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RESUMO

O estudo de ostracodes provenientes dos testemunhos 1AS-7D-AM, 1AS-8-AM e
1AS-31-AM, perfurados no municipio de Atalaia do Norte, Amazonas, Brasil, permitiu
reconhecer 9 géneros e 30 espécies; o género eurihalino Cyprideis é o mais abundante e
diverso, com 19 espécies ja identificadas e duas novas espécies descritas nesse trabalho: C.
atalaiensis sp. nov. e C. dictyon sp. nov. QOutros géneros marinhos e/ou transicionais
(Paracypris, Perissocytheridea, Rhadinocytherura, Pellucistoma e Skopaeocythere) e nao-
marinhos (Cypria, Cytheridella e Penthesilenula) foram encontrados, além de outros
microfosseis (foraminiferos, peixes, moluscos e palinomorfos) que foram utilizados como
elementos auxiliares nas interpretacdes paleoambientais e bioestratigraficas da Formacao
Solimdes. A andlise integrada da distribuicdo estratigrafica de ostracodes e palinomorfos nos
testemunhos 1AS-8-AM e 1AS-7D-AM, permitiu datar a sequéncia do Eomioceno ao
Neomioceno. Foram observadas, através dos fdsseis- index, cinco zonas palinoldgicas ja
propostas para a Formacdo Solimdes: Verrutricolporites, Mioceno Inferior; Psiladiporites—
Crototricolpites, final do Mioceno Inferior ao inicio do Mioceno Médio; Crassoretitriletes,
Mioceno Médio; Grimsdalea, final do Mioceno Médio ao inicio do Mioceno Superior; e
Asteraceae, Mioceno Superior. A distribuicdo das espécies de Cyprideis permitiu reconhecer
cinco zonas equivalentes as zonas palinologicas, das quais quatro j& estabelecidas
anteriormente, embora seus limites temporais tenham sido alterados nesse estudo: C. aulakos,
renomeada para C. sulcosigmoidalis, final do Mioceno Inferior a inicio do Mioceno Médio; C.
caraionae, Mioceno Médio a inicio do Mioceno Superior; C. minipunctata, inicio do Mioceno
Superior; e C. cyrtoma, inicio do Mioceno Superior. Além dessas, é proposta aqui uma nova
zona de ostracode: C. paralela, do Mioceno Superior. A analise bioestratigrafica integrada
(palinologia e ostracodes), bem como o registro da microfauna associada revela uma
sequéncia que inicia no Mioceno Inferior, com influéncia de ambientes costeiros, atestada
pela presenca de palinomorfos e foraminiferos tipicamente de manguezal. No Mioceno Médio
as condicOes paleoambientais passam a ser de um ambiente flavio-lacustre, com influéncia
marinha. Finalmente, no Mioceno Superior, apesar de ainda apresentar intervalos de
influéncia marinha, premomina um ambiente flavio-lacustre em dire¢do ao topo da sequéncia

estudada.

Palavras-chave: Nedgeno; Formacdo Solimdes; ostracodes; evolucdo paleoambiental;

incursdes marinhas.
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ABSTRACT

The study of the ostracods from the boreholes 1AS-7D-AM, 1AS-8-AM and 1AS-31-
AM, drilled at the locality of Atalaia do Norte, in Amazonas State, Brazil, allowed to
recognized 9 genera and 30 species; the eurialyne genera Cyprideis is the most abundant and
diverse, with 19 known species and two new species described herein: C. atalaiensis sp. nov.
and C. diction sp. nov. Other marine and/or transitional (Paracypris, Perissocytheridea,
Rhadinocytherura, Pellucistoma and Skopaeocythere) and non-marine (Cypria, Cytheridella
and Penthesilenula) genera have been found, as well as other microfossils (foraminifera, fishs,
mollusks and palinomorphs) which have been used for the paleoenvironmental interpretations
and biostratigraphy of the Solimfes Formation. The integrated stratigraphic analisys of
ostracods and palinomorphs in the boreholes 1AS-8-AM and 1AS-7D-AM allowed to date the
sequence from Early Miocene to Late Miocene. Through the index fossils, were identified
five palinological zones already proposed from the Neogene of western Amazon:
Verrutricolporites, Early Miocene; Psiladiporites-Crototricolpites, Late Early Miocene to
Early Middle Miocene; Crassoretitriletes, Middle Miocene; Grimsdalea, Late Middle
Miocene to Early Late Miocene; and Astaraceae, Late Miocene. The distribution of the
Cyprideis species allowed to recognize five zones corresponding to the palynological zones,
four of which previously established, although its age limits have been changed in this study:
C. aulakos, renamed as C. sulcosigmoidalis, from late Early Miocene to early Middle
Miocene, C. caraione, Middle Miocene to early Late Miocene, C. minipunctata, late Late
Miocene and C. cyrtoma Late Miocene. Furthermore, is proposed here a new ostracod zone:
C. paralela, from Late Miocene. The biostratigraphic analysis, based on palinology and
ostracods, as well as other microfossils reveals a sequence which starts at the Early Miocene,
with influence of coastal environments attested by the presence of palinomorphs and
foraminifera typically from mangrove. At the Middle Miocene, the paleoenvironments are
characterized as fluvio-lacustrine with marine influence. Finally, in the Late Miocene
although still marked by marine influence, predominate fluvio-lacustrine environment upward

to the section.

Key-words: Neogene; Solimbes Formation; ostracods; paleoenvironmental evolution; marine
incursions.
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CAPITULO 1
1 CONSIDERAGCOES INICIAIS

A tese de doutorado esta organizada em cinco capitulos, sendo trés deles em formato
de artigos. O capitulo 1 corresponde a parte introdutdria que inclui: uma apresentacdo com o
resumo dos topicos abordados na tese, a localizacdo da area de estudo, os objetivos, 0s
materiais e métodos utilizados, e uma revisdo de trabalhos anteriores sobre o contexto
geoldgico, paleontologia, paleoambientes e idade da Formacgdo Solimdes. Para evitar
repeticdes, a parte introdutoria foi inserida de forma simplificada nos textos dos artigos. O
capitulo 2, o primeiro artigo da tese, submetido ao Periddico Zootaxa, trata do estudo
taxondémico ostracofauna da Formacdo Solimdes encontrada em testemunhos de trés
sondagens 1AS-7D-AM, 1AS-8-AM e 1AS-31-AM (Municipio de Atalaia do Norte, Estado
do Amazonas), incluindo discussbes sobre a revisdo taxonémica de espécies do género
Cyprideis, e a descri¢do de duas novas espécies. O capitulo 3, segundo artigo da tese, a ser
submetido ao periodico Palaios, trata da analise bioestratigrafica integrada utilizando-se graos
de pdlen e ostracodes em 1AS-7D-AM e 1AS-8-AM, com o intuito de identificar as biozonas
correspondentes a sequéncia estudada e consequentemente datar o intervalo da Formacéo
Solimdes na area estudada. O terceiro artigo compde o capitulo 4, o qual foi publicado em
Journal of South American Earth Sciences, e aborda a reconstrucdo paleoambiental da area de
estudo, discutindo a influéncia marinha em depdsitos do Nedgeno na Amaz6nia Ocidental no
Brasil. O quinto capitulo inclui as consideracdes finais obtidas a partir dos artigos

desenvolvidos, apresentando resumidamente os resultados e conclusdes alcancadas.

1.1 INTRODUCAO

Nas ultimas décadas, diversos estudos (principalmente geoldgicos, paleontoldgicos e
geoquimicos) tém sido sendo desenvolvidos com o intuito de buscar esforcos para a
reconstrucdo paleoambiental do Nedgeno da Amazoénia Ocidental (Hoorn & Wesselingh,
2010a; b). Porém, apesar do estabelecimento de alguns modelos propostos, algumas questfes
ainda estdo em discussdo, principalmente no que se refere as evidéncias sobre a influéncia
marinha e a sequéncia temporal desses eventos nos limites do Brasil (Kachniasz & Silva-
Caminha, 2016). Durante o Nedgeno, a regido amazonica foi altamente influenciada por

eventos tectonicos, como a orogenia andina, que moldaram sua paisagem, e



consequentemente levaram a mudancas no ecossistema (Wanderley Filho et al., 2010; Mora
et al., 2010; Roddaz et al., 2010; Espurt et al., 2010; Hoorn et al., 2010a; b).

A micropaleontologia tem sido uma ferramenta fundamental para elucidar a evolucéo
da biota e dos paleoambientes associados. Os palinomorfos, ostracodes e moluscos sao 0s
principais grupos que tém contribuido para os estudos bioestratigréaficos, paleoecoldgicos e
paleobiogeograficos, devido a sua grande abundancia, diversidade, excelente preservagdo e
rapida evolucdo durante o Nedgeno na Amazonia Ocidental (Purper, 1979; Hoorn, 1994a; b;
Mufioz-Torres et al., 1998; 2006; Leite, 2006; Ramos, 2006; Wesselingh et al., 2006 a; b; c;
d; Silva, 2008; Latrubesse et al., 2010; Wesselingh & Ramos, 2010; Linhares et al., 2011,
Gross et al., 2013; 2014; 2015; Boonstra et al., 2015; Kachniasz & Silva-Caminha, 2016;
Jaramillo et al., 2017).

Desde os primeiros estudos paleontoldgicos (Roxo, 1924; 1935; Maury, 1937), a
ocorréncia de um assembleia de faunas representadas por grupos marinhos, transicionais e
ndo-marinhos, nos estratos da Formacdo Solimdes, tem dificultado a interpretacdo da sua
evolucdo paleoambiental, bem como dos sistemas deposicionais. A presenca desses elementos
tem sido a causa de discussdes a respeito das influéncias marinhas na Amazonia Ocidental
(Hoorn, 1993; Linhares et al., 2011; Antoine et al., 2016; Jaramillo et al., 2017), uma vez que
em geral os estudos sedimentoldgicos ndo registram essas influéncias (Latrubesse et al., 2010;
Nogueira et al., 2013; Gross et al., 2014).

Trabalhos mais recentes em afloramentos de diferentes localidades no oeste do Estado
do Amazonas, integrando paleontologia e sedimentologia, mesmo de forma localizada e
temporalmente limitada, tém contribuido para a interpretacdo paleoambiental da Formacao
Solimdes, atestando a presenca de um sistema deposicional muito semelhante ao atual
(Latrubesse et al., 2007; 2010; Gross et al., 2011; Nogueira et al., 2013; Paz et al., 2015).
Entretanto, evidéncias de incursdes marinhas, primeiramente apontadas por Hoorn (1993),
tém sido confirmadas por diversos autores através de estudos micropaleontolégicos em
testemunhos de sondagem na regido oeste da Amazonia no Brasil (Linhares et al., 2011;
Leandro, 2012; Kachniasz & Silva-Caminha, 2016; Jaramillo et al., 2017).

Assim, o presente estudo teve por objetivo, através da analise micropaleontoldgica e
da bioestratigrafia integrada de ostracodes e palinologia de trés testemunhos de sondagem, nas
proximidades do Municipio de Atalaia do Norte, Amazonas, contribuir para a reconstrucéo da
evolucdo paleoambiental, datacdo da sequéncia estudada e correlacdo desta area com outras

localidades ja estudadas no Brasil, Peru e Colémbia. Estes testemunhos sdo de



posicionamento estratégico devido a proximidade destes com os outros, onde foram
constatados registros de influéncia marinha (1AS-4A-AM/Hoorn, 1993; 1AS-31-
AM/Linhares et al., 2011; Kachniasz & Silva-Caminha, 2016), e por estarem nas
proximidades da fronteira com outras areas ja estudadas onde também foram atestadas
evidéncias de incursdes marinhas como a Formacao Pebas, no Peru e Carbonera, na Colombia
(Boonstra et al., 2015; Antoine et al., 2016; Jaramillo et al., 2017).

1.2 OBJETIVOS
1.2.1 Objetivo geral

O presente trabalho tem por objetivo geral contribuir para as interpretacdes da
evolucdo paleoambiental de depositos do Nedgeno da Formacdo Solimbes, Amazodnia, Brasil,
através do estudo micropaleontolégico integrando principalmente ostracodes e palinomorfos
de testemunhos de trés sondagens, e para a correlagdo com as demais localidades ja estudadas
no Brasil e unidades correlatas na Colombia e Peru.

1.2.2 Objetivos especificos

. Realizar o estudo taxonémico dos ostracodes dos testemunhos analisados;

o Avaliar a idade da sequéncia estudada, através da distribuicdo estratigrafica dos

ostracodes (Cyprideis) e graos de pdlen e das espécies guia identificadas.

o Reconstruir a evolucdo paleoambiental através da distribuicdo dos ostracodes e

palinomorfos, além de outros microfosseis encontrados associados;

o Correlacionar a area estudada com areas adjacentes no Brasil, Peru e Colémbia.

1.3 LOCALIZACAO DA AREA DE ESTUDO

A area de estudo (Fig. 1) compreende a porcao oeste do Estado do Amazonas, de onde
foram obtidas amostras de trés testemunhos de sondagem perfurados nas proximidades do
Municipio de Atalaia do Norte, sendo a sondagem 1AS-7D-AM (lat. 04°34°S-long. 70°41"W)



préxima ao rio Quixito, enquanto que 1AS-8-AM (lat. 04°36’S-long. 70°16"W) esta proximo
ao rio Itacuai, e 0 1AS-31-AM proximo ao rio Itui (lat. 05°18’S-long. 71°02°W).
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Figura 1 - Area de estudo com a localizac&o dos testemunhos de sondagem analisados.

