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RESUMO

O presente documento se trata da dissertacao de mestrado, onde sdo apresentadas todas
as atividades desenvolvidas durante a pesquisa. A silicificacio de sedimentos
carbondticos e siliciclasticos pode ocorrer em diversos momentos ao longo da evolugdo
diagenética, em conjunto a processos de dolomitizacdo e dissolucdo relacionados a acdo
de fluidos hidrotermais. Estes processos podem afetar diretamente a porosidade e a
permeabilidade, fatores fundamentais na classificagao da qualidade de um reservatorio.
Este estudo apresenta os efeitos da silicificacdo e dos processos hidrotermais na Gruta
Cristal, Formagdao Caboclo, Criaton Sdo Francisco e suas relacdes diretas com a
carstificacdo. Foram realizadas andlises da evolugdo diagenética e hidrotermal, a partir de
perfil estratigrafico dividido em duas sec¢des: zona. 1 (zona de baixa carstificacao) e zona
2 (zona de alta carstificac@o), de acordo com a influéncia do fraturamento nas litologias.
Os processos hidrotermais identificados sdo preenchimento de cimentagdo por quartzo
microcristalino e dolomita recristalizada, preenchimento de porosidade por cristais de
quartzo euédrico e calcedOnia, ocorréncia de minerais caracteristicos de paragénese
hidrotermal como: barita, quartzo com extin¢cdo ondulante, dolomita zonada e pirita.
Processos que também estio associados ao hidrotermalissimo sdo: fraturas preenchidas
por 6xido de ferro, veios compostos por dolomita blocosa, quartzo e calceddnia; e brechas
hidrdulicas. Nas duas zonas ha ocorréncia de porosidade secundéria vugular e fratura,

com porosidade mdldica apenas na zona 2.

Palavras-Chave: Carste hipogénico, Silicificacdo Hidrotermal, Formacdo Caboclo,
Nordeste brasileiro
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ABSTRACT

The present document is about a master dissertation, where is presented all the
development activities during the research. The silicification of carbonate and siliciclastic
sediments can occur several times throughout diagenetic evolution, together with
dolomitization and dissolution processes, related to the action of hydrothermal fluids.
These processes can directly affect porosity and permeability, fundamental factors in the
reservoir quality classification. This study presents the effects of silicification and
hydrothermal processes from Cristal Cave, Caboclo Formation, Sdo Francisco Craton,
and their direct relationship with karstification. Diagenetic and hydrothermal evolution
analyses are made based on the stratigraphic profile, divided into two sections: zone |
(low karstification process zone) and zone II (high karstification process zone), according
to the fracture influence in the lithologies. The hydrothermal processes identified are
cementation filling with microcrystalline quartz and recrystallized dolomite, pore-filling
by euhedral quartz crystals, and chalcedony, the occurrence of typical minerals of
hydrothermal paragenesis such as barite, quartz with wavy extinction, zoned dolomite,
and pyrite. Processes that are also associated with hydrothermalism are fractures filled
with iron oxide, veins composed of blocky dolomite, quartz, chalcedony, and hydraulic
breccia. In the two karstification zones, there are secondary vugular porosity and fracture,

with moldic porosity only in the high karstification zone.

Key words: Hypogene karst, Hydrothermal Silicification, Caboclo Formation, Northeast
Brazil
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JUSTIFICATIVA

Este trabalho académico encontra-se formatado como artigo cientifico a ser publicado em
revista cientifica especializada, estando a versdo final associada as contribuicdes

proferidas pela banca examinadora, no ato da defesa da dissertacao.

A formatacdo atual atende a Resolucdo n° 01/2013 (processo 23096.017076/12-98),
deliberada e aprovada pela Camera Superior de Poés-Graduagdo, do Conselho
Universitario da UFCG, a qual “estabelece o regulamento e a estrutura académica do
Programa de Pés-Graduacdo Stricto Sensu em Exploracdo Petrolifera e Mineral,

2

ministrado pelo Centro de Tecnologia e Recursos Naturais — CTRN”, nos artigos e

paragrafos que seguem:
“SUBCAPITULO 111

DO REGIME DIDATICO-CIENTIFICO

Secdo VII

Da Dissertagdo

Art. 55. O aluno, no ato de defesa, deverd assinar documento no qual se compromete a
entregar, a Coordenacdo do Programa, uma cépia impressa da Dissertacdo e uma outra
em meio eletronico, em texto formatado segundo normas estabelecidas por revista
especializada, com corpo editorial, estendendo este compromisso a submissdo do

Trabalho para publica¢do em revista também especializada.”
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ESTRUTURA E ORGANIZACAO DA DISSERTACAO

Esta dissertacdo estd estruturada em seis capitulos. O capitulo 1 € a introducdo da
dissertacdo, responsavel por expor o estudo realizados e seus principais objetivos. O
capitulo 2 refere-se ao contexto geoldgico no qual estd inserida a drea de estudo,
localizando a regidio em que foram coletados os dados. Aborda o contexto
tectonoestratigrafico da drea, contemplando todo referencial teérico prévio sobre a
Formacao Caboclo, suas idades, paleoambientes e litologias relacionadas. O capitulo 3:
referencial tedrico para descri¢do das amostras silicificadas e processos diagenéticos
envolvidos. O capitulo 4 aborda a metodologia utilizada para descricdes e andlises das
amostras coletadas. O capitulo 5 contém os resultados obtidos e as discussdes realizadas
a partir destes produtos, representadas através de uma proposta de artigo. No capitulo

final, 6, s@o apresentadas as conclusdes finais desta pesquisa.

10
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1.INTRODUCAO

1.1 APRESENTACAO

Campos de hidrocarbonetos de grandes proporcdes sao explorados desde a década
de 70 na plataforma continental brasileira, onde durante décadas os reservatdrios
siliciclasticos representam o principal alvo. Mais recentemente, com o uso da sismica e o
desenvolvimento de tecnologias aplicadas a modelos sedimentoldgicos e estratigraficos
bem definidos, foram descobertas reservas de grande porte em rochas carbonaticas,
tornando-as principais reservas atuais para exploracdo de hidrocarbonetos (Carminatti et

al., 2009, Akbar et al. 2000).

Os reservatdrios carbondticos apresentam alta heterogeneidade em suas
caracteristicas principais, como porosidade e permeabilidade, podendo ocasionar
variacOes verticais e laterais na qualidade de producgdo, interferindo no fluxo de
hidrocarbonetos, dificultando a avaliac@o e recuperacao de reservatorios de 6leo (Lima &
De Ros, 2019). Além disso, estudos associam processos como dolomitizacdo,
silicificacdo, cimentacdo, dissolucdo e recristalizacdo associada a fraturamentos
tectonicos e hidraulicos em carbonatos, relacionados a fluidos hidrotermais (Aratjo et al.,

2021; Cazarin et al., 2019; Herlinger Jr. et al., 2017; Poros et al., 2017).

Essas alteragdes podem ser relacionadas a processos de soterramento, fluxo de
fluidos hidrotermais em eventos magmaticos, provocando alteracdes fisico-quimicas
como a cristalizacdo de cimentos como dolomita selada, fluorita, barita, anidrita,
esfalerita e pirita alterando caracteristicas como porosidade e permeabilidade de
reservatorios e a sua respectiva qualidade como reservatério (Neilson e Oxtoby, 2008).
Atividades hidrotermais sdo caracteristicas de uma regido com anomalias geotérmicas e
necessita de um mecanismo ou canal que facilite o fluxo de fluido, como sistema de falhas

(Lima & De Ros, 2019).

Estudos recentes caracterizam a origem dos fluidos hidrotermais e o modo como
percolaram as camadas carbonaticas e suas respectivas interagdes quimicas. Os processos
tectonicos e hidrotermais existentes sdo representados por modelos esquematicos em
regides de carste hipogénico (Cazarin et al., 2019; Bertotti et al., 2020; Souza et al., 2021)

e seu impacto em eficiéncia de reservatorios. Entretanto, ha a necessidade de estudos mais

11
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aprofundados sobre a relagdo entre a silicificacdo e interferéncia na evolucdao da

carstificacdo e consequente impacto na efetividade em reservatdrios carbonaticos.

1.2 OBJETIVOS

O objetivo central do estudo é compreender a evolucdo dos processos diagenéticos
e hidrotermais na Gruta do Cristal, Formac¢do Caboclo, analisando os processos de
carstificacdo e silicificac@o. A partir das informagdes descritas € possivel compreender as
relagcdes entre fluidos ricos em silica e seu papel na dissolucdo de carbonatos, neste
afloramento caracterizado com processos semelhantes aos ocorridos em reservatorio de
hidrocarbonetos. Essas interpretacbes podem contribuir em modelos digitais de
reservatorios e em uma interpretacao adequada dos processos de carstificacdo associada

a processos hidrotermais em reservatorios carbonéticos silicificados.
Os objetivos especificos sdo:

I.  Classificagcdo das zonas de maior e menor carstificacdo, a partir da identificacao
das heterogeneidades entre as litologias da drea de trabalho;
II.  Definir a evolucdo diagenética da Gruta do Cristal a partir da descri¢ao
mineraldgica, petrogréifica e geoquimica de amostras e laminas
III.  Identificar os processos de dissolu¢do presentes no carste ao longo de perfil
estratigrafico;
IV.  Identificar processos de silicificacdo dos carbonatos na gruta, abordando dados de

campo e de laboratdrio.

1.3 LOCALIZACAO E VIAS DE ACESSO

A regido de estudo em questdo, localiza-se no setor central do estado da Bahia, a
sudoeste do municipio de Morro do Chapéu, na por¢ao limitrofe norte do municipio de
Bonito (Figura 1). A Gruta do Cristal I estd localizada na Fazenda Cristal, que pode ser
acessada pela BR-324, seguido da BR-052 e rodovia BA-046. A partir do povoado de
Catuaba, segue-se a norte por 4 Km por estrada ndo pavimentada (Srivastava & Rocha,

2002).
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Figura 1 - Mapa de localizacdo da drea de estudo e as principais vias de acesso.
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2. CONTEXTO GEOLOGICO

2.1 CRATON SAO FRANCISCO

A Formacao Caboclo, pertencente ao Grupo Chapada Diamantina, localiza-se no
Craton Sao Francisco (Almeida, 1977) no Setor Central do estado da Bahia em divisdo
proposta por Souza et al. (2003). A formagdo corresponde a uma das sequéncias
deposicionais mesoproterozoicas do Grupo Chapada Diamantina, inserida no Supergrupo
Espinhaco, sotoposta ao Supergrupo Sdo Francisco (Neoproterozdico) e Coberturas
Fanerozoicas. O Craton Sdo Francisco (CSF) é uma das maiores unidades tectOnicas na
Plataforma Sul-Americana e compreende a maior parte do estado da Bahia com extensdes
aos estados de Minas Gerais, Sergipe, Pernambuco e Goids (Figura 2). Seus limites sdo
tracados por faixas marginais dobradas, sendo estas Sergipana, Rio Preto, Riacho do

Pontal, Aracuai e Brasilia (Alkmim et al., 1993).

T, 44 40°

Z00Km

I Supergrupo Sao Francisca || Coberturas Fanerozgicas
|  Supergrupo Espinhago [ ] Fainas Braslianas

| Embasemento Crstaling
48° 40°

Figura 2 - Mapa geoldgico simplificado do Craton Sao Francisco delimitado por faixas
marginais Brasilianas. O retdngulo em vermelho localiza a drea de estudo (Adaptado de
Alkmim et al, 1993 e Alkmim & Martins-Neto, 2012).
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O embasamento do CSF é composto por rochas arqueanas de composicao TTG
(tonalitos, trodhjemitos e granodioritos), pldtons paleoproterozoicos e sequéncias
supracrustais (Barbosa & Sabaté, 2004; Barbosa, 1996). As unidades meso e
neoproterozoicas do CSF foram depositadas a partir da formacdo do Aulacégeno de
Paramirim, rifte abortado nucleado. As coberturas plataformais sdo representadas pelos
Supergrupos Espinhaco e Sdo Francisco (Cruz & Alkimim, 2006; Cruz & Alkimim,
2017). O CSF ¢ estabilizado apds sucessivos ciclos tafrogenéticos e orogenéticos
encerrados no final do Paleoproterozoico inferior, limitado por um conjunto de faixas
moéveis deformadas no Paleoproterozoico superior, durante o Ciclo Brasiliano (Brito

Neves et al., 2014; Almeida et al., 1977).

As coberturas plataformais correspondentes ao Supergrupo Espinhaco e ao
Supergrupo Sado Francisco sdo referentes as unidades paleoproterozoicas e
mesoproterozoicas do Setor Central do CSF. O Supergrupo Espinhago caracteriza-se
como uma unidade metavulcanossedimentar sustentando a cadeia montanhosa do
Espinhaco Setentrional e da Chapada Diamantina (Hasui, 2012). O rifteamento a partir
de 1,8 Ga, originou em um espaco de acomodacdo que recebeu os sedimentos do

Supergrupo.

