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RESUMO

A transi¢do Jurassico-Cretaceo foi marcada pela fragmentagdo do supercontinente
Gondwana Oeste e consequente abertura do Oceano Atlantico. Os estagios pré-ruptura foram
caracterizados por soerguimentos epirogénicos associados a acumulagdes volumosas de
magma na infracrosta. Adicionalmente, derrames vulcanicos expressivos ocorreram na por¢ao
central do Gondwana Oeste, compondo a Central Atlantic Magmatic Province (CAMP). Um
estdgio de subsidéncia térmica pds-CAMP permitiu a instalagio de extensos lagos
coincidentes com depocentros da Bacia do Parnaiba, registrado em camadas jurdssico-
cretaceas da Formacdo Pastos Bons (FPB). A FPB ¢ constituida, predominantemente, por
espessos folhelhos avermelhados intercalados a arenitos tabulares. A por¢ao basal ¢
constituida por folhelhos pretos fossiliferos, denominados de Folhelho Muzinho. Devido a
exposicoes descontinuas e deslocamentos por falhas, a estratigrafia do Mesozoico da Bacia do
Parnaiba permanece pouco compreendida e existe a necessidade de trabalhos faciologicos e
estratigraficos de detalhe. Neste sentido, esta pesquisa realizou uma releitura destes depdsitos
para elucidar o paleoambiente e as implicacdes paleogeograficas da FPB no contexto do
supercontinente Gondwana, com base na analise de facies e cicloestratigrafia. A proveniéncia
desta sucessdo foi investigada a partir de diagramas de composi¢do de arenitos,
catodoluminescéncia de quartzo e andlise de minerais pesados. As camadas intituladas
Folhelho Muzinho foram avaliadas através de petrografia, DRX e MEV/EDS. A FPB ¢
composta por cinco associagdes de facies, interpretadas como lacustre central (AF1), sheet-
like delta front (AF2), lacustre marginal (AF3) e canais fluviais efémeros (AF4). A AF1 ¢
composta por ciclos de ressecamento/raseamento ascendente, definidos por folhelhos pretos
milimetricamente intercalados a carbonatos, que gradam para folhelhos avermelhados
alternados a arenitos estratificados/laminados. Os folhelhos sdo compostos por quartzo, illita,
esmectita e calcita. Os niveis fossiliferos incluem macroformas jovens e adultas no mesmo
horizonte, encapsuladas por laminas crenuladas de Fe-esmectitas, ricas em matéria organica.
A AF1 indica sedimentacdo no centro de lagos estratificados, em condigdes eutrdficas e
anoxicas. Eventos de mortandade em massa foram induzidos, provavelmente, pela
contaminagdo da coluna d’agua devido a liberacdo de H,S por cianobactérias. A transi¢ao
para pelitos e arenitos espessos reflete a evolu¢do de lagos underfilled para overfilled,
conforme houve o aumento no aporte de sedimentos e 4gua. A AF2 é composta por arenitos
tabulares em ciclos de espessamento ascendente, que registram desconfinamento do fluxo e

preenchimento progressivo do lago, com consequente retrabalhamento do topo das camadas
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por acao de ondas. A AF3 ¢ constituida por ciclos de raseamento ascendente, demarcados por
marcas onduladas, estruturas de adesdao ou gretas de contracdo. A AF4 ¢ definida por ciclos
granodecrescentes ascendentes desenvolvidos por canais fluviais efémeros, com
conglomerados e arenitos que gradam para pelitos. Esta sucessdo define lagos abertos e
estratificados, dominados por processos de decantagcdo e fluxos desconfinados, em regime
hiperpicnal. O arcabougo estratigrafico da FPB ¢ composto por quatro ciclos deposicionais,
constituidos por ciclos centimétricos a métricos, limitados por superficies de inundagdo. Estes
ciclos definem um padrido retrogradacional-progradacional-retrogradacional, com aumento
ascendente do espaco de acomodagdo condicionado por pulsos da subsidéncia térmica pos-
CAMP e variagdes no suprimento sedimentar. A sucessao mesozoica sugere migracao do
Gondwana Oeste para zonas equatoriais no Jurassico-Cretaceo, com atenuacdo da aridez em
relacdo ao Permiano-Triassico. Os arenitos da FPB indicam proveniéncia de ordgenos
reciclados e interior cratonico, enquanto que dados de catodoluminescéncia indicam fonte
vulcanica predominante. Para testar possiveis correlagcdes com unidades adjacentes, verificou-
se que a assembleia de minerais pesados da FPB ¢ muito similar a de depdsitos edlicos da
Formagdo Corda, e ambas diferem dos depdsitos fluviais da Formacdo Grajat. Os indices
ZTR, GZi e RZi sdo mais altos para os arenitos da FPB e da Formacao Corda, e baixos para a
Formagao Grajau. Os depositos fluviais distinguem-se, sobretudo, por exibirem sillimanita e
alto teor de hornblenda (>50%). Estes dados indicam minerais policiclicos e fontes mistas
para os arenitos mesozoicos da Bacia do Parnaiba. O Grupo Mearim exibe contribui¢ao
vulcanica suprida por basaltos do CAMP e fonte metapelitica de baixo a médio grau
metamorfico. Esta ultima, possivelmente, ¢ representada por rochas neoproterozoicas do
Dominio Médio Coreall, Provincia Borborema. Diferentemente, a Formagdo Grajat foi
suprida por granitos brasilianos tipo-I. Esta evolucdo geoldgica indica mudanga de
proveniéncia ou exumacgdo de areas fontes em comum durante o Mesozoico da Bacia do

Parnaiba.

Palavras-Chave: Estratigrafia; Proveniéncia; Subsidéncia Térmica; Paleoambiente; Lacustre.



ABSTRACT

The Jurassic-Cretaceous transition was marked by the fragmentation of the West
Gondwana supercontinent and consequent opening of the Atlantic Ocean. The pre-rupture
stages were characterized by epeirogenic uplifts associated with voluminous magmatic
accumulation in the infracrust. Additionally, expressive volcanic flows occurred in the central
portion of the West Gondwana, composing the Central Atlantic Magmatic Province (CAMP).
A post-CAMP thermal subsidence stage allowed the installation of massive lakes coincidently
with the depocenters of the Parnaiba Basin, which is recorded in the Jurassic-Cretaceous
Pastos Bons Formation (PBF). The PBF is a predominantly constituted of thick reddish
mudstones interbedded to tabular sandstones. The basal portion is composed of fossiliferous
black shales, the Muzinho Shale. Due to discontinuous exposures and fault displacements, the
stratigraphy of the Mesozoic of the Parnaiba Basin keeps poorly understood and the is a
necessity for more detailed faciological and sedimentological studies. In this sense, this
research performed a sedimentological lecture of these deposits in order to elucidate the
paleoenvitonment and Paleogeography of the PBF in the context of the West Gondwana,
through outcrop-based facies analysis and cyclostratigraphy. The provenance of this
succession was investigated through compositional sandstones diagram, quartz hot
cathodoluminescence and heavy minerals analyses. The Muzinho Shale beds were evaluated
through petrography, XRD and SEM/EDS. The PBF is composed of four facies associations,
interpreted as central lake (FAT1), sheet-like delta front (FA2), lakeshore (AF3) and ephemeral
fluvial channels (FA4). FA1 is composed of drying/shallowing upward cycles, defined by
millimeter-scale black shales interlayered with limestones, that grade to reddish shales and
laminated/stratified sandstones. Shales are composed by quartz, illite, smectite and calcite.
The fossiliferous levels include young and adult macroforms in the same horizon, sandwiched
by crinkly laminations with organic rich Fe-smectites. FA1 indicate sedimentation in the
center of the lakes, in eutrophic and anoxic conditions. Mass mortality events were probably
induced by contamination of the ater column due to H,S release by cyanobacteria. The
transition to mudstones and sandstones reflects the evolution of underfilled to overfilled lakes,
as the sediment and water supply were increased. FA2 is composed of tabular sandstones in
thickening upward cycles, which record unconfined flows and progressive lake filling, with
consequent reworking of the top of the beds by wave action. FA3 is constituted of shallowing
upward cycles, marked by wave marks, adhesion structures or mud cracks. FA4 is defined by

fining upward cycles developed by ephemeral fluvial channels, with conglomerates and
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sandstones grading to mudstones. This succession defines open and stratified lakes,
dominated by settling and unconfined flows, in hyperpycnal regime. The stratigraphic
framework of the PBF is composed of four depositional cycles, constituted of centimeter to
millimeter-scale cycles, bounded by flooding surfaces and unconformities. These cycles
define a retrogradational-progradational-retrogradational stacking pattern, with increasing
accommodation space upward conditioned by post-CAMP thermal subsidence pulses and
variations in sediment supply. The Mesozoic succession suggests migration of the West
Gondwana toward Equatorial regions during Jurassic-Cretaceous, with aridity attenuation
relatively to the Permian-Triassic. The sandstones of the PBF indicate provenance from
recycled orogens and craton interior, whereas cathodoluminescence data indicate
predominantly volcanic sources. In order to test possible correlations with adjacent units, we
verified the heavy minerals assemblage of the PBF is very similar to the Corda Formation,
and both differ from the fluvial deposits of the Grajat Formation. The ZTR, GZi and RZi
indexes are higher for sandstones of the PBF and Corda Formation, and lower for the Grajau
Formation. The fluvial deposits distinguish mainly by sillimanite and high hornblende content
(>50%). These data indicate polycyclic minerals and mixed sources for sandstones of the
Parnaiba Basin. The Mearim Group exhibits volcanic contribution supplied by CAMP basalts
and low to medium grade metapelitic sources. This last was possibly supplied by
Neoproterozoic rocks of the Médio Coreati Domain, Borborema Province. Differently, the
Grajat Formation was supplied by type-I Brazilian granites. This geological evolution
indicates change in provenance areas or exhumation of common source areas during the

Mesozoic of the Parnaiba Basin.

Keywords: Stratigraphy; Provenance; Thermal Subsidence; Paleoenvironment; Lake.
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1 INTRODUCAO
1.1  APRESENTACAO

O Mesozoico foi marcado pela reorganizagdo de massas continentais em resposta a
fragmentacdo do supercontinente Pangea e, posteriormente, do supercontinente Gondwana,
com drésticas consequéncias paleoclimaticas, geologicas e bioldgicas a niveis globais
(Torsvik & Cocks 2013; Holz 2015). Na Bacia do Parnaiba, o Mesozoico (pré-Albiano) ¢
documentado principalmente por estratos siliciclasticos continentais, depositados sob
condi¢des aridas/semiaridas. Este registro consiste em sucessdes desértico-lacustres
(Formagdo Motuca) (Abrantes et al 2016), desérticas (Formagdo Sambaiba) (Abrantes &
Nogueira 2012), flavio-lacustres (Formacdo Pastos Bons) (Romero Ballen 2012), flavio-
eolicas (Formagdo Corda) (Rabelo e Nogueira 2015), além de derrames vulcanicos das
formagdes Mosquito e Sardinha (Uchupi & Emery 1991; Merle et al 2011; Oliveira et al
2018).

Apesar dos avangos recentes, a estratigrafia do Mesozoico da Bacia do Parnaiba
permanece problemadtica, de modo que muitos autores sugerem a necessidade de estudos
detalhados, sobretudo nos depositos jurdssico-cretaceos da Formagdo Pastos Bons (Caldasso
1978; Caldasso & Hama 1978; Goes & Feijo 1994; Vaz et al 2007). Os trabalhos acerca desta
unidade consistem em andlises paleontologicas (Lima & Campos 1980; Gallo & Figueiredo
2004; Gallo 2005; Petra 2006; Montefeltro et al 2013), mapeamentos regionais (Lima & Leite
1978; Goes & Feijo 1994; Vaz et al 2007) ¢ analises facioldgicas pontuais (Romero Ballen
2012; Cardoso et al 2017), e ainda carecem de uma discussdo conjunta destes dados.
Ademais, a defini¢do da distribuicdo, dindmica deposicional e contextualizagdo da Formacao
Pastos Bons quanto a estratigrafia de sequéncias sdo enfoques inéditos na literatura
especializada. Neste sentido, este trabalho utilizou a andlise de facies, cicloestratigrafia e
estratigrafia de sequéncias de alta resolu¢ao para determinar os paleoambientes e controles
deposicionais da Formagdo Pastos Bons, assim como as implicacdes paleogeogréaficas destes
depositos no contexto do supercontinente Gondwana Oeste. Adicionalmente, pretende-se
integrar os dados paleontoldgicos e estratigraficos, a partir do posicionamento dos fosseis
descritos na literatura, e discutir os fatores que influenciam na estratigrafia de sequéncias de
ambientes lacustres sem conexao marinha. O posicionamento estratigrafico desta unidade em
relacdo, principalmente, as formagdes Corda e Grajau, ¢ discutida com base em andlises de

discriminacdo tectonica de arenitos, catodoluminescéncia de quartzo e proveniéncia de



minerais pesados. A area de estudo estd situada na porcdo sudeste da Bacia do Parnaiba,

abrangendo os estados do Maranhao e Piaui, Nordeste do Brasil (Fig. 1).
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OBJETIVOS

Os objetivos deste trabalho incluem a determinacdo da origem dos ciclos
deposicionais da Formacdo Pastos Bons e a definicdo da evolucdo paleoambiental destes
depdsitos na regido sudeste da Bacia do Parnaiba, assim como elucidar os principais fatores
atuantes na deposi¢do desta unidade. Este trabalho ¢ uma oportunidade de discutir a
aplicacdo da estratigrafia de sequéncias e Fischer Plots em ambientes exclusivamente
continentais. Adicionalmente, pretende-se refinar as relagdes estratigraficas da Formacao
Pastos Bons com as unidades adjacentes, principalmente com a Formacdo Corda, e
compreender as implicagdes paleogeograficas desta sucessao no contexto do supercontinente

Gondwana Oeste.



3 MESOZOICO

A Era Mesozoica, compreendida entre 251 e 66 Ma, foi marcada pela fragmentagao do
supercontinente Pangea, com amplas consequéncias paleogeograficas, paleoclimaticas,
geologicas e bioldgicas. Subdivide-se nos periodos Tridssico (251 — 201 Ma), Jurassico (201
— 145 Ma) e Cretaceo (145 — 65,5 Ma) (International Union on Geological Sciences — IUGS,
2013). No Triéssico Inferior houve a separacdo do Pangea entre Laurasia e Gondwana e
consequente abertura do Oceano Indico. No Tridssico Médio a Superior iniciou-se a quebra
do Gondwana, com a separacdo de Antartica e Australia em relagdo a América do Sul e
Africa, enquanto a India se movimentava em diregdo ao norte. A transigdo para o Jurassico foi
marcada pela separacdo entre a América do Norte ¢ América do Sul (Fig. 2a; Wicander &
Monroe 2013; Holz 2015). No Jurassico ocorreu a abertura do Oceano Atlantico Norte, a
partir da separagdo da Africa e da América do Norte e inicio da abertura do Oceano Atlantico
Sul (Fig. 2b). Esta abertura foi finalizada no Cretaceo Inferior, com a separacdo da América
do Sul e Africa, enquanto o mar de Tethys era progressivamente fechado. A América do
Norte e a Groenlandia passaram por processos de fissdo continental e abertura de um mar
restrito. No Cretaceo Superior, Australia e Antartica migraram para o hemisfério sul, préximo
a linha do Equador (Fig. 2c; Veevers 2004; Holz 2015).

A temperatura média global do Mesozoico era de ~25°C (6 - 9°C acima da atual), com
oscilagdes de condi¢des greenhouse quentes a frias, e alguns intervalos curtos de hothouse,
comumente associados a colocacdo de LIPs (large igneous provinces) (Fig. 3; Holz 2015). O
clima da Terra era controlado, principalmente, pela 1) redistribuicdo paleogeografica dos
continentes; 2) erupgdes vulcanicas associadas ao rifteamento do supercontinente Pangea; e 3)
liberagdo de metano em erupcdes vulcanicas (Wicander & Monroe 2013). Esta tendéncia ao
aumento global da temperatura foi esporadicamente revertida por invernos de impacto (impact
winters), ocasionados pela queda de meteoros ¢ a consequente ascensdo de nuvens de poeira,
responsaveis pelo bloqueio temporario de raios solares. Pelo menos nove grandes crateras de
impacto (diametro > 20 km) sdo datadas como mesozoicas (Rajmon 2009).

O Mesozoico, de modo geral, foi caracterizado pelo nivel elevado do mar, a exce¢do
do Induano Inferior (Tridssico Inferior), Hettangiano/Sinemuriano (Jurassico Inferior) e
Valangiano (Cretaceo Inferior) (Holz 2015). A separacdo das massas continentais resultou na
migracdo das linhas de costas, formacdo de mares epiricos e aceleracdo dos padrdes de
circulagdes oceanicas/atmosféricas (Wicander & Monroe 2013). O conteido de O,

atmosférico chegou a valores de 15% no Tridssico Inferior, com aumento gradual e apice em



25 —30% no Cretaceo Superior (Holz 2015). O teor de CO; ¢ estimado em 1200 — 4800 ppm,
4 a 16 vezes acima do valor atual (Fig. 3; Steinthorsdottir et al 2011; Holz 2015).

