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Resumo

Os reservatorios carbonaticos da Formacdo Quissamd do Grupo Macaé
(Albiano inferior) contém importantes acumulacdes de petréleo no centro da
Bacia de Campos, margem leste brasileira. Entretanto, essa secdo apresenta
qualidade heterogénea e frequentemente limitada no Sul da bacia. Um estudo
integrando caracterizacdo petrografica quantitativa de laminas delgadas,
descricdo detalhada de testemunhos, fotomicrografias digitais, imagens de
elétrons retroespalhados e de microtomografia de raios-X procurou ampliar a
compreensao dos fatores controladores da distribuicdo e da geometria da
porosidade dessas rochas. As rochas analisadas correspondem a diversas
facies deposicionais de rampa marinha rasa de alta e baixa energia, incluindo
grainstones ooliticos-oncoliticos, rudstones bioclasticos e packstones
oncoliticos-intraclasticos-peloidais, bem como arenitos hibridos siliciclasticos-
carbonaticos e doloespatitos. Foram identificadas nove petrofacies de
reservatorio, de acordo com os atributos de maior impacto na porosidade e
permeabilidade, incluindo estrutura e textura deposicional (particularmente a
distribuicdo de matriz peloidal), composicao primaria, e principais processos
diagenéticos, agrupadas em associacfes de petrofacies de média e ma
qualidade de reservatério, e nao-reservatorios. Sua evolucdo eodiagenética
envolveu intensa micritizacdo e incipiente cimentacdo sob condicdes freaticas
marinhas estagnantes, limitada dolomitizacdo pela mistura com aguas
meteoricas, dissolucdo dos oncolitos e bioclastos, neomorfismo e cimentacao
drusiforme por calcita ndo-magnesiana sob condicbes meteodricas freaticas.
Durante o soterramento, ocorreram compactacdo quimica interparticula e
estilolitica limitada, e cimentacdo por calcita blocosa, subordinadamente por
barita, anidrita, quartzo e pirita. Essas alteracdes diagenéticas geraram
complexos sistemas porosos, combinando dominantemente poros intraparticula
e moéldicos formados pela dissolucdo parcial ou total dos bioclastos, oolitos e
oncolitos, pois a porosidade interparticula foi significativamente reduzida pela
cimentagdo e compactacao. Fraturas e poros de canal e vugulares gerados por
dissolucdo sdo volumetricamente pouco expressivos, ainda que localmente
importantes para a conectividade dos sistemas porosos e para a

permeabilidade. Poros intercristalinos s6 sdo importantes onde a dolomitizacéo



foi mais expressiva. Poros seletivos quanto a fabrica (sensu Choquette & Pray)
dominam os sistemas porosos dos grainstones e rudstones. A importancia da
porosidade gerada pela dissolucdo dos aloquimicos reflete-se na
predominéancia de sistemas porosos do tipo vugular ndo-conectado (sensu
Lucia), ou do tipo moldico (sensu Lgngy), relativamente aos do tipo
interparticula. Microporosidade gerada pela dissolugdo parcial de oolitos e
oncolitos constituem a maior parte da porosidade de algumas amostras com
expressiva cimentacao interparticula. Este estudo mostrou que os carbonatos
albianos do Sul da Bacia de Campos possuem sistemas de poros complexos,
com padrdes de porosidade e permeabilidade heterogéneos. A textura e a
composicao primarias, bem como 0s processos diagenéticos, tiveram grande

influéncia na evolucéo da qualidade destes depdsitos.



Abstract

Shallow water carbonates of the Quissama Formation, Macaé Group (lower
Albian) contain important petroleum accumulations in central Campos Basin,
eastern Brazil. However, this section shows heterogeneous and often limited
reservoir quality in the South of the basin. A study integrating quantitative
petrographic characterization, detailed core description, digital
photomicrographs, backscattered electrons and X-ray microtomography
images, aimed to increase the understanding of the factors controlling the
distribution and geometry of porosity in these rocks. The analyzed rocks
correspond to diverse depositional facies of high and low energy shallow marine
ramp, including oolithic-oncolithic grainstones, bioclastic rudstones, and
oncolithic-intraclastic-peloidal packstones, as well as hybrid siliciclastic-
carbonate arenites and dolostones. Nine reservoir petrofacies were defined
according to the attributes of strongest impact on porosity and permeability,
including depositional structure and texture, primary composition, and main
diagenetic processes, which were grouped in petrofacies associations medium
and poor no reservoir quality, and non-reservoirs. Their eodiagenetic evolution
involved intense micritization and incipient cementation under stagnant marine
phreatic conditions, limited dolomitization due to mixing with meteoric waters,
dissolution of oncoliths and bioclasts, neomorphism and drusiform cementation
by non-Mg calcite under meteoric phreatic conditions. During burial, interparticle
chemical compaction and limited stylolitization, and cementation by blocky
calcite, subordinately by barite, anhydrite, quartz and pyrite occurred. These
diagenetic changes generated complex pore systems, combining dominantly
intraparticle and moldic pores generated by the partial or total dissolution of
bioclasts, ooliths and oncoliths, as interparticle porosity was reduced by
cementation and compaction. Fracture, channel and vugular pores generated
by dissolution have little volume expression, though locally important for the
connectivity of pore systems and for permeability. Intercrystalline pores are
important only where dolomitization was most expressive. Fabric-selective
pores (sensu Choquette & Pray) dominate the pore systems of grainstones and
rudstones. The importance of the porosity generated by allochems dissolution is
reflected by the predominance of unconnected vugular pore systems type



(sensu Lucia), or moldic type (sensu Lgngy), in relation to the interparticle type.
Micropores generated by partial dissolution of ooliths and oncoliths constitute
the main part of the porosity of some samples with expressive interparticle
cementation. This study showed that the Albian carbonates of southern
Campos Basin have complex pore systems with heterogeneous porosity and
permeability patterns. Primary texture and composition, as well as the
diagenetic processes, had great influence on the quality evolution of these

deposits.

Key-words: Campos Basin, carbonates, diagenesis, porosity, reservoirs.
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Sobre a Estrutura desta Dissertagao:

Esta dissertacdo de mestrado esta estruturada em torno do artigo:

Depositional and diagenetic controls on the origin, evolution and

geometry of porosity of Albian carbonates of southern Campos Basin,

eastern Brazil, submetido ao periédico internacional AAPG Bulletin.

Desta forma, a estruturacdo deste trabalho compreende as seguintes

partes:

1.

© N o 0

by

Introducdo sobre o tema da dissertagdo e 0s objetivos a serem
desenvolvidos no trabalho;

Localizacdo e contexto geoldgico e estratigrafico da Formacao
Quissama do Grupo Macaé (Albiano) da Bacia de Campos;

Revisdo dos principais trabalhos que abordam os aspectos
composicionais, as modificacdes diagenéticas, bem como os tipos de
poros e as classificacdes de porosidade das rochas carbonaticas;
Sucinta descricdo das técnicas utilizadas para o desenvolvimento
deste estudo;

Sintese dos resultados e conclusées obtidos;

Referéncias bibliograficas;

Artigo cientifico submetido ao periodico;

Anexos em CD-ROM, compreendendo:

1. Tabela de resultados de petrografia quantitativa

2. Descricfes petrogréficas individuais

3. Documentacédo fotomicrografica

4. Resultados das andlises de microscopia eletronica de varredura -
MEV

5. Perfil estratigrafico de testemunho

6. Tabelas de dados petrofisicos

7. Microtomografia de raios-X (U-CT)



1. INTRODUCAO

Segundo dados de Outubro de 2018 da Agéncia Nacional do Petréleo
(ANP), a Bacia de Campos € uma das bacias mais prolificas do Brasil,
responsavel por 45% da producao de 6leo e 19% da producao de gés natural.

A principal rocha geradora da bacia sao os folhelhos do Grupo Lagoa
Feia, depositados durante a fase rifte, no Cretaceo Inferior. Essas rochas, de
acordo com dados geoquimicos e sedimentoldgicos, foram depositadas em um
ambiente lacustre, contendo querogénio do tipo | (Guardado et al., 1989).

Diversos reservatorios ocorrem na Bacia de Campos, em diferentes
niveis estratigraficos. Um dos reservatorios da fase drifte sdo os calcarenitos
de alta energia da Formacéo Quissama do Grupo Macaé (Albiano).

As rochas da Formacdo Quissama, objeto deste estudo, apresentam
uma grande variacdo na porosidade e permeabilidade. Estas rochas
apresentam uma variada gama de composicdes e facies deposicionais e de
padrées de processos diagenéticos, 0 que resultou em sistemas porosos
complexo.

Neste trabalho, foi estudada a geometria da porosidade de rochas
carbonaticas da Formacao Quissama do Grupo Macaé, testemunhadas em um
poco perfurado no sul da Bacia de Campos, através da integracdo de andlises
petrograficas quantitativas, fotomicrografia digital por luz polarizada,
microscopia por elétrons retroespalhados (backscattered - BSE) com suporte
de espectrometria de energia dispersada (EDS) e microtomografia de raios-X,
além da interpretacdo de analises petrofisicas convencionais (porosidade e
permeabilidade). O objetivo deste estudo foi ampliar o entendimento dos
fatores controladores da distribuicdo e da geometria da porosidade dessas
rochas. Modelos geologicamente consistentes da génese, evolucdo e
geometria da porosidade desses carbonatos deverdo contribuir para a
eficiéncia da producéo de reservatorios do Albiano da Bacia de Campos, assim

como também para a exploracéo por reservatorios similares.
2. LOCALIZACAO E CONTEXTO GEOLOGICO

2.1. Localizagdo da Bacia de Campos
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A Bacia de Campos situa-se na margem leste brasileira, ao longo do
litoral norte do Estado do Rio de Janeiro e ao sul do Estado do Espirito Santo,
sendo limitada ao norte pelo Arco da Vitéria, que a separa da Bacia do Espirito
Santo, e ao sul pelo Arco de Cabo Frio, que a separa da Bacia de Santos (Fig.
1). Abrange uma éarea de aproximadamente 100.000 km? dos quais apenas
cerca de 500 kmz estdo em area emersa (Winter et al., 2007).

O poco exploratorio 3-OGX-54-RJS, foco do estudo, foi perfurado no

campo Tubardo Azul, na parte sul da Bacia de Campos.

Brasil

BACIA DE
CAMPOS

e D Provincia de domos de sal

@ 3-0Gx-54Rs

Principais estruturas:
~|= Altos

—~|~ Grabens

100 km A

i$ | / 4 “IW 1 Hs— L — ] N

Figura 1. Mapa de localizagdo da Bacia de Campos com o pogo estudado. Modificado
de Guardado et al. (2000).

2.2. Caracteristicas Gerais da Bacia de Campos

A Bacia de Campos teve sua evolucao geoldgica ligada ao rifteamento
Mesozobico que separou a Africa da América do Sul (Abrahdo & Warme, 1990).
O modelo geodinamico tradicional de separacéo dos continentes africano e sul-
americano no Mesozo6ico considera a evolucdo de riftes independentes
localizados nas regibes equatorial e leste do Gondwana.

A principal fase de rifteamento, que gerou as bacias da margem Leste
brasileira ocorreu no Eocretaceo, no segmento entre as bacias de Santos e a
de Sergipe/Alagoas no Brasil. A sucessao sedimentar flavio/lacustre e

evaporitica que sucedeu a sucessao rifte ficou restrita ao sul e ao norte,
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aproximadamente, pelos lineamentos de Floriandpolis e de Maceié (Asmus &
Guazelli, 1981).

A primeira carta estratigrafica da Bacia de Campos foi proposta por
Schaller (1973), e posteriormente modificada por Rangel et al. (1994). Na carta
estratigrafica mais recente proposta por Winter et al. (2007) (Fig. 2), as
formacdes Lagoa Feia e Macaé foram elevadas a Grupo, e os membros
componentes das mesmas foram elevados a Formacao. Winter et al. (2007)
dividiram o preenchimento da Bacia de Campos em cinco pacotes principais:
Formacao Cabilnas, Grupo Lagoa Feia, Grupo Macaé e Grupo Campos, que
estdo sobrejacentes ao embasamento cristalino, que é composto por gnaisses
pré-cambrianos, pertencentes a Provincia Proterozoéica da Ribeira (Cainelli &

Mohriak, 1999).

Segundo Chang et al. (1990), a Bacia de Campos apresenta dois estilos
tectdnicos distintos: tectdnica diastrofica, que afeta os sedimentos da fase rifte,
e tectdbnica adiastréfica, relacionada a halocinese, que atua sobre os
sedimentos da fase transicional e drifte.

Nas estruturas da fase rifte observa-se um paralelismo entre os
falhamentos da bacia e os principais alinhamentos do embasamento adjacente,
com direcdo NE (Dias et al., 1990). A secao rifte apresenta um padréo
tectbnico de horsts, grabens e half-grabens alongados na direcdo NE e
limitados por falhas sintéticas e antitéticas. Alguns falhamentos subordinados
ocorrem nas direcdes NNW-SSE e E-W. Uma importante discordancia regional
de idade aptiana, conhecida como discordancia pré-Alagoas, separa o padrédo

tectbnico da fase rifte do padrdo da fase pos-rifte.
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Figura 2. Carta estratigréfica da Bacia de Campos (Winter et al., 2007), com o intervalo estudado em destaque.
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O padréao tectbnico da fase pos-rifte é caracterizado principalmente por
falhas relacionadas ao fluxo de sal, de geometria listrica, com anticlinais e
calhas associadas, domos e didpiros de sal e estruturas geneticamente
relacionadas.

A fase drifte apresenta um padrdo tectbnico de um regime de

subsidéncia térmica associada a tectonismo adiastréfico (Winter et al., 2007).

2.3. Evolucéo Tectbnica e Litoestratigrafica da Bacia

A origem da Bacia de Campos, assim como as demais bacias da
margem leste do Brasil, esta associada a fragmentacdo do Continente
Gondwana e a abertura do Oceano Atlantico Sul. A evolucdo tectdnica e
estratigrafica da Bacia de Campos foi separada por Winter et al. (2007) em trés

Supersequéncias: Rifte, Pés-Rifte e Drifte.

2.3.1. Supersequéncia Rifte

O inicio do rifteamento, no Neocomiano, provocou intensa atividade
vulcanica, com extrusdo de lavas basalticas e intrusdo de diabasios, que
constituem a Formacdo Cabilnas, marcando o inicio da deposicdo da
Supersequéncia Rifte (Ponte & Asmus, 1978). Esta formacdo constitui o
assoalho do preenchimento sedimentar da Bacia de Campos e € considerada o
embasamento econbmico da bacia. A continuacdo do processo de rifteamento
produziu um sistema de grabens e horsts alongados na direcdo SW-NE,
coincidentes com as diregdes de lineamentos do embasamento. Ao longo
desses rift valleys, formados do Barremiano ao Aptiano, desenvolveu-se uma
sedimentacao lacustre, que compreende o Grupo Lagoa Feia. Segundo Winter
et al. (2007), o Grupo Lagoa Feia ocorre discordantemente sobre a Formacao
Cabiunas e possui alta diversidade litologica. Nesse Grupo estéo incluidas as
formacdes Atafona (arenitos, siltitos e folhelhos depositados em ambiente
alcalino, caracterizado pela precipitacdo de talco e estevensita) e Coqueiros
(depésitos  bioclasticos compostos predominantemente  por  bivalves,
intercalados com folhelhos e carbonatos lacustres), lateralmente associadas

aos sedimentos continentais da Formacdo Itabapoana (conglomerados,
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arenitos, siltitos e folhelhos avermelhados proximais de borda de bacia e de
borda de falha).

2.3.2. Supersequéncia Pos-Rifte

Essa supersequéncia corresponde a secdo sedimentar disposta
discordantemente sobre a supersequéncia rifte, que foi depositada no Aptiano
em ambiente tectonicamente brando, constituida por sedimentos siliciclasticos,
carbonéticos e evaporiticos, pertencentes a porcao superior do Grupo Lagoa
Feia. A sedimentacao siliciclastica ocorreu nas por¢gdes proximais da bacia,
com deposicdo de conglomerados e arenitos segundo um padréo
progradacional, correspondente a Formacdao Itabapoana (de borda de bacia). A
porcdo superior desse intervalo tem um padrdo retrogradacional,
correspondente as formacdes Gargau (predominantemente rochas peliticas,
tais como folhelhos, siltitos e margas, intercalados por arenitos) e Macabu
(rochas carbonaticas interpretadas como estromatolitos e laminitos microbiais
depositados em ambiente raso). O final dessa supersequéncia é marcado pela
deposicdo dos sedimentos evaporiticos da Formacdo Retiro (Winter et al.,
2007).

2.3.3. Supersequéncia Drifte

A Supersequéncia Drifte compreende os sedimentos formados em um
ambiente marinho transgressivo a partir do Mesocretdceo (Turoniano—
Coniaciano), sob um regime de subsidéncia térmica associado ao tectonismo
adiastrofico. A transgressao resultou na deposi¢cdo de uma espessa cunha de
sedimentos siliciclasticos e carbonaticos de plataforma rasa, que deram lugar a
calcilutitos, margas e folhelhos de ambiente marinho cada vez mais profundo
(Winter et al., 2007). A Supersequéncia Drifte, ou sequéncia marinha, iniciou-se
apos o término do evento de rifteamento e a abertura efetiva do Oceano
Atlantico Sul, com a formacdo de uma rampa carbonatica-clastica, sob clima
guente e seco. Esta sedimentacéo iniciou-se durante o Albiano, acompanhando
uma elevacdo eustatica do nivel do mar, e é representada pelos bancos de
calcarenitos de agua rasa e de alta energia da Formacgédo Quissama do Grupo

Macaé (Eo-Albiano), que gradam no topo da sequéncia para calcilutitos,
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margas e folhelhos da Formacdo Outeiro (Neo-Albiano/Turoniano).
Concomitantemente a deposi¢cdo destas duas unidades, foram depositados em
areas mais proximais os sedimentos da Formacdo Goitacds (conglomerados
polimiticos e arenitos que, em aguas mais profundas, gradam para folhelhos e
margas ricos em foraminiferos plancténicos, cocolitos e radiolarios). Os
sedimentos pelagicos dessa sequéncia foram depositados em resposta a uma
progressiva subida relativa do nivel do mar que resultou no afogamento da
plataforma rasa (Winter et al., 2007). Depdésitos turbiditicos da Formagéao
Namorado foram acumulados em baixos gerados e controlados pela tectdnica
salifera albiana. Durante o Albiano o sal depositado no Aptiano comecou a se
movimentar (halocinese) em resposta ao basculamento progressivo da bacia
para leste devido a subsidéncia térmica e a sobrecarga de sedimentos (Dias et
al., 1990). No Neopaleoceno se instalou na bacia uma configuragdo marinha
regressiva, que permanece até os dias atuais. Esta configuracdo se caracteriza
pelo conjunto de sedimentos clasticos progradantes pertencentes ao Grupo
Campos. Winter et al. (2007) subdividiram o Grupo Campos em trés formacdes.
A formacdo mais proximal, caracterizada por arenitos e carbonatos
(calcarenitos e calcirruditos) plataformais, € a Formagcdo Emboré, composta
pelo Membro S&o Tomé (arenitos depositados em ambiente neritico raso, em
sistemas do tipo fandelta), e pelo Membro Grussai (carbonatos de bioclastos
predominantemente de algas vermelhas). As formacdes Ubatuba e Carapebus
sdo constituidas de folhelhos, com corpos de arenitos depositados por fluxos
turbiditicos. Grandes sistemas turbiditicos estdo presentes nesta
megassequéncia e constituem importantes reservatérios de petréleo
(Figueiredo & Mohriak, 1984; Guardado et al., 1990; Bruhn, 1998).

2.4. Grupo Macaé

O Grupo Macaé consiste em uma espessa se¢do carbonética Albiano-
Turoniana e representa o0 inicio da implantacdo do Atlantico Sul
(Supersequéncia Drifte). Ele constitui a porcao inferior da sequéncia pos-sal e
representa a instalacdo do ambiente marinho na Bacia de Campos, com a
deposicao carbonatica em condicbes de aguas rasas (Robaina et al., 1991),

quentes e restritas. E composto pelas Formacgdes Goitacas, Quissama, Outeiro,



16

Imbetiba e Namorado. Winter et al. (2007), dividiu o Grupo Macaé em trés
sequéncias: Sequéncia K60, Sequéncia K70 e Sequéncia K82-K84.

A sequéncia K60 compreende as formacgdes Goitacés (porcao proximal)
e Quissama (porcao distal), e também €é conhecida informalmente como Macaé
a (Alfa) ou Macaé Aguas Rasas. O limite inferior € o topo da Formac&o Retiro
do Grupo Lagoa Feia e, o superior, 0 marco estratigrafico denominado Marco
Beta, de caréater regional, que corresponde a uma superficie de inundacdo
maxima, correlacionavel ao Marco Glauconitico nas por¢des mais proximais da
bacia. Nas porcdes intermediarias predominam sedimentos carbonaticos
depositados em ambiente de energia alta a moderada, representada por
bancos de calcarenitos ooliticos e oncoliticos com porosidade variavel. As
porcdes distais estdo caracterizadas por um aumento significativo no teor de
argilas (folhelho Albiano Alfa). A base dessa sequéncia esta caracterizada por
um sistema carbonéatico de planicie de maré, com subambientes de supramare,
intermaré e lagunar. Um pacote de dolomitos ocorre na porcédo proximal das
areas centro e sul da bacia. Esta facies foi denominada de Membro Buzios da
Formacao Quissama.

A sequéncia K70 corresponde as formacdes Goitacas (proximal), Outeiro
(distal) e Namorado. O limite inferior dessa sequéncia é dado pelo Marco Beta
nas porc¢des distais e pela discordancia do topo dos sedimentos calco-arenosos
das formacdes Goitacas e Quissama nas porc¢des proximais. O limite superior é
marcado pela discordancia que marca a passagem do Cretaceo inferior para o
Cretaceo superior nas por¢des proximais e pelo Marco Chalk nas posi¢cdes ndo
proximais. Os sedimentos pelagicos dessa sequéncia foram depositados em
resposta a uma progressiva subida relativa do nivel do mar que resultou no
afogamento da plataforma rasa.

A sequéncia K82-K84 corresponde as formacdes Goitacas (proximal),
Namorado e Imbetiba (distal), compondo a parte superior do Grupo Macaé. A
Formacdo Imbetiba corresponde as margas do intervalo palinolégico
informalmente conhecido como gama (Cenomaniano). Tem como limite inferior
a discordancia que marca a passagem do Cretaceo inferior para o Cretaceo
superior ou 0 Marco Chalk. O limite superior é caracterizado pela base de um
evento anoxico. Nessa unidade predominam as rochas peliticas, representadas

por margas bioturbadas com foraminiferos benténicos e planctonicos, além de
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radiolarios. Esses pelitos compdem uma grande cunha clastica que encerrou

definitivamente a ocorréncia dos carbonatos do Grupo Macaé.
2.4.1. Formacao Quissama/ Membro Buzios

A Formacdo Quissamd, com espessura meédia de 800 metros, esta
distribuida ao longo de uma faixa de direcdo NE em um contexto de ambiente
neritico raso.

Sua sedimentacdo deu-se em uma plataforma carbonéatica, com
morfologia de rampa homoclinal, com inclinacdo para E-NE (Esteves et al.,
1987; Spadini et al., 1988; Guardado et al., 1989; Dias et al., 1990).

A Formacdo Quissama é dividida informalmente em duas sequéncias
(Esteves et al., 1987; Spadini et al., 1988). A sequéncia basal, correspondente
a sequéncia | de Esteves et al. (1987) e ao Membro Buzios de Winter et al.
(2007). Segundo Winter et al. (2007), o Membro Buzios (Albiano Inferior)
compreende dolomitos com um sistema poroso complexo composto por
brechas, vugs, grutas e cavernas. Eles ocorrem preferencialmente nas porgdes
sul e centro da bacia, e se adelgacam em direcdo as por¢cdes mais distais,
onde se encontram ausentes.

Os dolomitos do Membro Buzios sédo produtos da diagénese precoce
dos carbonatos basais, de aguas rasas, da Formacdo Quissama. Solucdes
ricas em magnésio percolando estes sedimentos basais resultaram numa gama
variada de texturas, com diferentes graus de porosidade/permeabilidade. Em
se tratando de uma unidade diagenética, seus contatos apresentam-se
interdigitados tanto com os carbonatos da Formacéo Quissama quanto com o0s
siliciclasticos da Formacgéo Goitacas.

A porcao superior da Formacdo Quissama corresponde a sequéncia |
de Esteves et al. (1987). Esta sequéncia é formada por bancos carbonaticos de
geometria alongada na direcdo NE-SW, com uma variedade de facies,
formadas predominantemente por grainstones e packstones empilhadas em
ciclos de arrasamento ascendente (Falkenhein et al., 1981; Guardado et al.,
1989). Estas rochas sdo compostas por oncolitos, oolitos, pelbides e bioclastos,
depositados em condicbes paleobatimétricas méximas de 50 metros
(Koutsoukos & Dias-Brito, 1987).
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De acordo com Dias-Brito e Azevedo (1986) e Azevedo et al. (1987), a
baixa diversidade bidtica (basicamente formada por poucos géneros de
foraminiferos e raros metazoarios, tais como equindides, moluscos e
ostracodes) e os valores de isotopos de carbono sugerem que durante a
deposicdo dos carbonatos da Formacdo Quissama@ o corpo marinho era
hipersalino. Valores muito negativos de is6topos de oxigénio indicam que as
temperaturas das aguas superficiais eram altas (Spadini et al., 1988).

