UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE GEOCIENCIAS

PROGRAMA DE POS-GRADUAGCAO EM GEOCIENCIAS

DETALHAMENTO QUIMICO E MINERALOGICO DE

ROCHAS CARBONATICAS COM ARGILOMINERAIS

MAGNESIANOS NA BACIA DE SANTOS, PRE-SAL
BRASILEIRO

THIAGO FRIEDRICH HAUBERT

ORIENTADOR — Norberto Dani

Porto Alegre, 2022



UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE GEOCIENCIAS

PROGRAMA DE POS-GRADUACAO EM GEOCIENCIAS

DETALHAMENTO QUIMICO E MINERALOGICO DE
ROCHAS CARBONATICAS COM ARGILOMINERAIS
MAGNESIANOS NA BACIA DE SANTOS, PRE-SAL

BRASILEIRO
THIAGO FRIEDRICH HAUBERT

ORIENTADOR — Norberto Dani

BANCA EXAMINADORA

Prof2 Dra. Carla Cristine Porcher — Instituto de Geociéncias, Universidade
Federal do Rio Grande do Sul.

Prof. Dr. Anderson Maraschin — Pontificia Universidade Catoélica do Rio Grande
do Sul (IPR).

Prof. Dr. Eduardo Fontana — Universidade Federal dos Vales do Jequitinhonha

e Mucuiri.

Dissertacao de Mestrado
apresentada como requisito parcial
para a obtencdo do Titulo de Mestre

em Ciéncias.

Porto Alegre, 2022



CIP - Catalogagio na Publicacio

Friedrich Haubert, Thiago ]

DETALHAMENTO QUIMICO E MINERALOGICO DE ROCHAS
CARBONATICAS COM ARGILOMINERAIS MAGHNESIANOS NA BACIA
DE SANTOS, PRE-SAL BRASILEIRC / Thiago Friedrich
Haubert. —— 2022,

96 £.

Orientador: Norberto Dani.

Dissertacio (Mestrado) —— Universidade Federal do
Rio Grande do Sul, Instituto de Geociéncias, Frograma

de Pos—-Graduacdo em Geociéncias, Porto Alegre, BR-RS,
2022,

1. Bacia de Santes. 2. Pré-Sal. 3. Argilominerais.
4., ¥RF-TF. 5. Carbonatos. I. Dani, Norberto, orient.
IT. Tituls.

Elaborada pelo Sisterna de Geragao Automdtica de Ficha Catalografica da UFRGS com os
dados fornecidos pelo(a) autor(a).




Para minha familia e aqueles que

fazem uso da ciéncia para o bem coletivo



AGRADECIMENTOS

Agradeco primeiramente a mae Terra que nos nutre.

Agradeco especialmente a minha familia, por todo apoio, incentivo e pressao
aplicada para que eu conseguisse entregar o trabalho que me propus a fazer.
Agradeco a minhas companheiras de vida Daiani Santana e Maria Clara Santana
Haubert, pelos ensinamentos diérios, felicidade compartilhada e amor transbordante!
Agradeco por todo apoio de meu pai Paulo Roberto Haubert Pacheco, pelas
orientacdes, pelo exemplo de empatia, cuidado e firmeza na vida. Agradeco ao apoio
de minha mae Neidi Regina Friedrich, por me colocar mais proximo da natureza e de
reflexdes sobre a existéncia. Agradeco aos meus trés irmaos, Rafael, Tales e Luciano,
gue sdo cada um a sua forma exemplos para mim. Agradeco a minha segunda mae
Senir e meu quarto irmao Asafe por existirem na minha vida. Agradeco ao Felipe e a
Mari pelas trocas e possibilidade de viver uma vida junto a terra. Agradeco aos amiges
de geologia e de vida, cuja lista ficaria enorme para colocar aqui.

Agradeco a Marcia por me possibilitar a oportunidade de trabalhar com um
assunto téo interessante e ao mesmo tempo tao desafiador para mim que sou um
tanto idealista e questiono o impacto do petréleo. Agradeco ao Dani, por sua
orientacdo e trabalho duro para tornar possivel a obtencdo dos dados. Agradeco ao
Mexias por também orientar e responder a todas minhas mensagens por e-mail ou
celular. Agradeco aos colegas de mestrado, especialmente ao Mauricio e Luiz por todo
apoio. Por ultimo, agradeco aqueles que dedicaram-se ou ainda dedicam-se ao bem

coletivo.

Os ultimos anos foram de grandes mudancas na minha vida. A chegada da
minha filha me exige repensar e ter mais atencdo nas minhas decisbes e
posicionamentos, e a necessidade de sustentar, nos diversos aspectos, uma familia
tem sido um desafio muito maior do que pude imaginar. Vejo que ndao sou mais “um”,
e abrir mao da minha vontade pelo bem coletivo, ou saber quando nao devo fazé-lo,
€ um desafio diario. Porém, este desafio ndo é s6 meu e me leva a perceber como
meus proximos, ou meus ancestrais, enfrentam ou enfrentaram ele. Sendo assim,
posso dizer que este trabalho € uma construcéo coletiva de toda a rede humana e ndo

humana que me apoia.



Este estudo foi elaborado em meio a uma pandemia. Este contexto levou os
laboratérios a fecharem suas portas, impossibilitando o avanco na velocidade que
tinha como expectativa. Para além dos laboratorios, o contato fisico e encontros foram
bruscamente limitados, tornando raras as trocas de ideias espontaneas e construcao
coletiva de conhecimento. Os dados para este trabalho terminaram de ser obtidos
somente em janeiro de 2022, quase um ano apos o fim do prazo regular de 2 anos de
mestrados do PPGGEO, quando j4 estava a trés meses sem receber bolsa. Desde
esta data estive “quase” finalizando o mestrado, encaixando alguns poucos trabalhos
de geologia em areas diversas, mas em uma dificil situacao financeira. Esta situacéo
durou 10 meses de muita ansiedade e tens&o. Junto a isto, minha filha inicia sua fase
escolar e a COVID nos pegou para tornar tudo um pouco mais desafiador. Apesar
destes desafios, vejo que sou extremamente privilegiado, a lista de meus privilégios e

apoiadores com certeza é maior que a dos desafios, entdo sé agradeco!



RESUMO

As rochas da porcdo SAG da Formacao Barra Velha (FBV) do pré-sal brasileiro possuem um
grande interesse cientifico e econémico quanto a sua génese, evolucéo diagenética e relacbes entre
0s seus componentes mineraldgicos com a formacéo de grandes reservatorios de hidrocarbonetos.
Uma caracteristica visivel destas rochas é sua organizacdo, formadas por niveis carbonaticos e
argilosos, normalmente numa sucessao de niveis milimétricos a centimétricos. Neste estudo foram
selecionadas 12 amostras coletadas numa sec¢éo de 46 metros, abrangendo um intervalo a 5000 metros
de profundidade de um furo de sondagem na Bacia de Santos. Adotou-se uma metodologia adaptada
para a obtencéo de dados texturais e composicionais de cada amostra de acordo com a sucessao dos
diversos niveis ao longo da sec¢éo e que permitisse produzir dados mineralégicos e geoquimicos a partir
de amostras reduzidas. O objetivo principal € investigar ao longo da se¢cdo amostrada a existéncia de
padrdes mineralégicos e geoquimicos. Ao longo da sec¢édo, a andlise de detalhe estabeleceu a presenca
de 50 niveis agrupados em 8 diferentes litotipos que posteriormente foram analisados pela técnica do
p6 por difratometria de raios-x e espectrometria de fluorescéncia de raios-x. Os resultados mostram
que os litotipos sé@o controlados por fatores como proporgdo de matriz/carbonato, quantidade de
minerais relictos e modificacdes diagenéticas posteriores. Seis padrbes mineraldgicos/geoquimicos
foram delimitados, entre os quais citam-se a (1) correlagéo positiva direta dos elementos Na, Mg, K,
Fe, Al e Ti com os litotipos com maior quantidade de argilas, condizente com a presenca da saponita,
(2) correlagéo direta do Ca, Sr e Ba com os litotipos carbonaticos e (3) com excec¢éo dos litotipos chert,
a correlagdo Si e quartzo é fraca, demonstrando a associagcdo do Si com outros minerais e/ou outras
formas de silica na sec¢do. Os outros trés padrBes sugerem a contribuicao detritica e de organismos
fésseis ou minerais diagenéticos em baixa quantidade e evidenciam a presenca de niveis carbonéticos
ou argilosos limitando setores nas rochas e preservando componentes durante soterramento, (4)
correlacdo inversa de kerolita ou interstratificado kerolita-esmectita com pirita, (5) associacdo de Zn a
peloides ou argilominerais e, (6) correlacdo direta de Y, Rb, Nb e Ni, assim como correlagdo negativa

destes com Zr.

PALAVRAS-CHAVE: Bacia de Santos; Pré-Sal; Argilominerais; XRF-TF;
Carbonatos.



ABSTRACT

The rocks of the SAG portion of the Barra Velha Formation (FBV) of the Brazilian pre-salt have a
great scientific and economic interest in terms of their genesis, diagenetic evolution and relations
between their mineralogical components with the formation of large hydrocarbon reservoirs. A visible
characteristic of these rocks is their organization, formed by carbonate and clayey levels, usually in a
succession of millimeter to centimeter levels. In this study 12 samples collected over a 46 meter section,
covering a 5000 meter deep interval from a borehole in the Santos Basin, were selected. An adapted
methodology was adopted to obtain textural and compositional data from each sample according to the
succession of the various levels along the section and to produce mineralogical and geochemical data
from very small samples. The main objective is to investigate along the sampled section the existence
of mineralogical and geochemical patterns. Along the section, the detail analysis established the
presence of 50 levels grouped into 8 different lithotypes that were subsequently analyzed by the powder
technique by x-ray diffractometry and x-ray fluorescence spectrometry. The results show that the
lithotypes are controlled by factors such as matrix/carbonate ratio, amount of relict minerals and later
diagenetic modifications. Six mineralogical/geochemical patterns were delineated, among which are (1)
direct positive correlation of the elements Na, Mg, K, Fe, Al and Ti with the lithotypes with higher amount
of clays, consistent with the presence of saponite, (2) direct correlation of Ca, Sr and Ba with the
carbonatic lithotypes and (3) with the exception of the chert lithotypes, the Si and quartz correlation is
weak, demonstrating the association of Si with other minerals and/or other forms of silica in the section.
The other three patterns suggest the contribution of detrital and fossil organisms or diagenetic minerals
in low quantity and evidence the presence of carbonatic or clayey levels limiting sectors in the rocks and
preserving components during burial, (4) inverse correlation of kerolite or kerolite-smectite
interstratification with pyrite, (5) association of Zn with peloids or argillominerals, and, (6) direct

correlation of Y, Rb, Nb and Ni, as well as negative correlation of these with Zr.

KEYWORDS: XRF-TF, PRE-SALT, SANTOS BASIN, CLAY MINERALS,
CARBONATES.
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ESTRUTURA DESTA DISSERTACAO

Esta dissertacdo de mestrado est4d organizada em duas partes conforme
padronizado pelo Programa de Pés-Graduacdo em Geociéncias ao qual este trabalho
€ vinculado. A primeira parte refere-se ao texto integrador que consiste em um registro
em portugués da pesquisa desenvolvida pelo aluno, e a segunda parte € composta
pelo artigo cientifico (conforme os itens 1.1; 1.2 e/ou 1.3 da norma 118) submetido a
revista Journal of South American Earth Sciences classificada nos estratos Qualis-
CAPES como A3. A formatacao do artigo apresentada neste volume ndo é a mesma

submetida para publicacéo, visando nédo violar os direitos autorais da revista.

O formato de referéncias utilizado nas duas partes da dissertacdo € ABNT.
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PARTE | - TEXTO INTEGRADOR

Esta parte da dissertacdo estd organizada objetivando o detalhamento e
estruturacdo da pesquisa cientifica desenvolvida pelo autor que culminou no artigo

submetido presente na segunda parte deste volume.

1. Introducéao

Vérios estudos quimicos e mineraldgicos foram realizados sobre depoésitos
sedimentares lacustres ou evaporiticos onde ocorrem argilominerais Mg. Estes
estudos levaram a compreensdo de relacdes entre estes minerais, processos
diagenéticos e ambientes deposicionais (DEOCAMPO, 2015; POZO; CALVO, 2018),
permitindo a elaboracéo de modelos para depdsitos como os do pré-sal brasileiro.

O pré-sal brasileiro mais do que uma grande reserva de hidrocarbonetos, contém
rochas que representam um registro do desmembramento gondwanico, inicio da
separacdo do continente Sul-Americano e a Africa (ALMEIDA; NEVES; CARNEIRO,
2000). FormagBes analogas as que ocorrem na margem brasileira ocorrem na
margem oeste da Africa, permitindo comparacdes entre registros sedimentares e
grandes eventos vulcanicos das fases Rifte, Pos-rifte e Drifte, associado a ruptura. Ao
longo da extens&o da margem leste brasileira diferentes bacias tem sido estudadas e
relacionadas na elaboracdo de modelos paleoambientais e diagenéticos.

A secdo sag das formacdes Macabu da Bacia de Campos e a Formacéo Barra
Velha (FBV) da Bacia de Santos, do pré-sal brasileiro, localizadas a mais de 5,000 m
de profundidade no oceano Atlantico (Fig. 1), apresentam niveis com alta quantidade
de argilominerais Mg, identificados como kerolite (Kr), stevensite, saponite, sepiolite,
kerolite/smectite (Kr - Sm) and ilite/smectite (FARIAS et al., 2019; DA SILVA et al.,
2021; NETTO et al., 2021). Desde a descoberta do campo gigante de Lula em 2006,
a identificacdo do paleoambiente e processos diagenéticos e hidrotermais nestas
formacdes sao de grande interesse. A dissolugao de argilas magnesianas tem sido
associada a porosidade secundaria e apresenta forte relagcdo com os reservatorios
(TOSCA; WRIGHT, 2018; WRIGHT; BARNETT, 2015; LIMA; DE ROS, 2019). Uma
robusta caracterizacdo petrografica destas rochas identificou ciclos basicos em
diversas escalas (metrical to centimetrical), e divididas por facies formadas por

texturas e componentes basicos: argilosos, carbonaticos (esferulitos e shrubs) e
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laminitos (ALVARENGA et al., 2016; HERLINGER; ZAMBONATO; DE ROS, 2017;
LIMA; DE ROS, 2019; GOMES et al., 2020; LEITE; SILVA; DE ROS, 2020). Em sua
classificacdo, Gomes et al. (2020) propdem a correlagcéo destas facies com variagdes
na contribuicdo detritica e padrbes quimicos, sugerindo a utilizacdo de escala
centimétrica para identificacdo de processo deposicionais e diagenéticos nestas

rochas.

A presenca de ciclos em escala centimétrica e a dificuldade na obtencédo de
amostras através de sondagens continuas, tendo-se normalmente disponivel para os
estudos amostras laterais e em pequena quantidade (GOMES et al., 2020)
demonstram a importancia da adaptacdo da metodologia, priorizando testes ndo
destrutivos, através do uso de pequenas quantidades de amostra e com elevada
capacidade de producdo de dados, necessarios para os estudos de detalhe. As
caracteristicas quimicas das facies dos ciclos basicos da FBV sédo descritas por
Gomes et al. (2020) nas rochas reservatorio, mas a avaliacdo destas em niveis
argilosos localizados nas rochas nédo-reservatério em escala mm/cm ainda nao foi

desenvolvida.

A analise por Espectrometria de Fluorescéncia de Raios X (FRX) € um método
analitico com grande versatilidade na geoquimica, sendo utilizado no controle de
processos de exploracdo mineral para a obtencdo de resultados geoquimicos
quantitativos (GHILHEN et al., 2019). Aplicada ao estudo quimioestratigrafico de
sedimentos e rochas pode auxiliar no reconhecimento sobre mudancas na
mineralogia, condicfes paleo-redox e na vinculacdo de dados geoquimicos com
observacbes estratigraficas, sedimentoldgicas e paleoambientais (ROWE et al.,
2012). A técnica de FRX de filmes finos (TF) permite o uso simultdneo do mesmo tipo
de montagem de laminas para andlise por Difratometria de Raios X (DRX) e FRX,
vinculando a anélise mineraldgica com a quimica e evitando o efeito negativo de
amostras desiguais. A metodologia € vantajosa para analise de testemunho de
sondagem de dificil aquisicdo pois permite que seja feita de maneira pontual e

possibilita a reutilizagcdo do material para outros metodos.
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2. Objetivo

O objetivo deste trabalho € identificar, por uma técnica simples e nao destrutiva,
comportamentos geoquimicos em um intervalo com rochas argilosas da FBV. Com
este objetivo a metodologia FRX-TF foi aplicada a amostras selecionadas de uma
secdo de testemunho, associada a classificacao textural, identificacdo de esmectitas
Mg e detalhamento petrografico. O método foi avaliado quanto a sua eficacia e limites
para esta finalidade e seis comportamentos geoquimicos foram reconhecidos e
podem ser investigados com outras técnicas fazendo uso das mesmas amostras para

melhorar caracteriza-los.