A transicdo Permiano/Tridssico foi marcada por uma extingdo em massa propiciada
por alteragdes climaticas extremas (Fig. 3) (Twitchett 2006; Mcelwain & Punyasena 2007;
Callegaro et al 2014). No final do Triassico Superior, os invertebrados marinhos repovoaram
0s oceanos € mares, no entanto, com baixa diversidade de espécies. Esta diversidade foi
expandida no Tridssico Superior, com maior proliferagdo de espécies escavadoras. A
ictiofauna era dominada por teledsteos, mas também houve a elevagdo no niimero de espécies
cartilaginosas (Wicander & Monroe 2013). Os continentes eram amplamente dominados por
répteis gigantes, principalmente os dinossauros, surgidos no Tridssico Superior, com epibole
no Jurassico (Bardet et al 2014; Holz 2015). A transi¢do Triassico/Jurassico também registrou
a evolucdo de répteis mamaliformes (terapsideos e cinodontes), enquanto que o Cretaceo
documentou o aparecimento das primeiras espécies de mamiferos. Quanto a flora,
predominavam plantas sem sementes € gimnospermas no Triassico/Jurassico, o que mudou
com o surgimento das angiospermas no Jurassico Superior/Cretaceo Inferior (Wicander &
Monroe 2013).

O final do Cretaceo foi marcado pela sazonalidade climatica, o que exigiu uma grande
capacidade adaptativa dos organismos da época (Holz 2015). A extingdo em massa ocorrida
na transicdo Cretaceo/Paleoceno (Fig. 3) decorreu de impactos extraterrestres, os quais
geraram grandes nuvens de poeira que bloquearam a luz solar, fato que afetou intensamente a
fotossintese, com consequéncias catastroficas para a cadeia alimentar (Veevers 2004;
McEwain & Punyasena 2007; Callegaro et al 2014). Houve a vaporizagdo das rochas e
consequente liberacdo dos 4cidos sulfurico e nitrico, que resultaram em chuvas 4cidas. Além
disso, ocorreu a diminuicdo abrupta da temperatura superficial e vulcanismo intenso
(Wicander & Monroe 2013).

Os principais recursos economicos do Mesozoico sdo depodsitos de carvao (e.g. Bacia
de Kaitanga, Australia); petrdleo e gas natural (e.g. Bacia de Indus, Paquistdo; Bacia de San
Juan, México); uranio, potassio e vanadio (e.g. Platd do Colorado, EUA). Kimberlitos
diamantiferos estdo presentes, principalmente no Platd Iramba (Africa do Sul), além de BIFs
restritas, como na Bacia de Lorraine (Luxemburgo). Placers de ouro sdo comuns nas
Montanhas Klamath (EUA) e depdsitos porfiriticos de cobre ocorrem em maior quantidade no

Copper Belt dos Andes (Peru ¢ Chile) (Wicander & Monroe 2013).



Figura 2 - Paleogeografia mesozoica. A. Tridssico Inferior a Médio. B. Jurassico Médio. C. Cretaceo Superior.

FONTE: Software Global Paleogeography (Scotese, 2000).
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4 CONTEXTO GEOLOGICO REGIONAL

4.1 BACIA DO PARNAIBA

A Bacia do Parnaiba ¢ uma bacia intracratonica paleozoica, situada a norte da
Plataforma Sul-Americana, Nordeste do Brasil, e estende-se pelos estados do Para, Tocantins,
Maranhao, Piaui, Ceard e Bahia (Aguiar 1969; Goes & Feijo 1994). Esta bacia, definida como
do tipo sag (Daly et al 2014), abrange cerca de 600.000 km?, e pode atingir de 3.4 a 3.5 km de
espessura no seu depocentro (Caputo 1984; Vaz et al 2007). O embasamento ¢ composto por
rochas igneas, metamorficas e sedimentares (Vaz et al 2007), pertencentes ao Cinturdo
Araguaia-Tocantins, cratons Amazonico e Sao Francisco, Provincia Borborema, além das
bacias Riachdo e Jaibaras (Victor Zalan 1991; Oliveira ¢ Mohriak 2003; Castro et al 2014),
com idades arqueanas a ordovicianas, formados e/ou retrabalhadas durante o Ciclo Brasiliano
(Vaz et al 2007). O embasamento da Bacia do Parnaiba ¢ composto por trés dominios
distintos, denominados bloco Amazdnico/Araguaia, bloco Parnaiba e bloco Borborema (Daly
et al 2014), além de um sistema de bacias pré-silurianas precursoras, representadas pelas
bacias Riachdo e Jaibaras (Castro et al 2014; Porto et al 2018).

A origem e evolugdo da Bacia do Parnaiba estdo relacionadas, principalmente, a
eventos tectonomagmaticos (Daly et al 2014). Lineamentos ¢ dobramentos importantes foram
gerados e/ou reativados por eventos de descompressdo e resfriamento, com influéncia na
formac¢ao de estruturas grabenformes, sobretudo durante a fragmentacdo do supercontinente
Gondwana (Schobbenhaus et al 1984). Vaz et al (2007) classificaram como estruturas
principais da bacia os linecamentos Pico Santa-Inés, Marajo-Parnaiba e o Lineamento
Transbrasiliano. Estas fei¢cdes foram fundamentais nos estagios de geracdo da bacia, na
evolugdo local e no direcionamento dos eixos deposicionais (Vaz et al, 2007). Gées & Feijo
(1994) dividiram a estratigrafia desta bacia em cinco sequéncias: Sequéncia Siluriana;
Sequéncia Devoniana; Sequéncia Carbonifero-Triassica; Sequéncia Jurdssica e Sequéncia
Cretacea. No entanto, na proposta mais atual, Vaz et al (2007) subdividiram a Bacia do
Parnaiba em Sequéncia Siluriana; Sequéncia MesoDevoniana-EoCarbonifera; Sequéncia

NeoCarbonifera-EoTriassica; Sequéncia Jurassica e Sequéncia Cretacea.

4.2  GRUPO MEARIM

Lisboa (1914) criou os termos Série Mearim e Formacdo Corda, para basaltos e

arenitos na parte superior (Tridssico) do Rio Mearim, respectivamente. Este autor também



criou o termo Camadas Pastos Bons para designar folhelhos e calcarios verdes a marrom-
chocolate, os quais contém lentes de opala, intercalados com arenitos brancos. Em seguida, o
termo Grupo Mearim foi utilizado por Aguiar (1969), com o intuito de agrupar as formagoes
Mosquito, Corda e Sardinha a entdo intitulada Formacao Pastos Bons. Goes & Feijo (1994)
detalharam o Grupo Mearim e sugeriram que este ¢ constituido pelas formagdes Pastos Bons e
Corda, interdigitadas e sobrepostas discordantemente sobre a Formagao Mosquito € ao Grupo
Balsas, além de serem sotopostas, em discordancias, pelos depositos cretaceos das formagdes
Sardinha, Grajati, Cod6 e Grupo Itapecuru. A partir de reavaliagdes feitas por Vaz et al
(2007), a idade cretacea foi sugerida para a Formagao Corda, o que deixou apenas a Formagao
Pastos Bons como representante do Jurassico na Bacia do Parnaiba. Romero Ballén (2012) e
Rabelo & Nogueira (2015) discutem tal afirmacdo e sugerem que a Formagdo Corda é,
também, jurassica.

A Formagdo Corda ¢ composta por arenitos finos a médios, bimodais, cinza-
esbranquicados e avermelhados, com graos arredondados e foscos de quartzo, com alguns
niveis de silex (Goes & Feijo 1994; Santos & Carvalho 2004). De acordo com Vaz et al
(2007), a deposicdo dessa unidade foi influenciada pelo arqueamento Alto Parnaiba. O
ambiente determinado foi desértico com subambientes flivio-lacustres (Gdoes & Feijo 1994;

Romero Ballen 2012; Rabelo & Nogueira, 2015).

43 FORMACAO PASTOS BONS

A Formagdo Pastos Bons foi primeiramente definida por Lisboa (1914) como
Camadas Pastos Bons, a qual designava a intercalagao de calcarios, folhelhos e arenitos entre
a cidade homonima e o municipio de Sao Jodo dos Patos, ambos no Estado do Maranhao.
Apesar disto, muitos dos trabalhos posteriores ndo seguiram a proposta inicial que, aliada a
complexidade das relagdes de contato da Formagdo Pastos Bons e unidades adjacentes, gerou
divergéncias na estratigrafia do Mesozoico da Bacia do Parnaiba. Brazil et al (1948)
posicionaram as camadas referentes as formac¢des Motuca, Sambaiba e Pastos Bons na entdo
denominada Formagdo Melancieiras. Campbell (1949), contudo, atribuiu as Camadas Pastos
Bons a Formagao Motuca. Mesner & Wooldridge (1964) elevaram as Camadas Pastos Bons
ao nivel de formacao. Posteriormente, Aguiar (1969) utilizou esta denominagao para referir-se
a lamitos do vale do Rio Pedra de Fogo, ao sul da cidade de Pastos Bons. Em seguida, Cunha
& Carneiro (1972) unificaram as formagdes Pastos Bons e Corda (Sistema Desértico Corda-

Pastos Bons). Nunes (1973) reavaliou a estratigrafia da regido entre Teresina-Jaguaribe e
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incluiu as formagdes Pastos Bons e Motuca na Formagao Pedra de Fogo e omitiu a Formagao
Corda. Tantas divergéncias estratigraficas (Fig. 4) e litologicas levaram alguns autores a
recomendarem a redefini¢do ou a exclusao do termo “Formagao Pastos Bons” (Caldasso
1978; Goes & Feijo 1994) e, mesmo em trabalhos mais recentes (Vaz et al 2007; Romero
Ballen 2012; Rabelo & Nogueira 2015), ainda ndo existe consenso quanto ao posicionamento
estratigrafico desta unidade.

A deposi¢ao da Formacao Pastos Bons se deu ao longo da Estrutura de Xambiod, que
se comportou como um baixo deposicional durante o Mesozoico (Hasui et al 1991).
Trabalhos prévios interpretam que a sedimentacdo desta unidade foi localizada em
paleodepressodes, concentradas entre altos topograficos gerados por derrames magmaticos
(Lima & Leite 1978; Goes & Feijo 1994; Vaz et al 2007). A Formagao Pastos Bons apresenta
77 m de espessura no seu depocentro, e abrange folhelhos e arenitos esverdeados € marrom-
avermelhados proximos ao municipio de Pastos Bons, localizado no Maranhdo. Esta unidade
representa a porgdo Jurassica Superior da Bacia do Parnaiba (Gallo 2005; Vaz et al 2007,
Montefeltro et al 2013), e apresenta-se, de leste para oeste, em contato discordante com as
Formacodes Poti, Piaui (entre Floriano ¢ Monsenhor Gil - PI) (Santos & Carvalho 2004), Pedra
de Fogo (no Riacho Pedra de Fogo - MA) e Motuca (Lima & Leite 1978); e concordante e
gradacional com a Formagdo Corda (Aguiar 1971). A Formacao Pastos Bons estende-se ao
longo do vale do Rio Itapecuru e seus afluentes, no Estado do Maranhdo até o Piaui, onde
aflora de modo intermitente até a regido de Floriano (PI) (Lima & Leite 1978).

Caputo (1984) subdividiu esta unidade em trés partes: 1) a base é constituida por
arenitos brancos com variagdes esverdeadas-amareladas, compostos por graos de
granulometria fina a média, subarredondados e, comumente, com estratificagdo plano-paralela
e, pontualmente, lentes de calcario; 2) parte média, caracterizada por siltitos,
folhelhos/argilitos cinza-esverdeados, com intercalagdes de arenitos; e 3) o intervalo superior
contém arenitos vermelhos/rosados, de granulometria fina, que gradam para siltitos, com
alguns niveis de folhelho. Embora o posicionamento estratigrafico da Formagao Pastos Bons
seja muito questionado, o paleoambiente desta unidade ¢ definido pela maioria dos autores
como lacustre com influéncia fluvial, em clima semidrido a arido (Mesner & Wooldridge
1964; Caputo 1984; Goes & Feijo 1994; Petra 2006; Vaz et al 2007; Romero Ballen et al
2013). Mais recentemente, Cardoso et al (2017) definiram um sistema de flysch-like delta
front para esta unidade.

Romero Ballen (2012) sugere tectonica em blocos para a regido entre Pastos Bons e

Fortaleza dos Nogueiras, Estado do Maranhdo, baseado na disposi¢do de padrdes
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sedimentares, falhas de direcio NNW-SSE nas margens oeste e sul do Alto do Itapecuru e na
presenca de uma janela da Formagao Sambaiba na area da Serra das Alpercatas (Cunha &
Carneiro 1972; Lima & Leite 1978). De acordo com Romero Ballen (2012), estas falhas
afetaram principalmente as formacdes Pastos Bons e Corda e estariam associadas ao episddio
distensivo que culminou na abertura do Oceano Atlantico Sul. Ainda segundo este autor,
dados de paleocorrente indicam fluxo para oeste, com a fonte sedimentar representada pelo
proprio Alto do Itapecuru. Estas evidéncias levaram Romero Ballen (2012) a subdividir duas
sub-bacias, nomeadas com base nas cidades homodnimas: a sub-bacia de Fortaleza dos

Nogueiras (a oeste) e a sub-bacia de Pastos Bons (a leste).

4.3.1 Conteudo Fossilifero e Idade da Formacao Pastos Bons

O contetido fossilifero da Formagdo Pastos Bons ¢ constituido, principalmente, por
peixes, conchostraceos e palinomorfos (Lima & Campos 1980; Gallo 2005) e sua unidade
fossilifera principal ¢ representada pelo Folhelho Muzinho. Nestas camadas foi encontrado o
género Lepidotes piauhyensis, cuja idade sugerida inicialmente foi Cretaceo Superior (Roxo
& Loefgren 1936). Posteriormente, Kegel (1956)* apud Caldasso (1978) utilizou a associagdo
Lepidotes e Semionotus para atribuir idade triassica superior para estes folhelhos. Entretanto,
o registro do género Pholidophoridae conduziu Santos (1953) a recomendar que estas
camadas fossem posicionadas no Tridssico Médio-Jurdssico Superior. Em seguida, por
intermédio de Macrolimnadiopsis que ocorrem no Folhelho Muzinho, Beurlen (1954) adotou
idade triassica superior. Enquanto que Santos (1974) sugeriu idade jurassica média, a partir de
Pleurophoideos e Macrosemiideos.

A partir da identificacio de organismos lacustrinos pertencentes aos géneros
Lioestheria, Macrolimnadiopsis, ostracodes do género Candona e conchostraceos, a idade
jurassica superior também foi proposta por Pinto & Purper (1974), que associaram estas
ocorréncias com a Formagdo Pastos Bons, assim como Plummer (1948) ¢ Mesner &
Wooldridge (1964). Contudo, os estudos palinoldgicos de Lima & Campos (1980) no
Folhelho Muzinho indicaram idade eocretacea (Barremiano). Gallo (2005), em reavaliagdao do
trabalho de Roxo & Ldefgren (1936), atestou idade jurdssica superior-cretacea inferior para a
Formagao Pastos Bons. Idade semelhante foi sugerida por Petra (2006) e Bernardes-de-
Oliveira et al (2007), com base na descrigdo de peixes e palinomorfos mesofiticos,
respectivamente, estes ultimos possivelmente correlatos ao Andar Dom Jodo. Outra

ocorréncia importante nesta unidade é o registro de uma nova espécie de crocodiliano
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(Batrachomimus pastosbonensis; Montefeltro et al 2013), pertencente ao Jurassico Superior,

tinico representante dos Paralligatoridae, grupo anteriormente reconhecido apenas na Asia.

*Kegel, W; 1956. As inconformidades na Bacia do Parnaiba e zonas adjacentes. Rio de

Janeiro, DNPM/DMG, Boletim 141, 46p, 1956.
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5 MATERIAIS E METODOS

5.1 ANALISE DE FACIES

Esta etapa teve como base a técnica de modelamento de facies sugerida por Walker
(1992), constituida pela: 1) individualizacdo e descrigdo de facies, com o objetivo de
caracterizar a mineralogia, textura e aspectos geométricos, bem como as estruturas
sedimentares, conteudo fossilifero e padrdes de paleocorrente presentes; 2) a compreensao
dos processos sedimentares que atuaram na formacdo das facies e 3) associacdo de facies,
com base em facies contemporaneas e cogenéticas, as quais permitem a defini¢do de
diferentes ambientes e sistemas deposicionais. Este método foi utilizado em campo e

auxiliado por se¢des panoramicas e perfis colunares confeccionados em afloramentos.

