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RESUMO

O estudo dos sistemas carsticos e dos fluidos que geram porosidade nas rochas
carbonaticas sdo de fundamental importancia para reservatorios de petréleo e
aquiferos. Os objetivos da presente tese sao investigar (1) o papel da facies
sedimentares e da estratigrafia de zonas de alta permeabilidade e cavernas
originadas por fluidos ascendentes; e (2) a distribuicdo, mineralogia e composi¢ao
isotopica de depdsitos hidrotermais ao longo de um sistema de falha strike-slip e
suas rochas hospedeiras. Realizamos ambos os estudos na Formacgao Salitre,
Neoproterozdico (700-560 Ma), Craton Sao Francisco, Brasil. O primeiro estudo
foi realizado nas cavernas Toca da Boa Vista (~ 107 km de extenséo) e Toca da
Barriguda (~ 34 km), sistema TBV-TBR, na Bacia de Irecé (Campo Formoso, BA)
e formam o maior sistema de cavernas da América do Sul. O segundo estudo foi
realizado no sistema de falhas Cafarnaum, que separa a Formacgao Salitre (bloco
oeste na Bacia do Irecé) e o Grupo Chapada Diamantina (bloco leste, area do
Morro do Chapéu). A presente tese usa uma combinagdo de analise de facies
sedimentares, analise estrutural, petrografia, microscopia eletrénica de varredura,
petrofisica, isétopos e inclusdes fluidas. Os principais resultados indicam que o
sistema carstico TBV-TBR é composto por cinco unidades estratigraficas
principais, da base para o topo: (a) grainstone oolitico com estratificacdo cruzada,
(b) grainstone fino com nodulos de chert, (c) carbonato microbial, (d) siliciclasticos
finos e margas; e (e) grainstone cristalino intercalado com camadas de chert.
Essas cavernas foram desenvolvidas pelo fluxo de fluido ascendente
(hipogénese) ao longo de fraturas, que eram seladas pelas unidades (d) e (e). O
fluido entdo se espalhou lateralmente ao longo das unidades (a), (b), (c), onde a
carstificacdo ocorreu e onde os principais condutos da caverna foram formados.
A falha de Cafarnaum é uma estrutura transcorrente, com diregcao N-S, vertical e
extensdao de ~ 170 km de comprimento. A zona de influéncia da falha de
Cafarnaum tem aproximadamente 20 km de largura a partir da falha principal.
Veios de calcita nas rochas carbonaticas apresentam fluidos metedéricos com 6D
proximo a -45 %o, e 8'®0 préoximo a -6,5 %o e temperaturas de 40-70°C. Em
contraste, brechas hidraulicas na zona de falha apresentam valores de 8'30 muito
mais baixos, indicando temperaturas de cristalizagdo mais altas e fontes mais
profundas. Estes resultados sao essenciais para a compreensao do
comportamento da porosidade-permeabilidade em sistemas carsticos e da
origem, mineralogia e composi¢ao isotdpica de fluidos no sistema strike-slip.
Esses resultados podem ser aplicados a reservatérios carbonaticos carstificados
e fraturados.

Palavras-chave: carste hipogénico; carbonatos; fluido hidrotermal; Formagéao

Salitre; Craton Sao Francisco.
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ABSTRACT

The study of karst systems and the fluids that generate porosity in carbonate rocks
are of primary importance for oil reservoirs and aquifers. The goals of the present
thesis are to investigate (1) the role of sedimentary facies and stratigraphy of high-
permeability zones and caves originated by deep-seated fluids; and (2) the
distribution, mineralogy, and isotope composition of hydrothermal deposits along a
strike-slip fault system and its host rocks. We performed both studies in the
Neoproterozoic Salitre Formation (700-560 Ma), Sao Francisco Craton, Brazil. The
first study was carried in the Toca da Boa Vista (~107 km long) and Toca da Barriguda
(~34 km) caves (TBV-TBR system) in the Irecé Basin (Campo Formoso, BA) and
form the longest cave system in South America. The second study was accomplished
in the Cafarnaum fault system, which marked the boundary between the Salitre
Formation (west block in the Irecé Basin) and the Chapada Diamantina Group (east
block, Morro do Chapéu area). The present thesis uses a combination of sedimentary
facies analysis, structural analysis, petrography, scanning electron microscopy,
petrophysics, isotopes, and fluid inclusions. The main results indicate that the TBV-
TBR karst system is composed of five main stratigraphic units, from bottom to top: (a)
cross-bedded oolitic grainstone, (b) fine grainstone with chert nodules, (c) microbial
carbonate, (d) interbedded fine siliciclastics and marls, and (e) crystalline grainstone
interfingered with chert layers. These caves were developed by ascending fluid flow
(hypogenesis) along fractures, which were sealed by units (d) and (e). The fluid then
spread laterally along units (a), (b), (c), where karstification took place and where the
main cave conduits were formed. The strike-slip Cafarnaum fault is a N-S-striking
vertical, ~170 km long fault zone. The zone of the influence of the Cafarnaum fault is
~20 km wide from the main fault. Calcite veins in carbonate rocks exhibit meteoric
fluids with 8D near -45%0 and 880 near -6.5%0 and temperatures at 40-70°C. In
contrast, hydraulic breccias in the fault zone present much lower &0 values
indicating higher crystallization temperatures and deeper sources. These results are
essential for understanding porosity-permeability behavior in karst systems and the
origin, mineralogy, and isotope composition of fluids in the strike-slip system. These

results could be applied to carbonate karstified and fractured oil reservoirs.

Keywords: hypogene karst; carbonates; hydrothermal fluid; Salitre Formation; Sao

Francisco Craton.
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CAPITULO I - INTRODUGAO

.1 Estrutura da Tese

A presente Tese é apresentada em seis capitulos da seguinte forma, apresentada
abaixo.

O Capitulo | apresenta a contextualizagdo e a justificativa da pesquisa

desenvolvida, além dos objetivos principais e especificos.

O segundo capitulo traz a fundamentagdo tedrica, com foco no processo de
carstificagéo, e o contexto geoldgico regional da area estudada, incluindo o carste
hipogénico de Irecé. E o Capitulo Il foca nos materiais e métodos utilizados para

alcancar os objetivos deste trabalho.

Os Capitulos IV e V trazem os resultados em forma de artigos cientificos. O
primeiro artigo, publicado no Marine And Petroleum Geology Journal, “The
Conduit-seal System Of Hypogene Karst In Neoproterozoic Carbonates In
Northeastern Brazil” apresenta o estudo realizado no Sistema Hipogénico Toca
da Boa Vista-Toca da Barriguda (TBV-TBR) com a definigdo do sistema barreira-
conduto de facies para a circulagao de fluidos que promovem o processo de
carstificagdo. O segundo artigo, submetido ao Precambrian Research Journal,
“Hydrothermal Activity Along A Strike-slip Fault Zone And Host Units In The
Séo Francisco Craton, Brazil - Implications For Fluid Flow In Sedimentary
Basins”, discute, de forma multiescalar, como fluidos s&o canalizados por
sistemas de falhas e causam brechacgao e precipitacdo de minerais hidrotermais,

afetando também a rocha hospedeira.

Encerrando, o Capitulo VI apresenta as consideracgdes finais e indicagdes de

novos trabalhos a serem desenvolvidos sobre o tema.
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1.2 Apresentagao e Justificativas

A producdo de hidrocarbonetos em reservatorios carbonaticos fraturados
apresenta grandes desafios e incertezas, pois a qualidade do reservatério pode
ser muito variavel de acordo com a evolugao tectono-sedimentar e diagenética
(Cazarin et al, 2019). Redes e corredores de fraturas e falhas s&o elementos-
chave na arquitetura do reservatério que podem impactar positivamente ou
negativamente a producdo. Além disso, fluidos bacinais (muitas vezes
hidrotermais) circulam ao longo desses sistemas multiescalares de fraturas e
podem resultar em processos como silicificacdo, dolomitizacdo e/ou
dissolugaol/lixiviagdo, desenvolvendo carstificagdo e gerando porosidade
secundaria. O conhecimento profundo desses multiplos fatores que controlam a
qualidade do reservatério é a chave para a predicao efetiva, tanto na exploragao

(escala regional), quanto na produgao.

Com o desenvolvimento dos reservatorios carbonaticos do pré-sal, cresceu
a importancia do reconhecimento e da adequada representacdo dos intervalos
carstificados, de modo a adotar a estratégia correta de desenvolvimento do
campo, bem como melhor prever o comportamento do fluxo de fluidos nestes
reservatorios e as incertezas associadas a esta previsao. A presencga de regioes
macro/megaporosas com elevadas permeabilidades e continuidade espacial,
formadas pela combinacdo de fraturas e feigdes de dissolugdo, resultam
frequentemente em um sistema de dupla-permeabilidade. De uma maneira geral,
os condutos de alta permeabilidade sdo determinantes do fluxo de fluidos no
reservatorio, enquanto a porosidade de matriz da rocha reservatorio € responsavel
principalmente pela estocagem de fluidos e, portanto, pelo volume de
hidrocarbonetos no sistema em subsuperficie.

Existem diversos exemplos no mundo de reservatérios com carstificacao
epigénica (Loucks, 1999). Porém, s6 recentemente, os fendmenos de dissolugao
hipogénica de rochas carbonaticas tém merecido destaque, sobretudo pelo
reconhecimento de sua eficacia em gerar permo-porosidade tardia e no seu alto
potencial de preservagdo no tempo geoldgico. A origem da dissolugdo possui
implicacao direta na estratégia exploratoria de um reservatorio carbonatico, pois

existem diferengcas fundamentais na morfologia, no grau e na distribuicdo do
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espacgo poroso na rocha quando esta € submetida a dissolugao epigénica ou

hipogénica (Klimchouck et al., 2016).

A compreensao dos processos de carstificacdo € muitas vezes viabilizada
por meio de estudo de area analogas, tais como bacias carbonaticas de diferentes
idades. O Brasil possui cerca de 425.000 a 600.000 km2 de cobertura de rochas
carbonaticas com diferentes caracteristicas de carstificagdo (Karmann, 1994),
conforme mostrado na Figura 1. O foco neste trabalho sera o carste do Grupo

Una no Craton do Sao Francisco, mais especificamente na bacia Neoproterozdica
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1.3 Objetivos

O presente trabalho teve como objetivo principal analisar a relagdo da
formacgao do carste hipogénico com a litoestratigrafia e a circulagédo de fluidos com
o arcabougo tectdnico, a partir de dados petrograficos, texturais, quimicos,

isotopicos e estruturais de rochas carbonaticas.
Como objetivos especificos pretende-se:
i. identificar o intervalo estratigrafico de ocorréncia dos processos carsticos;

ii. determinar o papel das facies sedimentares no desenvolvimento das zonas de

alta permeabilidade (cavernas);

ii. investigar os depositos hidrotermais e a rocha hospedeira (mineralogia e

analise isotdpica) na borda leste da Bacia de Irecé.
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CAPITULO Il - FUNDAMENTACAO TEORICAE
CONTEXTUALIZAGCAO GEOLOGICA REGIONAL

1.1 Conceituagcao sobre Carste

O estudo do carste € um ramo das geociéncias bastante especifico, de
dominio de raros especialistas espalhados pelo mundo. Ao mesmo tempo € um
tema de interesse muito grande para controle de meio ambiente e, em especial,
para estudos de aquiferos, atividade de extrema importancia de onde vem grande
parte do conhecimento cientifico aplicado de sistemas carbonaticos carstificados
(Palmer, 2011; Klimchouk et al., 2016; Hosseini and Ataie-Ashtiani, 2017). A
industria do petréleo também apresenta forte interesse por este tema, ja que boa
parte das reservas de petrdleo do mundo se associa a carbonatos com diferentes
graus e tipos de carstificagdo (Hardage et al., 1996; Ehrenberg et al., 2012). Com
relacdo aos estudos de reservatorios carstificados, um tema de particular
interesse refere-se a modelagem de condutos e de zonas de altissimas
permeabilidades que controlam fortemente o fluxo de fluidos no interior do
reservatorio (Heubeck et al., 2004; Sullivan et al., 2006; Ehrenberg et al., 2012).

O carste epigénico € gerado a partir da exposi¢cao de rochas, geralmente
carbonaticas, seja por soerguimento tecténico, seja por rebaixamento do nivel de
base em periodos de seca. Este processo se da essencialmente por infiltracdo de
agua meteorica rica em CO2 que promove dissolugdo em ambiente vadoso e
freatico superior (Esteban and Wilson, 1993). A area de recarga alogena é
constituida pelas redes fluviais situadas a montante, que invadem e infiltram o
subsolo da regiao carstificada, enquanto a area autdégena representa a recarga

por agua de chuva exclusivamente na regido exposta.

A carstificagdo hipogénica se forma em geral sem contato com a superficie,
sendo gerada a partir da dissolugao por fluidos ascendentes ricos em CO2 ou H2S
de origem diversa (Klimchouk, 2005; Palmer, 2011; Kempe et al., 2015; Auler and
Smart, 2003). Esses autores discutem que a carstificagao por fluidos ascendentes
se da abaixo do lencol freatico, podendo ocorrer a grandes profundidades de

soterramento. Ao contrario da epigénica, o limite de atuagdo destes fluidos

18



ascendentes em geral sédo barreiras ao fluxo vertical ou, no caso de carstificagao

hipogénica rasa, o proprio nivel freatico.

De acordo com Klimchouck (2005), a carstificagdo hipogénica pode ser
dominantemente discordante (cross—stratal), dominantemente concordante

(estratiforme) ou combinada (rede 3D de condutos).

A estrutura das cavernas hipogénicas depende principalmente dos seguinte
fatores: (1) permeabilidade da rocha pré-carstificagédo; (2) presenga de falhas e
fraturas condutoras associadas; (3) agressividade e natureza dos fluidos; (4) tipo
de recarga; (5) presenca de barreiras estratigraficas, e, nos casos em que ela se

desenvolve proxima a superficie; (6) posicao do lengol freatico.

A origem dos fluidos de carstificacdo € um fator diferencial entre os dois
processos (Auler e Smart, 2003; Cazarin et al., 2019). Enquanto na carstificagdo
epigénica as aguas acidas sao de origem essencialmente meteorica e ricas em
CO2, na carstificagao hipogénica diferentes fatores (temperatura e composigéo do
fluido) podem atuar para aumentar o poder de dissolugao das rochas carbonaticas

pelos fluidos ascendentes (Auler e Smart, 2003).

Outro processo de formagao destes sistemas tem sido estudado nas ultimas
décadas. O carste hipogénico, formado em profundidade, pela acédo de fluidos
ascendentes, se distingue do processo epigénico, que se da pela agdo de aguas
metedricas (Klimchouk, 2012). Ford e Williams (1989) e Worthington e Ford (1997)
definiram que cavidades hipogénicas se formam por fluidos hidrotermais ou pela
oxidacao de H2S.

Outra definigdo, mais abrangente, é a de Palmer (1995) onde as cavernas
hipogénicas se formam pela agdo da agua, com agressividade produzida em
profundidade, e independente de relacido com a superficie ou fontes de CO2. Essa
“agressividade” da agua é transitoria e pode ocorrer pela profundidade ou por
alguma formacéo soluvel. Ford (2006) define espeleogénese hipogénica como “a
formacgao de cavernas por recarga de agua de uma formacgéo soluvel pela pressao

hidrostatica ou outras fontes de energia”

Um dos aspectos mais importantes do carste hipogénico €& o

desenvolvimento de rocha reservatoério para hidrocarbonetos. Reservatérios em
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rochas carbonaticas produzem, aproximadamente, 50% do 6leo e gas mundial
(Mazzulo e Harris, 1992). Desta forma, a compreensdo das propriedades
petrofisicas (porosidade e da permeabilidade) em um sistema carstico, assim
como dos atributos estruturais é fundamental para definir as condicbes da

formacéao de rochas reservatorio em carbonatos.

Montanhas Guadalupe (Novo México, Estados Unidos), Black Hills (Dakota
do Sul, Estados Unidos), Bacia Big Horn (Wyoming, Estados Unidos), Grand
Canyon (Arizona, Estados Unidos), Tabasco (México), Namibia, centro e sul da
Itdlia e Montanhas Buda (Hungria) sdo exemplos de areas estudadas que

apresentam processos hipogénicos (Auler e Smart, 2003).

1.2 Contexto Geolégico da Bacia de Irecé

O Craton do Sao Francisco € a parte ocidental de um craton maior, que
ocupava a porg¢ao central do Gondwana Ocidental, o Craton do Congo (ou Zaire)
— Sao Francisco, ele foi separado em dois quando com a abertura do Atlantico Sul
(Trompette et al, 1992). Almeida (1977) definiu o Craton do S&o Francisco como
uma entidade geotectdnica sinbrasiliana. Nele distinguem-se coberturas meso-
cenozoicas ndao deformadas e depositadas sobre trés conjuntos de rochas de
idade Pré-cambriana: supergrupos S&o Francisco e Espinhago (coberturas
plataformais dobradas, do Proterozdico Superior e do Proterozéico Médio) e a
Associacao Pré-Espinhaco, embasamento arqueano-eoproterozdico, composto

pelos blocos crustais Gaviao e Jequié (Figura 2).

O Supergrupo Sao Francisco contém todas as sequéncias deposicionais do
Neoproterozoéico, compreendendo a Formagéo Jequitai e os grupos Macaubas e
Bambui (Minas Gerais) e o Grupo Una (Bahia). Essas unidades sdo as que
recobrem o centro-sul do Craton Sao Francisco, ocorrendo até a area da Chapada
Diamantina. Sao coberturas sedimentares sobre o craton (Formagao Jequitai, e
parte do Grupo Bambui, em Minas Gerais, Bahia e Goias e Grupo Una, na
Chapada Diamantina) ou metassedimentos na Faixa de Dobramentos Araguai

(Grupo Macaubas e parte do Grupo Bambui em Minas Gerais).
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Figura 2. Craton do S&o Francisco, mapa simplificado. Limites segundo Alkmin et al.1993.

As formagdes Jequitai e Bebedouro (Grupo Una) e o Grupo Macaubas sao
(meta) diamictitos e arenitos, depositados sob a influéncia de processos glaciais.
Os grupos Una e Bambui sdo (meta) sedimentos carbonaticos e peliticos, de

plataforma marinha estavel (Dardenne, 1978).

A Formacao Salitre (Grupo Una), objeto de estudo deste trabalho, € uma
sequéncia carbonatica de ca. 530 m de espessura, com intercalagdes de

depositos siliciclasticos e ocupa grande extens&o da Bacia de Irecé (BA).

Depositada em ambiente marinho raso de mar epicontinental (Medeiros e
Pereira, 1994), a unidade apresenta depodsitos de supra a infra-maré, que

representam episodios deposicionais transgressivos e regressivos.

A Formacgao Salitre apresenta extensas exposigdes de rochas carbonaticas
afetadas por processos de exposicao, hidrotermalismo, e eventos de deformacgao
ductil e ruptil, além disso, abriga o maior sistema carstico da América do Sul, que
necessita de mais estudos sobre os processos de geragdo da permo-porosidade

secundaria.
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Duas propostas estratigraficas sdo mais aceitas para a Formagao Salitre
(Figura 3): uma definida por Bonfim et al. 1985, e outra de Misi e Silva (1996).
Bonfim et al. (1985) consideram 4 facies distintas de acordo com os ciclos de
sedimentagdo, descritas a seguir:

Unidade Nova Ameérica: Caracterizados como calcarenito réseo com forte
recristalizacdo e dolomitizacdo, comumente com estratificacdo cruzada
acanalada. Presenga de tapetes algais, estromatdlitos de pequeno porte
(Jurusania Krylov), intraclastos, laminagao cruzada e bird eyes.

Unidade Gabriel: Composta por estreitas intercalacbes de calcissiltitos,
calcilutito e calcarenito fino, caracterizados por uma coloragao rosea, creme e
cinza, laminagao plano- paralela e presenga constante de cristais cubicos de pirita
e/ou limonita. O processo de dolomitizag&o é intenso.

Unidade Jussara: Jussara inferior (i) € composta por calcarenito quartzoso
de coloragao cinza escura a preta, gra média, cuja feicdo caracteristica é a
presenca de gréos de quartzo visiveis macroscopicamente. (ii) Litologicamente,
na subunidade Jussara Médio, predominam calcarenito finos, calcissiltitos e
calcilutitos de coloragdo cinza a preta. (iii) A subunidade Jussara Superior,
litologicamente apresenta como tipo caracteristico um calcarenito oncolitico
intraclastico de coloracéo cinza escura a preta, interacamadado e interlaminado
com calcilutitos e calcissiltitos de mesma coloracéo. A estratificagao planoparalela
€ uma constante por toda a area de ocorréncia dos calcarenitos. Apresentam por
toda sua area de ocorréncia nédulos de silex com forma esferoidal acompanhando

o aleitamento das camadas, de composicao similar a da rocha encaixante.

Unidade Irecé: Constituem turbiditos distais e/ou proximais, predominam
calcilutitos laminados com variagdo para calcarenitos de textura fina a média,
coloragao cinza escura a negra, com intercalagbes de margas, siltitos, arenitos

imaturos e silex.

Misi e Silva (1996) consideraram as unidades: C, B, B1, A e A1. A unidade
C é caracterizada por dolomito avermelhado argiloso, a leste da Bacia de Irecé. A
unidade B apresenta calcarios laminados cinza com gradagao para camadas

dolomiticas, € uma sucessao ritmica de camadas centimétricas de calcarios ou
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dolomitos e folhelhos. A unidade B1 inclui dolomitos silticos avermelhados cinzas,
dolomitos com lentes plano-paralela e calcarenitos cinza escuro. A unidade A
possui intercalagdes de marga, folhelhos e siltito, sendo a unidade A1 € composta

por calcarios ricos em matéria organica com odlitos, pisdlitos e estratificagédo

cruzada.
M
]
Calcério escuro, rico em mat. organica
Calcarenito oolitico, oncolitico
Al Estratificagdes cruzadas IRECE
_ Calcilutitos, margas
Ciclo Arenitos, siltitos
e pelitos
A Margas e pelitos JUSSARA
Calcarenitos ooncoliticos, |-
150 calcarenitos quartzosos,
arenitos arcoséos
B1 Dolomito silicoso, estruturas teepee’
Dolomito intraclastico, estratos cruzados
GABRIEL
Calcilutitos e Calcarenitos
B Calcario dolomitico argilado NOVAAMERICA
Camadas argilosas Calcilutitos e Calcarenitos,
tapetes algais, faixas
e niveis dolomitizados
300
C Dolomito argiloso vermelho
Bebedouro Diamicitos, quartizitos

Figura 3. Colunas estratigraficas da Formagao Salitre. A esquerda Misi and Silva (1996) e a direita
Bonfim et al. (1985).

Essas rochas fazem parte de um sistema deposicional de mar raso
epicontinental (Medeiros e Pereira,1994), composto por depdsitos de supra a

infra-maré, representando episodios deposicionais transgressivos e regressivos.

1.3 O Carste Hipogénico na Bacia de Irecé

O principal complexo de cavernas hipogénicas da América do Sul, e um dos
principais do mundo, localizam-se no norte da Bahia, no municipio de Campo
Formoso, representado pela Toca da Boa Vista e Toca da Barriguda (Figura 4). O
inicio das pesquisas nessas cavernas se deu nos anos 80 com o Grupo Bambui
de Pesquisas Espeleoldgicas. Resultando nos mapas das cavernas, utilizados em
nossas analises. Auler e Smart (2003) e Klimchouk et al (2016) concluiram a

caverna tem origem hipogénica. A integracado de estudos de litoestratigrafia e
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geologia estrutural permitiram concluir que esse grande sistema de cavernas nos
carbonatos da Formagao Salitre é organizado e controlado pela geologia no
desenvolvimento de cada saldo da caverna. A localizacdo das cavernas €
determinada por condi¢gbes estruturais especificas, que permitem o acesso de
fluidos profundos até a porgcao basal da Fm Salitre, e o espraiamento desse fluido

ocorre através de fraturamentos intensos com trend NE-SW associadas a litologia.

As cavernas se desenvolvem em duas facies de dolomito: uma facies com
abundantes e espessas camadas de chert e uma facies dolomitica mais pura.
Apresentam carbonatos secundarios (espeleotemas), passando por depdsitos
clasticos como abatimento, silte e argila, e incluindo extensas acumulagdes de
guano e ossadas fosseis (Auler e Smart, 2003). Em um dos mapeamentos
geoldgicos realizado pela CPRM (Bonfim et. al., 1985) foi identificado que os
carbonatos que afloram acima da caverna como pertencentes a Unidade Gabriel
(Auler e Smart, 1999).

Os carbonatos da Formacéao Salitre na area ocupam uma bacia arealmente
restrita, limitada ao leste e ao norte por quartzitos do Supergrupo Espinhago
(Proterozdico Médio), e ao sul por filitos que provavelmente pertencem a Faixa
Rio Salitre (Arqueano). Estes encontram-se expostos em fundos de vales e sao
recobertos por calcarios lacustrinos da Formacgéo Caatinga (Plio-Pleistoceno), que
recobrem os carbonatos do Grupo Una ao sul das cavernas.
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Figura 4. Mapa Geoldgico da area de estudo modificado de Ennes-Silva et al (2016).

Este sistema carstico tem caracteristicas hipogénicas, isto é, formada por
acidos gerados em subsuperficie. Evidéncias morfoldgicas, hidroquimicas e
isotopicas indicam que as cavernas foram formadas pela dissolugao provocada
por acido sulfurico devido a oxidag&o de pirita (Auler, 1999).

Idades obtidas por paleomagnetismo em depédsitos sedimentares na Toca
da Boa Vista (TBV) indicam que o sistema carstico foi drenado ha, no minimo, 778
ka. Dados de trago de fissdo em apatita em area vizinha do Craton S&do Francisco
indicam que a denudacéo regional ocorreu em torno de 30 + 10 m/Ma (Harman et
al. 1998). Isto sugere que as galerias atualmente secas das cavernas foram
formadas em um periodo anterior a 1,5 Ma. Desta forma, o sistema carstico da

Toca da Boa Vista foi descrito inicialmente como Paledgeno (Auler, 1999).

A caracterizagdo litolégica das rochas do complexo Toca da Boa Vista e
Toca da Barriguda foi proposta inicialmente por Cazarin (2015), na qual cinco
unidades foram reconhecidas, sdo elas, da base para o topo: unidade 1-
grainstone com estratificagbes cruzadas, unidade 2 - grainstone fino com nddulos

de chert, unidade 3 - carbonatos microbiais, unidade 4 - siliciclasticos finos
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intercalados com marga, e unidade 5 - carbonato cristalino intercalado com
camadas centimétricas de chert. A unidade tectdnica € constituida por brechas
em zonas de falhas e fraturas, localizadas. A Figura 5 ilustra o perfil ideal
encontrado dentro do complexo TBV-TBR. Os contatos entre as facies sao,
geralmente, abruptos, entretanto na passagem da unidade 3 para 4 foi descrito
um contato erosional, com pseudomorfos de evaporitos. A unidade tectonica é
encontrada em pontos especificos, e corta praticamente todas as litologias
(brecha de falha e de colapso).
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Toca da Boa Vista

I | Crystaline cartonate | Unit 5
'_| with chert ayers
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shales small chert nedules

ié%‘ [,\fﬁ Microbial cartonates
_:__{__, Unit 3

=z

Toca da Barriguda

L= Ll cosiomane in o :
< . Grainatone with chert Unit 2

roduios

Grairs.une vith H
cross beddng gknes | Uit 1

Figura 5. Mapa das Cavernas Toca da Boa Vista (A) e Toca da Barriguda (B) e Perfis
Estratigréficos (Cazarin, 2015).
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CAPITULO Il - MATERIAIS E METODOS

I1.1 Reconhecimento e Delimitacido da Area

A area de estudo esta localizada na parte norte do Craton de S&o Francisco,
com foco na Formacgao Salitre. Esta area é caracterizada pela presenca de
grandes sistemas de cavernas que sao principalmente influenciados pelo carste

epigénico, mas também mostra evidéncias de carstificagdo hipogénica.

Para uma melhor compreensdo da localizacdo e desenvolvimento do
Complexo Hipogénico TBV-TBR e dos eventos hidrotermais na bacia foi
fundamental o reconhecimento de superficie do contexto estrutural e das
principais litologias aflorantes e nas cavernas. Além disso também foi realizada
pesquisa bibliografica sobre processos carsticos e seu papel no desenvolvimento

da porosidade secundaria em reservatdrios carbonaticos.

lll.2 Mapeamento e Coleta de Amostras

No complexo Toca da Boa Vista e Toca da Barriguda as amostras foram
coletadas com auxilio de plugadeira manual com foco nas principais facies
definidas por mapeamento estratigrafico (Figura 6). Nas zonas de falhas da borda
da Bacia de Irecé foram coletadas amostras manualmente em afloramentos de

brechas contendo barita e galena (Fazenda Mamonas e Melancias), Figura 7.

I11.3 Analises Laboratoriais

111.3.1 Petrofisica Basica

Para analise de petrofisica basica os plugs coletados nas Tocas da Boa Vista
e Barriguda foram selecionados e cortados em um tamanho de 5 cm com o
objetivo de se obter dados de porosidade, densidade de gréos e permeabilidade
(Figura 8).
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Figura 7. Amostras coletadas contendo barita e galena das Fazendas Melancias (MEL) e
Mamonas (MAM).
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Figura 8. Plugs selecionados das facies definidas na TBV-TBR e dados de porosidade e
permeabilidade associados.
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1ll.3.2 Microtomografia

Dez amostras (plugs) coletadas nas Toca da Boa Vista e Toca da Barriguda
foram submetidas a p-CT visando identificar a arquitetura dos poros (sistema
Skyscan-Bruker, modelo 1173), Figura 9.

Figura 9. Plug (A) e imagem microtomografica destacando os poros (B).
111.3.3 Petrografia

Plugs e amostras selecionadas foram encaminhados para a confecg¢ao de
ldaminas delgadas para descricdo petrografica em microscopio o6tico de luz

transmitida (Zeiss, Axio Imager A2).

