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RESUMO

Os reservatérios carbonaticos do pré-sal da margem leste brasileira contém
acumulagdes gigantescas de hidrocarbonetos. Depdsitos carbonaticos
ressedimentados constituem os reservatérios de maior qualidade em diversos
campos petroliferos da Bacia de Santos. Em contraste com os depdsitos in situ
do pré-sal, predominantemente formados pela precipitagéo de calcita associada
a expansdo e substituicdo de argilominerais magnesianos, os depdsitos
ressedimentados distinguem-se por apresentar excelentes propriedades
petrofisicas. Contudo, a evolugao diagenética variavel implica em reservatérios
heterogéneos que, apesar de sua relevancia, permanecem pouco
compreendidos. Este estudo investiga o controle dos padrdes diagenéticos sobre
a qualidade de reservatério dos depdsitos ressedimentados da Formacgao Barra
Velha (Aptiano). Uma analise petrografica sistematica foi realizada em nove
pocos de quatro campos do pré-sal da Bacia de Santos, com suporte de analises
petrofisicas, de inclusdes fluidas e de microtomografia (uCT). Petrofacies de
reservatorio foram caracterizadas de acordo com os principais controles sobre a
evolucdo da porosidade, que compreendem: dolomitizagado, silicificacdo e
compactacdo. A precipitacdo de dolomita e silica é multifasica, como
evidenciado pelas relagdes paragenéticas e pelas amplas faixas de temperatura
de homogeneizacéo das inclusdes fluidas. A dolomita blocosa precipitou tanto
antes quanto depois da compactagao, enquanto a dolomita em sela se formou
durante o soterramento mais profundo. Ocorreram pelo menos duas fases de
silicificacdo eodiagenética, seguidas pela precipitagdo tardia de quartzo
macrocristalino. A relagdo temporal entre a compactagdo e a precipitagcao
eodiagenética de dolomita, silica e, localmente, calcita, controla a qualidade dos
reservatorios. Os processos mesodiagenéticos e hidrotermais tiveram influéncia
subordinada na evolugdo da porosidade. O estudo contribui para o
aprimoramento da caracterizacdo e do desenvolvimento dos reservatérios do
pré-sal, além de ampliar a compreensao da evolucéo diagenética de carbonatos
lacustres ressedimentados.

Palavras-chave: diagénese, carbonatos Ilacustres, pré-sal, depdsitos
ressedimentados, petrofacies de reservatorio.
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ABSTRACT

Pre-salt carbonate reservoirs of eastern Brazilian margin contain giant
hydrocarbon accumulations. Resedimented carbonate deposits constitute the
highest quality reservoirs across several oilfields in Santos Basin. Unlike in situ
pre-salt deposits, predominantly formed by calcite precipitation associated with
the expansion and replacement of magnesian clay minerals, the resedimented
deposits are distinguished by their excellent petrophysical properties. However,
the variable diagenetic evolution of these deposits implies in reservoirs with
heterogeneous quality which, despite their relevance, remains poorly understood.
This study evaluates the control exerted by diagenetic patterns on reservoir
quality of the resedimented deposits of the Aptian Barra Velha Formation.
Systematic petrographic analysis was performed in nine wells across four pre-
salt fields, with support of petrophysical, fluid inclusions, and micro- tomography
(uCT) analyses. Reservoir petrofacies were characterized according to the main
controls on porosity evolution, which comprised: dolomitization, silicification, and
compaction. Dolomite and silica precipitation are multiphases, as evidenced by
paragenetic relations, and by wide homogenization temperatures of fluid
inclusions. Blocky dolomite precipitated both before and after compaction, while
late saddle dolomite formed during deeper burial. At least two eodiagenetic
silicification phases occurred, followed by late coarse quartz precipitation. The
relative timing between compaction and eodiagenetic dolomite, silica and locally
calcite precipitation controls reservoir quality. Mesodiagenetic and hydrothermal
processes had subordinate influence on porosity evolution. The study contributes
to improving the characterization and development of pre-salt reservoirs, as well
as to enhancing the understanding of the diagenetic evolution of resedimented
lacustrine carbonates.

Keywords: diagenesis, lacustrine carbonates, pre-salt, resedimented deposits,
reservoir petrofacies.
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1 INTRODUGAO

Os depodsitos ressedimentados do pré-sal sdo reservatérios de
hidrocarbonetos de grande importancia econdmica, apresentando
caracteristicas deposicionais mais favoraveis do que os depdsitos in situ, que
sao comumente associados a altos conteudos de material argiloso. Embora
depositos lacustres ressedimentados sejam geralmente menos espessos do que
seus equivalentes marinhos devido as limitagdes impostas pela menor area de
atuacao do vento e ondas (Olsen, 1990; Olariu et al., 2021), os calcarenitos e
calcirruditos intraclasticos da secdo pré-sal apresentam espessuras
significativas, localmente em escala decamétrica, além de ampla extensao
lateral (Barnett et al., 2021; Altenhofen et al., 2024; Medeiros et al., 2024). A
Formacgao Barra Velha, da secao aptiana da Bacia de Santos (Moreira et al.,
2007), é caracterizada pela ocorréncia de depdsitos essencialmente quimicos
compostos por argilominerais magnesianos, e agregados fasciculares e
esferulitos de calcita. Os depdsitos ressedimentados, também chamados na
literatura de depdsitos intraclasticos, redepositados ou retrabalhados, foram
gerados pela ressedimentacao de fragmentos desses materiais in situ (Herlinger
et al., 2017; Barnett et al., 2021; Altenhofen et al., 2025).

Nos ultimos anos, diversos estudos abordaram a génese dos depdsitos in
situ da secgao pré-sal (e.g., Wright & Rodriguez, 2018; Lima & De Ros, 2019;
Basso et al., 2020; Wright & Barnett, 2020; Carvalho et al., 2022; Rodriguez-
Berriguete et al., 2022; Wright, 2022; Schrank et al., 2024), identificando
processos eodiagenéticos relacionados a dissolucdo dos argilominerais
magnesianos, sua substituicdo por calcita, dolomita e silica, além de
modificagdes por fluidos mesodiagenéticos (Carvalho et al., 2022; Schrank et al.,
2024) e, localmente a percolacéo de fluidos hidrotermais (Vieira de Luca et al.,
2017; Lima et al., 2020; Teboul et al., 2019; Wennberg et al., 2021; Strugale et
al., 2024; Figueiredo et al., 2025). No entanto, os depdsitos ressedimentados,
apesar de sua importancia econémica, permanecem significativamente menos

estudados, com lacunas importantes no conhecimento sobre seus padrdes
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diagenéticos e controles da qualidade e heterogeneidade dos reservatorios. As
excelentes propriedades petrofisicas observadas em algumas areas e intervalos
resultam de uma combinacdo favoravel de caracteristicas deposicionais e

evolugao diagenética, embora esta ultima tenha atuado de forma heterogénea.

A hipdtese inicial deste estudo € que a evolugdo diagenética dos
depositos ressedimentados da Formacgdo Barra Velha foi significativamente
influenciada pelo ambiente deposicional lacustre alcalino. A questao
fundamental é se as propriedades atuais dos reservatérios podem ser atribuidas
predominantemente aos processos eodiagenéticos (relacionados as condigdes
deposicionais), ou se s&o principalmente condicionadas por processos
mesodiagenéticos (incluindo compactacdo heterogénea, cimentacédo e
dissolucéo tardias) ou ainda, se as modificagdes foram influenciadas por fluidos
hidrotermais focalizados por falhas, atuantes durante a eodiagénese ou

mesodiagénese.

O objetivo principal deste trabalho foi a caracterizagdo petroldgica das
rochas ressedimentadas do pré-sal na Bacia de Santos, particularmente quanto
aos processos e produtos diagenéticos e ao seu impacto sobre a distribuicdo da
porosidade e da permeabilidade dos reservatérios do Campo de Buzios e outros
trés campos na Bacia de Santos. Esses trés campos ndo podem ser identificados
por questbes de sigilo de dados. Como objetivos especificos, buscou-se
caracterizar texturas, fabricas, constituintes primarios e diagenéticos e sistemas
porosos, identificar as condicbes de precipitacdo e a composigao dos fluidos
diagenéticos, e gerar modelos conceituais da evolugdo diagenética e de seu

impacto sobre a qualidade dos reservatorios.
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2 AREA DE ESTUDO E CONTEXTO GEOLOGICO

2.1 Localizagdo e Contexto Exploratorio

A Bacia de Santos localiza-se na porgao offshore da regiao sudeste da
margem continental brasileira, entre os paralelos 23° e 28° Sul (Fig. 1). Ocupa
cerca de 350.000 km? até a cota batimétrica de 3.000 m (Moreira et al., 2007).
Abrange os litorais dos estados do Rio de Janeiro, Sdo Paulo, Parana e Santa
Catarina. A bacia é limitada ao norte pelo Alto de Cabo Frio, com a Bacia de
Campos e ao sul pela Plataforma de Florianépolis com a Bacia de Pelotas
(Moreira et al., 2007).

O Campo de Buzios, conhecido como Franco na exploracgao inicial, € um
campo de petroleo e gas em aguas ultraprofundas. O campo esta localizado na
Bacia de Santos, a 180 km do litoral do Rio de Janeiro (Fig. 1) em profundidade
de 2000 metros de coluna de agua. O Campo do Buzios € um super-gigante
descoberto em 2010 pelo pogo 2-ANP-1-RJS, como parte de um projeto de
investigacao liderado pela ANP e Petrobras (Rosa & Silva, 2022). A Petrobras,
operadora e parceiros (CNODC e CNOOC) estado investindo no campo, com
contratos para implementar pelo menos 7 unidades de producéo adicionais até
2027, o que devera consolidar Buzios como o maior campo de petroleo em aguas

ultraprofundas do mundo (Rosa & Silva, 2022).

Os campos A, B e C estudados no segundo artigo também representam
importantes descobertas petroliferas do pré-sal da Bacia de Santos. O Campo A
esta localizado a cerca de 280 quildbmetros da costa do estado do Rio de Janeiro
e em aguas com profundidade de 2.200 metros (ANP, 2022). O campo apresenta
desafios técnicos significativos, com reservatorio localizado em profundidade
total de até 7 mil metros, sendo 3 mil metros de rocha, 2 mil metros de sal e 2
mil metros de lamina d'agua (ANP, 2024). O Campo B esté localizado a 185 km
da costa do municipio de llhabela/SP. Trata-se de um reservatério complexo com
pressdao de 900 bar, localizado em aguas ultraprofundas com mais de 2 mil

metros, caracterizando-se como um dos projetos de 6leo e gas mais complexos
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do mundo devido as particularidades de seu reservatorio de alta qualidade e alta
pressao. Ja o Campo C esta localizado a 250 quildbmetros da costa do estado do
Rio de Janeiro. O campo se destaca pelo desenvolvimento recente, com adi¢cao

significativa de reservas (Petrobras, 2025).

As descobertas de petréleo nos reservatorios carbonaticos da secgao preé-
sal das bacias brasileiras da margem continental sudeste revolucionaram o
panorama energetico do pais a partir de 2006. Estas acumulagoes, situadas
abaixo de espessa camada evaporitica em aguas ultraprofundas, contém
volumes recuperaveis estimados entre 70 e 100 bilhdes de barris de dleo
equivalente, colocando o Brasil entre os principais produtores mundiais de

petroleo (Riccomini et al., 2012).

| | | | |
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Figura 1. Localizagdo da area de estudo. (A) Localizacdo da Bacia de Santos. (B) Blocos de
exploracéo (cinza) e produgao (estudados em cores; outros em branco) da Bacia de Santos. (C)

Localizagao dos nove pogos nos quatro campos estudados (modificado de ANP, 2023).

2.2 Bacia de Santos
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A Bacia de Santos, assim como as outras bacias de margem leste
brasileira, tem a sua origem associada ao processo de abertura do Oceano
Atléantico Sul, que resultou na formagao de margens conjugadas entre o Brasil e
a Africa ocidental, com diferentes estruturagdes e padrdes de preenchimento que
determinaram as acumulagdes de hidrocarbonetos (Peron-Pinvidic et al., 2013;
Quirk et al., 2013; Wen et al., 2019). O registro sedimentar é dividido em trés

supersequéncias: rifte, pos-rifte e drifte (Moreira et al., 2007; Fig. 2).

Durante a fase rifte (Hautereviano até o Aptiano inferior), a tectonica
extensional foi responsavel pela criacdo do espago de acomodagdao. Com o
processo de subsidéncia mecénica, houve a geracédo de falhas normais, em
parte pela reativacdo de falhas do embasamento Pré-cambriano (Mohriak et al,
2008). Nesta fase, formaram-se as bacias rifte que compreendem uma série de
estruturas de horsts e grabens e meio-grabens ao longo das margens,
posteriormente preenchidas com sedimentos dominantemente clasticos (Moreira
et al., 2007). Altos estruturais internos formados durante a fase rifte atuaram
posteriormente como caminhos de migracdao e locais de armadilhamento de
hidrocarbonetos (Gomes et al., 2012; Szatmari & Milani, 2016).
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Figura 2. Carta estratigrafica do Cretaceo Inferior da Bacia de Santos. Idades locais: 1- Rio da

Serra; 2- Aratu; 3- Buracica; 4- Jiquia; 5- Alagoas.

Na Bacia de Santos, a area conhecida como Alto Externo, localizada na
regiao de aguas profundas, consiste em uma série de blocos falhados do rifte
que foram soerguidos e erodidos durante o Barremiano superior (Gomes et al.,
2012). Durante o Aptiano, esses altos favoreceram a sedimentacao carbonatica
lacustre devido a grande distancia da margem, o que limitou a sedimentacao
clastica (Gomes et al., 2012). Ao Sul, o limite da bacia representado pelo Alto de
Floriandpolis e pelos lineamentos vulcanicos de Walvis Ridge e Rio Grande,
serviu como barreira para a incursdo marinha durante o Aptiano (Thompson et
al., 2015).

A supersequéncia rifte € subdividida em intervalos inferior e superior,
baseados em dois periodos de atividade tectbnica que sdo separados por uma
discordancia sismicamente mapeavel (Moreira et al., 2007). No intervalo inferior
do rifte, as principais estruturas desenvolvidas foram meio-grabens inicialmente
preenchidos por extenso vulcanismo sin-rifte, conhecido como Formacao
Camboriu (Dias, 2005; Quirk et al., 2013). O intervalo superior é formado por

sedimentos continentais siliciclasticos, e depdsitos de odides de talco-
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estevensita, intercalados e sobrepostos por calcarios bioclasticos (“coquinas”) e
folhelhos ricos em matéria organica das formagbdes Picarras e Itapema,

respectivamente (Szatmari & Milani, 2016).

A Formacgéao Picarras, informalmente conhecida como sequéncia “talco-
estevensitica”, foi depositada no andar Barremiano. O registro compreende
depdsitos de leques aluviais nas regides proximais, com conglomerados e
arenitos polimiticos com fragmentos de basalto, quartzo e feldspatos, e folhelhos
e arenitos de composicao talco-estevensitica nas regides lacustres (Moreira et
al., 2007). A Formagao ltapema, conhecida informalmente como a sequéncia das
‘coquinas”, foi depositada entre o Neobarreniano até o Eoaptiano. Limita-se na
base pela discordancia Jiquia/Buracica e no topo pela discordancia Pré-Alagoas
(Dias, 2005). O registro sedimentar compreende intercalagcbes de calcirruditos e
calcarenitos de bioclastos de bivalves, e folhelhos ricos em matéria organica
(principais rochas-fonte da bacia) nas por¢cbes mais distais e arenitos e

conglomerados nas areas proximais (Moreira et al., 2007).

A supersequéncia pos-rifte, também conhecida como fase sag, formou-se
durante o Aptiano, e é representada pelas formacgdes Barra Velha e Ariri. A
Formacao Barra Velha é limitada na base pela discordancia Pré-Alagoas e no
topo pela base dos evaporitos Ariri (Moreira et al., 2007). A discordancia Pré-
Alagoas foi gerada durante o soerguimento regional e erosao no fim da fase rifte
(Moreira et al., 2007), marcando mudangas paleoambientais por dividir os
registros de um lago altamente alcalino da fase sag, do sistema lacustre de agua
doce anterior onde depositaram-se as “coquinas”. Alguns autores subdividem a
fase sag em duas subunidades separadas pela discordancia Intra-Alagoas (~117
Ma), que marcaria o inicio de uma fase de quiescéncia tectdénica com criagao de
espago de acomodagao exclusivamente por subsidéncia térmica (Karner &
Gamboa, 2007; Buckley et al., 2015).

A Formacao Barra Velha foi inicialmente definida como composta por
folhelhos nas porgdes distais e laminitos microbiais e calcarios estromatoliticos
nas porg¢des proximais (e.g., Moreira et al., 2007; Terra et al., 2010). Esses
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depdsitos e aqueles da Formagédo Macabu, equivalentes na Bacia de Campos,
foram reinterpretados por diversos autores como produtos da precipitacdo
abidtica in situ (e.g., Tosca & Wright, 2015; Wright & Barnett, 2015; Herlinger et
al., 2017; Wright & Rodriguez, 2018; Lima & De Ros, 2019; Farias et al., 2019;
Gomes et al., 2020; Wright & Barnett, 2020; Carvalho et al., 2022; Wright, 2022;
Schrank et al., 2024). Associados aos depositos in situ, ocorrem facies
retrabalhadas desses depodsitos, que formam principalmente depdsitos de
calcirruditos e calcarenitos intraclasticos (Barnett et al., 2021; Altenhofen et al.,
2024; 2026; Medeiros et al., 2024).

O rompimento da barreira que impedia a entrada de aguas marinhas,
representada pelo Alto de Floriandpolis, somado as condi¢des climaticas aridas
do Aptiano, promoveu a formacado dos espessos pacotes de evaporitos da
Formacao Ariri. A sequéncia compreende depodsitos de sais com espessuras
deposicionais de até mais de 2 km, formados principalmente por halita (Moreira
et al., 2007). A halita é intercalada com camadas de anidrita, carnalita,
taquihidrita e silvita, indicando varios ciclos de inundagao e dessecamento ao
longo do tempo (Gamboa et al., 2019). Regionalmente, interpreta-se que a
deposicdo dos sais ocorreu em um periodo relativamente curto, inferior a
1.000.000 Ma, com base na analise paleontoloégica de sedimentos delimitadores
(Moreira et al., 2007; Gamboa et al., 2009). A espessa camada de evaporitos
serve como eficiente selo para as acumulacbes do pré-sal. Acima do sal
encontra-se uma sequéncia de carbonatos de plataforma marinha depositada no
Albiano (Moreira et al., 2007).

2.3 Formacgéo Barra Velha

As condicbes deposicionais dos carbonatos do pré-sal Aptiano
permanecem objeto de intenso debate na literatura cientifica. Enquanto alguns
autores atribuem a formacao dos depadsitos in situ a mecanismos microbianos ou

influenciados por atividade microbiana (Dias, 2005; Terra et al., 2010; Kirkham &
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Tucker, 2018; Mercedes-Martin et al., 2017; Araujo et al., 2022; Gomes et al.,
2024), outros interpretam sua origem como resultado de precipitagdo quimica
abidtica sob condi¢des altamente alcalinas (Wright & Barnett, 2015; Herlinger et
al., 2017; Lima & De Ros, 2019; Carramal et al., 2022; Rodriguez-Berriguete et
al., 2022; Wright, 2022), e ha ainda aqueles que consideram ambos os processos
bidticos e abioticos (Saller et al., 2016; Basso et al., 2020; Azerédo et al., 2021;
Carvalho & Fernandes, 2021).

As rochas in situ sao originalmente compostas por um background de
argilas magnesianas, onde se precipitaram agregados esferuliticos e
fasciculares (shrubs) de calcita. A intercalacdo de argilas magnesianas,
esferulitos e shrubs de calcita resultou de variagbes na quimica lacustre, onde
os argilominerais magnesianos se formaram em condi¢gdes de pH elevado e
salinidades variaveis (Pozo & Calvo, 2018; Tutolo & Tosca, 2018). A precipitagéo
de calcita esferulitica seria favorecida em lagos alcalinos com pH > 10, enquanto
a formagao de shrubs seria atribuida a maiores concentragées de HCO? (Tutolo
& Tosca, 2018). O aumento de HCO?®* pode ser promovida por evaporagao,
desgaseificacdo de CO2 e/ou aumento do suprimento de CO:2 de aguas
subterraneas (Chafetz & Guidry, 1999; Lima et al., 2020; Pietzsch et al., 2020;
Riding & Virgone, 2020; Wright, 2022).

Os depésitos in situ de shrubs e esferulitos de calcita com e sem a
presenga de argilominerais magnesianos teriam sua formagao relacionada com
as condi¢gdes de menor nivel do lago e de maior evaporacao (Wright, 2022).
Estas condicbes sido evidenciadas pela presenca de estevensita e outros
argilominerais magnesianos. Condigdes de intensa evaporagdo também séao
evidenciadas pelos valores de isétopos de carbono e oxigénio (Pietzsch et al.,
2018; 2020). Em depdsitos lacustre, carbonatos formados durante estagios de
maior evaporagao tém valores mais positivos e os carbonatos formados durante
estagios de nivel do lago mais alto tém valores relativamente mais negativos
(Talbot, 1990).
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As fontes dos grandes volumes de Mg?*, Ca?", silica e CO2 necessarios
para a extensa formacado de argilas magnesianas e carbonatos no sistema
lacustre pré-sal permanecem incertas, com sugestbes envolvendo mistura de
diferentes fontes incluindo rochas do embasamento granitico-gnaissico,
magmatismo do rifte e do Aptiano, depdsitos de rifte e serpentinizacdo do manto
superior (Pietzsch et al., 2018; Tutolo & Tosca, 2018; Lima et al., 2020). As
intercalacbes de alta frequéncia entre diferentes litotipos e alteragdes
diagenéticas, observadas na sucessao do pré-sal, sdo mais bem explicadas
como resultado da estratificagao da coluna d’agua em um amplo sistema lacustre
(De Ros, 2021; Altenhofen et al., 2024; Schrank et al., 2024), ao invés de
variagbes no nivel do lago como interpretado, por exemplo, por Arienti et al.
(2018) e Farias et al. (2019). A auséncia de feicbes de exposi¢cdo subaérea,
como as indicadas por Esteban e Klappa (1983) e por Railsback et al. (2013), a
consisténcia dos valores isotopicos, a distribuicdo espacial ampla e a
preservacao de estevensita através das bacias de Santos, Campos e Kwanza,
juntamente com a grande continuidade lateral da seg¢édo sag (Gomes et al., 2012;
Ceraldi & Green, 2017; Wright & Barnett, 2017; Minzoni et al., 2021), sugerem
gue a sucessao aptiana pré-sal representa um unico e imenso sistema lacustre
(Pietzsch et al., 2018, 2020).

Nos lagos estratificados (meromiticos), a estratificacao esta relacionada a
diferengcas na temperatura e/ou composi¢cdo quimica da agua (Boehrer &
Schultze, 2008) entre a camada superior menos densa (epilimnio ou mixolimnio)
e a camada inferior mais densa (hipolimnio ou monimolimnio). Os niveis superior
e inferior sdo separados por uma superficie de abrupta mudanca de densidade
(genericamente, picnoclina) pelas diferentes temperaturas (termoclina) ou
salinidades (quimioclina). Variagdes na profundidade da quimioclina, que podem
ocorrer devido a variagdes sazonais, mudangas no suprimento de aguas
superficiais e subterraneas (von Rohden et al., 2009; Boehrer et al., 2014) e agao
de ondas e correntes (Stewart, 2008; Valerio et al., 2019), geram variagdes na
precipitacdo de diferentes constituintes sem necessidade de mudancas

generalizadas no nivel do lago. No sistema lacustre estratificado do pré-sal,
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ocorreria supersaturacao de calcita no mixolimnio por maior desgaseificagao de
CO2 e evaporagcdo, enquanto o monimolimnio experimentaria maior
supersaturacdo em relagdo as argilas magnesianas (De Ros, 2021; Schrank et
al, 2024).

De acordo com Wright & Barnett (2015) e Wright (2022), as principais
facies que ocorrem na Formacéao Barra Velha formariam ciclos deposicionais em
escala decimétrica a métrica. Esses ciclos iniciariam com mudstones laminados,
nodulos de silica e restos de vertebrados. Esses depodsitos teriam a sua
formagao relacionada com as fases de nivel alto do lago em decorréncia de
periodos mais chuvosos. A condigdo menos alcalina (mais diluida) das aguas do
lago seria indicada pela ocorréncia dos nodulos de silica, pois a precipitagao da
silica é favorecida em condi¢des de alcalinidade mais baixa; e pela presenca dos
fosseis de peixes. Os mudstones laminados seriam sucedidos por rochas com

esferulitos e argilas magnesianas, e estes pelos agregados fasciculares.

Além dos depdésitos carbonaticos, depdsitos vulcanicos maficos ocorrem
intercalados com a Formacgéao Barra Velha (Moreira et al., 2007). As erupgdes de
lavas basalticas iniciaram na fase rifte e continuaram durante o Aptiano (Gordon
et al., 2023). Szatmari & Milani (2016) interpretaram que o recorrente vulcanismo
e atividade hidrotermal associada, junto com a erosao e intemperismo dos
terrenos vulcanicos, teria fornecido as condicbes necessarias para a extensa
deposigao carbonatica ndo marinha. As falhas associadas a configuragao rifte
atuaram como condutos para fluidos hidrotermais, bem como para a atividade

vulcanica (Szatmari & Milani, 2016).

Wright & Rodriguez (2018) apontam evidéncias contrarias ao modelo de
plataformas carbonaticas interpretadas para o pré-sal em trabalhos como
Buckley et al. (2015) e Minzoni et al. (2021). Segundo Wright & Rodriguez (2018),
a limitada ocorréncia de feigbes microbiais inviabilizaria um modelo de
plataformas carbonaticas lacustres equivalente as plataformas marinhas, uma
vez que nas plataformas marinhas a producédo carbonatica é formada por

organismos fotossintetizantes, que ocupam areas com baixo influxo sedimentar
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e apresentam extensa cimentagado precoce, ou por fabricas microbiais. Além
disso, a formagao de grandes mounds carbonaticos associados a sistemas de
condutos hidrotermais necessitaria de profundidades proporcionais ao tamanho
da construgcéo carbonatica, o que nao seria possivel para a Formacéo Barra
Velha, uma vez que os modelos geoquimicos e a sismica regional apontariam

para um sistema lacustre relativamente raso (Wright & Rodriguez, 2018).

Calcarenitos e calcirruditos constituidos por intraclastos erodidos dos
depdsitos in situ ocorrem comumente intercalados com eles. Barnett et al. (2021)
levantam duas hipdteses quanto a deposi¢do dessas facies retrabalhadas: (1)
depdsitos bem selecionados, granodecrescentes, associados a escarpas e
escorregamentos a partir de blocos de falha, com retrabalhamento por ondas
nos depdsitos mais distais , interpretados como carbonate fan delta shorelines;
(2) depdsitos grossos e mal selecionados associados a mounds, onde as
particulas dominantes sao fragmentos de shrubs, formados pela exposi¢céo

subaérea e desagregagao dos mounds.

A ampla distribuicdo dos depdsitos intraclasticos através das bacias de
Santos e Campos na margem leste brasileira (e.g. Herlinger et al., 2017; Wright
& Barnett, 2017; Lima & De Ros, 2019; Barnett et al., 2021; Carramal et al., 2022;
Carvalho et al.,, 2022; Altenhofen et al., 2024; 2026; Medeiros et al, 2024), e
Bacia de Kwanza em Angola (e.g., Saller et al., 2016; Ceraldi & Green, 2017)
sugere, entretanto, um processo regionalmente significativo ao invés de eventos
sedimentares localizados (Altenhofen et al., 2024; 2026). A ampla distribuicao
dos depdsitos ressedimentados e sua comum intercalagédo com depdsitos in situ
motivaram Altenhofen et al. (2024; 2026) a propor ondas internas na quimioclina
do sistema lacustre alcalino estratificado (meromitico) do pré-sal como o principal
mecanismo responsavel pela ressedimentacdo. Ondas internas sao
reconhecidas como importantes agentes de ressedimentacdo em ambientes
lacustres e marinhos (Preusse et al., 2010; Badenas et al., 2012; Pomar et al.,
2012) e constituem um mecanismo plausivel para explicar tanto a recorrente

intercalacdo entre depdsitos ressedimentados e in situ quanto a sua ampla
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distribuicdo nas bacias de Santos, Campos e Kwanza (Altenhofen et al., 2024;
2026).

Os reservatorios ressedimentados da Formacgao Barra Velha apresentam
padrdes heterogéneos e anisotropicos de distribuicdo da porosidade e da
permeabilidade. A relagéo direta entre os processos diagenéticos e a qualidade
de reservatorio dos depdsitos do pré-sal destaca a importdncia de se
compreender a evolugdo diagenética pela qual passaram estes depdsitos
(Carvalho et al., 2022). Muitos estudos destacam o papel da eodiagénese na
evolucdo dos caracteristicos depodsitos in situ, principalmente relacionada a
dissolugdo das argilas magnesianas e sua substituicdo pelos esferulitos de
calcita, dolomita e silica (e.g., Tosca & Wright, 2015; Wright & Barnett, 2015,
2020; Herlinger et al., 2017; Farias et al., 2019; Lima & De Ros, 2019). Além
disso, o impacto da diagénese na evolugao da porosidade e da permeabilidade
nao se restringe aos processos eodiagenéticos, mas também aos efeitos da
mesodiagénese e a circulacdo de fluidos hidrotermais (Vieira de Luca et al.,
2017; Lima & De Ros, 2019; Lima et al., 2020; Sartorato et al., 2020; Strugale et
al., 2025).

Em contraste com os depésitos in situ, a evolugao diagenética das facies
intraclasticas € menos abordada na literatura, mas pode revelar importantes
controles sobre a qualidade e heterogeneidade desses reservatorios. Os
principais processos diagenéticos em depdsitos intraclasticos equivalentes aos
da Formacao Barra Velha no Norte da Bacia de Campos incluem compactacao
e cimentagdo (Herlinger. et al. 2017). Quando a porosidade primaria é
preservada, sao registrados altos valores de porosidade e permeabilidade
nessas rochas. A dolomitizagao ocorre de forma heterogénea nos depdsitos de
Campos, reduzindo a porosidade primaria e eodiagenética, ou gerando altos
valores de porosidade e permeabilidade em doloespatitos (Herlinger et al.,
2017). Os calcarenitos e calcirruditos da Bacia de Santos também sé&o

comumente afetados por dissolugao, silicificacdo, cimentacido por dolomita,
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calcita e barita (Farias et al., 2019; Basso et al., 2021; Carramal et al., 2022;
Carvalho et al., 2022).
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3 MATERIAIS E METODOS

3.1 Fontes de materiais e dados

Os dados do Campo de Buzios foram solicitados a Agéncia Nacional do
Petréleo, Gas Natural e Biocombustiveis (ANP) utilizando recursos do Programa
de Recursos Humanos da Agéncia Nacional do Petréleo, Gas Natural e
Biocombustiveis (PRH/ANP — PRH14/Geociéncias UFRGS). A selecdo do
Campo de Buzios fundamentou-se em seu excepcional volume de
hidrocarbonetos. Adicionalmente, trés outros campos foram incluidos no escopo
do estudo, em virtude da disponibilidade de um conjunto ampliado de dados,
viabilizada por meio do Projeto “Génese e alteracdo de depdsitos pré-sal
aptianos da Bacia de Santos” financiado pela Equinor Brasil e executado pelo
Instituto do Petroleo e Recursos Naturais (IPR) da PUCRS.

3.2 Levantamento bibliografico

Foi conduzida uma revisdo bibliografica voltada a compreensdo dos
processos de diagénese carbonatica ndao marinha, com énfase em sistemas
lacustres alcalinos e no contexto especifico do pré-sal do Atlantico Sul. Essa
etapa envolveu a analise critica de trabalhos classicos e recentes relacionados
a evolucao diagenética em carbonatos lacustres, incluindo as relagbdes entre
condigdes fisico-quimicas lacustre e o desenvolvimento de porosidade primaria
e secundaria. Conjuntamente, foram examinados os principais trabalhos
referentes a estratigrafia, sedimentologia e petrologia do pré-sal. Os
conhecimentos compilados nessa revisao forneceram a base conceitual para a
interpretacao dos dados petrograficos, petrofisicos e de inclusdes fluidas obtidos

neste estudo.

3.3 Petrografia sistematica
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A analise petrografica quantitativa no estudo sobre o Campo de Buzios foi
realizada sobre 84 Iaminas delgadas de rochas retrabalhadas selecionadas dos
testemunhos e amostras laterais dos pogos 9-BUZ-1-RJS (12 de 74 laminas
delgadas) e 9-BUZ-2-RJS (72 de 189 laminas delgadas). As laminas delgadas
foram selecionadas com base na identificagdo preliminar, por analise
microscopica visual, de texturas deposicionais compativeis com facies
ressedimentadas. As amostras também foram classificadas qualitativamente
utilizando fotomicrografias fornecidas pela Agéncia Nacional do Petroleo (ANP).
Além do conjunto de ldminas do Campo de Buzios, 1121 laminas de trés outros
campos da Bacia de Santos foram descritas. Intervalos com ocorréncia de
depdsitos ressedimentados foram estudados em sete pogos desses trés campos
petroliferos do pré-sal. Os nomes dos campos e a posi¢ao exata dos sete pogos
nao podem ser divulgados devido a confidencialidade dos dados. Os campos
foram denominados A, B e C, e os pogos como A-1, A-2 (do campo A), B-1, B-2,
B-3 (do campo B), e C-1, C-2 (do campo C). Dessas 1.121 laminas examinadas,
328 correspondem a carbonatos ressedimentados. Dessas 328 laminas, 132
correspondem a core trims (‘tijolinhos’ dos testemunhos), 83 a plugues dos

testemunhos e 113 a amostras laterais.

Todas as laminas petrograficas foram preparadas a partir de amostras
impregnadas com resina epoxi azul. Antes da descricdo e quantificagcao
petrografica, as laminas foram tingidas com alizarina-S vermelha e ferricianeto
de potassio para diferenciar os minerais carbonaticos (Dickson, 1965). As
composicdes modais foram obtidas pela contagem de 300 pontos por lamina,
seguindo transectas perpendiculares a estrutura deposicional das rochas, e os
dados gerados foram armazenados no software Petroledge® (De Ros et al.,
2007). A andlise petrografica sistematica registrou o volume em porcentagem,
localizacdo e as relagbes paragenéticas de cada constituinte primario e
diagenético, e tipo de poro observado.

Os depdsitos ressedimentados foram classificados de acordo com a

classificagao proposta por De Ros & Oliveira (2023). Os tipos de poros foram
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classificados segundo Choquette & Pray (1970). Microscopios o6pticos de luz
polarizada Zeiss Axio Imager A1 e Leica DM750P foram utilizados para as
analises petrograficas e aquisi¢ao fotomicrografica no Instituto de Geociéncias
da Universidade Federal do Rio Grande do Sul e no Laboratério de
Caracterizagao de Rochas do Instituto de Petréleo e Recursos Naturais (IPR-
PUCRS).

Laminas delgadas selecionadas foram examinadas com epifluorescéncia
de raios ultravioleta para identificar remanescentes organicos e argilosos,
relacdes diagenéticas e zonagdo cristalina dos constituintes. A analise de
epifluorescéncia foi conduzida utilizando microscopios ZEISS Axio Imager A2
equipados com fonte de luz de fluorescéncia de haleto metalico ZEISS HXP 120
V e filtros Zeiss ultravioleta set 02 (excitacdo G 365 nm, divisor de feixe FT 395
nm, emissado LP 420 nm) e azul-ciano Lumar 09 (excitagdo BP 450-490 nm,
emissdo LP 515 nm). Adicionalmente, vinte e trés secbes delgadas foram
selecionadas para mapeamento automatizado da composigdo mineraldgica
utilizando equipamento QEMSCAN 650 (FEI) com dois detectores EDS/Bruker

acoplados na Universidade de Brasilia.

3.4 Inclusées fluidas

A microtermometria de inclusbes fluidas (IF) foi realizada em quatro
secoes delgadas duplamente polidas (120 ym de espessura). As IFs foram
analisadas em quartzo prismatico, dolomita blocosa, dolomita substituindo
matriz, dolomita em sela e calcita macrocristalina. Um total de 109
determinagdes de temperatura de homogeneizagao (Th) foram conduzidas pela
H-Expertise Services S.A.S. (H-ES, Vandceuvre-lés-Nancy, Franga) e pela Fluid
Inclusion Technologies Schlumberger (FIT-SLB, Texas, EUA). No laboratério H-
Expertise Services S.A.S., as medi¢cdes foram realizadas utilizando uma platina
de aquecimento-resfriamento LINKAM MDS 600, operando entre -170 °C e

400 °C, acoplada a uma camera de video colorida Sony Exwave HAD3 montada
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em um microscopio Olympus BX51. Na FIT-SLB, as analises foram realizadas
utilizando uma platina de aquecimento-resfriamento tipo USGS da Fluid Inc.
Ambos o0s sistemas microtermométricos foram termicamente calibrados
utilizando padrdes sintéticos. A precisdo analitica é estimada em 0,2 °C para
temperaturas de fusdo do gelo (Tm(gelo)) e 0,5 °C para temperaturas de
homogeneizagdo (Th). Os agrupamentos de inclusdes fluidas (FIAs) foram
realizados seguindo a metodologia de Roedder (1984), de acordo com seus tipos
genéticos (primarias, secundarias ou pseudo-secundarias) e correlacionados

com a sequéncia paragenética.

A temperatura de homogeneizagao (Th) indica quando uma IF bifasica
com volume de fase liquida maior que a fase vapor a temperatura ambiente se
homogeneiza para uma unica fase liquida apés aquecimento. A temperatura de
homogeneizagao do vapor (Thvapor) destaca casos em que uma IF bifasica com
volume de fase vapor maior que a fase liquida a temperatura ambiente se

homogeneiza como uma unica fase vapor apds aquecimento.

