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RESUMO

O Pré-Sal brasileiro, localizado na Bacia de Santos constitui uma das mais
importantes provincias de hidrocarbonetos do mundo. Os hidrocarbonetos estéo
armazenados em reservatorios carbonaticos, responsaveis por aproximadamente
75% da producao brasileira de petréleo. Apesar das boas qualidades petrofisicas do
reservatério do Pré-Sal (atingindo porosidades > 15 % e permeabilidade > 100 mD),
ainda existem desafios relacionados a falta de entendimento sobre os controles
petrofisicos resultantes de uma complexa histéria deposicional e diagenética. A fim
de melhor compreender essa problematica, esse estudo prové uma avaliagao
petrofisica geral dos reservatérios carbonaticos da Formagéo Barra Velha no campo
de Sapinhoa, localizado na Bacia de Santos, utilizando um extenso conjunto de
dados, que incluem informag¢des de perfilagem de pogos, petrofisica e difracao de
raios X. Os resultados permitiram a identificacdo de heterogeneidades de facies,
distribuicdo petrofisica variada, e identificagdo de cinco unidades de fluxo. De modo
geral, os melhores intervalos de porosidade e permeabilidade encontram-se nos
pocos localizados no alto estrutural e compreendem as unidades de fluxo 4 e 5,
compostas principalmente de litofacies Shrubs e grainstones. Além disso, a unidade
de fluxo 3, composta por de Shrubs, esferulititos, grainstones, packstones e
laminitos, apresenta caracteristicas intermediarias de porosidade e permeabilidade,
sendo encontrada em todos os pocos. Por fim, dentre todas as unidades, as
unidades de fluxo 1 e 2, compostas por todas as facies apresentaram valores de
porosidade e permeabilidade mais baixas caracteristicas petrofisicas mais baixas e
sdo encontradas principalmente nos pogos fora do alto estrutural. Por fim, os
resultados indicam que processos diagenéticos, como a dissolugdo de minerais
argilosos e a dolomitizac&o, sao elementos notaveis que comumente aprimoram as
propriedades petrofisicas; e a silicificagdo pervasiva diminui a qualidade petrofisica
do reservatério. Essas caracteristicas sdo frequentemente encontradas nos pocos
localizados no alto estrutural, e nos pogos localizados nos flancos do alto estrutural
do campo de Sapinhoa.

Palavras-chave: Pré-Sal. Petrofisica de carbonatos. Avaliacdo de formacéo. Bacia
de Santos.



ABSTRACT

The Pre—Salt succession located at the marginal basins of Brazil are one
among the most important hydrocarbon reservoirs found worldwide. These reservoirs
are responsible for approximately 75% of the Brazilian offshore oil production.
Despite the excellent reservoir qualities (reaching porosities > 15 % and permeability
> 100 mD) found in the Pre-Salt reservoirs, there are still challenges related to the
lack of understanding on the petrophysical controls. This situation is resultant from a
complex depositional and diagenetic history of the carbonate rocks. To address such
problems, an overall petrophysical evaluation of the carbonate section of the Aptian
Barra Velha Formation in the Sapinhoa field, Santos Basin is provided. This way
done by using an extensive dataset of well-logging, petrophysics, and X-ray
diffraction. The results allowed the identification of facies heterogeneities and
variated petrophysical distribution, which characterizes five hydraulic flow units.
Overall, the best petrophysical intervals (i.e., highest porosity and permeability) are
found in the wells located at the structural high and comprise the flow units 4 and 5
that and mostly consist of Shrub-rich facies and grainstones. These are followed by
the intermediary flow unit 3 found in all wells, comprised of shrub-rich facies,
spherulitites—rich facies, grainstones, packstones, and laminites. Moreover, among
all units, the flow units 1 and 2 presented the lowest petrophysical features and are
mainly found in wells located at the basinward area of the Sapinhoa field. Finally, the
results indicate that key diagenetic features such as the dissolution of clay mineral,
and dolomitization are notable elements that commonly enhanced the petrophysical
properties. Additionally, the pervasive silicification process decrease the reservoir
quality. These processes are often found in the wells located at both the structural
high and the basinward area of the Sapinhoa field.

Keywords: Pre-salt. Carbonate petrophysics. Formation evaluation. Santos Basin.
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1 ESTRUTURA DA DISSERTAGAO

De acordo com as Normas Complementares 01/21 do Programa de Pos-
Graduacgao em Geologia da Universidade Federal do Parana, a presente dissertagao
esta dividida nos topicos principais INTRODUGCAO, RESULTADOS E DISCUSSAO e
CONSIDERACOES FINAIS. Os resultados s&do apresentados na forma de
manuscrito de artigo cientifico com os principais resultados da pesquisa 0s quais sdo
integrados em CONSIDERACOES FINAIS.

2 INTRODUGCAO

Do ponto de vista histérico e econdmico, a partir dos anos 2000 a Bacia de
Santos passou a apresentar sucessos exploratorios, com destaque para a
descoberta dos campos de Lula, Buzios, Libra entre outros. Os reservatorios
Aptianos da Bacia de Santos compdem um super play petrolifero responsavel pelas
maiores reservas de 6leo e gas do Pré-Sal brasileiro.

Assim, os reservatérios explorados na Bacia de Santos sao ideais para teste
de novas ferramentas e metodologias que possam ser estudadas e validadas para a
aplicagao pratica na prestagao de servigos a exploragdo e produgao de petroleo e
gas, bem como trazer novas informagdes que possam refinar o conhecimento sobre
a génese e evolugao da bacia.

Nesse contexto, um dos métodos mais importantes na caracterizacdo de
reservatorios € a Avaliagdo de Formacgao (Formation Evaluation) feita a partir da
correlacao entre propriedades de rochas e perfis geofisicos. Essa avaliacdo consiste
na identificacdo de facies e suas caracteristicas geoquimicas, mineraldgicas,
petrofisicas (e.g., porosidade e permeabilidade), bem como a investigagdo de sua
relacdo com a saturacido de fluidos, conectividade/barreiras de fluxo, propriedades
acusticas, elétricas e elasticas.

Na avaliagdo de rochas em cenarios de campos petroliferos, as observacoes
convencionais diretas via descricdo de rochas dependem essencialmente da coleta
de amostras em subsuperficie, como testemunhos, amostras laterais da parede do
poco e amostras de cascalhos em peneiras. Em adicéo, petrografia, medigcbes em

laboratério de porosidade e permeabilidade de plugues testemunhados, avaliagao
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geoquimica por difratometria de raios-X, e analise isotdpica permitem caracterizar os
carbonatos nessa secao quando coletadas.

Em contrapartida, dados de perfilagem de pogos (well-logging), possuem a
capacidade de medigdes diretas e indiretas de registros de varias propriedades das
rochas em profundidade que permitem caracterizar toda a secéo perfurada do poco.
O método reune a aquisicdo de dados relacionados as propriedades petrofisicas,
geoquimicas, identificacbes de estratos rochosos, e presenga de hidrocarbonetos,
realizadas a partir de ferramentas a cabo (wireline) (Rider, 2011).

Assim, a integracédo rocha e perfis geofisicos é essencial para um melhor
entendimento e caracterizagdo dos reservatorios, permitindo melhor compreender o
ambiente deposicional, diagénese e suas implicagdes nas caracteristicas dos

reservatorios carbonaticos Aptianos do Pré-Sal na Bacia de Santos.

2.1 JUSTIFICATIVA

A heterogeneidade e alta complexidade faciolégica existente nos carbonatos
lacustres da Formacao Barra Velha do Pré-Sal brasileiro, representam um enorme
desafio na caracterizacao de suas propriedades petrofisicas (e.g., Terra et al., 2010;
Wright & Barnett, 2015; Farias et al., 2019; Lima & De Ros, 2019; Wright, 2020).

O reconhecimento de eventos ciclicos e deposicionais, e suas implicacdes
na petrofisica dos carbonatos do Pré-Sal ainda ndo é totalmente compreendido no
contexto geoldgico da abertura do Oceano Atlantico Sul.

Estudos recentemente publicados propéem modelos genéticos sobre a
alternancia nas condi¢des paleoclimaticas do lago, baseados em estudos sismicos
para a evolugdo em plataformas carbonaticas (Faria et al., 2017). Além disso,
estudos de ciclos hidroquimicos (Unicos e estacionarios) para lagos alcalinos com
atividade vulcanica em diferentes taxas de evaporagao (Mercedes-Martin et al.,
2019), bem como variagdes paleo-hidrologicas descritas com base em geoquimica
isotopica, corroboram e indicam mudangas ambientais durante a génese dos
carbonatos (Saller et al., 2016; Sabato Ceraldi & Green, 2017; Farias et al., 2019;
Pietzsch et al., 2018, 2020).

Os padrdées ciclicos criam sucessdes verticais de facies carbonaticas bem
definidas e impactam na qualidade petrofisica dos carbonatos do Pré-Sal. Estudos

na Bacia de Campos (Herlinger et al., 2017; Muniz & Bosence, 2015, 2018) mostram
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correlagdes importantes entre as facies descritas e a distribuicido da porosidade e da
permeabilidade das rochas. Os reservatorios carbonaticos podem estar
hidrotermalizados, e as rochas parcialmente dolomitizadas e silicificadas;
modificando essas caracteristicas petrofisicas da rocha reservatorio. Esses
processos podem impactar na qualidade do reservatério, causando tanto aumento
ou a diminuicao da porosidade e permeabilidade (Lima et al., 2020).

Apesar da relevancia do tema, poucos estudos mostraram correlagdes das
propriedades de rocha (petrofisicas) e perfis geofisicos para a avaliagdo da
Formacgao Barra Velha, na Bacia de Santos (Boyd et al., 2015; Brelaz et al., 2019).
Comumente os trabalhos dedicam-se a identificacdo de perfis de elementos
quimicos, ou a calcular porosidade e saturacdo de fluidos no reservatério sem o
prévio reconhecimento de processos diagenéticos, como a dissolugdo de argilas
magnesianas, silicificacdo e dolomitizacdo que impactam na qualidade do
reservatorio.

Dessa forma, para melhor avaliagcdo dos reservatorios carbonaticos aptianos
do Pré-Sal brasileiro, uma abordagem interessante € a utilizagdo combinada de
dados de rochas e perfis a fim de identificar a ciclicidade das facies, em contexto
estratigrafico de alta resolugado (testemunho-perfis geofisicos) e a influéncia das

propriedades petrofisicas na avaliagao de formacao.

2.2 OBJETIVOS

O objetivo desse estudo € a caracterizagao petrofisica dos carbonatos da
Formacgao Barra Velha no campo de Sapinhoa (FIGURA 1), localizado na Bacia de
Santos, mediante o uso integrado de dados de rocha e perfilagem, mostrando as
implicagbes para a caracterizagdo de reservatérios carbonaticos atualmente

explorados.

2.3 AREA DE ESTUDO

A area de estudo situa-se a sul da Bacia de Santos, no campo de Sapinhoa
(FIGURA 1), em estrutura alongada na direcdo NE-SW. O campo possui
aproximadamente 230 km? e reservas estimadas em 3,311 milhdes de barris de 6leo

e 99,307 milhées de m* de gas natural em volume original in situ (ANP, 2017).
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Os pogos estdo situados abaixo do nivel do mar, em lamina de agua
aproximadamente a 2140 metros, com intervalo aproximadamente perfurado de 500

metros de rochas carbonaticas abaixo da base do sal.

FIGURA 1 — LOCALIZAGCAO DO CAMPO DE SAPINHOA (SPH) COM OS POGCOS ESTUDADOS, NA
BACIA DE SANTOS
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2.4 REVISAO DE LITERATURA

2.4.1 Contexto geoldgico

A Bacia de Santos é uma bacia costeira do sudeste brasileiro,
geograficamente situada entre os paralelos 23° e 28° Sul, ocupando cerca de
350.000 km?, abrangendo o litoral dos estados de 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 Florianopolis com a Bacia de Pelotas (Moreira
et al., 2007).

A origem e evolugao da Bacia de Santos estado relacionadas ao evento de
ruptura do Supercontinente Gondwana, iniciado no Neocomiano, que culminou com
a abertura do Oceano Atlantico Sul e a implantagéo das bacias marginais brasileiras
ao longo do chamado Sistema de Riftes do Leste Brasileiro (Chang et al., 1992).

No arcabougo tecténico-estratigrafico da bacia (FIGURA 2) é encontrado o
embasamento cristalino de idade pré-cambriana, discordantes com a Formacéao
Camboriu (130-120 Ma), constituida de basalto cinza-escuro, holocristalino,
granulagcdo média, textura ofitica (diabasio), tendo por constituintes principais o
plagioclasio e o piroxénio (augita), comumente pouco alterados (Moreira et al.,
2007).

A sequéncia rifte lacustre da Formacédo Picarras, Grupo Guaratiba
(Barremiano), é delimitada por discordancia no topo dos basaltos da Formagao
Camboriu (limite inferior), e pela discordancia superior Pré-Alagoas (superior)
(FIGURA 2). A Formacédo Picarras corresponde a conglomerados e arenitos
polimiticos constituidos de fragmentos de basaltos, quartzo e feldspato, depositado
por leques aluviais nas porgdes proximais, e por arenitos, siltitos e folhelhos de
composicao talco estevensitica nas porgdes lacustres (Moreira et al., 2007).

A Formacao Itapema, corresponde a sequéncia K38, é caracterizada por
apresentar intercalagdes de calcirruditos e folhelhos escuros. Os calcirruditos sao
constituidos por fragmentos de conchas de bivalves que frequentemente encontram-
se dolomitizados e/ou silicificados, muitas vezes formando e o acumulag¢des de
empacotamento denso, conhecidos como coquinas. Nas por¢cdes mais distais da

margem costeira ocorrem folhelhos escuros, ricos em matéria organica.
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Conglomerados e arenitos, depositados em leques aluviais, representam as facies
proximais desta unidade (Moreira et al., 2007).

Os carbonatos da é&rea de estudo estdo inseridos no contexto das
sequéncias K44 e K46-48 (Moreira et al., 2007). A sequéncia K44 corresponde a
porgao inferior da Formagao Barra Velha (Eo-Aptiana), equivalente ao andar local
Alagoas inferior. Tem seu limite inferior representado pela discordancia Pré-Alagoas
(123 Ma), e superior pela discordancia Intra-Alagoas (117 Ma) que corresponde a
um refletor sismico de forte impedancia acustica positiva de carater regional (Moreira
et al., 2007). O ambiente deposicional desta sequéncia € marcado por um ambiente
lacustre, bastante estressante, com a deposi¢ao de calcarios microbiais, incluindo
estromatélitos e laminitos (Terra et al., 2010), nas porgdes proximais, e folhelhos nas
porcdes distais (Moreira et al., 2007).

Recentemente foram publicados estudos sobre a contribuicdo quimiogénica
na deposicao e precipitacdo dos carbonatos da Formagao Barra Velha (Bacia de
Santos) e Formagao Macabu (Bacia de Campos) (Wright & Barnett, 2015; Herlinger
et al., 2017; Farias et al., 2019; Lima & De Ros, 2019; Gomes et al., 2020; Wright,
2020).

FIGURA 2 — CARTA ESTRATIGRAFICA DA BACIA DE SANTOS
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Tais estudos sobre os carbonatos da Formacgao Barra Velha caracterizam o
paleoambiente deposicional de lago alcalino em condi¢des de clima arido. A génese
dos carbonatos esta associada com a precipitagao quimica de argilas magnesianas,
formacéo in situ de calcitas de forma esferoidal e de crostas de calcita fascicular com
habito radial fibroso (Shrubs). Tais facies sedimentares apontam para a formacao e
precipitacdo abidtica desses carbonatos do Pré-Sal, das Bacia de Santos e da Bacia
de Campos (Wright & Barnett, 2015; Tosca & Wright, 2018; Farias et al., 2019; Lima
& De Ros, 2019; Lima et al., 2020; e Wright, 2020).

As facies descritas incluem carbonatos sustentados pela matriz (Mudstone,
Wackestones e Lamintos), carbonatos sustentados por graos (Grainstone,
Rudstones e Packstone), carbonatos ricos em shrubs (shrub—rich) (Wright & Barnett,
2015; Herlinger et al., 2017; Farias et al., 2019; Lima & De Ros, 2019; Gomes et al.,
2020; Wright, 2020), estromatolitos (Moreira et al., 2007) e esferulititos (spherulite—
rich) (Wright & Barnett, 2015; Herlinger et al., 2017; Farias et al., 2019; Lima & De
Ros, 2019; Gomes et al., 2020; Wright, 2020).

Adicionalmente sdo descritas a presencga de retrabalhamento de carbonatos
ricos em shrubs, esferulitos e dos carbonatos graos sustentados (Wright & Barnett,
2015; Herlinger et al., 2017; Farias et al., 2019; Lima & De Ros, 2019; Gomes et al.,
2020; Wright, 2020). Por fim, € comum encontrar a presencga parcial ou total de
dolomitizagao e/ou silicificagdo na Formagédo Barra Velha (Wright & Barnett, 2015;
Herlinger et al., 2017; Farias et al., 2019; Lima & De Ros, 2019; Gomes et al., 2020;
Wright, 2020).

