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Resumo

Fluidos ricos em silica hidrotermal sdo capazes de modificar as rochas carbonaticas e
exercer importante papel durante a carstificacdo. A gruta Cristal, hospedada em
carbonatos da Formagdo Caboclo, do crdton Sdo Francisco, permite identificar os
controles estabelecidos pelas diferentes facies sedimentares sobre a migracdo destes
fluidos e sua influéncia para o desenvolvimento do carste. O levantamento estratigrafico
apontou que esses carbonatos sdo constituidos por (1) grainstones ooliticos, (2)
grainstones e rudstones oncoliticos, (3) heterolitos, (4) margas, (5) estromatdlitos, (6)
grainstones e rudstones oncolitico-intraclasticos e (7) brechas hidraulicas. Essas unidades
sdo silicificadas em variadas intensidades e analises de QEMSCAN e EDS apontam uma
paragénese hidrotermal constituida por quartzo, calceddnea, K-feldspato, barita,
hialofana (feldspato de béario), talco e clorita. As margas da Unidade 4 representam uma
superficie de inundacdo maxima (SIM) e permitem dividir a sucessdo sedimentar em um
intervalo basal e outro superior. Elas atuaram como um selo, confinando a silicificagéo e
a carstificacdo no intervalo inferior. Dentro do intervalo basal, as rochas das unidades 1,
2 e 3 apresentam variados graus de silicificacdo, onde os grainstones ooliticos (Unidade
1) canalizaram os fluidos hidrotermais e apresentam elevados valores de silicificagdo.
Dados isotGpicos nos veios carbonaticos ndo mostraram fracionamento isotopico de **C
e 5'80 em relagfo as rochas encaixantes, que exibem valores de 5'3C variando de -3.3 a -
0.5%o e 880 entre -10 a -7.5%o. Conclui-se que o arcabouco estratigrafico pode controlar
a distribuicdo vertical de fluidos hidrotermais e a formacdo de condutos horizontais. A
gruta Cristal é um analogo para reservatorios carbonaticos silicificados, contribuindo para
0 entendimento dos controles estratigraficos e faciologicos sobre a silicificacdo

hidrotermal.

Palavras-chave: silicificacdo hidrotermal, facies sedimentares, estratigrafia, isétopos,

reservatorios carstificados, fluxo de fluidos



Abstract

Si-rich hydrothermal fluids are able to modify carbonate rocks and play an important role
during karstification. The Cristal cave, hosted in carbonates of the Caboclo Formation, of
the S&o Francisco craton, allows to identify the role of different sedimentary facies and
stratigraphy for fluid migration and its influence on karst development. The stratigraphic
description pointed out that these carbonates are made up of (1) oolitic grainstones, (2)
oncolitic grainstones and rudstones, (3) heteroliths, (4) marl, (5) stromatolites, (6)
oncolitic-intraclastic grainstones and rudstones and ( 7) hydraulic breccias. These units
are silicified at variable intensities and QEMSCAN and EDS analyzes indicate a
hydrothermal paragenesis composed by quartz, chalcedony, K-feldspar, barite,
hyalophane (barium feldspar), talc and chlorite. The marls from Unit 4 represent a
maximum flood surface (MFS) and allow to divide the sedimentary succession into a
basal interval and an upper one. They acted as a seal, confining silicification and
karstification in the lower interval. Within the basal interval, the rocks of units 1, 2 and 3
present variable degrees of silicification, where oolitic grainstones (Unit 1) channelized
hydrothermal fluids and thus, show high levels of silicification. Isotopic data in the
carbonate veins do not show any isotopic fractionation of $13C and 8180 in relation to
host rocks, that exhibit 613C values ranging from -3.3 to -0.5 %o and 6180 between -10
to -7.5 %o. It is concluded that the stratigraphic framework can control the vertical
distribution of hydrothermal fluids and the formation of horizontal conduits. The Cristal
cave is an analog for silicified carbonates reservoirs, contributing for the understanding

of stratigraphic and faciologic controls on hydrothermal silicification.

Keywords: Hydrothermal silicification, sedimentary facies, stratigraphy, isotopes,

karstified reservoirs, fluid flow
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Estruturacdo da dissertacéo

Esta dissertacdo esta estruturada em seis capitulos.
O Capitulo 1 apresenta e contextualiza a problematica, os objetivos e localizagdo da area
estudada. O Capitulo 2 apresenta os métodos e técnicas analiticas empregadas na

dissertacdo. O Capitulo 3 traz o contexto geologico regional.

No Capitulo 4 sdo apresentados os resultados e discussdes divididos em dois subcapitulos:
O subcapitulo 4.1 apresenta o artigo cientifico “Hydrothermal silicification confined to
stratigraphic layers: implications for carbonate reservoirs” e; O subcapitulo 4.2 apresenta
os resultados e discussdes relacionadas as assinaturas isotopicas de §3C e §'80. No
capitulo 5 sdo apresentadas as conclusdes do trabalho, contextualizando e relacionando
os dados obtidos no desenvolvimento da pesquisa. Por fim, o capitulo 6 contém as

referéncias bibliograficas, tanto do Artigo quanto dos demais capitulos desta dissertagéo.

Sao apresentados ainda Apéndices contendo os dados isotopicos e descritivos das
amostras, além de uma tabela e um perfil estratigrafico com as facies e associacdes de

facies detalhadas.



1.Introducéo

1.1. Apresentacdo

Rochas carbonéticas sdo comumente influenciadas por processos de silicificacéo
hidrotermal e carstificagdo gerando porosidade secundéria e influenciando na dindmica
do fluxo de fluidos dentro dos reservatorios (Burchette, 2012; Cazarin et al., 2019; Davies
and Smith, 2006a; Fu et al., 2017; Girard and San Miguel, 2017; Lima et al., 2020;
Packard et al., 2001; You et al., 2018). Apesar da melhora na compreensao sobre como o
carste influencia reservatérios carbonaticos e da proposicdo de modelos evolutivos para
0 carste hipogénico, importantes questdes ainda permanecem em aberto e, como
consequéncia, o carste tem sido pouco incorporado em estudos de reservatorio (Burchette,
2012).

A silicificagdo é um processo comum em sistemas sedimentares, com fluidos ricos
em silica modificando as propriedades texturas, mineraldgicas e petrofisicas das rochas
(Hesse, 1989). Boa parte desta silicificacdo estd relacionada a diagénese precoce
(Bustillo, 2010) e alguns poucos estudos abordam a origem mesogenética deste processo
e sua interface com o desenvolvimento do carste hipogénico (p.e., Davies and Smith,
2006; De Luca et al., 2017; Lima et al., 2020; Packard et al., 2001; You et al., 2018).
Além disso, a maior parte dos estudos abordava a silicificagdo como um processo
subordinado a dolomitizacdo como, por exemplo, os do reservatério de Parkland no
Canada (Packard et al., 2001). Este cenario comecou a mudar com as descobertas de
hidrocarbonetos nos carbonatos da Bacia de Tarim na China (Dong et al., 2018; Wu et
al., 2007; You et al., 2018), e no pré-sal, tanto da Bacia de Kwanza no Oeste da Africa
(Girard and San Miguel, 2017; Poros et al., 2017) quanto no Brasil (De Lucaet al., 2017,
Lima et al., 2020), as quais tém motivado intensos esforcos exploratdrios (Zhang et al.,
2019; Zhu et al., 2017). Estes reservatorios sdo fortemente heterogéneos, incluindo
camadas silicificadas de alta permeabilidade que canalizam o fluxo de fluidos, em
contraste com rochas cimentadas por silica que exibem baixa contribuicdo para a
producdo (Poros et al., 2017; You et al., 2018). Dessa forma, a identificacdo de andlogos
de campo permite melhor compreender a migracéo dos fluidos hidrotermais e aumentar

a preditibilidade quanto a qualidade de reservatdrio destas rochas.



Os controles sobre a ascensdo e migracdo dos fluidos hidrotermais tem sido
tradicionalmente atribuidos a presenca de descontinuidades estruturais (Ford and
Williams, 2007; Klimchouk and Ford, 2000; Palmer, 2007). Porém, além do controle das
falhas e fraturas, as variacdes estratigraficas também tém sido apontadas como
determinantes para a migracdo de fluidos hidrotermais. A ascencao destes fluidos pode
ser dificultada devido a existéncia de camadas impermeéveis (Cazarin et al., 2019;
Packard et al., 2001), ou ent&o facilitada em fungéo da ocorréncia de camadas de maior
permeabilidade que podem canalizar o fluxo de fluidos (Klimchouk, 2012; You et al.,
2018; Zhou et al., 2014).

O estudo de alguns reservatdrios carbonaticos aponta a silicificacdo hidrotermal
afetando as camadas de uma sucessdo sedimentar de maneira variavel. Silicificacdo
hidrotermal associada a dolomitizacdo foi identificada nos reservatorios de gas-
condensado estruturalmente controlados (“HTD reservoirs”) do campo de Parkland do
Grupo Wabamum, depositado no final do Devoniano, no Canada. Neste reservatorio, a
migracao de fluidos ricos em silica, associados ou nao a dolomitizacdo, foram afetados
pela presenca de folhelhos e aquitardos. Além disso, camadas permeaveis de arenitos
favoreceram a migragao lateral dos fluidos hidrotermais, permitindo aumentar a extensao
afetada pelo sistema hidrotermal (Davies and Smith, 2006a; Packard et al., 2001).
Camadas de chert na Bacia de Tarim na China também se formaram a partir de fluidos
ascendentes ricos em silica (Dong et al., 2018; Fu et al., 2017; You et al., 2018; Zhou et
al., 2014), que promoveram a formacao de poros de dissolucdo e de fraturas alargadas
(Fu et al., 2017). Nestes reservatorios, carbonatos peloidais sdo menos silicificados que
os demais, sugerindo um controle estratigrafico e da diagénese precoce sobre a migracédo
lateral de fluidos (You et al., 2018). Silicificacdo hidrotermal pervasiva associada ao
desenvolvimento de porosidade também tem sido reportada nos reservatorios
carbonaticos do pré-sal, tanto na Bacia de Kwanza, no oeste da Africa (Girard and San
Miguel, 2017; Poros et al., 2017), quanto na Bacia de Campos, no sudeste do Brasil (De
Luca et al., 2017; Herlinger et al., 2017; Lima et al., 2020; Lima and De Ros, 2019).
Embora a associacao entre estratigrafia, facies e silicificacdo hidrotermal ndo seja o foco
destes estudos, Lima and De Ros (2019) reporta que laminitos e arenitos estevensiticos
séo raramente silicificados, enquanto Herlinger et al., 2017 aponta maior dolomitizagéo
e silicificacdo hidrotermal préximo a transicdo entre as fases sag e rift de reservatérios da

Bacia de Campos.



Sistemas hidrotermais também modificam as caracteristicas quimicas dos
reservatorios carbonaticos e a utilizagdo de tracadores como, 0s isétopos estaveis de
carbono, oxigénio, podem auxiliar a identificar e mapear essas modificagdes. A
comparagio dos valores de 5'°C e 50 entre carbonatos hospedeiros, veios e brechas
hidraulicas podem apontar a existéncia de fracionamento isotopico entre estes devido a
interacdo fluido-rocha e revelar diferentes parametros fisico-quimicos relacionados a
origem dos fluidos hidrotermais (Dublyansky et al., 2014; Spétl et al., 2009). Além disso,
os dados isotdpicos ao longo de um pacote sedimentar permitem compreender as
condi¢cbes ambientais de deposicdo e correlacionar estratigraficamente com outras
sequéncias sincronas, constituindo uma importante ferramenta quimioestratigrafica em

sequéncias Proterozoicas, onde o registro fossil é escasso (Halverson et al., 2010, 2005).

O presente estudo analisa os carbonatos da Formacgao Caboclo aflorantes na regido
da gruta Cristal, a partir de um arcabouco estratigrafico descrito detalhadamente, além de
andlises petrograficas, mineraldgicas e geoquimicas a fim de investigar as relacbes de
interacdo fluido-rocha. Isso permitiu estabelecer as relagdes entre a sucessdo sedimentar,
os processos de silicificacdo e carstificacdo, o impacto das variacdes faciologicas na
distribuicdo de fluidos e assinatura isotdpica. Além do mais, a curva isotopica de alta
resolucdo, associada a descricdo facioldgica, permite discutir a correlagdo estratigrafica

com outras sequéncias Mesoproterozoicas e sugerir condi¢fes ambientais de deposicéo.



1.2. Objetivos

O objetivo central do presente estudo foi compreender a relacdo entre a sucessdo
estratigréfica carbonatica da Formacdo Caboclo aflorante na gruta Cristal com o0s
processos de silicificagcdo e carstificacdo superimpostos, permitindo a utilizagdo deste

caso como um analogo para reservatorios carbonaticos silicificados.
Os objetivos especificos incluiram:

i) Descrever a sucessdo sedimentar e as facies sedimentares, permitindo definir
um arcabouco estratigrafico;

i) Analisar a relacdo entre as diferentes facies sedimentares com os fluidos ricos
em silica, buscando compreender os fatores que controlaram a percolagéo e
concentracdo do fluido e da carstificagdo em um determinado intervalo
estratigrafico;

i) Determinar a composicao isotopica de carbono e oxigénio destas rochas,
comparar os carbonatos encaixantes com os preenchimentos posteriores, além
de discutir o posicionamento estratigrafico e as condi¢cdes ambientais de

deposicdo desta sucessdo sedimentar a luz destas informacdes.



1.3. Localizagdo

A éarea de estudo se situa cerca de 40 km a sul do municipio de Morro do Chapéu
e 12 km a norte da cidade de Bonito, na regido da Chapada Diamantina Oriental, por¢éo
central do estado da Bahia, sendo atualmente denominada gruta Cristal, localizada na
fazenda homénima (Figura 1). Suas coordenadas geograficas sdo -11°81°84” W e -
41°31°16” S (datum:SIRGAS2000).
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Figura 1- Localizagdo da Gruta Cristal.



2. Materiais e métodos

2.1. Andlise facioldgica e relagdes estratigraficas

Os carbonatos da Formagédo Caboclo que hospedam a gruta Cristal foram descritos
proximos a entrada 1 (Figura 2), onde a sucessdo sedimentar apresenta maior
continuidade e melhor acesso para descricdo. A sucessao apresenta exposi¢do continua
ao longo de 54 metros de espessura estratigrafica, sendo os 18 metros basais dentro da

gruta e o restante acima na escarpa adjacente.

As facies foram individualizadas segundo critérios texturais, composicionais e
estruturas sedimentares, conforme proposto por Miall (1996). Facies cogenéticas com
correlacdo lateral e/ou vertical foram posteriormente agrupadas em associagdes de facies
(Collinson, 1969).

A coleta de amostras respeitou um espacamento médio de 40 cm, com ajustes
pontuais para coletar diferentes facies. Os principais niveis estratigraficos podem ser
facilmente reconhecidos em outros lugares da gruta dada a boa continuidade lateral destas
rochas. Os caminhamentos e levantamentos para verificacdo das correlacbes
estratigraficas foram realizados com auxilio dos mapas da gruta produzidos pela

Companhia de Pesquisa e Recursos Minerais (CPRM) desde 1998 (Figura 2).
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Figura 2- Planta baixa da gruta Cristal baseado no mapa produzido pela Companhia de Pesquisa e Recursos
Minerais (CPRM) (modificado de Berbert-Born and Horta, 1995). Os nimeros 1,2,3 e 4 marcados no mapa
correspondem as entradas da gruta Cristal. A linha vermelha corresponde a localizagdo onde o perfil
estratigrafico foi levantado.

2.2. Perfis de gamma-ray

Medidas de gamma-ray espectral foram realizadas ao longo da sucessao

sedimentar de forma a auxiliar a investigagdo das variacOes estratigraficas ao longo da

7



sucessdo sedimentar estudada. Foi utilizado o equipamento portatil de gamma-ray
espectral Scintrex GRS-500, que contém um cristal de Nal (TI) e um tubo
fotomultiplicador de alta estabilidade. As medidas foram realizadas paralelas ao
acamamento com um espacamento médio de 40 cm, enquanto os perfis sedimentares
apresentam resolucdo aproximada de 30 cm. As medidas de gamma-ray espectral sdo
lidas em porcentagem para o potassio e em partes por milhdo (ppm) para o tério e o urénio.
A conversdo para °API é realizada a partir da multiplicagdo dos valores de K, Th e U por

16, 4 e 8, respectivamente, segundo a metodologia descrita por Ellis & Singer (2007).

