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RESUMO

Os reservatorios do Pré-sal da Bacia de Santos, situada na regido offshore do sudeste
do Brasil, contém acumulagdes de petroleo gigantes. Os depdsitos aptianos da
Formacao Barra Velha sao essencialmente compostos por carbonatos e silicatos
magnesianos, acumulados em um contexto lacustre alcalino-salino. Um estudo de 4
pocos no Campo de Tupi foi realizado para determinar a formacao, distribuicdo e
preservagao dos silicatos magnesianos e fases associadas, para subsidiar a
caracterizagao e modelagem dos reservatérios. Foram selecionados 2 pogos situados
em baixos deposicionais (L1 e L2) e 2 pogos em altos deposicionais (H1 e H2), para
avaliar a ocorréncia dos silicatos magnesianos nos principais contextos deposicionais.
Spherulstones e shrubstones diagenéticos com matriz de argilominerais magnesianos
predominam nos baixos deposicionais, enquanto nos altos deposicionais os principais
depdsitos correspondem a spherulstones e shrubstones dolomitizados, e arenitos com
ooides de silicatos magnesianos. Intensa eodiagénese promoveu substituicdo da
matriz, principalmente por esferulitos e shrubs calciticos, mas também por dolomita e
silica. Os litotipos dos baixos deposicionais que apresentam matriz preservada ou
intensamente dolomitizada/silicificada comumente apresentam baixa qualidade de
reservatorio. Os litotipos dos altos que possuem uma intensa dissolugao dos silicatos
magnesianos e baixa a moderada dolomitizag&o/silicificagdo possuem boa qualidade.
Subordinados processos mesodiagenéticos e/ou hidrotermais séo registrados por
dolomita em sela, quartzo, calcita e barita macrocristalinos, e betume. Nos baixos
deposicionais, os Mg-silicatos correspondem a estevensita, interestratificados
kerolita-estevensita e kerolita. Nos altos deposicionais, a dissolucido dos silicatos
magnesianos resultou em uma fragao argilosa constituida por micas, pontualmente
por interestratificados ilita-esmectita e caulinita. O predominio de estevensita e
analises isotopicas das calcitas associadas no Intervalo Basal do poco L1 indicam
condigdes de alta salinidade, provavelmente no fundo de um lago estratificado. O
maior conteudo de siliciclasticos no Intervalo Intermediario podem estar relacionados
a condicoes de menor salinidade e entrada de plumas hipopicnais diluidas. O
predominio de kerolita no Intervalo Superior dos pocos L1 e L2 pode refletir condi¢des

de menor salinidade e/ou mudangas na estratificacdo do lago, pH ou razdo de Mg/Si.

Palavras-chave: silicatos magnesianos; Pré-sal; diagénese; Bacia de Santos.
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ABSTRACT

The Pre-salt reservoirs of Santos Basin, offshore eastern Brazil, contain giant
petroleum accumulations. The Aptian Barra Velha deposits are essentially composed
by carbonates and Mg-silicates, accumulated in an alkaline-saline lacustrine setting. A
study of 4 wells from the Tupi Field was performed to determine the formation,
distribution and preservation of Mg-silicates and associated phases, in order to
subsidize the reservoirs characterization and modeling. The selection of wells L1 and
L2, situated at depositional lows and wells H1 and H2, located at depositional highs,
aimed to discuss the occurrence of Mg-silicates at the main depositional settings.
Spherulstones with laminated Mg-silicate matrix, diagenetic shrubstones, and hybrid
arenites predominate at the depositional lows, while at the depositional highs the main
deposits are dolomitized spherulstones and shrubstones, and Mg-silicate ooidal
arenites. The deposits were strongly affected by eodiagenesis, presenting variable
replacement of the original Mg-silicate matrix, mainly by calcite spherulites and shrubs,
but also by dolomite and silica. Lithotypes of the depositional lows with preserved
matrix, or strongly dolomitized or silicified, generally have low reservoir quality.
Lithotypes of the depositional highs with strong dissolution of the Mg-silicates and mild
dolomitization/silicification show good quality. Mesodiagenetic and/or hydrothermal
processes are subordinate, recorded by the occurrence of saddle dolomite,
macrocrystalline quartz, calcite, barite, and bitumen. At the depositional lows, Mg-
silicates usually correspond to stevensite, kerolite-stevensite mixed layers and kerolite.
At the depositional highs, the dissolution of Mg-silicates left a clay fraction constituted
mainly by micas, locally with some illite-smectite mixed layers and kaolinite. The
predominance of stevensite and the isotopic analyses of associated calcite at the Basal
Interval of well L1 indicate conditions of higher salinity, probably at the bottom of a
stratified lake. Kerolite-stevensite mixed layers and the larger amounts of siliciclastic
silt in the Middle Interval at the depositional lows may be related to less saline
conditions and to the inflow of dilute hypopycnal plumes. The predominance of kerolite
in the Upper Interval of wells L1 and L2 may reflect less saline conditions and/or
changes in lake stratification, pH or Mg/Si ratios.

Key words: Mg-silicates; Pre-salt; diagenesis; Santos Basin.
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ESTRUTURA DA DISSERTAGAO

Esta dissertacdo de mestrado esta estruturada em torno do artigo “Origin and
diagenetic evolution of magnesian clays and associated phases in the Pre-Salt
deposits of the Tupi Field, Santos Basin, Brazil” submetido ao periddico Sedimentary

Geology. A sua estrutura compreende as seguintes partes principais:

PARTE |

Introdugdo sobre o tema e objetivos do estudo realizado, localizagédo da area de
estudo, geologia regional e estratigrafia da Bacia de Santos, revisao bibliografica com
o estado da arte dos temas envolvidos na execugao deste trabalho, materiais e
meétodos utilizados, resumo dos principais resultados e interpretacdes do trabalho,

conclusdes e referéncias bibliograficas.

PARTE Il

Corpo principal da dissertagcédo, constituido pelo artigo escrito pela autora como
resultado do estudo desenvolvido: “Origin and diagenetic evolution of magnesian clays
and associated phases in the Pre-Salt deposits of the Tupi Field, Santos Basin, Brazil”
precedido por carta de recebimento pelo editor da revista cientifica Sedimentary

Geology.
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1. INTRODUGAO

Os depoésitos da secado Pré-sal das bacias de Santos, Campos e Espirito Santo
acumulados durante Aptiano compde a provincia petrolifera mais prolifica do Atlantico
Sul. O Campo de Tupi corresponde a acumulagado mais produtiva, correspondendo a
45% do volume produzido no Pré-sal, apresentando producgao diaria de 2.2 milhdes
bpd e acumulando 2 bilhées de boe em 11 anos de producdo total desde 2009
(Petrobras, 2020).

Os principais reservatorios do Pré-sal correspondem a Formacdo Barra Velha,
composta essencialmente por carbonatos e silicatos magnesianos, acumulados em
um contexto lacustre alcalino-salino (Wright e Barnett, 2015). A compreenséo da
formacgao, distribuicdo e preservagdo dos silicatos magnesianos tém importancia
fundamental para a caracterizagdo e modelagem da qualidade e heterogeneidades
dos reservatoérios do Pré-sal, pois eles tém um papel muito importante na distribuigao

da porosidade e permeabilidade.

E provavel que a ocorréncia e distribuigao original desses silicatos magnesianos tenha
sido subestimada, pois atualmente eles ocorrem preferencialmente preservados nos
baixos deposicionais, sendo importante investigar se eles s6 foram formados nesse

contexto, ou se a preservacao deles foi favorecida nesse contexto.

Um estudo foi realizado em 4 pogos de diferentes contextos deposicionais do Campo
de Tupi, para investigar a ocorréncia e composi¢ao dos silicatos magnesianos e suas
alteracgdes, como eles podem refletir mudangas quimicas na agua do lago durante a

deposig¢ao e/ou outras modificagdes diagenéticas mais tardias.
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2. OBJETIVOS

O presente estudo tem como objetivo caracterizar a ocorréncia dos silicatos
magnesianos e fases associadas nos diferentes contextos deposicionais do Campo
de Tupi, apresentando os contextos em que eles foram formados e como ocorre sua
preservagao ao longo dos intervalos estratigraficos da Formag¢ao Barra Velha, e do
campo. Foram detalhadamente avaliadas as fases predominantemente
eodiagenéticas associadas aos silicatos magnesianos, diretamente seu impacto na
qualidade de reservatério observada atualmente nos depdsitos do Pré-sal. Com a
realizacdo desse estudo, espera-se melhorar a caracterizagdo do ambiente
deposicional lacustre em que esses depdsitos foram formados, avaliar os principais
controles na formagao dos argilominerais magnesianos e das fases diagenéticas

associadas.
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3. GEOLOGIA REGIONAL E ESTRATIGRAFIA DA BACIA DE SANTOS

O foco principal desse estudo foram os depdsitos aptianos da Formagao Barra Velha
no Campo de Tupi, se¢cédo Pré-sal da Bacia de Santos (Fig. 1). Essa bacia ocorre ao
longo de uma area de aproximadamente 350.000 km? da costa dos estados de Rio de
Janeiro, Sao Paulo, Parana e Santa Catarina, e é separada da Bacia de Campos a
norte pelo Alto de Cabo Frio, e da Bacia de Pelotas a sul pelo Alto de Floriandpolis. A
Bacia de Santos é limitada a oeste pela Serra do Mar e se estende até os limites
externos do Platdé de S&o Paulo (Contreras et al., 2010; Buckley et al., 2015; Kukla et
al., (2018).

A génese das Bacias de Santos, Campos e Espirito Santo e de suas contrapartes
africanas esta associada a fragmentagao do Continente Gondwana e a abertura do
oceano Atlantico Sul, entre a América do Sul e Africa, durante o Jurassico tardio e
inicio do Cretaceo (Fig. 1).

A Bacia de Santos esta configurada pelo Alto Externo de Santos, situado na por¢ao
central do Platé de Sado Paulo, uma area da crosta continental limitada por falhas com
trend NE-SW, que permaneceu relativamente alto, em contraste com as areas
afinadas e com subsidéncia adjacentes (Carminatti et al., 2009; Gomes et al., 2009).
Os reservatorios do Pré-sal foram depositados nesse alto, associados com outros
elementos essenciais do sistema petrolifero, como rochas fontes, trapas estruturais,
calor e selo efetivo, criando uma provincia petrolifera prolifica. O Campo de Tupi foi
descoberto em 2006, sob regime de concessdo em parceria com a Petrogal e Shell,
contribuindo com 45% do volume produzido no Pré-sal (Petrobras, 2010). Em
novembro de 2022, foi registrada no campo de Tupi a maior produgéo de petréleo e
gas da Bacia de Santos, correspondendo a uma produgdo de 812,49 mil bbl de
petréleo e de 38,38 milhdes de m® de gas por dia (ANP, 2022).

Moreira et al., (2007) subdivide o arcabougo crono-lito-estratigrafico (Figs. 2, 3) da
Bacia de Santos (Fig. 2) no seu embasamento cristalino, e nas supersequéncias Rifte,
Pdés-Rifte e Drifte. O embasamento cristalino da Bacia de Santos € composto por

granitos e gnaisses do Complexo Costeiro e meta-sedimentos da Faixa Ribeira.
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Mapa estrutural do campo de Tupi -
Topo da Formacéo Barra Velha v - 9

Brasil

Elevation depth [m]
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- Provével extensdo sistema lacustre do pré-sal

- Campo de Tupi

Figura 1: A) Representacdo esquematica do sag do Atlantico sul durante o Aptiano,
com as bacias da margem continental brasileira e suas contrapartes no oeste da
Africa, mostrando a provavel extensdo do sistema lacustre Pré-sal (modificado de
Lentini et al., 2010). O Campo de Tupi na Bacia de Santos esta destacado com cor
vermelha. B) Mapa estrutural do campo de Tupi, com a localizagdo dos 4 pogos

estudados.

O estagio Rifte esta relacionado a um periodo de atividade vulcénica (Formagéao
Camboriu), com falhamentos normais e preenchimento sedimentar de grabens
profundos. Os falhamentos sintéticos e antitéticos possibilitaram a acumulagado de
sedimentos com espessura variavel ao longo do Alto Externo durante esse estagio
(Buckley et al., 2015). A Supersequéncia Rifte de Moreira et al., (2007) compreende

os depositos das Formacdes Camboriu, Picarras e Itapema.
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Figura 2: Carta estratigrafica da Bacia de Santos, destacando (em vermelho) o intervalo estudado na Formacgao Barra Velha (Moreira et.
al., 2007).
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A Formacao Picarras foi acumulada durante o Barremiano e & composta por
conglomerados aluviais polimiticos e arenitos com clastos de basalto e plutdnicos,
graos de quartzo e feldspato, no contexto proximal, e por arenitos com odides e
peldides de estevensita e bioclastos de ostracodes, graos siliciclasticos e
vulcanoclasticos, siltitos e folhelhos, no contexto lacustre mais distal (Moreira et al.,
2007; Leite et al., 2020).

A Formagédo Itapema foi depositada do Neobarremiano ao Eoaptiano, e é
caracterizada por facies lacustres, como rudstones de bivalves bioclasticos (Moreira
et al., 2007), que correspondem a importantes reservatorios em algumas areas
(Carlotto et al., 2017), e por folhelhos organicos, que constituem a principal rocha

geradora desse intervalo (Chang et al., 2008).

A Supersequéncia Pés-Rifte compreende as formagdes Barra Velha e Ariri (Moreira
et al., 2007). As formagdes Barra Velha e Ariri foram acumuladas durante o estagio
sag, de subsidéncia termal, que foi menos afetado pelo tectonismo, apds o rifteamento
e antes do estagio drifte (Mohriak et al., 2002; Carminatti et al., 2009; Buckley et al.,
2015; Wen et al., 2019). O limite entre as formacgbes Itapema e Barra Velha
corresponde a Discordéncia Pré-Alagoas, uma discordancia regional angular. Abaixo
da discordancia, os depdsitos de rifte estdo basculados e truncados, cortados por
multiplas falhas normais de baixo e alto angulos, enquanto acima dessa superficie, os
depdsitos de sag ocorrem como camadas paralelas, preenchendo a topografia
irregular gerada pela erosédo pods-rifte (Quirk et al., 2013). Em parte da bacia, a
Formacao Barra Velha pode ser subdividida em 2 intervalos principais, limitados por
uma discordancia de 117 Ma, sincrona a derrames basalticos. Os depdsitos da
Formacao Barra Velha estdo erodidos no topo e superpostos pelos evaporitos da

Formacéo Ariri.

Moreira et al., (2007) descreveu os depdsitos da Formacgdo Barra Velha como
compostos por “microbialitos, estromatélitos e laminitos” em contexto proximal e
folhelhos em contexto distal. Como foi mostrado em publicagcdes anteriores, € o
presente trabalho atual ira discutir, esses termos n&o sao adequados para definir os

depdsitos da Formacgao Barra Velha.

Diversos trabalhos anteriores descreveram e discutiram os depédsitos da Formacéao
Barra Velha, incluindo: Terra et al. (2010), Wright e Barnett 2015, 2020), Tanaka et al.
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(2018), Farias et al. (2019), Gomes et al. (2020), Azerédo et al. (2021), Barnett et al.
(2021), Carvalho e Fernandes (2021), Carramal et al., (2022), Carvalho et al., (2022),
e Wright (2022), assim como os depdésitos equivalentes das Bacias de Campos e
Kwanza estudados por Saller et al (2016), Sabato Ceraldi e Green, (2017), Herlinger
et al., (2017) e Lima e De Ros, (2019).

O estudo realizado por Wright e Barnett, 2015 nos depdsitos da Formagéo Barra Velha
concluiu que a contribuicdo de processos microbiais na produgdo carbonatica foi
insignificante, e que, portanto, classificar esses depdsitos como microbiais ndo é
apropriado. Além disso, a natureza incomum desses depositos, compostos por shrubs
e esferulitos de calcita associados com silicatos magnesianos, sugerem condi¢des de
alta restricdo, com deposi¢cdo em lagos evaporiticos rasos e extensos. (Wright, 2022)
caracteriza esses depositos in situ como de origem quimica, podendo ocorrer seu

retrabalhamento em facies intraclasticas.

Os depositos das Formacdes Barra Velha e Ariri foram acumulados durante um
estagio transicional (de subsidéncia térmica), denominado estagio sag, que foi menos
afetado pelo tectonismo, apos o rifteamento e antes do estagio drifte (Mohriak et al.,
2002; Carminatti et al., 2009; Buckley et al., 2015; Wen et al., 2019). A deposig¢ao dos
evaporitos da Formacao Ariri é relacionada a invasao periddica e evaporagao da agua
do mar, preenchendo a bacia barrada com mais do que 2 km de espessura de sal,
alcangando uma largura de 700 km na Bacia de Santos, provavelmente recobrindo
mais do que 1,000,000 km? ao longo da extensa depresséo sag entre a Africa e a
América do Sul (Chaboureau et al. 2013; Davison 2007; Szatmari et al. 2021),
correspondendo a um dos maiores corpos de sal ao redor do mundo (Szatmari &
Milani, 2016).

As rochas das Formagdes Barra Velha e Itapema sao os principais reservatérios da
sucessao Pré-sal, com acumulagdes gigantes na Formagao Barra Velha, como nos
campos de Tupi, Sapinhoa e Buzios, e selo efetivo constituido pelos extensos

depositos de sal da Formagao Ariri (Freitas et al., 2019).
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Figura 3: Carta estratigrafica simplificada da Bacia de Santos, exibindo a Formagao

Barra Velha, intervalo estratigrafico estudado (adaptado de Moreira et al., 2007)

A Supersequéncia Drifte (Moreira et al., 2007) é composta pelos depésitos dos Grupos
Camburi, Frade e Itamambuca, acumulados entre o Eocretaceo e o Neodgeno. As
rochas do Grupo Camburi sdo relacionadas a uma plataforma/rampa carbonatica rasa
e os depodsitos dos Grupos Frade e Itamambuca foram acumulados em um ambiente
marinho clastico e registram o estabelecimento de condigbes plenamente marinhas

na secao superior da Bacia de Santos.
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4. ESTADO DA ARTE

4.1. Sistema lacustre

A maior parte dos lagos atuais foram originados por processos tectdnicos e glaciais,
sendo os lagos de rifte derivados de processos tectdnicos, como Pré-sal, o Lago
Tanganika, e outros lagos do rift do leste africano. Cada lago é um ambiente unico,
com sedimentos que informam sobre a hidrologia local, composi¢céo das rochas-fonte
e biologia da bacia de drenagem, além do clima regional. Os sedimentos lacustres
registram as mudangas ambientais aos quais os depdsitos foram submetidos ao longo

de toda a histéria deposicional (Renaut e Gierlowski-Kordesch, 2010).

A sedimentacgao lacustre é controlada principalmente pela tectonica e pelo clima, que
regulam juntos os tipos de entrada de agua (através de escoamento superficial,
subterrénea ou precipitagéo pluvial direta) e a carga sedimentar (carga de fundo, lama

em suspensao e a carga de solutos dissolvidos; Renaut e Gierlowski-Kordesch, 2010).

O clima determina a razao evaporagao/precipitagao, o volume de agua superficial e
sua carga de sedimentos, a distribuicdo de sedimentos pelo vento e pela chuva, o
influxo de solutos atmosféricos e os padrdes de circulagado da agua no lago (Renaut e
Gierlowski-Kordesch, 2010).

A tectdnica pode controlar a acomodacéao e a drenagem geral dentro do lago, incluindo
entradas e saidas de agua subterranea e determinar a composi¢cao das rochas do
embasamento, e outras relacdes espaciais. Isso afeta a composicao e textura dos
sedimentos que estdo entrando e a hidroquimica do lago. Ela também controla a
produtividade organica e a vida no lago, pode influenciar na distribuicdo e tipo de
sedimento predominante (detritico x autdctone) e nas facies (Renaut e Gierlowski-
Kordesch, 2010).

A morfologia da bacia e as dindmicas internas da agua do lago, como atividade de
ondas e correntes, estratificacdo da coluna de agua e a hidrodindmica influenciam o
influxo de sedimentos e propiciam o retrabalhamento dentro do lago. A drenagem da
agua do lago e a hidrologia, se aberta ou fechada e terminal, controlam o volume de
sedimentacado clastica e quimica e a influéncia da deposi¢cdo orgénica (Renaut e
Gierlowski-Kordesch, 2010).
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Os processos fisicos em lagos sdo dominados por agdes de ondas e correntes. As
ondas transportam sedimentos grossos ao longo da linha de costa e sedimentos finos
offshore através de processos analogos aqueles observados no ambiente marinho.
Sua efetividade varia de acordo com a orientagdo do lago em relagdo aos ventos
dominantes. As ondas também misturam o estrato superior do lago, promovendo a
circulagao de nutrientes e ajudam a evitar a estratificagcdo térmica do lago. As
correntes e circulagdo de agua no lago s&o geralmente controladas pelo vento ou
induzidas pelo fluxo de rios, correntes de densidade e variacbes de pressao

atmosférica (Renaut e Gierlowski-Kordesch, 2010).

Considerando os processos quimicos e bioquimicos atuantes nos sistemas lacustres,
0os lagos possuem composi¢do quimica e salinidade muito variaveis, geralmente
refletindo a drenagem do embasamento da bacia, hidrologia e clima. Os lagos de agua
doce se mantem onde um fluxo superficial ou subsuperficial mantém uma drenagem
aberta, e a recarga anual de precipitagdo, escoamento e agua subterrédnea é
balanceada pela perda de agua, através dos sumidouros e por evaporagao. Os lagos
salinos existem associados a sistemas de drenagem fechados ou intermitentemente
fechados, que recebem e mantém a maioria dos solutos da bacia hidrografica,
incluindo aqueles que entram pela agua subterranea. Quando a taxa de evaporagao
ou perda de agua subterranea excede a recarga anual, o lago pode perder volume,
estar situado abaixo da sua altura anual, se tornar progressivamente mais salino e,

eventualmente precipitar evaporitos (Renaut e Gierlowski-Kordesch, 2010).

De acordo com Pietzsch et al., (2020), os carbonatos da Formagdo Barra Velha,
depositos estudados no trabalho atual, foram acumulados em um sistema lacustre
hidrologicamente fechado, que se manteve assim ao longo de toda a sua histéria de
deposicdo (atestado pela covariagdo dos isétopos de 5'3C e 5'80), devido em parte
ao suprimento continuo de agua subterrénea, o que evitou que ele ressecasse. Foi
registrado um significativo padr&o de ciclicidade nos resultados de 3'3C, sugerindo um
forte controle climatico na deposigédo dos sedimentos do lago. Os dados isotépicos de
5'80, somados a mineralogia e fabrica dos carbonatos, mostram que existia um lago

alcalino, com agua correspondendo a salmouras concentradas.

Além disso, como os dados isotopicos de 5'3C em geral exibem valores persistentes

e os valores de 5'80 s&o mais dispersos em cada ciclo individual, Pietzsch et al.,
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(2020) sugerem que a agua do lago apresentava um longo tempo de residéncia e

equilibrio com o CO> atmosférico, além de uma significativa evaporagéo.

Os lagos formados no estagio sag do Pré-sal podem ser classificados como underfilled
lakes (Bohacs et al., 2000). Esses lagos geralmente perdem a maior parte de sua
agua para a evaporagao, aumentando as concentragdes dos solutos até o limite da
solubilidade mineral, e precipitagdo de minerais especificos (Deocampo e Jones,
2014). Assumindo que as aguas de influxo diluido tém originalmente baixa
alcalinidade, as salmouras enriquecidas por evaporagdo podem alcancar muito altas

alcalinidades e alto pH (Deocampo, 2015).

4.2. Estratificagdo em lagos

Como os lagos normalmente apresentam uma circulagéo de agua restrita, e em alguns
casos com influxo de agua muito esporadico e predominio de evaporagdo, como
observado em alguns lagos rifte, eles comumente apresentam estratificacdo da sua

coluna d’agua (Fig. 4; Renaut e Gierlowski-Kordesch, 2010).

A estratificagdo da coluna d’agua de lagos pode ser produzida pelo regime térmico,
ou devido a diferengas na salinidade das aguas. Ambos os casos criam estratificacéo
por diferengas de densidade. No regime térmico, a diferenga do aquecimento pela
radiacdo incidindo no corpo lacustre, gera uma camada superior mais aquecida e
menos densa (a epilimnion) do que a camada de fundo mais fria e densa
(hypolimnion). Essas massas de agua sao separadas pela metalimnion ou termoclinio
(thermocline), onde ocorre uma mudanga abrupta de temperatura e densidade
(Renaut e Gierlowski-Kordesch, 2010).

Nos lagos salinos meromiticos, a basal (monimolimnion) e a camada superficial
(mixolimnion) sdo separadas pelo quimioclinio (chemocline). A salinidade é induzida
pela dissolucdo de sais preexistentes, ou pelo influxo de fontes salinas. A
concentragao evaporativa de alguns lagos pode ser incrementada durante os periodos
secos, com o0 aumento da salinidade e densidade da agua. A entrada de um influxo
mais diluido no lago durante periodos mais umidos s6 permite a mistura de toda a

massa de agua do lago se a densidade da agua superficial foi aumentada pela
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evaporagao, tornando-se igual a da agua de fundo (Renaut e Gierlowski-Kordesch,
2010).

B. Autumnal cooling

Mixing of surface and bottom
waters by gravity, wind and currents

A. Summer

Th: thermocline

C. Meromixis and permanent stratification
e.g., Lake Tanganyika e.g., Lake Bogoria, Kenya

-

Warm, less Mixolimnion
dense, oxic O Less saline,less
Permanent aense, oxic

= thermociineg 1= { (&= LA18MOCHNG S8 ==

Cooler, de : Mon.im.olimmor.w

anoxic anoxic

Figura 4: Modelos esquematicos de estratificagdo em lagos. A) Perfil vertical de
temperatura, pH e oxigénio em um lago durante o verdo. B) O lago perde a sua
estratificacdo durante o inverno, quando a superficie resfria e alcanga a densidade
maxima, favorecendo a mistura das aguas superficiais e de fundo. C) A meromixis
(estratificagao estavel) pode ser desenvolvida quando as aguas superficiais estao
mais quentes, as aguas de fundo mais densas ou quando as aguas superficiais estao
menos salinas e acima de aguas mais salinas e densas (Renaut e Gierlowski-
Kordesch, 2010).

