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RESUMO

O final da Era Paleozoica foi marcado por movimentacGes tectonicas das massas de terra que
estavam reunidas formando o supercontinente Gondwana, que se estendia principalmente no
hemisfério sul, circundado pelos oceanos Pantalassa a oeste e Tetis a leste. Durante o periodo
Carbonifero ocorreram diversos ciclos de varia¢cdes climaticas na histdria da terra, evidenciados
em depdsitos glaciogénicos de icehouse e carbonaticos de greenhouse, tanto no paleocontinente
Gondwana quanto na Laurésia. Estes ciclos globais de variacao eustatica foram registrados nos
mares epicontinentais, pois representam a fase de descongelamento e aumento do nivel
eustatico, em um periodo de greenhouse, que juntamente com uma paleogeografia favoravel
formam extensas transgressdes marinhas sobre os blocos continentais, com padrdes de
empilhamento ciclicos, denominados de ciclotemas (e.g. terrestre; misto terrestre-marinho;
marinho e marinho restrito / padrdo evaporitico). Os registros desses eventos no norte do Brasil
sdo encontrados nas bacias intracratdnicas, particularmente no Grupo Balsas da Bacia do
Parnaiba, onde as exposicGes permitem avaliar a histéria sedimentar do Pensilvaniano. A
sucessdo sedimentar estudada pertence ao Membro Superior da Formagdo Piaui, descrita entre
0s Municipios de José de Freitas, Unido, Miguel Alves e Lagoa Alegre, e exibe depositos
carbonaticos ricamente fossiliferos sobrepostos por espessos pacotes peliticos e clinoformas
progradantes. Dezessete facies sedimentares foram agrupadas em quatro associagdes de facies
(AF), representativas de um sistema de plataforma carbonatica rasa, adjacente a um campo de
dunas costeiros, posteriormente substituidos por depositos lacustre-deltaico. A AF1- campo de
dunas costeiro/interdunas, compreende arenitos finos a médios, bem selecionados,
intensamente bioturbados, com estratificacfes plano-paralela e cruzada tabular e laminagédo
cruzada cavalgante subcritica transladante. A AF2-depdsitos de mar raso, consiste em uma
sucessdo de rochas carbonaticas peloidais, fossiliferas, lateralmente continua por centenas de
metros, intercalada com folhelho betuminoso. Estes carbonatos foram dolomitizados e
apresentam valores negativos de 8'3Ccay covariaveis com os valores positivos de *8Ocarb,
sugerindo que o volume de fluido supersaturado foi suficiente para alterar ndo apenas 8'0, mas
também o 53C. A AF3-lobos de suspenséo / barra de desembocadura e AF4-prodelta lacustre,
consiste respectivamente, de arenitos com estratificacdo cruzada sigmoidal e plano-paralela e
pelitos e arenitos finos intercalados. As espessas camadas peliticas de prodelta em contato com
a AF2, apresentam gréos de quartzo com morfologia textural de sedimentos de proveniéncia
edlica, com texturas do tipo: bordas bulbosas e lisas, placas soerguidas/deslocadas (upturned

plates), depressdes irregulares e marcas de percussao em V. Superficies de exposicao subaérea



nos carbonatos marcada por gretas de contracdo e feicdes de dissolucdo, indicam o final da
sedimentacdo carbonatica (e.g. Sequéncia marinha — Trato de Sistema de Mar Alto) com o recuo
e confinamento do mar Pensilvaniano em um extenso sistema lacustre (e.g. Sequéncia
continental — Trato de Sistema de Alta Acomodacdo) na porcéo central do Gondwana. A
assembleia de argilo minerais da AF4 confirma o padrdo climatico de maior aridez para o topo
da sucesséo estudada, apresentando principalmente esmectitas e illita. Esta retracdo marinha foi
concomitante com a orogenia Apalachiana (300 Ma) que causou 0 soerguimento no Gondwana
ocidental e desconectou definitivamente o mar epicontinental Itaituba-Piaui com o oceano
Pantalassa a oeste. Os mares restritos ou lagos foram progressivamente assoreados por fluxos
hipopicnais progradantes com o estabelecimento das condi¢cbes de aridez mais extremas
deflagradas durante o Pensilvaniano.

Palavras-chave: Pensilvaniano. Mar epicontinental Itaituba-Piaui. Paleoclima. Ciclotema.



ABSTRACT

The end of the Paleozoic Age was marked by landmasses tectonic movements that were forming
the supercontinent Gondwana, which stretched mainly in the southern hemisphere, surrounded
by the Panthalassa oceans to the west and Tetis to the east. During the Carboniferous period,
there were several cycles of climatic variations in the earth's history, evidenced in glaciogenic
icehouse and greenhouse carbonate deposits, both in the paleocontinent Gondwana and in
Laurasia. These global cycles of eustatic variation were recorded in the epicontinental seas, as
they represent the thawing phase and eustatic level increase in a greenhouse period, which
together with a favorable paleogeography form extensive marine transgressions over the
continental blocks, with cyclic stacking patterns, called cyclothems (eg., terrestrial; terrestrial-
marine mixed; marine and restricted marine / evaporitic pattern). Records of these events in
northern Brazil are found in the intracratonic basins, particularly in the Balsas Group of
Parnaiba Basin, where the exhibits allow us to assess the Pennsylvanian sedimentary history.
The sedimentary succession studied belongs to the Piaui Formation Upper Member, described
among the cities of José de Freitas, Unido, Miguel Alves and Lagoa Alegre, and exhibits richly
fossiliferous carbonate deposits overlapped by thick pelitic packages and progradant
clinoforms. Seventeen sedimentary facies were grouped into four facies associations (FA),
representative of a shallow carbonate platform, adjacent to a coastal dune field, later replaced
by lacustrine-delta deposits. The FA 1- coastal dune field/interdune comprises well selected,
intensely bioturbed, fine to medium sandstones with plane-parallel stratification, tabular cross-
bedding and climbing translatent lamination. The shallow-sea deposits FA 2 consists of a
succession of fossiliferous carbonate rocks, laterally continuous for hundreds of meters,
interspersed with bituminous shale. These carbonates were dolomitized and have negative
313Ccam values covariate with positive values of §*®Ocarb, Suggesting that the supersaturated fluid
volume was sufficient to change not only §*80 but also §*3C. The FA 3- suspension lobes/mouth
bar and FA 4- lacustre prodelta consist respectively of sigmoidal cross-stratification and plane-
parallel stratification sandstones and intercalated fine sandstones and pelites. The thick pelitic
layers of prodelta in contact with FA 2 feature quartz grains with morphology texture of wind-
origin sediments, with textures such as bulbous and smooth edges, upturned plates, irregular
depressions, and percussion marks. Subarea exposure surfaces in carbonate marked by
shrinkage cracks and dissolution features indicate the end of carbonate sedimentation (eg.,
Marine Sequence - Highstand System Tract) with the Pennsylvanian Sea Retreat and

Confinement in an extensive lacustrine system. (eg., Continental Sequence - High
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Accommodation System Tract) in the central portion of Gondwana. The FA 4 mineral clay
assembly confirms the aridest climatic pattern to the top of the studied succession, presenting
mainly smectites and illite. This marine retraction was concomitant with the Appalachian
orogeny (300 Ma) that caused the uplift in western Gondwana and definitively disconnected
the Itaituba-Piaui epeiric sea from the Panthalassa ocean to the west. Restricted seas or lakes
were progressively beset by prograding hipopycnal flows with the establishment of the most

extreme arid conditions triggered during Pennsylvanian.

Keywords: Pennsylvanian. Itaituba-Piaui Epearic Sea. Paleoclimate. Cyclothem.
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deltaica e expansdo dos 1ag0S (HAST). ...ooiiiiiiiiieieie s 112



XVii

LISTA DE TABELAS
CAPITULO 3
Tabela 1 - Mares epicontinentaiS FANEroZOICOS. ..........cuevveriererereii e 18
CAPITULO 4
Table 1- List of cores/outcrops discussed in this study..............ooiviiiiiiiiiiii e, 34
CAPITULO5

Tabela 1 - Facies, processos e associacdes de facies da sucessdo carbonética-siliciclastica do

tOPO da FOrMAGAD PIAUI.......cceeivieie et 90



XViii

SUMARIO
DEDICATORIA .. ..ottt iv
AGRADECIMENTOS ...ttt e e nae e e e nnee e e Y
EPTGRAFE ..ottt vii
RESUMO ...ttt ettt e e e et e e ea e e s ab e e e s st e e e nbeeeeteeeenneeeanneeeanes IX
A B S T R A T ettt e e e b e e e nrre e nes X
LISTA DE ILUSTRAQOES .................................................................................................. Xii
LISTADE TABELAS ...ttt XVii
1 LN EEI0] 5161070 IR 1
1.1 APRESENTACAO. ..ottt sess st s st es s, 1
(0 N =Y W [ N=Ccy U [« OO TR 2
1.3 OBUIETIVOS ...t n e e e nnees 2
1.4 BACIA DO PARNAIBA........cooiieeeeeee e vee e tenas sttt s 4
I R ] L= Tot (S o [=] TSSOSO 4
142 GrUPO BalSAS.....ceiiiiiiiitisieieee et 8
1.4.2.1 FOMAGAD PIAUT ...c.eveiteeeiieieeeeee ettt nes 9
1.4.3 Mares epicontinentais e as relagdes Climaticas ...........ccocooeevereinieienece e 13
1.4.4 Registro de mares epicontinentais Pale0z0iCoS...........ccccereirereienienense e 16
1.4.4 Ciclotemas PermocarbOniferos ........ ..o 20
2 MATERIAIS E METODOS ...ccooiiiiiirieieiesiseieie st essesssesssessnes 23
2.1 ANALISES DE FACIES SEDIMENTARES ......cccvviiiiiniinreeineineensieeessessseeessenenss 23
2.2 ESTRATIGRAFIA DE EVENTOS ..o 23
2.3 ANALISE PETROGRAFICA E MINERALOGICA .......ovveiririiiiriseiseienenseens 24
B R = {010 | = - TSRS OPRTR 24
2.3.2 Difragao de raios-X (DRX) .....ccciiiiiiieiiiiesiesie e 24

2.4 GEOQUIMICA ..ottt 25



Xix

2.4.1  156top0s de BC(carb) € TO(Carb) . .ivererreririiririiieriiictie ettt 25

3 LATE PALEOZOIC CYCLOTHEMS IN SOUTH AMERICA, ALONG WITH A
GENERAL CYCLOTHEMIC CLASSIFICATION ..ot 26

4 CARBONATE-CLASTIC SEDIMENTATION IN THE PARNAIBA
BASIN, NORTHERN BRAZIL: RECORD OF CARBONIFEROUS EPEIRIC
SEA IN THE WESTERN GONDWANA ... 65

5 O FECHAMENTO DO MAR EPICONTINENTAL NO GONDWANA
OCIDENTAL: EVIDENCIAS NA SEQUENCIA MISTA CARBONATICA-
SILICICLASTICA PENSILVANIANA DA BACIA DO PARNAIBA, BRASIL ............ 81

6 CONCLUSOES E CONSIDERACOES FINAIS.......ovveeeereeeeeeeeeeeeseseeeereseesnens 120

REFERENCIAS ..ottt 123



1- INTRODUCAO
1.1 APRESENTACAO

Diversos eventos glaciais ocorreram durante o limite Permocarbonifero (e.g. Late Paeozoic
Ice Age), os quais foram sucedidos por eventos ndo glaciais, configurando um padrao ciclico
durante o Paleozoico Tardio (Field et al. 2008). Durante o Pensilvaniano o clima nos trépicos
tornou-se mais seco e quente e extensos mares epicontinentais foram formados em quase todas
as grandes sinéclises do Gondwana (Almeida et al. 2000, Boucot et al. 2013). Expressivos
ciclos transgressivos-regressivos induzidos pela conexdo com o oceano Pantalassa afetaram o
Noroeste deste paleocontinente. Um dos registros de invasdo marinha mais interno do
Gondwana Ocidental refere-se aos carbonatos carboniferos, depositados nas bacias
intracratdnicas brasileiras. A bacia do Parnaiba apresenta evidéncias destas facies carbonaticas
Pensilvanianas, no topo da Formacao Piaui (Lima Filho 1991).

A Formacao Piaui esté inserida no Grupo Balsas e consiste de uma sucessao essencialmente
arenosa com intercalacbes de siltitos e folhelhos, com calcério no topo, depositadas em
ambiente fluvial com contribuicdo edlica e breves incursdes marinhas (Lima & Leite 1978,
Santos et al. 1984). Enquanto a sedimentacao siliciclastica da Formacéo Piaui é razoavelmente
interpretada, ainda é desconhecida a origem da deposicdo carbonatica no contexto mais global.
De fato, apesar dos fdsseis indicarem mares rasos, a historia evolutiva deste deposito
carbonéticos ainda ndo foi completamente esbocada. Estes carbonatos tém sido denominados
na literatura como “Mocambo” em alusdo a localidade na qual foram encontrados, sem
nenhuma formalizacdo litoestratigrafica (Anellil994, Assis 1979). Em geral, o “calcario
Mocambo” tem sido relacionado as incursdes marinhas concomitantes aos eventos de
desertificacdo do final do Carbonifero (Vaz et al. 2007).

O corpo desta tese é constituido por trés artigos, sendo dois em inglés submetidos a revistas
internacionais (e.g. Journal of South America Earth Science e Earth Science Review), e um em
portugués que esta em via de submissdo. Além dos artigos, esta tese € constituida por: um
capitulo referente ao levantamento bibliografico acerca do arcabouco litoestratigrafico da
Formac&o Piaui, e do contexto geoldgico dos mares epicontinentais e ciclotemas; um capitulo
referente metodologia empregada na construcdo da tese; conclusGes e as referéncias

bibliogréaficas utilizadas nestes capitulos.



1.1.2 Area de estudo

A érea de estudo esta inserida na regido nordeste do Brasil, no norte do estado do Piaui,
nos dominios da folha Teresina (SB-23). No contexto geoldgico desta folha afloram as rochas
do topo da Formacdo Piaui, descritas em fazendas e frentes de lavras da mineradora Icarai.
Foram descritos cortes de estradas nas proximidades do municipio de José de Freitas, ao longo
de estradas e da rodovia PI-113, e na zuna rural dos municipios de Uni&o e Coelho Neto (Fig.1).

1.3 OBJETIVOS

Este trabalho objetivou avaliar a histéria geoldgica, a redescricdo das unidades e
definicdo dos limites litoestratigraficos do topo da Formac&o Piaui, assim como a correlacdo
com depdsitos Permocarboniferos das demais bacias sedimentares Gondwanicas, granjeados a
partir dos seguintes objetivos especificos: i) a reconstituicdo paleoambiental e paleogeografica;

ii) contextualizacdo dos depdsitos estudados com eventos globais.
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Figura 1-Mapa de localizacdo da area de estudo com indicacéo dos principais perfis litoestratigraficos.




1.4 BACIA DO PARNAIBA

1.4.1 Aspectos gerais

A Bacia do Parnaiba, também denominada de Bacia do Maranh&o, Piaui-Maranhdo e do
Meio-Norte (Aguiar 1971, Albuquerque & Dequech 1946, Campbell 1949, Mesner &
Wooldridge 1964), é uma bacia intracraténica inserida na Plataforma Sul-americana, que
compreende uma &rea de aproximadamente 600. 000 Km 2, com espessura maxima de 3.400m
em seu depocentro. Desenvolveu-se sobre um embasamento continental fortemente estruturado,
representado por rochas do cinturdo Araguaia-Tocantins, da Faixa Gurupi, dos cratons
Amazodnico e Sdo Francisco e da Provincia Borborema (Cunha 1986). A Formagdo Riachdo e
0 Grupo Jaibaras representam o embasamento sedimentar (grabens) da bacia (Vaz et al. 2007).
A Bacia do Parnaiba é limitada ao norte pelas bacias cretaceas de Barreirinhas e Sdo Luis e pelo
Arco Ferrer-Urbano Santos (Rezende & Pamplona 1970, Cordani et al. 1984); a leste pela Falha
de Taua (Santos et al. 1984); a noroeste pelo Arco do Capim ou Tocantins (Mesner &
Wooldridge 1964, Goes 1995); a oeste pela faixa de dobramento Paraguai-Araguaia (Kegel
1965); e nas demais bordas por rochas do embasamento pré-cambriano. Segundo Mesner &
Wooldridge (1964) a Bacia do Parnaiba é essencialmente uma bacia de sedimentacdo
paleozoica, embora também esteja coberta por depositos mais jovens (mesozoicos até recentes).

O preenchimento sedimentar da Bacia do Parnaiba foi precedido por dois estagios de
rifteamento, com base em dados gravimétricos e magnéticos (Castro et al. 2014). O primeiro e
mais antigo evento de rifteamento ocorreu nos estdgios finais da orogenia Brasiliana,
encontrado na porcdo central da bacia, com orientacdo geral N-S e flexdo progressiva para NE-
SW. O segundo evento ocorreu durante o periodo Cambro-Ordovinciano, na borda leste e sul
da bacia, onde foram identificados e descritos por se¢Bes sismicas um conjunto de grabens
lineares com orientacdo NE-SW (GGées et al. 1990) (Fig. 2).
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Goes (1995) redefiniu a bacia em Provincia Sedimentar do Meio Norte, subdividindo em
quatro bacias menores: Bacia do Parnaiba (Ordoviciano-Triassico), Anficlise das Alpercatas
(Juréssico-Eocretaceo), Bacia do Grajau (Cretaceo) e Bacia do Espigdo Mestre (Cretaceo) (Fig.
3). Segundo Gédes & Rossetti (2001) as similaridades no arcabouco estrutural, sedimentacdo e
historia evolutiva entre as bacias do Grajad e Sao Luis, permitiram a juncdo da Bacia S&o Luis-
Grajau. Silva et al. (2003) retomam o nome definido por Almeida et al. (1977) de Provincia

Parnaiba e substituem o termo Anficlise das Alpercatas por Bacia das Alpercatas.
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A Bacia do Parnaiba foi formada em consequéncia de um megasistema de fraturas e o
abatimento crustal de uma grande area cratdnica que ocorreu do final da Orogenia Brasiliana
até a Orogenia Caledoniana da Cordilheira Andina durante o limite Siluriano-Devoniano. Esta
sedimentacdo perdurou até meados do Neotridssico (Caputo 1984), afetando as bacias
intracratdnicas do Solimdes, Amazonas e Parana (Caputo et al. 2005). Segundo Caputo et al.
(2006), as dimensdes da bacia foram reduzidas drasticamente por meio de processos erosivos
durante e ap0s a ruptura do Gondwana. Goes e Feijo (1994) subdividiram a sedimentacdo da
Bacia do Parnaiba em cinco grupos sedimentares ou sequencias deposicionais de segunda
ordem, em funcdo de variagbes tectOnicas-estruturais e climaticas. Estes grupos sdo
representados pelas superssequéncias Siluriana (Grupo Serra Grande), devoniana (Grupo
Canindé), carbonifero-tridssica (Grupo Balsas), jurdssica (Grupo Mearim) e cretacea
(formacdes Grajau, Codo, Itapecuru, Urucuia, Areado). Vaz et al. (2007) atualizaram a carta
estratigrafica da Bacia do Parnaiba posteriormente, para as sequéncias: siluriana,
mesodevoniana-eocarbonifera, neocarbonifera-eotriassica, jurassica e cretacea. (Fig. 4).

Segundo Gées & Feijo (1994), a sequéncia carbonifero-triassica referente ao Grupo
Balsas, corresponde ao terceiro grande ciclo sedimentar da Bacia do Parnaiba, marcando um
evento progressivo importante de continentalizagdo com consequente desertificagdo. Constitui
um complexo clastico-evaporitico que ocorre sobreposto discordantemente ao Grupo Canindé.
Encontra-se aflorante nas regides leste-nordeste e centro-sul da bacia e é constituido pelas
formacdes Piaui, Pedra de Fogo, Motuca e Sambaiba. No final da deposicdo mesozoica da Bacia
do Parnaiba, mais precisamente no Tridssico Superior, a ruptura do megacontinente Pangea
levou a abertura do Oceano Atléantico, favorecendo um intenso magmatismo (Magmatismo

Penatecaua) instrusivo e extrusivo, gerador da Formacdo Mosquito.
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Figura 4-Carta estratigrafica da Bacia do Parnaiba. Fonte (Vaz et al. 2007).

1.4.2 Grupo Balsas

O Grupo Balsas segundo Vaz et al. (2007), de idade neocarbonifera-eotriassica, €
constituido pelas formagbes Piaui, Pedra de Fogo, Motuca e Sambaiba, e registra uma
progressiva continentalizacdo que favoreceu a desertificacdo do Pangea. Em geral, o Grupo
Balsas encontra-se aflorante nas regides leste-nordeste e centro-sul da bacia, com uma sucessao
clastica-evaporitica que recobre discordantemente o Grupo Canindé. Os depdsitos
pensilvanianos deste grupo, na porgdo superior da Formacao Piaui, serdo alvo deste trabalho,
em destaque aos carbonatos transgressivos do topo da formacao.



Lima Filho (1998), trabalhando em secOes estratigraficas e colunares das unidades
Permo-Pensilvanianas, referentes as formacdes Piaui, Pedra de Fogo e Motuca, nos estados do
Piaui e Maranhdo, organizou em guatro grupos as sequéncias estudadas: secéo estratigrafica da
Br-233 (P1); secéo estratigrafica da borda leste (P1); secéo colunar Serra da Cruz (MA); e secéo
colunar da Ponta da Serra (MA). As duas se¢Oes estratigraficas melhor descrevem os ciclos
transgressivos/regressivos da Formacdo Piaui, pois sdo apresentadas as facies de plataforma
mista, sucedidas por ambientes predominantemente siliciclasticos. A Formacao Pedra de Fogo
¢ mencionada na secdo colunar Serra da Cruz e na sec¢do estratigrafica da Borda Leste, e a
Formac&o Motuca ocorre na secdo colunar siliciclastica da Ponta da Serra.

O estudo da sequéncia Permo-Pensilvaniana em dois testemunhos de sondagens na
regido de Caxias (MA), por Abelha (2013), permitiu a identificacdo de onze sequéncias de
quarta ordem para a Formacéo Piaui, que normalmente se adelgacam para a borda da bacia, e
dez sequéncias de quarta ordem para a Formacéo Pedra de Fogo. Segundo Abelha (2013), foram
observados trés sistemas deposicionais para o intervalo estudado: sistema deltaico (SD1), que
corresponde a porcdo superior da Formacdo Poti; sistema flavio-estuarino (SD2),
correspondente a Formacdo Piaui; e sistema costeiro-edlico (SD3), da porcdo basal da
Formacdo Pedra de Fogo,

Através de descricOes de testemunhos de sondagens e métodos de anélise estratigrafica
1D e 2D em seis pocos no estado do Maranhdo, Barbosa et al. (2016) propuseram trés
sequéncias deposicionais: a sequéncia 1 (SEQ1) apresenta distribuicdo estratigrafica do
Neocarbonifero ao Mesopermiano, compreendendo a Formacéo Piaui e 0 Membro Inferior da
Formacdo Pedra de Fogo. A sequéncia 2 (SEQZ2) é distribuida nos estratos Neopermiano-
Eotriassico e corresponde ao topo da Formacdo Pedra de Fogo e a Formacdo Motuca; e a
sequéncia 3 (SEQ3), Neocarbonifera-Eotriassica, definindo o final de um grande ciclo
regressivo. Estas sequéncias registram o inicio de uma deposicédo fluvio-eélica, posteriormente
afogada pelos depdsitos marinhos e costeiros, que foram substituidos por sistemas lacustres e
deserticos em condicOes climaticas paulatinamente mais aridas, das formacgdes Motuca e

Sambaiba, respectivamente.

1.4.2.1 Formacao Piaui

A Formacéo Piaui possui espessura méxima em torno de 220m na Bacia do Parnaiba,
aflorando em torno de 50m na borda sudoeste e na borda leste apresenta estreitamento para
norte (Fig. 5). Esta formag&o recobre os arenitos e siltitos da Formagéo Poti que sdo encobertos

pelo silex basal da Formacdo Pedra de Fogo.
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O nome Piaui, atribuido a formacéo, deriva do termo “Série Piaui” que foi utilizada
primeiramente por Small (1914 apud Anelli 1994). Oliveira & Leonardo (1940 apud Anelli
1994) restringiram o nome Piaui as camadas de idade pensilvaniana e mais tarde Lima & Leite

(1978) adotaram como limite os arenitos e siltitos da Formacao Poti, na base, e no topo o silex
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da Formacédo Pedra de Fogo. Mesner & Wooldridge (1964) dividiram a Formacdo Piaui em
membros inferior e superior. O Membro Inferior € composto por arenitos avermelhados, finos
a grossos, argilosos, feldspaticos com grdos subangulosos e foscos, intercalados de siltitos
vermelhos e argilosos (Fig. 6).

O Membro Superior é composto por arenitos finos a médios, regularmente selecionados
com grdos subarredondados a esféricos, assim como um calcéario fossilifero. O estudo
paleontoldgico destas camadas carbonaticas foi realizado primeiramente por Duarte (1936), que
identificou o contetido fossilifero do poco 125, a chamada “sondagem Theresina”,
individualizando os estratos com bivélves Aviculopecten, Edmondia, Spirifer e Orbiculoides,
pertencentes ao andar Uraliano do Carbonifero. Trabalhos posteriores identificam uma fauna
de invertebrados, como trilobitas e moluscos segundo Kegel (1951 apud Santos & Carvalho
2004), assim como um registro macrofloristico descrito em Dolianiti (1972 apud Santos e
Carvalho 2004), e equinodermos crinoides (Campanha e Rocha Campos 1979). Campanha e
Rocha Campos (1979), Assis (1979) e Anelli (1994, 1999), baseados em uma assembleia
microfaunistica de foraminiferos e conodontes, e na macrofauna invertebrada de braquiépodes
e moluscos, interpretaram um ambiente marinho com aguas quentes e rasas. Souza et al. (2010)
estudaram palinofacies em testemunhos de sondagem do topo da Formacéo Piaui, na regido de
Caxias (Ma), onde descreveram associa¢des cronoestratigraficas de palinomorfos em depdsitos
peliticos com niveis de arenitos, e atribuiram idade Moscoviano Superior a estes ambientes
siliciclasticos do topo da Formacao Piaui (Fig. 6).

Cruz et al. (1973) identificaram trés intervalos para Formacdo Piaui: um intervalo
inferior, bem exposto nas escarpas da chapada que margeia a rio Gurguéia, composto por
arenitos roseos, feldspaticos, finos a grossos, e niveis gonglomeraticos. Um intervalo médio
gue ocorre nas proximidades de Teresina, e compreende uma alternancia de siltitos e argilitos
avermelhados, com arenitos finos esbranquicados, geralmente calciferos. Também ocorre um
intervalo superior, na regido oeste de Teresina, no vale do Riacho Correntes, apresentando
arenitos amarelos ou vermelhos intercalados com silex macico ou ooliticos.

Lima e Leite (1978) identificaram variagdes deposicionais da Formacdo Piaui, tanto na
borda leste quanto na borda oeste da Bacia do Parnaiba. Na borda leste, foram descritos
conglomerados com seixos e calhaus de quartzo, com até 30 cm de diametro e fragmentos de
arenito com matriz arenosa e cimento argiloso, na base da Formacéo Piaui. Porém, na borda
oeste a secdo inferior inicia-se com arenitos vermelhos, finos a grossos com estratificagéo

cruzada de grande porte e raros siltitos intercalados.
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descritos na formacéo.

Mapeamentos estratigraficos na regido sul e sudeste da Bacia do Parnaiba, realizados por
Abreu et al. (1977), nas proximidades de Balsas-Ma, teve como produto final um mapa
geoldgico na escala 1:100.000, identificando o Membro Superior da Formacdo Piaui. Estes
autores baseados nos mesmos critérios de Mesner e Wooldridge (1964) e Aguiar (1971),
dividiram o Membro Superior na area estudada, em duas subunidades, também denominadas
de inferior e superior. Segundo Abreu et al. (1977), a subunidade inferior predomina condigdes
de sedimentacdo eolica e fluvial, enquanto na subunidade superior ocorre sedimentacgéo flivio-

deltaica, com mares restritos.
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Lima Filho (1991) descreveu também diversas se¢des sedimentares, na borda leste da
bacia, que juntamente com dados de subsuperficie, foram identificados sistemas deltaico e
edlico, com direcdes de paleocorrentes preferencialmente para NW e SW (Fig. 5), assim como
rochas carbonaticas inseridas em uma plataforma e camadas de evaporitos que contribuem com
as interpretacGes de bacia evaporitica, com provaveis entradas do mar a partir da Bacia do
Amazonas e por onde hoje se encontra a ilha do Marajé. Outra importante contribuigéo de Lima
Filho (1991) é a redefinicdo do contato das formacdes Piaui e Pedra de Fogo, por uma camada
de anidrita de extensdo bacial no topo da Formacao Piaui.

