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Resumo

O estudo de arenitos, calcarenitos e arenitos hibridos do Cretdceo Inferior (Neo-Aptiano ao
Meso-Albiano) da Bacia de Jequitinhonha, margem leste Brasileira, compreendendo
depdsitos continentais fluvio-deltaicos a lacustres da fase rifte, e fluvio-deltaicos costeiros e
de plataforma mista siliciclastico-carbonatica da fase transicional a drifte, demonstra que a
distribuicdo das alteragdes diagenéticas e correspondente evolucdo da qualidade de
reservatorio podem ser preditas dentro de um contexto de estratigrafia de seqii€ncias.
Dados de pocos (descricdes de testemunhos e perfis elétricos), descricdo petrografica de
laminas delgadas, e andlises petrofisicas de porosidade e permeabilidade, foram integrados
de modo a identificar e avaliar os aspectos genéticos dos parametros que controlam os
padrdes diagenéticos, e, por conseguinte, a qualidade de reservatério dos intervalos
estudados. Os resultados desse estudo sdo relevantes para a exploragdo de bacias de
margem passiva do tipo Atlantico. Foi demonstrada a influéncia de fatores deposicionais
(i.e facies sedimentares) e composi¢cdo detritica original (i.e. proveniéncia) na evolucao
diagenética, permitindo estimar e predizer a distribuicdo da qualidade e heterogeneidade de
reservatorio dos intervalos estudados. A integracdo dos dados e posterior avaliacdo da
qualidade de reservatério desenvolvida nesse estudo foi baseada no conceito de petrofdcies
de reservatorio, o qual consiste no agrupamento de amostras com base nos principais
atributos responsdveis pela qualidade de reservatdrio, tais como composi¢do primadria,
estruturas deposicionais, granulometria, selecao, alteracoes diagenéticas mais influentes na
redugdo ou preservacdo da porosidade e permeabilidade originais, tipos e distribui¢do de
poros, etc.. Essa dissertacdo demonstra que o conceito de petrofacies de reservatério que
permite o reconhecimento sistemdtico dos atributos petrograficos que controlam as
caracteristicas (i.e. assinaturas) petrofisicas e geofisicas, bem como a reduc@o dos riscos

exploratorios.

Palavras-chave: sistemas deposicionais, estratigrafia de seqiiéncias, diagénese cldstica,

qualidade de reservatorios, petroficies, exploracio de petréleo
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Abstract

A study of the fluvial, deltaic, and shallow-marine siliciclastic sandstones, calcarenites and
hybrid arenites of Lower Cretaceous (Late Aptian to Early Albian) rift to early drift phase
from the Jequitinhonha Basin, eastern Brazilian margin, reveals that the distribution of
diagenetic alterations and of related reservoir quality evolution can be constrained within a
sequence stratigraphic framework. Description of cores, wireline logs, thin sections, and
petrophysical porosity and permeability analyses were integrated in order to unravel the
genetic aspects that controlled the complex patterns of diagenesis of these rocks, and hence
their reservoir quality evolution. The results of this study are relevant to the exploration of
rift and an early drift phase of Atlantic-type passive margin basins, and demonstrate the
influence of depositional factors such as sedimentary facies and detrital composition
(provenance) on diagenetic and reservoir evolution, with application to the prediction of
reservoir quality and heterogeneity during exploration. The data integration and reservoir
quality assessment performed in this paper was accomplished using the concept of reservoir
petrofacies, defined by the combination of the main attributes affecting the quality of
petroleum reservoirs (such as depositional structures, textures, composition, diagenetic
processes and products, pore types and distribution, etc.). This paper demonstrate that the
reservoir petrofacies concept is a tool for the systematic recognition of the petrographic
attributes that control the petrophysical and geophysical properties, as well as the practical

use of this approach in reducing exploration risks.

Keywords: depositional systems, sequence stratigraphy, clastic diagenesis, reservoir

quality, petrofacies, petroleum exploration
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Sobre a estrutura desta dissertacio:

Esta dissertacao de Mestrado estd estruturada em torno de dois artigos submetidos a

periddicos internacionais. Sua organizacao compreende as seguintes partes principais:

a)

b)

Introducao: contendo objetivos, revisao conceitual sobre o tema influéncia
de parametros e facies deposicionais sobre a evolucdo de padroes
diagenéticos em arenitos e arenitos hibridos, com é&nfase nas fases
eodiagenéticas, a descricao da metodologia utilizada, e andlise integradora
onde sdo apresentados, de forma condensada, a interpretacao dos resultados

obtidos;

Corpo principal: artigos “Depositional controls on the diagenetic patterns
of Lower Cretaceous sandstones from the Jequitinhonha Basin, Eastern
Brazil“ e “Reservoir quality assessment and petrofacies of the Lower
Cretaceous siliciclastic, carbonate and hybrid arenites from the
Jequitinhonha Basin, Eastern Brazil*, submetidos a publicacio nos
periddicos Sedimentology e Journal of Petroleum Geology, respectivamente,

elaborados durante o desenvolvimento do Mestrado;

Anexos: compreendendo documentacdo pertinente de natureza numérica
(tabelas) e fotografica que, por sua dimensdo e/ou natureza, ndo foram

incluidos nos artigos.



1. Introducio e objetivos

A andlise estratigrafica desenvolvida com os conceitos da Estratigrafia de
Seqiiéncias (cf. Mitchum et al., 1977a, 1977b; Vail et al., 1977a, 1977b; Van Wagoner
et al., 1988; Posamentier et al., 1988; Posamentier & Vail, 1988) permitiu a predi¢do da
distribuicdo espacial das facies deposicionais e, por conseguinte, da porosidade e
permeabilidade deposicionais, cuja distribuicdo é fungdo de fatores como a geometria
dos reservatérios, as estruturas sedimentares, a granulometria, selecdo, etc...
Posteriormente, a integracdo da estratigrafia de seqii€ncias com os processos e padrdes
diagenéticos (cf. Morad et al., 2000; Ketzer et al., 2002; 2003a; 2003b; Al-Ramadan,
2006) permitiu prever a distribuicdo espacial e temporal de alteragdes diagenéticas
superficiais (eodiag€nese), e, por conseguinte, a evolucdo pds-deposicional da

porosidade e permeabilidade, ou seja, da qualidade de reservatério.

O objetivo dessa dissertacdo € integrar, dentro de um arcabougo estratigrafico
elaborado conforme os conceitos de estratigrafia de seqiiéncias, andlises facioldgicas
(facies sedimentares e ambientes deposicionais) e petrograficas (tipos e distribuicdes
espacial e temporal de processos diagenéticos e composi¢do detritica original), dos
arenitos, calcarenitos e arenitos hibridos do intervalo do Aptiano Superior ao Albiano da
Bacia de Jequitinhonha. A meta central é determinar os fatores deposicionais que
controlam os padrdes diagenéticos, e, por conseguinte, a qualidade de reservatorio, bem
como avaliar a aplicag@o desses estudos visando a redu¢@o dos riscos exploratdrios. A
linha de pesquisa aplicada nessa dissertacdo tem como referéncia os conceitos
apresentados por Morad et al. (2000), Ketzer et al. (2002; 2003a; 2003b) e Al-Ramadan
(2006).

A qualidade de reservatério dos intervalos estudados foi avaliada com a
aplicacdo do conceito de petrofdcies de reservatorio (DeRos & Goldberg, 2007)
(ARTIGO 1II). Essa metodologia se baseia na identificacio de grupos de amostras
definidos pela combinacdo dos principais fatores que afetam a qualidade de
reservatorio, i.e., porosidade e permeabilidade: (i) caracteristicas deposicionais
(estruturas sedimentares, granulometria, selecdo, composi¢do detritica, etc.); (ii)
processos diagenéticos e seus produtos (volume, intensidade, habitos e distribui¢do das

fases autigénicas); e (iii) tipos e distribuicdo de poros. Grupos de amostras definidos



pela combinacdo destes fatores mostram faixas de valores de porosidade e
permeabilidade, assinaturas caracteristicas nos perfis elétricos e na sismica de reflexao,
permitindo o reconhecimento desses atributos petrograficos e correspondente qualidade

de reservatorio em escala exploratoria.

A aplicabilidade desses conceitos foi testada nessa dissertacio na drea proximal
da Bacia de Jequitinhonha, amostrado por dois pogos onshore e um poco offshore raso
(Fig. 1), compreendendo o intervalo de tempo geoldgico correspondente aos Andares
Aptiano (Superior) e Albiano. As unidades estudadas (formacdes Mariricu, Sdo Mateus
e Regéncia), constituem uma sucessdo complexa depositada em ambientes continentais
siliciclasticos a litordneos mistos (plataforma siliciclastico-carbondtica). Os objetivos

finais deste estudo foram de:

a) Estudar os aspectos genéticos relacionados aos padrdes diagenéticos, e
respectiva qualidade de reservatério, e demonstrar a importancia desse tipo de

estudo na redugdo dos riscos exploratérios; e

b) Demonstrar o uso pritico, como ferramenta de trabalho na fase de exploracio,
da caracterizagdo dos processos diagenéticos (tipos, distribui¢do e evolugéo), e
respectivas relacdes entre padrdes diagenéticos e facies sedimentares, dentro dos
conceitos de estratigrafia de seqiiéncias e petrofacies de reservatdrio, visando

maior eficiéncia dos processos exploratorios.

2. Contexto geologico

A Bacia de Jequitinhonha tem sua origem relacionada a ruptura do
paleocontinente de Gondwana e conseqiiente formacgdo do oceano Atlantico Sul durante
o Eo-Cretdceo (cf. Asmus & Ponte, 1973; Ojeda, 1982; Chang et al., 1990), e estd
localizada na margem leste da plataforma continental brasileira, entre os paralelos de
latitudes 18° 05’ S e 14° 47° S (Fig. 1), limitada a Sul pelo Alto Vulcénico de Royal
Charlotte, que a separa da Bacia de Cumuruxatiba, e a Norte pelo Alto de Olivenca, que
a separa da Bacia de Almada, ocupando uma érea de aproximada de 7.200 Km?, sendo a

parte emersa da bacia de cerca de 500 Km’.
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Fig.1. Mapa de localizagdo da area de estudo e resumo da carta estratigrafica da Bacia

de Jequitinhonha (fonte: ANP — Agéncia Nacional do Petréleo).

O embasamento na Bacia de Jequitinhonha € constituido por terrenos pré-
cambrianos do Craton do Sao Francisco (Almeida, 1977), consistindo em rochas
granitico-gndissicas e metassedimentos de baixo grau. O processo de separacdo dos
continentes sul-americano e africano, com conseqiiente implantacdo de um ambiente do
tipo margem passiva, pode ser diferenciado em trés estigios tectono-sedimentares
distintos (Fig. 1) (cf. Chang et al, 1988; Santos et al, 1995): (i) rifte, representado por
rochas de idades aptiana e neocomiana, as quais consistem em sedimentos siliciclasticos
continentais, interpretados como sistemas de leques aluviais, fluviais e lacustres; (ii)
transicional, representado por cunhas clésticas proximais compostas por conglomerados,
arenitos e pelitos, e por evaporitos; e (iii) drifte (deriva continental), consistindo em
sedimentos albo-cenomanianos terrigenos fluvio-deltdicos e carbonatos depositados em
ambientes pardlico e neritico em um contexto de mar semi-restrito, passando para um
contexto de mar aberto e estreito, do Albiano ao Coniaciano, com deposicdo de

folhelhos andxicos e margas (cf. Chagas, 2003), e marinho franco a partir do



Coniaciano. Com o progressivo resfriamento térmico e basculamento da bacia,

processos halocinéticos estruturam intensamente a cobertura sedimentar pds-sal.

O pacote sin-rifte € conhecido como Formacdo Mariricu, correspondendo a
conglomerados e arenitos continentais fluvio-deltdicos, associados a folhelhos lacustres
ricos em matéria organica. A seqii€ncia acomodou-se em grabens de orientacdo geral N-
S ou SW-NE. O seu topo ¢ definido por uma importante superficie de discordancia,
sobre a qual apdiam-se os sedimentos de natureza transicional, consistindo em
siliciclasticos fluvio-deltaicos, recobertos por um pacote de evaporitos e folhelhos

negros conhecidos como Membro Itatinas.

O primeiro registro sedimentar da fase marinha na Bacia engloba os sedimentos
albo-cenomanianos depositados diretamente sobre o pacote evaporitico, consistindo em
arenitos grossos de féceis transicional e marinha marginal (leques deltdicos) da
Formagdo Sao Mateus. Esta unidade totaliza cerca de 1800 metros de espessura
estimada, gradando no sentido da bacia para os carbonatos de alta e baixa energia da
Formagdo Regéncia. O Cretidceo Superior registra um rdpido afogamento da bacia,
indicada pelo recobrimento de facies carbondticas por uma sedimentagdo pelitica de

talude e bacia profunda, representada pela Formacdo Urucutuca.

Durante o Tercidrio a bacia registra uma tipica seqii€ncia de plataforma
continental progradacional formada por facies arenosas proximais, representada pela
Formagdo Rio Doce, intercalada com carbonatos da Formagdo Caravelas, que grada no
sentido da bacia para ficies peliticas (Fm. Urucutuca). Um importante episédio
magmatico corresponde a Formagdo Abrolhos, consistindo em rochas vulcanicas e
vulcaniclasticas alcalinas e sub-alcalinas extrudidas durante o intervalo Paleoceno-

Eoceno (cf. Almeida et al., 1996).

3. Metodologia de trabalho

A metodologia de trabalho empregada nessa dissertacdo compreendeu:



1) A descricdo de testemunhos, incluindo a andlise de facies sedimentares (sensu Miall,
1996), com a descri¢do de texturas, estruturas primdrias (deposicionais, deformativas e
biogénicas), e identificagdo de associagdes e sucessdes facioldgicas verticais (sensu
Walker, 1992), visando reconhecer processos e sistemas deposicionais (geneticamente
relacionados) e suas respectivas assinaturas em perfis elétricos e secdes sismicas

(ARTIGO T).

2) A elaboragdo de um arcabougo estratigrafico, com base em dados bioestratigréficos, e
sucessdo vertical de sistemas deposicionais (ARTIGO I), com o suporte da descri¢do
sistemadtica de laminas petrograficas (microscopia Otica) de amostras selecionadas nos
testemunhos. Face & baixa resolugdo bioestratigrafica, ndo foram interpretados limites

cronoestratigraficos precisos.

3) A andlise petrografica quantitativa da composicdo essencial, realizada com uso do
software Petroledge® (De Ros et al., 2007), via contagem de 300 pontos por lamina
delgada, segundo o método Gazzi-Dickinson (sensu Zuffa, 1985). A analise petrografica
quantitativa visou determinar: (a) a composicdo detritica original, de forma a permitir
consideragdes sobre a proveniéncia; (b) a assembléia de minerais autigénicos, sua
evolucdo paragenética, e relacdes texturais com os constituintes detriticos e a
compactacdo, para andlise do impacto dos processos diagenéticos na porosidade e
permeabilidade; (c) a classificagdo das rochas analisadas (sensu Folk, 1968 e Zuffa,
1980), e (d) a determinacdo da porosidade (macroporosidade) atual, para estimar a
influéncia da compactacdo e da cimentacdo na redugdo da porosidade original (cf.

Ehrenberg, 1989).

4) andlises adicionais das principais fases diagenéticas responsdveis pela redugdo ou
preservacdo da porosidade primdria (cimentos carbondticos, sulfatos e argilo-minerais),
consistindo em (ARTIGO I):

a) estudos de composicdo isotdpica (is6topos estdveis) de carbono, oxigénio e
enxofre, com andlises em rocha total ou método microdrilling sobre ldminas espessas
(50 pum), para determinar as condi¢des geoquimicas de precipitagio de cimentos
carbonaticos e sulfatos (cf. Al-Aasm et al., 1990). Os resultado dessas analises sdo
apresentados no formato de J relativo aos padroes SMOW (Craig, 1961), PDB (Craig,
1957) e CDT (Thode et al, 1961). As temperaturas de precipitacdo dos cimentos de



dolomita foram calculadas com base nas curvas de fracionamento isotopico segundo
Friedman & O’Neil (1977); enquanto que os valores istopicos do sulfato autigénico e
deposicional (Membro Itatinas) foram comparados com os valores de referéncia
segundo Claypool et al. (1980);

b) andlises de difratometria de raios-x da fracdo argila (< 10 um), utilizando
difratdmetro Siemens Bruker AXS, modelo D5000 (Laboratério de Difratometria de
Raios-X da UFRGS), em amostra natural (air dried), glicolada (ethylene glycol) e
calcinada (heated) a 550°C por 2 horas; e

¢) microscopia eletronica de varredura (MEV), em microscopio Phillips XL-30,
com o recurso de imagens de elétrons primdrios retroespalhados (backscattering - BSE),
sobre 1aminas selecionadas, polidas e revestidas com carbono, visando a determinacéo
de morfologias, habitos e relagdes paragenéticas entre minerais detriticos e autigénicos,
com o suporte de espectometro de energia dispersada (energy-dispersive spectrometer -

EDS), visando identificacdo quimica dos minerais autigénicos.

5) A classificacdo dos intervalos amostrados em lamina petrografica em petrofdcies de
reservatorio (sensu De Ros & Goldberg, 2007) (ARTIGO II), definidas pelo
agrupamento das amostras com base nas caracteristicas deposicionais primarias
(composicdo primdria, estruturas, selecdo, granulometria), as quais condicionam as
caracteristicas permo-porosas originais, e nas alteragdes diagenéticas mais influentes na
reducdo, geracdo ou preservacdo da porosidade e permeabilidade. Tal procedimento
permite agrupar as amostras com caracteristicas permo-porosas e evolucdo diagenética
semelhantes, e, conseqiientemente, com caracteristicas petrofisicas e assinaturas
sismicas e em perfis elétricos similares. Medidas petrofisicas (porosidade e
permeabilidade) foram utilizadas, quando coincidentes com os pontos amostrados em

laminas delgadas.

6) A andlise dos padrdes diagenéticos dos intervalos estudados em relacdo ao contexto
do ambiente deposicional previamente interpretado, e ao contexto da estratigrafia de
seqiiéncias, visando avaliar a existéncia de controles deposicionais e estratigraficos
sobre as variacdes nos constituintes originais (i.e. proveniéncia) e evolucao diagenética
(ARTIGO I). As relagdes com a estratigrafia de seqiiéncias foram feitas em escala de
tratos de sistemas e seqiiéncias deposicionais. Ndo foi possivel analisar a assinatura

diagenética de superficies-chaves face a amostragem descontinua em subsuperficie.



7) A andlise integrada das caracteristicas definidoras de cada petrofdcies de
reservatdrio, e por extensdo dos intervalos de rocha representados por elas, em relagdo
ao contexto de qualidade de reservatorio versus ambiente deposicional e estratigrafia de

seqiiéncias (ARTIGO II).

8) A elaborag¢do de modelos conceituais de predi¢do de qualidade de reservatdrio, em

relacdo a evolugdo de porosidade e permeabilidade dos reservatdrios (ARTIGOS I e II).

9) A elaboragdo de artigos cientificos descrevendo os resultados e sua interpretacao.

4. Controles deposicionais sobre os padroes diagenéticos - Revisdo conceitual

A diagénese engloba os processos fisicos e quimicos que afetam os sedimentos
ap6és a sua deposicdo e durante os primeiros milhares de metros de soterramento,
ocorrendo a baixas temperaturas (< 200° C) e pressdes (< 2000 kg/cm?), e na presenga
de grande quantidade de solucdes aquosas, com diferentes valores de salinidade. As
alteracdes diagenéticas sdo classificadas com base em limites de temperatura e

soterramento (sensu Morad et al., 2000), conforme segue:

(i) Eodiagénese — engloba as alteracdes que ocorrem a profundidades de soterramento
inferiores a 2 km e temperaturas inferiores a 70°C, onde a quimica das dguas
intersticiais € controlada pelas dguas do ambiente deposicional e/ou circulagdo das
dguas superficiais, onde as caracteristicas deposicionais (textura, estruturas, geometria
dos sedimentos) influem no fluxo de fluidos. E também a fase principal de expulsio da

dgua e perda de porosidade por compactacio;

(ii)) Mesodiagénese — engloba as alteracdes que ocorrem a profundidades de
soterramento superiores a 2 km e temperaturas superiores a 70°C, caracterizado por um
efetivo isolamento da superficie e dos fluidos superficiais, onde os fluidos diagenéticos

sdo modificados pelas reacdes com os minerais; e



(iii) Telodiagénese — engloba alteracdes decorrentes de soerguimento (upliff) ou da
infiltracdo profunda de &4guas metedricas, comumente sob influéncia de daguas
metedricas, com o retorno as condi¢gdes superficiais de rochas anteriormente submetidas

as alteracdes mesodiagenéticas. Comumente associadas a formacao de discordancias.

As alteracdes eodiagenéticas t€m forte controle por parte de fatores relacionados
ao ambiente deposicional, tais como a textura, composi¢do detritica, contetido de
matéria organica, composicdo de fluidos intersticiais deposicionais, clima e
caracteristicas hidrolégicas da bacia (cf. Morad, 1998). Essas alteracdes promovem a
interacdo entre sedimentos e fluidos superficiais. A intensidade da eodiagénese é funcio
da taxa de sedimentacdo: quando alta, os sedimentos sdo rapidamente soterrados e
isolados dos efeitos superficiais; quando baixa, ocorre prolongada exposi¢do as

influencias superficiais (cf. De Ros, 1996).

As alteracdes mesodiagenéticas, em virtude do restrito fluxo de fluidos durante a
diagénese profunda, sdo muito influenciadas pela porosidade e permeabilidade
remanescentes, apresentando menor relacio com facies deposicionais, e abrangé€ncia
espacial que transpassa os limites entre facies, face a maior correlagdo com padrdes de
circulagdo de fluidos em escala regional (Stonecipher, 2000). Desta forma, bruscas
variagdes verticais e laterais na suite de alteracdes diagenéticas sdo mais comumente
relacionadas a controles deposicionais, e associadas a reagdes eodiagenéticas. As
alteracdes mesodiageneticas sdo comumente, entretanto, produzidas ou favorecidas pela
presenca de fases eodiagenéticas especificas, estas ultimas com forte influencia

deposicional.

4.1. Estruturas, texturas e trama (fabric) deposicionais

As estruturas e trama deposicionais, e caracteristicas texturais como
granulometria, arredondamento, esfericidade e sele¢do influenciam na dindmica do
fluxo de fluidos intersticiais, e, por sua vez, na distribuicdo e grau das alteracdes
diagenéticas promovidas por esses fluidos, e na intensidade da compactagdo e
cimentacdo na alteracdo do espago intergranular original. Quanto melhor a selecéo e

menor o contetido de argila, melhor serd a circulagdo de fluidos, resultando em uma



maior probabilidade desses intervalos serem objeto de extensas cimentacdo e/ou

dissolugdo de grios e cimentos durante o soterramento (Aktas & Cocker, 1994).

As propriedades hidrolégicas de uma bacia sedimentar estdo relacionadas com
suas caracteristicas litologicas (cf. Van De Graaf & Ealey, 1989; Hiatt & Dalrymple,
2003). Complexas distribuicdes laterais e verticais de litofdcies podem gerar
heterogeneidades (compartimentalizacdo) no perfil de porosidade e permeabilidade,
controlando a o fluxo de fluidos intersticiais através dos pacotes sedimentares, e

influindo nas altera¢des diagenéticas subseqiientes (cf. Stonecipher, 2000).

Depésitos fluviais, por exemplo, comumente mostram variacdes na porosidade e
permeabilidade relacionadas a intercalacdo entre arenitos grossos, porosos e permeaveis
(facies de preenchimento de canal) e lutitos com alta microporosidade e baixa
permeabilidade (ficies de transbordamento de canal). Seqiiéncias com padrdes de
fining-upward tendem a corresponder a melhores valores de permeabilidade e
porosidade nas facies mais grossas e com estratificacdes de maior porte na base, e
piores nas facies finas com estratificagdes tipo climbing-ripples do topo (cf. Van De
Graaf & Ealey, 1989). Ficies deposicionais com elevado percentual em finos, bem
como facies muito bioturbadas, fluidizadas, deformadas (slumps), etc., tendem a impor
maior restri¢do ao fluxo de fluidos, refletindo em alteracdes diagenéticas menos intensas

(cf. Aktas & Cocker, 1994).

Sedimentos grossos (p.ex.: arenitos), por outro lado, tendem a apresentar variado
espectro de porosidades e permeabilidades originais, dependendo de fatores como
selecdo e composi¢ao detritica (cf. De Ros, 1996). A manutencio de elevados valores de
porosidade e permeabilidade durante a eodiagénese torna esses intervalos vias
preferenciais para o fluxo de fluidos durante a mesodiagénese. A amalgamacio dos
canais aumenta a conectividade das seqiiéncias permitindo um maior fluxo de fluidos

responséveis pelas alteracdes diagenéticas (Van De Graaf & Ealey, 1989).

4.2. Composic¢ao detritica - Proveniéncia

Estudos tém demonstrado que as alteracdes diagenéticas t€m forte controle da

composi¢do detritica original (e.g. Surdam et al., 1989; Amorosi, 1995; De Ros, 1996).
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A composi¢do quimica e mineraldgica das rochas é funcio da interacio de fatores como
a composicdo das dreas-fonte (litologia), intensidade e processos de intemperismo,
transporte, ambiente deposicional, idade e profundidade de soterramento, refletindo
condicionantes tectdnicos e climaticos (cf. De Ros et al., 1994; Morad et al., 2000;

Harris, 2000).

O tempo, distancia e os processos de transporte promovem o aumento do grau de
maturidade pela selecdo dos minerais com diferente resisténcia mecénica e quimica,
resultando em depdsitos com assembléias de minerais detriticos particulares, os quais
apresentardo padrdes de evolucdo diagenética distintos (cf. De Ros, 1996). O fator clima
também influi no grau de maturidade composicional. Sedimentos imaturos com baixa
resisténcia ao intemperismo quimico (feldspatos) tendem a serem mais preservados sob
acdo de climas semi-dridos (cf. De Ros, 1996). A concentracdo de minerais estiveis
favorece a preservacdo de porosidade primaria (cf. Burley, 1993), enquanto que
sedimentos ricos em constituintes imaturos e instaveis (p. ex.: feldspatos, fragmentos
liticos vulcanicos, grios intrabaciais carbondticos, intraclastos lamosos) tendem a
apresentar limitada preservacdo de porosidade primdria ao longo da sua historia de
soterramento e diagenética, pela pronunciada alteracdo destes constituintes e geracdo de
fases diagenéticas (cimentos) especificas, tais como a intensa cimentagdo intergranular
por argilo-minerais esmectiticos e/ou cloriticos promovida pela alteracdo de fragmentos

vulcanicos (cf. De Ros, 1996).

A presenca de grios carbondticos, muito reativos e instidveis frente a
compactagdo mecanica e quimica, favorece a cimentagdo carbondtica precoce pela sua
dissolucdo e/ou pela nucleacdo de cimentos derivados da dgua do mar (cf. Cavazza &
Gandolfi, 1992; Amorosi, 1995; Morad et al, 2000; Ketzer et al, 2002). Face a
cimentacdo precoce, esses intervalos sofrem menos compactagdo mecanica do que

arenitos nao cimentados.
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4.3. Composicao e fluxo dos fluidos

As alteragdes diagenéticas sdo controladas pela composi¢do quimica dos fluidos
intersticiais (cf. McKay et al, 1995). Sedimentos mais permedveis (i.e. que permitem
maior circulacdo de fluidos) tendem a sofrer processos diagenéticos mais intensos

(Harrison, 1989).

O fluxo de fluidos intersticiais ocorre em virtude da existéncia de gradientes de
pressdo em subsuperficie (p. ex.: expulsdo de dgua de lutitos durante a compactagéo),
tectonismo (i.e. falhamentos) e correntes (células) de conveccdo impulsionadas por
gradientes de densidade devidos a variacdes de salinidade e/ou de temperatura (cf.
Bjorlykke et al., 1989; Morad et al., 2000). O fluxo de fluidos nas bacias sedimentares é

comumente associado aos seguintes regimes ou sistemas (cf. De Ros, 1996) (Fig. 2):

(i) o regime meteorico, o qual € caracterizado por baixa salinidade, sendo bastante
influenciado pela paleogeografia, em especial por dreas tectonicamente soerguidas, que
fornecam adequado gradiente hidrdulico, bem como pela continuidade de corpos
arenosos com propriedades permo-porosas adequadas (cf. Bjgrlykke et al., 1989); (ii) o
regime marinho caracterizado por grande extensdo, mas pequena penetragdo, mais
influente em 4reas de baixas taxas de aporte sedimentar; (iii) o regime compactacional,
caracterizado e limitado pelo volume de fluidos intersticiais expulsos durante o
soterramento; e (iv) o regime termobdrico, caracterizado por limitado volume de fluidos
intersticiais, relacionado as reacdes desencadeadas pela geracdo de hidrocarbonetos e
desidratacdo de argilo-minerais, sob condicdes de elevada P e T, bem como pelo fluxo

de fluidos através de falhas.

Os padrdes de fluxo de fluidos intersticiais sdo controlados pela distribuicdo
espacial dos intervalos de maior permeabilidade, a qual é fung@o de caracteristicas
deposicionais, tais como: geometria externa, textura, estruturas e fabrica (cf. Beard &
Weyl, 1973; De Ros, 1996). Intervalos com intensa cimentacdo, e evaporitos, atuam
como barreiras a circulacdo de fluidos (cf. Morad, 1998), influindo diretamente nos
padroes de fluxo dos fluidos e nas alteracdes diagenéticas por eles induzidas (cf.

Worden & Burley, 2003).
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REGIME Mm

REGIME COMPACTACIONAL

Fig. 2. Regimes hidroldgicos de fluxo de fluidos intersticiais em bacias sedimentares

(adaptado de De Ros, 1996).

4.4. Composicao dos constituintes diagenéticos anteriores

As alteragdes eodiagenéticas podem controlar diretamente a porosidade e
permeabilidade, influir na evolucdo dos processos mesodiagenéticos. Isto ocorre
particularmente porque fases precoces muito reativas como argilo-minerais ou
carbonatos sofrem expressivas alteracdes durante o soterramento (cf. De Ros, 1996).
Cimentos carbondticos eodiagenéticos tendem a ser substituidos por cimentos
carbondticos mesodiageneticos, comumente com granulacdo mais grossa. Cuticulas ou
franjas de argilas esmectiticas autigénicas ou mecanicamente infiltradas tendem a ser
cloritizadas ou ilitizadas, e/ou a ser recobertas por franjas mesodiageneticas de clorita
ou ilita (cf. De Ros, 1996), que reduzem a permeabilidade pela obstrugao das gargantas
dos poros, mas contribuem para preservar a porosidade pela inibi¢do dos crescimentos

secundarios de quartzo (cf. Harrison, 1989).
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4.5. Diagénese versus estratigrafia de seqiiéncias

A estratigrafia de seqiiéncias, surgida com base nos estudos de cariter
sismoestratigraficos efetuados pelos profissionais da Exxon, forneceu uma importante
ferramenta para a anélise estratigrafica de bacias, bem como para a correlagio e andlise
de facies em diferentes escalas de trabalho (cf. Mitchum et al., 1977a, 1977b; Vail et al.,
1977a, 1977b; Van Wagoner et al., 1988; Posamentier et al., 1988; Posamentier & Vail,
1988).

A estratigrafia de seqiiéncias baseia-se em definicdes como: (i) seqiiéncia
deposicional, unidade estratigrafica basica, constituida por uma sucessdo continua de
estratos geneticamente relacionados, limitados por discordincias erosivas e suas
concordancias relativas, correspondendo a um ciclo completo de variacdo relativa do
nivel de base; e (ii) tratos de sistemas, como conjunto de sistemas deposicionais que
coexistem e sdo caracteristicos a determinados intervalos da curva de variagdes relativas
do nivel de base. Sua aplicacdo revolucionou a andlise de bacias em face de sua
capacidade preditiva quanto a distribui¢do das facies, e a seu referencial na correlacio
estratigrafica entre diferentes bacias a partir da proposicdo de variagdes eustdticas de

carater global.

Trabalhos subseqiientes (e.g. Galloway, 1989; Lomando & Harris, 1991;
Schlager, 1991; Hunt & Tucker, 1992; Posamentier & James, 1993; Loucks & Sarg,
1993; Miall, 1997; Catuneanu, 2002) questionaram o modelo original em questdes
controversas como: (i) definicdo das superficies estratigraficas aptas para atuar como
limite de seqii€ncia, (ii) influéncia das quedas eustaticas na génese das discordancias em
bacias com diferentes regimes tectonicos, e (iii) influéncia do aporte sedimentar e uso
da estratigrafia de seqiiéncias na correlacdo entre bacias com histdérias evolutivas
distintas. Isto permitiu a revisdo e aperfeicoamento do modelo original, e o
fornecimento de novos conceitos e aplicacdes, tais como na estratigrafia de seqii€ncias
para ambientes mistos carbondticos-siliciclasticos e tratos de sistemas de regressio

forgada.

A abordagem integrada entre estratigrafia de seqii€ncias e diagénese consiste em

uma préatica recente (cf. Morad et al, 2000; Ketzer et al, 2002; Ketzer et al, 2003a;
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Ketzer et al, 2003b; Al-Ramadan, 2006), que tem demonstrado que as distribui¢des
espacial e temporal das alteragdes diagenéticas podem ser previstas dentro de um
contexto de estratigrafia de seqiiéncias. A andlise estratigrafica convencional permite a
predicio da distribuicdo de facies, que controla a porosidade e permeabilidade
deposicionais (geometria dos corpos sedimentares, tamanhos e sele¢do dos grios, etc.),
enquanto a abordagem integrada entre estratigrafia de seqii€ncias e diagénese permite
avaliar a evolugdo pds-deposicional da porosidade e permeabilidade, dentro de um
contexto espacial e temporal, uma vez que muitos dos pardmetros que governam Os
processos diagenéticos podem ser obtidos a partir do contexto da estratigrafia de

seqiiéncias.

Dentre os parametros que influenciam a evolugdo diagenética, e que podem ser

relacionados com a estratigrafia de seqiiéncias, destacam-se:

(i) mudancas no quimismo das aguas intersticiais (cf. McKay et al, 1995; Carvalho et
al., 1995; Morad et al, 2000) - superficies estratigraficas que definam significativas
mudangas no quimismo dos fluidos intersticiais, tais como mudanga de composicio
marinha para metedrica, ou mista marinho-metdrica, ao delimitar importantes eventos
transgresivos ou regressivos, tais como superficies transgressivas, limites de
paraseqiiéncias e limites de seqiiéncias. Estes ultimos, por exemplo, no caso de
rebaixamento do nivel do mar, implicam na substituicdo de fluidos intersticiais

marinhos por metedricos em amplas dreas.

(ii) taxa de acumulacao sedimentar (cf. Morad et al, 2000; Ketzer et al, 2003b; Al-
Ramadan, 2006) - superficies estratigraficas relacionadas com baixas taxas de
acumulacdo sedimentar correspondem a uma longa permanéncia dos sedimentos em
contato com fluidos intersticiais especificos. Isto ocorre em limites de paraseqii€ncias e,
principalmente, superficies de mdxima inundagdo, caracterizadas por significativo hiato
nido deposicional, o que favorece a ocorréncia de alteracdes diagenéticas intensas,
particularmente de cimentagdo carbontica, pela difusdo de Ca** a partir da dgua do

mar.