As analises petrograficas seguiram a classificagdo de Dunham (1962) para
rochas carbonaticas, e a descricdo da porosidade seguiu a classificagdo de
Choquette e Pray (1970). Foram utilizadas mais de 100 laminas delgadas para

estudar as microfacies (Figura 10).
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1ll.3.4 MEV/EDS (Microscopia eletrénica de Varredura e Espectroscopia por

Energia Dispersiva)

Amostras selecionadas foram estudadas por microscopia eletrénica de
varredura (MEV) para investigar as caracteristicas de dissolugdo e / ou
mineralizagao e sua possivel relagédo com os sistemas hidrotérmicos. As analises
SEM foram conduzidas usando um JEOL JSM-IT300 equipado com um detector
de espectrometria de dispersao de energia X-MaxN da Oxford Instruments (EDS).
As amostras foram analisadas “in natura” (sem revestimento e sem polimento) sob
uma condi¢ao de baixo vacuo a 15 kV. As imagens de elétrons retroespalhados
(EEB) foram combinadas com mapas elementares e a identificagao das fases foi

baseada nos espectros de EDS.

Figura 10. Ladminas das amostras coletadas nas Fazendas Melancias e Mamonas.
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Figura 11. MEV e EDS em uma das amostras estudadas.
111.3.5 DRx/FRx (Difragdo e Fluorescéncia de Raio-X)

Amostras selecionadas foram analisadas no Laboratério de Difracdo do
Departamento de Fisica Tedrica e Experimental e no Laboratério de
Caracterizacdo Estrutural de Materiais do Departamento de Engenharia de
Materiais, ambos da UFRN. As amostras foram analisadas pelo difratdmetro
Rigaku modelo Miniflex Dtex Ultra.

No Centro de Tecnologias do Gas e Energias Renovaveis (CTGAS-ER),
realizamos Analise Quimica Semiquantitativa por Fluorescéncia de Raios-X (FRX)

com perda ao fogo.

111.3.6 QEMSCAN (Quantitative Evaluation of Minerals by Scanning electron

microscopy)

O QEMSCAN® (Quantitative Evaluation of Minerals by Scanning Electron
Microscopy) é um sistema de microanalise automatizado que permite a analise
quimica quantitativa de materiais e a geragdo de mapas e imagens de minerais
de alta resolugdo, bem como a estrutura de porosidade (Gottlieb et al., 2000)
Utilizando plataforma de microscopia eletrénica de varredura (MEV) com fonte de
feixe de elétrons combinados com quatro espectrémetros de raios X dispersivos
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em energia (EDS) analisamos 15 amostras dos afloramentos de brechas contendo
barita e galena (Mamonas - MAM e Melancias - MEL), Figura 12. Os espectros de
emissao de elétrons secundarios retroespalhados medidos e de raios-X induzidos
por elétrons sdo usados para classificar a mineralogia da amostra. Uma variedade
de informagdes quantitativas pode ser obtida, incluindo distribuicdo, composi¢cao
e angularidade de minerais, bem como distribuicdo, textura e porosidade dos

materiais.

Zincite
Unclassffied
Sulfate Minerals
Sphalerite
Smectite

|| Plagioclase
Oxide Minerals
Nesosilicates
Muscovite
Kutnohorite
K-Feldspar
Kaolinite
Inosilicates
lite

|| Halide Minerals
Glauconite
Galena (A)
| Epidote
Dolomite

| Chlorite

| | Calcite
Biotite

Barite

| | Background
|| Apatite

|| Ankerite

Figura 12. QUEMSCAN realizado em amostras selecionadas da Fazenda Melancias e Mamonas,

contendo quartzo, galena e barita.
1ll.3.7 Determinagées Isotopicas e Inclusées Fluidas

Foram selecionadas |adminas dos afloramentos Mamonas (MAM) e
Melancias (MEL), brechas com galena e barita, para determinagbes isotdpicas
(Figura 13). Para extrair as amostras com alto controle espacial, preservando

assim a relacao entre as fases minerais, foi utilizado microdrill da marca Sherline.

As amostras coletadas foram entao colocadas em tubos de vidro, que apés
fechados, foram aquecidos e purificados com gas He visando eliminar

contaminagao de gases atmosféricos. Em seguida, as amostras foram reagidas
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com H3;PO, concentrado e o CO, liberado analisado para is6topos de C e O. Os

resultados sdo apresentados na forma da notagao 5'*C e 5'0.

Para as analises de inclusdes fluidas, cristais de calcita pura de veios foram

coletados, tratados e analisados na Universidade de Vrije, Amsterdam.

O 10ppa=-13,04; 5°C=1,24

(@L il

5'%0p05=-6,90; 89C=1,95 O
2 .

Figura 13. Brechas hidraulicas selecionadas para analise isotoépica.
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ABSTRACT

Karst processes are of primary importance for the generation of secondary porosity
and permeability in carbonate reservoirs and aquifers. The topic investigated in
this study are the effects of the facies and stratigraphy of different layers on the
vertical distribution of solution cavities formed by hypogenic fluids in a carbonate
sequence. This work uses the Toca da Boa Vista (TBV) and Toca da Barriguda
(TBR) caves as analogues of carbonate reservoirs that are affected by karst
processes. These are two different caves that are 400m apart but exhibit the same
geological characteristics and occur in the Neoproterozoic Salitre Formation (700-
560 Ma), Sao Francisco Craton, Brazil. These caves form the longest cave system
in South America, with conduits of lengths ~107 km (TBV) and ~34 km (TBR).
Previous studies of these caves indicated their hypogene origins. These caves
developed by an ascending fluid flow, mainly along fractures. The fluid then flowed
laterally and was influenced by the following five stratigraphic units, from the
bottom to the top: (1) cross-bedded oolitic grainstone, (2) fine grainstone with chert
nodules, (3) microbial carbonate, (4) interbedded fine siliciclastics and marls, and
(5) crystalline grainstone interfingered with chert layers. Units 4 and 5 formed a

stratigraphic seal. Units 1, 2, and 3 below the seal supported the lateral
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redistribution of flow and respective conduit development. Therefore, these units
exhibit a high degree of karstification. Veins related to the first fluid phases that
compose a hydrothermal mineral assemblage cut across these units. We conclude
that stratigraphic control is important for determining the architecture of the

hypogenic cave system at the local scale.

Keywords: Carbonates; Hypogene Karst; Carbonate reservoir; Seal

1. Introduction

The development of macroscopic dissolution porosity and related organized
permeability systems is referred to as karstification or speleogenesis (Worthington
and Ford, 1997; Klimchouk, 2012). Karst porosity has been increasingly
recognized and investigated during the last several decades in many carbonate
reservoirs. The occurrence of karst porosity in deep-seated settings was
commonly thought to be related to past periods of subaerial exposure and
epigenetic karstification, i.e., was attributed to paleokarst (e.g., Esteban and
Wilson, 1993). However, deep-burial dissolution in the mesogenetic realm was
also recognized more than two decades ago (e.g., Mazzullo and Harris, 1992; Al-
Shaieb and Lynch, 1993; Machel, 1999). The formation of related dissolution
porosity has been addressed in numerous subsequent publications regarding

deep-seated carbonate reservoirs and ore deposits (e.g., Heward et al., 2000).

Additionally, it has become increasingly accepted that large-scale
dissolutional voids that are observed in some of the largest cave systems in the
world are unrelated to meteoric or other surface sources of acidity but rather due
to deep fluids percolation processes termed hypogene karst (Ford and Williams,
1989; Palmer, 1991; Klimchouk et al., 2017). Palmer (2012) defined hypogene
karst as the effect of rising groundwater or the production of deep-seated
aggressive dissolution, which produces widespread hypogenic porosity that is not
always represented in caves. One example of this aggressive dissolution
generated at depth is the Buso della Rana-Pisatela karst system in northeastern
Italy, where the oxidation of pyrite assists epigenetic erosion/corrosion of the cave
passages via underground rivers (Tisato et al., 2012). This initial recognition of
hypogene karst was followed by the increased awareness of its wide global

occurrence (Klimchouk and Ford, 2000; Klimchouk et al., 2017) and status as one
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of the fundamental categories of karst, which is at least of equal importance as
epigene karst (Klimchouk, 2012, 2013). Following Klimchouk (2012), hypogene
karstification (speleogenesis) is understood in this paper as the development of
macroscopic dissolution porosity and organized solution-enlarged permeability
structures in deep-seated conditions that are unrelated to the recharge from the
overlying or immediately adjacent surface; it is, however, related to the recharge

to the cave forming zone coming from depth, i.e., by ascending flow.

Despite progress in terms of how hypogenic karst influences carbonate
reservoirs and proposed models of hypogene karst evolution, important gaps in
scientific understanding remain. First, karst conduits are usually smaller than the
required size to be detected in seismic images but are, however, much too large
and complex to be analyzed properly at the borehole scale. As a consequence,
karst systems have not often been incorporated in karst reservoir studies
(Burchette, 2012). Therefore, the study of field analogues has become an
important method to better understand the system and to enhance predictive
models. Second, despite the architecture of cave porosity being of primary
importance in reservoir models and simulations, studies that address the factors
that control its spatial distribution are still rare. Furthermore, the influence of cave
conduits on the formation of porosity surrounding the conduits (Klimchouk et al.,
2012) has not been considered in karstified reservoir models. Third, the
relationship between deep-burial diagenesis and hypogene karstification is still
poorly understood and requires further research. Fourth, the existing 3D models of
cave-stratigraphic stories (e.g., Klimchouk et al., 2016) describe the importance of
fractures as channel paths for fluid ascending from deepseated conditions, but
they do not consider the petrography and petrophysical parameters of the
carbonate and siliciclastic units that comprise the karst system. These layers have
an important impact on the origin of the master passages (fluid channel paths) and
the development of most of the caves. The present study aims to develop a better
understanding of oil carbonate reservoir controls by further detailing the evolution
of the hypogene Toca da Boa Vista (TBV) and Toca da Barriguda (TBR) caves
(Fig. 1) that were previously investigated by Auler and Smart (2003), Ennes-Silva
et al. (2016), and Klimchouk et al. (2016). To use TBV-TBR as an analogue of
karstified and fractured carbonate reservoirs, this study presents a detailed

lithostratigraphic framework of the caves and addresses how carbonate
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petrographic and petrophysical features may control the development of massive

subhorizontal passages. Based on previous and new data, we discuss

how the structural framework (e.g., fractures and fault zones) led to the
development of fluid zones (channel paths) along which the caves have evolved.
This study includes detailed petrography and mineralogical analyses that indicate
that fracture zones were filled by hydrothermal mineral assemblages. This study
contributes towards the understanding of the development of hypogene caves and

their role in the generation of porosity in carbonate reservoirs.
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Figure 1. Tectonic and stratigraphic setting of study area: (A) Major carbonate units, location of
South America's largest karst system in the Sao Francisco Craton, and location of the study area
(modified from Auler et al., 2001); (B) Detail of the northern part of the Sdo Francisco Craton Key:
RP, Riacho do Pontal belt, 1—Archean—Proterozoic basement, 2—Mesoproterozoic sedimentary
rocks of the Espinhago Supergroup, 3—Neoproterozoic rocks of the Sdo Francisco Supergroup,
4—Phanerozoic sedimentary covers, 5—Neoproterozoic Folding belts, 6—Structural lineaments
(modified from Bizzi et al., 2003 and Ennes- Silva et al., 2016).

2. Geological and hypogene setting of the TBV-TBR caves

2.1 Stratigraphic and structural settings

The study area comprises the Salitre Formation (Una Group) of the Campo
Formoso Basin, in the northern part of the Sdo Francisco Craton (Fig. 1). This
craton represents the western portion of a previous major cratonic mass, which
also included the Congo craton (or Zaire craton). This major craton was split into

two fragments during the Pangea breakup and opening of the South Atlantic Ocean
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in the Late Jurassic and Early Cretaceous (Trompette et al.,, 1992). The Séao
Francisco Craton contains Meso- and Neoproterozoic sedimentary units, which
overlie older and deformed Paleoproterozoic and Archean basement units. Fold
belts around the craton were deformed during the Brasiliano/Pan-African orogeny
that affected both the eastern part of South America and Africa from 740 to 560
Ma (Brito Neves et al., 2014). Neoproterozoic carbonate units within the Sao
Francisco Craton were preserved from pervasive ductile deformation and
metamorphism, including fragile to fragile-ductile deformation, that affected the
terrains near the mobile belts (Brito Neves et al., 2014). Carbonate units in the
craton include the Salitre Formation, which belongs to the Una Group (Fig. 1) and
comprises carbonate and pelitic rocks that are interpreted as marine platform units
(e.g., Dardenne, 1978).

The Salitre Formation, which forms the main infill of the Campo Formoso
Basin, is part of the Una Group. This formation occurs in separate basins that are
limited by quartzite and younger freshwater carbonates and has been subjected to
brittle deformation and intense karstification (Auler and Smart, 2003). The Salitre
Formation is a carbonate unit of up to 530m thickness that has a few siliciclastic
lenses and outcrops in the Sdo Francisco Craton (Bonfim et al., 1985). In its
northernmost basin, north of Campo Formoso, the Salitre Formation is limited to
the east and north by the quartzites of the Espinhago Supergroup (meso-
Proterozoic), to the west by the schists of the Archaean Rio Salitre Belt and to the
south by the freshwater carbonates of the Caatinga Formation (Auler, 1999). The
basement of the Salitre Formation comprises either Archean schists of the Rio
Salitre Belt or Precambrian diamictites of the Bebedouro Formation. The Salitre
Formation is capped by freshwater/secondary limestones of the late Pliocene —
early Pleistocene Caatinga Formation (Bonfim et al., 1985; Penha, 1994; Auler,
1999).

Carbonates of the Salitre Formation were deposited in a shallow
epicontinental marine system (Medeiros and Pereira, 1994) and comprised supra-
and infra-tidal deposits, which correspond to transgressive and regressive sea-
level episodes. The most common sedimentary facies of the Salitre Formation are
stromatolites/microbiolites (planar, domal, columnar, and oncolites). Other

microfacies include mudstones, wackestones, packstones, grainstones, and
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boundstones (Bonfim et al., 1985). All these facies were subjected to diagenetic
processes, such as recrystallization, dolomitization, silicification, and dissolution.
Among the several proposed subdivisions for the Salitre Formation (Souza et al.,
1993; Pedreira da Silva, 1994; Misi and Veizer, 1998), we have used the
classification from the study of Misi and Silva (1996) since it better fits our

stratigraphic data (Fig. 2).

The Brasiliano orogeny affected the Riacho do Pontal fold belt and part of the
S&o Francisco Craton (Fig. 1), which resulted in NNE-SSW and E-W thrusts and
related folds (Caxito and Ulhein, 2013; Lagoeiro, 1990). The Riacho do Pontal and
other marginal Neoproterozoic fold belts around the Sado Francisco craton consist
of sedimentary basins subjected to tectonic inversion during the Brasiliano
Orogeny (Caxito and Ulhein, 2013).

The TBV-TBR caves, which are the main focus of this study, developed along
the same NE-SW-striking thrust belt with local E-W-striking sectors. These cave
conduits, which formed via dissolutional enlargement of fracture corridors, are
concentrated along these fold hinges due to the folding of competent grainstone
layers (Fig. 2). The cave passages exhibit variable sizes. The conduits range from
centimeter-scale dissolution features to passages more than 10m wide and high.
However, they are normally 3—10m wide and approximately 2—4m high (Klimchouk
et al., 2016). The caves occur along (a) NE-SW to E-W (045-090) and (b) NeS to
NNE-oriented (000—030) hinges that are roughly parallel to the main thrust system.
Fold limbs of anticlines exhibit dip angles between 10° and 30°. The folds form a
superposed pattern formed by two folding events in a compressive collisional
setting that was related to the collision between the Riacho do Pontal fold belt and
the Sao Francisco Craton during the Brasiliano orogeny at 750-540 Ma. The F1
event is marked by a set of NE-SW-oriented gentle folds, coeval with NE-SW
strata-bound stylolites, NNW-SSE veins, and NW-SE to NeS joints. The cave
passages were still not developed, and bedding-parallel by stylolites developed
due to overburden, most likely at depths of 1—-2 km during this event. The F2 fold
event is characterized by a mild E-W-oriented compression that resulted in a set
of N-S fold hinges and E-W joint sets (Ennes-Silva et al., 2016).
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2.2 Hypogene features and origin of the TBV-TBR caves

Hypogene karst has been identified in the Neoproterozoic Salitre Formation
in the S&o Francisco Craton, Brazil (Figs. 1 and 2); this craton hosts the longest
caves in South America, in which the Toca da Boa Vista (TBV) and Toca da
Barriguda (TBR) are found. These giant hypogene caves exhibit no features that
are typical of epigenic caves, such as a branchwork pattern, fluvial sediments or
integration with the surface geomorphology; therefore, these caves are not
compatible with a formation via climate-controlled epigenic processes (Auler and
Smart, 2003).
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Figure 2. Stratigraphic and Structural scheme (A) Stratigraphic column after Misi and Silva (1996),
with location of the stratigraphic level that corresponds to the TBV-TBR system; (B) Structural

scheme of caves developed along anticline hinges (modified from Ennes-Silva et al., 2016).

Auler (1999) and Auler and Smart (2003) proposed a hypogene evolution for
the TBV-TBR caves and described their morphological features, which include a
mixed network/ramiform pattern (Fig. 3B and C), abrupt variations in cross section,
widespread cupolas (with some over 10m high), rock pendants, irregular rock
projections and vertical rifts, a lack of vadose speleogens and fluvial sediments,
and features of condensation-corrosion processes (dolomitic sand, friable walls

and redissolved speleothems). This hypogene evolution model suggested that the
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caves had a shallow hypogenic origin and formed in a laterally flowing aquifer, in
which the dissolution capacity of groundwater was enhanced by the oxidation of

bedrock sulfides concentrated in specific stratigraphic units.

Klimchouk et al. (2016) presented new data that provide evidence for the
major role played by ascending fluids and joint spacing and distribution along
distinct stratigraphic horizons. These authors confirmed abundant evidence of
hypogene features, such as cupolas, wall projections, pendants and partitions, and
very irregular cave walls and ceilings on a meter scale. The presence of ascending
conduits (feeders) would allow rising fluids to be distributed along three cave-
stratigraphic stories, which reflect the hydrostratigraphy during speleogenesis (Fig.
2). The lower cave-stratigraphic story served as a recharge component of the
system, which formed along fracture corridors and comprises chambers of different
sizes that were enlarged by ascending flow. The middle cave stratigraphic story is
mainly comprised of subhorizontal cave passages that developed along highly
conductive carbonate layers, which are capped by a seal that prevented fluid flow
from ascending directly to the upper part of the karst system. The upper cave-
stratigraphic story comprises outlets that formed along fractures. This last story
represents fracture zones, which allowed the outflow paths through the seal. This
3D architecture of conduits functioned to allow the rising flow from deep-seated
confined conditions to reach shallow levels of the crust. The model envisaged by
Klimchouk et al. (2016) contains most of the classical elements of a deep-seated
source of acidic groundwater, with distinct morphological features and levels

(stories) determined by the highly variable joint pattern.

The subhorizontal cave passages developed along anticline hinges (Ennes-
Silva et al., 2016). A closely spaced set of joints guided the development of the
cave system along these fold hinges and favored the coalescence of adjacent cave
conduits, which resulted in larger volumes in the system (Klimchouk et al., 2016;
Ennes-Silva et al., 2016). In the model by Klimchouk et al. (2016), episodes of
rising acidic fluids may have occurred during the last major regional tectonic
events: hydrothermal activity along faults late in the Brasiliano orogeny (c. 550 Ma)
or Jurassic-Cretaceous rifting related to the breakup of Pangea. This study noted
that either of these two possibilities would have established the TBV-TBR caves
as among the oldest caves on Earth.
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Auler et al. (2017) suggested that the chemistry of the cave-forming fluids
could not be determined with certainty, and the lack of poorly soluble sulfur-derived
minerals (halloysite or alunite, Hill, 1990; Polyak et al., 1998) indicates that H2S
was not the main fluid conveyed by the many ancient faults.

3. Methods

We have performed a detailed stratigraphic and sedimentary facies
description at several cave sites from both the TBV and TBR caves. This part of
our study was strongly supported by the extensive cave maps that have been
produced by the Bambui Speleological Group (Grupo Bambui de Pesquisas
Espeleoldgicas) since 1987. We also applied the structural framework of the TBV-
TBR caves established by Ennes-Silva et al. (2016) and the morphological
hypogene features defined by Auler and Smart (2003), Klimchouk et al. (2016),
and Auler et al. (2017). We sampled the most representative layers exposed in the
caves using a manual drill to collect 10-cm-diameter mini-cores of rock samples
for petrographic and petrophysical studies. Fig. 3 shows the locations of the 4
sampling sites and the other 34 sites at which there are detailed stratigraphic
studies. The cores were cut in the field and reduced in the lab to yield plugs 3.8

cm in diameter with a minimum length of 5 cm.

The petrographic analysis followed the Dunham (1962) classification of carbonate
rocks, and the porosity description followed the classification by Choquette and
Pray (1970). Hydrochloric acid with alizarin red-S solution (Dickson, 1966) was
used to identify the main carbonate minerals. In total, we used 89 thin sections to
study the microfacies and analyzed 10 samples of the different stratigraphic units
to measure and identify the architecture of the pores via X-ray microtomography
(Skyscan-Bruker system, model 1173). The system operated at an energy level of
130 kV and 61 currents, using a 1.0-mm-thick aluminum and 0.5-mm-thick copper
filters to reduce the contribution of low-energy photons. The pixel size used to scan
was 17.81 um. A plan screen detector (2240%x2240) was used to register an X-ray
transmission, and a 360° projection with a 0.50° of rotation was used. The
reconstruction of porosity, which was based on the Feldkamp algorithm (Feldkamp
et al., 1984), was performed using the InstaRecon® software. Selected samples

were studied further via scanning electron microscopy (SEM) to investigate the
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dissolution and/or mineralization features and their possible relation with
hydrothermal systems. SEM analyses were conducted using a JEOL JSM-IT300
equipped with an Oxford Instruments X-MaxN Energy Dispersive Spectrometry
(EDS) detector. Samples were analyzed “in natura” (uncoated and unpolished)
under a low-vacuum condition at 15 kV. Back-scattered electron (BSE) images
were combined with elemental maps, and the phase identification was based on

EDS spectra.

4. Results

4.1. Stratigraphy-petrography of sedimentary units and corresponding
morphology

The detailed analysis of the caves (Fig. 3) allowed the identification of five
sedimentary units (Fig. 4), which were later confirmed in thin sections. The five
cave-bearing stratigraphic units, previously outlined by Klimchouk et al. (2016),
were analyzed in detail. From the bottom to the top, these units are (1) grainstone
with cross-bedding stratification, (2) fine grainstone with chert nodules, (3)
microbial carbonates, (4) fine siliciclastic layers and marls, and (5) crystalline
carbonate interfingered with chert layers. This stratigraphic section has good
lateral continuity within the TBV-TBR caves, despite the fact that the depth of the
units may change due to gentle folding (Ennes-Silva et al., 2016). Fig. 3B and C

depicts 38 points at which the cave stratigraphy was investigated.

Unit (1) mainly comprises fine-to-coarse oolitic grainstones with cross-
bedded stratification (Figs. 4 and 5). The grainstones are white to gray on the cave
wall due to condensation corrosion that caused the powderization of dolomite; the
fresh samples, however, are pink in color. The lowermost passages in the caves
are developed within this unit and are sometimes represented by large chambers
that are created by the lateral coalescence of once individual cavities. The absence
of chert and pellite layers and the homogeneous nature of the unit have precluded
the breakdown, which results in the full expression of dissolution- sculptured
morphological features. The visible thickness of this unit in the cave passages

could reach 12—-15 m.
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The grainstones feature oolites that are surrounded by quartz-filling vugular
porosity and intraclastic fragments (Fig. 6). The grain contacts are planar and less-
frequently concave-convex. The grain size is homogeneous and presents some
degree of mechanical compaction with tangential and punctual contacts and
neomorphism. The grain size ranges from 200 to 350 um, and the grains exhibit
rounded-to-subrounded shapes (Fig. 6A, B, C, D). Despite intense micritization, it
is possible to recognize a thin marine fringe around the grains and intergranular
cementation. The lithologies of Unit (1) present vugular and interparticle porosity.
Fracturing is commonly observed and is partially filled by silica (Fig. 6E and F).
Late dolomitization, which occurred during mesodiagenesis, has obliterated most
of the original features and resulted in anhedral crystals. A few euhedral crystals
may occur in the interparticle pores that are generated by dissolution (Fig. 6G and
H).

Unit (2) exhibits oolitic, peloidal grainstones and packstones with intraclasts.
They are white to gray on the cave wall, but fresh samples are pink. The layers of
carbonate are 0.5-1.0m thick and exhibit a planparallel stratification and concentric
chert nodules that are 10-30 cm in diameter (Figs. 4, 5 and 7). This unit is locally
exposed at the top of the lower-level passages, but mainly in areas that represent

the middle cave level, which is the most laterally extensive.

The rock grain size of Unit (2) ranges from fine to very fine sand (0.50mm-—
0.25 mm), with smaller amounts of quartz and intraclasts than Unit (1) (Fig. 7A and
B). The grain contacts are punctual to planar. The intense late dolomitization during
mesodiagenesis resulted in euhedral crystals of dolomite in the intergranular
porosity. Despite the strong dolomitization process, it was possible to identify
zoned rhombohedra that indicates hydrothermal processes. We observed at least
three generations of silicification: (1) precipitation of mega-quartz with biphase fluid
inclusion, (2) precipitation of cryptocrystalline silica and chert, and (3) deformed
quartz with undulose extinction filling fractures up to 1—2mm thick (Fig. 7C and D,
E, F). Fractures are also filled by saddle dolomite. The lithologies of this unit exhibit

vugular and interparticle porosity (Fig. 7G and H).

Unit (3) is exposed mainly at the middle cave level and consists of microbial

carbonates such as laminites and purple-to-green stromatolites and columnar
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thrombolites (Figs. 4, 5 and 8). This unit ranges from a few centimeters to 1m thick.
The main difference observed between caves within this unit is the size of the
columnar structures. The presence of evaporite pseudomorphs at the top of

columnar structures and laminites indicates subaerial exposure.

In thin section, we observed fossil organic structures, laminations, and, in the
case of thrombolites, micritic clots. This unit exhibits two microfacies with quite
distinct textures. The first is a microcrystalline mudstone mainly comprising calcite
and dolomite, with vugular porosity 2—4 mm in diameter (Fig. 8A, B, C, D). The
mudstone exhibits bands that range from silt to clay diameter surrounding the vugs
in which the mineralogy is either mainly dolomitic or mainly calcitic. The carbonate
grain size varies from silt to clay. Intense silicification is marked by the presence
of quartz infillings that are 177-88 ym in diameter (mostly silt size) (Fig. 8A). The
vugs are connected by fractures filled with quartz that may exhibit undulose
extinction. The second microfacies is microbial with clothed features (Fig. 8E, F,
G, H) and completely dolomitized (Fig. 8F, G, H), exhibiting euhedral and anhedral
dolomites in the pores. Rounded and subrounded skeletal grains and dissolved

stylolites that exhibit channel porosity are also present (Fig. 8F).

Unit (4) is a siliciclastic unit that can be up to 1m thick and comprises
siltstones interfingered with layers of fine-to very fine-grained sandstones, marls,
and shales. Layers of peloidal grainstone featuring chert nodules a few centimeters
thick also occur in this unit (Figs. 4, 5 and 9). Unit (4) is easily mapped and followed
along cave passages due to its predominantly reddish color. Unit (4) is commonly
exposed in the upper parts of the walls in passages and in the ceiling at the middle
level of the caves. This unit acted as the first fluid barrier due to its siliciclastic

petrographic characteristics.

Unit (5) is the topmost unit and comprises microcrystalline carbonates
interfingered with a few centimeter-thick chert layers (Figs. 4, 5 and 9). Carbonates
are gray to white on the cave wall, but fresh exposure exhibits a pink color, and
the chert layers present a reddish color. In thin section, despite the intense
dolomitization process, we recognized ooids and peloids, which characterize
grainstones. Because the bottom part of this unit has low amounts of fracturing

and is commonly massive, it forms the main fluid-flow barrier of the sequence,
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causing the lateral redistribution of flow and respective conduit development along
the units below it (Klimchouk et al., 2016). Units (4) and (5) acted as fluid barriers
during fluid flow in the TBV-TBR caves. In thin sections, the crystalline carbonate
features a few opaque minerals, a very low channel along fractures and
interparticle porosity (Fig. 10). The main features include local oxidation, abundant
stylolites, neomorphism and fracture filling with spathic calcite and with quartz
exhibiting undulose extinction (Fig. 10). Up to three sets of fractures that were
closed and filled by minerals are observed, and cryptocrystalline silica fills the voids
(Fig. 10).
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color in this figure legend, the reader is referred to the Web version of this article).
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Figure 4. Main features of stratigraphic units as they occur in the caves. Schematic stratigraphic
column of study area from locations A, B, C, and D provided in Fig. 3. The units below and above
the columnar section are not seen in the caves. Key: Un., stratigraphic unit described in text, M,
Mudstone, W, Wackestone, P, Packstone, G, Grainstone, F, Floatstone, R, Rudstone, B,

Bindstone, Bf, Bafflestone, Fr, Framestone, C, Crystalline.
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Figure 5. Main features of the conduit-seal system in the cave: (A) and (B) general aspects of Unit
1 with cupolas, which marks the conduit base; (C) Unit 3 composed of microbialites (base of unit
marked by yellow arrows); (D) detail of stromatolites in Unit 3; (E) and (F) Unit 4 (marked by yellow
bracket lines) and Unit 5 mark the cave ceiling, below which occur the dissolved units 1,2, and 3.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Figure 6. Main features of Unit 1 at the thin section scale: (A) uncrossed and (B) cross —polarized
images of oolites with concentric laminations. Yellow arrows indicate concentric laminations in
oolites; (C) and (D) oolite laminations and maga-crystals of quartz filling vugular porosity; (E) and
(F) vugular pores and fractures filled by chalcedony (Chalc, yellow infilling); (G) and (H) micritisized
oolites and mega-crystals of quartz filling vugular porosity. Yellow arrow indicates fracture filled by
calcite. Key: Mq, mega-quartz crystals; yellow arrows indicate concentric laminations in oolites.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Figure 7. Main features of Unit (2) in thin section: (A) unpolarized and (B) polarized general aspect
of oolitic grainstone; (C) unpolarized and (D) polarized vein filled with quartz with undulose
extinction; (E) unpolarized and (F) polarized vugular porosity filled with mega-quartz crystals; (G)
unpolarized and (H) polarized oolitic grainstone with vugular porosity. Yellow arrows point to
features described in captions. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article).
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Figure 8. Main diagenetic features: (A) Dissolution associated with stylolites; (B) image from SEM
showing surface of chemical compaction marked by yellow arrows; (C) oolite grainstone with
punctual and tangential contacts between grains indicating early diagenesis; (D) oolitic grainstone
with open framework and total recrystallization; (E) percolation of iron related to limonite during the
telodiagenesis phase; (F) SEM image of fracture filled by dolomite crystals; (G) completely
recrystallized sample (/Nicolls), where dissolution between crystals occurs; and (H) same sample
(X Nicolls).
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Figure 9. Main features of the conduit units capped by the sealing units: (A) Unit 4 composed of
siltstone (marked by yellow arrows) caps Unit 3 and is capped by Unit 5; (B), (C), (D), and (E) Unit
4 composed of thin bedded siltstones marks the bottom of the sealing units; (F) Unit 4 (red color)
marks the ceiling of the cave. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

53



iy
ke O:J nm

Figure 10. Main textural features of low porosity mudstones from Unit (5): (A) micrite with fractures
filled with cryptocrystalline silica (Sil) and spatic calcite (Cal); (B) micrite with channel porosity along
fracture; (C) and (D) micrite with closed fractures and a few fractures with canal porosity.

