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Resumo

A evolucédo do cenario paleoambiental e geografico da Amazoénia no Cenozoicoé
marcado por intervalos em que incursdes marinhas invadiram o continente e
influenciaram no padrao de sedimentacdo das bacias sedimentares e na dinamicada
biota. Evidéncias paleontologicas, como a coexisténcia de espécies tipicas de agua
doce e outras comumente encontradas em ambientes transicionais a marinhos, além
de evidéncias sedimentoldgicas de estruturas de maré sdo, até o momento, a base
para a definicdo das incursfes marinhas na Bacia Amazénica. No entanto, trabalhos
de andlise isotépica em moluscos miocénicos de algumas bacias subandinas
peruanas e colombianas ndo apresentam evidéncias para corroborar com esta
hipétese. Sendo assim, o presente trabalho tem como objetivo realizar anélises

isotdpicas (& 13C, & O e 8Sr/%6Sr) e estimativas de paleosalinidade utilizando

macrofésseis carbonaticos e fosfaticos e microfdsseis carbonéticos recuperados em
unidades geoldgicas cenozoicas de bacias sedimentares peruanas (Madre de Dios,
Ucayali e Huallaga) e brasileiras (Solimées e Marajé) em que incursdes marinhas ja
foram sugeridas. Desse modo, visa-se elaborar hipéteses a respeito das condi¢cdes
paleoambientais por meio da assinatura quimica dos corpos aquosos e, assim,
averiguar se os dados isotopicos podem ou néo corroborar com as interpretacdes
apresentadas na literatura. Organismos atuais de diferentes ambientes também foram
analisados para criagcdo de parametros isotdpicos para auxiliar nas interpretacdes
paleoambientais. Além disso, as estimativas de paleosalinidade foram aferidas
utilizando os dados 8'Sr/%Sr obtidos nas andlises isotdpicas e a equacgdo de mistura

de aguas referente a trabalhos isotépicos prévios. Os valores de 6 3C e & 80 obtidos

foram pouco negativos e uma estimativa de paleosalinidade proxima de ambientes



oligohalinos a marinhos para os fésseis da Bacia Amazobnica Leste (Formacao
Pirabas,Mioceno Inferior). Dessa forma, a interpretacdo paleoambiental dos dados
isotopicos tém uma boa correspondéncia com as evidéncias marinhas demonstradas
em trabalhos prévios. Por outro lado, foram obtidos valores de & 1°C e & 80 mais
negativos e uma estimativa de paleosalinidade tipica de ambientes de agua doce a
pouco salina para os fésseis da Bacia Amazobnica Oeste (Paleoceno ao Mioceno
Superior). Esses resultados condizem com os dados isotdpicos ja apresentados em
trabalhos anteriores, ndo evidenciando a presenca de incursées marinhas. No entanto,
a andlise isotdpica comparativa dos valores de 5*3C e 50 em ostra atual da Ilha de
Mosqueiro, ambiente estuarino e salobro proximo a regiao de Belém, com os fésseis
miocénicos da Bacia Amazonia Oeste apresenta valores semelhantes. Desse modo,
baseando-se nesse fato e nas evidéncias sedimentologicas e paleontolégicas de
trabalhos prévios, propbe-se um paleoambiente transicional estuarino para os

momentos de incursdes marinhas durante o Mioceno nessa regiao.

Palavras-chave: Bacia Amazobnica; incursdes marinhas; fosseis Cenozoicos;

isétopos estaveis; isétopos de estréncio; paleosalinidade;
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Abstract

The evolution of the paleoenvironmental and geographic scenario of the Amazon
in Cenozoic is marked by intervals in which marine incursions invaded the continent
and influenced the sedimentation pattern of the sedimentary basins and the dynamics
of the biota. Paleontological evidence, such as the coexistence of typical freshwater
species and others commonly found in transitional to marine environments, in addition
to sedimentological evidence of tidal structures are the basis for the definition of marine
incursions in the Amazon Basin. However, isotopic analysis of past studies in Miocene
mollusks from some Peruvian and Colombian sub-Andean basins do not present
evidence to corroborate this hypothesis. Therefore, the present work aims to perform
isotopic analyzes (3*3C, &80 and 2'Sr/®Sr) and paleosalinity estimates using
carbonate and phosphate macrofossils and carbonate microfossils recovered in
Cenozoic geological units of Peruvian (Madre de Dios, Ucayali and Huallaga) and
Brazilian (Solimées and Maraj6) sedimentary basins in which marine incursions have
already been suggested. In this sense, the objective is to elaborate hypotheses about
paleoenvironmental conditions based on chemical signature of aqueous bodies and,
thus, investigate whether or not isotopic data can corroborate with the interpretations
presented in the literature. Recent organisms from different environments were also
analyzed in order to create isotopic parameters to assist paleoenvironmental
interpretations. In addition, paleosalinity estimates were measured using the 8Sr/8Sr
data obtained in the isotopic analysis and the water mixture equation referring to
previous isotopic works. Overall, for fossils from the Eastern Amazon Basin (Pirabas
Formation, early Miocene), the values of 8'3C and 30 obtained were negative, but
close to zero, and paleosalinity close to oligohaline and marine environments was

estimated. Thus, the paleoenvironmental interpretation of isotopic data has a good
Vil



correspondence with the marine evidence demonstrated in previous works. On the
other hand, for fossils from the Western Amazon Basin (Paleocene to late Miocene),
lower values of &'3C and 380 were obtained and a paleosalinity of freshwater or
slightly oligohaline conditions was estimated. These results are consistent with the
isotopic data already presented in previous isotopic studies, not suggesting the
presence of marine incursions. However, comparative isotopic analysis of the values
of 813C and 5*0 in Recent oyster from the Mosqueiro Island (estuarine and brackish
environment) with the isotopic data of the Western Amazon Miocene fossils presents
similar values. Thus, based on this fact and on the sedimentological and
paleontological evidence from previous works, a transitional estuarine
paleoenvironment is proposed for the moments of marine incursions during the

Miocene in this region.

Keywords: Amazon Basin; marine incursions; Cenozoic fossils; stable isotopes;

strontium isotopes; paleosalinity;
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|. Listade Figuras

Figura 1. Mapa hidrografico da Bacia Amazbnica, com modelo digital de
elevacédo, mostrando compartimentacdo da bacia nas suas por¢des oeste, central e
leste. Regides de planicie (tons de verde) registram 0s niveis topogréaficos mais
baixos e a Cadeia Andina (tons de vermelho e branco), os niveis mais elevados.

Figura 2: Diagrama de variagdo da composi¢ao isotdpica dos reservatérios de
carbono inorganico dissolvido (*3*Coic) dos meios aquosos, dos organismos (interno)
e dos seus exoesqueletos, destacando os principais mecanismos de fracionamento
isotépico. A letra “f” denota que o parametro antes do sinal de igualdade depende dos
fatores destacados entre parénteses (adaptado de Ravello & Hillaire-Marcel, 2007).

Figura 3: Diagrama de variacdo da composicao isotopica dos reservatorios de
is6topos de oxigénio (5*80sw) dos meios aquosos, dos organismos (interno) e dos seus
exoesqueletos, destacando os principais mecanismos de fracionamento isotépico. A
letra “f” denota que o parametro antes do sinal de igualdade depende dos fatores
destacados entre parénteses (adaptado de Ravello & Hillaire-Marcel, 2007).

Figura 4: Mapa de localizacdo das principais bacias sedimentares da Bacia
Amazobnica, comumente separadas por feicdes estruturais denominadas de arcos (em
cinza). Observe o Arco de Fitzcarrald separando as porcdes sul e norte das bacias
de “foreland” da Bacia Amazénica (SAFB e NAFB respectivamente).

Figura 5: Reconstrugdo paleogeografica da Bacia Amazbnica segundo a
evolucéo dos eventos descritos no texto (adaptado de Hoorn et al. 2010).

Figura 6: Localizacdo das amostras fosseis classificadas de acordo com a sua
origem de recuperacao (pocos ou afloramentos) e suas respectivas idades.

Figura 7: Fluxograma simplificado da metodologia das andlises isotépicas das

amostras fosseis.
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Figura 8 (figura 1 artigo): Cartas cronoestratigraficas simplificadas Norte-Sul
(A) e Leste-Oeste (B) para a Bacia Amazobnica. Estrelas vermelhas marcam as
incurs6es marinhas descritas acima na Bacia Amazonica durante o Cenozoico.

Figura 9 (figura 2 artigo): Localizacdo das amostras fosseis deste estudo
classificadas pelo tempo de ocorréncia de incursdes marinhas na Bacia Amazonica.
Arcos estruturais, posicoes e faixas do antebraco sao definidos de acordo com Roddaz
et al. (2005) e Spurt et al. (2007).

Figura 10 (figura 3 artigo): Gréafico dos isétopos de carbono versus oxigénio
de todas as amostras fésseis do Paleoceno e Eoceno (D), Mioceno Inferior a Médio
(C), inicio do Mioceno Superior (B) e Recente (D). Caixas pretas representam 0s
intervalos padrfes de is6topos estaveis para o Atlantico Norte, Grandes Lagos e rios
da América do Norte (Keith et al., 1964).

Figura 11 (figura 4 artigo): Razao isotépica Sr versus idade para amostras
fésseis do Mioceno Inferior (preto), Mioceno Médio (verde) e inicio do Mioceno
Superior (vermelho) da Amazénia com seus respectivos intervalos estratigraficos.
Retangulos pontilhados representam os dados de moluscos de Vonhof et al. (2003)
para as seguintes localidades no Peru: Indiana, Pebas, Santa Rosa (Sta Rosa), Los
Chorros (LC), Porvenir (P), Nuevo Horizonte (NH) and Buenos Aires.

Figura 12 (figura 5 artigo): Dados de is6topos estaveis de amostras fésseis
do Mioceno Inferior a Superior sobrepostas por dados de amostras de ostras do
Recente (A). Observe que a ostra da llha Mosqueiro mostra valores de 33C e 880
préximos a amostras fésseis de Mioceno da Bacia Amazodnica Oeste. Imagem de
satélite apresentando locais de amostragem de ostras atuais (Ilha Mosqueiro e Praia
Atalaia).

Figura 13 (figura 6 artigo): Quantidade de &4gua do mar e estimativa de
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paleosalinidade para as razées 8’Sr/®Sr das amostras da Amazonia peruana nos
periodos Mioceno Inferior ao inicio do Mioceno Superior (A-C) e das amostras da
Amazonia Oriental no Mioceno Inferior (D). Areas vermelhas representam a
interseccdo entre as razdes 8’Sr/8Sr das amostras e as curvas de mistura. Unidades:
ppm (Sr da curva de mistura), % (quantidade de agua do mar) e psu (salinidade).
Figura 14 (figura 7 artigo): Estimativa da paleossalinidade para amostras
fosseis de Mioceno Inferior a Médio de locais peruanos (A) e brasileiros (B). As
amostras das areas de Contamana e Tarapoto tendem a ser menos radiogénicas e
caem em campos de 4gua doce para levemente oligohialina, enquanto as amostras
da area de Belém exibem assinaturas isotdpicas mais radiogénicas e uma

preferéncia pelo campo de oligohialina.
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Il. Lista de Tabelas

Tabela 1 (Anexo): Tabela geral localidades geograficas e posicdes
estratigraficas das amostras fosseis analisadas.

Tabela 2: Grupos fosseis mais representativos entre os analisados neste
estudo. Observar que a maioria desses grupos vivia em ambientes distintos e poderia
se adaptar aos niveis de salinidade abaixo da agua do mar.

Tabela 3 (Anexo): Tabela dos dados isotopicos das amostras fosseis
analisadas.

Tabela 4 (Material suplementar artigo): Andlise do efeito vital na composicéo
isotopica dos féssies analisados. Observe que a intervalo de composi¢cdo de um
género € maior que o intervalo de composicdo dos fosseis em qualquer local.

Tabela 5: Dados isotopicos de Sr de rios e da 4gua do mar de Howarth &
McArthur, 1997) e Palmer & Edmond (1992) usados em obras de Vonhof (1998,
2003) (lado esquerdo). Mesmos dados em Santos et al. (2014) com contribuicdo de

Allégre et al. (1996) para os dados de rios cratbnicos (lado direito)
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1. Introducéo e justificativas

A Bacia Amazobnica € a maior bacia hidrografica do planeta, recobrindo cerca de
40% da América do Sul e cerca de 4% das terras emersas. Sua configuracéo atual e
sua dinamica hidrologica sao fortemente controladas pelo sistema geodinamico
andina. Destacam-se nesse sistema as fortes taxas de erosdo das cadeias dos Andes
e a presenca de uma zona de sedimentacdo que margeia a por¢ao leste dessa cadeia
de montanhas, que € subdividida nas porcdes sul (South Amazon Foreland Basin -
SAFB) e norte (North Amazon Foreland Basin - NAFB) pelo Arco de Fitzcarrald (Hoorn,
1994; Roddaz et al., 2010; Figura 1).

Ao longo do Cenozoico, mudangas drasticas na dinAmica sedimentar e nos
paleoambientes ocorreram na Bacia Amazénica. Na porcéo leste da bacia (Bacia
Amazobnica Leste; Fig. 1), essas mudancas dependiam diretamente do sistema
geodinamico do Atlantico Equatorial (Costa et al., 1995, 1996; Rossetti e Santos Jr.,
2004; Rossetti et al. 2013). Ja porcéo oeste da bacia (Bacia Amazoénica Oeste; Fig.
1), as taxas de soerguimento e erosdao das cadeias andinas eram variaveis que
influenciavam diretamente na subduccao e preenchimento das bacias sedimentares
de foreland subandinas, afetando de forma significativa sua compartimentacdo e
paleobiodiversidade (Hoorn et al., 2010). Nessa regido, pode-se destacar a presenca
de incursdes marinhas (Hoorn, 1993; Louterbach et al., 2014; Boonstra et al., 2015;
Jaramillo et al., 2017; Linhares et al., 2017, 2019), a transcontinentalizacdo do rio
Amazonas e o transporte dos primeiros sedimentos Andinos para o Atlantico
equatorial ha 9,0 e 9,5 milhdes de anos (Hoorn et al., 2017; Van Soelen et al., 2017)
e a instauracao do Arco de Fitzcarrald por subduccéo da Cordilheira de Nazca sobre

a placa Sul-Americana (Espurt et al., 2007).
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Além disso, pode-se ressaltar ainda a baixa densidade de estudos
paleoambientais que utilizam dados isotépicos de fosseis recuperados em bacias
sedimentares na Bacia Amazonica Oeste. De modo geral, esses estudos se limitaram
a utilizar fésseis de moluscos Miocénicos recuperados na Formacao Pebas (bacias
subandinas peruanas e colombianas de Marafion/Putumayo; Vonhof et al., 1998,
2003; Wesseligh et al., 2002, 2006) ou fosseis de ostracodes Miocénicos coletados
na Formacao Solimdes (Bacia do Solimdes; Gross et al. 2013, 2015). Além disso, as
interpretacbes paleoambientais baseadas nas analises isotopicas tendem a néo
corroborar com as interpretacdes de trabalhos prévios, que baseados em evidéncias
sedimentologicas e paleontoldgicas, sugerem incursdes marinhas na regido da Bacia
Amazonica Oeste.

Sendo assim, o presente projeto visa ampliar o alcance geografico e temporal das
analises isotépicas em fosseis recuperados em formacfes cenozoicas de bacias
sedimentares da Bacia Amazo6nica, contribuindo assim com o conhecimento da sua

evolucdo ambiental e geografica ao longo do Cenozoico.
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Figura 1. Mapa hidrografico da Bacia Amazbdnica, com modelo digital de elevacédo, mostrando
compartimentacao da bacia nas suas porgoes oeste, central e leste. Regides de planicie (tons de
verde) registram os niveis topograficos mais baixos e a Cadeia Andina (tons de vermelho e

branco), os niveis mais elevados.

