and show deformation features
increasing upwards, typically of deforming beds formed by ascendant expulsion of liquefied
sediment. These features are found both in modern and ancient deposits of seismic influence,
which suggests a similar origin for the Sete Lagoas flat-pebble breccia. Thus, the processes that
led to the formation of the studied flat-pebble breccia are interpreted as seismically triggered,
since: a) the breccia beds are laterally continuous and extend for several kilometers; b) the
breccia beds are restricted to a 20m-thick stratigraphic interval; c¢) the interbedding of breccia
beds and laminated microbialite beds is recurrent; d) the breccia beds are subhorizontal and
present irregular upper and lower contacts; e) the presence of liquefaction structures and dyke
injection. Thus, this seismic-triggered breccia deposits represent the product of the
synsedimentary tectonism occurred within the S3o Francisco Craton during the terminal
Ediacaran and correspond to a very well-defined local stratigraphic marker in the Bambui Basin.
The exact location of the epicenter is uncertain, but it could be related to the NW regional faults
in the regional Paleoproterozoic basement of the study area, which were reactivated during the
deposition of the Sete Lagoas Formation in the Ediacaran Period.

Keywords: Intraformational breccia, carbonate platform, synsedimentary deformation,

intraplate seismicity, Ediacaran
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8.1 Introduction

Multiple origins have been attributed to the formation of carbonate breccias, including
submarine slope deposits, subaerial talus, karstic cavern collapse breccias, intraformational
breccias associated with accommodation generation in underlying units and fault-related
breccias (Spence and Tucker, 1997; Myrow et al., 2004; Quijada et al., 2014; Madden et al.,
2017). These facies have the potential to provide insights into the nature of ancient carbonate
systems (Wilson et al., 2012; Madden and Wilson, 2013) and have been documented in several
Neoproterozoic and lower Paleozoic shallow water platforms worldwide (Kennedy, 1996; Pratt,
1994, 2002a, b; Myrow et al., 2004; Patil Pillai and Kale, 2011; Hood et al., 2015). A
considerable number of unusual brecciated facies have been described in the late Proterozoic
Era, such as molar tooth, edgewise breccia and olistostrome breccia (Frank and Lyons, 1998;
Cozzi et al., 2004; Vernhet et al., 2006).

A particular category of carbonate breccia refers to “flat-pebble conglomerates” or
“pseudoconglomerates”, which correspond to limestones bearing flat to undulated, disc- or
plate-shaped pebble- to cobble-sized clasts (Sepkoski et al., 1991; Myrow et al., 2004; Chen et
al., 2009a). They represent a striking feature of late Proterozoic to early Ordovician shallow
marine carbonate successions, but it is most widespread in the late Cambrian-early Ordovician
(Sepkoski, 1982; Myrow et al., 2004; Wright and Cherns, 2016), possibly related to the
abundance of microbial facies during this time interval (Riding 2006). Flat-pebble
conglomerates are usually, clast-supported deposits that consist of rip-up clasts derived from
underlying planar to crinkle microbial beds (Palma et al., 2013). Bed geometries are typically
tabular, but some are lenticular (Myrow et al., 2004), and are fairly continuous and can be
tracked for long distances, providing considerable resolution in the stratigraphic correlation
(Sepkoski, 1982).

The Ediacaran Sete Lagoas Formation (Bambui Group) is interpreted as a carbonate ramp
deposited just above the Proterozoic and Archaean basement of the Sdo Francisco Craton (SFC)
and, locally, overlies glaciogenic diamictites of the Jequitai Formation and its correlative units
(Dardenne, 1978; Vieira et al., 2007a; Uhlein et al., 2019). The Sete Lagoas Formation consists
of dolostones, limestones, siltstones and mudstones with well-preserved stromatolites (Vieira
etal., 2007a). In terms of breccia facies, some authors have described distinct types of carbonate
brecciated deposits, related to different mechanisms of formation. In the southern outcrop area
of the Sete Lagoas Formation, the breccia bed from the upper part of this unit has been

interpreted as a product of collapse of stromatolitic buildings (Vieira et al., 2007). On the other



116

hand, in the central SFC, hydrothermal Pb-Zn mineralized breccias from the upper part of the
Sete Lagoas Formation were interpreted as originated from high-pressure injection of
hydrothermal fluid during eodiagenesis burial (Nobre-Lopes, 2002).

In this contribution, we distinguish these breccia deposits of the middle part of the Sete
Lagoas succession by focusing on the unusual flat-pebble breccia. We also carried out a
combined detailed sedimentological and stratigraphic analyses of the flat-pebble breccia in
order to determine its origin. Furthermore, the complete understanding of the formation of these
brecciated facies provides significant contribution to delineate the evolution of the Sete Lagoas

carbonate ramp in the context of the Ediacaran Bambui Basin.

8.2 Geological Setting
The Sao Francisco Craton (SFC), central-eastern Brazil, is characterized by an Archean

to Paleoproterozoic basement, covered by clastic Paleo- to Mesoproterozoic units (Espinhaco
Supergroup, Paranod and Canastra groups) and Neoproterozoic mixed-carbonate-siliciclastic
deposits (Bambui Group). The SFC is delimited in its eastern and western borders by the
Neoproterozoic Aracuai and Brasilia orogenic belts, respectively (Fig. 8.1A). The occurrence
of deformational structures, such as folds and reverse faults, as well as metamorphism is rare
to absent in the center of the basin (study area), but it increases towards the western and eastern
borders (Marshak and Alkmim, 1989).

The Bambui Group is a 700 to 1500 meters thick mixed carbonate-siliciclastic platform
deposited directly over the basement rocks of the SFC (Fig. 1A, C; Misi et al., 2007; Sial et al.,
2009). It is the sedimentary expression of a transgressive event over the SFC and the
Cryogenian, glacially-influenced Jequitai unit (Martins-Neto et al., 2001; Figueiredo et al.,
2009; Uhlein et al., 2016). The Bambui Group includes, from base to top, the Sete Lagoas, Serra
de Santa Helena, Lagoa do Jacaré, Serra da Saudade and Trés Marias formations (Fig. 1C;
Dardenne, 1978).

The depositional age of the Bambui Group, particularly the Sete Lagoas Formation, has
been a matter of debate in the last few decades. Based on geochronologic data, previous authors
considered the carbonate rocks of the lower part of the Sete Lagoas Formation as correlated to
the Sturtian glacial event (Babinski et al., 2007, 2012; Vieira et al., 2007). However,
stratigraphic and isotopic evidences suggest a younger post-Marinoan cap carbonate age for
the unit (Misi et al., 2007; Caxito et al., 2012; Alvarenga et al., 2014). Despite these

inconsistencies, the occurrence of the Cloudina index fossil in the lower part of the Sete Lagoas
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Formation confirms depositional ages between 549 and 542 Ma at least for this part of the
succession (Warren et al., 2014). U-Pb ages obtained in detrital zircon grains from the middle
part of the Sete Lagoas Formation indicate a maximum depositional age of 557 Ma (Paula-
Santos et al., 2015), coherent with the interval defined by the Cloudina fossil (Warren et al.,
2014).
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Figure 8.1: Location of the studied area. A: Location of the Sdo Francisco Craton (SFC) and the Bambui
Group in the Minas Gerais State, central Brazil. B: Geological map of Ediacaran Sete Lagoas Formation
in the vicinity of the town of Januaria, northern Minas Gerais State, and location of the columnar
sections. C: Lithostratigraphic column of the Bambui Group in the study area. Fm. = Formation; Gr. =
Group.

In the studied area, the Sete Lagoas Formation occur as a thick carbonate succession
(~130m) exposed in the canyons and cliffs located in the left margin of the Sao Francisco River
(Fig. 8.1). The region is characterized by well-developed karstic features, including sink

valleys, dolines and caves that tend to develop exclusively in the middle part of the carbonate
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succession (Nobre-Lopes, 2002). The unit is mainly composed of mudstones, ooid grainstones,
peloidal packstones, dolomudstones, microbialites and rare intraformational breccias (Perrella
Jr. et al., 2017). Skeletal fossils of the Ediacaran Nama Assemblage, as Cloudina and
Corumbella organisms as well as trace simple fossils, occur in the middle part of the Sete

Lagoas section (Warren et al., 2014).

8.2 Material and Methods

We measured four columnar sections in order to estimate the extension and lateral
variation of different sedimentary facies, focusing on the flat-pebble breccia deposits. Clast size
and orientation measurements were performed on sub-horizontal outcrops from the breccia
beds at the Barreiro locality in order to to define the framework of the clasts in the rock fabric.
These clast measurements represent two-dimensional orientation (i,e., azimuths) of elongate
clasts. Paleocurrent data were exclusively collected from trough cross-stratifications and
laminations of the overlying grainstone facies and were statistically analyzed and presented in
the form of iso-frequency rose diagrams.

We accessed microstructures of matrix and clasts by examining polished thin sections
under both normal and polarized light using a petrographic microscope. Element intensity maps
were carried out using wavelength dispersive spectroscopy (WDS) at the Department of
Petrology at Sdo Paulo State University (UNESP), Brazil, using a JEOL JXA8230 electron
microprobe. The machine is equipped with 5 WDS spectrometers, a solid-state energy
dispersive spectroscopy (EDS) detector and a panchromatic cathodoluminescence system (XM-
26730PCL). The maps were carried out using an acceleration voltage of 20 kV and a beam
current of 20 nA, with a step size and dwell time of 4 pm and 10 ms, respectively. EDS data

was collected simultaneously with the WDS data.

8.3 Results

8.3.1 Facies associations of the Sete Lagoas Formation

The Sete Lagoas Formation occurs in the studied area as an irregular NE-SW elongated
outcrop at the left margin of the Sdo Francisco River (Fig. 8.1B), as elongated hills separated
by NW-SE canyons. The region is characterized by well-developed karstic features, including
sink valleys, dolines and caves that tend to develop exclusively in the middle part of the

carbonate succession. The Sete Lagoas Formation overlies the local metamorphic basement in
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regional erosive unconformity (Fig. 8.2A). The contact of the Sete Lagoas Formation with
siltstones, marls and mudstones of the overlying Serra de Santa Helena Formation is transitional
(Fig. 8.1C).

Near the Janudria city, the Sete Lagoas Formation comprises a 130m-thick succession of
carbonate and minor dolomite facies. The sedimentary succession described in the study area
is characterized by three facies associations, from base to top (Fig. 8.3): (1) peritidal, (2) flat-
pebble, and (3) subtidal facies associations (Figure 8.4). Four breccia types are observed in this
succession, from the base to top: (1) evaporitic breccia with tepees from peritidal facies; (2)
intraformational breccia (i.e., flat-pebble breccia); (3) hydrothermal breccia and, (4) brecciated

stromatolites.

8.3.1.1  Peritidal facies association

Description

The peritidal/lagoonal facies association (~30 m thick) occurs mostly in the Tabua and
Sapé section (Fig. 8.4) and is mainly composed of centimeter-thick thrombolites and planar
microbialites beds interbedded with heterolithic wavy facies (grainstone/mudstone).
Occasionally low angle and/or swaley/hummocky cross-stratified, wave/current-rippled
grainstones and evaporitic breccia with tepees also occur in this interval. Thrombolites present
internal clotted fabric (with clots diameter varying from 0.5 to 1 cm) which may form small
thrombolite columns (2 cm height) in association with oncoids (Fig. 8.2B). In some cases,
irregular domes and bulbous stromatolites, with metric lateral and vertical extension, are also
present (Fig. 8.2C). Evaporitic breccia is relatively common in this facies association and occur
with tepees and convoluted (interrupted/curled) and broken microbialitic lamination (Fig.

8.3B). These breccia beds are 10 to 20 cm thick, extending tens of meters laterally.

Interpretation

The association between microbialites and grainstone facies suggests deposition under
shallow water conditions, probably in inter to supratidal settings influenced by fair-weather
current and waves (Fig. 8.2D). The sporadic presence of swaley and hummocky cross-stratified
grainstones suggests some storm influence in the shallow parts of the carbonate ramp with

deposition conditioned by storm wave orbitals and rip currents. The presence of evaporitic
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breccia is interpreted as a result of brecciation by sporadic subaerial exposure of microbial mats

and mudstones.

8.3.1.2  Flat-pebble breccias facies association

The peritidal facies association is overlaid in sharp contact by 20 m thick interval of
tabular beds composed of flat-pebble breccia (dm to m thick) interbedded with undeformed
microbialites (cm thick). Flat-pebble breccia is mostly clast-supported. The clasts are usually
platy or oblate with angular edges and are mainly disposed horizontally within the sedimentary
bed. The stratigraphic and sedimentological significance of the flat-pebble breccia beds will be

detailed further (see section 5 for detailed description and section 6.2 for interpretation).

Figure 8.2: Representative sedimentary facies of the Sete Lagoas Formation in the studied area. A:
Contact between the domal stromatolite and the gneiss from the Paleoproterozoic basement in the Sapé
section; B: Interbedded succession of laminated microbialites and small columnar thrombolites in the
Sapé section; C: Biostromes constituted by irregular domes and bulbous stromatolites with meter-scale
length in the Tabua section (delimited by yellow lines). D: Fine-grained grainstone with wave and
current ripples near the Barreiro section. The hammer in A and C is 25cm long and 33cm in D.
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8.3.1.3  Subtidal facies association

Description

The subtidal facies association overlies the flat-pebble facies association and
corresponds to middle to upper part of the Sete Lagoas Formation (see Morro de Itacarambi
section in Fig. 8.4). These subtidal deposits consist of meter- scale thick sets of trough cross-
bedded ooidgrainstones interbedded with tabular beds with normal gradation, low-angle cross-
stratified grainstone and wave cross-laminated grainstone. The ooids are 300 um in diameter,
spherical, concentric and often intensely recrystallized.

Two different breccia types occur in this facies association: i) hydrothermal breccia,
which is composed of a pink, saccharoidal brecciated dolomite, containing galena, sphalerite
and variable proportions of fluorite and subordinated barite ore (Fig. 8.3A, see Nobre-Lopes,
2002 and Misi et al.,, 2005 for a detailed description of these deposits); ii) brecciated
stromatolite, which comprises irregular centimeter fragments of laminated microbialites
chaotically dispersed in the rock matrix (Fig. 8.3D). This breccia type occurs few meters below
the contact between the Sete Lagoas Formation and the overlying Serra de Santa Helena

Formation.

Interpretation

The presence of ooids suggests that these grainstones were formed in shallow subtidal
environments with agitated water commonly located in platform margins. The absence of
structures indicative of subaerial exposure (e.g. teepes, brecciated microbialites, mud cracks
and karstic features) and the association of facies deposited by the migration of 3D dunes and
climbing ripples are indicative of tidal currents in subtidal conditions in a shallow to moderately
deep ramp. However, grainstones with swaley stratification may indicate that these subtidal

deposits were occasionally reworked by storm wave orbitals associated with rip currents.
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Figure 8.3: Different types of breccia deposits present in the Sete Lagoas Formation succession in the
studied area. A: Hydrothermal Pb-Zn mineralized breccia. B: Evaporitic breccia developed from thin
laminated microbialitic facies. C: Tepee-like structure associated with the evaporitic breccia shown in
B. D: Brecciated stromatolites composed of angular fragments of columnar stromatolites cemented by
dolomite. The hammer in A is 25 cm long.

8.3.2 Sedimentary characteristics of the Sete Lagoas flat-pebble breccia
deposits

The occurrence of flat-pebble breccia facies association is restricted to a 20 m thick
interval in the middle part of the Sete Lagoas succession (Fig. 8.4). These deformed deposits
extend laterally for tens of kilometers and are limited vertically by undeformed deposits of
carbonate facies deposited in peritidal conditions (Fig. 8.6A). There is no observable gradation
between deformed and undeformed beds. Individually, each breccia bed shows tabular
geometry with abrupt and irregular contacts with both underlying and overlying undeformed

planar microbialite beds.
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Figure 8.4: Correlation of stratigraphic columnar sections showing the flat-pebble breccia of the Sete
Lagoas Formation in the Januaria region. The evaporitic breccia occurs only in the lower part of the
section and the hydrothermal breccia is not represented in these sections. Note that the breccia interval
has lateral extension of tens of kilometers. For the exact location of the columnar sections, please see
Fig. 1B. M = mudstone; W = wackestone; P = packstone; G = grainstone; R = rudstone.

In the Barreiro section (see Fig. 8.1B), the breccia interval comprises 13 breccia beds
interbedded with tabular laminated microbialites (Fig. 8.4). Breccia beds range from 44 cm to
2.20 m in thickness, whereas microbialite beds range from 10 cm to 2.1 m thick (Fig. 8.4). In
the Morro de Itacarambi section, five breccia beds (12 cm to 1.2 m thick) occur within a 17 m

thick interval. It is important to note that the brecciated beds have similar composition of the

undeformed beds, that is, the clasts are exclusively composed of microbialite fragments
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immersed in a granular matrix. The thickness of the individual breccia beds tends to decrease
towards NE from Tabua to Morro do Itacarambi localities (Figs. 8.1B and 8.4).

The flat-pebble breccia is mostly clast-supported. Their clasts are mainly disposed
horizontally in the layer, but some levels show bidirectional imbrication (Fig. 8.5). Few clasts
are sub-vertical or chaotically dispersed (Fig. 8.5 and 8.7B). Vertical clasts are not concentrated
in specific levels and build up overturned beds (Figs. 8.7C and D). In plan view, clasts are
mostly equidimensional, forming a mosaic-like pattern (Fig. 8.7B). The amount of reworked

clasts increases upwards (Fig. 8.5).

Deformation increases upward

Figure 8.5: A) Outcrop photograph of flat-pebble breccia beds at Barreiro section. B) Representative
sketch of A showing the arrange of the clasts. The degree of organization of the clast framework tends
to decrease upward, with almost horizontal fitted clasts at base grading to a chaotic, loosely dispersed
clasts at the top. Note that the upper breccia bed showing clear imbrication of the clasts apparently erode
the underlying bed. The hammer in A and B is 25cm long.
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Figure 8.6: Sedimentary features of the flat-pebble breccia and their relationship with underlying and
overlying layers. A) Interbedded slightly deformed and undeformed microbialitic beds. Note the perfect
adjustment of the clasts in the lower bed. B) Plan view of a mosaic-like pattern constituted by fitted
polygonal clasts. Note that the bed is cracked, but not show any evidence of sedimentary transport. C)
Microbial sedimentary bed deformed and partially broken between two brecciated beds. D) Open
recumbent fold developed from breccia fragments. This deformation structure is interpreted as produced
by upward injection related to fluid scape. The automatic pencil and pen in A, B and C is 14 cm long.
The hammer in D is 25 cm long.

Figure 8.7: A) Representative sketch of flat-pebble breccia beds at the Barreiro section. The breccia
framework is composed of loosely packed angular clasts dispersed in a fine-grained carbonate matrix.
B) Detail of A showing polygonal clasts disposed horizontally with subordinated occurrence of some
rounded clasts. C) Detail of A showing localized imbricated clasts.

Because of their elongated shape, most of clasts have a long aspect ratio (i.e., the ratio

between width and height), or elongated shape, resulting in an anisotropic framework (Fig.
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8.7). The shorter axis is usually smaller than 2 cm, whereas the longer axis has great dispersion,

ranging from 0.5 cm to 16 cm (Fig. 8.8A) and showing different aspect ratios (Fig. 8.8B).
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Figure 8.8: Size measurements of clasts in the lower breccia interval at the Barreiro section.A)
Frequency size distribution histogram of the longer and shorter axis of clasts. B) Aspect ratio related to
the size of clasts. The measurements were acquired from different horizontal plans from the same
stratigraphic horizon (see Fig. 8.5 for the precise stratigraphic position).

Although macroscopically clasts are lighter colored than the matrix, petrographic analysis
revealed that the texture of the matrix and the clasts are very similar, which makes difficult to
distinguish between clast and matrix under the microscope (Fig. 8.9B). They are both
microcrystalline, ranging from 10 to 50um. However, due to the microbialitic composition of
the clasts (boundstones), sometimes it is possible to identify relicts of the crenulated microbial
lamination in these fragments. Clasts are predominantly calcitic (locally showing silicified
portions), whereas matrix is dolomitic with subordinated apatite grains (Fig. 8.9C, D). Locally,

millimetric Cloudina shell fragments might occur within the clasts. Moreover, there is no

evidence of stylolites and/or dissolution features in the margins of the clasts.
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Figure 8.9: Thin section microphotographs and compositional EDS maps of the flat-pebble breccia at
the Barreiro section. A) Detail of clasts surrounded by a brown-color calcitic matrix (5x, parallel
polarizers). B) Detail of clasts are thinner and lighter in color than the matrix. The edges of the clasts
are very smooth (10x, parallel polarizers). C-D) EDS compositional maps for Ca and Mg of the studied
breccia deposits.

Another striking feature in some breccia beds is the presence of brittle-to-ductile
deformation structures (Fig. 8.10). Disrupted layers or presenting folds and synsedimentary
faults commonly occur confined between undeformed beds (Figs. 8.10 A, B and C). Although
the folds apparently do not have a preferential orientation in the outcrops analyzed, these
structures usually have similar geometry and direction when confined in a single bed. Other
evidences of liquefaction and soft-sediment deformation are the punctual presence of injection
structures in the base of the brecciated beds (Figs. 8.10 D and E). These structures commonly
penetrate the upper bed and disrupt the sedimentary layer immediately above promoting local
brecciation (Figs. 8.10 D and E). Injection structures, as flame and load cast-like features, also
occur in little deformed microbialitic beds that confine the brecciated beds (Fig. 8.10 F).

Aspect ratio data indicate a slightly NE-SW long-axis clast orientation. This preferential
orientation is likely to represent the alignment of the major axis clasts (> 10cm or higher aspect
ratios) and the orientation of square clasts tends to fit in the remaining space because they are
not elongated (Fig. 8.10B). The square clasts or chip facies (1:1 aspect ratio sensu Pruss et al.,

2005) are less frequent and may represent flat-pebble conglomerates that underwent additional

reworking.
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Figure 8.10: A) Deformed bed showing disrupted layers. B) Folded bed (yellow dotted line) confined
between two undeformed beds. C and D) Detail of centimeter size injection features at the base of a
brecciated bed. E) Folded bed associated with breccia facies (right side of the image). Note that the
reclined fold is sectioned by a synsedimentary inverse fault. F) Detail of injection features in the top of
brecciated bed. The hammerhead in A is 18cm length.