As porgdes proximais do lago da Formagao Barra Velha sdo descritas como
depositados em leques aluviais (Moreira et al., 2007). Adicionamente, a superior da
Formacdo Barra Velha (K46-K48), de idade neoaptiana (andar local Alagoas
superior), possui limite inferior marcado pela discordancia Intra-Alagoas e limite
superior correspondente a base dos evaporitos da Formagao Ariri (113 Ma), que
marcam a passagem da sequéncia sedimentar clastica/carbonatica para um
ambiente evaporitico (Moreira et al., 2007).

Os carbonatos da Formacgao Barra Velha estdo sobrepostos pela Formagao
Ariri, constituida por uma espessa acumulagdo de evaporitos (idade Alagoas
Superior) tais como anidrita, halita, silvita e carnalita, em um contexto de clima arido
(Moreira et al., 2007). Esses evaporitos atuaram como selos estratigraficos para a

acumulacao dos hidrocarbonetos da Bacia de Santos (Moreira et al., 2007).
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Por fim, a Supersequéncia Drifte é constituida de sedimentos marinhos
acumulados durante a subsidéncia térmica e tectbnica adiastréfica da Bacia de
Santos (Moreira et al., 2007). Nessa sequéncia encontraram-se o Grupo Camburi
(entre Albiano e o Cenomaniano), Grupo Frade (compreendendo o Turoniano ao

Maastrichtiano) e do Grupo Itamambuca (Paledgeno ao Recente).

2.4.2 Litofacies carbonaticas da Formacao Barra Velha

Nessa secao é feita uma breve revisdo das principais litofacies reconhecidas
nos carbonatos aptianos do Pré-Sal, recentemente descritas nas bacias de Santos e
Campos (Wright & Barnett, 2015; Herlinger et al., 2017; Farias et al., 2019; Lima &
De Ros, 2019; Gomes et al., 2020; Wright, 2020), e utilizadas nesse trabalho. A
classificagao dos carbonatos do Pré-Sal ainda € amplamente discutida.

Na secdo ANEXOS encontram-se as classificacbes de rochas carbonaticas
de Dunham (1962), Embry e Klovan (1971) e Terra et al., (2010), para revisao e facil
consulta do leitor, uma vez que sao também utilizadas em outros trabalhos

cientificos.

2.4.2.1 Carbonatos matriz sustentada

Estudos recentemente publicados no Pré-Sal da Bacia de Santos (Gomes et
al., 2020 e Wright.,, 2020) classificam os carbonatos matriz sustentada,
predominantemente compostos de fragdo lama carbonatica (mud), constituidas de
minerais de argila, calcita, dolomita e silica. Outros estudos referem-se a esses
carbonatos como mudstone, wackestones e laminitos (laminites), com base nas
texturas das rochas, a presenga de laminagbes e a porcentagem de componentes
do arcabouco (Terra et al., 2010; Faria et al., 2017; e Farias et al., 2019). O presente
trabalho, reconhece a diferenca de textura deposicional desses carbonatos
individualmente (mudstones, wackestones e laminitos), somente agrupando-os como
carbonatos matriz sustentada (matrix—supported) quando as facies séo referidas em
conjunto.

Em escala de testemunho, plugues e amostras laterais, essas litofacies
apresentam cor marrom claro a escuro e mostram laminacéo do tipo plano-paralela

horizontal, com espessuras variando de milimetros a centimetros (Gomes et al.,
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2020). Segundo Gomes et al. (2020) as argilas encontradas estao intercaladas entre
camadas macicas ou apresentam-se dispostas em laminacbes em escala
milimétrica.

Ao microscoépio petrografico de luz transmitida em sec¢ao delgada as argilas
constituem-se de graos opticamente transparentes de agregados de argilominerais
(FIGURA 3). Em geral, os minerais de argila podem apresentar certo grau de
substituicdo por dolomita microcristalina e silica microcristalina. Em outros casos,
substituigdo por micrita, mas podendo apresentar certo grau de substituigdo por
dolomita e silica. Parte da dolomita/silica pode ser primaria, mas provavelmente

formada por meio de um precursor metaestavel (Gomes et al., 2020).

FIGURA 3 — EXEMPLOS DE CARBONATOS MATRIZ SUPORTADA

FONTE: Gomes et al., (2020).

LEGENDA: Exemplo de laminitos em fotomicrografias em luz transmitida. Segundo os autores. d) A
seta laranja indica particula de fosfato, polarizador paralelo, e€) Laminito parcialmente silicificado em
polarizador cruzado, f) A seta verde aponta quartzo microcristalino, e a seta vermelha aponta a
substituicdo de calcita por calcedénia, polarizador cruzado.

Ainda em escala de microscopia 6ptica, as amostras apresentam laminas
compostas por calcitas claras compostas por calcita microcristalina, enquanto as
laminas com minerais de aparéncia escura, sao compostas por dolomita
microcristalina e romboédrica, podendo apresentar matéria organica. Algumas
amostras descritas por Gomes et al. (2020) apresentam finos gréos de tamanho silte
geralmente, ostracodes e particulas fosfaticas.

Por fim, os principais minerais de argila presentes nessas litofacies, sao
kerolita, estevensita, saponita, sepiolita, illita e esmectita (Madrucci et al., 2013;
Souza et al., 2018).
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2.4.2.2 Esferulititos

Esses carbonatos sdo constituidos de calcitas de formato esférico a
subesférico. Conforme descrito por Gomes et al. (2020), a vista macroscépica, em
escala de testemunho, plugues e amostras laterais; essas litofacies apresentam
calcitas esferuliticas de formato assimétrico, com crescimento preferencial em uma
diregado particular. Gomes et al. (2020) indicam que na maioria dos casos, 0s
esferulitos tendem a apresentar sobrecrescimento em dire¢cdo ascendente, enquanto
em algumas camadas os esferulitos crescem paralelamente ao acamamento.

Adicionalmente, em escala microscopica, alguns esferulitos sdo encontrados
misturados as calcitas de formato fascicular (shrubs), segundo a descri¢ao de Lima
& De Ros (2019); retendo textura fibrorradial caracteristica (Gomes et al., 2020). Em
tais situacdes, a composicao dominante entre as calcitas fasciculares e esferoidais é
usada para determinar o nome das litofacies (Gomes et al., 2020).

As calcitas esferoidais apresentam extingdo radial (FIGURA 4), sendo
comumente encontras dolomitizadas ou recristalizadas, com diametro de ordem
milimétrica, com valor de referéncia 0,1 mm a 4 mm (Gomes et al., 2020). Em alguns
casos, podem ser reconhecidos nucleos compostos por micrita criptocristalina,
argilominerais e, mais raramente, fragmentos de ostracodes (Gomes et al., 2020).
Ainda é possivel encontrar a substituicado de calcita por minerais de calcedénia e de
microquartzo; resultando localmente na perda da textura original (Gomes et al.,
2020).
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FIGURA 4 — EXEMPLOS DE CARBONATOS ESFERULITITOS
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FONTE: Gomes et al., (2020).

LEGENDA: Exemplo de fotomicrografias de esferulititos em luz transmitida. Segundo os autores, PPL
— polarizador paralelo, e XP — polarizador cruzado, ilustrando as calcitas de formato esférico.

Por fim, Wright & Barnett (2015) propuseram que os esferulitos encontrados
na Formagao Barra Velha sdo de origem quimiogénica. Com base em estudos
experimentais, esses autores descrevem que os esferulitos sdo o produto de rapido
crescimento de cristais em solugdes alcalinas e viscosas, altamente enriquecidas em

magnésio e silica que fornecia o suporte para o crescimento dessas calcitas.

2.4.2.3 Carbonatos ricos em shrubs

A litofacies carbonaticas ricas em shrubs (Wright & Barnett, 2019; Wright,
2020) sao carbonatos predominantemente compostos de calcita e formam estruturas
sedimentares de formato arborescente, arbustiforme, pluma, démico e convexo.
Esses carbonatos ricos em shrubs ocorrem predominantemente em camadas
horizontais, ou sobrepostas, e localmente podem apresentar tamanho entre
centimétrico, podendo chegar a 5 metros de altura (Wright & Barnett, 2015; Farias et
al., 2019; Gomes et al., 2020).
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Microscopicamente, as calcitas apresentam formato fascicular (Herlinger et
al., 2017; Lima & De Ros, 2019; Lima et al., 2020) com o longo eixo de sua estrutura
em forma de leque variando de 0,15 a 6,5 mm de comprimento (valor de referéncia,
Gomes et al., 2020) (FIGURA 5).

FIGURA 5 - EXEMPLOS DE CARBONATOS SHRUBS

FONTE: Gomes et al., (2020).

LEGENDA: Exemplo calcitas em formato fascicular, segundo os autores. Fotomicrografias em luz
transmitida. a) Polarizador paralelo, b) Polarizador cruzado.

De acordo com Gomes et al. (2020), alguns shrubs incorporam graos
detriticos finos aleatérios ou, raramente, biogrdos em sua estrutura, localmente
apresentando mais de uma forma de sobrecrescimento. Conforme descrito pelos
autores, dentro de uma camada individual, os shrubs sao orientados paralelamente
uns aos outros, variando de densamente compactados (0,2 mm entre os eixos
centrais) a amplamente espacados (espagamento de 4 mm).

De acordo com Wright (2020), as calcitas tipo shrubs in situ séo separadas
por poros abertos ou preenchidos com silicatos de magnésio, ou cimento de silica ou
dolomita. O autor reporta ainda que em alguns casos, dolomitas romboédricas séao

encontradas entre o espago poroso, predominantemente abertos.

2.4.2.4 Microbialitos

Estudos publicados reportam carbonatos de origem microbial nos
reservatorios aptianos das rochas das bacias de Campos (Terra et al., 2010;
Rezende e Pope, 2015, Muniz & Bosence, 2015, 2018), Santos (Kaczmarek &
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Hasiuk, 2015; Pietzsch et al., 2020), e também encontradas na bacia de Kwanza,
Africa (Sabato Ceraldi & Green, 2017).

Conforme publicado por Wright (2020) os carbonatos de origem microbial,
como os estromatdlitos e dendrdlitos sdo normalmente encontrados nos 20 a 30
metros superiores da Formagéo Barra Velha, no marco estratigrafico conhecido na
industria como Lula fingers. De acordo com Wright & Barnett (2015), as
macroestruturas microbianas encontradas nao representam mais do que 1% da
espessura dos testemunhos recuperados area do campo de Lula, na Bacia de
Santos. Adicionalmente, Wright (2020) salienta que evidéncias microbianas em

laminas delgadas sao baixas, na ordem de 0,05%.

2.4.2.5 Carbonatos gréos sustentados

As litofacies descritas como grainstones, packstones e rudstones
encontradas no Pré-Sal sdo comumente descritas seguindo a classificagédo de
Dunham (1962); Embry & Klovan (1971) e Terra et al., (2010). Esses carbonatos
apresentam textura deposicional reconheciveis, sustentada por graos de diferentes
tamanhos (FIGURA 6).

FIGURA 6 — EXEMPLOS DE CARBONATOS TIPO GRAINSTONES, PACKSTONES E RUDSTONES
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PACKSTONE GRAINSTONE RUDSTONE
% JCRE N

FONTE: Gomes et al., (2020).
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LEGENDA: Classificacao de facies carbonaticas gréo-suportado e retrabalhadas, segundo os
autores. Fotomicrografias em luz transmitida, em pares respectivos, polarizador paralelo e polarizador
cruzado. a) e b) Rudstone intraclastico, c) e d) Grainstone intraclastico, e) e f) Packstone intraclastico.

Essas litofacies séo interpretadas como o produto do retrabalhamento de
facies carbonaticas previamente depositadas (e.g., carbonatos ricos em shrubs,
esferulitos e laminitos) (Gomes et al., 2020). O presente trabalho, reconhece a
diferenca de textura deposicional desses carbonatos individualmente (grainstones,
packstones e rudstones) e os agrupa como facies sustentada por graos (grain—
supported facies), quando sao referidos em conjunto.

Essas facies sdo constituidas principalmente de fragmentos de crostas de
calcita fascicular (Lima & De Ros, 2019; Lima et al., 2020 e Wright, 2020),
esferulitos, agregados laminados de argila magnesiana e carbonatos laminados,
majoritariamente retrabalhadas na Bacia de Santos (Gomes et al., 2020). Os
grainstones intraclasticos encontrados nas bacias de Santos e Campos podem
apresentar estratificacdo ou estrutura maci¢ca (sem estrutura visivel). Por fim,
rudstones ocorrem localmente compactados e cimentados (Lima & De Ros, 2019;
Gomes et al., 2020).

Grainstones texturalmente maduros e os rudstones ocorrem em sucessoes
sedimentares decamétrica compostas de graos bem selecionados e arredondados
de calcitas shrubs, esferulitos, intragraos e, em alguns casos, peloides e fragmentos
vulcanicos (Barnett et al., 2018; Wright, 2020). Os grainstones e rudstones
conformam camadas de escala decimétrica a métrica, apresentando estratificagcao
horizontal, de baixo angulo e subordinadamente laminacao cruzada e estratificacao
cruzada planar (Wright, 2020).

Segundo Lima & De Ros (2019) o tamanho dos grédos variam entre 0,06 e
4,1 mm, com tamanho modal de 0,8 mm (Lima & De Ros, 2019). De acordo com
Herlinger et al. (2017), é possivel encontrar a presenca de matriz argilosa nessas
facies, em amostras coletadas em pocos na bacia de Campos; e, portanto, para os
autores consideradas como rochas hibridas.

Os principais tipos de porosidade encontrados em sec¢ao delgada nos
grainstones e rudstones intraclasticos sao do tipo interparticula primaria e
secundaria; além disso, sao encontrados as do tipo intracristalina e intraparticula,

associadas a porosidade vugular e fraturas (Lima & De Ros, 2019).
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Esses carbonatos podem estar associados ao estreitamento acentuado da
Formagao Barra Velha, em torno das margens falhadas de blocos inclinados, e
potencialmente representando depdsitos sedimentares de deltas dominados por
ondas (Barnett et al., 2018).

2.4.2.6 Dolomitos

Os dolomitos (dolostones) sao carbonatos descritos em diversos estudos
nos carbonatos do Pré-Sal (e.g., Saller et al., 2016; Sabato Ceraldi & Green, 2017;
Herlinger et al., 2017; Farias et al., 2019; Lima & De Ros, 2019; Wright & Barnett,
2015, 2019; Pietzsch et al., 2020; Lima et al., 2020).

Em geral, essas facies apresentam-se totalmente ou parcialmente
dolomitizadas, com grau de dolomitizagdo incipiente a muito intensa, de forma
pervasiva, e observadas principalmente em camadas centimétricas a métricas nos
testemunhos, plugues e amostras laterais. Adicionalmente, a dolomita é o principal
mineral que substitui as principais componentes preexistentes da rocha.

Nos dolomitos encontrados na Formagdo Macabu (Aptiano) da Bacia de
Campos (Lima & De Ros, 2019) ha preenchimento de espago entre os poros por
minerais como: dolomitas em blocos (mosaico fino), dolomita em sela, calcita fibrosa

e laminada (mosaico) a calceddnia (botréidal), quartzo drusiforme e silica (FIGURA

FIGURA 7 - EXEMPLO DE DOLOMITOS

FONTE: Lima & De Ros (2019).

LEGENDA: Segundo os autores, exemplos fotomicrografias em luz transmitida de dolomitos
encontrado em camadas dolomitizadas. a) polarizador cruzado, dolomitos apresentando dolomita tipo
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bloco (BD), e b) polarizador cruzado, dolomita romboédrica (DR) intensamente substituida por quartzo
microcristalino (MS), conforme a descrigdo dos autores.

Secundariamente, os componentes primarios sdo substituidos por barita,
celestina, sulfetos, svanbergita e betume. Essas fases preenchem os agregados
intracristalino, com dissolugao da matriz de argila, laminar, intercristalina, porosidade
moldica, vugular e porosidade secundaria de fratura (Lima & De Ros, 2019). Por fim,
o tamanho dos minerais variam entre 0,01 (microcristalina) e 3,27 mm, com um
tamanho modal de 0,09 mm (Lima & De Ros, 2019).

Em relacédo as dolomitas, elas apresentam habitos microcristalinos e em
blocos, e substituem a matriz de argila magnesiana, calcitas esferuliticas e
agregados fasciculares, de forma ainda parcial a e heterogénea. Lima & De Ros
(2019) reportam ainda que em muitas amostras coletadas nos pocgos, a dolomita
substitui seletivamente as argilas estevensiticas, enquanto os shrubs e esferulitos

sdo marginalmente dolomitizados.

