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RESUMO

A andlise de facies baseada em afloramentosndasucessamedgera com25 m de
espessura foi realizada nmorcdo oiental da Bacia do SolimbesAmazodnia Central. A
Formacéo SolimdedMioceng inclui depdésitos déago /depodsito de inundacacanal fluvial
sinuoso de cargamsuspendocomrompimento de iques marginaiemsubdelta e depdsitos
de planicie de inundacaadmpimento de dique marginatonfirmando o sistema de mega
pantanosPebasSolimdes anteriormente interpretado. A Formalg@p Pleistoceno Superipr
recobre de formarosivaa Formacao Solimdes e compreefldgo de carga mistaa carga de
fundo para o sistemdluvial meandrante e depoésitos de planicie de inundacdo. A
palinoestratigrafia da Formag&do Solimbes foi realizada nesta sucessédo expesta e
testemunho de sondaggi®6-291 m),geralmentede lamitosricos em matéria organica. A
ocorréncia de fosseis exclusivamente continentais associados a fitoclastos e algas de agu:s
doce, como o®voidites, confirmamum ambiente de megpantanosrestrito a Amazonia
Ocidental.Monoporomllenites annuulatug outras gramineas indicam uma oscilagéo entre as
fases arbustiva e arbdérea associada a flutuacdes nos intervalos seco e umido. As idades d
MiocencPlioceno superior para a Formacdo Solimdes obtidas a partir de zonas de amplitudes
identificadas principalmente Crassoretitriletes vanraadshoveniEchiperiporites akanthgs
Echiperiporites stelaeFenestrites spinosu$’silastephanoporites tesseroporusrimsdalea
magnaclavatae Alnipollenites verus A primeira aparicdo deAlnipollenites verus foi
modificada para o Mioceno. Palinomorfos retrabalhados encontrados nesta sucessao indicam
processos autociclicos relacionados a dindmica ambiental, enquanto acritarcas indicam erosac
de areas de origepaleozoicaA tectdnica andina afetou drantaimente a Amazonia Central,
causando csoerguimentoprogressivo da Bacia d8olimdes que gerou um subsequente
surgimento eobliteracdoda sucesséoed megapantanosPebasSolimdes. Este evento de
progradacao foi amplificado pela queda expressiva do ddvelar no Tortonianmédio(11-8
Ma), concomitando com eurgimento do Rio Amazonas Andino. A discordancia gerada
resultounum hiato deposicional cobypassde ~ 9,5 Ma. Apenas no Pleistoceno Superior, a
Bacia do Solimbes cedeu, ocasionando a implantagaand sistema de meandrds carga
mista a cargafundo que representa o reinicio da sedimentagéo do rio Amazonas na Amazonia

Central.

Palavraschave Neogeno Palinomorfos.Rio AmazonasLago Pebasolimdes Formacéo

Ica
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ABSTRACT

Outcropbased facies analysi$ 25 mthick Neogene succession was carried out in the
Eastern Solimdes Basin, Central Amazonidnhe Miocene Solimdes Formation includes
lake/overbank suspendetbad meandering fluvial channel with subdelta crevasse fland
plain/crevasse splayleposits, confirming the previously interpreted Pebalimdes mega
wetland systemThe Upper Pleistocene Icd Formation unconformably overlies the Solimdes
Formation and comprises mixed load to bedload meandering fluvial channébadplain
deposits. The Solimdes Formation's palynostratigraphy was carried in this exposed succession
and adrill core (196291 m) generallyin organic matterich mudrock.The occurrence of
exclusively continental fossils associated with phytoclastsl dreshwater algae suchs
Ovoiditesconfirm the wetland setting restricted to Western Amazadienoporopdlenites
annuulatusand other grasses indicae oscillation between shrub and tree phdisgéed to
dry and humid interval fluctuatien The wpper MiocenePliocene ages for the Solimdes
Formation obtained since amplitudes zones identified mair@yassoretitriletes
vanraadshovenji Echiperiporites akanthgsEchiperiporites stelae Fenestrites spinosus
Psilastephanoporites tesseropor@rimsdalea magaclavata and Alnipollenites verusThe
first appearance dilnipollenitesverusis modified for the Miocene. &vorked palynomorphs
found in this succession indicate autocyclic processes related to the environmental dynamic,
while acritarchs indicate erosion of Paleozoic source arfda@s.Andean tectonics affected
Central Amazonia dramatically, causing the progressive uplift of then&s Basin and the
emergence andemiseof the PebasSolimdesmegawetland succession. Thigrogradation
event was amplified by the expressive -kmeel fall in the middle-Tortonian (118 Ma),
resulting in the Andean Amazon River's onddte generatednconformity resulted in a gap
and bypass sediment of ~ 9,5 M2nly in the Late Pleistocene, the Solimdes Basin subsided,
causing the implantation of a mixetio bedload meandering system that represents the
sedimentation restart of the Amazon River in@®ntral Amazonia.

Keywords: NeogenePalynomorphsAmazon RiverPebasSolimdes Lakelca Formation
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a.(2013). The fAbo biozones were define
Fenestrites longispinosus and Fenestrites spinaghsEchitricolporites spinosus
Bombacacidites ciriloensis that indicate upper Miocene to Pliocene age. The
Alnipollenites verus is typical, but not exclusive, of Pleistocene strata. The initial
mark in 10 Ma for the unconformity match with the Andean AomaRiver's onset

(cf. Gorini et al. 2013, Hoornet al. 2019) and indicate a gap that includes the
Pliocene and Lower to Middle Pleistocene. The minimum age for Iga Formation of
~400 Ka BP is provided for OSL age (Rozo 20Rbssettiet al.2015, Pupinret al.
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bordering the Amazon Basin, separates by the Purus ArchStiligraphic

framework of the Solimbes Basin-[@) UrucuCoari region with an indication of
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Figure 2- A Stratigraphic profiles of the Neogene succession outcropping on the bathies of
Solimdes River, near the Uru€loari region, Central Amazonia. The profiles were
marked with the lowest water level in the ridethe location of the profiles in

L1108 L= PP 82
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CAPITULO 1 INTRODUCAO
1.1APRESENTACAO

Na regidonorte da América do Suparticularmente nas bacias intracratonicas da
Amazonia brasileira, o efeito do soerguimerd@ndino desencadeou importantes
modificacdes paleogeograficas e paleoambientais na regido amazonica é@tadrn
1995 Roddazet al. 2005). A consequéncia diretta dinamica evolutiva dos eventos
tectbnicosse reflete na ocorréncia de numerosas bacias-kasidis como a do Solimdes
e Amazonasas quais saseparadas por arcos estruturais com registros de histérias de
subsidéncia desconhecidas em unidades litdiggaificas do Cretdceo €enozoico
(Milani & Zalan 1999). As mudancas paleoambientais e paleogeograficas, associadas as
variacbes climaticas, moldaram esta parte da América do Sul com implicacGes
importantes para a implantagdo da drenagem transcontindetgnvolvimento da
floresta amazodnica e sua biodiversidade. A maioria dos dados cronoldgicos das unidades
nedgenas sao calcados em dados bioestratigraéinqaanto unidades quatarias tém

sido datadas por C14 e luminescéncia opticamente estimul&ia (O

O numero limitado de determinacbes de idf@mte a vasta area da regiao
amazobnica obtidas a partir de palinomorfos e rochas vulcanicas raiagda sao
insuficientes para organizar as sequéncias de eventos e consequentemente aumentar a
resolucao stratigrafica desta regido (SiMzaminhaet al. 201Q Guimardeset al. 2013,

2015 Nogueiraet al. 2013 Silveira& Souza 2015, 20l16achniasz& Silva-Caminha
2016 Leite et al. 2016 D'Apolito 2016 D'Apolito et al.2018 Lima Jr.et al.2018 Jorge
etal. 2019 Leandroet al.2019 Pupimet al.2019 Gomeset al. 202Q Leite et al. 2020).
Apesar do conhecimento razoavel das unidades estratigraficas, ainda dsitalos
detalhados dos sistemas deposicionais e, principalmente, o reconhecimento das
discordancias parassimrestringir e refinara amplitude das idadeglativasque os

palinomorfos fornecem

As datacdes palinoldgicas e de carbono 14 tém balizadoaaiandos modelos
geoldgicos sobre a evolucdo da paisagem amazbnica, embora ainda ndo exista um
consenso sobre a sequéncia de eventos para o sistema de drenagem. Os principais
modelos sdo baseadosm grande partepna analise de testemunhos de sondagens
proximos a foz do Rio Amazona®s quais sugerem guweimplantacdo da drenagem
transcontinentaloi responséavel pela instalacdo do Leque do Amazon&tenoioceno
entre 9,5-8,0 Ma (Hoorn 1994Hoorn et al. 1995 Potter 1997 Gingraset al. 2002
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Roddazet al. 2005 Gorini et al. 2014 Figueiredoet al. 2009, Hoorret al. 2017, Cruzet
al. 2019). Esta proposta reflete apenas uma parte da histéria e ndo contempla os

depdsitos da calha principal do Rio Amazonas.

A mudancadeste cenario até a instalacdo da drenagem transcontinental foi
direcionada pela tectdnica Andina e ndo ocorreu de forma abmgsaem etapas desde
o final do OligoceneéMioceno inicial até o Quaternario (Nogueira 20N®@gueiraet al.
2013 van Soeleret al. 2017, Reiset al. 2016 Nogueiraet al. 2021). As idades mais
antigas obtidas em amostras de furos e afloramentos da poesi® da bacia do
Solimdes remontam ao Paleoceno e Miodegalio (Daemor& Contreiras 197,1Hoorn
1993, 1994L atrubessest al.2007, 2010Leite et al.2016).

Durante oMesonoceno (1410 Ma) o oeste da Amazobnia era dominado pelo
Sistema_ago Pebasolimdes, confinado a leste pelo Arco de Purus (Hoorn ,11988rn
et al.201Q Shepard 201,(0Nogueiraet al.2013). Concomitantemente, a leste deste arco,
o Rio Amazonag€ratbnico fluia para o Oceano Atlantico durante o Mioceno Médio (14
10 Ma) eprecedeu o0 Rio Amazonas andimdofueiraet al. 2013 Nogueiraet al. 2018
Nogueiraet al.2021). Idades palinolégicas mais jovens como Plioceno (Latrubeate
2010) e Pliocen®leistoceno (Campbedit al. 2006 Nogueiraet al. 2013 Horbeet al.
2013 coincidem com dados bioldgicos (Riketsal. 2012).Estas idades vao de encontro
também com aquelas obtidas por meio do uso de OSL e sugerem pulsos sedimentares
mais recentes ligados ao Rio Amazonas Modé@Gampbellet al. 2006 Rossettiet al.
2015 Nogueiraet al. 2013 Gongalves Jr2016 Pupimet al. 2016 Cremonet al. 2016
Soarest al.2017).