4.2 Mineralogy of vein infilling

Veins and veinlets in the TBV and TBR mainly occur in units (1), (2), (3) and
are usually a few millimeters thick. They often have a planar form, but curved
surfaces may also occur (Fig. 11A, B, C). The mineralogy of the vein infill indicates
a hydrothermal assemblage, as determined by the EDS/SEM analyses of veins
from TBV, which reveal a complex and distinct mineralogy compared to the host
rock. For instance, veins from sample TBV3G exhibit an assemblage of quartz,
barite, iron hydroxides, apatite, calcite, and dolomite (Fig. 11A-D). In other
portions of the same sample, the vein evolves to a recrystallized area in which the
crystals are well developed and associated with calcite, clay minerals, and apatite.
Fig. 11C shows a fracture in a dolomitized rock from TBV that is filled with a zoned
assemblage of hydrothermal minerals that include feldspar, apatite, iron oxide,
calcite and quartz. Quartz and calcite are irregularly distributed within the original
dolomite rock. The fracture filling minerals appear to have been crystallized during
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two different stages: one is characterized by apatite + K-feldspar + quartz + calcite
+ iron oxide/hydroxide, and the other, which most likely formed at a later stage, is

characterized by calcite + barite.

Apatite is a mineral commonly observed in many samples and is usually
associated with different hydrothermal assemblages (Fig. 11A, B, D, E). Fig. 11E
and F shows a fracture in dolomitized rock where apatite occurs associated with
quartz and Fe-hydroxides. In other parts of this sample, these minerals occur as
well-formed crystals disseminated in the dolostone.

As another example, sample TBR 3 displays the concentration of apatite
along a vein that partially replaces the dolomite wall-rock (Fig. 11G). Other
minerals in this hydrothermal assemblage include quartz, monticellite, and
diopside. A hydrothermal mineral assemblage featuring K-bearing minerals, such
as K-feldspar, was also observed. This mineral occurs along the main fracture
zones and is also disseminated in the dolomite host rock. In addition to K-feldspar,

the sample features quartz, iron hydroxides, and apatite.

Silicification was observed under different conditions (Fig. 12): (1) as cement
and prismatic fringes around the vugular pore, and sometimes as discrete euhedral
crystals; (2) as a microcrystalline texture with 62—125 um grain size (silt to clay),
filling the central cavities of the vugular pores; (3) as crystals resulting from
chemical precipitation in cavities (mega-quartz) and presenting biphasic fluid
inclusions (gas and liquid); and as (4) infilling of wide fractures with altered
(stretched) crystal lattice, as demonstrated by the crystals with undulose extinction.
The different forms of silica indicate that at least two main stages of silicification
may have prevailed in the TBV-TBR caves. An earlier stage was most likely
associated with sedimentary burial in which chert nodules were formed following
sedimentary bedding (Fig. 12A and B). A second and later stage of silica formation
exhibits megaquartz and the silica infill of fractures (Fig. 12C and D). This second
silica stage is associated with the complex mineralogy described at the beginning

of this paragraph (Figs. E—H).
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4.3. Porosity and permeability of the conduit units

Carbonate rocks from Units (1), (2) and (3) exhibit decreases in primary
porosity and secondary porosity that vary in type and percentage. Whereas the
primary porosity was reduced mostly by mesodiagensis cementation, the
secondary porosity is characterized by features similar to those reported by
Choquette and Pray (1970), such as vugular, fracture, interparticle, moldic,
intraparticle, intercrystalline, and intracrystalline features (Figs. 13 and 14). The
secondary porosity affected oids/oncoids resulted in the formation of vugs and
enlarged fractures. Based on the architecture of the pores determined by X-ray
microtomography, we have identified three types of porosity-permeability patterns
(Fig. 15): (A) very low porosity values in the range of 0.0-3.0% and low
permeability values of 0.00-0.01 mD. This pattern is usually observed in the
grainstones of Units (1) and (2), which were recrystallized and cemented by spathic
calcite and megaquartz. (B) Intermediate porosity of 3.0-7.0% and permeability of
0.01-1.00 mD; this pattern is observed in the vugular porosity in the microbial
grainstones of Unit (3) and the partially closed fractures in the grainstones of Unit
(1). (C) High porosity of 3.0-13.0% and high permeability of 1.00—200.00 mD; this
pattern is observed in units (1), (2), and (3), which are associated with fractures
and channel porosity that interconnects vugular porosity with vugs as large as 2mm
in diameter. In general, there is a positive correlation between porosity and
permeability for porosity values greater than 1.00%. This good correlation indicates
that secondary porosity and permeability are more important in the rock matrix and

are mainly related to microscale dissolution along fractures.

4.4. Diagenesis of sedimentary units

The main diagenetic processes that affected the carbonates of the Salitre
Formation at the TBV-TBR caves were mechanical and chemical compaction,
micritization, cementation, dissolution, recrystallization, dolomitization and
silicification (Fig. 16). In the studied rocks, physical compaction is observed mainly
in samples with granular textures, as indicated by the punctual contacts of the
grains that evolved soon after deposition. Pressure dissolution characteristics are
primarily in grainstones, which correspond to high-amplitude stylolites, dissolution
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seams, and tangential contacts between grains. The stylolites rarely generated

secondary porosity.

Changes in the carbonate fabric included micritization and circumngranular
eogenetic cementation, followed by the mosaic cementation of spatic calcite.
Micritization is commonly observed in all five lithostratigraphic units, causing total
or partial modification of the internal structure of oncoids, ooids and intraclasts. It
is often difficult to recognize the primary sedimentary features after micritization.
In addition, it is observed that cementation occurred in the isopac fringe and

equigranular mosaic of spastic (fine) calcite.

Circumgranular eogenetic cementation has occurred in a manner that
supports the framework comprising grains. This framework is observed in oolites,
intraclasts, oncolites and microstriped grains with occasional and tangential rare
contacts (due to the slight mechanical compaction). These rocks were cemented
in an isopic way by fringes, which secured their components almost without
contact. The fringe itself was completely obliterated by recrystallization, and
effective recognition is not possible.

Later, mosaic cementation of spatic calcite occurred in almost all granular
samples. The cementation completely filled the intergranular space, obliterating
the primary porosity of the rock. Generally, they correspond to small crystals with
equigranular features and recrystallized character. The samples also exhibit
evidence of telodiagenesis, in which rocks from the TBV-TBR caves were uplifted
and again exposed to meteoric conditions, being influenced by deep-water
infiltration of water through fractures and faults. The main features related to
telodiagenesis are iron-rich cement comprising limonite, calcite cement in

porosities and in fractures and the presence of organic matter.

Dissolution processes related to karstification occurred in three stages: (1)
early generation of porosities in vugs and interparticle (eodiagenesis), (2)
intermediate fracture widening (mesodiagenesis), and (3) late subaerial exposure
promoting a third dissolution process (telodiagenesis). In this last phase, cements
that filled the fractures were dissolved, causing them to widen and to develop new
vugs (telodiagenesis). In contrast, the samples may also exhibit intense

recrystallization processes. The most common case is the replacement of the
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micritic matrix by equigranular spiral microcrystalline calcite that preserved the

relics of ooids and oncoids.

The five described units exhibit two main types of dolomitization. Type 1 is a
fine microcrystalline-to-cryptocrystalline dolomite with a grain size of 0.125-0.088
mm. Type 1 dolomite is either of the following: (a) nonhomogeneous and replaces
the primary rock matrix. Type 1 dolomite is characterized by microcrystalline
dolomite that partially replaces the original texture (oolite grains have concentric
internal structures). (b) Total dolomitization of the original rock leading to total
obliteration of the primary rock texture. This late-onset type of crystalline dolomite
comprises xenotopic to fine hipidiotopic crystal mosaic fabric. Type 2
dolomitization presents aggregates of eucalyptus and subhedal crystals of

dolomites, generally filling vugular pores.

5. Discussion

5.1. The interplay between fractures and stratigraphy in controlling

hypogene karst from the local to the regional scale

The data presented here provides a lithostratigraphic framework for further
understanding the origin, evolution, and functioning of caves. The data also allow
a discussion of the petrographic and petrophysical properties of carbonate and
siliciclastic units and their role in karstification. Below, we present a conceptual
model (Fig. 17) supported by our field and laboratory studies. The model departs
from the local features described in the present study and from the works by
Ennes-Silva et al. (2016), Klimchouk et al. (2016), and Auler et al. (2017) and

makes regional assumptions based on the maps by Bizzi et al. (2003).

The fluid flow is strongly controlled by conductive carbonate layers from the
intermediate story, which are the main focus of the present work. These layers
were separated into five distinct lithostratigraphic units, from the bottom to the top:
(1) grainstone with cross-bedding stratification, (2) fine grainstone with chert
nodules, (3) microbial carbonate, (4) interbedded fine siliciclastics and marls, (5)
crystalline carbonate that interfinger with chert layers. The fluid flow is also
controlled by the petrophysical properties and fracturing of these intermediate
units, which become the main pathways for the lateral dissolution of fluids that later

evolved into conduits and passages. Units (4) and (5) acted as a stratigraphic seal
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to upward fluid migration, which preserved overpressures and below which
hydrothermal fluids migrated laterally and promoted dissolution (Fig. 17A). The
carbonate units were hydrologically isolated above and below the seal. Elsewhere,
it has already been observed that a low concentration of fractures across seals
causes a hydrological system to be compartmentalized, whereas a high
concentration of fractures tends to homogenize the system above and below the
seal (Evans and Fischer, 2012). Fluid overpressure below the seal could
eventually fracture it and could allow aggressive fluids to migrate into overlying
units (Roberts and Nunn, 1995). In the TBV-TBR caves, units (4) and (5) were
locally breached, which allowed the formation of conduit outlets (Klimchouk et al.,

2016). The seal bypass enabled a new phase of dissolution.

The TBV-TBR caves are located at the top of the same regional NESW-
striking thrust, which trends roughly in the same direction for both caves (Fig. 17B,
C, D). The thrust system developed along quartzites and carbonates on a regional
scale (Ennes-Silva et al., 2016; Klimchouk et al., 2016). This last unit hosts the
karst system (Fig. 17A). Thrusts systems are usually observed as flats and not
efficient conduits for upward flow. However, fluid flow has been recorded along
thrust systems in several basins in different tectonic settings, such as in the
southern Pyrenees, Spain (e.g., Travé et al., 2007; Beaudoin et al., 2015), in the
Appalachian Valley and Ridge, USA (Evans and Fischer, 2012), and offshore
Brunei (Morley et al., 2014).

The caves were developed along anticline axis of a dome and basin system
(NeS and E-W trends), parallel to which a fractures system also evolved (Fig. 17B).
This system of fractures is associated with the Brasiliano event, which occurred on
the north bank of the Sdo Francisco craton in the period from 750 to 540 Ma
(Ennes-Silva et al., 2016). The age of the hypogene karstification, however, is still
a matter of debate, as already noted by Klimchouk et al. (2016). Fluid flow along
faults is likely to have occurred when these structures were active. These faults
and folds were active during the Brasiliano orogeny and inactive ever since. In the
TBV-TBR cave area, fault reactivation could have occurred in the Pangea breakup
in the Jurassic-Cretaceous. These are likely to be the most important period for

hypogene speleogenesis. However, teasing apart the features of the karst system
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necessitates higher sampling density and better time constraints, which requires

further studies.

The stratigraphic horizon related to the conductive layers of the intermediate
story of the TBV-TBR caves are mapped on a regional scale, thus suggesting that
the stratigraphic control of the hypogene karst system may be extended to the
whole basin. These stratigraphic units correspond to the Nova América unit, as
described by Misi and Silva (1996). These types of lithostratigraphic units,
therefore, may have broad implications for carbonate units affected by karst
processes; this favors the creation of highly permeable horizons that will be prime

for dissolution and porosity generation.

The conceptual model presented above (Fig. 17) is consistent with
observations of current fluid flow and sea-conduit systems that create
overpressure zones in sedimentary basins (Tingay et al., 2009). Similar systems
occur at the top of anticlines developed at shallow depths, such as in the central
basin in Iran and offshore Brunei (Morley et al., 2014) and in the Late Ordovician
Trenton-Black River hydrothermal dolomite reservoirs in New York, USA (Smith
and Davies, 2006).

5.2 Diagenesis and hydrothermal processes in hypogene karst

Secondary porosity such as that generated by karst processes crosscuts
unconformities and is mainly related to faults and fractures (Barnett et al., 2015).
In our study, these features concentrate along fold hinges (Ennes-Silva et al.,
2016) and below local-scale stratigraphic seals. The variations in porosity in
carbonate reservoirs occur at a high frequency cycle scale (Ehrenberg, 2004),
hence justifying the need to map local-scale seal-conduit systems, such as in the

present study, in detail.

The characterization of properties in carbonates must consider both the
stratigraphic and diagenetic model as a result (Lucia, 1995; 1999). Dissolution in
deep-burial, mesogenetic settings can also result in the development of macro-
and mega- (meter-scale) porosity and conduit permeability (Hill, 1995; Klimchouk,
2012), which is still rarely considered in studies of carbonate reservoirs despite the

60



growing body of evidence reported from deep-seated hydrocarbon fields (e.g.,
Heward et al., 2000).

The mineralogical assembly associated with veins and fractures along which
the cave galleries evolved suggests that hypogene processes played an important
role in speleogenesis. The complexity of the vein infilling-mineral assemblage,
which includes quartz, barite, pyrite, K-feldspar, calcite, Fe hydroxides, and, more
rarely, diopside and monticellite, indicates both the hydrothermal origin and the
hypogene multistage character of the TBV-TBR caves. Similarly, complex
assemblages have been recognized in other studies and are equally attributed to
hydrothermalism (e.g., Dristas et al., 2017; Srodon et al., 2018; Schoenherr et al.,
2018), which is consistent with the secondary porosity observed in carbonates that
are believed to be dissolved by hydrothermal fluids that become increasingly more
aggressive at depth (Wright and Harris, 2013). Our study has important
implications for carbonate reservoirs that are intensively cemented and have a low
matrix porosity-permeability. In these cases, reservoir porosity-permeability is
mainly concentrated in vugs and fractures (e.g., Zhiqgian et al., 2016).

The hydrothermal mineral assemblage described in this study could be the
result of an initial phase of speleogenesis in the area that was most likely
associated with one of the events of ascending fluid flow suggested by Klimchouk
et al. (2016). These early mineral phases, which are preserved as relicts in
fractures and veins, have been largely obliterated by the more recent pervasive
dissolutional phase that resulted in the massive volumes of cave passages
observed in the TBVTBR caves. Although these caves accounts for a small part
when compared with the vast volume of cave passages, the tectonic framework
and the mineralogical suite suggest that solutionally aggressive fluids ascended

from deep-seated zones, yielding a byproduct of a characteristic set of minerals.

It follows that the mineralogy assemblage observed in the veins from TBR
and TBV caves does not indicate specific thermal conditions but strongly suggests
that the fluid composition was completely distinct from that in equilibrium with the
host carbonate units. The observed mineralogy is commonly associated with
structurally controlled hydrothermal fluids related to dolomitization of carbonates
rocks (Davies and Smith, 2006; Ronchi et al., 2012; Yardley and Bodnar, 2014).
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Barite and apatite, together with variable amounts of Fe-oxide, sphalerite and
galena, are commonly associated with breccia and saddle dolomites in carbonate-
bearing hydrocarbon reservoir (Davies and Smith, 2006) and Mississippi Valley
Type (MTV) of ore deposits (Davies and Smith, 2006l; Yardley and Bodnar, 2014).
Mineral transformations associated with these fluids have also been related to
important changes in porosity and permeability of carbonates, thus strongly
affecting fluid circulation (Zhang et al., 2009; Gomez-Rivas et al., 2014; Mahboubi
et al.,, 2016). The origin of the fluids responsible for the vein mineralogical
assemblage observed in the TBR and TBV caves is unclear, as already noted by
Klimchouk et al. (2016). Based on available geological data, there may have been
contributions from both external sources (i.e., deep fluid circulation along faults)
and basinal sources, as revealed by the phosphate and sulfides mineralized
horizons reported in the Salitre basin (Misi and Silva, 1996; Kyle and Misi, 1997;
Caird et al., 2017).

A limited number of studies have addressed the effects of fluid-rock
interaction in these rocks from a geochemical perspective (e.g., Kyle and Misi,
1997; Klimchouk et al., 2016). For instance, carbon and oxygen isotope data of
carbonates from the walls of the TBV cave were previously presented by
Klimchouk et al. (2016). The data, based on 9-to-20-cm-long cores, exhibit a
narrow variation range for both 813C (average —4.9 *+ 0.4%0) and 6180 (average
-1.7 £ 0.2%0). A detailed profile along one of the cores shows that the isotope
variations fall within the same narrow range, thus indicating that the fluid-rock
interaction in the cave wall did not imprint significant isotopic variations in the
carbonate host rock. Similarly, to the findings of Klimchouk et al. (2016), available
regional isotope data from the Salitre Formation carbonates also indicate that
these rocks were not strongly affected by pervasive high-temperature
hydrothermal fluids (Misi and Veizer, 1998). The exceptions are structural
controlled fluid zones that concentrate Fe-Pb-Zr-Ag sulfides and in which
sphalerite fluid inclusions point to temperatures ranging from 140° to 200 °C and
water salinity between 3 and 12 wt% equivalent NaCl (Kyle and Misi, 1997).
According to the authors, these sulfide-rich zones are related to deep fluid
circulation controlled by reactivation of basement faults. The hydrothermal
mineralogy observed in veins from TBR and TBV caves suggests a possible

connection with these sulfide-rich zones, at least in terms of the mineral
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composition. To better detail this relationship, however, further specific studies are

needed.
5.3. Diagenetic evolution of the TBV-TBR caves

The diagenetic features observed at the TBV-TBR caves indicate that a
succession of eo-, meso- and telodiagenesis processes played a major role in the
caves’ evolution (Fig. 16). During eodiagenesis, newly deposited grains (units 1
and 2) were subjected to intense micritization and light grain packing (mechanical
compaction). Physical compaction started shortly after deposition, as commonly
observed in other sedimentary basins (Tucker and Wright, 1990). This diagenetic
stage caused a decrease in primary porosity and most likely occurred while the

carbonate succession was still at the marine water table.

Oscillations of the relative sea level led to a major change in the
environmental setting, which allowed the input of meteoric fluids. In this phase,
eogenetic cementation occurred, resulting in isopic fringe cement, which kept the
rock structure open. Eogenetic fine mosaic cementation occurred, and the
recrystallization of oolite, oncolite and intraclast grains occurred. Silica formed in
this stage was possibly derived from organic matter and silica minerals of the
sediment itself. The intensity of cementation and recrystallization eventually closed
the pores and obliterated almost all the depositional structures of the rock. At the
same time, sea level oscillations also provided meteoric environmental conditions
(eogenetic) and exposed the rocks, which favored dissolution, and thus generated
interparticle and vugular porosities in the grainstones. In this evolutionary stage,
the stratigraphic units were subjected to intense fracturing at the shallow crustal
level that acted as a preferred route for fluid percolation. In the context of mixing
of meteoric and marine waters, the TBV-TBR caves were subjected to the second
process of dolomitization, which was less intense than the former process and had
a longer crystallization time. During the second dolomitization, the vugular porosity
was partially filled, and the infiling crystals were engulfed by the subsequent

silicification.

During the mesogenetic phase, units (1) and (2) were affected by interparticle
dissolution, fracture widening and cementation, and finally dissolution by rock

pressure. Two hydrothermal processes reduced porosity during this phase. First,
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fractures were filled by chalcedony and by quartz with undulating extinction (high
temperatures), and second, the porosities were filled by megaquartz crystals. In
addition, there was a gradual increase of burial-generated stylolites and dissolution
seams. This late silicification and may have been derived from a source outside

the basin.

The uplift and exposure of these rocks during the telogenetic phase is marked
by the precipitation of limonite and a higher concentration of organic matter, mainly
in the fractures. This process was coeval with cementation of spatic calcite as a

fine mosaic that closed the newly created porosity in the fractures.

6. Conclusion

We investigated the largest caves in South America, Toca da Boa Vista and
Toca da Barriguda, which developed in the Neoproterozoic carbonates of the
Salitre Formation. The study area is a well-known example of hypogene
speleogenesis in an ancient cratonic setting. Our multidisciplinary study resulted

in the following conclusions.

(1) Karst porosity is considered to be mainly controlled by fracture systems.
This study, however, indicates that major hypogene Kkarstification follows a
stratigraphic-controlled conduit-seal system. In the TBV-TBR caves, the cross-
stratified grainstone (Unit 1) is the guiding layer for the dissolution and formation
of cave passages and the main conduit for hydrothermal flow. The thin siliciclast
intercalated with marl (Unit 4) and the crystalline carbonate (Unit 5) acted together
as a "sealing" rock for kart processes. Considering this, the hydrothermal fluid
ascended through the thrust fault, and, when it reached the sealing rocks (Units 4

and 5), it was laterally sprayed, which caused major dissolution in units (1), (2) and

(3).

(2) The complex mineral assemblage of vein infilling indicates that
hydrothermal fluids were involved in hypogenesis.

(3) The dissolution promoted by hydrothermal fluids occurred mainly during
mesodiagenesis in a deep-seated environment. This process promoted fracture

widening and the generation of megaporosity (the cave conduits).
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(4) The conduit-seal system occurs at the top of a thrust, where sealing units
prevented upward fluid migration, induced hydrothermal fluids to flow laterally and

promoted karstification.

(5) Field analogue studies in representative caves are crucial to better
understanding the complex interplay among fractures, stratigraphic horizons and
karstification processes in carbonate sequences. The study results provide critical

information for the understanding and modeling of carbonate reservoirs.
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Figure 11. Mineralogy of veins from TBV cave showing hydrothermally-generated mineral
associations. A. Fractures along which precipitates apatite and quartz; B. Hydrothermal alteration
zone near a fracture in which the host carbonate has been recrystallized and impregnated by
disseminated apatite; C. Detail of a vein mineral assemblage with apatite, potassium feldspar,
quartz and Fe-Hydroxides; D. Vein filled with quartz, barite, and apatite crosscutting dolomite host
rock; E. Fracture in dolomite with quartz and apatite; F. Aggregate of hydrothermal minerals
(apatite, quartz, Fehydroxides) near a fracture that crosscut dolomites; G. Massive apatite
concentrated along a fracture zone that presents inclusions of pyroxene, montcellite, and quartz.
The vein wall-rock dolomite has been replaced by apatite; H. Quartz vein cutting across dolomite.
Key: qz, quartz; ap, apatite; cal, calcite; dol, dolomite; ba, barite; Fe-hyd, iron hydroxides; py,
pyroxene; mont, montcellite; ox=iron oxide/hydroxide; kf=K-feldspar; H. coarse quartz crystals

filling a fracture in fine-grained dolomite.
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Figure 12. Processes of silicification observed in the studied rocks: (A) chert nodules
(cryptocrystalline silica) accompanying the lodging (intercalation of dolomite and calcite); (B) the
same photo with crossed cicois; (C) megaquarzt precipitation in the vugular porosities, arrows
indicate fluid inclusions; (D) the same photo with crossed Nicolls; (E) fracturing extended by
dissolution with subsequent filling of silica. (F) Same photo with crossed Nicolls, arrow indicating
quartz crystals; (G) fracture widened by dissolution with posterior filling of chalcedony. (H) Same

photo with crossed Nicolls, arrow indicating the botryoidal habit of crystals.
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Figure 13. Types of pores in the conduit units: (A) moldic and interparticle porosity; (B) vugular
porosity; (C) enlarged fracture that is filled by calcite; (D) interparticle porosity; (E) vugular porosity,
(F) dissolution of fracture; (G) interparticle porosity; (H) vugs. (A), (B), (C), (D) are thin section
photos; (E), (F), (G), (F) are SEM images.
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Figure 16. Simplified paragenetic sequence in diagenetic phases of the TBV-TBR caves based on
petrographic studies. Green represents creation of porosity with generation of karst, red represents
porosity reduction, and gray represents unknown effect. The bar length indicates relative time
during diagenesis. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article).
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Figure 17. Conceptual model of lithostratigraphic and structural setting of the TBV-TBR caves
depicts where fluid-rock interaction took place and where karstification concentrated. Letters in
circle show components of the hypogene system. (A) Original thrust system in the TBV-TBR cave
area. (B) Present-day setting of the TBV-TBR cave area after a period of subsidence and
subsequent erosion. Thrust structure is based on the study from Bizzi et al. (2003). Anticline
structure was modified from Ennes-Silva et al. (2016). (C) Karst concentration along fracture
corridor and at seal levels. (D) Cave formation along units (1), (2), and (3) at anticlinal hinge and
below sealing units (4) and (5). Hypogenic system is modified from the studies from Klimchouk et
al. (2016) and Auler et al. (2017). The local stratigraphy is based on the present study. Key: (A) (B)
(a) basal detachment, (b) crest of thrust zone, (c) thrust-related fold, (d) arrows show fluid migration
pathways, (e) river incision along fracture corridors. (C) (f) fracture corridor and fault termination,
(g) arrows mark fluid migration along fractures, (h) karst zone in anticlinal hinge, (i) dissolution
(gray) below stratigraphic seals (j) karstification due to lateral fluid migration, (k) hypogenic fluid

accumulation below seal, (I) local seal breaches give rise to ascending fluids. (D) (m)
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lithostratigraphic seal, (n) large cave passage, (o) feeder of hypogenic fluids, (p) anticline hinge,

(q) fracture corridor.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https:/
doi.org/10.1016/j.marpetgeo.2018.11.046.
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CAPITULOV - Artigo 2: SUBMETIDO AO PRECAMBRIAN RESEARCH
JOURNAL: HYDROTHERMAL ACTIVITY ALONG A STRIKE-SLIP FAULT
ZONE AND HOST UNITS IN THE SAO FRANCISCO CRATON, BRAZIL -
IMPLICATIONS FOR FLUID FLOW IN SEDIMENTARY BASINS

ABSTRACT

This study combines multiscale analyses of geological, fault, fracture, and stable
isotope data to investigate strike-slip deformation and channeling of hydrothermal
fluids along the Cafarnaum fault and calcite veins at different distances from the
fault, which is a structure in the Sdo Francisco Craton, northeastern Brazil.
Meteoric fluids with dD values near -45%. and 8'®0O values near -6.5%. and
temperatures at 40-70°C precipitated as calcite veins in the host carbonate units.
The Cafarnaum fault, a N-S-striking vertical, ~170 km long fault zone, juxtaposes
Neoproterozoic carbonate rocks in the western block and Mesoproterozoic
siliciclastic rocks in the eastern block. A zone of restraining bends occurs at the
central part of the fault, whereas termination zones of horsetail geometry occur at
both ends of the Cafarnaum fault. These zones are marked by NW-SE-striking
extensional faults that are oblique to the main N-S-striking fault zone, where
hydrothermal deposits occur. The zone of influence of the Cafarnaum fault is ~20
km wide around the main fault. The fault formed during the Brasiliano orogeny
(740-560 Ma) after Neoproterozoic carbonate platform deposition. In contrast with
the host units, fluids along the fault zone originated in deeper levels of the crust
and show much lower 880 values, indicating higher crystallization temperatures.
These fluids caused brecciation in the Neoproterozoic carbonate host rocks,

whereas a subsequent decrease in fluid pressure and cooling near the surface
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resulted in the precipitation of a hydrothermal paragenesis in veins, also affecting
the host rock.
Keywords: carbonate veins, hydrothermal fluid, strike-slip fault, Salitre

Formation, Sdo Francisco Craton

1. Introduction

Sedimentary basins display different fluid migration regimes depending on
the host rock, particularly in areas subjected to extensional tectonics. Sedimentary
stratified layers may allow basinal fluids to migrate laterally parallel to bedding for
hundreds of kilometers (Qing and Mountjoy, 1992). In most instances, sedimentary
basins display limited vertical fluid flow due to impermeable layers; hence, fluid
conduits cannot connect deep and shallow parts of a basin. Pore water usually has
a low-velocity flow regime, and its primary geochemical values are therefore easily
altered by reactions with host rock minerals and mixing with other fluids (Bjorlykke,

1993).

Vertical fluid flow pathways in sedimentary basins are associated with fault
zones (Haneberg et al., 1999; Hardebeck and Hauksson, 1999). Depending on the
structures and/or permeability properties, fault zones can either act as hydraulic
barriers or as preferential conduits for geofluid migration (Gudmundsson, 2001;
Rawling et al., 2001; Smeraglia et al., 2021). Moreover, the diagenetic phases of
structural evolution, which start in the pristine rock portions in the earliest
diagenetic stages and also affect the faulted domains (e.g., La Bruna et al., 2020).
In fact, selective cementation and structural diagenetic processes are key factors

in fault permeability control (Hausegger et al., 2010; Ngwenya et al., 2000).