2. Objetivos

2.1. Gerais

Caracterizar as condi¢cdes paleoambientais e a assinatura quimica dos corpos
aguosos na Bacia Amazobnica durante os registros de incursbées marinhas no
Cenozoico por meio da analise de dados isotdpicos de macrofésseis e microfdsseis.
Assim, as analises serdo focadas no registro féssil das unidades sedimentares com

registros e indicios de influéncia marinha ja registrados em trabalhos anteriores.



2.2. Especificos

A partir dos resultados das andlises isotdpicas e as interpretacdes
paleoambientais, espera-se validar ou ponderar as hipoteses de incursdes marinhas

ja propostas anteriormente para a Bacia Amazénica no Cenozoico.

3. Fundamentacao Teoérica

3.1. Isbtopos estaveis
3.1.1. Carbono

3.1.1.1. Caracteristicas gerais

O carbono, elemento ndo metal e 4° mais abundante em todo o Sistema
Solar, esta presente tanto no manto quanto na litosfera, bioesfera, hidroesfera e
atmosfera da Terra. O seu pequeno raio atdbmico e sua afinidade quimica com
outros atomos faz com que o carbono seja versatil e tenha facilidade de formar
polimeros sob as diversas condi¢cdes de temperatura na Terra. Sendo assim, o
carbono é constituinte de compostos organicos e carvao em ambientes redutores;
esta presente no dioxido de carbono, ions de carbonato e bicarbonato em meios
aguosos e ainda no carbonato inorganico em ambientes oxidantes; além de ser
encontrado na forma nativa em diamantes e grafite (Faure, 1986; Hoefs, 1987).
Este elemento possui dois is6topos estaveis: 1°C, o mais leve e mais abundante
(98,89% em abundancia relativa), e 3C, o mais pesado e raro (1,11%) (Nier,1950;
Hoefs, 1987).

3.1.1.2. Fracionamento em carbonatos

O fracionamento dos is6topos de carbono em corpos aquosos pode ocorrer por

efeito cinético durante processos naturais, como a fotossintese dos organismos

primarios e a degradacéo da matéria organica, ou por meio de trocas de isotopos entre

4



diferentes espécies de C, como o CO2 atmosférico e os carbonatos dissolvidos em
solucbes aquosas. Esses processos alteram a composicao isotopica do reservatorio
de carbono inorganico dissolvido (DIC) dos meios aquosos e, interferem diretamente
e indiretamente nas razdes isotdpicas '3C/*?C de carbonatos e exoesqueletos de

organismos presentes nesses ambientes (Fig 2).

De modo geral, a troca de is6topos da atmosfera e meios aquosos tende a
enriquecer a agua no isétopo 3C relativamente ao ?C (Faure, 1986). Por outro lado,
a diferenca de massa entre os isétopos faz com que organismos fotossintéticos
tendam a discriminar o0 mais pesado em favor do isétopo mais leve na assimilacéo de
CO2 durante a fotossintese. Assim, as plantas tendem a assimilar mais o isétopo °C
e ficar isotopicamente mais leves em relacdo a atmosfera ou meio aquoso (Killops &
Killops, 2005). A degradacdo de matéria organica por bactérias pode causar
fracionamento dos is6topos de carbono, jA que o resultado desse processo é a

liberacédo de COzrico no isétopo *?C na coluna d’agua (Scholle & Arthur, 1980).

No entanto, é importante ressaltar que o processo de fotossintese dos vegetais
terrestres pode ser dividido em dois grupos distintos principais: plantas C3 e C4. Os
valores tipicos de dBC desses diferentes grupos fotossintéticos resultam de
propriedades bioquimicas das enzimas de fixagdo primaria do (CO2) e da limitagdo a
difuséo desse gas nas folhas. Em plantas com fotossintese C3, o CO:2 € reduzido a
fosfoglicerato (molécula com trés atomos de carbono) por uma enzima que discrimina
0 13CO:a. Isso resulta em valores relativamente mais baixos de *C nessas plantas.
Nas plantas de fotossintese C4, o CO:2 é reduzido a acido aspartico ou malico
(moléculas com quatro atomos de carbono) por uma enzima que néo discrimina com
a mesma eficiéncia o 3COsz. Isso leva a valores maiores de 3C/*?C nas plantas C4 do

gue nas plantas C3 (Freitas et al., 2002).
)
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Figura 2. Diagrama de variagdo da composicdo isotopica dos reservatorios de carbono
inorganico dissolvido (5'3Cpic) dos meios aquosos, dos organismos (interno) e dos seus

exoesqueletos, destacando os principais mecanismos de fracionamento isotépico. A letra “f’
denota que o parametro antes do sinal de igualdade depende dos fatores destacados entre

parénteses (adaptado de Ravello & Hillaire-Marcel, 2007).

A composicao isotopica de qualquer elemento em uma amostra € expressada
pela divisdo entre a razdo isotopica medida na amostra e a razao isotépica de um
material de referéncia. A relagdo entre as duas razdes € estabelecida por meio
do uso da notagéo 0, expressa em partes por mil (%0) (Eg. 1). O valor padrdo

utilizado para carbonatos é o PDB (Pee Dee Belemnite), baseado em um féssil

6



de Belemnitella americana do Cretdceo da formacdo Pee Dee na Carolina do

Norte, EUA (Craig, 1957; Wefer et al., 1999).

O'3Camostra = [(Ramostra/RPDB) - 1] * 103

Equacdo 1. Relacdo entre a razdo '3C/*?C da amostra (Ramostra) da amostra e a raz&o
13C/*2C do padrio PDB (Rppg) expressa na notagdo 0.

Resultados positivos obtidos na equacao acima denotam que a amostra é mais
enriquecida em isétopos *3C do que o padrédo de referéncia. Por consequéncia,
resultados negativos apontam para um enriquecimento de '2C da amostra em

relacdo ao padrao de referéncia.

3.1.1.3. ImplicacGes paleoambientais
A andlise do fracionamento de isétopos do carbono inorganico dissolvido

(DIC) pode proporcionar a analise qualitativa da producéo priméaria marinha e da
disponibilidade de nutrientes disponiveis, e a reconstru¢do da circulacdo de
sedimentos e matéria organica em colunas d’agua (Mitchell et al.1996, Wefer et
al., 1999). Nos oceanos, a produtividade do fitoplancton é controlada pela
dindmica de nutrientes providos de fluxos fluviais, zonas de ressurgéncia ou
mistura de aguas oceanicas (Wefer et al., 1999). Desse modo, quanto maior a
disponibilidade de nutrientes, maior a proliferacdo de produtores primarios no
ecossistema marinho. O processo de fotossintese desses organismos aumenta o
valor da razdo isotépica '°C/*°C e, consequentemente, aumenta os valores de
O'3C do DIC presente na agua marinha (Fig. 2). Por outro lado, o soterramento e a
decomposicdo da matéria organica tende a diminuir a razdo 3C/*?C do DIC na

agua, liberando compostos de carbono isotopicamente mais leves que sao

incorporados aos mananciais superficiais e subterraneos (Scholle & Arthur,
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1980).

Nos ambientes continentais, a sazonalidade e o tipo de produtores primarios
(plantas C3 e/lou C4) associados também sdo fatores que tende a alterar o
fracionamento dos isotopos de carbono nos meios aquosos. As variacdes sazonais
da taxa de desgaseificagcdo de CO2, processo que exige reequilibrio isotopico do
sistema Agua-atmosfera e tende a aumentar os valores de 3*3C do DIC da agua, e da
taxa de desenvolvimento das plantas sdo vetores para a variagéo dos valores de 313C
dos corpos aquosos (Usdowski & Hoefs, 1990; Luz et al., 1997; Barkan et al., 2001).
Por outro lado, plantas C3 e C4 tém preferencias isotopicas distintas e podem causar
indiretamente aumento ou reducio, respectivamente, dos valores de 63Cda agua.
Nesses casos, parametros sobre a troca de is6topos entre o CO2 atmosférico e o DIC
da agua (Deirmendjian & Abril, 2018 e referéncias internas), acimulo e degradacao
de matéria organica (Scholle & Arthur, 1980; Samanta et al. 2015, entre outros) e o
transporte de carbono inorganico do solo no fluxo de aquiferos (Monger et al. 2015 e
referéncias internas) sdo fundamentais para a dindmica da composi¢ao isotopica das

aguas superficiais.

3.1.2. Oxigénio

3.1.2.1. Caracteristicas gerais

O oxigénio, elemento ndo metal constituinte de 49,78% da composicao do planeta,
possui trés isétopos estaveis: 20, o mais leve (99,63% de abundancia relativa), 1’0,
o mais raro (0,0375%) e 80, o mais pesado (0,195%) (Bowen, 1988). O ciclo do
oxigénio e a distribuicdo dos seus is6topos estdo intimamente ligados ao ciclo da
agua. Nesse ultimo ciclo, os isétopos de oxigénio se combinam com os de hidrogénio
(*H, °H e D) para formar moléculas de &gua, que podem apresentar diferentes

configuracdes isotdpicas e cujas massas tém relacdo inversamente proporcional a
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pressdo de vapor delas (Faure, 1986; Bowen 1988).
3.1.2.2. Fracionamento em carbonatos
O fracionamento do oxigénio decorre das diferencas de configuragdes isotépicas
da 4gua (consequentemente, da presséo de vapor das moléculas) e da temperatura
durante as mudancas de fase do ciclo hidrolégico nos processos de evaporacao, fusdo
e condensacdo (Faure e Mensing, 2005). Moléculas mais pesadas apresentam
menores pressoes, e assim, o vapor d’agua resultante do processo de evaporagao é
enriquecido nos isétopos mais leves (*¢0). Por outro lado, o processo de condensacéo
em nuvens, por exemplo, causa o enriquecimento da fase liquida nos is6topos mais
pesados, uma vez que a molécula H2*¥0 passa mais facilmente para a fase liquida
devido a sua menor pressdao de vapor (Bowen ,1988). Como resultado do
fracionamento, a agua tera uma composicao isotopica caracteristica indicativa de sua

fonte (Clark & Fritz, 1997).

O fracionamento do oxigénio durante a cristalizacdo do carbonato, tanto em
sedimentos quanto em exoesqueletos fosseis, € fortemente dependente da
temperatura bem como da composicao isotopica do meio aquoso no qual o processo
de cristalizacdo ocorreu. De modo geral, maiores temperaturas tendem a favorecer a
concentracdo de %0 na estrutura da calcita constituinte nos carbonatos
(Dawyer,2000). A composicao do meio, por sua vez, tem relacdo direta com
fenbmenos de evaporacdo, precipitacdo, mudanca nas correntes de adveccdo ou

ressurgentes e reducdo ou aumento do volume de gelo em regibes adjacentes

(Ravello & Hillaire-Marcel, 2007; Fig. 3).
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Figura 3. Diagrama de variacdo de composigao isotépica nos reservatérios de isétopos de
oxigénio (d'®0sy) dos meios aquosos, dos organismos (interno) e dos seus exoesqueletos,
destacando os principais mecanismos de fracionamento isotopico. A letra “f” denota que o
parametro antes do sinal de igualdade depende dos fatores destacados entre parénteses
(adaptado de Ravello & Hillaire-Marcel, 2007).

Assim como para 0s isétopos de carbono, a composic¢ao isotopica do oxigénio em
uma amostra é expressada pela divisdo entre a razao isotopica medida na amostra e

a razao isotopica de um padrao por meio do uso da notagdo 6, expressa em partes

por mil (%o) (EQ. 2).

0*0amostra = [(Ramostra/RPDB) - 1] * 103

Equacio 2. Relagio entre a razdo 0/*°0 da amostra (Ramostra) € a razao 20/**0 do padréo
PDB (Reep) expressa na notagao 0.
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Os resultados positivos obtidos na equacdo acima denotam que a amostra
apresenta razdo isotopica 20/1%0 menor do que a do padrdo de referéncia. Por
consequéncia, resultados negativos apontam para uma menor razdo *0/*0O da
amostra em relacdo ao padréo de referéncia.

3.1.2.3. Implicacbes paleoambientais

Variagdes na composicado de is6topos de oxigénio nos sedimentos e fésseis
carbonédticos podem ter diversas implicacbes na avaliacdo de condicdes
paleoambientais. Uma delas é a estimativa da paleosalinidade de corpos aquosos.
Is6topos de oxigénio tém uma relacéo forte com a salinidade da agua, ja que eles séao
geralmente fracionados durante o processo de evaporacao (Bigg & Rohling, 2000).
Nessa relacdo, quanto maior a evaporagéo, maior a razédo 80/'%0 na 4gua e maior o
valor de 80. No entanto, é importante ressaltar a importancia das taxas de
precipitacdo e a sazonalidade climética para o equilibrio da composicéo isotépica do
sistema (Dwyer, 2000).

Outra implicacdo paleoambiental referente a andlise de is6topos de oxigénio é a
dindmica do volume de gelo nas geleiras. O acimulo de gelo nos continentes retendo
adgua com baixas razdes 180/*®0 nas geleiras e o menor influxo de guas continentais
possibilita o enriqguecimento dos oceanos em aguas com mais altas razées 80/€0.
Ja o derretimento das geleiras introduz agua de degelo com baixas razdes 20/60
nos oceanos, reduzindo o valor de 5'80 da 4gua e aumentando o nivel estatico global
(Cléroux et al. 2008; Schackleton, 1987).

Os isotopos de oxigénio podem ser utilizados na estimativa da paleotemperatura
de corpos aquosos ja que a cristalizacdo de exoesqueletos carbonaticos de
organismos, como os foraminiferos e corais por exemplo, ocorre em equilibrio

isotépico com o meio aquoso. De modo geral, a relagdo entre o valor de 5*20 no
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exoesqgueleto e a temperatura no ambiente é inversamente proporcional (Dwyer, 2000;

Ravello & Hillaire-Marcel, 2007).

3.2. Isétopos radiogénicos
3.2.1. Estroncio

3.2.1.1. Caracteristicas gerais

O estroncio é um metal alcalino terroso de massa 87, e valéncia +2. Essas
caracteristicas permitem o estréncio permutar com o célcio vacancias nas estruturas
cristalinas de minerais como calcita e arogonita e, por consequéncia, fésseis de
composicdo carbonética (Marshall & Fairbridge, 1999).

O estroncio tem quatro isétopos naturais estaveis: 84Sr (0,56%), 2Sr (9,86%), &’Sr
(7,0%) e 8Sr (82,58%). Somente o isétopo &’Sr é radiogénico, produto da
desintegracdo do 8Rb. Portanto, o 8Sr pode ter duas origens: processo de sintese
nuclear primordial, junto com os outros trés isétopos estaveis, e decaimento do rubidio
(Kendall & McDonnell, 1998). Desse modo, a composi¢ao isotopica de estroncio em
uma rocha depende da sua idade e sua mineralogia (Faure, 1986). No caso de fésseis
carbonéticos, a composicao isotépica devera ser semelhante a dos corpos aquosos
em que o0s seres vivos habitavam, pois o carbonato precipitado é essencialmente
homogéneo com respeito ao Sr (Montgomery et al., 2007). Como o estrbncio € um
elemento facilmente mobilizado por acdes intempéricas (como por exemplo, interacao
rocha-fluido; Kabata-Pendias & Pendias, 2001), a composic¢ao isotOpica da agua e,
consequentemente dos fosseis, estara intimamente ligada aos substratos em que a
agua tiver contato e realizar trocas idnicas.

