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RESUMO

A historia da transi¢do do Jurassico ao Eocretaceo (~200 a 100 Ma) nas bacias do Norte do
Brasil foi marcada por mudancas paleoambientais, paleoclimaticas e paleogeograficas expressivas
relacionadas a fragmentacdo do Supercontinente Pangéia. Este evento foi concomitante com a
abertura do Oceano Atléantico Central (ca. 190 Ma) e instalacdo de extensas provincias igneas
(LIPs) como a Provincia Magmaética do Atlantico Central (CAMP). Esses eventos precederam a
ruptura do West Gondwana e, no Brasil, estdo registrados principalmente nas bacias
intracratonicas do Solimdes, Amazonas e Parnaiba. Os eventos extrusivos relacionados a CAMP
ocorrem apenas na Bacia do Parnaiba e sdo registrados em basaltos da Formacdo do Mosquito de
idade jurassica inferior (199, 7 £ 2,45 Ma). Estas rochas ocorrem intercaladas com arenitos e
pelitos (depdsitos intertrap) e sdo recobertas discordantemente pelas formacdes Corda e Pastos
Bons do Cretaceo inferior. As analises de facies e petrograficas realizadas em afloramentos e
testemunhos de sondagem da sucessdo Jurassica-Cretacea, exposta nas regides centro-oeste e
sudeste da Bacia do Parnaiba revelaram trinta e quatro facies sedimentares agrupadas em 8
associacOes de facies representativas de sistemas desérticos Umidos implantados sobre uma
planicie vulcanica basaltica (formagdes Mosquito e Corda) e de sistemas lacustres (depositos
intertrap e Formacdo Pastos Bons). Os arenitos intertrap sao interpretados com depositos fluvio-
edlicos, sdo intensamente silicificados, com gréos arredondados a subangulosos de granulometria
fina a grossa, alem de granulos e seixos de rocha vulcénica, quartzo e, subordinadamente,
feldspato. Os canais fluviais com dunas subaquosas e lengois arenosos foram incisos no substrato
basaltico e enxurradas favoreceram a infiltracdo mecénica de argilas no sedimento e formando
cuticulas sobre os gréos. Lateralmente ao sistema fluvial coexistiam dunas e6licas indicadas pelo
registro de arenitos finos a médios, com grdos arredondados e foscos, exibindo estratificacdes
cruzadas de baixo angulo e tabular de pequeno porte. As areas topograficamente mais rebaixadas
favoreceram a formacao de depositos interdunares e de lagos rasos registrados por ritmito arenito-
lamito silicificado com acamamento ondulado e estruturas de adesdo. O fluxo de calor e a atividade
hidrotérmica relacionados a colocacdo dos derrames basalticos aceleraram a devitrificacdo dos
clastos vulcanicos, liberando silica e culminando na precipitacdo eodiagenética de calcedobnia e,
subordinadamente, megaquartzo, zeolita poiquilotdpica e éxidos de Fe e Ti, reduzindo a
porosidade e a permeabilidade dificultando os processos da diagénese de soterramento pés-
jurassicos. No intervalo entre o Jurassico Superior ao Cretaceo Inferior, a diminuicéo das isotermas
e da carga crustal induzida pelo peso dos corpos de basalto propiciou a implantagéo do sistema
desértico himido Corda. Este sistema desértico € composto por depdsitos de campo de dunas,

canais fluviais efémeros e perenes com migracdo preferencial para o sudeste. Os depositos de



campo de dunas consistem em arenitos finos a médios com gréos arredondados e foscos, exibindo
estratificagBes cruzadas tabulares e tangenciais de pequena a média escala, além de estratificacao
plano-paralela e laminagédo cruzada cavalgante subcritica. Os depositos de interdunas Umidas sao
constituidos por arenitos finos a médios formando ciclos centimétricos com topos marcados por
paleossolos indicados por horizontes mosqueados ricos em 6xido-hidroxido de ferro, bioturbagdes,
laminacdo ondulada, estruturas de adesdo e gretas de dissecacdo. O sistema fluvial Corda
provavelmente alimentou o lago Pastos Bons implantado no depocentro da bacia durante o
Cretaceo Inferior. Estes depositos fluviais sdo constituidos predominantemente por
conglomerados com grénulos e seixos angulosos de basalto, arenitos finos a grossos com
estratificacOes cruzadas acanaladas e sigmoidais, laminagdo cruzada e acamamento macico, e
subordinadamente argilitos. Depositos de lencol de areia sdo compostos de arenitos finos a
grossos, com laminacéo plano-paralela, estratificacdo cruzada de baixo angulo, laminacéo cruzada
cavalgante subcritica, estruturas de adesao, gutter casts e estruturas de sobrecarga. O cimento de
zedlita poiquilotdpica é representado pela laumontita e estilbita-Ca, ocorrendo principalmente nos
depdsitos de dunas. Esta cimentacdo foi produzida pela interacdo da percolacdo de fluido no
substrato vulcanico intemperizado. A reativacdo desse sistema diagenético foi desencadeada pelo
magmatismo cretdceo pés-CAMP (Formacdo Sardinha) que influenciou e acelerou as reagdes
quimicas em um sistema diagenético hidroldgico aberto com pH alcalino, baixa PCO2, deplecdo
de K" e alta razdo Si/Al. A fase eodiagenética do arenito Corda, em baixas temperaturas foi
marcada pela precipitacdo de franjas de calcita, estilbita-Ca e compactacdo mecanica. Com o
aumento da temperatura ocorreu a precipitacdo da laumontita. Em oposicédo a fase de laumontita
foi precipitada em temperaturas mais elevadas. Esta pesquisa permitiu ampliar o conhecimento
principalmente sobre: 1) os processos e produtos relacionados a interacdo entre a sedimentagéo
continental e a erupcdo fissural do basalto ligada ao Gltimo evento magmatico da CAMP; 2) os
mecanismos de cimentacao precoce anémala que dificultou a diagénese tardia desses depdsitos; e
3) o papel do aquecimento pds-CAMP na reativacao desse sistema diagenético do Cretaceo. Este
novo entendimento € uma assinatura no reconhecimento dos depdsitos Jurassico-Cretaceos da

Bacia do Parnaiba, que pode ser usado para a correlacdo com outras bacias do Gondwana Oeste.

Palavras-chave: Sistema desertico imido. Depositos intertrap. Jurassico-Eocretaceo. Bacia do

Parnaiba. Pangéia Ocidental. Diagénese.



ABSTRACT

The evolution of the Jurassic-Cretaceous transition (~200 to 100 Ma) in the northern
Brazilian basins was marked by expressive paleoenvironmental, paleoclimatic and
paleogeographic changes related to the Pangea’s breakup. This event was concomitant with the
opening of the Central Atlantic Ocean (ca. 190 Ma) and the installation of large igneous provinces
(LIPs) such as the Magmatic Province of the Central Atlantic or CAMP. These events preceded
the breakdown of the West Gondwana and, in Brazil, are recorded mainly in the basins of
Solimdes, Amazonas, and Parnaiba. Extrusion of CAMP basalts occurred only in the Parnaiba
Basin related to the Lower Jurassic Mosquito Formation (199, 7 + 2.45 Ma) generally interbedded
with sandstone and mudstone (intertrap deposits), unconformably overlain by the Lower
Cretaceous Corda and Pastos Bons formations. Facies and petrographic analysis based on outcrops
and drill cores of this succession in the central-west and southeast portions of the Parnaiba Basin
revealed thirty-four sedimentary facies grouped in 8 facies associations representing wet desert
systems implanted on a basaltic substrate (Mosquito and Corda formations) and of lacustrine
systems (Mosquito intertrap deposits and Pastos Bons Formation). The intertrap sandstone is
interpreted as fluvial-eolian deposits composed of intensely silicified fine- to coarse-grained
sandstone with rounded to subangular grains, granules and pebbles predominantly of volcanic,
quartz, and subordinate feldspars. The fluvial channels with subagqueous dunes and sand sheets
were incised on the basaltic substrate and flash flood propitiated the mechanical infiltration of
clays on the sediments forming coatings over grains. Eolian dunes were adjacent to the fluvial
system recorded by fine- to medium-grained sandstone with rounded and frosted grains and
exhibiting small- to medium-scale low-angle and tabular cross-stratification. Interdune and
pond/shallow lake deposits developed in topographic shoals consist of silicified sandstone-
mudstone rhythmite with wavy bedding and fine-grained sandstone with adhesion structures. The
heat-flow and hydrothermal activity of basalt eruption increasing the devitrification of volcanic
clasts releasing silica and propitiating massive eodiagenetic precipitation of chalcedony,
megaquartz, poikilotopic zeolite and Fe-Ti oxides reducing the porosity and the permeability
precluding the post-Jurassic burial diagenesis. During the Late Jurassic to Early Cretaceous, the
decreasing of isotherms and crustal loading induced by the weight of basalt bodies propitiated the
implantation of the Corda wet desert system. The desert system consisted of dune field and
ephemerous and perennial fluvial channels with preferential migration to the southeast. Dune field
deposits consist of fine- to medium-grained sandstone with rounded and frosted grains with small-

to medium-scale tabular and tangential cross-stratifications, even parallel stratification and
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subcritically climbing ripple-cross lamination. Wet interdune deposits consist in fine- to medium-
grained sandstone forming centimetric-scale cycles with tops interpreted as paleosoils indicated
by mottled horizons rich in iron oxide-hydroxide, bioturbations, wavy lamination, adhesion
structures, and dissecation cracks. The Corda fluvial system probably fed the Pastos Bons lake
implanted on the basin depocenter during Early Cretaceous. These fluvial deposits consist
predominantly of conglomerates with angular granules and pebbles of basalt, fine- to coarse-
grained sandstones with trough and sigmoidal cross-beddings, cross lamination, massive bedding,
and subordinate mudstone. Sand sheet deposits are composed of fine- to coarse-grained sandstone
with even parallel lamination, low angle cross-bedding, subcritically climbing ripple-cross
lamination, adhesion ripples, gutter casts, and load cast structures. The poikilotopic zeolite is
represented by laumontite and Ca-stilbite occurring mainly in the dune field deposits. This
cementation was produced by the interaction of the fluid that percolated the weathered volcanic
substrate. The reactivation of this diagenetic system was triggered by the Cretaceous magmatism
(The Post-CAMP Sardinha Formation). This regional heating influenced and accelerating the
chemical reactions in an open hydrological diagenetic system with alkaline pH, low-PCO2, K+
depletion, and high Si/Al relation. The eodiagenetic phase of the Corda sandstone was marked by
the precipitation of calcite fringes, Ca-stilbite, and mechanical compaction. In contrast, the
laumontite was precipitated in high temperatures. This research allowed us to expand our
knowledge mainly about: 1) the processes and products linked to the interaction between
continental sedimentation and the last magmatic event of the CAMP; 2) the early cementation
mechanisms that hindered the burial diagenesis effects on these deposits; and 3) the role of post-
CAMP heating in the reactivation of the Cretaceous diagenetic system. This new understanding
represents a signature on recognition of the Jurassic-Cretaceous deposits of the Parnaiba Basin,

which can be used in the correlation with other basins of the West Gondwana.

Keywords: Wet Desertic System. Intertrap deposits. Jurassic-Cretaceous. Parnaiba Basin. Western

Pangea. Diagenesis.
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CAPITULO 1 INTRODUCAO

1.1 APRESENTACAO

O periodo de transicdo do Triassico ao Jurassico-Eocretaceo (~248 a 100 Ma) representa
um dos intervalos sedimentares mais intrigantes na historia evolutiva das bacias sedimentares
do Norte do Brasil. Este periodo foi marcado pela fragmentacdo do supercontinente Pangeia e
abertura do Oceano Atlantico Norte, Equatorial e Sul, registrados principalmente na porcao
ocidental deste supercontinente, envolvendo intenso vulcanismo que ocorreu antes, durante ou
apos o rifteamento do Oceano Atlantico (Teisserene & Villmin 1989, Condie 2004, Cunha et
al. 2007, Kearey et al. 2009, Vaz et al. 2007). Enquanto a zona de fragmentacdo dos Pangea na
Africa ocidental, leste da América do Norte e Europa foi coincidente com a direcdo da
paleosutura relacionada a orogénese Aleghaniana-Herciniana do Paleozbico Superior
(Manspeizer 1988, Pique & Laville 1996, Withjack et al. 1998), na América do Sul, a
propagacgdo deste rifte atingiu o Cradton Amazonico e as bacias sedimentares adjacentes tais
como as bacias do Solimdes, Amazonas, Parnaiba e Parecis (Baski & Arckhibald 1997, Hames
et al. 2000, Kldcking et al. 2018, Marzoli et al. 1999, 2004, Oliveira et al. 2018). Enquanto a
historia de abertura do Oceano Atlantico que inclui a separacdo do Gondwana, formacdo do
atual rift intercontinental oceénico e da Cadeia Mesoatlantica tem sido bem documentada
(Milani & Zalan 1998, Zalan 1991), os eventos pré-ruptura ainda sdo pouco registrados. O
intenso vulcanismo pré-ruptura e sua interagdo com a sedimentacdo continental desenvolvida
no Oeste do Gondwana € a chave para desvendar a historia inicial de separacdo do Pangeia.

A primeira quebra do Pangeia é relacionada a abertura do Oceano Atlantico Central (ca. 190
Ma) que foi concomitante a instalagdo de extensas provincias igneas (Large Igneous Province-
LIPs) como a Provincia Magmaética do Atlantico Central ou CAMP (Central Atlantic Magmatic
Province; conforme Marzoli et al. 1999). O CAMP compreende varios pulsos de atividade
vulcanica ocorridos em torno de 200 e 202 Ma na forma de diques, soleiras e fluxo de lavas ou
sequéncias piroclasticas que se infiltraram em depdsitos sedimentares, estendendo-se por cerca
de 11 milhdes de km? com volume total estimado de magma de 3 milhdes de km® (Marzoli et
al. 2018) (FiguralA e B). O evento CAMP abrange bacias de riftes da América do Norte
Oriental e Marrocos, onde estad bem exposto e tem sido intensamente estudado (Bensalah et al.
2011, Hames et al. 2000, Jourdan et al. 2009, Knight et al. 2004, Korte et al. 2019, Marzoli et
al, 2014, Marzoli et al. 2018, McHone, 2005, McHone & Puffer 2003, Schaller et al. 2012,

Verati et al. 2007). Remanescentes do CAMP s&o encontrados em quatro continentes (leste da



América do Norte, Africa Ocidental, Europa e algumas regides da América do Sul) e consistem
principalmente de basaltos toleiticos continentais colocados como fluxos subaéreos e corpos
intrusivos. O registro da CAMP nas bacias da Amazoénia Legal € representado (Figura 1C): pelo
Magmatismo Penatecaua do Jurassico Inferior, das bacias do Solimdes e Amazonas (190 £ 20
Ma); pela Formagdo Mosquito do Jurassico Inferior (199,7 + 2,45 Ma) na Bacia do Parnaiba; e
pelas formagdes Anari e Tapirapud do Juréssico Inferior (197-200 + 6 Ma) na Bacia dos Parecis.
Os basaltos da Formacdo Serra Geral da Bacia do Parana, ndo fazem parte da CAMP, sendo
relacionados a fase tardia do Oeste Gondwana e abertura do Atlantico Sul, por volta de 134 Ma
(Melfi et al. 1988, Rocha-Campos et al. 1998, Renne et al., 1992, Vaz et al. 2007, Merle et al.
2011, Abrantes Jr 2016, Svensen et al., 2018).

O intumescimento crustal causado pela colocacdo de corpos subvulcanicos ligados a
CAMP nas bacias da Amazonia Ocidental causou o soerguimento e o desenvolvimento de
discordancias regionais (Figura. 1). Por outro lado, na Amazonia Oriental, particularmente na
porcdo Oeste da Bacia do Parnaiba, a CAMP foi registrada por erupg¢des vulcanicas da
Formacdo Mosquito de carater fissural intercaladas com depdsitos siliciclasticos continentais
ou sedimentos intertrap (Northfleet & Melo 1967, Rezende 2002, Beutel et al. 2005; Vaz et al.
2007; Ballén et al. 2013) (Figura 1). O evento sedimentar p6s-CAMP é representado pela
instalacdo de um sistema edlico-fluvial e lacustre de clima Umido registrado nas formacdes
Corda e Pastos Bons do Eo-Cretaceo (Rabelo & Nogueira 2015, Rabelo et al. 2019; Cardoso et
al. 2019). Esta tese apresenta um estudo integrado de analise de facies, estratigrafia, petrografia
e geoquimica para avaliar os eventos sedimentares e diagenéticos dos depdsitos intertraps da
porcao superior da Formacdo Mosquito e da sucessdo Corda-Pastos Bons da Bacia do Parnaiba,
norte do Brasil. As formagdes Mosquito e Corda foram estudadas na porcéo centro-oeste da
Bacia, enquanto a Formacdo Pastos Bons esta exposta principalmente na porcdo Leste. O
Capitulo 1 apresenta uma breve contextualizacdo geoldgica da area, a localizacdo dos
afloramentos e testemunhos de sondagem estudados, a relevancia da pesquisa e 0s objetivos.
No capitulo 2 sdo apresentados os métodos e materiais utilizados. Os resultados e as
interpretacdes desta pesquisa estdo organizados na forma de trés artigos, submetidos a
periddicos nacionais e internacionais, que correspondem aos capitulos 3, 4 e 5. O capitulo 3
apresenta os resultados de analises de facies e petrografia dos arenitos que ocorrem intercalados
(intertraps) aos derrames da Formacdo Mosquito com a finalidade de investigar o
paleoambiente e diagénese da Ultima interacdo sedimento-lava relacionada a CAMP. O capitulo

4 faz uma abordagem integrada de anélise de facies e estratigrafica dos depdsitos pés-CAMP



do cretaceo superior da porcdo central e sudeste da Bacia do Parnaiba. O capitulo 5 analisa
influéncia das rochas basicas da CAMP na formacdo do cimento zeolitico encontrado nos
depdsitos da Formacdo Corda. Finalmente, o capitulo 6 apresenta uma sintese das principais

conclusdes alcancadas na pesquisa.
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Figura 1- Distribuicdo da CAMP no Oeste do Gondwana e sua relacdo com as bacias sedimentares da Amazonia.
A) A CAMP foi instalada sobre a paleossutura relacionada a orogénese Aleghaniana-Herciniana no hemisfério
norte e afetou o Craton Amazonico (Modificado de McHone 2000 and Daly et al. 2018). B) Bacia do Parnaiba e
seus principais depositos sedimentares (Modificado de Milani & Zalén, 1999).



1.2 CONTEXTO GEOLOGICO

A transicgdo jurassica-eocretacea (~200 a 100 Ma) representa um dos intervalos menos
documentados na historia evolutiva das bacias do Norte do Brasil. Este periodo foi marcado
por mudancas paleoambientais, paleoclimaticas e paleogeogréaficas expressivas concomitantes
com a fragmentacdo do supercontinente Pangeia, registrados principalmente na porcéo
ocidental deste supercontinente relacionados as bacias do Solimdes, Amazonas e Parnaiba no
Brasil e aquelas da Africa ocidental equatorial (Cunha et al. 2007, Vaz et al. 2007, Teisserene
& Villmin, 1989). Estes eventos estdo registrados na porcao central da Bacia do Parnaiba, em
rochas basicas da Formacdo Mosquito e em depdsitos siliciclasticos das formacbes Corda e
Pastos Bons (Juro-Cretéceo).

A Bacia Intracratonica do Parnaiba, antes denominada Bacia do Maranhéo, situa - se no
norte da Plataforma Sul-Americana e nordeste ocidental do territério brasileiro (Almeida et al.
2000). Ocupa uma area de cerca de 600 000 Kmz2, abrangendo partes dos estados do Piaui,
Maranhdo, Tocantins, Par4, Ceard e Bahia (Figura 2A). Sua génese esta relacionada a
progressiva subsidéncia termomecanica ocorrida no continente em decorréncia ao resfriamento
crustal no final do Ciclo-Brasiliano (Caputo & Lima, 1984). A bacia é limitada ao norte pelo
Arco Ferrer; a oeste pelo lineamento Tocantins-Araguaia; e a noroeste pelo Arco Tocantins
(Barbosa et al. 1973). Almeida et al. (1977) denominaram de Provincia Parnaiba o contexto
que abrangia as rochas do embasamento pré-cambriano e a Bacia sedimentar do Parnaiba. A
proposta de Goes (1995) redefiniu a area sedimentar da Bacia do Parnaiba, denominando-a de
Provincia Sedimentar do Meio Norte e desmembrada-a em quatro bacias: a Bacia do Parnaiba;
a Anficlise das Alpercatas; a Bacia do Grajau e Bacia do Espigao Mestre (Figura 2B).

As principais feicOes estruturais herdadas do embasamento sdo o lineamento Picos-
Santa Inés, Marajo e Transbrasiliano. Essas fei¢fes tiveram papel fundamental na evolucao
tectono-sedimentar da bacia, pois foram responsaveis por controlar as direcbes dos eixos
deposicionais até o Eocarbonifero (Arce et al. 2006, Vaz et al. 2007). A subsidéncia inicial do
embasamento da Bacia do Parnaiba é atribuida a pulsos termais do Ciclo Brasiliano que
possibilitaram a formacao de grabens, ou riftes precursores, distribuidos pela bacia, com eixos
orientados de nordeste a norte-sul, inicialmente preenchidos por sedimentos imaturos. Com a
evolucdo termo-mecénica da &rea, a Bacia do Parnaiba entdo se formou no Siluriano, pelo

progresso afundamento das faixas tectonicamente instaveis (Cunha 1986).



1.2.1 Evolucéo Tectobnica

Os eventos geoldgicos que precederam a formacédo da Bacia do Parnaiba ocorreram no
estagio de transicdo da evolucdo da plataforma Sul Americana, apos a Orogenia Brasiliana e
antes da instalagdo de grandes bacias tipo sag, tal como as bacias do Parnaiba, Amazonas e
Parana (Almeida et al. 2000, Heilbron et al. 2018). Véarios mecanismos de formacgdo foram
propostos para a Bacia do Parnaiba: (1) subsidéncia dirigida termicamente, baseada em uma
série de inconformidades sismicas identificadas no registro sedimentar da bacia, combinada
com a falta de evidéncias de estrutura de rifte (Castro et al. 2014, Daly et al. 2014; Mckenzie
& Tribaldos 2018); (2) subsidéncia termomecanica, que se baseia na inferéncia de estruturas
tipo graben no embasamento da bacia interpretadas por anomalias residuais gravitacionais,
magnéticas e pseudo-gravitacionais (Brito Neves et al. 1984, Cordani et al. 1984, Castro et al.
2014); (3) subsidéncia flexural impulsionada pela carga de corpos intrusivos de alta densidade
na crosta inferior, postulada a partir de modelagem de anomalias gravitacionais (Tozer et al.,
2017).

O arcabouco da bacia esta associado a trama tectonoestrutural herdada do Pré-
Cambriano com estruturas grabenformes que atuaram na compartimentacao da bacia durante o
Paleozoico e apresentam trends NE-SW (Lineamento Transbrasiliano) e NW-SE (Lineamento
Picos-Santa Inés) (Cunha 1986). Também foram detectados rifts com trend N-S (Lineamento
Tocantins-Araguaia). Estes trends fazem parte da estrutura precursora, sendo responsavel pelo
controle do depocentro inicial da bacia (Oliveira & Mohriak, 2003, Santos & Carvalho 2004;
Caputo et al., 2005). Esses rifts precursores estariam correlacionados aos outros grabens, como
0 Jaguarapi, Cococi e Sao Julido, situados na Provincia Borborema (Vaz et al. 2007).

Com a subsidéncia da bacia no Siluriano a sedimentacao foi concentrada principalmente
no Lineamento Transbrasiliano (Grupo Serra Grande), ndo sendo claro se houve uma conexao
entre as bacias do Parnaiba e Amazonas durante esse periodo (Bigarella 1973, Cunha 1986;
Caputo & Lima 1984). Apos eventos de soerguimento uma nova fase de subsidéncia e
sedimentagdo concentrou-se em um eixo deposicional E-W (Devoniano), ndo coincidente,
portanto, com o lineamento estrutural que controlou a deposi¢do do Grupo Serra Grande (Cunha
1986).

Durante o Carbonifero iniciou-se um ciclo de amalgamacéo craténica que deu origem
ao Supercontinente Pangeia, relacionado a Orogenia Eohercianiana que resultou no
arqueamento do Alto do Rio Parnaiba, e deslocando do depocentro da bacia para noroeste

(Castelo Branco & Coimbra 1984). O soerguimento do Arco Tocantins durante o Permiano



encerrou a conexdo entre as bacias do Parnaiba e do Amazonas (Santos & Carvalho 2004). No
Mesozoico, a fragmentacdo do Supercontinente Pangeia alterou o arcabouco tectonico da bacia,
mudando a direcdo do eixo deposicional da Bacia (Aguiar 1969; Rezende & Pamplona 1970;
Godes 1995). Sobre essa nova compartimentacdo estrutural, depositaram-se, do Jurdssico ao
Cretéceo, as formagdes Corda, Pastos Bons, Codd, Grajau e Itapecuru. A fragmentacdo do
Supercontinente Pangeia, ndo apenas alterou o arcabouco tectdnico da bacia, como também foi
responsavel pela primeira manifestacio magmatica, no Jurassico, gerando rochas de
vulcanismo fissural, hoje representada pela Formagdo Mosquito, concentrada na porcao centro-
oeste da bacia (Lima & Leite 1978). No Cretaceo, com a separacdo de Gondwana e consequente
abertura do Oceano Atlantico Sul, houve a segunda manifestacdo magmatica, representada pela
Formacdo Sardinha, porém, esta manifestacdo magmatica nédo alterou o arcabougco tecténico da
bacia como ocorreu com o evento magmatico mais antigo (Lima & Leite 1978) (Figura 2A, B
e C).

1.2.2 Registro sedimentar

A redefinicdo mais recente feita Vaz et al. (2007), compilada em grande parte de Goes
& Feijo (1994), considera o preenchimento sedimentar da Bacia do Parnaiba em cinco
supersequéncias sedimentares delimitadas por discordancias que se estendem por toda a bacia
(Figura 2C, D). As caracteristicas sedimentares sdo dadas por camadas de pouca espessura em
relagdo a sua grande extensdo de area, sugerindo baixa subsidéncia térmica flexural durante a

evolugéo no Paleozoico (Abelha et al. 2018).

1.2.2.1 Sequéncia siluriana

Esta sequéncia representa um ciclo transgressivo-regressivo completo, representando a
parte mais inferior da Bacia do Parnaiba, corresponde ao Grupo Serra Grande (Formacao Ipd,
Tiangua e Jaicds). A Formacdo Ipu foi depositada sobre o embasamento da bacia em um
ambiente deposicional de glacial proximal a fluvio-deltaico-glacial (Caputo & lima 1984,
Metelo, 1999). A Formacéo Tianguéa consiste em folhelhos cinza-escuro e arenito fino a médio
intercalado com siltito, depositado num ambiente de plataforma rasa (Rodrigues, 1969; Vaz et
al. 2007). A Formacédo Jaicos é formada por arenitos médio a grosso e eventuais pelitos
depositados em sistema fluvial entrelacado, representado o intervalo regressivo da sequéncia
(Plummer et al. 1948, Gdes & feijé 1994, Vaz et al. 2007)



1.2.2.2 Sequéncia mesodevoniana-eocarbonifera

Esta sequéncia € representada pelo Grupo Canindé subdividido nas formagdes Itaim,
Pimenteiras, Cabecas, Longa e Poti. A Formacdo Itaim é composta por arenito finos a médios
intercalados com folhelhos bioturbado, depositados em ambiente deltaico a plataformal
influenciado por marés e ondas (Kegel 1953, Goes & Feijo 1994, Caputo 1984).

A Formacdo Pimenteiras é constituida predominantemente por folhelho bioturbado e
rico em mateéria organica, intercalado com arenito fino, depositado em ambiente plataformal
raso, dominado por andas de tempestade. Apresenta estratos com granodecrescencia ascendente
ciclica, interpretada como a mais importante incursdo marinha (Small 1914, Della Favera 1990,
Vaz et al. 2007). A Formacdo Cabecas consiste em arenitos médios a grossos com intercalaco
de siltito e folhelhos depositados em ambiente de plataforma sob acdo de correntes de maré e
tempestade, no entanto facies fluvio-deltaica e diamictitos também ocorrem (Della Favera
1990, Goes & Feijé 1994, Caputo et al. 2008).

A Formagdo Longa abrange folhelho negro, siltito e arenito fino depositados em
ambiente plataformaldominado por onda de tempestade. A Formacao Poti é formada por arenito
fino a médio com laminas de siltito e folhelho, além de eventuais niveis de carvdo depositados
em ambiente teltaico a planicie de maré, sob influéncia de tempestade (Small 1914, Melo &
Laboziak 2003, Lima & Leite 1978, GOes & Feijo 1994).

1.2.2.3. Sequéncia neocarbonifera-eotriassica

Esta sequéncia é constituida por rochas do Grupo Balsas composto pelas formacdes
Piaui, Pedra de Fogo, Motuca e Sambaiba, caracterizada por ambientes de mares abertos e clima
temperado até contextos restritos, rasos de clima quente e arido, ligadas a significativas
mudancas tectdnicas. O Grupo Balsas compde um complexo cléstico-evaporitico aflorando
principalmente nas regides centro-sul e partes das regides oeste e leste-nordeste da Bacia (Goes
et al. 1990; Vaz et al. 2007).

1.2.2.4 Sequéncia jurassica

A sequéncia jurassica consiste em unicamente pela Formacdo Pastos Bons depositada
em grabens ligados a tectdnica de abertura do Atlantico Equatorial. E composta por arenito
fino, siltito, folhelhos e subordinada contribuigdo de calcério, depositado em ambiente fluvio
lacustre em condi¢cfes semi-aridas a aridas (Goes & Feijé 1994; Cardoso et al. 2017, 2018,
2019).



1.2.2.5 Sequéncia cretacea

Sequéncia cretacea foi depositada como reflexo da Orogenia Sul Atlantiana, que
possibilitou a criacdo de novos depocentros a norte e nordeste da bacia. Esta sequéncia é
representada pelas formacgdes Corda, Grajau, Codo e Itapecuru depositadas em ambientes de
deserto Umido, marinho raso, lacustre e flivio-deltaico. Ocorrem parcialmente interdigitada e
sobrepostas as sequéncias neocarbonifera e jurassica, além das rochas vulcanicas das formacoes
Mosquito e Sardinha (Almeida & Hasuy 1984, Goes et al. 1990, Baksi & Archibald 1997, Zalan
2004, Vaz et al. 2007, Merle et al. 2011, Rabelo & Noqueira 2015, Ballen 2013, De Miranda
et al. 2018).

1.2.3 Magmatismo na Bacia do Parnaiba

O intervalo mesozoico na Bacia do Parnaiba foi caracterizado por expressivos eventos
magmaticos que resultaram na colocacdo de derrames, diques e soleiras de basalto toleitico
(Bellieni et al.1990, Ernesto 2003). Na Bacia do Parnaiba sdo reconhecidas até trés fases de
ativadedade magmatica. A primeira precede a formacdo da bacia e ocorreu durante o Cambro-
Ordoviciano (Oliveira & Mohriak 2003; Daly et al. 2018; Heilbron et al. 2018;). As demais
fases ocorrem durante o Mezosoico e sdo representadas pelas formagcfes Mosquito (Jurassico)
e Sardinha (Cretéaceo).

A Formacdo Mosquito é composta por derrames e soleiras que predominam na por¢do
centro-oeste da bacia, sendo estas rochas relacionadas a Provincia Magmatica do Atlantico
Central (CAMP). A Formacgdo Mosquito possui, na base e no topo, intercalagdes de arenito que
sdo conhecidos como “arenito intertrap” (Moore 1960, Aguiar 1969, Bellieni et al, 1990; Baksi
& Archibald 1997, Ernesto 2003, Vaz et al. 2007).

Na porcao leste da Bacia do Parnaiba predominam diques e soleiras de cor preta a roxa
da Formacdo Sardinha que tém sua origem associada a formacdo das bacias equatoriais
brasileiras (Aguiar 1969, Heilbron et al. 2018).