Atualmente ainda sdo consideradas as interpretacfes ambientais de Mesner &
Wooldridge (1964) para o Membro Inferior da Formag&o Piaui, que identifica um ambiente
fluvial com contribuicdo eolica sob condicGes semiaridas, ocasionalmente desérticas. Porém,
para 0 Membro Superior sdo definidas condicGes desérticas com breves incursdes marinhas,
conforme Goes (1995). A Formacdo Piaui possui o contato basal discordante erosivo com a
Formacdo Poti e concordante com a Formacéao Pedra de Fogo (Brito 1981), com ocorréncias
pontuais de unidades mesozoicas recobrindo descontinuamente e de forma pontual, no centro-
leste da bacia (Santos et al. 1984).

1.4.3 Mares epicontinentais e as relac6es climaticas

O conceito de mares epicontinentais é atribuido a mares que inundaram cratons devido
eventos transgressivos provenientes da elevacdo do nivel do mar. Pratt & Holmden (2008)
descrevem estes mares constituidos tipicamente de arenitos finos, carbonatos, mudrocks ou
pelitos, e evaporitos quando instalados sob condicdes tropicais aridas. A primeira mencéo foi
feita por Joseph Barrel em 1917, quando atribuiu o termo “epeiric sea” a corpos de aguas rasas
cuja base é influenciada pela acdo de ondas, e 0s classificou em mares tempestuosos e calmos.
Posteriormente, este conceito foi refinado, pelo Dictionary of Earth Science (2" 2003), que 0s
classificava como “mares rasos que se estendiam por grandes areas no interior do continente,
cobriam a plataforma continental e eram parcialmente confinados”. Ainda mais amplo ¢ o
conceito do Glossary of Geology (5™ edn. 2005) que os interpretava apenas como “mares na
plataforma continental ou em um continente”. Atualmente estes sdo também chamados de
bacias intracratonicas e, em alguns casos podem apresentar superficies de exposicdo subaérea
regional devido a queda do nivel do mar, (Pratt & Holmden 2008). O conceito de mar
epicontiental mais aceito atualmente € o de Slingerland (1986): areas cratonicas relativamente

estaveis com subsidéncia raramente uniforme e conexao com mar aberto.
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Durante 0 Eon Fanerozoico, diversas regides cratbnicas estavam cobertas por mares
epicontinentais, rasos, de baixa energia e com centenas a milhares de quildometros de extensao
(Fligel 2004). Mares epicontinentais modernos sdo raros, poréem Edinger et al. (2002)
descrevem os mares de Sunda e Java como exemplos de mares modernos quentes e 0s mares
Baltico e do Norte, como mares frios. Os padrdes destes mares sdo discutidos com base nos
modelos de plataformas e rampas epicontinentais.

Os primeiros modelos batimétricos de mares intracontinentais foram concebidos por
Shaw (1964) e Irwin (1965). O modelo de Shaw (1964) indica um gradiente extremamente
baixo que favorece a diminui¢do gradativa das influéncias de maré e onda até a linha de costa
e descreve a deposicao de facies carbonaticas e evaporiticas, gradando de calcarios fossiliferos
de aguas rasas, para grainstones ooidal e peloidal, dolomita cristalina fina e, finalmente
evaporitos. O modelo de plataforma epicontinental de Irwin (1965) mostra uma sedimentagédo
em aguas claras, com aumento da salinidade para o topo, e influéncia de maré restrita devido a
friccdo com o mar raso, que se estendia por centenas ou milhares de quildmetros. O modelo de
Irwin foi questionado por Pratt & James (1986), que propuseram um modelo para planicie de
maré considerando a existéncia de pequenas ilhas de baixo relevo na supramaré (supratidal) e
bancos na intermaré, cercados por dguas abertas de submaré.

A influéncia de maré em mares epicontinentais € discutivel e geralmente sugere-se que
este processo seria reduzido neste ambiente (Keulegan & Krumbein 1949, Shaw 1964). A maré
teria se estabelecido em mares mais amplos comparaveis com os atuais. Slingerland (1986)
admite que a maré pode ter sido dominante nestes mares, porém com baixo potencial de
preservacéo.

Bacias intraplataformais dentro da plataforma epicontinental apresentam baixo gradiente,
margem como rampa, ldminas d’agua raramente excedendo 100-200 m, e sdo cercadas por
extensas areas de aguas rasas. Durante a queda do nivel do mar a bacia torna-se suficientemente
restrita, favorecendo a precipitagéo de evaporitos. Durante tratos de sistema transgressivo e mar
alto a lamina d’agua torna-se estratificada, favorecendo a anoxia das aguas profundas e
consequente deposi¢do de matéria organica (Droste 1990 & Burchette 1993).

Os mares epicontinetais comumente apresentam diferencas litoldgicas e isotopicas nos
perfis colunares e se¢des laterais, permitindo individualizar duas zonas nestes mares, a zona
proximal e a distal. A zona proximal é influenciada por dguas rasas com alta precipitacdo de
carbonatos ricamente fossiliferos associados a camadas de anidrita, assim como um maior
registro de excursdes negativas de 5'3C, devido a misturas com as aguas de rios e aguas salobras

com 8C negativos. Os baixos valores de 580 para as zonas proximais, também estéo
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associadas as alteracOes diagenéticas e percolacdo de dguas metedricas. A zona distal dispde de
uma lamina d’agua mais espessa, com maior deposicao de folhelhos e carbonatos pobremente
fossiliferos, com registro 8*3C mais positivo (Holmden et al. 2006, Simo et al. 2003).

Mares epicontinentais foram mapeados desde o Pré-Cambriano com auxilio de curvas
eustaticas (Golonka & Ford 2002, Hallam 1992, Scotese et al. 1999). Além disso, 0
posicionamento destes mares fornece inferéncias paleoclimaticas importantes na evolugéo do
planeta. O periodo Carbonifero registra uma brusca variacdo climatica na historia da terra,
pois eventos tectnicos e biologicos corroboraram para mudanca do clima global de green
house pra icehouse. Isbell et al. (2003, 2008), Baum & Crowley (1991), Frakes et al. (1992)
sugerem que a diminuigdo da temperatura global teve inicio no Neodevoniano, com um breve
intervalo de calor relativo no Mississipiano, e uma progressiva queda na temperatura até o
Eopermiano. Durante milhdes de anos ocorreram ciclos de aparecimento e desaparecimento
de depdsitos glaciogénicos na América do Sul (Caputo et al. 2008, Gulbranson et al. 2010,
Isbell et al. 2003), Australia (Fielding et al. 2008), e Africa do Sul (Stolhofen et al. 2008)
(Fig. 7). Apesar de o periodo Pensilvaniano registrar um longo evento de icehouse, flutuacdes
glacioeustaticas eram frequentes, que juntamente com o rebaixamento da borda oeste dos
blocos paleocontinentais, favoreceram eventos ciclicos transgressivos, tanto no Gondwana

(Scomazzon et al. 2006), como na Laurésia (Algeo et al. 2008).
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Figura 7-Ciclos de resfriamento e aquecimento global e varia¢fes no nivel do mar durante o Carbonifero, segundo
0s autores mencionados. Fonte (Nance et al. 2014).
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1.4.4 Registro de mares epicontinentais Paleozoicos

O Paleozoico concentra 0s registros dos mares epicontinentais, principalmente nos
limites costeiros dos paleocontinentes Gondwana e Laurasia. No Gondwana durante o
Eodevoniano e inicio do Mesodevoniano, um mar interno se estendeu pela Bacia do Amazonas
até o Arco de Purus, depositando os grupos Urupadi e Curud em ambiente neritico, glacio-
marinho, flivio-deltaico, lagunar e de mar restrito (Bless & Streel 1986). Neste periodo,
depositou-se na Bacia do Parnaiba o Grupo Canindé, descrito como ambiente marinho, deltaico,
fluvial e de planicie de maré, com regressdo no comeco do Carbonifero (Goes & Feijé 1994,
Vaz et al. 2007). No &pice desta transgressao a inundacao teria penetrado até a Bacia do Alto
Tapajos (Almeida & Carneiro 2004).

Ao Sul do Gondwana durante o Eodevoniano, o mar também inundou as bacias do
Parand e do Parecis, segundo dados faunisticos, estabelecendo pela primeira vez uma
comunicacdo (Melo 1989). No Mesodevoniano as bacias da Plataforma Sul-Americana
constituiram um vasto mar epicontinental entre as bacias do Parnaiba e Parana, cobrindo a
quarta parte do que viria a ser o territério brasileiro (Petri & Fulfaro 1983), configurando um
seaway que conectava 0 Proto-pacifico com o oceano Pantalassa. Trabalhos
quimioestratigraficos em conodontes auxiliaram também na identificagho de mares
epicontinentais devonianos ao norte do Gondwana, denominado de mar Variscano, cobrindo
onde atualmente ¢ o litoral do Marrocos (Dopieralska et al. 2016).

No Carbonifero, segundo Harrington (1962) o mar do Gondwana Oeste conectava as
bacias do Parnaiba, Solimbes e Amazonas (Fig. 8). Silva (1966) descreveu os depdsitos
carbonaticos plataformais, provenientes de eventos transgressivos, baseado na divisdo das
superficies deposicionais da coluna sedimentar pensilvaniana da Bacia do Amazonas. Matsuda
(2003) definiu ciclos de shallowing upward na plataforma carbonética da Bacia do Amazonas
durante o Pensilvaniano Inferior, nas formag6es Monte Alegre e ltaituba, assim como Silva
(2015). Scomazzon (2004) e Moutinho (2006), baseadas em analises taxondmicas e isotopicas
de braquidpodes e conodontes, interpretaram semelhantemente estes depdsitos como
plataformas carbonéticas e definiram os ciclos transgressivos/regressivos formadores da
plataforma. Assis (1979) e Anelli (1994, 1999) trabalharam nos depdsitos carbonéaticos do
Pensilvaniano da Bacia do Parnaiba, correlatos aos da Bacia do Amazonas, analisando os
critérios taxondmicos da macrofauna (moluscos e braquidpodes), pertencentes ao andar
Desmonesiano. Lima Filho (1991, 1998), Abelha (2013), Medeiros (2015) e Barbosa et al.
(2016), trabalham também nestes depositos com andlises faciologicas e estratigraficas de
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sequéncia, individualizando os eventos formadores da plataforma carbonatica, devido a ser uma
extensdo mais proximal apresenta aspectos faciolégicos distintos.

No Permiano, a Bacia do Parana foi novamente inundada por um mar epicontinental
com uma extensao superior a 1.600.000 Km? o qual foi responsavel pela deposicéo dos pelitos
plataformais da Formagéo Serra Alta (Simdes et al. 2016) (Fig.8).

Modelos analogos e sincronos de mares internos e seaways sao descritos também no
Paleocontinente Laurasia. Um exemplo é a plataforma de Mid Continent, que apresenta diversas
fases transgressivas/regressivas em regides dos Estados Unidos da Ameérica e porcdes do
Canadd, durante todo Paleozdico (Fig. 8). No Fanerozoico a elevacdo do nivel eustatico
favoreceu a deposicao de espessas sequéncias de carbonatos e folhelhos (Algeo & Heckel 2008,
Brand et al. 2009, Brett et al. 2008, Cramer et al. 2008, Fanton et al. 2002, Fanton & Holmden
2007, Holmden et al. 2006, Oszewski e Patzkowsky 2008, Panchuk et al. 2005, Peterhénsel &
Pratt 2008, Simo et al. 2003, Woodart et al. 2013) (Tabela 1).

Devoniano Superior Pensilvaniano Superior

Plataforma

I oceano [] maresrasos 1 Baciado 2 carbonitica § Lo 4 Bacia do Parana
Parnaiba do Marrocos Mid-continent

Figura 8-Mapas de reconstituicdes paleogeograficas do Devoniano Superior e Pensilvaniano Superior,
identificando alguns dos mares epicontinentais, bacias intracratdnicas brasileiras e bacias norte americanas e
africanas. Fonte (Scotese et al. 2003).



Tabela 1-Mares epicontinentais Fanerozoicos.

UNIDADE

IDADE

DESCRICAO / AMBIENTE DEPOSICIONAL

LOCALIZACAO

REFERENCIAS

Bacia Ibérica

Formacao Keuper

Formacéo
Serra Alta

Horizontes de
Akiyoshi e Mino
Terranes do Japéo e
do Sul da China

Grupos wabaunsee,
admire, council grove
e Membros wamego

shale, Florena shale

Grupo Kansas City

Bacias de Arrow
Canyon, Illinois,
Midland e
Midcontinent

Jurassico Superior

Permiano

Permiano

Pensilvaniano -Permiano

Pensilvaniano -Permiano

Pensilvaniano Superior

Carbonifero

Depositos carbonaticos ooliticos e esqueletais, com recifes
microbianos, mudstones e margas intercaladas com depésitos de
tempestades.

AssociagBes de facies carbonaticas e siliciclasticas retrabalhadas por
onda e maré, apresentado ambientes deposicionais costeiros a
plataforma distal.

Depositos de mudstone e folhelhos negros, métricos, enriquecidos
em matéria organica.

Camadas métricas de carbonato dolomitico maci¢o, com sedimentos
terrigenos.

Deposito misto com facies carbonaticas e siliciclasticas. As facies
carbonéticas apresentam, mudstones, grainstones e packstones, as
facies siliciclasticas sdo compostas por folhelhos, arenitos médios
pobremente selecionados e arenitos finos a médios intercalados com
pelitos.

Camadas de carbonatos pouco fossiliferas e folhelhos negros
organicos, métricos.

Depositos carbonaticos fossiliferos métricos com apatita biogénica e
folhelhos organicos.

Bacia Ibérica
(Nordeste da Espanha)

Bacia Germanica

Bacia do Parana

Bacias sedimentares do
Japdo e da China

Plataforma Midcontinent

Plataforma Midcontinent,
Bacia de Illinois, Bacia
Appalachian

Plataforma Midcontinent,
Arrow Canyon, Illinois,
Midland

Badenas e Aurell (2008)

Pdppelreiter e Aigner
(2008)

Simdes et al. (2016)

Brand et al. (2009)

Oszewski e Patzkowsky
(2008)

Algeo e Heckel (2008)

Woodard et al. (2013)
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Calcario Louisiana

Formac&o Palliser e
Formacdo Wabamum

Formagdes Hay River,
Escarpment, Twin
Falls, Waterways,

Cook, Ireton, Soiris
River, Duperow,
Birdbear

Formagdo kope

Grupo Galena

Formagdo Florida Bay

Grupos Elgin, Galena,

Formagdo Decorah

Devoniano Superior

Devoniano Superior

Devoniano Superior

Ordovinciano Superior

Ordovinciano Superios

Ordovinciano Superior

Ordovinciano Superior

Ordovinciano

Dep6sito calcario fossilifero métricos, intercalados com calcérios
siltosos, folhelhos negros e arenitos finos com estruturas de
tempestades.

Folhelhos negros intercalados com calcimudstones e calcimudstones
fossiliferos, wackestones, packestones e grainstones.

Dep6sitos métricos de calcarios e carbonatos dolomiticos,
intercalados com camadas espessas de folhelhos e niveis e anidrita.

Alternancia de camadas métricas de pelitos com camadas
centimétricas de calcérios fossiliferos.

Carbonatos dominados por mudstones com briozoérios,
braquiopodes e equinodermos; wackestones e grainstones.

Carbonatos micriticos (mudstones, packstones e wackstones)
intercalados com grainstones, siltstones e folhelhos.

Camadas métricas de calcdrios, calcarios dolomiticos, dolomita,
chert dolomitico, anidrita, folhelhos e margas.

Depo6sitos métricos de folhelhos e carbonatos intercalados.

Plataforma Midcontinent,
Bacia de Illinois, Bacia
lowa

Bacia sedimentar do
Canada Ocidental

Bacia sedimentar do
Canada Ocidental

Sudoeste de Ohio e
Norte de Kentucky

Plataforma Midcontinent,
lowa

Plataforma Midcontinent

Plataforma Midcontinent,
Bacia de Williston, Bacia
de Hudson Bay

Plataforma Midcontinent,
Vale do Mississipi

Cramer et al. (2008)

Peterhénsel e Pratt
(2008)

Holmden et al. (2006)

Brett et al. (2008)

Fanton e Holmden
(2007)

Panchuk et al. (2005)

Fanton et al. (2002)

Simo et al. (2003)

6T
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1.4.4 Ciclotemas Permocarboniferos

A idéia de ciclos geoldgicos € muito antiga, ja sendo discutida com as primeiras teorias
catastroficas de Curvier e d'Orbigny, que reconheciam sucessdes ciclicas de surgimento e
extincdo organicas (Weller 1964). O padrdo de ciclicidade deposicional foi posteriormente
estudado nos Estados Unidos no inicio do século XX, devido a vérias viagens de campo
detalhadas, que reconheceram essas repeticfes em diferentes tipos de rochas no Estado da
Pensilvania, cujos niveis de carvao atrairam a atencdo devido a sua importancia econémica.
Wanless & Weller (1932) introduziram o termo ciclotema para essas unidades de sucesséo
deposicional transgressivo-regressivas na Bacia de lllinois, e logo foram estendidas as unidades
mais complexas do norte da plataforma Midcontinent, por Moore (1936). Depois Wanless &
Shepard (1936), atribuiram relacGes diretas a essas unidades com o aumento e diminui¢do da
glaciagdo no Gondwana. Devido ao reconhecimento de diferentes tipos de ciclotemas nos anos
seguintes, 0 conceito tornou-se mais amplo, descrevendo sucessdes de facies especificas
depositadas repetidamente sobre grandes areas continentais em resposta a glacio-eustasia e
controle tectdnico em larga escala durante o Late Paleozoic Ice Age (LPIA, Tankard 1986).
Atualmente, Flugél (2004) descreve o conceito de ciclotema de maneira mais geral, como 0
registro litolégico dos processos de acomodacdo ciclicos, caracterizados por sucessdes
granocrescente ascendente, refletindo uma passagem da sedimentacdo marinha para
sedimentacdo terrestre. Apesar de o termo ciclotema ser amplamente utilizado para caracterizar
seqliéncias ciclicas de todos os tipos e periodos, a principal definicdo genética reflete a grande

influéncia glacioeustatica restrita ao Paleozdico Tardio.

Os ciclotemas do Paleozédico Tardio foram identificados pela primeira vez na América
do Norte, principalmente na regido do Midcontinent, e generalizados por Moore (1936) e
Wanless & Weller (1932). Isso favoreceu a identificacdo de diferentes tipos de ciclotemas na
América do Norte desde a década de 1930, bem como os trabalhos de Klein & Willard (1989)
e Heckel (1991), que organizaram e correlacionaram o0s trés principais modelos de
sedimentacdo ciclica de acordo com influéncias marinhas e continentais. Os ciclotemas do tipo
Kansas, apresentam seqtiéncias exclusivamente marinhas compostas por folhelhos e carbonatos
organicos (Fig. 9; Heckel 1977). Os ciclotemas do tipo Apalaches representam as sequéncias
mais continentais, com sedimentacdo fortemente influenciada pela tectonica regional e séo

compostos por folhelhos, arenitos e niveis de carvéo ao final de cada ciclo (Fig. 9; Tankard
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1986). Os ciclotemas do tipo lllinois representam uma fase intermediaria, influenciada pelas
condicBes eustaticas e subsidéncia da bacia, e sua sedimentagdo ¢ uma mistura de sequéncias
marinhas e continentais com carbonatos, folhelhos, arenitos e niveis de carvdo também
limitando cada ciclo (Fig. 9; Weller 1930).
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Figura 9-Primeiros modelos de ciclotemas descritos na Plataforma Midcontinent, nos Estados Unidos. A)
ciclotema marinho do tipo Kansas; B) ciclotema misto do tipo Illinois; C) ciclotema terrestre do tipo Appalachian.
Fonte (Klein & Willard 1989).

O modelo de deposicao ciclica Permocarbonifero elaborado inicialmente para 0s
depdsitos americanos, depois provou nao ser apenas um modelo local, mas uma caracteristica

de varios depodsitos em todo o mundo, devido aos trabalhos que abordaram o tema nos anos
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seguintes. Ross & Ross (1987, 1988) e Kabanov (2010), por meio de estratigrafia e
bioestratigrafia de sequéncias, identificaram sequéncias ciclicas Permo-Carboniferas de terceira
ordem no leste da Asia e na Rissia, mais precisamente na plataforma russa e nas cordilheiras
dos Urais, e correlacionaram com as sequéncias da América do Norte. Adkins (2003) trabalhou
com ciclotemas marinhos do Permiano médio da Bacia de Canning, na Australia Ocidental, e
Michaelsen & Henderson (1999) trabalharam com ciclotemas do Permiano Tardio na Bacia
Foreland de Bowen, cuja sedimentacéo foi influenciada pela atividade tectdnica, depositando-
se no centro e norte da bacia ciclotemas mistos, com sequéncias marinhas e continentais
marcadas por carvdo e sedimentos vulcanoclésticos, embora os ciclotemas marinhos
predominem no leste e sul da bacia. Khan & Tewari (2013) desenvolveram um modelo
geoestatistico para os ciclotemas de Barakar da Sub-Bacia Gondwanica de Singrauli, no centro
da India, que consiste em sequéncia mista com influéncia continental e marinha. Ueno et al.
(2012) e Wang et al. (2013) trabalharam com os ciclotemas marinhos carboniferos - Permiano
do sul da China, principalmente na plataforma carbonética de Yangtze. Belt (1975) identificou
ciclotemas Mississipianos Tardios, marinhos costeiros, com padrdo de ciclo modal ABCDE,
terminando com depositos progradacionais deltaicos no sudeste da Escocia. Oblock (2011)
identificou na Irlanda alguns espessos ciclotemas marinhos delimitados no topo por arenitos
deltaicos, na regido de Clare. Varios artigos descrevem ciclotemas Permocarboniferos na
Inglaterra, como o conhecido ciclotema de Yoredale, no norte da Inglaterra, amplamente
reconhecido como produto de sedimentacdo deltaica (Elliott 1975, Frank & Tayson 1995,
Tucker et al. 2009). No leste da Inglaterra, na regido do Pennine, dep6sitos grossos de carvao
estdo associados a ciclotemas ndo marinhos influenciados pelo diastrofismo (Duff & Walton,
1962).
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2 MATERIAIS E METODOS
2.1 ANALISES DE FACIES SEDIMENTARES

A metodologia facioldgica segue as propostas de Walker (1992), que corresponde a: 1)
individualizacdo e descricdo de facies procurando caracterizar a composicdo, geometria,
texturas, estruturas sedimentares, contetido fossilifero e padrdes de paleocorrente dos corpos
sedimentares; 2) compreensdo dos processos sedimentares responsaveis pela geracdo de facies;
e, 3) associacao de facies que procura reunir facies sedimentares contemporaneas e cogeneticas
viabilizando o reconhecimento dos ambientes e sistemas deposicionais. O modelo final baseado
nas reconstituicdes paleoambientais, foi elaborado a partir das interpretagdes da dindmica das
facies e associacOes de facies, e suas inter-relacdes (Tucker & Wright, 1990 e Walker & James,
1992).

Para o mapeamento vertical e lateral da distribuicdo das facies, utilizou-se perfis
litoestratigraficos e se¢fes esquematicas e panoramicas, obtidas a partir de fotomosaicos de
afloramentos por meio da composicao e superposicao parcial de fotografias, seguindo o modelo

de Arnot et al. (1997) e Wizevic (1991), essencial para identificacdo das superficies limitantes.

O termo “litofacies carbonaticas” proposto por Kerans & Tinker (1997) e definido com
base nos aspectos descritivos basicos tridimensionais, como estruturas sedimentares,
componentes e fabrica de rochas sedimentares carbonéticas. Neste trabalho o termo facies é
empregado no mesmo sentido de litofacies carbnéticas, tornando o termo mais amplo e

completo.
2.2 ESTRATIGRAFIA DE EVENTOS

As interpretacdes de analises de facies serdo corroboradas pelos conceitos de
estratigrafia de sequéncias, que favorecem a determinacdo dos ciclos sedimentares e da
arquitetura das associacdes de facies (Catuneanu 2006, Christie-Blick et al. 1995, Emery &
Myers 1996, Holz 2012 Vail 1987, Kerans & Tinker 1997, Mitchum & Van Wagoner 1991,
Posamentier & James 1993, Ribeiro 2001, Van Wagoner et al. 1988 e 1990). As sequéncias
deposicionais sdo limitadas por discordancias e concordancias correlativas, que individualizam
e classificam os tratos de sistemas marinhos (i.e. Tratos de sistemas de mar baixo, transgressivo

e mar alto) e tratos de sistemas continentais fluvio-lacustrinos (i.e. Tratos de sistema de alta
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acomodacgédo e baixa acomodacdo; Martinsen et al. 1999, Plint et al. 2001), baseado no
reconhecimento do tipo de empilhamento das parassequéncias e ciclos, posicao relativa dentro

da sequéncia e topo de superficie limitante ou superficie-chave.
2.3 ANALISE PETROGRAFICA E MINERALOGICA

2.3.1 Petrografia

Os estudos petrograficos e mineraldgicos sdo utilizados como ferramentas basicas para
a definicdo de microfécies carbonatica e interpretacdo paleoambiental da sucessdo estudada,
assim como dos principais processos diagenéticos ao qual a rocha foi submetida. O objetivo da
técnica é identificar as principais texturas, feicdes diagenéticas e componentes (cimento, graos,
poros) das rochas carbonaticas e siliclasticas estudadas.

A analise petrografica de laminas delgadas sob microscopio Optico visou caracterizar 0s
constituintes primarios e diagenéticos dos carbonatos e arenitos da Formacéo Piaui, além de
auxiliar na analise de facies sedimentares. As Iaminas foram confeccionadas de amostras
sistematicamente coletadas em funcgdo da variacdo das facies ao longo dos ciclos deposicionais
definidos nos perfis estratigraficos. Para identificacdo do tipo de carbonato utilizou-se a técnica
de tingimento proposta por Adams et al. (1984) com alizarina vermelha-s e ferrocianeto de
potéssio. A quantificagdo composicional e textural dos carbonatos e arenitos foi feita por meio
de contagem de no minimo 300 pontos sob microscépio dptico de acordo com Folk (1968),
Tucker & Wright (1990) e Flugel (2004). SecGes delgadas foram avaliadas sob microscépio
Optico para a classificacdo das microfacies, seguindo a proposta de Wright (1992) para
carbonatos, e Folk (1968) para arenitos.

2.3.2 Difragéo de raios-x (DRX)

As andlises por Difracdo de Raios-x (DRX) permitiram a caracterizacdo da assembleia
mineral carbonatica e siliciclasticas dos perfis estudados, contribuindo com dados obtidos na
andlise petrografica. Esta técnica foi desenvolvida no laboratério de Difragdo de Raio-X do
Instituto de Geociéncias da Universidade Federal do Para (UFPA), utilizando-se os métodos:
1) metodo do po, atraves da pulverizacdo de carbonatos; 2) método de lamina orientada, por
meio da decantacéo de argilo minerais orientados em lamina delgada, e posterior glicolagem e
calcinacdo a 550°C. ApoOs a preparacdo das amostras, foram analisadas no Difratbmetro
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modelo Empyrean da PANalytical, com tubos de raios-x ceramico de anodo de Co (Kui=
1,789010 A), foco fino longo, filtro Kgde Fe, detector PIXCEL3D-Medpix3 1x1, no
modo scanning, com voltagem de 40 kV, corrente de 35mA, tamanho do passo 0.04° em 26,
varredura de 2.00° a 75.00° em 26, tempo/passo de 200,17 s, fenda divergente: 1/8° e anti-
espalhamento: 1/4°, mascara: 10 mm. A identificacdo das assembléias minerais foi auxiliada
pelo software X Pert HighScore Plus, que compara os resultados com as fichas catalograficas

do banco de dados do International Center on Diffraction Data (ICDD).
2.4 GEOQUIMICA

2.4.1 Is6topos de 3Ccarb) € 8O(carb)

As analises isotdpicas foram realizadas por meio de uma amostragem sistematica dos
perfis estratigraficos estudados, uma posterior preparacdo laboratorial das amostras e a analise
das raz@es isotdpicas. As amostras foram coletadas em intervalos de 20 cm, nas camadas de
carbonatos intercaladas com folhelhos negros, nos perfis estratigraficos analisados. Foram
utilizadas amostras homogéneas evitando-se fraturas, zonas com preenchimento de minerais
diagenéticos espaticos, horizontes intemperizados ou por¢des com concentracdes de matéria
organica, buscando analisar as por¢6es homogéneas da fabrica carbonética e evitando alteraces
no sinal isotdpico da fracdo mais representativa da rocha em fungdo de fluidos tardios. A
pulverizacdo das rochas foi feita em gral de agata, e pontualmente por meio de broca
milimétrica.