(iii) variacao na composicao primaria (cf. Amorosi, 1995; Morad et al, 2000; Ketzer

et al, 2002) — mais especificamente, na variagdo da distribuicdo de constituintes
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intrabaciais, tais como bioclastos carbondticos, intraclastos lamosos e grios de
glauconita, a qual varia significativamente com os tratos de sistemas preditos pela ES.
Esses constituintes s3o altamente reativos, promovendo processos diagenéticos

responsaveis tipicamente por substancial redu¢do de porosidade e permeabilidade.

5. Resultados obtidos

A caracterizacdo dos fatores determinantes da qualidade dos reservatodrios, bem
como sua distribuicdo espacial e temporal, e relacio com o ambiente deposicional, foi
obtida a partir da integracdo e interpretacdo de descricdes de testemunhos, perfis

elétricos, dados petroldgicos, isotdpicos, petrofisicos e geofisicos .

Descricoes de 32 testemunhos distribuidos ao longo dos 3 pogos foram
utilizadas como base para elaboragdo do arcabouco estratigrafico (Figs. 3, 3a), a partir
da correlagdo dos perfis de pogos e sucessdes facioldgicas verticais (ARTIGO I). Essas
descri¢des resultaram na diferenciacdo de 18 litofacies, seguindo um modelo adaptado
de Miall (1996), as quais foram agrupadas em 14 associacdes de facies de carater
genético, seguindo o modelo proposto por Walker (1992), representando os seguintes

sistemas deposicionais:

(i) Sistemas continentais fluvio-deltaicos (e.g. Galloway & Hobday, 1983; Collinson,
1996) - Associacao de facies CD e FD (Fig. 4A), depositados em meio-grabens
assimétricos, sob tectonismo distencional ativo (cf. Kiichle et al., 2005), diferenciados
em ficies com granulometria média a grossa (CD), interpretados como proximais em
relacdo as bordas de falha da bacia, e ficies com granulometria média a fina (FD),
interpretados como distais em relagdo as bordas de falha da bacia e/ou relativos a
drenagens longitudinais (axiais) em relacdo a calha rifte. Ambos sistemas fluvio-
deltdicos sdo diferenciados em fécies subaquosas: frente deltaicas e prodelta-lacustrino;

e facies subaérea: planicie deltaicas, localmente intercalados com lutitos pré-deltaicos a

lacustres.

(ii) Sistemas de leques deltiicos costeiros (e.g. Bhattacharya, 2006) - Associacao de

facies SD (shallow-water deltas) (Figs. 4B-C), caracterizados por granulometria média
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a grossa, relacionados a plataformas rasas em ambiente marinho restrito — golfo,
diferenciado em facies subaquosas de frente deltaicas (shoreface inferior e superior) e

localmente subaéreas de planicie deltaicas (shoreface superior a foreshore).

(iii) Sistemas fluviais tipo entrelacado - braided (e.g. Steel & Thompson, 1983) -
Associacao de facies BR (Figs. 4A, 4C), caracterizados por granulometria média a
grossa, relacionados a facies proximais aos sistemas fluvio-deltdicos em tratos de
sistemas de mar baixo ou progradacdes de tratos de sistema de mar alto sobre os

sistemas deltaicos.

(iv) Sistemas de sabkha costeira (e.g. Handford & Loucks, 1993) - Associacao de
facies SC (Fig. 4B), interpretadas no topo das progradacdes deltaicas (facies SD), como
depositos de tratos de sistemas de mar alto tardio, formando ambientes de sabkha

costeira (sabkha and coastal salina supratidal flats);

(v) Sistemas estuarinos (e.g. Weimer et al., 1982) - Associacao de facies ES (Fig. 4C),
caracterizados por granulometria grossa a fina, relacionados as facies transgressivas de

ambientes de plataforma interna; e

(vi) Sistema misto (carbonatico-siliciclastico) de plataforma interna (e.g. Wright &
Burchette, 1996) - Associacao de facies MR (Fig. 4C), depositados em ambiente do
tipo rampa carbondtica rasa (cf. Cérdoba, 1994; Kiichle et al., 2005), marcada por uma
sedimentacdo mista siliciclastica, nas por¢des proximais da bacia (ficies SD/BR) e
carbondtica nas por¢des mais distais (ficies MR). Estes tltimos consistindo em arenitos
hibridos (sensu Zuffa, 1980) e calcarenitos. Os intervalos silicicldsticos sdo aqui
interpretados como preferencialmente depositados nos tratos de sistema de mar baixo
(LST), transgressivos (7ST) inicial e mar alto (HST) tardio (progradacdes de facies
costeiras/continentais), enquanto que os tratos de sistemas transgressivos (7S7T) e mar
alto (HST) favorecem a deposicdo dos intervalos carbondticos (Handford & Loucks,

1993).

Os testemunhos que serviram de base para a interpretacdo dos sistemas
deposicionais acima citados, contendo as principais estruturas sedimentares

diagndsticas, sdo discutidos a seguir (Figs. 5Sa 11):
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Fig. 4. Representacdo esquemadtica da interpretacdo paleo-geogrifica dos ambientes
deposicionais para as seqii€ncias rifte (A), transicional e drifte siliciclastica D1 (B) e

plataforma mista (silicicldstica-carbonética) albiana — Seqiiéncias D2-D4 (C).
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(Sc) — bioturbacao(?) de frente deltaica; 6) Conglomerados suportados pelos clastos, representando registro de canais de
planicie deltaica (Gmt); 7) Arenitos finos a médios, micaceos, com estratificacdes plano-paralela (Sl) de planicie deltaica; 8)
Arenitos médios com estratificagdes cruzadas de marca onduladas — ripples de corrente (Sr).
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WELL B - APTIAN (RIFT SEQUENCES)
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Fig. 6. Associacao de facies FD e CD. Fotografias digitais de testemunhos mostrando: 1) Arenitos finos a médios, bem
selecionados, quartzosos, com estratificagées plano-paralelas de transigcao frente deltaica a planicie deltaica; 2) Arenitos finos
a médios, quartzosos, com estratificacbes cruzadas tabulares ou acanaladas (St), representando o registro de canais
distributarios de planicie deltaica; 3) arenitos finos com estratificagdbes de marcas onduladas — ripples de corrente (Sr)
representando o registro de facies distais de frente deltaica; 4) arenitos finos a médios com estratificagbes plano-paralelas de
frente deltaica a planicie deltaicas, com presenca de intraclastos lamosos; 5) arenitos finos com estratificagdes plano-paralelas
(SI); 6) arenitos finos a médios com dobras convolutas (Sc) por fluidizagdo, representando o registro de frentes deltaicas
distais de facies CD.
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WELL C - APTIAN-ALBIAN
(TRANSITIONAL-DRIFT SEQUENCES)
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Fig. 7. Associacdes de facies SD (fase pré-sal) e SC (intervalo evaporitico). Fotografias digitais de testemunhos mostrando: 1) registro de
facies prodeltaicas consistindo de intervalo heterolitico com alternancia entre camadas de arenitos muito finos cinza e calcilutito creme
(Hc); 2) Arenito médio com estratificagbes cruzadas de marcas onduladas — ripples de corrente (Sr) com impregnacéao de 6leo residual
(manchas escuras); 3) arenito fino a médio com estratificacdes plano-paralelas intercalado com lentes de calcilutito creme; 4 a 6) Litofacies
heterolitica (He), consistindo em interlaminados de folhelho preto com calcilutito creme (algalico?) ou interlaminados de lutito e calcilutito
creme, fluidizados, dobrados e microfalhados, com aspecto brechado (tepee structures?), sugerindo eventos de exposicdo subaérea, e
lutito com laminagao convoluta (algalico?), representando o registro de planicies tipo mudflat associadas aos ambientes de sabkha; 7 e 8)
alternancia entre laminas de lutitos carbonaticos (algal-laminated dolomudstones) e anidrita nodular (chicken-wire) - litofacies Ec; 9) facies
de frente deltaica com estratificacdes de marcas onduladas — ripples de corrente (Sr), localmente com possivel interpretacao de influéncia
de ondas (ripples de oscilagdo — Sw), sugerindo ambiente tipo shoreface superior a foreshore.
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WELL A - ALBIAN (DRIFT SEQUENCES)
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Fig. 8. Associagdes de facies SD (pré-implantagao plataforma carbonatica) e ES. Fotografias digitais de testemunhos mostrando: 1) Arenito fino a
médio, mal selecionado, arcésio, com laminacao convoluta (Sc) e freqlente mistura (argila-silte-areia); 2 a 5) facies de frente deltaica a planicie
deltaica (foreshore to upper shorface) com intensa bioturbacao (Sb). Traco féssil de Diplocraterion? (foto 2), Icnofacies Skolithos, ambiente raso
(frente deltaica/upper shoreface); 6 e 8) facies heteroliticas (H) com alternancia entre intervalos com predominancia de lutitos (silty laminated
mudstones), com < 25% de gréos tamanho areia, e intervalos com predominancia de arenitos (muddy sandstones), com < 25% de grdos tamanho
argila, representando o registro de ambientes estuarino, lateralmente associados aos ambientes de leques deltaicos. Fotos 6 e 8 com fei¢des tipo
crinckled laminae (finas laminas de argila em conformidade com provaveis marcas onduladas de corrente (ripples). Tracos fosseis de thalassinoides
ou ophiomorphas(?) (foto 7), Icnofacies Cruziana, e skolithos(?) (foto 8), Icnoféacies Skolithos, sugerindo mistura de fosseis de ambas as icnofacies.
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WELL B - ALBIAN (DRIFT SEQUENCES)
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Fig. 9. Associacbes de facies SD e ES. Fotografias digitais de testemunhos mostrando: arenitos médios a grossos, mal
selecionados, arcosios liticos, alternando entre (foto 1) facies cinza claras com estratificacdes plano-paralelas e Iutitos cinza
escuros (possiveis mud drapes), interpretadas como registro de leques deltaicos (facies SD) na forma de facies de frente deltaicas
ou planicies deltaicas, intercaladas com depdsitos de ambiente estuarino (fotos 2 a 3) a planicie de maré (tidal flat) (facies ES),
localmente possivel facies fluvial (proximal) (foto 37). Laminagbes finas (argila) interpretadas como crinkled laminae em
conformidade com estruturas tipo marcas onduladas, possivelmente corrente (current ripples). Intervalos arenosos grossos (foto
3), mas selecionados, intercalados com lutitos avermelhados, com contatos abruptos, localmente com feicoées de carga (load casts
- parte superior do intervalo argiloso), interpretados como depésitos de canais de maré (ou possiveis canais distributarios de
planicie deltaica). Observa-se a presenca de possiveis tracos fosseis (planolites? - metade inferior do intervalo argiloso, e marcas
de raizes - topo do intervalo arenoso inferior).
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WELL B - ALBIAN (DRIFT SEQUENCES)
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Fig. 10. Associacdes de facies BR, SD e MR. Fotografias digitais de testemunhos mostrando: 1) Arenitos médios a grossos com estratificacées
plano-paralelas e cimentagao deslocante carbonatica (dolomita) localizada, interpretada como facies fluviais (tipo braided — entrelacado) de canal
ativo; 2) arenito hibrido (> 30% grdos carbonaticos), localmente bioturbado (Sbh); 3) calcirrudito oncolitico (oncolitos centimétricos) micritico?
(imersos em matriz carbonética dolomitizada?), consistindo em dolopackstone oncolitico bioclastico, com substituicao parcial dos oncolitos (nucleo)
por cimentagao dolomita e anidrita; 4) arenito médio a fino, micaceo, com estratificagdes cruzadas onduladas ripples de oscilagdo (Sw), interpretado
como registro de ambiente costeiro com maior influéncia de ondas ao longo do ambiente de plataforma interna.
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WELL C - APTIAN-ALBIAN
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Fig. 11. Associacao de facies MR. Fotografias digitais de testemunhos mostrando: 1) lutitos cinza escuros, localmente
ricos em carbonatos (litofacies Flc), consistindo em laminas de calcilutitos cinza claras e lutitos cinza escuros,
localmente deformados (fluidizagdo?); 2) arenitos hibridos com gradagdo normal; 3) packestones oncolitico e
bioclastico, interpretado como associado a zona de transigao entre facies de mais baixa energia (plataforma interna) e
facies de mais alta energia (sotoposta ao ponto fotografado), caracterizada por grainstones ooliticos.
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As descri¢des de testemunhos foram aprimoradas com a descri¢do petrografica
de 67 laminas delgadas (ANEXO A), cujos resultados estdo sumarizados em duas
tabelas de andlise petrografica quantitativa (percentuais médios relativos ao volume
total — bulk rock volume) com as amostras agrupadas conforme os tratos de sistemas
e/ou seqiiéncias deposicionais (ARTIGO I) e conforme a classificacdo em petrofdcies
reservatorio (ARTIGO II). Fotomicrografias dticas e imagens de elétrons retro-
espalhados (BSE), com suporte de andlises de espectrometria de energia dispersada
(EDS), de parte das laminas, sdo apresentadas nos ANEXOS B e C, respectivamente,
evidenciando fases autigénicas, suas relacdes paragenéticas e seu impacto na qualidade
de reservatério do intervalo estudado. Andlises de difratometria de raios-X foram
realizadas em 5 amostras contendo percentual significativo de argilo-minerais
autigénicos, identificados via petrografia Optica, de modo a dar suporte as andlises

petrograficas. Os difratogramas e interpretacdes sio apresentados no ANEXO D.

Apenas os dados geofisicos (sismica de reflexdo) referentes aos pocos A e C
foram integrados a caracterizacdo das petrofdcies de reservatorio (ARTIGO II) por
possuirem amarragdo com se¢des sismicas com qualidade adequada para avaliagdo de
sismofacies (Fig. 12). Os resultados mais favordveis foram obtidos no poco A, em
virtude da limitada dimensdo temporal (vertical) do intervalo de estudo no pogo C.
Entretanto, o cardter strike da linha sismica ao longo do poco A ndo permitiu a
aplicacdo robusta das técnicas sismoestratigraficas, tais como a identificacio de

terminacgdes de reflectores.

A integracdo dos dados geofisicos no poco A permitiu: (i) identificar limites
superiores e inferiores dos intervalos carbondticos (alto contraste de impedancia); (ii)
delimitar intervalos com alto contraste de amplitude sismica, correlaciondveis com
intervalos litoldgicos com alto percentual de cimentacdo, permitindo aferir intervalos
(seqiiéncias deposicionais) com bom controle da assinatura geofisica sobre a qualidade
de reservatdrio; e (iii) delimitar intervalos com respostas sismicas similares, porém com
composi¢do detritica e/ou evolugdo diagenética distintas, com impacto nos parametros
de porosidade e permeabilidade, permitindo aferir intervalos com baixo controle da
assinatura geofisica sobre a qualidade de reservatdrio. Os resultados da integracdo
desses dados e interpretacdo de sismofacies foram incorporados na caracterizacido das

petrofdcies de reservatorio.
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Foram realizadas andlises isotdpicas (is6topos de carbono, oxigé€nio e enxofre)
em 14 amostras representativas, distribuidas ao longo do arcabougo estratigrafico,
objetivando determinar as condi¢des geoquimicas de precipitacio de cimentos
eodiagenéticos de dolomita e mesodiagenéticos de anidrita, e do intervalo evaporitico
Aptiano. Os resultados das andlises s@o apresentados no ARTIGO I, bem como a sua

interpretagdo (i.e. relacio com o ambiente deposicional).

Na elaboragdo do arcabouco estratigrafico (Fig. 3) foram utilizados os perfis
elétricos (poco) de raios-gama (GR), potencial espontineo (SP) e sonico (DT), visando
estimar a argilosidade e a qualidade do reservatdrio, tecer inferéncias sobre ambientes
deposicionais, identificar as discorddncias mais significativas, estabelecer a correlagdo
litolégica com os testemunhos e sua extrapolacdo para o intervalo ndo testemunhado
(ARTIGO I). Para a caracterizacdo das petrofdcies de reservatorio, além das curvas
anteriores, foi utilizado o perfil de resistividade por inducdo (ILD), para estimativas do
grau de cimentagdo (ARTIGO II). Face a auséncia de medidas petrofisicas em diversos
dos pontos amostrados por laminas petrograficas, porosidade e permeabilidade foram
estimadas, onde necessario, com base nas caracteristicas petrograficas observadas via

microscopia Otica e eletronica (ARTIGO II).

6. Discussao resumida

6.1. Classificacao em Petrofdcies de Reservatorio

A determinagdo da qualidade de reservatério ao longo do intervalo Aptiano-
Albiano se deu pela integracdo dos dados discutidos no item anterior, de modo a
classificar as litologias amostradas (arenitos siliciclasticos, hibridos e carbonéticos) em
petrofdcies de reservatorio, segundo as defini¢des e procedimentos sugeridos em De
Ros e Goldberg (2007). A grande variacdo na composi¢do primdria e diagenética, bem
como nas assinaturas petrofisicas e geofisicas, refletindo a complexidade e a diversidade
de ambientes deposicionais e contextos tectonico-estratigraficos (tratos de sistemas e/ou
seqiiéncias deposicionais) amostrados, resultou na caracterizacdo de 14 petrofdcies de
reservatorio (ARTIGO 1I), apresentadas de forma esquemadtica ao longo das préximas
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Caracteristicas & controles:
* Facies CD (poco A)/ FD (pogo B)
* Baixos valores de SP-GR-ILD
* Resposta sismica de baixo contraste
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Caracteristicas & controles :

de amplitude

Composicao detritica — Fécies deposicionais

fluvio-deltaicas de baixa energia; alto contetido
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m mica (orientacao ao longo do acamamento)
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Caracteristicas & controles :
* Composic¢do detritica — Arcdsios a arcoésios liticos, com
granulometria media a grossa, mal selecionados, com alto contetddo
em grao dicteis (pseudomatrix) e instdveis - alteracdo de intraclastos
lamosos e fragmentos de rocha

* Diagénese - franjas de Mg-clorita e I-S; pseudomatrix alterada a
mica, clorita, I-S e/ou dickita; quartzo outgrowths

* Compactacdo moderada — orientagdo micas e deformagdo graos

* Macroporosidade varidvel (8-20%) — fun¢do do percentual em mica
(3-28%) e deformacao de liticos

* Permeabilidade estimada: Baixa
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Caracteristicas & controles :

* Composigio detritica — Arcésios finos a médios, mal a
moderadamente selecionados

* Diagénese — cimentacdo intergranular pouco expressiva
* Compacta¢do moderada

* Macroporosidade varidvel (av. 19%) face a selegdo
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Caracteristicas & controles:
* Facies FD/BR

» Baixos valores SP-ILD e relativamente alto DT
(facies arenosas e porosas)

PF FineA

variavel e, em menor escala, percentual de fragmentos de
rocha metamorfica
* Permeabilidade estimada: Moderada a boa
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Caracteristicas & controles:

* Ficies BR

* Padrio regular (reto) em perfil SP com baixos valores (facies arenosas)
* Altos valores de resistividade (cimentagao)

* Sem relacgdo a ciclos de coarsening-upward (sistema braided
amalgamado)

PF MudClstA
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Caracteristicas & controles :

* Composic¢ao detritica — Arcdsios grossos, mal selecionados,

com alto percentual de intraclastos lamosos

* Diagénese — intensa dolomitizacdo (preferencialmente

intraclastos e pseudomatrix) e presenga de saddle dolomite

» Compactagdo varidvel e diferenciada com base na presenga de
intraclastos (pseudomatrix)

* Macroporosidade moderada (13%)

* Permeabilidade estimada: Moderada
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Caracteristicas & controles:
 Facies SD

* Baixos valores de GR-SP-ILD
* Resposta sismica de baixo contraste de
amplitude
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A8 NonCemA
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Caracteristicas & controles :
* Deposicionais - facies fluvio-deltaicas de
média a alta energia (shoreface to foreshore)

Caracteristicas & controles :

* Composicdo detritica — Arcdsios médios,
mal selecionados

* Diagénese — pouco expressiva

* Compactacdo moderada

* Macroporosidade moderada (14 a 17%)

* Permeabilidade estimada: moderada a alta
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MICROESCALA

Caracteristicas & controles :

» Composigdo detritica — Arcésios finos (Seq. Transicional) a grossa
(Seq. D1), mal selecionados, com baixo percentual graos ducteis
(micas e fragmentos de rocha)

* Diagénese — intensa cimentagéo pré-compactacional por anidrita tipo
feltro e dolomita microcristalina, ou pds-compactag@o por anidrita
poiquilotdpica; Siderita em intraclastos lamosos (solos?)

» Compactagdo frouxa a moderada

* Macroporosidade baixa (<3%) f. cimentacdo

* Permeabilidade estimada: baixa

* Facies CD/SD Caracteristicas & controles :
* Baixos valores de GR-SP e altos valores de ILD * Deposicionais - Fécies fluvio-deltaicas de média a alta energia
* Resposta sismica de alto contraste de amplitude (shoreface to foreshore) com alta porosidade deposicional

quando intercalada com fécies porosas

PF CemA
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Caracteristicas & controles:
 Facies CD/SD

AS

>orsCoars * Composigdo detritica — Arcésios e arcdsios liticos com granulometria
- grossa a conglomeratica, mal selecionados
* Diagénese - cimento anidrita pouco expressivo; cuticulas esmectita

Caracteristicas & controles : pré-compactacio (sin-dissolu¢do de min. pesados), neoformagdo para
* Baixos valores de SP-GR-ILD « Deposicionais - facies fluvio- corrensita ou Mg-Clorita, e recobrimento por respectivas franjas
. Resposta sismica de alto contraste de deltaicas de alta energia com alta . Compactagﬁp moderada a frouxa
amplitude na Seq. D1 porosidade deposicional estimada * Macroporosidade alta (av. 18.3%)

* Permeabilidade estimada: varidvel (fung@o da presenca de franjas ao
longo dos contatos entre graos)

PF PorsCoars
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WELL A - ALBIAN (DRIFT SEQUENCES)
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Caracteristicas & controles:

* Ficies SD/ES: Padrao regular em perfil GR-SP;
Ciclos de coarsening-upward bem desenvolvidos
* Resposta sismica de alto contraste de amplitude
face a associacdo vertical com as petrofacies
PorsCoars e CemA
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Caracteristicas & controles :

MICROESCALA

Caracteristicas & controles :
* Composigdo detritica — Arcésios médios a grossos, moderadamente
a mal selecionados, localmente com intraclastos lamosos

* Diagénese — varidvel percentual de cimento intergranular de
dolomita (eo- & mesodiag.)

* Compactacdo moderada

* Macroporosidade variavel (av.12.5%) f. contetido de intraclastos
lamosos e cimentagdo dolomita e anidrita

* Permeabilidade estimada: moderada a alta

* Deposicionais - facies fluvio-deltaicas de média a
alta energia (shoreface to foreshore) com moderada a

intensa bioturbacdo e/ou fluidizacdo
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Caracteristicas & controles:

* Facies BR

* Baixos valores de SP-GR-ILD (padrao
tipo box)

* Resposta sismica de baixo contraste
de amplitude

PF InfClaysA
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Caracteristicas & controles :

* Deposicionais - facies fluviais (braided) de alta
energia

Caracteristicas & controles :

* Composicdo detritica — Arcdsios grossos, mal selecionados

Diagénese — infiltracdo mecénica de esmectitas detriticas

desfavorecendo cimentagdes posteriores

* Compactacao moderada

* Macroporosidade baixa (10%) — alta microporosidade e
porosidade secunddria pelo descolamento das cuticulas

* Permeabilidade estimada: Baixa
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Caracteristicas & controles :
* Deposicionais - facies frente
deltaica a foreshore de alta energia

Caracteristicas & controles :

* Composig¢ao detritica — Arcésios grossos, moderadamente selecionados
* Diagénese — cimenta¢cdo marinha fredtica precoce com micritizagdo e
franjas de dolomita (substituicao Mg-calcita?) e dolomita intraporos
nodular/deslocante

* Compactagdo frouxa

« Fécies SD * Macroporosidade moderada (8-17%) funcao do percentual de cimento

« Baixos valores de GR-SP-ILD dolomita ipt.ergranulflr intraporos
¢ Permeabilidade estimada: moderada a alta

Caracteristicas & controles:

PF DoloRimA

8¢
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WELL A - ALBIAN (DRIFT SEQUENCES)

GR GR
DEPTH (m) 15 320 -140 70 0
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1500.

Caracteristicas & controles:
» Facies SD

MACROESCALA

Al6

SDush

:MicrCalcA

Caracteristicas & controles :

* Deposicionais - facies fluvio-deltaicas de
média a alta energia (shoreface to foreshore)

* Padrio irregular em perfil: baixos valores de GR-SP-ILD

PF MicrCalcA

MICROESCALA

Caracteristicas & controles :

* Composig¢do detritica — Arcésios médios, mal selecionados

* Diagénese - cimentacgdo calcita marinha freatica precoce (franja
microcristalina) e posterior cimentacio nodular e deslocante

* Compactacdo frouxa

* Macroporosidade moderada (15%)

* Permeabilidade estimada: moderada a alta

6¢



MEGAESCALA MACROESCALA

WELL A - ALBIAN (DRIFT SEQUENCES)

GR GR ILD
DEPTH (m) 15 320 -140 -70 0 20

D3 .
Caracteristicas & controles :

* Deposicionais — ambiente de plataforma interna
de baixa energia com oncolitos e bioclastos

Caracteristicas & controles :

» Composigdo detritica - arenitos hibridos (zona de mistura), com
odides e bioclastos, e graos extrabaciais quartzo-feldspaticos, finos e
mal selecionados

* Diagénese — cimento marinho freatico (micritizag@o); crescimento
sintaxial calcita (equinodermas)

—_-I
1600—3-'i

Caracteristicas & controles:

* Facies MR » Compactacio frouxa
* Baixos valores de GR-SP (tipo box) e altos valores de resistividade * Macroporosidade baixa (1-5%)
* Resposta sismica de alto contraste de amplitude * Permeabilidade estimada: Baixa

PF CalcHA

ov



MEGAESCALA MACROESCALA
WELL C - APTIAN-ALBIAN SEQUENCES)
GR ILD
DEPTH (m) 10-120  1-200
1350
1400
1450
1500 C2
MRHIN-LIN-MDR
1550 D3
1600 SB3/4/5
i : SDUSH/LSH
1650 T
1700
FRAT
1750 Caracteristicas & controles :
* Deposicionais — ambiente de
plataforma interna de alta energia
Caracteristicas & controles: com odlitos e bioclastos
» Facies MR

* Padrdo regular em perfil GR-SP tipo box com
baixos valores de resistividade moderados
* Resposta sismica de alto contraste de amplitude

PF CmpctOoGr

MICROESCALA

Caracteristicas & controles :

* Composigdo detritica — grainstone oolitico-biocléstico

* Diagénese — cimentacdo marinha fredtica menos intensa
(em relag@o a petrofacies CalcHA). Localmente cresc.
Sintaxial calcita (equinodermas)

* Compactacdo moderada - face pouca cimentacio

* Macroporosidade baixa (8%)

* Permeabilidade estimada: moderada a alta

Iy



MEGAESCALA

WELL B - ALBIAN (DRIFT SEQUENCES)

B19

MACROESCALA

< _PoorCemMet
=PoorCemMet
z

“—PoorCeglde

B10

90

]
1000—

=P oorCemMet

Caracteristicas & controles:

M%orCem Met

SS PoorCemMet

Caracteristicas & controles :

» Facies CD/SD/ES
¢ Baixos valores de SP-ILD

* Deposicionais - facies fluvio-deltaicas (planicie
deltaica e frente deltaica) intercaladas com facies

heteroliticas de ambiente estuarino (Seq. D4)

PF PoorCemMet

MICROESCALA

Caracterlstlcas & controles

» Composic¢do detritica — Arcésios liticos a litarenitos
feldspaticos, médios a grossos, mal selecionados, com alto
percentual em fragmentos de rochas metamorficas de
baixo grau e arenitos (litificacdo incipiente) — pouco
transporte

* Diagénese — cimentacdo intergranular pouco expressiva
e cuticulas de esmectitas (minerais pesados dissolvidos)
* Compactacio frouxa (pouco soterramento?)

* Macroporosidade alta (13-22%; av. 17%)

* Permeabilidade estimada: alta

[4%



MEGAESCALA

WELL B - ALBIAN (DRIFT SEQUENCES)

SP ILD

MACROESCALA

DEPTH (m)  -160 120 2 60

300

B19

B12

SB6

MRyin-Lin-vDR
D3

2 B

1000 =|10
Caracteristicas & controles:

e Facies ES-MR

» Baixos valores de SP e altos valores
de resistividade

PF DoloAHA

Caracteristicas & controles :

* Deposicionais — Facies de plataforma interna
de baixa energia com oncolitos e bioclastos ou
heteroliticas de ambiente estuarino a planicie
deltaica

{5 lh 7

Caracteristicas & controles :

* Composigdo detritica — Arcdsios e arenitos hibridos
(dolopackstone oncolitico bioclastico), com intraclastos
lamosos (pesudomatriz) e micas

* Diagénese — dolomitizacdo intensa; substitui¢do de grios
carbonaticos por dolomita & anidrita

* Compactacdo frouxa — intensa cimentagdo precoce

* Macroporosidade baixa (< 1%)

* Permeabilidade estimada: Baixa

1914
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6.2. Integracao dos dados

A distribuicdo das amostras (i.e. petrofdcies de reservatorio) com base nos
processos mais atuante na reducdo da porosidade primaria se dd na forma de cinco

agrupamentos bem destacados (Fig. 13):

(1) grupo com IGV moderado e com baixa porosidade, referente as petroficies: (i) com
abundante cimento intergranular carbondtico eodiagenético, em tratos transgressivos,
associadas a facies de plataforma interna de baixa energia (CalcHA e DoloAHA), ou
associadas a fécies estuarinas (DoloAHA); (ii) com abundante cimento intergranular
eodiagenético por dolomita microcristalina, em tratos de mar alto, associados a facies de
planicie/frente deltaicas (MicrDoloA); ou (iii) com abundante cimento de anidrita
mesodiagenética, localmente com a presenca de fases eodiagenéticas, em tratos de mar

alto a mar alto tardio, associadas a facies de planicie e frente deltaicas (CemA).

(2) grupo com IGV alto e baixa porosidade, referente a petrofacies com abundante
cimento intergranular eodiagenético (CemA), localmente deslocante, de dolomita e/ou
anidrita, em trato de mar alto tardio, associadas a facies de planicie/frente deltaicas,

sotopostas por facies de sabkha costeiras (intervalo evaporitico).

(3) grupo com baixos valores de IGV e porosidade, referente a petrofacies com escasso
cimento intergranular eodiagenético: (i) com alto percentual de grdos ducteis,
consistindo em sedimentos fluviais a fluvio-deltaicos do trato de sistema de mar alto
(fase final preenchimento rifte), em especial facies de energia relativamente menor, com
alto percentual em micas (CmpctMica); (ii) com alto conteido de cuticulas de argila
precoces, de trato de sistema de mar baixo (InfClaysA); ou (iii) associado as facies
carbondticas com reduzida cimentacdo marinha precoce (CmpctOoGr), de trato de

sistemas de mar alto, resultando na compactacdo do arcabougo carbonatico.

(4) grupo com alto IGV e baixa porosidade, referente a petrofacies com alto contetido
em cimento carbondtico eodiagenético, localmente deslocante, em tratos transgressivos,

associados a facies de frente deltaica (MicrCalcA).
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Fig. 13. Diagramas de volume intergranular versus volume de cimento (cf. Ehrenberg,
1989) para agrupamento das amostras de acordo com o ambiente deposicional

interpretado (a) e com petroficies de reservatorio (b).

(5) grupo com valores moderados a alto de IGV e porosidade, referentes a petrofacies:

(i) com baixo a moderado contetido em cimento intergranular carbonético (dolomita)
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eodiagenético, em geral na forma de concrecdes ou nddulos localizados, localmente
inibindo a compactacdo, em tratos de mar alto, associados a facies de planicie/frente
deltaicas (NonCemA, PorsCoars e DoloRimA), ou fécies fluvio-deltaicas (planicie
deltaica) de preenchimento de canal (PorsCoars); (ii) com empacotamento frouxo,
relacionadas a intervalos com pouco soterramento (PoorCemMet); ou (iii) com
cimentacdo eodiagenética pouco expressiva, relacionada a facies de mar alto com

selecdo moderada e baixo contetddo de graos ducteis (FineA).

Os depdsitos da fase final de preenchimento rifte (highstand system tract), com a
continuada reducdo do espago de acomodagdo, face ao rdpido aporte sedimentar,
sofreram rapido isolamento em relagdo aos efeitos superficiais, resultando em pouca
cimentacdo precoce (cf. De Ros, 1996). Nesses dep0sitos, as variagdes composicionais
(proveniéncia) foram mais atuantes sobre as variagdes de qualidade de reservatorio (Fig.
14). Os intervalos com granulometria grossa e selecdo moderada a pobre, e ricos em
graos rigidos (quartzo-feldspaticos), apresentam melhores caracteristicas de
reservatorio, face & menor deformacdo do arcabouco frente a compactagdo (petrofacies
PorsCoars), mas exibem precipitagcdo tardia de franjas de clorita magnesiana ou ilita-
esmectita, relacionadas com a presencga de cuticulas precursoras de esmectita. Por outro
lado, as facies de menor energia de fluxo, com menor granulometria e, principalmente,
pior selecdo, enriquecidas em micas (petrofacies CmpctMica), apresentam maior
compactagdo mecanica, e piores valores de porosidade e permeabilidade (cf. Van De
Graaf & Ealey, 1989; Stonecipher, 2000). Excecdo apenas a petrofacies FineA, cuja
melhor selecdo e menor conteido em grios dicteis resulta em valores de porosidade

similares a petrofacies PorsCoars.

A variacdo composicional entre as seqii€ncias rifte do poco A, na comparacio
entre a petrofacies CmpctMica (Seqiiéncia R1) e PorsCoars (Seqiiéncia R2), além do
fator energia do ambiente deposicional, € igualmente interpretada como produto de
variagdo de proveniéncia, onde os depésitos da Seqiiéncia R1 t€m qualidade de
reservatorio inferior, em virtude do maior percentual em fragmentos de rochas
metamorficas de baixo grau. Estas foram as possiveis fonte de Fe e Mg para a
precipitacdo eodiagenética por cuticulas de esmectita, posteriormente transformada para

corrensita ou clorita magnesiana, e recobertas por franjas de corrensita, clorita-

magnesiana ou ilita-esmectita (I-S) (ARTIGO I).
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Bloco Alto

(Footwall uplands)

Lago/golfo

Depositos de leques aluviais a fluviais tipo braided (facies BR) \|
Depositos fluvio-deltaicos com granulometria média a grossa, e baixa maturidade (Facies CD)

B Depésitos fluvio-deltaicos com granulometria fina a média, e boa maturidade (Facies FD)
% Depositos fluvio-deltaicos distais (prodelta) ou lacustrinos/golfo (ndo amostrados)

Eodiagenese { """""""""""""
Facies de preénchimento Facies de baixa energia
de canal
PF PorsCoars PF CmpcMica PF FineA

. Constituintes detriticos rigidos

\ Fragmentos metamérficos de baixo grau
== Micas

[ Porosidade

Cluticulas de esmectitas precipitadas in situ

.=+, Franjas de clorita recobrindo cuticulas de
... esmectita cloritizadas ou diretamente sobre

grao
% Fragmento metamérfico de baixo grau com
intensa cloritizagdo

Fig. 14. Modelos esquemadticos mostrando a distribuicdo especial e temporal das
alteracdes diagenéticas com base nas facies deposicionais e petrofdcies de reservatorio
(discutido a seguir) interpretados para as seqiiéncias rifte aptianas.

