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RESUMO

Os depodsitos Siluro-Devonianos da Bacia do Parnaiba contém ironstones e
sedimentos ricos em matéria organica que coincidem globalmente com condicfes de
efeito estufa, aumento no intemperismo, redugao na circulacado oceéanica e deposicéo
de folhelhos negros. Essa sucesséo fornece informacfes sobre a evolugcdo da
margem do mar epeirico ao norte do Gondwana. Este estudo tem como objetivo
contribuir para a compreensao das inter-relacdes entre os processos deposicionais e
diagenéticos rasos das unidades Siluro-Devonianas da Bacia do Parnaiba,
especificamente em relacdo a génese de minerais de ferro que compdem o0s
ironstones ooidais das formacdes Itaim e Pimenteiras. A Formacao Jaicos (Siluriano)
foi formada por um sistema de rios entrelacados com contextos deposicionais que
mostram condicfes de fluxo e de descarga distintas, e uma eodiagénese marcada por
infiltrag&@o de argila e autigénese de de agregados vermiculares e booklets de caulinita.
A mesodiagénese incipiente € indicada pela ilitizagdo parcial da caulinita,
crescimentos descontinuos de quartzo, e clorita. As formacgdes Itaim e Pimenteiras
(Devoniano) sdo compostas por heterolitos bioturbados, arenitos ooidais,
conglomerados intraclasticos e folhelhos, depositados em uma plataforma deltaica a
neritica, dominada por tempestades. Os odides de bertierina formaram-se por
precipitacdo direta ou através da transformacao precoce de argilas precursoras, sob
baixas taxas de sedimentacédo siliciclastica e condicdes transgressivas, alternando
com periodos de retrabalhamento por correntes de tempestade. Siderita
microcristalina eodiagenética formou-se na fronteira redox entre zonas
oxicas/bioturbadas e anodxicas. Processos de bioturbacdo geraram a concentracéo

dos odides de bertierina sob baixas taxas de sedimentacéao.

Palavras-chave: Ooides de bertierina; Diagénese; Bacia do Parnaiba; Siluro-Devoniano;

Depo6sitos marinhos.



ABSTRACT

The Silurian-Devonian deposits of the Parnaiba Basin contain ironstones and organic-
rich sediments that globally coincide with greenhouse conditions, increase in
weathering, reduction of oceanic circulation, and black shale deposition. This
succession provides insight into the evolution of the northern Gondwana epeiric sea
margin. This study aims to contribute to the understanding of the interrelation between
depositional and shallow diagenetic processes of the Silurian-Devonian units of the
Parnaiba Basin, specifically regarding the genesis of iron minerals that compose the
ooidal ironstones of the Devonian Itaim and Pimenteiras formations. The Jaicés
Formation (Silurian) was formed by a braided fluvial system with two distinct flow and
discharge conditions, and eodiagenesis marked by clay infiltration and authigenesis of
kaolinite booklets and vermicular aggregates. Incipient mesodiagenesis is indicated by
partial illitization of kaolinite, quartz discontinuous overgrowths and outgrowths, and
chlorite. The Itaim and Pimenteiras formations are composed of bioturbated
heterolites, ooidal ironstones, intraclastic conglomerates, and shales, deposited in a
deltaic to neritic, storm-dominated platform. Berthierine ooids were formed by direct
precipitation or through early transformation of precursor clays, under low siliciclastic
sedimentation rates and transgressive conditions, alternating with periods of reworking
by storm currents. Eodiagenetic microcrystalline siderite formed along the redox
boundary between oxic/bioturbated and anoxic zones. Bioturbation processes

promoted concentration of the berthierine ooids under low sedimentation rates.

Keywords: Berthierine ooids; Diagenesis; Parnaiba Basin; Silurian-Devonian; Marine

deposits
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1 ESTRUTURA DA DISSERTACAO

Esta dissertacdo de mestrado estd estruturada em torno do artigo
"Berthierine/chamosite ooids and associated phases in Silurian-Devonian deposits of
the Parnaiba Basin, NE Brazil - Implications for the environmental evolution of northern
Gondwana", submetido no periddico internacional Journal of Sedimentary Research.
Dessa forma, a organizagdo do texto compreende 0s seguintes topicos:

a) Introducdo, que apresenta o tema principal deste estudo, bem como os
objetivos norteadores da pesquisa. Uma sintese integrada do contexto geoldgico €
apresentada, juntamente com a localizacdo da area de pesquisa na Bacia do
Parnaiba. No item estado da arte é abordado tépicos sobre os ambientes
diagenéticos continentais e marinhos, focando na problematica da génese dos odides
argilosos de bertierina, principais componentes dos ironstones do Fanerozoico.
Segue-se uma breve descricdo dos materiais e métodos utilizados nesta pesquisa.
Por fim, é apresentada uma sintese dos resultados que inclui as interpretacoes e as

principais conclusdes alcancadas.

b) O artigo cientifico submetido ao periddico internacional Journal of
Sedimentary Research, intitulado "Berthierine/chamosite ooids and associated phases
in Silurian-Devonian deposits of the Parnaiba Basin, NE Brazil - Implications for the

7z

environmental evolution of northern Gondwana" é apresentado na integra.
c) Anexos

1. Perfil colunar e amostras macroscopicas do intervalo estudado do poco
ARN-1-TO.

2. Documentos com fotomicrografias das principais feicdes das laminas
analisadas com as respectivas legendas.

3. Planilhas em formato Excel exportadas do programa Petroledge®,
contendo os resultados das descri¢cdes petrograficas quantitativas.

4. Resultados obtidos pelas analises de EDS e imagens adquiridas em
MEV.

5. Difratogramas de DRX das frag¢des finas (<4 pm).
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2 INTRODUCAO

O intervalo Siluriano-Devoniano na Bacia do Parnaiba (NE do Brasil) é
caracterizado por diferentes ambientes deposicionais. A Formacao Jaicos representa
um sistema fluvial entrelacado (Vaz et al., 2007; Grahn et al., 2008; Trindade et al.,
2015; Martins, 2019; Abram & Holz, 2020; Memoria et al., 2021). Por outro lado, as
Formagbes Itaim e Pimenteiras compfem um sistema deltaico dominado por
tempestades, marés e uma plataforma neritica (Goes e Feij0, 1994; Vaz et al., 2007;
Manna et al., 2021), ricos em minerais contendo ferro, denominados como ironstones,
permitindo estudos sobre o registro oceanico no norte do Gondwana (Abram et al.,
2011; Ribeiro e Dardenne, 1978; Ribeiro, 1984; Amaro et al., 2012; Amaral et al., 2013;
Abram & Holz, 2020). Além disso, este intervalo foi marcado por mudancas
significativas no clima e na biodiversidade, incluindo eventos conhecidos de folhelhos
negros associados a hipoxia/anoxia, variagdes no nivel do mar, aumento da vida
marinha, anomalias geoquimicas e multiplas extin¢des e recuperacdes (Becker et al.,
2012; 2016).

De forma geral, os ironstones consistem em depdsitos ricos em minerais de
ferro, como silicatos de ferro (bertierina ou chamosita), carbonatos (siderita) e 6xidos
(goethita e hematita), comumente formadas em bacias marinhas rasas. Van Houten &
Purucker (1984) interpretaram dois principais picos de producdo de ironstones no
Jurassico e no Ordoviciano associados a niveis elevados do mar global e a extensas
areas com baixo relevo. Esses fatores controlam a capacidade das areas continentais
intemperizadas de fornecer grandes quantidades de ferro ao ambiente marinho. O
comportamento do ferro e a precipitacdo de minerais nestes depdsitos sao fortemente
controlados pela quimica da superficie e pelos ambientes diagenéticos, o que é a
razdo pela qual eles sdo amplamente utilizados como proxies para entender a

composicdo quimica dos antigos oceanos.

Ha importantes diferencas entre os ironstones que se formaram no Preé-
Cambriano e no Fanerozoico. Os primeiros séo referidos como formagdes ferriferas
ou formacgdes de ferro bandado (banded iron formations — BIFS) e sdao unidades
espessas de minerais de ferro (hematita, magnetita) intercalado com chert (silica
microcristalina), depositados em condicbes marinhas em amplas bacias
intracratonicas entre 3,8 a 1,5 bilhdes de anos. Embora menos expressivos, periodos

de deposicdo de sedimentos ricos em ferro também ocorreram durante o Fanerozoico.
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Estas unidades sedimentares ocorrem geralmente na forma de ironstones ooliticos
em bacias marinhas rasas e sao particularmente comuns no inicio do Ordoviciano até
o final do Devoniano e inicio do Jurassico até o meio do Cenozoico (Van Houten &
Bhattacharyya, 1982).

A origem e 0 ambiente dos ironstones ooliticos tém sido amplamente discutidos
na literatura (Ferreti, 2005). Embora haja concordancia sobre a origem desses
depositos estar relacionada a aguas moderadas a muito rasas e condi¢des gerais de
ndo-deposicdo em sequéncias condensadas (Burkhalter, 1995), ainda ha discusséo
sobre se o regime hidrodindmico era baixa energia e/ou turbulento, ou se estava
relacionado ou ndo com as flutuacdes do nivel do mar (Young, 1989b, Young, 1992).
No Brasil, esses depdsitos foram identificados na Formagéo Pimenteiras da Bacia do
Parnaiba (Oliveira & Bastos, 1976; Ribeiro, 1984, Young, 2006, Barrozo, 2009; Amaro

et al. 2012) e na Formacao Ponta Grossa do Parana (Oliveira & Pereira, 2011).

Questdes sobre se a génese dos odides era organica e/ou inorganica também
sdo temas em debate na comunidade cientifica. A problemética da relacdo dos
processos sedimentares e diagenéticos rasos € bem representada pelos odides de
bertierina e chamosita, que precisam de um ambiente redutor para sua precipitacao,
0 que contrasta fortemente com a textura dos odides que se formam em ambientes
rasos, agitados e oxigenados (Odin et al., 1988). Varios modelos para a génese dos
minerais de ferro contidos nos ironstones (precipitacdo direta de fluidos ou gel,
transformacao de caulinita/goethita) foram discutidos por Young (1989a) e ainda séo

topicos que permanecem abertos.

3 OBJETIVOS

O objetivo principal desta dissertacdo de mestrado € entender 0s processos
deposicionais e diagenéticos atuantes no intervalo Siluriano-Devoniano da Bacia do
Parnaiba, com foco nas condi¢des de formacao dos minerais de ferro, especialmente
0s ooides argilosos, dos ironstones ooliticos que ocorrem na Formagdo Itaim e
PImenteiras, Bacia do Parnaiba. Para alcancar esse objetivo geral, serdo

implementados 0s seguintes objetivos especificos:
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1. Realizar a caracterizagdo do intervalo Siluriano-Devoniano na regido
sudoeste da Bacia do Parnaiba a partir de uma perspectiva faciolégica
e petrologica para a identificacdo dos ambientes deposicionais e
diagenéticos.

2. ldentificar os processos e produtos singenéticos/diagenéticos envolvidos
na génese do intervalo estudado, com foco nos minerais de ferro
presentes nos ironstones ooliticos.

3. Construir sequéncias paragenéticas para os diversos depositos e
ambientes diagenéticos definidos e compara-los com anélogos.

4. Construir um modelo para explicar a génese das particulas ooidais
ferriferas e a evolugcdo diagenética dos ironstones ooliticos e rochas
associadas das Formacgoes Itaim e Pimenteiras.

4 AREA DE ESTUDO

4.1 Bacia do Parnaiba

A Bacia Parnaiba esta localizada na regido norte/nordeste do territorio brasileiro,
ocupando uma area aproximada de 665.000 km? nos estados do Piaui, Maranhéo,
Para, Tocantins, Bahia e Ceara (Goées e Feij6 1994; Milani e Zalan, 1999). A bacia é
do tipo intracratonica e tem formato eliptico, com eixo de alongamento orientado a NE-
SW e comprimento de aproximadamente 1.000 km, e a espessura da coluna
sedimentar atinge cerca de 3.500 m no depocentro (Grahn e Caputo, 1992). A historia
tectonica desta bacia comecou com as primeiras fases paleozoicas de rifteamento
induzido termicamente e uma subsidéncia de longo prazo relacionada a estabilizacéo
da plataforma sul-americana (Castro et al., 2014; Daly et al., 2014; Tribaldos e White,
2018; Abram & Holz, 2020).

A regido do Gondwana Norte era representada pelas bacias de Parnaiba e
Amazonas, que estavam conectadas a norte pelo Oceano Rheic (Acefolaza et al.,
2002) e ndo havia conexdo com a Bacia do Parana, localizada no sul do Gondwana,
durante o Praguiano-Eifeliano (Almeida e Carneiro, 2004; Grahn et al., 2016).
Reconstrugdes paleocontinentais (Blakey, 2019) e dados faunisticos sugerem que a

regido do Gondwana foi submetida a um clima temperado de fresco a quente na Bacia
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do Parnaiba (Pereira et al., 2009, 2010; De Vleeschouwer et al., 2014; Abram & Holz,
2020).

O registro sedimentar desta bacia é subdividido em cinco supersequéncias (Fig.
1): Siluriano, Mesodevoniano-Eocarbonifero, Neocarbonifero-Eotriassico, Jurassico e
Cretéaceo, delimitados por discordancias que se estendem por toda a bacia (Vaz et al.,
2007). O intervalo de estudo é composto pelas supersequéncias Siluriana e

Devoniana - Mississippiana, localizadas na parte sudoeste.
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Figura 1. Carta cronoestratigrafica da Bacia de Parnaiba. Em destaque esté o intervalo estratigréafico
de estudo desta disserta¢éo. Modificado de Vaz et al. (2007).

O intervalo Siluriano-Devoniano da Bacia do Parnaiba (Fig. 2) registra uma
variedade de ambientes deposicionais que evoluiram de contextos continentais para
0 estabelecimento de um mar epeirico no Gondwana (Vaz et al., 2017). A
Supersequéncia Siluriana compreende o preenchimento da Bacia do Parnaiba com
os depdsitos siliciclasticos do Grupo Serra Grande (Vaz et al., 2017; Memoria et al.,
2021) sobre um embasamento Pré-Cambriano. O Grupo Serra Grande é composto
por arenitos médios a grossos, conglomeraticos, interpretados como rios glaciais
entrelacados e lobos deltaicos da Formacéo Ipu, folhelhos cinza escuro e preto, siltitos
e arenitos micaceos da Formacao Tiangud, interpretados como depésitos marinhos
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rasos (Caputo, 1984); e arenitos médios a grossos da Formacdao Jaicos, interpretados

como depaositos fluviais entrelacados (Goes e Feijd, 1994; Vaz et al., 2007).

O Grupo Canindé (Devoniano) € dividido em quatro unidades: formacdes Itaim,
Pimenteiras, Cabecas e Longa. Os arenitos finos a médios e os folhelhos bioturbados
da Formacéo Itaim, depositados em plataformas deltaicas e dominadas por mareés,
constituem a unidade basal (Vaz et al., 2007; Grahn et al., 2008; Trindade et al., 2015;
Abram & Holz, 2020). A Formacao Pimenteiras € representada por arenitos muito finos
e folhelhos cinza-escuro a pretos, depositados em uma plataforma dominada por
ondas de tempestade em ambiente neritico (Gées e Feijo, 1994; Martins, 2019; Abram
& Holz, 2020). A Formacdo Cabecas compreende arenitos finos a Qgrossos
intercalados com lutitos, depositados em plataformas dominadas por tempestades e
mareés. Os folhelhos negros intercalados com arenitos finos, depositados em planicies
deltaicas e de maré, representam os depdsitos da Formacao Longa (Vaz et al., 2017).
Essas formacfes foram depositadas de forma discordante sobre o Grupo Serra

Grande do Siluriano ao Devoniano Inferior (Abram & Holz, 2020).

O principal sistema petrolifero da Bacia do Parnaiba é o sistema Pimenteiras-
Cabecas cuja rocha geradora € composta pelos folhelhos marinhos radioativos da
Formacédo Pimenteiras (TOC de 2% a 4% com picos de 6%), depositados em um
evento anodxico global relacionado a uma superficie maxima de inundacao (Rodrigues,
1995), sendo os arenitos deltaicos da Formacdo Cabecas os reservatérios deste
sistema, caracterizados por alta permeabilidade e porosidade de até 26%, atingindo
espessuras da ordem de 250 m. Martins (2019) reconheceu um potencial bom a
moderado de geracédo de gas (TOC; 1,5% - 3,2%) na regido leste da bacia. Na regido
sudoeste, as amostras com 0os mesmos teores de COT apresentaram moderado
potencial de geracdo de gas. A presenca de compostos insaturados sugere gue a
bacia foi pouco soterrada apés o Carbonifero Inferior. Campos de gas com maior
producdo estdo associados a maior espessura de rochas intrusivas, que afetaram
termicamente a Formagdo Pimenteiras, colocando-a dentro da janela de petroleo e
gas (Martins, 2019). A Bacia do Parnaiba desponta como a segunda maior produtora
de gas do Brasil, com reservas da ordem de 15,3 bilhdes de m3 de gas natural (Aradijo,
2017).
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Figura 2. Sintese dos principais sistemas deposicionais interpretados para os depdésitos silurianos-
devonianos da Bacia de Parnaiba. Em vermelho, destaque para o intervalo estratigrafico estudado
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5 ESTADO DA ARTE

5.1 Ambientes eodiagenéticos arido, umido e marinho

Os componentes principais dos arenitos sdo formados em condi¢bes fisico-
guimicas distintas e tornam-se instaveis sob as novas condi¢cdes ambientais impostas
durante o processo de intemperismo, transporte e deposicdo. Em consequéncia, 0s
minerais detriticos tendem a reagir com os fluidos aquosos superficiais do ambiente
de deposicdo (Worden & Burley, 2003, Morad, 2010). Os processos diagenéticos
podem ocorrer em trés estagios distintos: eodiagénese, mesodiagénese e
telodiagénese. Embora essa classificacdo tenha sido originalmente proposta por
Choquette e Pray (1970) para descrever a diagénese de rochas carbonéticas, ela é
aplicavel a sedimentos clasticos, uma vez que os processos fundamentais que

ocorrem em ambos os tipos de rocha sdo semelhantes (Choquette & Pray, 1970).