3. Estado da arte

No presente estudo, a revisdo bibliografica contou com o reconhecimento da
técnica de FRX-TF (i), a andlise do contexto geoldgico da Bacia de Santos e FBYV (ii),
caracteristicas de argilominerais magnesianos (iii) e sistemas lacustre e evaporiticos
(iv). Esta etapa foi utilizada na definicdo das metodologias e materiais empregados,

assim como, para explicar alguns padrdes reconhecidos.
3.1 Bacia de Santos e FBV

A Bacia de Santos ocupa uma area de aproximadamente 350.000 km2 na
plataforma continental brasileira. O Alto de Cabo Frio define o limite a norte, com a
Bacia de Campos, e o Alto de Florian6polis o limite a sul, com a Bacia de Pelotas
(Figura 1). Segundo a ANP (2021), a bacia abriga mais de 40 campos de petréleo e
gas natural, sendo atualmente a maior produtora do pais. No ano de 2020 a producao
do Pré-sal correspondeu a 70,5 % do total produzido no Brasil. O campo de Tupi —
Lula teve a maior producdo de petroleo, com média de 920 Mbbl/d (milhdes de barris

por dia).

Segundo Moreira et al. (2007), corresponde a uma bacia de margem passiva que
desenvolveu-se no periodo Neocomiano, relacionada ao evento de ruptura do
supercontinente Gondwana e abertura do oceano Atlantico. O espa¢o de acomodacao
foi gerado a partir da subsidéncia gerada pelos esfor¢os distensivos que resultaram
no rifteamento. Os depdsitos sdo divididos em trés supersequéncias principais: Rifte,
Pos-rifte (ou SAG) e Drifte (Figura 2). A FBV encontra-se na supersequéncia Poés-rifte
e € composta por carbonatos lacustres e folhelhos. Abaixo dela estdo as rochas
sedimentares da F. Picarras e Itapema, inseridas na supersequéncia Rifte e

compostas por sedimentos siliciclasticos, como arenitos e conglomerados,
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intercalados com coquinhas lacustres e folhelhos ricos em matéria organica. Acima
da FBV, ocorrem depdsitos evaporiticos com até 2.000 m de espessura da F. Ariri,
compostos principalmente por halita e anidrita, mas com presenca de sais solluveis

como taquidrita, carnalita e silvinita.

Santos Basin

Pelotas Basin

1000 km
..

Figura 1: Mapa de localiza¢do da Bacia de Santos. Extraido de Wright e Barnett (2020).

Trés inconformidades séo importantes na compreensédo da FBV: a discordancia
basal pré-Alagoas, acima dos depédsitos de coquinhas; a discordancia intra-Alagoas,
de carater regional na escala da bacia; e a discordancia com a base do sal da F. Ariri.
A discordancia intra-Alagoas separa duas sequéncias deposicionais, havendo na
secdao inferior um maior teor de argilominerais e na superior presenca de depdsitos de

leques aluviais conglomeraticos-areniticos.

As rochas da FBV tem composicOes relacionadas a ambientes alcalinos e/ou
evaporiticos com pH proximo de 10. O ambiente lacustre alcalino é caracterizado pela
precipitacdo de argilominerais magnesianos, esferulitos com variagdes no tamanho e
quantidade, carbonatos fasciculares (shrubs) e minerais detriticos, comumente
associados a ciclos de variagao de nivel d’agua e oscilagdes climaticas que ocorreram

em diferentes escalas (cm/dm/m), denominados ciclos basicos (GOMES et al., 2020).
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Figura 2: Carta estratigrafica da Bacia de Santos, extraido de Moreira (2007).
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3.2 Argilominerais magnesianos

A dissolucao de argilominerais magnesianos é tido como um dos principais processos
de geracédo de porosidade nestas rochas (LIMA; DE ROS, 2019), atuando como controle
para a migracao, acumulo, assim como, na formacéao de reservatorios (WRIGHT; BARNETT
2015; TOSCA; WRIGHT, 2018; LIMA; DE ROS, 2019), justificando a busca por melhor
entendimento sobre 0s processos deposicionais, diagenéticos e hidrotermais relacionados

a fracéo fina.

Grande quantidade de argilominerais tem sido descritos em estudos sobre as FBV,
principalmente fases magnesianas como saponita, estevensita, sepiolita, interestratificados
esmectita/kerolita e esmectita/ilita (FARIAS et al., 2019; SILVA et al., 2021; NETTO et al.,
2021). Estes argilominerais distinguem-se em estrutura e composi¢ao quimica (Quadro 1),
havendo ocorréncias em varios ambientes lacustres e do tipo “sabkha”, sob condi¢cbes
alcalinas e/ou evaporiticas (BRADLEY; FAHEY, 1962; KHOURY et al., 1982; CHAHI et al.,
1997, 1999; POZO; CASAS, 1999; CUEVAS et al., 2003).

A formacéo destes se da por precipitacdo direta a partir da solucao (neoformacao)
ou transformacgdo de minerais precursores, principalmente de argilas detriticas. As fases
formadas registram a composicéo e variagdes ocorridas ao longo do tempo no fluido a
partir do qual se precipitaram (HARDER,1972; TOSCA E MASTERSON, 2014), sendo sua
caracterizacao util como indicador paleoambiental e/ou diagenético.

Diversos estudo experimentais de sintetizacéo destas fases tem sido realizados
para identificar controles fisico-quimicos em sua génese. O estudo de Mondesir (1987)
avaliou a influéncia da temperatura, utilizando material precursor formado por géis de
composicao Si-Mg, identificando a formagéo produtos semelhantes a estevensita abaixo
de 100 °C, kerolita entre 100 e 170 °C e talco acima de 170 °C. Tosca e Masterson (2014)
avaliaram os efeitos de variacées de pH, Mg/Si e salinidade. As conclusdes do estudo
mostraram que sepiolita (junto com silica amorfa) esta associada a razdes mais baixas de
Mg/Si e baixa salinidade, enquanto kerolita sob mesma condi¢éo de salinidade e pH exige
maior Mg/Si. O aumento da salinidade e do pH até 9,4 favorece a precipitacéo da kerolita.
Acima deste valor fases semelhantes a estevensita ou interstratificados destes dois ocor-
rem. O aumento da razdo Mg/Si promove melhor cristalinidade das fases, com estruturas
do tipo 2:1 sendo favorecidas.

As caracteristicas destas fases e de depdsitos foi sumarizada por Pozo e Galan
(2015) e Pozo e Calvo (2018) que destacam a alta sensibilidade destes argilominerais e

controle das fases dado pelo pH, salinidade, razdo Mg/Si e disponibilidade de elementos
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e/ou constituintes detriticos. Nestas ocorréncias sdo comuns a neoformacao de esteven-
sita interestratificada com kerolita, uma versao hidratada de talco, enquanto a fase sapo-
nita esta mais associada a transformacg&o de minerais precursores em ambiente com

maior contribuicdo extrabacial e disponibilidade de elementos (Fe, Na, K, Al).

Quadro 1. Principais argilominerais magnesianos e suas férmulas quimicas. Extraido de Pozo e Calvo
(2018).

Clay Minerals Composition
Saponite: Mg3(Si3, 7Alp 33)O010(OH)2M* ¢ 33
Trioctahedral Smectites Hectorite: (Mgp 67Lig,33)S14010(OH)2M* 33
Stevensite: (Mg2 67010,33)514010(OH)2M*¢ 33
Palygorskite (Mg, Al, Fe**)5(Si, Al)gO20(OH),(OH,)4-4H,O

MgsSi12030(OH)4(OH,)4-8H,0
(NagMggSin030(OH)4(OH,)4-8H,0)

Kerolite Mg3Si;O19(OH),

Sepiolite (Loughlinite)

Conteudo comum de MgO em analises quimicas: Saponita (24-26 %peso), estevensita (24-28 %peso),

kerolita (29-32 %peso), Sepiolita (21-24 %peso), paligorsquita (10-14 %peso).

3.3 Sistema lacustre

Ambientes lacustres apresentam condi¢des hidroldgicas instaveis, com grandes va-
riagdes na composigao quimica e nivel d’agua induzidos por pequenas variacdes climati-
cas ou tectdnica (CALVO et al., 1999). Esta instabilidade resulta em alternancia de esta-
gios de nivel alto e de dissecacdo, variacdes no pH e espaco de acomodacédo, permitindo
desenvolvimento de ciclos de alta frequéncia, como os vistos na FBV (WRIGHT; BAR-
NETT, 2015; GOMES et al., 2020).

As principais diferengas de sistemas deposicionais lacustres em relacdo a sistemas
marinhos foram descritas por Bohacs et al. (2000) e estdo associados a menor quantidade
de agua e sedimentos no primeiro. Variagdo mais intensa e rapida ocorre nos niveis de
lagos, que apresentam maior sensibilidade a mudancas na acomodacao e no clima, quando
comparados ao mar. Pequenas mudancas neste nivel podem mover a linha de costa por
longas distancias em sistemas de baixo relevo, resultando em registro menos desenvolvido
ou espesso para linhas de costa. Esta linha pode se deslocar em dire¢cdo a bacia por

progradacao ou simplesmente por evaporacao.

Os tipos de lago s&o controlados principalmente pelas taxas relativas de acomoda-

cdo, suprimento de agua e sedimento, sendo destacada a relagcéo direta entre o nivel do
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lago e o suprimento de sedimentos nestes sistemas (BOHACS et al., 2000). O clima con-
trola o suprimento de agua e pode influenciar na produtividade biolégica, mudancas de biota
e facies (HARRIS, 2000), tendo grande influéncia sob a composicéo quimica e estratifica-
cdo da agua. A razao entre as taxas de precipitacdo e de evaporacdo, assim como as vari-
acOes composicionais e texturais identificadas nos depositos lacustres séo resultado da
composicao e aporte de aguas metedricas e hidrotermais que abastecem o sistema (KATZ,
1995; BOHACS et al., 2000). A tectdnica, por outro lado, controla a localizacao e caracte-
risticas de altos internos, drenagens e espaco de acomodacdo da bacia (BOHACS et al.,
2000).

3.4 Técnica de FRX-TF

A andlise por Espectrometria de Fluorescéncia de Raios X (FRX) é utilizado no
controle de processos de exploracdo por muitas industrias da mineragédo, sendo descrita
como o método analitico mais aceito para analise mineral (GHILHEN et al., 2019). Utilizada
para obter resultados geoquimicos quantitativos por muitas décadas, o método obteve
grandes avancos nos Ultimos anos, aplicado ao estudo quimioestratigrafico de sedimentos
e rochas (ROWE et al., 2012).

A técnica consiste na irradiacdo de um feixe de raios-X diretamente sobre uma
amostra sob condicdo de vacuo. A fluorescéncia proveniente da amostra € medida com um
sistema de deteccéo por dispersdao de comprimento de onda (WDXRF). Quando a energia
das particulas irradiadas é suficiente para ejetar um elétron de um orbital que se encontra
em uma das camadas eletrbnicas mais internas, uma vacancia na respectiva camada
eletrbnica € gerada e ocorre deslocamento de um elétron das camadas mais externas, com
nivel de maior energia, para preenchimento da vacéancia. Este deslocamento resulta na
liberac@o de energia na forma de um féton de raio-X, denominada fluorescéncia. Atraves
de cristais presentes no detector, os raios X emitidos de cada elemento s&o separados com
base em seu comprimento de onda. A intensidade dos raios-X fluorescentes é funcao da
concentracdo da espécie quimica, pois a radiacdo de fluorescéncia de cada atomo é
caracteristica. Para a quantificacdo de cada elemento pode ser analisada a intensidade dos
raios X em diferentes comprimentos de onda um apds o outro (sequencial) ou em posicoes
fixas, medindo as intensidades de raios X em diferentes comprimentos de onda todos ao

mesmo tempo (simultaneo).
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A classificacdo dos raios X emitidos € definida de acordo com a transicao realizada
pelo elétron, conforme nomenclatura mostrada abaixo (Figura 3). As linhas caracteristicas
dos raios x detectados sao identificadas pela camada para onde ocorre a transicao
eletronica (K, L, M, etc.), e uma letra grega indicando a intensidade da linha.

ol P N

Y Ll?
il M

Ka

S & K

Figura 3: niveis eletrénicos e principais transi¢cdes de raios X. Extraido de Nascimento-Dias, Oliveira e
Anjos (2017).

As amostras analisadas por equipamentos de FRX de laboratério comumente séo
elaborados com producao de pastilhas prensadas padronizadas, e os resultados obtidos
sdo associados a analise de perda ao fogo. Neste trabalho porém, as amostras foram
analisadas com a técnica de filme fino (TF), que consiste na deposi¢do de um filme sobre
lamina de vidro compativel com equipamentos de DRX. A opcdo pelo uso e

desenvolvimento desta técnica deve-se as seguintes vantagens:

a) A analise é realizada por métodos nao destrutivos da amostra,

b) Permite a determinacdo da composicdo quimica dos elementos maiores e dos
elementos em concentracao de tracgos;

c) Permite uso de amostras com pouco material disponivel, atendendo as
necessidades das caracteristicas das amostras do pré-sal;

d) Permite o0 uso simultdneo do mesmo tipo de montagem das amostras na Difracdo de
Raios X (DRX) e na Fluorescéncia de Raios X (FRX), unindo informacdes
mineraldgicas com dados quimicos e evitando o efeito negativo de amostras

desiguais.
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4. Materiais e métodos

Este trabalho faz parte do Projeto “Caracterizagdo dos niveis argilosos do pré-sal e
analogos” em parceria entre a UFRGS e a Petrobras. As amostras utilizadas sdo de uma
secao de 46 metros de um testemunho de sondagem da bacia de Santos (S1), com mais
de 5.000 m de profundidade, contendo rochas da FBV. A selecdo de 26 amostras foi
realizada na sede da Petrobras pelos especialistas do projeto e teve como objetivo obter
representantes de diversas texturas em intervalos centimétricos com alto teor de
argilominerais na porcdo ndo reservatorio, onde a matriz da rocha encontra-se mais
preservada. Os trés intervalos de maior profundidade representam uma secdo sem
argilominerais (porcao inferior) e foram selecionadas para comparagao. A preparacao de
amostras, analises por DRX e FRX e detalhamento petrografico foram realizados nos
laboratorios do IGEO-CPGQ-UFRGS (Instituto de Geociéncias, Centro de Estudos de
Petrologia e Geoquimica, Universidade Federal do Rio Grande do Sul) e as laminas

petrogréficas produzidas pela PetrografiaBR-MG. A Figura 4 ilustra a metodologia adotada.

4.1 Analises preliminares para selecdo de intervalos

Para a definicdo de alvos foram utilizadas analises preliminares sobre os 26 intervalos
centimétricos. Primeiramente, as amostras foram fotografadas, catalogadas e descritas
macroscopicamente, com auxilio de lupa, avaliando a presenca de 4 constituintes
principais: material argiloso, niveis de carbonato puro (laminados e macicos), esferulitos
(finos, médios e grossos), carbonatos fasciculares ou “shrubs”. Foram delimitados e
definidos 8 litotipos para niveis centimétricos ou milimétricos (i). Pequenos fragmentos
destes intervalos foram pulverizados e avaliagao por DRX para identificagdo da mineralogia
principal (ii). Todas amostras foram laminadas para descricdo petrogréfica (iii)), com
excecao de uma com alta friabilidade. Os resultados obtidos nesta etapa foram utilizados
para definicdo de 54 niveis de interesse para aplicacdo da técnica de DRX e FRX-TF, sendo
47 na porcao argilosa da secao de estudo e 7 da porgéo inferior. Posteriormente, foram
desconsiderados 4 niveis selecionados da porcao inferior que, através de comparacao

visual, demonstraram laminas com TF mais finos em relagdo aos outros produzidos.
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Figura 4: fluxograma da metodologia do trabalho desenvolvido.

4.1.1 Litotipos

Devido a forma e escala da amostragem (descontinua e abrangendo poucos metros),

nao foi possivel observar os ciclos de gradacéo dos litotipos em macroescala, apenas uma
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intercalacdo aleatdria entre eles. Com base nos constituintes principais macroscopicos

foram definidos os seguintes litotipos na secéo de estudo (Figura 5):

Esferulititos - definidos como camadas constituidas por 50% ou mais de esferulitos
carbonaticos que ocorrem intersticialmente a argilominerais. Este litotipo também foi
classificado conforme o tamanho desses constituintes, sendo denominados “finos” (Fs)
guando os esferulitos tem até 1 mm, “médios” (Ms) quando essas particulas tem entre 1 e

5 mm e “grossas” (Cs) quando o diametro ultrapassa 0s 5 mm.

Argilitos (CI)- compostos essencialmente por argilominerais, podendo conter

esferulitos carbonéticos em propor¢cdo menor que 50% e de tamanho menor que 1mm;

Shrubs (F)- ocorrem como cristais fasciculares com crescimento para o topo do

acamadamento;

Carbonatos puros (HIc)— posteriormente renomeado para laminitos, ocorrem como
niveis laminados horizontais, como crostas carbonaticas amalgamadas com espessuras
milimétricas intercaladas com laminas argilosas, havendo uma amostra com estes niveis
em baixo angulo com o acamamento da rocha, sendo identificado como laminito com

estratificacdo cruzada (Clc).

