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RESUMO

A fragmentacdo do supercontinente Gondwana, e consequente separagao
entre América do Sul e Africa, possibilitou o desenvolvimento das bacias
sedimentares da margem leste brasileira. Estas bacias rifte transicionaram para o
estagio sag e por fim, para o estagio atual de margem passiva. A fase sag das
Bacias de Campos, Santos e Espirito Santo merece destaque, pois suas rochas
constituem os reservatérios do pré-sal, uma das maiores provincias petroliferas
atuais. Na porcdo onshore da Bacia do Espirito Santo, estdo localizados os
sedimentos do Membro Mucuri (Formacédo Mariricu), pertencente ao intervalo sag
depositados durante o Aptiano. Seu modelo deposicional ainda é alvo de discussfes
e seu estabelecimento auxilia ha reconstrucdo do modelo deposicional da Bacia do
Espirito Santo, fornecendo informacfes também sobre a porcdo distal dos
reservatérios, uma vez que os sistemas deposicionais atuantes na por¢cao proximal
condicionam os sedimentos que adentram a bacia, em direcdo ao depocentro. Para
isto, foram analisados 13 pocos, totalizando 430 metros de testemunhos de
sondagem descritos em escala de detalhe 1:50, além da amostragem de 5 niveis de
anidritas que ocorrem intercalados com os sedimentos do Membro Mucuri em 4
pocos distintos para anélise de isétopos de 8'Sr/*®Sr. Foram identificadas 16 facies
deposicionais e 3 facies poés-deposicionais, que agrupadas permitiram a
identificacdo de 5 associacdes de facies: canais fluviais cascalhosos, fluviais
fracamente canalizados, shoreface superior, shoreface inferior e offshore. A analise
da sucessdo vertical de associa¢gfes de facies permitiu a identificacdo de quatro
anatomias de ciclos distintas: T, T-R, R normal e R forcada. Apesar de seu facil
reconhecimento em testemunhos, a correlacédo lateral entre estes ciclos nao foi
possivel. A andlise dos isétopos de Sr nas anidritas teve como resultado valores
acima dos identificados em evaporitos marinhos do Cretaceo. Este dado, somado
com as associacfes de facies identificadas, permitiu a interpretacdo do modelo
deposicional do Membro Mucuri: fluviais pouco canalizados e canais fluviais
cascalhosos que adentravam um lago, sendo retrabalhados pela acdo de ondas,
formando depdsitos de shoreface superior, inferior e offshore, por vezes com

hiperpicnais associados.

Palavras-chave: Lagos dominados por ondas, Estratigrafia de alta-resolucao,
Reservatdrios Aptianos, Isétopos de &'Sr/®sr.



ABSTRACT

The fragmentation of supercontinent Gondwana and the consequent
separation between South America and Africa, allowed the development of
sedimentary basins of east brazilian margin. These rift basins have transitioned to
the sag stage, and finally to the current passive margin stage. The sag stage of
Santos, Campos and Espirito Santo Basins deserve highlight because of your rocks
compound the pre-salt reservoirs, one of the largest oil provinces today. In the
onshore portion are located the sediments of Mucuri Member (Mariricu Formation),
belonging to the sag stage deposited during the Aptian. The depositional model of
Mucuri Member is subject of discussion and your establishment may contribute to the
reconstruction of the depositional model of Espirito Santo Basin, giving information
about the distal portion of reservoirs, once the proximal systems condition the
sediments who reach the basin inner portions. For this, 13 wells was analyzed,
totalizing 430 meters of core descriptions in detailed scale (1:50) associated with
samples from 5 anhydrites layers, that occur interbedded with sediments of Mucuri
Member in 4 distinct wells, to geochemical analyses of 8'Sr/®Sr ratio. Was identified
16 depositional facies and 3 post-depositional facies, grouped into 5 facies
associations: gravelly fluvial channel, poorly confined fluvial channels, upper
shoreface, lower shoreface and offshore. Stacking patterns of facies associations
allowed the definition of four cycles: T, T-R, normal R and forced R cycles. Although
these cycles are easily recognizable in the cores, their correlation between wells was
not possible. Geochemical analyses of 8'Sr/*®Sr ratio from anhydrites indicated a
non-marine composition for the precipitating fluids. This data, added with facies
associations identified, allowed the depositional model interpretation of Mucuri
Member: poorly fluvial channels and gravelly fluvial channels that entered in a lake,
reworking by the wave action, forming deposits of upper Shoreface, lower Shoreface

and offshore, sometimes with hyperpycnal flows associated.

Keywords: Lake wave-dominated, high-resolution stratigraphy, Aptian reservoirs,
87Sr/%8sr isotopes.
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SOBRE A ESTRUTURA DESTA DISSERTACAO

Esta dissertacdo de mestrado estd estruturada em torno de um artigo
publicado em periddico. A sua organizacdo compreende as seguintes partes

principais:

1. Introducdo sobre o tema e descricdo do objeto da pesquisa de
mestrado, onde estdo sumarizados o0s objetivos e 0 estado da arte

sobre o tema de pesquisa;

2. Artigo intitulado “Wave-dominated lacustrine margin, Aptian pre-salt
Mucuri Member, Espirito Santo Basin”, aceito pela revista Journal of
South American Earth Sciences, escrito pela autora durante o

desenvolvimento de seu Mestrado;

3. Anexo, compreendendo o histérico escolar completo.



1. INTRODUCAO

A descoberta dos imensos reservatorios de hidrocarbonetos do pré-sal
nos ultimos anos trouxe consigo inumeras lacunas a serem preenchidas em
diversas areas de conhecimento. Na area da geologia, mais precisamente na
estratigrafia, a interpretacdo paleoambiental e paleogeogréfica das bacias de
Santos, Campos e Espirito Santo tem recebido destaque. Isto porque o modelo
deposicional condiciona a configuracdo e distribuicdo sedimentar e,
consequentemente, 0s reservatorios, possibilitando uma exploracdo mais
eficiente. Esta dissertacdo de mestrado tem como alvo de estudo o Membro
Mucuri (Formacao Mariricu), que constitui os depdsitos lateralmente adjacentes
ao pré-sal da Bacia do Espirito Santo.

Apesar dos estudos existentes no Membro Mucuri, seu contexto
paleoambiental e paleogeografico ainda é alvo de discussfes, havendo poucos
estudos sedimentolégicos e estratigraficos. A compreensdo da dinamica
sedimentar na porcdo proximal € de extrema importancia, pois influencia
diretamente os sedimentos que chegam a porcdo mais interna da bacia, que
neste caso, corresponde aos reservatorios do pré-sal na Bacia do Espirito
Santo. Desta forma, sua compreensao auxilia a reconstrucdo do modelo
paleoambiental e paleogeogréfico da Bacia do Espirito Santo durante o
Aptiano.

O objetivo principal deste trabalho é a andlise sedimentologica e
estratigrafica do topo do Membro Mucuri, Aptiano da Bacia do Espirito Santo.
Os obijetivos especificos incluem: i) definicdo de facies, associacfes de facies e
modelo deposicional dos depdsitos proximais do pré-sal, fase sag da bacia; ii)
caracterizacdo das anatomias de ciclos regressivos-transgressivos de alta-
frequéncia; iii) definicdo da afinidade marinha ou lacustre do topo da sec¢éo dos

depdsitos do pré-sal.

1.1 ESTADO DA ARTE

Nesse capitulo serd realizado um detalhamento sobre dois pontos

fundamentais para o entendimento do trabalho desenvolvido. Inicialmente sera
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realizada uma reviséo bibliografica concisa sobre o contexto estratigrafico da
fase rifte e sag da Bacia do Espirito Santo, com foco no Membro Mucuri.
Posteriormente, sera feita uma sistematizacdo do conhecimento sobre
sistemas lacustres dominados por ondas, enfatizando a dindmica deposicional

e 0 registro geoldgico.

1.1.1 Contexto Geoldgico

A Bacia do Espirito Santo (Figura 1), localizada na margem leste do
Brasil, € limitada a norte pela Bacia de Mucuri, através de um limite geografico,
e a sul pela Bacia de Campos, atraves do Alto de Vitéria (Franca et al., 2007).
Subdivide-se a bacia em duas plataformas compostas por canions formados no
Paleoceno: Plataforma de S&o Mateus, limitada ao norte do Paleocanion
Fazenda Cedro; Plataforma de Regéncia limitada ao sul do Paleocanion

Fazenda Cedro, englobando o Paleocanion de Regéncia (Vieira et al., 1994).
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Figura 1. Mapa da Bacia do Espirito Santo, indicando as principais caracteristicas estruturais,
ocorréncias de 6leo e locacdo da area de estudo na porgao onshore (modificado de Biassusi et
al., 1990).

A evolugdo geodindmica da Bacia do Espirito Santo € composta por uma

fase rifte, pos-rifte e, por fim, pela atual fase de margem passiva (Franca et al.,
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2007). A primeira carta estratigrafica foi proposta por Asmus et al. (1971),
reeditada por Vieira et al. (1994), sendo a carta cronoestratigrafica atual (Figura
2) proposta por Francga et al. (2007). O embasamento da bacia é constituido
por migmatitos, granulitos, gnaisses granatiferos e granitoides, pertencentes a
Faixa Aracuai. Sobreposto ao embasamento foi depositado o Grupo Nativo
(rifte), com sedimentos de idade Valanginiana, compostos por arenitos médios
a conglomeréaticos e conglomerados com clastos metamorficos (Membro
Jaguaré) a leste, e por sedimentos finos a oeste, por¢do mais distal, compondo
o Membro Sernambi. Rochas vulcanicas da Formacdo Cabilnas ocorrem
intercaladas com sedimentos do Membro Jaguaré e sao correlatas com as
rochas vulcanicas encontradas na Bacia de Campos (Conceicgéo et al., 1993).
Esta fase é limitada ao topo pela discordancia Pré-Alagoas e sobreposta
a ela encontra-se a Formacao Mariricu, de idade NeoAptiana definida pela
biozona de palinomorfos P270 (Regali et al., 1991), subdividida no Membro
Mucuri (basal) e Membro Itatnas (superior). O Membro Mucuri (idade Aptiana)
€ composto por conglomerados e arenitos na porcdo proximal da bacia e
folhelhos na porcéo distal, intercalados com finas camadas de anidrita, tendo
sido depositados em ambientes fluviais, de sabkhas e deltaicos (Franca et al.,
2007; Vieira et al., 1998). Os arenitos do Membro Mucuri sdo reservatorios do
Play Mucuri, que tem como rocha geradora os folhelhos da Formacao Cricaré e
como selo os evaporitos do Membro Itadnas, com uma trapa estrutural
composta por horsts. O Membro Mucuri é sobreposto pelo espesso pacote
evaporitico do Membro Itadnas, depositado em um ambiente de bacia restrita
(Franca et al., 2007). Apesar dos estudos existentes, a fase final do Membro
Mucuri e consequentemente, o registro das primeiras ingressées marinhas na

bacia ainda é alvo de discussoes.
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Figura 2: Carta cronoestratigrafica da Bacia do Espirito Santo, com destaque para a porcao

onshore da Bacia do Espirito Santo, alvo deste estudo (Modificado de Francga et al., 2007).