5.2 ESTRATIGRAFIA DE SEQUENCIAS

Neste trabalho, utilizou-se a estratigrafia de sequéncias de alta resolugdo (Vail &
Posamentier 1988; Van Wagoner et al 1990; Posamentier et al 1988; Mitchum & Van
Wagoner 1991; Posamentier & James 1993; Kerans & Tinker 1997; Ribeiro 2001; Catuneanu
2006). Este método permitiu a reconstitui¢do dos fatores controladores da sedimentagdo e sua
relagdo com a formacdo de superficies deposicionais. A determinagdo de “ordens” (i.e.
terceira, quarta, quinta; Goldhammer et al 1993) ¢ usada com restrigdes devido a
subjetividade dos limites de tempo que separam as varias escalas de ciclicidade e o menor

periodo de formacao das sequéncias lacustres em comparacao as sequéncias marinhas.

5.3 CICLOESTRATIGRAFIA

A delimitacao de superficies-chave na escala de afloramento foi utilizada na localizagao
dos ciclos. Utiliza-se, neste trabalho, a defini¢cao de Kerans & Tinker (1997), na qual um ciclo
de escala métrica representa superficies de quarta a quinta ordem. Esta proposta ¢ similar a
defini¢do de parassequéncia (Spence & Tucker 2007), que corresponde a sucessoes
sedimentares regionais, de escala métrica, com facies que indicam raseamento ascendente,
aprofundamento seguido de raseamento ascendente, agradacdo ou espessura constante da
lamina d’agua. Ciclos recorrentes serdo subdivididos em sequéncias deposicionais (e.g. Vail

1987), as quais constituem uma ferramenta fundamental na analise de alta resolucdo,



15

sobretudo na defini¢do de tratos de sistema ¢ oscilagoes do nivel de base. Neste sentido,
Fischer Plots foram utilizados para avaliar as variagdes de ciclicidades (mudangas de facies,
espessura, frequéncia/padrio) e determinacdo de superficies-chave (Fischer 1964; Sadler et al
1993; Bosence et al, 2009). Esta metodologia compara o desvio cumulativo a partir da
espessura média dos ciclos € o nimero de ciclos, no intuito de modelar a taxa de criagdo de
espago de acomodacao relacionada as variacdes do nivel de base. Nesta etapa, a extensdo

Fischer Plot Excel foi utilizada, conforme Husinec et al (2008).

54 PETROGRAFIA DE ARENITOS

A andlise textural, mineralogica e diagenética foi feita a partir da confec¢ao de laminas
delgadas e a contagem de, no minimo, 300 pontos, com posterior classificagdo segundo a
proposta de Folk (1968). O equipamento utilizado nesta etapa foi um microscopio
petrografico Axioskop polarizador e acessorios Zeiss, acoplado a uma camera digital Sony
CYBERSHOT, MPEG MOVIE EX, com 3.3 Mega Pixels e zoom de 6.0x em modo de cena,

com a qual foram obtidas as fotomicrografias.

5.5 CATODOLUMINESCENCIA

A andlise de catodoluminescéncia foi realizada em um CITL Cathodoluminescence
MkS5-2. As imagens foram capturadas por uma camera Leica DFC310 FX, acoplada a um
microscopio Leica DM4500 P Led, posteriormente processadas no software LAS V4.4. O
sistema foi operado com uma aceleragao de voltagem de 15 Kv, corrente de 150 pA e vacuo
entre 0.003 e 0.05 Pa em tempo de exposi¢ao de 10 a 15 s e, em seguida, 50 s. Esta etapa
contou com amostras de arenitos das formagdes Pastos Bons (8 amostras) e Corda (8
amostras). Critérios de definicdo da proveniéncia com base na luminescéncia do quartzo
foram baseados em Augustsson & Bahlburg (2003), Bernet & Basset (2005) e Augustsson &
Rekker (2012). Esta fase foi auxiliada por critérios petrograficos para a identificacdo de

proveniéncia de quartzo, conforme Oliveira et al (2017).

5.6 MINERAIS PESADOS

A coleta sistematica de amostras foi realizada nos pacotes de arenito da sucessdao

estudada, cujas granulometrias variam de fina a média. Esta etapa foi seguida pela
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desagregacdo e peneiramento a seco ¢ a umido. A determinagdo da assembleia de minerais
pesados seguiu a metodologia cldssica descrita por Morton (1985; 2012), de modo que os
minerais pesados foram separados nas fragdes 0,062-0,125 mm e 0,125-0,250 mm, com a
elutriagdo em bromoférmio (densidade 2,8 g/cm3) e posterior montagem em laminas de vidro.
Contagens de 100-300 graos foram realizadas segundo a técnica de ribbon couting
(Galehouse 1971). Para melhor restringir a proveniéncia com base em minerais pesado,
Morton & Hallsworth (1994) sugeriram a contagem e calculo da propor¢ao de minerais com o
mesmo comportamento hidraulico e diagenético. Neste sentido, os indices GZi e RZi também
foram empregados para os depositos estudados. Este trabalho contou com 14 amostras da
Formacgao Pastos Bons, 10 amostras da Formagdo Corda e 4 amostras da Formacao Grajau.
Amostras com concentragdo de pesados ndo-opacos e ndo-micdceos insuficientes para a
analise quantitativa foram utilizadas apenas na identificacdo mineraldgica e descricdo dos

principais aspectos morfoldgicos e texturais dos graos.

5.7 DIFRACAO DE RAIOS-X

As andlises de difragdo de raios-X foram realizadas no Laboratério de Difracdo de
Raios-X do Instituto de Geociéncias e aplicadas em seis amostras do “Folhelho Muzinho”
(Roxo & Loefgren 1936). Nesta etapa, utilizou-se um Difratdmetro modelo Empyrean da
PANalytical, com tubos de raios-X cerdmicos de anodo de Co (Kq= 1,789010 A), foco fino
longo, filtro K de Fe, detector PIXCEL3D-Medpix3 1x1, no modo scanning, com voltagem
de 40 kV, corrente de 35 mA, tamanho do passo 0.0262° em 26, varredura de 3.0072° a
94.9979° em 20, tempo/passo de 30,6 s, fenda divergente: 1/4° e anti-espalhamento: 1/2°,

mascara: 10 mm.
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ARTIGO 1 - Lake cyclicity as response to thermal subsidence: a post-CAMP scenario in
the Parnaiba Basin, NE Brazil

Cardosol, A.R.; Nogueiral, A.C.R.; Rabelol, C.E.N.

' Programa de P6s-Graduaciio em Geologia e Geoquimica — Universidade Federal do Para

Abstract

The Jurassic-Cretaceous transition was marked by the fragmentation of the West Gondwana
supercontinent and consequent opening of the Atlantic Ocean. This event resulted in extensive
lava flows in the central portion of West Gondwana, composing the Central Atlantic
Magmatic Province. In the Parnaiba Basin (NE Brazil), a large lacustrine system succeeded
this event, nevertheless, the post-CAMP scenario and the influence of the decreasing
isotherms in the Mesozoic sedimentation are poorly understood. In this sense,
cyclostratigraphy and outcrop-based facies analysis were carried out in the lacustrine
stratigraphic record, allowing the recognition of four paleoenvironments: central lake, sheet-
like delta front, lakeshore and ephemeral fluvial channels, mainly organized in shallowing
upward cycles. The upsection transition of thin black shales and limestones to thick oxidized
mudstones and stratified sandstones reflects the evolution of underfilled to overfilled lake
settings. The lacustrine succession is organized in four major depositional cycles,
characterized by millimeter to centimeter-scale cycles, bounded by unconformities or flooding
surfaces. The cycles define a retrogradational-progradational-retrogradational stacking
pattern, with random and frequent changes in lithology and cycle thickness. Subsidence was
also influenced by crustal loading associated with thick subsurface Jurassic intrusions.
Cyclostratigraphic data suggest that the upward increasing accommodation space was
controlled by the post-CAMP thermal subsidence, as well as shifts in sedimentary supply and

water inflow/outflow.

1 INTRODUCTION

The last depositional history in West Gondwana during terminal Jurassic times was
concomitant to the subsidence that preceded the continental break up (Torsvik and Cocks,
2013). Shot-lived asthenospheric upwelling beneath the plate is linked to basic intrusions that
modified the Gondwana landmass organization and caused localized uplifts adjacent to

extensive thermally subsiding regions (Klocking et al, 2018). These subsiding zones allowed
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the establishment of a large lacustrine setting coincident with the Mesozoic depocenters
(Cardoso et al, 2017). This geological pathway is recorded in the Upper Jurassic-Lower
Cretaceous lacustrine siliciclastic deposits of the Parnaiba Basin, Northeastern Brazil (Fig. 1).
The most expressive magmatic event in West Gondwana is linked to the Central Atlantic
Magmatic Province (CAMP), which comprises massive lava flows triggered by the Atlantic
Ocean opening (Torsvik and Cocks, 2013; Oliveira et al, 2018).

Large magmatic accumulations concentrated on the northern Brazilian sedimentary
basins comprise subvolcanic intrusions up to 700.000 km?, equivalent to 58-66% of the
CAMP sill volumes worldwide (Svensen et al, 2018). In the Parnaiba Basin, these sills may
reach up to 250 m-thick and hundreds of kilometers in extent (Trosdtorf Jr. et al, 2018),
although little is known about the post-magmatic stages. The influence of subsidence and
extensional processes in lake generation is widely reported; nevertheless, the role of thermal
subsidence in lacustrine depositional sequences is rarely addressed in previous works (e.g.
Allen, 1997; Higgs, 1999; Abdullayev et al, 2018). This favors to consider the Mesozoic
lacustrine siliciclastic succession as the prime candidate to evaluate the depositional history
developed during Upper Jurassic-Lower Cretaceous in West Gondwana. The outcrop-based
facies and stratigraphic analysis allowed identifying depositional sequences and different
cycle patterns, providing a new stratigraphic lecture for this succession. Afterwards, we
interpret the paleogeographic implications of these deposits in the context of the West
Gondwana supercontinent. Furthermore, the cyclostratigraphic analysis of lacustrine deposits
allowed including criteria to reach a more robust stratigraphic framework for Mesozoic Era of
the Parnaiba Basin, as well as contributing to understand the post-CAMP events in the West

Gondwana.



19

N

A

[ cAmP intrusions
N\ CAMP dykes

. CAMP boundary

West
Gondwana

3 S
a rench,
1 Sufinam Guyal

-~
-~ SOUTH AMERICA

STZIW ATVOW SZATICW  AZES0W 42TV

6°3730"S

640005

6°4290'S.

E4500S

6°4730°S

650008

Cenozoic Deposits Legend
PARNAIBA BASIN St A
Upper Cretaceous [- Corda Formation I:I Yy Area
[ wesec L - Formation % Outerop
Paleozoic
i /\/ Roads
Séo Francisco CRYSTALLINE BASEMENT [ Pastos Bans Formation
eton Neoproterozoic ~~~~— Rivers
[N ] - Poti Formation
=" [:‘ Archean-Paleoproterczoic ) City

Figure 1 - Location map of the study area. A. Central Atlantic Magmatic Province distribution in West
Gondwana (from Torsvik and Cocks, 2013). B. Detailed occurrence of CAMP-related volcanic rocks in West
Gondwana (Modified from Schaller et al, 2012). C. Parnaiba Basin, northeastern Brazil and main geotectonic
boundaries (modified from Schobbenhaus et al, 1984; Santos and Carvalho, 2004). D. Study area, southeastern
Parnaiba Basin.

2 GEOLOGICAL SETTING

The Parnaiba Basin is a Paleozoic intracratonic basin, located in the northern South
American Platform, northeastern Brazil (Aguiar, 1969; 1971; Goées and Feijo, 1994). This
basin is defined as a sag-type (Daly et al, 2014), comprises approximately 600.000 km? and
may reach 3.4 to 3.5 km-thick sediments in its center (Caputo, 1984; Vaz et al, 2007). The
origin and evolution of the Parnaiba Basin are mainly related to tectonomagmatic events

(Daly et al, 2014). Important lineaments and fold structures were generated and/or reactivated
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by decompression and cooling events, which influenced in grabens formation, especially
during the Gondwana fragmentation (Schobbenhaus et al, 1984). The basement is represented
by crystalline rocks of the Araguaia-Tocantins Fold Belt, Borborema Province and pre-
Silurian precursor basins (Riachdo and Jaibaras basins) (Castro et al, 2014; Daly et al, 2014;
Porto et al, 2018).

The Mesozoic Era was marked by the landmass reorganization due to the
fragmentation of Pangea and, afterwards, of the Gondwana supercontinent resulting in drastic
ecological and geological consequences on a global scale (Torsvik and Cocks, 2013; Holz,
2015). In the Parnaiba Basin, this scenario is documented by continental strata deposited in
arid/semiarid conditions recording desertic-lacustrine (Motuca Formation) (Abrantes et al,
2016), desertic (Sambaiba Formation) (Abrantes and Nogueira, 2012), fluvial-lacustrine
(Pastos Bons Formation) (Romero Ballen, 2012; Cardoso et al, 2017), fluvial-acolian (Corda
Formation) (Rabelo and Nogueira, 2015), fluvial-deltaic (Grajau Formation) (Goées and
Rossetti, 2001) and extensive volcanic plains (Merle et al, 2011; Oliveira et al, 2018). The
magmatic events are mainly subdivided in two stages, generated during the Lower Jurassic
and Upper Cretaceous (Veevers, 2004; Torsvik and Cocks, 2013; Merle et al, 2011; Heilbron
et al, 2018). The first event is accurately related to the Central Atlantic Magmatic Province
(CAMP), a massive outpouring of lava flows concomitant to the opening of the Atlantic
Ocean, whereas the origin of the second stage, as well as the possible occurrence of a third
stage, remain debatable (Heilbron et al, 2018; Klocking et al, 2018; Oliveira et al, 2018).

The lacustrine succession of the Pastos Bons Formation, focus of this work, is
positioned in the Jurassic Sequence of the Parnaiba Basin. The deposition of this unit
occurred through the Xambioa Structure, which behaved as a depression during the Mesozoic
(Hasui et al, 1991). Many authors consider that this deposition was concentrated in
paleodepressions, located between topographic highs formed by lava flows (Lima and Leite,
1978; Goées and Feijo, 1994; Vaz et al, 2007). These deposits unconformably overlie
Paleozoic successions of Poti, Piaui, Pedra de Fogo and Motuca formations (from east to
west) and present concordant to gradational contacts with Corda Formation (Aguiar, 1971,
Lima and Leite, 1978; Santos and Carvalho, 2004). Pastos Bons Formation is defined as a
fluvial-influenced lacustrine setting in arid/semiarid climate, with local occurrence of deltaic
deposits (Mesner and Wooldridge, 1964; Caputo, 1984; Goes and Feijo, 1994; Petra, 2006;
Vaz et al, 2007; Romero Ballen, 2012; Cardoso et al, 2017).
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3 METHODS

Facies analysis followed the facies modeling suggested by Walker (1992), constituted
by facies individualization and description, comprehension of depositional processes and
assembly of cogenetic/contemporaneous facies. X-ray diffraction followed total rock method
and was applied in black shales to improve the mineralogical characterization.
Cyclostratigraphy, based on the delimitation of key surfaces in outcrop scale, was applied in
the identification and positioning of the individual cycles. In this work, we use the definiton
of Kerans and Tinker (1997), in which metric cycles represent fourth and fifth order
processes. This proposal is similar to the parasequence definition, which corresponds to
genetically related sedimentary successions, bounded by flooding surfaces (Spencer and
Tucker, 2007; Catuneanu et al, 2009). Recurrent cycles were subdivided in depositional
cycles (Vail and Posamentier, 1987), which constitute a fundamental tool in high-resolution
analyses, in this case considering the base level oscillations of the lake. In this sense, in order
to evaluate cyclicity variations (facies changes, thickness, frequency/pattern) and define key-
surfaces, we used the Fischer Plots extension (Fischer, 1964; Sadler et al, 1993; Bosence et
al, 2009). This methodology compares the cumulative departure from average cycle thickness
and the cycle number to estimate the accomodation space creation rate related to base level

variations (Husinec et al, 2008).