3.2.1.2. Implicagbes paleoambientais
A razao 8’Sr/®Sr pode dar informacdes a respeito da origem e da paleosalinidade

de corpos aquosos. No quesito origem, a seguinte propor¢cao pode ser observada:

12



guanto maior a razao, mais antigas as rochas que a agua interagiu no terreno de sua
nascente. Desse modo, altas razdes 8/Sr/®Sr sugerem que a composicéo isotdpica
da agua teve interferéncia na interacdo com rochas antigas, como as de origem
cratbnica. Ja para a estimativa da paleosalinidade, primeiramente, deve-se
estabelecer as seguintes premissas: i) a composicao isotépica (e consequentemente,
arazao 87Sr/8Sr) de fosseis é semelhante a dos corpos aquosos de origem; ii) a razdo
87Sr/8Sr da Agua marinha tende a ser distinta da razdo das aguas continentais
contemporaneas. Nessas condicdes, sedimentos e fosseis carbonaticos registram as
mudancas podem ser utilizados como proxies de indicadores de salinidades de corpos
aguosos atuais ou antigos (Ingram & DePaolo, 1993; Bryant et al., 1995; Holmden et
al., 1997; Spencer & Patchett, 1997; Vonhof et al., 1998; 2003). Na Amazbnia
Ocidental, por exemplo, estudos de Vonhof et al. (1998, 2003) com fdosseis de
moluscos Miocénicos das regides de Nuevo Horizonte, Iquitos (Peru), Los Chorros e
Buenos Aires (Colémbia) conseguiram, por meio de analises de isétopos de estroncio
e um modelo binério de mistura, analisar de modo semi-quantitativo a paleosalinidade

das 4guas em que esses individuos viviam.

4. Contexto geologico regional

4.1. Disposicéo geral da Bacia AmazoOnica

A Bacia Amazbnica pode ser compartimentada em trés partes: a por¢des oeste,
central e leste (Fig. 1). A Bacia Amazbnica Oeste é constituida basicamente pelos
Andes, as bacias de foreland, ou ante-pais, subandinas, que se estendem da
Venezuela até o norte da Bolivia, além das bacias brasileiras do Acre e Solimdes.
Ambas bacias brasileiras se originam no Cambriano-Siluriano apdés um evento

tecténico distencional de diregdo NW-SE no Craton Amazonico relacionado com os
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estagios iniciais de separacdo das margens do continente Gondwana (Wanderley-
Filho et al. 2010). Esse evento resultou na geracdo de bacias intracratonicas (Acre,
Solimbes, Amazonas) separadas por altos estruturais ao longo da Bacia Amazonica
brasileira (Fig. 4). No caso da Bacia do Acre, durante o Neocretaceo, ela se transforma
numa bacia de foreland no inicio do desenvolvimento do sistema geodinamico andino
(Oliveira, 1994). Por outro lado, a origem das bacias subandinas ainda é debatida,
porém cogita-se que durante o Neocretaceo (75-65 Ma) a convergéncia entre o Platd
Oceanico Caribenho e a placa Sul-Americana tenha causado a subsidéncia flexural
das bacias subandinas (Martin-Gombojav and Winkler, 2008). Essas bacias se
conectavam abertamente até o Plioceno, quando houve o soerguimento do Arco de
Fitzcarrald (Espurt et al., 2007) pela subduccéo de um platé da placa de Nazca sob a
Placa Sul-Americana, levando a divisdo da Bacia Amazodnia nas porcdes norte e sul
(NAFB e SAFB respectivamente, Fig. 4).

J& a Bacia Amazonica Leste é constituida pela Bacia de Marajd, um aulacégeno
de origem Cambriana-Siluriana cuja deposicao inicia-se durante o evento tectdnico de
separacao das margens do continente Gondwana (Wanderley-Filho et al. 2010). Essa
bacia é limitada a oeste pelo alto estrutural de Gurup4, estrutura que limita a leste a

Bacia do Amazonas (Silva et al., 2003; Zalan and Matsuda, 2007; Fig. 4).
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Figura 4. Mapa de localizagdo das principais bacias sedimentares da Bacia Amazbnica. Observe
como as bacias intracratdnicas brasileiras comumente sdo separadas por feicdes estruturais
denominadas de arcos ou altos (cinza claro). Observe o Arco de Fitzcarrald separando as porcoes

sul e norte das bacias de “foreland” da Bacia Amazonica Oeste (SAFB e NAFB respectivamente).

4.2. Breve evolucéo paleogeografica da Bacia Amazodnica

no Cenozoico

Na transicdo do Neocretdceo para o Paleoceno, a convergéncia entre o Platd
Oceanico Caribenho e a placa Sul-Americana (75-65 Ma; Martin-Gombojav & Winkler
2008) originou o primeiro evento de soerguimento dos Andes Sul e Norte, e
consequente subsidéncia flexural das bacias subandinas colombianas e equatorianas.
A constante deposi¢cao de sedimentos nas bacias subandinas provindos dos Andes e
de rios da Bacia Amazonica (cujos quais fluiam de leste para oeste) promoveu o0 recuo

do mar e a consolidacdo de um sistema fluvial de direcdo geral NW com baias
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marginais na Bacia Amazbnia Oeste (Hoorn et al., 2010; Fig. 5a). Ao longo do
Paleoceno, o soerguimento dos Andes Sul provocou a subsidéncia e uma incurséo
marinha na bacia subandina de Madre de Dids, Bolivia (Louterbach et al., 2014). Ja
na regido da Bacia Amazobnia Leste, um sistema fluvial de sentido oeste para leste
interigava ambientes continentais fluviais (Bacia do Amazonas) e ambientes
transicionais costeiros (Bacia do Marajo) entre o Neocretaceo até o Neooligoceno
(Hoorn et al. 2010; Zalan & Matsuda; 2007; Cunha et al. 2007).

Ainda durante a vigéncia do sistema fluvial subandino, nos periodos Mesoeoceno
e Neoeoceno, houve um novo pulso tectbnico e soerguimento dos Andes Central e
Norte (Cordilheiral Ocidental do Peru e da Cordilheira Oriental do Equador e da
Colémbia), juntamente com uma consequente subsidéncia flexural de bacias
sedimentares subandinas (Spikings et al. 2001; Roddaz et al., 2010). A subsidéncia
das bacias promoveu a incursdo marinha e altas taxas de sedimentacdo na Bacia
Amazobnica Oeste. Evidéncias dessas transgressdes estdo apontadas principalmente
no registro sedimentoldgico e paleontologico das bacias subandinas equatorianas,
colombianas e peruanas (Santos et al., 2008; Jaramillo et al. 2009; Jaramillo et al.
2017; Christophoul et al., 2002; Hermoza et al., 2005, Roddaz et al., 2010, Antoine et
al., 2016).

No fim do Oligoceno, aproximadamente entre 27 e 25 Ma (Martin-Gombojav &
Winkler, 2008), um pulso tectbnico relacionado com a quebra da placa de Farallon,
ocasionou o soerguimento dos Andes Centrais e o inicio da transi¢ao do sistema fluvial
subandino para um sistema fluvio-lacustre com influxos marinhos, denominado Pebas,
ao longo da Bacia Amazonica Oeste (Figura 5b). A continua formacédo de montanhas
e 0 acumulo de chuvas no flanco leste da cadeia Andina (Hoorn et al. 2010) séo as

razBes mais provaveis para a consolidacdo do sistema Pebas no Mesomioceno (~15
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Ma). Ao longo do Mioceno, durante a consolidacéo e a vigéncia dessa sistema Pebas,
ha evidéncias sedimentoldgicas e paleontoldgicas de incursbes marinhas episodicas
tanto das porc¢des oeste (Hoorn, 1993; Hoorn, 1994; Rasanen et al. 1995; Hovikoski
et al., 2007; Linhares et al., 2011; Boonstra et al. 2015; Medeiros et al., 2019; Antoine
et al. 2016; Linhares et al. 2011; Jaramillo et al. 2017; Linhares et al. 2019, entre
outros) e leste da Bacia Amazonica (Petri, 1957; Ferreira et al., 1984; Santos Jr., 2004).
O continuo soerguimento e a intensa erosao da Cordilheira dos Andes, principal fonte
de sedimentos no Mesomioceno, elevaram a carga sedimentar a ponto de
sobrecarregar o espaco de acomodacédo das bacias subandinas. Esse evento causou
a transformacao do sistema fluvio-lacustre Pebas num sistema fluvial com influéncia
episodica de marés denominado Acre (Hoorn et al. 2010). No entanto, apenas a
partirdo Neomioceno (~9Ma), a sobrecarga sedimentar tornou o0 ambiente de
deposicdo nas bacias foreland plenamente continental. Nesse periodo, houve o
rebaixamento do Arco de Purus (deixando de ser um divisor de aguas) e a reversao da
direcdo do fluxo dos rios da Bacia Amazonica Oeste. Esses eventos possibilitaram o
processo de transcontinentalizacdo do Rio Amazonas e a deposi¢cdo dos primeiros
sedimentos andinos no Oceano Atlantico (Hoorn et al., 2017; van Soelen et al., 2017,
Figura 5c).

No Mioceno da Bacia Amazonica Leste, por outro lado, a deposicdo dos
sedimentos dependia mais fortemente dos niveis eustaticos do oceano e dos eventos
tectonicos regionais. Mais especificamente, no intervalo do Oligoceno Superior ao
inicio do Mioceno Superior da Bacia do Marajo, os depdsitos marinhos da Formacéao
Pirabas sobrepostos pelos depdsitos aluviares e costeiros/transicionais da Formacgéao
Barreiras foram gerados durante o ultimo episédio transgressivo-regressivo da bacia

(Nogueira & Nogueira, 2017; Arai et al. 1988; Rossetti et al. 2013). Os sedimentos da
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Formacéao Pirabas foram depositados em um evento retrogradacional causado pela
combinacédo de um alto nivel eustético global (Haq et al., 1988; Miller et al., 2005) e
reativacdes de falhas regionais (Costa et al., 1995, 1996; Ferreira Jr. et al., 1996)
durante o intervaldo do Oligoceno Superior ao Mioceno Inferior (Fig. 5b). Esses
depdsitos sdo encontrados em paleovales localizados ao longo de zonas de falha
(Rossetti e Santos Jr., 2004; Rossetti, 2004, 2006). Os sedimentos da Formacéao
Barreiras, por sua vez, foram depositados em um evento progradacional causado por
uma queda proeminente do nivel eustatico global (Haq et al., 1988) durante o periodo

do Mioceno Médio ao Mioceno Superior (Fig. 5¢).
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Figura 5. Reconstrucdo paleogeografica da Bacia Amazbdnica segundo a evolugdo dos eventos

descritos no texto (adaptado de Hoorn et al. 2010).

5. Materiais e métodos
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5.1. Amostras fosseis

As amostras fosseis analisadas foram coletadas por pesquisadores de diferentes
universidades em unidades geoldgicas Cenozoicas de bacias sedimentares da
BaciaAmazonica Oeste (Huallaga, Marafion, Ucayali e Madre de Dios, Peru; Acre e
Solim&es, Brasil) e da Bacia Amazbnica Leste (Marajo, Brasil). Mais especificamente,
os fosseis foram recuperados em afloramentos e furos de sondagem de formactes
em que trabalhos anteriores apresentam interpretacoes paleoambientais de influéncia
marinha baseadas em evidéncias sedimentoldgicas e/ou paleontolégicas. Houve
ainda a coleta de amostras do Recente provindas de margens fluviais (Bacia do Acre,
Brasil), praias e regides de estuério (Bacia do Maraj6), além de sedimentos do Oceano
Atlantico Equatorial com o intuito de obter de parametros isotopicos de ambientais
atuais. Vide a tabela 1, em anexo, e a figura abaixo (Fig. 6) para a verificacdo das
informacdes geograficas e geolbdgicas das amostras, e dos pesquisadores envolvidos

no procedimento de coleta.
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Figura 6. Mapa de localizagdo das amostras fésseis classificadas de acordo com a sua origem de

recuperacao (pocos ou afloramentos) e suas respectivas idades.
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5.2. Metodologia

A metodologia do projeto descrita a seguir estd segmentada entre o0s
procedimentos utilizados nas analises de is6topos estaveis (C e O) e os has analises de

isétopos de Sr. Os métodos estdo sumarizados no fluxograma da Figura 7.

5.2.1.Is6topos estaveis de C e O (IRMS e Keil IV)

Os fésseis selecionados para a espectrometria de massa foram primeiramente
limpos em duas etapas seguindo as metodologias de Boyle (1981) e Rosenthal et al.
(1999). As duas fases de limpeza envolveram a utilizacdo de um ultrassom como
objetivo de retirar argilas aderentes da superficie dos fosseis. A diferenca € que na
primeira etapa utiliza-se agua deionizada e, na segunda, metanol puro. Ambos
procedimentos foram realizados no Laboratorio de Geoquimica da Universidade de
Brasilia.

Apos a limpeza, preparou-se os macrofosseis para as analises isotopicas de C e
O de duas maneiras. O primeiro procedimento consiste na pulverizacdo parcial dos
macrofésseis maiores (como ourico e garra de caranguejo) com uma broca dental
acoplada a um micromotor elétrico. O segundo procedimento se resume nha
pulverizacdo de macrofésseis menores (como dentes de raia e peixe) com grau de
agata. Apos a preparacao das amostras, uma aliquota do material fragmentado (cerca
de 0,5 mg) foi pesada e colocada em um tubo de vidro com septo, que é inserido no
aparelho Gas Bench Il acoplado a um espectrémetro de massa Delta V plus. As
amostras reagiram com H3PO4 a uma temperatura de 72 °C apoés a limpeza dos tubos
de vidro usando fluxo de hélio. O gas CO:2 resultante da reacdo é direcionado
diretamente ao espectrometro, que determina as razdes isotépicas de C e O do gas.

Os resultados sao relatados em notacédo delta em relacdo ao padrdo de referéncia
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Pee Dee Belemnite (PDB; Craig, 1957), tendo sido calibrados de acordo com os
padrdes internacionais NBS-18 e NBS-19. Todas as amostras de macrofésseis foram
analisadas no Laboratério de Geocronologia da Universidade de Brasilia.

Os microfosseis ndo apresentam niveis de CO2 no carbonato de célcio de seus
exoesqgueletos suficientes para superar o limite de deteccdo do Gas Benth. Por esse
motivo, esse tipo de féssil teve de ser analisado no aparelho Kiel IV Carbonate
acoplado a um espectrémetro de massa MAT 253 (equipamento com baixos limites
de deteccdo de COz2). Na pesagem dos fosseis, geralmente 3 a 6 espécimes, para
ostracodes e foraminiferos respectivamente, além dos compostos padrbes
internacionais e locais foram colocados em vails e posicionados no carretel
equipamento. Desse modo, a cada seis amostras analisadas, dois padrdes sao lidos
para calibracdo do equipamento.

Ap6s o posicionamento dos frascos no carretel, coloca-se o carretel no
espectrometro e abre-se as valvulas do tambor de nitrogénio liquido e do cilindro de
gas carboénico a fim de iniciar os procedimentos do Kiel IV. Apés a adicdo de acido
H3sPO4 e liberagcdo do CO:2 a partir da reacéo 4cida, esse gas é conduzido a duas
armadilhas térmicas. Nas armadilhas, o rapido congelamento e, posterior lenta fuséo
do gas trapeia as moléculas de H20 e outras impurezas. Dessa maneira, 0 gas com
CO2z concentrado ira diretamente para o espectrometro de massa e assim, as razfes

isotopicas de 880 e d'3C sdo determinadas.

5.2.2. Is6topos de Estréncio (Sr)
As mesmas amostras de macrofésseis e microfésseis previamente analisadas

para 5'3Ce 580 foram posteriormente preparadas para a metodologia dos is6topos

de estroncio. Baseado nesse fato, iniciou-se a metodologia de dois modos. O primeiro
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modo utilizou-se 20 mg do pé remanescente de amostras de macrofosseis. O segundo
foi realizado com a solugdo residual obtida apés as andlises de 5'3C e 6'%0 dos
microfosseis e macrofésseis. O objetivo principal era avaliar possiveis diferencas
significativas entre os resultados desses procedimentos. Em ambos casos,
adicionamos HNOs (2,9M) para dissolver apenas a fragdo de carbonato e evitar a
lixiviagdo de 87Sr e 8Rb radiogénicos a partir dos constituintes ndo carbonatados das
amostras. A elui¢ao do estroncio ocorre por meio de colunas de troca i6nica de teflon
retratil com resina ndo idnica de éster-polimero. Por fim, as razbes 8'Sr/®Sr foram
entdo medidas por espectrometria de massa por ionizacao térmica (TIMS), utilizando-
se um espectrometro FINNEGAN MAT 262, no Laboratério de Geocronologia da
Universidade de Brasilia.