1.1.2 Lagos dominados por ondas

Lagos podem ter sua origem a partir de processos vulcanicos, glaciais,
fluviais, associados com linhas de costa, impacto de meteoritos, dissolugcédo de
rochas, porém os maiores lagos tem origem tectbnica, sendo cerca de 90% dos
lagos atuais de origem tectbnica e glacial (Cohen, 2003; Renaut & Gierlowski-
Kordesch, 2010). Bacias lacustres séo controladas pela subsidéncia do
assoalho lacustre e soerguimento de suas bordas (Bohacs, 2003), e é a
relacdo entre a altura da borda do lago e o assoalho que controla a existéncia e
natureza do lago. O espago abaixo da borda é também o potencial espaco de

acomodacéo da bacia e pode ser preenchido por sedimento e agua (Figura 3).

Potencial espago
de acomodacao

Atual espago
de acomodacao

Figura 3: Relacdo entre espaco de acomodacéo e o potencial espaco de acomodacéo lacustre
(Modificado de Bohacs et al., 2003).

Bacias lacustres, mesmo que grandes, ignoram os efeitos de maré,
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tendo sua sedimentacdo fortemente controlada pela tectbnica e clima, que
atuam regulando o tipo de aporte de agua e sedimentos carregados para a
bacia. J& a relacdo entre tectdnica, clima, hidrologia e processos bioldgicos
possibilita a geracdo de ambientes de sedimentacdo lacustres distintos
(Bohacs, 2003; Renaut & Gierlowski-Kordesch, 2010). Lagos tem seu nivel
d’agua controlado pelo clima, tectbnica e suprimento sedimentar, sendo
influenciados pela eustasia caso tenham influéncia marinha. Qualquer
mudanca em um destes fatores pode gerar variacdo da linha de costa
rapidamente, isso devido a sua menor profundidade quando comparado ao mar
(Dam & Surlik, 1992; llgar & Nemec, 2002).

A sedimentacdo em lagos, até pouco tempo, era considerada
relativamente simples, sendo constituida por fluviais que transportavam o
sedimento que ao adentrar o corpo de agua gerava deltas ou leques deltaicos,
concentrando os sedimentos nas regides litoraneas, onde nas porgbes mais
profundas ocorreria somente decantagdo de sedimentos finos em suspensao
(Nutz et al., 2016). Linhas de costa dominadas por ondas normalmente séo
associadas a ambientes marinhos costeiros, porém muitos lagos em torno do
mundo s&o dominados por processos de alta energia regidos pela acao dos
ventos, podendo as zonas costeiras lacustres dominadas por ondas

representarem uma porcao significativa do registro de lagos.

Hidrodinamica em lagos dominados por ondas

A evolugdo sedimentar de corpos d’agua dominados por ondas é
controlada principalmente pela circulacdo de aguas movidas por ventos, que
geram correntes de fundo e topo independente do tamanho da bacia, clima,
composicdo quimica da agua ou contexto geoldgico (Nutz et al., 2016). Ondas
sdo normalmente associadas com ambientes marinhos, porém elas séao
comuns em muitos dos lagos atuais. A formacdo das ondas de superficie
depende da for¢a, duracdo do vento e pista que ele percorre. Quanto maior a
area do lago, maiores poderéo ser as ondas formadas se houver vento durante
tempo e forca suficientes (Talbot & Allen, 1996).

O movimento da agua gerado pela passagem das ondas (Figura 4)
possui um padrdo quase sinusoidal que ao chegar a profundidades com

metade do comprimento de onda torna-se cada vez mais assimétrico até
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ocorrer a quebra da onda (Clifton, 2006). Isto ocorre, pois a agua movida pela
passagem da onda segue uma 6rbita circular que se estende em torno da crista
da onda, cujo didmetro diminui com a profundidade até o nivel em que se torna
insignificante, conhecido como o nivel de base de acdo da onda (Clifton, 2006).
Quando a onda alcanca aguas rasas, o circulo é deformado gerando uma
elipse e o movimento da &gua no fundo do lago torna-se essencialmente
horizontal.

Enquanto a forma da onda é simétrica (Figura 4), o movimento da agua
para frente e para tras € igual tanto em velocidade quanto em duracéao, porém
quando a onda comeca a ficar assimétrica, a velocidade em direcao a frente da
crista torna-se maior e de menor duragdo que as correntes em direcdo
contraria (Clifton, 2006). Ao alcancar a zona de quebra da onda, ocorre o
espraiamento da onda (swash) sobre a praia, paralelo a diregdo do vento
dominante, enquanto que o refluxo desta &gua (backwash) ocorre
perpendicular a costa, gerando um fluxo bidirecional responsavel pela deriva
litoranea (Clifton, 2006).

Corrente oscilatoéria Corrente oscilatéria

simétrica assimétrica
e ey e o —~
s i e i B

T

I

|

I

I

|
.

I

|

|

|

|

|

I

Figura 4: Evolugdo da onda em direcdo a costa, passando de uma corrente oscilatoria
simétrica para assimétrica. As setas vermelhas indicam as correntes em direcdo & costa e ao
lago, sendo que quanto maior a espessura da seta, maior a velocidade, e quanto maior o

comprimento da seta, maior a duracéo (Modificado de Clifton, 2006).

Afastada das margens, a sedimentacéo clastica ocorre por meio de dois
mecanismos: disperséo por plumas de suspensao e transporte por correntes de
densidade. Plumas de sedimentos em suspensao podem ser trazidas para o
lago por meio do influxo fluvial. Se a mistura agua-sedimentos tiver menor

densidade que a camada inferior de agua do lago, a pluma de sedimentos
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permanecera acima e sera redistribuida pelas correntes de superficie em torno
do lago sendo os sedimentos em suspensao decantados (Nichols, 2009).

A circulacdo de aguas gerada pela acdo dos ventos produz processos
hidrodindmicos abaixo da zona de acéo de ondas, nas por¢cfes mais profundas
do lago, onde as correntes de fundo remobilizam parte do sedimento.
Descargas elevadas de rios geram fluxos hiperpicnais (Nutz et al., 2014) que
atravessam a zona de acéo de ondas e depositam-se nas porc¢des profundas

do lago, posteriormente retrabalhadas por correntes de fundo.

Estratificacdo da agua em lagos

A estratificacdo em lagos pode ocorrer pela diferenca de densidade da
agua, resultante principalmente da temperatura (maior densidade da agua
ocorre a 4°C), porém também influenciada pela salinidade e concentracéo de
sedimentos (Talbot & Allen, 1996; Renaut & Gierlowski-Kordesch, 2010). A
estratificacdo ocorre mais facilmente em lagos tropicais quando comparado a
lagos em clima temperado e pode variar conforme as esta¢des, quando a agua
do lago aquece/resfria. Um lago estratificado pode ser dividido em até trés
zonas (Talbot & Allen, 1996; Renaut & Gierlowski-Kordesch, 2010): Epilimnion
— zona superior, maior oxigenacdo e temperatura; Metalimnion — zona
transicional onde a temperatura decai rapidamente; Hypolimnion — zona

inferior, menor temperatura, por vezes anoxica (Figura 5).

Figura 5: Exemplo de lago estratificado com zona de epilimnion, metalimnion e hypolimnion.

No metalimnion ocorre a queda acentuada da temperatura indicada pela termoclinal (Th),
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havendo também a diminuicdo do pH e oxigénio ( Modificado de Renaut & Gierlowski-
Kordesch, 2010).

O movimento orbital das particulas de agua estende-se a uma
profundidade determinada pelas caracteristicas das ondas de superficie. A
energia das ondas € transferida na forma de turbuléncia para o metalimnion,
mas o hypolimnion acaba ndo sendo afetado por causa do gradiente de
densidade do metalimnion que atua como uma barreira para transferéncia de
energia das ondas (Talbot & Allen, 1996; Renaut & Gierlowski-Kordesch, 2010).

O vento é o principal agente de mistura em lagos (Beadle, 1981), e em
casos onde a orientacdo dos ventos dominantes é paralela a orientacao do eixo
maior do corpo d’agua, pode haver até a completa mistura das aguas, inclusive
em lagos profundos. Em aguas rasas o suficiente para que as ondas toquem o
fundo, a velocidade orbital das particulas de dgua pode causar transporte de
sedimentos, gerando a formacao de formas de leito. Ondas possuem menor
efeito em lagos profundos, mas durante periodos de intenso vento pode haver
o desenvolvimento de ondas maiores que podem causar efeitos na

sedimentacao em profundidades significativas (Talbot & Allen, 1996).

Tipos de depédsitos em lagos dominados por ondas

Lagos sdo definidos por seus niveis de energia, e assim como em
ambientes marinhos, estendem-se da costa até o offshore. A hidrodinamica
oriunda da acdo dos ventos gera caracteristicas notaveis tanto em escala
centimétrica na forma de ripples de fluxo oscilatério ou combinado, quanto em
escala quilométrica, na forma de extensos corddes litoraneos. A ac¢do das
ondas é responsavel pela circulacdo de aguas e construcdo de corddes
litorAneos e pontais ao longo da linha de costa (Figura 6) e em offshore é
responsavel pelas superficies erosivas, depdsitos hiperpicnais, entre outros
(Nutz et al., 2015).