4 RESULTS

4.1 GENERAL ASPECTS

The Pastos Bons Formation is exposed throughout road cuts, dried drainage beds and
small hills with exposures that reach up to 30 m-thick. Composite profiles indicate
approximately 50 m-thick for the entire studied succession (Fig. 2). Intrusive basaltic dykes
related to Cretaceous magmatism form bodies with tabular to irregular geometry reaching 30-
50 cm-thick and oriented towards N-S and NE-SW (Fig. 2a). Cemented sandstones and gray
and green-colored mudstones occur in the contact aureoles of these intrusions. Other
diagenetic or hydrothermal features are calcite druses and calcite veins. Polymictic clast-
supported conglomerate and coarse-grained sandstone from mid-Cretaceous Grajat
Formation unconformably overlies the studied succession, interpreted as fluvial deposits with
migration to NW (Fig. 2¢). Grajau deposits contain basalt clasts suggesting a post-magmatic

deposition. Coarse-grained fluvial sandstones of the Grajai Formation fill metric dykes that
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cut the top of Pastos Bons Formation (Fig. 2b). These clastic dykes can be considered as a
fracturing or geomorphological readjustment coeval with the deposition of Grajat Formation.
Graben-like structures present ENE-WSW and NW-SE trends and occur in a stepped-like
setting throughout approximately 200 km-width, as indicated by geophysical and stratigraphic
data (Meju et al, 1999; Ballén, 2012). This extensional faulting affected the Paleozoic
basement, Mesozoic succession (Mosquito and Pastos Bons formations) and Cenozoic
lateritic levels in the topmost Pastos Bons beds, such that this unit may be topographic below
or in lateral contacts with Paleozoic units (Fig. 2d).

The stratigraphic relations of the Pastos Bons deposits are summarized in Fig. 3. The
outcrop-based facies analysis identified seventeen siliciclastic and chemical facies
representative of a lacustrine system grouped in four facies associations: FA1 — central lake;
FA2 — sheet-like delta front; FA3 — lakeshore; and FA4 — ephemeral fluvial channels (Table
1; Fig. 4).
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Jurassic
deposits

Paleozoic
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Figure 2 — Stratigraphic relations of the Upper Jurassic lacustrine deposits. A. Sardinha Formation dykes,
crosscutting Pastos Bon Formation (Scale: 34 cm). B. Sedimentary dyke filled by fluvial deposits of the Grajau
Formation in the top of Pastos Bons beds (Scale: 34 cm). C. Fluvial deposits (Grajati Formation) unconformably
overlying Pastos Bons Formation (Scale: 1.70 m). D. Graben structures in the Parnaiba Basin, with Paleozoic
basement topographically higher than Mesozoic deposits (Scale: 1.85 m).
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Table 1 — Facies, facies associations and depositional processes of Upper Mesozoic lacustrine succession of the

Parnaiba Basin, Northeastern Brazil.

Facies

Laminated Limestone (L)

Fossiliferous Shale (Sf)

Laminated Mudstone (M1)

Mudstone with mudcracks (Mmc)

Massive Siltstone (Sim)

Massive Sandstone (Sm)

Sandstone with supercritically
climbing ripple cross-lamination

(Scr)

Description

Milimiter to centimeter-scale
tabular beds composed by fibrous

calcite crystals.

0.2-5 m-thick black shales, with

tabular geometry and even-
parallel lamination. Fossils of
Lepidotes

piauhyensis  occur

throughout the beds.

Reddish, afossiliferous mudstone
beds, with tabular geometry, 0.5-
7 m-thick, laterally continuous. It
presents even-parallel lamination

to massive structure.

Centimeter-scale mudstone beds
(<10 cm), with red color and

quadratic mudcracks.

2 m-thick massive to laminated
siltstone beds, with grayish color
Sandstone lenses occur locally

and exhibit undulose laminations.

Fine-grained, greenish to whitish
sandstones, with massive to even-
parallel structures. Cementation

by carbonates.

Fine-grained sandstones, with

subrounded and  well-sorted
grains, whitish to yellowish, and
supercritically climbing ripple
cross-laminations, capped by clay

films. Beds are 0.3-2.5 m-thick.

Depositional Processes

Lake water drop, Ca and CO?

saturation and consequent
chemical precipitation in a low

energy environment.

Transportation through

suspension and deposition
through fall-out in shallow water,
high organic matter preservation
in anoxic environment and with

low sedimentary supply.

Transportation through
suspension and deposition
through fall-out with

subordinated traction.

Low energy sedimentation and
posterior subaerial exposure in
semiarid/arid climate. Exposure

and desiccation of muds.

Transport through suspension and

deposition  through  fall-out.

Combined flow occurred

subordinately.

Rapid sand deposition by

traction, with consequent

liquefaction. Cementation by

diagenetic fluids.

tractive

high

Predominantly
transportation with

sedimentary supply rate.



Sandstone with adhesion
structures (Sa)

Sandstone with even-parallel
stratification (Sep)

Sandstone with trough cross-

stratification (St)

Sandstone with incipient cross-

stratification (Si)

Sandstone with wave structures

(Sw)

Sandstone with wave marks

(Swm)

Stratified Breccia (Bs)

Fine-grained sandstones, with

well-sorted and rounded to
subrounded grains. These layers
warts and

exhibit adhesion

adhesion laminations.

Tabular
beds,

yellowish  sandstone

0.2-1.5 m-thick, with

rounded to subrounded,
moderately-sorted grains. These
strata are fine to medium-grained,
with even-parallel stratification
and normal-to-reverse grading.

Contacts may be marked by ball

and pillow and flame structures.

Fine to medium-grained

sandstone beds, with trough
cross-stratification, in irregular

beds, 0.5-1 m-thick.

Sandstones with medium-scale
incipient cross-stratifications are
up to 3 m-thick and exhibit
irregular morphology. Abundant
mica and quartz clasts in the
sandstone. Paleocurrents indicate

migration towards N/NE.

Irregular beds up to 5 m-thick,
with undulose lamination, pinch
and swell and wave ripples,
which are capped by clay films.
Contacts with adjacent facies
may be marked by ball and

pillow and flame structures.

Fine-grained, well-sorted
sandstones, with rounded grains
in beds with 0.3-0.5 m-thick.

Asymmetrical wave marks.

Tabular to base-truncated beds,

0.2-2 m-thick, consisting in large

Subaereal exposure of a humid

sandy substrate and aeolian

reworking.

Bedforms with straight crest

transported by traction and

predominance of upper flow

regime. Unconfined and wax-

wane flow.

Transportation by traction of
bedforms with sinuous crest and
flow

predominance of lower

regime.

Transportation by traction of
bedforms with sinuous crest and
flow

predominance of lower

regime.

Predominance of combined flow
in shallow lake water. Plastic

adjustment by liquefaction.

Decrease of  water level

accompanied by increase of
sediment supply, shoaling and

oscillatory flow reworking.

Deposition by traction in a high

energy environment with
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Massive Conglomerate (Cm)

Cross-stratified

(Cs)

Conglomerate

floating clasts (0,5-17 c¢cm) in a
coarse-grained matrix.  Silex,
sandstone, mudstone and quartz
clasts are common. Medium-

scale tangential Cross-
stratification is present. These

beds are cemented by carbonate.

Tabular, brown to greyish
conglomerate beds, up to 1 m-
thick, composed by clast- and
massive

matrix supported

conglomerates with

predominance of quartz clasts.

Clast- to matrix-supported

conglomerates, with greyish
colored beds, tabular to irregular
geometry and 0.5-1.5 m-thick.
These strata present medium-
scale trough cross-stratification.
Mudstone and quartz clasts (< 4
in the

cm). are disseminated

coarse-grained matrix.

substrate reworking by fluvial

channels.

Rapid sedimentation by fluvial
channels, with predominance of

unidirectional bed-load currents.

High energy deposition by fluvial
channels, with predominance of

bedload unidirectional currents.
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4.2  FACIES ASSOCIATION

FA1 — Central Lake

The FA1 is constituted by fossiliferous shale (Sf), laminated limestone (L), laminated
mudstone (M), laminated siltstone (Sl), sandstone with supercritically climbing ripples
lamination (Scr) and massive bedding (Sm). Shales and limestones are organized in
shallowing/salinization upward cycles in the base of this succession and upsection occurs a
thickening upward of mudstone (Fig. 5a). The facies Sf is constituted of tabular, pyrite-
bearing black shales with even-parallel lamination associated with abundant Lepidotes
piauhyensis fossils (Fig. 5b). Several specimens of adult and young individuals with different
sizes are well-preserved. X-ray diffraction in black shales indicate predominance of smectite,
illite, calcite and quartz. Thin horizons define small-scale (<0.3 m) shallowing/salinization
upward cycles with L1 facies in the top constituted of fibrous calcite crystals, forming tabular
and irregular layers, laterally continuous for dozens of meters. These packages grade
vertically to laminated or massive, oxidized, afossiliferous and relatively thick (~7 m)
mudstone (M1 facies), locally with sandstone lenses (Fig. 5c, d). Massive to even-parallel
laminated siltstone are up to 6 m-thick and can be continuously correlated for hundreds of
meters along of the studied area.

The upper portion of FA1 is characterized by centimeter to millimeter-thick beds of
massive to laminated sandstone interbedded with mudstone (Sm and Src facies). This
association consists in tabular to irregular strata formed by small-scale thickening upward
cycles with predominance of mudstone beds. Facies Src presents pervasive calcite cement
and, locally, veins filled by spar calcite. The upper contact with FA2 is sharp and occasionally
exhibits deformational structures.

Interpretation: FA1 records two different lacustrine phases. The first phase includes
facies St and LI, organized in millimeter to centimeter-scale shallowing/salinization upward
cycles. Pyrite-bearing black shales and the whole-body-fossil of Lepidotes piauhyensis
indicate low energy and anoxic conditions related to the central portions of the lake. We
considered an active thermocline, such that the deepest portions of the lake were protected
from oxygen replenishment. Unselective mass mortality was probably caused by thermocline
demise and abrupt changes in oxygenation, such that the thanatocoenosis is constituted by a
polytypical fossil assemblage containing individuals of variable sizes, with juvenile and old

specimens in the same horizon (Petra, 2006). Additionally, the anoxia is corroborated by
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specimens with tetany, back-arching and gasping fish fossils (Grogan and Lund, 2002; Petra,
2006). Fossils preservation was probably enhanced by rapid burial, high nutrient content and
anoxic conditions (e.g. Carroll and Bohacs, 1999; Bohacs et al, 2000, 2003; Retallack, 2011).
According to Petra (2006), Pastos Bons lake was characterized by temperatures of 20-30°C
and saline water, under arid to semi-arid climate during the Mesozoic Era in West Gondwana
(Holz, 2015). The contraction phase in the lake is evidenced by shallowing/salinization cycles
formed by increase of evaporation (outflow) associated with low pluvial precipitation and
reduced riverine inflow. In these conditions, the kinetic precipitation of Ca™ and CO,
saturation led to lime mud accumulation. Fibrous calcite associated with lime muds may
represent a secondary phase, with pseudomorphs after gypsite crystals. The upper portion of
the FA1 marks the second phase defined by lake expansion, which was caused by increasing
water and sediment supply and characterized by mud deposition in the distal portions (Ml and
Sl facies). Interbedded mudstones and massive to laminated fine-grained sandstones suggest
variation of suspension and siliciclastic underflows. Apparently, the expansion and

contraction phases did not modify the water stratification in the central lake setting.
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FA1

.\Sardmha
Dyke

Figure 5 — Central lake and sheet-like delta front deposits. A. Interlayering of black shales and limestone
beds organized in shallowing/salinization upward cycles (Scale: 1.70 m). B. Well-preserved Lepidotes
piauhyensis specimen (Scale: 2 cm). C. Sharp contacts between FA1 and FA2 (Scale: 1.70 m). D. Upper part of
FA1, with reddish mudstones interlayered with sandstone beds (Scale: 1.70 m). E. Abrupt contact between FA1
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and FA2. Cretaceous basaltic dykes crosscut these packages (Scale: 1.80 m). F. Incipient cross-stratification in
sandstones (Scale: 10 cm). G. Pinch and swell structures (Scale: 1 cm). H. Sandstone with even-parallel and
low-angle cross-stratifications (Scale: 10 cm). I. Thin section of sandstone with even-parallel stratification
showing normal-to-reverse grading.

FA2 — Sheet-like Delta Front

The FA2 is constituted mainly by sandstone with trough cross-stratification (St), even-
parallel lamination (Sep), wave structures (Sw) and massive bedding (Sm). This FA occurs in
sharp contacts with FA1 and composes shallowing upward and thickening upward cycles
(Fig. 5e). These packages crop out in 12 m-thick successions with lateral continuity for
hundreds of meters. Small-scale sets of trough cross-stratification comprise tabular beds with
0.5-1 m-thick exhibiting migration to NW and SE (Fig. 5f). Facies St is associated with
tabular to irregular fine-grained sandstone beds and internally exhibit wave ripples, undulated
and pinch and swell laminations marking the topmost of shallowing upward cycles (Fig. 5g).
The even-parallel stratification (Sep facies) generally is defined by normal-to-reverse grading
included in 0.2-1.5 m-thick strata (Fig. 5h, 1). The contact with FA1l is marked by
deformational features, such as ball and pillow and flame structures. Low-angle cross-
lamination and massive beds (Sm) occur locally.

Interpretation: FA2 occurs as laterally extensive tabular beds, which compose
flatbeds deposited in lower (St facies) to upper (Sep facies) flow regime (e.g. Olariu et al,
2010). These deposits record unconfined flows supplied by intermittent fluvial channels that
spread in the marginal lacustrine system, probably during flash floods (e.g. Della Favera,
2001; Olariu et al, 2010). The hyperpycnal sedimentary load deposition over a pre-lithified
clay-rich substrate possibly hindered the friction causing underflows that reached deep
portions of the lake (e.g. Reading, 1984; Andrade et al, 2014). The rapid deposition resulted
in the construction of an unconventional delta front (e.g. Olariu et al, 2010) and can explain
the predominantly sharp contacts between FA1 and FA2.

The increasing sediment supply into the lake promoted the progressive reduction of
accommodation space, recorded by thickening upward cycles of sandy beds. The progressive
shoaling caused the water level fall which allowed the reworking by oscillatory flow (Sw
facies) (e.g. Dumas et al, 2005; Lamb et al, 2008; Bouma, 2008; Luca and Basilici, 2013).
Rapid deposition over relatively water-saturated beds triggered synsedimentary deformation
(liquefaction), indicated by soft-sediment deformation (e.g Owen and Moretti, 2011; Owen et
al, 2011). Although this succession presents similarities with the Bouma Sequence, some

differences are outstanding. Some examples are normal-to-reverse grading in the same beds,
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as well as the interlayering of even-parallel stratified and wave rippled sandstones (e.g. Olariu
et al, 2010), which indicate wax-wane flow (sensu Lamb et al, 2008; North and Davidson,
2012). Paleocurrent data reflect the variable sedimentary sources, supplied by multiple

ephemeral fluvial channels.

FA3 — Lakeshore

The 1.5 m-thick succession of FA3 is organized in shallowing upward cycles that
include sandstone with wave structures (Sw facies) and even-parallel laminations (Sep facies)
which vertically grades to sandstones with adhesion structures (Sa facies) and massive to
laminated mudstones (Ml facies). Complete, non-orthogonal and non-oriented mud cracks
occur in mudstone whose contact with sandstone are marked by load cast (Mmc facies).
Raindrops are imprinted on even parallel planes superimposing parting lineation (Fig. 6a-e).
The limits of the cycles gently dip (2-4°) composing a large scale bedform with lateral
continuity for dozens of meters.

Interpretation: FA3 represents the marginal portion of the lake, whose deposition
was predominantly in low energy conditions. The seasonal variation of riverine sand
discharge promoted the modification of the shoreface/foreshore profile (Ilgar and Nemec,
2005; Nichols, 2009). The successive phases of shoaling caused exposure of the lake margin,
and laminated sands forming a humid substrate (Sep and Sw facies) sporadically reworked by
wind (Sa facies) (e.g. Davis Jr., 1992). The sands were deposited by upper flow regime in the
lake margin and frequently exposed and marked by sporadic rains. The cracked muds

deposited in ponds confirm the frequently exposure of the lakeshore.

FA4 — Ephemeral Fluvial Channels

The FA4 is constituted of matrix-supported stratified breccia (Bs), massive
conglomerate (Cm), trough cross-stratified conglomerate (Ct), sandstone with trough cross-
stratification (St), massive bedding (Sm) and even-parallel stratification (Sep), as well as
laminated mudstone (MI). FA4 deposits exhibit irregular geometry and are organized in
small-scale fining upward cycles with medium to coarse-grained facies (Bs, Cm, Ct and St
facies) to mudstone beds (~5 cm; MI facies). Bs, Cm and Ct facies consists in meter-scale
massive to tangential cross-stratified layers, with medium coarse-grained sandy matrix with

rounded to subrounded grains, rich in opaque minerals. The clasts present 0.5 to 17 cm-length
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and are constituted of silex and, subordinately, sandstone, mudstone and quartz fragments
(Fig. 6f). The massive to stratified conglomerates (Cm and Ct facies) exhibit scoured bases
and trough cross-stratified sandstone (St) forms sets up to 1 m-thick (Fig. 6g, h). These beds
grade upsection to tabular, fine to medium-grained sandstone with even-parallel stratification
or massive bedding (Sep and Sm facies). Supercritically climbing ripple cross-lamination
occurs associated in the toe set of trough cross bedding (St facies). The sandy facies generally
include fine to medium-grained, rounded and well-sorted grains. Small-scale cross-
stratifications migrate to NNW, NNE and SW. These deposits overlap FAl with
predominantly erosive contacts (Fig. 61).