Foram analisadas 19 amostras de carbonatos para razdes isotopicas de carbono e
oxigénio, conduzidas no Laboratério de Is6topos Estaveis (LABISE) do Departamento de
Geologia da Universidade Federal de Pernambuco. Os resultados sdo apresentados na notacédo
convencional de 5'3C e 880 em per mil (%o) relativo ao padrio PDB (Pee Dee Belemnite). O
padrdo para o §'80 ¢ dado em SMOW (standard mean ocean water) e geralmente os resultados
sdo apresentados também em PDB. As incertezas das medidas de is6topos foram 0,1%o para o
carbono e 0,2%o0 para o oxigénio, baseado em multipla andlise de um padrao interno do

laboratorio.
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ABSTRACT

Cyclothems are transgressive-regressive cyclic sequences produced by large-amplitude
glacio-eustatic fluctuations. Cyclothems of the Late Paleozoic Ice Age, although extensively
studied in North America and Europe, have received much less attention to date in South
America. The present review examines the types and distribution of Upper Paleozoic
cyclothems in major basins of South America (i.e., the Solimdes, Amazonas, Parnaiba, Titicaca,
Rio Blanco, Tarija, Parana and Chaco-Parana basins), compiling such data for the first time and
providing a framework for more detailed sedimentologic and stratigraphic analysis of these
deposits in the future. Here, cyclothems are classified by depositional setting as terrestrial,
mixed terrestrial-marine, marine, or restricted-marine (evaporitic). The terrestrial cyclothems
range from ~20 to 100 m in thickness and consist of coarse fluvial sandstones and finer
interfluve and coastal plain sediments. The mixed terrestrial-marine cyclothems range from ~10
to 50 m in thickness and often formed on shallow platforms on which fluvio-deltaic and marine
sedimentation alternated. The marine cyclothems range from ~10 to 15 m in thickness and
represent open-shelf sedimentation in either complete (transgressive-regressive) or incomplete
(transgressive-only) sequences. The restricted-marine cyclothems are composed of carbonate-
evaporitic sequences deposited in closed internal seas and exhibit both shallowing- and
deepening-upward patterns.
Keywords: cyclothems; sedimentary cycles; Solimdes Basin; Parnaiba Basin; Parana Basin;

Gondwana
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1. INTRODUCTION

The Late Paleozoic Ice Age (LPIA) was a ~70-Myr-long interval of widespread
continental glaciation during the Carboniferous and Permian periods (Fielding et al., 2008a;
Montafiez and Poulsen, 2013). The LPIA began with glaciation in the mid-Tournaisian Stage
of the Early Carboniferous (~355 Ma), as evidenced by lowstand incised valleys (Kammer and
Matchen, 2008), ice-contact deposits in Gondwana, and positive shifts in marine 630, §!3C and
SN profiles (Buggisch et al., 2008; Yao et al., 2015; Liu et al., 2019). The LPIA largely
concluded during the mid-Artinskian Stage of the Early Permian (~285 Ma), as evidenced by
near-field glacial and pCO: proxy records (Montafiez et al., 2007; Frank et al., 2008; Qie et al.,
2019). In the past, the LPIA was viewed as a single prolonged glaciation with orbital changes
in ice volume and glacioeustasy comparable to those of the Pleistocene (e.g., Crowley and
Baum, 1991). Current research suggests that the LPIA was characterized by alternating, ~5- to
10-Myr-long intervals of more and less intense continental glaciation (Fielding et al., 2008a;
Montafiez and Poulsen, 2013), and that the major glacial stages were separated by long intervals
of diminished continental glaciation.

Carboniferous and Lower Permian successions globally are characterized by regular,
cyclic lithologic changes as a result of large-amplitude glacio-eustatic fluctuations during the
LPIA (Heckel, 1986; Klein and Willard, 1989). The study of such cyclicity began with analysis
of coal-bearing, mixed marine-terrestrial successions of Carboniferous age in the Illinois Basin
of eastern North America by Weller (1930) and Wanless and Weller (1932), who introduced
the term “cyclothem”, and a link to LPIA glacio-eustasy was first proposed by Wanless and
Shepard (1936). The cyclothem concept was then extended to fully marine successions of the
North American Midcontinent Shelf (i.e., Kansas and adjacent areas) by Moore (1936, 1949)
and Heckel (1977) and to fully terrestrial successions of the Appalachian Basin (Tankard, 1986;
Fischbein et al., 2009; see reviews of Klein and Willard (1989) and Heckel (1991). Due to the
recognition of different types of cyclothems, the concept became broader, describing repetitive
successions of various types in response to large-scale glacio-eustatic and tectonic controls
(Greb et al., 2008), and the term “cyclothem” has now been applied to cyclic sedimentary
sequences of many types and ages (e.g., Naish and Kamp, 1997; Preto and Hinnov, 2003).

More recently, cyclothems have been described from the perspective of generation of
accommodation space and formation of stacked coarsening-upward successions (Flugél, 2004;
Eros et al., 2012). Hierarchies of cyclothems, reflecting glacio-eustatic fluctuations driven by
multiple Milankovitch orbital periodicities, have been recognized in Upper Paleozoic
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successions from both marine (Heckel, 1986; Maynard and Leeder, 1992; Olszewski and
Patzkowsky, 2003; Pointon et al., 2012) and terrestrial settings (Heckel, 1994; Chesnut, 1996;
Belt et al., 2011). In general, major cyclothems are characterized by greater thicknesses
(reflecting longer periods of sedimentation) and larger facies shifts (reflecting larger amplitude
eustatic fluctuations; Heckel, 1986, 1990). Ultimately, hierarchical models are based on our
understanding of orbital controls on Quaternary climatic and glacio-eustatic dynamics (e.g.,
Imbrie and Imbrie, 1980), most of which occur at periodicities ranging from ~20 kyr (i.e.,
precession cycle) to 413 kyr (i.e., long-eccentricity cycle). Eustatic fluctuations in this range
are referred to as “Milankovitch-band” cycles and are categorized as 4™-order and 5"-order
sequences/cycles in the scheme of Vail et al. (1977). The amplitude of Late Paleozoic glacio-
eustatic fluctuations has been the subject of some debate, with studies of near-field glacial
deposits suggesting smaller fluctuations (a few tens of meters at most; Isbell et al., 2003) than
studies of low-latitude cyclothems (estimates of ~100+50 m) based on oxygen isotopes
(Joachimski et al., 2006; Elrick and Scott, 2010), sequence stratigraphic relationships (Soreghan
and Giles, 1999), or meta-analysis of existing studies (Rygel et al., 2008).

Late Paleozoic cyclothems have been identified and studied in detail globally, including
in Britain (Elliott, 1975; Ramsay, 1991; Frank and Tayson, 1995; Tucker et al., 2009; Oblock,
2011), Russia and eastern Europe (Ross and Ross, 1987, 1988; Kabanov and Baranova, 2007,
Reid et al., 2007; Kabanov, 2009, 2010; Eros et al., 2012), Australia (Tye et al., 1996;
Michaelsen and Henderson, 2000; Adkins, 2003), India (Khan and Tewari, 1991, 2007, 2013,
Tewari, 2008), and China (Chen et al., 1998; Gong et al., 2001; Ueno et al., 2012; Wang et al.,
2013). One area of relatively few cyclothemic studies is South America, despite the presence
of widespread deposits of Late Paleozoic age (e.g., Limarino and Spalletti, 2006). Some
researchers have chosen to deny the existence of cyclothems in South America (Pazos, 2002;
Isbell et al., 2003). However, as shown herein, the cyclothemic nature of these deposits and
their correlation with global glacio-eustatic events is indisputable. The present review paper
aims to (1) identify cyclic Upper Paleozoic successions in South America that were formed
under the influence of LPIA glacio-eustasy, (2) describe their similarities and differences
relative to better-studied cyclothems in North America and Europe, and (3) examine their
development (in terms of timing and extent) in the context of the Late Paleozoic Ice Age.

2. TYPES OF CYCLOTHEMS

Cyclothems can be classified according to type of depositional setting (Fig. 1; e.g., Klein
and Willard, 1989; Heckel, 1991, 1994). Here, we recognize four types: Type 1 is terrestrial



29

cyclothems, Type 2 is mixed terrestrial-marine cyclothems, Type 3 is marine cyclothems, and
Type 4 is restricted-marine (evaporite-bearing) cyclothems. In any given area, the type of
cyclothem that develops is determined by the interplay between cratonic topography, sediment
fluxes, and the range of glacio-eustatic fluctuations.

Type 1: Terrestrial cyclothems—These cyclothems record sedimentation mainly in river
floodplain and deltaic settings, with typical thicknesses of ~20 to 100 m (Fig. 1). Well-studied
examples are found in the Appalachian Basin (Golonka et al., 1994; Heckel, 1995), Sydney
Basin, Nova Scotia (Gibling and Bird, 1994), and Karoo Basin, South Africa (Catuneanu and
Bowker, 2001). They consist of coarse fluvial sandstones, including channel deposits passing
to finer interfluve and coastal plain sediments. Coarse sandstones and conglomerates deposited
in fluvial channels feature festoon and tabular cross-beds that cut into underlying strata and fill
incised valleys; their bases represent sequence boundaries (SB). Interfluve and coastal plain
deposits consist of medium- to fine-grained, tabular deposits. Coal seams or beds are common,
ranging from a few centimeters to meters in thickness, and typically accumulating on coastal
plains or in crevasse splays during the late transgressive to early regressive phase of glacio-
eustatic cycles, being correlative with marine highstand deposits. Thin layers of marine shale
or fossiliferous limestone sometimes accumulate above a coal, although both these marine
sediments and the underlying coal are subject to erosion during the subsequent regression and
lowstand, thus becoming laterally discontinuous, or they may be deposited only in paleovalleys
during lesser highstands and thus be depositionally discontinuous. Lacustrine or paludal
limestones are sometimes present at the base or top of terrestrial cyclothems and typically
represent lowstand deposits.

Type 2: Mixed terrestrial-marine cyclothems—These cyclothems form on shallow
platforms with marine sedimentation passing to fluvio-deltaic upsection, with typical
thicknesses of ~10 to 50 m (Fig. 1). Well-studied examples are found in the Illinois and
Michigan basins of North America (Weller, 1964; Cecil et al., 2003), Russia (Kabanov, 2010),
Britain (Ludwig, 1994; Belt, 1975; Tucker et al., 2009), and the Canning Basin of Australia
(Adkins, 2003). The Illinois-type cyclothem is similar to the marine Kansas-type cyclothem,
although the regressive phase contains less limestone (which, if present, is thinner and shalier
than in Kansas) and more shale (Heckel, 1980). The regressive shale tends to be thick and
sandy, and it may contain intercalations of sigmoidal cross-beds, representing prodelta muds
and delta-front month bar sands. It is capped by a well-developed red or gray paleosol with

roots overlain by a coal bed. The coal layer is thin, deposited on a deltaic-alluvial plain, and
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represents the early transgressive phase. The transgressive limestone is thin or absent, and the
overlying marine shale is thin, organic-rich, and phosphatic with a sparse marine fauna.

Type 3: Marine cyclothems—These cyclothems accumulate on cratonic platforms that
are mostly submergent during glacio-eustatic fluctuations, with typical thicknesses of ~10 to 15
m (Fig. 1). Well-studied examples are present on the North American Midcontinent Shelf
(Heckel and Baesemann, 1975; Heckel, 1991) and in South China (Gong et al., 2001; Wang et
al., 2013). Complete marine cyclothems record both transgressive and regressive glacio-eustatic
phases, whereas incomplete cyclothems record only the transgressive phase and are found
mainly in deep-water settings. The base of marine cyclothems is commonly a thin (0.1-1 m) but
widespread transgressive limestone composed of dark skeletal wackestone to grainstone. The
overlying unit is a thin (0.1-1 m) but widespread deep-water shale (the “core shale” in Kansas-
type cyclothems); it is commonly laminated, dark gray to black, organic-rich, and phosphatic,
with a sparse pelagic fauna dominated by conodonts. The overlying unit is a thick (2-10 m)
regressive limestone representing a shallowing-upward sequence of skeletal calcilutite, skeletal
and locally oolitic calcarenite, and sparsely fossiliferous lagoonal to peritidal facies. The
overlying nearshore shale is generally thick and sandy, with gray to red mottled blocky
mudstones interpreted as paleosols, and consists of fluvio-deltaic deposits that prograded
outward over the regressive limestone during the terminal regressive phase.

Type 4: Restricted-marine (evaporite-bearing) cyclothems—These cyclothems develop
in restricted cratonic basins located in arid climate zones during glacio-eustatic regressions,
with typical thicknesses of ~50 to 100 m (Fig. 1). Two types have been described: the Zechstein
cyclothems of the Poland, Germany, and England (Wagner and Peryt, 1997) and the Paradox
cyclothems of the Paradox Salt Basin in the western United States (Herman and Barkell, 1957).
The Zechstein type represents a shallowing-upward pattern with evaporitic facies at the top that
develops within almost completely hydrographically enclosed basins. The maximum flooding
surface is at the base of the cyclothem, with thin-bedded siliciclastic or carbonate beds in the
lower part of the cyclothem. The upper part of the cyclothem consists of nodular to well-bedded
anhydrite in shallower areas and laminated halite and potash minerals in deeper areas of the
depositional basin. These cyclothems may be affected by karstification, as evidenced by
anhydrite breccia and meteoric diagenesis. The Paradox type represents a deepening-to
shallowing-upward pattern, with evaporitic facies at both the base and top, that develops in arid-
zone basins that are at least moderately connected to the open ocean. In the type basin, these
cyclothems consist in ascending order of black, calcareous, pyritic shales; cream to tan

calcarenites or calcilutites; tan to medium brown, chalky to sucrosic dolomite; white to gray,
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laminated or massive anhydrite; and white, coarsely crystalline halite; followed by the same

sequence in reverse order.
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Figure 1 - Types of cyclothems: Type 1-terrestrial (Heckel, 1995; Catuneanu and Bowker, 2001), Type 2-mixed
terrestrial-marine (Heckel, 1980; Cecil et al., 2003), Type 3—marine (Heckel, 1991), and Type 4— restricted-marine
(evaporite-bearing) (Herman and Barkell, 1957; Wagner and Peryt, 1997), with some examples of
lithostratigraphic patterns.

3. CARBONIFEROUS-PERMIAN CYCLOTHEMIC DEPOSITS IN SOUTH
AMERICA

3.1. LATE PALEOZOIC BASINS IN SOUTH AMERICA

During the Late Paleozoic, South America was located at low to high Southern
Hemisphere paleolatitudes (5-70 °S) as the westernmost part of the supercontinent Gondwana.
It contained more than a dozen actively subsiding depositional basins that were separated by
structural highs with little to no sedimentary record (Fig. 2; Lopez Gamundi et al., 1992;
Isaacson et al., 1999; Limarino and Spalletti, 2006). Limarino and Spalletti (2006) identified
two types of basins in South America, intracratonic basins and active-margin basins.
Intracratonic basins show limited magmatic and tectonic activity, with low or moderate
subsidence rates, limiting the thickness of Upper Paleozoic successions. The active-margin
basins, including both arc-related and retroarc basins, generally had higher subsidence rates and
accumulated thicker successions of Upper Paleozoic deposits (Dickinson, 1978; Ingersoll and

Busby, 1995). The arc-related basins underwent intense post-Paleozoic deformation,
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magmatism, and metamorphism, whereas the retro-arc basins preserve less deformed and
altered Upper Paleozoic successions (Limarino and Spalletti, 2006).

The southern part of South America was intermittently glaciated from the Late Devonian
to Early Permian, with widespread accumulation of proglacial sedimentary deposits (Veevers
and Powell, 1987; Frakes and Francis, 1988; Veevers and Powell, 1994; Crowell, 1999). The
glacial deposits of southern South America have received extensive study (e.g., Santos et al.,
1996; Eyles et al., 1995; Andrews et al., 2019). The proximity of these sedimentary basins to
major ice centers during glacial periods favored accumulation of massive diamictites resting on
grooved and striated surfaces, sheared diamictites deposited as subglacial lodgment tills, and
glaciomarine stratified diamictites and laminated shales containing dropstones (Limarino and
Césari, 1988; Isaacson and Diaz Martinez, 1995; Winn and Steinmetz, 1998; Isbell et al., 2003;
Limarino and Spalletti, 2006) (Fig. 2).

The sedimentary basins in the northern and central parts of South America provide an
extensive record of far-field sedimentation during the LPIA. We selected eight basins with thick
Upper Paleozoic stratigraphic successions for this review, including five intracratonic basins
(Parnaiba, Amazonas, Solimdes, Parand, and Chaco-Parana), an intermontane basin in the
proto-Andes (Titicaca), and two cratonic-margin basins (Rio Blanco and Tarija) (Fig. 3). These
basins preserve mainly marine and mixed terrestrial-marine cyclothems of Late Paleozoic age
that are potentially correlatable with far-field cyclothemic successions in North America and
Europe. The cyclothemic records of these basins will be the main focus of the present review
(Table 1). All of these basins also contain interglacial highstand deposits composed largely of
marine carbonate and evaporite sequences. Such deposits are widespread in both active-margin
basins such as the Titicaca and Madre de Dios basins (Isaacson and Diaz Martinez, 1995;
Grader et al., 2008) and intracratonic basins such as the Parnaiba, Amazon, and Solimdes basins
(Caputo and Silva, 1990; Becker, 2005; Matsuda et al., 2010; Medeiros et al., 2019) (Fig. 2).
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Figure 2 - Distribution of glacial features across Gondwana during the Late Paleozoic (modified from Isbell et al.,
2003). The map projection is for 280 Ma. South American basins: 1. Titicaca Basin; 2. Solimdes Basin; 3.
Amazonas Basin; 4. Parnaiba Basin; 5. Tarija Basin; 6. Parana Basin; 7. Chaco-Parana Basin; 8. Paganzo Basin;
9. Calingasta-Uspallata Basin; 10. Sauce Grande Basin; 11. San Rafael Basin; 12. Tepuel Basin; 13. Golondrina
Basin; 14. Madre de Dios Basin; 15. Navidade-Arizaro Basin; 16. Rio Blanco Basin.
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Figure 3 - Stratigraphic correlation chart for Devonian to Permian units of South American basins.



Table 1. List of cores/outcrops discussed in this study.

Solimdes
Basin

Amazonas
Basin

Amazonas
Basin

Parnaiba
Basin

Titicaca
Basin

Rio Blanco
Basin

Tarija
Basin

Parana
Basin

Chaco-
Parana
Basin

Carauari Formation

Monte Alegre and
Itaituba formations

Nova Olinda
Formation

Piaui formation

Copacabana
Formation

Cortaderas
Formation

Escarpment
Formation

Rio Bonito
Formation

Victoriano
Rodriguez
Formation

Core 28

Cores FO1,
FO04, FO5, F25

Cores

1TRO001 PA,
2AP0001A PA,
2PR0001 PA,
9PJ0001 PA,
1PFJ0003 AM,
9PFJ0002 AM,
1RUT0001 AM,
9PA0010 AM,
1BRSA112AM,
1F20001 AM,
1UA0002 AM,
2UA0003 AM,
1UA0001 AM

Cores 4,5, 6,
7

Outcrops

Outcrops

Outcrops

Quitéria
outcrop

Core Orddnez

In the center of
the Jurua Sub-
Basin

Near the city of
Uruara

Area studied

between the

State of Para
and Amazonas

cores in an

east-west
section in the
state of
Maranhéo

Near the Lake
Titicaca
Exposed along
the eastern
margin of the
Rio Blanco
Basin
Area  studied
between
northern
Argentina and
southern
Bolivia
Southeast  of
the Parana
Basin, near the
capital of Porto
Alegre
Near the
Sierras
Pampeanas in
Argentina

04°30°S
66°30°W

4°15°40”°S
53°51°00”"W
4°15°45>°S
53°51’15°W
4°15°40”°S
53°51’15°W
4°15°15”°S
53°52’15°W

Area between:
2°0’ to 4°30° S
55° to 59° W

5°15°S
45°45°W
5°30°S
47°45°W
5°45°S
46°15°W
5°20°S
44°45°W
16°30° S
68°30° W

29°10° S
69°05° W

Area between:
22° to 23°S
63° to 65°30°W

30°20°10°S
52°10°30”°W

31°30° S
62°30° W

Becker
(2005)

Silva
(2019)

Caputo
(2009)

Lima
Filho
(1998)

Grader et
al., (2008)

Limarino
et al.,
(2006)

Starck and
Papa
(2006)

Jasper et
al., (2006)

Winn and
Steinmetz
(1998)
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3.2. CYCLOTHEMS IN INTRACRATONIC BASINS
3.2.1. Parnaiba Basin

The Parnaiba Basin is an intracratonic basin with an area of ~600,000 km?2 in
northeastern Brazil and a maximum sedimentary fill of 3.4 km comprising mainly Paleozoic-
age deposits (Goes and Feijo, 1994). Vaz et al. (2007) subdivided the Parnaiba Basin succession
into five 2"-order depositional units. The Upper Carboniferous-Lower Triassic Balsas Group,
which represents the third major unit, records a progressive continentalization and
desertification punctuated by episodic transgressive marine pulses. This group consists of the
Piaui, Pedra de Fogo, Motuca and Sambaiba formations (Vaz et al., 2007) (Fig. 3). The Piaui
Formation accumulated in a shallow platform environment of Moscovian age (Campanha and
Rocha-Campos, 1979; Anelli, 1994, 1999). The Pedra de Fogo Formation was dated to the
Cisuralian based on petrified wood (Dias Brito et al., 2007; Conceicéo et al., 2016).

Permo-Carboniferous cyclothems have been reported from the Piaui and Pedra de Fogo
formations. Based on descriptions of nineteen drillcores, Lima Filho (1998) identified two 3"-
order cycles in the Pennsylvanian (~270 m Piaui Formation) and Permian (~450 m Pedra de
Fogo and Motuca formations), each containing multiple 4"-order cycles composed of a
transgressive sequence set (TSS) and highstand sequence set (HSS) (Fig. 4; Table 1). The
Pennsylvanian sequence is composed of eleven 4-order cycles ranging from ~50 to 80 m in
thickness, with the last five cycles consisting of (in ascending order) limestone or dolomite with
corals, molluscs and brachiopods; marine black shale with organic matter and conodonts; thin
evaporite layers; red shale of lake/prodelta origin; and fine- to medium-grained sandstones of
river mouth bars. The Pennsylvanian cyclothems exhibit fossiliferous carbonates also present
on top of the marine shales; the marine shales represent a maximum flooding surface; and
deltaic sandstones and nearshore shales (from lake/prodelta) on the top of cycles. Lima Filho
(1998) compared these with Kansas-type cyclothems due to marine carbonate layers, but
Medeiros (2015) noted the presence of thick deltaic deposits and demonstrated their mixed
terrestrial-marine character. The Permian sequence has ten 4™-order cycles, with the first six

consisting of sandstones, carbonates, shales and sandstones, with a shallowing-upward pattern
(Fig. 4).
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Stratigraphic | Depositional ——
Surfaces | Sequence
(4rd Order) Description

>
-

Group/
Formation
Cores

*5 Fine to medium sandstones
with sigmoidal cross-bedding, de-
posited in river mouth bars.

*4 Red shales with plane-parallel
and undulating lamination, depo-
sited in prodelta setting.

HSS

S9

*3 Nodular anhydrite layers with
dissolution structures.

*2 Black shale containing co-
nodonts of marine environ-
ment.

TSS

‘Balsas Group/
Piaui Formation

*I Carbonates as packstone,

grainstone, or crystalline car-
bonates, sometimes present on
the top of the shales, , with

conodonts, molluscs and bra-
chiopods, deposited in shallow
platform setting.

S8

TSS| HSS

S7

HSS

1100 m
1150 m

Figure 4 - Stratigraphy and description of five 4""-order mixed terrestrial-marine cyclothems from the Upper
Pennsylvanian Piaui Formation of the Balsas Group in the Parnaiba Basin, based on analysis of cores and well
logs (modified from Lima Filho, 1998; Medeiros et al., 2019).

3.2.2. Amazonas Basin

The intracratonic Amazonas Basin, located in northern Brazil, comprises an area of
approximately 500,000 km2 with a maximum sedimentary fill of up to 5 km ranging from the
Ordovician to Recent (Cunha et al. 2007; Matsuda et al., 2010) (Fig. 3). It was connected to the
global ocean via the Solim@es Basin and has a shared depositional history with the latter. The
Pennsylvanian-Permian Tapajés Group contains transgressive-regressive cycles composed
mainly of eolian sandstones in the Monte Alegre Formation; marine-lacustrine carbonates,
evaporites, shales, and sandstones in the Itaituba Formation; marine limestones and evaporites
in the Nova Olinda Formation; and restricted-marine and lacustrine sandstones, siltstones, and
red shales in the Andira Formation (Cunha et al., 2007; Silva, 2019) (Fig. 3).

The Amazonas Basin, as well as the Solimdes Basin, offer limited Upper Paleozoic
outcrops and most studies have relied on drillcores (Table 1). The Permo-Carboniferous fossils

of the Amazonas Basin has been extensively studied, providing biostratigraphic control. The



37

identification of conodonts, foraminifera, invertebrates and palynomorphs demonstrate a
Bashkirian age for the Monte Alegre Formation (Scomazzon et al., 2016), Bashkirian-
Moscovian for the Itaituba Formation (Nascimento, 2008; Nascimento et al, 2010; Moutinho et
al., 2016; Scomazzon et al., 2016), and Moscovian for the New Olinda Formation (Playford
and Dino, 2000).

The Amazonas Basin contains an extensive cyclothemic record of Late Carboniferous
age related to the interglacial interval between Glacials Il and I11. Silva (2019) identified five
Pennsylvanian 4"-order cycles of 133 to 210 kyr each in the Monte Alegre and ltaituba
formations of the Tapajés Group, which represent the last major transgressive event that
connected the Amazonas Basin with the Solimdes Basin. The strata comprise (1) coastal/eolian
cycles; (2) supratidal cycles; (3) intertidal cycles; (4) lagoonal cycles; and (5) shelf cycles.
These cycles contain a transgressive sequence set (TSS) overlain by retrogradational and
aggradational strata representing intercalations of continental coastal deposits and shallow
marine deposits (Fig. 5). Silva (1996, 2019) worked on the Upper Itaituba and Lower Olinda
formations, recognizing similarities with Kansas-type cyclothems due to cyclicity between
deep- and shallow-marine facies. These cyclothems have thicknesses up to 2 m, are composed
of bioclastic grainstone and terrigenous sand from inlet channels incised on the inner shelf;
wackestone with a high diversity of bioclasts, and lime mudstone in an upward-fining sequence.

Restricted-marine cyclothems were also identified in the Lower Permian Nova Olinda
Formation of the Amazonas Basin. Szatmari et al. (1975) and Caputo (2009) reported
cyclothems ranging from ~20 to 50 m and composed of shale, siltstone or sandstone, limestone,
anhydrite, and halite in moving upsection. In each cycle, chemical sedimentation started with
carbonates, first bioclastic then stromatolitic, overlain and partially replaced by anhydrite. In
older cycles this anhydrite is overlain by low-bromine coarse-grained halite, formed in large
lagoons. The halite shows signs of penecontemporaneous recrystallization in freshwater, and it
interfingers with and grades into continental red shales and siltstones. Younger cycles terminate
with sylvanite (sylvite + halite) deposition, indicating increased aridity within the basin.
Although Silva (1996) compared the Nova Olinda Formation to Kansas-type cyclothems, the

Zechstein cyclothem model may be a more suitable analog.
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ithology
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Nova Olinda Formation |Formatons
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basin-wide Sabkha, with pene-
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in freshwater.

Cycle 4
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Cycle 3

Tapajoés Group/
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nodules from Sabkha.

Cycle 2

I Matsuda et al., (2004) eferences|

100 m Cycle 1
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with stromatolitic cap.

*2 Nearshore gray siltstone.
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Tt 3 Lime mudstone and wacksto-
4 T T ne, composed by a micritic ma-
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TSS
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tone, with eolian silt at base.

Tapajoés Group/
Itaituba Formation

Cycle V
Silva (2019)

*1 Bioclastic grainstone with
sand from inlet channels.

3m i

Figure 5 - Stratigraphy and description of 4"-order cyclothems from the Tapajos Group in the Amazonas Basin,
including one marine cyclothem in the Upper Pennsylvanian Itaituba Formation and five restricted-marine
cyclothems in the Lower Permian Nova Olinda Formation, based on analysis of cores and well logs (Silva, 2019;
Caputo, 2009).