Célculos de estimativa de paleosalinidade de amostras do Mioceno foram entéo
realizados relacionando as razées 8Sr/®Sr das amostras e modelos binarios de
mistura (ou curvas de mistura) construidos por meio da equacdo abaixo (Eq. 3)
utilizando trés parametros com razdes isotopicas distintas: i) agua do mar Miocénica;
i) Aguas cratdnicas; iii) aguas andinas. Essa metodologia é baseada nos estudos de
estimativa de paleosalinidade realizados por Vonhof et al. (1998; 2003) e ser&

abordada com maior profundidade no artigo a seguir.

87Sr/88Srm = {(37Sr/%Sra x [Sr]a x A + 87Sr/®Srb x [Sr]b x B)}

+{(A x [Sr]a + B x [Sr]b)}

Equacédo 3. Célculo de paleosalinidade segundo Vonhof (1998, 2003). 8’Sr/Srm é a razéo
isotépica da mistura, 8’Sr/%Sra e 8Sr/?Srb sdo a razéo isotépica de Sr de cada parametro, [Sr]a e
[Sr]b séo a concentracdo de Sr de cada parametro, e A e B sdo as proporgdes relativas de cada

parametro na mistura (onde A + B =1).
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Tipo de amostra féssil

Método
de investigagdo

Ataque acido

(H,PO,) e analise
em KIEELIV

Ataque acido (HNO,)
e eluigcdo de Sr

Ataque acido (HNO,)
e eluigdo de Sr

Andlise em
TIMS/ICP-MS Andlise em

* Caso nao haja amosfra suficiente para pulverizagao

Figura 7. Fluxograma simplificado da metodologia das analises isotdpicas das amostras fésseis
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Abstract

Several studies have reported Cenozoic shallow marine incursions based on
paleontological and sedimentological evidences. Only a few publications restricted to middle
Miocene fossils outcropping in the lquitos (Peru), Benjamin Constant and Eirunepé (Brazil)
areas have presented isotopic evidence to support the presence of marine incursion. In this study,
we present new carbon, oxygen, and strontium (8Sr/8Sr ratios) isotopic composition of macro
and microfossils from reported early to early late Miocene, shallow marine intervals of Western
and Eastern Amazonian (Peru and Brazil) basins. We have also analyzed present-day organisms
from distinct environments (beach, sea, riverine, and estuary) and compared their results with
the Cenozoic fossils. While C and O isotopic composition indicate that Western Amazonia
fossils display an isotopic composition similar to the present-day continental, limnic and
riverine, environment (), Eastern Amazonia fossils display C and O isotopic compositions
comparable to those from seawater environments (). We further used the 8Sr/®Sr isotopic

composition of the analyzed fossils to estimate paleosalinity conditions. The 8Sr/®®Sr isotopic
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composition indicate that Eastern Amazonian water bodies of Pirabas Formation (Marajo
Basin) varied from highly oligohaline to marine conditions, while Western Amazonian water
bodies ranged from freshwater to slightly oligohaline. Our results indicate that fossil isotopic
compositions from Western Amazonia do not support sedimentological and paleontological
evidence for Cenozoic marine incursions. However, because analyzed Crassostrea oyster
collected in and Neogene Crassostrea collected in Contamana have similar C and O isotopic
compositions, we suggest to reconcile isotopic, sedimentological and paleontological evidence
that Cenozoic marine incursion in Western Amazonia were characterized by transitional
paleoenvironment. Our data further suggest that no open marine conditions existed in Western
Amazonia studied area.
Keywords: Amazonian basins, marine incursions, Cenozoic fossils, stable isotopes,

strontium isotopes, paleosalinity.

Introduction

The numbers, extents, and provenances of Cenozoic shallow marine incursions that
affected the Western part of Amazonia have received much attention [e.g. (Nuttall, 1990; Hoorn,
1993, 1994a; Hoorn et al., 1995; Mathalone & Montoya, 1995; Rasanen et al., 1995; Gingras
et al., 2002a; Gingras et al., 2002b; Hermoza, 2004; Rebata et al., 2006; Wesselingh &
Macsotay, 2006; Wesselingh et al., 2006; Hovikoski et al., 2007a; Hovikoski et al., 2007b;
Latrubesse et al., 2007; Hoorn & Wesselingh, 2010; Hoorn et al., 2010; Roddaz et al., 2010;
Wesselingh et al., 2010; Rebata, 2012; Louterbach et al., 2014) among many others] and is still
a matter of debate (see Hoorn & Wesselingh, 2010 and references therein; Résanen et al., 1995;
Rebata et al., 2006; Wesselingh et al., 2006; Hovikoski et al., 2007a-b, 2010; Latrubesse et al.,
2010). In the Paleogene, two marine incursions are documented: one in the Paleocene affecting

the southern part of the Peruvian Amazonia (Louterbach et al., 2014), and another, sometimes
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termed Pozo incursion, during the Eocene affecting Colombian, Ecuadorian and Peruvian
Amazonia (Santos et al., 2008; Hoorn & Wesselingh, 2010; Roddaz et al., 2010; Antoine et al.,
2016). In the Neogene, the debate about marine incursions is even heater. For instance, recent
published studies and synthesis (Antoine et al., 2016; Boonstra et al., 2015; Jaramillo et al.,
2017; Linhares et al., 2017, 2019) suggest that an early Miocene and two middle late Miocene
shallow marine incursions flooded the early to middle Miocene Pebas megawetland system.
Other studies have further suggested the existence of late Miocene incursions in the Western
Amazonia (also termed Acre phase: Hoorn et al., 2010) based on sedimentological evidence
(i.e., tidal currents and ichnofacies see Rdsanen et al., 1995; Hovikoski et al., 2005, 2010;
Roddaz et al., 2006). These studies, however, have been questioned because of the absence of
marine or coastal paleontological indicators. Recently, though, late Miocene foraminifera tests
were described from one well in the Solimdes basin, near the border between Brazil and Peru
(1AS-7D-AM well, Linhares et al., 2017; 1AS-31-AM well, Linhares et al., 2011).

Marine incursions in the Amazon basin have been identified mainly based on the presence
of marine and brackish water microfossils (e.g., dinoflagelates, and benthic foraminifera, fishes
[selachians]), bioturbations, and tidal structures (tidal bundles and inclined heterolithic
structures; see Hovikoski et al., 2010, and reference therein). In intracratonic basins, such as
the Brazilian Solimdes Basin, the only piece of evidence is based on fossils, and no tidal
structures whatsoever have been identified so far (Linhares et al., 2017; Medeiros et al., 2019).
Besides this evidence, geochemical proxies, such as stable and radiogenic isotopes, may also
be powerful tools to identify marine influences in continental areas. Providing that diagenesis
have not affected the primary value, isotopes are good proxies for paleosalinity studies. For
instance, oxygen isotopes have a strong relationship with water salinity since they fractionate

during evaporation processes (Bigg & Rohling, 2000).
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The carbon isotopes of dissolved inorganic carbon (DIC) in coastal to estuarine settings
can have a direct relationship with water salinity, especially above 25 psu (Bouillon et al., 2011;
Fry, 2002; Mook & Vogel, 1968). In contrast to stable isotopes, the &Sr/®Sr isotopic
compositions of carbonate fossils, especially aragonite ones, neither fractionated by
evaporation-precipitation nor by biological processes (Bryant et al., 2015; Schmitz et al., 1991).
Therefore, fossil 87Sr/%8Sr ratios are a proxy indicator of aquatic salinities of modern and ancient
brackish water systems (Ingram & DePaolo, 1993; Bryant et al., 1995; Holmden et al., 1997,
Spencer and Patchett, 1997; Vonhof et al., 1998; 2003). In Western Amazonia, paleosalinity
estimates based on the strontium isotopic composition of mollusk shells indicate a predominant
freshwater. The data also reveal mesohaline and oligohaline waters during the Pebas interval
(Vonhof et al., 2003, 1998). This finding was associated with the presence of more saline
molluscan faunal assemblage. Although restricted to a specific part of the Pebas system, these
pioneering studies have shown the usefullness of these isotopic proxies for detecting and
characterizing the salinity of Amazonian paleoenvironmental depositional systems.

This study aims to define C, O and 8/Sr/®Sr isotopic compositions of reported marine
Amazonian incursions. We have analyzed macro and microfossils from sedimentary basins of
the Peruvian and Brazilian Amazonia to evaluate if the C, O and 8/Sr/®Sr isotopic compositions
are in agreement with the sedimentological and paleontological evidence for marine incursions

presented in previous studies.

Review of Cenozoic marine incursions in Amazonia

The Amazon basin has been the site of various marine incursions during the Cenozoic (see
Hoorn et al., 2010, Hovikoski et al., 2010; Roddaz et al., 2010 and Jaramillo et al., 2017 for a
synthesis). In this section we review, in chronological order, the record of marine influenced

sequences and the evidence supporting their deposition environment interpretation.
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Paleocene

Sedimentary rocks of the Madre de Dios Basin record a late Paleocene shallow marine
transgression (Louterbach et al., 2014; Fig. 1 and 2). The co-occurrence of selachian
assemblage (including the rays Potobatis, Ouledia, and Pristidae) with the ostracod
Protobuntonia and charophytes Peckichara cf. varians meridionalis, Platychara perlata, and
Feistiella cf. gildemeisteri, a Thanetian (late Paleocene) age. However, a Danian (Early
Paleocene) age cannot be discarded (Louterbach et al., 2014). The association of marine-
estuarine rays selanchians, benthic agglutinated foraminifers (Karreriella conversa, Reophax,
Bathysiphon, and Rhabdammina), oysters and organic matters (high TOC and §*3C values of -
23.4%o) within bay, tide-influenced channels, and tidal flat deposits point to shallow waters in

a tide-dominated estuary (Louterbach et al., 2014).

Middle-late Eocene

Shallow marine deposits have been documented in the Colombian (Santos et al., 2008;
Parra et al., 2009; Jaramillo et al., 2009; Jaramillo et al., 2017; Roddaz et al., 2010 and
references therein), Ecuadorian (Christophoul et al., 2002) and northern Peruvian (Hermoza et
al., 2005, Roddaz et al., 2010, Antoine et al., 2016) Sub-Andean basins. These deposits belong
to a transgressive cycle within those basins, called Pozo transgression (see Hoorn & Wesselingh,
2010, Roddaz et al., 2010). In the Colombian Llanos Sub-Andean basin, the presence of
marine/estuarine pollen and spores (Tetracolporopollenites maculosus, Spinizonocolpites
grandis, and Echitriporites trianguliformis orbicularis; Jaramillo et al., 2009) within coastal
plain and estuarine deposits of the Mirador and Lower Cambonera Formations indicate a
shallow marine incursion in those basins. On the other hand, in the Ecuadorian Sub-Andean
basins, the palynoflora consisting of marine/estuarine pollen and spores (Deltoidospora,

Verrucatosporites and Magnastriatite genera for instance; Zambrano et al., 1999) within marine
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deposits of the Orteguaza Formation suggests a shallow marine incursion. In the Northern
Peruvian Sub-Andean basins, the coexistence of a rainforest palynoflora (Spirosyncolpites
spiralis, Tetracolporopollenites maculosus and Perisyncolporites pokornyi for instance;
Antoine et al., 2012, 2016), benthic foraminifera (Haplofragmoides, Ammobaculites and
Trochammina genera; Seminario & Guizado, 1976), euryhaline ostracods (Cypridacea and
Cytheracea; Seminario & Guizado, 1976; Antoine et al., 2016) and marine-estuarine rays
(Mylliobatis and Dasyatis; Antoine et al., 2016) within the estuarine, shoreface, and shallow
shelf deposits of the Pozo Formation support the existence of a shallow marine incursion.
According to Christophoul et al., (2002), Hermoza et al., (2005), and Roddaz et al., (2010),
those incursions within the Amazon Basin would come from both the Guyaquil Gulf and the

Caribbean Sea.

Early to early-late Miocene

Eastern Amazonia (early Miocene)

In Eastern Amazonia, Northern Brazilian intracratonic basins closer to the Atlantic Ocean
had their Miocene depositional settings influenced by marine incursions during the early
Miocene. In the Marajo Basin (Para State, Brazil, Fig. 1) there are marine evidence in the coeval
shallow marine deposits of the Pirabas Formation and the coastal deposits of the Barreiras
Formation. The primary lithologies of the Pirabas Formation include wackstones, grainstones,
and floatstones, in which presents by red algae, urchins, bryozoans, benthic and planktonic
foraminifera (e.g., Cibicideis, Amphistegina, Elphidium, Globigerina and Globorotalia) fossils.
Siliciclastic rocks presenting tidal bundles, herringbones cross-stratification, and heterolithic
structures commonly occur associated with mixohaline (mesohaline) ichnofauna are common
in the Barreiras Formation (Petri, 1957; Ferreira et al., 1984; Santos Jr. & Rossetti, 2004;

Rossetti et al., 2006; Tavora et al., 2014; Nogueira et al., 2019).
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Western Amazonia (early to early late Miocene)

The Western Amazonian basin is characterized by the existence of the Pebas Megawetland
System (PMWS), a large wetland of shallow lakes and swamps developed during the early to
middle-late Miocene interval (see Hoorn et al., 2010 and Boonstra et al., 2015 and references
therein). Depending on location and age, the PMWS presents local evidence of flood by shallow
marine incursions (see Hoorn et al., 2010; Boonstra et al., 2015; Jaramillo et al., 2017 and
references therein). In the Colombian Llanos basin, two marine intervals were documented: an
early Miocene interval between 18.1 and 17.2 Ma, and a middle Miocene interval between 16.1
and 12.4 Ma (Jaramillo et al., 2017). These two marine intervals were also described in the
Brazilian Amazonas/Solimdes Basin but with a much shorter duration, ~0.2 My (18.0 to 17.8
Ma) and ~0.4 My (14.1 to 13.7 Ma), respectively (Jaramillo et al., 2017). Several episodes of
shallow marine ingressions also occurred in the Colombian (Hoorn, 1990, 1993,1994b) and
Peruvian Amazon (Boonstra et al., 2015) between the early and middle Miocene (palynological
zones T13 to T15 sensu Jaramillo et al., 2011). In the Brazilian Solimdes basin, sedimentary
rocks recovered from drill cores (LAS-31-AM, 1AS-8 AM and 1AS-7D AM wells) record three
marine incursions: one in early/early middle Miocene, another in late middle/early late Miocene,
and still another in late Miocene times (Linhares et al., 2011, 2017). In the Peruvian Ucayali
basin (Contamana area), the presence of a late middle to early late Miocene marine
transgression is attested based on the faunal content of Pebas Formation deposits (Antoine et
al., 2016; Chabain et al., 2017).

An early Miocene marine incursion occurred in the Amazonian Colombian, Venezuelan,
and Brazilian basins. In the Colombian Llanos Basin, evidence for this incursion includes shark
teeth (Carcharhiniformes), shrimp appendage (Squillidae), marine palynomorphs (Zonocostites
into biozones T-12 [Horniella lunarensis] and T-13 [Echitricolporites maristellae]) within

marginal-lacustrine deposits of the Upper Carbonera Formation (Duefias, 1980; Jaramillo et al.,

30



2017). In the Colombian Putumayo/Oriente Basin, an early Miocene marine incursion is
suggested based on the presence of marine palynomorphs (Zonocostites and dinocysts), and
foraminifer’s linings within the Marifiame Unit (Hoorn, 1990, 1993, 1994). In the Venezuelan
Lake Maracaibo Basin marine palynomorphs (Zonocostites and Psilatricolporites crassus
pollen grains and dinocysts) and foraminifera (linings) within sediments of the La Rosa
Formation support a marine influence during sediment filling of this basin (Rull, 2001). Finally,
in the Brazilian Solimdes Basin, an early Miocene marine incursion is interpreted based on
coexistence of microforaminifera linings, benthic agglutinated foraminifera (Miliammina
fusca) and mangrove palynomorphs (Zonocostites ramonae and Verrutricolporites
rotundiporus, Rhizophora mangle and Pelliciera rhizophorae) within the Solimdes Formation
(Linhares et al., 2017).