Emboratenha havidaum relativo avangoprincipdmene na Ultima décadaa
identificacdo dos subambientesinterpretacées paleoambientagxiste a caréncia de
maior integracdo dos resultados de subsuperficie e superficie visando um melhor
entendimento bioestratigrafico. A pesquisaete intuito de avaliar as variagcdes
paleovegetacionais, paleoambientais ee@almaticas desde os eventos relacionados a
implantacédo daistemalago Pebas/Solimbes, sua relagcdo com o pkotazonas, até os
eventos de soerguimento e erosdo, posteriormente sucedidos pela progradacdo de
depositos fluviais pleistocenos da Formacéoligados a evolucdo do Rio Amazonas

Modernao
1.2 ORGANIZAQAO DA TESE

A estrutura organizacional destesese deu na forma d& capitulos, onde o
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primeiro corresponde a uma sec¢ao introdutoria cujo proposito foi remeter ao leitor uma
abordagem geral a resfme da tematica principal, bem como expor 0s objetivos e
justificativas que motivararma presentgesquisa de doutorado. A geologia da Bacia do
Solimdes é apresentada apenas nesta parte introdutdria para que ndo haja repeticdo nos
capitulos que versam sobegtigos cientificos desenvolvidos durarteprograma de
doutoramento. No segundo capitulo foi descrito as metodologias utilizzatas
elaboracado dos artigos que comp8eapitulosterceiro e quartoOs capituloserceiroe

quarto contextualizam os resultados correlacionados como artigogificos onde o
primeiro referes e Tlae Miocene and Pleistocene deposits of the Central Amazonia:

a record of the PebasSolimdes megawvetland system demise by the implantation of
Amazon Riveroe o0 s e g u i Ralyeosteatigmphy af Neagerie deposits in the
eastern solimfesBasin: evidence for 9,5 ma of byass in the record of the great
unconformity in the Central Amazoniad O ultimo capituloapresenta as consideracdes

finais compreendidsa partir de umanaliseglobal da tese
1.3 OBJETIVOS

Este trabalho t& como objetivo geral compor um arcabouco estratigrafico
completo para o Cenozoico da por¢cdo central da Amazbnia, com base em dados
palinolégicos e sedimentologicos, para igecam alcancados o0s seguintes objetivos

especificos:

a) elaborgdo de um perfil colunar compostaeunidade utilizando dados de
subsuperficiadlo poco STE2 e de afloramentos na regido de Ur@mari, integrando

suces8es doMiocem e Pleistocem,

b) reconstitugdo @ paleoambiente, paleovegetacdo, e as implicacGes
paleoecoldgicas epaleogeogréficas das formacgdes Solimdes (Mioceno) e Ica

(Pleistoceno) da Bacia do Solimpes

c) correladese interpretacdes geologicas da regido estudada com os eventos ligados

a orogenianding

d) avaliatdo das mudancas paleoclimaticas e a influén@avdriacdo relativa do

nivel do mar nos depésitos estudados durante o Nedgeasted@no na Amazénia.
Respondendo, deskama, perguntacomo:

1) Como se comportaram tectonicamente as bacias do SolimdesAmazonas

durante o Nebégeno e sua influéncia no controle paleogeografico e



paleobiogeogréfico?

2) Qual a importancia dos arcos estruturais para a dinamica evolutiva dos

paleoambientes durante o Nedgeno e Pleistoceno?

3) Qual o papel dasucesBes do Mdgerm e Pleistocem no estabelecimento do Rio

Amazonas?

1.4 AREA DE ESTUDO

A area estudadsituase no norte do Brasil, regido de UruciCoai, Estado do
AmazonasO Municipio deCoariencontrase a margem esquerda do rio Solimdes, local
onde foram observados, descritos e coletados os matérias proveniekesositos
afloranes ligados a dinamica fluvial. Pertencente ao territério de Coari, a Provincia
Petrolifera de Uructioi o outro ponto analisadp através do testemunho de sondagem,
STGO02, cedido pela PETROBRA&ue 0 obteve durante fiProjeto Carvdo no Alto

Solimdes.

1.5 O REGISTRO GEOLOGICOE PALENTOLOGICO DO NEOGENODA
AMAZONIA .

1.5.1 Aspectos gerais

Depdsitos cenozoicos tém sido considerados pelas primeiras exploracdes
geoldgicas da Amazbénia Ocidental como os unicos aflorantes nas calhas principais das
bacias amazonicas, bordejados por rochas sedimentares paleozoicas. Os primeiros
levantamentos forarbaseados principalmente em dados geofisicos e de testemunhos de
sondagem pela Petrobras e na década de 70, pelo DNPM por meio do Projeto Carvédo no
Alto Solimdes (Maiaet al. 1977). A densa cobertura vegetal e escassez de afloramentos
tem limitado o mapeamé& dessas unidades, bem como a falta de material adequado
para a datacdo, dominados por depositos arenosos expostos nas bacias do Solimbes e

Amazonas, denominadas anteriormente como bacias do Alto e Baixo Amazonas.

A premissa de que todos os depositésrantes seriam cenozoicos foi novamente
corroborala por Caputo & Soares (2016) que indiscriminadamente estenderam essa
idade cenozoica desde a Bacia do Acre a oestefaedm Rio Amazonas, a leste. Estes
autores ndo consideraram estudos prévios queedemdadossobre a ocorréncia de
rochasdo Qretacea aflorantes na Bacia do Amazonas e em subsuperficie recobertos

principalmente por depositos do Neodgeno. Destasmno estudo dos paleossolos
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lateriticos bauxiticos de idade paledgena enraizadas nostdspmistaceos e as crostas
ferruginosas marcando os depdsitos do Mioceno (Kotschoubey & Truckenbrogt 1981
Truckenbrodet al. 1982 Costa 1991Rossetti 2001Rozoet al.2005).

Além disso, palinomorfosindices do Cretacedém sido relatados como
comporentes retrabalhados nos depdsitos do Nedgeno da Bacia do Amazonas, assim
como folhas fosseis de espécies extintas tipicas dessa idade (Bez¢re®18). Desta
forma, a comprovacdo do embasamento Cretaceo (Fig. 1) implica na utilizacdo desta
superficiechave para balizar as investigacfes bioestratigraficas do Cenozoico nas bacias

amazonicas.

Andean Diabase PurusArch
overload 4 ‘ ovcrload‘ Carauari High (Proterozoic)
(Ju1upd Arch

Envira Arc Iqu1tolllgh s e o Monto Alegre
(Late Juras,) (Cenoz) Urucu-Coari pediong High (Late Trins,)
region (Late Trias.)

W Acre basin Solimdes basin Manaus Amazonas basin Maraj6 basin ~ E
' 0 km

(39

6

Brazilian northern basins stratigraphic column
Mississippian

. Middle Devonian . Lower Ordovician
Late Triassic Lower Devonian . Crystali

retaceous - : s Proterozoic rystaline

Cretaceous . diabase Middle Ordovician basement

Figura 1- Secdo esquematica -®/ desde as bacias do Acre, SolimBes, Amazonas e Marajo
mostrando os arcos e altos estruturais (Modificado: Wanderley Filho & Travassos 2009).
Observar que os depdsitos Cretaceos afloram nas bacias do Acre e Amazonas. A area de Urucu
Coari, objeto desta pesquisa, esta localizada proximo do Arco de Purus.

Lower Permian
Pennsylvanian

Cenozoic

1.52 Bacia do Solimdes

A Bacia do Solimdeg considerada umainéclise do tipo intracratdnica de
orientacao lesteeste, implantada em rochas cristalinas e sedimentarésoterozoio
da Provincia Amazénia Central (Fig. 2). A bacia é separada pelo Arco de Carauari que a
divide nas sutbacias de Jandiatuba e Jyrad leste, é limitada pelo Arco de Purus, que
a separa da Bacia do Amazonas, e ao oeste pelo Arco de lquitos, limite com as bacias
subandinas e planicie amazonica. Ao Sul, a Bacia do Solimdesdendam oescudo
Brasileiro Central e ao norte pelescudos das Guianas (Fig. 2).

O registro sedimentar da Bacia do Solimdes é marcado por multiplos eventos de
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regressdo e transgressdo marinha relacionados aos processos de subsidéncia e
soerguimento, controlados pela atividade nos arcos estruturais ativcipghmente no
Paleozoico (Caputo & Silva 1991). O Arco de Carauari teve controle decisivo na
distribuicdo e espessura das sucessfes sedimentares, principalmente - no pré
Pensilvaniano, e provavelmente influenciou o acumulo de sedimentos dos degmsitos
Neocretace@ Neogem (Eiraset al. 1994).A ultima sequéncia deposicional da bacia do
Solim@es, correspondente ao Grupo Javari, individuakzam rochas do Cretaceo
Superior da Formacao Alter do Chao, que € separada por uma discordancia erosiva da

Formago Solimdes, de idadéiocero-Plioceno (Cruz 1984).

5 Solimdes Basin

. Max. Lithostratigraphy
Period Thickness (m)

Environment

WSW Iquitos Arch ENE Purus Arch

_____

Quaternary 25 = afm . = | Fluval

Neogene 1800 - Lacustrine
Solimdes Fm.———
Upper 1000 : N ) Fluvial
Cretaceous Alter do Chéo Fm. * . braided
Foreland A ' . : B
Solimdes sedimentary basin | Amazonas sedimentary basin

Itaituba

E Quaternary deposits

[ Neogene- Quatemary deposits c

Figura2- A) Norte da América do Sul, fronteira oriental da Bacia do Solimdes, régieimfe

com a Bacia do Amazonas, separada pelo Arco do Purus. B) Arcabouco estratigrafico da Bacia
do Solimdes, onde em afloramentgoFFormacédo Solimbes alcanca até 5m de espessura, sendo
recoberta por depdsitos da Formacdo @pArea de estudo situada negizo de UrucuCoari
(modificado de Abinader 2012).

1.52.1 Formacgéao Solimdes

A Formacédo Solimdes foi denominada por Rego (1930) para designar a secéo
cenozoicaargilosa exposta ao longo do Rio Solim@ sa unidade consiste de argilitos
plasticos de cor cimzesverdeado com intercalagdes de linhivssiliferos(Maia et al.

1977. Esta unidade estende até as bacias do Acre e bacias subandinas com idade
Mesomiocena (Hoorn 1994). Dados obtidos por meio de datacéeRiedth zirces
detriticos da Formacédo Solimdes da regido de UGQamari indicaram populacdo que
inclui 190, 525, 1190 e 1400 Ma, com a maxima idade de 1515+35 Ma (65 graos),

indicando que a px@niéncia é andina (Mapes al. 2006). A unidade desta regido foi
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datada no Miocen®lioceno por palinomorfos (Silveira 2Q0Bogueiraet al. 2013,
Guimaraest al.2013 Silveira& Souza 2015, 2016

O cenéario paleogeografico que precedeu a implantagao drenagem
transcontinental do Rio Amazonas ocorrido provavelmente noPRlistoceno, era
representado por um sistema lacustre extenso conectado a sistemas deltaicos rasos, bem
expostos na regidao de UruQoari, Estado do Amazonas (Nogueataal. 2013) Este
sistema deltaictacustre do NeomiocerBlioceno nao ultrapassava a regiao do Arco de
Purus e provavelmente foi conectado a uma drenagem a leste desta estrutura
desenvolvida na Bacia do Amazonas, o peazonas (Mapest al. 2006 Vegaet al.

2007, Nogueiraet al. 2013). Esta histéria ainda ndo foi completamente desvendada e

representa um dos pontos motivadores do desenvolvimento desta pesquisa de doutorado.
1.5.2.2Formacéao Ica

Maia et al. (1977) descreveram os arenitos da Formacéo Ica, na secao tipo,
localizada ao longo do rio homdénimo até sua foz no rio Solimbes e, segundo estes
autores, é discordante dos pelitos e arenitos da Formacdo Solimbes. Essa discordancia
tem sido confirmada por trabesseet al. (1994), Rossettet al. (2005), Silveira (2005),

Vega (2006) e Nogueiret al. (2013) na regido de Coari. Sant&isal. (1974) e Lourenco

et al. (1978) descrevem restos vegetais carbonificados na Formacéo Ica relacionados ao
PleistocenoSegundo Melo & Villas Boas (1993), Bormacédo Icdoi depositada em
ambiente fluvial de oeste para leste e € composta por arenitesrgiltsos de coloracéo
amareleavermelhado. Segundo Ma@ al. (1977), a Formacéo Ica é uma sequéncia
psamitica intercaldos com pelitos e conglomerados, cujo contraste textural em imagem

de radar permitiu delinear seu contato com a Formagéo Solimoes.