As petrofécies rifte ndo apresentam assinatura em perfil de poco ou sismica que
sejam distinguiveis entre si, e mostram assinatura sismica caracterizada por fraco
contraste de impedancia. Logo, os dados de proveniéncia obtidos das petrofdcies

reservatdrio permitem interpretar a discordancia SB1 como importante superficie
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limitrofe de intervalos estratigraficos com caracteristicas de qualidade de reservatério

distintas.

A intensa cimentacdo eodiagenética por dolomita microcristalina e anidrita tipo
feltro (petroficies CemA) na Seqiiéncia Transicional (Fig. 13a), com alta deterioracio
da porosidade deposicional, em facies deltaicas sotopostas ao intervalo evaporitico, é
interpretada como produto de extensa exposi¢cdo a condi¢Oes superficiais caracterizadas

por altas taxas de evaporagdo (Fig. 15).

As petrofacies associadas ao trato de mar alto da Seqii€éncia D1 (NonCemA,
MicrDoloA e PorsCoars), e de mar alto tardio (PorsCoars e CemA), apresentam grande
variag@o no teor de cimentacio eo- e mesodiagenética carbondtica e sulfatica (Fig. 15),
na forma de concre¢des e nddulos, resultando na dispersdo das amostras nos plotes de
volume intergranular versus cimento (Fig. 13b). Uma vez que esse tipo de cimentacdo
atua mais fortemente sobre a porosidade do que sobre a permeabilidade, estima-se uma

qualidade de reservatorio intermedidria a boa para esses depositos.

A tendéncia de maior influéncia relativa da cimentacdo por anidrita precoce em
relacdo a cimentagdo por dolomita para o topo da seqiiéncia, ou seja, em dire¢do as
facies de trato de sistemas de mar alto tardio (planicie deltaica a depdsitos fluviais), €,
tal qual observado na Seqiiéncia Transicional, interpretada como produto de uma maior
exposicdo as influencias superficiais, com crescente aridez, evidenciado pelo alto
conteido em feldspatos detriticos, crescimentos secunddrios de K-feldspato e
cimentagdo precoce por dolomita microcristalina e andrita (cf. De Ros, 1996), como

observado nas amostras da petroficies CemA em dire¢do ao topo da Seqiiéncia D1.

A maior intensidade da cimentag@o tardia por anidrita observada nas amostras
com maior granulometria e/ou com melhor selecdo (petrofacies CemA) reflete a maior
probabilidade desses intervalos serem objeto de extensa cimentacdo e/ou dissolucdo
durante o soterramento pela maior circulacdo de fluidos permitida pela porosidade e
permeabilidade deposicionais (cf. Aktas & Cocker, 1994). Pelo mesmo motivo, facies
bioturbadas, fluidizadas e deformadas (slumps), interpretadas como depdsitos de frente
deltaica (petrofacies MicrDoloA), apresentam melhor qualidade de reservatdrio e menor

cimentacdo, interpretada como produto de maior restri¢do ao fluxo de fluidos.
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Depositos de leques aluviais e fluviais tipo braided (facies BR)
Not to scale

|:| Denpositos de planicie deltaica (facies SDush)
[] Depositos deltaicos proximais (facies SDush)
] Depositos deltaicos distais (Facies SDIsh)
[F-7] Depésitos de sabkha costeira (facies SC)
|]:|I|I|] Féacies evaporiticas distais (ndo amostrado)
Sedimentos da fase rifte !

BB Embasamento Eodiagénese
Tendéncia de aumento da cimentagédo para o topo Seqiiéncia D1 Sequéncia T
- N/ \
PF NonCemA PF MicrDoloA PF CemA

. Constituintes detriticos rigidos
=== Micas

[ Porosidade

@ Dolomita microcristalina a blocosa

- Dolomita microcristalino
Z=2 Andrita primsatica (plumosa)
EF Anidrita tipo feltro (feited)
[ Anidrita poikilotopica

o Cuticulas de argilas infiltradas
mecanicamente
Dissolugao e/ou albitizagdo de
graos de feldspato (detritico)

Fig. 15. Modelos esquemdticos mostrando a distribuicdo especial e temporal das
alteracdes diagenéticas, com base nas facies deposicionais e petrofdcies de reservatorio
(discutido a seguir) interpretados para as seqii€ncias transicional e drifte silicicldstica
D1 (transicdo Aptiano Superior e Albiano Inferior).

Nas seqiiéncias drifte Albianas observa-se uma progressiva deterioracdo da
qualidade de reservatério nos tratos transgressivos em direcdo as secdes condensadas,
como observado na comparacio entre as petrofacies MicrCalcA e CalcHA (Fig. 16). Tal
fato € aqui associado a intensa cimentag@o carbondtica marinha precoce (cf. Spadafora
et al, 1998), favorecida pela disponibiliza¢do de fons, fornecidos pela 4gua do mar por

graos intrabaciais carbondticos (cf. De Ros, 1996; Ketzer et al., 2002; Ketzer et al.,
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2003b). Com o distanciamento em relacdo as se¢des condensadas, e o baixo aporte de
ions para cimentagdo carbondtica precoce, o padrio de cimentagcdo e de qualidade de
reservatorio torna-se mais caracteristico de facies dominantemente-siliciclasticas, como
observado nas petrofacies de tratos de sistemas de mar alto (DoloRimA e CmpctOoGr),
as quais apresentam menor oclusdo do espago poroso por cimentacdo marinha
carbondtica, resultando em maior preservacdo da porosidade primdria (petrofacies
DoloRimA), porém localmente mais compactada, face a maior ductibilidade do

arcabouco (petrofacies CmpctOoGr) (Fig. 16).

As fécies carbondticas e hibridas associadas a ambientes de alta energia (e.g.
shoals) apresentam melhores valores de porosidade e permeabilidade, em relacdo as
facies de baixa energia, interpretadas como ambientes lagunares restritos de plataforma
interna (petrofacies CalcHA e DoloAHA), em virtude dessas ultimas se mostrarem
preferencialmente cimentadas (calcita e/ou dolomita com forte influencia metedrica),

com completa oclusdo da porosidade primaria (Fig. 16).

Os depositos transgressivos associados a alto aporte sedimentar da Seqiiéncia D4
(poco B), interpretados como facies de planicie deltaica a frente deltaica (shoreface-
foreshore), alternando com facies estuarinas transgressivas (produto de oscilagdes de
mais alta freqiiéncia), mostram boa qualidade de reservatorio (petrofacies
PoorCemMet), a qual € interpretada principalmente como produto de soterramento
pouco profundo. Por outro lado, os intervalos associados aos depdsitos estuarinos
(facies ES) apresentam cimentag@o precoce e deslocante por dolomita microcristalina
(petroficies DoloAHA), com acentuada reducdo da porosidade priméria, atribuida a

mistura de fluidos marinhos e meteodricos.

As facies permedveis de arenitos de sistemas fluviais entrelagcados associados a
tratos de sistemas de mar baixo, face ao clima seco vigente durante o Albiano, podem
localmente apresentar intensa infiltracdo mecanica de argilas detriticas (petrofécies
InfClaysA), resultando em intervalos com baixa qualidade de reservatério, face a

intensa compactacdo pela inibi¢do da cimentacdo, e a reducdo da permeabilidade

promovida pelas cuticulas argilosas (Fig. 16).
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Not to scale

Depositos de leques aluviais e fluvial tipo braided (Facies BR)

de Tratos de Sistemas de Mar Baixo ou Mar Alto

Depositos estuarinos (tacies ES) a ambiente de baixa energia de plataforma interna (facies MRIin) de
tratos transgressivos ou progradagdes de planicie deltaica de tratos de mar alto (facies SDush)

= Denositos de frente deltaica (SDush) ou facies carbonaticas de alta energia (MRhin)
|:| Depositos deltaicos distais (SDIsh) ou facies carbonaticas distais de baixa energia (MRmdr)

Eodiagénese [ [ I ]
TSMB TST inicial TST inicial TST préximo a TSMA TSMA
siliciclastico Carbonatico  Segbes condensadas  siliciclastico Carbonatico
Baixa-energia Alta-energia
PF InfClaysA PF MicrCalcA PF DoloAHA PF CalcHA PF DoloRimA  PF CmpctOoGr

@ Constituintes detriticos rigidos @ Dissolugéo e/ou albitizacao de graos
o ) » de feldspato (detritico)
( Bioclastos/ooides carbonaticos ( Bioclastos/ooides carbonaticos com
am Cimento marinho fredtico substituicao por dolomita e/ou anidrita
(localmente dolomitizado) ‘ Dissolugo por pressao
== Micas

o Cuticulas de argilas infiltradas
mecanicamente

o Calcita microcristalina recobrindo
gréos (pore-lining)
@ Calcita microcristalina a blocosa
Intergranular (pore-filling)

W] Dolomita microcristalina a blocosa [ Arcabougo ou matriz carbonatica
(intergranular ou substiuicao) deposicional (ndo diferenciado)

I Porosidade

Fig. 16. Modelos esquemadticos mostrando a distribuicdo especial e temporal das
alteracOes diagenéticas, evolucdo diagenética dos reservatérios com base nas fécies
deposicionais e petrofdcies reservatorio (discutido a seguir) interpretados para as
seqiiéncias drifte mistas (siliciclasticas-carbonaticas) D2 a D4 (Meso a Eo-Albiano).
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7. Conclusoes

Nao obstante a complexidade do controle exercido por parte das alteracdes
diagenéticas sobre a porosidade e permeabilidade, essa dissertagcdo mostra que estudos
integrados estratigrafico-petrolégicos da qualidade de reservatério no &ambito
exploratdrio sdo factiveis e podem fornecer informagdes significativas, direcionando e

otimizando as atividades de exploracao subseqiientes.

A analise do intervalo estratigrafico com base na caracterizacdo de petrofdcies
de reservatorio permitiu identificar sistemas deposicionais (i.e. facies sedimentares) e
tratos de sistemas e/ou seqiiéncias deposicionais (i.e. contexto de tectono-sedimentar)
favordveis e ndo favordveis a preservacdo da porosidade primaria, bem como suas

estimativas de permeabilidade.

Os resultados obtidos com a integracdo entre a andlise estratigrafica,
caracterizacdo de textura e composi¢do primdarias e diagénese, através da aplicacdo do

conceito de petroficies de reservatdrio, forneceram seguintes conclusdes:

(i) as alteracdes diagenéticas identificadas nos depdsitos das seqii€ncias rifte (fase final
de preenchimento - highstand system tract) sdo compativeis com alto aporte de
sedimentos (intenso assoreamento), correspondente a cimentagdo eodiagenética pouco
significativa. Nesses intervalos, a classificacio dos reservatdrios em petrofdcies de
reservatdrio permitiu salientar a importancia de fatores como as facies sedimentares e,
em especial, a composi¢ao primdria na qualidade de reservatorio, o que deve ampliar de

modo significativo a eficiéncia dos esforcos de exploracdo nas seqiiéncias rifte.

(ii) o ranqueamento dos intervalos (e seqii€ncias) rifte em grupos de diferentes graus de
qualidade de reservatério permitiu contrastar caracteristicas de porosidade e respostas
em perfis elétricos (GR-SP-ILD) e sismica (amplitudes sismicas e sismofécies), de onde
se conclui haver pouca sensibilidade desses métodos frente as variacdes de qualidade de

reservatorio nas seqiiéncias rifte.

(iii) as alteracdes diagenéticas identificadas nos depoésitos das seqii€ncias Transicional e

drifte (D1 a D4), diversamente do que foi observado nas seqiiéncias rifte, apresentam
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maior influéncia dos volumes expressivos de cimentagdo eodiagenética, que influem
diretamente na qualidade de reservatério e nas assinaturas em perfis (em na de

resistividade) e geofisicas (amplitudes sismicas e sismofacies).

(iv) O padrao nodular, concrecional e descontinuo da cimentacdo eo- e/ou
mesodiagenética por calcita (petrofacies MicrCalcA), dolomita (petrofacies MicrDoloA)
e anidrita (petroficies CemA), apresenta localmente um forte impacto na porosidade,
como evidenciado pela grande dispersdo das amostras nos plotes de volume
intergranular versus cimento, porém com menor impacto no fator permeabilidade. Face
a0 maior impacto na deterioracdo da porosidade promovido pela cimentacdo tardia por
anidrita, a caracterizacdo das petrofacies a partir das suas assinaturas em perfis elétricos
permitiu identificar os intervalos com intensa cimentagdo (altos valores de

resistividade).

(v) Apesar da grande variacdo dos valores de porosidade, as petrofacies associadas ao
trato de sistema de mar alto da Seqiiéncia D1 (petrofiacies NonCemA, PorsCoars,
MicrDoloA e CemA), apresentam progressivo aumento da cimentacio intergranular em
direcdo ao topo das seqiiéncias, com uma assinatura geofisica caracterizada pelo
aumento do contraste de amplitude (intervalo com alternincia entre as petrofacies
PorsCoars e CemA), o que permitiu associar a assinatura sismica a qualidade de

reservatorio, diferentemente do observado nas seqiiéncias rifte.

(vi) as seqiiéncias siliciclasticas Transicional e drifte siliciclastica (D1) apresentam
depdsitos de tratos de sistemas de mar alto tardios caracterizados por expressiva
cimentagdo eodiagenética por anidrita (petrofidcies CemA), ndao observada nas demais
seqiiéncias drifte, consistindo em alteragdes diagenéticas relaciondveis a um ambiente
deposicional drido com altas taxas de evapora¢do, com maior intensidade na primeira

seqiiéncia drifte (i.e. piores qualidades de reservatorio).

(vii)) A caracterizacdo das petrofdcies de reservatorio permitiu identificar uma
progressiva deterioracio da qualidade de reservatdrio nos tratos transgressivos e de mar
alto inicial em direcdo as zonas de inundagdo méaximas, com equivalente assinatura dos
perfis de raios gama e/ou potencial espontaneo, velocidade e resistividade, como notado

na comparacdo entre as petroficies MicrCalcA, CalcHA e DoloRimA, interpretado



54

como produto de expressiva cimentacdo carbondtica precoce. Tal qual observado em
perfil, o incremento nos contrastes de impedancia acustica também permite associar
uma resposta geofisica a perda de qualidade de reservatério em direcdo as secdes

condensadas.

(viii) Apesar de ndo distinguiveis em sismica ou perfis, a0 menos em relagdo aos dados
utilizados nessa dissertacdo, a caracterizacdo das petroficies carbondticas e/ou hibridas,
e sua relacdo com o ambiente deposicional permitiu interpretar que as facies associadas
a ambientes de alta energia - shoreface e shoals (petrofacies CmpctOoGr) apresentam
melhores valores de porosidade (e por analogia, permeabilidade) do que as féacies de
baixa energia - ambientes lagunares, restritos (petroficies DoloAHA e CalcHA), em
virtude destes ultimos apresentarem maior cimentagdo carbondtica, permitindo a
predicdo de qualidade de reservatdrio com base na interpretagdo sismoestratigrafica (i.e.

tratos de sistemas).
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ABSTRACT

A study of fluvial, deltaic, and shallow-marine Lower Cretaceous (Upper Aptian
to Lower Albian) sandstones, hybrid arenites and calcarenites from the
Jequitinhonha Basin, eastern Brazilian margin, reveals that the distribution of
their diagenetic alterations and of related reservoir quality evolution can be
constrained within a sequence stratigraphic framework. Description of cores,
wireline logs, quantitative petrographic, and petrophysical porosity and
permeability analyses were integrated in order to unravel the genetic aspects
that controlled the complex patterns of diagenesis of these reservoirs, and
hence of reservoir quality, as well as to demonstrate the practical use of this
approach in reducing exploration risks. The results of this study are relevant to
the exploration of rift and an early drift phase of Atlantic-type passive margin
settings, and demonstrate the influence of depositional factors such as
sedimentary facies and detrital composition (provenance) on diagenetic and
reservoir evolution, with application to reservoir quality and heterogeneity
prediction during exploration.

Keywords: depositional systems, sequence stratigraphy, clastic diagenesis,
reservoir quality, petroleum exploration

INTRODUCTION

The distribution of reservoirs, seals and source rocks (i.e. depositional facies)
and depositional-related reservoir quality can be constrained within a sequence
stratigraphic context. This approach is based on the interplay between sediment
supply, basin-floor physiography and changes in the relative sea level (cf. Van
Wagoner et al., 1990; Posamentier and Allen, 1993). Similarly, the spatial and
temporal distribution of near-surface diagenetic alterations in siliciclastic rocks
can be constrained within a sequence stratigraphic context (sequence
stratigraphic surfaces and systems tracts), based on variations in depositional
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facies, climatic conditions and significant changes in detrital composition,
residence time under specific geochemical conditions, and pore water chemistry
(cf. Morad et al., 2000; Ketzer et al., 2002; Ketzer et al., 2003a/b). These, in
turn, may exert significant and complex controls on burial diagenetic alterations,
resulting in an improvement or deterioration of primary porosity (cf. Al-
Ramadan, 2006). An integrated approach between diagenesis and sequence
stratigraphy enables the prediction of post-depositional evolution of reservoir
quality in sandstones, which ultimately is the goal of petroleum exploration.

The present study aims to integrate, within a sequence stratigraphic framework,
the depositional facies and the types and distribution of diagenetic processes
that affected the Lower Cretaceous (Late Aptian to Early Albian) reservoirs from
the Jequitinhonha Basin, eastern Brazilian margin. This integration is developed
in order to unravel the genetic aspects that controlled the complex patterns of
diagenesis of these sandstones, and to demonstrate the practical use of this
approach in reducing exploration risks.

The characterization of types, distribution and evolution of the diagenetic
processes of siliciclastic sandstones and hybrid arenites (sensu Zuffa, 1980),
and the determination of their relationships with depositional facies and
sequence stratigraphic surfaces and systems tracts were performed through
description of cores, borehole logs, thin sections, and petrophysical porosity
and permeability analyses on core samples from three onshore and shelf wells
drilled in the Jequitinhonha Basin (Fig.1). The basin has potential for oil and
natural gas, with several blocks under exploration.

Insert Fig.1

Diagenetic stages are defined in this paper sensu Morad et al. (2000), including:
(i) eodiagenesis (i.e. 0-2 km of burial depth; < 70°C), with pore-water chemistry
controlled mainly by depositional and/or meteoric waters; and (ii)
mesodiagenesis (i.e. > 2 km of burial depth; > 70°C), with diagenetic alterations
mediated mainly by formation waters evolved through water-rock interactions.

GEOLOGICAL SETTING

The origin and evolution of the Jequitinhonha basin, located at the Eastern
Brazilian continental margin, was a result of rifting of Gondwana and opening of
the South Atlantic Ocean during Mesozoic and Cenozoic times (cf. Asmus and
Ponte, 1973; Ojeda, 1982; Chang et al, 1988) (Fig. 1). The basement of the
Jequitinhonha basin is composed mostly of pre-Cambrian granites, gneisses,
granulites and low grade meta-sediments. The stratigraphic section of this basin
can be divided into four units (cf. Chang et al, 1988; Cainelli & Mohriak, 1999):

(i) Neocomian to Early Aptian sin-rift unit, consisting of continental fluvial to
lacustrine-deltaic conglomerates and sandstones associated with organic-rich
lacustrine shales of the Mariricu Formation. These rocks were deposited under
rapid subsidence, filling N-S to SW-NE half-grabens. The uppermost limit of this
unit is represented by an unconformity that marks the onset of a tectonic
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quiescence, showing the cessation of stretching and rifting of the continental
crust (Cainelli & Mohriak, 1999).

(i) Late Aptian to Early Albian transitional unit consists of fluvial-deltaic
sandstones deposited in a shallow-water, narrow proto-oceanic environment,
capped by evaporitic beds of the Itaunas Member (Mariricu Formation). There is
an upward increase in marine influence and in an arid to semi-arid climate
conditions. At the end of the Aptian (period of high aridity), the presence of
volcanic barriers to the south (cf. Kumar and Gamboa, 1979) formed a
restricted gulf area, allowing the deposition of an evaporite package along the
Brazilian continental margin, composed of mainly halite at the base and
anhydrite at the top.

(iii) Albian to Paleocene drift transgressive unit, characterized by marine
deposits. During the Albian-Cenomanian, coarse-grained alluvial and coastal
sandstones of the Sao Mateus Formation were deposited, grading offshore into
shallow-water carbonates and basinal marls and shales of the Regéncia
Formation. During the Senonian transgression, the Regéncia carbonates were
covered by basinal shales and turbidites of the Urucutuca Formation. The
Aptian evaporites were extensively deformed and slided downslope by
halokynetic movements, promoting lystric faulting of the post-salt sequences.

(iv) Paleocene to Recent drift regressive sequence, characterized by the
progradation of coarse-grained coastal sandstones of the Rio Doce Formation
grading offshore towards shallow-water carbonates of the Caravelas Formation.
Paleocene-Eocene volcanic/volcaniclastic sediments of the Abrolhos Formation
occur at the Royal Charlotte Volcanic Complex at south of the basin (Fig. 1).

SAMPLES AND METHODS

The studied Late Aptian to Early Albian succession was cored irregularly in
three wells drilled in the onshore and shelf part of the basin (Fig. 2). The study
was carried out on 140 m, discontinuous well core data of the three wells (Fig.
3), representing the late rift phase and the passage from evaporitic (transitional)
to the onset of the drift phase. The cores were described in detail (lithologies,
textures, structures, vertical trends) in order to identify lithofacies (adapted from
Miall, 1996) and to interpret facies associations and their successions (sensu
Walker, 1992), which were compared with well-recognized sedimentary models
(e.g. Galloway and Hobday, 1983; Collinson, 1996; Johnson & Baldwin, 1996;
Kendall & Harwood, 1996; Reading & Collinson, 1996; Bhattacharya, 2006),
and used as the building blocks for the reconstruction of depositional
environments and sequence stratigraphic framework. The cores were sampled
within a depth range of 400 to 2800 m. Sixty-seven thin sections of sandstone
samples were prepared from blue epoxy resin-impregnated samples were
described in detail with polarized light microscopes. Petrographic modal
analyses were performed using the Petroledge® system (De Ros et al., 2007),
by counting 300 points per thin section, recording the relationships between
detrital and authigenic components and porosity. The percentage of detrital and
diagenetic constituents and types of pores is expressed in relation to bulk rock
volume. Sorting was estimated by comparison with the standard charts of Beard
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and Weyl (1973). Carbonate cements were stained with Alizarin red-S in order
to distinguish calcite from other carbonate cements. Available petrophysical
porosity and permeability data from the analyzed cores were integrated to the
stratigraphic and petrologic data.

The paragenetic sequence of diagenetic processes and products was
interpreted from the textural relationships obtained from optical and electronic
microscopy, aided by oxygen isotopic composition of carbonate and sulphate
cements. Scanning electron microscopy (SEM) was performed in a Phillips XL-
30 microscope, equipped with an EDAX (energy-dispersive x-ray spectrometer),
to characterize the major chemical composition, morphology and paragenetic
relation among diagenetic constituents. X-ray diffraction analyses of the < 10
um fraction were performed in 5 oriented samples in a Siemens Bruker AXS
D5000 diffractometer, in order to identify the clay mineralogy. The oriented
samples were air-dried, ethylene glycol-saturated and heated at 550°C for 2
hours. Carbon, oxygen and sulphur isotope analyses were carried out on 14
selected samples (cf. Al-Aasm et al., 1990), in order to determine the
geochemical conditions under which dolomite and anhydrite were formed.
Oxygen, carbon and sulphur isotope data are presented in the normal d notation
relative to SMOW (Craig, 1961), PDB (Craig, 1957) and CDT (Thode et al,
1961) standards, respectively. The precipitation temperatures of dolomite
cements informed in this paper were calculated using the fractionation equation
of Friedman and O’Neil (1977).

Insert Fig.2

FACIES ASSOCIATIONS AND DEPOSITIONAL SYSTEMS

The stratigraphic framework of the Late Aptian to Albian stratigraphic
succession of Jequitinhonha basin discussed in this paper was based on the
interpretation of wireline logs, facies successions from core lithological
descriptions, and supported by petrographic analysis. The description of the
selected cores resulted in eighteen non-genetic lithofacies (Table 1), with facies
codes modified from Miall (1996). Theses lithofacies were grouped into fourteen
facies associations (Table 2) sensu Walker (1992), i.e. groups of facies
genetically related which have environmental significance, reflecting distinct
interpreted depositional systems. The interpreted stratigraphic framework
consists of seven sequences (Fig. 2): two rift phase sequences (R1 and R2),
one transitional sequence (T) and four drift phase sequences (D1 to D4).

The clastic continental deposits of the Aptian rift phase sequences are
interpreted as a complex interplay of fluvial-deltaic (e.g. Galloway and Hobday,
1983; Collinson, 1996) and lacustrine depositional environments. Three distinct
depositional settings were interpreted (Fig. 4):

(1) Medium- to coarse-grained, locally conglomeratic, poorly- to very poorly-
sorted braided-stream and coarse-grained deltaic deposits, corresponding to
successions of lacustrine deposits (rift-lake / prodelta) that pass upwards to
delta front and delta plain/fluvial (braided) deposits. These deposits are well
preserved at Sequence R1 in well A, and are assigned here to coarse-grained
deltaic — CD facies associations (Figs. 5a-c), being differentiated into three
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facies associations (Table 2): delta plain, delta front and prodelta/rift lake.
These deposits are characterized by a poorly developed Spontaneous potential
(SP) — gamma ray (GR) coarsening-upward log pattern.

Insert Fig.3

(2) Fine- to medium-grained, poorly- to moderately-sorted deltaic deposits,
corresponding to successions of lacustrine deposits (rift-lake / prodelta) that
pass upwards to delta front and sandy delta plain facies, with occasional slight
thinning-upward trend at the top, suggesting fluvial systems. These deposits are
well represented at Sequence R1 in well B, and are assigned here to fine-
grained deltaic - FD facies associations (Figs. 5d-f), being differentiated into
three facies associations (Table 2): delta plain, delta front and prodelta/rift lake.
These deposits are characterized by a typical deltaic progradation SP log
signature, with a coarsening-upward pattern (funnel-shaped log signature). The
estimated deltaic progradation thickness is up to 150m, based upon SP logs.

(3) Fining-upward successions of coarse- to fine-grained, poorly- to very poorly-
sorted sandstones, interpreted as high-energy fluvial braided — BR facies
association (Table 2). Thick (>~ 100m) sandy intervals are interpreted as
stacking of channel deposits in the braided plain. The log signature is
characterized by a box SP/GR response (low values), with high sonic (DT) log
values, such as at Sequences R1 of well B.

Insert Table 1

Insert Table 2

Insert Fig. 4

The interpreted depositional environments for the Aptian/Albian transition and
Albian stage correspond to an extensive, shallow water, restricted marine,
homoclinal ramp, showing an interplay of four differentiated depositional
settings (Figs. 6, 7):

(1) Shallow-water, coarse-grained deltaic deposits (e.g. Bhattacharya, 2006),
assigned here to SD facies associations, being differentiated into two facies
associations (Table 2): delta plain to delta front (upper shoreface) and delta
front (lower shoreface) (Figs. 8a-b). This clastic coastal system intertongues
basiward and along strike with carbonatic deposits of open-shelf environments
(mixed ramp facies discussed below), and landward with fluvial braided facies.
This facies locally show a coarsening-upward GR and SP log pattern from delta
front (lower to upper-shoreface) to delta plain (foreshore) facies.

(2) Fining upward deposits consisting of coarse-grained sandstone layers
alternating with heterolithic (sand/mud) layers (Figs. 8c-f), showing an irregular
GR and SP log signature (Figs. 6, 7). This facies occurs vertically associated
with SD facies, and are interpreted as brackish water environments (estuaries,
lagoons, bays or tidal flats) of low relief and relatively low energy and protected
areas along the coast. This facies are assigned here to estuarine — ES facies
association (e.g. Weimer et al., 1982).
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Insert Fig.5

Insert Fig.6

Insert Fig.7

Insert Fig.8

(3) Supratidal-coastal sabkha evaporative deposits (Figs. 9a-d) developed in
response to increasing marine influence and arid climatic conditions (e.g.
Kendall & Harwood, 1996) during the transition of Late Aptian to Early Albian
stage. These deposits, overlying SD facies, are assigned here to supratidal
coastal sabkha — SC facies association (Table 2). This facies show low SP and
GR log values, and high resistivity-log (ILD) and sonic (DT) values.

(4) Hybrid arenites (sensu Zuffa, 1980) or calcarenite deposits (Figs. 9e-f),
assigned here to mixed ramp — MR deposits, reflecting the development of
extensive shallow water restricted marine mixed siliciclastic-carbonatic ramp
depositional environment (e.g. Wright & Burchette, 1996), with coeval supply
(intertongue landward) of coarse-grained siliciclastic sources (SD facies). This
Albian drift phase deposits were differentiated into three facies associations
(Table 2): high-energy inner ramp (MRhin), low-energy inner ramp (MRlin), and
mid ramp (MRmdr). The GR and SP show an irregular high-frequency log
response, mostly with an upward decrease of GR (and SP) log values,
indicating an upward trend of increasing sand content, showing the transition
from distal low energy facies to proximal high energy facies.

DETRITAL TEXTURE, COMPOSITION AND PROVENANCE

The studied samples range from fine to conglomeratic sandstones (up to
granule size), with predominance of medium to coarse-grained sandstones, to
hybrid arenites (sensu Zuffa, 1980) and calcarenites. The sorting is usually poor
and grains are mostly subrounded. Quantitative petrographic results of the
studied samples (Table 3) were grouped according to interpretation of
deposicional facies, system tracts and depositional sequence. The sandstones
are dominantly arkoses (av. QsgFssls) and subordinately lithic arkoses (av.
QasF46l21) and feldspathic litharenites (av. QisFsols2) (sensu Folk, 1968; Fig.
10). The dominant immature feldspathic and lithic detrital composition indicate
provenance from uplifted basement terrains (blocks uplifted along the rift
margins), characterized by plutonic magmatic and high-grade metamorphic
rocks, and from recycled orogenic terrains of sedimentary and low-grade meta-
sedimentary rocks (cf. Dickinson, 1985; Fig. 11).

The quartz grains are essentially monocrystalline (av. 18%) and detrital
feldspars are dominantly orthoclase (av. 17%). Plutonic (av. 4.7%) and
metamorphic (av. 4.2 %) rock fragments are more common in the poorer-
sorted, coarser-grained and conglomeratic facies. Sedimentary rock fragments
(av. 1.7%) consist mainly of dolostones and monocrystalline dolomite grains.
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Biotite (av. 3.4%) is the main accessory detrital constituent. Garnet (av. 2%) is
the second most abundant. Intrabasinal grains of siliciclastic samples (av. 2.3%)
are dominantly of mud intraclasts and carbonaceous fragments (plant debris);
whereas hybrid arenites and calcarenite samples show high content of
carbonate intrabasinal grains (ooids/oncoids and bioclasts). Bioclasts consist
mostly of benthic foraminifers, echinoderms and molluscs (bivalves and
gastropods); with increasing number and variety towards the younger drift
sequences (cf. Cordoba, 1994). Pre-salt sandstones of the Transitional
Sequence (well C) contain dolomitized ostracodes bioclasts and possibly ooids.

Insert Fig. 9

Insert Fig.10

Insert Fig.11

Insert Table 3

STRATIGRAPHIC FRAMEWORK
Sequences R1 and R2

The rift phase sediments were deposited in deep, asymmetric half-grabens
under active rift tectonism and increasing marine influence (cf. Kuchle et al.,
2005; Fig. 12a). Aptian braided streams and lacustrine-deltaic deposits present
in wells A and B are interpreted as rift sequences R1 and R2 (Fig. 4), separated
by sequence boundary 1 (SB1).

Sequence R1 in well A presents coarse-grained fluvial-deltaic deposits (CD
facies) that are compositionally and texturally less mature than equivalent finer-
grained fluvial-deltaic deposits (FD facies) present in well B, showing high
content of ductile metamorphic rock fragments and detrital mica (Fig. 13). Such
differences are interpreted as resulted from diverse relative position to basin
margin faults and distinct source terrains (cf. De Ros et al., 2005). CD facies
(well A) deposits are interpreted as proximal to basin margin faults, showing
significant content of ductile grains and poorer sorting sediments, preferentially
at finer-grained lower-energy, delta front or overbank/floodplain facies (Fig. 3;
cores A3-7). Coarser-grained, channel-related delta plain facies (Fig. 3; cores
A4-7), on the other hand, show minor content of these ductile detrital
constituents. The more mature and quartz-feldspathic composition of FD facies
(well B) reflect more developed transport and erosion, showing a homogeneous
detrital composition along deltaic and fluvial-braided (BR facies) sandstones.

SB1 implies in little change of sedimentary regime and subsidence patterns, but
its time is marked by a sharp shift of facies (mainly primary detrital composition;
i.e. source area). The base of Sequence R2 in well A is characterized by an
important basal conglomeratic interval with high content of large metamorphic
rock fragments. However, this sequence shows a sharp decrease of ductile
grains (mainly metamorphic rock fragments) in comparison with Sequence R1
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(Table 3). SB1 shows a clear shift between wells A and B. The transition of
Sequence R1 to R2 in well B, conversely to well A, shows a sharp increase of
metamorphic rock fragments (decrease maturity of sediments, regarding
Sequence R1), with large meta-sandstone and sandstone fragments (Fig. 13).
The sharp increase of lithic constituents at Sequence R2 in well B is interpreted
as a significant shift of drainage patterns, with increase supply of sediments
associated with basin margin faults.

Facies succession from sequences R1 to R2 in well A, and along Sequence R1
in well B shows a thickening-upward delta front/delta plain facies corresponding
to a coarsening-upward SP trend, with continuous trend of sedimentation rate
exceeding creation of accommodation space, locally overlain by braided river
systems (continuous low SP signature), such as in the uppermost interval
Sequence R1 of well B (Fig. 4). Such trend supports a highstand system tract
for Sequence R1. Sequence R2 is poorly preserved in well B, and, therefore
rendering a precise stacking pattern interpretation.

Inserfig.12

Inserfig.13

Sequences T and D1

The Late Aptian to Early Albian gradual transition from continental (fluvial-
lacustrine) to marine settings, are characterized by the Transitional sequence -
T (well C) and early Drift Sequence D1 (well A), consisting of prograding
coarse-grained coastal-deltaic systems (SD facies), which were deposited into a
basinal environment grading from a narrow gulf into a progressively open
marine conditions, and under arid climatic conditions, capped by sabkha and
coastal salina supratidal facies environments (Fig. 12b), as observed at
Sequence T.

The Transitional Sequence is preserved only in well C (Fig. 7), directly overlying
basement rocks (SB2), indicating paleo-high settings for well C during rift
phase. Sequence T is characterized by the alternation of siliciclastic (SD facies)
and evaporative (SC facies) deposits. Deposition and preservation of platform
evaporites generally occur during highstand conditions (Handford & Loucks,
1993). SB2 is not preserved in well A.