3.5 Definigdo de petrofacies de reservatdorio

As petrofacies de reservatorio sensu De Ros & Goldberg (2007) foram
definidas pela combinagao das principais caracteristicas texturais e de fabrica,
composi¢cao primaria, e processos e produtos diagenéticos que controlam o
sistema poroso. Atributos que impactaram significativamente a porosidade e
permeabilidade foram utilizados como critérios de agrupamento. As petrofacies
ressedimentadas foram identificadas pelo prefixo 'Intrac’ (de intraclastico),
devido a origem predominantemente intraclastica das particulas carbonaticas.
Apd6s um agrupamento inicial das amostras, as petrofacies preliminares foram
avaliadas em relacdo aos parametros petrofisicos. A propor¢ao de redugao da
porosidade por compactacdo e cimentacao foi avaliada em um diagrama de
Ehrenberg (1995). Amostras com compactagao como o principal processo de

reducdo de porosidade receberam o sufixo "Comp." Amostras cuja porosidade
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foi principalmente controlada por cimentagao receberam os sufixos "Dol", "Cal"
e "Sil", dependendo se dolomita, calcita ou silica, respectivamente, foram os
principais modificadores diagenéticos. Petrofacies com dois modificadores
diagenéticos de porosidade significativos (considerados quando a diferencga
entre seus volumes é menor que 5%) foram rotuladas com ambos os sufixos

mnemaonicos (por exemplo, DolSil para dolomita e silica; Fig. 3).

FLUXOGRAMA DE PETROFACIES PARA ROCHAS RESSEDIMENTADAS
[ I I

Porosidade Porosidade Porosidade
interparticula + interparticula + interparticula +
fabrica nao seletiva fabrica néao seletiva fabrica néo seletiva
<10% 210% e <15% >15%
Principal modificador Principal modificador -
diagenético diagenético m
Compactagéo Cimentagéo Compactagéo Cimentacao
intensa intensa moderada moderada

IntracComp | IntracCal | ]IntracCompPor| |IntracDoIPor|
i
Cimarngt

Figura 3. Representacdo esquematica do fluxograma utilizado para a definicdo de petrofacies
de reservatério nos carbonatos ressedimentados do pré-sal. Primeiro, os depdsitos
ressedimentados "intraclasticos" foram agrupados de acordo com os valores de porosidade
interparticula combinados com a contribui¢cdo de porosidade nao seletiva a fabrica (por exemplo,
vugs e canais). Subsequentemente, sufixos foram atribuidos com base no principal processo

diagenético que afeta a porosidade.

3.6 Dados petrofisicos

Dados de perfis e analise de rotina de testemunhos (RCA) foram
fornecidos pela Agéncia Nacional do Petréleo, Gas Natural e Biocombustiveis
(ANP). Onze RCA do pogo 9-BUZ-1-RJS, 65 do poco 9-BUZ-2-RJS e 200 dos
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outros sete pocos foram utilizados e integrados com os resultados petrograficos.
Os dados petrograficos foram integrados com perfis geofisicos e litologicos para
identificar padrbes e correlagbes entre caracteristicas petrograficas,
sedimentoldgicas e de qualidade de reservatério. O valor de corte T2 utilizado
para a porosidade de fluido livre de RMN foi de 92 ms, que representa um padréo
comumente aplicado para rochas carbonaticas (Coates et al., 1999). O modulo
Techlog QuantiElan (software Techlog®) foi empregado para gerar o perfil de

fracdo mineral.

3.7 Microtomografia computadorizada de raios-X

A microtomografia computadorizada de raios-X foi realizada no IPR-
PUCRS, utilizando um sistema SkyScan 1173 equipado com uma fonte de raios-
X de microfoco operando a 130 kV e 61 pA. Para minimizar os efeitos de
endurecimento do feixe, foi aplicado um filtro de latdo de 0,25 mm. A aquisicéo
de imagens foi realizada com resolugéo de pixel variando de 7 a 35,7 um. Cada
amostra foi escaneada em um intervalo rotacional de 270° a 360°, com um passo
angular de 0,2°, gerando imagens de transmissao TIFF de 16 bits em cada
incremento. A reconstrugao tridimensional foi conduzida utilizando um algoritmo
de feixe conico, otimizado para variacbes na espessura da amostra. O
processamento de imagens e a analise quantitativa, incluindo segmentacao,
identificacdo de poros e gargantas de poros, medigdes dimensionais e calculos
de volume total e parcial, foram realizados utilizando o software AVIZO Thermo

Scientific.
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4 FUNDAMENTAGAO TEORICA

A descoberta de grandes acumulagdes de hidrocarbonetos em depdsitos
lacustres das secdes rifte e sag do pré-sal das Bacias de Campos e Santos fez
com que a comunidade académica mundial ampliasse e renovasse os conceitos
e referéncias sobre depdsitos carbonaticos lacustres. Ainda existem muitas
questdes em aberto sobre a origem e evolugédo destes reservatorios. Apesar do
impacto da diagénese na qualidade desses reservatorios, o foco das pesquisas

até o momento € em entender os mecanismos e processos deposicionais.

O objetivo inicial desta revisdo é apresentar as principais caracteristicas
da dindmica da sedimentacdo carbonatica lacustre, visto que os processos
eodiagenéticos sdo amplamente influenciados pelas caracteristicas do ambiente
deposicional. Em seguida € desenvolvida uma revisdao sobre os principais
processos diagenéticos em carbonatos ndo marinhos, com atengao especial ao
ambiente lacustre. Por sim, € discutido o conhecimento atual sobre a evolucéo
diagenética dos depdsitos do pré-sal. Observa-se que poucos estudos abordam
a natureza, distribui¢cdo, processos e controles da eodiagénese em carbonatos
lacustres (e.g., Arp, 1995; Bustillo et al., 2002; Arribas et al., 2004; Bustillo &
Alonso-Zarza, 2007; Calvo et al., 1995; Freytet & Verrecchia, 2002; Armenteros,
2010; Wright, 2012; Ceraldi & Green, 2017). Ao contrario, ha uma ampla
bibliografia sobre a diagénese de carbonatos marinhos. Por isso, a discussao
que se segue inclui algumas referéncias e conceitos desenvolvidos também para

carbonatos marinhos.

4.1 Sedimentagdo carbonatica lacustre

O interesse exploratério no pré-sal no Atlantico Sul foi o principal fator que
fez com que os depdsitos carbonaticos lacustres ganhassem destaque nas
pesquisas geoldgicas das ultimas décadas. Alguns dos depdsitos lacustres mais
bem documentados estéo localizados no oeste dos Estados Unidos e incluem os

modernos Great Salt Lake, Mono Lake, Pyramid Lake e a Formagao Green River,
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do Eoceno. Uma das revisbes mais recentes sobre carbonatos lacustres foi

compilada por Gierlowski-Kordesch (2010).

Lagos sao sistemas dinamicos, particularmente sensiveis as mudancgas
climaticas sutis, como, as variagdes sazonais de precipitacdo. Devido a alta
sensibilidade desses ambientes, os depdsitos sedimentares lacustres tendem a
apresentar empilhamento vertical e distribuicdo horizontal mais complexa do que
os de ambientes marinhos (Tucker & Wright, 1990). Apesar da biota lacustre ser
muito menos diversa do que a marinha, os processos biolégicos e quimicos
lacustres estado diretamente ligados. A grande variagao de tipos de lagos faz com
que, por vezes, os modelos deposicionais existentes nao reflitam o registro
deposicional. Além disso, fatores hidrolégicos como a estratificagcdo da coluna
d’agua (de composicao quimica, temperatura e oxigénio) tornam mais desafiador
o estudo desses sistemas (Tucker & Wright, 1990). A Figura 4 apresenta os
principais controles da sedimentacdo lacustre, responsaveis pela imensa

variedade de tipos de lagos.

Tempo Hidrologia
Clima Duragao do corpo de agua Vanagdes na.

Mudancgas temporais nos controles ambientais Entrada de aguas superficiais
Precipitagdo Saida de aguas superficiais
svapo[acéo i t Entrada de dguas subterraneas

anacao anual de temperatura Saida de aguas subterraneas

Sazonalidade @b @b ’
Dire¢do predominante dos ventos RN R

Impacto no intemperismo e no suprimento de sedimentos
Impacto sobre a vegetac¢ao da bacia b\
\\ Entrada de agua superficial

Geologia

Configuragéo tectdnica

Atividade tectonica

Espago de acomodacado

Morfometria da bacia
orientagao, forma e
declives da bacia

Composigdo do

embasamento
influéncia no aporte,
textura dos sedimentos
e quimica da agua

Sajda de 4qua *
'\, superficial*+

Biologia
Formas de vida e

sua influéncia na
sedimentagdo

Saida de agua subterranea »

Figura 4. Principais controles da sedimentagao lacustre (modificada de Renault & Gierlowski-
Kordesch, 2010).
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A faixa de aguas rasas nas margens dos lagos € chamada de zona
litordnea, enquanto a zona sublitordnea ocorre em lagos com declives suaves,
marcando a transicdo para aguas mais profundas (Fig. 5). A luz ainda pode
penetrar até o fundo na zona sublitoranea, caracterizando a zona fética. A
profundidade a partir da qual ha a minima ou nenhuma penetragao de luz é
denominada de zona profunda ou afética (Gierlowski-Kordesch, 2010). A area
lacustre acima da zona profunda, dentro da zona fética superior € denominada

"zona pelagica".

Além da divisdo nas zonas litoranea, sublitoranea e profunda, Platt &
Wright (1991) agrupam os sedimentos em facies marginais e baciais. Os
carbonatos formados nas facies marginais apresentam maior variedade
sedimentoldgica, refletindo a variacdo de energia. Areas marginais com alta
energia caracterizam-se por depdsitos carbonaticos de granulometria areia e
cascalho, constituidos de bioclastos e particulas singenéticas como odides e
oncoides, enquanto depdsitos micriticos bioturbados caracterizam as margens
com baixa energia (Platt & Wright, 1991).

SISTEMA DE RIFTE CONTINENTAL

Zona

| sublitoranea Zona profunda

Zona litorénea

e 5 Queda de
| .t + .+ carbonatos

Micrita.

. Algas N— on -:
laminada g Odides e | pelégicos /-
moluscos TN
* > . = 2R
potencial  Bjoconstrugses
reservatorio “potencial s
reservatério / Nascentes

Folhelhos - geotemais,

orgénicos travertinos
) laminados *potencial
rochas fonte reservatorio

Figura 5. Zonas e distribuicdo das principais facies lacustres com modelo conceitual para
sistemas petroliferos em sistemas lacustres de bacias rifte (compilado de Renault & Gierlowski-
Kordesch, 2010 e Moore & Wade, 2013).
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A estratificagdo da coluna d’agua € um importante controle deposicional
em sistemas lacustres (Platt & Wright, 1991) e consiste em zonas com distintas
densidades, devido a distintas temperaturas e/ou composigdo quimica. O
zoneamento de densidade pela composi¢cao se da porque aguas salinas sao
mais densas, concentrando-se no fundo do lago (Tucker & Wright, 1990). O
principal processo fisico que promove a mistura das aguas lacustres é o vento.
Entretanto, a sua agéo ¢é limitada pela extensao e profundidade do lago (Tucker
& Wright, 1990). Um processo de estratificacdo prolongado pode levar a anoxia
do fundo, o que n&o permite a presenca de organismos bentbnicos, e
consequentemente cessa a bioturbacao e reduz a taxa de decomposicado da

matéria organica (Tucker & Wright, 1990).

Sistemas lacustres podem ser classificados quanto a hidrologia em
abertos e fechados (Tucker & Wright, 1990). O clima controla diretamente a
hidrologia dos lagos, padréo de circulagao dos fluidos, e taxas de produtividade
organica (Platt & Wright, 1991). Os lagos abertos apresentam conexao
permanente com sistemas de drenagem, que permite o fluxo das aguas
superficiais. Esses lagos sdo caracteristicos de regides exorreicas (Tucker &
Wright, 1990). Nos lagos abertos, existe equilibrio entre a entrada e saida de
agua, gerando ambientes quimicamente estaveis, sem tendéncia a aumento de
salinidade ou alcalinidade (Tucker & Wright, 1990).

Lagos hidrologicamente fechados n&o apresentam extravasamento para
rios. O nivel desses lagos e a quimica da agua sao controlados pelo balango
entre influxo, precipitacdo e evaporacao (Tucker & Wright, 1990). Podem ser
perenes, contendo corpos de agua que permanecem por muitos anos com certa
flutuacdo de nivel devido as variagdes de precipitacdo e evaporacdo, ou
efémeros, formando-se apenas durante periodos chuvosos (Tucker & Wright,
1990). Os depdsitos sedimentares de lagos fechados sdo comumente marcados
por mudangas litolégicas verticais bruscas. Essa variagdo ocorre pelo balango
sensivel entre entradas (influxo e chuva) e saidas (evaporacgéao e infiltragao), o

que resulta em rapidas e frequentes mudangas na linha de costa como resposta
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as mudancgas do nivel do lago (Bellanca et al., 1992). Em lagos fechados, a
deposigao primaria de carbonatos, bem como a formacédo de argilominerais

estdo estritamente relacionados a geoquimica das aguas (Bellanca et al., 1992).

Carroll & Bohacs (1999) classificam os lagos formados em riftes como
balanced fill, underfilled e oveffilled (Fig. 6). A classificacdo relaciona a
ocorréncia, distribuicdo e tipo de lagos com o balango relativo entre a
acomodacao (controlada principalmente pela tecténica) e a entrada de agua e
sedimentos (controladas principalmente pelo clima). Como a classificacdo de
Carrol & Bohacs (1999, 2001) foi concebida para lagos tipo rifte, € necessario
considerar potenciais adaptagcbes para outros tipos de lagos. Isso inclui
variagdes de menor escala, que podem deixar registros apenas em depdsitos de
lagos menores (ou mais rasos), ndo sendo sentidas e registradas nos depdsitos

de lagos maiores.

O volume da bacia lacustre, ou o potencial de acomodacao em relacéo a
entrada de agua e sedimentos, controla a existéncia, o tipo, a area e a
distribuicdo do lago ao longo da evolugao hidrologica. Os lagos abertos, com
constante entrada de agua tendem a corresponder a bacias oveffilled,
caracterizadas por empilhamento progradacional de sedimentos clasticos e
associacao de facies fluvial-deltaica-lacustre (Carroll & Bohacs, 2001). Em lagos
intermitentemente abertos, as aguas flutuam entre alcalinas/salinas e doces
(mais diluidas). Estes lagos correspondem as bacias balanced fill, caracterizadas
pela mistura de empilhamento progradacional-agradacional de sedimentos
clasticos e biogénicos/quimicos, favorecidos pela concentragdao de solutos
durante os periodos fechados. Os lagos fechados apresentam aguas tipicamente
salinas a hipersalinas e padrao de empilhamento agradacional, podendo
acomodar depositos clasticos, biogénicos e quimicos, incluindo significativa
proporgao de evaporitos (Bohacs et al., 2000; Carroll & Bohacs, 2001).
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Figura 6. Diagrama de classificagdo de lagos rifte a partir da relagdo entre entrada de agua e

sedimentos versus espacgo de acomodacgéo (modificada de Bohacs et al., 2000).

A entrada de agua e solutos em uma bacia lacustre pode se dar através
de aguas superficiais e/ou subterraneas (Gierlowski-Kordesch, 2010) (Fig. 7). Os
rios podem trazer carbonatos para os lagos na forma de sedimentos de fundo ou
em suspensao, mas também em solugdo. A entrada de agua subterranea através
de nascentes e fontes subaquosas pode possibilitar a precipitagao de carbonato
ao longo dos depdsitos aluviais marginais e diretamente no fundo do lago (como
no Mar Morto, em Israel) (Gvirtzman, 2006; Yechieli, 2006). Ambientes lacustres
alimentados por sistemas de &agua subterrdnea sao menos afetados por
mudangas climaticas de curto prazo (Gierlowski-Kordesch, 2010). Além da
entrada de ions através das aguas superficiais e subterraneas, a atmosfera
também pode contribuir importando ions para as aguas dos lagos, diretamente

(como COz2), ou a partir das chuvas e do vento (Stumm, 2004).
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Circulagdo de densidade (impulsionada pela salinidade)
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Figura 7. Modelo de circulagao hidrolégica em uma bacia fechada intermontana (modificado de
Renaut & Gierlowski-Kordesch, 2010).

Os depdsitos carbonaticos ndo marinhos incluem: (1) espeleotemas em
carste, (2) carbonatos de fontes (travertinos e tufas), (3) calcretes, e (4)
carbonatos lacustres e marginais-palustres, que incluem depdsitos biogénicos,
microbiais e abioticos (De Boever et al., 2017). Grande parte da precipitacao de
carbonatos em lagos é biogenicamente induzida. Em ambientes lacustres, mais
do que em qualquer outro ambiente, € fundamental a integragao de estudos de
biofacies, litofacies, petrografia, quimica e diagénese (Tucker & Wright, 1990).
As aguas lacustres também podem ser modificadas pela mistura com a agua do
mar ou com fluidos baciais, ou ainda por meio da concentracdo por evaporagao
(De Boever et al., 2017).

Embora os depdsitos carbonaticos mais comuns sejam dependentes de
um corpo de agua relativamente estavel, eles também podem se formar em
ambientes lacustres onde ndo ha, necessariamente, um grande corpo de agua.
Essas condi¢gdes séo evidenciadas no trabalho de Smoot (1978), onde as
condicoes fisicas da bacia sedimentar controlam a sedimentagdo carbonatica

lacustre a partir do retrabalhamento de depdsitos carbonaticos. A
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ressedimentacgao por depdositos em lengol € importante em ambientes lacustres
que permanecem na maior parte de tempo expostos, sob condigdes
evaporativas. As particulas carbonaticas predominantes nos depodsitos
analisados por Smoot (1978) sao intraclastos de tamanho areia e silte formados
pela desintegracdo de crostas de dolomita formadas na planicie lamosa
evaporativa, mounds de travertinos e tufas, precipitados ao longo de cérregos
alimentados por fontes, e crostas de caliche e cimentos formados em leques

aluviais.

A tectbnica é um dos controles mais importantes para a ocorréncia de
lagos. A tectbnica influencia a geometria do lago, as taxas de subsidéncia e o
aporte sedimentar. Classificagdbes como a de Platt & Wright (1991) identificam
dois membros fisiograficos finais: plataformas e rampas. Em bacias com alto
gradiente representadas por riftes e bacias de zonas de transcorréncia, margens
do tipo plataforma desenvolvem-se nas margens falhadas. Em bacias de baixo
gradiente, como as de antepais e sags, desenvolvem-se margens do tipo rampa
(Platt & Wright, 1991). No entanto, estes modelos nao incorporaram outros
cenarios, como as variagdes da sedimentacdo em lagos altamente alcalinos
(Wright, 2012). Lagos hiperalcalinos se desenvolveram nas margens brasileiras
e africanas durante a abertura do Oceano Atlantico e ocorrem atualmente nos
riftes do leste africano (Thompson et al., 2015; Markowska et al., 2022; Salgado-
Campos et al., 2022).

Apesar dos avancgos recentes das pesquisas sobre carbonatos lacustres,
ainda existem muitas questdes que precisam ser aprofundadas, especialmente
sobre lagos fechados. Os modelos de facies tradicionais ndo englobam a
variedades de formas de build-ups (constru¢des) que podem ser abundantes e
pecas-chave na compreensio dos controles deposicionais de carbonatos. Tais
carbonatos podem ter origem biogénica (bioconstrugdes), abiogénica, ou ambos
(Wright, 2012).

Construgdes isoladas em lagos rifte com tecténica ativa formam-se
comumente nas elevagdes topograficas dos blocos falhados, onde a precipitacao
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abidtica é favorecida pela percolagao de fluidos concentrados através das falhas
(Saller et al., 2016). Ja as bioconstru¢des microbiais comumente estao
associadas as margens lacustres (Della Porta, 2015), mas podem ocorrer de
forma discreta em profundidades de até 20 a 30 m, como ocorre no Lago
Tanganyika (Cohen & Thouin, 1987). Em alguns buid-ups pode ser demonstrado
um forte controle microbial na precipitacdo de carbonatos, mas isso ndo é a
regra. Constru¢des abiodticas sdo capazes de criar estruturas de escala sismica,
mas a sua distribuicdo pode ser limitada ou condicionada as imedia¢des de
condutos hidrotermais, como evidenciado no Mono Lake, Califérnia (Council &
Benneth, 1993). Essas grandes estruturas s6 podem se desenvolver onde os

lagos sé&o profundos o suficiente para acomodar seu crescimento (Wright, 2012).

Nos lagos localizados em bacias rifte, especialmente aqueles sob
influéncia de vulcanismo, a produgao carbonatica dominante pode se relacionar
a esses build-ups formados por fontes, tanto em ambientes subaéreos quanto
subaquosos (Wright, 2012). Della Porta (2015) traz uma revisao sobre as formas
de ocorréncia e distribuicdo de build-ups carbonaticos continentais formados em
ambientes lacustres, sob influéncia hidrotermal e fluvial (Fig. 8), comparando sua

geometria, fabrica deposicional e assinaturas geoquimicas.

Os build-ups carbonaticos continentais ilustrados por Della Porta (2015)
exibem geometrias, fabricas e controles deposicionais distintos, de acordo com
ambiente de deposicdo. Na margem lacustre, desenvolvem-se biohermas
microbiais e algais rasos (até poucas dezenas de metros de profundidade), com
morfologias de domos, lentes e cones invertidos, dispostos em cinturbes
descontinuos de centimetros a poucos metros de espessura, paralelos a linha
de costa. Os travertinos hidrotermais caracterizam-se por mounds e aprons
(rampas suavemente inclinadas) com dimensdes variando de decimetros a
centenas de metros, apresentando vertentes suaves e declives distais abruptos,
cuja deposigao é controlada por gradiente topografico, atividade tectdnica, clima
e ascensao de fluidos termais ricos em Ca?* através de falhas. As tufas fluviais

ocorrem como cascatas, barragens e represas com dimensdes centimétricas até
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varias dezenas de metros, dominadas por fabricas fitohermais (macrdfitas,
micréfitas e bridfitas), controladas primariamente por gradiente topografico,
condicdes climaticas e natureza do substrato. Adicionalmente, Della Porta (2015)
destaca a ocorréncia de mounds e pinnacles sublacustres associados a
nascentes hidrotermais, formados pela mistura de aguas subterraneas ricas em
Ca?* com aguas lacustres ricas em HCO;3;™, alinhados ao longo de falhas que
atuam como condutos preferenciais para circulagcédo de fluidos, podendo formar
depdsitos isolados ou agrupados, bem como sistemas mistos onde travertinos
hidrotermais e carbonatos de agua doce coexistem em lagos rasos

tectonicamente controlados.

Travertinos hidrotermais
- mounds e aprons com encostas lisas
. L. v e em terracos e piscinas distais

Build-ups carbonaticos de margem de lago Tufas fluviais - até centenas de metros de espessura
areas rasas (até poucas dezenas de metros de profundidade) - ca§catas. represas e barragens - controladas pelo gradiente topografico,
- bioermas (algas e microbiais) e graos envelopados; - até centenas de metros clima, falhas, e atividade magmatica
- formas démicas, lesdides e cones invertidos de até poucos metros; - macrolfnzs, mlclrofnazg blrlotﬂtas i
- agrupadas formando cinturdes subparalelos a linha de costa -Igontro - f\s pzo gré; {enke opogratico,
- continuos ou descontinuos (quando dissecados por canais) climea:e:rocnas ao suosirai

>
»>rrprrPrT

v .
+' Carbonatos formados pela mistura de
travertinos hidrotermais e aguas metedricas

Falhas Mounds e pinnacles em nascentes lagos rasos alimentados por 4guas hidrotermais

5 R sublacustres e piscinas de travertino distais misturadas com dguas metedricas
e A'\gua subterrénea 4reas de nascentes de dguas subterraneas e - depdsitos tabulares de até dezenas de metros de espessura
= = » Agua hidrotermal  pigrotermais (Ca™) misturadas com éguas do lago (HCO,) - associados a depdsitos terrigenos e bioclasticos

- até varias dezenas de espessura - vegetagdo & comum

- isoladas (com distancias variadas) ou agrupadas
- alinhadas as falhas que atuam como condutos

Figura 8. Esquema de distribuicdo de diferentes build-ups em diferentes ambientes

deposicionais ndo marinhos (modificado de Della Porta, 2015).

O transporte dos sedimentos carbonaticos rasos para as zonas
sublitoraneas e profundas do lago ocorre através da redeposicédo. O
retrabalhamento e a redeposicao depende dos processos fisicos da bacia, que
podem ocorrer em eventos episodicos ou continuos (Walker & Plint, 1992).
Fatores geomorficos locais (e.g., plataformas rasas e extensas versus estreitas

e profundas) e flutuagbes climaticas influenciam as taxas e os padrdes de
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sedimentagao; além dos padrées de circulacdo de correntes de circulagao
hidrologicas (Gierlowski-Kordesch, 2010). A ag&o de correntes e ondas atua na
redistribuicdo dos sedimentos depositados nas porgbes rasas da bacia,
enquanto eventos episddicos (fluxos gravitacionais e agao das tempestades) séo

0s principais responsaveis pela redeposi¢cao de sedimentos no fundo da bacia.

4.2 Diagénese carbonatica ndo marinha

A diagénese inclui todas as alteragbes bioldgicas, fisicas, quimicas,
bioquimicas e fisico-quimicas que ocorrem desde imediatamente apds a
deposicéo e durante o soterramento, e anteriormente ao metamorfismo de baixo
grau (Morad et al., 2010). As rochas e os sedimentos carbonaticos s&o
especialmente suscetiveis as modificagdes pds-deposicionais devido a alta
reatividade quimica dos minerais carbonaticos. Os minerais carbonaticos podem
reagir rapidamente com diferentes fluidos, na busca de equilibrio com as novas

condigdes impostas pelo meio (Moore, 1989).

Esses processos podem ocorrer em diferentes ambientes diagenéticos
que incluem o ambiente marinho, de mistura, metedrico, e de soterramento
(Moore, 1989; Moore & Wade, 2013). A avaliacédo das condi¢des, processos e
produtos tipicos de cada um desses ambientes diagenéticos fornece um método
para entender e prever a evolugao diagenética. A relagao entre a qualidade do
reservatorio e a diagénese é complexa e variavel, e, as vezes, 0S processos

diagenéticos funcionam de forma complementar e sobreposta.

A diagénese gera efeitos nas propriedades quimicas, mecanicas e
petrofisicas dos sedimentos, bem como na preservacao ou nao da fabrica e das
assinaturas geoquimicas deposicionais. A diagénese pode transformar toda uma
unidade rochosa, mas geralmente se inicia em ambientes de micro e/ou nano
escala (De Boever et al., 2017). Os processos de neomorfismo (inversdo e

recristalizagdo), cimentacdo e substituicdo de sedimentos carbonaticos
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geralmente resultam em uma textura cristalina mais grossa e homogénea do que

a fabrica original (De Boever et al., 2017).

O meio primordial para que a diagénese ocorra € a agua, no entanto, a
quimica dos fluidos presente nos poros, a taxa de fluxo através do sistema
poroso, a temperatura, e o regime de pressao controlam 0s processos
diagenéticos (Moore & Wade, 2013). O contexto ambiental da diagénese (ou
ambiente diagenético) é discutido de acordo com os trés grandes grupos de
aguas primarias e a sua distribuicdo na superficie e subsuperficie do planeta
(Moore & Wade, 2013). Em areas superficiais os grandes ambientes
diagenéticos sdo o metedrico e marinho. Esses dois ambientes podem ser
modificados, formando, por exemplo, ambientes altamente alcalinos e
evaporiticos, como é o caso do paleolago pré-sal (Mercedes-Martin et al., 2019;
Pietzsch et al., 2018; 2020). Quando modificadas, as aguas deixam de
corresponder quimicamente as suas composi¢cées primarias (metedrica ou
marinha). O terceiro grande ambiente diagenético € o de subsuperficie,
influenciado por aguas de formacao produzidas pela mistura entre aguas
marinhas e metedricas e/ou salmouras quimicamente complexas que resultam
de longos periodos de interagdo entre a rocha e a agua em elevadas

temperaturas e pressoes (basinal-derived brines; Moore, 2001).

Além das caracteristicas quimicas intrinsecas dos fluidos, Choquette &
Pray (1970) reconhecem trés zonas diagenéticas. Os processos ocorrentes logo
apos a deposi¢cao sdao denominados processos diagenéticos precoces (early
diagenesis sensu De Boever et al., 2017) ou eodiagenéticos (eogenetic zone
sensu Choquette & Pray, 1970). Os processos diagenéticos que ocorrem em
subsuperficie, sob maiores temperatura e pressdo, sdo denominados como
mesodiagenéticos (mesogenetic zone sensu Choquette & Pray, 1970). Rochas
que foram submetidas as modificacbes mesodiagenéticas podem voltar a
passar, devido ao soerguimento e a erosdo, por processos diagenéticos
superficiais, denominados telodiagenéticos (telogenetic zone sensu Choquette &
Pray, 1970).
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No contexto ambiental da eodiagénese metedrica, a alteracédo de
depdsitos carbonaticos tem as suas particularidades definidas por diversas
condicdes especificas, entre elas as condicbes ambientais de deposicdo, como
processo deposicional e clima. A fabrica deposicional dos sedimentos
carbonaticos pode mudar intensamente ja durante a eodiagénese devido a sua
limitada estabilidade quimica. No entanto, o potencial para alteracdes
diagenéticas depende da reatividade do precipitado inicial. A calcita magnesiana
e a aragonita sdo fases essencialmente metaestaveis durante a evolugéo

diagenética “normal” dos depdsitos carbonaticos (De Boever et al., 2017).

Em contextos ndo marinhos, a maior parte dos depédsitos carbonaticos se
forma pela nucleagéo e precipitacdo dos fluidos ou de secregcbes biogénicas.
Estes processos tornam o limite entre a formagao primaria e o inicio da
diagénese por vezes difuso e dificil de definir (De Boever et al., 2017). Um
exemplo deste problema ocorre nos depdsitos de travertinos, no qual a fabrica
primaria pode ser considerada apenas na superficie ativa dos ultimos milimetros
dos depdsitos (Pentecost, 2005). Ambientes lacustres, por outro lado, podem
constituir locais de precipitagado carbonatica ainda na interface agua-sedimento.
Nestes casos, o0s precipitados carbonaticos crescem na superficie dos
sedimentos tanto como cristais equantes como também como cristais aciculares,

denominados de benthic cements por Chafetz et al. (1985).

Através da pervasiva interagdo entre a agua e as rochas em
subsuperficie, os fluidos tendem a se tornar saturados em relacédo as espécies
carbonaticas estaveis de calcita ndo magnesiana e dolomita, de forma a nao
modificar consideravelmente a porosidade de carbonatos (James & Choquette,
1984). No entanto, sob alta pressédo e temperatura, a dissolugéo por pressao
pode destruir a porosidade pela cimentagdo em poros adjacentes (Moore &
Wade, 2013). A agua de formagédo também pode favorecer o aumento da
porosidade por dissolucao a partir de condi¢cdes localmente subsaturadas, em
consequéncia da degradagéao térmica da matéria organica ou de hidrocarbonetos
(Moore & Wade, 2013).
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4.3 Cimentagéao carbonatica

Os habitos dos cimentos carbonaticos sdo determinados, em grande
parte, pela taxa de crescimento dos cristais (Sanchez-Navas et al., 2013). A taxa
de crescimento dos cristais € influenciada por diversos parametros como pressao
de COg2, taxa de fluxo dos fluidos intersticiais e temperatura (Sanchez-Navas et
al., 2013). Ja a composi¢cdo e mineralogia dos cimentos carbonaticos s&o
amplamente determinados pelos pardmetros composicionais dos fluidos
precipitantes (Chafetz et al., 1985). Durante a eodiagénese, a formacao de
carbonatos é dependente da atividade relativa do Mg?* e do Ca?* nos fluidos dos
poros (Chafetz et al., 1985). A cimentagao pode ocorrer no espago interparticula
ou intraparticula, mas também preenchendo fraturas, e deslocando o material

depositado quando este ainda ndo se encontra completamente litificado.

Existem diferentes entendimentos sobre a formagao das diferentes
morfologias as quais os cristais de calcita e aragonita podem precipitar. Folk
(1974) sugere que a morfologia dos cimentos de calcita estaria relacionada com
a razao entre Mg/Ca do fluido precipitante. O modelo de Folk baseia-se no
conceito de “envenenamento” dos cristais de calcita em crescimento através da
substituicdo de ions Ca?* por Mg?*, que distorce a estrutura cristalina. Lahann
(1978) apontou que o efeito do “envenenamento” deveria afetar todas as faces
do cristal igualmente, inclusive a dire¢cao axial do eixo “c”. O modelo de Lahann
explica o diferente desenvolvimento das faces cristalinas através da diferenga de

potencial dos eixos cristalinos.

Cada ambiente diagenético exibe variagdo em relagdo a saturagéo de
carbonatos e pode precipitar diferentes morfologias. No entanto, o entendimento
convencional mostra que a calcita precipitada pela acdo de agua metedrica tende
a apresentar cristais equantes, enquanto os cristais de calcita magnesiana e
aragonita precipitados em ambiente marinho tendem a formas alongadas e
fibrosas. Por outro lado, as aguas subsuperficiais precipitam cristais de calcita
equantes que podem variar até poliedros bastante complexos (Moore & Wade,
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2013). A Figura 9 resume as principais morfologias dos cimentos carbonaticos

nos principais ambientes diagenéticos.

: : Marinho
Ca hipersalino
—= Cimentagéorste
80

2
Discolpamelagdo_
KX NP — — — _ _ MARINHO .
T~ AQu
COMPACTAGAO T~ (ﬁgﬂr\“"‘

MECANICA

AMBIENTE
DE SOTERRAMENTO

COMPACTAGAO
QUIMICA

DISSOLUGCAO SALMOURAS  CIMENTAGAO
BACIAIS

Aragonita
_ Lisoclina_ _
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METEORICO

Figura 9. Diagrama esquematico mostrando os habitos de crescimento dos cimentos calciticos
nas principais zonas diagenéticas. (1) Calcita e aragonita fibrosas com texturas microcristalinas;
(2) Calcita blocosa, equante, com textura cristalina fina ou grossa; (3) Calcita de textura cristalina
fina, acicular (whisker crystals); (4) Mg-calcita ou aragonita fibrosas, com textura cristalina fina;
(5) Calcita prismatica (bladed) fina a grossa; (6) Calcita blocosa de textura cristalina grossa,

equante; (7) Calcita blocosa, equante, comumente poiquilotdpica (modificado de Moore, 1989).

A substituicdo diagenética também tem relagéo direta com a cimentacgao.
A substituicao mineral envolve dois processos: dissolugdo dos minerais originais
e crescimento de minerais preenchendo os espagos de dissolugao (Armenteros,
2010). O neomorfismo dos bioclastos de composi¢ao aragonitica, por exemplo,
pode produzir dois diferentes estilos texturais através da substituicdo, a
depender da largura da “frente de alteragdo” e da razdo entre as taxas de

dissolucéo e precipitacdo. Os moldes sao formados quando a taxa de dissolugao
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de aragonita é maior do que a de precipitacdo de calcita. Ja quando ha
transformacao mineral da aragonita em menor escala, sob condi¢ées de baixo
fluxo hidrologico, ocorre neomorfismo por dissolugao e precipitagdo simultadneas
(Armenteros, 2010).

4.4 Diagénese meteorica

No ambiente metedrico, os processos sao controlados pelos fluidos
metedricos presentes nos poros dos sedimentos. A calcita de baixo magnésio
consiste no principal cimento carbonatico formado pela interagcdo com aguas
metedricas (Chafetz et al, 1985). A cimentacdo relacionada aos fluidos
meteoricos ocorre em trés regimes ou zonas hidrolégicas: vadosa, freatica e de
mistura (Longman, 1980). As zonas hidrolégicas sao dinamicas e mudam na
medida que a coluna da agua varia (Fig. 10). As variacbes podem gerar varios
outros habitos diagenéticos, e inclusive, alguns se sobrepdem aos encontrados

em ambiente marinho (De Boever et al., 2017).

&2 E
Evaporagdo /

Transpiragao

ZONA VADOSA
- Zona capilar |

Z0na vadosa |nfer|0r)—
Impulsionado Lengol freatico ‘

el i
pela gravidade Fluxo difysiye

ZONA FREATICA

Figura 10. Modelo conceitual dos principais ambientes diagenéticos e condi¢des hidrologicas

presentes no ambiente metedrico (modificado de Moore, 1989).
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A zona vadosa localiza-se acima do nivel saturado com agua (nivel
freatico). E a zona mais superficial, onde os poros estio preenchidos por agua e
ar. Nessas condigbes, a capilaridade influencia o movimento da agua,
favorecendo sua concentracao nos contatos dos graos (Moore, 1989). A agua
pode se mover na zona vadosa por meio de dois estilos: (1) infiltracdo vadosa
(vadose seepage), onde a agua se movimenta lentamente pelos poros e fraturas
interconectados; (2) fluxo vadoso (vadose flow), onde a agua se movimenta por
canais de solugao, sumidouros e grandes fraturas diretamente para o lencol
freatico (Wright, 1991; Loucks, 1999).

Os cimentos de calcita formados na zona vadosa geralmente apresentam
uma superficie curva que reflete a distribuicdo da agua no momento da
precipitacdo (Moore & Wade, 2013). Este padrdo curvo de cimentacao foi
denominado cimento em meniscos (Dunham, 1971). Nas areas mais saturadas,
ainda acima do lencol freatico e abaixo da zona de capilaridade, o excesso de
agua se acumula na forma de gotas pendentes sob os grdaos. Os cimentos
precipitados nesta zona mostram a orientagao gravitacional e sdo denominados
micro-estalactiticos ou pendulares (Moore, 2001). Outras texturas que refletem
transformacdes em ambientes vadosos sdo a granulagéo, sedimentagao interna
geopetal e fraturamentos (Bustillo & Alonso-Zarza, 2007). A presenca de
laminagbes nos sedimentos geopetais indica flutuacbes do lencgol freatico

durante a sedimentacao (Arosi & Wilson, 2015).