4.3. Argilominerais-magnesianos

Os argilominerais magnesianos compde uma parte significativa da familia de
filossilicatos ricos em magnésio, e podem ser neoformados, quando sao precipitados
diretamente a partir de uma solugao, ou transformados, quando se formam a partir da
transformacao de minerais precursores (Calvo et al., 1999). A sua ocorréncia

associada a carbonatos eodiagenéticos, a sua variagdo mineralégica, composicional
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e de isotopos estaveis geralmente registram mudangas nas condigdes ambientais,
assim como na quimica das aguas de lagos antigos (Bristow et al., 2012), variagdes
na salinidade, pH e nas razdes de Mg/Si. As argilas ricas em magnésio tendem a
influenciar a composi¢gao geoquimica da agua do lago e a formagao dos carbonatos
autigénicos contemporéneos precipitados, como observado nos depdsitos eocénicos

da Formacéao Green River (Bristow et al., 2012).

Os principais silicatos magnesianos correspondem a argilominerais 2:1, ricos em
magnésio (21 a 32% MgO), como a kerolita, forma desordenada e levemente
hidratada de talco, e esmectitas trioctaédricas (estevensita, saponita, hectorita), além
de argilominerais fibrosos (sepiolita e palygorskita). Alguns desses argilominerais
magnesianos nao apresentam Al em sua estrutura, como a kerolita, estevensita e

sepiolita, enquanto a saponita e palygorskita possuem Al (Pozo e Calvo, 2018).

4.3.1. Sintese Experimental

Tosca e Masterson, (2014) sintetizaram os silicatos magnesianos através de
experimentos laboratoriais, compararam com ocorréncias naturais e examinaram
sistematicamente os efeitos de pH, razdo Mg/Si e salinidade da solugao original, para

compreender os produtos precipitados.

pH, Mp/Si = (.67 Mg/Si = | Mg/Si = 6

Low salinity (MaCl;, = 0.0 molkg)

8.7 Sep: Am. 5i0- Sep: Am. 510 Ker (Stev); Sep: Am. 5i0s;
9.0 Sep: Am. S5i0- Sep; Am. S8i0; Ker (Stev)

9.4 Ker (Stev) Ker (Stev) Ker (Stev)

High salinity (NaCl;, = (.46 mol'kg)

8.7 Sep: Am. 810, Sep: Am. 810, Ker (Stev)

9.0 Sep; Am. 5i0 Ker; Sep; Am. 8i0s Stev (Ker)

9.4 Stev (Ker) Stev (Ker) Stev (Ker)

Tabela 1: Resumo dos produtos formados no estudo de Tosca e Masterson, (2014)
(Sep: sepiolita, Ker: kerolita, Stev: estevensita, Am.SiOz: silica amorfa. Os parénteses

indicam a presencga de constituintes interestratificados).
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Eles obtiveram tendéncias claras nos produtos em relagéo a solugdo quimica (Tabela
1), observando que em condi¢cdes de baixa salinidade, alta razdo Mg/Si e alto pH
predomina a kerolita, enquanto a sepiolita esta associada a condi¢cdes de pH e razéo
Mg/Si mais baixas. Eles observaram que a estevensita é favorecida sob condigdes de
alta salinidade e alta razdo Mg/Si e alto pH, enquanto em condigbes de baixa raz&o

Mg/Si, a sepiolita se forma sob baixo pH e a estevensita sob alto pH.

4.3.2. Génese dos argilominerais magnesianos — ocorréncias mundiais

De acordo com Pozo e Calvo (2018), as condi¢des ambientais mais propicias para a
formacgao das argilas magnesianas estdo associadas a sistemas lacustres salinos que
ocorrem em bacias hidrologicamente fechadas, como em lagos permanentes ou
efémeros (playas) desenvolvidos em bacias evaporiticas. Os solutos desses lagos tém
um longo tempo de residéncia e acumulam altos valores de sélidos totais dissolvidos,

alcancando até 500g/L.

Esses lagos salinos sdo desenvolvidos em regides aridas ou semi-aridas, geralmente
quentes, onde a taxa de evaporacio aproxima ou excede o influxo de rios e da chuva,
e as salmouras resultantes se tornam cada vez mais concentradas com o passar do
tempo. A composi¢cdo das salmouras depende diretamente das litologias que foram
dissolvidas na area de captagéo dos lagos, com a formagao das argilas magnesianas
sendo favorecida onde sao alteradas rochas-fontes ricas em magnésio, como
vulcanicas ou plutdénicas com silicatos ferromagnesianos e sedimentares e meta-

sedimentares com carbonatos ricos em magnésio (Pozo e Calvo, 2018).

Dependendo da composi¢cdo do embasamento adjacente e da magnitude do aporte
siliciclastico para o lago, a formagao das argilas autigénicas pode ser favorecida ou
limitada (Calvo et al., 1999). Nos lagos salinos e playas as argilas sdo em geral
detriticas, refletindo as composi¢cdes das formacdes da area de captagdo, assim como
a intensidade dos processos de alteragdo nas areas de drenagem. Geralmente, as
argilas autigénicas sao formadas preferencialmente em areas de baixa sedimentagéo,
como areas marginais de playas e lagos salinos, ocorrendo uma transformagao mais

efetiva de precursores argilosos em novos argilominerais (Pozo e Calvo, 2018).
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Os tipos de argilominerais formados em lagos sao fortemente influenciados pelas
litologias das areas de captagdo que circundam o lago, que controlam a quimica,
assim como a salinidade e alcalinidade da agua do lago e pelo aporte de detriticos
(Pozo e Calvo, 2018). As fontes de magnésio geralmente estdo associadas a minerais
ricos em magneésio, como piroxénios, anfibdlios, olivinas, serpentinas e cloritas,
comumente associados a rochas magmaticas ou metamorficas, assim como a
dolomita e magnesita, além de argilas magnesianas de rochas sedimentares. Rochas
igneas, metamorficas e algumas rochas sedimentares ricas em silicio sao fontes

importantes de silica.

As condicdes de hipersalinidade sdo normalmente desenvolvidas em dois contextos
hidrologicos e morfotectdnicos, sendo o primeiro relacionado a bacias tectonicamente
controladas (contexto rifte, bacias orograficas) e o segundo contexto corresponde a
ambientes com relevo rebaixado e lagos muito rasos e extensos, perenes ou
temporarios. Em muitas das bacias evaporiticas, o0 escoamento € limitado, exceto por
descargas torrenciais, e a maior parte da agua é proveniente de subsuperficie, da

infiltracdo de agua subterranea, doce ou salina (Calvo et al., 1999).

Deocampo (2015) sugere os seguintes fatores como propicios para a formagao de
silicatos autigénicos: alta atividade de silica dissolvida devida a alteragdo de rochas
vulcanicas ou vulcanoclasticas e/ou atividade hidrotermal; aguas alcalinas devido a
alteracdo de rochas basicas e concentragdo evaporativa; intervalos de tempo

significativos de relativamente baixo aporte de sedimentos detriticos.

Na Formagéo Green River eocénica (Bristow et al., (2012), Buchheim and Awramik
(2014), no Nedgeno da Bacia de Madri (Cuevas et al., 2003), e do norte da Tanzéania
(Deocampo, 2005), no Recente do Pantanal, Brasil (Furquim et al., 2008), no lago
pliocénico Olduvai na Tanzania (Hay et al., 2001), os argilominerais autigénicos
ocorrem em sistemas lacustres salinos e alcalinos, formados na superficie ou préximo
a interface agua-sedimento. Nos lagos Malawi e Turkana, situados no leste africano
(Yuretich, 2002), a mineralogia das argilas claramente reflete as numerosas areas
fontes que controlam a deposicao detritica, com a deposigao dos sedimentos em lagos
alcalinos e com salinidade variavel, geralmente associada a momentos em que o lago

estava hidrologicamente aberto ou fechado.
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Os argilominerais magnesianos ocorrem em ambientes modernos e antigos, marinhos
e nao marinhos, hidrotermais, continentais e de fundo oceanico. Sdo formados em
ambientes deposicionais evaporiticos, podendo ocorrer em perfis de alteracdo de
solos e constituir depdsitos espessos. Na unidade miocénica da Bacia de Madri, a
formacédo desses depositos esta associada a planicie de inundacdo e ambientes
palustres, com dados texturais, isotopicos e evolugdo sedimentar sugerindo
sequéncias shallowing upward, com o desenvolvimento de paleossolos. (Pozo e
Calvo, 2018).

No deserto de Amargosa (EUA), os argilominerais magnesianos ocorrem como
depdsitos lacustres e/ou de fontes quentes ou frias (Eberl et al., (1982), Khoury et al.,
1982), (Hay et al., 1986), ou ainda em playas, pantanos, ponds e planicies de
inundacao (Hay et al., 1986). No lago Tecopa, a deposi¢ao dos silicatos magnesianos
ocorreu em ambientes aluviais e edlicos, em torno da margem dos lagos salinos e
alcalinos, na planicie de maré, em lagos rasos e perenes, e no centro da bacia
(Larsen, 2008).

4.3.3. Estudos de caso: Ambientes de formagao de argilominerais magnesianos

Formagao Green River — Estados Unidos

Os depositos eocénicos da Formacao Green River foram acumulados durante cerca
de 8 Ma em 3 bacias principais: Uinta (em Utah), Piceance Creek (no Colorado) e
Green River (em Wyoming) (Bristow et al., 2012). Os lagos dessas bacias se formaram
em resposta a flexura da bacia de antepais e soerguimento das areas em estagios
tardios da Orogenia Laramide, com a tectbnica controlando as areas-fonte de
sedimentos e agua, e a conexao das bacias, além da diregao principal de fluxo entre

elas.

Os depdsitos da Formagao Green River foram acumulados durante estagios de lago
fechado e salino, mostrando ciclos de raseamento ascendente em varias escalas,
promovidos por mudangas no nivel dos lagos. Além disso, os valores isotdpicos
enriquecidos de C e O, assim como as caracteristicas mineralégicas das camadas de

cinzas vulcanicas alteradas a analcima sao indicadores de que os lagos eram
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fechados, salino, e de que condigdes de pH para a formacédo de argilominerais
autigénicos predominaram durante a deposigdo (Surdam e Parker, 1972; Talbot,
1990). As condigdes de lago fechado, com perdas para a evaporagéo, causaram o
enriquecimento isotdpico, que mudam com os ciclos deposicionais, nao sendo produto

da diagénese precoce.

Foram registradas maiores concentragdes de esmectitas trioctaédricas autigénicas na
Bacia Uinta em folhelhos com 6leo e mudstones carbonaticos, depositados durante
intervalos de lago alto, favorecendo a condensacgao sedimentar, estendendo o tempo
para a diagénese das argilas e diminuindo a diluicdo por fases siliciclasticas. (Bristow
et al., 2012).

A formagao das esmectitas trioctaédricas ocorreu através de precipitacdo direta a
partir da solugdo, e através da transformagdo de argilas precursoras reativas,
provavelmente de esmectitas dioctaédricas. Bristow et al. (2012) interpretaram uma
origem eodiagenética para as esmectitas trioctaédricas, em resposta as elevadas
condigbes de pH e salinidade no Lago Uinta durante a deposi¢cédo, baseados na
natureza monomineralogica da assembleia de argila e na falta de fonte detritica viavel
para suprir as grandes quantidades de esmectitas trioctaédricas que compde os

sedimentos.

Buchheim e Awramik (2014) também relataram a ocorréncia de estevensita autigénica
na Formagdo Green River das Bacias de Uinta e Green River, em ambiente
deposicional lacustre salino-alcalino. A estevensita ocorre associada com argilitos
calcareos, folhelhos, tufas, depdsitos ooidais e microbiais, compondo peldides e
ooides com laminagdo concéntrica. Eles estdo ausentes nas facies ooliticas
carbonaticas da parte superior da secao. As estevensitas sao verificadas na metade
inferior, em camadas de 1 a 25 cm, associadas com folhelhos e argilitos, sugerindo
condigdes deposicionais profundas de baixa energia. Sdo observadas sequéncias de
raseamento ascendente, compostas por argilitos profundos e folhelhos na metade
inferior, e odides litordaneos e microbialitos na metade superior. A formacado dessas
estevensitas reflete condi¢des lacustres salinas-alcalinas, com altas razdes de silica

€ magnésio.

Deserto de Amargosa - Estados Unidos
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As areas da planicie Amargosa e Ash Meadows, no sul de Nevada (Estados Unidos)
sdo circundadas por montanhas e foram cobertas por um lago que acumulou aguas
pluviais entre o Plioceno tardio e o Pleistoceno e foi subdivido em lagos menores
conforme o nivel do lago flutuou com as mudangas climaticas (Smith, 1976; Dudley e
Larson, 1976). A planicie de Amargosa atualmente € uma playa, coberta por
incrustagcdes de sal que indicam que a evaporagado removeu a agua dessa area. A
area de Ash Meadows é caracterizada por 20 fontes termais, alimentadas por
aquiferos compostos por calcarios e dolomitos que sdo recarregados de terras altas

carbonaticas a leste e norte (Khoury et al., 1982).

Nas areas da planicie Amargosa e Ash Meadows foram acumulados depdsitos de
sepiolita, esmectita trioctaédrica (interestratificados de kerolita/estevensita), calcita e
dolomita, precipitados a partir de solugdes nao salinas (Khoury et al., 1982). A origem
dos depdsitos foi definida pelos padroes de crescimento dos cristais, pelo baixo

conteudo de Al dos depdsitos e pela auséncia de texturas vulcanoclasticas.

A area de estudo € um deserto com o lencgol freatico proximo a superficie. A agua do
lencol freatico é proveniente de aquiferos de rochas paleozoicas presentes no entorno
e subjacentes a area de estudo. Em épocas de intensa chuva do passado, o aumento
da descarga hidrica produziu lagoas e/ou pantanos alimentados por fontes. Os
calculos termoquimicos, as analises isotdpicas e texturais evidenciam que a calcita,
dolomita e sepiolita foram precipitadas a partir da agua das fontes termais, sem uma
forte concentracdo evaporativa, interpretada pelas composi¢cdes isotopicas dos
minerais, pela auséncia de abundantes sais soluveis e pelos habitos dos cristais de
dolomita. A formacdo dos interestratificados kerolita/estevensita ocorreu em
condigdes de agua mais salina, como relacionada ao lago isolado ou a alteragédo da
agua das fontes, conforme ela percolou os aquitardos tufaceos terciarios (Khoury et
al., 1982).

No deserto de Amargosa ocorrem camadas mistas de kerolita/estevensita como
depodsitos de lago e/ou de fontes quentes/frias, de idade Plioceno-Pleistoceno (Eberl
et al., 1982). As camadas mistas de kerolita/estevensita resultantes sdo compostas
por um componente ndo expansivo (kerolita) e outro com vacancias octaédricas
passiveis de expansao, que podem incorporar cations e formar estevensita. Os dados

sugerem que talco, kerolita e estevensita foram formadas em uma série continua
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baseada na carga das camadas. As diferengas na expandabilidade podem resultar de
diferencas na temperatura de formagao (fontes quentes, fontes frias ou precipitagéo

no lago) ou de diferengas na quimica da solugao.

O deserto de Amargosa na California € uma bacia estrutural alimentada por fontes
termais, composta por rochas carbonaticas pliocénicas e argilas magnesianas
depositadas em playas, pantanos, ponds e planicies de inundagao (Hay et al., 1986).
O clima durante o Plioceno era mais umido do que no presente, e as fontes termais
eram amplamente espalhadas na bacia Amargosa. As argilas magnesianas s&o
esmectitas magnesianas e sepiolitas, quimicamente precipitadas, sendo as sepiolitas
formadas em aguas de baixa salinidade, e as Mg-esmectitas, precipitadas em aguas
de alta salinidade, conforme as analises de isétopos. As kerolitas podem ser um
produto de alteragcdo das Mg-esmectitas. As sepiolitas possuem valores de isétopos
de oxigénio inferiores ao das Mg-esmectitas, o que combina com a menor salinidade

inferida para sua formacao.

Bacia de Madri — Espanha

A Bacia de Madri € uma das maiores bacias terciarias da Peninsula Ibérica e acumulou
depdsitos aluviais e lacustres do Nedgeno. Os sedimentos miocénicos contém
evaporitos e argilas. Os depdsitos de argilominerais magnesianos (sepiolita,
esmectitas magnesianas, kerolita-Mg-esmectita) estdo situados na zona transicional

entre os depdsitos aluviais e lacustres marginais (Pozo e Casas, 1999).

Pozo e Casas, 1999 propuseram dois caminhos genéticos para a formagao dos
argilominerais magnesianos. Durante a eodiagénese, foi observado a transformacéo
de Al-esmectita (beidellita) em esmectita magnesiana (saponita). No ambiente
palustre foi neoformada kerolita, inicialmente como um gel rico em Si e Mg, a partir do
qual se desenvolveram kerolita, interestratificado kerolita-estevensita, e estevensita
(produto final). Os autores propuseram que a estevensita é formada de 2 formas:
através da transformacdo do interestratificado kerolita-Mg-esmectita, ou também

neoformada em um estagio posterior.

As facies da Unidade Magnesiana sao interpretadas como depdsitos de planicie de

inundagdo seca a palustre, formados na margem de um lago salino-alcalino. Foi
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registrada a alternancia de episddios de contragcdo/expansédo, com a entrada de
sedimentos detriticos (intervalos arenosos) e exposigdo subaérea (paleossolos). A
presenca de marcas de raizes nos argilitos pode ser relacionada a areas marginais
ocasionalmente vegetadas. Todas as evidéncias apontam para condigdes climaticas
semi-aridas. Todas as se¢des apresentam sequéncias de raseamento ascendente,

com evidéncia de exposi¢cao subaérea (Pozo e Casas, 1999).

As kerolitas provavelmente foram neoformadas em um ambiente palustre, em ponds.
Esses depositos apresentam abundantes feigcbes pedogenéticas, justificando o
ambiente raso interpretado. Nesses ambientes de agua rasa, a hidroquimica é
influenciada pelas aguas do lago (alto conteudo de Mg e pH alcalino) e pela entrada
de aguas subterraneas ricas em silica, favorecendo a formacao de géis de Si-Mg, e a
coagulagao de um filossilicato 2:1, com a neoformagao da kerolita. Ela também pode
ser formada a partir da precipitacao direta da solucdo. A ocorréncia de cimentos de
kerolita preenchendo fraturas afetando camadas de interestratificados kerolita-Mg-
esmectita sugerem uma origem secundaria e ao menos duas geragdes de kerolita
(Pozo e Casas, 1999).

Em um estagio posterior, a formacédo de interestratificados kerolita-Mg-esmectita
podem sugerir uma deplegdo no Mg?* do meio, mas também um aumento nas
condigdes de salinidade-alcalinidade durante a evaporagdo das aguas marginais do
lago. Entéo a fase expansivel do interestratificado (Mg-esmectita) pode aumentar com

a salinidade (Pozo e Casas, 1999).

A neoformacdo tardia de estevensita nos depdsitos Esquivias € indicada pelo
desenvolvimento de agregados de esmectita cobrindo morfologias ricas em silica ou
preenchendo a porosidade secundaria, relacionadas a fissuras ou a cavidades de

bioturbagédo (Pozo e Casas, 1999).

As saponitas geralmente s&o formadas em um ambiente de planicie marginal, com
feicdes de ressecamento acima de niveis com evaporitos intra-sedimento. A formacao
da Mg-esmectita provavelmente ocorreu devido a entrada de Al-esmectitas
associadas com o escoamento superficial, e sua reagdo com aguas ricas em Mg na

margem do lago salino-alcalino.

As sepiolitas sdo menos comuns nos depdsitos Esquivias e tem ocorréncia mais

localizada do que as kerolitas e, provavelmente sdo secundarias, pois ocorrem como
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nodulos dentro de camadas de kerolita-Mg-esmectita ou preenchendo fissuras.
Considerando a morfologia e feigdes texturais dos nddulos de sepiolita e sua relagéo
com os nodulos carbonaticos, Pozo e Casas (1999) interpretaram que a entrada de
agua subterranea foi responsavel pela formagao de sepiolita e dos carbonatos. Além
disso, eles concluiram que a sepiolita foi formada parcialmente a partir da kerolita-Mg-
esmectita, por processos de dissolucdo-precipitacdo. As observacdes de MEV
sugerem que a sepiolita cresce preferencialmente a partir da esmectita, em relagéo a

kerolita.

Na Bacia de Madri (Fig. 5), as argilas com maior conteudo de Mg ocorrem
preferencialmente nas margens da bacia, comparativamente ao centro da bacia (Pozo
e Calvo, 2018). As saponitas ocorrem tanto nas margens do lago como nas facies

distais aluviais.

(Pozo e Calvo, 2018) propdem trés caminhos geoquimicos relacionados aos
ambientes continentais para formar as argilas magnesianas autigénicas na Bacia de
Madri: 1. Formagao de argilominerais magnesianos que contém Al; 2. Formagao de
argilominerais magnesianos sem Al; 3. Formagao de sepiolita a partir de outros

argilominerais magnesianos.

A transformacao de argilas que contem Al em palygorskita e/ou saponita pode ocorrer
préximo a rochasfonte que fornecem Mg?*, Si(OH). e coldides ricos em Al; pode estar
relacionada a ambientes marginais aluviais-palustres-lacustres, onde ocorre a
interacdo de agua de escoamento, agua do lago e a agua subterranea. A silica pode
derivar de rochas magmaticas, preferencialmente félsicas, rochas metamorficas,
siliciclasticas ou biogénicas (contendo diatomaceas). Os processos de alteragéo
afetando as rochas-fonte, pode levar a formagdo de argilominerais com Al e a
liberagdo de Mg e Si. Em planicies de inundacdo préximas ao lago, onde a agua tende
a ser mais alcalina, a transformacao de esmectitas aluminosas em saponita, pode ser

favorecida em detrimento da paligorskita (Pozo e Calvo, 2018).

A formacédo de argilominerais magnesianos sem Al, como sepiolita, kerolita e
estevensita ocorre por precipitagdo direta a partir da coluna de agua e/ou dos poros
dos sedimentos acumulados em lagos rasos ou pantanos, onde a entrada de silica

relacionada a agua subterranea pode ter um papel importante. O tipo de argilomineral
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formado depende das condigbes de pH, salinidade e razdo Si/Mg da agua do lago
(Pozo e Calvo, 2018).

A formacédo de sepiolita a partir de outros argilominerais magnesianos é propiciada
por mudancas durante a diagénese, na hidroquimica do escoamento, da agua do lago
e da agua subterranea, podendo promover a formagéo de sepiolita por transformacgéo
(dissolugao-precipitagdo), as custas de outros argilominerais magnesianos. Essa
mudanca pode ser drastica, como a alteracdo na salinidade ou pH, pela entrada de

agua doce e silica durante a diagénese precoce (Pozo e Calvo, 2018).
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Figura 5: Modelo com a distribuicdo paleogeografica das argilas, predominantemente

magnesianas e dos depdsitos carbonaticos da Bacia de Madri (Pozo e Calvo, 2018).

Nhecolandia, Pantanal, Brasil

A regido de Nhecolandia esta situada na regido centro-sul do Pantanal, em um
extenso leque aluvial. Na regido sul-sudoeste de Nhecolandia coexistem lagos de
agua doce (baias) e lagos alcalinos-salinos (salinas), geralmente associados com
canais temporarios e areas de vegetacado de savana densa. O estudo de Furquim et
al., 2008 se prop0Os a investigar a mineralogia das esmectitas presentes em solos,

bordejando um lago alcalino-salino representativo de Nhecolandia.

Foi registrada a formacdo de esmectita em ambiente alcalino-salino, precipitada

diretamente a partir da solugdo e/ou transformada a partir de minerais precursores
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(Furquim et al., 2008). As esmectitas estdo concentradas em dois niveis principais:
uma zona superior, onde as esmectitas sao dioctaédricas e ricas em Al e Fe, inclui
horizontes de solo raramente alcangados pela variagdo do nivel do lago; uma zona
inferior, onde as esmectitas sdo trioctaédricas e ricas em Mg (além de saponita e
estevensita), inclui o horizonte superficial dentro da area de variagado sazonal do nivel
do lago. Os conteudos de elementos terras raras, a quimica da agua e a presencga de
Mg-esmectita sob maxima evaporagdo sugerem que a saponita e estevensita foram

precipitadas a partir da coluna de agua do lago alcalino-salino.

Bacia de Amboseli - Tanzania e Quénia

Na Bacia de Amboseli, na Tanzania e Quénia, ocorre o Lago Amboseli, que
corresponde a uma playa inundada sazonalmente, que apresenta depdsitos lacustres
em quase toda a sua extensao oeste. Essa bacia é constituida, da base para o topo,
pelos depdsitos pleistocénicos das Camadas Sinya, Argilas Amboseli e Camadas Ol
Tukai. As Camadas Synia s&o predominantemente precipitados quimicos de solutos

derivados da alteragéo do vulcao Kilimanjaro. (Hay et al., 1995).

Os depodsitos da Bacia de Amboseli sdo compostos essencialmente por rochas
carbonaticas e argilominerais magnesianos (sepiolita, interestratificado kerolita-
estevensita), acumulados em uma bacia lacustre relacionada a pantanos, lagos rasos
ou ponds, sob clima semi-arido, aos pés do vulcao Kilimanjaro (Hay et al., 1995). A
mudanca de predominio carbonatico para a deposicdo de sepiolita pode representar

uma sequéncia evaporativa em um lago carbonatico muito alcalino.

