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RESUMO

Os arenitos fluviais e edlicos da Formagdo Sergi (Jurdssico — Cretaceo)
sd0 os reservatorios mais importantes da Bacia do Reconcavo, nordeste do Brasil. Um
estudo detalhado utilizando Microscopia Eletronica de Varredura, Microscopia Otica,
Difracao de Raios-X e Espectroscopia de Infravermelho revelou a ocorréncia de dickita,
um argilomineral indicativo de soterramento profundo (T >100°C), nos campos de 6leo
de Buracica (630 a 870 m) e Agua Grande (1300 a 1530 m). A dickita ocorre distribuida
irregularmente em arenitos com grande permeabilidade e porosidade intergranular da
seqiiéncia estratigrafica média da Formagdo Sergi, como agregados vermiculares e
booklets substituindo graos de feldspato e preenchendo poros gerados por dissolucdo de
feldspatos e poros intergranulares adjacentes. O habito vermicular da dickita ¢ um
produto da transformag¢dao pseudomorfica da caolinita durante o soterramento,
provavelmente sob influéncia de condicdes 4cidas relacionadas a 4cidos orgéanicos
gerados da evolucdo térmica do querogénio nas rochas geradoras rift. A presenca de
dickita concorda com a intensidade de compactacdo, com a relativamente abundante
cimentacao pds-compactacional de quartzo, e com os valores de isdtopos estaveis de
oxigénio dos cimentos de calcita pds-compactacional, que correspondem a temperaturas
de até 116°C. Essas evidéncias sugerem que os arenitos foram submetidos a
temperaturas substancialmente mais altas que aquelas correspondentes a sua atual
profundidade. Entretanto, um fluxo de calor ou de fluidos mais acentuado ndo pode ser
invocado para a area para explicar as altas temperaturas. A ocorréncia de dickita,
associada a outras evidéncias petrologicas para condi¢des de soterramento profundo,
bem como analises de tragos de fissdo em apatitas de outras areas na bacia, indicam que
a area central da Bacia do Reconcavo sofreu soerguimento e erosao de pelo menos 1 km
(provavelmente mais que 1500 m). Este evento ndo foi anteriormente detectado por

modelos estruturais e estratigraficos convencionais.

Palavras — chave: Formacdo Sergi, arenitos, reservatorios, dickita, caolinita,

soerguimento, Bacia do Reconcavo, Brasil.
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ABSTRACT

Fluvial and aeolian sandstones of the Sergi Formation (Jurassic-
Cretaceous) are the most important reservoirs of the Reconcavo Basin, northeastern
Brazil. A detailed study through optical and electronic microscopy, X-ray diffraction
and infra-red spectroscopy revealed the occurrence of dickite, a clay mineral indicative
of deep burial conditions (T > 100°C), in the shallow Buracica (630 to 870 m) and Agua
Grande (1300 to 1530 m) oilfields. Dickite occurs irregularly distributed in sandstones
with larger intergranular porosity and permeability of the middle, coarser stratigraphic
sequence of Sergi Formation, as vermicular and booklet aggregates replacing feldspar
grains, and filling pores generated by feldspars dissolution and adjacent intergranular
pores. The vermicular habit of dickite is a product of pseudomorphic kaolinite
transformation during burial, presumably under influence of acidic conditions related to
organic acids generated from the thermal evolution of kerogen in the rift source rocks.
The presence of dickite agrees with the intensity of compaction, relatively abundant
post-compactional quartz cementation, and stable oxygen isotope values of the post-
compactional calcite cements, corresponding to temperatures as high as 116°C. This set
of evidence suggests that the sandstones were subjected to temperatures substantially
higher than those corresponding to their present burial depths. However, no enhanced
thermal or hydrothermal fluid flow can be invoked in the area to be accounted for the
interpreted high temperatures. The occurrence of dickite and other petrologic evidence
for deep burial conditions, as well as apatite fission tracks analyses from other areas in
the basin, indicate that an uplift and erosion of at least 1 km and probably more than
1500 m has affected the central part of Reconcavo Basin, and very likely the whole
region, what was not previously detected by conventional structural and stratigraphic

models.

Key words: Sergi Formation, diagenesis, sandstones, reservoirs, dickite, kaolinite,

uplift, Reconcavo Basin, Brazil.
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TEXTO EXPLICATIVO

Sobre a estrutura desta dissertacao:
Esta dissertagdo de Mestrado esta estruturada em torno de um artigo publicado em
periodico internacional. Conseqlientemente, sua organizacado compreende as seguintes
partes principais:
a) Sumdrio Integrado sobre o tema e descricao do objeto da pesquisa de Mestrado,
onde estdo sumarizados os objetivos e a filosofia de pesquisa desenvolvidos,
seguidos de uma discussdo integradora contendo os principais resultados e

interpretagdes deles derivadas;

b) Artigo submetido a periddico com corpo editorial permanente e revisores

independentes, escrito pelo autor durante o desenvolvimento de seu Mestrado;

¢) Anexos, compreendendo: difratogramas, fotos de laminas delgadas (microscopio

otico) e fotos obtidas ao Microscopio Eletronico de Varredura.



SUMARIO INTEGRADO

1. Justificativa e Objetivos

O objetivo principal da presente pesquisa foi caracterizar os aspectos
mineraldgicos e petrograficos da ocorréncia de dickita em reservatorios rasos da
Formagao Sergi, Bacia do Reconcavo, e avaliar as implicagdes para a evolucdo da bacia
em geral, e dos arenitos analisados em particular. Para tanto, as atividades se
concentraram na utilizacdo de técnicas eficientes para a identificacdo da dickita, como a
Espectroscopia de Infravermelho e a Difracdo de Raios-X, além de atividades normais
no estudo de argilominerais concentrado na Microscopia Otica e Microscopia Eletronica
de Varredura.

Dentre os diversos campos de exploracdo de petréleo na Bacia do
Reconcavo, os estudos foram concentrados em 4 pogos pertencentes a dois campos de
petroleo, denominados Buracica (pogos BA-196 ¢ BA-198) e Agua Grande (pogos AG-
212 e AG-331A), onde a difragdo de Raios-X revelou a existéncia de dickita. A
mineralogia identificada nos campos de Aragcds e Fazenda Balsamo consiste

basicamente de clorita, ilita ¢ camadas mistas (Anexo A).



2. Trabalhos Anteriores

Argilominerais diagenéticos sdo importantes componentes dos arenitos
Sergi, onde exercem significativo controle sobre a porosidade, permeabilidade e
heterogeneidade dos reservatorios. Sua caracterizagdo mineraldgica, portanto, ¢ muito
importante para a compreensdo da génese, evolugdo e padrdes de distribuicdo destas
argilas e das propriedades dos reservatorios por elas influenciados. Este aspecto
motivou diversos estudos de caracterizagdo petroldgica aplicados a andlise do impacto
dos argilominerais nos reservatorios Sergi (e.g. De Ros, 1987; Lanzarini e Terra, 1989;
Rodrigues, 1990). Entretanto, esses estudos foram limitados quanto a caracterizagdo
mineralogica das argilas envolvendo refinamento da mineralogia e composicdo das
argilas e integracdo destas informagdes no contexto estratigrafico e exploratorio da
Bacia do Reconcavo.

A Formacdo Sergi foi tema de varios estudos integrados, tanto em escala
regional (Netto et alii, 1982; Bruhn & De Ros, 1987) quanto em escala de campo de
petréleo (Nascimento et alii, 1982; Passos et alii, 1983; Zabalaga et alii, 1983; De Ros,
1987; Pinho, 1987 ¢ Terra et alii, 1988). Nesses estudos, a Formagdo Sergi foi
caracterizada como sendo composta de arenitos e conglomerados, com intercalagdes de
siltitos e folhelhos. Bruhn & De Ros (0p. cit.) interpretaram os arenitos da Formagao
Sergi como depdsitos de um grande sistema fluvial de rios entrelacados (“braided”) que
se desenvolveram sob clima arido a semi-arido no Jurassico Superior.

Netto et al., (1982) reconheceram grandes unidades estratigraficas que
subdividem a Formagdo Sergi em escala de bacia, e desenvolveram um estudo
petrografico quantitativo sistematico propondo facies-reservatério pela associacdo de

facies deposicionais e facies diagenéticas. A geometria das concentragcdes de argilas



infiltradas como faixas de concentragdo acompanhando as posi¢des de residéncia
preferencial dos canais ¢ inicialmente caracterizada por De Ros (1988) e De Ros et al.,
(1988) em Dom Joao Mar-Sul.

Bruhn & De Ros (1987) executaram a caracterizagdo petroldgica dos
reservatorios Sergi, organizando os padrdes diagenéticos dos reservatdrios Sergi em
escala de bacia, desenvolvendo modelos empiricos por regressdes univariadas e
multivariadas dos controles petroldgicos atuantes sobre a qualidade dos reservatorios.
De Ros (1987) analisou a diagénese ¢ seu impacto sobre os sistemas porosos dos
reservatorios do Campo de Sesmaria. Pinho (1987) estudou a diagénese dos
reservatorios do Campo de Fazenda Bélsamo. Lanzarini & Terra (1989) estudaram a
sedimentologia e diagénese dos reservatorios do Campo de Fazenda Boa Esperanca.
Rodrigues (1990) reconheceu os padrdes de neoformacdo e transformacdo dos
argilominerais diagenéticos dos arenitos Sergi em escala de bacia. De Ros & Moraes
(1990) definiram as formas de ocorréncia das argilas mecanicamente infiltradas nos
reservatdrios Sergi, € 0os mesmos autores em 1992 analisaram os diferentes tipos de
argilominerais diagenéticos que ocorrem nos arenitos Sergi, suas formas de distribui¢do
e impactos nas caracteristicas petrofisicas dos reservatorios.

Entre os estudos mais recentes da Formagdo Sergi ressaltam-se os
trabalhos de Oliveira & Savini (1997), Dias Filho (2000) e Cupertino (2000). Os
primeiros realizaram uma analise sob o enfoque da estratigrafia de seqii€ncias na por¢ao
superior da Formagdo Sergi, ressaltando o impacto do arcabougo estratigrafico na
compartimentagdo dos reservatorios. Dias Filho op.Cit, propds um arcaboucgo de
estratigrafia de seqiiéncias regional dos depdsitos da Formagao Sergi, individualizando
esta unidade em quatro seqii€ncias deposicionais limitadas por discordancias, passiveis

de serem identificadas tanto em subsuperficie quanto ao longo da faixa aflorante.



Cupertino op. cit analisou a evolug¢@o tectono-climatica na fase rifte das Bacias de
Camamu e Reconcavo, utilizando técnicas de isotopos estaveis e tracos de fissdo em

apatitas.

3. Arcabouco Estrutural

A Bacia do Reconcavo, localizada no centro-leste do Estado da Bahia,
faz parte do sistema de rifts continentais Reconcavo — Tucano — Jatoba, correspondendo
a uma fossa tectonica implantada sobre rochas pré-cambrianas do Craton de Sao
Francisco. Ocupa uma 4rea de 11.500 Km® e contém mais de 5.300 pogos de petréleo,
cuja perfuragdo resultou em cerca de 80 campos de 6leo e gas.

As Bacias do Reconcavo, Tucano e Jatobd em conjunto relacionam-se
geneticamente ao processo de rifteamento que afetou o paleocontinente Gondwana
durante o Eocreticeo (Neocomiano), e constituem-se numa série de meio-grabens
assimétricos alongados na dire¢do NE-SO compondo um rift intracontinental de dire¢@o
geral N-S (Fig. 1). Estes grabens foram preenchidos por sedimentos fliivio-lacustres em
horizontes ricos em matéria organica, sendo que a atividade tectonica dessa regidao foi
abortada durante o Eoaptiano. (Szatmari et al., 1985; Milani & Davidson, 1988;

Figueiredo et al., 1994).