Os processos diagenéticos iniciais sdo uma ferramenta fundamental para
caracterizar as condi¢cdes ambientais e climaticas presentes nas areas de deposicao,
resultantes da interacdo com aguas subterrdneas, que sao influenciadas pelo
ambiente de deposicdo. Segundo definido por Worden & Burley (2003), existem trés
condi¢cdes eodiagenéticas principais que sao representadas por assembleias de
constituintes distintas, séo elas: (1) Ambientes subaéreos continentais sob clima arido;

(2) Ambientes subaéreos sob clima umido; e (3) Ambientes marinhos.

A variacdo dos padrbes diagenéticos em arenitos continentais esta
principalmente ligada a facies de deposicao, consequentemente a quimica da agua
nos poros, porosidade e permeabilidade primarias, quantidade e tipos de graos
intrabaciais e extensdo da bioturbacdo; composicdo detritica; taxa de deposicao
(controle do tempo de permanéncia dos sedimentos nas condi¢cdes geoquimicas
especificas perto da superficie) e historia térmica e de soterramento da bacia (Morad
et al., 2010).

Ambientes continentais sob condi¢cdes climaticas aridas (Fig. 3) sao
caracterizados por uma baixa taxa de intemperismo quimico devido a limitada
quantidade de circulagdo metedrica, oxidagédo e preservacao insuficiente de matéria
organica. Os fluidos intersticiais neste ambiente sdo geralmente alcalinos e oxidantes,
altamente concentrados e com elevados niveis de Ca*?, Mg*? e HCOs", e menor teor

de SO42. O ferro geralmente ocorre na forma férrica e é frequentemente encontrado



18

como cuticulas de hematita (Worden & Morad, 2003). A precipitagdo de cimentos
carbonaticos durante a eodiagénese é comum em depositos fluviais em areas com
clima semiarido (Dutta & Suttner, 1986; Garcia et al., 1998; Morad, 1998; Morad et al.,
2010). Os carbonatos precipitados neste ambiente ndo possuem Fe*2.

O processo de evaporacao costuma ser mais forte do que a entrada de agua,
levando a precipitacdo de calcita, dolomita e gipsita, as vezes resultando em
formacdes como calcretes, dolocretes e gipcretes (Tucker, 2009). O limitado fluxo de
agua na superficie também favorece a formacdo de diversos tipos de esmectita
(Worden & Burley, 2003). A formacao de calcita tende a ocorrer nas areas proximas
aos canais dos sistemas fluviais, uma vez que este mineral remove ions de Ca*? da
agua. Em contraste, a dolomita é mais frequentemente encontrada em areas distantes
dos sistemas fluviais, pois sua precipitacdo € favorecida pelo aumento da relagédo
Mg/Ca na agua subterranea. A cimentacdo dolomitica € comum principalmente na
parte distal de sistemas fluviais entrelacados, uma vez que esta relacionada com a
diminuicdo da relacdo Ca*?/Mg*2 na 4gua dos poros, devido a precipitacdo de calcita
nos depdositos proximos (Spotl e Wr.ght, 1992; Garcia et al., 1998; Morad, 1998).
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Figura 3. Representacéo gréafica das reag6es em um ambiente aluvial-fluvial seco e quente. Os fluidos

se tornam extremamente salinos devido ao processo de evaporacdo e mudanca de gréos detriticos.
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Calcretes, dolocretes e gipcretes sdo formados perto da superficie. Modificado de Worden & Burley
(2003).

Em ambientes subaéreos umidos e quentes (Fig. 4), a circulacdo intensa de
fluidos ligeiramente &cidos devido a interagdo com a matéria organica € comum.
Quando em condi¢des estagnadas, a decomposicao bacteriana da matéria organica
resulta em um ambiente altamente redutor, favorecendo a formacdo de calcita,
dolomita ferrosa e siderita. A circulacdo intensa de aguas metedricas também contribui
para a dissolugéo de feldspatos e a formacéo de caulinita e crescimentos de quartzo
(Tucker, 2001; Worden & Burley, 2003; Worden & Morad, 2003). Em ambientes
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podem levar a formacdo de porosidade intragranular e moldica, assim como a
carstificacdo. Esses processos sdo comuns em locais onde ha percolacdo de agua
metedrica, favorecendo a dissolucdo tanto dos graos siliciclasticos quanto dos
carbonatos. (Worden & Morad, 2003; Ketzer et al.; 2003; Morad et al., 2012).

Em ambientes continentais Umidos durante a eodiagénese, a siderita € um tipo
de cimento carbonatico caracteristico (Worden & Burley, 2003). Devido a baixa
disponibilidade de sulfato dissolvido em aguas metedricas em compara¢do com aguas
marinhas, a precipitacdo de pirita € inibida, permitindo que o Fe*? em solugdo seja
incorporado pela siderita (Morad, 1998). Esse tipo de cimento diagenético € mais
comumente encontrado em &reas afastadas dos canais de sistemas fluviais, como em
planicies de inundacdo e zonas deltaicas, onde ha maior concentracdo de Fe*? no
ambiente e maior presenca de matéria organica (Ketzer et al., 2003; Morad et al.,
2012).
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Figura 4. Diagrama representativo dos processos eodiagenéticos no ambiente marinho. Aguas

marinhas ricas em sulfato dissolvido estéo saturadas e passam por uma série de reacdes bacterianas.
A introducéo de Fe+2 no sistema resulta na formacao de pirita e argilas verdes. As regifes costeiras
sdo dominadas por fluidos metedricos e possuem pouco sulfato dissolvido, o que resulta em autigénese
distinta (adaptado de Worden & Burley, 2003).

Em ambientes marinhos, as aguas salgadas possuem uma composicao
levemente alcalina, com pH de 8.3, e sdo dominadas por Na* e CI,, além de serem
ricas em SO4? (Worden & Morad, 2003; Worden & Burley, 2003). De acordo com
Morad et al. (2010), fatores-chave para a eodiagénese marinha incluem a composicao
salina tipica, alta atividade de sulfatos e a presenca de organismos com carapacas
carbonéticas e silicosas. A presenca de matéria organica e oxigénio livre nas camadas
superficiais do ambiente marinho permite que bactérias aerdbicas atuem, liberando
bicarbonato e reduzindo o pH, o que favorece a precipitacdo de calcita, geralmente

magnesiana, e aragonita (Tucker, 2009; Morad et al., 2010).

Em auséncia de oxigénio, bactérias anaerobicas reduzem o sulfato dissolvido,
resultando na formacgao de pirita, calcita ou dolomita sem ferro (Love, 1967, Morad,
1998, Tucker, 2009, Morad, 2010). O ambiente marinho € também propicio a formacao
de glauconita, bertierina e esmectita, dependendo da disponibilidade de sais
dissolvidos, matéria orgéanica e atividade bacteriana (Fig. 5).
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Em ambientes marinhos siliciclasticos, a precipitacdo calcita pode acontecer
por meio de reacdes que envolvem a reducdo de sulfato e a oxidacdo de metano.
Essas reacdes variam de acordo com as zonas geoquimicas de precipitacdo do
carbonato. A pirita framboidal, resultado da ag&o bacteriana de reducéo do sulfato, é
frequentemente encontrada na diagénese marinha (Morad, 1998). A presenca da pirita

€ um sinal evidente de condi¢Bes quimicas redutoras das aguas oceanicas.
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Figura 5. Representacao gréafica dos processos eodiagenéticos no ambiente marinho. Aguas marinhas
saturadas e ricas em sulfato dissolvido sofrem uma série de reag6es bacterianas. A entrada de Fe*? no
sistema resulta na formac&o de pirita e argilas verdes. Regifes costeiras, influenciadas por fluidos
metedricos, apresentam baixos niveis de sulfato dissolvido e possuem uma autigénese distinta.
Modificado de Worden & Burley (2003).

Com o aumento da pressao e temperatura durante o soterramento, o limite
entre os estagios eodiagenético e mesodiagenético pode ser dificil de estabelecer de
acordo com a definicdo de Choquette & Pray (1970), que o posiciona como
correspondente a um "soterramento efetivo”, ou seja, efetivo isolamento em relacéo
aos fluidos superficiais. Como resultado, Morad et al. (2000) prope um limite de 2 km
de profundidade, correspondente a cerca de 70°C, enquanto Worden & Burley (2003)
sugerem um limite de soterramento de 1-2 km de profundidade (30 e 70°C,
respectivamente). O limite entre mesodiagénese e 0s estagios iniciais do

metamorfismo de baixo grau ocorre a profundidades equivalentes a 200-250°C.
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A estabilidade dos argilominerais € controlado pela temperatura e o seu
histérico térmico, resultando na transformacdo parcial das folhas de caulinita em
camadas intercaladas de ilita-caulinita e camadas intercaladas de clorita-caulinita. A
transformacdo de caulinita para ilita € predominante em temperaturas acima de
aproximadamente 70°C, mas se torna ampla em temperaturas acima de 130°C
(Worden & Burley, 2003, Morad 2010). A ilitizacdo da caulinita também pode ser

causada por uma entrada de K* de fontes externas (Worden & Burley, 2003).

5.2 Argilominerais singenéticos e eodiagenéticos em contextos continentais

Argilominerais eodiagenéticos podem ser formados por precipitacdo de aguas
intersticiais, substituicdo de grdos ou transformacao de argilominerais diagenéticos.
De acordo com Worden & Burley (2003), a caulinita € geralmente formada em
ambientes continentais sob condi¢cdes climaticas Umidas, pela acdo de aguas
intersticiais de baixo pH. A quantidade de caulinita é determinada pela distribuicdo de
silicatos detriticos instaveis, como feldspatos, circulacdo de fluidos de baixo pH e a
condutividade hidraulica no arenito, sendo as aguas metedricas responsaveis pela sua
precipitacdo eogenética. Ja em ambientes Umidos e quentes (subtropicais a
temperados), as aguas dos poros sdo diluidas e dominadas por Ca?* e HCOz3 e sdo
levemente acidas (Worden & Morad, 2003). A formacao de caulinita é frequentemente
observada durante a eodiagénese em depdsitos deltaicos e fluviais (Worden & Burley,
2003; Morad et al., 2010). Na dinamica dos sistemas fluviais, aguas metedricas
tendem a fluir com mais facilidade em camadas com particulas maiores (maior
permeabilidade) e melhor conexao entre os poros dos arenitos fluviais entrelacados,
em comparacado aos sistemas meandrantes (Morad et al., 2010). Em condi¢cbes
umidas, silicatos instaveis como feldspatos e micas sédo suscetiveis a dissolucéo e
formacdo de caulinita diagenética com mais intensidade em arenitos fluviais
entrelacados do que em sistemas meandrantes (Bjarlykke e Nedkvitne, 1992). A
exposicdo dos sedimentos aos efeitos das condigbes climaticas devido ao
abaixamento do nivel relativo do mar em ambientes costeiros aumenta a probabilidade
da geracédo de caulinita (Worden & Morad, 2003). A presenca de caulinita pode variar
de acordo com a instabilidade dos minerais e as condi¢des climaticas favoraveis para

a alteracao dos gréaos.
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Esmectitas sdo compostos por uma estrutura 2:1 de folhas octaédricas e
tetraédricas, e sdo formados por substituicdo de silicio por aluminio na estrutura
tetraédrica, o que resulta em uma deficiéncia de carga compensada pela presenca de
cations (como Na*, Ca*?, Mg*? e K*) e 4gua nos espacos interlamelares (McKinley et
al., 2003). Esses minerais sao frequentemente encontrados como constituintes
eodiagenéticos formados em condicBes climaticas semiaridas a aridas, com
composicdes detriticas menos estaveis, composicoes alcalinas e circulacdes restritas
de fluidos intersticiais (Worden & Burley, 2003; Worden & Morad, 2003; McKinley et
al., 2003). Esmectitas sdo dominantes em ambientes desérticos ou sabkhas, mas
também podem ser encontradas em sistemas lacustres, fluviais e edélicos (McKinley et
al., 2003). A infiltracdo de esmectita € mais ampla em arenitos fluviais entrelacados,
em comparacdo a sistemas meandrantes, formando barreiras ao fluxo em
reservatérios consolidados (De Ros & Scherer, 2012). As argilas infiltradas
mecanicamente podem ajudar a preservar a porosidade durante a sedimentacéo,

impedindo a precipitacdo de cristais de quartzo.

Entretanto, a clorita ndo se forma em ambientes eodiagenéticos e tem origem
deposicional detritica, ao invés de diagenética, quando encontrada em solos e
sedimentos que nao sofreram diagénese profunda por soterramento (Wilson, 1999).
A clorita autigénica em arenitos pode ocorrer durante a mesodiagénese como
resultado da degradacdo de grdos vulcanicos e minerais detriticos ricos em Fe*? e
Mg*2, como granadas, biotitas e anfibdlios. Esse tipo de clorita ocorre como
substituicbes de graos, que, quando deformadas por compactagédo, aparecem como
pseudomatriz (e.g. Burns & Ethridge, 1979; Seeman & Scherer, 1984; Chan, 1985;
Mathisen & McPherson, 1991). A clorita é formada a partir do fornecimento de Fe*?e
Mg*? proveniente da dissolucdo de gréos ferromagnesianos detriticos (De Ros et al.,
1994).

5.3 Argilominerais singenéticos e eodiagenéticos em contextos transicionais e

marinhos: a problemética da génese dos odides argilosos

bY

A bertierina é uma argila aluminosa rica em Fe*?, pertencente a série de
minerais caulinita-serpentina, ocorrendo como pequenos (< 5 uym) revestimentos de

graos (franjas ou dispostos tangencialmente), pellets, odides, como preenchimentos
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de poros intergranulares, ou intragranular pela substituicdo de grdos detriticos
(silicatos e bioclastos carbonaticos, entre outros). Bertierina, verdina e glauconita sao
frequentemente associadas com fosfatos (Morad & Al-Aasm, 1994; Purnachandra et
al., 1995), especialmente em areas costeiras deltaicos/estuarinos ricas em nutrientes
(Hornibrook & Longstaffe, 1996; De Hon et al.,, 1999; Morad et al., 2010). A
predominancia de Fe*? nas bertierinas indica sua formacédo em condi¢Ges fortemente
redutoras (ou seja, aguas intersticiais relativamente pobres em oxigénio dissolvido),

principalmente suboxicas (Worden & Morad; 2003).

Esses argilominerais comumente se formam durante a singénese ou na
eodiagénese abaixo da interface sedimento-agua em depdsitos deltaicos-estuarinos
(Hornibrook & Longstaffe, 1996; De Hon et al., 1999), principalmente em mares
tropicais a subtropicais (Odin, 1990; Kronen & Glenn, 2000; Thamban e
Purnachandra, 2000). A bertierina é observada tanto em plataformas marinhas
antigas, quanto recentes, depositada ou neoformada em aguas mais rasas e sob
condicGes fortemente redutoras, ou seja, de adguas intersticiais mais ricas em Fe*?
(Worden & Morad, 2003). A presenca de peldides e odides de bertierina em arenitos
de origem deltaica/estuarina é também um indicador estratigrafico eficiente, indicando

depdsitos tipicos do Trato de Sistema Transgressivo (TST) (Morad et al., 2012).

Processos catalisados por bactérias caracterizam a eodiagénese marinha. A
combinac¢éo de matéria organica, solutos inorganicos oxidantes, como o sulfato (SO4
2), e minerais, como o ferro (Fe*3), causa uma rapida transformacéo eodiagenética em
sedimentos pouco soterrados. Concentracfes elevadas de ferro, responséaveis pela
formacao de bertierina ou glauconita, consistem no resultado do enriquecimento dos
sedimentos detriticos em matéria organica metabolizavel e/ou 4guas salobras dos
poros, em condicbes de baixas concentracdes de sulfato dissolvido, quando
comparadas a composi¢cao das aguas marinhas, ligeiramente alcalinas (com pH de
8,3) e dominadas por sédio-cloreto (Na*; CI') (Worden & Burley, 2003).