2.3. Petrografia

A partir da coleta realizada foram selecionadas 81 amostras representativas das
facies individualizadas para confeccdo de laminas petrograficas. Do total de laminas 55
foram confeccionadas no laboratério Petrografia BR e 26 no laboratdrio de laminagéo da
UnB. As descricdes petrogréaficas das rochas carbonaticas granulares seguiram 0s
critérios de classificacdo propostos por (Dunham, 1962) (Figura 3), incorporando o termo
“rudstone” de Embry & Klovan (1971) quando as rochas eram grdo-suportadas e
apresentavam mais de 10% de gréos maiores que 2zmm. Além disso, foram utilizados o0s
termos estromatolito para as rochas laminadas de geometria convexa, em geral de origem
microbial (Riding, 2000), heterolito para abarcar as rochas com alternancia de bandas
dominadas por lama e sedimentos carbonaticos granulares, e marga para englobar as
rochas mistas, constituidas tanto por carbonatos quanto por sedimentos siliciclasticos
finos (35-65%). A classificagdo dos tipos de poros segue 0 proposto por Choquette &
Pray (1970). Alizarina e é&cido hidrocloridrico foram aplicados em amostras
representativas para identificar o tipo de mineral carbonatico, conforme proposto por
Dickson (1966), permitindo distinguir dolomita e calcita. As laminas foram descritas e
mosaicos foram gerados utilizando o microscépio Zeiss Imager M2m no Cenpes, que

suportaram uma analise semiquantitativa do total de silica em cada amostra.
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Figura 3- Classificacdo de Dunham (1962) para as rochas carbonaticas (retirado de Terra et al., 2010)

2.4. MEV-EDS e QEMSCAN

Apos a descrigdo petrogréfica, foram selecionadas amostras representativas das
principais fei¢Ges texturais e fases mineraldgicas para analise em microscopio eletrénico
de

Desenvolvimento Tecnoldgico e Inovacdo (CRTI) da Universidade Federal de Gdias

de varredura (MEV). As andlises foram realizadas no Centro Regional
(UFG). A utilizacdo deste método teve como foco investigar possiveis texturas e minerais
relacionados a sistemas hidrotermais. As andlises foram realizadas utilizando um
microscopio eletrénico JSM-1T300 JEOL equipado com um detector espectrométrico de
energia dispersiva (EDS) OXFORD Instruments X-MaxN. As amostras foram analisadas
em ambiente de vacuo a 15 KV. Imagens de elétrons retroespalhados com o suporte do
espectrometro de energia dispersiva (EDS) resultaram em mapas composicionais €, no
reconhecimento das fases minerais. Adicionalmente, 6 laminas petrogréficas foram
analisadas no equipamento QEMSCAN 650 (FEI) com dois detectores EDS/Brukers no
Centro de Pesquisa da Petrobras (CENPES), gerando mapas de distribuicdo mineraldgica.



2.5. Anilises isotépicas de '3C e 6120

Foram selecionadas 92 amostras da sucessao carbonatica aflorante na gruta Cristal
para analises de *3C e 5180 no Laboratério de Geocronologia da Universidade de Brasilia
(IG-UnB). As amostras contemplam as diferentes facies, além de alguns preenchimentos
carbonaticos e brechas hidraulicas. A pulverizacdo destas amostras foi realizada a partir
da utilizacdo de um micro drill, permitindo a retirada de material pontualmente (cerca de
300 pg). A retirada pontual de material permitiu selecionar alvos especificos de
amostragem separando material mais preservado da encaixante e preenchimentos.Os
dados isotopicos de C e O foram obtidos no equipamento Finnigan Gas Bench |1, com a
Opcdo-Carbonato, que conta com um autosampler com preparacdo de amostra assistida
e interface com loop de injecdo, com sistema de fluxo continuo acoplado ao
espectrometro de massa Finningan DELTA plus Advantage. O Finnigan Gas Bench 11,
no modo carbonato, faz uso do principio do banho &cido individual. Acido fosférico é
adicionado em gotas em cada vial com amostra por um sistema de gotejamento
completamente automatizado. O CO> gerado é passado lentamente através de um loop
amostrador em um fluxo de hélio. InjecBes repetitivas no loop por uma coluna isotérmica
GC cria uma série de pulsos de CO; carreados por He, o qual entra no IRMS via um open

split. Esse sistema permite alcangar uma precisio de 0.08 %o para 880 e de 0.06 %o para
5 13C.

As diferencas relativas nas razdes isotopicas foram usadas para reportar
abundancias e variacbes dos is6topos estaveis. Os valores obtidos para as razdes

isotopicas estdo reportados com a notagdo o (valores de 8), que tem a seguinte definigdo:

S= { RX - Rpadréo ]X103
Rpadrélo

onde RX € a razdo isotopica das amostras (3C/*?C e ¥0/®0) e R padrio é a razdo
correspondente a um padrao internacional de referéncia. O valor de 3 ¢ a diferenca relativa
na razao isotopica (sempre o isdtopo pesado e raro versus o isétopo leve e mais

abundante) entre a amostra e o padrao, em partes por milhao ou partes por mil (%o).
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3. Contexto geologico

3.1. Evolucéo Geologica e Unidades Estratigréaficas

A gruta Cristal se desenvolveu em rochas carbonéticas pertencentes a Formagéo
Caboclo (Supergrupo Espinhaco), na Bacia da Chapada Diamantina, porcao leste do
craton Sao Francisco. Este craton fez parte de uma grande massa continental com o craton
Congo, formando o paleocontinente Congo-S&o Francisco (Alkmim and Martins-Neto,
2012; Chemale Jr. et al., 1993). O rifteamento e seperacdo do paleocontinente ocorreu
entre o final do Juréassico e o inicio do Cretaceo, levando a formacdo do Atlantico Sul
(Trompette et al., 1992). No periodo entre a amalgamacéo e rifteamento (1,8-0.9 Ga) do
paleocontinente Sdo Francisco-Congo, ocorreu a deposi¢do das rochas do Supergrupo
Espinhaco em uma bacia intracontinental (Alkmim and Martins-Neto, 2012; Chemale Jr.
et al., 1993), com pelo menos duas fases do tipo rifte e duas sag (Guadagnin et al., 2015).

O Supergrupo Espinhaco é dividido em trés megassequéncias (Inferior, Média e
Superior) (Chemale et al., 2012; Guadagnin et al., 2015) (Figura 4). Na regido da Chapada
Diamantina, a megassequéncia Inferior é constituida pelo Grupo Rio dos Remédios,
formado em resposta a um rifteamento Estateriano, entre 1,8 e 1,68 Ga (Guadagnin et al.,
2015), tipificado por depdsitos eolicos e aluviais intercalados com lavas alcalinas e
depositos de tufos (Alkmim and Martins-Neto, 2012). A megassequéncia Média
representa uma bacia rifte-sag de idade Calimiana, formada entre 1.6 e 1.38 Ga devido a
atividade tectonica extensional na margem do craton Séo Francisco-Congo (De Waele et
al., 2008), sendo constituida por sedimentos edlicos, aluviais, deltaicos e marinhos raso
do Grupo Paraguacu (Guimaraes et al., 2005), sobrepostos em discordancia angular pelas
rochas fluvio-edlicas da Formacdo Tombador (Pedreira and De Waele, 2008). Datacdes
U-Pb em cristais de zircdo obtidos em tufos intercalados na Formagdo Tombador
forneceram idades de deposicdo maxima de aproximadamente 1420 Ma (Guadagnin et
al., 2015).

A sequéncia superior é constituida pelo Grupo Chapada Diamantina (formacdes
Caboclo e Morro do Chapeu), depositadas entre 1.19 e 0.9 Ga em ambiente intraplaca,
influenciado pelo evento Greenviliano (De Waele et al., 2008) (Figura 4). A Formacao
Caboclo é composta por rochas essencialmente peliticas, com arenitos e carbonatos
intercalados depositados em um ambiente marinho raso (Guimarées and Pedreira, 1990;
Rocha, 1998; Rocha et al., 1990; Srivastava and Rocha, 1999). Essa unidade é sobreposta
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pelos depositos da Formacdo Morro do Chapéu, tipificados por conglomerados basais
seguidos por arenitos finos e arenitos intercalados com rochas peliticas depositadas em
ambiente flavio-estuarino, segundo Bonfim et al. (1985) ou aluviais e marinho raso (de
Souza et al., 2019).

A Formacao Caboclo € uma sucessao sedimentar de aproximadamente 400 metros
de espessura, constituida essencialmente por rochas siliciclasticas (Rocha, 1998), porém
ha diversos registros de carbonatos intercalados nesta unidade (Rocha, 1998; Souza and
Souza Jr, 1992; Srivastava, 1989; Srivastava and Rocha, 1999). Os afloramentos mais
significativos dos carbonatos se encontram na regido da gruta Cristal, na fazenda
homénima (Srivastava and Rocha, 1999). As unidades carbonaticas compreendem
laminitos algais, oncélitos, estromatélitos (colunares, estratiformes e ndo-colunares),
calcarenitos intraclasticos, calcilutitos e silexitos depositados em ambiente de supra- a
submaré (Srivastava and Rocha, 1999). Os estromatolitos da Formacdo Caboclo
apresentam idade Pb-Pb minima de deposi¢do de 1140 +140 Ma (Babinski et al., 1993).
As unidades sedimentares do Grupo Chapada Diamantina séo sobrepostas pelas rochas
das formacg6es Bebedouro e Salitre (Grupo Una), sendo estes grupos separados por uma
discordancia erosiva de carater regional (Guimardes et al., 2011) (Figura 4). Na regido
proxima a area de estudo, estas formagdes ocorrem na bacia de Irecé e s&o correlatas,
respectivamente, as sequéncias Macaubas e Bambui (Alkmim and Martins-Neto, 2012).
As rochas da Formacdo Bebedouro sdo tipificadas por diamictitos, arenitos e pelitos
formados em ambiente glacio-marinho, cuja idade maxima de deposicdo ¢é de cerca de
900 Ma (Brito Neves et al., 1980). Uma discordancia angular separa tais depdsitos
glaciogénicos das rochas carbonaticas da Formagdo Salitre, formadas em um mar raso
epicontinental com forte influéncia de maré, gerado ap6s um evento transgressivo
registrado em boa parte do craton Sdo Francisco (Misi and Kyle, 1994; Misi and Veizer,
1998). Estes carbonatos séo tipificados por laminitos, estromatolitos e calcarenitos , cuja
idade maxima de deposicao é de aproximadamente 635 Ma (Alkmim and Martins-Neto,
2012; Caxito et al., 2012).

As rochas do Supergrupo Espinhaco estdo em contato com as do Grupo Una
(formacdes Bebedouro e Salitre), cujos limites sdo definidos por zonas de cisalhamento,
falhas e discordancia angular (Bizzi et al., 2003). Na area de estudo predominam unidades
Mesoproterozoicas, dispostas nas proximidades de uma grande zona de falha que as

separa das rochas da Formacéo Salitre (Figura 5A).
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Figura 4- Carta estratigrafica modificada de Guadagnin et al. (2015) e de Souza et al. (2019) mostrando as
idades de deposicdo, a divisdo em Eras, Supergrupos, Grupos, Megassequéncias e formacdes. As linhas
onduladas marcam as principais discordancias registradas na Bacia.

O embasamento do craton Sdo Francisco e as unidades supracrustais sdo
circundadas por diversas faixas moveis formadas durante a orogenia Brasiliana/Pan-
Africana que afetou o oeste da América do Sul e a Africa de 740 a 560 Ma (De Brito
Neves et al., 2014). Contudo, as unidades sedimentares na porcao central da Chapada
Diamantina, incluindo as rochas mesoproterozoicas da Formacdo Caboclo e o0s
carbonatos da Bacia de Irecé ndo foram significativamente afetadas por deformagcéao dictil
guando comparado as faixas moveis (De Brito Neves et al., 2014; Stssenberger et al.,
2014).

3.2. Depdsitos hidrotermais e carstificacdo hipogénica no craton Sé&o

Francisco

O craton Séo Francisco apresenta diversos sitios carsticos, principalmente na
Formacdo Salitre, em particular cavernas na porcdo nordeste do craton, incluindo as

cavernas mais extensas na América do Sul: a Toca da Boa Vista e a Toca da Barriguda
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(TBV-TBR) (Auler, 1999; Auler et al., 2017; Auler and Smart, 2003). Inicialmente, a
formacdo dessas cavernas foi atribuida a processos hipogénicos rasos com a atuagdo de
aquiferos laterais (Auler and Smart, 2003). Trabalhos mais recentes defendem a atuacéo
de fluidos ascendentes em condi¢bes de soterramento em ambiente confinado
(Klimchouk et al., 2016). Neste contexto, corredores de fraturas localizados em eixos de
dobras foram os principais caminhos de fluxo para os fluidos ascendentes (Ennes-Silva
et al., 2016), que se concentraram abaixo de uma camada de baixa permeabilidade que
dificultou a ascencdo de fluido e controlou o desenvolvimento de galerias sub-horizontais
(Cazarin et al., 2019). Adicionalmente, as cavernas TBV-TBR contém veios associados
a fluidos hidrotermais, cuja paragénese mineral é composta por apatita, K-feldspato,
calcita, oxidos/hidroxidos de ferro, barita e menores quantidades de monticelita e
diopsidio (Cazarin et al., 2019).

Assembleias de minerais hidrotermais também tém sido identificadas nas
sucessOes da Bacia de Irecé e areas adjacentes, incluindo as rochas da Formagéo Caboclo.
Depositos do tipo Mississippi Valley (MVT), constituidos por esfalerita, galena, barita e
menor proporc¢do de fluorita, além de depdsitos de quartzo estdo alinhados as falhas que
limitam a Bacia de Irecé e as principais descontinuidades estruturais da Bacia (Misi et al.,
2012) (Figura 5B). Andlises de inclusdo fluida realizadas nestes depositos apresentam
resultados similares (Kyle and Misi, 1997; Misi et al., 2004; Sanches et al., 2000), com
temperaturas de homogeinizacdo de inclusdes em esfaleritas entre 140 e 200 °C,
salinidades de 3-30 wt% NaCl eq. Estes dados sdo consistentes com fluidos originarios
de reducdo termoquimica da dgua do mar (Sanches et al., 2000). Em relagdo a idade de
origem destes fluidos, dados isotopicos Pb-Pb em cristais de galena indicam que a
mineralizacdo ocorreu no Neoproterozéico, tendo uma fonte Paleoproterozobica, o que
sugere a existéncia de um importante evento metalogenético no final do Proterozdico
(Misi et al., 2004). Além disso, Klimchouk et al. (2016) sugeriu que a ascengéo de fluidos
hidrotermais que originou as cavernas TBV-TBR tenha ocorrido durante o Brasiliano ou
durante o Jurassico, devido a ruptura do Pangea. Dessa maneira, estes fluidos também

poderiam atingir as unidades carbonaticas da Formacéao Caboclo.
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Figura 5- (A) Mapa geolégico simplificado das bacias de Irecé e Chapada Diamantina extraidos do mapa
geologico da Bahia (Souza et al., 2003), com as principais unidades geoldgicas, descontinuidades
estruturais e localizagdes da gruta Cristal e das cavernas TBV-TBR; (B) mapa geoldgico detalhado
(Sampaio et al., 2001) associado aos principais depdsitos minerais hidrotermais (Misi et al., 2012). A
localizacéo da gruta Cristal estd marcada no mapa e se situa préximo a zona de falha que separa as unidades
Mesoproterozdicas das unidades Neoproterozdicas da Bacia de Irecé.
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4. Resultados e Discussoes

A analise faciologica, juntamente com a descri¢do de laminas petrograficas e as
analises mineralogicas de MEV-EDS e QEMSCAN permitiram estabelecer as relagdes
entre o empilhamento estratigréafico, as diferentes facies sedimentares e os processos de
silicificacdo hidrotermal e carstificagdo para os carbonatos da Formacdo Caboclo
aflorantes na gruta Cristal. Tais resultados sdo apresentados no artigo da secdo 4.1
intitulado “Hydrothermal silicification confined to stratigraphic layers: implications for
carbonate reservoirs” submetido a revista Marine and Petroleum Geology. A submisséo
foi realizada em 22/08/2020, a revista solicitou revisdo (R1) em 18/09/2020, sendo a
versdo revisada (R1) enviada a revista em 16/10/2020. O artigo foi aprovado e aceito para

a publicacdo em 13/11/2020. Nesta dissertacéo € apresenta a versao aprovada do artigo.