Os argilominerais magnesianos ocorrem como veios e preenchem cavidades nas
Camadas Sinya e interpreta-se que eles foram quimicamente precipitadas com base
nas relagbes de campo e analises de MEV. Os valores de is6topos de 80O dos
interestratificados de kerolita-estevensita que preenchem as cavidades sao maiores
quando associados a um maior conteudo de estevensita e sdo menores quando
apresentam um maior conteudo de kerolita, sugerindo que altas salinidades
favoreceram a estevensita e baixas salinidades propiciaram a formacao de kerolita.
As sepiolitas apresentam valores intermediarios em relagdo aos valores dos

interestratificados kerolita-estevensita, sugerindo que a salinidade nao foi o principal
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fator para a precipitagdo da sepiolita, sendo provavelmente relacionada as razdes
aSiOz/aMg?* (Hay et al., 1995).

As diferencas de mineralogia das argilas formadas provavelmente estao relacionadas
as diferentes misturas entre agua subterranea diluida e salina, e agua do lago alcalina,
fornecendo SiO; e Mg?*. A formagéo da sepiolita aparentemente reflete a agua do
lago, enquanto os interestratificados de kerolita-estevensita devem ter se formado a

partir de fluidos com alta contribuicdo de agua subterranea.

Lago Olduvai - Plioceno, Tanzania

O lago pliocénico Olduvai na Tanzania era salino, altamente alcalino, e foi formado
em uma bacia fechada (Hay et al., 2001). A area total do lago abrangia uma bacia
central, envolta por terrenos marginais lacustres onde se alternavam periodos de
ressecamento e inundagado. Seus depdsitos sdo compostos por argilas autigénicas,
minerais carbonaticos, zedlitas, K-feldspato, chert e pirita. A regido central € composta
por argilas autigénicas, como ilita, esmectita e interestratificado ilita-esmectita,
formadas penecontemporaneamente com as argilas detriticas, através da interagéo
entre as argilas detriticas e agua salina e altamente alcalina. Os argilominerais
acumulados na margem do lago indicam que essa regido era frequentemente
inundada por agua salina. Os resultados de is6topos mostram que os argilominerais

foram formados a partir da agua salina.

As argilas magnesianas da bacia central do lago provavelmente se formaram durante
a deposigao, e sua rapida neoformagéo é sugerida pelo curto tempo de residéncia do
Mg?* em lagos salinos de bacias fechadas, como o Lago Turkana, no Quénia (Yuretich
e Cerling, 1983), e é demonstrado pela presenca de Mg-esmectita em profundidade
rasa nas lamas do fundo do lago. O interestratificado ilita/esmectita e a ilita que
ocorrem na area central da bacia e na margem do lago, provavelmente foram
formados diretamente, pelo processo de dissolugao-precipitagao, mais do que devido

a ilitizacdo de camadas de Mg-esmectita.

Os argilominerais ricos em Mg-esmectita que ocorrem na base da unidade 1 devem
refletir a baixa salinidade e baixa atividade de K/Mg de um lago recém-formado e em

expansao. O posterior predominio de ilita em diregcao a unidade 2, pode refletir um
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aumento na salinidade e no conteudo de K. A wunidade 3 €& composta
predominantemente por argilas com alto conteudo de Mg-esmectita, registrando uma
historia complexa de contracdo e expansao que pode ter reduzido a salinidade e a
atividade de K*, ao menos em parte pela erosdo edlica e transporte de sais

eflorescentes durante a exposicao subaérea.

Os depdsitos de Olduvai Gorge, Tanzania, no rifte Leste Africano, correspondem a
uma sequéncia de 100 m de idade Plio-Pleistoceno, composta por sedimentos
vulcanoclasticos, acumulados em uma bacia fechada contendo um playa lake (Hover
e Ashley, 2003).

O estudo mostrou que as assinaturas composicionais dos argilominerais durante a
pedogénese precoce foram herdadas das rochas fontes. Os sedimentos provenientes
de rochas vulcanicas contém esmectita dioctaédrica altamente desordenada. Os
sedimentos provenientes do embasamento precambriano sdo mais enriquecidos em
Al. A posterior neoformagdao em ambientes pedogenéticos (solo) ou diagenéticos
(margem do lago e lago) resultou na modificagdo da mineralogia original. Os solos
desenvolvidos nos leques distais piroclasticos contem esmectita com mais Fe e Mg
do que as esmectitas que ocorrem nos leques proximais. Uma tendéncia de
diminuicdo no conteudo de Al e aumento de Mg ocorre nas esmectitas em amostras
de ambientes fluviais a margem do lago e lago, resultantes da substituicdo parcial das
Al-esmectitas pelas Mg-esmectitas (estevensitas) trioctaédricas neoformadas (Hover
e Ashley, 2003).

Lagos Malawi e Turkana — Leste da Africa

Foi observado que a composicao das rochas fontes tem um papel muito importante
na composicdo dos sedimentos modernos do Lago Turkana, no Quénia, mas as
interagdes entre os sedimentos e a agua do lago, durante e apds a deposi¢gao podem

modificar a sua distribui¢cao (Yuretich, 1986).

A drenagem do Rio Omo, que corresponde a 58% da area de captagdo do Lago
Turkana, ocorre sobre rochas vulcanicas maficas expostas a um clima umido tropical.
Os sedimentos disponibilizados pelo sistema Omo refletem a intensa alteracdo da

area, sendo compostos por caulinita, 6xidos de ferro e minerais resistatos com alto
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conteudo de Al e Ti. A bacia de drenagem do rio Kerio-Turkwel, que corresponde a
uma area de captagdo secundaria no lago, € extremamente arida e seus depositos
expostos sdo compostos por gnaisses e xistos pré-cambrianos. Os sedimentos do rio
Kerio-Turkwel sdo mais grossos e constituidos por quartzo, feldspato, esmectita e ilita
(Yuretich, 1986).

A quimica e mineralogia dos sedimentos de fundo proximo a desembocadura dos rios
refletem essas diferengas, mas as mudangas composicionais nos depésitos de agua
profunda podem ser causadas por reagbes com a agua do lago alcalina e levemente
salina (Yuretich, 1986).

Embora a influéncia da area fonte também possa ser observada em sedimentos
profundos, a superposi¢cao da diagénese e homogeneizagdo também ocorrem. A
esmectita € o argilomineral mais importante do lago, pode ser concentrada nas regides
distais por segregacao hidrodinamica, embora o aporte fluvial ndo parega sugerir isso.
O balango de massa hidroquimico sugere a formagéao autigénica de esmectita. A Mg-
esmectita é o principal tipo de argila. A reag&o de aluminosilicatos alterados com Mg?*,

HCO3" e SiO2 na agua do lago podem produzir esmectita diagenética (Yuretich, 1986).

As analises realizadas em argilominerais presentes em sedimentos do Lago Malawi e
Lago Turkana, no Leste da Africa, demonstram a sensibilidade desses indicadores

mineraldgicos a mudangas ambientais (Yuretich e Ervin, 2002).

A mineralogia das argilas em sedimentos do Lago Malawi, hidrologicamente aberto, é
influenciada em geral pelas inumeras areas fontes, que controlam a composi¢ao
detritica, compostas por esmectita (mais representativa na regiao sul), caulinita (mais
abundante na regido norte) e ilita. Ocorreu um episddio de bacia fechada ha 6-10 ka,
com elevada formagao de esmectita na parte central e sul do lago, coerente com um
clima semi-arido e elevada alcalinidade da agua nesse momento. A caulinita € mais
abundante na regido norte do lago nesse periodo. O rebaixamento do nivel do lago
pode ter propiciado a formacéo de caulinita nas areas deltaicas mais rasas situadas a
norte do lago (Yuretich e Ervin, 2002).

No Lago Turkana, a esmectita € o argilomineral mais abundante nos sedimentos,
refletindo a relativa estabilidade desse mineral em contato com a agua do lago
levemente salina e altamente alcalina. O conteudo de Mg da esmectita nos

sedimentos superficiais aumenta de norte a sul do lago, podendo indicar remogéao de
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Mg da agua do lago. Ao sul do lago o conteudo de Mg na esmectita diminui com a
profundidade. Os sedimentos foram depositados sob condi¢des de agua doce, e a
composi¢cao da esmectita reflete a mudanga na composi¢ao quimica da agua do lago
ao longo do tempo. A Mg-esmectita provavelmente foi formada antes de 5 ka, quando

existia um pequeno lago salino na Bacia Sul profunda (Yuretich e Ervin, 2002).

Lago Bogoria - Quénia

O Lago Bogoria, no Quénia, € um lago meromitico salino-alcalino, formado na area do
Rifte (Renaut e Tiercelin, 1994). Esse lago € alimentado por cerca de 200 fontes
qguentes e rios efémeros e drenam um terreno vulcanico. Apesar de ser um lago raso,
a salmoura é estratificada e a mexomixis predomina. Dentro do lago, na regi&o litoral
predominam sedimentos siliciclasticos depositados por fluxos densos. Na regido mais
profunda e central do lago, a sedimentacao é predominantemente organica-quimica,
com aporte de sedimentos detriticos finos através de plumas hipopicnais. O estudo de
testemunhos de 30000 anos mostrou que os depdsitos sao constituidos por lamas
organicas, formadas em momentos de lago intermediario a alto, e alta produtividade
microbial, intercalada com evaporitos, que foram precipitadas em momentos aridos de
lago mais baixo. O Lago Bogoria € um bom exemplo da complexa interagcéo entre
mudangas climaticas, tectdbnicas em um rifte jovem, e confirma o importante papel de

fontes hidrotermais na sedimentagé&o de riftes continentais (Renaut e Tiercelin, 1994).

No Lago Bogoria, as fontes de fluido mais significativas sdo o influxo diluido e a
recarga salina hidrotermal, que somados ao alto relevo marginal e clima semi-arido,
produziram os depdsitos siliciclasticos (nas fases umidas) e a sedimentagao
evaporitica (fases aridas), altamente sensiveis as variagdes climaticas. Todos esses
fatores atuaram criando a estratificagdo da agua do lago. O suprimento de fontes
quentes fornece agua para a salmoura do lago, e através da descarga sublacustre,
pode contribuir diretamente para a estratificagdo da agua. Durante as fases aridas, a
recarga do lago por fontes aumenta. O influxo diluido diminui nessa fase e a
evaporagao aumenta, e o influxo restante deriva de fontes quentes, que geralmente
sdo salinas. Assim como no lago Magadi, a constante recarga hidrotermal, somada a
subsidéncia da bacia, possibilita que a sedimentacao continue, mesmo quando outras

fontes de influxo diminuem ou cessam (Renaut e Tiercelin, 1994).
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Pré-sal, Brasil

Na Formacgao Barra Velha, acumulada durante o Aptiano na Bacia de Santos, ocorrem
dep0dsitos carbonaticos com um substrato de argilomineral magnesiano, interpretados
como formados em ambiente lacustre evaporitico, sob condicdes muito restritas, em

lagos rasos, extensos e hiperalcalinos (Wright e Barnett, 2015).

Segundo Tosca e Wright (2015), as zonas sublitorais influenciadas por vulcanismo
seriam os locais ideais para acumulagéo e preservagao dos silicatos magnesianos,
enquanto as zonas profundas com sedimentos ricos em matéria organica seriam
propicias a dissolugéo dos silicatos magnesianos devido a metanogénese da matéria
organica. A zona litoral seria mais propicia a flutuagcdes do nivel do lago, exposicéo e

retrabalhamento, ndo sendo favoravel a preservacgao dos silicatos magnesianos.

A abundéncia de calcita e de silicatos magnesianos e a auséncia de minerais
evaporiticos tipicos (sulfatos e cloretos) corroboram a interpretagado que as principais
areas drenadas seriam compostas por terrenos vulcanicos basicos, disponibilizando
Ca, Mg, SiO2 e HCO3 (Tosca e Wright, 2015). Essa quimica propiciou a formagao dos

silicatos magnesianos.

Os principais argilominerais magnesianos que ocorrem na Bacia de Santos s&o
kerolitas e Mg-esmectitas, com a ocorréncia de assembleias ricas em Mg-esmectita
na zona basal e de assembleias ricas em kerolita ou em interestratificados kerolita-
estevensita na zona superior (Netto et al., 2022). Esses autores interpretam que a
kerolita e estevensita sdo autigénicas por neoformagéo, com transformacgao entre elas
formando camadas mistas, enquanto a saponita seria autigénica por transformagao
de fases anteriores ricas em aluminio, mas podendo também ocorrer saponita
herdada.

Silva et al., (2021) interpretaram os interestratificados kerolita-estevensita desses
mesmos depositos na Bacia de Santos, como produto de transformacao a partir da
kerolita, sendo essas reagdes favorecidas em condi¢des de aumento do pH durante a
diagénese. Além disso, os autores atribuem a formacao da kerolita a fluidos com alta

razao Mg/Si e pH <9.

Além dos argilominerais magnesianos laminados descritos pelos autores anteriores,

Carramal et al. (2022) registram a ocorréncia de oodides de silicato magnesiano,
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formados por precipitagdo singenética em aguas do lago pouco agitadas e alcalinas,
de maneira semelhante aos odides constituidos por berthierina-chamosita, formados
por rolamento em aguas pouco agitadas, por agao de correntes de fundo (Delaloye e
Odin, 1988), e aos ooides de Mg-silicatos da sec¢ao rift da Bacia de Campos (Bertani
e Carozzi, 1984; Rehim et al., 1986; Goldberg et al., 2017) e da Bacia de Santos (Leite
et al., 2020).

5. METODOS

Esse trabalho é baseado no estudo de 4 pocos situados ao longo de uma segao oeste-
leste no Campo de Tupi (Fig. 1B), onde L1 e L2 sdo os pogos situados nos baixos
deposicionais e H1 e H2 sdao os pogos localizados no alto deposicional. Esses
diferentes contextos foram selecionados para possibilitar a caracterizacao da variagao
de facies deposicionais e da diagénese no intervalo da Formacgao Barra Velha e no ao
longo do Campo de Tupi. O estudo envolveu a descrigdo de testemunhos e de laminas
delgadas, além de analises petrologicas e geoquimicas (Tabela 2). Quase todas as
analises foram realizadas no Centro de Pesquisas da Petrobras (CENPES) no Rio de

Janeiro, com exceg¢ao das analises de elementos quimicos.

A descricao macroscopica de testemunhos foi realizada na escala 1:20, e contemplou
a descrigao de facies, de estruturas sedimentares e de feigdes pds-deposicionais. As
laminas delgadas foram preparadas a partir de 432 amostras impregnadas por resina
epoxy azul, e tingidas com a solug&o de alizarina vermelha e ferricianeto de potassio

para a identificacdo de espécies carbonaticas (Dickson,1965).

As descri¢coes petrograficas foram realizadas em um microscépio Zeiss Imager.A1,
utilizando o software Petroledge (De Ros et al., 2007), de forma a caracterizar os
constituintes primarios e secundarios das rochas, os tipos de poros (de acordo com
Choquette e Pray, 1970), e as relagdes paragenéticas entre eles, com quantificagéo
através de estimativa visual pela utilizagcdo de diagramas de referéncia (Terry e
Chilingar, 1955).
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7”6‘ Descrigdo | pescrigdo de | Analises de| Analises de | Microscopia Mapeamento | Analises de | anaii Andlises de
A \% | macroscépica laminas DRX DRX eletrénica mineral isotopos de |je ef o COTe
%, \% [de testemunhos  delgad ha total)|(argilominerais)| de varredura |automatizado [ carhono e selanitilig pirélise
O elgadas |(rocha total)|(arg por MEV/EDS | Gyioanio quimicos
L1 35m 144 172 116 23 38 235 a1 28
H1 - 42 11 11 3 13
H2 45m 208 111 37 = 61 178 25 12
L2 - 38 30 30 5 - 69 10
TOTAL 80 m 432 324 194 31 112 482 76 40

Tabela 2: Analises realizadas nos 4 pocos do Campo de Tupi.

Os percentuais originais dos constituintes primarios foram reconstituidos com base
nas fases de substituicdo e na porosidade de sua dissolugdo. Neste trabalho, os
estagios diagenéticos eodiagénese, mesodiagénese e telodiagénese foram utilizados

sensu Choquette e Pray (1970).

As analises quantitativas de Difragao de Raio-X de 324 amostras de rocha total e de
194 amostras de argilominerais e outros constituintes na fragcdo argila (< 2 ym) foram
realizadas em difratdmetros RIGAKU D/MAX - 2200/PC e Bruker D8. As analises
guantitativas de rocha total foram obtidas a partir dos softwares Jade 9 (MDI) and EVA
(BRUKER AXS GMBH), e a partir do banco de dados de minerais PDF-2 (ICDD). As
analises qualitativas foram obtidas pelo método Rietveld (Young, 1995) através dos
softwares FullProf (Rodrigues-Carvajal & Roisnel, 1998; Santos et al., 2009) e TOPAS
(BRUKER AXS GMBH). A fragao abaixo de 2 ym foi separada por centrifugagao, e as
secOes orientadas preparadas foram solvatadas com etileno glicol, e aquecidas a
490°C para identificagao dos argilominerais (Brown e Brindley 1980; Alves, 1987),
utilizando o software JADE 9 (MDI).

Um total de 31 amostras foram analisadas através de microscopia eletrénica de
varredura, incluindo laminas delgadas, examinadas com elétrons retroespalhados, e
fragmentos, analisados por elétrons secundarios, com suporte de espectrometria de
energia dispersiva (EDS) para a identificacdo da composigdo elementar de
constituintes especificos. As analises foram processadas em um microscopio

eletrénico JEOL JSM 6490-LV, operando em alto vacuo a 20kV. As laminas delgadas
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e os fragmentos de rocha foram recobertos com uma fina camada de carbono e uma
camada de Au-Pd, respectivamente, para se tornarem condutivas. Os mapas
composicionais de EDS e as microanalises foram obtidas pelo software OXFORD

Aztec Large Area Mapping, acoplado ao microscopio.

Foram realizadas analises em 112 amostras através de um microscépio eletrénico
de varredura acoplado com detectores EDS (QEMSCAN 650F - Quantitative
Evaluation of Mineral by Scanning Electron Microscopy), que converte os dados
quimicos de EDS em dados mineraldgicos, baseado em um banco de dados

conhecido, criando um mapa mineralogico das laminas delgadas.

As analises de isotopos de carbono e oxigénio foram executadas em 482 amostras,
em fragmentos de 5 g, que foram pulverizados a fragmentos menores do que 0,125
mm. O método online Gas Bench Il foi utilizado para a extragdo de CO., acoplado a
um espectrometro de massa Thermo Fisher Scientific com razdo isotépica Delta V
Plus. As amostras foram submetidas a interacdo com H3zPO4 em uma atmosfera inerte,
a 70°C por uma hora. As razdes '3C/'2C e 80/'60O foram medidas em parte por mil (%o
ou permil), relativas ao padrdo VPDB (Vienna Pee Dee Belemnite) (Sharp, 2007;
Hoefs, 2009).

A analise quimica de 76 amostras foi realizada no Laboratorio SGS-Geosol para a
caracterizagao dos elementos maiores, menores, raros e tragos, e perda ao fogo (Loss
on ignition - LOIl), posterior ao aquecimento a 1000°C. Os equipamentos utilizados
foram ICP-OES (/Inductively Coupled Plasma Optical Emission Spectrometry) Perkin
Elmer Optima 5300/7300 DV, e o ICP-MS (/Inductively Coupled Plasma — Mass
Spectrometry) Perkin Elmer Elan DRC I, para a quantificagdo dos elementos maiores,
menores e tragos, enquanto os elementos raros foram quantificados através do
método IMS95R.

Foram realizadas analises de geoquimica organica em 40 amostras, com a execugao
das seguintes analises: Carbono Orgénico Total (COT%) e Enxofre (%), quantificados
no equipamento SC-144DR LECO, e analise de residuos insoluveis (%) no

equipamento Rock-Eval Pirolysis da Vinci Technologies.
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6. SINTESE DOS RESULTADOS E CONSIDERAGOES FINAIS

6.1. Distribuicao dos litotipos

A Figura 6 apresenta uma seg¢ao esquematica oeste-leste, com os principais litotipos
identificados nos 4 pogos estudados no campo de Tupi, contemplando a variagao
lateral entre os altos e baixos deposicionais. A caracterizacio dos litotipos possibilitou
a subdivisdo dos depdsitos da Formacido Barra Velha em 4 intervalos principais
intitulados, da base para o topo como: Intervalo Basal, Intermediario, Superior e o
Marco Lula. O pogo L1 apresenta o mais completo e espesso registro de todos os
intervalos devido a sua deposi¢ao no baixo deposicional mais expressivo do campo
de Tupi. Na base do pogo H1 foi registrada a ocorréncia de rochas vulcanicas da
Formacao Camboriu, enquanto na base dos pogos H2 e L2 foi definida a discordancia
Pré-Alagoas, observando-se o contato dos depdsitos da Formagéo Barra Velha com

a Formacéo Itapema (calciruditos bioclasticos de bivalves).

6.1.1. Intervalo Basal

Nos pocos H1 e L2 o Intervalo Basal é registrado pela ocorréncia de depdsitos
clasticos, gerados pela erosdo das Formagdes Camboriu, Pigarras e ltapema ao longo

dos altos expostos.

O contato basal da Formacao Barra Velha nao foi testemunhado no poco L1. O
Intervalo Basal do pogo L1 é constituido por spherulstones com matriz e intraclastos
silicaticos-Mg. Acima desses depoOsitos ocorrem calcarenitos intraclasticos
intercalados com spherulstones com matriz hibrida, com altos valores de enxofre
(1.4%) registrados no topo desse intervalo nesse pogo. No pogo L2, esse intervalo é
composto por arenitos hibridos com fragmentos vulcanicos da Formagado Camborid,
por calciruditos bioclasticos da Formacgao Itapema, e arenitos silicaticos-Mg da
Formacao Iltapema. Esses arenitos foram gerados a partir da erosdo dos altos

expostos.

No pogo H1, esse intervalo apresenta arenitos hibridos com fragmentos vulcanicos
erodidos da Formagao Camboriu. O Intervalo Basal nao foi registrado no pogo H2,

provavelmente devido a auséncia de deposicao nos altos.
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6.1.2. Intervalo Intermediario

No poco L1, o Intervalo Intermediario é composto predominantemente por
spherulstones com matriz silicatica-Mg laminada, apresentando localmente alto
conteudo siliciclastico e intercalagéo de shrubstone diagenético. No topo do intervalo
ocorrem mudstones com um maior conteudo siliciclastico, coincidente com altos
valores de enxofre (1.1%) e com o aumento de potassio no perfil de raios gama
espectral. No poco L2, assim como no pogo L1, esse intervalo € dominantemente
representado por spherulstones com matriz silicatica-Mg laminada, com menor

conteudo de siliciclastico do que no pogo L1.

No poco H1, o Intervalo Intermediario abrange predominantemente arenitos ooidais
silicaticos-Mg, que foram depositados no contexto dos altos deposicionais, sob
condigdes de alta energia. No topo desse intervalo a ocorréncia de mudstones com
alto conteudo de siliciclasticos também se reflete no aumento de potassio no perfil de

raios gama espectral, assim como observado no pogo L1.

No pocgo H1, esse intervalo é constituido por calcarenitos intraclasticos que recobrem
discordantemente os calciruditos bioclasticos da Formacdo Itapema. Acima dos
calcarenitos ocorrem spherulstones e shrubstones diagenéticos com matriz hibrida,

coincidindo com um aumento de potassio no perfil de raios gama espectral.

6.1.3. Intervalo Superior

No pogo L1, o Intervalo Superior € caracterizado pela ocorréncia de mudstones com
alto conteudo de silicato-Mg, superpostos por dolostones e shrubstones singenéticos.
Acima desses depdsitos ocorrem arenitos intraclasticos e arenitos ooidais silicaticos-
Mg refletindo alta energia no ambiente deposicional. Acima desses litotipos, ocorrem
ciclos de spherulstones e shrubstones diagenéticos com matriz de silicato-Mg
laminado, ocasionalmente apresentando alto conteudo siliclastico na base. Na parte
superior do Intervalo Superior ocorrem shrubstones diagenéticos dolomitizados com
agregados de magnesita lamelar, registrando a intensa dissolugao e substituicdo da

matriz de silicato-Mg.

No pogo L2, nesse intervalo predominam shrubstones diagenéticos com matriz de

silicato-Mg, intercalados com arenitos ooidais, calcarenitos intraclasticos e arenitos
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hibridos silicaticos-Mg-carbonaticos. Os depdsitos clasticos sdo mais abundantes no
Intervalo Superior do pog¢o L2 do que no pocgo L1, devido a sua localizagdo mais

proxima dos altos.

No poco H1, esse intervalo € composto predominantemente por spherulstones
dolomitizados com agregados de magnesita lamelar e por dolostones, recobertos no
topo por calcarenitos intraclasticos. No po¢o H2, ocorrem shrubstones diagenéticos e
spherulstones com agregados de magnesita lamelar e localmente foram observados
shrubstones singenéticos. No topo do Intervalo Superior do pogo H2, assim como no
poco H1, ocorrem arenitos hibridos silicaticos-Mg-carbonaticos e arenitos ooidais. A
matriz de silicato-Mg foi completamente substituida e dissolvida nesse intervalo dos

dois pocos, devido ao contexto deposicional em que estao situados.

6.1.4. Marco Lula

No perfil de raios gama espectral de todos os pogos estudados, o Marco Lula
tipicamente apresenta maiores valores de urénio, provavelmente relacionados a um

aumento no conteudo de matéria organica nesse intervalo.