A Dbertierina forma-se proxima a superficie do sedimento, mas requer
isolamento da agua oxidada para prevenir a reoxidacdo (Odin & Matter, 1981). A
medida que o Fe*2 primario é reduzido, o Fe*? subsequente fica livre para formar a
argila bertierina na zona metanogénica e depois a siderita na zona de descarboxilacéo
mais profunda (Pye et al., 1990). Sistemas diagenéticos com formagéo autigénica de
siderita estdo frequentemente associados a degradacdo da matéria organica por
bactérias metanogénicas em ambientes sem oxigénio (Tucker, 2009; Worden &
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Burley, 2003). A siderita é precipitada em condi¢des de baixa concentracédo de sulfato
(SO47?), geralmente em ambientes terrestres, devido a menor quantidade de sulfato
nas aguas metedricas quando comparadas as aguas marinhas. Por outro lado, a
siderita pode ocorrer em sedimentos finos ricos em matéria organica, como em areas
pantanosas, deltaicas e costeiras (Morad, 1998). A siderita geralmente sé é formada

em ambientes marinhos abaixo da zona de reducao do sulfato (Tucker, 2009).

Odin (1975) prop6s um modelo para explicar a localizacao das argilas verdes
em ambientes marinhos, assim como a sequéncia em que essas argilas sao
precipitadas. A primeira etapa € a acumulacao de ferro detritico, que é transportado
pelos rios e é depositado no fundo do mar. A segunda etapa envolve a precipitacao
quimica de hidréxidos e a oxidacdo dos minerais de ferro detriticos. Nessa etapa, 0s
ions ferro dissolvidos na dgua do mar reagem com os hidroxidos e oxigénio, formando
particulas de argila. A terceira etapa € caracterizada pelo crescimento autigénico da
bertierina marinha, que € uma variedade de clorita. Esse mineral cresce lentamente
ao longo do tempo, a medida que os ions ferro e magnésio se acumulam em sua
estrutura. A quarta etapa é o crescimento autigénico de minerais de glauconita, que
também ocorre lentamente. A glauconita € um mineral verde que se forma a partir de
reacdes quimicas entre os ions ferro, potassio e aluminio. Por fim, a quinta etapa é o
crescimento de nédulos de ferro-manganés. Esses nodulos sdo formados a partir da
precipitacdo de ions de ferro e manganés na agua do mar, que se acumulam em torno
de um nudcleo de material organico. Ao longo do tempo, esses nédulos podem crescer
consideravelmente, tornando-se grandes o suficiente para serem coletados como

depdsitos de minério.

Em resumo, o modelo proposto por Odin (1975) consiste huma explicacéo
detalhada dos processos fisicos e quimicos que ocorrem durante a formacao das
argilas verdes em ambientes marinhos (Fig. 6). As cinco etapas descritas nesse
modelo ilustram como esses processos ocorrem em sequéncia, culminando na

formacao de importantes depdésitos de minério (Odin, 1975).
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Plataforma | Talude Bacia

"~ Bertierina
Marinha

Minerais Glauconiticos
Nédulos de Ferro-Manganés

W) Clorita

Figura 6. Localizagdo de depdsitos de argilas verdes em ambientes marinhos. 1 — Acumulagéo de ferro
detritico; 2 — Precipitacdo quimica de hidréxidos e oxidacdo de minerais de ferro detriticos; 3 —
Crescimento autigénico da bertierina marinha (clorita 3'); 4 — Crescimento autigénico de minerais de

glauconita; crescimento de nédulos de ferro-manganés. Modificado de Odin (1975).

Os ironstones ooliticos sao rochas ferriferas comuns no Fanerozdico, nos quais
ocorreram periodos de deposicdo de sedimentos ricos em ferro, especialmente
bertierina e chamosita, formados em bacias marinhas rasas. Embora haja
concordancia sobre a origem desses depoésitos estar relacionada a aguas moderadas
a muito rasas e momentos de nao deposicdo em sequéncias condensadas
(Burkhalter, 1995), ainda h& debates sobre o regime hidrodinamico, se consiste em
baixa energia e/ou turbulento, ou se relacionado as varia¢des do nivel do mar (Young,
1989b, Young, 1992). Embora o modelo genético ndo seja consensual, a maioria dos
autores (e.g., Astini, 1998) admite que a estrutura concéntrica, com diferentes
composicdes, representa variacdes quimicas ligadas ao ambiente deposicional. O
problema dos processos singenéticos e diagenéticos sedimentares em relacdo ao
contexto ambiental € bem representado pelos odides de bertierina, que requerem um
ambiente reduzido para a sua precipitacdo, o que contraria fortemente a textura dos
ooides formados em ambientes rasos, agitados e, sobretudo, oxigenados (Odin et al.,
1988).
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Kimberley (1994) sugeriu que os odides de bertierina/chamosita modernos
observados em Mala Pascua foram precipitados diretamente no assoalho oceanico a
partir de fluidos exalativos. Sturesson et al (1992; 1995; 2000) descreveu a génese
dos odides a partir de cinzas vulcénicas ricas em ferro que, abaixo da interface 4gua-
sedimento (ambiente anéxico), reduziram para Fe*?, e com a silica amorfa inerente,
dariam origem aos agregados ooidais de bertierina, visto que foram observados
relictos de fragmentos de vidro vulcanico em associacdo com 0s ooides ferrosos na
Suécia. Para o autor, tanto atividades vulcanicas quanto hidrotermais seriam

responsaveis pelo enriqguecimento de ferro, aluminio e silica nas dguas oceénicas.

Dronov e Holmer (1999) sugeriram que esse modelo de precipitacdo ocorreu a
partir de um rapido aumento nas concentragdes de ferro e silica em lagoas fechadas

ou em mares epicontinentais durante um trato de sistema de mar baixo.

Young (1989a) relaciona a formacdo de ironstones ordovicianas com o
enriquecimento de ferro durante periodos de ndo-deposi¢ao, nos quais a degradacao
da matéria organica nas zonas 6xicas e subodxicas permitiu a formacao autigénica de
silicatos de ferro. O autor sugere que as argilas ferruginosas ooidais se formam em
ambientes marinhos quando produtos de intemperismo terrestre ricos em ferro sdo
introduzidos. Os mecanismos exatos para a precipitacdo de bertierina na agua do mar
ainda sao desconhecidos (Young, 1989a). Van Houten e Purucker (1984), Madon
(1992), Van Houten (2000), Donaldson et al. (1999) e Pufahl et al. (2020) também
consideraram que a deposicdo de ironstone oolitico seria favorecida durante

transgress@es marinhas e periodos de reduzido influxo de sedimentos clasticos.

Taylor et al. (2002) e Collin et al (2005) sugerem a formacao dos ironstones
associada a deposicado de estagios de argilominerais e 6xidos de ferros, alternadas
ao retrabalhamento por tempestades. Taylor et al. (2002) gerou um modelo hipotético
para os estagios de formacao e diagénese dos odides ferriferos (Fig. 7).
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Figura 7. HipoOtese para os estagios de formagéo e diagénese dos odides ferriferos, modificado de
Taylor et al. (2002).

A formacédo de oodides de bertierina e chamosita encontrados em ironstones
pode ser resultado da substituicdo de odides primarios com diferentes composicées
mineraldgicas, tais como 6xidos e hidroxidos de ferro. Estes odides primarios seriam
formados em ambientes agitados e oxigenados acima da superficie &gua-sedimento,
e posteriormente seriam soterrados com sedimentos ricos em matéria organica de
ambiente redutor. O decaimento da matéria organica resultaria em um ambiente com
Eh negativo, o que levaria a reducédo do ferro férrico para o ferro ferroso, precipitando
assim a bertierina a partir do 6xido e hidroxido de ferro e preservando a estrutura

ooidal concéntrica original dos sedimentos (Taylor et al, 2002; Oliveira et al., 2011).

Heikoop et al. (1996) sugere a precipitacdo quimica direta de O6xidos e
hidroxidos de ferro e silica, visto que o formato eliptico € indicativo de precipitacao
direta (Sturesson et al., 2000), quando comparados a uma acre¢do mecanica posterior
no assoalho oceénico. A forma eliptica dos odides de ferro é explicada pelo modelo

proposto por Sturesson et al. (2000). A precipitacdo quimica de 6xido de ferro e silica
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a partir da dgua do mar ocorre principalmente em trés lados do grdo. A secéo
equatorial cresce continuamente, enquanto o crescimento perpendicular € mais lento,
pois apenas uma das laterais estd em contato com a agua. Outra evidéncia disso foi
comprovada experimentalmente por Bucher (1918) e Gay (1945), no qual mostrou que
granulos esféricos com uma estrutura concéntrica podem ser gerados a partir de um

precursor gelatinoso rico em ferro.

5.4 Ocorréncias de ironstones ooidais no Fanerozoico no Brasil

No Brasil, ha poucas ocorréncias destes depdsitos relatadas na literatura, com
excecdo dos depodsitos devonianos das bacias intracratbnicas paleozoicas do

Parnaiba e do Parana.

Freitas-Brazil (2004) identificou ooides de bertierina no Devoniano Superior da
Bacia do Parana, que marcam a instalacdo de um afundamento da bacia, em uma
escala progressiva de sequéncia de 32 ordem, durante o intervalo Givetiano/Frasiano.
O autor identificou também odides de goethita, precipitados pela substituicdo dos
ooides de bertierina, sugerindo ambientes de alteragcdo oxi-andxico, durante
momentos de inundacao regional, favorecendo a precipitacdo de bertierina, e zonas
oxidantes, favorecendo substituicdo por 6xidos. Freitas-Brazil (2004) sugere que a
diagénese ocorreu a partir da precipitacdo de bertierina na forma de cuticulas e na
forma de odides, da siderita na forma de noédulos, bem como da precipitacao de pirita
e dolomita como cimento. O autor também sugere a possibilidade de que esses odides
sejam formados na superficie de deposicéo, associados a acéo hiogénica dos fésseis

de traco, como o Spyrophiton.

De acordo com Oliveira et al. (2011), a bertierina foi identificada nos niveis
estudados na forma de cuticulas, que servem como cimento para as rochas, e
principalmente como ooides. Dado que ndo ha registro de vulcanismo para o
Devoniano da Bacia do Parand, o estudo concluiu que os odides de bertierina no
noroeste da Bacia do Parana teriam sido formados abaixo da superficie transgressiva,
de acordo com os modelos propostos por Young (1989), Taylor et al. (2002) e Colin
et al. (2005).

Abram & Holz (2020) estudaram a precipitagéo de argilominerais ferrosos da
Formacédo Pimenteiras (Bacia do Parnaiba). Os autores sugerem que as facies

refletem a precipitacdo autigénica na plataforma interna com condi¢cdes geoquimicas
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variaveis, desde ambientes suboxicos a anoxicos, associadas a sedimentos ricos em
matéria organica (possivelmente relacionadas a degradacéo progressiva da matéria
organica e mudancas na composicdo da agua de poros). De acordo com estes
autores, o padréo de empilhamento do Grupo Canindé indica que a deposi¢ao ocorreu
durante transgress6es marinhas e pequenas flutuacdes no nivel do mar superpostas
com descontinuidades regionais (controladas pela eustasia). Aguas oxidantes
dominantes e episoddios de subidas eustaticas supriram a disponibilidade de ferro,
silica e fosforo ao sistema deposicional, com fontes adicionais de ferro associadas a
descargas de rios diretamente na plataforma. As taxas de produtividade priméria eram
suficientes para esgotar o oxigénio dissolvido nas aguas profundas, criando condicdes

mais anoxicas (Abram & Holz, 2020).

6 MATERIAIS E METODOS

6.1 Levantamento bibliografico

O levantamento bibliografico envolveu a pesquisa de artigos e dados
relacionados a Bacia do Parnaiba, de caracterizacdo da secéo Siluro-Devoniana da
bacia, com enfoque especial para as Formacgdes Jaicds, Itaim e Pimenteiras, no que
tange as principais facies, associacfes de facies e ambientes deposicionais, principais
processos e produtos diagenéticos associados, assim como sua relacdo com as
condi¢cBes paleoambientais. Além disso, foram consultados artigos sobre as condi¢des
genéticas e hidrodinamicas (fisicas) que levaram a formacéo de odides argilosos no
contexto marinho, com énfase em ocorréncias em bacias sedimentares com idades

correlatas.

6.2 Andlise faciolégica

7

A descricdo de facies € uma parte importante do estudo de rochas
sedimentares. Ela se concentra na identificagdo de corpos de rocha que se
caracterizam por uma combinacédo unica de litologia e estrutura sedimentar, o que 0s
diferencia dos corpos adjacentes e reflete o processo de deposi¢cao. Segundo Tucker

(2003), na descricdo de facies € importante considerar alguns atributos, como a

litologia, texturas, estruturas sedimentares, presenca ou auséncia de fosseis, cor,
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geometria da camada e paleocorrentes. Os cédigos de facies foram baseados na
nomenclatura proposta por Miall (1996). ApoOs realizar a descricdo completa das
facies, as mesmas foram agrupadas em associacoes de facies. A associacdo de
facies € composta por um conjunto de facies geneticamente relacionadas que
possuem um significado ambiental (Collinson & Thompson, 1988), nos quais foram
definidos elementos arquiteturais e, posteriormente sistemas deposicionais, que
compreendem um agrupamento tridimensional de facies sedimentares, ligadas
geneticamente por processos identificados ou inferidos e por seus respectivos
ambientes, que retratam o meio de deposicao e as forcas que agem nele (Walker &
James, 1996).

A descricdo litofaciologica foi realizada nas dependéncias da Universidade
Federal do Rio de Janeiro (UFRJ) em testemunhos de um poco (ARN-1-TO) adquirido
pela UFRJ no escopo do Projeto Conexdo (PROFEX/CENPES/PETROBRAS). Foi
dada énfase no intervalo de 210 a 100 m deste poco, tendo em vista a ocorréncia de
niveis ricos em fosfato e minerais com ferro ocorrentes nas Formacdes Pimenteiras e

Iltaim.

6.3 Andlise petrografica quantitativa

Para este estudo, uma analise petrografica detalhada foi realizada em 68
laminas delgadas preparadas a partir de amostras dos poc¢os Aparecida Rio Negro-1
(ARN-1-TO), Lagoa do Tocantins (LT-1-TO) e Novo Acordo-1 (NA-1-TO),
pertencentes a Universidade Federal do Rio de Janeiro (UFRJ) adquiridos para o
Projeto Conexdo (PROFEX/CENPES/PETROBRAS). As laminas delgadas foram
tingidas com uma solucéo de Alizarina-S e ferricianeto de potassio para diferenciar os
carbonatos (Dickson, 1966).

A descricdo quantitativa das laminas delgadas foi realizada por meio da anélise
modal da composi¢cdo primaria, diagenética e nos tipos de poros utilizando-se o
método Gazzi-Dickinson (Zuffa, 1985). Os dados petrograficos adquiridos foram
armazenados e processados no software Petroledge® (De Ros et., 2007). As
descricdes quantitativas foram efetuadas com o auxilio de um microscopio Leitz
Laborlux 12 polS. As principais caracteristicas microscopicas foram registradas por

meio de fotomicrografias adquiridas no Microscopio Zeiss AXIO Imager A2, que conta
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com uma camera Zeiss AXIO cam MRc integrada. Para a captura de imagens, foi
utilizado o software ZEN 2011 TM.

6.4 Microscopia Eletronica de Varredura (MEV)

A microscopia eletronica de varredura foi realizada em seis laminas delgadas
recobertas com ouro e seis amostras de fragmentos de rocha para caracterizar a
relacdo morfoldgica e textural entre 0os constituintes primarios e diagenéticos sob os

modos de elétrons secundarios (SEI) e elétrons retroespalhados (BSE). O

equipamento utilizado foi 0 microscopio eletrénico de varredura JEOL JSM-6610LV,
no Laboratorio de Is6topos Geologicos (LGI) da Universidade Federal do Rio Grande
do Sul (UFRGS). A composicdo quimica qualitativa dos constituintes primarios e
diagenéticos foi determinada com um espectrémetro de raios-X por dispersao de
energia (EDS) acoplado ao equipamento Bruker XFLASH 5030. As condigdes
analiticas foram uma faixa de voltagem de 15-20 kV, tamanho de ponto de 60,

distancia de trabalho de 10-14 mm e tempo de contagem de 60 s.

A Microscopia Eletrénica de Varredura € uma técnica avancada de analise que
oferece uma definicdo e ampliacdo superiores a microscopia Optica. Esta técnica é
uma ferramenta valiosa para examinar a morfologia, as relagdes texturais entre os
constituintes primarios e diagenéticos, a porosidade e a microporosidade (Emery &
Robinson, 1993). Em resumo, ela funciona ao direcionar um feixe de elétrons para a
amostra e detectando os elétrons secundarios e os elétrons retroespalhados
resultantes da interacdo entre os elétrons incidentes e 0os atomos da amostra. As
intensidades desses dois tipos de elétrons sao processadas e representadas em

imagens monocromaticas em escala de cinza para cada pixel analisado na imagem.

