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RESUMO 

Drásticas mudanças climáticas, tectônicas, geoquímicas e bioevolutivas ocorreram ao final da 
Era Neoproterozoica e seu registro pode ser encontrado em diversas sucessões sedimentares ao redor do 
mundo. Uma dessas sucessões é a Formação Sete Lagoas, unidade carbonática basal do Grupo Bambuí, 
aflorante tanto na porção central e sul do Cráton do São Francisco. Considerando a extensa área de 
afloramento e grande continuidade estratigráfica desta unidade na região de Januária (norte de MG), este 
trabalho teve como objetivo definir a evolução sedimentar e paleoambiental da Formação Sete Lagoas 
a partir de uma abordagem sedimentológica, estratigráfica e geoquímica integrada, buscando 
compreender, por exemplo, variações nas condições redox, modificações no ciclo do carbono, 
temperatura da água e produtividade orgânica primária. Na área estudada, cinco associações de fácies 
foram definidas, da base para o topo: capa dolomítica (AF1), associação de carbonatos de perimaré 
(AF2), rampa carbonática influenciada por sismos (AF3), cordão oolítico litorâneo (AF4) e planície de 
maré dominada por microbialitos (AF5). Devido sua singularidade e importância no registro, duas 
sucessões distintas foram estudadas detalhadamente: os precipitados de fundo oceânico pertencente à 
capa dolomítica e a brecha intraformacional (flat-pebble breccia) nas porções basal e intermediária da 
unidade, respectivamente. Os precipitados de fundo oceânico são representados por leques carbonáticos 
(pseudomorfos de aragonita), barita e cimentos apatíticos autigênicos, estes últimos ineditamente 
descritos em contexto de capa carbonática. Devido à importância dos leques de barita na definição de 
idade (Marinoana) para os carbonatos de capa estudados, deu-se especial atenção ao estudo da origem 
(diagenética, hidrotermal ou metanogênica) deste mineral. A precipitação da capa carbonática com os 
leques de fundo oceânico (AF1) foi sucedida pela deposição de fácies de água rasa (AF2), compondo 
um ambiente no qual proliferaram os metazoários Cloudina e Corumbella associados à trombólitos e 
esteiras microbianas. Estes depósitos 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 carbonática (AF3). Dados de direção dos 
clastos alongados de AF3 e de paleocorrentes da AF4 indicam que a linha de costa original estava 
posicionada na direção NE-SW, com abertura oceânica para SE. Extensos depósitos de cordões oolíticos 
e estromatólitos dômicos (AF4) sucedidos por planícies de maré de clima árido com microbialitos (AF5) 
representam a última etapa de deposição da sucessão da Formação Sete Lagoas, precedendo o 
afogamento da plataforma carbonática representado pela deposição de pelitos da Formação Serra de 
Santa Helena. As associações de fácies interpretadas foram organizadas em três sequências 
deposicionais distintas, com expressivo espessamento de seção na direção E-NE, possivelmente 
relacionado a um aumento na taxa de subsidência nesta porção da bacia. Ao longo da sucessão 
carbonática, os valores isotópicos de Ccarb e Ocarb mostram uma excursão negativa na base passando para 
valores progressivamente mais positivos em direção ao topo. Os valores isotópicos de 34SCAS mostram 
co-variância com os valores de 13Ccarb, indicando que a pirita e o carbono orgânico foram oxidados e 
soterrados a uma mesma taxa. As concentrações de sulfato contido no carbonato (CAS – sigla em inglês) 
medidas mostram um pico de oxigenação na porção basal da unidade seguida por condições anóxicas, 
semelhante às estimativas anteriores do reservatório de sulfato em outras unidades do final do 
Ediacarano.  

Palavras-chave: Neoproterozoico, Grupo Bambuí, Formação Sete Lagoas, estratigrafia, sedimentologia, 
geoquímica  



 

 

 

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 Bambuí Group, present both in the 
southern and central part of São 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 Januária area– MG in the central São Francisco Craton, 
based on a sedimentological, stratigraphic and geochemical approaches. Five facies associations were 
defined in the studied area: cap dolostone (FA1), peritidal carbonates (FA2), seismic-influenced 
carbonate ramp (FA3), oolitic belt (FA4) and tidal flat dominated by microbialites (FA5). 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 (FA5), 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 
34SCAS isotopic values covary with 13Ccarb, 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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Apresentação 

A presente tese está estruturada em dez capítulos. O Capítulo 1 apresenta a problemática tratada 

nesta tese. Nos capítulos seguintes, são apresentados os métodos e técnicas analíticas utilizados nesta 

pesquisa (Cap. 2), uma contextualização dos principais eventos geotectônicos e bioevolutivos ocorridos 

ao final do Ediacarano (Cap. 3) e os aspectos geológicos regionais da área de estudo (Cap. 4).  

Os resultados estão apresentados na forma de quatro artigos científicos (Cap. 5 a 8). O Capítulo 

5 corresponde ao manuscrito em preparação intitulado “Sedimentary evolution and integrated high-

resolution geochemistry (C, O and S) of the Sete Lagoas Formation, Bambuí Group (northern Minas 

Gerais State, Brazil)”, que será submetido à revista Precambrian Research. Este trabalho busca 

apresentar um quadro estratigráfico, paleoambiental e quimioestratigráfico completo para a Formação 

Sete Lagoas na região de Januária-MG. O Capítulo 6 corresponde ao artigo publicado no periódico 

Precambrian Research, intitulado “Phosphogenesis, aragonite fan formation and seafloor environments 

following the Marinoan glaciation”. Este trabalho aborda a relação dos leques de aragonita e de barita 

com o processo de fosfatização no contexto de capa carbonática que ocorre na base da Formação Sete 

Lagoas. O Capítulo 7, intitulado “Hydrothermal influence on barite precipitates in the basal Ediacaran 

Sete Lagoas cap carbonate, São Francisco Craton, central Brazil”, corresponde ao manuscrito em 

preparação, que será submetido à um volume especial da revista Precambrian Research. Neste trabalho, 

discute-se a origem e a história termal da barita presente na capa carbonática, discutindo sua relação 

com eventos hidrotermais vigentes no cráton São Francisco durante o final do Período Ediacarano. O 

último artigo (Capítulo 8) apresenta o manuscrito em revisão no periódico Journal of South American 

Earth Sciences, cujo título é “The enigmatic flat-pebble breccias of the Sete Lagoas Formation (Bambuí 

Group, Brazil): evidences of seismic-induced deformation in an Ediacaran carbonate platform”. Este 

artigo trata da análise sedimentológica e estratigráfica das brechas carbonáticas (flat pebble breccia) 

incomuns que ocorrem na porção intermediária da Formação Sete Lagoas, destacando a sismicidade 

como o principal mecanismo de formação destes depósitos particulares.  

O Capítulo 9 apresenta as conclusões obtidas ao longo da pesquisa e por fim as respectivas 

referências bibliográficas utilizadas no presente trabalho (Cap. 10). Ao final deste volume, estão 

apresentados uma tabela (Apêndice A) integrando todos os dados geoquímicos (isótopos de Ccarb, Ocarb 

e SCAS, elementos maiores, menores e traço), bem como dois artigos científicos em que a autora da 

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

Várias unidades ediacaranas têm sido estudadas em todo o mundo sob diversos aspectos 

geológicos ao longo das últimas décadas. O reaparecimento de formações ferríferas após um 

hiato de 1 Ga no registro geológico representa uma importante mudança sedimentológica e 

geoquímica ocorrida ao final do Neoproterozoico (Hoffman e Schrag, 2002). Estas formações 

ferríferas estão intimamente relacionadas a diamictitos glaciais criogenianos depositados em 

latitudes equatoriais (Cox et al., 2016, 2013), indicando que estas glaciações foram as mais 

severas da história da Terra (Evans, 2000; Trindade e Macouin, 2007; Williams, 1975). As 

assinaturas geoquímicas e isotópicas preservadas nas rochas são anômalas em relação ao 

restante do registro geológico, especialmente durante o Ediacarano, revelando profundas 

mudanças na composição química dos oceanos e do ciclo biogeoquímico do carbono (Kaufman 

et al., 1997, 1991; Knoll et al., 1986). Associado a este contexto de importantes mudanças 

paleoclimáticas e em um oceano quimicamente diferente do atual, surgem os primeiros 

organismos macroscópicos complexos entre 575 e 565 Ma, seguidos pelas inovações biológicas 

como mobilidade (>555 Ma), calcificação (550 Ma) e predação (<549 Ma) (Narbonne, 2005). 

Apesar do crescente volume de dados obtidos em sucessões ediacaranas ao redor do 

globo, diversas questões ainda são motivo de intenso debate na literatura (Spence et al., 2016; 

Xiao et al., 2016), incluindo o sincronismo dos supostos eventos glaciais globais, sua 

distribuição latitudinal, o significado de diversas estruturas sedimentares anômalas e o 

significado das importantes excursões isotópicas de C, O e S, observadas nas capas carbonáticas 

(Hoffman e  Schrag, 2002). 

Na América do Sul, uma das unidades neoproterozoicas mais estudadas é a Formação 

Sete Lagoas, base do Grupo Bambuí, devido à sua extensa exposição sobre o Cráton do São 

Francisco (CSF). Alguns autores dividem o cráton em três compartimentos (Alkmim et al., 

1996, 1993; Alkmim e Martins-Neto, 2001; Coelho et al., 2008): (i) compartimento oeste, que 

corresponde à porção externa da Faixa Brasília; (ii) porção central, cujas unidades 

neoproterozoicas do Grupo Bambuí encontram-se praticamente indeformadas, e (iii) 

compartimento leste, que corresponde à porção externa da Faixa Araçuaí.  

As áreas de afloramento da Formação Sete Lagoas sem deformação tectônica ocorrem 

principalmente nas regiões de Januária, Arcos e Sete Lagoas nas bordas leste e sul do cráton, 

respectivamente. Tais áreas apresentam excelentes exposições para estudos sedimentológicos e 

estratigráficos, ainda que surpreendentemente pese a ausência de trabalhos de detalhe na porção 

norte do CSF. Devido à descoberta do fóssil-guia Cloudina na região de Januária (Warren et 
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al., 2014) e ao fato das outras regiões (Arcos e Sete Lagoas) terem sido amplamente estudadas 

ao longo das últimas décadas por vários 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 região de Januária (municípios de Januária, 

Itacarambi e Montalvânia, MG), buscando um melhor entendimento da sucessão sedimentar da 

Formação Sete Lagoas nesta porção da Bacia Bambuí.  

A Formação Sete Lagoas apresenta características sedimentológicas distintas nas suas 

ocorrências nas porções sul (região de Sete Lagoas, área-tipo da unidade) e central do CSF 

(região de Januária, área de estudo). Fácies de águas profundas, como os ritmitos de calcilutito 

cinza e pelitos (Vieira et al., 2007a), não são, à título de exemplo, encontradas na região de 

Januária. Por outro lado, as brechas intraformacionais (flat-pebble breccias) que ocorrem 

extensivamente na região de estudo parecem não ocorrer em outras porções do Grupo Bambuí. 

Porém, similaridades também ocorrem, como a presença de estruturas sedimentares anômalas 

na base da Formação Sete Lagoas, tais como pseudomorfos de aragonita e megamarcas 

onduladas, similares àquelas reconhecidas globalmente para as capas carbonáticas 

neoproterozoicas (Vieira et al., 2007a, 2015). Além disso, as brechas hidrotermais ricas em Pb 

e Zn, descritas no topo da unidade em Januária por Nobre-Lopes (2002), apresentam 

características semelhantes e se correlacionam com outras unidades proterozoicas da bacia, 

como a Formação Salitre na Bacia Irecê e parte do Grupo Vazante (ver Misi et al., 2005, 2014). 

Considerando o panorama acima exposto, este trabalho almejou o estudo integrado 

(estratigráfico, sedimentológico e geoquímico) da sucessão sedimentar da Formação Sete 

Lagoas na porção central do Cráton do São Francisco (região de Januária-MG), buscando traçar 

sua evolução sedimentar e paleoambiental e, portanto, preencher importante lacuna no 

conhecimento geológico do Neoproterozoico brasileiro.  

1.1. Objetivos 

A presente tese de doutoramento teve como objetivo principal a realização de estudo 

sedimentológico, estratigráfico e geoquímico de detalhe da Formação Sete Lagoas (Grupo 

Bambuí) dentro do contexto evolutivo das sucessões neoproterozoicas desenvolvidas nas 

paleomargens do Cráton São Francisco. Como objetivos específicos, buscou-se: 

• Descrever as associações de fácies e definir os sistemas deposicionais vigentes durante 

a sedimentação da Formação Sete Lagoas. Adicionalmente, detalhou-se os processos 
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formadores de brechas incomuns presentes na porção intermediária da successão 

estudada; 

• Definir padrões arquiteturais e de empilhamento das sucessões, bem como caracterizar 

superfícies estratigráficas a fim de compor o quadro estratigráfico adequado para a 

Formação Sete Lagoas na região de Januária, MG; 

• Caracterizar em detalhe os precipitados de fundo oceânico presentes na capa carbonática 

da porção inferior da unidade; 

• Identificar variações nos padrões isotópicos de carbono e oxigênio visando auxiliar a 

correlação da unidade com outras porções da bacia; 

• Estabelecer uma inédita curva isotópica de enxofre para a unidade, cujo significado está 

intimamente relacionado com a composição da água do mar e a oxigenação dos oceanos 

no Período Ediacarano. 

1.2. Localização e acessos 

A área de estudo está localizada na porção norte do estado de Minas Gerais (Figura 

1.1A), na margem esquerda do Vale do São Francisco, nos arredores do município de Januária 

(595 km a norte da capital do estado, Belo Horizonte). Nesta região, afloram rochas do Grupo 

Bambuí, compreendendo uma cobertura cratônica extensa em contato erosivo com rochas 

arqueanas e paleoproterozoicas do embasamento do Cráton São Francisco. Localmente, a 

unidade apresenta espessura total da ordem de 700-1000 m (Misi et al., 2007) e compreende 

calcários e dolomitos da Formação Sete Lagoas na base que gradam em direção ao topo para 

folhelhos e siltitos da Formação Serra de Santa Helena, seguidos por margas, siltitos, calcários 

e arenitos das formações Lagoa do Jacaré, Serra da Saudade e Três Marias. 

As seções 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 ligação com outros municípios da área 

investigada. Destacam-se a BR-135 para Januária, Manga e Montalvânia. Destaca-se também a 

presença na área de estudo do Parque Parque Nacional Cavernas do Peruaçu (municípios de 

Januária, Itacarambi e São João das Missões), no qual ocorrem inúmeras cavernas que expõem 

de maneira espetacular as rochas da sucessão basal e intermediária da Formação Sete Lagoas. 
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Figura 1.1: A) Localização da área de estudo, destacando as principais vias de acesso. B) Localização 
das seções estudadas na área de Januária e Montalvânia-MG. 

2 Materiais e métodos utilizados 

2.1 Trabalhos de campo 

Foram realizadas três campanhas de campo, totalizando 21 dias de campo, nos arredores 

dos municípios de Januária-MG, Itacarambi-MG e Montalvânia-MG (Fig. 1.1A). Como 

material de suporte de campo, foram utilizadas cartas plani-altimétricas em escala 1:100.000 da 

porção setentrional do estado de Minas Gerais (Januária, SD-23-Z-C-II, Região Leste do Brasil, 

Serviço Geográfico do Exército) e imagens SRTM georreferenciados e tratadas no software 

ARCGIS 10, além dos mapas geológicos da CODEMIG (Projeto Fronteiras de Minas - 2015, 

escala 1:100.000, Folha Januária, Catolé, Montalvânia).  

Antes da aquisição das seções colunares foi priorizado o reconhecimento regional dos 

afloramentos, com o intuito de elencar as melhores seções existentes na área de estudo. As 

exposições mais completas verticalmente foram mensuradas e descritas em detalhe (escala 

1:50), resultando em dez seções estratigráficas de alta resolução (ver localização na Figura 

1.1B). Durante o procedimento de levantamento das seções colunares, buscou-se reconhecer as 

características faciológicas mais marcantes, como geometria dos depósitos, identificação de 
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estruturas sedimentares e diferenças entre microbialitos, extensão lateral e vertical das camadas, 

e presença de espécimes fósseis e icnofósseis. A etapa de campo também teve por objetivo a 

coleta de amostras de acordo com variações litológicas, faciológicas e conteúdo fossilífero. As 

amostras coletadas foram sistematicamente classificadas e selecionadas para a confecção de 

seções delgadas, captação de imagens por meio de microscópio Zeiss® e preparação de material 

para análises de isótopos estáveis de C, O e S. 