Chert (Ch)- niveis milimétricos continuos e regulares entre esferulititos ou argilitos,

compostos essencialmente por silica e com presenca de nddulos.

Um nivel da porcdo inferior da secdo com intensa silicificacdo (S) também foi
identificado. Demais aspectos como dolomitizagdo e silicificacdo parcial da matriz, e

presenca de detriticos, ndo foram utilizadas no agrupamento por litotipos.
4.1.2 DRX da mineralogia principal

Os fragmentos em p6 foram analisadas em um difratbmetro de raios X marca Siemens
(BRUKER AXS) (Alemanha) modelo D-5000 com monocromador curvado de grafite no feixe
secundario operando a 40 kV/25 mA (radiagdo Cu Ka = 1,54178 A). O intervalo angular
analisado foi de 2 a 72° 20. As amostras foram analisadas a 0,02°/1s com fendas de

divergéncia e anti-espalhamento de 1° e fenda de recepc¢éo de 0,2 mm.
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Figura 5: Coluna esquematica da se¢éo de estudo ilustrando os intervalos centimétricos do po¢o Santos
1 (S1) e os respectivos litotipos identificados nesta etapa. Cores na coluna: amarelo = esferulititos; marrom =
argilito; cinza = shrubs e carbonatos puros; preto = chert. Ef = esferulitito fino; Em = esferulitito médio; Eg =

esferulitito grosso

4.1.3 Petrografia geral

Para a confec¢do das laminas, blocos cortados das amostras foram enviados a
empresa especializada em laminag&o. Para producéo dos blocos foi adotado uso de resina
e querosene visando a preservacao das amostras. A extremidade da amostra selecionada
para laminacao foi mergulhada em resina para garantir que nao se fragmentassem quando

em contato com a serra. Querosene foi utilizada no corte, pois o contato da rocha com agua
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resulta na fragmentacdo das mesmas devido a expansao dos argilominerais. As laminas

confeccionadas foram avaliadas para identificacao das varia¢cées mineraldgicas e texturais.

4.2 Anélises sobre intervalos selecionados

A partir dos resultados preliminares foram realizadas 50 amostragens em 12 intervalos
(Figura 6) procurando representar os 8 litotipos definidos, as variagdes mineraldgicas e 0s
aspectos petrogréficos, dando preferéncia a niveis presentes nas laminas petrograficas
produzidas. Para cada nivel/llitotipo de interesse algumas miligramas de material
visualmente representativo foram extraidos para fazer uma deposicdo em lamina para
caracterizacdo simultanea no XRD e na XRF. Dois niveis, (litotipo 2250 Ms e 2270 CI)
tiveram uma segunda amostragem, e o litotipo 2270 F teve o material intersticial aos shrubs
amostrado de forma isolada (amostra 2270 Fm). Estas amostragens complementares visam
a avaliacao de variacdes dentro de um mesmo litotipo. Além destas, a fracéo fina (<2 um e
<4 pm) foi separada de dois niveis (2250 e 2260) para uma melhor definicdo dos

argilominerais.

Os resultados foram avaliados e correlacionados sob diferentes aspectos/escalas: i.
toda a secdo, considerando integralmente as amostras de TF ou separando as 46 amostras
dos intervalos argilosos e 4 amostras da porcéo inferior; ii. Na escala dos litotipos,
considerando os 8 grupos estabelecidos; iii. Na escala de detalhe, considerando os niveis
argilosos de forma isolada. Os padrdes identificados foram descritos e avaliados para
verificar se correspondem a processos deposicionais ou diagenéticos. A metodologia foi

avaliada quanto aos resultados nos trés aspectos/escalas.
4.2.1 Preparacao de laminas TF

Os niveis foram amostrados pontualmente através de micro amostragem (micro
brocas), raspagem e catacdo com estiletes e desagregados em almofariz de agata. O
material separado foi pulverizado, misturado com algumas gotas de agua deionizada até
ser transformado numa "pasta" e depositado sobre lamina de vidro compativel com
equipamentos de DRX e FRX, permitindo que o mesmo TF seja analisado por ambas as

técnicas. As laminas foram secas ao ar e em temperatura ambiente (cerca de 25°C).
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Figura 6: Aspecto macroscopico dos 12 intervalos selecionados, delimitagcao dos litotipos (linha vermelha) e

representacdo esquematica da localizagcao das amostragens (circulo preto). As amostras estédo dispostas em
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profundidade crescente, e a barra preta no lado esquerdo de cada imagem representa a secdo longitudinal
da lamina petrogréafica confeccionada na respectiva amostra. Litotipos A = argilito; Ef = esferulitito fino; Em =
esferulitito médio; Eg = esferulitito grosso; Cplh = carbonato puro com laminagéo horizontal; Cplc = carbonato

puro com laminagao cruzada; Ns = chert; S = nivel silicificado.

4.2.2 DRX -TF

Estas andlises foram realizadas com equipamento sob as mesmas condi¢cbes das
descritas para as analises preliminares. Uma andlise semiquantitativa para cada fase
identificada foi realizada usando o método Reference Intensity Ratio (RIR) (HUBBARD e
SNYDER, 1988). A fracdo argila foi separada por deposicdo natural através de suspensao
ou centrifugagéo. Duas laminas orientadas (secas ao ar, AD) foram preparadas, saturadas
em etilenoglicol (EG), e aquecidas a 490 e 550°C (H). Apds aquecimento as laminas foram
EG e reanalisadas. Esta metodologia foi aplicada a rochas semelhantes (DA SILVA et al.,
2021) e esta descrita em Christidis e Koutsopoulou (2013), com modificacdes. As analises
de 50 amostras foram realizadas com TF em intervalo de 2,3 - 72° 20, ss = 0,05°, st=1s e

as fracdes argila foram realizadas com intervalo de 2,3 -72° 26, ss = 0,02°, st=5 e 6s.

4.2.3 FRX-TF

ApGs a andlise mineralogica de DRX, as laminas com filmes finos foram submetidas
a analise quimica por espectrometria de fluorescéncia de raios X dispersiva de comprimento
de onda (WDXRF) utilizando um espectrometro modelo RIX 2000 RIGAKU Co (Toquio,
Japao), equipado com um tubo de raios X Rh-anodo, uma janela Be de 75 ym, um gerador
de tensao de aceleracdo maxima de 60 kV, um detector de cintilacdo Nal(Tl) e um contador
proporcional de fluxo de gas. Uma metodologia adaptada para filmes finos foi criada com
as facilidades do software RIGAKU Co e dois programas foram implementados, ambos
usando curvas de calibracdo baseadas nos padrdes internacionais de rochas AC-E, JF-1,
STM-1, ZW-C, GSE, GSD e GSC (GOVINDARAJU, 1994). A primeira rotina foi usada para
avaliar a concentracdo (em peso %) de Si, Al, Mg, Ca, Na, K, Fe, Ti, Mn e P usando o
método dos parametros fundamentais (FP) com padrBes e ndo considerando a perda de
ignicdo. No método FP, as intensidades que devem ser observadas para a composicao
assumida séo calculadas por software e comparadas com os valores medidos a um nivel
de significancia de 0,05 (NATGAA e BUENO, 2001; SCAPIN, 2003; TAKAHARA, 2017). A
segunda rotina de analises quimicas avaliou nas mesmas laminas a concentragdo (em
ppm) de Cr, Ba, Rb, U, Pb, Y, Co, Ni, Cu, S, V, Zn, Ce, Zr, Nb, Th, Sr e Cl usando abordagem
empirica com curva de calibracédo padrdo (LACHANCE e FERNAND, 1994).
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4.2.4 Petrography

A petrografia qualitativa dos 12 intervalos selecionados foi utilizada para apoiar a
analise e interpretacdo do conjunto de dados. As analises petrograficas foram realizadas
em microscopio de luz transmitida polarizada (MEIJI MLO00OOL) e as laminas petrograficas
foram tingidas com solucéo cloridrica Red-S de alizarina para diferenciar as fases minerais
carbonéticas (cf. FRIEDMAN, 1959).

5. Resumo dos resultados e discussodes

5.1 Analises preliminares

Os resultados das andlises de DRX ndo representam necessariamente o intervalo
como um todo ou algum nivel especifico mas permitiram a avaliacdo preliminar das
principais fases minerais presentes nos testemunhos. Calcita, dolomita e quartzo foram
identificadas em todas as amostras. Esmectita ocorre em gquase todas as amostras com
pico principal entre 12,6 e 12,8 A (Figura 7). Ocorrem minerais com pico proximo a 10 A em
9 amostras mas néo foi possivel diferencia-los entre kerolita e mica/ilita nestas analises. As
trés amostras da base do testemunho sé@o as Unicas onde ha auséncia de argilominerais e

onde ocorrem outros carbonatos como a magnesita (Figura 8) e dawsonita.

A avaliacéo petrografica preliminar permitiu a identificag&do das principais variagdes na
secao de estudo, com presenca de peléides, variadas formas de dolomita, calcita, quartzo,
pirita, agregados argilosos e minerais detriticos. Alguns destes intervalos ainda apresentam
intraclastos argilosos e odides. Considerando estes resultados, a mineralogia obtida com
DRX e a distribuicdo de litotipos, 9 intervalos foram selecionados para representar 0s

litotipos da porcéo argilosa e 3 para representar a porcao inferior da secao de estudo.
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5.2 Comportamento geoquimico

Neste trabalho, seis comportamentos geoquimicos foram identificadas (componente i
a vi), utilizando 50 andlises em uma secdo selecionada da FBV destacada pela alta
guantidade de argilominerais. Dentre estes, 0s trés primeiros representam a composi¢cao
principal das rochas da secdo de estudo e tem maior relagdo com os litotipos ou facies,
enquanto os demais estao relacionados com minerais que ocorrem em menor quantidade

ou desconsiderados na classificagéo em litotipos.

5.2.1 Comportamento i

Os elementos Al, K, Fe, Ti, Na e Mg e os minerais esmectita, mica/ilita e dolomita
representam a quantidade e composi¢cdo da matriz e minerais detriticos, singenéticos e
diagenéticas associados a ela. A relacdo entre estes destaca-se em todos aspectos/escalas
de avaliacdo utilizados neste trabalho. Todos estes elementos estdo na composicdo da

fracdo argilosa analisada, onde predomina esmectita do tipo saponita.

5.2.2 Comportamento ii

A relacao direta entre calcita, CaO, Sr e Ba, vistos na avaliacdo geral e na maioria
dos litotipos demonstra que estes elementos traco encontram-se nos principais
componentes carbonaticos (esferulitos e shrubs calciticos). A quantidade de calcita
acompanha o tamanho destes componentes nos litotipos Cl, Fs, Ms, Cs e F. Diferencas
entre CaO, Sr e Ba nos litotipos ou na escala de detalhe sugerem a presenca destes

elementos quimicos em outras fases carbonaticas ou bioclastos fosfaticos.

5.2.3 Comportamento iii

SiO2 apresenta relagdo inversa com todos elementos quimicos do padréo i e
esmectita. Estas relagbes, junto com a baixa correlacdo entre quartzo e Si em todos
litotipos, com excec¢ao do Ch, e relagéo direta de quartzo com Al demonstram associacao
do elemento com outros minerais e/ou outras formas de silica na secdo, identificada
também em outros estudos (CARVALHO et al., 2022).

5.2.4 Comportamento iv

A relacéo inversa de kerolita com S, Fe, Ti e Na e direta com U e quartzo demonstra
a composicao de camadas onde ocorre Kr ou Kr-Sm. Condizente com estes resultados, nas

amostras em que foi identificada pirita pela DRX, néo foi identificado Kr, havendo somente
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uma excecao (amostra 2270 Cs2). As baixa quantidades e a proximidade dos picos 001 de
kerolita e mica/ilita mostram a necessidade de investigacfes detalhadas nas amostras

destacadas.
5.2.5 Comportamento v

Zn tem pequena distribuicdo entre amostragens de mesmo intervalo, porém destaca-
se, com valores elevados, nas fracdes argilosas e nas amostras 2270 F, 2270 Cs1, 3040
Cl, 3040 Cs1, 3095 Cl e 4060 Fs2. O elemento apresenta relacdo direta com Cr na maior
parte da se¢éo de estudo (excec¢ao sao os intervalos 2250, 2930 e 3095), mas baixa relacéo
com estes outros metais, como U, Ni, Cr e Cu. Em alguns intervalos com alto Zn (2270,
3040 e 4060) foram identificados peloides argilosos Estas ocorréncias e relacdes diretas
entre elementos, assim como a presenca de Zn em litotipos argilosos e nas fracfes
argilosas sugere que ele encontra-se nos argilominerais magnesianos. Nas ocorréncias de
destaque em litotipos Cs e F, o elemento provavelmente encontra-se em componentes

englobados e preservados nos shrubs ou esferulitos grossos (p. ex. peloides argilosos).
5.2.6 Comportamento vi

A relacéo direta entre os elementos Y, Nb, Ni e Rb (R>8), relacdo inversa destes
com Zr e presenca de dois principais ranges para todos estes elementos, demonstra um
controle dado pelo mesmo processo. A razdo Y/Zr destaca os dois ranges, havendo uma
amostra com valor mais elevado (2260 Ms3). Nesta, destaca-se alta quantidade de

esmectita e dolomita, além de grande quantidade de opacos, provavelmente pirita.

5.3 Metodologia aplicada as diferente escalas

A relacéo entre elementos quimicos e/ou minerais através da Pearson correlation R
matrix foi obtida de forma mais rapida. Como exemplo, a relacao direta entre esmectita, Mg
e Na, e arelacéo inversa de kerolita com S, Ti e Fe, ambas condizentes com os resultados
obtidos na DRX, com esmectita do tipo saponita e auséncia de pirita onde ocorre kerolita.
A utilizac&o da classificacao por litotipos permitiu identificar comportamentos principalmente
para a mineralogia e os elementos maiores, com facil avaliacao através de graficos boxplot.
Como exemplo, os maiores valores de Al, Mg, K, Na, Fe e Ti associa-se com niveis com
maior participacéo de argilominerais (Cl, Fs e Ms) e varia¢cdes acompanhando o tamanho

de esferulitos. A avaliacdo em escala de detalhe permitiu identificar particularidades
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principalmente em relacdo ao conjunto geral, sendo mais facilmente identificadas atraves

de graficos de frequéncia ou de interpolacao.
6. Conclusdes

A andlise da secdo de estudo demonstrou composi¢cdo quimico/mineral de um
sistema lacustre alcalino composto por variadas propor¢des de componentes carbonaticos,
como esferulitos e shrubs, e matriz. A matriz € formada principalmente por esmectitas Mg
(p. ex. saponita), mas esta associada a minerais detriticos ou diagenéticos, como quartzo,

calcita, dolomita, micas e pirita.

A classificagéo de litotipos adotada e a avaliagdo em escala de detalhe demonstrou
correspondéncia entre os resultados de DRX e principais elementos maiores, enquanto 0s
elementos traco demonstraram maior relagdo com processos deposicionais ou
diagenéticos pontuais. Detalhamentos sobre a presenca de detriticos, fosseis, peloides e
minerais microcristalinos (quartzo, dolomita e calcita) ndo foram considerados na

classificacdo, mas demonstraram influéncia no comportamento quimico.

Seis comportamentos geoquimicos foram identificados. Os trés primeiros
apresentam maior relacdo com os litotipos da secao de estudo. Sdo estes: i: relacdo direta
entre quantidades de esmectita, dolomita, mica/ilita, Al, K, Fe, Ti, Na e Mg. Demonstra a
composicdo, quantidade de matriz e minerais associados, destacando-se em niveis com
maior participacao de argilominerais (p. ex. claystones); ii: identificado através da relacéo
direta de calcita, Ca, Sr e Ba. Representa o tamanho dos principais componentes
carbonaticos nos litotipos. Variacbes entre estes sdo associadas a fases carbonaticas
desconsideradas na classificacdo adotada, em menor quantidade ou bioclastos fosfaticos;
iii: identificado pela diferenca entre a distribuicdo de SiO2 e quartzo. Indica a presenca de

diferentes formas de silica na secéo.