Além do exposto no Artigo foram conduzidas analises isotopicas de 53C e §'80
nas rochas e preenchimentos carbonaticos, cujos resultados sdo apresentados e discutidos
na secdo 4.2. As descricBes de facies foram apresentados de forma simplificada no Artigo
e, por isso, estdo detalhada nos Apéndice 2 e Apéndice 3. Nestes, a sucessdo estudada é
detalhada em facies sedimentares e associacGes de facies definidas de acordo com

processos geneéticos.
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Abstract

Hydrothermal silicification generates secondary porosity and permeability and could play
an important role in carbonate reservoirs. We investigated the Cristal Cave, which is
hosted in carbonate units of the Caboclo Formation, S&o Francisco Craton, Brazil, to
assess the role of sedimentary facies and stratigraphy in hydrothermal silicification. Our
results indicate that in the cave area, the carbonate units are composed of (1) ooidal
grainstones, (2) intraclastic grainstones and rudstones, (3) heterolites, (4) marls, (5)
stromatolites, (6) oncolithic-intraclastic grainstones and rudstones, and (7) hydraulic
breccias. QEMSCAN and energy dispersive X-ray spectroscopy (EDS) analyses show
that hydrothermal silicification is the most common diagenetic process in these rocks and

reveal a mineral paragenesis composed of quartz, chalcedony, K-feldspar, barite,
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hyalophane (Ba-feldspar), talc, and chlorite. The marls (Unit 4) are impermeable rocks
that represent a maximum flooding surface and divide the sedimentary succession into a
bottom and an upper interval. They behaved as a sealing unit that prevented the upward
flow of silica, channeling hydrothermal silicification in the bottom stratigraphic interval.
Within the silicified interval, units 1, 2, and 3 show great differences in the degree of
silicification since the ooidal grainstones (Unit 1) concentrated the hydrothermal fluids,
reaching the highest degree of silicification in the stratigraphic column. We conclude that
the stratigraphic framework can control the vertical distribution of hydrothermal fluids
and the development of layer-parallel fluid flow conduits. The Cristal cave serves as an

analog, which could contribute to the understanding of silicified carbonate reservoirs.

Keywords: Hydrothermal silicification, silicified reservoir, porosity, permeability, fluid

flow, Brazil

1. Introduction

Silicification is an essential diagenetic process in sedimentary basins, in which Si-rich
fluids modify the texture, mineralogy, and petrophysical properties of the host rock
(Hesse, 1989). However, most of this silica is related to early diagenesis (Bustillo, 2010),
and only a few studies have focused on the mesogenetic origin of this process. It follows
that the difference between early and late silicification is important since the performance
of some hydrocarbon reservoirs can be strongly impacted by silica hydrothermal
precipitation (Davies and Smith, 2006b; Fu et al., 2017; Girard and San Miguel, 2017;

Lima et al., 2020; Packard et al., 2001; You et al., 2018).
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The existing literature had not reported in detail hydrothermal silicification in oil and gas
carbonate reservoirs. Therefore, only a few publications addressed this process, usually
considering silicification as dependent on hydrothermal dolomitization, such as the
reservoirs from the Parkland field in Canada (Packard et al., 2001). This scenario has
changed with the hydrocarbon discoveries in the carbonate units of the Tarim basin in
China (Dong et al., 2018; Wu et al., 2007; You et al., 2018), and in presalt both in Kwanza
Basin offshore West Africa (Girard and San Miguel, 2017; Poros et al., 2017) and Campos
Basin offshore Brazil (De Luca et al., 2017; Lima et al., 2020). These discoveries have
motivated intense exploration efforts and represent expressive onshore resources in Tarim
Basin (Zhu et al., 2017) and giant offshore oil fields in the presalt reservoirs (Zhang et
al., 2019). Such carbonates are strongly heterogeneous. They include high permeability
silicified rocks, where the productive layers occur, and low permeability silicified rocks
with very low production (Poros et al., 2017; You et al., 2018). In addition, these silicified
carbonate layers are related to hydrothermal silica precipitation (Girard and San Miguel,
2017; Poros et al., 2017). Consequently, identifying field analogs and the comprehension
of these hydrothermal fluids, structural and stratigraphic pathways, is an excellent

practical knowledge for predicting and characterizing carbonate reservoir quality.

The controls on the ascent and migration of hydrothermal fluids have long been attributed
to structural discontinuities, which influence upward flow (Ford and Williams, 2007,
Klimchouk and Ford, 2000; Palmer, 2007). In addition to fault and fracture controls, the
role of stratigraphy and its influence on the lateral migration of hydrothermal fluids have
been emphasized in some studies, indicating that impermeable beds can prevent upward
fluid flow (Cazarin et al., 2019; Packard et al., 2001). Additionally, differences in

lithologies can channelize hydrothermal fluids (Klimchouk, 2012; You et al., 2018; Zhou

19



84

85

86

87

88

89

90

91

92

93

04

95

96

97

98

99

100

101

102

103

104

105

106

107

108

et al., 2014). Despite the increasing recognition that stratigraphy influences hydrothermal
fluid migration, the relationship between hydrothermal silicification and the critical
changes related to cementation and the effects of dissolution produced by these fluids in
carbonate rocks is still poorly studied (Bustillo, 2010; Hesse, 1989; Maliva and Siever,

1989).

The study of carbonate reservoirs indicates that hydrothermal silicification affects
selected layers. Hydrothermal silicification associated with dolomitization was detected
in the hydrothermal structurally controlled (HTD) gas-condensate reservoirs of the
Parkland field in the Late Devonian Wabamum Group in Canada. In this reservoir, the
migration of Si-rich fluids, associated with dolomitization or not, was affected by the
presence of shales and aquitards. In addition, the lateral migration of these fluids was
favored by a permeable sandstone aquifer, contributing to the large lateral extent of the
hydrothermal system (Davies and Smith, 2006a; Packard et al., 2001). Chert bed
reservoirs in the Tarim Basin in China were also formed due to the upward flow of Si-
rich fluids (Dong et al., 2018; Fu et al., 2017; You et al., 2018; Zhou et al., 2014), which
promoted the formation of dissolved pores and cavities and enlarged dissolved fractures
(Fu et al., 2017). In these reservoirs, pellet carbonates and dolomitized beds are less
silicified than other layers, suggesting stratigraphic and early diagenetic control of lateral
fluid migration (You et al., 2018). Evidence of faciologic and stratigraphic controls on
hydrothermal silicification was also reported in presalt reservoirs of the Campos Basin,
where laminites and ooidal stevensitic sandstones are rarely silicified (Lima and De Ros,
2019). In this case, hydrothermal silicification concentrates on the stratigraphic rift-sag
transition that hosts the oil reservoirs (Herlinger et al., 2017). Therefore, despite the

increasing number of studies on hydrothermal silicification channelized in a few layers,
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the understanding of this process and its influence on reservoir quality is still a matter of
debate.

Our study analyzes the carbonates from the Cristal cave in northeastern Brazil and
provides a detailed stratigraphic framework and petrographic and mineralogical analyses,
which constrain the hydrothermal origin of silica. Our study contributes to the
understanding of the interplay among stratigraphy, hydrothermal silicification, and
karstification, which can be applied to reservoir models. The results show that lithologic
differences can prevent upward fluid flow and channelize hydrothermal fluids,

controlling the lateral distribution of silicification and possibly karstification.

2. Geological setting of the Cristal Cave and the Cabloco Formation

2.1. Simplified geology of the Cabloco Formation

The Cristal cave is 6.7 km long and is located close to a major fault zone that separates
Neoproterozoic carbonate units in the Irecé Basin from the Mesoproterozoic units of the
Caboclo and Morro do Chapéu formations (Berbert-Born and Horta, 1995) (Figure 1).
This cave is hosted in the carbonates of the Caboclo Formation (Espinhago Supergroup),
Chapada Diamantina Basin, in the eastern part of the S&o Francisco Craton (Figure 1).
This craton was part of a major cratonic mass with the Congo craton, forming the
Paleoproterozoic Congo-Sdo Francisco paleoplate (Alkmim and Martins-Neto, 2012;
Chemale Jr. et al., 1993). The breakup of this landmass during the Late Jurassic-Early
Cretaceous led to the formation of the South Atlantic Ocean (Trompette et al., 1992). In
the period between its amalgamation and breakup, the Espinhago Supergroup was formed
in an intracontinental rift-sag basin (1.8-0.9 Ga) (Alkmim and Martins-Neto, 2012;

Chemale Jr. et al., 1993). The rocks of the Espinhago Supergroup overlap with the
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Neoproterozoic rocks of the Una Group (Bebedouro and Salitre formations), whose limits
are marked by ductile shear zones, faults and an angular unconformity (Bizzi et al., 2003).
The study area is located in the Mesoproterozoic units, close to a major fault zone that

marks the boundary with the Salitre Formation (Figure 1B).

The S&o Francisco craton is surrounded by several fold belts created during the
Brazilian/Pan-African orogeny that affected the eastern part of South America and Africa
from 740 to 560 Ma (De Brito Neves et al., 2014). Nevertheless, the sedimentary basins
in the central part of the Chapada Diamantina were not significantly affected by ductile
deformation compared to the fold belts (De Brito Neves et al., 2014; Sussenberger et al.,

2014).

The Espinhago Supergroup is divided into three megasequences, defined according to the
different rift-sag phases (Chemale Jr. et al., 1993; Guadagnin et al., 2015). The uppermost
sequence composes a sag phase, where fine sandstones, argillites, and carbonates from
the Caboclo Formation were deposited in a shallow marine system overlain by fluvial and
shoreface sandstones with tidal influence from the Morro do Chapéu Formation (de Souza
et al., 2019). Although the Caboclo Formation is a 400 m-thick sedimentary succession,
consisting mostly of siliciclastic rocks (Rocha, 1998), layers of carbonate units occur
amid this unit (Rocha, 1998; Rocha et al., 1990; Souza and Souza Jr, 1992; Srivastava,
1989; Srivastava and Rocha, 1999). The most significant carbonate exposure was
described by (Srivastava and Rocha, 1999) in the Cristal cave area, where it is 50 m thick.
The carbonate units comprise algal laminites, oncoliths, stromatolites (columnar,
stratiform, and noncolumnar), intraclastic calcarenites, calcilutites, and silexites

deposited in a supra- to subtidal depositional system. The stromatolites of the Caboclo
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Formation yield minimum depositional Pb-Pb ages of 1140 +140 Ma (Babinski et al.,
1993).
2.2. Hydrothermal deposits and karst in the S&do Francisco Craton

Several sites of hypogene caves have been recognized in the Salitre Formation, in
particular the caves in the northern part of the craton, which includes the most extensive
caves in South America: the Toca da Boa Vista (TBV) and Toca da Barriguda (TBR)
caves (Auler, 1999; Auler et al., 2017; Auler and Smart, 2003) (Figure 1A). The formation
mechanisms of these caves have been described as the result of shallow hypogene
processes within a laterally flowing aquifer (Auler and Smart, 2003) and attributed to an
origin related to ascending fluids from a deep-seated source (Klimchouk et al., 2016).
Additionally, fracture corridors along superposed fold hinges were used as the main
pathways for ascending fluid (Ennes-Silva et al., 2016), which were concentrated
underneath an impermeable layer that prevented fluid ascent and controlled the
development of subhorizontal cave passages (Cazarin et al., 2019). Furthermore, the
TBV-TBR caves contain veins associated with hydrothermal fluids and with a mineral
paragenesis comprising apatite, K-feldspar, calcite, iron oxides/hydroxides, barite, and

minor amounts of monticellite and diopside (Cazarin et al., 2019).

Hydrothermal mineral assemblages have also been identified in the Irecé basin and
surrounding areas, including the Caboclo Formation. The Mississippi Valley-type ore
deposits (MVT), which consist of sphalerite, galena, barite, and minor amounts of
fluorite, are aligned with the faults that bound the Irecé Basin (Misi et al., 2012) (Figure
1B). Fluid inclusion analysis in the sphalerites hosted in the Salitre Formation reveals
similar temperatures (Kyle and Misi, 1997; Misi et al., 2004; Sanches et al., 2000). The

homogenization temperatures range from 140 to 200 °C, and the salinities are 3-10 wt%
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NaCl eq. (Kyle and Misi, 1997), whereas the maximum homogenization temperature is
185 °C, and the salinity is 24-30 wt% NaCl eq. (Sanches et al., 2000). These data are
consistent with a sulfide origin related to the thermochemical reduction of seawater sulfur
(Sanches et al., 2000). Moreover, Pb-Pb isotope data in galena crystals indicate that
mineralization occurred in the Neoproterozoic with a Paleoproterozoic source, suggesting

an essential metallogenetic event at the end of the Proterozoic (Misi et al., 2004).
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Figure 1 — (A) Simplified geological map of Chapada Diamantina and Irecé basins from
the State of Bahia geological map (Souza et al., 2003), with the main geological units,
faults and the locations of giant hypogenic TBV-TBR caves and Cristal cave; (B)
Stratigraphic chart modified from Guadagnin et al. (2015) and de Souza et al. (2019); (C)
detailed geological map (Sampaio et al., 2001) associated to the main hydrothermal
mineral deposits from Misi et al. (2012). The location of the Cristal cave is marked by
red dot close to the major fault zone that bounds Meso- and Neoproterozoic units.
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3. Methods

The stratigraphy of the carbonates that host the Crystal cave is described close to entrance
1, since it presents the most vertical continuous exposure. The lower 18 meters are inside
the cave, while the uppermost succession is in the surrounding cliff. The main
stratigraphic levels can be easily recognized at other sites inside the cave. Our study is
also supported by the maps produced by the Brazilian Geological Survey since 1998

(Figure 2A).

Spectral gamma-ray logs were measured in the outcrop to better identify sedimentary and
stratigraphic variations. We used a portable differential gamma-ray spectrometer
(Scintrex GRS-500). The detector contained a Nal (TI) crystal and a high-stability
photomultiplier tube. The counts were taken parallel to bedding at a 40 cm sample spacing
and a 300 s count rate. The associated sedimentary logs were recorded at approximately

30 cm vertical resolution.

In this study, 132 samples were manually collected from the stratigraphic succession in
the Cristal cave, and 81 standard-thickness thin sections were prepared. The petrographic
analyses followed the Dunham (1962) carbonate classification, while the porosity
description was done according to the Choquette and Pray (1970) classification. Alizarin
red-S and hydrochloric acid were applied to representative samples to identify the
carbonate minerals as outlined by (Dickson, 1966). All thin sections were described with
parallel (//P) and crossed (XP) polarizers. Moreover, petrographic mosaics were

generated using a Zeiss Imager M2m microscope at Petrobras Research Center
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(CENPES), which supported a semiquantitative analysis from a visual estimate to

evaluate the amount of quartz and chalcedony in each sample.

In this study, we refer to Choquette and Pray's three distinct diagenetic stages (1970).
Eodiagenesis corresponds to the processes that occur at the surface or near-surface, where
diagenesis is controlled by the depositional environment settings. Mesodiagenesis refers
to the processes during burial until the first steps of low-grade metamorphism; and
telodiagenesis corresponds to the processes that occur after uplift and exposure of rocks

that have already been buried.