A fonte dos sedimentos vadosos tem sido atribuida a atividade de fungos,
que pode produzir particulas pelo processo de sparmicritization, a dissolugéo ou
perfuragao de rochas carbonatica originais, ou ao intemperismo das paredes de
cavidades em zonas carsticas (Jones & Pemberton, 1987; Verrecchia, 2000).
Estes padrdes de distribuicido de cimentos vadosos ocorrem tanto no ambiente
metedrico quanto no ambiente marinho (beachrocks). A zona vadosa pode ainda

ser dividida em superior (caliche zone) e inferior (Moore & Wade, 2013).

A zona vadosa superior € um ambiente onde ocorre intensa diagénese

em terrenos carbonaticos. Em regides chuvosas, predomina a dissolugao devido
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as aguas metedricas serem subsaturadas em CaCOs pela sua alta pCO2. O
CaCOs é removido e infiltrado, favorecendo a precipitacdo de calcita na zona
vadosa inferior (Moore & Wade, 2013). Ja em ambientes semiaridos, o potencial
de dissolugédo seguido de evaporagao favorece a precipitagdo de carbonatos
préximos a superficie, formando crostas conhecidas como caliches, calcretes e

duricrusts (James & Choquette, 1984).

Calcretes sao depositos carbonaticos de zona vadosa superior muito
utilizados em reconstrugbes paleoambientais. As crostas normalmente se
apresentam como hardplans laminados no topo da sequéncia, zona com placas
e crostas, sequéncia nodular e pisolitica e zona de transigdo chalky com os
sedimentos ndo alterados (Purvis & Wright, 1991; Moore & Wade, 2013). Um
perfil de calcrete se forma como resultado da substituicdo de carbonatos em
diversos substratos, como sedimentos, solos e rochas, podendo ser atividade
organica (Moore & Wade, 2013) quanto inorganica (Wright & Tucker, 1991). A
textura original da rocha é substituida por nédulos, piséides, rizolitos (concrecdes
ao redor de raizes), tepees, crystal silt (microesparita) e Microcodium (células

calcificadas de fungos e plantas superiores) (Purvis & Wright, 1991).

Na zona vadosa inferior ha o dominio da percolacdo por gravidade. A
saturagcdo de agua é significativamente maior na zona logo acima do lencol
freatico, conhecida como zona de capilaridade. A agua se encontra normalmente
saturada em CaCOs devido a dissolugao dos carbonatos, o que pode levar a
uma concentragao de cimentos de calcita logo acima do nivel freatico (Moore &
Wade, 2013). Em regides onde a percolagao na zona vadosa é reduzida pelas
influéncias climaticas, a dissolucéo e a cimentacao tendem a ser menos intensas
e de forma localizada. Nestes cenarios, os cimentos precipitam proximos as
zonas de dissolucéo, resultando em uma distribuicdo disseminada dos cimentos

vadosos ao longo da sequéncia (Halley & Harris, 1979).

Com relacado a criacao de porosidade na zona vadosa, varios autores
concordam que existe um equilibrio entre a dissolucéo e a cimentacdo. Com isso,

a porosidade total tende a permanecer aproximadamente a mesma durante a



55

&
Programa de Pas-Graduacio UFiGs .@i 3

”~
GE[I EIE" CI Hs UNIVERSIDADE FEDERAL Geociéncias

DO RIO GRANDE DO SUL

estabilizacdo dos minerais carbonaticos instaveis sob condicdes metedricas
vadosas (e.g., Heydari, 2003; Major, 2014). No entanto, em periodos de clima
umido e alta recarga, onde a taxa de dissolugao supera a taxa de precipitacao,
havera aumento da porosidade (e.g., Li et al., 2014). Ja a permeabilidade pode
ser intensamente modificada, uma vez que os cimentos vadosos precipitam
preferencialmente fechando as gargantas dos poros, o que reduz a eficiéncia do

escoamento de fluidos (Halley & Harris, 1979).

A zona freatica localiza-se abaixo do nivel freatico, onde os poros estao
completamente saturados com agua (Moore, 1989). Os aquiferos freaticos séo
comumente desconfinados e conectados com a atmosfera através da zona
vadosa (Moore & Wade, 2013). Ha um consenso de que 0S processos
diagenéticos sao mais intensos na zona freatica do que na zona vadosa devido
ao maior volume de agua disponivel (Morse & Mackenzie, 1990; Moore & Wade,
2013).

Na zona freatica, a agua pode se mover por fluxo difusivo (diffusive flow),
onde o lencgol fredtico estda bem estabelecido e as condigbes de fluxo se
aproximam da Lei de Darcy, ou fluxo livre (free flow), através de canais e
condutos como “rios subterrdneos” (Moore, 1989). O fluxo difusivo é
caracteristico de sedimentos carbonaticos expostos durante os primeiros
estagios da estabilizagdo mineral. Ja o fluxo livre é caracteristico de terrenos
carbonaticos estabilizados, associados a carstes. Moore (1989) considera duas
maiores configuracgdes freaticas: a lente flutuante local de agua doce e o sistema

de aquifero metedrico regional.

A zona freatica em areas litoraneas pode apresentar duas configuracoes
hidroldgicas basicas ligadas ao nivel de base: (1) nivel alto, onde o nivel freatico
de ilhas e areas marginais ira flutuar e a diagénese metedrica ira dominar na
zona de mistura; (2) nivel baixo, onde desenvolvem-se aquiferos meteoricos
regionais, que favorecem o desenvolvimento de sistemas de cavernas de
margem de plataforma na zona de mistura metedrica-marinha (Moore & Wade,

2013). Durante episodios de nivel baixo, pequenas cavernas sdo comuns ao
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longo do nivel freatico. A carstificagdo da superficie da plataforma também é
comum e dependera do clima e da duragéo do periodo de exposigdo (Moore &
Wade, 2013).

Na configuragéo freatica de sistemas de aquiferos metedricos regionais,
grandes volumes de agua metedrica movem-se ativamente por meio dos
sedimentos carbonaticos, interagindo com o substrato, dissolvendo fases
carbonaticas e precipitando carbonatos a jusante. Devido ao potencial de
transporte de CaCOs em grande escala, este sistema € um dos mais importantes
ambientes diagenéticos em relacdo a mudancga de porosidade (Moore, 1989). As
mudangas diagenéticas sdo desencadeadas pelo contraste de solubilidade da
calcita ndo magnesiana com a aragonita e com a calcita magnesiana, e pelo

rapido movimento da agua através do aquifero (Moore & Wade, 2013).

Em plataformas carbonaticas que possuem leve inclinagdo em direcéao ao
centro da bacia devido a subsidéncia diferencial, os sistemas de aquiferos
regionais sao escoados pela gravidade. Onde ha um escoamento metedrico os
ambientes diagenéticos s&o considerados ativos relativamente a modificagcéo de
porosidade (Moore & Wade, 2013). A recarga do aquifero inicia com a entrada
de agua metedrica subsaturada em relagao a calcita levando a dissolugdo da
aragonita. Com a dissolucdo da aragonita, CaCOs sera transferido para o
sistema e as aguas tendem a alcancar o nivel de supersaturagdao em calcita néo
magnesiana. Quando o fluxo metedrico alcanga o nivel do mar, a taxa de fluxo
diminui e inicia uma rapida precipitacdo de calcita. Durante a mistura de aguas
metedricas e marinhas, a cimentagao por calcita ira cessar e uma nova fase de
dissolugéo é possivel (Moore, 1989). A tendéncia geral desses processos € a
total estabilizagdo dos depdsitos para calcita ndo magnesiana (Moore & Wade,
2013).

Ja as plataformas carbonaticas que apresentam morfologias menos
inclinadas tendem a ser totalmente expostas quando ha uma queda do nivel de
base. Com a exposicao, a plataforma fica sob a agcdo de aguas metedricas e
ocorre o estabelecimento de sistemas de aquiferos metedricos. Feicoes
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epicarsticas, incluindo dolinas, localizadas na zona da interface rocha/solo e

crostas vadosas (calcretes) sdo estabelecidas (Moore & Wade, 2013).

Os cimentos metedricos freaticos apresentam uma distribuicdo mais
homogénea em relagdo aos cimentos da zona vadosa. O principal habito desses
cimentos é representado por franjas isdpacas, formada por cristais equantes de
calcita (Fig. 11). Devido ao padrdo de cimentagdo circumgranular da zona
freatica, a permeabilidade € menos afetada em relagdo a cimentagao na zona
vadosa do que na freatica (Halley & Harris, 1979). Além disso, as condi¢des
oxidantes metedricas das zonas vadosas e freaticas tendem a impedir a

incorporagao de Fe e Mn nos carbonatos (Moore, 1989).

CIMENTOS METEORICOS
ZONA VADOSA ZONA FREATICA

‘/
\
/V
Meniscos A

\

Franjas isbpacas

Silte
vadoso

Epitaxial

f

Estalactites

X

Envelope Blocosos
micritico

Figura 11. Morfologias dos principais tipos de cimentos formados durante a diagénese metedrica

na zona vadosa (esquerda) e freatica (direita) (modificado de James & Choquette, 1984).

A zona de mistura das aguas metedricas com as aguas marinhas (ou
aguas lacustres salinas) pode desencadear processos de dolomitizagao.
Quando as aguas subterraneas sao saturadas em silica pode formar chert e
ocorrer a silicificagdo dos carbonatos formados em ambientes salinos (Knauth,
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1979, 1994; Manning-Berg & Kah, 2017). Os sedimentos metaestaveis nesta
zona sao mais propensos a dissolugdo por pressao, ao contrario do que os

depositos adjacentes ja estabilizados mineralogicamente (Moore, 1989).

4.5 Caracteristicas diagenéticas dos ambientes lacustres

Diferentemente dos ambientes marinhos, os processos diagenéticos
lacustres s&o ainda pouco compreendidos (Wright, 2012). Em ambientes
lacustres temperados, a precipitacdo de calcita aumenta durante a primavera e
verao, principalmente por mecanismos bidticos, em consequéncia da
supersaturacédo em zonas de alta produtividade (Gierlowski-Kordesch, 2010).
Em lagos hidrologicamente fechados, por outro lado, a precipitagdo de
carbonatos é fortemente condicionada aos ciclos de variagdo da quimica da
agua. Normalmente, ha uma rapida entrada de Ca?* pelo escoamento superficial
durante as estagdes chuvosas e sua remogao pela precipitagdo durante as
estacdes secas (Armenteros, 2010). A sequéncia de precipitagdo carbonatica em
lagos fechados se relaciona com o aumento da salinidade, formando,
sucessivamente, calcita, calcita magnesiana, aragonita, dolomita e magnesita
(Deocampo, 2010).

Outro importante processo controlador da precipitacdo de carbonatos em
ambientes lacustres, principalmente em lagos rasos, € a litificagdo de esteiras
microbiais (Armenteros, 2010). A mineralizagéo destes depdsitos é condicionada
pela degradacdo das secregdes poliméricas extracelulares (extracellular
polymeric secretions; EPS). As EPS sao constituidas principalmente por
carboidratos poliméricos que sao consumidos por microrganismos,
particularmente por bactérias redutoras de sulfato, que, através da sua
degradacgdo, liberam cations (Ca?* e Mg?*) e aumentam a alcalinidade,
calcificando o EPS (Armenteros, 2010).

A siderita também pode ser um importante precipitado eodiagenético em

ambientes lacustres anaerdbicos sem SO42*, nos quais a calcita e os sulfetos de
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ferro ndo se formam. Estas condi¢des se associam principalmente aos
sedimentos sapropélicos durante condicbes andxicas com baixa concentracao
de sulfato (Armenteros, 2010). Concregdes carbonaticas s&o outro exemplo de
precipitagcdo durante a eodiagénese. A decomposi¢cao bacteriana de restos
organicos, por exemplo de peixes, libera compostos basicos, como amdnia e
aminas, que causam um aumento no pH local e podem nuclear a precipitacao
de CaCOs (Berner, 1984).

Durante periodos em que a evaporagcdo excede o influxo, ocorre
regressado nas margens dos ambientes lacustres. Nesses episodios, pode haver
a formacdo de brechas de ressecamento e tepees pela exposicido e
endurecimento de sedimentos carbonaticos finos, e a precipitagcdo de minerais
evaporiticos intrasedimentos (Armenteros, 2010). As planicies lamosas
carbonaticas também sdo importantes ambientes de transformacdes
diagenéticas. A calcita de baixo magnésio é substituida por carbonatos
magnesianos pela interagdo com as salmouras intersticiais evaporiticas
(Armenteros, 2010). Os argilominerais detriticos também podem ser
extensamente transformados para fases magnesianas durante episddios
evaporiticos em planicies lamosas (Pozo & Calvo, 2018). Com a continuidade da
evaporagao, € comum a precipitagao de gipsita com diferentes formas cristalinas
e tamanhos (Armenteros, 2010). Em lagos efémeros de clima aridos com pH
maior que 9 e com baixa concentracdo de sulfato, carbonatos e bicarbonatos
como a trona, shortita, haylussita, pirssonita, nahcolita e natrdo podem se formar

como precipitados intersticiais (Armenteros, 2010).

Os processos de substituicdo de depdsitos carbonaticos ndo marinhos
ocorrem quando as condicdes ambientais mudam. A dolomitizacdo e a
silicificacdo sao os processos mais comuns durante a eodiagénese. A
dolomitizagcdo e a silicificacdo de depdsitos lacustres sdao normalmente
associadas as aguas salinas evaporativas, a diminuicdo da concentragcédo de

sulfato e as elevadas razdes Mg/Ca (De Boever et al., 2017).
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A dolomitizagdo pode ser controlada por varios fatores e com isso sao
propostos varios modelos de dolomitizagdo. Evaporativo (Hsu & Siegenthaler,
1969), refluxo por infiltracdo (seepage-reflux; Adams & Roads, 1960), mistura
(Badiozamani, 1973), agua do mar (Land, 1967), soterramento (Hardie, 1987) e
hidrotermal (Machel & Lonnee, 2002) s&o alguns exemplos. Embora esses
modelos genéticos sejam aparentemente diferentes entre si, eles s&o
consistentes na medida em que todos tentam ilustrar a fonte de fluidos ricos em
Mg?* e as condigbes fluidodindmicas, ou seja, como os ions Mg?* chegaram

aonde a dolomitizagao ocorreu.

Em ambientes ndo marinhos, a dolomitizagdo segue principalmente o
modelo de sabkha continental ou playa lake, no qual a evaporagcdo e as
condigdes hipersalinas tornam os fluidos mais densos, o que faz com que eles
se infiltrem nos sedimentos carbonaticos do fundo (Machel, 2004). Ja o modelo
de zona de mistura (mixing zone) também pode ser utilizado para explicar
depdsitos lacustres dolomitizados (Arp, 1995). Neste modelo, o nivel freatico é
rebaixado, causando a entrada de aguas metedricas e mistura com a agua

salinas do lago.

Os processos de dolomitizacdo em ambientes continentais sao
principalmente associados a ambientes lacustres salinos. 95% das ocorréncias
de precipitacdo de dolomita no Quaternario sdo encontradas em lagos salinos
ou em sedimentos que foram depositados durante uma fase de alta salinidade
da bacia (Last, 1990). Além de condi¢des salinas, os ambientes lacustres
modernos onde ocorre a formacao de dolomita apresentam altas alcalinidades
(alta razao COs/Ca) e altas razbes Mg/Ca (Last, 1990). Ainda, em contraste com
dados experimentais os quais sugerem que a dolomita é favorecida em niveis de
baixa concentragdo de sulfato dissolvido, quase todas as ocorréncias de
dolomita em ambientes lacustres modernos s&o associadas a altas

concentragdes de SO4? (Last, 1990).

Shen et al. (2016) mostram que, em depdsitos lacustres, a dolomita pode

se formar em trés estagios distintos. Primeiramente, dolomita singenética pode
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se formar intercalada com lamas ricas em matéria organica e calcita, depositadas
pela variagado do nivel do lago fechado. A dolomitizagdo penecontemporéanea a
partir de refluxo por infiltragdo ocorre em um segundo estagio. Em lagos
fechados altamente salinos, a dgua fornece os ions Mg?* para dolomitizagao
através do mecanismo de dinamica de fluidos com a gravidade como condutor,
e as reagdes redox da matéria organica fornece anions extras de CO3?" para
transformar a calcita em dolomita ndo ferrosa. Em um terceiro estagio, a
dolomitizagdo ocorre durante o soterramento, com a formacao de dolomita
ferrosa, através da substituicdo de Mg?* por Fe?* proveniente da agua de

formacéo.

O modelo Dorag ou mixing zone model é ainda controverso, porém
utilizado para explicar a dolomitizagdo em sistemas metedricos e mistos onde ha
a mistura de aguas meteodricas e marinhas. Para cada sistema de aquifero
meteorico regional, existe o potencial de dolomitizagdo na zona de mistura na
faixa costeira do aquifero. Com a progradacao da linha de costa, a zona de
mistura ira progradar e é possivel que toda a plataforma seja dolomitizada.
Moore & Wade (2013) entretanto indicam que este modelo pode ser tratado
como uma possibilidade, porém, ndao € um modelo viavel para explicar extensos

processos de dolomitizagcao de plataformas carbonaticas.

Além desses modelos, existe a possibilidade de os depdsitos serem
alterados devido aos efeitos do hidrotermalismo, como ocorre nos depésitos
carbonaticos estudados por Frixa et al. (2014). Na Formacao Toca (Campo de
Kambala, Cabinda-Angola), esses autores identificaram dois processos distintos
de dolomitizacdo. Na Formacéao Toca inferior, os carbonatos foram dolomitizados
durante a eodiagénese. Estes depdsitos apresentam textura cristalina fina e com
baixa qualidade de reservatorio. Ja na Formacgao Toca superior, 0os carbonatos
contém dolomita com textura cristalina grossa (dolomita “zebra”), formada
tardiamente pela interacdo dos depdsitos com fluidos hidrotermais durante o
soterramento, o que levou a um aumento da qualidade de reservatério. Também

se observou que a intensidade da dolomitizagéo foi diretamente proporcional a
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intensidade do fluxo, enquanto a temperatura dos fluidos exerceu menor

influéncia (Frixa et al., 2014).

A desdolomitizagdo, que ocorre em uma ampla gama de ambientes
diagenéticos, € definida como o inverso da dolomitizagdo e ocorre quando
solugbes com alta razdo Ca/Mg reagem com a dolomita para formar calcita
(Armenteros, 2010). Em sentido estrito, o termo “desdolomitizagéo” deve ser
aplicado apenas quando as reacbes de dissolugao/precipitagdo sao coevas
(Nader et al., 2008). Este processo ocorre tipicamente em dolomitos soerguidos
e expostos, mas pode ocorrer também durante a diagénese inicial em margens

lacustres e em facies palustres e de calcrete (Moore & Wade, 2013).

A substituicdo de carbonatos por silica € comumente desencadeada por
variagdes no pH e salinidade. Estas variagdes sdao muito comuns em ambientes
continentais rasos, como lagos rasos e solos (Bustillo & Alonso-Zarza, 2007). A
substituicdo de carbonato por silica é favorecida em condigcbes em que fluidos
ricos em silica sédo disponibilizados e o pH (~6 a >9) e temperatura séo flutuantes,
afetando a solubilidade do carbonato e da silica (Bustillo, 2010). Estas condi¢des
sdo alcancadas onde aguas com diferentes composicoes e saturagdes se
misturam, ou onde fluidos ascendentes enriquecidos em silicio sao resfriados
(Bustillo, 2010).

A fonte da silica também pode estar associada ao aporte de
argilominerais, rochas vulcanicas e metamorficas, ou mesmo a microrganismos
com esqueletos silicosos, como por exemplo, as diatomaceas. A silica
comumente ¢é precipitada primeiramente na forma de opala-A, que é
metaestavel, e posteriormente transforma-se em opala-CT e por fim, em quartzo.
No entanto, a silica pode formar-se diretamente na forma de quartzo estavel
(Bustillo et al., 2002). N6dulos de chert sédo comumente evidéncias de condi¢des
hipersalinas. Grandes quantidades da silica dissolvida em aguas salinas e com
pH alto sdo forcadas a precipitar quando o pH é abruptamente reduzido pelo
influxo de aguas diluidas (Buchheim, 1994).
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Em ambientes alcalinos, a substituicdo de argilas magnesianas por opala
também é favorecida (Fritsch et al., 2004). Sugere-se que as argilas
magnesianas e a sua estrutura cristalina favoregam a nucleagdo de opala
(Fritsch et al., 2004). A precipitagdo de um ou outro mineral sera controlado por
pequenas mudangas na atividade do Si e Mg, e de pH (Bustillo & Alonso-Zarza,
2007). Silica e sepiolita sdo exemplos de minerais que podem coexistir em
condigdes geoquimicas semelhantes, inclusive em ambiente lacustre e solos em

clima arido (Bustillo & Alonso-Zarza, 2007).

4.6 Alcalinidade e processos eodiagenéticos lacustres

A alcalinidade exerce forte influéncia sobre os processos eodiagenéticos.
Na literatura, a ocorréncia de lagos altamente alcalinos € atribuida
principalmente a existéncia de embasamento com composi¢ao vulcanica e/ou
outras fontes vulcéanicas (e. g. Hahn et al., 2015; Haihua et al., 2015; Li et al.,
2020; Guo et al., 2021). A agua desses lagos também é comumente modificada
pela evaporagao. O processo se inicia durante a percolagdo da agua do lago
pelo embasamento vulcanico, seguida pela sua ascensdo (mais quente e
enriquecida em ions de Mg e Ca) através de falhas, emergindo no fundo do lago,
onde reage com a agua rica em HCOs", podendo assim, precipitar carbonato na

forma de mounds e/ou como seep pelagic precipitates (Hahn et al., 2015).

No exemplo de Hahn et al. (2015), a 4gua de composic¢ao alcalina contém
alta concentragao de sédio, potassio, calcio e magnésio. Os ions sao importados
para o lago através do intemperismo das rochas basalticas aflorantes e
possivelmente das rochas do embasamento granitico. Na parte rasa da bacia, a
agua do lago foi concentrada por evaporacéo, e o fluido denso, enriquecido com
Mg, infiltra pelas rochas subjacentes. Em profundidade, o fluido foi ligeiramente
aquecido pelo gradiente geotérmico normal e interagiu com o basalto (e
possivelmente também com o embasamento). Devido a interagdo, o fluido

adquire um padrao de elementos terras-raras semelhante ao do basalto. Os
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fluidos ascenderam através de zonas de falhas porosas, ressurgindo no fundo
da bacia. A interagdo dos fluidos ascendentes com a agua do lago rica em
carbonato permitiu a precipitacdo de carbonatos tanto de forma béntica quanto

na coluna de agua nas imediagdes (Fig. 12).

Basalto intensamente intemperizado
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Figura 12. Secao esquematica apresentando os controles no crescimento de mounds em um
lago alcalino Mesoproterozoico, Bacia Borden, Nunavut, Canada (modificado de Hahn et al,,
2015).

A Formacao Green River (Eoceno) de Fossil Lake em Wyoming apresenta
variacao vertical e lateral de facies que fornece percepgao sobre a eodiagénese
em lagos salinos e alcalinos (Buchheim, 1994). Os depdsitos da secao Fossil
Lake registram inicialmente aumentos episédicos de salinidade, com maior
frequéncia em direcdo ao topo, até que o lago se torna dominantemente
hipersalino (Buchheim, 1994). Calcita é precipitada durante as fases de agua
mais diluida, enquanto dolomita € o produto da substituicdo da calcita
magnesiana previamente precipitada a partir das aguas hipersalinas do lago com

altas razées Mg/Ca.

O mesmo padrao também é reconhecido no Membro Laney da Formagao

Green River (Murphy et al., 2014). A dolomita microcristalina é interpretada como
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precipitagao direta primaria devido a sua laminagdo e associagcdo com moldes
de sal e nédulos de chert. Depdsitos dolomiticos microcristalinos sdo formados
principalmente em ambientes evaporiticos rasos, com cristais euédricos e
microporos associados a substituicdo (Shen et al., 2016). Os nédulos de chert
ocorrem apenas nas por¢des dolomiticas, enquanto fosseis de peixes séo
encontrados apenas nos depositos micriticos calciticos, evidenciando as
variagdes de salinidade. A deposi¢ao da dolomita microcristalina inicia e cessa
abruptamente. Ainda, as condi¢des altamente salinas favoreceram a

preservagao da matéria organica (Buchheim, 1994).

4.7 Diagénese dos carbonatos lacustres do pré-sal

Os carbonatos ndo marinhos do pré-sal apresentam formagao incomum
no registro geolégico e evolucao diagenética complexa. Os primeiros
precipitados formaram-se ainda durante a deposigéo (singénese), seguindo até
modificagdes durante o soterramento profundo, ou potencialmente afetadas por
processos hidrotermais (Lima et al, 2020). O sistema carbonatico lacustre do pré-
sal foi controlado pelas condi¢des tectdnicas, climaticas e hidroldgicas atuantes
durante o rifteamento do Continente Gondwana no Cretaceo Inferior, que levou
a formagado do Oceano Atlantico Sul (Mohriak et al., 2008; Chaboureau et al.,
2013).

As condi¢des ideais para a formacgao dos depdsitos unicos da Formacéao
Barra Velha foram alcancadas a partir da ocorréncia de fontes hidrotermais e da
alteracdo de terrenos vulcanicos sob condigdes climaticas aridas (Tosca &
Wright, 2018). Para que essas condi¢des ideais ocorressem, foram necessarias
uma abundante entrada de COz2 e elevada alcalinidade de carbonatos, além de
alto conteudo de silica, magnésio e calcio dissolvidos (Wright & Barnett, 2015).
A contribuicdo dos sistemas hidrotermais na quimica do lago, bem como as
outras possiveis fontes das grandes quantidades de Ca, Mg e Si, ainda precisam
ser determinadas (Wright & Barnett, 2015; Lima & De Ros, 2019), incluindo o
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magmatismo rifte e contemporéneo e a serpentinizagdo do manto exumado
(Mizusaki et al. 2022; Kumar et al., 2013; Gordon et al., 2023; Lima & De Ros,
2019).

Os reservatorios do pré-sal sdo explorados ao longo das margens
conjugadas do Oceano Atlantico, principalmente nas bacias de Campos e
Santos no Brasil, e de Kwanza, Angola e Congo no continente Africano (Moragas
et a., 2023). A ocorréncia desses depdsitos nessas varias bacias evidencia a
extensao do sistema lacustre. Fosseis marinhos estao ausentes. Apenas alguns
ostracodes estdo presentes, essencialmente formas que toleram uma ampla
variagédo de salinidade (Wright & Barnett, 2015). Sulfatos singenéticos, como a
gipsita e a anidrita também estao ausentes, reforcando uma origem ndo marinha

para os carbonatos (Wright & Barnett, 2015).

Os depodsitos in situ da segdo sag do pré-sal sao essencialmente
formados por calcita e filossilicatos magnesianos (principalmente estevensita e
kerolita; Tosca & Wright, 2015; Wright & Barnett, 2020; Silva et al., 2021; 2025;
Carramal et al., 2022; Schrank et al., 2024). Seus aspectos texturais e
composicionais originais sdo condicionados pela deposi¢do singenética de
matriz laminada e peldides de filossilicatos magnesianos, e pela precipitacao
singenética de agregados fasciculares de calcita e eodiagenética de esferulitos
e shrubs que substituiram, deslocaram e, no caso dos shrubs singenéticos,
cobriram em parte os depdsitos singenéticos de argilas magnesianas (Fig. 13;
Lima & De Ros 2019; De Ros, 2021).
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Figura 13. Exemplos dos principais constituintes singenéticos e eodiagenéticos
precoces/primarios carbonaticos. A) Agregados fasciculares. B) Esferulitos substituindo e
deslocando as argilas magnesianas. C) Agregados fasciculares e transicionais para esferulitos
assimétricos. D) Esferulitos com forma lobada transicional para agregados fasciculares (extraido
de De Ros, 2021).

Os depdsitos argilosos laminados se formaram em ambientes altamente
supersaturados e de baixa energia hidrodinamica. Ja os peldides de argila
magnesiana provavelmente foram formados em condi¢des de energia
intermediaria (Carramal et al., 2022). Tosca & Wright (2018) e Wright & Barnett
(2015; 2020) analisaram a assembleia mineral das argilas magnesianas
associadas aos carbonatos e concluiram que a estevensita teria se formado a
partir de um gel rico em Si** e Mg?*. Evidéncias indicam, entretanto, que a
estevensita pode ter sido precipitada diretamente na coluna de agua ja na forma
cristalina com tamanho argila, e decantada no fundo, formando depdsitos de
matriz singenética laminada e de peldides argilosos, localmente com silte

siliciclastico e argilas detriticas (De Ros, 2021; Silva et al., 2021; Carramal et al.,
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2022). As evidéncias da deposicao dos filossilicatos de magnésio ja na forma de
argila incluem: (1) a decantagdo seria extremamente lenta para particulas
coloidais (Lei de Stokes); (2) a fabrica € fortemente orientada paralelamente,
enquanto que cristalizacdo de material coloidal resultaria em orientagdo caodtica
(como ocorre com a silica); (3) o deslocamento das laminagdes durante a
precipitagcdo eogenética de calcita indica que os sedimentos inconsolidados ja

eram laminados (De Ros, 2021; Carramal et al., 2022).

A formacao singenética de argilas magnesianas requer condigdes
altamente alcalinas, normalmente atingidas em bacias com elevada atividade
vulcanica (Tosca & Wright, 2018). No pré-sal, as condigbes quimicas para a
formagao de argilominerais magnesianos podem ter sido alcangadas através de
varios meios. No entanto, a forma mais rapida e extensa para alcancar tais
condigbes foi através da concentracdo evaporativa (Tosca & Wright, 2018).
Tosca e Wright (2018) também sugerem que os silicatos magnesianos se
acumularam em areas de baixa energia, abaixo do nivel de agao das ondas. Isso
implica em deposicao do pré-sal Aptiano teria ocorrido em condi¢cdes lacustres
nao muito rasas, onde a acao de ondas e correntes impediria a acumulacao das
argilas magnesianas, e nem potencialmente muito profundas, onde a
concentracao evaporativa seria mais limitada. Lagos rasos fechados séao
dindmicos e, portanto, espera-se que a distribuicdo dos silicatos de magnésio
exiba alta complexidade, com a formacéao controlada pela quimica do lago e com
0 espago de acomodagao desempenhando um papel critico (Wright & Barnett,
2015; Tosca & Wright, 2018).

Extensa porosidade pseudo-fenestral foi identificada nas facies
esferuliticas da Formacao Barra Velha, formada a partir da dissolucdo dos
silicatos de magnésio (Wright & Barnett, 2015; 2020; Carramal et al., 2022).
Muitas vezes sao preservados apenas 0s minerais que substituiram os
argilominerais magnesianos, formando inclusive morfologias de pontes” e
“cristais flutuantes” de dolomita em poros de dissolucédo entre os esferulitos e
shrubs (Wright & Barnett, 2017).
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Enquanto os esferulitos de calcita se formaram exclusivamente dentro dos
depdsitos argilosos (eodiagenéticos), os agregados fasciculares cresceram tanto
na interface agua/sedimento (singenéticos) quanto dentro dos depdsitos
argilosos (eodiagenéticos) (Fig. 14; De Ros, 2021). De acordo com Schrank et
al. (2024), a diferenciagao entre esferulitos e shrubs esta relacionada a distancia
em relagao a interface agua—sedimento, uma vez que, proximo a essa interface,
0 maior suprimento i6nico e as maiores taxas de precipitacdo favorecem o
crescimento cristalino preferencialmente vertical. A formagdo de shrubs na
interface agua/sedimento também é favorecida por baixas taxas de decantagao
das argilas magnesianas (Lima & De Ros, 2019). A ocorréncia de formas de
transicdo entre esferulitos e agregados fasciculares indica que as duas formas
de agregados precipitaram a partir dos mesmos fluidos, sob condi¢des
levemente distintas (Lima & De Ros, 2019). As crostas de agregados fasciculares
lembram produtos abidticos de travertinos modernos (Chafetz & Guidry, 1999).
Tal semelhanga com travertinos abidticos € devido a rapida precipitagédo a partir

de solugdes supersaturadas (Wright & Barnett, 2015).
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Figura 14. Representagio esquematica da génese de depdsitos in situ do pré-sal. A) Depésitos
laminados de argilas magnesianas singenéticas, com peldides argilosos dispersos e graos
siliciclasticos; B) Substituicdo parcial e deformagédo da matriz Mg-argila por esferulitos de calcita.
Esferulitos assimétricos formados mais proximos da interface agua-sedimento (WSI); C)

Agregados fasciculares ndo coalescidos de calcita precipitados na WSI com porosidade
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interagregado nas estruturas de crescimento. Peldides argilosos e graos siliciclasticos incluidos

em alguns agregados fasciculares (modificada de Lima & De Ros, 2019).

Diferentes interpretacdes foram propostas sobre a condigdes de formacgéao
dos esferulitos de calcita. Kirkham & Tucker (2018) admitem que a atividade
microbial pode iniciar a formagao dos esferulitos, mas o crescimento dos cristais
€ abidtico. Tutolo & Tosca (2018) com base em modelagem geoquimica
experimental sugerem que, embora solugdes supersaturadas em relagao aos
silicatos de magnésio comumente produzem géis hidratados, ndo sao
necessarias elevadas concentragdes de acidos organicos, mediagao bioldgica,

ou uma matriz de gel para o carbonato de calcio atingir a morfologia esferulitica.

A formacao de dolomita durante a eodiagénese nos carbonatos do pre-
sal tem sido interpretada como um processo intimamente ligado as condi¢des
hiperalcalinas, salinas e quimicamente estratificadas do sistema lacustre, bem
como a abundancia de argilas magnesianas. Estudos recentes indicam que a
alteragdo precoce e a dissolucdo parcial de argilas magnesianas
(essencialmente estevensita e kerolita), ainda em condi¢des rasas e de baixa
temperatura, constituiram uma fonte efetiva de Mg?* para os fluidos intersticiais,
favorecendo a nucleacdo e o crescimento de dolomita ainda nos estagios

diagenéticos iniciais (Carvalho et al., 2022; 2024).

Nos depésitos in situ, a dolomita eodiagenética ocorre preenchendo
porosidade primaria e substituindo as argilas magnesianas e os esferulitos e
shrubs de calcita na forma de agregados lamelares, fibrosos, cristais
microcristalinos e blocosos. Normalmente, a dolomita substituiu seletivamente
os argilominerais magnesianos intersticiais, enquanto os esferulitos e os
agregados fasciculares de calcita foram apenas marginalmente dolomitizados
(Lima & De Ros, 2019). Localmente, dolomita pseudomorfica é encontrada na
Formacao Barra Velha, substituindo os esferulitos e shrubs e “copiando” sua

orientacao cristalografica (Herlinger et al., 2017; Schrank et al., 2024). Dolomita
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blocosa € comumente registrada substituindo e deslocando a argila magnesiana
(Lima & De Ros, 2019; Carvalho et al. 2022).

Nas crostas fasciculares de calcita e nos depdsitos ressedimentados sem
matriz, a dolomita preenche parcial- ou totalmente a porosidade primaria na
forma de romboedros, microcristalina e em sela (Herlinger et al., 2017; Carvalho
et al., 2022). E importante destacar que a ocorréncia da dolomita em sela pode
estar relacionada a fluidos hidrotermais, embora nao seja restrita a essas
condigdes (Machel, 2004). A precipitacao de dolomita no pré-sal € interpretada
como multifasica (Brito et al., 2024 ), podendo alternar-se episodios de dissolugéo
e precipitagdo conforme variagdes locais no balangco Mg/Ca, na atividade da
silica e no grau de confinamento dos poros, 0 que contribui para a expressiva
heterogeneidade observada nos reservatérios do Barra Velha. A precipitagcao
heterogénea da dolomita reforga que o processo ndo é controlado
exclusivamente por parametros quimicos, mas sim pela combinagao entre a

textura e composicao primaria e a dindmica dos fluidos no sistema do pré-sal.

Vérias formas de silica sdo identificadas nos reservatérios lacustres
carbonaticos do pré-sal. A precipitagao precoce de silica em sistemas lacustres
quimicamente estratificados é favorecida por flutuagdes locais de pH, atividade
da silica e razdo Mg/Ca, o que resulta em precipitacdo heterogénea ja nos
primeiros estagios diagenéticos (Pereira et al., 2023). A silica eodiagenética
ocorre tipicamente como calcedbnia, microquartzo, ou silica criptocristalina
substituindo seletivamente a matriz argilosa, frequentemente preservando
texturas deposicionais (Sartorato et al., 2020; Pereira et al., 2023). Carvalho et
al. (2024) indicam que a principal fonte de SiO, para a precipitagdo da silica
durante a eodiagénese foi a dissolugao e a transformacéao diagenética de argilas
magnesianas (e.g., estevensita e kerolita), abundantes nos depdsitos in situ e
comum em algumas ocorréncias de depositos retrabalhados da Formacéao Barra
Velha.

De Jesus et al. (2023) e Pereira et al. (2023) propdem que parte da silica

pode ter origem singenética, formando-se na interface sedimento-agua em areas
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proximas a descargas hidrotermais sublacustres. Esta interpretagdo sugere
diversos processos de silicificagcdo, desde a deposi¢cdao até o soterramento
profundo, com multiplas fontes incluindo a alteracdo de argilas magnesianas, o
aporte hidrotermal através de falhas, e possivel precipitagcdo primaria em
ambientes sublacustres hidrotermais. Hipoteses alternativas propdem que parte
da silicificacédo estaria relacionada com atividade microbial (Saller et al., 2016;
Moore et al., 2024). Entretanto, estas interpretagdes carecem de suporte robusto
por evidéncias petrograficas diretas, como preservagao de estruturas celulares
silicificadas, e ndo sao corroboradas por assinaturas isotdpicas caracteristicas
de processos mediados biologicamente. O consenso atual favorece modelos de
silicificagao predominantemente abidtica, controlada por mudangas na quimica
lacustre, aporte hidrotermal através de falhas, e processos de dissolugéo-

precipitacao durante o soterramento.