2.2 Análise de fácies sedimentares  

Walker (1992, 2006) define o termo fácies sedimentar como um conjunto de rochas 

geneticamente relacionadas que corresponde ao registro geológico de um processo sedimentar 

particular. Esta unidade pode ser distinguida das demais por suas características litológicas, 

granulação, grau de seleção e de arredondamento dos grãos, estruturas sedimentares, geometria 

dos estratos, fósseis e coloração. Este conjunto de feições envolve os processos sedimentares 

particulares observados na natureza ou reproduzidos experimentalmente em laboratório. Tais 

processos sedimentares podem ser os mesmos em diversos ambientes deposicionais, o que torna 

necessário agrupar as fácies geneticamente relacionadas e com significado ambiental 

(associação de fácies).  

Os sistemas deposicionais são representações tridimensionais das associações de fácies 

aos quais estão incorporados os efeitos produzidos por controles externos, tais como as 

variações relativas do nível de base provocadas por mudanças climáticas, causas tectônicas e 

variações orbitais (Catuneanu, 2006). Um modelo de fácies adequado deve, portanto, ser 

verossímil ao sistema deposicional que representa e servir de modelo preditivo ou de 

comparação com exemplos atuais e do registro geológico (Walker, 2006, 1992). 

No presente trabalho, as fácies sedimentares foram inicialmente descritas 

macroscopicamente em campo, priorizando-se a identificação da geometria do depósito, 

estruturas sedimentares, organização interna, mineralogia e textura dos grãos. Nesta etapa, as 

fácies foram individualmente fotografadas, amostradas para análises em laboratório e 

identificadas nas diferentes seções estratigráficas adquiridas. Depois disso, a descrição 

macroscópica foi refinada a partir da análise de lâminas petrográficas (microfácies). 

2.3 Análise petrográfica  

As amostras foram serradas e polidas no Laboratório de Laminação, Departamento de 

Petrologia e Metalogenia (DPM), Instituto de Geociências e Ciências 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 tungstênio e suspensão de carbeto de tungstênio (grana 600); (iii) pré-

polimento com rebolo de aço fundido e suspensão de carbeto de tungstênio (grana 800), e (iv) 

polimento em politriz com tecido para polimento e pasta diamantada (1µ). 

As amostras foram submetidas à laminação e, posteriormente, à análise dos diferentes 

litotipos e microfácies carbonáticas sob microscópio petrográfico Zeiss. A descrição 

petrográfica das seções delgadas de rochas carbonáticas foi feita com base na classificação de 

Dunham (1962) e Embry e Klovan (1971). A análise e documentação das lâminas delgadas foi 

realizada em um microscópio petrográfico Zeiss Axiscope, acoplado à câmera digital Canon 

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

2.4 Análises em Microscópio Eletrônico de Varredura (MEV) e Microssonda Eletrônica 
(EPMA) 

 Foram selecionadas amostras, das quais foram confeccionadas lâminas polidas. A 

análise em MEV e EPMA teve por objetivo investigar a morfologia e mineralogia em escala de 

microdetalhe, assim como a relação temporal entre os minerais formados. As análises em 

Microscópio Eletrônico de Varredura (MEV) e Microssonda Eletrônica (EPMA) foram 

realizadas no Laboratório de Microscopia Eletrônica de Varredura e Laboratório de 

Microssonda Eletrônica, do Departamento de Petrologia e Metalogenia (DPM), UNESP Rio 

Claro, respectivamente. 

 As imagens de MEV foram geradas em um microscópio eletrônico de varredura modelo 

JEOL JSM 6010 LA, utilizando voltagem de 15 keV e distância de trabalho de 10mm. Os mapas 

composicionais gerados pela Microssonda Eletrônica (EPMA) foram obtidos a partir do 

equipamento JEOL JXA 8230, equipado com 5 espectrômetros WDS e um sistema 

pancromático de catodoluminescência (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 (Kα), Ca (Kα), Mg 

(Kα), Ba (Lα), S (Kα), Si (Kα) e Al (Kα). 

2.5 Análise de paleocorrentes 

A análise de paleocorrentes é uma ferramenta muito utilizada na análise de bacias 

sedimentares com grande potencial para a reconstituição da história deposicional. O 

reconhecimento de padrões medidos em estruturas sedimentares primárias é importante para a 
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reconstituição paleogeográfica de bacias, visto que auxilia na definição de áreas de deposição 

preferencial e padrão de dispersão sedimentar (Potter e Pettijohn, 1977). 

A análise dos padrões de dispersão possibilita delimitar espacialmente as províncias 

fisiográficas de um dado contexto deposicional e o sentido de influxo sedimentar, auxiliando 

na definição de paleolinhas de costa e no sentido de migração de dunas subaquosas. 

Os dados de paleocorrentes coletados em campo foram tratados no software 

Rockworks®. As medidas obtidas em diferentes níveis estratigráficos estão indicadas nas 

colunas estratigráficas de detalhe, sendo que o padrão de dispersão dos grupos de dados é 

apresentado na forma de rosetas. 

2.6 Análise estratigráfica 

 A análise estratigráfica se pautou principalmente na integração dos dados oriundos da 

análise de fácies sedimentares, paleocorrentes e padrões de variação dos isótopos de C e S ao 

longo das seções estratigráficas. 

 A análise integrada de associações de fácies e dos ciclos sedimentares possibilitou a 

caracterização dos sistemas deposicionais e padrões de empilhamento diferenciados, o que 

auxiliou na definição da arquitetura da sucessão. Os ciclos sedimentares são definidos como 

camadas, ou conjunto de camadas, geneticamente relacionadas que compõem arranjos de 

arquitetura progradacional, agradacional ou retrogradacional, depositados sob mesmas 

condições de nível de base. Para sucessões carbonáticas, os ciclos de alta frequência podem ser 

utilizados como análogos às parassequências em sucessões terrígenas no intuito de se 

comporem os tratos de sistemas (Mitchum e Van Wagoner, 1991) . A identificação do arranjo 

vertical e lateral destes ciclos permitiu definir pacotes depositados em diferentes ciclos de nível 

de base (Kerans e Tinker, 1997) e, assim, compor um arcabouço estratigráfico adequado. 

 A partir daí, foi priorizada a identificação de superfícies estratigráficas que 

possibilitassem a melhor compreensão dos padrões arquiteturais e correlação das associações 

de fácies entre as diferentes sucessões estudadas. Estas superfícies compreendem discordâncias 

regionais representativas da queda brusca do nível do mar, superfícies-chave (transgressão e 

máxima inundação) e variações gerais no padrão de empilhamento de ciclos de alta e média 

frequências. A identificação tentativa das superfícies foi realizada a partir de diversos 

parâmetros, tais como oscilação de espessuras das camadas, variação vertical na quantidade e 

espessura dos termos pelíticos, variação no modelo de associação e sucessão de fácies, 
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alterações nas tendências de paleocorrentes, presença de depósitos de exposição subaérea e 

variações nos valores isotópicos de C. 

 Por fim, utilizou-se o método de estratigrafia de sequências, que permite interpretar 

espessas sucessões sedimentares do ponto de vista genético, geométrico e evolutivo, bem como 

efetuar correlações de diferentes sucessões em nível de bacia (Posamentier et al., 1988; Vail et 

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

2.7 Análise de Fluorescência de Raio-X (FRX) e Difração de Raio-X 

Com o intuito de se avaliar se o sinal isotópico aferido é primário (original da 

deposição), foram analisadas 35 amostras, abrangendo toda a sucessão da Formação Sete 

Lagoas. As análises de elementos maiores, menores e traço foram realizadas pelo método de 

Espectrometria de Fluorescência de Raios-X (FRX), utilizando-se o espectrômetro de raios-X 

Philips PW2400 do Laboratório de Geoquímica do Departamento de Petrologia e Metalogenia 

do IGCE/UNESP.  

Para isso, foram utilizadas razões geoquímicas como parâmetros de identificação destas 

alterações, visto que a presença de fluidos durante a diagênese, dolomitização ou metamorfismo 

de rochas carbonáticas leva a um aumento nas razões Mn/Sr, Fe/Sr, Rb/Sr e 87Sr/86Sr, bem como 

um descréscimo nos valores de δ13C e δ18O destes litotipos (Banner e Hanson, 1990). Valores 

de δ13Ccarb menos alterados são mais prováveis de ocorrer em amostras com Mn/Sr <10, Fe/Sr 

< 50 e δ18Ocarb mais negativos que -10‰ (Frimmel e Folmi, 2002). Além disso, a correlação 

positiva (covariação) entre os valores de δ13C e δ18O de uma mesma sucessão pode indicar 

alteração pós-deposicional da assinatura isotópica original (Derry, 2010). 

2.8 Análise isotópica de Ccarb e Ocarb 

Todos as amostras coletadas foram posicionadas estratigraficamente em seções 

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 análise petrográfica. Desta maneira, evitou-se as 

fraturas, estilolitos, vênulas e porções diagenética ou pedogeneticamente alteradas, além de 

exemplares ricos em terrígenos. Após esta etapa procedeu-se com a análise por 

catodoluminescência em amostras potencialmente diagenéticas, usando equipamento JEOL 

JXA 8230, equipado com 5 espectrômetros WDS e um sistema pancromático de 

catodoluminescência (XM-26730PCL). Segundo Hemming et al. (1989), Kaufman et al. (1993) 
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e Kaufman e Knoll (1995), porções não luminescentes são consideradas pouco alteradas, sendo 

que áreas mais claras são relacionadas à calcita neoformada em veios, estilolitos e poros, 

associados à presença de Mn oriundo de águas meteóricas. Após a etapa inicial de seleção de 

áreas adequadas à amostragem, sucedeu-se a extração com broca milimétrica de vídia de 

pequenas porções pulverizadas, que foram acondicionadas em recipientes herméticos 

individuais do tipo Eppendorff. 

Todos os valores de isótopos estáveis de C e O estão apresentado no Apêndice I. 

Segundo o procedimento usual para a análise isotópica de elementos leves, conduziu-se 

inicialmente a extração do gás CO2 de amostras pulverizadas a partir da reação com ácido 

fosfórico 100% à temperatura constante de 25ºC durante 24 ou 72 horas, dependendo da razão 

entre material calcítico e dolomítico. Após a extração do gás, este foi purificado 

criogenicamente a partir do uso de armadilha química de nitrogênio líquido e álcool, a fim de 

se retirar a água gerada durante a reação do carbonato e o ácido. A amostra de gás foi analisada 

em um espectrômetro de massa de razão isotópica com cromatografia gasosa, acoplado com o 

sistema Gas Bench II, por extração online (Gas Chromatography – Isotope Ratio Mass 

Spectrometer, GC-IRMS), Thermo Scientifique modelo Delta V Advantage, do Laboratório de 

Análise de Minerais e Rochas (LAMIR), da Universidade Federal do Paraná - UFPR. A 

normalização dos resultados isotópicos obtidos foi realizada mediante a técnica de dois pontos, 

usando padrões internacionais (NBS18 e NBS19). Os resultados, apresentados na notação per 

mil, apresentam referência ao padrão VPDB (Viena - "Pee Dee Belemnite"). 

No intuito de avaliar o grau de alteração diagenética e intempérica dos carbonatos 

coletados, o que poderia alterar os valores iniciais de δ13C e δ18O, os dados foram analisados do 

ponto de vista de seus elementos maores e traço e através da relação entre os valores de δ13C e 

δ18O, sendo que este último tende a decrescer na presença de águas meteóricas ou fluidos 

hidrotermais (Kaufman e Knoll, 1995).  

2.9 Análise isotópica 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 cálcio 

durante a precipitação, sendo amplamente utilizada para identificar a composição isotópica de 

enxofre da água do mar especialmente durante o final do Pré-Cambriano (Burdett et al., 1989; 

Gellatly e Lyons, 2005). Os desdobramentos da análise deste proxy se estendem para a aferição 
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da variação de oxigênio atmosférico, diversificação dos eucariontes, bem como possíveis 

implicações tectônicas na quantidade deste isótopo na água do mar (McFadden et al. 2008).  

A composição isotópica do enxofre da extração com sulfato associado ao carbonato (CAS) 

comumente é conduzida usando o protocolo estabelecido por Gill et al. (2011). Inicialmente, 

serão escolhidas amostras com a textura original da rocha preservada, evitando fraturas, 

estilólitos, vênulas e porções diageneticamente, ou pedogeneticamente, alteradas. 

Aproximadamente 100g de amostra é pulverizada e tratada com uma solução de 10% NaCl por 

24h a fim de remover o sulfato ligado não-estruturalmente e o enxofre orgânico que pode 

contaminar o CAS. Esta etapa tem por objetivo remover sulfatos solúveis que podem estar, por 

ventura, presentes nas rochas. Dois enxágues com água deionizada são então realizados antes 

da amostra ser dissolvida utilizando-se 4N HCl (acidificação). Após a etapa de acidificação, a 

amostra resultante é centrifugada e filtrada à vácuo (45μm) para remover a porção insolúvel. 

Aproximadamente 100 ml de uma solução saturada em BaCl2 são adicionados à solução que 

contém a amostra dissolvida para forçar a precipitação do sulfato na forma de barita. Estes 

precipitados de barita foram centrifugados, lavados, secados e pesados. 

As amostras de BaSO4 em pó foram então homogeneizadas e carregadas em cápsulas de 

prata com excesso de V2O5 e finalmente analisadas quanto às suas razões isotópicas 34S/32S. As 

análises foram realizadas na Virginia Polytechnic Institute and State University (Virginia Tech), 

como parte do doutorado sanduíche da autora sob supervisão internacional do Prof. Dr. Shuhai 

Xiao da referida instituição. Para os procedimentos de aferição das razões isotópicas de 34S/32S, 

foi utilizado um espectrômetro de massa de razão isotópica (IRMS) equipado com um 

analisador elementar vario ISOTOPE Cube EA para combustão e análise de amostras online. 

Os resultados, apresentados na notação “per mil”, serão referentes ao padrão V-CDT (Vienna 

Canyon Diablo Troilite) e estão apresentados no Apêndice A.  
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3 Aspectos geoquímicos, paleontológicos, paleoclimáticos e 
geotectônicos do Período Ediacarano 

O Período Ediacarano é caracterizado pelas mais pronunciadas mudanças climáticas, 

tectônicas, biogeoquímicas e evolutivas da história do planeta (Figura 3.1), destacando-se como 

principais eventos: (i) múltiplas glaciações 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); (ii) precipitação carbonática 

sincrônica imediatamente após as glaciações globais contendo fácies sedimentares anômalas 

(Allen e Hoffman, 2005; Corsetti et al., 2004; Hoffman et al., 2011; James et al., 2001; 

Kennedy, 1996; Lamb et al., 2012); (iii) grandes variações isotópicas no clclo do carbono 

(Halverson et al., 2010, 2005; Kaufman e Knoll, 1995; Rothman et al., 2003); (iv) aumento nos 

níveis de oxigênio do sistema atmosfera-oceano (Macdonald et al., 2013; McFadden et al., 

2008; Poulton et al., 2014); (v) surgimento da primeira fauna de metazoários (Canfield et al., 

2007a; Corsetti et al., 2006; McFadden et al., 2008); e (vi) término do ciclo de rifteamento de 

Rodínia e formação de Gondwana (Hoffman, 1999). 

3.1 Glaciações globais neoproterozoicas 

Diversas evidências geológicas apontam que durante o Neoproterozoico ocorreram ao 

menos três grandes glaciações de amplitude global, compreendidas pela teoria conhecida como 

“Snowball Earth” (Kirschvink, 1992; Hoffman et al., 1998). Diamictitos glaciais supostamente 

depositados próximo a linha do Equador (Evans e Raub, 2011; Trindade e Macouin, 2007) 

ocorrem ao redor do mundo e são associados a três episódios glaciais conhecidos como 

Sturtiano, Marinoano e Gaskiers (Figura 3.1, Halverson et al., 2005). A interpretação destes 

depósitos glaciais como equatoriais é suportada por uma combinação de evidências 

sedimentológicas (diamictitos com presença de seixos estridados e múltiplas fontes de clastos) 

e paleomagnéticas (latitudes baixas a moderadas obtidas em pólos paleomagnéticos em que a 

magnetização é primária), conferindo a estes depósitos uma posição paleogeográfica 

relativamente confiável (Evans, 2000). 