1.4 MATERIAL E METODOS

O material de estudo compreende 304 amostras provenientes de trés testemunhos
perfurados no escopo do Projeto Carvéao no Alto Solimdes (Maia et al., 1977), e encontram-se
armazenados na litoteca do Servico Geoldgico do Brasil (CPRM), Manaus, Estado do
Amazonas. Dentre estas, 112 amostras procedem do 1AS-7D-AM, 83 amostras do 1AS-8-AM
e 109 do 1AS-31-AM. As secOes colunares foram feitas com base nas apresentadas no
relatorio de Maia et al. (1977) com o refinamento das litologias conforme ilustradas nas
figuras 2 a 4. A amostragem dos testemunhos foi realizada segundo critérios litolégicos e

aparente contetdo macrofossilifero.
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Fonte: Modificado de Maia et al. (1977).
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Fonte: Modificado de Maia et al. (1977).
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1.4.1 Analise micropaleontoldgica

A preparagdo das amostras para a analise de microfdsseis calcarios foi realizada no
laboratério de Sedimentologia/Polimento da Coordenacdo de Ciéncias da Terra e Ecologia
(COCTE) do Museu Paraense Emilio Goeldi (MPEG), atraves da metodologia padréo

detalhadamente descrita em Wanderley (2010), a qual segue as seguintes etapas:

1) Padronizacdo do peso bruto em aproximadamente 180 gramas;

2) desagregacdo das amostras em béquer com &gua por um periodo médio de 24 horas;

3) lavagem e peneiramento das amostras utilizando-se malhas de 500, 250, 180 e 125 pm;

4) limpeza das peneiras no ultrassom ap0s cada peneiramento, e banho de 15 minutos em
agua com Azul de Metileno para detectar possivel contaminacdo de uma amostra para outra;
5) secagem do material residual em estufa a 50°C;

6) pesagem das amostras em balanca de preciséo e padronizagdo em 2g de sedimento, de cada
fracdo de peneira, para as analises quantitativas;

7) triagem dos microfosseis do sedimento foi realizada com o auxilio de pincéis 00 e de lupa
da Zeiss;

8) colagem dos microfésseis com cola arabica em laminas de “Células Flanke”;

9) selecdo de melhores espécimes para posteriormente limpeza com alcool e 4gua deionizada;
10) contagem dos espécimes de cada amostra;

11) preparagéo de “stubs” para a realizagdo das fotografias;

12) obtencdo de eletromicrografias com o uso de MEV (Laboratério de Microscopia
Eletrdnica de Varredura, modelo Leo 1450);

13) tombamento dos espécimes tipo e figurados na colecdo de microfosseis do acervo de
Paleontologia do MPEG.

Como suporte para as interpretacfes paleoambientais, além dos ostracodes, foram
também utilizados outros microfésseis recuperados durante a triagem tanto para a analise de
microfdsseis calcarios como para palinomorfos. No testemunho 1AS-7D-AM, 41 amostras
apresentaram ostracodes e/ou outros grupos fosseis e 71 sdo estéreis. Em 1AS-8-AM, 33
apresentaram ostracodes e/ou outros grupos fdsseis e 50 sdo estéreis. O testemunho 1AS-31-
AM, previamente estudado por Linhares et al. (2011), foi reamostrado, sendo que além das 93
amostras ja estudadas, mais 16 foram analisadas, totalizando 109 amostras; destas, 51 contém

ostracodes e/ou contém outros microfosseis e 58 sdo estéreis (Tab. 1).



Tabela 1- Ocorréncia de ostracodes e outros grupos fosseis encontrados nos testemunhos de sondagem
1AS-7D-AM, 1AS-8-AM e 1AS-31-AM.

Ne° 1AS-7D-AM Ostracodes Outros 1AS-8-AM  Ostracodes Outros 1AS-31-AM  Ostracodes Outros
Amostra | (profund.) grupos | (profund.) grupos (profund.) grupos

1 3,40 m 32,00 m 3,05 m

2 14,80 m ° . 35,05 m 6,17 m

3 15,95 m 38,50 m 9,15m

4 17,70 m 44,55 m . 9,85m

5 22,55 m 50,55 m 11,45 m

6 23,55 m 55,50 m 12,00 m

7 27,55 m 59,25 m ° . 15,30 m

8 27,65 m 61,00 m 20,00 m °

9 29,55 m 62,60 m ° 22,00 m

10 29,90 m ° 70,90 m . 22,55 m

11 30,30 m 77,10 m 23,21 m

12 36,80 m ° 86,00 m 25,75 m

13 45,95 m ° ° 86,10 m 26,10 m °

14 50,00 m ° . 87,30 m ° . 26,12 m °

15 58,00 m 88,00 m 29,50 m

16 58,15 m 92,63 m ) . 29,51 m

17 68,50 m 93,05 m ° . 29,88 m

18 73,60 m ) . 96,00 m 32,68 m

19 76,50 m ° ) 99,15 m ° ) 35,58 m

20 78,50 m . . 102,60 m . . 37,85m

21 84,65 m 103,20 m ° . 39,55 m °

22 88,15 m ° 109,00 m 45,00 m

23 89,00 m 110,60 m ° . 45,10 m

24 90,00 m . 110,73 m 50,50 m

25 91,50 m ° ° 110,80 m ° . 56,50 m °

26 93,15 m . . 111,50 m . . 58,00 m

27 94,50 m 116,90 m 63,00 m

28 96,00 m ) . 119,70 m 65,25 m

29 96,30 m ° . 121,65 m 89,80 m

30 97,50 m ° . 127,35 m 90,15 m

31 98,90 m 132,45 m ° . 93,00 m

32 99,90 m ° . 135,30 m . 93,20 m

33 101,90 m ° ° 137,30 m . 96,25 m

34 103,20 m . . 140,45 m . 99,30 m

35 106,00 m ° ° 141,00 m 102,35 m

36 107,00 m ° 141,50 m 110,60 m

37 110,00 m 145,00 m ° 122,29 m .

38 111,50 m ° . 150,10 m . 127,00 m

39 113,00 m 154,05 m ° 135,90 m °

40 114,00 m 159,20 m ° . 138,20 m ° .

41 114,50 m . 165,00 m 140,85 m °

42 115,50 m ° . 166,00 m 141,00 m

43 116,20 m ° 168,45 m 148,75 m ° .

44 117,20 m ° . 172,23 m ° . 153,00 m

45 117,70 m ° . 172,30 m ° 157,25 m °

46 118,00 m 173,60 m ° 163,00 m °

47 119,00 m 173,85 m ° . 166,40 m °

48 120,00 m 179,45 m 168,35 m

49 121,00 m ° 181,00 m ° 170,80 m

50 125,00 m ° 193,55 m ° 170,90 m °

51 126,50 m ° 193,85 m ° 171,40 m

52 136,20 m ° . 195,85 m ° 171,80 m

53 152,00 m 198,10 m 172,40 m ° °

54 160,50 m ° . 199,00 m 172,50 m °

55 161,00 m ° 200,60 m 173,60 m




56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
105
106
107
108
109
110
111
112

162,00 m
163,00 m
165,20 m
166,00 m
166,70 m
168,00 m
172,00 m
174,40 m
176,20 m
179,20 m
181,50 m
184,00 m
188,00 m
193,00 m
195,50 m
197,40 m
199,00 m
202,80 m
204,30 m
205,80 m
212,00 m
212,50 m
215,50 m
219,30 m
220,60 m
221,10 m
224,90 m
225,50 m
228,20 m
230,20 m
232,70 m
236,00 m
240,30 m
244,45 m
247,00 m
248,85 m
252,20 m
254,15 m
256,35 m
258,50 m
262,15 m
263,65 m
266,00 m
267,10 m
268,00 m
269,15 m
270,55 m
273,20 m
279,20 m
281,30 m
285,35 m
288,60 m
291,40 m
294,30 m
296,20 m
301,60 m
304,70 m
387,75 m

208,55 m
214,00 m
214,70 m
218,00 m
220,00 m
22525 m
228,25 m
234,50 m
246,76 m
251,70 m
258,30 m
263,35 m
271,00 m
274,10 m
304,50 m
314,15 m
31545 m
323,40 m
330,40 m
336,70 m
336,80 m
342,00 m
348,95 m
357,25 m
368,00 m
368,50 m
383,70 m
403,00 m

174,30 m
174,40 m
174,55 m
174,65 m
174,70 m
174,80 m
174,82 m
174,90 m
175,00 m
175,05 m
175,30 m
175,50 m
176,80 m
177,20 m
180,90 m
181,00 m
181,10 m
181,95 m
183,00 m
186,60 m
188,65 m
189,70 m
195,00 m
199,70 m
199,90 m
216,90 m
218,30 m
219,95 m
222,80 m
227,40 m
227,41 m
230,00 m
251,90 m
258,80 m
264,00 m
267,00 m
273,05 m
273,20 m
276,20 m
281,10 m
284,90 m
285,00 m
287,50 m
288,80 m
292,40 m
292,50 m
29435m
295,00 m
296,80 m
296,90 m
297,50 m
299,00 m
299,05 m
299,30 m
301,00 m

10
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1.4.2 Anédlise palinoldgica

Para as analises palinologicas seguiu-se a metodologia padrdo de Uesugui (1979) com

algumas adaptacoes:

1) 30 a 50g de cada amostra foram colocadas em béquer e tratadas inicialmente com &cido
cloridrico (HCI) a 32% por 2 horas para a eliminag&o de carbonatos;

2) depois do primeiro ataque acido, as amostras sdo lavadas com &gua destilada por trés
vezes; posteriormente sao levadas ao segundo ataque acido com &cido fluoridrico (HF) a 40%,
por um minimo de 12 horas, para a eliminacao de silicatos;

3) apds esta etapa, as amostras sdo novamente lavadas com agua destilada por trés vezes afim
de neutralizar a a¢do dos acidos;

4) apbs lavagem com éacido cloridrico (HCI) a 10% e agua destilada em banho-maria a 60°C
por 30 minutos, a amostra permaneceu em Becker por um periodo de 24 horas para a
decantagdo dos minerais pesados e para a recuperacdo do material sobrenadante mais leve.
Esta metodologia substituiu a centrifugacdo que causava a destruigdo dos palinomorfos mais
frageis;

5) o material foi lavado novamente com agua destilada e peneirado em malha de 200 um;

6) a partir dos residuos finais foram preparadas trés laminas para contagem de cada amostra
que, posteriormente, foram analisadas na objetiva de 40x com auxilio do microscépio Optico
da Zeiss e fotografadas com objetiva de 100x na camera digital Canon PowerShot A640,
acoplada ao microscopio;

7) em todas as etapas de descarte das amostras em meio &cido foi acrescida solucdo basica

para neutralizacdo da solucdo acida.

1.4.3 Identificacdo taxonémica

A classificacdo taxonémica supragenérica dos ostracodes seguiu os trabalhos de
Liebau (2005); as demais classificacbes seguem Purper (1977a; b; 1979), Whatley et al.
(1998), Mufioz-Torres et al. (1998), e Gross et al. (2014), além do uso das colecdes de
referéncia de Purper (1979), Purper & Pinto (1983) e Gross et al. (2014). Para a identificacéo
palinoldgica foram utilizadas principalmente as propostas de Lorente (1986), Hoorn (1993,
1994a; b) e Jaramillo et al. (2011). Para as demais identificacGes foram utilizadas referéncias

diversas citadas ao longo dos artigos.
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1.4.4 Analise bioestratigréafica

O estudo bioestratigrafico foi feito de maneira integrada, através da analise da
distribuicdo estratigrafica das espécies de ostracodes do género Cyprideis e grdos de polen
identificados; bem como da identificacdo dos taxa-index. Para o biozoneamento palinoldgico
utilizou-se os arcaboucos estabelecidos para a América do Sul (Lorente, 1986; Hoorn, 1993).
Para os ostracodes foi utilizada a proposta de Mufioz-Torres et al. (2006) para a Amazonia
Ocidental, na qual os limites das biozonas de ostracodes foram definidos pelo primeiro (FAD)
e ultimo (LAD) aparecimento, seguindo o Cddigo Internacional de Nomenclatura

Estratigréafica. O presente trabalho seguiu 0s mesmos critérios.

1.5 CONTEXTO GEOLOGICO
1.5.1 Tectbnica

A Orogenia Andina é o principal evento que influenciou a evolucdo da paisagem da
regido amazoénica durante o Cenozobico e ocorreu em trés fases, sendo a primeira entre o
Oligoceno Superior € Mioceno Inferior (~23 Ma), a segunda no Mioceno Superior (~10 Ma) e
a terceira no Plioceno Inferior (~4,5 Ma) (Figueiredo et al., 2009; Hoorn et al, 2010a; b; Mora
etal., 2010).

A primeira fase do soerguimento andino gerou subsidéncia flexural das &reas a leste da
cordilheira oriental, levando a formacdo das bacias do tipo foreland (retroarco) e
influenciando a deposicdo sedimentar nas bacias do Solimdes e do Acre, em sistemas de
lagos, canais e planicies alagadas (megawetlands), onde se depositaram os sedimentos da

Formacdo Solimdes (Hoorn et al., 2010a; b; Bezzera & Ribeiro 2015).

No segundo momento, o espessamento crustal formado pelo soerguimento maximo da
cordilheira oriental (~10 Ma) foi compensado isostaticamente através de um soerguimento
periférico, formando o alto flexural (forebulge) de lquitos na Amazbdnia central e, por
consequéncia, suas respectivas subsidéncias adjacentes (foredeep e backbulge) (Roddaz et al.,
2005; Mora et al., 2010; Roddaz et al., 2010; Bezzera & Ribeiro 2015). Esse soerguimento
méaximo também refletiu no aumento do gradiente do substrato e do suprimento sedimentar
nas bacias subandinas, resultando na maior influéncia fluvial na regido e sobrepondo o0s

ambientes de megawetlands.
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O soerguimento dos Andes desencadeou eventos como 0 aumento da inclinagéo do
substrato da zona subandina, da precipitacdo orogréfica, da denudacdo e da sobrecarga
sedimentar de origem andina em direcdo a drenagem amazébnica, levando ao inicio do
processo de inversdo do sistema de drenagem para leste, em direcdo ao arco de Purus, com
idade provavel entre 11 Ma e 9 Ma (Figueiredo et al., 2009; Mora et al., 2010; Hoorn et al.
2017).