Analisando o Lago Turkana, um dos lagos do sistema de riftes africano,
Nutz & Schuster (2018) descreveram as formas de leito e os depdsitos
relacionados aos processos costeiros do lago dominado por ventos e
agruparam-nos em: corddes litoraneos, pontais, dunas costeiras, deltas, leques

de sobrelavagem, depositos de foreshore e shoreface/nearshore. Ja no
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presente trabalho, foram identificados depdsitos de canais fluviais cascalhosos,
fluviais fracamente canalizados, shoreface superior, shoreface inferior e

offshore.

Laguna-barreira b ‘

(1) K Correntes de superficie
.. Correntes downwelling

Correntes de fundo

(1) Drifte de sedimentos - — — - Nivel de ag&o de ondas
normais

(2) Hiperpicnais — — — - Nivel de acéo de ondas
de tempestade

Figura 6: Modelo hidrodinamico e deposicional, indicando a dire¢@o das correntes atuantes no
lago e as estruturas que sdo geradas por elas, como os pontais (Modificado de Nutz et al.,
2015).

Diferenciacéo de depésitos de origem lacustre e marinha

Os depoésitos gerados em ambientes costeiros lacustres e marinhos
podem ser muito semelhantes, dificultando a diferenciacdo a partir de dados
sedimentologicos. A presenca de estruturas indicativas de maré atesta origem
marinha, porém sua auséncia ndo pode indicar que se trata de um ambiente
lacustre. A auséncia de maré, associada com dados paleontoldgicos,
palinolégicos e/ou geoquimicos por sua vez, pode atestar a origem lacustre do
ambiente. Neste trabalho foi utilizada andlise geoquimica de is6topos de
Sr¥/Sr®® em anidritas, que atestou que os depdsitos ndo tem assinatura

isotépica marinha.

Classificacao de lagos
Classificacdes baseadas na dindmica sedimentar de lagos sédo raras.
Pensando nisso, Nutz et al. (2016) criaram um sistema de classificacdo que

agrupa lagos baseando-se em sua dinamica sedimentar. Ela foi baseada em



18

classificagcbes anteriores (Hakanson, 1982; Dam e Surlik, 1992,1993) e
subdivide-se em trés membros finais, baseados nos principais fatores
controladores: lagos dominados por rios, lagos dominados por fluxos

gravitacionais e lagos dominados por ventos (Figura 7).

Corpos d’agua
dominados por rios

Corpos d’agua dominados
por fluxos gravitacionais

Corpos d’agua dominados

por ventos
Lobos de fluxo
de massa

sedimentos

Figura 7: Classificacéo de lagos conforme os principais fatores controladores da sedimentacéo
(Modificado de Nutz et al., 2015).

Nutz et al. (2015) propuseram uma nova categoria de lagos em sua
classificacdo, a Wind-driven waterbodies (WWB), onde os ventos controlam a
natureza e distribuicdo das caracteristicas sedimentares através da acdo de
ondas na linha de costa e da criacdo de padrées de circulagdo em escala de
lago. Apesar de a classificacdo subdividir os lagos, assume-se que 0 mesmo
lago possa evoluir transitando entre os membros finais e que um mesmo lago,

possa ter diferentes dominios em suas margens.

ESTRATIGRAFIA DE SUCESSOES LACUSTRES

Tipos de bacias lacustres
A existéncia de bacias lacustres é controlada pela relacdo entre o
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potencial de acomodacédo e a hidrologia atuante, e esta relacdo permitiu que
Carrol & Bohacs (1999) baseados em parametros estratigraficos, litolégicos,
paleontolégicos e geoquimicos, distinguissem trés principais modelos de lagos:

i) Lagos Over-filled (Figura 8): Ocorrem quando o nivel d’agua estiver
constantemente na borda do lago, situacdo na qual o suprimento de agua e
sedimento supera a taxa de acomodacdo da bacia e a hidrologia é
dominantemente aberta, transbordando frequentemente, sem ocorrer
mudancas em seu tamanho, nivel de agua e volume. Neste contexto a agua €
normalmente doce, havendo dominio de progradacdo, associacfes de facies
fluvial-lacustre, podendo ocorrer estratificacdo da coluna d’agua e diversidade
de espécies. Dominio de lamitos, arenitos, coquinas, carvao e folhelhos.

i) Lagos ballanced-fill (Figura 8): Quando o lago tem seu nivel d’agua
préximo a borda, porém intermitantemente transborda, a hidrologia variara
entre aberta e fechada, fazendo com que a curva de variacado do nivel do lago
seja oscilatoria, ocorrendo alternancia entre progradacao e agradacdo. A agua
varia de salobra a salina, podendo ter estratificacdo quimica e termal, poucas
plantas terrestres e dominio de algas. Margas, lamitos, siltitos, arenitos e
carbonatos compdem as litologias dominantes.

iii) Lagos under-filled (Figura 8): ocorrem quando o suprimento de agua e
sedimentos for menor que a taxa de acomodacédo da bacia. O nivel d’agua
ficara sempre abaixo da borda do lago, ndo ocorrerendo transbordamento e a
hidrologia seré fechada, possibilitando a analise da variacdo do nivel do lago e
da area ocupada. Neste caso, ocorre influxo fluvial minimo, com dominancia de
agradacdo, facilitando a formacdo de um ambiente com alta taxa de
evaporacdo, comum em ambientes aridos. A agua € normalmente salina,
podendo apresentar estratificacdo quimica e inexisténcia de fauna e flora
intolerantes a salinidade. Dominio de agradacdo com lamitos, evaporitos,

siltitos, arenitos e conglomerados.
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Figura 8: O diagrama (modificado de Carrol & Bohacs, 1999) indica como cada ambiente
lacustre assimila-se em questédo de taxas de acomodacao e suprimento sedimentar e de agua.
Ele possui duas principais bifurcacdes nas quais os tipos de lagos que mais se assemelham
com outros sistemas localizam-se mais préximo do extremo do diagrama que ilustra este
sistema: lagos perenes com hidrologia aberta sdo comparados com sistemas fluviais; lagos
com hidrologia fechada que favorecem o desenvolvimento de sistemas edlicos e playa. Ja

lagos com hidrologia alternando entre fechada e aberta transitam entre estes dois pontos.

Padrdes de empilhamento

Diferengas nos padrdes empilhamento refletem a interagdo entre o
influxo sedimentar e variacdo do nivel do lago, porém em um lago as variacdes
da linha de costa ndo ocorrem de forma homogénea em toda a margem e isso
se deve a variacdes regionais no suprimento sedimentar, padréo de transporte,
distribuicdo de sedimentos, fisiografia costeira, tamanho do lago, batimetria e
distdncia que o vento percorre no corpo d’agua sem obstaculos em uma
direcdo constante (Stefani & Vincenzi, 2005; Catuneanu & Zechin, 2013;
Andrews e Hartley, 2015).

Um exemplo disto sdo os deslocamentos autociclicos dos deltas que
podem também modificar significativamente o suprimento sedimentar nas
areas costeiras adjacentes, visto que os sedimentos trazidos pelos rios sao

distribuidos pelas correntes paralelas a costa (longshore currents) alimentando
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o shoreface. Desta forma, avulsdes fluviais e reposicionamento dos deltas
podem induzir mudangcas nas direcdes de transporte de sedimentos no
shoreface, provocando mudancas no sentido de deslocamento da linha de
costa, fazendo com que regifes anteriormente transgressivas, passem a sofrer

regressao, ou vice versa (Figura 9).

A Canal ativo B Canal ativo

f f f f f f

Vento normal/ondas Vento normal/ondas

Correntes de longshore: <@== Alta carga de sedimentos —> Baixa carga de sedimentos
Deslocamento da linha de costa: 4@ Transgressdo <> Regressao

Figura 9: Deslocamento autociclicos na localizagdo do principal canal ativo do lobo deltaico do
tempo 1 (diagrama A) para o tempo 2 (diagrama B) pode resultar em mudancgas na distribui¢cdo
de sedimentos por correntes litoraneas (longshore currents) ao longo da linha de costa. A
mudanca na trajetoria da linha de costa do tempo 1 para o tempo 2 pode gerar diferentes
padrdes de empilhamento nos lados opostos do delta (modificado de Catuneanu & Zecchin,
2012).

Correlagéo entre pocos

Quando se analisa a estratigrafia de alta resolugcdo do registro
(Catuneanu & Zecchin, 2012), percebe-se facilmente a diferenca nos padrdes
de empilhamento de locais que mesmo sendo adjacentes, possuem sucessdes
de ciclos distintas. Um intervalo classificado como transgressivo, lateralmente
pode ser um intervalo regressivo. A variacao lateral da anatomia e espessura
dos ciclos associada a ocorréncia de erosfes dificulta muito a correlacédo
confiavel de ciclos quando se tem dados de locais afastados quildbmetros de
distancia (Figura 10).

Estas mudancas laterais que ocorrem, podem refletir erosoes
significativas associadas a variacfes bruscas no nivel do lago ou mudancgas
espaciais da razdo acomodacéo/suprimento sedimentar decorrentes da

variabilidade do influxo sedimentar aportado pelos rios a costa. Além disso,

mudancgas no padrédo de transporte e distribuicdo dos sedimentos podem
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influenciar na trajetéria da linha de costa (Stefani & Vincenzi, 2005;
Catunenanu & Zechin, 2013).
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Figura 10: Imagem esquemadtica ilustrando o que ocorre quando tenta-se correlacionar pogos

distantes entre si (Kuchle et al., 2018).