Depósitos glaciogênicos Sturtianos são reconhecidos em 14 diferentes paleocontinentes, 

porém há uma grande incerteza quanto à duração dos episódios glaciais quando comparado aos 

depósitos Marinoanos mais jovens (Hoffman e Li, 2009). Tais depósitos são representados pela 

Formação Sturt na Austrália (Le Heron et al., 2011), pela Formação Chuos na Namíbia 

(Kennedy et al., 1998), pelo Membro Scott Mountain da Formação Pocatello, oeste dos EUA 
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(Fanning e Link, 2004), entre outros. Já, os depósitos glaciogênicos Marinoanos ocorrem em 

pelo menos 15 paleocontinentes (Hoffman e Li, 2009), sendo o início e o fim desta glaciação 

datados em 654.5+3.8 Ma e 635.2+0.4 Ma, respectivamente. Estes depósitos correspondem aos 

diamictitos da Formação Ghaub na Namíbia (Hoffmann et al., 2004), da Formação Elatina na 

Austrália (Williams et al., 2008), da Formação Nantuo no sul da China (Zhang et al., 2008), da 

Formação Fiq em Omã (Allen et al., 2004), entre outros. Por fim, a última glaciação regional é 

denominada de Gaskiers e é reconhecida em pelo menos 8 paleocontinentes (Hoffman e Li, 

2009), porém somente a ocorrência em Newfoundland no Canadá foi datada diretamente, 

obtendo-se uma idade em torno de 580 Ma. Devido esta particularidade, sua idade, duração e 

extensão permanecem ainda como objeto de intenso debate (Myrow e Kaufman, 2012; Pu et 

al., 2016; Spence et al., 2016). 

Alguns destes depósitos glaciais apresentam clastos facetados e estriados e contêm 

estruturas de deformação possivelmente causadas por fluxo glacial (Deynoux, 1985; Hoffman 

e Schrag, 2002; McMechan, 2000), algumas destas unidades supostamente glaciomarinhas 

provavelmente representam depósitos de diamictitos formados por fluxo de massa relacionados 

a falhas produzidas durante os estágio finais da ruptura de Rodínia (Eyles e Januszczak, 2004; 

van Loon, 2008). Tal hipótese alternativa é denominada de Zipper Rift.  

A partir de dados estratigráficos de diferentes ocorrências globais, notou-se que a 

maioria destes depósitos glaciais são sobrepostos por sedimentos carbonáticos e, 

secundariamente, pelíticos. Essa sedimentação carbonática pós-glacial é denominada de capa 

carbonática. 

3.2 Capas carbonáticas 

Capas carbonáticas são unidades contínuas de dolomitos puros (e localmente calcários), 

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 sobrepõem em contato abrupto os 

depósitos glaciais e de fluxo de massa subaquosos relacionados à glaciações globais 

Neoproterozoicas. As estruturas interpretadas como representantes dos primeiros registros 

sedimentares dos eventos de deglaciação (capas Sturtinianas, Hoffman et al., 1998; Fairchild e 

Kennedy, 2007) geralmente constituem depósitos finamente laminados (localmente rítmicos), 

escuros, e ocasionalmente ricos em matéria orgânica e ferro. 
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Figura 3.1: Síntese dos principais eventos tectônicos, bioevolutivos e paleoclimáticos ocorridos no final 
do Neoproterozoico e início do Cambriano, extraído de Spence et al. (2016). As linhas vermelhas 
correspondem às anomalias negativas de isótopos de carbono. Baseado em Nogueira (2003) e Warren 
(2011), com compilações 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 δ13C > 0 (Corsetti e Lorentz, 2006; Kennedy et al., 1998). As capas carbonáticas que 

sobrepõem diamictitos marinoanos por sua vez, são tipicamente menores que 10 m de espessura 

e incluem camadas constituídas por macropelóides, estromatólitos, cristais de barita e estruturas 
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em tubo ou tubestones (Hoffman e Schrag, 2002; James et al., 2001; Jiang et al., 2006; Kennedy, 

1996). Estas feições são comumente recobertas por carbonatos ricos em leques de cristais de 

aragonita e/ou por sedimento siliciclástico fino depositados em condições de água profunda.  

Atualmente, três modelos não-excludentes têm sido utilizados para explicar a origem 

das capas carbonáticas a partir de condições geoquímicas anomalas. O primeiro assume que os 

altos níveis de pCO2 atmosférica foram responsáveis pela deglaciação (modelo Snowball 

Earth), levando ao intenso intemperismo químico dos continentes e consequente aumento da 

alcalinidade da água do mar. A alta concentração de nutrientes e minerais dissolvidos teria então 

promovido a rápida precipitação de capas carbonáticas sobre depósitos interpretados como 

glaciais (Higgins e Schrag, 2003; Hoffman et al., 1998; Hoffman e Schrag, 2002). O segundo 

modelo assume que a glaciação causou uma estratificação física e criou forte gradiente isotópico 

de carbono da superfície até águas profundas. Neste contexto, a ressurgência ou inundação 

associada à transgressão pós-glacial pode ter trazido águas profundas mais alcalinas para 

plataformas continentais e bacias interiores (modelo de ressurgência ou overturn), resultando 

na precipitação de uma capa carbonática (Grotzinger e Knoll, 1995; Kaufman et al., 1997; 

Ridgwell et al., 2003). Finalmente, o terceiro modelo propõe que o frio extremo promoveu a 

supersaturação inorgânica do carbono no oceano (modelo de metanogênese), e a oxidação do 

metano poderia explicar a deposição de capas carbonáticas associadas a baixos valores 

isotópicos (Jiang et al., 2003; Kennedy et al., 2001). 

Crostas, leques de cristais e cimentos fibrosos calcíticos, bem como pseudomorfos de 

aragonita, ocorrem de forma anômala nas capas carbonáticas (Grotzinger e Knoll, 1995; Pruss 

et al., 2008; Sumner and Grotzinger, 2004). Leques de pseudomorfos de aragonita são 

consideradas as fácies sedimentares mais comuns das capas e ocorrem em várias 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 condições ambientais que propiciaram a 

formação destes leques são ainda pouco compreendidas, porém é consenso que tenham se 

formado em águas com pH neutro a alcalino, em ambientes com baixa taxa de sedimentação e 

baixo aporte de material detrítico (Sumner e Grotzinger, 2004). Neste contexto, a ocorrência de 

leques de barita é mais restrita, ocorrendo principalmente no noroeste da África, sul da China, 

Austrália central, norte da Mongólia, noroeste do Canadá 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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Depósitos fosfáticos que ocorrem no início do Ediacarano têm sido relacionados à 

atividade de comunidades microbianas em condições anóxicas (Nelson et al., 2010; Papineau, 

2010), mas sua relação estratigráfica com as capas carbonáticas não é bem entendida (Hoffman 

et al., 2011). A formação destes fosforitos pode estar relacionada à eventos de ressurgência, à 

decomposição microbial de matéria orgânica dentro dos sedimentos ou mesmo o 

retrabalhamento de camadas fosfáticas primárias (Glenn et al., 1994). É importante ressaltar 

que este tipo de depósito preserva um registro excepcional de vida multicelular ediacarana, 

principalmente constituída por microfósseis 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 autigênicos que se formam em contexto de 

capa carbonática constituem evidência direta (ou indireta) da composição dos elementos 

dissolvidos na água dos oceanos e seu estudo pode, portanto, fornecer importante informação a 

respeito da composição e evolução da água do mar ao final da Era Neoproterozoica.  

3.3      Assinaturas isotópicas e condições de oxigenação nos oceanos durante o 

Ediacarano 

O aumento progressivo na razão 87Sr/86Sr nos sedimentos marinhos durante o final do 

Neoproterozoico e início do Cambriano indica um aumento no intemperismo químico e no 

aporte de nutrientes que chega aos oceanos, aumentando as taxas de soterramento de carbono 

orgânico e favorecendo a produtividade primária e fosfogênese (Och e Shields-Zhou, 2012; 

Papineau, 2010).  

Excursões positivas de δ13C estão comumente relacionadas ao aumento do grau de 

soterramento da matéria orgânica devido a altas taxas de sedimentação e/ou alta produtividade 

primária principalmente por organismos fitoplanctônicos. Por outro lado, variações isotópicas 

negativas, comuns às capas carbonáticas, estão relacionadas a mudanças paleoceanográficas 

significativas, interpretadas como: (i) resultado de mistura rápida por ressurgência após eventos 

de glaciação de águas profundas depletadas em δ13C com águas rasas; (ii) diminuição da 

produtividade biológica (abundância de δ12C) relacionada à cobertura dos oceanos por lencóis 

de gelo, no modelo Snowball Earth; (iii) desestabilização de gás hidrato no permafrost terrestre 

e transgressão seguindo rápido aquecimento pós-glacial (Kennedy et al., 2001). 

Vários autores compilaram curvas compostas de δ13C para o Ediacarano (Halverson et 

al., 2010, 2005; Macdonald et al., 2013), mostrando uma ampla excursão negativa de δ13C 

(Figura 3.1), correlacionável em várias sucessões carbonáticas ediacaranas ao redor do mundo 
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(Shuram em Omã,  EN3 no topo da Formação Doushantuo no sul da China, Zhuya na Sibéria, 

Wonoka no sul da Austrália, Gametrail no noroeste do Canadá e Kanies/Mara no sul da 

Namíbia, Xiao et al., 2016). 

Durante o final do Período Neoproterozoico, um significativo aumento nas 

concentrações de oxigênio na atmosfera e nos oceanos, conhecido como “Neoproterozoic 

Oxygenation Event” (NOE) pode ter estimulado a evolução dos animais multicelulares 

macroscópicos e a subsequente radiação dos organismos biomineralizados (Fike et al., 2006; 

Och e Shields-Zhou, 2012). 

Com base em análises de especiação de ferro e isótopos de enxofre de sedimentos 

ediacaranos de água profunda em Newfoundland (Canadá), Canfield et al. (2007) propuseram 

que as águas profundas eram ferruginosas e anóxicas antes e durante a glaciação Gaskiers 

(~580Ma), porém daí em diante começam a ser oxigenadas.  

Análises isotópicas de carbono (Ccarb e Corg) e enxofre (Ssulfato e Spirita) do Supergrupo 

Huqf de idade ediacarana em Omã (Fike et al., 2006) e a Formação Doushantuo no sul da China 

(McFadden et al., 2008) revelaram a possibilidade de vários pulsos de oxigenação depois da 

glaciação Marinoana. Da mesma forma, Sahoo et al. (2016) propuseram uma série de eventos 

de oxigenação (OOE – sigla em inglês) nos oceanos neoproterozoicos amplamente anóxicos, 

com base em análises de especiação de ferro, isótopos de enxofre e enriquecimentos de 

elementos sensíveis à variação redox (U, Mo, Re, V, Cr).  

Os isótopos de carbono e enxofre de diferentes seções ao longo da bacia Doushantuo 

indicam que o oceano no começo do Ediacarano no sul da China deve ter sido fortemente 

estratificado (Huang et al., 2013) com um grande reservatório de carbono inorgânico dissolvido 

(DIC – sigla em inglês) (Jiang et al., 2007) e um gradiente de concentração de sulfato da 

plataforma para a bacia profunda (Li et al., 2010; Shen et al., 2008).  

Outros indicadores, como os isótopos de cromo e razões de cério, têm sido utilizados 

como indicadores de oxigenação. Fracionamentos positivos em isótopos de Cr (d53Cr > +4.9 

‰) em formações ferríferas do Canadá indicam evidência independente para a progressiva 

oxigenação em águas rasas nos oceanos durante o final do Ediacarano (Frei et al., 2009). 

Similarmente, anomalias negativas de Ce obtidas para as formações Dengying e Yanjiahe no 

sul da China tembém sugerem oxigenação das águas superficiais durante a transição 

Ediacarano-Cambriano (Ling et al., 2013).  

Por outro lado, reconstruções geoquímicas em estratos ediacaranos obtidas por Johnston 

et al. (2013) no noroeste do Canadá revelam condições dominantemente anóxicas para o oceano 
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ediacarano, contrastando com a oxigenação formulada para este período. Além disso, valores 

negativos de d238U apresentados para os carbonatos do Grupo Nama (Namíbia) por Tostevin et 

al. (2019) e para a Formação Dengying (sul da China) por Zhang et al. (2018) também sugerem 

uma extensa anoxia em torno de ~550Ma.  

Portanto, com base em diferentes indicadores geoquímicos e isotópicos, as condições 

redox da água do mar parecem ter flutuado ou serem heterogêneas de bacia para bacia durante 

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

3.4      Inovações paleobiológicas, paleoecológicas e evolutivas no Ediacarano  

O Ediacarano figura entre o período geológico do planeta em que se processaram as 

mais profundas inovações do ponto de vista evolutivo e biológico, principalmente marcadas 

pelo surgimento dos metazoários (Xiao e Laflamme, 2009; Wood, 2011). Três grandes 

assembleias de macrofósseis ediacaranos têm sido reconhecidas em todo o mundo, Avalon, 

White Sea e Nama e representam três diferentes estágios evolutivos da denominada Biota de 

Ediacara. A assembleia Avalon (575-560Ma) é caracterizada pela presença de rangeomorfos e 

formas cosmopolitas, como Charniodiscus (Clapham et al., 2003; Clapham e Narbonne, 2002), 

que viviam em ambiente de água profunda e afóticas após a glaciação Gaskiers (Narbonne e 

Gehling, 2003). A assembleia White Sea (560-550Ma) contém a maior diversidade taxonômica 

e os primeiros traços não-ambíguos feitos por animais (Jensen et al., 2006) e é notadamente 

reconhecida nas montanhas Flinders na Austrália e na localidade do Mar Branco na Federação 

Russa.  

A assembleia Nama (550-541Ma) inclui vários rangeomorfos e ernietomorfos 

(Grazhdankin e Seilacher, 2005, 2002; Narbonne et al., 1997), além dos representantes 

biomineralizados mais antigos. Metazoários esqueletais do final do Ediacarano são 

representados por tubos (Grant, 1990), microfósseis possivelmente silicosos (Gehling e Rigby, 

1996; Kontorovich et al., 2008) e animais com carapaças calcárias (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 táxons 

problemáticos (Zhuravlev et al., 2011) de afinidade incerta, mas provavelmente representantes 

de Eumetazoa, Cnidaria ou Bilateria (Bengtson and Morris, 1992; Kruse et al., 1995). Todos 

são organismos bentônicos sésseis que viveram em ambientes carbonáticos marinhos rasos 

equatoriais e têm sido descritos globalmente em localidades como Sibéria, China, Omã, Brasil, 
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Espanha, Paraguai e Namíbia (Grant, 1990; Grotzinger et al., 2000; Morris et al., 1990; Warren 

et al., 2011; Wood et al., 2002; Yuan et al., 2005; Zhuravlev et al., 2011).  

Outra inovação paleobiológica marcante foi o aparecimento de organismos 

bioturbadores durante a transição Ediacarano-Cambriano, que transformou o fundo oceânico, 

permitindo a oxigenação do substrato na chamada Revolução Agronômica (Buatois e Mángano, 

2018; Jensen, 2006; Figura 3.1).  

4 Contexto geológico regional 

O Grupo Bambuí é o registro sedimentar de uma extensa plataforma epicontinental 

siliciclástico-carbonática desenvolvida sobre o Cráton São Francisco ao final da Era 

Neoproterozoica (Alkmim et al., 1993; Martins-Neto, 2009; Alkmim e Martins-Neto, 2012). 

Localiza-se na porção centro-leste do Brasil e compreende uma extensa cobertura plana em 

contato erosivo com as rochas do embasamento Paleoproterozoico e Arqueano do Cráton São 

Francisco e encontra-se delimitado pelas Faixas Araçuaí e Brasília nas porções leste e oeste, 

respectivamente (Figura 2.2). Próximo à estes limites, a sucessão sedimentar apresenta algum 

metamorfismo e intensa deformação, caracterizada pela presença de dobras localmente com 

flanco invertido e falhas inversas (Alkmim et al., 2006, 1996; Coelho et al., 2008; Marshak e 

Alkmim, 1989). 