Os outros comportamentos relacionam-se a processos diagenéticos ou minerais em
baixa quantidade e evidenciam a presenca de niveis carbonaticos ou argilosos limitando
setores nas rochas e preservando componentes durante soterramento. S8o estes: iv:
relacéo inversa de kerolita ou Sm — Kr com pirita. Demonstra setores depositados sob
condi¢cdes geoquimicas diferenciadas e/ou preservados durante diagénese; v: relacdo
direta de Zn com Cr, peloides argilosos, esmectitas ou Sm-Kr preservados em carbonatos.

vi: relacdo direta de Nb, Ni, Rb e Y e inversa destes com Zr. Demonstra contribuigdo
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detritica e/ou preservacdo durante diagénese, e baixa permeabilidade/porosidade de

laminitos;

A metodologia adotada identificou relacdes entre a quimica e a mineralogia,
destacando-se diferentes fases de argilominerais magnesianos e levando a interpretacoes
sobre processos deposicionais e diagenéticos. Os comportamentos identificados podem, a
partir desta base, ser investigados de forma detalhada por outros métodos (p.ex. MEV,

TFIR, DRX de detalhe) fazendo reuso do material utilizado nos TFs.
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ABSTRACT

The rocks of the SAG portion of the Barra Velha Formation (FBV) of the Brazilian pre-
salt have a great scientific and economic interest in terms of their genesis, diagenetic
evolution and relations between their mineralogical components with the formation of large
hydrocarbon reservoirs. A visible characteristic of these rocks is their organization, formed
by carbonate and clayey levels, usually in a succession of millimeter to centimeter levels. In
this study 12 centimeter intervals collected over a 46 meter section, covering a 5,000 meter
deep interval from a borehole in the Santos Basin, were selected. An adapted methodology
was adopted to obtain textural and compositional data from each sample according to the
succession of the various levels along the section and to produce mineralogical and
geochemical data from very small samples. The main objective is to investigate along the
sampled section the existence of mineralogical and geochemical patterns. Along the section,
the detail analysis established the presence of 50 levels grouped into 8 different lithotypes
that were subsequently analyzed by the powder technique by X-Ray Diffractometry and X-
Ray Fluorescence spectrometry. The results show that the lithotypes are controlled by
factors such as matrix/carbonate ratio, amount of relict minerals and later diagenetic
modifications. Six mineralogical/geochemical patterns were delineated, among which are
(1) direct correlation of the elements Na, Mg, K, Fe, Al and Ti with the lithotypes with higher
amount of clays, consistent with the presence of saponite, (2) direct correlation of Ca, Sr
and Ba with the carbonatic lithotypes and (3) with the exception of the chert lithotypes, the
Si and quartz correlation is weak, demonstrating the association of Si with other minerals
and/or other forms of silica in the section. The other three patterns suggest the contribution
of detrital and fossil organisms or diagenetic minerals in low quantity and evidence the
presence of carbonatic or clayey levels limiting sectors in the rocks and preserving
components during burial, (4) inverse correlation of kerolite or kerolite-smectite
interstratification with pyrite, (5) association of Zn with peloids or argillominerals, and, (6)
direct correlation of Y, Rb, Nb and Ni, as well as negative correlation of these with Zr.

KEYWORDS: XRF-TF, Pre-Salt, Santos Basin, Clay Minerals, Carbonates.
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INTRODUCTION

Several chemical and mineralogical studies have been conducted on lacustrine or
evaporitic sedimentary deposits where Mg clay minerals occur. These studies have led to
the understanding of relationships between these minerals, diagenetic processes and
depositional environments (DEOCAMPO, 2015; POZO and CALVO, 2018), allowing the

elaboration of models for deposits such as those of the Brazilian pre-salt.

The sag section of the Macabu Formations of the Campos Basin and the Barra Velha
Formation (BVF) of the Santos Basin, of the Brazilian pre-salt, located at more than 5,000
m depth in the Atlantic Ocean (Fig. 1), present levels with high amounts of Mg
argillominerals, identified as kerolite (Kr), stevensite, saponite, sepiolite, kerolite/smectite
(Kr-Sm) and illite/smectite (FARIAS et al, 2019; SILVA et al., 2021; NETTO et al., 2021).
Since the discovery of the giant Lula field in 2006, the identification of the paleoenvironment
and diagenetic and hydrothermal processes in these formations are of great interest.
Dissolution of magnesian clays has been associated with secondary porosity and shows a
strong relationship with reservoirs (TOSCA and WRIGHT, 2018; WRIGHT and BARNETT
2015; LIMA and DE ROS, 2019). A robust petrographic characterization of these rocks has
identified centimeter basic cycles defined by facies formed by basic textures and
components: clays, carbonates (spherulites and shrubs) and laminites (HERLINGER,
ZAMBONATO and DE ROS, 2017; LIMA and DE ROS, 2019; GOMES et al., 2020; LEITE,
SILVA and DE ROS, 2020). Gomes et al. (2020) identified major element chemical patterns
in samples from the BVF, as well as facies-related variations, but trace element

geochemistry and detail assessment, especially of clayey levels, has been little explored.
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Fig. 1. Location of the study area. The polygons on the southeast Brazilian coast
(dashed line) represent the Santos (SB) and Campos (CB) Basin area. The black circle

shows the location of the well under study.

The presence of high frequency cycles and the difficulty in obtaining samples through
continuous drilling, with lateral samples usually available for studies in small quantities,
demonstrate the importance of adaptations in geochemical investigation methodologies.
The objective of this paper is to identify, by a simple and non-destructive technique,
geochemical behaviors in a selected interval with clayey rocks of the BVF. X-Ray
Fluorescence (XRF) analysis by the thin film (TF) technique allows the simultaneous use of
the same type of slide assembly for X-ray diffractometry (XRD) and XRF analysis, avoiding
the negative effect of uneven samples. The slides are produced from small amounts of
sample allowing evaluation on a scale of detail and reuse of material in studies with other
methodologies. The chemical-mineralogical results were associated with textural
classification, identification of Mg smectites and petrographic detailing. Six behaviors were
identified: (1) direct relationship of Al, K, Fe, Ti, Na and Mg with clay levels and matrix
associated minerals (smectite, dolomite, mica/ilite); (2) direct relationship of Ca, Sr, Ba and
calcite with carbonate levels and size of spherulites or shrubs; (3) weak correlation between
Si and quartz; (4) inverse correlation of Kr or Kr-Sm interstratified with pyrite; (5) direct
relationship of Zn with Cr, and association of Zn with peloids or clay minerals and; (6) direct
relationship of Y, Nb, Ni and Rb and inverse of these with Zr. The first two behaviors
represent the main textural variations of the rock, with the matrix compaosition consistent with
the saponite composition, identified in the clay fraction. Behavior three demonstrates the
association of Si with other minerals and/or other forms of silica in the section. The other
three behaviors suggest preservation, or mineral formation, by limiting permeability/porosity

by carbonate and clay components or levels.
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MATERIALS AND METHODS

The object of this study is a 46 m section of a with drill core samples within the BVF
at SB, with a targeted sampling of levels containing carbonates and magnesian clays. Along
the borehole section, twelve centimeter intervals were selected for this work, nine clay-
bearing and three from the lower portion of the section, where clays are absent (Fig 2A).
The selection was made in order to represent the mineralogical diversities and main textures
of the clay portion, characterized with XRD and qualitative petrography. After macroscopic
visual description aided by a stereomicroscope (magnifying glass), the nine clay intervals
were subdivided into centimeter or millimeter sections, and classified into 8 lithotypes
equivalent to the in situ facies described by Carvalho et al. (2022). The detail description
resulted in the individualization of 50 small samples: 45 representing the lithotypes; 1
representing interstitial material to shrubs; and 4 representing the lower portion of the
section. The lithotypes were defined on a centimeter scale, distinguished from the facies by
considering the size and quantity of the spherulites relative to the matrix in the Mg-clays with
spherulites facies, the orientation of the carbonate laminations in the Laminite facies, and
inclusion of the Chert lithotype (Table 1).

Table 1: in situ facies from Carvalho et al. (2022) and equivalence with adopted

lithotype classification. n= number of separate samples for each lithotype.

Facie Lithotype Abbreviation n
Claystone Cl 9
_ Fine spherulstone Fs 9
Mg-claystones with i
spherulites Medium spherulstone Ms é
Coarse spherulstone Cs 7
Shrubs Fascicular calcite F 4
aggregates
Horizontal laminated Hcl 3
Laminites carbonate
Cross-laminated Clc 1
carbonate
Others Chert Ch 2

For each sample, a few milligrams of representative material was extracted and
deposited on a slide for simultaneous analysis in XRD and XRF. The materials were

disaggregated and pulverized with agate gral and pistil, mixed with a few drops of deionized
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water and deposited on a glass base compatible with the sample holder of the XRD and
XRF equipment (Fig. 2D). In only two samples (2250 and 2260), the clay fraction (<2 um
and <4 um) was separated for a better visualization of the claymineral peaks. As an example
of the procedures adopted, the lithotypes, extraction sites and the results obtained are

illustrated for the 2270 interval and presented in Fig. 2.

The obtained data were evaluated and correlated under different aspects/scales: i.
The whole section, considering integrally the TF samples or separating the 46 samples from
the clay portion and 4 samples from the lower portion; ii. At the scale of the lithotypes,
considering the 8 established groups; iii. At the detail scale, considering the clay intervals in
isolation. The identified patterns were described and evaluated to verify if they correspond
to depositional or diagenetic processes. The methodology was evaluated as to the results

in the three aspects/scales.

PETROGRAPHY

Quialitative thin-section petrography of the 12 intervals was used to identify textural and
mineralogical variations in the core section. Detailed analyzes were performed to support
the analysis and interpretation of the data set. Petrographic analyzes were performed under
a polarized transmitted light microscope (MEIJI ML9000L) and thin sections were stained
with alizarin Red-S hydrochloric solution to differentiate the carbonate mineral phases (cf.
FRIEDMAN, 1959).

X-RAY DIFFRACTION (XRD)

X-ray diffractometry was performed using a Siemens (BRUKER AXS, Karlsruhe,
Germany) diffractometer model D-5000 equipped with graphite monochromator in the
secondary beam and fixed anode tube, operating at 40 kV and 30 mA (Cu Ka radiation =
1.5406 A), divergence and anti-scattering slits of 1° and 0.2 mm in the detector. A semi-
guantitative analysisy for each identified phase was evaluated using the Reference Intensity
Ratio (RIR) method (HUBBARD and SNYDER, 1988). The clay fraction was separated by
natural suspended deposition or centrifugation. Two oriented slides (air-dried, AD) were
prepared, saturated in ethylene glycol (EG), and heated at 490 and 550°C (H). After heating

the slides was EG and reanalyzed. This methodology was applied to similar rocks (DA
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SILVA et al.,, 2021) and is described in Christidis and Koutsopoulou (2013), with

modifications. The analysis of 50 samples were performed with TF an interval of 2.3 - 72°

20, ss = 0.05°, st=1s and the fine fractions were performed with an interval of 2.3 -72° 26,

ss = 0.02°, st=5 and 6s.
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Fig. 2. Arrangement of the samples in the study section and scheme of the

methodology employed at detail scale. A: position of selected intervals from the clay portion

and samples from the lower portion of the well; number of separate samples from each

interval + differentiated sampling. B: Samples from interval 2270. Dashed white lines mark

the boundaries of the lithotypes and white circles the approximate location of the samplings.

C: macroscopically defined lithotypes. D: TF preparation sequence with: separation of

representative material (spherulites and clay matrix); grinding and mixing with deionized

water in gral and; film deposition on glass slide compatible with XRD and XRF equipment.

E: XRD stacked for comparison of results. F: representation of the mineralogy obtained with

XRD. G: chemical results obtained with FRX. i - vi: behaviors identified in this work. Sample
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4 represents only the material interstitial to the shrubs. Cc — calcite. Kr — kerolite. M/I -

Mica/illite. Qz — quartz. Sm — smectite.

WAVELENGTH DISPERSIVE X-RAY FLUORESCENCE (WDXRF - TF)

Following the mineralogical XRD analysis, the slides with thin films were submitted to
chemical analysis by wavelength dispersive X-ray fluorescence spectrometry (WDXRF)
using a spectrometer model RIX 2000 RIGAKU Co (Tokyo, Japan), equipped with a Rh-
anode X-ray tube, a 75 um Be window, a 60 kV maximum acceleration voltage generator, a
Nal(TI) scintillation detector and a gas-flow proportional counter. A methodology adapted to
thin films was created with the RIGAKU Co software facilities and two programs were
implemented, both using calibration curves based in international rock standards AC-E, JF-
1, STM-1, ZW-C, GSE, GSD and GSC (GOVINDARAJU, 1994). The first routine was used
to evaluate the concentration (in weight %) of Si, Al, Mg, Ca, Na, K, Fe, Ti, Mn, P using the
fundamental parameters (FP) method with standards and not considering the loss of ignition.
In the FP method, the intensities that should be observed for the assumed composition are
software-calculated and compared to the measured values at a significance level of 0.05
(NATGAA end BUENO, 2001; SCAPIN, 2003; TAKAHARA, 2017). The second routine of
chemical analyses evaluate in the same slides the concentration (in ppm) of Cr, Ba, Rb, U,
Pb, Y, Co, Ni, Cu, S, V, Zn, Ce, Zr, Nb, Th, Sr, Cl using empirical approach with standard
calibration curve (LACHANCE and FERNAND, 1994).
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RESULTS

PETROGRAPHY

Selected samples are formed mainly by laminated clay matrix, displaced and
interrupted by post-depositionally growing carbonates forming spherulites (Fig. 3A) and
subordinate shrubs. In addition to post-depositional growth of carbonates, continuous and
regular laminations formed mainly by microcrystalline calcite occur, associated with
spherulite relicts, bioclasts and thinner sheets of syngeneic matrix.

Spherulites are a common structure, ranging in size from 0.5 mm to 8 mm, with a
rounded shape and a core where quartz grains and clays are observed. Less frequently,
spherulites are asymmetric, lobed, irregular or transitional to shrubs. The shrubs occur
between clay layers with spherulites, are larger than the spherulites (up to 1.3 cm in size),
and generally show growth lines delineated by the inclusion of peloids and other particles
deposited during their development. Near or interstitial to the shrubs occurs an absence or
lesser amount of spherulites, dolomite, and brackish pyrite but high amounts of bioclasts,
laminated clays with high birefringence or clays with a fibrous habit and low birefringence.
Most of these carbonate components were recrystallized as triangular sectors, xenomorphic

mosaics or blocky crystals.

Fig. 3. Photomicrographs highlighting the main characteristics of the clays. A: sample
2910 Cs, clay matrix with lamellar habit and high birefringence, displaced and replaced by

spherulites, with lobed shapes and recrystallization in sectors. Contraction fractures filled by
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macrocrystalline quartz (XP) (red arrow); B: sample 2910 F, aggregate formed by clay with
low birefringence and fibrous habit filling spaces between shrubs (XP); C: sample 2250 Ms1,
clay matrix with massive habit, small dolomite rhombohedrons (black arrow),
microcrystalline calcite (pink) and framboidal pyrite (black) (//P); D: sample 3095 ClI, clay
matrix with lamellar habit, high birefringence and low amount of dolomite rhombohedrons
(black arrow) (XP).

The clay minerals that form the rock matrix have yellow, brown and greenish (//P)
colors and occur predominantly in massive aggregates (Fig. 3C), laminated (Fig. 3A and D)
or, less commonly, as fibrous aggregates with chaotic orientation (Fig. 3B). The fibrous habit
clays have yellow or beige (//P) coloration and low birefringence (1st order), and are most
common in association with shrubs. The clay minerals arranged in massive or lamellar
structures present great variation in color and birefringence, commonly presenting darker
shades, higher birefringence (3rd order) and greater amount of friable and microcrystalline
pyrite, dolomite, calcite and quartz. All samples show rhombohedral or microcrystalline
dolomite in the matrix, in different intensities. Microcrystalline calcite and quartz are also
common associated with the matrix, as is microspherulitic chalcedony that is commonly

present in continuous levels or nodules between clayey levels.

Porosity in most samples is negligible, limited to shrinkage fractures of the matrix clay
minerals (Fig. 3A), rare irregular fractures that cut through spherulites, shrubs and the
matrix, or even primary porosity between shrubs or larger spherulite particles. Complete
replacement of clay minerals occurred in the lower portion of the profile, with subsequent
formation of differentiated carbonates: magnesite (Fig. 4C), celled and barred dolomite,
dawsonite, as well as quartz (Fig. 4A, B and C) and blocky dolomite, or secondary porosity
(Fig. 4D).
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Fig. 4. Photomicrographs highlighting the main features at the lower portion of the
profile. A: sample 6860, abundant dolomite replacing the original matrix, along with calcite
spherulites cut locally by quartz veins (red arrow) (XP). B: sample 6130, dolomite (white)
and silica (yellow) replacing the original matrix, along with calcite spherulites (pink) (//P). C:
sample 6130, matrix replacement with dolomite (black arrow), microcrystalline silica (red
arrow) and lamellar carbonate (magnesite, white arrow) (XP). D: sample 6400, matrix

dissolution porosity (blue) and calcite spherulites partially filled with silica (red arrow) (//P).

Lithotypes

Eight lithotypes: claystone (CI); fine spherulstone (Fs); medium spherulstone (Ms);
coarse spherulstone (Cs); fascicular calcite aggregates or shrubs (F); horizontally laminated
carbonate (HIc); cross-laminated carbonate (Clc) and chert (Ch), were defined from textural
variation using five macroscopic components: (1) Mg-clays; (2) spherulites; (3) shrubs; (4)
laminated carbonate; and (5) macroscopically identifiable silica. These lithotypes are based
on three in situ facies defined by Carvalho et al. (2022), distinguished by subdivisions
without correspondence to differentiated depositional processes (Fig. 5 and Table 1). The
adopted classification is equivalent to that presented by other authors for the same basin
(WRIGHT and BARNETT, 2015; FARIAS et al., 2019; GOMES et al., 2020), for the Macabu
Formation of the BC (LIMA and DE ROS, 2019) and the Pre-Salt of the Kwanza basins
(SALLER et al., 2016).
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Claystone and fine, medium and coarse spherulstones

These lithotypes correspond to the Mg-clay with spherulytes facies, subdivided by
Carvalho et al. (2022) into high and low spherulstones, and characterized by syngenetic
laminated deposits consisting of magnesian clayminerals and spherulstones. Low amount,
in this work, is equivalent to the Claystone (Cl) lithotype, characterized by the presence of
spherulites in less than 50% proportion and less than 1 mm in size. The high quantity was
subdivided according to the maximum size of the spherulites: smaller than 1 mm (Fine
spherulstone, Fs), between 1 and 5 mm (Medium spherulstone, Ms) and > 5 mm (Coarse

spherulstone, Cs).