Consideracg®es finais

Zonas costeiras lacustres possuem normalmente energia de ondas
menor e flutuacdes frequentes no nivel da agua, apresentando caracteristicas
litoraneas menos desenvolvidas quando comparadas a zonas costeiras
marinhas (Carter, 1991). Em consequéncia disso, a reconstituicdo de
paleoambientes muitas vezes ignora linhas de costa dominadas por ondas em
seus modelos. Porém, como visto no exemplo do Lago Turkana, a regido
costeira de um lago dominado por ondas, sob a influéncia de ventos
constantes, pode desenvolver inimeras feicées similares ao ambiente marinho
costeiro, fugindo da ideia de ambiente deposicional calmo e mondtono
normalmente atribuido a sistemas lacustres. Compreender os fatores
controladores dos sistemas costeiros do lago permite a predicdo da distribuicao
de aquiferos e reservatérios de petrdleo. A acdo das ondas é um importante

agente retrabalhamento de sedimentos clasticos e suas correntes de longshore
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e cross-shore séo responsaveis pela redistribuicdo de sedimentos em escala
de bacia (Schuster & Nutz, 2018), sendo necessario leva-la em conta na
reconstituicdo dos modelos deposicionais de paleolagos.
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ABSTRACT

The Espirito Santo Basin, one of the Brazilian marginal basins formed
during the Gondwana break-up, has been the subject of many studies due to its
important hydrocarbons accumulations, comprising three main depositional
units — rift, sag and drift phases (Winter et al., 2007). The Mucuri Member
sandstones are the Aptian sag phase related, onshore reservoirs deposited at
the margins of the lacustrine system were the pre-salt (pre-evaporitic
succession) lacustrine carbonate reservoirs were generated. The main objective
of this article focuses on the stratigraphic and sedimentological definition of
depositional model from the top of Mucuri Member, in the transition to Itainas
Member evaporites of Mariricu Formation, since the depositional conditions of
this interval until date remain a subject of discussions and can contribute to the
understanding of the correlated pre-salt reservoirs. Core description in detailed
scale (1:50) associated with gamma-ray logs allowed the identification of
nineteen facies, grouped into five facies associations: gravelly fluvial channel,
poorly confined fluvial channels, upper shoreface, lower shoreface and offshore.
Stacking patterns of facies associations allowed the definition of four cycles: T,
T-R, normal R and forced R cycles. Although these cycles are easily
recognizable in the cores, their correlation between wells was not possible.
Geochemical analyses of 8’Sr/®Sr ratio from anhydrites layers interbedded with
the Mucuri sandstones confirmed a non-marine composition for the precipitating
fluids. The integrated evidence suggests a wave dominated lacustrine
environment for the subaqueous Mucuri Member deposits.

Keywords: Lake wave-dominated, Pre-salt, Lacustrine system, Strontium

isotopes in anhydrites, Aptian reservoirs.
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INTRODUCTION

The sedimentation in lakes is considered to be predominantly dominated
by low-energy depositional processes, with some influence of fluvial systems
along the margin. However, sedimentological studies of actual lakes (Nutz et al,
2016; Schuster & Nutz, 2018) have demonstrated that wave-dominated clastic
shorelines can represent a significant portion of coastal zone of lakes, standing
out the Turkana Lake (Kenya), Azov Sea (Ukrainia/Russia), Megalake Chad
(Chad) and Lake Qinghai (China). Paleolacustrine examples in which facies
associations indicate lacustrine shoreface dominated by normal and storm
waves are rare too (Chakraborty & Sarkar, 2005, ligar & Nemec, 2005). The
wave-dominated clastic shorelines can represent a significant portion of coastal
zone of lakes (Nutz et al, 2016) and is necessary to take it into account in the
regional paleoenvironmental and paleogeographic reconstruction of the basin.

The proximal context of sedimentary basins reflects a set of
interdependent depositional processes, involving the transfer of sediments by
fluvial systems from the source area to coastal regions and the distribution of
these sediments by coastal processes to the inner portions of the basin
(Reading, 1996). Therefore, the depositional dynamics of the coastal regions
may directly impact the distribution pattern and the type of sediments that occur
in the distal portion of the basin. The Mucuri Member record the deposition in
the proximal portions of the Espirito Santo Basin at the same time interval in
which pre-salt (pre-evaporitic sucession) lacustrine deposition became
deposited in distal portions of the basin. Understanding the depositional
dynamics of the Mucuri Member, fringing or bordering lacustrine system, is
essential to fully comprehend the deposition inside the lake, besides providing a
depositional model of a high-energy lacustrine margin.

The main objective of this paper focuses on the stratigraphic and
sedimentological definition of the top of Aptian pre-salt Mucuri Member (Espirito
Santo Basin) and the configuration of depositional dynamics wave-dominated
lake system. As specific objectives, the following can be highlighted: (i) to define
the lithofacies, facies associations and depositional model of the proximal
deposits of the pre-salt sag basin, (ii) to characterize the anatomy of high-

frequency transgressive-regressive cycles, (iii) to define the marine or lacustrine
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affinity of the top section of the pre-salt deposits.

GEOLOGICAL SETTING

The Espirito Santo Basin (Figure 1) which covers more than
41,500 km? was formed by rifting process which break-up Gondwana and
originated the South Atlantic Ocean (Franca et al., 2007). It is separated from
the Mucuri basin to the north by the volcanic Abrolhos Plateau and at south is
limited with Campos Basin by the Vitéria High (Franca et al., 2007). The basin
is subdivided in two platforms and two Paleocene canyons: Sdo Mateus
Platform bounded by Fazenda Cedro Paleocanyon to the north; Regéncia
Platform bounded by Fazenda Cedro Paleocanyon to the south encompassing

the Regéncia Paleocanyon (Vieira et al., 1994).
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Figure 11. Map of Espirito Santo Basin with the principal structural features, oil occurrences

and location of study area (Modified from Biassusi et al., 1990).

Three megasequences have been interpreted in the basin, representing
distinct tectono-sedimentary stages: rift, post-rit (sag) and drift
megasequences (Franca et al., 2007). The sag megasequence is marked at
the base by a basin-scale unconformity, known as Pre-Alagoas unconformity.

Overlying this unconformity are sediments of the Mariricu Formation, dated as
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Aptian by palynomorphs - biozone P270 (Regali et al., 1991), subdivided Mucuri
Member (basal) and Itatnas Member (Upper). Mucuri Member (Figure
2), which is the focus of this study, is composed mainly by conglomerates and
sandstones interlayered with mudrocks, limestones and anhydrites, deposited in
fluvial to lacustrine environments (Vieira et al., 1998; Franca et al., 2007). In the
distal zone occurs the formation of unconventional carbonate deposits
interpreted as the products of either microbial (Terra et al., 2010) or of abiotic
precipitation (Dorobek et al., 2012; Wright, 2012). These carbonates
compounded the “pre-salt” reservoirs and are the target of current exploration
(Carvalho et al., 2014). Mucuri Member is overlaid by the Itainas Member
composed by evaporites deposited in restricted basin conditions (Franca et al.,
2007).
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Figure 12. Chronostratigraphic chart of the Espirito Santo Basin, with spotlight to the interval of
study (Modified from Franca et al., 2007).

METHODS

The sedimentological data were collected through detailed description
and interpretation of the stratigraphic sections logged in 13 cored wells (Figure
3), totalizing 430 m of cores described in 1:50 high-resolution scale. The facies
were classified based on grain-size and sedimentary structures, following the
schemes of Miall (1977). The facies were grouped into facies associations,
representing a sub-environments within a depositional system (Collinson, 1996;
Dalrymple, 2010). Finally, the combination of facies associations allowed the
interpretation of the deposition model and the definition of high frequency cycles
with different anatomies.
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Figure 13. Location from described cores within the study area. The blue portion in the map is
the sea, the yellow portion is the onshore of Espirito Santo Basin, and the orange portion is the

onshore of Mucuri Basin.

To investigate the marine or lacustrine affinity, strontium isotopes ratio
(®Sr/*°Sr) has been measured in five samples (Table 1) of anhydrite and these
data have been used to determine the origin of the precipitating brines (Denison
et al., 2001; Burke et al., 1982; Koepnick et al, 1985). Sr isotopes of anhydrites
were determined after washing the samples with distilled water to remove pore
salts from drying. The analyses were performed in a Finnigan 261 mass-
spectrometer equipped with 9 F collectors, and employing a static multi-
collector mode and Re filaments. Correction for isotopic fractionation during
analyses was made by normalization to 8’Sr/®°Sr ¥4 0.1194. The mean standard

error of mass spectrometer performance was + 0.00003 for NIST SRM 987.
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Table 1. Described and sampled intervals of cores.

Coord. X Coord. Y Geochemical

Core UTM UTM Top Base Total Sample
MUC-1 420237 7960733 990.00 1021.30 31.30 -
MUC-2 420098 7957402  1115.00 1137.00 22.00 -
MUC-3 420099 7951435  1228.00 1270.00 42.00 -
MUC-4 412220 7926053  997.00 1044.00 47.00 -
MUC-5 411315 7926446  989.00 1036.00 47.00 -
MUC-6 406424 7925158  605.00 614.50 9.50 -
MUC-7 413681 7921789  1419.40 1440.50 21.10 1439.25
MUC-8 411165 7918781  1006.00 1035.00 29.00 -
MUC-9 414857 7919682  1002.50 1028.60 26.10 -
MUC-10 406226 7913299  557.00 620.00 63.00 559.75
MUC-11 417105 7907619  1677.00 1687.00 10.00 -
MUC-12 419828 7904317  2026.00 2081.00 54.00  2026.00/2080.30
MUC-13 408201 7880879  1078.00 1106.00 28.00 1101.38

RESULTS

Lithofacies

Sixteen depositional facies and three post-depositional facies are
recognized in the Mucuri Member (Table 2, Figure 4). The Mucuri Member is
composed mainly of sandstones and subordinately by conglomerates,
mudstones and anhydrite. The sandstones are very fine- to coarse-grained
(mostly medium-grained), stratified or massive, moderately-sorted, with
subangular to rounded grains. Fine-grained sandstones are micaceous. Quartz
pebbles are common in coarse-grained sandstones. The conglomerates are
clast-supported, massive or stratified, with subangular to subrounded granules
to pebbles, dominantly quartz and, subordinately granitic fragments. The
mudstones are massive or laminated. The anhydrite layers are composed by

nodular anhydrite inside mudstone.

Table 2. Description and interpretation of lithofacies of the Mucuri Member.