Figura 1 - Secao geologica esquematica NW-SE, ilustrando a morfologia de meio-
graben da bacia do Recdncavo, cujo depocentro situa-se a leste.
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A fossa do Reconcavo estd separada da Bacia do Tucano a N e NW pelos
Altos de Apora e Dom Jodo. Ao sul, separa-se da Bacia de Camamu pelo Sistema de
Falhas da Barra, que corta a Ilha de Itaparica na sua por¢do mediana. A leste, seu limite
¢ o Sistema de Falhas de Salvador. A Figura 2 ilustra o arcabougo estrutural da Bacia do
Reconcavo.

A Bacia do Recdncavo se desenvolveu em trés estagios principais, em
fun¢do do controle que a atividade tectOnica exerceu sobre a sedimentagdo. Esses trés
estagios sdo denominados de pré-rift, sin-rift e pos-rift. (Caixeta et al., 1994). A Figura
3 mostra as formagdes que fazem parte das seqiiéncias pré-rift e rift da Bacia do

Recodncavo.



Figura 2 - Mapa estrutural da Bacia do Reconcavo evidenciando os sistemas de falhas,
os Altos e os Baixos.
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Figura 3 - Secdo geologica esquematica NW-SE ilustrando as seqiiéncias pré-rift e rift
da Bacia do Reconcavo.
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A seqiiéncia pré-rift, formada do Jurassico Superior ao Cretaceo Inferior,
¢ caracterizada por uma relativa estabilidade crustal, com subsidéncia lenta. Neste
estdgio, o ambiente sedimentar era exclusivamente continental. Engloba o Grupo
Brotas, constituido pelos red beds da Formagao Alianga e pelos arenitos fliivio-edlicos
da Formagdo Sergi, além dos litotipos basais do Grupo Santo Amaro (sedimentos
flavio-lacustres da Formagdo Itaparica e arenitos flavio-edlicos da Formagio Agua
Grande.

A seqiiéncia sin-rift ¢ o estagio de completa diferenciacdo tectdonica do
rift continental baiano, traduzida pelo desencadeamento de veloz subsidéncia. Nesta
etapa ocorre a ruptura da crosta por esforcos distensivos e ao final da mesma ¢
depositada a Formacao Sao Sebastido (Cretaceo)

A seqliéncia pos-rift, corresponde a estabilizacdo cratdnica, com
subsidéncia térmica pos-rift gerada pela separacdo dos continentes e afastamento da
Bacia das fontes de calor. E demarcada pela deposi¢io dos leques aluviais da Formagao

Marizal (Aptiano).



A Formacao Sergi, juntamente com a Formagdo Alianca, compde o
Grupo Brotas e compreende arenitos finos a conglomeraticos, acumulados durante o
Jurassico Superior (FIG. 4). O contato inferior da Formagao Sergi ¢ concordante com os
depositos areno-peliticos do Membro Boipeba da Formagao Alianca. O contato superior
¢ discordante com os depositos peliticos da Formacao Itaparica. Essa imensa bacia,
denominada de Depressdo Afro-Brasileira, era uma calha alongada na dire¢do norte-sul,
com subsidéncia bastante lenta, desenvolvida no inicio da fase extensional (fase pré-rift)
que determinou a completa ruptura do continente gondwanico no cretdceo, formando o
Atlantico Sul (De Cesero & Ponte, 1997).

A Formacdo Sergi encontra-se representada em toda a Bacia do
Reconcavo, mas aflora somente na sua borda norte e oeste, atinge espessura maxima de
450 m e tem os estratos inclinados regionalmente para leste (Milani, 1987, Penteado,
1999; Santos et al., 1990). A Formagdo Sergi constitui o principal reservatorio da bacia
e compreende uma seqii€ncia siliciclastica continental depositada no estagio pré-rift. Os
arenitos Sergi ocorrem em toda extensdo da Bacia do Recdncavo, estando presente

também nas Bacias de Jatoba, Tucano, Camamu e Almada.

4. Sedimentacao

A Formagdo Sergi ¢ composta essencialmente por arenitos (mais de
90%), cuja granulometria varia de muito grossos (conglomeraticos) a muito finos, e por
eventuais niveis de conglomerados granulosos, excepcionalmente seixosos, € raras

camadas delgadas de lamitos arenosos.



Figura 4 - Carta estratigrafica da Bacia do Reconcavo.

posaeis Litoestratigrafia 8 E 33 E 2
= 9SSl 23
o |23 Litologia ﬁ 3 g
K S Souplon.._ ==
— ey o T
e, KED [Lescms Ak
Frmn. Marizal
8 =
AE g
8 “3 K30 g
S o $ 3
7] e}
3 D = §
(o
=
>

Neocomiano

1700] 1170
“s

& wo| |

JK

Pré-Rifte
=
g
§

Jurassico
Malm

r_w&}#:'f_.;v." T — o —

e T YO K e
e A T, i P

41, Pevon |Corbonilomn] Pem

Ii-t‘.&C:mD'-m: h - Craton do 580 Froncisco

Moamoodo og  Bolanim oo Geociincios g Pefrobras nou . vol 8, 1004
Fonte: Modificado de: http://www.cprm.gov.br/gis/carta_reconcavo.htm.




10

As estruturas, texturas e seqiliéncias deposicionais presentes sugerem que
a sedimentacdo da Formagdo Sergi ocorreu em um sistema aluvial de canais
anastomosados com recorrente retrabalhamento edlico, sob condigdes climaticas
aridas/semi-aridas. As unidades deposicionais individuais sao de natureza lenticular e a
sedimentacdo do sistema ¢ episddica, ocorrendo em regime de enxurradas episddicas.

A Formagdo Sergi ¢ dividida em trés seqiiéncias deposicionais de 3*
ordem, limitadas por discordancias regionais (Scherer, 2004). A Seqiiéncia 1 ¢ basal,
possui entre 40 m ¢ 60 m de espessura e ¢ caracterizada por uma associagdo de facies
flavio-deltaica na base a flivio-eolica para o topo.

A Seqiliéncia 2 possui cerca de 200 m a 350 m de espessura, e ¢
representada por uma associacao tipicamente fluvial de facies arenosas, composta por
arenitos grossos a conglomeraticos, com cruzadas acanaladas e planares, formando
ciclos com granodecrescéncia ascendente com 1 m a 5 m de espessura, interpretados
como depositos de canais fluviais entrelagados. A granulometria grossa dos arenitos da
Seqiiéncia 2 sugere, quando comparada a da Seqiiéncia 1, um aumento na capacidade e
competéncia do sistema fluvial, indicando um incremento na descarga, em decorréncia
de condicdes climaticas mais imidas, e/ou um acréscimo da declividade do perfil de
equilibrio fluvial, reflexo do soerguimento das areas-fonte. No topo da Seqii€ncia 2
ocasionalmente ocorrem niveis de paleoalteracdo, e o limite superior dessa seqiiéncia €
marcado pelo recobrimento desses depdsitos fluviais pelos depdsitos edlicos da
Seqiiéncia 3.

A Seqiiéncia 3 tem cerca de 3 m a 6 m de espessura e ¢ representada
pelos arenitos edlicos no topo da Formagdo Sergi, caracterizados por arenitos finos a
médios, com lamina¢des em baixo angulo, interpretados como depdsitos edlicos de

areia. Ocasionalmente, lengois de areia sdo truncados por depdsitos de correntes fluviais
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efémeras. Essa seqiiéncia marca um retorno de condigdes deposicionais similares a
Seqiiéncia 1, porém com um dominio dos processos edlicos, sendo raros os sedimentos

fluviais e inexistentes os depositos lacustres.

5. Metodologia

a) Petrografia Otica

A avaliacdo e a descricdo de secOes delgadas através de microscopia
convencional (microscopio Otico) foram executadas sobre laminas petrograficas
preparadas de amostras impregnadas por resina epoxy azul. A petrografia quantitativa
foi executada por M. Rosilene F. Menezes, dentro de sua pesquisa de doutorado, € como
parte  do  Projeto = CTPETRO/FINEP/PETROBRAS/UFRGS/UNISINOS. A
quantificagdo modal dos constituintes detriticos, autigénicos e tipo de poros, foi
realizada em 337 laminas, com a contagem de 300 pontos por ldmina. Foi usada solugao
de alizarina + ferrocianeto de potassio para diferenciar cimentos carbonaticos (Dickson,
1965). A granulometria e selecdo dos grios foram estimadas por comparagao visual,
com os indices de selecdo de Beard e Weyl (1973). A microporosidade, registrada em
algumas laminas delgadas, representa a diferenga entre os percentuais de
macroporosidade obtidos na analise modal petrografica e os percentuais de porosidade
petrofisica. Os dados obtidos durante a analise modal foram registrados diretamente em

planilha do Soft Excel. Na analise Otica qualitativa foram reconhecidos habitos e
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padrdes de distribuicdo dos argilominerais, assim como o0s processos diagenéticos

associados como a transformagao ¢ a neoformacao das argilas.

b) Difracédo de Raios-X

A separagao de fragdes de argilominerais (<20pm, <10um e <2pm) foi
feita em amostras de testemunho de sondagem (fragmentos irregulares) de 8 pogos em 4
campos de 6leo da Bacia do Reconcavo (Agua Grande, Aragas, Buracica ¢ Fazenda
Balsamo, sendo dois pogos para cada campo), totalizando um total de 60 amostras. A
analise por Difragdo de Raios-x foi realizada em difratometro D5000 Siemens
Kristalloflex, do Laboratéorio de Difracdo de Raios-x do Instituto de Geociéncias
(UFRGS), e a preparagdo das amostras para a confeccdo das ldminas para analise em
DRX foi feita conforme segue:

1) Desagregagao das amostras por prensagem e em gral de porcelana, até
o tamanho de areia média, ¢ pesagem das mesmas (30g de amostra seca);

2) Suspensdo da amostra desagregada em 300 ml de agua destilada e
agitamento da suspensdo em aparelho rotor durante 4 horas;

3) Utilizagdo de ultra-som de ponteira por 3 minutos;

4) A suspensao foi deixada em repouso em aparelho de banho-maria com
temperatura constante;

5) Retirada da fragdo fina depois de transcorrido o tempo de repouso para
cada fragao;

6) Preparacao de laminas com o material recolhido;
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7) Realizagdo do ensaio de difracdo de raios X, varrendo-se de 2 a 32°
(escala 20), e interpretacdo dos difratogramas.

Este procedimento foi realizado para a separagdo das fragdes <20um e
<10um. Para a fragdo <2um ou menores, foi empregada a separagdo por sedimentagao
forgada através de uma ultracentrifuga (4000 rotacdes por minuto). O processo de
separagdo forcada com o uso da centrifuga diminui significativamente o tempo de
processamento, principalmente quando existe a necessidade de estudo de fragdes mais
finas que 2 um. Neste trabalho, utilizou-se uma ultracentrifuga modelo Sigma 3K30, do
laboratério de Difragdo de Raios-X do Instituto de Geociéncias da UFRGS. Apos a
separagdo das fracdes através da ultracentrifuga, foram feitas as 1aminas com o material
recolhido, e as mesmas foram analisadas por DRX varrendo-se de 2 a 32° (escala 20).

Considerando somente os minerais simples, o pico de maior intensidade
de cada fase (referentes a dire¢do (001)), bem como os picos secundarios, encontram-se

na Tabela 1.

Tabela 1 - Valores caracteristicos de algumas reflexdes 001 dos principais membros dos
argilominerais simples (d= espacamento interplanar em A; I= intensidade relativa).

Argilominerais 001 002 003 004

d I d I d I d I
Caolinita 7,1 100 3,57 100 2,38 60 1,79 40
Ilitas 10,1 100 5,04 40 3,36 100 - -
Esmectitas 15 100 - - 5 30 - -
Vermiculitas 14,3 100 7,18 10 4,78 15 3,58 30
Cloritas 14,1 80 7,05 100 4,72 60 3,54 10

Fonte: Formoso, 1980.

Como se percebe na Tabela 1, muitas vezes ndo € possivel determinar

com seguranca o argilomineral presente utilizando-se apenas a reflexdo principal.