No Mioceno Superior, o soerguimento do arco de Vaupés Swell e, posteriormente no
Plioceno (~4,5 Ma), do arco de Fitzcarrald, desenvolveram importante papel na configuracéo
da bacia amazonica, separando as bacias foreland em norte e sul. Consequentemente, houve a
separacdo da drenagem do rio proto-Amazonas, a sul, da do rio proto-Orinoco, a norte,
interrompendo o fluxo do rio Amazonas em direcdo ao Mar do Caribe (Mora et al., 2010). No
entanto, a idade da inversdo e do estabelecimento total desse sistema de drenagem ainda é
divergente, sendo atualmente apontada entre 0 Neomioceno (Figueiredo et al., 2009; Hoorn et
al., 2010a; b; 2017) e o Pleistoceno (Latrubesse et al., 2010; Nogueira et al., 2013).

O papel dos arcos estruturais na evolucdo da paisagem amazodnica também nao é
consenso. Para Mora et al. (2010) os arcos de Iquitos, Carauari e Purus ndo se apresentam
como barreiras geograficas para o fluxo em direcdo a leste da drenagem amazbnica. No
entanto, Nogueira et al. (2013) argumenta que no Mioceno Superior o arco de Purus
apresentou importante papel na compartimentagdo da bacia do Solimdes, configurando uma
barreira geografica que a separava da bacia do Amazonas. Ainda, para estes autores, até o
Plioceno essa regido foi submetida a soerguimento e posterior erosdo, formando grande
discordancia na Formacdo Solimfes na porcdo leste da bacia e que, apenas a partir do
Pleistoceno, a area foi submetida a grande subsidéncia possibilitando a sobreposicdo do arco
de Purus e a deposicdo dos sedimentos fluviais meandrantes da Formacéo I¢a. De outro modo,
Hoorn et al. (2017) consideram, que de alguma forma, a drenagem poderia ter contornado o
arco de Purus ainda no Mioceno Superior (9.4 Ma a 9 Ma), estabelecendo o fluxo

transcontinental do rio Amazonas.

Sabe-se que os efeitos das mudancas tecténicas geradas a partir da Orogenia Andina
desencadearam ao longo do Nedgeno variacdes ambientais, especialmente climaticas, e ainda,
proporcionaram a formacdo de barreiras geograficas naturais que geraram eventos de
especiacdo e consequentemente levaram a grande diversidade da biota na regido amazonica.

Isto pode ser evidenciado amplamente através de estudos biogeogréaficos e filogenéticos de
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peixes e ostracodes (Lundberg et al., 1998; Albert et al., 2006; Whatley et al., 2006; Lovejoy
et al., 2006; 2010; Gross et al., 2014, 2015).

1.5.2 Bacia do Solimdes

A area estudada estd posicionada no limite norte da bacia do Solimdes, na sub-bacia
de Jandiatuba. Esta bacia, instalada no craton amazénico e situada geograficamente no Estado
do Amazonas, apresenta uma area aproximada de 450.000 km? (Eiras et al., 1994; Wanderley
Filho et al., 2010), a qual esta hoje totalmente coberta pela exuberante floresta tropical
amazénica. Esta bacia é limitada ao norte pelo escudo das Guianas, ao sul pelo escudo Brasil
Central, a leste pelo arco de Purus, que a separa da bacia do Amazonas e a oeste pelo arco de
Iquitos (Fig. 5), separando-a da bacia do Acre. O substrato sobre a qual se implantou é
constituido por rochas igneas, metamorficas e sedimentares, estas Ultimas provenientes dos
riftes do Proterozodico (Eiras et al., 1998; Lisboa et al., 2013).
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Figura 5 - Mapa de localizagdo geografica da bacia do Solimdes, com suas sub-bacias e seus limites
geologicos.

Fonte: modificado de Wanderley Filho et al. (2010).
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A bacia esta subdividida pelo arco de Carauari em duas sub-bacias: Jurud, a leste e
Jandiatuba, a oeste; a primeira atinge 3.100 m e a segunda 3.800 m de espessura. O arcabouco
estratigrafico Fanerozoico pode ser dividido em duas megassequéncias: paleozoica, intrudida
por diques e soleiras de diabasio, e a mesozoico-cenozoica. As rochas do Paleozoico ocorrem
apenas em subsuperficie e estdo recobertas pelas extensas sequéncias de rochas do Cretaceo e
cenozdicas, ou seja, ao contréario do que ocorre na bacia do Amazonas, ndo afloram rochas do

Paleozoico nesta bacia (Wanderley Filho et al., 2010).

Wanderley Filho et al. (2007) divide o arcabouco estratigrafico da bacia do Solimdes em

cinco sequéncias deposicionais:

- Sequéncia do Ordoviciano: equivale aos clasticos neriticos da Formacao Benjamin Constant,
Sub-bacia Jandiatuba, encontrando-se truncados por discordancia decorrente de provavel

soerguimento relacionado a Orogenia Taconiana;

- Sequéncia do Siluriano-Devoniano: equivale aos sedimentos carbonaticos e terrigenos

neosilurianos e eodevonianos da Formacao Jutai da Sub-bacia Jandiatuba;

- Sequéncia do Devoniano-Carbonifero: equivale aos terrigenos e depdsitos silicosos neriticos
e glacio-marinhos neodevonianos e eocarboniferos do Grupo Marimari que ultrapassam os
limites do arco Carauari e que também se fazem presentes na bacia Jurud. A discordancia

decorrente esta aparentemente relacionada a Orogenia Eo-Herciniana.

- Sequéncia do Carbonifero-Permiano: equivale aos materiais clasticos, carbonatos e
evaporitos marinhos e continentais do Grupo Tefé, encontrados em quase toda a bacia do
Solimdes. Sobre esta sequéncia ha uma discordancia erosiva com hiato da ordem de 170 Ma,

decorrente da atuacdo da Orogenia Tardi-Herciniana e Diastrofismo Jurué.

- Sequéncia do Cretaceo: equivale aos clasticos fluviais da Formacdo Alter do Chao,

preservados em funcao da subsidéncia ligada a atividade da Orogenia Andina;

- Sequéncia do Nedgeno: equivale aos pelitos e arenitos flavio-lacustres do Mio-Plioceno da

Formac&o Solimdes, também depositados em conexdo com a Orogenia Andina.
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1.5.3 Formacao Solimdes

A Formacao Solimdes (Grupo Javari), estende-se por aproximadamente 500.000 km?
(Maia et al., 1977) no oeste da Amazénia do Brasil, recobrindo as bacias do Solimdes e do
Acre, separadas entre si pelo arco de Iquitos, compreendendo a sequéncia nedgena dessas
bacias (Wanderley Filho et al., 2007; 2010). A partir de seu contexto geoldgico e
paleontoldgico, a Formagdo Solimdes correlaciona-se, em parte, com outras unidades do
Neogeno da Amazoénia Ocidental, que inclui as formacdes: Pebas, no Peru (Antoine et al.,
2015); Carbonera, na Colémbia (Gomez et al., 2009; Jaramillo et al., 2017); Curaray, no
Equador (Wesselingh et al., 2002); e Urumaco, na Venezuela (Lundberg et al., 2010; Riff et
al., 2010).

Na bacia do Acre, a formacdo Solimdes sobrepde-se em discordancia angular aos
argilitos, siltitos e folhelhos da Formacdo Ramon (Maia et al., 1977; Latrubesse et al., 2010),
enguanto que na bacia do Solimdes ela grada lateral e inferiormente para a Formagéo Alter do
Chéo, da qual esta separada por discordancia erosiva. O contato superior esta recoberto por
uma sequéncia arenosa apoiada sobre uma discordancia erosiva de possivel idade pleistocena
denominada Formacdo Ica e por terracos fluviais quaterndrios mais jovens (Radambrasil,
1977; Maia et al., 1977; Eiras et al., 1994; Valderrama & Marmos, 2000; Wanderley Filho et
al., 2007; Latrubesse et al., 2010; Silveira & Souza, 2015; Rossetti et al., 2015).

Formacao Solimdes foi um termo designado inicialmente por Moraes Régo (1930) e
revalidado por Caputo et al. (1971), os quais descreveram a unidade pela primeira vez,
caracterizando-a como um pacote sedimentar do Nedgeno ocorrente em toda a por¢do
ocidental da Amazonia do Brasil e estendendo-se para areas vizinhas na Colémbia e no Peru.
Sua litologia constitui-se, sobretudo de argilas vermelhas, cinza e variegadas, além de niveis
de siltitos, arenitos, calcarios e conglomerados, que representariam facies de maior energia; as
facies de baixa energia seriam compostas por sedimentos de cor verde a verde-acinzentado e

estratificacdo planar ou estrutura macica (Caputo et al., 1971; Latrubesse et al., 1997) .

A unidade caracteriza-se por apresentar frequentes restos vegetais e intercalagdes de
linhito, argilas carbonosas e calcérios, sendo os niveis de linhito mais numerosos no terco
superior desta sequéncia (Maia et al., 1977). A abundancia e a preservagdo dos fosseis
encontrados indicam o predominio de um ambiente redutor e de baixa energia, evidenciados

por abundantes niveis carbonosos e sedimentos finos (Hoorn, 1993).
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Estudos em afloramentos, através de dados paleontoldgicos e anélises de facies,
apontam que os niveis mais superiores da Formacdo Solimdes (Mioceno Superior) foram
depositados em um ambiente continental, dominado por rios avulsivos associados a um
sistema deltaico e rios avulsivos associados a planicies de inundacdo (pantanos, lagos, deltas
internos e crevasse-splay) (Latrubesse et al., 1997; 2010; Gross et al., 2011; 2013). Ainda séo
registrados ambientes fluviais com lagos perenes, associados a ambientes de energia mista
com episadios de inundacdes (Paz et al., 2015), e um sistema flivio deltaico com sedimentos
finos do prodelta lacustrino fornecido pelos distributarios meandrantes em ambientes de frente
de delta (Nogueira et al., 2013). Entretanto, os estudos de testemunhos de sondagem ja
apontam que, apesar desta unidade apresentar predominantemente um contexto deposicional
continental, existe evidéncias de intercalacdes destes depositos com estratos de incursdes
marinhas breves e geograficamente limitadas, pelo menos nos niveis mais basais da formacao,
baseado principalmente na analise do contetdo fossilifero (Hoorn, 1996; Wesselingh et al.,
2002; Vonhof et al., 2003; Linhares et al., 2011). Recentemente, Antoine et al. (2016) revela
a presenca destas evidéncias em afloramentos do Peru, o qual, inclusive, correlaciona com os
resultados dos estudos do testemunho 1AS-31-AM, apresentados por Linhares et al. (2011) e
Jaramillo et al. (2017), na Col6mbia, através da correlacdo com o testemunho 1AS-105-AM,
no Brasil.

1.6 PALEONTOLOGIA DO NEOGENO DA AMAZONIA OCIDENTAL

A paleontologia tem sido a principal ferramenta empregada para a reconstrucdo
paleoambiental e datacdo da sequéncia do Nebdgeno da Amazonia Ocidental, devido a
abundancia e diversidade dos grupos fosseis. Dentre os paleovertebrados, destacam-se 0s
registros de mamiferos (Mones & Toledo, 1989; Souza-Filho et al., 1993; Negri et al. 2010);
aves (Negri et al. 2010), répteis (Gaffney et al. 1998; Bocquentin & Melo 2006; Meylan et al.
2009; Riff et al. 2010), e peixes (Lundberg et al., 1998; Malabarba et al., 1998; Monsch,
1998; Malabarba & Dutra 2002; Lovejoy et al., 2006; Lundberg et al., 2010). Esses estudos
vém contribuindo com incremento da paleobiodiversidade, e ainda, apontando o registro de
taxa essencialmente continentais, com eventuais formas costeiras para o Nedgeno da

Formacdao Solimdes.

Os paleoinvertebrados sdo os mais abundantes e diversos na unidade (Wesseling &
Ramos, 2010), sendo os principais representantes os ostracodes (e.g. Purper, 1979; Ramos,
2006; Gross et al, 2014) e os moluscos (Nuttal, 1990; Wesselingh et al., 2002; Anderson et
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al., 2006; Kandoorp et al., 2006; Wesselingh et al., 2006 a; b; c; d), que vém sendo
importantes  ferramentas nos  estudos  paleobiogeograficos, paleoambientais e

bioestratigraficos da Formacéo Solimdes e unidades correlatas.

Os trabalhos sobre a paleoboténica incluem principalmente o estudo de gréos de polén
e esporos, 0s quais sdo empregados na reconstrucdo de modelos de paleovegetagéo e datacdo
dos depositos do Nedgeno da Amazonia Ocidental (e.g. Hoorn, 1993; 1994 a; b; Latrubesse et
al., 2010; Nogueira et al., 2013; Silveira & Souza, 2015). Entretanto, serdo abordados neste
capitulo, principalmente os artigos relacionados aos ostracodes, principal ferramenta

empregada no presente estudo.

1.6.1 Ostracofauna

As primeiras pesquisas com ostracodes na Formagdo Solimdes iniciaram a partir do
século XX. Gardner (1927) e Gold (1967) fazem uma breve citacdo do registro deste grupo,
porém sem uma descricdo detalhada dos géneros e espécies, embora os autores citem a

ocorréncia do género Cypris, tipico de 4gua doce, associado a moluscos.

Estudos taxondmicos mais aprofundados da unidade tiveram inicio com os trabalhos
de Purper (1977a; b; 1979), onde a autora descreve diversos géneros e espécies novas
provenientes de amostras de sondagens e afloramentos da bacia do Solim&es, no Brasil,
considerando a fauna endémica, tipica de ambiente mixohalino de aguas calmas e de baixa
energia, com raras e eventuais formas de dgua doce. Posteriormente, Purper & Pinto (1983)
descrevem dois novos géneros e quatro novas espécies, referindo também caracteristicas

mixohalinas para ostracofauna.

Paralelamente a estes, Sheppard & Bate (1980) estudando amostras da Coldmbia e do
Peru, também descrevem novos géneros e espécies, verificando a associagdo desta fauna com
outras areas estudadas no Brasil. Isto foi confirmado por Purper & Ornellas (1991), que
identificam quatro espécies novas e relatam similaridades do material estudado com
ostracodes provenientes dos depdsitos do Neogeno da Colémbia e do Peru. As autoras
concluem que apesar da fauna ser endémica, detalhes morfoldgicos registrados nas carapacas

indicam condigdes mesohalinas para a area estudada.