 

Figura 2.2: Mapa da localização do Cráton do São Franscisco e das faixas móveis Brasília e Araçuaí. 
Fonte: Alkmim and Martins-Neto (2001). 
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Historicamente, o Grupo Bambuí tem sido interpretado como depositado supostamente 

em uma bacia tipo foreland, associada ao desenvolvimento orogênico da Faixa Brasília 

(Alkmim e Martins-Neto, 2001; Castro e Dardenne, 2000; Chang et al., 1988; Dardenne, 2000; 

Guimarães, 1997). Segundo Martins-Neto e Alkmim (2001), um contexto de bacia de foreland 

é suportado: (i) pela geometria da bacia de acordo com os perfis sísmicos regionais (Romeiro-

Silva e  Zalán, 2005), nos quais os depósitos do Gr. Bambuí constituem uma cunha com 

espessuras significativas a oeste (Faixa Brasília) e pouco expressivas a leste (Faixa Araçuaí); 

(ii) pelo imbricamento tectônico entre fatias da Faixa Brasília e depósitos Bambuí sintectônicos 

de derivação local (Castro, 1997; Valeriano, 1992); (iii) pela distribuição regional de sistemas 

deposicionais e dispersão de sedimentos (Castro e Dardenne, 2000; Castro, 1997; Chiavegatto, 

1992); e (iv) por estudos de proveniência que indicam fontes mistas (plutônicas, vulcânicas e 

metamórficas), derivadas da erosão de um orógeno em evolução (Castro e Dardenne, 2000; 

Dardenne, 2000; Uhlein et al., 2017). 

 

Figura 3.3: Mapa geológico simplificado do cráton São Francisco. Compilado do banco de dados da 
CPRM (Geobank). 
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Romeiro-Silva e Zalán (2005) e Martins e Lemos (2007) interpretam que o Grupo 

Bambuí apresenta características de bacia intracratônica em sua base, transicionando para uma 

bacia foreland apenas nas unidades superiores. Um dos argumentos aventados por estes autores 

é a correlação das sucessões estratigráficas ao longo de várias centenas de quilômetros (Sial et 

al., 2016). Contudo, segundo Romeiro-Silva e Zalán (2005), não há espessamento significativo 

desta unidade neoproterozoica de leste para oeste, nem variações faciológicas nítidas (sísmicas 

ou reconhecidas em campo) que permitam considerar o Grupo Bambuí uma sequência de 

antepaís, depositada concomitantemente com a deformação do Ciclo Orogênico Brasiliano e 

sob sua influência. Fatores impeditivos à hipótese de deposição em bacia do tipo foreland ainda 

incluem evidências paleontológicas e geocronológicas (Warren et al., 2014; Paula-Santos et al., 

2015) que indicam que as rochas da base do Grupo Bambuí teriam sido depositadas ao final do 

Ediacarano e, portanto, muito após o pico de atividade tectônica das faixas móveis Brasilia e 

Araçuaí. Deste modo, evidências recentes indicam que, a priori, não existe relação de causa e 

efeito entre a atividade orogênica das faixas móveis marginais e ciclos de subsidência e 

deposição da Bacia Bambuí durante o Neoproterozoico.  

Litoestratigrafia 

A subdivisão estratigráfica clássica, e mais usual, do Grupo Bambuí foi proposta por 

Dardenne (1978). Litoestratigraficamente, o Grupo Bambuí tem aproximadamente 700 metros 

de espessura, alcançando localmente 1000 m (Misi et al., 2007), e compreende carbonatos e 

dolomitos da Formação Sete Lagoas (a qual será detalhada na seção 4.1) na base que grada em 

direção ao topo para folhelhos e siltitos da Formação Serra de Santa Helena. Esta unidade é 

coberta por margas, siltitos, carbonatos e arenitos das formações Lagoa do Jacaré, Serra da 

Saudade e Três Marias (Figura 3.4). Algumas modificações foram feitas nos últimos anos neste 

esquema, atribuíndo algumas unidades que representam variações laterais das unidades 

inicialmente descritas e que não ocorrem em toda a extensão do Cráton São Francisco (e.g., 

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

As unidades do Grupo Bambuí assentam-se diretamente em contato erosivo sobre 

rochas granito-gnáissicas do embasamento arqueano/paleoproterozoico, rochas glaciogênicas 

ou rochas metassedimentares. As unidades glaciogênicas presentes no Cráton São Francisco 

correspondem à Formação Jequitaí, Formação Carrancas e Grupo Macaúbas. A Formação 

Jequitaí é constituída por diamictitos intercalados por arenitos e pelitos de origem glacial e 

ocorre principalmente na região da Serra do Cabral e Serra da Água Fria (MG) e nas imediações 

da Faixa Brasília (Alvarenga et al., 2012; Uhlein et al., 2011a, 2004). Composta por 

conglomerados, siltitos, ritmitos e raros dolomitos, a Formação Carrancas foi inicialmente 

definida por Costa e Branco (1961) como um Membro dentro da Formação Sete Lagoas, devido 

ao seu caráter descontínuo. Posteriormente, revista por outros autores ao longo dos últimos 

anos, foi elevada à hierarquia de Formação Carrancas e posicionada na base do Grupo Bambuí 

meridional (Uhlein et al., 2011b). 

Algumas unidades, como as formações Samburá (conglomerado e arenito) e Lagoa 

Formosa (conglomerado, siltito, calcário e jaspilito) ocorrem apenas na porção oeste da bacia 

(Uhlein et al., 2011c), enquanto que os calcários da Formação Jaíba afloram exclusivamente na 

porção leste da bacia (Chiavegatto et al., 2003) e representam provavelmente uma plataforma 

carbonática localizada (Uhlein et al., 2019). 
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A Formação Serra de Santa Helena é composta por siltitos e argilitos com arenitos e 

lentes carbonáticas subordinadas. Fluxos gravitacionais sub-aquosos de baixa densidade 

relacionados à atuação de correntes de turbidez e retrabalhamento por ondas de tempestade são 

os principais mecanismos deposicionais associados à esta unidade (Lima, 2005). A Formação 

Lagoa do Jacaré compreende grainstones oolíticos a pisolíticos cinza-escuros a pretos, 

localmente com estratificação cruzada tipo hummocky e intercalado com folhelhos e margas.  

A Formação Serra da Saudade é dominada por folhelhos e siltitos, estes últimos podem 

ocorrer como laminados esverdeados ricos em glauconita e com teor de K2O de cerca de 15% 

ou localmente fosfáticos (7-20% P2O5). Localmente, os diamictitos, siltitos, arenitos, jaspilitos 

e carbonatos da Formação Lagoa Formosa, aflorantes em grande parte do limite meridional 

sudoeste do Cráton São Francisco, representam uma variação lateral da Formação Serra da 

Saudade (Uhlein et al., 2011c) e representa leques clásticos provenientes das frentes de 

empurrão da Faixa Brasília (Castro e Dardenne, 2000; Seer et al., 1987; Uhlein et al., 2011c, 

2017). 

A Formação Três Marias é composta por arenitos finos, quase sempre feldspáticos ou 

líticos, com laminações e estratificações cruzadas, estratificação hummocky, bem como dobras 

convolutas, marcas onduladas e gretas de contração (Chiavegatto, 1992). A deposição da 

Formação Três Marias ocorreu em ambiente deltaico e fluvial a leste e em ambiente plataformal, 

com ação de ondas de tempestade, a oeste (Chiavegatto, 1992; Lima, 2005), e representa o 

assoreamento final da Bacia Bambuí. Lateralmente à esta unidade, foi definida recentemente a 

Formação Gorutuba, que apresenta em sua parte basal uma brecha composta por clastos de 

calcário imersos em matriz arcoseana. Arenitos arcoseanos com estratificações cruzadas 

acanaladas tornam-se predominantes em direção ao topo, bem como eventuais lentes de 

conglomerado e pelito. Tal unidade possivelmente registra um período de soerguimento, 

exposição e erosão da extensa plataforma marinha representada pelo Grupo Bambuí 

(Kuchenbecker et al., 2016a).  

4.1 Formação Sete Lagoas 

A Formação Sete Lagoas é a unidade basal do Grupo Bambuí e é basicamente 

constituída por carbonatos e pelitos subordinados (Dardenne, 1978; Vieira et al., 2007a). Tal 

unidade repousa em discordância sobre o embasamento granito-gnáissico e, localmente sobre 

os diamictitos das formações Carrancas e Jequitaí (Dardenne, 1978). Dois importantes altos do 

embasamento ocorrem no compartimento central do Cráton do São Francisco (Figura 3.5): o 
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Alto de Sete Lagoas (a sul), no qual a área-tipo da unidade foi descrita, e o Alto de Januária (a 

norte), que engloba a área estudada.  

Schöll (1976) subdividiu a Formação Sete Lagoas em dois membros, da base para o 

topo: (i) Membro Pedro Leopoldo, com espessura de 40 a 100 m, sendo constituído por margas 

e calcários impuros e calcários dolomíticos impuros que gradam para siltitos e filitos em direção 

à borda da bacia; e (ii) Membro Lagoa Santa, com espessura de 100 a 150 m, sendo constituído 

por calcários puros, com matéria orgânica e laminação rítmica. Esta descrição, embora muito 

utilizada em trabalhos de mapeamento, dificulta a interpretação mais detalhada dos aspectos 

sedimentológicos e estratigráficos que possibilitem uma ampla correlação da unidade. 

Em sua área-tipo ou seção-tipo (proximidades da cidade homônima a sul do Estado de 

Minas Gerais), Vieira et al. (2007a, b) estimaram a espessura da Formação Sete Lagoas em 200 

m, organizadas em duas sequências deposicionais em uma rampa carbonática homoclinal com 

conexão oceânica supostamente para oeste. A sequência basal inicia-se com os precipitados de 

fundo oceânico (pseudomorfos de aragonita), cujos valores de δ13C negativos chegam a -4,5‰. 

Tais fácies são interpretadas como capa carbonática na acepção clássica de Hoffman e Schrag 

(2002). No topo desta sequência basal, ocorrem depósitos carbonáticos sustentados por grãos 

com laminação planar, por vezes hummocky, que gradam lateralmente para calcários com 

laminação planar, que podem apresentar estruturas heterolíticas e climbing ripples. Estas fácies 

são interpretadas como depositadas, respectivamente, em rampa dominada por tempestade e 

rampa dominada por maré, apresentando valores de δ13C próximos à 0‰. A segunda sequência 

inicia-se com ritmitos de calcário com pelitos que gradam em direção ao topo para calcários 

negros com laminação planar ou truncada de baixo ângulo, depositados em rampa profunda. O 

início desta segunda sequência é caracterizado por um pronunciado salto isotópico na curva de 

δ13C de valores levemente positivos para valores da ordem de +8‰. No topo desta sequência, 

calcários negros com laminação truncada e presença de estromatólitos depositados em rampa 

dominada por ondas, gradam lateralmente para calcários negros com laminação convoluta, 

indicando inclinação pronunciada do substrato. Os valores de δ13C neste intervalo são 

amplamente positivos e podem chegar até 14‰ (Vieira et al., 2007b). Alguns autores como 

(Martins e Lemos, 2007; Romeiro-Silva e Zalán, 2005; Vieira et al., 2007a) sugerem uma 

discordância na porção média da Formação Sete Lagoas, dividindo-as nas duas sequências 

supracitadas. 
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Figura 3.5: A) Mapa esquemático da bacia Bambuí mostrando a distribuição de altos e baixos do 
embasamento. (Fonte: Alkmim & Martins-Neto, 2001). O retângulo representa a localização da área 
estudada. 

Abreu Lima (1997) e Nobre-Lopes (2002) estudaram os carbonatos da Formação Sete 

Lagoas na região norte de Minas Gerais. Nobre-Lopes (2002) abordou as relações existentes 

entre as mineralizações de Zn/Pb e as rochas encaixantes da Formação Sete Lagoas na região 

de Januária, focando principalmente na evolução diagenética dos carbonatos desta unidade e 

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

(i) Dolomito basal: esta fácies é representada por dolomito rosa, laminado (Abreu-Lima, 

1997), intercalado com níveis mais calcíticos, alcançando uma espessura de até 5 m; 

(ii)) Calcários argilosos: calcários argilosos, roxos, microcristalinos, freqüentemente 

dolomíticos, finamente laminados, sendo o limite das camadas delimitado por filmes argilosos 

verdes. A espessura desta litofácies foi estimada em 20 metros;  

(iii) Calcários escuros: São calcários finamente cristalinos, bem estratificados, com 

bancos variando de 5 a 40 cm. São comuns interestratificações argilosas rosadas, assim como 

horizontes e nódulos de chert preto. Gretas de contração, marcas onduladas e estratificações 

tipo hummocky foram observadas nestes calcários. Esta litofácies apresenta grande continuidade 

ao longo das serras de Januária e Itacarambi e sua espessura foi estimada em cerca de 80 metros;  
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(iv) Calcirruditos: caracterizada por apresentar brechas intraformacionais com 

fragmentos de forma lamelar (0,5 a 15 cm), matriz cinza (calcítica) e rósea (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 laminação plano-paralela. Esta litofácies alcança até 15 metros de 

espessura;  

(v) Calcarenito dolomítico: é constituída por calcarenitos dolomíticos rosados ou cinza-

claros, oolíticos, apresentando por vezes, intercalações de níveis intraclásticos. Os calcarenitos 

quando róseos, são dolomíticos e exibem textura sacaróide, enquanto que as porções de cor 

cinza são calcíticas e finamente cristalinas. Estes calcarenitos são bem laminados e apresentam 

frequentes estratificações cruzadas de baixo ângulo. Pode alcançar até 30 metros de espessura;  

(vi) Dolomito rosado: dolomito rosado, localmente cinza, sacaróide, vacuolar e 

localmente silicoso, com estratificações cruzadas geralmente muito afetadas pela dolomitização 

e brechação. No topo deste nível, ocorre a maioria das mineralizações de Pb-Zn exploradas na 

região. Nobre-Lopes (2002) dividiu estes dolomitos em três subunidades informais: dolomito, 

dolomito estromatolítico e dolomito oolítico e intraclástico, alcançando uma espessura estimada 

de 50 metros; 

(vii) Dolomito bege: unidade constituída por dolomitos cinza claros a beges, laminados, 

organizados em camadas de 0,40 a 1,5m. Localmente podem apresentar estruturas microbianas 

e estromatólitos associados. A espessura média desta unidade é superior a 30 metros.  

Na região de Januária, o contato da Formação Sete Lagoas com a Formação Serra de 

Santa Helena é concordante e transicional, sendo representado pelo aumento gradual do 

conteúdo de pelitos nos carbonatos de topo da unidade, passando para margas cinza-

esverdeadas da base da Formação Serra de Santa Helena.  

Quanto à arquitetura geral da sucessão da Formação Sete Lagoas, Abreu-Lima (1997) e 

Dardenne (1972) sugerem que esta represente, pelo menos, um ciclo regressivo terminando nos 

dolomitos rosa sacaroidais da litofácies 6 de Nobre-Lopes (2002). Para esta autora, a Fm. Sete 

Lagoas é composta por sucessões do tipo shallowing-upward, em que cada topo de ciclo é 

interpretado como depositado em águas cada vez mais rasas.  

De um modo geral, as formações que constituem o Grupo Bambuí compõem dois ciclos 

de sedimentação carbonática e pelítica-psamítica, representativas de três ciclos de sedimentação 

regressiva num contexto de ambiente marinho raso (Alkmim e Martins-Neto, 2001; Dardenne, 

1978; Martins, 1999; Figura 5). Na porção leste, o primeiro megaciclo inicia-se com uma 
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sucessão de calcilutitos dolomíticos e ritmitos carbonáticos jazem ora sobre o embasamento 

granítico-gnáissico ora sobre os diamictitos Carrancas, caracterizando a base do primeiro 

megaciclo neste domínio. O topo do primeiro megaciclo é representado por calcarenitos e 

calcissiltitos cinza escuros de água rasa portadores de estromatólitos. 

De acordo com os autores supracitados, o segundo megaciclo inicia-se com folhelhos 

da Formação Serra de Santa Helena, que mostram uma tendência de aumento progressivo do 

retrabalhamento por ondas de tempestade, da proporção siltítica e da intercalação de lentes e 

camadas silto-arenosas em direção ao topo. Calcarenitos oolíticos e oncolíticos de águas rasas 

intensamente retrabalhados por ondas da Formação Lagoa do Jacaré completam o segundo 

megaciclo. Sucessões em shallowing upward de ordem hierárquica inferior ocorrem bem 

desenvolvidas na transição de águas profundas para águas rasas (zona de transição entre as 

formações Serra de Santa Helena e Lagoa do Jacaré). 