O Supergrupo Espinhaco € dividido em quatro dominios: Chapada Diamantina,
Espinhaco Setentrional, Platd do Rio Paido e Espinhaco Meridional. As unidades que
compdem o Supergrupo sdo divididas da base para o topo em: Grupo Rio dos Remédios,
Grupo Paraguacu e Grupo Chapada Diamantina (Silva, 1994). O supergrupo possui
datacdo de 1,752 + 4, por método U-Pb em zircdo de litologias vulcanicas félsicas

(Schobbenhaus et al. 1994).

O Grupo Rio dos Remédios € composto por metassedimentos, e rochas vulcanicas
acidas, intercaladas em alguns locais com quartzitos, xistos € conglomerados. O Grupo
Paraguagu é composto por trés formacdes da base para o topo (Silva, 1994): Formacao
Ouricuri do Ouro (conglomerados, quartzito, gnaisses e metavulcanicas d4cidas,
intercalados com quartzitos e rochas vulcanicas); Formacdo Mangabeira (arenitos,
conglomerados separados por niveis de argilosos e arenosos) € Formagdo Guiné
(metassiltitos, siltitos, metargilitos intercalados com metassiltito, argilitos, niveis de

conglomerado e arenitos).
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O Grupo Chapada Diamantina é dividido nas seguintes unidades: Formacao
Tombador, Formagao Caboclo e Formacdo Morro do Chapéu (Branner, 1910a; Brito
Neves, 1967; Silva, 1994). A Formacdo Tombador é composta por arenitos bem
selecionados, conglomerados sustentados pela matriz e pelitos. A Formacdo Caboclo
consiste em pelitos laminados e arenitos finos a médios, com conglomerados
subordinados, além de calcérios silicificados e algumas ocorréncias de estromatdlitos
colunares (Srivastava & Rocha, 2002). A Forma¢do Morro do Chapéu tem ocorréncias
de ortoquartzitos com estratifica¢do plano-paralela e cruzada, intercalados com argilitos,
brechas de matriz arenosa, conglomerados polimiticos, arenitos de granulometria fina a
média, arenitos com estratificacio plano-paralela e pelitos com marcas onduladas (Silva,

1994).

O Grupo Chapada Diamantina preencheu uma bacia do tipo flexural, sendo
formado por duas sequéncias deposicionais: Formacao Tombador/Caboclo e Formacao
Morro do Chapéu. A regido apresenta dois eventos deformacionais evidentes
(Kuchenbecker et al., 2011 apud. Danderfer et al., 1993 e Lagoeiro, 1990). O evento
inicial € caracterizado por vetores tectonicos WSW para ENE, responséveis pela geracao
de dobramentos e empurrdes orientados NNW-SSE. O segundo evento, ortogonal ao
primeiro, responsdvel pelo desenvolvimento de falhas de empurrdo e dobras, orientadas
E-W e vergéncia para sul, afetando o Grupo Una e gerando um sistema de fraturas de

cisalhamento no Grupo Chapada Diamantina.

Sobre o Supergrupo sdo depositados os sedimentos carbondticos e terrigenos
correspondentes ao Grupo Una, pertencentes ao Supergrupo Sdo Francisco. O grupo
possui em sua composi¢do a Formagdo Bebedouro e a Formagdo Salitre
(CPRM.PROSPEC.DNPM, 1974). A Formacdo Bebedouro é composta por lamitos
laminados, arenitos de granulometria fina a grossa, arcéseos, diamictitos, tilitos e siltitos
(Sampaio, 2001; Hasui, 2012). A Formacdo Salitre € composta por calcarenitos,
dolomitos, calcissiltitos, calcilutitos/margas, pelitos e dolarenitos, silexitos, além da
ocorréncia de estromatodlitos colunares, conglomerados subordinados e brechas em
diversas porcoes da formagao (Bonfim et al., 1985; Pedreira et al., 1987; Sampaio et al.,

2001).

A associagdo de litofaceis correspondente ao Grupo Una e ao Grupo Chapada

diamantina, onde a Formag@o Caboclo estd inserida é representada pela figura 3. A
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localizag¢do das unidades estratigréaficas de acordo com a édrea de estudo estd apresentada

no Anexo I desta qualificacdo.
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Figura 3 - Associagdes de litofaceis que integram os grupos Chapada Diamantina e Una,
na regido entre a escarpa do Tombador e a cidade de Irecé. (Macedo, 2012; adaptado de
Rocha & Pedreira, 2012).

2.2 FORMACAO CABOCLO

A Formacao Caboclo fora descrita inicialmente por Branner (1910b) como uma
sequéncia de folhelhos e argilitos acima da Formag¢do Tombador, denominada de
“Folhelho Caboclo”. A Formagdo apresenta espessura de até 300 m (Pedreira et al., 1975)
a 400 m (Rocha, 1997).

Rocha et al. (1992) e Rocha (1997) repartiu a formacio em cinco associacdes de
litofaceis: Laminito Algal/Calcarenito oolitico, Laminito Algal/Estromatdlito, Siltito
Lenticular, Laminito/Arenito e Arenito Conglomerdtico. Essas associacdes estdao
respectivamente relacionadas aos ambientes de: supra a intermaré, supra a submaré,
eventos de tempestade em um contexto de estirancio, acdo de tempestades em contexto

de ante-praia, e ambiente fluvial entrelagado. As duas primeiras associagdes de litofdceis
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supracitadas s@o referentes a um contexto carbonético, descritas em maior detalhe por

Rocha et al. (1992).

A associacdo Laminitos algais/Calcarenito tem ocorréncia em toda a formacao,
com contatos transicionais com a associa¢do arenito de granulagdo grossa, laminito
algal/estromatélito e siltito laminar e ocorréncia (porcdo basal); em contato com
associacdo de arenito conglomeratico, laminito interestratificado com arenito (porc¢ao
intermedidria); e associado a arenitos conglomeraticos, laminito interestratificado com
lamito (por¢ao superior). A associagdo apresenta litofaceis de arenito/lamito, pelito

margoso laminado, laminito algal e calcarenito oolitico silicificado.

A associacdo Laminitos algais/Estromatdlitos colunares tem ocorréncia no topo e
na base da formagdo. H4 contato transicional com a associagdo de lamitos
interestratificados com arenito e contato erosivo com associacdo de conglomerado/arenito
conglomerdtico (por¢do superior) € contato transicional com associagdo de arenito de
granulacdo grossa, laminito algal/calcarenito oolitico e siltito lenticular amalgamado
(por¢do basal). A associacdo contém litofaceis laminito algal, calcarenito intracldstico e

estromatoélito colunar (Rocha et al., 1992).

A Formacgdo possui distribui¢cao condicionada a uma grande estrutura anticlinal,
N-S com caimento para norte (Rocha, 1997). Métodos de datacdo Rb-Sr isdcronas para
argilas (illita, clorita e caolinita), apontaram idades de 958 + 38 Ma, indicativo de
diagénese tardia (Macedo & Bonhomme, 1984). Segundo Babinsk et al. (1993), datacdes
isocronicas Pb/Pb em calcarios estromatoliticos sub-horizontais determinam a idade da

formagdo em 1140 140 Ma.

2.3 GRUTA DO CRISTAL

Localizada na Fazenda Cristal Boa Vista, a caverna encontra-se no municipio de
Morro do Chapéu, por¢do central do estado da Bahia. O acesso a fazenda € realizado
através da rodovia BA-046, até o povoado de Catuaba, seguido de 4 km a norte do
povoado por estradas ndo pavimentadas (Rocha & Pedreira, 2012). Do ponto de vista
espeleoldgico, a gruta apresenta padrao de desenvolvimento espacial do tipo labirintico

reticulado, com potencial para galerias intercomunicantes (Figura 4). Devido a este

18



DISSERTACAO DE MESTRADO | DANIELLE SILVA

padrao de desenvolvimento, a gruta € a mais importante ocorréncia registrada da
Formacao Caboclo, de importante potencial, semelhante a Toca da Boa Vista, em Campo

Formoso, Bahia (Rocha & Costa, 1995).

FROETO MOFRC DO CHAREL

Figura 4 - Mapa da Gruta do Cristal I, (Retirado de Berbert-Born et al., 1995 e adaptado
por Meandros Espeleo Club, 2012).

A gruta possui quatro entradas conhecidas, a partir de dolinas conicas, em rampas
ingremes sobre blocos desmoronados, com a presenca de blocos tombados, acentuando
seu declive. As galerias sdo predominantemente retilineas, em conjuntos paralelizados
em trés diregdes diferentes, controladas por fraturas subverticais (Rocha & Costa, 1995).
As valas geradas através de enxurradas que adentraram na dolina carreiam sedimentos
arenosos recentes, produzindo um novo processo de desenvolvimento de caverna, distinto

do evento original formador de toda a estrutura.

A regido da fazenda cristal apresenta considerdveis exposi¢oes de bioermas e
bioestromas de estromatolitos colunares, estratiformes, domais e oncolitos, associados a
estruturas sedimentares de tempestade (Srivastava & Rocha, 2002). Existem quatro tipos
de estromatodlitos identificados: estromatolitos colunares, estratiformes, domais e

oncolitos.

Os estromatolitos colunares sdo cilindricos a subcilindricos, ramificados ou nao,
coalescentes no topo, até 10 cm de altura e 3 cm de didmetro. Formam bioermas e
bioestromas, interdigitados com a associacdo de féceis de siltito lenticular amalgamado.

Os estromatdlitos estratiformes sdo laminag¢des milimétricas irregulares ou crenuladas,
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micriticas escuras e claras com a presenca de pseudomorfos de minerais evaporiticos e
nddulos de silica. As camadas chegam a 1,5 m, podem conter brechas bioclésticas,
intercalagdo com outros tipos de estromatdlitos e calcarenitos bioclasticos (Srivastava &

Rocha, 2002).

Os estromatdlitos domais estdo intercalados com estruturas colunares e
estratiformes. Os oncdlitos sdo concre¢des esféricas, ovais e assimétricas, com
laminagdes milimétricas escuras (rica em matéria organica) e claras (pobre em matéria
organica), de tamanho variando entre 0,7 mm e 60 mm, mal selecionadas e associadas
calcarenitos biogénicos (Srivastava & Rocha, 2002). A elevada propor¢do microbiana e
sua ampla distribuicao ao longo das unidades estd relacionada a auséncia de lama detritica
e predadores, condi¢Oes favordveis para crescimento de estromatodlitos ao longo de varias

por¢des da caverna (Ferronato et al., 2021)

Estudos recentes caracterizaram a Gruta do Cristal por unidades sedimentares e
associacOes de litofaceis. As unidades sdo: grainstones ooides, rudstones e grainstones
intracldstico, margas, estromatdlitos, grainstones e rudstones e intraclastos oncoliticos, e
brechas hidréaulicas (Souza et al., 2021). As associacdes de litofaceis estdo divididas em
face litoranea superior, ante praia e pOs praia, indicativo de ambiente de rampa
carbonatica-siliciclastica com baixo gradiente dominada por ondas normais e ondas de

tempestade (Ferronato et al., 2021).

Souza et al., (2021) identificou a presenca de processos hidrotermais relacionados
ao desenvolvimento cérstico na Gruta do Cristal, caracterizados pelo processo de
silicificacdo hidrotermal existente nos intervalos estratigraficos da formacdo. A
carstificacdo estaria associada a fatores como a variedade litolégica da gruta, a ciclicidade

estratigrafica das unidades na entrada de fluido aquecido.

O processo de silicificacdo hidrotermal estaria estratigraficamente controlado ao
longo da gruta, limitado por uma camada selante de marga, permitindo uma maior
concentracdo no intervalo estratigrafico inferior a marga e baixa acdo hidrotermal na
porc¢do superior . Além disso, camadas compostas por carbonatos porosos € permeaveis
(grainstones ooidais) abaixo da camada selante facilitam a migracdo lateral de fluidos

(Souza et al., 2021).

O sistema carstico da gruta do cristal € caracterizado como estruturalmente

crontrolado, por se localizar em uma regido de dobramento regional, no centro do eixo de
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dobra anticlinal de direcdo N-S. A regido estd também préxima a falhamento inverso
direcional também N-S (La Bruna et al., 2021). A deformacgdo presente nesta localidade
gera uma intensificacdo no fraturamento nas zonas de charneira dos dobramentos,
denominados corredores de fratura, gerando zonas de alta permeabilidade, que
contribuem para o processo de carstificagdo (Souza et al., 2021, La Bruna et al., 2021).
As principais galerias da gruta estdo orientadas ao longo do eixo da dobra nas dire¢cdes

N-S e NNE-SSW.
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3. REFERENCIAL TEORICO

3.1 ROCHAS CARBONATICAS

Rochas carbondticas representam 24% das rochas sedimentares, baseado em
estudo de medic¢do direta de distribui¢do de tipos de rochas. Dolomitos e calcérios sdo os
exemplares mais significativos em um registro estratigrafico das rochas carbonaticas , os
dolomitos predominantes durante o Proterozdico e o Paleozoico e os calcarios

predominaram entre o0 Mesozoico e o Cenozoico (Ronov, 1982).