Posteriormente, Mufioz-Torres et al. (1998) e Whatley et al. (1998) realizando uma

ampla revisdo taxonémica da ostracofauna, emendam a diagnose do género Cyprideis Jones,
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1857 e colocam vérios géneros identificados por Purper (1979), Sheppard & Bate (1980) e
Purper & Pinto (1983) em sinonimia. Com esta nova proposta, 0 género passa a representar
mais de 90% da ostracofauna registrada na Formacao Solimdes e unidades adjacentes, como a
Formacdo Pebas. Além destes autores, Swain (1998) registram na area de lquitos, Peru, a
ocorréncia de seis espécies e subespécies do género Cyprideis considerando-as
duvidosamente do Plioceno e tipicas de aguas transicionais.

Realizando estudos bioestratigraficos em localidades do Peru, Colémbia e Brasil,
Mufioz-Torres et al. (2006) estabelecem cinco zonas de ostracodes, correspondentes ao final
do Mioceno Inferior ao inicio do Mioceno Superior; além disto, os autores realizam um
estudo evolutivo do género Cyprideis, onde evidenciam a ocorréncia, a partir de
caracteristicas morfoldgicas, de duas linhagens evolutivas: uma de carapaca lisa e outra de

carapaca ornamentada.

Ramos (2006) estudando secdes aflorantes da Formagao Solimdes, na regido sudoeste
do Amazonas, reconhece diversas espécies endémicas do Nedgeno da Amazénia Ocidental
(Cyprideis lacrimata Mufioz-Torres et al. (1998); Cyprideis longispina Purper, 1979;
Cyprideis pebasae Purper, 1979; Cyprideis graciosa Purper, 1979; Cypria aqualica Shepard
& Bate, 1980 e Darwinula fragilis Purper, 1979). O estudo destes afloramentos permitiu
verificar a similaridade com depdsitos do Mioceno do oeste da Amaz6nia, sugerindo uma

fauna autdctone associada a um sistema deposicional flivio-lacustre e de baixa energia.

Dando continuidade & andlise da ostracofauna em amostras de testemunho da
Formacdo do Solimdes, Linhares et al. (2011), confirma o predominio do género Cyprideis
em depdsitos da Formagao Solimdes no Municipio de Atalaia do Norte, Estado do Amazonas,
Brasil, com o registro de 18 espécies. Os autores identificam trés fases associadas ao
gradiente de salinidade do ambiente: I- Fase lacustre, Il- Fase transicional a marinha e Ill-

Fase fluvio-lacustre.

Posteriormente, Gross et al. (2013), estudando depdsitos de afloramentos do
municipio de Eirunepé (Amazonas), identificam espécies dos géneros Cypretta, Cypria,
Cyprideis, Cytheridella, Ilyocypris, Penthesilenula, Physocypria, Pseudocandona e
Perissocytheridea, realizando um estudo sistematico de descricdo e associacdo de facies, as

relacionam a um grande sistema deposicional flavio-lacustre.

Gross et al. (2014), realizam uma extensiva revisao taxondémica em aproximadamente

70% das espécies do género Cyprideis no testemunho 1AS-10-AM, ja descritas nos trabalhos
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anteriores, e verificam uma alta variabilidade intraespecifica que pode ser diagnosticada
através de morfologia comparativa e que permitiu organizar as 20 espécies encontradas em
grupos e subgrupos. Esses autores ainda revalidam cinco espécies, renomeiam e colocam duas
em sinonimia e descrevem duas novas especies. Mais recentemente, Gross et al. (2015)
registra a ocorréncia de uma nova espécie Pellucistoma curupira, sendo este o primeiro
registro do género, tipicamente encontrado em aguas marinhas rasas na América do Norte,

Central e do Sul, nos depdsitos fluvio-lacustres da Formacao Solimdes.

1.7 PALEOAMBIENTES DO NEOGENO DA AMAZONIA OCIDENTAL

Os trabalhos sobre o Nedgeno da Amazonia Ocidental, tanto no Brasil, como também
no Peru e na Coldmbia, apresentam resultados que divergem nas opiniées em duas linhas: a
que aceita a influéncia e registro marinho; e a que refuta de maneira plena ou parcialmente

essa influéncia na evolucéo paleoambiental da regiao.

Com base em estudos paleontolégicos em testemunhos de sondagem, diversos autores
defendem que a regido foi constituida predominantemente por ambientes caracteristicos de
planicies de inundacéo, com conexdo com ambientes costeiros, devido a episddios localizados
de incursdo marinha na regido central e oeste da Amazo6nia durante 0 Nedgeno, com registro
de areas de manguezal, o que pdde ser evidenciado a partir de estudos de microfdsseis (Hoorn
1993; 1994 a; b, Linhares et al., 2011; Leandro, 2012; Antoine et al., 2016; Jaramillo et al.,
2017). Esses episodios de incursdo marinha restrita, possivelmente, foram marcados por
progradacdo rapida, influenciados por maré, com intercalacéo de sequéncias de agua salobra e
de a4gua doce para o Nedgeno da Amazonia Ocidental (Rasanen et al., 1995; Hovikoski et al.,
2007; 2010; Rebata, 2012).

A hipoétese de influéncia marinha na Amazoénia ainda é reforgada através de resultados
de assinatura isotopica em moluscos, que demonstram aumento no grau de salinidade, além de
da ocorréncia de bioturbacdes de uma associacdo de icnogéneros caracteristicos de ambientes
marinhos marginais; contudo os trabalhos ainda apontam o predominio de ambientes
lacustrinos rasos e pantanosos (VVonhof et al., 1998; 2003; Gingras et al., 2002; Wesselingh et
al., 2006c). Ja com base no estudo de diversos grupos de peixes e seguindo os critérios de

distribuicdo geogréafica das espécies, Lovejoy et al. (2006) mostram consisténcia na hipotese
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de incursdo marinha na Amazoénia durante o Mioceno, e que as conexdes desempenharam um

papel de transicdo para os habitas de agua doce.

A partir da base de dados obtida por trabalhos de carater paleontoldgico e
sedimentologico, foi possivel realizar um levantamento das localidades (Fig. 6) que
apresentam elementos que sustentam a hip6tese de existéncia de influéncia marinha tanto em
depdsitos da Formacdo Solimdes (Brasil), quanto em depoésitos da Formacdo Pebas (Peru e
Colémbia) (Hovikoski et al., 2007; 2010).

Oceano
Pacifico

500 km

Figura 6 - Localidades com registro de influéncia marinha no oeste da Amazonia. 1-5: Indiana
(Loreto, Peru); 6: Santa Teresa, 7: Tamshiyacu, 8: San Rafael, 9: Porvenir, 10: Ave Maria, 11: Santa
Julia, 12: Santa Rosa de Pichana, todos em Loreto, Peru; 13 e 14: Rio Javari, Amazonas, Brasil; 15:
Buenos Aires; 16: Los Chorros, ambos na Amazdnia, Colémbia; 17: Purus, Amazonas, Brasil; 18:
Seringal Amapa; 19: Comunidade Katukina; 20: Tarauaca; 21: Volta Grande; 22: Rio Branco- Bolivia,
estrada Rio Branco-Bolivia; 23: Boca de Sdo Pedro, todos no Acre, Brasil; 24-25: Cocha Cashu, 26:
Pastora e 27: Rio de las Piedras, todos em Madre de Dios, Peru. 28: Cururd, Rio Itui; 29: Arapand, Rio
Japuré; 30: lgarapé Pagdo, Rio I¢4, todos no Amazonas, Brasil; 31: Contamana, Perd.

Fonte: modificado de Hovikoski et al. (2010).
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A segunda linha de interpretagdo sobre a evolucdo paleoambiental da Formacgao
Solimd@es infere que os depositos da Amazbnia atribuidos ao Mioceno foram mal
interpretados por diversos autores, tanto no aspecto ambiental como cronoldgico. Os autores
descartam a possibilidade de incursdes marinhas, mesmo que breves, e atribuem ao Mioceno
Superior da Formagdo Solimdes caracteristicas de um ambiente continental dominado por rios
avulsivos associados a sistemas de megadeltas e planicies de inundacéo, tais como pantanos,
lagos perenes, deltas internos e crevasse splays, onde os depositos anoxicos, ricos em matéria
organica, apresentariam pouco aporte sedimentar (Latrubesse et al., 2010; Gross et al., 2011;
2013; Nogueira et al., 2013; Paz et al., 2015).

Entretanto, através de estudos em testemunhos de sondagem, Hoorn et al. (2010a)
demonstra que ambas propostas podem ser aceitas, contudo em momentos distintos dentro do
Neogeno. Assim, os autores propdem que a evolucdo paleoambiental pode ser definida por
trés. A fase percussora (~24 a 16 Ma) que é caracterizada por depdsitos flivio-lacustres; a
fase Pebas (~16 a 11.3 Ma) representando um amplo sistema de inundagdo (mega-wetland)
com esporadicas incursdes marinhas; e por fim a fase Acre (<11.3 a 7 Ma) que seria
representada por depdsitos de inundacdo com interferéncia de marés fluviais. Muitas teorias
propostas nos Ultimos anos ainda s&o alvos de questionamentos, contudo o incremento de um
conjunto de dados paleoambientais multidisciplinares provenientes de Vvarios niveis
estratigraficos do Mioceno em diversas localidades da Amaz6nia possivelmente permite uma

melhor compreencdo da evolucgdo desses paleoambientes ao longo do Nedgeno.

1.8 CRONOESTRATIGRAFIA DOS DEPOSITOS DA AMAZONIA OCIDENTAL

As datacdes estabelecidas para 0 Nedgeno da Amazonia Ocidental tanto no Brasil,
Peru como na Colémbia tém sido alvo de muitos questionamentos, devido as divergéncias nas
idades propostas e nos materiais e métodos apresentados pelos diversos autores. Os primeiros
trabalhos paleontoldgicos de afloramentos estabelecem idades distintas que se estendem desde
0 Neomioceno ao Recente (Roxo, 1924) e do Paleoceno ao Pleistoceno (Caputo et al., 1971);
ainda, estudos em testemunhos de sondagem no Brasil na Coldmbia também divergem e
propdem idades entre o Mioceno e o Plioceno (Maia et al., 1977; Purper, 1979), e Plio-
Pleistoceno (Sheppard & Bate, 1980).
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Diante destas divergéncias, diversos estudos em testemunhos de sondagem
procedentes do “Projeto Carvdo do Alto Solimdes”, principalmente de cunho palinoldgico,
vém sendo desenvolvidos visando contribuir para o avango do conhecimento do intervalo
estratigrafico da Formacdo Solimdes, foco do presente estudo, e que serdo apresentados a

seguir, embora ainda divergindo nas idades propostas para essa unidade:

1.8.1 Palinologia

As propostas de biozoneamento com base em palinologia indicam um intervalo de
idade do Eomioceno até o Pleistoceno, de acordo com os diferentes autores e diferentes
testemunhos de sondagem estudados no Brasil (Fig. 7). A primeira proposta foi realizada por
Hoorn (1993), com base no estudo de 1AS-4a-AM, localizado no Municipio de Atalaia do
Norte, Amazonas, a qual estabeleceu cinco zonas palinologicas: Verrutricolporites,
Retitricolporites (Mioceno Inferior); Psiladiporites-Crototricolpites (final do Mioceno
Inferior ao inicio do Mioceno Médio); Crassoretitriletes, (Mioceno Médio) e Grimsdalea
(final do Mioceno Médio a inicio do Mioceno Superior). Este biozoneamento foi reforcado

por estudos de moluscos e ostracodes (Wesselingh et al., 2006b; Mufioz-Torres et al., 2006).

Através do estudo do testemunho 1-AS-32-AM e de afloramentos no Estado do
Amazonas, Silva (2004) concluiu que a sucessdo estudada é equivalente as zonas Grimsdalea,
final do Mioceno Médio a inicio do Mioceno Superior, e Asteracea do Mioceno Superior.
Posteriormente, Leite (2006) analisando amostras do 1AS-33-AM, no sudoeste do Amazonas,
identificou trés biozonas: 1) Psiladiporites — Crototricolpites, final do Mioceno Inferior a
inicio do Mioceno Superior; 2) Crassoretitriletes, Mioceno Médio; e 3) Psilatricolporites
caribbiensis, para o topo da secdo estudada, estendendo a unidade para o Plioceno.

Silva (2008) identificou trés zonas para os testemunhos de sondagem 1AS-19-AM e
1AS-27-AM, conferindo o intervalo de idade entre 0 Mesomioceno ao Plioceno através da
identificacdo das seguintes biozonas: 1) Grimsdalea, do Mioceno Médio/Superior; 2)
Asteraceae/Fenestrites, do Mioceno Superior; e 3) Psilatricolporites caribbiensis, do final do
Mioceno Superior ao Plioceno. Silva-Caminha et al. (2010) refina as informagdes desses
testemunhos e limita a idade apenas na zona Psilatricolporites caribbiensis, que vai do final

do Neomioceno ao Plioceno. Latrubesse et al. (2010), reavalia os dados palinologicos dos
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testemunhos 1AS-19-AM, 1AS-27-AM e 1AS-32-AM, e indicam um intervalo de idade do

Neomioceno para a Formagéo Solimdes.

Leandro (2012) analisando amostras dos testemunhos 1AS-51-AM e 1AS-52-AM
observou seis biozonas para o intervalo estudado: 1) Psiladiporites, do final do Mioceno
Inferior a inicio do Mioceno Médio; 2) Crassoretitriletes, do Mioceno Médio; 3) Grimsdalea,
do final do Mioceno Médio a inicio do Mioceno Superior; 4) Asteraceae, do Mioceno
Superior; 5) Echitricolporites—Alnipollenites, do Plioceno; e 6) Alnipollenites verus, do

Pleistoceno.