A descoberta de petroleo nas rochas carbonaticas albianas da Bacia de
Campos marca o inicio do sucesso exploratorio na Bacia, com maior relevancia
para os carbonatos da Formacdo Quissama. Os reservatorios carbonaticos
albianos sdo formados por bancos de areia carbonatica alongados na direcdo
NE, compostos principalmente de grainstones e packstones contendo oolitos,
oncolitos, peldides e raros bioclastos (Spadini et al., 1988).

Segundo Spadini et al. (1988), os blocos falhados associados ao
movimento dos evaporitos subjacentes controlaram a evolugao facioldgica das
sequéncias carbonaticas albianas de plataforma rasa do Grupo Macaé. O
padrdo deposicional destas sequéncias € constituido por uma série de ciclos
inframaré bem definidos, limitados por picos de afogamento, que respondem a
sucessivas e rapidas subidas do nivel do mar (Spadini, 1992).

Os ciclos definem um padrédo de arraseamento para o topo (shoaling
upward), com uma sequéncia tipica formada por wackestones e packstones
peloidais com planctonicos (registro do afogamento) na base, sobrepostos por
packstones/grainstones oncoliticos e, no topo grainstones ooliticos que
representam condi¢cdes de aguas mais rasas (Spadini, 1992).

No final do ciclo de sedimentacdo carbonatica, no Albiano Superior, um
afogamento significativo levou a deposicdo de margas e folhelhos em um
ambiente de mar relativamente mais aberto e profundo.

De acordo com Spadini e Marcal (2005), os reservatorios carbonaticos
albianos mostram geralmente alta porosidade e uma grande variagdo na
permeabilidade. Estas rochas abrangem uma variada gama de facies
deposicionais e complexos sistemas porosos. As altas permeabilidades
correspondem a intervalos com preservacdo de porosidade interparticula
deposicional, enquanto as baixas permeabilidades refletem a predominéncia de

microporosidade.
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Os melhores reservatérios ocorrem nas facies ooliticas de alta energia,
com boa permeabilidade relacionada a preservacdo da porosidade primaria
interparticula. Carbonatos de granulagéo fina também constituem reservatorios
que, apesar das elevadas porosidades (20-30%), possuem permeabilidades
relativamente baixas (Guardado et al., 2000). A boa produtividade deve-se a
presenca de fraturas. Segundo Bruhn et al. (2003), as acumulacdes de petréleo
tém controle estrutural, por falhas e dobras, e também estratigrafico, dado por
variacdo lateral de facies, com calcarenitos e calcirruditos gradando para

calcarenitos micriticos, calcissiltitos e calcilutitos.

3. ROCHAS CARBONATICAS: CONCEITOS GERAIS, DIAGENESE E
POROSIDADE

3.1. Conceitos Gerais sobre Rochas Carbonaticas

Segundo Tucker e Wright (1990), rochas carbonaticas sdo rochas
sedimentares constituidas por mais de 50% de minerais carbonaticos, sendo 0s
mais importantes: calcita (CaCOg; trigonal), dolomita (Ca-Mg (COs),; trigonal) e
aragonita (CaCOg; ortorrobmbica). Diferentemente, Zuffa (1985) denomina
rochas que possuam entre 1/3 e 2/3 de grdos carbonaticos em relacdo aos
siliciclasticos de arenitos hibridos, e arenitos carbonaticos ou calcarenitos
aquelas com 2/3 ou mais de constituintes primarios carbonaticos.

Rochas carbonaticas apresentam comumente como minerais acessorios
quartzo, argilas detriticas, pirita, hematita, glauconita, chert e fosfatos. Entre as
principais texturas e estruturas das rochas carbonéticas, destacam-se:
laminacdo, estratificacdo, constru¢cdes organicas, bioacumulacdo, ndédulos e
concrecoes.

De um modo geral, a maior parte dos sedimentos carbonaticos resulta
de processos quimicos e, principalmente, bioquimicos, que ocorrem em
ambientes marinhos rasos, de aguas quentes e claras (Wilson, 1975).

Embora os processos deposicionais e erosivos relacionados a eustasia,
tectdnica, influxo sedimentar e clima determinem a construcdo e a evolucao
tanto das plataformas carbonéaticas como das plataformas siliciclasticas (Sarg,

1988), existe uma diferenca fundamental entre estes dois sistemas
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deposicionais: a maior sensibilidade dos organismos carbonaticos as
mudancas ambientais e climaticas.

A célebre frase de James e Kendall (1992) “Carbonates are born, not
made” resume a diferenca principal entre a sedimentacdo carbonética e a
siliciclastica. Enquanto os sedimentos siliciclasticos sao aléctones, o0s
carbonéticos sédo gerados no préprio ambiente de deposi¢cao, ou em ambientes
adjacentes, como precipitados ou elementos esqueletais de organismos.

Desta forma, os fatores que regulam a quantidade e o tipo de sedimento
disponivel para ser depositado sédo bastante diferenciados. Enquanto que para
os sedimentos siliciclasticos esses fatores s&o externos ao ambiente
deposicional, as condicbes de geracdo de sedimentos carbonéticos sao
fortemente reguladas pelas caracteristicas inerentes a massa d’agua. Tais
condicBes se resumem em: temperatura, salinidade, luminosidade, balanco de
CO,, profundidade da lamina d’agua, natureza do regime de correntes locais,
turbidez e natureza do substrato. Outro aspecto especifico dos ambientes
carbonaticos € a presenca de organismos bioconstrutores. Eles apresentam um
alto potencial de crescimento e acompanham as varia¢des relativas do nivel do
mar. Possibilitam, desta forma, a formacgéao de taludes escarpados e resistentes
a acao de ondas e deslizamentos, em funcdo da grande facilidade com que
estas rochas sdo cimentadas, tanto no fundo marinho, como em resposta a
exposicao subaérea (James & Kendall, 1992).

Os principais constituintes das rochas carbonaticas sdo as particulas
aloquimicas, a matriz e o cimento. As particulas aloquimicas, sao graos
carbonaticos originados no préprio ambiente de deposicdo ou em ambientes
adjacentes, correspondendo a:

1. Oolitos (ou ooides): os oolitos sdo graos esféricos a elipsoidais, de 0,25

a 2,00 mm de diametro, com um nucleo coberto por um ou mais

revestimentos concéntricos precipitados, e que apresentam orientagdo

radial e / ou concéntrica de cristais constituintes. Os nucleos geralmente
consistem em graos terrigenos detriticos, fragmentos esqueletais ou
pellets e peloides, e os revestimentos podem ter uma variedade de

composic¢des (Scholle & Ulmer-Scholle, 2003).
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2. Pisdlitos: os pisdlitos sdo particulas esferoidais com estrutura interna
laminada concentricamente, maiores que 2 mm e (em alguns usos) com
menos de 10 mm de diametro (Scholle & Ulmer-Scholle, 2003).

3. Oncaolitos (ou oncdides): os oncolitos sdo graos formados por acrecao
organo-sedimentar de carbonato por cianobactérias. Caracterizam-se
por possuirem envelopes descontinuos, geralmente pouco nitidos,
frequentemente com particulas aprisionadas e forma subesférica a
subeliptica.

4. Pelodides: os peldides sdo grdos de tamanho de areia com tamanho
médio de 100-500 upm, compostos de carbonato microcristalino.
Geralmente sdo arredondados ou sub-arredondados, esféricos,
elipsoidais ou tém forma irregular, e sdo internamente sem estrutura. O
termo é puramente descritivo e foi inventado por McKee e Gutschick
(1969). Comumente, correspondem a odides ou outras particulas que
foram intensamente micritizadas, perdendo sua estrutura interna original
(Scholle & Ulmer-Scholle, 2003).

5. Pellets: Os pellets sdo pequenos (tipicamente 0,03 a 0,3 mm de
comprimento) grdos esféricos a ovoides ou em forma de haste
compostos por lama carbonatica (micrita). A maioria dos pellets carece
de estrutura interna e € uniforme em tamanho e forma. S&o produtos
fecais de organismos invertebrados (Scholle & Ulmer-Scholle, 2003).

6. Intraclastos: Intraclastos sdo fragmentos de sedimentos carbonéticos
penecontemporaneos, geralmente fracamente consolidados, que foram
corroidos e redepositados, geralmente proximos, dentro da mesma
sequéncia deposicional em que se formaram (Folk, 1959 e 1962).

7. Bioclastos: os bioclastos podem ser fosseis inteiros ou fragmentos
guebrados de organismos e sao identificados como base nas suas
dimensdes e formas, microestruturas e mineralogia original (Tucker &
Wright, 1990).

A lama carbonética (micrita) corresponde a material microcristalino ou
criptocristalino que pode ser gerado pela desintegracdo de organismos,
formado por precipitacdo inorganica direta, ou ainda por atividade microbial.
Além disso, existe notavel confusdo com o uso do termo micrita na literatura

sobre depodsitos carbonaticos. Alguns dos casos referem-se de caso a
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sedimentos particulados finos depositados, enquanto outros materiais
denominados com micrita podem ter sido precipitados no fundo ou perto do
fundo marinho ou lacustre (por meio de processos organicos ou inorganicos),
ou mesmo mais tarde durante a diagénese (Scholle & Ulmer-Scholle, 2003).

A granulometria das particulas aloquimicas carbonaticas, ndo tem uma
relacéo direta com a energia do ambiente deposicional, como acontece com 0s
depositos siliciclasticos. A energia do ambiente € indicada pela presenca ou
auséncia de micrita, que s6 é depositada em situacdes de baixa energia. A
cimentacdo carbonatica ocorre principalmente onde existe um significativo
influxo de fluidos supersaturados com respeito a fase mineral precipitada nos
poros. Os minerais carbonaticos mais importantes precipitados na cimentacao
sdo aragonita, calcita magnesiana, calcita de baixo teor de magnésio e

dolomita.
3.2. Diagénese Carbonética

De acordo com uma definicdo geoquimica, a diagénese compreende um
campo de condic¢des fisicas e quimicas que controla 0os processos geoldgicos
atuantes sobre sedimentos depositados, depdsitos residuais e sobre todos os
tipos de rochas na superficie da crosta terrestre e nos primeiros milhares de
metros de profundidade, englobando, portanto, o intemperismo. Nas rochas
carbonaticas, os constituintes primarios sdo muito reativos, 0 que provoca uma
intensa diagénese precoce, ou seja, a eodiagénese é normalmente muito mais
importante que a mesodiagénese. Compreender 0s processos e produtos
diagenéticos que ocorrem nas rochas carbonaticas € essencial para a reducéo
dos riscos envolvidos na exploracdo e para a otimizacdo da producdo das
importantes acumulacdes de hidrocarbonetos que ocorrem em reservatorios
carbonéticos.

A diagénese normalmente reduz a porosidade e a permeabilidade
originais dos depdsitos carbonaticos, redistribuindo 0s espagos porosos e
alterando as caracteristicas capilares. A compreensdo dos processos
diagenéticos e dos padrdes de seus produtos é essencial para a descricdo de

reservatorios carbonaticos e a construgdo dos modelos para sua explotacao.
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A dissolucéo e a precipitacdo de carbonato de calcio séo influenciadas
pela pressdo parcial de CO,, composi¢cdo quimica e taxa de movimento dos
fluidos, tamanho cristalino, mineralogia e textura dos materiais originais, € uma
variedade de outros fatores. Segundo Longman (1980), as areas onde o0s
padrées diagenéticos sdo previsiveis e similares podem ser entendidas como
ambientes diagenéticos. Ambientes diagenéticos podem ser independentes dos
ambientes deposicionais e podem mudar ao longo do tempo. Reconhecer os
produtos diagenéticos formados nos varios ambientes diagenéticos € uma
parte importante da petrologia de rochas carbonaticas, e desempenha um

papel fundamental na previsao de distribuicdo de porosidade nessas rochas.

3.2.1. Ambientes e Processos Eodiagenéticos

Longman (1980) definiu quatro principais ambientes diagenéticos, que
sdo: o ambiente marinho freatico, 0 ambiente metedrico vadoso, o ambiente
meteorico freatico e o ambiente de mistura, além de outros ambientes
diagenéticos como o ambiente marinho vadoso. Cada um desses ambientes
pode ser dividido em varias partes com base na taxa de movimentagcédo e de

saturacao da agua em relacdo ao carbonato de calcio.
i.  Ambiente Marinho Freatico

No ambiente marinho freatico todo espaco poroso de um sedimento ou
rocha esta preenchido com agua do mar. Esse ambiente pode ser dividido em
duas zonas: (1) a zona ativa, em que 0 movimento da agua em combinacéo
com outros processos resulta em cimentacao e, (2) zona estagnante, na qual o
movimento da agua através do sedimento é relativamente lento e a cimentacao

nao ocorre, ou ocorre de forma muito restrita.

(1) Zona Ativa: na zona freatica marinha ativa a agua do mar move-se
facilmente no sedimento, resultando em cimentacdo. Os cimentos precipitados
sao, geralmente, de calcita magnesiana e aragonita. O cimento de Mg-calcita
ocorre comumente na forma microcristalina micritica ou criptocristalina
(Alexandersson, 1972; James et al, 1976; Macintyre, 1977), na forma de franjas

isbpacas ou na forma de cimento pseudo-peletoidal. O cimento de aragonita
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esta tipicamente presente como cristais fiborosos em uma variedade de texturas.
Comumente, os cristais formam franjas fibrosas isGpacas. Em alguns lugares,
podem se formar agulhas de aragonita desorientadas, jA& em recifes ocorre
comumente aragonita botrioidal. Limites poligonais entre franjas,
interestratificacdo entre cimentos e sedimentos, perfuragbes em cimentos e
grande quantidade de cimento ocorrendo na zona de arrebentacdo de ondas
sdo outros produtos tipicos dessa zona.

(2) Zona Estagnante: na zona freatica marinha estagnante os sedimentos estao
saturados com agua do mar, mas ocorre pouca cimentacdo porque a agua do
mar se move muito lentamente através dos sedimentos. Porém, pode ocorrer
cimentacdo intraparticula por Mg-calcita ou aragonita nos bioclastos. A
micritizacdo por algas, bactérias e fungos € um importante processo nessa

zona, embora também ocorra na zona freatica marinha ativa.
ii. Ambiente Metedrico Vadoso

O ambiente meteorico vadoso esta situado em &reas de exposicdo
subaérea dos materiais carbonaticos, acima da zona de saturacdo ou lencol
freatico. Tanto o ar quanto a agua estdo presentes nos poros. O ambiente
metedrico vadoso pode ser dividido em duas zonas: (1) a zona de solo, ou
zona de dissolucao, e (2) a zona de precipitacdo, ou zona de franja capilar.
Qualguer uma das zonas pode ser muito pequena em um determinado
ambiente vadoso dependendo das condicdes locais, como clima, quantidade
de vegetacédo, espessura da zona do solo e espessura da zona vadosa como
um todo. Em alguns casos, a zona de precipitacdo pode estar ausente. O limite
entre as zonas € gradacional e pode variar consideravelmente em um curto

espaco de tempo, particularmente como resultado das chuvas.

(1) Zona de Dissolucéo: a zona de dissolucdo esta no topo da zona vadosa,
mas pode prolongar-se para baixo por dezenas ou mesmo centenas de metros,
dependendo da localizacdo do lencol freatico e da rapidez com que a agua
meteorica pode se tornar saturada em relagdo ao carbonato de calcio. A taxa
de saturacdo depende da composicdo da rocha hospedeira, da taxa de

movimentacgdo da agua (que é controlada pela permeabilidade e quantidade de
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agua), da espessura da zona do solo e da pressao parcial de CO, na agua. O
principal processo diagenético na zona de dissolugdo € a dissolugdo de
carbonato de célcio (preferencialmente de aragonita, se presente), formando
poros vugulares. A dissolucdo € o resultado de dois fatores: (1) a sub-
saturacao inicial da agua da chuva em relacdo ao carbonato de célcio, em
parte devido ao CO, atmosférico, e (2) a hidrolise do CO, produzido na zona do
solo, 0 que aumenta a pressado parcial de CO, na 4gua, aumentando assim a
quantidade de carbonato de calcio que a agua pode manter em solucédo. A
cimentacdo que ocorre nesta zona € promovida pela evaporacdo e pela
atividade bioldgica, sob a forma de nédulos ou crostas de caliche. As
caracteristicas dos caliches desenvolvidos sobre depdésitos carbonaticos foram

descritas por Esteban e Klapa (1983).

(2) Zona de Precipitacdo: a medida que a agua se move através da zona de
dissolucéo, ela alcanca o ponto de saturacdo quanto ao carbonato de célcio.
Uma vez saturada, a evaporacao, o ligeiro aumento da temperatura ou a
diminuicdo da pressado parcial de CO, podem fazer com que o carbonato de
calcio precipite. A cimentacdo na zona vadosa € um processo relativamente
menor, que pode ocorrer abaixo da zona de dissolugcdo. A quantidade de
cimentacdo depende do grau de saturacdo, dos fatores que causam a
precipitacdo (por exemplo, perda de CO, do sistema), da taxa de fluxo e do
tempo. A morfologia do cimento na zona vadosa tende a refletir a distribuigao
da a&gua nos poros, podendo ocorrer em forma de meniscos entre 0s gréaos
Dunham (1971), ou como formas pendulares na parte inferior dos grdos. Os
cimentos da zona metedrica vadosa sdo compostos por calcita de baixo teor de

magnésio, comumente na forma microcristalina.

ii. Ambiente Meteb6rico Freéatico

No ambiente metedrico freatico todo o espaco poroso é preenchido com
agua metedrica contendo quantidades variaveis de carbonato dissolvido. A
geometria desse ambiente € fortemente controlada pela topografia,
precipitacdo e distribuicdo de porosidade e permeabilidade nas rochas. A
diagénese é muito complexa no ambiente meteorico freatico, devido a

variacOes das taxas de migracao de fluidos, grau de saturacédo, composicao da
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rocha hospedeira e quimica do fluido. No entanto, um ambiente metedrico
freético ideal pode ser subdividido em cinco partes caracteristicas, com base
no estado de saturacdo da agua em relacdo ao CaCOs. A entrada de 4gua a
partir do ambiente metedrico vadoso pode estar, originalmente, fortemente sub-
saturada em relacdo ao CaCOg3, mas, a medida que se desloca pelo ambiente
metedrico freatico, ficara cada vez mais saturada. Assim, o topo da zona € uma
area onde tanto a calcita quanto o aragonita sdo dissolvidas. Abaixo disso esta
uma zona onde apenas aragonita se dissolve, seguida de uma zona de
dissolucédo de aragonita penecontemporanea a precipitacdo de calcita. Ainda
mais abaixo estdo as zonas de ativa cimentacao de calcita e sem dissolucgéo, e
uma zona estagnada de pouco movimento da agua. Assim, Longman (1980)

subdividiu esse ambiente em trés zonas de dissolucdo combinadas.

(1) Zona de dissolucdo: muitas vezes a dgua metedrica passa pelo ambiente
meteorico vadoso sem se tornar saturada em CaCOs. Isso é particularmente
comum onde caminhos de permeabilidade como fraturas, vugs ou cavernas
estdo presentes. Sob o nivel freatico, a dgua metedrica continuara a dissolver
até atingir a saturacdo. Porosidade vugular ou moldica podem ser produzidas,
dependendo da mineralogia e tamanho cristalino dos componentes na rocha.
Tanto a aragonita quanto a calcita podem ser afetadas por esta dissolucdo. A
dissolucéo nesta zona produz texturas semelhantes as produzidas no ambiente
metedrico vadoso. Assim, a presenca de porosidade moéldica e vugular nao
pode ser usada como critério para distinguir o ambiente mete6rico vadoso do
ambiente metedrico freatico. No entanto, a cimentacdo que segue
frequentemente a dissolucéo, e as texturas dos cimentos produzidos nos dois

ambientes diferem significativamente.

(2) Zona Ativa: A agua que se move através do ambiente meteérico vadoso e
da zona freatica de dissolugdo torna-se saturada em relagdo ao CaCOs.
Circulacéo ativa de agua ocorre na parte superior da maioria dos ambientes
meteoricos freaticos. Cimentacdo por calcita de baixo teor de magnésio é
comum e generalizada na zona saturada ativa. Essa cimentagc&do por calcita
nao-magnesiana se da de forma rapida e abundante na forma de mosaico,

drusiforme (os cristais crescem de tamanho para o centro dos poros) e em
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franjas prismaticas. Ocorre a substituicdo completa de aragonita por calcita
eguante, assim como crescimentos sintaxiais nos equinodermos e preservacao

de pouca ou nenhuma porosidade.

(3) Zona Estagnante: nas partes mais profundas de muitos ambientes
metedricos freaticos e em muitos climas aridos, o movimento da agua € muito
lento. As aguas metedricas precipitam o excesso de carbonato de célcio
adquirido no ambiente metedrico vadoso, e atingem o equilibrio com os
sedimentos circundantes quando chegam as partes mais profundas do
ambiente metedrico freatico. Assim, ocorre pequena cimentacdo adicional. O
neomorfismo de aragonita para calcita pode ser um processo importante. A

porosidade primaria remanescente é geralmente preservada nesta zona.
iv.  Ambiente de Mistura

O limite entre os ambientes marinho freatico e meteorico freatico é
caracterizado por agua salobra, formada pela mistura de &guas doce e
salgada. Exemplos de cimentos produzidos no ambiente de mistura sao raros,
provavelmente devido a uma combinacdo de trés fatores: (1) o pequeno
volume da zona entre as areas marinhas e meteodricas freaticas mais extensas,
(2) o estado relativamente estagnado da agua e (3) a migracdo da zona, pois
ela se desloca de um lado para o outro em resposta as chuvas, mudanc¢as no
nivel do mar e assim por diante. A diagénese na zona de mistura ainda € mal
compreendida. O processo diagenético mais interessante (embora talvez ndo o
mais importante) na zona de mistura € a dolomitizacdo. A dolomitizacdo néo
ocorre em todos os ambientes da zona de mistura, mas provavelmente esta
restrita aqueles com boa circulacdo de agua. Durante a estacdo umida, a lente
de agua doce expande e desloca a zona de mistura para baixo e em direcdo ao
mar. Durante a estacdo seca, a lente de agua doce encolhe e a zona de
mistura se move no sentido oposto. Esta migracdo anual da zona de mistura
pode produzir a circulagdo necesséria para a dolomitizagdo durante um periodo
prolongado de tempo. Porém, isso depende da quantidade de magnésio
original do sedimento e do grau de remog¢do do magnésio da agua. Outros
processos diagenéticos que ocorrem na zona de mistura incluem ligeira

cimentagao, geralmente por calcita microcristalina, neomorfismo de aragonita e
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de Mg-calcita para calcita de baixo teor de magnésio, lixiviagdo de aragonita e

silicificagéo.
v. Ambiente Marinho Vadoso

No ambiente marinho vadoso os espacos porosos estdo preenchidos por
agua salgada e por ar. Devido a rapida perda de CO,, a precipitacdo de
cimentos pode ser rapida (Hanor, 1978). A cimentacdo extensiva por aragonita
e/ou Mg-calcita € comum. Os cimentos tendem a ser fibrosos ou

microcristalinos, como meniscos e em formas pendulares.
3.2.2. Processos Mesodiagenéticos

A mesodiagénese ocorre abaixo da influéncia das &aguas superficiais
(freaticas metedricas ou freaticas marinhas). Segundo Folk (1974), o ambiente
de subsuperficie € empobrecido em Mg++. Neste ambiente, ocorrem processos
de cimentacdo e compactacdo fisica (ou mecénica) e quimica. A
mesodiagénese pode reduzir a porosidade e a permeabilidade, ou pode
aumenta-las. Em geral, porém, a tendéncia é a perda progressiva de
porosidade e permeabilidade com aumento da profundidade e do tempo de
soterramento (Scholle & Sholle, 2003).