80



Strike-slip faults create complex and heterogeneous permeability
anisotropy and strongly influence fluid migration in crustal fault zones (Caine et al.,
2010; Bense et al., 2013; Arancibia et al., 2014). A wide variety of processes at
various scales can occur during fault growth and lead to a large range of fault
architectures and properties that influence fluid flow behavior (Wibberley and
Shipton, 2010). The activity of major and weak strike-slip fault systems is
influenced by fluid flow (e.g., Byerlee, 1990; Rice, 1992; Sleep and Blanpied, 1992;
Evans and Chester, 1995; Zhang et al., 2001). The internal structure of strike-slip
faults is dominated by extensional zones where fault-fill veins, extensional vein
arrays, and hydraulic breccias are common features. These features result from
intense, deep-seated, and localized hydrothermal fluid flow (Cox and Munroe,
2016). Fluid flow history can be investigated in exhumed faults and fractures, which
provide information about deformation mechanisms, fluid-rock interactions, and
bulk chemical redistributions (Arancibia et al., 2014; Steyrer and Sturm, 2002).
Among other features, synthetic faults, antithetic faults, deformation bands, joints,
stylolites, veins, and breccia have been recognized in strike-slip fault zones
affected by hydrothermal fluids (e.g., Fossen and Rotevatn, 2016; Choi et al., 2016;
Liao et al., 2017; Peacock et al., 2017a, 2017b; Alsop et al., 2020; Ostermeijer et
al., 2020). However, there is a debate about which of these structures, if any,
exerts a primary influence on fluid flow and the role and origin of fluids in strike-slip
fault zones (e.g., Gudmundsson et al., 2002; Gudmundsson, 2007). Several
studies show that hydrothermal deposits occur in the Sao Francisco Craton region,
including those around fault zones, while the region remained tectonically stable
during the Brasiliano/Panafrican orogenic cycle at 740-540 Ma (e.g., Almeida et
al., 2000; Brito Neves et al., 2014). This study focuses on the Cafarnaum fault,

which occurs as a lateral ramp (Fig. 1A, B, C). However, the relationship between
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the location and timing of hydrothermal deposit formation and fault geometry and

evolution remains elusive.

This study is a multiscale and multidisciplinary approach that uses remote
sensing, aeromagnetic data, field observations, petrography, and stable isotope
geochemistry to compare the structural evolution of the hydrothermal system in
the siliciclastic and carbonate host rocks along the Cafarnaum fault zone and the
inner basin. We present stable isotope analyses on carbonate host rocks, veins,
pockets, and fluid inclusions of the inner basin to reconstruct fluid-rock interactions
and build a model to predict the development of hydrothermal activity on a regional
scale, which can be used as a proxy for other basins elsewhere. New stable
isotope data of fluid inclusions and veins and previously published data of sulfur in
sulfides show that carbonate veins associated with fractures at the edge of the
basin record much higher temperatures than those crystallized in the central part
of the basin. This study also describes and discusses the kinematics, morphology,
and magnetic characteristics of the fault zone and the formation of various types
of hydrothermal dilation breccias in the damage zone. Finally, a comparison of the
Precambrian Cafarnaum fault system and its host rocks with other faults that affect
other carbonate and siliciclastic units helps understand regional predictability. This
study concludes that fluid flow occurs mainly along extensional subsidiary faults
and investigates the way they deform the host rocks. The isotope data indicate that
fluids are meteoric in origin and, compared to the sedimentary basins, fluids that

percolated the crystalline terrain may have circulated into much deeper zones.

2. Geological setting

The study area is mainly composed of Mesoproterozoic rocks of the

Chapada Diamantina Group and Neoproterozoic units of the Una Group, primarily
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the Salitre Formation (Fig. 1C). The groups contain distinct formations and
contrasting structural styles. Both major terrains are bounded by a strike-slip fault

that we name the Cafarnaum fault in this study.

The Chapada Diamantina Group is 1,000 m thick and includes the Morro
do Chapéu Formation, which was deposited at ~1400-900 Ma (Pedreira et al.,
1975; D’Angelo et al., 2020). This unit was affected by a first contractional inversion
event that is mainly marked by symmetrical, N-S-trending, open folds (Danderfer
et al., 2015; D’Angelo et al., 2020). High-angle fractures strike mostly N-S, NE-SW
and NW-SE, and have a high degree of symmetry with the N-S regional folds

(Danderfer et al., 2015).

The Salitre Formation is ~750 m thick in the central part of the Irecé Basin
(D’Angelo et al., 2020), which was deposited in a carbonate pelitic marine basin
(Misi et al. 2005, 2011) at ~750 Ma (D’Angelo et al., 2020). This sequence was

deposited in the Irecé Basin, an asymmetric graben with an approximately

N-S-oriented axis that plunges toward the north (Lagoeiro, 1990; Kuchenbecker et
al., 2011; Brito Neves et al., 2012; D’Angelo et al., 2020). The Irecé Basin was
inverted in the Brasiliano orogeny, with a peak at ~600 Ma, which resulted in
anomalous deformation concerning adjacent domains, with a series of south-
verging fold and thrust systems (Lagoeiro, 1990; Teixeira et al., 2019; D’Angelo et
al., 2020). The carbonate units of the Irecé Basin have similar Pb-Pb isochron ages
and paleomagnetic poles, which fall close to ~520 Ma. This age is consistent with
the Gondwana supercontinent's apparent polar wander path and indicates that

isotopic and magnetic systems reset those of the Cambrian (Trindade et al., 2004).
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This event was related to regional-scale fluid migration and subsequent

mineralization at the end of the Brasiliano orogenic cycle (Trindade et al., 2004).

An E-W-oriented magnetic telluric section across the Irecé and Morro do
Chapéu Basins reveals lithospheric resistive blocks bounded by major conductive
deep zones, which are interpreted as faults. It shows that a lithospheric conductor,
interpreted as a suture zone, occurs between the Neoproterozoic Irecé Basin and
the Chapada Diamantina Group (Fig. 1C). The high conductance zone is a

combination of high porosity and high fluid salinity (Padilha et al., 2019).

Detailed geological mapping on both sides of the fault indicates a great
number of occurrences of hydrothermal minerals associated with faults. These
occurrences encompass metals such as Au, Pb-Zn, and Ba. These metals occur
in sulfides associated with quartz veins in dolomite units close to the main faults.
In a few cases, minerals such as barite also occur in the host carbonate rocks

(Sampaio et al., 2001).
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More detailed studies have also investigated hydrothermal silicification and
dolomitization in a few karst systems. Several works have already investigated the
cave geometry, stratigraphy, geochemistry, and mineralogy to indicate that fault
and fracture systems were used as conduits for deep-seated fluid flow (Klimchouk
et al., 2016; Cazarin et al., 2019) approximately 150 km to the north of the study
area. In another case approximately 100 km to the south of the study area, a N-S-
striking, strike-slip fault in the southern part of the Irecé Basin was the pathway for
fluid flow confined to the Salitre Formation during the Brasiliano orogeny. A first
stage of Mg-rich fluids caused extensive dolomitization in the Salitre Formation,
which was subsequently followed by Si-rich fluids that caused pervasive

silicification in the host units (Bertotti et al., 2020).

3. Methods

3.1 — Remote sensing and structural characterization

We combined previous geologic maps, interpretation of Shuttle Radar
Topographic Mission (SRTM) and ALOS-PALSAR (Advanced Land Observing
Satellite/Phased Array type L-band Synthetic Aperture Radar) imagery, and
unmanned aerial vehicle (UAV) imagery in QGIS software for structural
interpretation. The main faults are highlighted by geomorphological features
(drainage and topographic lineaments). Fault patterns at the site scale (meter
scale) were identified in fieldwork with the aid of a UAV survey. We compiled
hydrothermal occurrences from the previous research and identified the primary

areas of hydrothermal deposit occurrence.

Regional seismic-scale studies have been based on several geological
maps (e.g., Cruz et al., 2007; Danderfer Filho et al., 2015). We complemented the

structural data with high-resolution ALOS-PALSAR imagery. The study covered
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an area 75 km wide and 210 km long using the digital elevation model extrapolated
from ALOS-PALSAR images. The satellite images were processed to enhance and
visualize several parameters on a regional scale, such as faults, fracture trends
and folds. Topographic profiles were drawn in the N-S, E-W, NE-SW, and NW-SW
directions to identify geomorphological and structural elements using a vertical
color chart characterized by an interval of 10 m. A total of 50 fault lineaments and
four fold hinges were measured, and their attitudes are presented in stereographic

plots using Stereonet (Allmendinger et al., 2011).

Mesoscale fracture analysis was carried out at all sites. We completed the
investigation with a qualitative structural analysis to decipher the nature,
kinematics, relative timing, infilling material, and attitude of individual fractures
crosscutting the sedimentary units at each study site. We measured fractures,
veins, and bedding planes, which are presented in stereographic plots using

Stereonet (Allmendinger et al., 2011).

3.2 - Geophysical data and processing

The Centro Norte Bahia Project is an airborne magnetic survey carried out
by Companhia Baiana de Pesquisa Mineral (CBPM) that covers the study area
with N-S-oriented flight lines spaced at intervals of 0.5 km and E-W-oriented control
lines spaced at intervals of 10 km. The nominal flight height was 0.1 km, and the
sampling rate was 10 Hz. The magnetic data were corrected for the transient
geomagnetic variations and International Geomagnetic Reference Field (IGRF)
and were then leveled, or micro-leveled. The dataset was interpolated onto a 250-
m cell size grid using the bidirectional method. The grid was reduced to the
magnetic north pole (RTP) to center the magnetic anomalies over their causative

sources using a magnetic inclination and declination of -25.3° and -22.7°,
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respectively. In addition, a matched filter was applied to the RTP anomalies to
emphasize magnetic lineaments related to shallow causative sources, such as

surface geological units, shear zones, faults.

These data allowed us to highlight and analyze different parameters. Based
on magnetic patterns (wavelength, direction, polarity, and spatial distribution), a
total of 2,818 magnetic lineaments were measured, which were subdivided into
first-order, second-order, and third-order lineaments. These lineaments were
extracted from the magnetic maps and are presented in stereographic plots using

Stereonet (Allmendinger et al., 2011).

3.3 — Sampling and sample preparation

Samples for this study were collected at six sites in the Irecé Basil, where
veins and breccias crosscutting carbonates of this unit were observed (Fig. 2A, B,
C). The first four sites (ACH, SOR, IRE, and FAR) are carbonate sites in the central
part of the basin. They occur as large pavements with exhumed bedding, fractures,
veins, stylolites, and kinematic indicators. These features are used to reconstruct
the stress field orientation at the time of deformation and determine the principal
modes in which stress has been accommodated. The other two sites (MEL and
MAM) are located at the Salitre Basin border and host two of the most important
Pb occurrences in the region. Samples were collected in holes dug by an artisanal

mining operation.

Once in the laboratory, hand samples and drill cores were cut to make thin
sections with thicknesses of 30 um and 200 um and polished slabs. Both thin
sections and slabs were scanned and described to map the mineralogy and

geological features and identify the best sites for geochemical sampling. Samples
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from the MAM and MEL sites were also examined with QUEMSCAN to map the

main mineralogical phases.

3.4 - Mineralogy and petrography

Mineralogical and petrographic observations were performed using
petrographic microscopy, X-ray diffraction (XRD), X-ray fluorescence (XRF), and
scanning electron microscopy (SEM) at the Federal University of Rio Grande Norte
(UFRN); QUEMSCAN data from the University of Brasilia (UnB) was also used.
XRD mineralogical data were obtained from twenty samples using a Rigaku Ultra
Dtex Miniflex diffractometer. We used the Match! ® phase identification software
from the power Diffraction 2.0 program (demo version) for mineralogical
identification and SigmaPlot 14.0 to make diffractograms. XRF semiquantitative
chemical analyses were performed on 3 samples using a Shimadzu EDX-720.
Pressed beads were prepared using the residue from loss on ignition, in which
sample aliquots were heated to 1000°C for one hour. SEM mineralogical and
textural analyses were performed on fresh broken surfaces measuring
approximately 1 cm. Samples were gold-coated and analyzed with an Oxford SEM
Thin sections were carbon-coated and studied qualitatively and quantitatively
using a QEMSCAN analyzer, model Quanta FEI 650F, with a two-coupled energy
X-ray dispersion spectometers (EDS, model XFlash 6.30) from Bruker. The SEM
conditions for analysis were high vacuum, current beam of 10 nA, and an
acceleration voltage of 15 kV. The mineralogical images were generated with 15
um of lateral resolution. QEMSCAN mapped the mineralogical distribution based

on the proportion of chemical elements and a pre-existing mineralogical database.
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3.5 - Stable isotope analysis of veins and host rock

For stable isotope analyses of calcite veins and host rocks, samples from
the ACH, SOR, IRE, and FAR sites were sampled from 200 um thick sections using
a Merchantek Leica GZ6 Micromill at the Vrije Universiteit Amsterdam. The
micromill was programmed to drill approximately 500 pm long and 60 um deep
lines parallel to the vein orientation along a transect perpendicular to the veins.
The width of the drill allowed a minimal spacing of 300 um. The spacing of lines
was based on the morphology of the crystals. An aliquot of 300 ug of carbonate
was extracted during each drilling procedure and stored in a labeled exetainer vial.
Calcite from the MAM and MEL sites was sampled from polished thin sections and
slabs using a Sherline micro drill. The sampling site was selected based on textural
and petrographic observations. After drilling, an aliquot of approximately 300 ug of

carbonate was placed in glass vials for isotope analyses.

Carbon and oxygen isotope analysis of carbonate aliquots was performed
on a Thermo-Fisher GasBench Il apparatus connected to a Thermo-Fisher Delta+
mass spectrometer from the Vrije Universiteit Amsterdam and the University of
Brasilia. After flushing the vials with a He flux, the carbonate samples reacted with
concentrated phosphoric acid at 45°C (Vrije Universiteit Amsterdam) and 72°C
(University of Brasilia). The released CO2 was later transferred to the mass

spectrometer to determine the carbon and oxygen isotope ratios.

Both laboratories used international carbonate reference materials (IAEA-
CO1, NBS-18, and NBS-19) to evaluate sample size fractionation and the
analytical procedure's accuracy. The average standard deviation of the standard

was 0.09%. for 30 and 0.06%. for '3C for samples analyzed at the Vrije
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Universiteit Amsterdam and 0.05 %o for '3C and 0.10 %o for 5'®0O for samples

analyzed at the University of Brasilia.

3.6 - Isotope geochemistry of fluid inclusions

Fluid inclusions are leftover fluid bubbles (<0.5 mm) from the actual fluid from
which the calcite crystals crystallized (provided no exchange with the host calcite
has occurred since that time). The 8'80 and 3D of the fluid inclusions provide
valuable information about the origin and characteristics of the fluid. Approximately
0.5 to 1 gram of pure vein calcite crystals were crushed to release enough fluid
entrapped in the inclusions. The samples were crushed in a device at the Vrije
Universiteit Amsterdam for analysis in which the released volatiles were heated to
1100 °C and guided into a coil by a constant helium flow. The reference materials
included liquid water that was injected into the coil via a septum. The coil was
cooled by a nitrogen-cooled ethanol sludge with a maximum temperature of -90°C.
The water molecules were allowed to settle down in the cold coil for four minutes,
after which a flash heater heated it. The released pulse of water vapor was guided
into the carbon tube of a FlashEA 1112 Elemental Analyzer, thereby forming H2
and CO. After passing through a gas chromatograph, these gases were transferred

to a mass spectrometer for 8D and §'80 determination.

Each sample measurement was preceded by four measures of 2 yl of the
standard DNS3. This procedure was necessary to stabilize the analyzer before
sample introduction. After sample analysis, aliquots of the standard DNS3 were
analyzed again until stable values were obtained. Details about analytical linearity

and memory effect corrections are provided in the supplemented material.
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4. Results

4.1 Macroscale geometry and kinematics of the Cafarnaum fault

The compiled structural map presents the primary structural alignments in
an area of 38,000 km? (Figs. 2A, B, C, 3A, B). The tectonic structures were sorted
into strike-slip faults, normal faults, reverse faults, and fold hinges based upon new
original data interpretation and previous geological mapping (Cazarin et al., 2019;
D’Angelo et al., 2019; Ennes-Silva et al., 2015; Souza et al., 2003). The satellite
alignments were divided into the following three fault sets: NNE-SSW, NE-SW, and
NW-SE. The NNE-SSW set is generally associated with strike-slip left-lateral
faults, as already presented by D’Angelo et al. (2019) and Danderfer Filho et al.
(2015). A zone of restraining bends coincides with an uplifted area (Fig. 2A).
Additionally, drag folds occur on the west side of the Cafarnaum fault. The folded
structures are E-W-striking thrusts of the Irecé Basin that bend where they reach
the Cafarnaum fault. These mainly N-S trends, which are localized within the
central portion of the study area, correspond to the main tectonic lineament
associated with the Cafarnaum fault. In contrast, the NE-SW- and E-W-oriented
sets are composed of reverse faults, as shown by D’Angelo et al. (2019) and Reis

et al. (2013).

The NW-SE fault set has been interpreted as composed of normal faults
(D’Angelo et al., 2019). Termination zones of horsetail geometry occur at both ends
of the Cafarnaum fault (Fig. 2C). A few minor faults associated with veins and
breccia bodies also occur at the central part of the fault zone, as at the MAM site
(Fig. 4). These zones are marked by NW-SE-striking extensional faults oblique to

the main N-S-striking fault zone that could possibly form R-shears, where
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hydrothermal deposits concentrate on a 20 km wide zone on both sides of the

central fault (Fig. 2A, C).

Both the NE-SW- and NW-SE-striking fault sets terminate against the NNE-
SSW- to N-S-striking fault set. Eastward from the Cafarnaum fault, a larger folded
zone was documented (Fig. 2B, C). Previous works have described how this sector
is affected by several anticlines and synclines (Cazarin et al., 2019; D’Angelo et
al., 2019; Danderfer Filho et al., 2015; Ennes-Silva et al., 2015; Souza et al., 2003).

The fold hinges mainly trend along the NNE-SSW to N-S directions (Fig. 2B, C).

An area of ca. 14,000 km? was analyzed for structural magnetic lineament map
characterization (Fig. 3A, B). The 2,818 documented lineaments were sorted into,
|- order, ll-order, and lll order lineaments. The I-order lineaments are related to
regional-scale magnetic features and are composed of a major NE-SW set and
minor sets striking N-S and E-W, respectively. The ll-order lineaments are
characterized by a major NE-SW lineament and a minor NW-SE to WNW-ESE set
associated with secondary magnetic anomalies. Both |- and IlI-order lineaments

are crosscut by the Ill order lineaments.
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foundin Fig. Geological map).
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The Il order lineaments exhibit a singular magnetic pattern, distinguished
by striking high-amplitude magnetic lineaments with the extension of dozens of
kilometers (Figs. 3A, B). They occur isolated or comprising sets with main NW-SE
and minor NE-SW orientations. Sometimes, they are stepwise segmented (en
echelon) and shifted by hundreds of meters. They truncate other magnetic
lineaments in high to moderate angles, indicating a more recent geological event.
Due to high magnetization contrast with bedrocks, linear and extensive waveform,
and sparse spatial distribution, we associate these magnetic lineaments with mafic
dikes as many authors elsewhere (e.g., Schwarz et al.,, 1987; Demarco et al.,
2020). In fact, the NNW-SSE trending Chapada Diamantina mafic dike swarm is
intrusive into the Mesoproterozoic sedimentary sequences of the Espinhacgo
Supergroup within the Paramirim Aulacogen (Brito, 2008; Silveira et al., 2013). The

magnetite-bearing dikes are fine to medium-grained diabases. Recently Pessano
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et al. (2021) associated NW-SE oriented magnetic anomalies in the central portion
of the Sao Francisco Craton with Mesoproterozoic dikes of the Chapada

Diamantina swarm.

4.2 - Hydrothermal vein and breccia characterization

Two main types of structures related to hydrothermal activity occur in the
Cafarnaum fault zone and its surroundings. The first type is hydrothermal breccias,
which mainly occur in dilational jogs. The second is calcite veins, which are
widespread in the fault zone and the host rocks away from the fault. Two sites of
hydrothermal breccias occur along N-W-striking extensional faults, which we
describe below. In addition, we describe four sites with calcite veins at varying

distances from the Cafarnaum fault.

Hydrothermal breccias are characterized by the interaction between rocks
and hydrothermal solutions and are geometrically characterized by several
parameters, such as morphology, particle size distribution, fabric, and expansion
radius (Jébrak, 1997). Chemical and physical mechanisms can form these breccia
bodies: the first by selective dissolution and the second by the excess tension
exerted, which exceeds the tensile resistance of the material, or in some
combination. The analyzed bodies are classified as mosaic breccias that are
formed by fluid-assisted breach (hydraulic fracturing) using the classification given
by Jebrak (1984b). Carbonate clasts are present, and clasts that are larger than

2 mm range between 60-75% of clasts and 75-100% of clasts.

Hydraulic breccias are rocks composed of angular to subangular fragments
of dimensions ranging from 0.4 cm to 5 cm that are cut by several generations of

fractures and veins. The fragments are present throughout the breccia bodies and
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are derived from adjacent rocks. Generally, they are monolithologic and

represented by carbonate rocks corresponding to the Salitre Formation.

Carbonates also contain calcite and quartz geodes surrounded by intense
oxidation (limonitization). The interfragmentary filling is composed of iron oxide or
quartz and calcite cement. The oxidized matrix is probably formed to replace rich
materials in iron from the cementing fluid. Quartz is associated with calcite, galena,
and malachite. There is intense veining by a network of veins with a branched
structure that range from millimeters to centimeters thick and reach 30% of the

total volume, and calcite veins of lesser thickness are related to quartz veins.

The description of carbonates can be compared to descriptions made by
Souza et al. (1993), such as the association of intensely closed algal laminites
corresponding to the Nova América inferior subunit (transgressive cycle Ill) at the
MEL site, as well as area descriptions by Misi (1975) of fine dolomites with
ankerite, barite and galena and light dolomites with millimeter bands, calcite
impregnations and microcrystals of pyrite and galena. Nevertheless, occurrences
only include sedimentary gaps along the Irecé Basin (Bonfim et al., 1985, and

Souza et al., 1993).

The descriptions were made under transmitted light optical microscopy of
the samples corresponding to MAM and MEL sites (Fig. 2A, C); the samples were
divided into laminated carbonates with veins, laminated carbonates with a brittle
aspect, and only the veins. The composition in these three divisions presents the
same mineralogy in carbonates and the same mineralogy in the veins,
differentiated by laminar and massive textural aspects in the case of carbonate

alteration and fragmented textural aspects.
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4.3 Mineralogy, texture, and isotope geochemistry

Sites from the central part of the basin (SOR, IRE, and ACH) and the
eastern block (FAR) (Fig. 2C) are large carbonate pavements in which primary
sedimentary features are observed. Except for the FAR site, these carbonates

display vertical bedding and are crosscut by centimetric calcitic veins.

The limestones from the SOR site consist of microbial mats. The beds are
oriented subvertically within tight N-S-trending folds (Fig. 2C). Two types of veins
are observed at the SOR site. The first type of veins formed on transverse fault
planes, which originate in E-W-striking low-angle thrust faults, predating folding to
the present-day subvertical position (T16 and T19). The second type forms N-S-
trending veins. These veins are associated with younger N-S shortening (T24).
Isotope profiles across the veins reveal no significant difference in 3'*C and & 80
concentration between the carbonate host rock and the transverse fault carbonate

filling (Fig. 5).

The FAR site (Fig. 6) consists of stromatolite bioherm colonies. Two veins
were analyzed. The first vein (T9) occurs in inter-stromatolite silt crosscut by a
sharp-edged 2.2 mm thick vein without signs of shear. It is filled with mosaic,
organized, equidimensional transparent calcite varying from 0.05 mm to 0.2 mm.
The other vein (T10) crosscuts a stromatolite unit. It has two different calcite
fabrics: an equidimensional mosaic with oriented sparry calcite crystals varying in

size from 0.1 to 1 mm and a milky white area with no calcite crystals. Most calcite
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left, thick section SOR01.3Aa. On the center Micro map of all present features. On the right, crosscutting
oftransverse fault T19 and N-S vein T24. D) Stable isotope transects of T16,T19 and T24.
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veins from the FAR site display lower 8*C and 6'80 values than the stromatolite
host rock. Exceptions are a few carbonate samples from the vein that crosscut the

inter-stromatolite silt (Fig. 6).
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Fig. 6 A) On the left, thick section FAR02.3Bb. On the center, graphic representation of thick section. On the left, zoom in on transect T10
across two calcite phases including crystallization. B) Thick section FAR014D, and zoom in on vein T9 with sampling location including
crystallization. C) Transect T10. D) Transect T9.

The ACH site consists of subvertical to NNW-dipping (average bedding
plunge ranging from 76 to 358) dolostones. The present-day NNE-SSW burial fault
carries most veins and is more prominent than its conjugate NW-SE counterpart
(Fig. 7). Veins at the ACH site lack signs of shear and are syntaxially filled with
blocky crystals. In addition to veins, the ACH site contains a pocket filled with
crystal precipitates (T4) in which borders are vein wall remnants and dissolved

host rock peloids (Fig. 7). Since these pockets dissolve burial-related fractures and
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faults, they formed later than the burial fault set. In general, ACH samples show a
higher porosity than other sites. Isotope data across these veins reveal much lower

6"3*C and &80 values than the isotope values of the host rock (Fig. 7).
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Fig. 7 A) Thick section ACHO1.4Ba with T8 location and two zones and, zoom in on zone boundary between (1) no host rock remnants
and (2) with host rock remnants B) Thick section ACH01.3Aa and, zoom in on transect T5. C) Transect T5. The red lines mark a change
i'd Cveosand anew growth plane. D) Stable isotope transect of T8. Note the difference if'd O.
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Carbonate rocks of the IRE site consist of thinly layered (0.2-20 cm) black
limestones with local slumps. The beds are tilted vertically and folded around an
axial plane with an orientation of 355/86. Two types of veins are present (Fig. 8):
thinner (<1 cm) bedding-perpendicular and bedding-parallel pre- or synfolding
veins and thick veins (20 cm) filled with a mixture of calcite and barite that
irregularly crosscut folded bedding. They are syn- or post-folding veins. Similar to

the SOR site veins, IRE veins have isotope values similar to the host rock (Fig. 8).
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Fig.8A) Thick section IRE01.2Aa. and, zoom in on vein infill with needle shaped aragonite remnants. B) Stable isotope transects of
vein T11, T13 and T14 from IRE. Host rock and vein infill have an almost identical isotope composition.
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In contrast to sites in the central part of the basin, sites at the basin edges
(i.e., MEL and MAM) are strongly deformed and exhibit pervasive hydrothermal
features and hydraulic hydrothermal breccias (Fig. 9A-C). Samples from the MEL
site are mostly breccias with white calcite cement. Previous studies by Misi et al.
(2005) argue that the Salitre Formation stratigraphy controls the Pb-Zn
concentrations. According to these authors, the Pb-Zn ore is associated with
silicified stromatolites that overlie a shallowing-upward sequence (Unit B1). The
MEL site is located in a flat area where sites are restricted by trenches dug by
mining operations. Samples may exhibit primary lamination similar to rocks of the
Salitre Formation. These features are obliterated by tectonic and hydrothermal
processes toward the center of the brecciated zone at the outcrop scale (Fig. 9A).
Clasts of primary carbonate rocks may also occur in the hydrothermal breccia
cemented by white calcite devoid of laminations (Fig. 9B). Secondary vugular-type
porosity that is less than 1% in the area is also observed under the microscope.
The limestones and breccias are crosscut by two generations of veins: one
measuring 4 mm thick and made of calcite and quartz microcrystals and a second
measuring approximately 0.3 mm thick and made of quartz. The host carbonate
and the cement display quite distinct mineralogy. The primary Salitre carbonates
consist mainly of calcite, dolomite, ankerite, siderite, iron oxide, and limonite. SEM,
XRD, and QUEMSCAN data indicate that the veins and hydrothermal breccias
display complex mineralogy, where the main minerals are calcite, dolomite,
galena, barite, quartz, sphalerite, illite, chlorite, zincite, cerussite, malachite,
magnesite, apatite, and chalcedony. Barite, apatite, chlorite, and quartz are
concentrated along fracture zones (Fig. 10A-D) and, in some instances, may form
larger aggregates. Thin section observations indicate that tectonic and

hydrothermal processes were accompanied by the formation of stylolites,
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dolomitization, silicification, limonitization, microfractures, folding, and minerals

with wavy extinction.

A

5¢cm

5cm

5cm

C) Hydralic breccia with clasts of the primary carbonate.

Fig.9 Samples from Melancias area showing the effects of hydrothermal alteration and hydraulic fracturing. A) Carbonate that
shows partially preserved primary features grading to a brecciated zone. In the lower part of the sample, the primary features
were obliterated by the hydrothermal alteration. B)Vein of carbonate by sucessive precipitation of carbonate and Fe-rich zones.

Figs. 10A and B at the MEL site display different facies of carbonate breccia

and isotope 6"*C and 8'®0 analyses performed at specific points in the samples.

While the 8'*C values range between 0.22%0 and -2.24%., the &'0 values vary

from -6.16%0 to -12.67%0. In most instances, the primary limestone fabric was
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replaced by milky carbonate with large anhedral crystals. The sample in Fig. 9C
displays a cyclic succession of milky calcite and iron-rich dolomite crosscut by
veins containing galena. High-resolution &'*C and 8'®0 data indicate that these
samples may have an area with homogenous isotope values (Fig. 10A-B), as well

as areas with variable isotope values.

e ® 06 06 0 0 06—

[] Calcite [ Dolomite [ ] Quartz [] Apatite [JJ] Pores [B Chiorite [l Unclassified

Fig.10 QemScan and isotope data on sellected samples from Melancias. A) and B) Thin section from Melancias in which calcite is the main
mineral. The diagram also presents 8'*C and 80O across profiles. C) and D) QemScan image of samples from Melancias showing the
hydrothermal mineralogy made of barite, quartz, illite, and chlorite. Note that these mineras concentrate along fractures.