3.2.3. Solimdes Basin

The Solimdes Basin is an intracratonic basin of the Amazon Craton, covering 440,000
km? in Amazonas State in northern Brazil. It is divided by the Carauari Arch into the Jandiatuba
Subbasin to the west and the Jurud Subbasin to the east (Wanderley Filho et al., 2007). It
contains deposits ranging from Ordovician to Quaternary in age, with the Upper Carboniferous-
Permian Tefé Group of relevance to the present study (Wanderley Filho et al., 2007). The Tefé
Group contains fluvial, estuarine and coastal eolian deposits of the Jurua Formation, evaporitic
deposits of the Carauari Formation, and thick red siltstones with rare lenses of nodular anhydrite
and limestone deposited in fluvio-lacustrine continental environments of the Fonte Boa
Formation (Silva, 1988). This succession contains small-scale transgressive-regressive cycles
in the Carauari Formation, and it records an overall large-scale marine regression during the
Late Carboniferous to Early Permian (Becker, 1997) (Fig. 3).
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The cyclothemic record in the Solimdes Basin is poorly explored, although recent
stratigraphic studies have drawn attention to eustatic cycles in the Upper Paleozoic. The
Carauari Formation of the Tefé Group contains cyclothems ranging from ~25 to 50 m in
thickness, consisting of a lowstand sequence set (LSS), transgressive sequence set (TSS), and
highstand sequence set (HSS) (Beckel, 1997, 2005) (Table 1). The LSS is composed of 5™-
order cyclic intercalations of sabkha halite and anhydrite forming an evaporitic wedge; eolian
and fluvial sandstones; and supratidal laminated mudstones and thinner calcareous shales with
an aggradational and progradational sedimentary stacking pattern. The juxtaposition of
anhydrite above halite is considered to indicate marine transgressive that led to dilution and
addition of sulfate to sabkha brine. The TSS was identified based on the retrogradational pattern
of shales and calcilutites toward the maximum flood surface of the 3"-order sequence. The HSS
is composed of offshore laminated black shales with sponge spicules and bioturbated tidal-flat
deposits containing flaser and lenticular bedding (Becker, 2005). Becker (1997) recognized
similarities with the Kansas cyclothem model: in the LSS, halite corresponds to the paleosol,
sabkha deposits to the coal; in the TSS, the anhydrite corresponds to fluvial sandstone, the
mudstone/wackestone to tidal-inlet coal; in the HSS, the algal mudstone or oolitic grainstone
corresponds to delta-flat coal, and mudstone/wackestone to boundstone/mudstone. Although
Solimdes Basin cyclothems were interpreted in the context of a marine cyclothemic model,
similarities with evaporative cyclothems of the Paradox Basin also exist (Fig. 6).
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*7 Bioturbated carbo-
nate mudstone with
evaporite nodules or
oolitic/fossiliferous
grainstone, with inter-
bedded fine-grained
sandstone beds depo-
sited as delta lobes.

*6 Offshore laminated,

*5 Laminated anhydrite
(transgressive unit).

*4 Massive sabkha halite capped
by a transgressive surface with
rip-up clasts.

Séquence 1

TSS

*3 Mudstone with interbedded
fine-grained sandstones of fluvial
or eolian origin.

LSS

*2 Massive sabkha anhydrite.

*] Intertidal/supratidal algal
mudstone.

Lithology Sj—u—au—e—r tigr. -hIC urfac S HSS Highstand sequence
Halite @ Mudstone Siltstone MFS Maximum flooding surface set
5 FS Flooding surface TSS Trangressive sequence

i Wackestone - i i ; e
- Anhydrite - m Sandstone TS Transgressive surface LSS Lowstand sequence
i ¢ ] B  Unconformable set
- Srlnstone - Shale Conglomerate U boundary

Figure 6 - Stratigraphy and description of two 4"-order and ten 5""-order restricted-marine cyclothems (sequences)
from the Upper Pennsylvanian Carauari Formation of the Tefé Group in the Solimdes Basin, based on analysis of
cores and well logs. UB indicates 4"-order unconformable boundaries next to the halite base, or on top of the
laminated/solid anhydrite. Note that the 5™-order sequences exhibit a fining-upward pattern (Becker, 2005).

3.2.4. Parana Basin

The Parana Basin covers an area of 1.5 x 106 km? across southern Brazil, northern
Argentina, Uruguay, and Paraguay (Milani et al., 2007). It has an elongate, NE-SW-trending
shape and contains deposits ranging from Ordovician to Cretaceous in age (Milani and Ramos,
1998). Milani (2000) recognized six supersequences, of which Gondwana Supersequence 1
(Upper Carboniferous-Lower Triassic), consisting of the Itararé, Guata and Passa Dois groups,
coincided in large part with the LPIA. The Rio Bonito and Palermo formations of the Guata
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Group record post-glacial transgressions that reworked delta lobes by tidal action (Milani et al.,
2007). The Rio Bonito Formation is composed of thick, shaly marine sediments at its base that
contain tempestites (Castro, 1991), and that are overlain by fine sandstones and siltstones
containing coal layers (Fig. 3; Bortoluzzi et al., 1987). The age of the Rio Bonito Formation is
still controversial: stratigraphic and paleontological data favor a late Sakmarian-early
Artinskian age (ca. 290 Ma), whereas U-Pb dating of Matos et al. (2001) yielded an age of
267.1 + 3.4 Ma that, however, may be incorrect.

The Upper Paleozoic of the Parana Basin preserves excellent records of the Glacial 11l
event and underlying/overlying interglacial deposits, although cyclothemic analysis has been
limited to date. Jasper et al. (2006) studied the Rio Bonito Formation in the southeastern Parana
Basin, working on swamp paleoenvironments associated with coastal barriers and lagoons in
the Quitéria outcrop, where he recognized 4™-order cycles with thin coal beds in a transgressive
sequence set (Table 1). These cycles range from ~10 to 90 m and are composed (from base to
top) of conglomerate, shale, coal, and siltstone with root marks. The conglomeratic facies
accumulated in meter-thick fining upward units that accumulated on alluvial fans. The
overlying gray shales are thick (~20 m) paludal (swamp) deposits containing abundant
palynomorphs and mm-thick coal laminae, which reflect a relative water-level rise. The top of
each cyclothem consists of cm-thick light gray siltstone beds that record regressive
sedimentation and paleosol development (Fig. 7). The cyclothems identified by Jasper et al.

(2006) are terrestrial due to the absence of any marine facies.
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osltlona]
Straﬂgraphlck's':qu’n“ Wc'othom
Surfaces | (4rd Order) Description

*3Dark gray siltstone present a
regressive pattern of shallow up-
ward and abundance of root
marks in the top set

*2Dark gray shale of swamp, with
abundant palynological content
and milimeter layers of coal, wicl
indicate water-level rise.

*]Diamictite with dispersed orga-
nic matter, formed due to the pro
gradation of alluvial fans, they
present finning upward patter and
are bounded by unconformity ang
gaps in base.

Fs4

TSS

Figure 7 - Terrestrial cyclothem in the Quitéria outcrop of the Lower Permian Rio Bonito Formation in the Parana
Basin (Jasper et al., 2006).

3.2.5. Chaco-Parané Basin

The Chaco-Parana Basin (CPB) in northwestern Argentina and Uruguay is a Paleozoic
intracratonic basin with an area of 500,000 km? that constitutes the southwestern part of the
Parana Basin (PB) and is separated from it by the Asuncion Arch. It contains deposits of
Cambrian to Cenozoic age, including a major Upper Paleozoic-Mesozoic sequence (Pezzi and
Mozetic, 1989). The CPB has its origin prior to the PB, although Upper Paleozoic and Mesozoic
sequences accumulated as a single deposit across both basins (Milani e Thomaz Filho, 2000).
The Upper Paleozoic succession contains continental, coastal, marine and glacial-marine or
glacial-lacustrine facies in two main units: the Kasimovian-Asselian Ordofiez Formation and

the Asselian-Artinskian Victoriano Rodriguez Formation (Padula and Mingramm, 1969) (Fig.
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3). The Victoriano Rodriguez Formation is a 660-m-thick package of glacio-marine sandstone,

siltstone, and shale (Winn and Steinmetz, 1998).

Although discussion of cyclicity in these units has been limited, post-glacial deposits of
the Victoriano Rodriguez Formation show cyclicity influenced by glacial-eustatic variation.
Winn and Steinmetz (1998) described cyclic sequences of fining-upward fluvial deposits in the
Victoriano Rodrigues Formation with thicknesses ranging from ~200 to 300 m (Table 1). These
cycles resemble nonmarine cyclothems, and consist (from base to top) of fine to very coarse
grained sandstones and pebbly, gray, green, or red, with cross-bedded and base dug due to the
formation of fluvial channels. A fissile and organic-rich dark gray to black shale with abundant
palynomorphs, lacks sand grains and broken pebbles. And at the top, the bioturbated light gray

mudstone, with abundant transported plant debris (Fig. 8).
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Figure 8: Terrestrial/fluvial cyclothems containing thin marine limestones in the Lower Permian upper Victoriano
Rodrigues Formation of the Chaco-Parana Basin (Winn and Steinmetz, 1998).
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3.3. CYCLOTHEMS IN INTERMONTANE BASINS OF THE PROTO-ANDES

3.3.1. Titicaca Basin

The Titicaca Basin in the Central Andes lies across the Peru-Bolivia border. It
accumulated a basin fill of >20 km thickness, including ~1.8 km of Permo-Carboniferous strata
(Perupetro S.A, 2008). The Carboniferous deposits, which accumulated in a northwest-
southeast-trending basin during marine transgressions of the Bashkirian-Artinskian, include the
Yaurichambi and Copacabana formations of the Titicaca Group, which are overlain by the
Collasuyoe Member and the Chutani Formation in Bolivia, and by the Ene Formation in Peru
(Sakagami, 1995; Sempere et al., 1990, 2002; Grader et al., 2008) (Fig. 3). The Copacabana
Formation consists of sandstones, terrigenous mudstones, limestones, dolomites, caliches, and
other lithologies (Isaacson et al., 1995). The age of deposition is constrained by an abundant
fusulinid fauna from the Copacabana Formation together with chronostratigraphic data
(Oviedo-Gbémez, 1965; Helwig, 1972; Garcia-Duarte, 1989; Grader, 2003) (Fig. 3).

The Titicaca Basin yields an excellent record of cyclicity in the lower and upper
members of the Copacabana Member, which are separated by a significant time gap (Table 1).
The lower member, of Bashkirian to Moscovian age, contains several decameter-scale 3"-order
cycles consisting of deepening-upward transgressive system sets (TSS) overlain by shallowing
and progradational lithofacies of a highstand system set (HSS), enclosed by thin evaporite
layers (Grader et al., 2008) (Fig. 9). The meter-scale 4"-order cycles (or parasequences) consist
of basal muddy, bioturbated, storm-deposited marine carbonates that locally shallow upward
into skeletal grainstone and evaporite caps. These units exhibit a stacking pattern similar to
Kansas-type cyclothems, comprising (from base to top) a basal flooding surface, thin
transgressive skeletal grainstones, meter-thick lime gray to black mudstones and shales, a
maximum flooding surface, light-gray open-marine bioclastic wackestone and packstone,
nearshore shale and siltstone that form cm-thick, coarsening upward layers, and finally a
paleosol and erosive subaerial contact at the top (Fig. 9). The bioclastic layers contain mm- to
cm-sized fragments of brachiopods, bryozoans, echinoderms, and fusulinids, reflecting open-
marine conditions.

The upper Copacabana member, which is of Artinskian age, is recognized around Lake
Titicaca. It contains more sandstone and grainstone, and lesser amounts of shale, in coarsening-

and shallowing-upward sequences, suggesting that the amplitudes of eustatic fluctuations were
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decreasing during its deposition (Grader et al., 2008). These cycles are characterized by

sandstone influx and aggradation of cross-bedded sandy grainstones in shoal environments.
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Figure 9 - Two 4"-orde marine cyclothem in the Upper Pennsylvanian upper Lower Copacabana Formation in the
Titicaca Basin (Grader et al., 2008).

3.4. CONTINENT-MARGIN BASINS

3.4.1. Rio Blanco Basin

The Rio Blanco Basin, which is located in the NW Precordillera of Argentina, formed
during the Late Devonian and Mississippian (Limarino et al., 2006). It contains a thick
succession of Mississippian sediments of the Angualasto Group, including the Maliman and
Cortaderas formations (Scalabrini Ortiz, 1970, 1973; Limarino and Césari, 1993). The lower
Cortaderas Formation, which was deposited on an unconformity surface, consists of coarse fan-
delta conglomerates, followed by sandstones, shales, and diamictites representing low-gradient
alluvial coastal plains (Limarino et al., 2006). The glacial deposits and marine shales contain

palynomorphs of probable Visean age (Césari and Gutiérrez, 2000).
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The 840-m-thick Middle Member of the Cortaderas Formation preserves an excellent
cyclothemic record (Limarino et al., 2006). These up to 3-m-thick fining-upward fluvial cycles
were formed by high-sinuosity river systems with wide, low-gradient floodplains, which were
interrupted by at least two brief marine transgressive events (Table 1; Limarino et al., 2006).
The cyclothems begin with medium- to fine-grained conglomerates resting on a low-relief
erosional surface, followed by cross-bedded, medium- to coarse-grained sandstones overlain in
turn by dark, occasionally organic-rich mudstones with paleosols (Fig. 10). The marine
transgressions are represented by horizontal or cross-laminated, fine- to very fine-grained
sandstones with thin shale intercalations, and they contain poorly preserved marine

invertebrates and intraformational breccias.
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Figure 10 - Terrestrial/Fluvial cyclothem in Upper Mississipian Middle Member of the Cortaderas Formation in
the Rio Blanco Basin (Limarino et al., 2006b).
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3.4.2. Tarija Basin

The Tarija Basin developed on the paleo-Pacific margin of southwestern Gondwana, in
present-day Bolivia and northwestern Argentina. It accumulated ~2500 m of mainly continental
sediments from the Carboniferous to the Jurassic, which are divided into the unconformity-
bounded Machareti, Mandiyuti, Cuevo, and Tacuru groups (Starck et al., 1993; Starck, 1999).
The Mandiyuti Group of Kasimovian-Asselian age comprises two formations: the Escarpment
(or Las Pendas) Formation and the San Telmo Formation. The Escarpment Formation consists
of fluvial/lacustrine cross-bedded sandstone deposited in paleovalleys (Fig. 3; Starck, 1995; di
Pasquo and Azcuy, 1999; Azcuy and di Pasquo, 2000; di Pasquo et al., 2001).

Cyclicity in the Escarpment Formation is poorly explored to date. Starck and del Papa
(2006) recognized normally and inversely graded fluvial cycles of 50 m thickness in the
Bolivian Escarpment Formation (Table 1). The base of the fining-upward cycles, which
resemble the fluvial cyclothem model, consists of yellowish-white, scour-based, coarse-grained
to conglomeratic sandstones displaying tabular and trough cross-bedding. The clasts are up to
30 cm in diameter and were recycled from underlying Tarija Formation diamictites. The
overlying beds consist of medium- to fine-grained sandstones with climbing ripples, followed

by thin layers of mud drapes intercalated with fine-grained sandstones at the top (Fig. 11).
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Stratigraphic|Depositional Cyclothem

Surfaces Sequence Description

Outcrop

Group/
Formation
qLithology

50m
*3 Centimetric layers of

gray lacustrine shale,lami-
nated and presenting some
grains of fine sand interper-
sed with fine sandstone with}
pedogenetic stucture at the
top of the cyclothem.

*2 Medium to fine fluvial/
lacustre sandstones with
climbing ripples.

*] Yellowish white, scoured
-based, coarse to fluvial con;
glomeratic sandstone beds
C1 displaying tabular and trou-
gh cross-bedding structures,
whose levels at the base of
formation cointain clasts as
large as 30 cm in diameter,
which are clearly recycled
from the underlying Tarija
Formation diamictites.

SB

Om
Figure 11 - Terrestrial/fluvial cyclothem in the Upper Pennsylvanian Bolivian Escarpment Formation of the Tarija
Basin (Starck and Papa, 2006).

4. CORRELATION OF CYCLOTHEMS

Biostratigraphic and geochronologic data show that the cyclothems in the eight
sedimentary basins described above formed mainly during four marine transgressive intervals
between major glacial stages of the LPIA, when South American basins were more extensively

flooded. The ages of these four glacial-minimum intervals are Visean, Bashkirian-Moscovian,

Kasimovian and Sakmarian (Fig. 12).

Visean-age cyclothems are represented by terrestrial successions found in the

Cortaderas Formation of the Rio Blanco Basin. They were dated on the basis of a 2%Pb/?*U
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age (335.99 + 0.06 Ma) for detrital zircons in an andesite clast derived from the Punta del Agua
Formation present in diamictite of the Cortadeas Formation (Gulbranson et al., 2010), as well
as palynological constraints based on occurrences of the taxa Reticulatisporites magnidictyus,
Rugospora australiensis, and Verrucosisporites quasigobbettii, which were assigned to the
Reticulatisporites magnidictyus-Verrucosisporites quasigobbettii Biozone (Peres Loinaze,
2008).

Bashkirian-Moscovian-age cyclothems are represented by a large number of units in
South America. Some examples are recognized in the marine cyclothems of the Monte Alegre
and Itaituba formations from the Amazonas Basin, which exhibit a great faunal diversity with
brachiopods, gastropods, crinoids, and conodonts (Ellisonia sp., Neognathodus symmetricus
and Streptognathodus sp.) that serve as biostratigraphic markers (Silva, 2019). The restricted-
marine cyclothems from the Carauari Formation in the Solimdes Basin contain a large
assemblage of fusulinids, including Millerella-Eostaffella local assemblage Zone and the
Plectostaffella Subzone (Altiner and Savini, 1991), as well as conodonts, including Assemblage
1 (Morrowan Stage): Rhachistognathus muricatus, Adetognathus latus, Neognathodus bassleri,
Neognathodus symmetricus, Idiognathoides sinuatus, Streptognathodus parvus. Assemblage 2
(Atokan Stage): Diplognathodus orphanus, Diplognathodus coloradoensis, Hindeodus
minutus, ldiognathodus delicatus, Idiognathodus magnificus, Streptognathodus elegantulus)
(Lemos, 1992). The Copacabana Formation of the Titicaca Basin contains Bashkirian-
Moscovian brachiopods, bryozoans, echinoderms, corals, conodonts (Idiognathoides sinuatus),
and fusulinids (Millerella) (Grader et al., 2008). The mixed terrestrial-marine cyclothems in the
Piaui Formation of the Parnaiba Basin contain brachiopods, bivalves, gastropods, cnidarians,
foraminifera (Tolypammina spp., T. gersterensis, Ammovertella inclusa, Sorosphaera?
cooperensis, Hyperammina spp. sappintonensis and H. sp., H. rockfordensis, Orthovertella sp.,
Globivalvulina bulloides, Calcitornella sp.) and conodonts (lIdiognathodus magnificus,
Idiognathodus delicatus, Cavusgnathus lautus, Cavusgnathus gigantus, Cavusgnathus sp.,
Ozarkodina delicatula, Gnathodus bassleri and Euprioniodina) providing age constraints
(Campanha and Rocha-Campos, 1979).

Kasimovian-age cyclothems are represented by restricted-marine facies at the top of the
Nova Olinda Formation in the Amazonas Basin, dated by the Vittatina costabilis spore-pollen
assemblage zone defined by Playford and Dino (2000). Although nonmarine cyclothems of the
Escarpment Formation in the Tarija Basin contain Devonian-age palynomorphs (Dibolisporites
disfacies and Dictyotriletes bireticulatus), they are regarded as a product of fluvial reworking

of underlying formations; Kasimovian-age palynomorphs are also present (Endosporites
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zonalis, E. rhytidosaccus, Velamisporites australiensis, Reticulatisporites polygonalis,
Cristatisporites crassilabratus, C. scabiosus, Vallatisporites ciliaris, Dibolisporites disfacies,
Spelaeotriletes ybertii, Cucisaccites latisulcatus) (di Pasquo and Azcuy, 1999; Starck and del
Papa, 2006; del Papa and di Pasquo, 2007).

Sakmarian-age cyclothems are relatively rare deposits in South America, and the ones
that are known are exclusively nonmarine in character. The cyclothems of the Rio Bonito
Formation in the Parana Basin have been dated based on a zircon 2°°Pb/?%8U age of 290.6 + 2.8
Ma from thin tonstein layers (Cagliari et al., 2014), although Jasper et al. (2006) assigned a
Kungurian age based on coal palynofloras including Striadopodocarpites fusus, a component
of the Hamiapollenites karrooensis Subzone. The nonmarine cyclothems of the Victoriano
Rodriguez Formation in the Parana-Chaco Basin were dated based on Early Permian
palynomorphs such as Convolutispora sp., Cristatisporites sp., Lueckisporites sp., and

Staurosaccites sp. (Winn and Steinmetz, 1998).
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Figure 12 - Temporal and spatial distribution of Gondwana glacigenic deposits and associated facies. A) Glacials
I to Il are from Isbell et al. (2003); B) Eight glacial intervals from Fielding et al. (2008b). Carboniferous time
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5. SOUTH AMERICAN CYCLOTHEMS IN THE CONTEXT OF GLOBAL LPIA
STUDIES

The temporal distribution of glacial intervals during the LPIA has been constrained in
several studies. Three major glacial episodes were recognized based on near-field glacial
deposits in Australia and Antarctica (Isbell et al., 2003; Spalletti et al., 2010): Glacial I, from
the Late Devonian (Frasnian) to Early Carboniferous (Tournaisian); Glacial Il, from the Early
Carboniferous (Namurian) to Late Carboniferous (earliest Westphalian); and Glacial 111, from
the Late Carboniferous (Stephanian) to Early Permian (Sakmarian-Artinskian) (Fig. 12).
Fielding et al. (2008b), in similar work in New South Wales and Queensland, eastern Australia,
identified eight glacial intervals, including four in the Carboniferous (CI-CIV) spanning the
Early Namurian to Middle Westphalian (thus approximately equivalent to Glacial I1), and four
in the Permian (P1-P1V), spanning the Asselian to Late Capitanian (thus partially equivalent to
Glacial I1l; Fig. 12). These glacial intervals, from 1 to 8 Myr in duration, were separated by
nonglacial or weakly glaciated intervals of comparable duration. The South American record
of LPIA glaciation is consistent with these results. While glacial deposits related to Glacial |
event are found in the northern Gondwana basins (e.g., Parnaiba, Amazonas, Solimdes and
Titicaca basins), Glacial Il (= ClI to CIII) records are present only in the southern Gondwana
basins (e.g., Tarija and Rio Blanco basins), and Glacial 111 (= PI) records only in basins proximal
to Gondwanan icesheets (e.g., Chaco-Parané and Parana basins) (Fig. 12).

The South American cyclothems documented in the present review were largely
contemporaneous with the nonglacial or weakly glaciated intervals of the LPIA. Cyclothems
have been reported from each of four major interglacial intervals (Visean, Bashkirian-
Moscovian, Kasimovian, and Sakmarian). Although the Isbell et al. (2003) and Fielding et al.
(2008b) LPIA glacial chronologies differ in some respects, our findings are largely consistent
with both chronologies. The development of South American cyclothems was related to global
warm periods, which were associated with higher sea-level elevations and decreases of 5'0
and 83C (Fig. 12). During these periods, high organic carbon productivity favored a decrease
in *3C and an increase in atmospheric pCO2, producing warmer conditions that yielded lower
5180 (Saltzman, 2002). This relationship exists because relative higher sea-level elevations
promoted flooding of South American basins, creating optimal conditions for cyclothem
formation.

Although glaciation patterns are temporally congruent in various regions of the world,
regional factors such as icesheet proximity and climatic zoning were important in South

American basins. Glacial | event is recorded in the Solimdes and Titicaca basins that have
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complete glacial sequences consistent with the event (Fig. 12; Isaacson and Diaz Martinez,
1995). Glacial 11, Cl, Cll and ClII events, although widely recorded in the southern Gondwana
basins, are represented by eolian deposits in the Parnaiba Basin (Fig. 12; Vaz et al., 2007) and
marine sequences in the Amazonas, Solimdes and Titicaca basins (Fig. 12; Tsubone et al., 1991;
Grader, 2003); while CIV event records only transitional and lacustrine marine sequences in
the basins studied. The Glacial 11l and PI event is recorded in the Chaco-Parana and Parana
basins (Fig. 12; Lépes Gamundi, 1997), and in the other basins are identified eolian (e.g.,
Parnaiba Basin) or marine transitional (e.g., Amazonas, Solimdes, Titicaca, Tarija, Rio Blanco
basins) sequences. The events PII, PIII, and PIV, do not present glacial sequences in any

mentioned basin.

6. CONCLUSIONS

The presence of late Paleozoic cyclothems of glacio-eustatic origin in South America is
manifested by both marine and terrestrial successions in at least eight depositional basins across
the northern part of the continent. These 4th- and 5th-order successions fit with only minor
variations into an environment-based classification comprising four types of cyclothems:
terrestrial, mixed terrestrial-marine, marine, and restricted-marine (i.e., evaporite-bearing).
Based on available geochronological constraints, the documented examples fall mainly within
four time intervals, all of which represent Late Paleozoic Ice Age glacial minima: the Visean,
Bashkirian-Moscovian, Kasimovian, and Sakmarian. This relationship is due to the generation
of accommodation space by glacial-minimum transgressions, creating optimal conditions for
cyclothem generation. This study corroborates the identification and description of Late
Paleozoic cyclothems in South America, extending the global record of cyclothemic
sedimentation and laying the foundation for future detailed studies of these deposits.
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ARTICLE INFO ABSTRACT

The transgressive-regressive events due to changes in the eustatic sea level represent the occurrence of an epeiric
sea in Western Gondwana. This event is recorded in the carbonate-siliciclastic succession exposed in the central
portion of the Parnaiba Basin, Northern Brazil, mainly represented by densely fossiliferous deposits, with
mollusks, brachiopods, corals and microfossils, related to the upper member of the Piaui Formation. Outcrop-
based facies/microfacies and stratigraphic analysis of this succession allowed the individualization of two facies
associations (FA), representative of a shallow carbonate platform system adjacent to a coastal dune field. The
FA1- dune field/interdune, comprises well sorted, intensely biortubated, fine to medium-grained sandstone with
even parallel and tabular cross stratification, as well as translatent climbing ripple cross-lamination. FA2-shallow
sea deposits consist of fossiliferous pelletal carbonate and microspar carbonate layers, laterally continuous for
hundreds of meters, interbedded with centimetric beds and lenses of organic shale with small pyrite crystals.
Covariant values of positive §'%0,y, and negative 8'3Cearp for the carbonate profiles, together with intense
substitution of primary constituents by dolomite and an abundance of associated organic matter contributed
towards determining an organogenic dolomitization model. Although the Pennsylvanian records a long icehouse
event, glacioeustatic fluctuations were common during the Moscovian and Kasimovian. The icehouse periods
contributed to the semi-arid to desert conditions that shaped the aeolic environments of the Piaui Formation.
Later greenhouse events favored a rise in the sea level and development of an extensive epicontinental
Pennsylvanian sea that extended throughout Western Gondwana called the Itaituba-Piaui sea in this paper,
which connected the Andean, Solimbes, Amazonas and Parnaiba basins.

Keywords:

Parnaiba basin
Piaui formation
Pennsylvanian
Western Gondwana
Itaituba-Piaui sea

1. Introduction

The end of the Paleozoic Era was marked by final convergent tec-
tonic movements that formed the Gondwana continent in the southern
hemisphere and the beginning of the formation of the supercontinent
Pangea, surrounded by the Panthalassa mega-ocean to the west and to
the east by the Tethys sea (Golonka and Ford, 2002; Torsvik and Cocks,
2013). In the northern part of Gondwana, particularly during the Car-
boniferous (299-359 Ma), the Amazon basin was connected by an
epeiric sea that flowed into the Panthalassa ocean. The internal record
of the epeiric sea in Gondwana is registered in the Parnaiba Basin,
where the transgressive-regressive system is recorded in the strata of
the Poti and Piaui formations, whose densely fossiliferous carbonate
deposits called “Mocambo” attest to this marine connection (Lima and

* Corresponding author.

Leite, 1978; Santos et al., 1984).

Mocambo carbonates were originally described as fossiliferous cal-
careous platform rocks, inserted in the upper portion of the Piaui
Formation that is exposed in the northeast of the State of Piaui (Mesner
and Wooldridge, 1964; Campanha and Rocha Campos, 1979; Lima
Filho, 1991, 1998; Anelli, 1999; Santos and Carvalho, 2004). Pa-
laeontological studies of this unit showed a diverse biota comprising
gastropods, pelecypods, foraminifera, conodonts, brachiopods, trilo-
bites, bryozoans and plant fragments (Dolianiti, 1972; Campanha and
Rocha Campos, 1979; Anelli, 1999). This fossil assembly, composed
mainly of brachiopods, mollusks and conodonts, indicates a Pennsyl-
vanian age for these deposits (Campanha and Rocha Campos, 1979;
Anelli, 1999, 2006; 2012; Souza et al., 2010). The great similarity be-
tween the fauna of the Mocambo carbonate and that found in the
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Itaituba and Carauari formations of the Amazonas and Solimdes basins
confirms that these units were synchronic to the western Gondwana
ocean connection (Campanha and Rocha Campos, 1979; Anelli, 1999;
Scomazzon, 2004; Moutinho, 2006).