A deposicao desta unidade foi atrelada ao desenvolvimento de extensos canais
meandrantes, relacionadasenvolvimento do RiAdmazonas, com migracao para {8E
em direcdo ao Atlantico (Rossetti al. 2005 Nogueiraet al. 2013). Estas planicies de
inundacdo foram colonizadas por espécies de palmeitasdofitas de agua doce e
florestas de varzea durante o Pleistoceno (Nogeeiah 2015). Além disso, ndo foram
observads algas e fungos, fato esse que pode estar relacionado as condi¢des climaticas
mais secas e / ou diferentes condi¢coes morfologiaasormacdo Solimdes (Guimaraes
et al.2013).

A ocororrénciado grao fassil Alnipollenites verus relacionado aBiozona

Alnipollenites verus de Lorente (1986)encontradona regido de Coari confirma
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Pleistoenopara o topo da Formacéo Ica (Silveira 208bgueiraet al. 2013, Silveira
2015).No entanto esse importante marcador do Pleistoceno tem seus limites de primeiro
aparecimento aqui revisados, afim de melhor compreendetotal zona de amplitude e

assim balizdo aos principais eventos geologiamrridos na regido.
1.5.2.4 O Género Alnugestado da arte)

O GéneroAlnus inclui entre 29 e 35 espécies, ocorrendo principalmente no
Hemisfério Norte, sendo sua morfologia Unécdiferenciadaentre a familia Betulaceae
(Murai 1964 Furlow 1979 Ashburner 1986Faegriet al. 1989 Chen 1994Govaerts&

Frodin 1998 Blackmoreet al. 2003 Chen& Li 2004, Sakalli et al. 2017). Heywood

(1993) descreveu registros ddnusao longo das margens de riachos, rios e pantanos,
em planicies Umidas ou nas encostas das montanhas, principalmente distribuidas nas
zonas boreais e temperadas MNorte (Sakalliet al. 2017). Destas, pelo menos 18
espécies dalnusocorrem na Asia (Hulten 196Blurai 1968), onde apresentam um dos

mais antigos registros de podlen de todas as dicotiledéneas, sendo posscionad
Cretaceo Superior (Srivastava 19Bduse 1971Wolfe 1973 Miki 1977, Brown 1993).

Cerca de oito espécies édnusocorrem na América do Norte, 0os mais antigos
surgiram entre o Paleoceno e Eoceno (MacGinitie 19dthinson 1968Leffingwell
1971 Wolfe 1977 Crane 1989Lavrenko& Fot'janova 1993) bem como ao longo da
orla do Pacifico (Leopold& Wright 1985 Leopold& Liu 1994 Liu & Leopold 1994
Reinink-Smith 2010). Duas espécies no México e somente uma se estende para a
América do Sul tendo migrado em 1 milhdo de anos (Hooghie@s@ieef 1995 ou
mais recentéPupimet al. 2019), ja o restante das espécief\theisocorrem na Europa
(Chené& Li 2004).

Na América do Sul, os gradientes ingremes e a distribuicdo elevatéria estreita dos
tipos de vegetacdo tornam os Andes sensiveis a mudangas climaticas que induzem
migragdes verticais de espéc{gan der Hammel& Gonzakz 1960 van der Hammen
1974 Hooghiemstra 1984 Bush et al. 1990 Colinvaux et al. 1996). Dados
biogeograficos indicam queAinusse encontr&m altitudes entre 2000 e 3000 m, zona
de maior abundancia em relagdo a chuva polinica (Bush, X080g et al 2004). O
Alnusé comumente encontrado em assegéhsde pdlen andinas modernas ou fosseis
(Furlow 1979 Grabandt 1980, 198%ansen& Rodbell 95 Wenget al. 2004), cujo
anico representante é Alnus acuminata(Furlow 1979 Gentry 1993). Nessas areas as

temperaturas médias anuais estdo entre 8 e 18 ° C e minima8 teC (Furlow&
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Furlow 1979 Wenget al. 2004 Punyasenat al. 2011). Por na ser nativo do Brasil, os
registros deAlnus apresentam baixos valores percentuais, sendo que sua disseminacao
pelo vento é mais significativa em até 100 km de sua arvore dispersoradaee/ey

1964 Daviset al.1973).

A alta acumulacdo délnus por liberacdo polinica € observada em depdsitos
localizados em altitudes abaixo de sua vegetacao natural &ldebghiemstra 1984).
As diferentes espécies éddnussao importantes no entendimento da historia da sucesséao
vegetacional que corrobora a dinamica climatica do Quaternario (Cdanslatyer
1977, Bormann& Sidle 1990 Chapinet al. 1994 Hu et al. 2001, Titus 2009 Lacourse
2009 May & Lacourseet al.2012 Lima Jr.et al. 2018). Sakalliet al. (2017) cita que a
distribuicdo potencial doAlnus ndo apenas depende exclusivamente de variaveis
climaticas e composicdo de solo, mas sim da combinacdo de todas as variaveis que
influenciam o desenvolvimento de umavare, por exemplo, diferenciacdo genética,

competicao e estresb@tico (Nowosad 2016).

O gréo fossil correspondente Atmusé oAlnipollenitescuja variada diversidade
de géneros é representada pdmipollenitesverus, Alnipollenites trina, Alnipolletas
scoticus, Alnipollenites eminens, Alnipollenites speciipites,Paraalnipollenites
Registros para diferentes periodos ao redor do mundo foram publicados, como Cretaceo
Superior-Japao (Takahashi 1970), Paleocenbhas Faroé- Atlantico Norte (Lund
1988), Mardo Norte- Europa (Schroder 199Kenderet al. 2011), Wyomig - EUA
(Wing et al. 2003), Groelandia (Jollesx Whitham 2004), Dakota do Norte EUA
(Zetter et al. 2011), Eoceno Superior Malasia (Fong and Said 2002), Canada
(McDonald 1992), Eoceno Médie Mar da Filipina nordeste da China (Quaat al.
2011), Eocea inferior - norte da Alemanha (Lenet al. 2020), Oligoceno Superior
Mioceno Médio na TailandjaWatanasak 1990), Republidac heca ( Dagkov§ 2
Mioceno Superior na indigMandaokar 2003), Pol6nia (Worobi& Worobiec 2016),
Mioceno Médio - Pol * ni a ( S§godk o wsPlemtoceRdd 009 Algska Pl i o c
(Haeussleet al.2017).

A tendéncia de retracdo das florestas tropicais durante o Mioceno, devido a
diminuicdo de temperatura (Jaramikd al. 2010), pode ter impulsionado o processo
migratorio das vegetacdes adaptadas ao clima frio, em direcdo a regides mais tropicais.
Assim, @ra a América do Sul, Germeraetdal. (1968) consideraram que a migracao do
polen fossilAlnipollenites veruscorreu no Pleistoceno, essa dispersao foi facilitada por
baixas temperaturas registradas para o periodo, ja Lorente (1986), considerou o grao
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féssil como marcador do PH®leistoceno (1,8 Mall ka), tendo sido confirmado por
outros autores (Mulleet al. 1987, Hooghiemstra 1989Nogueiraet al. 2013 Soareset
al. 2017) mas sendo raro nas terras baixas amazoénicas (Noguaird013 Silveira&
Souza 2015).

A possibilidade da migracdo de vegetacaoAtitpollenites verusaté as terras
baixas amazénicas antes do Pleistocenevantada no Capitulo, 4onsiderando o
carater pioneiro e adaptativo que responde favoravelmente as perturbacoestig fler
seu representante atudhus(Furlow 1979),além de pesquisas que registram a presenca
desse gréo féssil para o Mioceno supef@6 Ma) na Formacdo Gatun situada no
Panama (Jaramillet al. 2014) Formacao Chiquimil Mioceno superi¢t1.65.3 Ma),
Argentina Mautino & Anzotegui 2002) dados radiométricos corroboram essa idade
(Kleinert & Strecker 2001)Dessa formase comprovada a natureza indigena deste pdlen
na regido central da Amazoénia sera um forte indicio géénipollenitesverusfazia

parte da vegetacato Mioceno

O resfriamento climatico que se seguiuN@ogeistoceno, reduziu em cerca de
30% as concentracbes atmosféricas dé @@ando comparado aos niveis do Holoceno,
além de reduzir em 20% a precipitacdo, impulsionou tdatusimente restritos aos
Andes, como @Alnus,que apresenta alta capacidade de fixacdo de nitrogénio e tolerancia
a luz (Furlow 1979 Mayle et al 2004), a migrar em direcdo as terras baixas da
Amazonia e coexistisse com taxas equatoriais (Absy, I83hvauxet al.200Q Mayle
et al. 2004 Feitosaet al 2015 Saet al. 2016), sendo presenca comum em registros

sedimentares da regido (Soaeesal.2017).

Durante a deglaciacdo ocorrida a cerca de 11.000 aAbwusrestringiuse nas
faixas atuais modersande se encontram desde aproximadanggii@ anosBuso Jret
al. (2013) analisaram que durante Holocehtédio grdos de pélede Alnusforam,
provavelmente, transportados por massas de ar do sul da América do Sul geradas com o
aumento da insolacao der&ie no Hemisfério Sul. Graos desse polen transportados dos
Andes em direcao as terras baixas da Amazonia raramente apresentam percentuais altos,
sendo registrado menos de 1% em suspensdo nas aguas do Rio Solimdes, proximo a
Manaus (2100 km dos Andes) dimindo com o aumento da distancia da area fonte
(Haberle 1997). Geralmente, entre 2 e 20% em pantanos e\alpes mais altos estao
relacionados a presenca indigena na vegetacao local (HooghiemstydBaSig4t al.
199Q Clapperton 1993Colinvauxet d. 1997).
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CAPITULO 2 MATERIAL E METODOS

Para a elaboracao deste projeto fomralisadosfloramentos as margens do Rio
Solimdescom méxima espessura de 20 m, como também um testemunho de sondagem
cedidos pela PETROBRAS (STG 02) com mais de 300 m de profundidadeossras
fazem parte do acervo do Laboratério de Sedimentologia e do Grupo de Analises de

Bacias Sedimentares da Amdam (GSED) na Universidade Federal do Para.
2.1 PALINOLOGIA
2.1.1 Processo de extracdo de pdlen

De um modo geral, as amostras de sedimento coletadas exibiram grande
concentracdo de matéria organica, cuja granulometria variou de areia até argilagfatos qu
a priori impossibilitam a identificagdo dos palinomorfos que estejam presentes. Em
virtude disso, foram necessarios procedimentos laboratoriais, como rea¢des quimicas,
gue enfatizaram a selecdo dos grdos de pdlen e a eliminacdo das demais particulas
orgénicas e inorganicas.