14

Nestes casos, sao utilizados procedimentos de glicolagem e calcinagdo. Na glicolagem,
as laminas foram saturadas com etilenoglicol ¢ em seguida procedeu-se o ensaio de
difracdo de raios X, varrendo-se de 2 a 32° (escala 20). Apds a andlise por difragdo de
raios-X, verificou-se o deslocamento dos picos em relacdo ao ensaio anterior (natural).
A Tabela 2 mostra os valores dos picos de alguns argilominerais quando analisados sob

a forma natural, glicolada e calcinada.

Tabela 2 - Valores das principais distancias interplanares dos argilominerais em fung¢ao
dos tratamentos auxiliares (N=natural G= glicolada C= calcinada).

Distancia interplanar (A)
Argilominerais 7 8| 9 10 11 | 12 | 13 14 15 | 16 | 17
Caolinita N/G
Ilitas N/G/C
Cloritas N/G/C
Vermiculitas C N/G
Esmectitas C N | N N N G
Sepiolita N/G/C

Fonte: Modificado de Formoso, 1980.

O procedimento de glicolagem baseia-se na capacidade de alguns
argilominerais admitirem em sua estrutura ligacdes com alcoois, € estes por sua vez,
com a agua. Desta forma, aumenta-se a distancia interplanar referentes a dire¢ao (001).
Como exemplo pratico, tem-se o pico principal da esmectita, que passa de 12 ou 14 A
para aproximadamente 17 A, sendo possivel distingui-la da vermiculita, que mantém o
pico em 14 A.

Na calcinacdo (aquecimento da amostra), as 1aminas foram colocadas em
mufla e submetidas a um aquecimento de 550°C por 2 horas. Em seguida, procedeu-se o
ensaio de difragdo de raios X, varrendo-se de 2 a 32° (escala 20), e verificou-se o

deslocamento dos picos em relagdo aos ensaios sob a forma natural e glicolada.
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Neste caso, buscou-se eliminar as moléculas de agua adsorvidas nos
argilominerais, resultando na reducdo da distancia interplanar referentes a direcao (00l).
Como exemplo pratico, novamente tem-se o pico principal da esmectita, que se desloca
para 10 A. O mesmo ocorre com o pico da vermiculita.

Além da andlise por Difracdo de Raios-X de laminas orientadas, seis
amostras também foram analisadas sob a forma desorientada (amostras BA198-1,
BA198-4, BA198-6, BA198-9, AG212-2 e AG212-5). Esta analise objetivou um maior
detalhamento dessas amostras, que foram selecionadas para um estudo aprofundado
sobre a génese das caolinitas e dickitas da Formagao Sergi.

A andlise das amostras sob a forma desorientada (p9d) foi feita passando-
se o material previamente desagregado em gral de porcelana por uma peneira de 200
mesh. O material depositado na lamina de vidro foi em seguida analisado varrendo-se

de 19° a 28° (escala 20), com contagem de 12 segundos por ponto na lamina.

c) Espectroscopia de Infravermelho

O espectro infravermelho de minerais do grupo das caolinitas
compreende as bandas de absorbancia dos modos de elongagdo (de valéncia) ou de
deformacao das vibragdes Si-O, Al-O, O-H, etc. (Farmer & Russel, 1964). O dominio
de vibragio de valéncia das hidroxilas (OH estrutural ligados a ions Al’") é observado
entre 3800 e 3500 cm™ ¢ ¢ sensivel a desordem estrutural das caolinitas (Brindley et al.,
1986; Prost et al., 1989). A temperatura ambiente, observam-se quatro bandas de
absor¢do em torno de 3690, 3668, 3652 e 3620 cm’! para a caolinita, e trés bandas de

absor¢do em torno de 3710, 3655 ¢ 3620 cm™ para a dickita.
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A banda de absor¢io a 3620 cm” ¢ atribuida a agrupamentos OH
internos da folha (Ledoux & White, 1964; Rouxhet et al., 1977) e as outras aos OH de
superficie.

As pastilhas de 1 cm de didmetro foram comprimidas a 15Kg/cm® por 4
minutos, 20Kg/cm? por 3 minutos e 30Kg/cm” por 3 minutos, a partir de uma mistura de
1,5 mg de amostra com 150 mg de Brometo de Potassio (KBr). Apds uma passagem de
aproximadamente 12 horas na estufa a 100°C, as pastilhas foram analisadas em
transmissio com o dominio do infravermelho médio (entre 4000 e 400 cm™) a
temperatura ambiente, utilizando-se um espectrometro do tipo Shimadzu FTIR- 8300

(Instituto de Quimica — UFRGS).

d) Microscopia Eletronica de Varredura

A andlise por MEV visou a observacdo detalhada da morfologia dos
cristais e suas relagdes paragenéticas (Anexo B). Para a analise, foram selecionados
fragmentos de rocha fresca, os quais foram recobertos com carbono e ouro, tendo sido
analisados em microscopios de elétrons secundarios marca JEOL JSM - 6060
(voltagem 20 kV) e SHIMADZU SSX-550 (voltagem 20 kV), no Centro de

Microscopia Eletronica da UFRGS.
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6. Métodos e Resultados

a) Espectroscopia de Infravermelho

O método da Espectroscopia de Infravermelho foi decisivo para a
identificacdo da dickita na Formagao Sergi, visto que apenas por DRX a disting@o entre
a caolinita e dickita ¢ bastante dificil. Utilizando a Espectroscopia de Infravermelho, a
distin¢do da caolinita e da dickita pode ser feita analisando-se a posi¢do e a intensidade
relativa das bandas OH na regiio 3800 a 3600 cm™ (Russell, 1987).

Para a caolinita bem cristalizada, quatro bandas sdo bem desenvolvidas
no espectro do Infravermelho, com uma forte absor¢io ocorrendo na banda de 3695 cm”
e com uma banda de média a forte absor¢io em 3620 cm™. Entre as bandas 3669 ¢
3652 cm’ a absorcdo ¢ mais fraca. Para a dickita, o espectro do Infravermelho é
caracterizado por trés bandas, sendo que a de mais forte absor¢io ocorre em 3620 cm’”
e as de média absorcdo ocorrem em torno de 3710 e 3655 cm™.

No campo de Agua Grande, o espectro de Infravermelho obtido das
amostras ¢ tipicamente de dickita, com as trés bandas diagndsticas presentes, € sem a
banda indicativa de politipos da caolinita de 3669 cm™ (vide Fig. 8 do artigo cientifico)
A banda de 3700 cm™ amplia-se progressivamente, enfraquecendo e mudando para
3705 cm’' (amostra AG212-2). Alguns autores relacionam este comportamento do
Infravermelho com o aumento da cristalinidade da dickita e da profundidade de
soterramento da rocha (Lanson et al., 2002).

No campo de Buracica, o espectro de Infravermelho é mais heterogéneo

em relacdo aos politipos de caolinita e dickita, e a ocorréncia da caolinita ¢ confirmada
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em todos os espectros pela banda de 3669 cm™ (vide Fig. 8 do artigo cientifico). A
configuragio do espectro e o crescimento da intensidade da banda de 3669 cm™ indicam
um aumento relativo na propor¢do de caolinita nas amostras BA198-9 ¢ BA198-6 em
relacdo as amostras BA198-4 e BA198-1, podendo-se deduzir que uma mistura dos dois

politipos (caolinita e dickita) estd presente no campo de Buracica.

b) Difracédo de Raios-X

A identificacdo preliminar de caolinita e de outros argilominerais
associados foi feita por DRX usando 36 amostras de testemunhos de sondagens dos
campos de 6leo de Agua Grande e Buracica, e 24 amostras dos campos de Aragas e
Fazenda Balsamo, totalizando 60 amostras analisadas por DRX. Os modelos de difra¢ao
foram inicialmente obtidos usando amostras orientadas de diferentes fragdes (<20, <10
e <2um), onde cada amostra foi submetida as andlises natural, glicolada e calcinada. A
interpretacdo dos difratogramas permitiu selecionar o intervalo de tamanho adequado e
as amostras enriquecidas com minerais do grupo do caulim.

O reconhecimento de dickita por DRX em amostras orientadas depende
do reconhecimento de uma série de reflexdes basais, sendo que a identificacdo ¢
bastante facilitada em amostras nas quais os minerais de caulim ocorrem como fases
puras. O caulim dos campos de 6leo de Agua Grande e Buracica ocorre em misturas
com outras argilas e materiais ndo-argilosos, e ¢ necessaria uma cuidadosa avaliacdo do
difratograma para distinguir a caolinita da dickita. O intervalo de tamanho de 10 a 2 pm
foi escolhido para analise por causa do tamanho relativamente grande dos cristais de
caulim, observado previamente em padrdes de DRX, em laminas petrograficas e por

MEV. A superposic¢do de reflexdes entre linhas de caulim potencialmente diagnosticas e
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outros minerais nas amostras reduziu a possibilidade de distinguir politipos de caulim
inequivocadamente por DRX. Algumas reflexdes foram usadas, e a caracteriza¢do dos
minerais do grupo do caulim foi feita no intervalo de 19 a 28° 26 usando dados de
Bailey (1980) e Lanson et al., (2000).

Os padrdes de raios-X dos caulins de Agua Grande indicam que a dickita
é o politipo dominante. As reflexdes em 4.439 A, 4.119 A e 3.428 A sdo diagnésticas da
dickita. Os caulins do campo de Buracica indicam a presenga dos politipos da caolinita
e da dickita. A identificacio das reflexdes em 4.18 A e 4.13 A associada com a
resolucdo fraca em 3.428 A ¢é indicativa do aumento da caolinita nas amostras BA198-1
e BA198-4. Os resultados demonstraram que a nuclea¢do da dickita foi completa no

campo de 6leo de Agua Grande e menos desenvolvida no campo de 6leo de Buracica.

¢) Petrografia Otica

O constituinte diagenético mais importante dos arenitos da Formagao
Sergi ¢ argila infiltrada, as quais ocupam grande parte do volume intergranular
(méd.8.3%; max. 36.3%) nos arenitos fluviais. Ocorrem em duas texturas principais:
como cuticulas irregulares em torno dos grios e como agregados desordenados
preenchendo poros (méd.8.3%; max. 36.3%). Raramente, exibem feigdes de meniscos,
pontes e texturas geopetais pendulares. Cuticulas descoladas e argilas pore-fill
contraidas ocorrem associadas a porosidades de encolhimento dessas argilas. As argilas
infiltradas sdo constituidas originalmente por esmectita, que foram varidvel e
heterogeneamente  transformadas em interestratificados  ilita-esmectita  ou

clorita/esmectita.



20

A caolinita estd presente em amostras das profundidades mais rasas do
Arenito Sergi, normalmente inferiores a 1000 m, nos campos de Buracica ¢ Agua
Grande. Sua ocorréncia esta intimamente relacionada ao processo de dissolu¢ao de
feldspatos e mais raramente ao processo de caolinizacdo de intraclastos e micas. Ocorre
nos arenitos de granulometria média, que contém mais de 10% de feldspatos. A
caolinita forma agregados booklet ¢ vermiculares, comumente substituindo parcial ou
totalmente os graos de feldspatos, ou a porosidade secundaria deixada pela sua
dissolug¢do. Mais raramente, preenchem poros intergranulares.

A seqiiéncia de processos diagenéticos atuantes nos arenitos Sergi,
construida com base nas relagdes paragenéticas observadas na petrografia dtica ¢ na
microscopia eletronica de elétrons secundarios e retroespalhados, envolve as seguintes
fases:

1) Dissolucdo de minerais detriticos pesados instaveis, e precipitacdo de
oxidos de Fe e Ti;

2) Infiltragdo mecanica de argilas detriticas, originalmente esmectiticas,
carregadas por enxurradas episodicas e infiltradas através da zona vadosa dos depositos
arenosos ¢ acumuladas como preenchimento de poros e principalmente como cuticulas
irregulares sobre os graos.