The lower limit of Sequence D1 (SB3) displays a marked change in sedimentary
regime in well A from continental fluvial-deltaic deposits to highly-bioturbated
and deformed coarse-grained deltaic deposits. The facies succession of this
sequence reflects the high supply of siliciclastics (no indication of coeval
carbonate deposition during Sequence D1). The lack of muddy sediments
(prodeltaic facies) observed in the coarse-grained coastal deposits is herein
interpreted as a consequence of the very shallow-water depositional setting (cf.
Reading & Collinson, 1996), resulting in high-energy conditions with widespread
dispersal of suspended sediment by wave-reworking (cf. Galloway and Hobday,
1983). The occurrence of plant fragments is probably related to the proximal
fluvial sediment supply. The SD facies deposits of Sequence D1 show high
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content (up to 4%) of detrital plagioclase. The high average K-feldspar content
(47-50%) suggests rapid erosion and transportation from mountainous source-
areas, under arid or semiarid climate.

The compositional trends of wells A and B show a gradual decrease of lithic
contribution towards Albian samples (Fig. 13). This is especially clear in well A
from a lithic composition of rift sequences (R1 and R2) to feldspathic drift
Sequence D1, with corresponding decrease of average grain size.

The upper limit of Sequence D1 (SB4) marks a change in sedimentary regime,
with the onset of significant carbonatic deposition (carbonate package of
Sequence D2).

Sequences D2 to D4

Albian drift Sequences D2 to D4 reflect the gradual onset of less restricted
marine conditions, consisting of high-energy, shallow water, wave-reworked,
mixed siliciclastic-carbonatic ramp (Fig. 12c). These sequences show a vertical
succession of siliciclastic and carbonate deposition (Figs. 6, 7). The deposition
of carbonatic and siliciclastic sediments tends to be mutually exclusive, with
siliciclastic-dominated sediments interpreted as preferably deposited during
regressive (highstand and lowstand) system tracts, and carbonate-dominated
sediments preferably deposited during transgressive to early highstand system
tracts (cf. Handford & Loucks, 1993). The observed cyclicity of siliciclastic and
carbonate intervals (well presented in well A) is herein interpreted as product of
relative eustatic sea-level changes and/or variations in sediment supply (cf.
Shew, 1991), as well as local product of alongshore currents, which is attested
by the lower limit of sequences D3 and D4 (SB5 and SB6, respectively), which
display no significant change in sedimentary regime.

Regressive siliciclastic deposits were interpreted mostly as highstand,
interpreted as fluvial-braided/delta plain deposits prograding over delta front
(foreshore to upper shoreface facies), as indicated by the coarsening-upward
GR log response (Sequence D3, for instance; Fig. 6). Lowstand system tract
successions, resulting in typical “box” GR well log response intervals (Sequence
D3, for instance; Fig. 6) are herein poorly developed due to the interpreted
shallow ramp and proximal settings of the studied wells.

The interval comprising the maximum flooding surfaces of Sequences D2 to D4
(not sampled) were interpreted by wireline GR/SP log responses and facies
succession, when suggesting higher carbonate/siliciclastic ratio, interpreted as
indicative of maximum landward shift of shallow marine facies. Conversely to
the other wells, the transgressive system tract of Sequence D4 in well B is
characterized by an alternation of siliciclastic-dominated deltaic succession of
shoreface to foreshore deposits (SDush facies) and restricted estuarine-
lagoonal deposits (ES facies). This interval shows distinct detrital composition
from other drift sequences, consisting of high content of meta-sedimentary
rocks, and plant fragments, suggesting fast and short transportation from
source areas, and higher sediment supply in comparison with transgressive
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system tract of wells A and C, resulting unfavourable conditions for carbonate
deposition.

Cordoba (1994) identified two coastal shoal systems: (i) oolitic/oncolitic shoals,
continuously active during sedimentation); and (ii) bioclastic shoals, formed
during later stages of ramp evolution during Albian times. Such trend is
observed in wells A and B, where oolitic/oncolitic intrabasinal grains occur along
all drift sequences (D2 to D4); whereas the bioclasts content is significant along
drift sequences D3 and D4 only. Such trend was used to correlate the drift
sequences between the wells.

DIAGENETIC CONSTITUENTS

Dolomite. This is the most abundant diagenetic constituent in the studied
sandstones (av. 7.0% of bulk volume). Dolomite occurs as intergranular pore-
filling or grain rimming microcrystalline to coarsely-crystalline rhombs (20 to 450
um, av. 120 um), as cement locally displacive, and pre-dating other
intergranular pore-filling cements, except K-feldspar overgrowths.
Microcrystalline rhombs (< 60 um) replace mud intraclasts and high-Mg calcite
rim marine cement (Fig. 14a). Coarsely-crystalline dolomite replaces feldspars,
micas and rock fragments, as well as the microcrystalline phase. Euhedral
crystals up to 450 um with wavy extinction, characteristic of the “baroque” or
“saddle” dolomite types, occur as intergranular pore-filling cement, as well as
replacing previous dolomitized constituents (mainly mud intraclasts). Bulk-rock,
carbon and oxygen isotopes of dolomite reveal a range of §"°Cppg between -
5.98%o and 0.15%o, 8'°Oppg between -8.36%. and 2.67%. (Table 4).

Calcite. This cement (av. 1.5 % of bulk volume) occurs as microcrystalline,
grain-rimming and pore-filling cement in sandstones (Fig. 14b), and replacing
early, pore-filling micritic cement in hybrid arenites and calcarenites, as well as
syntaxial overgrowths on echinoid bioclasts (Fig. 14c). Post-compaction,
coarsely-crystalline (av. 150 um), intergranular pore-filling and grain-replacive
calcite cement is patchily distributed in arkose and lithic arkose sandstones.

Anhydrite. This is the second most abundant diagenetic constituent in the
studied sandstones (av. 2.5 % of bulk volume). Anhydrite occurs with two
diverse distribution modes: Pre- to syn-compaction, lamellar or prismatic/
plumose (divergent) crystals (from 120 to 500 um; av. 170 um; Fig. 14d), or as
felted (fibrous) crystals, engulf and thus post-date K-feldspar overgrowths and
microcrystalline dolomite. Post-compactional, poikilotopic pore-filling cement
(Fig. 14e) with crystal size from 0.3 to 2.4mm (av. 0.9mm) is the common habit
(absent along grain contacts — post-compaction?), occurring in some samples
mixed with earlier lamellar phase. Large crystals (up to 4.2mm wide) of
anhydrite replace large carbonate bioclasts and oncoliths. Anhydrite cement
distribution is commonly heterogeneous and patchy, locally pervasive. Bulk-
rock, sulfur isotopes reveal a range of 8**Scpr between -0.4%. and 21.3%o
(Table 4).
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K-feldspar. Potassic feldspar overgrowths are conspicuous in the studied
sandstones (av. 1.6 % of bulk volume). The overgrowths are euhedral (sanidine
habit), epitaxial, thick (up to 200 um) and continuously cover detrital orthoclase
and microcline grains, and are covered by, thus pre-dating all other
intergranular pore-filling authigenic phases, except mechanically infiltrated
smectite coatings (syn-precipitated).

Quartz. This cement (av. 0.5%) occurs as euhedral, syntaxial, up to 60 um thick
overgrowths on quartz grains. Quartz overgrowths engulf K-feldspar
overgrowths and clay coatings, and are covered by anhydrite poikilotopic
cement. Some samples with discontinuous clay coatings show expressive
precipitation of prismatic crystals (outgrowths) with average size of 30 um,
locally occupying moldic pores (thus post-dating grain dissolution). However,
deepest samples of Sequence R1 (well A) show large percentual of discrete,
pore-filling quartz outgrowths, while adjacent quartz grains surfaces show
neither clay coatings, nor overgrowths. Significant volume (> 2%) of quartz
overgrowths and outgrowths is only observed in some of the deeper samples
(rift phase sequences of well A).

Smectite. Smectite clays occur in the following habits: (i) as discontinuous
coatings, thicker (up to 15 um) along the concave portion of grain surfaces
(scattered occurrence, in most sequences); (ii) as thin (av. 5 um), pre-
compaction, continuous and isopachous coatings; (iii) as thick (up to 60 um; av.
12 um) continuous and anisopachous, pre-compaction coatings (Fig. 14f), and;
(iv) as rims of honeycombed aggregates, covering the coatings. Shrinkage and
fragmentation features are commonly observed. X-ray diffraction analyses
indicate the preservation of smectite in samples presently buried deeper than
1200 m.

Corrensite. Corrensite clays (regular mixed-layer chlorite-smectite) occur in
one sample in the following habits: (i) thick (av. 8 um), locally multiple
(concentric) anisopachous coatings, displaying shrinkage and fragmentation
features; and (ii) well developed rims covering the coatings. Multiple corrensite
coatings are observed around dissolved heavy minerals (mainly garnet)
indicating recurrent precipitation and dissolution (thicker around completely
dissolved heavy mineral grains). Corrensite rims post-date the shrinkage of
coatings and the expansion of micaceous grains, and pre-date grain dissolution
(thicker along intergranular space).
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Chlorite. Chlorite clays occur replacing detrital biotite and ferromagnesian
heavy mineral grains, mud intraclasts and metamorphic rock fragments,
smectite coatings (transformation), as well as partially to totally dissolved
(locally transformed into pseudomatrix) metamorphic rock fragments (Fig. 15a).
It was directly precipitated (neoformed) as continuous, isopachous (up to 10 um
thick; av. 7 um) rims made of thin platelets arranged perpendicularly to grains
surfaces. Double rims were formed along both sides of coatings detached due
to shrinkage or grain dissolution.

Inserfig.15

Other diagenetic minerals. lllite-Smectite (I-S) irregular mixed-layers occur in
few samples, as intergranular pore-lining or pore-filling, radiated aggregates of
fibrous crystals (up to 15 um), locally covering chloritized coatings or chlorite
rims, and also bridging across pores. Pyrite occurs as disseminated
intergranular and intraparticle (within bioclasts) pore-filling framboidal
aggregates (< 20 um), and also replacing carbonaceous fragments, micas, clay
coatings mud intraclasts and pseudomatrix. Siderite occurs as microcrystalline
or spherulitic aggregates (up to 20 um; av. 9 um), commonly replacing mud
intraclasts. Kaolinite replaces micaceous grains as large booklets (up to 80 um)
and pseudomorphic, lamellar crystals. Small, prismatic crystals of diagenetic
titanium oxides (av. 25 um) replace heavy mineral and biotite grains, and occur
also as discrete, intergranular pore-filling cement. Diagenetic albite
heterogeneously replaces feldspar grains in all depositional facies and systems
tracts (av. 1.0% of bulk volume).

COMPACTION AND POROSITY

The degree of compaction undergone by the studied sandstones, as well as the
evaluation of the relative role played by compaction and cementation in porosity
reduction, were analysed in a diagram of intergranular volume versus
intergranular cements (cf. Ehrenberg, 1989; Fig. 16). The wide range of
intergranular volume (12 to 38%; av. 24.2%) reflect the variable timing and
intensity of cementation and compaction of studied samples. Conversely to lithic
and poorly-cemented rift samples, sandstones with abundant pre-compaction
carbonate or sulphate cementation, such as in transgressive deltaic (SDush)
facies of drift sequences or highstand system tracts of transitional sequence,
suffered limited compaction, as indicated by their larger intergranular volume.
However, pervasive eodiagenetic carbonate and/or sulphate cementation, with
minor porosity preservation, was favoured in hybrid arenites of low-energy
settings (MRIin) and deltaic (SDush) facies underlying evaporative supratidal
sandstones (Sequence T).

Secondary intragranular porosity (av. 4.3%) is volumetrically subordinate in
relation to total porosity resulted mainly from the dissolution of detrital feldspar
grains (av. 2.1%) and subordinately from metamorphic rock fragments, heavy
minerals and intrabasinal carbonate grains, being more significant in the
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coarser-grained sandstones of rift sequences and transgressive siliciclastic
(SD/TST) samples of drift Sequence D4 of well B (Table 3).

DISCUSSION

The diagenetic evolution of the sandstones is influenced by depositional
parameters, such as the composition of framework grains, grain-size, sorting,
sedimentary structures, and pore-water chemistry (e.g. De Ros, 1996; Morad et
al., 2000). The variable original composition and depositional settings of the
studied sandstones is reflected by the diversity of diagenetic evolution
pathways, which are discussed below, within their sequence stratigraphic
context (system tracts and depositional sequences), as shown in Fig. 17.

Inserfig.16

Diagenetic alterations associated with rift sequences R1 and R2

Sandstones from rift sequences R1 and R2 (Fig. 17a) are characterized by a
small content of early, pore-filling cementation (mainly microcrystalline to
coarsely-crystalline dolomite), which is herein interpreted as possibly product of
intense sediment accumulation rates, resulting in unfavourable conditions for
significant eodiagenetic cementation (cf. De Ros, 1996). Consequently, the
main diagenetic alterations associated with this tectonic system tract refer to
post-compaction phases, and are directly related to the detrital composition.

Coarse-grained, channel-fill delta plain to braided fluvial sediments (Figs. 4, 3;
cores A3-7) show large content of mud and soil intraclasts, interpreted as
product of floodplain erosion by extensive lateral channel avulsion (cf. Ketzer et
al., 2003a), resulting in moderately compacted intervals with intergranular
porosity partially filled by pseudomatrix. Conversely, samples from low-energy,
shallow/small channels, delta front to prodelta facies, or overbank and
floodplain settings, are enriched in micas and low-rank metamorphic rock
fragments. These samples, despite similar packing of channel-fill facies, show
lower macroporosity values due to more intense compaction of ductile grains
Figs. 15a-b).

Insert Figs.17a-d

The scattered, intergranular and replacive microcrystalline to coarsely-
crystalline dolomite cement, observed at Sequence R2 (well A) samples, are
the product of mixing of eodiagenetic microcrystalline and mesodiagenetic
coarsely-crystalline (including saddle dolomite) phases, as attested by its
isotopic composition. Assuming an average value of -5.0 %o &' *Osmow Vvalue for
meteoric precipitating fluids (cf. Lloyd, 1982), expected for a continental setting
at the paleolatitude of the basin during Lower Cretaceous, the precipitation
temperatures calculated for the dolomite cement in these samples (Table 4; Fig.
18) range from 43.1 to 54.3°C. The late (syn- to post-compaction) character of
dolomite cementation of rift sandstones agrees with their tight packing. The
8'*Cppg values of -5.98 %0 and —1.47%.) are compatible with derivation from
organic matter oxidation.
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InsertFig.18

The relationship of late diagenetic alterations of rift sequences with provenance
and depositional environment (Fig. 19) is attested by the conspicuous pore-
lining chlorite, corrensite and illite-smectite cementation shown by low-energy
facies samples, which is herein interpreted as developed through complete
transformation of eodiagenetic smectite coatings, product of alteration of
ferromagnesian silicates, such as biotite (e.g. Bjarlykke et al., 1989) and low-
rank metamorphic rock fragments (Fig. 15a). This is supported by the good
correlation between chlorite content and detrital biotite and metamorphic rock
fragments (Fig. 13). The coarser, channel sandstones, with minor content of Fe-
Mg detrital grains (Table 3), show limited chloritization, except for the local
occurrence of chlorite rims or multiple and thick corrensite coatings, interpreted
as the product of transformation of eodiagenetic smectite precursors.

Diagenetic alterations associated with Transitional Sequence

Sandstones of highstand delta plain (SDush) deposits of the Sequence T of well
C (Figs. 7a, 3; core C1) show eodiagenetic pore-filling, locally displacive,
microcrystalline dolomite and felted anhydrite cementation (Fig. 17b), which are
interpreted as associated with to the supratidal-coastal sabkha facies (Fig. 20).
Deposition and preservation of platform evaporites are favoured at late
highstand conditions due to seawater influx to replenish the evaporation, which
is not usually available during signicant sea-level falls (Handford and Loucks,
1993). The sulphur isotopic composition for eodiagenetic felted anhydrite
cement of delta plain facies and overlying anhydrite of salt formations yielded
8%*Scpr values between 19.8 to 21.5%., higher than expected for Aptian-Albian
marine-derived anhydrite (cf. Claypool et al., 1980). The observed high 3**S
values (up to 6%. above global averages) could be interpreted as product of
restricted replenishment, with minor supply of oceanic water enriched in light
isotopes flowing into the evaporate. Progressive reduction of a limited sulfate
reservoir continuously modifies the isotopic composition of the remaining sulfate
towards more positive, heavier 3**S values (cf. Strauss, 1997).

Insert Fig.19

Insert Table 4

Diagenetic alterations associated with drift Sequence D1 and D2

Sandstones of transgressive to highstand delta front to delta plain (SDush)
deposits of the Sequence D1 and D2 of well A (Figs. 6, 3; cores A9 to13) show
a coarsening-upward succession that is characterized by an upward increase in
anhydrite and decrease in dolomite cementations (Figs. 13). Delta front facies
due to mixing of sand and mud through bioturbation (Fig. 8a) and higher content
of mud intraclasts were preferentially cemented by eodiagenetic dolomite, and
consequently, coarsely-crystalline mesodiagenetic dolomite, locally engulfing
early phases. Assuming a 8'®Ogsmow value of —3%. for mixed meteoric-marine
precipitating fluids expected for a coastal setting, a precipitation temperature
range of 42.7 to 46°C is calculated for eodiagenetic dolomite cements with
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5'®0ppg values between —5.37 to —4.85%. (Table 4; Fig. 18). These
temperatures are high for near-subsurface cementation, as observed in rift
samples, and may be reflecting the mixing of pre-compaction microcrystalline
dolomite with syn- to post-compaction coarsely-crystalline mesodiagenetic
dolomite. Stable carbon isotope data of eodiagenetic dolomite cement around
0% (8"*Cppg values from —1.9 to 0.15%.) suggest direct supply of dissolved
carbon from seawater (cf. Morad, 1998). Coarser-grained facies (mainly delta
plain facies), On the other hand, show minor dolomite cementation, being
preferentially and pervasively cemented by mesodiagenetic (and locally
eodiagenetic) anhydrite. The upward increase in early anhydrite cementation
observed in Sequence D1 of well A is herein associated with more intense
evaporitic conditions towards the top of this sequence.

Insert Fig.20

The highstand system tract deposits of Sequence D1 and Sequence R1 (well A)
show mesodiagenetic anhydrite cementation with 8**Scpr values ranging from —
2.9 to 1.9%.. Such low values may be interpreted as resulting from: (i) thermal
degradation of organic sulphur originated from deeply buried (up to 4km) Early
Aptian lacustrine shales; or (ii) juvenile sulphur-rich fluids originated from
Paleocene-Eocene near-surface volcanism of Royal Charlotte Volcanic
Complex (c. 40 km to southeast of the studied wells). The single occurrence of
a large (~1mm) evaporite intraclast in a coarse-grained highstand deposit of
Sequence D1 with isotopic composition similar to Early Aptian evaporites
(8%*Scpt = 21.3%.), attests the reworking of evaporite layers of the Itaunas
Member (Mariricu Formation), deposited on top of the Transitional Sequence.

Diagenetic alterations associated with drift Sequence D3

Sandstones of lowstand braid plain channel-fill deposits of Sequence D3 of well
A (Figs. 6, 3; core A14) display thick clay coatings, which are herein interpreted
as abundant mechanical infiltration of detrital smectitic clays under subaerial,
hot and arid depositional conditions (cf. Moraes & De Ros, 1992), as irregular
coatings (Fig. 14f). The clay coatings unfavoured later cementation (Fig. 17d),
as suggested by the lack of any volumetrically significant pore-filling cement
(Fig. 21).

Hybrid arenites of transgressive system tract of Sequence D3 of well B (Figs.
7b, 3; core B12) with large carbonate bioclasts and oncoids, plant fragments,
and high biotite content (Fig. 17d), herein interpreted as restricted (internal
platform) lagoonal, possibly associated with intertital to supratidal settings (Fig.
21). This facies shows pervasive eodiagenetic intergranular pore-filling dolomite
cement, as well as dolomitization of carbonate grains and well-developed K-
feldspar overgrowths. The O'® enrichment of such dolomite cement relative to
seawater (Table 4; Fig. 18; B-D3(a)) is possibly a product of evaporative
conditions. Carbonate allochems show intense coarsely-crystalline dolomite and
anhydrite replacement (Fig. 15c). The isotopic analysis of anhydrite cement
yielded 8**Scpr values of 16.8%, i.e. within the range of §**Scpr = +14 to +18%.
for Albian anhydrite with marine origin (cf. Claypool et al., 1980), suggesting an
Albian sea water origin of dissolved Ca*? and SO4. A precipitation temperature
of 75°C is calculated for the replacive dolomite, assuming a &'2Oswow value of
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1% for the evolved formation waters, consistent with a mesodiagenetic
interpretation (Table 4; Fig. 18; B-D3(b)).

Sandstones of highstand delta front/delta plain (SDush) deposits of Sequence
D3 of well A (Figs. 6, 3; core A15), show microcrystalline, pre-compaction
dolomite rim cementation (Fig. 17c), derived from the dolomitization of high-Mg
calcite marine rims (Fig. 14a). The relatively good sorting of this petrofacies is
interpreted as a product of wave reworking. Locally, poorer-sorted samples
show intergranular pore-filling, locally displacive, dolomite precipitation (Fig. 21).
This could be interpreted as product of sea-water flow through the coastal
sediments in an intertidal depositional setting, with the resulting mixing with
meteoric waters, favouring eodiagenetic intergranular dolomite precipitation (cf.
Ketzer et al., 2002).

Assuming a 8'®0Oswow value of —3%. for precipitating fluids originated by mixing
of marine and meteoric waters, as expected for the continued progradation of
highstand deposits towards SB6, a precipitation temperature of 31°C is
calculated. Assuming a §'®Oswow value of =5%. for precipitating brackish pore
waters with high meteoric contribution (cf. Lloyd, 1982), the precipitation
temperature approximates 20°C, what is probably more compatible to near-
surface precipitation (Table 4; Fig. 18). The §"*Cppg value of —2.1%. is
consistent with eodiagenetic precipitation of dolomite cement at oxic phreatic
conditions (cf. Morad, 1998).

Calcarenites of highstand high-energy oolithic shoals (MRhin facies) of
Sequence D3 of well C (Fig. 7a; core C2), consisting of oolithic grainstones
(Fig. 15f), show less marine carbonate cementation than transgressive deposits
in the vicinity of condensed sections (Figs. 17b, 21).

Diagenetic alterations associated with drift Sequence D4

The transgressive system tract delta plain-delta front (upper shoreface) deposits
and inner ramp hybrid arenites of Sequence D4 of well A (Fig. 17b) are
characterized by abundant pore-filling and pore-lining calcite cementation (Fig.
21). This occurred in response to the source and nucleation provided by the
large amount of carbonate intrabasinal grains, such as ooids and bioclasts (cf.
Morad et al., 2000; Ketzer et al., 2002; Ketzer et al., 2003b; Al-Ramadan et al.,
2006). Early transgressive deltaic (SDush) sandstones (Figs. 6, 3; core A16)
are characterized by scattered nodular calcite cementation (Fig. 14b), which
pre-compactional nature is attested by the large intergranular volumes, whereas
hybrid arenites and calcarenites (Figs. 6, 3; core A18), located in the vicinity of
the condensed section, show pervasive, stratabound, microcrystalline calcite
cementation that completely fill the pores (Fig. 14c).

Conversely to carbonate-dominated transgressive interval of well A, the
transgressive system tract in well B (Figs. 7b, 3; cores B16-18) is characterized
by a siliciclastic-dominated deltaic delta plain to delta front deposits (SDush)
showing high sediment supply and lack of intergranular cementation (Figs. 15d,
17Db), alternating with estuarine deposits showing pervasive microcrystalline
dolomite cementation (Figs. 15e, 17d). This pervasive dolomite cementation is
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herein interpreted as product meteoric and sea-water mixing, favouring
eodiagenetic intergranular dolomite precipitation (cf. Ketzer et al., 2002).
Assuming temperatures from 15 to 25°C for surface precipitation, the
depositional water isotopic composition range from -3.5 to -1.2%. would agree
with the mixing zone interpretation. 5"°Cppg values of —3.26 and -3.42%. are
consistent with eodiagenetic precipitation at oxic phreatic conditions (cf. Morad,
1998).

Insert Fig.21

Porosity evolution and reservoir quality prediction in a sequence-
stratigraphic framework

The reservoir quality of the studied sandstones reflects the nature of their facies
associations and sequence stratigraphic-related diagenetic evolution. The
original porosity, controlled by depositional facies and provenance was modified
during diagenesis owing mostly to carbonate and/or sulphate cementation, or to
compaction. The samples with best reservoir quality correspond to early
transgressive and highstand intervals. These samples show scattered patches
of calcite and/or dolomite cement, which were apparently enough to prevent
significant compaction of the framework grains, and minor amounts of
mesodiagenetic (dolomite or sulphate) pore-filling cements. The discontinuous,
patchy character of dolomite and anhydrite cementation observed in most
intervals is expected not to any major impact on permeability reduction. In some
Sequence R2 (well A) sandstones porosity was favoured by better sorting
and/or minor content of highly altered and deformed (pseudomatrix) low-grade
metamorphic grains.

The rift highstand and drift lowstand system tract samples (fluvial-deltaic facies)
show compaction as the main process of porosity reduction, which can be
attributed to rapid burial (high sediment supply), inhibiting significant volume of
eodiagenetic precipitation. For these samples, the provenance control of
original detrital composition is the key factor. Facies with better sorting and
smaller content of ductile grains (i.e. biotite, mud intraclasts and metamorphic
rock fragments), such as channel facies of well A and mica-poor samples of
well B, show better reservoir quality (Fig. 16).

SB1 is a key surface for reservoir quality prediction for rift sequences in areas
with provenance similar to well A, considering the distribution of metamorphic
rock fragments (Fig. 13), because it separates lithic sandstones of Sequence
R1, with poor reservoir quality (porosity < 12% and low permeability), from lithic-
poor sandstones of Sequence R2, with better porosity (12 to 20%) and
permeability values (Fig. 16).

On the other hand, a comparison between sequences R1 and R2 in well B
shows an opposite trend (Fig. 13), from fluvial-deltaic (FD) and fluvial (BR)
facies of Sequence R1, showing small content of metamorphic grains, minor
mechanical compaction and good reservoir quality (Fig. 16), and CD facies of
Sequence R2 displaying high content of metamorphic rock fragments.
Surprisingly, the feldspathic litharenites of Sequence R2 (Fig. 4; core B10) show
an anomalously high porosity preservation, interpreted as a probable product of
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the limited maximum burial of Sequence R2 in well B area. The high content of
low-grade meta-sedimentary rock fragments (av. 29.5%), including large (5.6
mm) meta-sandstone fragments suggests a rapid erosion and short
transportation of old orogenic sequences (De Ros et al., 2005).

Eodiagenetic, pervasive, pore-filling cementation was observed at (Fig. 16): (i)
transgressive system tract hybrid arenites and calcarenites of mixed ramp (MR)
facies, preferentially lying in the vicinity of condensed sections or at low-energy,
internal platform settings; (ii) estuarine sandstones in the transgressive system
tract of Sequence D4 (well B); and (iii) late highstand sandstones underlying the
supratidal sabkha evaporites of the Transitional Sequence (well C). The poorer
reservoir quality of low-energy mixed-ramp facies comparing with high-energy
facies results from abundant dolomite intergranular cementation, resulting
unconnected pore space, pore throats and biomoldic porosity, which is herein
interpreted as product of intense marine-meteoric mixing at intertidal to
supratidal internal platform settings.

The observed trend from scattered, nodular calcite cementation in delta plain-
delta front sandstones (distant from flooding surfaces) towards pervasive
intergranular pore-filling cementation of inner-ramp hybrid arenites and
calcarenites (near flooding surfaces) attests the deterioration of reservoir quality
towards the vicinity of the condensed sections owing to increase bioclast
content (Fig. 21). Such trend is characterized by a slight increase of induction-
log resistivity values, and decrease of SP-GR log values, related to the larger
carbonatic content (Figs. 6, 7).

The studied transgressive sandstones and hybrid arenites show cementation as
the main process in porosity reduction, with the exception of transgressive
deltaic (delta front to delta plain) sandstones of Sequence D4 (well B) (Fig.16),
which show high porosity (= 20%), herein attributed to the combination of limited
burial and lack of significant intergranular pore-filling cementation.

Conversely to the transgressive samples, the studied highstand sandstones and
calcarenites show compaction or cementation as the main process in porosity
reduction. Such varying impact is well demonstrated in the shallowing-upward
succession of highstand sandstones of Sequence D1 (Fig. 13). In these
sandstones, the poor depositional reservoir quality of delta front (upper/lower-
shoreface) facies, due to higher bioturbation and mud intraclast content,
favoured eodiagenetic dolomite cementation, resulting in moderate to good
reservoir quality (Fig. 16). On the other hand, coarser-grained sandstones
(mainly delta plain facies), with better original porosity and permeability, and
minor eodiagenetic dolomite cementation, were preferentially cemented by
mesodiagenetic anhydrite. Because of the greater impact on porosity reduction
of anhydrite cementation in comparison with dolomite cementation, the coarser-
grained sandstones show poorer reservoir quality. The highest amounts of late
poikilotopic anhydrite is observed in coarser-grained and better-sorted samples,
reflecting the control of depositional texture on fluid flow (Fig. 20).
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CONCLUSIONS

This paper demonstrates that spatial and temporal distribution of eodiagenetic
alterations (and associated mesodiagenetic alterations), as well as their impact
on porosity and permeability of siliciclastic, hybrid and carbonate successions,
are directly influenced by the depositional systems (i.e. sedimentary facies),
which can be constrained within a sequence stratigraphic framework and
related tectonic settings.

The preservation of porosity observed in channel-related facies of proximal
fluvial-deltaic highstand deposits or distal (more mature) fluvial-deltaic
highstand deposits of rift sequences R1 (well B) and R2 (well A) is attributed to
a stable and rigid detrital framework, combined with the absence of pervasive
pore-filling cementation. Conversely, low-energy facies of the proximal fluvial-
deltaic deposits, with high content of micaceous and ductile rock fragments,
show poorer preservation of porosity. In such reservoirs, as observed at
Sequence R1 (well A), type of cementation and the degree of mechanical
compaction are the major controls on porosity and permeability. Intense plastic
deformation of ductile grains, combined with eodiagenetic, pre-compaction,
smectite coatings precipitation, and their transformation into chlorite or illite-
smectite phases (coatings and/or rims) directly influenced the pore network
elements (pore size, pore throat size, and pore connectivity - tortuosity), with
authigenic illite severely reducing the permeability.

The highstand system tracts reservoirs, spatially and temporally related with salt
formations (evaporite layers) of Transitional Sequence, show intense
microcrystalline dolomite and felted anhydrite eodiagenetic cementations, with
complete deterioration of depositional porosity. Similar characteristics are
observed at highstand deposits of early siliciclastic-dominated Albian drift
sequence D1 (well A). Such paragenetic suite is not observed along the
following drift sequences, probably reflecting the progressively less arid climatic
conditions.

The onset of a mixed siliciclastic-carbonate platform depositional setting
observed at Albian drift sequences, resulted in a diversity of reservoir quality. In
such sequences, the variations in the carbonate intrabasinal content played a
significant role in the distribution of eodiagenetic dolomite and calcite cements,
with transgressive system tract reservoirs showing moderate to pervasive
carbonate cementation, with poorer reservoir quality towards condensed
sections due to higher content of carbonate cement, as expected due
increasing carbonate intrabasinal content.

Highstand system tracts deposits of Albian drift sequences, conversely to
transgressive deposits, show distinct eodiagenetic alterations depending on the
depositional system. Wave-dominated deposits, such as sequences D2 (well C)
and D3 (well A), show eodiagenetic, marine, carbonate cementation, with good
porosity preservation. On the other hand, fluvial-dominated deltaic deposits,
such as Sequence D1 (well A) are mostly affected by mechanical compaction
and pore-filling mesodiagenetic cementations rather than early ones, resulting
varying porosity preservation values. The deposits of Sequence D1 attest the
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influence of depositional features (i.e. detrital composition, geometry, texture,
and interconnectivity of the sandbodies) in the course of diagenetic evolution,
determining the flow path and rate of the migrating fluids. Samples with high
mud content in less clean sandstones show low extent of post-compaction
cementation. This is attributed to increasing restrictions in the diagenetic fluid
flow paths.

Fluvial (braided) lowstand sandstones (lowstand system tracts deposits of
Sequence D3), likewise fluvial-dominated deltaic highstand deposits, show
minor intergranular pore-filling cementation, with exception of high content of
mechanical infiltration of smectite clays. Such coatings have resulted more
intense influence of mechanical compaction in porosity reduction and
permeability deterioration.

ACKNOWLEDGEMENTS

The authors thank PETROBRAS, in special M. V. Galvao, A. Grassi, J. A.
Cupertino and Paulo de Tarso Guimaraes, for access to samples, data,
information, and for the license to publish this work. We acknowledge the
support of the Institute of Geosciences of Rio Grande do Sul Federal University
— UFRGS, and of the Environmental Institute of the Pontifical Catholic
University of Rio Grande do Sul - PUC-RS. Suggestions of reviewers ...... and
..... helped improve the manuscript. Special thanks to Dr S. Morad, from
Uppsala University, for improving the original manuscript. K. Goldberg, C.M.
Scherer and L.A.C. Lopez are also acknowledged for commenting on previous
versions of the manuscript.

REFERENCES

Al-Aasm, |.S., Taylor, B.E., South, B. (1990) Stable isotope analysis of
multiple carbonate samples using selective acid extraction. Chem. Geo., 80,
119-125.

Al-Ramadan, K. (2006) Impact of diagenetic alterations on reservoir quality and
heterogeneity of paralic and shallow marine sandstones: link to depositional
facies and sequence stratigraphy. Acta Universitatis Upsaliensis, Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Science and Technology 195, 57pp.

Asmus, H.E. and Ponte, F.C. (1973) The Brazilian marginal basins. In: The
ocean basins and margins (Eds. A.E.M. Nairm and F.G. Stehili). New York,
Plenum, v.1, 87-133.

Beard, D.C. and Weyl, P.K. (1973) Influence of texture on porosity and

permeability of unconsolidated sand. AAPG Bull., 57, 349-369.

Bhattacharya, J.P. (2006) Deltas. In: Facies models revisited (Eds. H.W.

Posamentier and R.G. Walker). SEPM Spec. Publ., 84, 237-292.
Bjorlykke, K., Ramm, M and Saigal, G.C. (1989) Sandstone diagenesis and
porosity modification during basin evolution. Geol. Rundsch., 78, 243-268.



84

Cainelli, C. and Mohriak, W.U. (1999) Some remarks on the evolution of
sedimentary basins along the Eastern Brazilian continental margin. Episodes,
22 (3), 206-216

Chang, H.K., Kowsmann, R.O. and Figueiredo, A.M.F. (1988) New concepts
on the development of East Brazilian marginal basins. Episodes, 11 (3), 194-
202.

Claypool, G.E., Holser, W.T., Kaplan, |.R., Sakai, H. and Zak, I. (1980) The
age curves of sulfur and oxygen isotopes in marine sulfate and their mutual
interpretation. Chem. Geo., 28, 199-260.

Collings, J.D. (1996) Alluvial sediments. In: Sedimentary environments:
processes, facies and stratigraphy (Ed. H.G. Reading) 3rd edn, pp.37-82.
Blackwell Science, Oxford.