Segundo Tucker e Wright (1990), os processos de soterramento, em
particular a cimentacdo, a compactacédo e a dissolucdo por pressdo, operam
em uma gama consideravel de profundidade, pressdo e temperatura e em
fluidos de varidvel salinidade, composicdo quimica e origem. Com a
subsidéncia e o aumento da sobrecarga, sedimentos e fluidos estdo sujeitos a
aumento de temperatura e pressdo. O aumento da temperatura depende do
gradiente geotérmico e pode acelerar e favorecer algumas reacdes quimicas.
Este € particularmente o caso da precipitacdo de dolomita, para a qual alguns
fatores dos inibidores cinéticos sdo menos influentes nas temperaturas mais
elevadas. Além disso, a solubilidade da calcita diminui com o aumento da
temperatura e, portanto, ela também precipitara mais facilmente em
profundidade. Os cimentos calciticos precipitados na mesodiagénese sao,

normalmente, macrocristalinos, na forma de mosaico.
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A compactacdo € um processo fisico e quimico resultante do aumento
da pressdo de sobrecarga devido ao soterramento. A compactacdo fisica
comeca logo apdés a deposicdo, enquanto a compactacdo quimica requer
algumas centenas de metros de soterramento. A natureza original do
sedimento, em particular a quantidade de lama carbonatica e argila presentes,
e a historia diagenética precoce, especialmente o grau de cimentacdo, sdo
importantes controladores da intensidade de compactacdo e dos tipos de
estruturas compactacionais formadas (Tucker & Wright, 1990).

Os efeitos mais marcantes da compactacao fisica em sedimentos mais
finos sdo significativa perda de porosidade e reducdo consideravel na
espessura dos sedimentos ja nos primeiros poucos metros até varias dezenas
de metros de soterramento. Em sedimentos mais grossos, a compactacéo
mecanica leva a um rearranjo dos graos e fraturamento de algumas particulas,
em especial de alguns bioclastos, e de franjas de cimento precoces, e a
deformacéo ductil de grdos microcristalinos (Tucker & Wright, 1990).

A compactacdo quimica por dissolucdo por pressdo € um importante
processo que ocorre na mesodiagénese. Trés tipos de feicbes de compactacdo
quimica sdo comuns as rochas carbonaticas: 1) feicbes de dissolucdo
interparticulas, 2) filmes de segregacdo de argilas (solution-seams), e 3)
estilolitos.

As feicdes de dissolucdo interparticula por pressdo sdo geradas nos
contatos entre os graos onde as pressdes litostaticas sdo concentradas,
resultando em contatos concavo-convexos e suturados entre 0s graos.

Os solution-seams representam discretas superficies de dissolugcédo que
se estendem continuamente através dos grdos. Geralmente formam-se em
calcérios de granulacdo fina, relacionando-se a estruturas nodulares. Os
solution-seams geralmente passam entre os grdos em vez de corta-los,
estando geralmente anastomosados (Tucker & Wright, 1990).

Os estilolitos séo superficies serrilhadas de dissolugéo por pressédo, com
uma aparéncia suturada em secdo transversal. A amplitude da sutura é
geralmente maior do que os diametros dos graos. Estilolitos transectam a
fabrica da rocha, cortando grédos, cimento e matriz indiscriminadamente.
Normalmente, estdo ausentes em calcarios com mais de 5-10% de argila
(Tucker & Wright, 1990).
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A dissolucdo por pressdo de particulas carbonaticas fornece ions de
calcio e carbonato que podem ser precipitados como cimento no espago

poroso adjacente ou em outros intervalos.
3.3. Porosidade em Rochas Carbonaticas

O sistema poroso das rochas sedimentares carbonaticas € normalmente
complexo, tanto fisicamente como geneticamente. Os processos de criacdo e
modificacdo da porosidade sdo muito varidveis. Devido a intensa diagénese
que afeta as rochas carbonéticas, a porosidade final pode ou ndo estar
relacionada com o ambiente de deposicdo. Assim, grande parte do registro da
diagénese esta entrelacada com a criacdo, modificacdo e/ou obliteracdo da
porosidade. Compreender a evolugéo da porosidade dos sedimentos originais
pode contribuir para o entendimento dos eventos deposicionais e poés-
deposicionais e auxiliar na interpretacdo da histéria de interacdo entre os
depdsitos sedimentares e seus fluidos.

Trés sistemas de classificacdo da porosidade se destacam entre as
diversas propostas para as rochas carbonéticas, sendo elas: a classificagdo de
Choquette e Pray (1970), a classificacdo de Lucia (1983, 1995) e a
classificacéo de Lgngy (2006).

3.3.1. Classificacédo de Choquette e Pray (1970)

Choquette e Pray (1970) classificaram os tipos de poros em rochas
carbonédticas em trés classes, dando énfase na génese da porosidade:
porosidade seletiva quanto a fabrica, porosidade seletiva ou ndo-seletiva e
porosidade ndo-seletiva quanto a fabrica (Fig. 3). Se existe uma relacdo
especifica entre poro e os elementos da fabrica, a porosidade é seletiva, do
contrario é nao-seletiva. Ha dois tipos de selecédo quanto a fabrica: deposicional
ou diagenética. A seletividade quanto a fabrica deposicional representa
dependéncia ou dos elementos primarios ou de caracteristicas posteriores que
ainda reflitam os elementos primarios da fabrica. A porosidade deposicional é
dependente da textura, composicao e forma dos constituintes do depdsito. Ja a
seletividade quanto a fabrica diagenética apresenta dependéncia da
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localizacdo do poro quanto as caracteristicas pés-deposicionais da rocha. A
relacdo entre a porosidade e a diagénese € complexa e variavel.

Os principais elementos propostos por Choquette e Pray (1970) para a
classificacdo da porosidade em rochas carbonaticas sdo: 1) os tipos
morfolégicos basicos de poros; 2) os modificadores genéticos (processos,
direcdo ou estagio e tempo de formacdo da porosidade); 3) o tamanho dos
poros, e 4) o volume de porosidade.

Assim, essa classificacdo € um sistema descritivo e genético no qual séo
reconhecidos 15 tipos basicos de porosidade: interparticula, intraparticula,
intercristalina, moldica, fenestral, abrigo, crescimento, fratura, canal, vugular,
caverna, brecha, perfuracéo, escavacao e contracdo. Termos de modificacéo
sdo usados para caracterizar génese, tamanho, forma e abundancia de
porosidade (Fig. 4). Os modificadores genéticos envolvem (1) processo de
modificacdo (dissolucdo, cimentacdo e sedimentacéo interna), (2) direcdo ou
estagio de modificacdo (ampliado, reduzido ou preenchido) e (3) tempo de
formacdo da porosidade (primario, secundario, pré-deposicional, deposicional,
eogenética, mesogenética e telogenética). Usados com o tipo de porosidade
bésica, esses modificadores genéticos permitem uma designacdo explicita da
origem e evolucgdo da porosidade. As formas dos poros sao classificadas como
irregulares ou regulares. A escala de tamanho dos poros de forma regular tem
trés classes principais: microporos (<1/16 mm), mesoporos (1/16-4 mm), e
megaporos (4-256 mm).

Os atributos utilizados por Choquette & Pray (1970) para caracterizar 0s
15 tipos de poros foram o tamanho, a forma, a génese ou a posi¢cao em relacao
aos elementos da fabrica. Poros interparticula, intraparticula e intercristalinos,
por exemplo, sdo definidos pela posicdo em relacdo aos elementos da fabrica,
sendo o tamanho, forma e origem elementos considerados secundarios. A
porosidade de caverna € definida somente com base no tamanho. Poros
moldicos, de perfuracdo e de contragdo sdo definidos somente com base na
sua origem. Ja poros vugulares, de canal e outros sdo definidos pela

combinacéao de atributos morfolégicos e genéticos.
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Porosidades seletivas quanto a fabrica
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Figura 3. Classificacdo de Choquette e Pray (1970) dos tipos de poros em rochas
carbonéaticas. Modificado de Choquette e Pray (1970).
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TERMOS MODIFICADORES

MODIFICADORES GENETICOS MODIFICADORES DE TAMANHO*
PROCESSO [ DIRECAQ OU ESTAGIO | CLASSES mm
Dissolucéo Ampliado grande 26
Cimentacao Reduzido Megaporo 32
Sedimento interno Preenchido pequeno
4
grande
[ TEMPO DE FORMACAO | Mesoporo 1/2
pequeno
Primério 1/16
Pré-deposicional .
Deposicional Microporo para poros sub-cavernas
Secundario de forma regular
Eogenético

Mesogenético
Telogenético

MODIFICADORES DE ABUNDANCIA

Porcentagem de porosidade (15%)
PROCESSO + DIRECAQ + TEMPO ou
. L ) Razao de tipos de porosidade (1:2)
Ex.: cimento primario reduzido; ou
sedimento eogenético preenchido Razio e porcentagem (1:2) (15%)

Figura 4. Termos de modificagdo definidos por Choquette e Pray (1970). Traduzido de
Choquette e Pray (1970).

3.3.2. Classificacdo de Lucia (1983, 1995, 1999)

A classificacao proposta por Lucia (1983, 1995, 1999) tem como foco as
propriedades petrofisicas em vez da génese. Para determinar as relacées entre
a fabrica da rocha e os parametros petrofisicos, € necessario definir e
classificar o espago poroso. Para isso, ele dividiu 0 espago poroso em poros
localizados entre graos ou cristais, chamados de porosidade interparticula, e
todos os outros espacos porosos, chamados de porosidade vugular. A
porosidade vugular foi subdividida em dois grupos com base na forma como os
vugs estao interconectados: (1) os vugs que estdo interconectados somente
através da rede de poros interparticula sdo chamados de vugs separados e (2)
vugs que estdo em contato direto uns com 0s outros sdo chamados de vugs
conectados.

Os termos de tipos de poros utilizados nesta classificagcdo estédo
ilustrados na Figura 5. Embora a maioria dos termos definidos por Choquette e

Pray (1970) também sejam usados nessa classificacdo, as porosidades
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interparticula e vugular tém diferentes defini¢cdes. Lucia (1983) demonstrou que
0S espacos porosos localizados tanto entre os gréos (porosidade intergranular)
quanto entre os cristais (porosidade intercristalina) séo petrofisicamente
semelhantes e, portanto, usou o termo “interparticula" para identifica-los. A
porosidade vugular, conforme definida por Lucia (1983), é o espaco poroso que
esta dentro de graos ou cristais ou que é significativamente maior do que 0s
graos ou cristais; isto é, é todo espaco poroso que ndo € interparticula.

A base da classificacdo de Lucia é o conceito de que a distribuicdo do
tamanho dos poros, que é a distribuicdo espacial dos tamanhos de poros
dentro da rocha, controla a permeabilidade e a saturacdo, e esta relacionada a
fabrica da rocha. Para relacionar a fébrica da rocha carbonatica com a
distribuicdo do tamanho dos poros, é importante determinar se o espaco
poroso pertence a uma das trés principais classes de poros (interparticula,
vugs separados ou vugs conectados). Cada classe tem um tipo diferente de
distribuicAo de tamanho de poros e interconexdo. O tamanho dos poros
interparticula é controlado pelo tamanho e selecdo das particulas e pelo
volume de cimento interparticula. O tamanho dos poros vugulares separados
variara dependendo da origem, além de poder variar desde grandes poros de
dissolucéo até microporos dentro dos graos.

O espaco poroso de vugs separados é definido como espaco poroso que
estd 1) dentro das particulas ou € significativamente maior do que o tamanho
das particulas (geralmente >2x o tamanho de particula) e 2) interligado
somente através do espaco poroso interparticula (ou seja, sao
tridimensionalmente conectados, através da porosidade interparticula,
intercristalina ou de fratura). Os vugs separados sao tipicamente seletivos
quanto a fabrica em sua origem e, embora sua presenca aumente a porosidade
total da rocha, ela ndo aumenta significativamente a permeabilidade (Lucia,
1983). O espacgo poroso de vugs conectados € definido como espago poroso
gue (1) é significativamente maior que o tamanho das particulas e (2) forma um
sistema de poros interconectados de forma significativa. Os vugs conectados
sédo tipicamente ndo seletivos quanto a fabrica em sua origem e podem
aumentar a permeabilidade bem acima do que seria esperado para um sistema

de poros interparticula.
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Em vez de dividir as fabricas entre suportadas por graos ou suportadas
por lama, Lucia (1983) dividiu as fabricas entre as dominadas por gréos e as
dominadas por lama. Os atributos importantes das fabricas dominadas por
graos sao a presenca de porosidade intergranular aberta ou obstruida e uma
textura suportada por graos. Ja o atributo importante das fabricas dominadas
por lama é que o volume entre os grdos é preenchido com lama, mesmo que
0s graos possam se tridimensionalmente se tocar, fornecendo suporte.

Um grande desafio na avaliacdo dos reservatorios carbonaticos €
compreender a relagcdo entre os tipos de poros e a porosidade e
permeabilidade. Assim, Lucia (1983, 1995, 1999) contribuiu de forma
importante para a compreensao das relagdes de permeabilidade da porosidade

em rochas carbonaticas.
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ESPACO POROSO INTERPARTICULA

FABRICAS DOMINADAS POR GRAOS

FABRICAS DOMINADAS POR LAMA

GRAINSTONE

Calcarios §

poro intergranular
ou cimento

poro intergranular
ou cimento

Dolomitos

intercristalino

PACKSTONE

poro intergranular
ou cimento

intercristalino

Escala: 100 ym

Calcarios

micrita

Dolomitos

PACKSTONE WACKSTONE MUDSTONE

ESPACO POROSO VUGULAR

POROS VUGULARES SEPARADOS

POROS VUGULARES CONECTADOS

coe®

FABRICAS DOMINADAS FABRICAS DOMINADAS FABRICAS DOMINADAS POR GRAOS E LAMA
POR GRAOS POR LAMA
Poros Poros
Méldicos Méldicos Caverna
Poros g @ Poros
Intraféssil @ Intraféssil Brecha
O
Microfaturas
Microporosidade’ Poro's de Fenestral conectando
Intragranular abrigo e

moldicos

Figura 5. Classificacdo petrologica/petrofisica da porosidade em rochas carbonaticas
proposta por Lucia (1983, 1995). Traduzido de Lucia (2007).

3.3.3. Classificagao de Lgngy (2006)

O sistema de classificacdo proposto por Lgngy (2006) ndo sé usa
elementos de sistemas de classificacdo de poros ja existentes, como também

apresenta muitos novos elementos. A nova classifica¢éo inclui 20 classes de
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tipos de poros, que mostram uma relacdo previsivel entre porosidade e
permeabilidade (Fig. 6). Essa classificacdo combina caracteristicas
sedimentologicas e diagenéticas com propriedades relacionadas ao fluxo, e os
parametros criticos do reservatorio podem assim ser previstos usando modelos
sedimentologicos e diagenéticos. Assim, a classificagdo de Lengy (2006)
incorpora elementos da textura da rocha e do tamanho dos poros, refletindo
fabricas deposicionais e diagenéticas. Como tal, ele se baseia no importante
trabalho de Choquette e Pray (1970) e Lucia (1983, 1995, 1999). No entanto, a
nova classificagdo fornece uma melhoria significativa em relagdo aos
esquemas existentes em termos de uma melhor correlagédo de porosidade e
permeabilidade relacionadas a matriz e, portanto, para valores de corte de
porosidade e previsao de permeabilidade.

As principais diferencas entre o novo sistema de classificacdo dos tipos
de poros em rochas carbonaticas e os de Choquette e Pray (1970) e Lucia
(1983, 1995, 1999) séo as seguintes:

1. A distribuicdo de porosidade é um elemento novo e importante na
classificacao;

2. A subdivisdo de Lucia da porosidade interparticula foi parcialmente
incorporada ao novo sistema de classificacdo, mas agora € baseada no
tamanho dos poros em vez do tamanho e classificacdo do gréo;

3. As trés classes de poros interparticula de Lucia e os tipos de porosidade
interparticula e intercristalina de Choquette e Pray foram subdivididos
em 12 novas classes (6 interparticulas e 6 intercristalinas).

4. Os poros micromoéldicos e macromoldicos séo diferenciados.

5. Uma nova categoria de tipo de poro € introduzida: microporosidade de

mudstone.

O novo sistema de classificagdo baseia-se em trés elementos principais:
tipos de poros, tamanho dos poros e distribuicdo dos poros.

Séo identificados seis tipos de poros principais: interparticula,
intercristalino, vugular, intraparticula, méldico e microporosidade de mudstone.
Os cinco primeiros tipos de poros sdo quase idénticos aos definidos por

Choquette e Pray (1970), enquanto o ultimo € novo.
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Lucia (1983, 1995, 1999) percebeu que a distribuicdo do tamanho dos
poros controla a permeabilidade e esta relacionada a f4brica da rocha.
Portanto, ele usou o tamanho médio das particulas e a selecdo para diferenciar
diferentes classes de poros interparticula. O termo "particula” foi utilizado como
termo geral para grdos e cristais (Lucia, 1983). Segundo Lgngy (2006), o
tamanho médio das particulas é dificil de ser definido porque pode ser definido
pelo volume ou pelo numero de gréos. Ele também identificou outro efeito
importante no tamanho dos poros que nao foi coberto pelo sistema de
classificacdo de Lucia (1983, 1995, 1999), que € o cimento. Tanto o tamanho
das particulas como a classe ndo sao afetados pelo cimento interparticula, mas
o cimento reduzird o tamanho dos poros e as gargantas dos poros. Segundo
Longy (2006), na base do sistema de classificagdo de Lucia (1983, 1995,
1999), onde a distribuicdo do tamanho dos poros controla a permeabilidade e
esta relacionada a fabrica da rocha, esté faltando esse elemento importante.
Com base nessas consideracdes, o tamanho dos poros em vez do tamanho
das particulas foi aplicado no novo sistema de classificacdo dos tipos de poros.

A distribuicdo da porosidade é um novo elemento na classificacdo dos
tipos de poros e tem um efeito significativo nas relagbes de permeabilidade-
porosidade (também observado por Lucia et al.,, 2004a, b). A distribuicdo de
poros interparticula, poros intercristalinos e microporos de mudstone foi
classificada visualmente como uniforme ou irregular. Em porosidades
semelhantes, observa-se que uma distribuicdo de porosidade irregular produz
uma permeabilidade significativamente maior do que a distribui¢do uniforme da
porosidade. A razdo para isso € que a porosidade é concentrada em um
volume menor e o sistema de poros esta melhor conectado do que para um
volume de poro equivalente e uniformemente distribuido. Além disso, uma
distribuicdo de porosidade irregular é frequentemente relacionada a dissolucdo
secundéaria com ampliacdo de gargantas de poros, e esse processo também
favorece os poros conectados (Lgngy, 2006).

Choquette e Pray (1970) definiram porosidade interparticula como a
porosidade que ocorre entre os graos (intergranular). Lucia (1983) ampliou o
termo “interparticula” para também incluir espacos porosos entre cristais
(intercristalino). Esta redefinicdo incluiu tanto os tipos de porosidade

interparticula e intercristalina de Choquette e Pray (1970). No entanto, os
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resultados do estudo de Lgngy (2006) mostraram que as propriedades
petrofisicas dos poros intergranulares e intercristalinos sao diferentes. A
definicdo de poros interparticula de Choquette e Pray, portanto, foi aplicada no
seu novo sistema de classificacao.

Para obter uma boa relacdo de permeabilidade-porosidade, seis classes
naturais de poros interparticula sdo propostas, com base no tamanho dos
poros e na distribuicdo dos poros. Trés classes de tipos de poros foram
definidas com base no tamanho dos poros (micro-, meso- e macroporos, 10-50,
50-100 e > 100 pm, respectivamente), cada um subdividido com base em
distribuicdo de poros uniforme ou irregular.

A porosidade intercristalina é a porosidade entre cristais, que pode ser
de origem primaria ou secundaria (Choquette e Pray, 1970). Todos oS poros
intercristalinos incluidos no conjunto de dados estudados por Lgngy (2006) sédo
de origem secundaria. Os poros intercristalinos séo descritos por seis classes
de tipos de poros, com base no tamanho dos poros e na distribuicdo dos poros,
cada uma com uma relacdo de permeabilidade x porosidade distinta. Trés
classes de tipos de poros sdo definidas com base no tamanho dos poros
(micro, meso e macroporos, 10-20, 20-60 e > 60um, respectivamente). Estes,
por sua vez, sao subdivididos em distribuicdo de poros uniformes ou irregulares
para otimizar as tendéncias de melhor forma de permeabilidade-porosidade.

Os microporos de mudstone tém tamanho extremamente pequeno,
geralmente com alguns micrometros de diametro. A microporosidade de
mudstone pode ser definida como porosidade interparticula ou intercristalina.
No entanto, devido aos tamanhos de poros extremamente pequenos e a
natureza variavel (interparticula ou intercristalina), esses poros foram
classificados como uma classe de poro separada.

Os poros moéldicos sao poros secundarios formados pela dissolucéo
seletiva, completa ou parcial e recristalizacdo de grédos ou cristais. Esta
definicAo é ligeiramente modificada de Choquette e Pray (1970), incluindo
poros formados por dissolugéo parcial e recristalizagdo. Uma diferenga distinta
na solubilidade entre graos e/ou cristais e a matriz circundante é comumente
necessaria e € comumente relacionada a diferencas mineralégicas (Moore,
2001). Os poros moldicos sado divididos em duas classes com base no

tamanho: microporos moldicos e macroporos moldicos.
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Os poros intraparticula sdo espacos porosos que ocorrem dentro de
gréos, de origem primaria ou formados através da decomposi¢cdo de material
organico em bioclastos. A definicdo de porosidade intraparticula é ligeiramente
modificada de Choquette e Pray (1970), ao nao incluir a porosidade
relacionada a dissolucdo (esta porosidade faz parte do sistema de poros
moéldicos no sistema de classificacdo apresentado por Langy, 2006).

A definicdo de porosidade vugular nesta classificacdo segue a definicdo
de Choquette e Pray (1970). Os poros vugulares sdo poros de dissolucao
secundaria que sao nao seletivos quanto a fabrica. Os poros sdo de tamanho e
forma irregulares, e podem ou n&o estar interligados. A porosidade vugular
(conforme definido por Choquette e Pray, 1970) é formada pela dissolucdo de

cimento, matriz e graos.

Tipo de poro Tamanho do poro  Distribui¢do do poro Fabrica do poro
Interparticula Microporos (10-50um) Uniforme Interparticula, microporos uniformes
Irregular Interparticula, microporos irregulares
Mesoporos (50-100um) Uniforme Interparticula, mesoporos uniformes
Irregular Interparticula, mesoporos irregulares
Macroporos (>100pm) Uniforme Interparticula, macroporos uniformes
Irregular Interparticula, macroporos irregulares
Intercristalino Microporos (10-20um) Uniforme Intercristalino, microporos uniformes
Irregular Intercristalino, microporos irregulares
Mesoporos (20-60pum) Uniforme Intercristalino, mesoporos uniformes
Irregular Intercristalino, mesoporos irregulares
Macroporos (>60um) Uniforme Intercristalino, macroporos uniformes
Irregular Intercristalino, macroporos irregulares
Intraparticula Intraparticula
Méldico Microporos (<10-20pm) Microporos méldicos
Macroporos (>20-30um) Macroporos madldicos
Vugular Vugular
Microporosidade de
mudstone Microporos (<10um)

Figura 6. Sistema de classificacdo de porosidade em rochas carbonéticas proposto por
Lengy (2006), em parte baseado em Choquette e Pray (1970) e Lucia (1983, 1995,
1999). Traduzido de Lagngy (2006).

4. METODOLOGIA

4.1. Levantamento bibliografico

Foi realizada uma compilacdo da literatura referente a sedimentacéo e
evolucdo estratigrafica da Bacia de Campos, com foco na sedimentologia e
diagénese do Grupo Macaé. Além disso, foi feita uma revisdo da literatura

sobre a diagénese e porosidade em rochas carbonaticas, bem como uma
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revisdo sobre microtomografia de raios-X e perfilagem geofisica, de forma a
fornecer os subsidios necessarios para a interpretacdo dos resultados obtidos
neste trabalho.

4.2. Petrografia quantitativa

Foram quantificadas 117 laminas delgadas preparadas a partir de
amostras extraidas dos testemunhos e 29 laminas delgadas preparadas a partir
de amostras laterais, todas do poco 3-OGX-54-RJS. Quase todas as laminas
delgadas pertencem a Formacdo Quissama, mas 3 delas séo referentes a
Formacdo Outeiro. As amostras foram impregnadas com resina epoxy azul
para salientar os poros e permitir a preparacdo das laminas. As laminas foram
analisadas sistematicamente com o uso de microscopios petrograficos de luz
polarizada. A quantificacdo (analise modal) foi realizada pela contagem de 300
pontos em cada lamina ao longo de travessas perpendiculares a estrutura
principal da rocha, de acordo com o método Gazzi-Dickinson (Zuffa, 1985),
utilizando o software Petroledge® (De Ros et al., 2007) para armazenamento e
processamento dos dados petrograficos.

Através da petrografia quantitativa foi possivel a identificacdo das
texturas e fabricas, dos constituintes primarios e diagenéticos, dos tipos de
poros e das relacbes paragenéticas entre os constituintes, possibilitando a
caracterizacdo e classificacdo das rochas estudadas. Duas amostras de
folhelhos ricos em matéria organica foram descritas apenas qualitativamente. A
distincdo da composicdo dos carbonatos foi feita pelo tingimento com uma
solucéo de Alizarina e Ferricianeto de Potassio (Tucker, 1988). As amostras
quantificadas foram classificadas de acordo com Dunham (1962) e Embry &
Klovan (1971).