A middle Miocene marine incursion is recorded in the Amazonian Colombian, Peruvian,
and Brazilian basins. In the Colombian Llanos Basin, this incursion is interpreted based on the
coexistence of mollusks, foraminifera linings and marine palynomorphs (those latter are
classified into the biozones T-14 [Grimsdalea magnaclavata], and T-15 [Crassoretitriletes
vanraadshooveni]) within lacustrine-marine deposits of the Le6n Formation (Bayona et al.,
2007; Jaramillo et al., 2017). In the Putumayo/Oriente basins, evidence of a middle Miocene
marine incursion include the presence of palynomorphs (Zonocostites pollen and dinocysts),
foraminifera linings and tests (Trochammina, Ammonia and Elphidium genera) within Apaporis
Sand Unit and Pebas Formation (Hoorn 1990, 1993, 1994, 2006). In the Peruvian Marafion
basin, evidences for a middle Miocene marine cover the coexistence of palynomorphs
(Zonocostites pollen), mollusks (Pachydon and Melongena woodward), ostracods (Cyprideis),
benthic foraminifera tests and linings (Trochammina, Ammonia and Elphidium), bryozoans and
coastal/marine sawfish (Pristis) and rays (Mylliobatis) within the Pebas Formation (Hoorn,

1994; Monsch, 1998; Vonhof et al., 1998, 2003; Wesseligh et al., 2002; Boonstra et al., 2015).
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In the Peruvian Ucayali basin, this incursion is highlighted by the coexistence of sawfish
(Pristis), and cownose ray (Rhinoptera) within Pebas Formation (Salas-Gismondi et al., 2006,
2007; Antoine et al., 2007, 2016). At least, in the Solim&es Basin, evidence of a middle Miocene
marine include the coexistence of euryhaline ostracods (Cyprideis), benthic foraminifera
(Ammonia and Elphidium genera) within the Solim&es Formation (Medeiros et al., 2019).

The early to middle Miocene evidences for marine incursions shown above are commonly
associated with shallow marine deposits. Those deposits present recurring 3—10 m-thick
transgressive-regressive bay-margin successions showing tidal sedimentary structures
(heterolithic bedding, double mud-drapes, millimeter-scale rhythmites, bimodal palaeocurrent),
sporadic wave reworking at the top of the succession, and bioturbations that occasionally define
a mixed brackishwater Cruziana-Skolithos ichnofacies (see Hovikoski et al., 2010 and
references therein). Occasionally, channel filled deposits coexists with mud-draped cross
stratification and bipolar dune foresets, termed Inclined Heterolithic Stratification (IHS)
(Hovikoski et al., 2007; 2010).

Marine incursions around the middle-late Miocene transition are documented in the
Amazonian Ecuadorian, Peruvian, and Brazilian basins. In the Ecuadorian Oriente basin, an
indication of a marine incursion cover the coexistence of palynomorphs (Retitricolporites
guianensis, Zonocostites ramonae and Laevigatosporites sp.), euryhaline ostracods (Cytheridea
and Cyprideis) and benthic foraminifera (Ammobaculites, Ammonia and Rotalia) within the
Curaray Formation (Roddaz et al., 2010). In the Peruvian Ucayali basin, the middle-late
Miocene interval records an incursion based on the coexistence of oysters (presenting clionid
demosponges and serpulid annelids burrows), urchin spines, selachians (Pristis, Dasyatis and
Mylliobatis), trichodactylid crabs, mollusks (Pachydon) dynoflagellate cysts (Spiniferites,
Brigantedinium, Impletosphaeridium, and Trinovantenidium), benthic foraminifera

(Protoelphidium, Ammonia, Miliammina and Rosalina), and euryhaline ostracoda (Cytheroidea
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and Cyprideis) within the Pebas Formation (Hoorn & Wesselingh, 2010; Salas-Gismondi et al.,

2015; Antoine et al., 2016; Chabain et al., 2017). In the Brazilian Solimdes basin, evidences of

an early late Miocene marine incursion include the co-occurrence of mollusks (Dyris, Neritina

and Tryonia), ostracods (Skopaeocythere tetrakanthos and Cyprideis), benthic foraminifera

(Ammonia and Elphidium), and rare diatoms (Coscinodiscus rothii) within the Solimdes

Formation (Linhares et al., 2011, 2017). In the Bolivian Chaco basin, the coexistence of benthic

foraminifera (Ammonia, Cibicidoides, Gyroidina, and Nonionella), ostracods (Cyprideis,

Darwinulla, Iliocypris, Perissocytheridea, and Heterocypris), bivalves (Neocorbicula and

Tellina) and gastropoda (Heleobia) within the Yecua Formation (Uba, 2009) are the primary

evidences for an early late Miocene marine incursion in the southwestern part of the Amazonian

basin.
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Figure 1. Simplified North-South (A) and East-West (B) chronostratigraphic charts for the Amazon

Basin. Red stars mark the marine incursions described above.

Material and Methods

Materials

Among the 651 fossil specimens collected in previous field campaigns and core/well
descriptions from distinct Amazonian sites, 391 specimens were selected for 5!3C, 520, and
87Sr/8Sr measurements (Table 1, supplementary material; Fig.2). Except for the Paleocene
samples, all samples were collected in previously published marine incursion intervals. As a
complimentary database, Table 2 shows the salinity ranges in which the most representative
fossil groups are assigned to live in their habitat. Figure 2 displays the geographic distribution

of the fossil samples analyzed in this study.
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Paleocene
Overall, thirty-two Paleocene fossil samples were selected for measuring their isotope
compositions. Seven charophyte oogonia were collected from the Danian-Selandian (66 to 59.
2 Ma; Pierre-Olivier Antoine, personal communication) Yahuarango Formation in the
Peruvian Huallaga Basin. Moreover, sixteen pacu (freshwater omnivorous serrasalmine ray-
finned fish) and pycnodontid teeth (extinct marine—estuarine ray-finned fish) and nine
myliobatiformis ray teeth (Ouledia) were collected from estuarine deposits of the Thanetian

Huallabamba Formation of the Madre de Dios basin (Louterbach et al., 2014).

Eocene
Twenty-seven Eocene fossil samples were selected for isotope analysis. Eight pacu teeth,
thirteen crab claws and six charophyte oogonia (Stephanochara) were collected from the late
Lutetian-Bartonian (43-38 Ma) Pozo Formation in the Ucayali basin at outcrops CTA-27,

CTA-29, CTA-47 and CTA-66 (Contamana area, Peru; Antoine et al., 2016).

Early to early late Miocene

Twenty early Miocene fossil samples were selected for isotope analysis. Eleven samples
were collected from the Pirabas Formation in Marajo basin at Atalaia Beach and Capanema
areas (Para State, Brazil) by the authors. In detail, five foraminifera tests (Amphistegena), one
crab claw and two ray teeth (Mylliobatis) come from the Atalaia Beach. In contrast, one urchin
and two vertebrae fragments (unidentified ray-finned fish) come from Capanema. Also, eight
early Miocene pacu teeth were collected from the Pebas Formation in the Ucayali basin at CTA-
63 locality (Contamana area, Peru; Antoine et al. (2016).

Seventy-five middle Miocene samples were selected for isotope analysis. Fifty-six ostracod
shells (Cyprideis) and nine foraminifera tests (Ammonia and Elphidium) were recovered from
the Solimdes Formation (well 1-AS-33 AM) by Medeiros et al. (2019). Moreover, four crab

claws and eight pacu teeth were collected from the Ipuro Formation in the Huallaga basin at
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outcrop TAR-31 (Tarapoto area, Peru; ~13.1-12.6 Ma; Marivaux et al., accepted). Also, ten
pacu teeth were collected from the Pebas Formation in the Ucayali basin at CTA-45 locality
(Contamana area, Peru; Antoine et al., 2016).

Finally, two hundred thirteen fossil samples spanning the early late Miocene interval
(starting by the middle late Miocene transition) were selected for isotope analyzes. Ten ostracod
shells (Cyprideis), nine foraminifera tests (Ammonia), and six gastropoda shells were recovered
from the Solimdes Formation (1-AS-5 AM and 1-AS-7D AM wells; Ana Paula Linhares [Pers.
Com.] and Linhares et al., 2017, 2019, respectively). Eleven pacu teeth, twenty-four ray teeth
(Pristis), two crab claws, two oysters (Crassostrea) and one hundred twenty-five foraminifera
tests (Ammonia) were recovered from the Pebas Formation in the Ucayali Basin at CTA-43
(early late Miocene), CTA-44top (middle-late Miocene transition), CTA-58 and CTA-77
localities (Contamana area, Peru; Antoine et al., 2016). Three mollusk shells, three ostracod
shells (Cyprideis) and five foraminifera tests (Ammonia) were recovered from the Pebas

Formation in the Marafion basin (Nuevo Horizonte area, Peru; Wesselingh et al., 2002).

Recent

Recent samples include fourteen modern specimens collected by the authors during field
campaigns to Acre and Marajé Basins, and stable isotopic data of Peruvian and Brazilian
mollusk shells from the Zenodo Database (discussed in Gaillard et al., 2019). In summary, the
analyzed samples comprise: three frog bones and three crab shells from mangroves, and two
oysters from Atalaia Beach and Mosqueiro Island (Paraiso Beach) at the Para State (Brazil);
four foraminifera tests (Amphistegina) from a Piatam Ocean Project well located into the
Atlantic Ocean near Pard State; and two trichodactylid crab claws from riversides of the

Tarauacé River at the Acre State (Brazil).
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Figure 2. Location of the fossil samples of this study classified by the time of marine incursion
occurrences in the Amazon Basin. Structural archs and forebulge positions and ranges are
defined according to Roddaz et al. (2005), Spurt et al. (2007).

Table 2. Most representative fossil groups among the analyzed ones in this study. Observe that
most of those groups lived in distinct environments and could adapt to salinity levels below

seawater.
Fossil Group Genera Salinity Tolerance Bibliography
High, freshwater to .
o ] Martens et al. (1994); Coimbra et
Ostracoda Cyprideis hypersaline (0-40%o
] al. (2007)
approximately)
High, brackish water
o ) ] Murray (1991); Hohenegger et al.
Foraminifera Ammonia to hypersaline (5-
) (1993); Murray (2006)
70%o approximately)
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Elphidium

High, brackish water
to hypersaline (5-
70%o approximately)

Murray (1991, 2006);
Hohenegger et al. (1993);
Chappel & Wang (2001)

Amphistegina

Low, marine (coral
reefs and lagoons)
(usually higher than
34%o)

Zmiri et al.(1974); Murray
(1991); Murray (2006)

Bony fish

Pacu

(serrasalmines)

Low, freshwater to
brackish water (0-

10%o approximately)

Barbosa Junior et al. (2010);
Souza-Bastos et al. (2016)

Rays

Myliobatis (eagle
ray)

High, freshwater
(less common) to

estuarine and marine

McEachran & Aschliman (2004);
Cousseau et al. (2007)

Pristis (saw-fish)

High, freshwater to
coastal areas,
estuaries, mangrove
swamps (1-41%o)

Stevens et al. (2008); Thorburn et
al. (2008)

Crabs

Trichodactylidae
family

(freshwater crabs)

Freshwater to
oligohaline (0-21%o)

Magalhaes, (1999); Yeo et al.
(2008); Firmino (2009); Klaus et
al. (2017)

Charophytes

Stephanochara

Freshwater to
oligohaline (0-20%o)

Blindow (2000); SanJuan &
Martin-Closas (2012)

Stable Isotopes (C and O)

Macrofossil sample preparation includes cleaning with methanol solution and ultrasonic
waves (Boyle, 1981; Rosenthal et al., 1999) to remove adherent clays onto their surfaces, and
pulverization of larger macrofossils (as urchins and crab claws) with a drill or fragmentation of

smaller macrofossils (as ray and fish teeth) with an agate grade. As for microfossil samples, we
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handpicked the cleanest specimens with none infilling material after stereo microscope
evaluation (Zeiss Stemi 508).

The macrofossil samples were analyzed at the Geochronology Laboratory of the University
of Brasilia on a Delta V plus mass spectrometer connected to a Gas Bench Il apparatus. Samples
reacted with HsPOg at a temperature of 72°C after flushing the flask using helium flow. Stable
isotopes results are reported in delta notation relative to the Peedee Belemnite reference
standard (PDB) (Craig, 1957) and were calibrated against NBS-18 and NBS-19 standards.

As for microfossil samples, they were analyzed at the Geochronology Laboratory of the
University of Brasilia on a MAT 253 mass spectrometer connected to a Kiel 1V Carbonate
device. Within Kiel 1V the samples reacted with H3PO4 at a temperature of 70°C and the CO>
generated by this reaction went through a two-phase cryogenic trapping system that filters H.O
and leads the reminiscent CO2 to the mass spectrometer. The results are reported in delta
notation relative to the Pee Dee Belemnite reference standard (V-PDB) and were calibrated
against NBS-18 and other internal standards (Rei-1, OC-1, and CABRA).

In a few samples, we have used the residual solution of the isotope analyses to determine
the concentrations of Fe and Mn. After stable isotopes’ analyses, the residual material was
attacked with HNO3 (2.5M) and diluted in water (factor of dilution = 7). Afterward, Fe and Mn
contents were determined by ICP-OES at the Geochemistry Laboratory of the University of

Brasilia.

Sr Isotopes

For 87Sr/®%Sr analysis, we used the macrofossils and microfossils samples previously
analyzed for 8C and §%0. The determination of ®Sr/%°Sr ratios followed two different
procedures: one based on 20 mg aliquot macrofossil powder; and another based on the residual
solution taken after 8C and §'80 analysis. The macrofossil samples were previously cleaned

with methanol solution and ultrasonic waves (Boyle, 1981; Rosenthal et al., 1999) to remove
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adherent clays onto their surfaces. The powder samples were attached with dilute acetic acid
(0.5N) to dissolve only the carbonate fraction and avoid leaching of radiogenic 8'Sr and 8’Rb
from the non-carbonate constituents of the samples. These acid solutions were used to separate
Sr by ion chromatography using Sr-spec. The 8Sr/®Sr ratios were then measured using a

Neptune Thermo MC-ICP-MS at Geochronology Laboratory of the University of Brasilia.

Results

This section presents the geochemical results of the analyzed samples according to the
chronological order of the reported marine incursions. For comparison, we present stable
isotopic results together with carbon and oxygen isotope ranges of modern mollusks from North
America rivers, Great Lakes, and North Atlantic Seawater (following Vonhof et al., 1998), as
well as the Miocene stable isotopic data from Vonhof et al. (1998, 2003) and Gross & Piller
(2020). Similarly, we also present Sr isotopic results together with Miocene Sr isotopic data

from Vonhof et al. (2003).
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Figure 3. Carbon versus oxygen isotopes cross plot of Paleocene and Eocene (A), early-middle
Miocene (C), early late Miocene (B) and Recent (D) fossil samples. Black boxes represent
standard stable isotopes values of mollusks from North Atlantic seawater, Great Lakes, and

North American rivers (Keith et al. 1964).
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Figure 4. 8Sr/®Sr ratio vs age crossplot for early Miocene (black), middle Miocene (green)
and early late Miocene (red) Amazonian fossil samples with their respective full stratigraphic
range. Dashed boxes represent molluskcan data from Vonhof et al. (2003) for the following
Peruvian sites: Indiana, Pebas, Santa Rosa (Sta Rosa), Los Chorros (LC), Porvenir (P), Nuevo
Horizonte (NH) and Buenos Aires.