Para tal, utilizosse um padrdo de amostragem calibrado em % guoe é feita
com precisao, para posterior calculo de concentracdo polinica, sendo que o equipamento
utilizado consisti num cilindro produzido a partir de aco inoxidavel, onde o sedimento é
inserido dentro de sua cavidade, sendo em seguida expelidos pembafo, cujo
produto adquirido sdo pastilhas que posteriormente serdo introduzidas em tubos de
centrifuga graduados em 15 ml e com fundo cdnico, os quais sdo constituidos de

polipropileno, tendo em vista sua utilizagcdo como meio receptor do acido ficmridr
2.1.2 Tratamento com Acido Cloridrico (HCI)

Nesta etapa os tubos previamente preparados com o material sedimentar e
marcador exotico, foram submetidos a uma solucdo contendo 5 ml de HCI a 10%, cujo
intuito foi a eliminacdo do carbonato de célcio QCg). A reacdo ocrrida é expressa
por (Equacao 1
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CaCQ( S) + HCI (248p+)HO{L) +30a+ 2Cl(aq) (1)

Apobs, o material foi homogeneizado utilizarsk o AgitadoVortex, modelo Q!
901, que gera até 2800 rpm. O passo seguinte consissepasacado da solucao do
material re&lual, por meio de centrifugacdomuperiodo de 10 minutos com velocidade
de 5000 rpm. Um ponto importante neste processo é o de lavagem do material com agua
destilada, seguindo os mesmos procedimentos acima citadogpeateé sobrenadante
encontrese incolor ou transparente, que significara uma correta separacao, assim néo

havendo perda do contetdo decantado.
2.1.3 Tratamento com Acido Fluoridrico (HF) concentrado

O segundo passo € o tratamento com HF, tendo em Jistaas grandes
quantidades de material silicadtico observado nas amostras poderiam impossibilitar a
identificagdo dos grédos de pdlen. Para tal, utiigeu3 ml desse &cido, que foi
homogeneizado e deixado em repouso por 24 horas para dissolver a maiodadeant

possivel de silica, cuja reacao € expressdfquacéao 2
SiOxAS) + HsF ( A g ) 2Sifs(Ad) + Hz202(L) 2

Finalizado esse tempo, o material é levado a Centrifuga para separacgao e posterior
retirada do liquido residual, sendo submetido a uma Havagem, para que assim

possamos iniciar a terceira etapa.
2.1.4 Tratamento com Acido Acético Glacial (€H402)

Nesta etapa foi visada a desidratacdo da amostra, sendo considerado um passo
delicado do processo, prepararafopara insercado da acetolise, tendo em vista a reacao
entre agua e acido sulfarico ser altamente exotérmica, podendo o material ser expelido
do wubo de forma perigosa.

Para isso, adicionese 8 ml de eH4O. aos tubos por um periodo de 20 minutos,
cujos procedimentos seguintes foram a homogeneizagao e centrifugacdo comr posterio

descarte do liquido residual.
2.1.5 Tratamento com Acetdlise

O Jdltimo tratamento &cido a ser realizado foi a acetolise, cuja técnica
desenvolvida por Erdtman (1952) e modificada em Melle¢ral. (2003) consiste na

remocao de celulose e polissacarideos por meio de uma mistura contendo a proporcédo de
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nove partes de anidridocético (CHCOCHs) para uma parte de acido sulfurico
concentrado (k8Qy).

Nesta etapa foi adicionado 3 ml da mistura para cada tubo, os quais foram
acondicionados em bardmoaria por 30 minutos a temperatura média de 70°C para
catalisar a reacdo, sendo oesmos homogeneizados em intervalos de 10 minutos. Apos
esse periodo o material foi centrifugado e realizada a lavagem com agua destilada.

Por fim, 0 produto obtido desses tratamentos &cidotrdoisferido para tubos de

Eppendorf e preenchideom agua dstila e alcool.
2.1.6 Montagem de laminas para microscopia

O material armazenado nos Eppendorfs foi retirado através do uso de pipetas de
Pasteur e posteriormente adicionado sobre as laminas Bioslide cujas dimensdes séo de
25,4 x 76,2 mm, sendo inseridambém uma pequena quantidade de glicerina, cujo
propésito foi estabelecer uma melhor fixacdo do conjunto (Metoaie 1991). Feito isso,
assentotse as laminulas 22 x 22 miFinalmentea selagem foi realizada utilizande

balsamo do CanadgAraldite, evitando assim exposi¢cao a umidade do ar.
2.2 ANALISE DE FACIES E ESTRATIGRAFICA

As técnicas de modelamento de facies proposto por Walker & James (1992)
incluemi) a individualizacdo e descricdo das facies (composicédo, geometria, texturas,
estruturas sedimentares e conteudo fossilifelip),a compreensdo dos processos
sedimentarese iii) a associacdo de facies, refletindo os diferentes ambientes e sistemas
depositonais representados na forma de blocos diagramas. A descricdo de facies sera
auxiliada por perfis verticais e se¢des panoramicas obtidas a partir de fotomosaicos dos
afloramentos seguindo o procedimento de Wizevic (1991) e Agnhad. (1997). As
superfites chaves identificadas serdo usadas na correlacdo das secOes e ciclos

deposicionais.
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CAPITULO 3 THE MIOCENE AND PLEISTOCENE DEPOSITS OF THE
CENTRAL AMAZONIA: A RECORD OF THE PEBAS -SOLIMOES MEGA -
WETLAND SYSTEM DEMISE BY THE IMPLANTATION OF AMAZON

RIVER

Walmir J.S. LIMA JR, Angela M L. VEGA, Afonso C. R. NOGUEIRA?®, José
BANDEIRA2P

aProgramade PosGraduacdo em Geologia e Geoquimica, Faculdade de Geologia, Instituto de
Geociéncias, Universidade Federal do Par4, Rua Augusto Corréa s/no,1660Belém, PA,
Brazil, @nogueira@ufpa.bjbandeira@ufpa.brvalmir.junior@ig.ufpa.com

PResearch Productivity of CNPq

ABSTRACT

Outcropbased facies analysis of 28tick Miocene and Pleistocene deposits exposed
along the Solimdes River, Eastern Solimdes Basin, Qehtnazonia, revealead eleven
sedimentaryacies grouped ifive associationsl) lake/overbank (LOV), constituted by
tabular beds of organic mattech laminated mudrock and subordinate sandstone,
laterally continuous for dozens of kilometei®) composite crevasse splay (CCS)
represent & mthick coarsening upward successitaterally continuous for dozens of
kilometers, of complex crosstratified sandstone that include sigmoidal cross
stratification even parallel beddingslimbing ripple cross laminatiomnd deformed
bedsand frequently shows easrd inclined foresetsrelaed to proximal crevasse
subdelta lobes and tabular distedvasselepositanterbedded with LOV associatip8)
suspendedoad meandering channe(SLMC), represented by point bar deposits
consisting of largescale inclined heterolithic stratified sandstoand mudrock with
vegetal debrisoriented to ESE, interbedded with thin layers of intraclastic (mudrock)
conglomerate, and deformed beds (disharmonic folds, convolute beding and tilted
mudrock block) 4) Mixed- to bedloadmeandering channédMBMC), relaed to the
point bar deposits consisting ofediumscale inclined heterolithic stratified sandstone
and mudrock witlirunks andvegetal debrisfine- to mediumgrained pebbly sandstone
and conglomerate (quartz and mudrock clasts) with trough and plarssbensing
dipping predominantly to ENEand 5) flood plain/crevasse splay (FPC), comprising
bioturbed and vegetal debrgch mudrock and fingrained sandstone organized in

meterscale coarsening upward successiduring the upper Miocene, the extensive
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lacustrine system, feeder by suspenibed meandering channels, dominatigck
subsiding Solimdes Basin the Central Amazdnia. These large overbank sigare
constantly flooded and filled bgrevasse subdelta deposits. This extensive mega
wetland systen was limited to the E with theurus Arch. The Andean tectonics affected
Central Amazonia dramatically, causing the progressive uplift of the Solimdes Basin
and the emergence and erosion of the nwegand succession. This event was
amplified by the exmssive sedevel fall in middleTortonian (118 Ma), resulting in

the Andean Amazon River's onset. Only in the Late Pleistocene, the Solimdes Basin
subsided, causing the implantation of a mixéa bedload meanderingystem that

represents the sedimentaticestart of the Amazon River in the Central Amazonia.

Keywords: Neogene, Amazon River, Solimdes Formatidgg Formation,Pebas

Solimodes Lake

3.1INTRODUCTION

Significant changes in the landscape marked the Late Palebigegene of the
westernAmazonia,where paleoenvironmental conditioriefluenced theformation of
the modern Amazon rainforeshdthe onset othe Amazon fluvial system (e.gHoorn,
1993 Latrubess et al.201Q Hoornet al.201Q Hoorn& Wesselingh 201,0/esselingh
& Salo 2006 Hoorn et al. 2010). Remarkaly, the earlymiddle Miocene depositional
system in thewestern Amazonia was characterized by a mwegidand system with
short marine inundations (Hoorn 199oonstraet al. 2015 Jaramillo et al. 2017,
Linhareset al. 2017). This depositional system comprising continental, predominating
fluvial-lacustrine sgtem (Westawagt al. 2006 Latrubesseet al. 2010) and mixedide
coastal settings (Rasanen al. 1995 Hovikoski et al. 2005 RebataH et al. 2006)
extending almost 2000 km to the east, along the SolkAGemzonas River (Nogueira
2008 Nogueiraet al. 2013). Therefore, this conception is dependenthe authors and
location, that include these deposits in different lithostratigraphic units such as Pebas,
Ipururo, Ifapari, Curaray, Madre de Dios, Nauta, La Tagua layers, Amazonian Tertiary,
and SolimdesNaia et al. 1977, Hoorn1994 Hoorn et al. 2010 Campbellet al. 2001,
Roddazet al. 2005, 2006 Nogueira 2008Nogueiraet al. 2013). These deposits consist
mainly of black togray organic matterich mudrock, rhythmites, siltstone, sandstone

conglomerag, levels of carbonate rocks, and lignite beds (e.g., Hatrial. 1995
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Wesselingh& Salo, 2006 Cozzuol 2006 Latrubesseet al. 201Q Hoorn et al. 201Q
Silva-Caminhaet al.201Q Nogueiraet al.2013 Leite et al.2017, 2020).

The history of PebaSolimdes megavetland systenis intimately connected
with the evolution of the Amazonian landscape and the Amazon Rlespjtethere is
still no consensus on the sequence of geological events. The main models are based
mainly on theanalysis of drill cores near the mouth of the Amazon River and assume
that the implementation of the Andean transcontinental drainage was responsible for the
installation of the Amazon fan in the Upper Miocene between 9.5 and 8.0 Ma (Hoorn
1994 Hoornet d. 1995 Potter 1997Gingraset al. 2002 Roddazet al. 2005 Gorini et
al. 2014 Figueiredoet al. 2009, Hoornet al. 2017, Cruz et al. 2019). This proposal
reflects only part of the historyot includng the record othe Amazon River's main
channelin Central Amazoniadistant for thousands of kilometers of the coastal region.
The change from this scenario since the implantation of wegand until the
installation of transcontinental drainage driven by the Andean festaoid not occur
abruptly but took place in steps from the late Oligoeesdy Miocene until the
Quaternary (Nogueira 2008logueiraet al. 2013 van Soeleret al. 2017, Reiset al.
2016 Nogueiraet al.2021).

The older ages obtained the borehole andutcrop samples of the western
portion of the Solimde8asin go back to the Miocene until Pliocene (Daemon and
Contreiras 1971Hoorn 1993, 1994Latrubesseet al. 2007, 2010 Leite et al. 2016,
2020). During the Middle Miocene (10 Ma) the western Ameon was dominated by
PebasSolimdes lacustrine environments, confined to the east by the Arch of Purus
(Hoorn 1993 Hoorn et al. 201Q Shepard 201,0Nogueiraet al. 2013). Concomitantly,
east of this arc, the cratonic Amazon River flowed into the Atladtean during the
Middle Miocene (1410 Ma) and preceded the Andean Amazon River (Nogetied.
2018 Nogueiraet al. 2013 Nogueiraet al. 2021). Younger palynological ages such as
Pliocene (Latrubesset al. 2010) and PliocenPleistocene (Campbekbt al. 2006
Nogueiraet al. 2013 Horbe et al. 2013) coincide with biological data (Ribas$ al.
2012). These recent agbg pollenmatchwith Quaternary ages obtained by optically
stimulating luminescence (OSL3uggestinglepositionsince 400 Ka BP linketb the
Modern Amazon River (Campbedit al. 2006 Rossettiet al. 2015 Nogueiraet al.
2013 Rossettiet al. 2015 Goncalves Jr. 2016Pupimet al. 2016 Cremonet al. 2016
Soareset al. 2017).The stratigraphic proposalsr Neogene deposifermulatedin the
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western Solimdes and s#tndean basins not including the Central Amaaowhich
comprises the eastern Solimdes and the Amazonas basins, where thevatbdiess
focusare still incipient (Rossetét al. 2005 Dino et al.2012 Nogueiraet al.2013).

