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RESUMO

Depositos siliciclasticos expostos principalmente proximo a calha do rio Amazonas e
sobrepostos por unidades do Nedgeno tém sido atribuidos a idade cretacea e denominados de
Formacgdo Alter do Chdo. Estudos integrados de sedimentologia, estratigrafia, icnofdsseis,
petrografia de arenitos e minerais pesados, além de datacdo por U-Pb de grdos de zircdo,
permitiram reconstituir o paleoambiente deposicional e inferir as provaveis areas-fonte destes
depdsitos cretaceos na Bacia do Amazonas. Estes depdsitos registram a evolucdo de um
amplo sistema fluvial ou “Big River” com padrdo meandrante na por¢do centro-oriental da
bacia, que variou lateralmente em direcdo ao oeste, para um estilo anastomosado onde
predominava grandes areas de inundacdo com proliferacdo de animais e plantas registrados
por uma rica ichnofauna representada por tracos de Taenidium, Planolites, Diplocraterion,
Beaconites, Thalassinoides, escava¢Ges meniscadas de adesdo, de insetos e de vertebrados,
alem de marcas de raizes. A sucessao fluvial consiste em conglomerados, arenitos e pelitos,
caolinizados e localmente silicificados, agrupados em oito elementos arquiteturais, Gravel
Bar, Sand bedforms, Lateral Accretion Bar, Levee, Channels, Crevasse Splay Lobes,
Abandoned Channel Fills e Overbank Fines. O aporte significante de terrigenos foi fornecido
por areas soerguidas adjacentes ao Arco de Gurupa, limite leste da bacia, e idades dos graos
de zircao entre 1.8 a 2.9 Ga, indicam as provincias Maroni-Itacaiunas e Amazonia Central
como principais fontes cratonicas de sedimentos. O aporte macico de sedimentos, refletido na
espessura de centenas de metros dos depdsitos cretaceos, extensos por milhares de
quildmetros, sugere expressivas drenagens provenientes do craton, alimentando esse “Big
River” de direcdo aproximada leste-oeste. Provavelmente, a configuracdo do Neocretaceo
teria sido similar a encontrada no atual rio Amazonas, porém com migracao inversa, em
direcdo ao Oceano Pacifico. A discordancia entre a Formagdo Alter do Chéao e os depdsitos
nedgenos atesta um longo periodo de exposi¢do subaérea na Bacia do Amazonas durante o
Pale6geno, coincidente com o desenvolvimento dos perfis lateritico-bauxiticos. As medidas
de paleocorrentes mostram uma reversao do fluxo para leste durante o Nedgeno. Além disso,
idades de graos de zircdo entre 0.5 até 2.7 Ga, comparavel aquelas obtidas para os depositos
do Quaternario, indicam fontes cratdnicas e principalmente andinas, registrando o inicio do
rio Amazonas. Os resultados obtidos nesta pesquisa, permitiram, pela primeira vez, propor um
modelo transcontinental de drenagem para o Neocretdceo, bem como registrar o inicio de

sedimentacdo do proto-Amazonas durante o Nedgeno.

Palavras-chave: Depositos Cretaceos e Nedgenos. Proveniéncia. Icnofdsseis. Formacdo Alter

do Chédo. Bacia do Amazonas.
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ABSTRACT

Siliciclastic deposits exposed near the channel of the modern Amazon River and overlaid by
Neogene units have been attributed to the Cretaceous, formally named as Alter do Chéo
Formation. Integrated studies based on sedimentology, stratigraphy, trace fossils, petrography
of sandstones and heavy minerals, as well as, U-Pb dating of zircon grains allowed
reconstitute the depositional paleoenvironment and infer the probable source areas of these
Cretaceous deposits in the Amazon Basin. Despite its wide geographical distribution
throughout the Amazonas Basin, stratigraphic and sedimentological studies of Alter do Chao
Formation were located in areas where there was not allowed a better paleoenvironmental and
paleogeographic reconstruction. These deposits record the evolution of a large-scale fluvial
system or “Big River”, with meandering pattern in the central-eastern Amazonas Basin, while
in the western portion of the basin, predominate an anastomosed configuration with large
overbank zones colonized by animals and plants. The recorded of this biologic activity are
traces fossil of Taenidium, Planolites, Diplocraterion, Beaconites, Thalassinoides, adhesive
meniscate burrows and excavations of insects and vertebrates, as well as, root marks. The
fluvial succession consists of kaolinitized and locally silicified conglomerates, sandstones and
pelites, grouped in eight architectural elements, Gravel Bar, Sand edforms, Lateral Accretion
Bar, Levee, Channels, Crevasse Splay Lobes, Abandoned Channel Fills and Overbank Fines.
The expressive terrigenous supply probably came of uplifted areas related to Gurupa Arch,
eastern limit of the basin, and zircon grains ages range from 1.8 to 2.9 Ga, indicate the
Maroni-Itacaitnas and Central Amazon provinces as main cratonic sources of sediments. The
massive sediment input reflected in the hundreds of meters thick of cretaceous deposits,
extense for thousands of kilometres, suggests expressives drainages from the craton, feeding
an approximate E-W-oriented "Big River”. Probably, the Late Cretaceous paleogegraphy will
be similar to current configuration of the modern Amazon River, but with opposite migration,
directioned to the Pacific Ocean. The unconformity between Alter do Chdo Formation and
Neogene deposits attests long period of subarial exposure in the Amazon Basin during the
Paleogene, coincident with the development of lateritic-bauxitic profiles. Paleocurrent
measures confirms the flow reversion to the east, in direction of Atlantic, during the Neogene.
Additionally, the spectrum of zircon grains ages, ranging from 0.5 to 2.7 Ga, comparable to
obtained for Quaternary deposits, indicates cratonic and mainly Andean sources, recording the
beginning of the Amazon River. The results obtained here allowed, by first time, to propose a
transcontinental drainage model for the Late Cretaceous, as weel as, to record the initial

sedimentation of proto-Amazon river during the Neogene.

Keywords: Cretaceous and Neogene deposits. Provenance. Ichnofossils. Alter do Chéo
Formation. Amazonas Basin.
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1 INTRODUCAO
1.1 APRESENTACAO

O final do Mesozbico foi marcado por grandes transformacdes em escala global e
regional, dentre as quais se destaca a deriva de massas continentais que, consequentemente,
impulsionaram a origem e evolugdo dos oceanos atuais. O desenvolvimento do Oceano
Atlantico iniciado aproximadamente had 100 milhdes de anos, do Jurassico ao Cretéceo,
ocorreu em funcdo da desagregacdo do Pangeia relacionado a separacdo das placas
continental Sul-americana e Africana (Soares Jr. et al. 2011). Este evento foi acompanhado de
expressivas incursbes marinhas principalmente sobre extensas areas marginais aos
continentes. Na porcdo norte da América do Sul, enquanto se formava um sistema de bacias
marginais, na regido da atual Ilha do Marajo, que acolhia as aguas do proto-Atlantico, as areas
intracratonicas soerguidas desde o Tridssico tornaram-se subsidentes no Neocretaceo,
concomitante com a colisdo da placa de Nazca a oeste, iniciando a tecténica andina (Soares
Junior et al. 2008). Enquanto a histéria relacionada a evolucdo do Leque do Amazonas
(Mioceno ao Recente) encontra-se bem documentada (Hoorn et al. 1995, Campbell et al.
2006, Figueiredo et al. 2009, Nogueira et al. 2013), os eventos Pré-Amazonas (Aptiano ao
Mioceno, 125 a 11 Ma), relacionados a evolucdo sedimentar dos depositos cretaceos e do
proto-Amazonas registrados na Bacia do Amazonas ainda € pouco discutida. Com excecao
dos trabalhos pontuais sobre reconstituicdo paleoambiental e icnoldgica (Rossetti & Netto,
2006; Mendes et al. 2012), a abordagem sobre 0s eventos Pré-Amazonas sdo ainda de cunho
regional calcados em dados litoestratigraficos (Cunha et al. 1994, 2007).

O entendimento paleoambiental e paleogeografico da Amazénia central, anterior ao
estabelecimento da drenagem transcontinental do rio Amazonas, passa pela leitura
estratigrafica ndo s6 dos depositos cenozoicos como também pela analise da sucessdo
cretacea, que € o principal objetivo desta pesquisa. Dentre as perguntas mais veiculadas sobre
esta historia € como a drenagem evoluiu na Bacia do Amazonas durante o Cretaceo, e como
foi a transicdo para o Neogeno. Trabalhos prévios aventam que durante o
Neocretaceo/Paledgeno a drenagem corria para o oeste em dire¢do ao Oceano Pacifico e que
este padrdo mudou com a tectdnica andina (Mégard, 1987; Hoorn, et al. 1995; Costa, 2002).
Até o momento, a hipdtese da reversdo da drenagem nunca foi comprovada com dados de
paleocorrentes e os estudos de proveniéncia, com base em datacdes de zircdes detriticos dos
depositos cretdceos da Formacdo Alter do Chéo, apesar de mostrar areas fonte a leste, ainda

sdo pontuais (Mappes, 2009). Embora haja um consenso geral sobre o paleoambiente



continental destes depositos, ainda falta um modelo deposicional que integre os dados
disponiveis, bem como correlaciona-los aos eventos do Cretaceoo. Desta forma, para
preencher esta lacuna, esta pesquisa integra dados sedimentoldgicos, estratigraficos,
icnoldgicos, petrograficos e de minerais pesados, em combina¢do com datacdo por U-Pb de
grdos de zircdo, obtidos da sucessdo cretacea-cenozdica aflorante na Bacia do Amazonas,
entre as cidades de Manaus, no estado do Amazonas e Santarém, no estado do Para (Figura 1).
E apresentada a reconstituicdo paleoambiental dos depositos cretaceos e como evoluiram as
provaveis areas-fonte até o Nedgeno na Bacia do Amazonas, abrindo uma discussdo sobre a
configuracdo paleogeografica da Amazénia desde o Neocretéaceo.
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Figura 1 - Mapa de localizagdo com as principais areas estudadas, porcéo centro-oeste da Bacia do
Amazonas. 1. Alter do Chéo, 2. Obidos, 3. Parintins, 4. Itacoatiara, 5. llha do Careiro (proximo de
Manaus), 6. Manacapuru e regids e 7. Alforamentos ao longo da BR 174 entre os km 11 e 45.

1.2 ORGANIZACAO DA TESE

A historia paleoambiental e paleogeografica dos depdsitos siliciclasticos cretaceos e
nedgenos da Bacia do Amazonas sdo discutidas na forma de seis capitulos que abordaram
temas introdutérios, resultados e interpretacdes e conclusdes finais.

O Capitulo | corresponde a parte introdutéria da tese onde estdo abordadas:
apresentacdo do tema, caracterizacdo geoldgica e localizacdo das areas em estudo, uma
discussdo sobre a Formacdo Alter do Chéo e sua idade, além dos objetivos que motivaram o
desenvolvimento desta tese. No capitulo Il sdo apresentados os métodos e materiais
utilizados, bem como uma breve abordagem dos principios teoricos relacionados a
aplicabilidade destes métodos de investigacdo na abordagem da proveniéncia dos depositos. O
capitulo III: “O Sistema Fluvial Meandrante-anastomosado da Formagéo Alter do Ch&o:

registro de uma drenagem Transcontinental durante o Neocretdceo na Amazbnia” indica



visdo geral das unidades estudadas e propde um reconstituicdo paleoambiental; O capitulo IV:
Non-marine Trace Fossils of the Cretaceous Alter do Chado Formation, Amazonas Basin,
Brazil, versa sobre as caracteristicas icnoldgicas e sua relagdo com ambientes de deposi¢do; O
capitulo V: “Sedimentary evolution of Upper Cretaceous and Miocene deposits of Amazonas
Basin, Brazil: an integrated study of facies, sandstones and heavy minerals petrography,
paleocurrents and U-Pb zircon geochronology” aborda estudo integrado de técnicas que
permitiram indicar areas fonte dos sedimentos e discute sobre a evolucdo do proto-Amazonas.

Para finalizar o capitulo VI foi destinado para consideracdes finais.

1.3 CONTEXTO GEOLOGICO
1.3.1 Bacia do Amazonas
1.3.1.1 Generalidades

A Bacia do Amazonas € do tipo intracratbnica com preenchimento predominante de
rochas siliciclasticas essencialmente paleozdicas, que foram intrudidas no Mesozdico, por
diques e soleiras de diabasio, formando espessura maxima de 5000 m (Caputo, 1984). A bacia
abrange uma area de aproximadamente 500.000 km’, tem forma alongada e eixo deposicional
orientado W/SW-E/NE, sendo limitada pelos arcos Purus e Gurupd a oeste e leste,
respectivamente, que separam a Bacia do Amazonas das bacias do Solimdes e Marajo
(Figuras 1 e 2), bem como pelo Escudo das Guianas, ao norte e pelo Escudo Brasiliano a sul
(Caputo, 1984, Cunha et al. 1994, Eiras et al. 1998).

O tectonismo da bacia é de natureza cratdnica, essencialmente ruptil, de pouca
expressdo vertical, mas com deformacdes regionais de grande escala, que mantém relacGes
espaciais estreitas com as principais faixas orogénicas do embasamento, reativadas ao longo
de antigas descontinuidades durante o Fanerozoico (Resende & Brito, 1973).

As principais falhas NW-SE sdo de transferéncia e seccionam quase todas as unidades
litologicas e foram responsaveis pelo deslocamento dos depocentros da bacia (Wanderley
Filho, 1991). Nepomuceno & Theodoro (1985) descreveram trés fases de tectonismo, com
base em dados de linhas sismicas, na Bacia do Amazonas: a) eventos tectbnicos responsaveis
pela implantacdo de falhamentos normais, de idade permo-carbonifera, provavelmente ligada
a Orogenia Herciniana; b) tectonismo distensivo com intensa atividade ignea durante o
Permo-Triassico, coincidente com a abertura do Atlantico Norte; e c¢) tectonismo
transpressivo e transtensivo do Juro-Cretaceo até hoje, aparentemente relacionado a abertura
do Atlantico Sul.



1.3.1.2 Embasamento

O embasamento principal da Bacia do Amazonas é o Craton Amazénico gerado pela
fragmentac&o do supercontinente Rodinia (Brito Neves, 2003). Existem dois grandes modelos
para subdivisdo do Craton em provincias tectdnico-geocronoldgicas (Figura 2).

O modelo de Santos et al. (2000) descreve o Craton com um mosaico de doze blocos
ou paleo-placas Arqueanas (ou Paleoproterozéico), com caracteristicas de granitos-
greenstones. Esse modelo € baseado em dados geofisicos, ndo utilizando efetivamente dados
geocronoldgicos, e considera somente 0s processos colisionais, continente contra continente,
durante a evolucdo do Craton. Tais colisbes teriam ocorrido no Paleoproterozdico com
reativacdes inclusive no Fanerozdico. O modelo (Tassinari & Macambira, 1999; Tassinari et
al. 2000), baseado na proposta de Cordani et al. (1979), é uma abordagem mais mobilistica,
fortemente baseada em dados geocronoldgicos. Nesse modelo o Craton ¢ dividido em seis
provincias, incluindo quatro cinturdes moveis, acrescido a um nudcleo antigo (Provincia
Amazonia Central).

O embasamento da Bacia do Amazonas, na area de estudo, é representado por rochas
igneas, metamorficas e vulcano-sedimentares. Segundo o modelo de Cordani et al. (1979)
corresponde as provincias Amazonia Central (> 2.3 Ga) e Maroni-Itacaiunas (2.2-1.95 Ga)
(Teixeira et al., 1989; Tassinari & Macambira, 1999) e, segundo Santos et al. (2000) a
provincia Transamazonica.

A Provincia Amazonia Central (>2.3 Ga) € um nucleo cratbénico composto de granitos
anorogeénicos e sequéncias vulcano-sedimentares fracamente ou ndo deformadas, de idade
paleoproterozdica/mesoproterozoica. Sao registradas ainda rochas alcalinas associadas a
eventos magmaticos anorogénicos, datadas pelo método K-Ar com idades de 450 + 100 Ma
(Cordani et al. 1984) e de 570 + 70Ma pelo método Sm-Nd (Caputo, 1984), que poderiam
estar ligadas a fase rift gerador da bacia.

A Provincia Maroni-Itacaiinas compreende uma sequéncia de rochas metavulcanicas e
metassedimentares intercaladas, deformadas e introduzidas por rochas granitoides do Ciclo
Transamazoénico (Tassinari & Macambira, 1999). Esta provincia € fortemente estruturada na
direcdo NW-SE, na porcdo sul do Craton, e inflete para W-NW, ao norte, ap0s ultrapassar a
porc¢do oriental da bacia. Forma o embasamento da porc¢éo oriental da bacia (Figuras 1 e 2).

Estas provincias foram geradas por acrecdo crustal relacionada a orgénese e por
processos de reciclagem da crosta continental, segundo dados de is6topos Sm-Nd, Rb-Sr, K-
Ar, U-Pb e de SHRIMP (Santos et al. 2000).
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Figura 2 - Mapa esquematico das provincias geocronolégicas associadas com o Craton Amazonico.
(A) Modelo de Cordani et al. (1979) e (B) Modelo de Santos et al. (2000).

1.3.1.3 Preenchimento sedimentar

O preenchimento da bacia durante o Proterozdico é relacionado a fase rift da Bacia do
Amazonas (Castro et al. 1988; Cunha et al. 1994) representado pelo Grupo Purus. Tal grupo é
representado pelas formacbes Prosperanca e Acari (Eiras & Matsuda, 1995). Uma nova
proposta de divisdo para a Bacia do Amazonas foi proposta por Cunha et al. (2007) inferindo
como principais modificacbes, a retirada do Grupo Purus como unidade da Bacia do
Amazonas, incluiu uma nova unidade, a Formacao Jatapu, no topo do Grupo Trombetas,
retirou a Formacdo Faro do Grupo Curua considerando-a como uma unica sequéncia
neodevoniana-eocarbonifera e incluiu uma nova unidade cenozoica na bacia, a Formacao
Marajo. Neste trabalho adotamos a carta estratigrafica proposta por Cunha et al. (1994)

No Fanerozdico a Bacia do Amazonas é dividida em quatro sequéncias deposicionais
(Cunha et al. 1994), separadas por discordancias nas bordas e por conformidades na parte
central da bacia (Figura 3). Essas sequéncias sdo: Ordoviciano Superior-Devoniano Inferior
(Grupo Trombetas); Devoniano Inferior-Carbonifero Inferior (Grupo Curua e Urupadi) e
Carbonifero Superior-Permiano (Grupo Tapajés). A geracdo da Gltima sequéncia, com

aproximadamente 500 m de espessura representada pelo Cretaceo Superior-Terciario (Grupo



Javari) (Cunha et al. 1994; Eiras et al. 1994) é relacionada a uma extensdo leste-oeste
associada com a evolucdo do Oceano Atlantico Sul e com a Cordilheira dos Andes.

A Sequéncia Ordoviciano Superior-Devoniano Inferior representa uma sequéncia
transgressiva-regressiva e estd truncada por uma discordancia decorrente da Orogenia
Caledoniana responsavel pelo rebaixamento do nivel do mar na regido. Essa sequéncia é
representada pelo Grupo Trombetas que engloba as formacges Autas-Mirim, Nhamunda,
Pitinga e Manacapuru.

A sequéncia Devoniano Inferior-Carbonifero Inferior inclui os grupos Urupadi e
Curua e tem grande semelhanca com a primeira sequéncia. E constituida pelas formacdes
Maecuru, Ereré, Barreirinha, Curiri, Oriximina e Faro.

A sequéncia Carbonifero Superior-Permiano é formada pelo Grupo Tapajos.
Representa uma fase tansgressiva-regressiva e foi depositada em condigdes de clima quente e
arido, bem diferente do clima frio durante o Paleozoico Inferior. Este grupo inclui as
formacdes Monte Alegre, Itaituba, Nova Olinda e Andira.

Na sequéncia Jurassico-Cretaceo ndo ha registro sedimentar até o Cretaceo Inferior,
uma vez que a Bacia do Amazonas foi palco de intrusdes magmaticas basicas que soergueram
a bacia durante a separacdo das placas Africana e Sul-Americana. Sao intrusdes basalticas
toleiticas denominadas de Diabasio Penatecaua (Issler et al. 1974).

A (ltima sequéncia, de idade neocratacea-terciaria, reunida no Grupo Javari é
composta de depdsitos fluvio-lacustre-deltaicos das formacoes Alter do Chao e Solimdes, que
cobrem grande parte das formacdes paleozoicas. A Formacdo Alter do Chéo, objeto desse

trabalho, serd abordada em capitulo especifico a frente.
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Figura 3 - Carta litoestratigrafica da Bacia do Amazonas. (A) Cunha et al., (1998) e (B) Cunha et al., (2007).



1.3.1.4 Formac&o Alter do Chéo

A Formacdo Alter do Chéao foi formalizada por Kistler (1954), sendo composta de
arenitos  avermelhados, argilitos, conglomerados e brechas intraformacionais,
tradicionalmente atribuidos a sistemas fluvial e lacustre/deltaico (Caputo, 1984). Dino et al.
(1999), a partir de dados de subsuperficie (dados sismicos e perfis elétricos), aliadas a
informagdes sedimentoldgicas e palinoestratigréficas, reconheceram duas sucessdes
sedimentares na Formacdo Alter do Ch&o: sequéncia 1 (Inferior), caracterizada por influxo de
terrigenos associados a um sistema fluvial meandrante que evolui para um sistema
anastomosado, com retrabalhamento eolico, de idade neoaptiana/eoalbiana; e sequéncia 2
(Superior), composta de ciclos progradacionais fluvio-deltaicos-lacustre, de idade
cenomaniana. A sequéncia 2 contém arenitos avermelhados que apresentam diversas
estruturas de origem biogénica (icnofdsseis) e pedogenética (peds, slickensides), interpretadas
como silcretes (Nogueira et al. 1999).

O contato entre a Formacgdo Alter do Chédo e as unidades paleozoicas, na Bacia do
Amazonas, € representado por uma expressiva discordancia erosiva sendo recoberta por
depdsitos Nedgenos da Formacdo Novo Remanso (Rozo et al. 2005). Na Bacia do Solimdes, a
Formacdo ocorre somente em subsuperficie sendo recoberta por depositos Cenozoicos da
Formacdo Solimbes (Eiras et al. 1994; Eiras & Wanderley Filho, 2006; Milani & Zalan,
1999).

Na borda norte da bacia, proximo a Manaus, foram caracterizadas, em se¢des sismicas,
feicOes evidentes de corte e preenchimento de canais na base dessa formacgédo (Costa, 2002).
Nesta mesma regido, um sistema deltaico, dominado por onda e com influéncia marinha, tem
sido proposto para os depositos da Formacao Alter do Chédo (Rossetti & Netto, 2006).

A secdo tipo da Formacdo Alter do Chdo é o pogo 1-AC-1-PA, perfurado pala
Petrobras, e localizado a margem direita do rio Tapajos, préximo da vila de Alter do Chéo
(Caputo et al. 1971).

1.3.1.5 Idade da Formacéo Alter do Chéo

Depésitos sedimentares pos-paleozoicos na Bacia do Amazonas tém sido descritos por
diversos autores que atribuiram tanto idades mesozoicas quanto cenozoicas. Moura (1938)
correlacionou os sedimentos arenosos aflorantes nas escarpas do rio Amazonas aos depositos
do Grupo Barreiras de idade cenozoica aflorante na regido costeira do estado do Para. A idade

creticea da Formagdo Alter do Ch&o foi, primeiramente, sugerida com base em um dente de



Theropoda (Price, 1960), e depois datacGes palinoldgicas atribuiram idades mesoalbiana e
eocenomaniana a porcao basal dessa formacgdo e neocenomaniana a turoniana a por¢do media
(Daemon & Contreras, 1971; Daemon, 1975), enquanto ndo ha vestigios fossiliferos da
porcdo superior. Posteriormente, trabalhos de mapeamento litoestratigrafico pelo Servico
Geologico do Brasil (CPRM) tém utilizado a idade cretadcea obtida pela assembleia de
palinomorfos de subsuperficie para todos os depdsitos pds-paleozdicos aflorantes da bacia do
Amazonas, relacionando-os como Formacdo Alter do Chdo (Petri & Fulfaro, 1983; Cunha et
al. 1994; Dino et al. 1999). Com recentes descobertas de depésitos de idade miocena na
regido centro-oeste da bacia do Amazonas (Rozo et al. 2005), os depdsitos atribuidos a
Formacdo Alter do Chéo tém sido melhor separados como unidades silicificadas e cauliniticas
possivelmente de idade pale6gena ou mais antiga. Esses depdsitos miocenos contem esporos
de Elaterosporites klaszii (Albiano-Cenomaniano) indicando fortemente rochas do Cretaceo
como fontes da Formacdo Novo Remanso (Guimaraes et al. 2015).