Os componentes de uma rocha carbonatica sdo fundamentais na sua classificacao,
compreendendo a identificacdo da presenca de aloquimicos, e propor¢do de micrita e
esparita. Aloquimicos, agregados organizados de sedimentos carbondticos cujo formagao
foi realizada durante a sua deposi¢cdo na bacia. Englobam elementos como ooides,
bioclastos, peloides, intraclastos e oncoides (Figura 5). Calcita microcristalina ou micrita
sdo sedimentos carbondticos que formam graos com menos de Sum de didmetro,
formados na base da deposiciao, como precipitados ou desintegracdo de partes duras de
microorganismos. Calcita esparitica refere-se a graos de didmetro igual ou superior a
Sum, usada como cimento preenchedor de poros e podem ser formados apés um longo

tempo a deposi¢do dos componentes anteriores (Adams, 1984).

A juncdo de elementos s6lidos deposicionais e diagenéticos sdo definidos como o
fabric, os sélidos sdo caracterizados como os graos aloquimicos e os diagenéticos sdao
formados posteriormente (calcita, dolomita, cimentos, elementos de recristalizacdo ou

substituicao).
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Figura 5 - Componentes presentes em carbonatos. Adaptado de Fliigel (2004), Adams
(1984) e Kendall & Alnaji (2002).

Durante a descricdo de carbonatos, a descri¢do da origem de espaco poroso
primério ou secunddrio torna-se necessdria no estudo de reservatorios de hidrocarbonetos
(Scholle & Ulmer-scholle, 2003). A classificacdo mais utilizada € a de Choquette & Pray
(1970), apresentada na figura 6. Essa classifica¢do baseia-se em descrever o poro (tipo de
espaco do poro e localizacdo), seus modificadores genéticos, tempo de formacdo e
tamanho de poro. Essa classificacdo destaca o entendimento do fabric para identificacao

de porosidade primdria e secunddria.

Quando ocorre uma relagdo entre a porosidade da rocha e os elementos do fabric,
a porosidade € definida como fabric seletiva, se ndo ha essa relacdo, a porosidade é
definida como fabric ndo seletiva (Moore, 1989). No fabric seletivo, o poro € gerado pelos

graos e cristais e outras estruturas fisicas, mas a porosidade ndo ultrapassa os seus limites
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iniciais (graos e fabric), ja no fabric ndo seletivo, a porosidade ultrapassa seus limites
primdrios. A porosidade também pode ser classificada como primadria e secunddria, o qual
o primeiro tipo forma-se durante ou ao fim da deposi¢do dos sedimentos e o segundo tipo
formado por processos posteriores a geracdo da rocha (dissolugdo, tectonismo)
(Choquette & Pray, 1970). A maior parte da porosidade primdria, o formato do limite do
poro e sua localizacdo, sdo determinados por elementos do fabric, sendo assim fabric
seletivo. Ja na porosidade secundéria, a porosidade pode ser de fabric seletivo ou ndo,

pois depende da evolugdo diagenética da rocha (Moore, 1989).

Em escala de reservatdrio, existem dois tipos de porosidade mais ocorrentes:
porosidade de matriz e fratura, e a condutividade e estrutura porosa pode também ser
classificada como espaco poroso efetivo e ndo efetivo. Esses espagcos porosos controlam

a permeabilidade, sensiveis a variacdo de esfor¢os (Berryman & Wang, 2000).

FABRIC SELETIVA

V4

| Intraparticula

Interpariicula

Estruiura em
Crescmento

Faneasiral

FABRIC NAQ SELETIVA

Pk

Fratura Canal Vugular |

Cavermna

FABRIC SELETIVA OU NAQ

L Ed /AN

Buraco Tona Greta de Contragao

Figura 6 - Classificacdo de porosidade de Choquette & Pray (1970), modificado de
Scholle & Ulmer-scholle (2003).
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Rochas carbondticas possuem diversas classificacdes, desde as com enfoque na

descricdo com base nos componentes das rochas carbonéticas (Folk, 1962), classificacdao

para rochas carbondticas biogénicas (Embry & Klovan, 1971) na figura 7, até

classificagdes genéticas (Wright, 1992). Uma das classificacdes de carbonatos mais

utilizada na industria petrolifera € descrita por Dunham (1962), observada na figura 8,

tem como principio a descri¢do do arcabougo da rocha ou dos sedimentos, baseada se a

rocha é sustentada por graos ou sustentada pela matriz (graos inferiores a 20um), utilizada

para rochas que possuem sua textura deposicional preservada (Scholle & Ulmer-scholle,

2003; Sgarbi, 2012).

Floatstone
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Framestone

Figura 7 - Classificacdo de Embry & Klovan (1971) modificado de Scholle & Ulmer-

scholle (2003).
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Figura 8 - Classificacdo para carbonatos de Dunham (1962), extraido de Terra et al., 2010.

3.2 DIAGENESE

A diagénese consiste na ocorréncia de processos quimicos e fisicos em
sedimentos, em determinada profundidade, pressdo e temperatura, que litificam os
sedimentos e os transformam em rocha sélida. A diagénese em carbonatos se comporta
de forma diferente em comparativo a sedimentos silicicldsticos, modificando espaco

poroso e permeabilidade (Akabar et al., 2000).

3.2.1 Processos diagenéticos em carbonatos

Os processos diagenéticos em rochas carbondticas sao determinados a partir do
seu ambiente de formacdo. As amostras da Gruta do Cristal estdo localizadas em um
ambiente de rampa carbondtica influenciada por marés, com sistemas transgressivos e
regressivos envolvidos (Souza et al., 2021; Rocha et al., 1992 e Rocha, 1997). Assim

como se inclui em um ambiente cérstico com influéncia de processos hidrotermais.

A cimentagdo em carbonatos em sua maioria € calcitica e o espaco intracldstico

pode ser preenchido por mais de uma geracao de cimentos. A origem da cimentagdo pode
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ser desde sinsedimentar em diversas geracdes, como pode ter proveniéncia por acao
metedrica (Suguio, 2003). A cimentagdo é um processo associado a precipitagdo quimica
de minerais preenchendo os espagos vazios dos sedimentos, contribuindo na consolidac¢do
para rocha. Os cimentos mais encontrados em rochas carbondticas s@o os cimentos

carbonaticos, silicosos e 6xidos.

Os cimentos carbondticos sdo compostos por calcitas magnesianas ou pobres em
magnésio, dolomita, aragonita e siderita, com hdbito micritico, fibroso ou espético. Os
cimentos silicosos sdo compostos por quartzo macrocristalino, opala e calceddnia, e se
apresentam como graos, sobrecrescimento ou substituicdo. Os cimentos de 6xidos sdao
gerados durante o intemperismo quimico na forma de silicatos ferromagnesianos, 6xidos

ou em ambientes oxidantes, como hidréxidos (Suguio, 2003).

A recristaliza¢do envolve mudangas nos tamanhos, forma e orientagdo de cristais,
mas preservando da espécie mineraldgica. O neomorfismo em carbonatos pode ser
agradacional e degradacional, o primeiro tipo envolve o crescimento de cristais no lugar

de outros, o segundo tipo € caracterizado pela micritizacao.

A dolomitizagdo € o processo de substituicdo mais comum, que pode ser
sinsedimentar, pos-soterramento e pds-soerguimento, gerando alta reducio de volume da
rocha e consequentemente aumento no espaco poroso, Nos carbonatos ocorre uma
substituicdo da calcita e aragonita por dolomita, auxiliando a rocha nas caracteristicas de
producdo de 6leo. Em condi¢des de superficie, a dedolomitiza¢do pode acontecer, com a

substitui¢do de dolomita por calcita (Suguio, 2003; Moore, 1989).

A silicificacdo em carbonatos necessita de fontes diferentes como por exemplo
dissolucdo de espiculas de esponja silicosa ou uma fonte externa a bacia. A substitui¢ao
da calcita por silica ocorre de forma reversivel, dependendo da variagdo das

concentracoes de silica nos poros (Boggs Jr., 2009).

A compactag@o mecanica consiste em um fendmeno fisico que provoca a reducao
de volume e porosidade nos sedimentos em funcdo da compressao exercida por camadas
superiores em uma bacia. Nos carbonatos, os sedimentos tendem a possuir baixa

compactagdo (Suguio, 2003).

A dissolucdo de carbonatos pode ocorrer em diversos pontos durante a evolugao

do soterramento de uma sequéncia sedimentar. Este processo € bastante comum em
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sedimentos carbonéticos, podendo aumentar o volume de poros devido a mudangas do
fluido poroso, como alteracio na salinidade, temperatura, pressao parcial de CO (Suguio,

2003; Moore, 1989).

3.2.2 Etapas da diagénese

A evolugdo dos estagios diagenético para rochas carbonéticas difere da sequéncia
estabelecida para rochas siliciclasticas, exemplificado pelo fato que os sedimentos
carbondticos s@o intrabacinais, ou seja, ha certo equilibrio quimico entre os minerais
carbondticos e a 4dgua do ambiente deposicional (Boggs Jr., 2009). Deve-se ter o
conhecimento que minerais carbondticos possuem alta susceptibilidade a mudancas
diagenética como: dissolucdo, substituicdo mineraldgica e recristaliza¢do, o que permite
gerar uma variedade de tipos e tamanhos de poros de irregular distribui¢do (Boggs Jr.,

2009, Akbar et al., 2000).

Os carbonatos passam pelos processos diagenéticos de soterramento raso (inicial)
soterramento em profundidade (intermedidrio) e possivel soerguimento com denudagdo
(tardio), inicialmente adotados por Choquette & Pray (1970), como processos de
eodiagénese, mesodiagénese e telodiagénese. Processos como calcitizac¢do, cimentagdo,
recristalizacao e substituicdo podem mudar completamente a mineralogia deposicional.
Essas alteracdes podem ser intensas ao ponto de destruir ou modificar fortemente as
texturas deposicionais, caracteristicas de ambiente deposicional e porosidade (Boggs Jr.,

2009).

A maioria dos sedimentos carbondticos tem proveniéncia em ambientes marinhos,
porém carbonatos nao-marinhos sdo afetados por processos diagenéticos em menor
intensidade. Os ambientes diagenéticos de carbonatos segundo classificagdo de James &

Choquette (1983a) sdo: marinho, metedrico e subsuperficie.

3.3 SILICIFICACAO DE CARBONATOS

A silicificacdo em carbonatos é um processo diagenético que consiste na
substituicdo de minerais originalmente carbondticos por minerais silicosos e cimentacao
de silica nos vazios. A ocorréncia de minerais como opala, chert, quartzo, moganita, pode

ser a nivel microscopico até escala métrica, como nddulos, leitos, irregulares. A
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proveniéncia da silica para a ocorréncia desse processo pode ser a partir da dissolugao de
silica durante a diagénese de materiais como: microfdsseis silicosos, graos silicicldsticos,
materiais argilosos e cinza vulcanica, esses derivados do préprio carbonato. Além disso,

o fluido silicoso pode ser transportado por meio freatico ou hidrotermal (Bustillo, 2010).

A ocorréncia de opala durante a diagénese de carbonatos esté associada a diversos
processos de dissolugdo, precipitagao, recristalizacdo, representada pelo processo: opala
A —opala CT — quartzo, podendo ser aceleradas por influéncia meteérica (Williams et al.,
1985). Nesse processo, as opalas A sdo frequentemente encontradas em microfdsseis
silicosos e a opala CT possui padroes de DRX semelhantes a cristobalita e tridimita.
Durante a evolucgdo diagenética dos carbonatos, as opalas A e CT liberam silica que pode
influenciar na diagénese, produzindo substituicdes silica/carbonato, cimentacdo de silica
ou neoformacdes de argila na rocha hospedeira (Bustillo, 2010 apud. Jones e Renaut,

2007).

Durante a diagénese, o quartzo pode ser formado como recristalizacdo das opalas,
ou diretamente pela substituicdo ou cimentagdo de poros. Esse mineral ocorre com
diversas texturas em luz polarizada e diferentes tamanhos, desde mosaicos

criptocristalinos, a microcristalinos, até macrocristalinos (Bustillo, 2010).