Further, selected samples were studied by scanning electron microscopy with secondary
electrons (SEM) at the Regional Center for Technological Development and Innovation
(CRTI) of the Federal University of Goias (UFG). The main goal was to investigate the
textures and mineralogy probably related to hydrothermal systems. The SEM analyses
were performed using a JSM-IT300 JEOL electron microscope equipped with an
OXFORD Instruments X-MaxN energy dispersive spectrometry (EDS) detector. Samples
were analyzed uncoated and unpolished under low vacuum conditions at 15 KV.
Backscattered electron (BSE) images with the support of energy dispersive spectrometry
(EDS) resulted in elemental maps and the recognition of mineral phases. Moreover,
automated mineralogical distribution maps of six representative thin sections were
constructed using QEMSCAN 650 (FEI) equipment with two coupled EDS/Bruker

detectors at the Petrobras Research Center (CENPES).

4. Results

4.1. Facies (sedimentary units) in the Cristal cave
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250  The stratigraphic succession was described preferentially along the Cristal cave entrance
251 | and the surrounding cliff. The lower portion was within the cave, while the upper one
252  outcropped in the cliff (Figure 2A, B, C). Since this work is focused not only on
253  sedimentological and stratigraphic aspects but also on their relationship to hydrothermal
254  silicification, the facies are grouped according to their compositional and textural
255  features, resulting in sedimentary units instead of a facies association genetic
256  classification. This exposure also exhibits three highly silicified layers (HSLs), which are
257  discussed in the text.
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Figure 2 - Map and photos of the Cristal cave: (A) — Cave map based on a Brazilian Geological Survey
study (modified from Berbert-Born and Horta, 1995). The numbers 1, 2, 3, and 4 marked on the map are
Cristal cave entrances and the letters B, C, D, and E on map A show photo locations. Redline in picture A
marks the site where the stratigraphic succession was described. Blue circles show the locations where
hydraulic breccias and/or veins have been found and green circle shows position of hydraulic breccia
presented in Figure 3L; (B) Photos of the north wall at the Cristal cave entrance | showing the three highly
silicified layers (1st, 2nd, and 3rd HSLs); (C) aerial photography of the cliff where the upper portion of
stratigraphic section was described. Red arrow points to the Cristal cave entrance | and yellow circle to
man 1.9 m tall; (D) shows the 3rd HSL within the cave; (E) shows the three HSLs at the south wall of
entrance I; (F) is a photo at entrance Il showing that the cave has passages below the entrance level. Note
in photos (D) and (E) how Cristal cave is continuous along the same stratigraphic level. This feature is
consistent in all the cave extension.
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The sedimentary carbonate succession from the Caboclo Formation that outcrops in the
Cristal cave comprises the following sedimentary units: (1) ooidal grainstones, (2)
intraclastic grainstones and rudstones, (3) heterolites, (4) marl, (5) stromatolites, (6)
oncolithic-intraclastic grainstones and rudstones, and (7) fault-related hydraulic breccias

and veins.

Ooliths typify ooidal grainstones (Go, Unit 1) with tabular cross-stratification, wave
ripples, complex cross-stratification, sub- and supercritical cross-stratification, and
slightly horizontal lamination. The rocks of this unit are a few centimeters to 1 m thick,
with slight lamination and tabular cross-stratification (Figure 3A). They are composed of
spherical ooids and smaller numbers of oncoliths and intraclastic grains. The rock grain
sizes range from 0.2 to 0.5 mm, and the sorting varies from well to very well sorted
(Figure 4A, B). In the gamma-ray logs, ooidal grainstones exhibit the lowest radioactivity
values, which is compatible with the low contents of siliciclastic sediments and organic
matter found in these rocks. The diagenesis of these rocks involved total dolomitization
of grains, the formation of a small dolomite fringe, and partial to total silicification. The

grains exhibit point to planar contacts with no further evidence of mechanical compaction.

Intraclastic grainstone and rudstone (GRi, Unit 2) deposits are massive, slightly laminated
due to thin heterolithic bedding intercalations (Figure 3B, C), are a few centimeters to 1
m thick and commonly have granules at the bases of sets. They are composed of carbonate
intraclasts (mainly mudstones) (Figure 4C, D) and smaller numbers of fine K-feldspar
grains; their sorting ranges from poor to moderate, and the grain sizes vary from very fine

to pebbles. This unit is a common facies in the bottom interval, interbedded with
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heterolites and ooidal grainstones. The rocks of Unit 2 exhibit grains recrystallized to
dolomite and cementation by blocky dolomite. They are also affected by moderate
silicification, which results in microcrystalline quartz, quartz, and chalcedony cementing

or replacing carbonate grains.

Heterolites (Ht, Unit 3) form layers 10-50 cm thick and are usually interbedded with the
rocks from Unit 2 or Unit 6 (Figure 3D, E). Heterolites with teepees are a typical
sedimentary structure in the upper interval (Figure 3E), indicating subaerial exposure.
Heterolithic microfabric is the result of intercalations between thin millimetric layers of
mudstones or carbonate fans with intraclasts/oncoliths (Figure 4E, F). No significant

porosity is observed in the heterolites.

Marls (M, Unit 4) occur in the middle part of the stratigraphic section and exhibit high
radioactivity values in the gamma-ray logs. The marls can be easily mapped along the
outcrop and immediately above the Cristal cave (Figure 3F). They are typically fissile
rocks (Figure 3G) with millimetric layers of micrite that interfinger with fine and very
fine siliciclastic grains of K-feldspar and quartz (Figure 4G, H). No porosity can be
recognized in the thin sections, and a few very thin and discontinuous veinlets of dolomite

occur in this facies.

Stromatolites (St, Unit 5) are subordinate facies in this sedimentary succession and occur
only in a few beds. Their morphology varies from columns 10 cm high and 5 cm wide to
domes 12 cm high and 12 cm wide. They formed through microbially mediated trapping
and binding of sediment, which resulted in laminated rocks with intercalations between

millimetric layers of pelloids and extrabasinal grains, mainly K-feldspar and quartz. This
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facies can have domic or columnar geometries (Figure 3H) and can occur as mounds. Its
constituents are dolomitized, which is the primary diagenetic process that affects this
facies. No significant porosity is recognized, except for rare vugular pores filled with

blocky dolomite and quartz.

Oncolithic-intraclastic grainstones and rudstones (GRo, Unit 6) are mainly composed of
oncoliths, laminite intraclasts, and smaller numbers of fine K-feldspar grains. These
deposits occur as thin layers (10-60 cm thick) interbedded with heterolites (Figure 3l, J).
The rocks are poorly to moderately sorted, and their grain size ranges from oncoids with
diameters of 0.1 mm to large mudstones fragments with diameters of 10 cm. The oncoids
normally grow enveloping the K-feldspar grains, smaller carbonate grains, calcite grains,

or intraclasts (Figure 41, J).

Hydraulic breccias are found close to faults and fractures (Figure 2A) and can be
classified as mosaic breccias according to Woodcok and Mort (2008) criteria. They are
composed of about 60-70% of carbonates and silicified carbonate angular fragments
ranging in size from a few millimeters to 3-4 cm (Figure 3K). The brecciation was
generated by siliceous fluids, producing quartz and spherulitic chalcedony types of
cement (Figure 4K, L). These silica minerals are associated with barite, hyalophane (Ba-
feldspar), iron oxide/hydroxide, Ti-oxides, and minor amounts of apatite and zircon,
according to petrographic and MEV-EDS analyses. The presence of both silicified
fragments and silica cement indicates multiple phases of silicification. Planar veins and
veinlets, ranging in size from 0.2 mm to 3 mm, mainly composed of silica (quartz or
chalcedony), cross-cut the other sedimentary units. These veins concentrate in cave

passages, where fractured zones are frequent (Figure 3L, located in Fig. 2A).
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Figure 3 - Outcrop images of the sedimentary units of Caboclo Formation that outcrop in the Cristal cave.
(A) ooidal grainstones with tabular cross-stratification (yellow arrow); (B) intraclastic grainstones and
rudstones interbedded with very thin silicified layers; (C) detailed image of intraclastic rudstone showing
angular laminite intraclasts; (D) tabular layers showing the intercalation among heterolites and oncolithic-
intraclastic grainstones and rudstones; (E) detailed image of the heterolite with teppee structure; (F) marl
bed close to the Cristal cave entrance IV; (G) deitaled image of marl layer; (1) detailed image of oncolithic-
intraclastic grainstones and rudstones; (H) domic stromatolite; (J) general aspect of a 5 cm oncoid, which
is a usual facies in the upper interval; (K) macroscopic texture of hydraulic breccia; (L) carbonate veins
close to the entrance of passage |I.
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Figure 4 - Sedimentary units at thin-section scale: (A) parallel lights and (B) crossed nicols images of ooidal
silicified grainstones (Oo) from CR-3 sample cut by a quartz vein (red arrow); (C) parallel lights and (D)
crossed nicols images of rounded carbonate intraclasts (Ic) of CR-77 sample with quartz replacing
carbonate and filling interparticle pores; (E) parallel lights and (F) crossed nicols images showing
heterolites (Het) of CR-12 sample, represented in this case by the alternation of carbonate fans and
oncolithic millimetric layers; (G) parallel lights and (H) crossed nicols images of marls of CR-24 sample
composed of the intercalation of extrabasin grains (quartz or K-feldspar) and micrite; (I) parallel lights and
(J) crossed nicols images of oncoid (Onc) of CR-36 with irregular laminations enveloping quartz and k-
feldspar grains. Thin dolomite vein also cross-cuts this sample (red arrow); (K) parallel lights and (L)
crossed nicols images of hydraulic breccia from CRC 1.3 showing dolomite clasts (Dol) microcrystalline
quartz cement (Qtz-C), also cut by small veinlets of quartz and fractures (red arrow). Key: Dol: dolomite;
F: carbonate fan; Oo: ooid; Onc: oncoid; Qtz-C: microcrystalline quartz.
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4.2. Stratigraphic framework

The rocks in the Cristal cave and surroundings are represented by 54 m thick,
continuous carbonate layers. We performed a stratigraphic description, measured gamma-
ray logs, and analyzed the petrography, which allowed us to generate the results in Figure
5. In depositional sequences hierarchization, variations in base level determine
sedimentary preservation and the possibility that these sequences can be observed in
multiple scales (Catuneanu, 2006). Low-frequency sequences represent long-term
depositional trends, while high-frequency sequences express base-level variations within
lower frequency sequences in shorter time duration, i.e., in a higher frequency. In the
rocks of Cristal cave, the low-frequency sequence is represented by two 20-30 m
hemisequences: a transgressive one at the bottom (bottom interval) and another regressive
at the upper part of the succession (upper interval) (Figure 5). A flooding surface, marked
by high gamma-ray values and a marl bed, divides these surfaces (Unit 4). The high-
frequency sequences comprehend transgressive-regressive cycles (T-R sequences, Embry
and Johannessen, 1992), which are approximately 3 to 7 m thick, represented by

Karagodin triangles (Karagodin, 1975) in Figure 5.
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Figure 5 - Stratigraphic profile of carbonate units of the Caboclo Formation in the Cristal cave. Columns
represent depth, gamma-ray logs, spectral gamma-ray logs (Uranium, Thorium, and potassium), silica
average logs based on visual estimation on thin sections, intensity karstification intervals, sedimentary
structures, and facies profile. Green dashed line marks the maximum flooding surface on this sedimentary
succession, which allows the division into a bottom and an upper interval. This information is compared to
the T-R sequences, where ooidal grainstones represent a higher sea level and heterolites a lower sea level,
and to the wall cave image, where ooidal grainstones layers stand out in the outcrop due to its higher
silicification and resistance to weathering. Key: 1st HSL, 2nd HSL, and 3rd HSL are the 1st, 2nd, and 3rd
high silicified layers, respectively.

35



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

These high-frequency T-R sequences are well-marked in the bottom interval. The
transgressive hemicycle comprises thickening-upward deposits that evolve from
heterolites (Ht, Unit 3) to intraclastic grainstones and rudstones (GRi, Unit 2) and ooidal
grainstones (Go, Unit 1), while the regressive hemicycle has the same sedimentary
succession but evolves from ooidal grainstones (Go, Unit 1) to intraclastic grainstones
and rudstones (GRIi, Unit 2 ) and heterolites (Ht, Unit 3). Such a stacking pattern has also
been described by Tucker and Wright (1990) in tidal-influenced carbonate ramps, where
ooidal grainstones are formed in an intertidal system and heterolites are formed in an
intertidal/supratidal environment.  In the upper interval, high-frequency sequences
comprise the intercalation between oncolithic-intraclastic grainstones and rudstones
(GRo, Unit 6) deposited in transgressive hemicycles and heterolites (Ht, Unit 3) formed

during regressive ones.

4.3. Diagenetic Evolution
The carbonate rocks of the Caboclo Formation that outcrops in the Cristal cave were
affected by several diagenetic processes, including compaction, micritization,
cementation, replacement, recrystallization, and dissolution. Figure 6 illustrates the
diagenetic processes involved in the alteration of these carbonates related to the
diagenetic environment. The recrystallization of calcite to dolomite took place before
silicification and affected carbonate grains, such as ooids, oncoids, and intraclasts.
However, it is still possible to recognize the grains original internal structures in most of
the samples. Some grains are surrounded by equigranular and isotopic fringes of dolomite

crystals (Figure 7A, B) and, more rarely, prismatic fringes of quartz.
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Dissolution - Fracture
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Figure 6 - Simplified paragenetic evolution of diagenetic phases of the carbonate units of the Cristal cave
based on petrographic studies. Green bars represent porosity generation, red represents porosity
obliteration, and gray, the processes with an unknown effect on porosity.

The formation of dolomite fringes (Dol-A) and minor amounts of quartz fringes was
followed by partial cementation by blocky dolomite (Dol-B), filling interparticle, vugular,
and fracture porosity (Figure 7C, D). These blocky dolomite crystals (Dol-B) are
inequigranular and vary in size from fine to coarse crystals. They support the carbonate
framework so that the particles have rare punctual contacts. However, although there is
only light physical compaction, some stylolites also suggest the existence of chemical

compaction in these rocks.

Siliceous mineral phases occur as microcrystalline quartz, quartz, and chalcedony. These
phases affected the carbonate fabric in different ways: (i) filling vugular, inter- and
intraparticle pores as a cement; (ii) replacing carbonate grains; and (iii) replacing previous
diagenetic constituents in the veins and as a cement in the hydraulic breccias. These

siliceous minerals form a hydrothermal mineral paragenetic association with barite
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(Figure 7E, F), K-feldspar, hyalophane (Ba-feldspar), iron oxides/hydroxides, Ti-oxides,

stevensite, chlorite, and minor amounts of phlogopite, apatite, and zircon.

Vugular pores on these rocks are commonly filled with quartz cement on their edges,
followed by the formation of blocky dolomite (Dol-C) (Figure 7G, H), which reveals that
silicification may not have completely filled the porosity, allowing some pores to be
preserved. Alternatively, this texture may indicate that there were multiple stages of
blocky dolomite generation, including a late one, and it is not clear whether this stage was

related to meso- or telodiagenesis.