Additionally, paleocurrent data acquired in cross-stratified grainstones from the
overlying subtidal facies association suggest a NE-SW trend for the shoreline during the
deposition (Fig. 8.11A). We also observed that the clasts with higher aspect ratio (higher than

10 cm, Fig. 8.11B) seem to be parallel to this interpreted shoreline orientation.
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8.4 Discussions

8.4.1 The flat-pebble breccia problem: distinct triggers, processes and products

Three conditions must occur simultaneously to form soft-sediment deformation (Owen
et al., 2011): 1) a driving force must deform primary sedimentary features, ii) a deformation
mechanism must enable the sediment to deform; iii) a trigger mechanism, a natural agent that
initiates the process. Driving forces correspond to stresses that are normally incapable of
deforming sedimentary deposits, such as gravity acting on slopes, bedform topography and
shear by aqueous or other currents. However, when the stress magnitude exceeds the normal
sediment strength, deformation occurs and identifying the means by which sediment deformed

has important implications for determining the trigger (Owen and Moretti, 2011).
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Syn-depositional flat pebble conglomerates have been usually interpreted as subtidal
deposits (Sepkoski, 1982; Wignall and Twitchett, 1999; Pruss et al., 2005), typically formed in
offshore settings. Several mechanisms have been evoked as triggers for breccia formation,
including: (1) subaerial desiccation (Kendall and Warren, 1987; Pratt, 2002b; Palma et al.,
2013), (2) storms and/or tsunamis (Kazmierczak and Goldring, 1978; Sepkoski, 1982; Molina
et al., 1998; Chen et al., 2009a; Chen and Lee, 2013), (3) slope-related failure or slumps
(Spence and Tucker, 1997; Myrow et al., 2004), (4) seismic shocks (Bhattacharya and
Bandyopadhyay, 1998; Rodriguez-Pascua et al., 2000; Kullberg et al., 2001; Nogueira et al.,
2003; Montenat et al., 2007; Martin-Chivelet et al., 2011; Patil Pillai and Kale, 2011; Myrow
and Chen, 2015), and (5) bed fracturing associated with early-diagenesis processes (Kwon et
al., 2002; Chen et al., 2009b). However, a combination of such processes is quite common.

Storm-induced waves and currents are important sedimentary agents that episodically and
catastrophically erode, deposit, rework and deform sedimentary strata. The dynamics of storm-
induced currents are complex and such currents may form a wide range of sedimentary
structures such as swaley and hummocky cross-stratification, flat pebbles, and pots and gutter
casts (Bhattacharya and Bandyopadhyay, 1998; Molina et al., 1998; Alfaro et al., 2002; Pratt,
2002a; Chen et al., 2009a). In this context, flat-pebble conglomerate facies have been related to
erosion and redeposition by storms of subaerial exposed shallow water facies, as desiccated
microbial mats (Palma et al., 2013).

Although tsunamites seem to be relatively rare and difficult to recognize in the geological
record, they may constitute an important mechanism to form flat-pebble conglomerates (Pratt,
2002b; Pratt and Bordonaro, 2007). Pratt and Bordonaro (2007) interpreted large tsunamis
recorded by Middle Cambrian limestones of western Argentina were able to produce the
anomalous degree of scour needed to erode lithified substrate. Strong tsunami waves reach
much deeper than storms waves on continental shelves. So, tsunamis are viable alternative to
generate erosional events of exceptional magnitude at and beyond storm wave base (Pratt,
2002b). However, distinguishing between a storm or tsunami deposits in the geological record
is not an easy task.

Loading, earthquakes, and high-frequency sea-level fluctuations can also trigger the
initial break-up and subsequent sliding of a breccia layer (Spence and Tucker, 1997; Gibert et
al., 2005; Spatullo et al., 2007). Storm-wave loading and earthquake shock waves have been
considered as the most likely trigger for slope failures (Myrow et al., 2004; Gibert et al., 2005;
Spalluto et al., 2007), producing slumps, slides and sediment-gravity-flow deposits.
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A seismic trigger can also produce previously discussed mechanisms of brecciation
(Montenat et al., 2007; Owen and Moretti, 2011; Owen et al., 2011). The following criteria have
been used to determine the influence of seismicity in deformational structures of siliciclastic
rocks: (1) large area extent, (2) proximity to active fault system during sedimentation, (3)
potential liquefiable sediments, (4) absence of slope influence, (5) similar morphology between
the described syn-sedimentary features and deformation structures recorded in recent
earthquakes or generated experimentally (Sims, 1975; Jones and Omoto, 2000; Owen and
Moretti, 2011). Despite some differences, those criteria can also be used to determine a seismic

origin for deformation structures in carbonate rocks (Molina et al., 1998; Kahle, 2002).

8.4.2 Flat pebble carbonate breccia as evidence of Ediacaran synsedimentary
tectonic activity
The flat pebble breccia from the basal to intermediate part of the Sete Lagoas Formation
in the Janudria region constitute uncommon deposits that only occur in a well-defined
stratigraphic interval that can be laterally tracked by tens of kilometers (see Fig. 8.4). This
particular interval is mainly constituted by an intercalation of disrupted/deformed (flat pebble
breccia) and non-deformed laminar microbialites deposits. We interpret that this breccia was
formed as a result of fragmentation of the underlying peritidal facies association, particularly
the laminated microbialites. Besides the absence of ductile deformation of the clasts, the
presence of clasts with sharp edges and vertices in the Sete Lagoas flat-pebble breccia suggests
that they were deposited as rigid objects and the lithification process started very early in
diagenesis; even the sediments exposed at the bottom were, at least, partially lithified. The
clasts were formed from the original laminae and rupture of the lamination was a precursor of
a liquefied state, where pore pressure exceeds cohesive forces and drives cracks through the
sediment (Fig. 8.6B). The dolomitization of the matrix, not the clasts, (Figs. 8.9C and D) is
another evidence that each clast was already a cohesive unit before the deformation. Moreover,
the presence of large vertical clasts also corroborates the interpretation that the clasts were
already lithified when a mechanical force rearranged the breccia framework and the square
clasts or chip facies may represent flat-pebble conglomerates that underwent additional
reworking.
Most of the clasts are randomly oriented within the same deformed bed (Fig. 8.5),

however, rare clast beds with higher aspect ratio show slight imbrication (Fig. 8.10).
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The complete absence of fining upward pattern or any internal structure indicative of
decrease in flow energy or velocity in the brecciated bed allows us to refute deposition by waves
and/or bottom currents. In this way, the massive predominance of sharp-edged clasts also
reinforces the hypothesis of brecciation in situ without involving significant sedimentary
transport. Because the coarse-grained sediments composed of pebbles and cobbles do not form
hummocky and swaley cross-bedding, the recognition of these type of sedimentary structures
is not definitive to assign storms as a trigger for breccia deposits.

Several aspects also make it possible to differentiate the breccia beds here detailed from
other evaporitic breccias found in the sedimentary succession of the Sete Lagoas Formation. As
the most distinctive characteristics between these two deposits, we can cite the lateral extension
of the brecciated beds, presence of sin-sedimentary structures associated with the brecciated
beds (see Fig. 8.10), the absence of evaporites and/or subaerial exposure structures and the
absence of reworking of the bottom layer by the top layer in the brecciated beds. It is important
to note that all these features are commonly observed in evaporitic breccias in the entire
succession of the Sete Lagoas Formation in Januaria area and other localities (Vieira et al. 2007,
Perrella et al. 2017).

The breccia layers are sub horizontal, deposited in a shallow water protected lagoon in
a carbonate ramp context, and there is no evidence of lateral shear stresses in the beds. Hence,
the gravity-driven mass movements can also be ruled out as the main trigger for the break-up
of the breccia beds due to the absence of associated deformation structures and lithofacies
indicative of a slope environment in the flat-pebble facies association (e.g., slumps, slides and
sediment-gravity-flow deposits).

On the other hand, the deposits here studied present several inherent characteristics that
are compatible with seismic-induced breccia formation (Kullberg et al., 2001; Montenat et al.,
2007; Moretti and Owen, 2011). The most positive evidences are: a) lateral and regional
stratigraphic distribution: The breccia interval constitutes a well-defined 20-meters-thick
stratigraphic level that can be laterally tracked by tens of kilometers; b) geomorphologic
features: The breccia interval occurs as a continuous horizontal package and constitutes a
regional geomorphologic surface associated with significant Cenozoic karstification; c) single
stratigraphic interval: Deformed beds are restricted to a single stratigraphic interval. In the
succession, the flat-pebble facies association, which contain the flat-pebble breccia, is limited
below and above by the peritidal facies association and by the coarse-grained subtidal deposits,

respectively. The overall breccia interval is composed of interbedded, well-defined, deformed
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and undeformed microbialitic brecciated deposits, suggesting that the triggering mechanism
occurred punctually and not as a day-by-day depositional process; d) vertical repetition: breccia
beds occur repeatedly through the vertical succession of the flat-pebble facies association and
each one of these decametric to metric beds is a product of a seismic event. The middle part of
the breccia interval has the greater thickness and probably represents the highest magnitude of
the earthquake event; e) shape and composition: breccia clasts are monomythic and oblate. The
clasts are composed of fragments of disrupted laminated microbialites, locally allowing the
reconstitution of the original layer. In terms of composition, the clasts are predominantly
calcitic and the matrix is dolomitic. There is no evidence of rounding or other feature indicative
of sedimentary reworking or transport; f) the predominance of chaotically-dispersed clasts
reinforces the absence of sedimentary transport and any granulometry sorting by subaqueous
flux; g) association with synsedimentary faults and deformational structures indicatives of
tectonic stress that acted on liquefied beds (see Fig. 8.10);

A series of NW trending structures occurring in the studied area could be tentatively
associated with the tectonic activity responsible for the sin-sedimentary deformation (Fig.
8.12). These NW faults and fractures may have controlled the emplacement of the Pb-Zn
hydrothermal fluids in the carbonates of the upper part of the Sete Lagoas Formation and would
represent active structures during the Ediacaran evolution of the carbonate platform. As
observed in the measured sections (Fig. 8.4), the thickness of the brecciated stratigraphic
interval (and also the individual breccia beds) tends to decrease to NE, as it distances from the
Tabua and Barreiro fault system (Fig. 8.11). This reinforces the hypothesis that these structures
were active during the sedimentation and were probably related to the seismicity responsible
for the brittle deformation that formed the breccia deposits. In this way, the variation in
thickness and number of occurrences could be related to distance of epicenter and magnitude
of the earthquake.

Similarly to the model of formation of the flat-pebble breccia formed in laminated
sequences (Agnon et al. 2006), we propose the following model (illustrated in the Figure 8.12):
a) initially, the laminated deposits are disrupted and deformed by ground shaking, motion of
the water column, and water escape from the underlying early-lithified sediment; b) the water
movement related to the seismic waves shaking the sea floor caused pore pressure and
fragmentation to increase. Pressure in the pore fluids of the sediment exceeds the confining
pressure of the overlying brine, resulting in liquefaction of the sediment. As a result, the top of

the sedimentary succession becomes fluidized and suspended at the sediment-water interface;
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c) intraclasts are then deposited. After settling, the breccia is capped by the continuing

deposition of microbial laminites.
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Figure 8.12: Magnetometric map of Janudria region. The NW structures are representative of regional

discontinuities present in the Paleoproterozoic basement related to dextral transpressive faults. Modified
from: CODEMIG (2015).
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Figure 8.13: Schematic model for the seismic origin of flat-pebble breccia from Sete Lagoas Formation
in the Januaria region.

8.5 Conclusions

The Sete Lagoas Formation succession in the Janudria region is interpreted as deposited
in very shallow water conditions in the interior part of a rimmed carbonate ramp.
Intraformational limestone breccias described in this unit have been previously interpreted as

product of different processes as gravitational instability, dissolution, early dolomitization
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associated with subaerial exposure and storms during marine flooding (Nobre-Lopes, 2002;
Vieira et al. 2007).

The seismic origin of the flat-pebble breccias from middle part the Sete Lagoas Formation
is supported by several lines of evidence, such as the breccia framework and internal
organization, wide distribution and lateral homogeneity, intercalation with undeformed
deposits, association with synsedimentary deformational structures and the geodynamic
context of the basin in which they were generated. Thus, this seismic-triggered breccia deposits
represent the product of the synsedimentary tectonism occurred within the Sao Francisco
Craton during the terminal Ediacaran and correspond to a very well-defined local stratigraphic
marker in the Bambui basin. The exact location of the epicenter is uncertain, but it could be
related to the NW regional faults in the regional Paleoproterozoic basement of the study area,
which were reactivated during the deposition of the Sete Lagoas Formation. Thus, at least
putatively, the flat-pebble breccia from the base of the Bambui Group represent the result of
the ultimate efforts related to the Brasiliano Cycle and the final consolidation of the SW

Gondwana.
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9. Conclusoes

Na presente pesquisa, materializada em artigos cientificos e na presente tese de
doutoramento, buscou-se compreender de forma integrada como se deu a evolugdo sedimentar
da Formacao Sete Lagoas e a variagdo paleoambiental durante sua deposi¢ao. Para isso, teve-
se como principais objetivos: 1) descrever as associacdes de facies e definir os sistemas
deposicionais da Formacdo Sete Lagoas. Adicionalmente, buscou-se detalhar os processos
formadores de facies e sucessdes de facies incomuns, tais como a capa carbondtica da base da
unidade e brechas presentes na por¢do intermediiria da sucessdo; ii) definir padrdes
arquiteturais e de empilhamento das sucessdes estudadas, bem como caracterizar superficies
estratigraficas chave a fim de compor um quadro estratigrafico adequado para a Formagao Sete
Lagoas na regido de Januaria, MG; iii) caracterizar em detalhe os aspectos sedimentares e
geoquimicos dos precipitados de fundo ocednico presentes na capa carbondtica da porgdo
inferior da unidade iv) identificar varia¢cdes nos padrdes isotdpicos de carbono e oxigénio
visando detalhar aspectos paleoambientais, identificar mudangas de padrdo associadas a
variacdo de facies e superficies estratigraficas e auxiliar na correlagdo da unidade com outras
porc¢des da bacia e unidades coevas ao redor do mundo; e finalmente, v) estabelecer uma inédita
curva isotdpica de enxofre para a unidade, cujo significado estd intimamente relacionado com
a composicdo da agua do mar e a oxigenacdo dos oceanos no Periodo Ediacarano.

Na area estudada, a Formacao Sete Lagoas apresenta espessura total de 130 metros e €
composta por trés sequéncias deposicionais distintas (S1, S2 e S3). Da base para o topo, foram
definidas cinco associagdes de facies: i) capa dolomitica (AF1), ii) carbonatos de perimaré
(AF2), iii) rampa carbonatica influenciada por sismos (AF3), iv) corddo oolitico (AF4) e v)
planicie de maré com microbialitos (AF5).

A sequéncia basal S1 se inicia com a deposi¢do da capa dolomitica com valores de '3C
em torno de -5 %o PDB, contendo precipitados de fundo ocednico incomuns, como leques de
aragonita e barita. O limite inferior desta sequéncia corresponde a discordancia erosiva regional
entre o embasamento Paleoproterozoico e a Formagdo Sete Lagoas, e o limite superior
corresponde a discordancia local que marca o topo da sucessdio de rampa carbonatica
influenciada por sismos.

Precipitados de fundo oceanico sobrepondo estromatélitos domicos da AF1 constituem
um empilhamento retrogradacional, representando a migracdo do onlap costeiro devido a
deglaciagcdo e transgressdo pos-Marinoana. Estes depdsitos de carbonatos de capa foram

interpretados como representativos dos estagios iniciais do trato de sistema transgressivo
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(TST1), similar as capas carbondaticas na Namibia, Canadd e China. A superficie de maxima
inundacdo (MFS1) foi posicionada na camada que contém os precipitados de fundo oceanico
devido ao fato de os leques estarem preservados e, por isso, terem sido formados abaixo do
nivel de ondas de tempo bom e tempestade.

Minerais autigénicos como por aragonita e barita ja haviam sido descritos anteriormente
por outros autores. No entanto, a identifica¢do e descricdo destes leques de aragonita e barita
junto a cimentos apatiticos permitiu uma melhor compreensdo dos seus mecanismos de
formag¢do no contexto da capa carbondtica da Formagdo Sete Lagoas. Outros minerais
diagenéticos também foram interpretados, como pirita e calcita. Ressalta-se aqui que a
fosfatizagdo em capas carbonaticas ¢ descrita pela primeira vez neste trabalho (Capitulo 6,
artigo “Phosphogenesis, aragonite fan formation and seafloor environments following the
Marinoan glaciation”), bem como o processo que controla a precipitagdo de aragonita e apatita
por ferro-redu¢do na interface sedimento-agua, permitindo a coexisténcia destas duas fases
minerais.

O outro mineral que compde os precipitados de fundo ocednico tipicos de capa
carbondtica ¢ a barita e, devido a sua importancia na defini¢do da idade Marinoana para os
carbonatos de capa estudados, considerou-se discutir a origem e a historia termal deste mineral
(Capitulo 7, artigo “Hydrothermal influence on barite precipitates in the basal Ediacaran Sete
Lagoas cap carbonate, Sdo Francisco Craton, central Brazil””). Com base na analise de is6topos
de enxofre no carbonato e na barita, espectroscopia Raman e analise de inclusdes fluidas, foi
constatado que a barita ainda preserva o sinal isotopico da dgua do mar, mesmo registrando
temperaturas e salinidades condizentes com eventos de percolacdo de fluidos (e.g.
hidrotermalismo). Desta forma, ainda que este mineral preserve o sinal isotdpico original, é
preciso cuidado analitico ao utilizar a barita da Fm. Sete Lagoas (e de outras unidades de mesma
idade) para aferir condi¢des geoquimicas e paleoambientais da dgua do mar.

Na se¢do Borrachudo, localizada no alto estrutural de Januaria, ndo foram reconhecidas
as associacdes de facies AF2, AF3 e AF4, o que nos leva a interpretar um expressivo
espessamento de se¢do na direcdo E-NE, possivelmente relacionado a um aumento expressivo
na taxa de subsidéncia nesta por¢do da bacia (depocentro).

Facies de perimaré (AF2) formadas principalmente por microbialitos laminados,
trombolitos e grainstones finos laminados, correspondem a uma sucessao tipica de trato de mar
alto (HST1) nesta porcdo da bacia. Neste ambiente de aguas rasas, proliferaram-se os

metazoarios Cloudina e Corumbella associados a trombolitos e esteiras microbianas. Estes
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depositos de perimaré sdo recobertos por brechas intraformacionais, interpretadas como flat-
pebble breccia. Tal deposito € clasto-suportado, apresenta clastos angulosos e alongados ou
oblatos. Nao ha evidéncias de deformagdo ductil, o que sugere que estes clastos foram
depositados como objetos rigidos praticamente na mesma posi¢do em que originalmente se
formaram. A presenca de clastos em posi¢ao vertical, deformagdo aumentando para o topo,
continuidade lateral das camadas brechadas e alternancia de camadas deformadas e ndo-
deformadas com contato abrupto sugerem fragmentagdo in situ de camadas de microbialitos
previamente litificados devido ao impacto de ondas de choque relacionadas a atividade sismica
concomitante a sedimentag¢do. Dados de direcdo dos clastos alongados da flat-pebble breccia da
AF3 e de paleocorrentes dos grainstones ooliticos da AF4 indicam que a linha de costa original
estava posicionada na direcdo NE-SW, com abertura oceénica para SE (quadrante E).

Barras e dunas ooliticas do corddo oolitico (AF4) recobrem a flat-pebble breccia e as
facies de perimaré, configurando um padrdo retrogradacional representativo dos estagios
iniciais do segundo trato transgressivo (TST2). Embora a sucessdo contendo grainstones
ooliticos apresente 20-30 metros de espessura nas areas de Arcos e Janudria, tal sucessdao pode
alcangar centenas de metros na regido de Montalvania, sugerindo que a bacia era
progressivamente mais profunda na direcdo E-NE (quadrante E). Este intervalo provavelmente
reflete a producdo carbonatica maxima relacionada com o crescente aumento no espago de
acomodagdo no depocentro.

No topo da Formagdo Sete Lagoas, a facies de brecha estromatolitica representa a
exposicao subaérea de microbialitos e corresponde ao limite inferior da sequéncia S3. Este
intervalo ¢ marcado pelo decréscimo na producdo carbonatica, desenvolvimento de uma
superficie regional paleocarstica, seguida por um aumento de input terrigeno associado a uma
transgressdo representativa do inicio da sedimentacao dos siltitos e margas da Fm. Serra de
Santa Helena.

As amostras da Fm. Sete Lagoas submetidas as andlises de isdtopos de C e O tiveram
seus valores originais aferidos a partir da relagdo '*C vs. 0 e razdes Mn/Sr, sendo que a grande
maioria delas foi considerada nio alterada. As curvas isotopicas de '3C variam de -4.33 até 4.77
%0 PDB, condizentes com valores previamente obtidos por outros autores, exceto pelos valores
fortemente positivos do topo da unidade, que ndo foram encontrados no presente trabalho.