A ocorréncia de perfis de alteracdo lateritica, principalmente com horizonte bauxitico,
geralmente desenvolvido sobre rochas cretaceas sugere pelo menos idade paledgena para a
bauxitizacdo (Truckenbrodt et al. 1982; Boulangé & Carvalho, 1997; Lucas, 1997). A
dificuldade em datar estas rochas, por palinologia, em superficie deve-se ao fato das
exposi¢cdes ao longo do rio Amazonas encontrarem-se intemperizadas, principalmente pelo
desenvolvimento dos perfis lateritico-bauxitico. Assim, a idade da Formacao Alter do Chao
pode ser inferida como mais antiga que Paledgeno a Cretaceo.

Estudos recentes baseados em publicagbes que abordam paleontologia e
palinoestratigrafia, particularmente com dados de Dino et al. (1999, 2006), tém proposto
mudancas significativas na estratigrafia da Bacia do Amazonas (Caputo, 2011). A Formacao
Alter do Chao, tradicionalmente considerada de idade cretdcea (Daemon & Contreiras, 1971;
Daemon, 1975; Dino et al. 1999) é considerada como de idade Paleocena e Miocena e uma
nova formacdo (Jazida da Fazendinha) é proposta sendo essa de idade Cretacea (Caputo,
2011).

1.4 OBJETIVOS

Dada a importancia do periodo Cretaceo, tanto para fins académicos quanto para o
estudo de hidrocarbonetos, faz-se necessario maior entendimento geoldgico sobre a Formacao
Alter do Chdo abordada, até o0 momento, de forma geral e superficial. Embora esta unidade

seja amplamente documentada em subsuperficie, 0o acesso a estas informagdes € restrito as
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empresas privadas que exploram as bacias amazodnicas. Por outro lado, as exposi¢cdes as
margens dos rios Negro e Amazonas, sdo as principais fontes de infomacbes para 0
entendimento dos eventos deposicionais do final do Cretaceo, um objetivo geral e motivador
desta tese.

Os objetivos deste trabalho foram: 1) Reconstituir o paleoambiente da Formacgéo Alter
do Chéo, propondo um modelo deposicional para Amazonia Central, durante o Neocretaceo;
2) definir éareas fonte dos depdsitos cretaceos e unidades nedgenas, propondo uma
reconstituicdo paleogeografica, complementando o modelo paleoambiental; 3) identificar a
icnofauna da Formacéo Alter do Ch&o e relacionar sua origem paleoambiental; e 4) testar a
hipotese da drenagem transcontinental com migracdo para oeste, durante o Neocretaceo,

usando os dados paleoambientais e de proveniéncia.
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2 MATERIAIS E METODOS

2.1 TRABALHOS DE CAMPO
2.1.1 Anélise de facies e estratigréafica

A andlise de facies foi realizada em afloramentos localizados nas margens dos rios
Negro e Amazonas, bem como ao longo da rodovia BR 174. Os barrancos estudados ao longo
dos rios com até 20 m de altura e, por vezes, continuos lateramente por até 2 km, permitiram a
analise de facies conforme: 1) o reconhecimento em campo das facies sedimentares, de
acordo com geometria, texturas, estruturas sedimentares e o padrdo de paleocorrentes; 2) o
entendimento dos processos sedimentares que revelam a génese dos elementos facioldgicos e;
3) a associacdo de facies, que congrega o conjunto de facies contemporaneas e cogenéticas,
com diferentes padrdes de empilhamento, geometria e posicdo relativa dentro da sequéncia,
que sdo caracteristicos dos diferentes ambientes e sistemas deposicionais (Walker, 1992;
2006).

Depois de descritas, as facies foram representadas em perfis colunares e secdes
panoréamicas. As se¢Oes panoramicas foram elaboradas a partir de fotomosaicos, baseados no
trabalho de Arnot et al. (1997).

2.1.2. Icnofosseis

O reconhecimento dos tragos fdosseis foi realizado em campo juntamente com anélise
de facies e estratigrafica o que permite melhor compreensdo dos paleoambientes (Carvalho &
Fernandes, 2000; Frey, 1975; Seilacher, 2007; Buatois & Mangano, 2011). Para o célculo do
indice de biotubarcédo (biotubartion index-BI) foi considerado o método de planos horizontais,
com calculo de areas (Taylor & Goldring, 1993; Miller & Smail, 1997).

Apesar de comuns, pouca atencdo foi dada aos icnofésseis da Formacdo Alter do
Chéo. No geral, eram reportados apenas como mera evidéncia de bioturbacdo, com excecao
do trabalho de Rossetti & Netto (2006) que detalhou a taxonomia e a identificacdo precisa de
géneros. Nesse trabalho buscou-se descricdo detalhada dos icnofosseis e foram utilizados no

auxilio para reconstrucdo do modelo paleoambiental.
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2.2. TRABALHOS DE LABORATORIO

2.2.1. Petrografia de arenitos

Foram analisadas 30 laminas de arenitos das diversas areas de abrangéncia do
trabalho. O estudo foi realizado no laboratério de petrografia do Grupo de Anélise de Bacias
Sedimentares da Amazdnia (GSED) na Universidade Federal do Par4d (UFPA). Foram
caracterizados componentes do arcaboucgo e constituintes principais seguindo a classificacao
de Folk (1954; 1968).

2.2.2. Geocronologia

Para a datacdo de grdos de zircdo detriticos foram analisadas nove amostras. As
amostras foram separadas de forma classica, com bromoférmio, e utilizadas a fragdo areia
pmuito fina (125-62 pm) e areia fina (250 -125 pm).

Sete amostras foram datadas no Laboratorio de estudos geocronoldgicos,
geodinamicos e ambientais da Universidade de Brasilia (UnB) utilizando o método ICPMS-
MC-LA e equipamento Finnigan Neptune. Duas amostras foram analisadas na Universidade
de Adelaide (Australia), também utilizando o método ICPMS-LA com instrumentos Agilent
ICP-MS. Em ambos os sistemas € utilizado o laser com New Wave UP-213 e area analisada
foi <30um. Para obtencdo de imagens de catodoluminescéncia, nesse caso, foi utilizado
Microssonda CAMECA SX com cinco detectores de comprimento de onda e

catodoluminescéncia aclopada.

2.2.3. Minerais pesados — Preparacdo e microscopia éptica

Para a determinacdo de proveniéncia sedimentar 46 amostras de arenitos e/ou
conglomerados foram analisadas. As amostras foram lavadas, secas e peneiradas e, em
seguida os minerais pesados foram extraidos da fracdo areia muito fina (125-62 pum) com
bromoférmio e montados em laminas de vidro com araldite. O intervalo granulométrico
referido foi escolhido por concentrar, geralmente, a maior parte destes minerais (Morton &
Hallsworth, 1994; 1999).

A identificacdo e caracterizacdo dos minerais pesados transparentes nao micaceos
foram realizadas com base em suas caracteristicas Oticas, cor, forma e grau de
arredondamento sob microscépio petrografico. A quantificacdo dos minerais seguiu a

contagem minima de 100 grdos por amostra, ao longo de diversos transectos procurando-se
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abranger toda a ldmina. O grau de maturidade mineraldgica foi determinado pelo indice ZTR

(Hubert, 1962) que consiste na somatdria das percentagens de zircdo, turmalina e rutilo.

2.2.4. Minerais pesados — Microscopia eletronica de varredura (MEV)

Imagens de MEV para caracterizagdo de texturas superficiais de minerais pesados
(elétrons secundarios) e para imagens de catodoluminescéncia de grdos de zircdo, datados na
UnB, foram realizadas no Laboratério de Microscopia Eletronica de Varredura da
Universidade Federal do Pard (LabMEV/UFPA), utilizando-se o microscopio eletrénico LEO
modelo 1450VP. Foram separados 20 grdos, por espécie mineral, de cinco amostras com
ajuda de lupa binocular, e posteriormente os grdos foram montados em suportes de aluminio,

com 10 mm de didmetro, e em seguida, metalizados com ouro (Au) por 2°:30".

2.2.5. Difragéo de raios-X

Anélises de raios-X foram realizadas pelo método do pd, em rocha total, para
identificar os constituintes do arcabouco dos arenitos, e em concentrado de minerais pesados,
para identificar esses minerais.

As analises foram realizadas no Laboratorio de Raios-X do Instituto de Geociéncias da
Universidade Federal do Para, e utilizaram um difratdbmetro modelo X'PERT PRO MPD (PW
3040/60), da PANalytical, com Gonidmetro PW3050/60 (Theta/Theta) e com tubo de raios-x
ceramico de anodo de Cu (Kal 1,540598 A), com voltagem de 40Kv e corrente de 40mA. O
detector utilizado € do tipo RTMS, X'Celerator.

A aquisicdo de dados foi feita com o software X'Pert Data Collector, versdo 2.1a, e 0

tratamento dos dados com o software X Pert HighScore versdo 2.1b, também da PANalytical.
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3 O SISTEMA FLUVIAL MEANDRANTE-ANASTOMOSADO DA FORMACAO
ALTER DO CHAO: REGISTRO DE UMA DRENAGEM TRANSCONTINENTAL
DURANTE O NEOCRETACEO NA AMAZONIA

Anderson C. Mendes1, Afonso C. R. Nogueira2 & Antdnio Emidio A.S. Jinior3

1- Programa de Pds-graduacao em Geologia e Geoquimica, Instituto de Geociéncias, Universidade Federal do
Para, CP 1610 - CEP 66.075- 110, Belém, PA. anderson.mendes@ufopa.edu.br

2- Instituto de Geociéncias, Universidade Federal do Para, CP. 1610 - CEP 66.075-110, Belém, PA,
anogueira@ufpa.br

3- Universidade Federal do Sul e Sudeste do Para- UNIFESSPA

Resumo Depositos Cretaceos da Formagdo Alter do Chéo possuem ampla distribuicdo geografica na Bacia do
Amazonas, porém estudos faciologicos e estratigraficos enfocando esta unidade sdo pontuais dificultando
entendimento de sua génese. Este trabalho buscou determinar o ambiente deposicional e propor uma
reconstituicdo paleoambiental e paleogeografica para esses depositos. Para alcancar esta meta, foram estudadas
exposicdes desta formacdo em barrancos do rio Amazonas entre as cidades de Manaus/AM e Obidos-PA, parte
central e oeste da Bacia do Amazonas. Duas associagdes de facies atribuidas ao preenchimento de canal fluvial e
depositos de overbank fines foram organizadas e indicam um ambiente fluvial meandrante com alta sinuosidade
e carga mista na regido entre Obidos e Parintins, parte central da bacia do Amazonas. Na regifo de Manaus,
oestes da bacia foram reconhecidos duas associacBes de facies atribuidas as barras espraiamento de canal com
geometria de lobo (crevasse splay lobes) e depésitos de oxbow lake/floodplain, associados a um ambiente
deposicional fluvial anastomosado. Nesses depdsitos é grande a ocorréncia de icnofosseis Taenidium Barretti,
Beaconites e Planolites, e ocasionais galerias de Thalassinoides e Diplocraterion. As mudangas causadas no
estilo do ambiente fluvial da parte central da bacia para a por¢cdo oeste estdo relacionadas com mudancas
climéticas e/ou tectbnicas que causariam maior subsidéncia e aumento das areas de overbank. Além disso, as
mudancas no gradiente topografico foi responsdvel por variacBes nas descargas do rio. A integracdo de
informacdes facioldgicas obtidas de diversos afloramentos da parte centro-oeste da Bacia do Amazonas, permitiu
propor um modelo paleoambiental e paleogeografico mais representativo caracterizado por sistema fluvial
meandrante-anastomosado que migrava preferencialmente para S-SW em dire¢do ao Oceano Pacifico. Embora
as porgBes proximais e distais deste sistema ndo terem sido avaliadas, o registro na por¢do central da Bacia do
Amazonas abre uma perspectiva de entendimento paleogegrafico inferindo drenagem transcontinental na
Amazonia durante o Neocretéceo.

Palavras-chave: Formacdo Alter do Chdo. Andlise de facies. Bacia do Amazonas. Drenagem transcontinental
Cretacea.

Abstract Cretaceous deposits of Alter do Chdo Formation have wide geographic distribution in the Amazon
Basin, but stratigraphic and faciologic studies focusing this unit are rare, hindering the understanding of their
genesis. This study aimed to determine the depositional environment and propose a paleoenvironmental and
paleogeographic reconstitution for these deposits. Outcrop-based facies and stratigraphic analysis were carried
out the margins of modern Amazon River between the cities of Obidos, State of Par4, and Manaus in the State of
Amazonas, respectively the central and western part of the Amazonas Basin. Two facies associations attributed
to fluvial channel fill and overbank fines deposits were organized and indicate meandering fluvial environment
with high sinuosity and mixed load in the region between Obidos and Parintins. In the region of Manaus, occur
two facies associations attributed the channel spreading bars with lobate geometry (crevasse splay lobes) and
oxbow lake / floodplain deposits, associated with an anastomosing fluvial channel environment. In this overbank
deposits, occur abudant trace fossils such as Taenidium Barretti, Beaconites and Planolites, and occasional
galleries of Thalassinoides and Diplocraterion. The changes caused in the fluvial style since central part of the
basin until to western portion, are attributed to climatic fluctuations and/or tectonics that will caused subsidence
increase and enlarging of overbank areas. In addition, changes in topographic gradient responsible for variations
in river discharges. The integration of facies information from various outcrops of the Central-western part of the
Amazonas Basin, allowed to propose a palecenvironmental and paleogeographic model most representative,
characterized by meandering to anastomosing river system that migrated preferentially to S-SW toward the
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Pacific Ocean. Although the proximal and distal portions of this system has not been evaluated, the studied
record open a better paleogegrphic understanding inferring a transcontinental drainage in the Amazonia during
the Late Cretaceous.

Keywords: Alter do Chdo Formation. Facies analysis. Amazonas Basin. Cretaceous transcontinental drainage.

1. Introducéo

Depositos siliciclasticos da Formacdo Alter do Chéao tem boas exposi¢des ao longo das
margens dos rios Negro e Amazonas proximo das cidades de Manaus, Parintins e Obidos
(Figura 1). Esses depositos sdo constituidos, principalmente, de arenitos bem estruturados,
além de conglomerados e pelitos limitados no topo por um paleossolo lateritico de idade
palebgena (Boulangé & Carvalho, 1997). Estudos enfocando aspectos estratigraficos e
sedimentoldgicos sdo pontuais (Caputo, 1975; Mendes et al., 2012), 0 que ndo permite uma
reconstrugdo ampla dos ambientes de deposicdo. Rossetti & Netto (2006) estudaram esses
depdsitos, sob o ponto de vista sedimentologico e icnologico, pela primeira vez em detalhe.
Nesse estudo foi atribuida influéncia marinha a Formacéo Alter do Chéo, fato este observado
pela primeira vez na literatura, uma vez que tais depositos tinham sua génese relacionada com
ambiente flavio-deltaico-lacustre (Kistler, 1954; Caputo et al., 1972; Wanderley Filho, 1991;
Cunha et al., 1994; Dino et al., 1999; Nogueira et al., 1999). Mendes et al., (2012)
descreveram, em detalhe a formagéo, nas proximidades da cidade de Obidos e atribuiram um
sistema fluvial meandrante de carga mista.

Ao observar que estudos realizados sobre reconstrucdo paleoambiental e
paleogeografica até o momento sdo localizados, 0 que ndo permite um entendimento mais
representativo da formacdo Alter do Chdo e podem gerar interpretacdes localizadas
equivocadas, este trabalho buscou como principal objetivo a descricdo detalhadas das
principais caracteristicas estratigraficas e sedimentoldgicas dos depositos cretaceos na porcao
central da Bacia do Amazonas, relacionando-os e propondo modelo deposicional regional
integrado permitindo melhor compreensdo do sistema deposicional e sobre a deposicdo da

Formacao Alter do Chéo.
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Figura 1. Exposicdo estudadas da Formagao Alter do Chéo ao longo do rio Amazonas nos estados do
Amazonas e Para, nas cidades de Manaus-AM (C), Parintins-AM (D) e Obidos-PA (E).

2. Contexto geoldgico
2.1. Bacia do Amazonas

A Bacia intracratdnica do Amazonas abrange area de 500.000km?, com preenchimento
predominante de rochas siliciclasticas, essencialmente paleozdicas, intrudidas no Mesozdico
por diques e soleiras de diabasio (Eiras et al., 1994; Cunha et al., 2007). Estas rochas atingem
espessura maxima de 5000m (Caputo, 1984). A bacia tem forma alongada e eixo deposicional
orientado W/SW-E/NE, limitada pelos arcos Purus e Gurupa a oeste e leste, respectivamente,
bem como pelo Escudo das Guianas, ao norte pelo Escudo Brasiliano a sul.

O tectonismo na bacia é essencialmente raptil, de pouca expressao vertical, e
deformacdes regionais em grande escala, que mantém relacfes espaciais estreitas com as
principais faixas orogénicas do embasamento, através de processos de reativacdo ao longo de
antigas descontinuidades durante o Fanerozoico (Resende & Brito, 1973). As principais falhas
NW-SE sdo de transferéncia e seccionam quase todas as unidades litolégicas e deslocam os
depocentros da bacia (Wanderley Filho, 1991). Nepomuceno & Theodoro (1985) descreveram
trés fases de tectonismo, com base em dados de linhas sismicas, na bacia do Amazonas: a)
eventos tectonicos responsaveis pela implantacdo de falhamentos normais, de idade permo-
carbonifera, provavelmente ligada a Orogenia Herciniana; b) tectonismo distensivo com

intensa atividade ignea durante o Permo-Triassico, coincidente com a abertura do Atlantico
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norte; e c) tectonismo transpressivo e transtensivo do Juro-Cretaceo até hoje, aparentemente
relacionado & abertura do Atlantico Sul.

A histdria de evolucéo e preenchimento da Bacia do Amazonas durante o Proterozoico
é representado pelo Grupo Purus que, em parte, é relacionado a fase rift da bacia (Cunha et
al., 1994). Tal grupo é representado pelas formacdes Prosperanca e Acari (Eiras & Matsuda,
1995). O mesmo autor propde nova divisdo e historia evolutiva para a bacia, tornando-a bem
mais complexa (Cunha et al., 2007).

No Fanerozéico a bacia é dividida em quatro sequéncias separadas por discordancias
nas bordas e por conformidades na parte central da bacia (Cunha et al., 1994). Essas
sequéncias sdo: Ordoviciano Superior-Devoniano Inferior (Grupo Trombetas); Devoniano
Inferior-Carbonifero Inferior (Grupo Curua e Urupadi) e Carbonifero Superior-Permiano
(Grupo Tapajos). A geracdo da ultima sequéncia, com aproximadamente 500m de espessura
representada pelo Cretaceo Superior-Terciario (Grupo Javari) (Cunha et al., 1994; Eiras et al.
1994) é relacionada a uma extensdo leste-oeste associada a evolucdo do oceano Atlantico Sul
e com a cordilheira dos Andes. O Grupo Javari € composto de depdsitos fluvio-lacustre-
deltaicos das formacGes Alter do Chédo e Solim@es, que cobrem grande parte das formacdes

Paleozdicas. A Formacdo Alter do Chéo, objeto desse trabalho é detalhada abaixo.

2.2 Formacéao Alter do Chao

A Formacdo Alter do Chéo possui ampla ocorréncia geografica ocorrendo nas bacias
do Amazonas e Solimdes. Na Bacia do Solimdes, esta formacdo s6 € reconhecida em
subssuperficie em contato discordante com a sequéncia paleozOica e é recoberta pela
Formacdo Solimbes (Eiras et al., 1994; Eiras & Wanderley Filho, 2006). Na bacia do
Amazonas, ela ocorre ao longo das margens dos rios Amazonas e Negro (Cunha et al., 1994;
Wanderley Filho et al., 2005) de maneira descontinua e com suas melhores exposicGes
proximas a Manaus, Santarém e Obidos (Mendes et al., 2012).

A Formacéo Alter do Chéo é limitada, no topo, por um perfil lateritico com horizonte
bauxitico de idade pale6gena (Truckenbrodt et al., 1982; Boulangé & Carvalho, 1997; Lucas,
1997). Sobre a Formacdo Alter do Chéo ocorre, de forma discordante, depositos siliciclasticos
de idade Mioceno médio-Plioceno da Formacdo Novo Remanso (Rozo et al., 2005; Dino et
al., 2006; Guimardes et al., 2015).

O nome Formacgdo Alter do Chéo foi formalizado por Kistler (1954), para arenitos
avermelhados, argilitos, conglomerados além de brechas intraformacionais e recobre todas as

formacOes paleozoicas da Bacia do Amazonas (Caputo, 1984). Em afloramentos, sua
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espessura maxima atinge até 40m nas proximidades de Parintins, estado do Amazonas
(Mendes et al., 2012).

Estudos em subssuperficie nas proximidades de Manaus reconheceram duas
sequéncias para a Formacao Alter do Chéo (Dino et al., 1999). Uma inferior, que representa
sistema meandrante e anastomosado de idade neoaptiana/eoalbiana e uma superior formada
por ciclos fluvio-deltaicos-lacustre, de idade cenomaniana. Nessa regido, em superficie, foi
reconhecido um sistema deltaico, dominado por onda e com influéncia marinha (Rossetti &
Netto, 2006), um sistema fluvial anastomosado com desenvolvimento de paleossolos
(Nogueira et al., 1999) e um sistema fluvial meandrante (Mendes et al., 2012).

A idade da Formacdo Alter do Chéo foi definida Cretacea por Price (1960) com base
na datacdo de dente de dinossauro. Depois, Daemon & Contreras (1971) e Daemon, (1975),
através de datacOes palinoldgicas atribuiram idades mesoalbiana e eocenomaniana a porcao
basal e Neocenomaniano a Turoniano a porcdo media da formacdo. A idade creticea é
confirmada pela idade paledgena das crostas lateriticas e bauxiticas desenvolvidas no topo da
Formacdo Alter do Chéo. Idade essa é consistente com dados paleomagnéticos que indicam
50 a 70 Ma para as crostas (Trindade et al., 2006; Horbe, 2014). Além disso, a presenca de
esporos de Elaterosporites klaszii (Albiano-Cenomaniano) nos depdésitos Mioceno médio-
Plioceno sotopostos a Formacgédo Alter do Chéo indicam fortemente rochas do Cretdceo como

fontes para a Formacdo Novo Remanso (Guimardes et al., 2015).

3. Analise facioldgica

Os depositos da Formacdo Alter do Chéo foram estudados ao longo de barrancos do
rio Amazonas. Consistem de arenitos finos a grossos, mal selecionados e bem estruturados
alem de pelitos e localmente, conglomerados, limitados no topo, por superficie de
descontinuidade que formam concrec¢des lateriticas. Acima delas ocorrem arenitos amarelados
finos a médios, fridveis representativos da Formagdo Novo Remanso.

As caracteristicas faciologicas da Formacdo Alter do Chédo, nas areas estudadas sdo
semelhantes. Foram identificadas 14 facies (Tabela 1) organizadas em 16 sec@es colunares
(Figura 2), organizadas em quatro associacOes de facies (Tabela 2) representativas de um

ambiente fluvial meandrante e anastomosado.
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Figura 2. Seco colunares (perfis estratigraficos) da Formagao Alter do Chao, estudadas nas areas de Obidos/PA e Parintins/AM.