These rocks have also been modified by telodiagenetic processes. Meteoric water
percolated mainly through faults leading to the formation of blocky dolomite filling veins
or vugular pores, besides iron oxides/hydroxides surrounding carbonate constituents

(Figure 71, J).
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Figure 7 - Main diagenetic phases observed at the thin section scale: (A) parallel nicols and (B) uncrossed
images from CR-3 of oolites with ooids (Oo) replaced by microcrystalline quartz, (Qtz-C) surrounded by
dolomite fringes (Dol-A); the pores are cemented by medium quartz crystals (Qtz-G). Dolomites are
partially replaced by Fe-oxides/hydroxides (Ox-Fe); (C) parallel nicols and (D) uncrossed images of CR-
67 sample of ooliths (Oo) cemented by equigranular blocky dolomite (Dol-B); (E), parallel nicols and (F)
uncrossed images from CR-72 of vugular pores filled by quartz crystals on the edge (Qtz-G) followed by
barite (Brt) or dolomite (Dol-C); (G) parallel nicols and (H) cross nicols images of a previous vugular pore
filled with microcrystalline quartz (Qtz-C) followed by blocky dolomite (Dol-C); (1) parallel nicols and (J)
uncrossed images of CR-77 sample of dolomite alteration to Fe-oxide/hydroxide (Ox-Fe) surrounding
dolomite crystal (Dol-B). Microcrystalline quartz (Qtz-C) fills interparticle pores and replaces carbonate
particles. The yellow arrows indicate the features described above. Key: Brt: barite; Dol-A: dolomite
fringes; Dol-B: equigranular blocky dolomite; Dol-C: blocky dolomite filling vugular porosity; Dol:
dolomite; Ox-Fe: Fe-oxides/hydroxides; Oo: ooid; Po: pore; Qtz-C: microcrystalline quartz; Qtz-G: quartz
with undulose extinction.
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In this context, diagenesis processes related to karstification occurred in three different
stages: (1) generation of vugular porosities and enlargement of interparticle pores during
eodiagenesis; (2) widening of fractures and infilling by quartz, chalcedony, and other
hydrothermal minerals during mesodiagenesis; and (3) late subaerial exposure during
telodiagenesis, which has lasted until the present and promotes the dissolution of the

cements that filled fractures, causing them to widen and create new vugular porosity.

4.4. Silicification

4.4.1. Hydrothermal mineral paragenesis
Siliceous minerals occur in different forms in the carbonate rocks of the Cristal cave: (i)
as microcrystalline quartz (Qtz-C) with 62-125 um grain size (silt to clay) (Figure 8A,
B), (ii) as cements with crystalline textures varying in size from fine to coarse crystals
(Figure 8C, D), (iii) as chalcedony with crystals showing undulose extinction or
spherulitic texture, both of which infill vugular pores and veins (Figure 8E, F, I, J), and
(iv) as fine to coarse quartz crystals filling veins and veinlets (Figure 4A, B). Such
diversity of textures and variable crystal sizes of siliceous minerals are consistent with

multiple stages of silicification.
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Figure 8 - Images at thin-section scale showing how silica occurs in the host carbonate rocks of the Cristal
cave: (A) parallel lights and (B) crossed nicols images of microcrystalline quartz (Qtz-C) replacing
carbonate grains associated with chlorite (Chl); medium quartz crystals (Qtz-G) infills vugular porosity;
(C) parallel lights and (D) crossed nicols images of different silicification phases. The replacement of
carbonate grains by microcrystalline quartz (Qtz-C) is followed by the crystallization of medium quartz
crystals (Qtz-G); (E) parallel lights and (F) crossed nicols images of microcrystalline quartz (Qtz-C)
replacing carbonate grains and chalcedony (Ch) with undulose extinction filling vugular porosity; (G)
parallel lights and (H) crossed nicols images of chalcedony (Ch) filling vugular porosity after the
precipitation of rhombohedric dolomite (Dol). The Dolomites are later replaced by Fe-oxides/hydroxides;
(1) parallel lights and (J) crossed nicols images of CRC 1.3 sample showing hydraulic breccia with
microcrystalline quartz (Qtz-C) followed by quartz (Qtz-G) and spherulitic chalcedony (Ch) crystallization.
Fractures cutting across the rock partially filled with blocky dolomite (Dol) or with porosity still preserved
(Po) Key: Ch: Chalcedony; Chl: chlorite; Dol: Dolomite; Ox-Fe: Fe-oxides/hydroxides; Po: pore; Qtz-C:
microcrystalline quartz; Qtz-G: quartz with undulose extinction.
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As presented before, in addition to the large volume of silica filling the porosity of the
carbonate host rocks, small veins and veinlets of quartz and chalcedony, usually a few
millimeters thick, also occur in the carbonate rocks of the Cristal cave. We performed
EDS/SEM analyses on 17 samples (4 from veins, 1 from the hydraulic breccia, and 12
from the silica disseminated in the host rocks) to investigate whether the veins and the
siliceous minerals filling the pores have a similar origin. The mineralogy of all these
groups indicates a hydrothermal assemblage, showing distinct mineralogy compared to

that of the host carbonates.

The hydrothermal mineral assemblage in the samples, where silica is disseminated in the
host rocks, is composed of quartz, K-feldspar, hyalophane, barite, and iron
oxides/hydroxides (Figure 9). For instance, sample CR 94 exhibits quartz + K-feldspar +
hyalophane + barite + Ti-oxides +zircon (Figure 9A). Samples CR 14 and CR 104 exhibit
a texture in which pyrite is oxidized and barite replaces calcium sulfates on the edges of
carbonate grains (Figure 9B, C). In terms of the hydrothermal mineral assemblage,
samples CR 77 and CR 78 differ from the others due to the presence of talc and stevensite
(Figure 9D, E). In these two samples, in addition to quartz replacing carbonate grains and
filling interparticle pores, it also shows a brecciated texture. These two samples were
collected from small irregular and discontinuous regions, so they were not taken into
account for the generation of the silica proportion log in Figure 5. However, they also
reveal a hydrothermal paragenesis related to silicification and are used for characterizing

the fluids.
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Figure 9 - Electron scanning microscope images showing hydrothermal paragenesis: (A) quartz associated
with k-feldspar, barite, zircon, and hyalophane; (B) occurrence phlogopite, pyrite grain oxidized,
gypsum/anyhydrite fringes; barite replace the fringes. Quartz fills the porosity probably after barite
crystallization; (C) mineralogy similar to the texture observed in B, where barite surrounds pyrite probably
due to its oxidization; (D) and (E) show quartz associated with chlorite and talc, occurring bot in fractures,
filling porosity, and replacing carbonate grains; (F) veinlet with microcrystalline quartz, k-feldspar,
hyalophane (Ba-feldspar), and Ti-oxide; (G) pyrite oxidation and a vein with barite and quartz; (H) detailed
image of the vein shown in (G) with the barite vein and small quartz crystals on the edge; (I) coarse baryte
crystal associated with microcrystalline quartz in the hydraulic breccia; (J) veinlet dominated by
microcrystalline quartz, k-feldspar, hyalophane (Ba-feldspar), and coarse barite crystal. Notice that
hyalophane uses to occur on the edge of k-feldspar grains and barite only occurs when pyrite is oxidized,
leading to sulfur release. Key: Brt: barite; Ch: Chalcedony; Chl: chlorite; Dol: Dolomite; Gp: gypsum or
anhydrite; Ox-Fe: Fe-oxides/hydroxides; Ox-Ti: Ti-oxides; Po: pore; Py: pyrite; Qtz-C: microcrystalline
quartz; Qtz-G: quartz with undulose extinction; Tlc: talc; Zrn: zircon.
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Quartz veins also exhibit complex mineralogy, including hyalophane (Ba-feldspar), K-
feldspar, barite, iron oxides/hydroxides, Ti-oxides, and in a few cases, phlogopite, apatite,
and zircon. The small veinlets in CR 14 exhibit quartz, K-feldspar, hyalophane, iron
oxides/hydroxides, and Ti-oxides (Figure 9F). Sample CR 30 has a large amount of barite

and many brecciated quartz crystals on the edge of the vein (Figure 8G, H).

The mineral assemblage found in the hydraulic breccia is similar to those found in the
quartz veins and the places where silica is disseminated in the host rocks. In the hydraulic
breccias, the carbonate grains are brecciated, and the pores are filled by quartz associated
with K-feldspar, hyalophane, coarse barite crystals, and minor amounts of iron oxides and
Ti-oxides (Figure 9l, J). Hyalophane replaces the edges of K-feldspar crystals or occurs
as small intertwined crystals with quartz; QEMSCAN images also exhibit coarse barite

crystals, preferentially close to small fractures (Figure 10A, B).
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Figure 10 - QEMSCAN images: (A) and (B) show hydraulic breccias with barite crystals (Brt) and silica
filling porosity and replacing carbonate grains; (C) ooidal grainstone strongly silicified with a small vein
compounded by Qtz-G (quartz with undulose extinction); (D) comparison between moderately silicified
GRi (intraclastic grainstone) with weak silicified Ht (heterolite). Most of the silica in Ht is Qtz-d (quartz
detrital grains associated with k-feldspar). Key: Brt: barite; Gm: intraclastic grainstones; Het: Heterolite;
Qtz-D: quartz detrital grains; Qtz-G: quartz with undulose extinction.
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4.4.2. The interplay among facies, silicification, and karstification
Regarding the vertical distribution along the stratigraphic column, silica minerals (quartz
and chalcedony) show a strong relationship to the karst intervals. There is a higher
proportion of silica in the bottom interval (approximately 20% of the total rock volume)
than in the upper interval according to the silica log in Figure 5, which coincides with the
interval where the Cristal cave developed. In the upper interval, above the marl layer
(Unit 4), silica decreases to lower values (3% on average). No significant cave
development is observed above this level. Furthermore, the Cristal cave ceiling is straight
and continuous, with very few irregularities for all the cave area, indicating that

karstification is restricted to a stratigraphic interval.

The silica content of facies varies significantly. For example, ooidal grainstones (Unit 1)
are intensely silicified, whereas intraclastic grainstones and rudstones (Unit 2) have been
subjected to moderate silicification and heterolites (Unit 3) to weaker silicification
(Figure 11). In the ooidal grainstones of Unit 1, silica-rich minerals replace carbonate
grains and fill interparticle porosity (Figure 11A, B). Silicification is moderate in samples
with a few laminate intraclasts or oncoids (Figure 11C, D). Quartz fills interparticle
porosity instead of replacing carbonate grains in the intraclastic grainstones and rudstones
of Unit 2 (Figure 11E, F). In contrast, quartz and chalcedony occur as cements in
intercrystalline porosity or filling the edge of vuggy non-touched pores in the heterolites
of Unit 3 (Figure 11G, H). These features indicate weaker silicification of unit 3 than of
Unit 2. Compositional and textural variations must be responsible for such differences
since Unit 1 is mainly composed of well-sorted ooids with fine to medium grain sizes,
whereas Unit 2 has a very poorly sorted carbonate fabric dominated by pebble mudstone

intraclasts; the fine to coarse oncoids and heterolites of Unit 3 are composed of mud and
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587  fine to coarse oncoids. These values lead to a 32.5% average silicification in the rocks of
588  Unit 1, 10.9% in Unit 2, and 3.5% in Unit 3.

589

5090 k ‘ —

591 Figure 11 - Photomosaic images at thin section scale showing silica behavior according to the sedimentary
592  facies: (A) parallel lights and (B) crossed nicols images showing the contact between a fully silicified ooidal
593  grainstone (Go) and a non-silicified intraclastic grainstone (GRi); (C) parallel lights and (D) crossed nicols
594 images of ooidal grainstones strongly silicified by microcrystalline quartz (Qtz-C); (E) parallel lights and
595 (F) crossed nicols images of oncolithic-intraclastic grainstones showing cement of microcrystalline quartz
596 (Qtz-C). Carbonate grains are not much affected by silicification in this case; (G) parallel lightsand (H)
597 crossed nicols images from heterolites showing no silicification. Vugular pore (yellow arrow) is filled by
598 blocky dolomite. Key: Gm: Intraclastic grainstones; Qtz-C: microcrystalline quartz; Qtz-G: quartz with
599 undulose extinction; Sp; ooidal grainstones.
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5. Discussion

5.1. Hydrothermal silicification in the Cristal cave
This study provides petrographic and mineralogical evidence for hydrothermal
silicification, which allows us to unravel the origin and evolution of the Cristal cave and
clarify the importance of stratigraphic sequences for controlling hydrothermal fluid
migration. We also consider regional correlations with the hydrothermal deposits in the

Irecé Basin and its surroundings.

The mineral assembly associated with quartz, observed in the veins and hydraulic breccias
and disseminated in the host rocks, encompasses a hydrothermal paragenesis of K-
feldspar, hyalophane (barium feldspar), barite, apatite, and Fe-oxides/hydroxides. Similar
mineral paragenesis has been recognized in hydrothermal systems affecting carbonate
units elsewhere (e.g., Cazarin et al., 2019; Dristas et al., 2017; Menezes et al., 2019;

Schoenherr et al., 2018; Srodon et al., 2018).

Additionally, several Mississippi Valley-type ore deposits (MVTs) (Kyle and Misi, 1997,
Misi et al., 2012, 2004; Sanches et al., 2000) and hydrothermal silicification (Bertotti et
al., 2020) occur in the overlying units of the Irecé Basin. They differ from the
hydrothermal fluids of the Cristal cave because they are sulfur-rich with higher contents
of galena, sphalerite, and barite, instead of the hyalophane (barium feldspar) usually
found in the rocks of the Cristal cave. Silicification has been described as associated with
MVT deposits in the Tri-State deposit (Brockie et al., 1968), in the northern Arkansas
district (McKnight, 1935), and Canadian MVT deposits (Paradis et al., 2007) as alteration

halos around the ore zones.
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Considering the hydrothermal mineral assemblage, the structural context, and the
associated regional MVT deposits, we propose that silicification affecting the Cristal
cave's carbonate units had a hydrothermal origin related to fluid flow ascent from deep-
seated zones. These fluids may have mixed with the underlying sedimentary units with
contrasting silica content and yielded such hydrothermal Si-rich units. Regardless, deeper
questions related to the fluid origin are not central to the present investigation and need

to be addressed by further studies.

The timing of hydrothermal events is also a matter of debate, but the occurrence of other
hydrothermal events with similar mineral paragenesis in different regions of the basin
(Kyle and Misi, 1997; Misi et al., 2012, 2004; Sanches et al., 2000) suggests a possible
late Proterozoic age for the silicification that affected the Cristal cave. These events
coincide with the Brasiliano orogenic event that affected Sdo Francisco craton (Alkmim
etal., 1993; Chemale Jr. et al., 1993; Heilbron et al., 2017). This Proterozoic age has been
suggested for the Morro Vermelho hypogenic karst system in the Salitre Formation
(Bertotti et al., 2020). Late fracture reactivation and hydrothermal events during the
Pangea breakup in the Jurassic-Cretaceous have also been proposed as a possibility for
the TBV-TBR caves in the northern part of the craton (Cazarin et al., 2019; Klimchouk

etal., 2016).

5.2. The interplay between stratigraphic features and hydrothermal silicification
The ascending fluid flow and its lateral migration in the Cristal cave were strongly
influenced by the fracture system and the different sedimentary facies. Unit 4, composed
of the marl bed, acted as a seal, preventing Si-rich fluid ascent and confining the

silicification to the bottom interval. Within the silicified interval, facies heterogeneity
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produced variable silica contents. Facies (1) is strongly silicified, whereas facies (2) and
(3) are less silicified. The main compositional and textural differences among these rocks
are related to carbonate fabric, grain type, pore type, and sorting, which are strictly related
to the differences in porosity, permeability, and the ability to act as fluid conduits (Bloch,
1991; Enos and Sawatsky, 1981; Lucia, 1983; Lucia et al., 2013; Panda and Lake, 1994).
For instance, grain-dominated rocks have higher permeabilities than mud-dominated
rocks. In addition, interparticle porosity is much more effective for channelizing fluids
than non-touching vugs or intercrystalline porosity. Well-sorted sediments and rocks also
show porosity and permeability values higher than those of poorly sorted lithologies
(Panda and Lake, 1994). Based on these criteria, the ooidal grainstones (Unit 1) probably
had higher porosity and permeability values than the intraclastic grainstones and
rudstones (Unit 2) and heterolites (Unit 3) at the time of silicification. These properties

favored the channeling of Si-rich hydrothermal fluids through Unit 1 rather than Unit 2.