No pogo L1, o Marco Lula € composto por mudstones com alto conteudo de silicato-
Mg e apresentando o maior valor de COT (5%) do pogo, superposto por microbialitos.
Esses depositos ocorrem sobrepostos por spherulstones e shrubstones diagenéticos
com matriz de silicato-Mg. No pogo L2 esse intervalo corresponde a mudstones com

alto conteudo de matriz silicatica-Mg.

Nos pogos H1 e H2 ocorrem microbialitos nesse intervalo. O pogco H2 apresenta o
registro mais espesso do intervalo Marco Lula (15 m) dentre os pogos estudados,
sendo composto por microbialitos intercalados com spherulstones intensamente
dolomitizados com agregados de magnesita lamelar. No pogo H2, os maiores valores
de COT (0.2% a 0.5%) e de enxofre (0.1% a 0.2%) foram registrados no Marco Lula.
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Figura 6: Secao esquematica oeste-leste no campo de Tupi, mostrando a distribuicdo dos principais litotipos nos pocgos e intervalos estratigraficos

analisados. (RG = perfil de raios gama espectral (potassio em laranja, tério em marrom, uranio em preto); RMN= perfil de ressonancia magnética

(fluido livre em azul, porosidade total em marrom, porosidade efetiva em verde oliva).
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6.2. Processos e produtos diagenéticos ao longo do Campo de Tupi

A Figura 7 apresenta uma segdo esquematica oeste-leste representando a
distribuicdo dos principais eventos diagenéticos que afetaram as rochas dos pogos

estudados.

A matriz de silicatica-Mg e os odides de mesma composigdo ocorrem mais
preservados nos pocos situados nos baixos deposicionais, enquanto no poco H1
esses constituintes ocorrem localmente preservados no Intervalo Intermediario e no
Marco Lula. A matriz silicatica-Mg e os odides n&o estdo preservados em nenhum
intervalo do pogo H2. A substituicdo da matriz silicatica-Mg por esferulitos e shrubs
calciticos ocorre em todos os pocos, com uma ocorréncia mais limitada de shrubs no

poco H1.

A substituicdo da matriz silicatica-Mg e dos odides por dolomita foi mais intensa no
Intervalo Superior e no Marco Lula no poco L1 e foi localmente importante nos
Intervalos Intermediario e Superior e no Marco Lula do pogo L2. Nos pocos do alto
deposicional, a substituigdo da matriz e dos odides silicaticos-Mg por dolomita afetou
um intervalo espesso, compreendendo os Intervalos Intermediario, Superior e Marco
Lula de ambos os pogos. A dolomita substitutiva compde uma média de 27 a 31%
desses depdsitos, apresentando valores maximos de 82% a 95% nos pogos do alto
deposicional, enquanto nos pocos dos baixos deposicionais, a sua ocorréncia média
varia de 9 a 12% e ocorre com valores maximos entre 45% e 70%. A substituicado por
dolomita apresenta uma tendéncia de aumento em direcéo ao Intervalo Superior de
todos os pocos, exceto no poco L2, que apresenta uma tendéncia inversa na
preservagao da matriz e odides de silicato-Mg (Carramal et al., 2022; Carvalho et al.,
2022).

A silicificacdo da matriz ndo apresenta um padrao claro sua ocorréncia, sendo mais
expressiva no Intervalo Superior do poco L1, no Intervalo Intermediario do pogo L2 e
ao longo de todo o pogo H2. A calcita macrocristalina que substitui a matriz silicatica-
Mg tem ocorréncia localizada e geralmente em pequena quantidade. O cimento de
dolomita preenchendo a porosidade nos depdsitos clasticos € mais importante no

Intervalo Superior dos pocos L1 e H2.
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A porosidade produzida pela dissolugdo da matriz € o tipo de porosidade mais
importante verificado em todos os pogos, sendo menos significativa nos pogos dos
baixos deposicionais (s6 é localmente importante no Intervalo Basal e no topo do
Intervalo Superior do pogo L1). A porosidade por dissolugéo foi registrada em todos
os intervalos dos pogos H1 e H2, mas geralmente € mais expressiva no Intervalo
Superior. Foi verificado um aumento na porosidade dos pocgos situados nos baixos
deposicionais em direcdo aos poc¢os localizados nos altos deposicionais, devido ao
aumento da dissolugéo da matriz nesse sentido (Carramal et al., 2022; Carvalho et al.,
2022). Na base do Intervalo Superior do pogo L1, localizados shrubstones
singenéticos apresentam alta porosidade primaria (growth framework), mas tem

ocorréncia muito restrita.

6.3. Ocorréncia dos silicatos magnesianos ao longo do Campo de Tupi

A distribuicao dos silicatos-Mg ao longo do campo de Tupi esta representada na Figura
8. O pogo L1 esta situado no baixo deposicional mais expressivo e apresenta o registro
mais espesso de silicatos-Mg ao longo da Formacédo Barra Velha. A estevensita
predomina no Intervalo Basal e ndo ocorre nesse mesmo intervalo estratigrafico dos
outros pogos. Como a precipitacdo de estevensita esta relacionada a condi¢des de
maior salinidade, a sua distribuicdo esta associada a condi¢cdes de alta salinidade no
fundo de um lago estratificado. Essa condi¢cado de alta salinidade provavelmente foi
alcancada devido a atividades vulcanica e hidrotermal penecontemporaneas a

deposicao.

O Intervalo Intermediario do pogo L1 ¢é caracterizado pelo predominio de
interestratificados kerolita-estevensita associados a uma maior entrada de
siliciclasticos, associado a plumas hipopicnais trazendo os siliciclasticos e diluindo a
agua do lago. Esse maior aporte de siliciclasticos, correspondendo a um aumento de
potassio no perfil de raios gama espectral, também foi verificado nos pogos H1 e H2.
O Intervalo Intermediario do pogo L1 apresenta um aumento no conteudo de kerolita
em direcao ao topo, assim como de saponita, devido a entrada de aguas diluidas no

lago.
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Foi verificado o predominio de kerolita no Intervalo Superior dos pocos L1 e L2, com
a ocorréncia subordinada de interestratificados kerolita-estevensita e de estevensita e
saponita (apenas no pogo L1). O predominio de kerolita nesse intervalo sugere
diminuicdo na salinidade, comparado ao Intervalo Basal, ou mudangas na razdo Mg/Si
ou pH. A fragcdo argila do Intervalo Basal do pogo H1 é composta por mica,
interestratificado ilita-esmectita e caulinita, sendo possiveis produtos da alteracdo de
rochas vulcanicas e siliciclasticas. No Intervalo Intermediario, os arenitos ooidais sao
compostos por kerolita, enquanto os spherulstones sao constituidos por esmectitas. A
fracdo argila do Intervalo Superior do pogo H1 e dos Intervalos Intermediario e
Superior do pocgo H2, é essencialmente constituida por mica, como provavel resquicio
da fragcdo argila original, apdés a dissolugdo completa dos silicatos-Mg. Essa
dissolucdo, verificada principalmente nos pocos dos altos deposicionais, pode ser
associada a flutuagdes da quimioclina do lago estratificado, ocorrendo a

desestabilizagado preferencial dos silicatos-Mg.

6.4. Aspectos sobre a qualidade de reservatoério

A variagdo da qualidade de reservatorio ao longo dos pogos analisados pode ser
avaliada a partir dos graficos onde foram plotados os dados de porosidade (%) e de
permeabilidade (mD) dos litotipos in situ (Figura 9A) e dos litotipos retrabalhados
(Figura 9B). As amostras de rochas in situ que apresentam os menores valores de
porosidade (menores do que 5%) e de permeabilidade (menores do que 0.1 mD)
correspondem a litotipos constituidos por matriz silicatica-Mg preservada
(spherulstones, shrubstones diagenéticos e mudstones; Fig 9A). Esses depdsitos sao
mais comuns nos poc¢os localizados nos baixos deposicionais. Os litotipos com
dissolugdo parcial da matriz silicatica-Mg apresentam porosidades relativamente
maiores (entre 10 e 17%). As rochas com maiores porosidades (acima de 10%) e
permeabilidades (acima de 10 mD) correspondem a spherulstones e shrubstones
diagenéticos onde ocorreu a dissolugdo completa da matriz de silicatos-Mg ou a

shrubstones singenéticos com preservagao da porosidade primaria (Fig. 9A).
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porosidade total em marrom, porosidade efetiva em verde oliva).
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A qualidade de reservatério dos spherulstones e shrubstones diagenéticos varia de
moderada a boa, a depender da intensidade da dolomitizagdo. Os litotipos que
apresentam intensa dolomitizacdo tendem a apresentar porosidades e
permeabilidades moderadas, enquanto as rochas com dolomitizacdo moderada a
baixa possuem uma maior qualidade de reservatério. Esses depdsitos geralmente

ocorrem associados aos altos deposicionais.

. Jo) . . .
Shrubstone singenético com |Z| Qualldade de reservatorio - LItOtlpos ln situ Spherulstone intensamente
preservacao da porosidade primaria Aumentoda dolomitizagﬁo + dissolvido e dolomitizado
1000 ° Dissolugdo/
A Pre‘ervagacz da’ ?orOSIdade. SPH-dI_Alto deposicional
— 100 S primaria
% o ° @ SHB-dgdl_Alto deposicional
- ° L]
@ 10 Y LJAN ® SPH-ag_Baixo deposicional
ko
=] 1 4 SHB-dgag_Baixo deposicional
¥ . .
8 & —————ssuededl Baodeposicional |
Spherulstone com matriz g 01 & . -
silicética-Mg preservada s i ﬁ p ® SPH-dI_Baixo deposicional
£ % umento da dissolugao
0,01 do silicato-Mg 4 = MUD_Baixo deposicional
®
& # DOL_Baixo deposicional
10 15 20 A SHB-sin_Alto deposicional
Porosidade (%) o B
Aumento da preservagdo da matriz 4 SHB-sin_Baixo deposicional
Calcarenito com preservagio B Arenito hibrido intensamente dissolvido
da porosidade primaria Qualidade de reservatério — Litotipos clasticos (porosidade intraparticula)
S e e it
1000 o PRIM-CCN
© PRIM- ARN-OO
3 ‘M\D A PRIM- ARN-HIB
g O 10 OA & = 4 SEC- ARN-HIB
E' Preservagao da porosidade
% . ° A priméria/ @ SEC-ARN-OO
) . ] 5 1 A E Porosidade secundaria « COMP- ARN-0O o -
Calcarenito com a porosidade obliterada = Arenito hibrido com porosidade
pela cimentagdo por dolomita '5 .D L4 A COMP- ARN-HIB primdria parcialmente preenchida
B o : g 01 me el} cimentacdo de dolomita
o s o O AC-CCN Ly "
‘ = 110 . % N i
0,01 Intensa clmentagao// © AC—ARN-0O YN 3
Intensa compactag&o,
0,001 0‘-g.F'n o Pseudomatriz A AC—ARN-HIB
0 5 10 15 20 ® PM-ARN-OO
Porosidade (%) 4 PM-ARN-HIB

Figura 9: Diagramas de porosidade (%) x permeabilidade (mD) dos litotipos in situ (A) e retrabalhados
(B). SPH-dI= spherulstone dolomitizado, SHB-dgdl= shrubstone diagenético dolomitizado, SPH-ag=
spherulstone com matriz de silicato-Mg, SHB-dgag= shrubstone diagenético com matriz de silicato-Mg,
MUD= mudstone, DOL=dolostone, SHB-sin= shrubstone singenético, CCN= calcarenito, ARN-OO=
arenito ooidal, ARN-HIB= arenito hibrido, PRIM= porosidade primadria, SEC= porosidade secunddria,

COMP= compactacdo intensa, AC= cimentacgao intensa, PM=alto conteldo de pseudomatriz.
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De acordo com a sua qualidade de reservatério, os depdsitos clasticos podem ser
subdivididos em dois grupos (Fig. 9B). Um dos grupos é caracterizado por valores de
permeabilidade abaixo de 0.1 mD e porosidade inferior a 7%. Os baixos valores de
permebailidade e porosidade resultam de uma cimentacdo média de 19% associada
a ocorréncia abundante de cimentos de dolomita, quartzo e calcita preenchendo a
porosidade interparticula primaria, ou devido a intensa compactacdo mecanica, que
pode produzir pseudomatriz a partir do esmagamento de grédos ducteis, como de
intraclastos silicaticos-Mg. O outro grupo € caracterizado por valores de
permeabilidade acima de 0.1 mD e de porosidade entre 7 e 13%. Esse grupo inclui
litotipos retrabalhados com preservagcdo da porosidade interparticula, além de
porosidade intraparticula/madldica, comumente produzidas a partir da dissolucéo

preferencial de odides de silicato-Mg, predominante nos altos deposicionais.
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7. Conclusoes

. O estudo dos depdsitos da Formagao Barra Velha em 2 pocgos situados nos
baixos deposicionais (L1 e L2) e 2 pogos dos altos deposicionais (H1 e H2) do Campo
de Tupi, Bacia de Santos, possibilitou a caracterizagao da ocorréncia dos depdsitos

de silicatos magnesianos e das fases diagenéticas associadas.

. Nos baixos deposicionais ocorre o predominio de shrubstones diagenéticos e
de spherulstones com matriz de argilominerais magnesianos laminados, além de
arenitos hibridos carbonaticos/silicatos magnesianos e carbonaticos/terrigenos,
enquanto nos altos deposicionais os principais depositos sado spherulstones e
shrubstones diagenéticos dolomitizados e arenitos com oo6ides de silicato

magnesiano.

. Os depdsitos foram intensamente afetados pela eodiagenése, apresentando
varios graus de substituicho da matriz de silicato magnesiano original,

predominantemente por esferulitos e shrubs calciticos, e também por dolomita e silica.

. Os litotipos caracteristicos dos baixos deposicionais com a matriz de
argilomineral magnesiana preservada, ou intensamente dolomitizada e silicificada,
geralmente tem baixa qualidade de reservatério. Os litotipos com intensa dissolugéo
do substrato de argilomineral magnesiano e baixa a moderada

dolomitizagao/silicificagcao apresentam boa qualidade de reservatorio.

. Os processos mesodiagenéticos elou hidrotermais ocorrem
subordinadamente, e sdo registrados pela presenca de dolomita em sela, quartzo,

calcita e barita macrocristalinos e betume.

. Os silicatos magnesianos ocorrem in situ, como matriz laminada e
retrabalhados, como odides e intraclastos. Nos baixos deposicionais, eles sao
comumente constituidos por estevensita, interestratificados kerolita-estevensita e
kerolita, e subordinadamente por saponita e sepiolita. Nos altos deposicionais, a
dissolugao congruente dos argilominerais magnesianos deixou apenas resquicios de
mica na fragdo argilomineral, localmente com a ocorréncia de interestratificado ilita-

esmectita e caulinita.
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. Foi registrada a parcial transformac&o de estevensita em kerolita localmente,
preferencialmente associada aos shrubstones diagenéticos e a transicdo entre

spherulstones e shrubstones diagenéticos.

. A dissolugao preferencial dos silicatos magnesianos durante a diagénese nos
altos deposicionais, esta associada a um aumento nos graus de substituicdo por

dolomita e silica.

. A integracdo das analises petrograficas, de DRX e QEMSCAN confirmaram
que os silicatos magnesianos foram formados e depositados em todos os contextos
do Campo de Tupi, mas foram preferencialmente desestabilizados nos altos
deposicionais, provavelmente devido a mudangas na quimica da agua do lago, que

podem estar relacionadas a estratificagdo da coluna de agua.

. O predominio de estevensita e as analises isotopicas das calcitas associadas
no Intervalo Basal do pogo L1 sugerem condi¢cdes de alta salinidade, provavelmente
no fundo de um lago estratificado. Essas condigdes podem estar relacionadas ao

vulcanismo contemporaneo e a atividade hidrotermal.

. O predominio de interestratificados kerolita-estevensita e o maior conteudo de
silte siliciclastico no Intervalo Intermediario dos pocgos situados nos baixos
deposicionais podem estar associados a condicbes menos salinas e ao influxo de

plumas hipopicnais diluidas.

. O predominio de kerolita no Intervalo Superior dos pogos L1 e L2 podem refletir
condigdes de menor salinidade e/ou outras variagdes na estratificagao do lago, no pH

e nas razdes Mg/Si.

. Descobrir sobre as condi¢gdes dindmicas de formacao e deposicao dos silicatos
magnesianos que constituiram o background da sedimentagdo do sistema lacustre
alcalino da Formagéao Barra Velha, e as alteragdes eodiagenéticas, mesodiagenéticas
e hidrotermais as quais foram submetidos tem uma grande importancia no
entendimento da deposigéo, evolugdo e qualidade dos gigantescos reservatorios do
Pré-sal da Bacia de Santos, assim como dos depésitos equivalentes das outras bacias
do Atlantico Sul.
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ABSTRACT

The Pre-salt reservoirs of Santos Basin, offshore eastern Brazil, contain giant
petroleum accumulations. The Barra Velha deposits are essentially composed by
carbonates and Mg-silicates, accumulated in an alkaline-saline lacustrine setting
during the Aptian. A study of 4 wells Tupi Field was performed to determine the
formation, distribution and preservation of Mg-silicates and associated phases,
in order to subsidize the reservoir characterization and modeling. The selection
of wells L1 and L2, situated at depositional lows and wells H1 and H2, located at

depositional highs, aimed to discuss the occurrence of Mg-silicates at the main
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depositional settings. Spherulstones with laminated Mg-silicate matrix,
diagenetic shrubstones, and carbonate/Mg-silicate and carbonate/terrigenous
hybrid arenites predominate at the depositional lows, while at the depositional
highs the main deposits are dolomitized spherulstones and diagenetic
shrubstones, and Mg-silicate ooidal arenites. The deposits were strongly
affected by eodiagenesis, presenting various degrees of replacement of the
original Mg-silicate matrix, mainly by calcite spherulites and shrubs, but also by
dolomite and silica. Lithotypes of the depositional lows with preserved matrix,
or strongly dolomitized or silicified, generally have low reservoir quality.
Lithotypes of the depositional highs with strong dissolution of the Mg-silicates
and mild to moderate dolomitization/silicification show good reservoir quality.
Mesodiagenetic and/or hydrothermal processes are subordinate, recorded by
the occurrence of saddle dolomite, macrocrystalline quartz, calcite, barite and
bitumen. At the depositional lows, Mg-silicates usually correspond to stevensite,
kerolite-stevensite mixed-layer and kerolite, and subordinate saponite and
sepiolite. At the depositional highs, the congruent dissolution of Mg-silicates left
a clay fraction constituted mainly by micas, locally with some illite-smectite
mixed-layer and kaolinite. The predominance of stevensite and the isotopic
analyses of associated calcite at the Basal Interval of well L1 indicate conditions

of higher salinity, probably at the bottom of a stratified lake, what may have
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been related to coeval volcanism and associated hydrothermal activity. Kerolite-
stevensite mixed-layer and the larger amounts of siliciclastic silt in the Middle
Interval at the depositional lows may be related to less saline conditions and to
the inflow of dilute hypopycnal plumes. The predominance of kerolite in the
Upper Interval of wells L1 and L2 may reflect less saline conditions and/or other

changes in the lake stratification, pH or Mg/Si ratios.

Keywords: Mg-silicates; Pre-salt; diagenesis; Santos Basin.

1. INTRODUCTION

The Pre-salt deposits of Santos, Campos and Espirito Santo basins accumulated
during the Aptian and constitute the most prolific hydrocarbon province of South
Atlantic. The Tupi Field is the most productive accumulation, accounting for 45%
of the volume produced in the Pre-salt, corresponding to 2.2 million bpd and to

2 billion boe in 11 years of total production since 2009 (Petrobras, 2020).

The main Pre-salt reservoirs correspond to the Barra Velha Formation, which
deposits are essentially composed by carbonates and Mg-silicates, accumulated
in an alkaline-saline lacustrine setting (Wright e Barnett, 2015). Understanding
of the formation, distribution and preservation of Mg-silicates is of key

importance to characterize and model the quality and heterogeneities of Pre-
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salt reservoirs, as they play an essential role on porosity and permeability

distribution.

Although the magnesium silicates are currently preserved mostly at the
depositional lows, it is important to investigate if they were only formed in this
setting, or if their preservation was favored in this context. A study was
performed in four wells with distinct depositional settings of the Tupi Field, to
investigate the occurrence and composition of Mg-silicates and their alterations,
and how these may reflect chemical modifications in the lake water during

deposition and/or later diagenetic modifications.

2. GEOLOGICAL SETTING

This study deals with the Aptian deposits of the Barra Velha Formation in the
Tupi Field, Pre-salt section of Santos Basin (Fig. 1). This basin covers an area of
approximately 350 000 km2 and it is separated from the Campos Basin to the
north by the Cabo Frio High, and from the Pelotas Basin to the south by the
Florianopolis High. Santos Basin is limited to the west by the Serra do Mar and
extends eastward to the outer limits of the S3o Paulo Plateau (Contreras et al.,

2010; Buckley et al., 2015; Kukla et al., (2018).
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The genesis of the Santos, Campos and Espirito Santo basins, and their African
counterparts is linked to the breakup of the Gondwana Continent and to the
opening of South Atlantic Ocean, between South America and Africa, during late

Jurassic and early Cretaceous.
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Figure 1: A) Schematic representation of the Aptian South Atlantic sag, with the basins of the
Brazilian continental margin and their West African counterparts, showing the probable
extension of the Pre-salt lacustrine system (modified from Lentini et al., 2010). The Tupi Field
is highlighted (with red color) in Santos Basin. B) Structural map of the Tupi Field,
corresponding to the top of Barra Velha Formation, with position of the 4 studied wells.

The Santos Basin is configured by the Santos External High, situated in the central
portion of the S3o Paulo Plateau, a continental crust area limited by NE-SW

trending faults, that remained relatively high, in contrast to the thinned and

Programa de Pds-Graduag¢dao em Geociéncias - UFRGS
Av. Bento Gongalves 9500 - Agronomia - Prédio 43.113 - S-207B - 91509-900 - Porto Alegre - RS
Tel.: (051) 3308-6340/33086332 - E-mail: ensinopggeo@ufrgs.br




69

subsided adjacent areas (Carminatti et al., 2009; Gomes et al., 2009). The Pre-
salt reservoirs were deposited on this high and, associated with other essential
petroleum system elements, as source rocks, structural traps, heat and effective
seal, created a prolific petroleum province. The Tupi Field was discovered in
2006, under a concession regime in partnership with Petrogal and Shell. It
accounts for 45% of the produced volume in the Pre-salt, which corresponds to
2.2 million bpd and to an accumulation of 2 billion boe in 11 years of the field
production, since 2009 (Petrobras, 2020). In November of 2022, Tupi field had
the higher petroleum and gas production at Santos Basin, recording respectively
an average of 812,49 thousand bbl of petroleum and 38,38 millions of m? of gas

per day (ANP, 2022).

Moreira et al., (2007) subdivides the chronolithostratigraphic framework from
the Santos Basin (Fig. 2) into the crystalline basement, the Rift, Post-Rift and Drift
Supersequences. The crystalline basement of the Santos Basin is composed by
Precambrian granites and gneisses from the Coastal Complex (Complexo
Costeiro) and meta-sediments from the Ribeira Belt (Faixa Ribeira — Moreira et

al., 2007).

The Rift stage is related to a period of volcanic activity (Camboriu Formation),

normal faulting and sedimentary infilling of deep grabens. Synthetic and
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antithetic faulting allowed the accumulation of sedimentary packages with
variable thickness along the Santos External High during this stage (Buckley et
al., 2015). The Rift Supersequence from Moreira et al., (2007) comprises the

deposits from the Camboriu, Picarras and Itapema Formations.

The Picarras Formation was accumulated during the Barremian, and is composed
by alluvial polymictic conglomerates and arenites with basaltic and plutonic
clasts, quartz and feldspar grains in proximal settings, and by arenites with
stevensite ooids and peloids bivalve and ostracod bioclasts, siliciclastic and
volcanoclastic grains, siltites and shales in lacustrine settings (Moreira et al.,

2007; Leite et al., 2020).

The Itapema Formation was deposited from the Neobarremian to the Eoaptian,
and is characterized by lacustrine facies, as bivalve bioclastic rudstones (Moreira
et al., 2007) that correspond to important reservoirs in some locations (Carlotto
et al., 2017), and by organic rich dark shales , which constitute the main source

rocks of the section (Chang et al., 2008).
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Figure 2: Simplified stratigraphic chart of Santos Basin, showing the studied Barra Velha
Formation (adapted from Moreira et al., 2007).

The Post-Rift Supersequence comprises the Barra Velha and Ariri formations
(Moreira et al., 2007). The Barra Velha and Ariri formations were accumulated
during a thermal subsidence sag stage, which was less affected by tectonism,
after rifting and before the drift stage (Mohriak et al., 2002; Carminatti et al.,
2009; Buckley et al., 2015; Wen et al., 2019). The limit between the Itapema and
the Barra Velha formations corresponds to the Pre-Alagoas Unconformity, a

regional angular unconformity. Below that unconformity, the rift deposits are
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tilted and truncated, cut by multiple low-angle and high angle normal faults,
while above that surface, the sag deposits are parallel-layered, passively infilling
and draping the irregular topography left by the post-rift erosion (Quirk et al.,
2013). In part of the basin, the Barra Velha Formation can be subdivided into two
main intervals, limited by a 117 My unconformity, synchronous to basaltic lava
flows. The Barra Velha deposits are eroded at the top and overlain by the Ariri
Formation evaporites. Moreira et al., (2007) described the Barra Velha
Formation deposits as composed by “microbialites, stromatolites and laminites”
in proximal settings and shales in distal settings. As later publications have
shown, and the present work will discuss, those early terms are not adequate to

define the Barra Velha deposits.