2.4.2.7 Silexitos

Assim como os dolomitos, os silexitos foram reportados em diversos estudos
nos carbonatos do Pré-Sal das bacias de Campos, Santos e Kwanza (e.g., Saller et
al., 2016; Sabato Ceraldi & Green, 2017; Herlinger et al., 2017; Farias et al., 2019;
Lima & De Ros, 2019; Wright & Barnett, 2015, 2019; Pietzsch et al., 2020; Lima et
al., 2020), juntamente com carbonatos parcialmente silicificadas (Saller et al., 2016;
Teboul et al., 2016; Viera de Luca et al., 2017; Lima & De Ros, 2019). Esta facies
encontra-se organizada em camadas centimétricas a métricas nos testemunhos,
plugues e em amostras laterais; em ambas com caracteristicas de silicificagao
pervasiva.

Microscopicamente, os principais tipos de silica, sdo micro a macrocristalina,
sobrecrescimento de quartzo, quartzo em formato mosaico, e calcedbnia. Esses
minerais encontram-se substituindo totalmente ou parcialmente os principais
componentes diagenéticos preexistentes, além de preencher a porosidade
secundaria (FIGURA 8) (Lima & De Ros, 2019; Lima et al., 2020).
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FIGURA 8 — EXEMPLOS DE SILEXITOS

FONTE: Lima & De Ros (2019).

LEGENDA: Exemplo de fotomicrografias de silexitos. Segundo os autores, fotomicrografias em luz
transmitida de silexitos encontrado em camadas parcialmente silicificadas. c) polarizador cruzado,
silica microcristalina (MS) e calcitas esferoidais envoltas de calcedénia (ChS), e) polarizador cruzado,
quartzo drusiforme (DQ) e calcitas esferoidais envoltas de calcedénia (ChS) conforme a descrigéo
dos autores.

De acordo com Lima & De Ros (2019), ha amostras com presenca de
polimorfos de quartzo microcristalinos, como moganita, tridimita, cristobalita e
svanbergita que foram constatados por meio de analises de difracdo de raios-X e
estdo associadas as fases silicosas de quartzo e calcedbnia. De acordo com os
mesmos autores a variagdo do tamanho dos cristais € 0,01 e 2,94 mm (moda 0,11
mm).

Lima & De Ros (2019) constataram também associacdo comum das facies
silicificadas com presencga de dolomita microcristalina, dolomita em blocos e dolomita
em sela, em secado delgada; com substituicdo dos constituintes primarios,
singenéticos e diagenéticos (argilas magnesianas, intragraos e crostas de calcita e
esferulitos), que comumente representam reliquias da fase de dolomitizacao
pretérita a silicificagao.

Ao microscépio petrografico, os tipos de poros encontrados nessas amostras
sdo secundarios, principalmente intercristalinos e intra-agregado, com intenso
fraturamento e dissolugcéo apés a silicificagdo, e formacao de porosidade vugular.
Muitos vugs e fraturas sao parcialmente ou completamente preenchidos por: silica
microcristalina, quartzo tipo mosaico, quartzo sobrecrescimento, calceddnia, calcita,
dolomita em bloco e em sela, sulfatos, sulfetos, svanbergita, rutilo, e betume (Lima &
De Ros, 2019).
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Segundo Lima & De Ros (2019), a maior parte da silicificagdo observada
ocorreu claramente apdés a dolomitizagdo, conforme indicado por restos de
constituintes dolomitizados que sao preservados dentro das areas silicificadas. Para
esses autores algumas amostras mostram silicificagdo generalizada de intragraos
dolomitizados e agregados fasciculares (shrubs) e de esferulitos, com escassos
remanescentes de constituintes primarios dolomitizados. Os restos da matriz
argilosa singenética foram preferencialmente silicificados em relagdo aos agregados

esferulitos e fasciculares de calcita (Lima & De Ros, 2019).

2.4.2.8 Carbonatos cristalinos

Os carbonatos cristalinos (Crystalline) sao carbonatos de textura
deposicional ndao reconheciveis devido a intensa e recristalizacdo (Dunham., 1962;
Embry e Klovan 1971; Terra et al., 2010).

2.4.3 Ciclicidade de litofacies

Os carbonatos do Pré-Sal estdo organizados em ciclos de alta frequéncia,
consistindo de repeticdo regular de litofacies (Wright & Barnett, 2015; Muniz &
Bosence, 2015; Faria et al., 2017; Lima & De Ros, 2019; Farias et al., 2019; Wright,
2020).

A associacdo € tipicamente composta de carbonatos laminados de
granulacao fina (mudstones-laminitos), seguidos por esferulititos,e carbonatos ricos
em shrubs de altura milimétrica a centimétrica (Wright & Barnett, 2015; Farias et al.,
2019; Lima & De Ros, 2019; Gomes et al., 2020; Wright, 2020). Adicionalmente
encontram-se carbonatos grao-sustentados, em maioria grainstone, com a presenga
de retrabalhamento (reworking), (Gomes et al., 2020). Em geral os ciclos basicos
identificados apresentam espessura de 1-2 metros, embora os exemplos variem de
0,75 a 5 metros, (FIGURA 9 e FIGURA 10) (Wright & Barnett, 2015; Wright, 2020).
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FIGURA 9 - REPRESENTAQAO ESQUEMATICA DO CICLOTEMA (CYCLOTHEM) PROPOSTO
PARA A FORMACAO BARRA VELHA, NA BACIA DE SANTOS. (WRIGHT & BARNETT, 2015 E
BARNETT et al., 2018)
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FONTE: Modificado de Wright (2020).

LEGENDA: Representagédo esquematica do ciclotema (cyclothem) proposto por para a Formagao
Barra Velha, na Bacia de Santos, segundo Wright (2020). Base para o topo: litofacies matriz-
suportada laminadas, laminitos (calcimudstone laminados), esferulitos (spherulite—rich), Shrubs
(shrub—rich) e carbonatos grao-sutentado. Os grainstones, packstones e rudstones sao formados de
fragmentos de calcitas esferoidais, calcitas fasciculares e intragrdos. Ao lado do ciclotema, Wright
(2020) ilustra um perfil esquematico da variagdo de 6'3C e 56'80, baseado em Barnett et al. (2018).

Para Wright (2020), as facies de carbonatos finos laminados matriz-
sustentada (e.g., calcimudstones, mudstones-laminitos) formaram-se na parte de
aguas relativamente profundas do lago. Ainda de acordo com o autor, os shrubs
formados no substrato do lago, podem ter tido influéncia de exposi¢do subaérea,

durante o rebaixamento do lago.
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FIGURA 10 — EXEMPLO DA ALTERNANCIA DE LITOFACIES EM TESTEMUNHO
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FONTE: Wright (2020).

LEGENDA: Representagédo esquematica em escala macroscoépica da alternancia de litofacies em
testemunho dos carbonatos do Pré-Sal da Bacia de Santos.

De acordo com Lima & De Ros (2019), carbonatos laminados séao
compostos de argilas magnesianas singenéticas, peloides dispersos e graos
siliciclasticos, substituidos parcialmente. Nestas facies, a matriz de argila
magnesiana ocorre deformada pelo crescimento diagenético de calcitas esferuliticas.
Os esferulitos assimétricos sao formados mais préoximos da interface agua-
sedimento (water-sediment interface WSI).

Por fim, os agregados de calcita fasciculares (Shrubs) nao coalescidos e
precipitados na interface agua-sedimento, apresentam espago poroso entre as
calcitas fasciculares. Além disso, pode ocorrer a presenca de peloides e graos
siliciclasticos entre os agregados de calcita fasciculares (Lima & De Ros, 2019). Para
esses autores, o ciclo caracteristico encontrado no Pré-Sal € representado por
agregados de calcita fasciculares coalescidos no topo (calcitas singenéticas); e
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matriz singenética argila magnesiana, encontrada parcialmente substituida e

deslocada por calcita esferoidais e preservados na base do ciclo (FIGURA 11).

FIGURA 11- REPRESENTACAO ESQUEMATICA DA GENESE DE DEPOSITOS TiPICOS DO PRE-
SAL APTIANO

— Water-Sediment Interface (WS) ' Fascicular calcite ’ Lake water
’ Syngenetic Mg-clay matrix

% Clay pellets and siliciclastic grains

G Calcite spherulites

FONTE: Lima & De Ros (2019).

LEGENDA: A) Carbonatos laminados compostos de argilas magnesianas singenéticas, e presenga de
argila peloidal dispersas, juntamente com graos siliciclasticos; B) Substituigao parcial e deformagao
da matriz de argila magnesiana por calcitas esferulitica. Esferulitos assimétricos formados mais
préximos da interface agua-sedimento (water-sediment interface WSI); C) Agregados de calcita
fascicular nao coalescidos precipitados na interface agua-sedimento, apresentando espago poroso
entre o crescimento das calcitas fasciculares. Argila peloidal e graos siliciclasticos incluidos em
alguns agregados fasciculares; D) Ciclo caracteristico proposto, por Lima & De Ros (2019) mostrando
agregados de calcita fasciculares (singenéticas) coalescidos no topo, e matriz argila magnesiana
(singenética) parcialmente substituida e deslocada por esferulitos de calcita, preservados na base do
ciclo (Lima & De Ros, 2019).
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As recentes publicagdes mencionadas apontam para um consenso quanto a
alternancia de repetibilidade de facies carbonaticas encontradas nas Bacias de
Santos, Campos e Kwanza. No entanto, ainda ha um intenso debate sobre a
influéncia e génese desses rochas, principalmente quanto a contribuicdo biogénica
(Terra et al., 2010) e/ou quimiogénica (Wright & Barnett, 2015; Lima & De Ros, 2019;
Wright, 2020) nos carbonatos do Pré-Sal.

2.5 MATERIAIS E METODOS

Para esse estudo foram selecionados dados de doze pogos do campo
Sapinhoa, Bacia de Santos, pertencentes ao acervo de dados da Agéncia Nacional
do Petrdleo, Gas Natural e Biocombustiveis (ANP). Nesses pogos foram analisados
dados de perfilagem geofisica, petrofisica de laboratério (porosidade e
permeabilidade), e composicdo mineral das rochas por difratometria de raios-X, da
Formacéao Barra Velha.

As litofacies foram descritas com base em testemunhos (cores), plugues dos
testemunhos (core plugs), amostras laterais (side-wall cores samples) e
caracterizagdo petrografica por meio de fotomicrografias disponiveis no material
fornecido pela ANP.

A integragao entre dados de rocha e perfis foi feita a partir da amarragao por
profundidade, com base no ajuste dos dados de perfis de raios gama (GR) dos
testemunhos, utilizando os perfis de raios gama dos perfis a cabo como referéncia.
Posteriormente, a profundidade os dados provenientes de instrumentalizacao
laboratorial foram ajustados a mesma referéncia. Por fim, para cada poco toda a
informacéao utilizada foi individualmente referenciada ao trajeto (survey) e a mesa
rotativa, de cada pocgo (True Vertical Depth Sub Sea - TVDSS).

Os dados de perfis geofisicos abrangem a base da camada do sal
(Formacao Ariri) até a profundidade final da perfilagem em poco aberto. Os perfis
utiizados para a caracterizagdo do reservatorio, a avaliagdo da petrofisica
(porosidade e permeabilidade) e caracterizagao de fluidos presentes no intervalo da
Formagao Barra Velha, foram: raios gama, espectroscopia de raios gama e de
fracdes elementais Potassio, Toério e Uranio (K-U-Th), perfil de densidade (density),
porosidade neutrén (neutron porosity), resistividade (resistivity), e ressonancia

nuclear magnética (Nuclear magnetic ressonance, NMR). Por fim, os perfis de
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imagem acustica e resistiva (borehole image logs) foram utilizados para a
individualizagéo de fei¢gdes e estruturas nos carbonatos, delimitagdo de laminacdes e
a orientacdo de camadas e fraturas, bem como a identificacdo de processos de
criacao de porosidade secundaria nos carbonatos.

Os dados de petrofisica de rotina de laboratério (routine core analysis,
RCAL) compreendem densidade do grao (grain density), porosidade e
permeabilidade obtidas com porosimetro e permeametro, respectivamente.

A determinacgéo das facies sedimentares em escala de perfil (log facies), foi
feita a partir da correlagdo entre as caracteristicas encontradas nos perfis de
imagem e a descri¢cao de litofacies obtidas na descrigdo das rochas (testemunhos,
plugues, amostras laterais). Adicionalmente foi utilizada a descricdo das amostras de
calhas fornecida nos relatérios e perfis compostos da ANP, quando coerentes com
as descricbes dos demais dados de rochas, e com correto posicionamento
considerando a diferenga de entre a profundidade logging while drilling (LWD) com a
profundidade de referéncia a cabo (wireline)

Por fim, a interpretacdo dos resultados foi suportada por correlacbes com
estudos analogos realizados na Bacia de Santos (e.g., Faria et al., 2017; Farias et
al., 2019; Gomes et al., 2020; Valle et al., 2021).

Nas proximas seg¢des sao descritos os metodos utilizados para o estudo

realizado.
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2.5.1 Difracéo de raios-X

A caracterizagdo da mineraldgica dos principais constituintes de rochas
carbonaticas nessa pesquisa foi realizada por meio de dados de difracdo de raios-X.

O principio do método baseia-se no fato de que cada substancia cristalina
possui sua estrutura atébmica propria, a qual difrata raios-X emitidos na amostra
analisada (total ou em uma fragao granulométrica).

A difragao de raios-X pelos cristais resulta de um processo em que 0s raios
sao espalhados pelos elétrons dos atomos da estrutura cristalina, sem mudancas de
comprimento de onda. Um feixe difratado é produzido por espalhamento em
condigdes geométricas de interferéncia construtiva, expressas pela lei de Bragg
(Jenkins e Snyder, 2012; Dowsett et al., 2021). Apdés a colisdo ha mudanga da
diregdo de propagacédo dos raio-X, mas com a conservagdo do comprimento de
onda incidente (Jenkins e Snyder, 2012).

A expressao matematica da lei de Bragg € descrita:

nl = 2dsenf

Onde n € um numero inteiro, A € o comprimento de onda, d € a distancia
entre os planos paralelos sucessivos na estrutura cristalina, e @ representa o angulo
de incidéncia e difragdo de um feixe de raios-X relativamente a um dado plano
atdbmico (Jenkins e Snyder, 2012; Dowsett et al., 2021).

O resultado deste tipo de analise é apresentado sob a forma grafica,
chamado de difratograma (FIGURA 12), cujas variaveis sdao o angulo 26 (eixo
horizontal) e a intensidade dos picos difratados (eixo vertical). Os picos do
difratograma sao produzidos quando, para um dado valor de 6, um dado plano

atdbmico possui distancia interplanar (d) que satisfaz a lei de Bragg.



40

FIGURA 12 — REPRESENTAGCAO DO DIFRATOGRAMA
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FONTE: Dowsett et al., (2021).

Por fim, as alturas dos picos sao proporcionais as intensidades dos efeitos
da difragao, de forma semi-quantitativa para a estimativa volumétrica dos diferentes

minerais nas amostras avaliadas.

2.5.2 Petrofisica de rotina de laboratorio

A petrofisica de rotina de laboratério compreende ensaios laboratoriais para
a determinacao das propriedades de densidade do grao (grain density), porosidade
e permeabilidade obtidas com porosimetro e permeametro, respectivamente.

Primeiramente os materiais rochosos sao limpos para garantir a remogéao
completa dos fluidos do reservatorio (e.g., hidrocarbonetos, sais, fluidos de
perfuragdo), o processo de limpeza é realizado com solventes, podendo ser feito
pela extragcdo continua, e desassistida empregando extratores Soxhlet, método
Dean Stark ou limpeza de fluxo (Rios et al.,, 2012). A agua conata é extraida com
metanol e os hidrocarbonetos sdo removidos com produtos como o tolueno ou
cloroférmio (API., 1998; Rios et al., 2012). A total remocg&o de residuos salinos é
confirmada através de teste quimico com nitrato de prata quando nao ha ocorréncia
de precipitagao de cloreto de prata (API., 1998).

ApoOs a limpeza, os plugues e amostras laterais sdo colocados em estufas
especiais até que estejam totalmente secos. Caso esses, possuam argilominerais,

mais comum em arenitos, sdo submetidos a estufas especiais com umidade
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controlada, isso para que a agua estrutural da argila ndo seque e danifique sua
estrutura laminar (API., 1998). Por fim, as amostras submetidas a esse processo sao
resfriadas sob vacuo em secadores para evitar absorcdo de umidade do ar. Os
ensaios de petrofisica basica ocorrem nos equipamentos porosimetro e
permeametro de expans&o a gas hélio ou gas nitrogénio.

Conforme descrito por Schon (2015), a porosidade (@) é calculada pela
razdo do volume de poros (Vpore) pelo volume da amostra (Vbouk) medidos, aplicagéo
direta da lei de Boyle. O volume de poros é o volume da amostra, desconsiderando

o dos componentes minerais solidos (Vsolid).

_ Vpore  Vbulk —Vsolid
~ Vbulk Vbulk

No porosimetro, o gas preenche a linha do equipamento e uma pequena
camara interna de referéncia, cuja soma dos volumes iniciais (Vinicial) € a pressao
inicial (Pinicial). De acordo com Rios et al. (2012), assim que a pressao se estabiliza, o
gas se expande isotermicamente para uma segunda camara de volume conhecido,
dentro da qual a amostra se encontra. A presséo final (Pfinal) do sistema é reduzida
na mesma proporgdo em que o volume ocupado pelo gas aumenta (Vfinal).