The vertical changes in porosity and permeability are also attributed to facies variability
in high-frequency cycles (Cunningham et al., 2006, 2004; Hovorka et al., 1998; Kerans
and Tinker, 1997). In the Cristal cave, the bottom interval is made up of intercalations
between ooidal grainstones (Unit 1), intraclastic grainstones, rudstones (Unit 2), and
heterolites (Unit 3). Fluid flow may have ascended through fractures and laterally
migrated preferentially along ooidal grainstone layers (Unit 1). This vertical lithological
heterogeneity between units with different porosities and permeabilities controls lateral
fluid migration in hydrothermal settings and has also been found in other caves elsewhere

(Klimchouk et al., 2012).
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The stratigraphic controls on the hydrothermal events described here occur on at least two
scales related to the depositional sequences (Figure 12). The first scale is a low-frequency
sequence, composed of 20-30 m thick hemisequences from the bottom to the upper
interval. This sequence is capped by a marl bed with sealing properties, below which
precipitation of the hydrothermal silica is concentrated. The second scale comprehends
high-frequency sequences composed of 3-7 thick cycles with different facies representing
minor base level variations. Such facies show different intensities of silicification.
Examples of silicification controls on a high-frequency scale were recorded in the (a)
Devonian hydrothermal chert reservoir of the Parkland field, Canada, where calcite levels
are less silicified than dolomite beds (Packard et al., 2001), and (b) in the silicified
Ordovician carbonates of the Yingshan Formation, Tarim Basin, where pellet carbonates

are hardly affected by hydrothermal silicification (You et al., 2018).

Otherwise, stratigraphic controls on a low-frequency scale also occur. For example,
impermeable beds confining hydrothermalism to a greater stratigraphic interval, such (a)
as the internal shales that acted as aquitards for fluid flow ascent in the structurally
controlled hydrothermal dolomite reservoirs of the Ordovician Trenton-Black River
group of the Michigan and Appalachian basins (Davies and Smith, 2006b) and (b) the
marl layer in the TBV-TBR caves in Brazil, which prevented fluid flow ascension and
confined hydrothermal silicification and karstification below this layer (Cazarin et al.,
2019). In this sense, the Cristal cave is a case where low-frequency and high-frequency

stratigraphic controls work together for controlling hydrothermal silicification.

After deposition of the sedimentary units and later fracturing, Si-rich fluids migrated

along faults and fractures and laterally percolated in the carbonate rocks, preferentially
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affecting the ooidal grainstones (Unit 1). These fluids were confined to the bottom
stratigraphic interval. The presence of an impermeable marl layer may have led to the
formation of an overpressured zone below this bed, preferentially along faults and
fractures. Records of similar systems are registered in the Paleogene Baram Delta
province in Brunei (Tingay et al., 2009), in the Ordovician Trenton-Black River reservoir
in New York, USA (Davies and Smith, 2006b), and the central basin in Iran (Morley et
al., 2014). Such overpressure could eventually fracture the seal and let fractures open,
allowing fluid migration to the overlying units of the upper interval (Roberts and Nunn,
1995). Such a seal breach may have occurred in the Cristal cave, but it may not have been
enough to allow the fluid to rise into the upper interval and silicify the sedimentary
package. Figure 12 synthesizes the main features related to the sedimentary units,
silicification, and karstification. Figure 12A represents a schematic model of the different
stratigraphic intervals with different degrees of silicification and subsequent
karstification; Figure 2B summarizes the stratigraphic, diagenetic, and textural features

of the lower silicified sequence.
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Figure 12 — (A) Schematic model of channelized silicification in the carbonate rocks of the Cristal cave.
Upward flow ascends through faults and fractures, percolates more intensely in ooidal grainstones beds and
the marl layer seal prevents its upward flow. (B) Detail of the hypothetical well, which contains columns
with the stratigraphic intervals, the low and high frequency depositional sequences, a representative facies
profile of the sedimentary succession, illustrative karst diagram, and the silicification intensity. The
sedimentary units, their compositional and textural parameters, which led to such differences, are also listed
in the table. The vertical scale is distorted to emphasize the bottom interval and the cycles on the Units 1,
2 and 3. Key: BI: bottom interval; c:cave; Go: ooidal grainstones (Unit 1); f: fractures; M: marl (Unit 4);
Ul upper interval; ?: Unknown sequence limit due to the lack of outcrop below and above this sedimentary
succession.

In the Cristal cave, there is a strong coincidence between the silicified hydrothermal
interval and the Karstified level. These two processes occur at the same bottom
stratigraphic interval along all cave extension. We raised a telodiagenetic and
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mesodiagenetic hypothesis to explain major cave development and the relationship
between silicification and karstification. In the telodiagenetic hypothesis, the porosity
developed in fault zones related to hydrothermalism (e.g., Grare et al., 2018; Gu et al.,
2019; Menezes et al., 2019; Robl et al., 2004; Zhenkui and Kuanhong, 2011). The opened
fractures would be the main path for dissolutional processes during telodiagenesis,
resulting in the network pattern observed in the Cristal cave. In the mesodiagenetic
hypothesis, the major cave formation would be contemporaneous to hydrothermal
silicification, which would imply large pore volume creation in deep-seated conditions.
Such a mechanism is difficult to justify with current knowledge (Ehrenberg et al., 2012).
However, this topic is beyond the focus of this study and needs to be addressed by further

publications.

The conceptual models related to dissolutional features and silicification processes are
crucial for effective reservoir modeling (Burchette, 2012). The Cristal cave provides
critical insight for conditioning silicified layers in reservoir models, where hydrothermal
fluids are concentrated along permeable carbonate layers. It represents an analog for
carbonate reservoirs with confined silicification (e.g.Dong et al., 2018; Lima et al., 2020;

Poros et al., 2017; You et al., 2018).

6. Conclusions

We investigated hydrothermal silicification channelized through preferential layers and
the subsequent karst development in the Cristal cave in the Mesoproterozoic carbonate
units of the S&o Francisco Craton, Brazil. Our investigation yields the following

conclusions:
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(1) The Cristal cave sedimentary package is divided into two main stratigraphic

intervals with a thick marl seal in the middle. The lower interval presents a higher

degree of silicification than the upper interval.

(2) The mineral assemblage associated with silica minerals found in quartz veins and

hydraulic breccias and disseminated in the host rocks indicates a hydrothermal

origin for the silicification.

(3) Hydrothermal silicification is stratigraphically controlled at different scales. A

marl bed acted as a seal and concentrated silicification in the bottom stratigraphic
interval, resulting in low-frequency scale control. Within the bottom stratigraphic
interval, the cyclic deposits with ooidal grainstones channelized Si-rich fluids and
acted as the main high-frequency control. Therefore, porous well-sorted carbonate
units favor horizontal fluid migration. Beyond the stratigraphic control of
silicification along more porous and permeable carbonate units, karstification
along fractures concentrated in the silicified beds during a period that could span

from the mesodiagenesis to the telodiagenesis.

(4) This representative analog sheds light on the impact of stratigraphic cyclicity and

thus lithologic heterogeneity on channelizing hydrothermal fluid flow and
conditioning karstification. Such phenomena promote critical changes in
carbonate rocks and may significantly impact fluid flow in karstified oil reservoirs

with hydrothermal silica confined to particular stratigraphic layers.
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4.2. Geoquimica isotopica

4.2.1. Assinatura isotdpica de carbono e oxigénio

Conforme explicitado na secdo 2.5 foram pulverizadas 92 amostras para analises
de 5'3C e 8'80. Os valores tabulados por amostra sdo apresentados no Apéndice 1 e seu
comportamento e distribuicdo podem ser observados nas Figuras 6 e 7.

De forma geral, as amostras estudadas apresentam valores de 3C variando entre
-3.3 e -0.5%o, enquanto os valores de §'80 oscilam entre -10%o € -7.5%o, sendo a maior
parte com valores entre -9.5 e -7.5%o. Ao longo desta sucessdo sdo comuns oscilagdes
entre amostras adjacentes de até 2.5%o. As dispersdes de valores podem ser observadas

no grafico comparativo §'3C vs. §'80 na Figura 6.

Normalmente, os valores de §'80 podem ser alterados mais facilmente do que as
composi¢des de 8*°C devido as diferentes condicdes de alteragdo durante a interagio
fluido-agua (Jacobsen and Kaufman, 1999). No entanto, a maioria dos dados obtidos para
a sessdo estudada se mostram muito consistentes entre —9.5 %o € —7.5 %o, 0 que sugere
um efeito diagenético limitado nos valores de §3C e 5'®0. Apenas sete amostras
apresentam valores de 580 muito negativos (<-10 %o), e correspondem a niveis de maior
alteracdo. Tais amostras ndo serdo levadas em consideracdo nas interpretacdes
quimioestratigréficas e do ambiente de deposicdo destas rochas. As demais analises ndo
exibem desvio relevante em relagdo ao conjunto que possa justificar se tratar de uma

assinatura nao deposicional.

O grafico de 8!3C vs. 880 tem sido amplamente utilizado como uma ferramenta
para avaliar a influéncia do processo diagenético, especialmente diagénese por agua
metedrica e diagénese associada a matéria organica em amostras de carbonato (p.e.,
Derry, 2010; Grotzinger et al., 2011). Uma correlagdo positiva no grafico de 513C contra
5180 pode ser produzida por alteragio progressiva ocasionada por agua metedrica
depletada em 80 e por agua intersticial depletada em *3C devido a reoxidagdo de matéria
organica durante a diagénese. No entanto, o grafico de 8*3C contra 580 dos carbonatos
da Gruta Cristal ndo mostra uma correlagéo positiva (Figura 6), 0 que sugere pouco
impacto da diagénese. Considerando o exposto, € pouco provavel que as flutuacoes
isotopicas observadas nos perfis de 5!3C e §'®0 (Figura 7) tenham sido causadas por

processos pos-deposicionais.
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Figura 6- Grafico dos valores de §'80 vs. §'3C coloridos pelas rochas carbonéticas, brechas hidraulicas e
veios e preenchimentos carbonaticos.

A sucessdo sedimentar foi subdividida em duas zonas quimioestratigraficas,
coincidentes com o intervalo inferior (1) e intervalo superior (1S), delimitado pelo nivel
de marga com elevados valores de gamma-ray, que constitui uma superficie de inundacao

méaxima (Figura 7).

O intervalo inferior apresenta 35 amostras de carbonato ao longo dos 29 metros
basais da secdo e compreende depdsitos ciclicos de grainstones ooliticos com
estratificacdes cruzadas, grainstones e rudstones intraclasticos e heterolitos, pertencentes
a AF1 (intermaré), sendo posteriormente seguido por um afogamento, marcado pela
deposicdo da marga. Tal intervalo exibe valores isotopicos de §**C concentrados entre -2
e -1 %o, em geral com poucas oscilagdes bruscas, e apresenta sutil tendéncia negativa em
direcdo ao topo do intervalo, conforme indicado na Figura 7. Ja os valores de §*%0 se
concentram entre -10 e -8%o, porém exibem mudancas de mais alta frequéncia do que o
313C ao longo da sucessdo, apresentando variagdes entre amostras adjacentes de até 2.5
%o0.
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A superficie de inundagdo maxima, que divide o intervalo superior e inferior, €
constituida por margas e heterolitos com alto contetdo de sedimentos siliciclasticos finos
(silte e argila) em sua composicdo, principalmente grdos de Kk-feldspato e
subordinadamente, matéria organica e/ou argila, sendo marcada por uma forte incursédo

negativa no §*C, que chegam a atingir valores de -3.2%o.

Apos o afogamento registrado pela SIM ocorre o intervalo superior, onde foram
coletadas 52 amostras. Este intervalo compreende grainstones ooliticos com tidal bundles
que evoluem para depdsitos ciclicos de heterolitos com teepee e nodulos de
gipsitaintercalados com grainstones e rudstones oncoliticos, ambos pertencentes a AF3
(intermaré superior/ supramaré). O intervalo superior apresenta maior proporcéo relativa
de rochas heteroliticas e de grdos oncoliticos como constituintes da fabrica carbonética
do que o intervalo inferior, além de maior abundancia de teepee e nddulos de gipsita, que
indicam condicdes de deposicdo mais evaporiticas. Suas rochas também exibem maior
proporcdo de sedimentos detriticos finos e de matéria organica (5-15%) em relacdo as

rochas do intervalo inferior (0-6%).

As rochas do intervalo superior exibem valores de §3C mais depletados,
concentrados entre -2.3 e -1.6 %o, € dispostos em torno de um eixo, sem variagdes em alta
frequéncia. Tal efeito tem sido documentado em ambientes com influxo de matéria
organica de origem terrestre (Chanton and Lewis, 1999; Longinelli and Edmond, 1983;
Prahl et al., 1994; Santos et al., 2004).

Diferente dos dados de rocha encaixante, as amostras de veios e preenchimentos
carbonaticos exibem valores de 80 menores que -10%o (Figura 6), podendo representar
uma alteracdo intempérica mais recente ou entdo, uma remobilizacdo do carbonato
hospedeiro a partir da atuacdo de dgua metedrica. Por outro lado, as amostras coletadas
em brechas hidraulicas exibem valores de 5'3C e 580 similares ao da rocha hospedeira,
ndo sendo possivel identificar fracionamento isotopico (Figura 6). Neste caso é possivel
que nédo tenha havido alteracao isotopica decorrente da interacdo fluido-rocha ou ainda,
esta pode ter sido removida por processos telodiagenéticos. Tais possibilidades também
foram levantadas por Klimchouk et al. (2016) para explicar a auséncia de fracionamento

nos veios das cavernas TBV-TBR, localizadas a norte da gruta Cristal.

Em relagio aos valores de 50 ndo é possivel apontar diferencas significativas

entre os valores dos intervalos inferior (11) e superior (IS), j& que este ultimo também
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apresenta concentracdes isotopicas entre -9.5 e -7.5%0. As varia¢cdes entre amostras
adjacentes parecem menos bruscas no intervalo superior, conforme observado no perfil
de 880 da Figura 7, mas é verdade que este apresenta mais amostras com analises
isotopicas do que o intervalo inferior, o que pode interferir no grau destas variacdes em

alta frequéncia.
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Figura 7 — Perfil quimioestratigrafico dos carbonatos da Formagéo Caboclo na gruta Cristal. Profundidade,
perfis isotopicos de 5'°C e §'®0 e perfil de facies. Linha verde marca a superficie de inundacédo
méaxima(SIM), que permite dividir esta sucessao sedimentar em intervalo superior e inferior.
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4.3.2. Variagdes isotdpicas no Mesoproterozéico e correlacao
estratigrafica

As composicdes isotopicas, principalmente de 5'C e suas variagdes tém sido
utilizadas para inferir condi¢cbes ambientais e propor assinaturas geoquimicas em um
contexto global. Especialmente em sucessfes sedimentares mais antigas, incluindo as
rochas Mesoproterozodicas, onde os vinculos geocronoldgicos, bem como conteddo
paleontologico sdo escassos, curvas isotopicas de alta resolucdo constituem uma
importante ferramenta de correlacdo estratigrafica entre diferentes bacias sedimentares
(p.e., Halverson et al., 2010, 2005; Kaufman and Knoll, 1995; Knoll et al., 1986; Prave
etal., 2009, Kah et al., 2012).

Os valores isotopicos de 513C reportados para sucessdes do Mesoproterozdico s&o
da ordem de -3%o a +4%o, porém apresentam variacdes que devem refletir as modificacbes
nas condicdes ambientais. Publicacdes sobre iso6topos de carbono do final do
Paleoproterozoico e inicio do Mesoproterozdico (1.8-1.6 Ga) de bacias sedimentares da
China mostram que os valores de §C eram predominantemente negativos e
apresentavam tendéncia positiva variando de -3%. a 0%o (Li et al., 2002; Xiao et al., 1997;
Zhao et al., 1997). Existem poucos dados disponiveis para o periodo compreendido entre
1.6 e 1.4 Ga, mas as rochas do Supergrupo Belt de Monatana apresentam §*3C variando

de 0%o na base a +1.4%o no topo da sucessdo sedimentar (Frank et al., 1997).