For decades, th&leogene depositsn the Central Amazonian lowlands vea
been stacked in two lithostratigraphic units, the MioeBhecene Solimdes Formation
and Upper Pleistocene Ica Formation underlaid by Upper PleistQpesternary
deposits FFig. 1). These units are separated by an angular unconformity observed by
hundred of kilometers in the right margin of Solimbes River (Maiaal. 1977,
Nogueira 2008Nogueiraet al. 2013 Horbeet al. 2013 Rossettiet al. 2015). Recently,
Pupimet al. (2019) disregarded this stratigraphic framework andathes by pollerfor
the Soimdes Formation, based mainly Q@8L ages 085 to 35 ka BP, suggesting that
the Solimdes and Ica formations represent a single unit of the upper Pleistocene. This
agerestricted range has led the authors to state that these units represent the current
Tera Firme forest substrates of the Central Amazonia. According to Peipiah.
(2019), these deposits cannot be named and mapped using lithostratigraphy, which
implies a rock unit and not recent fluvial terraces. Therefore, the OSL ages of &upim
al. (2019) could not be certified due to the lack of specific and statistical details of the
palynological content of only two samples of the studied succession. Following these
authors' proposal, pollen grains provided MiocBtiecene ages likeGrinsdalea
magnatavata were considered reworked, aride Pleistocene pollen a8lnus was
overestimated to reinfordbe OSLages. These authors also interpreted the Solimdes
IcA succession as multiple fluvial bar aggradation episodes composed of continuous
fining-upward gcles without performing a detailed facies anayBupimet al. (2019)
reduces thgeologichistoryto only 200 Ka BRignoring the previous older pollen ages
usedto the evolution of thdliocenecratonic and Andean Amazon River (¢floornet
al. 1995 201Q 2017 Wesselingh& Salo 2006 Cozzuol 2006 Nogueira 2008
Figueiredoet al. 2009 Silva-Caminhaet al. 201Q Hoornet al. 2010, 2017Nogueiraet
al. 2013 Horbeet al.2013 Leite et al.2017, 202Q Nogueiraet al.2021)

The most evident problems that hinder to unrafehis Neogene evolution are
1) the misinterpretatiothat the deposition occurred continuously in a unique basin with
the same tectonic behavjd&) absence of faciological study in the central Amazon to
demonstrate the depositional scenario changes before, during and after the
establishment of the transcontinental Amazon drain8yethe modification of the
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drainage system nevewas showedwith paleocurrents datad) the difficulty in
identifying regionalunconformitiesin deposits with similar lithologies) the use of
relative ages to the Neogene successisnf there was no break in the geological
record 6) do not consider the activity of the arches and the different tectonic behavior
of the basinsThis last key point raises significant questions about when and how these
arcs (i.e., Purus Arc) or the basin tectsnidluencedthe connection between Solimdes
and Amazonas basins during the onset of the Amazon .Riter outcrogbased facies

and stratigaphic analysis of this Neogene succession exposatl Coari and Tefé
townsarestrategic to solve these questions. We rescuprigouslithostratigraphy of

the Central Amazonia, considering the Solimdes and Ica fornsatiaits of the
Solimbes Basin New paleoenvironmeid data are presented witaleogeograph

information for theCentral Amazoia during the Miocene (Fig. 1).
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Figure 1- Geotectonic units of th€entratEastern Amazoniad) Simplified geological map
(Modified from Wanderley Filhcet al. (2007),Brazilian Geological SurveyCPRM, 2010 and
Rossettet al.2005).B) The study area and location of measured sections.

3.2 GEOLOGICAL SETTING

The MeseCenozoic Amazonian retro aforeland basin is installed in western
South America, including currently Amazor@atumayo, Oriente, Pastakéarafion,

Huallaga, Madre de Dios, BeMamore, Solimdes and Acre basins, respectively in
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Colombia, Ecuador, Peru, Bolivia and Brazil (Capeta. 1990 Roddazet al. 2006

Hoorn et al. 201Q Louterbachet al. 2018 Hurtado et al. 2018). The Miocene
depositional environment of the Amazonian retro arc foreland basin is characterized by
the PebasolimBes megavetland systentcomposed ofakes and samps, with fluvial

and marginal marine influeng®vesselingh& Salo 2006 Cozzuol 2006Latrubessest

al. 201Q Hoornet al.201Q Silva-Caminhaet al.201Q Nogueiraet al.2013 Leite et al.

2017). The use of the term Pelaimdes in this work is because the Pebas unit
defined in Peru extends as Solimdes Formation almost 2000 km to the east in Brazilian
Amazon, along the Soliméésmazonas River until the Purus Arch zone (Hoetral.

1995 Wesselinget al. 2002, Latrubesset al. 2007, 2010, Nogueirat al. 2013) (Fig.

1). Hoorn (1993) concluded that the Pebas Formation included at least three pollen
zones, spanning an age between late Early Mioceneanhy Late Miocene (c. 110

Ma) coinddent with the biozones found in Solimdes Formation (cf., Leital. 2017,

2020) Following the stratigraphic code and recent facies analysis,Stiiendes
Formationis restricted to the SolimdesaBin(Nogueiraet al. 2013). t is correlated to

units ofthe same age in sedimentagsins of Acre, Bolivia, Periand Colombia, so

contesting Caputet al.(1971) proposal

The Fitzcarraldlquitos andPurus arches can be formed significant interfluvial
reliefs that influenced the Neogene Amazonian drainage and the sediment distribution
in the Amazonian retro arc foreland basin (Roddaal. 2005 Espurtet al. 2007,
Nogueira 2008Hoorn et al. 2010 Nogueiraet al. 2013, 2021). The westward cratonic
drainage in lowland Amazonia, before the Miocene (c. 23 Ma), was captured by Andean
rivers that flowed to the lake and coastal regions connected to the Maracaibo Lake and
forming a seaway to the CaribbearaS(Hoornet al. 1995 Lundberget al. 1998
Wesselingh& Salo 2006, Roddaet al. 2010 Nogueiraet al. 2013 Hurtado et al.

2018)

The Solimdes Basin has an ea&st orientation, located in the West to Central
Amazonia, between the Guianas @rdzilian shields\(VvanderleyFilho et al.2010) It
is separate from Acre and Pastaza/Marafion basins to the west by Iquitos Arc and the
Amazonas basin to the east by Purus Arc.(EW). The sedimentary recorof the
Solimdes Basin is marked by multipleinshtic changes, marine regression, and
transgression during the Paleozoic and tectonic activity that promotes subsidence and
uplift of structural arc¢Caputo& Silva 1991). The &eozoic sequence in the Solimdes
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basin is divided into twosubbasinsby the Carauari Arch, which controlled the
distribution and thickness of the sedimentary successicaslynbefore Pennsylvanian

time. However, the Carauari arch seems to have influenced the Cretaceous and Neogene
deposition, represented respectively by theerAlio Ch&do and Solimbes formations,

both units separated by a regional unconformiyas et al. 1994). The Cretaceous

Alter do Chao Formation corresponds to a westward migrdtigh-energy fluvial

system developed under humid climate extended from thazAnas Basin until sub
Andean basinfCaputo1984 Mendeset al.2012).

The Neogene tectonic history of the Solimbes Basin and other basins of northern
South America were marked by the uplift of the northemstern Andes with the
development of the suhAndean fold belt, the product of readjustments of the plate
tectonics Hoorn et al. 1995). The eastern propagation of orogenesis produced by the
Andean activity caused a loading stage in the foreland Amazon syRtadgzet al.
2005), resulting intectonic reactivation ostructural arcslquitos Arch's influence in
these regins hasbeen proved by sedimentologicabllen, and provenance analyses
(Hoornet al.201Q Roddazet al.2005 Espurtet al.2007, Horbeet al. 2013, 2019)

The tectonic significance of Purus Arc, east limit of the Solimées Basin (Fig
1A), has been wekddressed for the Paleozoic times when it wamyaificant barrier
(Eiras 2000, Wanderleyilho 2010) However, the influence of Purus Arc in the
Neogene sedimentation is still uncertdimthe Neoproterozoic, the Purus Aregion
was a graben filled bysiliciclastic and carbonate depositafterward inverted
(WanderleyFilho et al. 201Q Barbosa& Nogueira 2011) During the Paleozoic and
Mesozoic, the Purus Anccontrolled the migration of depositional systems of the
Solimbes and Amazonas basiasd the extension of the megatland (Mapeset al.
2006 WanderleyFilho et al.201Q Shepharcet al.2010, Nogueirat al.2013, 202}

The Solimdes Formation unconformably overlies the Cretaceous deposits of
Alter do Chéo Formatianit is composedf whitish to greenistgrey mudrock with
massive to laminated bedding, interbedded with lignite, formipgréafrom 2 to 10 m
thick, and fine to coarsegrained sandstone with subangular to subrounded grains,
deposited ira continental system related adluvial-lacustrine setting (Maiat al. 1977,
Caputo 1984Milk 1988, Grosset al. 2011, Silva-Caminhaetal. 201Q Latrubesseet al.
201Q Nogueiraet al. 2013. This unit is unconformably covered by the Ica Formation

that consists of fine to mediugrained sandstones, siltstonaad locally by reddish
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yellow conglomerates (Maia 19,/Mogueiraet al.2013. The Upper Miocené&liocene

age for the Solimbes Formation irCentral Amazoniais provided by thehigh
concentrations offFenestriteslongispinosus Fenestrites spinosus associated with
Echitricolporites spinosusand Bombacacidites ciriloensigNoguweira et al. 2013.
Additionally, the presence @ombacacidites belly&chiperiporites akantho¥an Der
Hammen& Wijmstra, 1964 Echiperiporites estelaePsilatricolporites crassoexinatus
Hoorn 1993 andCyathidites annulatuseinforce this age interpretatiqioorn 1993
Torres& Méon 1993 Nogueiraet al. 2013 Leite et al. 2017, 202]. This age agrees
with the previous dating of the upper Solimées based on mammalian biostratigraphy
(Latrubesset al 1997, 2007and 2010).

The PliocenéPleistocene Icd Formatida defined by thehigh concentration of
Bombacacidites bellys Clavamonocolpites lorentei Echiperiporites lophatus
Perisyncolporites pokornyiCingulatisporites laevigatysLeiotriletes adriennisand
Psilatriletes peuanus which last appearance datuifAD) restricted to the Pliocene
(Lima & Amador 1985 Lorente 1986Muller et al. 1987 Lima & Melo 1994 Hoorn
1994h Stuchlik et al. 2001, Silva-Caminhaet al. 201Q Nogueiraet al. 2013. Thetop
of Ica Formation is marked by the first appearance dgfe#D) of Alnipollenites verus
of Pleistocenagecoincident with the 718 Biozone of Jaramillet al. (2011)

3.3 STRATIGRAPHIC ANDFACIESANALYSIS
3.3.1 General Aspects

Theterminologyused in this work filows the proposal of Maiat al. (1977)and
Nogueiraet al. (2013). Theage of studied deposits exposed in #astern Solimdes
Basin, betweerTefé and Coaritownswas based@n the palynologic study of Nogueira
et al. (2013 compared with the biozones of Jaram#ibal. (2011) T-16 to T-18 that
include the middle to upper Miocene and Pleistocene (Fig.H&).Solimdes Formation
reacles a thicknessof 4m andup to ¥ m in the Tefé region and comprisgsey
mudrock, and finggrainedsandstone rich in organic matter and plant remdihs unit
is unconformablyoverlaid by the Ic4 Formation constituted by fine to coaysained

sandstonenudrockand, conglomerates with mugtk pebbleqFig. 2and 3.