Cérdoba, V.C. (1994) The Development of an Albian-Cenomanian Carbonate
ramp as a first marine record in the Jequitinhonha Basin In: 14th International
Sedimentological Congress, Recife, Abstracts, 2pp.

Craig, H. (1957) Isotopic standards for carbon and oxygen correction factors for
mass spectrometric analysis of carbon dioxide. Geochim. Cosmochim. Acta,
12, 133-149.

Craig, H. (1961) Standards for reporting concentrations of deuterium and
oxygen-18 in natural waters. Science, 133, 1833-1934.

De Ros, L.F.S., Morad, S. and Paim, P.S.G. (1994) The role of detrital
composition and climate on the diagenetic evolution of continental molasses:
evidence from the Cambro-Ordovician Guaritas Sequence, southern Brazil.
Sed. Geol., 92, 197-228.

De Ros, L.F., Remus, M.V.D., Vignol-Lelarge, M.L.M., Chemale Jr., F. and
Baitelli, R. (2005) Sandstone provenance of BM-J-3 Block, Jequitinhonha
Basin, BA. Petrobras-Statoil unpublished report.

De Ros, L.F. (1996) Compositional controls in sandstones diagenesis. Acta
Universitatis Upsaliensis, Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology 198, 24pp.

De Ros, L.F., Goldberg, K., Abel, M., Victorinetti, F., Mastella, L. and
Castro, E. (2007) Advanced Acquisition and Management of Petrographic

Information from Reservoir Rocks Using the PETROLEDGE® System,
AAPG Anual Conference and Exhibition. AAPG, Long Beach, CA, USA,
Extended Abstracts CD, 6pp.

Dickinson, W. R. (1985) Interpreting provenance relations from detrital modes
of sandstones. In: Provenance of Arenites (Ed. G.G. Zuffa). NATO Advanced
Science Series C, 148, 333-361.

Ehrenberg, S.N. (1989) Assessing the relative importance of compaction
processes and cementation to reduction of porosity in sandstones:
discussion; Compaction and porosity evolution of Pliocene sandstones,
Ventura Basin, California: discussion. AAPG Bull., 73, 1274-1276.

Folk, R.L. (1968) Petrology of sedimentary rocks. Austin, Texas, Hemphill’s
Pub., 107pp.

Friedman, I. and O'Neil, J.R. (1977) Compilation of stable isotopic fractionation
factors of geochemical interest. US Geol. Surv. Prof. Pap. 440-KK, 12pp.

Galloway, W.E. and Hobday, D.K. (1983) Terrigenous clastic depositional
systems: applications to petroleum, coal, and uranium exploration. Springer-
Verlag Inc., Heidelberg, 489pp.



85

Handford, C.R. and Loucks, R.G. (1993) Carbonate depositional sequences
and systems tracts — responses of carbonate platforms to relative sea-level
changes. In: Carbonate sequence stratigraphy: recent developments and
applications (Eds. R.G. Lucks and J.F. Sarg). AAPG Mem., 57, 3-41.

Johnson, H.D. and Baldwin, J.T. (1996) Shallow clastic seas. In: Sedimentary
environments: processes, facies and stratigraphy (Ed. H.G. Reading) 3rd
edn, pp.232-280. Blackwell Science, Oxford.

Kendall, A.C. and Harwood, G.M. (1996) Marine evaporates: arid shorelines
and basins. In: Sedimentary environments: processes, facies and
stratigraphy (Ed. H.G. Reading) 3rd edn, pp.281-324. Blackwell Science,
Oxford.

Ketzer, J.M., Morad, S., Evans, R. and AL-Aasm, L.S. (2002) Distribution of
diagenetic alterations in fluvial, deltaic and shallow marine sandstones within
a sequence stratigraphic framework: evidence from the Mullaghmore
Formation (carboniferous), NW Ireland. J. Sed. Res., 72, 760-774.

Ketzer, J. M., Morad, S. and Amorosi, A. (2003a) Predictive diagenetic clay-
mineral distribution in siliciclastic rocks within a sequence stratigraphic
framework. In: Clay Mineral Cementation in Sandstones (Eds. R. Worden
and S. Morad). Int. Assoc. Sedimentol. Spec. Publ., 34, 42-59.

Ketzer, J.M., Holz, M. and Morad, S. (2003b) Sequence stratigraphic
distribution of diagenetic alterations in coal-bearing, paralic sandstones:
evidence from the Rio Bonito Formation (early Permian), southern Brazil.
Sedimentology, 50, 855-877.

Kuchle, J., Holz, M., Brito, A.F. and Bedregal, R.P. (2005) Anélise
estratigrafica de bacias rifte: aplicacao de conceitos genéticos nas bacias de
Camamu-almada e Jequitinhonha (Tr. Stratigraphic analysis of rift basins:
applications of genetic concepts in Camamu-Almada and Jequitinhonha
basins). Boletim de Geociéncias da Petrobras, 13(1), 227-244.

Kumar, N. and Gamboa, L.A.P. (1979) Evolution of the Sdo Paulo plateau
(southeastern Brazilian margin) and the implications for the early history of
the South Atlantic. Geol. Soc. Am. Bull., 90, part 1, 281-293.

Lloyd, C.R. (1982) The mid-Cretaceous earth: paleogeography, ocean
circulation and temperature, and atmospheric circulation. J. Geol., 90, 393-
413.

Miall, A. D. (1996) The geology of fluvial deposits: sedimentary facies, basin
analysis and petroleum geology. Springer-Verlag Inc., Heidelberg, 582pp.

Moraes, M.A.S. and De Ros, L.F. (1990) Infiltrated clays in fluvial Jurassic
sandstones of Reconcavo basin, northeastern Brazil. J. Sed. Petrol., 60, 809-
819.

Moraes, M.A.S. and De Ros, L.F. (1992) Depositional, infiltrated and authigenic
clays in fluvial sandstones of the Jurassic Sergi Formation, Reconcavo basin,
northeastern Brazil. SEPM Spec. Publ., 47, 197-208.

Morad, S. (1998) Carbonate cementation in sandstones: distribution patterns
and geochemical evolution, In: Carbonate cementation in sandstones (Ed. S.
Morad). Int. Assoc. Sedimentol. Spec. Publ., 26, 1-26.

Morad, S., Ketzer, J.M. and De Ros, L.F. (2000) Spatial and temporal
distribution of diagenetic alterations in siliciclastic rocks: implication for mass
transfer in sedimentary basins. Sedimentology, 47, 95-120.

Ojeda, H.A. (1982) Structural framework, stratigraphy and evolution of Brazilian

marginal basins. AAPG Bull.,, 66, 732-749.



86

Posamentier, H.W. and Allen, G.P. (1993) Variability of the sequence
stratigraphic model: effects of local basin factors. Sed. Geol., 86, 91-109.

Reading, H.G. and Collins, J.D. (1996) Clastic coasts. In: Sedimentary
environments: processes, facies and stratigraphy (Ed. H.G. Reading) 3rd
edn, pp.154-231. Blackwell Science, Oxford.

Shackleton, N.J. and Kennett, J.P. (1975) Late Cenozoic oxygen Late
Cenozoic oxygen and carbon isotopic changes at DSDP site 284
implications for the glacial history of the Northern Hemisphere and Antarctica.
In: Initial Reports of the Deep Sea Drilling Project 29 (Eds. J.P. Kennett and
R.E. Houtz). U.S. Government Printing Office, Washington, D.C, 743-755.

Shew, R. D., 1991. Upward-shoaling sequence of mixed siliciclastics and
carbonates from the Jurassic Smackover Formation of Central Mississippi,
In: Mixed Carbonate-Siliciclastic Sequences (Eds. A.J. Lomando and P.M.
Harris). Dallas, TX, SEPM (Society for Sedimentary Geology), 135-167.

Strausss, H. (1997) The isotopic composition of sedimentary sulfur through
time. Palaeogeogr., Palaeoclimatol., Palaeoecol., 132, 97-118.

Thode, H.G., Monster, J. and Dunford, H.B. (1961) Sulphur isotope
geochemistry. Geochim. Cosmochim. Acta, 25, 150-174.

Van Wagoner, J. C., Mitchum, R. M., Campion, K.M. and Rahmanian, V.D.
(1990) Siliciclastic sequence stratigraphy in well logs, cores and outcrops:
concepts for high resolution correlation of time and facies. AAPG Methods in
Exploration Series, 7, 55pp.

Walker, R.G. (1992) Facies, facies models and modern stratigraphic concepts.
In: Facies models: Response to sea level change (Eds. R.G. Walker and
N.P. James). Geological Association of Canada, 1-14.

Weimer, R.J., Howard, J.D. and Lindsay, D.R. (1982) Tidal flats. In:
Sandstones depositional environments (Eds. P.A. Scholle and D. Spearing).
AAPG Mem., 31, 191-246.

Wright, V.P. and Burchette, T.P. (1996) Shallow-water carbonate
environments. In: Sedimentary environments: processes, facies and
stratigraphy (Ed. H.G. Reading). London, Blackwell, 325-394.

Zuffa, G. G. (1980) Hybrid arenites: their composition and classification. J. Sed.
Petrol., 50, 21-29.

FIGURE CAPTIONS

Figure 1. Location map of the studied wells, and stratigraphic summary of
Jequitinhonha sedimentary basin (source Brazilian National Petroleum Agency).

Figure 2. Wireline log (gamma-ray and spontaneous potential) stratigraphic
section of studied wells, with indication of depositional sequences and
sequence boundaries (cored intervals not to scale).

Figure 3. Selected cores with identified facies associations (cores without thin
sections were omitted here).

Figure 4. Wireline log signatures of Aptian rift sequences and their facies
associations (core details are shown in Fig. 3). Red arrows indicate interpreted
fluvio-deltaic coarsening-upward successions.
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Figure 5. Core photographs showing: A) Fluvial-deltaic delta front deposits
(CDdfr facies), with planar cross-laminated sands (Sp lithofacies), locally with
granule-rich levels. B) Fluvial-deltaic delta plain to braid-plain deposits (CDdpl
facies) with conglomeratic layers (Gmt lithofacies) and C) CDdpl facies with
parallel-laminated micaceous sands (Sl lithofacies). D) Distal, fine-grained
fluvial-deltaic delta front deposits (FDdfr facies) with parallel-laminated sands
(Sl lithofacies) of upper planar bed flow, and E) FDdfr facies with climbing-
ripple-laminated sands (Sr lithofacies) of lower planar bottom flow. F) Distal
fine-grained fluvial-deltaic delta plain deposits (FDdpl facies) with parallel-
laminated sands (Sl lithofacies), locally showing mud intraclasts.

Figure 6. Wireline log signatures of transitional and drift sequences of well A
and interpreted facies associations, with their core position (core details are
shown in Fig. 3). Red arrows indicate interpreted deltaic coarsening-upward
successions.

Figure 7. Wireline log signatures of transitional and drift sequences of well C (a)
and drift sequences of well B (b), and their interpreted facies associations, with
their core positions (core details are shown in Fig. 3). Red arrows indicate
interpreted deltaic coarsening-upward successions.

Figure 8. Core photographs showing: A) Shallow-water delta, delta front
sandstones (SDush facies) with intense bioturbation (Sb lithofacies), and B)
Delta front/upper shoreface sandstones (SDush facies) with slumped features
(Sc lithofacies). C and D) Mud flat heterolithic deposits (ES facies) of Sequence
D2 of well A. Alternation of silty mudstones (< 25% of sand) and muddy
sandstones (< 25% of mud). Possible trace fossils thalassinoides or
ophiomorphas (photo C) and skolithos (photo D). E and F) Mud flat heterolithic
deposits (ES facies) of Sequence D4 of Well B. Possible trace fossils at photo
F: planotites (bottom-half of clay interval) and root marks (top of lower sandy
interval).

Figure 9. Core photographs showing: A) Shallow-water delta, delta front (SDIsh
facies) with climbing-rippled cross laminated sandstones of Transitional
Sequence (Sr — lithofacies). B) Prodeltaic/lower shoreface (SDIsh facies) with
carbonate-rich laminated mudstones of Transitional Sequence (Hc lithofacies).
C) Supra-tidal flat deposits (SC facies) with parallel-laminated sand with
carbonatic lenses (Sl lithofacies). D) Sabkha deposits (SC facies) with nodular
bedded anhydrite alternating with thin layers of carbonate mud (Ec lithofacies).
E) Basinward mixed carbonatic-siliciclastic deposits (MRmdr facies) of
Sequence D3 of well C, with wavy-rippled cross-laminated sands (Sw
lithofacies), and F) lower-energy platform internal (MRlin) dolomitized hybrid
arenite (Sbh lithofacies) of Sequence D3 of well B.

Figure 10. The original detrital composition of 67 representative samples of
Jequitinhonha Basin sandstones plotted on Folk (1968) classification diagram.

Figure 11. Compositional indication of the tectonic provenance setting of the
studied sandstones plotted on Dickinson (1985) diagram.
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Figure 12. Interpreted depositional environments and paleogeographic settings
for (a) Aptian rift sequences; (b) Late Aptian to Early Albian transitional to early
drift (D1) sequences; and (c) Albian drift sequences.

Figure 13. Compositional trends of wells A and B regarding selected diagnostic
detrital and diagenetic constituents.

Figure 14. Optical micrographs showing: A) Highstand drift sample with
microcrystalline pore-lining dolomite cementation probably after Mg-calcite rims.
Uncrossed polarizers (//P). B) Transgressive upper-shoreface sands with
patchy, pre-compaction calcite cementation (//P). C) Transgressive samples in
the vicinity of flooding zone (Seq. D3), with abundant calcite cementation,
including syntaxial overgrowths around echinoid bioclasts (//P). D) Displacive,
lamellar “plumose” eodiagenetic anhydrite cementation. Crossed polarizers
(XP). E) Highstand Sequence D1 sample with intense burial anhydrite
cementation and low porosity (c. 2%) (XP). F) Lowstand sample with
mechanically infiltrated smectite coatings, unfavouring later cementation,
resulting in intense compaction and limited porosity preservation (c.11%) (//P).

Figure 15. Optical micrographs showing: A) Rift fluvial deltaic low-energy
sandstone with finely-crystalline rock fragment replaced by microcrystalline
chlorite (//P). B) Rift, low-energy facies, micaceous sample with intense
mechanical compaction (//P). C) Sequence D3 transgressive internal platform
sample with mesodiagenetic anhydrite replacing oncoliths and intraclasts within
a strongly dolomitized framework, with high biotite content (XP) D) Sequence
D4 transgressive sample with moderate values of macroporosity (c. 17%) (//P).
E) Sequence D4 transgressive, estuarine sample, with abundant intergranular,
locally displacive, microcrystalline dolomite cementation (XP). F) Early
highstand sample with microcrystalline calcite rim cementation and compaction
of carbonate ooliths (XP).

Figure 16. Plot of cement volume versus intergranular volume (cf. Ehrenberg,
1989), illustrating the preferential mechanisms of porosity reduction in the
studied samples.

Figures 17a-d. Diagrams with interpreted paragenetic evolution with main
diagenetic alterations, system tracts and depositional facies.

Figure 18. Plot showing the equilibrium fractionation relationship between
temperature and §'%0 values of pore fluids calculated on the basis of the
obtained oxygen isotopes for dolomite cement, using the fractionation equation
of Friedman and O’'Neil (1977).

Figure 19. Schematic model showing the spatial and temporal distribution of
diagenetic alterations and variations in the diagenetic evolution pathways of rift
sequences sandstones.

Figure 20. Schematic model showing the spatial and temporal distribution of
diagenetic alterations and variations in the diagenetic evolution pathways of
Transitional and early drift (D1) sequences.
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Figure 21. Schematic model showing the spatial and temporal distribution of
diagenetic alterations and variations in the diagenetic evolution pathways of drift
sequences.

Table 1. Lithofacies (LF) types. Facies codes are modified from Miall (1996).
Table 2. Facies Associations (FA) of studied Jequitinhonha Basin successions.

Table 3. Statistical summary of the petrographic parameters of studied
sandstones.

Table 4. Isotopic ratios of representative carbonate and sulphate cements and
depositional sulphate phases (salt formations).
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FIG.20

Facies Associations:
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Table 1 - Lithofacies (LF) types. Facies codes are modified from Miall (1996).

Lithofacies Description

Interpretation

Gmt

Sl

Sr

Sm

Sp

St

Sw

Sb

Sbh

Sc

Fl

Flc

Thickness: 0.2 - 0.6 m. Very poorly sorted, light gray massive conglomeratic sandstones, mostly well-rounded pebbles of sandstones and
calcareous rock fragment, displaying fining-upward intervals, with erosional scours.

Thickness: 0.1 - 3 m. Fine- to coarse-grained, locally conglomeratic, poorly sorted, light to dark gray or reddish to pale brown parallel
laminated sandstone. Locally micaceous, with mud intraclasts and/or plant fragments, fluidized (dish structures) or wit displacive dolomite
cementation (nodules).

Thickness: 0.1 - 0.3 m. Fine- to medium-grained, poorly-sorted, light to dark gray or reddish or beige, climbing ripple laminated
sandstones (currents), micaceous. Locally showing deformed structures (slumped) and/or moderate bioturbation

Thickness: 0.1 - 0.5 m. Fine- to coarse-grained, locally normal graded, poorly-sorted, light gray or whithe-greenish to reddish massive
sandstones, micaceous. Locally with load-cast (deformation) structures, dolomite nodules or mud intraclasts

Thickness: 0.2 - 2.0 m. Fine- to coarse-grained, poorly sorted, locally conglomeratic, light to dark gray, planar cross-laminated
sandstones. Locally with mud intraclast and plant fragment, or fluidized (dish structures). Finer-grained intervals with moderate
bioturbation

Thickness: 0.1 - 0.7 m. Fine- to coarse-grained, poorly sorted, light gray trough cross laminated sandstones, friable

Thickness: 0.2 m. Fine-grained, poorly- to well-sorted, light gray wave-rippled cross-laminated sandstones (possible small-scale
hummocky cross lamination). Locally micaceous and bioturbated, w/ dolomite nodules (pre-dating oil emplacement) or microfractured
(post-dating oil emplacement) filled with anhydrite cement

Thickness: 0.4 - 2.5 m. Fine- to coarse-grained, locally conglomeratic, poorly- to moderately-sorted, white to light gray, highly bioturbated
sandstones (no structure preservation). Locally w/ fluidization (dish features)

Thickness: 0.1 - 0.8 m. Fine- to medium-grained (locally coarse-grained), poorly to very-poorly sorted, grayish or light yellow to beige
bioturbated ooid-, oncoid-, bioclastic-grainstone (hybrid arenite sensu Zuffa, 1980). Locally with milimeter-size clay laminae (mud
drapes?), vugs filled with calcite cement, or centimeter-size oncoids w/ dissolved nucleii filled by anhydrite cement

Thickness: 0.1 - 1.0 m. Fine- to medium-grained, poorly sorted, light to dark gray fluidized sandstone, with dish structures (fluids scape),
with intense deformation (convolute bedding) and complete destruction of depositional structures

Thickness: 0.1 - 2 m. Dark gray to black, or reddish to pale brown, laminated mudstone, with varying rates of silt, sand and mud from light
gray, very silty or sandier mudstones. Locally micaceous, w/ linsen structures, deformed (convolute structures) and/or with plant
fragments

Thickness: 0.4 - 1.1 m. Light to dark gray carbonate-rich laminated mudstones, with heterolithic texture, alternating layers of light gray
carbonatic mud, dark gray micaceous mudstones and very fine-grained sandstones. Locally with slump features (deformation), or
brecciated.

sudden discharge of sediments to subaqueous dune migration
(filling of minor alluvial channels), under high-energy flow
conditions

deposition in the upper planar bed conditions, under high flow
energy conditions

migrating wave and current ripples, subaqueous lower planar
bottom conditions, at ceasing flow (indicative of waning flow
conditions and rapid sediment fallout)

sudden discharge of sediments under high-energy flow
conditions (hyperconcentrated flows), or product of intense
fluidization and/or bioturbation

migration of subaqueous sediments under low to high flow
energy, locally with low (w/ bioturbation) or high sediment input
(w/ fluidization)

migration of subaqueous dunes or bars sediments, under low
to high flow energy

alteranting flow energy conditions under wave influence,
possibly indicating higher-energy conditions (storm waves)

deposition under low-energy flow conditions and low
sedimentation rate to allow intense bioturbation

deposition under variable energy flow conditions, with some
samples showing possible tidal influence

rapid sediment fallout resulting instability due to liquefaction,
leading to disruption of laminae by water escape.

deposition under lower planar bed conditions, with suspended
sediments (suspension fallout / waning flood flows), alteranting
with sediment migration under low-energy flow conditions

low-energy environment with coeval carbonate deposition
(carbonate platform)

-
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Table 1 - Cont.

Lithofacies Description

Interpretation

Ec

Hc

Csg

Thickness: 0.1 - 1.0 m. Coalesced nodular, chicken-wire bedded anhydrite, alternating with thin layer of yellowish gray to beige carbonate
mud (algal-laminated dolomudstone? stromatoliths?).

Thickness: 0.1 - 1 m. Fine-grained, moderately-sorted, micaceous, white to light gray sand-rich heterolith (with mud percentage < 25%)
parallel laminated sandstones, alternating with or grading upward into redish to pale brown mud-rich heterolith (with sand percentage <
25%), with linsens or lenses of very fine- to fine-grained light gray sandstones, with varying rates of mud and sand. Sandy intervals
showing continuous or discontinuous thin crinkled (i.e. zigzag) laminae composed of mud layers

Thickness: 0.2 - 1 m. Light to dark gray carbonate-rich heteroliths, with alternating layers of light gray carbonatic mud (stromatoliths?) and
dark gray micaceous mudstones, with slump (deformation) and brecciated textures (mud crack?). Locally gradding to black rich-organic
matter laminated mudstones

Thickness: 0.4 - 1.1 m. Light to dark gray carbonate-rich laminated mudstones, alternating with dark gray micaceous mudstones and very
fine-grained sandstones. Locally with slump features (deformation), with varying content and thickness of sand to carbonate-mud
(heteroliths)

Thickness: 0 - 0 m. Light gray or beige millimeter- to centimeter-size bioclasts, ooid- and/or oncoid- grainstones and rudistones, with

micaceous terrigenous grains, lithic clasts up to 5 cm wide, showing intense dolomitization. Fractures, vugs, and oncoids (nuclei) filled
with anhydrited.

Thickness: 0.1 - 0.3 m. Light gray carbonate mudstone, locally with high terrigenous input, micaceous

deposition under fluctuation of the hydrologic setting and
salinity, under very arid climatic conditions

deposition under low-energy and waning flow conditions, with
settling of suspended sediments, with possible tidal influence

deposition under low-energy and waning flow conditions, with
settling of suspended sediments, and possible subaerial
exposure and semi-arid climatic conditions

deposition under low-energy conditions (settling of suspended
sediment), with coeval carbonate (platform) deposition

shallow low- to high-energy (wave-reworked?) inner-ramp
platform carbonate deposition

low-energy inner- to mid-ramp carbonatic depositional
products

(u0) T d[qe],
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Table 2. Facies Associations (FA) of studied Jequitinhonha Basin successions.

Facies

Description

Interpretation

CDdpl

CDdfr

CDprd

FDdpl

FDdfr

FDprd

BR

SDush

Combining the lithofacies: Gmt, SI, Sp, Sr, Sm, FI; this facies association consists of fining-upward
succession of massive to parallel or planar cross laminated coarse-grained sandstones (locally with
conglomeratic base), with possible trough cross-lamination, from fine-grained, climbing rippled cross
laminated sandstones, capped by or intercalated with thin (up to 30 cm) massive light gray siltstones to
sandy mudstones

Combining the lithofacies: Sp, Sc; this facies association consists of coarsening-upward succession of
medium- to coarse-grained massive to planar cross-laminated sandstones, up to 20 m thick (based
upon GR log curves), locally showing convolute structures, associated with slumped or deformed beds.
This facies were poorly core sampled.

Combining the lithofacies: Sm, Sl, Sb, Fl; this facies association consists of alternation of thick, massive
to parallel laminated, black to dark gray mudstones, with thin, massive to parallel laminated, normal
graded, fine-grained sandstones.

Combining the lithofacies: St, SI, Sp; this facies association consists of medium- to coarse-grained,
poorly sorted, very friable, light gray parallel to planar (locally trough) cross laminated sandstones sets
with up to 80 cm thick, locally with high content of mud intraclasts.

Combining the lithofacies: SI, Sp, Sr, Sc; this facies association consists of fine- to medium-grained,
poorly sorted, light to dark gray climbing ripple laminated sandstones, which pass upwards into parallel
and planar cross-laminated sandstones, comprising a coarsening-upward sequence up to 6 m thick,
locally with carbonaceous (coal) fragments and mud intraclasts (up to 5 cm wide) and/or showing
bioturbation, fluidization (dish structures) and/or deformation (slumped features).

Combining the lithofacies: Fl, SI; this facies association consists of laminated mudstones alternating or
grading upward into light gray, poorly sorted, parallel laminated sandstone, comprising up to 1.5 m
thick, locally micaceous and showing bioturbation and/or fluidization (dish structures).

Combining the lithofacies: Sl, St, Sr, Fl; this facies association consists of coarse- to medium-grained
(thinning-upward succession), poorly sorted, reddish (coarse-grained) to white-greenish (medium-
grained) parallel laminated sandstone, into medium-grained, light gray to beije climbing rippled cross
laminated sandstones, locally displaying displacive dolomite cementation, preferentially at medium-
grained intervals, and topped by reddish to pale brown silty laminated mudstone. Coarser-grained
intervals show low preservation (less visible structures). Some samples show high content of mud clast
and soil fragments with siderite show erosion of fine grained floodplain or crevasse splay mud during
fluvial channel migration, typically deposited as a lag in channel bases.

Combining the lithofacies: SI, Sb, Sc, Sm, Sw; this facies association consists of coarsening-upward
succession of medium- to coarse-grained, poorly- to moderately-sorted (locally well-sorted), light to
dark gray or reddish to pale brown, parallel laminated or wavy ripple cross laminated sandstones,
locally with nodules of dolomite cementation. Intervals with moderate bioturbation and conspicuous
deformation (slumped) and convolute bedding.

Deposits associated with channel-fill migration dunes of shallow fluvial braided streams, with local
overbanks deposits, possibly distributary-channel facies of a delta-plain setting, reflecting transition
from channelized high- to low-energy flow.

Deposits associated with subaqueous migrating proximal to distal mouth bars of a delta-front
depositional setting.

Mud suspension of distal distributary mouth bar or prodelta deposits to rift-lacustrine setting (high GR
well log response), with thin sandy intervals reflecting scattered turbidity flows.

Upper most part of a coarsening-upward delta-front to delta-plain fluvial-deltaic succession,
comprising subaerial deposition in lowland areas, under high-energy (upper planar bed condition),
with mud intraclasts interpreted as product of underlying floodplain sediments erosion due to channel
switching. The reduced thickness of interbedded fine-grained facies indicates low-sinuosity streams.

Deposits associated with subaqueous migrating proximal to distal mouth-bars of a delta-front
depositional setting, reflecting an interplay of fluvial and lacustrine or restricted gulf environments, with
gradual decreasing of grain size toward distal settings.

It comprises a relatively stable prodelta setting where mud and fine silt are deposited by fallout from
suspension to form quiet well-laminated mudstones and siltstones, unaffected by wave or tidal
processes (below lake or restricted gulf environment storm wave base). Locally with slight differences
in grain size, probably reflecting fluctuations in river discharges.

Subaerial deposition in high-energy (upper planar bed condition) braided river systems, with trough
cross-laminated sets interpreted as river-channel shallow braided stream or sheet flood deposits,
reflecting areas of more persistent channel flow in the braid plain. Local content of mud clast and soil
fragments with siderite interpreted as erosion of fine grained floodplain and crevasse splay mud
during fluvial channel migration, as channel base lag-deposits.

deltaplain to deltafront settings (upper shoreface) of a coarse-grained coastal deltaic environment
(upper shoreface to foreshore facies), under high energy flow conditions, with poorly-sorted intervals
interpreted as wave-storm dominated deposits, and better-sorted sands interpreted as wave or
longshore currents reworked deposits.
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Table 2 - Cont.
Facies Description Interpretation
SDIsh Combining the lithofacies: Sb, Sw, Sr, Hc; this facies association consists of coarsening-upward fine- to  deltafront (lower shoreface) settings of a coarse-grained coastal deltaic environment (lower shoreface

ES

SC

MRhin

MRIin

MRmdr

medium-grained, poorly to moderately sorted, white-greenish to light gray bioturbated sandstones,
locally showing climbing-rippled (or wave-rippled) cross lamination. Fluidization (dish structures) is also
observed. Finer facies with light to dark gray carbonate-rich laminated mudstones locally show
heterolithic texture, alternating layers of light gray to beije carbonatic mud.

Combining the lithofacies: H, Sm, FI; this facies association consists of fine to coarse-grained, poorly
sorted, locally very fine-grained and moderately-sorted, light gray massive sandstones or light brown to
reddish massive sandstones, intercalated with layers of fine- to very fine-grained light gray sandstones
and reddish to pale brown silty mudstones (rhythmic alternation - heterolithic layers), with varying rates
of mud and sand, locally with a sharp change in clay content across sand/mud boundaries, showing
load-cast, wavy and linsen features, and crinckled laminae. Heterolithic interval consisting of
interlaminated very fine sadnstones, siltstones, and claystones, with an upward decrease in grain size
and increase in clay content. Presence of elements of Ichnofauna Skolithos (AT8) and Cruziana
(BT17).

Combining the lithofacies: S, He, H, Ec; this facies association consists of light to dark gray carbonate-
rich mudstone heterolithic facies with millimeter layers of beige, deformed carbonatic mud, w/ in situ
breccia (mud crack?) and locally grading to black organic-rich laminated mudstones, intercalated with
fine- to medium-grained, moderately-sorted, light gray, sand-rich heterolith (muddy sandstones) or with
fine- to coarse-grained, poorly-sorted light gray parallel laminated sandstones with centimeter layers or
lenses of beige carbonatic mud. These heterolithic facies occurring vertically associated with coalesced
nodular, chicken-wire anhydrite beds, and millimeter-size beige carbonatic mud (possible algal-
laminated dolomustones. Stromatoliths?)

Combining the lithofacies: Csg, Sbh; this facies association consists of medium- to coarse-grained,
poorly to well-sorted, grayish or light yellow to beige hybrid arenites to skeletal and ooid
dolograinstones, with intense carbonate cementation

Combining the lithofacies: Sbh; this facies association consists of medium-grained, poorly to very-
poorly sorted, grayish to beige hybrid arenites to nonlaminated dolomudstones / dolopackstones with
centimeter-size oncoids and bioclasts, with pervasive dolomitization with intense diagenetic alteration.

Combining the lithofacies: Flc, Cm; this facies association consists of light gray carbonate mudstone,
intercalated with mudstones or light to dark gray carbonate-rich laminated mudstones. Locally showing
heterolithic texture (alternation with very fine-grained sandstones) or slumping features (deformation)

facies) deposits, with variable wave-influence, under low energy flow conditions.

Brackish shallow-water tidal influenced inner estuarine settings, reflecting marine-marginal processes
of delta plain/delta front (foreshore/upper shoreface) settings. Repetitive sets of mud/sand couplets on
a scale of centimeters (and crinkled laminae conformable to ripple bed forms) reflecting intermittent
flow-energy (tractive flow alternating with fallout from suspension), indicating wave to tidal intertidal to
subtidal mud flat environment setting. Sharp-based coarse-grained sandstone layers overlaping
mudstone layers, with possible root marks, interpreted as small tidal-channel deposits, possibly
associated with abandoned delta plain (tidal flats or marsh deposits)

The intercalation of carbonatic mud layers (dolomudstones) and heterolithic beds in vertical facies
transition to evaporite layers (nodular anhydrite and algal-laminated dolomudstones) suggests
deposition on a supratidal flat environment, related to distal progradation of coastal deltaic facies,
under reducing accommodation space (highstand conditions) and increasing water circulation
restriction, with developing of mudcracks, stromatolites, intraclastic breccias (tepees?), and possible
algal laminations, interpreted as supratidal coastal sabkha-salina environment, with sporadic flooding
resulting in coarser sediments.

Deposition under high-energy inner ramp, wave-dominated, shallow marine environment, possibly
skeletal/ooid sand shoals, above fair-weather wave base, under continuous wave and current activity

The restricted fauna (dasycladacean algae, mollusks, echinoderms and fusulinids) and interpreted
dolomitized carbonate mud, as well as high terrigenous and plant fragments input, suggest deposition
under low-energy, shallow-water restricted lagoonal to intertidal or subtidal internal platform setting.

Sedimentary structures suggest a carbonatic deposition on stable shelf area, distal carbonate ramp
deposititional settings, between fair-weather and storm wave base, with local terrigenous influx.
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Table 3 - Statistical summary of the petrographic parameters of the studied sandstones

Depositional Facies
System Tract / Depositional Sequence (Well)
Number of samples
Total
Intergranular Volume
Grain Volume
Cement Volume
Total Extrabasinal Grains
Detrital Quartz
Detrital Feldspar
Detrital Plagioclase
Total Micas
Biotite
Chlorite
Muscovite
Garnet
Total Plutonic Rock Fragment
Total phic Rock F
Highly altered low-rank metamorphic rock fragment
Total Sedimentary Rock Fragment
Dolostone rock fragment
Total Intrabasinal Grains
Mud intraclast
Carbonate bioclast
Carbonate ooid/oncoid/intraclasts
Total Diagenetic
K-feldspar Overgrowths
Quartz Overgrowths
Total Dolomite
Dolomite Coarsely-cryst. Intergr. pore-filling Eodiag.
Dolomite Coarsely-cryst. Intergr. pore-filing Mesodiag.
Dolomite Coarsely-cryst. replacing Carbonate intraclasts
Dolomite Coarsely-crystalline Intergranular displacive
Dolomite Coarsely-crystalline Intragranular replacive
Dolomite Microcrystalline Intergranular pore-filling Eodiag.
Dolomite Microcrystalline repalcing Mud Intraclast
Dolomite Microcrystalline replacing Marine Calcite Cement
Total Calcite
Calcite Coarsely-crystalline Intergranular pore-filling
Calcite Microcrystalline Intergranular displacive
Total Siderite
Total Albite
Albite Replacing Detrital K-feldspar
Albite Replacing Detrital plagioclase
Total Anhydrite
Anhydrite Poikilotopic Intergranular pore-filling Mesodiag.
Anhydrite Lamella Intergranular pore-filling Eodiagenetic
Anhydrite Lamella replacing Carbonate intraclasts
Diagenetic Clay Inherited
Pseudomatrix
ically Infiltrated ite Clay
Diagenetic iron oxide
Total Chlorite
Chlorite Rim Intergr. pore-lining covering previous clays
Chlorite Microcryst. replacing metamorphic rock frag.
Total Corrensite
Total Smectite In situ precipitated
Total lllite-Smectite
llite Fibrous Intergranular pore-filling

lllite Fibrous Intragranular replacing metamorphic rock frag.