Depositional Facies

Code Description Interpretation
Gm Clast-supported, granule to pebble sandy  Rapid deposition from highly concentrated
conglomerate, massive (Figure 4.B). sediment flows, pseudoplastic debris flow

Angular to subrounded clasts. -turbulent flow (Miall, 1977).
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Gt Clast-supported, granule to pebble sandy Infill of scour hollows or migration of 3-D
conglomerate with trough cross- gravel dunes in unidirectional flow (Todd,
stratification (Figure 4.A). Subrounded 1989).
clasts.
Gh Clast-supported, granule to pebble sandy  Migration of longitudinal bars (Miall, 1977).
conglomerate with low angle cross-
stratification.
Sm Fine to very coarse-grained sandstones, Rapid deposition of hyperconcentrated
moderately to poorly-sorted, massive, with flows or later deformation by fluidization
abundant granules, pebbles, intraclasts (Miall, 1977, Lowe, 1975; Owen, 1987).
and carbonaceous fragments (Figure
4.C1).
Sh

Fine to very coarse-grained
sandstones, well to poorly-sorted, with
horizontal lamination, with abundant
granules, intraclasts and carbonaceous
fragments (Figure 4.D). Soft-sediment
deformational structures are common.

Planar-bedded deposits originated

via upper flow regime (Miall, 1996).

Fluidization process deforming the
structures (Lowe, 1975; Owen, 1987).

Sl Fine to very coarse-grained sandstones, Washed-out dunes, humpback dunes,
poorly to well-sorted, with low-angle cross-  unconfined high energy flows. Transition
stratification, granules and fluidization. between subcritical and supercritical flows
Carbonaceous fragments are often (Harms et al., 1982). Fluidization process
oriented parallel to lamination. Soft- deforming the structures (Lowe, 1975;
sediment deformational structures are Owen, 1987).
common.
Sx Fine to very coarse-grained sandstones, Subaqueous sandy dunes, lower
moderately to poorly sorted, with indistinct flow regime (Southard et al., 1990).
crosshed (Figure 4.F). Granules and
pebbles scattered and carbonaceous
fragments.
St Medium to coarse-grained sandstones, Migration of 3D subaqueous sandy dunes
well to poorly-sorted, with trough cross- in lower flow regime (Allen, 1963; Miall,
bedded (Figure 4.E). Granules, 1977).
carbonaceous fragments and intraclasts
can occur.
Ssw

Fine to medium-grained sandstones, well
sorted, with undulated and truncated
low-angle cross-stratifications (Figure 4.G)
Carbonaceous fragments and soft-
sediment deformation features can occur.

Sr Fine to medium-grained sandstones,
moderately-sorted, with small-scale (<5
cm) trough cross-stratification. Supercritical
to subcritical climbing angle of the sets.
Sw

Fine to coarse-grained sandstones, well-
sorted, with small scale (<5cm) undulated
and truncated lamination (Figure 4.H).
Soft-sediment deformation structures are
common. May occur intraclasts,
carbonaceous fragments and scattered

granules.

Swaley bedforms formed by high-energy,
oscillatory flows, probably associated to
storms (Dumas, 2006; Tinterri, 2011).
Fluidization process deforming the

structures (Lowe, 1975; Owen, 1987).

Migration of subaqueous 2D or 3D ripples
in lower flow regime (Allen, 1963; Miall,
1977).

Wave ripple formed by oscillatory flows
with low orbital diameters and velocities
(Dumas, 2006; Tinterri, 2011).
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Swr Fine to medium-grained sandstones, well Wave-current ripples marks formed by
sorted, with wave ripples lamination, oscillatory or combined flows with low
symmetrical to weakly asymmetrical form orbital diameters and velocities (Tinterri,
(Figure 4.C2, 1). Soft-sediment deformation 2011).
structures are common. Can occur calcite
nodules.
Hrl Heterolythic-bedded deposits, Alternating between traction generated by
characterized by intercalation of very fine currents (ripples) and suspension
to fine-grained sandstones (0.5 to 1cm) processes (Reineck & Singh, 1973).
and laminated mudstones (<1 cm thick),
defining linsen, wavy and flaser bedding.
Massive or ripple cross-laminated
sandstone beds. Frequently bioturbated.
Hwl Heterolythic-bedded deposits, Alternation between traction generated by
characterized by intercalation of very fine oscillatory flow (symmetrical wave ripples)
to fine-grained sandstones with and suspension processes (Reineck &
symmetrical wave ripple lamination, 1 to 3 Singh, 1973).
cm thick, and laminated mudstone (<1 cm
thick). Frequently Bioturbation and soft
sediment deformation are common.
Fm Mudstones to very fine-grained Suspension settling of fine-grained
sandstones, micaceous, massive (Figure sediments from weak currents or standing
4.J). Can occur intraclasts, carbonaceous water (Miall, 1977). Lack of lamination
fragments, bioturbation and soft sediment probably related to flocculation of clay
deformation. suspension.

Fl Mudstones to very fine-grained Suspension settling of fine-grained
micaceous sandstones, with thin horizontal  sediments from weak currents or standing
lamination defined by oriented mica (Figure water (Miall, 1977).

4.K2). Carbonaceous fragments are
common.
Post-depositional Facies
Sd Sandstones with stratification deformed by
faults and convolute folds. The original
sedimentary structure cannot be Soft-sediment deformation features
recognized. generated by fluidization (Lowe, 1975;
Fd Mudstones with lamination deformed by Owen, 1987).
faults and convolute folds. The original
sedimentary structure cannot be
recognized.
An Anhydrite nodules occur coalesced into Intrasediment precipitation from

mosaic or massive structures, displacing or
replacing the host sediments (mud or fine
sand), deformation structures can occur
(Figure 4.K1, L).

concentrated pore fluids in the capillary
and upper phreatic zones (Mann, 1988;
Warren, 2016). Dissolution and
recrystallization of former gypsum or
anhydrite layers.
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Figure 4. Examples of lithofacies described in Mucuri Member. A) Trough-cross bedded,

granule to pebble sandy conglomerate (Gt); B) Massive conglomerate (Gm); C) Massive
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sandstone (Sm, 1) and sandstone with wave/current ripples (Swr, 2); D) Horizontally laminated
sandstones (Sh); E) Trough cross-bedded sandstone (St); F) Indistinct cross-bedded
sandstones (Sx); G) Swalley cross-stratified sandstones (Ssw); H) Fine sandstones with wave
ripples (Sw); 1) Sandstone with wave-current ripples (Swr); J) Siltstone rich in organic matter
(Fm); K) Heterolithic bedding characterized by the dominance of mudstones (2) in relation to

nodular anhydrites layers (1)(An); L) Ruptil deformation of anhydrite layers (An).

Facies Associations
The grouping of genetically related facies in Mucuri Member resulted in
five facies associations, which range from proximal gravelly fluvial channel to

distal offshore lacustrine deposits:

Gravelly fluvial channel

Description: The gravelly fluvial channel (Figure 5) deposits are mainly
constituted by clast-supported, pebble to boulder massive conglomerates (Gm),
organized in normal graded beds varying from 0.15 to 3 m thick. The clasts are
subangular to subrounded, predominantly of garnet - biotite - k-feldspar
gneisses. Bed thicknesses of sandstone and conglomeratic sandstone facies
vary from 0.30 to 1.7 m. Meanwhile, sub-facies range from massive (Sm), low
angle cross-stratified (Sl), rarely horizontally stratified (Sh), occur interlayered
with conglomerate, composing thinning- and fining-upward packages (up to 9 m
thick). The sandstones can present soft sediment deformation structures (Sd).

This facies association is rare in the described cores, totalizing 1%.
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Figure 5. Core photography and vertical log of gravelly fluvial channel facies associations (from
MUC-3 core) with the common facies, average thickness and the occurrence of this facies

association in all of the described cores.

Interpretation: The thining and finning-upward successions are
interpreted as deposits of gravity flows, represented by pseudoplastic debris
flows that are succeeded by hyper-concentrated sandy flows (Blair, 2000). With
reduction in the energy of the flow, the dilution of the sediments by water
increases, allowing tractive transport and the development of supercritical
structures (Blair & McPherson, 1994). This type of deposit represent waning
flow-deposits (Nemec & Steel, 1994) accumulated in gravelly fluvial channel

and is very common in the proximal portion of alluvial fans.

Poorly Confined Fluvial Channel

Description: This facies association (Figure 6) is organized in
successions of fining-upward cycles, 0.3 to 1.7 m thick, composing packages up
to 9 meters, being the most frequent of the six facies associations (37%). The

fining upward cycle combine a variety of facies that rarely occurs all together in
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the same cycle. The base of each cycle is characterized by granule to pebble
sandy conglomerates, massive (Gm), trough cross-stratified (Gt) or horizontally
stratified (Gh). These conglomerates are overlain by poorly or moderately-
sorted, medium- to coarse-grained sandstones. The sandstones can be
massive (Sm), low-angle cross-stratified (Sl), trough cross-bedded (St) or
indistinctly cross-bedded (Sx). Sometimes is observed horizontal lamination
(Sh), ripple cross-lamination (Sr) and soft-sediment deformation structures (Sd).
At the top of the fining-upward cycle, can occur very fine-grained sandstones
and siltstones, gray or red, massive (Fm) or parallely laminated (Fl). Heterolithic
bedding with intercalation of laminated siltstones and sandstones with current
ripples (Hrl) is rare. Granules and pebbles of quartz or carbonaceous fragments
occur frequently at the base of the sets, concentrated along the stratification

planes or scattered in the beds. Mud intraclasts are rare.

Poorly Confined Fluvial Channel
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Figure 6. Core photography and vertical log of Poorly Confined Fluvial Channel facies
associations (from MUC-12 core) with the common facies, average thickness and the

occurrence of this facies association in all of the described cores.

Interpretation: The occurrence of sandstone bodies bounded at the base
by erosive surfaces, organized in fining-upward cycles, characterized by
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predominance of tractive structures indicates that this facies association
represents fluvial streams (Walker & James, 1992; Allen, 1993; Scherer et al.,
2007; Ghazi & Mountney, 2009). The dominance of medium- to very coarse-
grained sandstones, with small trough cross bedding, low angle cross-
stratification and horizontal lamination, together with the absence of large
stratifications, indicates that river channels were relatively shallow, representing
sheetfloods (Blair, 2000). The intercalation of sandstones with structures
indicative of lower (St and Sr), transitional (Sl) and upper (Sh) flow regimes
demonstrates high fluctuations in discharges during sheetfloods or changes in
depth of water blade (Miall, 1996; Fielding et al., 2006; Scherer et al., 2007).
Fine-grained sediment deposition appears indicative of suspension processes
linked to the final stages of sheet floods, which predominated over traction

processes.