O terceiro megaciclo inicia-se com os pelitos da Formação Serra da Saudade, 

terminando com os depósitos da Formação Três Marias. Ao contrário dos megaciclos 

anteriores, o sistema de topo deste megaciclo (Formação Três Marias) não contém calcários, 

sendo caracterizado por arcóseos, arenitos e conglomerados de origem marinha rasa a fluvial 

(Chiavegatto, 1992). 

4.1.1 Idade dos depósitos carbonáticos 

A idade de deposição do Grupo Bambuí tem sido tópico de ampla discussão e constitui 

uma questão importante para a correta correlação das sucessões neoproterozoicas do SW de 

Gondwana, tais como os grupos Corumbá (Brasil), Itapucumi (Paraguai), Arroyo del Soldado 

(Uruguai), Sierras Bayas (Argentina) e Nama (Namíbia). A determinação de idades precisas 

dos depósitos ediacaranos na Formação Sete Lagoas é dificultada pela aparente ausência de 

níveis de tufos vulcânicos, que poderiam fornecer idades de deposição confiáveis para os 

depósitos glaciais e capas carbonáticas associadas. Trabalhos recentes concordam em 

considerar as rochas da base da Formação Sete Lagoas como depositadas em contexto de capa 

carbonática pós-glacial, apesar de discordarem quanto à idade dos depósitos 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 zircões detríticos coletados na 

transição entre as formações Sete Lagoas e Serra de Santa Helena em 610 Ma, indicando uma 

possível discordância, com um hiato de aproximadamente 120 Ma separando os carbonatos de 
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capa marinoanos do restante da Formação Sete Lagoas. Zircões de cerca de 540-510 Ma 

também têm sido encontrados nas formações Sete Lagoas e Serra de Santa Helena (Paula-

Santos et al., 2015; Pimentel et al., 2011), o que reforça a idade Ediacarana terminal para, ao 

menos parte da sucessão. Na borda oeste do cráton do São Francisco, idades K-Ar das rochas 

das nappes da Faixa Brasília que cavalgam as unidades inferiores do Grupo Bambuí, sugerem 

uma idade mínima de deposição para as mesmas em torno de 567 Ma (Valeriano et al., 2000). 

Já na borda leste, a sucessão inteira do Grupo Bambuí é afetada pela deformação vergente para 

oeste da Faixa Araçuaí, cujo pico metamórfico foi atingido em torno de 575 Ma (Silva et al., 

2011). 

O trabalho de Sanchez (2014), reuniu e discutiu as principais ocorrências 

paleontológicas encontradas na Formação Sete Lagoas (Sommer, 1971, 1982, 1981; Simonetti 

e Fairchild, 1989; Hidalgo, 2007; Warren et al., 2014). No entanto, a reinterpretação e o correto 

posicionamento estratigráfico destes fósseis interpretados originalmente como pertencentes 

genericamente ao Grupo Bambuí, levou ao entendimento de que alguns destes de fato ocorriam 

em unidades por vezes mais antigas do que a Formação Sete Lagoas (grupos Macaúbas e 

Paranoá), ou penecontemporâneas, mas com outro contexto deposicional (Grupo Una). 

Independentemente deste fato, a presença de microbialitos, como Conophyton, esteiras 

microbiais silicificadas e raros microfitólitos e algas fossilizadas na Formação Sete Lagoas não 

contribuem com uma determinação precisa da idade (Fairchild e Subacius, 1986; Marchese, 

1974; Nobre-Lopes e Coimbra, 2000). Microfósseis, como cianobactérias filamentosas e 

cocoidais encontradas em camadas de sílex, também não apresentam qualquer significado 

bioestratigráfico (Fairchild et al., 1996). Uma exceção, ainda que inconclusiva, é uma espécie 

tentativamente identificada como acritarca planctônico com ornamentações e espinhos da 

Formação Sete Lagoas, que sugere idade presumivelmente Ediacarana para a base do Grupo 

Bambuí (Cruz e Nobre-Lopes, 1992; Hidalgo, 2007). 

A recente descoberta do fóssil-guia Cloudina da Fm. Sete Lagoas representa um dado 

bioestratigráfico robusto e assegura uma idade entre 550-542 Ma ao menos para a porção média 

da Formação 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 ocorrência 

de Cloudina e a datação de zircões detríticos com idades mais jovens que 560Ma (Paula-Santos 

et al., 2015), constituem as evidências mais fortes de idade Ediacarana Terminal para a base do 

Grupo Bambuí.   
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5. “Sedimentary evolution and integrated high-resolution 
geochemistry (C, O and S) of the Sete Lagoas Formation, 
Bambuí Group (northern Minas Gerais State, Brazil)” a ser 
submetido para o periódico Precambrian Research 

Okubo, J.a, Warren, L.W.a, Xiao, S.b, Marroquín, S.b, Bahniuk, A.c, Uhlein, G.J.d, Assine, 

M.L.a 

a Department of Applied Geology, Institute of Geosciences and Exact Sciences, São Paulo State University 
(Unesp), Rio Claro-SP, Brazil 
b Department of Geosciences, Virginia Tech, Blacksburg, Virginia 24061, USA 
c Universidade Federal do Paraná, UFPR, LAMIR, Rua Francisco. H. dos Santos, 100, Curitiba, PR, Brazil 
d Centro de Pesquisas Manoel Teixeira da Costa, Instituto de Geociências, Universidade Federal de Minas Gerais, 
Campus Pampulha, Av. Antônio Carlos 6627, 31270-901 Belo Horizonte, MG, Brazil 

Nas últimas décadas, a Formação Sete Lagoas, tem sido extensivamente estudada do 

ponto de vista de seus aspectos quimioestratigráficos, paleomagnéticos, tectônicos e 

geocronológicos. No entanto, informações detalhadas acerca da estratigrafia e sedimentologia 

desta unidade (incluindo dados paleontológicos) ainda são bastante escassos, especialmente na 

porção norte da Bacia Bambuí.  

Devido à excelente exposição das rochas na região de Januária (norte do Estado de 

Minas Gerais), ampla continuidade em área e grande variedade de fácies sedimentares 

carbonáticas, a Formação Sete Lagoas constitui nesta localidade uma unidade ideal para a 

aquisição de dados de cunho estratigráfico, sedimentológico e geoquímico. Deste modo, 

procedeu-se um estudo voltado a compreensão dos padrões sedimentares e paleoambientais que 

condicionaram a deposição da Formação Sete Lagoas nesta porção da Bacia Bambuí. Este 

estudo foi embasado por descrições de facies sedimentares, (posteriormente relacionadas em 

associações de facies), reconhecimento de padrões arquiteturais e superfícies de correlação 

estratigráfica, paleocorrentes e dados isotópicos de C, O e S. Neste sentido, são apresentados 

dados inéditos de isótopos de enxofre que possibilitaram determinar as condições redox, 

estratificação da água e influência tectônica no ambiente marinho interior em que se depositou 

a Formação Sete Lagoas. 

O resultado desta abordagem integrativa foi um modelo deposicional inédito coerente 

com toda a sucessão da Formação Sete Lagoas na área de estudo, bem como inferências 

importantes quanto aos parâmetros paleoambientais então atuantes durante o Ediacarano na 

porção SW do proto-supercontinente Gondwana.   



 

 

 

41 

Abstract 

 Large excursions in d13C and d34S 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 d13C and d34S isotopic data of 

the Sete Lagoas Formation (SLF), Bambuí Group at Januária region (northern of Minas Gerais 

State, Brazil), central part of the São 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 Bambuí 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 Bambuí 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 (δ34SCAS, as recorded by carbonate-

associated sulfate) and carbon isotope (δ13Ccarb, 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 Januária 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 Bambuí Basin. Thus, this work aims to fill an important gap in the 

study of this terminal Ediacaran unit, including, i) a detailed sedimentary facies description, ii) 

sequence stratigraphy framework, iii) contribute complementary δ13C and δ18O data, and iv) 

new detailed results on the δ34S 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 Bambuí basin covers the São Francisco Craton (SFC) in central-eastern part of 

Brazil, exposing a large diversity of Neoproterozoic mixed terrigenous-carbonate deposits (Fig. 

5.1). Originally, the Bambuí Group was interpreted as entirely deposited in a foreland basin 

developed in response to the uplift of the southern Brasília 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: i) the thickness variation of this unit 

in their western and eastern parts (4 km thick adjacent to the Brasília fold belt and only few 

hundred meters thick close to the Araçuaí fold belt, Martins-Neto, 2009; Reis et al., 2017); ii) 

tectonic imbrication between Brasília fold belt slices and  Bambuí deposits, such as Samburá 

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 Bambuí 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 Bambuí Group which is 

substantially younger than the peak activity age of the Brasilia and Araçuaí mobile belts. This 

strongly suggests an independent evolution of the surrounding orogens and Bambuí Basin, 

which possibly evolves much more like an intracontinental (epeiric) basin than a foreland 

system.  

The classic stratigraphy of the Bambuí Group, defined by Dardenne (1978), comprises 

six formal units, from base to top (Fig. 5.2): i) Jequitaí 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) Três 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 São 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 Bambuí Basin (Okubo et al., 2018).  
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Figure 5.1: A) Simplified geological map of the São Francisco Craton, showing the glaciogenic units 
and the Bambuí Group. The dashed rectangle represents the studied area. B) Outcrop area of the Sete 
Lagoas Formation at Januária 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 Bambuí 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 Bambuí Basin, such as the Correntina, Campos Belos and 

Bezerra areas (Alvarenga et al., 2014; Caxito et al., 2012; Drummond et al., 2015) and Januária 

area (Perrella Jr. et al., 2017) on the northern and central part of the Bambuí Basin, respectively. 

In central-northern part of the Bambuí 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 CaCO3 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 Januária area 

(Perrella Jr. et al., 2017), but apparently it is not present on the northern part of Bambuí 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 ‰; ii) the intermediate interval characterized by negative 

values increasing upward until the CI-2, where carbonates show d13C values varying in a narrow 

range around 0 ‰; 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‰. In the upper 

part of the unit, the extreme δ13Ccarb positive excursion have been considered a regional 

chemostratigraphic marker in the basin probably related to variations in the organic production, 

high concentration of dissolved CO2 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/86Sr 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). 87Sr/86Sr 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 87Sr/86Sr suggests 

that the Bambuí 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 87Sr/86Sr 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 d53Cr 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 São 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 Bambuí 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 Gonçalves 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 δ13C and δ18O 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 Januária 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 (FA5). The facies analysis, definition of depositional systems and the 
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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, São 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 

(δ13Ccarb, δ18Ocarb, δ34SCAS).  

Major and trace elements were determined using a Philips PW2400 X-ray spectrometer 

at Geochemistry Laboratory of the Petrology and Metallogeny Department of the São 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 H3BO3 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% H3PO4 under a He 

atmospheric conditions. The carbon and oxygen isotopic compositions of the CO2 extracted in 

the process were then measured in a Delta Advantage mass spectrometer in the Federal 

University of Paraná (UFPR), Brazil. Isotopic results are reported in the conventional per-mil 

delta notation (δ13Ccarb and δ18Ocarb) 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 HCl 
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(acidification) and the supernatant solution was separated and allowed to react with saturated 

BaCl2 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 µm 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 V2O5 and analyzed for their 34S/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 (‰) 

deviations from the Vienna Canyon Diablo Troilite (V-CDT) and calibrated using international 

standards (IAEA-SO-5, IAEA-SO-6 and NBS-17).  

 The δ34Ssulfate composition is dictated by the mass and isotopic compositions of S fluxes 

into and out of the ocean. Mass balance equations for δ34Ssulfate (adopted from Kah 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); c) seismic-influenced carbonate ramp (FA3); d) oolitic 

belt (FA4) and e) microbialitic tidal flat (FA5).  

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 µm 

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 (F8, 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 Januária 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 Montalvânia 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 µm 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); c) 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 Januária 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 
(FA5). 

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 
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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 FA5 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. 
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Table 5.1: Facies, facies associations and interpretations of the Sete Lagoas Formation at Januária area. FA: facies associations 

FA Facies Description Interpretation 

FA
1 

-  C
ap

 c
ar

bo
na

te
 F1 - Domal stromatolite Dolomitized meter scale domal stromatolite, associated with seafloor precipitates (aragonite pseudomorphs and 

void-filling barite) preserved on top of the domes 
Microbial accretion in reduced bathymetry in seawater with high alkalinity, associated to 
deglaciation (after the Marinoan glacial event) 

F2 - Aragonite pseudomorphs 
(carbonate fans) 

Carbonate fans (originally aragonite) occur in multiple thin layers (5-10cm), that grew as radiating crystals upward-
oriented (seafloor perpendicular). Phosphatic cements occur associated to these facies Iron reduction associated to high alkalinity in a cap carbonate context 

F3 - Veins and void-filling 
barite cement 

Irregular cm-thick veins and major void-filling cement occur in multiple layers, sometimes interbedded with 
aragonite fans and concordant with the bedding. Barite crystals, commonly forming rosettes, grew both upwards 
and downwards in stratigraphic orientation 

Barite precipitation during early diagenesis related to the cap carbonate context, later 
influenced by hydrothermal fluids 

F4 - Carbonate mudstone Centimeter to decimeter scale tabular beds of carbonate mudstone dominated by micrite Carbonate mud settling in stagnant and shallow water conditions 

FA
2 

- P
er

iti
da

l 

F5 - Grainstone and mudstone 
heterolitic beds 

Fine grained cross-laminated grainstone intercalated with varying proportions of carbonate mudstones (wavy 
structures), with some terrigenous contribution 

Alternated traction by oscillatory flows related to fair-weather wave orbitals and settling 
processes 

F6 - Thrombolite Centimeter thick irregular beds composed of irregular centimeter to decimeter scale low domes, showing rounded 
to irregular clotted fabric internally 

Carbonate precipitation induced by microbial activity in shallow waters occasionally 
exposed to subaerial conditions and reworking processes. 

F7 - Laminated microbialite Centimeter to decimeter scale thick tabular beds of finely, irregularly smooth laminated carbonates sometimes 
presenting V-shaped diseccation cracks Microbial mat deposits in shallow water subjected to subaerial exposure and reworking 

F8 - Wave cross laminated 
grainstone 

Centimeter to decimeter scale thick tabular to lenticular beds of very fine to fine grained grainstones showing 
cross-laminations with opposite dip directions 

Migration of symmetrical ripples related to sediment transport by fair-weather wave orbitals 
in shallow waters 

F9 - Black chert (bands/layers 
and nodules) 

Centimetric layers or nodules of black chert, usually associated with wave cross laminated grainstone and 
thrombolite  

Percolation and precipitation of silica-rich waters during eodiagenesis filling vugs and other 
cavities 

F10 - Low-angle cross-bedded 
grainstone 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 

swash and back wash flows (foreshore) 

F11 - Laminated grainstone Tabular beds, decimeter to meter-scale thick, laterally continuous for tens of meters, internally composed of fine 
to very fine grained grainstone with planar lamination 

Vertical accretion of horizontal bedforms formed under upper flow regime, also related to 
swash and back wash flows as facies F10 

F12 - Swaley cross bedded 
grainstone (SCS) 

Lenticular to tabular, centimeter to decimeter beds of fine grained grainstones with symetrical swaley cross 
stratification. SCS commonly occur associated with wave cross laminated grainstone. 

Migration of ripples produced by combined oscillatory and unidirectional flow, related to 
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 
microbialites. Horizontal stylolites, tepees and salt pseudomorphs are present. 

Subaerial exposure of microbialite facies (F6 and F7), associated with crystallization of salts 
in evaporitic conditions 

FA
3 

F7 - Laminated microbialite See above See above 

F14 - Flat pebble breccia Tabular beds of clast-supported monomitic breccia, constituted mostly of fitted tabular clasts. Rounded clasts are 
rare. Clast imbrication and tepee structures are locally observed. 

In situ fragmentation of early lithified microbialite beds, rearranged by episodic seismic 
events 

FA
4 

- O
ol

iti
c 

be
lt 

F10 - Low-angle cross-bedded 
grainstone See above See above 

F15 - Cross-bedded grainstones 
Lenticular, decimeter beds of cross-stratified ooid grainstone stacked in meter scale thick cosets. Coarse-grained 
deposits usually present trough cross-stratifications whereas fine to medium grained deposits commonly show 
tabular cross-stratification. Selective dolomitization is present 

Migration of 2D and 3D dunes (bars) by action of longshore currents and/or action of 
breaking fair-weather wave orbitals (upper shoreface) 

F16 - Domal to pseudo 
columnar stromatolite 

Dolomitized, sometimes silicified, meter scale domal stromatolite, locally pseudocolumnar. Intensely fractured 
and recrystallized. 