4.3. Fotomicrografia

Foi realizada a aquisicao de fotos digitais das principais fei¢cdes texturais,
composicionais primarias e diagenéticas e da porosidade das laminas
analisadas, para a organizacdo de uma documentacdo fotomicrografica das
amostras. Para isso, foi utilizado um microscépio petrografico Zeiss AXIO

Imager A2 com camera Zeiss AXIO cam e utilizando o software ZEN™ 2011 da
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propria Zeiss, jA com escalas adequadas para cada lente utilizada no
microscopio. As fotomicrografias foram tratadas com o programa Adobe

Photoshop para ajuste de cor.

4.4. Descrigcao do Testemunho de Sondagem

Neste trabalho foi utilizada a descricdo do testemunho de sondagem do
poco 3-OGX-54-RJS, fornecida pela Solintec - Servicos de Geologia
Integrados. A descricdo do testemunho foi feita através do software
Strataledge®, que permite descri¢bes sisteméticas de testemunhos, integrando

informacBes macroscoépicas, microscépicas e de perfilagem geofisica.
4.5. Microscopia Eletronica de Varredura

Analises de microscopia eletrébnica de varredura (MEV) por elétrons
retroespalhados (backscattered electrons — BSE) foram executadas com um
equipamento JEOL JSM-6610LV em 14 laminas delgadas polidas e cobertas
com carbono, para uma melhor visualizagdo da microporosidade, dos
diferentes sistemas porosos e da conectividade dos poros, bem como para
uma melhor definicdo das variagdes composicionais dos constituintes primarios
e diagenéticos e de suas relacdes paragenéticas. As analises de BSE
contaram com suporte de andlises semi-quantitativas da composi¢ao
mineralégica dos constituintes por espectrometria de energia dispersada
(EDS).

Foram obtidas imagens 2D dos diferentes tipos de macroporos, além da
microporosidade e da conectividade dos poros presentes nas amostras

selecionadas.

4.6. Microtomografia de Raios-X (u-CT)

A tomografia de raios-X € um método ndo destrutivo que usa raios-X
para produzir imagens tomograficas digitalizadas de uma amostra. Isso permite
que as estruturas dentro da amostra sejam estudadas sem corta-la. O processo
envolve a rotacdo de uma amostra em uma linha de feixe de raios-X enquanto

o detector coleta as projecoes (radiografias) para cada angulo. Posteriormente,
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algoritmos de reconstrucdo sdo usados para gerar uma imagem 3D da amostra
a partir das imagens radiograficas.

A microtomografia de raios-X de 5 amostras selecionadas foi executada
pelo Instituto do Petréleo e dos Recursos Naturais - PUCRS e pela Ingrain
Brazil. Foram selecionadas amostras com maior porosidade e com diferentes
sistemas porosos, para que fosse possivel a observacao da conectividade dos
poros. Assim, foram obtidas imagens 3D de amostras de duas petrofacies com

escalas de tamanho de pixel que variam de 40pm e 10.5um a 12.0um.
4.7. Perfis geofisicos e petrofisica basica

Perfis elétricos de raios gama, resistividade e sénico do poco 3-OGX-54-
RJS, executados originalmente para a OGX Petrdleo e Gés Ltda. foram
integrados as descricbes dos testemunhos. Os perfis geofisicos representam
registros visuais, em relacdo a profundidade, de uma ou mais propriedades das
rochas perfuradas em subsuperficie. Tais perfis sdo denominados de maneira
geral de perfis elétricos, independentemente do processo de medicao fisico
empregado.

O perfil de raios gama (GR) mede a radioatividade total emitida das
formacdes geoldgicas em analise, devido a presenca de is6topos instaveis em
alguns minerais e fluidos (principalmente em rochas como folhelhos, ricas em
argilominerais). E muito utilizado na identificagdo de litologias, distinguindo
principalmente materiais argilosos de n&o argilosos.

O perfil de resistividade (ILD) reflete a capacidade que as rochas ou
fluidos em dificultar a passagem de corrente elétrica. Esse parametro é
baseado no gréfico de Pickett (1973) e decresce com o aumento da
porosidade, e com a saturacdo de agua de cada intervalo. A resistividade é
medida em ohm-m (ohm-metro), pois se baseia na Lei de Ohm, que rege o
fluxo de corrente elétrica.

O perfil sénico (DT) mede a diferenca nos tempos de transito das ondas
mecanica acusticas das rochas. Assim, o perfil gerado € um registro da
profundidade versus tempo necessario para que uma onda sonora atravesse
1ft (um pé) de formacao. Essa perfilagem é muito utilizada para estimativa de

porosidade, estimativas do grau de compactacéao das rochas ou das constantes
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elasticas, correlacdo poco a poco, deteccéo de fraturas e apoio a sismica para
elaboracdo de sismogramas.

Foram fornecidas pela Agéncia Nacional do Petroleo (ANP) as analises
de petrofisica basica (porosidade e permeabilidade) originalmente executadas
para a OGX Petroleo e Gas Ltda..

A petrofisica € o estudo das propriedades das rochas e suas interacdes
com fluidos (gases, 0Oleo e solu¢des aquosas). Porosidade e permeabilidade
sdo as propriedades petrofisicas principais para o estudo de reservatorios de
petréleo. A porosidade esta relacionada com a capacidade de uma rocha em
armazenar fluidos, e é definida como a relacdo entre o volume de vazios
(espaco ndo-solido, originalmente ocupado por agua ou hidrocarbonetos) e o
volume total da rocha. A porosidade é chamada de absoluta quando
corresponde percentagem total de vazios, e de efetiva quando o volume total €
relacionado com o volume total de poros conectados entre si (Ellis et al., 2008).
A permeabilidade é a capacidade do meio poroso em conduzir fluidos, podendo
ser absoluta (fluido em uma unica fase liquida) ou relativa (dois ou mais
fluidos). A unidade utilizada é o Darcy (D), na qual a permeabilidade é

calculada utilizando a lei de Darcy.
5. SINTESE DOS RESULTADOS E INTERPRETACOES

1) O estudo integrado da caracterizacdo petrografica quantitativa e da
descricdo detalhada dos testemunhos, bem como a combinacdo de imagens
Oticas, imagens de microscopia eletrbnica de varredura e imagens
tridimensionais de microtomografia de raios-X dos carbonatos da Formacéo
Quissama (Aptiano), do grupo Macaé da Bacia de Campos, permitiu a
identificacdo dos fatores controladores da distribuicdo e da geometria da

porosidade dessas rochas.

2) A partir da caracterizagéo petrografica de 146 laminas delgadas, foi possivel
classificar as amostras em carbonaticas, hibridas e siliciclasticas. O intervalo
estudado é predominantemente composto por rochas carbonaticas. As rochas
carbonaticas predominantes sdo packstones, grainstones e rudstones. Os
packstones sdo dominantemente oncoliticos-peloidais, macicos, muito mal

selecionados a mal selecionados, localmente com estilolitos. Os grainstones séo
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predominantemente ooliticos a oncoliticos, maci¢cos, muito mal selecionados a
moderadamente selecionados, localmente fraturados ou com estilolitos. Os
rudstones sdo comumente bioclasticos e macigcos. Os principais constituintes
primarios das rochas carbonaticas compreendem gréos carbonéticos (particulas
aloguimicas), que incluem oncolitos, oolitos, intraclastos, bioclastos, peléides e

matriz carbonatica peloidal.

3) No poco analisado, sete facies deposicionais foram reconhecidas,
compreendendo: packstones peloidais (pP), moderadamente selecionados e
bioturbados, representando depdsitos de baixa energia interbarras; packstones
oncoliticos-peloidais (ocpP), muito mal selecionados e bioturbados,
representando depositos de baixa energia interbarras ou flancos de barras
ooliticas; packstones oncoliticos (ocP/G), muito mal selecionados e
bioturbados, representando depdsitos de energia moderada de flancos de
barras ooliticas; grainstones/packstones oncoliticos-bioclasticos (bocG/P),
bioturbados e localmente com estratificacdo cruzada, representando depdsitos
de energia moderada de barras bioclasticas; grainstones/packstones
bioclasticos (bG/P), mal selecionados, bioturbados e localmente com
estratificacdo cruzada, representando depdsitos de energia alta a moderada de
barras bioclasticas; rudstones bioclasticos (bR), mal selecionados, bioturbados
e localmente com estratificacdo cruzada, representando depoésitos de energia
alta a moderada de barras bioclasticas; e grainstones ooliticos (ocoG), mal
selecionados, bioturbados e localmente com estratificagdo cruzada,
representando depdsitos de energia alta a moderada de flancos de barras
ooliticas.

4) Calcita é o constituinte diagenético mais abundante e a cimentacdo por
calcita é o principal processo responsavel pela perda de porosidade primaria
nas amostras analisadas. No entanto, a presenca de matriz peloidal ja havia
limitado significativamente a porosidade primaria desses depdésitos. Portanto, a
textura deposicional exerceu um grande controle sobre a porosidade primaria
nestas rochas. A compactacdo mecanica, observada pelo fraturamento de
bioclastos, pela deformacao plastica de particulas aloquimicas como oolitos e
oncolitos, e pelos contatos pontuais, retos e cbncavo-convexos, também

contribuiu para a redugéo da porosidade primaria.
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5) A dissolucédo das particulas aloquimicas é o principal processo de geracao
de porosidade secundéria (porosidade intraparticula, moldica e vugular) nos
carbonatos. A dissolucdo de particulas aloquimicas (principalmente de
bioclastos, oolitos e oncolitos) é abundante, promovendo a formacdo de
porosidade maldica e macro e microporosidade intraparticula. Contudo, estes
poros foram comumente preenchidos por cimento de calcita ou sdo mal
conectados, aumentando a porosidade, mas com muito pouco efeito sobre a
permeabilidade. A dissolucdo das particulas aloquimicas promoveu localmente

a formacé&o de poros vugulares, que amplificaram a porosidade interparticula.

6) Os principais processos diagenéticos que condicionaram a evolugdo da
Formacao Quissama foram: micritizacdo, cimentacado, substituicdo, dissolucao,
compactacao, recristalizacdo e dolomitizacdo. Estes processos diagenéticos
foram desenvolvidos em quatro ambientes diagenéticos diferentes: marinho

fredtico, zona de mistura, metedrico freatico e mesodiagenético.

7) Nove petrofacies de reservatério foram separadas de acordo com o0s
atributos de maior impacto na porosidade e permeabilidade, incluindo:
composicao, estrutura e textura primarias e principais processos diagenéticos.
A porosidade intergranular foi considerada o principal parametro definidor das
petrofacies, sendo a cimentacdo de calcita o principal processo diagenético de
reducdo de porosidade. Essas foram agrupadas em associacfes de petrofacies

segundo a sua qualidade como reservatério: média, ruim e nao reservatério.

8) A microporosidade, bem como a porosidade intraparticula e méldica, sé&o
importantes nas amostras estudadas, gerando um aumento significativo na
porosidade, porém com pouco efeito na permeabilidade devido a sua fraca
conexdo. Portanto, a permeabilidade é controlada principalmente pela forma,
conectividade e distribuicAo dos macroporos, principalmente 0s poros
interparticulas. Os sistemas de poros apresentam conectividade
predominantemente baixa, devido aos efeitos combinados de textura
deposicional (principalmente a presenca de matriz peloidal) e processos
diagenéticos (principalmente cimentagdo de calcita), que exerceram um grande
controle na reducdo da porosidade primaria e, consequentemente, na

qualidade limitada de os reservatorios.
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9) O perfil sbnico, que é comumente utilizado para estimativa de porosidade,
sofreu um aumento na petrofacies rudstone bioclastico (RUD bio). Isso
corrobora que essa petrofacies seja considerada a petrofacies de reservatorio

mais porosa entre as 9 petrofacies definidas no poco estudado.

10) As analises de microtomografia de raios-X, a petrografia sistematica e a
porosidade e permeabilidade petrofisicas, confirmaram que a petrofacies
rudstone bioclastico (RUD bio) € a melhor petrofacies de reservatorio no
intervalo estudado, sendo, portanto, a Unica petrofacies considerada como um
reservatorio de média qualidade (porosidade média efetiva >6,5% e porosidade
interparticula média >5,5%). A substituicdo generalizada de franjas fibrosas de
aragonita por calcita (neomorfismo) e a estabilizacdo da fabrica pelo
neomorfismo precoce de bivalves aragoniticos em calcita de baixo Mg podem
ter ajudado a preservar parcialmente a porosidade interparticula desta
petrofacies. Em geral, os efeitos combinados dos processos deposicionais e
diagenéticos contribuiram para a ma qualidade dos carbonatos albianos no

poco estudado.

11) A caracterizacdo petrografica quantitativa revela que o intervalo estudado
dos carbonatos da Formacdo Quissama (Aptiano), do grupo Macaé da Bacia
de Campos, possui um complexo sistema de poros, que resulta em padrées de
porosidade e permeabilidade heterogéneos. A textura e composi¢do primaria,
bem como os processos diagenéticos tiveram uma forte influéncia na evolucao

da qualidade do reservatorio.
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ABSTRACT

Shallow water carbonates of the Quissama Formation, Macaé Group (lower
Albian) contain important petroleum accumulations in central Campos Basin,
eastern Brazil. However, this section shows heterogeneous and often limited
reservoir quality in the South of the basin. A study integrating quantitative
petrographic characterization, detailed core description, digital
photomicrographs, backscattered electrons and X-ray microtomography
images, aimed to increase the understanding of the factors controlling the
distribution and geometry of porosity in these rocks. The analyzed rocks
correspond to diverse depositional facies of high and low energy shallow marine
ramp, including oolithic-oncolithic grainstones, bioclastic rudstones, and
oncolithic-intraclastic-peloidal packstones, as well as hybrid siliciclastic-
carbonate arenites and dolostones. Nine reservoir petrofacies were defined
according to the attributes of strongest impact on porosity and permeability,
including depositional structure and texture, primary composition, and main
diagenetic processes, which were grouped in petrofacies associations medium
and poor no reservoir quality, and non-reservoirs. Their eodiagenetic evolution
involved intense micritization and incipient cementation under stagnant marine
phreatic conditions, limited dolomitization due to mixing with meteoric waters,
dissolution of oncoliths and bioclasts, neomorphism and drusiform cementation
by non-Mg calcite under meteoric phreatic conditions. During burial, interparticle
chemical compaction and limited stylolitization, and cementation by blocky
calcite, subordinately by barite, anhydrite, quartz and pyrite occurred. These
diagenetic changes generated complex pore systems, combining dominantly
intraparticle and moldic pores generated by the partial or total dissolution of
bioclasts, ooliths and oncoliths, as interparticle porosity was reduced by
cementation and compaction. Fracture, channel and vugular pores generated
by dissolution have little volume expression, though locally important for the
connectivity of pore systems and for permeability. Intercrystalline pores are
important only where dolomitization was most expressive. Fabric-selective
pores (sensu Choquette & Pray) dominate the pore systems of grainstones and
rudstones. The importance of the porosity generated by allochems dissolution is

reflected by the predominance of unconnected vugular pore systems type
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(sensu Lucia), or moldic type (sensu Lgngy), in relation to the interparticle type.
Micropores generated by partial dissolution of ooliths and oncoliths constitute
the main part of the porosity of some samples with expressive interparticle
cementation. This study showed that the Albian carbonates of southern
Campos Basin have complex pore systems with heterogeneous porosity and
permeability patterns. Primary texture and composition, as well as the
diagenetic processes, had great influence on the quality evolution of these

deposits.

Key-words: Campos Basin, carbonates, diagenesis, porosity, reservoirs.
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1. INTRODUCTION

Carbonate reservoir rocks contain most of the most important petroleum
accumulations worldwide. Nearly half the world’s oil reserves and most of the
giant petroleum accumulations occur in carbonate reservoirs, which commonly
exhibit highly variable depositional facies, diagenesis and pore systems (Moore,
2001).

According to the National Petroleum Agency (ANP, 2018), the Campos
Basin is one the most prolific Brazilian basins, corresponding to 45% of oil and
19% of gas production in Brazil. In this basin, marine carbonates of the
Quissama Formation (Macaé Group, Albian) constitute important reservoirs in
the Tubardo Azul, Badejo, Garoupa, Polvo, Linguado, Congro, Tartaruga Verde
and Catua fields. The quality of these reservoirs is controlled both by
depositional facies, with the best reservoirs corresponding to porous
grainstones deposited in high energy settings (Carvalho et al., 1990), and by
diagenesis. Intense cementation obliterated the original porosity of part of the
grainstones at depths greater than 3000 meters, which exhibit a complex
diagenetic evolution.

The Quissama Formation, object of this study, presents a wide porosity
and permeability variation. These rocks include a range of depositional facies
and complex pore systems.

The main objective o this study is to characterize the geometry and the
controls exerted on the pore systems of the of the Quissam& Formation
carbonate reservoirs. For this, we used a combination of quantitative
petrography, digital polarized light images, scanning electron microscopy (SEM)
analyses in the backscattered electrons (BSE) mode, three-dimensional images
from X-ray microtomography, and conventional petrophysical analysis (porosity
and permeability). A better understanding of the genesis, evolution and
geometry of the porosity of these carbonates should contribute to optimize
efficiency of production from these reservoirs in the Campos Basin, as well as

for the exploration of similar reservoirs.

2. GEOLOGICAL SETTING



58

The Campos Basin is located at the eastern Brazilian margin, along the
north coast of the Rio de Janeiro State and south of the Espirito Santo State. It
is bordered to the north by the Vitéria Arch, which separates it from the Espirito
Santo Basin, and to the south by the Cabo Frio Arch, which separates it from
the Santos Basin (Fig. 1). The basin covers an area of approximately 100,000
km?, with only a small onshore area (5,800 km?).

The exploration well 3-OGX-54-RJS, focus of the study, was drilled near
to Tubardo Azul Field, in the southern portion of the Campos Basin.

Figure 1. Location map of the main oilfields from the Campos Basin, with the studied
well. Modified from Bruhn et al. (2003).

The basin was formed in Early Cretaceous as a consequence of
Gondwana breakup, when the South American and African plates were
separated by a rift system that propagated from south to north. The breakup led
to the formation of several rifts with different timing and fillings, often with
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basaltic floods in the onset, culminating with crustal rupture and expansion of
the ocean floor (Milani and Thomaz Filho, 2000).

The tectonic and stratigraphic evolution of the Campos Basin was
subdivided by Winter et al. (2007) in three supersequences, nhamed: Rift, Post-
Rift and Drift.

According to Chang et al. (1990), the Campos Basin presents two distinct
tectonic styles: diastrophic tectonic, that affects the sediments of the rift phase,
and adiastrophic tectonic, related to the salt tectonics, that acts on the
sediments of the transitional and drift phases.

The major rift phase structures were formed in NE direction, parallel to
the main alignments of the adjacent basement (Dias et al., 1990). The rift
section presents a tectonic pattern of horsts, grabens and half-grabens,
elongated in the NE direction, and limited by synthetic and antithetic faults.
Some subordinate faults occur in the NNW-SSE and E-W directions. An
important unconformity of Aptian age, known as Pre-Alagoas unconformity,
separates the tectonic pattern of the rift phase from the post-rift phase pattern.

The tectonic pattern of the post-rift phase is characterized mainly by salt
flow related faults with listric geometry, associated anticlines and gutters, salt
domes and diapirs.

The drift supersequence, in which the Quissama Formation is inserted,
comprises the sediments formed in a transgressive marine environment,
starting from the Middle Cretaceous (Albian), and deposited under a thermal
subsidence regime associated with adiastrophic tectonism (Winter et al., 2007).
The transgression resulted in the deposition of a thick wedge of siliciclastic and
carbonate shallow platform sediments, deeper marine calcilutites, marls and
shales (Winter et al., 2007). The drift supersequence started during the Albian
with the formation of a carbonate-clastic ramp of the Macaé Group, under a hot
and dry climate, accompanying an eustatic elevation of the sea level. The
Macaé Group constitutes the lower portion of the post-salt sequence, and
represents the installation of marine conditions in Campos Basin, with the
carbonate deposition under shallow marine conditions, hot and restricted. It is
composed of the Goitacas, Quissama, Outeiro, Imbetiba and Namorado

Formations. The shallow water, high energy calcarenites of the Quissama
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Formation (Eo-Albian) were covered by the calcilutites, marls and shales of the
Outeiro Formation (Neo-Albian/Turonian).
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Figure 2. Chronostratigraphic chart of the Campos Basin, with the interval of the
Quissama Formation highlighted. Modified from Winter et al. (2007).

The sedimentation of Quissama Formation (Fig. 2) occurred in a
carbonate ramp inclined to E-NE (Esteves et al.,, 1987; Spadini et al., 1988;
Dias et al., 1990; Robaina et al., 1991). The Quissama Formation is informally
divided into two sequences (Esteves et al.,, 1987; Spadini et al., 1988). The
basal sequence, corresponds to the sequence | of Esteves et al. (1987) and the
Blzios Member of Winter et al. (2007). According to Winter et al. (2007), the
Blzios Member (Eo-Albian) comprises dolomites with a complex porous system
involving fractures, vugs and caves. These rocks occur preferentially in the
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southern and central portions of Campos Basin, thinning towards the deeper,
more distal portions of the basin, where they are absent.

The Buzios Member dolomites are products of the early diagenesis of
shallow water basal carbonates of Quissama Formation. Magnesium-rich
solutions that percolated these basal sediments resulted in a range of textures,
with different values of porosity/permeability. The dolomites are interdigitated
both with limestones of the Quissama Formation and with siliciclastics of the
Goitacas Formation.

The upper portion of the Quissamad Formation corresponds to the
sequence Il of Esteves et al. (1987). This sequence was deposited as banks of
carbonate sands elongated in NE-SW direction. A variety of facies,
corresponding predominantly to grainstones and packstones, are stacked in
shallowing-upward cycles (Falkenhein et al., 1981; Guardado et al. 1989).
These rocks are composed of oncoids, ooids, peloids and bioclasts, deposited
under paleobatimetric conditions shallower than 50 meters (Koutsoukos & Dias-
Brito, 1987; Spadini et al., 1988).

According to Spadini and Marcal (2005), the Albian carbonate reservoirs
generally show high porosity and wide permeability variation, covering a wide
range of depositional facies and containing complex pore systems. The high
permeabilities correspond to rocks with good preservation of depositional
interparticle porosity, while rocks with low permeabilities normally show a
predominance of microporosity The discovery of oil in the Albian carbonate
rocks of the Quissama Formation in the 70’smarks the beginning of Campos

Basin exploration success.

3. METHODS

Petrographic modal analysis was performed in 117 thin sections
prepared from core samples, and 29 thin sections prepared from sidewall
samples from 3-OGX-54-RJS well. All but 3 samples taken from the Outeiro
Formation are from the Quissama Formation. The samples were impregnated
with blue epoxy resin before sectioning, and the thin sections were stained with
a solution of alizarine red S and potassium ferrocyanide (Tucker, 1988) for

identification of the carbonate minerals. The sections were systematically
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analyzed using polarized petrographic microscopes and the Petroledge®
software (De Ros et al., 2007). The quantification was performed by counting
300 points per thin section, following transects perpendicular to the lamination
or grain orientation. The quantitative petrography aimed at the systematic
characterization of the types, textural aspects, habits, locations and paragenetic
relations of primary and diagenetic constituents, and pore types. The quantified
samples were classified according to Dunham (1962) and Embry & Klovan
(1971). Digital photomicrographs of the main structural, textural and
compositional features of primary and diagenetic constituents, and pore types of
the analyzed thin sections were systematically recorded.

A sequential description of the cores from 3-OGX-54-RJS well, provided
by Solintec - Servicos de Geologia Integrados, was used in this work. The
description was performed using the Strataledge® software, which allows
systematic description of drill cores, integrating macroscopic observations with
geophysical logs and petrographic information.

Scanning electron microscopy (SEM) analyses in the backscattered
electrons (BSE) mode were performed on 14 selected, polished and carbon-
coated thin sections for a detailed visualization of microporosity, pore system
geometry and connectivity, as well as for enhancing the definition of the
paragenetic relations among primary and diagenetic constituents. These
analyses were performed with a JEOL JSM-6610LV electron microscope
equipped with a Brucker energy dispersive spectrometer (EDS), for the
identification of the elemental composition of the constituents. 2D images of
different macropores types were recorded, as well as images of the
microporosity and pores connectivity present in the selected samples.

Classical petrographical techniques provide a detailed view of the
diagenetic phases and history, but limit the observations to two dimensions. X-
ray microtomography (U-CT) based 3D visualization of a rock sample allows
understanding the spatial relationship (on a plug scale) of the different
diagenetic phases and permits a more adequate quantification of the pore
space and petrophysical properties (Nader et al., 2013).

X-ray microtomography of 5 selected samples was executed by Institute

of Petroleum and Natural Resources - PUCRS and by Ingrain Brazil. Samples
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with higher petrographic porosity and with different porous systems were
selected so that the pores geometry and connectivity could be observed.