The MAM site is also located in a flat area in which sites are restricted to
trenches of the mining operation. Centimetric veins of milky quartz occur in the
carbonate host unit. As at the MEL site, XRD and SEM data at the MAM site

indicate galena, zincite, ankerite, dolomite, cerussite, apatite, magnesite,

anglesite, chlorite, and illite. However, in contrast to the MEL site, the MAM site
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exhibits strong silicification that may completely obliterate the primary carbonate
texture. For instance, the QUEMSCAN images shown in Fig. 11 exhibit carbonate
breccias replaced by silica in which ghost clasts can still be identified. Pores and
laminated illite and chlorite areas indicate that silica-rich fluids replaced mostly

carbonate minerals.
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Fig.11 Samples from the Manonas site. A-B: silicified hydrothermal from the Mamonas sites.
The primary carbonate was replaced by a yellowish silica that is crosscut by white quartz. C-D:
QemScam image of Mamonas samples showing ghosts of the primary carbonates replaced by quartz,

illite and chlorite. Same colorchartas in Figure 10.

4.4 - Fluid inclusions

Table 01 presents the H and O isotopic compositions of fluid inclusions for 10
samples from the ACH, IRE, and SOR sites in the Irecé Basin and at the FAR site
in the eastern block of the Cafarnaum fault. The supplemented materials detail
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linearity and memory effect corrections applied to the H and O fluid isotope data.
Table 01 also shows the average &0 isotopic composition of the carbonate
associated with the fluid inclusions and the calculated temperature based on the
isotope fractionation between calcite and water. The calculated temperature range

is 40-74°C, with the highest values obtained in samples from the ACH and FAR

sites.
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Fig. 12 Fluid inclusion data GMWL based on Rozanski et al. (1993). Regions of marine and
meteoric waters based on Moore (1989). Sample plot in both meteoric and marine domain.
Trend lines of ACH and FAR cross the GMWL on the same point (~-6.5%o for 80y smow;-45%o
for 8Dysmow)-

Except for one sample from the ACH site (ACHO01.3Aa T5-1, left), all samples
display negative 6Dswmow values. Fig. 12 plots the H and O isotope values with the
global meteoric water line (GMWL) by Rozanski et al. (1993) and shows that the
trending lines of samples from the ACH and FAR sites converge to a 8D value of

approximately -45%o. and a 880 value of -6.5%o.
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Table 1: Isotopic composition of carbonates from central part of the basin. IRE; ACH; SOR; FAR. V refers to
vein, HR to host-rock, and BREC to breccia.

Achado - ACH Fazenda Arrecife - FAR Irecé - IRE Soares - SOR
Sample &"C §'%0 V/HR Sample &8"C &%0 V/HR Sample 8“C &0 V/HR Sample &6"C &"0 V/HR

T3 0.1 -5.6 HR T9.1 -3.2 -5.2 HR T11.3 9.8 -4.2 \ T16.1 -0.9 -6.8 HR
T3.2 -4.5 -8.2 Vv T9.3 -7.7 -7.1 Vv T11.5 9.9 -4.1 \ T16.3 -1.4 -7.4 \
T3.3 -5.2 -7.5 Vv T9.5 -7.2 -6.8 \Y T11.7 9.8 -4.2 \ T16.5 -0.8 -7.1 Vv
T3.4 -5.6 -8.7 \Y T9.7 -34 538 HR T11.9 9.5 -4.4 HR T16.7 -0.9 -7.4 Vv
T3.5 -4.6 -8.6 \ T10.1 -2.5 -7.4 HR T13.1 9.2 -4.3 HR T16.9 -0.7 -6.9 \%
T3.6 0.1 -5.8 \Y T10.3 -3.0 -7.6 \Y T13.2 9.4 -4.3 Y T16.11 -0.8 -7.1 Vv
T4.1 -0.3 -5.2 HR T10.5 -26 -7.6 \ T13.3 9.3 -4.3 HR T16.12 -0.4 -7.3 HR
T4.2 -0.3 -6.4 HR T10.7 -2.6 -6.9 \% T13.4 9.0 -4.3 HR T17.1 0.4 -7.1 \
T4.3 -3.9 -7.2 HR T10.9 -34 -75 Vv T13.5 9.1 -4.4 \ T17.3 -2.4 -8.2 Vv
T4.4 -3.4 -7.5 HR T10.11 -3.5 -7.5 Vv T14.1 7.3 -4.6 \ T17.5 -0.1 -6.2 Vv
T4.5 -0.3 -10.9 \Y T10.13 -4.0 -7.7 \Y T14.3 7.5 -4.0 \ T19.1 -0.5 -6.6 HR
T4.6 0.4 -10.0 \Y T10.15 -2.7 -7.2 HR T14.5 7.5 -4.6 Vv T19.2 -0.5 -6.1 Vv
T4.7 -0.8 -9.0 \ T14.7 7.1 -4.0 \ T19.3 -0.4 -6.4 \%
T4.8 -0.4 -11.7 \ T14.9 6.1 -4.7 \ T19.4 -0.3 -6.4 \
T4.9 0.5 -10.4 \Y T14.11 7.6 -4.1 Vv T19.5 -0.3 -6.3 Y
T4.10 0.3 -10.3 \ T14.13 5.2 -5.0 \ T19.7 -0.5 -6.9 \
T4.12 0.3 -10.0 \ T14.14 7.5 -4.1 \ T19.8 -0.5 -6.7 \
T4.13 0.6 -8.2 Vv T14.15 7.9 -4.0 \ T19.9 0.3 -7.0 HR
T5.1 -0.3 -23 HR T14.17 7.7 -3.9 \ T24.1 -3.1 -1.6 \
T5.2 -5.1 -8.2 Vv T14.19 7.7 -4.0 Vv
T5.4 -6.1 -84 \Y T12.1 8.7 -4.5
155 -6.2 -8.7 \Y
T5.6 -6.1 -9.1 \Y
57 -9.9 -8.4 \
T5.8 9.1 -7.7 \
T5.9 -0.6 -2.1 HR
T6.1 2.2 -2.6 HR
T6.2 -4.7 -84 Vv
T6.3 -5.1 -8.6 Vv
T6.5 -2.7 -7.0 BREC
T6.6 1.2 -3.0 BREC
T6.7 -2.4 -7.1 BREC
T6.8 2.2 -2.4 BREC
T8.1 1.6 -3.0 HR
T8.3 -4.0 -7.0 "
T8.5 -6.3 -6.8 Vv
T8.7 -4.6 -6.8 Vv
T8.8 -3.0 -5.7 Vv
T8.9 -2.5 -7.1 Vv
T8.11 -3.0 -6.9 \Y
T8.12 -4.2 -7.1 \
T8.13 -5.7 -6.4 \
T8.17 -3.2 -8.3 \
T8.19 -2.4 -8.2 Vv
T8.21 -1.9 -7.9 \Y
T8.22 -1.5 -8.0 Vv
T8.24 -2.0 -7.6 \Y
T8.26 2.1 -2.8 HR

5. Discussion

5.1 — Fault evolution and hydrothermal fluids

Cratons are composed of thick and cool lithospheric keels with high resistivities
and low porosities (e.g., Ferguson et al., 2012; Selway, 2014). However, several
studies have increasingly indicated that cratons present low-resistivity zones in the
lithosphere that behave as weakness zones prone to deformation, such as ductile
shear zones and faults (e.g., Pinto et al., 2010; Thiel and Heinson, 2013; Dong et
al., 2015). These shear zones/faults provide a high permeability and are pathways
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for deep-seated fluids to ascend through the whole lithosphere (Caine et al., 2010;
Bense et al., 2013). The study of hydrothermal fluids in fault zones in cratons may
explain the permeability of fault zones and host units and deep geothermal
exploration constraints (Taillefer et al., 2017). In the Sdo Francisco Craton, Brazil,
several faults and shear zones form vertical lithospheric conductors, some of which
serve as suture zones in the Proterozoic. They are related to suture zones in
collisional tectonic settings and lithospheric extension processes and form
boundaries between crustal blocks (e.g., Teixeira et al., 2017; Padilha et al., 2017).
The boundary between the Irecé Basin and the Chapada Diamantina Group is
marked by the Cafarnaum fault (Figs. 1, 2), which coincides with a high conductor
mapped by a magnetotelluric survey (Fig. 13). This zone was prone to
hydrothermal activity and is consistent with high porosity-permeability, high-fluid
salinity, and sulfide emplacement. In a few cases, it served as a conduit for mafic

volcanism (Teixeira et al., 2017; Padilha et al. 2019).

Fluid dynamics along fault zones increase and decrease crustal
permeability. Faults behave as high permeability conduits that facilitate fluid flow
in the Earth’s crust (Cox and Munroe, 2016). Deep-seated hydrothermal fluids
precipitate minerals that form veins and breccias and decrease the permeability of
the lithospheric fault zones (Sibson et al., 1988). The precipitation of hydrothermal
minerals in fault zones and host rocks is caused by decompression and cooler
conditions (Calvin et al., 2015). Therefore, based on the characteristics presented
here, the Cafarnaum fault was a structure prone to hydrothermal activity. It
controlled the upward hot fluid flow, indicated by the relationship between fault

geometry and hydrothermal deposits (Fig. 13).
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Fig. 13 Conceptual model proposed for the study area. Cartoon displaying the current regional

scale configuration and the connection with the deep magnetic lineaments.

Hydrothermal activity occurs in faults in all kinds of settings with
suprahydrostatic pressure gradients, where hydrothermal fluids are
accommodated along seismically active faults (Sibson, 1990). Hydrothermal fluids
channelized along faults can affect thousands of square kilometers, even in non
magmatic settings (Nabavi et al., 2020). The hydrothermal activity in faults with
shallow crustal levels under fluid overpressure is controlled by the geometry of the
crustal-scale fault zone (Bellot, 2008). Dilational jogs flanking continental-scale
strike-slip faults, for example, are locations prone to hydrothermal boiling and
implosive brecciation (Sibson, 1987). Active examples of hydrothermal activity in
dilational jogs occur in compressional settings such as New Zealand (Brathwaite

et al., 1986 in 24) and the French Pyrenees (Taillefer et al., 2017).

112



We interpret the N-W-striking faults that arrest against the main N-S-
trending Cafarnaum fault as dilational jogs that facilitate hydrothermal fluid
ascension and flow (Fig. 13). Hydrothermal minerals are concentrated in dilational
jogs that occur on both sides flanking the Cafarnaum fault, either on carbonate
units in the western block or mainly on siliciclastic units in the eastern block (Fig.
2). This indicates that the structure, rather than the lithology, controls the fluid flow

along the fault.

Hydrothermal breccias occur in dilational jogs on both sides of the main
Cafarnaum fault (Fig. 2A, C). These breccias form when fluid migration becomes
explosive (e.g., Jébrak, 1997). Subsequent precipitation of hydrothermal minerals
forms breccias and heals the fault, decreasing their permeability (Katz et al., 2006;
Taillefer et al.,, 2017). Fluid flow and subsequent precipitation have been
interpreted with the seismic cycle and fault-valve behavior, influencing breccia

occurrence (Taillefer et al., 2017).

Hydrothermal fluid flow should have been recurrent in the Proterozoic in the
Séo Francisco Craton (Trindade et al., 2004); the main stage of hydrothermal flow
is closely linked to the timing of fault movement. Several studies (Trindade et al.,
2004) in the Sao Francisco Craton have described the relationships between
hydrothermal and fault geometries. Previous studies and this new data indicate
that a phase of normal-sense dip-parallel slip related to rifting that generated the
Irecé Basin was succeeded by a phase of strike-parallel slip reactivation (D’Angelo
et al., 2019). The same type of vein occurs in the basement (Mapa Geoldgico do
Estado da Bahia-CBPM/CPRM, 2003), suggesting that these fluid pathways
migrated through fractures and faults in the Paleoproterozoic crystalline basement

and overlying sedimentary units.
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5.2 — Geochemistry of hydrothermal fluids, fluid pathways and tectonics

Fluid flow in the crust is a powerful mechanism to remobilize chemical
elements and concentrate metals of economic interest (Heinrich and Candela,
2014, Yardley and Bodnar, 2014). It may also be an essential mechanism to
transfer heat between, for instance, deep and shallow crustal levels. Both chemical
and thermal transfers depend on how efficient conduits allow fluid to migrate from
deep to shallow crustal levels. The efficiency of heat transfer and chemical
remobilization also depends on heat and chemical gradients, fluid-rock
interactions, and tectonic settings. Many studies have addressed the question of
how deep fluid penetrates the crust (e.g., Nesbitt and Muehlenbachs, 1989; Fricke,
Wickham et al., 1992; Haines, Lynch et al., 2016). Most authors agree that fluid
may penetrate as deep as 10 to 15 km into the crust, mainly in crystalline terrains
submitted to an extensional tectonic regime. The isotope data presented here
show that fluid sources in the central part and at the Irecé Basin edges had the
same origin but underwent distinct pathways. The new data presented in this study
allow a discussion of the source of these fluids, their primary isotopic composition,
their interaction with the sedimentary rocks on both sides of the Cafarnaum fault,

and how deep they may have penetrated each kind of terrain.

Different generations of carbonate veins and breccias crosscut the
sedimentary rocks of the Irecé Basin. Figs. 5 to 8 show that carbonate veins from
the central part of the basin do not display significant carbon and oxygen isotope
differences relative to the carbonate host rock. More significant isotopic differences
occur in samples from the ACH and FAR sites, where the veins present more

negative isotopic values than the host rock (Fig. 6). Data in this study suggest that

114



the 8'30 value of the carbonate veins may be explained by a meteoric fluid source
(Fig. 14), by a higher temperature of crystallization (Table 02) of these carbonates,
or by the combination of both processes. The oxygen isotope fractionation
between calcite and water varies from 28%o to 7% in the temperature range of 25-
250°C (Chacko et al. 1991; Kim, O’Neil et al., 2007; Chacko and Deines, 2008). In
contrast, the low &"C values observed in the carbonate may only be explained by
an external source of carbon, since the carbon isotope fractionation values
between calcite and HCOs and calcite and CO2 are much less than 4%. at
temperatures below 200°C (Deines et al., 1974; Chacko et al., 1991; Chacko and
Deines 2008). Samples from the MEL site, which are located at the edge of the
basin, display even more negative oxygen isotope values. As shown in Fig. 14A,
isotope data from this site display a narrow range of 8'*C values and a wide range
of "0 values. Compared to the veins from the central part of the Irecé Basin, the
lower 80 values of their carbonates indicate interactions with more '80-depleted

fluids or higher crystallization temperatures.

Fig. 14B compares the isotopic composition of the carbonates studied here
with previous isotope data reported for the same area. The diagram shows that the
data in this study have a wide range of 830 (-13.0%o to 1.8%0) and &"*C (-10%o to
10%o) values. However, most of our samples have a narrower range of 6"*C (-5%o
to 1%0). The exceptions are samples from the IRE site that exhibit higher &'3*C
values and a few samples from the ACH, FAR, and SOR sites that present &'*C
values below -5%.. Samples from the IRE site are associated with **C-enriched
carbonates from the upper section of the Irecé Basin and plotted as squares in Fig.
14. These primary high 8"*C carbonates have been reported in both the Irecé Basin

(Misi 1988, Misi and Kyle 1994, Borges, Balsamo et al. 2016, Caird, Pufahl et al.
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2017) and other Neoproterozoic basins (Santos, Alvarenga et al. 2000). Carbonate
veins with 8"C values below -5%. are probably related to the same fluid that is
responsible for the carbonates that formed the calcretes previously described in
the basin (Borges, Balsamo et al. 2016, Caird, Pufahl et al. 2017). Published
isotope data of these carbonates, plotted as "stars" in Fig. 14B, also presents low

0'3C values.
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Fig. 14A. Carbon and oxygen isotopes of samples from the central part of the basin (IRE, FAR,
ACH, and SOR) and samples from the Melancias outcrop; B. Our data compared to other
published isotope data from the basin. Figure B also shows different scenarios of isotope
evolution: . Interaction between meteoric fluid and carbonates of the lower stratigraphic section;
Il. Interaction between meteoric fluid and carbonates of the upper stratigraphic section; Ill. Low
d13C carbonates related to the same fluids responsible for calcrete formation in the area; IV.
Carbonates formed by high-temperature fluids that interacted with deep-crustal levels. Host-rock
data (Misi and Kyle, 1994; Misi and Veizer, 1998; Borges et al., 2016; Caird et al., 2017);
Calcrete data (Borges et al., 2016; Caird et al., 2017)

The source of fluids related to the carbonate veins from the central part of
the Irecé Basin may be further constrained by the isotopic composition of fluid

inclusions trapped in the carbonate veins. Based on the oxygen isotopic
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composition of these fluid inclusions and the associated carbonate, we estimate
the temperature of carbonate crystallization to be between 39 and 67°C (Table 02).
These temperature estimates were based on Kim and O’Neil (1997) oxygen
isotope fractionation equation between calcite and water. Since calcite and fluid-
inclusions may be affected by post-entrapment isotope exchange during
exhumation (Nooitgedacht et al., 2021), these results should indicate minimum
temperature conditions. Assuming an average thermal gradient of 30 C/km, these
fluids circulated at depths reaching 1000 m within the crust. Fig. 11 displays the
mean global meteoric water line by Rozanski et al. (1993) and the hydrogen and
oxygen isotope values of these fluid inclusions. It also shows trending lines for fluid
inclusions from the ACH and FAR sites, indicating that they converge to a 8D value
near -45%o and a &'0 value near -6.5%o along the mean meteoric water line (Fig.
12). We argue that these isotopic values represent the local meteoric water, which
upon interaction with the host rock changed its isotopic composition along the
mixing lines. A similar process has been described in active hydrothermal systems
(Criss and Taylor Jr, 1986), in which there is also a more extensive range of 60
values compared to &D values. This happens because water-rich fluids interact
with oxygen-rich and hydrogen-poor rocks, promoting a more significant effect on

the oxygen values.

Assuming the above values for the meteoric water that percolated rocks of
the Irecé Basin, the isotopic variation observed in Fig. 14B may be explained by
different geological scenarios. Arrows | and Il represent veins formed by mixing
meteoric fluids and carbonate host rocks of the inner part of the basin at low-
temperature conditions (between 30 and 40°C). Arrow | indicates mixing between

these fluids and carbonates from the lower section. In contrast, arrow |l represents
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the mixing between these fluids and the '3C-enriched carbonates from the upper
section. Arrow lll represents carbonates formed by the same fluids as those of the
calcretes, which have more negative 6*C values. Samples from the MEL site,
represented by arrow |V, fall within the same range of 6'*C values for most samples
from the central part of the basin. However, they also have more negative §'®0
values, indicating that isotope exchange between the meteoric fluids and
carbonates alone may not be reconciled with the observed data. We argue that
carbonate from the MEL site crystallized from the same meteoric fluid but at higher
temperatures. These fluids percolated through conduits that allowed them to reach
deeper parts of the crust and return to shallow crustal levels without losing much
heat. The emplacement of these carbonates along regional extensional fracture
zones supports this interpretation. Compared to thrust systems alone, thrust
followed by strike-slip and extensional faulting may provide deep fluid conduits.
Based on hydrogen isotopes, Nesbitt and Muehlenbachs (1989) concluded that
the tectonic regime might drastically control the depth of fluid interaction in the
crust. This interpretation also agrees with previous studies based on fluid
inclusions and sulfur isotope geothermometry performed in the MEL site area (Misi
and Kyle 1994, Misi, lyer et al. 1999, Misi, lyer et al. 2005), which indicates that
these rocks were formed at temperatures as high as 250°C. Fluid-rock interactions
may also explain the presence of base metals in these high-temperature veins,
suggesting that these chemical elements were scavenged from deeper crustal
levels. Among the sites from the central part of the basin, only the ACH site exhibits
isotope values comparable to those observed at the MEL site. They indicate that
higher-temperature fluid percolation in the central part of the basin was very limited

and restricted to conduits associated with hydrothermal breccias.
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Table 2: Isotope data from fluid inclusions of carbonates from the central part of the basin. The temperature was calculated based on the oxygen isotopic
composition of calcite and fluid, according to Kim & O'Neil (1997).

Sample Location Fluid 8Dsmow Fluid 6" Osmow Calcite §'®Opps Calcite 60smow  TinC
ACHO01.2Bb T4-1 ACH -22.7 -2.5 -7.4 23.3 39
ACHO01.2Bb T4-2 ACH -24.0 -3.8 -10.1 20.5 47
ACHO01.3Aa T5-1 (left) ACH 1.9 0.8 -8.6 22.1 66
ACHO01.4BaT8-1 (grey) ACH -15.7 -1.6 -8.0 22.7 48
iRED1.2ZAa Til iRE -32.0 14 -4.2 26.6 43
IREO1.3Ba T14 IRE -27.9 0.3 -4.1 26.6 37
SOR01.3AaT19 SOR -36.0 -2.5 -6.5 24.3 35
FAR01.4D T9 FAR -10.5 0.9 -7.0 23.7 56
FAR02.3Bb T10-1 (milky, right) FAR -8.2 2.0 -7.6 23.1 67

FAR02.3Bb T10-2 (transparant,

left) FAR -19.0 -0.7 -7.5 23.1 51

The role of deep crustal fluids at the MEL and MAM sites is further
suggested by the petrographic and mineralogical features observed at these sites
(Figs. 9 and 10). In addition to the high concentration of base metals (e.g., Pb, Zn,
Fe), these sites display a pervasive replacement of the primary carbonates by
silica. Silicification events are recognized as a diagenetic process in which Si-rich
fluids affect a host rock, modifying its texture and mineralogy (Menezes et al.,
2019). For example, Haldar and Tisljer (2014) documented a silicification process
where opal/chalcedony/low-temperature quartz replaces
calcite/aragonite/dolomite. Quartz minerals and cement could be ascribed to
different sources; for instance, they may be derived from more soluble silica
phases (amorphous silica and opal), quartz dissolution by pressure solution, and
reactions involving silica release from silicate minerals under low- and high-
temperature conditions (Bjorlykke and Egeberg, 1993). The percolation of meteoric
fluids at the deep crustal level provided the required conditions to mobilize silica at

the MEL and MAM sites.

6. Conclusion

This study in the S&ao Francisco Craton focuses on the hydrothermal activity

in the Cafarnaum fault and its host rock and yields the following conclusions. The

119



Sao Francisco Craton is a cold and thick block preserved from deformation in the
Brasiliano orogeny (740-580 Ma). However, a few tectono-thermal events affected
the Craton along its boundary in Neoproterozoic times. One of these events was
repeated hydrothermal activity along the Cafarnaum fault, a N-S-striking, 170 km
long, strike-slip fault that juxtaposes Neoproterozoic carbonate units and

Mesoproterozoic siliciclastic-carbonate units in the northern part of the Craton.

Hydrothermal boiling and implosive brecciation occurred along the fault.
Decompression and cooler conditions induced precipitation of hydrothermal
minerals in N-W-striking dilational jogs, mainly flanking the northern and southern
fault terminations. The hydrothermal fluid structures are composed of hydrothermal
breccias close to the main fault zones and along dilational jogs. In addition, calcite
veins in the host units away from the fault are also part of the hydrothermal system.
Therefore, the geometry of faults at shallow crustal levels influences the location

of hydrothermal deposits.

Based on isotopic geochemistry, we show that meteoric water was the main
fluid source that percolated the sedimentary rocks of the Irecé Basin and the
Cafarnaum fault zone. Fluid inclusions in carbonate veins from the central part of
the basin indicate a meteoric fluid with a 8D value near -45%., and a 8'®0 value
near -6.5%0. Temperature estimates based on the oxygen isotopic fractionation
between the carbonate veins from the central part of the basin and the trapped
fluid inclusions indicate temperatures ranging between 40 and 70°C. These
temperature conditions agree with the lower "0 values of veins compared to the
carbonate host rock. A similar 8'®0O fluid value (-6.5%o) is obtained based on the
interaction between these fluids and carbonates from the lower and upper parts of

the succession.
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In contrast, carbonates at the front edges of the basin associated with the
Cafarnaum fault exhibit much lower 680 values, indicating higher crystallization
temperatures. These carbonates are also associated with base metals and silica-
rich fluids, suggesting that the fault behaved as a conduit for deeper fluid circulation
in the basement. The mineral paragenesis (e.g., galena, sphalerite, barite, chlorite,
illite, and quartz) and brecciated features associated with the veins and fault

support this interpretation.
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CAPITULO VI - CONSIDERAGOES FINAIS

A questdo inicial desta pesquisa é o papel dos fluidos hidrotermais na
diagénese de rochas carbonaticas e na formacao do carste. O papel dos fluidos
na geragao do carste € um conceito associado a carstificagdo hipogénica, um
conceito solidificado apenas nas ultimas trés décadas (Klimchouk, 2012). Por
outro lado, o papel dos fluidos hidrotermais na diagénese de rochas carbonaticas
tem sido objeto de estudo ha muito tempo (Palmer 1991; Ford e Willians, 1989),
embora pouca atencido tenha sido dada a geragcdo de porosidade durante a

diagénese.

Até a década de 1980, a literatura mundial era dominada pelo conceito de
carste epigénico (e.g., Esteban e Klappa, 1983). Dentro desta logica, a formagao
do carste ocorria apenas em ambiente superficial, onde os fluidos metedricos
exerceriam um papel unico na dissolugao de rochas carbonaticas e formacao de
cavidades em varias escalas (Esteban e Klappa, 1983). Na industria do petréleo,
esse conceito foi aplicado extensivamente nos trabalhos de reservatorios nas
bacias de Santos e Campos (offshore Brasil). Apesar de varios trabalhos pioneiros
apontarem a existéncia de dissolucao e carstificacdo de rochas carbonaticas em
ambientes profundos e causadas por fluidos hidrotermais (Palmer, 1991), apenas
a partir de 1990 trabalhos sistematicos levaram ao entendimento de processos
hipogénicos na carstificagao de rochas carbonaticas em larga escala (Dublyanski,
2000; Auler e Smart, 1999). Este conhecimento culminou mais recentemente com
uma compilagado de varios trabalhos em escala mundial sobre o carste hipogénico
(Klimchouk et al., 2019). Igualmente, apenas mais recentemente, estes conceitos
comegaram a ser aplicados a industria do petréleo em campos das bacias de
Tarim (e.g., Cai et al., 2020) e Ordos (e.g. Wang e Al-Aasm, 2002) na China,
Campos, Santos no Brasil (e.g., Lima et al., 2019 e 2020).

Neste sentido, o estudo de analogos de reservatérios de rochas
carbonaticas tem sido considerado de grande importancia para o entendimento
de processos de diagénese e dissolugdo de rochas carbonaticas em varias
escalas e diversos ambientes tectbnicos e sedimentares (e.g., Cazarin et al.,
2019; Klimchouk et al.,, 2016). Nesta tese, pretendeu-se mostrar como a
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diagénese e o sistema carstico sdo influenciados por fluidos hidrotermais na

Formacéo Salitre, uma unidade neoproterozoéica do Craton Sao Francisco, Bahia.

Inicialmente, investigamos a Formacgao de carste hipogénico na Formagao
Salitre, mais especificamente na Toca da Boa Vista e Toca da Barriguda, por¢cao
norte do Craton Sao Francisco, Bacia de Campo Formoso. Estas duas cavernas
constituem o maior conjunto carstico da América do Sul (Auler et al., 2001). No
trabalho de Cazarin et al. (2019), mostramos o papel das falhas e zonas de
fraturas na ascensdo dos fluidos hidrotermais. Além disso, mostramos como
algumas camadas, mesmo que finas, compostas de rochas siliciclasticas finas e
margas, formam selos estratigraficos e influenciam na concentragéo de fluidos em
determinados niveis de rochas carbonaticas (principalmente grainstones) que séo,

subsequentemente carstificados.

A formacéao do carste em ambiente hipogénico é determinada inicialmente
por condutos de natureza tectdnica ao longo dos quais ocorreu a ascensao de
fluidos. Estes condutos podem ser corredores de fraturas em eixos de dobras,
como apontaram Ennes-Silva et al. (2016) e La Bruna et al. (2021) no sistema de
cavernas da Toca da Boa Vista e Toca da Barriguda e na Formagao Caboclo
(Mesoproterozdico), respectivamente. Neste caso, dobras abertas com caimento
maximo de 10° sdo capazes de promover a geragéo de fraturamento paralelo ao
eixo da dobra, onde a percolacéo de fluidos se concentra. Estes eixos de dobras,
por sua vez, estdo relacionados a grandes empurrdes de escala regional
(Formacgéao Salitre) e eixos de dobras regionais (Formagao Caboclo), o que torna
a previsao da direcdo de dobramento e fraturamento subsequente uma tarefa
possivel (Ennes-Silva et al., 2016). Os condutos gerados pela carstificagdo
subsequente ao longo das fraturas em eixos de dobras pode concentrar condutos
com mais de 100 km de extensdo em areas de 3,5 km de comprimento e 2,5 km

de largura, como no caso das cavernas acima citadas.

O mesmo processo pode também ocorrer em ambiente epigénico. Na Bacia
Potiguar, anticlinais com 10 km de amplitude, relacionados a propagag¢ao de
falhas da fase rifte, concentram corredores de fraturas de dezenas de metros de
extensdo e de profundidade (Bagni et al., 2020). Num processo semelhante ao

ocorrido em ambiente hipogénico, este fraturamento em ambiente superficial

132



promove a circulacéo de fluidos metedricos, que se infiltram em camadas porosas
de arenitos (Formagdo Acgu) da Bacia Potiguar e ascendem por fraturas em
carbonatos da Formagao Jandaira, numa temperatura de até 63°C (Bertotti et al.,
2017; De Graaf et al., 2017). Esses fluidos, juntamente com aqueles existentes na
superficie, promovem a carstificagcdo na Formagao Jandaira ao longo de eixos de
dobras facilitando a formacéo de cavernas e relevo carstico nestes locais (Bagni
et al., 2020).

As fraturas relacionadas aos dobramentos com eixos sub-horizontais com
direcdo N-S e E-W sao essenciais para promover a carstificagdo e promover a
formacdo de porosidade secundaria em rochas onde a porosidade primaria é
baixa. O estudo de GPR e drone em uma pedreira proximo as Tocas da Boa Vista
e da Barriguda mostrou que uma porosidade com arquitetura de labirinto
controlado pelo fraturamento com as duas direcbes acima citadas é responsavel
pela porosidade do bloco rochoso (Conti et al.,, 2018). Da mesma forma, a
alteragao dessas rochas nas zonas adjacentes as fraturas promove a formacao

de uma porosidade secundaria relacionada a telodiagénese.