Fascicular calcite crusts (shrubs, F)

This lithotype is characterized by the presence of shrubs, regardless of quantity,
differing from the facies of Carvalho et al. (2022) characterized by a high quantity of shrubs,
generally forming crusts. In the selected intervals, they occur in abrupt contact with Mg-clays
with spherulytes. The shrubs occur embedded in the clay matrix with high birefringence
(samples 3040 F1 and 3040 F2), with well-preserved structure, several cements and clays
with fibrous habit occupying interstitial space (sample 2270 F) or they may be laterally
amalgamated and contain low amount of clays with fibrous habit in the interstitial space
(sample 2910 F).

Laminites (Hlc and Clc)

The Hic and Clc lithotypes are equivalent to the Laminites facies, characterized by
the intercalation of flat parallel sheets with microcrystalline calcite, microcrystalline dolomite,
magnesian argillominerals, organic matter and detrital components such as quartz, feldspar
and micas (CARVALHO et al., 2022). In this work they occur as layers with a small amount
of ostracod fossils, phosphate bioclasts and calcite microspherulites. The Clc lithotype
differs from the Hic by the occurrence of discontinuous carbonate sheets and at an angle to

the horizontal stratification of the sample (Fig. 5, G).
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Fig. 5. Photomicrographs of the main aspects of the lithotypes. A: interval 3095,
lithotype CI in the upper left portion (cross polarizers; XP). B: interval 2910, lithotype Fs in
the center, between lithotype F in the lower portion, and Cs in the upper portion (XP). C:
interval 2250, lithotype Ms (polarizers not crossed; //P). D: interval 2930, lithotype Cs with
transitional spherulites to shrubs in the lower right corner and amalgamated spherulites
(XP). E: interval 2270, lithotype F, with shrubs growth lines marked by microcrystalline
calcite (black arrow), intergated porosity and quartz-filled fractures (red arrow) (XP). F:
interval 3100, lithotype Hlc, calcitic sheets with various bioclasts and fossils, interspersed
with sheets with clay matrix (/P). G: interval 4060, lithotype Clc in the lower portion, with
thinner cross lamination (//P). H: interval 2260, lithotype Ch, microspherulitic chalcedony
lens, between lithotype Ms below, and Fs above (XP). The dotted white line highlights the
contact between some lithotypes. Calcite appears dyed pink while clays have brown, orange

or yellow colors.

Chert

Unlike the other lithotypes, it has no corresponding facies, as it does not represent a
specific paleoenvironmental condition, being associated with chemical precipitation. They
are characterized by irregular millimeter levels with pure silica in the form of microspherulitic
chalcedony (Fig. 5H). Two occurrences were sampled from the upper two intervals (2250
and 2260), with another occurrence in the upper portion of interval 2930 (not sampled).

Scale of detall
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Intervals 2250, 2260 and 2270 of the upper portion of the section show predominance
of lithotypes Fs, Ms, Cs and Ch, with an Hic lithotype at 2250 and centimeter F lithotype
disposed above Cl at 2270. Cl was sampled at two points and shows continuous
submillimetric lamination marked by variation in the amount of clays and microcrystalline
minerals (calcite, dolomite, quartz), corresponding to samples 2270 CI1 (below) and 2270
Cl2 (above) (Fig. 2B). The material interstitial to the shrubs, corresponding to sample 2270
F(m), is composed of various cements and fibrous clays. This clay also occurs in lithotype
F (Fig. 3B) and Cs of interval 2910, which shows more amalgamated carbonate
components, lower amount of dolomite rhombohedra and higher amount of microcrystalline

calcite.

Interval 2930 shows intercalation of centimeter Cs lithotypes (Cs1l and Cs2), with
spherulites transitional to shrubs (Fig. 5D), Cl lithotypes (CI1 and CI2) and Ch (not sampled),
both millimeter Cs. This interval, like interval 4060, has a large amount of heterogeneously
distributed detrital components. Interval 4060 presents an intermediate position in the
evaluated section and presents a matrix formed by a mixture of yellowish brown clays,
pelloids, intraclasts, rare clay ooids of the same composition and microcrystalline calcite.
The upper portion of the interval, corresponding to sample 4060 Fs2, is massive and has
the largest amount of detrital. The central portion presents irregular laminations with the
greatest amount of spherulites, defined by four lithotypes (CI1, Fs1, Hic and CI2). The lower
portion shows unique texture in the section, with cross stratification at low angle to the

central set marked by thin and irregular lamination (Fig. 5, G).

Interval 3040 shows high amounts of microcrystalline calcite and dolomite near the
matrix. Phosphatic bioclasts were identified in lithotype F, corresponding to sample 3040
F2, and presence of submillimetric laminae with variations in the amount of dolomite,
blocose and zoned calcite, peloids occur in lithotype Ms, corresponding to sample 3040
Ms2. Interval 3095 presents, among the intervals, the best preservation of the original
crystallographic orientation of the spherulites, higher amount of laminated matrix and low
amount of microcrystalline minerals associated with it (Fig. 3, D). In this interval an abrupt
variation between the lower lithotype, lithotype Ms, with more reddish coloration (//P),
massive texture and higher amount of small dolomite rhombohedrons, opaque minerals and
microcrystalline calcite; and lithotype CI that has laminated clays and presents well
preserved spherulites, with macrocrystalline quartz replacing the core of the spherulites (Fig.
5A). The 3100 interval presents a predominance of laminites, highlighting the presence of a

greater variety and quantity of fossils and bioclasts.
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X-RAY DIFFRACTION

The semiquantitative values of minimum, maximum and average of the phases
present for each lithotype and for the lower portion of the section were evaluated (Table 2).
The sum of carbonates (2carb = cc + dl), clay minerals (Zclay = sm + kr + M/I) and the ratio
of the average value of calcite and dolomite (cc / dl) were also evaluated (Fig. 13). These
results are detailed in the Appendix (Table A1, A2 and A3).

The mineralogy identified in the samples is mainly composed of calcite (Cc),
smectites (Sm), dolomite (DI), quartz (Qz), mica/illite (M/), kerolite (Kr) and pyrite (Py).
Carbonates represent about 60% of the mineralogy, with Cc being the most abundant
mineral, present in all samples. DI and Qz were not detected only in 5 of the 50 samples
analyzed. The clays identified by XRD are mainly Sm (~12.5 - 15A), followed by M/l (~10A)
which occurs in almost half of the samples (24/50). Kr (~9.45A) or interstratified Kr-Sm was
identified in few samples (12/50), occurring without Sm only in samples 2270 Cs2 (Fig. 2D),
2910 Cs1 and 4060 Hlc. Py was identified only in 8 of the 50 samples being absent or in low
guantity in the samples sotoposed to the 2930 interval or in the samples in which Kr was
detected (except in sample 2270 CI2). Magnesian clayminerals were not detected only in
samples 2270 Cs1, 2910 F and in the lower portion of the section, where the high amount
of dolomite (DI ~ 50%) stands out.

Table 2. Main mineralogy obtained with XRD comparing the minimum (Mi), maximum
(Ma) and average (Av) values among the 50 samples, highlighting the values of the lower
portion of the section and lithotypes. Spherulstone (Sph), horizontal laminated carbonate

(Hlc), cross-laminated carbonate (Clc).

n Calcite Dolomite Quartz Smectite Kerolite Mica/lllite Pyrite

Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma
Claystone (CI) 9 15 32 60 0 17 53 0 5 10 19 37 64 0 2 12 0 5 10 0 1 4
Fine Sph. (Fs) 9 14 47 80 0 7 16 0 7 18 14 35 67 0 1 0 3 10 0O 0 3
Medium Sph. (Ms) 10 16 44 69 1 13 47 2 9 26 16 32 64 0 O 0 2 9 0 0 2
Coarse Sph. (Cs) 7 60 74 94 1 6 12 2 5 14 0 9 22 0 4 12 0 2 6 0 0 2
Shrubs (F) 4 66 83 98 1 5 10 0 4 11 0 6 14 0 2 0 0 O 0 0 O
HLC 3 62 74 89 0 3 8 0 7 12 0 15 30 0 1 0 0 O 0 0 O
CLC 1 16 0 3 78 0 3 0
Chert (Ch) 2 4 7 9 0 1 2 83 84 85 6 8 11 0 0 O 0 0 O 0 0 O
Bottom portion 4 15 36 45 37 54 79 6 10 20 0 0 O 0 0 O 0 0 O 0 0 O

Average value 50 49 13 10 24 2 3 0
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Maximum 50 98 79 85 78 12 10
Minimum 50 4 0 0 0 0 0
Lithotypes

The lithotypes Cs, F and Hlc present the highest values of Cc, being the predominant
mineral in all their samples. The samples of the CI, Fs and Ms lithotypes show great variation
in the amount of Cc (Cc = 14 - 80%). Cl and Ms show the highest average dolomite (DI (Av)
~ 15%) and contain samples that stand out for their high amount, such as 2260 Ms3, 2270
Cl2 and 3040 CI (DI ~ 50%). The ClI, Fs, Ms and Clc lithotypes have the highest amounts of
Sm and M/I. Kr is in higher amounts in the Cl, Cs and F lithotypes. Qz naturally stands out
in the Ch lithotype (Qz (Av) = 84%), followed by Fs and Ms (Qz (Av) = 7 and 9%,
respectively). Py shows the highest average in the ClI lithotype and was not identified in the
Ch, F, Hlc and Clc lithotypes.

Detailed scale and clay fraction

2carb and Zclays have an inverse relationship across the section, with concentrations
varying between lithotypes in each interval. Samples from intervals 2270, 3040, and 3100
show more homogeneous values, with Zcarb higher than >clays in all samples. Intervals
4060 and 3095 have the highest 2clays, Sm and M/l values (2carb > 45%, Sm > 40%, M/I
(Av) = 6%), while Kr stands out in intervals 2270 and 2910. Interval 2930 has the highest

amount of pyrite and intervals 2910 and 4060 have the lowest DI values.

The clay fractions (<4 and <2 um) show a predominance of Sm, but also small amounts
of Cc, DI and M/I. Sample 2250 shows higher amounts of M/l and Cc compared to the same
grain size in sample 2260. In the fraction <2 ym of sample 2260, M/l was not detected.
Analysis performed by the method of Christidis and Koutsopoulou (2013) on these fractions
resulted in the identification of smectite saponite in all samples, evidenced by the return of

the peak at d = 15A after heating to 550° followed by saturation with ethylene glycol.

MINERAL AND CHEMICAL CORRELATION
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In order to analyze the relationship between chemistry and mineralogy, the set of
results obtained with XRD and XRF of the 50 samples were arranged in a Pearson

correlation R matrix (Table 3). The following correlations were highlighted:

Strong direct relationship (R > 0.8): Y, Rb, Ni and Nb; Fe203, TiO2 and K20 (Fig. 6);
Al203 with Na20 and K20.

Average direct relationship (0.6 > R > 0.8): Na20, MgO and Smectite; Na20 with K20,
Cr and Cu; MgO with TiOz and Fe20s3; CaO with Sr, V and Calcite; Quartz with Al203; S with
Fe203, TiO2 and pyrite; Al203 with Fe203 and pyrite; Kerolite with quartz and U;

Strong inverse relationship (R < -0.8): Zr with Y, Rb, Ni; MgO with SiO..

Medium inverse relationship (-0.8 < R <-0.6): Zr with Nb; Kerolite with S, TiO2, Fe203
and Naz0; SiO2 with Fe20s3, TiO2 and Naz20; Calcite with Al203 and K20.
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Fig. 6. Scatter plot showing amount of TiO2 and K20 relative to Fe203 (wt. %) in the
samples, highlighting anomalous results (2250 Ch and 2260 Ch), clay fractions, trend line
and determination index (R?). Anomalous samples and clay fractions were not considered

in the development of trend lines and R2 calculations
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Table 3. Pearson correlation matrix R with coefficient data of minerals, major and trace elements obtained with XRD and XRF. Values

in bold indicate the most significant correlation coefficients.
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MAJOR ELEMENTS

In all lithotypes silica is present. The lower portion of the study section, compared to
the clay portion, has lower values for all major elements, with the exception of SiO2 which
has high values (Fig. 7). In the clay portion, CaO, MgO and Al203 have high and very close
values, with Al2Os3 slightly below. Na20, K20 and Fe203 present medium values and P20s,
TiO2 and MnO low values. MnO has the lowest values and TiO2 shows very similar
distribution to Fe20s3, but an order of magnitude lower. These results are detailed in the
Appendix (Table A4).

Lithotypes
Five behaviors were identified in the lithotypes:

Al203, K20, MgO, Naz0, Fe203 and TiO2 (Fig. 7C, E, F, H and I);
CaO (Fig. 7B);
SiO2 (Fig. 7A);
P20s (Fig. 7D);
MnO (Fig. 7G).

® 2 6 T 9o
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Fig. 7. Boxplot graphs with values of: A: SiO2, B: CaO, C: K20, D: P20s *100, E: MgO,
F: Fe203, G: MnO *1000, H: Al203 and I: Na20 (% by weight). Distribution into groups formed
by samples from the clay portion and lower portion, lithotypes and clay fraction (<2 and <4
pum). Lithotypes: CI = claystone; Fs = fine spherulstone; Ms = medium spherulstone; Cs =
coarse spherulstone; F = shrubs; Hic = horizontally laminated carbonate; Clc = cross

laminated carbonate; Ch = chert. The clay portion does not include chert samples. Clay
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fractions corresponding to sampling performed at intervals 2250 and 2260. n = number of

samples.

In the CI, Fs, Ms, Cs and F lithotypes, the increase in the size of the spherulites is
accompanied by increases in the medians of CaO and SiO2, as well as decreases in the
medians of the “a” behavior elements. Minor variations from these behaviors occur: larger
median of Fe2Os and TiO:z in the Ms lithotype (Fig. 7F); smaller median of MgO (Fig. 7E)
and larger median of SiOz in the Cl lithotype; and smaller median of CaO in the F lithotype.
MnO shows similar distribution to “@” behavior elements for these lithotypes, differing by
lower values in the ClI lithotype. P20s has low variation among lithotypes but stands out in

samples from the Cl, Fs, Ms and Cs lithotypes.

Among the laminites (lithotypes HIic and Clc) there are intermediate and close values
for P2Os and MnO. The Hic lithotype presents the highest median for CaO, as well as
medians close to those of the Cs and Ms lithotypes for all elements of the “a” behavior and
for SiO2. Compared to Hic, the Clc lithotype has higher values for the “a” behavior elements
but lower for SiO2 and CaO. The Ch lithotype shows particular chemical distribution, with

high Al203 and K20, medium Fe20s, TiO2, Na20 and P20s, and low MgO, CaO and MnO.

Detailed scale and clay fraction

The Naz0 value is highest in the 4060 interval, and MgO shows higher and prominent
values relative to Al.Os in the 3095 and 4060 intervals. The intervals 2270, 2910 and 3100
have low values of Fe.Os and TiO: in relation to K:O. P.Os has prominent values in the
intervals 2260, 2270 and 3095 (Fig. 13).

Among the clay fractions, SiO. and CaO have value below the median of the clay
portion of the study section. For the former there is a decrease in values with decreasing
grain size (variation of approximately 10%), while the latter shows practically no variation
with respect to the grain size fraction or samples (Fig. 7A and B). The elements of behavior
“a” present an increase in value with decreasing granulometry. Among these, K:0, Al.Os
and Na:O present higher values in relation to the medians of the clay portion, with Na.O
more prominent, while the other elements present values close to the median. MnO and

TiO: are in low concentrations in all fractions (Fig. 7).
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TRACE ELEMENTS

As with the major elements, the trace element evaluations were performed
gualitatively. These results may reflect depositional, diagenetic and hydrothermal processes
according to the geochemical behavior of each element. The lower portion of the study
section, compared to the clay portion, shows lower values for most elements (Fig. 8A and
Fig. 9), close values for Sr, Ba and Zn (Fig. 8B and C and Fig. 9A) and higher for Zr (Fig.
9C). These results are detailed in the Appendix (Table AS).
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Fig. 8. Boxplots graphs with values of: A: S, B: Sr and C: Ba (ppm). Distribution in
groups formed by samples from the clay portion and lower portion, lithotypes and clay
fraction (<2 and <4 pym). Lithotypes: Cl = claystone; Fs = fine spherulstone; Ms = medium
spherulstone; Cs = coarse spherulstone; F = shrubs; Hlc = horizontally laminated carbonate;
Clc = cross laminated carbonate; Ch = chert. The clay portion does not include chert
samples. Clay fractions corresponding to sampling performed at intervals 2250 and 2260. n

= number of samples.