Previous works have extensively described and discussed the Barra Velha
Formation deposits, including: Terra et al. (2010), Wright and Barnett 2015,
2020), Tanaka et al. (2018), Farias et al. (2019), Gomes et al. (2020), Azerédo et
al. (2021), Barnett et al. (2021), Carvalho and Fernandes (2021), Carramal et al.,
(2022), Carvalho et al., (2022), and Wright (2022), as well as the equivalent
deposits from the Campos and Kwanza Basins studied by Saller et al (2016),
Sabato Ceraldi and Green, (2017), Herlinger et al., (2017) and Lima and De Ros,

(2019).
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The study by Wright and Barnett, 2015 of the Barra Velha deposits concluded
that the involvement of microbes in producing the carbonates was insignificant,
and therefore that their classification as microbialites is not appropriate . They
characterize Barra Velha deposits as composed by abiotic non-marine
carbonates, with a very limited range of facies types and textures. Besides that,
the uncommon nature of the deposits and the association with phases as
magnesium silicates, suggests highly restricted conditions, with deposition in
hyperalkaline, extensive and shallow evaporitic lakes. (Wright, 2022)
characterizes these in situ deposits as chemogenic in origin, consisting of crystal
shrubs and spherulites common occurrence, which were reworked into a range
of detrital facies. The Barra Velha and Ariri Formation deposits were
accumulated during a transitional stage (thermal subsidence), Sag stage, which
was less affected by tectonism, after rifting and before the drift stage (Mohriak
et al., 2002; Carminatti et al., 2009; Buckley et al., 2015; Wen et al., 2019). The
Ariri Formation evaporites deposition is related to the periodic invasion and
evaporation of sea water filling the barred and often desiccating South Atlantic
basin with salt, reaching thicknesses of more than 2 km and width of about 700
km in the Santos Basin, and probably covering more than 1,000,000 km? along

the large sag depression between Africa and South America (Chaboureau et al.
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2013; Davison 2007; Szatmari et al. 2021), corresponding to one of the largest

salt bodies worldwide (Szatmari & Milani, 2016).

The rocks from the Barra Velha and Itapema formations are the main reservoirs
of the Pre-salt succession, with giant accumulations in the Barra Velha
Formation, as in the Tupi, Sapinhod, and Buzios fields, and the effective seal
constituted by the extensive salt deposits of the Ariri Formation (Freitas et al.,

2019).

The Drift Supersequence (Moreira et al., 2007) is composed by the Camburi,
Frade and Itamambuca Group deposits, accumulated from Eocretaceous to
Neogene. The rocks from the Camburi Group are related to a shallow carbonate
platform to slope context, and the deposits from the Frade and Itamambuca
Group were accumulated in a clastic marine environment and register the

establishment of fully marine conditions in the upper section of the Santos Basin.

3. DATA AND METHODS

This work is based on the study of 4 wells situated in a W-E section of the Tupi
Field (Fig. 1B), where L1 and L2 are the wells situated at depositional lows and
H1 and H2 are wells located at depositional highs. These different contexts were

selected to enable the characterization of the variation of depositional facies and
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diagenesis through the Barra Velha Formation and along the field. The study

involved the description of cores and thin sections, geochemical and petrologic

analyses (Table 1). Almost all analyses were performed at Petrobras Research

Center (CENPES) in Rio de Janeiro, with exception of the elemental chemical

analyses.

The macroscopic description was performed in 1:20 scale, and comprised the

description of facies, sedimentary structures and post-depositional features. The

thin sections were prepared from 432 blue epoxy resin-impregnated samples,

stained with an alizarin red-S and potassium ferricyanide solution for

identification of the carbonate species (Dickson, 1965).

87 2 X-R :

2 Core . " X-Ray ., a¥ Scannin . Total Carbon
(7,6’ ... |macroscopic |Thin section |Diffraction| Diffraction electror? Automated |  Garbon clhem':?l Organic

%% | descriptions descriptions| analysis | analysis ileraceniay ":'n';‘e':mga: and Oxygen Z:;‘;esi: and Pirolysis|

(bulk rock)l(clay fraction p by Isotope ¥ analysis

L1 35m 144 172 116 23 38 235 41 28

H1 42 1" 11 3 13 =

H2 45 m 208 11 37 = 61 178 25 12

L2 & 38 30 30 5 - 69 10 -
TOTAL 80m 432 324 194 31 112 482 76 40

Table 1: Analyses performed in the 4 studied Tupi Field wells.
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The petrographic descriptions were performed in Zeiss Imager.A1l microscopes,
using the Petroledge software (De Ros et al., 2007), characterizing the primary
and secondary constituents of the rocks, the pore types (according to Choquette
and Pray, 1970), and the paragenetic relations among them, with quantification
through visual estimation with support of reference diagrams (Terry and
Chilingar, 1955). The original amounts of primary constituents were
reconstructed based on their replacement phases and dissolution porosity. In
this work, the diagenetic stages eodiagenesis, mesodiagenesis and

telodiagenesis are used sensu Choquette and Pray (1970).

X-Ray Diffraction quantitative analysis of the bulk rock of 324 samples and from
the clay minerals and other constituents in the clay fraction (< 2 um) of 194
samples was carried out in RIGAKU D/MAX - 2200/PC and Bruker D8
diffractometers. The qualitative analysis of the bulk rock was obtained by Jade 9
(MDI) software, and from mineral database PDF-2 (ICDD). Quantitative analysis
was carried out by Rietveld Method (Young, 1995) through the and TOPAS
(BRUKER AXS GMBH) software. For the analysis of the clay fraction, the fraction
below 2 um was separated by centrifugation, and, the prepared oriented
sections were solvated with ethylene glycol, and heated at 490°C to identify the

clay minerals (Brown e Brindley 1980; Alves, 1987), using JADE 9 (MDI) software.
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A total of 31 samples were examined through scanning electron microscopy,
including thin sections, examined with backscattered electrons (BSE), and
fragments, which were examined with secondary electrons (SEM), with support
of energy-dispersive spectrometry (EDS) to identify specific constituents. The
analyses were processed with a JEOL JSM 6490-LV electron microscope,
operating in high vacuum at 20 kV. The thin sections and rock fragments were
coated with a thin carbon layer and an Au-Pd layer, respectively, to make them
conductive. EDS compositional maps and microanalyses were obtained by the

OXFORD Aztec Large Area Mapping, coupled to the SEM.

A hundred and twelve samples were analyzed by a scanning electron microscope
coupled with two EDS detectors (QEMSCAN 650F), that creates an automated

mineralogical map of the thin sections.

Carbon and oxygen isotopes analyses of 482 samples, were performed
specifically from the calcitic shrubs and spherulites in the shrubstones and
spherulstones, and in bulk samples of other lithotypes. The samples of 5 g were
pulverized to less than 0.125 mm. The online Gas Bench Il method was used for
CO; extraction, coupled to a Thermo Fisher Scientific mass spectrometer with
isotopic ratio Delta V Plus. The samples were reacted with H3PO4 in an inert

atmosphere, at 70°C for one hour. The ratios 3C/*2C e ¥0/**0 were measured in
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parts per thousand (%o or permil), relative to VPDB (Vienna Pee Dee Belemnite)

standard (Sharp, 2007; Hoefs, 2009).

The chemical analysis of 76 samples were performed at SGS-Geosol Laboratory
to characterize the major, minor, rare and trace elements, and the loss on
ignition (LOI) after heating to 1000°C. An ICP—OES (Inductively Coupled Plasma
Optical Emission Spectrometry) Perkin ElImer Optima 5300/7300 DV equipment,
and an ICP-MS (Inductively Coupled Plasma — Mass Spectrometry) Perkin Elmer
Elan DRC Il equipment were used, and the major, minor and trace elements were
guantified by IMS95A method, and rare-earth elements by the IMS95R method.
The organic geochemistry study of 40 samples comprised the following analyses:
Total Carbon Organic (TOC%) and Sulfur (%), analyzed at a SC-144DR LECO

equipment, and Insoluble residue (%) Rock-Eval Pirolysis from Vinci Technology.

4. RESULTS

4.1. Barra Velha Formation lithotypes

The in situ Barra Velha Formation lithotypes (Fig. 3 and Fig. 4) are classified in
this work following the system proposed by De Ros and Oliveira (in press), which
characterize them as originally composed by three in situ components: mud

(essentially constituted by stevensite and other syngenetic Mg-silicates matrix
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and/or by fine-grained components as microcrystalline replacive calcite,

dolomite, and/or silica), calcite spherulites and fascicular calcite shrubs.

An initial classification for the Pre-salt rocks, using the terms shrubstone and
spherulitestone, was suggested in a consultant report for Petrobras by Astini and
Gomez (Internal report, 2017). Afterwards, Gomes et al. (2020) proposed a
classification similar to the one proposed by De Ros and Oliveira (in press) for
those deposits. However, Gomes et al. (2020) system do not consider that
mudstones evolved essentially from the replacement of Mg-clay matrix and not

from carbonate mud.

The reworked deposits of fascicular and spherulitic carbonate intraclasts are also
classified according to De Ros and Oliveira (in press), as calcarenites and
calcirudites, names adapted from Grabau (1904) and Bramkamp and Powers
(1958). De Ros and Oliveira (in press) proposed the use of generic textural names
(arenite, rudite, lutite) for rocks made by all types of grain compositions and
mixtures, including intrabasinal Mg-clay ooids, peloids and intraclasts, fascicular
and spherulitic carbonate intraclasts, and siliciclastic-volcanoclastic grains
(volcanic rock fragments, quartz and feldspar grains). For these hybrid deposits,
De Ros and Oliveira (in press) proposed a compositional classification based on

Zuffa (1980).
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The main lithotypes recognized in the wells situated at the depositional lows are
diagenetic shrubstones (Fig. 3B) and spherulstones (Fig. 3C) with laminated Mg-
silicate matrix and carbonate Mg-silicate and carbonate-terrigenous hybrid
arenites (Fig. 3E), whereas in the wells located at the depositional highs, the
most frequent lithotypes are dolomitized spherulstones and diagenetic

shrubstones, and Mg-silicate ooidal arenites.

The most porous rocks that occur at the wells situated in the depositional lows
are syngenetic shrubstones, which show important preservation of primary
growth framework porosity, together with secondary dissolution porosity.
Subordinately, diagenetic shrubstones, spherulstones and other lithotypes with
Mg-silicate substrate present very low secondary porosity from the dissolution
of the Mg-silicate matrix. The intraclastic petrofacies also present primary
interparticle porosity, and very low secondary dissolution intraparticle and

moldic porosity.

In the wells at the depositional highs, the most porous deposits are diagenetic
shrubstones (Fig. 4B) and spherulstones (Fig. 4C) with secondary porosity
essentially from matrix dissolution. Syngenetic shrubstones (Fig. 4A) in this
context also show high porosities, represented by primary growth framework

porosity, enhanced by secondary dissolution porosity. Reworked deposits of the
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depositional high wells present low porosities, usually around or less than 5%,
showing generally combined interparticle and intraparticle porosity, with the
higher interparticle porosities related to the intraclastic calcarenites and

progressively lower porosities in the hybrid and ooidal arenites (Fig. 4F).

The diagenetic evolution of the studied rocks was characterized by three main
groups: (1) Rocks with a Mg-silicate precursor substrate; (2) Syngenetic
shrubstones; and (3) Clastic rocks. Tables 2 and 3 show the average and
maximum values of the main diagenetic processes and products affecting each
lithotype, and the types of porosity observed, for the wells in depositional lows

(Table 2) and highs (Table 3).

4.1.1. Spherulstones and diagenetic shrubstones

Calcite fascicular aggregates constitute in average 58.3% of the diagenetic
shrubstones (Fig. 3B) from depositional lows and 42.3% of the diagenetic
shrubstones from the depositional highs, and they present an average height of
2.8 mm (ranging between 0.6 to 4.5 mm). Calcite spherulites constitute in
average 58.2% of the spherulstones from depositional lows (Fig. 3C) and 32.4%
of the spherulstones from depositional high (Fig. 4C) and show average diameter

of 0.6 mm (with diameter ranging between 0.06 to 1.7 mm). Transitions between
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shrubstones and spherulstones are common, occurring spherulstones with

shrubs and diagenetic shrubstones with spherulites.

In L1 and L2 wells, calcite spherulites and shrubs commonly occur displacing and
replacing the matrix constituted by Mg-silicates or by a mixture of Mg-silicates
and siliciclastic mud. The laminated Mg-silicate matrix is best preserved in those
wells, ranging from an average of 7.4% (in the diagenetic shrubstones) to 12.3%
(in the spherulstones). In well L1, the laminated Mg-silicate matrix is composed
by smectite and kerolite-stevensite mixed-layer in both lithotypes. In well L2, the
laminated matrix is usually constituted by kerolite or by kerolite-stevensite
mixed-layer in the diagenetic shrubstones, and by various proportions of the

mixture of kerolite and kerolite-stevensite mixed-layer in the spherulstones.

The precipitation of the spherulites and shrubs occurred during eodiagenesis
(Fig. 8), as attested by the deformation of the unconsolidated matrix laminations
by the calcite aggregates (Herlinger et al., 2017; Lima and De Ros, 2019; Gomes

et al. 2020; Carramal et al., 2022; Carvalho et al., 2022).

Besides, the calcite aggregates engulf particles, including carbone intraclasts,
Mg-clay peloids, intraclasts and ooids, volcanic fragments, ostracod bioclasts,
phosphatic fragments, undifferentiated algae, and quartz, feldspar, and

muscovite siliciclastic silt grains.
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Figure 3: Photomicrographs presenting the main petrofacies from Barra Velha Formation at
wells from depositional lows: (A) Syngenetic shrubstone. Calcite stained pink. Crossed
polarizers (XP). (B) Diagenetic shrubstone with Mg-silicate matrix (Mg). (XP). (C) Spherulstone
with Mg-silicate matrix (Mg). (XP). (D) Laminated mudstone with Mg-silicate matrix (Mg).
Uncrossed polarizers (//P). (E) Hybrid arenite with volcanic fragments (Volc), carbonate
intraclasts and bioclastic rudstone fragments (Bio-RUD) from the Itapema Formation. (//P). (F)
Ooidal arenites, constituted by Mg-silicate envelopes (Mg-env) covering carbonate intraclasts
nuclei. (XP).
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Figure 4: Photomicrographs presenting the main petrofacies from Barra Velha Formation at
wells from the depositional high: (A) Syngenetic shrubstone. (XP). (B) Partially dolomitized
(Dol) diagenetic shrubstone. Calcite stained red. (XP). (C) Highly dolomitized spherulstone with
lamellar magnesite aggregates (Lam) (XP). (D) Fractured chert with calcite spherulites. (XP).
(E) Dolostone (Dol) with spherulites (Sph). (XP). (F) Ooidal arenites, with partially quartz-
replaced (Qtz) Mg-silicate envelopes (Mg) and carbonate intraclasts nuclei. (XP).
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Inwells H1 and H2, situated at the depositional highs, the diagenetic shrubstones
and spherulstones only locally show remnants of matrix, because they were
subjected to intense dissolution and replacement by dolomite and silica. In those
wells, only relicts of the particles can be observed inside the calcitic aggregates,
as molds of Mg-clay ooids, peloids, and intraclasts, ostracods and phosphatic

fragments.

In the four studied wells, the diagenetic shrubstones and spherulstones present
blocky, microcrystalline and macrocrystalline dolomite and quartz as the main
diagenetic phases replacing the Mg-silicate matrix. Such replacement is higher
in the wells situated at the depositional high (average around of 22% of dolomite
and 9.2% of quartz replacement in the shrubstones, and of 31% of dolomite and
8% of quartz in the spherulstones). In the wells located at the depositional lows,
average dolomite replacement is around 12% in both deposits, and average

guartz replacement is 2.5% in the shrubstones and 5.5% in the spherulstones.

The most expressive eodiagenetic process in the analyzed rocks was the
replacive and displacive precipitation of spherulitic and fascicular calcite (Fig.
5A). During eodiagenesis, blocky, microcrystalline, and macrocrystalline
dolomite (Fig. 5B), spherulitic/fibro-radiated chalcedony, microcrystalline quartz

(Fig. 5C), blocky magnesite (Fig. 7A) and framboidal pyrite also replaced the Mg-
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Clastic Facies - Depositional low

Lithologic types [Paragenetic relation SYN-SHB DIA-SHB SPH MUD CHE DOL CCN HYB-ARN OOD-ARN

Constituents (%) % % % % % % % % %

Mg-clay - syngenetic 743 (22.00) 1235(30.00) 986(30.00) 550(13.00) 7.50(15.00)

Fibrous calcite - syngenetic fascicuar crusts 58.42 (65.50)

Other diagenetic phases:

Fibrous calcite fascicuar crusts 58.34 (82.50) 167 (1500) 029(200) 675{(1500)
spherulites 893(50.00) 5824 (8600) 264 (12.00) 20.00(4000) 18.25(25.00)

*Other calcite occurences replacing primary constituent 0.36(400) 016(500) 3971(0050) 088(350) 1.88 (15.00)
filing primary porosity 208 (3.50) 334 (14.00) 300 (12.00) 4.88 (18.00)
filing secondary dissoluion porosity 050 (3.00) 074 (800) 012(3.00) 1.25(3.00) 013(200) 015(1.50) 044(1.50)
filing secondary shrinkage porosity 0.80(8.00) 0.05(2.00)
filing secondary fraciure porosity 275(5.00) 0.04 (2.00) 1.13(4.50)

Blocky/Microcrystalline dolomite  replacing primary constituent 11.32 (45.00) 12098 (4850) 11.29(3700) 738(18.00) 4488(69.50) 181(1500) 321(1500) 588 (1500)
filing primary porosity 13.50 (17.00) 10.00 (26.00) 321 (22.00) 2.38 (B.00)
fiting secondary dissolution porosity  1.00 (6.00} 003 (200} 0.03(0.50)
filing secondary shrinkage porosity 005 (3.00)
filing secondary fraciure porosity 0.03(100) 001(050)

Saddle Dolomite replacing primary constituent 032(12.00) 005(3.00) 1.50 (6.00)
filing secondary dissolution porosity 0.19 (3.00})

Quartz replacing primary constituent 246(2400) 552 (6700) 071(300) 5125(6250) 17.13(2800) 047(400) 032(250) 0442 50)
filing primary porosity 392(5.00) 1.09(5.00) 282(2200) 213 (12.00)
filing secondary dissolution porosity 0.72(700) 014(600) 0140(100) 0.31(200) 065(11.00)
filing secondary shrinkage porosity 0.15(200) 0.02(1.00)
filing secondary fraciure porosity 003(0100) 005(1.50) 0.25 (1.00)

Baryte filing secondary dissolution porosity 0.02 (1.00)
filing secondary shrinkage porosity 0.06 (3.50)

Bitumen filing secondary dissolution porosity 0.08 (200) 002 (1.00}
filing primary porosity 0.60 (2.00)

Chalcedony replacing primary constituent 0.50(10.00) 011 (2.00) 003 (0.50)
filing primary porosity 0.13 (1.00)
filing secondary fracture porosity 100 (16.00) 0.06({1.00)

Magnesite replacing primary constituent 004 (2.50) 200 (8.00)
filing secondary shrinkage porosity 0.38 (8.00) 0.36 (2.50)

Pyrite replacing primary constituent 0.89(250) 120(4.00) 214(3.00) 063(1.50) 013(1.00) 009(1.00) 031(1.00)
filing primary porosity 0.50 (0.50) 0.34(400) 015(1.00)

Shrinkage porosity 043(600) 024(500) 036(250) 0.09 (1.50)

Secondary dissolution porosity 183(400) 247(12.00) 102(1700) 036(200) 025(1.00) 4.50(10.00) 109(450) 032(4.50) 081 (7.00)

Primary porosity 883 (17.00) 122(11.00) 0.32(250) 081 (3.50)

Fracture porosity

Table 2: Statistical summary of the average and maximum (in brackets) amounts of the main diagenetic processes and products and types of
porosities observed in the main lithological types from the depositional low wells. SYN-SHB=syngenetic-shrubstones, DIA-SHB=diagenetic-
shrubstones, SPH=spherulstones, MUD=mudstones, CHE=cherts, DOL=dolostones, CCN=intraclastic calcarenites, HYB-ARN=hybrid-arenites,
OOD-ARN=0o0idal
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Clastic Facies - D epositionalhigh
Lith ologic types |Paragenetic relation | SYN-SHB DIA-SHB SPH MuD CHE DoL CCN HYB-ARN 0OD-ARN
Constituents (% ) % % Y % % % % E
Mg-clay - syngenetic 014({150) 0.98(17.00) 0.36{250) 0.22 2.00}
Fibrous calcite - syngenetic fascicular crusis 71413 (88.50)
Other diagenetic phases:
Fibrous Calcite fascicular crusts 42 3Z(63.00) 2432200} 18303350} 0.56(10.00)
spherulites 546 (31.00% 32.35(70.00) 4.07(14.00) 11.80(38.00) 694 (37.00)
*Other calcite occurences replacing prim ary constitient 0.62(3.00) 283(300} 452177501 083 (10.000
filing primary po rosity 2.88(5:00) 0.08(2.00) 0.13(5.00) 159 (500}  2.50(14.00% 3.15(10.00)
filing secondary dissolution porosity 0.36 (5.00) 0.41 (6.00) 0.14 250} 0.06 (1.00} 0.30 (3.00) 0.21 2.50)
filing secondary fra clure pomsity 0.02(0.50) 0.07{250) 0.03 [3.50)
Blocky/Microcry stalline dolomite  replacing primary constivent 21.52(58.50) 31.43 (73.00) 24.86 (42.50) 750 (15.00) 62.39 (B4.50) 11.34 (52.50) ©.20(30.00) 2265 ©8.00)
filing primary po rosity 219 {10.00) 154 20.00) 0.54(22.00) 13.59 (30.00) 11.30 20.00) 3.03 (156.50)
filling secondary dissolution porosity 0:02(0.50) 0.29(5.00) 0.20 (4.00) 042200) 0068{100) 015(1.50) 0.59(10.00)
filling secondary shrinkage porosity 0.08 (1.50) 0.25({5.00} 050 (50.00)
filing secondary fracture porosity 0.04 (250}
Saddle Dolomite replacing primary constient 3.42 2500} 1.1622.00) 522 (67.00)
filling primary po rosity 11.63 (23.00) 286 20.00) 0.16 (1.50) 0.45@2.50) 2.12(15.00)
filling secondary dissolution porosity 0.64 (16.00) 0.21(10.00) 0.50 (5.00) .30 (3.00) 0.21 (3.00)
filing secondary shrinkage porogity 0.04 (200}
filling secondary frachire porosity 0:42 (850} 0.03{1.50)
Quartz replacing prim ary constitvent 1.69 (3.50) 9.20 42.50) 8&.02(46.00) 857 (20.00) 57.60(91.00) 892(65.00) 2.06 (FOo0) 1.85 (5.00) 247 (8.00)
filing primary po o sity 1.44 (5.00) 0.02 (0.50) 0.13 (450} 0.21 (1.50) 1.22 {300} 245(7.50) 6.565(35.00)
filing secondary dissolution porosity 0.30(4.00) 0.54(12.00) 0.14(1.00) 12.40(52.00) 0.50 3.50) 55@2.50) 024 2.00)
filling secondary faciure pomsity 0.12(1.00)  0.08(250} 1.40 @300y 0.15 2.50)
Baryte filing secondary dissolution porosity  0.19 (1.50) 0.11 2.00) 0.35 (3.50)
filling primary po rosity 0.14 (1.00})
filing secondary fraciure pomsi 0.50 2.50)
Bitumen filing secondary dissolution porosity 056 (4.50)  0.20 (3.00) 0.08 (2.00) 0.18 (1.50) 0.24 (4.00)
filing primary po msity 0.38 (1.50) 0.06 (2.00} 0.29 (2.00) 0.16 {1 50} 0.:20 2.00) 0.06 (1.00)
Chalcedony replacing primary constivent 0.38(3.00) 0.20(500) 045(800) 0.20 (1.00)
filling primary po o sity 0.06 (1.00)
filing secondary dissolution porosity 0.08 (1.50)
filing secondary fraclure pomsity 031 G.00)
Cryolite replacing prim ary constivent 0.07 {£.00} 0.33 B.00)
Dawsonite replacing primary constituent 0:10(1.50) 045(400) 0.292.00) 0.06 {1.00)
filling primary po msity 0.18 {1.50) .05 [0.50)
filing secondary dissolution porosity 0062000 0.29(2.00) 0.14 2.50) 0.25 (2.50) 0.03 {0.50)
filing secondary shrinka ge porosity 0.18(3.00) 003 (1.50} 011 200}
Magnesite replacing prim ary constivent 0.64(800) 1.88(15.00) 064({250) 430(1850) 0586 400)
filling secondary shrinkage porosity 062 {7.50} 0.07 {4.00) 1.29 (5.00)
Pyrite replacing primary constivent 0.12 (1.50} 0.84 (3.00) 2.21(3.50) 0.20 (1.00} 0.89 (3.00) 0.06 (1.00) 010 {1.00) 0.47 (3.50)
filing primary po rosity 0.06 (0.50}) 019 3001 0.15(1.00) 0.03{0.50)
Shrinkage porosity 0.85 (5.00)
Secondary dissolufion porosity 1.88(9.00) 9082000} 637(6.00) 3.79(15.00) 3308000 422{13.00) 253E000 345®.000 3243.00)
Primary porosity 5.19 (14.00) 0.71 (5.00) 419 (18.00% 1985%E5 0.74 (7.000
Fracture po rosity 0.05 (3.00}

87

Table 3: Statistical summary of the average and maximum (in brackets) amounts of the main diagenetic processes and products and types of
porosities observed in the main lithological types from depositional high wells. SYN-SHB=syngenetic-shrubstones, DIA-SHB=diagenetic-
shrubstones, SPH=spherulstones, MUD=mudstones, CHE=cherts, DOL=dolostones, CCN=intraclastic calcarenites, HYB-ARN=hybrid-arenites,
OOD-ARN= ooidal arenites,
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silicate matrix. Mg-silicate matrix shrinkage (Fig. 5D) generated secondary
porosity (as reported by Carramal et al., 2022 and Carvalho et al., 2022), filled by

lamellar magnesite/dolomite (Fig. 5E), calcite and silica aggregates.