Carbonatic rocks in the Parnaiba basin are rare and we know they
are importante from a paleoenvironmental and paleoclimatic perspec-
tive, mainly in preserving fdssil that are crucial for making regional and
global correlations. Therefore, the proposal of this paper is to carry out
a paleoenvironmental and paleogeographic evaluation of the upper
portion of the Piaui Formation-the Mocambo Carbonates -, and describe
the influences of the epeiric sea on these deposits, based on the facies
and detailed stratigraphic analysis of the outcropping siliciclastic-car-
bonate succession in the northwest portion of the State of Piaui, where
the municipalities of José de Freitas (Fig. 1) are located.

The absence of modern analog models and the few works on epeiric
seas, especially in Gondwana, increases the need for detailing this
carboniferous sea. As a way of reducing this gap in the knowledge of the
Pennsylvanian epeiric sea in the Parnaiba Basin, this article provides a
stratigraphic detailing of 5 exceptional meters of carbonate that re-
present the record of the easternmost portion of the epeiric sea that
spanned South America during the Carboniferous, an important addi-
tion to paleogeographic knowledge of Western Gondwana during that
period.

2. A record of epicontinental Paleozoic seas

The Paleozoic concentrates the records of epicontinental seas,
mainly the coastal boundaries of the Gondwana and Laurasia paleo-
continents. During the Early Devonian and beginning of the middle
Devonian in Gondwana, an internal sea extended throughout the
Amazon Basin to the Purus Arc, depositing the Urupadi and Curua
groups in a neritic, glacial-marine, fluvio-deltaic, lagoon and restricted
sea environment (Streel, 1986). During this period, the Canindé Group,
described as a marine, deltaic, fluvial and tidal flat paleoenvironment,
was deposited with the regressive events at the onset of the
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Carboniferous in the Parnaiba Basin (Goées and Feijo, 1994; Vaz et al.,
2007). At the height of this transgression the flooding may have
reached the Upper Tapajos Basin (Almeida and Carneiro, 2004).

In Southern Gondwana during the Early Devonian, the sea also
flooded the Parana basin, Parecis basins and Durazno Group in Uruguay
according to data on fauna, establishing communication for the first
time (Melo, 1989; Uriz et al., 2016). During the middle Devonian the
basins of the South American Platform made up a vast epicontinental
sea between the Parnaiba, Parand, Amazon, Chaco-Parana and Tarija
basins, covering one fourth of what would become the Brazilian terri-
tory (Petri and Fulfaro, 1983; Uriz et al., 2016), making up a seaway
that connected the Proto-Pacific with the Panthalassa Ocean. Chemos-
tratigraphic work on conodonts has also helped in identifying an epi-
continental Devonian sea north of Gondwana, known as the Variscan
sea, covering what is now the coast of Morocco (Dopieralska et al.,
2016).

According Scotese and Mckerrow (1990), during the Carboniferous
the Western Gondwana sea connected the Parnaiba, Solimdes and
Amazonas basins. Silva (1996) described the platform carbonate de-
posits derived from transgressive events, based on the division of the
depositional surfaces of the Pennsylvanian sediment column in the
Amazon Basin. Matsuda (2003) defined shallowing upward cycles in
the carbonate platform of the Amazon Basin during the Lower Penn-
sylvanian, in the Monte Alegre and Itaituba formations. Scomazzon
(2004) and Moutinho (2006), based on taxonomic and isotopic analyses
of brachiopods and conodonts, similarly interpreted these deposits as
carbonate platforms and defined the transgressive/regressive cycles
that formed that platform. Anelli (1999) worked in Pennsylvanian
carbonate deposits in the Parnaiba Basin, correlated to those of the
Amazon Basin, analyzing the taxonomic criteria for microfauna (mol-
lusks and brachiopods), belonging to the Desmonesian floor of the
global biostatigraphic chart. Lima Filho (1991, 1998), Abelha (2013)
and Barbosa et al. (2016), also worked on these deposits with faciolo-
gical and stratigraphic sequence analyses to individualize the formative
events of the carbonate platform. Since this is a more proximal
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extension, it presents distinct faciological aspects.

During the Permian, the Parand Basin was again flooded by an
epicontinental sea with an area of over 1,600,000 Km? responsible for
deposition of platformal mudstone in the Serra Alta Formation (Simoes
et al., 2016).

Analogous and synchronous models of internal seas and seaways are
also described for the Laurasian Paleocontinent (Scomazzon, 2004).
One example is the Mid-Continent Platform, which presents different
transgressive/regressive phases in regions of the United States and
portions of Canada throughout the Paleozoic. During the Phanerozoic
the rise in the eustatic level favored the deposition of thick sequences of
carbonates and shales (Simo et al., 2003; Fanton et al., 2002; Panchuk
et al., 2006; Fanton and Holmden, 2007; Brett et al., 2008; Holmden
et al., 2006; Peterhansel and Pratt, 2008; Cramer et al., 2008; Algeo
et al., 2008; Olszewski and Patzkowsky, 2008; Brand et al., 2009;
Woodard et al., 2013).

3. Geologic setting

The Parnaiba Basin represents an intracratonic syncline limited to
the east by the Borborema Province, to the south by the Sao Francisco
Craton, to the west by the Araguaia Belt and to the north by lineaments
and the Sdo Luis-Grajad Basin (Gées and Feijo, 1994). The sedimentary
bulk deposited in this basin was a consequence of the reactivation of a
fracture megasystem, with the crustal subsidence at the end of the
Brazilian Orogeny and beginning of the Caledonian Orogeny at the
Silurian-Devonian boundary, until the later Triassic sedimentation (Vaz
et al., 2007). Gées and Feij6 (1994) subdivided the sedimentation of the
Parnaiba Basin into three sedimentary cycles, according to tectonos-
tructural and paleoclimatic variations: the Silurian (Serra Grande
Group), Devonian (Canindé Group) and Carboniferous-Triassic (Balsas
Group). According to Vaz et al. (2007), the Balsas Group is composed of
the Piaui, Pedra de Fogo, Motuca and Sambaiba formations, which
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represent a clastic-evaporitic paleoenvironment of the shallow sea re-
lated to a lacustrine paleoenvironment (Fig. 2).

The Piaui Formation is distributed in the southern and northeastern
portions of the Parnaiba Basin, overlapping the sandstones and silt-
stones of the Poti Formation, covered by the basal chert of the Pedra de
Fogo Formation. It presents approximately 220 m of thickness (Lima
Filho, 1998), and is divided by Mesner and Wooldridge (1964) into
Lower and Upper members. The Lower Member is composed of reddish
sandstones interbedded with red pelite. The Upper Member, the focus
of this study, is composed of fine to medium sandstones, predominantly
with selected subrounded to rounded grains, and fossiliferous limestone
containing an invertebrate fauna composed of trilobites, mollusks,
echinoderms, crinoids and fossil plants (Dolianiti, 1972; Santos et al.,
1984; Santos and Carvalho, 2004). According to Campanha and Rocha
Campos (1979), microfossil assemblages consisting of foraminifera and
conodonts are also described; these fossils portray a warm and shallow
marine paleoenvironment. Lima Filho (1991) describes the deposits of
the Piauf Formation as aeolic deposits at the base, vertically grading
into small deltas and a shallow carbonate platform with tidal and storm
influence at the top, the Mocambo carbonate. This carbonate was in-
terpreted as the result of a small marine incursion into the continent
(Lima Filho, 1998).

The ages attributed to the Piaui Formation were obtained based on
the biota of the Mocambo Carbonate. According to Campanha and
Rocha Campos (1979) the microfossils, especially the conodonts, in-
dicate a middle Pennsylvanian age (307-311 Ma) for these layers. Some
similarities between the macrofauna of the Mocambo Carbonates and
the Itaituba Formation of the Amazon Basin are described by Anelli
(1999), such as the similarity between mollusk and brachiopod faunas.
Mendes (1966) also studied aspects of the Mocambo carbonate mac-
rofauna, and describes rare brachiopods and an abundance of mollusks,
inversely proportional to the macrofauna of the Itaituba Formation,
which may indicate that although the environments were marine at the
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end of the Paleozoic, there were different environmental conditions in
these regions.

The Pennsylvanian was marked by a transgressive-regressive cycle
registered throughout the Brazilian syneclise (Almeida et al., 2000).
The record of this marine transgression in Gondwana during the middle
Pennsylvanian is described by Caputo and Croweel (1985), Cunha et al.
(1994), Almeida et al. (2000), Matsuda (2003), Scomazzon (2004),
Moutinho (2006) and Cunha et al. (2007). Anelli et al. (2006, 2012)
identified and described a marine fauna from this marine transgression
in the Parnaiba Basin.

4. Methods and techniques

Facies modeling, as proposed by Walker (1990, 1992) and Miall
(1991, 1994), was the main technique used in this work. Nine well-
preserved outcrops were studied near the city of José de Freitas, in
Maranh3o state, Brazil, (Fig. 1). In order to assist the facies description,
columnar profiles and panoramic sections were obtained according to
Wilzevic (1991).

Twenty-two thin sections were made for petrographic studies. The
thin sections of carbonate rocks were dyed with Alizarin Red S (0.2 g/
100 mL of 1.5% HCI), for the distinction of calcite and dolomite, ac-
cording to Dickson (1966). The constituents of each rock were analyzed
(matrix, cement, bioclasts, siliciclastic grains, pores) and a 300-point
count was performed on each thin section to determine the percentage
of constituents (Fliigel, 2004; Tucker and Wright, 1990). The micro-
facies were classified according to Wright (1992) for carbonate rocks
and Folk (1968) for sandstones.

The X-ray diffraction (XRD) analysis allowed the characterization of
the mineral assemblage in the sample of the studied profiles. The
powder method was used, and its result was analyzed by the X'Pert
MPD-PRO PANalytical diffractometer equipped with Cu anode
(N = 1.5406) at the Mineral Characterization Laboratory (CML) of
Federal University of Para, the results were compared with database
material from the International Center on Diffraction Data (ICDD) with
the aid of X'Pert HighScore Plus software.

Carbon and oxygen isotopes were analyzed for 16 samples of the

Piauf Formation. Carbon and oxygen isotope analyses were carried out
at the Stable Isotope Laboratory (LABISE) of the Federal University of
Pernambuco, Brazil. The CO, gas extracted from the carbonates was
sprayed in a high vacuum line after the reaction with 100% phosphoric
acid was heated at 25°C for one day (three days in the case of the
presence of dolomite). The CO, release, after cryogenic cleaning, was
analyzed in a mass spectrometer (triple SIRA II triple inlet collector).
The results were recorded with the conventional notation of §'3C and
8§80 in per thousand (%o) relative to the PDB (Pee Dee Belemnites)
standard. The standard for §'®0 is given in SMOW (standard mean ocean
water) and the values converted to PDB are usually used. The un-
certainties of the isotope measurements were 0.1%o for carbon and
0.2%o for oxygen, based on the multiple analysis of a laboratory in-
ternal standard (BSC; Borborema Skain Calcite).

5. Facies association/microfaces
5.1. General aspects

The Piaui Formation outcrops near José de Freitas are included in a
geomorphologically flat region of the Parnaiba Basin, composed of
extensive dissected areas (Pfaltzgraff et al., 2010). The carbonate and
siliciclastic facies/microfacies sets of the Upper Piaui Formation portion
exhibit an outcropping thickness of 5 m, exposed in inactive and active
mining fronts and in the urban area of the city of José de Freitas (Piaui
State). The localities studied were Contenda Farm, Icarai Mining and
Mocambo Farm, whose names provide the informal designations of the
carbonates studied, provided by Anelli (1999).

Eight microfacies were identified and grouped into two facies as-
sociations (FA) representative of: FAl-coastal dune field/interdune and
FA2-shallow sea deposits (Fig. 3 and Table 1). FA2 is constituted by
carbonate reaching a maximum of 4 m in thickness, with exposures at
Mocambo Farm that are no more than 1 m in height.

No lateral and vertical relationships were observed between FAl
and the other associations. The FA1 is, here considered to be the base of
the succession studied due to its altimetric elevation of around 98 m;
this level is consistently below the Mocambo Farm level of around
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Table 1

Facies, sedimentary processes and facies associations of the upper Piaui Formation.
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Facies

Description

Depositional/diagenetic process

Facies Association

Dolomicrosparite with brachiopods
and corals (Dbc)

Dolomicrosparite with contraction
cracks (Dc)

Pelletal dolograinstone with bivalves
and gastropods (Pdbg)

Pelletal dolograinstone with
contraction cracks (Pdc)

Organic shale (Os)

Sandstone showing tabular cross
bedding (Stb)

Sandstone showing plane-parallel
stratification (Spps)

Sanstone showing
climbing translatent lamination

Gray fine dolomite, with decimetric tabular layers,
massive bedding and drapes of black shale. Cement shows
crystals of very thin dolomite < 10 pm, obliterating the
constituents of the rock, exemplified by the non-mimetic
texture in bioclasts. Also recorded are: organic matter,
internal and external molds of mollusks and macrofossils,
such as rough corals, brachiopods and bivalves.

Tabular and wave layers, with rounded millimetric pellets,
cemented macropores by sparry dolomite and wrapped in
ferruginous film, fossil fragments of bivalves, foraminifera
and gastropods. Cement with very thin to fine (< 10 pm)
dolomite crystals, and predominant vug-type porosity,
partially filled by medium sized crystals.

Tabular and wave layers, with rounded millimetric pellets,
macroporous vugs filled by sparry dolomite and wrapped
in ferruginous film, fossil fragments of bivalves,
foraminifera and gastropods. Cemented by dolomite and
predominance of vug porosity.

Incipient plane-parallel bedding and lamination, and
polygonal contraction cracks. Shown in thin section:
fragments of articulated and disarticulated shells,
foraminifera, pellets and undifferentiated micritized
bioclasts. Dolomite cement and predominant vug porosity.

Black pelite, with organic matter, centimetric to
decimetric thickness, presenting discontinuous
laminations, wavy lamination, gradient to plane-parallel
portions, present as drapes or interbbeded with carbonate
layers.

Medium white sandstone, with tabular cross bedding
whose sets range from 30 cm to 40 cm, and climbing ripple
dipping to NW, associated with asymmetric ripple marks.
Layers with decimetric thickness of fine to medium red
sandstone with plane-parallel stratification and cross-
lamination of low angle.

Fine sandstones, white, reddish, well selected and with
well-rounded grains, tabular layers with subcritically

Chemical precipitation of carbonates in low energy
environment and diagenetic alteration for dolomite.

Chemical precipitation of carbonates in a low energy
environment. Subaerial exposure and dryness of
heterogeneous substrate.

Chemical precipitation of carbonate and fecal
deposition of invertebrates. Diagenesis forming sparry
dolomite. Proliferation of sessile benthic organisms
and microorganisms.

Formation of pellets by fecal deposition of
invertebrates, chemical precipitation of carbonates in
a low energy environment. Subaerial exposure and
recurrent dryness. After diagenetic alteration of pre-
existing carbonate, for dolomite. Proliferation of
sessile benthic organisms.

Decantation of suspended material and preservation
of organic matter in partially anoxic and low energy
environment.

Migration of underwater 2D dunes in a unidirectional
lower flow regime. Migration of sporadic wavy marks
with predominance of suspension.

Migration of flatbed forms by high wind speed or
deflation. Migration of wind ripples.

Grain jumping and dragging under subaerial
conditions, linked to the migration of wind ripples

Shallow sea
deposits (FA2)

Coastal dune
field/interdune
(FA1)

(Scl) climbing translatent lamination.

under high wind speed.

105 m. Black shale intercalations were observed only at Icarai Mining at
the FA2; additionally, the siliciclastic facies are usually cemented by
dolomite.

5.2. Coastal dune field/interdune facies association (FA1)

This facies association represents a 2m-thick package, described
near the Icarai Mining Company. It is a basal facies association foun-
dation and is composed of plane-parallel stratification sandstone (Spps),
tabular cross stratification sandstone (Stb) and climbing ripple trans-
latent (Scl), underlain and laterally in contact with the shallow sea
facies association (FA2) (Table 1 and Fig. 4).

The dune field sandstones comprise fine to medium, well-sorted,
well-rounded, high-sphericity, whitish red-colored grains. The sand-
stones display plane-parallel laminations and tabular cross stratifica-
tions sets of up to 1 m in thickness, with tangential truncation in the
bottomset and a moderate foreset angle in the topset, ranging from 20°
to 30° (Spps, Stb and Scl facies). The sets show thinning-upward, with
preferential migration of the foresets to SW. Reactivation surfaces,
grain fall and grain flow structures are also described.

Grain flow strata are 0.5-6 cm thick (average thickness of 1.8 cm)
(Fig. 4-A). The distinction of grain flow strata from other types of wind
strata in cores is based on a thinning upward aspect that is sometimes
massive, and fine to medium sandstone with high dipping angle (25 -
30°).

Grain fall deposits are constituted by very fine to fine grained
sandstone, well-sorted and steeply-dipping strata (25-30°) interlayered
with grain flow strata (Fig. 4-A). Grain fall strata are 1-2mm in
thickness, sometimes showing coarsening-upward.
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The interdune facies comprises very fine to fine grained sandstone,
whitish red-color sandstone bodies (0.5-6 m thick) with horizontal to
subhorizontal stratification interlayered with aeolian dune cross-bed-
ding sets. The Spps facies present bottomset with small symmetrical
wavy marks and topset with a high degree of bioturbation. The bio-
turbation is centimetric to decimetric scale, elongated and branched in
Y or T, with horizontal, oblique or vertical shapes, and widening at the
junctions between certain branches, with smooth walls without linea-
tion, with irregular borders and passive filling, similar to robust gal-
leries inhabited by Thalassinoids (domichnia) (Fig. 4-C).

5.2.1. Interpretation

The FA1l is composed of a coastal dune field with wet interdunes
that did not prevent the migration of bed forms (Wilson, 1971;
Fryberger et al., 1979; Giannini et al., 2008). The Stb facies was formed
by the constant migration of small to medium scale, asymmetric 2D bed
forms with influence of wind ripples on the stoss side. Grain flow and
grain fall are responsible for deposition at the front of the dune (slip-
face), forming a greater slope on the leeside and may indicate residual
deposits of aeolian dunes (cf. Hunter, 1977; Brookfield, 1977; Kocurek
and Dott, 1981). Horizontal surfaces bounding cross-bedded sets, which
are occasionally overlain by interdune deposits, are interpreted as first-
order surfaces produced by aeolian dune and interdune climbing
(Mountney, 2006).

The Scl facies display records of small ripple migration, formed by
saltation and suspension transport and deposition, under subaerial
grain conditions, forming interbedding of sub-horizontal laminations or
pseudo-bedding, preserved mainly in the stoss dune side (Mckee and
Weir, 1953; Mckee, 1966; Hunter, 1977).



R.S.P.d. Medeiros, et al.

Journal of South American Earth Sciences 91 (2019) 188-202

Fig. 4. Faciological aspects of the dune/in-
terdune field association (FA1l). A)
Sandstone showing foresets migrating to
SW; B) Representative drawing of A. Note
the forsets migrating to SW; C) Contact be-
tween plane-parallel stratification sand-
stone (Spps) with tabular cross stratification
facies sandstone (Stb), with emphasis on
vertical bioturbation (black arrow); D) Spps
facies showing topset with high bioturba-
tion index similar to Thalassinoides; E)
Plane-parallel  stratification  sandstone

The upward transition of aeolian dune cross-strata to plane-parallel
stratification sandstones suggests that the later deposits are interdune
(Fig. 4-B). The Scl and mainly Spps facies comprise interdune structures
formed in depressions between wind dunes, deposited by deflation,
through wind ripple migration that forms subcritical climbing transla-
tent strata (Silva et al., 2008). At certain points wavy millimeter-scale
laminations are associated with the top Spps facies, interpreted as ad-
hesion structures (Fig. 4-B) produced by the adherence of dry sand
grains released by the wind onto damp depositional surfaces (Kocurek
and Fielder, 1982). Prevalence of adhesion structures suggests a de-
positional surface near the coastal or phreatic level (Kocurek and
Fielder, 1982; Crabaugh and Kocurek, 1993).

Organisms that excavated tunnels formed robust housing gallerias
(domichnia) with high degree bioturbated strata that indicate a humid
and high concentration of nutrients in this environment, contributing to
biota proliferation (Giannini et al., 2008). Thalassinoides ichnofossils at
the top of aeolian deposits are rare, although their presence corrobo-
rates the coastal environment interpretation (Knaust and Bromley,
2012).

5.3. Shallow sea deposit (FA2)

This facies association consists of a tabular, laterally continuous and
lenticular succession of strata, up to 4 m in thickness, exposed at the
mining front of Icarai Mining and in the abandoned mine of the
Mocambo Farm. It is composed of dolomicrosparite with brachiopods
and corals (Dbc), dolomicroesparite with contraction cracks (Dc), pel-
letal dolograinstone with bivalves and gastropods (Pdbg), pelletal do-
lograinstone with contraction cracks (Pdc) and organic shale (Os)
(Table 1). This association is organized in metric scale cycles, marked
by pellets at the base and thin layers of sandstones and contraction

(Spps); F) Sandstone with subcritically
climbing translatent lamination (Scl).
(Camera lens cap with 5cm in diameter).
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cracks at the top indicating a shallowing upward trend. In general, the
rocks of this facies association are strongly dolomitized, which ham-
pered the detailed recognition of the bioclasts, usually in the ghost
texture.

Dbc is gray and arranged in tabular and undulating layers, inter-
bedded with organic shales and millimeter lenses of laminated carbo-
nate pelite (Fig. 7). It presents a diverse and abundant fauna, composed
of brachiopods and mollusks, such as some of the genus Wilkingia
(Figs. 5-1,5-2,5-3), Oricrassatella (Figs. 5-4), Choristites (Figs. 5-6 and
5-7), Brasilioproductus (Figs. 4-8 and 4-9) and corals of the order Ru-
gosa (Figs. 5-10, 5-11 and 5-12). The Dbc microfacies is composed of
incipient wavy lamination, characterized by the higher concentration of
clay, polymodal dolomite crystals, semi-planar, xenotopic to very thin
hypidiotopic (8 pm), with portions of fine dolomite (20-30 um) (Fig. 6-
A), vug porosity, with rounded and elongated pores. Fractures also
occur filled with organic matter, partially replaced by iron oxide.
Monocrystalline quartz grains (70 pm-270 um) are fine to very fine
sand fraction, subangular and have edges corroded by the dolomitic
cement. There are also plagioclase grains, angular, very fine sand
(100 um) and illite lamellae (120 pm). Iron oxide and organic matter, as
well as iron sulfide (pyrite) cubes are found in some samples of this
facies (Fig. 6-A and 9).

The Dc facies, approximately 40 cm thick, consist of tabular layers
with plane-parallel lamination and wavy top, with scarce fragments of
bioclasts (Fig. 7). At the Contenda Farm, this microfacies exhibits or-
thogonal contractile cracks. The Dc microfacies presents semi-planar
polymodal dolomite crystals, ranging in size from very thin to thin
(8 um-11 pm), xenotopic to hipidiotopic; porosity is Vug, with rounded
shapes, and partially filled with dolomite cement with medium sized
crystals (Fig. 6-B). Dissolution seams and bioclast ghost texture with
contours of very fine dolomite also occur. Microcrystalline silica cement
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Fig. 5. Fossiliferous assembly in the Dbc facies: 1, 2 and 3) Bivalves of the genus Wilkingia; 4) Bivalve of the genus Oricrassatella; 5) Mold of gastropod replaced by
sparry silioproductus. 6 and 7) Brachiopod of the genus Choristites; 8 and 9) Brachiopods of the genus Brasilioproductus 10, 11 and 12) Rugose Corals.
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Fig. 6. Petrographic aspects of Dbc and Dc fa-
cies. A) Huge amount of organic matter com-
bined with dolomite crystals; B) Very fine xe-
notopic dolomite crystals with thin hipidiotopic
dolomite portions, indicated by the arrows; C)
Cristal of subangular microcline in the thick silt
fraction, indicated by the arrow; D)
Microcrystalline silica cement filling porosity
(Photos A, B with N//and C, D with NX).
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Covered

Fig. 7. Association of shallow sea deposit (FA2). A) panoramic section of the carbonates in front of mining activity of the Icarai mining company; B) Facies of
carbonate platform represented by facies Os, Dbc and Dc; C) Schematic drawing of figure B indicating facies.

filling pores is rare (Fig. 6-D). The quartz grains vary from coarse silt to
medium sand (0.06 mm-0.34 mm); they are scattered throughout the
rock, but are concentrated at levels of approximately 3 mm, where they
are very fractured and cemented by fine dolomite. Sub-rounded mi-
crocline grains have thick silt size (Fig. 6-C).

The Pdbg facies is gray and arranged in laterally discontinuous
tabular layers, with thickness varying from 20 cm to 40 cm. It presents
dissolution macropores filled by sparry dolomite surrounded by an
amorphous mass of organic matter and iron oxide-hydroxide (Fig. 10-

C). Ichnofossils are present as horizontal, elongated and bifurcated
excavations, infilled by the same mineralogy of the host rock (Fig. 8-C).
Organic matter is widespread in the rock. In this facies the macrofossils
occur as internal molds of gastropods substituted by sparry dolomite
and internal and external molds of bivalves, such as the Wilkingia genus
(Fig. 10 B, D and F-G). Fragments of indistinct, foraminifera and pellet
bioclasts were also identified (Fig. 8-B). The Pdbg microfacies is com-
posed of pellets, ranging from 280 pm to 760 pm in size. It also presents
indistinct micritized bioclasts, foraminifera and bivalve shell fragments,

Fig. 8. Petrographic aspects of Pdc and Pdbg
facies. A) Bivalve shell fragments (Bv) and con-
centrations of organic matter (OM) in the midst
of microstolated pelobes and bioclasts; B) Spiral-
plane foraminifera indicated by the arrow; C)
bioturbation (Bt) filled by micrite; D) Parallel
section of the shell of a gastropod with a wall
replaced by dolomite and pores filled with mi-
crocrystalline calcite (Photos A, C and D with
N//and B with NX).
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Fig. 9. MEV image and EDS analyses of Dbc and Dc facies. 1 and 2) Main peaks of sulfur and iron in cubic pyrite; 3) Carbon derived from organic matter and peaks of

calcium (Ca) and magnesium (Mg), derived from dolomitic cement.

ranging in size from 300 um to 1200 um (Fig. 8-D). Some shells are
filled with dolomitic cement. The moldic porosity (pellet and shell) is
intraparticle (in the pellets and in some bioclasts) and interparticle. The
pores are filled with organic matter, iron oxide/hydroxide, and pyrite,

pellets, fine dolomitic cement (10-40 pm), and microcrystalline silica
cement, as well as sparry dolomite cement, which partially replaces
some pellets and portions of the dolomitic cement. Sub-rounded,
monocrystalline quartz grains with wavy extinction in the very fine to

Fig. 10. Carbonate facies and macrofossils of the Mocambo carbonate type section, Mocambo Farm. A) Contact between the Pdc and Pdbg facies with emphasis on
the presence of vugs filled by sparry dolomite, while the Pdc facies exhibit massive bedding; B) Pdbg facies with arrows indicating various internal molds of molluscs;
C) sparry dolomite with iron oxide-hydroxide-cemented border filling macropore; D) external bivalve mold; E) internal bivalve mold of the genus Wilkingia; F and G)
internal bivalve mold; H) internal gastropod mold replaced by sparry dolomite cement.
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Fig. 11. Schematic paleogeographic model of the Itaituba-Piaui epicontinental sea. A) Insertion of the epeiric sea on the western border of Gondwana and high-
lighting square position of this sea in the Parnaiba Basin. B) Proximal mixed platform of the Itaituba-Piauf sea, near the municipality of José de Freitas, with the
stratigraphic positioning of the carbonate profiles, on which isotopic analyzes of C and O were performed.

medium sand fraction (100 um—-400 pm) have edges corroded by dolo-
mite cement (Figs. 8 and 10).