Lapponi et al. (2019) estudando os cimentos de silica no bloco BM-C-33
da Bacia de Campos, interpretaram que a precipitagao de silica, assim como de
dolomita, foi multifasica. Os altos valores de is6topos de oxigénio sao
consistentes com precipitacdo em baixas temperaturas, a partir de salmouras
evaporiticas durante a eodiagénese (Lapponi et al., 2019). J4 os cimentos de
megaquartzo em fraturas e poros de dissolugdo sao consistentes com um
ambiente diagenético distinto, possivelmente relacionado a fluidos
extraformacionais (Lapponi et al., 2019). Fei¢des carsticas hipogénicas também
sdo localmente importantes, associadas a alta densidade de fraturas abertas
proximas a falhas, definindo zonas de dano de cavernas amalgamadas
(amalgamated cavern damage zones — ACDZs; Wennberg et al., 2021). A
correlagdo positiva entre fraturas e vugs € causada pelo fluxo de fluidos que
promovem a dissolugao e alargamento das fraturas expostas, e o fraturamento
em zonas de concentragao das tensdes ao redor de vugs (Wennberg et al.,
2021).

Os modelos de silicificacdo propostos para os reservatérios do pré-sal

reconhecem multiplas fases de precipitacdo de silica com diferentes origens e
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contextos diagenéticos. Nos reservatorios do Bloco BM-C-33 (Bacia de
Campos), Vieira de Luca et al. (2017) e Tritlla et al. (2013) identificaram que a
fonte principal de silica foi a alteragdo das rochas vulcanicas basalticas, por
processos hidrotermais durante e apds a deposi¢ao carbonatica. Embora
algumas fases hidrotermais iniciais teriam se formado durante a deposicao de
carbonato, a intensa silicificacdo é claramente posterior a deposicdo e a
diagénese precoce, gerando microporosidade, porosidade vugular de dissolugao
e brechas hidraulicas. Na Bacia de Kwanza, Poros et al. (2017) propéem uma
sequéncia diagenética onde a silicificacao (substituicao parcial por chert) e a
cimentagdo por silica (calceddnia, seguida por quartzo drusiforme e
megaquartzo) ocorreram apds a dolomitizagdo mesodiagenética, associada a
entrada de fluidos de alta temperatura migrando ao longo de falhas durante

estagios avangados de soterramento, trazendo CO, e CH,.

Teboul et al. (2019), através de estudo geoquimico integrado nas bacias
da margem oeste africana (Namibia, Kwanza e Congo Inferior), estabeleceram
uma evolugao temporal e termal para os diferentes tipos de cimento silicoso. O
microquartzo e a calceddnia length-slow precipitaram de aguas alcalinas ricas
em silicio a temperaturas menores que 100°C, com valores isotdpicos de
oxigénio (8'0) entre 31 e 37%o refletindo fluidos modificados por evaporagao. A
calcedonia length-fast, com 8'®0 entre 27 e 32%o, precipitou a partir de fluidos
nao evaporativos em temperaturas maiores, relacionados a interacdo de aguas
neutras ou acidas saturadas em silica com rochas vulcanicas. Os cimentos de
megaquartzo, posteriores aos cimentos fibrosos, apresentam valores de 6'30
maior que 40%o, indicando fluidos altamente enriquecidos em 80, possivelmente
incluindo aguas evaporativas recicladas ou resultantes de intensa interacao
agua/rocha. Este modelo estabelece uma progressdo diagenética desde
precipitacdo precoce em condi¢des evaporiticas até fases de soterramento tardio

com fluidos de alta temperatura.

Durante o soterramento das rochas do pré-sal, ocorreu a precipitacao de

calcita blocosa e macrocristalina preenchendo poros, frequentemente
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apresentando extingao ondulante. Dolomita em sela com caracteristica extingéo
ondulante ocorre como crescimento sobre a dolomita blocosa e como
preenchimento de fraturas. Lima et al. (2020) encontraram temperatura de
homogeneizagdo de até 152°C medidas em calcita macrocristalina,
megaquartzo, dolomita de sela e Sr-barita ao norte da Bacia de Campos. Essas
altas temperaturas indicam temperaturas de aprisionamento superiores aos
valores maximos interpretados a partir da histéria de soterramento, confirmando
as condi¢cdes hidrotermais durante a alteragcdo tardia dos reservatérios
estudados. Os autores encontraram similaridade entre os fluidos hidrotermais
que atuaram nos depdsitos do pré-sal com os fluidos formados nos sistemas tipo

Mississippi Valley e Irish hydrothermal system (Lima et al. 2020).

A compactacao dos depdsitos do pré-sal ocorre de forma heterogénea. A
compactacao quimica € localmente importante e € evidenciada pela presenca de
estilolitos e contatos suturados. No entanto, sua intensidade € geralmente menor
do que a observada em carbonatos marinhos de mesma profundidade de
soterramento devido a espessura dos evaporitos sobrepostos e ao arcabouco
cristalino originalmente estavel de alguns depdsitos in situ, que inibiram
parcialmente a dissolugdo por pressao (Herlinger et al., 2017). Rossoni et al.
(2024) apontam que a evolucao diagenética das rochas in situ do pré-sal foi
fortemente condicionada pela interacdo entre compactagdo mecanica inicial,
processos de compactacido quimica durante o soterramento e eventos precoces
de cimentagao, os quais, em conjunto, contribuem no controle da porosidade. A
heterogeneidade composicional e textural dos depdsitos implica em diferentes
respostas em relacdo ao soterramento progressivo, resultando em variagdes
petrofisicas. Nesse contexto, o arcabougo cristalino original, a presenga de
cimentos carbonaticos e de silica eodiagenéticos limitaram a compactagéo
quimica, favorecendo a preservacao de porosidade primaria em determinados

intervalos.

4.8 Qualidade de reservatoérios carbonaticos ndo marinhos
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Os reservatorios carbonaticos apresentam qualidade altamente
heterogénea. Os tipos de poros em rochas carbonaticas apresentam formas e
tamanhos altamente variaveis e frequentemente com pouca ou nenhuma relagao
com energia de deposigao, tamanho das particulas ou classificagdo da rocha. O
tamanho dos poros em rochas carbonaticas pode variar de <1 p até a dimenséao
de cavernas, com possibilidade de muitos tipos de poros ocorrerem dentro da
mesma unidade rochosa (Kupecs et al., 1997). Ainda, a mistura com materiais
siliciclasticos em depdsitos composicionalmente hibridos, e as modificagdes
diagenéticas, aumentam a complexidade dos sistemas porosos. Os processos
de dissolugéo, cimentagdo e substituicdo podem alterar significativamente as

caracteristicas originais das rochas (Choquette & Pray, 1970).

A complexidade da porosidade nos carbonatos € o resultado de muitos
fatores relacionados as morfologias primarias (variabilidade de particulas
aloquimicas, bioconstrugbes e precipitados singenéticos), além da obliteragéo
parcial a total de poros por sedimentos internos (geopetais) ou cimentos, criagéo
de poros secundarios (seletivos quanto a fabrica deposicional ou ndo, e com
dimensbes altamente variadas), dolomitizagdo e recristalizacdo. Devido a
combinagdo de fatores biolégicos e processos fisicos e diagenéticos
sobrepostos, os depdsitos carbonaticos soterrados tendem a apresentar uma
maior heterogeneidade de porosidade e permeabilidade do que os depdsitos
siliciclasticos, o que geralmente implica em uma maior incerteza na previsao da

porosidade média (Kupecs et al., 1997).

Entre os varios métodos propostos para classificagao de tipos de poros
em carbonatos, as abordagens de Choquette e Pray (1970) e Lucia (1983) séo
as mais comuns. O sistema de Choquette e Pray (1970) propde uma
classificagao genética com 15 tipos de poros, agrupados em seletivos quanto a
fabrica, ndo seletivos quanto a fabrica e seletivos ou ndo quanto a fabrica (Fig.
15). O sistema de Lucia (1983) adota uma perspectiva quantitativa e aplicada,
relacionando propriedades petrofisicas (porosidade, permeabilidade e presséao

capilar) com o tamanho dos graos carbonaticos (Fig. 16). A distingdo entre vugs
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isolados e conectados é crucial, sendo que vugs isolados dependem da

porosidade da matriz rochosa para contribuir para a permeabilidade, enquanto

vugs conectados criam caminhos preferenciais de fluxo.
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Figura 16. Classificacao geoldgica/petrofisica do espaco poroso interparticula em carbonatos

baseado no tamanho e na selecao dos gréos e cristais. O volume de espago poroso interparticula

é importante, pois se relaciona com a distribuigdo do espago poroso (Lucia, 1983).
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Em depésitos lacustres especificos, como evidenciado na sec¢ao pré-sal,
a qualidade dos reservatorios reflete condigdes diagenéticas particulares. Nestes
sistemas, a precipitacao e a dissolugao eodiagenética, controladas pela variagéo
da quimica do lago, o fluxo episddico de fluidos hidrotermais e as condigbes de
soterramento controlaram a criagao, redistribuicdo e obliteragdo de porosidade.
Sistemas porosos heterogéneos com poros moldicos, intercristalinos, vugulares
e de fratura podem ser formados nessas condigbes (Lima & De Ros, 2019).
Essas condigdes unicas resultam em sistemas porosos extremamente
heterogéneos, caracterizados por diversos tipos de poros (interparticula nas
rochas ressedimentadas, inter-agregado cristalino nas rochas in situ, moldicos,
vugulares, intercristalinos, de fratura, de canal) frequentemente coexistindo no

mesmo intervalo do reservatoério (Lima & De Ros, 2019)

No contexto do pré-sal, as crostas fasciculares e os depdsitos
ressedimentados de intraclastos de shrubs e esferulitos (De Ros & Oliveira,
2023) constituem os principais reservatérios, apresentando excelente
porosidade primaria preservada e porosidade secundaria desenvolvida por
dissolugdo eodiagenética e/ou mesodiagenética (Wright & Barnett, 2015;
Herlinger et al., 2017). Localmente, o tectonismo e a influéncia hidrotermal
geraram outros intervalos com qualidade excepcional de reservatorio, através da
criacao de porosidade secundaria por fraturamento e dissolugao (Nworie et al.,
2023; Wennberg et al., 2024; Mendes et., 2025; Menezes et al., 2025). Do ponto
de vista do arcabougo deposicional, essas litologias de alta qualidade ocorrem
principalmente em facies sismicas associadas a plataformas carbonaticas e
build-ups (acumulag¢des carbonaticas construtivas) alinhados as falhas, que
controlaram tanto a deposi¢ao original quanto os caminhos preferenciais para
circulagao de fluidos diagenéticos (Saller et al., 2016; Sommer et al., 2022;
Plawiak et al. 2024).
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5 SINTESE DOS PRINCIPAIS RESULTADOS E DISCUSSOES

As descobertas de hidrocarbonetos em rochas ressedimentadas do pré-
sal ampliam o potencial exploratério dos sistemas carbonaticos. Os depdsitos
carbonaticos lacustres sao altamente variaveis, podendo ter origem fisica
(produto da eroséo e deposigao), quimica (como precipitados a partir de fluidos
saturados), ou bioldgica. Depodsitos carbonaticos formados em condigdes
lacustres extremas de alcalinidade e salinidade ganharam destaque com a
exploracao dos reservatorios pré-sal. No entanto, ainda ha muitas questdes que
necessitam de detalhamento quanto a origem e evolugao do sistema lacustre e
dos seus depositos. A literatura sobre diagénese carbonatica é limitada quanto
aos processos afetando depdsitos lacustres, e quanto aos ambientes
diagenéticos afetados por influéncia hidrotermal e vulcanismo, que podem ser

fatores determinantes das caracteristicas unicas do pré-sal

O artigo 1 - Evolution of diagenesis and quality of pre-salt resedimented
deposits from the Buzios Field, Santos Basin, Brazil — apresentado integralmente
adiante, discute a evolugdo diagenética das rochas ressedimentadas da
Formacéao Barra Velha, Aptiano da Bacia de Santos no Campo de Buzios, e o
impacto da diagénese na qualidade daqueles reservatorios. Foram estudados
dois pogos, 9-BUZ-1-RJS e 9-BUZ-2-RJS, localizados nas regides central e sul
do referido Campo. Foram descritas quantitativamente 84 Iaminas. Para este

estudo ndo se teve acesso presencial aos testemunhos.

Os depositos ressedimentados estudados sao compostos essencialmente
por intraclastos de calcita formados pela fragmentacao dos esferulitos e shrubs
de calcita. Subordinadamente, ocorrem odides e peldides de argila magnesiana.
Os intraclastos variam de areia muito fina a seixo, com graus de arredondamento
e selecao variaveis. A compactacdo € o processo dominante na reducao da
porosidade primaria. Evidéncias de compactacdo incluem contatos céncavo-
convexos e suturados, fraturamento das particulas, estilolitos com
concentragbes residuais de matéria organica e dolomita microcristalina, e

descolamento dos envelopes de odides dos seus nucleos intraclasticos.
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A modificacdo diagenética da porosidade foi controlada principalmente
pela cimentacdo por dolomita e silica. A dolomita € o principal constituinte
diagenético, ocorrendo predominantemente como cristais blocosos que
substituiram os intraclastos de calcita e preencheram poros interparticulas, e
como dolomita em sela, preenchendo preferencialmente poros vugulares. A
dolomita blocosa precipitou antes da compactacdo, como evidenciado pela

ocorréncia de cristais ao longo dos contatos interparticula.

A silica representa o segundo principal constituinte diagenético. A silica
ocorre sob multiplas formas, como calceddnia, quartzo microcristalino,
flamboyant, prismatico e drusiforme. Silica criptocristalina comumente substituiu
remanescentes de matriz argilosa laminada e peldides argilosos. Evidéncias
indicam que parte significativa da silicificagcdo ocorreu durante a eodiagénese,
como demonstrado pela continuidade das franjas de calcedénia precipitadas em

torno das particulas antes da compactacdo mecanica.

Fases diagenéticas tardias (Fig.17) incluem barita, dawsonita, fluorita,
zedlita (analcima), dickita, dolomita em sela e calcita macrocristalina. Estes
minerais preencheram poros interparticulas, vugulares e fraturas. A dissolugao
tardia criou porosidade vugular, que foi comumente preenchida por cimentacao

subsequente, limitando sua contribui¢do para a qualidade dos reservatorios.

Os intervalos do reservatorio com melhor preservacao da porosidade sao
aqueles menos afetados pela compactacao e cimentacao, no qual a porosidade
atinge valores de até 30% e com dados de ressonancia magnética nuclear
consistentes que indicam sistemas porosos verticalmente continuos. A
heterogeneidade dos sistemas porosos nos depdsitos ressedimentados resulta
de trajetdrias diagenéticas distintas, com porosidade predominantemente
interparticula, intraparticula ou vugular, além de tipos menos comuns, como

porosidade maldica, intercristalina, intracristalina e de fratura.
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esperados para os depositos ressedimentados estudados (Trombetta et al.,2026).

A analise integrada da petrografia com os dados petrofisicos demonstrou
que entre todos os precipitados diagenéticos, a cimentagdo por silica teve o
impacto mais severo na conectividade dos poros e na qualidade dos
reservatorios, seguida pela dolomita blocosa. A distribuicdo de porosidade
versus permeabilidade (Fig. 18) revelou quatro grupos principais: (a) calcarenitos
com porosidade interparticula primaria preservada; (b) calcarenitos
compactados e/ou levemente cimentados, mas ainda mantendo boa
conectividade entre os poros; (c) calcarenitos dolomitizados, com porosidade
intercristalina preservada entre romboedros de dolomita; e (d) calcarenitos
silicificados, com porosidade obliterada e desenvolvimento de porosidade
moldica pouco efetiva.

Foi determinado que a evolugdo paragenética e a qualidade de
reservatorio dos depdsitos in situ e ressedimentados dependem de variaveis

distintas. Nos depdsitos in situ, a diagénese foi fortemente influenciada pelo
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conteudo de argilas e pelo grau de coalescéncia dos agregados de calcita
(esferulitos e shrubs). Em contraste, os depodsitos ressedimentados exibem
maior homogeneidade composicional e textural, o que simplifica sua
caracterizagdo como reservatorios. Entretanto, sua qualidade final de

reservatorio é diretamente controlada pela cimentagdo e compactacéo.
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Figura 18. Grafico de porosidade versus permeabilidade dos dados petrofisicos dos pogos 9-
BUZ-1-RJS e 9-BUZ-2-RJS Exibindo quatro populagbes de rochas: (a) calcarenitos pouco
modificados pela diagénese; (b) calcarenitos compactados e/ou pouco cimentados; (c)

calcarenitos dolomitizados; (d) calcarenitos silicificados. Trombetta et al. (2026).

O estudo de dois pogos do supergigante Campo de Buzios proporcionou
melhor entendimento dos processos, produtos e padroes de diagénese, e seus
impactos sobre a qualidade e heterogeneidade dos reservatérios dos depdsitos
ressedimentados, aspectos anteriormente muito pouco documentados e
discutidos. Ao esclarecer a importancia relativa destes processos diagenéticos,
este estudo forneceu uma estrutura para predizer a qualidade e heterogeneidade
de reservatérios ressedimentados do pré-sal, bem como ofereceu informagdes

que podem ser aplicaveis a sistemas lacustres alcalinos em todo o mundo.
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O artigo 2 - Diagenetic evolution and reservoir quality of Aptian lacustrine
reworked carbonates from the Santos Basin, Brazilian pre-salt — apresentado
integralmente adiante, discute os padrdes diagenéticos e seus controles sobre a
qualidade de reservatorio dos depdsitos retrabalhados da Formagao Barra Velha
através da anadlise integrada de petrografia, inclusdes fluidas, petrofisica e
microtomografia computadorizada. A pesquisa foi desenvolvida em sete pogos
de trés campos petroliferos da Bacia de Santos. Petrofacies de reservatério
foram definidas de acordo com os principais controles sobre a evolugdo da

porosidade, que compreenderam dolomitizagao, silicificacdo e compactacgao.

Os resultados demonstraram que a precipitacdo de dolomita e silica
ocorreu de forma multifasica, conforme evidenciado pelas relagdes
paragenéticas e pelos dados de inclusdes fluidas que revelaram aprisionamento
heterogéneo com amplos intervalos de temperatura de homogeneizagéo (Fig.
19). A dolomita blocosa precipitou tanto antes quanto depois da compactacao,
enquanto a dolomita em sela precipitou durante o soterramento. Pelo menos
duas fases de silicificacdo eodiagenética ocorreram, seguidas por precipitagcao
tardia de quartzo macrocristalino. O tempo relativo entre a compactacao e a
precipitacdo eodiagenética de dolomita, silica e calcita € o principal controle na
qualidade destes reservatérios. Os processos mesodiagenéticos e hidrotermais

tiveram influéncia subordinada sobre a evolucéo da porosidade.

A dolomita € o principal constituinte diagenético em seis dos sete pogos
estudados, ocorrendo tanto como constituinte intraparticula substituindo
intraclastos de calcita, quanto preenchendo porosidade interparticula. A dolomita
blocosa também & comumente observada substituindo a matriz argilosa e
pseudomatriz. As formas de silica incluem silica criptocristalina, quartzo
microcristalino, calcedénia e quartzo macrocristalino, em mosaico grosso,

prismatico e drusiforme.

A analise de inclusdes fluidas foi fundamental para compreender a
evolugdo diagenética. Foram realizadas 109 determinagdes de temperatura de

homogeneizagdo em quartzo prismatico, dolomita blocosa, dolomita de
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substituicdo de matriz, dolomita em sela e calcita macrocristalina. Pelo menos
duas fases de silicificagdo ocorreram durante a eodiagénese e outra fase de
silicificagdo ocorreu durante a diagénese tardia. A presenca de uma assembleia
de inclusdes fluidas de gas condensado coexistindo com déleo leve e com fluidos
aquosos salinos em inclusbes monofasicas e bifasicas indica aprisionamento
durante a eodiagénese. Um segundo estilo de silicificagdo que ocorreu durante
o estagio eodiagenético pode estar ligado a percolagdo rasa de fluidos
hidrotermais. Abundantes inclusdes de 6leo e algumas ocorréncias de inclusdes
aquosas pseudosecundarias heterogéneas em cimentos precoces sdo comuns
em certas profundidades analisadas, particularmente dentro do quartzo

prismatico e da calcedbnia eodiagenéticos de preenchimento de poros.

Foram definidas petrofacies de reservatorio de acordo com a combinacgao
das principais caracteristicas diagenéticas e de porosidade. As amostras foram
classificadas com sufixos indicando o processo principal de redugdo de
porosidade: compactacao, dolomita, silica ou calcita. Em rochas silicificadas, a
dissolucdo formou porosidade intraparticula e moldica pouco conectada,
resultando em baixos valores de permeabilidade. Em rochas cimentadas por
dolomita, a dissolugdo das particulas localmente formou porosidade vugular,
devido a porosidade intercristalina entre os cristais de dolomita. A petrofacies
parcialmente compactada IntracCompPor retém entre 10% e 15% de
porosidade, representando um grupo com os segundos valores mais altos de
permeabilidade. Uma explicagcdo plausivel é que nessas rochas compactadas
sem cimentagao, a porosidade interparticula nao foi obliterada; em vez disso, a

compactacgao principalmente aumentou a tortuosidade da rede porosa.
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Figura 19. A) Sequéncia paragenética dos depdsitos ressedimentados da Formacgado Barra
Velha. A espessura das linhas corresponde a intensidade ou abundancia dos processos e
produtos. As gotas azuis representam os valores de temperatura da microtermometria de
inclusdes fluidas aquosas para as condi¢cdes originais de precipitagdo mineral, e as gotas
marrons representam inclusdes fluidas de 6leo. (B) Dolomita blocosa intergranular pré-
compactacdo. Polarizadores descruzados (//P). (C) Dolomita blocosa intergranular sin-
compactagado e poés-compactagao (//P). (D) Cimentagdo eodiagenética pré-compactacado por
quartzo microcristalino. Porosidade intraparticula. (/P). (E) Cimentagcdo pré-compactagao por
calcedbnia impregnada por dleo. Porosidade intraparticula. (//P). (F) Quartzo prismatico
preenchendo fratura em rocha previamente cimentada por quartzo microcristalino. Polarizadores
cruzados (XP). (G) Calcita macrocristalina preenchendo a porosidade intergranular no Pogo A2
(//P). Trombetta et al. (2026).
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A cimentacéo por silica resultou em petrofacies que, mesmo com volume
de poros interparticulas moderado, entre 10 e 15%, mostram valores de
permeabilidade baixos a moderados. Algumas exceg¢des ocorrem onde a
porosidade vugular associada a fraturamento conectou a porosidade maldica e
intraparticula, formando rochas silicificadas com sistemas porosos bem
conectados. A cimentacgao e substituicdo precoce por silica tornou essas rochas
mais frageis e suscetiveis ao fraturamento. O fraturamento criou areas com
permeabilidade significativamente aumentada. Em locais onde fluidos corrosivos
percolaram, foi formada porosidade de canal e vugular. Entretanto, a ocorréncia
de poros vugulares totalmente cimentados por silica drusiforme € comum nessas
rochas, evidenciando mais de uma fase de silicificagdo e o impacto complexo

dos processos de silicificagdo sobre a qualidade dos reservatérios do pré-sal.

As rochas retrabalhadas da Formacéao Barra Velha foram particularmente
mais suscetiveis a compactagdo do que as rochas in situ, cujo arcabougo
originalmente mais estavel preveniu processos de compactagdo mais intensos.
A constatacdo de que as rochas retrabalhadas foram mais suscetiveis aos
efeitos de compactagcdo do que as rochas in situ, que apresentam melhor
potencial de qualidade de reservatério em algumas areas devido ao arcabougo
cristalino relativamente mais estavel, tem implicagbes importantes para a
exploragdo. Cimentacao parcial por calcita, dolomita ou quartzo, seja como
franjas ou como cristais discretos, comumente permitiu a preservagado de
porosidade interparticula ao impedir o desenvolvimento de compactacgao intensa.
Petrofacies afetadas principalmente por cimentacdo interparticula, ou
substituicdo precoce da matriz argilosa por dolomita ou silica, mostram

permeabilidade diminuida devido ao isolamento dos poros.

A integracdo de dados petrograficos, petrofisicos e de microtomografia
computadorizada revelou padrées importantes. A analise de micro-CT permitiu
a visualizagao tridimensional dos sistemas porosos e sua relagdo com os
constituintes diagenéticos. As reconstrugcées 3D confirmaram que a petrofacies
IntracPor apresenta excelente conectividade porosa, com poros interparticula



87

&
Programa de Pas-Graduacio UFiGs .@i 9

”~
GE[I EIE" CI Hs UNIVERSIDADE FEDERAL Geociéncias

DO RIO GRANDE DO SUL

bem preservados. Em contraste, a petrofacies IntracSil mostra porosidade
predominantemente méldica e intraparticula, com conectividade reduzida devido
a cimentacao por silica. A petrofacies IntracCompDol apresenta sistemas
porosos complexos, com porosidade intercristalina entre cristais de dolomita

contribuindo para a permeabilidade, embora em valores moderados.

As principais conclusdes deste estudo demonstram que por meio de uma
abordagem multi-metodoldgica foi possivel caracterizar com sucesso petrofacies
de reservatério com trajetorias evolutivas distintas e qualidade diferencial dentro
dos depdsitos retrabalhados da Formagéo Barra Velha (Fig. 20). A metodologia
de petrofacies de reservatorio parece crucial para a compreensdo dos
reservatorios heterogéneos do pré-sal, apesar da composicao textural e
mineralogica primaria relativamente simples das rochas retrabalhadas. O estudo
confirmou que o tempo relativo entre a compactagcdo e a precipitacdo de
dolomita, silica ou calcita eodiagenéticas determina a qualidade de reservatorio
das rochas retrabalhadas da Formacdo Barra Velha, enquanto processos
mesodiagenéticos ou hidrotermais tardios exerceram menor influéncia sobre a

evolugdo da porosidade das rochas intraclasticas.

Diante desse contexto, o estudo apresentado no artigo 2 propbs a
utilizacao de petrofacies de reservatério como uma abordagem mais robusta e
integrada para a classificagdo das rochas ressedimentadas da Formacéao Barra
Velha em um foco voltado a exploragdo de hidrocarbonetos. A definicdo das
petrofacies, fundamentada na integragcdo entre textura e composi¢cao
deposicionais, processos diagenéticos dominantes e atributos petrofisicos,
permite uma melhor compreensao dos controles sobre a qualidade dos
reservatorios e fornece subsidios mais consistentes para a predicdo de

heterogeneidades em modelos geoldgicos e de simulagao.
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Figura 20. Esquema da evolucédo diagenética dos depdsitos ressedimentados e das petrofacies.
Trombetta et al. (2026).

Mais avancos na compreensao dos depositos ressedimentados podem se
beneficiar de estudos complementares aos realizados nesta tese. Uma maior
precisao da relagdo temporal entre eodiagénese, soterramento, hidrotermalismo
e geragao de hidrocarbonetos podera ser alcangcada através de estudos
integrando inclusdes fluidas, geoquimica isotépica e modelagem da historia
térmica. O detalhamento quanto a paragénese, a caracterizagdo multiescala das
heterogeneidades, integrando dados petrograficos, dados de pogos e atributos
sismicos, podera contribuir para a compreensao da distribuicdo dos processos

diagenéticos e das propriedades petrofisicas. A integracao destes elementos em
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modelos deposicionais-diagenéticos preditivos sera essencial para reduzir

incertezas na exploragao e desenvolvimento de reservatérios do pré-sal.
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CONSIDERAGOES FINAIS

Este estudo avanga no conhecimento sobre os reservatorios carbonaticos
do pré-sal ao identificar os controles especificos sobre a evolugio
diagenética e porosidade nos depdsitos ressedimentados, demonstrando
que esses controles diferem dos depdsitos in situ, que foram até agora mais
amplamente estudados.

A abordagem integrada da petrografia com analises complementares de
epifluorescéncia ultravioleta, catodoluminescéncia, e inclusbes fluidas
relevou a natureza multifasica da dolomitizacdo e da silicificacdo dos
depdsitos ressedimentados dos pré-sal Aptiano da Bacia de Santos. A
caracterizagao dos produtos e processos diagenéticos contribui para refinar
os modelos da evolugao diagenética destes e de outros sistemas lacustres
alcalinos similares. Além disso, a integragdo da petrografia com dados de
petrofisica e microtomografia de raios-X permitiu compreender e relacionar
0 impacto dos principais processos diagenéticos na qualidade desses
reservatorios.

O presente estudo detalhou o papel da compactagdo nos depdsitos
ressedimentados carbonaticos, demonstrando que depdsitos carbonaticos
particulados, sem matriz argilosa deposicional e sem intensa cimentagéo
eodiagenética, podem preservar porosidade efetiva mesmo sob
compactacao significativa.

A utilizacado do conceito de petrofacies de reservatério mostrou que as facies
deposicionais tem pouca capacidade de predicdo da qualidade de
reservatorio, e que essa abordagem pode ser aplicada com melhor resultado
na previsao e modelagem da qualidade dos campos petroliferos do pré-sal.
O continuo avango no entendimento da diagénese dos carbonatos do pré-
sal é fundamental ndo apenas para otimizacdo da exploracido e producéo
destes importantes reservatérios, mas também para a compreensédo de

outros sistemas carbonaticos lacustres alcalinos similares.
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Abstract

The South Atlantic Aptian pre-salt carbonates are the most productive lacustrine
reservoirs in the world due to their large thickness, extensive distribution, and
excellent quality, especially in the Buzios Field of the Santos Basin. Pre-salt
resedimented deposits were formed by the erosion and redeposition of in situ
lacustrine carbonate deposits, composed of fascicular and spherulitic calcite
aggregates, magnesian clay, ooids, and peloids. The results show that
compaction is the dominant process reducing primary porosity. Diagenetic
modification of the pore network is mainly controlled by dolomite and silica
cementation. Blocky dolomite commonly replaces calcite allochems and fills
interparticle pores, whereas saddle dolomite preferentially fills vuggy pore space.
Silica occurs first as chalcedony rims and replacive fabrics and later as
macrocrystalline quartz that fills remaining pore volume. The best-preserved
reservoir intervals are those less affected by compaction and cementation, where
porosity reaches values up to 30% and NMR data indicate laterally continuous
and well-connected pore systems. Among all diagenetic precipitates, silica
cementation has the most severe impact on pore connectivity and reservoir
quality, followed by blocky dolomite. These findings demonstrate that

understanding the controls, distribution, and products of diagenesis in
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resedimented pre-salt carbonates is essential for reservoir quality prediction in
Buzios and provides a basis for interpreting similar alkaline lacustrine carbonate

systems.

Keywords: resedimented carbonates; diagenesis; pre-salt; Santos Basin; Barra

Velha Formation

INTRODUCTION

Pre-salt lacustrine carbonate rocks constitute some of the most important
hydrocarbon reservoirs worldwide. These deposits accumulated during the
Aptian in a highly alkaline lacustrine system, comprising a variety of in situ and
resedimented carbonate deposits associated with Mg-clays (e.g. Wright and
Barnett 2015; Herlinger et al. 2017). Within this context, the resedimented pre-
salt lacustrine deposits of the Santos Basin stand out for their significant
thickness (reaching decametric scales in some locations) and lateral extent (e.g.,
Ferreira et al. 2019; Barnett et al. 2021; Carvalho et al. 2022; Rebelo et al. 2022,
Sommer et al. 2022). The resedimented deposits from the Buzios Field in the
Santos Basin present excellent porosity and permeability values, although with
heterogeneous and anisotropic depositional and diagenetic patterns (Ferreira et
al. 2019; Tavares dos Santos and Gordon 2021).

The resedimented deposits of the Barra Velha Formation are composed
essentially of calcite intraclasts derived from the fragmentation of shrubs and
spherulitic calcite aggregates (Medeiros et al. 2024; Altenhofen et al. 2024).
Subordinate to the calcite intraclasts, ooids and peloids of magnesian clay
minerals, and other associated materials commonly occur. Typically, intraclastic
lacustrine deposits are thinner compared to similar deposits formed in marine
environments (Olsen 1990; Olariu et al. 2021). One of the reasons why
resedimented deposits are limited in lacustrine environments is largely attributed
to the typically limited action of wind, waves, and currents in lake environments.

However, the resedimented deposits in the Barra Velha Formation were formed
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by distinct depositional processes primarily controlled by lake paleotopography.
The literature published to date attributes the deposition to wave-reworked
carbonate fan-delta shorelines and coarse deposits from subaerial
disaggregation of shrub mounds along faulted margins (Barnett et al. 2018, 2021;
Wright 2022) deposits formed by wave and currents activity with tractive
structures (Saller et al. 2016; Carvalho and Fernandes 2021; Medeiros et al.
2024), and widespread massive deposits attributed to internal wave redistribution

in stratified lacustrine systems (Altenhofen et al. 2024).

In addition to the depositional characteristics of resedimented deposits
(composition, sorting, distribution, thickness) being favorable for their excellent
reservoir properties, diagenetic evolution has also played a key role in preserving
or enhancing porosity. The diagenetic modifications of in situ deposits in pre-salt
have been addressed in many recent studies (e.g., Azerédo et al. 2021; Wright
2022; Carvalho et al. 2022; Schrank et al. 2024), while the diagenetic evolution

and heterogeneity of the resedimented deposits remain largely unexplored.

Diagenesis in the Barra Velha Formation is characterized by strong
mechanical compaction, selective dissolution, and multiple stages of carbonate
and silica cementation, strongly influenced by evolving lacustrine chemistry and
evaporitic conditions (Rossoni et al. 2024; Pietzsch et al., 2018 2020; Azerédo et
al. 2021). Multiple studies have highlighted silicification as a major porosity-
reducing process (e.g., Basso et al. 2023; Carvalho et al. 2022), while
dolomitization shows variable impacts on reservoir quality depending on volume
and distribution (Carvalho and Fernandes 2021; Azerédo et al. 2021). Rossoni et
al. (2024) emphasized the significant role of mechanical compaction in the
diagenetic evolution of in situ deposits. These diagenetic alterations redistributed
porosity, creating a heterogeneous petrophysical framework where enhanced
reservoir intervals are commonly associated with dissolution and late-stage

porosity preservation.

This research aims to understand the diagenetic alterations in the
resedimented deposits and assess their impact on reservoir quality in the
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supergiant Buzios Field, since this field hosts the largest oil reserves in the
Santos Basin with an average daily production of 666.6 thousand barrels per day
between January and July 2024 (Mbbl/d; ANP 2025a). Our observations present
important implications for the pre-salt resedimented deposits of the Buzios Field,
which can be applied in other pre-salt fields, given the wide distribution of these

rocks, in addition to analogous deposits elsewhere.

GEOLOGICAL CONTEXT
Santos Basin

The Santos Basin, located on the southeastern Brazilian continental
margin, covers an area of approximately 350,000 km?, down to the bathymetric
level of 3,000 m (Moreira et al. 2007). The basin is separated from the Campos
Basin to the north by the Cabo Frio High, and from the Pelotas Basin to the south
by the Floriandpolis High (Moreira et al. 2007; Carlotto et al. 2017). Like other
basins along the eastern Brazilian margin, the Santos Basin originated during the
opening of the South Atlantic Ocean. The rift phase was diachronous, starting in
the south and propagating northward through extensional tectonics (Chaboureau
et al. 2013).

The sedimentary infill of the Santos Basin is divided into three
supersequences: rift, post-rift (sag), and drift (Moreira et al. 2007; Fig. 1). During
the rift phase (Hauterivian to lower Aptian), accommodation was created by
extensional tectonics. The rift supersequence is subdivided into lower and upper
intervals (Moreira et al. 2007). In the lower rift interval, extensive basaltic
volcanism formed the Camboriu Formation (Dias 2005; Quirk et al. 2013). During
the upper rift interval, deep half-grabens were infilled with alluvial siliciclastic
sediments and lacustrine deposits of kerolite-stevensite ooids from the Pigarras
Formation, bivalve bioclastic limestones ("coquinas"), and organic-rich shales of

the lItapema Formation (Szatmari and Milani 2016).
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Figure 1. Simplified chronostratigraphic chart of the Lower Cretaceous section of Santos Basin
(modified from Moreira et al., 2007). The Barra Velha Formation, highlighted in grey, is the study

unit. Local ages: 1- Rio da Serra; 2- Aratu; 3- Buracica; 4- Jiquia; 5- Alagoas.

The transition to the post-rift sag phase marks a major paleoenvironmental
change, represented by the Barra Velha Formation. This unit is bounded at the
base by the Pre-Alagoas Unconformity and at the top by the salt base
unconformity (Moreira et al. 2007). The Pre-Alagoas Unconformity marks a
regional uplift and erosion phase of intense paleoenvironmental change, dividing
the ltapema freshwater lacustrine system from the highly alkaline lake deposits
of the Barra Velha Formation (Moreira et al. 2007). The unusual in situ Barra
Velha Formation deposits are constituted by spherulitic and fascicular calcite
aggregates precipitated in a magnesian clay matrix (Lima and De Ros 2019).
They were initially interpreted as microbial stromatolites (Moreira et al. 2007;
Terra et al. 2010) but were later reinterpreted by several authors as products of
chemical abiotic precipitation (e.g., Wright and Barnett 2015; Wright and
Rodrigues 2018; Farias et al. 2019; Gomes et al. 2020; Pietzsch et al. 2020; Netto
et al. 2022; Wright 2022; Schrank et al. 2024). Intervals of calcarenites and
calcirudites formed through erosion, transport, and redeposition of the original

chemically precipitated carbonates, representing the resedimented deposits of
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the Barra Velha Formation (Barnett et al. 2021; Medeiros et al. 2024; Altenhofen
et al. 2024).

The subsequent late Aptian marine invasion led to deposition of the thick
Ariri evaporite succession under arid conditions (Davison 2007). This salt layer,
which locally exceeds 2 km, not only provides an efficient regional seal but can
locally act as a thermal conductor, creating a relatively cool geothermal regime
that retarded organic maturation and diagenesis beneath it (e.g., Jones and Xiao
2013; Lima et al. 2020; Strugale et al. 2024; Schmidt et al. 2025).