Tabela 1. Sumdrio das facies sedimentares da Formacdo Alter do Chao organizadas nas reas de estudo com interpretacdo dos processos deposicionais

Facies

sedimentares Descricéo Processos deposicionais
cm Conglomerado macigo com arcabouco fechado, com seixos de Fluxo de detritos
quartzo, pelito além de fragmentos de granitos e gnaisses.
Aa Arenito médio a grosso, selecdo pobre a moderada e | Migracdo de barra de crista sinuosa por fluxo unidirecional
estratificacdo cruzada acanalada. regime de fluxo inferior
At Arenito fino a grosso, selecdo pobre a moderada com | Migracdo de barra de crista reta por fluxo unidirecional em
estratificagdo cruzada tabular. regime de fluxo inferior
As Arenito fi~no a médio com estratificacdo sigmoidal e intensa Deposicio por desaceleracio de fluxo subaguético.
bioturbacéo.
Ap Arenito médio, moderadamente selecionado com grdos | Geragdo de sand flat e deposicdo por suspensdo em regime de
subangulosos a angulosos e estratificacdo plano-paralela. fluxo inferior
Deposicdo em regime de fluxo inferior, exposi¢do subaérea
Ab Arenito médios com grdos subangulosos a angulosos, mal | com atuacdo de processos pedogenéticos relacionados ao
selecionados e bioturbado retrabalhamento por organismos (vermes-?) e implantacdo de
vegetacdo.
Aba Arenito de baixo angulo Deposicao por desaceleracdo de fluxo subaquético
. N Migracdo de barra de crista reta por fluxo unidirecional em
App Arenito com laminacdo plano paralela - L
regime de fluxo inferior
AM Arenitos médios a grossos com grdos subangulosos a | Obliteracdo da estrutura por bioturbacdes, silicificacdo ou
angulosos, mal selecionados e estrutura macica. intemperismo atual.
AP Arenito/Pelito deformado com laminagbGes convolutas e | Deposi¢do rapida, originando as deformacbes produzidas por
estruturas em Ball-and-pillow escape d’agua.
Sp Siltito com laminagédo plano paralela. Deposigao por suspensdo.
Réapida acumulagdo em &reas com grande suprimento de argila
Pm Pelito macigo e/ou Obliteracdo da estrutura por bioturbacdes, silicificacdo ou
intemperismo atual.
Exposicdo subaérea com atuagdo de processos pedogenéticos
Pb Pelito bioturbado relacionados ao retrabalhamento por organismos (vermes-?) e
implantacdo de vegetacao.
Pd Pelito deformado Perda da estrutura causada por sobrecarga e/ou escape de

volateis.
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Tabela 2. Caracteristicas das associa¢des de facies das areas estudadas com interpretacdo do ambiente deposicional

Areas

Associacdo de Facies

Descricéo

Ambiente deposicional

M

Obidos/PA e Parintins/A

Aa, Ap, At, Cm

Corpos extensivos, geometria concava, constituidos
dominantemente por arenitos caulinicos grossos, com
estratificacdo cruzada acanalada e subordinadamente
estratificagbes plano-paralela e cruzada tabular, lineacdo
de particdo e conglomerados macicos.

Preenchimento de Canal Fluvial relacionado a
migracdo de barras arenosas e lencol de areia
em canal fluvial.

Am, Ab, Pm, Pb, Pd

Corpos tabulares e planos com arenitos finos a médios,
intercalados com pelitos, apresentam laminag6es plano-
paralela e cruzada, gretas de contracdo profundas,
fitoturbacgoes, bioturbacdes e mosqueamento.

Depositos  externos ao canal (overbank)
relacionados a planicie de inundagdo e areas
abandonadas do sistema fluvial com niveis de
paleossolos.

Manaus/AM

Aa, At, Aba, App e Sp

Corpos extensos tabulares com intercalacbes de camadas
com estratificacBes cruzada e tabular, intensamente
bioturbada, siltito com laminac¢des cruzadas cavalgantes e
laminac@es plano-paralelas.

Oxbow lake/Floodplain

Ab, As, Ap, Am, APd

Corpos tabulares e lobados com arenitos médios com
estratificagbes cruzada sigmoidal de baixo angulo,
intensamente bioturbados (organismos e marcas de
raizes), intercalacdo de arenitos com laminagdo plano-
paralela, arenitos com estruturas deformacionais e com
acamamento macico.

Crevasse Splay lobe
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4. Descricdo e interpretacao das facies

4.1. Conglomerado macigo - Cm

O conglomerado é caracterizado por um arcabouco fechado e apresenta acamamento
macigo. Apresenta seixos medindo 3 a 10 cm no Seu eixo maior que constituem o arcabougo,
de quartzo e pelito, envolvidos por uma matriz argilosa caulinica ou areno-quartzosa de
granulometria grossa e mal selecionada (Figura 3A). Esta facies geralmente recobre superficie
irregular lateralmente continua por dezenas de metros. A facies Cm esta presente na base dos
ciclos sob forma de lag que alcanca até 0,5 m de espessura, preenchendo superficies basais
erosivas concavas. A formacdo dessas faceis pode ter relacdo com fluxos gravitacionais ou
regime de fluxo superior, relacionado a migracéo de sedimentos num canal (Walker, 1992) é

0 processo inferido para a formacdo da facies Cm.

4.2. Arenito com estratificacéo cruzada acanalada - Aa

Essa facies € formada por arenitos com gréos subangulosos a subarredondados, médios
a grossos, moderados a pobremente selecionados arranjados em sets com estratificacdo
cruzada acanalada, com segregacao de granulos e seixos de quartzo e pelito, de 2 a 3cm nos
foresets (Figura 3B). Sdo intensamente bioturbados, apresentando tubos endicniais com
preenchimento meniscado com didmetros que variam de 5 a 15 cm, caracteristicos do
icnogénero Taenidium. Medidas de paleocorrentes indicam paleofluxos para SW/S. A facies
Aa é predominante na Formacdo Alter do Chao e representa deposicdo pela migracdo de

barras de crista sinuosa em regime de fluxo inferior.

4.3. Arenito com estratificacéo cruzada tabular - At

Formam camadas tabulares, constituida por arenitos médios a grossos, com graos
moderadamente selecionados, com coloracdo variando de vermelho a roxo (Figura 3C). Os
sets variam de 40 a 50 cm de espessura. Estes depdsitos contém bioturbagdo tanto por marcas
de raizes quanto por Taenidium, o mesmo descrito nas facies Aa e As. Medidas de

paleocorrentes indicam paleofluxos para SW/S.

4.4. Arenito com estratificacédo plano-paralela - Ap
Os arenitos que constituem a facies Ap apresentam granulometria média, séo
moderados na sele¢do, com graos subangulosos a angulosos e atinge poucas espessuras (<0,5

m). A estrutura principal desta facies é a estratificagdo plano-paralela, enquanto que



23

pontualmente verifica-se a presenca de truncamento de baixo angulo e eventual ocorréncia de
lineacdo de particdo, marcas onduladas e laminagdo cruzada. Na facies Ap a deposicdo
ocorreu em regime de fluxo superior na forma de fluxo em lengol, ou sand flats (Walker,
2006).

4.5. Arenito com estratificacdo sigmoidal - As

Esta facies é constituida de arenito com granulometria fina a média, de coloracdo
variando de vermelho a rdseo, as camadas sao lenticulares e com espessura variando de 50 a
90 cm dando a esses depdsitos uma feicdo lobada (Figuras 6 e 7). A bioturbacdo é bem
intensa nesta facies com a presenca de marcas de raizes e escavagbes produzidas por
organismos. Os tracos de raizes sdo de coloracdo esbranquicada com aspecto mosqueado
(Figura 3D), com didmetros de 20 a 30 cm. Ja os tragos de organismos sdo divididos em dois
icnogéneros: Taenidium e Thalassinoides, ambos ocorrem ao longo da camada. O icnogénero
Taenidium € caracterizado por tubos endicniais horizontais, verticais, obliquos e curvados
com preenchimento meniscado (Figura 3E). O icnogénero Thalassinoides é caracterizado por
tubos de escavacdes isolados ou por uma complexa rede de ramificacdes interconectadas entre

si formando angulos de até 90°, o diametro dos tubos variam de 20 a 30 cm (Figura 3F).

4.6. Arenito bioturbado - Ab

Arenitos de granulometria fina a média, de coloracdo vermelha, aspecto mosqueado,
com abundantes tracos fosseis em sua maioria tubulares verticais de até 15cm, terminacéao
acunhada, preenchidos por areia fina, com morfologia ramificada e irregular, interpretadas
como tracos fosseis de raizes (fitoturbagdes). Verifica-se ainda, a ocorréncia de tubos verticais
e horizontais de até 3 cm, preenchidos por areia fina, relacionados a bioturbacGes de
Taenidium. Niveis de paleossolos indicado pela presenca de gretacdo alcancam até 50cm de
profundidade (deep cracks) e refletem processos de exposicdo subaérea com implantacéo de
vegetacdo (Mendes, 1984). Além dessas, estruturas prismaticas sao visualizadas em planta por
feicbes hexagonais e em perfil, sdo representadas por fraturamentos subverticais muitas vezes
com estrias ou slickensides. Algumas vezes, é possivel observar fragmentos de madeira
petrificada (coffee grounds) (Figura 4A). Estes fragmentos podem alcancar dimensdes
centimétricas (até 10cm) e sdo caracterizados por seu aspecto lenhoso e com se¢éo transversal
eliptica. Localmente observa-se a presenca de um nivel suavemente deformado com
acamamento convoluto e estratificagdo cruzada de pequeno porte onde é possivel observar

bioturbacdes tubulares verticais e/ou horizontais.
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4.7. Arenito com estratificacéo cruzada de baixo angulo - Aba

Fécies constituida de arenitos de granulometria média, com grdos moderadamente
selecionados e arredondados, com coloragdo esbranquicada. Laminacdo cruzada de baixo
angulo € a estrutura sedimentar presentes nesta facies (Figura 4B), os angulos dos foresets sdo

menores 10° e o limite entre 0s sets sdo marcadas por superficie de reativacao.

4.8. Arenito macico - Am

O arenito apresenta granulometria numa variagdo de média a grossa, com graos
subangulosos a angulosos, mal selecionados. A estrutura sedimentar predominante é o
acamamento macico, com granulos e clastos de argila disseminados. A facies Am exibe uma
notavel coloracdo avermelhada e forma camadas lateralmente continuas por dezenas de
metros, sendo um produto da acdo combinada de obliteracdo por intemperismo, processos
diagenéticos de silicificacdo e intensa bioturbacdo (Johansson et al., 1998; Jones and Rust,
1983).

4.9. Pelito macico - Pm

Essa facies é frequente em todos os perfis sendo formada por pelitos de cores variadas
(Figura 4C), que podem ocorrer intercalados com a facies Al. A faceis Pm € macica com
contato inferior gradacional, enquanto o superior é erosivo com a facies Aa. As camadas de
pelito variam entre 0,3 a 2 m de espessura e apresentam geometria tabular. A facies Pm
representa deposicdo a partir de suspensdo em planicies inundadas associadas com camadas
de arenitos que representam depoésitos de espraiamento de crevasse adjacentes ao canal
principal do rio. Pelitos vermelhos e roxos, associados com gretas de dissecacdo sao,
provavelmente, red beds desenvolvidos em condi¢Bes semi-aridas ndo possa ser descartada
(Van Houten, 1973; Turner, 1980; Bridge, 2006; Cain & Mountney, 2009) embora o resultado

de intemperismo atual ou subatual, ndo possa ser descartado.

4.10. Pelito bioturbado - Pb

A facies Pb, se comparada as demais facies de pelitos (Pm e Pd) é menos
representativa. E formada por pelito com bioturbacéo (icnofésseis e marcas de raizes), com
espessura variando entre 0,2 e 1 m, onde gretas de dissecacdo sdo frequentes. Sua pouca

espessura, contrasta com sua grande representatividade em todas as areas estudadas.
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4.11. Pelito deformado - pd

Esta facies (Figura 4D) assim como facies Pm é frequente. Formada por pelito
deformado de cor avermelhada e geometria tabular, atinge até 0,7 m de espessura. As
deformacdes sdo suaves com formas cdncavas para baixo. A facies Pd é interpretada como
deposicédo a partir de suspensdo em planicies inundadas, ou partes profundas de lagos (oxbox)
que sofreram sobrecarga com entrada de sedimentos e/ou atividade tectdnica, indicadas por
slickensides.

4.12. Arenito/Pelito deformado - APd

Esta facies e composta por um arenito de granulometria muito fina e/ou pelito, de
coloracdo rosea avermelhada e se caracteriza pela presenca de laminagGes convolutas,
estruturas de sobrecarga (Figura 4E) e estruturas em Ball-and-pillow (Figura 4F). S&o

camadas lenticulares de aproximadamente 1,50 m de espessura.

4.13. Siltito com laminacéo plana paralela - Sp
Esta facies e composta por material de granulometria silte e de cor avermelhada, sdo
camadas com uma geometria lenticular, constituidas por uma laminacdo plana paralela. As

espessuras das camadas variam entre 10 a 30 cm.

4.14. Arenito com laminacao plano paralela - App

A facies é composta por um arenito de granulometria fina de coloragcdo avermelhada e
com graos bem selecionados. A geometria da camada e lenticular e marcada pela presenca de
uma laminacgédo plana paralela que contém acumulacdes de minerais pesados entre 0s sets. A

espessura dessa camada varia de 20 a 30 cm.
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Figura 3. Descrigdo das facies. A) Facies Cm; B) Facies Aa; C) Facies At; D) Facies As com marcas
de icnofosseis (setas); E) Facies As com icnogénero Taenidium e preenchimento meniscado; F) Facies
As com icnogénero Thalassinoides.
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Figura 4. A) Facies Ab com marcas de madeira petrificada (coffee grounds); B) Facies Aba com
laminacdo cruzada de baixo angulo (setas); C) Facies Pm; D) Facies Pd; E) Facies Apd com estrutura
de sobrecarga e; F) Facies Apd com estruturas em Ball-and- Pilow (setas).

5. Associacdo das facies
5.1. Fécies nas proximidades de Obidos/PA

Na regido de Obidos/PA (Figura 5), a Formacdo Alter do Chdo apresenta corpos
extensivos com geometria cdncava formada por arenitos bem estruturados e pelitos.
Lateralmente, esses corpos migram para corpos tabulares e planos constituidos principalmente
por pelitos. Os arenitos sdo ricos em graos de quartzo e com menor frequéncia ocorrem
fragmentos liticos de pelitos, granitos e gnaisses. A granulometria varia de fina a grossa, com
grdos angulosos a subarredondados e selecdo pobre a moderada. S&o bastante friaveis e
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geralmente vermelhos. Os pelitos apresentam estruturas macicas, bioturbacoes e deformacao.
Dominam pelitos de coloracéo roxa, mas, também se encontram pelitos vermelhos e brancos.
Apresentam grande frequéncia por todos os perfis estudados. As se¢es tém, em média, 10m
de espessura, mas podem atingir até 25m. Estdo organizados em ciclos distintos de
granodecrescéncia ascendente (fining-upward cycles) que variam de 1 a 6m de espessura. Foi
possivel dividir a Formagdo Alter do Chdo em duas por¢es, inferior e superior. A porcéo
inferior é formada por camadas tabulares de arenitos com até 3m de espessura, intercalados
com lentes de pelitos macicos e bioturbados (Planolites). A porcdo superior € dominada por
arenitos médios a grossos com geometria tabular que atingem até 20m de espessura e podem

conter intercalados pelitos macicos de pouca espessura.

5.2. Féacies nas proximidades de Parintins/AM

Na regido de Parintins a sucessdo superior da Formacdo Alter do Chéo é caracterizada
por uma sucessao de até 30 m de espessura de arenitos medios a grossos com graos angulosos
a subarredondados cauliniticos e pelitos organizados em ciclos granodecrescente ascendente
de até 2,5 m de espessura. A base dos ciclos € marcada por lags conglomeraticos com seixos
de quartzo e principalmente argilito. A estratificacdo cruzada acanalada é a estrutura mais
expressiva da unidade, varia de médio a pequeno porte em direcdo ao topo do ciclo com
direcdo de paleocorrente predominantemente para SW. Arenitos com laminacdo cruzada
ocorrem intercalados com pelitos posicionados na parte superior dos ciclos, comumente

bioturbado (Planolites).

5.3. Féacies nas proximidades de Manaus/AM

Na regido de Manaus/AM (Figura 6) a Formacdo Alter do Chdo é caracterizada por
corpos tabulares amalgamados extensos e geometria lobada, que atingem até 3m de espessura,
compostos de arenitos meédios a grossos, bem estruturados, intensamente biotubardos e
cauliniticos, além de pequenas camadas de pelitos (Figura 7). Apresentam-se organizados,
preferencialmente, em ciclos granodecrescente ascendente com paleofluxo preferencial para
S/ISW e ciclos granocrescentes ascendentes com paleofluxo preferencial para E / SE.

Os corpos com feicdes lobadas sdo formados por arenitos grossos e médios, bem
estruturados, com estratificacdo cruzadas acanalada e tabular e menos comumente,
estratificacdo cruzada sigmoidal (facies Aa, At e As respectivamente). Esses arenitos sao

intensamente bioturbados (facies Ab) e foram reconhecidos os icnofésseis Taenidium e
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Planolites (Figura 3D-E) e poucas ocorréncias de Thalassinoides e Diplocrateriun (Figura
3F).

As caracteristicas sedimentares dos ciclos de granodecrescéncia ascendentes da
Formacdo Alter do Ché&o séo uniformes e registram o preenchimento de canal. Cada ciclo
dentro da sucessao registra o corte e migracdo de um canal de fluvial com base erosiva, que
posteriormente foi preenchido por migracéo lateral das barras em pontais (facies Aa, At) e,
em seu eventual abandono formando mudplugs, até se formarem as planicies de inundacao
(facies Pm, Pb e Aba).

A associacdo de pelitos e siltitos podem ter sido depositadas, por suspensédo, em lagos
dentro da planicie de inundacdo (oxbow lake). Ap6s a perda da agua ocorreu desidratacéo
permitindo a exposicdo subaérea e formacdo de solos, com influéncia do clima cujo

desenvolvimento foi ditado pela influéncia de um clima quente e umido.
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Figura 7. Exposigdes e perfil representativo da Formagéo Alter do Chdo préximo de Manaus. A) corpos tabulares amalgamados extensos e geometria lobada
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nameros interpretacdo de paleoambientes. 1- channel; 2- leeve; 3- Oxbow lake; 4- Crevasse splay lobe; 5- floodplain.
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6. Modelo deposicional

A evolucdo da Formacgdo Alter do Chdo quando comparada com os registros de
mesma idade na Amazonia Oriental, onde a histéria cretacea é bem documentada (Rossetti et
al., 2000; Rossetti & Santos Jr., 2003; Santos Jr & Rossetti, 2006), e até o0 momento, calcada
em informagOes pontuais. Os detalhes sobre o paleoambiente de uma unidade aflorante em
toda a Bacia do Amazonas, s6 foi possivel por meio da avaliacdo de excelentes afloramentos
que permitiram averiguar as particularidades sedimentares de um dos mais importantes
registros do Mesozoico da Amazénia Ocidental. Os dados sedimentoldgicos e estratigraficos
apresentados neste trabalho suportam a proposicao de um rio de mega escala ou “Big River”
que cruzava a Bacia do Amazonas migrando para SW, em direcdo ao Pacifico. Este sistema
fluvial era predominantemente meandrante com carga de fundo mista que, a jusante passava
para um canal anastomosados, onde dominava carga mista e de suspensdo. Esta variagcdo
lateral geomorfologica pode ser comparada aquela encontrada no atual rio Amazonas, onde o
estreitamento dos vales ocorre proximo aos arcos estruturais enquanto, entre estas fei¢oes, o
vale é ampliado, associado ao decréscimo do gradiente energético, aumento do volume de
material em suspensao depositado e insignificante taxa de migracao dos canais (Mertes et al.,
1995; 1996). As caracteristicas geomorfologicas do sistema fluvial Alter do Chéo teria
variado de montante a jusante como no atual Rio Amazonas, embora com migracdo ao

Oceano Pacifico (Figura 8).
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Figura 8. llustracdo esquematica do padrdo geomorfologico de canal-planicie de inundagdo proposto
para os depositos fluviais cretdceos da Formagdo Alter do Chéo (Baseado em Mertes et al., 1996).

A sucessdo encontrada na porcao centro-oriental da Bacia do Amazonas embora nao
tdo proximas das areas fonte nas imediagdes do Arco de Gurupa e provincias Maroni-
Itacailnas e Amazdnia Central (Tassinari & Macambira, 1999), no Craton Amazonico, teriam

uma aporte maior de terrigenos, predominando carga de fundo alta e mista, em rios
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meandrantes, com barras arenosas e cascalhosas. As aguas de inundacdo seriam confinadas
em morfologias de barras tipo scroll (scrolled floodplains) ou em drenagens secundarias
dentro da planicie de inundacdo (Figura 8). Ciclos de granodecrescéncia ascendentes
caracterizadas por um conjunto distinto de elementos arquiteturais, a distribuicdo unimodal
nas leituras paleocorrentes com uma alta dispersdo e uma mudanga sistematica em azimute
médio entre os ciclos sucessivos apoiam a hip6tese de um sistema fluvial meandrante de alta
sinuosidade, com carga mista de sedimentos. Além disso, a proporgdo relativamente elevada
de depositos externos ao canal relacionados aos depositos de inundagdo (planicie e lagos) em
comparacdo aos de preenchimento do canal, indicam uma planicie de inundacdo que
sustentava o canal meandrante ou rapido escavamento da planicie relacionada com a taxa de
migracdo/avulsdo do canal (Leopold & Wolman, 1960; Heller & Paola, 1996). A elevada
proporcdo de sedimentos de overbank preservados testemunha o aumento da restricdo da
planicie aluvial, o que provavelmente, surgiu por meio da restricdo de circulagdo dos canais,
gerando canais preenchidos com argilas (mudplugs) sendo uma feicdo comum em sistemas
caracterizados por canais de alta sinuosidade (Allen, 1983; Allen & Friend, 1968).

A regido Oeste da Bacia do Amazonas, até proximo ao Arco de Purus, teria um vale
mais ampliado e uma diversidade de areas de varzeas ou pantanosas formando um sistema
anastomosado (Figura 8). Durante as inundacdes, as aguas fluviais fluiriam para dentro das
planicies em fluxos difusos e ndo confinados formando acumulacGes de sedimento na forma
de barras tipo scroll, canais secundarios de inundacéo e lagos com lobos de crevasse splay.
Lagos nas planicies de inundacdo poderiam ter dimensdes de centenas de metros, similares
com aqueles encontrados nas atuais planicies do rio Amazonas, e 0s depdsitos de crevasse
poderiam ser comparados com deltas lacustres de pequena-escala. Os lobos progradantes de
crevasse indicam que a deposicdo foi acompanha de rapida perda de energia relacionada com
a entrada de fluxos em um corpo de agua estagnada, um processo tipico a barras de
desembocadura (Slingerland & Smith, 1998; Galloway, 1975; Hori & Saito, 2013). Neste rio
de grande escala, os lagos teriam dimensdes que comportavam o acumulo de lobos de
inundacdo com escala métrica. O ajuste hidroplastico entre as lamas lacustres e os lobos de
crevasse por processos de fluidizacdo e liquefacdo produziam os arenitos e pelitos macicos
(Elliott, 1986; Van Loon & Brodzikowski, 1987, Shepard, 1955; Coleman & Prior, 1983;
Coleman, 1988). Essas caracteristicas confirmam que o ambiente era de rapido influxo
sedimentar, tendo um fluxo hiperpicnal (Coleman, 1988; Orton & Reading, 1993; Glover &
O’Beirne, 1994).
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As areas de inundagdo eram intensamente bioturbadas por artropodes, vermes e insetos
indicados pelos icnofosseis Skolithos, Planolites e Taenidium, tipicos de ambiente continental
(Buatois & Méngano, 2011). Thalassinoides sdo comuns nas facies mais grossas contrariando
sua forma mais comum de ocorréncia, que sdo o0s substratos dominados por siltes e areia fina
(Pemberton et al.,1992, 2001).

Um modelo deposicional para Formacdo Alter do Chdo (Figura 9) mostra o padréo
vertical de empilhamento dos corpos de areia, reducdo vertical dos tamanhos dos gréos e o
desenvolvimento dos depdsitos fora do canal, indicando um sistema fluvial meandrante de
alta energia e carga mista, em Obidos e Parintins. A parte basal da formacio indica um
sistema fluvial com energia relativamente mais elevada. Essa interpretacdo considera a
proporcdo maior de conglomerado e arenitos com seixos em comparagdo com as porcgoes
superiores. As porcdes médias e superiores dos ciclos mostram aumento na proporcdo de
facies mais finas, indicando diminuicdo gradual da energia do fluxo. A baixa proporcdo de
facies mais grossas na parte média e topo dos ciclos podem estar relacionados com a baixa
taxa de subsidéncia, que aumentou a migracdo lateral dos canais e consequente
retrabalhamento da planicie de inundagdo. As avulsbes periodicas dos canais e migracao
lateral do canal principal parecem ter propiciado um grande retrabalhamento das planicies e
de overbank permitindo maior deposicdo nesses depositos externos ao canal (Behrensmeyer et
al., 1995; Shukla et al., 2010).