Total Pyrite

Pyrite Framboid Intergranular pore-filling

Total Titanium mineral

Macroporosity Volume

Intergranular Primary

Intragranular by dissolution of Detrital-Constituent
Intragranular by dissolution of Detrital K-feldspar
Moldic by dissolution of Detrital-Constituent

CD fine-gr.
HST/R1-R2
n=12
Average
20.07
79.93
8.50
70.60
18.77
17.30
0.38
11.64
8.13
0.64
2.86
1.52
5.76
11.93
1.00
1.92
1.27
0.09
0.09
0.00
0.00
14.21
1.01
0.25
3.57
1.98
0.00
0.00
0.00
1.12
0.08
0.06

CD coarse-gr.
HST/R1-R2
n=5
Average
25.00
75.00
10.23
68.37
22.08
20.30
0.61
4.78
2.86
0.28
1.64
3.17
12.16
3.44
0.11
0.89
0.72
0.25
0.17
0.00
0.00
14.28
0.17
0.42
2.28
1.00
0.00
0.00
0.00
0.94
0.17
0.00
0.00
0.00
0.00
0.00
0.39
1.08

BR/FD fine-gr.
HST/R1
n=4
Average
24.75
75.25
8.58
69.59
21.09
26.92
1.09
5.83
4.66
1.00
1.42
1.66
5.51
4.75
0.00
1.75
1.41
0.17
0.17
0.00
0.00
11.67
0.92
0.50
3.33
2.50
0.50
0.00
0.00
0.33
0.00
0.00

BR
HST/R1
n=1
Average
28.33
71.67
15.67
58.33
24.00
24.34
2.00
2.00
1.00
0.33
0.67
2.00
4.66
0.33
0.00
0.00
0.00
3.66
3.33
0.00
0.00
22.33
2.33
2.00
10.34
6.67
0.00
0.00
0.67
3.00
0.00
0.00

SDlish/ush
HST/T(C)
n=1
Average
35.01
64.99
33.67
51.99
15.33
22.67
0.00
1.00
0.67
0.00
0.33
1.00
8.33
0.00
0.00
3.00
3.00
9.00
0.00
0.00
1.00
46.02
0.67
0.00
19.00
5.67
0.00
0.00
0.33
0.00
3.67
7.00
0.00
0.00
0.00
0.00
0.00
1.67
1.00
0.67
20.67
10.00
10.67
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.67
1.67
0.00
1.33
1.33
0.00
0.00
0.00

SDush
HST/D
n=14
Average
27.24
72.76
15.41
56.31
20.92
23.19
1.01
2.84
1.01
0.26
1.56
2.08
3.40
0.40
0.00
1.73
1.35
0.72
0.31
0.35
0.06
24.60
1.47
0.13
13.70
4.21
0.29
0.00
2.35
1.65
0.16
0.00
4.00
0.00
0.00
0.00
0.00
1.18
0.61
0.61
4.97
1.70
0.92
0.00
0.00
0.01
0.10
0.38
0.42
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.40
0.38
0.31
18.48
11.82
6.64
1.66
2.93

Sdush
TST/D
n=19
Average
27.68
72.32
15.47
62.78
23.56
25.22
0.54
3.20
1.82
0.29
1.09
212
2.50
3.14
0.02
1.50
1.21
0.24
0.26
0.00
0.00
18.46
1.57
0.09
7.04
0.45
2.56
0.00
0.00
0.55
1.12
0.00
0.00
6.03
1.24
4.11
0.00
0.92
0.54
0.37
0.22
0.00
0.00
0.00
0.32
0.22
0.00
0.02
0.33
0.00
0.00
0.00
0.37
0.21
0.00
0.00
0.39
0.39
0.35
18.06
12.21
5.85
1.96
3.08

BR
LST/D
n=1
Average
20.33
79.67
9.67
68.67
25.67
28.33
0.67
2.34
0.67
0.00
1.67
3.67
4.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
16.01
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MRIin
TST/D
n=8
Average
24.40
75.60
22.81
50.00
17.53
22.26
0.20
5.42
3.53
0.57
1.32
0.58
1.48
1.07
0.00
0.50
0.33
12.89
0.28
5.05
7.56
33.45
0.94
0.00
17.47
13.06
0.00
2.93
0.07
0.30
0.00
0.00
0.00
9.05
4.28
0.00
0.00
0.83
0.32

MRhin
HST/D
n=1
Average
19.68
80.32
9.68
16.01
6.00
7.34
0.00
0.00
0.00
0.00
0.00
0.33
234
0.00
0.00
0.00
0.00
57.00
0.00
8.00
48.67
12.68
0.67
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
8.01
2.67
0.00
0.00
0.00
0.00

ES
TST/D
n=1
Average
29.00
71.00
28.33
67.34
24.33
26.34
0.00
1.67
0.67
1.00
0.00
2.67
4.00
2.00
0.00
0.00
0.00
2.00
0.00
0.00
2.00
29.66
2.00
0.00
26.34
20.34
0.00
0.00
0.00
6.00
0.00
0.00
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Table 4

Table 4. Isotopic ratios of representative carbonate and sulphate cements and depositional sulphate phases (salt formations).
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Sample - well
Core (Depth)

Cement and (detrital) phases

6130PDB 6348CDT 6180SMOW 6180PDB

Occurrence

A5 (2290.4m)
A-7 (2011.35m)
A-7 (2010.5m)
A-9 (1828.3m)
A-10 (1759.4m)
A-10 (1759.4m)
A-12 (1626.4m)
A-13 (1558.5m)
A-15 (1038.0m)
B-8 (1165.8m)
B-12a (931.45m)
B-12b (931.45m)
B-12¢ (931.45m)
B-16 (547.2m)
B-19 (400.5m)
C (1645.0m)
C-1 (1647.5m)

Anhydrite poik. Mesodiag.
Anhydrite poik. Mesodiag.
Dolomite microcryst./blocky Mix?
Dolomite microcryst./blocky Mix?
(evaporite intraclast)
Anhydrite poik. Mesodiag.
Anhydrite poik. Mesodiag.
Dolomite microcryst./blocky Mix?
Dolomite microcryst./blocky Mix?
Dolomite microcryst./blocky Mix?
Dolomite microcryst./blocky Mix?
Dolomite blocky Intragranular
Anhydrite lamellar Intragranular
Dolomite microcryst. Eodiag.

Dolomite microcryst. Eodiag.
(salt formations - ltaunas

Farmatinn)

Anhydrite lamellar /felted Eodiag.

-5.98
-1.9

0.15
-2.1
-1.47
222
2.29
-3.26
-3.42

1.9
-2.9

213
02
04

22.01
25.37

2591
27.89
23.78
33.66
25.38

31.09
30.67

-8.36
-5.37

-4.85
-2.92
-6.91
2.67
-5.36

0.18
-0.23

delta plain - HST Seq.R1
delta plain - HST Seq.R2
delta plain - HST Seq.R2
delta front - HST Seq.D1
delta plain - HST Seq.D1
delta plain - HST Seq.D1
delta front - HST Seq.D1
delta plain - TST Seq.D2
delta plain - HST Seq.D3
fluvial braided - HST Seq.R1
Platform internal - TST Seq. D3
Platform internal - TST Seq. D3
Platform internal - TST Seq. D3
Estuarine - TST Seq.D4
Estuarine - TST Seq.D4
Supratidal flat - HST Seq. T

delta front - HST Seq.T
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ABSTRACT

A study of the rift to early drift phase, fluvial, deltaic, and shallow-marine, Lower
Cretaceous (Upper Aptian to Lower Albian) siliciclastic sandstones, hybrid
arenites and calcarenites from the Jequitinhonha Basin, eastern Brazilian
margin, reveals that the distribution of diagenetic alterations and of related
reservoir quality evolution can be constrained within a sequence stratigraphic
framework. Description of cores, wireline logs, thin sections, and petrophysical
porosity and permeability analyses were integrated in order to unravel the
genetic aspects that controlled the complex patterns of diagenesis of these
rocks, and hence of reservoir quality distribution. The results of this study are
relevant to the exploration of rift and early drift successions in Atlantic-type,
passive margin settings, and demonstrate the influence of factors such as
depositional systems (i.e. sedimentary facies) and detrital composition
(provenance) on the diagenetic evolution for the characterization and prediction
of reservoir quality and heterogeneity. The integrated interpretation and
reservoir quality assessment performed in this paper was accomplished using
the concept of reservoir petrofacies. Reservoir petrofacies are defined by the
combination of the main attributes affecting reservoir quality (e.g. depositional
structures, textures, primary composition, diagenetic processes and products,
pore types). This paper demonstrates the practical use of the reservoir
petrofacies concept as a tool for the systematic recognition of the attributes that
control petrophysical porosity and permeability, seismic and log signatures, in
order to reduce the exploration risks.

Keywords: depositional systems, sequence stratigraphy, diagenesis,
petrofacies, reservoir quality, petroleum exploration
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INTRODUCTION

The prediction of the quality of hydrocarbon reservoirs, which can be defined
mostly in terms of porosity and permeability values, is a key parameter of any
petroleum prospect. The distribution of reservoirs, seals and source rocks
(controlled by depositional facies) and depositional-related reservoir quality can
be constrained within a sequence stratigraphic context. The sequence
stratigraphy approach is based on the interplay between sediment supply,
basin-floor physiography and changes in the relative sea level (cf. Van Wagoner
et al., 1990; Posamentier and Allen, 1993). Similarly, the spatial and temporal
distribution of near-surface diagenetic alterations in siliciclastic successions can
also be constrained within a sequence stratigraphic context (sequence
stratigraphic surfaces and systems tracts), based on variations in depositional
facies, climatic conditions and significant changes in detrital composition,
residence time under specific geochemical conditions, and porewater chemistry
(cf. Morad et al., 2000; Ketzer et al., 2002; Ketzer et al., 2003a/b). These, in
turn, may exert significant and complex controls on burial diagenetic alterations,
resulting in an improvement or deterioration of primary porosity. An integrated
approach between diagenesis and sequence stratigraphy enables the prediction
of the post-depositional evolution of reservoir quality, which ultimately is the
goal of any petroleum exploration activity.

The present study aims to integrate petrological, wireline log, petrophysical and
geophysical data of the Lower Cretaceous (Upper Aptian to Lower Albian)
siliciclastic sandstones, calcarenites and hybrid arenites from the Jequitinhonha
Basin, eastern Brazilian margin. The target is to demonstrate that significant
reduction of the exploratory risks can be achieved by characterizing the types,
distribution and evolution of the diagenetic processes, and their relationships
with depositional facies and sequence stratigraphic surfaces and system tracts.
These tasks were performed through description of cores, wireline logs, thin
sections, and petrophysical porosity and permeability analyses on core samples
from three onshore and shallow offshore wells from the Jequitinhonha Basin
(Fig.1). The basin has good potential for oil and natural gas, with several blocks
under exploration.

The reservoir quality assessment performed in this paper was accomplished
using the concept of reservoir petrofacies sensu De Ros & Goldberg (2007),
defined by the combination of the main intrinsic attributes affecting the quality of
reservoir rocks, comprising: (i) depositional structures, textures and
composition; (ii) diagenetic processes and products (volume or intensity, habits
and distribution); and (iii) pore types and distribution. These attributes ultimately
control petrophysical properties (i.e. porosity and permeability values), and
seismic and log signatures. The interpreted petrofacies were put into a
stratigraphic context with aid of seismic sections, allowing a better
understanding and prediction of the effects of depositional characteristics,
tectonic and diagenetic evolution on reservoir quality distribution.

The definition of diagenetic stages used in this paper are sensu Morad et al.
(2000), including: (i) eodiagenesis (i.e. 0-2 km of burial depth; < 70°C), with
pore-water chemistry controlled mainly by the depositional environment; and (i)
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mesodiagenesis (i.e. > 2 km of burial depth; > 70°C), with diagenetic alterations
mediated mainly by formation waters evolved through water-rock interactions.

GEOLOGICAL SETTING

The origin and evolution of the Jequitinhonha basin, located at the Eastern
Brazilian continental margin, was a result of the rifting Gondwana and opening
of the South Atlantic ocean during Mesozoic and Cenozoic times (cf. Asmus
and Ponte, 1973; Ojeda, 1982; Chang et al, 1988) (Fig. 1). The basement of the
Jequitinhonha basin is composed mostly of Pre-Cambrian granites, gneisses,
granulites and low-grade meta-sediments. The stratigraphic section can be
divided into four units (cf. Chang et al, 1988; Cainelli & Mohriak, 1999):

(i) Neocomian to Early Aptian sin-rift unit, consisting of continental fluvial to
lacustrine-deltaic conglomerates and sandstones associated with organic-rich
lacustrine shales of the Mariricu Formation. These rocks were deposited under
rapid subsidence, filling N-S to SW-NE half-grabens. The uppermost limit of this
unit is represented by an unconformity that marks the onset of a tectonic
quiescence, showing the cessation of stretching and rifting of the continental
crust (Cainelli & Mohriak, 1999).

(i) Late Aptian to Early Albian transitional unit, consisting of fluvial-deltaic
sandstones deposited in a shallow-water, proto-oceanic environment, capped
by evaporitic beds of ltaunas Member (Mariricu Formation). There is an upward-
increasing marine influence and arid to semi-arid climate conditions. At the end
of the Aptian (period of high aridity), the presence of volcanic barriers to the
south (cf. Kumar and Gamboa, 1979) formed a restricted gulf area, allowing the
deposition of an evaporite package along the Brazilian continental margin,
composed of mainly halite at the base and anhydrite at the top..

(iii) Albian to Paleocene drift transgressive unit, dominated by open marine
conditions. At the start of the drift phase, during the Albian-Cenomanian coarse-
grained alluvial and coastal sandstones of the Sado Mateus Formation were
deposited, grading offshore into shallow-water carbonates and basinal marls
and shales of the Regéncia Formation. During the Senonian transgression, the
Regéncia carbonates were covered by basinal shales and turbidites of the
Urucutuca Formation. The Aptian evaporites were extensively deformed and
slided downslope by halokynetic movements, promoting lystric faulting of the
post-salt sequences.

(iv) Paleocene to Recent drift regressive sequence, characterized by the
progradation of coarse-grained coastal sandstones of the Rio Doce Formation
grading offshore towards shallow-water carbonates of the Caravelas Formation.
Paleocene-Eocene volcanics and volcaniclastic sediments of the Abrolhos
Formation occur at the Royal Charlotte Volcanic Complex, south of the basin.
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SAMPLES AND METHODS

The studied Upper Aptian to Lower Albian succession was cored irregularly in
three wells drilled in the onshore and shelf part of the basin (Fig. 2). The study
was carried out on 140-metre, discontinuous well core data of the three wells
(Fig. 3), representing the late rift phase and the passage from evaporitic
(transitional) to the onset of the drift phase. The cores were described in detail
(lithologies, textures, structures, vertical trends) in order to identify lithofacies
(adapted from Miall, 1996) and to interpret facies associations and their
successions (sensu Walker, 1992) (Table 1), which were compared with well-
recognized sedimentary models (e.g. Galloway and Hobday, 1983; Collinson,
1996; Johnson & Baldwin, 1996; Kendall & Harwood, 1996; Reading &
Collinson, 1996; Bhattacharya, 2006), and used as the building blocks for the
reconstruction of depositional environments and sequence stratigraphic
framework (Jardim et al., submitted). The cores were sampled within a depth
range of 400 to 2800 m. Sixty-seven thin sections prepared from blue epoxy
resin-impregnated samples were described in detail with polarized light
microscopes. Petrographic modal analyses were performed using the
Petroledge® system (De Ros et al., 2007) by counting 300 points per thin
section, recording the relationships between detrital and authigenic components
and porosity. The percentage of detrital and diagenetic constituents and types
of pores is expressed in relation to bulk rock volume. Sorting was estimated by
comparison with the standard charts of Beard and Weyl (1973). Carbonate
cements were stained with Alizarin red-S in order to distinguish calcite from
other carbonate cements. Available petrophysical porosity and permeability
data from the analysed cores were integrated to the stratigraphic and petrologic
data.

The paragenetic sequence of diagenetic processes and products was
interpreted from the textural relationships obtained from optical and electronic
microscopy, aided by X-ray diffraction analyses (Jardim et al., submitted).
Scanning electron microscopy (SEM) was performed in a Phillips XL-30
microscope, equipped with an EDAX energy-dispersive spectrometer (EDS). X-
ray diffraction analyses of the < 10 um fraction were performed in 5 oriented
samples in a Siemens Bruker AXS D5000 diffractometer, in order to identify the
clay mineralogy. The oriented samples were air-dried, ethylene glycol-saturated
and heated at 550°C for 2 hours.

DEPOSITIONAL ENVIRONMENT AND STRATIGRAPHIC FRAMEWORK

The stratigraphic framework of Jequitinhonha basin discussed in this paper was
based on the interpretation of wireline logs and of facies successions defined
from core lithological descriptions (Table 1). The interpreted stratigraphic
framework comprises 7 sequences as follows (Fig. 2): two rift phase sequences
(R1 and R2); one transitional sequence (T), and four drift phase sequences (D1
to D4) (Jardim et al., submitted).

The clastic continental deposits of the Aptian rift phase sequences are
interpreted as a complex interplay of fluvial-deltaic and lacustrine depositional
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environments. Three distinct depositional settings were interpreted: (1) medium-
to coarse-grained braided-stream and deltaic deposits (CD facies associations;
Figs. 4, 5), present at Sequence R1 of well A. These deposits are characterized
by a poorly developed spontaneous potential (SP) — gamma ray (GR)
coarsening-upward log pattern; (2) fine- to medium-grained, poorly- to
moderately-sorted deltaic deposits (FD facies associations; Fig. 5), present at
Sequence R1 in well B. These deposits are characterized by a typical SP log
signature of a deltaic progradation with a coarsening-upward succession;
(funnel-shaped log signature); and (3) fining-upward successions of coarse- to
fine-grained, poorly- to very poorly-sorted sandstones, interpreted as high-
energy fluvial braided (BR facies association; Fig. 5), characterized by a box
SP/GR pattern, with high sonic (DT) log values, such as at Sequences R1 of
well B.

The rift phase sediments were deposited in deep, asymmetric half-grabens
under active rift tectonism and increasing marine influence (cf. Kuchle et al.,
2005). Aptian braided streams and lacustrine-deltaic deposits present in wells A
and B are interpreted as rift sequences R1 and R2, separated by sequence
boundary 1 (SB1). Sequence R1 in well A presents coarse-grained fluvial-
deltaic deposits (CD facies) that are compositionally and texturally less mature
than equivalent finer-grained fluvial-deltaic deposits (FD facies) present in well
B, showing high content of ductile metamorphic rock fragments and detrital
mica (Fig. 6). Such differences are interpreted as resulted from diverse relative
position to basin margin faults and distinct provenance (cf. De Ros et al., 2005).
CD facies deposits are interpreted as proximal to basin margin faults, showing
significant content of ductile grains and poorer sorting sediments. The more
mature and quartz-feldspathic composition of FD facies, on the other hand,
reflect more developed transport and erosion.

SB1 implies in little change of sedimentary regime and subsidence patterns, but
its time is marked by a sharp shift of facies (mainly primary detrital composition;
i.e. source area). It shows a clear shift between wells A and B. The transition of
Sequence R1 to R2 in well B, for instance, and conversely to well A, shows a
sharp increase of metamorphic rock fragments (decrease maturity of sediments,
regarding Sequence R1), with large meta-sandstone and sandstone fragments
(Fig. 6). Facies succession from sequences R1 to R2 in well A, and along
Sequence R1 in well B shows a thickening-upward delta-front/delta-plain facies
corresponding to a coarsening-upward SP trend, with continuous trend of
sedimentation rate exceeding creation of accommodation space, locally overlain
by braided river systems (continuous low SP signature), such as in the
uppermost interval Sequence R1 of well B (Fig. 5). Such trend supports a
highstand system tract for Sequence R1. Sequence R2 is poorly preserved in
well B, and, therefore rendering a precise stacking pattern interpretation.

The interpreted depositional environments for the Late Aptian to Early Albian
transition and Albian stage correspond to an extensive, shallow water, restricted
marine, homoclinal ramp, showing an interplay of four differentiated depositional
settings (Table 1): (1) shallow-water, coarse-grained deltaic deposits (e.g.
Bhattacharya, 2006), assigned here to SD facies associations (Figs. 4, 5, 7).
This clastic coastal system intertongues basiward and along strike with
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carbonate deposits of open-shelf environments (mixed ramp facies discussed
below), and landward with fluvial braided facies. This facies locally show a
coarsening-upward GR and SP log pattern from delta front (lower to upper-
shoreface) to delta plain (foreshore) facies; (2) fining upward deposits
consisting of coarse-grained sandstone layers alternating with heterolithic
(sand/mud) layers (ES facies association; Figs. 4, 5) (e.g. Weimer et al., 1982).
This facies occurs vertically associated with SD facies, and are interpreted as
brackish water environments (estuaries, lagoons, bays or tidal flats) of low relief
and relatively low energy and protected areas along the coast; (3) supratidal-
coastal sabkha evaporative deposits (SC facies association; Fig. 7). These
deposits occur overlying SD deltaic deposits in response to increasing marine
influence and arid climatic conditions during the transition of Late Aptian to
Early Albian stage; and (4) Hybrid arenites (sensu Zuffa, 1980) or calcarenite
mixed-ramp deposits (MR facies associations; Figs. 4, 5, 7), reflecting the
development of extensive shallow water restricted marine mixed siliciclastic-
carbonatic ramp depositional environment (e.g. Wright & Burchette, 1996), with
coeval supply (intertongue landward) of coarse-grained siliciclastic sources (SD
facies).

The Late Aptian to Early Albian gradual transition from continental (fluvial-
lacustrine) to marine settings, are characterized by the Transitional sequence -
T (well C) and early Drift Sequence D1 (well A), consisting of prograding
coarse-grained coastal-deltaic systems (SD facies), which were deposited into a
basinal environment grading from a narrow gulf into a progressively open
marine conditions, and under arid climatic conditions, capped by sabkha and
coastal salina supratidal facies environments (Sequence T). Sequence D1
deposits reflect the high supply of siliciclastics (no indication of coeval
carbonate deposition during Sequence D1). The lack of muddy sediments (pro-
deltaic facies) observed in the coarse-grained coastal deposits is interpreted as
a consequence of the very shallow-water depositional setting (cf. Reading &
Collinson, 1996), resulting in high-energy conditions with widespread dispersal
of suspended sediment by wave-reworking (cf. Galloway and Hobday, 1983).
The occurrence of plant fragments is probably related to the proximal fluvial
sediment supply. The SD facies deposits of Sequence D1 show high content
(up to 4%,) of detrital plagioclase. The high average K-feldspar content (47-50%)
suggests rapid erosion and transportation from mountainous source-areas,
under arid or semiarid climate. The compositional trends of wells A and B show
a gradual decrease of lithic contribution towards Albian samples (Fig. 6). This is
especially clear in well A from a lithic composition of rift sequences (R1 and R2)
to feldspathic drift Sequence D1, with corresponding decrease of average grain
size.

Albian drift phase sequences D2 to D4 reflect the development of an extensive
shallow marine mixed siliciclastic-carbonatic ramp depositional environment (cf.
Wright & Burchette, 1996). Such environment was characterized by the
simultaneous supply of proximal siliciclastics (SD facies), comprising sets of
paralic sedimentation, which intertongue basinward with hybrid arenites (sensu
Zuffa, 1980) or carbonate-dominated deposits, assigned herein to mixed ramp
(MR) facies, which are differentiated into three facies associations: high-energy
inner ramp (MRhin) and low-energy inner ramp (MRIlin), and mid ramp
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(MRmdr). Sequences boundaries SB5 and SB6, setting the bottom limit of
Sequences D3 and D4 respectively, are characterized by small changes in
sedimentary regime, and by alternation of siliciclastic and carbonate deposition.
This alternation is herein interpreted as product of relative eustatic sea-level
(RSL) fluctuations, coupled with variable sediment input rates (cf. Shew, 1991),
with mixed deposition resulted from siliciclastics reworking by longshore and
storm processes (cf. Lomando & Harris, 1991). Conversely to the other wells,
the transgressive system tract of Sequence D4 in well B is characterized by an
alternation of siliciclastic-dominated deltaic succession (SD facies) and
restricted estuarine deposits (ES facies). This interval shows distinct detrital
composition from other drift sequences, consisting of high content of meta-
sedimentary rocks, and plant fragments, suggesting fast and short
transportation from source areas, and higher sediment accommodation in
comparison with transgressive system tract of wells A and C, resulting
unfavourable conditions for carbonate deposition.

DETRITAL TEXTURE, COMPOSITION AND PROVENANCE IMPLICATIONS

The samples analysed range from fine to very coarse, conglomeratic
sandstones, with predominance of medium to coarse-grained sandstones, to
hybrid arenites (sensu Zuffa, 1980) and calcarenites. The sorting is usually poor
and the grains are mostly subrounded. The quantitative petrographic results are
presented in Table 2 as average values of the reservoir petrofacies defined
ahead. The sandstones are dominantly arkoses (av. QassFsels) and
subordinately lithic arkoses (av. QassFssl21) and feldspathic litharenites (av.
QigF30ls2) sensu Folk,1968 (Fig. 8). The dominant immature feldspathic and
lithic detrital composition (Fig. 9) is consistent with provenance from uplifted
basement terrains (uplifted blocks along the rift margins), characterized by
plutonic magmatic and high-grade metamorphic rocks, and from recycled
orogenic terrains of sedimentary and low-grade meta-sedimentary rocks
(Dickinson, 1985).

The quartz grains are essentially monocrystalline (av. 18%) and detrital
feldspars are dominantly orthoclase (av. 17%). Plutonic (av. 4.7%) and low-
grade metamorphic (av. 4.2 %) rock fragments are more common in the poorer-
sorted, coarser-grained and conglomeratic facies. Sedimentary rock fragments
(av. 1.7%) consist mainly of dolostones and related monocrystalline dolomite
grains. Intrabasinal grains (av. 2.3%) consist dominantly of mud intraclasts and
carbonaceous fragments (plant debris), except for some Albian samples (drift
sequences D2 to D4), which are classified as hybrid arenites (sensu Zuffa,
1980), contain abundant carbonate intrabasinal grains (ooliths, oncoliths,
bioclasts and intraclasts). Bioclastic hybrid arenites and calcarenites occur in
the transgressive to highstand deposits of drift sequences, consisting mostly of
benthic foraminifers, echinoderms and molluscs (bivalves and gastropods), with
increasing number and variety towards the younger sequences (cf. Cordoba,
1994). Pre-salt sandstones of the Transitional Sequence (well C) contain
scarce, completely dolomitized bioclasts (ostracodes), ooids and intraclasts.
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The average K-feldspar content (47-50%) suggests rapid erosion and
transportation, under arid or semiarid climate. Biotite (av. 3.4%) is the main
accessory detrital constituent. Garnet (av. 2%) is the second most abundant.

DIAGENETIC CONSTITUENTS

Dolomite. This is the most abundant diagenetic constituent in the studied
sandstones (av. 7.0% of bulk volume). Dolomite occurs as intergranular pore-
filling (Figs. 10a, 10c) or grain rimming (Fig. 10b) microcrystalline to coarsely-
crystalline rhombs (20 to 450 um, av. 120 um), locally displacive, and pre-dating
other intergranular pore-filing cements, except K-feldspar overgrowths.
Microcrystalline rhombs (< 60 um) occur replacing mud intraclasts and high-Mg
calcite rim marine cement. Coarsely-crystalline burial dolomite replaces
feldspars, micas and rock fragments, as well as the microcrystalline eogenetic
phase. In some samples, euhedral crystals up to 450 um show wavy extinction
and curved faces, characteristic of the “saddle” dolomite type (Fig. 10d).

Calcite. This cement (av. 1.5 % of bulk volume) occurs as microcrystalline,
grain-rimming and pore-filling cement in siliciclastic sandstones (Fig. 10e), and
replacing early, pore-filling microcrystalline CaCOs; cement in hybrid arenites
and calcarenites (Fig. 10f), as well as syntaxial overgrowths on echinoid
bioclasts (Fig. 11a). Post-compaction, intergranular pore-filling and grain-
replacive, coarsely-crystalline (av. 150 um) calcite cement is distributed as
patches in a few arkoses and lithic arkoses.

Anhydrite. This is the second most abundant diagenetic constituent in the
studied sandstones (av. 2.5 % of bulk volume). Anhydrite occurs with two
diverse distribution modes. Pre- to syn-compactional, lamellar or prismatic/
plumose (divergent) crystals (from 120 to 500 um; av. 170 um) or as felted
(fibrous) crystals (Fig. 11b), engulf and thus post-date K-feldspar overgrowths
and microcrystalline dolomite. Post-compactional, poikilotopic pore-filling
cement (Fig. 11c) with crystal size from 0.3 to 2.4mm (av. 0.9mm) is the
common habit (absent along grain contacts — post-compaction?), occurring in
some samples mixed with earlier lamellar phase. Large crystals (up to 4.2mm
wide) of anhydrite replace large carbonate bioclasts and oncoliths. Anhydrite
cement distribution is commonly heterogeneous and patchy, but locally
pervasive.

K-feldspar. Potassic feldspar overgrowths are conspicuous in the studied
sandstones (av. 1.6 % of bulk volume). The overgrowths are euhedral (sanidine
habit), epitaxial, thick (up to 200 um) and continuously cover detrital orthoclase
and microcline grains, and are covered by, thus pre-dating all other
intergranular pore-filling authigenic phases, except mechanically infiltrated
smectite coatings (syn-precipitated).

Quartz. Quartz cement (av. 0.5%) occurs as euhedral, syntaxial, up to 60 um
thick overgrowths on quartz grains. Quartz overgrowths engulf K-feldspar
overgrowths and clay coatings, and are covered by anhydrite poikilotopic
cement in some samples. Some rift samples with discontinuous clay coatings
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show expressive precipitation of prismatic crystals (outgrowths) with average
size of 30 um (Fig. 11d), locally occupying mouldic pores, post-dating grain
dissolution. However, the deepest samples of Sequence R1 (well A) show large
amount of discrete, pore-filling quartz outgrowths, while adjacent quartz grains
surfaces show no clay coatings or overgrowths. Significant volume (> 2%) of
quartz overgrowths and outgrowths is observed only in some of the deeper
samples (rift phase sequences of well A).

Smectite. Smectite clays occur in the following habits: (i) as discontinuous
coatings, thicker (up to 15 um) along the concave portion of grain surfaces
(scattered occurrence, in most sequences); (i) as thin (av. 5 um), pre-
compaction, continuous and isopachous coatings (Fig. 11e); (iii) as thick (up to
60 um; av. 12 um) continuous and anisopachous, pre-compaction coatings (Fig.
11f), covering most of detrital grains; and (iv) as rims of honeycombed
aggregates, covering the coatings in some samples. Shrinkage and
fragmentation features are commonly observed, especially in the thicker
coatings. X-ray diffraction analyses indicate the preservation of smectite in
samples presently buried deeper than 1200 m.

Corrensite. Corrensite clays (regular mixed-layer chlorite-smectite) occur in
one sample of Sequence R2 (well A) with the following habits: (i) thick (av. 8
um), locally multiple (concentric), anisopachous coatings (Figs. 12a, 12b),
displaying shrinkage and fragmentation features (Figs. 12c, 12d); and (ii) well
developed rims, covering the coatings. Multiple corrensite coatings are
observed around dissolved heavy minerals (mainly garnet) indicating recurrent
precipitation and dissolution. Corrensite rims post-date the shrinkage of
coatings and the expansion of micaceous grains (Fig. 12e), and pre-date grain
dissolution (thicker along intergranular space).

Chlorite. Chlorite clays occur replacing detrital biotite and ferro-magnesian
heavy mineral grains, mud intraclasts and metamorphic rock fragments (Fig.
12f) and smectite coatings (transformation) (Fig. 13a), as well as directly
precipitated (neoformed) as continuous, isopachous (up to 10 um thick; av. 7
um) rims made of thin platelets arranged perpendicularly to grains surfaces
(Fig. 13b). Chlorite also occurs replacing partially to totally dissolved (locally
transformed into pseudomatrix) metamorphic rock fragments. Double rims were
formed along both sides of coatings detached due to shrinkage or grain
dissolution.

Other diagenetic minerals. lllite-smectite occurs in few Sequence R1 (well A)
samples, as intergranular pore-lining or pore-filling (Figs. 11e, 13c), radiated
aggregates of fibrous crystals (up to 15 um), locally covering chloritized
coatings or chlorite rims, and also bridging across pores. Pyrite occurs as
disseminated intergranular and intraparticle (within bioclasts) pore-filling
framboidal aggregates (< 20 um), and also replacing carbonaceous fragments,
micas, clay coatings mud intraclasts and derived pseudomatrix. Siderite occurs
as microcrystalline or spherulitic aggregates (up to 20 um; av. 9 um), replacing
mud intraclasts. Kaolin booklets (up to 80 um) and pseudomorphic, lamellar
crystals occur replacing micas and micaceous fragments. Small, prismatic
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crystals of diagenetic titanium oxides (av. 25 um) replace heavy mineral and
biotite grains, and occur as discrete, intergranular pore-filling cement.
Diagenetic albite heterogeneously replaces feldspar grains in all depositional
facies and systems tracts (av. 1.0% of bulk volume).

COMPACTION AND POROSITY

The degree of compaction undergone by the studied sandstones, as well as the
evaluation of the relative role played by compaction and cementation in porosity
reduction, were analysed in a diagram plotting the intergranular volume versus
intergranular cements volume (cf. Ehrenberg, 1989; Fig. 14). The wide range of
intergranular volume (12 to 38%; av. 24.2%) reflects the variable timing and
intensity of cementation and compaction of studied samples. Conversely to lithic
and poorly-cemented rift samples, sandstones with abundant pre-compaction
carbonate or sulphate cementation, such as in transgressive deltaic (SDush)
facies of drift sequences or highstand system tracts of transitional sequence,
suffered limited compaction, as indicated by their larger intergranular volume.
Hybrid arenites of low-energy settings (MRIin) and deltaic (SDush) facies
underlying supratidal sandstones of Sequence T suffered pervasive
eodiagenetic carbonate and/or sulphate cementation also preserved large
intergranular values, but with minor porosity preservation (< 1.5%).

Secondary intragranular porosity (av. 4.3%) resulted mainly from the dissolution
of feldspar grains (av. 2.1%) and subordinately from metamorphic rock
fragments, heavy minerals and intrabasinal carbonate grains, being more
significant in the coarser-grained sandstones of rift sequences and
transgressive siliciclastic (SD/TST) samples of drift Sequence D4 of well B,
which is characterized by high content of mouldic porosity.