A silicificagdo em depdsitos de cavernas compostas por carbonatos pode ocorrer
através da entrada de solucdes silicosas por meio de fraturas e vazios, além pela
ocorréncia de silica extraformacional por fontes locais disponiveis, assim compondo parte
de espeleotemas carbonaticos (Bustillo, 2010). A substituicdo de faixas de calcita por
silica se deve a mudancas de pH (decomposi¢dao de matéria organica entre camadas de
calcita), com a interferéncia de outros fatores como fornecimento constante de 4gua com
silica e supersaturacdo de silica por evaporagdo constante (Bustillo, 2010 apud. Hill e

Forti, 1997).
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4. METODOLOGIA

Os dados utilizados nesta qualificacdo fazem parte do banco de dados do projeto
“Modelo Digital 3D da Gruta Cristal I, Morro do Chapéu-Bahia (CristalDOM)”, parceria
entre a PETROBRAS e a Universidade Federal do Rio Grande do Norte (UFRN),

Universidade Federal de Campina Grande (UFCG), dentre outras instituicdes envolvidas.

4.1 MATERIAIS

As amostras analisadas foram coletadas em duas excursdes de campo: em janeiro
de 2020 e novembro de 2021, preparadas em tabletes de medidas (3 cm, 2 cm, 1 cm). A
partir dos tabletes preparados, foram confeccionadas 96 1aminas delgadas. A partir do
material coletado foram realizadas analises petrograficas e quimicas, além da anélise de

estruturas com o uso de fotogrametria e ensaios petrofisicos.

4.2 METODOS

A descri¢do das amostras de mao foi realizada identificando mineralogia presente
com o auxilio de ferramentas como lupa, para identificacdo de texturas e estruturas

presentes nos tabletes.

A confeccdo de laminas delgadas com 30 um de espessura foi realizada pela
empresa Petrografia BR, possibilitando a descricao de todas as propriedades Opticas de
minerais transparentes em microscopio de luz transmitida, em microscépio petrogrifico
do modelo Olympus BX-41. As descricoes foram realizadas no Laboratério de
Microscopia da Pés-Graduacao e de Pesquisa do Departamento de Geologia da UFRN,

para descri¢do mineraldgica, textural, elementos diagenéticos e processos hidrotermais.

A petrografia microscopica € uma das principais ferramentas de caracteriza¢do
petrografica de carbonatos, com o uso de fichas de descri¢do, tornou-se possivel a
identificacdo de minerais, porosidade, texturas, eventos diagenéticos e hidrotermais. A
descricdo petrogréafica das amostras compreende a identificacio dos componentes da
rocha, porosidade e classificacdo dos carbonatos. Para descricdo dos componentes

carbondticos fez-se uso do Atlas de rochas sedimentares sob o microscopio (Adams,
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1984) e para descri¢do de porosidade e termos modificadores de poros fez-se uso da

classificac@o por Choquette & Pray (1970).

A nomenclatura dos exemplares foi feita com base na classificacdo litologica
segundo Dunham (1962) e Embry & Klovan (1971), com o acréscimo de outros termos
como Heterolitos e Margas, a primeira para carbonatos com alternancia de bandas de
lama carbondtica e sedimentos carbondticos granulares, e a segunda para descri¢do de
rochas carbondticas mistas, compostas por carbonatos e sedimentos silicicldsticos finos
(Souza et al., 2021). Elementos diagenéticos e hidrotermais observados, foram descritos

com o uso de trabalhos de Adams, 1984; Souza et al., 2021; Menezes et al., 2019.

A partir da descri¢do petrografica, foram descritos os aspectos diagenéticos e
hidrotermais observados, partindo da divisdo em zonas influéncia das fraturas nas
litologias, através de perfil estratigrafico: Zona 1 e Zona 2. A classificacao possui o intuito
de compreender individualmente os processos diagenéticos associados com a interagao

de fluidos silicosos por zonas.

O uso do QEMSCAN® (Evolucao Quantitativa de Minerais por Microscopia
Eletronica de Varredura) é um sistema de microandlise automatizado que permite a
andlise quimica mineral quantificada, gerando mapas minerais, e identificando estruturas
de porosidade, fabric, distribuicdo e textura de graos. Minerais podem ser identificados
individualmente ou em grupos com composi¢do quimica similar, através de banco de
dados pré-existente identificando baixa contagem de espectro EDS (Ayling et al., 2012;

Gottlieb et al., 2000).

As amostras foram processadas no laboratério de QEMScan (QEMLab) da
Universidade Federal de Brasilia, metalizadas com carbono e analisadas em um
QEMSCAN modelo QUANTAG650F da TermoFEI. As andlises ocorreram em condicdes
de contorno de alto vacuo, 10 nA corrente de entrada de 15kV de voltagem, e 13mm de

distancia de trabalho.

A catodoluminescéncia é um fendmeno composto por um conjunto de processos
fisicos responsdvel pela emissdo de fétons (caracteristicas do visivel e do UV) gerados
pelo bombardeamento de elétrons de alta energia no vacuo. A geracdo de catodo é
associada com centros de luminescéncia em cristais resultando da impureza dos ions ou

defeitos na estrutura mineral (Boggs and Krinsley, 2006; Remond et al., 2000).
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As secdes delgadas foram analisadas pelo Instituto de Pesquisa para Petréleo e
Energia da Universidade Federal de Pernambuco, fazendo uso de um sistema analitico
usado nas amostras onde a catodoluminescéncia € gerada por um feixe de elétrons pelo
equipamento Citl, CCL 8200 (mk4) luminoscOpio em opera¢do no vacuo, com feixe de
elétrons de 3.3 para 4.8kv, 1667um e 1597mBr/Volts de tensdo. O equipamento é
acoplado a um microscépio 6tico Nikon eclipse (ES00POL), com uso da objetiva de 4x,
nicois paralelos, e com secdes delgadas ndao polidas para andlise da resposta da
catodoluminescéncia. As intepretacdes das laminas foram baseadas em descricoes
petrogréficas fundamentadas em parametros de identificacdo mineral e descricdes

anteriores de autores como De Almeida (2007) e Scholle & Ulmer-Scholle (2003).

As andlises petrofisicas foram realizadas em um porosimetro de nitrogénio, o qual
pode medir porosidade efetiva absoluta, e densidade de graos das rochas. As medidas do
volume da rocha, volume dos grdos e espaco poroso selante, necessdrios para medir
porosidade sdo reconhecidos por relacdes de pressdes estabelecidas no instrumento a

partir da entrada de uma quantidade predeterminada de gas (Coberly and Stevens, 1933).

As analises foram realizadas no Laboratério de Petrofisica (LabPetro) da
Universidade Federal de Campina Grande. Cinquenta amostras foram preparadas com
medi¢cdes de volume e peso, usando uma balanca de precisdo semi-analitica € um béquer
graduado de 100ml preenchido com 4dgua para medir a diferenga de volume final e inicial.
As amostras secas foram analisadas em temperatura e pressdao de poros em condicdes

ambiente, o que significa que a pressdo externa é atmosférica.

As amostras foram inseridas em um copo de matriz hermeticamente selado e
analisadas no Ultraporoperm 500, com uma injecdo de gds com pressdao de 70psi. Os
resultados foram inseridos no software WinPore, baseado na lei de Boyle, determinado
para sistemas fechados sem variagdo e temperatura para alcangar parametros sobre
porosidade absoluta, densidade de grdos, volume de grdos, para o cdlculo dos seus
respectivos valores. O produto entre o volume e a pressdao de gds podem ser constantes
antes e depois da conexao entre dois subsistemas (Cavalcanti et al., 2013; de Andrade and

Soares, 2019).
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5. RESULTADOS E DISCUSSOES

5.1 Proposta de artigo

Como resultado principal, a proposta de artigo intitulado “Hydrothermal process
in silicified hypogene karst - silica dissolution and precipitation in Cristal Cave -
Brazilian Northeast” corresponde a sintese de todos resultados obtidos e discussdes

realizadas acerca dos processos ocorridos na Gruta Cristal.

Hydrothermal process in silicified hypogene karst - silica dissolution and
precipitation in Cristal Cave - Brazilian Northeast

D.C.C. Silva (a), I.B. Maciel (b), EIN.M. Lima (a), P.F. Barbosa (c) A.C. Moura (), L.

C. Vieira (c¢) N.K. Srivastava (d),F.H.R. Bezerra (b), C.L. Cazarin (e).

a — Graduation Program on Petroleum and Mineral Exploration, Federal University of
Campina Grande, 58428-830, Campina Grande, PB, Brazil

b - Post-Graduation Program on Geodynamics and Geophysics, Federal University of
Rio Grande do Norte, Natal, RN 59078-970, Brazil.

c - Institute of Geosciences, University of Brasilia, 70297-400, Brasilia, DF, Brazil

d - Department of Geology, Federal University of Rio Grande do Norte, 59078-970,
Natal, RN, Brazil

e - Petrobras, Research and Development Center (CENPES), 21.941-915, Rio de

Janeiro, RJ, Brazil
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Abstract

The silicification of carbonate sediments can occur several times throughout diagenetic
evolution, together with dolomitization and dissolution processes, related to the action of
hydrothermal fluids. These processes can directly affect porosity and permeability,
fundamental factors in the reservoir quality classification. This study presents the effects
of silicification and hydrothermal processes from Cristal Cave, Caboclo Formation, Sao
Francisco Craton, and their direct relationship with Kkarstification. Diagenetic and
hydrothermal evolution analyses are made based on the stratigraphic profile, divided into
two sections: zone I (low karstification process zone) and zone II (high karstification
process zone). The hydrothermal processes identified are cementation filling with
microcrystalline quartz and recrystallized dolomite, pore-filling by euhedral quartz
crystals, and chalcedony, the occurrence of typical minerals of hydrothermal paragenesis
such as barite, quartz with wavy extinction, zoned dolomite, and magnetite. Processes
that are also associated with hydrothermalism are fractures filled with pyrite, veins
composed of blocky dolomite, quartz, chalcedony, and hydraulic breccia. In the two
karstification zones, there are secondary vugular porosity and fracture, with moldic

porosity only in the high karstification zone.

Keywords: Hypogene karst, Hydrothermal Silicification, Caboclo Formation, Northeast
Brazil
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1- Introduction
High-proportion hydrocarbon fields have been explored in the Brazilian
continental margin since the 1970s, where for decades the siliciclastic reservoirs were the
main target. Most recently, with seismic use and development of well-defined
sedimentologic and stratigraphic models, high dimension reservoirs were discovered in
carbonate rocks, making them the ruling reservoirs for hydrocarbon exploration (Akbar

et al., 2000; Carminatti et al., 2009).

Carbonate reservoirs present high heterogeneities in porosity and permeability,
which can cause vertical and lateral variations in hydrocarbon production, interfering
inflow, absence of oil, and recovery (Lima and de Ros, 2019). Besides that, studies
associate processes like cementation (dolomitization and silicification), dissolution, and
recrystallization in carbonates with tectonic and hydraulic fractures, to the occurrence of
hydrothermal fluids (Aradjo et al., 2021; Cazarin et al., 2021; Cazarin et al., 2019;

Herlinger et al., 2017; Poros et al., 2017).

This alteration can be related to burial processes hydrothermal fluid flow in
magmatic events may induce physicochemical alterations like cement crystallization as
saddle dolomite, fluorite, barite, anhydrite, sphalerite, and pyrite, modifying
characteristics such as reservoir porosity and permeability and its production (Neilson
and Oxtoby, 2008). Hydrothermal activities occur in regions with geothermal anomalies,
and it is necessary for a mechanism or channel that favors fluid flow as a fault system
(Lima and de Ros, 2019). Recent research characterizes hydrothermal fluid origin and
percolation in carbonate layers and their respective chemical interactions. Tectonic and

hydrothermal processes are observed by schematic models in hypogene karst regions
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(Bertotti et al., 2020; Cazarin et al., 2019; Souza et al., 2021; Cazarin et al., 2021) and the

impact on reservoir efficiency.

Hypogene speleogenesis consists of fluid or acid accumulation migrating from
insoluble rocks to soluble rocks, or aggressiveness action in soluble rocks by chemical
reactions or decrease of temperature. Hypogene speleogenesis have converging flow, and
communication between channels in layers showing can be apply in migration and
accumulation of hydrocarbons analysis (Klimchouk, 2007; Klimchouk, 2013). Important
hydrocarbon reservoir is related to karstified units, describing karst porosity in
productions layers, showing the necessity of karst features study to industry (Klimchouk,
2007).

The dissolution process that creates hypogene speleogenesis system is
characterized by upwelling waters in depth, composed by high concentration of CO2 and
H>S (Palmer, 2000; Audra and Palmer, 2015). This water can involve sources such as
deep-seated acid from the mantle or volcanic activity or rising meteoric water. Based on
the concept of regional gravitational flow, in basin scale, the converging sites, and the

ascending flow where dissolution happens (Audra and Palmer, 2015, 2013).