3) Precipitagdo de nddulos e crostas de calcita (caliches) e/ou silica
(silcretes) nos topos dos ciclos fluviais e de alguns intervalos de retrabalhamento edlico.
Estes depoésitos raramente encontram-se preservados in Situ, mas ocorrem como
intraclastos nos lags basais de ciclos da seqiiéncia I, tendo sido erodidos dos topos dos
ciclos subjacentes. Esses lags estdo comumente cimentados por abundante calcita pré-
compactacdo, o que os transforma em barreiras locais ao fluxo de fluidos. Precipitagdo

localizada de dolomita substituindo intraclastos lamosos.
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4) Compactagdo mecanica por rearranjo e fraturamento localizado dos
graos de quartzo e feldspatos, e deformacdo das micas e dos intraclastos lamosos
retrabalhados dos depositos de inundagdo, convertidos em pseudomatriz argilosa.

5) Compactagdo quimica, por dissolu¢do por pressdo ao longo dos
contatos intergranulares, com o desenvolvimento de contatos cdncavo-convexos e
suturados, particularmente nos reservatdrios mais profundos. A compactacdo quimica é
facilitada pela presenga de finas cuticulas de argilas infiltradas.

6) Transformagdo dos argilominerais infiltrados esmectiticos em
interestratificados (camadas-mistas) irregulares ilita-esmectita ou clorita-esmectita,
acompanhada de desidratacdo, contracdo, descolamento dos grdos e fragmentacdo dos
agregados infiltrados. A cloritizagdo é importante, sobretudo nos arenitos da seqiiéncia
I, afetados por infiltragdo menos abundante de argilas, enquanto a ilitizagdo predomina
na seqiiéncia II.

7) Cimentagdo por crescimentos secundarios (overgrowths) de quartzo, e
subordinadamente de feldspatos, afetando irregularmente os arenitos, em especial os da
seqiiéncia I, com escassas ¢ finas cuticulas de argilas infiltradas, e os reservatorios mais
profundos.

8) Cimentagdo por calcita poiquilotopica que substitui parcialmente os
constituintes diagenéticos anteriores e os graos (dominantemente os feldspatos),
obliterando localmente a porosidade e constituindo barreiras locais ao fluxo,
dominantemente nos arenitos da seqiiéncia I, menos afetados pela infiltragdo de argilas.

9) Dissolugdo parcial da calcita e de grios de feldspatos,
presumivelmente por fluidos carregados com acidos orgéanicos gerados pela maturagao
térmica da matéria organica nos folhelhos geradores de hidrocarbonetos da sucessao rift

(cf. Bruhn e De Ros, 1987; Surdam et al., 1989).
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10) Precipitagdo de agregados vermiculares e “em livros” (booklets) de
lamelas de caolinita, como produto da dissolucdo de feldspatos, distribuidos
descontinuamente em manchas, dominantemente nos arenitos com maior porosidade e
permeabilidade remanescentes, em conseqiiéncia de um pequeno volume de argilas
infiltradas ou de cimentagdo por calcita.

11) Neomorfismo dos agregados de caolinita por dickita, mantendo
pseudomorficamente a forma dos agregados.

12)  Transforma¢do dos interestratificados  irregulares em
interestratificados  regulares ilita-esmectita ou clorita-esmectita, os ultimos
predominando na seqiiéncia I e, pervasivamente, no Campo de Fazenda Balsamo,
acompanhados de neoformacdo de franjas de clorita. Neoformagdo localizada de ilita
fibrosa sobre os agregados transformados de ilita-esmectita.

13) Nova precipitagdo de anatasio e titanita, em parte como
recristalizacdo dos residuos de dissolucao de minerais detriticos pesados.

14) Precipitagdo localizada de crescimentos e de cristais prismaticos de
quartzo (outgrowths) nos arenitos mais profundos e com menos argilas sobre os graos.

15) Albitizagdo dos graos de feldspatos, concentrada nos reservatorios
mais profundos com porosidade remanescente e nos graos de feldspatos parcialmente
dissolvidos.

16) Pirita grossa corroendo localmente graos e cimentos precedentes.

7. Discussao
Estudos realizados em arenitos (Lanson et al., 1996; Beaufort et al., 1998) e em

lutitos (Ruiz Cruz & Reyes, 1998) documentam as mudangas texturais e estruturais dos
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minerais do grupo do caulim com a temperatura. Além desses estudos, observagdes
detalhadas em bacias sedimentares mostram que a transformacdo da caolinita para
dickita é continua e relacionada com o aumento de profundidade e temperatura (Lanson,
2002). A caolinita ¢ o politipo de caulim em equilibrio com as baixas temperaturas
encontradas na eodiagénese, e a dickita é o politipo relacionado aos ambientes de
mesodiagénese ou hidrotermais. O dominio da caolinita estd restrito aos arenitos
soterrados a profundidades menores que 2000 m, sendo gradualmente substituida por
dickita em profundidades maiores que 2500 m. Além da temperatura, altas razdes
agua/rocha (Whitney, 1990) e eclevada permeabilidade e porosidade favorecem a
dickitizagdo da caolinita (Ferrero & Kiibler, 1964; Cassan & Lucas, 1966; Kisch, 1983;
Zimmerle & Rdsch, 1991). Por outro lado, altas saturagdes por hidrocarbonetos inibem
a reagdo caolinita-dickita, como observado em amostras do mesmo intervalo de
profundidade dentro da zona da agua, onde a dickitizacdo se desenvolveu sem restri¢des
(Lanson et al., 2002). A ocorréncia de dickita em arenitos ¢ um indicador importante de
condi¢des de soterramento profundo.

Nos arenitos Sergi a ocorréncia de dickita esta concentrada em arenitos com
grande porosidade e permeabilidade intergranular da seqiiéncia estratigrafica II. Isto
estd em concordancia com o modelo de distribuigdo preferencial da dickita em arenitos
porosos ¢ permeaveis constatado em outras bacias (Lanson et al., 2002), a qual esta
relacionada a intensidade do fluxo de fluidos durante o soterramento (Whitney, 1990).
Sob essas condicdes, fluidos ricos em acidos organicos ou inorganicos (e. g. Surdam et
al., 1989) podem reagir com feldspatos, micas e outros filossilicatos, como caolinita
diagenética, para formar dickita. Em arenitos com permeabilidade reduzida, estes
fluidos tornam-se saturados em fons como K", Mg"" e Fe'™", e tendem a precipitar clorita

ou ilita. A dickita estd ausente nos arenitos Sergi da Seqiiéncia II com abundante argila
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mecanicamente infiltrada preenchendo os poros. A dickita também esta ausente nos
arenitos finos do intervalo estratigrafico basal, onde predominam cloritas (Moraes & De
Ros, 1992; De Ros e Scherer, in press), o que esta provavelmente relacionado com a
disponibilidade de ferro oriundo da dissolugdo de 6xidos, que favoreceu a autigénese da
clorita durante o soterramento nesse intervalo.

A ocorréncia comum de habito vermicular em agregados de dickita nos arenitos
Sergi ¢ claramente um produto da transformagdo pseudomorfica da caolinita durante o
soterramento, provavelmente sob influéncia de condigdes acidas, como as promovidas
pela presenca de acidos orgénicos gerados pela evolucdo térmica do querogénio das
rochas-fonte da sucessao rift (cf. Surdam et al., 1989). O fluxo de fluidos acidos através
dos arenitos com menos argilas infiltradas e maior porosidade e permeabilidade pode ter
favorecido a dissolucdo de feldspatos e a precipitagdo de caolinita durante a
mesodiagénese rasa (2-3 Km, 70-100°C, cf. Morad et al., 2000). A continuagio dessas
condigdes durante a mesodiagénese profunda (>3 Km; >100°C, cf. Morad et al., 2000)
promoveu a transformagao de caolinita em dickita nesses arenitos.

A ocorréncia de dickita nos campos de 6leo rasos de Buracica e Agua Grande
indica que os arenitos foram submetidos a temperaturas iguais ou maiores que 100°C, e
que essas areas tiveram uma historia de soterramento mais complexa que as sugeridas
pelas informagdes estruturais e estratigraficas convencionais. Ou seja, a presenga da
dickita indica que as temperaturas atuais dos reservatorios Sergi nessas areas sao muito
menores que as temperaturas maximas a que os arenitos foram submetidos durante a
evolucdo do soterramento, principalmente para o campo de Buracica. As possiveis
causas para essas altas temperaturas poderiam ser: 1) a incidéncia de um fluxo térmico
muito intenso na area, provavelmente devido ao afinamento crustal durante o pico do

rifteamento, no Neocomiano; 2) fluxo de fluidos quentes (hidrotermais), provavelmente
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através de falhas normais que limitam esses campos; ou 3) um significativo
soerguimento e erosdo da secdo sedimentar afetando a area e outras partes da bacia.

A evidéncia petroldgica mais Obvia de um soterramento profundo dos
reservatorios estudados ¢ a sua intensidade de compactagdo. No campo de Buracica, sao
encontradas amostras com volume IGV menor que 14.3% ¢ com contatos
intergranulares concavo-convexos. A maior evidéncia vem , contudo, do campo de
Agua Grande (IGV médio = 27.1%), onde ocorrem arenitos com contatos
intergranulares suturados ¢ muito apertados, e¢ alguns estilolitos. Esta intensidade de
compactagdo quimica e dissolugdo por pressdo ¢ incompativel com a presente
profundidade do campo de Agua Grande (1300 a 1530 m), mas pode ser explicada se
esses arenitos foram soterrados pelo menos 1 Km a mais que a atual profundidade,
seguido de soerguimento com correspondente erosao da secdo sedimentar. Um outro
elemento que evidencia o maior grau de soterramento ¢ a intensidade de cimentacdo. No
reservatorio de Agua Grande constata-se uma abundante cimentagdo por crescimentos
de quartzo pds-compactacional. Apesar da cimentagdo volumosa por quartzo pos-
compactacional poder estar relacionada a extensiva circulacdo de fluidos quentes, em
alguns casos associada com magmatismo (e. g. Glasmann et al., 1989; Girard et al.,
1989; Gluyas et al., 1993; Summer & Verosub, 1992; De Ros et al., 2000), este ¢ um
fenomeno mais comumente relacionado com uma profundidade de soterramento maior
que 2 a 2.5 Km, e temperaturas maiores que 100 °C (e. g. Land et al., 1987; McBride,
1989; Bjerlykke & Egeberg, 1993; Walderhaug, 1994a, b), compativeis com o intervalo

de ocorréncia de dickita observado em outras bacias.
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8. Conclusoes

A utilizagdo conjunta das técnicas de DRX, MEV, IRS e petrografia otica
possibilitou a identificagdo do argilomineral dickita nos arenitos Sergi, podendo-se
concluir que:

- A ocorréncia de dickita a pequenas profundidades nos campos de 6leo
de Agua Grande e Buracica indica que a atual temperatura do reservatorio Sergi nestas
areas ¢ muito menor que as temperaturas maximas a que os arenitos foram submetidos
durante o soterramento;

- A ocorréncia da dickita nos arenitos Sergi estd concentrada em arenitos
com grande permeabilidade e porosidade intergranular (circulagdo de fluidos durante o
soterramento);

- A transformagdo de caolinita em dickita foi incompleta no campo de
6leo de Buracica e completa no campo de 6leo de Agua Grande;

- O habito vermicular dos agregados de dickita é um produto da
transformagao pseudomorfica da caolinita durante o soterramento (provavelmente sob
influéncia de 4cidos organicos);

- O afinamento crustal na regido central da Bacia do Reconcavo sugere
um gradiente térmico de 35°C/Km para a area durante 0 maximo estiramento crustal.
Isto corresponde a temperaturas maximas de 45°C a 56°C para Buracica ¢ 66°C a 80°C
para Agua Grande (considerando suas profundidades atuais), que sdo muito menores
que os 100°C necessarios para a autigénese da dickita.