22

Stages ﬁ\%g) Biozones W Lithostratigraphy E  |composte FhlEE Ressakiian Figure 2- Neogene lithostratigraphy of th
a [ b |Tefé region Purus Arch section eastern Solimdes Basin, Central Amazor
rolocens o 11 LT Recentfluviatterraces . .. =5 Bi ozones fiad and #fb
= Flood-plain/ lay (FPC) - Whithis t i i
10m Fioed lgg;ngqgga;sug%g;ggﬁsuSmela D o Jaramillo et al. (2011) andN No\guewae_t al.
0 dnele en o gy mucrock s emare i || (2 013) . The fibo bi oz
8 o e e e noenmorele™ | studied  succession and refers to Fenestf
3 &1 iaser bodding Rool tacee and pap s || longispinosus and Fenestrites spinosus V]
k) Il : . - - . . . g
o §§ o : Ica Formation Wixed- to bed-load meandering channet memc)|| EChitricolporites  spinosus  Bombacacidit
5 i § : ) gg:[%vg'?i';_e‘?%g?nde'?“?:?,?,s(ﬁg%%f"ggf,ﬁ'%@g:%g?{:;Eng ciriloensis that indicate upper Miocene
N ium-grained sandstone (mudrock and quartz peb- . . b . .
o S e — \ 2 btlest)fgncti_ iniraclastic conglgn:j%r_ate,Ev[é‘n parale Pliocene age. The Alnipollenites weris typical,
ratif on, tr I - Ing, INclin ro- . .
= YO [iiic siratification Fining upward cycies. Rip-up cias{| but not exclusive, of Pleistocene strata. T
% /@ gnd rocf)t t':aces.lAbundant carbonized trunks marking | . t | k A 10 M f th f t
= ase.olehanng. Iniial mark In a for € unconrormity
0.400- ' - : 0Kz 08 match with the Andean Amazon River's ong
aad (cf. Gorini et al. 2013, Hoornet al. 2019) and
Pliocene A ! : |
o L Unconformity indicate a gap that includes the Pliocene 3
10 N N\ 5m Suspended-load meandering channel (SLMC) Lower to MiddlePleistocene. The minimum ag
Park to glrey mludrgc# etznd lst?]nds{ontef_ryl{)mn% with L N ) .
rge- Iinclin rolitnit rati on. Finin -~
,é Solimdes L?P—gvia?gaciclecs cgmpgseegby gasntfstoﬁae,?are int_re?— for I(;a Formation of ~400 Ka BP IS prOVIded f
w § w~ Formation ?F?,Sr‘,ﬁi)g%‘?k@éﬁrﬁgﬁ‘gﬁfgpﬁg?%g’s"%ﬁgﬁ?ngﬂg\é?’xg‘fy' OSL age (Rozo 200Q5Rossetti et al. 2015,
; aser bedding composing master bedding. Abundant : .
w e o 7 carbonized p?ant remains Ball-and«pi"ow?dishuarmo- Pupim et al. 2019) The average thickness f
O | o I nic folds in convolute bedding. Rip-up clast and rare . . . . .
o |5 N | root traces and bioturbation (Taenidium trace-fossil).|| €ach formation is indicated in the compos
sS|T T-16| ~ Composite crevasse splay éCCS)-SmaII- to :
= & large-scale-coarsenig upward cycles formed by section.
ﬁ o S laminated mudrock and fine sandstone with sig-
el e W moidal cross-bedding and trough cross-beddmg:
i 5 & climbing ripple-cross lamination and flaser bedding
S 2 Convolute bedding. deformed beds and root traces.
3 l,ake/fl%od elalitn (LFtP) -Atl?larlhlz?minateg }_o mas-
sive mudrock alternate ‘with siltstone and fine san-
dstone. Adb;mdﬁnt Earb?lnizsad" plagts ‘ll'lemairt]s atnd
rare wood trunks. Locally, ball-and-pillow structure
— 11 - and convolute Iaminatior{Climbin? ﬁpple-cross la-
0 mination and flaser ing. Roof traces.
Climbing tpple. Vegetal detritus Bioturbation D Coarsening upward [ Tabular cross-stratification @ Lowest water level
E} Wood fragment Mud clast [:l Massive bedding D Y Trough Sioss-stratification Egravel
iron oxides Degraded icl < » o Fining upward cycle oarse
ol M El mea%t:ear e organlclncIplent stratification i E ég\gﬁ%ggtlﬁ);o even parallel —If\{lneéﬂum sand
Convolute bedding ‘w Mud plug @Tilted mudrock block Lr;féa?f?ga{?g;erolithic % sigmoidal lobe Mud and silt




23

Figure 3- The unconformity between Solimdes and I¢ca formations near Coari town. A) Greyigirdined sandstone alternated with mudrock
composing largecale inclined heterolithic stratification (IHS) overlaid by reddistingish sandshe. B) Undulated surface (white arrows) marks the
erosive surface. C) Climbingpple cross lamination in IHS sandstone, D) root marks and E) Taenidium trace fossil with organic matter remains occur

in F) mottled rhythmite forming coarsening upward cycdethe Ica Formation.
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The unconformityis observed for hundreds of kilometers alongdb&rops in
the Central Amazonjanarked by iron oxidéydroxide concentratigrasharp change in
lithology, structure, color,rad deposibnal system (Fig2, 3, and 4). The Ica overbank
deposits are frequently found covering this contact characterized by coarsening upward
cycles, generally mottled withoot marks and trace fossils (Figs 2, 3, and e
regional unconformity coincident tin the Andean Amazon River's onset in 10 to 8,5
Ma linked to theTortonian global sekevel lowstand observed in the Amazon fan
deposits (Paslegt al. 2005 Figueiredoet al. 2009 Gorini et al. 2013 Hoorn et al.
2019 Nogueiraet al.2013 2021).It is associated with a (Figueire@o al. 2009 Gorini
et al.2013).The difference of ages between both units indicates a gap of approximately

9,5 Ma without a lithologic record.

Twelve measured sections were described, and eleven sedimeniasywiace
identified and codified following Miall (1985). The bedding in the studied succession is
horizontal or inclined, and deformed beds occur on the erosive top of the Solimdes
Formation. The I¢cd Formation comprises thick beds of- fime mediumgrainel
sandstone ancbnglomerate with trough crofedding (Figs 2, 3, and 4). Eleven facies
were grouped into five associatiorlake/overbank, meandering channel, floodplain,

and crevasse splay settings (Fig. 2 antiable 1).

The paleocurrent measures frarossbedding and inclined heterolithic beds
indicate the migration of bedformend point bar accretion (Fig. 4). In the Solimdes
Formation, the dip angle of inclined heterolithic beds ranges from 5° to 25°, the
direction of these beds ranges from 302%8°, forming a large unimodal shape towards
SEE (Fig. 4). The paleoflow indication is not associated with inclined beds ranges from
186° to 240°, presenting a tight unimogatternwith SW direction. The mean vectors
of accretion of inclined beds andl@acurrents of directional structures produced an
angle of around 30°. The Ica Formation shows bedforms with a strong tendency towards
NE and SE in layers with tabular and trough crstsatification and inclined heterolithic
beds with an E orientation @i4). The smalscale inclined heterolithic layers present a
dip of up to 35° SE. In general, the dip angle of these inclined layers varied from 6° to
175° and the average vector between 22° to 104°. Thel®ddmg indicatea relative

dispersion betwen NE to SE but inserted yet in a unimodal pattern.
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Tablel- Facies and sedimentary processes of Neogene succession in Central Amazonia.

Facies

Structures

Process

Mudrock with even paralle
laminationMp

Dark laminated to massive,
sandstone occurs subordinately.

verfine

Deposition by suspension with tr
sporadic influx of terrigenous an
debrites of plants.

Massive mudrock/sandstor|
MSm

Abundant plant remains, and carbonize
trunks can also be observed.

Deposition  from  traction

suspension.

anc

Rithmyte
sandstone/mudrock
wavy-linsen structurd&kwl

witl

Locally can be observed ball and pillg
structures and convolute lamination.

Migration of ripple marks under
suspension and traction curren
Plastic adjustments by overload ai
liquefaction.

Deformed
sandstone/mudrocRMd

Convolute bedding showing disharmor|
folds, mediumscale load cast structure
convolute lamination, flame structures,
synsedimentary fault, and tilted mudrof
filling channel geometry.

Plastic deformation is associated wi
slumping and sliding processe
Plastic adjustment by liquefaction.

Sandstone with climbing|Subcritical and supercritical bedform Deposition from suspension ar

cross laminatiorscl Locally, convolute lamination can Rbtraction currents, abundant san
observed. inflow. Secondary liquefactior

process.

Bioturbated sandstong Vertical to curved tubes, some present|Reworking by the activity of roots an

mudrockSMb spreiten similar toTaenidiumtrace fossils.\benthic fauna. Concentration ar
Radial tube structures with white halos |leaching of iron oxides an
mottled horizons. hydroxides.

Sandstone  with  crosgTrough and tabular crosdratifications in|Migration of 3D and 2D bedform:

stratificationScs individual beds or composing inclingunder unidirectional flow.
heterolithic stratification. Convolut{Gravitational instability and
lamination. liquefaction process.

Inclined heterolithic| Low-angle stratification forming mastgqDeposition by lateral migration o

stratified sandstone/mudroq
SMI

bedding in heterolithic beds. Troug
tangential and tabularccrossstratifications
developing complex bedding. Climbing
ripple cross lamination. Root marks, mottl
horizons, and bioturbation.

point bars. Bar emergence al
colonization by vegetation. Biologice
activity of benthidauna.

Sandstone with comple
crossstratificationScc

Sandstone with planar, undulating, crQs
trough, and sigmoidal stratificatior
Reactivation surfaces, synsedimentary fau
and convolute lamination. Mud drapes a
mudrock bedseparating lobate forms.

Deposition by traction currents und:

upper flow regime with a fas
deceleration of water energ
Gravitational instability and

adjustments by liquefaction process.

Massive sandstortém

It is generally associated wifandier facies.

Liquefaction, high inflow of sedimen
and gravitational instability, fas
deposition. Recent weatherin
obliterating primary structures.

Massive and stratifie

Conglomeraté&€ms

It has around 40 cm thick, rounded pebb
of mudrock andquartz. Trunk fragments
marking the channelized surface. Incipig
crossbedding

Deposition for bedload discharg
Reworking of mudrock beds b
channelized flows.
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3.3.2FACIES ASSOCIATION
3.3.2.1 Lake/overbanKLOV)

The LOV associations observed in théower portionof the studied outcrops,
varying from 50 cm td8 m thick (Figs 2 and 4)It mainly comprises the Mp, MSm,
Rwl, and Scl facies constituted ofudrock, siltstone, and subordinatéiyminated to
massive very fine sandstoneKigs 2 and 4Table 1).The geometry of beds is tabular
and occasionally withloangl e i nclinations (O 5rdp.
trunks coal, and other organic debris but without bioturbatidine lamination is
evident when the layerseaseparated by fine sandstone and siltstamenae (Fig. 5)
The facies Mp can be lenticular andsometimesform layers laterally continuous,
reaching thicknesses of few centimeters up to @ig. 5). Fine-grainedsandstonend
siltstone with subcriticdly and supercritically climbing rippkeross lamination
occurring in 5 crrthick sets in tabular bedsf up t03.5 m thick (Fig. 5). Heterolithic
layers consist of up t@0 cm-thick of mudrock siltstone and very finegrained
sandstonevith wavy-linsenstructureinterbedded with facielp andScl. (Tablel, Fig.
5). Ball and pillow structure convolute laminationand load cast structures occur
mainly in the facies Rwlare locally observedrlhis associatiore facies My contains
abundant organic atter with plant remains like coffee groundsnd leaves between
lamination (Fig. 5).