Analisando o testemunho 1AS-33-AM, Municipio de Atalaia do Norte, Estado do
Amazonas, Leite et al. (2016) identificaram as seguintes zonas: 1) Crassoretitriletes, Mioceno
Médio; 2) Asteraceae, Mioceno Superior; e as subzonas Psilatricolporites caribbiensis, final
do Mioceno Superior ao Plioceno e Echitricolporites—Alnipollenites, Plioceno. Paralelamente,
Kachniasz & Silva-Caminha (2016) analisando os testemunhos 1AS-31-AM e 1AS-34-AM,
perfurados na mesma regido, identificaram duas zonas: Psilatricolporites caribbiensis e
Echitricolporites—Alnipollenites, limitando o intervalo de idade entre o final do Neomioceno e

o Plioceno.

Além das propostas de biozoneamento para testemunhos de sondagem, alguns estudos
com amostras de afloramentos proximos as localidades dos municipios de Manacapuru,
Iranduba, Coari, Tabatinga e Atalaia do Norte, Estado do Amazonas (Dino et al., 2012;
Nogueira et al., 2013; Silveira & Souza, 2015), vém apontando idades entre 0 Mesomioceno
e o Plioceno. Recentemente, estudos no Peru (Antoine et al., 2016), Brasil e Colémbia
(Jaramillo et al., 2017) dataram os depositos da Formacdo Solimdes, e da correlata Formacéo
Pebas, indicando a idade do Eomioceno ao Neomioceno.

1.8.2 Ostracodes

Mufoz-Torres et al. (2006), usando como base o arcabouco palinoestratigrafico de
Hoorn (1993) e da ostracofauna caribeana de aguas transicionais (Bold, 1988), definiram
cinco biozonas de ostracodes para 0 Nedgeno no Brasil, no Peru e na Colémbia (Fig. 8). A
partir das espécies do género Cyprideis, foram propostas as zonas Cyprideis aulakos (final do
Mioceno Inferior a inicio do Mioceno Médio), C. caraionae (Mioceno Médio), C.
minipunctata (Mioceno Médio), C. obliquosulcata (Mioceno Médio) e C. cyrtoma (final do

Mioceno Médio a inicio do Mioceno Superior).
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Figura 7- Biozoneamentos propostos para a Formacao SolimGes com base nos estudos palinolégico em testemunhos de sondagem.

Fonte: modificado de Silva (2008).
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No estudo de Linhares (2011) foi realizada uma tentativa de biozoneamento com
amostras provenientes do testemunho de sondagem 1AS-31-AM, perfurado na porcéo
sudoeste da bacia do Solimdes, onde a distribuicdo estratigrafica das espécies de Cyprideis,
conforme Muifioz-Torres et al. (2006), permitiu identificar trés biozonas denominadas OS1,
OS2 e 0S3, as quais correspondem respectivamente as idades do final do Eomioceno a inicio

do Mesomioceno, Mesomioceno e final do Mesomioceno a inicio do Neomioceno.

Estudos em afloramentos no Municipio de Eirunepé, Estado do Amazonas, Brasil,
(Gross et al., 2011; 2013) estabelecem a idade do Neomioceno, atestando que os afloramentos
sd0 mais recentes que a sequéncia estudada nos testemunhos. Mais recentemente, Gross et al.
(2014), estabelece que a sessdo do testemunho de sondagem 1AS-10-AM, noroeste do Estado
do Amazonas, corresponde as biozonas Cyprideis minipunctata e Cyprideis cyrtoma,
equivalentes, com intervalo de idade que vai do Meso ao Neomioceno.

1.8.3 Moluscos

Wesselingh et al., (2006b) com base em moluscos encontrados no testemunho 1AS-
4a-AM, propds 12 biozonas, com idade entre o Eomioceno e Neomioceno (Fig. 8): MZ1-
Aylacostoma ava Zona de amplitude; MZ2- Dyris denticulatus Zona de amplitude; MZ3-
?Zona indeterminada; MZ4- Toxosoma carinatum Zona de amplitude; MZ5- Diplodon
indianensis Zona de amplitude; MZ6- Onobops? iquitensis - Onobops communis Zona de
intervalo; MZ7- Dyris pebasensis Zona de amplitude; MZ8- Dyris lanceolatus Zona de
amplitude; MZ9- Pachydon trigonalis- Dyris tricarinatus Zona de concorréncia; MZ10: Dyris
mattii- Tryonia minuscula Zona de intervalo; MZ11:  Pachydon obliquus- Dyris
megacarinata Zona de concorréncia; MZ12: Dyris bicarinatus sofianensis Zona de
amplitude.
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Figura 8- Biozoneamento do testemunho 1AS-4a-AM proposto por Mufioz-Torres et al. (2006) com
base no estudo de ostracodes, de palinologia por Hoorn (1993) e de moluscos por Wesselingh et al.
(2006b).

Fonte: modificado de Mufioz-Torres et al. (2006).
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2 NEW CONTRIBUTIONS TO THE OSTRACODS TAXONOMY OF THE
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Abstract

The analysis of 304 samples from three boreholes 1AS-7D-AM, 1AS-8-AM and 1AS-31-AM
(Atalaia do Norte Municipality, Amazonas State, Brazil) resulted in the recognition of nine
genera and 30 species, which the genus Cyprideis is the most abundant and diverse,
represented by 19 species already identified for Solimbes Formation, and two new species C.
atalaiensis sp. nov. and C. dictyon sp. nov., described herein. The species C. atalaiensis sp.
nov. occurs in the 1AS-7D-AM and 1AS-31-AM boreholes, while C. diction sp. nov. is
restricted to 1AS-31-AM. The genus Cyprideis presents a high intra and interspecific
variability, due to its fast adaptive evolution, as response paleoenvironmental changes, as the
salinity gradient, mainly related to the marine incursions during the Neogene, evidencing its
ecophenotypic plasticity.

Key words: Ostracoda, new species, morphological variation, Solimbes Formation.
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Introduction

The Neogene deposits of Solimdes Formation present great fossiliferous diversity,
represented mainly by mollusks, fishes, palynomorphs, foraminifera and ostracoda (Hoorn
1993; Monsch, 1998; Wesselingh 2006; Linhares et al. 2011; Gross et al. 2014). Previous
studies, based on the taxonomy of ostracods, have showned an endemic and particular
assemblage for the Neogene of Western Amazonia, which presents high morphological
variation, hindering the generic and specific identification, mainly of the genus Cyprideis, and
consequently the phylogeny, biostratigraphy, palaeoecology and palaeogeography (Purper
1979; Mufoz-Torres et al. 1998; 2006; Gross et al. 2013; 2014).

The amazing intra and interspecific morphological variation of Cyprideis is due to the
rapid adptative evolution of the genus, as response to the physico-chemistry changes through
the time, mainly regarding the salinity gradient, as a consequence of the cyclical marine
ingressions (Linhares et al. 2011; 2017), evidencing the ecophenotypic plasticity of the genus
Cyprideis. Several works point that the combination of high morphological variability and
genetic alteration has triggered a problematic and confused taxonomy and that the
ecophenotypic variation is a response to environmental change, well represented by the genus
Cyprideis (Sandberg 1964; Ruiz et al. 2013).

Until now, approximately 30 species of this genus have been recorded to the Neogene
of Western Amazonia (Mufioz-Torres et al. 1998; Wesselingh & Ramos 2010; Gross et al.
2014). Nevertheless, this is not a real number, and the generic and specific classification still
needs to be revised. Therefore, this work bring new contributions to the taxonomy of the
ostracods recovered from three cores (1AS-7D-AM, 1AS-8-AM and 1AS-31-AM) drilled in
the Atalaia do Norte Municipality, Amazonas State, Brazil, as well as identifies two new
species, contributing to increment of the specific diversity of the studied area and

consequently to the evolutionary, paleoenvironmental and biostratigraphical studies.

Material and methods

304 samples of the three cores were investigate for microfossils, 112 are from the core 1AS-
7D-AM (lat. 04°34°S - long. 70°41°W), 109 from the core 1AS-31-AM (lat. 05°18’S - long.
71°02°W) and 83 from 1AS-8-AM (lat. 04°36°S - long. 70°16"W) (Fig. 1). The cores were
drilled by the Geological Survey of Brazil (CPRM), in the Atalaia do Norte Municipality,
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Amazonas State, northern Brazil, during the Project Carvao no Alto Solimdes, which aimed
the lignites exploration (Maia et al. 1977). The core 1AS-7D-AM reaches a total depth of
304.70 m, 1AS-8-AM, reaches the depth of 405 m, and AS-31-AM, reaches 302.05 m-depth.

The material was processed following the usual procedures for calcareous microfossils
of Wanderley (2010), which consist in the disaggregation of the samples and washing through
standard sieves (63/125/250/500 um). Wet sieve residuals were dried at 60 °C and then
residuals >63 um were picked out completely for microfossils analysis using a stereo
microscope, for subsequent identification. Photographs were taken with a eletronic scanning
microscope (SEM) from Museu Paraense Emilio Goeldi (LEO 1450VP) and Centro de
Microscopia Eletrénica at Universidade Federal do Rio Grande do Sul (JEOL JSM 6060),
Brazil; to the taxonomic identification, the type material of Purper (1979), Purper & Pinto
(1983), Purper & Ornellas (1991) and Gross et al. (2013; 2014) were used to the comparative
studies.



31

TN
U Colombia 'WI’ |
w } E 7 o s

- _bas'\t\

S

Peru e

Amazdnas Bagin

w
H 7 o "
{ { & Conventions
/ ) Atlantic Ocean S
L A e s
TR SRR % Boreholes
i ‘Amazonas \X ® Cities
? ﬂ (A j [ StudyArea
\/ . Sedimentary
///// Basins

X

: \4{ )
Pacific | \ ol ?\ \ > @@ Amazon Craton
Ocean | LGN \1:‘"\\ ) ’;,

| ¢
fis e “j(

r‘( { Y )\}

}4 / ~, / Atlantic Ocean
i) ¥

/ {

li Amazonas State

Basment's depth

— ArCS
Rivers

71'W 70°30'W

Figure 1. Location of the study area, with tectonic compartmentation of the Solimdes Basin,
subdivided by the Carauari Arch into the Jurua and Jandiatuba sub-basins, and the location of the
studied boreholes. Source: Wanderley Filho et al. (2010).

Results

The analysis of the ostracods resulted in the recovery of nine genera and 30 species,
completing 2.351 specimens (Figs. 2, 3 and 4). Cyprideis is the most diverse and abundant
genus, presenting 21 species already, of which 19 identified to others localities (Figs. 5 and
6): C. amazonica Purper (1979), C. caraionae Purper & Pinto (1985), C. cyrtoma Muifioz-
Torres et al. (1998), C. curucae Gross et al. (2014), C. inversa (Purper & Pinto 1983), C.
ituiae Gross et al. (2014), C. kotzianae (Purper & Ornellas 1991), C. machadoi (Purper 1979),
C. matorae Gross et al., 2014; C. multiradiata (Purper 1979), C. munoztorresi Gross et al.
(2014), C. minipunctata Purper & Ornellas (1991), C. olivencai (Purper 1979), C. paralela
(Purper 1979), C. reticulopunctata (Purper 1979), C. schedogymnos Mufioz-Torres et al.
(1998), C. retrobispinosa Purper & Pinto (1983), C. simplex (Shepard & Bate 1980) and C.

sulcosigmoidalis (Purper 1979) (Figs. 5 and 6); and two new species C. atalaiensis and C.
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dictyon, described herein (Figs. 8 and 9). Other genera and species were identified, as follow:
Cypria aqualica Shepard & Bate (1980), Cytheridella danielopoli Purper (1979), Paracypris
sp., Penthesilenula olivencae (Purper 1979), Perissocytheridea acuminata (Purper 1979),
Perissocytheridea ornellasae (Purper 1979), Rhadinocytherura amazonensis Shepard & Bate
(1980), Skopaeocythere tetrakanthos Whatley et al. (2000) and Pellucistoma curupira Gross
et al. (2015) (Fig. 6).

Taxonomic discussions

In Brazil, ostracods were initially studied by Purper (1977a; b; 1979; Purper & Pinto 1983,
1985; Purper & Ornellas 1991), which analyzed samples of several boreholes and outcrops in
Amazonas State, proposing a serie of new genera and species to the Solimdes Formation and
characterizing the ostracofauna as highly endemic. The authors described new species to the
genera Cytheridea Bosquet 1852, Cyprideis Jones 1857, Cypria Zenker 1845, Cytheridella
1905, Hulingsina Puri 1958, Paracytheridea Muller 1894, and, moreover, described new
genera: Amazonacytheridea, Chlamydocytheridea, Pseudoparakrithella, Proparacytheridea,
Leptocytheromorpha, Paulacoutoia, Sohnicythere and Nealecythere, which were posteriorly
reviewed by Mufioz-Torres et al. (1998); the authors included the most of the new genera
identified by Purper (1979) as synonymy of Cyprideis (Tab.1), except to Nealecythere and
Pseudoparakrithella.
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distribution and abundance of the ostracod species.
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Figure 5. Cyprideis amazonica: 1. LV, female (MPEG-549-M), 2. RV, female (MPEG-550-M); C.
caraionae: 3. LV, female (MPEG-551-M), 4. RV, female (MPEG-552-M); C. curucae: 5. LV, male
(MPEG-553-M), 6. RV, female (MPEG-554-M); C. cyrtoma: 7. LV, female (MPEG-555-M), 8. RV,
female (MPEG-556-M); C. inversa: 9. LV, female (MPEG-557-M), 10. RV, female (MPEG-558-M);
C. ituiae: 11. LV, male (MPEG-559-M), 12. RV, male (MPEG-560-M); C. kotzianae: 13. LV, female
(MPEG-561-M), 14. RV, female (MPEG-562-M); C. machadoi: 15. LV, female (MPEG-563-M), 16.
RV, female (MPEG-564-M); C. matorae: 17. LV, female (MPEG-565-M), 18. RV, female (MPEG-
566-M); C. minipunctata: 19. LV, female (MPEG-567-M), 20. RV, female (MPEG-568-M); C.
multiradiata: 21. LV, female (MPEG-569-M), 22. RV, female (MPEG-570-M); C. munoztorresi: 23.
LV, female (MPEG-571-M), 24 RV, female (MPEG-572-M). Scale bar = 100 pm.
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Figure 6. Cyprideis olivencai: 1. LV, female (MPEG-573-M), 2. RV, female (MPEG-574-M); C.
reticulopunctata: 3. LV, juvenile, female (MPEG-575-M), 4. RV, juvenile, female (MPEG-576-M); C.
retrobispinosa: 5. LV, female (MPEG-577-M), 6. RV, female (MPEG-578-M); C. schedogymnos: 7.
LV, female (MPEG-579-M), 8. RV, female (MPEG-580-M); C. paralela: 9. RV, male (MPEG-581-
M); C. simplex: 10. RV, female (MPEG-582-M); C. sulcosigmoidalis: 11. LV, female (MPEG-583-
M), 12. RV, female (MPEG-584-M); Cypria aqualica: 13. RV, @ (MPEG-585-M); Cytheridella
danielopoli: 14. LV, @ (MPEG-586-M), 15. RV, female (MPEG-587-M), Paracypris sp.: 16. LV,
female (MPEG-588-M); Pellucistoma curupira: 17. RV, female (MPEG-589-M); Penthesilenula
olivencai: 18. LV, female (MPEG-590-M), 19. RV, female (MPEG-591-M); Perissocytheridea
acuminata: 20. RV, male (MPEG-592-M); Perissocytheridea ornellasae: 21. LV, female (MPEG-593-
M), 22. RV, male (MPEG-594-M); Rhadinocytherura amazonensis: 23. RV, female (MPEG-595-M);
Skopaeocythere tetrakanthos: 24. LV, male (MPEG-596-M). Scale bar = 100 pm.
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Simultaneously at Colombia and Peru, Sheppard & Bate (1980) studied the ostracods
from Pebas Formation, describing three new genera (Otarocyprideis, Botulocyprideis and
Rhadinocytherura) and recording the presence of Cypria Zenker 1845, Cyprideis Jones 1857,
Cytheridella Daday 1905, Perissocytheridea Stephenson 1938, and Ambocythere Bold 1958,
attesting its similarity with the ostracofauna of Solimdes Formation, in Brazil. However, the
new genera Otarocyprideis and Botulocyprideis were also placed into synonymy of Cyprideis
by Mufioz-Torres et al. (1998) (Tab.1).