O modelo proposto por Rossetti & Netto (2006) de um delta dominado por onda que
progradou de NW para se conectar com uma bacia marinha localizada para E ou SE nédo é
considerado para os afloramentos estudados. Os principais pontos de discussdo gque contraria
0 modelo de Rossetti & Netto (2006) é que este foi cunhado dentro de uma area geogréafica
restrita com uma visdo parcial do sistema da Formacdo Alter do Chdo. Da mesma forma,
inferir um sistema deltaico migrando para leste ou sudeste da regido de Manaus, implica em
um mar adjacente nesta direcdo, o que ndo foi demonstrado. A bidirecionalidade das
paleocorrentes pode ser mais bem explicada pela presenca de depoésitos de inundacao,
comumente encontrado na area de Manaus. Os dados aqui mostrados indicam um ambiente
plenamente continental com paleocorrente com padréo unidirecional indicando sentido de N-
NE para S-SW.

Salvo as extrapolacdes feitas na confeccdo deste modelo deposicional, a reconstitui¢do
completa do sistema fluvial Alter do Chéo até sua desembocadura no Oceano Pacifico ndo foi
possivel, ja que esta unidade aflora somente na Bacia do Amazonas. A por¢do mais externa

deste "Big River" cretdceo encontra-se a oeste do atual Arco de Purus sob os depdsitos
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Nedgenos da Formagdo Solimbes, na Bacia homdnima. Entretanto, considerando que a
sucessdo aflorante estudada esteja aproximadamente no mesmo nivel estratigrafico pode-se
admitir que a variagédo lateral de canal meandrante para anastomosado proposto aqui, seria
uma compartimentacdo geomorfoldgica tipicamente encontrada em rios transcontinentais que
cortam arcos estruturais que limitam segmentos com diferentes subsidéncias. Desta forma,
embora incompleto, sem os dep6sitos proximais e distais, a por¢ao preservada deste sistema
permite abrir uma discussdo importante sobre a instalagdo de uma drenagem transcontinental

na Amazonia durante o Neocretaceo.
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6. Conclusoes

Os depdsitos da Formagao Alter do Ch&o expostos entre cidades de Obidos-PA e
Manaus/AM, respectivamente, parte central e oeste da Bacia do Amazonas, consistem
basicamente em depdsitos siciclasticos organizados em ciclos granodecrescentes ascendentes
(fining upward) relacionado a um sistema meandrante a anastosado, composto por facies de
preenchimento de canal fluvial e de depdsitos de inundacdo. O canal meandrante era de alta
sinuosidade e carga mista, enquanto sistema anastomosado era formado por facies
relacionadas a depoésitos de crevasse splay e depositos de oxbow lake/floodplain,
intensamente bioturbados por Taenidium Barretti, Beaconites e Planolites, e ocasionais
galerias de Thalassinoides e Diplocraterion.

A integracdo de informacGes faciol6gicas obtidas de diversos afloramentos da
parte centro-oeste da Bacia do Amazonas, permitiu propor um modelo paleoambiental e
paleogeografico mais representativo caracterizado por sistema fluvial meandrante-
anastomosado que migrava preferencialmente para S-SW em direcdo ao Oceano Pacifico.
Embora as porg¢des proximais e distais deste sistema ndo terem sido avaliadas, o registro na
porcdo central da Bacia do Amazonas abre uma perspectiva de entendimento paleogegréafico

inferindo drenagem transcontinental na Amazonia durante o Neocretaceo.
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Abstract

Trace fossils that record animal and plant activity are described from the Upper Cretaceous
Alter do Chdo Formation exposed in the Western Amazonas Basin, Northern Brazil. Sedimentary
facies association attests non-marine setting dominated by channel- interchannel crevasse
splay/subdeltaic and floodplain fluviatile deposits. The ichnofauna, in part, previously described as
marine in origin, comprises by Taenidium barretti, adhesion meniscate burrows (AMB), Beaconites
and, occasionally, Thalassinoides galleries, Planolites and Diplocraterion considered here as
exclusively continental. In the most case, the ichnofossil walls are generally ferruginized not allowing
the precise ornamentation identification. These burrows likely reflect the activity of insects or
oligochaetes that occupied soft, moist proximal overbank substrates. Channel-fill and point bar
deposits host a low diversity ichnocoenosis composed almost exclusively by meniscate burrows
occurred mainly in coarse-grained pebbly sandstones that alternates with locally dense, monospecific
colonization of Planolites, as well as, insects dwelling. The predominance of overbank deposits in the
succession, strongly dominated by large-scale crevasse splay/subdeltaic lobes indicate a huge
floodplain areas with lakes feeding by meandering to anastomosing channels. Locally, overbank
mudstones and mainly crevasse-splay sands were completely bioturbated by meniscate backfilled
burrows most allied with Taenidium, AMB, Beaconites and Thalassinoides. The intimate association
of shallow to moderate burrow depths, dense network of silicified rhizoliths, wood fragments, as well
as, the low-diversity assemblages, suggest that the tracemakers dominated mainly overbank habitat.
The ichnocoenosis distribuition in the succession reflect sporadic, short-lived colonization in response
to humidity variation indicate short-term fluctuations of a relatively high groundwater table in
overbank setting. Large scale of bedforms and continental ichnofossils, in a thick siliciclastic
succession, laterally continuous for hundreds of kilometers, suggest a large fluvial system with
extensive overbank areas, dominated by crevasse splay deposits, implanted in the Amazonia during
Late Cretaceous.

Keywords: Late Cretaceous; Amazonas Basin; Non-marine ichnofossils; Fluvial deposits.
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1. Introduction

Cretaceous deposits in Amazonia are mostly represented by the Alter do Chéo
Formation (Kistler, 1954), exposed on the banks of modern Amazon River. This unit is
restricted to the Amazonas Basin, northern Brazil, not transpassing the western limit of the
basin, the Purus Arc (Figure 1). This unit is 500m thick in subsurface and consists of
kaolinitic, locally silicified, and whitish to reddish sandstones, pelites and conglomerates.
With exception of some preserved theropod teeth (Price, 1960) found in this unit, body-fossils
are absent and poorly preserved macroflora represented by rare dicotyledons (Dino et al.,
1999) have forced researchers to interpret paleoenvironments based largely on
sedimentological studies. The paleoenviroment indicated for the Alter do Chdo was mainly
braided fluvial and lacustrine settings (Caputo et al. 1972, Daemon, 1975; Castro et al. 1988,
Pereira, 1988; Cunha et al. 1994; Dino et al, 1999; Eiras et al. 1994). The marine influence
suggested by Rossetti and Netto (2006), based on sedimentological and ichnological analysis,
provide of some outcrops near Careiro Island, east of Manaus. Dino et al. (1999) consider two
successions for Alter do Chdo Formation: an Aptian lower succession, observed only in
subsurface, related to fluvial meandering and anastomosing deposits; and a Cenomanian
upper succession, probably observed also in surface, composed of fluvial, deltaic and
lacustrine sediments. The Alter do Chao Formation unconformably overlies Paleozoic rocks
and overlaid by Miocene-Pliocene Novo Remanso Formation (Cunha et al. 1994, Rozo et al.
2005).

The presence of Elastoporites Klazzi, an important index fossil for the Cenomanian,
present as reworked palinomorph in the siliciclastics deposits of Neogene Novo Remanso
Formation, indicated Cretaceous source-rocks and confirms indirectly the age for Alter do
Chéo deposits (Guimaraes et al. 2015). The development of Paleogene lateritic-bauxite profile
in the top of Alter do Chédo deposits, coadunate also the probable Upper Cretaceous age. The
development of lateritic profiles caused an intense wheatering in these rocks during
Paleogene, precluding the preservation of organic matter and, consequently, difficulting the
obtainment of age by pollens grains.

Few ichnological assessments available on Alter do Chao Formation. The first
ichnological information by Nogueira et al. (1999) revelead the presence of Scoyenia,
Skolithos and Muensteria, typical of continental Scoyenia ichnofacies. Afterwards, Rossetti
and Netto (2006), recording mainly Thalassinoides, Planolites and Diplocraterion traces in
putatively influenced-marine deposits. Despite different paleoenvironmental interpretations

based on ichnofossils, outcrop-based facies analisys along of Amazonas Basin by Mendes et
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al. (2012) have confirmed the previously continental facies interpretation, documenting
meandering channel and overbank fluviatile deposits.

This work describe trace fossils from Upper Cretaceous Alter do Chdo Formation in
fourteen localities, between the cities of Manaus and Santarém, eastern border and central part
of Amazonas Basin (Figure 1). The outcrops of Manaus region were the most promising in
the recognition of trace fossils, because of abundance of fines sediments and are the principal
focus of this work. We emphasizing on the morphological variations and ethological
significance of trace fossils, integrating with sedimentological data and opening discussions
about the possibility of some trace fossils, considered as indicative of marine influence may
occur also in continental environments. Finally, the work provide data that may help to
constrain the reconstitution of Alter do Chéao depositional setting, based on new ichnofaunal
data.
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Figure 1. Geologial and location map of studied area. Purus Arch is the western limit of Amazonas
Basin. The main analysed outcrops of Cretaceous rocks indicated in red circles are: 1- Alter do Chéao
Village; 2- Tapajés Rivermouth; 3- Parintins Island; 4- Paricatuba Village; 5- Bela Vista; 6- Cacau-
Pirera; 7- Left margin of Amazon River near Careiro Island; 8- Ponta das Lajes; 9- Port of Estaman
Company; 10- Port of Séo Rgimundo; 11- Ponta Negra beach; 12- Sandstone quarry in km 11; 13-
Cabeca Branca River and 14-Obidos.
2. Geological setting

The intracratonic Amazonas Basin with an area 500.000 km? and its filling is
predominantly of siliciclastic rocks and secondarily carbonate deposits of Paleozoic,
Cretaceous and Cenozoic age (Caputo, 1984). Mesozoic magmatism intruded the stratigraphic
sollum during Jurassic and Triassic times, represented by dikes and sills of diabase (Cunha et
al. 1994). The basin is elongated follow its depositional axis oriented to W/SW-E/NE (Figure
1). The west and east limits of the basin are, respectively, the Purus and Gurupé arches, to the

north occurs the Guiana Shield and to the south the Brazilian Shield (Figure 1).
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The tectonism in the basin is essentially brittle with low vertical expression, but with
regional large-scale deformations, which have close spatial relationships with major orogenic
lineaments of crystalline basement, reactivated along ancient discontinuities during the
Phanerozoic (Resende and Brito, 1973). The NW-SE lineaments imprint in the basement
rocks, enter to the basin as structural arches (e.g. Purus Arch), reactivated along of
Phanerozoic, deforming and controlling the depocenter changes and the sedimentation of
different ages (Wanderley Filho 1991; Costa, 2002). Nepomuceno and Theodore (1985)
described three phases of tectonism in the Amazonas Basin, based on seismic lines data: a)
implantation of Permo-Carboniferous normal faulting, probably linked to Hercinian Orogeny;
b) distentional phase with intense tectonic igneous activity during the Permo-Triassic,
coinciding with the opening of the North Atlantic; and c) transpressional transtensional
tectonics in the the Jurassic to Cretaceous extending until now, apparently related to the
opening of the South Atlantic.

The basement comprising igneous, metamorphic and sedimentary rocks of volcano-
the-Maroni Itacaiunas, Amazonia and Central provinces, which correspond to the oldest rocks
of the Amazon Craton (Teixeira et al. 1989, Tassinari and Macambira, 1999; Tassinari et al.
2000). The Purus Group, represented by the Prosperanca and Acari formations, represent the
Neoprotrozoic filling, in part, related to the rift phase of the Amazonas Basin (Cunha et al.
1994, Eiras and Matsuda, 1995). Phanerozoic in the Amazonas Basin is divided into four
sequences (Cunha et al. 1994): Upper Ordovician-Lower Devonian (Trombetas Group);
Lower Devonian-Carboniferous lower (Curua and Urupadi groups) and Upper Carboniferous-
Permian (Tapajos Group). The last depositional sequence, with approximately 500m thick,
represented by upper Cretaceous-Tertiary (?) Alter do Chdo Formation, included in the Javari
Group (Cunha et al. 1994; Eiras et al. 1994). Cretaceous deposition occurred during an east-

west extension associated with the evolution of south Atlantic and the initial Andean uplift.

3. The Alter do Chao Formation

3.1. General Aspects

In the studied area, the Alter do Chdo Formation occurs exposed in margins of the
rivers and in roadcut, with succession reaching up to 20 m thick and laterally continuous for
dozens of kilometers. Despite the distances between the studied localities, the lateral
discontinuity observed locally was possible to establish a good correlation using some key-

surfaces, as well as, describing in detail the sedimentary facies. The best key-surface for
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correlation is the tabular horizons of ferruginous laterite or bauxite crust developed in the top
of Alter do Ch&o succession. Despite of this crust developed in an erosional surface indicate
the same paleotopographic level formed during Cenozoic subaerial exposure.

The succession consists mainly of fine- to coarse-grained sandstone, and sometimes
conglomerates, with moderate to poorly sorted and angular to sub-rounded grains, and
subordinate pelites. The rocks are generally friable and reddish, but also occur whitish
sandstones. Red color dominate in mudstone and siltstone, but are also purple and white. The
silicification is more frequent in pelites and in fine-grained sandstone. Sedimentary facies is
predominantly organized in fining-upward cycles ranging from 1 to 6 m-thick. Silicified wood
fragments occur in almost all studied outcrops and abundance of trace fossils occur mainly in
the outcrops of Manaus region (Figures 1 and 2).

In this work, we use the proposal of Mendes et al. (2012 and inedit) about the facies
description and paleonvironmental interpretation for Alter do Chdo deposits with new
additional data (Figure 2). Simplified facies associations comprises two main settings
correspondent to channel and point bar deposits and overbank sediments, representative of

meandering to anastomosing fluvial system (Figure 2).

3.2. Fluvial channel and point bar deposits

The highest energy facies of channel deposits are represented by gravel bars consisted
of massive conglomerates and trough cross-bedded pebbly to very coarse-grained sandstone
disposed in tabular to lenticular layers, laterally continuous for dozen of meters. The
channelized deposits form the lower part of meter-scale fining upward cycles (Figures 2, 3
and 4). Lag deposits with mudstone and quartz clasts, mark the base of these layers and
reflected the segregation of coarse sands in the scoured/channelized bases (Allen, 1970;
Leeder, 1973). Coarse sands segregated in the foresets attest the collapse of small-scale
parasitic bedforms in the lee side avalanche faces (Figure 4D). Mudstone clasts (pebbles and
blocks) mark the base of channel deposits, interpreted as reworking of floodplain cutbank.
Traces fossil are rare in the very coarse to pebbly channel deposits, predominating mainly
meniscate burrows and root traces forming paleossoils in abandoned channel deposits (Table
2, Figures 2, 3 and 4).
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Figure 2. Measured sections of Cretaceous deposits and trace fossils distribution in the localities of
Port of Estaman Company (9), Ponta Negra Beach (11), Bela Vista (5), outcrops in the left margin of
Amazon River, near Careiro Island (7a and 7b; outcrops described by Rossetti and Netto, 2006) and
sandstone quarry in the BR-174 highway (13). The sections are located in the figure 1.

Sand bars deposit represent the most typical complex arquitectural component of Alter
do Chdo Formation, documented at all studied measured sections as tabular to lenticular
layers of up to 5m-thick, laterally continuous up to 150 m. (Figures 2, 3A and 4). Pebbly to
coarse-grained sandstone with trough cross bedding gradually pass, upsection, to medium to
coarse-grained sandstone with tabular cross bedding, underlaid by fine sediments with
climbing ripple-cross lamination and laminated pelites (Figure 2 and 4A). The base of channel
deposits, mudstone clasts (pebbles and blocks) marked the bottomsets, interpreted as
reworking of floodplain cutbank (Figure 3). The set thickness generally decrease upward to
the top of fining cycles (Figure 4A), indicating changes in the bedforms styles, since dunes to
ripple marks compatible with the energy transport decrease in the channel (Halfar et al.,
1998). Paleocurrent data measured in this deposits show a moderate dispersion and a
unimodal south-southwest trend (Figure 2). The orientation of these macroforms is generally
orthogonal to this paleoflow direction. Isolated burrows are frequent and locally collapse
structures filled by medium- to coarse-grained quartz-pebble sediments, indicate shaft/gallery

breakage (Figure 4D, E and F). The moderate colonization of sandbars and pointbar probably
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occurred during low discharge to partial abandonment of channel (c.f. Buatois and Mangano,
2011). Silicified wood fragments and incipient root traces suggest vegetated river margins
(Figure 3C).

Lateral accretion bar deposits are less frequent in the studied succession consisting of
3m-thick lenticular fine- to medium-grained sandstone beds, laterally continuous for up to 15
m, overlying sandstones interbedded with pelites. The inclined beds are generally oblique (90-
110° Azimuth) to the direction of the paleochannel, provided by the trough cross stratification.

Figure 3. Fining upward cycles (white arrows in A) in point bar/channel deposits in the outcrop
located in the left margin of Amazon River, in front of Careiro Island (Section 7B in Figure 2). B)
Detail of A showing erosional surface in the base of cycles. The top of the cycles is bioturbated (A)
and locally occur silicified root marks (C), developing iron oxide reduction halo (black arrows).
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Figure 4. General aspects of fluvial channel and point bar deposits. A) Port of S&o Raimundo outcrop
with inclined beds related to point bar/channel deposits and mud plug filling bar morphology. B)
Detail of A with point bar deposits bioturbated by a complex tube system (arrows) observed in
transverse and (C) plain views. D) Coarse-grained to pebbly sands in the foresets disturbed by conical
collapse structure, probably associated to shaft/gallery breakage. E) Circular to elliptical borings in
transverse and (F) plain views locally developed in the top of fining upward cycles. Note the matrix-
supported pebbly to coarse-grained sediments filling borings. The figures D-F are features observed in
the Parintins hill.
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3.3. Overbank deposits

The overbank deposits include interchannel sediments deposited in proximal zones of
active channels including levee and crevasse splay channel deposits, and in distal areas of
active channels represented by floodplain, crevasse channel lobes and lakes deposits (cf.
Collinson, 1996; Elliot, 1986).

Levee deposit comprises 2m-thick lenticular beds, laterally continuous by dozens of
meters, of fine-grained silty sandstone and laminated to massive pelites, sometimes,
exhibiting climbing ripple-cross lamination (Figure 5). The identification of these deposits
based on the relationship with the crevasse splay channel and floodplain deposits (Brierley
and Ferguson, 1997).

Crevasse splay channel deposits comprise concave geometry, reaching 3m-thick and
10m in length, filled by trough cross-bedded coarse-grained pebbly sandstone and
subordinately, tabular cross-bedded medium to coarse-grained sandstone. Small-scale root
traces, dissectaion cracks and rare maniscate burrows occurs in the top of fining upward
cycles. Silty fine-grained sandstone interpreted as proximal crevasse splay sediments overlies
channel facies that truncate the levee deposits (Figure 5). The erosion of levee morphology by

channelized sediments occuring during maximum flooding of the river on the floodplain
(Aslan and Blum, 1999).

Figure 5. Crevasse channel and levee deposits in Alter do Chao Formation, left margin of Amazon
River, near of Obidos city.

Floodplain deposits consist in purple, reddish and yellow massive to laminated pelites
interbedded with fine-grained sandstone. Form tabular beds with up to 3m, laterally

continuous by hundreds of meters, overlying fining upward cycles of channel/point bar
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deposits. Fine sediments characterize also lacustrine and mud plugs deposits, reaching 2-5m-
thick and 25m in length, produced by abandonment of channel or avulsion (Collinson, 1996;
Elliot, 1986). Mudplug deposit accumulate mainly on point bar morphology and, sometimes,
develop incipient paleosol horizon in the top, during bar emergence (Figure 4A). Well-
developed paleosols occur mainly in the floodplain areas characterized by reddish color,
indicating mobilization of Fe?* and concentration of Fe**, associated frequently to fluctuations
in the water table level (Turner, 1993). Addionally, pedogenetics features occur in these
horizons such as as clay and iron oxyhydroxide cutans in the quartz grains, blocky alteration,
pediform structures, dissecation cracks, root marks, and slickensides (Retallack, 1988; Kraus
and Aslan, 1999).

The overbank deposits of Alter do Chdo Formation, sometimes, exhibit slightly
undulated and crenulated extension fractures, with filling of microcrystalline quartz (Figure
7C and D). In the outcrops in front of Careiro Island, near of Manaus, these extension
fractures resemble ripples marks mantled by mud drapes, but laterally form a interconnected
networks of fractures or box-work pattern (Figure 7D).

Coarsening to thickeness upward succession of sandstone with cross-bedding
(sigmoidal and trough cross-stratification), low-angle to even parallel stratification and
climbing ripple-cross lamination, reaching up to 2m-thick each cycle and laterally pinch out
into floodplain mudstones is interpreted as crevasse splay deposits. Crevasse splay deposits
consist in lobate sand bodies, which form due the breaching of levees during spreading of
fluvial channel waters related to the seasonal maximum flooding (Capuzzo and Wetzel,
2004). In proximal part, crevasse splay sands fringe the channelized crevasse, while in distal
portion, the desaceleration and unconfinement of flow generating various size of sand lobes or
sheet sands by flow spreading on the floodplain or confinated lakes (O’Brien and Wells,
1986, Bristow et al. 1999). In the Alter do Chao Formation small-scale single crevasse splay
sandstone lobes generally form isolated bodies in floodplain deposits or overling levee
sediments, immediately underlaid by fluvial channel deposits (Figure 2). In contrast, some
outcrops near of Manaus region, exhibit a succession composed of single crevasse splay
sandstones, recurrently stacked and reaching up to 10m in thickness. We consider this thick
crevasse splay succession as a large-scale composite crevasse splay deposits, similar to
crevasse subdelta lobes which infill flood plain and lakes in the Middle Jurassic Ravenscar
Group of Yorkshire, United Kingdom (Mjgs et al. 1993). This composite crevasse splay
deposits usually are between 2.5 and 6m thick, with estimate extension above 20km through

distal part of overbank zone (Mjgs et al. 1993). In the medial to distal zone, the composite
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crevasse splay sequence will consists of amalgamated and stacking single crevasse splay
sandstones with widths of around 0.5km. The thickest crevasse splay sandstones as observed
in the Manaus region, suggest connection with a huge feeder channel linked to a mega-scale
meandering to anastomosing fluvial system (Mendes et al. inedit). These deposits generally
interbedded with floodplain/lake mudstone and extremely bioturbated by complex burrows
system and, locally, root marks occur in the top of coarsening and thickeness upward cycle
(Figure 2).

b ‘:\ ' -~ . i g =

Figure 6. Sigmoidal lobes of composite crevasse splay/subdeltaic deposits in Bela Vista Village,
Iranduba region. A) General view of overbank deposits in contact, upsection, with channel deposits
marked by whitish beds. B) Longitudinal (detail of A) and C) tranversal view of lobes with burrows
system cf. Thalassinoides (enlarging view in circle). D) Detail of A exhibiting sigmoidal cross bedding
with vertical tube systems (white arrows).
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Figure 7. Sedimentary facies of overbank deposits. A) Siltites interbedded with thin fine-grained
sadstone laminae with ripple bedding. B) Deformed mudstone beds bioturbated by simple tube. C)
Quartz-filled veins in fine-grained sandstone mimetizing diminutes ripple marks (white arrows) and
laterally develop interconnected networks forming a box-work pattern (D). E) Deep cracks in siltstone
filled by laminated sandstone (arrows in F). A, C and D are features observed in the outcrops located
in the left margin of Amazonas River, in front of Careiro Island, B and E observed, respectively, in
Bela Vista and Cacau Pirera villages.

4. Trace fossils

The trace fossils found in the Alter do Chdo Formation occurs mainly in kaolinized
and/or ferruginizated medium- to coarse-grained sandstones, as well as, in silicified reddish
mudstone layers exposed in several localities (Figure 1, 2 and Table 1). Crevasse splay lobes
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deposits display a high diversity and low abundance of trace fossils mainly composed of
Thalassinoides and Adhesion Meniscate Burrows (AMB) and rarely Taenidium-Beaconites-
Planolites-Diplocraterion ichnocoenosis (Figure 2, Table 2). Rizolithes are abundant in
floodplain and paleosol deposits and rare in high-energy sedimentary deposits (Figure 2,
Table 2). Locally, occur vertebrate and insect burrows in paleosol and floodplain (Figure 2,
Table 2). Channel/point bar and lake deposits showing the impoverished ichnocoenosis
characterized by low diversity and abundance of trace fossils (Figure 2, Table 2). Due the
difficult in identify the icnogenus or icnospecie, we grouped trace fossils according to their
morphologies in: 1) compound burrows systems, vertical and/or horizontal tubes that connect
to form galleries; 2) meniscates, isolated burrows, unbranched, horizontal, cylindrical with
backfill meniscus; 3) isolated vertical burrows, U- and J-shaped burrows, without apparent

spreiten; and 4) horizontal burrows.