Dados recentes obtido por datagdes U-Pb, Ar-Ar e K-Ar tem confirmado idades distintas
para as formagGes Mosquito (203 Ma = 2) e Sardinha (124 Ma) indicando dois eventos
magmacos principais: 0 primeiro com um intervalo de 215 a 150 Ma e média de 178 Ma
(Eojurassico); o segundo variando de 149,5 a 87 Ma e média de 124 Ma (Eocretaceo) (Cordani
et al. 1970, Mizusaki et al. 2002, Vaz et al. 2007, Rodrigues 2014, Oliveira et al. 2018).



10

Segundo Merle et al. (2011) utilizando método de datacdo Ar-Ar, indicou idades trés
assinaturas composicionais para as rochas béasicas da Bacia do Parnaiba: com baixo TiO2, Alto
TiO2 e Alto TiO2 evoluido. As idades atribuidas as rochas basicas da Formacdo Mosquito
indicam que elas séo correlacionadas com as rochas basicas da Formacdo Penatecaua (210-200
Ma) registradas nas bacias do Solimbes e Amazonas e com idades proximas a atividade da
CAMP a qual foi resultado da fragmentacao do Supercontinente Pangeia com posterior abertura
do Oceano Atlantico Central (Marzoli et al. 1999; Milani & Thomaz Filho, 2000, Merle et al.
2011). Ja a idade atribuida as rochas basicas da Formacdo Sardinha é correlacionada com as
rochas da Formacdo Serra Geral na Bacia do Parand (magmatismo Parana-Etendeka de 133-
123 Ma), com génese relacionada a abertura do Oceano Atléantico Sul devido ao rifteamento de
Gondwana (Bellieni et al. 1990, Milani & Thomaz Filho 2000, Merle et al. 2011).

A Provincia Magmatica do Atlantico Central apresenta geometria alongada N-S, com
eixo maior de 7500 km, cobrindo uma érea de, pelo menos, 106 km? abrangendo a América do
Sul, América do Norte, Africa Ocidental e Europa, tornando-a uma das principais provincias
igneas (LIP-Large Igneous Province) do mundo (McHone 2000, Marzoli et al. 2018, Klocking
et al. 2018). LIPs consistem em volumosos pulsos de magmaticos de composicéo tipicamente
basica-ultrabasica cobrindo areas maiores que 1,0 x 105 km2. As grandes provincias igneas sdo
formadas em um tempo relativamente curto (<50 Ma) e sdo caracterizadas por pulsos
magmaticos de curta duracdo (menor que 1 Ma até 10 Ma) (Coffin & Eldholm, 1994, Sheth,
2007, Bryan & Ernst 2008).

A CAMP foi um evento magmatico com duracdo de 10 Ma (200-190 Ma), com sua
origem ainda debatida por muitos autores, com dois principais mecanismos discutidos e aceitos
até o momento incluem: (1) impacto da cabeca de pluma sob a litosfera continental (McHone
2000, De Min et al. 2003) ou (2) concentracdo de calor sob a litosfera continental espessa e/ou
conveccao resultante das diferencas de diversos dominios litosféricos (Anderson 1994,
McHone 2000).

A Formacdo Mosquito consiste em rochas basalticas com 175 metros de espessura,
cobrindo uma area de 40.000 km2 nas partes central-oeste da Bacia do Parnaiba (Kcldcking et
al. 2018). Petrograficamente é caracterizada como rochas com textura levemente porfiritica (5-
10% de fenocristais e microfenocristais), predominantemente amigdaloidais/vesiculares e
menos frequentemente macicas; a assembleia mineraldgica € constituida por dois piroxénios
(augita e pigeonita), plagioclasio, 6xidos de Fe-Ti (magnetita com exsolucdo de ilmenita) e

vidro vulcanico. Ocasionalmente minerias de calcita e zedlita ocorrem preenchendo amigdalas.
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Apatita, pirita, calcopirita ocorrem como fases menores e, raros Alcali-feldspatos caracterizam
estagio tardio de cristalizacao (Bellieni et al. 1990, Oliveira et al. 2018).

A Formacdo Mosquito € caracterizada quimicamente por basaltos toleiticos de baixo Ti
(B-Ti) e alto Ti (A-Ti), sendo os basaltos de B-Ti mais abundantes (Bellieni et al. 1990, Fodor
etal. 1990, Ernesto 2003). Merle et al. (2011) subdividiram o grupo de A-Ti em dois subgrupos,
sendo (a) A-Ti com aproximadamente 2% de TiO2 e (b) alto Ti evoluido (AE-Ti) com TiO2
acima de 3%. Os basaltos de B-Ti sdo considerados em concentracdes menores que 1,3% de
TiO2. A derivagdo dos basaltos da Formacgdo Mosquito de B-Ti foi caracterizada pela fusdo
parcial das por¢des mais férteis do manto litosférico subcontinental metassomatisado durante
um processo pretérito de subduccdo; os toleiitos de A-Ti referem-se a fusdo parcial da
astenosfera com contaminacdo durante a ascensdo pela interacdo com o manto litosférico
subcontinental (MLSC) e, alguns toleiitos de AE-Ti, apesar de terem sido originados dessa
mesma fonte, mostraram evidéncias de assimilagdo por cristalizacdo fracionada (AFC). Estas
constatacdes foram obtidas a partir de dados isotopicos (Sr-Nd-Pb-Os) e litogeoquimicos
(Merle et al. 2011),
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Figura 2. Geologia e estratigrafia da Bacia do Parnaiba. A) Principais fei¢Bes estruturais herdadas do
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Figura 3. Localizacdo da area de estudo situado na porcéo central da Bacia do Parnaiba, com parte dos estados do Tocantins, Maranhdo e Piaui. Os pontos 1-4 representam
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1.3 OBJETIVOS

Os trabalhos foram realizados na porc¢éo central da Bacia do Parnaiba (Figura 3) e teve
como objetivo principal o estudo dos depdsitos de arenitos jurdssicos que ocorrem entre 0s
derrames da parte superior das rochas basicas da Formagdo Mosquito e os depdsitos
siliciclasticos eocretacea das FormagOes Corda e Pastos Bons visando contribuir para o
entendimento estratigrafico, diagenético e paleoambiental dessas rochas do intervalo

Mesozoico até entdo pouco compreendido. Como objetivo especificos tém-se:

1) Caracterizar a relacdo de contato e posicionamento estratigrafico dos basaltos da
Formacdo Mosquito com as formacbes Corda, Pastos Bons e as demais sucessdes cretaceas
(Formagdes Grajau, Codo e Itapecuru).

2) Reconstituir os sistemas deposicionais presentes nas sucessdes siliciclastica dos
depdsitos eocretaceos e 0s seus significados paleoambientais, paleocliméaticos e
paleogeogréaficos na evolugdo mesozoica da bacia.

3) Entender a influéncia do magmatismo CAMP na diagénese dos depdsitos juro-
cretaceos da Bacia do Parnaiba, tanto nos arenitos intercalados aos basaltos, conhecidos como

“arenitos intertrap”’, como nos depositos eocretaceos Corda e Pastos Bons.
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CAPITULO 2 MATERIAIS E METODOS

2.1 ANALISE DE FACIES E ESTRATIGRAFICA

As técnicas de modelamento de facies proposto por Walker & James (1992) incluem i)
a individualizacdo e descricdo das facies (composicdo, geometria, texturas, estruturas
sedimentares, contetdo fossilifero e padrbes de paleocorrentes), ii) a compreensdo dos
processos sedimentares; e iii) a associacdo de facies, refletindo os diferentes ambientes e
sistemas deposicionais representados na forma de blocos diagramas. A descricdo de facies sera
auxiliada por perfis verticais e secBes panoramicas obtidas a partir de fotomosaicos dos
afloramentos seguindo o procedimento de Wizevic (1991) e Arnot et al. (1997). As superficies
chaves identificadas serdo usadas na correlacéo das secdes e ciclos deposicionais.

2.2 ANALISES PETROGRAFICA E MINERALOGICA

A partir de amostras de campo e de testemunho de sondagem foi feito a caracterizacao
dos constituintes primarios e diagenéticos dos arenitos em secdo delgada foram quantificados
composicional e texturalmente por meio de contagem de 300 pontos sobre microscopio dptico
seguindo os trabalhos de Tucker (1991, 2001). Algumas laminas foram tingidas com alizarina

vermelha-s para descriminacdo entre calcita e dolomita (Dickson 1966).
2.3 DIFRACAO DE RAIOS-X

Esta analise possibilitou a caracterizacdo mineralégica dos arenitos por difracdo de
raios-X (DRX) em rocha total (Método do P¢), além da identificacdo dos argilominerais do
arcabouco das amostras. As amostras foram pulverizadas em graal de agata até a fracdo argila,
analisadas no difratometro X Pert MPD-PRO da PANalytical, equipado com tubo de Cu e
monocromador de grafite, &nodo de Co, em um intervalo de 5° a 75° 20, pertencente ao
Laboratorio de Caracterizacdo Mineral da UFPA (LCM-UFPA). A identificacdo mineraldgica
foi realizada no software PANalytical X’PERT High Score versao 2006 através da comparacao

com o banco de dados do Power Difraction File-International Center for Diffraction Data.
2.4 CATODOLUMINESCENCIA

Laminas polidas de arenitos representativas dos paleoambientes dos depositos juro-
eocretaceos foram escolhidas e analisadas por catodoluminescéncia (CL) no Laboratorio de

Catodoluminescéncia da UFPA. A luminescéncia de grdos de quartzo tem sido utilizada como
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uma importante ferramenta para indicagdo de proveniéncia assim também como analisar as
varias geracOes de cimentacdo (Augustsson & Bahlburg 2003, Boghs & Krinsley 2006). Os
dados foram obtidos pelo equipamento modelo LEICA DM 4500 P LED. As imagens de CL
foram adquiridas com feixe de correntes de elétrons variando de 200 a 300 YA e voltagem de
aceleracdo constante de 20 kV, enquanto que nas demais amostras o feixe de correntes de
elétrons variou de 130 a 170 pA ¢ voltagem de aceleragdo constante de 20 kV com tempo de

exposicao variando de 10 a 92s em ambos 0s casos.
2.5 MICROSCOPIA ELETRONICA DE VARREDURA

Imagens de elétrons secundarios foram obtidas do arcabouco dos arenitos intertrap de
idade jurassica da Formacdo Mosquito e dos arenitos e6licos eocreataceos da Formagdo Corda
para melhor caracterizacdo das relacOes texturais e mineraldgica. As amostras foram
metalizadas com ouro durante 1,5 min e analisadas no Microscopico Eletrdnico de Varredura
modelo Zeiss LEO-1430, pertencente ao Laboratorio de Microscopia Eletrdnica de Varredura
da UFPA (LABMEV-UFPA). As condicbes de andlises foram: voltagem de aceleracdo

constante = 10Kv, distancia de trabalho = 15 mm, w corrente do feixe de elétrons = 90 pA.
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CAPITULO 3 EVOLUTION OF THE JURASSIC INTERTRAP DEPOSITS IN THE
PARNAIBA BASIN, NORTHERN BRAZIL: THE LAST SEDIMENT-LAVA
INTERACTION LINKED TO THE CAMP IN THE WESTERN GONDWANA

Cleber Eduardo Neri Rabelo!; Afonso Cesar Rodrigues Nogueiral; Alexandre Ribeiro
Cardoso!; José Bandeira®

Programa de Pos-Graduacdo em Geologia e Geoquimica - PPGG, Instituto de Geociéncias,
Universidade Federal do Para — UFPA, Rua Augusto Corréa, s/n, CEP 66075-110, Belém, Par3,
Brazil (cleber.rabelo.2012@gmail.com).

ABSTRACT

This study reports on lava-sediment interaction developed in dry depositional settings
focusing on the Jurassic volcano-sedimentary succession exposed in the Western Parnaiba
Basin, northern Brazil. These siliciclastic deposits denominated as “intertrap” record a wet
desert system characterized by fluvial-eolian and shallow lake deposits that were engulfed by
lavas of the Central Atlantic Magmatic Province (CAMP) of approximately 200 Ma. BP. The
facies and petrographic study based on a drill core and outcrops allowed to interpret the
paleoenvironmental and diagenetic evolution of the intertrap deposits. The intertrap deposits
sandwiched by the basalts developed a variety of geometries revealing different scales of
dynamic lava-sediment interaction in seven sedimentary facies grouped in two facies
associations associations (FAL): 1) ephemeral braided river deposits (FAL), that consist in
medium- to coarse-grained pebbly sandstone with poorly sorted with angular to sub-rounded
grains (basalt and quartz) and low angle cross-bedding, even-parallel stratification, and trough
cross-stratification; and 2) pond/shallow lake deposits (FA2) composed by tabular beds of
sandstone/siltstone rhythmite and laminated mudstone. The main architectural elements of
intertrap deposits are 1) channel on a volcanic substrate, 2) sand sheet over lava topography, 3)
tabular beds with laminated rhythmite and sand-filled fissures and clastic dikes. The
intensification of magmatic processes due to the disruption of Pangea propitiated the
implantation of expressive volcanic plains and the installation of a wet desert setting during the
quiescence intervals between the lava flows episodes. Fluvial channels with subaqueous dunes
and sand sheets were incised on the basaltic substrate. The abandoned fluvial plains were
affected by a flash flood that propitiated mechanical infiltration of clays forming coatings over

grains. The heat-flow and hydrothermal activity of basalt increasing the devitrification of
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volcanic clasts releasing silica and propitiating the precipitations of low-temperature authigenic
minerals assemblage. The most common pore-filling process was the massive precipitation of
chalcedony cement, poikilotopic zeolite, megaquartz, and hematite cementations that
obliterated partially the primaries porosity and permeability not trespassed the eodiagenesis.
These exceptional conditions of cementation triggered by basalt eruption precluded the
modifications of a primary framework by late stages (post-Jurassic) of burial diagenesis. The
intertrap sandstone represents the last lava-sediment interaction related to the CAMP recorded
in the Western Gondwana. During Late Jurassic to Early Cretaceous, the decreasing of
isotherms and crustal loading induced by basalt bodies propitiated the implantation of the Corda

desert system on the western portion of Parnaiba Basin causing erosion of basalts and intertrap

deposits.

Keywords: CAMP, Parnaiba Basin, Jurassic, Wet desert system, Intertrap sandstone, Early
diagenesis.
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3.1. INTRODUCTION

The Pangaea’s breakup was accompanied by intense volcanism that occurred before,
during, or after rifting of the Central Atlantic Ocean since Triassic. This magmatism, namely
the Central Atlantic Magmatic Province (CAMP), occurred around 200 and 202 Ma, and
represents one of the most significant LIPs (Large Igneous Province) worldwide and can have
triggered geological processes that contributed to the end-Triassic mass extinction (Marzoli et
al., 1999; Courtillot and Renne 2003; Verati et al., 2007; Nomade et al., 2007; Vérati et al.,
2007; Cohen and Coe, 2007; Cirilli et al., 2009; Blackburn et al., 2013; Panfili et al., 2019).
Three millions of km®of magma forming sills, dikes, pyroclastic successions, and surface flows
were emplaced along the margins and inland regions of continents covering 11 millions of km?
on the, southwestern Europe, NW Africa and NE South America (Hodych and Hayatsu, 1980;
Papezik and Hodych, 1980; Deckart et al., 2005; Nomade et al., 2007; Kontak, 2008; Bensalah
etal., 2011; Shellnutt et al., 2017; Denyszyn et al., 2018; Svensen et al. 2018). Reconstructions
of the Middle-Jurassic continental breakup and seafloor spreading that opened the Central
Atlantic-Caribbean were made to North America, East Gondwana (India, Antarctica,
Madagascar, and Australia) and West Gondwana (South America and Africa) (Powell et al.,
1988, Sahabi et al., 2004, Schettino and Scotese, 2005; Biari et al., 2017). While the Pangaea’s
breakup zone in western Africa, eastern North America, and Europe was coincident with the
paleosuture trend related to the Late-Paleozoic Alleghanian-Hercynian orogenesis (Manspeizer,
1988; Piqué and Laville, 1996; Withjack et al., 1998), in South America the rifting propagation
reached the Amazon craton and adjacents sedimentary basins (Baski and Arckhibald, 1997,
Marzoli et al., 1999, 2004; Hames et al., 2000, Oliveira et al., 2018; Klocking et al., 2018).
Large tholeiitic basalts units considered as record of CAMP on the Brazilian Amazonia and
adjacente basins are represented by (Melfi et al., 1988; Rocha-Campos et al., 1998, Renne et
al., 1992; Goes and Feijo, 1994; Montes-Lauaret al., 1994; Barros et al., 2007; Vaz et al., 2007;
Merle et al., 2011; Abrantes Junior et al., 2016, 2019) (Fig. 1): the Penatecaua Magmatism (190
+ 20 Ma) in the Solimdes and Amazonas basins; the Anari and Tapirapua formations (197-200
* 6 Ma) in the Parecis Basin, and the Mosquito Formation (199.7 + 2.45 Ma) in the Parnaiba
Basin (Fig. 1 and 2).

Large crustal bulge with the emplacement of subvolcanic bodies in the basins of
Western Amazonia caused the uplift and development of regional unconformities (Fig. 1). In
contrast, in the Eastern Amazonia, the widespread lava flows characterize the Jurassic Mosquito

Formation, recorded mainly on the Western Parnaiba Basin (Beutel, et al., 2005; Merly et al.,
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2011; Torsvik and Cocks, 2013; Ballén et al., 2013) (Fig. 1 and 2). The upper Mosquito
Formation that includes basalts interbedded with continental siliciclastic deposits or intertrap

sediments (Northfleet and Melo 1967, Rezende 2002) are examined here. Facies and diagenetic

analyses of intertrap deposits represent an excellent opportunity to verify how occurred the

interaction of lava flow with the depositional processes and which environments were generated

on the Parnaiba Basin. The reconstructions of these hybrid paleoenvironments until post-burial

history provide a set of crucial information to understand what the last sediment-lava interaction

related to the CAMP event (Fig. 2) influenced the early diagenesis of the intertrap sandstone.

We were particularly interested in finding the modifications caused by tholeiitic lava extrusion,

especially in the obliteration of primary porosity, mineral authigenesis, and thermal overprint.

1)Solimoes Basin CAMP
2)Amazonas Basin ©boundary (?)
3)Parecis Basin 4 CAMP lava flow
4)Parana Basin &
5) Paaiba Basin CAMP sills and
6)Tacutu Basin " dike
7)Tocantins Province W Dikes
8)Tapajos Province o This study
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Figure 2. The Parnaiba Basin in Northern Brazil. A) Simplified map with the occurrences of CAMP basalts and
adjacent stratigraphic units highlighting the studied area. B) Stratigraphic chart of the studied area and the
composite section of Mosquito Formation. Modified of Rabelo and Nogueira (2015), and Ballén et al. (2013).

3.2. GEOLOGIC SETTING
The Parnaiba Basin is located in the northern portion of the South American Platform,

and may be classified as an intracratonic sag basin extending over an area of more than 600.000



22

km? and with the sedimentary fill reaching a maximum thickness of 3.500 m composed
primarily of Paleozoic sediments and, to a lesser extent, basaltic spills and Mesozoic deposits
(Brito Neves et al., 2004, Milani and Tomas Filho 2000, Cordani et al., 2003) (Fig. 1 and 2).
The thermal subsidence occurred in an extensive intracratonic area constituted by Archean to
Neoproterozoic igneous and metamorphic rocks, limited by structural arches and high-grade
mobile belts reworked during the Pan-African-Brazilian tectonics (Cordani et al., 2003;
Almeida and Carneiro, 2004). The Paleozoic cratonic phase of the basin was marked by
extensive sedimentation in regional transgressive-regressive cycles organized into
supersequences. The first supersequence represents the rift phase is composed of thick
Cambrian siliciclastic and volcanoclastic rocks. The second supersequence of the Silurian age
is characterized by the deposition of thick siliciclastic deposits from continental to shallow
marine environments. The third and fourth supersequences, respectively of the Devonian to
Lower Carboniferous and Carboniferous-Triassic, are formed by siliciclastic rocks from
continental to shallow marine environments. The fifth supersequence of Jurassic age represents
deposits of shallow marine environment and the sixth supersequence is presented by siliciclastic
and rare carbonate rocks associated with the separation of South America and Africa (Gées and
Feij6 1994; Vaz et al., 2007).

Extensional tensions that preceded the opening of the Atlantic Ocean through the
reactivation of basement faults favored the intense emplacement of mafic mantle-derived
magmatism that cut off the supersequences (Milani and Thomaz Filho 2000; Castelo Branco et
al., 2002; Mizusaki et al., 1998). The magmatic units are represented by the Jurassic Mosquito
Formation and the Lower Cretaceous Sardinha Formation. The Mosquito Formation dated at
199. 7 + 2.4 Ma using 407/39”" isotopes consists of abundant basaltic lava flows up to 175 m-
thick, covering an area of about 40,000 km? in the west and central part of the basin (Fodor et
al., 1990; Baksi and Archibald, 1997; De Miranda et al., 2018, Oliveira et al. 2018) (Fig 1 and
2). Siliciclastic deposits occur interbedded with basalts in the upper and lower portions of the
Mosquito Formation (Northfleet and Melo 1967; Fig. 2). Tholeiitic basalts are interbedded with
sandstones and siltstones, sometimes silicified, interpreted as lake deposits, sand sheets, dune
fields with wet interdune and ephemeral fluvial channels (Merle et al., 2011, Rabelo and
Nogueira, 2015, Ballén et al., 2013, Abrantes Jr and Nogueira, 2013; Rabelo et al. 2019;
Abrantes Jr et al., 2019). These basalts coincide with the volcanism related to the Central
Atlantic Magmatic Province (CAMP), associated with the initial break up of Pangea and,

afterwards, of the Gondwanaland in the Central Atlantic Ocean (Torsvik and Cocks, 2013;
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Heimdal et al., 2018; Oliveira et al., 2018). These rocks overlie the eolian sandstone of the
Triassic Sambaiba Formation and are unconformably overlain by fluvial-eolian deposits of the
Lower Cretaceous Corda Formation (Rabelo and Nogueira, 2015) (Fig. 2). The Lower
Cretaceous Sardinha Formation is restricted to the eastern part of the basin and dated at 129-
124 Ma by 40"/39”" isotopes. The post-CAMP Sardinha Formation is subvolcanic or occurs as
dikes possibly related to the Parana-Etendeka LIP of the Lower Cretaceous, which is linked to
the opening of the South Atlantic Ocean (Piccirillo et al., 1989, 1990; Oliveira et al., 2018).

3.3 METHODS

Outcrop-based facies analysis consisted of individualization, definition, and description
of the lithosome for comprehension of depositional processes and afterward grouped in
associations of cogenetic and contemporaneous facies (Walker 1992). A total of 22
representative samples were obtained out of the hand specimens for the petrographical studies.
The quantification, description of primary and authigenic mineralogy of the sandstone were
based on point counting petrography of 16 thin sections of minimum 300 points under an optical
microscope (Galehouse, 1971) and classified according to Folk (1980). The packing index (or
Kahn index) was determined by the examination of grain contacts evaluated in several
transverse sections (100 points in each thin section). We also calculated the intergranular
volume, according to Paxton et al. (2002).

The X-ray diffraction followed the whole-rock method and was performed with an
X’Pert MPD-PRO PANalytical diffractometer, equipped with Cu anode (A=1.5406). Additional
images texture and mineralogy of sandstone were obtained with scanning electron microscopy
(SEM) were performed in an SEM model LEO-1430. Samples were metalized with gold-
palladium and the coating time was one minute. The analytical conditions for the imaging of
secondary electrons followed with electron beam current = 90 YA, constant acceleration voltage
= 20 kV and work distance = 15 mm. EDS analyses were carried out using the SEM model
LEO-1430 coupled to EDS Sirius-Gresham accessory, at the Federal University of Para.

The X-ray fluorescence (XRF) analysis chemically quantified the elemental
concentrations of major elements in whole-rock samples including Si, Al, Fe, Ti, Mn, Mg, Ca,
Na and K. The X-ray fluorescence (XRF) spectrometer employed a wavelength dispersive
(WDS) sequential Axios-Minerals model from PANalytical, with ceramic X-ray tube and
rhodium anode of a maximum 2.4 kW power level. The standard results were normalized to
100% due to the quantified data were based on the relative X-Ray intensity emitted by the

chemical element in the sample. The intensity values were corrected using a fundamental
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parameter equation established in a detection limit of 0.1%. The precise calibration of
equipment used 20 standards for compressed powder (Wrox, Panalytical).

3.4 THE INTERTRAP DEPOSITS
3.4.1 General aspects

The understanding of the last CAMP-related sedimentary phases passes through
faciological and stratigraphic reading of the Jurassic succession of the Parnaiba Basin, which
includes the upper Mosquito Formation, with the best exposures in the western Parnaiba Basin
(Fig. 2). The Mosquito Formation unconformably overlies the eolian deposits of the Triassic
Sambaiba Formation and is unconformably underlain by the Lower Cretaceous Corda
Formation (Fig. 2). This unit consists of dark gray to reddish-brown, intensely altered, basalts
with exposures reaching up to 35 m-thick (Fig. 3). These rocks exhibit aphanitic texture and
local, usually kaolinized small plagioclase crystal. Amygdaloidal relict texture filled by
kaolinite and zeolite usually marks the top of the lava flows, sometimes immediately in contact
with the intertrap deposits (Fig. 3). The intertrap deposits are reddish and intensely silicified,
do not show any macroscopic evidence for contact metamorphism, consisting mainly of
siliciclastic grains, and volcanic lithoclasts forming isolated beds between basalts. Sandstone
dikes or sand-filled cracks occur isolated or form complex geometric patterns cutting the
basalts, mostly adjacent to the intertrap beds (Fig. 3).

The Corda Formation has been interpreted as fluvial and wet desert deposits installed
after the last CAMP event (Rabelo and Nogueira 2015, Rabelo et al. 2019). Fluvial deposits of
the Corda Formation consist of very friable, a reddish-purple polymictic conglomerate with
angular clasts of basalt, chert, sandstone, mudstone, and carbonate cement (Fig. 4, 5). The
eolian deposits consist of friable, yellowish to reddish, fine- to medium-grained sandstones,
with medium-scale cross-stratifications, even-parallel stratification, rounded, and well-sorted
and bimodal grains. The eolian sandstone sometimes occasionally exhibits medium-scale cross-
stratification (Fig. 4, 5). The succession was affected by brittle tectonics, being displaced by

normal and transcurrent faults.
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Figure 3. General aspects of the Jurassic-Cretaceous succession of the Parnaiba Basin. A) The unconformity
between the Triassic eolian sandstone and Jurassic basalt of the Mosquito Formation. B) Spheroidal
exfoliation in weathered basalts. C) Amygdales filled by calcite and poikilotopic zeolite cement marking
the top of the lava flow. D) The clastic dike in weathered basalt. E) The basal conglomerate of the Lower
Cretaceous Corda Formation with abundant imbricated basalt pebbles. F) Medium-scale cross-bedding in
eolian sandstone.

3.4.2 Types of intertrap deposits and facies associations

The facies and diagenetic analyses of the intertrap deposits from the upper CAMP
succession were performed predominantly on sandstone and subordinate siltstone. The study
had as database one drill core carried out in the Montes Altos region and five outcrops located
in the Serra Negra region (Fig. 2 and 5). The fluvial-lacustrine and eolian-influenced deposits

interlayered with basalts developed a variety of geometries and thicknesses consisting of a
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complex facies and stratigraphic framework. The intertrap deposits record different scales of
dynamic lava-sediment interaction conferring four distinct architectural elements (Fig. 5): (1)
channel on volcanic substrate; (2) sand sheet over lava topography; (3) tabular beds with
laminated rhytmite; and (4) sand-filled fissure and clastic dikes. The architectural elements 1,
2 and 3 consist of seven sedimentary facies individualized and grouped in two facies

associations of ephemeral braided rivers and ponds or shallow lakes (Fig. 5, Table 1).
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Table 1. Facies, sedimentary processes, paleoenvironmental interpretation and architectural elements from the
Jurassic intertrap deposits on the Parnaiba Basin.

. L Eacies Geometry/architectural element
Facies Description Processes S
Associations
Medium- to coarse- Deposition in 2.5m-thick
sandstone imbricated pebbles passing to '°Y"er lenticular/channel
with low angle | (chert basalt flow regime geometry. Sandstone
cross-beddin uartz’) and’ (bedload sheet). beds With' low-angle
(PSI) ’ gilicified levels Small-scale even-parallel gnd
exhibiting low angle bedform trough Cross-
9 g migration. g
cross-bedding. bedding. Normally
Fine- to medium- graded beds, locally
Sandstone grained sandstone | Deposition in silicified.
with with  even-parallel | upper flow regime )
Even-parallel to undulated | with migration of Facies PSI and St Confined stream
P flow and bedload

stratification
(Sep)

stratification.
Silicified sandstone
lenses. Chert clasts.

sheet sandbodies.
Early silicification
of sand beds.

Sandstone
with  trough
Cross-

bedding (St)

Medium- to coarse-

grained sandstone
with medium-scale
trough Cross-
bedding filling
channel geometry.
Granules and

pebbles of chert,
quartz and basalt.

Migracéo de
ondulagdes 3D
subaquosa em
regime de fluxo

inferior filling
concave
depression in

basalt substrate.

Ephemeral
braided rivers
(FA1)

Facies Sep

sheet on a volcanic
plain.

Sandstone  bodies
with tabular
geometry and
internally even
parallel

stratification.
Intensely silicified.
The geometry
indicates unconfined
and high energy
flows (flash flood)
forming sheet
sandbodies on a
volcanic substrate.

Intercalation of very

Alternance of

Sandstone/silt . - suspension  and
stone fine sandstone with weak current in
Rhythmite laminated _siltstone | | o energy
exhibiting moderate -
(SSR) T environment.
silicification.
. Predominance of
. Clayey siltstone . -
Laminated ith llel | suspension in a
siltstone (SI) with — even-parallel | |, energy
lamination

environment.

Pond/shallow
lakes (FA2).

Facies SSR and SI

Rhythmite  tabular
beds filling 60 cm-
depth of shallow
depression
extending by dozens
of meters on a
volcanic plain.

Massive
Sandstone

Fine- to medium-
grained  sandstone
filling fractures on

basalts. The
sandstone-filled

dike exhibits
incipient flow

foliation parallel the
dike-wall.

Displacement  of
friable grains in
vertical  conduits
on basalts induced
by the fluidized
flow. The
fluidization  was
induced by
hydrostatic
pressure triggered
by the thermal
gradient released
during the
emplacement  of
the lava flow.
Deep cracks filled
by sandstone
occur mainly on
the top of
amygdaloidal
basalt.

Sand-filled fissures and
clastic dikes on basalts

Sandstone-filled
fractures on basalts
with centimetric to
metric length and
centimetric width.
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3.4.2.1 Ephemeral braided river deposits (FAL)

The FAL is 2.5 m-thick and forms lenticular beds laterally continuous for dozens of
meters. The lower contact of this association with the amygdaloidal basalt is erosive,
developing an irregular surface and concave-up depressions up to 2 m-depth (Fig. 5). The upper
contact of FAL is conformable and the basalt generally covers the paleotopography of the
deposit (Fig. 5). This association is represented by pebbly sandstone with low angle cross-
bedding (PSI), even-parallel stratification (Sp) and trough cross-stratification (St). The
medium- to coarse-grained sandstone is poorly sorted with angular to sub-rounded grains of
basalt and chert (Fig. 5). Fine- to medium-grained rounded quartz grains are abundant in the
sandstone framework. Centimetric levels with argillaceous rip-up clast occur sporadically in
the sandstone layers. The cross strata are preferentially oriented to SE and exhibit particle size
segregation forming normal gradation strata. The cross-stratified sandstone is interbedded with
60 cm to 2m-thick of tabular fine-grained micaceous sandstone beds with even-parallel

stratified sandstone, laterally continuous for dozens of meters (Fig. 6).