Buzios Field

The Buzios Field is a supergiant oil field located approximately 180 km off the
coast of Rio de Janeiro in the ultra-deepwater northern Santos Basin, at a water
depth of 2,000 meters (Fig. 2). It was discovered by the exploration well 2-ANP-
1-RJS, drilled by Petrobras in 2010 (Rosa and Silva 2022). The Buzios Field
exhibits an estimated volume of oil in place (VOIP) of approximately 29,4 billion
barrels (ANP 2025b), representing one of the largest hydrocarbon accumulations
in the Santos Basin pre-salt province. The field lies within the Outer High of the
Santos Basin, a structurally uplifted region that has remained elevated since the
rift phase (Gomes et al. 2013). The structural framework of the Buzios Field is
characterized by horsts, grabens, and half-grabens, which are interpreted as the

result of a complex transfer zone (Tavares dos Santos and Gordon 2021).

In the Buzios Field, carbonate build-ups are interpreted as forming on
structural highs associated with major faults, indicating that carbonate deposition
was closely linked to fault activity (Ferreira et al. 2019). The Outer High provided
favorable conditions for lacustrine carbonate sedimentation due to its significant
distance from the margin, which restricted clastic influx (Gomes et al. 2013). The
evolution from orthogonal extension during the rift stage to oblique Aptian

deformation during post-rift thinning generated steep bathymetric gradients and
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structural instability (Siqueira et al. 2024), conditions that enhanced erosion,

gravitational remobilization, and redeposition of the in situ rocks.
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Figure 2. Location map of Buzios Field. (a) Location of Santos Basin in the Brazilian eastern
margin. (b) Location of the Buzios Field (orange) in the Santos Basin, about 180 km from Rio de
Janeiro State. (c) Location of the studied wells in blue (9-BUZ-1-RJS and 9-BUZ-2-RJS). (D)
Sketch of an interpreted seismic line A—A' near the wells studied over Buzios field. The position
of the seismic section is highlighted in a white line on figure C (modified from Siqueira et al.,
2024).

The Barra Velha interval in Buzios reaches 200—400 m over structural
highs and up to 850 m along flanks (Tavares dos Santos and Gordon 2021).
Carbonates were deposited either along ramp-like areas between the structural

highs (Tavares dos Santos and Gordon 2021) or as wide carbonate "platforms"
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(Siqueira et al. 2024). This structural and depositional configuration explains the
abundance and reservoir relevance of resedimented deposits in the Buzios Field.
Therefore, the interplay between tectonics, carbonate precipitation style,
depositional setting, and early basin subsidence is central to understanding the
origin and distribution of resedimented deposits in the Barra Velha Formation,

particularly in the Buzios Field.

Besides oblique post-rift tectonic deformation, the Buzios Field is relatively
more proximal to the coastline and exhibits a thinner and less mobilized salt
package than the Tupi and Sapinhoa/Lapa areas to the south (Costa et al. 2023).
Although the pre-salt reservoirs are commonly over-pressured (reducing the
effective stress), pressure gradient analyses indicate significant connectivity
within the Buzios field, demonstrated by the maintenance of the pressure gradient

slope even with advancing production (Silva 2024).

METHODS

Quantitative petrographic analysis was conducted on 84 thin sections of
resedimented deposits selected from the 9-BUZ-1-RJS (12 of 74 thin sections)
and 9-BUZ-2-RJS (72 of 189 thin sections) wells of the Buzios Field. The
quantitative petrography was performed in intervals corresponding to the cores
that were sampled from the core wells. The sidewall samples were also classified
qualitatively using micrographs provided by the National Petroleum Agency
(ANP). The location of the cores and sidewall samples is shown in Figure 8. By
ANP standard, sampling for the preparation of petrographic slides is commonly

carried out using an average interval of 30 cm.

Before petrographic description and quantification, the thin sections were
stained with alizarin red-S and potassium ferricyanide to differentiate carbonate
minerals (Dickson 1965). Modal compositions were obtained by counting 300
points per thin section, following transects perpendicular to the rock depositional

structure, and acquired and stored using Petroledge® software (De Ros et al.
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2007). The samples were classified according to the De Ros and Oliveira (2023)
system for Aptian pre-salt deposits. A polarized light optical microscope, Leica
DM750P, was used for petrographic analyses and photomicrographic acquisition

at the Geosciences Institute of the Federal University of Rio Grande do Sul.

Selected thin sections were examined with UV-epifluorescence to reveal
organic and clay remnants, diagenetic relations, and crystal zonation.
Fluorescence microscopy was performed using a ZEISS Axio Imager A2
microscope equipped with a ZEISS HXP 120 V metal halide fluorescence light
source and a Zeiss ultraviolet set 02 (excitation G 365 nm, beamsplitter FT 395
nm, emission LP 420 nm) and blue-cyan Lumar 09 (excitation BP 450—-490 nm,

emission LP 515 nm) filters.

Log data and routine core analysis (RCA) were provided by the National
Petroleum Agency (ANP). Eleven RCA from well 9-BUZ-1-RJS and 65 from well
9-BUZ-2-RJS were used and integrated with petrographic results. Petrographic
data was integrated with geophysical and lithological logs to identify patterns and
correlations among petrographic, sedimentological, and reservoir quality
characteristics. The T2 cutoff value used for the NMR free fluid porosity was 92
ms, which represents a commonly applied standard for carbonate rocks (Coates
et al. 1999). The Techlog QuantiElan module (Techlog® software) was employed

to generate the mineral fraction log.

RESULTS

Both wells lie adjacent to rift-related fault systems that controlled
accommodation and depositional architecture across the field. Well 9-BUZ-2-RJS
is positioned on a structurally elevated basement block where volcanic rocks of
the Picarras Formation are absent, whereas 9-BUZ-1-RJS in a downthrown block
characterized by a thick volcanic package at the base of the succession. Despite

these contrasting structural and volcanic frameworks, both wells display
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comparable salt thicknesses cover, with 9-BUZ-1-RJS recording approximately
3000 m and 9-BUZ-2-RJS about 2500 m.

Petrographic analysis of the basal deposits of the Barra Velha Formation
in wells 9-BUZ-1-RJS and 9-BUZ-2-RJS shows that the interval is dominated by
laminated, dolomitized, and silicified mudstones (sensu De Ros and Oliveira
2023), locally interbedded with ooidal calcarenites and sparse microbial nodules
with cryptocrystalline clotted textures. In the two studied wells of the Buzios Field,
the unconformable limit between the Itapema and the Barra Velha Formation is
unclear. Castro (2019) identifies a muddy interval, termed the 'Jiquia Shale,' that
separates the coquinas of the Itapema Formation from the Mg-clays and
carbonate deposits of the Barra Velha Formation across several wells in the
Buzios Field. This interval exhibits characteristically high gamma-ray values and
elevated microporosity on NMR logs. The microporosity in NMR logs corresponds
to the difference between free fluid porosity and effective porosity. The thickness
of this high gamma-ray interval varies between wells: approximately 25 meters in
well 9-BUZ-1-RJS and 40 meters in well 9-BUZ-2-RJS (Fig. 3).

Although Castro (2019) and Castro and Lupinacci (2022) placed the ‘Jiquia Shale’
interval at the top of the Itapema Formation, its occurrence in several wells in the
Buzios field suggests that it can correspond to the base of the Barra Velha
Formation. This reinterpretation is supported by regional correlations, as the
continuity of this interval across the Congo, Kwanza, Cabinda, and Gabon basins
(Sabato Ceraldi and Green 2017), suggesting a continuous lacustrine system
during the early sag phase that contrasts with the underlying rift system. Further
petrographic evidence, such as the absence of bivalve bioclasts typical of the
ltapema Formation, and the presence of spherulitic and fascicular calcite
expanding and replacing the mudstone and encrusting the microbial nodules (Fig.
3, pink arrow) reinforces its attribution to the basal Barra Velha Formation.

The absence of clear patterns in the gamma-ray log of 9-BUZ-1-RJS and
9-BUZ-2-RJS wells (Fig. 3) is attributed to the low potassium content in the
magnesian clays of the Barra Velha Formation (Herlinger et al. 2020). Variations
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in the gamma rays in the carbonate-clay interval are primarily linked to variations
in uranium content. In contrast, the base of the Barra Velha Formation is
characterized by a mudstone interval with high gamma-ray values, indicating a

compositional difference from the overlying unit.

Owing to wettability issues (Herlinger et al. 2023), resistivity values can be
erratic in the pre-salt reservoirs. Nevertheless, the lack of significant cementation
and porosity variation related to an oil/water contact inferred in 9-BUZ-2-RJS well
may be related to a late changes of the contact position, or to inhibited diagenesis
within a reservoir compartment, but this is contradicted by the excellent pressure
communication indicated by the maintenance of the pressure gradient slope even

with advancing production (Silva 2024).

The mineral fraction log in the 9-BUZ-2-RJS well shows more intense
alteration by silicification processes at the top of the Barra Velha Formation.
Petrographic quantification confirms the calculated mineral composition, showing
common occurrence of crystalline or diagenetically altered rocks (cherts and
dolostones) in the uppermost core 1 of the 9-BUZ-2-RJS well. In correlation with
the silica distribution, the log “shale” content also increases towards the top of the
unit, while the dolomite content remains consistently distributed throughout the

entire interval.
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Figure 3. Integrated logs of the Barra Velha Formation in the studied wells with the position of
the studied cores and the sidewall samples. The photomicrographs evidenced in 9-BUZ-1-RJS
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well refer to the first occurrence of spherulitic calcite expanding and replacing the mudstone
deposits at the Barra Velha interval. Petrophysical logs displayed are: Gamma Ray (GR), Caliper
(CALI), Potassium (POTA, %), Thorium (THOR, ppm), Uranium (URAN, ppm), NMR Total
Porosity (nmrTT), NMR Effective Porosity (nmrEFF), NMR Free-Fluid Porosity (nmrFF), and
Deep/Medium/Shallow Resistivity (RT10, RT30, RT90; ohmm).

Primary structures, textures and constituents

The resedimented deposits from wells 9-BUZ-1-RJS and 9-BUZ-2-RJS
consist of massive or irregularly laminated calcirudites (Fig. 4a), arenaceous
calcirudites, rudaceous calcarenites, slightly rudaceous calcarenites, and
calcarenites (Fig. 4b; sensu De Ros and Oliveira 2023). In addition to these
lithologies, the resedimented deposits also include hybrid rocks composed of
carbonate intraclasts mixed with clay peloids and ooids (carbonate-silicate hybrid
composition; Fig. 4c). Furthermore, laminated deposits characterized by the
intercalation of carbonate particle layers with in situ syngenetic fascicular

carbonate crusts also occur (Fig. 4d).
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Figure 4. Primary compositional and textural characteristics of the studied deposits. (a)

Arenaceous calcirudite composed by fascicular and microcrystalline intraclasts and clay ooids
replaced by microcrystalline calcite (1), commonly detached from the ooid nucleus (2).
(Uncrossed polarizers; //P). (b) Well-sorted, fine-grained calcarenite (//P). (c) Fine-grained
calcarenite with levels of intraclasts intercalated with clay levels replaced by dolomite (3) (/P). (d)
In situ laminated level (4) intercalated between two redeposited layers (/P). (e) Ooid with

reworked nucleus with ostracod (5) and clay envelopes replaced by microcrystalline calcite (//P).
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(f) Ooid with a silica lithoclast nucleus with calcite-cemented bioclastic molds from the Itapema

Formation (6). Samples rich in ooid with microbial intraclast nucleus (7).

The particles consist of spherulites and shrubs calcite intraclasts, micro-
and macrocrystalline calcite intraclasts, dolomitic and microbial intraclasts, single
and composite clay ooids, peloids, and fragments of ostracod and phosphatic
bioclasts (Table 1). Additionally, intraclasts composed of multiple particles (such

as intraclasts, clay ooids, peloids, and bioclasts) are also found.

Table 1. Quantitative data of the main primary constituents.

9-BUZ-1-RJS 9-BUZ-2-RJS
Primary constituents Maximum Maximum
Average (%) Average (%)
(%) (%)

Carbonate fascicular intraclast 0.56 3.00 19.40 64.67
Microcrystalline carbonate intraclast 18.86 42.00 7.65 52.00
Carbonate spherulitic intraclast 0.14 1.33 3.59 32.67
Clay ooid 11.92 41.33 217 41.33
Coarse crystalline carbonate

ntraclast 1.75 6.33 212 12.00
Carbonate sand intraclast 9.50 21.67 1.00 9.67
Ostracode bioclast 3.58 8.33 0.14 1.67
Dolomite carbonate intraclast 0.00 0.00 0.12 4.67
Clay peloid 0.00 0.00 0.04 1.00
Microbial carbonate intraclast 4.58 22.00 0.03 2.33
Silicatic syngenetic clay matrix 0.00 0.00 0.01 1.00
Chert rock fragment 0.06 0.67 0.00 0.00
Detrital quartz monocrystalline 0.22 1.00 0.00 0.00

The intraclasts are commonly rounded to sub-rounded and poorly to well-
sorted, ranging from very fine sand to pebble size. The internal texture of
spherulitic calcite intraclasts consist of radially arranged fibrous crystals forming

spherical to sub-spherical aggregates. Calcite shrub intraclasts present
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asymmetrical and elongated morphology and are characterized by bush-like
fascicular calcite aggregates. Shrubs, spherulites, and microcrystalline calcite
intraclasts also occur as nuclei of ooids enveloped by thin Mg-clay coatings. The
clay ooids found are spherical to subspherical, with concentric envelopes of clay
minerals around diverse carbonate intraclast nuclei. Samples located at the base
of the Barra Velha Formation (9-BUZ-1-RJS core) exhibit an abundance of
microbial intraclasts and ooids with microbial intraclastic nuclei. Intraclasts
formed by the erosion of microbial deposits exhibit the characteristic grumose
texture. Clay peloids are rare in the samples described. They consist of rounded
silt- to fine sand-sized grains composed of clay minerals and generally lack

internal structures.

The peloids and the clay envelopes of ooids were largely replaced by
microcrystalline calcite (Fig. 4e). They are commonly abraded by reworking,
detached from the nuclei by shrinkage or compaction, or dissolved. Their original
magnesian clay composition (Carramal et al. 2022) was not preserved in the
analyzed samples. Some ooids display nuclei made of silica lithoclasts with
bivalve shells that originated from the underlying Itapema Formation deposits
(Fig. 4f). Silica lithoclasts are rarely found at the base of well 9-BUZ-1-RJS.
Ostracod and phosphate bioclasts are the only bioclastic constituents described,
besides spherical microorganisms, probably unicellular algae or bacteria, that are

preserved within the intraclasts.

Laminated clay and peloidal matrix fill the interstitial space in some of the
described samples. The scarce matrix present in the resedimented deposits
rocks was extensively replaced by dolomite and cryptocrystalline silica. In most
cases, the replacive cryptocrystalline silica preserves the yellowish color and
lamination of the silicate matrix under plane-polarized light; however, it appears
isotropic under crossed polarizers. In some samples, fascicular calcite occurs as
thin, continuous laminations that encrust the underlying particulate carbonate

deposits.

Diagenetic processes and constituents
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The analyzed calcarenites and calcirudites were affected by compaction,
dissolution, dolomitization, silicification, and cementation by dolomite, silica,
calcite, pyrite, barite, fluorite, zeolite, dawsonite, and dickite. Table 2 summarizes
the main diagenetic constituents and their location related to the rock fabric:
intraparticle, interparticle, or non-selective. Evidence of compaction processes
includes concave-convex and sutured interparticle contacts, particle fracturing
(Fig. 5a), stylolites with residual concentrations of less soluble materials (mainly
pyrite, organic matter, and dolomite; Fig. 5b), and detachment of envelopes from

the ooid nuclei (Figs. 5c, d).

Table 2. Quantitative data of diagenetic constituents.

9-BUZ-1-RJS 9-BUZ-2-RJS
Primary constituents Average Maximum Average Maximum
(%) (%) (%) (%)
Calcite Total 32.47 72.00 6.36 45.65
Calcite interparticle 8.75 34.99 3.37 30.01
Calcite intraparticle 23.72 67.00 2.83 35.99
Calcite non-fabric selective 0.00 0.00 0.16 2.67
Dolomite Total 1.92 23.00 30.07 89.01
Dolomite interparticle 0.92 11.00 6.51 25.34
Dolomite intraparticle 1.00 12.00 23.07 81.34
Dolomite non-fabric selective 0.00 0.00 0.49 20.33
Saddle dolomite Total 0.00 0.00 1.53 26.67
Saddle dolomite interparticle 0.00 0.00 0.85 23.00
Saddle dolomite intraparticle 0.00 0.00 0.63 17.67
Saddle dolomite non-fabric
selective 0.00 0.00 0.05 2.00
Chalcedony Total 0.00 0.00 5.02 57.33
Chalcedony interparticle 0.00 0.00 1.91 23.00
Chalcedony intraparticle 0.00 0.00 2.99 57.00
Chalcedony non-fabric
selective 0.00 0.00 0.13 4.67

Cryptocrystalline silica Total 0.00 0.00 1.00 46.33
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Cryptocrystalline silica
interparticle 0.00 0.00 0.13 5.67
Cryptocrystalline silica
intraparticle 0.00 0.00 0.88 46.33
Cryptocrystalline silica non-
fabric selective 0.00 0.00 0.00 0.00
Quartz Total 0.00 0.00 10.04 78.34
Quartz interparticle 0.00 0.00 2.94 26.00
Quartz intraparticle 0.00 0.00 6.72 54.00
Quartz non-fabric selective 0.00 0.00 0.38 12.67
Analcime Interparticle/Total 0.00 0.00 0.00 0.33
Barite Total 0.08 0.67 0.13 2.00
Barite interparticle 0.03 0.33 0.04 1.00
Barite intraparticle 0.06 0.67 0.04 1.33
Barite non-fabric selective 0.00 0.00 0.06 1.67
Dawsonite Total 0.00 0.00 0.02 1.00
Dawsonite Interparticle 0.00 0.00 0.01 0.67
Dawsonite Intraparticle 0.00 0.00 0.01 0.33
Dickite Total 0.00 0.00 0.10 2.00
Dickite interparticle 0.00 0.00 0.06 2.00
Dickite intraparticle 0.00 0.00 0.02 1.00
Dickite non-fabric selective 0.00 0.00 0.02 1.67
Fluorite Total 0.00 0.00 0.03 1.00
Fluorite interparticle 0.00 0.00 0.00 0.33
Fluorite non-fabric selective 0.00 0.00 0.02 1.00
Pyrite Total 0.08 0.67 0.44 1.67
Pyrite interparticle 0.03 0.33 0.02 0.33
Pyrite intraparticle 0.06 0.67 0.40 1.67
Pyrite non-fabric selective 0.00 0.00 0.02 1.33
Zeolite Total 0.00 0.00 0.03 2.00
Zeolite Interparticle 0.00 0.00 0.01 1.00
Zeolite Intraparticle 0.00 0.00 0.00 0.33
Zeolite Non-fabric selective 0.00 0.00 0.01 0.67
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Figure 5. Main compaction features observed in the analyzed samples. (a) Fracturing of particles

(red arrow) and sutured interparticle contacts (yellow arrow; (//P). (b) Stylolites (yellow arrow) with
concentration of amorphous organic material and microcrystalline dolomite (//P). (c) Clay
envelopes replaced by microcrystalline calcite and partially detached from ostracod ooid nuclei
by compaction (//P). (d) Replaced clay envelopes detached and concentrated in the interparticle

space (//P).

Dolomite is the main diagenetic constituent, predominantly replacing primary
constituents, especially microcrystalline intraclasts and peloids, and filling
interparticle porosity (Fig. 6a). Strongly dolomitized samples present molds of
dissolved intraclasts, locally with calcite remnants of the replaced grains (Fig. 6b).
Clay peloids were extensively replaced by microcrystalline dolomite, locally
covered by blocky dolomite. Some samples show selective dolomitization in

layers of clay peloids interbedded with resedimented deposits levels (Fig. 4c).
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Blocky and saddle dolomite partially or totally filled interparticle porosity.
Blocky dolomite precipitated before compaction, as evidenced by dolomite
rhombohedra concentrated along interparticle contacts (Fig. 6a). In partially
cemented rocks, primary porosity is preserved among dolomite crystals as
intercrystalline pores. Other samples show complete dolomite cementation with
no porosity preservation. Blocky dolomite crystals commonly exhibit delicate
zonation in polarized light, which is more visible under ultraviolet light (Fig. 6c).
The zones are 4 to 10 micrometers thick, with preferential dissolution of the
yellowish fluorescing zones. Saddle dolomite presents the characteristic
undulating extinction, indicative of crystalline lattice deformation. Saddle dolomite
occurs mainly as vuggy pore-filling cement (Fig. 6d), often associated with barite,

dawsonite, analcime, and fluorite cements.

Calcite is the second most abundant diagenetic constituent in the samples
analyzed. Intraclasts are commonly covered by blocky calcite, either as discrete
crystals or as rims, which are sometimes partially dissolved (Fig. 6e) or replaced
by later-stage minerals. Microcrystalline calcite extensively replaced and
displaced the original clay envelopes from ooid particles (Fig. 6f). The replaced
envelopes were commonly detached from the intraclastic ooid nuclei due to
compaction or shrinkage processes (Figs. 5c, d). Blocky and macrocrystalline
calcite typically represents a late-stage cement phase, filling interparticle and

dissolution pores.
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Figure 6. Main diagenetic features observed in the analyzed samples. (a) Blocky dolomite

crystals partially fill the interparticle porosity. Yellow arrows point to the main locations with blocky
dolomite at the contacts between particles, evidencing pre-compaction precipitation (//P). (b)
Blocky dolomite crystals filling interparticle pore with intensely dissolved intraclasts (/P). (c)
Blocky dolomite displaying delicate zonation under UV light. Partial dissolution along some zones
(red arrow). (d) Saddle dolomite filling vugular pore (crossed polarizers; XP). (e) Partially
dissolved blocky calcite rims (red arrows) covering spherulitic intraclast and covered by saddle
dolomite (/P). (f) Microcrystalline calcite replacing (yellow arrow) and expanding (red arrow)
remnants of the clay envelopes covering intraclastic nuclei (//P).
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Cryptocrystalline silica commonly replaced remnants of laminated clay
matrix and peloids. Micro- and macrocrystalline quartz, chalcedony rims, and
fibro-radiated aggregates occur abundantly at silicified levels. Microcrystalline
quartz and chalcedony both replaced and progressively covered the particles,
often making their original composition difficult or impossible to identify, with only
remnants or ghost structures indicating their former presence (Figs. 7a-d).
Locally, quartz and chalcedony filled the interparticle porosity without replacing
the particles. This complete cementation is more prevalent in strongly silicified

rocks.

Multiple forms of silica filled vuggy and interparticle pores (Figs. 7e, f; 8a),
typically in the following sequence: fibrous chalcedony rims, microcrystalline
quartz rims, flamboyant and prismatic quartz rims, and drusiform quartz filling
remaining pore space. Pores partially filled by silica commonly contain late-stage
mineral phases, such as saddle dolomite, barite, and macrocrystalline calcite.
Dissolution porosity of carbonate intraclasts and earlier carbonate diagenetic
phases (calcite rims and blocky dolomite) are commonly associated with silicified

rocks (Figs. 8b, c).
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Figure 7. Diagenetic features of the intensely silicified rocks. (a, b) Originally carbonate intraclasts

undergone near-total replacement by chalcedony and microcrystalline quartz. Fibro-radiated
chalcedony surrounding the intraclasts (XP). (c) Resedimented deposit intensely replaced by
microcrystalline quartz. Fibro-radiated chalcedony continuously covering the particles (XP). (d)
Resedimented deposit pervasively replaced by microcrystalline quartz. The original intraclasts
are identified only under crossed polarizers (XP). (e) Spherulitic and fibrous chalcedony filling
interparticle porosity and forming compromise contacts. Fracture filled by microcrystalline quartz
pointed with yellow arrow (XP). (f) Fibro-radiated chalcedony (1) covered by microcrystalline (2)

and flamboyant quartz rims (3). Drusiform quartz filling remaining porosity (4) (XP).
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Late-stage diagenetic minerals include barite, dawsonite, fluorite, zeolite,
dickite, saddle dolomite, and macrocrystalline calcite. These minerals filled
interparticle, vuggy, and fracture pores. Barite is the most abundant, occurring as
prismatic (Fig. 8c) and macrocrystalline pore-filling cement. Dickite predominantly
forms booklet-like aggregates filling vuggy pores (Fig. 8d). Zeolite (analcime) and
fluorite show macrocrystalline and blocky habits. Analcime mainly lines vuggy
pores, which are later filled by macrocrystalline calcite (Fig. 8e). Dawsonite

occurs as acicular crystals arranged in a radial pattern (Fig. 8f).

Porosity

The pore systems of the studied resedimented deposits consist of
interparticle, intraparticle, and vuggy porosity. Less common pore types include
moldic, intercrystalline and intracrystalline, and rock and grain fracture pores
(Table 3). The variability of pore systems in resedimented deposits results from
contrasting diagenetic pathways. In intervals with limited diagenetic overprint,
primary interparticle pores dominate and commonly correspond to the highest

total porosity values.

Dolomitized rocks exhibit a more heterogeneous pore network. While early
interparticle porosity is commonly obliterated by pervasive dolomite cementation,
partial dolomitization are associated with vuggy and moldic pores. Intermediate
volumes of blocky dolomite, when not fully occluding interparticle pores, introduce
significant intercrystalline porosity. Where blocky dolomite crystals are partially
dissolved, micro-scale intracrystalline pores develop, adding further complexity

to the pore system.
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Figure 8. Diagenetic features of the studied calcarenites and calcirudites. (a)

Vuggy pore filled by spherulitic chalcedony, isopachous microcrystalline quartz,
and drusy quartz (XP). (b) Spherulitic chalcedony rich in oil inclusions covering
vugular porosity, with macrocrystalline quartz filling the remaining porosity. The
current porosity refers to dissolution porosity of intraclasts and blocky calcite rims
that covered these intraclasts before silica cementation (//P). (c) Prismatic barite

filling vugular porosity in intensely silicified rock (XP). (d) Microcrystalline,
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microporous dickite filling vugular pore (//P). (e) Blocky analcime surrounding the
interparticle pore, partially filled by macrocrystalline late calcite (//P). (f) Acicular

dawsonite crystals partially filling intraparticle dissolution porosity (//P).

A similarly complex but distinct pattern characterizes silicified rocks.
Commonly, the strong silica cementation obliterated primary interparticle
porosity, and subsequent dissolution tends to form abundant isolated, poorly
connected moldic pores system. As in the dolomitized samples, vuggy and
fracture pores may develop in highly silicified zones, but intercrystalline porosity
is generally less significant. Overall, silicification results in a pore system

dominated by secondary, discontinuous, and often with low-connectivity pore

types.

Table 3. Quantitative data of pore types.

9-BUZ-1-RJS 9-BUZ-2-RJS
Porosity Average Maximum Average Maximum
(%) (%) (%) (%)

Total porosity 14.25 17.00 8.87 20.01
Interparticle pore 8.89 15.00 1.98 8.00
Intraparticle pore 3.84 9.00 2.40 9.66
Vug pore 1.00 8.67 1.60 11.67
Moldic pore 0.53 1.67 0.40 4.67
Intercrystalline pore 0.00 0.00 1.79 13.33
Intracrystalline pore 0.00 0.00 0.52 4.67
Rock fracture pore 0.00 0.00 0.06 2.00
Grain fracture pore 0.00 0.00 0.10 1.33

Free-fluid porosities in the Nuclear Magnetic Resonance (NMR) log range
from near zero to 18%. Effective porosity remains relatively consistent, with
occasional peaks of high NMR microporosity distributed over the studied interval.
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The minimum porosity of RCA conventional petrophysics in the resedimented
deposits is 2.6%, with permeability values at or near zero. The maximum
petrophysical porosity values are close to 30%, with a maximum permeability of
1,040 mD. The porosity—permeability data from wells 9-BUZ-1-RJS and 9-BUZ-
2-RJS define four distinct petrophysical domains that correspond to distinct pore-
systems observed in thin sections (Fig. 9). Samples in domain (a) show the
highest porosity (~20-30%) and permeabilities exceeding 100 mD, reflecting
lightly altered resedimented deposits dominated by well-connected interparticle
macropores. Domain (b) displays moderate porosity (~10-20%) and intermediate
permeability (10-100 mD), where moderate compaction and partial reduce pore
connectivity. Domain (c) comprises samples with similar or slightly lower porosity
but markedly reduced permeability (1-10 mD), consistent with strong
cementation that restricts pore throats. Finally, domain (d) represents the lowest-
quality reservoir interval, characterized by porosity <10% and permeabilities <1

mD, corresponding to extensively silicified rocks, dominated by moldic pores.

10000
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100 @ .r.,
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Permeability (mD)

0.1

® 9-BUZ-1-RJS
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0.01

0 10 20 30 40
Porosity (%)

Figure 9. Porosity versus permeability graph of petrophysics data provided by ANP for 9-BUZ-1-
RJS and 9-BUZ-2-RJS. (a) Calcarenites slightly altered by diagenesis. (b) Compacted and/or

slightly cemented calcarenites. (c) Dolomitized calcarenites. (d) Silicified calcarenites.

DISCUSSION
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Understanding the deposition and diagenesis of the Barra Velha
Formation represents a major challenge due to the complex and unusual
characteristics of the Brazilian pre-salt rocks. The depositional and alteration
processes of these deposits still demand extensive research to fully elucidate the
dynamics of the unique alkaline lacustrine depositional system and the key
factors controlling the porosity and permeability of these reservoirs. The following
discussion aims to explore the main aspects and compile previously published
data on the resedimented deposits, with a particular focus on analyzing the

diagenetic controls that impact their reservoir quality.

Depositional environment and syngenetic processes

The Barra Velha Formation is largely composed of abiotic Mg-clays, calcite
spherulites, and shrubs, with minor bioclastic components, while microbial
deposits are generally sparse (e.g., Wright and Barnett 2015; Carvalho et al.
2022; Wright 2022). Microbial deposits occur at the base of the Barra Velha
Formation in the Buzios (this study) and Atapu (Terra et al. 2023) fields, as well
as within the uppermost tens of meters below the salt layer, in an interval known
as the Lula Marker and identified by distinctive gamma-ray signatures (Wright
and Rodrigues 2018; Plantz et al. 2024). These two isolated ocurrences indicate
that environmental conditions were more favorable to microbial colonization

during both the initial and terminal stages of Barra Velha deposition.

Previously published studies have indicated a non-marine depositional
system for the Aptian pre-salt rocks, evidenced by the absence of marine fossils
and syngenetic sulfates (Rebelo et al. 2022), as well as 8 Sr/3Sr ratios
significantly higher than those of Cretaceous marine waters (Pietzsch et al. 2018;
Wright 2022). These data highlight the distinctive characteristics of this
depositional system, differentiating it from conventional marine carbonate
environments. The widespread occurrence of stevensite and extremely restricted

fauna (Farias et al. 2019), coupled with distinctive carbon and oxygen isotopic
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signatures (Pietzsch et al. 2020), indicate a closed saline lacustrine environment
characterized by a high area-to-depth ratio and alkaline conditions (Tosca and
Wright 2018; Pietzsch et al. 2020). Both deposition and early diagenetic
processes were predominantly controlled by the geochemistry of this unique
lacustrine system (Pietzsch et al. 2018; Wright and Barnett 2015; 2020; Lima and
De Ros 2019; Wright 2022).

When compared with the characteristics of present-day alkaline lakes
(e.g., Hirst 1995; Pecoraino et al. 2015; Deocampo and Renaut 2016), and of
those alkaline lakes throughout the geological record (Buchheim 1994; Valero-
Garcés et al. 1999; Li et al. 2023; Souza et al. 2024), the pre-salt lacustrine
system presents exclusive attributes, mainly regarding its extension and
geochemical characteristics of the deposits. Modern alkaline lakes have limited
dimensions compared to the extensive areal coverage and geochemical
homogeneity of the pre-salt lacustrine system (Bohacs et al. 2003). Although
highly alkaline lakes can precipitate abiotic structures at seismic scale, their
frequent association with volcanic or hydrothermal activity typically restricts these
structures to the immediate vicinity of fluid conduits (Council and Bennett 1993;
Della Porta 2015; Hahn 2015).

Quantitative analysis of samples from the Buzios Field reveals that
resedimented carbonate deposits occur interbedded with in situ deposits at high-
frequency scales. This recurrent, high-frequency intercalation of in situ and
resedimented deposits does not exhibit systematic cyclicity, suggesting subtle
depositional controls (e.g., Medeiros et al. 2024; Altenhofen et al. 2024).
Resedimented deposits are characterized by a predominantly massive structure,
with plane-parallel laminations occurring only rarely. The carbonate particles
consist predominantly of spherulitic, shrubs, macro-, and microcrystalline calcite
intraclasts. The calcirudites and calcarenites may be mixed with clay
components, including peloids and ooids (Fig. 10a), and display laminated
textures (Fig. 10b). Furthermore, they are commonly encrusted by laterally

continuous fascicular calcite crusts precipitated in situ (Fig. 10c).
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Syngenetic precipitates associated to reworked rocks

Figure 10. Syngenetic precipitates associated with the intraclasts. (a) Deposit of Mg-clay ooids
(1, 2) and peloids (3). In 1, an ooid containing other ooids is represented, along with other
intraclasts, indicating multiple depositional phases. (b) Thin Mg-clay laminations (4) occur
intercalated with predominantly resedimented layers. (c) Fascicular calcite aggregates encrusting

resedimented layers.

Magnesian clay ooids and peloids (Fig. 10a) formed through precipitation
in the lake water column as peloids or on the surface of pre-existing particles,
with subsequent rolling under gentle wave and current action creating concentric
envelopes around nuclei (Carramal et al. 2022). These Mg-silicates (stevensite,
kerolite, saponite) constitute the depositional background of pre-salt deposits and
form peloids and ooids that are commonly mixed with carbonate intraclasts in
resedimented deposits. Laminated magnesian clay deposits (Fig. 10b) were
deposited as finely laminated horizons that settled from the water column during
intervals when coarser intraclasts were not being deposited. Fascicular calcite
encrustations (Fig. 10c) precipitated on the sediment-water interface, forming
crusts that covered carbonate intraclasts deposits and created continuous
laminated structures. These calcite shrubs formed abiotically under conditions of
high ionic supply in the hyper-alkaline lake environment (Wright and Barnett
2015).

The occurrence of Mg-clay laminae intercalated within the calcarenites
and calcirudites indicates their deposition as clay- and silt-sized particles. This
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observation is consistent with the findings of Carramal et al. (2022) and Schrank
et al. (2024), who argued that, according to Stokes' law, the recurrent and
widespread settling of abundant Mg-clays in the succession could not have
occurred through colloidal deposition. The colloidal, gel-like precipitates would
remain suspended under the higher-energy conditions associated with the
reworking and deposition of resedimented deposits. Additionally, the well-
oriented laminated fabric commonly exhibited by pre-salt Mg-clays indicates that
they were not originally deposited as a gel, as suggested by Tosca and Wright
(2018), but rather as clay-sized particles, since the crystallization of an
amorphous phase would produce chaotic crystal orientations, as observed in
silica forms (e.g., French and Worden 2013). Clay peloids would form and deposit
under relatively higher-energy conditions than those required for laminated clay
deposition (Schrank et al. 2024), which would explain their preferential

association with resedimented deposits from Buzios field.

Previous studies propose multiple depositional configurations for the
resedimented deposits of the Barra Velha Formation, ranging from wave-
reworked fan-delta shoreline successions to coarse accumulations produced by
shrub-mound subaerial disaggregation along faulted margins (Barnett et al. 2018,
2021; Wright 2022). Additional work associates interbedded reworked layers and
fascicular calcite with wave- and current-dominated processes based on tractive
sedimentary structures (Saller et al. 2016; Carvalho and Fernandes 2021;
Carvalho et al. 2022; Medeiros et al. 2024). Other interpretations argue that their
recurrent alternation with in situ deposits, their concentration over structural
highs, and wide distribution throughout the pre-salt deposits support rapid
hydrodynamic fluctuations within a stratified lacustrine system, potentially driven
by internal waves (Altenhofen et al. 2024; 2025).

Eodiagenetic processes, products and patterns
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Eodiagenetic modifications occur under surface conditions, influenced by
depositional fluids at low temperatures and pressures (Choquette and Pray
1970). In the absence of evidence from other techniques, such as stable isotopes
and fluid inclusions, the paragenetic relationships of diagenetic constituents and
processes relative to compaction can be used as indicators of eodiagenetic
versus mesodiagenetic (burial-related) alterations (Moore and Wade 2013). In
the studied samples, compaction processes heterogeneously affected the

resedimented deposits.

The replacement of ooid clay envelopes by microcrystalline calcite
occurred prior to compaction. Carramal et al. (2022) identified a composition of
kerolite and mixed-layer kerolite-stevensite for ooid envelopes in the Tupi Field
of the Santos Basin. The X-ray diffraction patterns identified by Carramal et al.
(2022) represent the current composition of the clay minerals, which may not
reflect their original composition, since magnesian clay can undergo rapid mineral
transformations during the initial stages of eodiagenesis after deposition (Tosca
and Masterson 2014; Pozo and Calvo 2018). The stability of Mg-clay species is
primarily controlled by variations in salinity, pH, Mg concentration, and CO,, levels
(Pozo and Calvo 2018). It remains unclear why only microcrystalline calcite
replaced the original clay envelopes, given that interlayered laminated
magnesian clay minerals were commonly replaced by various other constituents,
including dolomite (with lamellar, blocky, and microcrystalline habits), lamellar

magnesite, and cryptocrystalline silica.

Blocky calcite rims commonly cover the intraclasts, ooids, and peloids. The
calcite rims are frequently dissolved and/or replaced by dolomite or quartz. In
some samples, the blocky rims formed complex zoning and dissolution patterns,
indicating rapid chemical changes in the eodiagenetic environment (Fernandes
Neto 2010). In marine limestones, blocky calcite rims are common in
eodiagenetic meteoric phreatic environments (Moore 1989; James and
Choquette 1989). It is unlikely that eodiagenetic calcite precipitation in carbonate

particles occurred from dilute meteoric waters, but rather from minimally modified
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alkaline lacustrine fluids. The absence of vadose features, such as pendant or
meniscus cements, infiltration of clay and/or silt, and the lack of evidence in the
literature for soils and calcretes with meteoric 6'®0 values (Esteban and Klappa
1983; James and Choquette 1989), indicates that the resedimented deposits
from the two studied wells did not undergo subaerial exposure during

eodiagenesis.