A densidade de graos ou massa especifica (pm) € obtido pela razéo entre a
massa seca e volume de sodlidos (Schon, 2015; Tiab e Donaldson, 2016). O
porosimetro mede somente a porosidade efetiva uma vez que o gas né&o atinge os
poros nao conectados (Rios et al., 2012).

No permeametro, o gas atravessa a amostra confinada no equipamento.
Para a realizagdo do experimento, o controle da vazdo do gas é realizado
manualmente por valvulas de alta e baixa pressdo contidas no moddulo do
equipamento (FIGURA 13).



FIGURA 13 — REPRESENTAGCAO ESQUEMATICA DE UM PERMEAMETRO

Flow direction
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FONTE: Tiab e Donaldson (2016).
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Conforme descrito por Tiab e Donaldson (2016), os fluxédmetros e

transdutores de pressao sao calibrados, e a vazao (Q) e o diferencial de pressao do

gas (AP) sao quantificados durante um fluxo estavel e ndo compressivel. Dessa

forma, emprega-se a lei de Darcy para o calculo da permeabilidade absoluta ao gas,

tal que:

—uQL
K= AAP

transversal do plugue (Tiab & Donaldson, 2016).

Em que p é a viscosidade dindmica; L o comprimento e A, a area da segao

As medidas de rotina sao realizadas em todos os plugues, e as informacdes

sao imediatamente utilizadas para uma primeira determinagcdo da qualidade da

rocha reservatorio, verificagdo ou calibragdo de alguns perfis e para selegdo de

amostras para petrofisica especial (Rios et al., 2012; Tiab & Donaldson, 2016).

Segundo Rios et al. (2012), os resultados de petrofisica basica sao

geralmente disponibilizados a tempo de serem considerados para tomada de

decisao de testes de formagdo com coluna, completagdo, canhoneio ou abandono

de pocgo.
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2.5.3 Perfilagem

Os dados de perfis dos pocos sdo uma das maiores fontes de informacdes
geoldgicas usadas para reduzir as incertezas na caracterizagdo geoldgica e
petrofisica de reservatérios em subsuperficie, e auxiliam a avaliacdo de formacao.
Esses perfis registram informagdes dos reservatérios de forma indireta, sem a
dependéncia da coleta de amostras de rochas.

Uma avaliagdo completa dos carbonatos do Pré-Sal inclui registros como
raios gama, raios gama espectral, densidade, porosidade de néutrons, ressonancia
magnética nuclear, perfil sbnico (vagarosidade acustica), registro de imagem de
poco (acustica e resistiva) e testadores de formacao a cabo (Alabi et al., 2014;
Chitale et al., 2014 e Boyd et al., 2015). A aquisigdo dos perfis pode ser feita a partir
de perfilagem a cabo ou durante a perfuragdo. Nos reservatorios carbonaticos do
Pré-Sal sdo normalmente adquiridas ambas as informacdes, sendo os registros a
cabo mais completos, compreendendo toda a seg¢ao entre base da Formacéo Ariri
até o fundo do pogo.

Os perfis de raios gama naturais e os espectrais exploram a interagdo da
colisdo de néutrons e atomos para construir um espectro de energia. O perfil de
raios gama espectral, possui um espectro resultante que é entdo decomposto em
fragbes de potassio (GRKT), tério (GRTH) e uranio (GRKUT) em fragdes
elementares (geoquimicas), registrados por sensores das ferramentas a cabo (Ellis
& Singer, 2007; Rider, 2011). Dentre os principais usos, destacam-se as correlacées
estratigraficas, quantificagcdo do conteudo de potassio, tério e uranio, e fragdes
elementar de elementos quimicos (e.g., calcio, silicio, magnésio) para constru¢ao de
modelos mineraldgicos (e.g., calcita, quartzo e dolomita) a partir da fracao
elementar.

Dentre o conjunto de perfis mais frequentemente adquiridos em perfilagem
de poco aberto, destacam-se os do conjunto basico, que compreendem os perfis de
resistividade, densidade (RHOB), porosidade néutron (NPHI), fator fotoelétrico (PE)
e perfil sénico (vagarosidade acustica compressional, DTC).

Os dados de resistividade profunda e rasa sao adquiridos a partir de
ferramentas dual-laterolog, com um sistema de foco duplo que permite que a

corrente elétrica penetre a formacgao superficial (RT20) e profundamente (RT90)



44

(Ellis & Singer, 2007; Rider, 2011) geralmente usadas em pogos com fluido de
perfuragdo a base agua. Adicionalmente as ferramentas de resistividade de indugéo
multi-array (Ellis & Singer, 2007; Rider, 2011), comumente usados em fluido de
perfuragdo base 6leo.

A ferramenta de densidade mede a dispersao/espalhamento Compton e a
absorcdo de colisbes de elétrons, cujos resultados sao valores de densidade e o
fator fotoelétrico (Ellis & Singer, 2007; Rider, 2011). Adicionalmente, a porosidade do
neutrdn, medida pela fonte de energia térmica / néutrons rapidos (fast neutron).

Os perfis acusticos sao registros que medem a vagarosidade das ondas de
compresionais (primeira chegada, compressional wave), cisalhamento (segunda
chegada, shear wave) e stoneley (terceira chegada) (Ellis & Singer, 2007).

O perfil de ressondncia magnética nuclear oferece informagbes sobre o
preenchimento do espago poroso independentemente da constituicdo mineral da
rocha (Coates et al., 1999). As porosidades medidas sao divididas em particdes de
porosidade definidas como bound (capilar e argila), fluido livre, e porosidade total, a
partir da distribuicdo T2 e/ou T1. Os dados utilizados nessa pesquisa foram
adquiridos a partir da ativagao simultanea T1-T2 da aquisicdo do perfil de NMR, que
fornece informacgdes valiosas sobre a difusdo de fluidos moveis encontrados no
reservatorio. (Coates et al., 1999). O perfil de permeabilidade pode ser extraido pela
equacgao de Timur-Coates, a partir da distribuicdo T2 (Coates et al., 1999). Por fim, o
perfil de NMR permite calculo de saturacdo de agua, em que as medidas de
resistividade da formagéo é necessaria (Coates et al., 1999 e Ehigie, 2010).

O registro de perfis de imagem do pogo (BHI) apresenta a imagem da
parede do pogo aberto, sendo utilizado principalmente para a identificacdo de
litofacies, delimitacdo e orientagdo de estruturas geoldgicas (camadas, limite de
sequéncias, fraturas naturais ou induzidas), informagdes petrofisicas e diagenéticas
(porosidade vugular, zonas fechadas), e correlagdo estratigrafica conforme a
FIGURA 14 (Muniz & Bosence, 2015, 2018; Lai et al., 2017, 2018; Li et al., 2020;
Makeen et al., 2021; Fan et al., 2021). Os perfis de parede de imagem de poco sao
reconstruidos pelo contraste de resistividade (imagem resistiva), ou amplitude de
tempo de transito (imagem acustica) de uma fonte de onda acustica (Lai et al.,
2018).
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FIGURA 14 — PERFIL COMPOSTO DO POCO 20, BACIA DE CAMPOS
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FONTE: Muniz e Bosence (2018).

LEGENDA: Perfil composto com raio gama, fotomicrografias e perfil de imagem (BHI) resistiva, das
Formagbes Coqueiros e Macabu, Pré-Sal da Bacia de Campos, mostrando a correlagdo dessas
informagdes. A Formagédo Macabu da Bacia de Campos é analoga a Formacgéao Barra Velha da Bacia
de Santos.

2.5.4 Avaliagao petrofisica nos carbonatos do Pré-Sal

Poucos estudos e exemplos sobre a avaliacdo petrofisica baseadas em
perfilagem foram publicados e divulgados sobre os carbonatos do Pré-Sal.
Petersohn & Abelha (2013) em relatério técnico da ANP mostraram um exemplo de
perfil composto para o pogo 2-ANP-2A-RJS (FIGURA 15), no campo de Libra na



46

Bacia de Santos, no qual é possivel identificar a delimitacdo da camada base do sal
da Formacéao Ariri (Base of Salt), topo da secao rifte (fop of upper rift), topo da
camada das coquinas (fop of coquinas) e contato 6leo-agua (oil/water contact),
juntamente com os perfis de raios gama, resistividade, densidade, porosidade
néutron, vagarosidade compresional, ressonancia nuclear magnética e distribuicdo
T2, os tridngulos vermelhos nao foram identificados pelas autoras. Segundo esse

relatério, o poco apresenta saturacao de 6leo de 82.7%.

FIGURA 15 — PERFIL COMPOSTO DO POCO 2-ANP-2A-RJS. CAMPO DE LIBRA, BACIA DE
SANTOS
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FONTE: Petersohn e Abelha (2013).

LEGENDA: Perfil composto com curvas de raio gama, resistividade, densidade, porosidade néutron,
vagarosidade compresional, ressonancia nuclear magnética e distribuicdo T2. Na figura sdo
mostradas a delimitacdo da base da camada do sal, Formacgao Ariri (Base of Salt), topo da secao rifte
(top of upper rift), topo da camada das coquinas (fop of coquinas) e contato 6leo-agua (oil/water
contact) foram identificados (Petersohn e Abelha, 2013), os tridngulos vermelhos ndo foram
identificados pelas autoras.

Boyd et al. (2015) propuseram um fluxograma de avaliagdo baseado em 3
principais etapas:
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1. determinacao de litologia e porosidade, a partir do uso de perfis de densidade,
fator fotoelétrico, porosidade néutron, NMR e espectroscopia de raios gama;

2. particdo de porosidade de determinagcédo de permeabilidade, a partir dos perfis
de NMR, imagem de poco, perfil sbnico e testadores de formagéo a cabo;

3. analise de saturacdo de fluido, como o uso integrado de perfis de

resistividade, NMR e dielétrico (se disponivel).

Brelaz et al. (2019) publicaram a avaliagdo de parametros petrofisicos de um
poco exploratério 1-RJS-628 (1-BRSA-369A-RJS), situado no Campo de Lula, na
sucessao pos-rifte transicional da Bacia de Santos, com base na interpretagdo do
perfil do pogo que inclui perfis basicos de pogo (gama, caliper, porosidade néutron,
densidade, resistividade e perfil acustico) e registros especiais (ressonancia nuclear
magnética) (FIGURA 16). Segundo o estudo, a porosidade média encontrada foi de
6% a 7% atingindo até 23%, a resistividade profunda foi superior a 100 ohm.m com
um perfil de invaséo expressivo. A saturagdo da agua encontrada foi inferior a 45% e
a saturagado irredutivel da agua, inferior a 1%. A permeabilidade estimada foi
considerada alta pelas autoras, com valores medios superiores a 3 mD atingindo até

1,7 D nas camadas vugulares e fraturadas.
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FIGURA 16 — EXEMPLO PERFIS DE RESSONANCIA NUCLEAR MAGNETICA E DISTRIBUIGAO
T2 E CURVAS DE POROSIDADE
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FONTE: Brelaz et al., (2019).

LEGENDA: Perfil composto do pogo 1-RJS-628, campo de Lula, Bacia de Santos. No perfil composto
encontra-se as informacdes de profundidade, zonas, mineralogia/fluidos, distribuigdo T2 e curvas de
porosidade, definidos com essa nomenclatura pelas autoras.
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3.1 MANUSCRITO (MANUSCRIPT)

Impacts of diagenetic processes in formation evaluation of the Pre—Salt carbonates

reservoir of the Barra Velha Formation

Abstract

The Pre—Salt succession located at the marginal basins of Brazil are one among the
most important hydrocarbon reservoirs found worldwide. These reservoirs are
responsible for approximately 75% of the Brazilian offshore oil production. Despite
the excellent reservoir qualities (reaching porosities > 15 % and permeability > 100
mD) found in the Pre—Salt reservoirs, there are still challenges related to the lack of
understanding on the petrophysical controls. This situation is resultant from a
complex depositional and diagenetic history of the carbonate rocks. To address such
problems, an overall petrophysical evaluation of the carbonate section of the Aptian
Barra Velha Formation in the Sapinhoa field, Santos Basin is provided. This was
done by using an extensive dataset of well-logging, petrophysics, and X-ray
diffraction. The results allowed the identification of facies heterogeneities and
variated petrophysical distribution, which characterizes five hydraulic flow units.
Overall, the best petrophysical intervals (i.e., highest porosity and permeability) are
found in the wells located at the structural high and comprise the flow units 4 and 5,
that mostly consist of Shrub-rich facies and grainstones. These are followed by the
intermediary flow unit 3 found in all wells, comprised of shrubs-rich facies,
spherulitite—rich facies, grainstones, packstones, and laminites. Moreover, among all
units, the flow units 1 and 2 presented the lowest petrophysical features and are
mainly found in wells located at the basinward area of the Sapinhoa field. Finally, the
results indicate that key diagenetic features, such as the dissolution of clay mineral,
and dolomitization, are notable elements that commonly enhanced the petrophysical
properties. Additionally, the pervasive silicification process decrease the reservoir
quality. These processes are often found in the wells located at both the structural

high and the basinward area of the Sapinhoa field.

Keywords: Pre—Salt; Carbonate petrophysics; Formation evaluation; Santos Basin.
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3.2 INTRODUCTION

The Santos Basin (FIGURE 17) host some of the giant oil fields of the
Brazilian Pre-Salt (Carminatti et al., 2008). The Pre—Salt comprises carbonate
reservoirs located on top of structural highs (Zalan et al., 2019) and underneath an
extensive sequence of evaporites (Moreira et al., 2007). Despite these reservoirs
have been under exploration for more than a decade, its complex depositional and
diagenetic history (Rezende & Pope, 2015) still challenges both exploration and
production forecast due to its complex and heterogeneous network of pores and flow
regimes (Mohriak et al., 2015). One key problem arises from the lack of
understanding of the impact of the diagenesis on the reservoir quality and in the
petrophysical evaluation of the carbonates facies (Worden et al., 2018). Therefore, in
this article, we evaluate the impact of silicification, dolomitization and dissolution
effects in the main reservoir interval of the Pre-Salt, the Aptian Barra Velha
Formation, at the Sapinhoa field.

The Pre-Salt carbonates encompasses the Barremian—Aptian Itapema
Formation and the Aptian Barra Velha Formation (Moreira et al., 2007). The
sedimentary facies of the Barra Velha Formation (BVF) can be divided into two major
groups, such as the depositional in situ carbonates, and carbonates from the
reworking of previous depositional components (Gomes et al., 2020), which have
been interpreted as deposited in a lacustrine system (Wright & Barnett, 2015; Tosca
& Wright, 2018; Farias et al., 2019; Gomes et al., 2020; Wright, 2020). Carbonate
facies are composed of heterogeneous textures, differing in grain size, sorting,
packing and morphology. Its pore system is the product of a long depositional and
diagenetic history (Rezende & Pope 2015).

Although several studies have described the BVF’s facies (Wright & Barnett,
2015; Tosca and Wright, 2018; Farias et al., 2019; Gomes et al., 2020; Wright, 2020)
at thin section scale, few publications explored the effects of dissolution, silicification
and dolomitization processes in petrophysics characterization (Rezende & Pope,
2015; Herlinger et al., 2017; Lima & De Ros, 2019; Herlinger et al., 2020), mostly
limited to petrography characterization; and these studies have not addressed the
petrophysical impacts at formation evaluation in well-logging scale. Therefore, to

better describe how this heterogeneous type of features impacts the reservoir quality,
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an integrated multiscale overview is presented, which allow us to characterize the
key features that impact the porosity and permeability properties.

Aiming to assess the quantitative and qualitative impact of diagenetic
processes at field scale, we selected a set of wells, positioned along the main SW-
NE structure of the reservoir, correspondent to the structural high and basinward
area (Zalan et al., 2019), within the Sapinhoa field (FIGURE 17A).

FIGURE 17 — LOCATION OF THE SAPINHOA FIELD AND THE STUDIED WELLS WITHIN THE
SANTOS BASIN, BRAZIL, AND SIMPLIFIED STRATIGRAPHIC CHART OF THE SANTOS BASIN
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Caption: A) Location of the Sapinhoa field and the studied wells within the Santos Basin, Brazil; B)
Simplified stratigraphic chart of the Lower Cretaceous geological units in the Santos Basin. The Barra
Velha Formation is limited by both the Pre—Alagoas and the Salt Base unconformities, and it is divided

by the Intra—Alagoas Unconformity in two different intervals: the Lower and Upper Barra Velha
Formation. Based in Moreira et al., (2007) and Wright (2020).
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3.3 GEOLOGICAL SETTING

The Santos Basin is an offshore sedimentary basin located in southeastern
Brazil, with an area of about 352,000 km?, limited between the Campos Basin at
North and the Pelotas Basin at South (Moreira et al., 2007). The Santos Basin is part
of the East Brazil Rift System and was originated during the Lower Cretaceous
tectonic break—up of the Gondwana Supercontinent and the opening of the South
Atlantic Ocean (Chang et al., 1992). The sedimentary succession of the Santos
Basin lies over the Precambrian basement, and is divided into three super—
sequences: Rift, Post—Rift, and Drift (FIGURE 17B) (Moreira et al., 2007).