The dissolution of Mg-silicate matrix was complete in the depositional high wells
(Fig. 5F), leaving only the lamellar magnesite/dolomite aggregates (Wright and
Barnett 2020; Carramal et al., 2022; Carvalho et al., 2022). In the wells from the
depositional lows, it is possible to observe the Mg-silicates and the lamellar

magnesite/dolomite aggregates still occurring together (Fig. 5E).

The diagenetic pathways of the various lithotypes from depositional lows and
highs of the Tupi Field is schematically illustrated by Figure 6. The larger
preservation of the Mg-silicate matrix in the wells from depositional lows
resulted in the lower porosities verified at these deposits. At the depositional
high wells, the deposits show a complete dissolution of the Mg-silicate matrix,
and the highest dolomitized and silicified rocks, resulting in porous rocks, where
the dissolution prevailed, or in rocks with partial to full obliteration of the

porosity, where dolomitization and silicification prevailed.

Figure 6 highlights the importance of the eodiagenesis on the reservoir quality

of these deposits.
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Mesodiagenesis (Fig. 8) was characterized by chemical compaction (dissolution
seams and stylolites), fracturing, and the filling of the fractures by
macrocrystalline and microcrystalline calcite, dolomite (Fig. 7A), and quartz in
the four wells, while saddle dolomite filled fracture porosity only at wells
situated at the depositional high. Late saddle dolomite, macrocrystalline quartz

and calcite also filled secondary dissolution, shrinkage and fracture porosity.

Macrocrystalline quartz occurs engulfing saddle dolomite (Fig. 7B) and filling
shrinkage porosity (Fig. 7C). Macrocrystalline calcite engulfs saddle dolomite
(Fig. 7D) and quartz. Some of the last diagenetic phases observed were, blocky
fluorite, fibro-radiated/prismatic dawsonite (Fig. 7E) and macrocrystalline barite
(Fig. 7E), which engulfed the previous constituents, filled secondary dissolution

and shrinkage pores. At last, bitumen (Fig. 7F), filled secondary dissolution pores.

Analyses of fluid inclusions hosted in saddle dolomite, drusiform quartz and
macrocrystalline barite performed at other wells from the Tupi Field indicated
that those phases were precipitated from hydrothermal fluids under burial
conditions. Similar conditions were interpreted for late products in Pre-salt

reservoirs of northern Campos Basin (Lima et al., 2019).
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Figure 5: Main eodiagenetic processes recorded in diagenetic shrubstones, spherulstones and
other facies with Mg-silicate matrix. (A) Spherulitic calcite aggregates displacing (yellow
arrows) the laminated Mg-silicate matrix. Crossed polarizers (XP). (B) Blocky dolomite (yellow
arrows) replacing the Mg-silicate matrix. Uncrossed polarizers (//P). (C) Quartz replacing the
previously deformed (yellow arrows) Mg-silicate matrix. (XP). (D) Porosity from the shrinkage
of the Mg-silicate matrix, highlighted by the blue resin. (//P). (E) Lamellar magnesite (LM)
aggregates filling matrix shrinkage porosity in a mudstone. (//P). (F) Dissolution of the Mg-
silicate matrix, highlighted by the blue resin. (//P);
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The diagenetic shrubstones and spherulstones from the depositional low areas
show locally very low shrinkage porosity (avg. 0.4%; max. of 6%) and secondary
dissolution porosity (avg. 2.5%; max. of 17%). The diagenetic shrubstones and
spherulstones from the depositional high areas have higher porosities, as they
were more affected by dissolution, presenting in average 9.1% (up to 20%)
secondary dissolution porosity in the shrubstones and 6.4% (up to 16%) in the

spherulstones.

4.1.2. Syngenetic shrubstones

The term syngenetic has been used at this work corresponding to chemical
precipitates formed above the water-sediment interface (Chilingar et al., 1967),
as the crystalline crusts that constitute the syngenetic shrubstones. The
distinction between diagenetic shrubstones (Figs. 3B, 4B) and syngenetic
shrubstones (Figs. 3A, 4A) is important, considering that in diagenetic
shrubstones the shrubs were precipitated during eodiagenesis, displacing and
replacing the precursor sediments. Conversely, in syngenetic shrubstones, the
shrubs were precipitated above the sediment-water interface, as showed in Lima

and De Ros (2019). The identification of the two types of shrubstones is
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Figure 6: Scheme illustrating the main eodiagenetic processes that affected the laminated Mg-silicate matrix, resulting in higher preservation of
the matrix (and lower porosities) at the depositional lows wells and stronger dissolution (and higher porosities) and dolomitization/silicification
of the matrix at the depositional high wells.
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. i il = L s NN . - —
Figure 7: Main mesodiagenetic processes recorded in diagenetic shrubstones, spherulstones
and other lithotypes with Mg-silicate matrix precursor. (A) EDS compositional map showing
the Mg-silicate matrix replacement by dolomite (DOL-1 — purple), magnesite (MG-green) and
the dissolution, fracturing and dolomite (DOL-2 — purple) filling the fractures and silica (SL-red)
filling secondary pores. (B) Saddle dolomite (SD) lining dissolution secondary pores filled by
macrocrystalline quartz (QTZ). (XP). (C) Quartz 1 (QTZ 1) replacing Mg-silicate matrix after
shrinkage during eodiagenesis and, quartz 2 (QTZ 2) filling the shrinkage porosity. (XP). (D)
Saddle dolomite (SD) engulfed by macrocrystalline calcite (CA), filling dissolution porosity.
(XP). (E) Prismatic dawsonite (DA) engulfed by macrocrystalline barite, filling dissolution
porosity. (XP). (F) Bitumen (orange arrows) filling dissolution porosity. (XP);
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Diagenetic shrubstones and spherulstones (and rocks with probable Mg-silicate precursor matrix)

Diagenetic processes/products Eoadiagenesis | Mesodiagenesis & Hydrothermal
1. Spherulitic/Fascicular calcite: matrix replacive and displacive -
2. Pyrite: framboidal matrix-replacive —
3. Dolomite: blocky, microcrystalline, macrocrystalline matrix-replacive —
4. Quartz: microcrystalline and macrocrystalline matrix-replacive E—
5. Chalcedony: spherulitic/fibro-radiated matrix-replacive —_—
6. Shrinkage of Mg-silicate matrix ————
7. Magnesite/dolomite: lamellar aggregates and blocky, filling secondary pores and matrix-replacive| B ——
8. Calcite: lamellar aggregates and macrocrystalline filling secondary pores and matrix-replacive —
9. Lamellar silica aggregates filling secondary pores —
10. Dissolution of Mg-silicate (matrix, intraclasts, ooids, peleids}y | ————n
11. Mechanical compaction L e
12. Chemical compaction
13. Fracturing
14. Dissolution of calcitic spherulite/fascicular aggregates
15. Saddle dolomite replacive and filling secondary pores
16. Macrocrystalline quartz filling secondary pores
17. Macrocrystalline calcite filling secondary pores
18. Cubic fluorite filling secondary pores
19. Fibro-radiated/prismatic dawsonite replacive and filling secondary pores
20. Macrocrystalline baryte filling secondary dissolution and shrinkage pores
21. Bitumen filling secondary pores

Figure 8: Diagenetic processes and products interpreted for diagenetic shrubstones,
spherulstones and other rocks with probable Mg-silicate precursor matrix. Thicker and thinner
or dashed lines correspond to more and less intense processes and products, respectively.

sometimes not clear, and the contact between them may be transitional, but
their differentiation is important, as they show different diagenetic evolution

and porosity, consequently contrasting reservoir quality.

In L1 and L2 wells, situated at the depositional lows, blocky and macrocrystalline
dolomite is the main cement filling the primary inter-shrub porosity in syngenetic
shrubstones (avg. 13.5%), with macrocrystalline and microcrystalline quartz is
secondarily important (avg. 3.9%). In wells H1 and H2, situated at the
depositional highs, saddle dolomite is the most important cement (avg. 11.6%),
with macrocrystalline calcite and dolomite (avg. 2.9% and 2.2%, respectively)

having secondary importance filling the primary inter-shrub porosity.
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Other eodiagenetic constituents filling the primary porosity (Fig. 10) include
framboidal pyrite, syntaxial calcite (occurring in optical continuity with fascicular
calcitic aggregates), and voluminous blocky, macrocrystalline, and
microcrystalline pore-lining dolomite precipitation (Fig. 9A. During eodiagenesis,

fascicular calcite was also replaced by chalcedony and microcrystalline quartz.

During mesodiagenesis (Fig. 10) voluminous saddle dolomite was precipitated
(Figs. 9B, 9C, 9D, 9E), and, locally partially dissolved (Fig. 9B). Macrocrystalline
quartz (Figs. 9B e 9C) engulfed saddle dolomite and filled its dissolution pores,
and macrocrystalline calcite (Fig. 9D) engulfed saddle dolomite and quartz.
Prismatic or fibrous-radiated dawsonite and macrocrystalline barite (Fig. 9E)
filled primary porosity, engulfed saddle dolomite and filled secondary porosity
too. Bitumen (Fig. 9F) covered these late diagenetic products, filled primary and

secondary pores.

The most important and effective porosity type observed in the syngenetic
shrubstones from the wells at low and high depositional contexts is the primary
growth framework porosity. Subordinately, secondary intra-aggregate
dissolution porosity can also be observed in the depositional low wells, while vug

and intra-aggregate secondary dissolution porosity occur in the wells located at
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the depositional high. The mechanically resistant framework of the syngenetic

shrubstones favored the preservation of their primary porosity.

4.1.3. Mudstones

Laminated mudstones (Fig. 3B) correspond to up to 5% of the total facies that
occur in the Tupi Field studied wells. They present several degrees of Mg-silicate
matrix preservation, from high content of preserved Mg-silicate matrix to just
relicts of Mg-silicate matrix. The compositional range verified in the mudstones
is illustrated by Figure 6, from the dominant preservation of the original Mg-
silicate matrix to several degrees of replacement (by microcrystalline calcite,
dolomite and silica), reaching the maximum replacement in mudstones fully

calcitized and without remnants of Mg-matrix.

The replaced mudstones are commonly composed by millimetric intercalation of
levels of microcrystalline calcite and dolomite. The levels richer in dolomite
usually contain more siliciclastic silt grains (quartz, feldspar and muscovite), and

organic matter, with frequent framboidal pyrite replacement.

Mudstones with higher preservation of clay matrix are constituted in average by
26% of Mg-silicates. At well L1, the clay fraction (analyzed by XRD) is composed

mainly by smectite (subordinately by kerolite), while at well L2 it is composed by
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Figure 9: Main diagenetic processes recorded in syngenetic shrubstones. (A) Blocky dolomite
(BD) filling primary inter-shrub porosity. (XP). (B) Dissolved saddle dolomite (SD) within
primary porosity later filled by macrocrystalline quartz (QTZ). (XP). (C) Saddle dolomite (SD)
and later quartz (QTZ), filling primary porosity. (XP). (D) Saddle dolomite (SD) engulfed by
macrocrystalline calcite (CA), filling primary porosity. (XP). (E) Saddle dolomite (SD) and later
macrocrystalline barite (BA) filling primary porosity. (XP). (F) Bitumen (BI) filling intra-
aggregate porosity. (XP);

e . N —
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gene hstone

" ¥ : . - Mesodiagenesis &
Diagenetic processes/products Syngenesis| Ecadiagenesis iEUtratharmal

1. Fascicular calcite precipitation —
2. Pyrite: framboidal pore-filling —

3. Calcite: sintaxial pore-filling f—

4. Dolomite: blocky, macrocrystalline and microcrystalline pore-lining, filling and replacive —

5. Chalcedony and microcrystalline quartz: replacive —
6. Mechanical compaction L emmmmeaedeees

7. Chemical compaction (stylolites) || e
8. Fracturing —
9. Saddle dolomite filling primary porosity —

10. Dissolution —_—

11. Microcrystalline and macrocrystalline quartz filling primary pores —

12. Macrocrystalline calcite filling primary and secondary pores —_—

13. Fibro-radiated dawsonite filling primary pores —_—

14. Macrocrystalline baryte filling primary and secondary pores —_—
15. Bitumen filling primary and secondary pores =

Figure 10: Diagenetic processes and products interpreted for syngenetic shrubstones. Thicker
and thinner or dashed lines correspond to more and less intense processes and products,
respectively.

100% of kerolite. Such preservation of the original matrix is restricted to the
wells from the depositional lows (L1 and L2), where they present less than 3% of
siliciclastic quartz, feldspar and muscovite silt grains, and traces of celadonite

siltic grains from the erosion of volcanic rocks.

Mudstones from the depositional high present only remnants of hybrid matrix
(avg. 0.6%; max. 2.5%), usually composed mainly by smectite or kerolite-
stevensite mixed-layer, with subordinate kerolite and ordered illite-smectite
mixed-layer, and average silt siliciclastic amount around 6.5% and maximum of
30%, what usually coincides with an increase of potassium in spectral gamma ray

logs. They also show minor amounts of ostracod and undifferentiated algae
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bioclasts, phosphatic fragments, and celadonite siltic grains, as product of

erosion of volcanic rocks.

Microcrystalline replacive calcite constitutes in average 39.7% of mudstones
from depositional lows and 45.2% in the depositional highs. Microcrystalline
replacive dolomite constitutes in average 11.3% in depositional lows, and 24.9%
in the depositional high. Mudstones from both the depositional lows and high
show very limited secondary shrinkage and dissolution porosity. More detailed
information on the diagenetic phases and pore types of the mudstones are

shown in Tables 2 and 3, and in Figure 8.

4.1.4. Dolostones

Dolostones (Figs. 3G e 3Q) are more common at the depositional high wells and
are characterized by the intense replacement of the Mg-silicate or hybrid matrix,
as well as fascicular or mostly spherulitic calcite. Subordinately, they also contain
phosphatic and ostracod bioclasts), quartz, feldspar, muscovite and celadonite

silt grains.

Dolomite represents in average 44.9% of the dolostones in the wells situated at

depositional lows, and 62.4% in the wells located at the depositional highs. In
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the depositional lows, dolostones contain in average 7.5% of matrix, but at the

depositional high less than 1% of matrix remnants.

Microcrystalline and macrocrystalline quartz are of subordinate importance in
dolostones, replacing the primary constituents, filling secondary dissolution and
fracture porosities in wells from the depositional high. The analyzed dolostones
show limited secondary dissolution porosity. More information on the
diagenetic phases and pore types in the dolostones is shown in Tables 2 and 3,

and in Figure 7.

4.1.5. Cherts

The analyzed cherts (Figs. 3F e 3P) are characterized by the intense replacement
of Mg-silicate or hybrid matrix by microcrystalline and macrocrystalline quartz.
They may also present minor amounts of articulated and disarticulated ostracod

bioclasts, undifferentiated algae, and rare muscovite silt grains.

Quartz constitutes in average 51.3% of cherts at depositional lows and 57.6% at
the depositional highs. In the depositional lows, cherts show in average 5.5% of
matrix, while at the depositional highs, cherts do not show any preserved matrix.
Partially silicified spherulites and fascicular shrubs are common. Blocky,

microcrystalline, and macrocrystalline dolomite are of subordinate importance.
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The cherts from both the depositional high and low wells show minor secondary
matrix dissolution porosity (lower in the samples from the depositional lows
wells). More information on the diagenetic phases and porosity types identified

in the cherts is shown in Tables 2 and 3, and in Figure 7.

4.1.6. Microbialites

The occurrence of truly microbial deposits is very restrict in the Barra Velha
Formation, and preferentially associated to the Lula Marker, the uppermost
interval of the Barra Velha Formation, immediately below the evaporites from
the Ariri Formation. That interval is typically characterized by high values of
uranium at the spectral gamma ray log, probably related to an increase in organic
matter content. The more expressive occurrence of microbialites in the studied
area was identified in the Lula Marker of well H2, corresponding to
approximately 15 meters of mainly microbialites. The microbialites also occur

locally at the Lula Marker of wells L1 and H1.

The described microbialites show a range of structures and fabrics,
corresponding to stromatolites (laminated), thrombolites (clotted) and
dendrolites (bush-like) (Riding, 2000). The trap and bind texture is very common

in these deposits, characterized by the alternation of degraded organic levels
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and levels composed by transported and trapped sediments. Locally, there are

thin microbial mats with desiccation cracks.

The described microbialites are frequently alternated with spherulstones with
lamellar magnesite aggregates. These microbialites were probably originally
deposited alternated with Mg-clays mudstones, which laminated matrix was
intensely replaced by calcite spherulites, microcrystalline quartz and dolomite,
and by lamellar magnesite aggregates, or dissolved. Such microbialites are
occasionally intercalated with ooidal and hybrid arenites. This uppermost
interval of the Barra Velha Formation is also remarkably characterized by intense

dolomitization, with dolomite content ranging from 30 to 78%.

4.1.7. Clastic deposits

The variety of reworked facies described in the wells studied at Tupi Field can be
subdivided into three main groups: ooidal arenites (Fig. 3F, 4F), hybrid arenites
(Fig. 3E) and intraclastic calcarenites. These deposits can be differentiated by the
prevailing type of primary reworked constituent in the whole rock, as in the case
of the calcarenites, carbonate intraclasts and, in the ooidal arenites, Mg-silicate
ooids. The hybrid arenites are characterized by the mixture of varied proportions

of the three main types of particles that compose the reworked facies: carbonate
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intraclasts, Mg-silicate intraclasts and volcaniclastic-siliciclastic extrabasinal

particles.

At the wells from depositional lows prevails the occurrence of intraclastic
calcarenites and carbonate Mg-silicate hybrid arenites at well L1, while at well
L2 predominates the carbonate Mg-silicate hybrid arenites. At the wells from
depositional high (wells H1 and H2), the ooidal arenites compounds more than

50% of the clastic deposits.

4.1.7.1. Ooidal arenites

The ooidal arenites (Fig. 3F, 4F) are mainly composed by Mg-silicate ooids, which
correspond to 43.4% of the whole rock at the wells from depositional highs, and
to 55.6% of the whole rock at the wells from depositional lows. The ooids are
concentric particles with light brown Mg-silicate envelopes (Carramal et al.,
2022). Most ooids have nuclei composed by fascicular, spherulitic or
microcrystalline carbonate intraclasts and, subordinately, by Mg-silicate
intraclasts, some composed by Mg-silicate ooids as a record of the dynamic
reworking of this kind of deposits, detrital celadonite, volcanic fragments and
siliciclastic grains. Other non-carbonate particles present in ooidal arenites are

phosphatic fragment bioclasts and siliceous intraclasts.
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The size and shape of the Mg-silicate ooids directly reflect the particles that
constitute their nuclei. The ooids were commonly reworked, as indicated by their
abraded margins and the preferential preservation of their envelopes in the
concave portions of grains surfaces (Carramal et al., 2022). At the wells situated
at the depositional lows, the ooids grain size varies from fine sand to medium
sand, while at the wells located at depositional high the ooids present size
ranging from medium sand (well H1) to coarse sand (well H2). The Mg-silicate
envelopes of the ooids from well L1 are composed mainly by kerolite, while at
well L2 they are composed predominantly by kerolite-stevensite mixed layers
(subordinately by kerolite). At well H1, the ooids are mainly constituted by
kerolite. No XRD analyses were carried out in H1 well ooids, due to their strong

replacement and dissolution.

Subordinately, the ooidal arenites contain fascicular, spherulitic and
microcrystalline carbonate intraclasts, and ostracods bioclasts. They constitute
in average 9.5% of total volume from ooidal arenites at wells from the
depositional lows, and 6.9% at wells from the depositional highs. The ooidal
arenites also contain less than 1% of rock volume of terrigenous particles, mostly
muscovite silt grains, celadonite silt grains (product of reworking of volcanic

rocks), and rarely volcanic rock fragments.
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4.1.7.2. Intraclastic calcarenites

The intraclastic calcarenites are the clastic rocks with the higher proportion of
carbonate intraclasts, with an average of 47.8% (in the wells from the
depositional highs) to 59.8% (in the wells from depositional lows) of bulk rock
volume of intraclasts. They are mostly composed by fascicular and spherulitic
carbonate intraclasts and subordinately by ostracod bioclasts, microcrystalline
and macrocrystalline carbonate intraclasts. Their modal grain size varies from
medium to coarse sand in the depositional low wells, of the calcarenites, and

medium sand in the depositional high wells.

Other particles include Mg-silicate intraclasts (average of 7.5% in the
depositional high wells to 14.7% in the depositional lows wells), and

subordinately phosphatic bioclasts, siliceous intraclasts.

Subordinately they present also siliciclastic silt grains of feldspars, quartz,
muscovite, biotite, and celadonite siltic grains (product of erosion of volcanic

rocks).

4.1.7.3. Hybrid arenites

The studied hybrid arenites (Fig. 3E) are essentially composed by similar

proportions of carbonate intraclasts and Mg-silicate intraclasts. Subordinately,
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they also present terrigenous particles. Their modal grain size varies from
medium to coarse sand in the wells at depositional lows, from medium to very

coarse sand at well H1, and predominantly coarse sand at the well H2.

Microcrystalline, spherulitic and fascicular carbonate intraclasts constitute in
average of 36.4% to 41.2% of hybrid arenites from wells situated at depositional
lows, 29.5% of bulk volume at well H1 and 15.9% at well H2. secondarily, present

ostracod bioclasts.

Mg-silicate intraclasts occur more frequently and with higher content (average
of 35%) in hybrid arenites at depositional lows than at depositional highs (27.7%
at well H2 and only 9.3% of bulk rock volume at well H1). Mg-silicate ooids,
peloids, phosphatic bioclasts, siliceous intraclasts and sandy intraclasts are not

SO common.

Terrigenous particles are more abundant in the hybrid arenites of the wells L2
and H1, showing average values of 12.5% and 9.7%, respectively, with
holocrystalline and hemicrystalline volcanic fragments as the most expressive
type, mostly at the base of well L2 (Fig. 3E). Bioclastic calcirudite fragments (Fig.
3E - from the Itapema Formation) and rounded Mg-silicate clasts from the

Picarras Formation also occur.
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In wells L1 and H2, terrigenous fragments correspond to less than 2% of the rock
volume. They are mainly constituted by volcanic rock fragments, by siliciclastic

feldspar, quartz, muscovite and biotite silt grains, and by celadonite siltic grains.

4.1.7.4. Diagenesis of clastic deposits

The main eodiagenetic processes and products (Fig. 12) recorded in the clastic
deposits were grain-replacive and pore filling framboidal pyrite, shrinkage of Mg-
silicate ooid envelopes (Fig. 11A), and voluminous, pore-lining, filling and grain-
replacive blocky and microcrystalline dolomite (Fig. 11B). The eodiagenetic
precipitation of calcite as prismatic, pore-lining rims, and replacive and pore
filling macrocrystalline, was also observed. Fibrous dolomite and calcite occur
frequently filling the Mg-silicate ooids shrinkage porosity (Fig. 11A). After that,
the dissolution of the Mg-silicate ooid envelopes created intraparticle porosity
(Fig. 11B), that is especially remarkable at the wells from the depositional high.
The next diagenetic process was the precipitation of microcrystalline, grain-
replacive, and drusiform pore-filling quartz, that clearly took place before
compaction (Fig. 11C), as indicated by the loose packing of the particles

cemented by quartz.
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Mechanical compaction is evidenced by the normal packing usually shown by
clastic deposits, and chemical compaction by the sutured interparticle contacts

presented locally (Fig. 11D).

During mesodiagenesis (Fig. 12), grain dissolution, created intraparticle, moldic
and vugular porosity, which was heterogeneously cemented by saddle dolomite
(Fig. 11E), macrocrystalline quartz and calcite (Fig. 11E), and prismatic and fibro-
radiated dawsonite. Macrocrystalline barite engulfed these late cements. The
bitumen occurs filling primary and secondary pores, including those from the

dissolution porosity of Mg-silicate ooid envelopes (Fig. 11F).

Clastic deposits from the two depositional contexts show dolomite as the main
replacement and cementing phase. Rocks from the depositional highs show the
larger amounts of dolomite replacing the primary constituents. Ooidal arenites
contain more dolomite (avg. 22.6%; max. 68%), owing to the susceptibility of Mg-
silicate ooids to dolomitization. Mg-silicate envelopes are usually not preserved
at the depositional highs, and were dissolved, favoring dolomite and quartz
precipitation as cement and replacement phases. Intraclastic calcarenites
contain a large amount of dolomite filling primary porosity at both depositional

contexts. With secondary importance, those deposits also present calcite and
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Figure 11: Main diagenetic processes recorded in clastic deposits. (A) Shrinkage of Mg-silicate
ooid envelopes (Mg-clay - white arrows) with fibrous dolomite (DOL) filling the shrinkage
porosity. (XP). (B) Microcrystalline dolomite (DOL) filling secondary shrinkage porosity in Mg-
silicate ooid with porosity from dissolution of Mg-silicate envelopes highlighted by the blue
resin. (//P). (C) Microcrystalline and drusiform quartz (QTZ) filling primary porosity before
compaction. (XP). (D) Macrocrystalline calcite (CA) filling interparticle porosity after
compaction. Sutured interparticle contacts (red arrows). (//P). (E) Saddle dolomite (SD) and
later macrocrystalline calcite (CA) filling interparticle porosity. (XP). (F) Bitumen (BI) filling
intraparticle porosity. (XP);
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quartz filling primary porosity, and quartz as a replacement phase, specially at

the depositional high wells.