Upper Shoreface

Description: This facies association (Figure 7) is composed of well-to
moderately-sorted, very fine-to medium-grained sandstones forming bodies up
6.5 m thick. Internally, it is organized in sets of current (Sr), wave (Sw) and
combined-flow (Swr) ripple cross-lamination, massive (Sm), indistinct cross-
stratification (Sx), trough cross-stratification (St), low-angle cross-stratification
(Sh, horizontal lamination (Sh) and swaley cross-stratification (Ssw).
Bioturbation and soft-sediment deformation structures (Sd) are common. This
facies association represents 28% of the occurrences of facies associations in
described cores. Carbonaceous fragments commonly occur at the base of the
sets or parallel to the stratification. Eventually are described medium- to very
coarse-grained sandstones, poorly-sorted, with granules and pebbles of quartz

dispersed in low-angle cross-bedded sets (SI).



42

Upper Shoreface

Lithofacies

Ssw, Sw, Swr, Sx, Sl, Sh, Sm, Sr,
St, Sd.

5 Swr

ol Facies association thickness

] Packages of 0.4 to 6.5 meters
SWE | thick.

2062

Ssw

Ocurrence in described cores

2063 |
Sw

Sh

Sh
Sh

28%

2064 |

Ssw

= - veem fufs C
CX 04 CX05 CX06/06 CXO01 CX 02 Sand

Figure 7. Core photography and vertical log of Upper Shoreface facies associations (from
MUC-12 core) with the common facies, average thickness and the occurrence of this facies

association in all of the described cores.

Interpretation: Well- to moderately-sorted, fine- to medium-grained
amalgamated sandstones with oscillatory (Sw), unidirectional (Sr) and
combined-flow (Swr) ripples lamination, horizontal (Sh) to low angle cross-
stratification (SI) and swaley (Ssw) cross stratification indicate deposition in
upper shoreface (Clifton, 1976; Walker & Plint, 1992; Dam & Surlyk, 1993;
Ainsworth & Crowley, 1994; Clifton, 2006). The occurrence of Sr and Swr is
attributed to unidirectional current induced by waves, generating combined
flows (Tinterri, 2011). The range of stratification types, varying from ripples to
mesoscale bedforms (as dunes as swaley), indicates persistent wave action
with considerable energy fluctuations due to the alternation between periods
with the dominance of fair weather waves and storms. The medium- to coarse-
grained sandstone deposits, poorly-sorted, represent fluvial sediments
accumulated in delta mouths reworked by oscillatory flows linked to fair weather

and/or storm waves.
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Lower Shoreface

Description: This facies association (Figure 8) comprises 19% of the
occurrences of facies association in described cores and is characterized by the
interlayer between well-sorted, fine- to medium-grained sandstones and
micaceous, siltstones to very fine-grained sandstones, compound packages up
to 4 meters. The sandstone beds are 10-30 cm thick and they are massive (Sm)
or composed of wave ripple-lamination (Sw), horizontal lamination (Sh), low-
angle cross stratification (SI) and indistinct cross-stratification (Sx).
Carbonaceous fragments were identified at the base of sets or parallel to the
stratification. Bioturbation and soft sediment deformation structures (Sd) are
common in sandstones. The fine-grained sediment beds are 5-20 cm thick and
can be horizontally stratified (FI) or massive (Fm). Heterolithic bedding with

wave ripple cross lamination (Hwl) can occur.
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Figure 8. Core photography and vertical log of Lower Shoreface facies associations (from
MUC-10) with the common facies, average thickness and the occurrence of this facies

association in all of the described cores.

Interpretation: This facies association was deposited between the fair

weather wave base and the storm wave base, therefore, at a shoreface-shelf
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transition environment (Walker & Plint, 1992; Dam & Surlyk, 1993; Clifton,
2006). The dark grey, massive (Fm) or laminated siltstone (Fl) to very fine-
grained sandstones were deposited in quiet water, below fair weather wave
base level on a poorly oxygenated substrate (McCormick & Grotzinger, 1993,
Chakraborty & Sarkar, 2005). Sandstones with low-angle cross-laminations (Sl)
and wave-ripple (Sw) laminations represent oscillatory flows associated with
storm waves (llgar & Nemec, 2005; Dumas & Arnott, 2006).

Offshore

Description: Dark gray to black, siltstones to very fine-grained
sandstones, rich in organic matter, massive (Fm) or with horizontal (FI)
lamination, with thickness up to 10 m (Figure 9), represent 14% of the total
facies associations in described cores. Isolated or coalescing anhydrite nodules
(An) are found to have displaced internal laminations. There occur dispersed
carbonaceous fragments and fluidization features. Thin beds of sandstones with
massive (Sm) and low-angle cross stratification (SI) are rare. Sometimes occur
fining-upward successions, representing 1% of the total facies association, 0.2
to 0.5 m thick compounding packages up to 5 meters, bounded to the base by
sharp and erosive surfaces. Internally, the facies succession is composed at the
base massive (Sm) or horizontally (Sh) to low angle cross-stratified (Sl) very
coarse to medium-grained sandstones, with frequent muddy intraclasts and
carbonaceous fragments, overlaid by current ripples (Sr) or wave ripples (Sw)
fine-grained sandstones. There exist the occasional occurrences of laminated
mudstones facies (Fl) at the top of the fining-upward cycles. Sometimes, one or

more facies may be absent in finning-upward cycles.
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Figure 9. Core photography and vertical log of offshore facies associations (from MUC-10) with
the common facies, average thickness and the occurrence of this facies association in all of the

described cores.

Interpretation: The fine grain size, associated with the absence of
subaerial exposure features, indicates a low energy environment, below storm
wave base level (Dam & Surlyk, 1993; ligar & Nemec, 2005). The nodular
anhydrites displacing and replacing fine sediments were formed close to the
sediment-water contact (Aleali et al., 2013). The absence of subaerial features
indicate that the anhydrites are a product of eodiagenetic precipitation under
subaqueous conditions (Mann, 1988; Warren, 2016).

The fining-upward successions bounded by basal erosive surfaces
indicate an initial high flow velocity, followed by gradual waning. Asymmetrical
ripples (Sr) and low-angle cross-stratification (Sl) in the sandstone beds are
diagnostic of unidirectional flow. The common association with shoreface and
offshore deposits suggests that these beds represent hyperpycnal flows (Zavala
et al., 2011). The poor-sorting of the medium- to coarse-grained sandstones
and the abundance of carbonaceous fragments, indicate that the flows were fed
by river discharge (Plink-Bjorklund & Steel, 2003). Since the top of some high

density flow succession display oscillatory ripples, the original deposits in such
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cases were probably wave modified. A storm event, potentially the same
responsible for start the current, may have subsequently reworked the top of the
deposits in shallow water context (Keighley, 2008).

High frequency cycles

Based on the vertical stacking pattern of facies associations, it was
possible to establish high-frequency transgressive-regressive intervals. The
stacking patterns (retrogradation and progradation) allowed the definition of four
cycle anatomies (Zecchin, 2007; Catuneanu & Zecchin, 2012): transgressive
(T), transgressive-regressive (T-R), normal regressive (normal R) and forced

regressive (forced R) cycles (Figure 10).
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Figure 10. Cycles identified in Mucuri Member.

The T Cycles are 3 to 19 meters thick, defining a retrogradational pattern
that can be expressed by the following facies associations sequences: fluvial =>
upper shoreface => lower shoreface => offshore. One or two of these facies

associations may be absent.
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The T-R cycles are 3 to 10 meters thick, being characterized at the base
by a retrogradational pattern followed by a progradational pattern, both intervals
presenting similar thicknesses. Internally, T-R cycles are composed of distinct
facies successions, including fluvial => lower shoreface => upper shoreface or
lower shoreface => offshore => lower shoreface, indicating more proximal or

distal depositional contexts, respectively.

The R cycles are 1.5 to 24 meters thick, and they can be either the
normal or forced type, both presenting a progradational pattern, although
marked by distinctive facies successions. Normal R cycles are characterized by
facies succession indicating a gradual transition between laterally adjacent
facies association. Normal R cycles accumulated in more proximal context are
characterized by upper shoreface => fluvial, while those accumulated in more
distal regions present offshore => lower shoreface or lower shoreface => upper
shoreface. The forced R cycles, in turn, are characterized by progradational
successions that show facies associations of fluvial channel directly overlying
deposits of lower shoreface or offshore.

87Sr/®Sr ratio in anhydrite layers

Isotopic ®'Sr/%®Sr ratios were obtained for five selected samples from
anhydrite layers of offshore facies associations, distributed in four different
wells. The results are presented in Table 3, together with the location and a
brief description of the sample.

Table 3. Isotopic ¥ sr/*sr ratios from anhydrite samples of Mucuri Member.

Well Depth (m) ®'Sr/®®Sr  Description

MUC-7 1439.25 0.70863  Mosaic/massive microcrystalline fibrous
anhydrite displacing and replacing host
argillaceous sediment.

MUC-10 559.75 0.70906  Poikilotopic and prismatic gypsum with
anhydrite and calcite inclusions.

MUC-12 2026.00 0.70871  Massive, fibrous anhydrite replacing
unidentified host (replaced by
microcrystalline pyrite and calcite).

MUC-12 2080.30 0.70874  Massive fibrous anhydrite replacing muddy
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sediment.
MUC-13 1101.38 0.70856  Coalescent nodules of fibrous anhydrite
displacing and replacing argillaceous mud.

Burke et al. (1982) established the curve of seawater ®’Sr/®°Sr versus
geological time using data from 142 samples to define the interval of the
Cretaceous (Koepnick et al, 1985). Comparing with Burke’s curve, all the
analyzed samples from this study plotted above the curve for Cretaceous

marine waters (Figure 11), with isotopic ratio variation from 0.70856 to 0.70906.
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Figure 11. Analyzed samples plotted above the curve of seawater 2’Sr/*®Sr versus geological

time (modified from Koepnick et al, 1985).