Interpretation: stratified breccias and massive to stratified conglomerates (Bs, Cm
and Ct facies) indicate tractive, high-energy currents forming gravel bars, during ephemeral
fluvial channel migration enhanced by flash floods (Davis Jr., 1992; Nichols, 2009). Tabular,
laterally extensive beds organized in fining upward cycles up to 2 m-thick indicate high
lateral migration in reduced accommodation space for sedimentation (Davis Jr., 1992).
Transition to massive or trough cross-stratified sands suggests decreasing energy flow, with
migration of straight (Sep facies) and sinuous (St facies) crest bedforms in predominantly
lower flow regime (Nichols, 2009). The waning of the riverine inflow generated slack water

with deposition of muds (Ml facies).
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Figure 6 — Lakeshore and ephemeral fluvial channel deposits. A. Undulated laminations covered by clay
films (Scale: 5 cm). B. Asymmetrical wave ripples (Scale: 5 cm). C. Adhesion warts (Scale: 5 cm). D.
Mudcracks from facies Mmc (Scale: 34 cm). E. Sandstone with parting lineation and raindrops filled by calcite
(Scale: 34 cm). F. Facies Cm, with clasts up to 17 cm-length (Scale: 5 cm). F. Massive conglomerate from facies
Cm (Scale: 5 cm). G. Sandstones with small-scale trough cross-stratification (Scale: 34 cm). H. Sharp contacts
between FA1 and FA4 (Scale: 34 cm).
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5 CYCLOSTRATIGRAPHY

In this work, we applied Kerans and Tinker (1997) definition, which proposed ‘“small-
scale cycles” to designate parasequence-scale deposits. These are composed of meter-scale
cycles, which record up to 10*-10° years coastline shifts, defining fourth to fifth order
successions. This terminology was originally applied in marine settings; however, its
definition allows the use of this concept in continental environments with some restrictions
due to smaller timescales in lacustrine coastlines oscillations. The Pastos Bons Formation
consists in a retrogradational lacustrine system, whose stratigraphic record reaches
approximately 50 m-thick and comprises black to brown-red-colored shales, sandstones, as
well as conglomerates and limestones. These deposits are organized in
shallowing/salinization, thickening, thinning and fining upward small-scale cycles, bounded
by unconformities and/or flooding surfaces. These cycles are detailed below, according to the

facies association(s) in which they occur.
5.1 LACUSTRINE CYCLES

Shallowing/salinization upward cycles occur in central lake deposits and are
denominated by Cycle Type 1 (underfilled lake cycles). These are constituted of millimeter to
centimeter-scale black shales and limestone beds, symmetrically repeated exclusively in the
base of FA1 (Fig. 7a). The Cycle Type 1 is aggradational, bounded by a lacustrine flooding
surface, which marks the transition to thickening upward cycles of shale beds and
disappearance of limestone laminae. These deposits grade vertically to massive sandstones
and thick massive to laminated, oxidized mudstone layers (~7 m) which compose thickening
upward cycles (Cycle Type 2; overfilled lake cycles). Cycle Type 2 is asymmetrical and
exhibits an aggradational to retrogradational pattern (Fig. 7b).

The transition of FAI to FA2 is marked by a maximum lacustrine flooding surface,
with mudstone beds overlain by stratified sandstones, grouped in shallowing and thickening
upward cycles (Cycle Type 3; sheet-like delta front cycles) (Fig. 7¢). These cycles are 10 m-
thick, asymmetrical, progradational, and the upper boundary is marked by wave rippled
sandstones. Contacts between facies associations may be characterized by soft sediment
deformation structures (ball and pillow and flame structures). Cycle Type 4 (lakeshore
cycles), predominantly asymmetrical, defines shallowing upward cycles, restricted to FA3.
These are constituted by massive to laminated sandstones which grade to sandstones with
wave marks, followed by sandstones with adhesion structures and mudstones with mudcracks,

which is the upper limit of the cycles (Fig. 7d).
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5.2 EPHEMERAL FLUVIAL CHANNEL CYCLES

Cycle Type 5 (ephemeral fluvial channel cycles) occurs asymmetrically in FA4 in up
to 0.5-2 m-thick successions. These are fining upward cycles, defined by massive to stratified
breccias and conglomerates, overlain by medium to fine-grained sandstones and thin pelites
(Fig. 7e). These cycles may also start with coarse-grained sandstones with trough cross-
stratification or massive bedding and are restricted to the intermediary portion of the

lacustrine succession.

Lacustrine Cycles

Cycle Type 1 Cycle Type 2

MFS

Cycle Type 4

LFS

Ephemeral Fluvial Cycles

Cycle Type 5
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B oo snae =] Wave masks

1]]1]]  uimestone [ ] Mudrasks
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Massive bedding 555 wove rople cross tamination

LFS Lacustrne Fiooding Surtace MFS  Masimum Flooding Surface

Figure 7 - High-frequency lacustrine cycles and fluvial cycles. Cycle type 1 — underfilled lake; Cycle type 2 —
overfilled lake; Cycle type 3 — sheet-like delta front; Cycle type 4 — lakeshore; Cycle type 5- ephemeral fluvial
channel.
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6 THE ROLE OF THERMAL SUBSIDENCE IN LAKE CYCLES

The Upper Jurassic-Lower Cretaceous lacustrine succession of the Parnaiba Basin is
mainly constituted of shallowing upward cycles. The lower portion is constituted by black
shales and laminated limestones (FA1) which indicate high evaporation rate, low siliciclastic
supply and low energy. These packages compose the depositional cycle 1 (CI), limited at the
base by an unconformity of Pastos Bons Formation over a Paleozoic basement, as well as
Jurassic volcanic rocks. The upper portion is outlined by a lacustrine flooding surface (LFS),
which marks the upward lake deepening. The LFS delimitates the depositional cycle 2 (CII),
constituted of massive to laminated mudstones interbedded with thin sandstone beds. The
retrogradational pattern reflects the lake widening, increasing accommodation space and
changes in sedimentary pattern due to the sporadic water and sediments inflow, probably
supplied by ephemeral fluvial channels. This sequence is bounded upsection by a maximum
flooding surface (MFS), positioned between FA1 and FA2.

Depositional cycle 3 (CIII) is progradational, marked by the lakeward shift of
sedimentary facies, mainly provoked by lake water drop, probable remobilization of
sediments in the lakeshore, as well as high sedimentation rates triggered by unconfined flows.
This relation is indicated by sharp contacts between FA1 and FA2 and small-scale scours in
the lakeshore (FA4; e.g. Keighley et al, 2003). CIII is constituted of thickening upward
cycles, with predominantly flatbeds and evidences of wave reworking. Sandstones with wave
structures, adhesion laminations/warts and mudstones with mudcracks occur locally (FA3)
and record the water level waning in the lakeshore. Nevertheless, the upsection transition of
these deposits to thick mudstone beds (FAl) suggests a new lake water deepening
(retrogradational pattern) in oxidizing conditions, interpreted as depositional cycle 4 (CIV).
This unit was probably influenced by increasing water and sediment input rate.

The Mesozoic lacustrine deposits of the Parnaiba Basin record an evolution of an
underfilled to overfilled lake system (e.g. Carroll and Bohacs, 1999; Bohacs, 1999; Bohacs et
al, 2000; 2003). This framework indicates the transition of closed saline lakes, in the lower
succession, to open freshwater lakes upsection. Fischer Plots evidence this trend, with the
upward increase of the cycles thickness and accommodation space (Fig. 8). Individual cycles
exhibit lithological variability, as well as random and frequent changes in cycle thickness.
These aspects are typically associated with subsidence pulses, since climate-influenced cycles
are characterized by rhythmic lithology and regular thickness (Benvenuti, 2003; Paz and
Rossetti, 2005; Nichols, 2009).
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Recently acquired wide-angle reflection-refraction data identified increasing mantle
and lowermost crust P-velocities toward the western portion of the Parnaiba Basin, which are
directly linked to massive basic intrusions related to Jurassic magmatism (Soares et al, 2018).
Although large lineaments occur in the eastern portion of the Parnaiba Basin, the uppermost
crust was only weakly affected by Mesozoic extensional tectonics and the Neoproterozoic-
Cambrian rifts underlying the basin had little effects on the Mesozoic evolution (Tover et al,
2017; Soares et al, 2018). Therefore, the increasing accommodation space trend of the
lacustrine system may be interpreted as a result of a slow and large-scale thermal subsidence
that affected the Parnaiba Basin during the Upper Mesozoic (e.g. Hamdani et al, 1991,
Hamdani et al, 1994; Klocking et al, 2018; Soares et al, 2018). These events were probably
caused by the decreasing isotherms temperature in consequence of the post-magmatic cooling
(Jurassic CAMP magmatism). Depocenter shifts followed this thermal subsidence phase,
controlled drainage systems, sediment/water input and probably triggered the evolution of the
Pastos Bons lakes in the Parnaiba Basin (Fig. 9). This interpretation is coherent with the wide
distribution (~550 km) and low maximum thickness of the Jurassic-Cretaceous lacustrine
succession (~80 m). Linkages between large igneous provinces (LIP) and significant
subsidence over long time spans have been mathematically modeled by Leng and Zhang
(2010). These authors suggest that LIP-induced subsidence may occur even before and during
magmatic emplacements. Some examples include Siberian, Columbia River and Emeishan
LIPs (Leng and Zhang, 2010). Similarly, transient environments from shallow (Early
Permian) to deep (Late Permian) water are recorded underlying the Wrangellia flood basalts
(Richards et al, 1991).

Although CAMP magmatism is mainly concentrated in the western portion of the
basin, the crustal loading and subsequent flexural effects must have influenced a much larger
area (e.g. Klocking et al, 2018). This tectonic stage probably affected the whole basin, as
indicated by Moho as deep (or deeper) beneath the center than in the flanks of the Parnaiba
Basin (Tozer et al, 2017; Soares et al, 2018). Similar interpretations were obtained by Tozer
et al (2017), which used seismic and gravity data to suggest that viscoelastic stress relaxation
probably followed a massive crustal loading triggered by volcanic rocks. Subsidence spans
that extend geological periods, sometimes during hundreds of million years, are characteristic
of cratonic basins, such as the Parnaiba Basin itself (Allen and Armitage, 2011). A coupled
mechanism of thermal subsidence and crustal loading also influenced the sedimentation of
lacustrine settings in the South Caspian Basin from Jurassic to Tertiary times (Abdullayev et

al, 2018). In this sense, we evaluate that the thermal subsidence triggered by the CAMP
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magmatism was occurring during or even before the deposition of the Jurassic-Cretaceous
lacustrine sediments and may have ceased before the Cretaceous magmatism (~200 Ma — 115
Ma), which probably induced an epeirogenic uplift in the Parnaiba Basin (Klocking et al,
2010). This is also supported by water-loaded subsidence curves presented by Rodriguez
Tribaldos and White (2018) that suggest thermal time constants between 68 and 100 Ma.
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7 THE JURASSIC-CRETACEOUS HISTORY OF THE WEST GONDWANA

The Lower Mesozoic succession of the Parnaiba Basin consists in the extremely arid
desertic deposits overlying saline sabkha and lacustrine strata. This framework has been
interpreted as the record of the Pangea assembly and regional uplift of the central and
equatorial regions of this supercontinent, confining restricted seas or large lakes during
Triassic (Abrantes et al, 2016). Previous plate reconstructions highlight that this stage marks a
rapid rotation phase during Permian-Triassic transition, reaching the equatorial zone in the
end-Triassic (Jaju et al, 2018). Afterwards, extensional forces caused the Pangea breakup
triggering massive lava flows related to the Central Atlantic Magmatic Province (CAMP)
(Veevers, 2004; Torsvik and Cocks, 2013; Svensen et al, 2018). Shot-lived asthenospheric
upwelling caused localized uplifts in the central region of the West Gondwana, adjacent to
thermally subsiding areas (Klocking et al, 2018). These depocenters allowed the implantation
of a relatively shallow and large-scale lacustrine system in the central-southeastern Parnaiba
Basin, coeval with wet desertic environments in the western margin (Rabelo and Nogueira,
2015).

New data presented in this work suggest that the paleogeographic rotation of the West
Gondwana toward equatorial zones continued during the Upper Jurassic-Lower Cretaceous
times. Nevertheless, large freshwater lakes and a wet desertic system evidence decreasing
aridity conditions (Cardoso et al, 2017), possibly provoked by greenhouse upturns (e.g. Holz,
2015). Terminal opening stages of the Atlantic Ocean resulted in rifting processes and marine
transgressions, causing subsequent environmental and climatic shifts in West Gondwana. This
pathway is recorded by braided fluvial systems connected to shallow sea siliciclastic-
evaporitic deposits (e.g. Goes and Rossetti, 2001; Paz and Rossetti, 2005). Cretaceous
magmatism event (~126 Ma) dates the final Gondwana fragmentation, whereas a debatable
third magmatic event (~118 Ma) in the Parnaiba Basin has been associated with the
development of rift basins in western African and eastern Brazilian equatorial margins

(Heilbron et al, 2018).

8 CONCLUSIONS

This work investigated the Upper Mesozoic depositional history after the massive
emplacement and extrusion of basalts related to the CAMP in West Gondwana. Detailed
outcrop-based stratigraphic and cyclostratigraphic analysis supported by Fischer Plots were

performed in order to evaluate the influence of this thermal event in the sedimentary pathway
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of the Parnaiba Basin, northeastern Brazil. The post-CAMP effects are better indicated by the
Upper Jurassic-Lower Cretaceous lacustrine succession of the Pastos Bons Formation. This
unit consists in central lake (FA1), sheet-like delta front (FA2), lakeshore (FA3) and
ephemeral fluvial channels (FA4) deposits, mainly organized in shallowing upward cycles.
The stratigraphic framework exhibits a retrogradational-progradational-retrogradational
pattern, which is mainly defined by four depositional cycles (CI-CIV), bounded by lacustrine
flooding surfaces and unconformities.

The lake evolution may be subdivided in two phases — underfilled and overfilled
phases — with increasing accommodation space, mainly influenced by subsidence pulses and
increasing water/sediment supply. A thermal subsidence stage in the Parnaiba Basin during
the Jurassic-Cretaceous is indicated by lithological variability, random and frequent changes
in cycle thickness, wide distribution (~550 km) and low thickness (~80 m) of the lacustrine
succession, as well as weak or absent evidence of extensional tectonics in the upper crust.
Additionally, voluminous subsurface intrusions in the northern South American Platform
during Jurassic times may have induced rock loading and flexural effects in the Parnaiba

Basin.
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Abstract

Provenance analysis are highly affected by transport, depositional and diagenetic
processes, as well as the grain size chosen for evaluation. In order to avoid misleading data,
provenance research need multi-approach techniques. In this work, we test a set of widespread
and low cost methods to investigate a debatable stratigraphic interval in the Parnaiba Basin,
northeastern Brazil. Discontinuous exposures and fault displacements result in enigmatic
stratigraphic relations in the Mesozoic portion of this basin. This succession consists in the
lacustrine deposits of the Pastos Bons Formation and aeolian sandstones of the Corda
Formation, composing the Mearim Group, and fluvial conglomerates and sandstones of the
Grajau Formation. The provenance of this succession was studied through sandstone
petrography, quartz petrography, hot cathodoluminescence and heavy minerals analyses.
Units from Mearim Group plotted in recycled orogenic and craton interior fields, whereas
quartz petrography and cathodoluminescence constrain predominantly volcanic sources. The
heavy minerals assemblages of the lacustrine and aeolian deposits are very similar, whereas
the fluvial succession presents texturally immature grains and anomalous high hornblende
content. Additionally, ZTR, GZi e RZi indexes are higher for lacustrine and aeolian deposits,
and lower for fluvial beds. These data indicate polycyclic minerals and mixed sources for
Mesozoic sandstones of the Parnaiba Basin. The Mearim Group presents both volcanic
contribution, probably supplied by CAMP basalts, and low to medium-grade metapelitic
heavy minerals assemblage. Heavy minerals were probably supplied by Neoproterozoic
metapelites from the Ceara Central Domain (Ceara Group?), Borborema Province.
Conversely, the Grajai Formation was supplied by I-type Brazilian granites, incompatible
with the Mearim Group. These data provided new stratigraphic relations for the Mesozoic
deposits of the Parnaiba Basin and implications for the evolution of this basin.