Por fim, uma das principais contribuicdes deste trabalho consiste na obtengdo e
interpretagdo de uma inédita curva isotopica de enxofre (Scas) para a Formacao Sete Lagoas, a

qual associada com dados isotdpicos de C e O obtidos para as mesmas segdes, permitiram
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delinear algumas condi¢des paleoambientais. Na se¢do composta estudada, os valores
isotopicos de **Scas mostram co-variancia com os valores de '*Cearn, indicando que a pirita € o
carbono organico foram oxidados e soterrados a uma mesma taxa. Este padrdo ¢ comumente
encontrado em rochas do inicio do Fanerozoico. Além disso, as concentragdes de CAS medidas
mostram um pico de oxigenagdo na porcao basal da unidade seguida por condigdes andxicas,
semelhante as estimativas anteriores do reservatdrio de sulfato em outras unidades do final do
Ediacarano. Este pico de oxigenagdo precede estratigraficamente (local) e temporalmente
(global) o surgimento dos organismos pertencentes a assembleia de Nama (Cloudina,
Namacalathus, Corumbella, entre outros), considerada o tltimo grande evento evolutivo antes

da grande explosdo de vida Cambriana.
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Apéndice A: Dados 1sotdpicos € geoquimicos
referentes as amostras estudadas
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Tabela 1: Dados isotdpicos e razdes geoquimicas dos carbonatos da Fm. Sete Lagoas na area

JI5X

J105 VA
JN5U
JN5T
Jnss
1M
"i7L
JI05R
WITK
J5Q
173
0171
WITH
5P
W76
J1050
W1TF
WITE
W17D
JI5NB
4R
JN5M
nirc
14Q
JI0SL
n17B
J4PA
WITA
JI5K
N5y
51
140
JI5H
JN5G
JNSF

JJ4N
74M
JISE
5D
4L
s5cC
JI5B
J105-A
14K
1747
141
JJ4H
4G
1 4F
JJ4E
114D
l1ac
J14B
U4A
7™M
7L
7K
71
71
1J7H
117G

I 7F
1 7E
117D
e
7B
H7A

MV

laminated microbialite

SB3/TS3 —

brecciated stromatolite
stromatolite
hydrothermal breccia
dolomitized trough cross stratified grainstone
trough cross stratified ooidgrainstone
trough cross stratified grainstone
hydrothermal breccia
brecciated stromatolite
hydrothermal breccia
brecciated stromatolite
trough cross stratified grainstone
trough cross stratified grainstone
hydrothermal breccia
trough cross stratified grainstone
planar cross stratified grainstone
trough cross stratified ooidgrainstone
trough cross stratified grainstone
trough cross stratified grainstone
trough cross stratified grainstone
dolomitized trough cross stratified grainstone
cross-laminated grainstone
trough cross stratified grainstone
dolomitized trough cross stratified grainstone
trough cross stratified grainstone
grainstone?
dolomitized laminated grainstone
laminated grainstone
cross-laminated grainstone
trough cross stratified grainstone
planar cross stratified grainstone
laminated microbialite
trough cross stratified grainstone
laminated microbialite
low-angle stratified grainstone

SB2/TS2 -

flat-pebble breccia
laminated microbialite
laminated microbialite
laminated microbialite
flat-pebble breccia
trough cross stratified grainstone
laminated microbialite
low-angle stratified grainstone
thrombolite
chert
laminated microbialite
laminated microbialite
oncolitic rudstone?
low-angle stratified grainstone
laminated grainstone
laminated grainstone
laminated grainstone
laminated grainstone or thrombolite
laminated grainstone
thrombolite
cross-laminated grainstone
cross-laminated grainstone
thrombolite
cross-laminated grainstone
laminated grai w/
cross-laminated grainstone

thrombolite
aragonite fans
d grai w/
cross-laminated grainstone
barite fans above carbonate
cap dolostone

SBI/TS1 —

de Januaria.

FAS 4.54

FA4 4.77

FA4 4.67

FA4 4.41

FA4 4.12

FA4 3.78

FA4 150

FA4 5.08

FA4 222

FA4 4.46

FA4 2.15

FA4 3.10

FA4 2.74

FA4 5.17

FA4 237

FA4 4.60

FA4 0.68

FA4 0.92

FA4 0.31

FA4 3.34

FA4 2.06

FA4 2.30

FA4 0.43

FA4 2.19

FA4 1.89

FA4 0.43

FA4 0.42

FA4 0.59

FA4 179

FA4 1.96

FA4 1.81

FA4 0.03

FA4 157

FA4 145

FA4 1.51

1 d seq

FA3 0.55

FA3 0.60

FA3 120

FA3 113

FA3 0.70

FA4 118

FA2 1.64

FA2 136

FA2 0.50

FA2 0.47 26.04
FA2 0.31 24.14
FA2 0.51 88.48
FA2 0.46 -
FA2 0.34 50.18
FA2 0.50 23.75
FA2 0.76 15.15
FA2 0.81 42.90
FA2 0.59 44.78
FA2 0.06 127.00
FA2 -0.30 117.13
FA2 -0.97 105.34
FA2 -0.94 124.29
FA2 -0.88 172.88
FA2 -4.33 125.80
FA2 -0.84 -8.15 172.24

MFS 1- maximum flooding surface

FA2 -1.30 -12.05 287.50
FAl -3.76 -12.77 334.44
FAl -4.33 -11.94 33241
FAl -4.71 -13.36 310.65
FAl -3.15 -8.68 367.28
FAl -3.58 -7.09 167.45

boundary and

0.00046

0.00064
0.00070
0.00053
0.00050
0.00054
0.00056
0.00063
0.00057
0.00033
0.00062
0.00108
0.00158
0.00072
0.00115
0.00082

0.00074

0.00245
0.00093
0.00080

0.00220
0.00163
0.00175

0.00175
0.00103
0.00091
0.00079
0.00078
0.00066
0.00077
0.00078

0.00060
0.00050

0.00041

0.02

0.02
0.02

0.42

21.24

1.24
8.13

6.14

0.009
0.0141
0.01298

0.01301
0.059
0.04921
0.076
0.072
0.077
0.073
0.072

0.069
0.092

0.055



Tabela 2: Elementos maiores e traco das amostras analisadas da Fm. Sete Lagoas. * = (ppm)

Sample
JI5X
J105 VA
JI5U0
ST
58
JJ17L
JI 17K
JI5Q
JI17H
JJ050
JI5SNB
I17C
114 PA
5K
J51
I5G
JSE
JJ4L
JISB
J105-A
JJ4H
JJ4F
174D
JJ4B
7™M
JJ7L
7K
71
71
JJ7TH
117G
JJ7F
JJ7E
JIT7A

SiO,
0.06
1.13
0.92
0.32
0.10
0.43
0.45
1.13
0.53
0.22
0.00
0.04
0.26
-0.07
6.60
0.35
0.41
0.41
0.23
0.25
-0.12
1.25
-0.11
0.13
12.09
7.75
14.97
11.33
8.62
10.07
10.65
4.47
5.26
2.14

TiO;
0.02
0.03
0.05
0.02
0.01

0.02
0.02
0.04
0.01

0.02
0.03
0.01

0.01

0.02
0.01

0.02
0.02
0.02
0.02
0.02
0.01

0.03

0.02
0.02
0.09
0.08
0.10
0.11

0.09
0.10
0.12
0.08
0.09
0.01

A1203
0.25
0.24
0.71
0.17
0.02
0.03
0.03
0.29
0.01
0.08
0.03
0.04
0.06
0.02
0.07
0.10
0.08
0.24
0.15
0.03
0.10
0.36
0.07
0.15
1.69
1.15
1.70
1.75
1.54
1.87
1.81
1.16
1.28
0.16

Fe,03
0.57
0.23
0.45
2.14
0.99
0.20
0.37
0.49
0.27
0.23
0.44
0.13
0.19
0.10
0.18
0.17
0.18
0.09
0.26
0.12
0.15
0.23
0.06
0.16
0.94
0.54
0.69
0.73
0.62
1.02
0.75
0.37
0.64
0.55

MnO
0.03
0.02
0.03
0.16
0.05
0.04
0.07
0.03
0.05
0.01
0.03
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.03
0.02
0.02
0.02
0.03
0.04
0.19
0.09

MgO
20.88
18.98
19.48
21.20
21.58
17.45
20.85
18.58
21.36
8.27
13.19
6.27
2.14
3.26
1.14
7.92
2.73
1.40
6.21
0.42
0.24
0.30
0.29
0.97
3.73
1.19
1.40
0.85
1.04
1.61
1.05
1.27
0.99
19.26

CaO
38.03
34.74
32.34
32.55
32.25
36.93
32.51
34.65
31.92
51.70
41.74
49.55
54.52
53.35
51.74
52.74
55.19
5491
39.00
56.16
56.73
54.00
56.04
55.25
43.33
49.58
44.40
47.39
49.06
47.14
49.24
57.04
50.97
39.08

Na,O
-0.16
-0.15
0.16
-0.14
-0.15
-0.15
-0.17
-0.12
0.01
-0.13
-0.11
-0.07
0.02
0.02
0.08
-0.04
0.02
0.05
-0.06
0.07
0.15
0.36
0.08
0.06
0.04
0.09
0.10
0.14
0.11
0.09
0.12
0.15
0.10
-0.16

KO
0.05
0.03
0.01
0.05
-0.01
0.01
-0.01
0.08
0.01
-0.01
0.00
-0.01
-0.01
-0.01
0.00
0.01
0.01
0.01
0.00
-0.01
0.01
0.09
0.01
0.00
0.60
0.20
0.63
0.35
0.26
0.35
0.48
0.39
0.38
0.06

P,0s
0.04
0.03
0.04
0.12
0.04
0.19
0.08
0.05
0.04
0.05
0.04
0.09
0.09
0.03
0.04
0.09
0.10
0.09
0.12
0.06
0.07
0.07
0.05
0.05
0.06
0.08
0.06
0.05
0.08
0.09
0.06
0.05
0.07
0.04

LOI
40.22
44.74
45.82
43.28
44.94
44.70
45.71
44.81
45.84
39.65
44.48
43.95
42.70
43.39
40.13
39.28
41.09
42.72
53.97
42.83
42.82
43.36
43.51
43.40
37.47
39.32
35.86
37.35
38.71
37.89
35.69
34.97
39.86
38.80

Total
99.99
100.01
100.02
99.86
99.82
99.86
99.91
100.04
100.03
100.08
99.88
100.04
99.98
100.12
100.01
100.63
99.84
99.95
99.92
99.97
100.15
100.06
100.02
100.19
100.07
99.99
99.96
100.09
100.16
100.25
100.00
99.99
99.84
100.03

*

Ni
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19
21
17
25
17
22
29
39
45
25
42
38
41
42
38
44
47
46
46
47
42
46
48
48
45
46
47
45
50
19

Zn*
17
48
18
21
15

269

139
21

2323
26
36
74
42
18
32
30
31
31
29
33
34
33
38
34
34
38
38
36
30
35
34
35
36
14

Ba*
1
25
24
19

7
<2
15
16

16
24
21

28
17
34
44
21
22
17
25
36
34
40
56
51
41
34
63
41
138
141
17

Rb*
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6

Sr*
125
158
162
124
115
141
131
155
129
121
185
383
616
274
424
308
291
963
259
322
891
631
701
692
319
252
321
264
232
259
273
244
183
116
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ARTICLE INFO ABSTRACT

Discoidal sedimentary structures are commonly described in Proterozoic strata, and even more common in
Ediacaran to lower Cambrian sedimentary successions. Many abiotic processes are able to produce such circular
or discoidal structures in bedding planes, however, their abundance in Ediacaran strata suggests a possible
correlation with the evolution and preservation of epibenthic metazoans that emerged at the end of this period.
In the South American paleontological record, studies regarding the Ediacaran soft-bodied organisms are meager
and restricted to few reports in Brazil, Paraguay, and Argentina. In many cases, such “fossils” were only ten-
tatively characterized in terms of their general morphology and putative taxonomic affinity. Thus, considering
the almost absence of work on these enigmatic structures in South America, this paper aims to make a critical
analysis on the main occurrences of Ediacaran-Cambrian discoidal structures described in this continent. Based
on a detailed review and unpublished data, it was possible to provide a general picture concerning the main
paleoenvironmental and sedimentary significance of this structures, as well as on the most promising prospects
in terms of the paleontological record of Ediacaran soft-bodied metazoans in South American. In this sense, it
was settled that occurrences such as those in the Jaibaras and Itajai basins should be reassessed in order to
establish reliable criteria of biogenicity. In the case of the material from the Sete Lagoas and Tagatiya Guazu
formations, it is considered more parsimonious to interpret the discoidal features as resulting from microbial
processes. Similarly, the discoidal structures of the Cerro Negro Formation presents a series of internal lami-
nations and textures that resembles those developed by processes of microbial grain binding and trapping
suggesting that, at least part of this material, can be related to microbially induced sedimentary structures.
Finally, for the ichnologically diversified Puncoviscana and Camaqua basins, two different scenarios were
identified. The first presents an ichnological assemblage strongly indicative of lower Paleozoic, and possibly
Cambrian affinity. Thus, the discs in association with these traces, should be viewed with caution and inter-
pretations made in light of a Paleozoic context. The second possesses an ichnological association typical of that
expected for the Ediacaran-Cambrian transition, and the diversity of discoidal forms can potentially represent
imprints of macroorganisms on a microbially bounded substrate, thus deserving a more detailed approach.

Keywords:

Ediacaran biotas
Ediacaran geobiology
Biogenicity criteria
Dubiofossils

1. Introduction trace fossils (e.g., Actiniarian resting traces, Alpert, 1973, or in-
vertebrate feeding radial structures, Strzebonski and Uchman, 2015),

Sedimentary structures of discoidal or circular morphology (in plan microbial structures (Grazhdankin and Gerdes, 2007; Menon et al.,

view) are considerably common in the geological record. When resulted
from abiotic processes they may represent raindrop impressions
(Moussa, 1974; Metz, 1981) or fluid escape features (Pringle et al.,
2007; Poldsaar and Ainsaar, 2014), among other structures. When re-
lated to the direct or indirect effect of biological activity they represent
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E-mail address: lucas.inglez@unesp.br (L. Inglez).

ames.2018.11.023

https://doi.org/10.1016/j.

2016) or even impressions of macrofossils (see for example, the revision
of MacGabhann, 2007, on “Ediacaran discoidal fossils”). They are
commonly described in Proterozoic rocks (e.g., Callow et al., 2011; El
Albani et al., 2014; Anderson et al., 2016), especially in Ediacaran
strata, where they are often interpreted as molds and/or impressions of
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soft-bodied macroscopic organisms of Ediacaran biotas (e.g., Glaessner
and Walter, 1975; Hofmann, 1971; Narbonne and Hofman, 1987;
Waggoner, 2003; Clapham et al., 2003; McCall, 2006; Macgabhann,
2007, 2014). Soft-bodied macroorganisms of these biotas are usually
preserved under exceptional taphonomic conditions, in distinct sedi-
mentary marine settings (Seilacher et al., 2005; Waggoner, 2003; Shen
et al., 2008; Arrouy et al., 2016, but see Retallack, 2012a,b, for a dis-
tinct interpretation). Although including forms with a high degree of
morphological disparity, they are anatomically simple and lack
common stem-group synapomorphies, making it difficult to establish
clear phylogenetic relationships with Phanerozoic clades (Seilacher,
1992; Buss and Seilacher, 1994; Droser and Gehling, 2015), though
petalonamid forms are pointed as sister-group to Eumetazoa (Hoyal
Cuthill and Han, 2018). However, evidences demonstrated that some of
the forms previously identified as Ediacaran discs, are in fact related to
the interaction of benthic microbial populations with physical sedi-
mentary processes (Seilacher et al., 2005; Van Loon, 2008; Hagadorn
and Miller, 2011; Menon et al., 2015, 2016) or even the structuring of
microbial colonies as pristine multicellular aggregates (Grazhdankin
and Gerdes, 2007; Bobrovskiy et al., 2018).

In the South American continent, studies regarding the Ediacaran
soft-bodied fossils are meager and restricted to preliminary reports (see
the revision of Kerber et al., 2013, on the record of South American
Ediacaran Metazoan) of occurrences in Brazil (Paim et al., 1997; Zucatti
da Rosa, 2005; Drefahl and Silva, 2007; Netto, 2012; Barroso et al.,
2014), Paraguay (Warren et al., 2011), and Argentina (Acenolaza and
Acenolaza, 2007; Arrouy et al, 2016). Indeed, in many cases the
“fossils” were only tentatively characterized in terms of their general
morphology, with putative taxonomic classification made by compar-
ison with typical specimens from classic localities of the Ediacaran biota
(Zucatti da Rosa, 2005; Acenolaza and Acenolaza, 2007; Drefahl and
Silva, 2007; Barroso et al., 2014). Hence, key issues concerning these
“fossils”, such as the modes of occurrences, their biotic vs. abiotic
origin, and stratigraphical distribution and correlation were not ex-
plored in its full potential.

Considering the relevance of these data to unveil key paleobiolo-
gical issues of the Ediacaran-Cambrian transition, critical revisions are
particularly worthy in the light of new discoveries and interpretations
(see Fairchild et al., 2012 and Becker-Kerber et al., 2013 for revisions
with different emphasis within this theme). In this sense, this con-
tribution aims to make a critical review on the main occurrences of
discoidal structures of the Ediacaran-Cambrian transition described in
the sedimentary record of the South American terrains. The main goal is
to provide a general picture of what has been described and presented
as occurrences of members of Ediacaran soft-bodied clades, especially
discoidal forms. Since the abiological origin of these structures cannot
be ruled out, in this contribution we (a) discuss the appropriate bio-
genicity criteria to be applied in the description and interpretation of
these problematic structures; (b) raise critical questions concerning the
interpretations of those structures, by discussing their relevance as tools
for paleoenvironmental and paleoecological reconstitutions of the
South American Ediacaran-Cambrian successions, and (c) identify sites
with great potential for future scientific prospects concerning the
Ediacaran-Cambrian paleontology in this continent.

2. The discoidal structures in the Ediacaran record: a historical
review

Structures interpreted as fossils of discoidal morphology are rela-
tively common in some Ediacaran successions, as those from the clas-
sical Avalon and White Sea assemblages (McCall, 2006). Despite of that,
their significance in terms of evolutionary affinities and the preserva-
tional taphonomic pathways are far from being fully understood
(McCall, 2006; MacGabhann, 2007). Advances in the past two decades
paved the idea that the discoidal structures are mainly molds and im-
pressions of a bulbous-like holdfast of a group of benthic sessile
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metazoans (Gehling et al., 2000; MacGabhann, 2007; Tarhan et al.,
2010, 2015; Dzik and Martyshyn, 2017), mainly referred to the Aspi-
della-plexus, and the genera Charniodicus sp. and Eoporpita sp., among
others.

The first descriptions of Ediacaran discoidal structures date back to
the 19th century, with the discovery of simple circular impressions on
Proterozoic successions in Long Mynd (Salter, 1856) and Charnwood
Forest, United Kingdom (Eskrigge, 1868), and in Newfoundland, Ca-
nada (Billings, 1872). These authors described the specimens in terms
of general morphology, highlighting their possible biological origin,
and interpreting them as either putative worm burrows (Salter, 1856),
impressions of holdfasts of some sort of macroalgae (Eskrigge, 1868,
but see Howe et al., 2012, for further discussion regarding the first
descriptions of such enigmatic features) or even possible invertebrate
fossils of uncertain biological affinity (Billings, 1872). However, these
findings and interpretations were viewed as very unlikely, given the
dominant idea at that time that macrofossils should be absent in Pre-
cambrian strata (Howe et al., 2012). Therefore, subsequent studies ei-
ther ignored the presence of these structures, or considered them non-
organic (Hill and Bonney, 1877; Weston, 1892; Watts, 1947).

The views above started to change with further discoveries of dis-
coidal structures in the Ediacaran-Cambrian successions from the
Flinders Ranges and Mount John, Australia. Based on their external
morphology, the Australian discs were considered as impressions of
pelagic, soft-bodied cnidarian scyphozoans (or possibly hydrozoans)
(Sprigg, 1947, 1949). Therefore, this interpretation introduced new
ideas and issues to the discussion about the biological meaning of those
discoidal structures (Sprigg, 1947, 1949). In this context, Sprigg (1947,
1949) proposed several new taxa to accommodate such structures, in-
cluding: Beltanella gilesi, Cyclomedusa davidi, Ediacaria flindersi, Proto-
dipleurosoma wardi, and Tateana inflata. All these taxonomic names
would be extensively applied to morphologically similar discoidal
structures in the upcoming literature regarding these Ediacaran fossils
not only in Australia (Glaessner and Wade, 1966; Wade, 1969, 1972),
but also in Canada (Hofmann et al., 1983, 1985; Narbonne and Hofman,
1987), and Russia (Fedonkin, 1978, 1980). Standing on the occurrences
from these localities new species were erected based on slight mor-
phological variations of the discoidal structures referred to already es-
tablished genera (e.g., Beltanella, Cyclomedusa, Ediacaria).

Another advance regarding the nature of the discoidal structures
was made with the discovery (or more properly, re-description, Howe
et al., 2012) of the Precambrian fossils in the region of Charnwood
Forest, England (Ford, 1958). At this locality, as well as in Australia and
South Africa, discoidal fossils were observed in association with frond-
like structures (foliate or leaf-like structures composed of segmented
lobe sets that alternates on either side of a central axis) (Glaessner,
1959; Glaessner and Wade, 1966; Jenkins and Gehling, 1978). In some
specimens the fronds appeared to be attached to a circular or discoidal
structure by a stalk (Ford, 1958; Glaessner, 1959). This suggested that
the two elements were, indeed, different anatomical parts of the same
organism, providing the fossils a general body plan similar to that of
modern pennatulaceans (Glaessner, 1959; Glaessner and Wade, 1966).
Nevertheless, only a few specimens showed the connection between
these two structures and, in some assemblages, discoidal taxa were
described without any association to fronds of any type (e.g., Beltan-
neliformis sp., Menner, 1963; Nemiana sp. Palij, 1976), suggesting that
many of these discs could represent distinct biological entities
(MacGabhann, 2007).

As more material was being uncovered, new evidences came up and
helped to explain the nature and affinities of those discoidal fossils.
Descriptions of specimens from the Ediacaran succession of the
Mackenzie Mountains, Canada, allowed the proposal of new taxonomic
entities, and novel paleobiological hypotheses (Hofmann et al., 1981;
1983, 1985). Researchers started questioning the cnidarian affinity of
discoidal forms, as well as their pelagic mode of life (Seilacher, 1984;
McMenamin, 1986; Narbonne and Hofman, 1987). In a critical review,
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Sun (1986) suggested that many occurrences previously interpreted as
metazoan fossils could be possibly reinterpreted as abiotic structures.
Yet, the author also proposed that numerous specimens would represent
taphonomic variants of the same given group of medusoid organisms.
Based on this plea, Sun (1986) erected the Cyclomedusa-plexus (Sun,
1986).