Thereby, the genus Cyprideis became the most representative, with 90% of the
ostracofauna registered in the Solimdes Formation and adjacent units, like Pebas Formation
(Muhoz-Torres et al. 2006). Nevertheless, Gross et al. (2014) studying the borehole 1AS-10-
AM and the genus Cyprideis, particularly the smooth and vestibulate species, formerly
attributed to Amazonacytheridea, Chlamydocytheridea, Paulacoutoia and
Pseudoparakrithella by Purper (1979) (with the possible synonyms Botulocyprideis and
Nealecythere), mentioned that they diverge significantly of the Cyprideis defined by earlier
authors (e.g. Kollmann 1960; Benson et al. 1961; Van Morkhoven 1963; Sandberg 1964) and,
maintain as Cyprideis with some reservation (Tab.1). The authors attested the high
intraspecific variability through comparative morphology, and grouped the 20 species
identified into groups and subgroups. Furthermore, the authors revalidated five species
(Cyprideis  kroemmelbeini, Cyprideis kotzianae, Cyprideis paralela, Cyprideis
reticulopunctata and Cyprideis simplex), renamed others two (Cyprideis curucae and
Cyprideis munoztorresi), placed into synonymy (Cyprideis aulakos to Cyprideis
sulcosigmoidalis and Cyprideis lacrimata to Cyprideis pebasae), and described two new

species (Cyprideis ituiae and Cyprideis matorae).

Although most of Cyprideis species were identified to specific level without problems,
the taxonomic study of the ostracods brought the same morphological problematic in the
tentative to identify some species. During the identification of the new species C. atalaiensis,
based on a number of SEM photography and in the comparative study with the type material
of Purper (1979), Purper & Pinto (1983), Purper & Ornellas (1991), and Gross et al. (2013;
2014) we got some conclusions, as presented below.

The holotype of C. graciosa figured by Purper, 1979 (p. 271, pl. 3, figs. 1-2, from
boreholes CPCAN Il and 11, Amazonas State, Brazil) is a juvenile, probably A-2, while the
adults of this species were figured in outcrops from Eirunepe, southwestern Amazonas State,
Brazil (Ramos 2006: p. 93, figs. 7.d, f; Gross et al. 2013: p. 224, pl. 4, figs. 1-2, 5-6, 9-17),
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and in the boherole 1AS-1-AM, northwestern Amazonas State, Brazil ( Purper & Ornellas
1991: p. 27, pl. 1, figs. 10-15). This mistake induced to erroneous classification of some
specimens in C. graciosa by some authors (Mufioz-Torres et al. 1998: p. 97, pl. 3, figs. 1-3;
Whatley et al. 1998: p. 241, pl.1, figs. 11-15; Linhares et al. 2011: p. 96-97, figs.3.9-10, 4.3—
4). Some of them are here include in the synonymy of the new species C. atalaiensis (Figs.
9.1-12).

The species C. longispina (Purper 1979) and C. pebasae (Purper 1979) are also well
represented in the outcrops from Eirunepé (Ramos 2006: p. 91, figs. 6.0y, p. 93, figs. 7.i-n;
Gross et al. 2013: p. 224, pl. 4, figs. 18-34, p. 226, pl. 5, figs. 1-17), those where it is
registered C. graciosa, dated as Late Miocene and corresponding to the uppermost portion of
the Solimdes Formation. They are also rare in the cores (mainly in the lowermost layers that
represent the Early Miocene to early Late Miocene). C. longispina and C. pebasae can
exceptionally occur in the uppermost samples of the borehole (e.g. Purper 1979: p. 269, pl. 2,
figs. 11-23, boreholes CPCAN | and II; p. 271, pl. 3, figs. 10-21, borehole CPCAN 1); which
are dated as Late Miocene/Pliocene (Hoorn 1993; Kachniasz & Silva-Caminha 2016) and are
correlated to the outcrops of Eirunepé. The specimens figured by Mufioz-Torres et al. (1998)
as C. longispina (p. 97, pl. 3; figs. 12-14) and C. pebasae (p. 99, pl. 4, figs. 8-10) differ of
the type material of Purper (1979) and shoud not be considered to these species. Until now

these species are restricted to Brazil (Tab. 2).

Regarding to the species Cyprideis curucae (Sohnicythere tuberculata Purper & Pinto
1983), renamed by Gross et al. (2014), the analysis of 30 specimens, including the type series
(Purper & Pinto 1983), allowed to verify different patterns in the ornamentation of this
species that previously induced to identify it as a new species, being in open nomenclature
(Muhoz-Torres et al. 1998; Whatley et al. 1998; Linhares et al. 2011). However, with the
present study we note that all the specimens observed belong to the same species C. curacae,
representing three morphotypes: (1) with tubercles (Figs. 8.a—b); (2) partially with tubercles
(Figs. 8.c—d); and (3) without tubercles (Figs. 8.e—f), in agree with Gross et al. (2014).
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Figure 7. Morphotype of Cyprideis curucae: a: morphotype with tubercles (borehole 1AS-31-AM at
depth 230.0 m); b: morphotype partially with tubercles (borehole 1AS-8-AM at depth 110.60 m); c:
morphotype without tubercles (borehole 1AS-31-AM at depth 172.40 m). Scale bar= 100 pm.



Table 1. Taxonomic classification of genera and species of ostracods from Neogene of Western Amazon.
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Purper 1979

Shepard & Bate 1980

Purper & Pinto 1983

Purper & Ornellas 1991

Mufioz-Torres et al. 1998

Gross et al. 2014

Amazonacytheridea multiradiata

Cyprideis olivencai

Cyprideis multiradiata

Botulocyprideis simplex

Cyprideis simplex

Cyprideis purperi purperi

Cytheridea minipunctata

Cyprideis minipunctata

Cytheridea graciosa

Cyprideis graciosa

Cytheridea longispina

Cyprideis longispina

Cytheridea pebasae Cyprideis pebasae
Chlamydocytheridea kotzianae Cyprideis machadoi Cyprideis kotziane
Chlamydocytheridea machadoi Otarocyprideis machadoi Cyprideis machadoi

Cytheridea reticulopunctata

Cyprideis
reticulopunctata

Hulingsina?

Cyprideis sp. 1

Cyprideis pebasae

Leptocytheromorpha ornellasae

Perissocytheridea? elongata

Perissocytheridea ornellasae

Paulacoutoia kroemmelbeini

Cyprideis machadoi

Cyprideis kroemmelbeini

Paulacoutoia olivencai

Botulocyprideis simplex

Cyprideis olivencai

Pseudoparakrithella paralela

Cyprideis paralela

Proparacytheridea acuminata

Perissocytheridea acuminata

Sohnicythere inversa

Cyprideis inversa

Sohnicythere tuberculata

Cypridei sp. 1

Cyprideis curucae
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Table 2. Occurrence of the species C. graciosa, C. longispina and C. pebasae in the wells and

outcrops from Western Amazon.

Species

References

Occurrences

Cyprideis graciosa

Purper  (1979); &
Ornellas (1991); Ramos (2006);
Gross et al. (2013).

Purper

Wells: CPCAM-III- S&o Paulo
de Olivenca- at depth 19.50-
20.78m, CPCAN-II- Poreré-at
depth 154.05-156.36 m, and
1AS-1-AM- at depth 15.40m.
da
Remanso, Morada Nova, Pau
D’Alho, Torre da Lua, Barro
State

Outcrops:  Torre Lua,

Branco, Amazonas

(Brazil).

Cyprideis longispina

Purper (1979); Ramos (2006);
Gross et al., 2013.

Well: CPCAN-I- Tamandua- at
depth 211.86-214.96

Amazonas State

m,
Amazonas
State (Brazil). Outcrops: Torre
Aquidabd, Morada

and Branco

da Lua,
Nova Barro

(Amazonas State, Brazil).

Cyprideis pebasae

Purper (1979); Ramos (2006);
Gross et al. (2013); Gross et al.
(2014)

Wells: CPCAM-III- S&o Paulo
de Olivenga- at depth 19.50—
20.78m, CPCAN-I- Tamandua-
at depth 211.86-214.96 m, and
1AS-10-AM- at depth 3m, 19m,
23m, 27m and 42m. Qutcrops:
da
Aquidabd, Morada Nova, Pau
D’Alho,

others outcrops at Atalaia do

Torre Lua, Remanso,

Branco and

Barro

Norte Municipality, Amazonas
State (Brazil).
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The great variation in ornamentation pattern of Cyprideis sulcosigmoidalis were also
observed during the comparative study with the type material of Purper (1979), which
description present the ornate pattern. The occurrence of a slightly punctuated to smooth
pattern in the samples studied by Mufioz-Torres et al. (1998), caused the misconception on
identification of the new species Cyprideis aulakos. The analysis of our material showed
distinct morphotypes, as demonstrated by Gross et al. (2014, fig. 7; pl. 9, figs. 20-34), besides
one morphotype presenting denticles in the posterior and anterior regions, in both valves.
Then, we agree with the considerations of Gross et al. (2014), keeping all morphotypes in C.
sulcosigmoidalis. Thus, tubercles, spines and other ornamentation patterns of the Cyprideis in
Solimdes Formation should be carefully taken into account in the identification of the species,
since these characters are more ecological than genetic factors (Ruiz et al. 2013; Furstenberg
et al. 2015). Therefore, it needs more attention to future studies, to avoid mistakes in the

taxonomical classification and in the settlement of new species.

Systematic Taxonomy

Suprageneric classification follows Liebau (2005), and completely of the proposals of Purper
(1979), Sheppard & Bate (1980), Mufioz-Torres et al. (1998), Whatley et al. (1998), Ramos
(2006), Gross et al. (2013, 2014).

The type material, as well as the figured specimens (Figs. 5, 6, 8 and 9), are housed in
the Micropaleontology Collection of the Museu Paraense Emilio Goeldi, Para, Brazil, under
the numbers MPEG-549-M to MPEG-605-M. The dimensions of the specimens are in
millimeters. Abbreviations: LV = left valve, RV = right valve.

Class OSTRACODA Latreille, 1802
Order PODOCOPIDA Sars, 1866
Suborder PODOCOPINA Sars, 1866
Superfamily CYTHEROIDEA Baird, 1850
Family CYTHERIDEIDAE Sars, 1925

Subfamily CYTHERIDEINAE Sars, 1925

Genus Cyprideis Jones, 1857
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Type species: Candona torosa Jones, 1850

Cyprideis atalaiensis sp. nov.
Fig. 8: 1-12

1998 Cyprideis graciosa (Purper 1979). Whatley et al., p. 234, est. 1, figs. 11-15.
1998 Cyprideis graciosa (Purper 1979). Mufioz-Torres et al., p. 96, est. 3, figs. 1-3.
2011 Cyprideis graciosa (Purper 1979). Linhares et al., p. 100, fig. 3.9-10.

2011 Cyprideis pebasae (Purper 1979). Linhares et al., p. 101, fig. 4.3-4.

2014 Cyprideis aff. graciosa (Purper 1979). Gross et al., p. 54, pl. 6, fig. 38.

Type material. Holotype. Carapace (MPEG-597-M): female; RV, length 0.85 mm; height:
0.46 mm; LV, length 0.48 mm; height: 0.88 mm.

Paratypes. MPEG- 598-M, female, RV, length 0.85 mm; height: 0.45 mm. Carapace
(MPEG-599-M): LV, length 1.02 mm; height: 0.50 mm; RV, length 0.99 mm; height: 0.49

mm.
Additional material. 116 specimens.

Type locality. Borehole 1AS-31-AM at Cururu close to Rio Itui (lat. 05°18’S - long.
71°02°W); Atalaia do Norte Municipality, Amazonas State, Brazil.

Type horizon. 1AS-31-AM/174.55 m.

Derivation of name. Atalaia do Norte, Municipality of Amazonas State where
borehole 1AS-31-AM was drilled.

Diagnosis. Large. Subrectangular. Moderately reticulated, fossae with relatively deep,

tending to smooth or punctuated in the anterior region.