The p-CT images were obtained using a Skyscan 1173 scanner. This
device consists of a micro focus X-ray source operated at 130kV and 61pA. In
these samples, the pixel size range varied from 40um and 10.5pum to 12um.
The samples were analyzed using filters of brass of 0.25mm in order to correct
beam hardening effects. During the acquisition, the object under-goes a 360
rotation process, with a fixed rotation step (0.3 degree). At each angular
position, a transmission image is acquired. The cone beam acquisition saves all
these projection images as 16bit TIFF files on the hard disk. When the
acquisition is finished, the reconstruction can be started. A 3D cone beam
reconstruction algorithm, such as Feldkamp et al. (1984), is used in order to
take into account the thickness of the object. When the reconstruction is
finished, an image will be generated and the 3D image will be created. The
porosity estimate is performed using the image treatment software CTAn®. The
two-dimensional image under-goes a treatment procedure where the region of
interest (ROI) in the rocks is appointed. The image is then binarized in
grayscale and the determination of the optimal threshold is carried out. The
porosity is estimated based on the 3D analysis of a binary image corresponding
to the volume of binarized pores found in the sample.

The porosity values obtained from p-CT analyses was smaller than
petrographic and petrophysical analyses. According Reis Neto et al. (2011), the
limitation in porosity analysis by p-CT is the resolution reached in the sample,
which may not reach the smallest pore size. If the resolution is not sufficient,
this may make the portion of individualization (binarization) of the pores in the
image difficult. Another hypothesis that may explain these smaller porosity
values obtained through the p-CT analyses is the sample size, which may not
represent the total sample size very well. Due to these limitations, we disregard
the porosity values obtained through microtomography.

Geophysical gamma ray, resistivity and sonic logs of 3-OGX-54-RJS
well, originally executed for OGX Petroleo e Gas Ltda. were integrated with the
descriptions of the samples. Results of conventional petrophysical analyses
(porosity and permeability), originally performed for OGX Petroleo e Gas Ltda.,

were provided by the National Petroleum Agency (ANP).
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Reservoir petrofacies were defined according the concept of De Ros and
Goldberg (2007) through the identification of the main primary attributes (such
as depositional structure, texture, fabric and major primary compositional
constituents), and diagenetic processes that controlled the distribution of
porosity.

In order to understand better the primary parameters controlling the
geometry and distribution of porosity in the studied section and their effects on
reservoir quality, depositional facies were interpreted from the cores description,
and integrated with the petrographic descriptions. The integration between the
cores description provide by Solintec, with modal petrography results, 2D and
3D images, geophysical logs and petrophysical analyses allowed an improved
understanding of the factors controlling the origin, evolution, geometry and

distribution of porosity in the Quissama Formation.
4. PRIMARY COMPOSITION AND TEXTURE

The primary composition of the analyzed samples includes carbonate
and siliciclastic constituents. Most of the analyzed samples were classified as
carbonate rocks, but siliciclastic and hybrid rocks were also classified, based on
the relative proportion among total carbonate intrabasinal constituents
(allochems), total non-carbonate extrabasinal non-coeval (siliciclastic)
constituents, and total non-carbonate intrabasinal coeval constituents (Zuffa,
1980; 1985).

The main constituents (Table 1) comprise carbonate grains (allochems),
including oncoids (oncoliths), ooids (ooliths), intraclasts, bioclasts, peloids, and
peloidal carbonate matrix.

Oncoliths are the most abundant allochems in the analyzed rocks (Fig.
3A, 3B), varying in size from 0.5 to 9 mm, with spherical to oval shape and
commonly irregular cryptocrystalline envelopes, showing total to partial
micritization, and cores composed of peloids, bioclasts, feldspars or quartz.
Dissolution of cores and envelopes and generation of microporosity are also
commonly observed. Ooliths (Fig. 3C) are sub-spherical to spherical, commonly
micritized, rarely recrystallized, varying in size from 0.2 to 2 mm, with modal

size of coarse sand to very coarse sand. Ooliths cores were composed of
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peloids, feldspars or quartz. Total to partial dissolution of cores and
microporosity are also characteristic of ooliths.

The carbonate intraclasts occur as different types. Microbial carbonate
intraclasts (Fig. 3D) present microcrystalline texture, with lumpy or pseudo-
peloidal (clotted) textures indicative of biomineralization of microbial colonies,
probably of cyanobacteria (Burne & Moore, 1987; Riding, 2000). Some
microbial intraclasts show Girvanella-like, well developed tubular structure,.
Irregular intraclasts correspond to agglomerate oncoliths and composite ooliths.
Carbonate sand intraclasts are generally formed by oncoliths, ooliths, peloids
and bioclasts. Spherulitic carbonate intraclasts are rare. Some carbonate
intraclasts could not be identified because of their intense micritization and
fracturing.

The bioclasts show a low diversity. The main carbonate bioclasts
comprise bivalves, echinoids and gastropods. The bivalve bioclasts (Fig. 3E),
show a wide variety of size, and are almost always disarticulated, and are often
dissolved and filled in by blocky or drusiform calcite cement, or recrystallized,
and commonly micritized. The echinoids are almost always micritized and
showing syntaxial overgrowth. The gastropods (Fig. 3E) are always dissolved
and filled in by blocky or drusiform calcite cement, and commonly also
micritized. Other much less common carbonate bioclasts include planktonic,
milliolid and other benthic foraminifers, ostracods, crustaceans, annelids and
green algae, all commonly micritized. Many bioclasts and other allochems could
not be identified because of their intense micritization and dissolution.

Spherical or ovoidal peloids with cryptocrystalline homogeneous internal
texture occur predominantly with very fine sand to fine sand size. A carbonate
matrix made of silt-sized, commonly densely packed, peloids, occurs in several
samples (Fig. 3A), in places exhibiting a clotted fabric.

Siliciclastic grains, including quartz, feldspars, micas, and heavy
minerals, are generally scarce in the samples. Quartz grains are
monocrystalline, commonly subrounded, and orthoclase predominate among
the feldspars. Micas are mostly represented by muscovite and piritized biotite,
and amphiboles predominate among the heavy minerals.

The carbonate rocks from Quissamé& Formation include packstones,

grainstones, rudstones and dolostones (sensu Dunham, 1962; Embry & Klovan,
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1971). The packstones (Fig. 3A) are dominantly oncolitic-peloidal, massive,
very poorly-sorted to poorly sorted, sometimes with stylolites. The grainstones
(Fig. 3B, 3C) are predominantly oolitic to oncolitic, massive, very poorly-sorted
to moderately-sorted, sometimes fractured or with stylolites. The rudstones (Fig.
3E) are commonly bioclastic and massive.

A few of the analyzed samples correspond to hybrid arenites (sensu
Zuffa, 1980) constituted by 1/3 to 2/3 of clastic grains (Fig. 3F). These hybrid
arenites are constituted by quartz, predominantly monocrystalline, feldspars,
predominantly orthoclase, and micas, predominantly muscovite, and are
extensively dolomitized. The feldspars are commonly dissolved. These rocks
often present inter- and intracrystalline porosity.

The rocks from Outeiro Formation are relatively scarce, being sidewall
samples, which include micritic calcirudite (Mod. Grabau, 1904; Folk, 1959) and
shale. A micritic calcirrudite is composed by microcrystalline carbonate
intraclasts, marl matrix and bivalve and echinoid bioclasts. Spherulitic carbonate
intraclasts, phosphatic bioclasts, and quartz and muscovite grains are rare. The
siliciclastic mud matrix of the shale is rich in amorphous organic matter,

replaced by dolomite and pyrite, and presents irregular lamination.

Table 1. Maximum and average values of main primary constituents.

Primary main constituents Maximum  Average
(%) (%)
Total carbonate allochems 77.35 52.8
Total carbonate bioclasts 30.3 7.3
Bivalve bioclasts 26.0 3.0
Echinoids bioclasts 8.0 1.6
Gastropods bioclasts 4.0 <1
Other carbonate bioclasts 2.0 <1
Undifferentiated micritized carbonate bioclasts 12.7 2.1
Total carbonate ooids 51.3 24.1
Carbonate oncoliths 32.7 16.4
Carbonate ooliths 46.0 7.7
Total carbonate intraclasts 39.0 13.5
Microbial carbonate intraclasts 33.7 1.8
Other carbonate intraclasts 36.3 <1
Agglomerate oncoliths 29.0 6.3
Composite ooliths 19.0 2,4
Undifferentiated carbonate intraclasts 17.7 2.3
Carbonate peloids 50.7 7.8
Undifferentiated allochems 5.0 <1
Peloidal carbonate matrix 30.3 3.2
Marl matrix 21.3 <1




Phosphatic bioclasts <1 <1
Carbonaceous fragments 4.0 <1
Amorphous organic matter 5.7 <1
Glauconite grains <1 <1
Total siliciclastic grains 20.7 2.9
Monocrystalline quartz grains 10.7 1.9
Microcline grains 2.3 <1
Orthoclase grains 3.0 <1
Plagioclase grains <1 <1
Undifferentiated feldspar grains 2.3 <1
Muscovite 6.7 <1
Biotite 1.3 <1
Detrital heavy minerals <1 <1
Clay peloids <1 <1
Syn-depositional siliciclastic mud matrix 92.5 1.0
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Figure 3. Photomicrographs of main textural, compositional and rock types of analyzed
samples. A) Oncolitic-peloidal packstone with peloidal carbonate matrix (yellow arrow)
and micritized oncoliths, locally cemented by calcite. 3342.86. Uncrossed polarizers
(/IP). B) Incipiently stylolitized oncolitic grainstone, made of extensively micritized
oncoliths. 3360.89. (//P). C) Oolitic grainstone, with partially micritized ooliths, and
partially-cemented interparticle porosity. 3352.54. (//P). D) Microbial carbonate
intraclast with pseudo-peloidal (clotted) texture indicative of biomineralization of
microbial colonies, probably of cyanobacteria in oncolitic packstone. 3340.40. (//P). E)
Bioclastic rudstone, made of bivalve (red arrows) and gastropod (yellow arrow)
bioclasts, and other bioclasts (probably bivalves) dissolved and filled in by calcite.
3354.79. (//P). F) Extensively dolomitized hybrid arenite. 3428.00. Crossed polarizers
(XP).

5. DIAGENETIC PROCESSES AND PRODUCTS

The main diagenetic constituents occurring in the analyzed samples are
calcite, dolomite, pyrite and kaolin. Anhydrite, barite, chlorite, quartz and
bitumen occur in small amounts.

The main diagenetic processes that conditioned the evolution of the
Quissama Formation were: micritization, cementation, replacement, dissolution,

compaction, recrystallization and dolomitization.

5.1. Micritization

Micritization occurs due to the action of endolithic algae, fungi and
bacteria, which promote microborings in bioclasts and other allochems, mostly
under stagnant conditions, leading to the partial to total alteration of the internal
structure of the grains (Tucker and Wright, 1990). The micritization was quite
intense in the studied limestones, causing total or partial modification of the
internal structure of the oncoliths, ooliths and bioclasts, often making it difficult
to recognize their original structure (Fig. 3A, 3B, 3C, 4A). Partial micritization
affected the surface of bioclasts, resulting in cryptocrystalline envelopes

marking their margins (Fig. 4A).

5.2. Cementation and Replacement

5.2.1. Cementation and replacement by calcite
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Calcite is the main diagenetic mineral present in the studied samples,
occurring in the limestones and hybrid arenites with a non-ferroan composition.
Calcite occurs mainly in the interstitial space and occupying intraparticle or
moldic pores created by the dissolution of framework grains, and subordinately
filling fractures or vugs (Table 2). Calcite occurs dominantly with fine calcite
mosaic habit, and less commonly with blocky (euhedral), microcrystalline,
macrocrystalline (anhedral), and drusiform habits, or as syntaxial overgrowths
on echinoids (Fig. 4B), rarely with poikilotopic or spherulitic habits.

In the limestones, fine mosaic calcite occurs dominantly filling
interparticle pores (Fig. 4C) and intraparticle pores formed by dissolution of
bioclasts, intraclasts, ooliths and oncoliths (Fig. 4C). Less commonly, fine
calcite mosaic occurs filling moldic and vuggy pores, fractures cutting individual
particles or the rock, and expanding biotite and muscovite. Blocky calcite occurs
dominantly filling interparticle pores (Fig. 4D) and intraparticle pores formed by
dissolution of bioclasts, intraclasts, ooliths and oncoliths, and covering
continuously to discontinuously the allochems. The rimming of allochems by
blocky calcite may have been produced by replacement of aragonite or Mg-
calcite rims (Fig. 4E). Less commonly, blocky calcite occurs filling or
surrounding intraparticle, moldic and vuggy pores, and fractures cutting
individual particles or the rock. Microcrystalline calcite that occurs mainly
covering continuously to discontinuously the allochems may have replaced
aragonite rims or Mg-calcite rims. Microcrystalline calcite also fills or surrounds
intraparticle pores formed by dissolution of bioclasts, intraclasts, ooliths and
oncoliths, and less commonly fractures and interparticle pores, and expands
biotite and muscovite. Macrocrystalline calcite occurs replacing and filling
intraparticle and moldic pores formed by dissolution of bioclasts, intraclasts,
ooliths, oncoliths and other allochems, and also filling fractures and interparticle
pores. Drusiform calcite occurs only filling intraparticle pores formed by
dissolution of bioclasts, ooliths, oncoliths and intraclasts. Spherulitic calcite is
rare and occurs replacing ooliths and bioclasts. Poikilotopic calcite is also rare,
and occurs locally filling interparticle pores.

In the hybrid arenites, blocky calcite occurs replacing allochems and

filling moldic pores. Macrocrystalline calcite replaces allochems and other
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grains, dolomite and kaolin, and also fills intraparticle and moldic pores formed

by dissolution of undifferentiated allochems.
5.2.2 Cementation and replacement by dolomite / Dolomitization

Dolomite is much less common than calcite in the studied limestones and
hybrid arenites. Dolomite occurs mainly occupying framework space, and rarely
filling interstitial space or fractures and vugs (Table 2). Dolomite occurs
dominantly with blocky habit, and less commonly with microcrystalline, rarely
macrocrystalline and saddle habits.

In the limestones, blocky dolomite occurs replacing totally or partially
intraclasts, ooliths, other allochems and grains (Fig. 5A), and also filling
intraparticle pores formed by dissolution of ooliths and oncoliths (Fig. 4F), and
interparticle, moldic and vugular pores and fractures, expanding biotite (Fig. 5A)
and muscovite, partially filling interparticle pores as discrete crystals, and
engulfing and replacing calcite. Microcrystalline dolomite mainly replaces
intraclasts, ooliths, other allochems, and marly matrix. Macrocrystalline
(anhedral) dolomite replaces ooliths, intraclasts and other allochems, and fills
interparticle pores. Saddle dolomite occurs partially filling interparticle pores
(Fig. 5B), replacing allochems, and filling intraparticle pores formed by
dissolution of intraclasts and oncoliths.

In the hybrid arenites, blocky dolomite occurs replacing kaolin, allochems
and other grains, expanding biotite and muscovite, and filling interparticle,
fracture, and moldic pores. Microcrystalline dolomite occurs only replacing
intraclasts and undifferentiated allochems. Macrocrystalline dolomite replaces

undifferentiated allochems and fills interparticle pores.
5.2.3 Cementation and replacement by pyrite

Pyrite occurs in the limestones and hybrid arenites mainly replacing the
framework grains, and less commonly filling interstitial space, filling fractures
and vugs (Table 2). Pyrite occurs dominantly with microcrystalline habit, and
less commonly with framboidal, blocky and macrocrystalline habits.

In the limestones, microcrystalline pyrite occurs replacing grains (mainly

biotite; Fig. 5A), intraclasts, other allochems, carbonaceous organic matter, and
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locally marly matrix and filling interparticle, moldic, vugular and fracture pores,
being engulfed by dolomite or calcite. Framboidal pyrite replaces siliciclastic
grains (mainly biotite), intraclasts, undifferentiated allochems, amorphous and
carbonaceous organic matter, and marly matrix, and partially fills interparticle
pores, being engulfed by dolomite and calcite. Blocky and macrocrystalline
pyrite occurs replacing siliciclastic grains, intraclasts and other allochems and
amorphous organic matter, and also filling interparticle pores.

In the hybrid arenites, microcrystalline pyrite replaces siliciclastic grains,
allochems and amorphous organic matter, and fills fractures. Framboidal pyrite
occurs replacing biotite, allochems and organic matter, and is also engulfed by
dolomite. Blocky pyrite replaces only allochems.

5.2.4 Cementation and replacement by kaolin

Kaolin occurs in the limestones and in the hybrid arenites, mainly
replacing the framework grains, rarely filling interstitial spaces or fractures,
channels and vugs (Table 2).

In the limestones, lamellar kaolin occurs expanding muscovite (Fig. 5D).
Booklets of kaolin occurs filling intraparticle and moldic pores formed by
dissolution of oncoliths (Fig. 5E), ooliths, bioclasts, intraclasts and other
allochems, and also filling interparticle, vugular, fracture and channel pores, and
replacing feldspars.

In the hybrid arenites, lamellar kaolin expands muscovite. Kaolin booklets
replace feldspars, fill fractures and moldic pores formed by dissolution of

feldspars, allochems and undifferentiated primary constituents (Fig. 5F).

5.2.5 Cementation and replacement by other diagenetic constituents

Other diagenetic constituents occurring in the limestones include
anhydrite, barite, chlorite, quartz, bitumen, and carbonate pseudomatrix (Table
2), and were rarely observed. Macrocrystalline anhydrite replaces
undifferentiated intraclasts and other allochems, and fills interparticle pores.
Prismatic discrete crystals of barite occur replacing feldspars and dolomite, and
partially filling intraparticle and moldic pores formed by dissolution of intraclasts

and undifferentiated allochems. Chlorite sheaves occur locally, replacing
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intraclasts. Quartz occurs as macrocrystalline crystals replacing intraclasts and
other allochems, anhydrite, kaolin and dolomite, as blocky crystals replacing
intraclasts, as discrete prismatic crystals filling partially intraparticle and
intragranular pores, and as prismatic outgrowths on quartz grains. Bitumen
occurs surrounding and filling interparticle, intraparticle and vugular pores.
Carbonate pseudomatrix generated by the compaction of peloids fill interparticle
pores.

In the hybrid arenites, prismatic barite replaces dolomite, fills moldic
pores formed by dissolution of allochems and undifferentiated primary
constituents (Fig. 5F), and also fills partially intraparticle pores. Discrete
prismatic quartz crystals fill partially intragranular and interparticle pores, and
quartz outgrowths cover discontinuously quartz grains. Microcrystalline
undifferentiated diagenetic silica occurs covering discontinuously some quartz

grains.
5.3 Dissolution

Dissolution of allochems is the main process for the generation of
secondary porosity (intraparticle, moldic and vug pores) in the limestones.
Dissolution of allochems (mainly of bioclasts, ooliths and oncoliths) is very
abundant, promoting the formation of intraparticle macroporosity (Fig. 6A) and
microporosity (Fig. 6B), and moldic porosity (Fig. 6D). Commonlly intraparticle
or moldic pores created by dissolution of framework grains are filled by calcite
cement. Dissolution of allochems can also promoting vugular pores, which can
amplifies the interparticle porosity (Fig. 6F).

In the hybrid arenites, dissolution of allochems is the main process for
the generation of secondary porosity too, promoting moldic pores. Dissolution of
calcite and dolomite crystals promoting intracrystalline porosity is significant,
and dissolution of feldspars promoting moldic, vugular (Fig. 5F) and

intragranular pores is significant too.

5.4 Compaction

In the limestones was observed mechanical and chemical compaction.

Mechanical compaction is mostly observed by the fracturing of bioclasts, plastic
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deformation of soft allochems like ooliths and oncoliths, deformation of peloids,
locally promoting the formation of carbonate pseudomatrix, and point, elongated
and concavo-convex contacts. Chemical compaction was observed through the
pressure dissolution along interparticle contacts and stylolites (Fig. 3B). Solution
seams is locally significant, occurring in a few samples.

In the hybrid arenites was observed mechanical and chemical
compaction too. Mechanical compaction was observed by the deformation of
quartz and feldspars, and chemical compaction was observed through the

stylolites.
5.5 Recrystallization and neomorphism

According Tucker & Wright (1990), recrystallization, strictly, refers to
changes in crystal size without any change of mineralogy. Since many
carbonate sediments originally consist of a mixture of calcite and aragonite, the
term recrystallization cannot properly be applied to replacement textures and
neomorphism is used instead. Grainstones were the most recrystallized studied
carbonate rocks, showing significant partial recrystallization. Recrystallization of
bioclasts (mainly bivalves and gastropods) to blocky and fine calcite mosaic,
and ooliths and peloids to microcrystalline calcite are abundant. Neomorphism
occurred by replacement of aragonite or Mg-calcite rims by blocky and

microcrystalline calcite is locally significant.

Table 2. Maximum and average values of diagenetic main constituents.

Diagenetic main constituents Maximum (%) Average (%)
Total Calcite 58.0 21.2
Framework calcite 27.3 5.6
Interstitial calcite 36.3 14,8
Fracture-filling calcite 5.0 <1
Vug-filling calcite 1.3 <1
Total Dolomite 77.0 6.6
Framework dolomite 77.0 5.9
Interstitial dolomite 25.0 <1
Fracture-filling dolomite 12.3 <1
Vug-filling dolomite 1.3 <1
Total Pyrite 333 8.9
Framework pyrite 33.0 7.8
Interstitial pyrite 10.0 1.0
Fracture-filling pyrite 1.3 <1
Vug-filling pyrite <1 <1




Total Kaolin 13.0 1.7
Framework kaolin 13.0 14
Interstitial kaolin 1.0 <1
Fracture-filling kaolin 5.7 <1
Vug-channel-filling kaolin 1.7 <1
Other diagenetic constituents 16.0 <1
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Figure 4. Photomicrographs of diagenetic constituents. A) Partial micritization in the

surface portion of bivalve bioclast, resulting in a cryptocrystalline envelope (red arrow),

and intensively micritization causing total or partial modification of the internal structure

of the oncoliths and ooliths. 3367.59. Uncrossed polarizers (//P). B) Calcite syntaxial

overgrowth surrounding an echinoid bioclast. 3344.91. (//P). C) Fine calcite mosaic

filling interparticle and intraparticle pores formed by dissolution of oncoliths and

bioclasts. 3354.24. (//P). D) Blocky calcite partially filling interparticle pores. 3361.45.
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(//P). E) Blocky calcite covering the allochems (red arrow). 3373.57. (//P). 3373.29.
(/IP). F) Blocky dolomite partially filling intraparticle pore formed by partial dissolution of
oncolith (yellow arrow). 3347.13. (//P).

Figure 5. Photomicrographs of diagenetic constituents. A) Biotite partially replaced by

microcrystalline pyrite, and expanded by blocky dolomite. 3392.50. Uncrossed
polarizers (//P). B) Saddle dolomite filling interparticle pores. 3344.91. Crossed
polarizers (XP). C) Dolostone formed by total replacement of the rock by blocky
dolomite. 3445.60. (XP). D) Muscovite partially replaced and expanded by lamellar
kaolin. 3466,50. (XP). E) Kaolin booklets filling moldic pore formed by dissolution of
oncolith. 3357.59. (XP). F) Prismatic barite and kaolin booklets filling vugular pore.
3460.00. (XP).
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6. POROSITY

The pore types and systems of the studied carbonate rocks were
evaluated in relation to the systems of porosity classification of Choquette and
Pray (1970), Lucia (1983, 1995), and Langy (2006).

Most of the porosity in the analyzed samples corresponds to fabric
selective porosity sensu Choquette and Pray (1970), and less commonly to not
fabric selective porosity (Table 3). Intraparticle pores are the main fabric
selective type (Table 3), commonly from partial dissolution, mainly of bioclasts
and ooliths (Fig. 6A). Commonly, the dissolution generated microporosity,
mainly within the ooliths (Fig. 6B). The interparticle pores (Table 3) are
commonly filled by calcite cementation, which was responsible for most of
porosity reduction. In some samples, cementation occurred only as thin rims
covering the allochems (aragonite replaced by blocky and microcrystalline
calcite), and interparticle porosity was preserved (Fig. 6C). The moldic porosity
(Table 3) corresponds to pores of secondary origin originated by total
dissolution, mainly of bioclasts and oncoliths (Fig. 6D; 6E). Intragranular
porosity (Table 3) from dissolution of feldspars is insignificant. Intercrystalline
and intracrystalline porosity (Table 3), which occurs mainly in the dolostones
(Fig. 6E) and hybrid arenites, is responsible for most of the high porosity
amounts present in these facies. Pores of the not fabric selective category
correspond to rock fractures , and less commonly to grain fracture, and vugular
pores (Table 3). The latter were formed mostly by expansion of the interparticle
porosity through dissolution of allochems (Fig. 6F). Channel pores (Table 3),

formed by dissolution along fractures are volumetrically insignificant.

Table 3. Porosity of the analyzed samples classified according the Choquette and Pray
(1970) types.