Recent

Carbon and oxygen isotopic data from Recent specimens range from -16.87%o to -0.07%b,
and -8.01%o to -0.12%e., respectively (Fig. 3A; Table 3, supplementary material). Overall, there
are two distinct data populations. The first one comprise the mollusks sampled at the Brazilian
and Peruvian Amazon rivers (Zenodo database; Gillard et al. 2019), crab claws and frog bones
sampled at Para State (Brazil) mangroves, crab claws sampled at Acre State (Brazil) rivers and
an oyster sampled at Mosqueiro Island (estuary environment; Silva, 1975; Venturieri et al.,

1998; Fig. 5). These samples have similar carbon isotope values, ranging between -16.87%o and

-9.81%o for 83C, and -8.01%o and -1.31%. for §'80. However, they have different oxygen
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isotopic compositions: the Peruvian river mollusks and both riverine and mangrove crab claws
present, more consistently, lower 5'80 values than the Brazilian river mollusks and the estuarine
oyster. The second population data is composed of the foraminifera (Amphistegina) sampled
from the Equatorial Atlantic Ocean and the oyster (Crassostrea) sampled at Atalaia beach.
These samples present more positive §'3C and 580 values, approaching the North Atlantic

seawater interval (Fig. 3A; Table 3, supplementary material).

Paleocene

Carbon and oxygen isotopic data from the analyzed Paleocene fossils range from -9.75%o
t0 -4.29%o and -9.50%o to -6.11%o, respectively (Fig. 3D; Table 3, supplementary material)
and also presents two data populations. The first includes charophytes from the TAR-30
outcrop (Tarapoto area) that exhibits low §3C (-9.75%o) and 580 (-6.11%o) values, similar
to isotopic signature similar to the North American rivers waters. The second data group
comprises bony fish and Ouledia ray teeth from the MD-177 locality (Madre de Dios area),
which present less negative §*3C, but lower 5'®0 values when compared with the first data

population.

Eocene

Carbon and oxygen isotopic composition from the analyzed Eocene fossils show a narrow
range from -12.39%o to -8.88%o for 5'3C, and -7.53% to -5.78%. for 50 (Fig, 3D; Table 3,
supplementary material). The only significant difference within this dataset is the pacu teeth,
which presents a less negative 5'C value compared with the other fossils isotopic compositions.

Nonetheless, all data are relatively close to the North American rivers isotopic interval.

Early to middle Miocene
Carbon and oxygen isotopic data of early and middle Miocene fossils samples present two

data populations. The first comprises fossils from the PMWS (well 1AS-1S-33AM from the
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Brazilian Western Amazonia, and outcrops TAR-31 and CTA-63 from the Peruvian Amazon)
and exhibits 3"3C and 5'®O values between -12.78%o to -7.21%o, and -10.13%o to -4.07%,
respectively (Fig. 3C, Table 3, supplementary material). These data are similar to most negative
313C and 80 values of the mollusks analyzed by Vonhof et al. (1998, 2003) and the ostracods
and foraminifera analyzed by Gross & Piller (2020). Also, they plot partially within the North
American river box (Fig. 3C). On the other hand, the second data population display 5*3C and
5180 values of early Miocene fossil samples from Pirabas Formation (Marajo Basin). They yield
more positive §*3C and 520 values, which plot close to the North Atlantic seawater box (Fig.
3C).

The early Miocene 8'Sr/%Sr isotopic ratios of fossils are variable and range from 0.70759
to 0.70885 (Fig. 4; Table 3, supplementary material). Samples from the Peruvian Western
Amazonia (Contamana area), have 8’Sr/%Sr ratios that range between 0.70759 and 0.70771. In
contrast, four samples from the Pirabas Formation (Marajo basin; Fig. 4) present higher
87Sr/8Sr isotopic ratios, ranging between 0.70866 and 0.70885. Finally, middle Miocene fossils
from the Peruvian Western Amazonia (Contamana and Tarapoto areas), yield 8Sr/®Sr ratios
between 0.70771 and 0.70819. These last results partially fall within two boxes of the VVonhof

et al. (2003) data (Santa Rosa/Pebas and Los Chorros/Nuevo Horizonte/Porvenir boxes; Fig. 4).

Early late Miocene

Carbon and oxygen isotopic data of early late Miocene fossils from Brazilian and Peruvian
Amazon basins range from -16.76%o t0 -3.25%o, and -9.71%o. to -1.40%., respectively (Fig. 3B;
Table 3, supplementary material). Overall, the data plot between the North American river and
the Great Lakes boxes, being quite similar to the early to middle Miocene Amazon Basin data.
However, there is a distinct population of foraminifera (Ammonia) from the Peruvian Amazon

that has more negative 613C values (between -13.51%o and -16.76%o; Fig. 3B).
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Most early late Miocene fossil samples from Peruvian Western Amazonia (Contamana
area), yield 87Sr/%®Sr isotopic ratios between 0.70778 and 0.70795 (Fig. 6; Table 3,
supplementary material). The exception is a crab specimen from CTA-43 outcrop that has a
higher 8/Sr/®Sr ratio (0.70856). This sample is the only one that plots close to a box of the
Vonhof et al. (2003) data of the same age (Los Chorros/Nuevo Horizonte/Porvenir box; Fig.4).
Other samples present &Sr/®Sr ratios within the same range of a slightly older box of the

Vonhof et al. (2003) data (Santa Rosa/Pebas box; Fig. 4).

Discussion

Influence of diagenesis and vital effect

Diagenesis may modify the original chemical and isotopic composition of carbonate rocks
and fossils, leading to misinterpretation of environmental conditions and paleosalinity
estimations (Allan & Matthews, 1982). Since there is no evidence for hypogenic fluids in any
of the rock units studied, isotopic alteration of carbonate rocks and fossils could be related to
interaction with clay-pore filling and organic matter accumulation. While organic matter would
yield very negative 8'°C values, clay minerals could affect their primary Sr isotopic
composition (Jin et al., 2006 and references therein). In order to avoid diagenetic influence, we
selected only well-preserved samples that have few or no visual signs of recrystallization or
infilling material. Moreover, macrofossil specimens were cleaned with methanol solution and
ultrasonic waves (Boyle, 1981; Rosenthal et al., 1999) to remove adherent clays onto their
surfaces.

The diagenetic alteration was also evaluated based on specific geochemical elemental
concentrations such as Mn and Fe (Veizer, 1983; Jones et al., 1994; McArthur, 1994).
Following Vonhof et al. (2003), we have used threshold values of 200 ppm for Fe and 100 ppm

for Mn as indicators of geochemical diagenetic imprint. In general, all samples analyzed for
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geochemistry present Fe and Mn concentrations lower than the threshold values (Table 3,
supplementary material). In addition, isotopic composition of the fossil samples display a
relative narrow range of §*3C and 520 values (Fig. 3; Table 3, supplementary material). These
are indications that diagenetic processes do not affect significantly the primary isotopic
composition of the fossils.

Biological control in exoskeletons formation (e.g., as metabolic processes) can lead to a
broad intraspecific dispersion on the stable isotopic compositions of biomineralized tissues.
These processes override the relationship between fossil geochemical signatures and
environmental conditions. Referred as ‘vital effect” (Urey et al., 1951; Weiner & Dove, 2003),
this imprint depends on the group fossils and their ontogeny/growth rates parameters
(McConnaughey, 1989; Klein et al., 1996; Lorrain et al., 2004). For instance, *3C and &0
values of some mollusk species vary around 3%. because of metabolic effects (Ford et al., 2010;
Pérez-Huerta & Andrus, 2010) while calcite nanofossils’ isotopic compositions have variations
close to 5%o (Ziveri et al., 2003). Fluctuations in 53C and 580 values around 1-3%o in the
isotopic composition of ostracods and foraminifera (early to early late Miocene; Fig. 3B and
3C) samples could be explained by ‘vital effects’. However, overall, the isotopic composition
range of fossil genus from a specific site, is narrower than the variation range among the distinct
sites for the same genus (Table 3, supplementary material). For instance, the isotopic
composition range of middle and early late Miocene Cyprideis ostracods from distinct sites (-
6.68%o t0 -12.78%o for 813C and -3.87%o to -10.14%. for 5'80) is larger than the composition
range of those ostracods from any specific site (maximum range: -10.29%o to -12.78%. for **C
and -5.56%o to -8.95%o for 5!80). The same goes for the isotopic composition range of middle
and early late Miocene Ammonia foraminifera from distinct sites (-5.61%o to -16.76%o for §°C
and -3.85%o to -9.71%o for 5*80) and the composition range of those from any site (maximum

range: -5.61%o to -10.58%o for 513C and -4.24%o to -9.71%. for 5'80). Thus, we conclude that
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the isotopic variations among sites cannot be explained by ‘vital effect’ alone, suggesting that

paleoenvironmental parameters need to be taken into consideration.

Stable isotopes and paleoenvironmental constraints

Eastern Amazonia (Early Miocene and Recent)

Recent marine oysters from Atalaia Beach and foraminifera from the Equatorial Atlantic
Ocean present 3*3C and &80 values similar to those of the Atlantic seawater (Fig. 3A). In
contrast, the oyster from the Mosqueiro Island has more negative **C and §'®0 values, which
are closer to modern mollusks from Manaus (Fig. 3A). The Mosqueiro Island holds a dense
tropical forest and mangrove vegetation (rich in C3 plants) grown on podzols and hydromorphic
soils. In addition, local superficial water presents variable salinity (0 to 5 psu) and pH (5.4 to
7.19) values (Silva, 1975; Venturieri et al., 1998; Miranda et al., 2015; Rosario et al., 2016). In
such environment, local water’s §*3C (DIC and DOC) and §'80 values are highly variable
because of variations in precipitation/evaporation, freshwater/seawater influx, and input of soil
derived carbon driven by groundwater influx (Muylaert et al., 2005; Dalrymple & Choi, 2007).

Regarding early Miocene fossil samples from Pirabas Formation (Marajo basin), their §*3C
and 580 values are similar to those of the Atlantic Ocean seawater, as the oysters from Atalaia
Beach and the foraminifera from the Equatorial Atlantic Ocean (Fig. 3C and 5A). Therefore,
stable isotopic data point to the presence of seawater into the Marajé Basin during the
deposition of the early Miocene Pirabas Formation. This interpretation is in agreement with
early Miocene fossil content of the Pirabas Formation, which includes urchins, bryozoans,
planktonic, benthic foraminifera, and marine vertebrates deposited in coastal to shallow marine
paleoenvironments (Petri, 1957; Ferreira et al., 1984; Santos Jr. & Rossetti, 2004; Aguilera et

al., 2020).
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Western Amazonia (Paleocene to Recent)

Recent mollusk isotopic compositions from Peruvian and Brazilian Amazonia (Figure 3A;
Gaillard et al., 2019) show similar 8*C but quite distinct 580 values. Brazilian shells
(Anodontites trapesialis) present a large 5180 range, as in Kaandorp et al., (2003), and reflect
an elevated isotopic variation of floodplain lake influenced by the Solimdes river seasonal
dynamics. In contrast, Peruvian shells (Anodontites elongatus) present a low 8'80 range,
indicating a habitat influenced mainly by the main river course water (Gaillard et al., 2019).
Moreover, Peruvian shells tend to have more negative 580 values since Peruvian rivers receive
180-depleted waters contribution from Andean mountain ranges. This explanation is in
agreement with the fact that river waters derived from the Andean region, such as the Solimdes
river in Brazilian Amazon, have lower 580 values than river waters derived from the Amazon
floodplains or cratonic area, such as the Negro river (Matsui et al., 1972, Mulholland et al.,
2015).

The carbon and oxygen isotopic composition of Paleocene to early late Miocene fossil
samples from Western Amazonia display a distinct isotopic signature (-6%o to -13%o for 8*°C,
and -4%o to -10%o for 5'80; Fig. 3D and B) when compared with other analyzed samples. These
isotopic compositions are quite similar to those reported in Vonhof et al. (1998, 2003) and Gross
& Piller (2020; Fig. 3). Nonetheless, some particularities about the wide range of §*C and 520
values need to be pointed out.

Most Paleocene to middle Miocene fossil samples have isotopic compositions close to
those of the North America rivers (Fig. 3C and D). Exceptionally, Paleocene bony fish and ray
teeth samples from the Madre de Dios Basin (Peru) present more positive 8*C values, which
can be related to two events. First, oceans in Thanetian times had higher §*3C values during the
Paleocene Carbon Isotope Maximum event (PCIM ; Shackleton et al., 1984 ; Zachos et al.,
2001; Cramer et al., 2009; Vandenberghe et al., 2012). At the time of this event, high marine
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productivity or increased burial of terrestrial biomass caused a massive burial of organic carbon
(Shackleton, 1986; Thompson & Schmitz, 1997; Kurtz et al., 2003; Westerhold et al., 2011),
which changed global, and probably local, carbon isotopes’ pools. Second, Louterbach et al.
(2014) identified shallow marine sedimentary structures that indicate the presence of a marine
incursion at Madre de Dios basin during Thanetian times. This incursion likely changed local
water isotopic composition and led to an increase of §*3C values of the analyzed fossils.

As for the early late Miocene isotopic compositions, some fossil samples (e.g. CTA-43)
plot within the North America river box (Fig. 3B). However, most of the samples have isotopic
compositions with higher §*3C and 580 values than those defining the North America river box
(Figure 3B). Higher 580 may indicate that the latter samples are associated with lacustrine
environmental conditions, since lakes tend to present higher evaporation rates than rivers
(Henderson & Shuman, 2010; Horton et al., 2016). On the other hand, higher §*3C might point
to an influence of decomposition C4-derived organic matter (Amazon C4 grasses 5'°C signature
range: -13.6%o to -9.5%o; Medina et al., 1999) followed by inorganic carbon transport by
groundwater influxes into superficial water bodies. In this scenario, this combination of
mechanisms may have favored the transfer of transferred organic matter from the soil into
water bodies, changing water’s DIC and, consequently, organisms exoskeletons’ isotopic
compositions (Klein et al., 1996; Gillikin et al., 2006; Samanta et al., 2015; Monger et al., 2015
and references therein). This explanation is supported by the increase of grasses’ biomass in
Western Amazonia during the late Miocene (Hoorn et al., 2017). Finally, there is a small
population of Ammonia (the only carbonate samples from CTA-44 locality) that presents very
negative 5!3C values (Fig. 3B). These 5!°C values can be associated to the fact that under
stressful conditions, as high-pCO. and low-pH, benthic foraminifera tend to develop its tests
with a low carbonate precipitation rate (Murray 2006; Nooijer et al., 2009 and references

therein; Table 2). This process induces the fractionation of carbon isotopes and reduces the 5!3C
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of the tests (Ravello & Hillaire-Marcel, 2007). Another possibility would be the influx of C3-
derived compounds (Amazon C3 plants 5'3C signature range: -23%o and -34%o; Medina et al.,
1999; Vogel et al., 1993; Diefendorf et al., 2010) by groundwater into superficial water bodies
(Samanta et al., 2015; Monger et al., 2015 and references therein).

Thus, we believe that inorganic and organic carbon influx is the main influence of
groundwater in isotopic composition shifts of superficial water bodies in the Western Amazonia
studied area. Saline and ion-rich groundwater influx through synsedimentary faults due to
forebulge dynamics could also occur in local scales (e.g. Gross & Piller, 2020), but it is not
likely to take place in a regional scale.

Despite their wide variations in §*3C and §'80 values, none of the analyzed samples from
Western Amazonia has carbon and oxygen stable isotopic composition that plot close to the
seawater box or to the isotopic composition of the Recent oyster sample from Atalaia Beach
and foraminifera from the Equatorial Atlantic Ocean (Fig. 3A). Hence, this suggests that from
an isotopic point of view, none of the analyzed specimens were living in an open seawater
paleoenvironment (Fig. 3B-D). However, the rock units where those fossils were collected
present sedimentary structures and paleontology records that indicate shallow marine influence.
These apparent contradictory signs could be reconciled if a transitional tide-dominated
estuarine environment model for Cenozoic marine incursion in Amazonia is considered.