The hypogenic karst formation involves several types of processes like dissolution
in evaporites by dissociation for meteoric unsaturated water upwelling, carbonic acid
solutions from CO- deep sources, increase the solubility of calcite in ascendant flows,
sulfuric or hydrosulfuric acid solution, “mixing corrosion”, common ion effect with
sulfates and carbonates generating dedolomitization, organic acid or silica solution in
high temperatures. These reactions can have one dominant or multiple events happening

at same time (Audra and Palmer 2015, Klimchouk 2007, 2013; Palmer 2000).
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Some important hydrocarbon deposits in the world are linked to limestone
silicified units as the unconventional silicified carbonate reservoir in Tarim basin in China
(Dong et al., 2018), or karst related oil-reservoir in Permian Basin of West Texas (Craig,
1988, Ward et al., 1986), or Brazilian carbonate pre-salt reservoir of Campos and Santos
basin (Bruhn et al., 2017). Further to the study of the actual reservoirs, the identification
of analog outcrops is especially important to the understanding of the diagenetic process

and hydrothermal fluids (Souza et al., 2021).

However, the studies about the relationship between silicification and karst
evolution are still necessary in hypogene caves and their comprehension in impact on
carbonate reservoir effectiveness. Most actual studies are for epigenic caves, which
represent 80—85% of the total (Palmer, 2007), and the formation of hypogene caves still

have questions about their occurrence, specific characteristics, and dissolution process.

This study objects to the comprehension of the diagenetic evolution of Cristal
Cave (Sao Francisco Craton, Northeastern Brazil), describing the mineral paragenesis of
the sequences and the dissolution processes in the Caboclo Formation. In this
contribution, we describe silicification events along with a stratigraphic profile on Cristal
Cave, the relationship between karstification and silicification, and analyze the function

of fractures on karstification and silicification.

2. Geological Settings

2.1 Caboclo Formation

The research is development in Caboclo Formation, a Mesoproterozoic Stenian
unit of Espinhaco Supergroup in Chapada Diamantina Basin, located in eastern Sao
Francisco Craton (Figure 1). This Craton, together with Congo Craton were part of a

paleoplate in the Gondwana supercontinent (Almeida, 1977; Almeida et al., 2000;
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Alkmim, 2004) until its breakup during Late Jurassic-Early Cretaceous, time of South

Atlantic Ocean formation (Trompette et al., 1992).

The Espinhago Supergroup is a metavolcanosedimentary unit deposited after the
amalgamation of these two cratons at 1.8 Ga and before partial breakup at 0.9 Ga,
recognized as being formed in intracontinental rift sag basin (Alkmim and Martins-Neto,
2012; Brito Neves et al., 1979; Chemale et al., 1993; Guadagnin et al., 2015; Martins-

Neto, 2000 Brito Neves et al., 2014; Almeida et al., 1977).

The Caboclo formation has its distribution conditioned to a big N-S anticlinal
structure with a north plunge (Rocha, 1997). Dating methods for Rb-Sr isochrones for
clay (illite, chlorite, and kaolinite), point outages of 958 + 38 Ma, late diagenesis
indication (Macedo & Bonhomme, 1984). Babinski et al. (1993) had isochrones dating
Pb/Pb in sub-horizontal stromatolites limestones to determine the formation age in 1140

+140 Ma.
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Figure 1 —In (A) the Geological Map from de study area in Sdo Francisco Craton, Brazil.
The Cristal Cave is in the center north of Bahia State, closer to Morro do Chapéu and
Bonito cities. Adapted from Mapa Geolégico do Estado da Bahia - CPRM/CBPM (2003),

and in (B) the lithostratigraphic column from Souza et al (2021).

2.2 Cristal Cave

In northeastern Brazil has a large karst area developed mainly in carbonate
lithologies, but also in quartzite, large dolines, sandstones, pseudo karst in igneous rocks,
gypsum paleo karst and in banded iron formations. However, most of these karst systems
are horizontally bedded limestones and dolomites on Upper Proterozoic and Lower

Cambrian (Auler and Farrant, 1996).

The Cristal Cave karst system is 6.7 km long and carbonate exposure reaches up

to 54 m thick (Souza et al., 2021). About speleology, the cave shows a spatial
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development network pattern with potential for intercommunication galleries (Rocha and
Costa, 1995). The cave has four entrances, from conic dolines, sloping ramps over
collapsed and fallen blocks. The galleries are mainly straight, parallel sets in three

different directions, controlled by subvertical faults (Rocha and Costa, 1995).

The region shows bioherms and bioestroms expositions of a column, stratiform,
dome, and oncolites stromatolites related to shallow marine and storm sedimentary
structures evidence (Srivastava and Rocha, 2002). The oncolites are spheres, oval, and
asymmetric concretions, with dark millimetric lamination (organic matter rich) and light
(organic matter poor), with size variation between 0.7mm to 60mm, bad selection, and
biogenic calcarenite associated (Srivastava and Rocha, 2002). High microbial proportion
and your wide distribution over the units are justified by the absence of detrital mud and
predators, good conditions for stromatolites to grow over many cave portions (Ferronatto

et al., 2021).

Recent studies feature Cristal cave by sedimentary units and lithofacies
association. The facies profile was identified as ooidal grainstones, intraclasts grainstones
and rudstones, marls, stromatolites, oncolithic-intraclastic grainstones and rudstones, and
hydraulic breccia (Souza et al., 2021). The lithofacies association is classified as offshore,
offshore transition, and shoreface, significant of low gradient carbonate siliciclastic ramp

control by normal and storm waves (Ferronatto et al., 2021).

Souza et al., (2021) identified mineral assemblage denote hydrothermal origin for
silicification process, stratigraphic control in layers of Cristal Cave. The karstification
along fractures takes place in silicified beds, and this process was associated with factors

like cave lithological variety and stratigraphic units cyclic in heated fluid input.
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The Hydrothermal Silicification process is stratigraphically controlled along the
cave, limited by a marl bed acting as a seal, allowing a higher hydrothermal activity below
the marl and lower hydrothermal activity in a stratigraphic layer above. Furthermore,
porous, and permeable carbonate layers (ooid grainstones) beneath the sealing layer favor

the lateral fluid migration (Souza et al., 2021).

The karst system of Cristal cave is characterized as structurally controlled, located
in a regional folded place, in the center of the axis in an anticlinal fold N-S direction. The
region is also next to a directional inverse fault as well N-S (La Bruna et al., 2021). The
deformation in the fold hinge zone matches with fracture corridors, this fractures add to
high karst porosity and permeability zones (Souza et al., 2021, La Bruna et al., 2021).

The main cave galleries are guided along a fold axis in N-S and NNE-SSW directions.

3. Methods

This study is a set of petrographic and geochemistry data of Cristal Cave samples.
Contains photogrammetric data with morphological features, petrographic description,
petrophysical and geochemical analysis (Scanning electron microscopy, QEMSCAN, and

cathodoluminescence).

3.1 Photogrammetric data
The study used detailed photogrammetric data to recognize and describe cave
morphology, such as cave passages, stratigraphic bedding, fractures connectivity, and

geometric features. Data acquisition was made with an Olympus OM-D EM-1 camera, in

zigzag walk and 75% overlap images. These high-precision images allowed us to see
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detailed fracture and kart features at the centimetric scale. The final point cloud image

was a photomosaic of the covered area in which we can select and cut sections of interest.

3.2 Petrography

Samples were collected in Cristal Cave in a fifty-four meters’ profile and prepared
in 50 tablets (3cm x 3cm x 1cm). The ninety-two thin sections were prepared with 30 mu
and analyzed in Olympus BX-53M transmitted light petrographic microscope at the
Seismological Laboratory (LabSis) of the Federal University of Rio Grande do Norte
(UFRN) to identify minerals, textures, hydrothermal and diagenetic processes. The thin
sections were described according to diagenetic and hydrothermal elements from Adams
et al. (1984) descriptions, and porosity and pore modification after Choquette and Pray
(1970) description. Petrographic nomenclature used Dunham (1962) and, Embry and

Klovan, (1971) classification.

3.3 Scanning electron microscopy

Samples were analyzed in Icm cut pieces and thin sections, some specimen was
metalized with gold and analyzed in VEGA 3 from Tescan at the Center of Gas and
Renewable Energy Technology (CTGAS-ER), with magnification between eight to three
thousand times, using SE secondary electron mode, 14.2 to 32WD, 5 and 20kV to
microstructures observation and mineralogical identification using EDS — AgTec

(Oxford), with punctual and mapping scanning.

3.4 QEMSCAN

The samples were processed in the QEMSCAN Laboratory (QEMLab) of the

federal university of Brasilia and were carbon-coated and qualitatively analyzed using a
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QEMSCAN model QUANTAG650F from TermoFEI The analysis occurs with contour
conditions of high vacuum, 10 nA incoming current, 15kV voltage, and 13mm of working

distance.

3.4 Cathodoluminescence

The thin sections were analyzed in the Institute for Petroleum and Energy
Research of the Federal University of Pernambuco, using an analytic system in the
samples were cathodoluminescence generated by an electron blast for Citl, CCL 8200
(mk4) luminoscope in vacuum operation, with an electron blast 3.3 to 4.8kv, 1667um and

1597mBr/Volts for tension.

The equipment is coupled to a Nikon eclipse (ESOOPOL) optical microscope,
using the 4x objective, parallel nicols, and with non-polish thin sections to analyze the
cathodoluminescence response. The analysis of thin sections was based on petrography
already described using petrography parameters to identify minerals, and the
cathodoluminescence description is based on De Almeida (2007) and Scholle & Ulmer-

Scholle (2003).

3.5 Petrophysics

The analyses were made in the Petrophysics Laboratory (LabPetro) of the Federal
University of Campina Grande. The samples were inserted in a hermetically sealed matrix
cup, and analyzed in Ultraporoperm 500, with a gas injection pressure of 70psi. The
results are input in WinPore software, based on Boyle’s law, determined in closed systems
without temperature variation to get parameters about absolute porosity, grain density,

grain volume, to calculate its respective ratios. The product between gas volume and
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pressure might be constant before and after the connection between two subsystems

(Cavalcanti et al., 2013; de Andrade and Soares, 2019).

4. Results

4.1 Structural morphology analysis

Observing the Cristal Cave map (Figure 2B) we can easily identify the three main
fracture sets, NNE-SSW, NE-SW to ENE-WSW, and NW-SE stated by La Bruna et al.
2021. They are not confined to any specific sedimentary facies. For didactic reasons, to
group similarities and compare distinctive features, we will describe the fracture sets

according to the three main sets.

The main cave entrance in the wider passage documented in photogrammetric
data is NNE-SSW oriented. These NNE fractures are the ones with longer lengths in
Cristal cave (Figure 2B). In this sector it is also possible to identify sets of secondary
NW-SE fractures (Figure 2B), indicating a relationship between fracture intersection and

karstification.
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Figure 2 - Localization of study area in entrance I of Cristal cave. In (A) Cave map
locating entrance 1 (red rectangle) based on Berbert-Born and Horta (1995). In (B) photo
of entrance I, the respective marked fractures are in yellow dashed line, the orange areas
represent the more resistance relief in wall (also called in this paper to Zone 1). The large
fractures extend to the ceiling and are related to big openings in the cave. In (C) outside
of Cristal Cave, the layer’s feature following the bedding as well the units in entrance 1
(also called to Zone 2). The collected samples marked in figure (B) and (C), every point

plugged represents a sample of a described layer, totalizing twenty-two.

Cave walls formed by sedimentary bedding. They are silicified carbonate layers,
with different mineralogy, thus presenting distinct resistance. Although layers are often
horizontal bedding, especially in this section, we can observe sedimentary bedding gently

dipping in opposite directions (270/06 and 110/28). (Figure 2B).

In the entrance 1, along bedding planes there are layers with more lateral
dissolution horizontally in comparing to three layers with more erosion resistance, above
the layers with more resistance there are associated to local vertical sets of fractures
(Figure 2B). As seen before, dissolution occurs especially in NNE-striking, through the
hinge of the anticlinal fold. Those fracture settings are evidence of efficient permeability
pathways mainly when fracture clusters at bedding provide through-sequence

connectivity.

Karstified portions are concentrated between layers that have more resistance,
mainly three initial layers located in the first twelve meters of the cave’s walls (Figure
2B). We can observe in figure 2(B) and figure 3 sedimentary layers with different degrees
of karstification. Some sedimentary layers are more karstified than others, as we can see

comparing prominent ones that behave like sealing units, to those eroded, that were more
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chemically dissolved. It is possible to observe this variation over the entire cave, an

alternation of some not permeable and more permeable layers.

The vertical fractures function as a conduit connecting lateral zones, occurring
approximately in the 20 meters of cave vertically and along with the layers of cave

horizontally since in millimetric to metric scale (Figure 2B).