A deteccado de elétrons secundarios na amostra € amplamente utilizada para
identificacdo mineral, distincdo de fases diagenéticas, analise de textura e descricao
de porosidade (Emery & Robinson, 1993) a partir do estudo da topografia da superficie
da amostra. Os elétrons retroespalhados séo produzidos em condi¢des de alta energia
(> 50 eV) durante o processo de colisdo elastica, e a intensidade de espalhamento
elastico esta relacionada ao niumero atdmico dos atomos. Quanto maior o numero
atbmico, maior sera o retroespalhamento. A aplicacdo da deteccdo de elétrons

retroespalhados no microscopio eletrénico de varredura é a geragdo de uma imagem
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em tons de cinza que refletem o nimero atdbmico médio de cada mineral na amostra
ou na secao polida analisada, com tons mais claros indicando nimeros atémicos
maiores, auxiliando na identificacdo semi-quantitativa de pontos focais nas amostras

analisadas.

A identificacdo quimica de minerais e de zonas quimicas em constituintes sao
as principais aplicacdes dos elétrons retroespalhados (Emery & Robinson, 1993).

Além disso, eles também fornecem imagens de alta resolu¢éo da porosidade.

6.6 Difratometria de Raios X

A mineralogia de argilas de dez amostras selecionadas foi analisada por meio
de difracédo de raios-X usando um difratbmetro Bruker D8 Advance da Universidade
Federal do Rio Grande do Sul (UFRGS). As fragdes de argila (<4 ym) foram
analisadas em amostras secas ao ar, saturadas com glicol e aquecidas. Os
difratogramas foram interpretados usando o software DIFFRAC.EVA V5.1 e o banco
de dados Powder Diffraction File 2021, fornecido pelo International Centre for
Diffraction Data (ICDD).

A técnica da Difracdo de Raios X é usada para identificar materiais cristalinos,
com base no espacamento uniforme das estruturas cristalinas especificas. Os raios X
sdo direcionados para a amostra em diferentes angulos e o feixe difratado é
capturado, processado e apresentado em um grafico. Este grafico apresenta picos de
intensidade de difracdo para cada angulo que correspondem a distancia dos planos
de orientacéo dos elementos na estrutura cristalina. Estes picos séo identificados com
base em um banco de dados conhecido como Powder Diffraction File, o que permite
correlacionar os picos da amostra com um padrdo especifico e identificar os minerais
presentes e sua propor¢do aproximada na amostra. A intensidade dos picos é usada
para determinar a quantidade de cada mineral presente. A difragdo ocorre como
resultado da interferéncia construtiva, onde ondas difratadas em diferentes planos
atdmicos aumentam sua amplitude. Os raios X interagem com o0s niveis atdmicos dos
minerais, pois 0 comprimento de onda do raio X é similar aos planos atbmicos das
estruturas cristalinas. A intensidade difratada depende do niamero de elétrons nos
atomos, e consequentemente, varia com a densidade de &tomos nos planos

cristalinos. Este fenébmeno é descrito pela Lei de Bragg, que relaciona o comprimento
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de onda da radiagao incidente, o angulo de incidéncia dos raios X e a distancia

interplanar da estrutura cristalina.

Alguns tipos de argilominerais tém a habilidade de aumentar o espagamento
entre seus planos, sendo conhecidos como argilas expansivas. A técnica da glicolagédo
aproveita essa caracteristica, adicionando etileno-glicol na amostra. Ja a calcinacéo &
uma etapa que identifica argilominerais sensiveis ao calor, consistindo em aquecer a
amostra a cerca de 550°C por 2 horas. Para identificar as argilas, as amostras foram
submetidas a um processo de remocao de 6leo com solucdo de hexano e carbonato
com uma solucéo tampéao de acido acético e acetato de sédio, mantendo um pH acido
(5) a 70°C. O orbitador e o ultrassom foram utilizados para fragmentar os
argilominerais da amostra. As fracdes menores que 2 um foram separadas por meio
da decantagao, que depois foram analisadas em um difratbmetro SIEMENS 6-8, com
deslocamento simultdneo do feixe incidente e do detector, modelo BRUKER-AXS
D5000.

7 SINTESE DOS RESULTADOS E INTERPRETACOES

» Foram caracterizadas quatro litofacies no intervalo estudado do poco ARN-1 na
Formacéao Jaicos, representadas por conglomerados clasto-suportados macicos,
arenitos com laminacdo plano-paralela, arenitos conglomeraticos macicos e
arenitos macicos, agrupadas em duas associacdes de litofacies (Barra Cascalhosa
e Canal Fluvial).

« A Formacado Jaicos foi depositada por um sistema fluvial entrelacado, como
indicado pela predominancia de formas de leito de alta energia, conglomerados
macicos e arenitos laminados, sem intercalagéo de lutitos, com condi¢des de fluxo
e variabilidade de descarga distintas. O clima foi o principal controle na deposi¢éo
dos sedimentos e seus processos e produtos diagenéticos subsequentes.

» O primeiro processo eodiagenético reconhecido nos arenitos da Formacgéao Jaicos
corresponde a infiltracdo mecanica de argilas, associadas a varia¢cdes do influxo
metedrico em ambientes semiaridos. Os agregados do tipo livrinho e vermiculares
de caulinita sdo o principal constituinte eodiagenético das amostras analisadas,
sugerindo percolacéo por influxo ativo de agua meteodrica e, portanto, variacdes
climaticas durante a eodiagénese. O contraste entre argilas infiltradas e caulinita

sugere uma mudanca de condi¢Bes climéticas inicialmente secas responsaveis
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pela infiltracdo mecéanica de argilas, para condicbes mais Umidas, ainda antes do
soterramento efetivo dos sedimentos. A ilitizacdo parcial da caulinita, a
precipitacdo de quartzo como crescimentos descontinuos e a autigénese limitada
de clorita sugerem uma evolucdo mesodiagenética incipiente. Isso também é
indicado pela compactacdo mecanica e quimica incipientes, que afetaram
principalmente os arenitos grossos e conglomeraticos.

Foram identificadas oito litofacies no intervalo associado as formacfes Itaim e
Pimenteiras no po¢co ARN-1-TO, representados por ironstones ooidais e ironstones
fosfaticos, heterolitos bioturbados, arenitos hibridos bertierina-siliciclasticos,
folhelhos orgéanicos macicos a laminados, arenitos finos micaceos, conglomerados
intraclasticos e arenitos macicos, agrupados em quatro associacdes de facies
(Plataforma Interna, Shoreface Superior, Shoreface Inferior e Offshore),
associados a um contexto de plataforma deltaica a neritica, dominada por
tempestades.

Os heterolitos bioturbados sdo predominantes no intervalo estudado, ocorrendo
como depositos de aproximadamente 20 metros de espessura, representados por
intercalacdes de sedimentos silticos e arenosos finos a muito finos acinzentados a
esverdeados, com ondulacfes de corrente e ondas, interpretados como resultado
da alternéncia entre processos de tracdo gerados por fluxo oscilatério e processos
de suspensao.

Os ironstones sdo compostos predominantemente por odides de bertierina, alguns
com ndcleos siliciclasticos, e ocorrem preenchendo bioturbacédo, por vezes
deformados. Os processos de bioturbacéo, que incluiram escavacéo, ingestao e
defecacédo de graos de sedimento sugerem a infiltracdo de odides de bertierina e
gréos de areia siliciclastica durante periodos de baixa taxa de sedimentacéo e
condicdes mais Oxicas apOs precipitacdo autigénica. A génese da siderita
microcristalina foi associada ao enriquecimento de ferro durante periodos de ndo-
deposicdo, com pouco suprimento de sedimento clastico, durante periodos
transgressivos. Localmente, fosfato diagenético prismatico preenchendo poros
intergranulares e moldes apods feldspato, sugere a ressurgéncia de aguas
profundas ricas em nutrientes para as areas costeiras. A precipitacdo de dolomita
antes da compactacao significativa pode ter sido precipitada pela mistura de 4guas

marinhas e metedricas nos ambientes costeiros.
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A deformacdo dos odides de bertierina/chamosita pode ser um produto de
compactacdo mecanica, desidratacdo por sinérese ou precipitacdo quimica
diferencial na interface sedimento-agua.

A sucessdo analisada mostra localmente evidéncias de uma entrada ciclica de
sedimentos siliciclasticos de quartzo, feldspato e micas, transportados por
correntes que inibiram o desenvolvimento das condi¢cdes anodxicas necessarias
para a precipitacdo de bertierina.

Durante o soterramento, a chamosita originou-se pela transformagéo parcial de
bertierina, indicando uma mesodiagénese limitada dos ooides ferrosos.

O modelo proposto sugere uma fase inicial anoxica associada a sedimentos
originalmente ricos em matéria organica, baixas taxas de sedimentacao
siliciclastica e condi¢cbes transgressivas. Nessas condi¢des, seriam depositadas
argilas precursoras, alternadas a periodos de retrabalhamento por correntes de
tempestade, gerando os odides concéntricos de bertierina. Sob essas condi¢bes
periodicamente oxigenadas, mas ainda com baixa taxa de sedimentacdo, houve
intensa bioturbagdo, preenchida totalmente por ooides de bertierina e gréaos
siliciclasticos arenosos distintos.

Este estudo contribui para o entendimento das condi¢cdes deposicionais e
diagenéticas dos depdsitos Siluro-Devonianos da Bacia do Parnaiba. As
informacdes sobre a geracdo e evolucdo dos odides de bertierina fornecem uma
melhor compreensao do papel das flutua¢des do nivel do mar e da bioturbacao em
ambientes sedimentares, entre outros processos geologicos complexos que

moldaram o registro sedimentar desses depdsitos no norte do Gondwana.
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Abstract

The Silurian-Devonian deposits of the Parnaiba Basin contain ironstones and organic-
rich sediments that globally coincide with greenhouse conditions, increase in
weathering, reduction of oceanic circulation, and black shale deposition. This
succession provides insight into the evolution of the northern Gondwana epeiric sea
margin. This study aims to contribute to the understanding of the interrelation between
depositional and shallow diagenetic processes of the Silurian-Devonian units of the
Parnaiba Basin, specifically regarding the genesis of iron minerals that compose the
ooidal ironstones of the Devonian Itaim and Pimenteiras formations. The Jaicos
Formation (Silurian) was formed by a braided fluvial system with two distinct flow and
discharge conditions, and eodiagenesis marked by clay infiltration and authigenesis of
kaolinite booklets and vermicular aggregates. Incipient mesodiagenesis is indicated by
partial illitization of kaolinite, quartz discontinuous overgrowths and outgrowths, and
chlorite. The Itaim and Pimenteiras formations are composed of bioturbated
heterolites, ooidal ironstones, intraclastic conglomerates, and shales, deposited in a
deltaic to neritic, storm-dominated platform. Berthierine ooids were formed by direct
precipitation or through early transformation of precursor clays, under low siliciclastic
sedimentation rates and transgressive conditions, alternating with periods of reworking
by storm currents. Eodiagenetic microcrystalline siderite formed along the redox
boundary between oxic/bioturbated and anoxic zones. Bioturbation processes

promoted concentration of the berthierine ooids under low sedimentation rates.

Keywords: Berthierine ooids; Diagenesis; Parnaiba Basin; Silurian-Devonian;

Marine deposits
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1. Introduction

The Silurian-Devonian interval in the giant intracratonic Parnaiba Basin (NE Brazil) is
characterized by distinct depositional environments and diagenetic aspects. The
Jaicos Formation is representative of a braided fluvial system (Goes and Feij6, 1994;
Vaz et al., 2007; Manna et al., 2021) with a typically continental humid to semi-arid
climatic and eodiagenetic context (Manna et al., 2021). On the other hand, the Itaim
and Pimenteiras formations represent a deltaic system dominated by storms, tides,
and a neritic platform with ironstones and phosphates (Vaz et al., 2007; Grahn et al.,
2008; Trindade et al., 2015; Martins, 2019; Abram & Holz, 2020; Memoria et al., 2021).

The Devonian sedimentary sequence of the Parnaiba Basin comprises a significant
interval with oolitic ironstones and associated rocks, which provide an opportunity for
studying the evolution of the depositional environments, climate and shallow diagenetic
processes, with a focus on the oceanic record in northern Gondwana (Ribeiro and
Dardenne, 1978; Ribeiro, 1984; Abram et al., 2011; Amaro et al., 2012; Amaral et al.,
2013; Abram & Holz, 2020). Furthermore, ironstones are good stratigraphic correlation
markers due to their continuity throughout the basin, and their small thickness (Van
Houten & Bhattacharyya, 1982).

However, there is a broad discussion about the genesis of berthierine ooids regarding
the hydrodynamic energy conditions, and their relation to sea level fluctuations (Young,
1989b, Young, 1992). Their concentric structure is believed to result from variations in
the chemical conditions of the depositional environment, such as fluctuations in salinity
or pH levels, or changes in the source of sediment input (e.g., Astini, 1998).
Furthermore, the berthierine-chamosite ooids require a reducing environment for their
generation, which is quite different from the environment in which carbonate ooids

typically form (i.e., shallow, oxygenated environments; Odin et al., 1988).

The understanding of the paleoenvironmental conditions of these deposits still requires
further studies, especially to unravel the specific conditions that promoted the
formation of ooids in ironstones, and to clarify the hydrodynamic regime and the ocean
chemistry that controlled their origin and evolution. Thus, the main objective of this
study is to understand the depositional and diagenetic conditions of the Silurian-
Devonian deposits of southern Parnaiba Basin, focusing on the genesis of the iron

minerals that compound the ooidal ironstones and associated rocks.
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2. Geological Setting

The intracratonic Parnaiba Basin (Fig. 1) is located in northeastern Brazil, occupying
an area about 666,000 km? across Piauf, Maranhao, Pard, Tocantins, Bahia and Ceara
states (Goes and Feij6 1994). The basin has an elliptical shape, with its NE-SW axis
approximately 1,000 km long, and an up to 3,500 m thick sedimentary column in the
depocenter (Grahn and Caputo, 1992). Its tectonic history initiated in early Paleozoic
with thermally induced rifting, followed by a long-term subsidence related to the
stabilization of the South American Platform (Daly et al., 2014; Castro et al., 2016;
Tribaldos and White, 2018; Abram & Holz, 2020).
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Figure 1. Location map of Parnaiba Basin with the studied wells. Modified from Martins (2021).

The sedimentary record of the basin is subdivided into five supersequences: Silurian,
Mesodevonian-Eocarboniferous, Neocarboniferous-Eotriassic,  Jurassic  and
Cretaceous, which are delimited by unconformities that extend over the entire basin
(Vaz et al., 2007). The studied interval corresponds to the Silurian and Devonian-
Mississippian supersequences (Fig. 2 and 3), in an area located in the southwestern
part of the Parnaiba Basin (Fig. 1), which records a variety of depositional
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environments that evolved from continental contexts to the establishment of an Epeiric

sea on Gondwana (Vaz et al., 2007).

Extensive deposition took place on northern Gondwana in the Parnaiba and Amazonas
basins, which were connected to the North to the Rheic Ocean (Acefiolaza et al.,
2002). There was no connection with the Parané basin, located in southern Gondwana,
at least during the Praguian-Eifelian (Almeida and Carneiro, 2004; Grahn et al., 2016).
Paleocontinental reconstructions and faunal data suggest that the climate was cool to
warm temperate in the Parnaiba Basin during the Devonian (Pereira et al., 2009, 2010;
De Vleeschouwer et al., 2014, Blakey, 2019; Abram & Holz, 2020).

The Silurian Supersequence comprises siliciclastic deposits of the Serra Grande
Group (Vaz et al., 2017; Memoria et al., 2021) over a Precambrian basement. The
basal Serra Grande Group is composed of conglomeratic and medium- to coarse-
grained sandstones from braided glacial rivers and deltaic lobes of the Ipu Formation.
They were covered by dark gray and black shales, siltstones and micaceous
sandstones of the Tiangua Formation, interpreted as deposited in a shallow marine
shelf setting (Caputo, 1984), and by medium- to coarse-grained sandstones of the
Jaic6s Formation, deposited in a braided river setting (Gées and Feij0, 1994; Vaz et
al., 2007). The Devonian Canindé Group, deposited unconformably over the Serra
Grande Group (Fig. 3) is subdivided into the Itaim, Pimenteiras, Cabecas and Longa
formations. The basal, fine- to medium-grained sandstones and bioturbated shales of
the Itaim Formation, were deposited in deltaic and tidal-dominated platforms (Vaz et
al., 2007; Grahn et al.,, 2008; Trindade et al., 2015; Abram & Holz, 2020). The
Pimenteiras Formation is represented by very fine-grained sandstones and dark-gray
to black shales, deposited in a storm wave-dominated shelf, in a neritic setting (Goes
and Feij6, 1994; Martins, 2019; Abram & Holz, 2020). The Cabecas Formation
comprises fine- to coarse-grained sandstones interbedded with mudrocks, deposited
in deltaic, storm and tidal-dominated platforms. Black shales interbedded with fine-
grained sandstones, deposited in deltaic and tidal plains, represent the Longa

Formation deposits (Vaz et al., 2007).
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The main petroleum system of the basin is the Pimenteiras-Cabecas system, which
source rocks are the radioactive marine shales of the Pimenteiras Formation (2% to
up to 6 % TOC), deposited in a global anoxic event represented by a maximum flooding
surface (Rodrigues, 1995), and reservoirs are the up to 250 m thick deltaic sandstones
of the Cabecas Formation, characterized by high permeability and up to 26% porosity.
Martins (2019) recognized a good to moderate gas generating potential (TOC 1.5% -
3.2%) at the eastern part of the basin. To the southwest, samples with the same TOC
contents showed moderate gas generating potential. The presence of unsaturated
compounds suggests buried limited burial after the Lower Carboniferous deposition.
Gas fields with higher production are associated with thick diabase intrusions, which
thermally affected the Pimenteiras Formation (Martins, 2019). The Parnaiba Basin
emerges as the second largest onshore gas producer in Brazil, with reserves of around
15.3 billion m? of natural gas (Aradjo, 2015). Recently, a new discovery of great
potential was made in Block PN-T-102A (MA), with an initially estimated average

volume of 6.78 billion cubic meters of natural gas (Eneva, 2022).