The suspension process is wmlated with sporadic fingrained terrigenous
inflow and plant debris. Also, the LOV facies association's lateral continuity for
hundreds bkilometers suggests an extensive,,flatd low-energy environmentThe
dark color and frequently plant debrites in all outcropicate stagnant and anoxic
shallowwaterbodiessetting with an exceptional preservation potential for the organic
matter. The migration of ripples currents occurred during high aggradation aates
rapid depositior{e.g, Collinson 1996).The alternatiorof traction flow and suspension
processes wasoncomitant with ripple marks' migratiomdicative of continuousand
and mud inflowsPlastic deformation in the samdud interfaceis producedoy the load

andsinking ofasand layeon a muddy substrat®y liquefactionprocesses.

t

al
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Figure5- Faciological aspects of LOV association in Central Amazonia. A) Laterally continuous tabular beds of laminated and nisieskigBju
Detail of A highlighted the even parallel lamination in mudrd€kWell preserved leaveB) Plant debris like "coffegrounds"”. E) Heterolithic beds
with wavy-linsen structures composing a coarsening upward cycle. F) Detail of E) linsen bedding.
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The LOV association corresponds to a low energy environment with periodic
sand inflows, such as obsed in other modern and ancient lacustrine deposits of
terminal river systems (e.g., Hyme al. 1979 Talbot & Allen 1996 Buchheimet al.

2000). This association's lateral continuity for several kilometers without bioturbation,
dark mudrocks with weltleveloped laminations, and leaves following bedding planes
suggest deposition from suspension under anoxic conditions. Deformation structures
such as convolute bedding may be related to slumping produced by crevasse splays
deposits. (Coleman 198Colemanet al. 1983).1t is a challenge to separatestinct
overbank deposits in this association due to reduced exposition of up tthidkm
Therefore, the lake setting was associated with floodplains and levees linked to the
perennial meandering channels with vegetated mardgdmmt marks and mottled
horizonsindicate the development of organic paleosoil in abandoned overbank areas.
Furthermore, high sediment loads or fast drop in the lake level likely induced large
scale composite crevasse splay progradatimat explains metescale coarsening

upward cyclesri LOV association
3.3.2.2Composite Crevasssplay (CCS)

The CCS association is observed in the lower portion of the studied succession,
generally overlying the LOV association, varying from 2 m up to 7 m 3 m thick and can
be laterally continuous for teref meters and reach 20 km correlating the measured
sections 9 and 10 (Fig. 4). It mainly comprises the facies Sc, Scl, and Rwl facies
constituted of finggrained sandstone forming horizontal and inclined beds with
paleocurrent towards NW and E®Eg. 2 and 4 Table 1).The facies are organized in
beds around 50 aitihick and internally show even parallel and crbedding with
slight erosive (saared) based sandstone (Fyand 4). The lobate beds form single to
multiple coarsening upward successions fogriobate bodies. Discontinuous laminae
of mudrock eventually cover layers of undulated top exhibiting pinch and swell patterns
(Fig. 6). Horizontal to lenticular beds exhibit internally sigmoidal crstsatification
and even parallel to undulating sthigation (Fig 6). This facies is generally
intercalated with Scl facies. Sigmoidal cresgatification develops lenticular beds with
convexities toward the top, and it can be observed in longitudinal andsacssn as
lobed forms (Fig6). The asymmitic form in the top of this structure is rare due to the
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eroded topset, while the basal lamgle or tangential crosdrata is frequently
identified (Fig 6). Facies St occurs isolated, marking the top of the beds. Even parallel
crossstratification lateally exhibits slight undulations cut by reactivation surfaces
producing lowangle truncations (Fig. 6). Massive bedding or incipient lamination
occurs in some beds, and normal faults with centimetric displacement are restricted to
crossstratification set (Fig. 6). The faulted blocks show weplleserved acute features
confirming the synsedimentary natut@onvolute lamination is associated with these

deformed beds.

Figure6- Faciological aspects of CCS associationPaporamic view of measured section 9

with indications of illustrations B, C, D, E, and F. B) Lasgmale complex crosstratification

(Scc facies) with lowangle to sigmoidal crosstratified sandstone with migration to ESE. C)
Amalgamated lobate sandstomith sigmoidal cros$edding in longitudinal and D) transversal
views. E) Pinch and swell pattern related to the superposition of the sigmoidal lobe. F) Isolated
trough crossbedding (black arrow) and normal synsedimentary faults (orange arrows).

The CCSassociation was previously interpreted as delta front deposits (Vega
2016 Nogueiraet al. 2013).Other settings such aelta plain, distributary, and prodelta
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were interpreted foBolimdes Formation but not adequately demonstrated (Vega 2016
Nogueiraetal. 2013). Deltas range in scale, from continestale systems, such as the
modern Mississippi Delta in the Gulf of Mexico, with almost 30006 @@hattacharya
2006,2010).Despite the facies similarity and reasonable scale of lobate bedforms, the
lateral continuity for hundreds of meters or even kilometers contrasts with the few
metersthick Solimdes deposits (Fig. 4) not compatible with a delta front or the
identification d a complete delta system (e.g., WrightColeman 1974Smith & Jol

1997, Bhattacharya 2006, 20L0OMany continentatcale deltas may contain smaller
scale crevasse deltas within largeale delta lobes, resulting in a complex, hierarchical
facies architeture similar to delta front facies (e.g., WrightColeman 1974Smith &

Jol 1997 Bhattacharya 2006, 2010). Thus, the single to multiple coarsening upward
cycles of CCS composed of scowfgaised lobate sandstone are interpreted as crevasse
splay depositsThe great extent (up to 20 km in length) and few CCS thicknesses are
compatible with largescale composite crevasse splay sandstone (Fig. 7). Similar
examples occur in the recent Mississippi delta (Snethal. 1989), the Jurassic
Ravenscar Group in Yoskire, UK, and the PerTriassic Beaufort Group, South
Africa (Mj@set al.1993,Gulliford et al.2017).

The CCC associatiomverliesthe LOV associatiorand compriseswo distinct
deposits laterally and vertically related to the distal and proximal gevalse The Scc
facies intercalated with Scl facigwograding as concentratedflows feeder by a
suspendedbad meandering channel over the lake and overbank areas (LOV
association)Facies MSm and klican also be observegporadically forming lerses of
around 10 cm thick. Three main types of bed geometsych asl) amalgamated,
sigmoidal lobes separated ud drapes?2) inclined foresets (clinoformsnd 3) sheet
geometry corroborate with a complex bedform (lob&he amalgamated lobes are
accumulated by episodic overlay and decreased flow competence as it approaches a
low-energy basin (LOV association). Cressatified beds indicate that fluvial flow
generats secondary bedforms. Penecontemporaneous defornstigiures suggest
disturbance of unconsolidated or semiconsolidated sedimemtse (1975 Elliot 1986
Glover & OBeirne 1994 Bhattacharya 2006, 201.0The facies array in coarsening
upward cycless consistent with gravitational/plastic adjustmentshie progradational

lobe in subdeltaic frontMassive beds may be related to bioturbation, compaction,
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cementation, rapid deposition and weathering (e.g. Rei&e&ingh 1980 Collinson
1996).

A

Figure 7- Small to largescale crevasse splayh) Evolution of a crevasse splay in the
Cumberland Marshes in easntral Saskatchewan, Canadd and b) show an early small

lobate splay prograding through the levee of the trunk channel and with further growth, a
sympodial pattern appears, and the channel becomes extensive and anastomosed in the most
mature phase (Smitht al. 1989). B) Proximal, medial and distal parts of a crevasse splay
complex developing subdelta comprise, respectively by 1) channelized erobased
sandstone, 2) interbedded sharply based sandstone and single to multiple coarsening upward
successions forming lobate bodies (cf. Fielding 1984). Note de differences in scale between the
crevasse subdelta and srredhle crevasse splay.

The distal portion of the crevasse lobeslepositsis organized in incipient
coarsening upward cyclesharacterized by intercalation &fwl, Scl, Ml, and MSm
facies Table 1 Fig. 5E, B. These deposits frequently have a high content of vegetable
debris and without bioturbation. The assemblage of sandy/heterolithic facies with pelitic
facies registers episodic inflow of sand into low energy environment assowiglted
distal crevasse baprograding over lacustrine prodelta. The absence of bioturbation and
high organic content are indicative of anoxic conditions of a restricted basin. The small

scale deformation structures indicate sands overloadutylayers plastically
3.3.2.3 Susperetiload meandering channébLMQ

The SLMC associatiorconsists mainly of mudrocksine sandstonesand
subordinately conglomerate®lative to the facies Cm, SMi, Mp, MSm, and Rwl

organized in metescale fining upward cycles (Figs 2, 4 and 8Table ). Similarly,
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the coset=f inclined heterolithic stratification (cThomaset al. 1987)also formmeter
scale fining upward cycles markdéy Cm faciesuntil mudrock beds in the top. The
coarsegrained deposits consist mainly obnglomerate(Cm facies)with mudrock
intraclasts interbedded witlnassivepebbly sandstondpebbles with~ 3 cm diameter)
rich organic debrisforming alag (Fig. 8) These inclined beds show dips of up to 30°,
laterally decreasing to 1@tiented toESSE(Fig. 4). The IHS sandste is frequently
interbedded with 1rthick of Scl facies, and centimetric beds of facies&leocurrent
data from facies St indicates SE direction, vatmean vector of 118In contrast]HS
beds suggest accretion to SSE, vdtmean vector ofl46°. The SMd facies occurs in
the upper portion of this association, generally truncated by the unconformity (Fig. 4).
The SMd faciegeach up to 2 m thicknd o©nsist of heterathic beds with contorted
bedding disharmonidolds, and mediurrscale baHand-pillow structures (Table 1). The
opensinform and antiformhave 1.2 m length and up to 0.5 m height, displayang
vertical axial plane withoypreferentialorientation(Fig. 9). The axial zone of antiform

is acuter than sinform that is generally broadéosrmal faults displace and rotate the
layersasdrag folds andneterscale blockgFig. 9). The tilted blocks are indicatbg
internal stratification discordant with the horizontal beddifiig. 9). Convolute
lamination and flame structures occur asated with these structures.

The SMi facies are the product of lateral accretion of pbets of meandering
channels (Thomast al. 1987). The coarsgrained deposits represent highergy flow
into the fluvial channel and reworking of mudrock blocks freum banks. Thus, lateral
alternations in the cosets thickness represent the seasatiaity of fluvial waters.
Also, subareal exposure favored the establishment of vegetation and benthic fauna
during lowwater levels. Fining upward cycles are produbgdthe decrease of flow
velocity and water levels (Thomas al. 1987, Miall 2010), as well as cosets limited by

erosbnalsurfaces are related to unidirectional growing phases of seasonal floods.
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Figure 8- Faciological e geometri
aspects of SLMC association. A) Larg
scale inclined heterolithic stratificatio
(IHS) in sandstone and mudrock.
IHS of Solimbes deposits truncated
the unconformity with Ica Formatiorn
C) Inclined heterolithic beds and fing
grained sandstone with even paral
lamination. D) Subcritically and E
supercritically  climbing rippleross
lamination. F) Conglomerate lamin
with mudrock intraclastG) ferruginized
plant debris (seeds?).
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Figure 9- Deformed facies from the SLMC association from Solimdes Formation. ABand
Tilted blocks underlaid by horizontal mudrock beds. C) Fold in heterolithic beds. D) Contorted
beds in contact with undeformed laminated mudrock. F) inverse fault forming drag fold.