Blocky dolomite commonly fills interparticle porosity, occurring along
concave-convex and sutured interparticle contacts and stylolites, indicating its
pre-compactional precipitation (Fig. 6a). In addition to blocky dolomite, crypto- to
microcrystalline dolomite also replaced primary and diagenetic constituents
during eodiagenesis. Blocky dolomite filled and lined interparticle pores and
replaced remnants of matrix laminations. Criteria for differentiating between
cementation and matrix replacement in in situ rocks were summarized by
Schrank et al. (2024), but should be applied cautiously to sedimented deposits,
which contained substantially less original matrix. According to the authors, the
main characteristic of matrix-replacive dolomite is the random distribution of
crystals, which appear to be "floating" in interstitial spaces or following the original
matrix lamination, whereas dolomite cement tends to nucleate on particle

surfaces as rims of blocky crystals.

Dolomite occurs predominantly as interparticle cement (Figs. 6a, b), only
locally replacing laminated Mg-clays and peloids. Blocky dolomites are inclusion-
rich and exhibit characteristic zonation under UV epifluorescence (Fig. 6¢). The
extensive eodiagenetic cementation by dolomite in resedimented deposits is
probably a result of elevated HCO;™ activity in the eodiagenetic environment,
combined with the release of Mg?* ions from dissolution of Mg-clays in associated
in situ rocks (Tosca and Wright 2018; Schrank et al. 2024). Laminae with
concentrations of clay peloids were preferentially replaced by dolomite (Fig. 4c).
The association of in situ with resedimented deposits strongly influences their
diagenetic evolution. The high reactivity of in situ deposits, responsible for their
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pronounced early diagenetic alteration, released ions that affected intercalated

resedimented deposits, promoting early dolomite and silica cementation.

Much of the silica in resedimented pre-salt deposits precipitated during the
initial stages of diagenesis. Fibro-radiated chalcedony rims precipitated
continuously before compaction, as evidenced by the continuity of particle
coatings (Fig. 7c). Chalcedony is often microporous and oil impregnated. This oil
can be related to early hydrocarbon charge and to the operation of an early,
hydrothermal, and atypical petroleum system (Guzzo et al. 2018). The complexity
of silicification processes in pre-salt rocks on both South American and African
continental margins has been documented in several studies (Tritlla et al. 2018;
Girard et al. 2019; Teboul et al. 2019; Wennberg et al. 2001; Basso et al. 2023;
Pereira et al. 2023).

Despite extensive research efforts, the mechanisms driving silica
precipitation, sources of silica-rich fluids, and diagenetic environments remain
poorly constrained. The replacement of carbonates by silica is commonly
triggered by variations in pH, salinity (Bustillo 2010), and CO, content (Hesse
1989; Maliva and Siever 1989). These variations are common in shallow
continental environments, such as lakes and soils (Bustillo 2010). However, the
pre-salt lacustrine system is considered a vast and relatively homogeneous lake
(Pietzsch et al. 2018), where rapid and abrupt geochemical shifts are unlikely
(Bohacs et al. 2003).

Cryptocrystalline silica commonly replaced remnants of magnesian clay
laminations and peloids. Studies have recognized the significant role of early
diagenetic silicification of Mg-clays and carbonates driven by interactions with
lacustrine fluids and the potential formation of syngenetic sinters (Jesus et al.
2023; Pereira et al. 2023; Moore et al. 2024). Carbonate replacement by silica is
favored under conditions where silica-rich fluids are available and pH and
temperature fluctuate (Bustillo 2010). These conditions are commonly achieved
when waters with different compositions and saturations mix or when ascending

silica-enriched fluids undergo cooling (Bustillo 2010). Pre-compaction
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silicification was documented by Pereira et al. (2023) in the Sapinhoa and Buzios
fields of the Santos Basin. Additionally, numerous examples of carbonate and
Mg-silicate silicification related to highly alkaline lacustrine environments have

been reported (e.g., Bustillo and Alonso-Zarza 2007).

Silicification and dolomitization represent the dominant diagenetic
alterations in alkaline lacustrine environments associated with Mg-silicate
deposits worldwide (e.g., Bustillo 2001; Bustillo et al. 2002; Bustillo and Alonso-
Zarza 2007; Cupertino 2023). Magnesian clays and carbonates in these settings
are particularly sensitive to variations in pH, temperature, and fluid chemistry.
With the dissolution of Mg-silicates, Si and Mg ions are released, creating
favorable conditions for both dolomitization and silicification processes (Tosca
and Wright 2018).

Compaction

Compaction represents the dominant factor controlling porosity reduction
in the analyzed rocks, as evidenced by several textural features. The presence
of blocky dolomite along sutured and concave-convex interparticle contacts
indicates that significant dolomite cementation preceded compaction.
Subsequently, mechanical compaction led to intraclast rearrangement, particle
fracturing, and detachment of calcitized clay envelopes in the ooidal calcarenites.
This interpretation aligns with Rossoni et al. (2024), who demonstrated that
mechanical and chemical compaction of Barra Velha Formation lithologies

occurred predominantly during shallow burial conditions.

Unlike in situ pre-salt deposits, which have a rigid and chemically
constructed calcite framework, the resedimented deposits have a particulate
framework that is inherently more susceptible to compaction. This particulate
framework undergoes significant porosity reduction during shallow burial through
grain rotation and repacking, particle fracturing, and ductile deformation of softer

components such as muddy intraclasts, clay ooids, and peloids (Worden and



154

&
Programa de Pas-Graduacio UFiGs .@i 3

”~
GE[I EIE" CI Hs UNIVERSIDADE FEDERAL Geociéncias

DO RIO GRANDE DO SUL

Burley 2003). This fundamental difference in framework type explains the
extensive compaction features observed in the resedimented intervals, and which

are more discrete in the in situ intervals.

Chemical compaction significantly influenced porosity evolution, as
evidenced by sutured interparticle contacts and well-developed stylolites
(Worden and Burley 2003). The predominantly horizontal to sub-horizontal
orientation of these stylolites, along with sub-vertical fractures, indicates vertical
stress from overburden loading, consistent with observations by Rossoni et al.
(2024) from in situ deposits. The presence of blocky dolomite along the sutured
interparticle contacts shows that such limited cementation could not support the
framework to prevent a more intense compaction of the studied pre-salt rocks.
Stylolite development is particularly pronounced at contacts with stratabound
silicified layers, suggesting focused dissolution along these interfaces. Pressure
dissolution during chemical compaction likely provided Ca?* and COs* ions that
enabled precipitation of late-stage carbonate phases, including saddle dolomite

and macrocrystalline calcite (Moore 1989; Tucker and Wright 1990).

Since overburden is the main vertical stress that affects the compaction of
pre-salt in situ rocks (Rossoni et al. 2024), and both studied wells are overlain by
salt intervals of comparable thickness, the observed heterogeneous compaction
must be attributed to additional factors. The primary control appears to be the
heterogeneous eodiagenetic cementation by calcite, dolomite, or silica.
Additionally, intercalated thin Mg-clay laminae may have acted as sites of
enhanced pressure dissolution, promoting localized stylolitization along specific
horizons (Koepnick 1984). Early hydrocarbon saturation may have also
influenced local compaction patterns. Guzzo et al. (2018) suggests that an
atypical petroleum system, driven by shallow hydrothermal fluid circulation,
generated hydrocarbons internally. The early oil emplacement could have

preserved certain intervals from chemical compaction effects.

Compaction of resedimented deposits originally rich in clay ooids

produced distinctive textural modifications, particularly the detachment of
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calcified clay envelope fragments from their ooid nuclei (Figs. 5c¢, d). Commonly,
the original clay envelopes of the ooids were first partially abraded by reworking
processes. During early eodiagenesis, the remaining envelopes were fully
replaced by microcrystalline calcite. Subsequent compaction led to the
fragmentation and detachment of these replaced envelopes from the intraclastic
nuclei (Fig. 11). In these samples, sutured contacts and intraclast fracturing are

also frequently observed.

(a) (b)

g
b Al
Mg-clay Reworking

enveloped ooid and abrasion Calcite filling shrinkage
pores and replacing Compaction and detachment of envelopes from nuclei
Mg-clay envelopes Envelopes fragments may migrate under high fluid flow,

blocking pore throats
Water column Early diagenesis Burial/compaction diagenesis

Figure 11. Model of diagenetic evolution of the original clay ooids. (a) Ooid with clay envelopes
continuously covering intraclastic carbonate nuclei. (b) Reworking and partial abrasion the clay
envelopes, better preserved in concave areas of the particle surface. (c) Replacement of the clay
envelopes by microcrystalline calcite during early eodiagenesis. (d) With compaction during
increasing burial, the envelopes are fragmented and detached from their intraclastic nuclei. In

these samples, sutured contacts and particle fracturing are also common.

Mesodiagenetic and hydrothermal processes, products and patterns

Identifying hydrothermal processes and products in carbonate
successions, and distinguishing them from mesodiagenetic alterations, remains
a widely debated challenge (e.g., Machel and Lonnee 2002; Davies and Smith
2006). Machel and Lonnee (2002), following the original definition of White (1957)
suggested that a mineral should be considered hydrothermal only if precipitated

at temperatures at least 5 to 10°C higher than the host rock temperature.
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However, such temperature determinations are often impractical, leading to the
development of more flexible identification criteria. Neilson and Oxtoby (2008)
interpreted certain mineral assemblages, such as fluorite, barite, and sphalerite,
as hydrothermal due to their "exotic" nature in conventional carbonate diagenetic
environments. Similarly, Lima et al. (2020) offered an operational definition,
defining hydrothermal alterations as those directly linked to and spatially

controlled by fluid circulation along faults and major structural features.

Some mineral phases in the studied rocks indicate precipitation from either
evolved mesodiagenetic or hydrothermal fluids, including saddle dolomite,
dawsonite, fluorite, barite, and dickite. Saddle dolomite crystals occur filling
interparticle pores in rocks with limited compaction and early diagenetic
cementation, but more commonly fill intraparticle, interparticle, and vugular
dissolution porosity. Saddle dolomite generally precipitates at temperatures
above 60°C (Radke and Mathis 1980; Spdétl and Pitman 1998; Warren 2000),
under deep burial or hydrothermal conditions. These conditions are typically
characterized by increased carbonate alkalinity, often driven by thermochemical
sulfate reduction (Machel 1987).

Dawsonite (NaAICO3(OH),) occurs as a trace constituent in primary
interparticle and vugular pores, typically displaying acicular or prismatic radiate
crystal habits. This rare sodium carbonate mineral forms under specific conditions
requiring high CO, pressure combined with elevated aluminum, sodium, and
carbonate concentrations (Worden 2006). Such conditions typically develop in
regions with active volcanism or those affected by hot alkaline, CO,-rich fluids
(Baker et al. 1995). The occurrence of dawsonite in several pre-salt fields in the
Santos and Campos Basins indicates similar, high CO2 diagenetic environments
over extensive areas (e.g. Lima and De Ros 2019; Lawson et al. 2023; Schrank
et al. 2024). This widespread distribution suggests either extensive hydrothermal
influence or formation from highly evolved burial brines, though distinguishing

between these mechanisms remains challenging.
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Well-developed prismatic barite crystals occur within intensely silicified
resedimented deposits at the top of the Barra Velha Formation in well 9-BUZ-2-
RJS. Some occurrences of discrete barite, when not associated with silica and
vugular porosity, are related to macrocrystalline calcite filling dissolution pores.
Lima et al. (2020) analyzed fluid inclusions in fracture-channel-vug-filling saddle
dolomite, Sr-barite, macrocrystalline calcite, and mega-quartz from pre-salt
reservoirs in the northern Campos Basin, interpreted the assemblage as
evidence of hydrothermal activity. They attributed this hydrothermal system to
multiple heat sources, including interactions with the granitic-gneissic basement,
the rift sedimentary succession, Late Cretaceous and Paleogene magmatism,

and possibly asthenosphere upwelling and exhumation.

Fluorite occurs locally as macrocrystalline cement filling interparticle
pores. Herlinger et al. (2017), Lima et al. (2020) and Lawson et al. (2023)
described the occurrence of fluorite associated with barite, dickite, and pyrite in
zones of focused hydrothermal circulation of deep-sourced fluids in Campos and
Santos basins. Dickite fills interparticle pores, in areas with limited cementation
and slight dissolution of calcite cement and intraclasts, as well as of blocky
dolomite. The close association of dickite with limited dissolution of calcite and
dolomite cements suggest that these deep-sourced or basinal fluids were
charged with organic acids (e.g. Morad et al. 2019). Basinal brines with organic
acids can efficiently transport highly insoluble AI3*, precipitating dickite during

mesodiagenesis (Prochnow et al. 2006; Morad et al. 2019).

Late-stage silica precipitation in the Buzios field involved dissolution and
cementation processes, characterized by macrocrystalline, prismatic, and drusy
pore-filling quartz. The abundant moldic porosity in resedimented deposits
indicates that particle dissolution occurred after silicification, demonstrating that
arigid, silicified framework had developed prior to subsequent dissolution events.
The coarse-crystalline, fabric-destructive quartz cementation is consistent with

hydrothermal origins documented in numerous pre-salt studies (Lapponi et al.
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2019; Teboul et al. 2019; Sartorato et al. 2020; Lima et al. 2020; Wennberg et al.
2021; Fernandez-lbafiez et al. 2022; Basso et al. 2023).

According to Poros et al. (2017), silicification and corrosion in similar
settings were driven by high-temperature fluids migrating along faults during
advanced burial stages. The simultaneous dissolution of carbonate and
precipitation of silica were likely facilitated by the inverse solubility relation
between carbonate and silica, controlled by pressure and pH changes during fluid
migration. Lapponi et al. (2019) documented multiphase silica precipitation in
Campos Basin carbonates (block BM-C-33). They interpreted high oxygen
isotope values as evidence for early, low-temperature precipitation from evaporite
brines during early diagenesis, while megaquartz cementation in fractures and
dissolution pores was attributed to later extraformational hydrothermal fluids.
These findings are consistent with our observations, supporting a multiphase
silicification model: an early, fabric-selective stage under early diagenetic
conditions, followed by late-stage, fabric-destructive silicification associated with

hydrothermal fluid flow.

A model illustrating the diagenetic processes affecting the studied
resedimented deposits is presented in Figure 12. Early diagenetic processes are
linked to the alkaline and evaporitic lacustrine environment. Among the
mesodiagenetic constituents, equant calcite and saddle dolomite may or may not
have been directly influenced by hydrothermal fluid circulation. In contrast, the
'exotic' minerals (sensu Neilson and Oxtoby 2008), including dickite, dawsonite,
megaquartz, analcime, fluorite, and barite, are likely associated with
hydrothermal activity. Notably, hydrothermal fluids may have directly altered pre-
salt rocks during early diagenesis before significant burial, indicating that
hydrothermal activity can occur in relatively shallow conditions independent of
deep burial processes. Although no magmatic activity later than the early rift
Camboriu volcanics is described for the Buzios area, the observed hydrothermal

processes are probably related to regional magmatism and tectonism and
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interpreted for pre-salt reservoirs of northern Campos Basin (e.g., Lima et al.,
2020; Strugale et al., 2024).
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Figure 12. Pathways of diagenetic evolution observed in the studied resedimented deposits

through alkaline lacustrine eodiagenetic, mesodiagenetic, and hydrothermal environments.

Paragenetic evolution

The paragenetic sequence of post-depositional processes in the
resedimented deposits was determined through analysis of paragenetic relations
among the alteration processes in the primary constituents and pores, and
diagenetic products (Fig. 13). The alteration processes were attributed to
eodiagenetic, mesodiagenetic, and/or hydrothermal environments. Observed oil
and bitumen inclusions in the eogenetic mineral phases may be related to an
atypical hydrothermal petroleum system (Schmidt et al. 2025), the oil inclusions
in the late, mesogenetic or hydrothermal phases are related to the second, main

oil charge in the reservoir (Tavares dos Santos and Gordon, 2021).

Microcrystalline calcite was the earliest diagenetic constituent, replacing

the clay envelopes of ooids, peloids and filling pores formed by the shrinkage of
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the clay envelopes during early eodiagenesis (Fig. 5c, d). In contrast, fascicular,
spherulitic, macro-, and microcrystalline intraclasts were predominantly coated
by blocky calcite rims, which were often dissolved in later diagenetic stages (Fig.
6e). Blocky dolomite rims commonly overlay the calcite rims. Blocky dolomite is
the main diagenetic constituent in the analyzed samples from well 9-BUZ-2-RJS,
displaying intricate and complex zonation patterns under epifluorescence

imaging (Fig. 6¢).

Cryptocrystalline silica replaced the remnants of laminated Mg-clays and
peloids. Microcrystalline quartz and chalcedony covered the calcite and dolomite
particles and rims (Fig. 8b). Within interparticle and vugular porosity, chalcedony
was followed by microcrystalline quartz, flamboyant/prismatic quartz, and finally
by drusy quartz (Fig. 8a). Mechanical and chemical compaction affected non-
silicified rocks, producing abundant sutured interparticle contacts and particle
fracturing, while silicified rocks remained relatively uncompacted due to their rigid
framework. The final diagenetic stage involved precipitation of a late-stage
mineral assemblage including barite, dawsonite, fluorite, analcime, dickite,
saddle dolomite, and macrocrystalline calcite. These minerals filled interparticle
pores in rocks with limited eodiagenetic alteration, or intraparticle and vugular

pores in more altered rocks.
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Figure 13. Interpreted diagenetic evolution for the resedimented deposits of the Barra Velha

Formation under eodiagenetic, mesodiagenetic and hydrothermal contexts.

Porosity evolution and reservoir implications

To evaluate the relative impacts of compaction and cementation on porosity
reduction, the volume of interparticle cements was plotted versus the total
interparticle volume of the analyzed rocks (Fig. 14; after Ehrenberg 1989). The
adapted Ehrenberg diagram provides a quantitative basis for interpreting the
diagenetic evolution of the resedimented deposits of the Barra Velha Formation.
In the diagram, a value of 40% is assumed for the original, depositional
intergranular porosity. The diagram was originally proposed for sandstones but
can be also applied for moderate to relatively well-sorted carbonate grainstones,
as the studied rocks. We are not plotting strongly dolomitized rocks, as the
particle and interparticle volumes are normally not quantifiable in them. In the
studied Buzios samples, most data points plot within the compacted field,
indicating that mechanical compaction is the primary process responsible for the
reduction of interparticle porosity in most of the studied rocks. This is further
supported by the abundance of concave-convex and sutured interparticle
contacts. The early cementation, in general, was not volumetrically sufficient to
stabilize the interparticle framework, allowing compaction to proceed and
significantly reducing original porosity as burial increased. The only exception is
rocks extensively cemented by eodiagenetic silica, which obliterates the
interparticle space and stabilizes the framework, significantly preventing the
effects of compaction. The resulting porosity values are thus primarily controlled

by compaction, with cementation acting as a secondary modifier.

Estimating the effects of compaction in particulate carbonate rocks is
challenging due to significant variability in particle size and shape, and to the
differential resistance of carbonate particles to pressure dissolution (Coogan and

Manus 1975). Budd (2002), in his study of Paleogene grainstones from West-
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Central Florida, U.S.A., demonstrated that mechanical compaction in particulate
carbonate rocks reduces permeability primarily by decreasing porosity,
elongating pore throats, and increasing tortuosity. The effect of compaction differs
from interparticle cementation, which typically constricts or seals pore throats by

nucleating from grain limits to the pore center.
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Figure 14. Plot of the volume of interparticle cements versus the total interparticle volume (after
Ehrenberg, 1989). Compaction was the main cause of reduction of interparticle porosity in most
of the analyzed resedimented deposits, although there are samples where interparticle porosity
was reduced mainly by. Dashed, diagonal line (upper left to lower right) represent equal loss of
porosity by compaction and cementation. Light yellow represents more compactional loss than

cementation loss; dark yellow represents more cementation than compaction.

Although mechanical compaction was the principal driver of porosity
reduction in the resedimented studied deposits, a significant portion of these
compacted but only moderately cemented intervals still retains good reservoir
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quality. The porosity and permeability distribution (Fig. 9) shows that samples in
clusters (a) and part of (b) preserve connected interparticle porosity, resulting in
fair to high permeability despite substantial grain rearrangement during burial.
These intervals were less impacted by destructive diagenesis and therefore
maintain a relatively open framework characterized by partially preserved
depositional pore systems (Fig. 9a, b). In contrast, samples plotting in clusters (c)
and (d) record the compounded effects of mechanical compaction and
interparticle cementation, leading to reduced pore throat connectivity and lower
flow efficiency. Among the cements observed, blocky dolomite (Fig. 9c) is less
detrimental to reservoir quality than silica cementation (Fig. 9d), as blocky
dolomite commonly preserves some intercrystalline porosity between dolomite
rhombohedra (Mazzullo 2004), while the latter promotes pervasive pore
occlusion. These observations indicate that reservoir performance in the
resedimented intervals is governed primarily by the balance between compaction
intensity and the nature of post-compaction cements: where compaction is not
accompanied by extensive pore-filling cementation, calcarenites may still develop

and preserve reservoir-quality pore networks.

Pore-lining cement, even with low volumes, significantly reduces the pore
throats, impacting mainly the permeability (Armenteros 2010). In the studied
resedimented deposits, pore-lining cements took place mainly during early
diagenesis, with dolomite, calcite, and chalcedony rims covering the particles
(Fig. 15a, d, h), what significantly reduced their permeability. In addition to pore-
lining cementation, diagenetic laminations of blocky dolomite, formed by the
selective replacement of peloidal or laminated clay levels, also had a limited effect
on porosity but directly impacted the vertical permeability of the resedimented

deposits (Fig. 159).

More abundant eodiagenetic cementation by chalcedony and quartz totally
filled the interparticle porosity (Fig. 15b). The later dissolution of carbonate
particles created intraparticle and moldic pores, which, due to their limited

connectivity, are ineffective for permeability (Moore and Wade 2013; Fig. 15c).
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Intraclast dissolution in early quartz-cemented rocks was developed through ionic
diffusion, as fluid flow was impeded through the cemented interparticle spaces
(Morad et al. 2000).

Partial early cementation by blocky dolomite was not enough to prevent
resedimented deposits from compaction during increasing burial. Unlike in some
siliciclastic rocks, where early blocky dolomite acted as pillars reducing the effects
of compaction (Souza et al. 1995), the calcite intraclasts in the studied rocks
underwent to pressure dissolution even when cemented by eodiagenetic
dolomite (Fig. 15e), owing to the greater solubility of the carbonate particles.
Conversely, mesodiagenetic or hydrothermal silica cementation is normally
associated with areas of intense fracturing and vugular porosity. Megaquartz and
other hydrothermal phases partially filled the fractures, vugs, and channels

created by late dissolution (Fig. 15f, i).

The paragenetic evolution and reservoir quality of in situ and resedimented
deposits are dependent on distinct variables. In in situ deposits, diagenesis is
strongly influenced by clay mineral content and the degree of coalescence of
calcite aggregates (spherulites and shrubs; Schrank et al. 2024). In contrast,
resedimented deposits exhibit greater compositional and textural homogeneity,
which simplifies reservoir characterization. However, their final reservoir quality
is predominantly controlled by cementation and mechanical compaction. While
focusing the explorations studies on resedimented deposits is advantageous due
to their relatively compositional and textural homogeneity, the final diagenetic
overprint (particularly compaction, silica and dolomite cementation) ultimately

determines reservoir quality in these rocks.
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Figure 15. Schematic representation of the main diagenetic processes affecting the quality of the
redeposited reservoirs of the Barra Velha Formation in the Buzios Field. (a, b, c) resedimented
deposit affected by early chalcedony rims (1), microspherulites and quartz cement (2), inhibiting
compaction. Dissolution of intraclasts under further, possibly mesodiagenetic conditions
generated moldic porosity (3). (d, e, f) Cementation by rims of calcite (4) and/or dolomite (5) and
blocky dolomite (6), not very effective in preventing compaction, as evidenced by the occurrence
of blocky dolomite along concave-convex and sutured interparticle contacts (7). Such rocks,
where affected by fracturing and hydrothermal fluids show dissolution and precipitation of
coarsely-crystalline quartz (8), calcite (9), and saddle dolomite (10), and ‘exotic’ phases: analcime
(11), dawsonite (12), barite (13), and fluorite (14). (g) Diagenetic laminations generated by
dolomitized levels of Mg-clay laminations or peloids (15), directly impacting vertical permeability.

(h, i) Ooidal-intraclastic-peloidal calcarenites with peloids (16) and envelopes replaced by
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microcrystalline calcite (17), covered by blocky calcite rims. Late dissolution with remnants of

detached ooid envelopes (18) and dickite precipitation (19) in vugular pores.

CONCLUSIONS

e Pre-salt resedimented deposits constitute important reservoirs in the
Santos Basin, and although they commonly exhibit favorable textural
properties, their present-day reservoir quality is governed predominantly
by early diagenetic modifications.

e The study of two wells of the supergiant Buzios Field provided better
understanding of the processes, products and patterns of diagenesis, and
their impacts on the reservoir quality and heterogeneity of resedimented
deposits reservoirs, which has been previously very poorly constrained.

e Compaction and differential eodiagenetic cementation by dolomite and
silica are the primary controls on porosity preservation and pore-network
connectivity. Compaction is the main controlling factor in rocks little
cemented by dolomite or silica during eodiagenesis. Early dolomitization,
when not dense or pervasive, reduces the porosity of resedimented
deposits but allows some connectivity among pores, preserving some
permeability. In contrast, pervasive silica cementation tends to eliminate
interparticle pores while allowing intraclast dissolution and the
development of abundant but largely ineffective moldic porosity.

e Mesodiagenetic and hydrothermal processes represent secondary to
minor controls, given their low volumetric abundance in the samples
studied. Although late-stage dissolution can create vuggy pores, these are
commonly filled by subsequent cementation, limiting their contribution to
effective permeability. Nevertheless, the occurrence of hypogenic karst in
certain sectors of the pre-salt demonstrates that late-stage fluid flow can,
under favorable conditions, generate highly productive intervals,

explaining the exceptional performance of some Buzios wells.
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e By clarifying the relative importance of these diagenetic processes, this
study provides a framework for predicting reservoir quality and
heterogeneity in pre-salt resedimented carbonates and offers broader
insights applicable to alkaline lacustrine systems worldwide. As a future
direction, the definition of reservoir petrofacies for resedimented deposits
represents a promising avenue for improved predictive models. Such an
effort will require a more extensive and quantitatively integrated dataset,
capable of capturing the full spectrum of textural and diagenetic variability

documented in these complex reservoirs.
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Pre-salt carbonate reservoirs of the Santos Basin, eastern Brazilian margin,
contain giant hydrocarbon accumulations, with resedimented deposits
constituting the highest-quality reservoirs across several oilfields. Despite their
importance, the diagenetic evolution of the lacustrine resedimented deposits
remains poorly understood. This study investigates the diagenetic patterns and
controls on reservoir quality of the resedimented deposits of the Aptian Barra
Velha Formation through integrated petrography, fluid inclusions, petrophysical,
and micro-computed tomography (uUCT) analysis. Reservoir petrofacies were
characterized according to the main controls on porosity evolution, which
comprised: dolomitization, silicification, and compaction. Dolomite and silica
precipitation are multiphase, as evidenced by paragenetic relations, and by fluid
inclusions data showing heterogeneous entrapment with wide homogenization
temperature ranges. Blocky dolomite precipitated both before and after
compaction, while late saddle dolomite formed during deeper burial. At least two
eodiagenetic silicification phases occurred, followed by late diagenetic coarse
quartz precipitation. The relative timing between compaction and eodiagenetic
dolomite, silica and calcite precipitation fundamentally controls reservoir quality
in the resedimented deposits. Mesodiagenetic and hydrothermal processes had
subordinate influence on porosity evolution. Resedimented deposits show
greater susceptibility to compaction than in situ deposits, owing to the more stable
crystalline framework of the latter. This study provided essential insights to
improve the reservoir characterization and optimize the development strategies
for the pre-salt accumulations, as well as for understanding the diagenetic

evolution of resedimented lacustrine carbonates worldwide.

Lay summary: Brazil pre-salt carbonate rocks host one of the largest oil and gas
reserves in the world. Resedimented deposits, which constitute excellent
reservoirs in the succession, show a complex evolution that control their quality.
This study combines systematic petrography, fluid inclusion analysis, and
microtomography to understand the impact of dissolution, compaction, dolomite

and silica precipitation on the porosity of the intraclastic rocks. We found that the
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timing of these processes strongly controls the pore space available for oil and
gas. These findings contribute to reduce the exploration uncertainties of pre-salt

reservoirs and may help to understand similar lacustrine carbonate rocks globally.

Keywords: lacustrine diagenesis, pre-salt reservoirs, resedimented deposits,

petrofacies.

1. Introduction

Lacustrine carbonate deposits represent dynamic systems that are
particularly sensitive to subtle environmental changes (Tucker and Wright, 1990;
Platt and Wright, 1991; Wright, 2012). These deposits commonly exhibit more
complex vertical stacking patterns and horizontal distribution than those of marine
carbonates. The inherent complexity of lacustrine systems poses significant
challenges for their hydrocarbon exploration, demanding the integration of
multiple scales and analytical techniques. During the last decades, the
exploration of the giant South Atlantic pre-salt carbonate reservoirs has been

driving the increasing prominence of these unique lacustrine deposits.

The lacustrine reservoirs of the pre-salt sag succession are essentially
composed of carbonates, magnesian clays and silica, including both in situ
precipitates and resedimented deposits. Although some authors have interpreted
the pre-salt in situ lithologies as microbial deposits (e.g., Saller et al., 2016;
Sabato Ceraldi and Green, 2017; Araujo et al., 2022; Gomes et al., 2024), the
genesis of the in situ precipitates has been mostly interpreted as abiotic, based
on petrographic and isotopic evidence (Wright and Barnett, 2015; 2017; Wright
and Tosca, 2016; De Ros, 2018; 2021; Pietzsch et al., 2018; 2020; Farias et al.,
2019; Lima and De Ros, 2019; Gomes et al., 2020; Carvalho et al., 2022; Wright,
2022; Schrank et al.,, 2024). The resedimented deposits contain carbonate
fragments derived from in situ deposits (intraclasts) produced by the action of
gravitational processes (Barnett et al., 2021), waves (Medeiros et al., 2024), or

internal waves in a stratified lacustrine system (Altenhofen et al., 2024; 2026).



191

Programa de I”Ps—Emduucuu UFRGS
G E u [: I E" CI H s UNIVERSIDADE FEDERAL Geociéncias
DO RIO GRANDE DO SUL

Both the in situ and resedimented deposits are relevant reservoirs in the
pre-salt section, reaching 2,981 million bbl/d of oil and 139.79 million m?®d of
natural gas (ANP, 2025a). The porosity of the resedimented carbonates is
predominantly primary, whereas in many in situ rocks it was largely generated by
matrix dissolution (Wright and Barnett, 2015; Herlinger et al., 2017; Schrank et
al., 2024). Nevertheless, diagenetic alterations such as cementation,
dolomitization, silicification, and compaction significantly impacted the reservoir
quality of the resedimented deposits (Carvalho et al., 2022), justifying studies for
the development of geologically coherent models for these reservoirs. Although
the diagenesis of the pre-salt rocks has been the subject of numerous recent
publications, studies specifically focused on the resedimented carbonates remain
very scarce. The primary textural and compositional variations within the
resedimented deposits and their diagenetic evolution form reservoirs with very
distinct characteristics (Herlinger et al., 2017). In addition to numerous
eodiagenetic modifications, mesodiagenetic processes were responsible for
porosity reduction in some cases, while in others promoting the development of
zones with intense fracturing and dissolution, which resulted in exceptionally well-
connected reservoirs (Fernandez-lbanez et al., 2022a; 2022b). In our study,
eodiagenetic and mesodiagenetic were used according the original definition
sensu Choquette and Pray (1970), which is of surface-influenced fluids and
temperatures for eodiagenetic processes, and burial-controlled modifications, for

mesodiagenetic processes.

The high degree of heterogeneity and the wide distribution of these
reservoirs throughout the Aptian pre-salt succession highlight the importance of
systematically examining their diagenesis through integrated studies. This article
presents a study of the diagenesis of Santos Basin resedimented pre-salt
deposits, developed with an integrated approach, combining sedimentary
characterization, petrography, fluid inclusions and petrophysical analysis,
including micro-computed tomography (uCT), to better understand the evolution
of the pore systems of these reservoirs. Our study provides new insights on the

multiple factors favoring the reduction, preservation or enhancement of reservoir
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quality in the resedimented pre-salt, as well as in equivalent resedimented

lacustrine carbonates.

2. Geological setting

The Santos Basin, offshore SE margin of Brazil, covers an area of
approximately 350,000 km? down to a bathymetric depth of 3,000 m (Moreira et
al., 2007). The studied wells are located in three fields in the northeastern and
central part of the Santos Basin (Fig. 1). The Cabo Frio High separates the Santos
Basin from the Campos Basin to the north, while the Florianépolis High marks its

southern boundary with the Pelotas Basin (Moreira et al., 2007).

Like other basins along the Brazilian eastern margin, the Santos Basin
originated during the opening of the South Atlantic Ocean (Mohriak et al. 2008).
The sedimentary infill comprises three supersequences: rift, post-rift (sag), and
drift (Fig. 2). The pre-salt play encompasses the supersequences formed during
the rift and post-rift stages. The rift supersequence (Hauterivian to lower Aptian)
is subdivided into lower and upper intervals (Moreira et al., 2007). In the lower
interval, extensive basaltic volcanism constituted the Camborit Formation (Dias,
2005; Quirk et al., 2013). During the upper rift interval, deep half-grabens were
infilled with alluvial siliciclastic sediments and lacustrine deposits of kerolite-
stevensite ooids from the Picarras Formation (Moreira et al., 2007; Pietzsch,
2018; Leite et al., 2020), covered by bivalve bioclastic limestones ("coquinas")
and organic-rich shales of the ltapema Formation (Szatmari and Milani, 2016).
The Aptian post-rift phase is represented by the Barra Velha Formation, limited
at the base by the Pre-Alagoas Unconformity and at the top by the salt base
unconformity (Moreira et al., 2007).
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Figure 1: Location of study area. (A) Santos Basin. (B) Exploration and production blocks from
Santos Basis (modified from ANP, 2025b). (C) Location of the seven wells in the three studied
fields.

The unusual in situ deposits of the Barra Velha Formation are constituted
by spherulitic and fascicular calcite aggregates precipitated in a magnesian clay
matrix. They were initially interpreted as microbial stromatolites (Moreira et al.,
2007; Terra et al., 2010) and later reinterpreted as a product of chemical abiotic
precipitation (e.g., Wright and Barnett, 2015; Wright and Rodrigues, 2018; Farias
et al., 2019; Gomes et al., 2020; Pietzsch et al., 2020; Carramal et al., 2022;
Wright, 2022; Schrank et al., 2024). Resedimented deposits that occur
associated with the in situ deposits are represented by intraclastic calcirudites
and calcarenites formed by the erosion, reworking and redeposition of the in situ
deposits (Barnett et al., 2021; Medeiros et al., 2024; Altenhofen et al., 2024;
2026). During the late Aptian, the rupture of the Floriandpolis High barrier allowed
the inflow of marine waters, and the deposition of the thick evaporitic sequence
of the Ariri Formation. After the deposition of shallow to deep marine carbonate

sediments during the Albian, the upper portion of the drift sequence comprises
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marine shales with turbiditic sands in deeper areas, as well as proximal sandy

and gravel marginal deposits (Moreira et al., 2007).
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Figure 2: Lower Cretaceous stratigraphic chart of the Santos Basin. The Barra Velha Formation
is highlighted in red (BVE). Lithostratigraphic units: Camborid Formation (CAM); Picarras
Formation (PIC); Ariri Formation (ARI); Guaruja Formation (GUA); Floriandpolis Formation (FLO).
Local ages: Rio da Serra (1); Aratu (2); Buracica (3); Jiquia (4); Alagoas (5). Modified from Moreira
et al. (2007).

The Santos Basin hosts major petroleum systems, including the pre-salt
play that currently accounts for 78.8% of petroleum production in the country
(ANP, 2025a). The pre-salt play encompasses the rift and post-rift
megasequences, including the Itapema and Barra Velha Formations. The thick
evaporitic sequence of the Ariri Formation serves as an effective seal for these

reservoirs with giant hydrocarbon accumulations.

3. Methods and materials

Intervals with occurrence of resedimented deposits were studied in seven
wells from three pre-salt oilfields of the Santos Basin (Fig. 1). The name of the
fields and exact position of the wells cannot be disclosed due to data
confidentiality. Fields were named as A, B and C, and wells as A-1, A-2 (from
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field A), B-1, B-2, B-3 (from field B), C-1, C-2 (from field C). A total of 1,121 thin
sections were analyzed from the seven wells. Of these, 328 samples
corresponding to resedimented carbonates were systematically characterized.
They were prepared from 132 core trim, 83 core plugs, and 113 sidewall samples
impregnated with blue epoxy resin. Staining with Alizarin red-S and potassium
ferricyanide solution was applied to all thin sections to differentiate the carbonate

minerals, as outlined by Dickson (1965).

Systematic petrographic analysis was performed in the Rock
Characterization Laboratory of the Institute of Petroleum and Natural Resources
(IPR-PUCRS) using the Petroledge® software (De Ros et al., 2007). The
petrographic analysis records the volume, location and the paragenetic relations
of each observed primary and diagenetic constituent, and pore type. The
classification of the resedimented deposits followed the system proposed by De
Ros and Oliveira (2023). Pore types were classified according to Choquette and
Pray (1970). Zeiss Axio Imager A1 and Leica DM750P microscopes were used
to perform petrographic analyses. Ultraviolet epifluorescence analysis was
conducted on 10 thin sections using a Zeiss HXP 120 V metal halide fluorescence
light source, connected to an Axio Imager A2 microscope with set 02 (excitation
G 365 nm, beamsplitter FT 395 nm, emission LP 420 nm) and blue-cyan Lumar
09 filters (excitation BP 450-490 nm, emission LP 515 nm). In addition, twenty-
three thin sections were selected for automated mineralogical distribution
mapping using a QEMSCAN 650 (FEI) equipment with two coupled EDS/Bruker

detectors at the University of Brasilia.