3. Materials and Methods

For this study, detailed petrographic analysis was performed on 68 thin sections
prepared from core samples of Aparecida Rio Negro-1 (ARN-1-TO), Lagoa do
Tocantins (LT-1-TO) and Novo Acordo-1 (NA-1-TO) wells. These wells were acquired
by the Federal University of Rio de Janeiro (UFRJ), during the Conexdo Project
(PROFEX/CENPES/PETROBRAS). Detailed facies description was executed in 1:50
scale of the 210-110 m interval of ARN-1-TO well, focusing on the ironstones and
associated rocks of the Itaim and Pimenteiras formations. The thin sections were
prepared from samples impregnated with blue epoxy resin and analyzed in polarized
transmitted light microscopes (Zeiss Imager Al; Axiocam Mrc). Staining with a
hydrochloridric solution of Alizarin red-S and potassium ferricyanide was applied to
differentiate the carbonate minerals (Dickson, 1965). Quantitative petrography was
performed using the Gazzi-Dickinson method (cf. Zuffa, 1985), by counting 300 points
per sample to evaluate primary detrital and diagenetic constituents, paragenetic
relationships and pore types. Petrographic descriptions were acquired, stored and

processed using the Petroledge®© software (De Ros et al., 2007).
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Scanning electron microscopy was performed on six gold-coated thin sections and six
rock chip samples to characterize the morphological and textural relation between
primary and diagenetic constituents under secondary electrons (SEI) and
backscattered electrons (BSE) modes. The equipment was a JEOL JSM-6610LV
scanning electron microscope, at the Geological Isotopic Laboratory (LGI) of the Rio
Grande do Sul Federal University (UFRGS). The qualitative chemical composition of
primary and diagenetic constituents was determined with a coupled Bruker XFLASH
5030 energy dispersive X-ray spectrometer (EDS). The analytical conditions were a
voltage range of 15-20 kV, spot size of 60, working distance of 10-14 mm, and counting

time of 60 s.

The clay mineralogy of ten selected samples was analyzed through X-ray diffraction
using a Bruker D8 Advance diffractometer from the Rio Grande do Sul Federal
University (UFRGS). The clay (< 4 ym) fractions were analyzed on air dried, glycol-
saturated, and heated samples. The diffractograms were interpreted using the
software DIFFRAC.EVA V5.1 and the Powder Diffraction File 2021 data bank, provided
by the International Centre for Diffraction Data (ICDD).

4. Results

Twelve depositional facies were recognized in the ARN-1-TO well cores (210 to 110
m, Fig. 4), which are grouped into six facies associations (Table 1; Fig. 4). The Jaicos
Formation (Table 1; Fig. 4) is composed mainly of massive conglomeratic sandstones
and conglomerates, ascribed to fluvial channels and gravel bar facies associations
respectively. These deposits are grouped and interpreted as a result of a braided fluvial
system. However, the Itaim and Pimenteiras formation (Table 1; Fig. 4), separated
exclusively by chitinozoans data (Grahn, 2008), are represented by ooidal ironstones
(lo), intraclastic conglomerates (Cmi) and berthierine-siliciclastic hybrid arenites
(sensu Zuffa, 1980) related to inner shelf facies association, massive sandstones
associated to upper shoreface facies association, bioturbated heterolites (Hb),
hummocky sandstones (Shcs) and laminated micaceous fine-grained sandstones
(SIm), grouped into a lower shoreface facies association, and black laminated to
massive shales (Fm) from offshore environment. These deposits are ascribed to a
storm-dominated platform and to a neritic environment (Table 1; Fig. 4). These
formations were deposited unconformably over the early Devonian JaicGs Formation

fluvial deposits, on as a widespread erosional unconformity with sub-parallel contact,
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marked by sets of coarse-grained sandstones that are covered by marine heterolites
(Caputo et al., 2006; Abram & Holz, 2020).
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Table 1. Facies description, interpretation and associations for the Jaicés, Itaim and Pimenteiras
formations in the ARN-1-TO well.

Jaicés Formation

Code

Lithofacies

Interpretation

Facies Association

Gem

S1

Scm

Sm

Massive granule to pebbly conglomerales,
clast-supported, poorly to very poorly-
sorted, composed of a sandy matrix and
rounded to subrounded pebbles of sandstone
and metamorphic rock [ragments.

Medium-grained reddish sandstones with
plane-parallel laminations marked by
granulomelric variations (fine to
medium-grained sands), arkose, moderated
to well sorted.

Coarse to medium-grained massive
sandstones, arkose to subarkose, grayish to
reddish in color, with granule and pebble
grains, rounded to subrounded grains,
moderate to poorly sorted.

Medium-grained massive sandstonc,
subarkose to quartzarenite, white to grayish in
color, moderately to well sorted, Scattered
iron nodules and sandy iron-stained
intraclasts.

Rapid deposition from highly
concentrated sediment lows or
flow-turbulent flow (Miall, 1977).

Transition between subcritical and
supercritical flows. High fluctuations
in discharges during shectfloods or
changes in depth of water blade.
Washed-out dunes, unconfined high
energy flows (Harms et al., 1982).
Supercritical laminated sheet (Manna
eal., 2021).

Rapid deposition of
hyperconcentrated flows or later
deformation by fluidization
(Miall, 1977; Lowe, 1975; Owen,
1987).

Rapid deposition of
hyperconcentrated flows or later
deformation by fluidization (Miall,
1977; Lowe, 1975; Owen, 1987).

Gravel Bar (Miall, 1996;
Blair, 2000)

Superecritical laminated sheet
(Manna e al., 2021). Sandy
fluvial channel (Miall, 1996;
Fielding et al., 2000; Scherer et
al., 2007).

Gravel Bar (Miall, 1996;
Blair, 2000)

Fluvial channel (Walker and
James, 1992; Allen, 1993;
Scherer et al., 2007; Ghazi and
Mounitney, 2009)
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Code Lithofacies

Interpretation

Facies Association

Heterolitic-bedded deposils. characierized
by intercalation of very fine to fine-grained
sandstones and laminated mudstoncs,
grayish (o green, characterized by

Hb symmetrical and asymmelrical oscillations
wave ripples and intense bioturbation..
Heterolytic flaser, linsen and wave-linsen
lithofacies are common.

Ooidal ironstones occur intensely bioturbated,
composed of fine Lo coarse sand size berthierine
ooids (0,1 to 0,8 mm) with siliciclastic nuclei,
slightly deformed or preserved, preferentially

lo located in bioturbated arcas within a siderite
replacive matrix, Siderite, phosphate and pyrite
nodules and concretions, and iron silicate
coated grains associated.

Laminated to massive mudstones, gray to black
Fm X . I

in color, rarely interbedded with linsen

heterolhites. Carbonaceous fragments arc

common,

Mostly composed of [ine .0 medium-grained
subarkose white to grayish sandstone, well

Sm sorted, structureless. It may have iron and
argillaccous nodules or concretions, as well
as intraclasts of ferric composition.

Very fine to fine-grained white sandstones
Shes wnhl llupuuqcky cross stratification and mud
° laminations intercalated. Sets of 20 ¢cm to 50
m thick.

[ntraclastic Sandy Conglomerates, intensely
biotubated with silt claystone pebbles
(intensely replaced by microcrystalline

Cmi siderite and framboidal pyrite) and sandstonc
clasts. Rounded bioturbations filled with
clayey material, with internal circular
organization marked by silts. Clay ooids
(chamosile?) intensely compacted, forming
muddy pseudomatrix.

Massive coarse-grained berthierine
ooidal-siliciclastic arenite according o Zuffa
(1980) is composed of partially to totally
dissolved berthierine ooid particles and

So siliciclastic grains including quartz,
K-feldspar, and plagioclase. The grains are
moderately to well sorted, subangular to
subrounded, and have medium sphericity.
[ntense oxidation.

Laminated fine-grained to medium-grained
sundstoncs, modcrately to well sorted,
arkose, with plane parallel lamination

Slm marked by concentration of micas and a
high proportion of quartz, moderate sorting,
and occasional thin laycrs of clay. Locally
bioturbated and with [luidization. They
commonly have tasmanites algae.

Alternation between traction
generated by oscillatory flow
(asymmetrical and symmetrical
ripples) and suspension processes
(Reineck and Sing, 1973)
Fluidization and bioturbation
processes deforming the structures
(Lowe, 1975; Owen, 1987).

Authigenic precipilation in suboxic
to anoxic environment associated
with organic rich sediments.
Syndcpositional reworking by
storm events (e.2. Pulahl and
Grimm, 2003; Oliveira and Pereira,
2011). Fluidization and
bioturbation processes deforming
the structures (Lowe, 1975; Owen,
1987).

Suspension settling of line-grained
sediments from weak currents or
standing water (Miall, 1977). Lack
ol lamination probably related to
flocculation of clay suspension.
Settling of suspended sediments.
Oxygen-depleted water reflecting
more anoxic conditions.

Rapid deposition of
hyperconcentrated flows or later
deflormation by Muidization (Miall,
1977; Lowe, 1975; Owen, 1987).

Record of storm-emplaced sands
merged with mud deposited during
the waning phase of the storm
(distal lempestites). Hummocky
cross-bedded sandstones represent
proximal tempestites (Abram &
Holz, 2020).

Reworking of ironstones, heterolits

and fine sandstones by waves
across the shelves and platforms
(Walker and Plint, 1992; Allen,
1984)

Reworking of berthicrinne ooidal
particles and siliciclastic grains by
waves across the shelves and
platforms (Walker and Plint, 1992;
Allen, 1984).

This rock type indicates variations
in scdimentation rate in the lower
1o middle shoreface (Pemberlon et
al., 2012), and primarily represents
well-preserved fair weather
periods.

Lower shoreface and
ollshere environments
(Walker and Plint, 1992),

Inner shelf with variable
geochemistry conditions, from
suboxic to anoxic cnvironment,
associaled with organic rich
sediments (Abram & Holz,
2020).

Offshorc cnvironment.
(Abram & Holz, 2020).

Upper Shoreface (Walker and
Plint, 1992; Abram & Holz,
2020).

Lower Shoreface (Walker and
Plint, 1992; Abram & Holz,
2020).

Inner shelf (Walker and Plint,
1992; Abram & Holz, 2020).

Inner shelf (Walker and Plint,
1992; Abram & Holz, 2020).

Lower Shoreface (Walker and
Plint, 1992: Abram & Holz,
2020).
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4.1. Jaicés Formation

4.1.1. Facies and facies associations

The Jaic6s Formation is composed of fine to coarse-grained sandstones, locally
slightly conglomeratic, and of massive conglomerates. The grains are predominantly
subrounded and moderately sorted (sensu Folk 1980). Four lithofacies (Cgm; Sl; Scm;
Sm; Table 1) were identified for the studied interval of ARN-1-TO well (210 to 100 m),
which are grouped into two facies associations (Gravel bar and Fluvial Channel; Table
1).

Gravel bars are characterized by clast-supported, pebble to boulder, massive
conglomerates and conglomeratic sandstones. Conglomeratic sandstones (Scm; Fig.
5) are medium to coarse-grained with granule-pebble clasts, massive, with rounded to
subrounded grains, moderate to poor sorting, and , meter-thick (1 to 10 m) beds with
abrupt contacts. Massive conglomerates (Gecm; Fig 5) are granule to pebbly, clast-
supported, poorly- to very poorly sorted, approximately 50 cm thick, composed mainly
of a grayish sandy “matrix” and rounded to subrounded pebble size clasts (S| facies)

of reddish and grayish sandstone, and metamorphic rock fragments (Fig. 5).

Sandy fluvial channel deposits correspond mainly to reddish laminated sandstones
and massive white to grayish sandstones, intercalated with the coarse-grained and
conglomeratic sandstones with sharp/abrupt basal contacts. Laminated sandstones
(SI; Fig. 5) are composed of medium grained reddish sandstones, with rounded to
subrounded grains, moderately- to well-sorted, with plane-parallel lamination in
intercalated whitish and reddish layers marked by compositional differences,
associated to an upper flow regime and to a transition between subcritical and
supercritical flows. Massive sandstones (Sm; Fig. 5) are mostly medium-grained,
moderately- to well-sorted, locally with iron oxide/hydroxide nodules and red mud

intraclasts.
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Figure 5. Lithofacies of the Jaic6s Formation of the ARN-1-TO well: A) Gecm: Massive,
clast-supported conglomerate. B) Reddish laminated sandstone pebble size fragment
in massive conglomerate (Gem). C) Sl: Plane-parallel laminated sandstone. D) Scm:
Massive conglomeratic sandstone. E) Sm: Massive sandstone with intercalated Scm.
F) Smi: Massive sandstones with red mud intraclasts.

4.1.2. Primary composition

Medium to coarse-grained sandstones are the most common lithotype, composed
predominantly of quartz grains, with subordinate orthoclase, microcline and
plagioclase. This essential detrital composition corresponds to arkoses and
subarkoses sensu Folk (1968) (Fig. 6A). Such composition suggests a provenance
from transitional to stabilized craton (sensu Dickinson 1985, Fig. 6B). Sand and pebble
grains are predominantly subrounded and poorly sorted (sensu Folk 1980). Most
samples are massive (Fig. 7A and 7B), but some have plane-parallel lamination
marked by the concentration of biotite. In general, intergranular contacts are mainly
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tangential, and the packing is predominantly loose to normal, corresponding to a large
intergranular volume. Rarely, coarse sandstones show sutured intergranular contacts

and porosity obliteration by discontinuous syntaxial quartz overgrowths (Fig. 7C).

The primary composition of these sandstones corresponds essentially to
monocrystalline quartz grains, which are slightly more abundant than polycrystalline
metamorphic grains (Table 1). Conglomerates usually have a higher concentration of
polycrystalline quartz grains (Fig. 7D). Orthoclase and plagioclase grains were
dissolved or replaced by booklets of kaolinite (Fig. 7B), while microcline grains were
preserved. Plagioclase and orthoclase grains with a “cloudy” vacuolized aspect are

usually replaced by microcrystalline albite.

Metamorphic fragments (Fig. 7E), such as schist, meta-sandstone, meta-siltstone,
slate and phyllite, are commonly converted into lithic pseudomatrix due to mechanical
compaction. Plutonic rock fragments composed of quartz, K-feldspars, plagioclase and
micas are abundant. Sedimentary rock fragments, including chert, siltstone, and
sandstone, and aphanitic volcanic fragments are rare. Conglomerates and
conglomeratic sandstones usually have a higher concentration of plutonic and

metamorphic rock fragments.

Heavy mineral grains, such as zircon, tourmaline, rutile, epidote, garnet, monazite and
opaque minerals are common, and occur mainly in medium to coarse-grained
sandstones (Fig. 7F). Mud intraclasts occur locally and are usually converted into

pseudomatrix by the mechanical compaction.

Table 2. Average and maximum values for the main petrographic parameters of the Jaicés Formation.

Values in % correspond to bulk rock volume.