This interpretation was only reconsidered recently with the erection
of the Aspidella-plexus by Gehling et al. (2000). This proposal is in
accordance with the taxonomic nomenclature and considers the first
genus described by Billings (1872), namely Aspidella terranovica. Alike
the Cyclomedusa-plexus, the Aspidella-plexus comprises a series of ta-
phonomically-derived morphological variants (i.e., taphotaxons, sensu
Lucas, 2001), which does not necessarily represent distinct taxa. Fur-
thermore, the Aspidella-plexus includes various previously described
genera (e.g. Cyclomedusa, Ediacaria, Spriggia) that are junior synonyms
of Aspidella (see Gehling et al., 2000). Still, the current interpretations
recognize that most discoidal fossils would represent molds and im-
pressions of attachment structures (e.g., holdfasts) of sessile benthic
organisms (Gehling et al., 2000; Tarhan et al., 2010, 2015). This same
interpretation was given to some taxa, such as Charniodiscus sp., and
other frond-like fossils (Ford, 1958; Glaessner, 1959). However, the
Aspidella-plexus should include specimens with no preserved fronds, or
other structures that allow a more precise taxonomic assignment
(Gehling et al., 2000).

In the last two decades, some studies focused on this new tapho-
nomic/taxonomic paradigm, by proposing new models for the pre-
servation of the discoidal structures (Mapstone and Mcllroy, 2006; Liu,
2016; Tarhan et al., 2010, 2015; Retallack, 2016) also discussing their
nature and morphological variants (Tarhan et al., 2010, 2015).

Following the definition of the Aspidella plexus, some important
taxonomic or paleobiological interpretations were presented for these
Ediacaran discoidal fossils. One example is the evidence of horizontal
and vertical movement described in Aspidella terranovica in the type
locality (Menon et al., 2013). Fossils include short traces, with crescent
ridges and raised margins terminating in discs with radial grooves and
central elevated pimp typical of Aspidella (Menon et al., 2013). In ad-
dition, polished slabs revealed a laminated patter above the plane
where fossils are preserved (as hyporelief features), similarly to me-
niscus-like structures produced during vertical adjustments of an or-
ganism. Both observations point to an eumetazoan affinity for the ori-
ginally described taxon Aspidella terranovica (Menon et al., 2013).

Nevertheless, once the plexus (as suggested by Gehling et al., 2000)
would assemble forms of different localities and ages, as well as distinct
environments, it is very unlike that they all represent only one biolo-
gical group (see MacGabhann, 2007, for a detailed discussion). There-
fore, the extensive use of the term Aspidella to refer to discoidal fossils
and interpret them as holdfasts of frondose organisms should be made
with caution (see MacGabhann, 2007). On the other hand, recent
analysis focused on biometrical comparisons between discs preserved
with distinct styles in distinct assemblages (Burzynski and Narbonne,
2015). Their results demonstrated a positive correlation between disc
size and frond size (when preserved), suggesting that the majority of
discoidal markings (even when dissociated from fronds or stem-like
features) probably functioned as tethering structures to frondose or-
ganisms (Burzynski and Narbonne, 2015).

Finally, the advances in the last years regarding the dynamics of
benthic microbial communities have widened the array of possible se-
dimentary structures developed and/or preserved in modern and an-
cient depositional environments (Noffke et al., 1996, 2001, 2003, 2009;
Hagadorn and Bottjer, 1997; Noffke and Krumbein, 1999, but see
Davies et al., 2016, for a recent revision and discussion). Considering
the influence of bio-stabilization by microbial communities, diverse
physical and/or biological processes are able to produce (or enhance)
the preservation of circular or discoidal structures in distinct sedi-
mentary settings. Such structures can include gas or fluid escape
structures (Callow et al., 2011; Van Loon and Maulik, 2011; Taj et al.,

Table 1
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Interpretation of discoidal structures through time.

Authors

Interpretations

Eskrigge (1868) Billings

(1872)
Hill and Bonney (1877)
Weston, 1892

Watts, 1947
Sprigg (1947), 1949
Ford (1958)
ssner (1959)
ssner and Wade
(1966)
Wade (1969), 1972
Seilacher (1984)
McMenamin (1986)
Sun (1986)

Noffke, 2009

Hagadorn and Bottjer

(1997)

Noffke et al. (2001)
Gehling et al. (2000)
acGabhann (2007)
Tarhan et al., (2010),

First descriptions of discoidal fossils in Precambrian
strata

Denial of a biological origin for the discoidal
features

Description of fossils from the Flinders Ranges,
Australia and interpretation of discs as impressions
of medusoid cnidarians.

Description of frond-like fossils in association to
discoidal features. Proposal of taxa such as Charnia
and Chamnioduscus Ford

Questioning about the cnidarian affinity of
discoidal fossils, their biogenicity and taxonomic
significance of morphological variation among
them.

Proposition of microbially induced features (MISS -
microbially induced sedimentary structures) as a
new class of sedimentary structures

Proposition of the Aspidella -plexus.
Synonymization of several taxa as taphonomic
variations among a diversified group of organisms.

2015

Seilacher et al. (2005)
Grazhdankin and
Gerdes, 2007
Van Loon, 2008
Hagadorn and Miller
(2011)
Menon et al., (2015),
2016

Reinterpretation of many taxa as microbially
influenced sedimentary structures

2014; Menon et al, 2015, 2016; Tu et al., 2016), liquefaction or
overload features (Kahle, 2009), as well as microbial constructions
(Grazhdankin and Gerdes, 2007; Ivantsov et al., 2014; Bobrovskiy et al.,
2018). This led various authors to reinterpret many discoidal structures
originally interpreted as fossils, as inorganic or microbially-induced
sedimentary structures (Seilacher et al., 2005; Van Loon, 2008;
Hagadorn and Miller, 2011; Menon et al., 2015, 2016).

The advances in the study of Ediacaran discoidal forms, and the
changing trend on the study of this enigmatic group of fossils or abiotic
structures over the last 150 years are summarized in Table 1.

3. Ediacaran-Cambrian discs of the South American continent

Occurrences of Ediacaran-Cambrian discoidal structures in South
America are known from various localities from Brazil, Paraguay, and
Argentina. The most diverse one is that from the Jaibaras Basin, Brazil,
including discoidal structures as well as supposed fossil impressions of
other groups also found in classical marine Ediacaran assemblages as
the White Sea assemblage, Russia (Barroso et al., 2014). Discoidal
structures from Argentina are found in the Cerro Negro Formation, La
Providencia Group, where they occur in great numbers and variable
sizes in some strata (Arrouy et al., 2016). Despite the recent advances in
our knowledge of these discoidal structures in Argentina, their origin is
still under discussion (Inglez, 2018). On the other hand, the Paraguayan
record is limited to the occurrences of the Tagatiya Guazu Formation
(Warren et al., 2011).

A brief overview on the Ediacaran-Cambrian discs of South America
continent is presented below. The occurrences are listed according to
the present geographical distribution of the disc-bearing lithostrati-
graphic units and are summarized in Table 2, which includes additional
biostratigraphical and geochronological data for each localitiy. Fig. 1
illustrates the geographical location of each of these units, while in
Fig. 2 schematic columns with the tentative age correlation among lo-
calities are shown.
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Fig. 1. Map of Proterozoic to Cambrian geologic units of South America highlighting the occurrence of discoidal structures, metazoans, microfossils and other main
paleontological components. 1 - Tandilla System, La Providencia Group (AR), 2 - Puncoviscana Basin (AR), 3 - Itapucumi Group (PY), 4 - Arroyo del Soldado Group
(UY), 5 - Camaqua Basin, Santa Barbara and Bom Jardim groups (BR), 6 — Camarinha Basin (BR), 7 - Itajai Basin (BR), 8 - Corumbé Group (BR), 9 - Murciélago
Group (BO), 10 - Araras Group (BR), 11 - Bambui Group (BR), 12 - Jaibaras Basin (BR). Based in Sommer (1971), Ciguel etal. (1992), Netto et al. (1992), Paim et al.
(1997), Acenolaza (2004), Zucatti da Rosa (2005), Drefahl and Silva (2007), Netto (2012), Warren et al. (2011, 2014), Barroso et al. (2014), Sanchez (2014), Arrouy

et al. (2016), Inglez et al. (2016).

3.1. Puncoviscana Basin — Puncoviscana Formation (northwestern
Argentina) (A)

In the central Andean region of South America, the Neoproterozoic
to Early Cambrian sequence correspond to siliciclastic succession of the
Puncoviscana Formation, which is best exposed in northwestern
Argentina (Figs. 1 and 2). It consists of an up to 2000-m-thick, intensely
folded, slightly metamorphosed succession of slates and schists de-
posited in diverse sedimentary environments (Acenolaza and Durand,
1986; Jezek, 1990; Acenolaza et al., 1999). Due to the structural par-
ticularities of the Puncoviscana Formation, is difficult to determine its
precise depositional age and establish the correlation with other coeval
units, and a major effort is necessary to integrate stratigraphic, geo-
chronological and paleontological data in order to envisage the precise
timing of deposition of this unit (Acenolaza and Acenolaza, 2007).
Based on detrital zircon grains, Lork et al. (1990) suggested a maximum
age of 530 Ma, whereas other authors dated intrusive plutonic bodies
between 536 + 7Ma and 534 + 9Ma and metamorphic events
around 530 and 540 Ma (Bachmann et al., 1987; Adams et al., 1990)
(Table 2). The Puncoviscana Formation (Figs. 1 and 2) records a diverse
ichnofauna, with different trace fossils typical of locomotion (trails and
tracks), as well as feeding and grazing furrows (Acenolaza and
Acenolaza, 2007). This association, marked by the ichnogenera Ar-
chaeonassa isp, Nereites isp., Oldhamia isp., Thalassinoides isp., Paleo-
phycus isp. and Treptichnus isp. (see Table 1, for a complete list of ich-
nogenera), suggest an early Cambrian age for the unit and denotes a
significant biological activity in the shallow substrate (Durand and
Acenolaza, 1990; Acenolaza and Tortello, 2003; Buatois and Mdngano,
2003; Acenolaza, 2004; Seilacher et al., 2005).

The record of body fossil impressions is limited to few occurrences
associated to deposits of shallower facies (within the Nereites associa-
tion) and are represented by enigmatic forms belonging to Selkirkia sp.
and Beltanelloides sp. (Acenodlaza and Durand, 1973; Acenolaza and
Acenolaza, 2007). Selkirkia sp. (reinterpreted as such by Acenolaza and
Acenolaza, 2007, previously considered Sphenothallus? sp., in
Acendlaza, 2004) is a tube-like fossil, preserved as a flattened im-
pression preserved in fine-to medium-grained sandstones and inter-
preted as an annelid-related organism (Acendlaza, 2004). Beltanelloides
sp. (Acenolaza and Acenolaza, 2007 but previously considered as an
ichnofossil and identified to the taxon Beltanelliformis isp. by Acenolaza
and Durand, 1973) occurs in the same succession. It is characterized as
an isolated discoidal protrusion of 10-50 mm in diameter with a well-
developed central depression (Acenolaza and Acenolaza, 2007)
(Fig. 3A). The fossil would represent molds and impressions of a soft-
bodied spherical organism, filled with sediment after obrution by fine-
grained sediments (Leonov, 2007, but see the discussion presented by
Ivantsov et al., 2014; Bobrovskiy et al., 2018). This taphonomic model
is typical of that observed in the context of preservation of Ediacaran
macroorganisms (Waggoner, 2003; Clapham et al., 2003; McCall, 2006;
MacGabhann, 2007). Thus, its presence in association with an ichno-
logical assemblage typical of lower Paleozoic settings is worthy to be
further investigated.

3.2. Rio de La Plata Craton — La Providencia group, Cerro Negro formation
(Argentina) (B)

The La Providencia Group occurs at the south of Buenos Aires
Province, Argentina (Figs. 1 and 2), comprising the youngest

Neoproterozoic unit exposed in the tectonic province of the Tandilia
System (Pankhurst et al., 2003; Cingolani, 2011; Poiré, 2002). This unit
is composed of a ~40 m thick carbonate package of greenish laminated
mudstones, with occasional ripple cross-lamination in the first 8 m, and
black thinly laminated mudstones in its upper portion (Gémez-peral
et al., 2017,2018). The ages of this unit has been inferred based on the
presence of fragments of what seems to be bioclastic material, sug-
gested by Gaucher et al. (2005) to be skeletal remains of cf. Cloudina
riemkeae, implying ages between 550 and 542Ma (Fig. 2). Also, che-
mostratigraphical trends of 8'*C values correlate this unit to a global
pattern observed in Ediacaran successions, suggesting ages between
590 and 580 Ma (Gomez-Peral et al., 2007). More recently, the unit was
considered to be Late Ediacaran due to its microfossil assemblage,
which includes sphaeromorphous acritarchs, such as Synsphaeridium
sp., Trachysphaeridium sp. and Leiosphaeridia sp. (Gaucher et al., 2005;
Arrouy, 2015). In addition, the presence of abundant discoidal struc-
tures interpreted as taphonomic variants of holdfasts within the Aspi-
della plexus (Arrouy et al., 2016) was also used to infer an Ediacaran
age for the upper part of this unit. In turn, the La Providencia Group lies
over an erosive unconformity developed at the top of the Loma Negra
Formation, Sierras Bayas Group (Fig. 2) (Arrouy et al., 2015).

The T.a Providencia Group was recently subdivided in three lithos-
tratigraphic units including, in ascending order, the Avellaneda, Alicia
and Cerro Negro Formations (Arrouy et al., 2015). The Avellaneda
Formation is composed of argillites with significant carbonate con-
tributions, with increasingly siliciclastic content upwards, which is in-
terpreted as deposited in a low energy environment (Arrouy et al.,
2015). This unit is succeeded by dark colored, organic-rich shales and
mudstones of the Alicia Formation that were deposited in distal, low
energy subtidal settings, under transgressive conditions (Arrouy, 2015).

The Cerro Negro Formation lies above an erosive unconformity over
Alicia Formation and comprises a 75 m-thick package of sandstones
with cross stratification, tidal bundles, wavy cross lamination, hetero-
lithic beds and massive, reddished mudstones. The close association of
sedimentary facies deposited by tractive currents and suspension, as
well as evidences of occasional subaerial exposure, led Arrouy et al.
(2015) to interpret this unit as deposited in inter-to subtidal settings.
Notably, the Cerro Negro Formation has abundant and diverse MISS
(Microbially Induced Sedimentary Structure, sensu Noffke, 2001 struc-
tures associated with fine micaceous sandstone facies. MISS include
‘Kinneyia’, which are characterized by well-developed parallel milli-
metric ridges and ‘Honeycomb-structures’, with typical round to
slightly elongated pits between discrete crests (Porada and Bouougri,
2007; Porada et al., 2008). In addition, the ‘Arumberia-structure’ is
another common feature recorded in this unit, which is indicative of a
complex microbial community (Kolesnikov et al., 2012).

The Cerro Negro Formation is also rich in discoidal structures that
are densely distributed in the upper part of very fine massive sandstone
beds rich in synsedimentary deformation structures (Fig. 3B-D). How-
ever, a great portion of discs cannot be securely oriented due to the
remobilized nature of the rock slabs containing the discs that are
available in the quarries (Arrouy et al., 2016). Arrouy et al. (2016)
described part of these discoidal forms and assigned them to the Aspi-
della-plexus type-morph, mainly based on morphological similarities
and size-class distribution patterns observed in the field. The discs are
characterized as positive epirelief structures that vary between 6 mm
and 140 mm in diameter. They are tridimensionally preserved and are
marked by a smooth oxidized upper surface (Fig. 3B), commonly with a
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Fig. 3. - Discoidal structures from South America. A. Centimeter-size discs preserved in positive epirelief, showing central depression, Puncoviscana Formation,
Puncoviscana Basin, Argentina (credited to Acefolaza). B. Tens of discoidal structures with different sizes preserved in positive epirelief in fine sandstones, Cerro
Negro Formation, La Providencia Group, Argentina. C and D. Detail of discs from Cerro Negro Formation. C. Fragmented specimen with detached upper positive
feature, showing the tridimensional character of these structures and its internal wrinkled aspect. D. Radial wrinkles observed in lower surface of discs (negative
epirelief) with a well marked central structure (black arrow). E. Discoidal structure exhibiting a small ellipsoidal central boss, Tagatiya Guazu Formation, Itapucumi
Group, Paraguay F. Several discoidal imprints preserved as positive hyporelief in fine sandstones from the Santa Barbara Group, Camaqua Basin. Brazil. G. Detail of a
single specimen of a disc characterized by two concentric ridges separated by shallow groves, Depositional Sequence 11, Itajai Basin, Brazil (picture from Zucatti da
Rosa, 2005) Scale bars of 10 mm in A and F, 150mm in B, 20mm in C, D and E and 5mm in G; 2mm in C, D.

central discrete depression. Internally to the smooth surface of the discs
(Fig. 3C), well-marked radial wrinkles (Fig. 3C and D) irradiate from its
central portion (Fig. 3-D) (Arrouy et al., 2016; Inglez, 2018). Some
other features with an elongated or irregular geometry and a positive
relief occur in the same beds where discs are observed and two of them
seem to terminate in a discoidal structure. Due to its rough “leaf-like
geometry”, these features were interpreted by Arrouy et al. (2016) as a
poorly preserved impression of a frond. However, the preservation is
poor, and it is not clear if such structures are indeed partially preserved
fronds or even possible surficial weathering-derived structures.
Additionally, these discoidal structures have a series of internal la-
minations and textures that resembles that developed through processes
of microbial grain binding and trapping, suggesting that at least part of
this material may have originated through these processes (Menon

et al., 2016; Inglez, 2018).

3.3. Rio Apa Craton — Itapucumi Group, Tagatiya Guazu Formation
(Northeastern Paraguay) (C)

The Itapucumi Group (Figs. 1 and 2) occurs in northeastern Para-
guay, as a narrow trust-and-fold belt close to the Paraguay River
("Vallemi Mobile Belt" after Campanha et al., 2010) and as an un-
metamorphosed and undeformed extensive sedimentary cover above
the Paleoproterozoic basement of the Apa Complex.

The Itapucumi Group is a ~400-m-thick succession, comprising
siliciclastic/volcanic rocks of the Vallemi Formation at the base, fol-
lowed by limestones and dolostones of the Camba Jhopo and Tagatiya
Guazu formations, which are capped by marls, limestones and pelites of
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the Cerro Curuzu Formation. The Tagatiya Guazu is essentially carbo-
natic and is composed of grainstones with wave ripples and tidal bun-
dles, ooid grainstones, oncolites and heterolithic facies (Warren et al.,
2011). Thrombolites with teepees, mudcracks and salt pseudomorphs
are also found (Warren et al., 2011), suggesting deposition under eva-
poritic conditions in inter-to supratidal setting with strong microbial/
organic contribution.

The Tagatiya Guazu Formation has an emblematic fossil content
characterized by typical species of the classic Ediacaran Nama Type
assemblage (sensu Waggoner, 2003), including Cloudina sp., Corumbella
sp., Namacalathus sp., as well as putative trace fossils, and occasional
discoidal structures (Table 2; Warren et al., 2011; Warren et al., 2017).
Cloudina sp., and Corumbella sp. occur abundantly as laterally dis-
continuous, shelly concentrations around thrombolitic domes. These
concentrations are made of tinny, transported and reworked bioclastic
remains, commonly representing parautochthonous elements, as well as
loosely packed shell concentrations containing in situ (autochthonous)
individuals (Warren et al., 2012).

Discoidal features are restricted to three specimens (see Fig. 3E) and
are characterized by elliptical structures preserved in positive hypor-
elief, exclusively in fine grainstone facies, associated with fragments of
Cloudina shells. The discs range from 6.6 to 8.6 mm, with slightly ele-
vated borders, 1.7 mm wide and an elevated central elliptical structure
(Warren et al., 2011). The simple specimens described are poorly pre-
served and the absence of diagnostic features precludes a more accurate
classification. Thus, although the discs from the Itapucumi Group re-
semble molds of soft-bodied organisms, the origin of these structures
are tentatively interpreted as microbially-influenced (Warren et al.,
2011). The presence of very thin and crinkled lamination associated
with MISS structures in the samples analyzed, reinforces the hypothesis
that the Paraguayan discs are probably related to the microbial dy-
namics, representing either gas domes, Intrites-like structures (ILS,
sensu Menon et al., 2016) or even microbial colonial aggregates.

3.4. Camaqua Basin — Bom Jardim and Santa Bdrbara Groups (Southern
Brazil) (D)

The Camaqua Basin (Figs. 1 and 2), South Brazil, is a rift basin
developed during the upper Neoproterozoic to lower Paleozoic
(600-530 Ma, Almeida et al., 2012) as a result of post-orogenic exten-
sional tectonics related to the end of the Brasiliano cycle (Fragoso-César
etal., 2000; Almeida et al., 2012). The basin boundaries are marked by
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sandstones, commonly associated to MISS, such as wrinkle structures,
‘elephant skin’, and ‘Kinneyia-type’ structures (Netto et al., 1992; Netto,
2012). Discoidal features were also described by Netto et al. (1992) and
Netto (2012) as Beltanelliformis isp., which was interpreted as cnidarian
resting traces and putative body fossil Intrites sp.