Among the High Field Strength Elements (HFSE) analyzed are: Nb, Th, U and Zr.
These show varied behavior in the overall set. U and Th show very low values (U and Th <
20 ppm), with many samples having a value below the detection limit. Nb presents
intermediate values, between 2 and 302 ppm and Zr presents higher values, distributed in
two ranges: i. Zr = 50 - 300 ppm (n = 28/50); ii. 350 - 750 ppm (n = 22/50).

Among the Transition Trace Elements (TTE) analyzed are: Co, Cu, Zn, V, Cr, Ni, and
Y. Of these, Co, V and Cr, as well as Pb, have very low values, with many samples having
values below the detection limit. Zn and Cu have values generally in the range 30 to 60 ppm
and Ni generally in the range 30 to 150 ppm. Y shows values distributed in two ranges: i. Y
= 500 - 750 ppm (24/50); ii. Y < 100 ppm (22/50), with only four samples having values

between these ranges.

The Large lon Lithophile Elements (LILE) analyzed are: Ba, K, Na, Rb and Sr. Among
these there is a direct relationship of Ba with Sr and between KO and Na:O (Fig. 13). Rb
has a direct relationship with the elements Y, Nb and Ni and, like these, has values
distributed in two ranges: i. Rb =0 - 50 ppm (22/50); ii. Rb > 150 ppm (26/50), with only two

samples with values between these ranges.

Lithotypes

The trace elements exhibit more diverse distribution patterns compared to the major
elements in the lithotypes. Nb, Rb, Y, Zr, Zn, Cu and Cl show large variance within the set
of each lithotype, while S, Sr, Ba, V and Ni show smaller variances (Fig. 8 and 9). Five

behaviors were identified according to the median values in the lithotypes:
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(Sr, Ba) higher median in the Ms, Cs and Hlc lithotypes. Lower median in the
Ch, Cl and Clc lithotypes. The F lithotype has highest median of Ba.

(Nb, Y, Rb, Ni) median highest in the Ch, Cl, Ms and Cs lithotypes, and
lowest in the laminites. Ni, Y and Rb show lower values in the Ms lithotype,
while Nb in the Fs lithotype.

(Zr) highest median in the laminites and in the lower portion. Lower median
in the Ch, Cl and Cs lithotypes.

(Zn) highest median in the Cs lithotype. Lower medians in laminites and F.
(S) has similar behavior to Fe203, with higher medians in Cl, Fs, Ms and

lower medians in F, Ch.



(o)
N

, Alzn B/ Nb Clzr
Clay portion — — T 3+— |t — I F——— n=43
Botton portion | — - 1 . . n=4
Clt 0= — r T n=9
Fs r H[ F— —— [ |—— : — - n=9
3 Ms & H e I I r —{ 1  +—— n=10
% Cs t — T} —{ T} |t HI n=7
§ F 3 e 1 ~ N - Em n=4
Hic + H HT r HL_ —— n=3
Clc - ° ° . . 0=k
Ch + & Ak - Ll n=2
=
gL <2um| = = W - - n=2
C8  <dmy HIk 1 HIH r t n=2
Dy E Rb Fly
Clay portion — T+ ——n=43
Botton portion + m n=4
Cli [ B o I | —1 [H n=9
Fs [ [ = I | [ B =t
3 Ms {—— i 1T }+— o 1 —— n=10
2 Cs{ [ F——+ — —— —————1 [ FH—~n=7
= F T T I n=4
Hic + 1 Hb [H n=3
Clc + . . > n=1
Ch B i B n=2
c
g€ <2mm| g o { -~
8 waumi i " R n=2 |
Gl cr H Nj Il cl
Clay portion [T }— H T H—— P — 1 }——h=43
Botton portion | {§+ ] 0 L n=4
cl—{H H [H—— B | S n=9
Fs — [ r H I h - L [ n=9
3 Ms +—{TH P [ B - o—L 1 n=10
% Cs K t— - — T  }—n=p
s F =T —{ T~ n=4
Hic + 1] — T+ n=3
Clc - e - ° L ° =N
Ch =T~ — | o HI- n=2
c
T <2umig } s il n=2
Of  <wuump b - I =2
0 30 60 90 0 100 200 300 0 500 1,000
ppm ppm ppm

Fig. 9. Boxplots graphs with values of: A: Zn, B: Nb, C: Zr, D: V, E: Rb, F: Y, G: Cr, H:
Ni and I: Cl (ppm). Distribution into groups formed by samples from the clay portion and
lower portion, lithotypes and clay fraction (<2 and <4 um). Lithotypes: CI = claystone; Fs =
fine spherulstone; Ms = medium spherulstone; Cs = coarse spherulstone; F = shrubs; Hic =
horizontally laminated carbonate; Clc = cross laminated carbonate; Ch = chert. The clay
portion does not include chert samples. Clay fractions corresponding to sampling performed

at intervals 2250 and 2260. n = number of samples.
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Scale of detail and clay fraction

Zn and V show low variance in the values obtained for each interval, but there are
samples that stand out in these sets (e.g. sample 2270 F for Zn). The upper intervals
(2250, 2260 and 2270) show higher Sr values and interval 2910, the highest Ba values. Rb
shows lower values in the 4060 interval (except in sample 4060 Fs2).

The clay fraction shows low variability for most trace elements. Th and V values
increase with decreasing grain size, while Nb, Zr, S, Ba, Ni, Cu, Y, Cl and Pb values
decrease. Cr, U, Co and Ce are practically absent in all fractions and the elements Zn and
Sr show varied behavior in the samples. In sample 2260 there is a decrease in the
concentration of these elements with the reduction of the granulometry while in sample
2250 the Zn value increases and the Sr value practically does not vary.

XRF-TF METHOD AT DIFFERENT SCALES

The relationship between chemical elements and/or minerals through Pearson
correlation R matrix was obtained more quickly. As an example, the direct relationship
between smectite, Mg and Na, and the inverse relationship of kerolite with S, Ti and Fe, both
consistent with the results obtained in XRD, with saponite-type smectite and absence of
pyrite where kerolite occurs. The use of lithotype classification allowed us to identify
behaviors mainly for mineralogy and major elements, with easy evaluation through boxplot
graphs. As an example, the higher values of Al, Mg, K, Na, Fe and Ti are associated with
levels with higher participation of argillominerals (Cl, Fs and Ms) and variations following the
size of spherulites (Fig. 7). The evaluation at detail scale allowed to identify particularities
mainly in relation to the general set, being more easily identified through frequency graphs
(Fig. 2, F) or interpolation (Fig. 6, 10 and 13).
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DISCUSSION

This work aims to identify, by simple and non-destructive method, geochemical
behaviors or patterns in a clay section of the BVF. Magnesian clayminerals, mainly
smectites, form the rock matrix. Along with or replacing these, calcite, quartz, dolomite,
micas and pyrite occur in varying proportions (Fig. 3 and Table 2). The main carbonate
components of the rock are composed of calcite (Fig. 5 and Table 2) but, like quartz and
dolomite, this mineral has several forms of occurrence and its origins are the subject of
intense debate (TOSCA and WRIGHT, 2015; SALLER et al, 2016; FARIAS et al, 2019; LIMA
and DE ROS, 2019; DA SILVA et al, 2021; CARVALHO et al, 2022). Pyrite is associated
with bacterial sulfate reduction in an anoxic eodiagenetic environment or hydrothermalism
and mica/illite abundance is related to detrital contribution (LIMA and DE ROS, 2019).

The secondary porosity and the absence of clays in the lower portion of the section
(Table 2 and Fig. 4) are a result of matrix dissolution and evidenced by the reduction in the
concentration of all major elements except SiOz (Fig. 7). The characteristics of magnesian
clayminerals were summarized by Pozo and Galan (2015) who demonstrated controls given
by pH, salinity, Mg/Si ratio, and availability of detrital elements and/or constituents.
Variations in pH during eodiagenesis generate dissolution or neoformation of these
clayminerals (LIMA and DE ROS, 2019; PIETZSCH et al., 2020), in addition to partial or
total replacement by dolomite and silica (TOSCA and WRIGHT, 2018). In some cases,
however, dolomite and quartz have hydrothermal origins (LIMA and DE ROS, 2020).

EVALUATION APPLIED TO LITHOTYPES

The lithotype classification adopted is equivalent to those proposed by several
authors for BVF, Macabu and Kansas Formation, but disregards the presence of minerals
such as quartz, dolomite, microcrystalline calcite, mica/illite and pyrite. The major elements
represent the ratio of the matrix, and minerals associated with it (corresponding to Al, Mg,
K, Na, Fe and Ti), to the carbonates (corresponding to Ca) in the lithotypes. The scatter in
the values of these elements and the variations in the slope of trend lines between K, Na
and > Clays X Al (Fig. 10D, E and F) may be related to variations in the composition of the
clayminerals, the amounts of detrital or diagenetic modifications. Most of the trace elements,

P20s and MnO show great dispersion and absence of relationship with the lithotypes (Fig. 9
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and Fig. 7D and G), demonstrating that they compose minerals in low quantities or

disregarded in the classification of the lithotypes.

In the lithotypes defined by the presence of spherulites and shrubs (Cl, Fs, Ms, Cs
and F) an inverse relationship occurs between the elements that correspond to the matrix
and the size of the carbonate components (from fine spherulite to shrubs). The CI, Fs and
Ms lithotypes have the highest amounts of Al, Mg, K, Na, Fe and Ti, similar amounts of
calcite and smectite and similar K, Na and } Clays X Al trend lines. Samples with high
amounts of dolomite (2260 Ms3, 2270 CI2, 3040 Cl and 3095 Fs2) occur in these lithotypes,
along with high S, Y, P, Mn content and absence of kerolite (Fig. 13). Petrographic
evaluation of these levels demonstrates occurrence of variations in the amount of clays,
quartz, calcite and microcrystalline dolomite rhombohedrons at millimeter intervals (Fig. 12A
(a), B (b)), justifying chemical and mineral variations between samples 2270 CI1 and 2270
Cl2 (Fig. 2F and G) or 2250 Ms1 and 2250 Ms2, separated from the same lithotype. The Cs
and F lithotypes also demonstrate similar chemical-mineral relationships, seen in the
amounts of calcite, dolomite, quartz, smectite, kerolite and in the trend lines of K and ) Clays
X Al (Table 2, Fig. 7 and Fig. 10).

The laminites show medium composition for almost all major and minor elements
(Fig. 7, 8 and 9), consistent with the presence of clayey levels interspersed with carbonate
levels. Low values of Nb, Rb and Y, and high values of Zr stand out, a compaosition similar
to that of the lower portion of the study section (Fig. 9B, E, F and C). The Hic lithotype has
low V (Fig. 9D), higher amounts of smectite and lower amounts of dolomite compared to the
Cs and F lithotypes (Table 2). The Clc lithotype sample has high values of Fe, Mg, Al, Na
and K, as well as, lower SiO2 and Ca (Fig. 7). This composition is in agreement with the high
amount of smectite and mica-illite, identified in XRD (Table 2) and higher energy associated

with the formation of this lithotype.

The Ch lithotype is related to chemical precipitation and presents high values of Al
and K but not of Na and Mg, suggesting the presence of detrital, such as feldspars, and
absence of Mg smectites amidst chalcedony. High levels of Y (Y > 710 ppm) and low levels
of Zr (Zr < 225 ppm) occur in these layers, with an inversion of this relationship in the

overlying and underlying levels.
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Fig. 10. Scatter plots showing the amount of K20, Na20 (% by weight) and
2Clays (%) in relation to Al203 (% by weight), highlighting the clay fraction. The top
graphs show the overall distribution, trend line and determination index (R?), also
highlighting samples with anomalous result (red circle). The center graphs show the
distribution according to lithotypes, showing trend line and Rz for each. The bottom
graphs show the trend line and R2 against the results for four selected intervals (2260,
2270, 3095 and 4060) and the lower portion of the study section. *fAnomalous samples
were not considered in the development of the trend lines and R? calculations.
Anomalous samples: 2260 Ns (B, E and H); 2250 Ns, 2260 Ns and 4060 Hic (C, F and

).

EVALUATION APPLIED TO THE DETAIL SCALE

The centimeter scale is indicated for evaluation of depositional and diagenetic
processes, considering the high frequency elemental cycle identified in the FBV
(GOMES et al., 2020). To demonstrate the possibilities of evaluation on this scale, the
results obtained with samples from four centimeter intervals (2260, 2270, 3095 and
4060) were analyzed in isolation and investigated with petrography. All have good
correlation of Na and K with Al on this scale (Fig. 10G and H), and show that Na
increases along with depth in the clay portion. In interval 4060, where greater variety
of components occurs (Fig 12D), the correlation between these elements is lower. In
this and in interval 2260 (Fig 2, D), the > Clays show no relationship with Al (Fig 10l),

suggesting the presence of Al in other phases.

The analyzed clay fractions from the upper intervals of the study section (2250
and 2260) show high values of Al, Mg, K and Na, but also presence of Fe and Ca (Fig.
7). This composition is in agreement with the saponite species
(Ca/2,Na)o,3(Mg,Fe**)3(Si,Al)*O10(OH)2+4(H20), identified by the method of Christidis
and Koutsopoulou (2013). The amount of Na stands out in these fractions, unlike for K
and ) Clays when compared to Al, which follow the general behavior (Fig. 10, A, B and
C). These ratios indicate that the predominant clays in the section are composed of
Na, K and Al. The higher amount of sodium compared to the general behavior needs

further analysis for interpretation.
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Interval 2260 stands out for the presence of phosphatic bioclasts encompassed
by spherulites in the layer overlying the chert lithotype (Fig. 11A). High P and Sr values
occur in the sample corresponding to this level (sample 2260 Ms1) (Fig. 13). High
amount of macrocrystalline quartz (Fig 12A (b)) occurs in millimeter level (2260 Ms2)
below clay layer with higher amount of dolomite (2260 Ms3). This level shows high Ba
and lower contents of almost all other elements evaluated (Fig 13). The characteristics
of these levels suggest preservation of components due to precipitation of diagenetic

minerals such as quartz, dolomite or calcite.

The presence of phosphates such as barite, Sr-barite and celestine has been
identified in the FBV and Macabu Formation (FARIAS et al., 2019; LIMA and DE ROS,
2019). The preservation of soft parts of fossils during burial results in localized
increases in Ba?* and SO4 %" concentration (CHOW and GOLDBERG, 1960; DEGENS,
1965 apud HUGGETT, 1994). In the study section phosphates are rare and were
identified in the form of bioclasts encompassed by spherulites or by clay matrix (Fig.

11) in only seven levels, identified in Fig. 13.

Fig. 11: phosphatic bioclasts encompassed by spherulite (A) or in the clay matrix
(B and C). A: sample 2260 Ms1 (//P). B: sample 3040 F2, partial replacement of
phosphate bioclast by calcite (XP). C: sample 3100 Cs (//P).

In interval 2270, the shrubs lithotype shows low amount of pyrite and dolomite,
and interstitial material to the shrubs composed of quartz, macrocrystalline calcite and
dolomite, micas and clays with fibrous habit and low birefringence (Fig. 12B (a)). This
lithotype, represented by sample 2270 F, is disposed above continuous level of
lamellar clay matrix (Fig. 12B (b)), shows Kr or interstratified Kr-Sm and high amount
of Zn (Fig. 13). Evaluation of the interstitial material (sample 2270 Fm) shows absence
of smectite (Fig. 13) and lower amount of Zn, suggesting that this element is found in

the Sm or Kr-Sm encompassed by the shrubs.
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Interval 3095, like 4060, shows high amounts of smectite, mica/illite, Mg and Na
in its samples (Fig. 13). In the lower portion of 3095, abrupt variation occurs between
the Cl and Ms lithotype (Fig. 12D). The CI lithotype shows preserved spherulites,
laminated clay with high birrefringence, absence of peloids (Fig. 12C) and kerolite, but
higher amounts of P, Zn, U, Th and S. The below level (3095 Ms), has reddish
coloration in the matrix, higher Mn and Sr content, matrix with higher amount of various
minerals (opaques, dolomite rhombohedrons and microcrystalline calcite), interpreted
as diagenetic (Fig. 12C), as well as presence of kerolite (Fig. 13). This contact
suggests that the Cl lithotype acts as a seal, preserving constituents occurring between
clays, concentrating more mobile elements on oxidative diagenetic conditions (such as

U) and limiting differentiated diagenetic conditions in the sotoposed layer.

In interval 4060 the highest amounts of detrital, intraclasts, ooids and peloids in
the section occur (Fig. 12D (b)). Unlike the other intervals, low correspondence
between Fe and Ti with S occurs. Low amounts of dolomite, Y and Rb, but high Zr
were identified in all samplings (Fig. 13). In the upper portion (represented by sample
4060 Fs2) higher amounts of microcrystalline calcite and detrital, identified by
petrography (Fig. 12, D (a)), as well as higher Qz, M/l, Fe, Ti, K, Rb and Y occur,
although Zr is somewhat lower (Fig. 13). The results from this interval indicate
deposition in a higher energy environment, consistent with the presence of Clc
lithotype, while diagenesis was probably less intense, with the exception of the upper

portion.
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2260 2270

Fig. 12: petrographic details and boundaries (white dashed line) of lithotypes
sampled in clay intervals. A: 2260, B: 2270, C: 3095, D: 4060. Red arrow: clays with
lamellar habit and high birefringence; White arrow: dolomite rhombohedron; Yellow
arrow: material interstitial to shrubs with low birefringence clay; Blue arrow:

argillaceous poride; Black arrow: ooidal intraclast.