Durante o periodo entre 1.4 e 1.2 Ga, registros de §*3C em carbonatos do sul dos
Urais na Russia apontam valores positivos entre 0%o0 e +3%o (Bartley et al., 2007),
enquanto carbonatos do Supergrupo Belt nos Estados Unidos e Canada exibem valores
entre -0.2%o € +1.4%o (Frank et al., 1997). Neste periodo, as aguas oceanicas podem ter
atingido temperaturas de até 70° C, inferido a partir de valores médios globais de 580 e
5%°Si em carbonatos (Knauth and Lowe, 2003). Em um intervalo relativamente curto de
tempo entre 1.3 e 1.25 Ga, séo reportadas mudancas significativas de 3%o. a 4 %o n0s
valores de 5'3C (Buick et al., 1995; Kah et al., 1999), tendo saido de valores proximos a
0% para cerca de +4%o, permanecendo proximo a este valor até o final do
Neoproterozodico, excetuando-se algumas flutuacbes (Bartley et al., 2001; Kah et al.,
1999). Bartley et al. (2001) reporta, a partir de dados isotopicos de estroncio e carbono,
que tal aumento nos valores de §*3C pode estar relacionado ao maior soterramento do

is6topo mais leve de carbono durante a formacdo do supercontinente Rodinia.Para o
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periodo compreendido entre 1.2 e 1.0 Ga sdo reportados valores isotdpicos 53C de +3%o
a +3.5%o para as rochas carbonéticas do Supergrupo Bylot depositados na ilha homénima
no Canada e de +0.6%o a +3.6%o0 no Grupo Paranod, no Brasil (Alvarenga et al., 2014).
Kah et al. (1999) compila andlises isotopicas em diversas unidades sedimentares e propde
uma curva de variagdo global do §*3C (Figura 8) para o periodo compreendido entre 1.6
e 0.6 Ga.
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Figura 8- Curva quimioestratigrafica do Mesoproterozdico e Neoproterozoico. A linha
preta fina representa valores bem definidos dos isétopos de carbono para o final do
Neoproterozdico (modificado de (Kaufman and Knoll, 1995). A linha cinza grossa
representa a compilacdo dos valores isotopicos de carbono do Mesoproterozdico até o
inicio do Neoproterozodico. As caixas de texto representam o periodo aproximado de
deposicdo de cada uma destas sucessfes que as curvas isotopicas e idades estdo
disponiveis. A barra em vermelho representa os valores isotdpicos de carbono para as
rochas da Fm. Caboclo aflorantes na gruta Cristal dentro de um possivel espectro de idade
para esta sucessdo. AL, Allamore Formation; BT, Belt Supergroup; BY-Bylot
Supergroup; CL, Callana Group; GV, Greenvile Supergroup; MS, Mescal Formation; SH,
Shaler Supergroup; TK, Turukhansk Group. Retirado de Kah et al. (1999).

4.3.3. Implicac&o ambientais dos valores de 63C e 680
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Os carbonatos da Formagao Caboclo aflorantes na gruta Cristal exibem §*3C entre
-3.3 e -0.5%o, estando depletados no isotopo de carbono em relagdo as sucessodes
sedimentares de idade parecida, depositadas no final do Mesoproterozdico, entre 1.2 e 1.0
Ga, que apresentam composigdes isotopicas variando de 0 a +4%.. Diversos fendmenos
podem gerar valores depletados em §'3C, sendo os principais: i) a interacdo das rochas
carbonéticas com &guas oceénicas mais profundas (Kump, 1991); ii) maior acimulo e
preservacdo de matéria organica, seja devido a mudancas fisiograficas na bacia gerando
maior producdo de biomassa ou maior preservacdo de matéria organica (p.e., Chanton
and Lewis, 1999; Longinelli and Edmond, 1983; Prahl et al., 1994; Santos et al., 2004);
iii) mudangas climaticas glaciais (p.e., Alvarenga et al., 2019; Azmy et al., 2008, 2006,
2001; Halverson et al., 2010). Tais fenbmenos sdo explicitados e discutidos a seguir a luz

do contexto geoldgico em que os carbonatos da Formacdo Caboclo foram depositados.

‘ 4.3.3.1. Interacdo com aguas mais profundas

A deplecio dos carbonatos em §*3C pode ser explicada pelas variag@es isotopicas
na agua marinha com o aumento da profundidade, j& que &guas mais profundas
apresentam comparativamente maior influxo de matéria organica e sua decomposicdo
pode resultar em uma estratificacdo da coluna de agua, onde carbonatos depositados em
maior profundidade apresentam menores valores de 8**C (Kump, 1991). Tal fendmeno
também poderia ocorrer se a rocha, mesmo formada em ambientes mais rasos, for
submetida a diagénese precoce interagindo com essas dguas mais profundas, o que
acabaria por modificar sua assinatura geoguimica original. No entanto ndo ha registro que
0s carbonatos da Formacdo Caboclo tenham sido submetidos a condigdes
significativamente mais profundas, haja vista que sdo interpretados como depdsitos de
mar raso (Guimardes and Pedreira, 1990; Rocha, 1998; Rocha et al., 1990; Srivastava and
Rocha, 1999).

4.3.3.2. Acumulo de matéria organica
Outros fendmenos que podem provocar maior acumulo de matéria organica sao
as transgressdoes e sedimentacdo em aguas epicontinentais. As interpretacoes
quimioestratigraficas costumam assumir que a composic¢ao isotopica do carbono organico

dissolvido (DIC) é homogénea na superficie dos oceanos, no entanto mares
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epicontinentais mostram que o §C pode variar lateralmente (Gilleaudau, 2007). O
influxo de material organico terrestre, enriquecido no isétopo leve de carbono, é maior
em ambientes epicontinentais do que pericontinentais, depletando as aguas oceanicas dos
primeiros em &3C (Kah et al., 2012). Este é um possivel mecanismo para explicar a
variabilidade da curva isotopica global de $*3C (Figura 8), onde ha um plat6 ao redor de
+4%o no final do Mesoproterozoico e fortes incursdes negativas que logo retornam ao
patamar anterior. Tais incursdes representariam o aumento médio do nivel do mar global
e a formacdo de mares epicontinentais sobre crosta continental sujeitos a maior influxo
de matéria organica terrestre (Kah et al., 2012). A remineralizagdo in situ do carbono
organico através de bactérias anaerdbicas foi proposta por Gilleaudeau & Kah (2013)
como um outro mecanismo para explicar os valores isotdpicos negativos de carbono em
rochas do Grupo EI Mreiti no Craton do Oeste Africano. Neste ambiente, em condicGes
de anoxia e aguas pobres em sulfato, a atuacdo das comunidades anaerdbicas sdo capazes
de explicar deplecdes de 3°C de até +4%. em relagdo aos depositados em 4guas

pericratonicas.

4.3.3.3. Influéncia de glaciagbes nos valores de 5'3C

Incursdes negativas de is6topos de carbono também sdo registradas ap6s eventos
glaciais, principalmente devido a pouca biomassa disponivel apds as glacia¢Ges, ou ainda,
precedendo estes eventos (p.e., Alvarenga et al., 2019; Azmy et al., 2008, 2006, 2001;
Halverson et al., 2010). No entanto, isto ndo parece se aplicar aos carbonatos da Formacao
Caboclo, que foram depositados em ambiente marinho raso nédo tendo sido reportado
influéncia glacial (Alkmim and Martins-Neto, 2012; Rocha, 1998). Depositos glaciais
ocorrem regionalmente apenas na Formacao Bebedouro, separada por discordancia das
formacdes Caboclo e Morro do Chapéu (Figura 4) (Guimardes et al., 2011). Desta forma,
a hipotese dos valores depletados de §*3C terem origem relacionada a atividades glaciais
pode ser descartada.

A auséncia de evidéncia de atividades glaciais em depdsitos proximos a idade de
deposicdo das rochas da Formacdo Caboclo, bem como as condi¢cdes marinhas
relativamente pouco profundas da Formacdo Caboclo sugerem que a hipdtese mais
provavel para explicar os valores depletados de §*3C seja 0 maior acimulo e preservacio

de matéria organica.
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4.3.4. Registros isotopicos em unidades Mesoproterozdicas do Brasil e
implicacGes para correlacéo estratigréfica

No Brasil também ocorrem outros registros de unidades carbonaticas
mesoproterozdicas na margem do craton Sao Francisco. Na margem sudoeste ha outros
depdsitos do Supergrupo Espinhago, enquanto na margem oeste ocorrem os depositos do
Grupo Paranoda. Na regido sudoeste, o topo do Supergrupo Espinhaco é constituido pela
Formacdo Rio do Pardo, tipificada por siltitos e dolomitos, possivelmente correlatos aos
carbonatos da Formagdo Caboclo, que exibem valores de §**C variando de -0.9%. a
+1.9%o e 8180 de -6.1%o a -2.6%o (Santos et al., 2004). Ja os depdsitos do Grupo Paranoa
sdo tipificados principalmente por rochas siliciclasticas depositadas em ambiente marinho
raso e, subordinadamente camadas estromatoliticas (Dardenne, 1979) que exibem um
espectro de variagdo de 83C de +0.6%o a +3.6%0 (Alvarenga et al., 2014) e +0.4%o a
+1.3%o (Santos et al., 2000). Dados de microfdsseis e de estromatélitos sugerem idades
de deposicdo entre 1170-950 Ma (Fairchild et al., 1996), enquanto idades maximas de
deposicdo U-Pb de zircdo detriticos sdo de 1.54 Ga (Matteini et al., 2012). Os carbonatos
do Grupo Paranoa possivelmente sdo cronocorrelatos aos carbonatos da Formacéo
Caboclo, de idade 1140 +140 Ma (Babinski et al., 1993).

Com base nos valores de §™C supracitados é notério que os carbonatos da
Formacdo Caboclo sdo significativamente mais depletados no isétopo de carbono, com
valores de -2.3 e -0.85%o, tanto em relacéo aos registros de mesma idade identificados no
Brasil quanto aos depdsitos registrados na maior parte da curva global da Figura 8.
Excetuam-se a esta regra, as incursdes negativas do isétopo de carbono que ocorrem
préximo ao final do Mesoproterozéico, que atingem valores proximos aos verificados na
Formacdo Caboclo. Desta forma € possivel que (a) os carbonatos da Formacéo Caboclo
sejam correlatos globalmente a essas incursdes negativas, com idades entre 1.1 e 1.0 Ga.
Tais incursdes sdo ocasionadas por eventos orogénicos na borda das bacias sedimentares,
gerando oscilagbes do nivel do mar e restricdo a circulacdo das &guas, alterando
consequentemente o fluxo de carbono orgénico (Kah et al., 1999). Eventos orogénicos
sdo registrados nesta idade na borda do craton do Congo, possivelmente relacionado a

formacéo de Rodinia (De Waele et al., 2008) ; (b) os carbonatos da Formacao Caboclo
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reflitam apenas condiges ambientais locais, sob influéncia do aporte de sedimentos
detriticos e de matéria organica em um contexto deposicional onde os carbonatos estéo
intercalados a rochas peliticas da Formacdo Caboclo, podendo inclusive coexistir
lateralmente. Como os registros isotopicos locais e, até mesmo globais, sdo escassos, tais
hipGteses necessitam de estudos em outros afloramentos da mesma bacia para serem

confirmadas.

Os valores isotdpicos de 580 para os carbonatos da Formagao Caboclo aflorantes
na gruta Cristal se concentram entre -9.5 e -7.5%o, estando levemente mais depletados do
que os obtidos por Alvarenga et al. (2014) para as rochas do Grupo Paranod, que
apresentam um espectro variando de -8 a -3%o, 0s obtidos para 0 Grupo Kyrpy na Europa,
na regido a sudeste dos Urais, cujo 520 varia de -10 a -4%. (Kah et al., 2007) e as rochas
do Supergrupo Bylot no Canada, que variam de -8.5 a -2%o (Kah et al., 1999). Desta
forma, mesmo com essa leve deplegdo nos valores de 580 das amostras analisadas neste
estudo, ha de se considerar que esta é uma sucessao pequena, de 50 metros, em contraste
com as demais, que apresentam centenas de metros e podem representar uma
variabilidade maior ao longo do tempo geoldgico. Além disso, a utilizagdo dos is6topos
de oxigénio para inferéncia de condi¢cdes ambientais € mais controversa devido a
possibilidade de mudancas seculares, seja por modificacdes diagenéticas ou por variacoes
laterais dos valores das aguas marinhas (p.e., Jeffrés et al., 2007; Kasting and Howard,
2006), sendo razoavel supor que as composicOes isotopicas de oxigénio aqui reportadas
sdo consistentes com os valores marinhos reportados em amostras de carbonatos bem
preservados para ambientes marinhos restritos no Proterozoico (Bartley et al., 2007; Kah
etal., 2007, 1999).
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5. Conclusoes

O estudo das diferentes facies sedimentares associada a silicificagdo hidrotermal
e a carstificacdo permitiu identificar que fluidos hidrotermais ricos em silica foram
canalizados em determinadas camadas estratigraficas na gruta Cristal. Além disso
analises isotopicas de 8'3C e &'®0 destes carbonatos permitiram inferir condicdes
ambientais de deposicdo das mesmas e compara-las do ponto de vista
quimioestratigrafico com outros depdsitos de mesma idade. Desta forma, apresentamos

as seguintes conclusoes:

(1) A sucessao sedimentar aflorante na gruta Cristal € dividida em dois intervalos
estratigraficos separadas por uma rocha selante no meio depositadas em um
evento transgressivo. O intervalo inferior apresenta maior intensidade de

silicificacdo que o superior;

(2) Ha o registro de uma paragénese mineral hidrotermal associada a silica, seja nos
veios, nas brechas hidraulicas ou nas rochas carbonaticas que indicam a origem

hidrotermal da silicificacao;

(3) A silicificacdo hidrotermal é controlada em diferentes escalas. O selo tipificado
pela marga dificulta a ascencéo de fluidos e confina a silicificacdo a um intervalo,
definindo um controle estratigrafico em baixa frequéncia. Dentro deste intervalo,
camadas em escala métrica organizadas de maneira ciclica controlam a
intensidade de silicificacdo por camada, resultando em um controle estratigrafico
de alta frequéncia, onde camadas mais porosas e permeaveis controlam a

migracdo lateral dos fluidos hidrotermais;

(4) O processo de silicificacdo hidrotermal e carstificacdo nos carbonatos da gruta
Cristal constituem um analogo para o estudo de reservatorios carbonaticos,
mostrando o impacto da ciclicidade e do empilhamento estratigrafico no controle
do fluxo de fluidos hidrotermais. Este fenébmeno impacta significativamente o

comportamento de reservatorios carstificados;

(5) Os valores mais depletados de §*3C nos carbonatos Mesoproterozoicos aflorantes
na Formacdo Caboclo podem representar as incursdes negativas na curva

isotopica global de carbono registradas no final do Mesoproterozdico, no periodo
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entre 1.1 e 1.0 Ga. Tal correlacdo necessita de estudos adicionais na mesma bacia

para ser efetivamente estabelecida;

(6) Os valores de &*3C mais depletados nas rochas da Formacédo Caboclo refletem
maior aporte e/ou preservacgao de matéria organica, estando as rochas do intervalo

superior, depositadas em ambiente arido, com deplecdo em §**C mais acentuada;

(7) N&o foi possivel identificar a ocorréncia de fracionamento isotopico de 5°C e
580 entre os carbonatos hospedeiros e os preenchimentos tardios (veios e brechas
hidréaulicas). A interacdo fluido-rocha pode ndo ter sido suficiente para gerar um
fracionamento isotopico ou ainda, os preenchimentos tardios podem ter sido

afetados por processos telodiagenéticos.
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Apéndices

Apéndice 1- Tabela com as amostras, profundidades, proporcdes de silica hidrotermal, valores isotopicos
de 8°C (%0PDB), §'80 (%oPDB) e 5120 (% SMOW) ¢ classificagdo das facies.