Keywords: Provenance; Stratigraphy; Heavy minerals; Cathodoluminescence;

Parnaiba Basin.
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1 INTRODUCTION

Provenance analysis of sedimentary rocks has been challenged over the last years. The
complexity in sedimentary provenance studies arises, mainly, from modifications that affect
sedimentary rock components during the transport and physical-chemical processes acting at
the depositional site (Boggs Jr., 2009; Sevastjanova et al, 2012; Garzanti, 2016). Additionally,
burial and diagenetic modifications may hide or obliterate grains character and important
informations about source lithology are lost, whereas track sedimentary recycling may be a
difficult task (Morton and Hallsworth, 1994; Tucker, 1991; Nichols, 2009). Another problem
is the limitation of analysis according to the grain size chosen for evaluation, which also may
be complicated by the hydraulic behavior of the minerals, sensibility to chemical weathering
or intrastratal leaching (Morton and Hallsworth, 1994, 1999; Ando et al, 2012; Morton,
2012). In this sense, a combination of a diverse set of techniques is recommended to avoid
misleading data and get as close as possible of the true source(s) (Najman, 2006; Morton et al,
2011; Garzanti, 2016). Therefore, this work aims to evaluate stratigraphic issues based on a
multi-approach provenance analysis, focusing on bulk-sediment (framework sandstone
petrography), multi-minerals (heavy minerals petrography) and single-mineral (hot
cathodoluminescence and quartz petrography) techniques. These analyses were carried out in
a debatable stratigraphic succession, the Mearim Group, which represents the Upper Jurassic-
Lower Cretaceous of the Parnaiba Basin, northeastern Brazil (Gdes and Feijo, 1994). This
group lacks widely distributed biostratigraphic data, which hamper accurate correlations and
stratigraphic positioning.

Recently, the knowledge about the Mesozoic stratigraphy of the Parnaiba Basin has
been significantly increased, although, this interval continues enigmatic, mainly due to
fragmentary stratigraphic record. For this reason, many authors suggest the necessity of
detailed studies, emphasizing the Jurassic-Cretaceous deposits of the Mearim Group
(Caldasso, 1978; Caldasso and Hama, 1978; Goes and Feijo, 1994; Rezende, 1998; Vaz et al,
2007; Romero Ballen et al, 2013). This group is constituted by lacustrine and aeolian
deposits, represented by the Pastos Bons and Corda formations, respectively (Goes and Feijo,
1994; Romero Ballen, 2012); however, the stratigraphy, contact relations and age of these
deposits are not consensual (Fig. 1). According to Cunha and Carneiro (1972), these units
compose an integrated depositional system, denominated Corda-Pastos Bons Desertic System.
Nevertheless, other authors dissociated these deposits and suggested different ages (Vaz et al,

2007) or the presence of structural highs that separated the sedimentation in distinct sub-
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basins (Romero Ballen, 2012). Due to these conflicts, the present work evaluates and
compares the provenance of these deposits, situated in the central-southwestern portions of

Parnaiba Basin, northeastern Brazil (Fig. 2).
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Figure 1 — Stratigraphic proposals for Mesozoic of Parnaiba Basin, highlight for Pastos Bons and Corda
formations (Modified from Rabelo and Nogueira, 2015).
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Figure 2 — A. Localization map and geotectonic contextualization of Parnaiba Basin (Modified from
Schobbenhaus et al, 1984; Santos and Carvalho, 2004). B. Localization map of the study area.

2  GEOLOGICAL SETTING

The Parnaiba Basin is a Paleozoic intracratonic basin, located in the South American
Platform, in northeastern Brazil (Aguiar, 1969; Goées and Feijo, 1994). This basin, defined as
sag type, comprises approximately 600.000 km?, and may achieve 3.4 to 3.5 km-thick in its
depocenter (Caputo, 1984; Vaz et al, 2007; Daly et al, 2014). The basement is composed by
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igneous, metamorphic and sedimentary rocks of the Araguaia-Tocantins Belt, Amazonian and
Sao Francisco cratons, Borborema Province, as well as Riachao and Jaibaras basins (Victor
Zalan, 1991; Oliveira and Mohriak, 2003; Castro et al, 2014; Porto et al, 2018). These include
Archean to Ordovician units with genesis and/or reworking associated with the Brasiliano
Cycle (Vaz et al, 2007). According to Daly et al (2014), the basement of the Parnaiba Basin is
compartmentalized in distinct domains, denominated as Amazonian/Araguaia block, Parnaiba
block and Borborema block.

Goes and Feijo (1994) divided the sedimentary filling of the Parnaiba Basin in five
sequences: Silurian; Devonian; Carboniferous-Triassic; Jurassic and Cretaceous sequences.
Nevertheless, in the most recent proposal, Vaz et al (2007) subdivided the Parnaiba Basin in
Silurian; MesoDevonian-EoCarboniferous; NeoCarboniferous-EoTriassic; Jurassic and
Cretaceous supersequences. The Upper Mesozoic of the Parnaiba Basin is composed by
lacustrine shales and sandstones of Pastos Bons Formation, aeolian sandstones of Corda
Formation, fluvial sandstones and conglomerates of Grajai Formation and lacustrine to
marine shales and evaporites of Cod6 Formation (Goes and Feijo, 1994; Goes and Rossetti,

2001; Paz and Rossetti, 2005; Vaz et al, 2007).
2.1 CRITICAL ANALYSIS OF THE STRATIGRAPHIC PROPOSALS

According to Goes and Feijo (1994), Pastos Bons and Corda formations compose the
Mearim Group, which represents the Jurassic Sequence of the Parnaiba Basin. Differently,
Vaz et al (2007) positioned exclusively the Pastos Bons Formation in the Jurassic
Supersequence and Corda Formation in the Cretaceous Supersequence, the latter with
diachronic contacts with Codé and Grajau deposits. However, the criteria applied to define
these contacts were not mentioned. Furthermore, field relations evidence that fluvial
sandstones of Grajau Formation unconformably overlie the deposits of the Mearim Group
(Cardoso et al, unpublished). In addition, Corda Formation is sharply overlaid by lacustrine
and marine black shales from Cod6 Formation (Rabelo et al, 2018), which is defined as
Cretaceous based on Sergipea varirerrucata palynomorphs (Batista, 1992). In this sense, the
stratigraphic positioning of Mesozoic units, mainly the Mearim Group (Jurassic Sequence), is
frequently questioned, such that faciological and detailed stratigraphic studies are
recommended by many authors, in order to elucidate problems that persist since the last
century (Caldasso, 1978; Caldasso and Hama, 1978; Goes and Feijo, 1994; Rezende, 1998;
Vaz et al, 2007; Romero Ballen et al, 2013; Rabelo and Nogueira, 2015).
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The deposition of Pastos Bons Formation occurred throughout the Xambioa Structure,
which behaved as a crustal depression during the Mesozoic (Hasui et al, 1991). Previous
works interpreted that this sedimentation was concentrated in paleodepressions, located
between topographic highs generated by magmatic flows (Lima and Leite, 1978; Goes and
Feijo, 1994; Vaz et al, 2007). Pastos Bons Formation presents 77 m-thick in its depocenter
and comprises shales and greenish to brown-reddish sandstones, which compose a fluvial-
lacustrine system (Vaz et al, 2007; Romero Ballen, 2012; Cardoso et al, 2017). This unit
represents the Upper Jurassic-Lower Cretaceous of the Parnaiba Basin (Gallo, 2005; Vaz et
al, 2007; Montefeltro et al, 2013), and unconformably overlies, from east to west, Poti, Piaui,
Pedra de Fogo and Motuca formations (Lima and Leite, 1978; Santos and Carvalho, 2004).
Corda Formation conformably to gradational overlies the Pastos Bons Formation (Aguiar,
1971). This unit includes the Muzinho Shale beds, which consist in black shales and
limestones interbedding, with great fossil content represented by fishes, conchostracea and
palynomorphs (Roxo and Loefgren, 1936; Santos, 1953; Gallo, 2005; Petra, 2006; Bernades-
de-Oliveira et al, 2007).

Corda Formation is constituted by fine to medium-grained, gray-whitish and reddish
sandstones, with rounded and matte quartz grains, interpreted as a wet desertic system (Goes
and Feijo, 1994; Santos and Carvalho, 2004; Romero Ballen et al, 2013; Rabelo and
Nogueira, 2015). Following Vaz et al (2007), the deposition of this unit was influenced by the
Parnaiba High arching occurred during the Cretaceous. According to Romero Ballen (2012),
the sedimentation of Pastos Bons and Corda formations was separated by structural highs in
two sub-basins, western and eastern of Parnaiba Basin, respectively. While other authors
consider that these units were connected, composing the Corda-Pastos Bons Desertic System

(Cunha and Carneiro, 1972; Rezende, 1998).

3 METHODS

The systematic sampling was carried out in fine to medium-grained sandstones of the
studied succession. Sandstones classification followed Folk (1968) proposal and, afterwards,
the data were plotted in QtFLt and QmFLt diagrams from Dickinson (1985). The samples
were imaged by hot cathodoluminescence analyses, carried out for Pastos Bons and Corda
sandstones in a CITL Cathodoluminescence Mk5-2. The system was operated with an
acceleration voltage of 15 Kv and 150 pA current, vacuum between 0.003 and 0.05 Pa,

exposure time firstly of 10 to 15 s and, afterwards, 50 s. Images were captured by a Leica
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DFC310 FX camera, coupled to a Leica DM4500 P Led microscope, which afterwards were
processed using LAS V4.4 software. Quartz provenance definition was supported by
petrographic analyses and luminescence standards (Augustsson and Rekker, 2012; Oliveira et
al, 2017), and posteriorly, the data were plotted in Bernet and Basset (2005) diagram. These
analyses were not possible for Grajau Formation, due to the predominance of friable
sandstones.

Heavy minerals assemblage segregation followed the classic methodology described by
Morton (1985), such that sandstone samples were disaggregated and sieved through humid
and dry methods. Heavy minerals were separated in 0.062-0.125 mm and 0.125-0.250 mm
sandy fractions through elutriation in bromophorm (density 2.8 g/cm’) and posterior
production of glass thin sections. Ribbon counting technique was applied (Galehouse, 1971)
with a minimum of 100 and a maximum of 300 grains counted. In order to distinguish the
provenance based on heavy minerals, Morton and Hallsworth (1994) suggested defining the
hydraulic and diagenetic equivalent minerals ratio. In this sense, GZi and RZi index were
utilized for the studied deposits. In this stage, we used fourteen samples from Pastos Bons
Formation, ten samples from Corda Formation and four samples from Grajai Formation.
Samples with insufficient content of non-micaceous and non-opaque minerals for quantitative
analysis (<100 grains) were utilized only for mineralogical identification and description of

the main textural and morphological aspects.

4 SANDSTONES OF THE MEARIM GROUP

Pastos Bons Formation represents a lacustrine system influenced by fluvial channels,
with a succession composed mainly by mudstones and sandstones (Fig. 3). The latter are
represented by fine to medium-grained quartzarenites and rarely by arkoses and greywackes,
with even-parallel lamination, normal-to-reverse grading and normal grading (Fig. 4a,b).
These lithotypes are cement-supported and cement-and-grains-supported, with rounded to
subrounded and subordinately subangulose, well to moderately sorted grains. Such
constituents float in poikilotopic calcite cement, except clay matrix-rich sandstones, which do
not present cement (Fig. 4c). Cementation is most expressive throughout medium-grained
sandy layers and below sequence boundaries, especially flooding surfaces. Sandstones exhibit
open to normal packing, with predominance of grain-no grain, punctual, rectilinear and

compromise contacts and, less frequently, concave-convex contacts.
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The main depositional constituents include monocrystalline and, subordinately,
polycrystalline quartz. Monocrystalline quartz grains are well-rounded, with abrupt extinction
and, subordinately, weak to strong undulose extinction (Fig. 4d). Inherited silica overgrowth
and fragmented grains occur locally, as well as fluid inclusions trails and vacuoles. Feldspar
grains are present in lower proportions and are represented by microcline and plagioclase.
Microcline is evidenced by multiple cross twinning, whereas plagioclase exhibits
polysynthetic and albite-Carlsbad twinning. These are predominantly rounded to subrounded,
commonly fragmented grains. Reliquiar features occur in some grains, mainly deformation
lamellas, perthitic texture and myrmekitic intergrowth. Feldspars may be partially or
completely replaced by sericite, calcite cement or clayminerals, the latter mainly throughout
twinning plains. Lithic fragments are predominantly allogenic, subrounded to rounded grains,
derived from metamorphic, igneous and sedimentary sources. Quartzite (Fig. 4d) and schists
fragments occur locally, with elongated morphologies and subrounded boundaries. Volcanic
lithic fragments are represented by rounded grains, commonly altered to clayminerals (Fig.
4e). Sedimentary lithic fragments include sandstone, pelite, pseudomatrix and undeformed to
deformed chert fragments (Fig. 4f,g). Other depositional constituents include clayey matrix,
contorted mica flakes and heavy minerals.

Cementation is one of the most important volumetric phases in lacustrine sandstones,
with poikilotopic calcite crystals often in compromise contacts (Fig. 4h). The cement may be
partially to completely replacing quartz and feldspar grains, respectively (Fig. 41). Porosity is
rare, defined by secondary pores, mainly moldic and intracrystalline porosity. Grains with
corrosion features and sandstones with heterogeneous packing are common. Clays occur
mainly as framework grains replacement, pseudomatrix and clay films. The latter marks the
morphology of solved/replaced grains and, occasionally, it may border moldic porosity.

Corda Formation is composed by sublitarenites, quartzarenites and, subordinately,
subarkoses, with higher concentration in dune field, sand sheets and wadi facies, respectively
(Fig. 3). These lithotypes are grains-and-cement supported, fine to medium-grained, well-
rounded, and moderately-sorted, with matte grains floating in poikilotopic zeolite and calcite
cement. Lithic fragments include, mainly, angulose fragments of volcanic rocks, whereas
feldspars are rare. Detailed petrographic description of these deposits is presented by Rabelo
et al (2018). According to QtFLt and QmFLt, either lacustrine and fluvial-aeolian deposits
from Pastos Bons and Corda formations, respectively, are plotted in craton interior and

recycled orogenic fields (Fig. 5).
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Figure 4 — Petrographic aspects of Upper Mesozoic sandstones from Parnaiba Basin. A. Even-parallel
lamination and normal-to-reverse grading. B. Normal grading in quartzarenite. C. Greywacke, with poorly sorted
and subangulose grains floating in clayey matrix. This lithotype do not present cementation. D. Quartzite lithic
fragment in rectilinear contact with monocrystalline quartz. Grains float in poikilotopic calcite cement, in open
framework rocks. E. Rounded volcanic rock fragment, with alteration to clayminerals. Monocrystalline quartz
grain with vacuole (left). F. Rounded chert fragment (chalcedony) in rectilinear to punctual contacts with quartz
grains. Grain-no grain contacts are also frequent. G. Deformed chert fragment in concave-convex contacts with
the adjacent depositional constituents. H. Compromise contacts between poikilotopic calcite crystals. Arrow
indicates fluid inclusions in monocrystalline quartz. I. Grain completely replaced by calcite cement (white
arrow). The morphology is indicated due to the preservation of clay films. Moldic porosity occur locally (red
arrows) (Qm = monocrystalline quartz; Lm = metamorphic lithic fragment; Lv = volcanic lithic fragment; Lc =
chert fragment; Cal = calcite cement; P = moldic porosity).

4.1 PETROGRAPHIC FEATURES OF QUARTZ GRAINS

Based on quartz characteristics and features, these grains were assembled in four
groups, namely A, B, C and D groups, associated with volcanic, felsic plutonic, low
metamorphic and high metamorphic grade sources, respectively. This analysis followed

Oliveira et al (2017) methodology and was complemented by cathodoluminescence imaging.

4.1.1 Lacustrine Succession (Pastos Bons Formation)

The lacustrine succession presents, mainly, monocrystalline, homogeneous quartz
grains with weak to absent undulose extinction, which were associated with the Group A.
Embayment features and vacuoles are common in these grains, as well as fluid inclusion trails
and healed fractures (Fig. 6a). Quartz grains from Group B are clear, monocrystalline, with
absent to weak undulose extinction (~5°). Randomly oriented bright patches are common
(Fig. 6b), whereas grains with open and healed fractures are rare. Group C presents mono to
polycrystalline quartz grains, which exhibit preferential orientation, moderate undulose
extinction (5-10°) and subgrains with rectilinear contacts. Quartz grains from Group D are
predominantly monocrystalline and present strong (>10°) undulose extinction, mosaic quartz,

deformation lamellae and subgrains with sutured internal contacts (Fig. 6¢-¢).