The isotopic ratio values of the analyzed anhydrites indicated limited
interaction with continental crustal materials, but still substantially higher than
those of Cretaceous seawater (Burke et al., 1982). The sample MUC-10 show
substantial hydration of the original anhydrite to gypsum, and its shallow depth
and ®’Sr/®°Sr value slightly more radiogenic than those of the anhydrites agrees
with an origin related to meteoric fluids. Dias (1998) analyzed two samples of
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anhydrite layers and obtained similar results (0.7088 and 0.7089), but
associated this to a marine origin with a continental influence based on
Elderfield (1986), and consequently with the first marine incursion into the
basin. Vieira (1998) interpreted these anhydrites to be formed at sabkhas.
However, the absence of subaerial sedimentary structures, the intercalation
within offshore facies, displacing and replacing the fine-grained sediments, and
the 8Sr/*°Sr ratio, suggest an eodiagenetic lacustrine environment for the
formation of the anhydrites intercalated in the Mucuri Member (Burke et al.,
1982; Mann, 1988; Warren, 2016).

DISCUSSION

Depositional systems

The presence of gravelly fluvial channel and poorly confined fluvial
channel facies associations laterally and vertically interlayered with upper
shoreface, lower shoreface and offshore deposits indicates a transitional
depositional environment between an alluvial plain and an adjacent lacustrine or
marine basin. In many cases the distinction between marine and lacustrine
environments is difficult due to the similarity of the active depositional
processes, since facies generated by waves can occur in both environments
(Walker & Plint, 1992; Chakraborty & Sarkar, 2005; llgar & Nemec, 2005;
Clifton, 2006; Keighley, 2008). Although the sedimentological features are not
diagnostic of the depositional environment, the high of ®’Sr/®®Sr isotopic ratio
values measured in the anhydrite layers are substantially higher than those of
Cretaceous seawater (Burke et al., 1982), suggesting a lacustrine setting.

Therefore, the sedimentological and geochemical evidences indicated
gravelly fluvial channel and ephemeral fluvial that are laterally and vertically
interlayered with lacustrine shoreface-offshore deposits (Figure 12). The
absence of fluvial dominated delta front deposits suggest that all sediment
deposited by river in mounth bars was reworked by waves, which distributed the
sediment laterally by the longshore drift process, generating extensive coastal
plains (Chakraborty & Sarkar, 2005; llgar & Nemec, 2005; Nutz et al., 2016).
This low sedimentary supply is due to the ephemeral character of the fluvial

streams. A large volume of sediments is transported in a short interval of time,
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alternating with periods where the fluvial discharge is minimal. As a result, all
the sediment brought by the rivers was reworked and redeposited by the waves.
This episodic discharge pattern is reinforced by the presence of hyperpycnal
flows deposits interbedded with lower shoreface/offshore deposits. Hyperpycnal
flows are generated by rivers discharges during floods with sufficient energy to
cross the wave energy fence (Plink-Bjorklund & Steel, 2003; Zavala et al.,
2011). In this way the sediments are transported to internal regions of the lake,
where the action of the wave is smaller, not being able to rework the sediments

brought by the rivers.

Gravelly Fluvial
Channel- _ x

BPoorly Confined
;F'Iuv_ial Ch
&

Shoreface

Lower
Shoreface

I Offshore

Figure 12. Depositional model of Aptian lacustrine sag margin (Mucuri Member), based on

image of Turkana Lake (Google Earth).

Depositional models of lakes rarely take into account the coastal
processes because the sedimentation were considered to be simple, stagnant,
with dominance of fluvial systems in the margin and low energy process in the
deep areas (Nutz et al., 2016). However, there are many lakes and paleolakes
which exhibit sedimentary features indicative of high-energy process originated
by wind stress, that generate waves which act along their shores and result in
significant surface and bottom currents (Schuster & Nutz, 2017; Nutz et al.,
2016; Chakraborty & Sarkar, 2005). The deposition of the Mucuri Member at the
margins of the lacustrine system where the pre-salt carbonate reservoirs were
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generated, reinforce the importance of coastal processes in the
paloenvironmental reconstructions, because the wave-dominated clastic
shorelines can represent a significant portion of coastal zone of lakes (Nutz et
al., 2016).

The Turkana Lake, placed in the East African rift system, can be
considered a recent analogous depositional model to the lacustrine coastal
deposits of the Mucuri Member. Although the Turkana Lake is linked with a rift
basin and the pre-salt Mucuri lake is linked with a sag basin, their facies
associations and depositional systems have similarities. The Turkana Lake is
about 250 km long and 30 km wide, with a maximum depth varying between 35
and 115 meters, being considered a shallow lake when compared to other lakes
formed in rifts (Schuster & Nutz, 2017). The system of winds comes mainly from
south and east, resulting in a wave trend that migrates northwestward and
develops in the western coastal margin features indicative of wave action
(Schuster & Nutz, 2017). At the end of early Cretaceous, the age of Mucuri
Member, the wind had a general preference to west in the low and mid-latitudes
(Mello et al.,, 2018), corroborating to development of a wave-dominated
shoreline along the west portion of paleolake where Mucuri Member was
located.

Ephemeral rivers reach the Turkana Lake margin forming discrete deltaic
protuberances (Figure 13 A) in the coast line and bringing sediments that are
reworked by waves, resulting in the formation of extensive beach ridges (Figure
13 B) and spits (Schuster & Nutz, 2017). In a larger scale, we can observe
coastal dunes, deltas, washover fans and deposits relatives to foreshore and

shoreface.



Figure 13. A) Discrete deltaic protuberance in the coast line and beach ridges; B) Sediments

from ephemeral rivers reworked by waves, forming a beach ridges (Turkana Lake - Google
Earth).

Correlation of the high-frequency cycles

As discussed in item 4.3, four different high-frequency cycles can be
defined in the Mucuri Member: T, T-R, normal R and forced R cycles. The
cycles discussed in item 4.3 are easily recognizable in the cores, but their
correlation between wells was not possible. This impossibility of correlation
arises from three associated factors: (i) absence of signature pattern in gamma-
ray logs, (ii) lateral variation in the anatomy of the cycles and (iii) erosion of
cycles during lake level fall. The stacking patterns are not discriminable in any
geophysical profile. The sandstones present high gamma ray values, due to the
k-feldspar and biotite abundance, making it impossible to interpret grain size in
logs. However, even considering only cored wells, it is not possible to correlate
the high frequency cycles due to their anatomy and lateral variations in the
thickness (Figure 14).

These changes may reflect significant erosions associated with abrupt
changes in lake level or spatial changes in the sediment supply/accommodation
ratio resulting from the variability of the sediment load brought by the rivers
along the coast, since changes in transport pattern and distribution of sediments
may influence the coastline trajectory (Amorosi et al, 2005; Stefani & Vincenzi,
2005; Catuneanu & Zechin, 2013).
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Barremian to Aptian marine incursions

Different works have defended the existence of marine incursions in the
Brazilian east margin basins during the Lower Cretaceous. According to Mello &
Hessel (1998), micropaleontology data and biological markers indicate that first
marine incursions occurred during the early Barremian. From Barremian to Aptian
different beds with marine biota are identified indicating intermittent marine
transgressions into the sag basin. Silva-Telles Jr. et al. (1994) identified the presence
of trochspiral foraminifera in mudstones interbedded with coquines (Coqueiros
Member — Lagoa Feia Formation) in the Campos Basin. In this same line, Thompson
(2013) and Thompson et al. (2015) have described marine bivalve and gastropod in
Barremian to Aptian Morro do Chavez Formation (Sergipe-Alagoas Basin). However,
despite of the occasional marine incursions occurring in the pre-salt interval, the
87Sr/%8sr isotopic data obtained at different stratigraphic levels of the Mucuri Member
indicate a non-marine composition for the precipitating fluids, and a lacustrine
context. As already pointed out by Silva-Teller Jr. et al. (1994), marine ingressions
must have been occasional, probably related to transgressive intervals during third to
fourth-order eustatic sea-level change. The definitive implementation of a marine
environment in the basin must be associated to the accumulation of the thick
evaporitic package in the sag basin at the end of the Albiano to Aptian, represented
in the Espirito Santo Basin by the Itatinas Member. It shows high levels of bromine in
halites indicating the progressive salinization to the top, and values of strontium ratio
in anhydrites compatible with Aptian marine waters (Dias, 1998). Therefore, the
Italinas Member was deposited in a restrict basin with marine influence under arid
climate, culminating in the deposition of anhydrite, halite, shale, calcarenite and
dolomite (Dias, 1998).

CONCLUSIONS
The following conclusions have been deduced from the integrated study of

the upper portion of Mucuri Member:
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Sixteen depositional facies and three post-depositional facies are identified in
the Mucuri Member and are composed mainly of arkosic sandstones and

subordinately by conglomerates, mudstones and anhydrite;

The genetically-related lithofacies defined six facies associations: (i) gravelly
fluvial channel, (ii) poorly confined fluvial channels, (iii) upper shoreface, (iv)
lower shoreface, (v) offshore;

Isotopic analyses of 8’Sr/®°Sr from anhydrite layers intercalated with sediments
from Mucuri Member indicates environment without marine influence. The
facies associations added with ®’Sr/ ®°Sr ratios, indicated gravelly fluvial
channel and ephemeral fluvial deposits interlayered with shoreface to offshore

lacustrine deposits;

Ephemeral fluvial reached the coast of lake and are reworked by waves
forming beach ridges and discrete deltaic protuberances. Sandstones are
deposited at upper shoreface and the fine-grained sediments are deposited at
lower shoreface and offshore. Hyperpycnal flows deposits interbedded with
offshore facies association are generated by river discharges during floods

with sufficient energy to cross the wave energy fence;

Four cycle anatomies are defined in the Mucuri Member: T, T-R, normal R and
forced R cycles. These cycles could not be correlated in studied area. This
impossibility of correlation arises from three associated factors: (i) absence of
signature pattern in gamma-ray logs, (ii) lateral variation in the anatomy of the

cycles and (iii) erosion of cycles during lake level fall.
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Universidade Federal do Rio Grande do Sul