Constituents or pore types Avg Maximum
Detrital quartz 51,53 67,67
Detrital plagioclase 0,95 3,33
Detrital K-feldspars 1,98 5,01
Total heavy minerals 1,17 2,66
Metamorphic rock fragments 1,51 4,33
Volcanic rock fragments 0,20 1,00
Sedimentary rock fragments 1,33 12,00
Biotite 0,40 1,00
Muscovite 1,49 3,67
Mud intraclasts 0,29 1,00
Clay Matrix 0,02 0,33
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Carbonaceous fragments 0,18 1,00
Undifferentiated grains 3,16 13,00
Undifferentiated feldspars 1,13 2,33
Intergranular infiltrated clay 0,04 0,67
Intergranular bitumen 0,16 1,00
Intragranular albite 0,27 2,00
Intergranular K-Feldspar 0,11 1,67
Intergranular kaolinite 3,71 8,00
Intragranular kaolinite 3,13 7,33
Intragranular chlorite 0,01 0,33
Intergranular Fe-oxide 1,62 6,34
Intragranular Fe-oxide 2,79 8,98
Intergranular illite 0,53 2,67
Intragranular illite 0,31 1,33
Intergranular titanium mineral 0,04 0,67
Intragranular titanium mineral 0,89 1,67
Mud pseudomatrix 1,22 4,33
Lithic pseudomatrix 0,24 1,00
Intergranular quartz 6,11 9,67
Intragranular quartz 0,27 0,67
Inragranular vermiculite 0,07 1,00
Oversized pores 1,20 6,33
Shrinkage pores 0,00 0,01
Fracture pores 0,46 1,33
Intergranular pores 6,09 13,67
Intragranular pores 2,82 5,99
Moldic pores 0,31 1,67
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Figure 6. A) Original detrital composition of the Jaicés (red), Itaim and Pimenteiras (green) sandstones
and conglomerates plotted on Folk (1968) diagram. B) Original essential composition of the Jaicds (red),
Itaim and Pimenteiras (green) sandstones and conglomerates plotted on Dickinson (1985) provenance

diagram.
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Figure 7. Primary composition of the Jaicés sandstones and conglomerates. A) Massive, conglomeratic,
coarse-grained sandstone, arkose, with loose packing. Uncrossed polarizers (/P). B) Coarse-grained
sandstone, arkose, with kaolinite booklets filling intergranular pores and replacing grains (arrow).
Crossed polarizers (XP). C) Medium-grained sandstones with sutured contacts (arrows) and
discontinuous syntaxial quartz overgrowths. (XP). D) Poorly-sorted conglomerate with polycrystalline
quartz grains and sandy grains “matrix”. (XP). E) Coarse-grained sandstone with metamorphic
fragments (arrow) and muscovite grains. (XP). F) Medium-grained sandstone, subarkose, with heavy

mineral grains such as zircon and monazite (arrows). (XP).
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4.1.3. Diagenetic Processes and Products

Kaolinite is the most common authigenic clay mineral in the studied Jaicos Formation
samples. Kaolinite occurs as booklets or vermicular aggregates filling intergranular
pores (Fig. 8A) and replacing grains (predominantly feldspars, metamorphic and
plutonic fragments, mud intraclasts and argillaceous peloids), and as lamellae
replacing and expanding muscovite grains (Fig. 8B). Secondary electron images (SElI)
images illustrate the typical booklet and vermicular habits of kaolinite (Fig. 8C), and its
common association with framboidal pyrites and prismatic quartz overgrowths (Fig.
8D). Backscattered images show grain-replacive kaolinite booklets and vermicular
aggregates (Fig. 8E). Such kaolinite aggregates were partially replaced by illite (Fig.
8F), which also occurs as microcrystalline and fibrous crystals replacing grains
(predominantly feldspars) and filling intergranular pores. Microcrystalline vermiculite
and chlorite (identified by XRD analysis; Fig. 9) occur replacing and expanding some
biotite grains. Infiltrated clays are rare, and occur as discontinuous coatings covering
grains, and as microcrystalline to cryptocrystalline intergranular brownish aggregates
filling intergranular pores. Kaolinite, chlorite and illite were identified by XRD analyses

of the fine (< 4um) fraction of coarse-grained loose-packed sandstones (Fig. 9).

Mechanical compaction features comprise the fracturing of rigid grains (quartz and
feldspars), as well as deformation of ductile grains, such as micas, lithic and clay
grains. Mud intraclasts (Fig. 10A) and low-grade metamorphic rock fragments, such as
phyllite and schist (Fig. 10B), were deformed and partially converted into lithic

pseudomatrix.

Quartz occurs as discontinuous syntaxial overgrowths (Fig. 10C) and subordinately as
intragranular microcrystalline ingrowths and prismatic outgrowths. Quartz cements are
present mainly in coarse-grained sandstones (Scm and Sm facies; Table 1) and

conglomerates (Cgm; Table 1), locally obliterating the intergranular porosity.
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Figure 8. Main diagenetic clay minerals of the Jaic6s Formation studied samples. A) Booklets of kaolinite
filling intergranular pores and replacing grains. (XP). B) Lamellar kaolinite expanding muscovite grain.
(XP). C) Secondary electrons image of kaolinite booklet and vermicular aggregates. (SEI). D) Quartz
prismatic overgrowth (Q) and iron oxide/hydroxide (l) associated with kaolinite booklets (K). (SEI). E)
Backscattered image of grain-replacive kaolinite booklet and vermicular aggregates. (BSE). F) Partially

illitized kaolinite booklets that replaced a dissolved feldspar grain. (XP).
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Figure 9. XRD diagrams of the < 4um fraction of a conglomeratic coarse-grained sandstone (Scm; Table
1) with kaolinite, chlorite and illite phases identified.

Chemical compaction was limited in the analyzed samples, affecting mainly the
coarse-grained sandstones and conglomeratic coarse sandstones, which present
concave-convex and sutured contacts between the grains. Locally, the contacts of rigid
grains (quartz and feldspar) and micas are straight, owing to enhanced pressure

dissolution along the mica surfaces.

Iron oxides/hydroxides (Fig. 10D) occur as coatings covering grains, and as
microcrystalline aggregates replacing feldspar grains, biotite grains, rock fragments
and intrabasinal grains, and microcrystalline pyrite aggregates, as well as filling

intragranular and intergranular pores.

Other minor diagenetic constituents include microcrystalline celadonite, jarosite and
lamellar gypsum, which occur replacing and expanding grains. Halos of polymerized
bitumen continuously coat some heavy minerals, such as zircon. Microcrystalline
brown crystals of titanium oxides replace mainly lithic pseudomatrix, biotite and heavy
minerals, as well as fill intergranular pores. Microcrystalline and prismatic albite
partially replaces feldspars and fills intergranular and intragranular pores in dissolved

feldspars.



69

4.1.4. Pore types

Intergranular porosity was partially preserved in the Jaic6s Formation samples,
although reduced by cementation and by mechanical and chemical compaction.
Dissolution of detrital K-feldspar and plagioclase grains (Fig. 10E), mud intraclasts,
metamorphic and plutonic fragments generated secondary intragranular porosity.
Quartz overgrowths and kaolinite booklets are the main constituents within the
intergranular and intragranular porosity (Fig. 10F). Lithic and argillaceous
pseudomatrix was also partially dissolved. Fracture pores occur in quartz, feldspar and
metamorphic fragments. Rock fractures and shrinkage pores from contraction of mud
intraclasts are rare. Some oversized pores may be artifacts from thin-section

preparation or products of extensive grain dissolution.
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Figure 10. Main diagenetic constituents and pores types of Jaic6s Formation samples. A) Pseudomatrix

from the mechanical compaction of mud intraclasts in medium-grained sandstone. (/P). B) Low-grade
metamorphic rock fragment partially compacted into lithic pseudomatrix and replaced by kaolinite
booklets. (XP). C) Discontinuous syntaxial overgrowths covering quartz grains (arrow). (XP). D)
Microcrystalline iron oxides filling intergranular pores and replacing heavy mineral grains. (//P). E)
Intragranular porosity from partial K-feldspar dissolution. (//P). F) Inter- and intragranular pores partially
filed by microcrystalline iron oxides, kaolinite booklets and lamellae, and discontinuous quartz
overgrowths. (//P).
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4.2. Itaim and Pimenteiras Formations

4.2.1. Facies and Facies associations

Eight lithofacies (Table 3) were identified in the interval from 173 m to 110 m of
ARN-1-TO well, which are grouped into four facies associations (Inner Shelf, Upper
Shoreface, Lower Shoreface and Offshore; Table 3). The Itaim and Pimenteiras
formations were integrated in this study because of the similarities in lithofacies and
diagenetic constituents. These rocks correspond predominantly to ooidal ironstones
and phosphatic ironstones, bioturbated heterolites, Hybrid berthierine-siliciclastic
arenites (sensu Zuffa, 1980) massive to laminated organic shales, fine-grained

micaceous sandstones, intraclastic conglomerates, and massive sandstones.



Figure 11. Depositional facies of Itaim and Pimenteiras formations in ARN-1-TO well. A) lo: Ooidal
ironstones. B) Hb: Bioturbated heterolites (Wavy-Linsen). C) Contact (yellow dashes) between ironstone

(lo) and bioturbated heterolite (Hb) with intraclasts of ironstones. D) Bioturbated ironstone (lo) with
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rounded burrows marked by berthiterine/chamosite ooids (yellow arrows). E) Hb: Bioturbated heterolites
(Flaser). F) Hb: Bioturbated heterolites (Linsen). G) D) Bioturbated ironstone (lo) with burrows filled by
deformed berthierine/chamosite ooidal particles (yellow arrow). H) Sm: Massive, fine to medium-grained

sandstone.

Inner shelf facies association is intensely bioturbated, composed mainly of ooidal
ironstones, mostly composed of berthierine/chamosite ooids replaced by siderite
crystals, intercalated  with centimetric  bioturbated heterolites. The
berthierine/chamosite ooids (0.1 to 0.8 mm, Fig. 13) are heterogeneously deformed
(Fig. 12B and 12C), commonly with oval shapes, some with siliciclastic nuclei, in places
deformed to pseudomatrix by mechanical compaction (Fig. 12D), or distorted to
sigmoidal shapes, as a product of shear during compaction (Fig. 12F). They are
preferentially located inside rounded to lenticular burrows (Fig. 12E) into argillaceous
matrix intensely replaced by microcrystalline siderite. The original berthierine (7 A) was
partially replaced by chamosite (14 A, identified by XRD analysis; Fig. 13). The dark-
red macroscopic color of the argillaceous matrix is due to intense replacement by
partially oxidized microcrystalline siderite. Microcrystalline jarosite
(K2Fes(OH)12(S04)4) occurs replacing siderite and pyrite aggregates in the bioturbated

areas.
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Figure 12. Main diagenetic constituents of the Pimenteiras Formation ironstones. A) Slightly deformed
berthierine/chamosite ooids within a matrix replaced by microcrystalline siderite. (//P). B) Detail of
deformed ooids, some with siliciclastic nuclei. (XP). C) Ooids with undeformed oval shape, and
continuous and regular envelopes. (XP). D) Hybrid berthierine-siliciclastic arenite with strongly
compacted ooids and siliciclastic grains. (//P). E) Bioturbation partially filled by heterogeneously

deformed ooids (XP). F) Ooids intensely deformed by compaction. (//P)
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Figure 13. XRD diagrams of the < 4um fraction of an ironstone with berthierine and chamosite ooids
identified.

Hybrid ooidal-siliciclastic arenites (sensu Zuffa, 1980) occur at 153.10 m. They are
constituted by berthierine/chamosite ooids (Fig. 14A) partially to totally dissolved, and
siliciclastic grains such as quartz, K-feldspars and plagioclase. These arenites are
massive moderately to well sorted, with subangular to subrounded siliciclastic grains,
intensively cemented by iron oxides/hydroxides (Fig. 14B). Mud intraclasts (probably
of berthierine-chamosite original composition) are compacted to argillaceous
pseudomatrix in some analyzed samples (Fig. 14C). Framboidal pyrite occurs filling
intergranular pores and replacing ooids and intraclasts (Fig. 14D). Moldic pores are
abundant in these analyzed samples, formed by the intense dissolution of the ooids
(Fig. 14E).
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Figure 14. Main primary and diagenetic constituents of hybrid ooidal arenites and
intraclastic conglomerates of Itaim and Pimenteiras formations. A) Coarse-grained
ooidal-siliciclastic hybrid arenite (sensu, Zuffa, 1980), moderately-sorted, with
subrounded grains and dissolved ooids, loose packing. (//P). B) Iron oxides fill
intergranular and intragranular pores. (//P). C) Pseudomatrix from mechanical
compaction of mud intraclast in coarse-grained arenite. (XP). D) Framboidal pyrite
replacing grains and filling intergranular and moldic pores. (//P). E) Moldic pores from
partial to total dissolution of berthierine ooids. (//P). F) Intraclastic conglomerate with

subangular mud intraclasts and siliciclastic grains (//P).



77

Approximately 20 cm thick intraclastic sandy conglomerates (Fig. 14F) occur
exclusively at 154,20 m depth. They are constituted by pebble-size angular to
subangular intraclasts of ironstones and mud intensely replaced by microcrystalline
siderite and framboidal pyrite. Predominantly rounded burrows are filled mainly with
fine-grained siliciclastic grains. Berthierine ooids and argillaceous intraclasts are
intensely compacted by mechanical compaction, usually forming pseudomatrix.
Monocrystalline and polycrystalline quartz grains are common, microcline and
orthoclase occur in subordinate volume. Heavy mineral grains, including zircon,

tourmaline, ilmenite, rutile, epidote, garnet and monazite, are rare.

Table 3. Average and maximum values for the main petrographic parameters of the Itaim and

Pimenteiras Formation. Values in % of bulk rock volume.

Constituents or pore types Avg Maximum
Detrital quartz 34,70 61,00
Detrital plagioclase 1,40 9,00
Detrital K-feldspars 5,20 10,00
Undifferentiated feldspars 1,83 5,00
Total heavy minerals 1,68 3,66
Metamorphic rock fragments 0,87 4,67
Volcanic rock fragments 0,06 0,66
Sedimentary rock fragments 0,36 0,67
Phosphatic bioclasts/other grains 0,03 0,67
Acritarchs 0,22 0,67
Tasmanites 0,01 0,67
Biotite 4,20 17,00
Muscovite 2,43 6,33
Clay matrix 3,23 34,67
Mud intraclasts 1,15 533
Algae Fragments 0,03 1,34
Carbonaceous fragments 0,67 2,33
Glauconitic grains 0,22 1,00
Chamosite/Berthierine grains 0,49 37,98
Undifferentiated grains 0,28 6,67
Intergranular apatite 0,48 6,00
Intergranular undifferentiated clays 0,69 7,00
Intergranular bitumen 0,27 0,66
Intragranular albite 0,01 0,33
Intergranular Fe-dolomite/ankerite 0,00 1,67
Intragranular Fe-dolomite/ankerite 0,08 1,98
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Intergranular Fe-calcite 0,01 0,33
Intragranular Fe-calcite 0,01 0,33
Intergranular kaolinite 1,74 6,66
Intragranular kaolinite 3,11 6,66
Intragranular gypsum 0,00 0,33
Intragranular chlorite 0,00 0,33
Intergranular Fe-oxide 2,14 17,00
Intragranular Fe-oxide 1,86 8,99
Intergranular illite 0,06 0,67
Intragranular illite 0,14 1,33
Intergranular jarosite 0,35 3,00
Intragranular jarosite 1,70 15,33
Intergranular titanium mineral 0,19 4,00
Intragranular titanium mineral 0,91 2,00
Intergranular pyrite 1,74 15,00
Intragranular pyrite 3,36 16,33
Mud pseudomatrix 2,17 10,33
Lithic pseudomatrix 0,26 2,33
Intergranular quartz 5,06 8,67
Intragranular quartz 0,24 0,67
Intergranular siderite 0,33 3,67
Intragranular siderite 3,32 65,33
Oversized pores 0,26 2,00
Shrinkage pores 0,00 0,01
Fracture pores 0,18 0,33
Intergranular pores 4,77 15,67
Intragranular pores 3,11 14,66
Moldic pores 0,23 1,67

Upper shoreface facies association is composed of medium-grained, white to gray,
well sorted, massive sandstone (Fig. 11H), commonly with trace iron oxides, as well
as some intraclasts of ironstones. They have an arkose composition with subrounded,
medium sphericity grains, and normal packing. The massive structure of these
deposits may be due to pervasive bioturbation or fluidization. They usually have
ironstone and heterolitic pebble size intraclasts, probably associated with wave

reworking.

Lower shoreface facies association is composed of bioturbated, heterolitic deposits
(Fig. 11; Fig. 15A) with linsen, wavy and flaser lamination, characterized by
intercalation of very fine to fine-grained, commonly micaceous sandstones, and
laminated mudstones. Bioturbated heterolites are dominant in the studied interval,

occurring as approximately of 20 m thick deposits, represented by intercalated grayish
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to greenish mudstones, siltstones and fine to very fine-grained sandstones, with
current and wave ripples, interpreted as a result of alternation between traction
generated by oscillatory flow and suspension processes. They usually have medium
compositional maturity, with abundant monocrystalline quartz, K-feldspar and
plagioclase and rare plutonic and volcanic rock fragments. Laminated, micaceous,
fine-grained to medium-grained arkose sandstones (Fig. 15B) are common in this
facies association, usually moderately to well sorted, with plane parallel lamination
marked by concentration of micas. Current ripples laminations (Fig. 15C) are
characterized by mud to fine-grained sand intercalations.

Ferroan clay peloids, which may be originally constituted by berthierine or glauconite
(Fig. 15D), present a greenish color, low birefringence and microcrystalline texture.
Phosphatic bioclasts, as phosphatic brachiopods and fish bones, and acritarch
bioclasts occur locally in the fine- to medium-grained micaceous sandstones.

Tasmanites algae (Fig. 15E and Fig. 15F) usually occur dispersed in some samples.



Figure 15. Textural aspects and primary constituents of Itaim and Pimenteiras formations. A) Very fine-
to fine-grained, bioturbated heterolite. (//P). B) Fine-grained sandstone with parallel lamination marked
by concentration of biotites. (//P). C) Very fine-grained sandstone with current asymmetrical ripple marks
deformed by fluidization. (//P). D) Ferroan clay intraclast deformed by compaction. (XP). E) Tasmanites
and mud intraclasts deformed by mechanical compaction in a medium- to coarse-grained sandstone.

(//P). F) Compacted algae fragments and berthierine ooids. (XP).