Table 1. Distribution of trace fossils according studied localities.

LOCALITY ICHNOFOSSILS

Thalassinoides
Diplocraterion
Planolites
Vertebrate
burrows

Insect burrows

AMB

X| Beaconites

BR-174 Sandstone quarry in the km 11
Highway Cabega Branca River

Ponta Negra beach
Port of Sdo Raimundo
Port of Estaman Company
MANAUS Ponta das lajes (Franzinelli and
Igreja, 2011)

Left margin o f Amazonas
River, near of Careiro Island
Cacau-Pirera

IRANDUBA Bela Vista
Paricatuba Village
Tapajos Rivermouth

Alter do Chéo City

X
X

X

X | X|X| X |X| Taenidium
||| % |x| Rizolithes

X
X
X
X
Pas

Pas

SANTAREM

x| X [X] X | X [X| X
X
X
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Table 2. Distribution and abundance of trace fossils, according Alter do Chdo facies associations.

ICHNOFOSSILS
£ s g
= - 3
FACIES sl2| |8/28|g|s|8,|5
ASSOCIATION S| 2 Sl5|=| = |58 8
—_ © o [=) = +—
c | 21| oL e S 85| ©
s S| 8|2|8| 8|55 &
F|lF|<|o|0O|a x > a| £
Floodplain X X | *| x| - X - -
Overbank | Crevasse splay lobes | * X | *|*]|* X - -
deposits Lake ol T L I - - * -
paleosol [ -1 -1-1-71-71 X * X
Channel/Point bar X | *| - - - * * - *

* AMB = Adhesion Meniscate Burrows.
X = abundant (>50%), x = frequent (10-49%), * = rare (<10%), no observed (-).

4.1. Morphology description

Compound Burrows systems

Diverse tubes form an intricately network gallery with horizontal and vertical
orientations, mainly observed in crevasse splay sandstones comprising compound burrows
systems (Figure 8A). T- and Y-shaped arrays form tube connections in medium- to coarse-
grained sandstones with through and tabular cross-stratifications, generally with
inhomogeneous lateral distribution. Locally occur dense concentrations of tubes characterized
by a multiple apertures and complex basal architecture (Figure 8B). The tubes have an
elliptical to subcircular shape in cross section, and straight to slightly curved, with maximum
length of 20 to 45cm and 1 to 4 cm of diameter. The diameter turnaround reach up to 4 cm.
The walls are smooth and have irregular outlines, with the same composition of host rock.
Commonly, iron oxide-hydroxide impregnated the walls conferring a dark brown to yellowish
color to the tubes (Figure 8A-C). Locally, small grooves and protrusions occur parallel and
perpendicular to the tube wall (Figure 8D). Whitish coarse- to medium-grained sands of
massive aspect usually filled the tubes. Tubes cross one and another forming a densely
bioturbated layers with false bifurcations. In all areas studied the burrows systems occur
restricted to coarse- to medium-grained sandy layers, and form irregular boxwork pattern with
long shafts and regular maze.

The morphology of these trace fossils is very similar to the Thalassinoides ichnogenus
which show the same Y-shaped pattern and inverted T-shape at bifurcations, as well as,
smooth walls, local grooves and protrusions (Bromley and Frey, 1974; Howard and Frey,

1984). However, some insects (mainly ants) and root traces can build similar patterns to the
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trace fossils found in sandstones from Alter do Chdo Formation (Ratcliffe and Fagerstrom,
1980; Klappa, 1980, Retallack, 2001).

Nogueira et al. (1999) have described rizolithes in paleosols of this unit in the Manaus
region. Differentiate between trace fossils produced by roots from those produced by animals
is not always easy (Klappa, 1980; Curran, 1984). Some factors like regularity in the diameter
of the tubes and the absence of downward bifurcations rule out the possibility of formed by
plant activity (Plaziat, 1971; Retallack, 2001).

Tube systems with well-defined walls practically rule out the possibility of insects
have produced these galleries. According to Ratcliffe and Fagerstrom (1980) the burrows
walls produced by insects are less distinct than those produced by vermiform organisms. This
difference can be explanaid mainly because insects do not secrete mucus on the burrows
walls. Therefore, the probable tracemarker of these galleries could be arthropods. However,
some tubes produced by insects are single tubes with endings branches formed by cells or
cocoons, an underground cavity for accumulation of eggs, pupating and turning around
(Stanley and Fagerstrom, 1974; Ratcliffe and Fagerstrom, 1980). These trace fossils occur
mainly in paleosols of overbank deposits. In the Ponta Negra Beach form a mosaic patterns of
spatially distributed networks of galleries and hemispherical to oblate polydomal chambers

(Figure 9C) with suggest a nest ants (Hasiotis, 2002).
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Figure 8. Bioturbated crevasse splay lobes in the outcrop located in the left margin of Amazon River,
in front of Careiro Island. A) Sigmoidal lobes internally bioturbated by complex system burrows like
Thalassinoides (Th, black arrow). B) Detail of A showing inhomogeneous distribution of the burrows
system. C) Thalassinoides associated with probable Planolites (P1). D) “Y” shape Thalassinoides in
kaolinized sandstone occurring in right margin of the Cabeca Branca River that crosses the BR-174
highway.
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Figure 9. Vertical to subhorizontal burrows in overbank deposits interpreted as insect traces. A)
Subhorizontal tunnel in siltstone with chamber at the terminous (Port of Estaman Company). B) and
D) Vertical J-shape tube in fine-grained sandstone (Paricatuba Village). C) Mosaic patterns of
spatially distributed networks of galleries and hemispherical to oblate polydomal chambers (Ponta
Negra Beach).

Horizontal to Oblique burrows

Predominantly horizontal with rare oblique to vertical burrows that mainly occur in
sandstones and in more rarely mudstones. Full-relief endichnial, unornamented burrows,
generally straight to slightly curved and with rare intersecting traces. The burrows fill consists
massive dark red fine-grained sand, differing of host rock. The burrows range from 2 to 8cm
in length and between 0.5 and 1cm diameter. The burrows have a heterogeneous distribution
where locally are abundant and in other places are sparce or absent. The morphology and
different filling of host rocks suggest Planolites ichnogenus (Pemberton and Frey, 1984).
Arthropods are the main tracemarkers of Planolites, commonly related to continental settings
(Buatois and Mangano, 1993). Locally, horizontal bilobate trace fossils exhibiting central
furrow and irregular ferruginezed wall with maximum length of 15cm and 2cm in diameter
resemble Cruziana morphology. The central furrow have 0.5cm in thickness and 0.2cm of

deep. The lateral lobes display an irregular thickness ranging from 1 to 0.8cm. In continental
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deposits, bilobate trace fossils similar to Cruziana generally classified as Isopodichnus, is
now a synonym of Cruziana. Trewin (1976) describe in detail 1sopodichnus and distinguish
from Cruziana based on shape of the ending trace. However, the studied burrow has poorly
preservated trace endings. Notostrachans and isopods are probably tracemarkers of
Cruziana/lsopodichnus in freshwater environments (Pollard, 1985; Hasiotis, 2002).

Meniscate trace fossils

Meniscate trace fossils dominate in coarse- to fine-grained sandstones of crevasse
splay lobes deposits and in mudstones floodplain. The traces are predominantly horizontal,
cylindrical, straight and gently curved burrows, with diameters ranging between 8 and 12mm
and 60-140mm length. Vertical or inclined burrows disposition are rare and the commom
cross-section view is circular to subcircular. Trace fossils are endostratal burrows, randomly
distributed and locally occur high concentration intersect itself, developing false
ramifications. The meniscus arrangement indicate three types of meniscates burrows.

Unlined burrows has transversal menisci, characterized internally by alternation of
dark and whitish menisci. The 1 and 2mm-meniscate backfills are generally parallel to each
other, except where the burrow changes of direction. The meniscus when in cross-section is
generally concentric. Taenidium, Muensteria, Beaconites and Scoyenia are the most common
meniscate trace fossils. The absence of lining, regularly spaced backfill, less than in thickness
to burrow width, and the reduced size of the burrows indicates Taenidium ichnogenus. The
color variation in the menisci reflects changes in the particle size where clear menisci have the
same grain size of the host rock; in contrast, dark menisci are thicker and include peloidal
material. The sinuous and curved shape of some burrows are characteristics of T. barretti
Bradshaw (1981), but the same thickness alternation of sediments and approximated parabolic
array of pellets, also suggests the presence of T. satanassi D'Alessandro and Bromley (1987).

The second type of meniscate burrow exhibits thicker, unlinead, sinuous and straight
burrows, locally with false bifurcations and variably orientation. The menisci constitutes a
succession of overlap distinct ellipsoidal packets containing indistinct subparallel meniscate
backfill. The menisci is non-pelleted and composed of similar hosted sediment. Locally, some
traces have hemispherical or circular endings. These characteristics are similar to Adhesion
Meniscate Burrows (AMB) found in various floodplain paleosols (Hasiotis, 2002; 2004;
Smith et al. 2008). In Alter do Chao Formation, the burrows occur mainly in crevasse splay

lobes and floodplain deposits associated to Taenidium and rizolithes. Smith et al. (2008)
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consider AMB a new ichnotaxon assigned as Naktodemasis bowsi and probably produced by
bugs, cicada nymphs, scarabaeid or carabid beetles.

The third type of meniscate burrow occurs rarely in crevasse splay/deltaic lobes and
floodplain deposits. Linead, unbranched, straight to gently curved, horizontal to subvertical
tubes showing thin, texturally heterogenous meniscate backfills outlined by iron oxide. This
burrows are similar to Beaconites with composed alternation of fine- and coarse-grained
sediment arranged in tightly spaced backfills and showing a crenulate wall. According to
Keighley and Pickerill (1994) Beaconites is a icnotaxon almost exclusively of continental
environmental with rare occurrences in marine deposits.

The meniscate-dominated ichnotaxons in floodplain deposits suggest a Scoyenia
ichnofacies in the sense of several recent authors (Frey et al. 1984, Buatois and Mangano
1985, 1993). According to Buatois and Mangano (1993) these meniscate burrows represent an
evolutionary innovation which produced a more effetive reworking of substrate in non-marine
environments. The common tracemarkers of these meniscate burrows in continental
environment are larvae of insects and arthropods during its locomotion within the substrate or
feeding deposits, as well as, a combination of both processes (Stanley and Fagerstrom, 1974;
Squires and Advocate, 1984; D'Alessandro and Bromley, 1987; Fernandes and Carvalho,
2006).
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Figure 10. Meniscate trace fossils in overbank deposits. A) Adhesion Meniscate Burrows (AMB) in
kaolinized sandstone exhibiting packets contaning insdistinct and different angles of meniscate
backfill (Cabeca Branca River). B) Isolated Taenidium in coarse grained-sandstone (Bela vista
Village). C) Taenidium cutting obliquely and subhorizontally the sandstone beds (Port of Estaman
Company). D) Taenidium siltstone of floodplain deposits (Port of S&o Raimundo).
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Figure 11. Meniscate trace fossils in overbank deposits. A) Horizontal meniscate (Bela Vista Village).
B) Detail of A showing thin, texturally heterogenous, meniscate backfills cf. Beaconites outlined by
iron oxide and cutting on crevasse splay lobe. C) Bilobate trace with central furrow and irregular
ferruginezed wall classified as cf. Cruziana associated with Beaconites (left margin of Amazon River,
in front of Careiro Island). D) U-shaped burrow of Diplocraterion in plain and E) transversal views
(Port of Estaman Company).

Isolated Vertical burrows

Occasional isolated vertical tubes occur in massive mudstones and cross-stratified
coarse-grained sandstones in floodplain and crevasse splay lobes deposits. These vertical
burrows are U-shaped and rarely consist of a single tube (Figure 12A). The U-shaped burrow
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occurs perpendicular to bedding with tubes gently curved and exihibiting incipient spreiten.
These traces exhibit different amplitudes along the burrows, with lower portion showing
larger amplitude than upper portion. In cross-section the double opening of U-shaped
burrows, present circular ends linked by a short and gently curved tube resembling dumbbell-
shape (Figure 12B). The largest tubes have openings 5mm, 12mm of amplitude in the top, and
the total length of the burrows are not observed. The smaller tubes have openings between 1
and 2mm, 5 to 8mm in amplitude at the top and the base length of 30mm. Massive and
reddish medium- to fine-grained sediments fill the tubes. Isolated vertical single like-tube
occurring preferably in sandstones can be confused with Skolithos or Ophiomorpha, the last
described by Rossetti and Netto (2006). However, shallow to moderate burrow depths is a
characteristic of bioturbation of Alter do Ch&o deposits and, in addition, ichnofossil walls are
generally ferruginized difficulting the precise identification of pustules, a common wall
feature of Ophiomorpha.

U-shaped traces fossils are generally associated with Diplocraterion, Arenicolites and
Rhizocorallium. Dumbbell shapes are characteristic of Bifungites trace fossils. Gutschick and
Lamborn (1975) interpret the Bifungites dumbbell shaped similar to an inverted =, associated
to the lower portion of the U-shaped tubes without spreiten. Only the upper portion of tubes
was observed in Alter do Chdo overbank deposits, hindering its classification as Bifungites.
Devoid-spreiten tubes apparently discard Diplocraterion and Rhizocorallium, but the poorly
preservation of spreiten laminae can be due little lithological contrast. The apparent
connection tube, in fact, is a spreiten, observed in cross-section, similar to those described by
Farsich (1974) as Diplocraterion in the Late Jurassic. The central tube will be the result of
preservation of residual material of spreiten after erosional event (Fursich, 1974, Simo and
Olsavsky, 2007). The gently curved to oblique orientation of traces not combine with
accentuated curvature of Rhizocorallium, which characterized by horizontal or oblique U-
shaped tubes with spreiten (Schlirf, 2011; Knaust, 2013). Thus, U-shaped traces fossil in the
Alter do Chéo deposits is close with Diplocraterion.

Vertical J-shaped tubes occur locally in medium- to fine-grained sandstone of
channel/point bar deposits (Figures 9C and D). J-shaped tubes with rounded ending are a

typical feature produced by insect burrowers (Ratcliffe and Fagerstrom, 1980).
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Filamentous to tubular structures (root traces)

Abundant root traces characterize paleosol levels in overbank deposits of the Alter do
Chéo Formation, developed in muddy sandstone mainly characterized by more intense
reddish color in comparision with adjacent facies and the mottled aspect (Figure 12). The
paleosol mark the upper portion of fining upward cycles of up to 3.5m thick, laterally
continuous for dozens of meters and displaying transitional basal contact and truncated by
channelized sandstone (Figure 12A). The types of root traces, according Klappa classification
(1980), found in these horizons are filled molds and petrified (silicified) roots (Figure 12E and
F). The cylindrical molds are commonly circular to elliptical in cross-section with diameters
from 0.1 to 6¢cm and up to 1m long (Figure 12E and F). The trace are generally perpendicular
to the bedding, filled by fine- to coarse-grained sandstones with quartz granules and,
sometimes, pebbles with up to 1cm. The tubular shape tapering downward and became
branched subhorizontally, bifurcating in smaller diameter secondary traces, generally
surrounded by iron reduction whitish halo. Secondary root traces and rootlets occur
disseminated in the paleosols, forming an intricate network. Petrified roots are rare and
generally identified by the partial preservation of anatomical features of the plant, cemented
by silica and hematite.

Some traces fossil, represented mainly Taenidium, AMB and J-shaped burrows, occur
together with root traces, obliterating almost completely the primary sedimentary structures.
Concentrations of iron oxides and hydroxides in these beds enhance the paleosol structures
and, in most cases, are indurated. In plain view, the paleosol tops form a slightly corrugated
surface, reflecting a centimeter-scale domic relief that, in profile, appear as columnar ou
pediform structures (Figure 12A and C). Discontinuous and curved subvertical plans, with
random arrangement, developed in the silicified pelites exhibit striate surfaces and
slickensides (Figure 12H). Subvertical deep cracks tuncate the paleosol (Figure 12D).
Silicified wood fragments occur in foresets of cross-bedding or disseminated in massive

sandstone (Figure 12G)
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Figure 12. Root traces in overbank deposits. A) Upper portion of fining upward cycles exhibiting
paleosol marked by root traces and cilindric pediform structures, truncated by planar cross-bedded
sandstone of channel. The dashed line marks the contact between paleosol and channel deposits. B)
Mottled and reddish muddy sandstone. C) Pediform structure in plain view. D) Deep dissecation
cracks filled by sandstone truncated by tectonic fractures. E) Intricately network of roots. F) Detail of
D showing root in plain view with silica (white color) filling the traces. G) Silicified wood fragment in
cross bedded sandstone. H) Slickensides in silicified siltstone.
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5. Interpretation of fossil traces

Continental trace fossils generally form isolated vertical excavations, tracks, footprints
and rarely tube systems, mainly produced by invertebrates such as arthropods, annelids
worms, insects, larvae and molluscs (Stanley and Fagerstrom, 1974; Ratcliffe and Fagerstrom,
1980; D'Alessandro and Bromley, 1987; D'Alessandro et al. 1987, Genise et al. 2000,
Fernandes and Carvalho, 2006). In channel/point bar and overbank deposits from the Alter do
Chéo Formation are commonly bioturbated by tube systems galleries; isolated meniscate
burrows and, rarely, isolated horizontal and vertical U- to J-shaped tubes.

In the Alter do Chdo Formation the tube systems like-Thalassinoides mainly occur in
crevasse splay lobes deposits, considered here as dwelling structures built by arthropods or
crayfish (Kim et al. 2002). The similarity between these tube systems with Thalassinoides,
attributed to marine decapod crustaceans activity has been used as a possible marine indicator
for Alter do Chao Formation (Rossetti and Netto, 2006). Indeed, Thalassinoides are widely
regarded as typical marine and coastal environments (Kennedy et al. 1969, Bromley and Frey,
1974; Amos et al. 1983; Pemberton and Frey, 1984;, Bromley and Asgaard, 1991; Monaco et
al. 2007). In addition, Thalassinoides and Ophiomorpha have the same tracemaker- decapod
crustaceans- that inhabit marine environments (Bromley and Frey, 1974; Frey et al. 1978).
Morphologically, these galleries are similar, but the only difference between them would be
the substrate consistency. The colonization of incohesive substrates, decapods build a wall to
support the dwelling structure precluding their collapse and forming a typical nodose outer-
wall of Ophiomorpha. In cohesive substrates, such as mudstones, limestones or sandstones
the wall-support is unnecessary and the galleries outer-walls is smooth, generating
Thalassinoides. In the studied succession, the Thalassinoides outer-walls tipically indicated
consolidated or semi-consolidated substrate. In addition, Ophiomorpha has also been found in
continental environments without marine influence (Merrill, 1984, Loope and Dingus, 1999).
These examples point out to lack of consensus in the use of paleoenvironmental
interpretations based exclusevely on trace fossil analysis without a paleontological analysis or
more detailed facies study. Trace fossils reflect mainly behavioral patterns where different
organism can to generate similar traces independent of sedimentary environment.

The marine influence cogitated by Rossetti and Netto (2006) based on tidal structures,
observed in discontinuous outcrops in 15km of margin of Amazon River, is intriguing. Our
observations not revelead any tidal structures in the same outcrops. Despite wavy and flaser
bedding be not exclusive of tidal settings (Martin, 2000), the ripple marks, apparently mantled

by mud drapes, observed by this authors are, in fact, slightly undulated and crenulated
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extension fractures. In addition, the supposed “mud drape” is a filling of microcrystalline
quartz. Wave induced-structures are not exclusive of marine setting and commonly oscillatory
flow reworked the top of crevasse splay deposits (Guion, 1984, Mjgs et al. 1993).
Bidirectional flow observed in the studied succession is a secondary paleocurrent pattern
linked to the development of crevasse splay deposits. Hummocky cross-stratified sandstone
was not observed in the Alter do Chdo Formation, many low-angle truncation stratification
were associated to internal features of lobate sandstone with abundant Thalassinoides. Other
indication against the tidal influence is the bioturbation index, measured in Thalassinoides
hosted-deposits. The bioturbation index (after Reineck, 1963, Taylor and Goldring, 1993) is
generally between Bl 3 and 4, and more rarely Bl 2. This index value clearly refutate the
existence of a colonization window commonly found in tidal influenced-environment (Pollard
et al. 1993; Longhitano and Nemec, 2005). Gingras et al. (2011) suggest six ichnological
criterious for indicate the tidal processes in ancient and recent deposits: 1) ichnological
response to rhitmic sedimentation; 2) the occurrence of tubular tidalites; 3) evidences for
exploration of anisotropic resources associated to food-rich slacktidal laminations; 4)
identification of tidal-flat deposits throught bioturbation intensity and ichnological
composition; 5) the recongnition of brackwish-water trace fossils; and 6) system-scale
ichnological distribution. Neither of these criterious can be used in the studied succession.
The documented trace fossils occur in all lithologies, but with a certain preference for thicker
sandy facies such as crevasse splay deposits.

Trace fossil of Taenidium, Beaconites and Planolites reflect the mobility and feeding
activity within the substrate held by terrestrial and aquatic invertebrates such as insects, larvae
and oligochaetes in channel and floodplain deposits. AMB are structures producer by two
distinct behaviour of tracemarker, locomotion and temporary dwelling structures, mainly
produced by insects during its displacement into the substrate (Smith et al. 2008). The
meniscate burrows occur preferencially in overbank deposits and, some them, are associated
with root marks, suggesting long periods of exposure. Large-scale filled burrows, with 80 cm
long, described in Ponta das Lajes locality, by Franzinelli and Igreja (2011), occur in red
siltstone interpreted as lacustrine deposits. Presumably, this burrows produced by some
unknown vertebrate organisms were excavated in the top of red siltstones in a subaerial
exposure surface and attest the predominance of continental setting. Notwithstanding,
meniscate burrows coadunate with subaqueous environment or well-drained soil/substrate
conditions. All traces fossils describe in Alter do Chdo Formation indicate colonization during

or following the intermittent floods in overbank deposits explaining the heterogeneous lateral
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and vertical distribution of burrows (Figure 13). The tracemakers could also inhabit marginal
zone of lakes or constantly flooded restrict areas. Diplocraterion, J-shaped tubes and
vertebrate burrows are possibly dwelling structures built by annelid worms, insects and
tetrapods, respectively, in channels and overbank deposits.

With regard to identification of icnologic suites typical of brackish-waters, Alter do
Chéo Formation deposits have very similar characteristics described by Pemberton et al.
(1982) as: 1) low diversity of trace fossils shapes; 2) the presence of a poor marine
assemblage (Thalassinoides); and 3) the presence of some high density ichnospecies (mainly
meniscate burrows). In opposite, other features are not common in the Alter do Chéo
Formation such as: 4) assemblage dominated by one ichnospecies; 5) very small trace fossil
and 6) predominance of vertical and horizontal structures morphologically simple. Therefore,
the occurrences of a brackish-water trace fossils assemblage is not confirmed as reported by
Rossetti and Netto (2006). In contrast, Taenidium and AMB are abundant in bioturbate layers,
in contrast with Thalassinoides and Diplocraterion with occasional occurrence.

In all studied localities were identified sedimentary facies suggesting a fluvial
environment and the Taenidium and root marks dominant trace fossil, and some outcrops
were found like-Thalassinoides, insects and vertebrate trace fossils. Morphological variations
of Thalassinoides suggest that the substrate is the main factor controlling the distribution in
the studied deposits. The predominance of maze patterns can be related to any physical barrier
that prevented tracemarkers penetrate deeper into the substrate (Hasiotis and Honey, 2000;
Miller and Curran, 2001). Experiments with modern thalassinidean shrimp (Miller and
Curran, 2001) indicated that the presence of impenetrable surfaces and layers forces these
burrowers to producer abundant horizontal tunnels with ample lateral distribution. In the Alter
do Chdo Formation deposits, these layers or impenetrable horizons could be conglomeratic
lenses or silicified levels that usually occur at the base of layers containing Thalassinoides.
According Hasiotis and Honey (2000) predominantely horizontal shallow crayfish galleries
are produced where swampy conditions prevailed.