Figure 5. General aspects of the intertrap sandstone of the Upper Mosquito Formation representative of
FAL. A) and B) Sandstone filling shallow channel geometry sandwiched between basalt. C) Detail of A
(box) showing low angle stratification. D) Beds with normal grading composed basically by chert and
volcanic clast.
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Sandstone

: Rhythmite

Basalt

Figure 6. Faciological aspects of the intertrap deposits of the Upper Mosquito Formation representative
of FAl e FA2. A) Intertrap sandstone with tabular geometry. B) slightly undulated silicified sandstone
laminae. C) rip-up mudstone clast in conglomerate composed by granules and coarse grains of chert and
volcanic cemented by silica and iron oxides. D) Fine-to medium-grained sandstone exhibiting even-
parallel lamination with low-angle truncation painting by iron oxides. E) Sandstone/siltstone rhythmites
of FA2 overlying weathered basalt and interbedded with sandstone forming a coarsening upward cycle.
Scales: pen in B and C= 2 cm; lens cover in D=7 cm in diameter; hammer in E=30 cm.

Medium- to coarse-grained sandstone with low-angle cross-stratification (PSI facies)
and trough cross-stratification (St facies) were deposited, respectively, by the migration of
sandwaves and subaqueous dunes under unidirectional lower flow regime (Miall, 1996).
Normal gradation in the foresets is related to particle size segregation by parasitic small
bedforms on the stoss side of medium-scale bedforms. The intraformational erosion of volcanic
substrate is evidenced by the presence of clasts and pebbles of volcanic and chert (devitrified
volcanic glass) in the sandstone. Fine- to medium-grained rounded quartz and feldspar grains
indicate a contribution of eolian sediments during deposition. The facies Sep was deposited
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during the transition from upper to lower flow regime related to unidirectional currents
consistent with the migration of sandy sheet bedforms. Massive sandstone was generated by
rapid deposition related to hyper-concentrated flows (Miall, 1996; North and Davidson, 2012).
However, the intense silicification of massive sandstone allows interpreting a possible
obliteration of porosity by quartz cement during diagenesis. Incisive channel surfaces on the
volcanic substrate are less frequent while the sheet geometry is predominant.

The erosion of volcanic substrate by fluvial flow is dependent on the substrate hardness
(crystalline or weathered volcanic substrate). The rare or absent vegetation and the resistance
of the substrate probably hindered the stabilization of the channels' margins favoring the braided
pattern (Miall, 1981). In addition, the presence of adjacent eolian environments (cf. Ballén et
al., 2013) points to an arid climate during deposition, consistent with the geographic
contextualization of the Western Gondwana during the Jurassic (Scotese and Sager, 1988,
Scotese and Mckerrow, 1990). The limited thickness of the fluvial deposits in comparison with
the lateral extension by dozens of meters suggests a complex network of braided shallow
channels involving the migration of different bedforms and bars. The presence of rip-up clast
levels indicates sporadic subaerial exposure during the deposition. The fluvial system flowed
on an extensive volcanic plain and was probably ephemerous, implanted only during the
intervals between the lava flows. The intense silicification of these deposits suggests high-

temperature silica-rich hydrothermal fluids percolating the sediments buried by lava flows.
3.4.2.2 Pond/shallow lake deposits (FA2)

This association consists basically of tabular beds of sandstone/siltstone rhythmite and
laminated mudstone in lateral contact or overlain by the facies Sep forming meter-scale
coarsening upward cycles (Fig. 6). The rhythmite and mudstone reach up to 1m-thick and are
laterally continuous for up to 2 m. Fine-grained sandstone with subangular and moderately-
sorted grains exhibits subcritically climbing ripple-cross lamination forming beds with up to 10
cm-thick, which are interbedded with rhythmite facies. Medium- to coarse-grained sandstone
with massive bedding forming layers with up to 50 cm-thick occurs locally, exhibiting intense
silicification. Irregularities on volcanic substrate generated shallow depressions or ponds fed
by pluvial activity or stagnant water table. Mudstone interbedded with massive to laminated
fine-grained sandstone suggests a variation of suspension and siliciclastic inflow. The entire
deposition was predominantly in low energy conditions occasionally interrupted by sands
deposited through upper flow regime and filling the depression. The rip-up mud clasts

occasionally found in the sandstone indicate frequent subaerial exposure and reworking.
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3.4.2.3 Sand-filled fissures and clastic dikes

Sandstone-filled fractures occur mainly on the top of basalt flows while sedimentary
dikes cut the massive and amygdaloidal basalt (Fig. 3 and 6). The width of dikes is of few
millimeters up to 60 cm and generally, show a vertical to sub-vertical curvilinear array
predominantly oriented to NW-SE and E-W (Fig. 3). The dikes occur near intertrap sandstone
beds reaching up to 7m-width and are filled by whitish to pinkish, fine- to medium-grained
sandstone cemented mainly by silica and, subordinately, by iron oxide and rarely calcite and
poikilotopic zeolite (Fig. 3). The dikes are filled by medium- to fine-grained sandstone,
generally massive, fractured and intensely silicified. Sub-horizontal centimeter-scale veins
filled by kaolinite cut the sandstone and incipient lineations marked by alignment of grains

parallel to the dike wall.

Sand-filled cracks and fissures on basalts can be originated by 1) simple contractional
cooling joints, (2) fissures opened during lava expansion in lava flows or emplacements, and
(3) tension fractures related to contemporaneous extensional tectonism. Fissures related to the
tectonism will be thicker and possibly will penetrate down to hundreds of meters. In the case
of the last Mosquito lava flow, the small fissures can be related mainly to the magma cooling.
Another process that originated some cracks or fissures in basalt beds may be the differential
movement of consolidated lava on a dynamically compacting, unconsolidated, intertrap
substrate (Chan et al., 2007; Johari and Taib, 2007; Hurst et al., 2011; Duarte and Hartmann,
2014). In this context, cooling processes and the magma/sediment interaction was responsible
for the formation of sandstone dikes in the volcanic rocks of the Mosquito Formation. These
features were previously interpreted as a product of earthquakes (Ballén et al., 2013),
nevertheless, we consider the generation of clastic dikes or injectites in basic rocks of the
Mosquito Formation as mechanisms involving the overpressure of water caused by
emplacement of the basaltic lava flow. The expressive temperature increase at this contact
allowed the elevation of the isotherms that influenced the thermal gradient of the water table.
This thermal event induced the vertical migration of the interstitial water, loading friable
sediments preferentially toward zones of relief fractures, concomitantly with the cooling and
fracturing of the volcanic rocks (Kokelaar, 1982). These processes were related to water
saturation, decompression, and high-temperature of the percolating water hosted by intertrap

sediments, which enhanced fluidization processes.
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3.4.3 Petrography and diagenesis
3.4.3.1 Detrital composition, texture and sandstone classification

Thin section analysis revealed that the intertrap sandstones are composed of different
varieties of quartz (8.57%), feldspars (0.57%) and predominantly volcanic rock fragments
(90.86%) and can be classified as lithic arenites and locally, quartz arenites (mainly in the
clastic dikes), according to the classification of Folk (1980) (Fig. 7A and 7B). The XRF analysis
of sandstone (whole-rock) provided as major elements SiO2 (85.5%), Al203 (7.05%), Fe203
(2.26%), TiO2 (0.38%), MnO (0.11%), MgO (0.63%), CaO (<0.1%), Na20 (<0.1%), K20
(1.09%) and with PF (2.81%).

The sandstones are composed of fine (0,15 mm) to medium (0,42 mm) grain and
dominantly coarse grain (>0,6 mm) and granules (2,88 mm) (Fig. 7A and 7B). The grains are
predominantly poorly- to moderately-sorted, subangular to subrounded quartz and volcanic
grains with frequent well-preserved feldspar grains and bipiramidal quartz, sometimes
organized in normal gradding laminae (Fig. 5, 7C, 7D and 7E). Feldspar grains occurring
mainly as tiny tabular plagioclase laths and micaceous grains, mainly muscovite, are abundant
(Fig. 7A and 7B). The sandstone is texturally sub-mature owing to the abundance of angular to
subrounded grains and the non-uniformity of grain size is observed on the framework mainly
when comparing volcanic lithoclasts with the other framework components (Fig. 7). The
contacts between the grains are essentially straight, punctual and rare concave-convex
boundaries occur mainly with ductile grains that sometimes form pseudomatrix (<1%)

deformed between hard grains (Fig. 7 and 8).



Figure 7. Textural and compositional aspects of intertrap sandstone. A) is detail of B) (square) and shows
the fine-grained sandstone composed by quartz, feldspar (tiny laths), abundant mica (muscovite) and
volcanic lithoclast exhibiting subophitic texture (laths of plagioclase typically impinge on one another to
form sharp angles). C) and D) Volcanic clasts with punctual and straight contacts cemented by chalcedony
and exhibiting normal grading in an open framework. E) Detail of volcanic lithoclasts cemented by
chalcedony exhibiting dark microlithic matrix partially composed by glass with tiny feldspar laths (white
microlites) and rare crystals of bipyramidal quartz (white arrows). F) Subrounded quartz with mica
microlite, vacuoles and syntaxial overgrowth (white arrow). G) SEM image of rounded and spheric quartz
grain with syntaxial overgrowth and like in G) the syntaxial cement is rounded and separated from the grain
by a dusty line (black arrow). H) Monocrystalline volcanic quartz with straight extinction and remnant
pyramidal crystal faces in clay ferruginous matrix. 1) Rounded plagioclase (P) clasts and monocrystalline
quartz with irregularly embayed edges. A, D, E, F, Hand | are in cross-polarized light. B and C are in plane-
polarized light.
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Figure 8. Textural and compositional aspects of the intertrap clastic dike. A) and B) Well-sorted and
rounded fine-grains of quartz and feldspar of the sandstone-filling dike. C) Monocrystalline quartz (Q) with
embayed feature (black circle) and muddy coatings (black arrows) cemented by chalcedony and
poikilotopic zeolite (Z). D) SEM image showing ductile siltstone clast forming a pseudo matrix (pm) filling
porosity (pr) and quartz cemented by chalcedony (Cd) and poikilotopic zeolite (Z). E) SEM image showing
chalcedony cement under grain covered by smectite coating. F) Detail of E) of smectite. F). Aand C are in
plane-polarized light and B is in cross-polarized light.

The varieties of feldspar include mainly microcline (0.7%) and plagioclase (2%). The
plagioclase locally presents deformed twinning, corroded borders and alteration to kaolinite.
Rounded, well-sorted and fine to medium-grained sand grains frequently occur mainly in the
clastic dikes (Fig. 8). Monocrystalline quartz with undulose extinction (6.28%) predominates
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over those of parallel extinction (2.29%), these are generally clear grains or exhibit inclusions
of opaque minerals (Fe—Ti oxides) and vacuoles and frequently show typical geometries such
as embayments limits (Fig. 7 and 8). Rock fragments are abundant, generally with coarse-sand
and granule sizes, predominating volcanic origin (80.0%), mudstone (3.43%), siltstone (4.57%)
and sandstone (2.86%). Rare volcanic fragments show original texture predominating a fine
texture of volcanic glass remnant (devitrified clasts) with few (<5 vol %) crystalline quartz and
feldspar (Fig. 7). Some fragments show flow lamination parallel to the edges, and the majority
are partially recrystallized forming radial chalcedony spherules, sometimes in concentric cracks
like a perlitic (?) texture (Fig. 8 and 9). Other constituents with less than 1 % are biotite,
muscovite and heavy minerals, represented mainly by subrounded zircon grains.

The porosity is local and represents 5 to 6% average and maximum 8% of the whole-
rock volume. The primary pores (5%) exhibit irregular geometry with concave and straight
limits (Figure 8). The poorer porosity horizons occur due to the presence of low amounts of
matrix contrasting with abundant cement of fibrous or radial chalcedony (23.6%) and,
subordinately, poikilotopic zeolite (1%) and hematite (11%) cements composing the
framework, which is sustained by cement or grains and cement (Kahn index of 29 to 36) (Fig.
7 and 8). The clay of grain coatings (1.6%) was indentified as smectite and, similarly with the
filled-pore clay matrix, is also impregnated by iron oxides (Fig. 7, 8 and 9).

Chalcedony is the most common cement in the intertrap sandstone, occurring as fibrous
or radial-shaped crystals, usually less than 6 to 10 microns in diameter, exhibiting an
equigranular texture and mostly precipitated on the edge of the grains and pores forming
cement-cement contacts, mainly with iron oxide cement (Fig. 7, 8 and 9). Megaquartz occurs
in the size range of 30 to 80 microns or larger, forming a mosaic of subeuhedral crystals, usually
exhibiting progressive increase in crystal size from the edges to the center of the pores (Fig. 7,
8 and 9). These mosaic filled empty porous and fractures present in the rock fragments (Fig. 7,
8 and 9). Fragments with texture similar to chert is macroscopically observed, however when
observed under microscope consist in microcrystalline quartz exhibiting equigranular texture
bordered by overlays of chalcedony forming spherulites with crystals of up to 50 microns (Fig.
9).



Figure 9. Textural aspects of volcanic clasts. A) Volcanic clast recrystallized by microquartz similar
to a chert grain. B) Detail of A with feather-like and spherulitic chalcedony, showing radial and
cross patterns. C) Incipient flow features in volcanic clast undisturbed by quartz-spherules. D) Detail
of C showing the matrix composed by small spherules of quartz or chalcedony (arrows) cemented
by hematite. E) Poorly sorted grains of mainly monocrystalline euhedral and rounded quartz in clay
matrix with iron oxide between coarse-grains of recrystallized volcanic clasts. F) Detail of lithoclast
(white square in E) exhibiting spherules of silica with typical cross extinction. A-F are in cross-
polarized light.
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3.4.3.2. Diagenetic Evolution

The diagenesis of intertrap sandstone includes different aspects if compared with a
sandstone reservoir characteristics with shallow burial and thermal history largely determined
by the basaltic lava emplacement. The sedimentary processes were responsible for the erosion
of volcanic substrate and accumulation of sand and gravel with the predominance of volcanic
fragments. The eodiagenesis was the most important diagenetic phase in the intertrap sandstone
characterized by superficial mechanic infiltration of clays succeeded by the reduction of
primary porosity driven by processes related to the basaltic fissure eruption (Fig. 10). This
diagenetic phase involved a locally clastic injection, cementation phases of silica and
poikilotopic zeolite with reduction of the primary porosity, devitrification of unstable volcanic

fragments, authigenesis of aragonite, calcite and Fe-Ti oxide minerals (Fig. 10).

Diagenetic stages Eodiagenesis Telodiagenesis

Grain coating [
Devitrification ~ f===-- -
Basalt eruption [ .

Compaction and
thermally-induced --
clastic injection

Chalcedony )

Smectite o

Zeolite --H

Carbonate |

Mosaic quartz ----

Fe-Ti oxides -------- I

Figure 10. Diagenetic mineral sequences of intertrap sandstone of the upper
Mosquito Formation, Jurassic of the Parnaiba Basin.

3.4.3.3. Clay mineral infiltration

Eodiagenetic clay minerals were detected with different morphologies by SEM
observations and its composition was confirmed by SEM, XRD and XRF analyses. Smectite is
the most common clay mineral in the intertrap sandstone and probably constitutes the majority

of coatings at the rock framework (Fig. 8E and 8F). In contrast, kaolinite constitutes a minor
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amount of the total clays found as full alteration of feldspar by hydrolysis. Mechanically
infiltrated clays constitute grain coatings impregnated mainly by hematite and represent the
earliest diagenetic process preceding most other mineral authigenesis (Fig. 8). The
accumulation of sands and gravels of intertrap succession was generated by erosion of volcanic
substrate and consist mainly of volcanic clasts and eolian quartz related to the adjacent wind
reworked deposits. The fluvial dynamics resulted in abandoned areas between active
distributaries and the clays were introduced on these exposed sediments by flash floods linked
to the increased rainfall and/or related to the sporadic fluvial flooding (FA1). The siliciclastic
depositional phases occurred during intervals between the lava flows events. The lowered water
table allowed muddy waters of episodic runoff to infiltrate through the coarse alluvium favored
by large pore throats. The solution infiltrate through the macrovoids and when these
suspensions reached the dry portion of the sediment is suctioned by the microvoids of the
surrounding areas and fine clay films were deposited on the grain's walls forming clay coatings
(Moraes and De Ros 1990). The main clay concentrations occurred in the upper phreatic zone
and near sources of important seepage under arid/semi-arid conditions also confirmed by the
presence of smectite (Chamley, 1989). Smectite with some kaolinite are generally associated
with soils formed on basalt under a significantly dry climate (Singer, 1980). Complete smectite
coatings were accumulated on water-saturated pores under phreatic conditions. The basaltic
substrate was an expressive impermeable barrier during periods of intermittent surface runoff

allowing the developing of water tables.

The anisopachous coatings with thickness variation along of the grain surface indicate
their detrital (non-neoformed) clay-origin. In addition, impurities such as oxides mixed with
the clay platelets allow easily the recognizing of the coating geometry covering the grains and
confirm its detrital origin. The progressive regeneration of the infiltrated smectites increases
gradually the crystal size and concomitantly increase the birefringence of the aggregates,
conferring a dense and smooth appearance of the tangential coating (Wilson and Pittman 1977),
observed mainly in SEM image (Fig. 8F).

3.4.3.4 Compaction and thermally-induced clastic injection

The intense mechanical and chemical compaction during the progressive burial of
sandstone is indicated by the loss of primary porosity from an initial value of about 45% (Atkins
and McBride, 1992). However, in the case of intertrap sandstone, the compaction process

features indicative of mechanical compaction such as deformed and fractured feldspar and
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quartz grains, concave-convex and sutured grain contacts were not observed. Pseudomatrix
occurs only as fluidized material or as ductile grains deformed between hard quartz clasts (Fig.
8). Differently, of a tight grain-supported fabric caused by compaction, the sandstone has a
preserved open framework with predominant punctual contacts between silica-cemented grains
(Fig. 7 and 9). Features observed in the intertrap sandstone, such as injection of sandy clay
matrix along of fractures, rotation of fractured grains forming brecciated material and flow
foliation in clays preceded the early silica cementation discarding the mesodiagenetic
overburden pressure by mechanical compaction (Fig. 11).

The emplacement of large volumes of predominantly mafic intrusions during the
development of large igneous provinces (LIPs) (e.g., Jerram and Bryan, 2015), provides many
implications for understanding the thermal and burial effects on hosted rocks. The host rocks
in the Parnaiba Basin, the intertrap sandstone, were originally non-cemented sediments
basically composed of medium- to coarse-grained volcanic clasts and quartz that were strongly
influenced by the overloading, heating and overpressure (pressure of interstitial fluid) of the
basaltic extrusions that caused welding, pore collapse, and attendant decrease in rock volume.
During the emplacement and cooling of Mosquito basalts, fluidization of wet sediment by water
vapor occurred by heating, or by pressure relief (decompression) during the opening of fractures
or a combination of both. The fluidization caused sediment reconstitution and local transport,
such that the continuity of this process resulted in substantial sediment displacement inside and
outside of the sedimentary bodies.

Theoretical considerations show that heat-induced fluidization is not likely to occur at
depths where pressure is much greater than 312 bars (Kokelaar 1982). Nevertheless, thermally-
induced fluidization explains the filling of fractures by viscous fluids of sandy-clayey
composition injected during the increase of interstitial water temperature. The fluidization of
the sediments and the increase of the hydrostatic pressure by the heating of interstitial waters
inside the friable sandy package, provided the hydraulic pumping under relatively high pressure
and high temperature, with vertical migration of the fluid to zones of pressure relief, generating
clastic dikes or injectites that filled fractures (Fig. 3 and 7). Incipient foliations parallel to the
dikes' wall are considered as flow structures formed by shearing during the injection of the fluid
also observed in the micrometric scale (Fig. 11). The thickness of the dikes depends mainly on
the quantity of sand remobilized from intertrap layers. Thicker intertrap layers provide
expressive sand supply for injections.

The interplay between the heating of large volumes of interstitial water concomitantly

with the generation of cooling fractures on basalts, which worked as conduits, allowed the
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fractures filling by partially unconsolidated sediment. Fluidization is commonly associated with
the formation of peperites, a breccia-like rock formed by the mixture of lava with marine
sediment or shallow intrusions of magma into wet sediment (e.g. Bates and Jackson, 1987;
White et al., 2000). Peperite’ like textures are found where hot lava has dynamically interacted
with unconsolidated sands (Jerram and Stollhofen, 2002). The recognition of these breccias
depends on the observation of upper and basal contacts of igneous bodies, which was not the
proposal of this work that concentrates on the petrographic investigations in the internal

portions of intertrap sandstone.
3.4.3.5. Devitrification process

Volcanogenic contributions to intertrap sandstone were significant not only
volumetrically but also indicate the uplift and erosion of volcanic substrate. Continental lava
flows in the Parnaiba Basin were subject to fracturing when erupted in the subaerial
environment and afterward were eroded and reworked by fluvial channels, generating a series
of immature, angular grains and intraclasts. The amount of altered volcanogenic grains is many
times underestimated because of the challenges to distinguish the other sedimentary
components such as claystone and siltstone. The presence of bipyramidal quartz and microlithic
feldspar laths in an aphanitic matrix is strong evidence to characterize the volcanic fragments
(Fig. 7E and 7H). Fresh volcanic sediments are particularly unstable and susceptible to
diagenetic modifications and the fractures caused the increase of specific surface of these
fragments and contributed to its massive alteration and partial dissolution. The physical
breakdown of volcanic glass, microlithic matrix, feldspar, and quartz, causing the obliteration
of the original euhedral forms. It is very difficult to estimate the time interval between the lava
flows directly on the outcrop or in the succession on drill core, but possibly the cooling fractures
were optimal conduits for surface acid waters and hydrothermal solutions. The presence of
kaolinite suggests a moderate degree of weathering alteration of these volcanic rocks that

promoted the release of ions for the precipitation of clay minerals as smectite.



Figure 11. Injection and brittle features in the intertrap sandstone. A) and B) show hydraulic fracture (red
lines) cutting devitrified volcanic clast (spherules and fibers of silica indicated by arrows), filled by an
iron-rich clay matrix with quartz grains. C) SEM image showing fractured grains in a massive clay matrix.
D) detail of C) (box) showing fractured, rotated and very angular (arrows) grains disseminated in an iron-
rich clay matrix. E) SEM image of clay (Cl) exhibiting dense and smooth morphology with flow
lamination following the pore geometry. F) orthogonal fractures (right angle indicated by arrows) in
devitrified volcanic clast cicatrized by chalcedony. A is in plane-polarized light and B to F are in cross-
polarized light.
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Volcanic glass is unstable and tends to change spontaneously (devitrify) from the glassy
to the crystalline state in relatively short periods by geologic standards (Gibson and Towe,
1971; Mattson and Pessagno, 1971, Vallier and Kidd, 1977). The microlithic and glass matrix
of volcanic grains are easily affected by diagenetic or hydrothermal processes and takes on a
stony chert-like appearance related to the complete replace by crystalline aggregates or
spherules of silica (Fig. 9). Quartz-spherules are the main texture of the volcanic clasts, forming
radial fans of sweeping extinction in cross-nichols (Fig. 9). The spherules were largely
composed of glass and display devitrification ("de-glassing™ processes) textures similar to
found in rhyolitic glasses (Lofgren 1971; Vallier and Kidd, 1977; Streickesen 2018b). In many
fragments, flow line pass undisturbed through spherulites, indicating that the spherulites grew
after the development of the inherited flow structures, probably in solid glass (Fig. 9C). Glass
alteration, metasomatism, and cementation all must have occurred at low temperatures at or
near the sediment-water interface and it is possible to suppose that some fragments were altered
also by the hydrothermal pumping during lava flow extrusion. The most common alteration
feature (hydrothermal or weathering) in any natural glass is late-stage devitrification, whereby
the unstable amorphous state of an acidic glass crystallizes to a microcrystalline uniform
aggregate (spherules) of quartz and feldspar (Knauth and Lowe, 2003; Streckeisen 2018a).
Devitrification commonly begins in the glass with spherulitic growth along the perlitic cracks
or around large crystals and may spread outward until eventually the entire mass has been
converted to fine crystals of quartz, tridymite, and alkali feldspar (Lofgren 1971; Streckesein,
2018b). While the early devitrification state may produce spherulites in the supercooled glass,
temperature constraints on seawater indicate devitrification occurring at 55-85¢ C (Knauth and
Lowe, 2003). Although, the seawater cannot be compared with the interstitial saline water
present in the intertrap sandstone during the lava flow emplacement is possible to consider
similar conditions that stimulate the devitrification of volcanic clast.

The devitrification can have generated the smectite, particularly due to the alteration of
magnesium-rich volcanic glass that is sometimes associated with palagonite and abundant silica
(Peterson and Griffin, 1964; Gibson and Towe, 1971, Mattson and Pessagno,1971, Bradshaw
1975). However, palagonite was not observed in the intertrap sandstone indicating the lack or
low content of Al and that the spherules were originally composed of glass with higher SiO2
content. Glasses from the upper Eocene contain spherules that had greater than 65 Wt% SiO2
show no evidence of palagonitization, but they did hydrate (Glass et al., 1997). During
devitrification, the glass slowly crystallizes to minerals like cristobalite and feldspars and can

provoke silica release to the intertrap sandstone framework. The occurrence of feldspars
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replaced by kaolinite discard the possibility of climatic-induced smectite authigenesis, favoring
a devitrification origin.

Natural volcanic glasses derive from silicate melts and may vary in composition over
the range of common igneous rocks and its ranges in silica content between 40 to 55 Wt%
(Streckeisen, 2018a). Although largely glass is found mainly in rhyolite, interstitial glass is
common in basalt flow with tachylitic composition (Streckesein, 2018a). Geologically ancient
glasses are therefore very rare, and most glassy rocks are of Paleogene age or younger (less
than 65.5 million years old), i.e., essentially all glass older than Mesozoic has been devitrified
(Streckesein, 2018a). This is a good reason to believe that glassy fragments were abundant in
the intertrap sandstone of Upper Mosquito Formation, but nearly all of these have since
devitrified.

3.4.3.6 Early quartz cementation

Quartz is a volumetrically significant cement in the intertrap sandstone filling the
primary porosity and preserving the initial open framework of the sediment. Silica cement as
quartz overgrowths on detrital quartz grains was not observed. Many monocrystalline quartz
grains have rounded overgrowths indicating that these are reworked and recycled components.
The quartz overgrowth is a good indication of diagenesis, but their absence in the intertrap
sandstone is strongly related to the continuous developing of clay coatings on detrital grains
and pores that retard or prevent cementation by quartz preserving the primary porosity in deeply
buried sandstone (Ajdukiewicz and Larese, 2012). This process allowed keeping the open
framework and high permeability of the sediment that served as the main fluid conduits tending
to host the greatest amounts of quartz cement. However, clay coats may retard quartz nucleation
only at moderate temperatures, but at high temperatures, many coats permit quartz nucleation
to preserve porosity by limiting cement growth (Ajdukiewicz and Larese, 2012). This
interpretation indicates that the intertrap sandstone has never been deeply buried if compared
with the amounts of reported porosity in many of the shallow-buried sandstones in other
geological settings (e.g. Salem et al., 1998, 2000). As the silica cementation was precipitated
during the eodiagenesis, the deep burial mesodiagenetic sources can be discarded such as
dissolution of feldspar (Hawkins, 1978), pressure solution (Houseknecht, 1988; Dutton and
Diggs, 1990; Bjrlykke and Egeberg, 1993; Dutton, 1993; Walderhaug, 1994), replacement of
quartz and feldspar by calcite (Burley and Kantorowicz, 1986) and transformation of clay
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(Hower et al., 1976). Eodiagenetic cementation is also indicated by open framework sandstone

and predominantly floating grains and, subordinately, straight and punctual contacts.

Chalcedony forms from watery silica gels at relatively low temperatures and its massive
precipitation began in near-surface vadose and phreatic zones. In the intertrap sandstone fibrous
quartz (chalcedony) started to precipitate in open pores occurred immediately after and,
sometimes, during the clay infiltration process causing expressive reduction of porosity and
permeability (Fig. 12). The remnant porosity after chalcedony cement was partially or
completely obliterated by megaquartz crystals or, afterward by Fe oxide cement (Fig. 12).
Larger chalcedony crystals that display a prominent radial crystal habit indicative of
crystallization and subsequent growth suggest dominantly hydrothermal conditions. We
suggest that the silica was imported from progressive input of hydrothermal fluids provided by
heat from the adjacent basalt extrusions similar to the other examples worldwide (Herbert and
Young, 1956, Matyskiela, 1997).

Hydrothermal precipitation of silica and other minerals in the Barberton Greenstone
Belt, Africa, occurred primarily through low temperature interaction of sediments and volcanic
rocks with seawater at temperatures below 60 °C (e.g. Ronde et al., 1997; Hofmann, 2005;
Hofmann et al., 2006; Knauth and Lowe, 1978, Lowe and Byerly, 1986a). As cited previously,
devitrification of volcanic glass fragments was an important source of silica slowly crystallizing
low-temperature quartz on the intertrap sandstone framework. When the temperatures in quartz
systems exceed 300°C, changes in quartz rheology arising from water become chemically,
rather than mechanically, driven (Dove and Rimstidt 1994, O’Kane 2005). The heating
produced by lava flow and crystallization of basalt increased the temperature and pressure over
the pre-deposited intertrap sands accelerating the reaction kinetics and increasing solubilities
of quartz and amorphous silica, providing a greater amount of soluble silica available for quartz
cementation (Dove and Rimstidt 1994). Therefore, the basalts were the source of siliceous

solutions and concomitantly trapped them in the intertrap sandstone.
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Figure 1. Textural and compositional aspects of intertrap sandstone. A), B) and C) Devitrified volcanic
clasts showing quartz spherules (arrows) with coatings and cemented by chalcedony (cd) and megaquartz
(mg). D) SEM image of chalcedony in quartz grain. E) and F) Iron-impregnated clay coatings (arrows)
separating different fibers concentric belts of chalcedony over devitrified volcanic clast. A and E are in
plane-polarized light and B, C and F are in cross-polarized light.

The frequent dissolution and devitrification of volcanic lithic fragments can also have
contributed to the release of silica, generating supersaturated interstitial solutions and
consequently low mobility, which promoted immediate precipitation of chalcedony and,
afterward, the megaquartz. The cementation of megaquartz is related to the decrease of silica
saturation and the maximum temperature of fluid reaching >87°C (cf. King and Goldstein,

2016). Subeuhedral to anhedral morphology of the megaquartz indicates transition between
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slow to fast crystallization in the remnant porosity. Similar precipitation conditions were found
in the Carboniferous rocks of the northwestern Parnaiba Basin, where the presence of opals
overlapping chalcedony crystals indicated a low crystallization temperature and aqueous setting
related to hot springs linked to the basalt emplacement. (Gomes and Costa 1994; Gomes and
Costa 2007; Marques et al. 2012, 2015).

The authigenic silica cement reduced the porosity and permeability in the intertrap
sandstone triggered by hydrothermal conditions induced by lava flow. This early massive silica
cementation practically ceased further compaction sealing the primary rock framework and
increasing the preservation potential of these rocks precluding the modifications of a primary
framework by late stages (post-Jurassic) of burial diagenesis.

3.4.3.7 Zeolite cementation and calcite authigenesis

Precipitation of poikilotopic zeolite cement can cause extensive cementation and has
been reported to occur in volcaniclastic sandstone by alteration of volcanic rock fragments,
including volcanic glass and plagioclase (Boles and Coombs 1975, 1977; Remy 1994). The
poikilotopic zeolite were probably formed as a consequence of late-stage hydrothermal activity,
although, locally, contact metamorphism (hornfels) may control the process of formation
(Kroiting 1978; Brauckmann and Fiichtbauer 1983; Triana et al. 2012) and is not common as
detrital particles in sandstone occurring also as authigenic minerals (e.g., Hay 1966; Hay and
Sheppard 2001). The formation of poikilotopic zeolite is determined partly by temperature
conditions and its precipitation depends on the nature of reactive precursor material such as
volcanic glass, volcanic clasts or plagioclase and mainly of the chemical composition of pore
fluids. (Hay 1966; Surdam and Boles 1979; Ghent 1979, Hay and Sheppard 2001). The increase
of silica in pore fluids favors heulandite over laumontite formation, and low silica content
favors laumontite (Murata and Whitely, 1973). Laumontite can form in volcaniclastic
sandstones and lithic arenites over a temperature range of 50-100°C at the lower limit, and up
to 300°C at the upper limit (Surdam and Boles, 1979; Rabelo et al. 2019). In the intertrap
sandstone, abundant poikilotopic zeolite might have formed in situ and/or from hydrothermal
fluid associated with the basalts extrusions concomitantly with the alteration of plagioclase,
volcanic clasts and glass. Deep burial zeolite cementation is discarded because all cement
assemblage (chalcedony, megaquartz, iron oxide) in the intertrap sandstone is very close to the
shallow burial environment. The high SiO2 content associated with relatively high temperature,
devitrification processes, and low CO. activity enhanced zeolite authigenesis, instead of

carbonates and/or phyllosilicates.
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Figure 13. Poikilotopic zeolite cement and mineral authigenesis of the intertrap sandstone. A)
Zeolite cement filing open framework of intertrap sandstone; note the punctual contact between
grains presenting clay coating (black arrow) on grain edges, sometimes, dissolved (red arrow)
and chalcedony cement (Cd). B) Volcanic clasts (glass aspect) cemented by chalcedony and
fibrous hematite (brown-reddish color). C) SEM image showing rhombohedral and acicular
black calcite (white arrow) filling porosity and ilmenite (white spot indicated by red arrows).
Acicular crystals are interpreted as calcite pseudomorph after aragonite. B is in cross-polarized
light.