Porosity types Maximum (%) Average (%)
Total not fabric selective 5.7 <1
Channel 1.7 <1
Rock fracture 4.3 <1
Grain fracture 33 <1
Vug 5.7 <1
Total fabric selective 22.6 6.3
Intercrystal 33 <1
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Interparticle 10.0 1.6
Intracrystal 6.3 <1
Intragrain 1.0 <1
Intraparticle 11.6 3.6
Moldic 11.0 <1

The porosity of the analyzed samples corresponds mainly to vuggy pore
space, and less commonly to interparticle pore space, according to Lucia
classification (1983, 1995; Table 4). Lucia (1983, 1995) subdivided the vuggy
pore space into separate-vug pores and touching-vug pores. In the Quissama
limestones, separate-vug pores are more common than touching-vug pores
(Table 4). He also subdivided the intraparticle porosity of Choquette and Pray
(1970) into intrafossil, applied only for pores within bioclasts, and intragranular
porosity, for other allochems and grains. Intragranular pores formed by partial
dissolution, mainly of ooliths (Fig. 6A) and oncoliths are the mainly separate-vug
pores indentified (Table 4). Intrafossil pores were formed by dissolution mainly
of bivalve bioclasts (Table 4). Moldic pores formed originated by total
dissolution, mainly of bioclasts and ooliths occur less commonly (Table 4;
includes the intracrystalline porosity of Choquette and Pray, 1970; Fig. 6D; 6E).
Fracture pores according to the Lucia types include fractures cutting the rock
and individual grains fracture porosity of Choquette and Pray (1970) are the
main touching-vug pores identified (Table 4). Solution-enlarged fractures,
including vug and channel porosity of Choquette and Pray (1970) are locally
significant (Fig. 6F; Table 4). The interparticle pore space according the Lucia
(1983, 1995) types includes intergranular/interparticle and intercrystalline
porosity of Choquette and Pray (1970) are commonly obliterated by calcite
cementation (Fig. 6C; 6E; Table 4).

Table 4. Porosity of the analyzed samples classified according the Lucia (1983, 1995)
types.

Porosity types Maximum (%) Average (%)
Total vuggy pore space 23.0 5.1
Total separate-vug pores 17.3 4.5
Moldic 17.3 <1
Intrafossil 5.67 <1
Intragranular 8.0 1.83
Total touching-vug pores 5.7 <1
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Fractures 4.6 <1
Solution-enlarged fractures 5.7 <1
Total interparticle pore space 10.0 1.7

The analyzed samples contain mainly moldic pores according to the
Lengy (2006) classification (including intraparticle and intragrain porosity of
Choquette and Pray, 1970; Table 5), formed by total or partial dissolution of
grains, allochems and crystals (Fig. 6A, 6D, 6E). Moldic pores are divided into
two size classes: micropores (< 10-20 ym) and macropores (> 10-30 ym). We
could perform a systematic measurement of the mean diameter, or the largest
inscribed circle. Therefore, we could not subdivide the moldic pores into
micropores and macropores. Interparticle pores of Lgngy (2006) classification
have the same definition as in Choquette and Pray (1970) classification, and
are commonly obliterated by calcite cementation (Fig. 6C; Table 5). Six natural
classes of interparticle pores are proposed by Langy (2006) for obtaining a
good permeability-porosity relationship, based on pore size and pore
distribution. Vuggy pores of Lgngy (2006; Table 5) classification have the same
definition of Choquette and Pray (1970) classification, were formed by locally
intense dissolution of allochems, combined with adjacent interparticle porosity
(Fig. 6F).

Table 5. Porosity of the analyzed samples classified according the Langy (2006) types.

Porosity types Maximum (%) Average (%)
Interparticle 10.0 1.6
Intercrystalline 33 <1
Vuggy 5.7 <1
Moldic 16.7 4.5
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Figure 6. Photomicrographs of main porosity types. A) Intraparticle porosity of
Choquette and Pray (1970), equivalent to intragranular porosity of Lucia (1983, 1995)
and moldic porosity of Langy (2006), formed by dissolution of ooliths, and interparticle
porosity reduced by cementation. 3352.54. Uncrossed polarizers (//P). B) Intraparticle
microporosity of Choquette and Pray (1970), equivalent to intragranular microporosity
of Lucia (1983, 1995), formed by dissolution of ooliths, and interparticle porosity
reduced by cementation. 3352.54. Backscattered electrons (BSE). C) Primary
interparticle porosity of Choquette and Pray (1970), Lucia (1983, 1995) and Lgngy
(2006). 3352.23. (//P). D) Moldic porosity of Choquette and Pray (1970), Lucia (1983,
1995) and Lengy (2006), originated by total dissolution of oncoliths. 3349.12. (BSE). E)
Moldic porosity of Choquette and Pray (1970), Lucia (1983, 1995) and Langy (2006),
and intercrystalline porosity of Choquette and Pray (1970) and Lengy (2006),
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equivalent to interparticle porosity of Lucia (1983, 1995) in dolostone. 3445.60. (//P). F)
Vugular porosity of Choquette and Pray (1970) and Lengy (2006), equivalent to
solution-enlarged fractures of Lucia (1983, 1995), formed by dissolution of allochems,
together with adjacent interparticle porosity. 3352.54. (//P).

7. DISCUSSION
7.1 Paragenetic Sequence

The sequence of diagenetic processes that affected the limestones of
Quissama Formation (Fig. 7) was defined based essentially on the textural
paragenetic relationships observed among the primary and diagenetic
constituents, and the porosity through quantitative optical petrography and
electron microscopy. The diagenetic processes that affected the analyzed
samples were developed in at least four different diagenetic environments:
eodiagenetic marine phreatic, mixing zone and meteoric phreatic, and

mesodiagenetic (sensu Choquette and Pray, 1970).

Diagenetic Processes/Environments | Marine Mixing Meteoric | Subsurface

Aragonite/Mg-calcite rims —_—
Micritization —
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Eodiagenesis
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Recrystallization

Kaolin

Dolomitization —

Blocky calcite —
Anhydrite ——
Barite --

Quartz - -
Interparticle pressure dissolution —
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Blocky pyrite o

Stylolitization S ——
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Figure 7. Diagenetic sequence interpreted for the analyzed limestones of Quissama

Formation.

The initial eodiagenetic alteration of the carbonate sediments occurred in
the stagnant zone of the marine phreatic environment (sensu Longman, 1980).
Under such conditions, the activity of bacteria and other microbes promoted the
micritization of allochems, ranging from intense and pervasive, as interpreted
for the peloids, to superficial, as observed in some bioclasts (mainly of bivalves
and gastropods). The authigenesis of microcrystalline and framboidal pyrite was
related to bacterial reduction of sulfate dissolved in water (Berner, 1984), which
also occurred under stagnant marine conditions. Reduction of sulfate by
bacteria generates hydrogen sulfide (H,S) and CO,. The reaction of H,S with
Fe™ from alteration of iron-magnesium minerals, such as biotite and heavy
minerals promotes pyrite precipitation. The precipitation of thin aragonite or Mg-
calcite rims around the allochems occurred in a phreatic marine environment
with active circulation (cf. Longman, 1980).

The dissolution observed in the studied rocks is probably related to the
percolation of meteoric waters resulting from sea level oscillations. The partial
to total dissolution of the allochems and feldspars generated microporosity,
moldic pores after bioclasts, ooliths and oncoliths, and enlargement the
intergranular pores. The local authigenesis of kaolinite after feldspars and micas
is probably also product of interaction with dilute meteoric waters (Worden &
Morad, 2003).

Mechanical compaction is mostly observed by the fracturing of bioclasts,
and by the plastic deformation of ooliths, oncoliths and peloids, locally
promoting the formation of carbonate pseudomatrix. The occurrence of
fracturing prior to calcite cementation suggests that mechanical compaction
started quite early.

Low Mg calcite cementation in drusiform mosaics, as syntaxial
overgrowths on echinoids, and less commonly as microcrystalline and
macrocrystalline (anhedral) habits filling interparticle, intraparticle and fracture
pores occurred in a eodiagenetic meteoric environment with active circulation.
Pervasive replacement of aragonite rims by calcite (neomorphism), and partial

allochems recrystallization probably took place under more stagnant meteoric
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conditions (Longman, 1980). A second cementation stage occurred in the
mesodiagenesis, as blocky calcite filling interparticle and intraparticle pores.

The limited dolomitization observed in the Quissama calcarenites and the
pervasive dolomitization of the Buzios Member are both apparently product of
variable dolomitization of Quissama@ Formation basal deposits during early
diagenesis (Winter et al., 2007). The dolomitization of these basal sediments
resulted in a varied range of textures, with different degrees of
porosity/permeability. The pervasive dolomitization of the Buzios Member was
probably promoted by fluids derived from the underlying Retiro Formation
evaporites. The same mechanism could be also invoked for the limited
dolomitization of the Quissama calcarenites, but another possibility would
correspond to Dorag dolomitization by the mixture of marine and meteoric
waters (Tucker & Wright, 1990).

The scarce anhydrite cementation partially filling interparticle,
intraparticle or moldic porosity from allochems dissolution is probably related to
the circulation of fluids strongly influenced by the dissolution of Retiro Formation
evaporites. Dissolved sulfate for the precipitation of barite that fills intraparticle
porosity and replaces dolomite and feldspars is probably derived from the same
source, while the barium derived from the dissolution and replacement of
feldspars. The source of silica for the late formation of macrocrystalline, blocky
and prismatic quartz is probably related to the dissolution and replacement of
feldspars.

The limited chemical compaction that affected the calcarenites during
burial evolved from interparticle pressure dissolution, progressively to
stylolitization. Blocky, replacive pyrite precipitated during burial as a result of
thermal reduction of sulfate derived from the underlying evaporites (Machel,
2001).

The sequence of diagenetic processes that affected the hybrid arenites
of Quissama Formation (Fig. 8) was also defined essentially based on the
textural paragenetic relationships observed through optical petrography and
electron microscopy. The diagenetic process affecting the analyzed samples
suggests the occurrence of at least four different diagenetic environments:
eodiagenetic marine phreatic, meteoric phreatic, mixing zone and

mesodiagenetic (sensu Choquette and Pray, 1970).
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Figure 8. Diagenetic sequence interpreted for the analyzed hybrid arenites of

Quissama Formation.

The first diagenetic process observed in the hybrid arenites occurred in a
stagnant marine phreatic environment, where microcrystalline and framboidal
pyrite were precipitated by the bacterial reduction of dissolved sulfate (Berner,
1984). Bacterial sulfate reduction generates hydrogen sulfide (H,S) and CO..
The reaction of H,S with Fe™ from the alteration of biotite and heavy minerals
promoted pyrite precipitation. Eodiagenetic dissolution of allochems, feldspars
and other grains by influx of meteoric waters generated moldic pores and
precipitated kaolinite. Also under meteoric conditions, macrocrystalline calcite
filled intraparticle and moldic pores, replaced kaolinite, allochems and other
grains. The precipitation of microcrystalline silica that covered discontinuously
some quartz grains is probably may related to the dissolution of feldspars by the
meteoric waters.

The main diagenetic process that affected the hybrid arenites was the
extensive precipitation of dolomite replacing kaolin, allochems and other grains,
expanding biotite and muscovite, and filling interparticle, fracture, and moldic
pores. The most likely mechanism for the dolomitization and dolomite
cementation of the hybrid arenites is the mixing of marine and meteoric waters
(Dorag model; Tucker & Wright, 1990), although fluids derived from the
underlying Retiro Formation evaporites could also be considered as potential
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Mg source. The generation of intracrystalline pores by dissolution of dolomite
took place under meteoric phreatic conditions.

During mesodiagenesis, a second stage of calcite precipitation occurred ,
as blocky calcite replacing allochems and filling moldic pores.

Barium for the precipitation of barite replacing dolomite and filling partially
moldic and intraparticle pores was probably sourced from the dissolution and
replacement of feldspars during burial. The silica source for the formation of
prismatic quartz crystals and prismatic outgrowths on quartz grains may be
related to late feldspar dissolution during burial. Mesodiagenetic chemical
compaction processes involved interparticle pressures dissolution and late

stylolitization.
7.2 Porosity and Permeability of Reservoir Petrofacies

The concept of reservoir petrofacies (De Ros and Goldberg, 2007) was
applied in this study to evaluate the influence of diagenesis, depositional texture
and composition on the quality of the Quissam& Formation rocks. Reservoir
petrofacies are defined by the combination of the main depositional structures,
textures, primary composition, and diagenetic processes that control porosity.
Rocks ascribed to each reservoir petrofacies should, therefore, present a
specific range of porosity and permeability, as well as characteristic log and
seismic signatures (De Ros and Goldberg, 2007).

Reservoir petrofacies were defined by the recognition of attributes with
larger impact on porosity and permeability, highlighting the main factors
affecting reservoir quality. The analyzed samples were grouped according to
texture, structure, primary composition, and main diagenetic processes affecting
the pore types and volumes. The amount of intergranular porosity was
considered the main parameter defining petrofacies, being calcite cementation
the main diagenetic process of porosity reduction.

Nine representative reservoir petrofacies were defined among the
analyzed samples from the Quissam& Formation. Two other petrofacies were
recognized in few thin sections from the Outeiro Formation. Table 6

summarizes the main petrofacies and defining parameters.
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The evolution of porosity and permeability on the studied rocks was
controlled by original fabric and composition, which conditioned the impact of
mainly eodiagenetic processes on the quality of the Quissama Formation
reservoirs.

None of the recognized petrofacies was considered of good reservoir
quality. The nine defined petrofacies (Table 6) were grouped into three
petrofacies associations, identified as: medium quality, low quality, and non-
reservoir.

The bioclastic rudstones (RUD bio) petrofacies with average effective
porosity (interconnected pores, such as fracture, vug, channel, interparticle, and
intercrystalline pores) >6.5% and average intergranular porosity >5.5% was
considered as of medium reservoir quality. Petrofacies with average effective
porosity 22.5% and average interparticle porosity >2% were considered of low
reservoir quality, comprising the peloidal to oncolitic peloidal packstones (PCK
onc pel), oolitic/oncolitic/bioclastic to oncolitic-bioclastic grainstones (GST ool
onc bio), and hybrid arenites (HYB ART) petrofacies. Lastly, non-reservoir
petrofacies include peloidal to oncolitic peloidal/intraclastic/bioclastic
packstones (PCK onc pel bio int), oolitic/oncolitic/peloidal grainstones (GST ool
onc pel), partially recrystallized grainstones (RecGST), intraclastic/oncolitic to
oncolitic bioclastic peloidal rudstones (RUD int onc bio pel), and dolostones
(DOL), presenting average effective porosity <1,5% and average interparticle
porosity <1%.

Medium reservoir quality petrofacies

Bioclastic rudstones (RUD bio) - The bioclastic rudstones are massive, very
poorly to poorly sorted, with a chaotic fabric. The main primary constituents are
bioclasts of bivalves, echinoids, and gastropods, with subordinate annelids,
ostracods, crustaceans, benthic foraminifers, and phosphatic bioclasts, as well
as peloids, microbial and undifferentiated carbonate intraclasts, and oncoliths.
The main diagenetic processes that affected these rocks were micritization,
dissolution and fracturing of bioclasts, and cementation by blocky and fine
mosaic calcite. The main pore types in bioclastic rudstones are interparticle,

intraparticle, and moldic (Fig. 9A and 9B). Interparticle pores are commonly
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distributed heterogeneously in the fabric, partially reduced by mechanical
compaction and limited cementation, and connected by large pore throats. In
some cases, however, cementation has narrowed the pore throats, decreasing
permeability. Pervasive replacement of fibrous aragonite rims by calcite
(neomorphism) (Fig. 4E) and stabilization of the fabric by early neomorphism of
aragonitic bivalves to low-Mg calcite may have helped to preserve the
interparticle porosity. Intraparticle and moldic porosity formed by dissolution of
bioclasts (mainly bivalve bioclasts) are poorly-connected, and therefore have
little effect on permeability. This petrofacies presents average effective porosity
of 6.7% (Table 6; mainly interparticle pores), average non-effective porosity
(non-connected pores, such as intraparticle, intragranular, intracrystalline, and
moldic pores) of 9.4% (mainly intraparticle and moldic pores), average
petrophysical porosity of 17.6%, average microporosity of 2.34%, and average
permeability of 8.42mD (Table 6). Therefore, these rudstones have a highest
petrophysical and permeability porosity values (Fig. 11A), as well as effective
petrographic porosity (Fig. 11B), total petrographic porosity (Fig. 11C), and non-
effective petrographic porosity (Fig. 11D), even though some samples showed

lower values.

Poor reservoir quality petrofacies

Peloidal to oncolitic-peloidal packstones (PCK onc pel): This petrofacies
comprises oncolitic and oncolitic-peloidal packstones, massive, poorly sorted,
with a chaotic or non-oriented fabric. The primary constituents are peloidal
matrix, oncoliths, ooliths, agglomerate oncoliths, composite ooliths,
microcrystalline carbonate intraclasts, carbonate sand intraclasts, and bioclasts
(mainly echinoids and bivalves). The main diagenetic processes were partial to
total micritization of allochems (Fig. 4A), and cementation by fine mosaic to
microcrystalline, blocky and drusiform calcite (Fig. 4D). Primary porosity was
extensively reduced by calcite cementation, and depositional texture exerted a
major control on the limited primary porosity, mostly due to the presence of
peloidal matrix. The main pore types in peloidal to oncolitic-peloidal packstones
are intraparticle (Fig. 9C) and moldic. Intraparticle and moldic porosity formed

by dissolution of oncoliths are poorly-connected, increasing the porosity, but
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with little contribution to permeability. The presence of interparticle porosity
remnants (Fig. 4D) and fractures contributes to some permeability, however,
are commonly distributed heterogeneously in the fabric, extensively reduced by
calcite cementation, and controlled by depositional texture (mostly due to the
presence of peloidal matrix). This petrofacies presents average effective
porosity of 2.5% (mainly interparticle pores and rock fractures), average non-
effective porosity of 5.0% (mainly intraparticle and moldic pores), average
petrophysical porosity of 9.02 %, average microporosity of 2.11%, and average
permeability of 0.08mD (Table 6).

Oolitic/oncolitic/bioclastic to oncolitic bioclastic grainstones (GST ool onc
bio): This petrofacies comprises oncolitic, oolitic, oncolitic-oolitic, bioclastic, and
oncolitic-bioclastic grainstones, massive, poorly sorted, with a chaotic or non-
oriented fabric. The primary constituents are oncoliths, ooliths, agglomerate
oncoliths, composite ooliths, carbonate sand intraclasts, and bioclasts of
echinoids, bivalves, benthic and planktonic foraminifers, gastropods, and
crustaceans. The main diagenetic processes were partial to total micritization of
allochems, blocky, fine mosaic, drusiform and microcrystalline calcite
cementation, as well as blocky (Fig. 4F) and saddle (Fig. 5B) dolomite filling
interparticle and intraparticle pores, and partially replacing allochems. The main
pore types in oolitic/oncolitic/bioclastic to oncolitic bioclastic grainstones are
interparticle (Fig. 6C and 9D), intraparticle (Fig. 6A), and moldic (Fig. 6D).
Primary porosity was strongly reduced by calcite cementation, but local
preservation of interparticle porosity, commonly distributed heterogeneously in
the fabric, occurred may have been caused by pervasive replacement of
aragonite rims by calcite (neomorphism) (Fig. 4E), and stabilization of the fabric
by the early neomorphism of aragonitic bivalves to low-Mg calcite (Fig. 6A and
6C). The dissolution of oncoliths and ooliths, resulting in moldic (Fig. 6D), and
intraparticle porosity (Fig. 6A), and microporosity (Fig. 6B), are important,
generating a significant increase in porosity, however like are poorly-connected,
have little effect on permeability. This petrofacies presents average effective
porosity of 3.4% (mainly interparticle pores), average non-effective porosity of
5.6% (mainly intraparticle and moldic pores), average petrophysical porosity of

8.7%, average microporosity of 3.28%, and average permeability of 0.66mD



88

(Table 6). Therefore, these grainstones have a slightly higher petrophysical and
permeability porosity values than the other petrofacies (except bioclastic
rudstones; Fig. 11A), as well as effective petrographic porosity (Fig. 11B), total
petrographic porosity (Fig. 11C), and non-effective petrographic porosity (Fig.
11D).

Hybrid arenites (HYB ART): These rocks are formed by allochems and sub-
angular to sub-rounded quartz and feldspars grains, presenting massive
structure to irregular lamination, and moderate sorting. The main diagenetic
processes were the extensive replacement of allochems and siliciclastic grains
and the filling of interparticle pores by blocky and macrocrystalline dolomite and
calcite, the partial filling of intragranular and interparticle pores by discrete
prismatic quartz crystals, the precipitation of quartz outgrowths covering
discontinuously quartz grains, and of prismatic barite replacing dolomite and
feldspars, and filling vugular (Fig. 5F) and intragranular pores formed by
dissolution of feldspars. As it was difficulty separate the interstitial dolomite from
the dolomite it was replacing the framework, it is possible that the amount of
interstitial dolomite was underestimated in these rocks. The main pore types in
hybrid arenites are intercrystalline, intragranular and moldic (Fig. 9E).
Intercrystalline pores are commonly distributed heterogeneously in the fabric
(with exception of one sample, where the intercrystalline pores are distributed
homogeneously), formed by dissolution of allochems and grains. Intragranular
and moldic porosity mainly formed by dissolution of feldspars are poorly-
connected, and therefore have little effect on permeability. This petrofacies
presents average effective porosity of 3.4% (mainly intercrystalline pores),
average non-effective porosity 3.7% (mainly intragranular and moldic pores),
average petrophysical porosity of 9.1%, average microporosity of 4.08%, and

average permeability 0.09mD (Table 6).
Non-reservoir petrofacies

Peloidal to oncolitic peloidal/intraclastic/bioclastic packstones (PCK onc
pel bio int): This petrofacies comprises peloidal, oncolitic-peloidal, intraclastic-
peloidal, and bioclastic-peloidal packstones, massive, very poorly to poorly
sorted, with a chaotic or non-oriented fabric. The primary constituents are
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peloidal matrix, peloids, oncoliths, agglomerate oncoliths, composite ooliths,
ooliths, microcrystalline and carbonate sand intraclasts, microbial carbonate
intraclasts (some with Girvanella), bioclasts of echinoids, bivalves, gastropods
and planktonic, benthic and milliolid foraminifers, ostracods, annelids, and
crustaceans. The main diagenetic processes were partial to total micritization of
allochems, fine mosaic, microcrystalline and blocky calcite cementation, as well
as saddle dolomite locally filling intraparticle pores created by dissolution of
intraclasts. Primary porosity was intensely reduced by calcite cementation, and
mechanical compaction. Nevertheless, the presence of peloidal matrix had
already significantly limited the primary porosity of these deposits, and therefore
depositional texture exerted a major control on the limited primary porosity in
this petrofacies. The pore types in oncolitic peloidal/intraclastic/bioclastic
packstones are intraparticle (Fig. 9F) and moldic, however they are insignificant.
Intraparticle and moldic pores formed by dissolution of bioclasts are very poorly-
connected, having very little effect on porosity and permeability. This
petrofacies presents average effective porosity <1%, average non-effective
porosity of 1.0% (mainly intraparticle pores), average petrophysical porosity of
4.6%, average microporosity of 3.1%, and average permeability of 0.01mD
(Table 6).

Oolitic/oncolitic/peloidal grainstones (GST ool onc pel): This petrofacies
comprises oolitic, oncolitic, oncolitic-oolitic, peloidal, oolitic-peloidal, and
oncolitic-peloidal grainstones, massive, moderately to poorly sorted, with a
chaotic or non-oriented fabric. The primary constituents are ooliths, oncoliths,
agglomerate oncoliths, composite ooliths, peloids, microcrystalline and
carbonate sand intraclasts, and bioclasts mainly of echinoids and bivalves, but
also of benthic and planktonic foraminifers, and crustaceans. The main
diagenetic process were partial to total micritization of allochems,
microcrystalline calcite covering allochems, and fine mosaic, macrocrystalline,
drusiform and blocky calcite cementation, as well as blocky and microcrystalline
dolomite partially filling pores from allochems dissolution. Primary porosity was
extensive reduced by calcite cementation, and mechanical compaction. The
pore types in oolitic/oncolitic/peloidal grainstone are intraparticle (Fig. 10A) and

moldic. The few intraparticle and moldic pores, formed by dissolution of
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allochems, are poorly-connected, increasing the porosity but with very little
effect on permeability. This petrofacies presents average effective porosity
<1%, average non-effective porosity of 3.0% (mainly intraparticle and moldic
pores), average petrophysical porosity of 6.9%, average microporosity of

3.35%, and average permeability of 0.02mD (Table 6).