As fraturas e sua relacdo com as camadas também tém forte influéncia nos
formacao do carste. Um estudo de estratigrafia de fraturas foi feito no sistema
carstico da Toca de Boa Vista e Toca da Barriguda (Balsamo et al., 2020).
Camadas finas tendem a ter grande fraturamento, com fraturas pouco espagadas,
estas camadas tendem a favorecer o fluxo de fluidos horizontais. As vezes, tais
camadas podem funcionar com selos ao fluxo vertical. Por outro lado, camadas
mais espessas tendem a ter fraturas mais extensas, que facilitam o fluxo vertical.
Fraturas n&o stratabound, ou seja, que cortam todas as camadas, sdo essenciais
para o fluxo vertical (Balsamo et al., 2020). Estas promovem o fluxo de fluidos
hidrotermais, que se concentram abaixo de camadas selantes (Cazarin et al.,
2019) ou camadas finas com intenso fraturamento contido na camada
(stratabound) (Balsamo et al., 2020).

O controle estratigrafico € igualmente essencial na concentragao de fluidos
em determinados horizontes. O trabalho de Souza et al. (2021) indicou que
camadas de carbonatos ooliticos de alta porosidade primaria concentraram fluidos

hidrotermais. Estes fluidos foram responsaveis pela silicificagdo hidrotermal
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destas camadas que se localizam abaixo de um selo estratigrafico composto de
rochas peliticas (Souza et al., 2021). A origem destes fluidos € provavelmente de
fonte profunda, dado a mineralogia hidrotermal composta de barita, galena,
quatzo, calceddnia, hialofana, talco e clorita (Souza et al., 2021). Da mesma forma
que nas Tocas da Boa Vista e da Barriguda, os condutos de cavernas concentram-
se em eixos de dobra, com orientagdo e geometria similar as dobras regionais na
Formagédo Caboclo de idade mesoproterozdica (La Bruna et al., 2021) e na
Formacao Salitre (Pontes et al., 2021).

O estudo da Falha de Cafarnaum indica que dois sistemas hidrotermais
ocorrem neste ambiente. O primeiro € um sistema hidrotermal raso cujo processo
de conveccao é fundamental na ascensao de fluidos. Este sistema é encontrado
em rochas encaixantes da Formacao Salitre, afetadas pela Falha de Cafarnaum
(Cazarin et al., submetido). As caracteristicas isotopicas deste sistema metedrico
tém valores de 8D values ~ -45%o e 6'80 ~ -6.5%0, com temperatures de 40-70°C
em veios de calcita nas rochas encaixantes. Outro sistema mais profundo ocorre
ao longo da zona central da falha. Atentado pelas paragéneses minerais composta
de clorita, barita, hialofana, calcedénia, quartzo e galena (Souza et al., 2021) e
depdsitos Mississippi Valley Type (MVT) (Misi, 2004, 2012; Cazarin et al.,
submetido). Neste caso, a concentragdo de depdsitos minerais hidrotermais
ocorre nas por¢des extensionais da zona de falha transcorrente (Cazarin et al.,

submetido).

A presente tese indica a necessidade de investigacdo mais profunda nos
temas abordados e na presente area de estudo. O primeiro tema de interesse de
investigacdo € a origem do processo de carstificagdo na Bacia em varias
unidades, como na Formagdao Caboclo (Mesoproterozéico), Salitre
(Neoproterozéico) e Caatinga (Paledgeno-Nedgeno). Estes processos podem ser
melhor avaliados com a continuidade de estudos isotdpicos e inclusdes fluidas.
Um segundo ponto de estudo €& a determinagdo da idade dos eventos de
carstificagdo através de datagbes geocronolégicas de carbonatos. Uma das
técnicas mais usadas no momento, e com maior potencial de sucesso, é a

geocronologia por U-Pb em veios de calcita.
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Um terceiro ponto a ser enfocado é o estudo tectbnico. As geometrias e
dimensdes do sistema carstico em escala sismica e subsismicas precisam de
melhor detalhamento. Desta forma, ndo é inteiramente conhecido a relagédo de
origem e espacial entre as duas escalas. Ha, portanto, necessidade de
mapeamento de estruturas em detalhe e upscaling para escalas de bacia a serem
detectadas pela sismica. Técnicas de campo envolvendo imageamento 3D
(LIDAR e fotogrametria) devem ser combinadas com geofisica rasa (GPR,
resistividade e pogos), para posterior upscaling e comparagdo com dados

sismicos com carste em bacias sedimentares.
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ANEXOS
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e sao colocados aqui para ilustrar e aprofundar a discussao.
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2020. Influence of fracture stratigraphy on hypogene cave development and fluid

flow anisotropy in layered carbonates, NE Brazil
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ARTICLE INFO ABSTRACT

Fractured and karstified carbonates are often major aquifers and hydrocarbon reservoirs. The Toca da Boa Vista
(TBV) and Toca da Barriguda (TBR) caves in NE Brazil, which form the longest cave system in South America,
developed in a gently folded, layered and fractured Neoproterozoic carbonate sequence made of different li-
thological units (limestones versus siliciclastic rocks and marls) with variable bed properties (bed thickness,
surface roughness of bed-to-bed interlayers) and fracture attributes (spacing, height). The functional organiza-
tion of the hypogenic cave system has been recently revealed, with subdivision in three speleo-stratigraphic
storeys which, from bottom to top, acted as recharge, lateral redistribution and outflow components of the rising
fluid flow system, respectively. Structural analysis and new fracture data from TBV and TBR indicate that the
stratigraphic setting controlled the fracture pattern development during two tectonic phases, which determined
the fluid flow anisotropy during speleogenesis. We found that mechanical and fracture stratigraphy, in con-
junction with bed thickness and bed-to-bed interlayer characteristics, controlled the spacing and height of
fractures and, as a result, strongly influenced the fluid flow pattern and functional organization of the cave
system. In particular, bed-normal rising fluids localized along m-to tens of m-spaced throughgoing fractures
developed in the lower and upper storeys, whereas horizontal and bed-parallel fluid flow was focused in a
package of thin carbonates, siliciclastics and marls with cm-spaced, strata-bound fractures. This fluid flow an-
isotropy is attained also due to the presence of rough-walled, bedding-parallel interlayers (i.e., burial stylolites)
in the lower massive grainstone which hampered bed-parallel flow, and smooth, planar bedding-parallel in-
terlayers which enhanced lateral fluid movements in the well-layered and fractured middle storey units.
Therefore, we conclude that in heterolithic layered carbonate packages, the intricate hypogenic karst pattern is
related to heterogeneous fluid flow behaviour associated with the structural complexity imparted by the me-
chanical versus fracture stratigraphy.

Keywords:

Hypogene cave
Fracture stratigraphy
Karst porosity
Speleogenesis

1. Introduction

Understanding factors that control development of karst systems in
carbonate rocks is a principal concern of speleogenetic studies (e.g.,
Palmer, 2007; Klimchouk et al., 2000), bedrock stability assessment in
anthropic areas (Waltham et al., 2005), and groundwater management
and exploitation of deep-seated hydrocarbon reservoirs (Heward et al.,
2000). Stratigraphic and hydrologic setting play a primary role in de-
termining the size, shape and spatial distribution of karst systems in
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E-mail address: fabrizio.balsamo@unipr.it (F. Balsamo).
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carbonate rocks (Lowe, 2000; Klimchouk and Ford, 2000; Palmer,
2000, 2007; Cazarin et al., 2019). Another important factor that de-
termines the occurrence, shape and main trends of cave systems is the
presence and preferential orientation of major tectonic discontinuities
and their networks (Palmer, 1989, 1991; Wang et al., 2017; Antonellini
et al., 2019; Pisani et al., 2019). In sedimentary rocks, the attributes of
fracture network (i.e., spacing, density, length, persistence), which may
control the generation and evolution of karst features, depend on time-
space evolution of both regional-scale processes (e.g., the evolution of
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Fig. 1. Geological map showing the Campo Formoso region and TBV-TBR cave position, with major tectonic features (modified from Bizzi et al., 2003 and Ennes-

Silva et al., 2016). SFC: Sao Francisco craton.

tectonic stress field) and local-scale factors (e.g., lithology, bed thick-
ness, bed-to-bed interfaces, diagenesis, and faulting) (Laubach et al.,
2009; Barbier et al., 2012; Lamarch et al., 2012; Rustichelli et al., 2016;
Ogata et al., 2017; Balsamo et al., 2019). The mechanical and fracture
stratigraphy concepts (Laubach et al., 2009 and references therein),
which subdivide stratified sedimentary rocks either into discrete me-
chanical units with similar properties (e.g., tensile strength) or into
intervals with similar fracture pattern (e.g., vertical extent, density),
respectively, can be effectively used to describe the stratigraphic con-
trol on development of fracture patterns in many geological settings
and rock types. Mechanical and fracture stratigraphy do not necessarily
coincides due to the evolving mechanical properties with burial and
diagenesis (Laubach et al., 2009 and references therein).

Cave and karst systems can develop at different burial depths and in
response to both epigenic process (direct meteoric recharge) and hy-
pogenic process (deep-seated ascending fluids). Hypogenic caves are
widely recognized in many geological settings worldwide (Ford and
Williams, 1989; Palmer, 1991; Galdenzi and Menichetti, 1995; Ford and
Williams, 2007; Klimchouk, 2007; Klimchouk et al., 2017a,b; D'Angeli
et al.,, 2019) and develop in response to dissolution associated with
ascending flow (Klimchouk, 2007). Hypogene speleogenesis is gen-
erally connected to the presence and arrangement of faults and fracture

systems, which may have focused rising fluid flow, thus determining
the functional organization (shape and spatial distribution) of cave
systems (e.g.,Klimchouk, 2019; Klimchouk et al., 2016).

Recent works on a major hypogenic cave system developed in
Precambrian carbonate sequences in NE Brazil have highlighted the
first-order role of tectonic structure in controlling the trend of cave
passages (Ennes-Silva et al., 2016), as well as the role of stratigraphy in
controlling the functional organization of cave system in three distinct
speleo-stratigraphic storeys (Klimchouk et al., 2016; Auler, 2017;
Cazarin et al., 2019). Despite such extensive work in the Precambian
carbonates in NE Brazil, and the large amount of worldwide case stu-
dies on the link between tectonics and karst (e.g., Shanov and Kostov,
2015), a detailed understanding on the influence of mechanical and
fracture stratigraphy in controlling pattern of cave passages and spe-
leogenesis is still not fully established.

In this contribution we present a new multidisciplinary dataset
collected in the Toca da Boa Vista (TBV) and Toca da Barriguda (TBR)
cave system in northeaster Brazil, which provides insights on the role of
stratigraphy and resulting fracture pattern in determining the observed
cave morphology. In particular, by integrating structural data with
stratigraphic and petrophysical data, we found that, in the different
lithological units, bed properties (thickness) determined different
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Fig. 2. Composite figure showing the planimetry in map view of the TBV-TBR cave system (A) and the functional organization of the cave system in a schematic
profile (B) according to Klimchouk et al. (2016). (C-E) Morphological features in the lower massive grainstones (cupolas, pendants) (C), in well layered units
(horizontal conduits, mostly fold controlled) (D), and in the upper micritic limestones (discharge, rift-like conduits). See text for detailed description of units 1-5 in

(B). Photograph in (C) courtesy of Luciana Alt and Vitor Moura.

fracture densities (number of fractures per meter). Such difference in
fracture density, combined with the nature of bed-to-bed interfaces,
determined the large-scale permeability anisotropy that controlled the
position and distributions, from bottom to top, of vertical feeders in the
lower storey, horizontal passages in the middle storey and vertical
outflows in the upper storey. The main outcome of this work is that
cave patterns in hypogenic environments depend on a combination of
factors such as (i) the evolution of the regional tectonic stress field, (ii)
the thickness of mechanical units (single beds or bed packages) and
bed-to-bed interlayer characteristics, and (iii) related fracture density.
Results presented in this study are in agreement with numerical fluid
flow simulations performed by different authors in other layered and
fractured rocks (e.g. Doolin and Mauldon, 1996; Wang et al., 2017, and
references therein), and indicate that the mechanical stratigraphy
combined with the “speleo-stratigraphy” concept can be useful to pre-
dict large-scale karst porosity and cave morphology in carbonate re-
servoirs from tectonic evolution and stratigraphic setting.

2. Geological setting and the cave system
2.1. Tectonic and stratigraphic setting

The TBV and TBR cave system is developed in the Salitre Formation
(Una Group) of the Campo Formoso Basin, in the northern part of the
Sao Francisco Craton (Fig. 1). This cratonic area separated from its
African counterparts during the opening of the South Atlantic Ocean in
the Late Jurassic and Early Cretaceous (Trompette et al., 1992), and
contains Meso- and Neoproterozoic sedimentary units overlying Pa-
leoproterozoic and Archean basement units. Fold-related deformation
affected the Neoproterozoic Salitre Formation carbonates during the
Brasiliano Orogeny between 760 and 560 Ma (Brito Neves et al., 2014).
In the study area, the Salitre Formation consists of a ~500 m thick unit
made of shallow marine platform carbonate rocks intercalated with thin
siliciclastic rocks (Dardenne, 1978; Bonfim et al., 1985). The Salitre
Formation is capped by freshwater limestone probably of the Late
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Pliocene-early Pleistocene Caatinga Formation (Penha, 1994; Auler,
1999). After deposition, the carbonates of Salitre Formation were
subjected to diagenetic processes (mostly dolomitization), brittle de-
formation and intense karstification (Auler and Smart, 2003; Cazarin
et al., 2019 and references therein).

Brittle deformation in the Salitre carbonates acquired during the
Brasiliano Orogeny resulted in an E-W- to NNE-SSW-trending fold-and-
thrust belt (Lagoeiro, 1990; Caxito and Ulhein, 2013). In the studied
TBV-TBR caves, ~NE-trending fold hinges are associated with ~NE-
striking joints and stylolites, i.e. parallel to the thrust system (Ennes-
Silva et al., 2016). A second folding event, overprinting the NE-trending
folds, is characterized by a mild E-W-oriented compression that resulted
in a set of N-S fold hinges and E-W joint sets (Ennes-Silva et al., 2016).
The TBV-TBR caves are maze systems stretching near and sub-parallel
to the NE-trending fault. In the maze pattern, major lateral passages are
controlled by NE-SW-striking fold anticlinal hinges characterized by
intense fracturing (Ennes-Silva et al., 2016) which favoured the coa-
lescence of adjacent cave conduits (Klimchouk et al., 2016).

From a stratigraphic point of view, the TBV-TBR cave system de-
veloped in a 50-60 m thick heterolithic carbonate-dominated sequence
which encompasses five main stratigraphic units (Klimchouk et al.,
2016), studied in detail by Cazarin et al. (2019). The lowermost unit 1
consists of massive cross-bedded oolitic grainstone about 15 m thick; its
base has not been observed. Unit 2 is 1.5-2 m thick and consists of
peloidal fine grainstone with chert nodules and plane-parallel stratifi-
cation. Unit 3 is up to 1 m thick and contains microbial carbonates with
laminites and stromatolites. Unit 4 is < 1 m thick and consists of fine-
grained siliciclastic rocks (siltstone, fine grained sandstones and clay)
and marls. The uppermost cave-bearing unit 5is > 10-15 m thick and
represented mostly by grainstone with abundant chert layers (lower
unit 5A). At surface outcrops, a unit consisting of thin laminated car-
bonate limestone with chert lenses is interpreted as belonging to upper
unit 5, here named Unit 5C. Between the upper and lower Unit 5, a
discontinuous m-thick sequence made of 10-30 cm thick carbonate and
shale layers has also been observed (unit 5B).

2.2. Hypogenic cave pattern

In plan view, the TBV-TBR cave system consists of a network of cave
passages oriented NNE-SSW and E-W; the whole system forms an
elongated “corridor” that follows the N65°E-strike of the thrust system
at this site (Fig. 2A). These passages form the longest cave system in
South America with total conduit lengths of 114 and 35 km long, re-
spectively (Rubbioli et al., 2019). The hypogenic origin of TBV-TBR
cave system was firstly proposed by Auler (1999) and Auler and Smart
(2003) based on morphological features such as mixed network/rami-
form pattern, widespread cupolas, vertical rifts, condensation-corrosion
features, and the lack of features typical of epigenic processes (i.e.,
absence of sediments, absence of vadose speleogens, no link to surface
geomorphology). These earlier studies assumed the formation of the
caves in a shallow, lateral-flowing aquifer, due to the aggressiveness
derived from oxidation of pyrite disseminated in the host rock.
Klimchouk et al. (2016) further constrained the hypogenic origin of the
cave system, provided speleo-morphogenetic evidence for the forma-
tion by ascending acidic paleo-fluids along fractures, and unravelled the
functional organization of the cave system in the overall upwelling flow
system, in which the presence of a leaky seal caused pronounced local
lateral component of flow and speleogenesis. Concerning the source of
dissolving fluids, Auler (2017) suggested that the absence of poorly
soluble sulfur-derived minerals in the caves indicate that H,S was not
the main component of fluids ascending along fracture systems; more
recently, Cazarin et al. (2019) also suggest that fluids were hydro-
thermal.

In vertical section, the functional organization of TBV-TBR caves, as
described by Klimchouk et al. (2016), consists mainly of three cave-
stratigraphic storeys (Fig. 2B): a lower, a middle and an upper storey.
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The lower storey is composed of recharge components (feeder cavities)
through which ascending fluids entered the lateral maze cave interval
from below; the middle storey is the main component which laterally
integrates the whole cave system; and the upper storey is represented
by outlets (dissolved vertical fractures) through which the fluids by-
passed the seal and moved further upward (Klimchouk et al., 2016).

The lower storey is developed in the massive grainstone of unit 1
and consists of both sub-horizontal passages, chambers of different sizes
and vertical conduits (Fig. 2C). Vertical rifts and inclined conduits and
ramps connect the lower storey to the middle storey. The middle storey
consists mostly of subhorizontal cave passages developed in 10-40 cm-
thick carbonate layers of units 2 and 3 and partially capped by units 4
(siliciclastics) and 5A (cherty grainstone) (Fig. 2D). Such passages are
associated mostly with anticline hinges oriented ~ NE-SW, and provide
laterally extensive conduits with rectangular cross-sections. The upper
storey comprises outlets formed along major fractures that cut across
the seal units, and served as outflow discharge (Fig. 2E). In this model,
vertical migration of fluids was hampered by differences in fracture
density, limiting the growth of the cave system above unit 5. Overall,
the three-dimensional pattern of the cave system is effectively orga-
nized to conduct rising flow in deep-seated confined conditions under
stratigraphic constraints.

Recently, Cazarin et al. (2019) point to two main issues in the
karstification process. First, they identified the hydrothermal assem-
blage in microscopic veins, which confirm previous interpretations that
hydrothermal processes were responsible for the early karstification.
Second, they indicated that dissolution enlarged fractures at the end of
the eodiagenesis and mesodiagenesis and that dissolution processes
mainly affected the carbonate units. In particular, this study recognized
the importance of fractures but indicated the need of considering the
role of the low-porosity siliciclastic unit (unit 4) in the sealing process.

The depth of cave formation was not established with exactness
(Auler, 2017), but the host rocks were probably buried at least at sev-
eral hundred meters (> 600-900 m) as suggested by the presence of
well-developed bedding-parallel stylolites in the carbonate beds (van
Golf-Racht, 1982). Furthermore, deposition of younger sequences
above Salitre carbonates (Japsen et al., 2012) could have been re-
sponsible for additional burial episodes. Finally, the age of cave for-
mation is still unconstrained and two main possibilities were proposed
(Klimchouk et al., 2016): one suggesting that speleogenesis occurred
during the late-stage of Brasiliano orogeny (550 Ma), the other during
the rifting event associated with break-up of Pangea in the Triassic-
Cretaceous.

3. Methods

Classical structural analysis was performed in 34 sites distributed in
several passages distributed through TBR and the most of the TBV
(except its southwestern part) to reconstruct the structural evolution of
the Salitre carbonates in the study area. Different deformation elements
(i.e., joints, veins, tectonic stylolites, and fold limbs) were measured
(n = 433 data) and statistically analysed using Daisy software (Salvini
et al., 1999). Structural data were integrated with fracture attribute
quantification (mostly spacing) in all the speleo-stratigraphic units
(Fig. 2B) identified by Klimchouk et al. (2016). Fracture data acquisi-
tion was performed along 23 bed-parallel linear scan lines (e.g., Zeeb
et al., 2013 and references therein) oriented orthogonal to the fracture
sets in order to avoid further corrections. Measured fracture attributes
are spacing (S), height (H, vertical persistence), and thickness of frac-
tured beds (for strata-bound fractures, i.e., confined within beds). A
total of 637 data of fracture spacing were collected and analysed. In the
middle storey, most of fractures measured in scan lines are bed-con-
fined (i.e., strata bound) in agreement with the mechanical stratigraphy
concept. In the lower and upper storeys, more persistent throughgoing
fractures (i.e., multilayer structures whose spacing exceed the size of
the cave passages) are common but difficult to measure systematically
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Fig. 3. Deformation elements measured in the TBV-TBR cave system. (A) NE-SW-oriented fold developed in the well-layered units of the middle storey. (B) Example
of conjugate set of subvertical silica veins (plan view of the cave roof); Veins are orthogonal to tectonic stylolites. (C) Example of closely-spaced, strata-bound tectonic
stylolites developed in marly limestone. (D) Plumose structure developed on joint surface. (E) Stereographic projection (equal area projection, lower hemisphere of
Schmidt net) of contoured pole to bedding in the TBV-TBR cave system; average bedding planes are indicated by the two cyclographics. (F) Contoured pole to veins
and mean NNW-SSE-trending plane. (G) Contoured tectonic stylolites and related mean planes. (H) Rose diagram showing three main joint sets obtained by a

Gaussian best fit of total joint data. C.i. = contouring interval. S, = bedding.

with scan lines due to limitations in cave outcrop exposures. Therefore,
spacing of throughgoing fractures were not always directly measured
by linear scan lines but estimated in map view after careful cave
mapping (Klimchouk et al., 2016).

Furthermore, uniaxial compression strength (UCS) tests were per-
formed with a portable Schmidt hammer in surfaces orthogonal to
bedding to constrain the mechanical properties of the five units (e.g.,
Zoback, 2007; Yasar and Erdogan, 2004; Aydin and Basu, 2005; Aydin,
2009; Yurdakul et al., 2011; Alikarami et al., 2013). The values of UCS
for the five units were obtained indirectly by empirical relations based
on the Schmidt hammer rebound value (Kolaiti and Papadopoulos,
1993) and following pre-established standards by the American Society
for Testing and Material (ASTM, 2001).

4. Results
4.1. Structural data

Deformational elements measured in the TBV-TBR cave system
mostly consist of meter-scale gentle folds (Fig. 3A), bedding-parallel
stylolites, mm-thick bed-perpendicular veins filled with silica of hy-
drothermal origin (Cazarin et al., 2019) and locally organized in con-
jugate sets (Fig. 3B), bedding-orthogonal tectonic stylolites (Fig. 3C),
and opening-mode fractures including throughgoing joints and strata-
bound joints with plumose structures (Fig. 3D). Subordinately, minor
reverse and strike-slip faults were also measured.

Bedding-parallel stylolites in the units 1 and 5 (i.e., grainstones) are
commonly characterized by rough-walled geometry with mm-to cm-
long tooth. In units 2-4, bed-parallel stylolites are smooth and planar.
Gentle folds are better developed in the middle storey, i.e. in the well-
layered lithologies of units 2, 3 and 4, where master passages are lo-
calized. Collectively, fold limbs measured in 16 cave passages strike
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N65°E and dip < 10-15° toward both NW and SE (Fig. 3E). Calculated
mean fold hinge is sub-horizontal and oriented N65°E. Veins are sub-
vertical and strike N25°W (Fig. 3F). Tectonic stylolites are orthogonal to
bedding and particularly well developed in the marly limestone of unit
4; they strike ~ N65°E, i.e. sub-parallel to the fold hinge (Fig. 3G).
Joints do not show a clustered trend but statistical analysis of total data
indicates 3 main sets (Fig. 3H): set 1 strikes N27.2°W + 12.8° (i.e.,
parallel to veins and orthogonal to inferred fold hinges), set 2 strikes
N69.3°E = 35.3° (i.e., parallel to tectonic stylolites and fold hinges),
and set 3 strikes ~ E-W (N85.4°W =+ 10.6°).

4.2. Stratigraphy and fracture pattern

The three speleo-stratigraphic storeys shown in Fig. 2B are char-
acterized by fractures with different attributes (density, spacing, height
or vertical persistence) which depend on the lithological properties of
the stratigraphic units. In general, the lower and upper storeys are
characterized by low fracture density imparted by vertically-persistent,
non strata-bound (i.e., throughgoing) fractures in massive thick beds,
whereas the middle storey is characterized by high fracture density
associated with well-developed strata-bound fractures in thin beds.

In the lower storey, the cross-bedded oolitic grainstone (unit 1)
consists of massive beds with thickness between ~3 and ~7 m (Fig. 4A
and B). These m-thick beds are commonly amalgamated and char-
acterized by well-developed bedding-parallel stylolites without clay-
rich interlayers (inset in Fig. 4B). Such stylolites are rough-walled and
generally not selectively dissolved. Subvertical joints, which commonly
localize dissolution along feeders (Fig. 4A), are spaced 0.6-0.7 m in
beds ~3 m thick (Fig. 4B) and ~3 m in beds 7 m thick (Table 1). In
places, small NE-SW-trending strike-slip faults were observed (Fig. 4C).
Such faults have left-lateral kinematics, and are characterized by m-
thick damage zones with fractures spaced few centimetres up to deci-
metres.

In the middle storey, the well-stratified rocks (units 2-4) with dis-
tinct beds and interlayers are characterized by closely-spaced strata-
bound fractures which collectively provide high fracture density (n°
fractures per meter) (Fig. 5A). Fine-grained grainstones of unit 2 are
0.3-0.6 m thick and have fracture spacing between 0.25 and ~0.4 m
(Fig. 5B, Table 1). Microbial limestones (stromatolites and laminites of
unit 3) have beds 0.14-0.7 m thick, and spacing between 0.15 and
0.45 m (Fig. 5B, Table 1). Similarly, the fine siliciclastics and marls of
unit 4 are 6-9 cm thick and characterized by fractures spaced between

Marine and Petroleum Geology 114 (2020) 104207

~4 and ~7 cm (Fig. 5B and C, and Table 1).

In the upper storey, the Unit 5 is characterized by different fracture
pattern (Fig. 6). The lower part of the cherty grainstone of unit 5A is
characterized by beds 0.1-0.32 m thick and fracture spacing between
0.1 and 0.2 m (Fig. 6A, and Table 1). When visible, carbonate and marls
between the lower and upper unit 5 (i.e., unit 5B) are characterized by
beds 9 and 22 cm thick, and fracture spacing of ~5 and ~16 cm, re-
spectively (Fig. 6B, Table 1). Finally, the upper micritic limestone of
unit 5C, which is the only unit exposed in outcrops (Fig. 6C), is char-
acterized by cm-to dm-thick beds and the absence of well-developed
bed-to-bed interlayers (Fig. 6D and E); in this upper unit, throughgoing
fractures are widely spaced up to tens of meters (i.e., fractures are
developed in a mechanical unit of several meters thick which en-
compass many beds), showing localized dissolution features (Fig. 6C
and D).

All fracture data described above are summarized in Fig. 7 where
mean fracture spacing in each scan line is plotted in a log scale against
corresponding position in the cave stratigraphy. Collectively, well-
layered units (2, 3, 4, and 5B) with strata-bound fractures are char-
acterized by high fracture density (n° fractures/m), whereas thick me-
chanical units 1 and 5C with broadly spaced throughgoing fractures
have lower fracture density.

4.3. Fracture spacing versus bed thickness

Fracture spacing data are plotted against corresponding bed thick-
ness (for strata-bound fractures) and mechanical unit thickness (for
throughgoing fractures) in Fig. 8. Despite the large variability, it is
evident that mechanical units with thickness < 1 m are characterized
by closely-spaced strata-bound fractures (joints and stylolites), whereas
mechanical units > 2-3 m thick, i.e. massive carbonates of lower Unit
1 and upper micritic mudstone of Unit 5C, have greater fracture spacing
(mostly joints). Such direct relationship between fracture spacing and
bed thickness is in general agreement with previous studies in layered
carbonates (e.g., Narr and Suppe, 1991).

4.4. Throughgoing fractures

As mentioned in previous sections, lower unit 1 and upper units 5A-
C contain also non strata-bound, throughgoing fractures. They are ob-
served in the walls of passages and rooms of the lower and upper
storeys and, where possible, were measured in scanline surveys

Fig. 4. Fracture pattern in the oolitic massive grainstone of the lower storey (Unit 1). (A) Example of dissolution controlled by fractures. (B) Fractures spaced
0.7-0.8 m in massive beds (insert shows tight and closed bedding-parallel stylolites). (C) Example of closely-spaced synthetic fractures developed in a left-lateral
strike-slip fault zone oriented NE-SW. Note dissolution associated with this small scale fault zone. Field book for scale is 13 X 21 cm.
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Summary table showing the fracture statistics from all scan lines performed in the 5 units. (* = subsidiary fractures associated with major joint; ** = joint developed

in a fault zone).