The rare black calcite and aragonite is a new mineral phase precipitated when pore fluid
conditions change allowing the partial zeolite cementation. For example, Helmold and van de
Kamp (1984) demonstrated that Ca-zeolite (heulandite or laumontite) can be altered with CO2
generating secondary calcite, following this reaction:

CaAl;Sis0124H,0 + CO, + 6H+ = CaCO, + 4SiO; + 7H20 + 2Als+ (3) (laumontite)
(calcite) (quartz);
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SEM imaging showed that calcite cement occurs in the form of small (>20 um),
scattered rhombohedral and acicular sparitic crystals as intergranular pore-filling cement
slightly later after quartz cementation (Fig. 13). Acicular calcite was interpreted as a possible

aragonite pseudomorph.
3.4.3.8 Iron oxide.

Iron oxide cements vary from 1% to 11%, with an average of about 5%, although some
portions of intertrap sandstone apparently, have great amounts (Fig. 6). It occurs as interstitial
pore filling and, in some cases, it completely fills most pores after quartz cement and strongly
reduces porosity. Iron oxides also occur as coatings or impregnating clay coatings on detrital
quartz and volcanic grains (Fig. 8). The hematite occurs in small clusters and in the
intergranular spaces or mixed with the clay matrix between clastic grains (Fig. 9, 13).
Sometimes iron oxides coatings occur separating dufferent phases of chalcedony cementation,
suggesting formation in multiple episodes during eodiagenetic history (Fig. 13). Some of the
iron oxide cements formed in oxidizing environmental conditions as early diagenetic
constituents and many times overlapping the remnant porosity after chalcedony cementation
(Fig. 13). The iron oxide can be attributed to intrastratal alteration of iron-bearing detrital
silicates after deposition or associated to oxidation of mafic (iron-rich) minerals of basalt into
hematite and other iron oxides and hydroxides remobilized to sandstone by the hydrothermal
fluids. However, the presence of hematite is also an excellent indicator for an oxidizing
environment, and probably gravity-driven oxidizing meteoric water might have provided
precipitation of this mineral in telodiagenetic stage (Fig. 10, 13). The. The ilmenite occurs as
tiny scattered crystals and was probably also nucleated due to hydrothermal fluids during basalt

emplacement. (Fig. 13).

3.5 CAMP-RELATED SEDIMENT-LAVA INTERACTION IN THE WESTERN
GONDWANA

Desertic systems and evaporative basins that characterize the terminal Permian and
initial Triassic times were concomitant to the uplift events and massive outpouring of lava flows
throughout the Pangea and Gondwana landmasses (Abrantes Jr. et al., 2019). Exclusively
continental conditions were kept until the Jurassic and Cretaceous times, when the breakup of
the Gondwanaland took place, resulting in the installation of the intercontinental rift associated
with the Mesoatlantic Ridge (Zalan, 1991, Zalan et al., 2004). In the West Gondwana, magmatic
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events that accompanied the before mentioned continental rupture significantly influenced the
sedimentary pathway in intracratonic basins (Svensen et al., 2018; Tribaldos & White, 2018;
Kockling et al., 2018). During the Jurassic period, the eastern portion of the Gondwanaland
was gradually uplifted due to volumetrically significant magmatic intrusions, recorded in
subsurface volcanic rocks related to the Penatecaua magmatism (Amazonas and Solimdes
basins) and resulting in the development of basin-scale unconformities. Conversely, the western
margin of the Gondwana supercontinent, which includes the Parnaiba Basin, was slightly
subsiding due to thermally-driven and overburden mechanisms (Kdockling et al., 2018). In this
context, the fissural-controlled lava flows allowed the emplacement and extrusion of basic
material related to the Mosquito magmatism on the western Parnaiba Basin. These magmatic
events are linked to the Central Atlantic Magmatic Province (CAMP) event that dated at 200 to
202 Ma. Although the regional processes are well-established, the interaction of volcanic and
sedimentary processes is poorly-described and understood. Notwithstanding, the intertrap
sandstone that occurs within the CAMP-related basalts of the Parnaiba Basin characterize a
well-preserved geological window to access the last depositional and diagenetic CAMP-related

processes in the West Gondwana.

The influence of large igneous provinces (LIP) in sedimentary systems is largely
recorded worldwide. Peaks of atmospheric CO2, global warming, decreasing carbonate
productivity, ocean acidification, negative 13Corg excursions, as well as the “fossilization” or
demise of sand sheets have been linked to LIP pulses (Jerram et al., 2000; Scherer et al., 2000;
Self et al., 2015; Ernst and Youbi, 2017). CAMP magmatism probably caused all these
environmental modifications, largely influencing sedimentary processes. Consequently, high
volatile content in pores of sedimentary rocks and the atmosphere may have allowed water-
condensation due to volcanic emplacement and extrusion (e.g. Ernst and Youbi, 2017). This
phase probably caused longstanding precipitation of acid rains during the sedimentation of the
intertrap sandstone, which is also indicated by the absence of fossil-bearing strata or significant
carbonate beds in the Mesozoic deposits of the Parnaiba Basin, even where low siliciclastic
input or discrete burial is recognized.

Outcrop-based faciological analyses in the Upper Triassic succession of the Parnaiba
Basin indicated deposition of sediments related to a wet desert setting composed by eolian
dunes, interdunes, fluvial and shallow lacustrine environments deposited in intervals between
massive lava flows (cf. Ballen et al., 2013). The wet desert deposits are considered a signal of

climatic attenuation in comparison to the Permian-Triassic strata, defined by expressive ergs
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and saline lakes linked to a dry desert (cf. Abrantes et al., 2016). The successive lava floods
throughout the western Parnaiba Basin resulted in the implantation of large volcanic plains (Fig.
14). The presence of water in this setting marked by the presence of implantation of ponds or
shallow lakes and the accumulation of water on the underground, a specific situation that was
fundamental to promote the interaction between volcanic pulses and mainly fluvial-eolian
deposition (Fig. 14A). Exposed volcanic plains were frequently reworked by ephemeral fluvial
channels, producing several basaltic intraclasts, and concentrated on depressions that were
filled by coarse grains, and fine grains transported toward shallow lakes (Fig. 14A).
Petrographic analysis of the intertrap sandstone composition highlights their derivation
predominantly from volcanic rocks that came from the basalt substrate. Feldspar grains in the
rock framework with good preservation in these sandstones imply proximity of source and arid
climatic conditions, instead of mineralogic immaturity. The relief fractures on the top of basalts
were filled by sediments and flash floods supplied muddy waters that infiltrated in the
permeable sands, generating ubiquitous clay coatings over grains of sediment framework (Fig.
14A).

The volcanic fragments in the intertrap sands, composed mainly by glass, were firstly
slowly devitrified in the surficial environment and this process was intensified by the eruption
of basalt (Fig. 14B). During the first stages of the eruption, the progressive increase of basalt
volume sandwiched the intertrap sands generates local compaction and, concomitantly, the
heating of the water table caused overpressure inducing fluidization of sands injected in cooling
fractures on the basalt (Fig. 14B). The temperature contrast and decompression processes
related to fractures opening enhanced the hydraulic injection of sand, allowing the placement
of the clastic injectites along relief joints, with incipient preservation of flow foliation in the
dike walls (Fig. 14B).



51

D Deposition of the Corda Formation (Post-CAMP)

wet desert with eolian dunes, 6. telodiagenesis

\\\x}ijzldi channels and sandy sheets gravity-driven oxidizing
T LY meteoric water
o RSN T O T

maximum eruption
high temperature
v V v v \"

Heating of water table\. / DR

4. devitrification and early cementation

chalcedony

smectite 7

3.overpressure and hydraulic fracturing &

chalcedony ¢

= Qéi\a' fragtruariited ;;/; i&i %;;)
Oay © D>
S

lamination fluidized matrix hydrothermal fluid

) Pore

water-grain N
transport

Il

Al

=

I

A" \'
v Sand injections vV

v \'
v \' VVV

1.initial deposition state

sedimentary
‘ ~ fragmen
= ()

A 2.Clay mechanic
infiltration

eolian
quartz

<3 spherule
perlitic

P 1) e

vw S~ S~ ,felc!se:[ — jal()a' plain with shallow lakes

bipiramidal
quartz

braid plain

v amygdalas =
> \'
\'s v v

Figure 14. See legend in the next page.



52

Figure 14. Evolution of intertrap deposits of the Parnaiba Basin. A) The fissural-controlled lava flows on the
western Parnaiba Basin related to the Jurassic Mosquito magmatism linked to the Central Atlantic Magmatic
Province (CAMP) event, developed a volcanic substrate where was implanted a wet desert setting. Ephemeral
fluvial channels, producing several basaltic intraclasts were accumulated on depressions and shallow lakes. The
relief fractures on the top of basalts were filled by sediments and the muddy waters supplied by flash floods
infiltrated on the sands generated clay coatings over grains. B) The devitrification of the volcanic fragments
indicated by the recrystallization of spherules of quartz was intensified by the basalt eruption that promoted the
releasing of silica. During the first stages of the eruption, the basalt sandwiched the intertrap sands causing local
compaction and, the heating of the water table generates overpressure inducing the fluidization of sands
hydraulically injected (clastic dikes) in cooling fractures on the basalt with preservation of flow lamination. Low-
temperature silica mainly chalcedony precipitated directly over muddy coatings of grains preserving the primary
framework of sandstone. C) The higher temperature during eruption climax associated with low-saturated silica
fluids caused the precipitation of megaquartz and, secondarily, poikilotopic zeolite, calcite, aragonite, and Fe-Ti
oxides filling partially the remnant porosity. D) After the definitive ceasing of the CAMP magmatic pulses, fluvial
channels related to the wet desertic system of the Lower Cretaceous Corda Formation reworked both volcanic
plains and intertrap deposits, forming an unconformity. The telodiagenetic hematite was inserted on the intertrap
sandstone by gravity-driven oxidizing meteoric water. See text for more explanations.

The effects of heat-flow and hydrothermal fluids from volcanic intrusions were crucial
to dictate the sequence of mineral precipitation. The initial phase of the eruption was
accompanied by continuous temperature increase associated with hydrothermalism produced
fluids oversaturated in silica supplied mainly by the devitrification process indicated by
recrystallization of spherules of quartz on the volcanic clasts (Fig. 14B). During this stage, low-
temperature silica mainly chalcedony precipitate directly over coatings of grains initiating the
primary porosity reduction (Fig. 14B). The massive cementation of chalcedony promoted the
preservation of the primary framework of sandstone indicated mainly by the punctual contacts
between the grains. The eruption climax combined with the maximum temperature increase and
low-saturated silica fluids allowed the precipitation of zeolite and megaquartz cement filling
partially the remnant porosity (Fig. 14C). Calcite, aragonite and Fe-Ti oxides were probably
induced by high temperature, with different fluid compositions, filling locally the porosity.
However, the hematite was precipitated also by gravity-driven oxidizing meteoric water during
the telodiagenesis (Fig. 14C).

The uncommon composition of the sandstone along with relatively high thermal
conditions induced by basalt fissure eruption allowed the development of mineralizing acid
solutions and hydrothermal fluids responsible by low-temperature mineral authigenesis that
didn't reach 100° C, staying in the eodiagenesis domain. Furthermore, mesodiagenetic features
were not observed in the intertrap sandstone. For example, the quartz and feldspar overgrowths
a typical mesodiagenetic feature was observed only in rounded grains suggesting the
contribution of older recycled sandstone. Finally, the early massive silica cementation sealed

the primary rock framework precluding the modifications by the late stages (post-Jurassic) of
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burial diagenesis. Additionally, the underlaid Cretaceous few-thick sedimentary units never
generate a burial diagenesis over the intertrap deposits.

Subsequently, the definitive ceasing of the CAMP magmatic pulses, fluvial channels
related to the wet desertic system of the Lower Cretaceous Corda Formation reworked both
volcanic plains and intertrap deposits, forming an unconformity (Fig. 14D). The Corda desert
system was characterized by wide sand sheet areas and small-scale eolian dunes (Rabelo, et al.,
2019). Moreover, large-scale lacustrine systems have been linked to thermal subsidence post-
dating the CAMP event, which was inflected by decreasing isotherms and crustal loading
promoted by basalt beds (Cardoso et al., 2019). These systems contrast with locally
concentrated water settings during Permian-Triassic and Triassic-Jurassic times, which
evidences the progressive climatic attenuation-dry to wet- that affected the Parnaiba Basin

throughout the Mesozoic.
3.6 CONCLUSIONS

During the late Jurassic, the intensification of magmatic processes due to the disruption
of Pangea propitiated the implantation of expressive volcanic plains developed by successive
basalt fissure eruption on the western Parnaiba Basin. The volcanic intrusions related to the
CAMP took place simultaneously with the sedimentation of Jurassic wet desert deposits. The
volcanic plains were exposed to the reworking of river channels developed on the basaltic
depressions that functioned as a type of runoff channels. Possible eolian contributions are
related to the presence of small wind dunes laterally to the volcanic plain. Flash flood events
propitiated mechanical infiltration of clays forming coatings over grains. The recurrent lava
flows sandwiched these volcanic clast-rich siliciclastic deposits and the heat flow and
hydrothermal activity triggered by basalt fissure eruption propitiated the precipitation of low-
temperature authigenic minerals that demonstrate a diagenetic history that not trespass the
eodiagenesis and currently pass by telodiagenesis. The most common pore-filling processes
were the massive precipitation of chalcedony, megaquartz and poikilotopic zeolite, as well as,
hematite cementation. The definitive stop of the magmatic pulses was succeeded by the opening
of Central Atlantic in the northern margin of the Western Gondwana. With the decreasing of
the isotherms and crustal loading promoted by basalt beds, a new depositional phase occurred
during the Early Cretaceous on the western portion of Parnaiba Basin. Eolian dunes and
ephemeral rivers of the Corda desert system cut the succession of basalt and intertrap sandstone.
This humid desert system was characterized by large areas of sandy ground and a reduced dune
field.
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This study confirmed that heat-flow and hydrothermal activity from the basalt fissure
eruption modified the textural and mineralogy of the intertrap sandstone on the western
Parnaiba Basin considered here as the last lava-sediment interaction related to the CAMP. From
this study, it is possible to conclude that intertrap sandstone generally sandwiched by basalt will
be considered as an excellent reservoir for hydrocarbons. Although the primary framework is
well-preserved, the massive-cementation induced by thermal influence and hydrotermalism of
the volcanic eruption caused a significant impact on the porosity and permeability altering

dramatically the reservoir characteristics in oil exploration.
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RESUMO

O Mesozoico foi marcado por mudancas geologicas significativas decorrentes da
Orogenia Gonduanide, que possibilitou a implantacio de sistemas desérticos
concomitantemente com expressivos eventos magmaticos. No Brasil, o registro desses eventos
¢ observado na porcdo central da Bacia do Parnaiba, representados pelos depdsitos
siliciclasticos das formacdes Corda e Pastos Bons, de idade jurassica-eocretacea, que
sobrepdem derrames basalticos da Formacdo Mosquito. O estudo de facies e estratigrafico de
afloramentos e furos de sondagem dessas unidades, realizado na porgédo central da Bacia do
Parnaiba, possibilitou reconstituir o paleoambiente e inferir condi¢des paleoclimaticas para essa
regido da Bacia Parnaiba durante o Jurassico-Eocretaceo. Foram identificadas 28 facies
sedimentares agrupadas em 6 associacdes de facies (AF), representativas de um sistema
desértico umido: Na Formacdo Corda ocorrem depositos de canal fluvial entrelacado de alta e
de energia moderada (AF1 e AF2), caracterizados por conglomerados polimiticos, com
granulos e seixos subarredondados a angulosos de basalto, e arenitos finos a grossos com
estratificacdes cruzadas acanalada e sigmoidal, acamamento macico e pelitos subordinados. A
Formacdo Corda também apresenta depdsitos de lencdis arenosos (AF3) e campo de dunas
(AF4) compostos por laminagdo plano-paralela e cruzada cavalgante transladante subcritica e
arenitos com estratificagdes cruzadas tabular e tangencial de pequeno a medio porte
respectivamente. A Formacdo Pastos Bons inclui associagdes de lago central (AF5), composta
por pelito laminado, ritmito arenito-pelito e arenito com laminagéo plano paralela, além de
fosseis de peixe Lepidotis; e, lago marginal (AF6), que consiste em arenitos com estratificagdo
plano-paralela, laminacgdes cruzadas cavalgante e truncada por ondas, acamamento macico e
estruturas deformacionais. Fluxos fluviais efémeros (AF1 e AF2), adjacentes ao campo de

dunas (AF4), frequentemente retrabalnavam o topo das planicies vulcénicas e,
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esporadicamente, invadiam os lencdis arenosos (AF3). Comparado aos ergs do Permo-
Tridssico, o sistema desértico Corda-Pastos Bons foi mais imido e menos extenso, precedendo
os sistemas fluviais e costeiros de clima mais ameno do Cretaceo Superior da Bacia do Parnaiba.

Palavras-chave: Sistema desértico, Jurassico-Eocretaceo; Bacia do Parnaiba;
4.1 INTRODUCAO

Os sistemas desérticos e as bacias evaporiticas que caracterizam o final do Permiano e
inicio do Tridssico foram concomitantes aos eventos de soerguimento e intenso magmatismo
basico ocorridos no supercontinente Gondwana. Essas condi¢fes exclusivamente continentais
perduraram até o Jurassico e Eocretaceo, periodo de ruptura e separacdo do megacontinente
Gondwana, que resultou na formagdo do atual rift intercontinental oceanico, a Cadeia
Mesoatlantica (Zalan 1991). Registros desses eventos na Bacia do Parnaiba (Almeida et al.
1977, Klocking et al. 2018, Oliveira et al. 2018), no nordeste do Brasil, sdo representados por
derrames basalticos e depdsitos siliciclasticos continentais ainda pouco conhecidos do ponto de
vista faciologico (Rabelo et al., 2013, Rabelo 2011, 2013, Romero Béllen 2012, Romero Ballen
et al. 2013, Oliveira et al. 2018). Além disso, as relacGes estratigraficas da sucessao jurassica
na Bacia do Parnaiba ainda ndo sdo consensuais, apesar da grande contribuicdo ao
reconhecimento geoldgico regional realizado principalmente pela Petrobras (Cunha & Carneiro
1972, Goes et al. 1990, Gbes & Feij6 1994). Este trabalho faz a reconstituicdo do
paleoambiental de alguns dos depdsitos juro-cretaceos com base nas andlises de facies e
estratigrafica nas central da Bacia do Parnaiba, nordeste do Brasil. O estudo estratigrafico
forneceu um arcabouco consistente para o entendimento paleoambiental e paleogeografico dos

depdsitos da porcdo centro-oeste da Bacia do Parnaiba (Figura 1, tabelas 1, 2 e 3).
4.2 CONTEXTO GEOLOGICO
4.2.1 Bacia do Parnaiba

A Bacia do Parnaiba situa-se no norte da Plataforma Sul-Americana e no nordeste
ocidental do territorio brasileiro (Figura 1). Ocupa uma area de cerca de 600.000 km?,
abrangendo partes dos estados do Piaui, Maranh&o, Tocantins, Para, Ceara e Bahia. Sua génese
estd relacionada a progressiva subsidéncia termomecanica ocorrida no continente em
decorréncia do resfriamento crustal no final do Ciclo Brasiliano (Goes et al. 1990, Vaz et al.
2007, Torsvik & Cocks 2013, Daly et al 2014, Oliveira et al. 2018). O arcabouco dessa regido

esta intimamente associado a trama tectonoestrutural herdada do Pré-Cambriano,
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especificamente a estruturacdo das faixas de dobramentos e dos lineamentos estruturais
formados e/ou reativados durante esse evento. Nessa regido foram acumuladas, tanto proximas
como afastadas dos cratons, expressivas sucessdes de rochas sedimentares e rochas vulcanicas
(Santos et al. 1984, Mizusaki et al. 1998, Milani & Tomas Filho 2000, Merly et al. 2011,
Kldcking et al. 2018). As rochas magmaticas presentes na bacia tém sua origem ligada a ruptura
do megacontinente Pangeia, que levou a abertura do Oceano Atlantico. O seu preenchimento
sedimentar foi recentemente reinterpretado por Vaz et al. (2007), que propuseram a organizagédo
das rochas sedimentares em cinco supersequéncias separadas por discordancias regionais,
sendo estas: sequéncia siluriana (Grupo Serra Grande), mesodevoniana-eocarbonifera (Grupo
Canindé), neocarbonifera-eotriassica (Grupo Balsas), juréssica (Formacdo Pastos Bons) e
cretacea (Formacgdes Codo, Corda e Grajau).

As rochas da formacédo Corda e Pastos Bons afloram em uma estreita faixa ao longo da
porcdo centro-oeste da Bacia do Parnaiba, alcangando espessura maxima de até 100 m. A
Formacdo Corda é constituida por arenitos avermelhados que ocorrem sobrepostas a rochas
basicas da Formacao Mosquito (Lisboa 1914, Aguiar 1969, Baski & Arckhibald 1997, Ballén
et al. 2013). A Formacéo Corda possui intercalacdes de folhelhos e ocorrem concordantemente
sobre a Formacdo Pastos Bons (Vaz et al. 2007). Litologicamente é constituida por um pacote
conglomeratico, arenitos bem selecionados e argilitos (Lima & Leite 1978). Dados
petrograficos e mineraldgicos da Formacdo Corda foram fornecidos por Rezende (1997, 2002),
com énfase no estudo de zedlitas, que ocorre como cimento nos arenitos. O estudo de facies e
paleoambiental foi previamente realizado por Rabelo (2011, 2013) tanto nos arenitos intertrap
da Formacgdo Mosquito como nos arenitos da Formacgéo Corda interpretados como um sistema
desértico Umido. Concomitantemente, Romero Ballén (2012, 2013) corroborou essa

interpretacdo para essas unidades, incluindo também a Formacao Pastos Bons.
4.2.2 Analise critica das propostas estratigréaficas

A proposta de Vaz et al. (2007) é a mais recente na literatura sobre a estratigrafia da
Bacia do Parnaiba, porém, quando comparada as demais cartas elaboradas para a bacia, nota-
se uma discrepancia temporal, principalmente para o intervalo que inclui a unidade deste estudo
(Figura 2). A maior discordancia da proposta de Vaz et al. (2007) é, sem davida, o
posicionamento das rochas da Formagdo Corda. Esta, previamente de idade jurassica, foi
reposicionada como sendo de idade cretacea. No entanto, 0s critérios que esses autores

utilizaram para efetuar essa mudanca néo foram discutidos adequadamente.
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A dificuldade de se adotar a coluna estratigrafica de Vaz et al. (2007) neste trabalho se
deve, principalmente, as observagdes de campo que apontam um posicionamento estratigrafico
diferente para a Formacao Corda. Em alguns pontos visitados, os arenitos da Formacao Grajau
se sobrep6em discordantemente aos depositos da Formacdo Corda e aos pelitos da Formacao
Pastos Bons, em Formosa da Serra Negra-MA e em Floriano-Pl respectivamente.
Adicionalmente, observou-se que a Formacdo Cod6 se sobrepde a Formacdo Corda
bruscamente. Dessa forma, considerando que a Formacdo Codd € datada no Cretaceo
(Neoaptiano), indicada pela presenca do palinomorfo Sergipea varirerrucata (Batista 1992),
admite-se que a Formacdo Corda seja mais antiga, provavelmente no limite do Juréssico-
eocretaceo, corroborando com os autores do século passado (Aguiar 1971, Cunha & Carneiro
1972, Lima & Leite, 1978, GoOes & Feijd, 1994). Embora essa proposta ainda necessite de
confirmacdo por meio de mapeamento mais detalhado, admite-se que a unidade estudada
representa uma sucessdo jurassica-eocretacea com sitio deposicional principal na por¢édo

centro-oeste da Bacia do Parnaiba.

4.3 METODOS

Neste trabalho, foi utilizado o modelamento de facies proposto por Walker & James
(1992). Este modelamento consiste na individualizag&o e descricdo das facies, caracterizando a
composicdo, geometria, texturas, estruturas sedimentares, conteudo fossilifero e padrbes de
paleocorrentes. A associacdo de facies cogenéticas e contemporaneas permitiu a interpretacdo
do sistema deposicional e sua visualizacdo tridimensional na forma de blocos diagramas.
Anélises petrograficas e mineraldgicas por difratometria de raios X foram utilizadas para
auxiliar nas interpretacdes paleoambientais das formagdes estudadas.

4.4 ASSOCIACAO DE FACIES
4.4.1 Aspectos gerais

A Formagdes Corda e Pastos Bons foram as unidades com maior expressao aflorante na
porcdo central da bacia. Em geral, a sucessdo eocretacea recobre as unidades paleozoicas
formacgbes Longa, Poti, Piaui, Pedra de Fogo e Sambaiba, e as rochas jurassicas Mosquito. S&o
recobertos bruscamente por depdsitos finos lacustres da Formacdo Codo e quartzo-arenitos e
conglomerados com seixos de quartzo fluviais da Formacédo Grajau (Figura 1, 2, 3, 4 e 5). Além
disso, na porcdo sudeste da bacia, sdo cortadas por diques basicos da Formacdo Sardinha. A
porcdo inferior da sucessao estudada corresponde aos basaltos da Formagédo Mosquito, com

espessura aflorante em torno de 35 m, com coloragédo variando de cinza-escuro a marrom-
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avermelhada. O contato superior dessa formacgédo se da de forma discordante erosiva com 0s
arenitos eolicos da Formacdo Corda (Figuras 2, 3, 4 e 5; Tabela 1).

A Formacdo Mosquito corresponde a basaltos amgdaloidais com espessura de até 4m
com corpos areniticos intercalados. A Formacéo Corda € constituida na base por conglomerados
polimiticos de coloragdo vermelho-arroxeada, com clastos angulosos de basalto pintalgados de
caulim, silex, arenito, argilito e calcita. Na parte superior dessa unidade, encontram-se arenitos
friaveis, finos a médios, de coloracdo vermelho-amarelada, arredondados, bem selecionados e
com bimodalidade granulométrica. Nesses arenitos, encontram-se, por vezes, lentes de silex e
material argiloso de coloracdo esbranquicada. Apresenta como estruturas predominantes a
estratificacdo cruzada tabular de pequeno a médio porte e a estratificacdo plano-paralela. Na
Formacdo Corda, foram descritas 20 facies agrupadas em quatro associacGes de facies
representativas de um sistema desértico imido (Figuras 1). A Fomacdo Pastos Bons corre em
corpos tabulares de folhelhos, por vezes com intercalagbes com corpos tabulares de arenitos
finos a médios com até 1,5m de espessura. Nesta formacdo foram identificadas oito facies

sedimentares agrupadas em duas associacdes de facies (Tabela 2).
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Figura 2. Mapa de localizagéo e geoldgico simplificado da area de estudo situado na Bacia do Parnaiba. Fonte: Modificado de CPRM (1994) e Costa et al.

(1994).
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Figura 2. Proposta de coluna estratigrafica da sucessdo eocretacea e distribuicdo de todos os perfis
estratigraficos descritos na porcao central da Bacia do Parnaiba.
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interpretados como depésitos sedimentares de campo de dunas que sobrepoem a
planicie vulcanica da Formagdo Mosquito.
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Figura 4. Perfis litoestratigraficos na regido entre os municipios de Grajal e Fortaleza
dos Nogueiras no Maranhdo. A Formacdo Corda ocorre sobre basaltos (Formagédo
Mosquito) e sotopostas a depésitos fluviais da Formacao Grajal. Legenda na figura 3.
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principalmente por depésitos fluviais e lacustres se sobrepdem ao substrato paleozoico da Bacia do Parnaiba. Legenda na figura 3.



Tabela 1. Associagédo de facies da Formagédo Corda (continua).
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Facies Descricdo Processo AF
Paraconglomerado com matriz suportada com estratificacdo
cruzada acanalada, sendo por vezes maci¢o. Camadas
tabulares de 0,5-1,5 m de espessura. Os clastos variam de  Deposicéo subaquosa
Paraconglomerado com o . . -
R 0,5-2 cm de didmetro, compostos por fragmentos de rocha  ocorrida no limite do regime
estratificagdo  cruzada . . x S
de basaltos, silex e arenito. Os clastos sdo angulosos a de fluxo inferior para o
acanalada (Pa) . -
arredondados, pobremente selecionados e raramente  superior.
imbricados. A matriz é composta de areia fina a muito fina.
O limite basal desta facies é erosivo.
] ) ) Deposicéo a partir de fluxo
Conglomerado Macigo ~ Conglomerado macico com seixos subarredondados de silex  trativo, e, regime de fluxo
(Cm) e argila, espessura de 5-20 cm, com geometria irregular. superior.
©
. ~ . j=2)
Arenito com laminagdo  Arenito fino a médio de coloragio avermelhada com Sedimentacdo em regime de o
cruzada cavalgante  laminagdo cruzada cavalgante supercritica. Espessura 0,5a  T1ux0  inferior (tracéo e o
(Alc) 1,5 m, e corpos com geometria tabular. suspensdo). N
. A . <
. Arenito de granulometria fina a grossa, mal selecionado, . x . 3=
Arenito x €M com granulos, seixos de silex, basalto e estratificacdo Migragdo de formas de~ leito <
estratificagdo cruzada - 3D subaquosas por tragdo em S
cruzada acanalada de pequeno a médio porte, com espessura . o 5
acanalada (Aca) . regime de fluxo inferior. =
de até 50 cm. TR
Arenito com granulometria fina a média, com
) predominancia de fina, a espessura do pacote varia de 0,5 a L o
Arenito com 2 m, com estratificagio sigmoidal e tangencial, com sets ~ Migragdo e reativacdo de
estratificagdo cruzada  variando de 15 a 50 cm. Localmente com recobrimento de ~ formas de leito de dunas
composta (Acc) argila nos foresets. A espessura dos foresets variam de 1-2  subaquosas 3D.
cm.
. Arenito fino a médio, com predominancia de finos, e
Arenito com - . L. .
o espessura do pacote sedimentar de até 15-50 cm, com  Deposicdo de formas de leito
estratificagdo plano - I
foresets de 1-3 cm, com base escavada. Apresenta em regime de fluxo inferior.
paralela (App) I o
localmente laminagdo cruzada cavalgante supercritica.
Depositado, a partir de
Siltito macigo (Sm) Siltito avermelhado macico com até 1m de espessura. particulas em um ambiente de L3 -
baixa energia D g N
- . S5
Pelito laminado (PI) Composto por pelito cinza-claros a esverdeados, que pode DaerFt)i(z:let:g(e)’m a partir de E 5 E <
variar de arenito muito fino a siltito laminado e folhelho. P x
Suspensao.
Arenito com Arenito fino a médio, moderadamente selecionado, com  Migracéo de marcas
estratificacdo ~ plano-  estratificacdo plano-paralela e de baixo angulo. Localmente  onduladas em regime de
paralela e de baixo ocorrem marcas ondulada, estruturas de adesdo e  fluxo superior e exposicdo
angulo (Apb) laminacdes flaser. superficial pelo
rebaixamento  do  lencol g
freatico. @
g
o o ] Sedimentacdo  répida ou 3 <
Arenito macico (Am) Arenito fino a muito fino, moderadamente selecionado com obliteragdo do acamamento =
acamamento macico. por expulsdo de agua. |

Arenito com estruturas
de sobrecarga (As)

Arenito fino a muito fino, moderadamente selecionado com
estruturas de sobrecarga e em chama.