Estimativa
Caodigo | Prof.Final Digsgrrltezt?co (%(211)33]3) (%EE](DDB) Féacies Final
Hidrotermal
CR-0076 0.2 3 Heterolito
CR-0077 0.65 90 Nodulo de silica
CR-0078 1.3 70 Nodulo de silica
CR-0080 1.9 70 Nodulo de silica
CR-0081 2.1 Grainstones e Rudstones Intraclasticos
CRT79 21 5 -1.05 -9.15 Grainstones e Rudstones Intraclasticos
CR-0082 25 Grainstones e Rudstones Intraclasticos
CR 83 2.9 0 -0.87 -8.38 Grainstones e Rudstones Intraclasticos
CR-0084 33 35 Grainstones e Rudstones Intraclasticos
CR-0085 3.4 70 Grainstones e Rudstones Intraclasticos
CR 86 3.8 4 -1.15 -9.83 Grainstones e Rudstones Intraclasticos
CR 87 42 2 -1.01 -8.64 Grainstones e Rudstones Intraclasticos
CR 88 45 25 -1.44 -9.58 Nodulo de silica
CRO1 5.2 -1.40 -9.16 Heterolito
CR 90 6.4 2 -1.28 -9.09 Grainstones oolitico
CR 89 6.4 -1.00 -8.59 Heterolito
CR-0092 7.3 15 Grainstones oolitico
CR-0093 7.8 Grainstones e Rudstones Intraclésticos
CR-0094 7.8 20 Grainstones e Rudstones Intraclésticos
CR95 8.8 -1.07 -9.20 Grainstones e Rudstones Intraclésticos
CR96 9.8 8 -1.31 -9.61 Grainstones oolitico
CR97 10.2 90 -1.83 -10.46 Grainstones oolitico
CR98 10.45 -1.10 -8.63 Grainstones oolitico
CR 99 10.8 5 -1.20 -8.96 Heterolito
CR-0100 114 10 Grainstones e Rudstones Intraclasticos
CR-0101 11.9 45 Grainstones oolitico
CR-0102 12.6 Grainstones oolitico
CR 103 13.35 35 -2.07 -9.41 Nodulo de silica
CR 104 14 30 -1.42 -10.23 Grainstones oolitico
CR-0105 14.6 Grainstones e Rudstones Intraclasticos
CR13 14.8 -1.40 -9.56 Grainstones e Rudstones Intraclasticos
CR 106 15.4 35 -1.10 -8.88 Grainstones e Rudstones Oncoliticos
CR 107 16.2 -1.30 -9.62 Heterolito
CR-0014 16.2 80 Heterolito
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CR-0015 16.6 Heterolito
CR-0108 16.8 1 Heterolito
CR-0016 17.6 5 Grainstones e Rudstones Intraclasticos
CR-0109 17.6 Heterolito
CR 17 17.9 3 -1.21 -8.86 Grainstones e Rudstones Intraclasticos
CR-0110 18.1 5 Heterolito
CR 111 18.7 -0.49 -7.69 Heterolito
CR 112B 19.3 -1.14 -9.26 Heterolito
CR-0112 19.3 Heterolito
CR-0018 19.6 Heterolito
CR-0115 20.1 Heterolito
CR 113 20.6 0 -1.22 -8.97 Estromatdlitos
CR-0019 20.9 Heterolito
CR 114 21.1 12 -1.41 -9.20 Nodulo de silica
CR-0116 216 20 Grainstones oolitico
CR 117 224 35 -1.60 -9.39 Grainstones oolitico
CR 19B 225 -1.55 -8.60 Heterolito
CR-0118 23.2 3 Estromatdlitos
CR-0020 23.6 2 Grainstones e Rudstones Intraclasticos
Oog(?\;eio 23.6 -1.75 -11.95 Grainstones oolitico
CR 119 245 -1.60 -9.82 Grainstones e Rudstones Intraclasticos
CR 120 24.8 10 -1.77 -9.44 Grainstones e Rudstones Intraclasticos
CR21 25 22 -1.64 -9.60 Grainstones e Rudstones Intraclésticos
CR121 252 0 -1.81 -8.67 Grainstones e Rudstones Intraclésticos
CR 122 258 -1.36 -8.54 Grainstones oolitico
CR 123 26.2 0 -1.73 -9.13 Grainstones e Rudstones Intraclésticos
CR 22 26.6 13 -1.94 -9.15 Grainstones e Rudstones Intraclésticos
CRC-0002 26.8 Brecha
CR 124 26.9 2 -2.13 -9.08 Heterolito
CR 125 27.8 10 -1.59 -7.61 Grainstones e Rudstones Intraclésticos
CR 126 28.1 7 -3.23 -8.95 Heterolito
CR-0024 285 0 Grainstones e Rudstones Oncoliticos
CR-0025 29 20 Heterolito
CR-0001 29.3 Marga
CR-0026 29.5 1 Heterolito
CR 27 30.15 0.5 -2.02 -7.58 Grainstones e Rudstones Oncoliticos
CR 28 30.7 1 -2.03 -8.40 Marga
CR-0029 31 Grainstones e Rudstones Oncoliticos
CR 30 313 10 -2.20 -9.50 Estromatdlitos
CR31 31.6 2 -1.89 -9.67 Grainstones oolitico
CR02 31.7 40 -2.17 -10.72 Grainstones oolitico
CR 32 31.9 0 -2.03 -9.51 Grainstones oolitico
CR 33 322 2 -1.98 -8.34 Grainstones oolitico
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CR-0003 323 60 Nodulo de silica
CR35 325 1 -1.96 -9.10 Grainstones oolitico
CR 34 329 45 -2.48 -11.78 Nodulo de silica
CR 36 33 2 -1.99 -9.06 Grainstones oolitico
CR 37 333 18 -2.03 -9.21 Grainstones e Rudstones Oncoliticos
CR-0038 34.3 15 Grainstones e Rudstones Oncoliticos
RB | 3 232 | -1098 veio
CR 39 35.3 4 -1.82 -8.85 Grainstones e Rudstones Oncoliticos
CR-0004 355 5 Grainstones oolitico
CR-0042 355 Nodulo de gipsita
CR41 35.65 1 -2.04 -8.46 Grainstones e Rudstones Oncoliticos
CRO040 | 359 376 | -10.22 cimento
CR 40 359 2 -2.04 -9.11 Grainstones e Rudstones Oncoliticos
CR 43 36.8 -1.92 -8.96 Heterolito
CRO5 36.9 2 -1.96 -9.01 Grainstones oolitico
CR 44 37.7 0 -2.02 -9.03 Grainstones e Rudstones Oncoliticos
CR 45 38.5 8 -1.98 -8.28 Grainstones e Rudstones Oncoliticos
CR 46 38.8 1 -1.89 -8.43 Heterolito
CR-0047 39.4 Grainstones e Rudstones Oncoliticos
CR 48 39.8 4 -1.94 -8.48 Grainstones e Rudstones Oncoliticos
CR 49 405 2 -2.02 -8.82 Heterolito
CR 50 40.7 1 -1.79 -8.04 Grainstones e Rudstones Oncoliticos
CR51 41.2 5 -1.92 -8.42 Grainstones e Rudstones Oncoliticos
CR 52 415 2 -1.81 -8.61 Heterolito
CR 53 41.7 2 -1.74 -8.13 Grainstones e Rudstones Oncoliticos
CR 54 42 5 -1.76 -8.12 Heterolito
CR55 424 2 -1.86 -9.14 Grainstones e Rudstones Oncoliticos
CR 56 42.6 -1.81 -8.44 Grainstones e Rudstones Oncoliticos
CR 57 42.8 -1.93 -8.61 Heterolito
CR 58 43.2 -1.64 -7.97 Heterolito
CR 59 43.6 -1.99 -8.68 Heterolito
CR 60 44.6 7 -2.28 -8.94 Grainstones e Rudstones Oncoliticos
CR61 45 2 -2.03 -8.49 Grainstones e Rudstones Oncoliticos
CR 06 454 -2.00 -8.49 Grainstones e Rudstones Oncoliticos
CR 62 457 2 -2.04 -8.57 Grainstones e Rudstones Intraclasticos
CR63 46 -1.88 -8.35 Heterolito
CR 64 46.4 -1.98 -8.87 Grainstones e Rudstones Oncoliticos
CR 65 46.8 1 -1.97 -8.43 Heterolito
CR 66 475 -2.01 -8.57 Grainstones e Rudstones Oncoliticos
CR 67 48 1 -1.93 -8.29 Grainstones e Rudstones Oncoliticos
CR 07 48.2 2 -2.03 -8.34 Grainstones e Rudstones Oncoliticos
CR 68 48.5 -1.96 -8.66 Heterolito
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CR23 49 -1.93 -7.82 Heterolito
CR 08 49 0.5 -2.04 -8.64 Grainstones e Rudstones Oncoliticos
CR23 49.3 -2.54 -7.66 Heterolito
CR-0009 49.7 80 Nodulo de silica
CR 10 50.5 -1.96 -8.52 Grainstones e Rudstones Oncoliticos
CR 69 51.3 -2.19 -9.04 Heterolito
gsgé 51.9 -2.01 -8.40 Brecha géo
MCA}\?'I(':RTZ 51.9 -1.94 -8.19 Brecha cimento
CRC-0001 51.9 Brecha
CR 70 51.9 1 -1.84 -8.26 Grainstones e Rudstones Oncoliticos
CR-0071 52.3 Grainstones e Rudstones Oncoliticos
CR 72 52.5 2 -1.95 -8.95 Grainstones e Rudstones Oncoliticos
CR-0011 53 Heterolito
CR73 53.2 1 -1.93 -8.59 Heterolito
CR74 53.8 3 -1.89 -7.85 Heterolito
CR12 53.9 2 -1.92 -8.09 Heterolito
CR-0075 54.4 Grainstones e Rudstones Oncoliticos
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Apéndice 2- Unidades Sedimentares (grupos de facies), facies, descricdo e interpretacdo deposicional.

Grupo de
Facies

Facies

Descricdo

Interpretacéo

AF1-
Intermaré

Grainstones
ooliticos com
estratificacdo
cruzada (Goc)

Rocha constituida preponderantemente
por odides esféricos, de granulometria
fina a média e boa sele¢do com
estratificaces cruzadas tabulares de
pequena escala (<0.4m). Normalmente
ocorrem como camadas de espessura
variando entre 0.5 e 3 metros.

Formagao em ambiente de 4gua
rasa e agitada com a existéncia
de correntes permitindo a
migracdo de formas de leito
subaquosas em regime de fluxo
inferior unidirecional. No caso
desta sucessao sedimentar pode-
se tratar de correntes de maré.

Grainstones
ooliticos com
ripples de
onda (Goo)

Rocha constituida preponderantemente
por odides esféricos, de granulometria
fina e boa sele¢do com ripples
simétricas de onda no topo da camada.

Formacdo em ambiente de dgua
rasa e agitada com a existéncia
de correntes permitindo a
migracgdo de formas de leito
subaquosas em regime de fluxo
inferior bidirecional.

Grainstones

ooliticos com

tidal bundles
(Got)

Rocha constituida preponderantemente
por odides esféricos, de granulometria
muito fina a fina e boa selecéo.
Apresenta tidal bundles de pequena
escala (<0.1m) (do tipo wavy) com
filmes de lama nos foresets e sets.

Formacgdo em ambiente de
planicie de maré onde ocorre a
migracdo de dunas subaquosas

devido a intercalacdo de periodos
de maré enchente remobilizando
0s gréos ooliticos com periodos
de maré cheia depositando
sedimentos finos.

Grainstones
ooliticos com
estratificaces

cruzadas
supercriticas
(Gos)

Rocha constituida preponderantemente
por odides esféricos, de granulometria
muito fina a fina e boa selecéo.
Apresenta estratificagBes cruzadas
supercritica de pequena escala (<0.1m)

Formagéo em ambiente de 4gua
rasa e agitada com a existéncia
de correntes permitindo a
migracgdo de formas de leito
subaquosas em regime de fluxo
inferior unidirecional associado a
uma carga de sedimentos em
suspenséo.

Grainstones
ooliticos sem
estrutura
aparente
(Goe)

Rocha constituida preponderantemente
por obides esféricos, de granulometria
fina a média e boa sele¢do. Camadas
com espessura de 1.5 a 3m sem
estrutura sedimentar aparente.

Formagéo em ambiente de 4gua
rasa e agitada com processos
pos-deposicionais obliterando as
estruturas sedimentares
primarias.

Grainstones e
rudstones
intraclasticos
clasto-
suportados
(Gric)

Rochas constituidas por intraclastos de
laminitos ou heterolitos, mal
selecionados com constituintes
variando de areia fina a seixos,
subarredonados a subangulares.
Ocorrem como camadas intercaladas
com rochas heteroliticas e por vezes
apresentam concentracédo de clastos na
base das camadas.

Rocha formada através de fluxos
trativos por fragmentos
penecontemporaneos de
sedimentos carbonaticos

litificados (laminitos) formados

pelo aumento de energia em
ambiente de supramaré/
intermaré superior.

Heterolitos de
mudstones e
grainstones
intraclasticos

com
ondulagGes de
pequeno porte

(Htw)

Rochas constituidas por bandas
milimétricas de mudstones finamente
intercalados com grainstones
intraclasticos apresentando ondulacdes
de pequeno porte.

Alternancia de episddios de
tracdo por onda e aguas calmas
permitindo a deposi¢do de
intraclastos e a formacao de
mudstones.
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Marga
laminada (M)

Rocha constituida por material
carbonético fino e constituintes
siliclasticos tamanho silte/argila.
Apresentam laminac&o milimétrica. E
basicamente uma camada de até 2.5
metros de espessura

Decantacdo de lama carbonatica

associado ao aporte de
sedimentos siliciclasticos finos.
Depositada em lamina de adgua
mais profunda do que a do
restante dos outros carbonatos.

Rocha laminada de estrutura convexa e
fabrica microbial colunar. Formado

AF2-
Submaré
pela intercalacdo de filmes argilosos Precipitacdo orgénica associada
- com particulas granulares trapeadas ou | ao trapeamento de sedimentos
Estromatolitos | . o - ! . . )
ainda cristais de calcita fascicular.Os em ambiente de intermaré.
colunares . . N ;

(Etrc) estromatdlitos ocorrem em mounds e Possivelmente lamina de dgua
estdo intensamente coalescidos, com maior que a dos estromatélitos
pouco material intersticial. Ocorrem dbémicos.

logo apos a camada de marga desta
sucessdo sedimentar.
. - Alternancia de episddios de
Heterolitos de Rochas constituidas por bandas . 2 P L
s . tracdo e dguas calmas permitindo
mudstones e | milimétricas de mudstones finamente  n -
. . X a deposicdo de intraclastos e
grainstones intercalados com grainstones o <
. ‘o . o permitindo a formagéo de
intraclasticos intraclasticos. Apresentam estrutura
. mudstones. Rocha exposta em
com teepee teepee, por vezes associado com a . )
x ; L ambiente de supramaré formando
(Htt) formacao de nddulos de gipsita.
greta de ressecamento.
Heterolitos de - Alternancia de episddios de
Rochas constituidas por bandas MR
mudstones e e . pouca tracdo e aguas calmas
. milimétricas de mudstones finamente . 9
grainstones . ; permitindo a formacéo de
o intercalados com grainstones - x 3o
oncoliticos - oncoides por acdo organica e a
oncoliticos. L
(Hto) deposicdo de mudstones.
AF3 -
Intermaré
superior/
Supramaré Alternancia de episddios de
Rochas constituidas por bandas pouca tracdo e aguas calmas
permitindo a formag&o de

Heterolitos de
mudstones e
grainstones

oncoliticos

com teepee
(Htz2)

milimétricas de mudstones finamente
intercalados com grainstones
oncoliticos. Apresentam estrutura
teepee, por vezes associado com a
formagdo de nddulos de gipsita.

oncoides por agdo organica e a
deposicdo de mudstones. Rocha
exposta em ambiente de
supramaré formando greta de
ressecamento.

doémicos
(Etrd)

Estromatolitos

Rocha laminada de estrutura convexa
de geometria démica. Formado pela
intercalacdo de filmes argilosos com

particulas granulares trapeadas ou

geometria lenticular, com cabecas
esparsas e presenga de rochas

ainda cristais de calcita fascicular. Os
estromatolitos ocorrem em camadas de

Precipitacdo orgénica associada
ao trapeamento de sedimentos
em ambiente de intermaré

superior/supramare.

heteroliticas entre as cabecas.
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Apéndice 3 - Perfis de gamma-ray, gamma-ray espectral, associacdes de facies, estruturas sedimentares e
facies. Linha em verde marca a superficie de inundacdo maxima (Maximum Flooding Surface) que permite
dividir a sucessdo em intervalo superior e inferior.

Uranium Legend
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