Buatois and Mangano (2002) characterize the ichnocoenosis of Carboniferous
floodplain deposits from Argentina as low diversity, dominated by surface or very shallow
traces and very simple forms, with a combination of locomotion, grazing and dwelling traces
produced by arthropods and vermiform organisms. Stanley and Fagerstrom (1974) also
recorded similar characteristics in pond deposits of braided river abandoned of the Miocene

Western Nebraska, with abundance of horizontal meniscate fossil traces. These features are
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similar to those found in channel, point bar and floodplain deposits of Alter do Chéo
Formation.

Buatois et al. (1996) subdivided continental Scoyenia icnofacies into two distinct
suites dominated by the substrate consistency, the softgrounds and firmgrounds substrates.
Softgrounds would allow the development of meniscate trace fossil with back-filled structures
without ornamentation. In contrast, in the firmgrounds, organism develop striated or ornate
features. In overbank deposits, Taenidium, AMB, Beaconites and Planolites indicate
unconsolidated substrates (softgrounds) and like-Thalassinoides and vertebrate burrows
indicate consolidated to semi-consolidated substrates (firmgrounds). The associations between
these types of trace fossil observed in the Alter do Chdo Formation indicate change in the
substrate consistency, no related with marine influence. The unconsolidate sediments with
organic matter would be exploited by deposit-feeding organisms or simply displacing into the
substrate. The continuous burial and compaction of these sediments, the substrate become

more cohesive allowing the construction of dwelling galleries similar to Thalassinoides

(Figure 13).
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The abundance of root traces in the paleosol and their lateral continuity for dozens of
meters indicate topographic and climatic conditions compatible to colonization by plants,
reworking and occupation by organisms, probably under tropical wet (humid) climate. The
abudance of spore and absence of rimulate, polyplicate pollens grains and fungal spores in
amber fragments indicate a hot and wet climate (Dino et al. 1999; Pereira et al. 2006). This
paleoclimate inference are in agreement with record of recurrent paleossols in the succession
and abudant silicified wood fragments that cooroborate vegetated fluvial marginsSporadic
deep cracks indicate subaerial exposure and semi-arid intervals. The alternation of wet and
dry conditions is also indicated by the presence of pediform structures and strias, which
represent periodic expansion and contraction of the fine material (Caudill et al. 1996), causing
small displacements along the fractures. Similarly, the mottled appearance is suggestive of
reduced drainage stages in paleosols, where the migration of iron ions led to the accumulation
in the form of oxides and hydroxides (Collinson, 1986; Retallack, 1990), responsible for red
color. The occurrence of meniscate burrows characterize the ichnofacies Scoyenia, commonly
found in paleosols (Bracken and Picard, 1984; Pemberton et al. 1992 Buatois et al. 1996;
Smith et al. 2008), confirming the continental environment interpretation for this deposits.
The tracemarkers organisms were distributed mainly in extensive overbank areas, dominated
by crevasse splay deposits, related to a huge meandering to anastomesed fluvial system,

implanted in the Amazonia during Late Cretaceous (Figure 14).
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Figure 14. Depositional model for Upper Cretaceous Alter do Chdo deposits in the Manaus region.
Anastomosing subenvironments are showed with indication of identified ichnofauna.

6. Final remarks and conclusions

Icnologics data and information on the stratigraphy of the Alter do Chdo Formation
indicated an ichnofauna that inhabited a meandering to anastomosing fluvial setting with
extense overbank areas. These organisms were adapted to constant seasonal changes
controlling the flooding and dry periods, the migration of channels and differences in the
substrate. The overbank areas of this huge fluvial system were the preferred habitat for the
flora and fauna during Upper Cretaceous in the Amazonia. The ichnofauna comprises
Taenidium barretti, adhesion meniscate burrows (AMB), Beaconites and, occasionally,
Thalassinoides galleries, Planolites and Diplocraterion considered here as exclusively
continental. The burrows atest well drained substrates, where water tables are below the land
surface and coadunate several subaquous continental settings under a wet climate.

The distinction between marine and non-marine depositional system using trace-fossil
analysis is an evidence line underveloped (Scott and Bank, 2014). The utilization of
icnofossils as marker of marine influenced-deposits is can be accepted if the sedimentary
structures be inequivocally marine (tidal processes) in origin. The hipothesis of a marine
influence in the exposed Alter do Chdo Formation became particularly attractive mainly

because some publications indicate paleogegraphic reconstructions with the presence of seas
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in the Amazonia during Late Cretaceous. For example, the paleogeographic maps of Scotese
(2014) use the maximum or minimum sea level for assemble the configurations of continent.
Obvially, the maps that use the maximum sea level, suggest shallow seas in Amazonia during
Cenomanian (96.6 Ma) that persisted until Late Campanian (73.8 Ma). In contrast, Arai
(2014) does not admit these seas for Aptian-Albian paleogeography. These paleogegraphic
reconstructions are experiments and have to be used with certain restrictions.

The hypothesis of transgressive events coming Pacific Ocean arriving in the Central
Amazonia is not supported, if consider that transgessive flow will have breaching the western
margin of South America in Andean uplift initial phase. Since Triassic, after the Gondwanide
Orogeny, until to initial phase of deposition of Alter do Chdo Formation, in the Late
Cretaceous, the basins no record any sedimentary succession (Cunha et al. 1994). The
geologic record occur only in Triassic by emplacement of basaltic dykes and sills associated
to Penatecaua magmatism of 190 + 20 Ma, that contributed with the intumescence of this part
of South America (Zalan, 1991; Mizusaki et al. 1992). Late Cretaceous transgressions in the
Werstenmost Amazonia, was concomitant with the initial phase of Andean ridge, and
restricted to the western margin of South America (Pindell and Tabbutt, 1995). In the same
way, incursions coming of Equatorial Atlantic proto-ocean are improbable because the
Gurupa Arch, eastern limit of Amazonas Basin, was uplifted during Late Cretaceous (Soares
Jr. et al. 2011).

Finally, the sedimentological and ichnological data provided herein seems to confirm
that Late Cretaceous marine deposits, in the basins of Central Amazonia, until the moment,
are completely unknown. Ongoing sedimentological and ichnological studies in the
Amazonas Basin with the same detail of those reported here for the Alter do Chao Formation,
will hopefully give a more complete picture of the Cretaceous ichnofossiliferous record in

Amazonia.
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Abstract Provenance of Cretaceous and Neogene sandstones of the Central Amazonas basin, Northern
Brazil, is by first time documented. Heavy minerals, sandstone petrography, paleocurrent measures
and U-Pb zircon age dating, were used to define potential sourcelands for these deposits. Quartz-
sandstones were sourced from different areas, discriminated essentially by paleocurrent patterns and
age spectrum. The regional hydrodynamic reconstitution indicates unidirectional paleoflows with SW
direction during sedimentation of the Cretaceous deposits and NE direction for Neogene deposits. In
the Alter do Chdo Formation indicated Paleoproterozoic age with unimodal spectra predominate and
mainly suggest ages between 1.8 and 2.1 Ga correlated to Maroni-ltacailnas Province. The
provenance age for the Novo Remanso Formation revealed a varied spectrum of Archean to
Neoproterozoic ages (3.0 to 0.5 Ga) with major contributions related to rocks of 0.5 Ga close to
Andean sources. Similarly, Quaternary deposits confer ages of 2.5 to 0.6 Ga. The provenance studies
confirms the occurrence of a transcontinental drainage on the Amazonas basin implanted during the

Late Cretaceous configuring a Big River with migration in direction of Pacific Ocean.

Keywords: Alter do Chdo Formation. Provenance. Petrography. Amazonas Basin.
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1. Introduction

The detailed evolution between Late Cretaceous to Neogene periods in Amazonia
never been addressed in the literature. The understanding of the geological events in the
transition between the Late Cretaceous and Miocene times, become an important issue. This
importance refers to the initial phase of the separation between the South American and
African continents, until the implantation of transcontinental Amazon River. While the
Neogene evolution of the modern Amazon River is largely discussed (Campbell, 1992;
Hoorn, 1993; Figueiredo et al., 2009; Hoorn et al., 2010, Nogueira et al. 2013), the Late
Cretaceous to Cenozoic events, before the implantation of this drainage, represents an
intriguing challenge.

The Late Cretaceous scenary admits expressive changes in the landscape related to the
Atlantic evolution. The breakdown of Gondwana triggered intense tectonic activity within the
South American and the continuos migration of continent to west, in direction of Pacific
plates, inducing a reorganization of continental drainage, as well as, reactivated the of
structural arches in Amazonia basins (Potter, 1997, Soares Jr. et al. 2011, Costa et al. 2001).
After the uplifted stage of the basin since the Permian times, the intumescence by volcanic
rocks (Penetecaua magmatism) emplaced during the Triassic (Misuzaki et al. 1992) persisted
until Late Cretaceous when occurred expressive subsidence and depositon of Alter do Chéo
Formation, the unique cretaceous record in the Amazonas basin. Almeida, (1974), suggested
the existence of supposed transcontinental drainage towards to the Pacific Ocean only for
Cenozoic period. The Late Cretaceous was overlooked during many years and the few
informations of the Cretaceous history in Amazonia reflect the poorly stratigraphic data and
incomplete sedimentologic interpretations. Addionally, data about the highlands that supply
the cretaceous deposits are scarce.

In this work, we presenting paleoenvironment reconstruction of Late Cretaceous Alter
do Chao Formation of the Amazonas Basin combined with huge provenance data obtained of
paleoflow measures, sandstones and heavy minerals petrography, as well as U-Pb zircon
grains ages. This framework of technics allowed a broad discussion about the paleogegraphy
of Central Amazonia during Late Cretaceous. Addionally, we describe the limit between Late
Cretaceous and Neogene Novo Remanso Formation (Rozo et al. 2005, Dino et al. 2006,
Guimardes et al. 2015). Cenozoic deposits in Central Amazonia (Figure 1), proposing a new

evolution that include now the origin of Proto-Amazonas deposition.
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Figure 1- Geological map with indication of studied localities (numbers in circle). Igneous and high-
grade metamorphic rock age provinces of the Amazonas and Solimdes basins and surrounding areas
(Tassinari and Macambira, 1999). Described units in the respective localities: 1- Alter do Chéao and
Novo Remanso formations, and Quaternary deposits near Santarém; 2- Alter do Chdo Formation at
Obidos hill: 3- Alter do Chao Formation at Parintins hill; Alter do Chao Formation at near Manaus.

2. Geological framework

The intracratonic Amazonas Basin mostly filled by Paleozoic siliciclastic rocks and
intruded by Mesozoic dikes and sills of diabase during Triassic, comprising a succession with
maximum thickness of 5000 m (Caputo, 1984). The basin has an area of approximately
500,000 km?, elongated following its WSW-ENE trending depositional axis. The limits of the
Amazonas basin are: the Purus Arch to the west, separating of the Solimdes Basin; the
Gurupa Arch to the East, separating with Marajo Basins; the Guyana Shield in the north; and
the Brazilian Shield in the south (Figure 1).

The tectonics is essentially brittle, little vertical expression, but with regional
deformations in large-scale, which keep close spatial relationships with the main orogenic
belts of the basement, indicated by reactivactions of ancient discontinuities during the
Phanerozoic (Resende and Brito, 1973).
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The main NW-SE transference faults and truncate all lithological units and were
responsible by depocenter offset of the basin (Wanderley Filho, 1991). Nepomuceno and
Theodore (1985) described three phases of tectonics, based on seismic data in the Amazonas
Basin: a) tectonic events responsible for establishment of normal faulting, from the Permo-
Carboniferous age, probably linked to Herciniana Orogeny; b) extensional tectonics with
intense igneous activity during the Permo-Triassic, coinciding with the opening of the North
Atlantic; and c) transpressional and transtensive tectonics from the Jurassic-Cretaceous until
today, apparently related to the opening of the South Atlantic.

The main basement of the Amazonas Basin is the Amazonian Craton, generated by the
fragmentation of the Rodinia supercontinent (Brito Neves, 2003). Amazonian Craton is
divided into six provinces, including four mobile belts and an old core represented by Central
Amazon Region in figure 1(Tassinari and Macambira, 1999 and Tassinari et al. 2000). These
provinces are represented by igneous, metamorphic and volcanic-sedimentary rocks which
correspond to the Central Amazon provinces (> 2.3 Ga) and Maroni-Itacaitnas (2.2-1.95 Ga)
(Cordani et al. 1979; Teixeira et al. 1989; Tassinari & Macambira, 1999).

The Maroni-Itacaitunas Province comprises a sequence of intercalated, deformed and
introduced metavolcanic and metasedimentary rocks by granitoid rocks of the TransAmazon
Cycle. It is strongly structured towards NW-SE, in the southern portion of the craton, and
inflects to W-NW, to the north, after exceeding the eastern portion of the Amazonas basin.

The Late Cretaceous of Alter do Chdo Formation and Neogene Novo Remanso
Formation of the Amazonas basin are the focus of this work. Alter do Ch&o Formation include
the most upper depositional sequence of Amazonas Basin, with approximately 500m thick,
representing the Javari Group (Cunha et al. 1994; Eiras et al. 1994). Cretaceous deposition
occurred during an east-west extension associated with the evolution of south Atlantic and the
initial Andean uplift. These siliciclastic deposits are uncorformably overlaid by Neogene
deposits of Novo Remanso Formation (Rozo et al. 2005).

The age of Novo Remanso Formation is indicated as Middle Miocene (Dino et al.
2012) or Middle Miocene-Pliocene (Guimardes et al. 2015). Paleogene lateritic crust separates
the Novo Remanso deposits of Alter do Chéo deposits. Lateritic immature crust on the Novo
Remanso Formation is considered as of Late Miocene, based on paleosol correlations in
eastern Amazonian region (Kotschoubey and Truckenbrotd, 1981; Truckenbrodt et al. 1982;
Horbe and Costa, 1997). In the same way, the bauxite crusts rotted in the top of Alter do Chéo
Formation indirectly confers Cretaceous and maximum Paleocene age to the Alter do Chao

Formation, contradicting the supposed Neogene age of Caputo (2011) for this formation. In



83

addition, the presence of Elaterosporites klaszii (Albian-Cenomanian) reworked in Novo
Remanso deposits strongly indicates Cretaceous rocks as sources for Novo Remanso
Formation (Guimaraes et al. 2015).

3. Materials and methods

In this work, were developed representative stratigraphic profiles of Alter do Chao and
Novo Remanso formations beyond the Cenozoic deposits. The facies organization followed
with morphological and geometric analysis and paleocurrent measurements were performed.

The sandstones petrographic study was conducted on 16 samples for textural and
compositional characterization (Folk, 1974). The heavy minerals were separated of 46
samples (125-62 pm) with bromorfom, and evaluated semi-quantitative way, by counting
under petrographic microscope ZEISS, AXIOLAB model. Analysis of mineral surface
textures was accomplished with a Scanning Electron Microscope (SEM), LEO 1450VP model
of the Scan Electron Microscopy Laboratory of the Universidade Federal do Para (LabMEV /
UFPA).

The zircon dating were studied six samples (four of Alter do Chdo Formation, one of
Novo Remanso Formation and the recent Cenozoic deposits) previously separated and
selected with depositional environment, facies variation and representative of vertical and
horizontal variations. Uranium-lead analysis was carried out by Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry Multi-Collector at the University of Brasilia (UnB). The
New Wave 213 nm Nd-YAG laser was used to ablate and introduce sample to the mass

spectrometer Finnigan Neptune.

4. Faciologic and general aspects of Cretaceous and Cenozoic deposits

Outcrop-based stratigraphic and facies analysis were carried out in Cretaceous
deposits of Alter do Chao and Miocene Novo Remanso Formations in the Central Amazonia
(Figure 1). Despite the pre-Quaternary deposits, be documented in the previous map of
Geological Survey of Brazil (CPRM) we indicate the first occurrence of Novo Remanso
Formation in this central part of the Amazonas Basin (point 1, Figure 1). The units are very
wheatered and many sedimentary structures detached by iron oxide-hidroxides. Despite the
friable aspect of bith units, the kaolinized sandstones are typical of Alter do Chao deposits
and the outcrops are always exhibit withish to yellowish color. The details will be

sedimentological aspects in shown below.
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Paleocurrent measures perfomed in trough cross-bedding in Alter do Chdo Formation
indicate a large unimodal trend prenominantly to S-SW orientation. In contrast, the tabular
cross bedding of Novo Remanso Formation indicate E-NE direction (Figure 2). Therefore, the
regional hydrodynamic reconstitution indicates unidirectional paleoflows with SW direction

during sedimentation of Cretaceous sediments and NE direction for Neogene deposits.
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Figure 2. Geological map and paleocurrent measures in fluvial deposits of Novo Remanso and Alter
do Chéo formations, along the Tapajos and Amazon rivers. Localities: 1- Alter do Chao Village (at
near Santarém); 2- Obidos hill; 3- Parintins Island; 4- Careiro Island (at near Manaus).

4.1. Alter do Chao Formation

The sedimentary facies of Alter do Chdo Formation is organized in fining-upward
cycles ranging from 1 to 6m-thick, forming a succession of 10m to 25m in thickness (Figure
3). The succession consists of well-structured fine- to coarse-grained sandstones, with angular
to subrounded and poorly to moderate-sorted quartz grains (Mendes et al. 2013). Lithic
fragments are generally of mudstone, granites and, subordinately, gneisses. Massive and
bioturbed pelites occurs at the tops of fining-upward cycles. This deposit comprises record of
high-sinuosity, laterally accreting and mixed load meandering fluvial system, with migration
to the S-SW (Mendes et al. 2012).
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¢ 5

Figure 3. Alter do Chao Formation outcrops riverbanks in the Santarém region. A) and B) panoramic
section showing wheatering whitish and reddish colors. Note the presence of lateritic crust blocks in
the floor. B) Detail of Figure 2A showing channel deposits and overbank sediments.

4.2. Novo Remanso Formation

The Novo Remanso Formation (Rozo et al. 2005), occur in excellent expositions in the
left margin of the Tapajos River, nearby Santarém (Figure 4). In this region, the Novo
Remanso Formation unconformably overlies the Alter do Chao Formation and form a 10 m-
thick siliciclastic succession, generally organized in finning upward cycles. Tabular layer of
clast-supported conglomerates composed of quartz pebbles and ferruginous sandy matrix.
Medium- to coarse- grained-sadstone with tabular cross-stratification form layers laterally
continuous for ten of meters (Figure 4). The foresets outlined by iron-hidroxides, generally
dip to the east (Figure 4C). At the top of the Novo Remanso Formation occur an unconformity
with Quaternary deposits marked by nodular ferruginous, cavernous to columnar laterite
profile (Figura 4B and D).

Alluvial fans and/or fluvial channels with floodplain have been interpreted as
palaeoenvironments of this unit. The age of this unit was attributed to Miocene-Pliocene
(Rozo et al. 2005) and Middle to Late Miocene deposition based on palynomorphs (Dino et al.
2006; Guimard&es et al. 2015).
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Figure 4. A) Outcrop riverbanks of Novo Remanso Formation along of Tapajos River. B)
Unconformity separating Novo Remanso Formation of the Quaternary deposits. C) Detail of B, tabular
cross stratification. D) Detail of B, unconformity marked by stone layer (arrows).

5. Sandstones petrography

The sandstones of Alter do Chdo Formation are mainly quartz sandstones with pores
or matrix in open framework (Mendes et al. 2013). These sandstones are, in general, fine to
coarse- grained, with angular to subangular, and secondarily, subrounded moderately sorted
quartz grains (Figure 5 A-B). Overgrowth and sintaxial quartz cement partially obliterate the
grain contour difficulting, sometimes, the definition of size and roundness of the grain (Figure
5C). In the same way, silica cement also affects the analysis of rounding. The pores are,
frequently, filled by kaolinitic or ferruginous matrix (Figure 5D and 5E).

The framework grain composition is formed by quartz (60-80%), and secondarily

(<5%), lithic fragments and feldspars, sometimes altered to kaolinite (Figure 4). Quartz grains
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are predominantly monocrystalline, presents undulating extinction, sintaxial overgrowth, and
clay minerals inclusions filling microfractures (Figure 5F). However, the polycrystalline
quartz are composed, stretched and show multiple extinction (Figure 5G). Bipiramidal and
cuneiform quartz grains with a strong undulated extinction, as well as, vacuoles and, less
common, embayments filled by kaolinite (Figure 5 H). The lithic fragments are mainly

constituted by pelites and secondarily altered granites and gneisses.
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Figure 5: Quartz-sandstone of Alter do Chdo Formation illustrating: A and B) overview of the
framework dominated by monocrystalline quartz; C) silica cement — red arrows; D) monocrystalline
quartz, pores (P) and zircon grain (Zr); E) kaolinitic matrix (Mt) and F) quartz grain with fracture
filled by matrix (Mt); G) Polycrystalline quartz grains, stretched and with multiple extinction; H)
embayments filled by kaolinite.
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6. Heavy minerals

The study of heavy minerals supports the identification of different source rocks
(Morton and Hallsworth, 1994; 1999). Heavy minerals from the Alter do Chao and Novo
Remanso formations present a similar assemblage with different percentages (Table 1 and
Figure 6). They are mainly represented by zircon, tourmaline, kyanite, staurolite and rutile
(Figure 7). These minerals, quite stable, exhibit shape and variables surface textures (Figure
8).

The zircon grains (=87%) are more abundant in the assemblage and, in general, have
prismatic, bipiramidal endings, with worn edges shapes. Several grains contain inclusion
minerals and zonations. In addition, equidimensional rounded to subangular grains still occur,
and more colorless and slightly brown grains. Surface textures of grains are generally impact
marks and conchoidal fractures. From the variety of grain shapes were selected for U-Pb
geochronological studies (Figure 9). Tourmaline (=14%) has prismatic shapes, colors with
green and dark brown and subangular equidimensional grains, which are more abundant, with
greenish-brown color. Conchoidal fractures and impact marks are common as dissolution
features occur more rarely. The kyanite (=2%) is prismatic and irregular with frequent
corrosion features. The rutile grains (=3%) are mostly red and show irregular shapes, low
degree of roundness and conchoidal fractures. Staurolite grains (=5%) are angular with
several shades of yellow. Conchoidal fractures and dissolution features in forms of nipple

brands are frequent.

Table 1: Percentage of heavy minerals composition with size ranging from 63 to 125 micron from
sandstones and conglomerate Alter do Chdo Formation, Amazonas Basin. TR = trace (< 1%), ZTR =
Zircon + Tourmaline + Rutile, Zir = Zircon, Tou = Tourmaline, Kya = kyanite, Sta = staurolite, Rut =
Rutile, Mon = Monazite, And = Andalusite, Sil = Sillimanite and --- = absent.

Region  Formation Sample Zir Tou Kya Rut Sta And Mon Sil ZTR

PoSO, 786 6 102 26 2.6 -~ - -~ 872
PoSO; 79 9 74 36 -~ — 1 - 916
S P,SO, 64 10 19 4 3 - - - T8
£ P,SO, 60 279 73 1 28 1 - - 889
§ g PoSO; 65 113 169 34 34 -« - - 7197
g § P;SO; 653 163 115 49 1 1 - - 865
8 PL,SO, 766 109 109 12 24 -~ 2 - 887
2 P,SO; 87 1 74 1 1 -~ 39 - 877
PSO, 8 5 5 2 2 - 3 - 9
PSO, 71 10 13 2 1 1 2 -~ 8




PsSO; 8 11 37 11 Tr - 101 -~ 86.2
P10SO4 74 8 12 3 3 - - - 8

PSSO, 697 43 20 1 14 - 36 - 75

PSSO, 733 18 159 18 1 - 62 - 769

PsSO, 746 54 86 31 Tr - 83 - 831

P1:SO, 75 10 5 1 - - 84

P1,SO; 81 7 4 — 4 - 88

P,SO, 805 42 85 Tr 25 - 42 - 847

PLSOs 875 2 3 1 35 - 3 - 905

P.SP, 919 58 -- 08 16 -- - 08 976

P,SP, 977 06 - 17 - = - - 100

@ PSP, 9.2 85 tr 06 tr - -- 06 993
< P,SP; 961 19 - 19 - = = - 999
<§f P,SPs 992 08 - tr  -- == - - 100
% P,SP, 955 26 tr 09 09 - - - 99
E PSP, 909 5 06 24 11 - - - 983
éEt P,SDP, 936 08 08 16 24 - -- 08 96
a P,SDP, 957 08 08 15 12 - - - 98
P.PP 91.2 54 08 07 08 - -- 11 973

PSP, 833 84 tr - 83 = - - 917

PJ-8 634 165 07 45 149 - - - 844

PJ-7 672 57 21 42 208 - - - 771

= PI6 711 64 35 49 141 - - - 824

% PJ-5 60.6 161 13 26 194 - - - 793

g AC-8-STM 717 194 08 08 73 - - - 919
AC-7-STM 72 153 07 07 113 - - - 88

AC-6-STM 76 147 - 39 54 - - - 046

E Novo | AC-5-STM 741 151 - 07 101 - .- - 899
< Remanso | AC-4-STM 874 92 - 17 17  -- - - 983
Z Formation | Ac3.sTM 864 97 08 23 08 -~ - - 984
” < PJ-4 783 129 08 4 4 - - - 0952
g PJ-3 79 105 28 28 49 - - - 923

5 PJ-2 775 152 2 2 33 - = - 947

3 PJ-palino 604 245 28 48 75 - — - 897

© PJ-1 697 16 34 42 67 - - - 899

g AC-2-STM 939 45 - 08 08 - - = 992

< AC-1-STM 944 31 08 08 08 - tr -- 983
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Figure 6. Measured lithostratigraphic profiles (figure 1 - point 4) of Alter do Chado and Novo Remanso

formations, with frequencies of main heavy minerals.
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Figure 7. Main characteristics heavy minerals photomicrographies of Alter do Chdo and
Remanso formations.