Instabilidades gravitacionais
e ajustes plasticos por
processos de liquefacéo.
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Féacies Descricao Processo AF
Arenito com Arenito fino a grosso com gréanulos e
estratificacdo  plano- seixos exibindo estratificagdo plano-  Deposi¢do em regime de fluxo superior.
paralela (Ap) paralela.
o . Migracdo de forma de leito (3D) por
Arenito com gutter cast Arenito fino a QBQSSO, com gfanuh|05de correntes trativas, canalizagGes rasas
e estratificacdo cruzada SEIX0s  esporadicos, preencnhendo  cortadas por_objetos, ou escavadas por
acanalada (Aga) geometria de canal (gutter cast) e com  correntes trativas e rapida desaceleragéo -
e o ! Q. 'D
estratificagdo cruzada acanalada. da energia. oL @
. . . G202
Arenito com laminagéo - - - S Deposicdo por tragdo e suspensdo -5
Arenito  fino-médio com laminagdes : AP S
plano-paralela e subordinada por acéo edlica. Migracéo
plano-paralela e cruzada cavalgantes .
cruzada cavalgante . de formas onduladas produzidas pelo
transladante subcritica. o
transladante (Apc) vento (wind ripples).
Pelito macico com Camadas centimétricas de pelito macico  Deposicdo por suspensdo e exposigdo
gretas de contragdo (Pg)  com gretas de contragio subaéria
Arenitos com  Arenito fino, moderadamente selecionado Interagio de areia seca transportada pelo
laminacéo 0ndu|ada~e com~lam|na<;ao_ ondulada e estruturgs de vento com superficie imida, Alternancia
estruturas de adesdo adesdo. Subordinadamente ocorrem rip-up x ~ -
- - de tragd0 e suspensdo com exposi¢éo
(Aa) clast e curled mud flakes, e pelito laminado subaérea
(Fécies PI). '
Exposicdo subaérea, poligonizacdo de
Arenito fino a muito fino com gretas de  horizontes parcialmente intemperizados,
Arenito com estruturas  contracdo, bioturbacdo e horizontes  lixiviagdo e concentracao de
poligonais (Aep) mosqueados ricos em Oxido/hidroxido de  dxido/hidréxido de ferro por variagéo do
ferro. lencol freético. e
o
=}
Pelito de coloragéo cinza escuro. Também Denosicio por suspensio T
Pelito macigo (Pm) esta presente na AF1. posicao p P ' 'g %
8
N IS
Arenito com Arenito fino a médio, grdos bem Migracdo de macroformas ondulla_das 8
arredondados e selecionados, com (3D) ~ por  correntes  edlicas

estratificagdo cruzada
tabular (Act)

Arenito com
estratificacdo cruzada
tangencial (At)

estratificacdo cruzada tabular de médio a
grande porte.

Arenito fino, bem selecionado, com
estratificacéo cruzada tangencial,
laminacdo fluxo e queda de grdos, por
vezes apresenta rip-up clast, estruturas de
deformacgdo e recobrimento de argila na
base dos foresets.

unidirecionais. Fluxo e queda de gréos,
na face de sotavento de dunas etlicas

Migracéo de formas de leito 3D pela agdo
edlica. Deposicao por fluxo de graos e
queda de gréos.
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Facies Descrigéo Processos AF
Pelito laminado Pelito cinza-esvgrdeado a marrom-avermelhado, com 0,1.— 1,2 mde Deposicao por decantagdo em
Pl) espessura e_ laminacéo plano-paralela, podendo estar maci¢o ou com ambiente de guas calmas.
estruturas tipo blocky.
Alternancia de tragéo e
Ritmito N . . 5 ;
arenito/pelito Intercalagio de camadas de arenito e pelito, com espessuras de 0,2-60cm, ~ Suspensao em ambiente com
R P geometria tabular. Localmente, ocorrem niveis de carbonato. lamina d’4gua rasa. Carbonato e =
(Rap) ocorre como produto de B 50
. N = c <
diagénese. 3 32
Arenito com Avrenito de geometria tabular e, branco a amarelado, com 0,1 — 0,15 m de
laminacio plano espessura. Apresenta granulometria fina a média, com gréos bem Tr_ansporte por tragao, com
aralelg (AFI) ) selecionados e subarredondados. Exibe laminagéo plano-paralela, com migracdo de formas de leito de
P P contatos gradacionais com as facies adjacentes. pequeno porte.
Areni'to_ com Arenito tabular, amarelado, com espessura de 0,1 a 2,5 m. Predomina Fi dominant ;
estratificacao granulometria fina, com gréos bem selecionados e arredondados. uzj(o pre orlmnan emente q
plano-paralela Apresenta laminagio plano-paralela e, subordinadamente, filmes de argila unidirecional, com regime de
(App) fluxo superior
Avrenito de geometria ondulada e espessura de 0,2 a 1 m, com graos finos
Arenito com a médios, bem arredondados e moderadamente selecionados. Apresenta Migracéo de formas de leito
laminacéo cruzada laminagéo cruzada cavalgante supercritica, por vezes deformadas, com em regime de fluxo inferior,
cavalgante formas de 5 — 8 cm, cristas arredondadas e foresets sigmoidais. Estrutura com alternancia de tragéo e
supercritica (Alc)  pinch and swell também ocorre. O contato com a facies Pl pode suspenséo e agdo de ondas. _
apresentar estruturas de sobrecarga. .E
2
© ~
E P
D fluvial I <
. . . . « escarga fluvial que resultou
Arenito Macico Arenito amarelo-esbranqui¢ado com 0,2-0,7 cm de espessura, com gréos em de %si S0 14 ? dae "3’
(Am) subarredondados e grau de sele¢do moderado. N&o apresenta estrutura PosiG P ' S

Arenito com
laminacéo
assimétrica (Ala)

Arenito com
estruturas
deformacionais
(Ad)

interna.

Avrenito de geometria irregular, coloragdo amarelada a marrom-
avermelhada e espessuras de 0,2 a 1 m, granulometria fina a média, bem
arredondado e moderadamente selecionado. A principal estrutura presente
¢ a laminagdo cruzada assimétrica, com formas de 5-8 cm, cujas
paleocorrentes apontam para NW e SW. Estas laminag@es apresentam
cristas arredondadas e foresets sigmoidais, além de estruturas do tipo
pinch and swell e laminagéo flaser.

Avrenito de coloragdo esbranquicada, geometria irregular e 0,2 a2 m de
espessura. E predominantemente fino, com grios bem selecionados e
subangulosos. Apresentam estruturas ball-and-pillow, load casts,
laminagdo rompida, estruturas de injecéo, em prato, em chama e
laminages convolutas.

subordinadamente, liquefagéo.

Acéo de ondas sobre substrato
irregular, em fluxo combinado.

Deformacéo hidroplastica, com
predominio de liquefagdo e
sobrecarga associadas a rapida
deposicao de sedimentos.
Fluidizag&o.
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4.4.2 Aspectos petrograficos e mineraldgicos

A andlise petrogréafica foi realizada somente nos arenitos dos depositos de campo de
dunas e lencol de areia, que foram classificados como sublitoarenitos, segundo a
classificagdo de Folk (1968). De forma geral, apresentam granulometria entre areia fina e
areia média, com predominio de areia fina. Sdo bimodais, com grdos arredondados a
subarredondados, e possuem alta esfericidade (Figura 6A e 6B). O arcabouco é frouxo a
normal, com indice de empacotamento frequentemente inferior a 40%, com reduzida
compactacdo mecanica, a qual é localmente evidenciada por deformacdo de intraclastos
peliticos e contatos localmente concavo-convexos, em meio a prevaléncia de contatos
pontuais e retilineos (Figura 6B). Apresentam como principal componente detritico quartzo,
com propor¢des médias de 76% e, secundariamente, intraclastos (19,31%) e feldspato
(4,60%). Micas e minerais pesados ocorrem em proporcdes inferiores a 1%. A pseudomatriz
ocorre como constituinte traco, caracterizada por infiltracdo mecanica de argila (Figura 6F)
ou como clastos ducteis deformados. O reconhecimento de argila mecanicamente infiltrada
é feito pela identificacdo de cuticulas (coatings) de argila tangenciais a superficie dos grdos
(Figura 6C, D e E), exibindo elevada birrefringéncia e coloragdo amarelada. Diferentemente
da matriz, o cimento ocorre de forma abundante em todas as laminas. O cimento de zedlita
é mais abundante formando cristais radiais cristais e/ou na forma poiquilotopica (Figuras
6A, B e C). Ocasionalmente, ocorre cimento de calcita porquilotopica principalmente nos
arenitos de lencois de areia e interdunas. A andlise por difragdo de raios X identificou como
principais argilominerais esmectita e caulinita. Além disso, determinou a assembleia
mineraldgica constituida por quartzo, feldspato, hematita e calcita e ze6lita (Figura 7). Os
minerais de esmectita encontram-se predominantemente nos depositos de campo de dunas,
enquanto a caulinita, somente nos depdsitos fluviais. O cimento de zeolitico esta presente
tanto nos depositos de campo de dunas como nos lengéis arenosos, estando ausente nos

depdsitos fluviais.
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P

Figura 6. Aspectos petrograficos dos arenitos edlicos da AF 3 e AF 4 da Formagdo Corda. A) Fotomicrografia
de arenito com padrdo bimodal tipico de dunas edlicas B) Fotomicrografia de arenito com quartzo
monocristalino (Q) com recobrimento de argila e fragmento de rocha vulcénica (seta) com cristais de
plagioclasio imersos em matriz vitrea. C) Cimento de zedlita (z) em contato com cimento de calcita (c). D)
Fotomicrografia de arenitos com cimento de 6xido de ferro (seta). E) aspecto de cimento poiquilotopico de
calcita com feicdes de dissolucdo. F) Grdo de quatzo e argila mecanicamente infiltrada.
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Figura 7. Difratograma de arenito da associacdo de depdsito de dunas e6licas com a assembleia
mineraldgica predominante representada por esmectita, ze6lita estilbita (Z), quartzo (Q).
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4.4.3 Associacao de facies fluvial de alta energia (AF1)

A associagdo AF1 predomina na porcao centro-oeste da bacia, na regido de Formosa
de Serra negra até Sdo Raimundo das Mangabeiras com predominio de paraconglomerados,
por vezes, com estratificacdo cruzada acanalada (Pa), conglomerados macicos (Cm), arenitos
com laminacéo cruzada cavalgante supercritica (Alc) e arenitos com estratificacdo cruzada
acanalada (Aca) (Figura 8A, B e C). A féacies Pa é a litologia dominante, ocorre
discordantemente aos basaltos da Formacdo Mosquito, composta por uma matriz de areia
fina a muito fina de coloracao vermelha a marrom-avermelhada com clastos de silex, arenito
e basalto (Figura 8D). Esta facies ocorre intercalada a arenitos com laminacéo cruzadas
cavalgante subcritica e localmente pode ocorrer sobre arenitos com estratificacdo de baixo
angulo.

Na regido de Montes Altos ocorrem arenitos finos a médios com clastos
centimétricos de silex ou argila subarredondados ou tabulares (rip up clasts) (Figura 8E),
por vezes intercalados com pelito macico (Pm) e arenitos com laminacao cruzada cavalgante
supercritica (Alc). E comum a presenca de lags centimetricos e subarredondados de seixos
(Figura 8D), filmes de argila nos foresets, laminag6es plano-paralela e flaser.

Na regido de S&o Domingos do Azeitdo, Pastos Bons e Sdo Jodo dos Patos ocorre
sucessao de arenito finos, moderadamente selecionados, que apresenta espessura media de

15 a 20 m, composta por corpos tabulares e lenticulares organizados em ciclos
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granodecrescentes ascendentes e extensdo lateral superior a 120 m. Sdo dominados pelas
facies de arenitos com estratificacdo cruzada acanalada (Aca) (Figura 8F), arenito com
estratificacdo cruzada composta (Acc), arenito com estratificacdo plano-paralela (App),
arenito com laminagdo cruzada cavalgante supercritica (Alc) e pelitos macicos (Pm), por

vezes, laminados e conglomerados macicos.

. i | 3 Z > -

Figura 8. Aspectos gerais da associacdo de facies 1. A) Paraconglomerado polimitico com clastos
angulosos e centimétricos de silex e basalto imersos em matriz areno-argilosa. B) Camadas de
arenitos grossos com estratificago de baixo angulo sobreposta por arenitos conglomeraticos com
estratificagdo cruzada acanalada. C) Intercalagdo de camadas conglomeraticas com laminagéo
cruzada cavalgante transladante. D) Seixos angulosos de silex e basalto com tamanho centimétrico.
E) Camadas tabulares centimétricas de lags conglomeraticos sobrepostos por arenitos com
laminagBes plano-paralelas. F) Detalhe de lags conglomeraticos com seixos de basalto e silex.

A facies Aca é constituida por arenitos finos, moderadamente selecionados, com

estratificacdo cruzada acanalada de pequeno a médio porte. A facies Acc é constituida por

arenitos de granulometria predominantemente fina com grdos bem selecionados e
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arredondados, inclui estratificaces cruzada tangencial e sigmoidal, de pequeno porte, cujas
paleocorrentes apontam preferencialmente para SSE. Os sets apresentam espessura média
de até 1m, por vezes, filmes de argila recobrindo os foresets. Os contatos com as facies
adjacentes podem ser bruscos ou amalgamados. Estes arenitos exibem localmente estruturas
deformacionais e rip up clasts. Esta facies ocorre intercalada com arenitos com estratificacéo
plano-paralela (App) e arenitos com laminacdo cruzada cavalgante supercritica ou cortados
por finas camadas com lags de quartzo (facies Cm). A facies App é constituida por arenitos
finos a médios, moderadamente selecionados e com foresets de 1 a 3 cm. Localmente exibem
estratificacdo cruzada de baixo angulo. A transicdo para as facies sotopostas pode ser
definida por contatos erosivos. A facies Alc abrange arenitos finos a médios de coloragédo
avermelhada e geometria tabular, ocasionalmente com filmes de argila nos foresets.

A associacgdo de facies 1 sugere deposicdo em planicies de rios entrelacados, as quais
sdo comuns em regibes aridas a semiaridas, onde fluxos de rios efémeros formavam uma
rede de canais fluviais efémeros (wadis) organizados em ciclos granodecrescentes
ascendentes. Estes canais sdo caracterizados pela baixa razdo agua/sedimento e por um
regime tipicamente torrencial associado a chuvas esporadicas, com retrabalhamento de
interdunas Umidas e formacéo de lags conglomeraticos (Smith, 1987). Com o fim dos pulsos
magmaticos, a Formacdo Mosquito serviu de substrato para o escoamento das aguas das
chuvas, que ndo eram absorvidas rapidamente, o que favoreceu um maior espraiamento dos
sedimentos carreados por esses fluxos. A presenca de estratificagdo cruzada acanalada indica
a migracdo de dunas subaquosas de pequeno porte nesses canais. Os sets centimétricos dessa
estratificacdo cruzada apontam para uma profundidade relativamente rasa dos canais na
porcdo oeste da bacia.

Os arenitos com estratificacdo plano-paralela e cruzada de baixo angulo foram
formados no limite inferior de canais rasos, principalmente em lencdis arenosos formados
durante o desconfinamento do fluxo (sheetflow) (Picard e High, 1973; Miall, 1987). Os
clastos angulosos indicam que, parte dos sedimentos, tinham uma area fonte proxima,
principalmente aqueles advindos de substrato vulcanico e dos arenitos intertrap. As camadas
macigas podem ter sido formadas por deposicéo rapida, enquanto as estratificacdes cruzadas

acanaladas séo resultado da diminuicdo da velocidade do fluxo (Glennie, 1987).
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4.4.4 Associacao de fluvial de energia moderada (AF2)

Esta associacdo ocorre principalmente na porcao sudeste da bacia, composta por
siltitos macico e pelitos laminados. A facies Pl é composta por pelitos que apresentam
coloragéo cinza claro a esverdeado, com estrutura finamente laminada, com geometria tabula
com até 1m de espessura. Essas facies sdo formadas pela alterndncia de condicGes

subaquosas de baixa energia com decantacdo de sedimentos finos.

Fécies de siltitos macicos (Sm) sdo formadas por camadas tabulares centimétricas a
métricas de siltitos macicos a laminados de coloracdo avermelhada. Estes depositos foram

formados por decantacdo em aguas calmas sem acdo de correntes de fundo.

4.4.5 Associacao de facies de lencol de areia (AF3)

A associacdo AF3 é caracterizada por camadas métricas de geometria tabular ou de
baixo angulo de arenito fino a grosso, continuas lateralmente por centenas de metros (Figuras
4 e 8). A associacdo AF2 foi subdividida em dois conjuntos de facies: Cl) camadas planas
com base deformada; CIlI) camadas planas constituidas por diversos tipos de
laminag0es/estratificagbes internas.

O conjunto CI é composto de arenitos finos a muito finos, moderadamente
selecionados com estratificacdo plano-paralela e de baixo angulo (Apb) (Figura 9A),
acamamento macico (Am), estruturas de sobrecarga e em chama (As) (Figura 9B). Essa
sucessao tem mais de 40 m de espessura e distribui-se principalmente na porcéo inferior da
secdo estudada. E formada por camadas com grande extensdo lateral de até 300 m.

O conjunto CII consiste em arenitos finos a medios, bem selecionados e com gréos
bem arredondados, exibindo estratificacdo plano-paralela (Ap) (Figura 9C e D), laminacao
plano-paralela e laminacgéo cruzada cavalgante transladante (Apc), arenitos com gutter casts
(Aga) (Figura 9C) e pelitos macigos com gretas de contragdo (Pg). As laminagdes cruzadas
cavalgantes formam laminas sub-horizontais e/ou com baixo angulo (menos de 5°), com 1 a
4 cm de espessura e gradacao inversa (Figura 9E). Também ocorrem arenitos finos a grossos,
com granulos e seixos esporédicos, preenchendo geometria de canal e com estratificacdo
cruzada acanalada de pequeno a medio porte (Figuras 9F). Esses canais sao interpretados
como gutter casts e ocorrem isoladamente, truncando arenitos finos a grossos com granulos
e seixos com estratificagcdo plano-paralela. Os gutter casts exibem 15 cm a 2 m de largura e

5 cm a 1 m de profundidade e, normalmente, s&o preenchidos por arenitos com laminac6es
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cruzadas acanaladas e/ou plano-paralelas e cortadas por arenitos finos com laminacdes
cruzadas cavalgantes (Figuras 9C e F). No conjunto CIl, comumente ocorrem intercalagdes
de laminacdo plano-paralela e estruturas de adeséo (adhesion lamination e adhesion warts)
(Figura 9G). As camadas com estrutura de adesdo sdo muito expressivas, formam pacotes
com espessura superior a 2 m e com mais de 20 m de extensdo lateral, sempre associadas a
rip-up clasts e curled clay flakes. As laminacdes de adesdo formam laminacdes irregulares
e crenuladas que persistem por dezenas de metros, algumas vezes associadas a estruturas de
deformacgéo. As verrugas de adesdo (adhesion warts) formam pequenas projecdes ou
monticulos centimétricos na forma de arco ou semiarco (Figuras 9G). Essas estruturas
marcam o topo de camadas centimétricas que formam ciclos de ressecamento ascendente
(drying-upward) (Kocurek 1981) e estdo presentes na base e na porcdo média da Serra
Negra. Gretas de contragdo ocorrem em pelitos no topo dos ciclos. As camadas de pelito
apresentam espessura gque varia de 0,5 a 1 m e, em geral, recobrem arenitos com estruturas
de adesdo. Nesse arenito é possivel identificar o cimento de zedlita (estilbita), que forma
pequenos pontos esbranquicados na rocha (Rezende 2002, Picanco et al. 2011). Também é
comum a presenca de nddulos evaporiticos que efervescem em contato com é&cido cloridrico.

O conjunto de facies CI foi gerado por fluxos em lencol (sheet flow) durante
inundacdes episoddicas (flash flood). A presenca de estruturas de sobrecarga e em chama
sugere deposicdo rapida e confinamento da agua intersticial com posterior ajustamento
plastico das camadas por processos de liquefacdo (Lowe 1975).

O conjunto de facies CII representa a migracdo de dunas edlicas zibar de pequena
amplitude, com topo aplainado pelo retrabalhnamento eolico. A migracdo de formas
onduladas de origem edlica (wind ripples) é indicada pela presenca de laminagdes sub-
horizontais com gradacdo inversa (Hunter 1977). O fluxo em lencol, que se espraiava sob
condicdes de regime de fluxo inferior a superior, deu origem a arenitos com estratificacao
plano-paralela nas planicies dos lencdis arenosos.

Localmente, a méxima velocidade da corrente causou fluxos confinados em canais
rasos e estreitos (gutter casts) com migracao de dunas subaquosas (3D). Fei¢des crenuladas
sdo interpretadas como estrutura de adesdo. Essa estrutura é formada pela adesdo de graos
de areia seca soprados pelo vento sobre superficies umidas (Kocurek & Fielder, 1982). As
laminacdes de adesdo indicam sequéncias de ressecamento ascendente (dry-upward) e,

diferentemente das demais estruturas de adesdo, podem ser formadas em grandes areas,
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dependendo, principalmente, do teor de umidade (até 80%). Gretas de contracdo no topo dos

ciclos corroboram essa interpretacéo.

Figura 9. Aspectos gerais da associa¢do de associacao de facies de lencol de areia. A) Arenitos tabulares com
estratificacdo plano-paralela. B) Arenitos com estruturas de deformacdo. C) arenito exibindo geometria de
canal preenchido por arenitos grossos com estratificagdo cruzada acanalada com sets diminuindo para o topo.
D) Arenito médio a grosso com laminagéo de baixo angulo. E) Contato erosivo de arenito com laminagdo
cruzada cavalgante transladante (Apc) e arenito médio a grosso com estratificacdo plano-paralela (Ap). F)
Seixo em arenitos grossos da facies Ap. G) arenito com estruturas de adeséo.

A alternancia de laminag6es edlicas com estruturas de adesao reflete mudancas no
teor de umidade desses depositos (Chakraborty & Chaudhuri 1993). Normalmente,
estruturas de adeséo e gretas de contragdo na Formacao Corda estdo associadas a concregdes
evaporiticas que podem ser produto da acumulacdo de sais na franja capilar, que expandem

e forcam levemente as camadas a se deformar.
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Planicies arenosas formadas pelo vento ou por fluxo em lencdis consistem
principalmente em estratificacdo cruzada de baixo angulo formada por ondulac¢ées ou queda
de grdos. Normalmente ocorrem em &areas marginais aos campos de dunas (Fryberge et al.
1979). O modelo proposto aqui sugere que essas planicies arenosas foram submetidas
esporadicamente a alternancias de retrabalhamento eélico e inundagtes episddicas (flash
floods). Durante a fase seca, formas de leito de pequeno a médio porte, geralmente com o
topo arrasado pela intensa deflagdo, foram desenvolvidas com a formagdo de marcas
onduladas (Figura 11). Nucleos imidos nessa planicie formaram sitios de precipitacdo de
carbonatos e evaporitos, geralmente associados as marcas de aderéncia. Inundacdes
episddicas sob regime de fluxo superior e inferior geraram o espraiamento das areias e
retrabalhariam a planicie de deflacdo preestabelecida. Além disso, formaram redes de canais
rasos com dunas subaquosas de baixa amplitude. Uma nova fase de deflacdo subsequente

retrabalharia todo o deposito subaquoso.
4.4.6 Associacao de facies de campo de dunas (AF4)

A associacdo de campo de dunas (AF4) ocorre sobreposta aos arenitos com
laminag&o plano-paralela e estrutura de adesdo da AF3. A AF4 representa uma sucessao com
mais de 60 m de espessura formada pelas facies de arenito com estratificacdo cruzada tabular
(Act), arenito com estratificacdo cruzada tangencial (At), arenito com laminacdes onduladas
e estrutura de adeséo (Aa), arenitos com estruturas poligonais (Aep) e pelito maci¢o (Pm).
Essa associacao foi subdividida em dois conjuntos de facies: Clll e CIV.

O conjunto de facies CIlI forma camadas tabulares extensas lateralmente por dezenas
de metros. E constituido de arenitos finos a médios, de coloracdo amarelo-pélida a
avermelhada, com grdos bem arredondados e selecionados, apresentando bimodalidade
granulométrica. Apresenta estratificacdo cruzada tabular e tangencial (Act e At) de pequeno
a médio porte (sets de 0,5 a 1,8 m de espessura) e 0 conjunto dos estratos (coset) possui cerca
de 4 m de espessura (Figura 10A e B). As estratificagOes cruzadas apresentam mergulhos
fortes de 27° a 33°, com contatos angulares com a horizontal e direcdo de 200° a 308° Az.
Os foresets séo formados por fluxo de gréos (grain flow) e queda de gréos (grain fall) (Figura
10B e C), além de laminacdo cruzada cavalgante subcritica transladante, com mergulho
suave, ou finamente laminada (pinstripe lamination). Individualmente, as laminas
apresentam varia¢des no tamanho dos graos, bom selecionamento e gradacao inversa. Nessa

associacdo é comum a presenca de graos bem arredondados cobertos por uma pelicula de
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oxido-hidroxido de ferro. Os depositos de fluxo de grdos tém, em média, 2,5 cm de
espessura, podendo chegar a 4 cm de espessura. As laminas com fluxo de grédos podem ser
identificadas com base no alto &ngulo de mergulho (24° a 28°) e sua gradacdo inversa (Figura
10A, Be C).

P G - o =
Figura 10. Aspectos gerais do grupo associacdo de facies de campo de dunas. A) Arenito fino médio, bém
selecionado com estratificacdo cruzada tabular e tangencial de médio a grande porte. B) Arenito com
estruturas de queda de grao e fluxo de gréos. C) arenito com estratificagdo cruzada tabular de médio porte
e laminagéo plano-paralela. D arenito com laminagdes onduladas e estruturas de bioturbagéo E) Estruturas
de bioturbacdo em arenitos. F) detalhe de arenito com laminag&o cruzada cavalgante subcritica e laminagéao
tipo pinstripe.

O conjunto CIV consiste em arenitos finos a médios, moderadamente selecionados,
com predominio das laminagdes onduladas, que ocorrem intercaladas aos depositos do Clli|
(Figuras 10D). Esses arenitos formam camadas tabulares em sucessdes de até 5 m de
espessura, organizadas em ciclos de ressecamento de escala centimétrica. Os arenitos sdo
finos a grossos, moderadamente selecionados, apresentam laminacdo ondulada, estruturas
de adesdo (Aa), arenito fino com estruturas poligonais (Aep), ocorrendo também pelito

macico (Pm) e estruturas laminagdo cruzada cavalgante subcritica e estruturas de
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bioturbacdo (E e F). Filmes de argila laminados e gretados, com horizontes mosqueados
ricos em Oxido-hidréxido de ferro, marcam os topos dos ciclos

Os arenitos do conjunto ClII com estratificacdo cruzada de médio porte, formada por
fluxo e queda de grdos, sdo interpretados como depositos de dunas edlicas originadas pela
migracdo de macroformas onduladas (Hunter 1977, Kocurek & Dott, 1981). A migracao
dessas formas de leito origina superficies de primeira ordem (Mountney 2006). A espessura
dos depdsitos de fluxo de grdos sugere que as dunas tinham entre 0,5 e 3 m de altura
(Kocurek & Dott 1981). A laminacéo cruzada cavalgante subcritica é formada pela migracéo
de marcas onduladas de pequena amplitude e grande comprimento de onda (ripples). O
mecanismo trativo de arraste associado a suspensdo dessas micro-ondulacdes causa o
cavalgamento das Ondulas, cuja superposicdo forma laminas sub-horizontais ou
pseudoacamamentos (McKee & Weir 1953, McKee 1966, Hunter 1977). As superficies de
reativacdo da Formacdo Corda foram formadas pela erosdo na face de deslizamento da duna
(lee-slope) seguida por uma nova sedimentacdo associada a mudancgas na assimetria das
dunas e na sua direcdo e velocidade de migracdo. As superficies de migracao de interdunas
foram formadas como resultado da migracdo de dunas separadas por grandes areas de
interdunas. Inundacdes nas areas marginais das dunas carrearam grandes quantidades de
materiais argilosos para as areas de interdunas e, quando expostos ao sol, ressecaram, foram
retrabalhados pelo vento e incorporados as dunas como seixos e flakes de argila.

No conjunto ClIl, as superficies de reativacdo e de migracdo de interduna sdo
exemplos de superficies limitantes presentes na AF4 (Brookfield 1977). As superficies de
reativacdo exibem mergulhos suaves (15° a 20°) e cortam os foresets das estratificacfes
cruzadas, enquanto as superficies de migracdo de interdunas se caracterizam por limites
erosivos levemente inclinados, com mais de 50 m de extenséo.

O conjunto CIV apresenta caracteristicas sedimentares que sugerem tratar-se de
depdsitos interdunas, com deposicdo edlica e subaquosa, com flutuacGes do lencol freéatico.
A presenca de estruturas de adesdo é uma clara indicacdo de uma fonte de areia seca e de
uma superficie deposicional umida ou molhada (Kocurek & Filder, 1982). Quando em
contato com a superficie Umida, a areia seca soprada pelo vento forma estruturas de adesao.
Essa umidade € comum em éareas fortemente controladas pelo lencol fretico e/ou onde
ocorrem chuvas eventuais. Segundo Mountiney (2006), interdunas Umidas sdo formadas
quando o lencgol freatico sobe até ou acima da superficie deposicional devido a periodos em

que estes depositos sdo episodicamente expostos a inundacdes. A presenca de laminagédo
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subaquosa e de marcas onduladas recobertas por argila sugere que tais estruturas foram
formadas em curtos episodios de inundacéo, que, por vezes, levou a formacao de pequenos
lagos nestas areas (Glennie 1970). Inundacgdes sazonais favorecer a deposicdo de grandes
quantidades de argila, 0 que explicaria a presenca de espessos pacotes de pelito macigco nessa
associacdo. Outra possibilidade é a elevacdo do lencol freatico acima da superficie,
ocasionado a formacdo de pequenos lagos temporarios (Glennie 1970). A presenca de
estruturas poligonais indica que parte superficie do substrato lamoso foi exposta, formando
gretas de ressecamento. Segundo Mountiney (2006) e Retallack (2001), nestas planicies €
comum a presenca de laminacgdes geradas por correntes subaquosas e por ondas, por vezes
com recobrimento de argila, estruturas de deformacéo, gretas de dissecacgdo, clay flakes e
curled clay flakes. A presenca continua ou episddica de agua neste ambiente favorece a
colonizagdo por plantas e atividade de animais, contribuindo, assim, para a formagdo de

solos com bioturbacdes e marcas de raizes.

4.4.7 Associacao de facies lacustre central (AF5)

Esta associacdo de facies ocorre em morros nos municipios de Nova lorque (MA),
Bardo de Grajau (MA) e Floriano (PI), nas margens da BR-343. Perfazem esta AF as facies
pelito laminado (PI), ritmito arenito/pelito (Rap) e arenito com laminacdo plano-paralela
(Alp).

Pelitos de geometria tabular, coloracdo vermelha a marrom-avermelhada, com
espessamento ascendente e extensa continuidade lateral sdo comuns na por¢éo superior da
Formacdo Pastos Bons. Estas rochas podem ocorrer na forma de espessos pacotes peliticos
laminados a macicos (1-6 m), amplamente dominantes em relacdo aos arenitos,
principalmente na regido do Morro do Paracati (facies PI; Figura 11A e B), em Floriano (PI),
ou em finas intercalagfes (0,1 — 0,25 m) com camadas tabulares de arenito e laminas de
carbonato (facies Rap; Figura 13A, B). Estas camadas sdo cortadas por diques basicos da
Formacdo Sardinha. As adjacéncias desta intrusdo apresentam caracteristica coloracao
cinza-esverdeada, ao invés da marrom-avermelhada, predominante. Os contatos com as
facies adjacentes sdo bruscos a erosivos, mas também podem exibir estruturas
deformacionais, como estruturas em prato e/ou em chama. Na regido de Nova lorque (MA),
a facies Pl alterna-se com arenitos tabulares, brancos a amarelados, com 0,1 — 0,15 m de
espessura e laminacdo plano-paralela (facies Alp; Figura 11C), com contatos gradacionais.