GEOCHEMICAL-MINERALOGICAL PATTERNS

Gomes et al. (2020) identified four geochemical patterns in one well of the FBV.
i Al, K, Fe, Ti and detrital phases; ii: Na, Mn, P and Ca,; iii: Si and; iv: Mg and Cr. He
used more than 500 chemical analyses, most of which were from the upper section of
the FBV, with lesser amounts of magnesian clayminerals. In this work, six geochemical
behaviors were identified (component i to vi), using 50 analyses in a selected section
of the FBV highlighted by the high amount of clayminerals. Among these, the first three
represent the main composition of the rocks in the study section and have a greater
relationship with the lithotypes or facies, while the others are related to minerals that

occur in smaller quantities or disregarded in the lithotype classification.

Behavior i
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The elements Al, K, Fe, Ti, Na and Mg and the minerals smectite, mica/illite and
dolomite demonstrate the amount and composition of the matrix and detrital,
syngenetic and diagenetic minerals associated with it. The relationship between these
stands out in all aspects/evaluation scales used in this work (Table 2, Fig. 7 and Fig
14). K, Al, Fe, Ti are attributed to detrital sources, composing minerals such as
mica/illite or smectites, while Na and Mg are found mainly in smectites and dolomite.
All these elements are in the composition of the analyzed clay fraction (Fig. 7), where
smectite of the saponite type predominates. The origin of saponite is associated with
autogenesis and/or transformation of detrital phases, mainly other clayminerals. Its
presence presupposes a depositional environment with greater extrabacinal
contribution and with greater availability of elements (Fe, Na, K, Al) compared to other
species of magnesian clayminerals, such as sepiolite, stevensite or kerolite
(DEOCAMPO, 2015; POZO and CALVO, 2018).

Behavior ii

The direct relationship between calcite, CaO, Sr and Ba seen in the overall
evaluation (Table 2, Table 3 and Fig. 13) and in most of the lithotypes (Fig. 7 and Fig.
8B and C) demonstrates that these trace elements are found in the major carbonate
components (calcitic spherulites and shrubs). These components developed amidst
the clay matrix by syngenetic or eodiagenetic processes (MOREIRA et al., 2007
TERRA et al., 2010; GOMES et al., 2020) and occur throughout the study section,
justifying the low Sr and Ba variation between the clay portion and the lower portion
(Fig. 8B and C). The amount of calcite follows the size of these components in the ClI,
Fs, Ms, Cs and F lithotypes. Differences between CaO, Sr and Ba in the lithotypes or
in the detail scale suggest the presence of these chemical elements in other carbonate

phases or phosphatic bioclasts, as seen in the 2260 interval.
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Fig. 13. Overall table of results highlighting distinct mineralogical and textural
aspects obtained with petrography and XRD (Highlights components); lithotype
distribution, main mineralogy and chemical patterns in the 50 samples and separate
clay fractions. cc = most microcrystalline calcite; cp = clayey peloids; dl = most dolomite
rhomboids; dl = least dolomite rhomboids; dt = most detrital minerals such as feldspars,
amphiboles or micas; pb = phosphatic bioclasts; Kr = kerolite, identified by XRD; qz =

most macro- or microcrystalline quartz; Qz(c) = quartz cement.

Behavior iii

SiO2 shows inverse relationship with all chemical elements of pattern | (Fig 7)

and smectite (Table 3). These relationships, together with the low correlation between
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quartz and Si in all lithotypes, except Ch (Fig 7A and Table 2), and direct relationship
of quartz with Al (Table 3) demonstrate association of the element with other minerals
and/or other forms of silica in the section, identified also in other studies (CARVALHO
et al., 2022). In the study section, quartz was identified cementing primary (Fig. 5) or
secondary (Fig. 4D) porosities, near matrix or spherulites (Fig. 12A (b)) and
microspherulitic chalcedony (Fig. 5H). Gomes et al. (2020) also did not identify a direct
relationship between Si and Al, which may be justified by investigating section with

lower participation of clayminerals.

Behavior iv

The inverse relationship of kerolite with S, Fe, Ti and Na and direct with U and
quartz (Table 3) demonstrates the composition of layers where Kr or Kr-Sm occurs.
Consistent with these results, in the samples where pyrite was identified by XRD, Kr
was not identified (Fig. 13), with only one exception (sample 2270 Cs2). The layers
with these argillominerals are found in different situations: a) shrubs lithotype (sample
2270 F); b) at the base (sample 2270 CI1) or below levels with high amounts of clays
(occurrences from interval 3095 and 4060); c) below laminite (sample 3100 Cs), or
compacted carbonate levels (occurrences from interval 2910). The first situation
suggests shallow lacustrine environment, where evaporation is of greater importance
(LIMA and DE ROS, 2019) and more pure magnesian clayminerals occur, such as
sepiolite, kerolite, or Sm-Kr (DEOCAMPO, 2015; POZO and CALVO, 2018). The
second and third situation suggest that levels with low permeability isolate sections,
allowing less reducing conditions in these layers, explaining the absence of pyrite (Fig.
13) and higher amount of U (probably U *). In the petrographic evaluation, clays with
fibrous habit and low birefringence were identified in intervals 2270, 2910 (Fig. 12B (a)
and Fig. 3B), and in sample 3100 Cs, suggesting the texture of these argillominerals.
The low amounts and proximity of the 001 peaks of kerolite and mica/ilite (Fig 2C)

show the need for detailed investigations in the highlighted samples.

Behavior v

Zn has small distribution between samplings of the same interval, but stands
out, with high values, in the clay fractions and in samples 2270 F, 2270 Cs1, 3040 Cl,
3040 Cs1, 3095 Cl and 4060 Fs2. This element, as well as other trace metals (e.g. U,
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Ni, Cr and Cu) are geochemical indicators for oxidizing or anoxic conditions, due to
changes in the solubility of their oxyanions (MORFORD et al. 2005; TRIBOVILLARD
et al., 2006). Zn shows direct relationship with Cr in most of the study section
(exception are intervals 2250, 2930 and 3095), but low relationship with these other
metals (Fig. 13). In some intervals the element also shows direct relationship with Na,
Al and Mg (Fig. 13). In the interval 2250 and 2930, Cr has direct relationship with Mg
(Fig. 13), reproducing the pattern identified by Gomes et al. (2020). In some intervals
with high Zn (2270, 3040 and 4060) clayey peloids were identified (Fig. 11D and Fig.
13). These occurrences and direct relationships between elements, as well as the
presence of Zn in clay lithotypes and in clay fractions suggest that it is found in
magnesian clayminerals. In the prominent occurrences in Cs and F lithotypes, the
element is probably found in components encompassed and preserved in the shrubs

or coarse spherulites (e.g. clayey peloids).

Behavior vi

The direct relationship between the elements Y, Nb, Ni and Rb (R>8), inverse
relationship of these with Zr (Table 3) and presence of two main ranges for all these
elements (Fig. 14), demonstrates a control given by the same process. The Y/Zr ratio
highlights the two ranges (Fig. 13), with one sample having the highest value (2260
Ms3). In this one, high amounts of smectite and dolomite stand out (Fig. 12A (a) and

Fig. 13), in addition to a large amount of opaque minerals, probably pyrite.

Mg clayminerals formed in alkaline lake systems are associated with pH as high
as 10 (TUTOLO and TOSCA, 2018). In environments with alkaline pH (8 - 12), high
salinity and/or sulfate hydrothermalism, the solubility of Zr increases (JIANG et al.,
2005), providing replacement of detrital zircon with other phases during eo or
mesodiagenesis (RASMUSSEN, 2007; MCNAUGHTON and RASMUSSEN, 2018).
The laminites and the lower portion of the section show high values of Zr (Fig. 9C), and
low values for the other elements, suggesting the presence of preserved detrital zircon
in these levels. The high concentration of the other elements in the Ch lithotype (Fig.
9B, E, F and H), or together with the high amount of dolomite, lead to the interpretation
that these are related to diagenetic processes. Low Y/Zr values occur in lithotypes Hlc,
Clc, F, near Ch levels, in Ms lithotypes of the 2250 and 3040 interval, and below the

lithotype represented by sample 4060 Fs2 (Fig. 13). These occurrences demonstrate
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low permeability/porosity in these lithotypes or sealing levels that allow preservation of
Zr, as well as other components, such as phosphatic bioclasts, identified in sample
2260 Ms1 and 3040 F2 (Fig. 11A and B).
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Fig. 14. Scatter plot showing values of Y, Rb, Ni and Nb in relation to Zr (ppm),
trend line and determination index (R2), considering all samples of the study section.

Identification of two groups of values (Range 1 and Range 2).
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CONCLUSION

Analysis of the study section demonstrated chemical/mineral composition of an
alkaline lacustrine system composed of varying proportions of carbonate components,
such as spherulites and shrubs, and matrix. The matrix is mainly formed by Mg
smectites (e.g. saponite), but is associated with detrital or diagenetic minerals such as

quartz, calcite, dolomite, micas and pyrite.

The adopted lithotype classification and detail-scale evaluation demonstrated
correspondence between XRD results and main major elements, while trace elements
showed greater relationship to point depositional or diagenetic processes. Details on
the presence of detrital, fossil, peloid, and microcrystalline minerals (quartz, dolomite,
and calcite) were not considered in the classification, but demonstrated an influence

on chemical behavior.

Six geochemical behaviors were identified. The first three show the greatest
relationship with the lithotypes of the study section. These are: i: direct relationship
between amounts of smectite, dolomite, mica/illite, Al, K, Fe, Ti, Na and Mg. It shows
the composition, amount of matrix and associated minerals, highlighting in levels with
greater participation of clayminerals (e.g. claystones); ii: identified through the direct
relationship of calcite, Ca, Sr and Ba. It represents the size of the main carbonate
components in the lithotypes. Variations among these are associated with carbonate
phases disregarded in the adopted classification, in smaller quantity or phosphatic
bioclasts; iii: identified by the difference between the distribution of SiO2 and quartz. It

indicates the presence of different forms of silica in the section.

The other behaviors are related to diagenetic processes or minerals in low
guantity and show the presence of carbonate or clay levels limiting sectors in the rocks
and preserving components during burial. These are: iv: inverse relation of kerolite or
Kr-Sm with pyrite. It shows sectors deposited under differentiated geochemical
conditions and/or preserved during diagenesis; v: direct relation of Zn with Cr, clay
peloids, smectites or Kr-Sm preserved in carbonates. vi: direct relation of Nb, Ni, Rb
and Y and inverse of these with Zr. Demonstrates detrital contribution and/or

preservation during diagenesis, and low permeability/porosity of laminites;
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The methodology adopted identified relationships between chemistry and
mineralogy, highlighting different phases of magnesian clayminerals and leading to
interpretations about depositional and diagenetic processes. The identified behaviors
can, from this basis, be investigated in detail by other methods (e.g. SEM, TFIR, detall

XRD) making reuse of the material used in the TFs.
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Table Al. Main mineralogy obtained with XRD comparing minimal (Mi), maximum (Ma) and average (Av) values among the different samples,
Lower portion and lithotypes interpreted here: claystone, fine spherulite, medium spherulite, coarse spherulite, horizontal laminated carbonate (HLC),
cross laminated carbonate (CLC), shrubs and chert. Cc = calcite. DI = dolomite.

n Calcite Dolomite Quartz Smectite Kerolite Mica/lllite Pyrite Xcarb clays Cc (Av)/ Ycarb/Xclay

Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma DI (Av)* Av**
Claystone (CI) 9 15 32 60 0 17 53 0 5 10 19 37 64 0 2 12 0 5 10 0 1 4 25 50 71 23 44 69 19 14
Fine Sph. (Fs) 9 14 47 80 0 7 16 0 7 18 14 35 67 0 1 6 0 3 10 0 0 3 30 54 85 15 39 67 6.7 19
Medium Sph. (Ms) 10 16 44 69 1 13 47 2 9 26 16 32 64 0 0 2 0 2 9 0 0 2 33 56 71 16 34 65 34 2.0
Coarse Sph. (Cs) 7 60 74 94 1 6 12 2 5 14 0 9 22 0 4 12 0 2 6 0 0 2 68 80 98 0 15 27 12.3 5.4
Shrubs (F) 4 66 83 98 1 5 10 0 4 11 0 6 14 0 2 8 0 0 O 0 0 O 74 88 99 0 8 15 16.6 14.3
HLC 3 62 74 89 0 3 8 0 7 12 0 15 30 0 1 2 0 0 O 0 0 O 70 78 89 2 16 30 24.7 17.2
CLC 1 16 0 3 78 0 3 0 16 81 - 0
Chert (Ch) 2 4 7 9 0 1 2 83 84 85 6 8 11 0 0 O 0 0 O 0 0 O 6 8 9 6 8 11 7 11
Lower range 4 15 36 45 37 54 79 6 10 20 0 0 O 0 0 O 0 0 O 0 0 O 80 90 94 0 0 O 0.7
Average value 50 49 13 10 24 2 3 0 61 29 14.0 43
Maximum 50 98 79 85 78 12 10 4 99 81 98.0 445
Minimum 50 4 0 0 0 0 0 0 6 0 0.2 0.2

*samples whitout dolomite were disregarded.**samples whitout clays were disregarded.
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Table A2. Main mineralogy obtained with XRD comparing minimal (Mi), maximum (Ma) and average (Av) values among the different intervals. Cc =
calcite; DI = dolomite.

Sample n Calcite Dolomite Quartz Smectite Kerolite Mica/lllite Pyrite Ycarb >clays Cc (Av)/ Scarb/Zclay
Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma Mi Av Ma DI (Av)* Av**
2250** 4 39 49 71 2 4 6 5 10 15 15 34 47 0 0 O 0 3 9 0 0 1 45 53 73 15 37 51 12.2 2.0
2260** 4 16 37 51 2 15 47 9 19 26 16 27 42 0 0 O 0 1 3 0 1 3 34 52 63 16 28 45 25 2.2
2270** 6 17 56 94 4 18 53 2 6 14 0 13 31 0 4 12 0 2 4 0 1 2 64 75 98 0 19 34 31 3.6
2910 5 31 68 98 0 6 0 2 6 0 22 64 0 5 12 0 1 3 0 0 1 33 70 99 0 28 65 34.0 4.0
2930 4 33 54 79 1 4 5 3 6 8 11 30 45 0 0 O 4 6 7 0 2 4 38 57 80 15 36 53 135 25
3040 6 16 55 94 3 19 49 0 5 9 3 18 24 0 0 O 0 3 6 0 0 O 64 74 97 3 20 27 29 8.1
3095 5 14 42 80 2 11 16 0 1 3 14 44 67 0 1 3 0 1 5 0 0 O 30 53 85 15 46 69 3.8 2.0
3100 3 61 65 71 8 10 12 0 2 3 13 22 30 0 2 6 0 0 O 0 0 O 70 74 79 19 24 30 6.5 3.2
4060 6 16 44 89 0 1 3 3 8 15 0 41 78 0 0 2 0 6 10 0 0 O 16 45 89 2 47 81 44.0 8.1
6130 1 15 79 6 0 0 0 94 0 0.2 -
6400 2 44 44 45 37 43 48 7 13 20 0 0 0 0 O 0 0 O 0 0 O 80 87 93 0 0 O 1.0 -
6800 1 40 52 8 0 0 0 0 92 0 0.8 -
Average value 50 49 13 10 24 2 3 0 61 29 14.0 43
Maximum 50 98 79 85 78 12 10 4 99 81 98.0 445
Minimum 50 4 0 0 0 0 0 0 6 0 0.2 0.2

*samples whitout dolomite were disregarded. *samples whitout clays were disregarded.



Table A3. Main mineralogy obtained with XRD semiquantitative values among the dif-
ferent samples.