Carbonate precipitation induced by microbial activity in shallow waters rarely exposed to 
subaerial conditions. Variation in bathymetry, accommodation space, hydrodynamics and 
sediment availability explain changes in the morphology. 

F17 - Hydrothermal breccia Meter-scale tabular beds of clast-supported breccia constituted of angular clasts and crosscut by quartz veins. 
Intense silicification and interparticle porosity Percolation of Pb-Zn hydrothermal fluids in grainstone facies 

FA
5 

- 
M

ic
ro

bi
al

iti
c 

tid
al

 
fla

t 

F7 - Laminated microbialite See above See above 
F8 - Black chert (bands/layers 

and nodules) See above See above 

F18 - Brecciated stromatolite Centimeter to decimeter scale beds of clast-supported breccia constituted of angular stromatolite fragments Some 
of the fragments preserve microbial lamination Subaerial exposure of stromatolites, associated to karstification process 
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Figure 5.5: A) Paleocurrents from trough-cross stratified grainstones of the oolitic belt facies association 

(FA4) of the Sete Lagoas Formation in the study area. B) Rose diagrams of azimuthal orientation of 243 

elongate clasts in flat-pebble breccia near Barreiro section. 

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 (MFS1, 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 Bambuí 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 São 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 Januária 

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 Montalvânia 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.  

 

 

Figure 5.6: Sequence stratigraphic framework of the Sete Lagoas Formation. Note that the Borrachudo 

section is located on top of the Januária 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 HST1. 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 Januária area (Caetano-Filho et al. 2019), but they can reach hundreds of 

meters at Montalvânia 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 (FA5) 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 d13
Ccarb (‰, 

VPDB) and d14
SCAS (‰, VPDB) profiles of the Sete Lagoas Formation. 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. 
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5.4.3 Stable isotope geochemistry and evaluation of diagenetic alteration 

Carbon isotope values vary between -4.33 ‰ PDB and 4.77 ‰ PDB, and the oxygen 

isotopes vary between -4.45 ‰PDB and -12.77 ‰ PDB throughout the Sete Lagoas succession 

(Figs 7 and 8). d34SCAS values range from +21.26 ‰ CDT to +53.14 ‰CDT 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).  

 

 

Figure 5.8: Composite stratigraphic column, geochemical data (Ccarb, Ocarb and SCAS isotopes), CAS 

concentration, carbonate content and Sr/Ca and Mn/Sr ratios for the Sete Lagoas Formation at Januária 

area. Pink color in the section represents dolomite and blue are calcite. 

Because both d18O and Mn/Sr original values are usually modified during diagenesis, 

these parameters have been commonly used as diagenetic indicators for the quality of the d13C 

signal (Kaufman and Knoll, 1995). d18Ocarb is a useful indicator of alteration as d18O, suggesting 

that there is no significant influence of diagenesis in their isotopic composition (Fig. 5.9A). 

d34S 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 d34S and d18Ocarb (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 d34S values vary from 22.2 to 

32.8 ‰ 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 d34SCAS values (43.9 to 48.2 

‰ 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 d34SCAS is relatively unaffected and still preserves primary d34Ssulfate 

values. 

Between 90 and 120 m height (FA4), the d34SCAS 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 

d34SCAS.  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 d34SCAS 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 d34SCAS values. 
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Figure 5.9: Isotope and elemental cross-plots for the Sete Lagoas Formation. A) d18
Ocarb vs. d13

Ccarb; B) 

[CAS] vs. d34
SCAS; C) [CAS] vs. Mn/Sr; D) d34

SCAS vs. d18
Ocarb; E) d34

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 34
Ssulfate 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). 

Ccarb 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 H2S 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 12C and 

32S via isotope fractionations accompanying photosynthetic and microbial sulfate reduction 

pathways, respectively, leaving the seawater correspondingly enriched in 13C and 34S. This 

coupling can result in positive shifts for both species in seawater. 

Carbonate-associated sulfate and d34Spyrite 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 δ34SSW 

are usually interpreted as a modification of original δ34SSW of marine sulfate signal by local 

processes like river fluxes or to show inter-basin heterogeneity. Rates of change in δ34SSW 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 δ34S 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 d34SCAS increases from 25‰ 

to 40‰. 

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 (dw – d sulfate) – Fpy D34S]/ (ddsulfate/dt)     [1] 



 

 

 

66 

where ddsulfate/dt is the change in the sulfur isotopic composition of oceanic sulfate, δsulfate (‰), 

through time in units of ‰/Myr, Fw is the total flux of sulfur entering the oceans as sulfate 

(“weathering” flux) in mol/Myr with isotopic composition δw in ‰, Fpy is the flux of sulfur 

leaving the oceans as pyrite, Δ34S is the difference between the isotopic composition of coeval 

sulfide and sulfate, and Mo is the mass of sulfate in the oceans. Estimates for modern fluxes and 

their isotopic compositions are as follows: Fw = 1x1014 g yr -1, δw = +6‰, Fpy = 4x1013 g yr -1, 

D34S = 25 ‰. 

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 1018 mol and 1.6 x 1019 mol 

(SO4
-2 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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Figure 5.10: Sensitivity of the marine sulfate reservoir size to deposition rate, calculated using Kah et 

al. (2004) approach The sensitivity of Mo to changes in ddsulfate/dt varies as a natural log with respect to 

deposition rate. Mo 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 1 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 d34S 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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5.6 Conclusions  

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

the Sete Lagoas succession in the Januária área (northern Minas Gerais State, Brazil), we 

conclude that: 

• Five facies associations were defined for the Sete Lagoas Formation at Januária área: 

i) 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 Ccarb 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 geoquímicos indicam que altas concentrações de fosfato na água do 

mar ocorreram após as glaciações atribuídas aos eventos de Snowball Earth ao final do período 

Neoproterozoico. No entanto, até o presente momento não existia nenhuma evidência 

inequívoca de fosfogênese (e.g. precipitação e soterramento de fosfato) durante a deposição das 

capas carbonáticas que recobrem os diamictitos glaciais ao redor do mundo. Neste trabalho 

publicado no periódico Precambrian Research, são apresentados dados petrográficos e 

geoquímicos da porção basal da Formação Sete Lagoas com o objetivo de discutir o significado 

da associação mineral (aragonita + barita + apatita + pirita) nos ambientes marinhos rasos 

desenvolvidos após a glaciação Marinoana (~635 Ma). 

O novo modelo proposto neste trabalho ilustra um ambiente em que a fosfogênese e a 

formação de leques de aragonita são concomitantes e discute o papel da ferro-redução na 

formação destes dois minerais. Neste modelo, os leques de aragonita são formados próximo à 

interface sedimento-água, logo abaixo do limite aeróbio-anóxico. Neste ambiente, o processo 

de ferro-redução libera Fe2+, que inibe a nucleação de carbonato e favorece a precipitação de 

aragonita diretamente no fundo oceânico. Ao mesmo tempo, a dissolução dos particulados de 

óxido de ferro abaixo deste limite libera fosfato, criando condições para a formação da apatita. 

Outros dois minerais, como a pirita e barita, substituem a apatita, indicando que tais minerais 

são posteriores à formação dos leques carbonáticos e dos cimentos de apatita. Vale ressaltar que 

o processo de ferro-redução está envolvido na formação tanto da apatita quanto da aragonita. 

Tanto a presença de ferro quanto a alta alcalinidade favorecem a formação dos leques de 

aragonita. Além disso, a alta alcalinidade remove o cálcio da água do mar durante a precipitação 

da calcita e limita a precipitação de fosfato, pois ambos os minerais precisam de cálcio para a 

sua formação.  

Considerando o exposto, tem-se que a principal contribuição deste artigo consiste na 

descrição inédita de cimentos de apatita em um contexto de capa carbonática Marinoana em 

nível global. Da mesma forma, é inovador também o modelo que explica sua relação com os 

demais minerais autigênicos presentes na capa carbonática da Formação Sete Lagoas.   
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Buscando o melhor entendimento do ambiente em que se depositou a capa carbonática 

Marinoana da Formação 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 
Capítulo 6). Baritas pré-cambriana podem ser interpretadas como de origem diagenética, 

hidrotermal ou associada à precipitação in situ por emanação de metano (cold seep). 

Precipitados de barita de fundo oceânico e cimentos de barita preenchendo cavidades em capas 

carbonáticas têm sido usualmente interpretados como sinsedimentares ou eodiagenéticos, e têm 

sido utilizados para aferir a geoquímica dos paleoceanos durante a deglaciação pós- Snowball 
Earth. A ocorrência de barita associada à anomalia negativa de oxigênio triplo na base da 

Formação Sete Lagoas (Crockford et al., 2017), constitui uma das principais evidências de idade 

Marinoana para a capa carbonática da Formação Sete Lagoas. Devido à ocorrência de 

mineralizações do tipo Mississippi Valley (MVT) na área estudada (norte de Minas Gerais 

abarcando os munícipios de Januária, Montalvânia e Morro do Itacarambi), é importante testar 

se a barita (mineral comum em depósitos MVT) associada aos carbonatos de capa ainda 

preserva o sinal isotópico primário, ou seja, ainda representa as condições geoquímicas originais 

da água do mar Ediacarano. 

A utilização de técnicas como a espectroscopia Raman e análises de inclusões fluidas, 

possibilitou compreender como e porque o evento hidrotermal que afetou as rochas da região 

norte da Bacia Bambuí modificou a evolução térmica da barita. A mineralização MVT na 

Formação Sete Lagoas apresenta características semelhantes a outros depósitos no Cráton São 

Francisco (Misi et al., 2005), cujas estimativas de temperatura em inclusões fluidas de sulfetos 

mostram temperaturas variando entre 100 e 250ºC e salinidades moderadas (3 a 20% NaCl). 

Devido à influência hidrotermal localizada nas rochas da Formação Sete Lagoas, este tipo de 

estudo mostra que muitos cuidados analíticos devem ser adotados ao utilizar o mineral barita 

como indicador geoquímico da composição da paleo-água 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 São 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 Δ17O 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 Δ17O 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 Δ17O anomalies (Bao et al., 2008; Killingsworth et al., 2013). Thus, the 

interpretation of Δ17O 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 Ba2+-rich deep water to shallow platform environments where 

Ba2+ 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, Bambuí 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 

(δ34Sbarite) and carbonate associated sulfate (δ34SCAS) of the Sete Lagoas Formation, and 

compared these values with published δ34S values of Mississippi-Valley type (MVT) sulfide 

minerals in the São 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 São Francisco Craton (SFC) in central Brazil consists of an Archean-

Paleoproterozoic igneous and metamorphic basement covered with Meso- and Neoproterozoic 

sedimentary strata. The Bambuí Group is part of the sedimentary cover of the SFC. The Bambuí 

Group (Fig. 7.1A) in the São Francisco basin and the Una Group in the Irecê and Una-Utinga 

basins consist of glaciogenic diamictites overlain by thick carbonate successions (Misi et al., 

2011, 2007). These glaciogenic units include the Jequitaí Fm. and Carrancas Fm. (Bambuí 

Group) and the Bebedouro Fm. (Una Group) in the Irecê and Una-Utinga basins. The Vazante 

Group in São 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 Bambuí 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 Bambuí 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 Três Marias formations. The SLF is the basal unit of the Bambuí 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 Januária (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 São 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 Bambuí 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 Irecê 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, Gonçalves and others (2019) pointed out that this massive fluid 

flow event that affected the eastern border of the São Francisco Craton could have been even 

younger (between 515 Ma and 495 Ma). 

 

Figure 7.1: Simplified geological map (A) and generalized schematic stratigraphic columns of the 

carbonate units (B) of the São 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 Januária 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. 
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Pb-Zn deposits and prospects were found in different units (e. g. Morro Agudo and 

Vazante (Vazante Gr.), Serra do Ramalho (Sete Lagoas Fm.), Três Irmãs (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 µA, 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 (δ34Sbarite) and carbonate-associated sulfate 

(δ34SCAS) 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 (‰) 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 HCl, the 

supernatant solution was separated and allowed to react with saturated BaCl2 solution, and the 

acid-leachable sulfate was precipitated as barite. The barite was then filtered from the solution 

using a 0.45 µm 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 V2O5 and analyzed for their 34S/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 µm to 10 µm. 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 100× 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-1 range, 

avoiding the barite peak (988 cm-1) 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 cm-1), D1 

(a broad peak at ~1350 cm-1), D2 (a sharp and prominent peak at ~1610 cm-1), D3 (a minor 

shoulder at ~1470 cm-1), and D4 (a minor broad peak with fixed position at 1245 cm-1). 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 H2O band owing to the fact that the “shape” of the broad H2O 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 87Sr/86Sr ratios and δ13Ccarbonate 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. δ
34

SCAS and δ
34

Sbarite 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 δ34SCAS = 32.8‰ CDT, and two measurements of δ34Sbarite gave values of 26.6 and 

27.8‰ CDT. For comparison, δ34Sbarite values from the same unit reported by Crockford et al. 

(2017) range from 25.7 to 32.2‰ CDT. Thus, our measurements of δ34SCAS and δ34Sbarite overlap 

with Crockford et al.’s (2017) δ34Sbarite 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 δ34SCAS data to 

determine whether it captures the entire range of δ34Sbarite 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 δ34S 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 µm 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 ºC (calibrated using the D1 peak; n = 9) and 210±10 

ºC (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 ºC 

(calibrated using the D1 peak; n = 6) and 206±12 ºC (calibrated using the D2 peak; n = 6) (Fig. 

7.4C–D). The maximum homogenization temperature of fluid inclusions was ~150 ºC (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. 
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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). 

Spectra D1 FWHM (cm-1) D2 FWHM (cm-1) D3 FWHM (cm-1) D4 FWHM (cm-1) T-D1 
(ºC) 

T-D2 
(ºC) 

Barite crystals 
CM-B1 91.2 45.1 76.5 29.9 282 229 
CM-B2 106.2 52.9 62.7 2.3 250 176 
CM-B4 86.7 42.3 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 45.5 98.5 202.2 215 226 
CM-B8 112.4 52.7 56.6 40.7 236 177 
CM-B9 131.3 46.8 123.0 9.6 196 217 
CM-B10 103.0 51.5 69.2 33.9 257 186 

Fluid inclusions 
CM-FI-S4 102.1 45.2 200.8 58.1 258 228 

CM-FI-
S17 115.1 50.7 160.4 139.7 231 191 

CM-FI-S1 106.7 53.3 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 5.4 263 192 
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-1 

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. 

 

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 δ34S 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 δ34SCAS and δ34Sbarite values from the Sete Lagoas 

Formation with δ34Sbarite values from other supposedly correlative units in the São Francisco 

Craton (Fig. 7.8). δ34SCAS and δ34Sbarite values from the Sete Lagoas Formation range from 

25.7‰ to 32.2‰ CDT (Crockford et al., 2017; this paper), broadly similar to values from the 

Salitre Formation of the Irecê Basin, where δ34Sbarite range from +25.2‰ to +32.8‰ CDT (Kyle 

and Misi, 1997). However, these values are different from δ34Sbarite values from the Salitre 

Formation at Nova Redenção (+33.6‰ to +41.0‰ CDT; Misi et al., 2005), and those from the 

Sete Lagoas Formation in the Montalvânia region (48.2‰ to 50‰ 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 δ34Sbarite values from the Salitre Formation at Nova 

Redenção 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 δ34Sbarite values from the Sete Lagoas Formation in the 

Montalvânia region (Gomes, 2005).  

Sulfur isotopic data of sulfide minerals (δ34Spyrite, δ
34

sphalerite and δ34Sgalena) have also been 

reported from the Sete Lagoas Formation and other supposedly correlative stratigraphic units 

(Salitre Formation - Irecê basin and Nova Redenção deposit) in the São Francisco Craton (Fig. 