A granulometria varia de fina a média, com gréos bem selecionados e subarredondados.
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A AF5, referente ao ambiente lacustre central, € composta por pelitos laminados a
macicos da facies Pl e arenitos finos com laminacdo plano-paralela da facies App. Esta
porgéo registra a acumulacdo de sedimentos de menor granulometria, com geometrias
predominantemente tabulares, bem como pacotes espessos de pelitos. Estes Gltimos apontam
sedimentos transportados por suspensdo e depositados por decantacdo em ambiente de aguas
calmas (Reading 1996, Nichols 2009). A AF2 exibe ciclos de granodecrescéncia e
espessamento ascendentes. A maior profundidade da lamina d’agua nesta por¢ao do lago
provavelmente impossibilitou a acdo de ondas, por esta razdo este tipo de estruturas ndo esta
presente nesta AF. O aporte reduzido de sedimentos terrigenos permitia a precipitacao de
laminas de carbonato.

E provavel que as AF5 e AF6 tenham relacbes cogenéticas, com as diferencas
sedimentoldgicas controladas pela variagdo da energia do fluxo, momentum da corrente de
turbidez, distancia em relagéo a convergéncia canal fluvial/lago, espessura da lamina d’agua
e aporte sedimentar entre as porcdes intermediarias e distais do lago. Provavelmente, a
porcdo mais profunda do lago localizava-se na regido de Floriano (Pl) e Bardo de Grajau
(MA), onde ocorrem as camadas mais espessas de pelitos, por vezes com alta concentragao
de matéria organica (Petra 2006). Ballen et al. (2013) sugerem que este aprofundamento se
deu devido a influéncia do Lineamento Transbrasiliano neste local, responsavel pelo maior
espaco de acomodacdo, o que também teria influenciado nos aspectos sedimentoldgicos
distintivos do Folhelho Muzinho. Outra possibilidade é que o clima éarido predominante
durante a deposicdo tenha gerado lagos estratificados, com condicdes fortemente andxicas

no fundo, representado pelo Folhelho Muzinho.
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Figura 11. Aspectos gerais da AF4. A) Extensdo vertical e lateral da facies PIl. B) Ritmitos com camadas finas
e tabulares de arenito e pelito. C) Pseudonddulos isolados, com estrutura ball and pillow (Escala: 7 cm). D)
Laminacdo ondulada na facies Alc (Escala: 2 ¢cm). E) Contatos bruscos e, localmente, com estruturas
deformacionais entre camadas de arenito e pelito.

4.4.8 Associacao lacustre marginal (AF6)

Esta associacdo ocorre na regido de Floriano (PI), Sdo Jodo dos Patos e Sucupira do
Riachdo (MA), expostos em morros e cortes de estrada ao longo da BR-230 e BR-343. As
facies que compdem esta associacdo sao arenito com estratificacdo plano-paralela (App),

arenito com laminacéo cruzada assimétrica (Ala), arenito com laminacao cruzada cavalgante
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supercritica (Alc), arenito com estruturas deformacionais (Ad) e arenito maci¢co (Am). Tal
sucessdo pode apresentar até 10 m de espessura, comumente compondo ciclos de
espessamento ascendente (Figura 11 C, D e E; Tabela 2).

Os arenitos da facies App abrangem camadas tabulares de arenito, amarelados a
cinza-esverdeados, com espessuras de 0,1 a 2,5 m. A granulometria é predominantemente
fina, com gréos bem selecionados e arredondados. Apresentam laminacdes plano-paralela e
de baixo angulo, com filmes de argila subordinadamente. Pontualmente, exibem clastos
centimétricos (~2 cm), marcas de obstaculo e estruturas de sobrecarga (ball-and-pillow), as
quais podem deformar pontualmente a laminacéo, especialmente ao longo dos contatos com
as facies sotopostas. As intercalacGes frequentes entre as facies App e Alc constituem
gradacOes inversa-a-normal (Figura 13C). Esta ultima apresenta arenitos de geometria
irregular, rosados a avermelhados, granulometria fina a média, moderadamente
selecionados. Exibe laminac@es cruzadas cavalgantes supercriticas, com formas de até 6 cm
de base reta a cdncava, além de acamamento flaser e estrutura pinch and swell. Este
conjunto, por vezes, grada para camadas macicas de 0,2 — 0,7 m de espessura (facies Am).

A facies Ala inclui arenitos de geometria irregular, coloracdo amarelada a marrom-
avermelhada e espessuras de 0,2 a 1 m. Estas rochas apresentam granulometria fina a média,
com graos bem arredondados e moderadamente selecionados. A principal estrutura presente
é a laminacdo cruzada assimétrica, com formas de 5 — 8 cm, cujas paleocorrentes apontam
para NW e SW. Estas laminagdes apresentam cristas arredondadas e foresets sigmoidais.
Também estdo presentes estruturas do tipo pinch and swell, acamamento flaser e laminacgéo
ondulada. Ocorre associada a facies Ad em contatos gradacionais, e com a facies Pl, cujo
contato pode ser definido por estruturas de sobrecarga, com deformacéo das laminagdes
(Figura 11E). A facies Ad é composta por arenitos de coloracdo esbranquicada, geometria
irregular e 0,2 a 2 m de espessura. Esta facies abrange rochas de granulometria fina, com
grdos bem selecionados e subarredondados. Apresenta uma variedade de estruturas
deformacionais lateralmente persistentes, como estruturas em prato, estrutura em chama,
pseudonodulos, load casts, laminagdo rompida, falhas sinsedimentares, dobras assimétricas,
laminacgdo convoluta e estruturas de injecdo de aproximadamente 5 cm (Figura 11C e E).
Pseudonddulos podem estar fixados, principalmente em camadas espessas de arenito,
enguanto, em pacotes delgados e intercalados com pelitos relativamente espessos, ocorrem
pseudonodulos isolados, na forma de corpos arenosos inclusos, 0s quais caracterizam

estruturas ball-and-pillow (Figura 11C), cujo comprimento varia de 0,1 — 10 cm. Tais corpos
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sdo predominantemente alongados e arredondados, e apresentam geometrias fitadas,
lensoidais e sigmoidais. Estes corpos sdo numerosos, embora ndo sejam continuos. O grau e
complexidade deformacionais aumentam nas por¢des superiores da camada, além disso,
estruturas de sobrecarga predominam na base e por¢do média do pacote, e estruturas de
escape de agua e injecao de sedimentos prevalecem no topo. Camadas ndo deformadas com
estruturas e litologias similares a essa facies ocorrem abaixo e acima deste horizonte. A
facies Ad exibe camadas amalgamadas a contatos bem definidos com as facies PI, App e
Alc.

Estes depdsitos foram gerados a partir de fluxos hiperpicnais provenientes,
provavelmente, de canais fluviais (flysch like-delta front) durante inundagdes-relampago.
Esta interpretacdo baseia-se, sobretudo, no predominio de camadas tabulares de arenito e
gradacdo inversa-a-normal, que sugerem desconfinamento do fluxo (sheetflow) e
expansdo/contracao do fluxo, tipicos de regimes hiperpicnais e hiperconcentrados (Lamb et
al. 2008, North & Davidson 2012). A aceleracdo-desaceleracao do fluxo € representada pela
intercalacdo entre as facies App e Alc, que indicam variacdo no regime de fluxo,
predominantemente inferior (Davis 1992, Reading 1996, Nicholls 2009).

A formacdo das correntes de turbidez (underflows) foi desencadeada pela alta
densidade da descarga, deslizamentos provocados por declives e acdo de ondas. Esta ultima
é sugerida por fei¢cbes como as estruturas pinch and swell, laminag6es cruzadas cavalgantes
supercriticas com base concava e laminacdes cruzadas assimétricas, de crista arredondada e
foresets sigmoidais (facies Ala; anadlogas a laminacdo cruzada de fluxo combinado de
Yokokawa 1995, Dumas et al., 2005). Outros processos provavelmente atuantes foram as
oscilacBes do nivel do lago, possibilitadas pelo clima arido vigente na regido da Bacia do
Parnaiba durante o Juréssico, a razdo variavel de influxo/efluxo e a taxa de subsidéncia. A
rapida deposicdo de sedimentos, a partir destas correntes, resultou em camadas macicas
(facies Am) e deformacao sinsedimentar (soft-sediment deformation, facies Ad e PI), na qual
0 mecanismo atuante foi a liquefacéo, evidenciada pelo predominio de silte grosso a areia
fina, o caracter ductil e pervasivo da deformacdo, aumento ascendente do grau
deformacional, preservacdo de laminagdes/estratificacOes e estruturas de escape de agua no
topo da facies Ad (Owen et al. 2011, Owen & Moretti 2011). Deste modo, 0s agentes
desencadeadores da deformacéo sdo autociclicos. De acordo com Owen e Moretti (2011), a
liqguefacdo ocorre em sedimentos soterrados abaixo de 10 m, saturados em agua e com

empacotamento frouxo.
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4.5 DISCUSSAO SOBRE O PALEOAMBIENTE
4.5.1 Modelo deposicional

Os dep0sitos eocretaceos foram interpretados como um sistema fluvio-edlico (Figura
12) desenvolvido no final do Jurassico foram individualizadas em seis associacOes de facies
(AF) representativas de um sistemas desértico imido composto por campos (AF4) de porte
médio com interdunas Umidas, evidenciado pela presenca de estruturas de adesdo e gretas
de ressecamento, que eram episodicamente retrabalhado por canais efémeros (AF1) que
alimentava os canais de energia mais baixa (AF2) e lagos da porcao oriental da bacia (AF5
e 6): Depdsitos de campos de dunas edlicas caracterizaram a parte centro-oeste da Bacia do
Parnaiba e era margeado por um extenso lencol de areia; os depositos de lago central e de
lago marginal preponderavam na por¢do SE da bacia. Apds os eventos magmaticos, a
reativacGes de falhas permitiram contatos laterais das rochas basicas com as unidades
Paleozoicas (formacgdes Poti, Piaui, Pedra de Fogo e Sambaiba), e posteriormente 0s
basaltos, foram recobertos por depdsitos do eocretaceo. As rochas basicas serviram
principalmente como substrato e, localmente, foram retrabalhadas pelos depdsitos da
Formacdo Corda, principalmente na porcdo centro-oeste da bacia. J& na porcdo SE a
diminuicdo da energia dos canais alimentava depdsitos fluvio-lacustres que se depositaram
sobre as rochas paleozoicas. Os depoésitos da Formacdo Pastos Bons foram posteriormente
cortados por diques basicos da Formacdo Sardinha. Todo esse pacote sedimentar foi
posteriormente erodido pelos depdsitos da Formacao Grajad.

4.6 DISCUSSAO

A evolucdo deposicional das rochas da Formacao Corda iniciou-se ap6s os Ultimos
pulsos magmaticos da Formacao Mosquito, na porg¢do centro-oeste da Provincia do Parnaiba.
InundacGes episddicas retrabalharam a parte superior dos derrames da Formacado Mosquito,
formando dunas subaquosas arenosas e de cascalho com abundancia de fragmentos de rochas
vulcanicas, quartzo e feldspato. A migracdo dessas formas de leito gerou estratificagdes
cruzadas acanaladas e de baixo angulo. Margeando o campo de dunas ocorriam lencgois de
areia com estratificacdo plano-paralela e laminagdo cruzada cavalgante subcritica. A
migracdo do campo de dunas por sobre os lengois de areia gerou uma sucessao de rochas de
com estratificagdo cruzada tabular e pacotes espessos de esterificacdo plano-paralela de
lencol de areia tipicos dos depositos cretaceos da Formacédo Corda. A abundancia de dgua
durante a deposicdo da Formacdo Corda € observada em todas as associagoes,



85

principalmente pela presenca frequente de depositos fluviais (wadis) e de interdunas Umidas,
caracterizadas por pelitos com exposicao subaérea recorrente. O aumento da umidade nessas
por¢des do Gondwana pode ser relacionado com a abertura das bacias oceédnicas durante o
final do Juréssico seguindo o entendimento de Sgarbi e Dardene (1997). Comparado aos
extensos desertos do Permo-Triassico, como aqueles da Formacdo Sambaiba, o deserto
jurassico descrito aqui foi mais umido e com espaco de deposicédo reduzido, este indicado

pelo deposito de dunas eolicas de médio porte (Figura 12).

SE

Canais fluviais de alta energia c de D
ampo de Dunas
Serra Negra) »

(Formosa da Serra Negra)

Planicie/lengois de areia
Campo de dunas Interdunas (Pastos Bons-S&o Jodo dos Patos)

Montes Altos) umidas
( 0s) [ Canais fluviais de baixa energia
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Pastos Bons
- (Floriano)

Figura 12. Sintese das interpretacfes paleoambientais das formagfes Corda e Pastos Bons, na porcéo central
da Bacia do Parnaiba, com depésitos de dunas predominando na por¢cdo NW e depdsitos lacustres na porgao
SE.

4.7 CONCLUSOES
A anélise facioldgica e estratigrafica foi realizada nas rochas das formacgdes Corda e
Pastos Bons expostas na por¢do central da Bacia do Parnaiba, em uma sucesséo siliciclastica
com mais de 80 m de espessura. Foram definidas 28 facies sedimentares agrupadas em seis
associacOes de facies (AF): fluvial entrelacado de alta energia (AF1), fluvial de energia
moderada (AF2), lencdis arenosos (AF3) e campo de dunas (AF4) relacionados a Formacao
Corda e associacdo de facies. Para a Formagdo Pastos Bons foram individualizadas as
associacOes lacustre central (AF5) e marginal (AF6) relacionadas a um sistema desértico
com contribui¢Bes de rios efémeros e perenes que alimentavam lagos situados na porgédo
sudeste da bacia.
As rochas dos depositos eocretaceos tém sua origem associada a um deserto que,

comparado aos extensos ergs do Permo-Triassico, era mais imido, com amplas areas de
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lencdis de areias e um campo de dunas reduzido. De certa forma, o sistema desértico Corda-
Pastos Bons foi o preludio da modificacdo do clima arido por um clima mais ameno que
caracterizou os sistemas fluviais e costeiros do Cretaceo médio a superior da Bacia do
Parnaiba.

Embora os dados aqui levantados sejam pontuais, a analise de facies em combinagéo
com a analise mineraldgica permitiu reconstituir o paleoambiente da Formacdo Corda, com
implicacdes importantes sobre a paleogeografia e o paleoclima do Juréssico, o que permite
guiar futuros trabalhos estratigraficos com esse enfoque na Bacia do Parnaiba.
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Zeolite cement is one of the main components of the Jurassic to Lower Cretaceous fluvial-aeolian succession in
the Parnaiba Basin, northeastern Brazil. Core and outcrop-based stratigraphic analyses permitted the paleo-
environmental and diagenetic interpretation of aeolian sandstone and showed the influence of the volcanic sub-
strate in the origin of the zeolite cement. The substrate is represented by an extensive volcanic plain developed in
the last stages of the Central Atlantic Magmatic Province (CAMP) in West Gondwana. The siliciclastic deposits
consist of dune field, sand sheet and wadi deposit facies associations. The zeolite cement of the aeolian succession
forms poikilotopic crystals with anomalous up to 50% modal content. X-ray diffraction and SEM/EDS/CL analyses
showed laumontite and Ca-stilbite exhibiting, respectively, massive and radial textures. During eodiagenesis, the
main processes included clay infiltration linked to water table fluctuations and flash flood events, producing clay
coatings and displacive stilbite cementation. Massive laumontite cementation and smectite-chlorite conversion
occurred in the mesodiagenesis, while in the final stages, the zeolite was partially replaced by calcite cement.
Telodiagenesis is recorded by iron exsudation and the corrosion of clay films. Several processes can be inferred
to explain the origin of the zeolite cement in the Jurassic-Lower Cretaceous sandstone of the Parnaiba Basin.
After the first magmatic pulse (Triassic magmatism), the zeolite-bearing basalts were submitted to chemical
weathering, causing cation leaching. Afterwards, the deposition of aeolian sands related to a wet desert system
occurred above this weathered substrate. Fractured basaltic substrate favored the release of ions to the surface,
with fluids enriched in sodium and calcium that percolated the permeable aeolian sandstone beds during the dia-
genesis. Furthermore, zeolite cement is geographically associated with the volcanic substrate in the western
Parnaiba Basin. However, it is absent in the eastern part, where the aeolianites overlie sedimentary rocks. We
suggest that the system was thermally reactivated by the last thermal CAMP phase, with basalt emplacement
in the eastern Parnaiba Basin linked to the opening of the Equatorial Atlantic Ocean (Cretaceous magmatism).
The progressive heating towards the western part of the basin triggered fluids convection, and the enrichment
in ions such as Ca*, Si**, Na™, A>*, HCO3 and SO3~, promoting optimal conditions for zeolite crystal growth
(100 °C-300 °C). Sandstone textural aspects, as well as extensional faults and fractures allowed fluids migration
resulting in the massive poikilotopic zeolite cementation, characterizing one of the most singular features of the
diagenetic history of the West Gondwana record.
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1. Introduction Cocks, 2013). The volcanic plains in western Gondwana developed on

the Permian-Triassic arid deserts (Abrantes et al., 2016). The demise

The prelude of Gondwana break up was indicated by an expressive
magmatic intrusion causing uplift and flexural bulge in the northwest-
ern part of this continent, while in the central part, thermal subsidence
was accompanied by fissure-controlled lava flows linked to the Central
Atlantic Magmatic Province (CAMP) (Merle et al., 2011; Torsvik and
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of the large intracontinental arid desert system buried by volcanic
rocks was succeeded by an expressive climate change when wet deserts
were implanted during the Jurassic-Cretaceous period in West and
Central Gondwana (Ballén et al., 2013; Rabelo and Nogueira, 2015).
This siliciclastic system associated with fluvial deposits is seen in the
Jurassic-Lower Cretaceous Corda Formation, exposed in the central
part of the Parnaiba Basin, in northeastern Brazil (Fig. 1A) (Rabelo and
Nogueira, 2015). The massive zeolite cementation found mainly in the
aeolian deposits at the base of the Corda Formation represents an in-
triguing diagenetic phase, which is poorly understood in the context
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the study area.
(Modified from Gées and Feijo (1994).)

of the diagenetic history of the Jurassic-Cretaceous periods in the
Parnaiba Basin.

The first work that identified zeolite cement in the Corda deposits
was carried out by the Brazilian Geological Survey (CPRM), which
focused on mineralogical and economic aspects (Rezende, 1997,
Rezende and Angélica, 1999; Rezende, 2002; Picanco et al., 2011).
In the aeolian sandstone of the Corda Formation, zeolites are the main
silicatic authigenic components, commonly associated with weathered

volcanic rocks, the precipitation of which was influenced by
saline/alkaline solutions (e.g. Hay, 1966; Hay, 1970; Jacobsson, 1977,
Hay and Sheppard, 2001; Khalili et al., 2005; Mees et al., 2005).
The most common types of authigenic zeolites in sedimentary rocks
worldwide are laumontite, stilbite, analcime, heulandite, clinoptilolite,
chabazite, mordenite, erionite, natrolite and phillipsite (Jacobsson,
1977; Hay and Sheppard, 2001). Zeolite occurs as veins, as cement
and as isolated crystals or replacing carbonate/evaporite minerals,
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plagioclase or early zeolite cement (Otalora, 1964; Hay, 1970; Kastner
and Stonecipher, 1978; Hay and Sheppard, 2001; Khalili et al., 2005;
Morad et al., 2010; Garzanti et al., 2012).

Zeolites rarely exceed 5-25% modal content in sedimentary rock, as
documented worldwide (e.g. analcimolite from Congo Basin; Jacobsson,
1977). Additionally, zeolites form thin zones or may be associated with
volcanic glass or tuff in different settings, such as in deep sea sediments
in the Atlantic, Indian and Pacific oceans (Riech, 1979a, 1979b); in
alkaline/saline, open or closed lakes such as those of the Teels Marsh,
USA (Hay, 1966), Owens (in China; Hay and Sheppard, 2001) and
Natron Lake (in Tanzania; Boggs, 2009). Zeolite in aeolianite facies has
hardly ever been documented in amounts up to 50%, and crystals are
frequently microscopic (Gilbert and McAndrews, 1948; Deffeyes,
1959; Schrank et al., 1990; Noh and Boles, 1993; Noh, 1998; Hay and
Sheppard, 2001; Bernet and Gaupp, 2005). In the Jurassic-Cretaceous
aeolian succession of the Parnaiba Basin, poikilotopic crystals of stilbite
and laumontite are present in up to 15-50% modal content (Rezende,
2002). Coarse-crystalline stilbite is not common, whereas poikilotopic
laumontite cement has been described in Miocene sandstone from
California (Noh and Boles, 1993), and as coarse crystals pervasively
filling pores in the Fremouw and Temblor formations, from the of
Triassic of Antarctica and the Oligocene-Middle Miocene of California,
respectively (Merino, 1975; Vavra, 1989). Poikilotopic analcime also
occurs in the Oligocene Creede Formation, Colorado, USA (Larsen
and Crossey, 2000), and coarse heulandite has been described from
the Miocene of South Korea (Noh, 1998).

Despite the extensive research on zeolite cement in several settings
worldwide, the genesis of anomalous high content of zeolite in
aeolianite is rarely described. Detailed geological framework and
stratigraphy of zeolite-bearing units permitted the identification of
the main processes responsible for its generation. In this work, we
evaluated the diagenetic history of the Jurassic-Cretaceous desert
deposits of the Parnaiba Basin, demonstrating how the volcanic sub-
strate influenced the final textural and mineralogical composition of
aeolian sandstone cemented by zeolite. Additionally, we discuss the
post-CAMP scenario influencing the paleo-environmental and diage-
netic reconstruction of the Jurassic to Lower Cretaceous wet desert
system in the West Gondwana.

2. Methods

The samples were collected from four cores in the Montes Altos
region, in the State of Maranhdo, northeastern Brazil. Thirty-eight
thin-sections of different sedimentary facies from the Corda Formation
were evaluated quantitatively (counting 300 points in each thin-
section) (e.g. Galehouse, 1971), however the eighteen more representa-
tive are showed in the Table 1. Sandstone samples were classified ac-
cording to Folk (1974). Some samples were stained with Alizarin Red-
S, in order to differentiate between calcite and dolomite (Dickson,
1966). The packing index (or Kahn index) was determined by the exam-
ination of grain contacts evaluated in several transverse sections
(100 points in each thin-section). We also calculated the intergranular
volume, according to Paxton et al. (2002). Samples were impregnated
with epoxy resin in order to differentiate between natural porosities
and preparation artefacts.

X-ray diffraction followed the whole-rock method and was per-
formed with an X'Pert MPD-PRO PANalytical diffractometer, equipped
with Cu anode (N = 1.5406). Analyses with scanning electron micros-
copy (SEM) were performed in a SEM model LEO-1430. Samples were
metalized with gold and the coating time was 1 min. The analytical con-
ditions for the imaging of secondary electrons followed with electron
beam current = 90 pA, constant acceleration voltage = 20 kV and
work distance = 15 mm. EDS analyses were carried out using SEM
model LEO-1430 coupled to EDS Sirius-Gresham accessory, at the Fed-
eral University of Para.

Cathodoluminescence analyses were performed in a CITL
Cathodoluminescence Mk5-2. Images were captured by a Leica
DFC310 FX camera, coupled to a Leica DM4500 P Led microscope,
which afterwards were processed using LAS V4.4 software. The system
was operated with an acceleration voltage of 15 kV, current of 300 pA
and vacuum between 0.003 and 0.05 Pa.

3. Geological setting

During the Mesozoic Era, important tectonic-magmatic events
related to the onset of the fragmentation of the Gondwana superconti-
nent took place, culminating in the opening of the Atlantic Ocean
(de Almeida, 1986; Turner et al., 1994; Baksi and Archibald, 1997;
Veevers, 2004; Torsvik and Cocks, 2013). Important magmatic flow ep-
isodes, associated with the Central Atlantic Magmatic Province (CAMP)
promoted the intrusion of dykes and sills and the massive extrusion of
lava flows in Africa, Europe, North and South America (Marzoli et al.,
1999; Torsvik and Cocks, 2013). In the Parnaiba Basin, northeastern
Brazil, this magmatic event is subdivided into two phases, represented
by Jurassic flows (up to 175 m thick) as well as dyke swarms and sills
(up to 400 m thick) from the Cretaceous (Fodor et al., 1990; Caputo
et al., 2005; Daly et al., 2014). The intracratonic Parnaiba Basin has an
area of 600,000 km? and a sedimentary in-fill of 3.400 m thick at its
depocenter (Goes et al., 1990; Gées and Feijo, 1994). The sedimentary
filling was subdivided into five depositional supersequences that span
ages from the Silurian to Cretaceous (Vaz et al,, 2007) (Fig. 1B).

The Mesozoic siliciclastic to evaporitic sedimentation in the Parnaiba
Basin was punctuated by magmatic events (CAMP), and is represented
by the Mosquito, Corda, Pastos Bons, Sardinha, Grajad and Codé
formations, in addition to the Itapecuru Group. The Mosquito Formation
(Triassic-Jurassic) consists of basaltic lava flows interbedded with
sandstone beds, and is distributed over large areas of the mid-western
part of the basin. It is associated with the pre-rift opening phase of the
South Atlantic Ocean (Gdées and Feijé, 1994; Milani and Zalan, 1999).
Volcanic rocks include black basalt, often massive, with subophitic
texture, locally with amygdales filled with chalcedony, zeolite and
calcite (Goées and Feij6, 1994).

The Jurassic-Lower Cretaceous Corda Formation (Lisboa, 1914) con-
sists of cream to reddish colored, fine to medium-grained sandstone,
with rounded and well-sorted to moderately-sorted grains (Lima and
Leite, 1978; Rabelo and Nogueira, 2015). This unit is exposed in the
central zone of the Parnaiba Basin, and may be up to 100 m thick on
the western border (de Aguiar, 1969; Santos and Carvalho, 2004). In
the western part of the basin, the Corda Formation unconformably over-
lies basalts of the Mosquito Formation and Paleozoic units such as the
Motuca, Pedra de Fogo, Piaui, Poti and Longa formations (Fig. 1B, C).
The Corda Formation is interpreted as a wet desert system, the charac-
teristics of which are small to medium-scale dunes, interdunes and ae-
olian sand sheets adjacent to fluvial-lacustrine systems, restricted to the
western Parnaiba Basin (Gées and Feijo, 1994; Rezende, 2002; da Silva
et al., 2003; Santos et al., 1984; Vaz et al., 2007; Ballén, 2012; Rabelo
and Nogueira, 2015). The Lower Cretaceous age for the Corda Formation
is provided by fossil content, such as Conchostraca (Macrolimnadiopsis),
Ostracoda Candona and sauropod footprints (Gées and Feijo, 1994;
Santos et al., 1984; de Valais et al,, 2014; Tavares et al., 2015).

The Jurassic to Lower Cretaceous Pastos Bons Formation consists of
black to reddish mudstone and subordinate fine-grained sandstone
beds developing concordant and gradational contacts with the Corda
deposits (Goes and Feij6, 1994). The diabase dykes and sills of the
Sardinha Formation are exposed only in the eastern part of the Parnaiba
Basin attesting to the second magmatic pulse of the basin, dated from
110 to 134 Ma, reflecting the final stages of the opening of the South
Atlantic Ocean (de Aguiar, 1969; Milani and Zalan, 1999).

The Mid to Upper Cretaceous Cod6, Grajat and Itapecuru units
unconformably overlie the Corda and Pastos Bons formations, as well
as volcanic units, and are exposed mainly in the northwestern part of
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Table 1
Statistical summary of the petrographic parameters of the Corda sandstone.
Samples
A5-31 A1-23 A3-13 A5-27 A5-28 A1-22 A1-15 A5-25

Components (%) Monocrystalline quartz 46.47 51.44 51.29 38.71 46.25 52.61 49,6 48.24
Polycrystalline quartz 1.30 0.97 0.97 5.16 0.63 131 2 3.26
Plagioclase 0.32 0,65 2.26 0.32 1.25 - 1 -
Alkali-feldspar 0.97 - 0.65 0.32 - - 0.33 0.65
Zeolite cement 18.18 28.80 25.81 24.19 22.19 19.61 25.33 -
Calcite cement 4.22 - - 10.65 3.13 11.11 - 293
Iron oxide-hydroxide - - 323 - 20.31 033 1 0.98
Mud matrix 6,82 421 5.48 - 0.63 - 1.67 13.00
Pseudomatrix - 0.65 - - - - - -
Metamorphic lithic fragments 0.97 0.65 - 0.64 0.63 - - 0.33
Volcanic lithic fragments 3.25 421 0.97 7.10 2.81 1.63 2 0.65
Mudstone fragments 1.30 1.62 0.97 0.65 0.31 0.65 2 0.98
Sandstone fragments 0.65 - - - - - -
Oversized pore 8.44 5.83 5.81 9.35 1.25 6.52 8.67 13.03
Elongated pore - - 0.32 - - - - -
Intergranular pore 1.62 0.32 0.95 - - - 1.33 -
Intracrystal pore 0.32 - - 0.32 - 0.33 - -
Intragranular pore - - - - 0.30 033 -
Moldic pore 3.57 0.65 1.29 1.94 0.31 4.90 5 4.56
Chalcedony - - - - - - - -
Muscovite - - - - - - - 033
Opaque minerals 1.62 - - - - - - 033
Heavy minerals - - - 0.65 - - 0.33 -

Classification
Depositional environment

Sublitharenite Sublitharenite Subarkose Sublitharenite Sublitharenite Quartzarenite

Sublitharenite Quartzarenite
Dune field

the basin (Goés et al., 1992; Gées and Feijo, 1994; Santos et al., 1984).
The Codé Formation is composed of bituminous shale, limestone,
siltstone, sandstone and silex zones unconformably overlying the
Jurassic, Triassic and Paleozoic units of the basin (Gées and Feijo,
1994). The coarse-grained deposits of the Grajati Formation are
interpreted as fluvial braided stream deposits linked to the lacustrine
system of the Cod6 Formation (Vaz et al., 2007). The Itapecuru Group
represents the last Mesozoic siliciclastic sedimentation in the basin,
and is interpreted as fluvial to coastal deposits (Rossetti, 2001).

4. Sandstone petrology
4.1. Sedimentological aspects

The 47 m thick desert succession of the Corda Formation overlies
basalt of the Mosquito Formation (Lower Jurassic), and is overlain by
lacustrine deposits of the Cod6é Formation (Aptian), consisting of grey
to greenish shale with even-parallel lamination (Fig. 2). Three different
facies associations were identified, being representative of a wet desert
system. Facies associations correspond to dune field (FA1), sand sheets
(FA2) and wadi deposits (FA3). Zeolite cement is found in the FA1 and
FA2 deposits (Fig. 3A, B).

Dune fields (FA1) occur as 15 m thick sequences of fine to medium-
grained, predominantly well-sorted, sand with grain flow and wind
ripple strata. Medium scale cross-bedded sandstone beds are cemented
by zeolite, which occur as white massive and fibrous crystals in hand-
samples. Zeolite also occurs filling amygdales in basalt of the Mosquito
Formation (Fig. 3C). Interdune deposits are up to 0.5 m thick, with
even-parallel lamination, climbing ripple cross-lamination, adhesion
structures and flaser bedding. Interdune deposits may show desiccation
cracks and wave/current ripple marks. Thick sand sheet beds (FA2)
occur interbedded with FA1, and consist of zones up to 12 m thick of
fine to medium-grained, moderately sorted sandstone, with even-
parallel lamination, low-angle cross lamination, wind ripples lamina-
tion and flaser bedding. Sandstone with undulating lamination is also
present, as well as mudstone with desiccation mud cracks, rip-up clasts
and curled mud flakes. Load cast and adhesion ripples are commonly
present in these facies. Wadi deposits (FA3) consist of moderately sorted

medium-grained sandstone beds and intraformational conglomerate
(mud intraclasts) forming centimeter-thick lags interbedded with fine-
grained sandstone with wave ripples and mud drapes. The Corda deposits
may be displaced by metric normal faults and positioned laterally to the
Mosquito basalt (Fig. 3D). Fig. 4 shows the stratigraphic section of the
study area.