Fluid inclusions (Fl) petrography and microthermometry were performed
on four double-polished thin sections (120 um-thick). Fls were analyzed in
prismatic quartz, blocky, matrix-replacive, saddle dolomite, and macrocrystalline
calcite. A total of 109 determinations of homogenization temperature (Th) were
conducted by H-Expertise Services S.A.S (H-ES, Vandceuvre-lés-Nancy,
France) and by Fluid Inclusion Technologies Schlumberger (FIT-SLB, Texas,

USA). At GeoRessources laboratory (University of Lorraine, France),
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measurements were conducted using a LINKAM MDS 600 heating-freezing
stage, operating between -170 °C and 400 °C, coupled with a Sony Exwave
HAD3 color video camera mounted on an Olympus BX51 microscope. At FIT-
SLB, analyses were performed using a Fluid Inc. USGS-type heating-freezing
stage. Both microthermometric systems were thermally calibrated using synthetic
fluid inclusion standards. The analytical precision is estimated to be +0.2 °C for
ice melting temperatures (Tm(ice)) and £0.5 °C for homogenization temperatures
(Th). Fluid inclusion assemblages (FIAs) were classified following the
methodology of Roedder (1984), according to their genetic types (primary,

secondary, or pseudo-secondary) and correlated with the paragenetic sequence.

The homogenization temperature (Th) indicates when a biphasic Fl with a
liquid phase volume greater than the vapor phase at room temperature
homogenizes to a single liquid phase after heating. The vapor homogenization
temperature (Thvapor) highlights cases when a biphasic FI with a vapor phase
volume greater than the liquid phase at room temperature homogenizes as a

single vapor phase after heating.

Reservoir petrofacies sensu De Ros and Goldberg (2007) were defined by
the combination of the main textural and fabric features, primary composition,
and diagenetic processes and products that mostly control the pore system.
Attributes that significantly impacted the porosity and permeability were used as
grouping criteria. Resedimented petrofacies are identified by the prefix 'Intrac’
(from intraclastic), due to the dominantly intraclastic origin of the carbonate
particles. After an initial grouping of the samples, the preliminary petrofacies were
evaluated against petrophysical parameters using statistical tools. The porosity
reduction by compaction and cementation was evaluated on an Ehrenberg (1995)
diagram. Samples with compaction as the main porosity reduction process were
given the suffix "Comp." Samples whose porosity was mostly controlled by
cementation were assigned with the suffixes "Dol", "Cal", and "Sil", depending on
whether dolomite, calcite, or silica, respectively, were the main diagenetic

modifiers. Petrofacies with two significant diagenetic porosity modifiers



197

&
ti CENCIENCING UFRG -
G E u c I E n cl H s UNIVERSIDADE FEDEg Geociéncias
DO RIO GRANDE DO SUL

(considered when the difference between their volumes is less than 5%) were

labeled with both mnemonic suffixes (e.g., DolSil for dolomite and silica; Fig. 3).

PETROFACIES REWORKED ROCKS FLOWCHART
[ [ |
Interparticle + Interparticle + Interparticle +
Non-fabric selective Non-fabric selective Non-fabric selective
porosity porosity porosity
<10% 2 10% and <15% >15%
Main diagenetic Main diagenetic
modifier modifier
Intense Intense Moderate Moderate
compaction cementation compaction cementation
IntracComp | IntracCal | ’ IntracCompPor | \ IntracDolPor ’
l IntracSilPor
Moderate
cementation IntracDolSilPor
IntracCompDol

Figure 3: Schematic representation of the workflow used for the definition of reservoir petrofacies
in the studied resedimented pre-salt carbonates. First, the resedimented “intraclastic” deposits
were grouped according to interparticle porosity values combined with the contribution of non-
fabric selective porosity (e.g., vugs and channels). Subsequently, suffixes were assigned based

on the main diagenetic process affecting porosity.

Routine core analysis (RCA) data, including porosity and permeability
measurements, were obtained from the National Agency of Petroleum, Natural
Gas and Biofuels (ANP) database. Computerized X-ray microtomography was
performed in the Rock Characterization Laboratory of the Institute of Petroleum
and Natural Resources (IPR-PUCRS), using a SkyScan 1173 system equipped
with a micro-focus X-ray source operating at 130 kV and 61 pA. To minimize
beam hardening effects, a 0.25 mm brass filter was applied. Image acquisition
was carried out with pixel resolutions ranging from 7 to 35.7 um. Each sample
was scanned over a rotational range of 270° to 360°, with an angular step of 0.2°,

generating 16-bit TIFF transmission images at each increment. Three-
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dimensional reconstruction was conducted using a cone-beam algorithm,
optimized for variations in sample thickness. Image processing and quantitative
analysis, including segmentation, pore and pore throat identification, dimensional
measurements, and total and partial volume calculations, were carried out using
AVIZO Thermo Scientific software.

4. Results

4.1 Distribution of resedimented deposits

The analysis of the total 1,121 thin sections allowed us to understand the
stratigraphic distribution of the resedimented deposits across the three studied
fields (Fig. 4). The thin sections were grouped into six major rock types (Table 1),
and the proportion of each one is indicated in parentheses: in situ deposits (572
samples; 51.1%), resedimented deposits (331 samples; 29.6%), crystalline rocks
(115 samples; 10.3%), mudstones (66 samples; 5.9%), microbial deposits (29
samples; 2.6%), and anhydrite (6 samples; 0.5%). As can be observed in Figure
4, the resedimented deposits are intercalated in high frequency with the in situ
deposits, and with crystalline or microbial deposits. The resedimented deposits
occur as layers that range from millimeter-scale laminations, locally interbedded
with in situ deposits, to thick depositional units reaching approximately 10 m in
thickness in some locations. Also, it is visible that there is a greater representation

of resedimented deposits in Field C compared to the other fields.

Table 1: Rock type classification with sample distribution and main characteristics.
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Rock type

Number
of
Samples

Proportion
(%)

Main characteristics

In situ deposits

872

51.12

In situ deposits are formed by diagenetic andior syngenetic
shrubs and spherulitic calcite associated with magnesian clay.
These deposits exhibit layers with thicknesses ranging from
centimeters to meters. In situ deposits commaonly display irregular
to plane-parallel laminations and variable degrees of coalescence
ofthe calcite precipitates.

Resedimented deposits

N

2958

Resedimented deposits consist mainly of intraclastic carbonate
particles derived from the erosion and redeposition of previously
deposited carbonates. They are predominantly massive or locally
plane-parallel laminated, medium- to coarse-grained, composed
of subrounded to rounded paricles, and show moderate sorting.

Crystalline rocks

115

10.28

Intensely silicified or dolomitized rocks inwhich ariginal textures
are no longer preserved. They are represented by dolostones and
cherts, with thicknesses ranging from centimeters to meters, and
are concentrated at the base of wells B2 and B3.

Mudstones

i3]

Mudstone composed of magnesian clay, commaonly replaced by
microcrystalline calcite. It occurs in millimeter- to centimeter-scale
layers and exhibits irregular to plane-parallel lamination.

Microbial deposits

29

Carbonate deposits characterized by a grumaose texture typical of
micrabial carbonates. They display stromatolitic to thrombaolitic
structures, with layer thicknesses ranging from centimeters to
meters, and occur in isolated intervals at the base of well C1 and
at the top of wells B1 and B3.

Anhydrite

Massive layers of evaporitic calcium sulfate, with thicknesses
ranging from millimeters to centimeters, occurring at the upper
boundary of the Barra Velha Formation in wells B2 B3, and C2.

Total

1119

100.00
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Figure 4: Schematic representation of the distribution of rock types in the seven studied wells.

Vertical scale in meters. Gray bars indicate Barra Velha Formation thickness based on ANP well

data. Green bars correspond to cored intervals.
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The resedimented carbonates were texturally classified (Fig. 5) into
calcarenites (108 samples; 32.6%), rudaceous calcarenites (64 samples; 25.4%),
slightly rudaceous calcarenites (63 samples; 19%), arenaceous calcirudites (47
samples; 14.2%), calcirudites (8 samples; 2.4%), muddy calcirudites (5 samples;
1.51%), and muddy calcarenites (3 samples; 0.9%). In addition to these
carbonate rocks, hybrid carbonate-siliciclastic arenites (10 samples; 3%) and

breccias (3 samples; 0.9%) were also characterized.

Particles >2mm
Field:
@ A1
out of @ A2
cale
f S o B1
@ B2
calcirudite : ® B3
% Particles
>2mm @ C1
® C2
R 30

Slighlty . Rudaceous o e .
rudacgous calgflutite calcilutite Rudaceous ,u%’é,gc’;’f,’{,s
™ < o calcarenite © O calcarenite

P s ® O

‘ C D1

Clay-size 25 | 0 G Sand-size

particles %|Sand sized particles \ particles
Calcilutite : Ag?a?;ﬁﬁﬁg 2 2 alltg"algg/{/tex “— Calcarenite

Figure 5: Textural classification of resedimented deposits described from the seven studied wells
(modified from De Ros and Oliveira, 2023).

4.2 Primary composition and texture of the resedimented deposits

The resedimented deposits from the studied wells are primarily composed

of intraclasts eroded from the characteristic in situ pre-salt deposits. These
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comprise mostly intraclasts of spherulitic and fascicular calcite aggregates, as
well as intraclasts of macro- and microcrystalline calcite. Microbial intraclasts with
a clotted texture, along with dolomitic, siliceous, and muddy intraclasts, occur
locally. The intraclasts range from 0.1 to 3.5 mm of diameter, predominantly with
medium to coarse sand size, and from well rounded to angular, predominantly
sub-rounded shape. They commonly exhibit moderate sorting. The average
intraclast content among the studied samples is 46.4%, with a maximum of 79%,

indicating their predominance in the composition (Table 2; Fig. 6A-E).

Table 2: Summary of primary composition of described resedimented deposits.

Al A2 B1 B2 B3 C1 Cc2

Primary Constituent \ Well:

A Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max.
Clay Ooid 2.06 14.5 12.47 5467 0.18 8.00 1.5 125 1.59 23.00 134 42,00 435 35.00
Spherulitic intraclast 12.05 2500 7.02 20.67 25,65 50.00 1578 37.00 1394 4500 1641 63.00 201 50.00
Fascicular intraclast 1772 38.00 3.73 15.5 1555 48.00 10.98 3200 1551 45.00 16.9 52.00 1389 335
Undiffintraclast 0.38 5.00 0.36 8.00 0.00 0.00 1.35 25.00 0.05 1.00 0.07 9.00 3.24 25.00
Microbial intraclast 0.00 0.00 0.47 8.00 0.00 0.00 0.00 0.00 1.34 12.00 1.3 68.5 0.06 25

Carbonate sand intraclast ~ 0.92 7.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Macrocrystalline intraclast  6.23 63.00 288 12.67 4.68 40.00 0.53 5.00 3.06 44.00 3.25 35.67 3.54 28.00
Microcrystalline intraclast ~ 6.67 15.00 1584 4133 8.24 36.00 7.26 20.00 107 68.00 8.05 70.00 767 30.00

Dolomite intraclast 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 6.00 0.12 4.00 0.02 1.00
Total Carbonate intraclast  44.00 75.00 303 62.00 5413 765 3581 655 44.6 72.00 4598 79.00 485 70.01
Detrital grains 0.05 0.67 0.98 13.00 144 5.25 0.53 3.5 0.32 2.5 0.05 2.5 0.14 1.5
Carbonate bioclast 0.05 0.67 0.09 2.00 0.02 1.00 0.09 1.00 0.01 0.33 0.2 3.00 0.21 5.00
Preserved Matrix 0.04 0.5 1.13 10.5 2.05 9.00 0.13 2.00 1.18 12.5 1.21 16.00 0.63 5.00
Mud intraclast 0.00 0.00 0.22 2.00 0.03 1.33 0.03 0.5 0.00 0.00 0.3 7.00 0.13 3.00
Phosphate bioclast 0.46 1.5 0.28 35 06 35 0.63 4.5 0.29 3.00 0.08 4.00 0.05 2.00
Siliceous intraclast 0.00 0.00 0.00 0.00 0.00 0.00 0.21 2.01 0.59 17.00 0.18 10.00 0.59 10.00

Other primary constituents include clay ooids with carbonate intraclastic or
volcanic nuclei covered by irregular Mg-clay envelopes (Carramal et al., 2022;
Altenhofen et al., 2024; Fig. 6F). The ooids often exhibit single superficial clay
envelopes that have been replaced and expanded by calcite or dolomite. In some
cases, these envelopes were detached from their nuclei. The bioclasts identified
are articulated and disarticulated ostracods and undetermined phosphatic
bioclasts. Carbonate and phosphate bioclasts sometimes occur concentrated in
levels, and are often found within spherulitic and fascicular intraclasts, having

been engulfed during the in situ growth of the calcite aggregates.
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A magnesian clay matrix locally fills the interparticle porosity in the
resedimented deposits, but it also occurs segregated in laminations intercalated
with the intraclastic levels (Fig. 6B). This matrix consists of a clay-size fraction as
well as silt and fine sand-size clay peloids. It is often replaced by blocky dolomite
or cryptocrystalline silica. Locally, the matrix contains significant amounts of
detrital silt, such as quartz, feldspar, micas, and celadonite grains. Clay
intraclasts are rarely found. They occur mixed with carbonate particles and are
commonly replaced by dolomite. Compacted clay intraclasts locally fill

interparticle porosity as clay pseudomatrix.

4.3 Diagenetic phases

Dolomite, silica, and calcite are the main diagenetic constituents in the
resedimented carbonate reservoirs. Dolomite is the main diagenetic constituent
in six of the seven wells. Only well C1 contains a silica content higher than
dolomite. The volume of diagenetic calcite is limited, standing out only in well A2
as macrocrystalline (> 0.12 mm) interparticle cement. Macrocrystalline calcites
are commonly filling fractures in calcite intraclasts. Locally, calcite occurs as a
microcrystalline replacement constituent, replacing and displacing the clay
envelopes of ooids. Some samples display rims of blocky calcite covering the

intraclasts.
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Figure 6: Textural and compositional aspects of the analysed resedimented deposits. (A)

Calcarenite composed of calcite intraclasts with preserved interparticle porosity. Uncrossed
polarizers (//P). (B) Laminated intraclastic calcarenite with peloidal clay laminations intensely
replaced by dolomite. Silica patches fill interparticle pores in the intraclastic laminae (//P). (C)
Calcite intraclasts with macrocrystalline (1), fascicular (2), and spherulitic (3) textures. Blocky
dolomite partially fills the interparticle porosity. Crossed polarizers (XP). (D) Hybrid calcarenite
with partially dissolved clay intraclasts (yellow arrow) cemented by blocky dolomite (//P). (E)
Intraclast with clotted texture, suggestive of microbial origin (left) and spherulitic intraclast (right;
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XP). (F) Clay ooid with volcanic nucleus, and a single discontinuous envelope (//P).

Blocky dolomite occurs abundantly, both as an intraparticle constituent,
replacing calcite intraclasts and other primary constituents (34.5%), and filling
interparticle porosity (32.2%; Fig. 7A). In wells B1 and B3, blocky dolomite is also
commonly observed replacing the clay matrix and pseudomatrix from the
compaction of clay intraclasts (Fig. 7B). Matrix-replacive blocky dolomite can be
distinguished from blocky dolomite that fills primary interparticle porosity by the
arrangement of the crystals. The replacive variety preserves some alignment
reflecting the original lamination of the matrix, whereas the pore-filling dolomite
typically nucleated along the edges of the particles, as also described by Schrank
et al. (2024).

Blocky dolomite also largely replaced the clay peloids among the calcite
intraclasts, as well as those included in the calcite aggregates. Saddle dolomite
commonly occurs as a pore filling, but also as a matrix replacement constituent.
Larger volumes of saddle dolomite occur in field B and in well A2 (Fig. 7C).
Pseudomorphic dolomite replacement of the original calcite fabric of the

intraclasts stands out in well A2 (Fig. 7D).

Silica habits include cryptocrystalline silica, microcrystalline quartz,
fibrous-radiated chalcedony, as well as coarsely crystalline quartz
(macrocrystalline, coarse mosaic, prismatic and drusiform; Figs. 7E and 7F).
Cryptocrystalline silica preferentially replaced the laminated clay matrix and
peloids. Microcrystalline (< 0.12 mm) quartz replaced the carbonate particles and
filled the interparticle porosity, often obliterating the pre-compaction interparticle
pore space. Chalcedony is abundant as cement in the resedimented deposits,
commonly forming fibro-radiated aggregates and rims covering the carbonate
particles, but also frequently replacing the framework constituents. Coarsely
crystalline quartz mostly filled the dissolution secondary porosity, such as vuggy,
channel, and fracture pores. However, drusy and macrocrystalline quartz are also

observed filling primary interparticle porosity.
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Other diagenetic constituents are rare (max. 5% of volume, in few
samples) and consist of pyrite, dawsonite, barite and chlorite. Pyrite, the most
abundant among these minor constituents, commonly occurs replacing clay
matrix, peloids, and intraclasts with microcrystalline and framboidal habits.
Dawsonite occurs in fibrous, fibro-radiated and, less commonly, prismatic forms,
replacing matrix and locally filling dissolution porosity. Dawsonite is relatively
common in field C but absent in field B. Prismatic barite occurs filling primary and
secondary porosity. The occurrence of chlorite was identified with the aid of

QEMSCAN (Fig. 8) in a single thin section as interparticle pore-filling constituent.
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Figure 7: Main diagenetic constituents of resedimented deposits. (A) Dolomitized carbonate

intraclast and blocky dolomite filling interparticle porosity (//P). (B) Blocky dolomite replacing clay
matrix (//P). (C) Saddle dolomite, precipitated upon macrocrystalline quartz, filling vuggy porosity
(XP). (D) Spherulitic intraclasts replaced by pseudomorphic dolomite, partially dissolved (XP). (E)
Microcrystalline quartz replacing the margins of the intraclasts, prismatic quartz rims covering the

particles and macrocrystalline quartz filling interparticle porosity (XP). (F) Chalcedony lining vuggy
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pore in UV epifluorescence. The different silica growth phases are marked by oil inclusions. The

center of the pore is filled with macrocrystalline quartz.

[ ] Calcite
Il Dolomite [l Kaolinite/Chlorite

Figure 8: QEMSCAN images showing structural, textural, and fabric features characteristic of the
analyzed resedimented deposits. (A) Intraclastic calcarenite with an irregular silicified level.
Remnants of laminated clay matrix replaced by dolomite (black arrows), and abundant barite filling
interparticle porosity. (B) Rudaceous calcarenite partially cemented by quartz and dolomite.
Kaolinite/chlorite replacing remnants of the clay matrix. (C) Contact between fine intraclastic-
peloidal calcarenite and very coarse massive intraclastic calcarenite. Dolomite replacing the
original matrix. The coarser portion is composed of carbonate intraclasts, with dolomite and quartz
filling interparticle porosity. (D) Intraclastic-peloidal calcarenite with slightly dolomitized levels

marking irregular lamination. Kaolinite/chlorite patches filling interparticle porosity. (E) Intensely
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silicified calcirudite, with several particles replaced by silica. Silica filling interparticle porosity.
Moldic porosity formed by dissolution of carbonate intraclasts. (F) Laminated medium- to fine-
grained calcarenite with interparticle porosity cemented by dolomite. A silicified level marks the

contact between the two grain-size intervals.

4.4 Fluid inclusions

Aqueous and oil fluid inclusions association (FIA) hosted in diagenetic
constituents from the resedimented carbonates were analyzed (Fig. 9). Three
analyzed samples are from well C1, and one from well B1. The diagenetic phases
analyzed are interparticle pore-filling and fracture-filling blocky dolomite,
macrocrystalline calcite, prismatic quartz, saddle pore-filling, and matrix-replacive
dolomite. The characteristics of the Fls in specific analyzed constituents can be

summarized as follows:

Fluid inclusions from three FIAs in pore filling blocky dolomite at well B1
(6056.62 m) show relatively narrow Th variation within individual FIAs. Each
assemblage presents three fluid inclusions analyses. The FIAs consisting of
primary aqueous inclusions showed Th values between 51 and 62 °C, with
salinity levels in individual assemblages ranging from 17—-18 wt% NaCl equivalent

(evaporitic-influenced).

Fluid inclusions from one FIA with only one secondary oil inclusion in
diagenetic calcite (undetermined habit) at well C1 (4944.55 m) displayed orange-

white fluorescence and Th of 102 °C.

Fluid inclusions from four FIAs in pore-filling prismatic quartz at well B1
(6056.62 m) show relatively large homogenization temperature (Th) variation
within individual FIAs. Each assemblage contained between 10 and 5 fluid
inclusions. The FIA of primary gas condensate showed a Thvapor of 81-90 °C, that
coexists with biphasic aqueous inclusions with large vapor bubbles with a Thvapor

of 7577 °C, for which salinity could not be measured. Additionally, the three FlAs
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of primary oil, presenting white, yellow, yellow-white and blue-green fluorescence
colors, displayed a Th range of 47—100 °C, that coexists with aqueous inclusions
that had a Th of 78—-100 °C and salinity of 17—-22 wt% (evaporitic-influenced).

Fluid inclusions from thirteen FIAs in pore-filling prismatic quartz at well
C1 (4963.52, 4944.55 and 4977.66 m) show relatively large homogenization
temperature (Th) variation within individual FIAs. Each assemblage contained
between 13 and 1 fluid inclusions. The four FIAs of primary oil, presenting white
and orange fluorescence colors, displayed a Th range of 54-143 °C. The two
FIAs of pseudosecondary oil, presenting white and orange fluorescence colors,
displayed a Th range of 75-124 °C. There are also three heterogeneous
pseudosecondary FIAs presenting monophasic and biphasic aqueous fluid
inclusions that had a Th of 48-141 °C and salinity of 12—19 wt% (evaporitic-
influenced). One pseudosecondary FIA consisting of aqueous inclusions showed
Th values between 49 and 85 °C, with salinity levels in individual assemblages
ranging from 16—21 wt% (evaporitic-influenced). Finally, one FIA of secondary oil
with orange fluorescence colors, exhibited a Th of 71 °C; while two others
secondary FIAs of aqueous inclusions had a Th of 97-150 °C and salinity of 14

wt% (evaporitic-influenced).

Fluid inclusions from four FIAs in replacive blocky dolomite at well C1
(4977.66 m) show relatively large Th variation within individual FIAs. Each
assemblage contained between three and one fluid inclusions. The three FIAs
consisting of primary oil inclusions showed Th values between 49 and 93 °C,
presenting three fluorescence colors: white, yellow, and blue-white. The

secondary FIA presents white fluorescence and Th of 52 °C.

Fluid inclusions from four FIAs in pore-filling saddle dolomite at well C1
(4963.52 m) show relatively large Th variation within individual FIAs. Each
assemblage contained one fluid inclusion. The FIAs consisting of secondary oil
inclusions showed Th values between 86 and 124 °C, presenting three

fluorescence colors: white, yellow, and blue.
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Figure 9: Homogenization temperatures (°C) histograms of aqueous (solid colors) and petroleum
(hatched colors) fluid inclusions hosted in diagenetic mineral phases from the Barra Velha

Formation of Santos Basin, Brazil. (A) Primary and pseudo-secondary fluid inclusions. (B)

Secondary fluid inclusions. (C) Homogenization temperature (°C) versus salinity (wt% NaCl eq.)

cross plot for aqueous primary and pseudo-secondary fluid inclusions. Salinity varies in the range

of 11.6-21.8 wt% eq. NaCl.
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4.5 Porosity

The most common type of porosity in the resedimented deposits consists
of intraparticle pores generated by partial dissolution of the carbonate intraclasts
(34.8% of total quantified pore volume), followed by interparticle (30.4%), vuggy
(20.3%), and porosity from dissolution and shrinkage of clay and peloidal matrix
(13.7%). Interparticle porosity in the analyzed rocks is essentially primary.
However, in some resedimented deposits with matrix, interparticle porosity was
created by matrix dissolution, or is intercrystalline, among dolomite crystals that
previously replaced the original clay matrix. Other minor pore types in these
lithologies include vuggy, fracture and channel pores. Fracture, vuggy, and
channel pores can be underestimated in petrographic analyses, because thin
section preparation typically targets more massive areas of the rock, avoiding
zones with fractures and larger vugs. In these cases, visualization of the sample
in micro-CT images proves valuable for observing the pore system and

interpreting permeability values (Fig. 10).

4.6 Reservoir petrofacies

The resedimented deposits of the Barra Velha Formation were classified
into ten reservoir petrofacies. The defined petrofacies reflect variations in the
intensity of diagenetic processes, including cementation, replacement, and
compaction. This section presents the main diagenetic and porosity

characteristics of each petrofacies, with implications for reservoir quality.

IntracPor petrofacies correspond to resedimented “intraclastic’ samples
with more than 15% of interparticle and non-fabric selective porosity (Table 3;
Fig. 10C and D). This petrofacies represents 11.89% of the studied thin sections.
The pore types in this petrofacies include interparticle, intraparticle, vuggy, and

fracture pores. The average interparticle and non-fabric selective porosity is
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17.43%, while the average petrophysical porosity is 18.25%. The average
permeability is 390.6 mD.

Petrofacies with compaction as the main diagenetic modifier
(IntracComp, IntracCompDol, and IntracCompPor) are represented by
samples with low interparticle volume (<35%), abundance of concave-convex
and sutured contacts, stylolites, grain fractures, and locally, pseudomatrix formed
by the compaction of soft clay intraclasts. IntracComp and IntracCompDol
petrofacies (Fig. 10E and F), with less than 10% of connected porosity, present
predominantly framework dissolution intraparticle porosity (4.58 and 4.68%
respectively), with lower permeability values for IntracCompDol petrofacies.
Among the defined reservoir petrofacies, IntracCompPor, with interparticle
porosity between 10 and 15%, presents the second-best average of permeability
values. The main type of porosity in this petrofacies is interparticle, followed by

intraparticle and vuggy porosity.

Dolomitized petrofacies (IntracDol and IntracDolPor) present more than
10% of dolomite filling interstitial pores. IntracDolPor petrofacies (Fig. 10G and
H) shows between 10 and 15% of interparticle and non-fabric selective porosity.
The average porosity of the IntracDolPor petrofacies is 11.5% and the maximum
is 14%, while the porosity values for the IntracDol petrofacies are 4.7% in average
and 9.5% maximum. IntracDolPor presents the third highest average permeability
values (avg. 273.27 mD; max. 1600 mD). This occurs where dolomite
cementation creates a network of intercrystalline pores, partially enlarged by

slight dolomite dissolution.

Silicified petrofacies (IntracSil, IntracSilPor, and IntracDolSilPor)
correspond to samples with interstitial silica, both filling the interparticle porosity
and subordinately replacing clay matrix and peloids. In the IntracSil (Fig. 10l and
J) and IntracSilPor petrofacies, moldic and intraparticle pores prevail, commonly
lined by silica cementation, which frequently leads to moderate porosity, but low

permeability values. Locally, micro-CT reconstructions reveal fractured zones
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within the silicified petrofacies, which may act as conduits, significantly enhancing
permeability in these intervals (Fig. 10). IntracSil petrofacies presents 3%
average and 9.5% maximum of connected porosity, and average permeability of
34.18 mD (max. 501.9 mD). IntracSilPor is the petrofacies with the smallest
number of samples (only 4), with only two samples tested by RCAL, and therefore
the permeability values may not be representative. The IntracDolSilPor
petrofacies contain similar volumes of interparticle dolomite and silica, with an
average connected porosity of 11.2% and a maximum of 15%. IntracDolSilPor

petrofacies show average permeabilities of 39.7 mD and a maximum of 64 mD.

Table 3: Average and maximum values of the main types of pores described by petrography
analysis (framework, interparticle, vuggy, total connected pores - without framework porosity, total

petrographic porosity. The last 5 columns refer to RCAL data from plugs at the same depths of

the studied thin sections.
Avg. Max.
Total Total Avg. Max. Avg. Max.
Avg. Max. Avg. Max. Petrogr Petrogr Petrogr Petrogr Avg. Max.
. o Frame Frame Interpa Interpa . Max. aphic aphic aphic aphic Fetrop Petrop Perme Perme
Petrofacies # #(%) ) 3 Vugula Vugula hysical hysical # RCAL " -
work work rticle  rticle r Pores r Pores Connec Connec Total  Total Porosit Porosit ability  ability
Pores Pores Pores Pores ted ted Porosit Porosit (mD) (mD)
Porosit Porosit y y y
y y
IntracCal 14.0 43 0.7 4.7 1.1 8.0 0.6 8.0 18 8.5 26 8.5 5.4 5.4 1.0
IntracComp 24.0 7.3 4.6 23.0 2.5 6.3 1.1 7.5 5.0 9.5 9.6 26.3 13.2 236 13.0 470 3731
IntracCompDol 26.0 7.9 47 8.0 26 8.0 0.6 6.5 41 9.0 8.8 13.7 134 19.6 18.0 1.2 61.5
IntracCompPor 16.0 49 3.9 10.0 7.8 14.0 21 8.0 114 14.0 15.2 20.0 17.0 25.3 12.0 322.3 1700.0
IntracDol 95.0 29.0 3.7 15.0 18 8.7 0.8 7.0 47 9.5 8.3 175 14.3 31.7 61.0 2386 716.1
IntracDolPor 42.0 12.8 3.2 6.5 53 13.4 35 10.0 115 14.0 14.7 20.0 15.8 22.2 27.0 273.3 1600.0
IntracDolSilPor 9.0 27 38 7.0 53 10.0 51 10.0 1.2 14.0 151 17.0 14.8 19.4 6.0 39.8 64.0
IntracPor 39.0 11.8 3.7 12.0 9.1 25.0 59 20.0 17.4 27.0 21.2 30.5 18.2 326 29.0 390.6 2750.0
IntracSil 59.0 18.0 4.8 16.0 0.8 8.5 1.9 9.0 3.0 9.5 7.8 20.0 9.8 25.4 28.0 35.2 501.9

IntracSilPor 4.0 1.2 5.1 8.0 1.9 3.0 9.9 13.0 11.8 13.5 16.9 19.5 9.1 14.4 2.0 06 1.1
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Figure 10: Integration of petrographic, RCAL, and micro-CT data for the main petrofacies. (A)

Cross-plot of porosity observed in petrographic analysis vs. RCAL permeability. (B) Cross-plot of
RCAL porosity and permeability. (C) 3D micro-CT reconstruction and (D) thin section image
corresponding to the IntracPor petrofacies. (E) and (F) IntracCompDol petrofacies. (G) and (H)

IntracDolPorl petrofacies. (1) and (J) IntracSil petrofacies.

5. Discussion

5.1. Depositional processes

The resedimented deposits in the pre-salt sag section of the Santos Basin
are predominantly characterized by massive structures with moderate to good
sorting, contrasting with typical features expected from high-energy depositional
environments (Tucker and Wright, 1990). The dominant lack of depositional
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structures in these deposits provides important constraints on depositional
mechanisms. While features of tractive processes characteristic of surface waves
and currents, such as low-angle cross-stratification, hummocky cross-
stratification, and current or wave ripples have been documented in specific areas
(e.g., Fragoso et al., 2023; Medeiros et al., 2024), the pre-salt resedimented
deposit show dominantly massive structure. On the other hand, their redeposition
by gravitational processes, as proposed by Barnett et al. (2021) and Wright
(2022), seems to have been limited to few areas, as they are mostly distributed
on top of structural highs, and not adjacent to them, and considering that
subaerial exposure features are nearly absent in the section. The definition of the
average and maximum water depth of the Aptian pre-salt lake is still a matter of
considerable debate (e.g., by Wright and Barnett, 2017; Wright and Rodriguez,
2018; Pietzsch et al., 2018; 2020; Wright, 2022; Christ et al., 2025).

The widespread distribution of these deposits across the Santos and
Campos basins in eastern Brazilian margin (e.g. Herlinger et al., 2017; Wright
and Barnett, 2017; Lima and De Ros, 2019; Barnett et al., 2021; Carramal et al.,
2022; Carvalho et al., 2022), and Kwanza Basin in Angola (e.g. Saller et al., 2016;
Sabato Ceraldi and Green, 2017) further suggests a regionally significant process
rather than localized sedimentary events (Altenhofen et al., 2024; 2026). This
distribution and the depositional structure of most of the pre-salt resedimented
deposits have stimulated Altenhofen et al. (2024; 2026) to propose internal waves
of the chemocline of the pre-salt stratified (meromictic) alkaline lacustrine system
as the main mechanism for their generation. Internal waves have been identified
as important agents of resedimentation in lacustrine and marine environments
(Apel et al. 2007; Preusse et al., 2010; Badenas et al. 2012; Pomar et al. 2012),
and provide a viable mechanism to account for the recurrent intercalation of
resedimented and in situ deposits and their widespread distribution across the
Santos, Campos, and Kwanza basins (Altenhofen et al., 2024; 2026).

5.2 Paragenetic evolution
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The diagenetic processes of resedimented deposits from the sag section
of the Santos Basin are the main control on their reservoir quality. The integrated
approach, combining systematic petrography, fluid inclusion microthermometry,
micro-computed tomography, and reservoir petrofacies analysis, contributed to
understanding the diagenetic evolution of these rocks, and their relations with

reservoir quality and basin evolution.

Dolomite and silica cementation, along with compaction, are the main
diagenetic processes impacting the reservoir quality of the pre-salt resedimented
reservoirs. Both dolomite and silica precipitation occurred under diverse
conditions, as suggested by their paragenetic relations and distribution patterns.
The presence of heterogeneous aqueous fluid inclusions (liquid and liquid+vapor)
entrapped at low temperatures in an evaporative context is indicative of
eodiagenesis. The wide range of homogenization temperatures supports the
occurrence of multiple events of dolomite and silica precipitation (Fig. 11A) and
indicates post-trapping stretching re-equilibration processes (Goldstein and
Reynolds, 1994; Goldstein, 2001) in some fluid inclusion assemblages (FIAs),
which re-equilibrated the original entrapment temperatures to a gradation of
higher values. For FIAs with clear evidence of stretching, only the minimal Th
mode of aqueous FIAs was considered representative of the original entrapment

conditions.

Dolomite commonly occurs as blocky and saddle habits replacing and
cementing the resedimented deposits. Dolomite precipitation in alkaline
lacustrine deposits is well documented in the literature (Last, 1990; Hirst, 1995;
Guo et al., 2023; Tosca and Tutolo, 2023) and is often interpreted as the result
of alteration of magnesium-rich clay minerals (Tutolo and Tosca, 2018; Li et al.,
2023). Homogenization temperatures measured in primary aqueous inclusion
hosted by cementing blocky dolomites from well B1 presented narrow distribution
between 51 and 62 °C in evaporitic-influenced context, indicating precipitation
during the initial stages of burial diagenesis (Immenhauser, 2022). Paragenetic

relationships suggest that blocky dolomite precipitated before compaction (Fig.
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11B), in some samples, and post-compaction (Fig. 11C), in others. Replacive
blocky dolomite, occurring as a replacement of intraclasts and clay matrix,
contains oil inclusions with Th values between 49 and 93 °C, indicating

replacement processes during both eodiagenesis and mesodiagenesis.

Late saddle dolomite precipitated during deeper burial diagenesis. These
crystals are often filling fractures or vuggy pores in the resedimented deposits,
also suggesting precipitation from late fluids, marked by secondary oil FIAs with
minimal Th of 86 and 124 °C. The paragenetic relations of saddle dolomite, post-
dating compaction and other interparticle pore-filling phases, reinforces its origin
under mesodiagenetic or hydrothermal conditions (Machel, 1987; Spétl and
Pitman, 1998). Lima et al. (2020) associated the presence of saddle dolomite,
with other minerals such as macrocrystalline calcite, mega-quartz, Sr-barite,
celestine, fluorite, dickite, sphalerite, galena, and other metallic sulfides, to a
hydrothermal system with some analogy to carbonate-hosted Pb—Zn Mississippi

Valley (MVT) and Irish-type ore deposits.

The larger amount of macrocrystalline calcite cement in Well A2 may be
related to a particular primary composition of the Barra Velha Formation basal
section. These hybrid arenites contain abundant volcanic clasts, which may be
one of the sources of Ca for the abundant precipitation of interparticle calcite in
these rocks. The hybrid rocks exhibit intense compaction, characterized by tight
grain packing and abundant concave—convex and sutured interparticle contacts,
indicative of dissolution by chemical compaction. Calcite cementation likely
occurred after compaction, obliterating the interparticle porosity of these rocks
(Fig. 11G). Calcite also occurs in smaller volumes as an eodiagenetic constituent,
replacing the clay envelopes of ooids and covering the intraclasts as rims of
blocky crystals. These rims are commonly dissolved or replaced during later

diagenetic evolution.

At least two phases of silicification occurred during the early diagenetic
stage and another silicification phase took place during late diagenesis. The
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earliest and most abundant phase occurs as interparticle pore-filling silica
cement. This phase was associated with the release of Si from the dissolution of
abundant magnesian clays of the in situ associated deposits. This initial and most
significant silicification process preceded hydrocarbon charge and the arrival of
organic acids (Christ et al., 2025). The dissolution of Mg-clays was interpreted as
the main source of Mg?* and Si**(aq.) for the silicification and dolomitization of
pre-salt deposits (Tosca and Wright, 2015), since Mg-clays are known to be
chemically labile and prone to rapid destabilization and dissolution during
diagenesis (Deocampo, 2015; Tosca and Masterson, 2014; Tosca and Wright,
2015).

The eodiagenetic precipitation of silica is favored over dolomite
precipitation by a decrease in Mg?" concentration or a slight decrease in pH.
These conditions promoted early cementation of the resedimented deposits by
microcrystalline silica prior to compaction, thereby preserving significant
interparticle volume (Fig. 11D). According to Wright and Barnett (2015), early
silica nodules and layers in the Barra Velha Formation would have originated from
the precipitation of silica gels during freshening episodes of the lake waters and
a decrease of pH. However, given the large extent of the pre-salt lake system,
encompassing several South Atlantic basins, it is unlikely that the input of
meteoric fluids into the basin alone could have caused the frequent early
silicification episodes observed throughout the lacustrine system (Schrank et al.,
2024). The coexistence of gas condensate, light oil, and evaporitic-influenced
aqueous fluids in prismatic quartz suggests an alternative to Wright and Barnett's
freshening hypothesis. Rather than precipitation from gels during freshening
episodes, fluid inclusion data indicate eodiagenetic silica precipitation
(replacement and cementation) under sustained evaporitic lake conditions,

without drastic changes in water chemistry.