The Pdc facies is arranged in whitish gray tabular layers, laterally
discontinuous, varying from 15 cm to 50 cm in thickness (Fig. 10-A). At
the top of the layer thin micritic horizons with polygonal contraction
cracks occur, with decametric to metric length filled by micrite. There
are foraminifera and fragments of undifferentiated bioclasts associated

with the pellets (Fig. 8 A and B). The pellets of the Pdc microfacies
range from 240 um to 520 pm. Micritic biooclasts correspond mainly to
foraminifera and fragments of disjointed and articulated shells of bi-
valves, with sizes that range from 2 mm to 4.4 mm. Micritic intraclasts
also occur; these structures are usually angular, with an average size of
0.5mm. The most common porosities in this facies are secondary,
composed of moldic porosity (pellets and shell), intraparticle in the
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Fig. 12. Stable isotope values of 8'C .y, and 8'®0. .., analyzed at points P4, P2 and P1, with stratigraphic section and isotopic curve of P4.
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pellets, and of the vug type, and the primary porosities are intraparticle
in shells, and interparticle (between pellets and bioclasts). Some pores
are filled by iron oxide/hydroxide and thin dolomite (10 um), hypoi-
diotopic, as well as point sparry dolomite cement (ranging from 400 pm
to 2200 um).

The Os facies is composed of plane-parallel laminations, passing
laterally to wave laminations, arranged in layers ranging from 15 cm to
60 cm in thickness, interbedding with the Dbc facies (Fig. 7 A and B).
Lenses of organic shales occur locally, with thickness of 2 cm-5 cm. The
Os facies presents large amount of organic matter associated to pyrite
crystals.

5.3.1. 83C 4 and 8804,

Spot analyses of 813Corp, and 880 Were performed on the carbon
profiles of profiles 1 and 8 (Figs. 3 and 11), and an isotopic profile was
developed, with stacking of the carbonate facies for profile 4. The iso-
topic profile has a maximum thickness of 3 m, because the carbonate
facies in the region are the last expression of an epicontinental Penn-
sylvanian sea. The negative excursions of 8'3C.,y, are small but well
defined, with magnitude peaks of —3.08%o0 and —3.02%o in profile 4
and -1.59%o and —2.31%o in profiles 1 and 8, respectively (Fig. 11).
The 8'80..rp profile presents positive values, with concordant variations
to the curve of 8'3Ceay,, with a maximum peak of 4.58%o (Fig. 9). The
carbonate succession of 3m thickness exhibits negative excursions of
8'3Cearp With peaks reaching —3.08%o to —3.02%o and less depleted
values of —1.59%0 and —2,31%o (Figs. 11 and 12). The 880 urp, is co-
variant with the §'3C.., generally with maximum positive values of
4.58%o (Fig. 12). The isotopic values of depleted 8'3Cearp and 8'80arp
in Paleozoic carbonate rocks must generally be evaluated according to
their signature type, whether primary or secondary. One of the proce-
dures for this evaluation is the analysis of isotopic values plotted in the
880 vs. 8'3C diagram (Fig. 13).

The carbonates studied in the succession are found only in FA2,
mainly in facies Dbc and Dc, and to a lesser degree in facies Pdbg and
Pdc. These carbonates, despite the substitution of the primary con-
stituents for dolomite as attested in the petrography, present a primary
isotopic signal due to the crystallization of dolomite at shallow depth
and low temperature in contact with the sea water during an initial
diagenesis (Machel, 2004). Despite some faciological differences ana-
lyzed in both the petrography and macroscopically, the isotopic com-
positions are very similar, due to the homogenization process. The
negative values of §'3C.,p are covariable with the positive values of
8'80carbs suggesting that the volume of supersaturated fluid in dolomite
was sufficient for changing not only §'0, but also §'3C (Fig. 13).
However, that relation indicates that those carbonates were not
changed by meteoric diagenesis and burial, due to the extremely
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negative standard, mainly of 8'%0 in those diagenetic environments
(Veizer and Demovic, 1973; Lohmann, 1988; Armstrong-Altrin et al.,
2011).

Dolomitization is an event that affects all carbonate facies, and is
found corroding grains, replacing microfossils and filling in macro and
micro pores. This process occurred in a shallow diagenetic marine en-
vironment, causing major cementing and filling of pores by waters
supersaturated in carbonates, impeding the widespread circulation of
interstitial and water/rock interactions that are so favorable to new
diagenetic changes, generally identified by negative values of §'%0,
since it is more susceptible to change than §'3C (Morse and Mackenzie,
1990).

In spite of the major dolomitization event that altered the miner-
alogical composition of elements in the rock fabric in a marine en-
vironment, the positive values of 8'%0 in the studied carbonates attest
to the primary isotopic sign for the dolomite. Larsen and Chilingar
(1979) stated that the majority of ancient and modern dolomites come
from substitution, due to specific conditions of high concentrations of
Mg? */Ca®*and an alkaline pH, which maintains a high concentration
of CO32~ anions in solution. Degens and Epstein (1964) report no
change in §'%0 levels due to calcite dolomitization. Clayton et al.
(1968) stated that they found small variations in the proportions of
8'80 and 8'3C, but concluded that the dolomite was formed by pre-
cipitation and not by cationic substitution. Fritz and Smith (1970), and
Machel (2004) identified a small variation in the proportion of §'%0 due
to dolomitization, but did not explain the substitution of calcite, but
that of protodolomite, which has a similar 8'80 composition.

Those dolomitized carbonates are associated with a large amount of
organic matter, due to abundant autochthonous and/or detritic organic
matter that accumulated in epeiric water bodies similar to those de-
scribed by Compton and Siever (1986), and by Cramer and Saltzman
(2005). The dolomitization that occurs is consistent with the anoxic
microbial model or organogenic dolomitization, which is based on the
degradation of organic matter, producing inorganic carbon in the in-
terstitial water with negative 8'3C; an increase in NH, ™ and alkalinity,
which consequently liberates adsorbed magnesium ions; and low con-
centration of sulfate, due to reduction of a large share of the SO, 2 by
sulfur bacteria (Baker and Kastner, 1981). Experiments by Baker and
Kastner (1981) clearly demonstrate that sulfate inhibits the precipita-
tion of dolomite at temperatures on the order of 200 C, better applic-
able to secondary dolomitization processes in buried sediments through
substitution of limestone.

The carbonates, when analyzed using the Land graph (1983), in
which the dolomitization models according to the ratio of water tem-
perature during formation versus 8'®0, show that the dolomitization
process occurred under lower temperatures, around 20 °C-30 °C, since
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Fig. 13. Diagram of § %0 and & '2 isotopic values. § '>C-§'%0 bivariate plot for the Mocambo carbonate.
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the values for 8'80 are positive and range from 1%o to 4%o. Papers such
as those by Li et al. (1997) and Wierzbowski et al. (2018) also use §'%0
analyses in carbonatic minerals and carbonatic microfossils for discur-
sions on salinity in shallow seas and saline lakes. According to those
papers, the ascending positive isotopic curve of §'80, indicate na in-
crease in salinity towards the top, possibly related to higher evapora-
tion.

The negative excursion of 8'3Cear, and the similarity to the 8'%0car
curve reflect not only the influences of diagenetic processes that altered
the original isotopic composition, but the proximal relations of the
epicontinental seas, which is highlighted by several papers that deal
with isotopic chemostratigraphy in epeiric seas and seaways of the
Silurian, Devonian and Mississippian in Laurasia, which identify similar
isotopic oceanographic patters for those areas most proximal to those
ancient seas (Simo et al., 2003; Panchuk et al., 2006; Holmden et al.,
2006). According to Holmden et al. (2006), the negative values for
8'3Carp also stem from the more proximal portions of those seas, due to
the influence of the low sea level and dolomitization.

5.3.2. Interpretation

The association of FA2 facies was deposited on a shallow carbonate
platform during a period of sea level stability. However, the limited
thickness of the carbonate deposits on the platform (~4 m) suggests a
short period of precipitation, with local evidence of subaerial exposure,
replaced by an exclusively siliciclastic sedimentation. This relation in-
dicates more disconformity than a continuous succession, consisting in
sediments of an epicontinental carbonate platform buried by lake de-
posits/restricted sea.

The marginal portions of the carbonate basin had terminated the
formation of carbonate fabric due to low water levels and the resulting
subaerial exposure; however, in the most central portion where there
was no exposure, the carbonate fabric ceased mainly due to the deposit
of siliciclastic sediments and fresh water, which decimated carbonate-
producing organisms.

The AF2 was subdivided into two sets, CI and CII: the CI is made up
of facies Dbc, Dc and Os, deposited in the central portion of the plat-
form in the Parnaiba Basin, under conditions of partial anoxia at the
base of the set, due to the thicker layers of organic shales. The CII, made
up of the Pdc and Pdbg facies, was deposited diachronically on the
marginal portions of this platform.

The CI is the deepest set of facies and has diversified fossiliferous
strata about 1 m thick, with a predominance of bivalves, gastropods,
brachiopods and cnidarians. Bivalves of the genus Wilkingia are corre-
lated with those described from the Itaituba Formation of the Amazon
Basin, in the Tarma and Copacabana groups (Peru) and in the Cano
Indio Formation (North America and Venezuela) (Anelli, 1999). Al-
though they present a broad fossil assemblage with the Wilkingia, Or-
icrassatela and Choristites genera, their stratigraphic and temporal dis-
tributions range from the Carboniferous to the Permian; however, the
occurrence of the genus Brasiloproductus restricts this temporal range to
the Pennsylvanian, during the Bashkirian-Moscovian stages
(318.1-311.45Ma) (Langenheim et al., 1985; Perez-Huerta and
Sheldon, 2006).

The CI indicates that the facies were deposited at a greater depth in
the shallow platform, since the greatest concentration of entire molds of
macrofossils occurs in the Dbc facies. Below them various thicker levels
of organic shales occur, with associated pyrite crystals deposited under
anoxic conditions. Those organic shales are the result of high rates of
primary production and abundant autochthonous and/or detritic or-
ganic matter, associated to later local anoxic conditions.

The CII presents the facies deposited on the shallower portions of
the platform and at time exposed to subaerial conditions. In the case of
the Mocambo carbonate, chemical weathering during the subaerial
exposure phase led to partial dissolution, forming macropores and
karstic structures. Other evidences of this exposure are the polygonal
contraction cracks that developed locally in the micritic substrate in
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extensive carbonate plains. In this paper, we cannot affirm that those
plains represent tidal plains, as interpreted by Lima Filho (1991), be-
cause structures for diagnosing tides have not been preserved in dolo-
mitized carbonates.

Lima Filho (1991) noted signs of storm action as evidenced by the
large quantity of mud associated with the limestones, as well as con-
centration of fossils in portions of limestone and undulating bed forms.
It may be observed that the fossils are disseminated in specific levels, in
which structures such as hummocky cross-stratification or rhythmites
that attest to combined or tidal flow processes are absent (Dott and
Bourgeois, 1982; Cheel and Leckie, 1993). This evidence helps to rule
out the influence of storm action on those deposits.

A large number of fragments of macrobioclasts, microbioclasts and
peloids characterize the CII. Those components widely display vug
porosity and moldic porosity that were largely altered by the dolomi-
tization event, which filled these pores with dolomite and modified
their shape. The peloids are formed by fragments of bioclasts and fecal
material that are rapidly surrounded by a micritic envelope and lithify,
although they also occur as a pseudomatrix when crushed (Ginsburg,
1957; Shinn and Robbin, 1983; Tucker and Wright, 1990).

6. Paleoenvironmental and paleogeographical reconstitution

Analysis of the facies and stratigraphy of the carbonate - siliclastic
succession of the Upper Member of the Pennsylvanian Piaui Formation
allowed the interpretation of coastal dune/interdune and shallow
marine field deposits. Aeolic deposition occurred in a dry climate with a
progressive increase in humidity and transgressive events, mainly in-
dicated by carbonate precipitation and fauna diversity, with an oscil-
lation in the depositional base.

The Carboniferous records a significant climate variation in the
Earth's history, since tectonic and biological events corroborate the
change of global climate from icehouse to greenhouse. Isbell et al.
(2003), Baum and Crowley (1991) and Frakes et al. (1992) suggest that
the reduction of global temperature began in the Upper Devonian, with
a brief interval of relative heat during the Mississippian, and later a
progressive drop in temperature until the Eopermian. Veevers and
Powell (1987), Holz et al. (2008) and Martin et al. (2008) using Eur-
american cyclothems, describe a major generalized glaciation event
that covered a large portion of Gondwana from the Middle Pennsyl-
vanian to the Early Permian, reaching its peak during the Upper
Pennsylvanian. Isbell et al. (2003) defined three distinct glaciation
periods, two during the Carboniferous and the last during the Sak-
marian, separated by interglacial periods. Fielding et al. (2008), based
on work carried out in eastern Australia, divided glaciation into eight
glacial periods, four in the Carboniferous and four in the Permian, each
one lasting from 1 to 8 Myr, separated by non-glacial intervals of equal
duration. Although the Pennsylvanian records a long icehouse event,
glacioeustatic fluctuations were frequent, and this, together with the
lowering of the eastern edge of Gondwana, favored transgressive cyclic
events during the Moscovian and the Kasimovian (Golonka and Ford,
2002).

Icehouse periods during the Pennsylvanian contributed to the semi-
arid conditions that formed the aeolic environments found in both the
Monte Alegre Formation of the Amazon Basin and the Piaui Formation
of the Parnaiba Basin. The Piaui Formation, especially in the northern
portion of the basin, presents extensive aeolic deposits that encompass
facies associations of dune and interdune fields, in the regions of José
de Freitas and Altos (Pi), and Caxias and Coelho Neto (Maranhao State)
(Abelha, 2013, Conceicao et al., 2016a; Conceicao et al., 2016b). Near
Castelhano (Piaui State) associations of the dune field and sand sheets
have been described, with adherence structures at the top of the de-
posits indicating a reduction in arid conditions. The aeolic deposits
described in this paper present evidence of coastal dunes at the top,
laterally associated with the epicontinental Itaituba-Piauf sea. The dune
strata are characterized by a high degree of bioturbation at the top of
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Fig. 14. Paleogeographic model of northwestern Gondwana during the Carboniferous. Mesopennsylvanian marine transgressive events on Parnaiba Basin. Source:

Modified by Scotese and Mckerrow (1990).

the cosets, indicating an increase in water lamina and nutrients
(Fig. 14).

Interpretation of the mixed deposits in the Upper portion of the
Piaui Formation is linked to the development of an extensive epi-
continental sea in the Neocarboniferous that extended throughout
Western Gondwana, in this work called the Itaituba-Piaui sea, which
connected the Parnaiba Basin with the Brazilian Solimées and Amazon
basins, identified by the Carauari and Itaituba formations, respectively
(Scotese and Mckerrow, 1990). In Peru, the Tarma and Copacabana
groups and the Cerro Prieto Formation, together with the Pennsylva-
nian Cand Indio and Sierra de Perija formation in Venezuela, present
carbonate deposits and fauna assemblages similar to those described
from the Piaui Formation, which suggests a marine connection between
the distal Andean marine deposits and the inner marine carbonates in
the Brazilian basins (Thomas, 1928; Newell et al., 1953; Benedetto,
1980).

The cyclothems described in the Piaui Formation, were deposited
during a tectonically stable period of the basin, and aid in investigating
the idea that during the Pennsylvanian the eastern edge of Gondwana
underwent successive transgressions during interglacial periods, re-
storing the connection between the Panthalassa Sea and the epiconti-
nental Itaituba-Piaui Sea. The Mocambo Carbonate represents the de-
posits formed during the later Pennsylvanian transgressive event,
reaching the most inland continental/internal paleocontinent portions.
These carbonates are the maximum continental records of the pro-
gression of the Moscovian transgressions, with deposition during the
Desmonesian (Anelli et al., 2006) (Fig. 14).

7. Conclusion

The paleoenvironmental and paleogeographic interpretation of the
Upper portion of the Piaui Formation help in understanding the evo-
lutionary history of the Itaituba-Piauf epeiric sea established during the
Pennsylvanian in the western portion of Gondwana. Transgressive-re-
gressive cycles influenced in the sediment deposition on the northwest
edge of Gondwana during the Upper Carboniferous, consonant with the
inner carbonate precipitation this sea in Gondwana, as described in the
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central-eastern portion of the Parnaiba Basin. The carbonate-silici-
clastic succession studied is shallow carbonate platform deposits bor-
dered by coastal wind deposit sand. The coastal dune field/interdune
(FA1) with a limited supply of sand typical of the coastal environment,
was associated laterally to the fossiliferous epeiric deposit of a shallow
sea (FA2). The shallow platform covered large cratonic areas flooded by
thousands of kilometers dominated by shallowing upwards cycles.
While broader correlation of this development with the other regions of
this supercontinent is still needed, stratigraphic studies underway in the
Parnaiba Basin, with the same detail as those reported here for the
Carboniferous succession of Piaui Formation may provide a more
complete idea of sedimentary events present in the opening and closing
of epeiric Carboniferous seas in western Gondwana.
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Abstract

Epicontinental seas were the main geomorphic features in the Pennsylvanian paleogeography
of the Western Gondwana. They were directly connected to the Panthalassa Ocean recorded in
several transgressive-regressive sequences in different intracratonic basins following an ESW-
WNE trend along the Gondwana. While carbonate shallow deposits are unequivocally
considered the main inland sea record in these basins, the evolutive sequence related to the
seaway closure never was addressed previously. Facies and sequential analysis of mixed
carbonate-siliciclastic succession exposed in the northern Parnaiba Basin, Brazil, allowed to
understand the closure history of the easternmost portion of this Pennsylvanian epicontinental
sea. Three facies associations (FA) represent a progradational sequence composed of the marine
platform to continental deposits. The FA1 consist of moderately deep to shallow carbonate
platform deposits consists of black shale with conodonts interbedded with dolostone lamina and
dolomitic carbonate with mollusks, brachiopods, corals, and microfossils, locally
with pedogenetic features on the top. The continental succession is composed by: FA2,
lacustrine prodelta deposits constituted by metric tabular layers of pelite, with aeolian quartz
and K-feldspar grains, clay minerals such as illite and smectite, which corroborate the aridity
conditions; and FAS3, suspension lobes/mouth bar, composed by metric lobate layers of fine-
grained sandstone with sigmoidal cross-stratification and tabular cross-stratification. The FA1
was deposited in an epicontinental sea during a transgressive to highstand system tract (THST)
under aridity conditions. Afterward, the uplift and progressive sea retreat and confinement
generate a set of lacustrine settings (FA2) during a high accommodation system tract (HAST),

supplied by continental siliciclastic source (FA3). FA2 and FA3 record the closure events of
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the Pennsylvanian epicontinental sea where lacustrine-deltaic sediments superimpose carbonate
platform deposits. This progradational succession is a stratigraphic signature in the correlation
between Carboniferous successions of different Paleozoic basins of the Western Gondwana.

Key Words: Western Gondwana, Parnaiba Basin, Epicontinental sea closure, Mixed carbonate-

siliciclastic succession, Pennsylvanian, Depositional sequence.

1. Introducéo

Sucessdes carboniferas expostas em bacias paleozoicas da porcéo norte da América do Sul,
que incluem a Amazonia e nordeste do Brasil séo registros de um extenso mar epicontinental
instalado até a porcdo central do Gondwana Ocidental (Scotese e McKerrow, 1990). O
paleocontinente Gondwana juntamente com o bloco continental Laurasia, compdem quase que
a totalidade das massas continentais durante o Paleozoico. O nucleo do Gondwana, se estendia
pelo hemisfério sul e era composto pelos atuais continentes: América do Sul, Africa,
Madagascar, india, Antartica e Australia, assim como diversos pequenos blocos continentais
com localizagdes incertas (Scotese e McKerrow, 1990; Scotese, 2003; Torsvik e Cocks, 2013).
Este seaway na América do Sul localizado entre baixas e altas paleolatitudes (5-70 °S), estava
diretamente conectado ao Oceano Panthalassa e as varias sequéncias transgressivas-regressivas
foram depositadas em diferentes bacias intracraténicas, seguindo um trend ESW-WNE na parte
mais ocidental do supercontinente (Limarino e Spalletti, 2006). Durante o Carbonifero, os
blocos continentais Gondwana e Lauréasia, estavam em um paulatino processo de amalgamacao,

fechamento do oceano Rheic e formagéo do supercontinente Pangeia (Golonka e Ford, 2002).

O Pensilvaniano foi marcado por variagGes climéticas globais, o desenvolvimento de capas
glaciais ao Sul de Gondwana, variacdes do nivel do mar, estabelecimento e diversificacdo das
plantas continentais, instalacdo de desertos continentais Pré—Pangeia, deposi¢do de carbonatos
de mares epicontinentais banhados tanto por Panthalassa quanto pelo Proto - Tethys (Caputo e
Crowley, 1985; Caputo, 1984; Ross e Ross 1985; Algeo et al., 2008; Lupia e Armitage, 2013;
Wopfner, 1999; Isbell et al., 2003; Field et al., 2008 A; Field et al., 2998 B; Montafiez et al.,
2007; Montariez e Poulsen, 2013; Davydov et al., 2012). Segundo Boucot et al., (2013) a regido
norte apresentava clima arido e por vezes quente, diferente do Gondwana Sul que possuia clima
frio temperado que influenciou o tipo de sedimentagcdo com depositos glaciogénicos ao sul, e
edlicos, carbonaticos e fluvio-lacustrinos ao norte (Fig. 1). Nas bacias sedimentares da zona
norte do continente foram instaladas extensas plataformas carbonaticas (Heckel, 1995;
Holmden et al., 2006; Grader et al., 2008; Brand et al., 2009), com um amplo registro fossilifero
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de microfosseis (e.g., conodontes, foraminiferos; Nascimento, et al., 2010; Scomazzon et al.
2016); macrofésseis (e.qg., trilobita, cnidarios, bivalves, gastropode, crinoides; peixes e insetos;
Anelli et al., 2006; Holz et al., 2010, Anelli et al., 2012); e botanico (e.g., palinomorfos; Dino
e Playford, 2002).

O registro dos mares epicontinentais desenvolvidos na parte central do Gondwana
Ocidental durante o Pensilvaniano é encontrado principalmente nas bacias paleozoicas da
Amazonia e regido norte-nordeste do Brasil (Matsuda 2010, Lima 2010, Scomazzon et al.,
2016). Na Amazonia as exposicdes sdo restritas as escarpas de rios e frentes de lavra de poucas
minas de calcario e, além disso, a densa cobertura vegetal e ao alto grau de intemperismo muitas
vezes dificulta o reconhecimento continuo dos sistemas e principalmente sequéncias
deposicionais. Por outro lado, embora na regido nordeste do Brasil, particularmente na Bacia
do Parnaiba, ocorram excelentes exposicGes de estratos carboniferos, os estudos de mares
epicontinentais nesta regido tém se concentrado principalmente nas rochas carbonaticas
consideradas inequivocamente como o principal registro do mar interior nessas bacias (Lima
Filho 1998, Anelli et al., 2006; Anelli et al., 2012; Abelha 2013). Até 0 momento, esses
depdsitos foram tratados exclusivamente com base em critérios litoestratigraficos e
paleontoldgicos, evocando alguns componentes dos sistemas deposicionais sem estarem
adequadamente integrados em um arcabouco estratigrafico e paleoambiental que permitiria um
melhor entendimento dos processos evolutivos com base nas flutuacdes do nivel do mar. Outro
ponto importante deste trabalho é tentar entender os eventos relacionados ao fechamento destes
mares epicontinentais, assunto negligenciado em trabalhos prévios em comparacdo com 0s
depdsitos carbonaticos marinhos. A andlise de facies/microfacies dos principais afloramentos
da porcdo NE da Bacia do Parnaiba (Fig. 2), combinada com os conceitos da estratigrafia de
sequéncias e inferéncias paleoclimaticas e de proveniéncia, oferecem uma oportunidade de
caracterizar, pela primeira vez, a assinatura de fechamento destes mares epicontinentais do

Gondwana Ocidental.
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Figura 1 - Mapa paleogeografico pensilvaniano do Gondwana, e mapa geografico e paleoclimatico dos principais
depositos sedimentares pensilvanianos, presentes na América do Sul (modificado de Limarino e Spalletti, 2006).
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Figura 2 - Mapa da localizacdo da Bacia do Parnaiba na América do Sul, e mapa geoldgico com os pontos
estudados neste trabalho na Formacéo Piaui, nordeste da Bacia do Parnaiba.

2. Aspectos gerais da Bacia do Parnaiba

A Bacia do Parnaiba é uma bacia intracratonica localizada na regido norte e nordeste
do Brasil com extensdo de aproximadamente 600,000 Km?2 e, uma sucessdo sedimentar com
espessura maxima de até 3500 m em seu depocentro (Goes e Feijd, 1994; Milani e Zalan, 1999).
A deposigédo na Bacia do Parnaiba foi inicialmente precedida por um intenso rifteamento no
embasamento, que conduziu a subsidéncia de extensas areas cratonicas e a deposi¢do da
primeira sequéncia sedimentar, representada pela Formagéo Jaibaras e 0 Grupo Serra Grande,
que estdo dispostos estratigraficamente no final da orogenia Brasiliana e inicio da Caledoniana
(Caputo, 1984; Milani e Zalan, 1999; Castro et al., 2014; Darly et al., 2014). A sequéncia
Neocarbonifera-Eotriassica (Grupo balsas) definida por Goes e Feijo (1994) e posteriormente
modificada por Vaz et al., (2007), ocorre sobreposta discordantemente a Sequéncia
Mesodevoniana-Eocarbonifera (Grupo Serra Grande) e, consiste de quatro unidades
litoestratigraficas, denominadas de formacdes Piaui, Pedra de Fogo, Motuca e Sambaiba. O
Pensilvaniano da Bacia do Parnaiba, representado pela Formacdo Piaui, é fortemente
influenciado por uma sedimentacdo marinha e costeira proveniente de eventos transgressivos
(Caputo, 1984; Milani e Zalan, 1999; Barbosa et al., 2016).

A Formacdo Piaui representa o inicio da deposi¢do sedimentar do Grupo Balsas ainda
durante o Pensilvaniano, evidenciando contato basal discordante com a Formacgédo Poti e
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contado superior concordante com a Formacdo Pedra de Fogo. A sua classica divisdo em
membros Inferior e Superior foi proposta por Mesner e Wooldridge (1964), cujo Membro
Inferior € composto por arenitos roseos, macicos, raramente intercalados a folhelhos; j& o
Membro Superior apresenta calcarios, arenitos e pelitos vermelhos. Gdes e Feijé (1994)
descrevem esta formacdo composta por arenitos finos a grossos eventualmente
conglomeraticos, cinza esbranquicados a avermelhados, folhelhos vermelhos e calcérios
esbranquicados; com depocentro principal a nordeste da bacia, segundo o mapa de is6pacas de
Cunha (1986). Atualmente a Formacdo Piaui € interpretada como fluvial com contribuicdo
edlica sob condicGes semiaridas, ocasionalmente deserticas para a porcao inferior (Mesner e
Wooldridge, 1964), e para a por¢ado superior foram registradas condi¢fes desérticas com breves
incursGes marinhas (Gées, 1995).

Os depositos marinhos apresentam grande diversidade fossilifera, com a presenca de
foraminiferos, conodontes, ostracodes, briozoarios, equinodermados,  moluscos,
escolecodontes, esponjas, fragmentos de peixe, fragmentos osseos e vegetais (Campanha e
Rocha Campos, 1979), bivalves e braquiépodes (Assis, 1979; Anelli, 1999), e registros
macrofloristicos (Dolianiti, 1972). Souza et al. (2010) estudaram palinofacies em testemunhos
de sondagem do topo da Formacdo Piaui, na regido de Caxias (Ma), onde descreveram
associacOes cronoestratigraficas de palinomorfos em depdsitos peliticos com niveis de arenitos,
e atribuiram idade Moscoviano Superior a estes ambientes siliciclasticos. Tais sequéncias
carbonaticas-siliciclasticas, relacionadas ao membro superior da Formacdo Piaui, estudadas
neste trabalho, foram descritas em diversos afloramentos, no Estado do Piaui, entre os
municipios de José de Freitas, Miguel Alves, Lagoa Alegre e Teresina (Fig. 2).

3. Métodos

Foram utilizados métodos de analise de facies segundo as propostas de Walker (1992),
que correspondem a: 1) individualizacdo e descricdo de facies procurando caracterizar a
composicdo, geometria, texturas, estruturas sedimentares, conteudo fossilifero e padrdes de
paleocorrente dos corpos sedimentares; 2) compreensdao dos processos sedimentares
responsaveis pela geracdo de facies; e, 3) associacdo de facies que procura reunir facies
sedimentares contemporaneas e cogeneticas viabilizando o reconhecimento dos ambientes e
sistemas deposicionais. O modelo final baseado nas reconstituicbes paleoambientais, foi
elaborado a partir das interpretagdes da dindmica das facies e associac¢Oes de facies, e suas inter-
relagOes (Tucker e Wright, 1990; Walker, 1992).
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Analises de difracdo de raio-x, permitiram a caracterizacdo de uma assembleia de argilo
minerais, em 7 amostras dos perfis estudados (P9-1, P9-2, P9-3, P9-4, P12, P13, P15). Foram
utilizadas laminas orientadas de argilo minerias, que passaram pelo processo de glicolagem e
calcinacao a 550°C, e posteriormente foram analisadas no Difratdmetro modelo Empyrean da
PANalytical, com tubos de raios-x cerdmico de anodo de Co (Kui= 1,789010 A), foco fino
longo, filtro Kg de Fe, detector PIXCEL3D-Medpix3 1x1, no modo scanning, com voltagem
de 40 kV, corrente de 35mA, tamanho do passo 0.04° em 26, varredura de 2.00° a 75.00° em
260, tempo/passo de 200,17 s, fenda divergente: 1/8° e anti-espalhamento: 1/4°, méascara: 10
mm. Os dados foram comparados com o banco de dados internacional Center on Diffraction

Data (ICDD), com o auxilio do Software X'Pert HighScore Plus.