4.2. Petrography

Sublitarenite, subarkose and quartzarenite (sensu Folk, 1974; Fig. 5;
Table 1) are the main rock-types found in the aeolian deposits,
with grains-to-cement-supported framework. Zeolite-cemented sand-
stone is typically related to the dune field and sand sheet deposits
(Fig. 3A, B). The sediments are moderately to well-sorted, with rounded,
subrounded and subordinately subangular grains (Fig. 6A, B). Quartz
grains show undulatory to abrupt extinction and occasionally display
an embayed morphology. Cement-supported rocks predominate in
FA1 while grain- to cement-supported rocks are a characteristic of
the FA2. Cements include poikilotopic calcite and fan-shaped zeolite
crystals. Grain-pore contacts are mainly observed in the aeolianite
beds, and point and cement-cement contacts occur frequently. Moldic,
oversized and intergranular pores and grains with inherited silica
overgrowths are seen occasionally.

Fine to medium-grained sublitarenite has moderately to well-
sorted, subrounded to subangular grains containing higher concentra-
tions of zeolite cement (up to 44%). The sandstone generally has a
grain-supported framework mainly in sand sheet deposits in contrast
to the grain-to-cement supported framework observed in the dune
field deposits. Sandstone shows grain-pore and rectilinear contacts,
predominantly, whereas the point and cement-cement contacts occur
locally. Oversized, moldic and intergranular porosities are common.

4.3. Detrital composition

Sandstone beds are predominantly composed of quartz and,
subordinately, of lithic fragments, feldspar, rare opaque minerals and
mica flakes (Fig. 6C). Quartz is mainly monocrystalline, with abrupt
extinction and or weak to moderate undulatory extinction. Quartz
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Samples

A1-17 A3-2 A3-2(2) A3-8 A3-10 A3-4 A3-33 A3-9 A4-35 A4-37
42.89 4237 38.09 46.95 59.56 41.80 35.71 57.41 40.85 49.82
032 4.62 2.32 1.93 1.57 - 031 1.26 0.33 -
4.87 11.65 0.66 3.22 031 217 031 0.63 - 033
032 - 0.33 10.32 0.65 - - - - 033
23.38 23.11 36.42 20.90 7.21 31.58 38.20 1.89 44.12 25.73

- - - - 0.63 - 6.83 - 033 -

10.39 6,27 16.56 - 1.57 743 031 25.55 - 3.26
10.71 10 331 12.19 - 13.92 2.80 - 131 3.58

- - - - - 0.31 - - - -

- - - - 031 - - 0.63 - -
0.97 0.33 - 0.32 2.19 1.24 0.62 0.95 2.92 0.98
1.30 0.99 - 0.32 2.51 0.31 1.86 0.95 131 0.65
0.32 033 033 - - - - 0.32 -

0.97 0.33 - 2.25 16.61 0.93 9.01 9.46 7.52 13.03

- - 0.66 - - - - - - -
1.62 - - 0.32 031 - - - - -

- - - - 2.19 - - - - -
0.32 - - - 0.94 - - - - 0.66
0.97 0.66 0.96 2.82 - 3.42 0.95 131 130

- - - - 031 - - - - -

- - - - - 0.31 - - - -
0.65 - - - - - 031 - - 033

- - 0.66 0.32 0.31 - 0.31 - - -

Subarkose Subarkose Quartzarenite Subarkose Sublitharenite Subarkose Sublitharenite Sublitharenite Sublitharenite Quartzarenite
Sand sheet

grains may have an embayed morphology, generally with concave and
irregular edges. Quartz exhibits intragranular fractures and aligned vac-
uoles may be observed locally. Polycrystalline quartz grains are rare.
Subangular quartz grains predominate in the sand sheet facies (FA2),
while rounded grains are most frequent in dune field facies. Commonly,
quartz grains exhibit inherited silica overgrowths. Lithic fragments
exhibit volcanic, metamorphic or sedimentary origins. Volcanic lithic
fragments are predominantly subangular and, occasionally, exhibit
iron oxide-hydroxide or clay coatings. Metamorphic rock fragments
are mainly quartzite, while sedimentary-derived constituents are
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chert, sandstone and mudstone, generally subrounded to rounded,
and occasionally with intragranular porosity.

Feldspar grains are generally plagioclase, occasionally showing
deformed polysynthetic twinning, and microcline with multiple
cross-twinning. The subangular feldspars may have corroded edges
and show a honeycombed texture, locally. The grains are replaced by
zeolite cement, clay minerals, carbonate and/or sericite, preferentially
in cleavage plains. The original content of feldspar may have been
miscalculated due to diagenetic overprint. Clay aggregates (probably
smectite) exhibit a brown to reddish color and fill completely the
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Fig. 2. Core photographs displaying the unconformity between volcanic rocks and the aeolian succession, Jurassic-Cretaceous (core 5 cm across); the unconformity is defined by an abrupt
facies change from sand sheets to shale beds of the lacustrine Cod6 Formation. Unconformity between the Mosquito and Corda formations; the aeolian succession is confined between

basalt of the Mosquito Formation and shale of the Codé Formation.
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Fig. 3. Outcrops of the wet desertic systems and features of the volcanic substrate. A) Meter-scale cross bedded sandstone of the dune field facies association. B) Rough texture of the
sandstones cemented by zeolite. C) Zeolite-filled amygdales in basalt. D) Normal faults offset aeolian sandstone and basalt.

porosity. Other components include mica flakes (mainly deformed
muscovite) and heavy minerals, including zircon, tourmaline, rutile,
titanite and ilmenite.

4.4. Diagenetic minerals

4.4.1. Zeolite

Cementation is more abundant near the contact with the volcanic
substrate, which consists of basalt with glass shards and, locally,
celadonite (Fig. 6D) in the uppermost part of the succession. Zeolite
cement is more abundant in sublitarenite than in subarkose and
quartzarenite, and the proportion in the sand sheet facies is higher
(<51%) than in the dune field deposits (<25%). Zeolite crystals exhibit
low relief and grey to pale-yellow birefringence. Zeolite cement is the

most abundant phase in the aeolian succession, and is represented by
laumontite and Ca-stilbite, which are optically very similar and mainly
distinguished by microprobe analysis (Fig. 6E, F). Zeolite cement is
mainly responsible for porosity reduction, and may reach up to 50%
modal content of the aeolianite (Fig. 7A, B, C). These crystals are in
contact with chlorite fringes and its composition is confirmed by
microprobe analysis (Fig. 7D, E).

Stilbite cement occurs as fibrous-radial crystals, displacing frame-
work grains (Figs. 6E; 7F). Where stilbite cement occurs, the grains
float in the cement and the sandstone exhibits loose packing. Locally,
stilbite crystals exhibit complex contacts, deforming each other.
In some samples, stilbite is unevenly distributed and partially dissolved,
forming intracrystalline porosity. Laumontite cement occurs with
massive or fan-shaped morphology, shows incipient cleavage and
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poikilotopic texture, developing irregular contacts with calcite cement.
Laumontite mainly replaces volcanic lithic fragments and feldspar.
Where laumontite occurs, the grains present rectilinear and point con-
tacts, commonly in sandstone with normal to closed packing. Zeolites
are not luminescent, although, SEM and cathodoluminescence images
indicate zeolite crystals with irregular edges filled by calcite cement,
as well as zeolite relicts inside poikilotopic calcite (Figs. 8C-E).

4.4.2. Calcite and other authigenic diagenetic minerals

Calcite cement occurs mainly in sublitarenite and quartzarenite
from dune fields (<11% modal proportion) as well as in sand sheet
sublitarenite, mainly those with closed packing (<6.8% modal
proportion). Calcite occurs as isometric fringes or cement patches.
These are heterogeneously distributed in the framework, showing
a poikilotopic texture and irregular contacts with zeolite crystals
(Fig. 8A, B). Intense red to orange color in cathodoluminescence
analysis shows corroded edges in the calcite-zeolite contacts, as well
as zeolite relicts inside calcite crystals (Fig. 8C-E).

Smectite and authigenic iron oxide-hydroxide coatings contouring
grains are most abundant in quartzarenite and sublitarenite from wadi
deposits. Authigenic clay coatings are continuous to discontinuous and
may present contacts with isometric chlorite fringes or zeolite cements
(mainly stilbite). Conversely, mechanically infiltrated clays present
1) thicker coatings and are always continuous; or 2) occurs as massive
aggregates. Chlorite fringes also occur surrounding grains, over clay
coatings, and are in contact with zeolite cement (Fig. 8F). Locally,
secondary kaolinite occur mainly replacing feldspar.

4.4.3. Porosity

The porosity is generally secondary reaching up to 12.5% in
sublitarenite and quartzarenite and <5% in subarkose. The pores are
commonly oversized, intracrystalline, intragranular and, subordinately,
moldic (Fig. 9A, B). Additionally, secondary porosity is also indicated by
honeycombed, floating and fractured grains (Fig. 9C, D). The framework
has heterogeneous packing, with grains exhibiting corroded edges, and
occasionally dissolved grains indicated by smectite coatings (Fig. 9E, F).
Primary porosity is mainly filled by zeolite cement, calcite cement, as
well as clay aggregates.

5. Diagenetic evolution

Eodiagenesis of aeolianite from the Jurassic-Cretaceous aeolian
succession of the Parnaiba Basin was marked by the precipitation of
isometric calcite fringes (Calcite I) in some grains. Additionally,
flash floods and alteration processes resulted in thin smectite rims
enveloping the majority of the grains, mainly quartz and volcanic frag-
ments (e.g. Wilson and Pittman, 1977; De Ros and Cesero, 1986;
Moraes and De Ros, 1988, 1990; Matlack et al., 1989; Permanyer et al.,
2015; Schrank and De Ros, 2015). During this phase, partial solution
resulted in the generation of secondary porosity and corrosion features
of framework grains, mostly feldspar (Fig. 9A, B). Clay infiltration in dry
sediments occurred during flash floods related to the wadi fluvial sys-
tem (e.g. Wilson and Pittman, 1977; Moraes and De Ros, 1988, 1990;
Chen et al., 2011; Mansurbeg et al., 2012). The eodiagenetic stage was
also marked by stilbite cementation, as this phase is observed displacing
grains, indicating that the stilbite development occurred before the
major effects of mechanical compaction.

The mesodiagenesis processes in the aeolian succession include
chemical compaction with the local generation of concave-convex
to sutured contacts. Although smectite rims were formed during
eodiagenesis, the increasing burial may have caused the replacement
of smectite by chlorite. The replacement of smectite coatings by chlorite
is a dissolution-reprecipitation process related to the progressive
modification of interestratified chlorite-smectite (Ryan et al., 1998).
The change of smectite to chlorite is relatively common in sandstone
rich in volcanic fragments, of which the eodiagenetic alteration

— Quatzarenite
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Lithicarkose
Fesldspatic \itharenite
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Fig. 5. Detrital composition of 18 representative aeolian sandstone samples (plotted in the
upper half of Folk (1974) diagram).

promotes smectite authigenesis (e.g. Humphreys et al., 1994; Anjos
et al., 2003). This was followed by laumontite cementation, of
which the characteristics are massive poikilotopic crystals generated
during the beginning of mesodiagenesis (Fig. 6E). Some framework
grains were partially or entirely replaced by zeolite cement (Fig. 6F).
These components filled almost completely the porosity of the rocks
(e.g. Remy, 1994; Morad et al., 2010). The higher zeolite content in
litharenite confirms the positive relation between zeolite cement and
volcanic/glass fragments. Laumontite modal content indicates that the
temperature of the burial diagenesis was below 300 °C, since this
mineral is unstable above this temperature (Surdam and Boles, 1979;
Bernet and Gaupp, 2005).

Calcite cement is related to the intermediate and final stages of
mesodiagenesis represented by poikilotopic texture (calcite 2) with
higher modal proportions (Fig. 8A). Cement-cement contacts between
calcite and zeolite were observed only by cathodoluminescence radia-
tion. In addition, calcite cement frequently forms replacement fronts,
and also includes zeolite relicts inside calcite crystals (Fig. 8C-E). This
indicates that calcite cement replaced zeolite crystals, probably due to
decreasing temperature and increasing Pcoj.

During the final stages of mesodiagenesis, the generation of second-
ary porosity occurred due to partial to total grain dissolution (e.g. moldic
pores, oversized pores, grain with honeycombed texture). Telodiagenetic
iron is recognized by the exudation of iron-magnesian minerals dissem-
inated in the sandstone framework (e.g. Morad et al., 2010). Exposure of
these rocks to surface waters destabilized the mineral assemblage and
permitted iron oxide-hydroxide precipitation (Rodrigues and Goldberg,
2014; Wang et al,, 2015). The diagenetic evolution of aeolianite beds of
the Corda Formation is summarized in Fig. 10.

6. Genesis of poikilotopic zeolite

In sedimentary rocks, zeolite minerals occur predominantly as small
and disseminated crystals, up to 20% modal content, mainly in deep sea
environments, alkaline/saline lakes, as well as in weathered zones and
in areas affected by hydrothermalism or low-grade metamorphism
(lijima and Utada, 1966; Boggs, 2009). The main parameters for zeolite
origin are pH ~9.0, high SiO, and Al,03 content, burial depth, variable
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Fig. 6. General aspects of zeolite cement in aeolianite. A) Aeolianite hand-sample, with matte and rounded grains in a cemented-supported framework. B) Sublitarenite displaying whitish
cement with frequent prismatic laumontite crystals (red arrow). C) General aspects of the sandstone fabric, with lithic fragment. D) Volcanic rocks of the Jurassic magmatism showing
subophitic texture and celadonite (C). E) Grains floating in fiber-radial stilbite cement. F) Single poikilotopic laumontite crystal replacing framework grains (ghost) (arrows).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

pressure and temperature, high permeability in host rocks and the
replacement of clay minerals or volcanic glass (Jacobsson, 1977; Hay
and Sheppard, 2001; Bernet and Gaupp, 2005; Boggs, 2009).

Zeolite genesis is frequently related to tuff beds and/or replacement
of volcanic glass (Bernet and Gaupp, 2005; Boggs, 2009). In contrast,
these components are absent or occur in low proportions in the studied
aeolian succession. Despite frequent mention in the literature, the
volcanic or volcaniclastic fragments seem to be more important in the
generation of zeolites through solid solution systems and/or metastable
crystallization, since these elements are highly soluble and reactive
under low temperature (Hay, 1966; Wopfner et al., 1991; lijima, 2001;
Boggs, 2009).

The thermal subsidence in West Gondwana is recorded mainly by
fissure-controlled magmatic exhalation related to the Lower Jurassic,
which overlie the Triassic sandstone units of the Parnaiba Basin
(Fig. 11). These sub-volcanic rocks are included in the Central Atlantic
Magmatic Province (CAMP) emplaced in recurrent lava flows stages in-
terbedded with silica-cemented sandstone beds (intertrap deposits)
(Ballén et al., 2013; Oliveira et al., 2018) (Fig. 12A). The progressive
climatic attenuation and increasing moisture resulted in weathering of
the exposed basalt. Cooling effects at the top of the volcanic rocks

caused the intense fracturing, which contributed to the increase of the
alteration degree and formation of incipient saprolite zones favoring
ions release. Feldspar hydrolysis and weathering of zeolite amygdales
at the top of the lava flows supplied a great part of these ions.
Zeolite amygdales may also have been a eodiagenetic phase, coeval
with zeolite cementation. We considered that the time span for
weathering processes was minimum, and the saprolite zone was
quickly buried by aeolian deposits, forming a nonconformity surface
(Fig. 12B, C). The erosion of the volcanic plain by aeolian processes
produced a large amount of volcanic lithic fragments rich in zeolites-
filled amygdales. The zeolite cement and basalt units with volcanic
fragments are intimately related occurring only in the western part of
the Parnaiba Basin. In contrast, in the eastern part of the basin, the
Jurassic-Cretaceous deposits overlie sedimentary rocks, whereas zeolite
cement is absent (Fig. 11).

The weathered basalt, as well as volcanic and lithic fragments were
the main sources of ions for the zeolite cementation. This diagenetic
system was reestablished in the mid-Cretaceous due to a new magmatic
phase in the Parnaiba Basin: the Cretaceous magmatism. The thermal
effects of this event are still poorly understood. However, the heat
propagation affected the entire basin promoting the circulation of
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groundwater and diagenetic fluids and causing dissolution/precipitation emplacement of Lower Cretaceous volcanic rocks. The heating reached
reactions (e.g. Bernet and Gaupp, 2005). In this sense, we interpret the the eastern part of the basin (Fig. 12E), accelerating chemical reactions
geographical association of zeolite cement and volcanic substrate as a (e.g. Kousehlar et al., 2012). The textural aspects of the aeolianite facies
consequence of ion enrichment in the fluids (mainly Ca?*, Na™, AP, allowed water flow through the sandstones, with the recycling of
Si**, HCO®~ and SO4%™) (Fig. 12D) triggered by heating related to the pre-existing fluids inside a reactive and hydrologically open system
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Fig. 8. Petrographic aspects and cathodoluminescence of aeolian sandstone with zeolite and calcite cement. A and B). Photomicrography exhibiting laumontite and calcite contacts.
(Z) zeolite, (Cal) calcite. C); D) and E). Cathodoluminescence showing irregular contacts of zeolite and calcite cements. Relicts of zeolite (arrows) inside calcite poikilotopic cement.
F) Poikilotopic zeolite cement covering continuous, isopachous, pre-compaction chlorite coatings.

(Fig. 12F) (e.g. Hay, 1966; Wood and Hewitt, 1982; Phillips, 1991;
Huppert and Woods, 1995). In this sense, the poikilotopic zeolite was
crystallized under the action of a percolating fluid with high ion leaching
and consequent cementation of sandstone (Fig. 12G) (e.g. Gottardi, 1989;
Donahoe and Liou, 1985). Fluid conduits were enhanced by EW-ENE
trending fault reactivation in the western part of the Parnaiba Basin
(Costa et al., 1991; dos Anjos and Dias, 2004). This evolution is similar
to the “heat wave” proposed by Merino et al. (1997) to explain anomalous
cements in arkose, including laumontite cement. These authors consid-
ered that fibrous laumontite crystals indicate high growth rate and may
reflect relatively high temperature (125-200 °C), which was also likely
to have occurred during crystallization of the poikilotopic laumontite in
the Parnaiba Basin.

The fluid that generated the zeolite cement has been considered as the
product of groundwater rich in Ca®™, Na™, Mg?™, HCO3, CI~ and SO%~
(Koporulin, 2013). The groundwater also would likely contain significant
amounts of SiO,, Al,Os, Fe, Cu, Pb, Mo and other chemical elements

(Koporulin, 2013). The cations exchange occurred between the aqueous
solutions and the surrounding rocks, accompanied by other important
reactions, such as hydrolysis and the influence of Cl-bearing brines
(Koporulin, 2013). Other sources include the dissolution of calcium feld-
spar grains, volcanic fragments during burial diagenesis. The Al,05, SiO,
and H,0 rich system, associated with the high pH (~9.0) and thermal in-
fluence were fundamental in the generation of laumontite and stilbite
(e.g. Coombs et al., 1959; Boles and Coombs, 1975; Donahoe and Liou,
1985; Koporulin, 2013). The enhancement of zeolite precipitation in
relation to feldspar and phyllosilicate authigenesis implies the presence
of free cations (such as Ca?* + Na™) and hydrogen ions in the fluid, asso-
ciated with depletion in K and a high Si:Al ratio. In this sense, the most
probable reactions to the zeolitic aeolianite include SiO, (5q) + H20
influenced by temperature elevation + feldspar + clay minerals and/or
SiOz (aq) + H20 + Ca** + Na™ + ALOs.

The zeolite crystallization followed the stilbite cementation dur-
ing eodiagenesis, mainly sourced from ions released by the volcanic
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Fig. 9. Thin-section photomicrographs and SEM images of the zeolite cements in the aeolianite. A) Porosity enlarged by dissolution, corroded cement and framework grains (arrows).
B) Moldic porosity, mainly represented by quartz and feldspar dissolution. Grains with smectite coating (C) and chlorite fringes (D). Arrow indicates fragmented grain. E) Clay coatings
(smectite) covering quartz grains. Detailed smectite rim exhibiting cauliflower texture. F) Corrosion features in laumontite crystals (arrow).
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Fig. 10. Diagenetic sequence of Jurassic-Cretaceous aeolianites from the Parnaiba Basin.
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substrate. Petrographic data suggests that the stilbite is pre-
compaction, whereas laumontite is post-compaction. It is likely
that the stilbite has been replaced by laumontite due to the burial
conditions, resulting in increasing temperature and pressure. This
caused the stabilization of less hydrated zeolites (laumontite) in
the basal strata of the succession, while most hydrated zeolites
(stilbite) crystallized upsection. The laumontite and stilbite coexis-
tence discards the possibility of laumontite derived from the replace-
ment of heulandite, because stilbite is unstable at temperatures
where this reaction occurs (Kiseleva et al., 2001; Blanc et al., 2015).
This interpretation is in accordance with the 1 to 2 kbar and 140 to
160 °C experimentally established T/P relationship for laumontite,
whereas stilbite occurs under lower temperature and pressure con-
ditions (Stallard and Boles, 1989; Kiseleva et al., 1996; Kiseleva
etal., 2001). In addition, the coexistence of these minerals may indi-
cate relatively low pressures (~1 kbar), according to experiments
performed by Cho et al. (1987).

The zeolites (unstable) were gradually replaced by calcite with
the progression of diagenesis (Fig. 12H). It is possible that these
minerals had disputed over Ca™ ions during the diagenetic evolution
(e.g. Kiseleva et al., 1996), although, the low CO, partial pressure and
the high SiO, and Al,03; amounts favored zeolite crystallization instead
of carbonate (e.g. as demonstrated by Thompson, 1971; Crossey et al.,
1984; Kiseleva et al., 2001). This may be corroborated by the abundance
of calcic zeolite varieties (laumontite and Ca-stilbite) in the aeolian
sandstone. The cathodoluminescence images show zeolite inclusions
in calcite and irregular contacts between these crystals, which demon-
strate that zeolites were replaced by calcite. This was probably caused
due to lower temperature conditions and increasing Pcop, enhancing
calcite precipitation filling the available pores of the rocks (calcite
patches). In this way, in situations where zeolite is formed first, this
compound is, lately, transformed into carbonate + aluminous phase,
as demonstrated by: laumontite + CO, = calcite + kaolinite + 2
quartz + H,0 (Thompson, 1971; Faure, 1998).
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7. Post-CAMP zeolite minerals in West Gondwana

Zeolite minerals are present in a number of sedimentary basins
in West Gondwana, Laurentia and Baltica supercontinents, mainly
developed after large igneous provinces (LIP) emplacements from
Lower Triassic to Upper Jurassic (Table 2). These associations are com-
monly recorded by laumontite bearing-sandstone and/or mudstone,
as well as volcaniclastic rocks and zeolitic breccias (Heald, 1956;
Fuller, 1970; Vavra et al., 1980; Potgieter et al., 1982; Wopfner et al.,
1991; Merino et al., 1997; Dypvik and Nilsen, 2002; Jay et al., 2018).
The greatest example is the Central Atlantic Magmatic Province
(CAMP), which influenced zeolite formation in wide areas (Rezende,
2002; Merino et al., 1997). Although the CAMP event started at the
end-Triassic, the Upper Jurassic stage of the Brazilian sedimentary
basins (Parnaiba, Amazonas and Solimdes basins) presents the most
expressive and voluminous CAMP-magmatic products (Svensen et al.,
2018). This fact probably controlled the higher zeolite content in the
Upper Jurassic aeolianite sediments from the Parnaiba Basin.

The distribution of zeolite cement is commonly related to sedimen-
tary rocks that overlie LIPs (Fig. 13). This link suggests that the mag-
matic processes provoked by the supercontinent break up influenced
the diagenetic stages of the continental Gondwana deposits. These
occurrences have been associated with early diagenetic stages caused
by weathering processes (Wopfner et al., 1991) or soda groundwater
(Koporulin, 2013), and mesodiagenesis, provoked by descending
water flows (Rezende, 2002), “heat waves” (Merino et al., 1997)
or meteoric water and calcite dissolution (Noh and Boles, 1989).
Nevertheless, Steiner (1977) demonstrated that the presence of
calcic plagioclase has a crucial role in laumontite formation, such that
these minerals are replaced by laumontite through the reaction:
CaAl,SiOg + 2SiO, + 4H,0 = CaAl,Si,04, x 4 H,0. CAMP rocks are
tholeiitic basalt and basaltic andesite, with large amounts of bytownite
and labradorite (Oliveira et al., 2018). This massive source of calcium
and the geochemical conditions (alkaline pH, low Pco,, K depletion,
high Si:Al ratio) were widely available in large continental zones of
West Gondwana after its fragmentation.

8. Conclusion

The Gondwana break up was marked by the emplacement of
the Central Atlantic Magmatic Province (CAMP) in consequence of
the opening of the Atlantic Ocean. These events are recorded in the
volcanic rocks, as well as in the humid desertic system of the Corda
Formation, Parnaiba Basin (NE Brazil), of which the characteristic is
the presence zeolite-bearing sandstone units. This succession consists
of sublitarenite, subarkose and quartzarenite, establishing dune field
(FA1), sand sheet (FA2) and wadi (FA3) facies associations. This work
evaluated the influence of volcanic/post-volcanic processes in the
diagenetic pathway of aeolianites, which present an intriguing
zeolite cementation that composes up to 50% modal content in
siliciclastic rocks.

Poikilotopic zeolite cement occurs in aeolianite beds that overlie vol-
canic rocks (Jurassic magmatism) in the western part of the Parnaiba
Basin, showing the first CAMP stage in this basin. Conversely, zeolite
cement is absent in the eastern part of the Parnaiba Basin, where
aeolianite deposits overlie sedimentary rocks. We interpret that the
eodiagenetic phase was marked by precipitation of calcite fringes,

displacive Ca-stilbite cementation (pre-compaction) and mechanical
compaction. The mesodiagenesis includes chemical compaction,
laumontite cementation, smectite-chlorite conversion, generation of
secondary porosity and calcite cementation. Subsequently, during
telodiagenesis, iron exsudation took place.

The exposure of lava flows to surface and subsurface conditions re-
sulted in the crystallization of glass-bearing volcanic rocks fragments
and amygdales filled by zeolites. These beds were posteriorly overlaid
by siliciclastic deposits of the Corda Formation, a Jurassic-Cretaceous
wet desertic system of the Parnaiba Basin. The fluid percolation in a
weathered volcanic substrate caused ion leaching, which migrated
throughout porous media of the aeolianites. Fluid migration was also
enhanced by faults and fractures.

CAMP emplacement affected large parts of West Gondwana and in-
fluenced the paleogeography, paleoclimate, depositional environments,
as well as the lithological and mineralogical composition of sedimentary
rocks. The Cretaceous magmatism caused the reactivation of the diage-
netic system, resulting in heat propagation through the basin, which in-
fluenced and accelerated the chemical reactions in a hydrologically open
system. This event enhanced zeolite crystallization, resulting in optimal
conditions for crystal growth, culminating in coarse zeolite crystals
with poikilotopic texture and high amounts. Zeolite authigenesis was
also corroborated by alkaline pH, low Pco,, K™ depletion and high Si:Al
ratio. Besides the volcanic substrate, other sources include dissolution
of Ca-feldspars and volcanic fragments. This is also confirmed by the
predominance of labradorite and bytownite in the volcanic substrate,
as well as the increasing zeolite content in litharenites rich in volcanic
fragments. Zeolite crystallization was interrupted by decreasing temper-
ature, below with peak temperature 300 °C, since laumontite is unstable
in this condition. However, the stratigraphic zonation of zeolites, with
laumontite in the lower strata, followed by the coexistence of laumontite
with stilbite, and only stilbite in the upper part of the succession is
interpreted as a result of the pressure and temperature decrease post-
dating regional heating. Laumontite occurs at higher pressures and tem-
peratures than stilbite, so their coexistence suggests relatively low pres-
sure (~1 kbar). Posteriorly, increasing Pco, provoked the preferentially
crystallization of calcite, which partially replaces zeolites.

The diagenetic stages of Jurassic-Cretaceous deposits of the
Parnaiba Basin were strongly influenced by allogenic processes
linked to the CAMP regional heating. The final product was the
uncommon poikilotopic zeolite cemented-sandstone. This work
demonstrates the effects of allogenic events and the role of volcanic
substrate in the diagenetic processes. The influence of the CAMP-
emplacement in the genesis of anomalous mineral phases in sedi-
mentary rocks can be extended for other basins in West Gondwana.
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Table 2
Large igneous provinces and the association with zeolite-bearing sedimentary rocks.
Zeolite occurrence Age Unit Lithological Geographic References
association location
Laumontite cement Middle Triassic Manda Beds, Ruhuhu Basin Kimberlite pipes Southern Tanzania Wopfner et al., 1991;
in sandstone Dypvik and Nilsen, 2002
Laumontite cement in Triassic Beaufort Formation, Basalt South Africa Fuller, 1970
red beds Karoo Basin
Laumontite in sandstone Lower Jurassic Clarens Formation, Karoo Basin Basalt South Africa Potgieter et al., 1982
Laumontite cement Triassic Fremouw Formation, Diabase Antarctica Vavra, 1989; Vavra et al., 1980
in arkose Transantartic Mountains
Laumontite in sandstone Triassic Hartford Basin Basalt USA Heald, 1956; Merino et al., 1997
Undifferentiated zeolite Lower Jurassic Drakensberg Group Basalt (Karoo LIP) South Africa Jay et al., 2018

cement in basalt breccia

Laumontite and stilbite Upper Jurassic-Lower Corda Formation,

Basalt South America, This work
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Fig. 13. Large igneous provinces in West Gondwana and occurrence of zeolites in sedimentary rocks.

petrographic descriptions. We are very grateful to the editor Brian
Jones and to an anonymous reviewer, which significantly improved
and early version of this manuscript. Finally, we acknowledge
Guilherme Raffaeli and Charles Spellen for linguistic revision.

References

Abrantes Jr., F.R., Nogueira, A.CR,, Soares, J.L., 2016. Permian paleogeography of west-
central Pangea: reconstruction using sabkha-type gypsum-bearing deposits of
Parnaiba Basin, Northern Brazil. Sedimentary Geology 341, 175-188.

Anjos, S.M.C,, De Ros, LF, Silva, CM.A., 2003. Chorite authigenesis and porosity preservation
in the Upper Cretaceous marine sandstones of the Santos Basin, offshore eastern Brazil.
In: Worden, RH., Morad, S. (Eds.), Clay Cements in Sandstone. Special Publications 34.
International Association of Sedimentologists, Oxford, UK, pp. 291-316.

Baksi, AK., Archibald, D.A., 1997. Mesozoic igneous activity in the Maranhdo province,
northern Brazil: 40Ar/39Ar evidence for separate episodes of basaltic magmatism.
Earth and Planetary Science Letters 151, 139-153.

Ballén, O.A.R., 2012. Sucessdes Sedimentares das Formages Mosquito e Corda, Exemplo
de sistema edlico imido, Provincia Parnaiba. (Dissertacdo de Mestrado). Universidade
de Sdo, Paulo - Sdo Paulo (85 pp.).

Ballén, O.AR,, Gées, AM., Negri, F.A., Mazivieiro, M.V., Teixeira, V.Z.S., 2013. Sistema eélico
imido nas sucessdes sedimentares interderrames da Formacdo Mosquito, Jurdssico
da Provincia Parnaiba. Brazilian Journal of Geology 43, 695-710.

Bernet, M., Gaupp, R., 2005. Diagenetic history of Triassic sandstone from the Beacon
Supergroup in central Victoria Land, Antarctica. New Zealand Journal of Geology
and Geophysics 48, 447-458.

Blang, P., Vieillard, P., Gailhanou, H., Gaboreau, S., Marty, N., Claret, F., Madé, B., Giffaut, E.,
2015. ThermoChimie database developments in the framework of cement/clay
interactions. Applied Geochemistry 55, 95-107.

Boggs Jr., S., 2009. Petrology of Sedimentary Rocks. Cambridge University Press,
Cambridge, England (600 pp.).

Boles, J.R., Coombs, D.S., 1975. Mineral reactions in zeolitic Triassic tuffs, Hokonui Hills,
New Zealand. Geological Society of America Bulletin 86, 163-173.