4.1.2 Aeolian Succession (Corda Formation)

Group A quartz grains are also predominant in these deposits. These are
homogeneous, monocrystalline, with weak to absent undulose extinction (Fig. 6f).
Embayment features are common (Fig. 6g), whereas fluid inclusion trails and healed fractures
occur locally. Group B quartz grains are monocrystalline, clear, with absent to weak undulose

extinction (~5°). Polycrystalline quartz grains, with subgrains characterized by sutured
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internal contacts and moderately to strong (>10°) undulose extinction were assemblage in
Group D. Grains with inherited silica overgrowth, drag and impact marks are common (Fig.
6h-1). Deformation lamellas and mosaic quartz occur punctually. There are no grains from

Group C in these deposits.

4.2 QUATZ CATHODOLUMINESCENCE

Quartz grains generally compose great part of sandstones framework and modern
siliciclastic sediments. Despite that, grain modifications occurring during transport,
deposition, burial and diagenesis may difficult sandstones classification and identification of
source areas only by petrographic criteria (Omer, 2015). According to the conditions of
formation, mainly temperature and pressure, quartz grains properties may be distinguished
and source areas may be more precisely tracked (Augustsson and Bahlburg, 2003). This
property has been associated with replacement of Si by Al, variation in trace elements content
and/or intracrystalline defects (Perny et al, 1992; Watt et al, 1997, Ramseyer and Mullis,
2000; Stevens-Kalceff et al, 2000). In hot cathodoluminescence imaging, lacustrine and
aeolian sandstones from Mesozoic of Parnaiba Basin exhibited dark red, dark blue and bright
blue colored quartz grains (Fig. 7a-f). These were associated, respectively, with volcanic,
metamorphic and plutonic sources (Bernet and Basset, 2005; Augustsson and Rekker, 2012;
Oliveira et al, 2017). According to Bernet and Basset (2005) discrimination diagram, the

analyzed quartz grains were plotted, preferentially, in the volcanic sourced field (Fig. 8).
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Figure 5 — Tectonic discrimination diagrams for Upper Mesozoic sandstones of the Parnaiba Basin. A.
QtFLt triangular diagram. B. QmFLt triangular diagram. Both lacustrine and acolian sandstones plot in Craton
Interior and Recycled Orogenic fields in Dickinson diagrams (Dickinson, 1985). Data were plotted with support
of the TriPlot software.



Figure 6 — Petrographic aspects of quartz grains from lacustrine (A-E) and aeolian (F-I) deposits. A. Healed fractures (red arrow). B. Bright patches (white arrow). C.
Mosaic quartz. D. Polycrystalline quartz grain with sutured internal contacts. E. Deformation lamellae. F. Predominance of homogeneous, non-undulose quartz grains in
aeolian sandstones. G. Embayed grain (white arrow). H. Dragging marks in quartz grain (white arrow) I. Impact mark (white arrow).
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Figure 7 — Quartz cathodoluminescence from lacustrine (A-D) and aeolian (E-F) deposits. A. Dark red
quartz grains floating in calcite cement. B. Dark red and, subordinately, bright blue quartz (white arrows). C.
Blue colored metamorphic quartz grains. D. Volcanic and plutonic quartz grains. Dissolution features occur
locally (white arrow). E-F. Predominance of dark red and blue colored grains in aeolian sandstones. V.Qtz =
volcanic quartz; P.Qtz = plutonic quartz; M.Qtz = metamorphic quartz; Cc = calcite cement; Zc = zeolite cement.
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Figure 8 - Quartz provenance of lacustrine and eolian deposits, according to ternary provenance discrimination
diagram (Bernet and Basset, 2005).

5 HEAVY MINERALS OF THE UPPER MEZOSOIC PARNAIBA BASIN
5.1 HEAVY MINERALS OF THE MEARIM GROUP
5.1.1 Lacustrine Succession (Pastos Bons Formation)

The heavy mineral assemblage of lacustrine deposits from Pastos Bons Formation is
composed by tourmaline, zircon, rutile, garnet and, subordinately, epidote, andalusite,
staurolite and hornblende (Table 1).

Tourmaline is the dominant mineral in the succession, mainly in fine-grained fraction,
with 17-77% modal proportion. This is characterized by rounded and anhedral grains, with
dark green, pale green and, subordinately, reddish and blue colors (Fig. 9a). These are easily
distinguished due to pleochroic halos, reverse pleochroism and, less commonly, basal
divisibility. Tourmaline may be subdivided in three groups: Turl presents subrounded to
rounded grains, rutile inclusions, as well as fluid and opaque minerals inclusions, sometimes
with acicular habit. Conchoidal fractures, impact marks and abrasion borders are common,

whereas zoning occur rarely. Tur2 group includes tabular and subrounded grains, which
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contain apatite and opaque minerals inclusions. This group presents abrasion borders and,
occasionally, corrosion features. Tur3 group includes clear, euhedral, subangulose to angulose
grains, with prismatic habit. These grains may be fragmented, whereas fractures, abrasion and
dissolution features are rare to absent.

Zircon presents 6-62.60% content and occurs as anhedral to subhedral, colorless to
slightly yellowish grains (Fig. 9b). These may be subdivided in two groups: Zrl, which
contains subangulose, occasionally fragmented grains, with impact marks, corroded edges,
opaque inclusions and, rarely, concentric zoning. The Zr2 group contains grains with
prismatic habit, subangulose, sometimes bipyramidal terminations, with acicular apatite
inclusions, as well as rutile and opaque minerals inclusions. Additionally, this group exhibits
features such as impact marks, conchoidal fractures and metamitic grains. Rutile grains occur
in proportions of 1-18% and comprise brownish to reddish-brown grains, predominantly
anhedral, subrounded and, sometimes, fragmented (Fig. 9¢c). Prismatic and subrounded grains
with impact marks occur rarely.

Garnet grains occur with 0-54% modal content, inversely proportional to tourmaline.
These are colorless to pale pink, rounded to subrounded grains and preset mammillae and
impact marks (Fig. 9d). Andalusite grains are present mainly in the fine-grained fraction
(0.125-0.062 mm), in 0-7% modal content. These constituents are colorless to pale brown,
clear, angulose, absent to weakly pleochroic, with strong birefringence and common fluid
inclusions. Andalusite grains are frequently fragmented or present impact marks (Fig. 9e).
Epidote grains have 0-8% modal content, with colorless to yellow-greenish, angulose to
subrounded grains, often fragmented. These exhibit abrasion edges, fluid inclusions and
corroded edges (Fig. 9f). Staurolite occurs restrict to fine-grained sandstones with low modal
content (<1%). This is characterized by yellowish, weakly pleochroic, subhedral and
subangulose to angulose grains, sometimes with “cockscomb” terminations and corroded
edges (Fig. 9g). Hornblende occurs as trace mineral (<1%), with greenish, angulose and

strongly pleochroic grains (Fig. 9h).



Table 1 — Heavy minerals content and mineralogical indexes of Upper Mesozoic sandstones from Parnaiba Basin (xxx = abundant >30%; xx = frequent 10-30%; x = rare

<10%).

Samples Zr Tur Rt Grt Hbl Ep Cpx St And Sil ZTR GZi RZi
Pastos PB-11a XXX XXX XX X - X - - - - 86.2 148 34.2
Bons PB-11d XXX XXX XX - - - - - - - 99 0 26.1
Formation PB-02d(F) X XXX X XXX X X - - - - 56 50 87.2
PB-02d XXX XXX XX XXX - - - X - - 46.5 719 289
PB-02e XXX XXX XX XXX - - X - X - 59.1 539 169

PB-06a XX XXX X X - - - - - - 929 3.7 4.5
PB-06b XXX XXX X X - - - - - - 929 0.7 112

PB-06¢ XXX XXX X - - - - - - - 929 0 8.5
PB-04a X XXX X XX - - X - X 86.7 539 16.9

Corda AM-1a XXX XX X X - X XX - - - 59 153 43

Formation AM-2a XX XXX - XXX - X X - X - 63.2 58.3 0
AM-2b XXX XXX X XX - XX X - X - 66.1 258 4.5

AM-3a XXX XX X XX - X X X X - 67.1 24.2 10

AM-4a XX XX X XX - XX X X XX - 50.9 45.1 12

AM-5b X X - XXX - - - - - - 12 97 0

AM-6a X X XX XXX - X X - - - 217 94.1 78
AM-9a XX X XX XXX - - X - - - 35 73.2  68.9
P2-1a XXX XXX X X - X X - - - 97 1.1 11.2

P5-1b X XXX - X - - - - - - 96 36.3 0

Grajau PB-05j XX XXX X XXX XX - X X X X 47.2 45.7 25
Formation PB-05i XXX XXX X X XXX - X X X - 41.2 185 18.8

9
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Figure 9 — Heavy minerals from lacustrine succession (Pastos Bons Formation). A. Tourmaline, divided in
three groups according to the morphological and textural aspects. B. Zircon, divided in two groups according to
the morphological and textural aspects. C. Rutile. D. Garnet. E. Andalusite. F. Epidote. G. Staurolite. H.
Hornblende.

5.1.2 Aeolian Succession (Corda Formation)

The heavy minerals assemblage of the eolian succession from Corda Formation is
constituted by tourmaline, zircon, rutile, garnet, epidote and, subordinately, andalusite,
clinopyroxene and staurolite (Table 1).

Tourmaline is present in 1.5-89% modal ratio and may occur in two different groups
(Fig. 10a): Turl is most frequent and comprises anhedral, rounded/subrounded, green, blue
and dark brown grains; and Tur2, which is composed by greenish, euhedral and prismatic

grains. These constituents are characterized by strong reverse pleochroism and medium
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birefringence, sometimes with pleochroic halos. Zircon grains occur with 2.6-51.1%
frequency and are subdivided in two types (Fig. 10b): Zr1, which includes rounded to well-
rounded constituents, with abrasion marks; and Zr2, with prismatic grains and rarely
bipyramidal terminations. These grains present rutile, apatite and opaque minerals inclusions,
as well as fluid inclusions. Impact marks and conchoidal fractures are frequent. Rounded to
subrounded brownish rutile grains occur in 0-15.8% modal proportions (Fig. 10c).

Garnet group exhibits 0.5-71.2% frequency, with pink or brownish colored to colorless
grains. These components are, generally, homogeneous, with impact marks and rare marks of
surface solution features (corrosion facets) and mammillae marks (Fig. 10d). Epidote presents
0-16.8% modal content and may be colorless or exhibit yellowish and greenish colors. It
presents rounded to subrounded grains, commonly with anomalous interference colors (Fig.
10e). Clinopyroxene grains are concentrated, mainly, in fine-grained sandstones, in 0-8.9%
modal proportions. The constituents are colorless to slightly greenish, angulose, with clear
appearance, weak to absent pleochroism and strong birefringence (Fig. 10f). Andalusite
presents low concentrations (0-2.4%), with subrounded to angulose grains (Fig. 10g).
Yellowish, rounded to subrounded staurolite grains occur as trace components (<0.5%) and

present common dissolution features (Fig. 10h).
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Figure 10 - Heavy minerals from aeolian succession (Corda Formation). A. Tourmaline, divided in two
groups according to the morphological and textural aspects. B. Zircon, divided in two groups according to the
morphological and textural aspects. C. Rutile. D. Garnet. E. Epidote. F. Clinopyroxene. G. Andalusite. H.
Staurolite.
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5.2  FLUVIAL SUCCESSION (GRAJAU FORMATION)

Fluvial sandstones from Grajat Formation contain a heavy mineral assemblage
composed by tourmaline, zircon, rutile, hornblende, garnet, clinopyroxene, andalusite and
sillimanite (Table 1).

Tourmaline occurs in 13-31% modal content, and is distinguished in two groups (Fig.
11a): Turl, with greenish, brownish, bluish, predominantly anhedral grains, which exhibit
pleochroic halos and reverse pleochroism. Fluid inclusions and opaque minerals inclusions
are frequent, whereas impact marks and basal divisibility rarely occur. Tur2 group presents
euhedral, angulose, clear, greenish grains. Zircon grains are present in 12.90-22.90% modal
content, with anhedral, rounded to subrounded constituents, which exhibit tourmaline, apatite,
opaque minerals and fluid inclusions. Euhedral, bipyramidal and concentric zoned grains
occur rarely (Fig. 11b). Rutile grains occur in 4.5-5.2% modal content, brown to dark brown
colored, with rounded to angulose grains, sometimes, with bipyramidal terminations (Fig.
11c). Hornblende grains occur in 15.70-52.60% modal content, with prismatic subhedral,
greenish grains, which are strongly pleochroic and contain well-developed cleavage (Fig.
11d). Garnet is colorless or pink with subrounded to angulose, anhedral grains, which may be
fragmented. Impact marks, mammillae marks and opaque inclusions occur locally (Fig. 11e).

Clinopyroxene includes colorless to slightly yellowish/greenish, weakly pleochroic
grains, with well-defined and closely spaced cleavage (Fig. 11f). Andalusite (0.4-1.7%)
includes yellow to golden colored, predominantly angulose and weakly pleochroic grains
(Fig. 11g). Sillimanite (0-1%) is colorless to slightly orange, represented by subhedral,
angulose grains, characterized by well-developed cleavage, parallel extinction, moderate

interference color and birefringence (Fig. 12g).
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Figure 11 - Heavy minerals from fluvial deposits (Grajau Formation). A. Tourmaline, divided in two
subgroups according to the morphological and textural aspects. B. Zircon. C. Rutile. D. Hornblende. E. Garnet.
F. Clinopyroxene. G. Andalusite. H. Sillimanite.
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5.3 ZTR and GZi x RZi Indexes

Compositional maturity analysis of the heavy mineral assemblage was based on ZTR
index (Morton, 1985), although, this analysis may be vulnerable to diagenetic modifications
and distinct hydraulic behaviors between minerals (Morton and Hallsworth, 1994). In this
sense, GZi and RZi indexes were also utilized to improve and constrain provenance analysis
of the studied sandstones (Table 1).

Lacustrine succession presents ZTR values between 46.5 and 99, with higher values
(>80) in central lake and flysch-like delta front facies associations, whereas lakeshore
portions contain lower values (<60) (Fig. 12). The aeolian succession exhibits the most
diverse ZTR indexes values, ranging from 11 up to 97 (Fig. 12). Dune field and wadi
sandstones present higher content (>30), whereas sand sheet sandstones presented lower
concentration (<25). Fluvial sandstones exhibited ZTR values lower than 49 (Fig. 12).

The GZi index values are, generally, inversely proportional to ZTR index. Lacustrine
sandstones present 0-87.2 GZi index values, with lower ratios in flysch-like delta front and
central lake deposits. Conversely, aeolian sandstones presented the highest values between the
three studied units, mainly in wadi deposits (up to 97). RZi indexes is higher for aeolian

sandstones (0-78), followed by lacustrine (4.5-50) and fluvial sandstones (<25) (Fig. 13).
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Figure 13 — Proportion between GZi and RZi indexes according to the facies associations in the lacustrine,
aeolian and fluvial deposits.

6 HEAVY MINERAL ASSEMBLAGES OF THE UPPER MEZOSOIC
SANDSTONES

Provenance analyses are frequently used to solve stratigraphic problems, perform
stratigraphic correlations and to construct geological and geodynamic models (Mange et al,
2003; Morton et al, 2011; Morton and Hurst, 2016; Schneider et al, 2016; Zimmermann and
Hall, 2016). The Upper Mesozoic succession of the Parnaiba Basin consists in volcanic lava
flows, fluvial-lacustrine and fluvial-aeolian deposits, whose stratigraphy is still troublesome.
This complexity is, mainly, a result of the intermittent exposure, denudation processes and
fault displacements. In this sense, provenance data based on framework petrography, quartz
cathodoluminescence, petrographic aspects of quartz grains and heavy minerals analysis were
applied in order to compare and interpret the provenance of the Jurassic-Cretaceous
sandstones of the Parnaiba Basin.

Sandstones from the Mearim Group plotted in recycled orogenic and interior craton
provenance fields (e.g. Dickinson, 1985). The predominance of volcanic quartz, indicated by
hot cathodoluminescence imaging, is coherent with the presence of massive basaltic flows
over the western Parnaiba Basin. These rocks were probably one of the main source areas of

the Mesozoic deposits, since this group was installed over Lower Jurassic basalts. The
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decrease of volcanic lithic fragments content and increasing roundness grade of rock
fragments lakeward indicate higher reworking towards the lake environment.

Additionally, sandstones from the Mearim Group exhibit higher ZTR index values,
with predominantly superabundance to abundance of stable minerals in lacustrine succession
(80.5 average) and equivalence of stable and unstable minerals in aeolian succession (56.8
average). The fluvial deposits exhibited lower heavy minerals content, as well as lower ZTR
index values (44.4 average), with similarity in unstable and stable heavy minerals content
(Fig. 12). Lacustrine sandstones exhibit higher values of tourmaline, whereas aeolian
sandstones presented higher garnet, clinopyroxene and epidote content. The lacustrine and
aeolian successions presented similar contents of zircon, rutile, andalusite, clinopyroxene and
staurolite, whereas hornblende occurs only in the lacustrine succession. The fluvial deposits
differ, mainly, by the high hornblende content (15.70-52.60%) and the presence of sillimanite.
Another difference is the lower textural maturity of garnet grains, predominantly angulose and
coarse-grained, compared to garnet grains in Mearim Group sandstones.