During the early rifting process a sequence of tholeiitic flood basalts of the
Camboriu Formation was formed. These were followed by the deposition of
siliciclastic facies (conglomerate, sandstone, and shale) of the Picarras Formation
(Moreira et al., 2007), and by interbedded lacustrine coquina and organic-rich
limestones from the Iltapema Formation (Moreira et al., 2007).

The Aptian Post—Rift sedimentary succession includes the carbonates of the
BVF and the evaporites of the Ariri Formation (Moreira et al., 2007). The carbonate of
BVF are composed of fine—grained components as microcrystalline calcite and clay
minerals, spherulite calcites and fascicular optic calcite (shrubs) (Wright & Barnett,
2015 and Gomes et al., 2020). Recently, the shrub-rich carbonate facies were
interpreted to have formed by chemical precipitation processes, with low microbial
contribution (Wright & Barnett, 2015; Farias et al., 2019; Gomes et al., 2020).

Carbonate facies also comprehends packstones, grainstones and rudstones,
composed of reworked shrubs and spherulites. These carbonates have been
reported in previous publications in the Pre-Salt area (e.g., Faria et al., 2017; Lima
and De Ros 2019., Gomes et al., 2020). These rocks are described based on
Dunham (1962), Embry and Klovan (1971), and Terra et al., (2010) classifications.

Gomes et al. (2020) highlighted three major unconformities in the BVF. The
first one is found at top of coquinas succession, the Pre—Alagoas Unconformity
(PAU); the second is recognized within the BVF, called the Intra—Alagoas
Unconformity (IAU) (Wright & Barnett, 2015; Gomes et al., 2020); and, the last is the
Salt-Base Unconformity (SBU), above the Upper Barra Velha Formation (UBVF).

After the Post—Rift phase, the Santos Basin evolved into a passive—margin

basin. The Drift succession is represented by the early shallow—marine carbonate
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platform of the Guaruja Formation, followed by marine transgression and deposition
of the deep—water sediments of the Itanhaém Formation (Moreira et al., 2007;
Gomes et al., 2020).

3.4 MATERIALS AND METHODS

Dataset of 12 wells of the Sapinhoa field were obtained through the request
48610.207805/2021-63 of the 757/2018 resolution, provided by the National Agency
of Petroleum, Natural Gas and Biofuels (Agéncia Nacional do Petréleo, Gas Natural
e Biocombustiveis — ANP). The study focused only in the BVF, limited to the
stratigraphical interval below the base of the Ariri Formation and above the Pre—
Alagoas unconformity (FIGURE 18). The data includes well-logging, cores, core—
plugs, side—wall cores (SWC) and thin sections. Lastly, the whole—core gamma-ray
log was used for correlation with well-logs.

Two wells in the structure high (SPS-69 and SPS-77) have the complete
dataset available, including well-logs, cores, core—plugs, and SWC samples. The
remaining ten wells only had data from well-logging and SWC samples, from which
three wells (SPH-9, SPH-16, and SPH-22) had only well-logging data.



uoljew.o eypA-elieg Jomo
uonewJo4 eypA-elleg Jaddn
alo)

sbn|d 8409 [eyuoziioH
$9.109 |[lem-9pIS

(ide) Aey-ewwes ‘oGl

Ajwuoyuooun seobely e
Awoyuooun aseq jes

4AG1

4Aan

aveve

sbnid

e o o

OMS
oo

0

nvl
ngas

(w) eas-gng yideq [eonsop oni  SSAAL

pusbe]

O

o)

(pJemuiseqg)
9L-HdS
aN

qg

(plemuiseg)
6-HdS

'S90UDI9}0.1—SS0ID 0)
sbo| Yo oy} apisbuoje pajesipul ale (DANS) S21090 |lem—aplis pue ‘sbnjd—a109 ‘sa109 jo uonisod ay| "JAg JomoT pue Jaddn ay) pue uiyym pakedsip ale sjjom

Z| 8y} usamiaq suole[a.ioo ay) pue ‘ejep Buibbo|—|jem [eJeusb ay) 0} eoualael e se payold aie sbo)
JIN-MS oY) Buimoljo} ‘eale piemuiseq pue ybiy [einoniys ayj Je payeso) [[om ay) Jo) (4Ag) Uoiewlo ey|oA elieg 8y} Ulylim uonngusip jesejeq :uonded

"(z202) Joyine ay] :921n0g

(49) Aes—ewwes ay] "p|ay eoyuides sy} Jo uopdaIIp

o L4ng1
: z4ng1
8 floo c4Ng1

yangl
S4ng1

94Ng1

AV

L]
.
.
e nvi
o %
. K . L4AdN
. ° s ] ° \\- -~
m o . e 7 .
. . A 4 .
. §. ¢ . : z4nan
. :° H ]
: i : i
°, S o o
s R ¥ g4nan
. & ° . o
u. ® o o”.
. * % o - e :
i y . st y4AaN
°® . ooo
oo ° H °
. M . s m i
. % e .. i S4AEN
—_———— B - o e - — = = - -1t === nas
S0 1) 1E[9) 0 0 )30 [E2eJo) RS ONN 1219) 2[9) S0 ISSUAL
(uBIH feamonas)  (YBIH [einonag (psemurseq) (premuiseg)  (ybiH [eamonng)  (UBIH [eaMONAS) (YOI [eaMonas) (UBIH [eanjonag)  (plemuiseg) UBIH [elnonys)
69-SdS 02-HdS €1-HdS €2-HdS 8-HdS GL-HdS 11-SdS 22-HdS ¥¢-HdS €-HdS
MS

NOILVINHOA VHT3IA Vddvd 3HL NIHLIM NOILNEIdLSId 13SY1vad — 81 3dN9ld



56

3.4.1 Well-logging and formation evaluation

A complete well-logging profile was used to perform the petrophysical
analyses and facies correlation between whole—cores, core—plugs and SWC samples
along the borehole wall extension. Initially, the data quality control was performed for
each well-log. Noise readings mainly caused by wellbore rugosity and/or washout
intervals were excluded from the petrophysical evaluation.

The spectral Gamma-ray (potassium, uranium, and thorium composition),
neutron, density, photoelectric factor (PE), and resistivity well-logs were used for well
correlations and to support petrophysical interpretations.

The borehole image wall logs (BHI), reconstructed by either the contrast of
resistivity or amplitude of travel time from an acoustic wave source (Lai et al., 2018),
allowed the identification of usual geological features as beddings, textures, natural
fractures, discontinuities (e.g., induced fractures and borehole breakouts) and to
compute the orientation of these imaged features (Lai et al., 2018; Williams et al.,
2000). A complete quality control of resistivity and acoustic BHI logs was performed
for all studied wells, including the navigation reconstruction, accelerometer and
magnetometer quality check, and speed correction. The intervals with non—geological
features, such as artifacts, wireline stretching, and data with issues of tools
centralization were excluded from the analyses.

In addition, the BHI logs are used to constrain facies distribution of rock
material and create representative log facies of borehole extension (Lai et al., 2018;
Fan et al., 2021). In this study, the acoustic image also aid to identify the degree of
dissolution features, quantify vug density laminations and to evaluate the reservoir
petrophysical quality in broad and narrow porosity zones in carbonates, as discussed
by Bigelow (1993) and Lai et al., (2019).

The Nuclear Magnetic Resonance log (NMR) evaluation is an important tool
to perform petrophysical analysis in carbonates (e.g., Boyd et al., 2015; Herlinger et
al., 2020; Valle et al., 2021), due to the independence of influence from lithology
composition. According to Coates et al. (1999), the NMR well-log T2 distribution
enables to classify the pore size distribution and to quantify porosities fractions in
effective, capillary water, and bound fluid porosities. Other applications of NMR data
lie on the correlation and the calibration of permeability and porosity of well-logs with
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petrophysical measurements of core—plugs (Coates et al., 1999), and with water
saturation calculations, in which resistivity input is needed (Coates et al., 1999;
Ehigie, 2010).

The NMR log porosities were computed through process inversion of T2
distribution spectrum (Coates et al., 1999). In the absence of the NMR rock samples
to calibrate cut—offs, we choose to apply cut—offs from 3 and 100ms from clay bound
and free fluid respectively, supported by previous NMR studies discussed for the
Pre—Salt carbonates (Boyd et al., 2015; Herlinger & Dos Santos, 2018; Brelaz et al.,
2019; Belila et al., 2020). Finally, NMR calculations as permeability and fluid
saturation were performed through Magnetic Resonance Imaging Analysis (Coates et

al., 1999) and by dual water model (Ehigie, 2010), respectively.

3.4.2 Petrographical review and X—ray diffraction

We evaluated the mineral composition and identified the Pre—Salt main
facies through the review of 355 thin section microphotographies, available for
horizontal core—plugs in the SPS—77A well, which is located in the first 200 m of
UBVF. The XRD analyses information provided by ANP encompasses horizontal
core—plugs of this well. These integrated analyses allowed to recognize the main and
trace mineral assemblages and correlate them with mineral proportions of XRD
results. In addition, this review allowed us to observe microfacies associations with

minerals filling the pore spaces in the analyzed samples.

3.4.3 Routine core analysis

According to the ANP reports, the samples were cleaned through solvent
extraction with toluene to complete removal of oil and residual organic matter from
the porous media prior to the porosimeter and permeameter analyses. The Routine
core analysis (RCAL) included grain density, gas porosity (Jgas), and absolute
permeability (Kabs) measurements from 758 SWC.

To evaluate the contribution of each facies in rock—typing analysis, hydraulic

flow units (HFU) were calculated using the methodology presented by Amaefule et al.



58

(1993), where flow zone indicator (FZI), normalized porosity index (NPI), and

reservoir quality index (RQIl) are used:

— Rt
FZl = — (1)
__ @gas
NPI = == (2)
RQI = 0.0314 \/Kabs/@gas (3)

The FZI is a standard methodology used in petrophysical evaluation to
classify and correlate flow behavior with petrophysical properties (e.g., Baouche et
al., 2021; Penna and Lupinacci, 2020; Radwan et al., 2021), and additionally
incorporates geological features (i.e., mineralogy) in the partition of distinct pore

geometrical facies, described as hydraulic flow units (Amaefule et al., 1993).

3.4.4 Principal components analysis

The normalized Principal Component Analysis (PCA) were performed using
XRD and RCAL dataset to investigate linear relations of the mineral assemblies with
the petrophysical properties at core—plugs scale. The results were visualized using
linear transformation proposed by Koren and Carmel (2003), applied to multivariate
data in low dimensional space, which allowed us to set statistical mineral
associations with petrophysical properties. The benefit of using the normalized PCA
is that there is an incorporation of the dissimilarity relationships between analyzed
elements, and also the preservation of the best overall structure of the data set in the
projection (Koren and Carmel, 2003). The normalized PCA was implemented through
python language using orange library (Dems3ar et al., 2013) and scikit—learn package
(Pedregosa et al., 2011).

The results of PCA workflow provide the principal components (PC), which
describe the variance of the dataset. An additional result obtained, is the correlation

coefficient between the used data and the principal components (loadings) that can
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be used to quantitatively describe the relationship between variables analyzed and

the total variance in the dataset (Hemenway & Kaczmarek, 2021).

3.5 RESULTS

3.5.1 Well-log characteristics

The BVF was divided into two major intervals, the lower Barra Velha (LBVF)
and the upper Barra Velha (UBVF). The BVF is bounded by the Pre-Alagoas
unconformity at base and the base of the salt succession at top. The boundary
between the LBVF and the UBVF contains the Intra-Alagoas unconformity. We
individualized zones in the BVF according to distinctive well-logging patterns
presenting the main features of each zone (FIGURE 18 and FIGURE 19). The main

characteristics of the BVF succession and the identified zones are as follow:

(i) We identified the LBVF only in the SPS-77, SPH-3, SPH-24 and SPH-23
wells. Seven zones (LBVF1-7) were defined based on the GR, GRKUT, RHOB,
NPHI, PE, NMR and BHI logs. In addition, the LBVF well-log patterns resemble the

UBVF-1 until it reaches the Pre—Alagoas unconformity.

(i)  The first zone of the UBVF interval is the UBVF-1. In general, this zone
presents bound fluid porosities 10% higher than the readings found in UBVF 2-3.
Additionally, we noticed the presence of a minor proportion of the clay bound fluid
porosity, reaching maximum of 2% of total NMR. Finally, at the bottom of this zone,
we interpreted the Intra—Alagoas unconformity, based in gamma-ray log spike
(FIGURE 19), similar as published by Gomes et al. (2020).

(i)  The UBVF-2 zone present significant increase of bound porosity as observed
in the NMR, usually reaching 6% more than the other zones UBVF interval. Despite
that, this zone presented 10-20% of free fluid porosity. In addition, we observed

similar vug porosity distribution as that found in the UBVF—4.

(iv) The UBVF-3 zone presented a similar pattern of well-log readings found in

the UBVF-2. However, we choose to individualize in different zones due to a distinct



60

pattern consistently found in the NMR porosities and PE well-logs. In these features,
reduction of values in NMR and PE logs are noticed, which is opposite to the density
log behavior observed in FIGURE 19 (i.e., red shading cross over between RHOB

and PE curves).

(V) In general, the UBVF—4 zone presents a flat format in the gamma, resistivity,
and density matrix well-logs are noticed. This interval also shows significant porosity
readings, in which the total NMR log easily reaches 15-20% and free fluid porosity
10-15%. Additionally, it is observed that from this zone, the bound fluid porosity
values started to increase towards to the bottom of the well. The bedding features
seen in the acoustic BHI logs showed isolated and connected vug features,

alternating with high and low values of impedance.

(vi)  The UBVF-5 is characterized by a distinguished gamma-ray log pattern of
seven to nine spikes, below the Salt-base unconformity, known as Lula’s fingers,
(i.e., an important and regional stratigraphic marker found in the Santos Basin). In
addition, the UBVF-5 also presents spike patterns in the resistivity, density,
photoelectric factor, and NMR well-logs. Lasty, in this zone the bedding features
seen in BHI logs commonly presented contrasting features, alternating between high

and low values of resistivities and acoustic impedance.



61

FIGURE 19 — COMPOSITE WELL-LOG CORRELATION OF SPH20-SPS69 WELLS
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Caption: Well-logging correlation of the Barra Velha Formation units for SPH20—-SPS69 wells,
presenting the spectral gamma-ray (KUT). Resistivity well-logs and the free water level (FWL).
Density grain (Density) of side—wall cores (SWC) and density matrix from logs (ROMA). Density—log
(RHOB) and photoelectric (PE). Nuclear magnetic resonance (NMR) well-logs for free fluid (FF), clay-
bound water (CBW), total porosity, and gas porosity (Jgas) of sidewall cores (SWC) black circles. NMR
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Timur permeability log (NMRPerm) and the absolute permeability measurements (Kabs) from SWC as
red triangle. Well-log facies. Acoustic and resistivity borehole image logs, respectively.

3.5.2 The Pre-Salt facies in multiscale

Millimeter to meter scale alternations between shrub-rich facies, spherulitites,
laminites and coarse-grained facies product of reworking dominates in the BVF.
(Wright & Barnett, 2015; Farias et al., 2019; Lima & De Ros, 2019). This association
is also described in the African Pre—Salt carbonates (Sabato Ceraldi & Green, 2017).
These facies examples are summarized in micrographies (FIGURE 20 and FIGURE
21), cores and SWC photographies, and BHI logs (FIGURE 21 and FIGURE 22). The
comparison between these data allowed us to create a representative log—facies
framework, constrained by BHI logs, capable of integrating the facies information

reaching the well-log scale.
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FIGURE 20 — EXEMPLE OF THE MAIN CARBONATE FACIES

PPL MS3 - 5017.55m PPL MS7 - 5015.90m PPL MS5 - 5017.25m XP MS8 - 5021.10m

(B) Spherulitite (A) Matrix-supported

(C) Shrub

(D) Grain-supported

Source: The author (2022).

Caption: Photomicrographs of the main carbonate facies. Images are displayed in plane-polarized light
with uncrossed polarizers (PPL) or crossed polarizers (XP). (A) matrix—supported facies presenting
fine grain minerals as calcite-dolomite-silica (PPL MS3-5-7), as well as traces minerals as barite (XP
MS8). In general, these images show pores generated by clay dissolution, and poor to moderate
interpore connection. (B) Spherulitite examples, showing spherulite calcites. Open pore spaces can be
partially or totally filled with rhombohedral dolomite (PPL SP3) and microcrystalline silica (XP SP7,
PPL SP9); low permeability is found in these examples. (C) Shrub facies, presenting fascicular
calcites, closed pore space filled by macro quartz (XP SB1) and microcrystalline quartz (XP SB7)
generating poor permeability. Moreover, samples with open pores partially filled with dolomite and
silica (XP SB3—-SB4) presenting low to high permeability. (D) Examples of grain—supported carbonates
presenting reworking of spherulitite and fascicular calcites, and grain—supported features (grainstone
PPL GS3), and also open pore spaces partially filled with quartz and dolomite (XP GS1), dolomite
(PPL GS5 and GS6).
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FIGURE 21 — EXAMPLES OF THE ADDITIONAL CARBONATE FACIES
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Source: The author (2022).