Caputo, M.V., lannuzzi, R., Fonseca, V.M.M., 2005. Bacias sedimentares brasileiras.
Fundagdo Paleontolégica Phoenix 81 (7), 1-6.

Chen, G., Du, G., Zhang, G., Wang, Q., Lv, C,, Chen, J., 2011. Chlorite cement and its effect on
the reservoir quality of sandstones from the Panyu low-uplift, Pearl River Mouth
Basin. Petroleum Science 8, 143-150.

Cho, M., Maruyama, S., Liou, J.G., 1987. An experimental investigation of heulandite-
laumontite equilibrium at 1000 to 2000 bar P fluid. Contributions to Mineralogy
and Petrology 97, 43-50.

Coombs, D S, Ellis, AJ., Fyfe, W.S., Taylor, A.M., 1959. The zeolite facies, with comments on
the interpretation of hydrothermal synthesis. Geochimica et Cosmochimica Acta 17,
53-107.

Costa, ].B.S., Borges, M.S., Igreja, H.L.S., Hasui, Y., 1991. Aspectos da evolugao tectdnica da
Bacia do Parnaiba e sua relagdo com o arcabougo Pré-cambriano. Boletim. Il Simpésio
Nacional de Estudos Tectdnicos. Rio Claro - SP. Boletim de resumos expandidos,
pp. 96-98.

Crossey, LJ.,.B., Frost, R., Surdam, R.C., 1984. Secondary porosity in laumontite-bearing
sandstones: part 2. Aspects of porosity modification. American Association of
Petroleum Geologists, Special Volumes 225-237.

da Silva, AJ.P., da Lopes, R.C., Vasconcelos, A.M., Bahia, R.B.C., 2003. Bacias Sedimentares
Paleozéicas e Meso-Cenozobicas Interiores Paleozoic and Meso-Cenozoic Sedimentary
Basins. In: Bizzi, L.A., Schobbenhaus, C,, Vidotti e, R.M., Gongalves, J.H. (Eds.), Geologia,


http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0005
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0005
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0005
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0010
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0010
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0010
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0010
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0015
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0015
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0015
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0020
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0020
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0020
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0025
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0025
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0025
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0030
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0030
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0030
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0035
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0035
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0040
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0040
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0045
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0045
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0050
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0050
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0055
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0055
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0055
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0060
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0060
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0060
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0065
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0065
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0065
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0070
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0070
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0070
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0070
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0075
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0075
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0075
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0080
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0080
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0080

CE.N. Rabelo et al. / Sedimentary Geology 385 (2019) 61-78 77

Tectdnica e Recursos Minerais do Brasil. Servico Geoldgico do Brasil, Brasilia,
pp. 55-85.

Daly, M.C,, Andrade, V., Barousse, C.A., Costa, R., McDowell, K., Piggott, N., Poole, AJ., 2014.
Brasiliano crustal structure and the tectonic setting of the Parnaiba basin of NE Brazil:
results of a deep seismic reflection profile. Tectonics 33, 2102-2120.

de Aguiar, G.A., 1969. Bacia do Maranhdo: geologia e possibilidades de petréleo. Petrobras,
Belém (55 pp.).

de Almeida, F.F.M,, 1986. Distribuicdo regional e relagdes tectdnicas do magmatismo
pds-paleozoico no Brasil. Revista Brasileira de Geociencias 16, 325-349.

De Ros, LF., Cesero, P., 1986. Argilas em arenitos - Bases para a interpretacao
petrogenética. Anais de XXXIV Congresso Brasileiro de Geociéncias, Goidnia, Goids
4, pp. 1663-1670.

De Valais, S., Candeiro, CR., Tavares, LF., Alves, Y.M,, Cruvinel, C,, 2014. Current situation
of the ichnological locality of Sdo Domingos from the Corda Formation (Lower
Cretaceous), northern Tocantins state, Brazil. Journal of South American Earth
Sciences 61, 142-146.

Deffeyes, K.S., 1959. Zeolites in sedimentary rocks. Journal of Sedimentary Petrology 29,
602-609.

Dickson, ].A.D., 1966. Carbonate identification and genesis as revealed by staining. Journal
of Sedimentary Petrology 36, 491-505.

Donahoe, RJ, Lioy, ].G., 1985. An experimental study on the process of zeolite formation.
Geochimica et Cosmochimica Acta 49, 2349-2360.

dos Anjos, C.E., Dias, R.R., 2004. Geologia da Folha SB.23-Y-C (Carolina) - Estado do
Tocantins. Projeto de gestdo ambiental integrada da regido do Bico do Papagaio —
Zoneamento sécio econdmico. SEPLAN/DZE. Palmas - TO (52 pp.).

Dypvik, H., Nilsen, O., 2002. Rift valley sedimentation and diagenesis, Tanzanian Examples -
a review. South African Journal of Geology 105, 93-106.

Faure, G., 1998. Principles and Applications of Geochemistry. 2nd edition. N.J. Prentice
Hall, Upper Saddle River (600 pp.).

Fodor, RV, Sial, AN., Mukasa, S.B., McKee, E.H., 1990. Petrology, isotope characteristics,
and K-Ar ages of the Maranhdo, northern Brazil, Mesozoic basalt province.
Contributions to Mineralogy and Petrology 104, 555-567.

Folk, R.L., 1974. Petrology of Sedimentary Rocks. Hemphill Publishing Company, Austin,
Texas, pp. 65-145.

Fuller, A.O., 1970. The occurrence of laumontite in strata of the Karroo system, South
Africa. In: Haughton, S.H. (Ed.), Proceedings and Papers, 2nd Int. Syrup. Stratigraphy
and Palaeontology of the Gondwana System, Council for Scientific and Industrial
Research, Pretoria, pp. 159-167.

Galehouse, J.S., 1971. Point counting. In: Carver, R.E. (Ed.), Procedures in Sedimentary
Petrology. Wiley Interscience, New York, pp. 385-407.

Garzanti, E., Ando, S., Vezzoli, G., Lustrino, M., Boni, M., Vermeesch, P., 2012. Petrology of
the Namib Sand Sea: long-distance transport and compositional variability in the
wind-displaced Orange Delta. Earth-Science Reviews 112, 173-189.

Gilbert, C.M., McAndrews, M.G., 1948. Authigenic Heulandite in sandstone, Santa Cruz
Coutry, California. Journal of Sedimentary Petrology 18, 91-99.

Goes, AM.O.,, Feijo, FJ., 1994. Bacia do Parnaiba. Boletim de Geociéncias da Petrobras 8, 57-67.

Gébes, AM.O., Souza, ].M.P., Teixeira, L.B., 1990. Estagio Exploratério e perspectivas
petroliferas da Bacia do Parnaiba. Boletim de Geociéncias da Petrobras, Rio de Janeiro
4,55-64.

Goés, AM.O., Travassos, W.A., Nunes, K.C,, 1992. Projeto Parnaiba - Reavaliagdo da bacia e
perspectivas exploratdrias. Petrobras, Belém (128 pp.).

Gottardi, G., 1989. The genesis of zeolites. European Journal of Mineralogy 1, 479-487.

Hay, R.L, 1966. Zeolites and zeolitic reactions in sedimentary rocks. Geological Society of
America 130.

Hay, RL., 1970. Silicate reactions in three lithofacies of a semi-arid basin, Olduvai Gorge,
Tanzania. Mineralogical Society of America Special Paper 3 pp. 237-255.

Hay, RLL, Sheppard, R.A., 2001. Occurrence of zeolites in sedimentary rocks: an overview. In:
Bish, D.L., Ming, D.W. (Eds.), Natural Zeolites: Occurrence, Properties, Applications. Re-
views in Mineralogy and Geochemistry 45. Mineralogical Society of America,
pp. 217-234.

Heald, M.T., 1956. Cementation of Triassic arkoses in Connecticut and Massachusetts.
Huppert Bulletin Geological Society of America 67, 1133-1154.

Humphreys, B., Kemp, S.J., Lott, G.K,, Bermanto, D.A., Dharmayanti, D.A., Samsori, I., 1994.
Origin of grain-coating chlorite by smectite transformation: an ex-ample from Mio-
cene sandstones, North Sumatra Back-arc Basin, Indonesia. Clay Mineral 29, 681-692.

Huppert, H.E., Woods, AW., 1995. Gravity-driven flowsin porous layers. Journal of Fluid
Mechanics 292, 55-69.

lijima, A., 2001. Zeolites in petroleum and natural gas reservoirs. Reviews in Mineralogy
and Geochemistry 45, 347-402.

lijima, A., Utada, M., 1966. Zeolites in sedimentay rocks, with reference to the depositional
environment and zonal distribuition. Sedimentology 7, 327-357.

Jacobsson, A., 1977. A short review of the formation, stability and cementing properties of
natural zeolites. Karn-Bransle-Sakerhet Teknisk Rapport. 27, pp. 14-15.

Jay, AEE., Marsh, .S, Fluteau, F., Courtillot, V., 2018. Emplacement of inflated Phoehoe
flows in the Naude's Nek Pass, Lesotho remnant, Karoo continental flood basalt
province: use of flow-lobe tumuli in understanding flood basalt emplacement.
Bulletin of Volcanology 80, 17.

Kastner, M., Stonecipher, S.A., 1978. Zeolites in pelagic sediments of the Atlantic, Pacific
and Indian Oceans. In: Sand, L.B., Mumpton, F.A. (Eds.), Natural Zeolites. Pergamon,
Oxford, pp. 199-200.

Khalili, M., Makizadeh, Mohammad-Ali, M., Taghipour, B., 2005. Evaporitic zeolites in
Central Alborz, north of Iran. Carbonates and Evaporites 20, 34-41.

Kiseleva, I, Navrotsky, A., Belitskii, L.A., Fursenko, B.A., 1996. Thermochemistry and phase
equilibria in calcium zeolites. American Mineralogist 81, 658-667.

Kiseleva, I., Navrotsky, A., Belitsky, 1., Fursenko, B.A., 2001. Thermochemical study of
calcium zeolites; heulandite and stilbite. American Mineralogist 86, 448-455.

Koporulin, V.1, 2013. Formation of laumontite in sedimentary rocks: a case study of
sedimentary sequences in Russia. Lithology and Mineral Resources 48, 122-137.
Kousehlar, M., Weisenberger, T.B., Tutti, F., Mirnejad, H., 2012. Fluid control on low-
temperature mineral formation in volcanic rocks of Kahrizak, Iran. Geofluids 12,

295-311.

Larsen, D., Crossey, L., 2000. Sedimentary petrology and authigenic mineral distributions
in the Oligocene Creed Formation, Colorado, United States. In: Bethke, P.M., Hay, RL.
(Eds.), Ancient Lake Creede: Its Volcano-tectonic Setting, History of Sedimentation,
and Relation to Mineralization in the Creede Mining District: Boulder Colorado.
Geological Society of America, Special Paper vol. 346, pp. 179-208.

Lima, E.A.M,, Leite, ].F., 1978. Projeto estudo global dos recursos minerais da Bacia
Sedimentar do Parnaiba: integragdo geol6gico-metaloganética. Relatério final da
etapa III. Recife - Companhia de Pesquisa de Recursos Minerais (212 pp.).

Lisboa, M.AR., 1914. The Permian geology of Northern Brazil. American Journal of Science,
New Haven 37, 421-442.

Mansurbeg, H., Morad, S., Plink-Bjorklund, P., EI-Ghali, M.AK,, Caja, M.A,, Marfil, R., 2012.
Diagenetic alterations related to falling stage and lowstand systems tracts of shelf,
slope and basin floor sandstones (Eocene Central Basin, Spitsbergen). International
Association of Sedimentologists. Special Publication 45.

Marzoli, A., Renne, P.R,, Piccirillo, E.M., Ernesto, M., Bellieni, G., De Min, A., 1999. Extensive
200-million-year-old continental flood basalts of the Central Atlantic magmatic
province. Science 284, 616-618.

Matlack, K.S., Houseknetch, D.W., Applin, K.R., 1989. Emplacement of clay into sand by
infiltration. Journal of Sedimentary Petrology 59, 77-87.

Mees, F., Stoops, G., Ranst, E.V., Paepe, R., Overloop, E.F., 2005. The nature of zeolite
occurences in deposits of the Olduvai Basin, northern Tanzania. Clays and Clay
Minerals 53, 659-673.

Merino, E., 1975. Diagenesis in Tertiary sandstones from Kettleman North Dome,
California, I, Diagenetic mineralogy. Journal of Sedimentary Petrology 45,
320-336.

Merino, E., Girard, J.P., May, M.T., Ranganathan, V., 1997. Diagenetic mineralogy,
geochemistry, and dynamics of Mesozoic Arkoses, Hartford Rift Basin, Connecticut,
USA. Journal of Sedimentary Research 67, 212-224.

Merle, R., Marzoli, A., Bertrand, H., Reisberg, L., Verati, C., Zimmermann, C., Chiaradia, M.,
Bellieni, G., Ernesto, M., 2011. 40Ar/39Ar ages and Sr-Nd-Pb-0s geochemistry of
CAMP tholeiites from Western Maranhdo basin (NE Brazil). Lithos 122, 137-151.

Milani, E.J., Zalan, P.V., 1999. An outline of the geology and petroleum systems of the
Paleozoic interior basins of South America. Episodes 22, 199-205.

Morad, S., Khalid, A., Ketzer, M., De Ros, L., 2010. The impact of diagenesis on the heterogene-
ity of sandstone reservoirs: a review of the role of depositional fades and sequence
stratigraphy. American Association of Petroleum Geologists Bulletin 94, 1267-1309.

Moraes, M.A.S., De Ros, L., 1988. Caracterizagdo e influéncia das argilas de infiltragao
mecanica em reservatérios fluviais da bacia do Reconcavo, nordeste do Brasil. Bol.
Geoc. Petrobras, Rio de Janeiro 2, 13-26.

Moraes, M.A.S., De Ros, LF., 1990. Infiltrated clays in fluvial Jurassic sandstones of
Recdncavo Basin. Northeastern Brazil. Journal of Sedimentary Petrology 60, 809-819.

Noh, J.H., 1998. Geochemistry and paragenesis of heulandite cements in a Miocene
marine fan-delta system of the Pohang Basin, Republic of Korea. Clay and Clay
Minerals 46, 204-214.

Noh, J.H., Boles, ].R., 1989. Diagenetic alteration of perlite in the Guryongpo area, Republic
of Korea. Clays and Clay Minerals 37, 47-58.

Noh, J.H,, Boles, J.R., 1993. Origin of zeolite cements in the Miocene sandstones, North
Tejon Oil Fields, California. Journal of Sedimentary Petrology 63, 248-260.

Oliveira, A.L, Pimentel, M.M., Fuck, R.A., Oliveira, D.C., 2018. Petrology of Jurassic and
Cretaceous basaltic formations from the Parnaiba Basin, NE Brazil: correlations and
associations with large igneous provinces. In: Daly, M.C., Fuck, R.A,, Julia, J.,
Macdonald, D.LM., Watts, A.B. (Eds.), Cratonic Basin Formation: A Case Study of the
Parnaiba Basin of Brazil. Geological Society, London, Special Publications 472.

Otalora, M., 1964. Zeolites and related minerals in Cretaceous rocks of east-central Puerto
Rico. America Journal of Science 262, 726-734.

Paxton, S., Szabo, ].0., Ajdukiewicz, .M., Klimentidis, R.E., 2002. Construction of an
intergranular volume compaction curve for evaluating and predicting compaction
and porosity loss in rigid-grain sandstone reservoirs. American Association of
Petroleum Geologists Bulletin 86, 2047-2067.

Permanyer, A., Marfil, R., Martin-Martin, J.D., Estupindn, J., Marquez, ]., Arroyo, X., 2015.
Diagenetic evolution of the upper Cretaceous limestone and sandstone exhumed res-
ervoirs in the western Basque-Cantabrian Basin, North Spain. Marine and Petroleum
Geology 66, 673-694.

Phillips, 0.M., 1991. Flow and Reactions in Permeable Rocks. Cambridge University Press,
Cambridge (285pp.).

Picango, M.S., Angélica, R.S., Barata, M.S., 2011. Avaliacdo preliminar do emprego de
arenito zeolitico da regido nordeste do Brasil como material pozolanico para cimento
Portland. Ceramica 57, 467-473.

Potgieter, C.D., Snyman, C.P., Fortsch, E.B., 1982. Epigenetic laumontitein the Jurassic
Clarens and Drakensberg Formations of the Karoo Sequence. Transactions of the
Geological Society of South Africa 85, 203-210.

Rabelo, CE.N., Nogueira, A.CR., 2015. O sistema desértico timido do Jurassico Superior da
Bacia do Parnaiba, na regido entre formosa da Serra Negra e Montes Altos, Estado do
Maranhado, Brasil. Geologia USP. Série Cientifica 15 pp. 3-21.

Remy, RR., 1994. Porosity reducyion and major controls on diagenesis of Cretaceous-
Paleocene volcaniclastic and arkosic sandstone, Middle Park Basin, Colorado. Journal
of Sedimentary Research 64, 797-806.

Rezende, N.G.A.M., 1997. Argilas Nobres e Zedlitas na Bacia do Parnaiba; Relatério final de
projeto. Belém, CPRM. Informe de Recursos Minerais, Série Diversos, n.2 (111pp.).

Rezende, G.A.M,, 2002. A zona zeolitica da Formagdo Corda na Bacia do Parnaiba. (Diss.
Mestrado). Universidade Federal do Para, Belém, PA (142 pp.).


http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0080
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0080
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0085
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0085
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0090
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0090
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0095
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0095
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0100
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0100
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0100
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0105
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0105
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0105
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0105
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0110
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0110
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0115
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0115
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0120
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0120
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0125
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0125
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0125
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0130
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0130
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0135
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0135
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0140
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0140
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0140
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0145
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0145
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0150
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0150
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0150
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0150
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0155
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0155
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0160
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0160
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0160
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0165
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0165
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0170
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0175
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0175
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0175
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0180
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0180
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0185
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0190
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0190
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0195
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0195
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0200
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0200
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0200
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0200
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0205
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0205
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf2010
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf2010
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0210
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0210
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0215
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0215
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0220
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0220
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0225
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0225
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0230
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0230
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0230
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0230
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0235
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0235
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0235
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0240
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0240
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0245
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0245
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0250
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0250
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0255
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0255
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0260
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0260
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0260
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0265
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0265
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0265
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0265
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0265
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0270
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0270
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0270
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0275
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0275
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0280
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0280
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0280
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0285
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0285
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0285
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0290
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0290
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0295
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0295
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0295
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0300
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0300
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0300
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0305
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0305
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0305
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0310
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0310
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0315
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0315
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0320
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0320
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0320
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0325
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0325
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0325
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0330
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0330
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0335
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0335
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0335
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf2015
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf2015
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0340
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0340
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0345
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0345
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0345
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0345
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0345
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0350
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0350
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0355
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0355
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0355
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0355
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0360
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0360
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0360
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0365
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0365
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0370
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0370
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0370
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0375
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0375
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0375
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0380
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0380
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0380
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0385
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0385
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0385
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0390
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0390
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0395
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0395

78 CE.N. Rabelo et al. / Sedimentary Geology 385 (2019) 61-78

Rezende, N.G.A.M., Angélica, R.S., 1999. Sedimentary zeolites in Brasil. Mineralogica et
Petrographica Acta 42, 71-82.

Riech, V., 1979a. Diagenesis of silica, zeolites, and phyllosilicates at sites 397 and 398. In:
Laughter, F.H., Fagerberg, E.M. (Eds.), Initial Reports of the Deep Sea Drilling Project
47, pp. 741-759.

Riech, V., 1979b. Diagenesis of silica, zeolites, and phyllosilicates at sites 397 and 398.
Deep Sea Drilling Project Initial 47.

Rodrigues, A.G., Goldberg, K., 2014. Primary composition and diagenetic patterns of
sandstones from Barra de Ititiba Formation in Atalaia High, Sergipe Sub-Basin.
Brazilian Journal of Geology 44, 545-560.

Rossetti, D.F., 2001. Arquitetura deposicional da Bacia de Sdo Luis-Grajad. In: Rossetti, D.F,,
Goes, A.M., Truckenbrodt, W. (Eds.), O cretdceo na Bacia de Sdo Luis-Grajad, Belém,
pp. 31-46.

Ryan, P.C., Conrad, M.E., Brown, K., Chamberlain, C.P., Reynolds Jr., R.C., 1998. Oxygen
isotope composition of mixed layer serpentine-chlorite and illite-smectite in the
Tuscaloosa Formation (U.S. Gulf Coast): implications for pore fluids and mineralogic
reactions. Clay and Clay Minerals 46, 357-368.

Santos, M.E.C.M., Carvalho, M.S.S., 2004. Paleontologia das Bacias do Parnaiba, Grajati e
Sdo Luis. Ed. 2. 212. CPRM, Rio Janeiro.

Santos, E.J., Coutinho, M.G.N., Costa, M.P., Ramalho, R., 1984. A regido de dobramentos
nordeste e a Bacia do Parnaiba, incluindo o Craton de Sdo Luis e as bacias marginais.
In: Schobbenhaus, C.,, Campos, D. A,, Derze, G. R., Asmus, H. E. (coords.). Geologia do
Brasil - texto explicativo do mapa geologic do Brasil e da drea ocednica adjacente
incluindo depésitos minerais escala 1:2.500.000. Brasilia, Departamento Nacional de
Produgdo Mineral, 13-189.

Schrank, A.B.S., De Ros, L.F., 2015. Diagenetic processes in cretaceous sandstones from
occidental Brazilian Equatorial Margin. Journal of South American Earth Sciences
63,1-19.

Schrank, A., Abreu, E.R,, Roig, H.L., Choudhuri, A., Szabo, G.AJ., Carvalho, E.D.R., 1990.
Determinagdo dos vetores de transporte tectonico na borda sudoeste do Craton Sdo
Francisco. 36th Brazilian Congress of Geology, Natal, pp. 2276-2283.

Stallard, M.L,, Boles, J.R., 1989. Oxygen isotope measurements of albite-quartz-zeolite
mineral assemblages, Hokonui Hills, southland, New Zealand. Clays and Clay Minerals
37 (5), 409-418.

Steiner, A., 1977. The Wairakei geothermal area, North Island, New its subsurface
geology and hydrothermal rock alteration. New Zealand Geological Survey
Bulletin 90, 136.

Surdam, R.C., Boles, J.R., 1979. Diagenesis of volcanic sandstones. In: Scholle, P.A.,
Schluger, P.R. (Eds.), Aspects of Diagenesis. Society for Sedimentary Geology. Special
Publication vol. 26, pp. 227-242.

Svensen, H.H., Planke, S., Neumann, E.R., Aarnes, L., Marsh, ].S., Polteau, S., Harstad, C.,
Chevallier, L., 2018. Sub-volcanic intrusions and the link to global climatic and
environmental changes. In: Breitkreuz, C., Rocchi, S. (Eds.), Physical Geology of
Shallow Magmatic Systems. Advances in Volcanology. Springer.

Tavares, LE.S., de Valais, S., Alves, Y.M., Candeiro, C.R.A., 2015. Amazonian Lower
Cretaceous North Tocantins State (Brazil) dinosaur track site: conservation signifi-
cance. Environmental Earth Sciences 73, 4701-4705.

Thompson, A.B., 1971. PCO2 in low-grade metamorphism: zeolite, carbonate, clay
mineral, prehnite relations in the system Ca0-Al203-Si02-C02-H20. Contributions
to Mineralogy and Petrology 33, 145-161.

Torsvik, T.H., Cocks, LRM., 2013. Gondwana from top to base in space and time.
Gondwana Research 24, 999-1030.

Turner, S., Regelous, M., Kelley, S., Hawkesworth, C., Mantovani, M., 1994. Magmatism and
continental break-up in the South Atlantic: high precision 40Ar-39Ar geochronology.
Earth and Planetary Science Letters 121, 333-348.

Vavra, CL., 1989. Mineral reactions and controls on zeolite-facies alteration in sandstone
of the central Transantarctic Mountains, Antarctica. Journal of Sedimentary Petrology
59, 688-703.

Vavra, C.L., Stanley, K.O., Collinson, J.W., 1980. Provenance and alteration of
Triassic Fremouw Formation, Central Transantarctic Mountains. Proceedings Fifth
International Gondwana Symposium, Wellington, New Zealand, pp. 149-153.

Vaz, P.T., Rezende, N.G.A.M., Filho, J.R.W., Travassos, W.A.S., 2007. Bacia do Parnaiba.
Boletim de Geociéncias da Petrobrés, Rio de Janeiro 15, 253-263.

Veevers, ]J., 2004. Gondwanaland from 650-500 Ma assembly through 320 Ma merger in
Pangea to 185-100 Ma breakup: supercontinental tectonics via stratigraphy and
radiometric dating. Earth-Science Reviews 68, 1-132.

Wang, Y., Chan, M.A,, Merino, E., 2015. Self-organized iron-oxide cementation geometry
as an indicator of paleo-flows. Scientific Reports 5, 10792.

Wilson, M.D., Pittman, E.D., 1977. Authigenic clays in sandstones: recognition and
influence on reservoir properties and paleoenvironmental analysis. Journal of
Sedimentary Petrology 47, 03-31.

Wood, J.R., Hewitt, T.A., 1982. Fluid convection and mass transport in porous limestones:
a diagenetic patterns in domed sheets. Am. J. Sci. 285, 207-223. Theoretical model.
Geochimica et Cosmochimica Acta 46, 1707-1713.

Wopfner, H., Markwort, S., Semikiwa, P.M., 1991. Early diagenetic laumontite in the lower
Triassic Manda Beds of the Ruhuhu Basin, southern Tanzania. Journal of Sedimentary
Petrology 61, 65-72.


http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0400
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0400
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0405
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0405
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0405
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0410
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0410
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0415
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0415
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0415
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0420
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0420
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0420
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0425
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0425
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0425
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0425
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf2005
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf2005
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0430
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0430
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0430
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0435
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0435
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0440
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0440
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0440
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0445
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0445
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0445
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0450
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0450
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0450
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0455
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0455
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0455
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0460
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0460
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0460
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0465
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0465
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0465
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0470
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0470
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0475
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0475
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0475
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0480
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0480
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0480
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0485
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0485
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0485
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0490
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0490
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0495
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0495
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0495
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0500
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0500
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0505
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0505
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0505
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0510
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0510
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0510
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0515
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0515
http://refhub.elsevier.com/S0037-0738(19)30068-5/rf0515

106

CAPITULO 6 CONSIDERACOES FINAIS

Durante o periodo jurassico superior a intensificacdo dos processos magmaticos,
devido ao rompimento do Pangea, propiciou a implantacdo de planicies vulcanicas
expressivas desenvolvidas por sucessivas erupcdes basalticas fissurais na Bacia do Parnaiba.
Esses eventos magmaticos estdo associados & provincia magmatica do atlantico central
(CAMP) do Jurassico. As intrusbes vulcanicas relacionadas ao CAMP ocorreram
simultaneamente com a sedimentacdo dos depdsitos do deserto umido Mosquito permitindo
interacdo do fluxo de lava a sedimentacdo. As planicies vulcanicas foram expostas ao
retrabalhamento dos canais efémeros desenvolvidos principalmente em depressdes no
substrato basaltico escoando as aguas produzidas principalmente por enxurradas (flash
floods). Os sedimentos acumulados eram compostos principalmente por litoclastos
vulcanicos com matrix vitrea, quartzo e, subordinadamente, feldspatos. Dunas eélicas foram
possivelmente desenvolvidas lateralmente a planicie vulcanica ou formando-se pelo
retrabalhamento dos depositos fluviais constantemente expostos em funcéo do clima mais
arido. As enxurradas esporadicas sobre os sedimentos expostos propiciaram a infiltragdo
mecanica de argilas formando revestimentos argilosos sobre grédos. A implantacdo desse
sistema desértico umido ocorria durante fases de quiescéncia entre os recorrentes fluxos de
lava. Os arenitos intercalados entre os sucessivos derrames sdo litarenitos e sublitarenitos e
foram afetados pelo fluxo de calor e fluidos hidrotermais emanados destas erupgoes fissurais
que desencandearam a precipitacdo de minerais autigénicos de baixa temperatura. Os fluidos
hidrotermais intensificaram o0s processos de devitrificagdo dos clastos vulcanicos
propiciando a liberacao de ions de silica contribuindo na precipitacdo macica de calceddnia
durante as fases de alta saturacao de silica e temperatura relativamente baixa. O aumento da
temperatura concomitante com o climax da erupcao e a baixa saturag&o de silica propiciaram
a precipitacdo de megaquartzo, zeolita poiquilotopica e, subordinadamente, carbonato e
oxidos de ferro e titanio preenchendo a porosidade remanescente. Esta cimentacdo precoce
eodiagenética preservou o arcabouco primario dos arenitos intertrap que nédo foi afetado pela
diagénese de soterramento (burial diagenesis) pos-jurassica. Os oOxidos de ferro,
principalmente a hematita, foram também introduzidos durante a exposicdo desses
depdsitos, ou seja, na telodiagénese.

A finalizagdo do magmatismo associado a pré-ruptura do Pangea (CAMP) no final
do Jurassico foi sucedida pela abertura do Atlantico Central na margem norte do Gondwana

Ocidental. Com o decréscimo das isotermas e da carga crustal promovida pelas camadas de
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basaltos, propiciou uma fase de subsidéncia térmica na transi¢cdo do periodo do Jurassico
para o Cretaceo Inferior, na porcdo centro-oeste da Bacia do Parnaiba causando a deposicao
da Formagdo Corda principalmente no Cretaceo inferior. Esta unidade registra um sistema
desértico Umido caracterizado por campo de dunas eolicas, canais fluviais efémeros (wadis)
e perenes que erodiram a sucessao de basaltos e arenitos intertrap da Formacdo Mosquito.
Esse sistema fluvial com migracdo preferencialmente para SE alcancou o sistema lacustre
Pastos Bons desenvolvido no depocentro da bacia durante o Eocretaceo. Os depositos da
Formacdo Corda caracterizados por sublitarenitos, subarcdseos e quartzarenitos possuem
expressiva cimentacgéo por zeolita principalmente nos depdsitos basais de campo de dunas e
lencdis de areia que recobrem rochas vulcanicas da Formacdo Mosquito, restritos a porcao
centro-oeste da Bacia do Parnaiba. O cimento poiquilotdpico de zedlita foi produzido a partir
da interacdo de fluidos que percolaram o substrato vulcénico alterado da Formacéo
Mosquito. Admite-se que o magmatismo cretdceo da Formacdo Sardinha (P6s-CAMP)
causou a reativacdo do sistema diagenético Corda influenciando e acelerando as reacdes
quimicas em um sistema hidrologicamente aberto, com pH alcalino, baixa PCO2, deplecdo
de K" e alta relacdo Si:Al. A fase eodiagenética dos arenitos Corda foi marcada pela
precipitacdo de franjas de calcita, cimentacao de estilbite-Ca (pré-compactacédo) e afetada
por compactacdo mecanica. Em temperaturas mais altas precipitou a laumontita. A
cristalizacdo destes minerais foi interrompida pela diminuicdo da temperatura, abaixo de
300° C, ja& que a laumontita € instavel nesta condi¢do. Como resultado da diminui¢do da
pressdo e da temperatura apds o aquecimento regional é observado na sucessdo Corda uma
zonacdo estratigrafica de zedlitas, com laumontita nos estratos inferiores, seguida pela
coexisténcia de laumontita com estilbita, e apenas estilbita na parte superior. Os estagios
diagenéticos da sucessdo jurassica-cretacea da Bacia do Parnaiba foram fortemente
influenciados pelos processos alogénicos ligados ao aquecimento regional da CAMP do
Jurassico e pelo evento Parana-Etendeka do Cretaceo registrados respectivamente nas
por¢des centro-oeste e sudeste da Bacia do Parnaiba. O estudo facioldgico e petrografico
desenvolvido na sucessdo jurassica-cretacea da Bacia do Parnaiba abre uma janela de
oportunidade de se entender a interacdo dos fluxos de lava com a sedimentacéo continental
no periodo da CAMP e P6s-CAMP. O efeito térmico destes eventos gerou fases cimentacao
anémalas que inibiram a diagénese tardia, que pode ser considerada uma assinatura

particular que pode ser estendida para outras bacias do West Gondwana.
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