Novo



92

Figure 8. Heavy minerals SEM photomicrography of the Alter do Chdo Formation. A) Zircon grains.
Arrow indicates fractures; B) Kyanite grain with chemistry dissolution (arrow); C) Tourmaline grain
with chemistry dissolution (arrow); D) Staurolite grain. Arrow indicates chemistry dissolution; and E)
Rutile grain.

7. U-Pb zircon geocronology

Two hundred and twenty-nine zircon grains collected from sandstones of the Alter do
Chao Formation indicate Paleoproterozoic age with unimodal spectra and mainly suggest ages
between 1.8 and 2.1 Ga (()bidos 1.95 — 2.0 Ga; Parintins 1.9 Ga; Manaus 1.8 — 1.95 Ga;
Santarém 1.8- 1.95 Ga) (Figure 10).

The provenance age for the Novo Remanso Formation obtained of fifty-eight zircon
grains, revelead a varied spectrum of ages. The ages range from the Archean to
Neoproterozoic (3.0 to 0.5 Ga) with major contributions related to rocks of 0.5 Ga.

Quaternary deposits evaluated with one sample with fifty-five grains dated. The
spectrum of this sample is similar to that presented by Novo Remanso Formation with

variation from the Archean to Neoproterozoic between 2.5 to 0.6 Ga (Figure 11).
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8. Discussions

The integrated data demonstrate that the evolution of Cretaceous and Miocene systems
present expressive differences. The Alter do Chdo Formation is organized in recurrent
finning-upward cycles characterized by a distinct set of architectural elements, unimodal
distribution of paleoflow and facies that attest a high sinuosity, meandering fluvial system
with mixed load sediment (Mendes et al. 2012). In addition, the relatively high proportion of
overbank deposits (floodplain and overbank fines) compared with the channel filling deposits,
indicate that the floodplain cutbanks keeping the stability of meandering channel or rapid
scoured of the floodplain linked the high rate of channel migration or avulsion (Heller and
Paola, 1996). The high proportion of preserved overbank sediments indicates large
floodplains, which probably restricted the channel lateral migration, producing channel filled
with clay (mudplugs) being a common feature in systems characterized by high sinuousity
channels (Allen 1983; Allen and Friend, 1968). The Novo Remanso Formation has similar
facies to Alter do Chéo deposits, contrasting only with the paleoflow direction, predominantly
to E-NE, and the sourcelands.

The sandstones of the Alter do Chao Formation were classified as quartz-arenites with
limited occurrence of feldspars and lithic grains. Thus, the sandstones are mineralogically
supermatures with high ratios Qm / Qp, where the monocrystalline quartz (Qm) amounts is
more than 95 %. The quartz grains were derived from granite or metamorphic rocks, or both.
However, considering only igneous sources, the quantity of quartz grains should have been
constant (Tortosa et al., 1991). The occurrence of bipyramidal quartz grains with strong
undulating extinction, embayments and vacuoles attest origin of felsic volcanic rocks (Folk,
1974; Scholle, 1979). Rhyolitic volcanic overlies the Central Amazonian province and this
rock is the probable source of these grains.

Quaztarenites are rocks with high compositional and textural maturity (Folk, 1974),
however, the quartz-arenites from the Alter do Chao Formation present low textural maturity
and open framework. The intergranular porosity is almost in totality primary, evidenced by
pontual contacts and, sometimes, the grains floating in the framework. The high
compositional maturity reflected the intense weathering process that promoted dissolution of
feldspars, generating clay matrix, and of less stable heavy minerals

The compositional characteristics of sandstones indicate continental blocks of Craton
as source areas. Rivers originated of the cratonic region transport bed load sediments,

composed by quartz and in less quantity, feldspar and plagioclase (Franzinelli and Potter,



97

1983; Potter and Franzinelli, 1985; Johnsson et al. 1988; Potter, 1994). This deposits
dominated channels and sandbars with limited influence on floodplains.

Continental blocks are regions tectonically stable where the sediments have longer
residence time in the source area, staying more exposed to the weathering before transport. In
these conditions, the quartz grain is highly resistant to the weather while plagioclase and
feldspar easily turn into clay minerals. The set of heavy minerals are ultrastable and stable,
with a high index ZTR (93%) composed of zircon, tourmaline, rutile and with lesser
proportion, staurolite and kyanite. The studied sandstones confirm the importance of
weathering that affected the deposits of Alter do Chdo and Novo Remanso formations,
compared with the alteration processes occurred with the heavy minerals assemblage of
Ipixuna Formation, exposed in the Marajo Basin described by Gdes et al. (2007).

The subrounded shapes of heavy mineral grains, point out to multicyclic origin and /
or long distances transport. However, euhedral grains can be related to the primary source
from igneous / metamorphic rocks. The contribution of igneous sources is also evidenced by
euhedral zircon grains with concentric zoning (Corfu et al. 2003). Staurolite and kyanite are
inequivocally minerals indicative of medium to high-grade metamorphic facies (Mange and
Maurer, 1992).

9. Paleogeographic considerations

During the Cretaceous, the breakdown of Gondwana was responsible for many
changes in the landscape of the region, with the formation of several sedimentary basins (i.e
Foz do Amazonas, Marajo, etc.), modification and reorganization of drainage patterns and
culminated in the separation of South America and Africa.

In the Early Cretaceous a low-intensity distensive regime it was established (Costa et
al. 2001), resulting in the formation of Marajé Basin, with synthetic normal faults of NW-SE
and NNW-SSE direction. This system was responsible for the appearance of Gurupa arch that
served as rift-shoulder and probably provided much of the sediment that filled the Amazonas
Basin (Figure 12).

Normal faults that originated the Maraj6 Basin also generated the Gurupa Arch
through uplift for load shedding and rotations of failed blocks in the adjacencies of the arc
(Costa et al. 2001) (Figure 4, section B). After this breakup, began the formation of a
transcontinental drainage that headed to the west depending on the rift-shoulder generated by

Gurupa Arch.
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The Gurupéd Arch uplift preceded the deposition of Alter do Chdo Formation (Late
Cretaceous) because this unit overlies Paleozoic rocks and the Precambrian Prosperanga
Formation in the arch region (Wanderley Filho, 1991). The initial development of Gurupa
Arch exposed the Paleozoic sequences rocks of the Amazonas Basin and the basement, which
were heavily eroded and served as sediment source for Alter do Chdo Formation. We
considered a transcontinental drainage on the Amazonas basin implanted during the Late
Cretaceous configurating a Big River that will flow to the Pacific (Figure 12).

In Marajé Basin, the sediment deposited in that period are little known, but is expected
to have dominated fluvial systems and alluvial fans (Zalan and Matsuda, 2007). In this case,
the major fluvial systems probably originated in area of Arch Gurupa, must have been
controlled by strike-slip fault of NE-SW direction and flowed toward the Marajé Basin and
the Amazonas Basin. Even at this time, in the eastern portion of the Gurupa Arch, there was
the development of roll-over type structures, due to the progressive spread of synthetic normal

faults towards the northeastern part in the Maraj6 Basin (Villegas, 1994).

N
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Figure 12. Paleogeography reconstruction of Upper Cretaceous deposits of Alter do Chdo Formation.
This new proposal assume the presence of a transcontinental drainage (Big River) during Late
Cretaceous
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10. Provenance
10.1. Potencial resources areas

According to the evolutionary history of South America and its separation from Africa
that generated considerable paleogeographic changes and culminated in the creation of a
transcontinental drainage into the Pacific (Figure 12). This reorganization was also
responsible for the development of Gurupéa arch that during its maximum uplifit peak expose
the basement and the entire Paleozoic sequence of the Amazonas Basin. The creation of the
Craton, drainage areas began to be drained and started the deposition of Alter do Chéo
Formation.

The assessment of potential source areas was well established considering the
faciologic characteristics, mineralogical, paleocurrent measures and zircon ages of Alter do
Chéo Formation. These sources indicate preferred source areas located northeast and east.
Over 70% of detrital zircon ages for Alter do Chao Formation provided Paleoproterozoic ages
between 1.8 and 2.1 Ga, and this feature age of Maroni-Itacaiunas Province (Tassinari and
Macambira, 1999) exposed near the Gurupa arch, the eastern edge of the Basin. The younger
and older grains are less abundant, can be derived from intrusive bodies scattered in the same
regions or central Amazon province. Fission track data in apatite indicate in the southeastern
Amazon Craton denudation of 3-7 km from the Paleozoic, with dominant phase occurring
between 60-130 Ma (Harman et al. 1998).

The reduction consistent grain size to the west, paleocurrent measures to west-
southwest, and conglomerate clasts predominating in the east (Mosmann et al. 1987) suggest
that the Alter do Chéo sediments were deposited in a fluvial system of high energy directed to
the west recording the great paleodrainage who migrated to the Pacific Ocean. The occurrence
of Alter do Chdo Formation in the Solimdes Basin, in subsurface (Eiras et al. 1994; Eiras,
1998) indicates that the Purus Arch not still functioned as geographical barrier during the
Cretaceous.

Between the Oligocene and Middle Miocene, the eastern margin of continent near the
mouth of Proto-Amazon River was denuded or passed by subsidence eliminating the
structural highs of the eastern portion (Gurupa Arch). Stratigraphic data from the Solimdes
Basin (Eiras et al. 1994) and the Amazonas Basin (Cunha et al. 1994), suggest that during this
period, there were fluvial systems to the east and a large system of lakes and marshes
(wetland system) that received sediments from the Andes and to a lesser quantity from the

Amazon craton (Hoorn, 1994; Hoorn et al. 1995;. Wesselingh, 2006), to the west were
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separated by the Purus arch, which from that time worked as a geographic barrier (Figuereido
et al. 2009).

With the abatement of the eastern margin of South America and the uplift of the
Andes, this transcontinental drainage migrating to the Pacific Ocean, was separated by the
Purus Arch as independent systems from the end of Oligocene to Miocene. The rise of the
Andes induced the reorganization of the systems and Cenozoic deposits began progradation
until the Purus Arch, in the western basin. This progradation occurred until fill the basin and
move to eastern basin leading to modern drainage of the Amazon River to the Altantic in the
Upper Miocene (Campbell, 1992; Hoorn, 1993; Figueiredo et al. 2009; Hoorn et al. 2010),
Pliocene (Latrubesse et al. 2010) or Pliocene / Pleistocene (Ribas et al. 2011; Campbell et al.
2006; Nogueira et al. 2013).

Recognition of Neogene fluvial deposits of Novo Remanso Formation in the
Amazonas Basin overlying the deposits of Alter do Chdo Formation generated an
unconformity. The Novo Remanso Formation represent a fluvial system of high energy and
migrated eastward to the Atlantic Ocean (Rozo et al. 2005). The zircon age spectrum from
Novo Remanso Formation is similar to the Quaternary deposits, include various populations
from 0.5 to 3.0 Ga, and suggested contribution of Andean sources, as well as all provinces of

the Amazonian Craton.

11. Conclusions

The provenance studies using mainly palaeocurrent patterns and age spectrum,
combined on heavy minerals and sandstone petrography of Cretaceous and Neogene
sandstones of the Central Amazonas basin, Northern Brazil, allowed to identify the potential
source areas of these deposits:

1- Paleocurrent measures perfomed in trough cross-bedding in Alter do Chéo
Formation indicate a large unimodal trend prenominantly to S-SW orientation. In contrast, the
tabular cross bedding of Novo Remanso Formation indicate E-NE direction

2-In the Alter do Chao Formation Paleoproterozoic age with unimodal spectra
predominate and mainly suggest ages between 1.8 and 2.1 Ga correlated to Maroni-ltacaitnas
Province.

3- The provenance age for the Novo Remanso Formation revelead a varied spectrum
of Archean to Neoproterozoic ages (3.0 to 0.5 Ga) with major contributions related to rocks of
0.5 Ga close to Andean sources. These same interpretations are given for Quaternary deposits
that confer ages of 2.5 to 0.6 Ga.
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4- The provenance studies confirms a paleogeographic model for Alter do Chao with
occurrence of a transcontinental drainage on the Amazonas basin implanted during the Late
Cretaceous, configurating a Big River with migration in direction of Pacific Ocean.

5- This work recorded the first provenance informations about the Proto-Amazonas
recorded in the Novo Remanso Formation, opening perspectives to understand the

paleogeography post-Cretaceous in Amazonia.
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APPENDIX

Geocronologic data of LA-ICP-MS for detritic zircons from the Alter do Chao and Novo Remanso formations,
and Cenozoic deposits, Amazonas Basin, Brazil.

Isotope Ratio Estimated age
ppEPh  +1s  PPHASU  +ls ¥PbAU  +le  Rho DL PD LY TP
age el () age t1lo age t1c
Alter do Chao Formation - Obidos (ponto 2 - mapa)
0.107 0.836 4.562 1.586 0.308 1.348 0.844 1756 15 1742 13 1731 20
0.109 0.669 4.488 1.033 0.300 0.787 0.734 1777 12 1729 9 1689 12
0.109 0.669 4.488 1.033 0.300 0.787 0.734 1777 12 1729 9 1689 12
0.109 0.764 4.334 1.164 0.289 0.878 0.732 1778 14 1700 10 1637 13
0.109 1.011 4.363 1.437 0.290 1.013  0.690 1787 18 1705 12 1639 15
0.109 0.303 5.273 1.059 0.349 1.014 0.955 1791 6 1865 9 1931 17
0.110 0.935 4.887 1.662 0.322 1.375 0.820 1801 17 1800 14 1799 22
0.110 0.976 4.977 1.215 0.328 0.724  0.783 1802 18 1815 10 1827 12
0.110 0.353 4.937 0.712 0.324 0.619 0.836 1807 6 1809 6 1810 10
0.111 0.395 4.862 1.442 0.318 1.387 0.981 1812 7 1796 12 1782 22
0.111 0.312 4.913 0.914 0.321 0.859  0.933 1815 6 1804 8 1795 13
0.112 0.694 4.861 1.043 0.314 0.778 0.717 1838 13 1796 9 1760 12
0.112 0.426 5.291 1.529 0.342 1.469  0.959 1838 8 1867 13 1894 24
0.113 0.756 5.030 1.488 0.323 1.281 0.948 1848 14 1824 13 1804 20
0.114 0.667 5.134 1.184 0.327 0.978 0.812 1861 12 1842 10 1825 16
0.115 0.503 5.716 1.103 0.360 0.982 0.880 1884 9 1934 10 1981 17
0.116 0.553 6.067 1.052 0.381 0.895 0.835 1888 10 1986 9 2080 16
0.116 1.072 5.248 1.369 0.329 0.852 0.820 1889 19 1860 12 1835 14
0.116 0.520 5.844 0.961 0.367 0.808 0.821 1889 9 1953 8 2014 14
0.116 0.664 5.589 1.337 0.351 1.160 0.860 1890 12 1914 12 1937 19
0.116 0.581 5.884 1.195 0.367 1.045 0.864 1900 10 1959 10 2015 18
0.119 0.443 5.688 0.916 0.345 0.802 0.915 1949 8 1930 8 1912 13
0.120 1.287 5.760 1.946 0.348 1.460 0.743 1957 23 1940 17 1925 24
0.120 0.306 5.773 1.170 0.349 1.129 0.963 1957 5 1942 10 1929 19
0.121 0.463 5.706 0.786 0.343 0.635 0.767 1966 8 1932 7 1901 10
0.122 0.851 5.671 1.189 0.338 0.830 0.863 1980 15 1927 10 1878 14
0.122 0.754 6.242 1.532 0.371 1.333 0.865 1985 13 2010 13 2036 23
0.122 0.539 6.492 0.963 0.386 0.798  0.807 1986 10 2045 8 2104 14
0.122 0.444 6.434 1.955 0.382 1904 0.973 1988 8 2037 17 2085 34
0.122 1.634 6.325 2.298 0.375 1616 0.873 1989 29 2022 20 2054 28
0.122 1.716 6.657 2.073 0.395 1163 0.774 1990 31 2067 18 2145 21
0.123 0.753 5.016 1.490 0.297 1.285 0.856 1996 13 1822 13 1674 19
0.123 0.274 6.421 1.073 0.379 1.037 0.964 1998 5 2035 9 2072 18
0.123 2.137 5.927 4.143 0.349 3.461 0.850 2005 37 1965 35 1928 59
0.123 0.742 6.205 1.391 0.365 1177 0.837 2006 13 2005 12 2004 20
0.124 0.641 6.195 1.345 0.364 1.183 0.954 2008 11 2004 12 1999 20
0.124 0.320 5.373 1.922 0.315 1.895 0.986 2011 6 1880 16 1764 29

0.124 0.711 5.961 1.417 0.349 1.225 0.858 2015 13 1970 12 1928 20
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0.124 0.465 5.722 0.899 0.334 0.769 0.835 2020 8 1935 8 1857 12
0.125 1.361 5.462 1.648 0.317 0.929  0.540 2031 24 1895 14 1773 14
0.126 1.024 7.042 1.593 0.406 1.220 0.755 2039 18 2117 14 2198 23
0.126 0.573 5.872 1.426 0.337 1.306 0.912 2048 10 1957 12 1872 21
0.127 1.603 6.127 2.252 0.350 1581 0.695 2059 28 1994 20 1933 26
0.128 0.643 5.989 4.614 0.338 4569  0.990 2076 11 1974 40 1879 74
0.129 0.828 7.094 1.343 0.399 1.058 0.774 2086 15 2123 12 2163 19
0.130 0.674 7.112 1.341 0.398 1.160  0.952 2092 12 2125 12 2160 21
0.130 0.346 6.732 0.657 0.376 0.558  0.895 2094 6 2077 6 2060 10
0.130 0.346 6.732 0.657 0.376 0.558  0.895 2094 6 2077 6 2060 10
0.132 0.915 7.221 1.420 0.397 1.085 0.751 2122 16 2139 13 2157 20
0.135 1.537 7.654 2.013 0.411 1.299 0.838 2163 27 2191 18 2221 24
0.135 0.269 7.032 0.624 0.377 0.563 0.869 2170 5 2116 6 2060 10
0.135 0.269 7.032 0.624 0.377 0.563 0.869 2170 5 2116 6 2060 10
0.147 1.646 8.676 2.631 0.427 2.052 0.777 2315 28 2305 24 2292 40
0.185 0.301 12.207 0.651 0.479 0.577  0.852 2698 5 2620 6 2521 12
Isotope ratio Estimated age

Dpppy 16 DPHAEU t16 PPbAPU  +ls Rho 207P§’é L 20723:3% ‘1o Z%Pal::ssu o

Alter do Chao Formation - Parintins (ponit 3 - map)
0.114 0.594 5.236 0.977 0.333 0.777 0.768 1864 11 1859 8 1854 13
0.115 1.569 5.357 2.461 0.339 1895 0.766 1873 28 1878 21 1882 31
0.115 0.859 5.258 1.350 0.332 1.042  0.902 1880 15 1862 12 1846 17
0.115 0.661 5.274 1.112 0.332 0.894 0.785 1886 12 1865 9 1846 14
0.115 1.038 5.362 1.399 0.337 0.937 0.846 1886 19 1879 12 1873 15
0.115 0.792 5.017 1.320 0.315 1.056 0.787 1886 14 1822 11 1767 16
0.115 0.490 5.371 1.142 0.338 1.032 0.895 1886 9 1880 10 1875 17
0.116 0.938 5.230 1.439 0.328 1.091 0.889 1889 17 1858 12 1830 17
0.116 0.636 5.052 1.127 0.317 0.931 0.810 1889 11 1828 10 1775 14
0.116 0.741 5.726 1.320 0.359 1.092 0.816 1890 13 1935 11 1978 19
0.116 0.395 5.286 1.290 0.331 1.228 0.949 1892 7 1867 11 1844 20
0.116 3.154 5.281 3.480 0.330 1471 0.670 1895 57 1866 30 1840 24
0.116 1.070 5.108 1.576 0.319 1.149 0.719 1895 19 1837 13 1787 18
0.116 1.251 5.432 1.789 0.340 1.279  0.882 1895 23 1890 15 1885 21
0.116 1.692 4.984 2.658 0.312 2.050 0.768 1896 30 1817 22 1748 31
0.116 0.661 5.328 1.374 0.333 1.204  0.870 1897 12 1873 12 1852 19
0.116 0.551 4.671 1.190 0.292 1.055 0.878 1899 10 1762 10 1649 15
0.116 0.722 5.159 1.312 0.322 1.095 0.914 1899 13 1846 11 1799 17
0.116 1.088 5.130 1.659 0.320 1253 0.745 1902 20 1841 14 1788 20
0.117 1.079 6.135 1.376 0.382 0.854  0.593 1904 19 1995 12 2085 15
0.117 0.911 5.426 1.288 0.337 0.910 0.684 1907 16 1889 11 1873 15
0.121 0.948 5.654 1.225 0.340 0.776  0.798 1968 17 1924 11 1884 13
0.121 0.718 5.678 1.181 0.340 0.938 0.777 1972 13 1928 10 1888 15
0.121 0.488 5.762 0.996 0.345 0.868 0.857 1975 9 1941 9 1909 14
0.122 0.936 6.175 1.862 0.368 1.610 0.860 1979 17 2001 16 2022 28
0.122 1.082 5.509 1.940 0.328 1611 0.825 1985 19 1902 17 1827 26
0.123 0.845 5.935 1.446 0.350 1173 0.801 2001 15 1966 13 1933 20
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0.123 0.813 5.908 1.415 0.348 1.158 0.808 2003 14 1962 12 1924 19
0.124 0.828 6.029 1.458 0.352 1.201 0.814 2017 15 1980 13 1945 20
0.125 0.950 6.212 1.544 0.362 1.217 0.778 2023 17 2006 14 1990 21
0.125 1.069 5.723 1.505 0.332 1.059 0.853 2031 19 1935 13 1846 17
0.127 1.106 6.302 1.392 0.361 0.845 0.773 2050 20 2019 12 1988 14
0.187 0.343 12.081 0.925 0.468 0.858  0.920 2718 6 2611 9 2475 18
0.114 0.990 6.367 0.189 0.370 0.007 0.621 2027 53 2028 42 2029 32
0.112 0.456 5.293 0.096 0.335 0.005 0.804 1874 29 1875 21 1862 24
0.116 0.664 5.220 0.099 0.332 0.005 0.792 1863 30 1870 21 1850 24
0.115 0.848 5.462 0.090 0.340 0.005 0.869 1904 25 1901 15 1886 23
0.115 1.058 5.386 0.092 0.337 0.005 0.830 1895 27 1888 22 1871 23
0.115 2.523 8.325 0.133 0.417 0.006  0.890 2287 23 2257 16 2245 27
0.116 0.520 5.071 0.181 0.325 0.006  0.561 1850 43 1832 23 1813 32
0.116 0.581 5.190 0.116 0.329 0.005 0.727 1875 37 1821 29 1831 26
0.116 0.553 5.689 0.089 0.344 0.005 0.869 1956 24 1923 21 1906 22
0.109 0.669 5.825 0.122 0.348 0.005 0.718 1977 35 1955 25 1925 25
0.107 0.836 4.928 0.126 0.319 0.005 0.622 1835 46 1802 36 1784 25
0.110 0.935 5.107 0.089 0.324 0.005 0.841 1869 27 1850 27 1810 23
0.113 0.756 5.929 0.098 0.350 0.005 0.847 2001 25 1983 20 1933 23
0.116 1.072 5.142 0.094 0.324 0.005 0.778 1882 30 1871 25 1809 23
0.120 0.306 5.003 0.083 0.319 0.004 0.845 1859 26 1823 16 1786 22
0.109 0.303 5.065 0.095 0.321 0.005 0.765 1870 31 1884 24 1796 23
0.130 0.346 5.264 0.087 0.326 0.005 0.845 1910 26 1900 22 1821 22
0.135 0.269 5.946 0.100 0.347 0.005 0.850 2020 26 2000 19 1919 24
0.130 0.674 5.156 0.091 0.321 0.005 0.821 1903 27 1850 24 1795 23
0.099 0.844 5.769 0.111 0.337 0.005 0.765 2019 31 1943 29 1871 24
0.096 0.346 5.075 0.110 0.315 0.005  0.695 1912 36 1889 23 1763 23
0.099 0.677 4.986 0.094 0.311 0.005 0.782 1902 30 1892 20 1745 22
Isotope ratio Estimated age
Dppe%Ph 126 DPHPEU 26 POEU <26 Rho PO PP PO TPOITU
age + 20 age + 20 age 20
Alter do Chéo Formation - Manaus (point 4 - map)