Alternations of facies Scc and Scl corresponthegpredominance ofuspension
compared withthe traction process. Local erosion in tleeossbedding bottom set
suggests sand inflow with higher energy that rapidly decseaséis molded inan
undulaedlamina.The recurrence of beds with up to 50 cm indicates a suffiar@ount
of accommodation space to accumulate sand deposits witiicular geometry in
successions of up to 5 m. This deposition may have formed intermittent shoals locally
reworked by small bedforms with sinuous cresibe supercritical and subcritical
climbing ripples indicate suspension in levees or scrolled flood plain (Miall 20he).
restart of deposition was marked by partial erosion of the foresets producing reactivation
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surfacedn IHS. Also, fastsedimentatiorcreate gravitational instability inrmacroforms,
which is compensated by the development of noraral inversdaults preserved during

rapid burial.

Facies Cm is formedluring the deposition restart of point bar dimked to
riverbank landslips (terras caidas proceSd)e erosion of the ut bank generates
instabilities that affected the weaknesses of semi compacted muddy margin. The listric
fault causes the collapse of the cut bank forming blocks that slide into the channel. The
reworking of pre-consolidatedmud blocks favoring the develomnt of intraclastic
gravel Therapid depositionin the channel flank laterally to the master bedding of IHS
contributes to the high preservation of tilted blocks.

The recurrence of deformed layers among others without deformation indicates
that the deformation was penecontemporaneous to the deposition. The deformed
structures and the plastic behavior of deposits indicate their unconsolidated or partially
consolidated status during deformation. These deformation processes involved sliding
and slumpingorocesses generating gravitational flows and rotation of layers. Convolute

beds in these facies suggest liquefaction inducing plastic adjustments.

In the SLMC association, the overlap of crossbed and accisiidace
orientations regionally and locallyassbedded are oriented nearly perpendicular to each
other (Fig. 4).The mean vectors for-BE and the dispersion ranging from 30° to 158°
indicate the development of IHS facies was oblique and orthogonal to flow direction,
such as described by Puidefaime and Van Vliet (1973) and Edwarefsal. (1973),
characterizing a higbkinuosity point bar in suspendémhd channels (e.g., Schumm
1963 Allen 1984 Miall 2010,). The lateral relation of SLMC association with lake and
overbank deposits (LOV associatjandicates that fluvial channels drained the wetland
areas. The dark color observed in these deposits indicates much organic matter in the
water from the degradation of vegetated margins. The acid black waters can be similar to
those found today in Amazdrivers. They developed anoxia conditions that partially
prevented benthic activity, explaining the absence of bioturbation in these deposits.

3.3.2.4.Mixedload to bedload meandering channel (MBMC)

This association has many faciological similarities i SLMC deposits and is
organized in fining upward cycles, but the sandstone frequency is high compared with
mudrock beds (Fig. 2 and 4). The MBMC reach up to 2hick and compriseitie- to
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mediumgrained sandstone withiS (SMi facies)trough and tablar crossbedding (Scs

and Cm facies), eveparallel bedded sandstone, and conglomerate (facies Cm) marking
the contact with the Solimdes deposits (Fig. 2, 3, 4, 8B, 10 anthble 1). Thdine- to
mediumgrained sandstone interbedded with tmmudrock beds forming IHS (SMi
facies) and intraformational conglomerates with mudrock pebbles (faciesaenihe
most frequenfacies (Fig. 1D The masive intraformational conglomerate wiém open

and closed frameworlg matrix composeof well-sorted fine sandstone, and rounded to
well-rounded mudrock pebbles with 5 cm diameter, but larger blocks of around 35 cm
diameter may also be locally found. The inclined beds of SMi faciesahpredominant
northeastern orientation (50°). The cresmtificaton comprises sets up to 40 thick

and cosets of arourtd/o m-thick with paleocurrent to NWCoarse grains can be found
segregated in the foresetslany vegetable detritus such as trunks and leawves
sandstone madd channelized geometry and sometimesfaund in horizontal positions

in the base of heterolithic bedd-ig. 11). Sandstone with climbing rippleross
lamination is associated with the SMi facies (Fig. 4).

The Facies St grading to facies Sc point to periods with current activity and
depositionof 2D and 3D bedforms were followed by periods with high sediment influx.
Basal successions with troughoss bedding overlaid by climbirgoss stratification are
typical of bedload poirbar deposits (e.g., Schumm 1988en 1984 Miall 2010). The
genssis of these facies is related to the migration of 3D bars into channelized flows. The
concentration of coarse grains in the foresets corresponds to the migration efcaieall

bedforms and segregation by reverse flows (Smith 1976).

The dominance of weborted, fine to very finegrained sandstones, related to
several types of crosand even parallel beddings and arranged in extensive macroforms
with master bedding dips of around 20° suggest progradation with high sediment load in
low energy distal envonment.Like the SLMC association, the sandy point bar deposits
in MBMC contain mud clasts from the floodplain deposits, probably derived by
slumping from nearby cutbanRhe abundant sandstone facies anel bimodalflow
observed irthis associatiorconfirm a mixedload interpretation to bedloadeandering
fluvial channel with straight segmergrdlow sinuosityfor the MBMC association.
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Figure 10- Faciological aspects of MBMC association. A) Massive conglomerith rounded
mudrock clasts and sandy matrix. B) Trough cesdding in fine to mediumgrained
sandstone. The orangish curved lines crossing the facies are ionic of irofhyaidgide due to

the recent weathering.
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Figure 11- Faciological e geometric aspects of MBMC association. A) Medioate inclined
heterolithic stratification (IHS) in sandstone and mudrock alternate with the-lmdded
sandstone. B) Detail of A showing the master beddingH8 truncate by crosstratified
sandstone. C) Heterolithic inclined beds exhibiting fresh grey color and orangish weathered
tonalities. D) Trunk fragment in master bedding showed E and F, generally in the horizontal
position to the bedding.

3.3.2.5. Floodplain/crevasse splafFPC)

The FPCconsists of facies bl Rwl, MSm and Msl| formingabular to lenticular
beds with up to4 mthick (Fig. 12) The ntercalations with facies Slc ariRwl are
frequent in the upper part of tlessociationoverlaying the Point badepositsMBMC
(association)This fine- to very finegrainedsandstoneand reaches up t®0 cm thick,

exhibits a mottled appearanceandis locally associated with massisandstondFig. 3
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and 4). Rip-up clasts, curled mud flakes, anissecation cracks occur associated to
mottled beds (Fig. 12)Vegetable fragmentare found mainly in grey bedsand
bioturbationoccurs locally Endichnia verticaland horizontabranchingtubes, generally
show reduction whiteness halo and sometimath rare organic matter content
interpreted as root tracdfig. 4, 12) Other bioturbation typesnclude epichniaand
endichnia, meniscatedubular traces attributed t@hnogeneraTaenidium (Fig. 3)
Meterscale coarsening upwabnsising of mudrock andine- to mediumsandstone
with trough crossstratification, sigmoidal crosdedding forming lobate geometrgind
locally, occursconvolute lamination (Fig3, 4, and 13. The crossbedding is highlighted

by mud layers/mud drapes and getig associated with Scl. The FPC can reach up to 8
m-thick overlying the unconformity directly. Sometimes, the association starts with
channelized pebbly sandstone (mudrock clasts) in packages with up-tbiér(Fig. 3,

4, and 13). Dissecation crackgitter cast, and root marks occur in mottled horizons (Fig.
13).

Thesefine depositsof FPCare interpreted as floodplain deposits (e.g. abandoned
channel) that were formed by enfff of and subsequent abandonment of a river channel
(Miall 2010). Sand inercalations in the upper part of the succession suggest episodic
siliciclastic inflow into the overbank areasPeriods of subaerial exposition and
colonization by plants are indicated by dissecation cracks and root MhedsPC fas a
great contribution fothe palm pollen from lowland forests bfauritiides franciscoiand
Alnipollenites verugSilveira 2005 Nogueiraet al. 2013) is also marked by a high
frequency, and it is related to temperate montane foiesksperiporitesestelaeand M.
annulatusalso occur with common frequency at this lefdbgueiraet al.2013)

The lobed sandstone, occasionally amalgamated or separated by thin beds of
mudrock, with Scs and Slc facies are interpreted as crevasse splay defiositasse
channels develop by breaching of a levee during-higloff events, and may result in a
permanent diversion of the main flow or avulsion (Miall 20B&ctions through of these
deposits show width/thickness ratios less than 1500 and lengthé&bgckatios less than
2000(Mjds et al. 1993, Gullifordet al.2017) In the FDP association the are up to 2.5 m
and widths and lengths are of similar magnitude with up to about 1000 m (Fig. 4). Some
lenticular mudrock are interpreted as mud plugs assdctate¢he filling of largescale
bedform trough. Rill marks (gutter cast feature) form by the escape of ground water
when the water level falls below the water table indicate emergence of crevass and

stagnant water in ponds. Liquefaction cause plastic &agms in rhytmite.



Figure 12- Faciological e geometric aspects of FDP association. A) Panoramic view of The Ica
Formation exhibiting abundant sandstone beds. B) Tabular and C) lenticular mudstone layer
(mud plug). D) and E) radraces in mottled mudstoneote wood fragment with white halo of

iron leaching. F) dissecation cracks. G) Mottled rythmite wittuppclast and dissecation cracks.
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Figure13- Crevasse splay deposits of FPC association. A) Coarsening upaward cycles formed by
fine-grained sandstone and mudrock layers. B) Sigmoidal -tredging with sets separated by
mudrock layers. C) gutter cast filled by laminated mudrock. @vedsling highighted by mud
drapes.
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34 DEPOSITIONAL MODEL

The Miocene Solimbées Formation in th€entral Amazoénia includes several
overbank areas that include lake, swamp, and flood plains with organic mud deposition
drained by meandering channels (LOV association). These data confirm the previous
interpretation of the Pebasegawetland restricted tahe Western Amazonia during
Miocene (cf.,Hoorn 1993, 1994Hoornet al.201Q Shepharcet al.201Q Boonstraet al.

2015 Nogueira 2008Nogueiraet al. 2013, 2021)This setting seems not trespassing the
PurusArch zone the limit with the Amazonas Bagi(Fig. 14A).The Amazonas Basin's
tectonic behavior more uplifted than Solimdes Basin was also a natural geographic
barrier to retain the wetland expansion during Miocene (Noguetiral. 2013). The
presence of point bar deposits wilt migrationconfirms a high sinuas meandering
fluvial system with predomimd suspensioiioad discharge (Fig. 14A). The lardmw
energy settingllowed the progradation of crevasse splay complex developing subdeltas
similar to those found inthe continentaddeltaic systemand large riversNj@s et al.
1993,Mertes 1996Rozoet al. 2012 Gulliford et al. 2017). The episodic deposition of
coarsegrained sediments during submergence by major fleodsnilar to those found

in ancient and modersettings.The fluvial systenacted as a feeder of theegawetland
systemwith migration to E-SE and was connected to netadragederived fromthe
Andes or Iquitos Ars. However,this systemhas been contemporaneousthwthe
Cratonic AmazorRiver (Nogueira 2008Nogueiraet al.2013, 2021). Asimilar £enario

like theLake Victoria and the Nile River in North Afriggaccenaet al. 2019)cannot be

ruled out, but further studies are needed.

The Andes' progressive uplift during the Miocene affected the Solimdes Basin
causing the emergence of the megsgtland. The record of reworked Lower Paleozoic
palynomorphs in theop of Solimdes Formation strongly indicates the continuous erosion
of Paleozoic basins (Silveiet al. 2005 Nogueiraet al. 2013). This event was amplified
by the expressive sdavel fall in middleTortonian (118 Ma), resulting in the Andean

Amazon Rier's onset (Fig. 14B).
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