Indeed, the isotopic composition of a Recent oyster (Crassostrea) from Mosqueiro Island
is within the range of most early to early late Miocene samples of Western Amazonia (Fig. 5A).
Also, the isotopic composition of the analyzed Miocene samples fall into between fresh
(riverine) and marine water composition ranges, typical of a complex transitional system
(mangroves, estuarine, lakes and lagoons) as those of Mosqueiro Island (Silva, 1975; Venturieri
et al., 1998; Miranda et al., 2015; Rosario et al., 2016; Fig. 5B). Furthermore, sedimentary

records at Mosqueiro Island region display tidal floodplain structures (e.g. heterolithic
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lenticular, wavy and flaser bedding; Franca, 2003; Martins & Mendes, 2011), similar to the
structures identified in the rock units where the fossils were collected. In this way, a transitional
tide-dominated estuarine model dominated by freshwater influence could explain an
environment that includes mixture of fresh-brackish waters, and shallow marine
sedimentological and paleontological elements. Therefore, based on the C and O isotopic
composition of the analyzed samples, an open sea paleoenvironments is unlikely to have

occurred in Western Amazonia during the Cenozoic.
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Figure 5. Stable isotopic data of early to early late Miocene fossil samples superimposed by
Recent oyster samples (A). Observe that the oyster sample from Mosqueiro Island shows §**C
and ¢%80 values close to Western Amazon Miocene fossil samples. Satellite image presenting

Recent oyster sampling sites (Mosqgueiro Island and Atalaia Beach).

Paleosalinity Estimate
It is possible to estimate the paleosalinity in which the analyzed fossils lived using their Sr

isotopic composition following the methodology developed in Vonhof et al. (1998, 2003).

Paleosalinity estimation of the Miocene Western Amazonian water bodies was calculated based
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on a standard binary-mixing model (Eq. 1; Vonhof et al., 1998, 2003) which uses three end
members with distinct isotopic compositions: (1) Miocene seawater, (2) cratonic runoff, and

(3) Andean runoff.
87Sr/86Srm = {(37Sr/%®Sra X [Sr]a X A + 87Sr/®Sr, x [Sr]p X B)} + {(A x [Sr]a + B X [Sr]0)}

Equation 1. Paleosalinity equation using 8’Sr/%Sr parameters. 8’Sr/%Srm is the Sr isotope ratio of the
mixture, 8’Sr/%Sra and #Sr/®¢Srb are the Sr isotope ratios of each of the end members, [Sr]a and [Sr]b
are the Sr concentrations of each of the end members, and A and B are the relative proportions of each

end member in the mixture (A + B = 1).

Total Sr and 8/Sr/®Sr values of the Miocene seawater end member are the same as in
Vonhof et al. (1998; 2003; Table 5). For the cratonic and Andean runoffs end members, we
used the data from Vonhof et al. (1998) and other data from modern Amazon Basin rivers
(Allegre et al., 1996; Santos et al., 2014; Table 5).

Table 5. Rivers and Early Miocene (Psiladiporites zone), Middle Miocene (Crassoretitriletes
zone) and Late Miocene (Grimsdalea zone) seawater data from Howarth & McArthur (1997)
and Palmer & Edmond (1992) used by Vonhof (1998, 2003) (left side). Same data from Santos
et al. (2014) with cratonic freshwater and catchments data contribution from Allégre et al.
(1996) (rightside).

Santos et al. (2014) and
Vonhof et al. (1998, 2003)
Allegre et al. (1996)
Sr Sr
End members 87Sr/86Sr End members 87Sr/86Sr
(ppm) (ppm)
Seawater Grimsdalea Seawater Grimsdalea
0.70886 | 7886 0.70887 7886
zone zone
Seawater Seawater
Crassoretitriletes 0.70876 | 7886 Crassoretitriletes 0.70877 7886
zone zone
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Seawater Seawater
o 0.70855 | 7886 S 0.70855 7.886
Psiladiporites zone Psiladiporites zone
Cratonic freshwater 0.7282 | 0.0107 | Cratonic freshwater 0.73784 75
Andean freshwater 0.7074 | 0.0416 Andean freshwater 0.70868 0.1713
Napo River 0.7059 | 0.0416 Napo River 0.70592 | 0.0515
Sr Sr
Catchments 87Sr/86Sr Catchments 87Sr/86Sr
(Ppm) (Ppm)
Andean catchments
Madeira subbasin 0.7188 0.098 Madeira subbasin 0.71677 0.098
Ucayali-Maranon Ucayali-Maranon
) 0.7093 0.235 ) 0.70887 0.279
subbasin subbasin
Northern Andes Northern Andes
) 0.7074 | 0.0291 _ 0.7074 0.0291
subbasin subbasin
Cratonic catchments
Guyana craton rivers 0.7266 | 0.0103 | Guyana craton rivers | 0.73072 75
Brazilian craton rivers | 0.7307 | 0.0112 | Brazilian craton rivers | 0.74496 75

Seawater content and salinity estimations were calculated using Equation 1, using river and

seawater Sr isotopic compositions from Table 5. For the Peruvian Amazonian samples

(Contamana and Tarapoto-Juanjui areas) binary mixtures between seawater and Andean rivers

is the most likely scenarios since no contribution of cratonic river in the area is expected as the

Paleocene and Miocene sediments in the north Amazonian retroarc foreland basins had already
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an Andean provenance (Roddaz et al., 2005; Villegas et al., 2016; Hurtado et al., 2018;
Louterbach et al., 2018). Calculations for early, middle, and early late Miocene for this region
resulted in mixture curves shown in Figures 6A to 6C. For the Eastern Amazonia samples
(Pirabas Formation, Marajo Basin), a binary mixture between seawater and cratonic rivers is
the preferred scenario since Oligocene to early Miocene sediments had a cratonic provenance
(Figueiredo et al., 2009; Stewart et al., 2016; van Soelen et al., 2017). Figure 6D presents the
binary mixing model between Miocene seawater and cratonic rivers for this region.

Based on these mixing models, seawater content and paleosalinity are estimated
intercepting the 8Sr/®Sr values of the samples with the curves (Fig. 6A to 6D). The Peruvian
Amazon samples tend to display lower 8Sr/2Sr ratios and lower seawater contribution. On the
other hand, the Eastern Amazonia samples from the Pirabas Formation present higher 8’Sr/2Sr

values and a major contribution of seawater.
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Figure 6. Seawater content and paleosalinity estimations for &’Sr/%Sr data of early to early late Miocene
Peruvian Amazon samples (A-C) and early Miocene Eastern Amazon samples (D). Red areas represent
the intersection between the samples’ ¥ Sr/®Sr data and the mixture curves. Units: ppm (¥Sr/%Sr of the

mixture curve), % (seawater content) and psu (salinity).

Paleosalinity estimations, 8'Sr/%Sr ratios from early to early late Miocene samples from
the Peruvian Amazonia (Contamana and Tarapoto-Juanjui areas), and early Miocene samples
from Eastern Amazonia (Pirabas Formation, Marajo basin) were then plotted as a function of

their stratigraphic age and salinity curves (Fig. 7).
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Figure 7. Paleosalinity estimation for early to early late Miocene fossil samples for Peruvian (A) and

Brazilian sites (B). Samples from Contamana and Tarapoto areas tend to be less radiogenic and fall

into freshwater to slightly oligohialine fields while samples from Belém area display more radiogenic

isotopic signatures and a preference for the oligohialine field.
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The early Miocene samples of Eastern Amazonia (Pirabas Formation, Marajo basin)
exhibit higher 87Sr/88Sr ratios because of the influence of contemporaneous cratonic rivers (Fig.
7B). However, most samples plot within the oligohaline salinity field or close to the seawater
line, pointing out to a significant seawater contribution. This finding is in agreement with their
53C and &0 values close to seawater standard (Fig. 3C), and sedimentological and
paleontological evidences from previous studies (Ferreira et al., 1984; Santos Jr. & Rossetti,
2004; Aguillera et al., 2020).

Early to early late Miocene Peruvian Amazonian samples present &Sr/%Sr ratios
considerably lower than contemporaneous seawater ratios. They plot within the freshwater
salinity field, indicating that the PMWS was dominated by Andean freshwater (Fig 7A). Those
results are quite similar to the 8’Sr/%éSr data and paleosalinity estimations for Miocene mollusks
from Western Amazonia proposed by Vonhof et al. (1998, 2003). However, one sample (crab
claws from the Contamana area) yields oligohaline water suggesting that the PMWS may have

been temporally subjected to oligohaline waters during the early late Miocene.

Conclusion

The C, O and &7Sr/2éSr isotopic compositions of the analyzed Cenozoic fossils from Eastern
Amazonia (Marajo basin, Brazil) and Western Amazonia (Peruvian Huallaga, Ucayali and
Madre de Dios basins and Brazilian Solimdes basin) yield the following conclusions:

e The isotopic compositions and paleosalinity estimates of early Miocene fossils
from the Pirabas Formation (Marajo basin, Brazil) are characteristic of open marine
seawater conditions in agreement with previously published sedimentological and

paleontological studies;
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e Paleocene to early late Miocene fossils from Western Amazonia present C and O
isotopic compositions (medium range: -14%o to -6%o for 53C and -10%o to -4%. for
5180) that are more related to continental standarts rather than marine’s;

e Variations of $13C and 520 values of fossils from Western Amazonia occur due to
paleoenvironmental parameters (e.g. presence of C3 or C4 plants, groundwater
influx, differential evaporation rate);

e Paleosalinity estimates of fossils from Western Amazonia are typical of freshwater
to slightly oligohialine water;

Because analyzed present-day Crassostrea oyster collected in the Guaraja Bay and
Neogene Crassostrea oyster collected in Contamana (Peru) have similar C, O and 8’Sr/8Sr (?)
isotopic compositions, we suggest to reconcile isotopic, sedimentological and paleontological
evidence that Cenozoic shallow marine incursion in Western Amazonia were characterized by
transitional paleo-environment. Our data further suggest that no open marine conditions existed

in the Western Amazonian studied area.
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7. Conclusdes e perspectivas

Os resultados das andlises de isétopos estaveis e de estroncio em fosseis do

Cenozdico da Amazébnia e os calculos de paleosalinidade mostraram que:

e Como esperado, a assinatura isotdpica dos fosseis da Amazénia Oriental
(area de Belém) esta associada a paleoambientes oligohialinos a marinhos,
corroborando com a interpretacdo paleoambiental marinha dos depdsitos
da Formacéo Pirabas;

e Ostras atuais marinhas e de estuario (area de Belém) podem ser
descriminados por meio dos seus valores de 513C e 6180;

e A assinatura isotopica dos fosseis da Amazonia Ocidental, bacias
brasileiras e peruanas, esta associada a paleoambientes continentais
pouco salinos, semelhante as interpretacdes paleoambientais de trabalhos
anteriores (Vonhof et al. 1998, 2003; Wesseligh et al. 2002, 2006). No
entanto, a assinatura isotopica de uma ostra da llha de Mosqueiro (area de
Belém) se mostra semelhante a de fésseis Miocénicos da Amazbnia

Ocidental. Além disso, h& evidéncias sedimentoldgicas e paleontoldgicas
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de incursdes marinhas nas unidades geoldgicas em que os fosseis foram
coletados propostas por trabalhos anteriores. Desse modo, ao menos para
os fésseis Miocénicos, uma nova hipdtese paleoambiental € a de um

ambiente transicional estuarino dominado por marés.

Novos dados de estroncio de amostras fésseis do Paleoceno, Eoceno e Mioceno
estardo prontos em breve. Apds analise, as discussdes e interpretacfes sobre o
paleoambiente e a paleosalinidade das amostras da Amazbnia Ocidental serdo

incrementadas.
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phic position of the analyzed fossil samples.

Table 1: G location and
Location
Area w
Contamana, Peru 7°2050"  74°57'18"
Capanema, Para 10254 47°09'9"
Capanema, Para 170254 47°09'9"
Praia de Atalaia, Para 0°3537"  47°18'57"
Praia de Atalaia, Para 0°3537"  47°18'57"
Praia de Atalaia, Para 0°35'37"  47°18'57"
Contamana, Peru 2147 T4 ST 25"
Tarapoto/Juanjui, Peru 6°21°00"  76°10'48"
Tarapoto/Juanjui, Peru 6°21°00"  76°10'48"
1-AS-33-AM, Amazonas 5°12°00"  71°18'00"
1-AS-33-AM, Amazonas 571200 7171800
1-AS-33-AM, Amazonas 571200  71°18'00"
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 571200  71°18'00"
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 571200  71°18'00"
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 5°12°00" 7171800
1-AS-33-AM, Amazonas 5°12°00" 7171800
Nuevo Horizonte, Peru 73°30' 00"
Nuevo Horizonte, Peru 73" 30' 00
Nuevo Horizonte, Peru 73°30' 00"
1-AS-7D-AM, Amazonas 70° 41 00"
1-AS-7D-AM, Amazonas 70° 41 00"
1-AS-7D-AM, Amazonas 70° 41 00"
1-AS-7D-AM, Amazonas 70° 41 00"
1-AS-7D-AM, Amazonas 70° 41 00"
1-AS-7D-AM, Amazonas 70° 41 00"
Contamana, Peru 747 57' 25"
Contamana, Peru 747 57' 25"
Contamana, Peru 747 57' 25"
Contamana, Peru 747 57' 25
Contamana, Peru 74° 57" 29
Contamana, Peru 74° 57" 29
Contamana, Peru 74° 57" 29
Contamana, Peru 74° 57" 29
Contamana, Peru 747 57' 29"
Contamana, Peru 747 57' 29"
Contamana, Peru 747 57' 29"
Contamana, Peru 747 57' 29"
Contamana, Peru 747 57' 29"
Contamana, Peru 74" 58' 37"
Contamana, Peru 74" 58' 37"
Contamana, Peru 74" 58' 37"
Contamana, Peru 74" 58' 37
Contamana, Peru 74" 58' 37
Contamana, Peru 74" 58' 37
Contamana, Peru 74" 58' 37
Contamana, Peru 74" 58' 37
Contamana, Peru 74" 58' 37"
Contamana, Peru 74" 58' 37"
Contamana, Peru 74" 58' 37"
Contamana, Peru 74° 57 43"
Contamana, Peru 74° 57 43"
Contamana, Peru 74° 57 43"
Contamana, Peru 74° 57 43"
Contamana, Peru 74° 57 43"
Contamana, Peru 74° 57 43
Contamana, Peru 74° 57 43
Contamana, Peru 74° 57 43
Contamana, Peru 74° 57 43
Contamana, Peru 74° 57 43
Contamana, Peru TT21'36"  74°S57 43"
Contamana, Peru 7T21'36"  74°57 43"
Contamana, Peru 7T21'36"  74°S57 43"
Contamana, Peru 7T21'36"  74°57 43"
Contamana, Peru 7T21'36"  74°S57 43"
Contamana, Peru TT21'36"  74°S57 43"
Contamana, Peru 7T21'36"  74°57 43"
Contamana, Peru 7T21'36"  74°S57 43"
Contamana, Peru 7213 74° 5T 43
Contamana, Peru 7213 74° 57 43
Contamana, Peru 7213 74° 57 43
Contamana, Peru 7213 74° 57 43
Contamana, Peru 7213 74° 57 43
Contamana, Peru 7T21'36"  74°57 43"
Contamana, Peru 7T21'36"  74°S57 43"
Contamana, Peru TT21'36"  74°S57 43"
Contamana, Peru 7T21'36"  74°S57 43"
Contamana, Peru 7T21'36"  74°S57 43"
Contamana, Peru 7T21'36"  74°57 43"
Contamana, Peru 7T21'36"  74°S57 43"
Contamana, Peru 74° 57 43"
Contamana, Peru 74° 57 43
Contamana, Peru 74° 57 43
Contamana, Peru TT21'36"  74°57 43
1-AS-5-AM, Amazonas 2°30°00" 70" 1648
1-AS-5-AM, Amazonas 4°30°00" 70" 1648
1-AS-5-AM, Amazonas 4°30°00" 70" 16 48"
1-AS-5-AM, Amazonas 4°30°00" 70" 16 48"
1-AS-5-AM, Amazonas 4°30°00" 70" 16 48"
PIATAM Oceano Norte 0°30'00"(N)  46° 00 00"
Mosqueiro \slar;iasza'a\sn Beach)  .ocoor  as 25 00"
Atalaia Beach, Para 0°35'37" 47" 18'57"
Barreiras/Castanhal, Para 11821 47°57'50°
Barreiras/Castanhal, Para 11821 47°57'50°
Tarauacé river, Acre 809°07"  70°44' 49"
Tarauacé river, Acre 809°07"  70°44' 49"
Manaus (liha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (liha Paciéncia), Brazil 3718700 60°16'12"
Manaus (liha Paciéncia), Brazil 3718700 60°16'12"
Manaus (liha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
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Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (liha Paciéncia), Brazil 3718700 60°16'12"
Manaus (liha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (liha Paciéncia), Brazil 3718700 60°16'12"
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Manaus (llha Paciéncia), Brazil 3718700 60°16'12"
Manaus (liha Paciéncia), Brazil 3718700 60°16'12"
Manaus (liha Paciéncia), Brazil 3718700 60°16'12"