Programa de Pés-Graduagio em Geociéncias ’?a
Histérico Curso
Nome: CAMILA ELIZA ALTHAUS Cartao: 217120 Situagio:  ATIVO
Identidade: CPF: Data de Nascimento: 15/10/1993

Curso:  GEOCIENCIAS - Mestrado Académico
Area de Concentragao: ESTRATIGRAFIA
Orientador: ~ CLAITON MARLON DOS SANTOS SCHERER

Proficiéncia no(s) Idioma(s): Inglés
periodo | Codigo Atividade de Ensino/Professor dc.’é” Carga | Con- |Frequén- |G . op | instituicso
itos |Hordria | ceito | dia (%)
2018/02 | GEB00135 |BIOMARCADORES NA GEOQUIMICA DO PETROLEO 4 60 A - |Aprovado |UFRGS
2018/02 [ GEB00116 |Geoquimica das dguas subterraneas 4 60 A - Aprovado |UFRGS
2018/02 | GEB00065 |Geoquimica isotépica aplicada a depésitos minerais 5 75 A | 9000 |Aprovado |UFRGS
2018/01 | GEB00046  |Analise estratigrafica 6 90 A Aprovado |UFRGS
2018/01 i Avancada 4 60 A 10000 [Aprovado |UFRGS
2018/01 | GEB0O0045 |Facies e Sistemas Deposicionais 5 75 A 100,00 |Aprovado |UFRGS
2018/01 | GEP19-40  |T.E.em Geologia Sedimentar: GEOLOGIA DAS ROCHAS CARBONATICAS 4 60 A 100.00 |Aprovado |UFRGS
Inglés em 01/03/2019 - - -

Conceitos Totais

A - Conceito Otimo Créditos Cursados com Aprovagao neste Curso: 32
B - Conceito Bom Total: 32
C - Conceito Regular

D - Conceito Insatistfatorio

FF - Falta de Frequéncia

Documento gerado sob autenticago Ne SEH.827.771.Q3V
Podendo ser constatada em até 45 dias a partir da data de emissao, na Internet, pelo enderego http://www.ufrgs.br/autenticacao, tendo validade sem carimbo e assinatura.
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Titulo da Dissertacdo/Tese:

“MARGEM LACUSTRE DOMINADA POR ONDAS DO PRE-SAL APTIANO:
MEMBRO MUCURI, BACIA DO ESPIRITO SANTO”

Area de Concentracéo: Estratigrafia

Autor: CAMILA ELIZA ALTHAUS

Orientador: Prof. Dr. Claiton Marlon dos Santos Scherer

Examinador: Profa. Dra. Manoela Bettarel Ballico

Data:
12/03/2020

Conceito: A

PARECER:

A dissertacdo da aluna Camila versa sobre sistemas lacustres dominados por
ondas. Um assunto muito interessante e pouco explorado. O estado da arte esta
bem elaborado, onde a aluna utilizou vastas referéncias bibliograficas (boa parte
das referéncias sdo atualizadas) o que possibilitou ao leitor o pleno dominio do
tema pela autora. Com relagdo a metodologia, a autora discorre sobre os métodos
somente no corpo do artigo, o que eu considero que faltou ela discorrer de forma
mais detalhada no inicio do trabalho. Quanto aos objetivos eles séo claros e bem
definidos e foram cumpridos em sua totalidade. Os resultados, no que tange as
litofacies e associacdes de facies foram bem descritas, o que ndo gerou duvidas
com relagcdo ao modelo deposicional. No artigo, eu considero que a autora poderia
ter proposto um modelo deposicional préprio, sem utilizar o analago, para a Fm.
Mucuri com os dados adquiridos ao longo do trabalho. Seria interessante também
mostrar a sec¢des colunares ao longo do modelo deposicional, o que ilustraria bem
essa variacao lateral das associagdes de facies.

De modo geral, o artigo estd 6timo. O artigo foi publicado em uma revista
internacional {A2), o que é excelente. Parabenizo a autora e 0s seus co-autores.

Assinatura:/\/amg &M%W Data: 12/03/2020

Ciente do Orientador! '

Ciente do Aluno:




ANEXO |

Titulo da Dissertacdo/Tese:

“MARGEM LACUSTRE DOMINADA POR ONDAS DO PRE-SAL APTIANO:
MEMBRO MUCURI, BACIA DO ESPIRITO SANTO”

Area de Concentracéo: Estratigrafia

Autor: CAMILA ELIZA ALTHAUS

Orientador: Prof. Dr. Claiton Marlon dos Santos Scherer

Examinadora: Dra. Rosalia Barili da Cunha

Data:
27/02/2020

Conceito:
A

PARECER:

De modo geral o texto estd muito bem escrito, claro, com fluidez e facil leitura. As

figuras sdo muito bem feitas e ilustrativas.

Algumas corre¢des pontuais quanto a redacdo ou corre¢cdes nas figuras séo
necessarias, mas ndo comprometem em nada a qualidade do trabalho e podem

ser utilizadas para melhorar o artigo posteriormente.

Alguns pontos com repeticdo desnecessaria.

Em relacdo ao conteddo, apesar do foco principal do trabalho ser sobre
estratigrafia, senti falta de uma revisdo mais profunda quanto a utilizacdo do
método Sr87/Sr86. Seria interessante relacionar o0s resultados mais
detalhadamente aos trabalhos anteriores e as possiveis dificuldades da aplicacdo
da metodologia.

N&o séo indicados, por exemplo, os passos utilizados para processamento e
abertura da amostra para analise, se em rocha total ou pontual, etc. Apenas nos
informam em qual equipamento foi feita a analise, sem indicar nem mesmo o
laboratério onde foram realizadas. No caso de escolher pela supressédo deste
detalhamento no artigo, pode-se indicar que foram utilizados os procedimentos do

laboratério X; mas, no caso da dissertagdo, esse passo a passo € importante de




ser colocado no estado da arte, principalmente se forem realizadas analises néo

rotineiras.

Apesar da aplicacdo do Gamma-Ray indicado no artigo, este método também nao
foi suficientemente revisado na introducdo, ndo apresentando o estado da arte, ou

mesmo detalhamento da metodologia.

Novamente, apesar de serem metodologias amplamente utilizadas, ainda acredito
a revisdo das metodologias no corpo da dissertacdo, com suas aplicacdes e

limitacdes fazem parte do processo de desenvolvimento do projeto.

Uma duavida recorrente quando leio trabalhos que tratam sobre a estratigrafia de
lagos, mais comuns agora em funcédo do desenvolvimento do conhecimento sobre
o Pré-sal, é a relagédo feita entre a nomenclatura utilizada para ambientes lacustres
e marinhos. Qual a razdo de nao utilizar a nomenclatura das zonas de lagos, 0s
quais sejam: profundal, litoral, sublitoral (ex. Whight, 1990 — capitulo: Lacustrine
Carbonates)? A leitura de termos como offshore associados a interpretacdo de
ambiente lacustre pode confundir o leitor.

Observacgdes pontuais

O detalhamento da metodologia ndo precisa estar no resumo.

A figura 10 ndo me parece muito ilustrativa, ndo entendi qual a fungéo dela.
Poderia detalhar melhor na legenda.

Sugiro inserir fotos das laminas petrograficas utilizadas para escolha das amostras
para analise Sr87/Sr86, bem como inserir a indicacdo dos nddulos de anidrita nas
fotos de conjunto.

Na figura 11 do artigo deveriam ser identificas as amostras com nome destas.

N&o é possivel montar um bloco diagrama com os dados existentes? Nao é
possivel fazer uma correlacéo entre os pog¢os, mesmo que localmente com a
indicacao de setores mais rasos ou profundos, ou com padrdes de sedimentagcao
mais similar nestas porc¢des especificas? Apesar de nao ser possivel uma relacéo
dentro das escalas estratigraficas investigadas, para todos os pocos, acredito que
a alternativa possa ser a setoriza¢ao da tua area, séo quase 60km entre o MUC13
e o MUCL.

Na figura 14 do artigo ndo vejo correlagdo entre 0os po¢os, o que € mencionado no




texto, logo isto deve estar escrito na legenda da figura também. Se possivel
relacionar ndo apenas a “correlagao” lateral, mas a variagdo em profundidade, que
poderia auxiliar na interpretacéo de padrdes localizados, principalmente se puder
ser associado a interpretacdo sismica e estrutural da regido de algum trabalho do

grupo.

O sistema de referéncia geocéntrico adotado pelo oficialmente Brasil é o
SIRGAS2000. Desta forma, os mapas deveriam ser padronizados para este
sistema de coordenadas, ou, no caso de trabalhos internacionais, WGS84, que
nao apresenta diferencas significativas com o SIRGAS2000.

Assinatura: , y Data: 27/02/2020
/ ’2".%4,( o Trwd'taa (. K‘;CJZ{

Ciente do Orientador:
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A aluna esté apta a receber o titulo de Mestra em geociéncias tendo em vista
a dissertacdo entregue e de acordo com o0s critérios estabelecidos pelo
PPGGEO/UFRGS. O arquivo em pdf anexado a este parecer traz as principais
correcdes a serem feitas em respeito a dissertacdo, tendo em vista que o artigo ja
foi aceito e publicado.

A dissertacdo, bem como o artigo que faz parte da mesma, traz dois pontos
pertinentes e atuais no que diz respeito a sedimentologia e estratigrafia: i) o estudo
dos depésitos continentais do pré-sal; e ii) sedimentologia dos depdsitos lacustres.
O conteudo abordado pela revisdo tedrica da dissertacdo supre a demanda de
conhecimento necessario para que a aluna elabore o artigo. Destaco que a aluna
focou em temas pertinentes e abordou todos de forma clara e concisa, apresentando
ainda uma consideracdao final a respeito do tema. O texto esté claro, bem escrito e
de facil leitura, tendo somente alguns paragrafos extensos que devem ser
modificados. As figuras estdo com boa resolucdo e ilustram de forma precisa o
conteudo apresentado no texto.

Sem mais a constar, parabéns aos orientadores e a aluna pelo excelente
trabalho e fico a disposi¢cao para qualquer davida no que se referir a minha correcéo

e para possiveis parcerias em trabalhos futuros.

y/
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