DISCUSSION

The patterns of diagenetic processes distribution in relation to the depositional
environments and stratigraphic sequences were analysed in this paper with the
aid of reservoir petrofacies concept (sensu De Ros and Goldberg, 2007).
Reservoir petrofacies are defined by the combination of primary attributes (such
as depositional structure, texture, fabric and major primary compositional
constituents), with most the influential diagenetic processes, i.e. the main
petrographic attributes that control porosity and permeability values, as well as
log and seismic signatures. According to this methodology, the samples were
first grouped according to their primary petrographic attributes that control
original porosity and permeability characteristics. Afterwards, these groups were
superimposed with the main diagenetic processes and their paragenetic
relationships, in order to differentiate groups which have undergone equivalent
modification of the original porosity and permeability.
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Reservoir petrofacies characterization and diagenetic evolution of the
sandstones

The diversity of original composition and diagenetic alterations, reflecting the
varying depositional settings (such as fluvial, deltaic, gulf/lagoon, and shallow
marine platform) has resulted into the definition of fourteen reservoir petrofacies
(Figs. 15a-c; Table 2):

1. CmpctMica (well A, Segs. R1-R2, and well B, Seq. R1) petrofacies consists
of very poorly to poorly sorted, medium- to coarse-grained arkoses to lithic
arkoses, characterized by lack of significant pore-filling cementation, combined
with the presence of soft grains, such as monocrystalline micaceous grains (av.
14.5%; Fig. 13d), and subordinate low-rank metamorphic rock fragments and/or
mud intraclasts, most deformed into pseudomatrix (Figs. 12f, 13e), resulting in
significant mechanical compaction and intergranular porosity reduction (av.
9.7%). The log signature of this petrofacies is characterized by low SP (av. -
85.1), GR (av. 82.6) and induction-log resistivity (av. 2.7) values (Fig.16 — cores
A5, A7). The seismic signature is characterized by minor seismic impedance
contrast, probably reflecting the limited cementation (Fig. 4). The main
diagenetic phases (Fig. 15a) include the precipitation of chlorite rims (Fig. 13a),
kaolin (dickite) replacing micas and pseudomatrix (Fig. 13b), intergranular pore-
lining to pore-filling fibrous illite-smectite (I-S) rims (Fig. 13c), and quartz
outgrowths as pore-lining and pore-filling cement (Fig. 13c). Available
petrophysical porosity values are 3 to 5% higher than petrographic
macroporosity, indicating the occurrence of significant microporosity.
Permeability values range from 0.3 to 81mD, due mostly to the heterogeneous
distribution of clay coatings and rims.

2. FineA (well B, Seq.R1) petrofacies consists of poorly to moderately-sorted,
fine- to medium-grained arkoses. This petrofacies differs from CmpctMica
samples by its minor content of detrital mica, which combined with lack of pore-
filling cementation has resulted in relatively larger intergranular porosity
preservation (av. 15.7%). The log signature of this petrofacies is characterized
by low SP (av. -166.6) and induction-log resistivity (av. 1.3) values (Fig. 5),
reflecting porous and sandy intervals. The main diagenetic phases are shown in
Figure 15a.

3. MudCistA (well B, Seq.R1) petrofacies consists of coarse-grained, poorly-
sorted arkoses, characterized by high content of mud intraclasts (av. 7%),
partially deformed into pseudomatrix, resulting in intergranular porosity
reduction (av. 12.7%). Mud intraclasts and pseudomatrix show preferential
replacement by dolomite. This petrofacies shows log signatures characterized
by low SP (av. -135.7) and high resistivity logs (av. 4.1) values (Fig.16 — core
B7), possibly reflecting the high mud intraclast and dolomite cement content.
The main diagenetic phases (Fig. 15a) include replacive dolomite crystals (up to
450 um), with wavy extension, distinctive of “saddle” dolomite (Fig. 10d).

4. CemA (well A, Seq. R2, and well C, Seq. T) petrofacies consists of poorly- to
moderately-sorted, fine- to coarse-grained arkoses, characterized pervasive,
intergranular, pore-filling: (i) anhydrite cementation, as locally grain-displacive,
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eodiagenetic prismatic-radial (plumose) and/or as mesodiagenetic poikilotopic
cement (Figs. 11c, 13f); or (ii) eodiagenetic felted anhydrite and microcrystalline
dolomite cementation (Fig. 11b), locally displacive. Felted anhydrite commonly
occurs along the stratification with a nodular pattern. Resulting intergranular
porosity values are less than 4%. This petrofacies shows log profiles
characterized by low SP (av. -54.3) and GR (av. 92.8) values, and high
induction-log resistivity (av. 3.6) values (Fig.16 — cores A7, A10, C1). The
seismic signature is characterized by strong amplitude values (high seismic
impedance contrast). At Sequence D1 this signature is interpreted as result of
intense and varying cementation content (alternation with porous petrofacies)
(Fig. 4). At Sequence T, is interpreted as reflecting abundant cementation at the
upper part of a coarsening-upward GR profile, with upward increase of sonic
and resistivity log values towards the evaporitic intervals (Fig. 7). No specific
seismic signature was recognized for this petrofacies along Sequence R2,
probably due to limited vertical (time) resolution The main diagenetic phases
are shown in Figure 15b.

5. PorsCoars (well A, Segs. R1-R2-D1) petrofacies consists of poorly- to
moderately, coarse-grained arkoses to lithic arkoses, characterized by large
values of intergranular porosity (av. 13.7%) due to minor content of ductile
grains, as well as limited intergranular pore-filling cementation by dolomite and
anhydrite. Lithic arkoses contain mostly high-rank metamorphic rock fragments,
resulting in minor grain deformation. The log signature of this petrofacies is
characterized by relatively low SP (av. -91.7), GR (av. 97.6) and induction-log
resistivity (av. 2.8) values (Fig.16 — cores A5, A9). The seismic signature along
Sequence D1 is characterized by strong amplitude values (high seismic
impedance contrast), interpreted as result of alternation of porous and strongly
cemented intervals (CemA samples), vividly contrasting with the poorly-
cemented underlying interval of the NonCemA petrofacies (Fig. 4). The main
diagenetic phases (Fig. 15b) include the precipitation of smectite coatings and
their transformation into corrensite (Figs. 12a), or chlorite (Fig. 17a). Available
petrophysical porosity values are up to 5% higher than petrographic
macroporosity, in a sample with abundant corrensite, reflecting high
microporosity values. Permeability range from 22 to 114mD suggesting a minor
impact of clay cements.

6. NonCemA (well A, Seq. D1) petrofacies consists of medium-grained, poorly
sorted arkoses, characterized by a lack of pore-filling cementation. These
sandstones show large intergranular porosity values (av. 15.7%) due to
absence of ductile grains, and high values of intragranular porosity (av. 10%),
due dissolution of detrital feldspar (high content — av. 31%). This petrofacies
shows log signatures characterized by low SP (-96.1), and induction-log
resistivity (av. 2.5) values, and moderate GR (av. 120.1) values. The seismic
signature is characterized by minor seismic impedance contrast, probably
reflecting the limited cementation (Fig. 4). The main authigenic phases are
shown in Figure 15c.

7. MicrDoloA (well A, Segs. D1/D2) petrofacies consist of poorly to moderately
sorted arkoses, locally bioturbated, and with carbonaceous fragments (with
stylolitization along grains contacts) and mud intraclasts (partially or totally
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deformed into pseudomatrix; Fig. 17b). This petrofacies is characterized by high
content of eodiagenetic microcrystalline dolomite (av. 15.7%) and minor
anhydrite cementation, resulting in low intergranular porosity values (av. 6.7%).
The log profiles are characterized by low SP (av. -101.8) and GR (95.5) values
and high induction-log resistivity (av. 5.4) values (Fig.16 — cores A9, A10). The
seismic signature is characterized by strong amplitude, interpreted as product of
the heterogeneous cementation along Sequence D1 (Fig. 4). Main diagenetic
phases are shown in Figure 15b.

8. InfClaysA (well A, Seq. D3) petrofacies consists of coarse-grained, poorly-
sorted arkoses, characterized by conspicuous coatings (av. 7.7%) of
mechanically infiltrated smectite clays (cf. Moraes & De Ros, 1990; Moraes &
De Ros, 1992), which inhibited later cementation (Fig. 11f). This resulted in
compacted sandstones with relatively small intergranular porosity values
(10.7%). The log signature of this petrofacies is characterized by low SP -GR
and induction-log resistivity values (Fig.16 — core A14). No specific seismic
signature was recognized for this petrofacies. The main diagenetic phases are
shown in Figure 15c.

9. DoloRimA (well A, Seq.D3) petrofacies consists of coarse-grained, well-
sorted arkoses, characterized by thick and continuous cryptocrystalline dolomite
rims (Fig. 15c), probably formed by replacement of a precursor high-Mg calcite
marine cement), covered by microcrystalline pore-lining dolomite (Fig. 10Db).
Some poorer-sorted samples show less grain-rimming dolomite and abundant,
(locally displacive) intergranular pore-filling coarsely-crystalline dolomite
cementation (Fig. 10c), reflected in small values of intergranular volume and
porosity (Fig. 14). The log signature of this petrofacies is characterized by low
SP (av. -117.2) and induction-log resistivity (av. 1.5) values, and moderate GR
(124.0) values. No specific seismic signature was recognized for this
petrofacies.

10. MicrCalcA (well A, Seq. D4) petrofacies consists of medium-grained, poorly
sorted arkoses, characterized by eogenetic calcite cementations continuous
microcrystalline rims , and as coarsely-crystalline, intergranular pore-filling,
cement. The locally displacive and patchy nature of this calcite cement (Fig.
10e) is evidenced by floating grains and by relatively high intergranular porosity
values (av. 14.67%). No specific log and seismic signatures were recognized for
this petrofacies. However, seismic signature is characterized by less seismic
impedance contrast than hybrid arenite petrofacies (discussed below), probably
reflecting less-cemented conditions (Fig. 4). The main diagenetic phases are
shown in Figure 15b.

11. CalcHA (well A, Seq. D4) petrofacies consists of fine-grained, poorly to very
poorly sorted hybrid arenites (sensu Zuffa, 1980), with high content (up to 30%)
of intrabasinal carbonate grains, consisting of micritized bioclasts, ooids and
carbonate intraclasts. This petrofacies is characterized by early microcrystalline
calcite rims (probably after an aragonite or high-Mg calcite marine cement),
followed by pervasive epitaxial calcite overgrowths on echinoid bioclasts (Fig.
11a), which obliterated almost totally the original porosity (< 5%). The log
signature of this petrofacies is characterized by a box pattern, with low SP (av. -
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132.4) and GR (av. 45.2) values, and high induction-log resistivity (av. 11.6)
values, reflecting the high carbonate/siliciclastic sand ratio. Seismic signature is
characterized by high amplitude contrast due to intense cementation (Fig. 4).
The main diagenetic phases are shown in Figure 15a.

12. CmpctOoGr (well C, Seq.D3) petrofacies consists of calcarenites, with high
content (av. 57%) of intrabasinal carbonate grains (micritized bioclasts, ooids
and intraclasts), and coarse-grained, moderately sorted, quartz-feldspathic
extrabasinal sand (av. 16%). This petrofacies is characterized by less intense
early cementation than CalcHA samples, showing stronger compaction (lower
IGV), reflected by concave/convex grain contacts (Fig. 10f). The less pervasive
pore-filling cementation resulted in slightly larger macroporosity values than
CalcHA petrofacies (8.3%). The log signature of this petrofacies is similar to
CalcHA petrofacies, with exception of relatively lower induction-log resistivity
(av. 2.3) values, probably reflecting the more limited cementation (Fig. 7). The
seismic signature is characterized by high amplitude contrasts, attesting the
high carbonate content. The main diagenetic phases are shown in Figure 15c.

13. PoorCemMet (well B, Seqgs. R2 and D4) petrofacies consists of medium- to
coarse-grained (in places conglomeratic), poorly to moderately sorted lithic
arkoses to feldspathic litharenites, characterized by lack of significant
intergranular pore-filling cementation phases, showing moderate to high
intergranular porosity values (av. 16.8%; Fig. 17c). The surprisingly limited
deformation of sedimentary and low-grade metamorphic rock fragments of the
feldspathic litharenites resulted in substantial macroporosity preservation (Fig.
17e), and loose to moderate packing (Fig. 17d). Intragranular, moldic and
oversized pores formed by the dissolution of feldspars, heavy minerals and
metamorphic rock fragments are locally observed. The log signature of this
petrofacies is characterized by an irregular (high frequency oscillation) pattern
of low SP (av. -141.9) values and low to moderate induction-log resistivity (av.
3.3) values (Fig.16 — core B19). The main diagenetic constituents (Fig. 15c)
include thin and isopachous smectite coatings (Fig. 11e), which are locally
thicker around completely dissolved grains (possibly heavy minerals). One
available petrophysical data indicate high total porosity (26.7%), similar to
petrographic macroporosity (indicating minor to absent microporosity), and high
permeability (222mD).

14. DoloAHA (well B, Seq.D2 and D4) petrofacies consists of medium-grained,
poorly sorted arkoses or conglomeratic hybrid arenites with up to 25% of
intrabasinal carbonate grains. Extrabasinal grains (av. 57.3%), comprise high
content of detrital biotite. This petrofacies is characterized by eogenetic,
pervasive dolomitization, as intergranular microcrystalline pore-filling and/or
grain-replacive (mud intraclasts and pseudomatrix) cementation (Fig. 10a),
resulting in complete obliteration of primary porosity (< 1%). Centimetre-size
carbonate bioclasts and oncoliths (Fig. 17f) are replaced by coarsely-crystalline
dolomite (up to 0.9mm rhombs) and lamellar anhydrite (up to 3.5mm). The log
signature of this petrofacies shows similar values than CalcHA petrofacies,
being characterized by an irregular and low SP (av. -142.0) values, probably
due to varying carbonate/siliciclastic sand ratio, and high induction-log resistivity
(av. 19.7) values, reflecting the intense cementation (Fig.16 — cores B12, B19).
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One available petrophysical data indicate total porosity value of 10% higher
than macroporosity, suggesting significant microporosity contained in the
microcrystalline dolomite cementation. Permeability value of 0.1mD attests the
intense primary porosity occlusion and poor connection of remaining pore
network. The main diagenetic phases are shown in Figure 15a.

Reservoir petrofacies as a tool for reservoir quality prediction

The reservoir quality of studied sandstones, evaluated by their reservoir
petrofacies characteristics, reflects the nature of their facies associations,
sequence stratigraphic-related diagenetic evolution, depth of burial and tectonic
setting. Compaction and cementation were both important in porosity reduction
for most system tracts (Fig. 14). The petrofacies characterization, however,
highlights the main factors affecting their reservoir quality.

Rift sequences petrofacies are poorly differentiated by logs and seismic profiles
(Figs. 4, 5), probably owing to subtle petrophysical and geophysical proprieties
variations and/or reduced thicknesses, below seismic resolution (rift CemA
samples, for instance). Furthermore, all petrofacies of rift sequences (mainly
CmpctMica and PoarsCoars) show compaction as the main process in porosity
reduction, which is interpreted as product of intense sediment accumulation
rates, resulting in unfavourable conditions for significant eodiagenetic
cementation (cf. De Ros, 1996). Consequently, primary composition is the key
factor for reservoir quality.

The petrofacies of rift sequences may be separated into two groups, according
to their macroporosity values (Figs. 14, 18). A first group, comprising better-
sorted, mica-poor FineA samples, with lack of ductile grains, and PoarsCoars
and MudClastA samples, mainly corresponding to channel-fill related deltaplain
to braided facies, enriched in rigid and stable grains. These petrofacies show
high macroporosity values (8 to 19%; av. 13.7%), locally favoured by the
presence of Mg-chlorite and corrensite coatings, which probably inhibited
subsequent quartz cementation by shielding nucleation sites (cf. Bloch et al.,
2002). A second group, comprising poorer-sorted CmpctMica samples,
enriched in ductile grains, such as micas and low-rank metamorphic rock
fragments, is mainly associated with lower energy settings (shallow/small
channels, delta-front to prodelta facies, or overbank and floodplain sediments).
This petrofacies, despite similar moderate packing of rigid grains, shows low
macroporosity values (3 to 20%; av. 9.7%) due to more intense compaction of
ductile grains (Figs. 11d, 13e), and consequently poor reservoir quality.
Furthermore, the filling of intergranular pores by massive pore-filling chlorite or
I-S aggregates, locally containing Ti-oxides, interpreted as product of pervasive
transformation of pseudomatrix derived from the compaction of mud intraclasts,
altered metamorphic rock fragments or ferromagnesian heavy mineral grains
(Figs. 12f, 13b), as well as the chlorite or illite-smectite rims, contributed to
permeability reduction and increased microporosity.

The conspicuous pore-lining and pore-filling chlorite and I-S cementation of
CmpctMica samples is herein interpreted as favoured by eodiagenetic
precipitation of precursor smectite clay coatings (Fig. 13a), probably as a
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product of alteration of ferro-magnesian silicates, such as biotite (cf. Bjorlykke et
al., 1989), mud intraclasts, heavy minerals and low-rank metamorphic rock
fragments. Conversely, PorsCoars samples, with minor content of such detrital
constituents, show scarce clay cementation.

The stratigraphic location of CemA petrofacies above SB1 and below SB4 in
well A (Fig. 4) suggests that SB1 and SB2/3 unconformities may have acted as
a possible pathway of mesodiagenetic anhydrite-precipitating fluids, with flow
enhancement along the more permeable channel-related facies. However, SB1
is a key surface for reservoir quality prediction for rift sequences in areas with
provenance similar to well A, considering the distribution of ductile grains,
because it separates poor reservoir quality intervals (porosity < 12% and low
permeability) of Sequence R1 from overlying Sequences R2 and D1, with larger
porosity (12 to 20%) and permeability values, plotting as two separated clusters:
tight compaction-dominated and porous compaction and cementation-
dominated clusters (Fig. 14).

Conversely to what is observed in well A, the transition of sequences R1 to R2
in well B shows an opposite trend regarding the lithic content (Fig. 6). Sequence
R2 (poorly preserved) is characterized by PoorCemMet samples, showing an
anomalously high porosity preservation values for a feldspathic litharenite with
high content of ductile grains (Fig. 17e). This porosity preservation is herein
interpreted as product of limited burial of Sequence R2 in well B area. The
Tmax value of 427°C and thermal alteration index of 2.8 of Aptian sediments up
to 1000 m below the interval of the PoorCemMet petrofacies corroborate the
interpretation of limited burial for these samples (Petrobras unpublished internal
report). There is no evidence of a partial cementation that may have inhibited
the compaction of this petrofacies, and overpressure is an unlikely mechanism
in the sandy succession considered.

The sample of CemA petrofacies in Sequence T (well C), associated with late
highstand deltafront-deltaplain sediments overlain by supratidal coastal sabkha
deposits, shows substantial porosity reduction by eogenetic felted anhydrite and
microcrystalline dolomite cements (Fig. 11b). This characteristic is interpreted
as a product of intense evaporitic conditions towards the top of the sequence
(Fig. 19). Early character of the cementation is attested by the high intergranular
volume and low macroporosity values of this sample, which plots in the tight
cementation-dominated cluster of Fig. 14.

The interpreted shallowing-upward facies succession of Sequence D1 shows an
upward increase in cementation (Fig. 19), mainly by mesodiagenetic pore-filling
anhydrite. This is fairly correlated with the seismic pattern (Fig. 4), which shows
strong amplitude reflections, corresponding to the variable content of cement
(alternation of CemA and PorsCoars samples), contrasting with the minor
seismic impedance of the poorly-cemented NonCemA petrofacies. The good
match of reservoir petrofacies with seismic signature suggests that the seismic
profile can be used here as a good porosity indicator, conversely to what was
observed in the rift sequences. The nodular distribution of anhydrite
cementation (Fig. 13f) promotes a more intense impact on porosity reduction
than on permeability.
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Despite undistinguishable by their seismic signature, the cemented intervals of
Sequence D1 (CemA and MicrDoloA samples) can be differentiated by their log
signatures, which allow a fair distinction between poorly and pervasively
cemented intervals (Fig. 4). The interpreted progradation of deltafront to
deltaplain (SDIsh/SDush) facies, possibly grading upward to fluvial braided
deposits, is show by a typical coarsening-upward GR log trend. This allows the
identification of MicrDoloA samples preferentially associated with deltafront
(upper to lower-shoreface) sandstones, whereas CemA samples are
preferentially associated with coarser-grained delta plain to possibly fluvial
braided deposits. Deltafront (upper to lower-shoreface) sandstones had a poor
depositional reservoir quality, due to the admixing of sand and mud through
bioturbation. Their reservoir quality was further decreased by preferential
cementation by eodiagenetic microcrystalline and mesodiagenetic coarsely-
crystalline dolomite, what corresponds to low induction-log resistivity values.
Coarser-grained deltaplain sandstones, which had larger original porosity and
permeability, were preferentially percolated by fluids responsible for late
anhydrite cementation (Fig. 11c), resulting in poorer reservoir quality (Fig. 19).
Such samples plot in the tight mixed/compaction-cementation-dominated cluster
of Figure 14, showing high induction-log resistivity values.

The lowstand system tract deposits of Sequence D2, characterized by
InfClaysA petrofacies, are represented by fluvial braided deposits with high
depositional permeability. These deposits suffered, however, abundant
mechanical infiltration of detrital smectitic clays under subaerial, hot and arid
depositional conditions (cf. Moraes & De Ros, 1992), as irregular coatings (Fig.
11f). The early clay infiltration prevented later cementation, what resulted in
intense mechanical compaction (Fig. 14), and in deteriorated reservoir quality
(Fig. 20).

The transgressive system tracts of drift Albian sequences D2 to D4 in well A
show increasing induction-log resistivity values towards the vicinity of the
interpreted condensed sections (Fig. 4). This trend is interpreted as a product of
increasing eodiagenetic carbonate cementation, and consequently reservoir
quality deterioration in response to increasing influence of marine pore-waters
and to the source and nucleation provided by the larger amount of carbonate
intrabasinal grains (cf. Morad et al., 2000; Ketzer et al., 2002; Ketzer et al.,
2003b; Al-Ramadan et al., 2006). This trend can be observed in MicrCalcA to
CalcHA petrofacies (Fig. 20), and is characterized by decreasing of SP-GR
values (Fig. 4).

The increase of induction-log resistivity values and of seismic impedance
contrast (seismic horizons with high amplitudes), with typical amplitude
saturation, at the top of carbonates corresponds to the increase of density and
sonic velocity at the carbonate-rich intervals (Fig. 4), vividly contrasting with
adjoining siliciclastic-dominated intervals.

MicrCalcA petrofacies, associated with high-energy, siliciclastic-dominated,
transgressive deltaic (SDush) settings, show scattered nodular, displacive
calcite cementation, which helped to preserve large intergranular volumes,
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plotting in the porous mixed/cementation-compaction-dominated cluster of
Figure 14. High-energy, carbonate-dominated settings are characterized by the
CmpctOoGr petrofacies, showing low, and high content of ooids (Fig. 10f) and
ooid aggregates. The subordinate content of extrabasinal grains is mostly
coarse-grained and well-sorted. The limited abundance of early carbonatic
pore-lining and pore-filling cementation is probably related to a more distal
position regarding the condensed section. This resulted in stronger compaction.

Conversely to high-energy deposits, CalcHA and DoloAHA, associated with
low-energy, carbonate-dominated, internal platform, lagoonal or estuarine
settings, show a more pervasive carbonate cementation. CalcHA samples show
intense stratabound microcrystalline rims and epitaxial calcite cementation,
plotting in the tight mixed/cementation-dominated cluster (Fig. 14). DoloAHA
petrofacies show poor reservoir quality due to pervasive, eodiagenetic,
intergranular, microcrystalline dolomite cementation (Figs. 10a), plotting in the
tight mixed/cementation-dominated cluster (Fig. 14).

PoorCemMet petrofacies of Sequence D4 (well B), likewise Sequence R2 (well
B) samples, are characterized by a siliciclastic-dominated succession, with high
content of low-grade metamorphic and sedimentary rock fragments. Despite
this, they show good macroporosity (13 to 22.7%; av. 16.8%) values (Figs. 17c,
17d), interpreted as product of limited burial, plotting in the porous compaction-
dominated cluster (Fig. 14).

The Siliciclastic-dominated highstand intervals of Albian drift sequences D2 to
D4 (Fig. 20) are characterized by DoloRimA petrofacies (well A), with good to
moderate reservoir quality, resulted from early cementation by thick dolomite
rims (probably replacing a precursor marine cement), inhibiting compaction (Fig.
10b). Local eodiagenetic pore-filling cementation resulted in porosity
deterioration (Fig. 10c). Better-sorted samples, interpreted as product of wave-
reworking by longshore currents, show less intergranular pore-filling
cementation (i.e. better reservoir quality) than poorer-sorted samples. These
samples plot in porous compacted/mixed cluster (Fig. 14).

CONCLUSIONS

The spatial and temporal distribution of eodiagenetic alterations (and associated
mesodiagenetic processes), as well as their impact on the reservoir quality of
the studied Jequitinhonha Basin sandstones, hybrid arenites and calcarenites
can be constrained within a sequence-stratigraphic framework. The
stratigraphic evolution, related tectonic settings and depositional systems (i.e.
sedimentary facies) played an important role on the diagenetic evolution.

The rift phase sediments, deposited in deep, asymmetric half-grabens under
active tectonism, consist of braided fluvial and lacustrine-deltaic deposits, which
present variable composition and maturity (i.e. ductile grains content)
interpreted as resulted from diverse relative position to basin margin faults and
distinct source terrains.
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The transitional to drift phase sediments, on the other hand, shows the interplay
of the simultaneous supply of poorly-sorted, coarser-grained proximal
siliciclastic and/or evaporite deposits and shelf hybrid arenites and calcarenites.
The former reflect rapid erosion and transportation from elevated source-areas,
under arid or semiarid climate. The later correspond to lower-energy internal
platform and higher-energy shoal systems of a carbonate ramp. Such complex
depositional environment shows variable depositional porosity values and
eodiagenetic patterns, mainly reflecting variations in the intrabasinal carbonate
content and climatic conditions.

Despite the complexity of diagenetic patterns studied, the characteristics of
each reservoir petrofacies reflect the strong influence of depositional processes
and eodiagenesis, resulting in distinct reservoir quality, which have been
recognized along the stratigraphic succession.

The heterogeneous fluvial-deltaic deposits of rift sequences were characterized
by the combination of petrofacies CmpctMica and FineA, defined by their
differential detrital composition, resulting in the increased compactional porosity
and permeability deterioration of the micaceous petrofacies. Such differentiation
allows better reservoir quality estimation for Sequence R1 in well B area.

Reservoir quality distinction between fluvial-deltaic deposits of rift sequences
R1 and R2 of well A were also characterized by the distinction among
CmpctMica and PorsCoars petrofacies, which were defined by their texture and
content of ductile grains (micas and metamorphic rock fragments), with resulting
diagenetic alterations. The influence of compaction on porosity and permeability
reduction was more important in the fine-grained, lower-energy sandstones,
owing to their larger content in micaceous grains, than the coarse-grained
channel sandstones.

The distinct trends along SB1 in wells A and B reflect the complex provenance
and drainage pattern of sediment inflow to a rift basin, attesting the importance
of reservoir petrofacies characterization for porosity prediction in such complex
scenarios.

Depositional features, such as detrital composition and texture, influenced the
course of diagenetic evolution, determining the degree of interconnectivity
between sand bodies, fluid flow pathways and rates. The limited anhydrite
cementation in MicrDoloA (larger mud content) relative to CemCoarsA
petrofacies is attributed to fluid flow restriction.

The match of seismic amplitude and resistivity-log patterns with cement content
and cement-type, respectively, detected in petrofacies NonCemA, MicrDoloA
and CemCoarsA of highstand system tract of Sequence D1 (well A) attests the
utility of reservoir petrofacies as a tool for reservoir quality prediction.

Increasing carbonate intrabasinal content, corresponding to the onset of the
mixed siliciclastic-carbonate platform depositional setting, is observed in the
Albian drift sequences, with consequent increased impact on the distribution of
eodiagenetic dolomite and calcite cements. This is recognized by observing the
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reservoir petrofacies interpreted as transgressive system tract deposits, such as
MicrCalcA towards CalcHA (i.e. towards condensed sections). The aid of
seismic amplitude and resistivity-log patterns allowed the recognition of such
stratabound carbonate cementation.

This paper demonstrates that reservoir petrofacies concept is a powerful tool for
modelling the distribution of depositional-related diagenetic processes that
control reservoir quality.
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FIGURE CAPTIONS

Figure 1. Location map of the studied wells and stratigraphic summary of
Jequitinhonha sedimentary basin (source Brazilian National Petroleum Agency).

Figure 2. Wireline log (gamma-ray and spontaneous potential) correlation
cross-section of studied wells (Jardim et al.,, submitted), with indication of
depositional sequences and sequence boundaries (cored intervals not to scale).

Figure 3. Selected cores with identified facies associations and reservoir
petrofacies (cores not sampled for this study were omitted here). Modified from
Jardim et al. (submitted).

Figure 4. Seismic and wireline log signatures of Aptian rift and Albian drift
sequences of well A, their facies associations and interpreted reservoir
petrofacies (core details are shown in figure 3). Red arrows indicate interpreted
fluvio-deltaic coarsening-upward successions. Modified from Jardim et al.
(submitted).

Figure 5. Wireline log signatures of Aptian rift and Albian drift sequences of well
B, their facies associations and interpreted reservoir petrofacies (core details
are shown in figure 3). Red arrows indicate interpreted fluvio-deltaic coarsening-
upward successions. Modified from Jardim et al. (submitted).

Figure 6. Compositional trends of wells A and B regarding selected diagnostic
detrital and diagenetic constituents (Jardim et al., submitted).

Figure 7. Seismic and wireline log signatures of Aptian/Albian transitional and
Albian drift sequences of well C, their facies associations and interpreted
reservoir petrofacies (core details are shown in figure 3). Red arrows indicate
interpreted fluvio-deltaic coarsening-upward successions. Modified from Jardim
et al. (submitted).

Figure 8. The original detrital composition of 67 representative samples of
Jequitinhonha Basin sandstones plotted on Folk (1968) classification diagram.

Figure 9. Compositional indication of the tectonic provenance setting of the
studied sandstones plotted on Dickinson (1985) diagram.

Figure 10. Optical photomicrographs. A) DoloAHA petrofacies sample with
intense intergranular, locally displacive, micro- to coarsely-crystalline dolomite
cementation. Crossed polarizers (XP). B) and C) DoloRimA petrofacies samples
with pore-lining small dolomite rhombs. Uncrossed polarizers (//P). D)
MudClastA petrofacies sample with coarsely-crystalline saddle dolomite
replacing precursor dolomite cement (replacing mud intraclasts) (XP). E)
MicrCalcA petrofacies transgressive upper-shoreface sample with locally



133

displacive calcite cementation (//P). F) CmpctOoGr petrofacies sample of
highstand sample with compaction of carbonate ooids and intraclasts (XP).

Figure 11. Optical micrographs and backscattered electrons (BSE) images. A)
CalcHA petrofacies sample in the vicinity of condensed section (Seq. D3), with
calcite overgrowths around bioclasts, and macroporosity due to limited
carbonate cementation (//P). B) CemA petrofacies sample of highstand system
tract of Sequence T with intergranular porosity obliteration due to eodiagenetic
microcrystalline dolomite and felted anhydrite cements (XP). C) CemA
petrofacies sample of highstand of Sequence D1 with intense burial anhydrite
cementation and low porosity (c. 2%) (XP). D) BSE image of CmpctMica
petrofacies sample with quartz outgrowths and I-S fibrous rims. E) BSE image
of PoorCemMet petrofacies sample with smectite coatings around grains
(thicker around possibly heavy mineral dissolved grains). F) InfClaysA
petrofacies sample of the lowstand of Sequence D3 with mechanically infiltrated
smectite coatings inhibiting later cementation, resulting in intense compaction
and minor macroporosity preservation (c.11%) (//P).

Figure 12. Optical micrographs and backscattered electrons (BSE) images. A)
PorsCoars petrofacies sample with multiple corrensite coatings, precipitated
during grain dissolution, later covered by corrensite rims, favouring
macroporosity preservation (/P). B to D) BSE images of the same sample with
corrensite rims on both sides of coatings (thicker along intergranular side),
probably from the transformation of precursor smectite coatings. E) BSE image
of PorsCoars petrofacies sample with corrensite expanding micas. F)
CmpctMica petrofacies sample with dissolved low-rank metamorphic rock
fragment replaced by chlorite (chlorite rims and micaceous fragments) (//P).

Figure 13. Optical micrographs and backscattered electrons (BSE) images. A)
BSE image of PorsCoars petrofacies sample with chlorite coatings (chloritized
precursor smectite coatings?) covered by chlorite rims around dissolved grain.
B) BSE image of CmpctMica petrofacies sample with Mg-chlorite rims and K-
feldspar overgrowths and intergranular dickite cement (replacing pseudomatrix
derived from metamorphic rock fragment dissolution and compaction). C) BSE
image of CmpctMica petrofacies sample with |-S rims covering micas and
quartz outgrowths). D) CmpctMica petrofacies sample with intense mechanical
compaction (//P). E) BSE image of the same petrofacies with chlorite and
micaceous fragments occupying intergranular (also as pseudomatrix) and
intragranular (post-dissolution) pores. F) CemA petrofacies sample with late
poikilotopic anhydrite cementation (//P).

Figure 14. Plot of cement volume versus intergranular volume (cf. Ehrenberg,
1989), illustrating the preferential mechanisms of porosity reduction in the
studied samples.

Figures 15a to 15c. Diagrams with interpreted paragenetic evolution with main
diagenetic alterations of each reservoir petrofacies.

Figure 16. Reservoir petrofacies with diagnostic log signatures associated with
petrographic attributes (see text for details).
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Figure 17. Optical micrographs and backscattered electrons (BSE) images. A)
BSE image of PorsCoars petrofacies sample with chlorite rims covering partially
dissolved garnet grain; dolomite expanding micas. B) BSE image of MicrDoloA
petrofacies sample with heterogeneous macroporosity due to sorting and mud
intraclast content variation; intraclasts, micas and K-feldspar overgrowths. C)
PoorCemMet transgressive petrofacies sample with moderate values of
macroporosity (c. 17%) (/P). D) BSE image of the same sample with minor
compaction despite the high content of low-grade metamorphic fragments; early
K-feldspar overgrowths. E) PoorCemMet petrofacies sample showing high
content of low-rank metamorphic grains, limited compaction and anomalously
high macroporosity (/P). F) DoloAHA petrofacies sample with mesodiagenetic
anhydrite replacing oncoliths and intraclasts within a strongly dolomitized
framework, with high biotite content (XP).

Figure 18. Schematic model showing the spatial and temporal distribution of
diagenetic alterations and variations in the diagenetic evolution pathways of rift
sequences sandstones. Modified from Jardim et al. (submitted).

Figure 19. Schematic model showing the spatial and temporal distribution of
diagenetic alterations and variations in the diagenetic evolution pathways of
Transitional and D1 sequences. Modified from Jardim et al. (submitted).

Figure 20. Schematic model showing the spatial and temporal distribution of
diagenetic alterations and variations in the diagenetic evolution pathways of drift
sequences. Modified from Jardim et al. (submitted).

Table 1. Facies Associations (FA) of studied Jequitinhonha Basin successions.

Table 2. Statistical summary of the petrographic parameters of studied
sandstones.
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FIG. 14
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FIG. 19
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FIG. 20
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Table 1. Facies Associations (FA) of studied Jequitinhonha Basin successions (Jardim et al., submitted).

Facies

Description

Interpretation

CDdpl

CDdfr

CDprd

FDdpl

FDdfr

FDprd

BR

SDush

This facies association consists of fining-upward succession of massive to parallel or planar cross
laminated coarse-grained sandstones (locally with conglomeratic base), with possible trough cross-
lamination, from fine-grained, climbing rippled cross laminated sandstones, capped by or intercalated
with thin (up to 30 cm) massive light gray siltstones to sandy mudstones

This facies association consists of coarsening-upward succession of medium- to coarse-grained
massive to planar cross-laminated sandstones, up to 20 m thick (based upon GR log curves), locally
showing convolute structures, associated with slumped or deformed beds. This facies were poorly core
sampled.

This facies association consists of alternation of thick, massive to parallel laminated, black to dark gray
mudstones, with thin, massive to parallel laminated, normal graded, fine-grained sandstones.