'C:j; '&'::C"t%ﬁ‘; Cc DI ? ri Kr '\f/ Py  Scarb Sclays Cc/DI écgg;
Ms2 39 6 7 47 0 0 1 45 47 64 10
Ms1 a1 3 5 42 0 9 0 45 51 121 09
2250 Hic 77 2 12 15 0 0 0 73 15 356 48
Ch 9 0 8 6 0 0 0 9 6 : 16
Fs 44 5 15 31 0 4 0 50 35 83 14
Ms3 6 47 9 25 0 3 0 63 28 03 23
Ms2 50 2 23 24 0 0 2 52 2 313 22
2260 Fs1 20 5 18 42 0 3 3 34 45 61 08
ch 4 2 8 11 0 0 0 6 11 16 06
Ms1 51 6 2 16 0 0 0 57 16 84 35
Ms 55 9 2 31 0 4 0 64 34 62 19
Cs2 60 12 14 0 12 0 2 72 12 50 60
F 6 8 11 7 8 0 0 74 15 86 48
2270 F (matrix) 3 4 8 0 12 39 0 41 51 82 08
cl2 17 53 5 20 0 3 1 7 23 03 30
ci 44 25 3 19 6 4 0 68 29 18 24
Cs1 9% 4 2 0 0 0 08 0 28 -
Cs 80 6 6 0 8 0 0 86 8 133 110
Fs 72 2 2 15 6 3 0 74 24 327 31
2010 F %8 1 1 0 0 0 0 99 0 980 -
cl 60 0 0 28 12 0 0 60 40 : 15
Ms 31 1 2 6 0 1 1 33 65 262 05
c2 3 3 7 45 0 7 2 38 53 106 07
7030 Cs2 79 1 5 11 0 4 0 80 15 607 55
ci 33 5 8 4 0 6 4 38 51 66 07
Cs1 68 5 3 18 0 6 0 73 2 136 30
F2 72 10 4 14 0 0 0 82 14 74 58
Ms2 43 24 7 22 0 5 0 66 27 18 25
2010 F1 % 3 0 3 0 0 0 07 3 313 323
Cs 63 6 4 22 0 6 0 68 27 112 25
cl 6 4 8 24 0 3 0 64 27 03 23
Ms1 43 25 9 20 0 3 0 68 23 17 29
Fs3 20 16 3 48 3 0 0 46 52 18 09
2055 Fs2 4 16 3 67 0 0 0 30 67 09 05
Fs1 80 5 0 14 1 0 0 85 15 160 57
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6130

6400

6860

2250

2260

Cc = calcite; DI = dolomite; Qtz = quartzo; Sm = smectite; Kr = kerolite; M/l = mica/illite; Py =

Cl
Ms

Fs
Hlc
Cs

Fs2
ClI2
Hlc
Fsl
Cl1
Clc

Ms2 (<2

pm)
Ms2 (<4

pum)

Cs (<2 um)
Cs (<4 um)

15
69

61
62
71

45
47
89
45
23
16

15

44
45

40

17

16

2 2
12 3
8

8 2
0 15
3 10
0 9
1 5
2 7
0 3
79 6
37 20
48 7
52 8
2

4

3

2

64
25

24
30
13

30
30

44
62
78

80

60

90
80
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o O o N O O

0
1

o
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31
71

73
70
79

45
50
89
47
25
16

94

80
93

92

19

37

10
19

69
27

24
30
19

40
40

48
68
81

81

63

90
81

1.0
30.0

4.9

7.4

8.8

15.7

32.3

10.5

0.2

1.2
0.9

0.8

8.5

8.3

2.3
8.5

0.5
2.7

3.1
2.4
4.2

11
1.3
44.5
1.0
0.4
0.2

0.2

0.6

0.1
0.2

pyrite; Zcarb = carbonates (calcite + dolomite); 2clays = smectite + kerolite + mica/illite.



Table A4. Major elements (wt.%) obtained with XRF values among the different samples.

Intervals Lithotype Si02 Al203 TiO2 Fe203 MnO MgO CaO Na20 K20 P205 Total
Ms2 54.447 8.309 0.167 1.364 0.027 12.641 20.471 1.156 1.368 0.05 100
Ms1 50.339 8.534 0.112 1.093 0.023 15.586 22.034 1.093 1.154 0.032 100
2250 Hic 48.677 8.455 0.088 0.789 0.016 13.9 25.754 1.125 1.153 0.044 100.001
Ch 68.122 13.708 0.026 0.692 0 4.327 9.054 2.149 1.891 0.032 100.001
Fs 49.187 8.636 0.129 1.109 0.025 13.374 25.015 1.203 1.27 0.052 100
Ms3 47.442 10.533 0.247 1.977 0.046 21.385 15.326 1.279 1.586 0.181 100.002
Ms2 69.835 6.201 0.012 0.275 0.015 4.14 18.123 0.561 0.736 0.102 100
2260 Fsl 50.87 8.96 0.132 1.177 0.032 16.275 20.025 1.154 1.221 0.153 99.999
Ch 68.084  16.675 0.033 0.782 0 4.823 6.038 1.177 2.341 0.047 100
Ms1 47.825 9.343 0.157 1.459 0.036 18.476 19.87 1.268 1.3 0.265 99.999
Ms 58.034 7.68 0.057 0.571 0.016 13.715 18.235 0.644 0.977 0.072 100.001
Cs2 50.45 7.743 0.033 0.39 0.032 13.192 26.779 0.351 0.987 0.043 100
F 63.313 7.32 0.026 0.358 0.009 11.25 16.282 0.304 1.09 0.047 99.999
2270 F (matrix)  54.118 9.544 0.018 0.433 0.005 20.771 12.42 1.437 1.209 0.045 100
CI2 64.118 7.324 0.042 0.4 0.026 13.418 12.699 0.887 0.904 0.184 100.002
Cl1 68.632 6.784 0.018 0.252 0.012 8.495 12.909 1.332 0.814 0.751 99.999
Csl 74.172 5.391 0.004 0.174 0.015 3.025 15.748 0.544 0.767 0.158 99.998
Cs 61.978 6.882 0.022 0.288 0.027 8.575 20.322 1.054 0.833 0.019 100
Fs 48.643 8.434 0.036 0.452 0.026 15.72 24.302 1.301 1.062 0.023 99.999
2910 F 70.302 5.804 0.003 0.178 0.028 5.405 17.249 0.349 0.672 0.012 100.002
Cl 58.938 7.048 0.015 0.281 0.024 11.162 21.078 0.588 0.851 0.015 100
Ms 50.842 8.543 0.061 0.628 0.053 16.12 21.256 1.381 1.089 0.027 100



2930

3040

3095

3100

4060

4060

ClI2
Cs2
Cl1
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Fs2
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Fsl
Cl1
Clc
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50.415
52.079
49.125
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38.904
61.473
54.974
46.414
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47.434
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241
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0.013
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100
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100
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100
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100.001
100
99.999
99.999
100



6130

6400

6860

2250

2260

Ms2 (<2

pum)
Ms2 (<4

pm)

Cs (<2

pum)
Cs (<4

pum)

67.987

74.131
72.257

68.675

41.173

52.038

33.55

42.612

6.434

6.702
5.571
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0.295

0.76

0.64
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Table A5. Trace elements obtained with XRF values among the different samples.

Intervals Lithotype '\n/l E T Cr Ba Rb U Pb Y S Ni  Cu S V Zn Ce Zr Nb  Th Sr Cl
Ms2 0% % 1 06 427 00 62 00 O 364 3 19 g 42 O 4M- o,y A4 235 284
Ms1 0% % M se9 369 00 81 120 5 320 3 sua9 B ¥ 00 B 670 56 % 2L
2250 Hic O % 0 1% gsg0 366 43 0 480 L 340 2 o126 00 ¥ 57 % g7 32 % O
Ch O % % 18 aeea P00 25 % T % umms 08 00 P2 M 00 ssis B
Fs © 30 2 B pg oo 38 00 % om0 X M 00 4 o00 00 aes B2 202 00
Ve 03015 g By o, TS0 L0 S 4T, 30 g Mg, 1663 12
Ms2 % é % 5.0 18888' ML os1 79 6‘:’33' % 84.1 2?' 7960 0.0 3;‘ 00 2%5' 2‘:34' 4.1 14;‘6' 6%)2'
2260 Fs1 3 0 ee0a 455 00 20 354 % ao7 B g9 I g0 O gog 28 L S
Ch 0 2 0 2 g93 1 07 00 7 O T 2T ygas 58 %D 00 18 B 00 2864 TS
Ms1 © 3 0 U aaa a1 s ) sag 3 oazg ) B2 oo AL AT LI0-,, 4084 S
e 0 2 0 A ggey 18 g, 10612 0 gop I, 49 15 2 29, 112 2
o 0.2 0 12 1030 W8 gy o, L O g gy, g 9 gp 07 30, W 22
2270 F 0 2 0 B ugrn 750 07 Z 120 637 3 sess 58 1O 00 0 sz g9 1008 AL
F (matrix) 0 2 0 50 268 1 52 00 % % w2 % oams O % 00 BN 2 gy se06 T
cl2 % % (1' 9.0 7782 1%7' 13 24 623' % 1(;6' 2,;3' 1635' 0.0 3;3' 0.0 2%1' 219' 45 890.1 1%6'
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Titulo da Dissertacao:

“DETALHAMENTO QUIMICO E MINERALOGICO DE ROCHAS CARBO NATICAS
COM ARGILOMINERAIS MAGNESIANOS NA BACIA DE SANTOS, PRE-SAL
BRASILEIRO”
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Autor: Thiago Friedrich Haubert

Orientador: Prof. Dr. Norberto Dani

Examinador: Prof. Dr. Anderson Maraschin

Data: 04/11/2022

Conceito: A

PARECER:

A origem e evolucéo das rochas do intervalo SAG do Pré-sal das bacias de
Santos e Campos ainda € um dos assuntos que permanecem com varias questdes
sem respostas, mesmo com o0 avango dos estudos e publicagdes nas areas de
sedimentologia, petrologia, estratigrafia e sismica. Identificar os componentes
mineraldgicos e as transformacdes diagenéticas modificadoras do arcabouco
destas rochas séao fundamentais para o bom entendimento da qualidade de
reservatorios deste paleosistema lacustre.

O estudo desenvolvido nesta dissertacao propiciou uma grande contribuicdo
ao melhor entendimento do comportamento geoquimico destas rochas, permitindo
individualizar assinaturas quimicas de acordo com as afinidades mineralogicas em
diferentes profundidades em um intervalo restrito de 46m, delimitando 06 padrbes
mineraldgicos/geoquimicos.

Entende-se que esta relagdo mineralogia x concentracédo de elementos
guimicos presente em determinadas facies no intervalo selecionado auxiliou no
entendimento do comportamento geoquimico do paleolago, inclusive citando
possiveis areas-fonte para os elementos disponiveis no sistema.

Em termos de estrutura da dissertacdo, poucos erros de digitagcao os quais
nao interferem na leitura continua e objetiva para o leitor. Assim, percebe-se que o
mestrando domina o contetdo desenvolvido.

Algumas observacoes:

Introdugdo - pg. 1 “A secdo sag das formagcbes Macabu da Bacia de Campos e a Formagdo

Barra Velha (FBV) da Bacia de Santos, do pré-sal brasileiro, localizadas a mais de 5,000 m de
profundidade no oceano Atléantico (Fig. 1), apresentam niveis com alta quantidade de
argilominerais Mg, identificados como kerolite (Kr), stevensite, saponite, sepiolite, kerolite/smectite
(Kr - Sm) and ilite/smectite...” Inglés?

Figura 1 — pg. 16 — Ha figuras muito melhores mostrando a localizagao Bacia de Santos.

Pg. 13/14: “Uma robusta caracterizacdo petrografica destas rochas identificou ciclos basicos




em diversas escalas (metrical to centimetrical), e divididas por fadacies formadas por texturas e
componentes basicos: argilosos, carbonadticos (esferulitos e shrubsshurbs) e laminitos. ...
propdem a correlagao destas faacies...”

Pg. 15: 3.1 Bacia de Santos e FBV

O campo de Tupi — Lula teve a maior producdo de petréleo, com média de 920 Mbbl/d (milhdes de
barris por dia). ? Vide ANP - Junho/2022: 714 Mbbl/d (milhares de barris/dia). MMbbl (milhdes)
e Mbbl (milhares).

Abaixo dela estdo as rochas sedimentares da F. Picarras e Itapema, inseridas na supersequéncia

Rifte e compostas por sedimentos siliciclasticos,... F. ou formacdes?

Pg. 26: Para cada nivel/litotipo de interesse algumas alguns miligramas de material visualmente
representativo foram extraidos para fazer uma deposicdo em lamina para caracterizagdo

simultanea no XRD e na no XRF.

Pg. 29: 4.2.4 Retrography-Petrografia

No comportamento V: Auséncia de pirita onde ocorre kerolita. Motivo?
Qual a provavel fonte do Zn nas argilas magnesianas?

A kerolita seria neoformacdo (ou precipitacdo) a partir de esmectita (saponita?), considerando-se o
interestratificado Kr-Sm? E possivel este tipo de associa¢do diagenética? A que atribui a auséncia

de estevensita?

Pg. 34: TFIR ou FTIR?

Chabhi et al. 1999 (pg. 18) e no texto mas ndo consta nas Referéncias.

Est3o nas Referéncias mas ndo constam no texto:

Wright e Barnett (2020).

SILVA et al., 2021;

UBBARD e SNYDER, 1988

Christidis e Koutsopoulou (2013)

NATGAA e BUENO, 2001; SCAPIN, 2003; TAKAHARA, 2017

GOVINDARAIJU, 1994




No decorrer do artigo, vide que hd varios magnesian argillominerals, e ndo clayminerals.

Tratam-se de questdes e observacfes que ndo impactam na qualidade técnica
da dissertacdo tornando-a, assim, uma importante contribuicdo ao entendimento
geoquimico do paleolago Pré-sal.

Parabenizo o aluno e seu orientador pela exceléncia no trabalho desenvolvido.

Assinatura: Data: 04/11/2022

Ciente do Orientador:

Ciente do Aluno:




ANEXO |

Titulo da Dissertagao:

“DETALHAMENTO QUIMICO E MINERALOGICO DE ROCHAS
CARBONATICAS COM ARGILOMINERAIS MAGNESIANOS NA BACIA DE
SANTOS, PRE-SAL BRASILEIRO”

Area de Concentracdo: Geoquimica

Autor: Thiago Friedrich Haubert

Orientador: Prof. Dr. Norberto Dani

Examinador: Prof. Dr. Eduardo Fontana

Data: 07/11/2022

Conceito: B

PARECER: A dissertagao tem como objetivo a identificagdo do comportamento
geoquimico de rochas de um furo de sondagem. Com este objetivo a metodologia
FRX-TF foi aplicada nas amostras selecionadas de uma sec¢ao de testemunho,
associada a classificagao textural, identificagdo de esmectitas Mg e detalhamento
petrografico.

“O método foi avaliado quanto a sua eficacia e limites para esta finalidade e seis
comportamentos geoquimicos foram reconhecidos e podem ser investigados com
outras técnicas fazendo uso das mesmas amostras para melhorar caracteriza-los”.

A dissertacéo produziu por tanto dados mineraldgicos e geoquimicos de amostras
de rochas carbonaticas e argilosas que foram coletadas no furo de sondagem da
Bacia de Santos. Para a obtencéo destes dados foram utilizadas diversas
estratégias, metodologias e técnicas aplicadas.

Os dados foram apresentados de forma aceitavel (é possivel observar alguns
problemas graficos de resolugdo que nao permitiram na versao atual (pdf) a leitura
e interpretagao e alguns erros de escrita e tipografia que estao identificados no
texto - € sugerido que estes detalhes sejam alterados da verséo final. (Ex. Pg. 29
4.2.4...). O grande volume de dados permite uma vasta interpretacao de padrdes e
correlagcdes espaciais, minerais e quimicas entre as amostras.

A leitura detalhada dos objetivos e a correlagdo com os principais comportamentos
mineralogicos e geoquimicos apresentados nas conclusdes permite a seguinte
observacéao: o capitulo de estado da arte que envolve a apresentagao do
conhecimento geoldgico sobre a Bacia de Santos me parece desnecessario (na
atual versdo).

O trabalho n&o conclui de forma adequada esta relacdo de comportamento com o
ambiente geoldgico. Verificar:

A conclusao da dissertagcao e do manuscrito apresenta uma introdugao "...sistema




lacustre alcalino composto por variadas propor¢gdes de componentes carbonaticos,
como esferulitos e shrubs, e matriz..." - Aparentemente a discussao constréi o
entendimento dos comportamentos. "Qual é a relagao entre os comportamentos?"

Na opinido deste avaliador este deve ser o encaminhamento para a construgéo da
conclusao do manuscrito e com certeza sera verificada durante a revisdo do
manuscrito. Os dados apresentados nesta dissertagao sdo bons e sustentam a
discussao apresentada.

att

Assinatura:

Data: 07/11/2022

Ciente do Orientador:

Ciente do Aluno:




ANEXO |

Titulo da Dissertacao:

“DETALHAMENTO QUIMICO E MINERALOGICO DE ROCHAS CARBONATICAS
COM ARGILOMINERAIS MAGNESIANOS NA BACIA DE SANTOS, PRE-SAL
BRASILEIRO”

Area de Concentracéo: Geoquimica

Autor: Thiago Friedrich Haubert

Orientador: Prof. Dr. Norberto Dani

Examinadora: Prof2 Dra. Carla Cristine Porcher

Data: 3/11/2022

Conceito: A

PARECER:
A dissertacao apresenta um estudo interessante sobre padrdes geoquimicos
associados a microfacies de amostras da Formacao Barra Velha, do Pré-sal
brasileiro na Bacia de Santos. Além do reconhecimento das microfacies e padrdes
geoquimicos e mineraldgicos reconhecidos, a dissertacdo apresenta uma
abordagem analitica/metodolégica inovadora, combinando anélises de DRX com
analises de FRX em um mesmo material, através da técnica de filmes finos, que
merece destaque. De modo geral, o trabalho estd bem escrito e sem erros que
merecam ser mencionados. Congratulo o aluno e seu orientador pelo excelente
trabalho, com importante aplicabilidade a geologia do petréleo e do Pré-sal.

Assinatura: Data:3/11/2022

Ciente do Orientador:

Ciente do Aluno:
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