The depositional structures of many samples were deformed by processes such as
bioturbation and fluidization. In fine-grained, micaceous sandstones, bioturbation often

appears as tubular to lenticular burrows cutting the depositional structure. In the
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ironstones, bioturbation was intense, as borrows predominantly filled with partially
deformed berthierine ooids (Fig. 16A). Circular or oval arrangement of biotite grains is
commonly observed within the bioturbation (Fig. 16B). Similarly, rounded to elliptical
structures in heterolithic deposits are described as the result of bioturbation (Fig. 16C).
These structures are filled with fine to medium-grained siliciclastic grains (quartz and
feldspars, Fig. 16E). Additionally, rounded structures filled with ooids and replaced by
microcrystalline siderite (Fig. 16D) are also common in ironstones samples.
Furthermore, burrows oriented perpendicular to the lamination and typically filled with

siliciclastic grains are also common.

The Bioturbation Index (Bl) of the analyzed samples (cf. Lazar et al., 2015) show a
predominance of moderate (Bl 3) to strong (Bl 4) bioturbation, which is mainly
characterized by remnant bedding and the presence of common burrows that are
mostly individual and recognizable. Locally, where burrows are abundant, it may not
be possible to distinguish individual bioturbations (Bl 4). Fluidization processes are
less important in the analyzed samples, deforming muddy and sandy layers with
different mechanical and physical properties, and forming features such as load and

flame structures (Fig. 16F).



Figure 16. Bioturbation and fluidization textures in Itaim and Pimenteiras formations. A) Burrows filled
by compacted berthierine ooids. (XP). B) Biotite grains occur oriented around burrow in bioturbated fine-
grained micaceous sandstone. (/P). C) Rounded to oval bioturbation or fluidization. (//P). D) Rounded
burrows filled by microcrystalline siderite. (//P). E) Irregular lenticular burrow filled with medium-grained
siliciclastic grains. (XP). F) Fluidization features such as flame and load structures along the contact

between mud and sand layers (//P).

Offshore facies association is composed of cm thick, gray to black laminated to
massive mudstones, commonly with carbonaceous fragments, occurring intercalated

with the bioturbated heterolitic deposits, probably result of suspension settling of fine-
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grained sediments from weak currents or standing water. The lack of lamination may
be caused by clay flocculation processes. Blackish organic mudstones are rare and
occur exclusively at 137 m of ARN-1-TO well, intercalated with bioturbated heterolites

and hybrid ooidal-siliciclastic arenites.

4.2.2. Syngenetic and Diagenetic Processes and Products

Berthierine occurs as ooids with continuous envelopes (Fig. 17A), some with
siliciclastic nuclei, and as argillaceous matrix, partially replaced by siderite and
framboidal pyrite. Berthierine ooids preferentially occur within bioturbated areas and
are commonly deformed, as described previously. Intraclastic conglomerates show
intensely deformed and compacted ooids forming pseudomatrix. Berthierine

polycompound patrticles occur rarely (Fig. 17B).

Backscattered electron images (BSE; Fig. 17C) shows partially deformed elliptical
berthierine ooids in a mud matrix partially to totally replaced by microcrystalline siderite.
Secondary electrons images (SEl; Fig. 17D) show the morphology and surface
topography of berthierine irregular microcrystalline clays (Fig. 17E), with high
elemental concentrations of iron, aluminum and silica in EDS analysis (Fig. 17F),
typical of berthierine and chamosite. EDS analyses of ooidal berthierine corroborates
the XRD analyses, which identified berthierine and chamosite (Fig. 15).
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Figure 17. Aspects of berthierine and chamosite ooids in the studied samples. A) Berthierine ooids
slightly deformed within a matrix replaced by microcrystalline, oxidized siderite. (//P). B) Berthierine
polycompound ooid. (XP). C) Detail of slightly deformed berthierine ooids in backscattered electrons
image (BSE). D) Berthierine/chamosite clay minerals in secondary electron image (SEl). E)
Berthierine/chamosite clay minerals with irregular microcrystalline texture (SEIl). F)

Berthierine/chamosite clay minerals associated with siliciclastic grains (SEI).

Siderite is the most abundant diagenetic constituent in the analyzed samples (Fig.
18A). It occurs predominantly in the ooidal ironstone facies (10), as microcrystalline to

cryptocrystalline aggregates, replacing intensely the argillaceous matrix of
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berthierine/chamosite composition, the berthierine ooids, and siliciclastic grains
(mostly the feldspars). Macrocrystalline siderite was observed rarely, replacing

siliciclastic grains such as K-feldspars.

Pyrite is very common, occurring as framboids and microcrystalline, replacing
berthierine ooids (Fig. 18B), siliciclastic grains (mostly feldspars), mud intraclasts,
carbonaceous fragments, argillaceous pseudomatrix and diagenetic microcrystalline

siderite.

Iron oxides/hydroxides occur as microcrystalline aggregates filling intergranular
pores and covering grains as continuous coatings, as well as replacing berthierine
ooids, rock fragments and other grains. The larger amounts of iron oxide cements
occur in coarse-grained, hybrid, ooidal-siliciclastic arenites (sensu Zuffa, 1980), as
macrocrystalline and microcrystalline cement filling the primary intergranular porosity
before any substantial mechanical compaction, as evidenced by their cement-

supported loose packing.

Mechanical compaction was observed in most of the studied samples, as fracturing
of rigid siliciclastic grains, as well as deformation of ductile constituents. Compaction
affected preferentially the berthierine/chamosite ooids, which were flattened and
distorted. Berthierine pseudomatrix occurs as a result of intense compaction of ooids
(Fig. 18C).

Quartz occurs as microcrystalline aggregates replacing berthierine ooids in ironstones
(Fig. 18D). It commonly replaces partially ooidal envelopes. Quartz also occurs as rare,
discontinuous syntaxial overgrowths and as outgrowths on detrital quartz grains.

Carbonate cements, essentially represented by ferroan calcite, dolomite/ankerite and
siderite occur sparsely, mainly in the fine-grained micaceous sandstones. Blocky and
microcrystalline siderite (Fig. 18E) occurs filling intergranular pores, but predominantly
replacing biotite grains, mud intraclasts and fragments of phyllite, slates and lutites.
Ferroan dolomite/ankerite and ferroan calcite (Fig. 18F) occurs as macrocrystalline
and poikilotopic crystals filling intergranular pores and replacing K-feldspar,
plagioclase, biotite, mud intraclasts and rock fragments in very fine heterolites and

mainly in bioturbated fine-grained micaceous sandstones.

Microcrystalline albite occurs replacing feldspars and filling intragranular pores from

feldspar dissolution as discrete crystals , also mostly in the heterolitic deposits.
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Microcrystalline jarosite is rare, replacing microcrystalline siderite adjacent to burrows

filled by siliciclastic grains, probably as a product of telodiagenesis in ooidal ironstones.

Figure 18. Main diagenetic constituents of the Itaim and Pimenteiras formations. A) Microcrystalline
siderite replacing berthierine matrix. (XP). B) Framboidal pyrite replacing berthierine matrix and ooids.
(//P). C) Berthierine ooids deformation producing pseudomatrix. (//P). D) Microcrystalline quartz
replacing berthierine ooid in a sideritized matrix. (XP). E) Selective replacement of biotite by
microcrystalline to blocky siderite. (XP). F) Poikilotopic ferroan calcite and dolomite filling intergranular

pores and replacing siliciclastic grains. (/P).
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Prismatic phosphate crystals (Fig. 19A; 11B) occur commonly in medium to coarse-
grained sandstones filling intergranular pores and locally replacing feldspar grains.
These crystals are usually associated with booklets of kaolinite and microcrystalline
iron oxide/hydroxide, as observed by BSE images (Fig. 19C; Fig 19D), and

corroborated by EDS analysis.

_ g
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Figure 19. A) Prismatic phosphate crystals in the intergranular and moldic pores. (//P). B) Phosphate
diagenetic prisms in the intergranular pores. (XP). C) Phosphate diagenetic prisms and kaolinite
booklets filling intergranular pores. (BSE). D) Microcrystalline iron oxide/hydroxide (originally framboidal

pyrite) filling intergranular pores associated with prismatic phosphates (//P)



88

5. Discussion

5.1. Depositional and diagenetic environments of the Jaicés Formation

In terms of depositional environment and facies associations of the Jaicos Formation,
Manna et al. (2021) described two planform-based facies from a braided fluvial system,
subdivided into: (1) a subcritical flow conditions accretion bars, consistent with a minor
and stable discharge; and (2) subcritical and supercritical bedforms deposited in a
system with high discharge variation, indicating ephemeral deposits. Regarding the
paleogeographic reconstructions, the Jaicos braided fluvial system was deposited at
moderate to high paleolatitude (Jaju et al., 2018; Assis et al., 2019). In the analyzed
samples of Jaicés Formation, the predominance of high energy discharge bedforms,
such as massive conglomerate and laminated sandstones, without any intercalation of
lutites as overbank deposits, indicates that the studied interval corresponds to a

braided fluvial system.

Climate is the major control on the deposition of fluvial systems (Allen et al., 2013,
2014; Lowe and Arnott, 2016; Soares et al., 2018; Manna et al., 2021). This is in
accordance with the first eodiagenetic process recognized in the sandstones, the clays
mechanical infiltration that line the intergranular pores as discontinuous coatings (Fig.
20), which their introduction is interpreted as promoted by variations of the meteoric
influx in semi-arid environments (Moraes & De Ros, 1990). This concurs with an
ephemeral fluvial system for the Jaic6s Formation, as suggested by Manna et al.
(2021).

The occurrence of booklets and vermicular aggregates of kaolinite as the main
eodiagenetic constituent (Fig. 20) filling intergranular pores and replacing feldspars,
together with lamellar kaolinite expanding muscovite grains, suggests pre-compaction
authigenesis. The early authigenesis of kaolinite is derived from the alteration of detrital
silicates (such as feldspars and micas) by the fluids circulation meteoric waters,
favored under good hydraulic conductivity conditions (Worden & Morad, 2003).
Eodiagenetic kaolinite authigenesis is characteristic of humid, subtropical to temperate
environments, where the pore fluids are dilute and slightly acidic. The distribution of
pore-filling kaolinite booklets associated to feldspar grains dissolution is ascribed to
the percolation of meteoric waters under humid climate conditions (Worden & Morad,
2003; Ketzer et al., 2003; Morad et al., 2012). This suggests a shift from initially dry
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climatic conditions responsible for mechanical clay infiltration, to more humid

conditions, still before the effective burial of the Jaicds sediments.

Mechanical compaction was incipient, as suggested by the limited deformation of mud
intraclasts and low-grade metamorphic rock fragments into pseudomatrix, bending of
mica and fracturing of quartz grains. Chemical compaction was incipient, and mainly
limited to the coarse-grained sandstones and conglomeratic sandstones, which exhibit
concave-convex and sutured intergranular contacts. This suggests an early stage of
mesodiagenesis for the Jaicos sandstones (De Ros et al., 2000; Worden & Morad,
2000).

Temperature also controls the clay minerals stability, providing a partial transformation
of kaolinite to illite-kaolinite interstratified layers, which was described for the studied
samples The main mesodiagenetic authigenic phases in the Jaicds sandstones are
illite and chlorite (Fig. 21). The transformation of kaolinite in illite is dominant at
temperatures greater than about 70°C, but becomes pervasive only at temperatures
greater than about 130°C (Worden & Burley, 2003). The partial illitization of the
eodiagenetic kaolinite (Fig. 8F) suggests an incipient mesodiagenesis in the Jaicis
Formation. Moreover, early or shallow illitization of kaolinite may also occur as a result
of K* influx from external sources (Worden & Burley, 2003). Chlorite is formed usually
from Mg*? and Fe*? supplied from the dissolution of detrital ferromagnesian grains (De
Ros et al., 1994), as observed in the partially chloritized biotite, or from the
destabilization of organometallic complexes (Surdam et al., 1989).

In the sandstones that undergo pressure dissolution under mesodiagenetic conditions,
discontinuous quartz overgrowths and outgrowths line the intergranular pores. Such
limited quartz cementation was probably internally derived by diffusion from
intergranular pressure dissolution (Bjarlykke & Egeberg, 1993; Walderhaug, 1994a, b).
The replacive microcrystalline diagenetic titanium oxides are probably derived from the
alteration of detrital heavy minerals and biotite in a eodiagenetic environment (Morad
et al., 1994).
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Figure 20. Paragenetic sequence of diagenetic processes and products interpreted for the Jaicés

Formation and the Itaim

and Pimenteiras formations.

5.2. Depositional and diagenetic environments of the Itaim and Pimenteiras

formations

Abram & Holz (2020) defined a regional unconformity with regional expression at the

contact between the Itaim Formation and the Pimenteiras Formation. These authors

interpreted the depositional environment of the Itaim and Pimenteiras formations as

marine or deltaic, storm-dominated, based on the occurrence of Tasmanites algae and

achritarcs, chitinozoans (Grahn, 2008), also supported by the abundance of fish

bioclasts, phosphatic peloids intraclasts and nodules, and of the syngenetic berthierine
ooids (Abram & Holz, 2020).
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In the analyzed samples, berthierine ooids are unevenly deformed (Fig. 12A; 12B; 12E;
12F; 16A; 17A) and occur mainly filling burrows within a microcrystalline argillaceous
matrix that has been extensively replaced by microcrystalline siderite. Berthierine ooids
commonly form at the sediment—water interface in deltaic—estuarine deposits
(Hornibrook & Longstaffe, 1996; De Hon et al., 1999), primarily in tropical to subtropical
seas (Odin, 1990; Kronen & Glenn, 2000; Thamban & Purnachandra, 2000). Abram &
Holz (2020) described the ooidal deposits of Parnaiba Basin as deposited a deltaic
storm-dominated system (Itaim Formation) and a neritic to storm-dominated platform

(Pimenteiras Formation).

The predominance of ferrous iron in berthierine indicates its formation under reducing
conditions, such as in iron reducing suboxic environments (Worden & Morad, 2003),
favored by elevated organic matter content and/or by brackish pore waters with lower
concentrations of dissolved sulphate (Morad 1998; Worden & Morad, 2003). Abram &
Holz (2020) suggested that the sedimentary record of the Canindé Group presents an
increasing amount of primary production, leading to the accumulation of organic-rich

sediments, ironstones and phosphorites.

Siderite authigenesis (Fig. 18; 20) is generally associated with methanogenic
fermentation in anoxic diagenetic environments (Tucker, 2001; Worden & Burley,
2003). Such precipitation occurs under low SO activity, and consequently, mainly in
continental environments, and generally associated with organic-rich, fine-grained
sediments, in swampy, deltaic and coastal environments (Morad, 1998). It is usually
precipitated in marine environments only below the sulfate reduction zone (Tucker,
2001). Berthierine forms closer to the sediment surface, but requires limited oxidized

water circulation, to prevent re-oxidation (Odin & Matter, 1981).

The presence of diagenetic prismatic phosphate (Fig. 19; 20) filling intergranular and
moldic pores from feldspars in the analyzed samples is probably related to the
upwelling of deep marine, phosphate-rich waters to the coastal areas (Tucker et al.,
2009). These crystals may have also been derived from the dissolution of fish bioclasts,

phosphatic peloids and nodules during burial.

Dolomite and Fe-dolomite/ankerite precipitation as poikilotopic crystals occurred
before significant compaction in early diagenesis (Fig. 20). Mixing of marine and
meteoric waters, which occur commonly in coastal environments (Morad et al., 1992)

could be related to the precipitation of dolomite in the analyzed samples. Ferroan
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calcite, dolomite and ankerite seem to have precipitated during burial, after some

compaction (Fig. 18F).

5.3. Implications of the berthierine/chamosite ooids for the Itaim/Pimenteiras

depositional environment

There is some agreement on the origin of ironstones, as related to relatively shallow
water, deltaic/estuarine/coastal environments and general non-deposition conditions
along condensed sequences (Odin, 1988; Burkhalter, 1995). However, the discussion
on their hydrodynamic regime, whether low energy and/or turbulent, or whether they
are or not related to sea level fluctuations (Young, 1989b, Young, 1992; Van Houten,
2000; Pufahl et al., 2020) still persists. Some authors suggest that the concentric
structure and composition represents chemical variations of the depositional
environment (e.g., Astini, 1998). A problem particularly complex is that the precipitation
of berthierine needs in a reducing environment , which conflicts with the concentric
structure of the ooids, which would demand a shallow and agitated environment (Odin
et al., 1988).

The elliptical shapes of the ooids in many analyzed samples can be interpreted as a
product of mechanical compaction or fluidization, of dehydration by synaeresis, or of
differential chemical precipitation from seawater, with slower vertical growth due the
contact with the substrate (Sturesson et al., 2000). In samples less deformed by
fluidization and compaction, the ooids show high sphericity, as expected for direct
chemical precipitation (Sturesson et al., 2000). However, the predominance of
deformed and low sphericity ooids in the analyzed ironstone samples indicates a
combination of synaeresis, compaction and fluidization processes. This finding
indicates that direct chemical precipitation due to differential seawater composition is
unlikely. Moreover, the common occurrence of wave reworking in the analyzed interval
suggests that mechanical processes were involved in the genesis of these ooids. Other
possibility, as suggested by Young et al. (1989a), a precursor material, represented by
goethite dominated ooids with high sphericity and unstable composition could be
completely replaced by berthierine in a syngenetic environment (unlikely as goethite

ooidal relicts were not observed).