This facies association consists of medium- to coarse-grained, poorly sorted, very friable, light gray
parallel to planar (locally trough) cross laminated sandstones sets with up to 80 cm thick, locally with
high content of mud intraclasts.

This facies association consists of fine- to medium-grained, poorly sorted, light to dark gray climbing
ripple laminated sandstones, which pass upwards into parallel and planar cross-laminated sandstones,
comprising a coarsening-upward sequence up to 6 m thick, locally with carbonaceous (coal) fragments
and mud intraclasts (up to 5 cm wide) and/or showing bioturbation, fluidization (dish structures) and/or
deformation (slumped features).

This facies association consists of laminated mudstones alternating or grading upward into light gray,
poorly sorted, parallel laminated sandstone, comprising up to 1.5 m thick, locally micaceous and
showing bioturbation and/or fluidization (dish structures).

This facies association consists of coarse- to medium-grained (thinning-upward succession), poorly
sorted, reddish (coarse-grained) to white-greenish (medium-grained) parallel laminated sandstone, into
medium-grained, light gray to beije climbing rippled cross laminated sandstones, locally displaying
displacive dolomite cementation, preferentially at medium-grained intervals, and topped by reddish to
pale brown silty laminated mudstone. Coarser-grained intervals show low preservation (less visible
structures). Some samples show high content of mud clast and soil fragments with siderite show
erosion of fine grained floodplain or crevasse splay mud during fluvial channel migration, typically
deposited as a lag in channel bases.

This facies association consists of coarsening-upward succession of medium- to coarse-grained, poorly
to moderately-sorted (locally well-sorted), light to dark gray or reddish to pale brown, parallel laminated
or wavy ripple cross laminated sandstones, locally with nodules of dolomite cementation. Intervals with
moderate bioturbation and conspicuous deformation (slumped) and convolute bedding.

Deposits associated with channel-fill migration dunes of shallow fluvial braided streams, with local
overbanks deposits, possibly distributary-channel facies of a delta-plain setting, reflecting transition
from channelized high- to low-energy flow.

Deposits associated with subaqueous migrating proximal to distal mouth bars of a delta-front
depositional setting.

Mud suspension of distal distributary mouth bar or prodelta deposits to rift-lacustrine setting (high GR
well log response), with thin sandy intervals reflecting scattered turbidity flows.

Upper most part of a coarsening-upward delta-front to delta-plain fluvial-deltaic succession,
comprising subaerial deposition in lowland areas, under high-energy (upper planar bed condition),
with mud intraclasts interpreted as product of underlying floodplain sediments erosion due to channel
switching. The reduced thickness of interbedded fine-grained facies indicates low-sinuosity streams.

Deposits associated with subaqueous migrating proximal to distal mouth-bars of a delta-front
depositional setting, reflecting an interplay of fluvial and lacustrine or restricted gulf environments, with
gradual decreasing of grain size toward distal settings.

It comprises a relatively stable prodelta setting where mud and fine silt are deposited by fallout from
suspension to form quiet well-laminated mudstones and siltstones, unaffected by wave or tidal
processes (below lake or restricted gulf environment storm wave base). Locally with slight differences
in grain size, probably reflecting fluctuations in river discharges.

Subaerial deposition in high-energy (upper planar bed condition) braided river systems, with trough
cross-laminated sets interpreted as river-channel shallow braided stream or sheet flood deposits,
reflecting areas of more persistent channel flow in the braid plain. Local content of mud clast and soil
fragments with siderite interpreted as erosion of fine grained floodplain and crevasse splay mud
during fluvial channel migration, as channel base lag-deposits.

deltaplain to deltafront settings (upper shoreface) of a coarse-grained coastal deltaic environment
(upper shoreface to foreshore facies), under high energy flow conditions, with poorly-sorted intervals
interpreted as wave-storm dominated deposits, and better-sorted sands interpreted as wave or
longshore currents reworked deposits.

I319.L
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Table 1 - Cont.
Facies Description Interpretation
SDish This facies association consists of coarsening-upward fine- to medium-grained, poorly to moderately  deltafront (lower shoreface) settings of a coarse-grained coastal deltaic environment (lower shoreface

ES

SC

MRhin

MRIin

MRmdr

sorted, white-greenish to light gray bioturbated sandstones, locally showing climbing-rippled (or wave-
rippled) cross lamination. Fluidization (dish structures) is also observed. Finer facies with light to dark
gray carbonate-rich laminated mudstones locally show heterolithic texture, alternating layers of light
gray to beije carbonatic mud.

This facies association consists of fine to coarse-grained, poorly sorted, locally very fine-grained and
moderately-sorted, light gray massive sandstones or light brown to reddish massive sandstones,
intercalated with layers of fine- to very fine-grained light gray sandstones and reddish to pale brown silty
mudstones (rhythmic alternation - heterolithic layers), with varying rates of mud and sand, locally with a
sharp change in clay content across sand/mud boundaries, showing load-cast, wavy and linsen
features, and crinckled laminae. Heterolithic interval consisting of interlaminated very fine sadnstones,
siltstones, and claystones, with an upward decrease in grain size and increase in clay content.
Presence of elements of Ichnofauna Skolithos (AT8) and Cruziana (BT17).

This facies association consists of light to dark gray carbonate-rich mudstone heterolithic facies with
millimeter layers of beige, deformed carbonatic mud, w/ in situ breccia (mud crack?) and locally grading
to black organic-rich laminated mudstones, intercalated with fine- to medium-grained, moderately-
sorted, light gray, sand-rich heterolith (muddy sandstones) or with fine- to coarse-grained, poorly-sorted
light gray parallel laminated sandstones with centimeter layers or lenses of beige carbonatic mud.
These heterolithic facies occurring vertically associated with coalesced nodular, chicken-wire anhydrite
beds, and millimeter-size beige carbonatic mud (possible algal-laminated dolomustones.
Stromatoliths?)

This facies association consists of medium- to coarse-grained, poorly to well-sorted, grayish or light
yellow to beige hybrid arenites to skeletal and ooid dolograinstones, with intense carbonate
cementation

This facies association consists of medium-grained, poorly to very-poorly sorted, grayish to beige hybrid
arenites to nonlaminated dolomudstones / dolopackstones with centimeter-size oncoids and bioclasts,
with pervasive dolomitization with intense diagenetic alteration.

This facies association consists of light gray carbonate mudstone, intercalated with mudstones or light
to dark gray carbonate-rich laminated mudstones. Locally showing heterolithic texture (alternation with
very fine-grained sandstones) or slumping features (deformation)

facies) deposits, with variable wave-influence, under low energy flow conditions.

Brackish shallow-water tidal influenced inner estuarine settings, reflecting marine-marginal processes
of delta plain/delta front (foreshore/upper shoreface) settings. Repetitive sets of mud/sand couplets on
a scale of centimeters (and crinkled laminae conformable to ripple bed forms) reflecting intermittent
flow-energy (tractive flow alternating with fallout from suspension), indicating wave to tidal intertidal to
subtidal mud flat environment setting. Sharp-based coarse-grained sandstone layers overlaping
mudstone layers, with possible root marks, interpreted as small tidal-channel deposits, possibly
associated with abandoned delta plain (tidal flats or marsh deposits)

The intercalation of carbonatic mud layers (dolomudstones) and heterolithic beds in vertical facies
transition to evaporite layers (nodular anhydrite and algal-laminated dolomudstones) suggests
deposition on a supratidal flat environment, related to distal progradation of coastal deltaic facies,
under reducing accommodation space (highstand conditions) and increasing water circulation
restriction, with developing of mudcracks, stromatolites, intraclastic breccias (tepees?), and possible
algal laminations, interpreted as supratidal coastal sabkha-salina environment, with sporadic flooding
resulting in coarser sediments.

Deposition under high-energy inner ramp, wave-dominated, shallow marine environment, possibly
skeletal/ooid sand shoals, above fair-weather wave base, under continuous wave and current activity

The restricted fauna (dasycladacean algae, mollusks, echinoderms and fusulinids) and interpreted
dolomitized carbonate mud, as well as high terrigenous and plant fragments input, suggest deposition
under low-energy, shallow-water restricted lagoonal to intertidal or subtidal internal platform setting.

Sedimentary structures suggest a carbonatic deposition on stable shelf area, distal carbonate ramp
deposititional settings, between fair-weather and storm wave base, with local terrigenous influx.
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Table 2 - Statistical summary of the petrographic parameters of the studied sandstones

PETROFACIES CalcHA  MicrCalcA DoloRimA InfClaysA NonCemA CmpctMica CemA  FineA  PorsCoars PoorCemMet MicrDoloA DoloAHA MudClstA CmpctOoGr
Number of samples 3 1 2 1 2 1 5 3 9 19 3 6 1

Total Average Average Average Average Average Average Average Average Average Average Average Average Average Average
Intergranular Volume 24.67 37.34 27.66 20.33 21.51 18.15 25.14 24.78 28.26 25.83 24.23 24.94 28.33 19.68
Grain Volume 75.33 62.66 72.34 79.67 78.49 81.85 74.86 75.22 71.74 7417 75.77 75.06 71.67 80.32
Cement Volume 21.56 22,67 14.99 9.67 5.84 8.12 23.00 9.11 14.52 9.05 17.56 24.78 15.67 9.68
Total Extrabasinal Grains 42.67 50.02 52.33 68.67 66.07 70.33 65.59  69.67 61.53 67.02 60.68 58.99 58.33 16.01
Detrital Quartz 17.33 22.00 19.84 25.67 25.27 21.27 22.86 21.78 21.30 20.46 23.23 18.83 24.00 6.00
Detrital Feldspar 19.45 21.01 21.51 28.33 30.93 18.85 23.94 27.22 22.60 23.53 23.90 25.28 24.34 7.34
Detrital Plagioclase 0.00 0.00 0.99 0.67 0.67 0.67 0.93 1.00 1.1 0.56 0.77 0.33 2.00 0.00
Total Micas 2.55 1.67 3.34 234 251 14.46 3.40 5.78 281 2.09 3.33 718 2.00 0.00
Biotite 1.44 0.67 117 0.67 0.67 11.67 1.93 3.1 1.33 0.47 1.89 4.79 1.00 0.00
Chlorite 0.00 0.00 0.34 0.00 0.00 0.21 0.07 0.89 0.33 0.96 0.11 1.1 0.33 0.00
Muscovite 1.1 1.00 1.83 1.67 1.84 3.03 1.40 1.78 1.15 0.65 1.33 1.28 0.67 0.00
Garnet 0.56 1.00 1.66 3.67 1.84 2.00 2.07 1.89 3.11 2.16 3.33 0.95 2.00 0.33
Total Plutonic Rock Fragment 1.55 2,67 2.83 4.00 3.01 8.09 9.20 5.01 5.96 2.74 1.78 1.83 4.66 234
Total Metamorphic Rock Fragment 0.00 0.00 0.17 0.00 0.84 3.58 0.87 3.89 2,07 11.30 0.33 2.1 0.33 0.00
Highly altered low-rank metamorphic rock fragment 0.00 0.00 0.00 0.00 0.00 1.64 0.00 0.00 0.07 0.05 0.00 0.00 0.00 0.00
Total Sedimentary Rock Fragment 0.00 0.00 1.67 0.00 0.17 0.64 1.87 1.89 1.74 3.33 2.22 0.83 0.00 0.00
Dolostone rock fragment 0.00 0.00 1.00 0.00 0.17 0.46 1.60 1.89 1.74 2.37 222 0.56 0.00 0.00
Total Intrabasinal Grains 25.78 0.00 1.00 0.00 0.00 0.21 2.40 0.00 0.30 0.04 0.78 0.33 3.66 57.00
Mud intraclast 0.55 0.00 0.34 0.00 0.00 0.21 0.20 0.00 0.22 0.09 0.56 0.00 3.33 0.00
Carbonate bioclast 10.11 0.00 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.00 0.00 8.00
Carbonate ooid/oncoid/intraclasts 15.11 0.00 0.00 0.00 0.00 0.00 0.40 0.00 0.07 0.00 0.00 0.33 0.00 48.67
Total Diagenetic 26.22 26.34 26.49 16.01 8.54 15.37 29.47 11.89 20.76 1.1 25.23 38.83 2233 12.68
K-feldspar Overgrowths 0.22 0.67 0.50 1.00 3.51 0.36 1.14 1.22 1.59 297 0.78 1.72 2.33 0.67
Quartz Overgrowths 0.00 0.00 0.00 0.00 0.84 0.24 0.73 0.67 0.15 0.25 0.11 0.00 2.00 0.00
Total Dolomite 4.66 5.33 22.99 0.00 0.00 3.91 4.73 2.78 4.04 3.04 15.67 29.61 10.34 0.00
Dolomite Coarsely-cryst. Intergr. pore-filling Eodiag. 4.66 0.00 5.83 0.00 0.00 1.85 1.93 2.00 2.59 1.42 2.44 21.28 6.67 0.00
Dolomite Coarsely-cryst. Intergr. pore-filling Mesodiag. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.67 0.00 0.00 7.22 0.00 0.00 0.00
Dolomite Coarsely-cryst. replacing Carbonate intraclasts 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.89 0.00 0.00
Dolomite Coarsely-cryst. Intergranular displacive 0.00 0.00 4.66 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.22 0.11 0.67 0.00
Dolomite Coarsely-cryst. Intragranular replacive 0.00 0.00 2.34 0.00 0.00 1.42 0.13 0.11 0.89 0.04 211 1.50 3.00 0.00
Dolomite Microcrystalline Intergranular pore-filling Eodiag. 0.00 0.00 0.00 0.00 0.00 0.09 0.73 0.00 0.11 0.04 3.67 0.00 0.00 0.00
Dolomite Microcrystalline repalcing Mud Intraclast 0.00 0.00 0.00 0.00 0.00 0.06 1.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dolomite Microcrystalline replacing Marine Calcite Cement 0.00 0.00 8.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Calcite 18.11 17.33 0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.69 0.00 0.00 0.00 8.01
Calcite Coarsely-cryst. Intergranular pore-filling 8.55 3.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 2.67
Calcite Microcrystalline Intergranular displacive 0.00 12.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Siderite 0.00 0.00 0.00 0.00 0.00 0.27 0.93 0.00 0.00 0.04 0.00 0.00 0.00 0.00
Total Albite 1.00 1.67 1.00 0.67 1.84 137 1.27 2.33 1.26 0.86 0.55 0.67 3.67 0.00
Albite Replacing Detrital K-feldspar 0.44 1.00 0.50 0.67 0.84 0.85 0.80 1.44 0.71 0.37 0.56 0.22 1.00 0.00
Albite Replacing Detrital plagioclase 0.56 0.67 0.50 0.00 1.01 0.52 0.47 0.89 0.56 0.49 0.55 0.45 2.67 0.00
Total Anhydrite 0.00 0.00 0.00 0.00 0.00 0.00 18.16 0.00 8.53 0.00 223 0.06 0.00 2.00
Anhydrite Poikilotopic Intergranular pore-filling Mesodiag. 0.00 0.00 0.00 0.00 0.00 0.00 12.29 0.00 1.19 0.00 0.00 0.00 0.00 0.00
Anhydrite Lamella Intergranular pore-filling Eodiag. 0.00 0.00 0.00 0.00 0.00 0.00 3.20 0.00 1.04 0.00 0.00 0.00 0.00 0.00
Anhydrite Lamella Intragranular replacive 0.00 0.00 0.00 0.00 0.00 0.00 1.07 0.00 0.96 0.00 0.33 0.00 0.00 0.33
Anhydrite Lamella replacing Carbonate intraclasts 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.61 0.00 0.00
Diagenetic Clay Inherited 0.00 0.67 0.00 0.00 0.00 0.54 0.46 0.00 0.1 0.33 0.00 0.00 0.00 0.00
Pseudomatrix 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.22 0.00 3.67 0.00
Mechanically Infiltrated Smectite Clay 0.00 0.00 0.00 7.67 0.00 0.00 0.07 0.00 0.15 0.00 0.00 0.00 0.00 0.00
Diagenetic iron oxide 0.00 0.00 0.00 4.34 0.00 0.00 0.27 0.00 0.56 0.05 0.00 0.17 0.00 0.00
Total Chlorite 0.00 0.00 0.17 1.00 0.67 3.82 0.54 0.00 1.08 0.00 0.67 0.00 0.00 0.00
Chlorite Rim Intergranular pore-lining covering previous clays 0.00 0.00 0.00 0.00 0.00 0.27 0.13 0.00 0.26 0.00 0.00 0.00 0.00 0.00
Chlorite Microcryst. replacing metamorphic rock frag. 0.00 0.00 0.00 0.00 0.00 0.55 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00
Total Corrensite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.96 0.00 0.00 0.00 0.00 0.00
Total Smectite In situ precipitated 0.00 0.00 0.00 0.00 0.00 0.30 0.00 2.1 0.07 1.00 0.00 0.00 0.00 0.00
Total lllite-Smectite 0.00 0.00 0.00 0.00 0.00 1.15 0.00 0.00 0.00 0.56 0.00 0.00 0.00 0.00
I-S Fibrous Intergranular pore-filling 0.00 0.00 0.00 0.00 0.00 0.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I-S Fibrous within intragranular porosity (low-rank metam. rock frag.) 0.00 0.00 0.00 0.00 0.00 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Pyrite 1.56 0.67 0.17 0.33 0.34 112 0.80 1.33 0.63 0.70 0.78 145 0.33 0.00
Pyrite Framboid Intergranular pore-filling 0.67 0.67 0.17 0.33 0.34 112 0.80 1.33 0.56 0.70 0.44 0.78 0.33 0.00
Total Titanium mineral 0.00 0.00 0.00 1.00 0.50 112 0.27 1.44 0.93 0.51 0.67 0.00 0.00 0.00
Macroporosity Volume 5.22 22.34 19.51 16.00 25.92 14.46 4.33 19.00 18.27 21.74 12.45 1.56 16.34 14.33
Intergranular Primary 3.1 14.67 12.67 10.67 15.73 9.67 2.14 15.67 13.71 16.77 6.67 0.17 12,67 8.33
Intragranular by dissolution of Detrital-Constituent 2.1 7.67 6.84 5.33 10.20 4.79 2.20 3.34 4.52 4.97 5.78 1.39 3.67 4.33
Intragranular by dissolution of Detrital K-feldspar 1.22 2.67 117 3.33 3.84 1.00 0.67 0.44 1.33 0.53 1.78 0.17 0.33 0.00
Moldic by dissolution of Detrital-Constituent 0.00 5.00 4.34 2.00 0.34 1.06 0.33 0.56 1.63 263 1.67 0.33 0.67 0.00
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Anexo B-1. Fotomicrografias 6ticas mostrando: A e B) Petrofacies CmpctMica (2624.8m)
com alta compactacdo mecénica de graos micaceous (polarizadores descruzados - //P)
e com projegdes prismaticas de quartzo com carater pore-filling (polarizadores cruzados
- XP). C) Petrofacies CmpctMica (2786.0m) com cimentacao tardia por franjas de I-S
(XP). D) Petrofacies CmpctMica (2476.8m) com alteracdo e deformacao de possiveis
fragmentos de rocha metamarfica de baixo grau, ou intraclastos lamosos, com impacto
nas propriedades permo-porosas (/P). E) Petrofacies PorsCoars (2290.4m) com
reduzida cimentagcdo intergranular com impacto nos valores de porosidade. F)
Petrofacies PorsCoars (2149.9m) com cimentagcdo por clorita na forma de franjas
recobrindo cuticulas eodiageneticas, consistindo em neoformacao de cuticulas
precursoras de esmectita (//P).
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Anexo B-2. Fotomicrografias éticas mostrando: A) ( .9m) com
fragmentos metamorficos de alto grau (pouca deformagéo), com boa macroporosidade
(c.16%) (//P). B e C) Petrofacies PorsCoars (2012.7m) com multiplas cuticulas de
corrensita, localmente pré-compactacionais (transformacédo esmectita?), recobertas por
franjas (favos) de corrensita (//P). D) Petrofacies CemA (2012.0m) com cimentagao pds-
compactacional por anidrita poiquilotopica (XP). F) Petrofacies CemA (2011.3m) com
presenca de intraclastos (solos?), com intensa cimentagao por siderita microcristalina (/P).
Petrofacies FineA (1434.5m) com selecdo moderada e baixo conteido em graos ducteis,
resultando boa preservagéo de porosidade primaria (c.14%) (//P).




Anexo B-3. Fotomicrografias éticas mostrando: A e B) Petrofacies MudClastA (1168.5m)
com alto conteudo em intraclastos lamosos e formacao de pseudomatriz (/P), e intensa
cimentagdo por dolomita microcristalina intergranular e substituindo intraclastos lamosos,
e fases tardias (megacristais — dolomita tipo saddle), substituindo fases precoces (XP). C)
Petrofacies PoorCemMet (1016.0m) com alto conteddo em fragmentos de rocha
metamorfica de baixo grau, e preservacdo andmala de porosidade primaria (//P). D)
Petrofacies PoorCemMet (1011.8m) com fragmentos de arenito com pouca litificagéao (//P).
E) Petrofacies CemA (1647.5m) com cimentagdo precoce e intensa por dolomita
microcristalina e anidrita tipo feltro , e, localmente, com habito lamelar (XP). F) Petrofacies
NonCemA (1893.5m) com boa porosidade face carater quartzo-feldspatico da composicao
primaria e auséncia de cimentacao intergranular expressiva (//P).
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Anexo B-4. Fotomicrografias 6ticas mostrando: A e B) Petrofacies MicrDoloA (1828.3m) com
intervalos ricos em intraclastos lamosos, preferencialmente cimentados por dolomita
eodiagenética (//P), e com cimentacao por dolomita intergranular, com possivel mistura de
fases pré-compactacional microcristalina e pés-compactacional blocosa (XP). C) Petrofacies
PorsCoars (1827.2m) com varidvel macroporosidade em fun¢do da sele¢do e granulometria
(//P). D) Petrofacies CemA (1759.4m) com intervalo com baixa preservacado de porosidade
devido intensa cimentagao tardia por anidrita poiquilotépica (XP). E e F) Petrofacies CemA
(1626.3m) com cimentacao eodiagenética (deslocante?) por anidrita com habito prismatico
(XP), e carater nodular da cimentagdo tardia anidrita, resultando redugao localizada de
porosidade, com impacto menor na permeabilidade (/P).
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Anexo B-5. Fotomicrografias 6ticas mostrando: A e B) Petrofacies CemA (1759.4m -
lamina 50 pm) com intraclasto evaporitico (/P e XP). C e D) Petrofacies MicrDoloA
(1558.5m) com cimentacédo eodiagenética por dolomita microcristalina (XP) e presenca
de intraclastos (/P). E) Petrofacies InfClaysA (1250.0m) com infiltracdo mecénica de
argilas esmectitas (espessura variavel espessura, e feicbes de desidratagdo e
descolamento. Carater precoce inibindo cimentos posteriores, resultando alta
compactacdo mecanica e quimica, e baixos valores de preservacdo de porosidade
(c.11%) (//P). F) Petrofacies DoloRimA (1035.0m) com envelope micritico e franjas de
dolomita microcristalina, favorecendo a preservagdo de porosidade primaria, inibindo
colapso do arcabouco frente a compactagao mecénica (//P), e detalhe das franjas (XP).
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Anexo B-6. Fotomicrografias oéticas referente a Petrofacies DoloAHA, mostrando: A)
Petrofacies DoloRimA (1035.0m) detalhe das franjas (XP). B) Petrofacies DoloRimA
(1038.5m) aumento no percentual de cimentacdo intergranular pore-filling (cristais com
nucleos dissolvidos), localmente deslocante, resultando menor preservagao da porosidade
primaria (/P). C) Petrofacies DoloRimA (1038.5m) detalhe cimentacao pore-filling (XP). C)
Petrofacies MicrCalcA com cimentacdo eodiagenética, deslocante, por calcita
microcristalina (//P). D) Cimentagao intergranular por dolomita microcristalina a blocosa e
dissolugao dos graos carbonaticos (oncolitos), com posterior cimentagao intragranular por
dolomita blocosa (cristais euédricos e megacristais de anidrita) (931.4m) (XP). E e F)
Detalhe dos graos carbonaticos e bioclastos carbonéticos dolomitizados (931.2m) (/P).
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Anexo B-7. Fotomicrografias 6ticas mostrando: A e B) Petrofacies DoloAHA (931.4m)
lamina 50 um com detalhe da cimentagao intragranular por dolomita e anidrita (XP). C e
D) Petrofacies MicrCalcA (940.0m) com cimentagdo eodiagenética, deslocante, por
calcita microcristalina (/P) e detalhe do cimento calcita intergranular (//P). E) Petrofacies
CalcHA (853.8m) com cimentacdo eodiagenética por calcita microcristalina tipo pore-
lining (envelope micritico) e pore-filling, localmente com ocorréncia de calcita epitaxial
(crescimento secundario) ao redor de graos de equinodermas (//P). F) Petrofacies
CalcHA (854.0m) com intensa cimentagéo por dolomita blocosa pés-datando calcita (XP).



Anexo B-8. Fotomicrografias 6ticas mostrando: A e B) Petrofacies CmpctOoGr (1525.5m)
com cimentagdo eodiagenética por calcita microcristalina tipo pore-lining (envelope
micritico menos espesso que petrofacies CalcHA, resultando maior compactacao), e
crescimento sintaxial calcita ao redor de equinodermas (XP). C) Petrofacies PoorCemMet
(497.3m) com alto percentual em fragmentos de rochas metamorficas de baixo grau, com
variaveis valores de preservacao de porosidade (/P). D) Petrofacies PoorCemMet (611.1m)
com grandes fragmentos de arenitos indicando pouco transporte (//P).C e D) Petroféacies
DoloAHA (400.5m) com cimentagao por dolomita microcristalina, deslocante, relativamente
grossa (multi-fase?) com obstrugdo completa da porosidade primaria (XP), localmente com
presenca de intraclastos e formacao de pseudomatrix (//P).
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Anexo C-1. Fotomicrografias de microscopia eletrénica (Backscattering) mostrando: A)
Petrofacies CmpctMica (2786.0m) com franjas de ilita-esmectita (I-S) sobre micas e
crescimentos secundarios (outgrowths) de quartzo. B) Espectro EDS das franjas de I-S. C)
Dissolugao de grao, possivel micaceo em origem, substituido por I-S. D) Espectro EDS das
franjas de I-S. E) Franjas de I-S, crescimentos secundarios de quartzo e transformagao de
micas. F) Petrofacies PorsCoars (2012.7m), vista geral de cuticulas e franjas descoladas
de corrensita.
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Anexo C-2. Fotomicrografias de microscopia eletrénica (Backscattering) mostrando: A)
Petrofacies PorsCoars (2012.7m) com franjas de corrensita, morfologia em favo. B) Graos
dissolvidos com espessas cuticulas (minerais pesados?). C) Espectro EDS das cuticulas
pré-compactacionais de corrensita (magnesianas, indices muito superior ao Al). Provavel
transformacdo de esmectitas magnesianas precursoras. D) Espectro EDS da franja
neoformada de corrensita. E e F) cuticulas mdltiplas, descoladas, localmente com franjas
duplas, mais espessas no lado intergranular. Dissolucdao de grédos, em especial de
minerais pesados, como possivel fonte para precipitagcdo de cuticulas de esmectitas.
Multiplas cuticulas com possivel origem a partir de continuada dissolugao. Recobrimento
das cuticulas por franjas como produto de diagénese profunda.
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Anexo C-3. Fotomicrografias de microscopia eletrdnica (Backscattering) mostrando: A)
Petrofacies PorsCoars (2012.7m) com mica expandida por corrensita. B). Graos dissolvidos
e substituidos (fragmentos de rocha com quartzo diagenético), e micas expandidas. C)
Petrofacies CmpctMica (2476.8m) com franja de clorita competindo com crescimento de
feldspato. D) Espectro EDS de caulin (dickita?) pore-filling. E) Restos micaceos com clorita.
F) Espectro EDS de franja de clorita magnesiana.
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Anexo C-4. Fotomicrografias de microscopia eletrdnica (Backscattering) da petrofacies
PorsCoars (2149.9m) mostrando: A) Franjas de clorita em torno de grdos dissolvidos;
cristais de dolomita e fragmento rocha metamérfica. B) Detalhe franjas de clorita e cristal de
dolomita. C) Detalhe foto anterior. D) Dolomita expandindo micas (biotita). E) Fragmento
meta-sedimentar dissolvido e cloritizado. F) Franja de clorita sobre granada parcialmente
dissolvida e micas expandidas por dolomita.
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Anexo C-5. Fotomicrografias de microscopia eletrdnica (Backscattering) mostrando:
A) Petrofacies PorsCoars (2149.9m) com fragmento de rocha metamorfica com
albita pore-lining, p6s-datando descolamento da cuticula, franja de clorita e cristal de
dolomita “em sela”. B) Espectro EDS da altiba microcristalina abaixo da franja de
clorita. C) Detalhe cuticulas precursoras e franjas de clorita; grao dissolvido. D)
Petrofacies PoorCemMet (1016.0m) fragmentos de rocha metamoérficas pouco
compactados (com algum fraturamento). E) Fragmentos metamérficos e cimentacao
por cuticulas de I-S. F) Espectro EDS da cimentacéo intergranular por I-S.
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Anexo C-6. Fotomicrografias de microscopia eletrénica (Backscattering) mostrando: A)
Petrofacies PoorCemMet (1016.0m) com cuticulas irregulares de |-S. B) Petrofacies
MicrDoloA (1558m) com crescimentos de feldspatos e quartzo, micas e intraclastos,
localmente dissolucdo. C) Intraclastos e micas. D) Petrofacies DoloRimA (1038.0m) com
franjas descontinuas em torno dos gréos. E) Dolomita pore-filling com alguns nucleos
dissolvidos. C) Petrofacies PoorCemMet (497.5m), alto percentual em liticos metamérficos
pouco compactados, e grandes crescimentos de feldspatos precoces.
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Anexo C-7. Fotomicrografias de microscopia eletrénica (Backscattering) mostrando: A)
Petrofacies PoorCemMet (497.5m) com cuticulas irregulares em torno de graos de minerais
pesados dissolvidos. B) micro cristais de K-feldspato imersos em fase mineral argilosa. C)
Petrofacies DoloAHA (400.5m), cimento pore-fill dolomita microcristalina a blocosa. D)
Detalhe cimento dolomita, com leve zonagéo (porgao externa mais ferrosa). E) Cimentagéao
dolomita com variavel cristalinidade (dois tamanhos). F) Espectro EDS do cimento dolomita
(levemente ferrosa).
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FeicOes mais significativas:

* Primeiro pico da clorita (14 A), sem indicacdo de esmectita,
sugerindo completa neoformacdo (cloritizagdo) das cuticulas pré-
compactacionais de esmectitas.

» Segundo pico da clorita (7 A) com valor maior que o primeiro pico
(?!), sugrerindo sobreposi¢do com primeiro pico de caulim (7 A). A
presenca de caulim é dada pela reducdo na amostra calcinada. Vé-se
presenca de caulim (dickita?) em substituicio de micas. Espectro de
EDS via MEV (Anexo C) identifica dickita em substituicao a produto
de alteracao compondo pseudomatrix (possivel fragmento metamorfico
micaceo).

Anexo D-1
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Feicoes mais significativas:

* Pico da corrensita bem destacado na amostra natural, com pouca
expansdo (amostra glicolada).

* Picos de ilita (10 A) interpretados como micas detriticas

Anexo D-2
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DE ROS - Fie: G1250.RAW - Type: 2Th/Th locked - Start: 2.000 °- End: 28.000 ° - Step:0.020 °- Step time:3.s - Temp.: 25 “C (Room) - Time Started: 2 s - 2-Theta: 2.000 °- Theta: 1.000 °- Ph
Operations: Import

WDE ROS - Fie: C1250.RAW - Type: 2Th/Thlocked - Start: 2.000 ° - End: 28.000 °- Step:0.020 °- Step time:2.s - Temp.: 25 “C (Room) - Time Started: 2 s - 2-Theta: 2.000 °- Theta: 1.000 °- Ph
Operations: Import

Fei¢Oes mais significativas:
* Picos de esmectita associados a presenca de cuticulas de esmectitas
detriticas (mecanicamente infiltradas), com pouca expansdao (amostra

glicolada).

* Picos de ilita (10 A) interpretados como micas detriticas.

Anexo D-3



DXR — Sequéncia D4 (Poco B)
Petrofacies Reservatorio PoorCemMet
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IDe Ros - File: N497. RAW - Type: 2Th/Th locked - Start: 2.000 °- End: 28.000 °-
Operations: Import

IDE ros - File: G497.RAW - Type: 2Th/Th locked - Start: 2.000 °- End: 28.000 °-
Operations: Import

pe Ros - File: C497. RAW - Type: 2Th'Th locked - Start: 2.000 °- End: 28.000 °-
Operations: Import

Feicdes mais significativas:

* Bem destacados os picos da ¢

2-Theta - Scale

Step: 0.020 °- Step time: 2. s - Temp.: 25 C (Room) - Time Started: 2 s - 2 Theta: 2.000 °- Theta: 1.000 ° - Phi:

Step: 0.020 °- Step time: 3. s - Temp.: 25 C (Room) - Time Started: 2 s - 2-Theta: 2.000 °- Theta: 1.000 °- Phi:0

Step: 0.020 °- Step time: 2. s - Temp.: 25 C (Room) - Time Started: 2 s - 2 Theta: 2.000 °- Theta: 1.000 ° - Phi:

lorita (14 A) e da esmectita (12 A),

indicando haver as duas espécies, sem presenca de interestratificados

(C-S).

* Presenca dispersa de cuticulas de esmectita precipitadas (in situ),

resultando pico da esmectita.

* A auséncia de clorita autig€nica na amostra sugere contaminagao de

clorita detritica.

Anexo D-4
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DXR — Sequéncia D4 (Poco B)

Petrofacies Reservatorio PoorCemMet
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UDE ROS - File: N547.RAW - Type: 2Th/Th locked - Start:2.000 *- End: 28000 ° - Step: 0.020 °- Step time: 2. s -Temp.: 25 G (Room) - Time Started: 2 s - 2-T heta: 2.000 °- Theta: 1.000 °- Phi:
Operations: Import

WMoE RoS - Fie: G547.RAW - Type: 2Th/Th locked - Start: 2.000 ©-End: 28.000 °- Step: 0.020 ° - Step time: 3. s - Temp.: 25 °C (Room) - Time Started: 2s -2-Theta: 2.000 ° - Theta: 1.000 °- Phi:
Operations: Import

[UDE ROS - Fie: G547 RAW - Type: 2Th/Th locked - Start: 2.000 °- End: 28000 ° - Step: 0.020 °- Step time: 2. s - Temp.: 25 °C (Room) - Time Started: 2 s - 2-Theta: 2.000 °- Theta: 1.000 °- Phi:
Operations: Import

Fei¢cbes mais significativas:

* Presenca de cuticulas de esmectitas autigenicas, precipitadas in situ,
bem destacadas nos picos das amostras natural e glicolada (alta expansao
refletindo estrutura perfeita, em contraste com a estrutura das esmectitas
infiltradas).

« Picos da ilita (10 A) interpretados como contaminac¢do de micas.

* Picos da caolinita (10 A) resultante da caolonita substituindo micas.

* Picos da clorita interpretado como contaminacao de clorita detritica.

Anexo D-5