Caption: Examples of additional carbonates facies. Images are displayed in plane-polarized light with
uncrossed polarizers (PPL) or crossed polarizers (XP). (A) Dolostones presenting dolomitized
carbonates richer in rhombohedral dolomite (PPL DS5) and few spherulitite calcites (PPL DS1, DS6
and DS7); with partial porosity, and closed pores features in these carbonates, as well as poor
connection between open pores. (B) Silexite showing high composition of pervasive quartz of variated
size (XP SIL1-2-3); note closed pores presenting poor porosity and permeability features, with few
spherulite calcites are observed. (C) Recrystallized limestones examples presenting, dolomites (XP,
PPL RCL4), calcites and microcrystalline quartz minerals (PPL RCL1 and RCL3). (H) Crystalline
limestones core-plug samples (CL2—CL3), in which depositional elements are not clearly
differentiated.
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Caption: The Pre—Salt facies multiscale correlation. (A) Shrub log—core facies. (B) Porous grain—
supported log—facies associated to shrub and spherulitites, thin section photomicrography: porous
grainstone with reworked spherulitites, dolomite inter—particle. (C) Facies cyclicity in core facies scale.
Bottom to top: laminites, spherulitites, shrub—spherulitites and laminites; thin section photomicrograph:
inter—particle porosity partially filled with calcite and dolomite. (D) Crystalized limestone log—facies
showing high amplitude pattern and in the core is observed lighter color carbonate; thin section
photomicrograph shows obliterated porosity. (E) Alternation of shrub and spherulitites beddings.
Dissolution process is seen in the core—plug, and in thin section the fascicular shrub calcite is partially
filled with fine quartz crystals. (F) Dolomitized matrix—supported log—core facies. In thin section is
observed finer laminations. (G) Several facies from top to bottom: laminites, spherulitites, and shrub—
like, this association is also seen in the log—facies.

The finer—grained lithofacies reported as mudstones, wackestones, and
laminites were grouped into the matrix—supported log—facies to allow the upscaling of
lithological information. This merge was performed due to the limited number of
samples found for these facies. In addition, for the grain—supported log—facies we
merged packstones, grainstones and rudstones samples (cf. Farias et al., 2019; Lima
& De Ros, 2019; Gomes et al., 2020).

3.5.2.1 Matrix—supported facies

The matrix—supported facies found within the reservoir dominate in the
UBVF-5 zone, beneath the base of the salt (Ariri Formation). These are mainly
composed of clay minerals, calcite, dolomite, and silica, as well as traces minerals,
such as barite (FIGURE 20A).

Clay dissolution generates secondary porosity presenting open pores, and it
is possible to observe microcrystalline dolomite and quartz replacing the microcalcite,
which can close the pore space. In several locations of the core sections and core
plugs samples, we noticed parallel and wavy laminated structures. At log scale,
matrix—supported facies presented small laminations varying between 30-50
centimeters, with no apparent porosity in the BHI log resolution. In addition, at log
scale the dip laminations typically found are below 10 degrees (FIGURE 22C and
FIGURE 22G).

3.5.2.2 Spherulitite facies
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The spherulitite facies comprehends spherical calcite elements reaching 1-5
millimeters in diameter. Spherulites present fibro—radial texture and are preserved in
clay matrix, with microcrystalline quartz and dolomite material filling the inter—particle
pore space between the spherical calcites (FIGURE 20B). We also identified these
spherulitites in both cores and SWC samples, distributed BVF zones. Finally, we
observed spherulites associated with the shrub-rich and grain—supported facies
(FIGURE 22B), as reported as well in previous studies of the Santos Basin (Wright
and Barnett, 2015; Gomes et al., 2020).

However, the clear observation of spherulites is limited in the image logs
scale. Its presence can be inferred by the observation of minor rounded features
displaced against the homogeneous BHI log amplitude. Similar features were
observed by Bize—Forest et al (2018) on ultrasonic borehole images. In addition, the
spherulitite log—facies are found interspersed between shrub-rich or grain—supported
facies, when adding enhancement filters to contrast matrix and these round
elements. Lastly, our observations showed that spherulitite log—facies occur in 0.5

meters thick layers on average.

3.5.2.3 Shrub-rich facies

The shrub—rich facies present fascicular—optic calcite crystals, mostly
elongated with inter-particle open porosity. The pores may appear partially or entirely
filled by microcrystalline dolomite and quartz (FIGURE 20C). The well-formed shrub
shapes are similar to the arborescent and/or plum structures described in previous
studies of the Pre-Salt (e.g., Farias et al., 2019; Wright, 2020). These features are
also observed in cores and plugs.

The shrub log—facies observed present elongate layers and beds with
upward growth from a bed substrate, mostly forming convex structures (FIGURE
22A) seen in the borehole image. The imaged shrubs in core and BHI log may reach
a maximum of 5 meters in length, with lamination dipping more than 30 degrees.
Additionally, minor shrub layers (30—40 centimeters thick) presenting similar
arbustiform shape on cores as seen in Farias et al. (2019); and these feaatures are

found in the BHI log and core section.
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We observed the shrub log—facies in all the BVF zones, where it usually
presents significant free fluid porosity, reaching 10-15% in the NMR log. The vug
porosity varies from centimeter to decimeter scale and are usually identified in the
BHI logs (FIGURE 19), which appears mostly connected in stratabound laminations
and beddings. In addition, isolated vugs may appear, but are uncommon in this log—
facies. Lastly, dissolution porosity is observed in BHI logs, which is limited to the
vertical resolution of the ultrasonic image tool reaching 5 millimeters (Bize—Forest et
al., 2014). Such situation prevents the correct evaluation of dissolution porosity below

this resolution.

3.5.2.4 Grain—supported facies

The grain—supported facies (grainstones, packstones and rudstones),
encompass fragments of shrubs, spherulites, which in general present broad grain
size variation in photomicrographs (FIGURE 20D).

The grain—supported carbonates commonly present pore connection, and the
inter—particle porosity may be partially or entirely filled with rhombohedral dolomites
and microcrystalline quartz. Furthermore, the presence of calcite cements is
uncommon in the available petrographic images (FIGURE 20D).

In general, grainstones and rudstones may present clear massive
appearance or stratification on core sections. Moreover, the beds of these facies
occur in intervals ranging between millimeters to a few meters, appearing
intercalated with shrub-rich and/or spherulite-rich facies (FIGURE 22B).

Overall, the grain—supported log—facies signature in the BHI log analysis
either lacks internal stratification (i.e., structureless) or it shows cross—stratification.
The stratification presented dip orientation ranging between 20-30 degrees. In
addition, the frequency of vugs is smaller than the shrub log facies. Furthermore, the
NMR porosity measurements, on average, showed the free fluid porosity between
10-15%, and a low range of capillary and clay—bound water porosities, which in

average is around 1-3%.
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3.5.2.5 Dolostones, silexite, recrystallized limestone, and crystalline limestones

Other carbonate facies were found in the samples analyzed such as
dolostones, silexite, recrystallized limestone, and crystalline limestones. These
comprise subordinate facies on the wells exanimated.

Dolostones and silexite samples were usually found in the cores, core—plugs
and SWC. These samples are usually found associated with the presence of
pervasive dolomitization and silicification (e.g., FIGURE 21A dolostone-DS6, and
FIGURE 21B silexite samples). Moreover, the silicified and dolomitized zones
reached intervals up to 5 meters in thickness (e.g., FIGURE 22D and F). The SWC
samples present the same pervasive textures in both structural high and basinward
wells (Table 1).

The analysis of these pervasive features along the borehole wall at well—-
logging scale indicated locations with high amplitude travel time (acoustic BHI) and
resistivity (resistivity BHI and resistivity well-logs) patterns (FIGURE 19), as well as
the increase of density—log and PE well-logs readings for such intervals (FIGURE
19). In addition, the NMR porosities measurements are irregular where these
features are found, with intervals alternating between high and low porosity values.
This porosity distribution is also supported by the laboratory measurements of core—
plug and SWC petrophysical data.

The recrystallized limestones usually presented recrystallization of calcites,
dolomites, and microcrystalline quartz minerals (FIGURE 21C), and in few thin—
sections we found crystalline carbonates with high degree of recrystallization which
did not present distinguished depositional elements or resemble the depositional rock
fabric (FIGURE 21D).

3.5.3 XRD analysis

Results of XRD for core—plugs and SWC samples show that the main mineral
composition of the facies are calcite (median CAL 35.5 wt.%), dolomite (median DOL
23 wt.%) and quartz (median QTZ 12.72 wt.%) along all the UBVF zones. In addition,
fractions of magnesium—rich calcite (median CMG 18 wt.%), and undifferentiated

minerals reported as Ca—dolomite/ankerite (median CDA 24 wt.%) and dolomite/Ca—
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Dolomite (median DCD 33 wt.%) occur as subordinate minerals. All of these minerals
are found along the UBVF1-5 and found in all of the facies (TABLE 1). The boxplot
and violin plot of the mineral composition of the XRD samples are displayed in the
FIGURE 23.

TABLE 1 - SPS77 WELL SUMMARIZED RESULTS OF THE X-RAY DIFFRACTION FOR THE MAIN
MINERAL PARAGENESIS

Weight . . Ca-Dolomite Mg-
Quartz Calcite Dolomite . -

Total IAnkerite Calcite
wt. (%) QTZ CAL DOL CDA CMG
Samples 1797.00 1782.00 1758.00 725.00 702.00
Min 1.00 1.00 1.00 1.00 1.00
Max 98.90 90.28 90.00 86.00 74.00
Sum 29861.06 68814.49 46139.73 19306.00 14311.00
Mean 16.62 38.62 26.25 26.63 20.39
Std. error 0.37 0.47 0.44 0.55 0.48
Variance 241.11 401.88 343.70 219.95 162.58
Stand. dev 15.53 20.05 18.54 14.83 12.75
Median 12.72 35.55 23.00 24.00 18.00
25" percentile 7.89 24.00 10.00 16.00 12.00
75" percentile 19.00 52.83 39.65 33.50 27.00

Source: The author (2022).

FIGURE 23 — X—-RAY DIFFRACTION FOR SPS77, BOXPLOT AND VIOLIN PLOTS
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Source: The author (2022).
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Caption: The Boxplot and violin plot of mineralogic composition of X—Ray diffraction, in weight total
percent for Calcite (CAL), Ca—dolomite/Ankerite (CDA), Magnesium calcite (CMG), Dolomite (DOL),
Halite (HAL), Barite (BAR), Pyrite (PIR), Dawsonite (DAW), Magnesite (MAG), K—feldspar (KFD),
Plagioclase (PLG), Dolomite/Ca—dolomite (DCD), Apatite (APT), Fluorite (FLU), Clay minerals
(ClayMin), Cristobalite (CRT), Corundum (COR), Tunisite (TUN) and Svanbergite/Goyazite (SGO)
minerals, applied to core—plugs samples of the SPS-77 well.

In addition, we observed that the dolostones and silexites samples along the
borehole wall correlate with the increase of the values in density and PE well-logs,
which is displayed as cross—over area shading as red color in FIGURE 24. In
general, a percentage above 20 wt.% for dolomite and 10 wt.% for quartz are
observed in these locations.

The accessory minerals paragenesis are found usually below 5 wt.%. They
comprise minerals as Dawsonite (DAW), Fluorite (FLU), Magnesite (MAG), Pyrite
(PIR), Barite (BAR), Corundum (COR), Tunisite (TUN), Cristobalite (CRT), which are
found sparse along the UBVF zones (TABLE 2 and FIGURE 23). The
undifferentiated groups of Clays (ClayMin), Svanbergite/Goyazite (SGO) minerals
also appear scattered along the upper BVF zones, as well as K-Feldspar (KFD) and
Plagioclase (PLG). Finally, Dawsonite and K-Feldspar have been found
concentrated below the UBVF-5 (FIGURE 24).
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The FIGURE 25A shows the XRD ternary calcite—dolomite—quartz mineral
chart for shrubs-rich, spherulite-rich, grainstone samples. It is possible to observe a
broad distribution of the dataset, with unclear observation of clusters or tendencies.
This is mostly because all these facies have dolomite and quartz in their composition.
In general, the mineral association may suggest an incipient to very intense
contribution of dolomite and quartz in these facies, that we observed partially

dolomitized or silicified.

FIGURE 25 — SPS-77 WELL X-RAY DIFFRACTION TERNARY PLOT FOR CARBONATES
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Source: The author (2022).

Caption: The X—Ray diffraction ternary plot for carbonates facies, for SPS—77 well. (A) Calcite—
Dolomite—Quartz; (B) Calcite—Ca—Dolomite/Ankerite—Mg—Calcite.

On the other hand, laminite samples are seen divided in three groups, each

one above 50 wt.% for each mineral corner (FIGURE 25A). In addition, we noticed
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that samples described as dolostone and silexites, indeed follow dolomite and quartz
corners.

Finally, on the ternary plot which comprises calcite and ferric-magnesium—
rich calcites (FIGURE 25B), all the facies present richer composition of CAL and
CDA. The presence of the CMG higher than 50 wt.% is clearly seen only for the
shrub-rich carbonate, and for the remaining facies this mineral concentration less
than 50 wt.%.

3.5.4 RCAL and FZI analysis

The computed routine core analysis (RCAL) results are grain density,
porosity, and permeability measurements from core—plugs and SWC samples.
TABLE 3 shows the summarized results of RCAL separated by facies, considering
the structural high, and TABLE 4 for the basinward wells. Most of the petrophysical
dataset is concentrated in the structural high wells (624 samples), in comparison with

those wells located at the basinward area of the field (134 samples).

TABLE 3 — PETROPHYSICAL RESULTS OF ROUTINE CORE ANALYSIS PRESENTED FOR EACH
FACIES FOR ALL OF THE WELLS LOCATED AT THE STRUCTURAL HIGH

Wells located at the structural high

Facies Density (g/cm?) Porosity (%) Permeability (mD)
Samples Mean Min Max Mean Min Max Mean Min Max
Dolostone 27.00 2.74 262 282 1023 220 19.20 4.42 0.02 660.00
Efncéstone 4.00 274 269 277 925 650 14.30 4.74 0.71 81.40
Silexite 10.00 266 259 278 946 3.23 18.00 1.00 0.00 455.00
Breccia 1.00 265 265 265 420 420 420 0.35 0.35 0.35
Mudstone 4.00 2.74 271 277 1285 210 2550 6.34 0.01  2100.00
Spherulitite 127.00 273 258 282 987 020 2290 5.24 0.00 645.00
Laminite 13.00 272 255 280 7.07 030 26.40 0.16 0.00 473.00

Shrub-rich 215.00 2.71 257 281 1360 190 2563 36.44 0.00 4360.00
Grainstone 180.00 2.72 263 281 1455 080 2580 19.62 0.00 4018.00
Rudstone 9.00 2.71 269 273 1240 550 18.00 11.96 0.11 349.00
Packstone 29.00 272 269 277 1194 370 2330 17.88 0.11  2920.00
Wackestone 5.00 2.74 270 276 1270 040 23.20 24.17 1.98 104.00
All Facies 624.00 - - - - - - - - -

Source: The author (2022).
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TABLE 4 - PETROPHYSICAL RESULTS OF ROUTINE CORE ANALYSIS SEPARATED FOR EACH
FACIES FOR ALL OF THE WELLS LOCATED AT THE BASINWARD AREA

Wells located at basinward area

Facies Density (g/cm?) Porosity (%) Permeability (mD)
Samples Mean Min Max Mean Min Max Mean Min Max
Dolostone 3.00 275 271 279 1422 499 2612 0.9495 0.0567 222.00
E(rar::éstone 1.00 265 265 265 480 480 480 0.0001 0.0001 0.00
Silexite 4.00 264 261 268 6.23 197 1259 0.075 0.0001 11.76
Breccia - - - - - - - - - -
Mudstone 1.00 268 268 268 193 193 193 0.0001 0.0001 0.00
Spherulitite 25.00 270 259 281 743 0.01 17.75 0.0383 0.0001 34.28
Laminite 20.00 2.69 250 277 545 053 13.70 0.0032 0.0001 32.38

Shrub-rich 47.00 2.72 266 278 839 012 21.75 0.0622 0.0001 2936.00
Grainstone 27.00 2.73 267 278 10.26 0.01 19.02 0.2019 0.0001 157.90
Rudstone 6.00 2.73 271 275 1347 279 18.59 1.843 0.0001 133.20
Packstone - - - - - - - - - -
Wackestone - - - - - - - - - -
All Facies 134.00 - - - - - - - - -

Source: The author (2022).