One might expect that the heavy minerals assemblages should contain high
percentages of pyroxenes, due to the provenance carried out by basic volcanic rocks. The low
content of these minerals is interpreted as consequence of the instability of ferromagnesian
minerals in arid desertic conditions (Morton and Hallsworth, 1999), which may have
enhanced dissolution processes. The high textural and compositional maturity of the Mearim
Group mineral assemblage, with rounded zircon, tourmaline and rutile, indicates polycyclic
character and long-standing abrasion processes, with reworking of sediments and/or
sedimentary rocks (e.g. Tsikouras et al, 2011; Zimmermann and Hall, 2016). Mechanical
surface textures in heavy minerals (e.g. abrasion borders, impact marks, conchoidal fractures)
corroborate this interpretation (Ando et al, 2012).

In the other minerals, mainly staurolite and garnet, dissolution features controlled by
the crystalline structure are commonest (e.g. “cockscomb” terminations and mammillae
marks). The relatively lower garnet content in Pastos Bons Formation in comparison to the
Corda Formation may be a result of the complex burial history of the lacustrine deposits,
since that the burial diagenesis results in garnet solution (Morton and Hallsworth, 1999). This
process is favored by the formation of acid organic gases through the alteration of organic
matter in temperatures >80°C (Hansley, 1987). Black shales and fossiliferous material are
present in the lacustrine deposits, which may have provided the necessary source for organic
gases formation. The absence/reduction of less stable minerals and consequently higher ZTR

values in the lacustrine succession reflects the granulometric and mineralogical fractioning
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towards the lake setting, which represent the depocenters of Parnaiba Basin during the
Jurassic-Cretaceous transition. This fractioning is common in environments with distinct
hydraulic behavior and may be enhanced by burial diagenesis, which results in the changing
physical-chemical conditions and further dissolution of unstable minerals (Morton and

Hallsworth, 1994; 1999).

6.1 UPPER MESOZOIC PROVENANCE EVOLUTION OF THE PARNAIBA BASIN

Data from framework petrography, hot cathodoluminescence and petrography of
quartz grains and heavy mineral assemblages indicate that the lacustrine (Pastos Bons) and
aeolian (Corda) deposits were supplied by similar sources, which suggest possibly
concomitant deposition. This assertion is coherent with sedimentological (Cunha and
Carneiro, 1972; Goes and Feijo, 1994; Ballen, 2013; Rabelo and Nogueira, 2015; Cardoso et
al, 2017), palynological (Lima and Campos, 1980; Bernardes-de-Oliveira et al, 2007) and
paleontological (Gallo, 2005; Petra, 2006; Montefeltro et al, 2013; Valais et al, 2015)
evidences, which suggest exclusively continental deposition during the sedimentation of the
Mearim Group.

Single-mineral characterization indicating mainly volcanic quartz provenance and
heavy minerals assemblage mainly supplied by metamorphic rocks suggest multiple source
areas (e.g. Jian et al, 2013; Zimmermann and Hall, 2016). Minerals such as Al,Os
polymorphs, staurolite and garnet are commonest in metasedimentary rocks from greenschist
to lower amphibolite metamorphic facies (Morton, 1985; 2012; Winter, 2001). In this sense,
Mearim Group sediments were probably supplied by Paleoproterozoic to Neoproterozoic
basement rocks from Borborema Province, as well as volcanic rocks within the Parnaiba
Basin. In Borborema Province, the most likely areas include the Ceara Central Domain, due to
the geographical proximity and predominantly metasedimentary lithologies, mainly the
metapelitic supracrustal cover of the Cearda Group. Pre-Cambrian basement sources are
suggested for Paleozoic sedimentary rocks, based on detrital zircon geochronology (Hollanda
et al, 2018), which implies intrabasinal recycling. Epeirogenic uplifts triggered by magmatic
emplacements related to the Central Atlantic Magmatic Province (CAMP) (Klocking et al,
2018) may have played an important role in the Mesozoic provenance history of the Parnaiba
Basin. Intrabasinal highs generated by this event probably renewed autogenic source areas

and were strongly affected by denudation processes.
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Conversely, high hornblende content in fluvial deposits of Grajati Formation indicates
intermediate-acid igneous source (e.g. Jian et al, 2013; Schneider et al, 2016), probably I-type
Brazilian granites. The exact lithostratigraphic units are hard to define without
geochronological data. However, Neoproterozoic Brazilian granites from Ceara Central
Domain include the Tamboril — Santa Quitéria Complex (Souza Neto et al, 2008) and may
compose an important source area. The occurrence of andalusite and sillimanite suggest high
grade metamorphic source rocks (upper amphibolite to granulite facies) for these sandstones
(Winter, 2001), without equivalence with the Mearim Group deposits. Different heavy
mineral assemblages of the fluvial succession in comparison to the aeolian and lacustrine
deposits may indicate shifts in provenance or unroofing of common source areas (e.g. Mange
et al, 2003; Jian et al, 2013). Regional data are needed to support one of these hypotheses and
to constrain source areas. However, outcrop-based data and heavy minerals analyses evidence
an unconformity between the Mearim Group and fluvial deposits from Grajati Formation,
such that the stratigraphic positioning previously suggested for the Upper Mesozoic Parnaiba
Basin (Vaz et al, 2007) is no longer supported.

The unconformity between Grajati and Pastos Bons formations evidences the necessity
of reevaluation of the Alpercatas Basin, since that the studied area in this work is located
>200 km away from the limits proposed for this basin, trespassing the horsts suggested by
Goes (1995) (Xambioé and Itapecuru highs). Moreover, the distinction between Parnaiba and
Alpercatas basins are based on the recognition of depocenters migration hypothetically due to
the displacement of large faults and uplift of the basin borders (Godes, 1995; Pedreira da Silva
et al, 2003). Nevertheless, these features do not support this individualization, since that these
are intrinsic processes of sedimentary basins evolution. The uplift of the Parnaiba Basin
borders, as well as the depocenter migration during the Triassic-Jurassic transition may be
explained by the post-magmatic cooling and subsequent thermal readjustment of the
sedimentary deposits (Kockling et al, 2018). Filling dykes of Grajat Formation in lacustrine
beds indicate sin-sedimentary tectonics during the Aptian. In this sense, we do not consider
the Alpercatas Basin as a geotectonic unit and interpret that the evolution of Parnaiba Basin

extended from Silurian to the Upper Cretaceous.

7 CONCLUSIONS

This work investigated the provenance of Mesozoic deposits from a debatable

stratigraphic succession in the Parnaiba Basin. A set of techniques was applied to avoid the
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effects of transport, depositional and diagenetic processes, as well as to minimize the
influence of the grain size chosen and sedimentary recycling. We focused on bulk sediment
(sandstone petrography), multi-mineral (heavy minerals) and single-mineral (quartz
petrography and quartz cathodoluminescence) analyses. The stratigraphic succession studied
consists in the Mearim Group, defined by lacustrine shales and sandstones of the Pastos Bons
Formation, and aeolian sandstones of the Corda Formation. These beds are unconformably
overlaid by conglomerates and sandstones of the Grajati Formation.

The sandstones plotted in recycled orogenic and interior craton fields, whereas quartz
petrography and hot cathodoluminescence data evidenced volcanic sources. Heavy minerals
assemblages from lacustrine and acolian deposits are highly similar; nevertheless, both differ
from the fluvial deposits, mainly due to the high hornblende content. In addition, ZTR, GZi
and RZi indexes are higher in lacustrine and aeolian beds, and lower for fluvial strata. This
dataset evidences multiple source areas for Mesozoic sandstones of the Parnaiba Basin, with
quartz provenance mainly from volcanic rocks and heavy minerals supplied by low to
medium-grade metapelitic rocks (greenschist to medium amphibolite facies). The increasing
ZTR index and roundness towards the lacustrine beds reflect the hydraulic fractioning and the
influence of depositional processes in this environment. The high hornblende content in
fluvial deposits, as well as the lower roundness, indicate texturally immature components for
sandstones of the Grajati Formation, without equivalence with the Mearim Group. In this
sense, the Mearim Group was probably supplied by Neoproteozoic rocks of the Ceard Central
Domain (Ceara Group?), in addition to intrabasinal recycling of the Paleozoic basement and
lava flows related to the CAMP event. Conversely, the Grajau Formation was supplied by
acid sources, such as I-type Brazilian granites. The provenance data presented for Mesozoic
sandstones of the Parnaiba Basin reflect the geological evolution of this region and resulted
from the unroofing of common sources or shifts in provenance areas. Geochronological data

are fundamental to unravel these questions and to better constrain source units.
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CONCLUSOES

Este trabalho inclui dados estratigraficos, faciologicos e mineraldgicos inéditos
referentes a porcao central da Bacia do Parnaiba, com enfoque na Formacdo Pastos Bons,
além de unidades adjacentes, como os arenitos edlicos da Formagdo Corda e os arenitos
fluviais da Formagdo Grajai. A Formacdo Pastos Bons ¢ constituida por depositos
siliciclasticos lacustres, subdivididos em quatro associacdes de facies: lacustre central (AF1),
sheet-like delta front (AF2), lacustre marginal (AF3) e canais fluviais efémeros (AF4),
organizados principalmente em ciclos de raseamento ascendente. Esta sucessdo inclui quatro
ciclos deposicionais, limitados por discordancias ou superficies de inundagao, cujo arcabougo
estratigrafico exibe um padrdo retrogradacional-progradacional-retrogradacional. O aumento
ascendente do espago de acomodacdo ¢ interpretado como resultado de uma subsidéncia
térmica que afetou a Bacia do Parnaiba apds o extravasamento massivo de lava associado a
Central Atlantic Magmatic Province (CAMP). A proveniéncia desta unidade foi investigada a
partir de petrografia de arenitos, petrografia e catodoluminescéncia de quartzo, além da
analise de minerais pesados. Os arenitos da Formagdo Pastos Bons plotam nos campos de
orogenos reciclados e interior cratonico, enquanto que dados de catodoluminescéncia de
quartzo e petrografia de quartzo indicam fontes vulcanicas. No entanto, a assembleia de
minerais pesados desta unidade exibe fontes metapeliticas com paragénese das facies xisto
verde a anfibolito médio. Estas andlises também foram aplicadas nas formagdes Corda e
Grajau e constata-se que, embora os depositos eodlicos sejam muito similares, os arenitos
fluviais diferem por apresentarem graos predominantemente imaturos e alto teor de
hornblenda. O aumento dos indices ZTR, GZi e RZi ¢ o maior grau de arredondamento nos
depositos lacustres refletem o fracionamento hidraulico e os processos deposicionais atuantes
neste ambiente. Os dados supracitados indicam multiplas areas fonte para as formagdes Pastos
Bons e Corda (Grupo Mearim), com graos de quartzo supridos por rochas vulcanicas
possivelmente associadas ao CAMP. Os minerais pesados, no entanto, foram provavelmente
influenciados por coberturas proterozoicos do Dominio Ceara Central (Grupo Ceard?), além
da ocorréncia de retrabalhamentos intrabacinais. Contrariamente, a assembleia de minerais
pesados da Formagdo Grajai apresenta influéncia de rochas intermedidrias a 4cidas,
provavelmente granitos Brasilianos tipo-I. Esta evolugdo geoldgica reflete a exumagdo de
areas fontes em comum ou a mudanca de areas fonte, contudo, dados geocronoldgicos sdao

necessarios para melhor responder esta questao.
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Tabela 2 - Contagem de pontos e indice de Kahn dos arenitos da Formagao Pastos Bons.

PB-10 PB-08c¢ PB-08a PB-06b PB-02a PB-02b PB-02¢ PB-11c FL-09 FL-02a
Quartzo
monocristalino 203 251 245 165 270 244 266 210 215 212
Quartzo
policristalino 16 13 5 6 20 9 2 13 19 3
Plagioclasio 1 0 5 2 4 1 0 41 10 14
Alcali-feldspato 0 0 0 1 3 2 1 0 3 2
Fragmento de
rocha vulcanica 1 0 0 0 0 1 0 0 2 0
Fragmento de
quartzito 0 0 0 0 0 0 0 1 1 0
Fragmento de
arenito 1 1 0 1 1 0 0 0 0 0
Fragmento de
pelito 0 0 0 2 0 1 0 1 0 0
Fragmento de chert 2 0 1 1 2 | 1 3 0 0
Cimento
carbonatico 76 40 50 0 0 44 30 0 23 69
Zircao 0 0 1 0 0 1 0 0 0 0
Matriz argilosa 0 0 0 143 0 0 0 31 27 3

Quartzarenito ~ Quartzarenito  Quartzarenito Grauvaca Quartzarenito Quartzarenito Quartzarenito Quartzarenito Subarcésio Subarcosio
Grao-grao 8 13 8 5 24 22 26 31 53 60
Grao-ndo grao 92 87 92 95 76 78 74 69 a7 40
Empacotamento Aberto Aberto Aberto Aberto Aberto Aberto Aberto Aberto Normal Fechado

16



Tabela 3 - Contagem de minerais pesados da Formacdo Pastos Bons.

PB-11d PB-11a PB-02d(F) PB-02d (G) PB-06a PB-06b PB-06c PB-04a PB-02e
Zircao 23% 51% 6% 21% 26% 62,70% 37,50% 1,90% 31,50%
Turmalina 53% 31% 44% 17% 72% 29% 59% 77% 21%
Rutilo 12% 18% 6% 8,50% 2% 7,30% 3,50% 1,00% 6,30%
Epidoto 8% 0% 1% 0% 0% 0% 0% 0,00% 0%
Granada 4% 0% 41% 54% 1% 1% 0% 12,50% 36,50%
Titanita 2% 1% 0% 0% 0% 0% 0% 0,00% 1,40%
Hornblenda 0% 0% 2% 0% 0% 0% 0% 0,00% 0%
Piroxénio 0% 0% 0% 0% 0% 0% 0% 7,70% 2,90%
Tabela 4 - Contagem de minerais pesados da Formagdo Corda.
AM-1 AM-2a AM-2b AM-3 AM-4 AM-5 AM-6 AM-9 P2-1 P5-1
Zircao 44% 31,6% 21,7% 35,8% 25,2% 2,6% 4,4% 23,5% 51,1% 5
Turmalina 13% 34,3% 41,5% 27,3% 22,2% 9,3% 1,4% 1,5% 39,4% 91%
Rutilo 2% 1,4% 0,0% 3,9% 3,4% 0,0% 15,8% 10,0% 6,4% 0%
Epidoto 12% 16,4% 3,3% 7,4% 16,8% 0,0% 0,4% 0,0% 1,1% 0%
Granada 8% 10,9% 30,4% 11,4% 20,7% 87,9% 71,2% 64,5% 0,5% 4%
Titanita 0,0% 0,0% 0,0% 1,4% 0,4% 0,0% 0,0% 0,0% 0,0% 0%
Estaurolita 0,0% 0,0% 0,0% 0,9% 0,4% 0,0% 0,0% 0,0% 0,0% 0%
Clinopiroxénio 21% 2,4% 1,9% 8,9% 8,9% 0,0% 6,4% 0,5% 1,1% 0%
Andalusita 0% 2,4% 0,9% 2,4% 1,4% 0,0% 0,0% 0,0% 0,0% 0%

6



Tabela 5 - Contagem de minerais pesados da Formagdo Grajau.

PB-05i PB-05j
Turmalina 32,90% 15,40%
Zircio 12,90% 23,80%
Rutilo 4,50% 5,20%
Hornblenda 15,70% 52,60%
Granada 27,10% 3%
Estaurolita 1% 0,00%
Estaurolita 1,70% 0,40%
Sillimanita 1,00% 0,00%
Clinopiroxénio 3,20% 2,60%

Tabela 6 - Catodoluminescéncia de quartzo - Diagrama de Bernet e Basset (2005).

Quartzo vulcanico Quartzo pluténico Quartzo metamorfico
PB-02a 95 0 5
PB-02b 94 1 5
PB-02¢ 91 3 6
PB-06a 88 2 10
PB-08a 92 2 6
PB-08c¢ 88 5 7
PB-10 97 0 3
PB-11¢ 91 1 8
FL-09 93 0 7
FL-02a 95 1 4
A3-8 96 4 0
A3-1 94 6 0
A1-20 91 6 3
Al1-22 93 3 4
CD3-1 97 1 2
AM-1 94 2 4
AM-2 92 1 7
AM-6 98 0 2