UNIT LITHOLOGY BED/MECH. UNIT THICKNESS (mm) FRACTURE SPACING (mm) ST. DEV. FRACTURE HEIGHT (mm) N°DATA ELEMENT TYPE
5C MICRITIC LIMESTONE 3400 2301.4 14141 > bed 6 N65°E Joint
5B CARBONATE AND MARLS 92 46.9 30.5 strata-bound 47 N65°E Joint
5B CARBONATE AND MARLS 220 158.7 88.2 strata-bound 26 N65°E Joint
5A CHERTY GRAINSTONE 194 206.5 82.3 strata-bound 12 N26°W Joint
5A CHERTY GRAINSTONE 160 171.7 55.2 strata-bound 12 N65°E Joint
5A CHERTY GRAINSTONE 250 199.2 87.4 strata-bound 35 N26°W Joint
5A CHERTY GRAINSTONE 110 123.1 68.1 strata-bound 25 N65°E Joint
5A CHERTY GRAINSTONE 320 133.7 77.7 strata-bound 41 N26°W Joint
5A CHERTY GRAINSTONE 140 138.5 58.6 strata-bound 20 N65°E Joint
4 SILTSTONES 60 67.7 54.8 strata-bound 44 N65°E Joint
4 SILTSTONES 60 54.6 99.0 strata-bound 64 N26°W Joint
4 SILTSTONES 90 44.2 27.1 strata-bound 37 N65°E Stylo
3 LAMINITES 200 149.6 114.2 strata-bound 27 N70°E Joint
3 LAMINITES 140 186.2 113.0 strata-bound 36 N26°W Joint
3 STROMATOLITE 230 255.5 115.2 strata-bound 23 N65°E Joint
3 STROMATOLITE 710 452.0 298.1 strata-bound 18 N26°W Joint
2 FINE GRAINSTONE 320 38.9 33.8 strata-bound 57 N65°E Joint
2 FINE GRAINSTONE 620 255.2 141.1 strata-bound 27 N65°E Joint
1 OOLITIC GRAINSTONES 7000 103 73.7 < bed 43 *N65E Joint
1 OOLITIC GRAINSTONES 2930 783.8 407.3 3739.2 13 N65°E Joint
1 OOLITIC GRAINSTONES 2870 583.6 253.5 1762.9 14 E-W Joint

1 OOLITIC GRAINSTONES 7000 3508.7 1970.0 5650.8 10 N26°W Joint
1 OOLITIC GRAINSTONES 3000 42.5 24.2 2000-3000 10 **E-W joints

(Table 1). However, these units are also characterized by the presence
of major throughgoing fractures that are not represented, or barely
represented, in scanlines, as they are completely or almost completely
exploited by dissolution and consumed by the cave space (Fig. 9).
Traces of throughgoing fractures are sometimes observable in the
ceilings of passages or in the walls in their lateral terminations (Fig. 9B
and G), but in most cases they cannot be observed and measured as
these surfaces are distant and not immediately accessible, or because

these guiding fractures are often entirely consumed by the cave space.
Some characteristics of throughgoing fractures consumed by speleo-
genesis can be inferred from the size, orientation, and spacing of linear
cave elements formed along them.

In the lower storey (massive oolitic grainstone of unit 1), passages
guided by vertical or steeply inclined throughgoing fractures occur in
clusters which are largely isolated in the lateral directions from other
similar clusters nearby (Fig. 9E and F). They have predominantly ~ NE-

Fig. 5. Fracture pattern in the middle storey (Units 2, 3 and 4). (A) Meter-thick package of well-layered rocks of Unit 2, 3 and 4, characterized by intense fracturing.
(B) Example of strata-bound fractures developed in Units 2, 3 and 4, visible in the wall of a NE-SW-trending master passage. Compass for scale. (C) High fracture
density (n° elements per meter) in siliciclastics and marls of Unit 4. Note well developed bed-to-bed boundaries.



F. Balsamo, et al.

Marine and Petroleum Geology 114 (2020) 104207

Fig. 6. Fracture pattern in the upper storey (Units 5A, B and C). (A) Fractures in the fine-grained, cherty grainstone in the lower part of unit 5A. Note bedding parallel
stylolites. (B) Strata-bound fractures in the well-layered siliciclastics of unit 5B. Circle indicates pen for scale. (C) Outcropping micritic limestone of unit 5C,
characterized by m-spaced fractures with local dissolution features. (D) Set of non strata-bound throughgoing fractures developed in the unit 5C, showing heights
greater than bed thickness. (E) Detail of joints terminating at laminations and showing negative relief due to selective dissolution in unit 5C. SO = bedding;
S = stylolite; J = joint.

SW, and subordinately NW-SE, orientation and lengths ranging from 10
to 30-40 m. When such passages occur in systematic sets, as shown in
Fig. 9E, their spacing can be estimated at 5-15 m. Vertical dimensions
of throughgoing fractures cannot be determined as lower parts of pas-
sages formed along them are obscured by sediments (Fig. 9H and G).

The minimal visible heights start at ~10 m but these fractures may
extend down for many tens of meters. Some deep rift-like pits at the
bottom of the lower-storey cavities further extend to depths of over
10 m, where they are blocked by boulders and sediments (Fig. 9H and
J).
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Fig. 7. Fracture spacing data versus cave stratigraphy (not to scale). Units 1, 5B, and 5C have throughgoing fractures spaced several meters up to tens of meters,
whereas well-layered units 2, 3 and 4 have strata-bound fractures spaced from few mm up to 0.2 m. Stratigraphic units: 1) massive oolitic grainstone, 2) grainstone,
3) microbial carbonate and laminites, 4) silt, clay and marls, 5A) grainstone with chert lenses, 5B) breccia, carbonates and shale, 5C) micritic limestone.

Importantly, the most of throughgoing fractures in the lower storey
terminate at the upper part of unit 1 and their top tips generally do not
cross units 2—-4. This is strongly evidenced by the fact that only tiny
fracture traces (if any) can be observed at the ceiling of the lower-storey
passages, and that such passages may go beneath the middle-story
passages (units 2-4) being not connected to them (Fig. 9E). Only in rare
occasions, the upper tips of throughgoing fractures in unit 1 reach units
2-4, which causes the formation of rising chimneys (outlets from the
perspective of the lower story; Fig. 9G) connecting the lower storey
with the passages in the middle storey (the connections are seen as
feeders from the perspective of the middle story).

In the upper storey (units 5A-B), throughgoing fractures are re-
presented by rift-like (rarely oval shaft-like) passages that infrequently
occur throughout the cave system but form the most of central sector in
TBV (Figs. 2 and 9A and B). In this sector, rift-like passages of heights
up to over 10-15 m and lengths up to over 100 m are oriented

predominantly E-W, with some passages trending NE-SW. Their spacing
commonly varies between 20 and 60 m. These estimates give an idea of
characteristics of guiding throughgoing fractures. Similar rift-like pas-
sages, partly unroofed, occur locally in unit 5C, observed in the quarry
and in the cliff at the outskirts of the Laje dos Negros village (Figs. 6C
and 9 C and D). Spacing values presented in this section are reported in
the fracture log in Fig. 7.

4.5. Uniaxial compressive strength

The UCS data collected in the five lithostratigraphic units from TBV
and TBR cave system are summarized in Fig. 10. Based on data dis-
tribution, the stratigraphic units can be grouped as three distinct geo-
mechanical units, in which units 1 (massive grainstone with cross-
bedding stratification), 2 (well layered fine grainstone with chert no-
dules), and 3 (well layered microbial carbonates) have similar
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Fig. 9. Photographs showing passages at the upper (A through D) and the lower
(G through J) stories of the TBV-TBR cave system, developed along through-
going fractures. Panels E and F, modified from Klimchouk et al. (2016), show
the plan and the section of a cluster of the lower-story passages (in orange) and
their relationship with the middle-storey passages (in grey). Note that these
stories are vertically connected only in one locality (through outlets-feeders). 1:
feeders; 2: fractures. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

geomechanical behaviour with average UCS values ranging from
143.3 MPa to 159.8 MPa. Unit 4 (well layered fine siliciclastic layers
and marls) and unit 5 (crystalline carbonate with chert layers) show the
lower and higher values of 100.3 and 214.2 MPa, respectively.

5. Discussion
5.1. Structural evolution and cave pattern

It is well known that in contractional tectonic settings (i.e., folded
carbonates) the fluid system structure is defined by the pathways along
which fluids move (e.g., Evans and Fischer, 2012). Such permeability
pathways mostly depend on the interaction between stratigraphy and
fracture distribution, connectivity and hydrological properties (Odling
et al., 1999). In the study area, the complex fracture network developed
in the three different cave storeys, composed of strata-bound joints,
throughgoing fractures (veins, joints and minor faults), strata-bound
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bed-normal stylolites, and bed-parallel stylolites, provided an effective
pathway for dissolving rising fluids that led to the extensive develop-
ment of hypogene TBV-TBR cave system. The NE-trending TBV-TBR
caves are located in the proximity of a NE-trending regional thrust fault
(Fig. 1), where fold-related deformation is greater than surrounding
areas (Ennes-Silva et al., 2016). Klimchouk et al. (2016) pointed out
that the TBV and TBR caves form a NE-SW-trending belt, sub-parallel
the thrust fault, which localization is determined by specific structural
conditions permitting an access of deep fluids to the bottom of the
Salitre Formation and rising flow across it, most likely the presence of a
corridor of throughgoing fractures disrupting both the Salitre carbo-
nates and the underlying rocks.

Structural data presented in Fig. 3 support an interpretation of two
main compressional events, consistent with Ennes-Silva et al. (2016).
The first event (compression oriented NNW-SSE) was responsible for
fracturing and gentle folding with hinges oriented N65°E, as indicated
by bedding dip domains measured in the caves (Fig. 3A). Layer-parallel
shortening during the early stage of this compressional event promoted
both subvertical veins and joints oriented N25°W and tectonic stylolites
oriented N65°E (Fig. 3F and G). With further compression, fold ampli-
fication passively rotated the previously-formed tectonic stylolites, as
indicated by the constant orthogonal relationships between bedding
planes and tectonic stylolites in the fold limbs (compare stereonets in
Fig. 3E and G). Furthermore, also the N65°E joints (set 2 in Fig. 3H)
probably developed during fold amplification by outer-arc extension.

A second, mild contractional event with and E-W horizontal com-
pression is supported by the E-W-trending joints (set 3 in Fig. 3H) and
by minor N-S-trending fold hinges (Ennes-Silva et al., 2016). The two
deformational events provided the complex 3D network of fold hinges
and fractures with multiple orientations that was used by deep dissol-
ving fluids during the main speleogenetic phase. The link between
tectonic evolution and cave development is indicated by the overall
correspondence between fold hinges orientation, fractures orientations
(Fig. 3E-H) and cave passages orientation in plan view (Fig. 2A; and
compare Figs. 5 and 6 in Ennes-Silva et al., 2016). Furthermore, the
complex deformation history documented in this study may have fa-
voured the formation of large throughgoing fractures through linking
strata-bound and non strata-bound fractures in different stratigraphic
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units
units 4-2

Fig. 10. Geomechanical data obtained from the five stratigraphic units in TBV — TBR cave system.

units, which locally increased fracture connectivity and determined the
vertical, functional organization of TBV-TBR.

5.2. Fracture stratigraphy and functional organization of the cave system

Klimchouk (2005, 2007, 2019) stressed the importance of hydro-
stratigraphy (structure of a rock sequence from the perspective of the
groundwater flow) in controlling patterns of hypogenic caves, and de-
monstrated that hydrostratigraphy and cave patterns can be determined
not only by lithological differences but also by the vertical distribution
of fractures, which does not necessarily coincide with lithostratigraphy.

The TBV-TBR cave system was formed under deep-seated, confined
conditions by deep flow rising across the Salitre Formation within a
~NE-trending corridor (Klimchouk et al., 2016). Although the source of
the cave-forming fluids is still uncertain, it is obvious that they came
from below the bottom of the Salitre Formation. In layered carbonate
sequences of low matrix porosity, the presence of throughgoing dis-
ruptions (throughgoing faults, fractures, and fracture zones; Gross and
Eyal, 2007) is of primary importance for cross-formational flow and
hypogene speleogenesis as they determine the vertical connectivity of
different hydrostratigraphic units. The relationships between
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stratigraphy, fracture properties and the three speleo-stratigraphic
storeys in the studied cave system are summarized in the conceptual
model of Fig. 11 and discussed below.

This study shows that meter-thick dolomitic beds (unit 1) or very
thick mechanical units made of thin marly limestone beds with high
uniaxial compressive strength values (units 5A and 5C) are prone to
develop widely spaced fractures (Fig. 7), including large throughgoing
fractures, which determined vertical permeability anisotropy.
Throughgoing fractures in TBV-TBR caves are characterized by large
spacing and strong vertical persistence, and mostly consist of minor
faults with fractured damage zone (Fig. 4C) and isolated opening-mode
fractures such as veins and joints. The presence of large throughgoing
fractures in unit 1 enabled inputs (recharge) to the cave system and
controlled the formation of the lower cave-stratigraphy storey. Persis-
tent fractures in units 5A-C enabled outputs (discharge) from the cave
system, breaching the hydrostratigraphic seal formed by otherwise low-
permeable unit 5A. Importantly, most of the lesser non strata-bound
fractures (those documented in scanline surveys) do not demonstrate
significant alteration by hypogene dissolution, whereas larger
throughgoing fractures are almost invariably heavily used and largely
consumed by dissolution. This clearly shows that the presence of large
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Fig. 11. 3D block diagram showing a conceptual speleogenetic model with main structural, stratigraphic and morphological features of TBV-TBR caves in Brazil.

throughgoing fractures was critical in supporting cross-formational
flow in units 1 and 5A-C. Also important is the fact that large
throughgoing fractures in unit 1 and units 5A-C (and respective cavities
formed along them) have different distributions through the area that
mismatch each other in the plan view (Klimchouk et al., 2016). In-
dividual sub-vertical feeders and their merged clusters at the lower
cave-stratigraphy storey are more widely distributed across the cave
area (although they tend to concentrate along the NW border of the
cave), whereas rift-like and shaft-like components in the upper storey
are generally much less in number and highly localized in a few loca-
tions. This mismatch forced generally upwelling flow to explore lateral
pathways to integrate the input and output components.

On the contrary, gently folded thin beds with well-developed planar
interlayers in units 2-4, despite the lower uniaxial compressive strength
values, are prone to develop strata-bound fractures (both joints and
stylolites, Fig. 3C and D), and resulting fracture density (n° fractures/m)
is greater than thick mechanical units 1 and 5 (Figs. 5, Fig. 7, Fig. 8).
This favors a greater horizontal permeability and fluid flow along these
beds, also facilitated by erodible bed-to-bed planar interlayers. Thus,
these units allowed for lateral redistribution of rising flow between the
input and output components and eventual lateral integration of the
cave system by the development of sub-horizontal passages along sub-
vertical throughgoing fractures and ~NE-trending fold hinge zones. The
larger and longer passages that form the backbone of the cave in the
plan view developed along fold hinges, where the fracture density is
greater. The fractured hinges in specific stratigraphic levels of units 2-4
served as along-strike major fluid conduits (cf. Fischer et al., 2009;
Evans and Fischer, 2012, and references therein).

12

5.3. Role of bed-to-bed interlayers

Two other important factors may have controlled the permeability
tensor anisotropy during TBV-TBR cave development, which are (1) the
aperture of different types of fractures, and (2) the nature and char-
acteristics of bed-to-bed interfaces (cf. Wang et al., 2017). It is well
known that permeability structure of fractured rocks is sensitive to the
magnitude of fracture aperture (both bed perpendicular and bed par-
allel). For example, Doolin and Mauldon (2001) showed that a reduc-
tion in bedding plane aperture reduces the bed normal permeability up
to three orders of magnitude. The lower unit 1 has bedding-parallel
stylolites with rough pattern imparted by cm-long tooth, and are not
selectively dissolved (inset in Fig. 4B), indicating they were not used
during speleogenesis and didn't provided significant horizontal flow
pathways. Conversely, the dissolved bed-to-bed planar interfaces in
well layered units 2-4 (Fig. 5A), also characterized by high fracture
density (Fig. 7 and Table 1), indicate that horizontal flow was effec-
tively enhanced in the middle storey. In the cherty limestone of lower
unit 5, the absence of open bed-to-bed interfaces can contribute to the
reduction of bed normal permeability. This unit served as a seal across
most of the TBV cave (Cazarin et al., 2019), breached only by rare
throughgoing fractures. This forced the fluid flow in lateral directions,
mainly along fractured fold hinges characterized by well developed,
open bed-to-bed interlayers. Our interpretation is also supported by
numerical simulation in layered systems, devoted to investigate fluid
flow in the bed-parallel versus bed-normal direction (Doolin and
Mauldon, 1996; Wang et al., 2017, and references therein). Such works
demonstrated that fluid flow direction depends mostly on the spacing
and aperture of both joints and bedding planes, as well as by the
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vertical persistence of bed-normal joints (Jourde et al., 2007), con-
sistently with the model provided in Fig. 11. Furthermore, Jacquemyn
et al. (2012) suggested that in layered carbonates containing strata-
bound joint networks, intensive karstification tends to occur selectively
along bedding plane boundaries between mechanical units which show
a contrast in fracture density (i.e., unit 1, units 2-4, and unit 5 in our
case).

6. Conclusions

Our analyses confirm the functional organization of the TBV-TBR
cave system, revealed in Klimchouk et al. (2016) and based mainly on
the morphogenetic analysis, and demonstrate the major role of me-
chanical and fracture stratigraphy in controlling fluid flow and hypo-
gene speleogenesis in layered carbonate sequences. Major results of our
study can be summarized as follow:

1) Regional tectonic stress evolution imposes a complex fracture pat-
tern derived from two compressional events that determined the
position and the 3D geometry of the cave system.

Lower, m-thick dolomite beds show fractures greater than bed
thickness (persistent throughgoing fractures) which acted as vertical
feeders; intermediate, well-layered dm-thick silty carbonates are
characterized by strata-bound fractures and host the main hor-
izontal cave passages; upper mudstone and micritic limestone
characterized by vertically extended fractures greater than bed
thickness acted as vertical outflow for hypogenic fluid discharge.
High density stratabound fractures in thin beds tend to form net-
works that are well connected, that serve as conduits of enhanced
horizontal fluid flow connecting isolated vertical permeability
structures from adjacent units.

Mechanical stratigraphy (unit 2, 3 and 4) and fracture stratigraphy
(units 1 and 5) applied to speleogenetic studies represents a valuable
tool to study karst systems in stratified carbonate rocks, allowing for
the recognition of vertical patterns of conduit systems and horizons
that favour vertical versus horizontal enhanced fluid flow.

The fracture stratigraphy presented in this study may serve as a first-
order prediction of karst development and sealing properties in
layered carbonate units from borehole data that can be expanded to
the basin scale.
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ARTICLE INFO ABSTRACT

Keywords:

Fracture corridors
Hypogene karst

Carbonate reservoir
Subseismic structural analog
Super-k

Fold hinges

Ascending hydrothermal fluid flow and subsequent hypogene karstification can control the formation of high-
permeability zones in folded or faulted carbonate rocks. This study presents a multidisciplinary and multiscale
approach to investigate the relationships between regional deformation and subseismic karst conduits along
fracture corridors. We investigate the Cristal Cave Karst System, which is 6.7 km long and occurs in Meso-
proterozoic carbonate-siliciclastic units affected by hydrothermal silicification in the Sao Francisco Craton,
Brazil. Based on integrated techniques of ALOS PALSAR imagery, structural field surveys, stratigraphic and
laboratory analyses in the caves and the surrounding surface outcrops, we highlight the following points: (1) the
cave system occurs in a regional folded sector; (2) the internal architecture of the large regional folds is
composed of subseismic folds; (3) fracture corridors occur along the subseismic fold hinges, forming high-
permeability zones; and (4) the principal cave passages, which are oriented NNE-SSW, are concentrated along
these fold hinges. We discuss the results in terms of a spatiotemporal conceptual model and unravel the defor-
mation and karstification stages, which are characterized by the development of (i) precontractional and (ii)
contractional structural networks followed by (iii) hydrothermal silicification and karstification processes. This
cave system can be used as an analog for deformed, silicified, and karstified carbonate reservoirs, allowing for the
in situ characterization of subseismic structural features. This study provides the key for first-order prediction
and characterization of high-permeability zone internal structures, where both deformation and karstification
processes occur.

1. Introduction 2020; Panza et al., 2018; Roehl and Choquette, 2012). Fracture corri-

dors, one of these subseismic elements, have attracted great interest over

Carbonate rocks form the most important type of hydrocarbon
reservoir and are of great importance for hydrocarbon exploitation,
water resources, and gas sequestration (e.g., Ahr, 2011; Akbar et al.,
2000; Aljuboori et al., 2019; Bourbiaux, 2010; Eliebid et al., 2018; Fir-
oozabadi, 2000; Ford and Williams, 2013). In carbonate multilayered
sequences, all subseismic structural elements, such as joints, stylolites,
and fault zones can affect reservoir characteristics (e.g., Giuffrida et al.,

the past twenty years (Ogata et al., 2014; Watkins et al., 2015). They are
one of the main structural discontinuities in fractured reservoirs in the
subsurface and form high-permeability pathways or super-k zones
(Bockel-Rebelle et al., 2004; Questiaux et al., 2010).

One additional issue in understanding carbonate reservoirs is the
interconnectedness between regional tectonics, local geological and
structural elements, and karst systems. Karstification (epigenic and
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hypogenic) is a key factor influencing the quality of reservoirs (Fig. 1A)
(e.g., Aratijo et al., 2021; Cazarin et al., 2019; Ennes-Silva et al., 2015).
Both karst and fractures contribute to high permeability zones and can
play a fundamental role in geofluid storage and migration processes (e.
g., Agar and Geiger, 2015; Giuffrida et al., 2019). These processes bypass
the control exerted by the matrix or fractures, impacting both reservoir
porosity and permeability (Fig. 1B). For example, Bagni et al. (2020)
documented the control exerted by fracture corridors in the distribution
and concentration of epigenic karstification within folded carbonate
rocks. However, the control exerted by the regional tectonic framework
(folds, faults, transfer structures, low-angle detachment surfaces, etc.) in
karstified carbonate rocks is poorly investigated and documented
(Antonellini et al., 2019). More case studies are needed to fully under-
stand carbonate reservoirs, especially studies focusing on the role of
karstification in fracture corridors.

Among karst systems, hypogenic karst deserves special attention. It is
strictly connected to porous structures, which are subsequently widened
by dissolution related to upwelling fluid flow (Klimchouk et al., 2012).
Commonly, hypogene caves exert a structural control on the evolution of

A
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interconnected cave passages. Many studies highlight such a relation-
ship between structural features and karst, such as in the giant gypsum
cave systems in Western Ukraine (Klimchouk et al., 2009) and in
Cathedral Cave (Osborne, 2007). Moreover, folds are described as a
controlling factor for hypogene karst development (Ennes-Silva et al.,
2015; Pisani et al., 2021). In some caves, a three-dimensional conduit
system can form multistory levels connected by subvertical feeders,
allowing upward fluids migration (Cazarin et al., 2019; Ennes-Silva
et al., 2015; Klimchouk, 2009).

To bridge the gap between outcrop- and reservoir-scale analysis
(Makel, 2007; Nelson, 2001), this work investigates the hypogenic
Cristal Cave Karst System (CCKS), which can be considered a subsurface
karstified/structural carbonate analog. The CCKS is located in the Sao
Francisco Craton (northeastern Brazil) in the Mesoproterozoic Caboclo
Formation, which is composed of an alternation between carbonate and
terrigenous rocks (Berbert-Born and Horta, 1995; Rocha et al., 1992).
Recently, Souza et al. (2021) documented a pervasive and intense hy-
drothermal silicification process associated with hypogenic geofluid
migration and karst development. Nevertheless, little is known about
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Fig. 1. (A) Graph showing the resolution of in situ and seismic-scale analyses with respect to the reservoir proportions and how karstification is not a scale-dependent
process (modified after Giuffrida et al., 2020). (B) Graph displaying how karstification processes can affect all the different reservoir types, including altering the
fractures or the contribution of the matrix (modified after Jolley et al., 2007; Nelson, 2001).
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the control exerted by regional and local structural elements on geo-
fluids migration and subsequent karst system development.

This study describes the internal architecture of these subseismic
high-permeability zones in fold hinges. The data obtained after detailed
field structural analysis were used, together with ALOS PALSAR imag-
ery, to characterize and correlate the geometry and orientation of the
fold-parallel subseismic cave passages with the largest regional struc-
tures. These structures determined the fracture corridors localization
and subsequently guided the dissolution process. We also present
petrographic and petrophysical properties of the stratigraphic sequence
affected by hydrothermal silicification. Our study can provide a first-
order prediction of the subseismic high-permeability zones in carbon-
ate rocks controlled by regional-scale tectonic structures.

This work’s results may be of great impact for improving knowledge
related to the hydrocarbon and water reserves hosted in carbonate res-
ervoirs affected by karstified and fractured discontinuities below seismic
resolution. Hence, the use of carbonate outcrop analogs (Balsamo et al.,
2020; Giuffrida et al., 2019; La Bruna et al, 2017, 2018, 2020) may
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provide insights into the genetic and evolutionary mechanisms that
operate in these complex systems to minimize errors in development and
production in carbonate reservoirs and allow for reliable reservoir
reconstruction.

2. Geological setting

The study area is located in the Sao Francisco Craton (Fig. 2), which
was preserved from the Brasiliano Orogeny (~740-560 Ma). This craton
represents the western sector of a major cratonic area, which includes
the Congo or Zaire Craton. They corresponded to a paleocontinental part
of the Gondwanan supercontinent (Alkmim, 2004; Almeida et al., 2000;
Heilbron et al., 2017). The Sao Francisco Craton recorded a rifting
process that controlled and determined the development of sedimentary
basins from the late Paleoproterozoic (Statherian) to the early Neo-
proterozoic (Tonian) ages (e.g., Alkmim and Martins-Neto, 2012; Costa
and Danderfer Filho, 2017; Danderfer Filho et al., 2015; Danderfer Filho
and Dardenne, 2002; Pedrosa-Soares and Alkmim, 2013).
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geological map of Chapada Diamantina (modified after Danderfer et al., 2015; D’Angelo et al., 2019).

4oh

B salitre Fm. (Neoproterozoic)
™1 Bebedouro Fm. (Neoproterozoic)

Chapada Diamantina Group
[ Morro do Chapéu Fm. (Mesoproterozoic)
B cabocio Fm. (Mesoproterozoic)
[ 1 Tombador Fm. (Paleo-Mesoproterozoic)

N Archean-Paleoproterozoic basement

Cristal Cave
Karst System

Morro do
Chapéu

Indiscriminate
tectonic contact



V. La Bruna et al.

During the opening of the South Atlantic Ocean in the Late Jurassic-
Early Cretaceous, the Sao Francisco-Congo Craton was fragmented
(Trompette et al., 1992). In the time between its amalgamation and
breakup, the Espinhaco Supergroup was formed within an intra-
continental rift-sag basin (Alkmim and Martins-Neto, 2012). The
Espinhaco Supergroup sequences and the Sao Francisco (Una Group)
Supergroup were deposited on top of an Archean-Paleoproterozoic
basement, which is exposed to the west in the Gaviao block (Fig. 2B)
(Barbosa and Barbosa, 2017). The Una Group, which is mainly
composed of Neoproterozoic glacio-marine sedimentary rock, is capped
by the Bebedouro and Salitre Formations. The Chapada Diamantina
Group, which is predominantly composed of terrigenous sediments from
the Mesoproterozoic era, is constituted from bottom to top by the
Tombador, Caboclo, and Morro do Chapéu Formations.

The Caboclo Formation reaches a maximum thickness of 300 m
(Pedreira et al., 1975; Rocha et al., 1992). These rocks are associated
with shallow marine systems overlain by fluvial and shoreface sand-
stones with tidal influence from the Morro do Chapéu Formation (Souza
et al., 2019) The most exposed and well-preserved portion of the car-
bonate sequence is located in the Cristal Cave area, where a 50 m thick
succession crops out (Fig. 2C) (Souza et al., 2021). Several carbonate
facies occur (Srivastava and Rocha, 1999), comprising the following
lithologies: algal laminites, oncoliths, stromatolites, intraclastic calcar-
enites, calcilutites, and silexites deposited in a supra-to subtidal depo-
sitional system (Souza et al., 2021).

The structural framework of the study area is the result of several
tectonic events (Fig. 2C). Archean to Paleoproterozoic deformations are
recorded in the Gaviao block with preferentially oriented NNW-SSE to
N-S tectonic lineaments (Barbosa and Barbosa, 2017). Subsequently,
several fold belts were formed in the Sao Francisco Craton during the
Brazilian/Pan-African orogeny (Alkmim et al., 1993; Neves et al., 2014).
Simultaneously, an E-W-oriented contraction affected the Paramirim
aulacogen (Fig. 2B) in the Ediacaran (Cruz and Alkmim, 2007; Siissen-
berger et al., 2014).

The study area is located within the Morro do Chapéu structural
domain, a few kilometers away from a major NNE-SSW- to N-S-striking
fault that forms a tectonic boundary between the Chapada Diamantina
Group and the Irecé Basin (Fig. 2C) (Danderfer Filho, 1990). A cylin-
drical regional-scale deformation was ascribed to this sector, generating
parallel gentle and open folds formed by flexural slip (Danderfer Filho
et al.,, 2015). Nearly symmetrical, ca. N-S-trending anticlines and syn-
clines affect the Morro do Chapéu domain (Fig. 2C). These folds deform
the rocks of the Chapada Diamantina Group and the glacial deposits of
the Bebedouro Formation (D’Angelo et al., 2019). Furthermore, three
sets of high-angle to bedding fractures are documented in the Morro do
Chapéu domain. These fracture sets strike N-S, NW-SE, and NE-SW and
are associated with the E-W-oriented compressional tectonic stress that
affected the study area (Danderfer Filho, 1990).

Several studies have emphasized the hypogenic origin of caves in the
region, mainly those in the Neoproterozoic Salitre Formation (Bertotti
et al., 2020; Cazarin et al., 2019; Klimchouk et al., 2016). However, the
start times of hypogene karstification cannot be determined with cer-
tainty, with late Proterozoic to Jurassic/Cretaceous ages being hypoth-
esized by previous studies (Cazarin et al., 2019; Ennes-Silva et al., 2015;
Heilbron et al., 2017; Klimchouk et al., 2016).

The CCKS occurs in the Mesoproterozoic Caboclo Formation
(Fig. 2C), comprises an interconnected network of cave passages that
extends for ca. 6.7 km and is located near the major left-lateral strike-
slip NNE-SSW- to N-S-striking fault. This fault separates the Neo-
proterozoic carbonate units of the Irecé Basin from the Mesoproterozoic
units of the Caboclo and Morro do Chapéu Formations (Berbert-Born
and Horta, 1995) (Fig. 2). Souza et al. (2021) observed that the CCKS is
hosted in a carbonate sequence affected by pervasive hydrothermal
silicification. They concluded that hypogenic fluids were channelized
through porous oolithic layers, allowing subsequent karst development.
In fact, they state that a marl bed acted as a seal, allowing the
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concentration of silicification in the bottom stratigraphic interval to be
mainly composed of porous well-sorted carbonate units favoring hori-
zontal fluid migration. This finding showed that the stratigraphy played
a key role in the subsequent hydrothermal silicification.