- Feigdes petrograficas como dissolug¢do por pressao, contatos suturados,
cimentagdo abundante por crescimentos de quartzo pds-compactacional e valores de

isotopos estaveis de oxigénio em cimentos de calcita pds-compactacional também
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evidenciam que os arenitos foram submetidos a temperaturas substancialmente maiores
aquelas correspondentes a sua atual profundidade;

- A ocorréncia de dickita e outras feigdes petrologicas de condi¢des de
soterramento profundo indicam que um soerguimento e erosdo de pelo menos 1 km

(provavelmente maior que 1500 m) afetou a parte central da Bacia do Recdncavo.
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ABSTRACT

Fluvial and aeolian sandstones of the Sergi Formation are the
most important reservoirs of Recdncavo Basin, Brazil. Optical and
electronic microscopy, XRD and IRS revealed the occurrence of
dickite, a clay mineral indicative of deep burial conditions (T>100°C),
in the shallow Buracica (630 to 870 m) and Agua Grande (1300 to
1530 m) oilfields. Vermicular dickite replaces feldspar grains, and fills
intragranular and intergranular pores. Its vermicular habit is a product
of pseudomorphic kaolinite transformation during burial. The
presence of dickite agrees with the intensity of compaction, post-
compactional quartz cementation, and §'®0 values of calcite cements
(T up to 116°C). These petrologic features of deep burial, as well as
AFTA, indicate that an uplift and erosion of at least 1Tkm and probably
more than 1500 m has affected the central part of Recéncavo Basin,
and very likely the whole region, what was not previously detected by

conventional structural and stratigraphic models.

Keywords: diagenesis, sandstones, reservoirs, dickite, uplift,

Recbéncavo Basin, Brazil



INTRODUCTION

The fluvial and aeolian sandstones of the Sergi Formation (Jurassic-
Cretaceous) are the most important reservoirs of the Recéncavo
Basin, a continental rift in northeastern Brazil that is the oldest
petroleum province under production in the country. The Sergi
reservoirs are affected by a complex and variable series of
diagenetic processes, which strongly affected their quality and
heterogeneity. Consequently, understanding the conditions of
diagenetic evolution of the Sergi sandstones is very important for the
planning of optimized hydrocarbon production from mature oilfields,
and of exploration for new Sergi reservoirs in the Recéncavo and
adjacent Camamu-Almada basins, to the South.

The recent characterization of kaolin clay minerals in some shallow
Sergi reservoirs has brought new implications to the evolution of
Recboncavo Basin. The occurrence of dickite in the shallow Buracica
(630 to 870 m) and Agua Grande (1300 to 1530 m) oilfields indicates
a burial evolution more complex than that suggested by the
stratigraphic and structural evidence. Apparently, the presence of
dickite is probably much more widespread in clastic reservoirs than
conventionally assumed, and many clay minerals identified as
kaolinite in several reservoirs are probably dickite. Since that the
occurrence of dickite implies on specific thermal and geochemical

conditions in terms of relations with organic mater evolution and fluid



flow patterns during burial, its identification is of great importance for
the understanding of basin evolution. This indicates the need of
analytical methods adequate for the characterization of kaolin clay
minerals in hydrocarbon reservoirs.

Therefore, the objectives of this study are to describe the occurrence
of dickite clay minerals in shallow oilfields of the Recbncavo Basin,
and to discuss its implications for the evolution of the Sergi reservoirs

and for the tectonic evolution of the Basin.

GEOLOGICAL SETTING

Recbncavo Basin is located in northeastern Brazil, covering an
area of 11.500 km? (Fig. 1). The basin constitutes, together with
Tucano and Jatoba, an internal rift system which has evolved from a
cratonic sag during early Cretaceous, owing to the processes of
crustal stretching that finally caused the fragmentation of Gondwana
Supercontinent (Szatmari et al., 1985; Milani & Davidson, 1988;
Figueiredo et al., 1994).

Recbncavo Basin was developed on a complex mosaic of Pre-
Cambrian terrains. The geometry of the rift basin, of its major faults,
internal highs and depocenters was strongly influenced by the
basement structures. As a result of the genetic and deformational
tectonics, and of the heterogeneities of the substrate, the basin was
developed with a shape of an asymmetric grabben, deeper along its

eastern margin and elongated towards N30E.



Recdncavo Basin is divided into three compartments, South,
Center and Northeast. Its structural framework has the configuration
of half-grabbens with regional dip towards SE, cut by NE normal
faults and by NW transfer zones, generated by the NW-SE and E-W
extensional stresses that were active during the process of formation
of the South Atlantic Ocean.

The Sergi Formation, which constitutes the main oil reservoir of
the basin, is a siliciclastic continental succession deposited still
during the pre-rift, internal sag stage. Sergi sandstones are the main
oil reservoirs of Recéncavo basin, with an original in place oil volume
of 362 millions of cubic meters. The formation occurs throughout the
whole Recdncavo Basin, as well as throughout the Jatoba and
Tucano rift basins, and the Camamu and Almada marginal basins,
located to the South of Recdncavo Rift. The maximum thickness of
this unit is of 400 to 450 m, regionally dipping towards East (Milani,
1987; Penteado, 1999; Figueiredo et al., 1994; Caixeta et al., 1994).
Sergi Formation is essentially constituted of sandstones (more than
90%), with grain size ranging very coarse and conglomeratic to very
fine. The sandstones are in places intercalated with granule and
pebble conglomerates and with thin layers of sandy mudstones.

The depositional structures, textures and succession suggest
that the sedimentation of Sergi Formation occurred within an alluvial
system of braided channels with recurrent aeolian reworking, under

arid/semi-arid conditions. The unit shows a general coarsening



upwards pattern, and can be subdivided into three third order
stratigraphic sequences, limited by regional unconformities. The
basal sequence, 40 to 60 meters thick, is characterized by the
intercalation of lacustrine mudrocks and from the flooding of the
fluvial system, with recurrent aeolian reworking. The middle
sequence, constituted dominantly of coarse sandstones, has 200 to
450 meters of thickness, and was deposited by a wide system of high
energy braided channels, without mudrock intercalations. The top
sequence is less than 10 meters thick, and dominantly aeolian.

The porosity and permeability of the Sergi reservoirs are strongly
influenced by diagenetic processes, such as compaction, the
mechanical infiltration of clays and the cementation by calcite, quartz
and clay minerals (Netto et al.,, 1982; Bruhn & De Ros, 1987; De

Ros, 1987; 1988; Moraes & De Ros, 1990; 1992).

METHODS AND SAMPLING

All the samples analyzed have been collected from cores of medium
to coarse-grained sandstones. Core samples from Sergi sandstones
were collected in eight wells from the Agua Grande, Buracica, Aragas
and Fazenda Balsamo oilfields (Fig. 1).

Altogether, 337 thin sections prepared from sandstone samples
impregnated with blue epoxy resin were examined with standard

petrographic microscopes. The volume of detrital and diagenetic



components and of different pore types was determined by counting
300 points in each one of the thin sections.

Kaolin-rich core samples occur only in the Agua Grande and
Buracica oilfields. Present depths of Sergi Formation are 600 to 870
m in the Buracica oilfield and 1300 to 1530 m in the Agua Grande
oilfield. The samples which petrographic examination indicated larger
content of kaolin were separated for the mineralogical analyses.

The methods used for X-ray diffraction (XRD) follow the
recommendation of Lanson et al., (1996). The samples were crushed
gently and the fragments were shaken mechanically in water for 12 h
to separate as much clay-size material as possible. The remaining
fragments and coarser grains were removed by sedimentation, and
only the suspension was ultrasonically dispersed. The size
fractionation of the clay material was performed as follows: first, from
a <20 pym fraction, the <10 ym and then <2 pm fractions was
thoroughly extracted by dispersion and sedimentation cycles.
Oriented slides were prepared by drying a few milliliters of the
suspension on glass slides. Each of these fraction were analyzed by
XRD in oriented deposition preparation in air-dried, treated with
ethylene glycol and further by heating following the recommendations
of Tucker (1995). For the kaolin-rich samples, larger quantities of
material were used to perform XRD on randomly oriented

preparations. In this case, supplementary material involving 10-2 um



fraction was extracted by successive dispersion and sedimentation
cycles.

All samples were run on a Siemens D5000 diffractometer using
diffracted-beam-monochromated CuKqq+2 radiation and operating in
the following conditions: 40kV and 25mA, scanning step of 0,02° 26,
accumulation time of 2 second/step in oriented slides (angular range
of 2-32° 26). For randomly preparation (2-10um size fraction) the
operating conditions adopted was a scanning step of 0,01° 26 and
accumulation time of 12 second/step (angular range of 19-28° 26).
The diagnostic peaks follow the recommendations mentioned by
Bailey (1980) and Lanson et al., (2002).

Scanning electron microscopy (SEM) was performed on freshly-
fractured rock fragments, which were coated with carbon and gold
and examined with secondary electrons in either a JEOL JSM 5800
microscope equipped with an energy dispersive spectrometer (EDS)
or in a JEOL JSM 6060 microscope, using a 20 kV voltage and a 69
nA current.

The samples for infrared (IR) spectroscopy were prepared by mixing
1.5 mg of sample with 150 mg KBr. Disks were prepared by pressing
and heating to 110°C overnight. The samples were analyzed in the
4000-400 cm™ range on a Shimadzu FTIR-8300 spectrometer. In the
hydroxyl-stretching band region of phyllosilicates (i.e. 3200 to 3800

cm™), the diagnostic bands 3690, 3668, 3652 e 3621 cm™,
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respectively, for kaolinite and 3710, 3655 and 3620 cm™' for dickite

were considered (Brindley et al., 1986; Prost et al., 1989).

DIAGENESIS OF THE SERGI SANDSTONES

The Sergi sandstones experienced a complex and extensive
sequence of diagenetic processes (De Ros, 1987; Bruhn & De Ros,
1987; Moraes & De Ros, 1990; 1992), which show similarities with
those of other sandstone units deposited under continental
arid/semiarid conditions (e.g., Walker, 1976; Kessler, 1978; Walker et
al., 1978; Waugh, 1978; Rossel, 1982; Dutta & Suttner, 1986;
McBride et al., 1987; De Ros et al., 1994; Garcia et al., 1998). The
diagenetic history reflects an intense early evolution under dry
continental conditions, followed by progressive and differential burial
histories for the diverse structural blocks formed during the rifting of
the Recdéncavo Basin.

In this paper, the terms eo-, meso- and telodiagenesis are applied for
the diagenetic stages sensu Morad et al.,, (2000). Eodiagenesis
includes processes developed under the influence of depositional
fluids at depths less than about 2 km (T < 70°C), whereas
mesodiagenesis includes processes encountered at depths > 2 km
(T > 70°C) and reactions involving chemically evolved formation
waters. Shallow mesodiagenesis corresponds to depths between 2
and 3 km, and to temperatures between 70 and 100°C, and deep

mesodiagenesis extends from depths around 3 km and temperatures
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around 100°C to the Ilimit of metamorphism, corresponding to
temperatures larger than 200-250°C, and to highly variable depths,
according to the thermal gradient of the area. Telodiagenesis refers
to those processes related to the uplift and exposure of sandstones
to near-surface meteoric conditions, after burial and mesodiagenesis.
The sequence of diagenetic processes that affected the Sergi
sandstones was interpreted based mostly on the paragenetic
relationships observed through optical petrography and electron
microscopy under secondary and backscattered electrons modes,
and on stable isotope data of the diagenetic carbonates (Fig. 2).

The dissolution, soon after deposition, of unstable detrital heavy
mineral grains, such as amphiboles, titanite, ilmenite, etc... resulted
in the precipitation of Fe,O3 (hematite) and TiO, (anatase). During
subsequent burial and hydrocarbon charging, most of the iron oxides
were dissolved or reacted to form authigenic chlorites in the
reservoirs, being preserved only in the fine-grained rocks.

Detrital smectitic clays were mechanically infiltrated through the
vadose zone of the fluvial deposits by episodic floods and avulsion of
the braided channels. These clays occur as chaotic pore-filling
aggregates and mostly as irregular coatings on the grains (Fig. 3A),
and are heterogeneously concentrated in laterally discontinuous
levels, mostly in the coarser, upper half of the unit.