Associated with morphological information obtained by photogrammetric data,
the outcrop analysis (Figure 3A) Si-rich level occurrence in Cristal Cave. In the three high
relief layers observed in figure 2 (B), with more resistance in entrance 1 cave wall.
Otherwise, the first three large hollows in figure 2 (B) above the high relief layers have

clear evidence of dissolution, always associated with the main fracture observed, also

observed in figure 3 (C and D).

46



DISSERTACAO DE MESTRADO | DANIELLE SILVA

Figure 3 — Lenticular dark layers and dissolution areas that occur in Cristal Cave. In (A)
siliceous lenticular bed in the upper portion of the 20 layer, and (B) area of higher
dissolution in the cave, in layer 22. In (C) vugular pores (V-Po) through reaching 30

centimeters in layer 17, in (D) vugular porosity and vertical fractures (Fr) in layer 3.

4.2 Petrographic Aspects

The description identifies mineralogy aspects in unities and characterization of
diagenetic and hydrothermal influence in the zones of fracture interference in the profile.
The description was divided into the zone less affected by the main fracture of Cristal
cave in entrance 1 named Zone 1 (Figure 2C) (24 meters to the end of cave external cave
walls), and the zone more affected by fracture (floor of cave until 24 meters) called Zone

2 (figure 2B).

Zone 1 is located above the ceiling of Cristal Cave and is represented by the
preservation of diagenetic elements and affected by the external erosion process as
meteoric water and vegetation grow. Zone 2 into the cave and shows most of the

diagenetic aspects erased by silicification and tectonic processes.

4.2.1 Zone 1

Zone 1 corresponds to intervals “24m to 54m” in the above the ceiling of entrance
1, petrographically are heterolites, oncolite-intraclasts grainstones, and rudstones, with
occurrences of ooidal grainstones. At the bottom of this zone, there is a three to four
meters of a marl layer and hydraulic breccias occurrence, these lithologies are already

classified in section 2.2.
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This zone represents the silicified region with less dissolution in the Cristal Cave
sequence, where it is possible to identify the means diagenetic processes. However, by
the fact that this zone is exposed to the surface, meteoric waters can act in the carbonates
dissolving partially (figure 3). The rock has a laminated texture with oxidation, with some

oxidized veins and some samplers have breccia texture.

Some facies present a framework compound by allochemical particles (oolites and
oncolites) replaced by chalcedony and dolomite but in some cases (figure 4A and C) the
dolomite appears as bioclasts fringe (Dol-F) with a brown coloring center (size ~200mp)
representing secondary dolomite growing in samples (figure 4A). The cementation is
mostly microcrystalline silica (Qtz-C), and the oolites and oncolites in general present

floating contact.

Other dolomite block grains (Dol-B) with zonation are related to microcrystalline
quartz cementation (figure 4C and E). The equicrystalline quartz shows as a siliciclastic
residual of sedimentary units, that are preserved although silica recrystallizations (figure
4F). In samples close to the ceiling of the cave the dolomite crystals are finer and have an

occurrence of fractures filled by pyrite and quartz grains (figure 4G).

This zone also shows vugular and fracture porosity, (punctually in few samples)
and the lamination have better preservation, when observed in thin sections. However, in
outcrop scale, the subaerial exposition allows the occurrence of vugular pores along the
rock. Other elements such as hydrothermal breccias occur with little alterations in your
original structure, veins, and megapores filled with silica generations (microcrystalline
quartz, chalcedony, and undulant extinction quartz), and micro fractures filled by iron
oxide and calcite. The mineralogy is composed mainly of dolomite with accessory

minerals such as iron oxide, illite, limonite, barite, potassium feldspar, and plagioclase.
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Stylolites are present in all units in zone 1 (for example in figure 41) filled with
iron oxide and representing mechanical compression. They are classified based on Koenh
et al. (2017) proposal. In most thin sections the compaction is underestimated to very bad,
with non-linear growth, they are acting collecting material and in some cases offsetting
(generating branches areas), and your morphology is suture and shark peak type varying
to simple wavy-like type. In figure 4 (I) the compaction estimate is underestimated, with

non-linear growth, they also acting collecting material, and the morphology is suture and

shark peak-type, sealing layers composed of sparitic dolomite.

Figure 4 - Diagenetic and hydrothermal elements in zone 1, less affected by fractures in
Cristal Cave. In (A) and (C) ooids and oncoids are preserved. The silicification process
changes from partial action in (A), (B), and (F), and total acting in (C) to (E). In (A) the

silica vein has equigranular quartz grains in the center and chalcedony crystals in the
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edges representing different stages of crystallization. The three dolomite generations are
represented in all samples. In (F) and (G) fractures close to the main seal and fracture-
filled by pyrite (Py) and iron oxide (Ox). Also, oncolite and siliciclastic quartz grains
(Qtz-G) are present. In (H) vugular porosity (V-Po) related to recrystallized dolomite
(Dol-R) and stylolite dissolution following the bedding. Occurrence of simple stylolites

(D filled by iron oxide (Sty). PPL- Plane Polarized Light, XPL - Cross-Polarized Light.

4.2.2 Zone 2

Zone II corresponds to the “beginning of the cave roof until 24 meters” in the
entrance 1, petrographically are intraclasts grainstones and rudstones, ooidal grainstones,
heterolites, and hydraulic breccias. This zone has three regions of intense differential
relief but also three regions of less dissolution (figure 2B), these zones are characterized
by an evidential high silica content, more resistance than other regions of this zone. The
characteristics of this zone are completely related to the main fracture cutting the cave

wall already described in topic 4.1 (figure 2B).

The thin sections show laminated textural aspect, some porosity, rounded grains,
veins, and intense oxidation in laminated layers, but less oxidation in massive layers. In
the ooids grainstones, the recognition of the outline of the original ooids results from the
preservation shape by silica replacing (figure 5B), or moldic dissolution and pyrite

precipitation (figure 5 I).

In the thin sections, we can observe three different generations of dolomite, the
first one is an euhedral to subhedral medium-crystalline dolomite, characterized for
growing in the edges of ooidal grainstones as a fringe or completely replaced by the grains

in some cases (figure 5B) fabric preservations are affected by silicification process and
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dolomitized areas, the second one is dolomitic cementation, representing by blocky

dolomite (figure 5A, C to F), and replacing intraclasts total and partially (figure 5G).

The third generation is characterized by recrystallized dolomite in veins and filled
secondary porosity (figure 5A, C to E). This dolomite is related to the hydrothermal
process, in most samples shown as anhedral spathic with high birefringence and in contact
with chalcedony as euhedral grains and zonate. In zone 2, vugular, moldic and fracture
porosity occurs next to the intense silicification zone (figure 2B). The thin sections aspect
is massive by the replacing of sedimentary textures by mostly microcrystalline silica
(figure SH and I), but also some coated grains (mostly oolites) are replaced by silica

presenting ghost texture (figure SH).

Figure 5 shows oolite and oncolites grainstones with dolomites replacing grains
and in the edges of grains (figure SA and B), before silicification process representing the
entrancing of fluid silica-rich responsible of dissolution of the ooids coating and partial
replacing to microcrystalline silica (figure 5B). This type of dissolution favors the
creation of pore and consequently the fluid entrance due to aspects such as high roundness
degree, good selection, and floating contact. The growing of dolomite after the
silicification process can be observed as quick recrystallization of minerals, when
associated to chalcedony subhedral to euhedral crystals (figure 5C) are formed but when

are pore-filling they are anhedral (figure 5 A, D to F).

In most cases, are very small replacing cement or pore-filling (figure SA, C to F)
as well seen in zone 1 (figure 4A, C and D), however, can present as a typical fibro radial
when there is more space for crystals growing in veins. The silica has an important role
in the final stage of samples crystallization, replacing the empty places in the rock, since
substituting calcite cementation initially (figure SA to C, and E) to filling pores along

with the sample (figure SA, D and F), in some cases intraclasts replacing (figure 5G).
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The thin sections in general have lamination preserved and stylolite occurrence,
but the silicification process is stronger observed in figure 5, this is due to proximity with
the main fracture observed in figure 2B. In some parts of the Cristal cave profile, there
are breccia samples that generate porosity and permeability and are associated with
chalcedony, the third dolomite generation (figure SE) with iron oxide as a residual

mineral.

(LY

Figure 5 - Diagenetic and hydrothermal elements in zone 2, more affected by fractures in
Cristal Cave. In (A) to (D) the three dolomite stages, the first one, dolomite surrounding
oolitic crystals with ferruginous aspect, called fringe dolomite (Dol-F) in (B). The second
one, dolomite blocky crystals replacing cementation and coated grains in the samples, is
associated with microcrystalline (Qtz-C) called blocky dolomite (Dol-B) in (A), (C), (D),
(F), and (G). The third one, anhedral dolomite crystals, filling cavities related to

chalcedony (Chal) growing, called dolomite recrystallized (Dol-R), in (A), (C), (D) and
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(E). The silica appearance is in the stages too, the first one is microcrystalline silica
cementation (Qtz-C), replacing also ooids and filling pores, in (B), (F) to (I). The second
texture is equigranular quartz grains (Qtz-G), siliciclastic in (B) and (C), and pore-filling
in (A), (D) to (F). The third type is chalcedony (Chal) crystals related to pore-filling in
edges in (A), (C) to (F). Also, moldic porosity dissolving dolomite grains in (H) and ooid
particles (I) associated to pyrite precipitation. PPL- Plane Polarized Light, XPL - Cross-

Polarized Light.

4.2.3 Chemical analysis

In the Cristal Cave the cathodoluminescence shows the vugular-filling dolomite
(light red) cement and the edges of pore in contact with microcrystalline silica (dark
purple), (figure 6A to C), also this dolomite act as a fringe cementation around oolites
grains (figure 6C). Authigenic quartz (dark blue), and feldspar grains in figure 6 (C and
D) of siliciclastic origin. The dolomite recrystallized (dark red) representing blocky
cementation (figure 6A) and replacing the center of oolites (figure 6C). As well observed
in figure 6 (C) the dolomite crystals have the shape of the first generation of dolomite
crystals (figure 6B) representing the late stage dolomitization that took place after
neomorphism.

In figure 6, the mineral composition from energy dispersive spectroscopy (EDS)
shows quartz replacing in oncolites grains (figure 6D), and the residual porosity between
coated grains, also plagioclase siliciclastic grains remaining and dolomite precipitation.
K-feldspar siliciclastic grains are present with modify edges to barite or barite k-feldspar,
indicative of hydrothermal fluids origin (figure 6F). Also, dolomite grains and grains well

development are always in contact with quartz in this analysis (figure 6E and F).
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The QEMSCAN analysis shows (figure 7) the many different compositions and
textures in zone 1 and 2 of samples. In zone 1, the end of cave profile, the silica is present
and interpreted as quartz (figure 7A). The oolites are totally replaced by dolomite that
also is following the bedding. The samples which contain dolomite, located closer to the
ceiling of the cave (figure 7B) are totally different from (figure 7A). Dolomite in figure
7B replaces all the elements in the rock, only remaining silica in some areas of sample,
which replacing intraclasts and in the edges of barite grains.

In zone 2, the sampling represents two important areas in the cave. the sample of
figure 7(C) were obtained in the high protuberances of the local relief (also in figure 2B)
and the dolomite grains are spread in the matrix but also replacing oolite grains. The
second important area is in the figure 7(D) where the dissolution is very evident and
continuous in the cave (figure 2B), with the vugular porosity formation being very intense
probably related to the silica dissolution processes.

In both zones the accessory minerals are calcite, illite, smectite, muscovite,
kaolinite, biotite, K-feldspar, hematite/siderite, pyrophyllite, pyrite, barite, gypsum,

apatite, inosilicates, and chlorite.
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Figure 6 - Photomicrographs using cathodoluminescence analysis in samples (A to C):
CR1.3, CR12, and CR104 of Cristal Cave to parallel nicols in non-polish thin sections.
Also, three EDS results of thin sections of Cristal Cave in samples (D to F): CR77, CR96,
and CR79. In (A) dolomite (Dol-R) is crystallized in the edges of silica microcrystalline
pore-filling (Qtz-C); in (B) terrigenous grains in carbonate matrix composed of
equigranular quartz grains (Qtz-G) and feldspar grains (Fs); and in (C) dolomite grains
(Dol-B) are filling oolites with calcite crystallization in the edges. In (D) oolitic grains
filled by quartz (Qtz), and plagioclase grains (PI), and evident vugular porosity (V-Po)
dissolving cementation. In (E) k-feldspar grains are barium rich (Kfs) changing to barite
in the grain edges, in contact with quartz (Qtz), dolomite (Dol) and iron oxide grains (Ox).