The Santa Barbara Group is a thick sedimentary succession, marked
by facies associations such as conglomerates and conglomeratic sand-
stones, interpreted as deposits of alluvial fans; trough cross-stratified
sandstones and pebbly sandstones interpreted as fluvial channel belts
and heteterolithic facies with intercalations of fine-grained sandstones
and mudstones deposited as fluvial floodplains (Marconato et al., 2014;
Paim et al., 2014). However, its paleontological record suggests a
marine influence for at least part of the succession (see Netto et al.,
1992; Netto, 2012). The authors described the presence of ichnofossils
such as the dumb-bell shaped Arthraria antiquata, simple horizontal
traces like Cochlichnus isp., Paleophycus isp., probing burrows assigned
to Treptichnus isp. and discoidal cnidarian resting traces such as Ber-
gaueria hemispherica. As possible body fossils, basal discoidal imprints
(holdfasts) were interpreted as Aspidella sp., Intrites sp., and Sekwia sp.
(Fig. 3F). All these occurrences are in close association with MISS and
mostly preserved as hyporelief structures which, in association with a
an ichnofossil assemblage marked by the presence of Cochlichnus isp.,
Paleophycus isp and Treptichnus isp., suggests a paleopbiological context
coherent to that expected in the Ediacaran-Cambrian boundary. In this
sense, the diversity of discoidal forms could potentially represent im-
prints of macroorganisms on a microbially-bounded substrate, deser-
ving a more detailed investigation.

3.5. Itajaf Basin - depositional Sequence II (Southern Brazil) (E)

The Itajai Basin (Figs. 1 and 2) is a Neoproterozoic-early Paleozoic
foreland basin located in the State of Santa Catarina, southern Brazil
(Rostirolla and Figueira, 1995). This unit corresponds to a volcano-se-
dimentary succession deposited in a marine and deltaic setting in a
continental platform (Silva, 1991). The Itajai Basin is subdivided in four
depositional sequences (Paim and Fonseca, 2004) marked by fluvial
and fan delta deposits at the base, which grade to a shelf marine se-
quence to the top. This succession is covered by deep marine deposits,
represented by a turbidity complex, and culminates in a new pro-
gradational cycle with shallow marine and deltaic deposits. Most of the
fossils described for the Itajai Basin were found in deposits generated in
a transgressive system tract (TST) of the Sequence 2 (Paim and Fonseca,

well-developed fault zones and accommodates a ~10.000 m-th Go to page 16 fically in a slightly deformed prodeltaic succession char-

package of sedimentary and volcanic rocks of the Camaqua Supergroup
(Fragoso César et al., 2000; Almeida et al., 2012). From the base to the
top, the unit is divided into four distinct groups, separated from each
other by major regional unconformities (commonly referred to as ‘Al-
logroups’, Paim et al., 2000), as follows: the Marica, Bom Jardim (with
a significant volcanic contribution), Santa Barbara, and Guaritas groups
(Paim et al., 2014; Almeida et al., 2012).

Regarding the paleoenvironmental context, the main discussion is
focused on the continental or marine influence for the Maricd, Bom
Jardim, and Santa Barbara groups (Fragoso-César et al., 2000; Netto,
2012; Marconato et al., 2014; Paim et al., 2014). In this context, the
authors interpreted the diverse ichnological assemblage altogether with
the putative body fossils in the Bom Jardim and Santa Barbara groups
as suggestive of Edicaran to lower Cambrian in age as well as with
marine influence (Netto et al., 1992; Netto, 2012).

The Bom Jardim Group is marked by two main sequences: (a) a
progradational deltaic succession, with pro-deltaic deposits at the base
that grades upwards to delta front deposits, and (b) a fluvio-lacustrine
sequence, with fluvial conglomerates at the base that grades to inter-
calated fluvial sandstones and muddy lacustrine deposits (Janikian,
2004). The paleontological record comprises a trace fossil assemblage
characterized by simple horizontal traces typical of Planolites isp., as
well as rare short bilobed traces. They are preserved at the soles of fine

acterized by fine-grained sandstones, siltstones and mudstones (Zucatti
da Rosa, 2005). In these deposits MISS structures, such as elephant, skin
are relatively common. On the other hand, poorly preserved im-
pressions assigned to soft-bodied organisms, as Parvancorina sp., Char-
niodiscus? sp., Cyclomedusa sp. and Aspidella sp. are very rare (see
Table 2). Doubtful specimens of Cambrian affinity, such as the sponges
Choia sp.. are also described, as well as putative sclerites of Chancelloria
sp., the ichnofossil Helminthodichnites isp., acritarchs and other organ-
isms with uncertain affinity (Paim et al., 1997; Zucatti da Rosa, 2005).

The discoidal fossils described in the Itajai Basin occur in mudstones
and laminated siltstones associated with MISS and putative Chancelloria
(Zucatti da Rosa, 2005). The few (only two) samples consist of poorly
preserved impressions in positive hyporelief composed of two con-
centric circles varying from 15 to 40 mm in diameter. The simple dis-
coidal forms were described as a Cyclomedusa impression (Fig. 3G),
whereas the other specimen was classified as Charniodiscus?, due to the
inconclusive presence of six delicate protrusions distributed along the
area of the disc, and the putative elongated structure that seems to be
connected to the central part of the disc (however, none of these fea-
tures are clearly recognizable in the pictures provided in Zucatti da
Rosa, 2005). The Charniodiscus? specimen is slightly bended, suggesting
that this were folded during deposition, according to the author, but no
further discussion in terms of taphonomy or preservation pathways was
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provided by Zucatti da Rosa (2005). The specimens of Aspidella sp.
occur in fine sandstone beds and are characterized by simple im-
pressions and molds slightly conical in shape and present raised borders
and a small boss (or protrusion) at its central portion. The diameter
varies between 2mm and 6 mm (Zucatti da Rosa, 2005).

3.6. “Camarinha Basin” — Camarinha Formation (Southern Brazil) (F)

The Camarinha Formation is a Neoproterozoic-Early Cambrian
volcanic-sedimentary succession located at the central-east of the
Parana State, southern Brazil (Figs. 1 and 2). Soares (1987) formerly
described the Camarinha Formation as characterized by conglomerates,
breccias, immature and moderately-to poorly-sorted sandstones, silt-
stones, mudstones and rhythmites. The unit was divided into three
distinct successions, informally named as A, B and C (Soares, 1987).
The units A and C are predominantly psamo-pelitic and the unit B is
composed of conglomerates deposited in progradational fan systems,
and retrogradational coastal environments (fan deltas). Trace fossils
such as Gordia arcuata, Planolites montanus, Skolithos and Cubichnia
(supposedly cnidarian resting traces, Table 2) in succession C, char-
acterizes the Camarinha Formation as a marine succession deposited at
the end of the Neoproterozoic (Ciguel et al., 1992).

Possible discoidal fossils were also found in succession C associated
with sandstone layers with clay-silty lenses of rhythmically undulating
surfaces, commonly associated with MISS. The discoidal structures
(Fig. 4A) have domal forms preserved in positive epirelief, lying on the
crests and troughs of a corrugated surface possibly related to the
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influence of microbial mats. Some of the discs are ovoid in shape and
aligned, suggesting an apparent orientation. The forms are submilli-
metric in thickness, with diameters varying between 4 and 9 mm. Their
central portion is commonly depressed and radial markings are ascribed
as rare morphologies. Such structures were interpreted by Ciguel et al.
(1992) as resting traces of medusoid organisms, and subsequently re-
interpreted by Drefahl and Silva (2007), who assigned them to the
genus Beltanelliformis sp., interpreted as epibenthic bodies preserved
tridimensionally. A distinct interpretation was considered by Netto
2012, though (see section 3, item D).

3.7. Sao Francisco Craton — Bambui Group, Sete Lagoas formation (Central
Brazil) (G)

The Bambui Group is located at the central-eastern Brazil and
comprises an extensive cratonic cover lying in erosional contact over
the Paleoproterozoic and Archean basement of the Sao Francisco Craton
(SFC) (Fig. 1). Locally, the Bambui Group overlies rocks of the Ma-
catibas/Jequitai formations and the Carrancas conglomerate, units
composed of glaciogenic rocks supposedly deposited during the Stur-
tian glaciation (Martins-Neto and Alkmim, 2001; Figueiredo et al.,
2009).

The Bambui Group, a ~700- to 1000 m-thick mixed carbonate-si-
liciclastic succession, is subdivided into five units, namely from base to
top: the Sete Lagoas, Serra de Santa Helena, Lagoa do Jacaré, Serra da
Saudade, and Trés Marias formations. The Sete Lagoas Formation is
mainly composed of mudstones, ooid grainstones, peloidal packstones,

Fig. 4. - Discoidal structures from South America
(cont.). A. Elongated unornamented discoidal struc-
tures preserved in positive epirelief. Note that the
central portion of the discs is slightly depressed,
Camarinha Formation, Camarinha Basin, Brazil
(picture from Drefahl and Silva, 2007). B. Several
small black-colored discs over thrombolites, Sete
Lagoas Formation, Bambui Group, Brazil. C. Detail of
figure B showing a disc with well marked concentric
radial ridges and groves. D. Several decimeter size
discoidal features densely distributed in the bedding
planes of coarse sandstones of the Ipu Formation.
Note the concentric internal pattern, commonly

marked by two main rings of darker colour. Discs
sometimes over cross each other (black squares). E.
Detail of concentric discoidal structure of the Ipu
Formation, preserved in a weathered surface. F. Si-
milar discoidal features seen in cross section in the
same outcrop illustrated in Fig. D and E The Scale bar
is 5mm in A and C; 150 mm in D; Hammer length:
300mm. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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dolomudstones, microbialites facies and rare intraformational breccias
(Vieira et al., 2007). Recent U-Pb ages obtained by detrital zircons
from the upper part of the this unit indicate a maximum depositional
age of 557 Ma (Paula-santos et al., 2014), consistent with the interval
defined by the Cloudina index fossil described in thrombolytic facies at
the lower to middle part of the unit (Warren et al., 2014).

At the southern exposures of the Bambui Group, Sommer (1971)
described the occurrence of dark (carbonaceous?), small spherical
structures, with sizes ranging from 70 to 200 pm, preliminary named as
Bambuites erichsenii. Sanchez (2014) reinterpreted this occurrence as a
synonym of the Ediacaran acritarch Leiosphaeridia jacutica. This species
is considered part of the Edicaran Leiosphere Palynoflora (ELP) biozone,
which corresponds to the lower Ediacaran Period (Grey, 2005).

As pointed out by Sanchez (2014), a considerable number of pro-
blematic structures, putative macrofossils and dubious fossils are as-
sociated with microbial facies in the Sete Lagoas Formation. Sommer
(1981, 1982) described nodular structures similar to oncoids as the
species Bambuilithos teixeranus and Bambuilithos hectoris. Later, Sanchez
(2014) reinterpreted these forms as pseudofossils or dubiofossils of
uncertain affinity, suggesting that Bambuilithos teixeranus could possibly
represent a synonym of Nemiana simplex, commonly preserved in fine
sandstone facies as circular impressions in positive epirelief (Leonov,
2007; Sanchez, 2014). At the northern portion of the SFC, the Sete
Lagoas Formation contains a more diverse fossil assemblage associated
with the ichnogenera Paleophycus and Archaeonassa (Table 2, Warren
et al., 2014). Recently, Inglez et al. (2016) presented a brief report of
few discoidal structures (50 specimens) in close association with
thrombolitic and microbial facies, which is deposited under shallow-
water conditions. At least 10 specimens were reported occurring as low
relief structures at the upper surface of thrombolytic beds. They are
dark-colored with variable diameters (20-40 mm), and well-marked
concentric ornamentation (Fig. 4B and C). Despite showing apparent
organic appearance, sectioning of this material did not reveal any clear
character in terms of internal texture or structure that could indicate its
putative biological affinity (Inglez et al., 2016). However, based on
morphological parameters, these small concentric discs, as well as the
putative Nemiana-like discs described in this unit could represent dis-
coidal or spherical colonial forms of cyanobacteria (Grazhdankin and
Gerdes, 2007; Bobrovskiy et al., 2018).

3.8. Jaibaras Basin - Jaibaras Group, Pacujd Formation (?) (Northeastern
Brazil) (H)

The Jaibaras Group, located at the State of Ceard, northeastern
Brazil (Figs. 1 and 2), comprises an immature terrigenous succession
filling the Jaibaras rift basin, which was generated during extensive
events occurred in the Ediacaran-Cambrian transition (Oliveira, 2000).
The Ediacaran-Cambrian age of the succession was inferred mainly
based on data from the Coreati Dyke Swarm, whose intrusion indicates
the first stages of rift development nearly 562 + 10 Ma ago (Tavares
Jr. et al., 1990), and the ages of the metamorphic event over the Pacuja
Formation of 535 + 27 Ma (Barroso et al., 2014).

The putative fossils and biological structures described were com-
pared with those from the White Sea assemblage (Australia and Russia,
Barroso et al., 2014). Based on data from these authors, the fossil as-
semblage includes impressions and trace fossils represented by thou-
sands of specimens, most of them discoidal structures (Fig. 4D-F). Yet,
the assemblage also comprises doubtful bilaterian forms with possible
Ediacaran affinity. At least eight genera of soft-bodied organisms were
recorded in the Pacujd Formation, including Charniodiscus, Cyclome-
dusa, Ediacaria, Kimberella, Medusinites, Palaeophragmodictya, Parvan-
corina and Pectinifrons. Besides, simple trace fossils, such as Arenicolites,
Palaeophycus and Planolites were also identified, which does not con-
tribute to determine the age of deposition of this unit (Barroso et al.,
2014, Table 2). The discoidal forms are represented by the following
taxa: Charniodiscus arboreus, ?Charniodiscus concentricus, Cyclomedusa
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davidi, Ediacaria flindersi, and Medusinites asteroides. Charniodiscus ar-
boreus occur as a single specimen identified as a frond-shaped im-
pression, with a 330 mm long and 25 mm wide central stem, and 90 mm
long, obliquely diverging branches. No attachment structure (discoidal
holdfast) was described for this specimen. However, the original pub-
lication (see Barroso et al., 2014, Fig. 4-A) lacks appropriate description
and illustrations of the specimens, as well as their comparision with
paratypes from other localities (e.g. Glaessner and Daily, 1959;
Laflamme et al., 2004). The structures are preserved in positive epir-
elief, with doubtful anatomical elements preserved both as positive or
negative relief (Barroso et al., 2014). The form referred with doubts to
Charniodiscus concentricus comprises a single impression preserved in
positive epirelief and is characterized by two concentric rings separated
from each other by a depression. The outer and inner discs have dia-
meters of 130 and 60 mm, respectively. The specimen assigned to Cy-
clomedusa davidi is represented by a circular impression in positive
epirelief with two concentric rings of 120 and 70 mm (outer and inner
rings, respectively) with a small depression in the center with 15mm in
diameter. All rings are separated from each other by slightly raised
edges (Barroso et al., 2014). The single specimen assigned to Ediacaria
flindersi consists of a fragment characterized as a discoidal impression in
positive epirelief composed of two superimposed discs (the inner disc
raised above the outer disc) with diameters varying between 145 mm
(outer disc) and 100 mm. No radial grooves or other ornamentations
were observed. The Medusinites asteroides specimen is a set of concentric
discs separated from each other by a surrounding depression forming a
circular impression in positive epirelief with a diameter of 100 mm.
Subordinately, some disc occur as circular forms apparently presenting
invagination structures or radial grooves.

The Pacuja Formation is a middle to intermediate lithostratigraphic
unit of the Jaibaras Group and is mainly composed of siltstones and
micaceous sandstones, interpreted as fluvio-estuarine deposits (Barroso
et al., 2014). The fossil assemblage occurs in a 100 m-thick succession
of coarse and immature sandstones with planar lamination, trough
cross bedding and symmetrical ripple marks. It is important to note that
this facies association, as described by Barroso et al. (2014) in this lo-
cality is very similar to the Silurian Ipu Formation, located at the base
of the Parnaiba Basin, that regionally overlies the Jaibaras Basin (Goés
and Feijo, 1994). So, the fossil-bearing beds were assigned to the Pacuja
Formation based on regional correlation, although no detailed geolo-
gical map is available to discriminate the supposed Neoproterozoic
succession from the well-constrained Silurian unit of the base of the
Parnaiba Basin (Barroso et al., 2014).

. We analyzed hundreds of discoidal forms during a field work to the
original locality where Barroso et al. (2014) described the supposed
fossil material. Specimens are easily recognizable in the bedding planes
of massive, very coarse, immature sandstones, where they are asso-
ciated to sinuous horizontal traces. Discs range in size from 50 to
150mm and are commonly characterized by two concentric circles,
with similar grain size and mineralogy of the rock matrix (Fig. 4D).
However, in weathered surfaces, the concentric discs are seen as al-
ternating ridges and grooves (positive and negative relief features, re-
spectively, Fig. 4E). Such structures could result from distinct patterns
of alteration due to diagenetic differential cementation. In some cases,
overlapping is observed, and two or more discs seem to superimpose
each other (Fig. 4D).

In addition, cross-section expositions in the outcrops revealed that
these discoidal marks also represent circular features in vertical section,
sometimes cutting sedimentary structures (Fig. 4F). This circular geo-
metry observed either in the bedding planes and in cross section
strongly indicates a tridimensional, spherical-like morphology of these
structures. Nonetheless, Braga de Souza et al. (2015) presented in this
same succession the occurrence of Circulichnis isp., whose description is
coherent with our observations regarding these circular structures as
seen in the bedding planes.

This new field data, altogether with regional geological mapping
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Genetic processes that may result in circular/discoidal structures in rock strata
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Fig. 5. - Organization chart systematizing the main and possible interpretational pathways regarding problematic Ediacaran discoidal structures.

(Cavalcante et al., 2003) and faciologic association observed in this
locality, allowed us to constrain this occurrence as belonging to fluvial
deposits of the much younger Ipu Formation, which is Silurian in age
(Goes and Feijo, 1994). In addition, the spherical morphology of the
discoidal structures that cross cut sedimentary structures and are
marked by regions of differential cementation, suggest that they may
originate from post-depositional, probably diagenetic processes. A re-
vision of its potential ichnological significance however, is not in the
scope of this contribution. Nevertheless, the presence of these structures
in Silurian strata (Goées and Feijo, 1994) allow us to securely discard
them as truly discoidal fossils of the Ediacaran Period.

4. Ediacaran discords: biological or abiological nature of South
American discoidal structures

The literature encompassing the paleontological record of Ediacaran
soft-bodied macrofossils in South America can be considered in many
cases preliminary. Among the eight occurrences considered in this
contribution, two are restricted to conference abstract and extended
abstract (Drefahl and Silva, 2007; Inglez et al., 2016), one is presented
exclusively on an unpublished masters’ thesis (Zucatti da Rosa, 2005)
and two peer reviewed publications only mention the presence of discs,
without presenting further precise analysis focused on the discoidal
structures (Acenolaza and Acenolaza, 2007; Warren et al., 2011). This
scenario illustrates the potential for more detailed studies in Ediacaran
terrains in South America. Thus, in the next sections, we advocate for
the importance of a multi-proxy approach in the study of candidate
Ediacaran fossils, therefore avoiding paleobiological and taxonomic
interpretations without a clear indication of their biogenic nature and
affinities. In the especific case of the discoidal fossils their taxonomic
classification presents a series of issues, most of them arose from their
simple morphology. Consequently, a highly consistent phylogenetic
relationship or even taxonomical identification are hampered. Fur-
thermore, the taxonomical uniformitarianism is difficult to be properly
applied, as those simple forms might have evolved independently in
distinct multiple lineages. A final issue is taphonomically-related, as
many of their morphological patterns might have derived from distinct

taphonomic conditions, rather than anatomical and interspecific char-
acters (MacGabhann, 2007). In South American disc assemblages, there
are mentions of possible stem-like structures made by Zucatti da Rosa
(2005) and Arrouy et al. (2016). Nevertheless, although the evidences
presented are certainly suggestive, the material deserves better sam-
pling and more detailed investigation in order to confirm their inter-
pretation. In this sense, the lack of clear stem-like structures showing
attached fronds, as well as the absence of other clear representatives of
Ediacaran soft-bodied organisms contribute for the problematic char-
acter of the specimens in those assemblages.

Concerning the biotic or abiotic origin of the problematic structures,
this discussion has become a commonplace in studies regarding the
earliest records of Archean life, as revisited by Awramik and Grey
(2005). The implications for questions related to the origin of life on
Earth, the nature of a hypothesized Last Universal Common Ancestor, and
even the possibility of existence of extraterrestrial life certainly justify
the high levels of scrutiny in the identification of putative biological
structures in Archean strata (Brasier et al., 2002, 2005; 2015; Awramik
and Grey, 2005; Wacey et al., 2010).

When discussing the Ediacaran fossil record, the questions erected
are related to the diversification of early multicellular organisms, in-
cluding animals, as well as their ecosystem structuring (Waggoner,
2003; Droser et al., 2006; Darroch et al., 2013). Even before discussing
these subjects, it is essential to establish clear criteria of biogenicity, in
order to systematically describe and interpret problematic structures
identified in Ediacaran strata, similarly to what is being done with the
record of Archean life (Brasier et al., 2002, 2005; Awramik and Grey,
2005; Wacey et al., 2010).

When analyzing Ediacaran strata in search for evidence of complex
life, especially when dealing with morphologically simple structures,
such as discoidal markings, some questions must be considered: (a) can
these structures be compared to or identified as sedimentary/synsedi-
mentary features? Alternatively, could they represent a post deposi-
tional structure, related to diagenesis, tectonics or weathering? (b) If
evidence suggests that the structures have a depositional or syndepo-
sitional origin, can we explain their genesis by means of inorganic
processes? (c) if not, couldpaleoenvironmental and paleobiological
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context indicate features related to their biological origin and genesis
(Fig. 5)?

In this sense, these questions would represent consecutive null hy-
pothesis to be tested and falsified employing the combination of various
sorts of analytical techniques, in order to link a more generalized (e.g.,
stratigraphical and sedimentological data collected in the field) to a
more specific perspective (e.g., petrography, geochemistry and tax-
onomy).

Regarding the South American occurrences reviewed in this con-
tribution their issues are mostly related to the lack of clear criteria to
distinguish biotic structures and probable macrofossils from other
structures that could be generated from abiotic processes. Nevertheless,
we consider few other issues that are worthy to be further discussed and
investigated in detail, concerning the study of discoidal structures in
South America: (a) the analytical techniques used to define shape,
composition, relationship between the matrix and the fossils, as well as
the preservational parameters inferred; (b) the ages of the deposits that
contain them; (c) the sedimentary settings in which they occur and d)
the taxonomic, taphonomic and general paleobiological interpretations
considered in some cases.