8). Like the δ34Sbarite data, the δ34Spyrite data also show significant variations within and between 

stratigraphic units. δ34Spyrite values have not been reported for the Sete Lagoas Formation, but 

δ34Spyrite values are 19.1–22.6‰ in the Salitre Formation in the Irecê Basin (Kyle and Misi, 

1997), 17.2 – 17.6‰ in the Salitre Formation at Nova Redenção (Misi et al., 2005) and 1.5– 

29.58‰ in the Morro Agudo deposit (Misi et al., 2005). δ34Sgalena values are 18 – 35.5‰ in the 

Sete Lagoas Formation in the study area (Iyer et al., 1992),17.3–32.4‰ in the Sete Lagoas 

Formation in the Montalvânia 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‰ in the Irecê 

basin (Misi et al., 2005), 0.1 – 16.2‰ at Nova Redenção deposit (Misi et al., 2005), 1.7 – 33.9‰ 

in the Morro Agudo deposit (Iyer et al., 1992). δ34Ssphalerite values are 25.4 – 30.4‰ in the Sete 

Lagoas Formation in the Serra do Ramalho region (Gomes, 2005), 21.1 – 22.6‰ in the Salitre 

Formation in the Irecê basin (Misi et al., 2005), 16.5 – 18.6‰ in the Salitre Formation at Nova 

Redenção (Misi et al., 2005) and 0.3 – 38.8‰ 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‰) suggesting sulfide formation by bacterial 

reduction of sulfates (BSR) and small fractionations (<10‰) 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 δ34Ssulfate and mean δ34Ssulfide values (= 

average δ34Ssulfate – average δ34Ssulfide) is 1.9‰, 25 ‰, 8.2‰, 20.1‰ and 11.3‰ at Januária 

locality (Sete Lagoas Formation), Montalvânia locality (Sete Lagoas Formation) Irecê Basin 

(Salitre Formation), Nova Redenção (Salitre Formation) and Morro Agudo deposit (Vazante 

Group), respectively. Thus, some authors have proposed that sulfides in the Salitre Formation 

at Nova Redenção locality was derived from BSR (Gomes, 2005), whereas sulfides in the Salitre 

Formation in the Irecê 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 (Januária, Serra do 

Ramalho and Montalvânia localities) and other supposedly correlative units, Salitre Formation (Irecê 

and Nova Redenção localities) and Vazante Group (Morro Agudo locality), of the São Francisco Craton. 

See Fig. 1 for location. Januária: barite and CAS (Crockford et al., 2017; this study), galena (Iyer et al., 

1992); Serra do Ramalho: sphalerite and galena (Gomes, 2005); Montalvânia: barite and galena (Iyer et 

al., 1992; Gomes, 2005); Irecê Basin: barite and pyrite (Kyle and Misi, 1997), galena and sphalerite 

(Misi et al., 2005); Nova Redenção: 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 (180ºC to 292ºC 

for T-D1 and 176ºC to 248ºC for T-D2) and fluid inclusions of the Sete Lagoas cap dolostone 

(231ºC to 284ºC for T-D1 and 191ºC to 228ºC for T-D2) suggest that the Sete Lagoas Formation 

did experience temperatures greater than 110ºC (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 Montalvânia locality, 140 

°C to 240 °C at Serra do Ramalho locality and ~190 °C at Januária locality. In the Irecê 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 São 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 Januária 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 Irecê 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 Redenção 

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 São Francisco Craton, no direct dating 

of MVT ore minerals have been reported yet. However, paleomagnetic studies of MVT 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 Bambuí 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 São 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 São 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 δ34S values (δ34Sbarite = 25.7–32.2‰ CDT; δ34SCAS = 32.8‰ 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 São 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 São 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 são fácies particulares e ocorrem em profusão em 

plataformas carbonáticas neoproterozoicas. Estes depósitos têm sido comumente descritos 

como: 1) olistoestromas (Formação Doushantuo, China); 2) edgewise conglomerates 

(Formação Buah, Omã); 3) molar tooth strutures (noroeste do Canadá), 4) tsunamitos; 5) 

tempestitos; 6) escorregamentos submarinos; 7) exposição subaérea ou até mesmo 8) produtos 

relacionados a eodiagênese. No entanto, independentemente de sua origem, estas facies sempre 

representam eventos deposicionais e/ou processos bastante particulares e importantes atuantes 

nas plataformas carbonáticas antigas. Ainda que pese a existência de poucos exemplos de 

deformações sedimentares descritas em unidades carbonáticas ediacaranas brasileiras (à 

exemplo da Formação Mirassol do Oeste, Grupo Araras), esta facies é particularmente comum 

nas unidades carbonáticas do Grupo Bambuí.  Ao longo da sucessão sedimentar da 

Formação Sete Lagoas na região de Januária, MG, ocorrem brechas de colapso, brechas 

evaporíticas, brechas hidrotermais e brechas intraformacionais (flat-pebble breccia). 

Especialmente no caso deste último tipo de facies, praticamente inexistem trabalhos na 

literatura que propõem uma discussão detalhada sobre o mecanismo de formação desses 

depósitos. Deste modo, neste trabalho, buscou-se caracterizar, descrever e interpretar a origem 

dos 20 metros de flat-pebble breccia, que ocorrem na parte intermediária da sucessão da 

Formação 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. 

 Características intrínsecas a estes depósitos, tais como a presença de clastos verticais e 

feições de deformação aumentando em direção ao topo das camadas, continuidade lateral das 

brechas e alternância de camadas brechadas e não-brechadas em contato abrupto, conduziram 

a uma interpretação que considera a fragmentação in situ de camadas de microbialitos 

laminados precocemente litificadas devido ao impacto de ondas de choque relacionadas à 

atividade sísmica concomitante à sedimentação. 
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Abstract 

The Sete Lagoas Formation (Ediacaran), located in the central part of the São 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 São Francisco Craton during the terminal 

Ediacaran and correspond to a very well-defined local stratigraphic marker in the Bambuí 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 (Bambuí Group) is interpreted as a carbonate ramp 

deposited just above the Proterozoic and Archaean basement of the São Francisco Craton (SFC) 

and, locally, overlies glaciogenic diamictites of the Jequitaí 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 

et al., 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 
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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 Bambuí Basin. 

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

to Paleoproterozoic basement, covered by clastic Paleo- to Mesoproterozoic units (Espinhaço 

Supergroup, Paranoá and Canastra groups) and Neoproterozoic mixed-carbonate-siliciclastic 

deposits (Bambuí Group). The SFC is delimited in its eastern and western borders by the 

Neoproterozoic Araçuaí and Brasília 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 Bambuí 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 Jequitaí unit (Martins-Neto et al., 2001; Figueiredo et al., 

2009; Uhlein et al., 2016). The Bambuí Group includes, from base to top, the Sete Lagoas, Serra 

de Santa Helena, Lagoa do Jacaré, Serra da Saudade and Três Marias formations (Fig. 1C; 

Dardenne, 1978).  

The depositional age of the Bambuí 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).  

 

Figure 8.1: Location of the studied area. A: Location of the São Francisco Craton (SFC) and the Bambuí 

Group in the Minas Gerais State, central Brazil. B: Geological map of Ediacaran Sete Lagoas Formation 

in the vicinity of the town of Januária, northern Minas Gerais State, and location of the columnar 

sections. C: Lithostratigraphic column of the Bambuí 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 São 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 São 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 µm 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 São 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 Januária 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 µm 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 Januária 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).  

 

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).  

 

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 50µm. 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.  



 

 

 

127 

 

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. 



 

 

 

129 

 

Figure 8.11: Paleocurrents of the Sete Lagoas Formation in the study area. A) Paleocurrents of the 

subtidal facies association positioned stratigraphically above the flat-pebble breccia interval. B) Rose 

diagrams of azimuthal orientation of 243 elongate clasts in flat-pebble breccia near Barreiro section.  

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): i) 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; Martín-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 Januária 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 Januária 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.  

 

Figure 8.12: Magnetometric map of Januária region. The NW structures are representative of regional 

discontinuities present in the Paleoproterozoic basement related to dextral transpressive faults. Modified 

from: CODEMIG (2015).  

 

Figure 8.13: Schematic model for the seismic origin of flat-pebble breccia from Sete Lagoas Formation 

in the Januária region.  

8.5 Conclusions 

The Sete Lagoas Formation succession in the Januária 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 São Francisco 

Craton during the terminal Ediacaran and correspond to a very well-defined local stratigraphic 

marker in the Bambuí 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 Bambuí 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. Conclusões 

Na presente pesquisa, materializada em artigos científicos e na presente tese de 

doutoramento, buscou-se compreender de forma integrada como se deu a evolução sedimentar 

da Formação Sete Lagoas e a variação paleoambiental durante sua deposição. Para isso, teve-

se como principais objetivos: i) descrever as associações de fácies e definir os sistemas 

deposicionais da Formação Sete Lagoas. Adicionalmente, buscou-se detalhar os processos 

formadores de facies e sucessões de fácies incomuns, tais como a capa carbonática da base da 

unidade e brechas presentes na porção intermediária da sucessão; ii) definir padrões 

arquiteturais e de empilhamento das sucessões estudadas, bem como caracterizar superfícies 

estratigráficas chave a fim de compor um quadro estratigráfico adequado para a Formação Sete 

Lagoas na região de Januária, MG; iii) caracterizar em detalhe os aspectos sedimentares e 

geoquímicos dos precipitados de fundo oceânico presentes na capa carbonática da porção 

inferior da unidade iv) identificar variações nos padrões isotópicos de carbono e oxigênio 

visando detalhar aspectos paleoambientais, identificar mudanças de padrão associadas a 

variação de fácies e superfícies estratigráficas e auxiliar na correlação da unidade com outras 

porções da bacia e unidades coevas ao redor do mundo; e finalmente, v) estabelecer uma inédita 

curva isotópica de enxofre para a unidade, cujo significado está intimamente relacionado com 

a composição da água do mar e a oxigenação dos oceanos no Período Ediacarano.  

Na área estudada, a Formação Sete Lagoas apresenta espessura total de 130 metros e é 

composta por três sequências deposicionais distintas (S1, S2 e S3). Da base para o topo, foram 

definidas cinco associações de fácies: i) capa dolomítica (AF1), ii) carbonatos de perimaré 

(AF2), iii) rampa carbonática influenciada por sismos (AF3), iv) cordão oolítico (AF4) e v) 

planície de maré com microbialitos (AF5).  

A sequência basal S1 se inicia com a deposição da capa dolomitíca com valores de 13C 

em torno de -5 ‰ PDB, contendo precipitados de fundo oceânico incomuns, como leques de 

aragonita e barita. O limite inferior desta sequência corresponde à discordância erosiva regional 

entre o embasamento Paleoproterozoico e a Formação Sete Lagoas, e o limite superior 

corresponde a discordância local que marca o topo da sucessão de rampa carbonática 

influenciada por sismos. 

Precipitados de fundo oceânico sobrepondo estromatólitos dômicos da AF1 constituem 

um empilhamento retrogradacional, representando a migração do onlap costeiro devido à 

deglaciação e transgressão pós-Marinoana. Estes depósitos de carbonatos de capa foram 

interpretados como representativos dos estágios iniciais do trato de sistema transgressivo 
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(TST1), similar às capas carbonáticas na Namíbia, Canadá e China. A superfície de máxima 

inundação (MFS1) foi posicionada na camada que contém os precipitados de fundo oceânico 

devido ao fato de os leques estarem preservados e, por isso, terem sido formados abaixo do 

nível de ondas de tempo bom e tempestade. 

Minerais autigênicos como por aragonita e barita já haviam sido descritos anteriormente 

por outros autores. No entanto, a identificação e descrição destes leques de aragonita e barita 

junto à cimentos apatíticos permitiu uma melhor compreensão dos seus mecanismos de 

formação no contexto da capa carbonática da Formação Sete Lagoas. Outros minerais 

diagenéticos também foram interpretados, como pirita e calcita. Ressalta-se aqui que a 

fosfatização em capas carbonáticas é descrita pela primeira vez neste trabalho (Capítulo 6, 

artigo “Phosphogenesis, aragonite fan formation and seafloor environments following the 

Marinoan glaciation”), bem como o processo que controla a precipitação de aragonita e apatita 

por ferro-redução na interface sedimento-água, permitindo a coexistência destas duas fases 

minerais.  

O outro mineral que compõe os precipitados de fundo oceânico típicos de capa 

carbonática é a barita e, devido a sua importância na definição da idade Marinoana para os 

carbonatos de capa estudados, considerou-se discutir a origem e a história termal deste mineral 

(Capítulo 7, artigo “Hydrothermal influence on barite precipitates in the basal Ediacaran Sete 

Lagoas cap carbonate, São Francisco Craton, central Brazil”). Com base na análise de isótopos 

de enxofre no carbonato e na barita, espectroscopia Raman e análise de inclusões fluidas, foi 

constatado que a barita ainda preserva o sinal isotópico da água do mar, mesmo registrando 

temperaturas e salinidades condizentes com eventos de percolação de fluidos (e.g. 

hidrotermalismo). Desta forma, ainda que este mineral preserve o sinal isotópico original, é 

preciso cuidado analítico ao utilizar a barita da Fm. Sete Lagoas (e de outras unidades de mesma 

idade) para aferir condições geoquímicas e paleoambientais da água do mar. 

Na seção Borrachudo, localizada no alto estrutural de Januária, não foram reconhecidas 

as associações de fácies AF2, AF3 e AF4, o que nos leva a interpretar um expressivo 

espessamento de seção na direção E-NE, possivelmente relacionado a um aumento expressivo 

na taxa de subsidência nesta porção da bacia (depocentro).  

Fácies de perimaré (AF2) formadas principalmente por microbialitos laminados, 

trombólitos e grainstones finos laminados, correspondem a uma sucessão típica de trato de mar 

alto (HST1) nesta porção da bacia. Neste ambiente de águas rasas, proliferaram-se os 

metazoários Cloudina e Corumbella associados à trombólitos e esteiras microbianas. Estes 
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depósitos de perimaré são recobertos por brechas intraformacionais, interpretadas como flat-

pebble breccia. Tal depósito é clasto-suportado, apresenta clastos angulosos e alongados ou 

oblatos. Não há evidências de deformação dúctil, o que sugere que estes clastos foram 

depositados como objetos rígidos praticamente na mesma posição em que originalmente se 

formaram. A presença de clastos em posição vertical, deformação aumentando para o topo, 

continuidade lateral das camadas brechadas e alternância de camadas deformadas e não-

deformadas com contato abrupto sugerem fragmentação in situ de camadas de microbialitos 

previamente litificados devido ao impacto de ondas de choque relacionadas à atividade sísmica 

concomitante à sedimentação. Dados de direção dos clastos alongados da flat-pebble breccia da 

AF3 e de paleocorrentes dos grainstones oolíticos da AF4 indicam que a linha de costa original 

estava posicionada na direção NE-SW, com abertura oceânica para SE (quadrante E). 

Barras e dunas oolíticas do cordão oolítico (AF4) recobrem a flat-pebble breccia e as 

fácies de perimaré, configurando um padrão retrogradacional representativo dos estágios 

iniciais do segundo trato transgressivo (TST2). Embora a sucessão contendo grainstones 

oolíticos apresente 20-30 metros de espessura nas áreas de Arcos e Januária, tal sucessão pode 

alcançar centenas de metros na região de Montalvânia, sugerindo que a bacia era 

progressivamente mais profunda na direção E-NE (quadrante E). Este intervalo provavelmente 

reflete a produção carbonática máxima relacionada com o crescente aumento no espaço de 

acomodação no depocentro. 

No topo da Formação Sete Lagoas, a fácies de brecha estromatolítica representa a 

exposição subaérea de microbialitos e corresponde ao limite inferior da sequência S3. Este 

intervalo é marcado pelo decréscimo na produção carbonática, desenvolvimento de uma 

superfície regional paleocárstica, seguida por um aumento de input terrígeno associado a uma 

transgressão representativa do início da sedimentação dos siltitos e margas da Fm. Serra de 

Santa Helena. 

As amostras da Fm. Sete Lagoas submetidas às análises de isótopos de C e O tiveram 

seus valores originais aferidos a partir da relação 13C vs. 18O e razões Mn/Sr, sendo que a grande 

maioria delas foi considerada não alterada. As curvas isotópicas de 13C variam de -4.33 até 4.77 

‰ PDB, condizentes com valores previamente obtidos por outros autores, exceto pelos valores 

fortemente positivos do topo da unidade, que não foram encontrados no presente trabalho.  