In (F) block dolomite grains in a quartz cementation with some k-feldspar grains contact.
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Figure 7 - QEMSCAN of thin sections in Cristal cave with minerals and porosity
percentage for each sample. In (A) oolites are totally replaced by dolomite in a quartz
matrix (replacing cementation). In (B) dolomite replaces cementation and grains, but
quartz substitutes intraclasts and barite grains. In (C) is another stage of dissolution, in
barite grains, related to high oolite dolomite substitution. In (D) porosity dissolve grains

and following bedding, with residual dolomite.

4.3 Porosity and Density

The porosity in Cristal cave happens in mesoscale as cave apertures observed in
figure 2 and in figure 3 as large cave pores (~20 meters) that obey main dissolute layers
and vertical fractures (figure 2B), and as small to large centimeter vugular pores with
occurrence inside (figure 3B) and outside the cave (figure 3C and D). The large cave

pores have more thickness in the beginning of cave profile with until five meters and as
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well the profile continuous the thickness became smaller to few meters to centimeters in
the ceiling of cave, the fracture that leads the cave pores extends to outside the cave,

allowing meteoric water infiltration extending the weathering processes (figure 2B).

In the cave, we can observe fabric selective porosity types of features by moldic
porosity (figure 4 H and G, and figure 5 A). generated by coated grains and previous
dolomite dissolution. Also, we can observe not fabric selective, represented by fractures
(figure 2B, figure 3 B and D), vugular (figure 3, figure 4 H and, figure 8A) and cave
porosity (figure 2B). The porosity occurrences evidence the process of dissolution, and
in the sample's permeability occurrence (CR25, CR80, CR77, CR85). In zone 1, porosity
have more spaced events, with vugular and fracture porosity, corresponding the interval
of 28 to 39 meters (figure 8A) and with less or non-permeability (figure 4H, and figure

8A).
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Figure 8 - Graphics showing porosity versus depth variation (A) and grain porosity versus
depth variation (B) in Cristal Cave profile. Thin sections show different types of pores

(A) and minerals (B) are related to the position in the cave profile.

In figure 8 the first graphic (A), below the ceiling, vugular pores are not connected
with 25-30% of porosity, in the ceiling, pores follow the carbonate layers (channel and
vugular) with lower than 5% porosity. In the top of the cave, porosity is lower than 10%,
and punctually vugular pores are present. In the second graphic (figure 8B), beneath the
ceiling the mineralogy is diverse, represented by heterogeneous density information and
the values, representing by high occurrence of recrystallized dolomite replacing matrix,
microcrystalline quartz and iron oxide associated to stylolite development. Over the cave,
the grain density is more homogeneous but also shows elements that influence high

density as barite and euhedral pyrite.

The grain density considers only the volume of the grain group and despite the
empty spaces, the results alter 2.4g/cm3 to 2.7g/cm3, which is expected to impure
carbonate rocks that have other minerals that affect these results (figure 8B). The mineral
assemblage observed is represented by minerals with a significant density as barite
(4.5g/cm?); pyrite (5.01g/cm?); iron oxide (5.1g/cm?), minerals that compound the
carbonate host rock as calcite (2.71g/cm3), dolomite (2.84g/cm3) and finally silica
occurrence that has a medium density (2.65g/cm?). This variance is more homogeneous

in the top of Cristal Cave than inside that as well observed with porosity info.

The total density depends on samples mineral composition and porosity. The
minerals that compound the Cristal Cave carbonates define the relation between density
and total porosity of the rocks. Knowing this, most of the samples got a density bigger
than 2.0 g/cm? and this property shows an inverse correlation with porosity data (figure

8B).
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5. Discussions

5.1 Fault relation with silicification and dissolution process and the involved
reactions

The morphology of the Cristal cave system in entrance 1 is dominated by
indentations and resistance levels (figure 2B), vertical fractures, and a major dissolution
feature in the center of the wall where the cave is developed. These particulars are present
in all the cave, with NNE-SSW direction that command the distribution of corridors

(figure 2A).

The three main dissolute layers, located in the bottom of the cave walls, are
standardized through the cave corridors, following these respective beddings, but also the
cave apertures are connected to vertical fractures (figure 2B). This indicates the
occurrence of an open system of ancient fluid flow horizontally and vertically, which

dissolve the layers in determinate lithologies and tectonic structures (De Waele, 2008).

The difference between layers can be described starting from silicification
behavior. We observe that silicification layers in zone 1 and zone 2, however the bedding
in zone 1 are more preserved than zone 2. In zone 2 karstified portions are concentrated
in layers that silicification happens and were erode (figure 5H and I), interspersed with
sequences where silicification is associated with dolomite recrystallization (Figure 5A,
C, D and E) to base and top usually well marked and stratigraphic sequence easily seen

in most of the cave’s wall.

This context is deeply involved by structural history of cave formation, since fold

formation and the hinges as fracture corridor for karsts development, as related to a
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regional context of pre contraction and contraction structural network in three different

stages described by La Bruna et al. (2020).

A conceptual model (figure 10) describing various silica cements and dissolution
features, considering the processes that are responsible as diagenetic events and
paragenetic sequence are important to reservoir modeling characterization (Sartorato et
al., 2020). The Cristal cave have influence of hydrothermal fluids that dissolving
carbonate layers and deposit silica, in a formation of hypogene karst, based on evolution
and hydrothermal fluid migration model (Jiu et al., 2020; Poros et al., 2017; Cazarin et

al., 2021; Souza et al., 2021)

5.2 Mineralogical composition and the reactions in a hypogene karst silicified

Hypogene caves are generated by upwelling water beneath the surface with
different water chemistry with high concentrations of sulfides, sulfates, dissolved carbon
dioxide, metals, and trace elements (Palmer, 2000). Besides that, oxygen consumption in
shallow deeps turns upwelling waters good carries of metallic species, generating
hydrothermal deposits in karsts as well the MVT deposits (Audra and Palmer, 2015,

Deininger, 1964).

Confined conditions offer limited dissolution potential to karst formation in
depths, aided by transversal hydraulic communication, chemical differences in water, gas
composition, temperature, and porosity limits are responsible for guiding disequilibrium
and reaction dissolution in caves (Klimchouk, 2007, Klimchouk, 2013). Dissolution by
acid carbonic acts as a hypogene formation in hydrocarbon deposits, from CO, generated
by thermal degradation and oxidation of organic material by oxidation minerals in-depth

(Kaveev, 1963 in Klimchouk, 2007).
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The general mineralogy in Cristal Cave samples is basic dolomite and silica
minerals, composing the altered host rock framework in carbonate layers and the addition
of quartz, plagioclase, illite, and potassium feldspar to siliciclastic layers (figure 7). The
accessories minerals as pyrite, limonite, and barite occur associated with microcrystalline
silica, chalcedony, and undulant quartz, incorporated by hydrothermal fluid in the host

rock, also oxidation process related to rock exposition.

The zone more affected by fractures (zone 2) is identified to have seal and
dissolution layers, based on low and high Kkarstification processes, from
geomorphological, mineral, and texture aspects. The dissolution layers are associated
petrographically with granular microcrystalline quartz cementation, chalcedony, and iron
oxides residual in contact with porosity (figure 5B, E, H, and I). The low karstification is
associated with layers with quartz microcrystalline cementation and dolomite growing

generations (figure 5A, C, D, F and G).

The crystallization of minerals as microcrystalline silica and chalcedony indicated
the presence of warm fluid, silica-rich, filling the gaps in host rock, and the difference of
temperature of the fluid and the Caboclo formation rocks formed amorphous minerals in
pore edges and microcrystalline quartz in the central portion of secondary pores already
generated by mesodiagenetic process (Figure 4 E and figure 5A, D and F). There is
evidence that the same fluid has CO; and magnesium in your composition, due to block

dolomite crystallization between these grains.

The silicification process originating from ascending fluid is concomitant to
hydrothermal breccia formation event, by the fact that grains are already recrystallized to
dolomite and only follow even the breccia cavities filled by microcrystalline quartz

cement (Figure SE). The equicrystalline cementation fact, possibly the nucleation locals
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are evenly distributed, and the silica saturation level inflow is elevated to high

temperatures. (Matton et al., 2014; Sibley & Gregg, 1987).

When the silicification process has a significant volume, it can generate silica
rocks (chert and opal) that stand out in carbonate formation because of their greater
resistance to weathering (Bustillo, 2010), as observed in the three high relief layers that
have a better resistance (figure 2B and figure 5C and G). The process of silicification is
very intense in all portions of the cave, however, the original carbonate protolith is well
recognizable partially preserving former allochems (oolites, oncolites) mostly in your
shape but replaced by minerals such as dolomite and silica (microcrystalline quartz,

chalcedony) as well seen in figures 4 (A and C), 5 (A and B), 6 (C) and 7 (A).

The evolution of events to generate the Cristal cave can be described on three
main stages. The first stage is the karstification of the host rock, this process can be
described as burial karstification, in middle-deep burial stages. The second stage is the
percolation of silica fluid occupying the host rock, filling most of the open space in the
previous stage. The third one is the hydrothermal dissolution of silica and formation of

the cave as the configuration that we can see as contemporaneous karst.

In the first moment of karst formation, there is a strong relation to hydrothermal
fluids action and fluids rich in organic acids (Jiu et al., 2020, Sayago et al., 2012). Deep
karstification is completely related to reaction of thermochemical sulfate reduction (He
etal., 2017; Hao et al., 2015), activated by energy promoted by hydrothermal fluids (Zhu
et al., 2019), that behaves as a non-selective dissolution in cementation, dissolving the

carbonate and creating porosity.

The reactions involving these events can have described as follows (Hao et al.,

2015, Jiu et al, 2020):
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Thermochemical sulfate reduction:

nCaSO4 + CnH2n + 2 = nCaCOs3 (CO2) + H2S + (n-1) + nH20 (1)

Dissolution of carbonate minerals from H»S:

CaCOs3/MgCOs + HoS = Ca2+ /Mg2 + HCOs3- + HS™ (2)

The two initial reactions are responsible for dissolving sedimentary features of
carbonate units in host rock, as initial calcite cementation and carbonate coated grains.
The create porosity in this stage is quickly replaced by silicification (second stage), filling
the host rock in divergent phases of silica. In the last stage, the heated acid fluid rich in
carbonic acid and calcium and magnesium ions, provided the dissolution of silica and
formation of karst, enjoying all the facilities that structural features and petrographic units
to cave formation. The reaction involving these events can be described as follows

(Lovering, 1962):

Dissolution of silica using carbonic acid:

[CaCOs] + H2Si03 + HCO3 = Ca** + 2HCO5 ™+ H20 + [SiO2] (3)

Carbonates in acid conditions are dissolved when metal sulfides precipitate and
release H" from TSR producing H>S. This reaction is well observed in figure 4 (G), 5 (I)
and 8 (A and B) where pyrite crystallization is a contribution to reducing carbonate
cementation while secondary porosity is development (Biehl et al., 2016; Machel, 2001).

In this context as a residuary mineral after silica dissolution is seen in the next reaction:

Precipitation of pyrite as a residual product:

Fe* + 2H»S = FeS, + 4H* (4)
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5.3 Karstification process by porosity and permeability evolution

Hypogene caves have the potential for hydrocarbon capture generated by
stratigraphic and hydrodynamic barriers overlying or insoluble low-permeability layers
(Klimchouk, 2007) as well seen in Cristal Cave unit disposition, where seal layers among
the profile have different compositions that porosity dissolute layers. The origin of this
type of cave, permeability is mostly provided by porosity and fissure formation, also the
relationship with karst features formed by a superficial process is weak (Audra and
Palmer, 2015). This process happens over the ceiling of the Cristal Cave, helped by
silicification, avoiding superficial water action in carbonate units. Also, the permeability

take place in the connection of fractures along cave walls and corridors (figure 2)

The dissolution process that creates porosity is seen from mesoscopic scale (figure
4, 5 and 8) to microscope scale, for example, geomorphologically the network cave
pattern can help identify the origin of the hypogene cave by rock fractures with gradual
water permeation, or insoluble strata by hypogenic water or ponded floodwater (Palmer,

2007).

The petrophysics analysis generates porosity and density data, located in the cave
and above the cave (figure 8) to observe the relations of pore positions, the types and the
density values assigned. The intervals between the layers with more porosity and less
porosity repeat in mesoscale and microscale, figure 8 A mark the thin sections that show
porosity as well the corresponding intermediary to high values of total porosity in
analyzed tablets. These marked values coincide with intermediary to low values of total
density, representing that space removes the volume of the rocks across the length of the

profile.
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The porosity in zone 1 observed in other thin sections and exemplified in figure 4
H is classified as solution enlarged secondary eodiagenetic, with large mesopores,
occupying approximately 5% of the rock. This type of porosity is associated with stylolite
dissolution (figure 4H) and a generation of recrystallized dolomite that follows the pore
path, likewise, called vugular porosity. As well seen in figure 6A the pores in this zone
exhibit a small dispersion around the mean, indicating a group with very homogeneous

porosity.