In general, the facies types found in the structural high and in basinward
areas mainly encompass shrub-rich, spherulite-rich, and grain—supported facies
(FIGURE 19 and FIGURE 22). Subordinately, we found matrix—supported,
recrystallized limestone, dolostones, and silexite samples that appeared in smaller
proportion. The grain density values varied between 2.61 to 2.82 g/cm?, with a mean
value of 2.72 g/cm3. Additionally, a variable range of gas porosity (Jgas) and absolute
permeability (Kabs) are observed for different facies (TABLE 3 and TABLE 4), which
can be also observed in stratigraphic logs in the BVF (FIGURE 19, FIGURE 22, and
FIGURE 24). Moreover, to analyze the contribution of the different facies found in the
BVF reservoir quality we calculate Hydraulic Flow Units (HFU) to evaluate the

porosity and permeability properties in these carbonates (FIGURE 26).
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FIGURE 26 — HYDRAULIC FLOW UNITS
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Caption: gas porosity (dgas) x absolute permeability (Kabs) scatter plots with the 5 hydraulic flow units

(HFU 1-5) using data from structural high and basinward area wells. Each one of the graphs display

the results of sidewall core (SWC) samples separated by facies with a wide variable range of results

among all facies. (A) HFU matrix—supported, comprising 42 samples of Laminites and Mudstones. (B)

HFU Spherulites-rich and Shrubs-rich facies totalizing 283 samples. (C) HFU grain—supported facies
with 162 samples, including Grainstones, Rudstones, and Packstones carbonates. (D) HFU Dolostone
and Silexites, composed of 31 samples.
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The HFU calculation was performed using only SWC samples available,
considering all the well’'s extension in the structural high and basinward zones. We
assured a random selection of samples retrieved from the borehole wall for all wells,
not limiting any of the core intervals. Therefore, the HFU evaluates all of the sections
of BVF trying to decrease a sample selection bias from core—samples, mostly taken
from the UBVF in the Pre—salt wells. Lastly, the crystalline limestone samples were
not included in this analysis, because these samples were only found in core—plugs.

We identified five HFU within the BVF, in which a diverse distribution of Qgas
and Kabs is noticed (FIGURE 26). In general, the samples within the HFU 3 and 5
indicate that Qgas starts to increase above 6 %, and Kas above 1mD. A less
representative group of samples show low permeability values and are found
between HFU 1 and 2, composed of @gas < 6 % and Kabs < 0.01 mD, observed in all
carbonate facies.

Moreover, samples from the matrix—supported facies are mainly composed of
laminites. These are found in a smaller proportion (42 samples) within the BVF
reservoir when compared to the other lithofacies (FIGURE 26A). Additionally, we
observed two isolated groups in the matrix—supported HFU, the first one presents
lower values of Bgas (3—10 %) and Kabs (0.0001-0.005 mD), and a second follows the
HFU 3 and 5, with Kaps higher than 0.05 mD.

Shrubs-rich and grain—supported lithofacies are found in all of the five HFU,
but mostly within the HFU 3 to 5, usually presenting @gas > 6 % and Kabs > 0.1 mD.
Furthermore, for these facies we also observed samples with higher values of
porosity varying between 18 to 24%, and permeability measurements higher than
100 mD (FIGURE 26B and C). In addition, SWC comprises the HFU 1 to 2 were
observed for these facies, with lower values of porosity and permeability, in general
presenting Ggas < 6 % and Kabs < 0.01 mD. Lastly, the spherulitite facies appeared in
all of the five HFU with a broad distribution of porosity and permeability, likewise
shrubs—rich and grain—supported samples (FIGURE 26B).

Furthermore, the pervasive dolostones and silexite samples also appeared
distributed in a variable range within the five HFU (FIGURE 26D). The dolostone
samples in HFU 2 and 3 present ranges between 3—-10% in porosity and 0.01-2 mD
of absolute permeability. Additionally, the HFU 3 and 4 usually present higher
reservoir quality ranges, with @gas above 12 % and Kabs above 10mD, with similar

distribution as found for shrubs-rich and grain—supported facies. Lastly, the silexite



79

are mainly concentrated in HFU 2 to 4; however, these samples generally not
reached Dgas higher than 15 %, and Kabs higher than 100 mD.

The results suggest that a single hydraulic flow unit is constituted by several
facies and seems to be related to the wide distribution of porosity and permeability
along the BVF. Afterwards, we present the integration of the HFU analysis at well—
logging scale in the petrophysical evaluation section. This analysis uses the flow
limits found in the SWC samples found in this section, and are upscaled to the
borehole extension, assisted by the NMR porosity and permeability values logged in
the BVF.

3.5.5 PCA results

To evaluate the influence of carbonate constituents in the petrophysical
framework, we reviewed the photomicrographs of thin sections, the XRD for mineral
evaluation, and the information of RCAL horizontal plugs. We performed the PCA
analysis to obtain a qualitative evaluation due to the substantial number of samples.
This evaluation used the most significant mineral composition provided by the XRD
minerals (e.g., CAL, DOL, QTZ, CMG and CDA) and the RCAL (Dgas, Kabs and grain
density) measurements.

The PCA analysis used 445 horizontal core—plugs, in which all features
contained the information needed without missing values. First, we performed the
standardization transformation for each feature in the dataset, following the PCA
workflow. As result, we reached seven principal components (PC), which represented
0.992 of accumulated variance, and 0.043 of component variance of the dataset
(FIGURE 27A). Finally, the output data displayed in the PC1-PC2 scatter plot
(FIGURE 27B) was separated by facies groups and visualized using linear
projections, allowing to investigate the lithofacies samples in multivariate axes, which

represented each examined feature (FIGURE 27C).
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FIGURE 27 — PRINCIPAL COMPONENT ANALYSIS
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Caption: Principal component analysis results using main minerals (Calcite—Dolomite—Quartz—Calcite—
Ca-Dolomite/Ankerite—Mg—Calcite) and laboratory petrophysical measurements (gas porosity,
absolute permeability, and grain density). (A) Scree—plot, in which seven principal components
reached 0.992 of cumulative variance, and 0.043 of component variance. (B) The PC1 and PC2

scatter plot. (C) Linear projection view individualizing each carbonate facies. The samples presented

for each group of facies are referred to the thin section photomicrographs of FIGURE 20 and FIGURE
21.

The linear projection of PCA results showed that for carbonate facies
(matrix—supported, grain—supported, spherulitites, shrubs—rich, dolostones—silexites),
there is influence of the mineral composition in the petrophysical properties. This is

clearly displayed by the position of the samples into the direction of each eigenvector
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(FIGURE 27C). Furthermore, it is noticed that as further the samples align to the
eigenvectors, more influence these elements have on that respective PC, and
consequently, higher the impact of that feature on the sample petrophysical
measurement.

In general, samples with a significant composition of calcite, magnesium-rich
calcite, and dolomite eigenvectors, followed the direction of petrophysical
eigenvectors; suggesting that they are key elements controlling the petrophysical
framework, especially for the shrubs—rich, spherulitites—rich, grainstones and
dolostone samples. Moreover, the grain density eigenvector is displayed in between
the calcite and dolomite vectors, suggested a significant contribution of these
minerals in the carbonate composition. Finally, another important observation is
about the increase of quartz eigenvector, that in general presented an opposed linear
projection when compared to the porosity and permeability eigenvectors in all
samples, but best evidenced in silexites samples.

Additionally, the projection of the matrix—supported carbonate samples has
not shown clear observations, or it followed the same patterns found in the other
facies, especially because most samples are aligned in between the CMG and CAL
eigenvectors. However, a partial distribution of calcite and dolomite may be inferred,
because few samples are aligned to the porosity and permeability eigenvectors.

Lastly, the review of photomicrographs showed that some samples presented
closed inter—particle pore spaces. In general, these samples are mainly filled by
microcrystalline quartz displayed in FIGURE 20 (e.g., SB1 and SB7, SP6 and SP9,
CS1, SIL1-SIL3), as well as it is noticed the presence of rhombohedral dolomite in
open and connected pores (e.g, SB3, SB4, CS2, DS5).

3.5.6 Petrophysical Evaluation

The petrophysical evaluation of the BVF was performed for all wells located
the structural high and at the basinward area. This analysis was assisted by the well—
logs, thin—section, XRD, RCAL information presented in the previous sections.

The correlation for the wells located in the structural high is presented in
FIGURE 19, FIGURE 24, and FIGURE 28A. In general, these wells are characterized

by shrubs—rich, spherulitites—rich, and grain—supported log—facies. These carbonates
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facies dominantly present higher porosity and permeability values, as shown by the
NMR well-logs and assisted by the RCAL measurements. Furthermore, few intervals
of matrix—supported log—facies occur within the BVF, are usually observed
associated with grainstones in the UBFV1, and more frequently with spherulitites
facies in clay-rich intervals of the wells located at the basinward area of the Sapinhoa
field.

FIGURE 28 — COMPOSITE WELL-LOG CORRELATION FOLLOWING THE SW-NE DIRECTION
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Caption: Well-correlation within the divisions of Barra Velha Formation (BVF). Samples of silexites,
dolostones and pervasive zones are showed in several positions of BVF. Well logs displayed:
gamma-ray log, resistivity logs, density-log, photoelectric factor, nuclear magnetic resonance log with
gas porosity from side—wall cores. Last track shows the Hydraulic flow units (HFU) 1-5 covering all
BVF. (A) Production wells located at the structural high. (B) Injection wells located at the basinward
area. Additionally, tight intervals (HFU 1-2) are commonly observed in the basinward area, and
production wells usually presented better flow units (HFU 3—4-5).

Another important observation about the reservoir quality found is that in the
structural high wells, the NMR well-logs easily reached the highest readings in free
fluid porosity along all the UBVF zones. Moreover, most of the UBVF zones are fully
saturated with light hydrocarbons, as seen in production wells such as SPH-15 and
SPH-8 (FIGURE 28A). Additionally, the free water level (FWL) was identified in all
wells, generally through the inflection of resistivity well-logs, nearly 200 meters
bellow of the sub—salt unconformity, as exemplified at SPS—-69 and SPH-20 wells
(FIGURE 19 and FIGURE 28).

Although most of the total porosity is characterized as free fluid porosity,
distinguished capillary water and clay bound porosities distribution are observed in
the wells of the structural high. In general, both of these porosities presented a varied
range in the NMR readings. Moreover, a trend of increment is noticed starting from
UBVF-1 zone in direction of the bottom well.

Lastly, for all wells in the structural high, we identified intervals presenting
alternation between high porosity—permeability zones with tight intervals. This
behavior is predominantly associated either with dolomite—rich or silica—rich intervals
(FIGURE 24A and D) seen in well-logging or in RCAL measurements (FIGURE 24B).

Dolomitization process, is associated with high petrophysical conditions
(FIGURE 24C and D). Rhombohedral dolomite crystals are seen opening and/or
connecting pore spaces in thin—section micrography (FIGURE 21E, DS1 and DS5
samples), also distinguished patterns of pervasive textures in the cores, core—plugs
and SWC samples analyzed, especially for the SPS-69 and SPS-77 wells located in
the structural high. Furthermore, in some zones of dolomite—rich composition, a
reduction in porosity—permeability values were noticed caused by rhombohedral
dolomite closing the pore space and decreasing the pore connectivity (FIGURE 21A,
DS7 sample).

Silicified zones usually presented reduction in the reservoir quality (e.g.,

FIGURE 21B, SIL1-2 samples), and most of the samples presented a pervasive
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texture. In general, totally silicified intervals present porosity filled by microcrystalline
quartz, which decreases the pore connectivity. In partially silicified zones alternations
of high to low petrophysical measurements are observed, since the porosity and
permeability were not entirely obliterated (FIGURE 24D).

Furthermore, wells located at basinward area of Sapinhoa field are injection
wells. These wells presented similar patterns of porosity distribution in comparison
with the well located on the structural high. They also presented the reduction of the
free fluid porosity in direction to the bottom well, as well as the increase of capillary
water and clay bound water porosities (FIGURE 28B).

Likewise, the tight zones of the basinward wells present similar patterns of
well-logs found in the structural high (FIGURE 28B), with the increased of density
and PE well-logs readings. In addition, the SWC samples present pervasive
textures, commonly silicified or dolomitized.

The FWL in the basinward wells also presented the inflection of resistivity log
measurements. However, differently from the wells found in the structural high, the oil
saturation column varies within the BVF units (FIGURE 28B). For instance, the SPH—
09 and SPH-13 injection wells present approximately 30 meters of hydrocarbon
saturation, while in the SPH 16, 23, and 24 wells, the hydrocarbon intervals reach
100-200 meters.

The flow unit analysis applied to all wells indicates that HFU 1 and 2 are
affected by the increase of clay/bound porosities and decrease in free fluid. These
are commonly observed associated to the wells located in the basinward area, with
zones richer in capillary bound—clay water porosity (e.g., FIGURE 28B of the SPH-
13 well). In addition, the HFU-3 is found in all of the BVF units, this flow unit appears
usually below the UBVF-3 in the structural high. Furthermore, in the basinward wells
the HFU-3 is observed between UBVF 1 and UBVF 2 zones.

In addition, the HFU 4 and HFU 5 were observed in all wells of the structural
high. Another important feature noted is that these flow units comprise most of the
UBVF zones, usually saturated of hydrocarbons above the FWL. Furthermore, the
petrophysical properties evaluated nearby these intervals affected by dolomitization
presented higher values of porosity and permeability. The silicification presented low
readings of porosity and permeability (FIGURE 28A) indicating that these processes
may respectively enhance or decrease the reservoir quality in the Pre-Salt

carbonates.
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Moreover, another distinguished feature observed in these carbonates are
stratabound dissolution features, which also presented an important role in the
reservoir quality observed in all wells, because they frequently appear as vugs found
in the BHI log (FIGURE 29). In general, several sparse vugs appear along the
borehole wall, and with the increase of the dissolution process, these vugs appear
connected; and they are found entirely distributed along all of the BVF (FIGURE 29A
and B). In addition, when stratabound vugs are highly connected (FIGURE 29C) they
may create channeled porosity zones reaching more than 1 meter of extension; as
well as collapsed zones (i.e., caves) or breccias are observed, either in BHI logs or in
cores analyzed.

Finally, the observed dissolution features may also be correlated with the
NMR log porosity, in which a noticeable repetitive pattern of vugs are observed. This
pattern grades from major to minor concentration of perceptible vugs in the BHI log
(FIGURE 29A) in a few meters. Moreover, these repetitive patterns can be noticed
along all of the BVF, including in zones located nearby dolomitized/silicified
carbonates. Therefore, it indicates the effect of dissolution, silicification and

dolomitization in the petrophysical framework of BVF.
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FIGURE 29 — THE DISSOLUTION EFFECTS OBSERVED ACROSS THE SAPINHOA FIELD
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SPH8-SPS69 wells. The SPH-8/SPS—69 wells example shows highly connected vugs found at the
same position of dolomitized or silicified zones. Last track shows the Hydraulic flow units 1-5.

3.6 DISCUSSIONS

3.6.1 Controls on the reservoir quality

The Brazilian Pre—Salt carbonates present heterogeneities and a wide
variation of porosity and permeability distribution, which is associated with intense
diagenetic processes, modifying vertically and laterally the petrophysical
characteristics of these rocks (Herlinger et al., 2017; Lima et al., 2020). Moreover, the
influence of dissolution, silicification and dolomitization processes are relevant
elements that control the reservoir quality.

In general, the reduction of petrophysical measurements is caused by the
presence of minerals partially or totally filling the interparticle porosity; and
additionally, the blocking the connections between the pores. In all facies
microcrystalline quartz and dolomite, partially or entirely replacing calcite are
presented, and the dissolution of unstable clays, similarly as found in other Brazilian
and African Aptian deep—water Pre—Salt carbonates are common (Wright and
Barnett, 2015; Saller et al., 2016; and Lima & De Ros, 2019).

The abundant dissolution evidence presented at the same locations of
pervasive dolomitized features certainly suggests that both processes may be key
elements that enhance the petrophysical quality within the BVF reservoir (FIGURE
19, FIGURE 24, and FIGURE 29), particularly when integrated to BHI, NMR log and
laboratory measurements.

The pervasive dissolution of carbonates may be related to dissolution of Mg—
clays, as suggested by previous studies in the Pre—Salt reservoirs (Wright & Barnett
2015; Herlinger et al., 2017; Lima and De Ros, 2019). However, the characterization
of Mg-clay using logging data is a complex task; mostly because wireline tools
present limitations to correctly identify unstable clays in the Pre—Salt (Herlinger et al.,
2020).

Moreover, the best tool available to suggest the presence of clay-rich
intervals is indeed the NMR clay bound log, which provides a quantitative measure of

clay bound porosity; consisting in a qualitative indicator of clay-rich zones. This



88

association is observed in this study, and for instance, the wells located at the
structural high (i.e., the main producing zones) have inexpressive clay—bound water
porosity distributed along the BVF (FIGURE 19 and FIGURE 28A), suggesting that
most of the total porosity measurements found are not associated with Mg—clays,
due the intense clay dissolution during the diagenesis of the Pre-Salt carbonates
(Tosca & Wright, 2015). On the other hand, the wells located at the basinward area
presented clay—rich zones (FIGURE 28B), where the NMR clay—bound log showed
contributions on the total porosity of the injection wells.