A second silicification style that occurred during the early diagenetic stage
may be linked to the shallow percolation of hydrothermal fluids prior to the
deposition of the thick salt section. Schmidt et al. (2025) identified an early
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hydrothermal, atypical petroleum system (sensu Magoon and Dow, 1994) in
rocks of the Barra Velha Formation, based on the occurrence of fluid inclusions
containing condensate gas coexisting with light oil (heterogeneous trapping).
Guzzo et al. (2018) also previously described an atypical petroleum system in the
Barra Velha Formation, evidenced by the presence of a wide range of fluid
inclusion homogenization temperatures (50—-160 °C) hosted in early diagenetic
cements, along with molecular indicators of oil biodegradation in pre-salt oils.
Abundant oil inclusions and some heterogeneous aqueous pseudosecondary
inclusions in early cements are common at certain analyzed depths, particularly
within eodiagenetic pore-filling prismatic quartz and chalcedony (Fig. 11E). If the
generation of this early oil charge is indeed related to a hydrothermal system, its
paragenetic relations (occurring within pre-compaction cements) support the
interpretations of Guzzo et al. (2018) and Schmidt et al. (2025) of an early-stage
hydrothermal alteration of the pre-salt rocks. Hydrothermal systems can also
promote silicification through the formation of organic acids produced by the

thermal degradation of organic matter (Tosca and Wright, 2015).

There is no clear correlation between the salinity and temperature of fluid
inclusions (Fig. 9C). Salinities are less variable in well B1 compared to well C1.
All salinity values above 10 (wt% NaCl eq) indicate fluids influenced by highly
evaporitic conditions. Salinity between 15-10 wt% NaCl eq may indicate mixing
between saline connate fluids and pulses of brackish juvenile fluids, as suggested
by Schmidt et al. (2025). These brackish juvenile fluids likely percolated laterally
and vertically through reservoir interval carrying droplets of hydrothermal oil.
Based on associated oil and aqueous fluid inclusion assemblages, Schmidt et al.
(2025) identified multiple episodes of petroleum generation-migration in some

Barra Velha fields.

Late-stage silica precipitation is characterized predominantly by
macrocrystalline, prismatic, and drusy quartz. Numerous studies have associated
such coarse-crystalline quartz, which typically occurs filling non-selective porosity

(fractures, vugs, and channels), with a late hydrothermal origin in the pre-salt
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rocks (Lapponi et al., 2019; Teboul et al., 2019; Sartorato et al., 2020; Lima et al.,
2020; Wennberg et al., 2021; Fernandez-Ibafiez et al., 2022b; Basso et al., 2023).
In the studied resedimented deposits, coarse crystalline quartz is found filling
fractures (Fig. 11F), channel pores, and vugs, mainly in well C1. This process
likely developed more brittle mechanical characteristics, making the rock more
susceptible to fracturing. The early fracturing subsequently favored more intense
fluid circulation during late diagenesis. Furthermore, the dissolution of carbonates
and precipitation of silica were facilitated by the inverse solubility relationship
between carbonates and silica under decreasing pH conditions associated with

the inflow of more dilute hydrothermal fluids (Poros et al., 2017).

The diagenetic evolution of the wells studied in the fields A, B, and C
reveals a broadly comparable paragenetic framework with intense dolomitization
and silicification. Distinct diagenetic pathways occur in some wells due to
particular depositional characteristics (presence of clay and peloids with
magnesian matrix, or volcanic fragments) or due to the structural framework in

which the well is located (structural lows or highs associated with major faults).

The A Field is characterized by multi-phase dolomitization, which
constitutes the dominant diagenetic mechanism. Early pseudomorphic,
microcrystalline, and lamellar dolomite preserved original depositional fabrics,
while saddle dolomite filled pores during mesodiagenesis. Localized calcite
cementation in hybrid arenites at the base of well A2 resulted in near-complete
occlusion of primary porosity, forming diagenetic compartmentalization in

resedimented reservoirs.

In the B Field, abundant Mg-clay matrix is preserved in well B1.
Dolomitization is pervasive, occurring predominantly as blocky and saddle
dolomite and exerts a moderate impact on pore network modification. Silicification
is subordinate relative to the other fields and does not significantly overprint

primary textures. Consequently, the reservoir quality in B Field is strongly
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controlled by the interplay between matrix preservation and restrained diagenetic

replacement.

The C Field exhibits the most complex and intense diagenetic overprint
among the three areas. Silicification is the dominant process and occurs as a
multistage sequence ranging from cryptocrystalline and chalcedonic replacement
to late euhedral quartz precipitation. The presence of dawsonite, coupled with
fabric-destructive silica phases, suggests episodic hydrothermal input. The
resedimented deposits prevail in the C1 well. Despite extensive silica
replacement, porosity remains locally preserved or enhanced through dissolution

and fracturing, resulting in a complex but effective reservoir system.

Although all three fields share an initial mineralogical and depositional
framework, their diagenetic divergence significantly influenced petrofacies
evolution and reservoir performance which are discussed in sequence. B Field
shows that the preservation of primary matrix content mixed with resedimented
deposits controlled reservoir behavior. C Field contains intensely replaced rocks
dominated by hydrothermal silica and late-stage mineral precipitation. The A field
records a dolomite predominance with development of well-connected
intercrystalline pore networks. These contrasts emphasize the role of structural
positioning and lithological heterogeneity in determining reservoir quality in the

pre-salt.
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Figure 11: (A) Paragenetic sequence of the studied Barra Velha Formation resedimented

deposits. The thickness of the lines corresponds to the intensity or abundance of the processes
and products. Blue drops represent aqueous fluid inclusion microthermometry temperature values
for original mineral precipitation conditions, and brown drops represent oil fluid inclusions. (B)
Pre-compaction interparticle blocky dolomite (//P). (C) Syn-compaction and post-compaction
interparticle blocky dolomite (//P). (D) Eodiagenetic, pre-compaction interparticle microcrystalline
quartz cementation (//P). (E) Pre-compaction interparticle oil-impregnated chalcedony
cementation (/P). (F) Prismatic quartz filling fracture in rock previously cemented by
microcrystalline quartz (XP). (G) Macrocrystalline calcite filling the interparticle porosity in Well
A2 (//P).
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5.3 Diagenesis and reservoir quality

The primary porosity in the analyzed resedimented deposits is
interparticle, as in many examples of the pre-salt carbonate rocks (Herlinger et
al., 2017). Preserved porosity in pre-salt resedimented reservoirs is controlled far
more by diagenetic evolution than by depositional texture. Unlike the in situ rocks
of the Barra Velha Formation, where porosity is mainly secondary, generated by
dissolution of the Mg-clay matrix (Schrank et al., 2024), the diagenetic processes
had a mostly negative impact on porosity of the resedimented deposits. The
scatter plots in Figure 12 demonstrate the impact of diagenetic constituents on
porosity for the studied resedimented deposits. It is observed that the calcite-
cemented rocks present low total porosity values. Dolomite shows no clear
control over porosity loss. Silica displays a more evident negative correlation with

porosity than dolomite in the analyzed thin sections.

The flowchart in Figure 13 illustrates the diagenetic pathways of the
analyzed resedimented deposits, both with and without depositional matrix, and
their classification into distinct reservoir petrofacies. This classification is critical
for understanding reservoir quality distribution within the resedimented deposits
of the Barra Velha Formation, as each petrofacies represents a combination of
depositional and diagenetic features that control fluid flow and hydrocarbon

storage.
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Figure 12: Cross-plots showing the relation of the main diagenetic constituents (A) silica, (B)

dolomite, (C) calcite cement with porosity.

Some Barra Velha resedimented deposits were deposited with a

magnesian clay matrix. This was promoted by incomplete winnowing of the

syngenetic Mg-clay matrix during reworking of the in situ deposits, allowing the

deposition of clay laminations intercalated among the intraclastic deposits. The

scarcity of argillaceous intraclasts was interpreted by Altenhofen et al. (2026) as

a product of the low cohesion of the Mg-clay matrix due to the lack of microbial

colonization on the clay deposits. Compaction of the few clay intraclasts formed

a clay pseudomatrix filling interparticle porosity.
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Figure 13: Schematic diagenetic evolution of the resedimented deposits and corresponding

potential reservoir petrofacies.

In resedimented deposits with matrix, the destabilization of the magnesian
clay minerals released ions that promoted widespread dolomitization in these
rocks. The replacement of the argillaceous matrix by microcrystalline and blocky
dolomite during early diagenesis, prevented stronger compaction. Silica also
replaced the argillaceous matrix where and/or when pH decreased. The
eodiagenetic environment, rich in HCOz", Ca?*, Si**, and Mg?* ions, promoted
extensive pre-compaction silica and dolomite cementation. Both the interparticle
silica and dolomite cements nucleated along the surfaces of the carbonate
particles and grew toward the pore centers (Schrank et al., 2024).
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The porous IntracPor petrofacies ($>15%) present pore systems
consisting essentially of interparticle pores. However, some resedimented
deposits may present more complex pore systems including vugs, fractures, and
channels. Early interparticle dolomite and silica cementation stabilized the
framework of these rocks but obliterated their primary interparticle porosity. The
subsequent preferential dissolution of the calcite particles created intraparticle
and moldic porosity. In silicified rocks, dissolution formed poorly connected
moldic porosity resulted in low permeability values. In rocks cemented by
dolomite, the dissolution of the particles locally formed vuggy porosity, owing to

their intercrystalline porosity among the dolomite crystals.

The compacted IntracCompPor petrofacies that retain between 10% and
15% of porosity represent the group with the second highest permeability values.
A plausible explanation is that in these compacted rocks lacking cementation, the
interparticle porosity was not occluded; instead, compaction mostly increased the
tortuosity of the pore network (Budd, 2002). The pore systems of the IntraComp
and IntracCompDol petrofacies (with pore volume below 10%) are represented
mainly by secondary intraparticle pores, formed by dissolution and fracturing of

the carbonate particles.

The resedimented deposits of the Barra Velha Formation were particularly
more susceptible to compaction than the in situ deposits, whose more stable
framework prevented more intense compaction processes (Rossoni et al., 2024;
Schrank et al., 2024). Partial cementation by calcite, dolomite, or quartz, either
as rims or as discrete crystals, commonly enabled the preservation of interparticle

porosity by preventing intense compaction (e.g., Morad, et al., 2012).

Petrofacies affected mainly by interparticle cementation or early
replacement of the clay matrix by dolomite or silica, show decreased permeability
due to isolation of the pores (Budd, 2002). Where intense interparticle pore

reduction by dolomite cementation occurs (<10% porosity), a strong impact on
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throat size relative to pore size is observed, as described by Herlinger et al.
(2023).

Silica cementation resulted in petrofacies that, even with moderate
interparticle pore volumes between 10 and 15%, show low to moderate
permeability values. Some exceptions occur where vuggy pores associated with
fracturing connected the moldic and intraparticle porosity, which formed silicified
rocks with well-connected pore systems. Early cementation and replacement by
silica made these rocks more brittle and susceptible to fracturing. Fracturing
created areas with significantly enhanced permeability. Where associated with
ascending corrosive fluids, channels or vuggy pores formed. However, the
occurrence of vuggy pores totally cemented by drusiform silica is common in
these rocks, indicating more than one phase of silicification and the complex

impact of the silicification processes on the quality of the pre-salt reservoirs.

6. Conclusions

e Through a multi-methodological approach, we successfully characterized
reservoir petrofacies with distinct evolutionary pathways and differential
quality within the resedimented deposits of the pre-salt Aptian Barra
Velha Formation in the Santos Basin. The reservoir petrofacies
methodology is crucial for the exploration and development of
heterogeneous pre-salt reservoirs, despite the relatively simple primary
textural and mineralogical composition of the resedimented pre-salt
deposits.

e Dolomite and silica precipitated in a multiphase pattern, as evidenced by
their paragenetic relations and distribution. Multiple dolomite and silica
precipitation events are also supported by the presence of fluid inclusions
with heterogeneous trapping and a wide range of homogenization

temperatures.
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e Blocky dolomite precipitated prior to compaction in some samples and
post-compaction in others. Late saddle dolomite precipitated during
deeper burial diagenesis.

e Atleast two phases of silicification occurred during the eodiagenetic stage,
with an additional silicification phase occurring during late burial
diagenesis.

e The relative timing between compaction and the precipitation of
eodiagenetic dolomite, silica, or calcite determines the reservoir quality of
the resedimented Barra Velha Formation deposits. Mesodiagenetic or late
hydrothermal processes exerted less influence on the porosity evolution
of the resedimented deposits.

e Resedimented deposits were more susceptible to compaction than the in
situ deposits, which show better reservoir potential in some areas, owing
to a relatively more stable crystalline framework.

e These insights are key to predicting reservoir quality and optimize the
development strategies for pre-salt accumulations, as well as improving
the understanding of the diagenetic evolution of resedimented lacustrine

carbonates in general.
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ARTICLE INFO ABSTRACT

Article history: Lakes can be classified as open, semi-closed, and closed based on the balance between accommodation space and
Received 3 May 2023 sediment-water fill. Different lake types can coexist in adjacent basins and rapidly change throughout time from
Received in revised form 20 July 2023 one type to another. Understanding the processes that result from shifts in a lake's hydrological properties can be
Accepted 21 July 2023

challenging, as well as characterizing its sedimentary products. The Aptian Codé Formation, in the Parnaiba Basin,
north-northeast Brazil, contains in its record a complex facies succession deposited in a continental lacustrine
system. In order to better understand the depositional aspects of different lake types, we characterized the
lower portion of the Codé Formation using a multi-proxy approach. We combined litho- and microfacies analysis,
ichnology, bulk chemical data, mineralogy, isotopic geochemistry, and organic matter analysis in the recently

Available online 29 July 2023

Editor: Dr. Massimo Moretti

Keywords: drilled, fully recovered borehole, 2-CO-1-MA. We defined eight lithofacies: bioturbated siltstones, dark gray
Lacustrine carbonates mudstones, laminites, stratiform and domal stromatolites, heterolites rich in ostracods and organic muddy,
Evaporites and anhydrite and gypsum rocks. The isotopic data and the palynofacies analysis pointed out the existence of re-
gmgiw stricted conditions (TOC up to 19.6 wt¥) with intermittent connections with seawater. Integrating all techniques,

we interpreted five depositional stages: expanded lake, brackish ephemeral lake, perennial shallow lake, evapo-
ritic sabkha, and stratified lake. These stages were influenced by the relation between inflow and evaporation
rate, which were the main controls on sedimentation in the lacustrine-sabkha system studied. Our findings pro-
vide a detailed description and interpretation of the paleoenvironmental conditions related to the alternation
from open to closed lakes, combining sedimentological, geochemical, and palynological characteristics of an
inland lake system.
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ABSTRACT

Keywords:

Sandstone petroleum reservoir
Geological modeling

Geobody geometry

Reservoir petrofacies
Micro-CT porosity

Coastal sandstones have high permoporosity and contain significant hydrocarbon reserves, although they present
variable flow heterogeneities. The goal of this paper is to understand the distribution of potential reservoir-flow
units in the Rio Bonito Formation (early Permian, Parand Basin) and to investigate heterogeneities on multiscale.
We use stratigraphic, sedimentological, 3D model, and petrological data to evaluate reservoir heterogeneities.
System tracts were modeled by sectioning the entire succession into five zones. Eleven facies associations were
modeled separately within each zone, using geostatistical analysis and different algorithms. The 3D model was
validated by jackknife procedure, and the distribution of facies associations adequately represented both
depositional and stratigraphic frameworks. The results are adequate in a curve of accommodation changes
similar to previous proposal for the study area. Tidal sand bar facies association presents as elongated (parallel to
depositional dip) to sheetlike geobodies according to amalgamation grade, while upper and middle shoreface one
is mostly elongated (parallel to depositional strike) to sheetlike. Besides, fluvial channel facies association occurs
mainly elongated parallel to depositional dip, forming multilateral and multistory geobodies. Modeled deposi-
tional geometries were distinguished along the succession, showing similarities to Rio Bonito Formation out-
crops, recent environments, and other deposits around the world, such as estuarine strata from Oriente Basin and
shoreface ones from Gulf of Mexico Basin. Using a detailed petrological analysis, eleven reservoir petrofacies
were defined and classified into good-, medium-, and low-quality reservoirs or non-reservoirs. Tidal sand bar,
upper-middle shoreface, and fluvial channel deposits were categorized as the main reservoir-flow units. This
study provides predictive scenarios for heterogeneities in reservoirs and may be applied in petroleum felds.
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Abstract: The complex interaction of hydrothermal fluids and carbonate rocks is recognize d
to promote signiﬁcam impacts on petroleum systems, reservoir porosity, and potential
The objective of this study is to investigate the fluid phases entrapped in the mineral
phases of the Barra Velha Formation (Santos Basin), including their petrographic para-
genetic relationships, relative timing, temperatures of migration events, and maximum
temperature reached by the sedimentary section. The petrographic descriptions (387,
Rock-Eval pyrolysis (107), fluid inclusion petrography (14), and microthermometry (428)
were performed on come and sidew all samples from two wells from one field of the Santos
Basin. Hydrocarbon source intervals wemne primarily identified in lithologies with high
argillaceous content. Chert samples still retain some organic remnants indicative of their
original composition prior toextensive silicification. Redeposited intraclastic rocks exhibit
the lowest organic content and oil potential. A hydrothermal petroleum system is identified
by fluids consisting in gas condensate, light to heavy undersaturated oil, occasionally ac-
companied by aqueous fluids influenced by juvenile and evaporitic sources, and localized
flash vaporization events, These hydrothermal fluids promoted silicification and dolomi-
tization, intense brecciation, and lead to enhanced porosity in different compartments of
the reservoir. The relative ordering of pales-hydrothermal oils and the main oil migration
and accumulation events has improved our understanding of the petroleum systems in the
basin. This contribution is significant for future regional research on the evolution of fuid
systems and their implications for carbonate reservoirs.

Keywords: hydrothermal oil; gas condensate; fluids salinity; flash vaporization; thermal
maturation; petroleum system analysis; carbonate petroleum meservoirs

1. Introduction

Petroleum reservoirs are complex geological formations that store hydrocarbons and
exhibit signiﬁmnt heterogeneity in their properties, such as porosity, permeability, and
fluid distribution [1]. These variations occur on different scales and can impact reservoir

Geoscimees 2075, 15, 158
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Aptian presalt petrofacies
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ABSTRACT

The presalt deposits from offshore southeastern Brazil account
for approximately 3/4 of the total hydrocarbon production of
the country. Consequently, they are the subject of various stud-
ies aimed at better understanding the primary and diagenetic
controls on their reservoir quality. The Barra Velha Formation
[Aptian, Santos Basin) constitutes the main reservoirs of the pre-
salt sag section, essentially composed of magnesian clays, calcite
spherulites and fascicular shrubs, and intraclasts reworked from
these aggregates. The pore systems of these rocks are highly
complex, owing to depositional and diagenetic controls. There-
fore, the origin and distribution of porosity and permeability are
difficult to understand. To better understand and characterize
the pore systems of the unusual presalt reservoirs, this study
aimed to recognize the relationships among their porosity and
permeability values and pore types within the context of the
evolution and geometry of their pore systems. X-ray microtomo-
graphy scanning of 251 samples from 3 wells was performed to
obtain the three-dimensional (3-D) porosity distribution, and
the main pore types were described in detail in 583 thin sections.
Thirteen petrofacies were defined for the studied samples, and
the 3-D pore network was reconstructed for characteristic sam-
ples of each petrofacies. Image segmentation was applied to
quantify pore sizes and shapes, as well as to visualize the connec-
tions between them. Petrofacies with low quality or considered
nonreservoirs correspond to rocks in which the magnesian clay
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DIAGENESE E POROSIDADE DE RESERVATORIOS INTRACLASTICOS DO
PRE-SAL NA BACIA DE SANTOS

ALUNA: MARIANE CRISTINA TROMBETTA (DSC)
Bolsista PRH-ANP 14.1, UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
ORIENTADORES: PROF. DR. LUIZ FERNANDO DE ROS E PROFA. DRA.
AMANDA GOULART RODRIGUES

Motivacao:

Os depositos lacustres de calcarenitos e calcirruditos intraclasticos do Pré-sal da
Bacia de Santos apresentam significativas espessuras (localmente em escala decamétrica)
e extensdo lateral. Esses depositos constituem importantes reservatorios em campos do
Pré-sal, como por exemplo, no Campo de Buzios. Na Bacia de Santos, os depdsitos
intraclasticos estdo inseridos na Formagdo Barra Velha, e foram gerados pela
ressedimentacdo de fragmentos de agregados fasciculares e esferulitos de calcita, ooides
e peldides de argilominerais magnesianos, € outros materiais associados. Nos ultimos
anos, varios estudos relacionados a génese dos depdsitos in sifu da se¢do Pré-sal foram
publicados, no entanto, a génese e a evolugdo diagenética dos depositos intraclasticos sao
pouco compreendidas.

Além das caracteristicas deposicionais (facies, selecdo, distribuicdo, espessura)
serem favoraveis para as Otimas propriedades de reservatdrio registradas nas fécies
retrabalhadas, a evolucdo diagenética também atuou na preservacao ou no aumento da
porosidade, embora de forma heterogénea. As modificagdes diagenéticas dos depositos
in situ do Pré-sal sdo abordadas em diversos trabalhos, porém nenhum buscou entender a
heterogeneidade diagenética dos retrabalhados. Os principais processos eodiagenéticos

dos depositos in situ se relacionam com a dissolugdo das argilas magnesianas e sua
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substitui¢do por calcita, dolomita e silica. Além dos processos eodiagenéticos, fluidos
baciais mesodiagenéticos e hidrotermais também foram responsaveis por modificagdes
na porosidade e permeabilidade dos reservatorios.

Objetivos:

Considerando a importancia destes depositos na exploragdo de hidrocarbonetos,
o objetivo principal da tese € a caracterizagao petrologica das rochas intraclasticas do Pré-
sal na Bacia de Santos, particularmente quanto aos processos € produtos diagenéticos, e
quanto ao seu impacto sobre a distribuicdo da porosidade e consequentemente sobre a
qualidade dos reservatorios do Campo de Buzios. O foco deste projeto sera a construcao
de modelos de evolugdo da diagénese e de qualidade de reservatdrios dos depdsitos
intraclésticos, com objetivo de auxiliar na exploracdo e producdo desses reservatorios.

Como objetivos especificos tém-se: (1) a caracterizagdo de texturas, fabricas,
constituintes primarios, diagenéticos e sistemas porosos; (2) a identificagdo das condig¢des
de precipitacdo, temperatura e composi¢do de fluidos precipitantes; (3) a geracdo de
modelos conceituais da evolucdo diagenética e seu impacto sobre a qualidade de
reservatorios.

Aplicacio no Setor de Petroleo e Energia:

As acumulagdes de 6leo do Pré-sal tém um alto valor comercial devido a excelente
qualidade do dleo leve acumulado em campos gigantes e supergigantes na area. Segundo
a ANP, o Campo de Buzios ¢ atualmente o segundo maior produtor de hidrocarbonetos
do Brasil, onde as duas instalagdes que mais produzem no Pré-sal estdo inseridas,
produzindo respectivamente 165.598 e 145.189 barris de petrdleo por dia (bbl/d).
Juntamente com as fécies in situ, os depdsitos intraclasticos heterogéneos constituem os
principais reservatorios no Campo de Buzios.

O grande interesse na area de Buzios se dd pelo volume de reservas, que
representam 66,6% do total das reservas provadas brasileiras (~15 bilhdes de barris em
novembro de 2019), podendo se tornar o sétimo maior campo de petréleo offshore do
mundo, a depender do tempo de vida e eficiéncia da fase de produgdo. Portanto, a
caracterizacdo dos padrdes de porosidade ira contribuir para otimizar a produgdo dos
reservatorios a partir da caracterizacdo dos controles da porosidade. Além disso, a

compreensao da histdria diagenética e dos seus controles regionais deverao fornecer bases
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para predizer as propriedades de reservatdrio nas areas ainda em exploragao.

Este estudo sera desenvolvido de forma integrada com um grande projeto de
estudo regional dos depositos intraclasticos do Pré-sal da Bacia de Santos, as ser
executado pelo Instituto de Geociéncias da UFRGS para a TotalEnergies do Brasil.

Resultados Obtidos:

Espera-se que a caracterizacao diagénese dos depdsitos retrabalhados contribua
para a compreensdo dos reservatorios do Campo de Buzios. Os produtos previstos para
com o projeto de tese incluem: (1) perfis sedimentologicos integrados; (2) descrigdes
petrograficas sistematicas quantitativas das laminas delgadas estudadas; (3)
documentacdo fotomicrografica das principais feicdes petrograficas; (4) petrofécies
genéticas, definidas com base na combinacdo das principais texturas, fabricas e
composi¢ao primadria, processos ¢ produtos diagenéticos, e porosidade; (5) sequéncias
paragenéticas dos processos diagenéticos interpretadas para cada petrofacies; (6) modelos
conceituais da evolucdo diagenética, de porosidade e de qualidade dos reservatorios; (7)

producdes cientificas.
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DIAGENESE E QUALIDADE DE RESERVATORIO DAS
ROCHAS INTRACLASTICAS DO CAMPO DE BUZIOS, PRE-

SAL, BACIA DE SANTOS

Mariane Cristina Trombetta'?", Amanda Goulart Rodrigues?, Luiz Fernando De Ros*

Tnstituto de Geociéncias, Universidade Federal do Rio Grande do Sul

Instituto do Petroleo e Recursos Naturais, Pontificia Universidade Catélica do Rio Grande do Sul

*mariane.trombetta@ufrgs.br

RESUMO

Os reservatérios intraclasticos do Pré-sal sdo produto da erosdo e redeposi¢cdo dos
depositos in situ, constituidos por agregados fasciculares e esferuliticos de calcita, associados a
intraclastos, ooides ¢ peldides de argila magnesiana e materiais detriticos. Reservatorios
intraclasticos apresentam grande espessura e extensdo, e excelente qualidade no Campo de Buzios
da Bacia de Santos. O objetivo deste estudo foi caracterizar os processos diagenéticos e suas
relacdes, bem como a porosidade dos calcarenitos e calcirruditos intraclasticos em dois pocos do
Campo de Buzios, a fim de entender o impacto da diagénese na qualidade desses reservatorios.
Modelos de evolugdo diagenética foram propostos a partir da analise petrografica quantitativa de
81 laminas delgadas, combinada com dados petrofisicos dos pogos, para explicar a qualidade de
reservatorio das rochas carbonaticas intraclasticas. Quinze petrofacies de reservatorio foram
definidas com base nos principais aspectos texturais € composicionais primarios, processos €
produtos diagenéticos que influenciaram a porosidade dos reservatorios. Os processos
diagenéticos ocorreram de forma heterogénea, diminuindo, preservando ou aumentando a
porosidade. Dolomitizagdo e silicificagdo foram os principais processos de substituicdo e
cimentacdo. Pelo menos duas fases de silica ocorrem, com calcedonia fibrosa cobrindo ou
substituindo as particulas e circundando os poros, € quartzo macrocristalino preenchendo os poros

remanescentes. A dolomita ocorre predominantemente na forma de cristais blocosos ¢ zonados,
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substituindo particulas, e como cimento nos poros interparticula. Dolomita em sela ocorre
preenchendo poros vugulares, associada com calcita macrocristalina, analcima e barita. Além da
porosidade por dissolug¢do de constituintes primarios ¢ diagenéticos, cimentagdo e substituicao,
os sistemas porosos foram afetados intensa- ¢ heterogeneamente por processos de compactagio
fisica e quimica controlados pela cimentagdo precoce de dolomita e pela variagdo textural
primaria. Mesmo com essas mudangas diagenéticas afetando seus sistemas porosos, os intervalos
intraclasticos correspondem aos valores mais altos e verticalmente continuos de porosidade
petrografica e nos perfis de ressonancia magnética. A compreensdo das caracteristicas, controles
¢ distribui¢do da porosidade nas rochas intraclasticas do Campo de Buzios ¢ crucial para otimizar

a produgdo do campo, assim como de reservatorios equivalentes em outras areas do Pré-sal.
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DEPOSIGAO E EVOLUGAO DIAGENETICA DAS ROCHAS
INTRACLASTICAS DA FORMAGAO BARRA VELHA, CAMPO DE BUZIOS,
BACIA DE SANTOS

Trombetta, MC"?; Rodrigues, AG'; De Ros, LF'

" Instituto de Geociéncias, Universidade Federal do Rio Grande do Sul - UFRGS

2|nstituto do Petrdleo e dos Recursos Naturais - IPR/PUCRS

Resumo: Os reservatérios intraclasticos do pré-sal apresentam grande espessura e
extensdao no Campo de Buzios, Bacia de Santos. Esses depositos sdo produto da
erosao e redeposicao de agregados fasciculares e esferuliticos de calcita, associados a
intraclastos compostos por argila magnesiana, odides e peldides argilosos, e materiais
detriticos. O objetivo deste estudo foi caracterizar estes depdsitos, com foco na evolugao
diagenética e da porosidade dos calcarenitos e calcirruditos em dois pogos do Campo
de Buzios, a fim de entender o impacto da diagénese na qualidade desses reservatdérios.
Para realizacao do estudo, foi realizada a descricao dos testemunhos, analise dos perfis
geofisicos e analise petrografica de 419 laminas delgadas de dois pogos localizados na
regido sul do campo. Epifluorescéncia ultravioleta foi utilizada como técnica
complementar para a caracterizagdo das fases minerais. Normalmente, as rochas
intraclasticas da Formacéao Barra Velha apresentam boa porosidade deposicional, salvo
raros casos em que a matriz de argilas magnesianas ocorre associada. Modelos
combinando petrografia detalhada e dados petrofisicos foram criados para entender a
evolucédo diagenética das rochas carbonaticas intraclasticas e de sua qualidade do
reservatorio. Os processos diagenéticos ocorreram de forma heterogénea, diminuindo,
preservando ou aumentando a porosidade interparticula primaria. Dolomitizagao e
silicificagdo foram os principais processos de substituicdo e cimentagao. Pelo menos
duas fases de preenchimento por silica ocorrem, com calceddnia fibrosa cobrindo ou
substituindo particulas e circundando os poros, e quartzo macrocristalino preenchendo

a porosidade remanescente. A dolomita ocorre predominantemente na forma de cristais
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blocosos e zonados, substituindo as particulas e preenchendo poros. Dolomita em sela
ocorre preenchendo porosidade secundaria, associada a calcita macrocristalina,
analcima e barita. Além da dissolugdo de constituintes primarios e diagenéticos, da
cimentacao e substituicdo, o sistema poroso foi afetado intensa e heterogeneamente
por processos de compactacao fisica e quimica, controlados pela cimentagao precoce
por dolomita e pela variagao da textura primaria. Minerais acessoérios de preenchimento
de poros, como fluorita e dawsonita, também foram identificados. A ocorréncia limitada
de pirita indica um ambiente diagenético com baixa disponibilidade de sulfato e ferro.
Mesmo com as alteragdes diagenéticas que afetaram sua porosidade, os intervalos
intraclasticos ainda sdo correlacionados com os valores mais altos e verticalmente
continuos (“padrbées em caixote”) de porosidade nos perfis de ressonancia magnética.
Compreender as caracteristicas, controles e distribuicdo das zonas cimentadas,
compactadas e porosas das rochas intraclasticas do Campo de Buzios é crucial para
otimizar seu desenvolvimento e a recuperacdo de hidrocarbonetos durante sua

producéo.

PALAVRAS-CHAVE: Rochas intraclasticas; Formacao Barra Velha; Campo de

Buzios, Diagénese.
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International Association of Sedimentologists Conference (IAS) -
Aberdeen/SCO - 25 a 27/06/2024

DIAGENESIS AND RESERVOIR QUALITY OF REDEPOSITED CARBONATE
ROCKS FROM THE GIANT BUZIOS FIELD, SANTOS BASIN, BRAZIL

Mariane Trombetta 1, Amanda Rodrigues1, Luiz Fernando De Ros’

! Institute of Geosciences of Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil

Intraclastic reservoirs present large thickness and extension of in the Buzios Field of
Santos Basin. These deposits were generated by the erosion and redeposition of
fascicular and spherulitic calcite aggregates, associated with magnesian clay intraclasts,
ooids and peloids, and detritic materials. The aim of this study was to characterize the
diagenetic and porosity evolution of calcarenites and calcirudites in two wells of the
Buzios field in order to understand the impact of diagenesis in these reservoirs.
Diagenetic evolution and reservoir quality models of intraclastic deposits were created
correlating with well-logs petrophysic data. Diagenetic processes occur heterogeneously
decreasing, preserving, or increasing porosity in these rocks. Dolomitization and
silicification were the main processes of replacement and cementation. At least two
phases of pore filling by silica occur, with fibrose chalcedony covering particles and
surrounding pores and macrocrystalline quartz filling pores. The dissolution of dolomite
blocks and the replacement by quartz indicate alternations in the geochemical
environment conditions. In addition to the dissolution porosity of primary and diagenetic
constituents, pore-filling cement, and mineral replacements, the porous system is
intensely and heterogeneously affected by physical and chemical compaction processes
controlled by the early dolomite cementation and the primary textural variation. Pore-
filling accessory minerals such as fluorite and dawsonite were also identified, indicating
high CO2 and Na pressure in the geochemical system. The discrete occurrence of pyrite,
commonly associated with organic matter, indicates a diagenetic environment with low
sulfate and iron availability. Even with diagenetic changes that affect the porosity of

redeposited rocks, the intervals of redeposited rocks are correlated with highest and
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vertically continuous magnetic resonance porosity values. Understanding the
characteristics, controls, and distribution of the cemented and porous zones of the

reworked rocks of the Buzios field is crucial for the development of reservoir models.
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DIAGENETIC PROCESSES IN APTIAN PRE-SALT RESEDIMENTED
CARBONATE AND HYBRID ROCKS OF SANTOS BASIN, BRAZIL

Mariane Trombetta ', Sabrina Altenhofen’, Thisiane Dos Santos', Argos Schrank'?,
Marcio De Souza', William Freitas'?, Rafaela Lenz'2, Rosalia Barili', Amanda

Rodrigues'?, Felipe Dalla Vecchia', Luiz Fernando De Ros'? & Anderson Maraschin'

! Institute of Petroleum and Natural Resources, Porto Alegre, RS, Brazil

2 Institute of Geosciences of Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil

The South Atlantic Aptian Pre-Salt lacustrine carbonate deposits represent one of the
largest hydrocarbon provinces in the world. Intraclastic deposits of the Barra Velha
Formation from the Santos Basin were generated by resedimentation of the in situ calcite
and clay aggregates. Millimetric intercalations between in situ and reworked deposits are
extremely common, indicating high-frequency changes in depositional conditions. This
study aimed to characterize the diagenetic processes, distribution patterns, and their
impact on reservoir quality of reworked deposits in seven wells from the three different
fields. Dolomitization and silicification are the main diagenetic processes in calcarenites
and calcirudites. Blocky and saddle dolomite occur filling interparticle pores and less
commonly replacing intraclasts, while the rare matrix remnants are replaced by dolomite.
Locally, pseudomorphic dolomite preserved the original internal textures of the
intraclasts. Interparticle and vugular pores are lined by prismatic quartz and filled by
drusiform and coarsely-crystalline quartz. Chalcedony is present as fibrous rims and
spherulitic aggregates both cementing and replacing grains. Microcrystalline quartz
preferentially replaces intraclasts. Diagenetic calcite is less common and appears as
rims lining and locally filling pores. One exception is the rare hybrid arenites composed
of volcanic fragments mixed with carbonate intraclasts and clay ooids, which show
pervasive cementation by macrocrystalline calcite and heterogeneous compaction.
Extensive silicification associated with hydrothermal activity, barite, dawsonite, and
intense fracturing erased the primary features and strongly reduced the primary porosity.

Unlike the associated in-situ deposits, the porosity of the reworked rocks was strongly
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reduced by mechanical and chemical compaction, while also was controlled by primary
textural features and early diagenetic processes. Understanding the patterns and
impacts of post-depositional alterations on the Pre-salt reworked rocks will contribute to

mitigating exploration risks and enhancing production optimization.
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Abstract Text (maximum 300 words):

The South Atlantic pre-salt carbonate deposits are one of the largest hydrocarbon
provinces in the world. The resedimentation of the in situ calcite aggregates and
magnesian clay deposits created thick packages of calcarenites and calcirudites in the
Santos Basin, eastern Brazilian margin. This study aimed to characterize the diagenetic
processes, distribution patterns, and their impact on reservoir quality of resedimented
deposits of Aptian Barra Velha Formation. Dolomitization and silicification are the main
diagenetic processes. Blocky and saddle dolomite occur filling interparticle pores, and
less commonly, replacing intraclasts. Locally, pseudomorphic dolomite preserved the
original internal textures of the intraclasts. Interparticle and vugular pores are lined by
prismatic quartz and filled by drusiform and coarsely-crystalline quartz. Chalcedony is
present as fibrous rims and spherulitic aggregates both cementing and replacing
grains. Microcrystalline quartz preferentially replaces intraclasts. Diagenetic calcite is
less common and occur as rims lining and locally filling pores. Hydrothermal activity
precipitated extensive silicification, barite, and dawsonite, and intense fracturing
erased the primary features. Unlike the associated in-situ reservoirs, the porosity of
the resedimented reservoirs was strongly reduced by mechanical and chemical
compaction. Diagenetic processes reduced, preserved or increased the porosity. Blocky
dolomite cementation was less deleterious to reservoir quality compared to silica
cementation, as it preserved intercrystalline porosity between dolomite
rhombohedrons. Understanding the patterns and impacts of post-depositional
alterations on the pre-salt resedimented rocks will contribute to mitigating exploration
risks and provid important insights into particulate carbonate rocks deposited in

lacustrine and alkaline environments.