4.1. Analytical assessment and preservational pathways

A more systematic approach using biogenicity criteria and pre-
servational pathways would greatly contribute for the study of discoidal
fossils in the South American Ediacaran fossil-bearing strata. For word-
wide occurrences, recent works have shown that a multi-analytical
approach is recommended in order to better understand the genesis,
preservational pathways and classification of enigmatic structures and
putative fossils (Gehling et al., 2000; Tarhan et al., 2010, 2015;
Retallack, 2012a,b; Bykova et al., 2017; Burzynski et al, 2017;
Bobrovskiy et al., 2018). Discoidal structures can be originated under a
great variety of paleoenvironmental conditions, and many previously
described taxa were reinterpreted in the past decade as inorganic or
microbial structures (Van Loon, 2008; Hagadorn and Miller, 2011;
Ivantsov et al., 2014; Menon et al., 2015, 2016). As such, the analysis of
the depositional context in which they occur, their relationship with
MISS (see Gehling and Droser, 2009 for a discussion concerning sedi-
mentary microbial textures developed due to this interaction), as well
as their modes of occurrence (epirelief, hyporelief or even endorelief)
and internal structures (through detailed petrographic analysis) is
crucial to precisely determine their origin. Through these distinct
parameters, the sedimentary and/or paleobiological significance of
those discoidal structures can be more accurately accessed (Tarhan
et al., 2010, 2015; Menon et al., 2015, 2016; Burzynski et al., 2017).

In a standard procedure, fossils are examined, measured and pho-
tographed under a reflected light stereomicroscope. Serial sections
provide a cross-sectional view of the fossils, and help to imaging their
internal structure. Also, when there is enough contrast between fossil
and matrix, X-ray computed tomography (CT) and microcomputed to-
mography (microCT) has been used as powerful non-destructive tools
for a three-dimensional visualization. However, because discoidal
structures are morphologically simple, caution must be taken when
using techniques that rely very much on the subjective grouping and
the interpretation of the few simple characters (e.g., Burzynski et al.,
2017).

Energy dispersive spectroscopy (EDS) elemental maps and Raman
spectroscopy analysis can be very helpful to identify microstructure and
different mineral coatings within or on top of the discoidal structures,
providing information about their taphonomic preservational pathways
(e.g., Wan et al., 2014; Luo et al., 2016). For fossils preserved as carbon
compressions, variable-voltage backscattered-electron scanning micro-
scopy (BSE-SEM) has been used to elucidate cellular structures (Tang
et al., 2016). However, caution should be taken if the detected geo-
chemical signal corresponds to the discoidal structure or the external
microbial mat in which it was embedded. Moreover, the focused ion

171

Journal of South American Earth Sciences 89 (2019) 319-336

beam electron microscopy (FIB-EM) analysis complements the SEM
studies and provides an ultra-high resolution for investigating those
fossils, also improving the magnification of the images acquired
(Schiffbauer and Xiao, 2009; Laflamme et al., 2011).

Discoidal fossils preserved as molds or casts can sometimes resemble
nodules, concretions or other sedimentary structures. For these cases, a
geochemical investigation would complement the morphological ana-
lysis of discs and provide insights about the redox conditions of the
environment in which they lived and how they were fossilized (e.g.,
Bykova et al.,, 2017).

Recently, biomarkers have been used to understand the phyloge-
netic affinity of discoidal fossils, such as Nemiana (Bobrovskiy et al.,
2018). However, the preservation of biomarker features occurs only
when the strata have undergone a mild burial temperature history
(Goryl et al., 2018).

4.2. Uncertain ages of the disc-bearing units

The ages of some disc-bearing units in South America are not well
constrained yet, since precise radiometric ages, and stratigraphical/
biostratigraphical correlations are still missing. This is specially the
case, when considering the ages of the Pacuja, Puncoviscana,
Camarinha and Cerro Negro Formations, the Bom Jardim and Santa
Barbara Groups, and the Itajai Basin disc-bearing strata. For example, in
some of these units, such as in the Pacuji, Puncoviscana and Cerro
Negro formations, the ages of the deposits were at least in part, inferred
based on the macrofossils and ichnofossils as well as regional correla-
tions (Barroso et al., 2014; Acenolaza and Acenolaza, 2007; Arrouy
et al., 2016). Moreover, precise detrital zircon ages, which could refine
chronostratigraphic hypotheses, are still missing for those localities.

The depositional age of the Pacuja Formation, was constrained be-
tween 562 and 535 Ma, suggesting that the deposition lasted between
the Ediacaran to lower Cambrian. However, as discussed in section 3-H,
the fossil-bearing strata described by Barroso et al. (2014) was con-
firmed in this work as correlated to the Ipu Formation, considered the
base of the Paleozoic Parnaiba Basin (Cavalcante et al., 2003).

Other issues can also be assigned to the deposits of the Itajai and
Puncoviscana basins, in which the ages were inferred based on regional
geochronological data and where stratigraphical correlations are pre-
cluded due to the intense deformation of the rock package (Paim and
Fonseca, 2004; Zucatti da Rosa, 2005; Acenolaza and Acenolaza, 2007).
Furthermore, in the case of the Puncoviscana Formation, the ichnofossil
assemblage is strongly indicative of a lower Cambrian age (Acenolaza
and Acenolaza, 2007), despite the regional geochronological data
suggesting an initial sedimentation during the Ediacaran.

Carbon and strontium chemostratigraphy have been widely used as
proxies for Ediacaran carbonate rocks and are very useful in the cor-
relation of Ediacaran strata (i.e., comparison with other well-estab-
lished Ediacaran profiles in other basins). Renium-Osmium radioactive
isotope system can potentially provide precise and accurate deposi-
tional ages for black shales (Kendall et al., 2009). Thus, this geo-
chemical analytical approach can be viewed as prospects of interest at
least for units with carbonatic contributions, such as the Sete Lagoas
Formation in Brazil and Tagatiya Guazu Formation in Paraguay.

4.3. Sedimentary environment of the fossil-bearing strata: continental vs.
marine settings

The interpretation of the depositional sequences is also particularly
important when dealing with the nature of those enigmatic structures
and putative Ediacaran fossils in South American sedimentary units.
Members of the Ediacara biota are worldwidely recorded in a variety of
sedimentary facies, which include both shallow (Gehling et al., 2000;
Gehling and Droser, 2013) and deep marine environments (Narbonne,
2005; Narbonne et al., 2014). This marine nature suggested by facio-
logical associations is reinforced by compelling evidence based on
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morphological parameters that indicates that some Ediacaran taxa
could be related to known Phanerozoic marine phyla (Fedonkin et al.,
2007; Xiao and Laflamme, 2008; Gehling and Droser, 2013).

On the other hand, interpretations on Ediacara Member deposits of
the Flinders Ranges, South Australia, suggested the development of
paleosols associated to fossiliferous beds (Retallack, 2012a,b). Ac-
cording to those interpretations, in fossil-rich intervals, light carbon
and oxygen isotopic values and carbonate nodules associated to loess
size particles, deformational structures and weathering features re-
present typical paleosol characters. This led the same author to for-
malize the idea that these fossils could represent large terrestrial sessile
organisms, dwelling in organic soils (Retallack, 2012a,b). Although
these evidences bring new elements into the discussion of the paleo-
biology of some still enigmatic forms of the Ediacaran biota, they can be
falsified (Xiao, 2013). By using a distinct interpretation, geochemical
trends could be related to telodiagenetic alteration, whereas deforma-
tional structures could develop through fluid escape processes, and
carbonate nodules are commonly associated to marine settings.

As in other Ediacaran units with similar fossil assemblages
(Narbonne, 2005; Narbonne et al., 2014), sedimentological and strati-
graphical data points to a marine-influenced deposition, and no pa-
leosol evidence seems to be definitive. Hence, the presence of putative
Ediacaran macrofossils in true continental deposits should be con-
sidered with caution.

In our case study, units such as the Bom Jardim and Santa Barbara
groups of the Camaqua Basin, the ichnofossil association marked by the
presence of Bergaueria isp. and Treptichnus isp., for example could in-
dicate at least a brief marine influence during the deposition of the
fossil-bearing strata (Netto, 2012). Nevertheless, detailed sedimento-
logic and stratigraphic studies focused on the facies analyses and ar-
chitectural elements of these units are still missing. Furthermore, the
solely presence of discoidal structures, for which the origin is usually
unclear, should not be taken as any paleoenvironmental indicator.

4.4. Taxonomic assignment, taphonomic protocol and paleobiological
implications

The taxonomic treatment given to the discussed South American
Ediacaran discoidal structures is one of the main issues to be solved in
future researches. At this moment, the taxonomic assignment given to
various structures and putative fossils must be viewed with caution.
Yet, it is noteworthy that most of the available descriptions were made
based on few specimens, or even just one individual. This observation is
especially valid for those structures studied in the Tagatiya Guazi
Formation, Itajai Basin, and Sete Lagoas Formation (see Section 3C, E
and G, respectively) (Ciguel et al., 1992; Zucatti da Rosa, 2005; Warren
et al, 2011; Inglez et al., 2016). Additionally, in almost all cases, the
material is usually poorly preserved, and the morphological variations
(taphonomic variants) of a given structure were fully considered by
previous authors. Hence, the proper description and classification of the
Ediacaran discoidal structures and other associated putative soft-bodied
fossils is not an easy task. Even though, in some contributions those
structures were referred to well-stablished Ediacaran genera, such as
Cyclomedusa sp., Ediacaria sp. and Aspidella sp. (see Zucatti da Rosa,
2005; Netto, 2012; Barroso et al., 2014). As comented by Gehling et al.
(2000), this may add noise and confusion to the study of discoidal
fossils and interpretations must consider taphonomic analysis and
sampling enough for statistical analyses. Although hundreds of speci-
mens from the Cerro Negro Formation, Argentina, were analyzed
(Arrouy et al., 2016), the taxonomic assignment of discs from the Cerro
Negro Formation to the Aspidella-plexus should also include its internal
morphology.

Finally, according to recent revisions on the paleobiological sig-
nificance of the genera Beltanelloides, Beltanelliformis, and Nemiana,
these discoidal structures would represent neither body fossils, nor
trace fossils, but rather colonial cyanobacteria, similar to the modern
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freshwater genera Nostoc (Ivantsov et al., 2014; Bobrovskiy et al,
2018). Consequently, the record of Beltanelloides sp., Puncoviscana
Formation, Puncoviscana Basin (Acenolaza and Acenolaza, 2007), Bel-
tanelliformis isp., Bom Jardim Group, Camaqua Basin (Netto, 2012), and
Nemiana sp., Sete Lagoas Formation, Sao Francisco Craton (Sanchez,
2014) must be viewed with caution. If the identification of these South
American structures is accurate, and that the interpretations by
Ivantsov et al. (2014) and Bobrovskiy et al. (2018) are correct, the
presence of these spherical microbial colonies would be coherent with a
depositional environment characterized by a high microbiological
(mainly bacterial) activity. Furthermore, the presence of Beltanelloides
in association with possible lower Cambrian traces in the Puncoviscana
Formation suggests that the stratigraphic range of these colonial forms
extended into the lower Paleozoic. Hence, caution must be taken when
using the Beltanelloides-Nemiana-Beltanelliformis association as an in-
dicator of Ediacaran age for any depositional unit.

5. Summary

In this contribution, the occurrence of putative Ediacaran soft-
bodied fossils and other associated structures were reviewed, and cri-
tical questions concerning their interpretation were raised. Based on
our database a considerable number of occurrences were already re-
ported for Ediacaran-Cambrian terrains from Brazil, Argentina and
Paraguay. Notably, the scope of the vast majority of those studies can
be considered preliminary, either due to the own format of the original
publication or to the methods and techniques available at the time of
the study. The origins, modes of preservation, age, and depositional
settings of many findings are still controversial. Good examples are the
occurrences in the Itajai Basin, where a reassessment of the material is
recommended in order to establish reliable criteria to interpret the discs
either as biotic or abiotic structures. Only few studies focused in the
nature and paleontology of the discoidal structures, which resembles
those of the Aspdiella-plexus, as well as in the description of other fossil
metazoans (Warren et al., 2011, 2012, 2014; Pacheco et al., 2015; Parry
et al,, 2017). In general, the description of putative fossils of discoidal
organisms do not take into consideration a broad set of analysis to in-
vestigate the taxonomy and preservational parameters required for
determining the nature of these enigmatic forms (Gehling et al., 2000;
MacGabhann, 2007; Menon et al., 2015, 2016).

Recent studies demonstrate that the integration of various analytical
techniques, including the sectioning of samples, geochemical and pet-
rographic analysis (through optical and scanning electric microscope),
as well as 3D microtomography are crucial in the study of those enig-
matic structures. These techniques can reveal much of the internal
morphologies of the discs, helping us to improve our understanding on
their nature (Gehling et al., 2000; Tarhan et al., 2010, 2015; Arrouy
et al., 2016; Bobrovskiy et al., 2018; Inglez, 2018). In this context,
future studies on South American Ediacaran discoidal structures must
be conducted by means of these techniques. Until then, part of the
South American material reviewed in this contribution can be con-
sidered dubiofossils. Thus, they deserve further analysis and should be
viewed with caution when utilized as paleoenvironmental, paleobio-
logical or bioestratigraphical indicators. This is certainly the case of
occurrences described in the Itajai Basin (Zucatti da Rosa, 2005) and
the Camarinha Formation (Drefahl and Silva, 2007) where better
sampling and a more detailed investigation would contribute to the
understanding of enigmatic structures mentioned in the literature.

For those occurrences associated with carbonate settings (Sete
Lagoas, Taguatiya Guazu) or even with internal structure with lami-
nations, we suggest that discs could be resulted from the interaction
between microbial communities and the substrate. In all cases, a multi-
proxy analysis altogether with systematic sampling would avoid ta-
phonomic bias.

Finally, our revision and new field data, allowed us to correctly
position the structures described by Barroso et al. (2014) in the Silurian
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Ipu Formation, of the Parnaiba Basin. Our data also suggests that the
circular markings probably represent diagenetic features, although the
combination of new set of analysis such as serial grinding and petro-
graphy could help in elucidate this issue and possibly falsify other
biogenetic interpretations presented for this material (Braga de Souza,
2015).
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ABSTRACT
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Significant Ediacaran paleoenvironmental changes recorded in the mixed carbonate-siliciclastic Bambuf Basin,
east-central Brazil, outcrop in one of the best-preserved sites, the Janudria paleo-high. From a detailed strati-
graphic and chemostratigraphic approach (carbon and oxygen isotopes, total organic carbon, total sulfur and
selected elements abundances), we identified transgressive-regressive intervals and depositional settings within
the Bambui Group stratigraphy and developed a new model for the origin of the extremely positive Middle
Bambuf Excursion (MIBE) present in the middle section of the basin. A post-Marinoan cap carbonate interval is
recorded in the first ~10 m, preserving aragonite pseudomorph fans, barite-rich layers and negative 8'°C
anomaly. A hiatus separates the cap carbonate from the late Ediacaran succession that makes up the remaining
Bambuf Group. The younger intervals preserve both siliciclastic (middle Serra de Santa Helena Formation) and
carbonate (middle/upper Sete Lagoas and Lagoa do Jacaré formations) shallow-water depositional settings,
requiring tectonic influence or climatic changes in source areas. The MIBE yields §'°C values as high as +14%o
and extends for about 350 m, from the upper Sete Lagoas Formation to the lower Serra da Saudade Formation.
We suggest a model of a restricted basin setting that favored local carbon isotopic signals in the §'*C record of
sedimentary carbonates through preferential weathering of ancient carbonate platforms on the continent and
higher burial rate of authigenic carbonate. This scenario caused the global §'*C budget to be affected by an offset
of, at least, + 4%o in sedimentary carbonates deposited on the Sao Francisco craton and along its margin during
the terminal Ediacaran. Many previous studies suggested a restricted nature for the middle Bambui Basin, which
probably resulted from the central position of the Sao Francisco paleocontinent within the mosaic of collisional
blocks during the SW Gondwana amalgamation.

1. Introduction

recorded in distinct Ediacaran basins, such as in Northwest Canada
(Macdonald et al., 2013), South China (Tahata et al., 2013), Namibia

The Ediacaran Period (635-541 Ma) was marked by the most sig-
nificative biological and geochemical changes in Earth's geologic re-
cord. This interval comprises at least three extremely negative carbon
isotope excursions related to three putative global glacial events,
steeply rising seawater *Sr/%Sr, geochemical evidences for increasing
oxygenation of the deep ocean and the emergence of the first metazoans
(e.g. Narbonne, 2005; Fike et al., 2006; Narbonne et al., 2012; Sahoo
et al., 2016; Xiao et al., 2016). Many of these global events are well
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E-mail address: guhlein@ufmg.br (G.J. Uhlein).
! Fellow of the Brazilian Research Council (CNPq).
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(Kaufman et al., 1991; Halverson et al., 2005; Penny et al., 2014),
Oman (Fike et al.,, 2006), Australia (Calver, 2000) and Paraguay
(Warren et al., 2011, 2012). In Brazil, the most well-known Ediacaran
basins from the stratigraphic, paleontological and geochemical ap-
proach, are the early Ediacaran Araras Group in the Amazon craton
(e.g. Nogueira et al., 2007; Sansjofre et al., 2011, 2014) and the late
Ediacaran Corumbé Group in the South Paraguay Belt (e.g. Gaucher
et al., 2003; Boggiani et al., 2010).
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Fig. 1. Geologic map of the northern Minas Gerais state in the region of the Sao Francisco and Verde Grande Rivers valleys (Januaria paleo-high). SFC and MG in the
inset mean Sao Francisco craton and Minas Gerais state, respectively. Cities and villages: Bonito de Minas (BM); Brejo do Amparo (BA); Janudria (Jan); Itacarambi
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An Ediacaran age was recently assigned to the Bambui Group after
three pivotal evidence: (1) recognition of early Ediacaran post-glacial
cap carbonate interval at its base (Caxito et al., 2012a; Okubo et al,,
2018), (2) identification of Cloudina-rich levels together with sparse
Corumbella fragments and ichnofossils in the middle Sete Lagoas For-
mation (Warren et al., 2014) and (3) dating of detrital zircons of
Ediacaran age (Paula-Santos et al., 2015). The Sete Lagoas Formation,
and especially its early Ediacaran cap carbonate interval, is un-
doubtedly the best studied interval in the Bambui Basin (e.g. Vieira
et al., 2007a, 2007b, 2015; Caxito et al., 2012a, 2018; Alvarenga et al.,
2014; Drummond et al., 2015; Paula-Santos et al., 2015, 2017;
Kuchenbecker et al., 2016a; Perrella et al., 2017; Crockford et al., 2017;
Okubo et al., 2018). However, integrate studies covering all units of the
Bambui Basin regarding its stratigraphy, chemostratigraphy and basin
evolution are yet to be conducted. The newly established Ediacaran age
for the Bambui Basin opens new research frontiers, especially regarding
the possibility of bio-, chemo-, chrono- and lithostratigraphic correla-
tions with many other coeval basins around the world. In this paper, we
present new data acquired from the Bambui Basin in one of the best-
exposed and less known sites, the Janudria paleo-high (Figs. 1 and 2). In
this area, a whole succession allows us to access the entire basin stra-
tigraphy as non-deformed and unmetamorphosed rocks that enable the
acquisition of reliable stratigraphic and chemostratigraphic data.
Therefore, the data presented in this paper constitute the most complete
and integrate stratigraphic archive of the Bambui Group in a single
study area, including 105 new carbon and oxygen isotope analysis and
147 total organic carbon and total sulfur data. We also present a
complete stratigraphic framework for the Bambui Group and discuss
the origin of the highly positive carbon isotope anomaly in its middle
portion (the MIddle Bambui carbon isotope Excursion, or MIBE). As
deposition of the Bambui Group probably spanned the entire Ediacaran

(and perhaps up to the Cambrian), the data presented here are funda-
mental to understand the evolution of an Ediacaran mixed carbonate-
siliciclastic succession strongly influenced by unprecedented geo-
chemical and biological changes in this key interval of Earth's history.

2. Geologic setting

The Bambui Group is a north-south trending basin that covers
hundreds of thousands of square kilometers in the states of Minas
Gerais, Bahia, Goids and Tocantins in east-central Brazil. It comprises a
mixed carbonate-siliciclastic succession (Dardenne, 1978) composed of,
from base to top: Jequitai Formation (siliciclastic, glacial); Sete Lagoas
Formation (carbonate ramp, marine), Serra de Santa Helena Formation
(siliciclastic/carbonate, shallow-marine) Lagoa do Jacaré Formation
(carbonate, marine), Serra da Saudade Formation (siliciclastic, marine)
and Trés Marias Formation (siliciclastic, continental to marine). This
putative foreland basin was entirely deposited in the upper Neopro-
terozoic (late Cryogenian to Ediacaran) and probably developed on the
western margin of the Sao Francisco craton in response to orogenic
loading due to the advance of Brasiliano/Pan-African thrust fronts
(Dardenne, 1978; Chang et al., 1988; Martins-Neto, 2009; Sial et al.,
2009; Reis and Suss, 2016; Uhlein et al., 2017). Locally, the Bambui
succession overlies Mesoproterozoic to early Neoproterozoic metase-
dimentary rocks such as the Paranod, Conselheiro Mata and Macatibas
Groups (Santos et al., 2004; Alvarenga et al., 2007, 2012, 2014). On the
Sete Lagoas and Janudria paleo-highs, the Bambui Group overlies the
Archean and Paleoproterozoic cratonic basement (Vieira et al., 2007a;
Uhlein et al., 2016; Perrella et al., 2017; Fig. 1).