Nevertheless, our results showed the presence of the dissolution process in
several instances and locations along the borehole extension for all Sapinhoa field
wells. The observations of larger vugs, regardless of the scale, indeed exemplifies
that a reasonable amount of porosity and permeability found within these carbonates
are not entirely depositional.

Another relevant control in the reservoir quality is the dolomitization and
silicification contribution. The presence of intervals containing enrichment of silica
and dolomite could be partially explained due to hydrothermal alteration in Aptian
Pre—Salt carbonates, as exemplified in studies from Campos Basin (Viera de Luca et
al., 2017; Lima & De Ros, 2019; Lima et al., 2020) and Kwanza Basin (Saller et al.
2016; Teboul et al. 2016). Furthermore, considering this hypothesis, the
hydrothermal fluids reacted with the rock fabric, replacing the original mineral
components and either obliterate or create pores as response of the fluid
composition, pressure, and temperature (e.g., hydrothermal silicification in carbonate
— Menezes et al., 2019; hydrothermal dolomitization in carbonates — Li et al., 2016).
As observed in this study, the petrophysical evaluation of dolostones and silexites
presented either extremely porous and permeable or tight porous carbonates,
respectively (e.g., FIGURE 24 and FIGURE 28); and we aim to investigate a possible
hydrothermal contribution in a next publication.

Moreover, since dolomite—rich and silica—rich intervals are also find nearby
fractures and breccia zones (FIGURE 24), a possible contribution of hydrothermal
fluids driven through fault systems in carbonate reservoirs (Davies & Smith., 2006; Li
et al., 2016; Lima et al. 2020) needs to be further investigated; especially due to the
association of deep faults observed in seismic scale (Faria et al., 2017; Lima et al.,
2020) that surround the carbonate build—up structures and the structural high of the

Pre—Salt play.
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However, the dolostone and silexites SWC samples found along uncored
wells may be inferred as dolomitization/silicification intervals and not implied
exclusively as hydrothermal, particularly due the similarities of the pervasive
characteristic and logging response. As Lima and De Ros (2019) observed, the Pre—
Salt reservoir, carbonates may present silicification as result of syndepositional, early
and/or late burial diagenesis, hydrothermal silicification, as well as the combination of
all of these processes.

The presence of traces minerals like svanbergite—goyazite, were described in
the Campos Basin using XRD (Herlinger et al., 2017; Lima & De Ros, 2019); suggest
that they are associated with the silicification and dolomitization processes. In
addition, the presence of barite and fluorite are possibly related to fluid reaction,
carried by faults and fractures in the Pre-Salt carbonates of Campos Basin
(Herlinger et al., 2017).

Furthermore, the petrophysical properties of the Pre—Salt carbonates display
a complex link between heterogenous facies distribution and high—quality reservoirs.
Gomes et al. (2020) emphasize a scale—dependency factor when the proportion of
facies distribution in centimeter scale is upscaled, which may induce losses in facies
proportions and subsequently depositional and diagenetic information. However, for
the overall reservoir petrophysics characterization, our analysis suggests that the
main trends of reservoir characteristics are consistent in a field scale, and relevant
input data to the reservoir modeling.

Nevertheless, a more complete characterization could be implemented by
additional analytical techniques to improve the petrophysical evaluation, integrating
core—plug NMR data with mercury intrusion capillary pressure measures, and
tomography measurements applied to rock samples in multiscale to better address
the scale factor of facies and diagenesis impact on the petrophysical evaluation
(Alabi et al., 2014; Chitale et al., 2015; Basso et al., 2020; Haagsma et al., 2021).
Furthermore, although the post—depositional processes play a key role in the
reservoir quality, a better understanding of facies distribution may help the prediction
of zones with preferential alteration (i.e., dolomitized/vug—prone zones).

Finally, additional investigations in the characterization of diagenetic, post—
depositional and possible hydrothermal processes need to be evaluated for better
comprehension of these impacts in the reservoir quality petrophysical framework.

Therefore, the reconstruction of the carbonate paleoenvironment may contribute to
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improve the prediction of the reservoir quality within mature fields and analogue

areas.

3.6.2 Reservoir heterogeneities and flow barriers

The presence of heterogeneities controlling the reservoir quality may create
barriers for fluid flow and affect the displacement of hydrocarbons in the reservoir.
The stratigraphic variation and the influence of dissolution, silicification and
dolomitization effects described in this study seems to corroborate that the BVF
presents highly heterogeneous reservoir quality controls. The variation of porosity
and permeability addressed in previous studies of the Brazilian Pre—Salt carbonates
indicated that the petrophysical properties can be diagenetically enhanced or
reduced (Rezende and Pope, 2015; Herlinger et al., 2017; Basso et al., 2020; Belila
et al., 2020).

In addition, NMR data showed that the Pre—Salt porosity is mainly comprised
of free fluid porosity, associated with dissolution, silicification and dolomitization
effects, which represents a key factor in the reservoir petrophysical quality, at the
Sapinhoa field. The definition of an accurate NMR T2-cutoff is another important
subject to be addressed, because higher values of T2 cutoffs were described in a
study of the BVF based a small core—plug dataset (Belila et al., 2020). Therefore, we
recommend a laboratorial T2 cutoff evaluation valuation based on a substantial
number of rock samples, to better calibrate the partitions of NMR porosity logs to
better address the petrophysical heterogeneities presented in the BVF.

Results presented in this research indicated a wide range of porosity and
permeability distribution in the BVF; and in all facies we could observe important
variation in high flow unit distribution (HFU 3 to 5), as well as flow units with less
porosity and permeability ranges (HFU 1 and 2). The wide range of porosity and
permeability suggests a non—preferential lithological constraint controlling the BVF
interval, because a single flow unit is composed by several facies, differently from
typically seen in siliciclastic reservoir types where a single facies usually represented
a flow unit (e.g., Radwan et al., 2021). Furthermore, similar results were described in
the Mero field at Santos Basin for the BVF (Penna and Lupinacci, 2020), in which

several facies constrain a singular flow unit. In that case, the lithology was generically
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addressed as carbonate reservoir, non—reservoir, and microporous sediments in flow
unit evaluation.

The presence of multiple carbonate facies comprising a single flow unit
corroborate that the heterogeneities found on the reservoir quality are products of the
complex diagenetic history of the BVF. Although tight zones are found within the
analyzed BVF wells, as shown in the well-logs and RCAL porosity, apparently these
intervals display no significant impact in production wells located in the structural
high. However, additional investigations must be addressed at the field production
scale, and formation testers and production logging analysis can provide useful
insights for the hydrocarbon production of Sapinhoa field.

Lastly, the variation in petrophysical distribution presented in this study,
showed that best flow unit zones (HFU 4 and 5) are usually found in the intervals
above the FWL, which maximizes the hydrocarbon production in the BVF. The key
element found is the presence of elevated porosity and permeability ranges, that
generate quality flow units, in which the presence of enhanced porosity processes

has a meaningful impact in this carbonate reservoir.

3.7 CONCLUSIONS

An overview of the formation evaluation of the Pre—Salt carbonate reservoir
was carried—out in the Sapinhoa field, integrating multiscale data supported by well—
logging, cores, core—plugs, side—wall cores, and thin section information.

Evidence of dissolution processes appears at micro and macro scales, and
intensive degree dissolution processes is a relevant element that may connect the
pore space. The interparticle porosity connection may create vugs, and additionally,
highly porous zones. Moreover, repetitive patterns of secondary porosity were
identified occurring in all wells. This feature mainly appeared as stratabound vug
features easily identified at cores and BHI, also suggesting the enhancement in the
free fluid porosity of the BVF lacustrine carbonates.

In addition, the dolomitized intervals are associated with the enhancement of
the reservoir quality, and silicified intervals presented lower values of porosity and
permeability. The dolomitization and silicification processes can also create tight

zones within the BVF, as they partially impact these carbonates. Such diagenetic
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processes can appear in isolated lateral intervals on field scale, that possibly
represent no significant flow barrier. However, some of the tight dolomitized/silicified
intervals still possess good petrophysical properties, because previous porosity is not
entirely obliterated, and they are found in intermediary flow units. In general, the
injection wells located in the basinward area, presented tighter zones, which are
usually richer in capillary bound porosity.

Additionally, the presence of dolomitized and silicified intervals close to
fractures and breccias intervals, as well as the presence of unusual minerals (like
barite and fluorite) even in few concentrations, may be a hint of the contribution of
hydrothermal heated fluids, migrated through fault focusing mechanism on the
Brazilian Pre—Salt carbonates.

In conclusion, the main key factor that affects the reservoir quality is the
secondary porosity, which appears enhanced through dissolution, and dolomitization
processes creating and connecting the pore spaces of the Pre-Salt reservoir. These
processes generated flow units of higher porosity and permeability within the
hydrocarbon saturated intervals along the structural high, in which several facies
contributes to the composition of each one of the flow units. In addition, a high
contribution of pervasive silicification and dolomitization processes can either reduce
or obliterate the reservoir quality of these rocks decreasing the porosity and
permeability, as well as create tighter zones on the wells located at the basinward

area.
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4 CONSIDERAGOES FINAIS

Uma visao geral da avaliagédo dos carbonatos da Formacao Barra velha do
Pré-Sal foi realizada no campo de Sapinhoa, integrando dados em diferentes
escalas, utilizando informagdes de perfilagem de pocos, testemunhos, plugues de
testemunho, amostras laterais e de se¢des delgadas.

Evidéncias de processos de dissolugédo de argila magnesiana aparecem em
escala micro e macro, e em intenso grau. Esses elementos séo relevantes, pois
ocorrem em toda secédo da Formacgao Barra Velha e conectam os espagos porosos.
A conexdo de porosidade entre as particulas pode criar vugs e, adicionalmente,
intervalos/zonas altamente porosas. Além disso, padrdes repetitivos de porosidade
secundaria foram identificados ocorrendo em todos os pocgos estudados, que
aparecem principalmente em camadas/estratos com claras evidéncias de
porosidade vugular, vistos nas amostras e em perfil de imagem; sugerindo também o
aumento da porosidade tipo fluido livre nesses carbonatos lacustres.

Adicionalmente, foi observado que os intervalos dolomitizados estédo
associados a melhoria da qualidade do reservatorio, e os silicificados, a diminuigao
de valores de porosidade e permeabilidade. No entanto, esses processos também
podem criam zonas fechadas/apertadas dentro da Formagao Barra Velha, quando
impactam as rochas de forma parcial; tal impacto pode aparecer localmente como
intervalos lateralmente isolados e, possivelmente, ndo representam barreiras de
fluxo significativa, pois 0 espago poroso e sua conectividade ndo estdo totalmente
obliterados. Ainda assim, algumas zonas fechadas/apertadas
dolomitizados/silicificados podem possuir boas propriedades de porosidade e
permeabilidade, e compreendem unidades de fluxo intermediarias. Em geral, os
pocos injetores localizados nos flancos da estrutura principal do campo de Sapinhoa
apresentaram zonas mais fechadas, geralmente mais ricas em intervalos de
porosidade tipo capilar.

Ademais, foram identificados a presenga de intervalos dolomitizados e
silicificados proximos a fraturas e brechas, bem como a de minerais incomuns, como
barita e fluorita. Mesmo que em pouca concentragédo, no contexto dos reservatérios
da Formacao Barra Velha; sugerem indicios da contribuigcdo de fluidos hidrotermais

aquecidos, migrados através do mecanismo de focalizacao de falhas.
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Em conclusdo, o principal fator-chave que controla a qualidade do
reservatorio € a porosidade secundaria, gerada por meio de processos de
dissolugcdo e de argila magnesiana e dolomitizagdo criando conectividade entre os
espagos porosos dos carbonatos da Formacdo Barra Velha. Esses processos
geraram zonas de fluxo de altas porosidade e permeabilidades compreendendo os
intervalos saturados por hidrocarbonetos dentro ao longo do alto estrutural; nota-se
ainda que varias litofacies contribuem na composicao individual das cinco unidades
de fluxo. Adicionalmente, a alta contribuicdo de silicificagdo pervasiva pode reduzir
ou obliterar a qualidade do reservatério diminuindo a porosidade e permeabilidade;
assim como gerar zonas fechadas/apertadas nos pogos localizados nos flancos da

estrutura principal do campo de Sapinhoa.
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ANEXO 1 — CLASSIFICAGAO DE ROCHAS CARBONATICAS

122

FIGURA 30 — CLASSIFICAGAO DE ROCHAS CARBONATICAS DE DUNHAM (1962).
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FONTE: (Terra et al., 2010).

FIGURA 31 — CLASSIFICAGAO DE ROCHAS CARBONATICAS DE EMBRY & KLOVAN (1971).
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FIGURA 32 — CLASSIFICACAO DE ROCHAS CARBONATICAS TERRA et al. (2010).
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ANEXO 2 - RCAL MEASUREMENTS BOX PLOT

FIGURE 33 — RCAL MEASUREMENTS FOR GRAIN SIZE, POROSITY, AND PERMEABITY USING
SIDE-WALL CORES, IN WELLS LOCATED AT THE STRUCTURAL HIGH
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FIGURE 34 — RCAL MEASUREMENTS FOR GRAIN SIZE, POROSITY, AND PERMEABITY USING

SIDE-WALL CORES, IN THE WELLS LOCATED AT THE BASINWARD AREA

Basinward
3 30 10000 3 30 10000 3 30 10000
Dolostone e Recrystallized Limestone Silexite
222
18.8 11.8
2.79 3.89
2.77
S él 2.75 w5 0.95 0.55
in 126
0.a62 2.68 0.075
5% 2.68565 = 2.65 2.65 264 897 0.0224
2:6% 6.23
4,99 4.8.8= 4.8
248
2.5 0 0.0001 2.5 0 0.0001 2.5 0 0.0001
Density Porosity Permeability Density Porosity Permeability Density Porosity Permeability
3 30 10000 3 30 10000 3 30 10000
Mudstone Spherulitite Laminite
34.3 324
2.81 178 8.97
2K
2.74 - 13.7 0202
2.7 N
2,6868 = 2.68 S 2.69
2.66 9.2 ~~|0.0383 a8d
7.43
w=w=| 0.003
2.59 Ei 5.45 2|
19393 == 1.93 2
0.53
2.5 o 0.0001 2.5 1] 0.0001 2.5 1] 0.0001
Density Porosity Permeability Density Porosity Permeability Density Porosity Permeability
3 30 10000 3 30 10000 3 30 10000
2340 .
shrub Grainstone Rudstone
158 133
218
31.1
8.04 13 114 18.6
2.78 2.78 ; 75 16.1 1.9 1.84
2.74 14.6 2.7
2.73 2.73 2.73 13,5
27 %2 27 0.202 Z-W‘él 13
o 108 -=|0.0622) 2.67 10.3
8.39
688 0.0049
4.73
2.79
2.5 0 0.0001 2.5 0 0.0001 2.5 0 0.0001
Density Porosity Permeability Density Porosity Permeability Density Porosity Permeability

Source: The author (2022).



126

ANEXO 3 - PC1-PC2 RESULTS, SUPPLEMENTARY PLOTS

FIGURE 35 - PC1-PC2 SCATTER PLOT FOR MATRIX-SUPPORTED SAMPLES
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FIGURE 36 — PC1-PC2 SCATTER PLOT FOR SPHERULITITE SAMPLES
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FIGURE 37 — PC1-PC2 SCATTER PLOT FOR SHRUB SAMPLES
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Source: The Author (2022).

FIGURE 38 — PC1-PC2 SCATTER PLOT FOR GRAIN-SUPPORTED SAMPLES
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FIGURE 39 — PC1-PC2 SCATTER PLOT FOR DOLOSTONE, SILEXITES, AND RECRYSTALIZED
LIMESTONE SAMPLES
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ANEXO 4 - LINEAR PROJECTION PCA, ADDITIONAL PLOT

FIGURE 40 — LINEAR PROJECTION ADDITIONAL PLOT CONSIDERING ALL SAMPLES,
WITHOUT LABELLING THE FACIES.
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ANEXO 5 - TERNARY-PLOT, SUPPLEMENTARY PLOTS

FIGURE 41 — THE X-RAY DIFFRACTION TERNARY PLOT DIFFERENTIATING CARBONATES
FACIES, SUPPLEMENTARY PLOT
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Caption: (A) Calcite—Dolomite—Quartz; (B) Calcite—Ca—Dolomite/Ankerite—Mg—Calcite.

FIGURE 42 — THE X-RAY DIFFRACTION TERNARY PLOT, CALCITE-DOLOMITE-QUARTZ,
DIFFERENTIATING CARBONATES FACIES, SUPPLEMENTARY PLOT
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Caption: (A) Calcite—Dolomite—Quartz.
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FIGURE 43 — THE X-RAY DIFFRACTION TERNARY PLOT, CALCITE-CA-DOLOMITE/ANKERITE-
MG-CALCITE, DIFFERENTIATING CARBONATES FACIES, SUPPLEMENTARY PLOT
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Caption: (B) Calcite—Ca—Dolomite/Ankerite—Mg—Calcite.