0.123 0.004 6.414 0.211 0.400 0.007  0.509 1899 60 1988 49 2171 31
0.213 0.003 7.300 0.128 0.415 0.006  0.773 2065 29 2156 21 2237 26
0.115 0.002 5.766 0.120 0.366 0.005 0.685 1867 36 1982 30 2011 25
0.112 0.002 5.642 0.091 0.362 0.005 0.867 1850 25 1841 18 1991 24
0.115 0.002 5.598 0.088 0.356 0.005 0.843 1864 25 1932 20 1964 23
0.116 0.002 5.626 0.095 0.356 0.005 0.826 1874 27 1901 19 1963 24
0.114 0.002 5.466 0.109 0.349 0.005 0.761 1857 33 1892 21 1931 25
0.126 0.002 6.036 0.134 0.368 0.005 0.654 1942 38 2001 28 2020 25
0.121 0.002 5.655 0.092 0.355 0.005 0.849 1886 26 1932 21 1960 23
0.108 0.002 4.693 0.081 0.321 0.004 0.809 1730 28 1745 19 1796 22
0.115 0.002 5.439 0.085 0.347 0.005 0.883 1859 23 1898 18 1921 23
0.117 0.002 5.612 0.093 0.352 0.005 0.822 1887 26 1914 20 1946 23
0.116 0.002 5.504 0.081 0.348 0.005 0.904 1874 23 1900 18 1926 22
0.116 0.002 5.521 0.099 0.349 0.005 0.795 1876 30 1891 20 1928 24
0.116 0.002 5.468 0.108 0.346 0.005 0.758 1873 32 1977 23 1917 25
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0.185 0.003 6.197 0.105 0.368 0.005  0.846 1988 26 2001 21 2020 25
0.171 0.003 6.064 0.104 0.362 0.005 0.842 1978 26 1982 24 1992 25
0.189 0.003 6.154 0.102 0.365 0.005 0.841 1992 26 1998 25 2004 24
0.167 0.003 5.885 0.097 0.356 0.005 0.854 1956 25 1961 22 1963 24
0.114 0.003 5.246 0.093 0.335 0.005 0.802 1858 29 1860 28 1862 23
Isotope ratio Estimated age
Wppoph  +16  PHEU  £le PPHAU +1c Rho 207'31 Z:GPb ‘1o 207P:Z:35U ‘10 Zoepagiasu :
Alter do Chéo Formation - Alter do Chéo (point 1 - map)
0.108 0.655 4.966 1.035 0.333 0.802 0.877 1771 12 1814 9 1851 13
0.109 1.698 4.704 1.910 0.314 0.873 0.661 1775 31 1768 16 1762 13
0.109 0.764 4.334 1.164 0.289 0.878 0.732 1778 14 1700 10 1637 13
0.109 0.522 4.637 0.893 0.308 0.724  0.782 1783 10 1756 7 1733 11
0.109 1.011 4.363 1.437 0.290 1.013  0.690 1787 18 1705 12 1639 15
0.109 1.325 4.814 2.098 0.319 1.627 0.770 1788 24 1787 18 1787 25
0.111 0.764 4.769 1.089 0.312 0.776  0.681 1813 14 1779 1751 12
0.112 0.456 5.166 0.907 0.334 0.784 0.845 1834 8 1847 1859 13
0.112 0.438 4.929 0.736 0.318 0.591 0.753 1840 8 1807 1779 9
0.114 0.667 5.134 1.184 0.327 0.978 0.812 1861 12 1842 10 1825 16
0.114 0.990 5.176 1.643 0.329 1.311 0.789 1865 18 1849 14 1835 21
0.115 0.848 5.596 1.544 0.3%4 1290 0.828 1873 15 1916 13 1955 22
0.115 1.058 5.610 1.852 0.355 1.520 0.920 1874 19 1918 16 1959 26
0.115 2.523 5.674 3.228 0.358 2.014 0.619 1877 45 1927 28 1975 34
0.115 0.659 5.202 1.162 0.328 0.957  0.808 1878 12 1853 10 1831 15
0.115 0.540 5.213 0.924 0.328 0.750 0.784 1881 10 1855 8 1831 12
0.115 0.457 5.733 1.049 0.361 0.944 0.890 1882 8 1936 1988 16
0.115 0.609 5.138 0.907 0.323 0.672 0.835 1884 11 1842 8 1805 11
0.115 0.567 5.214 1.064 0.328 0.900  0.901 1887 10 1855 1827 14
0.115 0.519 4.969 1.410 0.312 1.311  0.926 1887 9 1814 12 1751 20
0.116 0.553 6.067 1.052 0.381 0.895 0.835 1888 10 1986 9 2080 16
0.116 0.520 5.844 0.961 0.367 0.808 0.821 1889 9 1953 8 2014 14
0.116 0.664 5.589 1.337 0.351 1.160 0.860 1890 12 1914 12 1937 19
0.116 0.470 5.660 1.053 0.355 0.942 0.885 1890 8 1925 9 1958 16
0.116 1.193 5.436 1.759 0.341 1293 0.725 1892 21 1891 15 1889 21
0.116 0.581 5.884 1.195 0.367 1.045 0.864 1900 10 1959 10 2015 18
0.116 0.907 4.754 2.069 0.296 1.860 0.965 1901 16 1777 17 1673 27
0.117 0.743 4.286 1.520 0.266 1.326  0.866 1906 13 1691 13 1523 18
0.120 1.613 6.207 1.837 0.375 0.879  0.699 1957 29 2005 16 2053 15
0.121 1.350 5.960 2.860 0.357 2511 0.879 1973 24 1970 25 1968 43
0.121 0.632 5.654 1.076 0.338 0.872 0.790 1976 11 1924 9 1877 14
0.121 0.493 5.453 1.771 0.326 1.702  0.960 1977 9 1893 15 1818 27
0.121 0.554 6.376 1.110 0.381 0.962 0.855 1977 10 2029 10 2080 17
0.121 0.491 5.921 0.898 0.354 0.751 0.813 1978 9 1964 8 1952 13
0.121 0.491 6.141 1.113 0.367 0.999 0.889 1978 9 1996 10 2014 17
0.122 0.498 6.247 1.091 0.372 0.970 0.880 1981 9 2011 10 2040 17
0.122 0.432 5.944 1.179 0.353 1.097 0.926 1985 8 1968 10 1951 18
0.122 0.712 6.022 0.985 0.358 0.680 0.814 1988 13 1979 9 1970 12
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0.122 0.750 5.610 2.136 0.333 2.000 0.975 1989 13 1918 18 1852 32
0.122 0.481 6.126 1.312 0.363 1.220 0.926 1991 9 1994 11 1997 21
0.122 0.668 5.482 1.519 0.325 1.364 0.894 1991 12 1898 13 1814 22
0.122 0.468 5.584 1.273 0.331 1.184 0.926 1993 8 1914 11 1841 19
0.123 1.042 6.859 1.558 0.406 1.159  0.890 1994 19 2093 14 2196 22
0.123 0.855 6.097 1.160 0.359 0.784 0.814 2000 15 1990 10 1980 13
0.123 0.571 5.601 1.062 0.330 0.895 0.827 2001 10 1916 9 1839 14
0.124 1.462 6.014 1.742 0.352 0.947  0.522 2011 26 1978 15 1946 16
0.124 0.987 5.284 1411 0.309 1.008 0.697 2015 17 1866 12 1735 15
0.124 0.555 6.915 1.028 0.404 0.866  0.825 2016 10 2101 9 2188 16
0.125 1.045 6.315 1.302 0.367 0.777  0.768 2025 19 2021 11 2017 13
0.125 0.347 6.276 0.829 0.364 0.753 0.893 2029 6 2015 7 2001 13
0.125 1.030 6.837 1.505 0.395 1.098 0.715 2035 18 2091 13 2147 20
0.126 0.478 6.608 1.812 0.382 1.747 0.964 2037 8 2060 16 2084 31
0.167 0.273 10.799 0.626 0.469 0.563 0.866 2529 5 2506 6 2478 12
0.213 0.522 16.469 0.983 0.561 0.833 0.829 2927 8 2904 2872 19
0.219 0.409 16.878 0.790 0.558 0.676  0.827 2977 7 2928 2857 16
Isotope Ratio Estimated age
“Pf®Ph 16 P'PbFPU  x1e  ®PbAPU  +1e  Rho 207P§’é Z:GPb 10 207P:Z:35U 10 zoepafsu fo
Novo Remanso Formation - Alter do Ché&o (ponit 1 - map)
0.058 0.414 0.666 0.664 0.083 0.518 0.707 536 9 518 3 514 3
0.060 1.971 0.889 2.319 0.108 1.222 0.514 595 43 646 11 661 8
0.060 0.580 0.732 0.974 0.089 0.782 0.778 598 13 557 4 548 4
0.060 1.039 0.818 1.319 0.099 0.809  0.583 613 22 607 606 5
0.060 0.547 0.861 0.883 0.104 0.693  0.750 614 12 631 4 635 4
0.061 1.604 0.748 2.506 0.089 1926 0.764 645 34 567 11 548 10
0.069 1.521 1.381 2.215 0.145 1.610 0.720 903 31 881 13 872 13
0.073 0.570 1.766 1.201 0.176 1.057 0.872 1002 12 1033 8 1048 10
0.073 1.230 1.739 2.654 0.174 2352 0.884 1003 25 1023 17 1033 22
0.073 0.701 1.716 1.329 0.171 1.129  0.840 1003 14 1015 9 1020 11
0.073 0.310 1.776 0.758 0.175 0.692 0.895 1026 6 1037 5 1042 7
0.075 1.344 1.831 1.823 0.176 1.232 0.663 1076 27 1057 12 1047 12
0.076 0.748 1.979 1.284 0.189 1.043  0.799 1089 15 1108 9 1118 11
0.076 1.539 2.025 2.508 0.193 1980 0.786 1093 31 1124 17 1140 21
0.078 0.664 2.077 1.665 0.194 1527 0914 1137 13 1141 11 1143 16
0.079 0.308 2.157 0.850 0.197 0.792  0.922 1179 6 1167 6 1161 8
0.080 1.234 2.231 1.766 0.203 1263 0.704 1187 24 1191 12 1193 14
0.081 1.176 2.572 1.624 0.231 1.120  0.806 1216 23 1293 12 1340 14
0.081 0.577 2.311 1.094 0.207 0.929 0.835 1219 11 1216 8 1214 10
0.083 0.710 2.611 0.914 0.227 0.576  0.563 1278 14 1304 1319 7
0.085 1.283 2.874 1.603 0.246 0.961 0.782 1312 25 1375 12 1416 12
0.086 0.507 2.798 0.903 0.237 0.747  0.801 1332 10 1355 7 1370 9
0.086 0.503 2.913 1.223 0.245 1.115  0.937 1342 10 1385 9 1414 14
0.086 0.728 2.770 1.144 0.232 0.882 0.750 1348 14 1348 1347 11
0.087 0.558 2.856 1.066 0.239 0.909 0.837 1352 11 1370 1382 11
0.088 1.557 2.680 3.469 0.222 3.100 0.966 1372 30 1323 26 1293 36
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0.090 1.450 3.131 1.929 0.253 1.272 0.842 1419 28 1440 15 1455 17
0.090 0.581 2.826 1.713 0.228 1.612 0.939 1420 11 1363 13 1326 19
0.091 0.588 2.966 0.871 0.237 0.643  0.691 1440 11 1399 7 1372 8
0.091 1.384 3.067 2.209 0.245 1.722 0.774 1441 26 1425 17 1414 22
0.094 2.295 3.473 2.859 0.269 1.704 0.811 1502 43 1521 23 1535 23
0.094 0.377 3.293 0.665 0.254 0.548 0.768 1511 7 1479 5 1457 7
0.094 0.489 3.418 0.802 0.263 0.636  0.750 1514 9 1509 6 1505 9
0.095 0.609 3.507 0.999 0.268 0.792 0.768 1524 11 1529 8 1532 11
0.095 0.525 3.507 0.984 0.268 0.832  0.827 1528 10 1529 8 1529 11
0.095 0.488 3.341 0.862 0.254 0.710 0.795 1533 9 1491 7 1461 9
0.096 0.544 3.653 0.970 0.277 0.803  0.806 1540 10 1561 8 1577 11
0.097 0.610 3.629 0.982 0.271 0.770  0.756 1569 11 1556 8 1546 11
0.100 1.659 3.416 2.185 0.249 1421 0.641 1618 31 1508 17 1431 18
0.107 1.282 4.193 1.910 0.284 1416 0.733 1753 23 1673 16 1609 20
0.109 0.443 4.522 0.849 0.301 0.724  0.828 1782 8 1735 7 1696 11
0.109 0.418 4.535 0.735 0.301 0.605 0.779 1787 8 1737 6 1697 9
0.110 1.088 4.954 1.321 0.327 0.749  0.757 1799 20 1812 11 1822 12
0.110 0.504 4.843 0.889 0.318 0.733 0.898 1806 9 1792 1781 11
0.111 0.616 4.989 0.966 0.327 0.744  0.739 1811 11 1817 8 1823 12
0.112 0.566 4.314 1.446 0.281 1331 0.917 1824 10 1696 12 1594 19
0.112 0.413 5.007 0.699 0.325 0.564 0.862 1829 7 1820 6 1813 9
0.112 1.198 5.130 1.436 0.333 0.792 0.741 1829 22 1841 12 1852 13
0.119 1.259 6.194 1.714 0.377 1.164  0.665 1942 23 2004 15 2064 21
0.119 1.026 5.729 1.467 0.348 1.048 0.868 1947 18 1936 13 1926 17
0.120 0.409 5.557 1.061 0.337 0.979 0.916 1951 7 1910 1871 16
0.124 0.450 6.254 0.938 0.365 0.823 0.861 2018 8 2012 8 2006 14
0.125 0.518 6.400 0.773 0.373 0.574 0.681 2022 9 2032 2043 10
0.125 0.342 6.130 1.100 0.355 1.046  0.947 2032 6 1995 10 1958 18
0.127 0.747 6.542 1.255 0.375 1.009 0.789 2051 13 2052 11 2052 18
0.133 0.420 7.137 0.779 0.388 0.657 0.810 2142 7 2129 7 2115 12
0.154 0.663 9.323 1.053 0.440 0.818 0.752 2388 11 2370 10 2350 16
0.181 0.320 12.552 1.552 0.504 1.518 0.978 2658 5 2647 15 2632 33
Isotope ratio Estimated age
ppf®Ph 16 PPbAPU x1e ®PbU  £1s  Rho “PbPh AT “PEFU
age t1lo age t 1o age 1o
Cenozoic Deposits - Alter do Chéo (point 1 - map)

0.057 2.003 0.671 2.985 0.085 2212 0.738 505 44 521 12 525 11
0.058 1.667 0.651 2.572 0.081 1959 0.757 530 37 509 10 504 10
0.059 0.827 0.740 1.059 0.091 0.661 0.776 568 18 562 561 4
0.060 1.516 0.758 1.722 0.092 0.817 0.699 586 33 573 8 570 4
0.060 1.012 0.737 1.526 0.089 1.142 0.736 594 22 560 7 552 6
0.060 1.971 0.889 2.319 0.108 1.222 0.514 595 43 646 11 661 8
0.060 1.039 0.818 1.319 0.099 0.809  0.583 613 22 607 6 606 5
0.060 0.336 0.824 0.824 0.099 0.753  0.899 617 7 610 4 608 4
0.061 0.536 0.797 2.791 0.095 2,739 0.981 632 12 595 13 586 15
0.061 1.604 0.748 2.506 0.089 1926 0.764 645 34 567 11 548 10
0.061 1.049 0.844 1.265 0.100 0.708 0.518 656 22 622 6 612 4



0.062
0.062
0.066
0.068
0.070
0.070
0.070
0.073
0.073
0.073
0.074
0.074
0.074
0.074
0.078
0.079
0.080
0.080
0.081
0.081
0.081
0.082
0.082
0.084
0.084
0.085
0.085
0.086
0.086
0.087
0.088
0.089
0.090
0.096
0.096
0.102
0.107
0.108
0.109
0.109
0.109
0.109
0.109
0.110
0.110

0.476
3.102
0.683
0.901
2.482
0.922
1.341
1.435
0.489
0.777
0.645
1.388
0.375
0.663
1.118
0.364
0.429
0.962
2.538
0.414
0.790
0.378
0.513
0.629
0.442
1.112
1.478
0.657
1.745
1.091
0.889
0.705
0.416
0.291
0.571
0.752
0.884
0.444
0.685
0.274
0.359
0.313
0.528
0.744
1.407

0.850
0.542
1.232
1.376
1.480
1.287
1.392
1.596
1.763
1.701
1.692
1.597
1.628
1.735
2.159
2.088
2.168
2.231
2.155
2.252
2.151
2.252
2.285
2.219
2.542
2.578
2.516
2.589
2.683
2.672
2.559
2.853
2.885
3.519
3.652
4.079
3.940
4.476
4.856
4.789
5.074
4.277
4.401
4.658
4.626

0.906
4.926
1.064
1.599
2.827
3.423
2.105
1.997
0.978
1.133
0.880
1.684
0.661
1.023
1.349
0.705
0.766
1.324
2.846
2.029
1.121
0.779
0.755
1.382
0.731
1.601
1.820
0.958
2.528
1.344
1.513
0.997
0.793
0.947
0.999
0.927
2.599
1.017
0.981
0.596
0.964
2.634
0.942
1.124
2.195

0.100
0.063
0.134
0.146
0.153
0.133
0.144
0.159
0.174
0.168
0.167
0.157
0.159
0.169
0.200
0.192
0.196
0.201
0.193
0.201
0.191
0.200
0.202
0.193
0.219
0.221
0.214
0.218
0.226
0.223
0.210
0.232
0.232
0.267
0.276
0.291
0.268
0.299
0.324
0.319
0.336
0.284
0.292
0.308
0.305

0.771
3.761
0.816
1.321
1.352
3.296
1.623
1.388
0.847
0.824
0.599
0.954
0.544
0.779
0.756
0.604
0.634
0.910
1.288
1.986
0.796
0.681
0.553
1.230
0.582
1.152
1.063
0.697
1.830
0.785
1.225
0.705
0.675
0.901
0.820
0.542
2.436
0.915
0.702
0.529
0.894
2.615
0.780
0.843
1.676

0.830
0.770
0.741
0.819
0.724
0.963
0.765
0.686
0.850
0.701
0.817
0.545
0.766
0.733
0.524
0.819
0.790
0.861
0.699
0.979
0.680
0.849
0.665
0.884
0.743
0.706
0.804
0.859
0.719
0.550
0.800
0.853
0.822
0.947
0.799
0.743
0.939
0.889
0.677
0.843
0.920
0.993
0.805
0.725
0.915

664

680

821

878

928

931

937

1015
1025
1026
1028
1040
1046
1048
1149
1171
1206
1206
1221
1230
1233
1240
1251
1283
1297
1310
1325
1342
1342
1357
1386
1411
1426
1542
1551
1652
1741
1773
1781
1782
1790
1790
1790
1792
1797

10
65
14
19
51
19
27
29
10
16
13
28

13
22

19
50

15

10
12

22
29
13
34
21
17
13

11
14
16

12

14
25

624
440
815
879
922
840
885
969
1032
1009
1006
969
981
1021
1168
1145
1171
1191
1167
1197
1165
1198
1208
1187
1284
1294
1277
1298
1324
1321
1289
1370
1378
1531
1561
1650
1622
1727
1795
1783
1832
1689
1713
1760
1754

17

17
20
12
12

22

18

113

613
395
813
879
920
806
865
948
1035
1001
995
938
952
1009
1178
1131
1152
1182
1138
1179
1129
1174
1184
1135
1276
1285
1248
1271
1312
1299
1231
1343
1347
1524
1569
1649
1531
1689
1807
1783
1869
1609
1650
1733
1718

N OO 0N U0 O 0

N R
® 5 w o

13

13
12

22

14

12
11

33
14
11

15
37
11
13
25




114



115

6 CONSIDERACOES FINAIS

Estudos integrados de sedimentologia, estratigrafia, icnofosseis, petrografia de
arenitos e minerais pesados além de datacdo por U-Pb de grdos de zircdo permitiram
reconstituir o paleoambiente deposicional e inferir as provaveis areas-fonte dos depdsitos
creataceos e miocenos da Bacia do Amazonas.

O modelo fluvial cretaceo proposto considera um sistema meandrante na por¢do
centro-oriental da Bacia do Amazonas, que variou lateralmente, em direcdo a porgdo mais
ocidental da Bacia, para um estilo anastomosado onde predominava grandes areas de
inundacdo. Embora o modelo fluvial proposto esteja incompleto, ja que a regido proximal do
Arco de Gurupé ndo foi investigada e os registros distais estariam documentados apenas em
subssuperficie na Bacia de Solimdes, este trabalho abre uma perspectiva mais clara de
entendimento da evolucdo da drenagem durante 0 Neocretaceo na Amazonia. As idades dos
graos de zircdo da Formagdo Alter do Chao variaram de 1.8 a 2.9 Ga, indicando éreas
cratonicas soerguidas por consequéncia da abertura do proto-Atlantico, sendo as principais
fontes as provincias Maroni-Itacaiunas e Amazonia Central.

A composic¢ao de um “Big River” para a Amazonia durante o Neocretaceo, com aporte
significante de terrigenos, indica ndo apenas o Arco de Gurupa como fonte mais
principalmente aponta para a presenca de drenagens possantes advindas do Créaton,
provavelmente uma configuracdo similar a encontrada para o atual rio Amazonas, com
descarga influenciada também pelos rios Madeira, Tapajos e Xingu. Além disso, este sistema
fluvial formava extensas planicies de inundacdo com lagos e canais de propor¢des similares as
atuais amazonicas, proporcionando uma ampla diversidade de flora e fauna. Estas areas de
inundacdo foram ambientes propicios para a proliferacdo de diversos animais e plantas,

documentados na sucessdao estudada principalmente como tragos fosseis. A assembleia dos
icnofésseis formada por tracos de Taenidium, Planolites, Diplocraterion, Beaconites,

Thalassinoides, escavacdes de vertebrados, insetos e meniscadas de adesdo (adesive
meniscate burrows) corroboram amplamente este ambiente continental.

A passagem brusca entre as formagdes Alter do Chao e Novo Remanso atesta um
longo periodo de exposi¢do na Bacia do Amazonas, durante o Paledgeno, coincidente com o
desenvolvimento dos perfis lateritico-bauxiticos. Além dos dados de paleocorrentes que
mostram uma reversao do fluxo para leste durante o Nedgeno, o espectro de idades desde 0.5
até 2.7 Ga da Formagdo Novo Remanso, comparavel aquele obtido para os depositos do

Quaternario, fortemente apontam para areas andinas, confirmando o inicio do rio Amazonas.
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Estes resultados forneceram implicacdes paleogeograficas que permitiram indicar, pela
primeira vez, um modelo da drenagem transcontinental do Neocretdceo que migrava em
direcdo ao Oceano Pacifico, bem como confirmar o inicio da drenagem transcontinental

Amazonas (proto-Amazonas) durante o Nedgeno.
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