Partially recrystallized grainstones (RecGST): The partially recrystallized
grainstones are massive, very poorly to poorly sorted, with a chaotic fabric. The
primary constituents are microcrystalline carbonate intraclasts, bioclasts of
bivalves, echinoids, green algae, ostracods and planktonic foraminifers, peloids,
and oncoliths. The main diagenetic processes were the recrystallization of
bioclasts, oncoliths and peloids, the partial to total micritization of allochems,
and fine mosaic and drusiform calcite cementation. Primary porosity was totally
occluded by recrystallization. The only remaining porosity is secondary
(intraparticle and moldic porosity; Fig. 10B), formed by dissolution of bioclasts,
intraclasts and oncoliths, however are poorly-connected, increasing a few the
porosity but with no effect on permeability. This petrofacies presents average
petrographic porosity <1%, average non-effective porosity of 1.8% (mainly
intraparticle pores), average petrophysical porosity of 1.7%, average

microporosity of 0.7%, and average permeability of 0.02mD (Table 6).

Intraclastic/oncolitic to oncolitic intraclastic/bioclastic/peloidal rudstones
(RUD int onc bio pel): This petrofacies comprises intraclastic, oncolitic-
intraclastic, oncolitic rudstone, oncolitic-bioclastic, and oncolitic-peloidal
rudstones, massive, very poorly to poorly sorted, with a chaotic fabric. The
primary constituents are oncoliths, agglomerate oncoliths, microcrystalline and
microbial carbonate intraclasts some with Girvanella), peloids, peloidal matrix,
and bivalves, echinoids, ostracods, gastropods, benthic foraminifers, and
phosphatic bioclasts. The main diagenetic processes were micritization,
dissolution and fracturing of allochems, partially recrystallization of peloids, and
fine mosaic, microcrystalline, blocky and drusiform calcite cementation. Primary
porosity was extensively reduced by calcite cementation (Fig. 4C) and
mechanical compaction. Depositional texture exerted a major control on the

limited primary porosity, mostly due to the presence of peloidal matrix and poor
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sorting. The pore types in intraclastic/oncolitic to  oncolitic
intraclastic/bioclastic/peloidal rudstones are intraparticle (Fig. 10C) and moldic.
The few intraparticle and moldic pores, formed by dissolution of bioclasts,
intraclasts and oncoliths, are very poorly-connected, increasing a few the
porosity but with very little effect on permeability. This petrofacies presents
average effective porosity of 1.4%, average non-effective porosity of 6.2%
(mainly intraparticle and moldic pores), average petrophysical porosity of 8.3%,

average microporosity of 2.57%, and average permeability of 0.04mD (Table 6).

Dolostones (DOL): These rocks originated from extensive replacement of
primary constituents (allochems and subordinate siliciclastic grains) by blocky
dolomite (Fig. 5C). Blocky dolomite and macrocrystalline and blocky calcite
filled moldic and vugular pores, and prismatic barite partially filled moldic pores.
The main pore types in dolostones are vugular and moldic (Fig. 6E and 10D).
The vugular pores are formed by dissolution of allochems, commonly distributed
heterogeneously in the fabric. The moldic pores, formed by dissolution of
allochems, are locally connected, increasing the porosity and permeability. This
petrofacies presents average effective porosity of 1.5% (mainly vugular pores),
average non-effective porosity of 4.8% (mainly moldic pores), average
petrophysical porosity of 8.6%, average microporosity of 1.33%, and average
permeability of 9.04mD (Table 6). However, only one sample showed better
intercrystalline and vugular porosity in this petrofacies. In this sample, with
vugular, moldic and intercrystalline pores (Fig. 6E), porosity and permeability
are significantly high (Fig. 11A, 11B, 11C and 11D), due to the higher
connectivity of the pore system, therefore increasing the average permeability
of this petrofacies. Nevertheless, because core samples with high vugular
porosity were poorly recovered or poorly sampled, it is possible that the average

amount of vugular porosity and intercrystalline has been underestimated.
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Figure 9. Photomicrographs of main porosity types of each petrofacies. A) Intraparticle

(pink arrow) and moldic (red arrow) porosity originated by dissolution of oncoliths and
bioclasts, and interparticle porosity (yellow arrow) reduced by calcite cementation in
RUD bio petrofacies. 3356.24. Uncrossed polarizers (//P). B) Intraparticle (pink arrow)
and moldic (red arrow) porosity originated by dissolution of oncoliths and bioclasts, and
interparticle porosity (yellow arrow) reduced by calcite cementation in RUD bio
petrofacies. 3373.29. Uncrossed polarizers (//P). C) Intraparticle porosity (red arrow)
originated by dissolution of oncoliths in PCK onc pel petrofacies. 3343.20. (//P). D)
Interparticle porosity reduced by calcite cementation in GST ool onc bio petrofacies.
3352.54. (//P). E) Intercrystalline porosity (pink arrow) formed by dissolution of
allochems and grains, and intragranular (yellow arrow) and moldic (red arrow) porosity
originated by dissolution of feldspars in HYB ART petrofacies. 3483.20. (//P). F)
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Intraparticle porosity (red arrow) originated by dissolution of oncoliths in PCK onc pel
bio int petrofacies. 3342.60. (//P).

Figure 10. Photomicrographs of main porosity types of each petrofacies. A)

Intraparticle porosity (red arrow) originated by dissolution of oncoliths in GST ool onc
pel petrofacies. 3370.05. (//P). B) Moldic porosity (red arrow) originated by dissolution
of bioclast in RecGST petrofacies. 3359.59. (//P). C) Intraparticle porosity (red arrow)
originated by dissolution of allochems in RUD int onc bio pel petrofacies. 3353.54. (//P).
D) Moldic porosity (red arrow) originated by dissolution of allochems in DOL
petrofacies. 3440.00. (//P).
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Table 6. Main petrofacies and defining parameters.

RUD bio PCK onc pel GST HYB onIZ:CKeI ooclis(;rnc Rec RUD int boL
P ool onc bio ART cp GST onc bio pel
bio int pel
Total Max. (%) 22.7 11.3 21.0 10.7 7.0 10.3 5.7 12.0 25.7
t hi
petrographic Avg. (%) 16.8 7.6 9.0 5.5 1.9 3.6 2.4 7.6 8.1
norositv
Interparticle Max. (%) 10.0 5.0 7.0 - 2.0 2.0 <1 2.7 -
porosity Avg. (%) 5.9 2.2 3.0 - <1 <1 <1 <1 -
Petrographic Max. (%) 10.3 5.0 7.3 8.3 3.7 3.3 1.3 5.3 33
effective porosity | Avg. (%) 6.7 2.5 3.4 3.4 <1 <1 <1 1.4 1.5
Petrographic Max. (%) 12.7 9.0 15.3 7.3 4.0 8.0 4.7 10.0 17.3
non-effective
. Avg. (%) 9.4 5.0 5.6 3.7 1.0 3.0 1.8 6.2 4.8
norositv
Siliciclastic Max. (%) 6.7 5.3 12.0 42.0 9.7 9.7 5.6 9.0 8.0
grains Avg. (%) 3.9 2.9 1.8 29.9 3.9 4.5 2.3 3.6 4.7
Interstitial calcite Max. (%) 35.0 23.0 35.3 - 32.0 24.0 37.3 26.0 -
Avg. (%) 24.2 14.0 16.5 - 14.9 13.6 30.3 14.2 -
Interstitial Max. (%) <1 1.0 4.0 4.3 1.7 15.7 - 2.3 7.0
dolomite Avg. (%) <1 <1 <1 2.2 <1 <1 - <1 1.0
Grain/allochem Max. (%) 15.0 9.0 15.3 7.3 4.0 8.0 4.7 10.3 17.3
dissolution Avg. (%) 10.2 9.0 5.6 3.7 1.0 3.0 1.8 6.1 4.7
Petrophysical Max. (%) 22.5 14.4 18.8 10.5 11.6 10.8 3.5 14.7 16.3
porosity Avg. (%) 17.6 9.02 8.7 9.1 4.6 6.9 1.7 8.3 8.6
Petrophysical Max. (mD) 26.0 0.4 0.68 0.2 0.28 0.24 0.08 0.38 36.1
permeability Avg. (mD) 8.42 0.08 0.66 0.09 0.01 0.02 0.02 0.04 9.04
Microporosity Avg. (%) 2.34 2.11 3.28 4.08 3.1 3.35 0.7 2.57 1.33
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Figure 11. Graphs demonstrating the relations between porosity and permeability
related to the quality of reservoir petrofacies from Quissama Formation. A)
Petrophysical (total) porosity plotted against permeability. B) Petrographic effective
porosity against permeability. C) Total petrographic porosity versus permeability. D)

Petrographic non-effective porosity plotted against permeability.
7.3 Description of the well

The distribution of the defined petrofacies associations and porosity was
set in to the context of the depositional facies of the Quissama Formation.
Seven depositional facies, described in Table 7, were defined in the studied
core of 3-OGX-54-RJS well between 3342.40 and 3375.84 meters of depth (Fig.
12).

Table 7. Description of the depositional facies defined in 3-OGX-54-RJS core.

Paleoenvironmental
Facies Description
Interpretation
Packstone dominantly composed of peloids (very fine- to
medium-grained sand). Minor proportion of bioclasts Low energy setting. Inter-
pP
(fine to medium-grained sand) and ooids (fine-grained bars.
sand). Moderately-sorted. Bioturbated.
Packstone dominantly composed of peloids (very fine- to
medium-grained sand) and oncoids (coarse grained sand
to granule). Minor proportion of bioclasts (fine- to Low energy setting. Inter-
ocpP coarse-grained sand), intraclasts (coarse grained sand to | bars or flank of oolitic
granule), aggregate grains (coarse grained sand to bars.
granule), and ooids (fine- to medium-grained sand). Very
poorly-sorted. Bioturbated.
Packstone dominantly composed of oncoids (coarse-
grained sand to pebble). Minor proportion of peloids
(very fine- to medium-grained sand), bioclasts (fine-
Moderate energy setting.
ocP/G grained sand to granule), intraclasts (coarse grained sand
Flank of oolitic bars.
to granule), aggregate grains (coarse grained sand to
granule) and ooids (fine- to medium-grained sand). Very
poorly-sorted. Bioturbated.
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bocG/P

Grainstone/packstone dominantly composed of oncoids
(coarse-grained sand to pebble) and bioclasts (medium-
grained sand to pebble). Minor proportion of peloids
(fine- to medium-grained sand), intraclasts (coarse-
grained sand to granule), aggregate grains (coarse-
grained sand to granule) and ooids (fine- to medium-

grained sand). Bioturbated. Locally cross-stratified.

Moderate energy setting.

Bioclastic bars.

bG/P

Grainstone/packstone dominantly composed of bioclasts
of bivalves (medium-grained sand to pebble). Minor
proportions of peloids (very fine- to medium-grained
sand), oncoids (coarse-grained sand to pebble),
intraclasts (coarse-grained sand to pebble), aggregate
grains (coarse-grained sand to pebble) and ooids (fine- to
medium grained sand). Poorly-sorted. Bioturbated.

Locally cross-stratified.

High to moderate energy

setting. Bioclastic bars.

bR

Rudstone dominantly composed of bioclasts of bivalves
(medium-grained sand to pebble), intraclasts (coarse-
grained sand to granule), aggregate grains (coarse
grained sand to granule), peloids and ooids (fine- to
medium-grained sand). Poorly-sorted. Bioturbated.

Locally cross-stratified.

High to moderate energy

setting. Bioclastic bars.

ocoG

Grainstone dominantly composed of ooids (fine- to
coarse-grained sand) and oncoids (coarse-grained sand to
pebble). Minor proportion of peloids (fine- to medium-
grained sand), intraclasts (coarse-grained sand to
granule), aggregate grains (coarse-grained sand to
granule) and bioclasts (fine-grained sand to pebble).
Poorly-sorted, coarse-grained sand. Bioturbated. Locally

cross-stratified.

High to moderate energy
setting. Flank of oolitic

bars.

The seven facies recognized are represented by packstones, grainstones

and rudstones composed of ooids, oncoids, peloids, intraclasts, aggregate

grains and bioclasts. The bioclasts are of bivalves, ostracods, gastropods,

crustaceans, annelids, echinoids, green algae, brachiopods, benthic and
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planktonic foraminifers. Bioturbated packstones and grainstones composed
predominantly of peloids and oncoids (pP, ocpP, ocP/G) are interpreted as
deposited in moderate to low energy settings, in stabilized bottoms of the inter-
bars or flanks of bars, with only intermittent influence of high-energy conditions.
Cross-stratified, bioturbated grainstones composed predominantly of ooids and
oncoids (ocoG) are interpreted as deposited in high to moderate energy
settings, in flanks of bars, where constant high energy conditions precluded lime
mud deposition. Large proportion of ooids indicates proximity to crests of bars,
areas of stronger wave and current activity. Cross-stratified, bioturbated
grainstones, packstones and rudstones composed predominantly of fragmented
bivalve shells and oncoids with nuclei of bivalves (bocG/P, bG/P, bR) were
deposited in high to moderate energy settings. Abundance of bivalve shells
implies in a different source of the sediments, and could be related to tidal bars
oriented perpendicular to the oolitic shoal.

In the Great Bahama Bank, similar facies association are found in a
carbonate tidal shoal system. Dominant grain types and texture vary according
to waves and tidal currents dynamics. Ooids are the most abundant grain type
in tidal delta shoal crests, and their abundance decreases drastically off the
crests. Peloids and aggregate grains constitute the majority of grains in
seagrass stabilized bottoms, and skeletal grains are dominant along channels
of the inlets (Purdy, 1963; Reeder and Rankey, 2009).

Metric-scale shallowing-upward cycles are represented at the base by
microfacies deposited in low to moderate energy settings, evolving to

microfacies deposited under moderate to high energy conditions (Fig. 9).
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Figure 12. Lithological log for the described drill core interval of 3-OGX-54-RJS well,

integrating core images, structures, samples locations, schematic representation of the

distribution of facies and predominant petrofacies, and geophysical resistivity (DR),

gamma ray (GR) and sonic (SNC) logs.

Table 8 shows the maximum and minimum values of resistivity (DR),
gamma ray (GR) and sonic (SNC) logs of 3-OGX-54-RJS well for each

petrofacies.
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Resistivity (DR) is the ability of a rock or other material to prevent the
passage of electric current. This parameter conventionally decreases with
increasing porosity (Pickett, 1973), but is strongly influenced by the amount and
distribution of microporosity in microcrystalline phases, which large specific
surface holds extensive conductive films of ionic-rich conductive water.

Gamma ray (GR) measures the total natural radioactivity emitted from
the geological formations under analysis, due to the presence of unstable
isotopes in some minerals and fluids (mainly rocks such as shales, rich in clay
minerals). It is commonly used in the identification of lithologies, distinguishing
especially clayey from non-clayey materials. Thus, it is possible to observe that
gamma ray values increase in the peloidal to oncolitic-peloidal packstones
(PCK onc pel) and peloidal to oncolitic peloidal/intraclastic/bioclastic packstones
(PCK onc pel bio int) petrofacies (Fig. 9, Table 8) probably due to the presence
of minor clay contents in the peloidal matrix.

The sonic log (SNC) measures the difference in the transit times of a
mechanical wave through the rocks. The generated sonic log is a record of the
depth versus time required for a sound wave to go through the formation. It is
commonly used for porosity estimation. Therefore, it is possible to observe that
sonic log increase in the bioclastic rudstones (RUD bio) petrofacies, confirming
that it is the most porous petrofacies defined in the analyzed samples from the

Quissama Formation.

Table 8. Maximum and minimum values of geophysical resistivity (DR), gamma ray
(GR) and sonic (SNC) logs of 3-OGX-54-RJS well for each petrofacies.

Petrofacies | DR (Q.m) GR (GAPI) SNC (us/ft)
Maximum | Minimum | Maximum | Minimum | Maximum | Minimum

PCK onc 50.27 5.88 30.81 9.32 57.64 49.35

pel bio int

ESK onc 195.68 5.88 32.35 9.36 64.29 52.92

GST ool 49.25 2.18 15.23 8.3 65.5 48.05

onc bio

RUDIntonc | g, 44 4.17 14.91 7.79 69.74 54.39

bio pel

RUD bio 82.8 3.13 12.18 7.36 70.53 57.45

Rec GST 232.85 3.41 17.63 8.51 68.44 50.86

GST ool 203.9 5.62 22.48 8.65 59.19 52.3

onc pel
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7.4 Geometry and description of porosity

Anselmetti et al. (1998) proposed a digital image analysis method for
quantifying pore parameters over more than three orders of magnitude, from a
submicron to a millimeter scale. Such porosity characterization does not require
knowledge of lithology, age, burial depth, or diagenesis of the sample. The
method is based on digital analyses of images from thin sections at variable
magnifications taken through optical microscopy (OM) and scanning electron
microscopy (SEM). The SEM images have sufficient density contrast to apply a
simple gray-level threshold to separate between dark microporosity and light
solid phase. The OM images provide macroporosity information, whereas the
SEM images yield information on microporosity. The OM images allow to
characterize the macropore space, and are not binarized into pore and a solid
phases, as the allochems contain optically undetectable microporosity. The
SEM images display the micropores within the framework.

Wardlaw (1976) defined the geometry of pores in limestones from SEM
images of resin pore casts, which typically have a spongy appearance and
concave surfaces, as the confining grains have rounded rather than planar
surfaces. These pores were described as polyconcave micropores, following
the terminology of Choquette and Pray (1972). Where porosity has been
reduced by further crystal growth, polyhedral pores (P) are transformed to
tetrahedral pores (T) and finally to interboundary-sheet pores (S). In this
process of porosity reduction, pore structure becomes geometrically simpler
and more regular and pore-to-throat size ratios increase.

In the present study, optical microscope images (OM), scanning electron
microscopy images (SEM) and X-ray microtomography (u-CT) at different
scales were integrated to characterize the geometry, connectivity and
distribution of pores and pore systems (Fig. 13 and 14).

Bioclastic rudstones corresponds to a medium reservoir quality
petrofacies (average effective porosity of 6.7% and average interparticle
porosity of 5.9%; Table 6). The main pore types in RUD bio are primary
interparticle pores of Choquette and Pray (1970), Lucia (1983, 1995) and
Langy; intraparticle pores of Choquette and Pray (1970), equivalent to
intragranular porosity of Lucia (1983, 1995) and moldic porosity of Langy
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(2006); and moldic pores of Choquette and Pray (1970), Lucia (1983, 1995) and
Langy (2006)). Figure 13 shows 3D and 2D visualization of the pore structure of
RUD bio petrofacies. In Figures 13A, 13B and 13C (pixel size scales of 40um),
it is possible to observe the geometry of the larger pores. Figure 13D (pixel size
scales of 12um) shows the smaller pores and throats. These pores have an
approximately globular shape (Fig. 13E and 13F), arranged in a network of
pores moderately connected and distributed homogeneously in the fabric. The
irregular shapes of the pores, typical of dissolution, as verified also in the
microscopic analysis (Fig. 13G, 13H, 13l and 13J). The pore system is formed
by a network of moldic, intraparticle, and smaller interparticle pores (Fig. 13A
and 13D). The observed polyconcave pores P and concave-tetrahedral pores T
are connected by interboundary sheet pores S (Fig. 13H). As previously
mentioned, in this petrofacies the interparticle pores are commonly distributed
heterogeneously in the fabric, partially reduced by mechanical compaction and
limited cementation, and connected by relatively large pore throats. In some
cases, however, cementation has narrowed the pore throats, decreasing
permeability. Pervasive replacement of fibrous aragonite rims by calcite
(neomorphism) (Fig. 4E and 13G) and stabilization of the fabric by early
neomorphism of aragonitic bivalves to low-Mg calcite may have helped to
preserve partially the interparticle porosity. Intraparticle and moldic pores
formed by dissolution of bioclasts (mainly bivalve bioclasts) are poorly-
connected (Fig. 13I), and therefore have little effect on permeability.
Microporosity in this petrofacies (average 2.34%; Table 6; Fig. 13J) is mainly
intraparticle, formed by dissolution of bioclasts, and contributes to porosity,

however with little effect on permeability as well.
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Figure 13. Optical microscopy (OM), backscattered electrons (BSE) microscopy and X-
ray microtomography (u-CT) images at different scales, integrated to characterize pore
geometry and connectivity of RUD bio petrofacies (sample 3356.24). A) 3D image with
porosity in gray and resolution of 40pm/voxel. B) Zoom showing pores with an
approximately globular shape (resolution of 40um/voxel). C) Zoom showing pores with
an approximately globular shape (resolution of 40um/voxel). D) 3D image with porosity
in gray and resolution of 12um/voxel. E) Zoom showing pores with an approximately
globular shape, arranged in a network of pores moderately connected and distributed
homogeneously in the fabric (resolution of 12um/voxel). F) Zoom showing pores with
an approximately globular shape, arranged in a network of pores moderately
connected and distributed homogeneously in the fabric (resolution of 12um/voxel). G)
Intraparticle and moldic porosity originated by dissolution of oncoliths and bioclasts
mostly as unconnected moldic pores, isolated by the reduction of interparticle porosity
by calcite cementation. Uncrossed polarizers. (//P). H) Intraparticle and moldic porosity
originated by dissolution of oncoliths and bioclasts mostly as unconnected moldic
pores, and interparticle porosity reduced by calcite cementation. Polyconcave pores P
and concave-tetrahedral pores T are connected by inter-boundary sheet pores S.
Backscattered electrons (BSE). 1) Poorly-connected intraparticle and moldic (yellow
arrow) porosity formed by dissolution of bioclasts (mainly bivalves). (BSE). J)

Intraparticle microporosity formed by dissolution of bioclasts (yellow arrow). (BSE).

Peloidal to oncolitic-peloidal packstones corresponds to a poor reservoir
quality petrofacies (average effective porosity of 2.5% and average interparticle
porosity of 2.2%; Table 6). The main pore types in PCK onc pel are intraparticle
pores of Choquette and Pray (1970), equivalent to intragranular porosity of
Lucia (1983, 1995) and moldic porosity of Lgngy (2006), and moldic pores of
Choquette and Pray (1970), Lucia (1983, 1995) and Lgngy (2006). As
previously mentioned, the presence of fractures and interparticle porosity
remnants contributes to some permeability. However, these pores are
commonly distributed heterogeneously in the fabric, controlled by depositional
texture (mostly due to the presence of peloidal matrix), and extensively reduced
by calcite cementation. This petrofacies presents average microporosity of
2.11% (Table 6), mainly within particles, formed by dissolution of oncoliths and
peloids.

Oolitic/oncolitic/bioclastic to oncolitic bioclastic grainstones corresponds

to a poor reservoir quality petrofacies (average effective porosity of 3.4% and
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average interparticle porosity of 3.0%; Table 6). The main pore types in GST ool
onc bio are primary interparticle pores of Choquette and Pray (1970), Lucia
(1983, 1995) and Le@ngy; intraparticle pores of Choquette and Pray (1970),
equivalent to intragranular porosity of Lucia (1983, 1995) and moldic porosity of
Lengy (2006); and moldic pores of Choquette and Pray (1970), Lucia (1983,
1995) and Legngy (2006). Figure 14 shows 3D and 2D visualization of the pore
structure of GST ool onc bio petrofacies. In figures 14A, 14B and 14C (pixel
size scales of 40um), it is possible to observe the geometry of the larger pores.
Figure 14D (pixel size scales of 10.5um) shows the smaller pores and throats.
These pores have approximately tubular irregular shapes, are very poorly
connected and distributed heterogeneously in the fabric. The pore system is a
network of intraparticle and smaller interparticle pores (Fig. 14A and 14D).
Some these interparticle pores are connected to vugular pores (Fig. 14E, 14F,
141 and 14J). The observed polyconcave pores P and concave-tetrahedral
pores T are connected by interboundary sheet pores S (Fig. 14H and 14J). As
previously mentioned, in this petrofacies, primary porosity was strongly reduced
by calcite cementation, but local, heterogeneous preservation of interparticle
porosity (Fig. 14G, 14H and 14l), may have been caused by pervasive
replacement of aragonite rims by calcite (neomorphism) (Fig. 14G), and
stabilization of the fabric by the early neomorphism of aragonitic bivalves to low-
Mg calcite. This petrofacies presents average microporosity of 3.28% (Table 6;
Fig. 14H), mainly within particles, formed by dissolution of ooliths and oncoliths,
which contributes significantly to porosity, however little to permeability.
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Figure 14. Optical microscopy (OM), backscattered electrons (BSE) microscopy and X-
ray microtomography (4-CT) images at different scales, integrated to characterize pore
geometry and connectivity of GST ool onc bio petrofacies (sample 3352.54). A) 3D
image with a resolution of 40pm/voxel. B) Zoom image showing pores with
approximately tubular irregular shapes (resolution of 40um/voxel). C) Zoom image
showing pores with approximately tubular irregular shapes (resolution of 40um/voxel).
D) 3D image with a resolution of 10.5um/voxel. E) Zoom image showing some
interparticle pores connected to vugular pores (resolution of 10.5um/voxel). F) Zoom
image showing some interparticle pores connected to vugular pores (resolution of
10.5um/voxel). G) Interparticle porosity reduced by calcite cementation. Uncrossed
polarizers. (//P). H) Intraparticle microporosity formed by dissolution of ooliths (yellow
arrow), and interparticle porosity reduced by calcite cementation. Polyconcave pores P
and concave-tetrahedral pores T are connected by interboundary sheet pores S.
Backscattered electrons (BSE). I) Vugular porosity formed by dissolution of allochems,
together with adjacent interparticle porosity. (/P). J) Vugular porosity formed by
dissolution of allochems (yellow arrow), and polyconcave pores P connected by
interboundary sheet pores S. (BSE).