Concretions and crusts of calcite (caliches) and/or silica (silcretes)

were locally precipitated along the top of the fluvial cycles and of
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some intervals of eolian reworking. These deposits are rarely
preserved in situ, but occur reworked as intraclasts in the basal lags
of fluvial cycles, mostly of the finer-grained lower half of the unit.
These lags are commonly cemented by abundant pre-compactional,
coarsely-crystalline calcite, and constitute local barriers to fluid flow
(Fig. 3B). The stable isotopic values of calcrete nodules and lags
cemented by pre-compactional calcite range between §"*Cyppg -9.14
and -2.05 %o, and between 3'°Ovpps -6.9 and -3.64 %., what
correspond to precipitation temperatures between 19.7 and 35.4°C,
assuming a 8'®Owaer Of -3 %o, compatible with the interpreted
paleolatitude.

Mechanical compaction is evidenced in the studied sandstones by
the local fracturing of quartz and feldspar grains, and by the
deformation of micas and mud intraclasts, which are in places
converted into mud pseudomatrix. Dolomite rhombs replaced locally
some of the mud intraclasts and derived pseudomatrix. Chemical
compaction occurred through intergranular pressure dissolution,
resulting in the development of concave-convex and sutured
intergranular contacts (Fig. 3C), and in places of stylolitic surfaces.
Chemical compaction was locally enhanced in grains covered by thin
infiltrated clay coatings, and along clay lamina.

During initial burial, the infiltrated smectitic clay minerals were
transformed into irregular mixed-layer, illite-smectite or chlorite-

smectite clays. This transformation was associated with dehydration,
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shrinkage, fragmentation and detachment of the coatings from grains
surfaces. The transformation into chlorite was more important in the
lower half of the unit, where mechanically infiltrated clays were less
abundant, particularly along the northeastern portion of the basin (De
Ros, 1987; Lanzarini & Terra, 1989).

Cementation by overgrowths of quartz (Fig. 3D), and subordinately of
feldspars, affected mostly the sandstones devoid of infiltrated clay
coatings, or with very thin and discontinuous coatings. Quartz
cementation is more abundant in the Agua Grande oilfield.
Poikilotopic, post-compactional calcite cementation was, in places,
pervasive. Calcite partially replaced the detrital (mostly the feldspars)
and previous diagenetic constituents, and engulfed the infiltrated
coatings (Fig. 3E). These sandstones massively cemented by calcite
experienced no or very little clay infiltration. The stable isotopic
values of post-compactional, poikilotopic calcite cements typically
range between 8" Cyppg -16.41 and -2.78 %o, and between §'®Oypps -
12.48 and -7.5 %o, what correspond to precipitation temperatures
between 76.5 and 115.6°C, assuming a 8'®Oyater Of +3 %o, compatible
with subsurface fluids strongly evolved by water/rock interaction (cf.
Land & Fisher, 1987).

Commonly, post-compactional calcite cement and feldspar grains are
partially dissolved (Fig. 3F), presumably by fluids charged in organic
acids derived from the thermal maturation of organic mater in the rift

source rocks (cf. Bruhn & De Ros, 1987; Surdam et al., 1989). This is
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evidenced by the widespread distribution of dissolution porosity in the
unit throughout the basin and by the relative increase of intragranular
porosity with depth (Bruhn & De Ros, 1987).

Vermicular and booklet aggregates of kaolin clays were precipitated
mostly as a product of feldspar dissolution. The characterization of
these kaolin clay minerals is the central issue of this study, and will
be detailed in the next section.

Under mesogenetic conditions (sensu Morad et al., 2000), the
irregular illite-smectite and chlorite-smectite mixed-layer clay
minerals were transformed into regular interstratified clay minerals.
This ordering was accompanied by the neoformation of rims of
lamellar chlorite or fibrous illite aggregates.

Additional precipitation of quartz occurred as overgrowths and
prismatic crystals (outgrowths), particularly in deep sandstones with
scarce or no clay coatings or rims. The albitization of detrital
feldspars was enhanced in the deeper reservoirs with remnant
intergranular porosity and partially dissolved feldspar grains.
Coarsely-crystalline anatase precipitated during burial, partially as
result of the recrystallization of finely-crystalline, eogenetic titanium
oxides. In places, titanite overgrowths formed around detrital titanite.
Coarsely crystalline pyrite locally replaced grains and preceding
cements. In places, coarsely-crystalline pyrite replaces the grains

and earlier diagenetic constituents.
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KAOLIN NEOFORMATION AND TRANSFORMATION

The term kaolin is here adopted for a group of minerals, representing
a subgroup of dioctahedral 1:1 phyllosilicates (Lanson et al., 2002).
In this work, we adopted the nomenclature of Guggenheim et al.,
(1997), which consider kaolinite, dickite and nacrite as mineral
names, even though these species are in fact polytypes of
AlLSi2O5(0OH)s. Our interest in this study is centered in the
identification of kaolin minerals occurring in the Sergi Formation
sandstones, and on its implications for the geologic evolution of

Reconcavo Basin.

Microscopy

In Sergi sandstones, kaolin aggregates are irregularly distributed as
spots, dominantly in the sandstones with larger remnant intergranular
porosity and permeability (Fig. 4A), and less infiltrated clays and
calcite cement. Kaolin occurs as vermicular and “booklet” aggregates
made of euhedral crystals piled face-to-face (Fig. 4B) that partially or
totally replace feldspar grains and fill pores generated by their
dissolution, as well as primary intergranular pores, particularly those
adjacent to dissolved feldspar grains (Figs. 4C, 4D). In some
samples, kaolin covers infiltrated clay coatings (Fig. 4E). In places,
kaolin crystals are partially engulfed by quartz overgrowths (Figs. 4E,
4F). Rarely, kaolin minerals pseudomorphically replace detrital

micas.



16

The scanning electron microscopy (SEM) examination of kaolin
crystal morphology, reveals that kaolin vermicular aggregates (Fig.
5A) are made of thick, amalgamated crystals, which are usually
euhedral and pseudo-hexagonal in shape (Fig. 5B). A more detailed
examination shows that thin lamellar remnants of kaolinite occur
intercalated among the thick dickite crystals (Fig. 5C). Some samples
show a more incipient transformation of thin kaolinite platelets with
thick dickite crystals precipitated in between (Fig. 5D). In some
samples, kaolin shows a uniform crystal size with approximately 10-
20 ym, and a blocky habit of crystals of monoclinic symmetry (Fig.
5E). In other samples, the dickite crystals have a bladed habit,
elongated along the direction of crystallographic b axis (Fig. 5F). The
conspicuous occurrence of dickite with vermicular habit, typically
observed in kaolinite aggregates, as revealed by the XRD and IRS
analyses (discussed in the next section), indicates that the
morphology of kaolin crystals and aggregates cannot be used as

criteria for kaolin polytype identification.

X-ray diffraction

The preliminary XRD identification of kaolin and other associated
clay minerals was performed on thirty six core samples from the
Buracica and Agua Grande oilfields. Initially, diffraction patterns were
obtained from oriented samples of different size fractions (<20, <10,

<2, <1, <0.5 and <0.2 ym), each one air dried, glycerol-solvated and
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heated to 490°C for 2 hours (Figs. 6A, 6B). The interpretation of
these diffraction patterns permitted to select the samples rich in
kaolin minerals and the appropriate size interval to be detailed. A first
important observation was the limited collapse of kaolin minerals
during heating (Fig. 6C), a behavior characteristic of dickite.

The recognition of dickite by X-ray diffraction depends upon
recording non-basal reflections in random crystal orientation,
preferably in samples in which kaolin minerals occur as pure phases.
Kaolin from Buracica and Agua Grande oilfields occur in mixtures
with other clay and non-clay minerals and a careful evaluation of the
XRD pattern is required to distinguish kaolinite from dickite. The 10-2
Mm size range was chosen for analysis because of the relatively
large size of the kaolin crystals in agreement with preliminary XRD
pattern (Fig. 6C), corroborated by thin-section and by SEM
observation. Few reflections were used, and the characterization of
kaolin-group minerals was performed on the 19-28° 26 (4.67-3.19A)
range (Table 1), in relation to reference XRD kaolinite and dickite
spectra by Bailey (1980) and Lanson et al., (2002).

The XRD patterns of the size fractions in which kaolins are
concentrated of both oilfields are presented in Figure 7. The X-ray
patterns from Agua Grande kaolins indicate that dickite is the
dominant or only polytype. The reflections at 4.439 A, 4.119 A and
3.428 A are diagnostic of dickite. The XRD of kaolins from the

Buracica field indicate the presence of both kaolinite and dickite
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polytypes. The identification of the reflections at 4.18 A and 4.13 A
associated with the poor resolution of reflection at 3.428 A are
indicative of the presence of kaolinite in samples BA198-1 and
BA198-4. These results, combined with the SEM observations of thin
kaolinite remnants intercalated to the dickite aggregates (Figs. 5C,
5D) indicate that the transformation of precursor kaolinite into dickite
was incomplete in the Buracica oilfield samples, while it was quite

complete in the Agua Branca oilfield.

Infrared spectroscopy

In contrast to XRD results, infra-red spectra are less affected by
interference of other minerals, as they focus on the OH-stretching
region of kaolin minerals. This method was decisive for the precise
identification of dickite in the studied samples. The IR spectra of
external standards of kaolinite and dickite were used to calibrate the
interpretation. Distinction between kaolinite and dickite is easily
performed by assessing the position and relative intensity of the OH-
stretching bands in the 3800-3600 cm™ region (Russell, 1987). For
well-crystallized kaolinite, four bands are well developed in the IR
spectra, with the strong absorption occurring at 3695 cm™ and with a
band of medium—strong absorption at 3620 cm™. Between these
bands, there is a relatively weak absorption at 3669 and 3652 cm™.
In contrast, dickite in the IR spectrum is characterized by three bands

in the OH-stretching region. The strongest absorption band in dickite
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occurs at 3620 cm'1, with medium-strong bands at 3700 and 3650
cm™.
The IR spectra of kaolins from the Agua Grande oilfield (Fig. 8,
samples AG212-2 and AG212-5) are typical of dickite, with three
bands in the OH-stretching region and without the band indicative of
kaolinite polytype at 3669 cm™. The band at 3700 cm™ progressively
broadens, weakens and shift to 3705 cm™ (Fig. 8, sample AG212-2)
and some authors correlate this IR behavior with increasing dickite
crystal ordering and burial depth (Lanson et al., 2002).

The IR spectrums of kaolins from the Buracica oilfield are clearly
heterogeneous in relation to kaolinite and dickite polytypes, and the
occurrence of kaolinite is confirmed in all IR spectrums (Fig. 8) by the
clear band at 3669 cm™. The spectrum configuration and the growing
intensity of band at 3669 cm™ indicates an relative increase in the
participation of kaolinite in samples BA198-9 and BA198-6 in relation
to samples BA198-4 and BA198-1. It is concluded that a mixture of

the two polytypes is present in Buracica oilfield, while only dickite

occurs in the Agua Grande samples.

DISCUSSION

Conditions of dickite authigenesis
Studies performed in sandstones (Lanson et al., 1996; Beaufort

et al., 1998) and in shales (Ruiz Cruz & Reyes, 1998) have
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documented the structural and textural changes of kaolin minerals
with temperature. Additionally, detailed observations in sedimentary
basins show that the transformation of kaolinite to dickite is
continuous and correlated with increasing depth and/or temperature
(Lanson, 2002). Kaolinite is the kaolin polytype in equilibrium with the
low temperatures found in eodiagenesis and dickite is the polytype
related to the mesodiagenetic or hydrothermal environments. In
North-Sea reservoir sandstones, transformation of kaolinite into
dickite starts at about 80 °C, becoming prevalent at temperatures of
about 100-130°C (Ehrenberg et al., 1993; McAulay et al., 1993;
1994). In Alberta Deep Basin, Canada, diagenetic dickite in Lower
Cretaceous sandstones formed at about 150 °C (Tilley & Longstaffe,
1989). The occurrence of dickite in sandstones is thus an important
index of deep burial conditions. However, although XRD is a
widespread technique for the identification and characterization of
clay minerals, it is unfortunately not efficient to differentiate among
kaolin polytypes, especially in natural samples formed by different
minerals phases. Therefore, it is not possible to identify dickite and
kaolinite by using only XRD. This difficulty may explain some of the
inconsistencies found in works from the 80’s and 90’s (e.g, Thomas,
1986; Inoue et al., 1988; Glasmann et al., 1989; Osborne et al.,
1994) in trying to relate mineralogical and morphological changes of
kaolin minerals with depth of burial in sedimentary sequences.