Por fim, uma das principais contribuições deste trabalho consiste na obtenção e 

interpretação de uma inédita curva isotópica de enxofre (SCAS) para a Formação Sete Lagoas, a 

qual associada com dados isotópicos de C e O obtidos para as mesmas seções, permitiram 
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delinear algumas condições paleoambientais. Na seção composta estudada, os valores 

isotópicos de 34SCAS mostram co-variância com os valores de 13Ccarb, indicando que a pirita e o 

carbono orgânico foram oxidados e soterrados a uma mesma taxa. Este padrão é comumente 

encontrado em rochas do início do Fanerozoico. Além disso, as concentrações de CAS medidas 

mostram um pico de oxigenação na porção basal da unidade seguida por condições anóxicas, 

semelhante às estimativas anteriores do reservatório de sulfato em outras unidades do final do 

Ediacarano. Este pico de oxigenação precede estratigraficamente (local) e temporalmente 

(global) o surgimento dos organismos pertencentes à assembleia de Nama (Cloudina, 

Namacalathus, Corumbella, entre outros), considerada o último grande evento evolutivo antes 

da grande explosão de vida Cambriana.   
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Apêndice A: Dados isotópicos e geoquímicos 

referentes às amostras estudadas 
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Tabela 1: Dados isotópicos e razões geoquímicas dos carbonatos da Fm. Sete Lagoas na área 

de Januária. 

Sample  Facies FA 13C  18O  [CAS] 34SCAS Sr/Ca Mg/Ca   Mn/Sr Rb/Sr Fe/Sr 
JI 5X MX laminated microbialite FA5 4.54 -6.41 21.24 48 0.00046 0.46 1.86 0.052 35.77 

SB3/TS3 – amalgamated sequence boundary and transgressive surface 

JI 05 VA MV brecciated stromatolite FA4 4.77 -4.45 34.12 - 0.00064 0.46 1.08 0.043 11.13 

JI 5 U MU stromatolite FA4 4.67 -6.19 49.95 44.70 0.00070 0.51 21.58 0.071 1.30 

JI 5 T MT hydrothermal breccia FA4 4.41 -4.59 105.35 - 0.00053 0.55 10.24 0.047 133.97 

JI 5 S MS dolomitized trough cross stratified grainstone FA4 4.12 -7.03 52.47 - 0.00050 0.56 3.33 0.036 66.44 

JJ 17 M AM trough cross stratified ooidgrainstone  FA4 3.78 -5.41 42.13 33.40 - - - - - 

JJ 17 L AL trough cross stratified grainstone FA4 1.50 -4.72 13.12 - 0.00054 0.40 2.42 0.033 11.25 

JI 05 R MR hydrothermal breccia FA4 5.08 -6.95 1.51 - - - - - - 

JJ 17 K AK brecciated stromatolite FA4 2.22 -7.19 9.20 - 0.00056 0.54 3.86 0.034 21.97 

JI 5 Q MQ hydrothermal breccia FA4 4.46 -9.82 31.55 - 0.00063 0.45 1.66 0.049 24.65 

JJ 17 J AJ brecciated stromatolite FA4 2.15 -6.97 9.20 - - - - - - 

JJ 17 I AI trough cross stratified grainstone FA4 3.10 -5.49 20.34 - - - - - - 

JJ 17 H AH trough cross stratified grainstone FA4 2.74 -6.98 19.02 - 0.00057 0.56 16.28 0.036 2.92 

JI 5 P MP hydrothermal breccia FA4 5.17 -6.45 5.56 - - - - - - 

JJ 17 G AG trough cross stratified grainstone FA4 2.37 -6.71 12.83 - - - - - - 

JI 05 O MO planar cross stratified grainstone FA4 4.60 -8.51 11.97 - 0.00033 0.13 0.77 0.041 14.70 

JJ 17 F AF trough cross stratified ooidgrainstone  FA4 0.68 -6.87 30.55 36.30 - - - - - 

JJ 17 E AE trough cross stratified grainstone FA4 0.92 -9.63 12.63 - - - - - - 

JJ 17 D AD trough cross stratified grainstone FA4 0.31 -10.43 15.06 - - - - - - 

JI 5 NB MN trough cross stratified grainstone FA4 3.34 -8.43 32.66 - 0.00062 0.27 1.40 0.032 18.47 

JJ 4 R BR dolomitized trough cross stratified grainstone FA4 2.06 -7.39 11.69 - - - - - - 

JI 5 M MM cross-laminated grainstone FA4 2.30 -9.67 10.37 - - - - - - 

JJ 17 C AC trough cross stratified grainstone FA4 0.43 -9.97 17.44 - 0.00108 0.11 0.45 0.017 2.73 

JJ 4 Q BQ dolomitized trough cross stratified grainstone FA4 2.19 -8.66 9.47 - - - - - - 

JI 05 L ML trough cross stratified grainstone FA4 1.89 -8.85 21.63 - - - - - - 

JJ 17 B AB grainstone? FA4 0.43 -7.49 8.22 - - - - - - 

JJ 4 PA BP dolomitized laminated grainstone FA4 0.42 -8.32 64.63 38.90 0.00158 0.03 0.07 0.013 2.46 

JJ 17 A AA laminated grainstone FA4 0.59 -7.26 15.49 - - - - - - 

JI 5 K MK cross-laminated grainstone FA4 1.79 -8.53 78.07 - 0.00072 0.05 0.32 0.016 2.73 

JI 5 J MJ trough cross stratified grainstone FA4 1.96 -7.94 4.56 - - - - - - 

JI 5 I MI planar cross stratified grainstone FA4 1.81 -7.76 20.70 - 0.00115 0.02 0.22 0.016 3.29 

JJ 4 O BO laminated microbialite FA4 0.03 -5.96 30.90 - - - - - - 

JI 5 H MH trough cross stratified grainstone FA4 1.57 -7.66 9.89 - - - - - - 

JI 5 G MG laminated microbialite FA4 1.45 -7.59 2.38 - 0.00082 0.14 0.31 0.024 4.29 

JI 5 F MF low-angle stratified grainstone FA4 1.51 -6.77 36.69 35.60 - - - - - 

SB2/TS2 – amalgamated sequence boundary and transgressive surface 

JJ 4 N BN flat-pebble breccia FA3 0.55 -7.40 18.92 - - - - - - 

JJ 4 M BM laminated microbialite FA3 0.60 -6.71 40.67 43.90 - - - - - 

JI 5 E ME laminated microbialite FA3 1.20 -8.22 45.81 - 0.00074 0.04 0.31 0.026 4.87 

JI 5 D MD laminated microbialite FA3 1.13 -8.02 9.58 - - - - - - 

JJ 4 L BL flat-pebble breccia FA3 0.70 -6.27 34.46 48.20 0.00245 0.02 0.05 0.009 0.69 

JI 5 C MC trough cross stratified grainstone FA4 1.18 -7.60 10.61 - - - - - - 

JI 5 B MB laminated microbialite FA2 1.64 -7.04 12.43 - 0.00093 0.13 0.41 0.033 7.74 

JI 05-A MA low-angle stratified grainstone FA2 1.36 -6.87 2.16 - 0.00080 0.01 0.28 0.026 2.90 

JJ 4 K BK thrombolite FA2 0.50 -6.69 86.95 44.70 - - - - - 

JJ 4 J BJ chert - - - - - - - - - - 

JJ 4 I BI laminated microbialite FA2 0.47 -4.75 26.04 42.00 - - - - - 

JJ 4 H BH laminated microbialite FA2 0.31 -6.28 24.14 - 0.00220 0.004 0.05 0.009 1.30 

JJ 4 G BG oncolitic rudstone? FA2 0.51 -6.41 88.48 43.20 - - - - - 

JJ 4 F BF low-angle stratified grainstone FA2 0.46 -6.28 - - 0.00163 0.005 2.79 0.0141 0.07 

JJ 4 E BE laminated grainstone FA2 0.34 -6.62 50.18 41.50 - - - - - 

JJ 4 D BD laminated grainstone FA2 0.50 -6.73 23.75 44.90 0.00175 0.004 0.69 0.01298 0.06 

JJ 4 C BC laminated grainstone FA2 0.76 -6.36 15.15 - - - - - - 

JJ 4 B BB laminated grainstone or thrombolite FA2 0.81 -5.87 42.90 47.10 0.00175 0.01 1.78 0.01301 0.06 

JJ 4 A BA laminated grainstone FA2 0.59 -6.41 44.78 48.60 - - - - - 

JJ 7 M RM thrombolite FA2 0.06 -6.82 127.00 36.60 0.00103 0.07 0.30 0.059 23.04 

JJ 7 L RL cross-laminated grainstone FA2 -0.30 -6.88 117.13 - 0.00091 0.02 0.29 0.04921 13.078 

JJ 7 K RK cross-laminated grainstone FA2 -0.97 -7.86 105.34 44.10 0.00079 0.03 0.99 0.076 21.41 

JJ 7 J RJ thrombolite FA2 -0.94 -8.54 124.29 45.10 0.00078 0.02 0.55 0.072 21.60 

JJ 7 I RI cross-laminated grainstone FA2 -0.88 -8.70 172.88 41.90 0.00066 0.02 0.82 0.077 20.75 

JJ 7H RH cross-laminated grainstone w/ mudstone FA2 -4.33 -11.94 125.80 37.20 0.00077 0.03 0.74 0.073 30.58 

JJ 7G RG cross-laminated grainstone FA2 -0.84 -8.15 172.24 42.80 0.00078 0.02 21.24 0.072 0.73 

MFS 1- maximum flooding surface 

JJ 7F RF thrombolite FA2 -1.30 -12.05 287.50 44.90 0.00060 0.02 1.24 0.069 11.82 

JJ 7E RE aragonite fans FA1 -3.76 -12.77 334.44 26.00 0.00050 0.02 8.13 0.092 27.02 

JJ 7D RD cross-laminated grainstone w/ mudstone FA1 -4.33 -11.94 332.41 27.50 - - - - - 

JJ 7C RC cross-laminated grainstone FA1 -4.71 -13.36 310.65 22.20 - - - - - 

JJ 7B RB barite fans above carbonate FA1 -3.15 -8.68 367.28 32.80 - - - - - 

JJ 7A RA cap dolostone FA1 -3.58 -7.09 167.45 22.80 0.00041 0.42 6.14 0.055 37.00 

SB1/TS1 – amalgamated sequence boundary and transgressive surface 
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Tabela 2: Elementos maiores e traço das amostras analisadas da Fm. Sete Lagoas. * = (ppm) 

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Ni* Cu* V* Zn* Ba* Rb* Sr* 
JI 5X 0.06 0.02 0.25 0.57 0.03 20.88 38.03 -0.16 0.05 0.04 40.22 99.99 1 4 21 17 1 7 125 

JI 05 VA 1.13 0.03 0.24 0.23 0.02 18.98 34.74 -0.15 0.03 0.03 44.74 100.01 2 13 23 48 25 7 158 
JI 5 U 0.92 0.05 0.71 0.45 0.03 19.48 32.34 0.16 0.01 0.04 45.82 100.02 3 11 21 18 24 12 162 
JI 5 T 0.32 0.02 0.17 2.14 0.16 21.20 32.55 -0.14 0.05 0.12 43.28 99.86 3 22 23 21 19 6 124 
JI 5 S 0.10 0.01 0.02 0.99 0.05 21.58 32.25 -0.15 -0.01 0.04 44.94 99.82 4 2 19 15 3 4 115 
JJ 17L 0.43 0.02 0.03 0.20 0.04 17.45 36.93 -0.15 0.01 0.19 44.70 99.86 2 12 21 269 7 5 141 
JJ 17K 0.45 0.02 0.03 0.37 0.07 20.85 32.51 -0.17 -0.01 0.08 45.71 99.91 0 0 17 139 <2 5 131 
JI 5Q 1.13 0.04 0.29 0.49 0.03 18.58 34.65 -0.12 0.08 0.05 44.81 100.04 2 6 25 21 15 8 155 

JJ 17H 0.53 0.01 0.01 0.27 0.05 21.36 31.92 0.01 0.01 0.04 45.84 100.03 2 16 17 2323 16 5 129 
JI 05 O 0.22 0.02 0.08 0.23 0.01 8.27 51.70 -0.13 -0.01 0.05 39.65 100.08 0 8 22 26 9 5 121 
JI 5 NB 0.00 0.03 0.03 0.44 0.03 13.19 41.74 -0.11 0.00 0.04 44.48 99.88 6 8 29 36 16 6 185 
JJ 17 C 0.04 0.01 0.04 0.13 0.02 6.27 49.55 -0.07 -0.01 0.09 43.95 100.04 6 8 39 74 24 7 383 
JJ 4 PA 0.26 0.01 0.06 0.19 0.01 2.14 54.52 0.02 -0.01 0.09 42.70 99.98 6 4 45 42 21 8 616 
JI 5 K -0.07 0.02 0.02 0.10 0.01 3.26 53.35 0.02 -0.01 0.03 43.39 100.12 1 0 25 18 5 5 274 
JI 5 I 6.60 0.01 0.07 0.18 0.01 1.14 51.74 0.08 0.00 0.04 40.13 100.01 7 8 42 32 28 7 424 
JI 5 G 0.35 0.02 0.10 0.17 0.01 7.92 52.74 -0.04 0.01 0.09 39.28 100.63 6 8 38 30 17 8 308 
JI 5 E 0.41 0.02 0.08 0.18 0.01 2.73 55.19 0.02 0.01 0.10 41.09 99.84 6 11 41 31 34 8 291 
JJ 4 L 0.41 0.02 0.24 0.09 0.01 1.40 54.91 0.05 0.01 0.09 42.72 99.95 4 -4 42 31 44 9 963 
JI 5 B 0.23 0.02 0.15 0.26 0.01 6.21 39.00 -0.06 0.00 0.12 53.97 99.92 7 9 38 29 21 9 259 

JI 05-A 0.25 0.02 0.03 0.12 0.01 0.42 56.16 0.07 -0.01 0.06 42.83 99.97 6 11 44 33 22 9 322 
JJ 4 H -0.12 0.01 0.10 0.15 0.01 0.24 56.73 0.15 0.01 0.07 42.82 100.15 6 3 47 34 17 8 891 
JJ 4 F 1.25 0.03 0.36 0.23 0.01 0.30 54.00 0.36 0.09 0.07 43.36 100.06 6 5 46 33 25 9 631 
JJ 4 D -0.11 0.02 0.07 0.06 0.01 0.29 56.04 0.08 0.01 0.05 43.51 100.02 8 5 46 38 36 9 701 
JJ 4 B 0.13 0.02 0.15 0.16 0.01 0.97 55.25 0.06 0.00 0.05 43.40 100.19 7 3 47 34 34 9 692 
JJ 7 M 12.09 0.09 1.69 0.94 0.01 3.73 43.33 0.04 0.60 0.06 37.47 100.07 8 10 42 34 40 19 319 
JJ 7 L 7.75 0.08 1.15 0.54 0.01 1.19 49.58 0.09 0.20 0.08 39.32 99.99 8 12 46 38 56 19 252 
JJ 7 K 14.97 0.10 1.70 0.69 0.03 1.40 44.40 0.10 0.63 0.06 35.86 99.96 8 11 48 38 51 16 321 
JJ 7 J 11.33 0.11 1.75 0.73 0.02 0.85 47.39 0.14 0.35 0.05 37.35 100.09 9 11 48 36 41 19 264 
JJ 7 I 8.62 0.09 1.54 0.62 0.02 1.04 49.06 0.11 0.26 0.08 38.71 100.16 8 9 45 30 34 18 232 
JJ 7H 10.07 0.10 1.87 1.02 0.02 1.61 47.14 0.09 0.35 0.09 37.89 100.25 12 13 46 35 63 19 259 
JJ 7G 10.65 0.12 1.81 0.75 0.03 1.05 49.24 0.12 0.48 0.06 35.69 100.00 9 12 47 34 41 20 273 
JJ 7F 4.47 0.08 1.16 0.37 0.04 1.27 57.04 0.15 0.39 0.05 34.97 99.99 8 12 45 35 138 17 244 
JJ 7E 5.26 0.09 1.28 0.64 0.19 0.99 50.97 0.10 0.38 0.07 39.86 99.84 7 13 50 36 141 17 183 
JJ 7A 2.14 0.01 0.16 0.55 0.09 19.26 39.08 -0.16 0.06 0.04 38.80 100.03 4 37 19 14 17 6 116 



 

 

 

158 

 
 
 
 
 

Apêndice B: Co-autoria em artigos científicos 
relacionados ao tópico da tese: Inglez et al. (2019) 
Discs and discord: The paleontological record of 
Ediacaran discoidal structures in the South American 
continent. Journal of South America Earth Sciences, 89: 
319-336. 
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Apêndice C: Co-autoria em artigos científicos 
relacionados ao tópico da tese: Uhlein et al. (2019). 
Ediacaran paleoenvironmental changes recorded in the 
mixed carbonatesiliciclastic Bambuí Basin, Brazil”, 
Palaeogeography, Palaeoclimatology, Palaeoecology, 
517: 39-51. 
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