Foram coletadas 4 amostras das facies peliticas em diferentes perfis estratigraficos
(P11, P14, P15) e, peneiradas a seco 200 g, posteriormente a Umido para lixiviar toda fracéo
argila, resultando em apenas 11g de areia muito fina e, areia fina a média. Pararetirar a pelicula
de 6xido-hidréxido de ferro dos gréos, parte deste material passou por um tratamento com uma
solucdo de cloreto de estanho por 20 minutos, em seguida lavou-se com agua destilada. Apds
secar o material na estufa por 4 horas a 70°C, foram selecionados 500 grdos aleatérios para
contagens estatisticas em lupa e confeccionados stubs com 15 a 20 grdos de quartzo para
analises em microscopio eletronico de varredura, segundo a metodologia de Krinsley e
Doornkamp (1973). Também foram confeccionadas 7 laminas polidas, contendo 1 g de grédos
de granulometria igual ou superior a 0,25 mm, para analises de catodoluminescéncia adquiridas
pelo microscopio dptico Leica DM4500 P LED com um sistema de iluminacéo inteligente e
controle de contraste de imagens, acoplado a uma estagdo Otica de catodoluminescéncia,
Cambridge Image Technology Ltda (CCL MKk5-2).

4. Associacdo de facies

Os depositos carbonaticos-siliciclasticos do topo da Formacdo Piaui representam uma
descontinuidade e sdo expostos na regido nordeste da Bacia do Parnaiba, e norte do estado do
Piaui. Foram descritas 12 secOes estratigraficas nos afloramentos estudados, porém
selecionamos 8 secfes mais diagndsticas para apresentar neste trabalho, com espessuras
variando de 2m a 44m, de espessos pacotes peliticos vermelhos sobrejacente a delgados
depdsitos carbonaticos (Fig. 3). O registro facioldgico sedimentar deste depdsito é composto de
14 litofacies, com 3 facies carbonaticas e 10 siliciclasticas, distribuidas em 3 associagdes de
facies, tais como: Plataforma carbonatica (AF1), Prodelta lacustre (AF2) e Lobos de

suspensdo/barras de desembocadura (AF3) (Tab.1l). Esta sequéncia sedimentar consiste
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predominantemente de depdsitos siliciclasticos, com grande contribuicdo dos pelitos
principalmente da associacdo de facies de prodelta lacustre, no topo das se¢des pensilvanianas,
com delgadas facies carbonaticas na base. A superficie de descontinuidade entre os dois pacotes
sedimentares distintos, € composta por superficies de exposicdo subaérea, dissolucdo e
processos pedogenéticos pontuais. A AF1 é a associacdo de facies mais restrita na regido
mencionada, porém a AF2 esté disseminada por toda regido estudada, caracterizando os limites

de um paleolago, cujas AF2 e AF3 estdo associadas.
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Tabela 1 — Facies, processos e associacdes de facies da sucessdo carbonatica-siliciclastica do topo da Formacéo

Piaut.

. . Processo Associacéo de
Facies Descricao . : o P
deposicional/diagenético facies
Arenito fino a médio, de cor branca,
camadas tabulares com espessura de | Migracdo de formas de leito sob
Arenito com estratificacio 30cm a 1m, estratificagdo cruzada | fluxo unidirecional em regime de
cruzada si moidalg sigmoidal com sets de 30cm a 80cm e | fluxo inferior associado a rapida
9 foresets variando de 4cm a 10cm, | desaceleracéo. Atividade
(Acs) ¢
mergulhando para NW e SE. No toeset | biogénica em substrato
ocorrem icnofésseis e clastos de | inconsolidado.
argilito. Lobos de
Pelito com laminagéo plano- | Pelito de cor branca, ou vermelha, . = . suspenséo/
s s ) Material em suspensao depositado b d
paralela métrico com lamina¢&o plano-paralela or decantacio arrade
(Plp) descontinua, levemente ondulada. p &40 desembocadura
Arenito médio de cor branca, com (AF3)
estratificagdo cruzada tabular cujos | Migracdo de dunas 2D subaquosas
Arenito com estratificagdo | sets variam de 30cm a 40 cm, exibem | em regime de fluxo inferior
¢ 9
cruzada tabular laminagéo cruzada cavalgante | unidirecional. Migragdo de marcas
(Act) (climbing ripples) mergulhando para | onduladas esporadicas  com
NW, associadas a marcas onduladas | predominio de suspenséo.
assimétricas.
Arenito fino a médio, de cor branca,
dispostos em camadas tabulares | Migracdo de marcas onduladas
Arenito com laminag&o decimétrica com laminacdo cruzada | subaquosas com predominio de
cruzada cavalgante cavalgante, apresentando drapes de [tragdo em  detrimento  de
(Acc) argila e gradando lateralmente para | suspenséo.
laminacé&o plano-paralela ou ondulada.
Plp, Acc Previamente descritas
. ) Ajustamento plastico por
: Arenito fin r vermelh m]| . =
Arenito com estruturas de enito o, de co ermelna, e liguefacdo entre camadas de
camadas tabulares, com estruturas de | . ~
sobrecarga . . diferentes graus de saturacdo de
sobrecarga, tipo flame e ball and pillow. |
(As) agua.
Arenito médio, de cor branca,
avermelhada, com laminagdo ondulada . . .
. ) ) Deposicao em ambiente de baixa
e arenito fino, de cor cinza, com . L
S energia, com esporadicas
laminacdo ondulada, em camadas S .
; ; inacan | tabulares e onduladas, com icnofésseis correntes unidirecionais em regime
Arenito/ Pelito com laminagao L e de fluxo inferior, alternados com
ondulada e niveis de silica, intercalados com iodos de d tacio d i
camadas de pelitos vermelhos periodos de decantagao de argria.
(Aplo) aras =7 21 | Atividade biolégica no substrato.
centimétricos, com laminagGes
onduladas.
Arenito fino carbonéatico, de cor cinza, | Migracéo e gradacéo de formas de
Arenito com laminag&o disposto em camadas tabulares | leito ondulada de pequeno porte,
cruzada de baixo angulo decimétricas com laminagdes cruzadas | sob acdo de fluxo oscilatério.
(Ala) de baixo angulo e subordinadamente | Cimentag&o carbonatica Prodelta
plano-paralela. diagenética. lacustre
(AF2)

Arenito com lamina¢&o plano-
paralela
(Alp)

Arenito  fino, de cor branca,
avermelhada, com laminag&o plano-
paralela continua e descontinua, lentes
carbonaticas e gradando verticalmente

para laminagdo ondulada e para
laminagdes deformadas por
sobrecarga.

Fluxo oscilatério com predominio
de correntes unidirecionais (flat
bed), em regime de fluxo superior.
Ajustamento plastico entre laminas
espessas com diferente saturacdo
de agua.

Arenito macico
(Am)

Arenito fino a médio, de cor cinza,
disposto em lentes e em camadas
tabulares, com sinéreses, marcas
onduladas e icnofésseis paleophycus

sp.

Acamamento macico relacionado a
homogeneidade granulométrica,
liguefacéo ou pedogénese.
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Arenito com laminagéo
Pinch and Swell

(Aps)

Arenito fino de cor branca, lateralmente
descontinuo, com laminagGes exibindo
adelgagamento e  espessamento
sistematico tipo pinch and swell, com
espessura de 10cm na menor
amplitude e 20cm na maior amplitude.
Também exibe internamente
laminacéo cruzada cavalgante.

Agradacdo e migragdo de micro-
ondulagbes (ripples) por fluxo
oscilatério  e/ou  unidirecional.
Migracdo de marcas onduladas
concomitante com suspens&o.

Carbonato macico
(Cm)

Camadas de carbonatos dolomiticos,
cinza escuros, tabulares e onduladas,
centimétricas (aproximadamente
30cm), com moldes de raizes,
mosqueamento e estruturas carsticas
no topo dos ciclos.

Precipitacéo quimica de
carbonatos em ambiente de baixa
energia, e posterior exposicao
subaérea.

Carbonato com greta de

Camadas de carbonatos dolomiticos
brancas, tabulares, centimétricas com

Precipitacéo quimica de
carbonatos em ambiente de baixa

contracao cerca de 20cm, e gretas de contracdo | energia. Exposigdo subaérea e
(Cgc) centimétricas a métricas no topo dos | ressecamento de substrato
ciclos. heterogéneo.
Camadas de carbonatos dolomiticos,
cinza escuros, tabulares e onduladas, | Precipitagdo quimica de

Carbonato fossilifero

centimétricas a decimétricas, com

carbonatos em ambiente de baixa

(Cf) registro de moldes internos e externos | energia e alteracdo diagenética
de bivalves, gastrépodes, | para dolomito
braquiépodes e cnidérios.
Pelito de cor preta, com matéria
organica e conodontes, espessura ~ .
NP AP Decantagdo de material em
centimétrica a decimétrica, Z ~
L suspensdo e preservacdo de
apresentando laminagdes s a .
Folhelho . matéria organica, em ambiente
descontinuas, em suma ondulada, : o )
negro radando ara orcdes lano parcialmente andxico e de baixa
(Fn) 9 P pore P energia.

paralelas, presente como drapes ou
intercalado com camadas carbonéaticas

Plataforma
Carbonatica
(AF1)

5.1 Plataforma carbonética (AF1)

Os carbonatos desta associacéo, sao tabulares e pouco espessos com aproximadamente

4m, apresentam composi¢do dolomitica, e estdo dispostos em ciclos centimetricos a métricos,

com tendéncia de rasemaneto ascendente, topo marcado por estruturas de exposicdo subaérea,

marcas de raizes e feicdes mosqueadas. A AF1 é composta pelas facies carbonato macico (Cm),

carbonato com greta de contracdo (Cgc), carbonato fossilifero (Cf) e folhelho negro (Fn) (Tab.

1),

A facies carbonato macico (Cm) é disposta em camadas tabulares de carbonatos

dolomiticos cinza escuro, com espessura média de 30 cm e encontram-se intercalada com lentes

de folhelhos organicos nas camadas mais basais. As camadas do topo do perfil, em contato com

a AF2, registram moldes de raizes, na forma de estruturas verticais, com ramificacGes laterais

horizontais que afunilam ao longo de seu comprimento, apresentam diametro médio de 1 cme

comprimento de 20 cm; feicbes mosqueadas em tons de cinza e vermelho, com ramificacoes



92

vertivais e laterais, e comprimento médio de 5 a 15 cm; e estruturas carsticas, como megavugs
e megachannels (Fig. 4C/D/E/F).

Os carbonatos da facies Cgc estdo dispostos em camadas tabulares de dolomitas
brancas, com espessura de 20 cm. No topo desta facies ocorrem gretas de contragcdes que
diferem em tamanho, dependendo da localidade. No perfil P1, as gretas de contracdo sdo
métricas com arcabouco poligonal, porém no perfil P15 sdo descritas gretacbes menores,

centimétricas, com arranjo ortogonal (Fig. 4A/B).

A facies carbonato fossilifero (Cf) é encontrada em todos os perfis carbonaticos, e assim
como as facies Cm e Cgc sdo tabulares e dolomiticas, possuem cor cinza escura e dependendo
do nivel apresentam associacGes faunisticas diferenciadas. No perfil P9 foram mapeados os
niveis com abundantes moldes de cnidarios e braquidépodes, onde é descrito o género
Brasilioproductus, ja no perfil P1 foram encontrados abundantes moldes de bivalves como o

género Wilkingea.

A fécies folhelho negro (Fn) apresenta grande quantidade de matéria organica, e é
encontrada somente na por¢do mais profunda da plataforma. Esta facie possui conodontes
Declinognathodus noduliferus, Idiognathodus incurvus, Neognathodus medexultimus (Fig. 5);
e abundante matéria organica, que fornece uma cor caracteristica preta, e esta intercalada com
as facies carbonéticas, formando lentes, com espessura variando de 15 a 60cm. A Fn

apresentasse quebradica devido ser fortemente laminada, por laminagdes em suma onduladas.
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Figura 4 - Aspectos faciologicos das facies Cgc e Cm da associagdo “depositos de mar raso” (AF1). A e B)
topset das facies carbonaticas com gretas de contragdes centimétricas & metricas; C) detalhe das fei¢des
mosqueadas; D) molde de raiz; E e F) poros de dissolucdo (megavugs) conectados formando estrutura carstica,
do tipo channel.

Figura 5 - Elementos conodontes coletados nos folhelhos da AF1, da Formagdo Piaui. A, B) Declinognathodus
noduliferus. C) Idiognathodus incurvus. D) Neognathodus medexultimus.
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5.1.1 Interpretacao

A associacdo de facies de plataforma carbonatica na Bacia do Parnaiba, é o registro mais
oriental da influéncia do paleoceano Pantalassa, Pensilvaniano, conforme mencionado por
Scotese et al. (1999), Golonka e Ford (2002) e Medeiros et al., (2019). A identificacdo da
assembleia fossilifera de conodontes, nesta plataforma, proporcionou o posicionamento
estratigrafico no Bashkiriano Superior (e.g. Limite Morrowano — Atocano), devido ao
conodonte Declinognathodus noduliferus apresentar dispersao estratigrafica no Bashkiriano, e
0 Neognathodus medexultimus ter dispersdo do Bashkiriano Superior ao Kasimoviano (Merrill,
1999; Boncheva et al., 2007).

Apds as transgressdes marinhas sobre o paleocontinente Gondwana, o0 periodo
regressivo favoreceu o recuo progressivo da linha de costa, levando a exposi¢cdo subaérea de
por¢des marginais da plataforma carbonatica. Neste periodo devido a exposicdo subaérea,
superficies carbonéaticas micriticas foram expostas a maiores condicbes de aridez, formando
gretas de contracfes ortogonais e poligonais, e com a continua exposicdo e percolacdo de
fluidos formou-se macroporos de dissolucdo (megavugs) que quando expandidos originavam
superficies cérsticas. Também sdo evidenciados processos pedogenéticos no topo dos
carbonatos marginais, devido a presenca de rhizolitos, como moldes de raizes e horizontes
mosqueados cinza avermelhados, formados a partir de rizohalos, que sdo evidéncias de
processos redoximarficos associados a reducdo de Fe préximo a raiz, devido a degradacédo da
matéria organica em substrato saturado, com baixa quantidade de O (Vepraskas et al., 1993;
Kraus e Hasiotes, 2006). A presenca destes rizohalos indica que apesar do clima ser arido, os

niveis carbonaticos no topo do ciclo desenvolveram fei¢Ges de gleizacao.

As porc¢Bes marginais da bacia carbonética tiveram a fabrica carbonética cessada devido
aos baixos niveis de agua e a consequente exposi¢do subaérea, no entanto, na parte mais central,
onde ndo houve exposicao, a fabrica carbonatica cessou principalmente devido ao aumento da
deposicao de sedimentos siliciclasticos e agua doce, dizimando os organismos produtores de
carbonato. Outros elementos importantes que corroboram com a fase regressiva e a consequente
interrupcao da producéo de carbonato, séo: a perda da conexdo marinha e as condi¢des de maior

aridez das zonas climaticas pensilvanianas do Gondwana.
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5.2 Prodelta lacustre (AF2)

A associacdo de facies Prodelta é a mais expressiva nos afloramentos estudados.
Encontra-se disseminada por uma extensa area, representa o topo dos perfis e € composta pelas
facies Pelito com laminacdo plano-paralela (PIp), Arenito/Pelito com laminacdo ondulada
(Aplo), Arenito com estrutura de sobrecarga (As), Arenito com laminacdo cruzada de baixo
angulo (Ala), Arenito com laminacao plano-paralela (Alp), Arenito com pinch and swell (Aps),

Arenito maci¢o (Am) e Arenito com laminagdo cruzada cavalgante (Acc) (Tab. 1).

A fécies Aplo, de cor branca, esta intercalada com arenitos finos a médios também de cor
branca, por vezes lenticularizados e apresentando baixo grau de bioturbagdo, com icnofdsseis
horizontais, centimétricos, alongados e ramificados em padrdo Y. Esta facies é mais frequente

para topo dos ciclos de raseamento ascendente (shallowing upward).

Os arenitos da facies Aplo sdo subarcésios finos a muito finos, moderadamente a bem
selecionados, com gréos subangulosos, prevalecendo contatos suturados e menos intensamente
contatos pontuais e cbncavo-convexos. Apresenta quartzo monocristalino com extingdo
ondulante fraca (100 pm a 240 pum), e em menor propor¢do quartzo monocristalino com
extingdo ondulante forte (150 pm). Alguns grios de quartzo exibem sobrecrescimentos,
formando contatos de compromisso (Fig. 7E). A microclina é subangulosa a arredondada (220
um), alterada parcialmente para argilominerais e, algumas vezes, com maclas irregulares (Fig.
7D). O plagioclasio ¢ subanguloso a subarredondado, com tamanho médio variando de 80 um

a 130 pum, pouco alterado para argilomineral e sericita.

A facies Ala possui arenitos finos de cor cinza, dispostos em camadas tabulares, com topo
ondulado e cimentado por carbonato, apresentam laminacGes cruzadas de baixo angulo que
gradam lateralmente para laminagdo ondulada, intercalado na porcdo superior com laminas
delgadas de pelitos vermelhos. Esta facies € encontrada no topo dos ciclos de raseamento

ascendente.

Em secdo delgada, o quartzo-arenito da facies Ala é mal selecionado, muito fino a fino,
com grdos em geral subangulosos. A porosidade € representada por fraturas e poros
agigantados. Os graos de quartzo sdo subangulosos a subarredondados (100 a 250 pm),
monocristalinos com extin¢ao ondulante forte e, em menor proporgdo, com extingdo ondulante
fraca, sendo que alguns apresentam fraturas conchoidais superficiais. Grdos de quartzo
policristalinos exibem tamanho médio de 250 um e bordas corroidas por cimento dolomitico

(Fig. 7B). Grdos de plagioclasio angulosos a subangulosos, com tamanho médio variando de
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80 um a 130 um. Gréos de feldspato microclima, subarredondados, bem preservados (Fig. 7A).
O cimento de silica microcristalina é raro, preenchendo parcialmente poros intergranulares.
Predomina no arcabouco o cimento de dolomita com cristais ndo planares, xenotdpicos, finos e
unimodais. Fragmentos de micrito apresentam- se esmagados formando pseudomatriz, com
tamanho médio variando de 100 um a 200 pm (Fig. 7C).

Arenitos finos com estruturas de sobrecarga da facies As, de cor vermelha, estdo dispostos
em camadas tabulares, lateralmente descontinuas, com espessura variando de 40 cm a 1 m.
Apresentam internamente laminac@es variando lateralmente de plano paralela a ondulada, com
deformacdes pontuais do tipo flame, ball and pillow e rompimento de camada por fluidificagcdo
(Fig. 6D).

Os pelitos de cor vermelha da facies Plp estdo dispostos em camadas tabulares
centimétricas a métricas de pelitos, com laminacGes plano-paralelas descontinuas alternando
lateralmente para onduladas. Os pelitos s&o intercalados com camadas de espessura
centimétrica, de arenitos finos a médios, mostrando estruturas de pinch and swell (Fig. 6A/B).

O arenito macico possui granulometria variando de fino a médio, cor cinza, e esta disposto
em camadas tabulares, apresentando no topo da camada marcas de sinérese, marcas onduladas,
e icnofosseis do género paleophycus sp., descritos como tubos em epirrelevo positivo, com
galerias cilindricas a subcilindrica, predominantemente horizontais, retas e com paredes lisas,
com preenchimento semelhante a matriz, apresentando intercruzamentos, seu comprimento

varia desde poucos centimetros até 30cm e seu didmetro chega alcancar 2cm (Fig. 6E).

A facies Acc exibe arenitos finos, de cor branca e dispostos em camadas centimétricas,
lateralmente descontinuas, com marcas onduladas e laminagdes cruzadas cavalgantes, com
mergulho em torno de 5° para NW, gradando lateralmente para uma laminagéo plano-paralela
a levemente ondulada. Os sets desta facies estdo associados a espessas camadas peliticas (Fig.

11). As laminas tornam-se planas a levemente onduladas em direcdo ao toeset.
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Covered

Figura 6 - Aspectos faciologicos dos depositos de prodelta lacustre, na frente de lavra da mineradora Icarai. A e
B) sec¢do panordmica mostrando as camadas tabulares e espessas de pelitos vermelhos com laminacdo plano
paralela e arenitos finos macigos e com estruturas de sobrecarga. C) acamamento linsen com tipico padrdo pinch
and swell (Aps); D) estrutura de deformagdo ball and pillow da facies As; E) facies Am com icnogénero
paleophycus sp.

QUARTZO

Quartzo-aranito

Féacies Aplo 95/ 995 )
Subarcéseo Facies Ala
Qz=94% Quartzo Arenito
Feld= 4% Qz=96%
Frx= 2% cnmoond, FEIA= 2%
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Figura 7 - Fotomicrografias da facie Ala: A) Feldspato microclina, subarredondado, na granulometia areia fina
(Mc); B) Gréo de quartzo policristalino (Qz); C) Intraclasto de micrito esmagado, formando pseudomatriz (Pm).
Fotomicrografia da facie Aplo: D) Feldspatos potassicos, indicados pelas setas, em grande parte alterados para
argilominerais e em menor proporcao para sericita; E) Grdos de quartzo com sobrecrescimento de silica, formando
contato de compromisso. Diagrama de Folk (1968), para classificacdo de arenitos.
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5.2.1 Textura superficial e catodoluminescéncia de graos

A influéncia eolica na deposicdo dos sedimentos de prodelta/lacustre da AF3 foi
detectada ap0ds a analise textural e composicional da fracdo areia fina inserida nas espessas
camadas de pelitos vermelhos que recobrem os depositos carbonéticos (Fig. 6 e 10). Dentre os
500 gréos analisados sdo descritos abundantes feldspatos potassicos e cerca de 10% dos gréos
totais sdo quartzos com caracteristicas texturais superficiais de sedimentos eolicos. Foram
selecionados grdos maiores que 0,25 mm para observagéo, pois grdos menores sao geralmente
angulosos por serem transportados em suspensao como poeira. A anélise microscopica (lupa e
MEV) indicou que os grdos em suma sdo bem arredondados e esféricos (43,1% de esfericidade),
enquanto grdos subarredondados constituem 26,6% e os gréos irregulares ou alongados
constituem 30,3%, especialmente aqueles maiores que 0,25 mm. A superficie dos grdos é
irregular, aspecto fosco, tais como: placas soerguidas/deslocadas (upturned plates), depressdes
irregulares, marcas de percussao em V e bordas bulbosas e lisas (Fig. 8B/C/D/E/F). As placas
soerguidas e deslocadas sdo caracteristicas de ambientes edlico e provenientes de escarpas de
clivagem ou fraturas, cujo espacamento e o tamanho das placas sugerem a amplitude da energia
edlica (Krisley et al., 1976; Mahaney, 2002). As depressdes irregulares geralmente sdo
formadas por um dnico impacto durante um periodo de intensa abrasdo relacionada a ventos
forte (Krinsley e Doornkamp, 1973). Ja as marcas de percussdo em V, que também sdo
produzidas frequentemente por fluxos aquosos, sdao formadas por meio da energia vibratéria
liberada dos gréos durante colisGes de alta velocidade (Mahaney, 2002).

A textura bulbosa € encontrada em bordas dos grdos arredondadas parcialmente lisas,
comum em areias e6licas (Mahaney e Andres, 1996; Mahaney, 2002). Forma-se pelo transporte
edlico, principalmente por saltacdo, que apara as arestas angulosas dos graos, € por meios dos
processos de dissolucdo e reprecipitacdo de silica. Os processos de dissolu¢do sdo comuns no
deserto durante a noite, pois o orvalho no deserto tem um alto pH que causa a dissolucéo parcial
da silica, pela manha o orvalho evapora, a silica reprecipita nas depressées, como uma camada
delgada e irregular de opala-CT (cristobalita-tridimita) ou calceddnia, alisando a superficie dos
gréos, criando uma micro topografia arredondada (Kuene e Perdok, 1962; Margolis e Krisley,
1971, Krisley e Doornkamp, 1973; Mahaney, 2002).

Laminas polidas de grdos de quartzo monaocristalinos, subarredondados a bem
arredondados, sem inclusdes fluidas e maiores que 0,25 mm, apresentam sinais baixo a alto de
catodoluminescéncia. Esses sinais refletem fontes variadas de origem pluténica ou alto grau

metamorfico (quartzo com luminescéncia azul-violeta) e vulcanica (quartzo com luminescéncia
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vermelha), cuja superficie dos grdos contém uma camada delgada de silica, com discrepante
luminescenéncia vermelha, preenchendo as depressoes e arredondando os gréos (Fig. 8G/H/I).
Engel e Sharp (1958), e El Baz e Prestel (1980) mencionam que o ciclo de
dissolucao/precipitacédo por influéncia do orvalho, em camadas de 2 a 3 centimetros da areia do
deserto, associado a argilominerais ou 6xido e hidroxido de ferro favorecem o surgimento de
grdos com verniz do deserto, que geram uma pelicula com sinais de catodoluminescéncia muito

alto, de cor vermelha.
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Figura 8 — Micrografias ao MEV de gréos de quartzo, nas imagens A, B, C, D E e F, com detalhe nas estruturas
morfoscépicas: 1= bordas bulbosas, 2= upturned plates, 3= depressdes irregulars, 4= marcas de percussao em V.
Imagens de catodoluminescéncia de grdos de quartzo polidos, com destaque para as bordas recristalizadas
encontradas nas estruturas morfoscdpicas bordas bulbosas: nas imagens G e H os grdos de quartzo apresentam
luminescéncia vermelha (fonte vulcénica), na imagem | o grdo de quartzo possui luminescéncia azul (fonte
plutdnica ou de alto grau metamorfico).
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5.2.2 Difratometria de Raios-X nos pelitos

Anadlises granulométricas das amostras estudadas indicam que os sedimentos contém
entre 55% e 80% de argila, com padrdo de diminuicdo da argila para o topo dos ciclos
granocrescentes. Foram identificados diferentes argilo minerais nas facies peliticas do prodelta
lacustre, por meio de picos diagnosticos em difratogramas de DRX de laminas orientadas,
glicoladas e aquecidas, nas amostras dos afloramentos P9, P12, P14 e P15, que estdo espalhados
na area de dispersdo do lago. A assembleia de argilominerais encontrada é composta por
Esmectitas, Illita, Clorita e Caulinita. No P9, foram analisadas quatro amostras empilhadas em
perfil estratigrafico, com coletas no contato com a AF1 (Fig. 8, P9-1), no pelito intermediario
(Fig. 9, P9-2 e P9-3) e no topo do perfil (Fig. 9, P9-4).

As esmectitas sdo de facil identificacdo devido a grande intensidade dos picos. Os
difratogramas da fracdo argila orientada, em condi¢des naturais evidenciam espécimes de
argilominerais com pico de doo1=15A.. A saturacdo em Etilenoglicol provocou o deslocamento
do pico para doo1=17A, evidenciando o carater expansivo tipico de argilominerais do grupo das
Esmectitas. Ap6s calcinagio, o pico colapsou para doo1=10A, formando fases minerais com
estrutura tipo mica. A esmectita pode ser considerada a fase mais abundante, pois o pico
referente ao seu plano 001 ocorre relativamente mais intenso que os demais picos presentes nos

difratogramas.

A ilita é representada nas amostras pelos picos doo1=10A e dooz= 4 A. Ap0s a etapa de
aquecimento, a intensidade do pico dooz aumenta devido a desestruturacdo da esmectita citada
anteriormente. Também foram identificados picos de caulinita (doo1=7A) e clorita (doo1=14.24),
porém em menor intensidade. Sabe-se que os planos doo:=7A da caulinita e doo2=7.1A da clorita
podem coincidir em um mesmo pico, porém a caulinita é totalmente destruida quando

submetida a um tratamento térmico de 550°C, conforme os difratogramas evidenciam.