Code

CTA63
BEL-18-04
BEL-18-04

BEL-18-05b
BEL-18-05b
BEL-18-05b

CTA45
TAR-3L
TAR-3L
106,65 m
136,35m
136,35m
1394m
1394m
1394m
1474m
1474m
1474m
1568 m
1568 m
1568 m
15735m
260,05 m
260,05 m
290,05 m
290,05 m

CTA-44t0p
CTA-44t0p
CTAT77
CTAT77
CTAT77
CTAT77
CTA77
CTAT77
CTAT77
CTAT77

1102m

Ponto 108
BEL-18-06

BEL-18-5b
BEL-18-01
BEL-18-01
AC 70119
AC 70119

Age

Early Miocene
Early Miocene
Early Miocene
Early Miocene
Early Miocene
Early Miocene

Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene

Late Middle/Early Late Miocene
Late Middle/Early Late Miocene
Late Middle/Early Late Miocene
Early Late Miocene
Early Late Miocene
Early Late Miocene
Early Late Miocene
Early Late Miocene
Early Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
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Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
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Middle-Late Miocene transition
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Middle-Late Miocene transition
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Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Late Miocene
Late Miocene
Late Miocene
Late Miocene
Late Miocene

Recent
Recent

Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
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Basin

Ucayali

Marajo

Ucayali
Huallaga
Huallaga
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes

Marafion
Marafion
Marafion
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Solimoes
Solimoes
Solimoes
Solimoes
Solimoes

Formation

Pebas

Pirabas
Pirabas
Pirabas
Pirabas
Pirabas

Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.
Solimdes.

Solimoes
Solimoes
Solimoes
Solimoes
Solimoes
Solimoes

Pebas

Solimaes
Solimdes.
Solimdes.
Solimdes.
Solimdes.

Lithology

Blue siltstone
Limestone (wackstone to packstone)
Limestone (wackstone to packstone)
Limestone (biorudstone)

Fossil group

Pacu teeth
Vertebrae (7)
Urchin
Crab claws

Limestone
Limestone (biorudstone)

Conglomeratic channel
Microconglomerate
Microconglomerate

Siltstone

Siltv shale
Siltv shale
Siltv shale
Silty sandstone
Silty sandstone
Silty sandstone
Silty sandstone
Shale
Shale
Conglomeratic channel
Conglomeratic channel
Conglomeratic channel
Conglomeratic channel
Carbonate hardaound
Carbonate hardaound
Carbonate hardaound
Carbonate hardaound
Carbonate hardaound
Carbonate hardaound
Carbonate hardaound
Siltstone
Siltstone
Siltstone
Siltstone
Siltstone
Siltstone
Siltstone
Siltstone
Siltstone
Siltstone
Siltstone
Siltstone
Siltstone
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)
Limestone (marl)

Deep sea sediments.
Beach sand

Beach sand
Muddy river margin
Muddy river margin

Myiobatis (ray) teeth

Pacu teeth
Crab claws

Cyprideis sulcosigmoidalis
Cyprideis sulcosigmoidalis
Ammonia beccarii f. tepida
Cyprideis sulcosigmoidalis
Cyprideis multiradiata
Ammonia beccarii f. tepida
Cyprideis multiradiata
Cyprideis aff. graciosa
Cyprideis machadoi
Cyprideis sulcosigmoidalis
Cyprideis aff. graciosa
Cyprideis machadoi
Cyprideis machadoi
Cyprideis aff. graciosa
Cyprideis machadoi
Cyprideis sulcosigmoidalis
Cyprideis multiradiata

Moluscos
Ostracoda
Foraminifero (Ammonia)
Cyprideis multiradiata
Cyprideis sulcosigmoidalis
Foraminifera (Ammonia)
Charophytes
Foraminifera (Ammonia)
Cyprideis sulcosigmoidalis
Ray teeth
Crab claws
Pacu teeth
Ray (Pristis ) teeth
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Ray (Pristis ) teeth

Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Ovster (Crassostrea)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Ostracoda (Cyprideis)
Foraminifera (Ammonia)
Cyprideis sulcosigmoidalis
Cyprideis machadoi
Cyprideis multiradiata
Gastropods

Foraminifera (Amphistiagena)
Oyster (Crassostrea)

Ovster (Crassostrea)

Frog bones

Crab shells

Crab claws

Crab claws
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )

Samples collected/donated
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Total: 266



Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
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lquitos, Peru
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Gaillard et al.
Gaillard et al.
Gaillard et al.
Gaillard et al.
Gaillard et al.
Gaillard et al.

(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)
(2019)

Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )
Mollusks (Anodontites elonaatus )



Table 3: Table of isotopic data of the analyzed fossil samples.

Area
Contamana, Peru
Capanema, Para
Capanema, Para

Praia de Atalaia, Para
Praia de Atalaia, Para
Praia de Atalaia, Para

Contamana, Peru
Tarapoto/Juanjui, Peru
Tarapoto/Juanjui, Peru
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas
1-AS-33-AM, Amazonas

Nuevo Horizonte, Peru
Nuevo Horizonte, Peru
Nuevo Horizonte, Peru
1-AS-7D-AM, Amazonas
1-AS-7D-AM, Amazonas
1-AS-7D-AM, Amazonas
1-AS-7D-AM, Amazonas
1-AS-7D-AM, Amazonas
1-AS-7D-AM, Amazonas
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
Contamana, Peru
1-AS-5-AM, Amazonas
1-AS-5-AM, Amazonas
1-AS-5-AM, Amazonas
1-AS-5-AM, Amazonas
1-AS-5-AM, Amazonas

PIATAM Oceano Norte
Mosqueiro Island (Paraiso Beach),
Para

Atalaia Beach, Para
Barreiras/Castanhal, Para
Barreiras/Castanhal, Para

Tarauaca river, Acre

Tarauacé river, Acre

Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil

Code
CTA-63
BEL-18-04
BEL-18-04
BEL-18-05b
BEL-18-05b
BEL-18-05b

CTA-45
TAR-31
TAR-31
106,65 m
136,35 m
136,35 m
1394m
1394m
1394m
147,4m
147,4m
147,4m
156,8 m
156,8 m
156,8 m
157,35 m
260,05 m
260,05 m
290,05 m
290,05 m

CTA-44t0p
CTA-44t0p
CTA77
CTA77
CTA77
CTAT7
CTA-77
CTAT7
CTA-77
CTAT7
CTA-77
CTAT7
CTA-77
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
CTA58
CTA-58
1102m
1102m
1102m
1102m
1102m

Ponto 108
BEL-18-06
BEL-18-5b
BEL-18-01
BEL-18-01
AC 70119
AC 70119

Age
Early Miocene
Early Miocene
Early Miocene
Early Miocene
Early Miocene
Early Miocene

Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene
Middle Miocene

Late Middle/Early Late Miocene
Late Middle/Early Late Miocene
Late Middle/Early Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
earliest Late Miocene
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Middle-Late Miocene transition
Late Miocene
Late Miocene
Late Miocene
Late Miocene
Late Miocene

Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent

Basin
Ucayali
Marajé
Marajo
Marajé
Marajo
Marajé

Ucayali
Huallaga
Huallaga
Solimbes
Solimées
Solimbes
Solimées
Solimbes
Solimées
Solimbes
Solimées
Solimbes
Solimées
Solimbes
Solimées
Solimbes
Solimées
Solimbes
Solimées
Solimdes

Marafion
Marafion
Marafion
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali
Ucayali

Solimées
Solimées
Solimées
Solimées
Solimdes

Formation
Pebas
Pirabas
Pirabas
Pirabas
Pirabas
Pirabas

Pebas
Ipuro
Ipuro

Solimbes
Solimées
Solimdes
Solimdes
Solimbes
Solimées
Solimbes
Solimdes
Solimbes
Solimées
Solimbes
Solimées
Solimbes
Solimées
Solimbes
Solimdes
Solimdes

Pebas
Pebas
Pebas
Solimdes
Solimées
Solimdes
Solimées
Solimdes
Solimées
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Pebas
Solimdes
Solimdes
Solimdes
Solimdes
Solimdes

Fossil group
Pacu teeth
Vertebrae (?)
Urchin
Crab claws
Foraminifera (Amphistegina)
Ray (Myliobatis) teeth

Pacu teeth
Crab claws
Pacu teeth
Cyprideis sulcosigmoidalis
Cyprideis sulcosigmoidalis
Ammonia beccarii tepida
Cyprideis sulcosigmoidalis
Cyprideis multiradiata
Ammonia beccarii tepida
Cyprideis multiradiata
Cyprideis aff. graciosa
Cyprideis machadoi
Cyprideis sulcosigmoidalis
Cyprideis aff. graciosa
Cyprideis machadoi
Cyprideis machadoi
Cyprideis aff. graciosa
Cyprideis machadoi
Cyprideis sulcosigmoidalis
Cyprideis multiradiata

Moluscos
Ostracoda
Foraminifera (Ammonia)
Cyprideis multiradiata
Cyprideis sulcosigmoidalis
Foraminifera (Ammonia)
Charophytes
Foraminifera (Ammonia)
Cyprideis sulcosigmoidalis
Ray teeth
Crab claws
Pacu teeth
Ray (Pristis ) teeth
Foraminifera (Ammonia)
Foraminifera (Ammonia )
Foraminifera (Ammonia)
Foraminifera (Ammonia )
Foraminifera (Ammonia)
Foraminifera (Ammonia )
Foraminifera (Ammonia)
Ray (Pristis ) teeth
Pacu teeth
Ovster (Crassostrea)
Oyster (Crassostrea)
Ovster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Oyster (Crassostrea)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia)
Foraminifera (Ammonia )
Foraminifera (Ammonia)
Foraminifera (Ammonia )
Foraminifera (Ammonia)
Foraminifera (Ammonia )
Foraminifera (Ammonia)
Foraminifera (Ammonia )
Foraminifera (Ammonia)
Foraminifera (Ammonia )
Foraminifera (Ammonia)
Foraminifera (Ammonia )
Ostracoda (Cyprideis )
Foraminifera (Ammonia )
Cyprideis sulcosigmoidalis
Cyprideis machadoi
Cyprideis multiradiata
Gastropods (Neritina)

Foraminifera (Amphistegina)
Oyster (Crassostrea)

Oyster (Crassostrea)

Frog bones

Crab shells

Crab claws

Crab claws
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )

Samples analyzed
8

4
1
1
5

2
Total: 22

PNWANANGREDWRDODSW® A ®

Total: 85

OOV OTATONINON O WENN G W W

4
1 (along growth lines)

1 (along growth lines)

Total: 213

C (%)
-7.21

-10.70
-10.29
-12.78
-11.01
-10.63
-11.26
-8.97
-11.01
-12.67

-0.07

-9.81

-1.40
-13.42
-13.45
-11.18
-12.29
-13.91
-14.67
-12.87
-12.06
-12.66
-14.03
-14.80
-14.26
-13.94
-14.02

5'°0 (%0)
-8.25

-2.75

-5.08

-5.11

-3.12
-1.31

-5.32
-5.65
-3.64
-3.23

sr/*sr
070759
070872
070866
070870

0.70885

0.70771
0.70797
0.70819

0.70778
0.70856
0.70795
0.70779

0.70787
0.70798

0.71209

Fe (ppm) Mn (ppm)

1.31230
1.28966
1.41524
3.25437
4.07815
0.84061
211614
2.36637
2.64308
0.38792
0.39557
0.49993
1.58558
0.44037
0.47704
1.26362
1.12603

0.56178
0.43443

0.73733
2.71959
0.63420
2.28035
1.10038
0.68150

1.25483
0.97381
1.95716
431717
1.84462
1.26196

0.69559

0.06319
0.34361
0.11667
1.37713
2.12440
0.17367
0.13364
0.08924
0.19236
0.07292
0.06687
0.13390
0.11388

0.06854
0.47984
0.20992

0.09912
0.15643

0.42499
0.06542
0.19392

0.25107

0.25018
0.49917
0.13906



Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil
Manaus (llha Paciéncia), Brazil

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

lquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Iquitos, Peru

Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent

Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites trapesialis )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )

-13.88
-14.33
-15.45
-16.22
-16.56
-16.66
-16.99
-15.82
-14.42
-14.07
-13.72
-14.52
-15.70
-16.37
-16.87
-16.31
-15.62
-14.35
1273
-10.48
-1151
-12.84
1322
1312
-13.20
-13.95
-14.80
-14.09
-13.66
1241
-11.20
-11.99
-13.48
-14.48
-14.68
1413
-13.97
-13.08
-1352
-15.02
-16.05
-1631
-16.09
-16.72
-16.09
1457
-14.15
-13.84
-13.36
1328
-14.09
-14.84
-15.20
-15.74
-16.29
-16.40
-14,20
-13,80
1364
-13,80
-14,20
-14.39
-14.29
1375
-13.98
-14.34
-14.64
-13.95
-13.57
-13.20
-13.30
-13.44
-13.58
-13.95
-14.08
-14.17
-14.19
-13.89
-13.39
-12.85
-13.20
-13.38
-13.17
12,98
-13.03
-13.23
1335
1351
-13.46
-14.05
-14.27
-14.15
-14.64
-14.66
-15.03
-13.56
-14.06
-13.39
-13.47
-13.16
-13.25
-13.20
-13.67
-13.83

-2.29
-1.88

-3.38
-4.29

-8.01
-7.02
-3.86
-271
-2.73
-3.51
-4.13
-5.06
-5.87
-6.98

-5.60
-2.18

-6.37
-4.75
-4.12
-4.75
-7.13
-7.24
-5.56
-3.36
-2.08
-2.08

-4.52
-6.41

-2.32
-1.73
-2.62
-3.37
-4.30
-5.24
-6.62
-7.85
-7.71
-5.74

-5.27
-5.76
-5,81
-6,46
-6,64
-5,89
-5,86
-6.31

-6.10

-6.96
-7.52
-7.48
-6.86
-6.55
-5.91
-4.38
475
5.16
5.72
-6.39
-6.96
-6.83
-6.96
-6.35
6.41
-6.96
-6.98
-6.71
-5.90
-5.66
-5.46
-6.22
-6.61
-5.96
-6.08
-6.02
554
-6.32

-6.22
-6.20
-6.40
-6.83
-6.96
-6.42



Iquitos, Peru
Iquitos, Peru
lquitos, Peru
Iquitos, Peru
Iquitos, Peru
Iquitos, Peru
Iquitos, Peru
lquitos, Peru
Iquitos, Peru
Iquitos, Peru
lquitos, Peru
Iquitos, Peru
lquitos, Peru
lquitos, Peru
Iquitos, Peru

Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent
Recent

Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )
Mollusks (Anodontites elongatus )

Total: 14

-15.08
-14.89
-14.53
-14.08
-13.41
-13.22
-12.95
-12.99
-13.19
-12.77
-12.33
-12.34
-13.11
-12.87
-13.13