Description. Medium sized. Relatively thick-shelled. In lateral view, subrectangular
and elongate. The dorsal and ventral margins are nearly parallel. The left valve is larger than
the right valve. The median dorsal margin is slightly arched, maximum height at anterior
cardinal angle. The ventral margin nearly straight in the left valve, and gently sinuous in the
right valve, with apparent oral curvature. Anterior margin well rounded with seven to eight

shorts spines; posterior margin slightly truncate with a short caudal process in the female,
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more acute in the male; discrete posteroventral flange and small marginal spine in the
posteroventral region of the right valve. Surface with moderated pitted reticulation, varying to
smooth, to the anterior margin. Sinuous sulcus extending to median part of shell. Dorsal view:
elliptic and slightly inflated in the posterior region, with parallel sides. Internal view:
entomodont hinge, inner lamella in a regular contour, wide anteriorly, narrow ventrally and
posteriorly muscle scars typical of the genus. Evident sexual dimorphism, males more

elongated and less inflated than females.

Remarks. Cyprideis atalaiensis sp. nov. resembles to Cyprideis graciosa (Purper
1979) in the reticulated ornamentation, but differ: in the size, which is bigger than the last
species; in the shape, which is more subrectangular and less subtriangular; the new species
presents only one spine in the right valve compared to four posteroventral spines typical of C.
graciosa; in dorsal view is less inflated, and do not presents the evident constriction in the
median portion. Cyprideis aff. graciosa identified by Gross et al. (2014) (plate 6, figs. 34—40)
is partially similar in shape with Cyprideis atalaiensis sp. nov., but the ventral portion is more

sinuous, the female left valve is more elongated, and presents larger spines.

Occurrence and distribution. In this study, this species occurs in the northwestern
Amazonas State, Brazil (Fig. 1), borehole 1AS-31-AM (coordinates: lat. 05°18’S - long.
71°02°W), at 56.50 m; 58.00 m; 138.20 m; 157.25 m; 170.80 m; 174.30 m; 174.55 m; 174.65
m; 174.70 m; 174.80 m; 174.82 m; 174.90 m; 175.00 m; 175.05 m; 181.10 m; 199.70 m;
216.90 m; 218.30 m; 219.95 m; 230.00 m and 295.00 m. Borehole 1AS-7D-AM
(coordinates: lat. 04°14°S - long. 70°41"W); at depth 50.00 m; 76.50 m; 91.50 m; 96.00 m;
96.30 m; 101.90 m; 106.00 m; 115.50 m; 121.00 m and 160.50 m. Others occurrences. Is
widely distributed in the Colombia localities, and rare in the Peru localities (Pebas

Formation).
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Figure 8. 1-12. Cyprideis atalaiensis sp. nov.: 1-5 (Holotype, female carapace, MPEG-597-M); 1-

LV, external view; 2- RV, external view; 3- dorsal view; 4- RV, internal view; 5- LV, internal view;
6-8 (Paratype, MPEG-598-M); 6- RV, female, internal view; 7- RV, female; detail of the hinge; 8-
RV, female; detail of the flange; 9-12 (Paratype, male carapace, MPEG-599-M); 9- dorsal view; 10-

LV, external view; 11- RV, external view; 12- RV, internal view. Scale bar = 100 pum.

Cyprideis dictyon sp. nov.
Fig. 9: 1-15

2011 Cyprideis sp. 5. Linhares et al., p. 97, figs. 4 9-10.
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Type material. Holotype. MPEG-600-M, female, RV, length 0.65 mm; height: 0.35 mm.

Paratypes. MPEG-601-M, female, LV, length 0.67 mm; height: 0.37 mm. MPEG-
602-M, female, LV, length 0.67 mm; height: 0.38 mm. MPEG-603-M, female, RV, length
0.62 mm; height: 0.36 mm. MPEG-604-M, male, LV, length 0.69 mm; height: 0.37 mm.
MPEG-605-M, male, LV, length 0.71 mm; height: 0.40 mm.

Additional material. 10 specimens.

Type locality. Borehole 1AS-31-AM at Cururu, close to Itui river (lat. 05°18°S - long.
71°02°W); Atalaia do Norte Municipality, Amazonas State, Brazil.

Type horizon. 1AS-31-AM/170.80 m.

Derivation of name. From Grego dwctvwti. With reference to its well-developed

reticulate ornamentation.

Diagnosis. Middle-sized Cyprideis. Female subrectangular to subquadrate in lateral
view. Male elongated, subrectangular in shape. Posterior margin of the right valve truncate to
almost straight, with a short posteroventral caudal process extended by the flange. In the
female, dorsal margin strongly arched in the median region. Ornament with well-developed

reticulation.

Description. Middle-sized. Relatively thick-shelled, subrectangular to subquadrate in
lateral view. The dorsal and ventral margins are almost parallel. Dorsal margin strongly
arched in the median region, greatest height just mid-length. The ventral margin almost
straight, but with a well-defined oral incurvature, mainly in the right valve; left valve with
straighter ventral margin than right valve; anterior margin well rounded extending to the
middle of anteroventral region. Posterior margin almost straight in the right valve with a short
and prominent caudal process extended by the posteroventral flange, in the right valve.
Surface with well-developed reticulation. Three ribs parallel running to the anterior margin,
extending through the ventral one. Deep sulcus extending from subcentral dorsal region to %
of the carapace, bifurcated at the !4 of the carapace. Dorsal view: elliptical and slightly
inflated in the posterior region, with parallel sides. Internal view: entomodont hinge, inner
lamella in a regular contour, wide anteriorly, narrow ventrally and posteriorly; muscle scars
typical to the genus. Evident sexual dimorphism, males more elongated and less inflated than

females.
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Remarks. Cypdrideis dictyon sp. nov. resembles to Cyprideis lacrimata (Mufioz-
Torres et al. 1998, plate 3; figs. 7-9) in the reticulated ornamentation pattern, but differ in the
size, which is smaller, in the shape that is less subrectangular and besides, present sulcus.
Cyprideis sulcosigmoidalis (Purper 1979) is also similar in the shape to Cyprideis diction sp.
nov., but C. sulcosigmoidalis is more subtrapezoidal in lateral view and differs in the
ornamentation, that is more punctuated than reticulated. Some valves of C. diction sp. nov.
present nodes (Figs. 10. 4-5; 7-8). However, the presence of nodes in some specimens is not
a diagnostic character but a ecophenotypic variation in response to environmental changes as

discussed already to the other species.

Occurrence and distribution. In this study, this species occurs in the northwestern
of Amazonas State, Brazil, (Fig. 1), borehole 1AS-31-AM (coordinates: lat. 05°18’S - long.
71°02°W), at depths of 170.80 m, 174.65 m, 174.80 m and 175.00 m.
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Figure 9. 1-15. Cyprideis dictyon sp. nov.: 1- (Paratype, MPEG-601-M), LV, female; external view;
2-3 (Holotype, female, MPEG-600-M); 2- RV, external view; 3- RV, internal view; 4- (Paratype,
MPEG-602-M); LV, female, external view; 5-6 (Paratype, female, MPEG-603-M); RV, external
view; 6- RV, internal view; 7- (Paratype, MPEG-604-M), LV, male; 8-9 (Paratype, male, MPEG-605-
M); 8- RV, external view; 9- LV, internal view; 10-11 (Paratype, female, MPEG-603-M); 10- muscle
scar; 11- detail of the flange; 12- detail of the anterior margin in internal view; 13- (Paratype, MPEG-
602-M), LV, female, dorsal view; 14- (Paratype, MPEG-603-M), RV, female, dorsal view; 15-
(Paratype, MPEG-600-M), RV, female, dorsal view. Scale bar = 100 pm.
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Conclusions

The study of the ostracods of the boreholes 1AS-7D-AM, 1AS-8-AM and 1AS-31-AM
allowed identify nine genera and 30 species. The great morphological diversity of Cyprideis,
attest a high intraspecific variability propably triggered by paleoenvironmental changes in the
Neogene of the Solimdes Formation, evidencing its ecophenotypic plasticity. Besides, we
increase the specific diversity proposing two new species to the Neogene of Western

Amazonia.
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ABSTRACT: The integrated study of palynology and ostracods from the boreholes 1AS-8-
AM and 1AS-7D-AM, Atalaia do Norte Municipality, Amazonas State, Brazil (western
Amazon), allowed to date the studied sequences from Early Miocene to Late Miocene. Five
palynological zones previously proposed for the Solimbes Formation were identified:
Verrutricolporites, Early Miocene (1LAS-8-AM), Psiladiporites—Crototricolpites, late Early
Miocene to early Middle Miocene (LAS-7D-AM); Crassoretitriletes, Middle Miocene (1AS-
7D-AM); Grimsdalea, late Middle Miocene to Late Miocene (both boreholes) and
Asteraceae, Late Miocene (1AS-7D-AM). At the same time, stratigraphical distribution of the
Cyprideis species allowed to recognize five zones corresponding to the palynological zones,
four ostracod zones already established were observed, although its limits have been changed
here: C. aulakos renamed to C. sulcosigmoidalis, (late Early — early Middle Miocene), C.
caraionae (late Middle Miocene to early Late Miocene, C. minipunctata (late Middle

Miocene to Late Miocene) and C. cyrtoma (early Late Miocene). The guide species of the C.
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obliquosulcata zone do not occurs in this work. Besides, we propose a new zone, Cyprideis
paralela (Late Miocene) (in the borehole 1AS-7D-AM).

Key words: Solimdes Formation; biostratigraphy; palynology; ostracods.

INTRODUCTION

Biostratigraphy is fundamental to determinate the age of the layers in a studied
sequence and consequently to understand the paleoenvironmental evolution and the bioevents
associated (Tantawy et al., 2001; Beiranvand et al., 2014). Since the first paleontological
record of the Neogene deposits of western Amazonia (Conrad, 1871; Woodward, 1871;
Etheridge, 1879), a precise age and/or stratigraphycal range of the studied sequence is
tentatively proposed (Brown, 1879; Roxo, 1937; Simpson, 1961). These deposits inferred to
be part of the Pebas and Solimdes Formations, both correlated units and with similar

paleontological contents (Purper, 1979; Hoorn, 1994a; b; Antoine et al., 2016).

A more consistent age (late Early to early Late Miocene) to these sequences was
attributed based on integrated information using sedimentology, stratigraphy and
palynological biozonation from outcrops and in a borehole drilled in the division between
Peru/Colémbia and Brazil by Hoorn (1993, 1994a; b; c), allowing an advance in the future
discussions about the stratigraphical range of the Solimdes Formation and to the
understanding the evolution of the biota and the related paleoenvironments of the Neogene of

Western Amazonia (Hoorn et al., 2010 a; b).

The fast evolution of the biota and high endemism, as the example of the mollusks and
ostracods, allowed to propose a regional biostratigraphy by Wesselingh et al. (2006), Mufioz-
Torres et al. (2006). It was made in a tentative to correlate the similar sequences in Colombia,
Peru and Brazil, and to verify the stratigraphical and geographical range using as a base the
palynological biozonation of Hoorn (1993), as major bioevents should be recognizable as

datum planes over wide areas (Mufioz-Torres et al., 2006).

Some studies indicate similarities of the microfossil assemblage from the Pebas
Formation (Peru) with the Solimbes Formation (Brazil), correlating the areas, and considering
the marine interval as the relevant marker for correlation between the intra-basins from Peru,
Brazil and Colombia (Antoine et al., 2016; Jaramillo et al., 2017; Linhares et al., 2017).
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More recent palynological studies in different cores drilled in western Amazonia
(Brazil) also contributed to established the stratigraphical range of the Solimdes Formation,
although extending the top to the Pliocene (Silva-Caminha et al., 2010; Kachniasz & Silva-
Caminha, 2016; Leite et al., 2016). Therefore, due the difference of the limits obtained untill
now to the stratigraphical range of the Solimdes Formation and the need of more integrated
biostratigraphical studies to reach a more precise age and a better understanding of the
paleoenvironmental evolution, we propose here a biostratigraphical analysis using ostracods
and palynology from two boreholes located in the Atalaia do Norte Municipality,

northwestern Solimdes basin, Brazil.

GEOLOGY/STUDY AREA

The study area is located in the intracratonic Solimdes Basin, Amazonas State (Fig. 1),
covering an area of approximately 450,000 km?. It is limited northwards by the Guiana
Shield, southwards by the Brazilian Shield, to the east by the Purus Arch, and to the west by
the Iquitos Arch. The Basin is subdivided by the Carauari Arch: to the east into the Jurua sub-
basin and to the west into the Jandiatuba sub-basin. The sedimentary fill can be divided into
five sequences: Ordovician, Upper Silurian — Early Devonian, Middle Devonian — Lower
Mississippian, Upper Mississippian — Lower Permian Upper Cretaceous — Cenozoic
(Wanderlei Filho et al., 2007). The last sequence comprises the Cretaceous Alter do Chéo
Formation and the Miocene Solimbes Formation separated by the Neocretaceous regional
unconformity (Eiras et al., 1994; Wanderley Filho et al., 2007).

The Solimdes Formation is represented by siliciclastic deposits (mainly pelites and
sandstones), presenting organic matter, fossil and its distinguished feature, the levels of
lignite. The deposits are typically fluvio-lacustrine, interlayed by marine ingressions during
the Miocene (Hoorn 1993; Boonstra et al., 2015; Linhares et al., 2011; 2017; Jaramillo et al.,
2017).
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Figure 1 - A) Location of the study area, with tectonic compartmentation of the Solimdes
Basin. B) Subdivision of Solim@es basin by the Carauari Arch into the Jurua and Jandiatuba
sub-basins. C) Location of the studied boreholes. Source: Wanderley Filho et al. (2010).

MATERIAL AND METHODS

A total of 196 samples was collected from the borehole 1AS-7D-AM (lat. 04°34°S -
long. 70°41"W) (112 samples), near Quixito river, and from the borehole 1AS-8-AM (lat.
05°18’S - long. 71°02°W) (84 samples), near ltacuai river, Amazonas State, Brazil. The
boreholes were drilled by the Geological Survey of Brazil (CPRM) to investigate the presence
of lignite (Maia et al., 1970). The core 1AS-7D-AM reaches a total depth of 304.70 m, in
which the Solimdes Formation occurs from the base to 5.7 m-depth, when it is overlaid by
quaternary sediments; the borehole 1AS-8-AM reaches the depth of 405 m, but Solimdes
Formation overlies the Alter do Chao Formation at 368 m depth and is covered by recent

sediments at 4 m depth.