Odin (1990) related the formation of some berthierine ooids to a precursor

transformation of ferric odinite, typically formed as peloids and lateritic grain coatings
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in pedogenetic soils, associated with near tropical river mouths (Giresse et al. 1988;
Odin and Morton 1988; Rude and Aller 1989; Odin 1990).

No evidence of precursor materials, such as other clays or iron oxides/hydroxides,
were found in the analyzed samples. The studied ooids were exclusively composed of
berthierine/chamosite clays or partially replaced in mesodiagenetic environments by
microcrystalline silica. This suggests the direct precipitation of berthierine, rather than
the pervasive replacement of a hypothetical syngenetic precursor clay formed at the

water-sediment interface, not preserved in any of the analyzed samples.

Young (1989a) associates the genesis of Ordovician ironstones with iron enrichment
during non-deposition periods, in which the degradation of organic matter in the oxic
and suboxic zones allowed the authigenic formation of iron silicates. The author
suggests that ooidal ferruginous clays form in marine environments when terrestrial
weathering products rich in iron are introduced. The exact mechanisms for berthierine
precipitation from seawater are still unknown (Young, 1989a). Van Houten and
Purucker (1984), Madon (1992) Van Houten (2000) and Pufahl et al. (2020) also
considered that oolitic ironstone deposition would be favored during marine
transgressions and periods of reduced clastic sediment influx.

Young (1989a) indicated three mainly models for the genesis of ironstones in marine
environments: 1) the development of ooidal ironstone on offshore swells, with little
clastic sediment supply, and intense reworking by wave activity (Hallan, 1975); 2) the
in situ development of ooids on marine shelves during starving clastic sediment supply,
produced by sea rising; 3) the generation of ferruginous allochems in nearshore,
restricted lagoonal environments during periods of low sea level, reworked into the

basin by storms or transgressive events (Bayer 1989; McGhee & Bayer, 1985).

In the analyzed samples, berthierine ooids occur mainly as continuous, concentric
envelopes, some with siliciclastic nuclei, preferentially located inside burrows. The
presence of argillaceous intraclasts and ooids dispersed in a conglomeratic ironstone
facies is interpreted as a storm reworking context. Oliveira and Pereira (2011)
suggested that the formation of the Devonian berthierine ironstones of the Parana
Basin would be formed by periods of fair weather in a shallow marine environment,
alternating with reworking periods by storm currents. Bioturbation processes, involving
the reworking of these sediments by burrowing, ingestion, and defecation of sediment
grains, as defined by Meysman et al. (2006), would have mixed the berthierine ooids
and siliciclastic sand size particles. Abram & Holz (2020) suggested that the pervasive
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bioturbation observed in the Devonian deposits of Parnaiba Basin, would indicate low

sedimentation rate and more oxic conditions after authigenic precipitation.

In the model proposed in this work, ooidal berthierine formed along the sediment-water
interface, by direct berthierine precipitation from marine waters or through early
transformation of precursor clays. The ooids would be then introduced by bioturbation
in the muddy substrate. During burial, the syngenetic and eodiagenetic mineral
assemblages often became unstable (Young, 1989a; Worden & Burley, 2003). XRD
analysis of the ooidal ironstones indicates a slight replacement of berthierine by
chamosite. The genesis of chamosite is interpreted as the product of berthierine
transformation at temperatures above 120 - 160 °C (Curtis, 1985; ljima & Matsumoto,
1982). The incipient transformation in the analysed samples suggests a limited

mesodiagenetic evolution.

The localized replacement of berthierine ooids by microcrystalline quartz could be
related to a reaction between siderite and kaolinite during burial. The reaction of
berthierine, hydrated iron oxides, kaolinite and siderite tend to produce chamosite,

dehydrated iron oxides and quartz during burial diagenesis (Young, 1989a).

Anoxic conditions, a decrease in sedimentation rate, and also the redox boundary
between oxic/bioturbated zones (common in the analyzed bioturbated samples) and
anoxic/ non-bioturbated zones are major factors for siderite formation (Majewski, 2000;
Witkowska, 2012).

The model proposed herein (Fig. 21) suggests an initial anoxic stage associated with
originally organic rich sediments, low siliciclastic sedimentation rates and associated
with transgressive conditions, as described by Donaldson et al. (1999). Under these
conditions, precursor iron clays (Fig. 21A) would be deposited, alternating with periods
of reworking by storm currents (Fig. 21B), as suggested by Taylor et al. (2002) and
Collin et al. (2005), generating the concentric berthierine ooids. The analyzed
succession shows locally evidence of a cyclic siliciclastic sedimentary input of quartz,
feldspars and micas, by currents that inhibited the development of the anoxic

conditions needed for berthierine precipitation (Fig. 21C)

Under these periodically oxygenated conditions, but still with low sedimentation rate
(Abram & Holz, 2020), intense bioturbation resulting in the formation of burrows (Fig.
21D). The heterogeneously deformed ooids and siliciclastic grains filled the burrows.
These burrows were excavated in an argillaceous substrate, subsequently replaced by

microcrystalline siderite (Fig 21E). Majewski (2000) and Witkowska (2012) suggests
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that the redox boundary between oxic/bioturbated and anoxic/non-bioturbated zones
are major factors to siderite formation during early stages of diagenesis (Fig. 21F).
During shallow burial, chamosite was originated by partial transformation of
berthierine, indicating a limited mesodiagenesis of the ooidal ironstones. Reaction of
berthierine, hydrated iron oxides, kaolinite and siderite generated chamosite,
dehydrated iron oxides and quartz during burial (Fig. 21G; Young, 1989a; Worden &
Burley, 2003).
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Figure 21. Proposed model for deposition, syngenesis and diagenesis of the ooidal ironstones of the
Parnaiba Basin. A) Initial stage with anoxic environment rich in organic matter forming precursor iron
clay minerals. B) Periods of reworking by storm currents, generating argillaceous ooids, some with

siliciclastic nuclei. C) Cyclic siliciclastic sedimentary input, which inhibited anoxic conditions; D)
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Bioturbation resulting in the formation of burrows, still under oxic conditions. E) Siliciclastic grains and
argillaceous ooids filling the burrows. The argillaceous matrix was heterogeneously replaced by
microcrystalline siderite. F) Ooidal berthierine and siliciclastic grains filling the bioturbation burrows. G)
Microcrystalline to blocky siderite, and framboidal pyrite replacing the clay matrix; Transformation of

berthierine to chamosite during burial.

6. Conclusions

This study provides information about the depositional conditions and diagenetic
evolution of southern Silurian-Devonian deposits of the Parnaiba Basin, as a key
record of the paleoenvironmental conditions along the northern Gondwana margin
during this period. Furthermore, it was proposed a model for the genesis of oolitic

ironstones and associated phases of the Itaim and Pimenteiras formations.

e The Jaicés Formation was deposited by a braided fluvial system as two planform-
based facies with distinct flow conditions and discharge variability, indicated by the
predominance of high energy bedforms as massive conglomerates and laminated
sandstones, without intercalation of lutites. The climate was the main control on the
deposition of the Jaicés sediments and their subsequent diagenetic processes and
products.

e Regarding the diagenetic aspects of the Jaicds Formation, booklets and vermicular
aggregates of kaolinite are the main eodiagenetic constituent, suggesting
percolation by active influx of meteoric water, and thus climatic variations during
eodiagenesis. The partial illitization of kaolinite, minor authigenesis of chlorite and
discontinuous quartz overgrowths suggest incipient mesodiagenetic evolution.

e The Itaim and Pimenteiras formations are composed mainly of bioturbated
heterolites, ooidal ironstones, intraclastic conglomerates and massive shales,
deposited in a deltaic to neritic, storm-dominated platform. The abundant
berthierine ooids, some with siliciclastic nuclei, are unevenly deformed, and mainly
found filling burrows within an argillaceous matrix. The matrix was extensively
replaced by microcrystalline siderite, formed during eodiagenesis of the deltaic
deposits. Locally, prismatic diagenetic phosphate filling intergranular and moldic
pores after feldspars, suggests an upwelling of nutrient-rich deep waters to the
coastal areas. Dolomite precipitation before significant compaction may have
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precipitated by the mixing of marine and meteoric waters in the coastal
environments.

e The genesis of ironstones was associated with the enrichment of iron during
periods of non-deposition, with little clastic sediment supply, during transgressive
periods. Bioturbation processes, which included burrowing, ingestion, and
defecation of sediment grains would have promoted the introduction of berthierine
ooids and siliciclastic sand during low sedimentation rate and more oxic conditions
after authigenic precipitation. Anoxic conditions, the decrease in sedimentation
rate, and also the redox boundary between oxic/bioturbated and anoxic/non-
bioturbated zones are major factors for siderite precipitation. Chamosite formed by
partial transformation of berthierine, indicating incipient mesodiagenetic evolution
of the ooidal ironstones.

e These insights into the generation of berthierine ooids and their introduction into
argillaceous deposits provide understanding of the role of sea level fluctuations and
bioturbation in sedimentary environments, among other complex geological
processes that shaped the sedimentary record of the Devonian deposits in northern

Gondwana.
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10 ANEXOS

Uma pasta em forma digital contendo:

1. Perfil colunar e amostras macroscoépicas do intervalo estudado do
poco ARN-1-TO.

2. Documentos com fotomicrografias das principais feicdes das laminas
analisadas com as respectivas legendas.

3. Planilhas em formato Excel exportadas do programa Petroledge®,
contendo os resultados das descri¢cdes petrograficas quantitativas.

4. Resultados obtidos pelas andlises de EDS e imagens adquiridas em
MEV.

5. Difratogramas de DRX das frag¢des finas (<4 um).

A pasta encontra-se disponivel para acesso no seguinte link:

https://drive.google.com/drive/folders/13613bGcwZxveO9L 2kiSkw49qQSBn8g39?

usp=share link



https://drive.google.com/drive/folders/136l3bGcwZxveO9L2kiSkw49qQSBn8q39?usp=share_link
https://drive.google.com/drive/folders/136l3bGcwZxveO9L2kiSkw49qQSBn8q39?usp=share_link
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Data: 03.05.2023

Conceito: A

PARECER:
O Mestrando apresenta uma excelente dissertacéo, resultado de um trabalho
criterioso, detalhado e atual, muito bem redigido em um texto claro e objetivo sobre
tema de investigacdo importante e de interesse cientifico. Demonstra
conhecimento abrangente do tema, perpassando por diferentes areas da geologia
sedimentar; e também pleno dominio dos diferentes métodos/técnicas utilizados no
desenvolvimento da pesquisa, abrangendo descri¢éo e interpretacdo dos dados. A
revisdo bibliografica é abrangente, atualizada e adequada aos varios aspectos
abordados na dissertagdo, sem, contudo, ser prolixa ou desnecessaria.
Interpretacdes e conclusbes sdo muito bem fundamentadas na literatura e nas
observacdes resultantes do estudo, abrangendo ampla gama de dados e seus
significados ambientais (condi¢es climaticas, condi¢cdes hidrodinamicas e fisico-
quimicas do ambiente deposicional; histéria diagenética e suas implicacées
genético-interpretativas; histéria da evolugdo sedimentar, dentre outras). O texto-
sintese da dissertacdo apresenta uma visdo geral da pesquisa desenvolvida,
enquanto o artigo submetido ao JSR complementa, detalha e amplia
significativamente o escopo da pesquisa, com excelentes ilustragcbes e
interpretagées muito bem documentadas. Enfim, a dissertacdo vai muito além do
que se depreende do titulo e demonstra pleno preparo e conhecimento do tema

pelo autor%lee%orientadores estdo de parabéns!
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Conceito: A

PARECER:

A dissertacdo de mestrado apresentada pelo estudante Matheus Moreira
Schirmbeck intitulada “OOIDES DE BERTIERINA/CHAMOSITA E FASES ASSOCIADAS
NOS DEPOSITOS SILURO-DEVONIANOS DA BACIA DO PARNAIBA, NE BRASIL -
IMPLICACOES PARA EVOLUCAO PALEOAMBIENTAL NO NORTE DE GONDWANA”
representa um avancgo no entendimento estratigrafico e petrografico e das sucessdes Siluro —
Devonianos da Bacia do Parnaiba, abrangendo as Formaces Jaicos, Itaim e Pimenteiras. O
volume é apresentado de forma clara e objetiva. As figuras sdo representativas e claras,
apenas sente-se a necessidade de um mapa de localizacdo da area em estudo. As referéncias
citadas sdo recentes, além disso, o autor citou referéncias consagradas e demostra dominio
do estado da arte. Na introducdo, o autor enfatiza a caracterizacdo do problema, e delimita
0s objetivos. Cabe salientar que nos objetivos especificos, a Formacdo Jaicdés ndo foi
contemplada. Na area de estudo, foi realizada uma breve revisdo sobre 0s processos
formadores e registros sedimentares da Formacdo Parnaiba. O estado da arte estd organizado
de forma clara e objetiva, faz uma revisdo profunda sobre ambientes diagenéticos arido,
Uumido e marinho, descrevendo os argilominerais sindiagenéticos e eodiagenéticos e
trazendo uma Otima discussdo sobre a problematica da génese dos odides argilosos, o que
posteriormente, embasa os resultados e discussdes. A metodologia empregada compreende
etapas bem definidas, eficientes na resolucdo do problema. O texto introdutério da
dissertacdo esta muito bem redigido, esta suscinto e atende as necessidades de evolugéo do
conhecimento cientifico sobre o tema. O manuscrito “Berthierine/chamosite ooids and
associated phases in Silurian-Devonian deposits of the Parnaiba Basin, NE Brazil:
Implications for the environmental evolution of northern Gondwana”, submetido ao
periodico Journal of Sedimentary Research estd muito bem escrito e representa um avango
consideravel no conhecimento do tema. Os resultados petrograficos obtidos sdo robustos,
bem discutidos e sustentam a proposta apresentada. Parabéns ao Matheus e seus
orientadores pela finalizacdo desta etapa e pela qualidade e relevancia dos resultados e
discussOes apresentados.
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Conceito: A

PARECER:

Considero que o mestrando Matheus Moreira Schirmbeck cumpriu todos os
requisitos exigidos para a obtencdo do titulo de mestre em Geociéncias. A andlise do
documento da dissertagdo "OOIDES DE BERTIERINA/CHAMOSITA E FASES
ASSOCIADAS NOS DEPOSITOS SILURO-DEVONIANOS DA BACIA DO
PARNATBA, NE BRASIL - IMPLICACOES PARA  EVOLUCAO
PALEOAMBIENTAL NO NORTE DE GONDWANA" revelou que o estudante
Matheus soube conduzir uma pesquisa cientifica, cujos principais pontos
positivos discorro a sequir. A pesquisa desenvolvida pelo Matheus envolveu
multiplas técnicas relacionadas a andlise facioldgica e evolugdo diagenética, o
que resultou em grande volume de dados robustos. Estes foram organizados em
um manuscrito submetido a um periodico internacional com corpo de revisores,
publicagdo cientifica com grande prestigio na drea de Geologia Sedimentar.
Destaco a parte da petrografia muito bem conduzida se apoiando em difragdo
de raios X e microscopia eletrdnica de varredura, o que resultou em dados
robustos e de alto nivel. Além da excelente apresentagdo do “estado da arte”
sobre a diagénese, gostei muito da discussdo sobre a evolugdo diagenética.
Outro destaque € que os dados petrografico deposicionais sdo usados como um
plus nas descrigées de fdcies. Sendo assim eu considero este desempenho
notdvel para uma dissertagdo e, sem sombra de dividas, meu parecer é que o
mestrando faz jus ao titulo de mestre. Parabenizo a ele e seus orientadores.

A despeito disso, encontrei vdrios problemas que aponto no documento em
detalhes, que mostram uma necessidade maior dedicacdo do Matheus no seu
amadurecimento cientifico. Processo que demanda tempo, que espero que ele




tenha porque sua pesquisa traz contribuigées que precisam ser divulgadas para
a comunidade de Geociéncias. Ficou para mim a impressdo de que a adigdo dos
dados da Formagdo Jaicés é excedente e foge ao foco do artigo que se situa
nos ironstones ooliticos das formagdes Itaim e Pimenteiras, que representam a
base da outra supersequéncia distinta da anterior. Como sugestdo, considero
que o expressivo volume de dados da Jaicés, na sua parte superior, pode ser
organizado em outro manuscrito. Outra questdo que quero destacar € que como
foi apresentado os dados facioldgicos da sucessdo Itaim e Pimenteiras me
pareceram um continuo. Infelizmente, talvez pela organizacdo escolhida fiquei
com esta impressdo. Observei também problemas na apresentagdo dos dados
bibliograficos referente a Bacia do Parnaiba, seu posicionamento no Gondwana,
e o0 estado da arte sobre revisdo dos artigos que estudaram o mesmo tema dele.

Espero que os comentdrios criticos contribuam para a reflexdo do Matheus, e
sejam um convite a vencer os obstdculos e prosseguir na pesquisa cientifica.
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