Clastic Deposits: intraclastic calcarenites, ooidal arenites, hybrid arenites

Diagenetic processes/products Eoadiagenesis |Mesodiagenesis & Hydrothermal
1. Pyrite: frambeoidal grain-replacive and pore-filling —
2. Shrinkage of Mg-silicate ooid envelopes —
3. Dolomite: blocky and microcrystalline pore-lining, filling and grain-replacive —
4. Calcite: prismatic pore-lining rims and macrocrystalline replacive and pore-filling
5. Dissolution of Mg-silicate ooid envelopes _—
6. Quartz: microcrystalline grain-replacive and drusiform pore-filling —
7. Mechanical compaction 1 emeeeefeeeseeeee
8. Chemical compaction 0 Eeeeeeeeeeee
9. Grain dissolution: intraparticle, moldic and vugular porosity S
10. Saddle dolomite filling primary and secondary pores —_
11. Macrocrystalline quartz filling primary and secondary pores e
12. Macrocrystalline calcite filling primary and secondary pores —
13. Prismatic and fibro-radiated dawsonite filling primary and secondary pores —_—
14. Macrocrystalline baryte filling secondary pores —_
15. Bitumen filling primary and secondary pores —_

Figure 12: Diagenetic processes and products interpreted for clastic deposits. Thicker and
thinner or dashed lines correspond to more and less intense processes and products,
respectively.

4.2. Lithotypes distribution

Figure 13 illustrates a schematic W-E section with the main lithotypes identified
in the four studied wells from the Tupi Field, and their lateral variation between
depositional lows and highs. The characterization of the lithotypes allowed the
subdivision of the deposits from the Barra Velha Formation into four main
intervals entitled, from bottom to top: Basal, Middle, Upper and the Lula Marker.
Well L1 shows the most complete and thickest record of all the intervals, as it is

situated at the lowest depositional situation. The bottom of well H1 is
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represented by volcanic rocks of the Camboriu Formation, while the bottom of
wells H2 and L2 is defined by the Pre-Alagoas unconformity with the Itapema

Formation, represented by bivalve bioclastic calcirudites.

4.2.1. Basal Interval

The Basal Interval is recorded in wells H1 and L2 by the occurrence of clastic
deposits, generated by the erosion of the Camborild, Picarras and Itapema

formations along the exposed high.

The basal contact of Barra Velha Formation was not cored in well L1. The Basal
Interval from well L1 is constituted by spherulstones with laminated Mg-silicate
matrix and intraclasts. Above those, intraclastic calcarenites are intercalated
with spherulstones with hybrid matrix, with high sulfur values (1.4%) registered
at this well), at the top of the interval. In well L2, this interval is composed by
hybrid arenites with fragments of volcanic rocks from the Camborid Formation,
bioclastic calcirudites from the Itapema Formation, and Mg-silicate arenites
from the Picarras Formation. These hybrid arenites were generated by the

erosion of the exposed high.
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Figure 13: Schematic W-E section at Tupi Field showing the distribution of the main lithotypes through the analyzed wells and stratigraphic

intervals. (GR = Gamma ray spectral log (potassium in orange, thorium in brown, uranium in black); NMR= Nuclear magnetic resonance log (free-
fluid in blue, clay bound water in brown, capillary bound water in pale green).
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In well H1, this interval presents hybrid arenites with volcanic fragments eroded
from the Camborit Formation. The Basal Interval is not recorded in well H2,

probably due to the lack of deposition on the high.

4.2.2. Middle Interval

In well L1, the Middle Interval is composed mainly by spherulstones with
laminated Mg-silicate matrix, in places showing a higher siliciclastic content, and
locally by diagenetic shrubstones. At the top of the interval, there are mudstones
with a higher siliciclastic content, coinciding with high sulfur contents (1.1%), and
with increased potassium content in spectral gamma ray log. In well L2, as in L1,
this interval is dominantly represented by spherulstones with laminated Mg-

silicate matrix, with less siliciclastic content than at well L1.

In well H1, the Middle Interval comprises predominantly Mg-silicate ooidal
arenites, which were deposited on the high context, under higher energy
conditions. At the top of the interval, mudstones with higher siliciclastic content

are also reflected in the spectral gamma ray log, as also observed in well L1.

In well H2, this interval is composed by intraclastic calcarenites that
unconformably cover bivalve bioclastic calcirudites of the Itapema Formation.

Above the calcarenites, there are spherulstones and diagenetic shrubstones with
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hybrid matrix, coinciding with an increase in potassium content in the spectral

gamma ray log.

4.2.3. Upper Interval

In well L1, the Upper Interval is characterized by the occurrence of mudstones
with high Mg-silicate content, covered by dolostones and syngenetic
shrubstones. Above those deposits intraclastic arenites and Mg-silicate ooidal
arenites reflect higher depositional energy. Above those lithotypes, there are
cycles of spherulstones and diagenetic shrubstones with laminated Mg-silicate
matrix, occasionally with higher siliciclastic content at the base. At the
uppermost part of the Upper Interval, there are dolomitized diagenetic
shrubstones with lamellar magnesite aggregates, with dissolution and intense

replacement of the Mg-silicate matrix.

In well L2, this interval is dominated by diagenetic shrubstones with laminated
Mg-silicate matrix, intercalated with ooidal arenites, intraclastic calcarenites and
Mg-silicate-carbonate hybrid arenites. Clastic deposits are more abundant in the

Upper Interval of well L2 than at well L1, due to its location closer to the high.

In well H1, this interval is mainly composed by dolomitized spherulstones with

lamellar magnesite aggregates and by dolostones, covered at the top by
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intraclastic calcarenites. In well H2, dolomitized diagenetic shrubstones and
spherulstones with lamellar magnesite aggregates occur, locally with syngenetic
shrubstones. At the top of the Upper Interval in well H2, as in well H1, there are
Mg-silicate-carbonate hybrid arenites and ooidal arenites. Mg-silicate matrix
was totally replaced and dissolved in this interval of both wells, owing to their

high depositional context.

4.2.4. Lula Marker

In the spectral gamma ray logs of all the studied wells, the Lula Marker typically
shows higher values of uranium, probably related to an increase in the organic

matter content at this interval.

In well L1, the Lula Marker is composed by mudstones with high Mg-silicate
content and the highest TOC value (5%) in the well, covered by microbialites.
Those deposits are superimposed by spherulstones and diagenetic shrubstones
with Mg-silicate matrix. In well L2, this interval is constituted by mudstones with

a higher content of Mg-silicate matrix.

In wells H1 and H2, there are microbialites at this interval. Well H2 shows the
thickest Lula Marker (15 m) among the studied wells, composed by intercalated

microbialites and strongly dolomitized spherulstones with lamellar magnesite
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aggregates. In well H2, the highest TOC (0.2% to 0.5%) and sulfur contents (0.1%

to 0.2%) were recorded at the Lula Marker Interval.

4.3. Diagenetic processes and products along the Tupi Field

Figure 14 shows a schematic W-E section representing the distribution of the
main diagenetic events that most affected the rocks in the studied wells. The
Mg-silicate matrix and ooids show their best preservation at the wells from
depositional lows, while at well H1, it was locally preserved at the Middle Interval
and at the Lula Marker. Mg-silicate matrix and ooids were not preserved in any

interval of well H2.

The replacement of Mg-silicate matrix by calcite spherulites and shrubs occurs
in all the wells, with more limited occurrence of shrubs at the well H1. The
replacement of Mg-silicate matrix and ooids by dolomite was more intense at
the Upper Interval and Lula Marker in well L1 and was locally important in the
Middle and Upper intervals and at Lula Marker from well L2. In the wells from
the depositional high, replacement of the Mg-silicate matrix and ooids by
dolomite affected a thicker interval, comprising the Middle and Upper intervals
and the Lula Marker from both wells. Replacive dolomite represents in average

27 to 31%, with maximum values of 82 to 95% in the wells from the depositional
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high, while in the wells from depositional lows its average occurrence is of 9 and
12% and maximum of 45 and 70%. Replacement by dolomite shows an increasing
trend towards the Upper Interval in all the wells, except for well L2, which shows
an inverse trend of Mg-silicate matrix and ooid preservation (Carramal et al.,

2022; Carvalho et al., 2022).

Matrix silicification does not show a clear pattern, being more expressive in the
Upper Interval of well L1, in the Middle Interval from well L2 and along the whole

well H2.

Macrocrystalline calcite replacing the Mg-silicate matrix occurs locally, and
usually in small amounts. Dolomite cement filling primary porosity in clastic

deposits is more important in the Upper Interval from wells L1 and H2.

Porosity produced by matrix dissolution is the most important type in all the
wells, being less significant at the wells from depositional lows (just locally
important in the Basal Interval and in the top of the Upper Interval of well L1).
Dissolution porosity was recorded in all the intervals of wells H1 and H2, but it is
usually more expressive in the Upper Interval. There is an increase of the
porosity from the wells situated at depositional lows to the wells at depositional
high, due to the increase of matrix dissolution (Carramal et al., 2022; Carvalho et

al., 2022). In the base of the Upper Interval of well L1, some syngenetic
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shrubstones show high primary (growth framework) porosity, but with a restrict

occurrence.

4.4. Mg-silicates in the Tupi Field

Magnesian clays constitute a significant part of the Mg-rich phyllosilicate family.
Their occurrence, together with eodiagenetic carbonates, and their
mineralogical, compositional and stable isotopic variation usually reflects
changes in environmental conditions, as the chemistry salinity, pH and in the
Mg/Si ratios of lake waters, as in the Eocene Green River Formation (Bristow et

al., 2012).

The main Mg-clay minerals that occur in the wells from depositional lows of the
Tupi Field correspond to 2:1 clay minerals with 21 to 32 wt.% MgO, as kerolite,
magnesium smectites, and kerolite-stevensite = mixed-layer. Sepiolite occurs
subordinately. Stevensite (Mg-smectite), kerolite and sepiolite are Al-free clay
minerals, whereas saponite is a Mg-smectite with some Al content (Pozo and
Calvo, 2018). The clay fraction of the deposits at depositional highs is
predominantly constituted by micas, and subordinately by ordered illite-
smectite mixed-layer, kaolinite, smectite, kerolite and kerolite-stevensite

mixed-layer.

Programa de Pds-Graduag¢dao em Geociéncias - UFRGS
Av. Bento Gongalves 9500 - Agronomia - Prédio 43.113 - S-207B - 91509-900 - Porto Alegre - RS
Tel.: (051) 3308-6340/33086332 - E-mail: ensinopggeo@ufrgs.br




119

§ R 2ol £l ulealzglz ] 8. Yeelis o 2] olseleg2
: i WELLH1 |g|5d 2|3 BEgias22 88828 WELL H2 |3 (33 5| £[55/5 883 WELL L2
& B3 =E% 5|7 |egand T  Hee 20 75| ?)Fya8s Salt b
alt base
o—] —m
i
N - o
b
| "
- -~ Upper
50—} Interval
F“'
100—] e
150—
200
' p e e
2 Barra Velha Formation Top '
250— !
]
_ r r
350 m— L -
Legend B8 nyord arentte terrigenous-carbonate)
B syngenetic shrubstone [E%5 Mudstone with higher Mg-silicate content B Hyorid arenite (g-silicate-carbonate)
-Highly i == with higher siliciclastic content Mg-silicate ooidal arenite
Emagemlic shrubstone with Mg-clay matrix -:’D‘."ost?“? raclastic calcarenite
herulstone with Mg-clay matrix R vcrobialie alve bioclastic calcirudite
herulstone with hybrid matrix —— Pre-Alagoas uncenformity -w,umc rock (Basalt)
Highly dolomitized spherulstone Salt base e —

Figure 14: Distribution of the main diagenetic processes and products at the four studied wells, along a W-E section at Tupi Field.
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Netto et al. (2022) differentiated the Pre-salt Mg-smectites into stevensite and
saponite according to their chemical composition and thermal behavior. After
thermal treatment, stevensite shows a 001 reflection at 9.5-9.7 A, while saponite
usually shows two strong and sharp reflections at 12.40 A and 10.10 A. They
determined the stevensites as containing 0 to 3% of Al,Os in EDS analyses, and

the saponites as containing 3% to 6.5% of Al,Os.

We performed several analyses with the aim of distinguishing between smectite
types of samples with lower and higher siliciclastic content. In general, most of
the analyzed smectites have the composition of stevensite, presenting less than

3% of A|203,

Generally, the different species of Mg-silicates cannot be directly associated to
specific lithotypes, as already pointed out by Silva et al., (2021) and Netto et al.,
(2022). The Mg-silicate matrix commonly shows heterogeneous fabric,
laminated, peloidal and with variable content of siliciclastic silt grains.
Heterogeneous shrinkage and transformation features, commonly occur in the
same thin section that presents well-preserved lamination (Silva et al., 2021).
Shrinkage features range heterogeneously from planar, in laminated matrix

areas, to rounded, and peloids.

Programa de Pds-Graduag¢dao em Geociéncias - UFRGS
Av. Bento Gongalves 9500 - Agronomia - Prédio 43.113 - S-207B - 91509-900 - Porto Alegre - RS
Tel.: (051) 3308-6340/33086332 - E-mail: ensinopggeo@ufrgs.br




121

4.4.1. Kerolite

Kerolite occurs in almost all the lithotypes, mainly in the spherulstones (45%)
and diagenetic shrubstones (22%), and subordinately in mudstones with more
preserved Mg-silicate matrix (4%) from the depositional lows. The samples
composed mainly by kerolite usually have the lowest siliciclastic contents

(average of 0.53%).

Kerolite usually occurs laminated and with high birefringence (Fig. 15A). The
matrix of some samples with kerolite present a heterogeneous texture, with
laminated, peloidal and intraclastic textures in the same thin section (Fig. 15B).
Locally, kerolitic intraclasts in spherulstones and diagenetic shrubstones (Fig.
15C) were also replaced by spherulites and shrubs. Kerolite also occurs as Mg-
silicate ooids and intraclasts, in ooidal arenites, hybrid arenites and intraclastic

calcarenites.

4.4.2. Kerolite-stevensite mixed-layer

Kerolite-stevensite mixed-layer occur typically in spherulstones (52%) and
diagenetic shrubstones (37%), and subordinately in mudstones (5%) from the

depositional lows. Besides that, they are subordinately present as ooids
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envelopes and Mg-silicate intraclasts in ooidal arenites and intraclastic

calcarenites.

The kerolite-stevensite matrix is commonly laminated (Fig. 15D), with high
birefringence and frequently with peloids (Fig. 15F) dispersed and as inclusions
in the spherulites and shrubs. The peloids stand out from the matrix, as they
usually present framboidal pyrite and other constituents, as muscovite flakes
(Carramal et al., 2022). Some samples have kerolite-stevensite mixed-layer
shrinkage and transformation textures (Fig. 15E), with macrocrystalline calcite

filling the shrinkage pores.

The occurrence of kerolite-stevensite mixed-layer is usually associated to a
higher siliciclastic content (average of 2.84%, and up to 30% of siliciclastic silt
grains). This direct relation of higher siliciclastic content with kerolite-stevensite
mixed-layer can be clearly seen in the Middle Interval from well L1, and at the

Basal Interval from well L2 (Fig. 18).
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I ta % el m
Figure 15: Main textures observed in the Mg-clays (kerolite and kerolite-stevensite mixed-
layer). (A) Spherulstone with laminated kerolitic matrix (LC). (XP). (B) Diagenetic shrubstone
presenting heterogenous kerolitic matrix, with peloidal and transformation/shrinkage
textures (Pel/Shr). (XP). (C) Diagenetic shrubstone with kerolitic intraclasts (Int) and late
macrocrystalline calcite (Cal) filling shrinkage pores. (XP). (D) Spherulstone with laminated
kerolite—stevensite mixed-layer matrix (LC). (XP). (E) Diagenetic shrubstone presenting
heterogeneous  kerolite-stevensite  mixed-layer = matrix,  with peloidal  and
transformation/shrinkage (Shr), and locally laminated (LC) textures. (XP). (F) Diagenetic

shrubstone presenting heterogeneous kerolite-stevensite mixed-layer matrix with peloids
(Pe). (XP).
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4.4.3. Stevensite

The main lithotypes presenting stevensite are the spherulstones (52%) and
diagenetic shrubstones (15%), and subordinately the mudstones (7%) at the
depositional lows. The stevensite matrix generally present an average of 2% (and
maximum of 9%) of dispersed siliciclastic silt grains. It also occurs subordinately
in the hybrid arenites in wells L1 (as Mg-silicate intraclasts and ooids) and L2 (in

volcanic fragments, Mg-silicate intraclasts and ooids).

The stevensite matrix is commonly laminated, with variable birefringence.
Stevensite peloids occur dispersed in the matrix and as inclusions in the
spherulites and shrubs. Stevensite peloids and intraclasts (Fig. 16A) are
commonly replaced by spherulites and shrubs. Shrinkage and transformation
textures are common, with late macrocrystalline calcite filling the shrinkage

porosity (Fig. 16B).

In samples composed of stevensite and kerolite, there is evidence of
replacement of a clay with low Al content, probably stevensite, by a clay without
Al, probably kerolite (Fig. 16F). This process occurred mainly in the diagenetic
shrubstones and in the transitions between spherulstones and diagenetic

shrubstones.
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Silva et al., (2021) and Netto et al., (2022) interpreted the kerolite-stevensite
mixed-layer as a product of stevensite transformation (as proposed by Pozo and
Casas, 1999), with kerolite neoformed under lower salinity conditions, and
transformed into stevensite and kerolite-stevensite mixed-layer as the salinity
increased. Conversely, Carramal et al., (2022) interpreted that kerolite-
stevensite and kerolite may have formed through partial or full diagenetic
transformation of stevensite, by the dehydration and transformation of the
primary stevensite matrix, with resulting contraction and generation of

shrinkage pores.

They also considered that these processes may have occurred still under very
early subaqueous conditions, probably due to changes in the composition of the
lacustrine fluids. This is supported by the petrographic evidence of replacement

features between the stevensite and kerolite recorded in the present work.

Consequently, kerolite is considered, at least partially, a product of stevensite

transformation, as proposed by Carramal et al., (2022).
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' ALO, - 1,26 - 1,59%
® ALO,~0-0,67%

Figure 16: Main petrographic textures of the analyzed smectites. (A) Diagenetic shrubstone
with stevensitic intraclasts (Int) cemented macrocrystalline calcite (Cal) before shrinkage and
dissolution. (//P). (B) Diagenetic shrubstone with heterogeneous stevensitic matrix with
peloidal and transformation/shrinkage texture (Tr/Shr). (XP). (C) and (D) Muddy spherulstone
with hybrid matrix (saponite and siliciclastic silt grains — yellow arrows). (XP). (E) Diagenetic
shrubstone with matrix composed by stevensite (STV) relicts, replaced by kerolite (KER). (//P).
(F) BSE image of the same sample (E) with EDS analyses of stevensite and kerolite determined
according the Al203 content.
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4.4.4. Saponite

Saponite (Fig. 16C, 16D) occurs locally, and only at well L1, commonly in rocks
with larger amounts of siliciclastic contents (avg. 20%; max. 28% of siliciclastic
silt grains). Saponite generally occurs in rocks with greenish color, commonly
muddy spherulstones and mudstones with relatively higher siliciclastic content.
The occurrence of saponite coincides with the increase in the potassium content

(in spectral gamma ray log), TOC and sulfur contents.

4.4.5. Sepiolite

The occurrence of sepiolite is very restrict, detected only in the Basal Interval of

well L2, situated between the two main structural highs from Tupi Field.

Sepiolite constitutes some fibrous Mg-silicate intraclasts, commonly occurring
together with other Mg-clay minerals (as kerolite-stevensite mixed-layer and
kerolite), at in situ deposits (spherulstones and diagenetic shrubstones), and
locally at reworked deposits (hybrid arenites). The maximum sepiolite
proportion of the clay fraction (47%) corresponds to a hybrid arenite) and the
proportion averages 18% in these deposits. The rocks containing sepiolite usually
show an average siliciclastic content of 1.2% and maximum of 5% (hybrid

arenites).
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As sepiolite generally occurs as intraclasts, even in the in situ deposits, and only
at the Basal Interval from well L2, where it is remarkable the reworking of
deposits of the exposed highs (from Camborit, Picarras and Itapema
formations), it was probably formed in the rift section, eroded from the highs,

and redeposited in well L2 area.

4.4.6. Mg-clays occurrence at depositional highs

The preservation of magnesian clays was not favored at depositional highs. In
well H1, Mg-silicates were recorded only in the Middle Interval, in ooidal arenites
(kerolite) and spherulstones (smectite). The clay fraction of basal and upper

intervals corresponds only to mica, illite-smectite and kaolinite.

Although there is no Mg-silicate matrix identified in the petrography of well H2,
XRD analyses recorded locally some smectite and kerolite-stevensite mixed-
layer. The Mg-silicate relicts in the wells located at depositional highs were only
detected by XRD and automated mineralogical map by SEM analyzes (Table 4 —
well H2). In almost all the analyzed samples, the XRD analyses of the clay fraction
indicated the predominance of micas. Automated mineralogical map by SEM
analyses recorded less than 1% of Mg-silicate. The expressive volume of

dolomite and silica, as well as the petrographic evidence of replacement and
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dissolution of the matrix suggest that the Mg-silicates were also formed at the

depositional highs.

Magnesian clays without Al are more susceptible to a complete dissolution,
presenting dissolution rates much faster than other clay minerals (Tosca and
Wright, 2015). Consequently, the dissolution of Mg-clays can release all their Mg

and Si ions to solution, favoring dolomite and silica precipitation.

4.4.7. Isotopic evidence

As the spherulites and diagenetic shrubs were precipitated during very early
diagenesis, their environmental/chemical precipitation conditions may reflect
those under which were formed the Mg-silicates that they replaced. Therefore,
the isotopic values of shrubs and spherulites, were plotted in relation to the
species of Mg-silicate they replaced: kerolite, stevensite, and saponite and they

were also differentiated by the stratigraphic interval (Fig. 17).

At the Basal Interval of well L1, where stevensite predominates, the shrubs and
spherulites replacing stevensite show high 620 VPDB values (Fig. 17), consistent

with the high salinities attributed to the environment of formation of this clay
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Well L1

XRD- Clay fraction

N?ﬂﬂlay Al
sample lithofades 9% Clay fraction ’:::";‘ MicasHilite+ KFeldspar Quartz Dolomite  Calcie  Pores
. Al-Smectites
g 1 Diagenetic 0,0054 00723 0,1920 12,7937 5712 413087 18763
? | 2 Diagenetic ? 0 o 0 TR a [
3 - 3 Diagenetic shrubstone - 0 0 ] R 0 [
52 a Diagenetic shrubstone 0,0068 00825 0,264 11,0057 312438 518206 35018
28 s 0 0 0 ® a i
Eaael 6 0,0041 01882 0,5845 10,6168 22268 656547 01275
7 | 7 00044 0,206 0,603 98315 248612 6og8i8 01118
i 8 Diagenetic shrubstone 0,0048 0,0815 0,6528 10,2007 34,4815 540617 0,0829
[] Diagenatic shrubstone. 285125 0,0306 0,0014 44425 44008 614166 08677
10 Di: etic shrub 5 10,4653 0,195 0,2557 64825 15,1932 659265 04195
1 Diagenetic shrub: 6 0 55 15 0 o o 7.9332 01925 02121 7 9594 133373 693166 0,431
12 Diagenetic shrub: 21 0 5 45 0 0 o -
3 13 Diagenetic 8 0 100 0 0 0 [ 14,1253 0,0178 0,0009 64426 28525 124975 07233
§ u 18 0 100 0 0 0 ?
£ 15 13 0 ® 0 2 0 [
= 16 43 0 i 23 0 Q 0
3 17 12 0 3 0 14 0 14,4800 0,0500 0,005 43418 99702 70,2000 0,3929
s 18 Diagenetic 7 0 100 0 0 0 0 23,5252 00424 0,0020 3,774 52018 66,1592 0,8007
19 Diagenetic 12 0 70 0 0 0
20 2% 0 16 2 T’ 0 [
F) a7 0 56 0 0 0
22 Mudstone 24 0 10 81 1 8 0 0,0103 01736 0,0007 12,8371 354145 49,3679 0175
Well H2
My-clay =
Sample. Uthofacles % Clay fraction :r"‘:n'j";s AlSmecttes Micastiliite+Al KFeidspar Quarz  Dolomite Calcite Pores
soetion Smectites
1 2 - 0.0059 00000 0,2183 0,0859 269103 501126 190651 48782
2 Wi 1 100
3 Mi 1 - 0,0069 10,0000 10,4430 02195 15,5155 77,0981 18251 45056
a R 100 TR 00019 00000 0,0265 0,0005 L6080 334749 345132 9,257
5 Mudstone ] 100
3 Dolostona ? 100 - - - -
7 Microbialite i RR - - - * i 0.0068 10,0000 0,3302 0,0881 10,7910 663765 175294 38291
1] Microbialite b RR
) Microbialite k ] 100
10 Dolostone 1 .
1 Z
12 L3
13 L1 1 0
u - - 0,0020 0,0000 0,0439 0,0018 150050 504206 304846 26525
15 1 RR 2
16 Dolostene 1 m 100
17 Mudstone 1 100 -
18 Mudstone 1 100
19 1 100
2 " 5 = 3 z z T
2 1 100 TR = - = i 0,2825 10,0000 2, 7685 14,6904 12,7292 42,7820 174345 12849
2 hrub: 4 100 - TR - - -
= Dolostone wi I 1 100 - ™ - - - 0.0250 00000 01718 0,0061 6443 40509 157591 25384
2% Mudstone 1 100 p
E-] Mudstone TR 95 - - 5 ? z 0,0280 00171 10,6076 0,8847 30,7209 34,3045 286536 00976
2% Diage netic shrubstone 7 RR - RR - - RR 00132 10,0006 0,1497 00225 149313 220733 537111 84375
z 7 AR = i < - - onn 00000 01973 00513 193301 331300 349750 42871
2 Mg:silicate coidal arenite 1 - -
) 7 - 0,0003 00000 0,0052 0,0000 331620 285742 348253 27018
) 7 :
T Mudstone 4 100 = = E - 00239 00000 20820 L0832 87412 16357 29734 01214
2 Diagenetic shrubstone R &1 - 13 7 - 00293 00000 19674 25978 02783 308042 833971 01188
3 ) 89 n =
n 1 100 3 0,0062 00000 0,0610 0,0006 302444 420321 253433 00865
35 Mudstone 1 100 ™
% Mudstone ™ 100 -
7 - 12 - - - 07121 00006 L4584 0.7370 327167 562192 38128 36757

Table 4: Results of XRD and automated mineralogical map by SEM analyzes performed at the
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wells L1 and H2. SME=smectite, KER=kerolite,
KSS=kerolite-smectite mixed-layer, MIC=mica, ISO= ordered illite-smectite-mixed layer, KAO=kaolinite, TR= trace content, RR= rare content, ?
=doubt about the occurrence, - =0% of occurrence of the constituent, empty cells= samples without analyzes.
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species (Hay et al., 1995; Pozo and Casas, 1999). At the Upper Interval, where
kerolite is the main Mg-silicate, the shrubs and spherulites replacing kerolites
have lower &0 VPDB values than those from calcitic aggregates replacing
stevensite (Fig. 17). The shrubs and spherulites replacing saponite from Midlle
Interval show lower 60 VPDB values, than from calcitic aggregates replacing

saponite at the Upper Interval.