The porosity in zone 2 also observed in other thin sections and exemplified in
figure 8 A is classified as solution enlarged secondary mesodiagenetic to telodiagenetic,
with large mesopore, occupying 15% of the rock, also named as vugular porosity. Also,
in thin sections close to the ceiling (CR20) is cemented-filled secondary telodiagenetic,
with a small mesopore occupying less than 1% on the rock, also called fracture porosity.
At least figure 5 (H and G) has porosity type solution enlarged secondary mesodiagenetic
to telodiagenetic, with small mesopores, occupying approximately 10-15% of the rock,

also classified as moldic porosity.

In this zone, open fractures and some moldic pores are connected, so the
permeability happen as a final product of the dissolution process, as well seen in figure 8
A the pores show a high dispersion around the profile, slowing the difference between
data when the data is close to zone 1, this determined the sample heterogeneously affected

by karstification.

The porosity data have variation in all profiles, especially in zone 2 with the
highest variation peaks, compared with total silica values described by Souza et al.
(2021), in some places porosity and silica values are high. However, in some areas high
porosity values are high, but the quantity of silica is low, which means silicification and

porosity generation are not necessarily associated.
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5.4 Diagenetic evolution in Cristal Cave

The diagenetic evolution of Cristal Cave has the same conditions of an analog for
carbonate reservoirs with hypogene karstification associated to hydrothermal fluids
(Souza et al., 2020, Cazarin et al., 2021, Cazarin et al., 2019). The sequence evolution
affecting Caboclo Formation in Cristal cave is based on the paragenetic relationships of
process and products analyzing all the constituents, pores formation, mineral reactions
through optical, electronic, cathodoluminescence images and chemical reactions. This
evidence allows the identification of diagenetic stages, process and products generated

and the pore evolution (figure 9 and 10).

Summarizing the process in zone I, the diagenetic process observed was
mechanical compression, dolomitization, recrystallization, and silicification. The
hydrothermal processes are microcrystalline quartz crystallization, chalcedony growing,

silica veins, and fracturing.

The diagenetic processes in zone 2, the diagenetic process observed were:
mechanical compression, dolomitization, recrystallization, and silicification. The
hydrothermal processes are microcrystalline quartz crystallization, chalcedony growing,
dolomite mega crystals growing, blocky calcite growing, iron oxide presence, silica veins,
and fracturing. Also, we can observe collapse structures and fracture-filled iron oxide,

quartz, and crack-seal structures.

The silicification through the samples in zone 1 (figure 4 A and C) and 2 (figure
5 B and I) can be classified as static, in which there are few orientations on the mineral
network and low deformation along the rock damage zone (Menezes et al., 2019). The

interpretation of process observed results on an event sequence associated with diagenetic
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and tectonic processes/products (figure 9), describing from mineral paragenesis, stages
of diagenesis, and tectonic events already described by La Bruna et al. (2021). The
morphology of stylolites that can be observed in all Cristal cave isn’t the most effective
to compaction estimates but add to the idea they can create fluid-flow barriers if collecting
sufficient sealing material in their growth if the peaks don’t break their stylolite limits

(Koehn et al., 2017).

The silica textures vary from fine-grained (microcrystalline) silica pore-replacing
and cementation partially replacing in dolomite euhedral crystals (figure 4 and 5) to
chalcedony (pore and cementation replacing), to coarse quartz grains pore-replacing. The
microcrystalline silica act in the early hydrothermal silicification stage. Spathic dolomite
acts resisting silicification corrosion, slowing the effect of replacing (fabric preserving)

also observed in reservoirs as per salt Campos’s basin (Tritlla et al., 2019).

The events in Cristal cave begin in an early silica event, a favor by fracture set
that has bioclasts corrosion and allow micro quartz crystallization (figure 10), Associating
the vertical structures in figure 2 and considering them as a fracture set, the formation can
be interpreted as a conduit that interferes in layers’ dissolution if the main fracture
expands. Knowing this, figure 10 either can be divided into two zones: Non-Fracture
Interference Zone (Zone I) and Fracture Interference Zone (Zone II) which represent the

major differences in porosity and density behavior.
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6. Conclusions
The silicified carbonates of Cristal cave underwent various diagenetic, tectonic,
and hydrothermal transformations, contributing to creating, modifying, and preserving
their reservoir characteristics. From the research and analyses carried out about the
hydrothermal silicification process in Cristal Cave, the conclusions are made in a few
topics.
L The silicification and karstification process are divided into two acting
zones: Zone 1 (region less affected by karstification processes) and Zone
2 (region highly affected by karstification processes), separated by a marl
layer that acts as a seal between them. Although the two zones are
silicified, they have different silicification features and only the Zone 2 are
widely karstification.
II. Karstification structures formation is related to cave walls fractures,
generated dissolution by hydrothermal fluids in silica-rich layers.
III.  The Crystal Cave formation is related to the sum of the effects of regional
fracturing, hydrothermal silicification and karstification and not just one
of these factors alone.
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6. CONCLUSOES

O estudo dos processos diagenéticos e de silicificagdo das unidades da Caverna

Cristal, inserida na Formagdo Caboclo possibilitou a identificagdo da evolucdo dos

eventos diagenéticos. Os processos de silicificacdo hidrotermal obtiveram sucesso devido

a influéncia das fraturas presentes ao longo das paredes da caverna. O desenvolvimento

da compreensdo da diagénese dessas unidades foi possivel através de andlises

petrogréficas, MEV com EDS, uso do QEMScan, catodoluminescéncia, ensaios de

porosidade e permeabilidade. Deste modo foram obtidas as seguintes conclusdes:

IL.

I1I.

Os processos de silicificagdo e a carstificacdo sao divididos em duas atuais
zonas: Zona 1(regido menos afetada pelos processos de carstificacdo) e
Zona 2 (regido altamente afetada pelos processos de carstificacdo),
separadas por uma camada de marga atuando como um selo entre elas.
Apesar das duas zonas estarem silicificadas, elas possuem diferentes
caracteristicas de silicificacio e apenas a Zona 2 apresenta extrema
carstificagdo.

As estruturas de carstificacdo sdo relacionadas as propriedades das paredes
da caverna, geradas através de dissolucdo das camadas por fluidos
hidrotermais ricos em silica.

A formacdo da Caverna Cristal é associada ao somatério de efeitos de
fraturamento regional, silicificacdo hidrotermal e carstificacdo, e nao

apenas um desses fatores sozinhos.
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Apéndice 1 — Tabela de descri¢ao de camadas da boca 1 da Caverna Cristal. Descricao
por variacao de espessura com variacdes de caracteristicas

Layer Rk Description Plug
(m)
Laminated with stylolites, don't react to .
1 1.054 hydrochloric acid, negative relief, with silica 1A (Verttl(c):al) - layer
nodules P
Laminated layer with chalcedony nodules,
’ 0.931 subhorizontais stylolites, more layer more 2A (Vertical) - layer
’ hardener (silicified), react to hydrochloric acid, middle
negative relief, bedding: 285/05
Laminated layer with silica nodules and calcite
veins, qulte‘: ha'rdener‘, ghalcedony nodu‘les 3A (Vertical) -
3 0.73 between laminations, siliceous nodules bigger laver to
than layer 2 and 1, positive relief, fracture: Y p
165/85
Laminated layer, silica nodules are in the less
laminated layers, sub horizontal stylolites and
whitish veins, concretions and veins don't react 4A (Vertical) -
4 0.863 to hydrochloric acid. In the middle of layer has laver middle
less lamination and highlights the relief with y
less siliceous edges (less hardener), negative
relief with emphasis in one more siliceous layer
Ticker layer with massive nodules and darker,
stylolite absence, rock partially porous, center
of layer more stratified and weathering, contact SA (Vertical) -
5 0.693 . .
with upper layer, massive and preserved, layer base
negative relief, conjugated pair de fractures:
210/86, 160/80
Laminated layer and with stylolite, nodules
siliceous in upper region more spread 6A (Vertical) - layer
6 0.652 . . o1
comparing with the bottom layers (siliceous base
layer), negative relief in base, bedding: 270/06
Negative relief (very ev1denj[), just contact 7AH (Horizontal) -
7 0.893 between layers preserved, laminated rock, well .
layer middle
weathered e porous
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layer with siliceous cementation (not nodules,
cementation siliceous), shows stylolite, layer
well hardened,
relief positive

8A (Vertical) - layer
top

1.397

Laminated layer, thin sediment, negative relief,
very smooth silica nodules (primary porosity
cementation - microcrystalline silica), very
hardener layer, with branched stylolites, silica is
in more stratified levels and more weathered

9A (Vertical) - layer
top

10

1.425

Layer with thicker granulometry and high angle
stratification,
few levels with chalcedony nodules, thicker
strata and very hardener rock, layer well
weathered, relief positive, don't react to
hydrochloric acid, high angle stratification:
110/28

10A (Vertical) -
layer top

11

2.067

Layer with plan-parallel stratification, with
thicker strata in base
, layer with relief negative, silica nodules levels,
low angle cross stratification, gypsum
occurrence next layer top (veins), gypsum veins
and fractures: 050/84, don't react to
hydrochloric acid, many levels composed by
iron oxide, silica levels well preserved in most
consumed layers. gypsum in shape of needles
and fibrous (5cm)

11A (Vertical) -
layer middle

12

0.81

Layer with thicker stratification, plane-parallel,
very small silica nodules
(0.5cm) rock scattered, don't react to
hydrochloric acid, rock well hardened

12A (Vertical) -
layer base

13

1.171

Laminated layer, stylolite horizontal following

the bedding, massive silica level in top of layer

(in this region don't stylolite occurrence), relief
negative, don't react to hydrochloric acid,
fractures limited to layer, fractures: 345/82

13A (Vertical) -
layer middle
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Laminated layer with small subvertical
fractures, plane-

parallel lamination, layer has levels more 14A (Vertical) -
14 1.259 . . . o . .
massive that resist to erosion, positive relief, layer middle
small silica nodules (0.5cm), cross stratification
(200/20)
Centimetric silica nodules (0,5cm) following
the lamination,low angle cross stratification, .
15 2.157 coraloids (siliceous), negative relief, without 15A (VGE;EZD - layer
apparent stylolites, fractures sub verticals:
315Az/90
Low angle cross lamination, relief positive,
vugqlar porosu'y V1s1ble,'h1gh quantity of 16A (Vertical) -
16 3.007 stylolite generating porosity between them,
. - . . layer base
coraloids occurrence (siliceous), centimetric
silica nodules
Calcite occurrence (react with hydrochloric
acid), vugular porosity
following the bedding, coraloids occurrence 17AH (Horizontal) -
17 3.461 o ..
(siliceous), low angle cross lamination, layer base
interleaving with high angle lamination,
stylolite, sub vertical fracture: 350Az/90
Laminite layer interleaving com heterolites
13 375 contact limit with 18A (Vertical) -
’ marl, wavy iron oxide layers, intraclasts with layer middle
porosity (Scm), sub vertical fracture: 302/90
Convolute folded layer, very hardener, positive
relief,
clayey, homogeneous (massive), don't react to 19AH (Horizontal) -
hydrochloric acid, with layer middle
19 7 696 folded lamination of reddish clay (not always 19BH (Horizontal) -
' form laminate, sometimes are punctual), more layer base
seal layer of profile - marl, layer base has more 19CH (Horizontal) -
hardener and regular layer and intraclasts of layer base

bioclasts occurrence, small and guided veins,
presence of dissolved material
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Clayey gray matrix layer interleaving with

20A (Vertical) - layer

20 7665 reddish lens with approximately 3cm (layer middle
' base), dark silica lens whit 3cm of thickness 20B (Vertical) - layer
(layer top), positive relief top
Gray massive rock, relief positive, with regular | 21A (Vertical) - layer
1 185 red laminates middle
' and light and whitish chalcedony nodules 21B (Vertical) - layer
(7cm), shows stylolite (iron oxide) top
Vertical contact with bottom layer (massive), 22AH (Horizontal) -
. - . y layer base22BH
laminate with iron oxide , horizontally and .
. . (Horizontal) - layer
vertically fractured layers, karstic crests, not .
. 4 base22CH (Horizontal)
guided intraclasts (layer base), clay lenses .
. . . . . . - layer middle22DH
interleaving with stylolites, laminate intraclasts, .
22 4.524 : . . . (Horizontal) - layer
interleaving of marls layers with laminated .
. . middle22EH
fractured layers, stromatolites domains .
. i . (Horizontal) - layer
laminated by iron oxide layers, clayey layers .
. . i .. middle22FH
interleaving with fractured layers, whitish .
. (Horizontal) - layer
nodules (~10cm) (layer middle and top) middle
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