3. Methods

This study results from multidisciplinary analyses of the CCKS and its
hosting carbonate sequence. It includes a compilation of previous
geological maps associated with satellite imagery investigation, struc-
tural analysis of the cave and surrounding areas, and petrographic-
petrophysics analysis of samples from the cave system.

3.1. ALOS PALSAR imagery analysis

The regional, seismic-scale study was based on several geological
maps (e.g., Cruz et al., 2007; Danderfer Filho et al., 2015). We com-
plemented the structural data with high-resolution ALOS PALSAR im-
agery (Advanced Land Observing Satellite Phased Array type L-band
Synthetic Aperture Radar). The study covered a 100 x 40 km area using
the digital elevation model extrapolated from ALOS PALSAR images,
which were processed to enhance and visualize several parameters on a
regional scale, such as faults, folds, and fracture trends. Topographic
profiles were drawn in the N-S, E-W, NE-SW, and NW-SW directions to
identify geomorphological and structural elements using a vertical color
chart with an interval of 10 m.

3.2. Field analysis

This study performed a structural and stratigraphic analysis of the
carbonate multilayer units inside and outside the CCKS. We used the
cave map from the Brazilian Geological Survey and the Meandros
Espeleo Club (Berbert-Born et al., 2012). The characterization of li-
thologies composing the sedimentary sequences in the CCKS was based
on the study performed by Souza et al. (2021) and accompanied by a
collection of 50 samples from different beds, which we used for petro-
graphic and petrophysical analyses.

Mesoscale fracture analysis was carried out at 41 measurement sites.
We completed the investigation with a qualitative structural analysis to
decipher the nature, kinematics, relative timing, infilling material, and
attitude of individual fractures crosscutting the sedimentary units at
each study site. A total of 944 fractures, 41 veins, 588 bedding planes,
and 27 fold hinges were measured, and their attitudes are presented in
stereographic plots using Stereonet software (Allmendinger et al.,
2011).

3.3. Laboratory analysis (petrographic and 3D porosity/permeability
analyses)

Thirty standard-thickness thin sections cut perpendicular to bedding
were analyzed using an Axioscope 5 polarizing optical microscope under
parallel (//P) and crossed (XP) polarizers. The goal was to describe the
allochems, sedimentary features, and structural elements. Rock textures
were assessed according to the Dunham (1962) and Embry and Klovan
(1971) classifications.

Petrophysical analyses included porosity, permeability, density, and
volume pore measurements performed with a Coreval system by Vinci
Technologies Company (unsteady-state gas permeameter and poros-
imeter at overburden pressure) on nine 1-inch (~2.5 cm) diameter and
4-cm long plugs. We obtained pore volume calculations using N, gas at a
confining pressure of 600 psi, which simulated the pressures in analog
reservoirs. Additionally, we computed the Klinkenberg permeabilities
(mD) and used the Klinkenberg correction method (Jones, 1972; Klin-
kenberg, 1941; Li et al., 2016).



V. La Bruna et al. Marine and Petroleum Geology 128 (2021) 105046

4. Results lineaments in an area of 100 x 40 km (Fig. 3). The tectonic structures
were sorted into strike-slip faults, normal faults, reverse faults, and fold

4.1. ALOS PALSAR mapping analysis hinges based upon previous geological mapping (Cazarin et al., 2019;
D’Angelo et al., 2019; Ennes-Silva et al., 2015; Souza et al., 2003). The

The compiled structural map presents the primary morphostructural lineaments were divided into the following three sets: NNE-SSW,
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Fig. 3. Structural framework of the study area superposed on ALOS PALSAR imagery. The colored central part corresponds to the Mesoproterozoic sedimentary
units, the Irecé Basin represents the Neoproterozoic sedimentary units, and the west block represents the Paleoproterozoic-Archean crystalline basement. Dashed
lines represent the inferred faults. Continuous white lines represent both anticline and syncline axes. The inset shows lower hemisphere equal-area projections of fold
hinges and relative density contour plots; the great circles represent the attitude of the documented faults and equal-area projection/density contour plots of the poles
of the measured faults (the map location can be found in Fig. 2).
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NE-SW, and NW-SE. The NNE-SSW set was interpreted as composed of
strike-slip left-lateral faults, as already presented by D’Angelo et al.
(2019) and Danderfer Filho et al. (2015), whereas the NE-SW set is
composed of reverse faults, as shown by D’Angelo et al. (2019) and Reis
et al. (2013). The NW-SE set was interpreted as composed of normal
faults (D’Angelo et al., 2019).

Both the NE-SW- and NW-SE-striking fault sets terminate against the
NNE-SSW- to N-S-striking fault set. Furthermore, a larger folded zone in
the central portion of the study area was documented (Fig. 3). Previous
works have described how this sector is affected by several anticlines
and synclines (Cazarin et al., 2019; D’Angelo et al., 2019; Danderfer
Filho et al., 2015; Ennes-Silva et al., 2015; Souza et al., 2003). The fold
hinges mainly trend along the NNE-SSW to N-S directions (Fig. 3). In
some cases, as observed near the Cristal cave, fold hinges are arranged
following an en echelon left-stepping pattern (Fig. 3).

4.2. Stratigraphic and laboratory analyses

4.2.1. Stratigraphic and petrographical analyses

The sedimentary carbonate succession of the Caboclo Formation
exposed in the Cristal Cave, according to Souza et al. (2021) (Fig. 4A), is
composed of the following units: 1) ooidal grainstones (Figs. 4A), 2)
intraclastic grainstones and rudstones (Figs. 4C), 3) heterolites (Fig. 4E)
and 4) marls (Fig. 4G), fault-related hydraulic breccias and veins
(Fig. 41). The rocks in the CCKS are ca. 35 m thick continuous carbonate
rock layers (Fig. 4).

The stratigraphic sequence is affected by moderate to pervasive
silicification (Souza et al., 2021). Silica minerals and cements occur in
different forms within the analyzed carbonate rocks of the CCKS: (i)
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microcrystalline quartz (Fig. 4B); (ii) cements with crystalline texture,
ranging in size from fine to coarse crystals (Fig. 4D); (iii) chalcedony
with crystals showing undulose extinction or spherulitic texture, both
present as infill in pores and veins (Fig. 4F and H); and (iv) fine to coarse
quartz crystals filling veins (Fig. 4J).

The silica mineral content varies significantly within the carbonate
facies (Fig. 4). Ooidal grainstones (Unit 1) are intensely silicified
(32.5%), whereas intraclastic grainstones and rudstones (Unit 2) have
been subjected to moderate silicification (10.9%), and heterolites (Unit
3) have been subjected to weaker silicification (3.5%) (Souza et al.,
2021). Compositional and textural variations are responsible for such
lithologic differences.

4.2.2. Laboratory 3D porosity and permeability test
The results related to the ooidal grainstone plugs are reported in

Table 1

Porosity, permeability, bulk volume and bulk density.
Number  Study Porosity Permeability Bulk Bulk

site (%) (mD) Volume Density

1 7 2.55 0.0013 13.79 2.78
2 3 2.22 22.0914 12.93 2.79
3 29 1.94 0.0021 13.47 2.80
4 37 2.04 0.0009 13.60 2.81
5 23 1.98 0.0008 15.30 2.75
6 20 2.00 0.0009 15.98 2.79
7 13 1.90 0.0020 13.71 2.79
8 25 3.10 0.0030 14.59 2.76
9 19 1.57 0.0012 17.49 2.81

Fig. 4. Stratigraphic and silica content profile of the Caboclo Formation in Cristal Cave (modified after Souza et al., 2021). (A, C, E, G, I) Outcrop images of the
Caboclo Formation exposed in Cristal Cave: (A) ooidal grainstones, (C) intraclastic grainstones and rudstones, (E) heterolites, (G) marls, and (I) breccias. (B, D, F, H,
J) Thin section microphotographs associated with outcrop lithofacies presented above: (B) micro-ooidal silicified grainstones, (D) intraclastic grainstones, with the
yellow arrow indicating silicified grains, (F) millimetric rhythmic layered heterolite, with the yellow arrow indicating microcrystalline quartz cement, (H) marl
interval affected by quartz veins (red arrow), and (J) breccia showing dolomitic and quartz clasts. The red arrow indicates a quartz micro-vein. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 1, where both porosity and permeability values are displayed. Due
to the high degree of alteration, it was not possible to collect plugs
associated with the other units. The measured porosity values for the
ooidal grainstones samples range between 1.57% and 3.10%, whereas

A PorosityxPermeability (All data)
25

= ([
(=)
g 2
Z 15
=
g 10
K 5
0 o @ @ @
0 05 1 15 2 25 3 3.5
Porosity (%)
B PorosityxPermeability
0.0035
. 0.003 (
£ 0.0025
Z 0002 @
.
o ¢, °
£ e (4
2 0.0005
0
0 05 1 15 2 25 3 3.5
Porosity (%)
Bulk Volume
20
18
16
14
.12
10
8
6
4
2
0
1 2 3 4 5 6 7 8 9
samples
Bulk Density
2.82
2.81
2.8
2.79
o 2.7
e 278
L 277
oo
2.76
2.75
2.74
2.73
2.72
1 2 3 4 5 6 7 8 9
samples

E

sample n°2

partially mineral-/filled fracture

l‘) ; 2 3 4 5 6 3 8 9 \0‘

Fig. 5. Diagrams showing (A) the relationship between sample porosity and the
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excluding sample n°2, (C) bulk volume and (D) density of the collected plug
samples. (E) An ooidal grainstone plug affected by a partially cemen-
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permeability values range from 0.0008 mD to 22.0914 mD (Fig. 5A).
Excluding the higher value, all the other plugs range between 0.0008
mD and 0.003 mD (Fig. 5B). The average density calculated for the
samples is 2.79 g/cm?; all the values range from 2.75 g/cm° to 2.81 g/
cm®. The average computed bulk volume is 14.54 cm®, and it ranges
between 12.93 cm® and 17.49 cm®.

4.3. General cave features and structural analysis

Cristal Cave is located at the eastern edge of a major N-S- to NNE-
SSW-striking transpressional strike-slip fault system, which bounds the
Irecé Basin and the Mesoproterozoic units (Figs. 2 and 3). In map view
(Fig. 6), the cave is represented by a pattern with three main passage
directions: NNE-SSW, NW-SE, and NE-SW to ENE-WSW. Cave passages
have formed along large subvertical fractures and range from
centimeter-scale dissolution features to passages that are accessible to
humans (Fig. 7A and B). Moreover, subvertical feeders (outlets of up-
welling fluids) have been documented at horizontal conduit termina-
tions (Fig. 7C). Forty-one measurement stations were selected along the
principal cave passages (Fig. 6), and structural analyses aimed at the
characterization of different elements were performed. Their geometry,
orientation, internal structure, infilling material (if present), possible
offset, and crosscutting/abutting relationships were considered. Our
dataset focused mainly on the master passages, which were usually
subhorizontal or gently dipping toward the NNE.

4.3.1. Fold patterns in the cave

Sedimentary bedding measurements were performed along 30 study
sites to analyze their relationship with the cave passages. All stereoplot
diagrams show gentle folding of the sedimentary bedding and dipping
ca. 5°-10° in opposite directions (Fig. 8). The main cave passages occur
along the anticline hinges, which are highly fractured and karstified
(Fig. 7A, B, C). Anticline fold limbs were measured, and the resulting
cumulative sedimentary bedding data indicate the presence of a prin-
cipal anticline set trending NNE-SSW to NE-SW and mainly plunging to
the same directions (Figs. 6 and 8). These fold hinges display an en
echelon left-stepping array (Fig. 8) similar to those observed in the
regional map view (Fig. 3).

4.3.2. Joints, veins, and faults

High-resolution structural analysis was performed on faults, frac-
tures, and veins. All structural elements were measured at many study
sites in different cave locations (Figs. 6 and 9) to prevent or reduce bias
in the data collection. The fractures were distinguished as opening mode
fractures (joints and veins) (Figs. 9 and 10A, B, C, D, E, F), sheared joints,
and faults (from incipient to well-developed faults) (Fig. 10A, B, 10E,
10F, 11, 12, 13). Three bed-perpendicular stratabound and non-
stratabound joint sets striking NNE-SSW, NW-SE, and ENE-WSW were
documented (Figs. 6, 9, 10 and 12). The NW-SE and ENE-WSW fracture
sets showed mutual abutting relationships (Fig. 11) and systematically
terminated against the NNE-SSW fracture set. In some cases, the NNE-
SSW fracture set occurred as clustered non-stratabound/through-going
fractures and veins in the fold hinges and at the cave conduit termina-
tions (Figs. 7C, 12C and 12D). These features were documented and
described as fracture corridors, which consist of sub-parallel trending
fractures. The measured fracture corridors exhibit a horizontal width
ranging from 0.5 m to 2 m, with vertical development spanning from few
meters to the maximum cave height (c.a. 16 m). Two main stratabound
and non-stratabound vein sets striking NW-SE and NE-SW, respectively,
and a minor ca. N-S-oriented fracture set were identified (Figs. 1, 6 and
10A to F, 12C, 12D). Most of the faults documented in the cave were
characterized by normal to strike-slip offsets (Fig. 13A, B, C); in some
cases, feedersare located in fault extensional quadrants (Fig. 13C).
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Fig. 6. Passage map of the CCKS reporting the location of the study site (map by the Brazilian Geological Survey and the Meandros Espeleo Clube). (A) Rose diagram
of cave passages. (B) Lower hemisphere equal-area projection of the poles to bedding surfaces, mean beddings and mean fold hinge (red dot). (C) Lower hemisphere
equal-area projection of fold hinges; the red dots represent the trend and plunge of each computed fold hinge. (D) Lower hemisphere equal-area projection of the
contour density related to the computed fold hinges. (E) Rose diagram of fractures measured in the CCKS. (F) Lower hemisphere equal-area projections of the poles
relative to the fracture planes presented in E. (G) Rose diagram of veins measured in the CCKS. (H) Lower hemisphere equal-area projections of the poles relative to
the vein planes presented in G. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. (A) Cave passage formed along the anticline
hinge, lower hemisphere equal-area projection of the
mean bedding and relative poles density contour plot.
The red dashed line highlights the major dissolved
zone (study sites S1-S2). (B) Cave passage formed
along a fracture zone. The red dashed line highlights
the major dissolved zone (study sites S1-S2). (C)
Outcrop view of a folded cave passage termination.
High-angle fractures arranged in a fracture corridor
configuration are documented along the maximum
curvature of the folded sequence and are parallel to
the fold hinge. Lower hemisphere equal-area projec-
tion of the great circles representing the attitude of
the fractures (blue) and the mean bedding/relative
poles density contour plot. The red dashed line
highlights a feeder structure located on the cave floor
(study site S29). (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 8. Lower hemisphere equal-area projections of the poles to bedding surfaces, mean bedding (dashed black lines) and fold hinges (black dots). Black lines

superimposed in map view are fold hinge locations.
5. Discussion

This discussion can shed light on the subseismic structural and karst
elements ranging from cm to several m affecting the CCKS. Moreover,
both the tectonic and cave evolution is summarized in an evolutionary
conceptual model.

5.1. Tectonic evolution and karst development of the CCKS

The tectonic setting of the surrounding area is essential for the
development of the CCKS. As documented in the previous results

10

section, the CCKS is characterized by several deformation structures that
mainly reflect the regional scale deformation style. Their relative time of
formation at different stages was assessed, and an evolutionary model
was proposed. The present conceptual model is characterized by three
main stages (Fig. 14):

1. The first stage gave rise to the precontractional structural network,
of pre-Ediacaran age, and corresponds to the background or diffuse
deformation well documented within the whole Paramirim aulacogen
(Barbosa and Barbosa, 2017). Such a network is composed of ca. N-S
stratabound and non-stratabound joints and veins (Fig. 10A, B, C, D, E,
F, 14B-1).
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measures: #17

Fig. 9. Lower hemisphere equal-area projections of the great circles representing the attitude of the fractures (blue) and veins (green) measured along the CCKS
study sites. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2. The second stage originated from the contractional structural
network, is Ediacaran in age (Cruz and Alkmim, 2007; Siissenberger
et al,, 2014), and consists of a NNE-SSW-oriented gentle anticline
(Figs. 6, 7A and 7C, 8, 14B-II). Non-stratabound fractures at a high angle
to bedding formed parallel to the fold hinges; persistent fracture zones or
fracture corridors were associated with this stage (Figs. 7 and 12C, D).

Similar structures were previously documented by Ennes-Silva et al.
(2015) in the Sao Francisco Craton and along the carbonate sequence of
the Jandaira Formation in the Potiguar Basin (Bagni et al., 2020).
Furthermore, during this second stage, NW-SE- and ENE-WSW-striking
high-angle fracture sets formed (Figs. 11 and 12A, B, 14B-II). These
fracture sets were arranged as a conjugate fracture system, showing a
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Fig. 10. (A, B, C, D, E, F) Outcrop view of strata-bound and non-stratabound
fractures (red lines) and veins (blue segments) (study sites S3, S4, and S19).
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Marine and Petroleum Geology 128 (2021) 105046

mutual abutting relationship and suggesting an E-W-oriented contrac-
tion (Danderfer Filho, 1990).

3. The last stage is represented by the silicification and subsequent
hypogenic karstification process affecting the carbonate sequence of the
Caboclo Formation (Fig. 14B-III). The complex structural network,
composed of folds, fractures, and faults, guided and localized geofluids
migration, causing karst development along fold hinges and major
fracture zones.

The computed structural maps and field analyses show how the su-
perposed fold/fracture patterns concentrated fluid flow and the subse-
quent cave conduit development.

Previous studies conducted within the Sao Francisco Craton have
already documented the hypogene origin of several karst systems in the
Neoproterozoic Salitre Formation, which caps the host unit of the Cristal
Cave (Auler and Smart, 2003; Bertotti et al., 2020; Cazarin et al., 2019;
Ennes-Silva et al., 2015). The recent work presented by Souza et al.
(2021) also suggests a hydrothermal genesis for the CCKS hosted in the
Mesoproterozoic Caboclo Formation. These similarities suggest a com-
mon origin characterized by hydrothermal fluids from deep-seated
sources for the CCKS and other karst systems located in the surround-
ing areas (e.g., Klimchouk et al., 2016). Therefore, considering the
previous study conducted in the CCKS by Souza et al. (2021) and in the
Irecé Basin within the Morro Vermelho Cave (Bertotti et al., 2020), a
hypogenic origin of the CCKS is suggested.

The onset age of karstification can be connected to the hydrothermal
silicification event, but further detailed geochronological and
geochemical analyses must assess the mineralization process chronol-
ogy. Other studies conducted in the Sao Francisco Craton ascribed the
karstification to the late Proterozoic age during the Brasiliano orogeny
(Bertotti et al., 2020; Heilbron et al., 2017; Misi et al., 2004; Neves et al.,
2014) or to the breakup of Pangea in the Jurassic-Cretaceous period
(Cazarin et al., 2019; Klimchouk et al., 2016).

The main karstification processes occurred along the folded portions
of the Caboclo Formation (Figs. 4, 7 and 12), corresponding to highly
deformed zones called fracture corridors (Ogata et al., 2014). These
structures formed during regional ca. E-W-oriented subhorizontal
contraction (Cruz and Alkmim, 2007; Ennes-Silva et al., 2015; Siissen-
berger et al., 2014). The fracture concentration along fold hinges has
subsequently led to geofluid migration and karstification. A similar
phenomenon was documented in an anticline, which affects a Creta-
ceous carbonate platform approximately 1200 km to the north of the
study area in the Potiguar Basin (Bagni et al., 2020).

A key role was played by the structural control exerted from the
deep-rooted high-angle NW-SE-striking normal faults localized along
the SE extensional quadrant of the largest NNE-SSW left-lateral strike-
slip fault (Figs. 3 and 14A) and by the dilatational features docu-
mented along the cave fold hinges (Figs. 7, 12C and 12D and 14B-II).
Based on ascendent fluid origin, we suggest that fracture corridors and
faults may have acted as preferential fluid pathways across the multi-
layers of the Caboclo Formation. This process has been observed else-
where, where fault-controlled ascendent fluid migrated along high-
angle extensional faults or fracture corridors (Pisani et al., 2021;
Smeraglia et al., 2021).

Souza et al. (2021) documented the interplay between the strati-
graphic features and the hydrothermal silicification process that allowed
hypogenic karst development in the CCKS. However, persistent fracture
corridors and fault zones allowed the interconnection between several
stratigraphic intervals that show different degrees of dissolution (Figs. 4,
7, 12-14). Hence, fluid migration affecting the cave’s stratigraphic
sequence (Units 1, 2, and 3) moved along horizontal and vertical paths.
The horizontal migration was mainly controlled by the rock textur-
e/composition (Fig. 4) and bedding surfaces (Souza et al., 2021). On the
other hand, vertical fluid migration was structurally driven and followed
the main open discontinuities that affected the carbonate multilayer. A
different behavior was observed in the marls of Unit 4 (Fig. 4), which
acted as a seal for fluid migration (Souza et al., 2021) and corresponding
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roof view
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Fig. 11. Mutual abutting relationship among NW-SE and NE-SW fractures crosscutting the Caboclo Formation carbonates at study sites S1-S2 (cave ceiling view).
Lower hemisphere equal-area projection of the great circles gives the attitude of the displayed fractures.

to a mechanical interface inhibiting faults and fractures upward
propagation.

5.2. Implications for carbonate reservoirs

5.2 Implications for carbonate reservoirsThe presented ALOS-
PALSAR imagery data highlighted several regional-scale folds (Figs. 3
and 14A); similar features were observed in seismic lines in the west
sector of the Sao Francisco Craton within the buried portion of the
Bambui sequence (Reis et al., 2017). The resolution of the data above
does not show karst evidence; in fact, only a high-resolution 3D seismic
analysis could allow the epigenic karst features detection as documented
by Zeng et al. (2010) within the Tarim basin (China).

However, all the documented karst features in the Sao Francisco
Craton are at a subseismic scale and mostly associated with a hypogenic
origin (Bertotti et al., 2020; Cazarin et al., 2019; Ennes-Silva et al., 2015;
Klimchouk et al., 2016). To bridge the gap between the detection of
hypogenic karst elements at the seismic scale, further analyses are
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needed. This will shed new light on dissolution processes in naturally
fractured subsurface reservoirs.

A natural fracture surface reservoir is a double porosity medium
characterized by the interconnection between the matrix and fractures,
where a structural network is the best pathway for geofluids migration
(Warren and Root, 1963). This model is widely used for reservoir studies
and flow simulation but does not consider karst features. Due to their
intrinsic heterogeneities, carbonate reservoirs are more challenging to
characterize; this aspect is further complicated if the deformation and
karstification processes are taken into consideration. The techniques
commonly used in the oil and gas industry for a typical fractured
reservoir are mainly well logs and seismic data. These same techniques
are not fully suitable for karstified-silicified reservoir characterization.
This study indicates that super-k (high-permeability) zones are associ-
ated with fracture corridors localized along fold hinges. In these zones,
the fracture network connects several parts of the rock multilayer and
allows flow (e.g., Agosta et al., 2010; Matthai and Belayneh, 2004;
Pollard and Aydin, 1988). Moreover, the subsequent karstification
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Fig. 12. (A, B) Cave wall affected by several non-stratabound fractures. A
major non-stratabound persistent fracture crosscuts the carbonate sequence,
acting as a connecting structure between the different carbonate layers and
behaving as a preferential pathway for fluid migration. The red dashed line
highlights the major dissolved zone (study sites S1-S2). (C, D) Outcrop view of
a fracture corridor where high-angle partially mineralized fractures and sheared
fractures crosscut the carbonate rocks. Lower hemisphere equal-area projection
of great circles representing the attitude of the fractures measured along study
site S23. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

dramatically increases the permeability. All these aspects can improve
hydrocarbon production, but at the same time, may connect the water
table with overlying reservoirs and allow water breakthrough or cause
large mud loss during drilling operations (Bagni et al., 2020).

A common approach regularly used for fracture frequency prediction
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is based on the assumption that greater curvature equals the strain
increment (Roberts, 2001). This expectation is valid for folded structures
but does not consider the karst process. Hence, the single use of the
curvature attribute would incorrectly be interpreted for fracture
permeability variability. Furthermore, the processes that occur during
karst formation could produce extreme contrasts in porosity and
permeability. In contrast, the hydrothermal silicification process could
enhance or decrease the carbonate multilayer permeability properties
(Menezes et al., 2019; Souza et al., 2021). According to Souza et al.
(2021), hydrothermal silicification is stratigraphically and texturally
controlled in the CCKS and is mainly localized within the coarse levels as
grainstone intervals (Fig. 4). This mineralizing event allows pervasive
cementation of the aforementioned layers, modifying the original
porosity and permeability characteristics. The performed 3D perme-
ability analyses display low values (0.003 mD) in the pristine rock
portions (Fig. 5 and Table 1). In contrast, when the host rock is affected
by the presence of structural discontinuities (Fig. 5 and Table 1), the
permeability could reach as high as 23 mD. This evidence indicates that
in mixed deformed, karstified and silicified reservoirs, the major
permeable zones correspond to the most deformed zones. However,
further detailed analysis could better define the interplay between the
several processes affecting the studied sedimentary sequence.

Moreover, when subseismic karst features affect the reservoir, the
uncertainty increases. It follows that drill holes and seismic surveys
furnish only limited information (Gholipour, 1998; Gholipour et al.,
2016). Subseismic analog studies could provide the best approach to
solve the uncertainties for a realistic prediction of a karstified reservoir
controlled by regional-scale tectonics. Previous works have already
suggested studying deformed and karstified analogs (Cazarin et al.,
2019; Ennes-Silva et al., 2015). In contrast, this study has documented
that rock properties can drastically change due to combined deforma-
tion, karstification, and hydrothermal silicification processes. The pre-
vious relationship must be considered a keystone for characterizing the
subseismic high-permeability zones in carbonate reservoirs.

This study has demonstrated that a karstified carbonate reservoir can
drastically change its architecture and properties through spatiotem-
poral development. Therefore, karst processes integration and upscaling
are needed in flow simulation and production to predict reservoir
behavior and, consequently, optimize development decisions. Further
analyses focused on mechanical/fracture stratigraphy, fluid geochem-
ical investigation, and detailed petrophysical characterization of the
whole units are required to assess the close connection between me-
chanical rock properties, flow pathways, and mineralizing processes.
Moreover, an investigation of the neighboring sectors could allow un-
derstanding the extension of the proposed model and its applicability to
any reservoir affected by similar processes. This will give a better un-
derstanding of super-k conduit development and distribution in
fractured-karstified reservoirs.

6. Conclusions

This study aimed to characterize the architecture of high-
permeability zones in subseismic-scale folded structures. These super-k
zones are associated with the occurrence of fracture corridors in anti-
cline hinges.

To better analyze these karstified fracture corridors, this study
combined field and laboratory analyses to determine the tectonic evo-
lution and karst development reconstruction of the Cristal Cave Karst
System (CCKS) in the Mesoproterozoic carbonate units of the Sao
Francisco Craton, Brazil. We deciphered the deformation events
affecting the carbonate rocks and proposed a conceptual model related
to the evolution of the structural assemblage and the subsequent karst
formation.

At the boundary between the Irecé and Morro do Chapéu structural
domains, the regional structural setting of the study area is dominated
by transpression between a major left-lateral strike-slip fault system and



V. La Bruna et al.

=
<
S
(2]
x
L
(=}
o
=z

Marine and Petroleum Geology 128 (2021) 105046

Fig. 13. (A) S12 study site. Cave ceiling view crosscut by a sheared fracture. Right-lateral slip along the N10E/88WNW sheared fracture, as shown by the structural
architecture of the extensional quadrant. Traces of splay joints, mainly oriented N25E/85WNW, departing from the sheared structural element are also documented.
(B) S13 study site. Cave ceiling view of a right-lateral sheared fracture linkage zone. The main dissolved zone is concentrated at the fracture linkage portion, acting as
a conduit for fluid migration. (C) Outcrop view of a normal fault composed of through-going slip surfaces and tail joints, which are localized at their extensional
quadrants and/or releasing jogs. A main karstified zone (red dashed line), recognized as a feeder, is located in the fault extensional quadrant (study site S19). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

cylindrical-shaped regional scale deformation, generating parallel
gentle/open folds. This study provides a detailed field geological anal-
ysis and interpretation of this structurally controlled karst system.

We proposed the following evolutionary stages

1. The first stage is associated with the precontractional structural
network (pre-Ediacaran). It corresponds to the background deformation
assemblage composed of ca. N-S strata-bound and non-stratabound
joints and veins.

2. The second assemblage is related to the Ediacaran contractional
event. It consists of several structural elements: NNE-SSW-oriented
gentle anticlines, persistent fracture corridors distributed along NNE-
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oriented fold hinges, and a conjugate fracture system composed of
NW-SE- and ENE-WSW-striking high-angle fractures.

3. The third stage is associated with the hypogenic karstification
process. The karst development was controlled by the structural network
generated during stages 1 and 2. The primary karstification process
occurred along the fracture corridors parallel to the fold hinge zone; this
highly deformed portion represents the preferential site for high karst
porosity and permeability.

We proposed a correlation between the fold and fracture patterns
documented in the CCKS with the major regional deformation structures
and its relevance in understanding the relationships among regional and
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Fig. 14. Spatiotemporal evolution model proposed for the CCKS. (A) Cartoon displaying the current regional scale configuration. (B) Idealized block diagrams
showing the overall structural assemblage evolution that favored geofluid migration and subsequent karstification.

local structural and karst processes. Moreover, this work provided a
baseline to understand better and provide first-order predictions for
subseismic fracture corridors, which are high permeability areas located
in folded and faulted carbonate reservoir analogs. Their characterization
is essential to improving the knowledge of karstification predictability in
carbonate rocks affected by ascending hydrothermal fluids. We conclude
that, in the studied sector, karst high-permeability zones in fold hinges
mimic the geometry and orientation of structures recognized at the
seismic scale; these pieces of evidence could be recognized elsewhere in
rock sequences characterized by the same processes.
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