Os argilo minerais sdo produto de intemperismo e processos de formacao de solo, e suas
variacdes nas assembleias minerais sdo indicativos de mudancas paleoclimaticas, atividade
tectonica e alteracOes diageneéticas. A esmectita representa o argilomineral dominante em todas
as amostras analisadas, apresenta um aumento gradativo para o topo dos depdsitos peliticos
(Fig. 9) e sua proveniéncia esta associada a rochas igneas basicas. Esse grupo de argilominerais
pode ser encontrado em abundéncia em locais de clima &rido, com baixa taxa de fluxo de agua.
Também pode ocorrer em bacias acumuladoras com drenagem imperfeitas, que acumulam

cations das porc¢des melhor drenadas e com pouco tempo de exposicao subaérea, pois necessita
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manter a alta taxa de silica e Mg no sistema (Singer, 1984). Com base no aumento das
esmectitas para o topo do perfil, destaca-se um concomitante aumento da aridez. A lllita
identificada em todas as facies analisadas é de origem detritica proveniente da alteragcdo de
rochas cristalinas que contém feldspato e mica, e/ou de solos e rochas sedimentares pré-
existentes na bacia de drenagem do canal fluvial, o qual depositou no lago. A caulinita pode ter
proveniéncia detritica ou de alteragdo quimica in situ, porém o contraste nos difratogramas da
dominéncia da lIlita em relacdo a Caulinita, indica a predominancia de processos erosivos
mecanicos, favorecidas por condicdes climaticas aridas. A Clorita é formada pela degradacéo
de rochas cristalinas basicas, intermediarias e rochas metamorficas de baixo grau,
possivelmente também transportadas, por canais fluviais, da area fonte para dentro do lago, pois
Millot (1970) observou que as cloritas s&o normalmente estaveis durante intemperismo e

diagénese.
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Figura 9 - Mapa de localizacdo com afloramentos estudados, perfil estratigrafico do ponto P9 e difratogramas de
argilo minerais, com analises de Iaminas orientadas, glicoladas e aquecidas a 500 °C. A assembleia mineraldgica
descrita é composta por Esmectita, Clorita, Ilita, Caolinita e Quartzo.

5.2.3 Interpretacéo

Os depositos de prodelta lacustres (AF2) passam verticalmente e lateralmente para 0s
depdsitos de lobos de suspensdo/barra de desembocadura em um contexto geoldgico de um
lago, caracterizados pela diminui¢cdo ou suavizacdo do angulo de migracdo das marcas
onduladas, e das laminagGes cruzadas nos foresets. Niveis de arenito fino em padrdo do tipo
pinch e swell, além de laminas cruzadas cavalgantes, intercalam-se com espessas camadas de
pelitos.
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O grande aporte de sedimentos do prodelta lacustre ocasionou a formacao de estruturas
de sobrecarga na facies As, devido arenitos com maior densidade sobrepostos a camadas
peliticas em estado pléstico terem gerado estruturas tanto de liquefagdo, como de fluidificagdo
devido a deformacdo e rompimento das camadas por escape de fluidos. O processo de
liquefacéo ocorre devido os grdos temporariamente deixarem de ser suportados por gréos e se
tornarem suportados por fluidos, ja a fluidificacdo € ocasionada pelos grédos estarem sustentados
por um suplemento externo de fluido, durante um longo periodo (Demicco e Hardie, 1994;
Tucker, 2003).

Fluxos hipopicnais podem ter alcancado as por¢bes mais distais, formando extensas
camadas de pelito com geometria tabular (Horton e Schmitt, 1996; Nichols, 2009; Renaut e
Gierlowski-Kordesch, 2010). Pelitos laminados e com lentes de arenitos com laminacao
cruzada sugerem influxos esporadicos de siliclasticos finos. Associados a estes sedimentos
siliciclasticos, foram descritos grédos de quartzo apresentando texturas morfoscépicas de
ambiente edlico, cuja proveniéncia é designada aos extensos campos de dunas da Formacéo
Piaui, descritos por Goes (1995), Vaz et al., (2007), Conceicdo et al., (2016), Medeiros et al.,
(2019).

A presenca do icnogénero paleophycus sp. na facies Am, € evidencia de organismos
vermiformes escavadores, predadores e/ou suspensivoros, que formam icnitos tanto de
habitacdo (Domichnia) como de alimentacdo (Fodinichnia) encontrados tanto em ambientes
marinhos quanto continentais (Seilacher, 2007). Segundo Fernandes et al., (2002)
possivelmente pertencente a icnofacies cruziana, a qual é interpretada associada a ambientes de

baixa a moderada energia, como lagos, estuario e planicie de maré.

A grande quantidade de plagioclasio e microclina, subarredondados e pouco alteradas,
encontrado nos delgados niveis de arenitos subarcosianos, associados lateralmente a depdsitos
edlicos, os quais podem ser identificados através dos aspectos morfoscopicos dos grdos de
quartzo nos pelitos e pelas descricdes de Conceicédo et al., (2016) e Medeiros et al., (2019),
confirmam um clima quente e arido para regido estudada. Concomitantemente, a identificacao
dos argilo minerais ratifica a ideia da Bacia do Parnaiba estar inserida em uma zona climatica
arida durante o Pensilvaniano, conforme Boucot et al., (2013), devido principalmente a

abundancia de esmectita e llita e uma insipiente quantidade de caulinita.

Esta associacdo de facies assim como a AF3 foi depositada em uma fase final de eventos

regressivos que confinaram diversas massas de agua, lagos, nas por¢des com paleorelevo mais
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rebaixado do oeste do Gondwana durante o Pensilvaniano Superior. Souza et al. (2010) estudou
palinofacies em testemunhos de sondagem do topo da Formacéo Piaui, na regido de Caxias
(Ma), onde descreveu associacOes cronoestratigraficas de palinomorfos em depositos peliticos
com niveis de arenitos, formando ciclos de shallow upward, semelhantes aos depdsitos
deltaicos da AF2 e AF3, e atribuiu idade Moscoviano Superior a estes ambientes siliclasticos

do topo da Formag&o Piaui.

5.3 Lobos de suspenséo/ barra de desembocadura (AF3)

A AF3 n3o ultrapassa 4m de espessura e esta diretamente associada com a AF2. E
composta pelas facies Arenito com estratificacdo cruzada sigmoidal (Acs), Pelito com
laminag&o plano-paralela (Plp), Arenito com estratificagdo cruzada tabular (Act) e Arenito com
laminacdo cruzada cavalgante subcritica (Acc). A AF3 é constituida, em geral, de camadas de
arenitos finos a médios, brancos, bem selecionados, com espessura variando de 30 cm a 2,20
m, e exibe geometria de lobo sigmoidal com arenitos amalgamados, dominando a facies Acs
com toeset lateralmente passando para laminagdo cruzada cavalgante e laminacdo planar a
ondulada (Fig. 10 D/E). A facies Act possui clastos de argila e marcas onduladas assimétricas,
centimétricas, retilineas e lingudides, no topsets. Os arenitos e pelitos nesta associacao de facies
configuram ciclos granocrescentes ascendentes (coarsening upward) (Fig. 7A/B). As
estratificacbes cruzadas sigmoidais truncam os sets de estratificagdo cruzada tabular,
representando o retrabalhamento de lobos sobre antigas barras (Fig. 10).

5.3.1 Interpretacao

Os depdsitos de frente deltaica sdo interpretados como lobos de suspenséo relacionados
a barras de desembocadura proximais de rios, que desembocam em uma bacia de baixa energia,
inclinacdo suave, lamina d’agua rasa, desprovida de processos de maré, provavelmente um mar
restrito ou lago (Postma, 1990). O fluxo fluvial hipopicnal chegando a plataforma de baixa
energia com dire¢ao SE e NW, provavelmente com 1dminas d’agua pouco espessas, teria gerado
progradacdo de lobos de suspensdo nas partes proximais, devido a répida desaceleracdo do
influxo sedimentar, configurando a geometria sigmoidal (Renaut e Gierlowski-Kordesch,
2010).

A facies Acs tem padrdo geométrico lobado sob regime de fluxo transicional a superior,
com alta taxa de material em suspenséo (Rge, 1987). Na porcdo marginal do lobo a progressiva
diminuicdo da energia do fluxo e da razdo tracdo/suspensdo gerou laminacdo ondulada e

cruzada cavalgante (Reineck e Singh, 1980). O capeamento da facies Acs por mud drapes indica
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periodos dominados por processos de suspensao (Postma, 1990). As paleocorrentes das facies
Acs e Act sugerem migracao de barra arenosa com sentido preferencial para SE e NW, em que
0 processo de tragdo era dominante na regido ativa engquanto a suspensao era predominante na

area periférica do lobo.

O topo dos lobos sigmoidais apresenta pequenas marcas onduladas assimétricas,
formadas pela acdo de corrente, agrupadas em conjuntos compostos (compound train), reflexo
da variagcdo da mudancga de velocidade do fluxo e/ou da espessura da lamina d’agua (Allen,
1968).

Os depositos de prodelta recobertos pela associacdo de frente deltaica formam ciclos de
granocrescéncia e raseamento ascendente. Em alguns perfis, devido a erosdo, estes ciclos
podem estar incompletos. Segundo a classificacdo deltaica de Galloway (1975), estes depdsitos
foram gerados no contexto de um delta dominado por rios.

Figura 10 - A) Secdo panoramica de morro com 40m de altura, localizado na PI-111, entre Lagoa Alegre e Unido,
sdo descritos 8 ciclos granocrescentes ascendentes métricos das associagdes de facies AF2 e AF3; B) Ciclo
granocrescente ascendente, com camadas de arenitos fino a médio, (facies Acs) cobrindo espessos pacotes peliticos
(facies Plp); C) Camada de 2,5m de pelitos vermelhos laminados, da facies Plp; D) lobos sigmoidais presentes na
facies arenito com estratificacdo cruzada sigmoidal (Acs); E) Arenito fino a médio, com laminacdo cruzada
cavalgante, facies Acc.
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5. Estratigrafia de sequéncia

Os depositos estudados nos permitiram sequenciar os tratos de sistema em duas fases,
com base nas variacdes da curva transgressiva-regressiva, nas superficies estratigraficas e na
variacdo do espaco de acomodacao. A primeira sequéncia é a marinha, que consta de eventos
transgressivos e regressivos do High System Tract (HST); a segunda é uma sequéncia
continental, no desfecho deposicional, devido ao confinamento do mar em grandes lagos e a
variacdo do espaco de acomodacdo, definida como High Accommodation System Tract
(HAST) (Fig.11).

A porcdo superior da Formagdo Piaui registra a instalacdo de uma ampla plataforma
carbonatica (AF1) que se estendia até a bacia do Amazonas durante o HST | (Fig.11 - HST ).
Este estagio compreende a fase de alta elevacdo do nivel do mar e um progressivo aumento do
nivel de base que favoreceu a producdo carbonatica e formacdo da plataforma rasa, embora
prevalecesse uma baixa taxa de sedimentacdo que resultou em um padréo de empilhamento
pouco progradacional e amplamente agradacional. A arquitetura interna da sucessao marinho
raso do HST depende do padrdo de variacdo da shoreline, pois depdsitos pouco espessos sao
provenientes de pulsos transgressivos-regressivos de alta frequéncia influenciados pela baixa

taxa de sedimentacdo e/ou a queda do nivel de base (Catuneanu, 2006).

O final do HST é marcado pela regressdo marinha, com a estagnacdo do nivel de base,
0 deslocamento da shoreline para oeste e confinamento de lagos rasos (Fig. 11 - HST 1I). A
regressdo formou uma superficie de exposicdo subaérea, a qual é identificada por gretas de
contracdo, nivel de porosidade vug e superficie carstica, paleosolo com marcas e fragmentos de
raizes que ocorrem no topo dos depositos de plataforma carbonatica em regides de interflavio.
Nos depositos siliciclasticos a fase de regressao é marcada por uma superficie erosiva observada
no topo de arenitos com estratificagdo cruzada sigmoidal. Os ambientes ndo marinhos
indentificados neste trato de sistema, tal como os interflivios da plataforma, apresentam
sedimentacdo finning upward logo apos a superficie de exposi¢do subaérea, jA os ambientes
marinhos apresentam sedimentacdo coarsening-upward, devido a deposi¢cdo de uma cunha
deltaica pouco espessa sob os carbonatos marinhos rasos, que iniciou o0 cessamento da fabrica

carbonatico.

O recuo da shoreline no HST 1l (Fig. 11), possivelmente pode ter favorecido a
deposicdo de minerais evaporiticos, conforme os critérios de precipitacdo de Warren (2006),

cujas taxas de evaporacdo sdo maiores que a de precipitacao pluviométrica ou elevagéo do nivel
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do mar, em aguas hipersalinas. A auséncia do registro evaporitico nas sequéncias estudadas
pode ser explicada pela associacdo destes niveis a superficies de exposicdo subaérea, acdo
pedogenética, acdo erosiva, a formacdo de niveis carsticos, e a alta susceptibilidade dos
minerais evaporicos a alteracdo ou lixiviacao, que favorecem a ndo preservacdo destes minerais.
A evolucdo dos estagios sequénciais na area estudada, confirma a elevacdo do nivel de aguas
subsaturadas em sais, no lago fechado, e o progressivo aumento do espaco de acomodacao e
deposicéo de siliciclasticos, que corrobora para a dissolugcéo e desaparecimento dos evaporitos

nos atuais registros, assim como a interrupcéo definitiva da fabrica carbonética.

O aumento progressivo do espaco de acomodacdo, devido movimentos tectdnicos
locais de subsidéncia, e o grande aporte de sedimento siliciclasticos depositados sobrejacentes
aos carbonatos, no lago sem influéncia marinha, nos obrigaram utilizar os conceitos de
sequencias sedimentares continentais em detrimento das sequencias marinhas descritas até o
momento. Os termos utilizados na sequencia continental focam diretamente em processos
inerentes a ambientes lacustres continentais com influéncia de sistemas aluviais-fluviais.
Alguns autores como Dahle et al., (1997); Boyd et al., (1999); Martinsen et al., (1999) e Plint
et al., (2001), utilizam os termos High-Accommodation Systems Tract (HAST) e Low-
Accommodation Systems Tract (LAST) para definir depdsitos lacustres sem influéncia da
shoreline, com variagdes nos registros dos elementos arquitetonicos fluviais dentro dos lagos,

e variagcdes no espaco de acomodacao.

O HAST é descrito para as camadas siliciclasticas que recobrem o trato de sistema
marinho (Fig. 11 - HAST), pois apresentam um consideravel aumento do nivel de base, devido
as elevadas condicdes de alojamento atribuidas a criacdo de acomodacdo fluvio-deltaica, com
deposicdo em suma agradacional, sob um regime de alta acomodacéo, alta taxa de sedimentagéo
e uma consequente elevacdo do nivel da agua em relacdo ao perfil topografico. Outras
caracteristicas marcantes deste trato de sistema é o regime de fluxo de baixa energia e a ampla
deposicdo de sedimentos mais finos, semelhante aos tratos de sistemas marinhos transgressivos
e de mar alto (Catuneanu, 2006). A acumulacdo das barras de desembocadura em condic¢des
continuas de High accommodation durante o regime de declinio da energia deposicional através
do tempo, resultou em arenitos mais delgados no topo do perfil composto da regido (Fig. 11 -

Composed section).
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6. Evolucdo paleoambiental, paleogeogréfica e aspéctos paleoclimaticos

O paleocontinente Gondwana durante o Pensilvaniano embora tenha passado por
diferentes eventos climaticos (e.g. periodo glacial e interglacial), foi fortemente influenciado
por grandes transgressdes marinhas e estabelecimento de plataformas epicontinentais por uma
extensa area. O depodsito carbonatico Pensilvaniano descrito na AF1, registra eventos
transgressivos na borda oeste do Gondwana, que se estenderam até por¢fes mais orientais do
paleocontinente, conforme mencionado por Medeiros et al., (2019) (Fig. 12 C). A plataforma
carbonatica da Formacéo Piaui foi formada durante periodo de méaxima inundacéo referente a
primeira fase do Trato de sistema de mar Alto (HST 1), no Bashkiriano Superior, depositando
folhelhos enriquecidos em matéria organica associados a carbonatos, que posteriormente teriam
passado por um processo de dolomitizacdo organogénica (Medeiros et al., 2019). Segundo o
modelo paleoclimatico de Boucot et al. (2013), e as evidencias climaticas de Tabor e Poulsen
(2008) e Kabanov et al., (2010), durante o Pensilvaniano, a parte norte do Gondwana
apresentava condicdes climaticas aridas e relativamente mais quentes, que favoreceu uma
extensa deposi¢do carbonatica associada aos mares epicontinentais, registradas nas bacias do

Parnaiba, Amazonas, Solimdes, Madre de Dios, Ucayali e Marofion (Fig. 1).
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Figura 12 — Reconstrucdo paleoambiental e paleogeografica do norte da Formacao Piaui, durante o Pensivaniano
Inferior. A) Paleogeografia da borda oeste do Gondwana; B) Modelo deposicional em ambiente desértico,
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caracterizando a fase inicial de grande aridez e retrabalhamento e6lico; C) Modelo deposicional representando a
fase transgressiva formadora dos carbonatos (HST 1), com a presenca de fauna abundante e influéncia costeira nos
depdsitos edlicos.

Movimentos precursores da agregacdo do supercontinente Pangea, durante o Pensilvaniano
Superior, favoreceram o recuo do mar sobre a plataforma continental. Estes eventos tectdnicos
ligados a orogenia Herciniana ou Variscana (340 Ma) (Goes e Feijo, 1994), refletiram no
arqueamento do Alto do Rio Parnaiba (Castelo Branco e Coimbra, 1984), deslocando o
depocentro da Bacia do Parnaiba para noroeste, causando o recuo do mar (Fig. 13), e em um
grande evento orogenéticos na borda oeste do Gondwana que cessou a influéncia marinha no
continente (Nance et al., 2014). Esta retracdo marinha no Pensilvaniano Superior, por
movimentos tectbnicos e regressivos, afetou primeiramente a porcdo mais continentais,
modificando a circulacdo das correntes e formando grandes lagos internos, registrados nos
depdsitos siliciclasticos sobrejacentes a plataforma carbonatica. Estes eventos regressivos estao
associados a HST 11, devido a deposicao de cunhas deltaicas sobre a plataforma e a presenca de
extensas inconformidades subaéreas, que associada a um subsequente aporte sicililastico,

corrobora com a auséncia de evaporitos em exposicdes subaéreas.

Durante o periodo de retracdo marinha os lagos foram confinados, reflexo das condicdes
de maior aridez, com processos de evaporacdo mais eficientes que de precipitacdo. Na area
estudada foram mapeados os limites de um grande lago, produto deste confinamento, cujo
volume de &gua foi progressivamente reduzido, e favoreceu a contracdo e a maior exposicao
das margens, devido a ocorréncia de grandes gretas de contra¢do, maior porosidade vug,
juntamente com texturas carsticas e feicdes pedogenéticas (Fig. 13 B). Devido ao soerguimento
no Alto do Rio Parnaiba os depdsitos eolicos foram erodidos por deflacdo e grande parte dos
sedimentos foram transportados por acdo fluvial (e.g. grdos grossos e arredondados) e e6lica
(e.g. gréos finos e angulosos) para N e NW, conforme as paleocorrentes mencionadas por Lima
Filho (1991), e depositadas dentro dos lagos. Este evento de deflacdo é também descrito por
Araujo (2016), em depositos eolicos ao sul da Formacdo Piaui e Conceicéo et al., (2016) ao
norte (Fig. 13 B/C).

Posteriormente o nivel do lago aumentou, devido a maior desembocadura de pequenos
canais fluviais que transportavam e depositavam dentro do lago sedimentos siliciclasticos
deltaicos, como os pelitos de prodelta, que possuiam grande dispersdo. As antigas margens
carbonaticas expostas, seriam cobertas de agua cada vez menos salobras, com grande
guantidade de sedimentos em suspensdo que decantaram formando espessas camadas,

discordantes aos carbonatos, configurando varios ciclos granocrescentes ascendentes (Fig. 13
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B). O confinamento dos lagos, 0 aumento do espaco de acomodacéo e o aporte de sedimento
siliciclasticos, evidenciam a descri¢do de um trato de sistema continental (e.g. HAST) para as
sequencias deltaicas. A avaliacdo mineraldgica dos argilo minerais (e.g. Ilita, esmectita) nos
pelitos de prodelta, assim como a abundancia de K-feldspatos nos arenitos subarcosianos dos
lobos de suspenséo, corroboram as interpretaces de clima mais arido no norte do Gondwana,

durante o Pensilvaniano.
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Figura 13 - Reconstrugdo paleoambiental e paleogeografica do norte da Formag&o Piaui, durante o Pensivaniano
Superior. A) Paleogeografia da borda oeste do Gondwana; B) Modelo deposicional representando a fase
retrogradante que recuou o mar e formou grandes lagos confinados (HST Il1); C) Modelo deposicional
representando a deposi¢éo deltaica e expansédo dos lagos (HAST).

8. Concluséo

A presenca de uma extensa zona arida no norte do Gondwana durante o Pensilvaniano,
e 0s movimentos tectonicos aglutinadores formadores do continente Pangea, foram favoraveis
ao recuo e fechamento do mar epicontinetal Itaituba-Piaui, na Bacia do Parnaiba como
observado nas associagdes de facies da Formacdo Piaui. A AF1 representa a ultima evidencia
deste mar epicontinetal na Bacia do Parnaiba, e é datada no Bashkiriano médio a superior, com
base em conodontes dos géneros Declinognathodus noduliferus, Neognathodus medexultimus
e ldiognathodus incurvus. O recuo do mar é confirmado no topo da plataforma carbonatica da

Formacdo Piaui, devido a exposi¢do e inconformidade subaérea - HST I, assim como o
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confinamento de lagos. A perda da influéncia marinha, 0 aumento do espaco de acomodagcéo,
e a substituicdo do aporte sedimentar para sedimentos siliciclasticos exclusivamente
continentais, favoreceu o cessamento da fabrica carbonatica e a deposicdo de espessas camadas
de pelitos de prodelta/lacustre e arenitos de barras de desembocadura, configurando um trato
de sistema continental - HAST. As condi¢des de maior aridez e periodos mais guentes sdo
registradas devido a associacdo lateral da plataforma carbonatica e dos lagos com campos de
dunas edlicas, pela exposicdo subaérea de parte da plataforma carbonética, e pela abundancia

de K-feldspato e argilo minerias, tais como esmectita, ilita.
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6 CONCLUSOES E CONSIDERACOES FINAIS

O limite Permocarbonifero € marcado por um periodo ciclico glacial/ndo glacial chamado
de Late Paleozoic Ice Age (LPIA), de ~70-Myr, com inicio no Tournosian (Carbonifero —
Mississippiano) e desfecho no Artinskian (Perminano — Cisuraliano), cujas varia¢des glacio
eustaticas controlaram as inundacbGes paleocontinentais, dando origem aos mares
epicontinentais e extensos depo6sitos com ciclicidade litoldgica, correlaciondveis com bacias
sedimentares adjacentes, denominados de ciclotemas. Baseado em diversas publicagdes sobre
ciclos/ciclotemas ao redor do mundo, reconhecemos quatro principais padrdes de ciclicidade,
durante o LPIA: Terrestrial cyclothems, Mixed terrestrial-marine cyclothems, Marine
cyclothems, Restricted-marine (evaporite-bearing) cyclothems. Também identificamos estes
padrdes em oito bacias sedimentares na América do Sul: na Bacia do Parnaiba (e.g. mixed
terrestrial-marine cyclothems); Bacia do Amazonas (e.g. marine cyclothem, restricted-marine
cyclothem); Bacia do Solimdes (e.g. restricted-marine cyclothem); Bacia do Parana (e.g.
terrestrial cyclothems); Bacia do Chac6-Parana (e.g. Terrestrial/fluvial cyclothems); Bacia de
Titicaca (e.g. marine cyclothem); Bacia de Rio Blanco (e.g. Terrestrial/fluvial cyclothems; e
Bacia de Tarija (e.g. Terrestrial/fluvial cyclothems). Baseado em dados bioestratigraficos e
geocronoldgicos, os ciclotemas sulamericanos identificados, foram posicionados em quatro
intervalos Permocarboniferos, tal como Viseano, Baskiriano - Moscoviano, Kasimoviano e
Sakmariano.

Condicgbes climéticas de greenhouse ou aquecimento da terra, durante o Pensilvaniano,
favoreceram eventos transgressivos formadores de uma plataforma carbonatica epicontinental
no norte do Gondwana, que se estendia até a Bacia do Parnaiba, configurando o registro mais
oriental desta plataforma. A anélise de féacies e estratigrafica da sucessdo carbonética -
siliciclastica, de cerca de 50 m de espessura do Membro Superior da Formacdo Piaui, no
Pensilvaniano, permitiu a interpretacdo de depoésitos de campo de duna/interduna costeiro,
marinho raso e deltaico, influenciados por um clima quente e arido. O depdsito edlico de campo
de duna/interduna, apresenta influéncia costeira ratificada por icnofésseis Thalassinoides e
laminagdes de adesdo no topo, assim como a proximidade das sequéncias de plataforma
carbonatica. Tais depositos sdo diacrénitos e posteriormente sucedidos pela sequéncia
carbonatica de mar raso, que se estendia pelo nordeste da Bacia do Parnaiba, aflorante nas
proximidades do municipio de Jose de Freitas.

O depdsito de mar raso é composto por dois conjuntos de facies: um com facies mais

profundas (CI), e o outro apresentando facies mais rasas (CII), formados durante o high system
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tract. O CI apresenta facies carbonaticas dolomiticas, com moldes de bilvaveis dos géneros
Wilkingia e Oricrassatela, e braquidpodes dos géneros Choristites e Brasiloproductus, também
descritos nas formagdes carbonaticas de bacias andinas, com as formacBes Tarma e
Copacabana. Os folhelhos organicos presentes na CIl, apresentam conodontes, bem
presenvados, Declinognathodus noduliferus, ldiognathodus incurvus, Neognathodus
medexultimus, que proporcionaram 0 posicionamento estratigrafico dos depdsitos no
Bashkiriano Superior (e.g. Limite Morrowano — Atocano). A confeccao de curvas isotdpicas de
313Ccam € 880can nas facies dolomiticas do CI, confirmam padrdes covariantes, com excursoes
negativas de 8°Cearn € excursdes positivas de 5'8Q0can. Apesar da ampla substituicdo dos
constituintes primarios por dolomita, as facies analisadas possuem um sinal isotépico primario
devido a cristalizacdo da dolomita em profundidade rasa e baixa temperatura, em ambiente
diagenético marinho raso. O sinal isotdpico primario € corroborado pela diminuicdo da
porosidade e consequente diminuicdo da interacdo agua intersticial/rocha. O modelo de
dolomitizacdo microbiano andxico ou organogénico, é sustentado devido a grande quantidade
de matéria orgéanica associada aos carbonatos e folhelhos intercalados, que tendem a degradar
liberando carbono inorganico nas aguas intersticiais, com 5*3Ccarb Negativo; 0 aumento no NH4*
e alcalinidade; liberando ions de magnésio adsorvidos; e reducdo na quantidade de sulfato, que
inibe a substituicdo de calcita por dolomita. A curva isotopica positiva ascendente de 58QOcar,
indica um aumento na salinidade em direcdo ao topo, possivelmente relacionada a maior
evaporacdo. O CII representa 0 conjunto de facies mais rasas compostas por carbonatos
fossiliferos, peloidais, com evidencias de exposi¢cdo subaérea no topo, tais como gretas de
contracdo, porosidade de dissolu¢cdo megavugs, estrutura carsticas, e feicbes pedogenéticas.
Movimentos precursores da agregacdo do supercontinente Pangea, durante o Pensilvaniano
Superior (Moscoviano), favoreceram o recuo do mar sobre a plataforma continental mais
interna. Estes eventos tectdnicos ligados a orogenia Herciniana ou Variscana (340 Ma),
refletiram no arqueamento do Alto do Rio Parnaiba, deslocando o depocentro da Bacia do
Parnaiba para noroeste, causando o recuo do mar e a deposicdo de sequencias continentais de
high accomodation system tract, composta pelas associa¢des de facies prodelta lacustre e lobo
de suspensdo/barras de desembocadura. As espessas facies peliticas de prodelta lacustre sdo um
importante registro do progressivo aumento da aridez para o topo da Formacdo Piaui, devido
influxos de sedimentos eélicos para dentro do lago, atestados pela morfoscopia de grdos de
quartzo, com texturas do tipo: placas soerguidas/deslocadas (upturned plates), depressdes
irregulares, marcas de percussdo em V e bordas bulbosas e lisas. Tal registro é complementado

pela difracdo de raio-x de argilo minerais, que identificou a assembleia mineralogica esmectitas,
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illita, clorita e caulinita, cuja génese e baixa mobilidade corrobora a intepretacdo

paleoclimatica.
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