Hybrid arenites corresponds to a poor reservoir quality petrofacies
(average effective porosity of 3.4%; Table 6). The main pore types in HYB ART
are intercrystalline pores of Choquette and Pray (1970) and Lengy (2006),
equivalent to interparticle porosity of Lucia (1983, 1995), intragranular pores of
Choquette and Pray (1970) and Lucia (1983, 1995), equivalent to moldic
porosity of Lengy (2006), and moldic pores of Choquette and Pray (1970),
Lucia (1983, 1995) and Langy (2006). As previously mentioned, intercrystalline
pores are commonly distributed heterogeneously in the fabric. This petrofacies
presents average microporosity of 4.08% (Table 6), mainly in intracrystalline
location, formed by dissolution of calcite and dolomite crystals.

Peloidal to oncolitic  peloidal/intraclastic/bioclastic ~ packstones
corresponds to a non-reservoir petrofacies (average effective porosity and
average interparticle porosity <1%; Table 6). The main pore types in PCK onc
pel bio int are intraparticle pores of Choquette and Pray (1970), equivalent to
intragranular porosity of Lucia (1983, 1995) and moldic porosity of Legngy
(2006). Moldic porosity of Choquette and Pray (1970), Lucia (1983, 1995) and
Longy (2006) is insignificant. As previously mentioned, primary porosity was
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intensely reduced by calcite cementation and mechanical compaction.
Nevertheless, the presence of peloidal matrix had already significantly limited
the primary porosity of these deposits, and therefore depositional texture
exerted a major control on the limited primary porosity in this petrofacies. This
petrofacies presents average microporosity of 3.1% (Table 6) mainly within
particles, formed by dissolution of oncoliths and peloids.

Oolitic/oncolitic/peloidal grainstones corresponds to a non-reservoir
petrofacies (average effective porosity and average interparticle porosity <1%;
Table 6). The main pore types in GST ool onc pel are intraparticle pores of
Choquette and Pray (1970), equivalent to intragranular porosity of Lucia (1983,
1995) and moldic porosity of Lengy (2006), and moldic porosity of Choquette
and Pray (1970), Lucia (1983, 1995) and Lgngy (2006). As previously
mentioned, primary porosity was extensive reduced by calcite cementation, and
mechanical compaction, and intraparticle and moldic pores are poorly-
connected. This petrofacies presents average microporosity of 3.35% (Table 6),
located mainly within particles, formed by dissolution of oncoliths and ooliths.

Partially recrystallized grainstones corresponds to a non-reservoir
petrofacies (average effective porosity and average interparticle porosity <1%;
Table 6). The main pore types in RecGST are intraparticle pores of Choquette
and Pray (1970), equivalent to intragranular porosity of Lucia (1983, 1995) and
moldic porosity of Lgngy (2006), and moldic porosity of Choquette and Pray
(1970), Lucia (1983, 1995) and Lgngy (2006). However, these are poorly-
connected, without contribution to permeability. As previously mentioned,
primary porosity was totally occluded by recrystallization. This petrofacies
presents average microporosity of 0.7% (Table 6), mainly within particles,
formed by dissolution of intraclasts and oncoliths.

Intraclastic/oncolitic to oncolitic intraclastic/bioclastic/peloidal rudstones
corresponds to a non-reservoir petrofacies (average effective porosity of 1.4%
and average interparticle porosity <1%; Table 6). The main pore types in RUD
int onc bio pel are intraparticle pores of Choquette and Pray (1970), equivalent
to intragranular porosity of Lucia (1983, 1995) and moldic porosity of Langy
(2006), and moldic porosity of Choquette and Pray (1970), Lucia (1983, 1995)
and Legngy (2006). As previously mentioned, the few intraparticle and moldic

pores are very poorly-connected, with very small contribution to permeability.
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This petrofacies presents average microporosity of 2.57% (Table 6), located
mainly intraparticle, formed by dissolution of the intraclasts.

Dolostones corresponds to a non-reservoir petrofacies (average effective
porosity of 1.5%; Table 6). The main pore types in DOL are vugular porosity of
Choquette and Pray (1970) and Lgngy (2006), equivalent to solution-enlarged
fractures of Lucia (1983, 1995), and moldic porosity of Choquette and Pray
(1970), Lucia (1983, 1995) and Lgngy (2006). As previously mentioned, the
vugular pores, commonly distributed heterogeneously in the fabric, and the
moldic pores, formed by dissolution of allochems, are poorly-connected, thus
little contributing to permeability. This petrofacies presents average
microporosity of 1.33% (Table 6), located mainly intracrystalline, formed by
dissolution of dolomite.

Microporosity, as well as intraparticle and moldic porosity, are important
in the studied samples, generating a significant increase in porosity, however
with little effect on permeability owing to their poor-connection,. Therefore,
permeability is mainly controlled by the shape, connectivity and distribution of
macropores, mainly the interparticle pores. The pore systems present
predominantly low connectivity, due to the combined effects of depositional
texture (mainly the presence of peloidal matrix) and diagenetic processes
(mainly calcite cementation) exerted a major control on the reduction of primary

porosity, and consequently on the limited quality of the reservoirs (Fig. 15).

Figure 15. Photomicrographs showing the control of the depositional texture and

diagenetic processes on the limited primary porosity. A) Oolitic-oncolitic, poorly sorted
grainstone with peloids. 3367.41. Uncrossed polarizers (//P). B) Detail showing

micritized ooliths and oncoliths, blocky calcite cement as rims covering the allochems
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and filling interparticle porosity (mainly among the peloids), and interparticle porosity

reduced mostly by cementation. 3367.41. (//P).

X-ray u-CT analysis, systematic petrography, and petrophysical porosity
and permeability, confirmed that rudstone bioclastic petrofacies (RUD bio) is the
best reservoir petrofacies. The combined effects of depositional and diagenetic
processes contributed to the overall poor quality of the Albian carbonates in the

studied well.

8. CONCLUSIONS

A study integrating quantitative petrographic characterization, detailed
sedimentologic core description , digital optical photomicrographs, scanning
electron microscopy images and X-ray microtomography images of carbonates
of the Quissama Formation (Aptian), Macaé Group, from one well in southern
Campos Basin, offshore eastern Brazil, allowed the identification of the main
factors controlling the distribution and geometry of the porosity in these rocks:

e The analyzed samples were classified as siliciclastic, hybrid and
predominantly carbonate rocks. The carbonate rocks from Quissama
Formation include packstones, grainstones, rudstones and dolostones.
Packstones are dominantly oncolithic-peloidal, massive, very poorly- to
poorly-sorted, locally with stylolites. Grainstones are predominantly
oolithic to oncolithic, massive, very poorly- to moderately-sorted, locally
fractured or with stylolites. Rudstones are commonly bioclastic and
massive. The primary constituents of carbonate rocks include oncoliths,
ooids (ooliths), intraclasts, bioclasts, peloids, and peloidal carbonate
matrix.

e Seven depositional facies were recognized In the analyzed well,
comprising: peloidal packstones (pP), moderately sorted and bioturbated,
representing inter-bars, deposited under low energy; oncolithic-peloidal
packstones (ocpP), very poorly-sorted and bioturbated, representing
inter-bars or flanks of bars, deposited under low energy; oncolithic
packstones (ocP/G), very poorly-sorted and bioturbated, representing
flanks of bars deposited under moderate energy; oncolithic-bioclastic

grainstones/packstones (bocG/P), bioturbated and locally cross-stratified,
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representing bioclastic bars deposited under moderate energy; bioclastic
grainstones/packstones (bG/P), poorly sorted, bioturbated and locally
cross-stratified, representing bioclastic bars deposited under high to
moderate energy; bioclastic rudstones (bR), poorly sorted, bioturbated
and locally cross-stratified, representing bioclastic bars deposited under
high to moderate energy; and oolithic grainstones (ocoG), poorly sorted,
bioturbated and locally cross-stratified, representing flanks of bars
deposited under high to moderate energy.

Calcite is the most abundant diagenetic constituent, being calcite
cementation the main process of primary porosity reduction in the
analyzed samples. However, the presence of peloidal matrix already
significantly limited the primary porosity of part of these deposits.
Therefore, depositional texture exerted a great control over the primary
porosity of these rocks. Mechanical compaction, observed mostly by
fracturing of the bioclasts and by the plastic deformation of peloids and
micritized ooliths and oncoliths, and chemical compaction, visible in
concave-convex and sutured interparticle contacts and along stylolites,
also contributed to primary porosity reduction.

Dissolution of allochems was the main process of secondary porosity
generation, with formation of intraparticle, moldic and vugular pores. The
dissolution of allochems (mainly of bioclasts, ooliths and oncoliths) was
intense, promoting the formation of moldic and intraparticle macro- and
microporosity. However, these pores are poorly connected, contributing
to total porosity, but with very little to permeability. The dissolution of
allochems locally promoted the formation of vugular pores, through
enlargement of the interparticle porosity.

The main diagenetic processes that conditioned the evolution of the
Quissama Formation were: micritization, cementation mainly by calcite,
replacement mainly of allochems by calcite, dissolution of allochems,
mechanical and chemical compaction, recrystallization and
dolomitization. These diagenetic processes were developed in at least
four different diagenetic environments, comprising: eodiagenetic marine

phreatic, mixing zone and meteoric phreatic, and mesodiagenetic.
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Nine reservoir petrofacies were defined by the recognition of the
attributes with larger impact on porosity and permeability, including:
primary composition, structure and texture, and main diagenetic
processes. Intergranular porosity was considered the main parameter
defining the petrofacies, being calcite cementation the main diagenetic
process of porosity reduction. The reservoir petrofacies were grouped
into three petrofacies associations, identified as medium quality, low
quality, and non-reservoir.

Microporosity, as well as intraparticle and moldic porosity, are important
in the studied samples, enhancing significantly total porosity, however
with little effect on permeability, owing to their poor-connection.
Therefore, permeability is mainly controlled by the shape, connectivity
and distribution of macropores, mainly of the interparticle pores. The
analyzed pore systems present predominantly low connectivity, due to
the combined effects of depositional texture (mainly the presence of
peloidal matrix) and diagenetic processes (mainly calcite cementation),
which exerted a major control on the reduction of primary porosity, and
consequently on the limited quality of the reservoirs.

X-ray microtomography (u-CT), systematic petrography, and
petrophysical porosity and permeability analyses, confirmed that the
bioclastic rudstone petrofacies (RUD bio) corresponds to the best
reservoir petrofacies in the studied range, being the only petrofacies
considered of medium reservoir quality (average effective porosity >6.5%
and average interparticle porosity >5.5%). The pervasive replacement of
fibrous aragonite rims by calcite (neomorphism) and the stabilization of
the fabric by early neomorphism of aragonitic bivalves to low-Mg calcite
may have helped to preserve the interparticle porosity of this petrofacies.
The combined effects of depositional and diagenetic processes
contributed to the overall poor quality of the Albian carbonates in the
studied well.

The integrated analysis performed in this study has shown that the
limestones of the Quissama Formation (Aptian), Macaé Group of
southern Campos Basin, have complex pore systems, with

heterogeneous porosity and permeability patterns. Primary texture and
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composition, as well as the diagenetic processes, had a great influence

on reservoir quality evolution.
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Parecer:

A aluna apresenta uma abordagem relevante acerca dos pardmetros responsdveis por
moldar as caracteristicas permo-porosas dos reservatérios carbonaticos da Formacio
Quissamd, Grupo Macaé, Albiano inferior da Bacia de Campos. Tais pardmetros
relacionam-se aos aspectos deposicionais, representados pela composi¢do priméria,
textura e estruturas sedimentares, assim como as modificacdes ocorridas durante todo
curso da diagénese.

Ressalta-se com mérito o fato da aluna realizar um estudo integrado com a aplicaco de
vérios métodos, desde a descri¢do petrografica quantitativa de l1dminas delgadas, de
testemunhos de sondagem, de microtomografia de raios-X, além da aquisigdo e anélise
de fotomicrografias digitais e de imagens de elétrons retroespalhados, com o intuito de
expandir o entendimento dos fatores controladores da geometria e distribuicdo da
porosidade destes litotipos.

O texto encontra-se bem redigido, apresentando, contudo, alguns erros gramaticais,
conceituais ou de digitacdo. Os objetivos sdo claros e estdo bem estabelecidos. A revisdo
bibliogréfica referente a bacia estudada bem como & fundamentacdo tedrica estd
abrangente, no entanto, ha a necessidade de uma atualizagdo. Os resultados estdo
devidamente apresentados e discutidos e as conclusées s3o apresentadas de forma clara
e encontram-se suficientemente apoiadas pelos dados apresentados. As ilustracdes,
com excegdo das que compdem o artigo cientifico, que s3o de excelente qualidade,
principalmente as fotomicrografias, carecem de uma adequacio.

Em sintese, a Dissertagdo de Mestrado, e em especial o artigo cientifico, trazem a tona
um tema instigante e atual, apresentando resultados relevantes do ponto de vista da
aplicacdo multiferramental no estudo da diagénese e das caracteristicas permo-porosas
de rochas carbonaticas, uteis na definicdo de petrofécies e na avaliagdo do potencial de
reservatdrio da formacédo estudada.
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“ORIGEM, EVOLUCAO E GEOMETRIA DA POROSIDADE DAS ROCHAS CARBONATICAS DA
FORMACAO QUISSAMA, GRUPO MACAE, ALBIANO, BACIA DE CAMPOS, BRASIL”

Area de Concentragdo: Estratigrafia

Autora: KAMILA CARDIAS RODRIGUES FERREIRA
Orientador: Prof. Dr. Luiz Fernando de Ros
Examinadora: Profa. Dra. Valesca Brasil Lemos
Data: 04/03/2019

Conceito: “A” (EXCELENTE)

PARECER

Trata-se de dissertagdo com capitulos com excelente redacdo e material ilustrativo. O texto &
claro, cuidadosamente organizado e revisado. Os diferentes tipos de porosidade e geometria
do espaco poroso e a insercdo de andlises e resultados apresentados revelaram muita consulta
e bom entendimento da bibliografia atualizada, favorecendo também a compreensdo do
leitor. Figuras e tabelas de boa qualidade e lista bibliografica bem completa. Excelente estudo
descritivo sobre a geometria do €Spaco poroso mais do que suficiente para uma dissertacdo de
mestrado, entretanto seria interessante um pouco mais de discussio sobre 3 génese do
espaco poroso.

Algumas sugestdes e correcdes:
No titulo da monografia mudar Brazil para Brasil

Pagina 39, corrigir Choquette & Pray (1970) n3o consideram porosidade intercristalina como
de origem primaria, como foi afirmado na segunda linha do terceiro paragrafo.

Pégina 47, primeira linha, a melhor redagdo seria: A estimativa de porosidade através do
perfil sénico, sofreu...”

Pagina 66, terceiro paragrafo, linhas 2 e 3 “micritic calcirudite”, deveria ter mantido a mesma
terminologia do restante do artigo “micritic rudstone”.

No artigo as figuras estdo muito distantes da citagdo, prejudicando a leitura.

A primeira citagdo da figura no texto deve estar em ordem crescente. No terceiro paragrafo da
pagina 70 a primeira citacdo da fig.4F esta apés a citagdo da fig.5A.

Com relacdo a bibliografia:
Ellis, D.V... 2008 est4 fora de ordem alfabética.

James, N.P...1976 n3o pode ser referido como et al na lista bibliografica, deve ter o nome de
todos os autores. '



Pagina 84, no item 7.2 as citagdes de De Ros and Goldberg,2007, devem ser De Ros et af
porque sdo varios autores.

Com relacdo as figuras:

A figura 7 ndo contempla todos os eventos observados nas laminas. E necessario incluir na
diagénese de subsuperficie um evento de dissolucio. Possivelmente (ver comentdrios na
figura 5F) a fase de kaolin é na verdade dickita também da diagénese de subsuperficie.

Na figura 12 as escalas dos perfis de resistividade, RG e sénico sé podem ser lidas com o auxilio
de uma lupa. Uma solugdo seria escrever na legenda os intervalos das escalas de cada perfil,
ainda mais considerando que no desenho foram cortadas as escalas e n3o est3o nos intervalos
convencionais.

COMENTARIOS SOBRE A FIGURA 5B

1- Corrosdo dos grios. Neste
‘ ponto uma camada do envelope
| foi corroida. |

‘ 2- Poro muito grande em relacdo a
| granulometria da rocha indicando

3- Dolomita saddle preenchendo poro de dissolucdo.
Dolomita saddle é uma indicag3o de diagénese de
subsuperficie por fluidos hidrotermais.

Juntando todos os elementos pode-se concluir o seguinte: a dissolu¢do pode ser em
parte metedrica e em parte em subsuperficie. Ndo ha condigBes de saber qual a
contribuigdo de cada processo pois o resultado é um vazio=poro. Entretanto pela |
presenca de dolomita saddle preenchendo um poro anormalmente grande pode-se |
inferir que grande parte do processo foi em subsuperficie por ac3o de fluidos J

ascendentes.




COMENTARIOS SOBRE A FIGURA 5E

E ' 1- A dolomita foi interpretada como
' ' produzida na zona de mistura (fig 7).
Neste caso estaria substituindo
principalmente a matriz de um
protdlito Packstone oncolitico.

2- A estrutura cristalina dos oncolitos é mais resistente 3 substituicdo da dolomita por |
ter uma érea superficial maior. Posteriormente o oncolito que ndo dolomitizou fica

mais sucetivel a dissolugdo do que a dolomita. Para a dissolugdo do oncolito ocorrer na i
zona metedrica teria que ocorrer um rebaixamento do nivel do mar, jd que
geometricamente a zona de mistura, onde foi interpretada a dolomitizagdo, é mais |
profunda que a zona metedrica e também para explicar a kaolinita que foi interpretada

como de zona metedrica.

| 3- Como na foto 6F ha clara indicacdo pela sucess3o de eventos diagenéticos que a |
kaolinita descrita foi precipitada apos a precipitacdo de barita em subsuperficie, fica a |
ddvida se essa kaolinita descrita ndo é na verdade dickita, a variedade hidrotermal com
| mesmo aspecto da kaolinita na petrografia ética convencional.

COMENTARIOS SOBRE A FIGURA 5F

| 1- Sucessdo de eventos diagenéticos
em ordem temporal:
A-geracdo de um grande poro por
dissolugdo (origem ' discutida mais
| adiante);
E B-cimentacdo por dolomita (ou calcita)
"k Q blocosa. Como parece ter um teste de
o + | alizarina no cristal da esquerda da foto
| parece ser dolomita o mineral blocoso;
C-precipitagdo de cristais euédricos de
' barita em subsuperficie;
D-precipitagdo  de  dickita: em
subsuperficie preenchendo o restante
| da porosidade.

‘2- A sucessdo de eventos diagenéticos mostrados nessa foto deixa claro que além deT
| processos préximos a superficie (sensu Choquette & Pray) também processos e fluidos
| ascendentes em subsuperficie geraram dissolugdo e porosidade que posteriormente foram
preenchidos por uma classica suite de minerais hidrotermais {dolomita ou calcita blocosa-
barita-dickita). A interpretacdo da mestranda, de kaolinita metedrica e barita de ‘
subsuperficie, ndo se sustenta pela forma e posigdo dos cristais euédricos de barita. O ultimo
mineral precipitado e que preencheu o que sobrou da porosidade foi dickita e n3o kaolinita.

Ciente do Orientador

Assinatura: “Z_ ¢ ’) — (/\ Data: 04/03/2019
l\!cxk@mt;w-«n \gu.em

Ciente da Aluna:




ANEXO |
Titulo da Dissertacao/Tese:
“ORIGEM, EVOLUCAO E GEOMETRIA DA POROSIDADE DAS ROCHAS
CARBONATICAS DA FORMACAQ QUISSIMA, GRUPO MACAE, ALBIANO,
BACIA DE CAMPOS, BRAZIL”

Area de Concentragao: Estratigrafia

Autora: Kamila Cardias Rodrigues Ferreira

Orientador: Prof. Dr. Luiz Fernando De Ros

Examinador: Dr. Francisco Eduardo Gomes da Cruz

Data: 05 /04 /19

Conceito:

A ( ExCELENTE >
PARECER:
/I DESERTACAC DA A4uwh KAMILA rERREIR] IR
Urt ESTuQ DETALLIA DD DE AN PrEeToS JiE P i JO .
J06icol PETROERATFICOS £ PETROSVI Lol phiandD O
A cARA ({Tfﬂ-f Z4 Cf?i;} NE  LOEIEARVA roldiel ¢4 B A A '}r: co ]
D0 ALBIAIC DA BACGA DE @Aniided | LTI FE A
T DE it et/ Rpnndd AA  PUALIACGS = DEIENeL -
Vit e T CJ DA PROOV(AT D NEJERATORIO ] DS uin
f"‘qfd“’f T 1'9/- T4 »{r{—h

f? EFST2UTURA DO et EnTO  FAVADO  PA2A /3
COMILSBD LA JNADCRA  &UFA  MVITO BE~ OREAMTATIA
BEM ComO o5 ANExXeS NECLRIDOS 1 foredAro

J:)F (’JD

S P s RT3 o a5
A DPRETFMTACAY S Ce2iivioS 7RO DU TOALOY =
CorlErol A30R68 J0L AE Lot QA AMEFO DQADOL D)

Tl ZADA MO TARADALNG EITAS & LA o
Pol]TITuEed UM TEXTO sirRRTANTE MO VO Lupme=
(UUUE ArTECEDE AC pPRUIEC JBMEXTDNO -

O 76xTO Fr7 Por7pcady gleld PPOFIENTA £ AL ETEDN
O PRTG O  LETAT REM ECATO cor 20O <
o0 DE DifrTeids o GRAMATI AL 4 O G E
Mo TR o ceinAsDl Doy Alusk  fAMI EA4
n o sl APRESFuTAGS DO DolumErTO
i
T PSS SAFORICASES  EEO Lol 2B JEvER{4M
SR corplarnl ’ CondTAhA v Lprd ad 1DADE DA




L1T RettSIArpd , AO JTEA 4] QA P 47 DO volorte
T (RS — - :

e BETITURE  PPTIANG R f’?,fi?/ﬂ&‘@ « Ao f"f.’."??ff:’ﬁf auTite 5
FAROS  rMAals A ELEUNNTES AVE COMIROMETESSEM A LET0ied

é{ﬁ. .A/é_ 10 S A ) 7 o T “ -
(7URS 20 PRTICO AE[JaLTO o/ Cnt § PEGusief
ERQS DE Di(T7ACAT AMEE GUIR

L 4
A j{?‘m’i«‘?dfr‘;/fo //;'}(j; - jﬁ? : -f“x}i'r‘u ‘ /z!" 04‘9 o e 3 famu /7‘ Sd) ’Zihm Ji@,m
; 7 TFy {j
ﬁfum doCal( am):-;m 20 Ym0 m&mm 420l .

4D 3 ,iju’ ;i;fr 6/ FESIREEMA A ULTMa _FRALE .

Jo e
WO polumpi ~ Péces Do L LrGiaal & Acden DAY ps
WEZ2EL Am PACKIAT D) FEAESTES D Ficeidin 4 Llejrunrd

A
S AR fyni i DADES REJORTADAS PREGIAM S ER  DEFMDY
JE SHS  /MMEDIDAS 0d oAl .

ACHEr ort PovcO pECnECcEMaRy TEATAR AMLCUIR A

CARKTEU 2achs Do S)NTESA_[Fofaly INvEITeaDD A TeDAs

4

AS CUUIFreior [ ArEaciopAQAS
FEwio e’z{x,u‘i ABERLA prtd  AESEnIB UM Foco
MY BRECCOMADA As PETFRLFAUEL £ DE oty 40§ 74§
DE Porofi DADE NA L Fe& 3’4 fﬂ
AORAL ry o TE S JERMEABLRDADE]  $AT Ho7ADAS £t
LSOUN Lo6 . FFECHA TANBEM LECENDA PR Ay FAUES XA Fig 12,

A MV VER | A Facesl £ )fmecm 20 Al /n»wﬂ,ﬁio
DEVEUA ANTECEDER 4 PEIROG 4; A4 ( MET (K2 .K:cﬂ m)

o

£ DEPOIS DA PEFRCAFIA . L) it (e 76re o ERAFIA =

/o

PF 700 Fed rem
A iredoS DE fuellobol IS BAHAMIY | £ carium

/7&../&‘"“}7575 DZ &piw E’Ef"rl‘"t‘:“j/’}”?t'ff!ﬁ"w'”\j SO DIT Ao L’*:VFOJ cor
CAnvMY DE MARE  WurE 6iTho ASjectADoS A5 BARRA DE ooltTos.

Assinatura: //;WWW%,&,,//;;:W Data: g?%f{//@

Ciente do Orientador:

Ciente do Aluno:




	Dissertação Kamila Cardias Rodrigues Ferreira.pdf
	PARECER.pdf