Ehrenberg et al., (1993) and McAulay et al., (1993) proposed a
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connection of the transformation of kaolinite to dickite with the
modification from booklet or vermicular aggregates to discrete blocky
crystals and related it with increasing diagenetic temperature and
time.

In fact, many vermicular kaolin aggregates that were identified in
these works as kaolinite are probably constituted by dickite.
Nowadays, with the combined XRD, FTIR and DTA analyses the risk
of misidentification of kaolin polytype is practically absent. In a review
about the authigenesis of dickite in burial diagenesis, Lanson et al.,
(2002) considered the evolution of early vermicular kaolinite to blocky
dickite as a diagenetic adjustment of early kaolinite to increasing
temperature rather than the direct precipitation of dickite.
Cassagnabere (1998) studied the transition kaolinite to dickite in
North Sea sandstones in relation to depth-temperature, water/oil
zone and petrophysical parameters. As expected, a clear positive
correlation of dickite with increase temperature was observed.
Kaolinite domain is restricted to sandstones buried at less than 2000
m, being gradually replaced by dickite below 2500 m. In North Sea
sandstones, dickite is the stable polytype in the 2500-5000 m depth
interval. In addition to temperature, high water/rock ratio enhances
the development of dickite (Whitney, 1990) and consequently high
petrophysical porosity and permeability favor kaolinite “dickitization”
(Ferrero & Kubler, 1964; Cassan & Lucas, 1966; Kisch, 1983;

Zimmerle & Rdsch, 1991). Conversely, high saturation by
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hydrocarbons has inhibited the kaolinite-to-dickite reaction, as
compared with samples of the same depth interval inside the water
zone, where “dickitization” developed without restriction (Lanson et

al., 2002).

Implications for the diagenetic evolution of Sergi reservoirs

The occurrence of dickite in Sergi sandstones is concentrated in
sandstones with larger intergranular porosity and permeability of the
middle, coarser stratigraphic sequence of the unit. This is in line with
the pattern of preferential distribution of dickite in porous and
permeable sandstones of different basins (Lanson et al., 2002),
which is related to enhanced flow of fluids during burial (Whitney,
1990). Under these conditions, fluids charged with either organic
(e.g., Surdam et al., 1989) or inorganic acids may react with
feldspars, micas and other phyllosilicates, such as early diagenetic
kaolinite, to generate dickite. In sandstones of reduced permeability,
these fluids become saturated with respect to ions such as K*, Mg*™”
and Fe™, and tend to precipitate illite or chlorite. Dickite is absent
from the Sergi sandstones of the upper interval which pores are filled
by abundant mechanically infiltrated clays, that evolved during burial
mostly to illites through illite-smectite mixed-layers.

Dickite is also absent from the finer sandstones of the basal
stratigraphic interval, where chlorites predominate (Moraes & De

Ros, 1992; De Ros et al., in prep.), most probably because the
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availability of Fe from the dissolution of iron oxides in the mudrocks
and fine-grained sandstones of this interval favored the authigenesis
of chlorite during burial.

The common occurrence of vermicular habit, pseudomorphic after
kaolinite in dickite aggregates within Sergi sandstones is clearly a
product of kaolinite transformation during burial, presumably under
influence of acidic conditions, such as those promoted by the
presence of organic acids generated from the thermal evolution of
kerogen in rift source rocks (cf. Surdam et al., 1989). The preferential
flow of acidic fluids through the sandstones with less infiltrated clays
and more porosity and permeability may have favored the dissolution
of feldspars and the precipitation of kaolinite during shallow
mesodiagenesis (2-3 km; 70-100°C, cf. Morad et al., 2000). The
continuation of such conditions during deep mesodiagenesis (> 3 km;
> 100°C, cf. Morad et al., 2000) promoted the transformation of

kaolinite into dickite in these sandstones.

Implications for basin evolution

The occurrence of dickite in the shallow Buracica and Agua Grande
oilfields indicates that the sandstones were subjected to
temperatures around or higher than 100°C, and that these areas had
a burial history far more complex than that is suggested by the
conventional stratigraphic and structural information. Such

occurrence indicates that the present temperatures of the Sergi
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reservoirs in these areas are much lower than the maximum
temperatures experienced by these sandstones during their burial
evolution, particularly for the shallow Buracica Field. The possible
causes for such abnormally high temperatures would be either: 1) the
incidence of very intense thermal flow in the area, probably owing to
crustal thinning during the peak of the Neocomian rifting, or 2) the
flow of hot (“hydrothermal”) fluids, presumably through the large
normal faults that limit these fields, or 3) a significant uplift and
erosion of sedimentary section affecting the area and other parts of
the basin.

It is well known from several rift basins in the world (e.g.,
Eldholm, 1991; Landon, 1994; Polster & Barnes, 1994; Rohrman et
al., 1994; Glennie, 1995) that the thinning of the crust during active
rifting promotes enhanced thermal flow and steep thermal gradients.
Such crustal stretching is characteristic of rift basins, such as the
Recodncavo-Tucano system (Milani et al.,, 1987; Milani & Davidson,
1988). The question is if such enhanced thermal flow could explain
the temperatures needed to form dickite in the shallow reservoirs of
Buracica and Agua Grande fields. The extent of crustal thinning in
central Reconcavo Basin suggests a maximum thermal gradient of
35°C/km for the area during maximum crustal stretching at the peak
of rifting (Milani, 1987; Milani & Davidson, 1988; Santos et al., 1990;
Figueiredo et al., 1994; Cupertino, 2000). This would correspond to

maximum temperatures around 45°C to 56°C and 66°C to 80°C,
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considering the present depths of Buracica and Agua Grande
reservoirs, respectively. Therefore, the enhanced thermal flow during
rifting is not enough to explain the temperatures needed for dickite
authigenesis at the present depths of the studied oilfields.

Other possible explanation for the shallow occurrence of dickite in
the area would involve the flow of hot (“hydrothermal”) fluids, coming
from hotter, deeper levels within the basin or even from the
crystalline basement. Crustal thinning substantially enhances heat
flow, as well as the active advection of hydrothermal fluids, even in
the absence of magmatic activity (e.g., Truesdell et al., 1981; Gianelli
& Teklemarian, 1993). In fact, the advective, focused circulation of
hydrothermal fluids connected with rifting and even with magmatism
is observed in several present and ancient geothermal systems (e.g.,
McDowell & Paces, 1985; Schiffman, Bird & Elders, 1985; Searl,
1994; Pitman, Henry & Seyler, 1998 and references therein).
Sandstones of basins developed on extensively thinned and
fractured crust are commonly affected by episodic flow of thermal
fluids through faults, mostly during active tectonism, what is
described as “seismic pumping”, or “seismic valving” (e.g., Wood &
Boles, 1991; Burley & MacQuaker, 1992; Burley, 1993). Dickite is a
common mineral in hydrothermal systems (e.g., McDowell & Paces,
1985; Parnell et al.,, 2004; Simeone, 2005). Such hydrothermal
circulation could have occurred in the studied area during rifting,

presumably through the large normal faults that limit the oilfields.
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However, the available sampling is insufficient (two cored wells in
each oilfield) to check if the distribution of dickite and other
diagenetic constituents and processes shows any systematic control
relative to the maijor, field-limiting faults. Besides, there are no
processes, in the studied reservoirs, that are characteristic of
hydrothermal systems, such as intense quartz cementation or even
recrystallization, or extensive ankerite cementation (e.g., McDowell &
Paces, 1985; Schiffman, Bird & Elders, 1985; Pitman, Henry &
Seyler, 1998; Lima & De Ros, 2003). Quartz cementation is
insignificant in Buracica reservoirs and, although significant (average
1.3 %; up to 9.7 % of quartz overgrowths), is not massive in Agua
Grande reservoirs.

If the flow of heat or of hot fluids seem insufficient to explain the
shallow occurrence of dickite in the area, then the remaining
possibility to be considered of a substantial uplift and erosion of
sedimentary section. The extent of post-rift uplift is considered limited
in most structural and stratigraphic studies of Recbncavo Basin,
basically because the large variations in the thickness of the rift
section is interpreted as product of differential subsidence among the
structural blocks that segment the basin (Netto & Oliveira, 1985;
Milani, 1987; Milani et al., 1987; Milani & Davidson, 1988; Santos et
al., 1990; Figueiredo et al.,, 1994). In the neighboring Sergipe-
Alagoas Basin, however, an intense phase of post-rift uplift was

responsible for substantial and differential erosion, and for the
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formation of an important regional unconformity (Fugita, 1974; Garcia
et al., 1998). Analyses of apatite fission tracks and of vitrinite
reflectance executed in the Dom Jodo oilfield, located in the
southwestern part of the basin (Fig. 1) suggested that up to 2250 m
may have been eroded in that area (PETROBRAS unpublished
internal report). As Dom Jo&o is located close to the western margin
of Recéncavo Basin, it has been interpreted by some that this large
uplift is a local feature, product of tilting owing to compensation
during the evolution of the asymmetrical rift basin. However, apatite
fission tracks analyses from a well located within the Todos os
Santos Bay, at the south part of the basin and away from the western
margin (Fig. 1) suggested an uplift of at least 1700 m in that area
(Cupertino, 2000).

We have no knowledge of analyses of apatite fission tracks or
vitrinite reflectance in the areas of the studied Buracica and Agua
Grande fields. However, a set of petrologic evidence suggest that
these were affected by conditions of temperature and pressure
substantially more severe than those presently encountered in the
oilfields, and that may have been affected by an uplift of similar
magnitude than what is interpreted from apatite fission tracks in the
south part of the basin.

The most obvious petrologic evidence of a deeper burial for the
studied reservoirs is their intensity of compaction. Even among the

moderately compacted sandstones of the shallow Buracica Field
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(average, IGV = 27.3 %), samples with intergranular volume IGV as
low as 14.3 % and with concave/convex intergranular contacts can
be found. The most impressive evidence, however, comes from the
Agua Grande Field (average IGV = 27.1%), where sandstones with
very tight, sutured intergranular contacts (Fig. 3C), and some
stylolites occur. That intensity of chemical compaction through
pressure dissolution is clearly incompatible with the present depth
range of Agua Grande Field (1300 to 1530 m), but could be
explained if those sandstones were buried at least 1 km deeper than
today, and later significantly uplifted, with corresponding erosion of
sedimentary section.

The same Agua Grande reservoirs show a relatively abundant
(average 1.3 %; up to 9.7 %) cementation by post-compactional
quartz overgrowths. Although voluminous post-compactional quartz
cementation may be related to extensive circulation of hot fluids, in
some cases associated to magmatism (e.g., Glasmann et al., 1989;
Girard et al., 1989; Gluyas et al., 1993; Summer & Verosub, 1992;
De Ros et al., 2000), it is more commonly related to burial depths
larger than 2 to 2.5 km, and to temperatures larger than 100°C (e.g.,
Land et al., 1987; McBride, 1989; Bjorlykke & Egeberg, 1993;
Walderhaug, 1994a,b).

Further evidence for maximum temperatures significantly higher than
the presently found in the studied oilfields is indicated by the stable

oxygen isotope values of the post-compactional calcite cements of
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some samples (8'®Ovpps between -12.48 and -7.5 %o). Assuming a
§"®0smow Vvalue of +3 %o for precipitating fluids considerably evolved
due to water-rock interaction during progressive burial (cf. Land &
Fisher, 1987), such isotopic values would correspond to
temperatures of 76.5 and 115.6°C. If we assume a relatively steep
geothermal gradient of 35°C/km for the enhanced thermal regime of
the rift, this still corresponds to depths as large as 2590 m. The
evidence provided by the occurrence of dickite is in agreement with
the isotopic evidence that at least 1 km of sedimentary section was
eroded from central Recéncavo Basin, as well as with the intensity of
chemical compaction and of quartz cementation in Agua Grande
oilfield reservoirs.