The Jequitai Formation comprises a ca. 100 m-thick package of
glacial diamictites, siltstones and sandstones locally covering glacial
striated pavements (Isotta et al., 1969; Uhlein et al., 2011a). Above this
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succession, the lower Sete Lagoas Formation represents the beginning
of deposition of the carbonate succession of the Bambui Group. It
comprises the post-glacial early Ediacaran deposits characterized by
pink dolostones and limestones that bear many characteristics of a post-
Marinoan cap carbonate interval such as: (1) a basal pink cap dolostone
with negative 8'3C and 8'®0 values that decrease up section; (2) an
overlying transgressive carbonate interval with aragonite pseudo-
morphs and locally barite fans. In these layers, negative 8'*C gradually
increase upwards to around 0% (Caxito et al., 2012a; Alvarenga et al.,
2014; Okubo et al., 2018). Recently, Crockford et al. (2017) analyzed
the cm-thick barite layers for triple oxygen and sulfur isotopes and
identified a strong negative A'’0 anomaly down to — 1.05%o. The au-
thors suggest a global character for this geochemical signal used to
cross-correlate Marinoan post-glacial cap carbonates around the world
(with examples in China, Mauritania, Canada, Australia and now,
Norway and Brazil). 878r/%8r data show constant values around 0.7075
rarely reaching up to 0.7083 (Caxito et al., 2012a, 2018; Alvarenga
et al., 2014; Paula-Santos et al.,, 2017). Deposition of the middle Sete
Lagoas Formation carbonate interval, sitting above the cap carbonate
interval, is constrained to the late Ediacaran due to Cloudina-bearing
levels identified on the Janudria paleo-high and detrital zircons as
young as ca. 560 Ma (Warren et al., 2014; Paula-Santos et al., 2015).
This suggests a cryptic discordance between the post-Marinoan cap
carbonate and the upper sequence containing Ediacaran detrital zircons
and Cloudina remnants, which is also supported by different detrital
zircon provenance patterns from western conglomeratic wedges below
(younger zircons at ca. 630Ma) and above (younger zircons at ca.
560 Ma; Uhlein et al., 2017).

Detrital zircons recovered from other Bambui Group units (Sete
Lagoas Formation and above) also yield Ediacaran youngest U-Pb age
peaks. Differences in Ediacaran age spectras between units are related
to changes in provenance within the Bambui Basin and position of the
sample collection site, if it is close to the westward early Ediacaran
Brasilia Belt (Rodrigues, 2008; Uhlein et al., 2017) or to the eastward
middle/late Ediacaran Araguai Belt (Paula-Santos et al, 2015;
Kuchenbecker et al., 2015).

The Serra de Santa Helena, Lagoa do Jacaré and Serra da Saudade
formations (all presumably terminal Ediacaran in age), make up a
carbonate interval (Lagoa do Jacaré) between two fine-grained mainly
siliciclastic units (Serra de Santa Helena and Serra da Saudade).
Carbonates from the Serra de Santa Helena and Lagoa do Jacaré for-
mations yield very positive §'°C values (locally up to +16%o) and al-
most invariant ®”Sr/*Sr ratios around 0.7075, something unusual for
late Ediacaran carbonates (Iyer et al., 1995; Santos et al., 2004; Misi
et al., 2007; Paula-Santos et al., 2017). Finally, the succession culmi-
nates with cross-bedded sandstones and shales of the Trés Marias For-
mation that represent a progradation of fluvial to shallow-marine de-
posits over the marine succession.

In the southern Bambui Basin, the Carrancas Formation outcrops
above the cratonic basement and below the Sete Lagoas Formation,
recording graben filling sedimentation before the onset of the Marinoan
glaciation (Cryogenian interglacial) over the Sao Francisco craton
(Uhlein et al., 2013, 2016). This classic stratigraphic framework is,
however, not valid for the whole Bambui Group, as in the southwestern
part of the basin, where foreland-related conglomerate wedges (the
Samburd and Lagoa Formosa formations) are interbedded with the base
and upper parts of the Bambui Group (Uhlein et al., 2011b, 2017).

3. Methods

Sedimentological and stratigraphic interpretations are based on
high detail field descriptions. Almost all samples were collected in the
course of measuring stratigraphic sections in the field. The exception is
samples from the Serra de Santa Helena Formation provided by the
Brazilian Geological Service (Brandalise, 1980), which were collected
from a drillcore located near the town of Lontra (see the red star in
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Fig. 1 for location). Emphasis was placed on recognizing stacking pat-
terns, stratigraphic surfaces, understanding paleoenvironmental set-
tings, regional stratigraphic trends and collection of samples for che-
mostratigraphic analysis. Strata are generally flat-lying or gently
folded; however, deformation with the development of an incipient
east-dipping cleavage and open folds with N-S trending axis become
more prominent to the east near the Araguai Fold Belt west-verging
thrust fronts.

Non-weathered dolostones, limestones and shales free of veining or
intense recrystallization features were preferably selected for sampling.
The rock samples were sectioned in slabs, powdered in agate mortar
and sieved through an 80 pm sieve in the facilities of the Centro de
Pesquisa Manoel Teixeira da Costa (CPMTC), Instituto de Geociéncias,
UFMG, for total organic carbon (TOC) and total sulfur analyses. For
isotopes, about 20 mg of powder was obtained via microdrilling of the
rock slabs.

For total organic carbon and total sulfur analyses, about 250 mg of
sample was fumed with HCI (50%) to remove inorganic carbon for 18 h.
The decarbonated sample was six times rinsed with distilled water,
taken to complete dryness and analyzed for carbon and sulfur content
via combustion at 1350 °C with a LECO SC-632 analyzer hosted in the
Chemostratigraphic and Organic Geochemistry Laboratory of the
Universidade do Estado do Rio de Janeiro (UERJ). The accuracy of the
analysis was based on the standard LECO-TOC 502-308-L1017
(TOC = 2.30%; TS = 0.031%). The weight difference after decarbona-
tion process measured the carbonate content of each sample.

Carbonate samples (carbonate content > 50%) from the Sete
Lagoas, Serra de Santa Helena, Lagoa do Jacaré and Serra da Saudade
formations had their carbon and oxygen isotope ratios measured on a
Kiel IV Carbonate Devise coupled to a Delta V Plus - IRMS (Thermo
Scientific) system in the Chemostratigraphic and Organic Geochemistry
Laboratory of the Universidade do Estado do Rio de Janeiro, Brazil.
Approximately 100 pg of sample powder were weighed into glass vials
and reacted individually with H3PO,. The released CO, was collected
cryogenically, and isotope ratios were measured against an in-house
reference gas in dual inlet mode. Samples were calibrated to VPDB
(Vienna Pee Dee Belemnite) using the IAEA-CO-1-Marble standard re-
ference (8'°C = +2.492%oyppp; 8'°0 = —2.4%oyppp). Errors for 8'°C
and 8'®0 were better than 0.04%o and 0.08%o (10), respectively, based
on repeated analyses of standards.

The Jaiba Member carbonates had their CO, extracted on a high
vacuum line after reaction with phosphoric acid at 25°C, and cryo-
genically cleaned at the Stable Isotope Laboratory (LABISE) of the
Department of Geology, Universidade Federal de Pernambuco, Brazil.
Released CO, gas was analyzed for O and C isotopes in a double inlet,
triple collector mass spectrometer (VG-Isotech SIRA II), using the BSC
reference (Borborema Skarn Calcite) that was calibrated against NBS-20
(8"3C = —1.05%0ypps; 8'°0 = —4.22%o0yppp). The external precision,
based on multiple standard measurements of NBS-19, was better than
0.1%o for carbon and oxygen.

Mn, Mg, Sr and Ca abundances were analyzed by SGS Geosol
(Vespasiano town, Brazil). Concentrations were measured via ICP-OES
after fusion with lithium metaborate/tetraborate and digestion with
diluted nitric acid. Analytical errors are within 5% for major elements.

4. The Bambui Basin on the Janudria paleo-high
4.1. Facies and depositional settings

4.1.1. Sete Lagoas Formation

The basal part of the Sete Lagoas Formation in the Janudria paleo-
high is characterized by the presence of typical features found in post-
Marinoan cap carbonates around the world (Hoffman and Schrag, 2002;
Hoffman, 2011). This interval starts with a 1-2 m-thick laminated and
micropeloidal beige cap dolostone deposited directly above gneisses of
the Paleoproterozoic basement (Fig. 3A). The cap dolostone succession
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is overlain by ~10 m of laminated mudstone, and when basal dolostone
is absent, mudstone covers the basement rocks (as in our sampling site).
The thinly laminated mudstones are light-gray and contain centimetric
to decimetric fans of aragonite pseudomorphs and barite-rich layers.
Aragonite pseudomorph fans at this same stratigraphic interval were
already described in other locations throughout the basin (Vieira et al.,
2015; Kuchenbecker et al., 2016a). In contrast, layers of barite were
only recently described in the lower part of the Bambui Group suc-
cession, discovered during mapping of the Januaria area (A. Uhlein
et al., 2014, G.J. Uhlein et al., 2014) and studied after that by different
authors (Crockford et al., 2017; Okubo et al., 2018). The barite fans are
thin (1-5cm) and preserved in irregular layers within laminated
mudstones as authigenic and diagenetic microcrystalline minerals (see
Okubo et al, 2018 for a more detailed description of seafloor pre-
cipitates and authigenic minerals in the lower Sete Lagoas Formation).
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Fig. 3. Lithofacies of the Bambui
Group. A) Sharp and irregular contact
(yellow line) of the lower Sete Lagoas
cap carbonate with the basement
gneiss; B) Thrombolites-grainstones
facies association in the middle part of
the unit; C) Detail of mud-silt rhyth-
mite facies of the lower Serra de Santa
Helena Formation; D) Shale with
polygonal mudcracks of the middle
Serra de Santa Helena Formation; E)
Black to gray laminated carbonates of
the lagoa do Jacaré Formation; F)
Grainstones with tabular cross-stratifi-
cations intercalated by microbialite
beds; G) Microbial lamination in car-
bonates of the Jaiba Member (upper
Serra da Saudade Formation); H)
Arkose and breccia intercalation in the
lower Trés Marias Formation. (For in-
terpretation of the references to colour
in this figure legend, the reader is re-
ferred to the web version of this ar-
ticle.)

eand

During the end-Cryogenian glaciation, the central part of the basin
(the Janudria paleo-high) was probably emerged as attested by the
absence of glaciogenic deposits and the direct contact of the Sete Lagoas
cap carbonate with the cratonic basement. To the south of the Janudria
paleo-high area, the 1-PSB-14-MG drillcore of the Brazilian Geological
Survey intercepted a 3 m-thick diamictite below the Sete Lagoas cap
carbonate indicating post-glacial drowning from south to north. Thus,
the cap carbonate records flooding (transgressive) event over basement
highs after deglaciation. This interval is limited to ~10 m in thickness
and is much thinner than other coeval succession described in other
parts of the Bambui Basin, where it can reach up to 80 m in thickness
(e.g. Caxito et al., 2012a, 2018; Alvarenga et al., 2014). This reduced
thickness is probably due to the higher basement elevation and land-
ward thinning and tapering of the cap carbonate succession.

The Sete Lagoas Formation bears evidence to suggest a hiatus
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separating its lower and middle/upper parts (Fig. 2). The many aspects
suggesting a record of post-Marinoan cap carbonate deposition in the
lower Sete Lagoas Formation (ca. 635Ma; Caxito et al., 2012a;
Crockford et al., 2017; Okubo et al., 2018) contrast with the occurrence
of Cloudina sp. and detrital zircons as young as ca. 560 Ma in the middle
and upper Sete Lagoas Formation (Warren et al., 2014; Paula-Santos
et al., 2015).

The middle Sete Lagoas Formation is composed of crenulated and
laminated microbialite, grainstone, thrombolite and carbonate flat-
pebble breccia (Figs. 2 and 3B). This interval is the most extensively
developed in the Sete Lagoas Formation on the Janudria paleo-high.
The succession begins as an interval of 20 to 30 m of crenulated and
occasionally laminated microbialites until wave, cross-laminated
grainstone facies gradually prevail over the microbialites. Above the
50 m mark, the succession is composed of thrombolites and thin mi-
crobialites interbedded with grainstones facies. There is a progressive
increase in the abundance of grainstone with wave ripples or hum-
mocky cross-stratification and massive oolitic beds toward the top. This
facies succession is representative of an inner-ramp (lagoonal-barrier
island) and mid-ramp depositional settings. The skeletal fossils of the
Nama Assemblage found in the Sete Lagoas Formation (including the
guide fossil Cloudina and rare Corumbella specimens; Warren et al.,
2014) are restricted to the thrombolite-laminated microbialite-grain-
stone facies association. Cloudina shells are preserved as fragments in
bedding parallel, perpendicular or oblique position and commonly
disperse bioclastic lenses. Loosely to closely packed shells are often
disarticulated and can reach up to 1.5cm in length.

Flat-pebble breccias characterize the uppermost part of the middle
Sete Lagoas Formation and consist of at least 15 m of brecciated rud-
stone intercalated with thin beds of thrombolites, crenulated micro-
bialites and rare grainstones. Usually, the rudstone beds consist of sub-
horizontal (locally imbricated) tabular intraclasts of microbialite and
form predominantly tabular beds with thickness up to 2 m. Grainstone
beds with cross-stratification and ooids associated with microbialites
from a likely lagoonal-barrier island setting outcrop above the rud-
stones. Dolomitized oolitic beds constitute the last 10s of meters of the
Sete Lagoas Formation with abundant small-scale trough cross-stratifi-
cation. This interval consists of altered carbonate rocks with variable
degrees of fluid-rock interaction. The dolomitization resulted in in-
tensely brecciated dolostones sectioned by silica veins, especially in
outcrops near the town of Itacarambi (Fig. 1). Toward the top of the
succession, dolomitized brecciated beds and karstified stromatolites are
common.

4.1.2. Serra de Santa Helena Formation

The first appearance of fine-grained siliciclastic deposits is here
considered to be the stratigraphic datum for the base of the Serra de
Santa Helena Formation. The contact between the Sete Lagoas carbo-
nates and the Serra de Santa Helena siltstones and shales characterizes
the beginning of a transgressive interval that resulted in the first basin-
wide drowning. The first 65 m of the unit are composed of rhythmites,
microbial carbonates and marls until the occurrence of gray rhythmites
locally with 1-2 mm in size euhedral pyrites (Fig. 3C). Above it, sand-
stones found in the middle Serra de Santa Helena Formation are matrix-
rich and feldspathic, commonly preserving heterolithic bedding (flaser
and wavy). Fine-grained sandstones with microbially induced sedi-
mentary structures (MISS; sensu Noffke et al., 1996), shales with
mudcracks (Fig. 3D) and rare levels containing salt casts are typical in
this interval, suggesting deposition in inter- to supratidal settings under
arid to evaporitic conditions. Also, small (< 1cm) and simple hor-
izontal burrows are found on shallow-water sandstones in the middle
Serra de Santa Helena Formation. The last meters of the Serra de Santa
Helena Formation are marked by a new transgressive interval and de-
position of black to gray rhythmites with rare intercalations of marls
and microbialites.
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4.1.3. Lagoa do Jacaré Formation

The Lagoa do Jacaré Formation comprises two distinct sedimentary
intervals: one succession of essentially carbonates and another con-
stituted of mixed carbonate-siliciclastic deposits. The first ~70 m are
dominantly composed of dark to dark-gray grainstone, mudstone and
rudstone facies (Fig. 3E). The grainstone beds commonly show tabular
geometry and trough or hummocky cross-bedding, with rare occur-
rences of normally graded beds. High-frequency intercalations of
grainstones and mudstones often contain levels with synaeresis cracks
associated with thin rudstone beds with rip up clasts. The presence of
crenulated microbialite between cross-beds and grainstones with wave
ripples in the uppermost meters of the first ~70 m-thick succession
suggests deposition under shallow-water conditions during a facies re-
gression interval (Figs. 2 and 3F). The Lagoa do Jacaré carbonates, in
contrast to the Sete Lagoas carbonates, show evidence for open marine
deposition due to the frequent presence of fair-weather and storm-wave
influenced deposits and the absence of vertically and laterally con-
tinuous microbialite facies. The upper Lagoa do Jacaré Formation yield
recurrent intercalations of shales and rhythmites with carbonates de-
posited during a marine transgression.

The occurrence of both siliciclastic (middle Serra de Santa Helena
Formation) and carbonate (Sete Lagoas and Lagoa do Jacaré forma-
tions) shallow-water deposits in the Bambui Group succession suggests
that sea-level changes are not the only controlling factor for clastic or
carbonate sedimentation in the basin. Other factors, such as enhanced
detrital input probably induced by tectonic events occurring in the
surrounding high topographic areas must have played an essential role
in the sedimentation style. Reactivation of basement uplifts, canniba-
lization of uplifted basin areas and rapid erosion of mountain belts may
explain enhanced detrital input (Sinclair and Allen, 1992; Allen and
Allen, 2005), which hampered carbonate production and promoted
deposition of siliciclastic sediments in the middle Serra de Santa Helena
Formation.

4.1.4. Serra da Saudade Formation

The Serra da Saudade Formation in the Janudria paleo-high is
commonly eroded before deposition of the Cretaceous sandstones from
the Urucuia Group or partially covered by recent alluvial sediments of
the Verde Grande River (Fig. 1). This unit comprises about 200 m of
fine-grained siliciclastic sediments mainly constituted by greenish
rhythmites and shales with intercalations of fine-sandstone, grainstone
and marl deposited during a new basin-wide drowning. Two levels with
well-preserved MISS (Kinneyia-type; Porada et al., 2008) occur near the
base and are similar to small-scale ripples (millimetric), locally showing
a typical honeycomb arrangement and linear features interpreted as a
product of the interaction of microbial substrate and bottom currents.
In the upper Serra da Saudade Formation, the increase in the sand/mud
ratio given by the frequent intercalations of fine-grained sandstones
characterizes the initiation of a regressive interval that culminates with
the deposition of biogenic carbonates of the Jaiba Member. This unit
shows crenulated microbialites and rare thrombolites often displaying
wavy and chaotic biogenic lamination (Fig. 3G). Cross-laminated
grainstone and grainstone-mudstone intercalations occur in the few
meters below the level where microbialites are dominant toward the
top of the succession.

4.1.5. Trés Marias Formation

The uppermost unit of the Bambui Group in the Janudria paleo-high
area is mainly well preserved at the top of the Jaiba Ridge (Fig. 1). The
contact between the Jaiba Member and Trés Marias Formation is sharp
and constitute a regional unconformity (see Kuchenbecker et al., 2016b
for an extended discussion about the eastern Trés Marias Formation). At
the Jaiba Ridge, the Trés Marias Formation starts with a 1 to 2m-thick
bedded breccia made of microbialite clasts (up to cobble in size). Above
it, massive to cross-bedded arkoses prevail often showing tabular and
trough cross-beds and rarely current ripple lamination. Thin lens-
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Fig. 4. Rose diagram for tabular and trough cross-bedding paleocurrent data
from sandstones of the Trés Marias Formation outcropping at the Jaiba Ridge.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

shaped breccia with clasts of microbialite and quartz may occur be-
tween basal arkose beds (Fig. 3H). Paleocurrent data obtained from
tabular and trough cross-bedded sandstones indicate a sedimentary
dispersion from west to east of the basin (Fig. 4), following the general
northwest sedimentary provenance attributed to the Trés Marias For-
mation in the central Bambui Basin.

4.2. New chemostratigraphic data

The chemostratigraphic information presented here comprises sev-
eral carbon and oxygen isotopes data from carbonates (8'°C, 8'%0)
coupled with total organic carbon content and total sulfur (TOC, TS)
from carbonates and shales and Mn/Sr, Mg/Ca ratios from carbonates.
Their stratigraphic trends are shown in Fig. 5, and the detailed de-
scriptions of the data follow the same stratigraphic arrangement pre-
sented in the last section.

4.2.1. Sete Lagoas Formation

Carbonate rocks of the Sete Lagoas Formation show 8'°C values
from —4 to +4.5%0 and 8'%0 from —11.7 to —1.6%o. Negative §'*C
are limited to the lower interval (cap carbonate), and a progressive
enrichment in the heavy isotope is observed toward dolomites of the
upper Sete Lagoas Formation. The thrombolite-grainstone association
(with local Cloudina-rich levels) in the middle interval is marked by
slightly positive 8'*C values (+0.1 to +0.6%o) and 8'%0 about — 6%o.
TOC contents are low with a slight increase to 0.11% in the same
thrombolite-grainstone association, probably due to the regular inter-
calation of black to dark-gray grainstones. Total sulfur contents are also
meager and invariant. Mn/Sr ratios are below 1.0, with some excep-
tions at the base and in the upper unit where it reaches higher values
(4.0). Mg/Ca are generally low (< 0.13) and only the upper dolostones
reach higher ratios (0.5) and heavier §'®0, probably due to dolomiti-
zation process. There is a lack of covariation between TOC and carbo-
nate content with 8'*C (Fig. 5).

4.2.2. Serra de Santa Helena Formation

Carbonates and marls from the Serra de Santa Helena Formation
show heavy 8'*C values from 3.0 to anomalous + 12.5%o, while 8'*0
varies from —12.8 to —4.4%o (Fig. 5). TOC and TS contents are equally
low, with enrichments not well correlated (r = +0.37, p(a) < 0.05,
n = 41; not shown). Mn/Sr and Mg/Ca ratios are below 0.9 and 0.17,
respectively. One grainstone sample with carbonate content of 80%
yielded the highest Mn/Sr ratio (13.8).
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4.2.3. Lagoa do Jacaré Formation

The whole Lagoa do Jacaré Formation is highly enriched iso-
topically, with 8'>C values reaching up to +14.5%o at the base and
grading to lighter values (+6.7%o) upsection (Fig. 5). 8'®0 varies be-
tween —12.3 and —4.1%o with most values around —6.0%o. Although
low (< 0.2%), TOC is higher at the lower part and show weak covar-
jation with 8'°C (Fig. 5) and moderate with TS (r= +0.73, p
(a) < 0.01, n = 41; not shown). The highest Mn/Sr ratio is 0.5 and the
Mg/Ca ratios are all below 0.02.