The isotopic analyses of Mg-silicates from the Amboseli Basin, Tanzania and
Kenya analyzed by Hay et al (1995) show generally lower kerolite 630 values,
related to formation under lower salinity, than those of stevensite, assigned to
higher salinity conditions. They attributed those variations to variable mixing of

dilute groundwater and saline, alkaline lake water.
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Figure 17: Carbon and oxygen isotope ratios of shrubs and spherulites in well L1 discriminated
according to the replaced Mg-silicates.
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Experiments by Tosca and Masterson, (2014) verified that salinity, pH and the
Mg/Si ratio are the main factors controlling the precipitation of the different
species Mg-silicates. In environments with low salinity, high Mg/Si and high pH,
kerolite-like products dominate, whereas in environments with high salinity and
Mg/Si ratios, stevensite-like products are favored under high pH. Lower Mg/Si

ratio of the solution leads to sepiolite-like products.

The predominant occurrence of stevensite at L1 well, in the lower depositional
context, and the absence of exposure features (root traces, dissection cracks,
seismic unconformities), indicate that the high salinity conditions were not
related to pedogenetic/palustrine, as reported in some occurrences of those Mg-

silicates in the Madrid Basin (Pozo and Casas, 1999).

Saline lacustrine systems, as those where the Barra Velha Formation and
equivalent Pre-salt units were deposited, are characterized by sporadic water
influx and intense evaporation, and commonly present stratification of their
water column. Stratification may be produced by differences in the temperature
and/or of salinity of the water, both aspects promoting a contrast in the density
from a bottom (hypolimnion) to an upper layer (epilimnion). In thermically-
stratified water bodies, those layers are separated by a surface of abrupt

temperature contrast (thermocline) (Renaut and Gierlowski-Kordesch, 2010).
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In saline stratified (meromitic) lakes, the basal layer (monimolimnion) and the
surface layer (mixolimnion) are separated by a surface of compositional contrast,
the chemocline. The salinity may be induced by dissolution of preexisting salts,
rocks, or inflow from saline springs. The evaporative concentration of some lakes
can be improved during dry periods, with the increase of water salinity and

density (Renaut and Gierlowski-Kordesch, 2010).

The elevated salinity and alkalinity of some lakes is related to magmatism.
Basaltic volcanism recorded by Gomes et al., (2009) across the Outer High of
Santos Basin during deposition of the Barra Velha Formation may have
contributed to develop and maintain elevated alkalinity and salinity in the
lacustrine system. The alteration of volcanic materials and associated hot springs
may have contributed to increase the salinity and alkalinity in the of the lake
bottom waters, favoring the formation of stevensite, a clay mineral typically
related to higher salinity condition, as in the Amboseli Basin (Hay et al., 1995),
and the Madrid Basin (Pozo and Casas, 1999). In Lake Bogoria, Kenya (Renaut
and Tiercelin, 1994), the most significant sources of fluids are the dilute meteoric
recharge and the saline hydrothermal inflow, which, together with a semi-arid

climate, promoted stratification of the lake body. (Renaut and Tiercelin, 1994).
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As observed in Lake Bogoria, magmatic and hydrothermal activity may have
contributed to the deposition of the Barra Velha Formation in an alkaline, saline,
stratified lacustrine system. The salinity stratification of the lake may have
played an important role on the syngenetic and early diagenetic origin of the
deposits, promoting the deposition of Mg-silicate phases and their dissolution
and/or replacement by calcite, dolomite or silica (De Ros, 2018). Such stratified,
alkaline and saline system would present a chemocline between a basal,
stevensite-precipitating monimolimnion and an upper, calcite-precipitating
mixolimnion. Oscillation of the chemocline would offer a better explanation for
the observed high-frequency intercalations of the characteristic Barra Velha
facies than hypothetical level variations of the vast lacustrine system (De Ros,

2018).

4.4.8. Mg-clays occurrence along the Tupi Field

The distribution of Mg-silicates along the Tupi Field is represented in Figure 18.
Well L1, situated in the lowest depositional situation, presents the thickest
preserved Mg-silicates record throughout the Barra Velha Formation. Stevensite
predominates in its Basal Interval and does not occur in the same stratigraphic

interval of the other wells. As stevensite precipitation is ascribed to high salinity
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conditions, its distribution is assigned to high salinity conditions at the bottom
of a stratified lake. This condition of high salinity was probably achieved due to

volcanic and hydrothermal activity penecontemporaneous to the deposition.

The Middle Interval of L1 is characterized by the predominance of kerolite-
stevensite mixed-layer and larger siliciclastic input, attributed to hypopycnal
plumes bringing the siliciclastics and diluting the lake water. This higher
siliciclastic input, corresponding to increased potassium in the spectral gamma
ray log, was also verified in wells H1 and H2. The Middle Interval of well L1 also
shows an upward increase in kerolite content, as well as saponite, due to the

input of diluted water in the lake.

Kerolite predominates in the Upper Interval from wells L1 and L2, with

subordinate occurrence of kerolite-stevensite mixed-layer and of stevensite and

saponite (only at well L1). That predominance of kerolite at this interval
indicates decreased salinity, as compared to the Basal Interval, or changes in

Mg/Si ratio or pH.

The clay fraction from the Basal Interval of well H1 is composed of mica, illite-
smectite mixed-layer and kaolinite, possible products of alteration of volcanic
and siliciclastic rocks. In the Middle Interval, the ooidal arenites are composed

of kerolite, whereas the spherulstones are composed of smectite. The clay
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fraction of well H1 Upper Interval and the Middle and Upper intervals from well
H2, is essentially constituted by mica, probably as residual remnants of the clay
fraction, after the total dissolution of the Mg-silicates. Such dissolution, verified
mainly in the depositional high wells, can be associated to fluctuations in the

stratified lake chemocline, with preferential destabilization of the Mg-silicates.

4.5. Reservoir quality aspects

The variation in reservoir quality along the analyzed wells can be evaluated in
porosity (%) vs permeability (mD) plots for the in situ lithotypes (Fig. 19A) and

reworked lithotypes (Fig. 19B).

The in situ samples with the lowest values of porosity (less than 5%) and

permeability (less than 0.1 mD) correspond to lithotypes with preserved Mg-

silicate matrix (spherulstones, muddy spherulstones, diagenetic shrubstones

and mudstones; Fig. 19A).

Those deposits are more common in the wells from the low depositional areas.
Lithotypes with partial dissolution of Mg-silicate matrix present relatively higher

porosities (between 10 and 17%).
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Figure 18: W-E section along the Tupi Field, showing the variation of gamma ray and nuclear magnetic resonance log signatures of the lithotypes,
their Mg-silicate composition, distribution of siliciclastic silt grains and volcanic fragments. (GR = Gamma ray spectral log (potassium in orange,
thorium in brown, uranium in black); NMR= Nuclear magnetic resonance log (free-fluid in blue, clay bound water in brown, capillary bound water
in pale green).
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The lithotypes with higher porosities (above 10%) and permeabilities (above 10
mD) correspond to spherulstones and diagenetic shrubstones with complete
dissolution of Mg-silicate matrix, or to syngenetic shrubstones with preservation
of the primary porosity (Fig. 19A). The reservoir quality of dolomitized
spherulstones and diagenetic shrubstones range from moderate to good,
depending on the intensity of dolomitization. Those with strong dolomitization
tend to show moderate porosities and permeabilities, while those with
moderate to weak dolomitization show a better reservoir quality. These cases

typically occur in depositional highs.

According to their reservoir quality, the clastic deposits were separated in two
groups (Fig. 19B). One is characterized by permeability values lower than 0.1 mD,
porosity values lower than 7%. Their low permeability and porosity values result
of a cementation average of 19% due to abundant dolomite, quartz and calcite
cements filling the primary interparticle porosity, or by intense mechanical
compaction that can form pseudomatrix from ductile grain smashing, such as the
Mg-silicate intraclasts. The other group is characterized by permeability values
higher than 0.1 mD and porosity values between 7 and 13%. It includes reworked
lithotypes with preserved interparticle porosity, plus secondary intraparticle and
moldic porosity, commonly from the preferential dissolution of Mg-silicate

ooids, mostly at depositional highs.

Programa de Pds-Graduac¢do em Geociéncias - UFRGS
Av. Bento Gongalves 9500 - Agronomia - Prédio 43.113 - S-207B - 91509-900 - Porto Alegre - RS
Tel.: (051) 3308-6340/33086332 - E-mail: ensinopggeo@ufrgs.br




139

Syngenetic shrubstone with = . . . Highly dissolved and
preservation of primary porosity Reservoir quality - In situ lithotypes dolomitized spherulstone

increasing
dolomitization +

1000 [} dissolution/
#‘ primary porosity @ SPH-d|_Depositional high
100 & ._Dgeier,va_tigu_——————’—/g" :
Y ® ® 5HB-dgdl_Depositional high -
10 »

® SPH-ag_Depositional low

& SHB-dgag_Depositional low :
Partially dissolved and

dolomitized spherulstone

Spherulstone with preserved

e 5 -dgdl_Depositional low
Mg-silicate matrix

Permeability (mD)

o -
e Veite @ SPH-dl_Depositional low
dissoiution = MUD_Depositional low
® ®
& # DOL_Depositional low
10 15 20 A SHB-sin_Depositional high

Porosity (%)
increasl’nﬁ matrix Eresenration

& SHB-sin_Depositional low

Calcarenite with preserved . . - Highly dissolved hybrid arenite
primary porosity E Reservoir quality - Clastic lithotypes (intraparticle porosity)
g G ™S
1000 O PRIM-CCN =
© PRIM - O0-ARN
00
= A PRIM - HYB-ARN
D D
A i A SEC- HYB-ARN
E— 10 = Primary porosity
3‘ pr‘esenration,’ Secondary porosity @ SEC-00-ARN
= 1 A
=] @ COMP - 00-ARN
[} E e % Hybrid arenite with primary
g bt ¢ & COMP - HYB-ARN porosity partially filled by
= 01 =] A oe dolomite cementation
& o BHC - CCN & ‘
0,01 %@ o High cementation/ © HC - 00-ARN <
Intense compaction/ 4
«— 0 O @ F Pseudomatrix 4 HC - HYB-ARN
0,001 O OMIOEMT O
] 3 10 15 20 ®PM-OO-ARN
Porosity (%) A PM- HYB-ARN

Figure 19: Diagrams of porosity (%) x permeability (mD) of the in situ (A) and reworked
lithotypes (B). SPH-dl= dolomitized spherulstone, SHB-dgdl= dolomitized diagenetic
shrubstone, SPH-ag= spherulstone with Mg-silicate matrix, SHB-dgag= diagenetic shrubstone
with Mg-silicate matrix, MUD= mudstone, DOL=dolostone, SHB-sin= syngenetic shrubstone,
CCN= calcarenite, OO-ARN= ooidal arenite, HYB-ARN= hybrid arenite, PRIM= primary porosity,
SEC= secondary porosity, COMP= high compaction, HC= highly cemented, PM=high
pseudomatrix content.

5. Conclusions

o The study of Pre-salt deposits in 2 wells at depositional lows (L1 and L2)
and 2 wells at depositional highs (H1 and H2) from Barra Velha Formation of Tupi
Field, Santos Basin, enabled a characterization of the occurrence of the Mg-

silicate deposits and of the associated diagenetic phases.
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o The combination of petrographic, XRD and automated mineralogical map
by SEM analyses together with NMR log signatures, attested that the Mg-
silicates were formed and deposited in all the depositional contexts of the Tupi
Field, in the whole Barra Velha Formation. The Mg-silicates were preferentially
preserved at the depositional lows and destabilized at the depositional highs.

o At the depositional lows there is a predominance of diagenetic
shrubstones and spherulstones with laminated Mg-silicate matrix, and of
carbonate/Mg-silicate and carbonate/terrigenous hybrid arenites, while at the
depositional highs the main deposits are dolomitized spherulstones and
diagenetic shrubstones, and Mg-silicate ooidal arenites.

o The deposits were strongly affected by eodiagenesis, presenting various
degrees of replacement of the original Mg-silicate matrix, mainly by calcite
spherulites and shrubs, but also by dolomite and silica.

o Lithotypes characteristic of the depositional lows with preserved matrix
of magnesian silicates, or strongly dolomitized or silicified, generally have low
reservoir quality. Lithotypes with strong dissolution of the Mg-silicate substrate
and low to moderate dolomitization/silicification show good reservoir quality.

o Mesodiagenetic and/or hydrothermal processes are subordinate,
recorded by the occurrence of saddle dolomite, macrocrystalline quartz, calcite,

barite and bitumen.
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° The Mg-silicates occurs in situ, as laminated matrix and reworked, as ooids
and intraclasts. At the depositional lows, they are usually constituted by
stevensite, kerolite-stevensite mixed-layer and kerolite, and subordinately by
saponite and sepiolite. At the depositional highs, the congruent dissolution of
Mg-silicates left a clay fraction constituted mainly by micas, locally with some
illite-smectite mixed-layer and kaolinite.

o The partial transformation of stevensite to kerolite occurred locally,
preferentially in diagenetic shrubstones and at the transition between
spherulstones and diagenetic shrubstones.

° The preferential diagenetic dissolution of the Mg-silicates at the
depositional highs is associated to an enhanced degree of dolomite and silica
replacement, as products of the Mg-silicates dissolution.

o The predominance of stevensite and the high 60 values of associated
calcite at the Basal Interval of well L1 indicate conditions of higher salinity,
probably at the bottom of a stratified lake. Such conditions may have been
related to coeval volcanism and associated hydrothermal activity.

° The predominance of kerolite-stevensite mixed-layer and the larger
amounts of siliciclastic silt at the Middle Interval of the wells located at
depositional lows are related to the inflow of dilute hypopycnal plumes, which

suggest less saline conditions during deposition of this Interval.
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o The predominance of kerolite in the Upper Interval of wells L1 and L2 can
reflect less saline conditions and/or other changes in the lake stratification, pH
or Mg/Si ratios.

o Unravelling the dynamic conditions of the formation and deposition of
magnesian silicates that constituted the background of sedimentation of the
Barra Velha alkaline lacustrine system, and of their eodiagenetic,
mesodiagenetic and hydrothermal alteration is of key importance for
understanding the deposition, evolution and quality of the giant Pre-salt
reservoirs of Santos Basin, as of equivalent deposits of other South Atlantic

basins.
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Titulo da Dissertacao:

“ORIGEM E EVOLUCAO DIAGENETICA DE ARGILAS MAGNESIANAS E
FASES ASSOCIADAS NOS DEPOSITOS DO PRE-SAL DO CAMPO DE TUPI,
BACIA DE SANTOS, BRASIL”

Area de Concentragéo: Estratigrafia

Autora: Natasha Pereira Rocha

Orientador: Prof. Dr. Luiz Fernando De Ros

Examinadora: Dra. Camila Wense Ramnani

Data: 27/03/2023

Conceito: A (EXCELENTE)

PARECER:

A dissertacdo da mestranda esta bem estruturada e muito bem escrita. Envio para
vOocés 0 arquivo da dissertacdo com pequenas sugestdes de correcao de escrita,
em passagens realcadas de amarelo e com “notas auto-adesiva”, mas ndo ha
absolutamente nada que prejudique a leitura.

No texto introdutéria, parte 1, a candidata fez um bom trabalho de revisédo sobre
ambientes lacustres e de formacao dos argilominerais magnesianos. Dentre 0s
depdsitos eleitos no item “4.3.3 Estudos de Caso”, senti falta dos trabalhos de
caracterizacao e génese dos argilominerais magnesianos da “vizinha” Bacia de
Campos, sobretudo os trabalhos de Bertani (1983) e Bertani & Carozzi (1984), que
poderiam ter sido destrinchados. O trabalho de Bertani (1983) apresenta uma 6tima
caracterizacao dos argilominerais magnesianos da Formacéo Lagoa Feia, com a
identificacéo de kerolita, saponita, estevensita e interestratificados. Ressalto
também a identificacdo, desses autores, da importancia das rochas vulcanicas
como fontes de ions para a formag&o dos argilomienrais magnesianos, como foi
aventado por muitos trabalhos posteriores. Esses dois trabalhos acabaram sendo
“apagados” pelo trabalho posterior de Rehim et al. (1986), que sem um cunho
geoldgico, classificou e perpetuou esses argilominerais como talco e
interestratificado talco-estevensita.

A parte de métodos esta bem escrita e detalhada. Na sintese dos resultados, a
mestranda utilizou todos os dados adquiridos para fazer uma boa caracterizacéo
dos intervalos estudados, em complemento ao contetdo do artigo.

No item 6.2. Processos e produtos diagenéticos ao longo do Campo de Tupi, acho
que caberia uma discusséao extra sobre o papel da variacéo lateral de facies
(Facies modeling) na melhora da porosidade em dire¢céo aos altos estruturais. A
frase de impacto “A porosidade produzida pela dissolucdo da matriz € o tipo de

PUBLICA




porosidade mais importante verificado em todos 0s poc¢os” precisa ser melhor
defendida ou avaliada. A mestranda tem os dados necessarios para melhorar a
argumentacao.

O artigo submetido a revista Sedimentary Geology, referente a parte 2 da
dissertacdo, esta muito bem escrito e creio que em breve estara publicado. Nao
tenho muitos comentarios, pois ja havia lido o artigo anteriormente, como membro
do comité avaliador de publicacdes externas de técnicos da Petrobras. Nesta
ocasido havia enviado sugestdes de melhorias para o artigo. SO ressalto uma
questdo que permanece, que € interpretacdo da sepiolita como intraclastos. Ela
nao poderia ser coating? Foi feito MEV de detalhe para diferenciar a sepiolita dos
demais argilominerais magnesianos dessas amostras?

Nos mais, agradecgo o convite para ser examinadora dessa dissertacéo de
mestrado, e parabenizo a candidata por produzir conhecimento sobre os
argilominerais magnesianos do Pré-Sal. Parabenizo ainda o orientador e a
comissao de pos-graduacao em Geociéncias da UFRGS, pelo trabalho de
formacao de pesquisadores.

Atenciosamente,
Camila
Assinatura:  Camide W R Data: 27 de Marco de 2023

Ciente do Orientador:

Ciente do Aluno:

PUBLICA
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Conceito: A (Excelente)

PARECER:

A dissertacdo é bem escrita, contendo poucos erros ortograficos e
gramaticais que nao prejudicam a fluidez do texto. Além disso, o problema
cientifico € extremamente relevante e os resultados alcangcados contribuem
significativamente para o entendimento das heterogeneidades dos reservatorios da
Formacdao Barra Velha, Bacia de Santos. A estrutura do texto integrador é
excelente, contemplando robustos estado da arte e sintese dos resultados. O
artigo submetido é inédito, com sadlido objetivo e vasta quantidade de dados. No
entanto, algumas sugestdes de melhoria sdo abaixo elencadas.

Texto integrador:

Resumo:
- Sugiro incluir uma frase final sobre a importancia destes resultados para a
caracterizacao dos reservatorios.

Introducao:
- Incluir dados atualizados da ANP sobre a producéo do Campo de Tupi.

Objetivos:
Separar em objetivo geral e objetivos secundarios.

Geologia Regional e estratigrafia da Bacia de Santos:

- Fig.1. Substituir Africa por continente africano.

- Faltou padronizagao das citagdes ao longo do texto. Por exemplo, na pagina 14:
“O estudo realizado por Wright e Barnett, 2015 nos depdsitos da Formagao Barra
Velha concluiu...” e “(Wright, 2022) caracteriza esses depositos in situ ...”.

Estado da Arte:
- Traduzir a Fig. 4.




- Tabela 1 e Fig. 5 estdo com baixa resolucéo, também devem ser traduzidas.

- Nos estudos de caso apresentados, seria interessante incluir fotomicrografias dos
argilominerais e dos depdsitos associados para exemplificar as ocorréncias e
facilitar a comparagado com as amostras do Pré-Sal.

Sintese dos resultados e consideracdes finais:

- Sugere-se a apresentacdo de um quadro de facies, bem como imagens
ilustrativas de cada uma delas, para facilitar o entendimento dos subsequentes
intervalos apresentados.

- Nao fica evidente como foi separado o intervalo basal do intervalo intermediario
no pogo L1.

Artigo submetido “Origin and diagenetic evolution of magnesian clays and
associated phases in the Pre-Salt deposits of the Tupi Field, Santos Basin,
Brazil”:

Abstract:

- Especificar qual é a mica descrita nos baixos deposicionais.

- Especificar os resultados isotopicos (sdo razbes positivas de O7?): “The
predominance of stevensite and isotopic analyses....indicate conditions of
higher...”.

- Repito a mesma sugestdo que fiz para seu resumo do texto integrador: incluir
uma frase final sobre a importancia destes resultados para a caracterizacdo dos
reservatorios.

Introduction:
- Incluir dados atualizados da ANP sobre a producéo do Campo de Tupi.

Geological Setting:

- Estd um pouco extenso, sugiro sintetizar e remover algumas partes.

- Na Fig. 1, seria possivel incluir imagens sismicas com a amarragao dos pogos?

- Pag. 68: Incluir citacdo sobre a génese das bacias de Santos, Campos e Espirito
Santo.

- Pag. 68: Sugiro remover o paragrafo: “The Tupi Field was discovered in...

Os paragrafos subsequentes, que tratam da subdivisdo da bacia por Moreira et al.
(2007), podem ser mais suscintos e focados especificamente no contexto da
Formacao Barra Velha.

Results:

- Pag. 79 — colocar no Geological Setting ou Methods os seguintes paragrafos:
“The initial classification for the Pre-salt Rocks...” e “The reworked deposits of
fascicular and spherulitic...”, pois ndo sao seus resultados.

- Trocar o nome do item 4 de Results para Results and Discussion, ou incluir as
interpretacdes e modelos (Ex. Fig. 6) separadamente em Discussion.

- Table 2 e Table 3 - incluir no material suplementar.

- As fotomicrografias sdo bem representativas, mas apresentam um tom azulado
ou estdo escuras, podendo ser corrigidas com algum software de edigdo de
imagem.

- A ordem de apresentagao dos resultados poderia ser os intervalos separados (L1,
L2, H1 e H2) contendo as descricbes detalhadas de cada petrofacies com as




respectivas fotomicrografias.
- A Fig. 13 e Fig 14 podem ser integradas.

Por fim, parabenizo a Natasha Rocha e seu orientador Prof. Luiz Fernando De Ros
pela excelente pesquisa realizada, que adicionou valiosas informacbes aos
complexos depdsitos do Pré-Sal brasileiro.

froends | Rectucpus,

Assinatura: ./

Data: 31/03/2023

Ciente do Orientador:

Ciente do Aluno:
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PARECER:

De um modo geral, considero que o tema abordado na dissertacao de mestrado da
autora Natasha Pereira Rocha, tanto no texto introdutdrio quanto no artigo, foi
adequadamente exposto e trabalhado. O tema € totalmente atual e oportuno tanto
para a academia quanto para a industria que certamente ira usufruir dos resultados
apresentados. Adicionalmente, percebe-se que o texto e as figuras da dissertagao
foram cuidadosamente preparados. Outro ponto muito positivo notado foi o
poderoso aparato analitico utilizado na dissertacao para dar a robustez necessdaria
ao trabalho. Foram feitas algumas sugestoes de correcoes e ajustes no texto
enviadas como anotacoes em arquivo PDF. Apenas alguns poucos pontos nao
ficaram totalmente claros no texto, necessitando de um esclarecimento adicional.
Achei bem interessante e valido colocar no texto introdutdrio todos os estudos de
caso de dep6sitos de argilominerais magnesianos. De fato, sao os exemplos de
ambientes de formagao de argilominerais magnesianos mais conhecidos e citados
na literatura. Por outro lado, achei que essa parte do texto ficou muito extensa,
podendo deixar o leitor um pouco perdido com o volume de informacao. A minha
sugestao seria reduzir um pouco o texto (avaliar se € possivel), montando um
quadro comparativo com as principais caracteristicas de cada bacia ou exemplo
citado. Considero que dessa maneira ficaria muito mais claro e facil de perceber as
diferencas e semelhangas entre eles. Ja em relacao ao artigo, que corresponde a
parte principal da dissertacao, considero que da mesma forma que o texto
introdutério, foi muito bem escrito necessitando apenas de alguns pequenos
ajustes que também foram indicados no arquivo PDF enviado. Diante do exposto,
como participante da Comissao Examinadora da Dissertagao de Mestrado de
NATASHA PEREIRA ROCHA, considero a aluna aprovada no curso mestrado da
P6s-Graduacao em Geociéncias conforme o conceito atribufdo acima.

Assinatura: WM@C&Y‘\L Data: 23/03/2023
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