Therefore, the occurrence of dickite in the Sergi reservoirs of the
shallow Buracica and Agua Grande oilfields of Recéncavo Basin,
together with the intensity of chemical compaction, of post-
compactional quartz cementation, and the precipitation temperature
of post-compactional calcite cements, suggest that the sandstones
were subjected to temperatures substantially higher than those
corresponding to their present burial depths. Such petrologic
evidence, as well as apatite fission tracks analyses from other areas
in the basin, indicates that an uplift and erosion of at least 1 km and
probably more than 1500 m has affected the central part of
Recdncavo Basin, and very likely the whole region. Such uplift,

undetected by conventional structural and stratigraphic models of the
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area, illustrate the importance of petrologic studies, such as the
present, which allowed the characterization of the kaolin in the
shallow Sergi reservoirs, for the development of more precise,
realistic and sensitive basin evolution models for optimized

exploration and production of hydrocarbons and other applications.

CONCLUSIONS

Sandstones of the Sergi Formation (Jurassic-Cretaceous) are the
most important reservoirs of the Recdncavo Basin. The unit was
deposited by an alluvial system of braided channels with recurrent
aeolian reworking, under arid/semi-arid conditions and can be
subdivided into three third order stratigraphic sequences, limited by
regional unconformities.

The porosity, permeability and heterogeneity of Sergi reservoirs
are strongly influenced by diagenetic processes, such as the
mechanical infiltration of clays and the cementation by calcite, quartz
and clay minerals. Their diagenetic history reflects an intense early
evolution under dry continental conditions, followed by progressive
and differential burial histories for the diverse structural blocks
formed during the rifting of the basin.

A detailed study by optical and electronic microscopy, X-ray
diffraction and infra-red spectroscopy revealed the occurrence of
dickite in the shallow Buracica and Agua Grande oilfields, indicating

that the present temperatures of the Sergi reservoirs in these areas
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are much lower than the maximum temperatures experienced by the
sandstones during their burial.

Dickite aggregates are irregularly distributed as spots, as
vermicular and booklet aggregates of euhedral crystals that replace
feldspar grains and fill pores generated by their dissolution, as well
as intergranular pores adjacent to the dissolved feldspars. The
occurrence of dickite in Sergi sandstones is concentrated in
sandstones with larger intergranular porosity and permeability of the
middle, coarser stratigraphic sequence of the unit, what is related to
enhanced flow of fluids during burial.

X-ray patterns from Sergi kaolins indicating that dickite is the
dominant or only polytype, combined with the IR spectra and the
SEM observations of thin kaolinite remnants intercalated to the
dickite aggregates indicate that the transformation of precursor
kaolinite into dickite was incomplete in the Buracica oilfield, while it
was quite pervasive in the Agua Grande oilfield.

The vermicular habit of dickite aggregates is a product of
pseudomorphic kaolinite transformation during burial, presumably
under influence of acidic conditions, such as those promoted by the
presence of organic acids generated from the thermal evolution of
kerogen in the rift source rocks.

The extent of crustal thinning in central Recdncavo Basin
suggests a thermal gradient of 35°C/km for the area during maximum

crustal stretching at the peak of rifting. This would correspond to
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maximum temperatures around only 45°C to 56°C for Buracica, and
66°C to 80°C for Agua Grande reservoirs, considering their present
depths, what are much lower than the about 100°C needed for
substantial dickite authigenesis.

On the other hand, the absence of intense quartz recrystallization,
extensive ankerite cementation, or enhanced alteration close to the
major faults limiting the oilfields, processes characteristic of
hydrothermal systems, indicate that the studied reservoirs were not
affected by the hydrothermal flow of hot fluids.

Although the extent of post-rift uplift is considered limited in
conventional structural and stratigraphic studies of Recéncavo Basin,
analyses of apatite fission tracks and of vitrinite reflectance in the
Dom Joao Oilfield and in Todos os Santos Bay areas, located in the
southern part of the basin, suggested that at least 1700 m, or up to
2250 m may have been eroded in those areas.

The combination of the evidence provided by dickite and apatite with
the intensity of compaction (tight, sutured intergranular contacts),
relatively abundant cementation by post-compactional quartz
overgrowths (average 1.3 %; up to 9.7 %), and stable oxygen isotope
values of the post-compactional calcite cements (corresponding to
temperatures as high as 116°C and to depths as large as 2590 m,
suggest that the sandstones were subjected to temperatures
substantially higher than those corresponding to their present burial

depths.
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The occurrence of dickite and other petrologic evidence for deep
burial conditions indicate that an uplift and erosion of at least 1 km
and probably more than 1500 m has affected the central part of
Reconcavo Basin, and very likely the whole region. These results
illustrate the importance of petrologic studies for the development of

more precise, realistic and sensitive basin evolution models.
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FIGURE CAPTIONS

Figure 1 — Location of the Recéncavo Basin, and of the studied

oilfields.

Figure 2 - Generalized paragenetic sequence of diagenetic

processes and phases affecting Sergi sandstones.

Figure 3 - Petrographic features of Sergi ,sandstones in the studied
oilfields, as seen in polarized light microscopy. A — Irregular coatings
of mechanically infiltrated clays discontinuously covering the grains;
crossed polarizers (XP). B — Intraclastic, conglomeratic lag cemented
by pre-compactional calcite mosaic; XP. C — Strong chemical
compaction through pressure dissolution, resulting in of concave-
convex and sutured intergranular contacts; XP. D — Cementation by
quartz overgrowths, in places engulfing intergranular kaolin; XP. E —
Post-compactional calcite cement replacing detrital grains and
engulfing infiltrated coatings; XP. F — Partial dissolution of feldspar
grain generating secondary intergranular porosity and authigenic

kaolin; uncrossed polarizers (//P).

Figure 4 — Features of diagenetic kaolin in Sergi sandstones in
polarized light and secondary electron microscopy. A -
Heterogeneous distribution of authigenic kaolin as “spots” in reservoir

sandstone; uncrossed polarizers (//P). B — Scanning electron
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microscopy (SEM) image of vermicular and booklet kaolin
aggregates constituted of piled euhedral platelets. C — Authigenic
kaolin surrounding and partially replacing remnants of a dissolved
feldspar grain (f); crossed polarizers (XP). D - Dissolved remnant of
feldspar grain, partially replaced by vermicular kaolin aggregates;
XP. E — Vermicular and booklet kaolin aggregates filling a pore after
discontinuous infiltrated clay coatings (white arrow), and being
engulfed by quartz overgrowths (black arrows); XP. F — SEM) image
of vermicular kaolin aggregate covering and locally engulfed by

quartz overgrowths (arrow).

Figure 5 — Features of diagenetic kaolin in Sergi sandstones in
secondary electron microscopy (SEM). A - SEM image of
vermicular dickite aggregates. B — SEM detail of vermicular
aggregates made of euhedral pseudohexagonal platelets. C — SEM
detail of vermicular aggregates made thick dickite crystals and thin
remnants of precursor kaolinite lamellae (arrows). D — SEM image of
blocky dickite crystals formed in between thin kaolinite platelets.
Local illitization of the kaolinite (arrows). E — SEM image of blocky
and lamellar dickite crystals with monoclinic symmetry. F — SEM

detail of aggregates of bladed, monoclinic dickite crystals.

Figure 6 — A - Typical X-ray diffraction (XRD) pattern of a oriented
kaolin-rich sample from the Buracica oilfield, as a function of different

treatment (air-dried, glycerol-solvated and heated to 490°C). B -
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Variation in intensity of 001 kaolin diffraction line as a function of size
fraction. C - Variation in intensity of 001 kaolin diffraction line as a

function of heating.

Figure 7 - Diagnostic XRD lines for kaolin-group minerals in 2-10 um
size fraction samples from the Buracica and Agua Grande oilfields.
Reference d values and relative intensities are from Bailey (1980).
The identifiable peaks of kaolinite (K) or dickite (D) are indicated. Qtz

= quartz.

Figure 8 - Infrared spectra of kaolin samples from the Buracica and
Agua Grande oilfields. The interval from 3800 to 3500 cm™ is related
to the hydroxyl-stretching band region. At the bottom is shown the

reference IR spectra of dickite and kaolinite.
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Table 1 - Position and Miller index for kaolinite and dickite characteristic

XRD lines (Bailey 1980).
Kaolinite Dickite
Position
(A) hkl | Position (A)  hkl Remarks
4.46 020 4.439 11-1 | Peak shift indicates the presence of kaolin polytypes
4.18 111 - - Structural disorder in kaolinite
413 111 4.119 11-2 | Peak shift indicates the presence of kaolin polytypes
- - 3.428 112 | Additional dickite line
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Figure 4
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Figure 7
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ANEXO A

Difratogramas orientados das amostras dos Campos de Agua Grande
(AG212 e AG331A), Aracas (AR155 e AR215), Buracica (BA196 e
BA198) e Fazenda Balsamo (FBMO30 e FBM105).
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ANEXO B

Fotos de MEV das amostras dos Campos de Agua Grande e Buracica.
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LEGENDAS - Fotos MEV

A) Agregado intergranular de caulim vermicular (k) e cuticula descolada de esmectita
(s).

B) Morfologia vermicular de agregados de caulim (k) sobre cuticula de esmectita (cut).
C) Lamelas espessas de dickita precipitadas nos espagos interlamelares da caolinita;
interpretado como o processo de dickitizacdo da caolinita. Processo de ilitizagdo
incipiente evidenciado por filamentos nas bordas de lamelas da caolinita.

D) Detalhe de agregados vermiculares de dickita (k) compostos por lamelas euédricas e
pseudo-hexagonais. Restos ilitizados de esmectita (s) e microquartzo (qz).

E) Agregados vermiculares gerados pela dickitizagdo pseudomorfica da caolinita.

F) Detalhe das lamelas pseudo-hexagonais de dickita em agregados booklet gerados
pelo processo de transformagao de caolinitas.

G) Caolinita em bloco nos espagos intergranulares e cuticula de esmectita.

H) Detalhe de cristais de dickita com formas alongadas.
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LEGENDAS - Fotos MEV

I) Agregados intergranulares vermiculares de caulim e cuticula de esmectita.

J) Agregados de caulim com habito vermicular.

K) Lamelas mais espessas ou em bloco caracteristicas do processo de dickitizagao.

L) Dickita em lamelas grossas com intercalagdes de finas lamelas de caolinita.

M) e N) Detalhe do processo de dickitizacdo parcial da caolinita (finos remanescentes).
O) Cristais de dickita com morfologia blocosa e lamelar grossa, com simetria
monoclinica.

P) Detalhe de agregados vermiculares transformados para espessos cristais de dickita e

finas lamelas remanescentes da caolinita precursora.
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ANEXO C

Fotos Oticas das amostras dos Campos de Agua Grande e Buracica.
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LEGENDAS - Fotos Oticas

A) e B) Agregados de caulim com morfologia vermicular substituindo grdo de
feldspato.

C) Agregados de caulim; dissolucdo de feldspatos.

D) Argilas esmectiticas mecanicamente infiltradas preenchendo os poros.

E) Agregados intergranulares de caulim; crescimentos de quartzo.

F) Calcita poiquilotépica substituindo K-feldspato.

G) Contatos intergranulares suturados desenvolvidos por intensa dissolu¢do por pressao.

H) Detalhe de caulim vermicular sobre cuticula infiltrada descontinua.
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LEGENDAS - Fotos Oticas

I) Cuticulas de argila infiltrada; preenchimento do poro por caulim vermicular.

J) Agregado intergranular de caulim; porosidade intergranular e intragranular, gerada
pela dissolugdo de feldspato.

K) Abundante argila infiltrada com porosidade de contracao por desidratagdo.

L) Detalhe de agregado intergranular de caulim vermicular.

M) Contatos intergranulares suturados.

N) Calcita poiquilotopica corroendo as margens dos graos e engolfando cuticulas de
argilas infiltradas.

O) Intraclasto de calcrete em lag cimentado por calcita poiquilotdpica.

P) Caulim preenchendo heterogeneamente poros intergranulares e substituindo graos;

porosidade intergranular.
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