4.2.4. Serra da Saudade Formation

Carbonates and marlstones at the base of the Serra da Saudade
Formation show lighter 8'*C values compared to the previous unit
(+2.9 to +6.6%0), although still enriched in the heavy '*C isotope.
8'%0 varies between —10.6 and —6.6%o. While total sulfur content is
very low and invariant, TOC reaches its maximum values in all Bambui
stratigraphy in the upper Serra da Saudade Formation (0.22%).

Jaitba Member - Microbialites and grainstones of the upper Serra da
Saudade Formation show §'°C of +0.9 to +3.3%o and 8'®0 between
—12.7 and —7.4%o, with lighter oxygen isotopes at the lower interval.
Mn/Sr ratios are as high as 1.2 and down to 0.09. Mg/Ca ratios below
0.006 imply a strong calcitic nature for the Jaiba carbonates.

5. Discussions

5.1. Influence of diagenesis in carbon i

(4

Usually, 8'%0 values are more prone to diagenetic alteration than
8'3C due to different alteration thresholds during fluid-rock interaction
(e.g. Jacobsen and Kaufman, 1999) and the cross-plot of 8'°C vs. §'%0 is
commonly used as a proxy to evaluate the influence of meteoric fluids
and burial diagenesis (e.g. Derry, 2010; Bishop et al., 2014). For the
Bambui Basin carbonates at the Janudria paleo-high, 8'*C vs. 8'%0
cross-plot shows scattered data points, suggesting little to no impact of
diagenesis (Fig. 5). The only exception suggesting some degree of di-
agenetic overprint are carbonates from the middle Sete Lagoas For-
mation that show positive covariation between samples with 8'*C and
8'%0 of —1 to +1%o and —12 to —6%o, respectively (r = 0.82, p
(a) < 0.01, n = 44).

Mn/Sr ratios are commonly used as a screening test for possible
diagenetic influence on isotopes, since during marine and meteoric
diagenesis of limestone Mn content increases and Sr abundance de-
creases (Brand and Veizer, 1980; Jacobsen and Kaufman, 1999).
Limestones from the Bambui Group appears to be well preserved. Apart
from one sample with Mn/Sr > 10, all others have very low ratios
(mean Mn/Sr = 0.17), and there is a lack of covariance between Mn/Sr
and 8'*C (Fig. 6). Both samples with the most negative and positive
8'3C values (—4.0 and +14%o) show virtually equal low Mn/Sr values
of 0.04 and 0.05, respectively. Mn/Sr vs. 8'®0 cross-plot show a weak
exponential correlation of '®0 depletion and Mn/Sr increase typical of
meteoric diagenesis (Fig. 6). Curiously, two samples of dolostone from
the upper Sete Lagoas Formation with heavier §'®0 are outsiders,
probably due to oxygen isotope alteration by dolomitization process
rather than meteoric diagenesis, as seen by the higher Mg/Ca ratio
among other samples. However, dolomitization is not an important
process in the remaining Bambui Group since all other samples are
calcitic carbonates with very low and invariant Mg/Ca ratios and show
a lack of correlation with 8'*C or 8'%0 (Fig. 6). Dolomitization pro-
cesses (limited to the uppermost Sete Lagoas Formation) altered only
the 8'%0 values toward '®0O depletion. Thus, we exclude the possibility
that post-depositional processes caused the chemostratigraphic fluc-
tuations in the carbon and oxygen isotopes recorded in the Bambui
Basin, rather inferring that they resulted from primary perturbations of
the marine dissolved inorganic carbon pool.
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Fig. 5. Chemostratigraphic data of the Bambui Basin. Measured geochemical data include carbon and oxygen isotopes (5'*C, 8'°0), carbonate content percentage
(Carbonate %), total organic carbon content (TOC %), total sulfur content (TS %) and Mn/Sr and Mg/Ca ratios. §'3C and 8'®0 were measured only for samples with
carbonate content > 50%. The linear regression line in the §'°C vs. TOC diagram was calculated for the Lagoa do Jacaré samples. See Fig. 2 for the legend of the
lithotypes. LSL, MSL and USL mean lower, middle and upper Sete Lagoas Formation, respectively. Gray and white rectangles along the data were used to emphasize
the lithostratigraphic limits. All the data can be found in the online Supplementary Material.

5.2. The chemostratigraphic record of the Bambui Basin in the Janudria
paleo-high and the Middle Bambui Excursion (MIBE)

All samples yielded surprisingly low TOC values ranging from 0.03
to 0.22% (mean = 0.08 + 0.04; n = 147), regardless if deep- or
shallow-water facies lithotypes, suggesting a low flux of organic carbon
to seafloor environment (export productivity). Many depositional and
post-depositional factors influence the TOC values, including

sedimentation rate, seawater redox state (Canfield, 1994), loss of or-
ganic carbon during thermal maturation (Raiswell and Berner, 1987)
and oxidative weathering in outcrop (Petsch et al., 2000). From our
data, sedimentation rate and oxidative weathering in outcrop can both
be excluded as possible factors due to the non-dependence between
TOC and lithotypes or depositional settings (different sedimentation
rates), and the equal low TOC values acquired from both 1-PSB-14-MG
drillcore and outcrops (Fig. 5). Thus, high bottom-water O, content or
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Fig. 6. Binary plots of 8'°C, §'®0, Mn/Sr and Mg/Ca of the Bambui Basin carbonates outcropping at the Janudria paleo-high.

thermal maturation (and eventually, low-grade metamorphism) may be
responsible for such uniform low TOC values in the Bambui Group
carbonates. Caxito et al. (2018) presented chromium isotope and geo-
chemical evidence that oxygenated conditions prevailed in the upper
Sete Lagoas Formation and may explain the low TOC values during this
interval. However, this may not be true for the black, pyrite-rich car-
bonates of the Lagoa do Jacaré Formation, but this hypothesis remains
to be tested by ongoing chemostratigraphic studies by the same authors.

Carbon isotope data of the Bambui Group occurring over the
Janudria paleo-high are characterized by negative §'>C values in the
lower Sete Lagoas Formation that record the post-Marinoan cap car-
bonate interval. These are readily superimposed by slightly positive
values in turn capped by very high 8'*C carbonates that dominate the
entire succession throughout the Serra de Santa Helena, Lagoa do
Jacaré and lower Serra da Saudade formations (about 350 m-thick of
heavy 8'*C carbonates). The return to moderately positive carbon iso-
topes values in the microbialites and grainstones of the Jaiba Member
makes up the upper Bambui Group (Figs. 2 and 5). The MIBE at the
Janudria paleo-high is consistent with values found in other parts of the
basin at the same stratigraphic position (Iyer et al., 1995; Santos et al.,
2000; Martins and Lemos, 2007; Alvarenga et al., 2014; Paula-Santos
et al., 2017).

The carbon isotope value of sedimentary carbonates (8"3Ceap) bears
directly on the global redox balance and can be calculated based on the
rearranged carbon isotope mass balance equation (Hayes et al., 1999):
8" Cearb = (forg * A'C) + 8'°C;, where fo is the fraction of carbon
buried as organic matter, 8'3C; is the total carbon input to the surface
environment (—5%o at present) and A'®C is carbon isotope dis-
crimination between carbonate and organic matter (earlier in the
Phanerozoic Eon, A'™C mostly remained between 28 and 32%; Hayes
et al., 1999).

From the carbon isotope mass balance equation, it is conclusive that
to maintain a 8'C,yp, at +10%o (main 8'°C.,y, during the MIBE), one
must increase for, 8'°C; and/or A™C. Due to the linear relationship
between the variables, independent changes in one of them must result
in very high values to sustain a 8'>C.,, of +10%o during much of the
middle Bambui Basin deposition. As an example, an estimate for fog is
calculated around 0.50, which is anomalously high and implies unu-
sually elevated organic carbon burial rates (forg is about 0.25 during

most of the Phanerozoic). A'*C varies in response to evolutionary and
environmental changes. Larger A'>C values are commonly a result of
microbial reworking by non-photosynthetic chemoautotrophic bacteria
causing further enrichment of '2C in organic matter (Hayes et al., 1999;
Samuelsson and Strauss, 1999; Shields et al., 2002), or due to high
concentration of dissolved CO, in the ocean (Hayes et al, 1999;
Kaufman and Xiao, 2003; Sansjofre et al., 2011). In order to precipitate
a sedimentary carbonate with 8'>C of +10%o, a very unlikely growth of
A'3C to 60%o would be required (neglecting imbalances in other in-
puts). However, data from Iyer et al. (1995) suggest little variation in
A'C between the lower and middle Bambui carbonates (25-30%o),
which would primarily suggest that larger A'C cannot be responsible
alone for such positive 8'°C.

Total carbon input (8'C;) to the surface environment usually cor-
responds to a bulk crustal and mantle 8'2C, although it does not have to
be the case on time-scales shorter than 100 million years (Des Marais,
1997). Since surface weathering is the most variable source of ocean
carbon, the isotopic composition of 8'C; depends on the proportion of
carbonate versus organic matter weathered on the continent and de-
livered to the basin. Thus, changing in the source of weathered carbon
may affect 8'C;. During regressions of the shoreline and exposure of
vast areas of low-lying platform carbonates to chemical weathering, the
8'%C; may be increased by the preferential dissolution of sedimentary
carbonates on the continent (8'*C mean global C reservoir of —1 to
+4%o; Des Marais, 1997) causing 8'°C increase in the surface seawater
(Shields et al., 1997; Kump et al., 1999; Saltzmann et al., 2000). This
might be notably true for basins with low connectivity with the global
ocean.

Development of estimates of ancient isotopic values of carbon input
and its influence extent on surface waters are a fundamental problem
and of primary necessity. A §'°C; of +2.5%0 would be necessary to
maintain 8'*Cyp at +10%o during the MIBE, requiring an enormous
volume of '*C-enriched carbonates to be weathered from the exposed
continents. The constant low ¥Sr/%°Sr ratios recorded in the Bambui
Basin carbonates (mainly the late Ediacaran upper Sete Lagoas
Formation and overlying units; Paula-Santos et al., 2017) may support
an imbalance toward greater weathering of ancient platform carbonate
(and maybe reworking of intrabasinal carbonate) that buffered the Sr
isotope signal. However, both local *’Sr/**Sr and 8'°C; signals can only
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be significant on a basin scale with a high degree of basin restriction.
Again, it is unlikely that a substantial change in total carbon input to
the basin may be the single responsible for such 350 m-thick '*C-en-
riched carbonates.

Besides these variables, the fraction of carbon buried as authigenic
carbonate (f,.) may represent a substantial global carbon sink and can
be further added to the carbon isotope mass balance equation (Schrag
et al., 2013). In basins with anoxic bottom waters along the shelf and
slope, the increase in abundance of other electron acceptors (such as
S04~ or Fe®*) would be expected to increase f,. and the average
isotopic offset between authigenic carbonate and dissolved inorganic
carbon pool (DIC; Higgins et al., 2009). The sulfate or iron reduction
commonly occurs through oxidation of methane (anaerobic methane
oxidation, AOM) or organic carbon, respectively, and imply precipita-
tion of isotopically light authigenic carbonates. Thus, higher values of
fac (and the increase of in situ inorganic carbonate precipitation, within
sediment pore waters), enable higher 8'°C of sedimentary carbonate
without a shift from modern f,, values (Schrag et al., 2013). The car-
bonates of the Lagoa do Jacaré Formation are commonly enriched in
euhedral and framboidal pyrites, and pyrite burial can be an important
source of alkalinity that enhances the precipitation of authigenic car-
bonate phases (production of hydrogen sulfide and carbonate alkalinity
during bacterial sulfate reduction; Berner et al., 1970; Sternbeck and
Sohlenius, 1997). However, to maintain 8"C.,, at +10%o and
forg = 0.25, require that authigenic carbonate make up anomalously
60% of the global carbon sink, which is virtually impracticable. Fur-
thermore, we did not find significant negative carbon isotope values to
sustain such high f,.. Particularly noteworthy is the fact that this is the
first work to present a complete 8'°C data of the whole Bambui Basin
and future new data from deep water sections may be fruitful in un-
derstanding the real importance of authigenic carbonate burial to the
MIBE.

Thus, we suggest that the '’C-enriched carbonates of the middle
Bambui Basin cannot be explained solely by very high rates of organic
burial or broad methanogenesis. The MIBE is instead explained con-
cerning a complex interplay of different causes but linked to one fun-
damental parameter: a restricted basin. Poor ocean ventilation would
be necessary to amplify and to record, along the stratigraphy, the local
signals that affect the carbon cycle. A change in total carbon input to
the basin due to preferential weathering of ancient sedimentary car-
bonates on the continents and higher burial rates of authigenic carbo-
nate due to methane or organic matter oxidation (via sulfate or iron
reduction), seem to be the most significant causes for the 13C.enrich-
ment in sedimentary carbonates during the MIBE.

Circa 150 m above the end of the MIBE, the Jaiba Member carbo-
nates present almost constant less fractionated 8'*C values (+2 to
+3%o). Comparing to the carbonates within the MIBE, the Jaiba mi-
crobialites probably reflect a different biogeochemical scenario of de-
position and suggest a short-lived influence of local isotopic signals in
the Bambui Basin.

5.3. Age constraints and paleogeographic extent of the MIBE

Kaufman et al. (2009) argued that the carbon isotope positive ex-
cursion and the ¥Sr/%¢Sr ratios around 0.7075 recorded in the middle
Bambui Group in east-central Brazil are correlated to the Cryogenian,
pre-Marinoan interval (the so-called “Keele peak”; Kaufman et al.,
1997; Halverson et al., 2005). However, the MIBE commonly reaches
values beyond +10%o and locally up to +16%o, much higher than
what is usually found in successions preceding the Marinoan glaciation
(Kaufman et al.,, 1997; McKirdy et al., 2001; Halverson et al., 2005;
Johnston et al., 2012; Uhlein et al., 2016). More importantly, due to the
ca. 560 Ma, late Ediacaran detrital zircons (Paula-Santos et al., 2015)
and Cloudina-bearing levels (Warren et al., 2014) found in the middle/
upper Sete Lagoas Formation (at least 100 m below the MIBE), such
positive anomaly recorded in the carbonates of the middle Bambui
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Group cannot be correlated to a late Crvogenian age and should cor-
respond to a carbon isotope excursion younger than 560 Ma (con-
sidering the maximum depositional age from detrital zircons and the
presence of putative trace fossils) or 549 Ma (considering the lower
limit of the Cloudina biozone). A positive 8'°C excursion with such
magnitude is unknown in any basin younger than 560 Ma (e.g. Prokoph
et al., 2008; Krissansen-Totton et al., 2015). However, Uhlein et al.
(2017) suggested that the MIBE may be correlated to the very stable
values of the late Ediacaran positive carbon isotope plateau (EPIP; e.g.
Zhu et al., 2017), recorded after the end of the Shuram excursion and
the first Cloudina occurrences, and before the negative excursion
(BACE) typical of the Ediacaran-Cambrian boundary (e.g. Zhu et al.,
2005; Macdonald et al., 2013; Li et al., 2016).

Here, we suggest that during the terminal Ediacaran, probably due
to basin restriction and a reservoir effect, the global carbon cycle was
locally altered, amplifying the 8'°C signal recorded in the middle
Bambui carbonates by an offset of at least +4%o compared to the global
8'3C curve (EPIP). Thus, rather than an outsider 8'°C record, the MIBE
is here interpreted as correlated to post-Shuram excursion carbonates of
the terminal Ediacaran Period, such as the Dengying Formation of
South China (Cui et al., 2016), upper Kuibis and Schwarzrand sub-
groups of Namibia (Kaufman et al., 1991) and upper Buah Formation
(Nafun Group) and lower Ara Group of Oman (Amthor et al., 2003; Fike
et al., 2006). The MIBE might reflect a spatial heterogeneity of the
terminal Ediacaran carbon cycling caused by the paleogeography of
continental blocks during West Gondwana amalgamation (see below).

In a recent compilation, Sial et al. (2016) presented chemostrati-
graphic data from several Neoproterozoic basins in South America.
From that data, we suggest that the positive 8'C excursion recorded in
the middle Bambui Basin may be more widespread than previously
thought. Several small Ediacaran basins in the eastern Sao Francisco
craton and the northern belts preserve a positive 8'*C excursion com-
monly reaching above +10%o. The Salitre Formation (Una Group),
Serra do Paraiso and Agua Preta formations (Rio Pardo Basin), Sao
Desidério Formation (Rio Preto Belt), Olhos D'dgua Formation (Sergi-
pano Belt), and Barra Bonita Formation (Riacho do Pontal Belt), al-
though lacking physical connection with the Bambui Basin, have been
tentatively correlated mainly due to their similar lithostratigraphy,
carbon and strontium isotopes data and late Neoproterozoic age
(Egydio-Silva et al., 1989; Pedreira, 1999; Misi et al., 2007, 2011; Sial
et al., 2009, 2016; Cezario, 2011; Caxito et al., 2012a, 2012b, 2016;
Fig. 7). If these positive carbon isotope excursions are correctly corre-
lated and primary in origin (an interpretation supported by the geo-
chemical parameters in the papers mentioned above), then the MIBE
seems to be a landmark of terminal Ediacaran 8'*C record preserved
over the Sao Francisco paleocontinent.

During West Gondwana amalgamation in the late Ediacaran, the Sao
Francisco paleocontinent may have had a central configuration in the
mosaic of collisional blocks (Fig. 7), being the locus of convergence
between the Amazon, West Africa, Sahara, Congo and Paranapanema
blocks (e.g. Tohver et al., 2006, 2010; Meert and Lieberman, 2008;
Merdith et al., 2017). The enclosure of intracratonic and marginal ba-
sins by several colliding continental masses and the progressive nar-
rowing of the ocean connections were probably responsible for periods
of basin restriction. Several authors already proposed the restricted
nature of the Bambui Basin (Iyer et al, 1995; Santos et al., 2000;
Martins and Lemos, 2007; Alvarenga et al., 2014; Drummond et al.,
2015) and recently corroborated by chemostratigraphic data by Paula-
Santos et al. (2017, 2018) and Hippertt (2018), which suggest a re-
stricted stage from the upper Sete Lagoas Formation and overlying
units. Thus, environmental and basinal context favored basin restric-
tion, which enabled the 8'°C of surface seawater to be significantly
influenced by a local increase in the weathering of ancient carbonate
rocks on the continent. Also, the restricted nature of the middle Bambui
Basin may have favored anoxic bottom waters and higher burial rates of
authigenic carbonate. The return to less fractionated values at the Jaiba
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Fig. 7. A - Reconstruction of the tectonic paleogeography of continental blocks at ca. 560 Ma (modified from Merdith et al., 2017). Note the central position of the
Sao Francisco craton. B - Cratonic blocks of southwest Gondwana in South America and Africa continents (modified from Meira et al., 2015). Cratons abbreviations:
Am-Amazonia; Aus-Australia; C-Congo; I-India; K-Kalahari; L-Laurentia; LA-Luis Alves; Pp-Paranapanema; RA-RioApa; RP-Rio de la Plata; SF-Sao Francisco; SM-
Sahara Metacraton; WAC-West Africa. Records of Ediacaran extreme positive carbon isotope excursions: 1-Bambui Basin; 2-Rio Pardo basin; 3-Una Group; 4-Sao
Desidério Formation (Rio Preto Belt); 5-Barra Bonita Formation (Riacho do Pontal Belt); 6-Olhos D'dgua Formation (Sergipana Belt). Abbreviations in red colour
mean B-Brasilia Belt; A-Aracuai Belt; Ri-Ribeira Belt. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Member (and in other upper Bambui carbonates; Uhlein et al., 2017),
suggest a temporary (and short-lived) local effect over the carbon cycle.

6. Conclusions

New stratigraphic and chemostratigraphic data acquired in the
northern Minas Gerais state (the Janudria paleo-high) and presented
here provide new insights into the Ediacaran depositional evolution of
the Bambui Basin and its chemostratigraphic record.

Above a typical post-Marinoan cap carbonate succession (~10 m-
thick) and a likely hiatus, the late Ediacaran, mixed carbonate-silici-
clastic Bambui Group makes up transgressive-regressive intervals that
preserved many carbonate and siliciclastic shallow-water facies along
its stratigraphy. Although carbonates tend to be of shallower water
depths, sandstones and shales with mudcracks and salt casts from the
middle Serra de Santa Helena Formation imply that sea-level changes
are not determinant for clastic or carbonate sedimentation in the basin.
Other factors, such as enhanced detrital input induced by tectonic
events occurring in the surrounding high topographic areas or climate
change must have been significant.

From a complete 8'3C section of the Bambui Group, the Middle
Bambui Excursion (MIBE) extends for circa 350 m, starts in the upper
Sete Lagoas Formation and fluctuates between +6 and +14%o
throughout most of the section and extending to the lower Serra da
Saudade Formation. We suggest that short-lived changes in total carbon
input to the basin and higher burial rates of authigenic carbonate
during restricted (and probably anoxic) basin periods are relevant to
highly positive 8'>C values of sedimentary carbonates during the MIBE.
Carbonates of the Jaiba Member (upper Bambui Basin) yield a different
carbon isotopic data (+2 to +3%o) and are probably related to de-
position in a distinct context, out of the singular biogeochemical con-
dition that generated the MIBE.

The occurrence of identical positive carbon isotope excursions in
other basins over the eastern Sao Francisco craton and along its current
northern margin suggests a broader effect on the carbon cycle. The
central position of the Sdo Francisco craton in the mosaic of collisional
blocks and the consequent enclosure of its intracratonic and marginal
basins probably favored basin restriction periods, which, by a reservoir
effect, enhanced the influence of local isotopic signals that affected the
global 8'C budget by an offset of at least +4%o. Nevertheless, the
MIBE may be correlated to the late Ediacaran positive carbon isotope
plateau (EPIP) recorded in other successions positioned after the
Shuram excursion (and first Cloudina occurrences) and before the
Ediacaran-Cambrian boundary. In the light of these findings, it appears

that the Ediacaran paleoenvironmental conditions in the Bambui Basin
varied dramatically through a complex interplay of biogenic and
abiogenic processes.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palae0.2018.12.022.
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