The ostracods were recovered following the standard methodology for calcareous
microfossils of Wanderley (2010), which 180 g of dry sediment were washed through sieves
0.5 mm; 0.250 mm; 0.180 mm and 0.125 mm, and dried in an oven at 60°C. Palynomorph
extraction followed the procedure of Uesugui (1979) in which samples of 50 g of dry
sediment were submitted first to hydrochloric acid (32%) for two hours and then to
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hydrofluoric acid (40%) for 12 hours; the material was washed with distilled water and sieved
in 200 um mesh, followed by extraction of light residue which was spread on palynological
thin sections to be studied; at least three slides of the each sample were scanned and until
approximately 200 specimens were identified and photographed under an optical microscope
at 100x magnification. The palynostratigraphic analysis was based on previous palinological
stratigraphic framework already established for South American (Hoorn, 1993; Lorente,
1986). To the biostratigraphy of the ostracods, the proposal of Mufioz-Torres et al. (2006)
was used to definy the biozones of Cyprideis. To the correlation, others biostratigraphical
framework proposal based on palynology, ostracods and mollusks from Neogene of Western
Amazonia, were used (Wesselingh et al., 2006; Silva-Caminha et al., 2010; Jaramillo et al.,
2010; Wesselingh & Ramos, 2010; Linhares et al., 2011; Gross et al., 2014; Leite et al.,
2016).

BIOESTRATIGRAPHY

The present integrated biozonation is based in data of the palynology and ostracods. It
was proposed to better link both biozones and to date the interval studied with more
reliability. This This methodology was already applied to other basins with satisfactory results
(Tantawy et al., 2001; Beiranvand et al., 2014; Lehrmann et al., 2016), mainly related to
bioevents. Thus, we combined the distribution of index fossils of ostracods and pollens in the
1AS-7D-AM and 1AS-8-AM to atribute the age to the stratigraphic range of the studied

seccions.

Stratigraphycal considerations and cronostratigraphycal framework

The main biostratigraphical framework of the South American include the work of the
Lorente (1986), which studied the cenozoic portion of the three basins from Venezuela, and
proposed a palynostratigraphic zonation adjusted to the of planktonic foraminifera and
calcareous nanofossils biozones, established by Muller et al. (1987). This proposal grounded
some biozonations of the Neogene of western Amazon (Hoorn, 1993; Silva-Caminha et al.
2010; Leite et al., 2016; Kachniasz & Silva-Caminha, 2016). Besides, the proposal of
Jaramillo et al. (2011) is also widely considered and correlates the age of approximately 70
sections located in Colombia with marine and terrestrial fossils, carbon isotopes (613CTOM)

and magnetostratigraphy.
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Hoorn (1993), using this biozonation, analyzed samples of the borehole 1AS-4a-AM,
in the Atalaia do Norte Municipality (Amazonas, Brazil) and established five biozones (Fig.
2). Verrutricolporites, Retitricolporites (Lower Miocene); Psiladiporites—Crototricolpites
(late Lower Miocene — Middle Miocene); Crassoretitriletes (Middle Miocene) and
Grimsdalea (late Middle Miocene — early Late Miocene). This biozonation was corroborated
by others authors studying mollusks (Wesselingh et al., 2006b) and ostracods (Mufioz-Torres
et al.,, 2006), studied in the same borehole. However, the presence of the zone
Psilatricolporites caribbiensis, from late Late Miocene to Pliocene, on the boreholes 1AS-19-
AM and 1AS-27-AM (Silva-Caminha et al., 2010) indicate an earlier age to the top of the

Solimdes Formation than previously proposed.

Concordantly, Leite et al. (2016) studying the borehole 1AS-33-AM, Atalaia do Norte
Municipality, Amazonas State, recognised the zones: Crassoretitriletes, Middle Miocene;
Asteraceae, Late Miocene; and the subzones Psilatricolporites caribbiensis, from late Middle
Miocene to Pliocene and Echitricolporites—Alnipollenites, Pliocene. In parallel, Kachniasz &
Silva-Caminha (2016) based on samples of 1AS-31-AM and 1AS-34-AM, drilled in the same
region, identified two zones: Psilatricolporites caribbiensis and Echitricolporites—

Alnipollenites, also limiting the top of the section to the Pliocene (Fig. 2).

. Kachniasz &
Author Hoorn (1993) | Silva-Caminha ez al. (2010) Leite et al. (2016) Silva-Caminha (2016)
Al (Ma) Lorente (1986) 1AS-4a-AM | 1AS-19-AM/IAS-27-AM 1AS-33-AM (1AS-31-AM/1AS-34-AM)
Echitricolporites — Echitricolporites - Echitricolporites
« Ipii Alnipollenites Alnipollenites Alnipollenites
-Pliocene | = <| —— T
S &|Psilatricolporites Psilalri(‘()//)()/‘i/e.\' $ Z|Psilatricolporites
5 E = caribbiensis ibbi 2 =| caribbiensis
RS A N s 5 g ;
5 B caribbiensis § Psilatricolporites
i Z E &9 Stephanocolpites & caribbiensis
T == S evansii S
8 -
=
9 <
— &l s Asteracea Asteraceae
.
10 | &;
" Grimsdalea Grimsdalea
12 =
=
o g i ; o ; o
=| .| & | Crassoretitriletes | Crassoretitriletes Crassoretitriletes
1 | 8|8 -
S|=| 5
15 _{= £
&
< . o .
sl . . . ) Doriles
e Psiladiporites P I/mw g
= Crototricolpites
=
18 _|] =
=
i = Retitricolporites
= 2
-3
20 ] = . X
Verrutricolporites
21 7 . .
H Verrutricolporites
2
22 | Z
z
23 28

Figure 2 - Biozonation proposals for Neogene of the South American, based on palynology of
boreholes drilled in Western Amazon, and the correlation with Lorente (1986).
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The first proposed of ostracods biozonation was presented in Mufioz-Torres et al.

(2006), which on the basis of the palinozones of Hoorn (1993) and in the tentative to correlate

with the caribbean ostracod fauna from transitional waters (Bold, 1988), they settled five

zones to the Neogene deposits of Brazil, Peru and Colombia (Fig. 3): Cyprideis aulakos (late

Early Miocene to early Middle Miocene); C. caraionae (Middle Miocene); C. minipunctata
(Middle Miocene); C. obliquosulcata (Middle Miocene) and C. cyrtoma (late Middle

Miocene to early Late Miocene).
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Figure 3 - Biozonation proposals for the borehole 1AS-4a-AM, including palynology,

mollusk and ostracod zones, and correlation with the borehole 1AS-10-AM.
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Linhares (2011) studying the borehole 1AS-31-AM (at Atalaia do Norte Municipality)
and following the proposal of Mufioz-Torres et al. (2006) carried out a biostratigraphic
analysis, identifying three biozones: C. aulakos, C. caraionae and C. cyrtoma, dating the
interval as late Early Miocene to Late Miocene. More recently, Gross et al. (2014) studying
samples of the core 1AS-10-AM (at Atalaia do Norte Municipality) and based in the
distribution of the index species of Cyprideis (Mufioz-Torres et al., 2006), identified also
three biozones: C. minipuncta, C. obliquosulcata and C. cyrtoma, dating the studied interval

as Middle Miocene to Late Miocene.

Besides ostracods and palynological zonations, mollusks zones were proposed by
Wesselingh et al. (2006b). The authors used the borehole 1AS4a-AM, the same studied by
Hoorn (1993), determining 12 biozones, dated from Early Miocene to Late Miocene: MZ1-
Aylacostoma ava amplitude zone; MZ2- Dyris denticulatus amplitude zone; MZ3- ?
undeterminade zone; MZ4- Toxosoma carinatum amplitude zone; MZ5- Diplodon indianensis
amplitude zone; MZ6- Onobops? iquitensis - Onobops communis interval zone; MZ7- Dyris
pebasensis amplitude zone; MZ8- Dyris lanceolatus amplitude zone; MZ9- Pachydon
trigonalis- Dyris tricarinatus taxon-range zone; MZ10: Dyris mattii- Tryonia minuscula
interval zone; MZ11: Pachydon obliquus- Dyris megacarinata taxon-range zone; MZ12:
Dyris bicarinatus sofianensis amplitude zone (Fig. 3).

Palinologycal zones in this study

The palynological zones herein identified were based mainly in the palynological
zonation proposed for the South American tropics by Lorente (1986) and the proposal to the
Solimdes Formation of the Hoorn (1993). In the present work we observed the distribution
and abundance of the index taxa in the boreholes (Figs. 4 and 5) used in the zonations,
allowing the recognition of five biozones (Fig. 8): Verrutricolporites, Early Miocene (1AS-8-
AM), Psiladiporites—Crototricolpites, late Early Miocene to Middle Miocene (1AS-7D-AM);
Crassoretitriletes, Middle Miocene (1AS-7D-AM); Grimsdalea, late Middle Miocene to Late
Miocene (both boreholes) and Asteraceae (1AS-7D-AM).
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Zones of the 1AS-8-AM
Verrutricolporites Acme zone sensu Lorente (1986) (368-323.40 mm)

The Verrutricolporites zone is defined by the presence of the Verrutricolporites
rotundiporus and the absence of Psiladiporites minimus. The upper limit is marked by the
reduction of V. rotundiporus. In the present study the lower limit is characterized by the
occurrence Mauritiidites franciscoi, Psilamonocolpites amazonicus, P. nanus, Zonocostites
ramonae and Deltoidospora adriennis. Throughout the zone, there is the reduction of these
species and an increase of Heterocolpites incomptus, H. rotundus, Retricolporites guianensis,
Magnastriatites grandiosus, Psilatricolporites varius, P. operculatus, Echiperiporites
akanthos, Verrucatosporites usmensis and Psilamonoletes tibui. At 323.40 m there is the

occurrence of marine palynomorphs represented by microforaminifera.

Crassoretitriletes interval zone sensu Lorente (1986) (246.76-141 m)

The lower limit is determined by the first appearance of Crassoretitriletes
vanraadshoovenii, and the upper limit is placed by the first appearance of Grimsdalea
magnaclavata. In this zone we also have the first occurrence of Bombacacidites baculatus,
Ilexpollenites sp. and Perisyncolporites pokornyi. Between 220 m and 199.0 m depth occur
Mauritiidites ~ franciscoi, llexpollenites sp.,  Psilastephanocolporites  scheneideri,
Psilatricolporites crassoexinatus, psilatricolporites operculatus, psilatricolporites varius,
Retimonocolpites maximus, Retitricolporites irregulares and bombacacidites baculatus. In the
220 m depth there is a decrease the curve of Crassoretitriletes vanraadshoovenii,
Bombacacidites baculatus, Perisyncolporites pokornyi, Rtimonocolpites maximus,
Monoporites annulatus; and between 199 m and 141 m occur Retricolpites simplex,
Crototricolpites sp., Psilatricolporites crassoexinatus and Magnastriatites grandiosus. The
interval is marked by moderate values of Verrucatoporites umensis and Psilamonoletes tibui.
At 16520 m there is the occurrence of marine palynomorphs represented by

microforaminifera.

Grimsdalea interval zone sensu Lorente (1986) (141-32 m)

The lower limit this biozone is defined by the first appearance of Grimsdalea
magnaclavata, besides of the abundance of Psilatricolporites crassoexinatus, Magnastriatites
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grandiousus and Bombacacidites muinaneorum. Upper section there is decrease of
Grimsdalea magnaclavata and the predominance of Heterocolpites incomptus, Monoporites
annulatus, inaperturopollenites solimoensis and Magnastriatites grandiousus. There is high

fluctuation of Psilamonoletes tibui and moderate values of Verrucatosporites usmensis.

Zones of the 1AS-7D-AM
Psiladiporites—Crototricolpites range zone sensu Hoorn (1993) (296-184 m)

The lower limit is defined by the first occurrence of Crototricolpites annemariae and
Retitricolporites guianensis. Besides, occur the species Psilastephanoporites herngreenii,
Psilatricolporites magniporatus, Echiperiporites sp. and Polypodiaceoisporites potoniei. The
upper limit is characterized by the first occurrence of Crassoretitriletes vanraadshoovenni.
This interval is dominated by abundance of Mauritiidites franciscoi, Psilamonocolpites
nanus, Zonocostites Ramonae, Retricolpites simplex, Magnastriatites grandiousus,
Perisyncolporites pokornyi and Verrucatosporites usmensis. Psilamonoletes tibui occurs
moderately. At 268 m there is the occurrence of marine palynomorphs represented by

microforaminifera.

Grimsdalea interval zone sensu Lorente (1986) (184—125m)

The zone is defined by the presence of Grimsdalea magnaclavata and the absence of
elements of the Asteracea zone. The lower interval is marked by the abundance of G.
magnaclavata; this interval is dominated by Retitricolporites irregulares, Magnastriatites

grandiousus, Mauritiidites franciscoi and Heterocolpites incomptus.

Asteraceae Zone - Interval zone sensu Lorente (1986) (125-6 m)

The subzone is characterized by the appearance of Echitricolporites spinosus. In this
interval the subzone Fenestrites by Lorente (1986) do not occur. This subzone is
characterized by presence of Podocarpidites sp., Fenestrites garciae, Malvacipollis spinulosa,
Polyadopollenites mariae, Psilatricolporites maculosus, Striatricolpites catatumbus, and
abundance of Verrucatosporites usmensis. In the upper section Grimsdalea magnaclavata

decreases.
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Ostracods zones in this study

The proposed biostratigraphy is based on the stratigraphical position of the studied
samples and in the distribution of the ostracods that they contain, following the ostracod-
based zonation proposal of Mufioz-Torres et al. (2006). The zone definition was based on the

first appearance (FAD) and last appearance (LAD) of the species.

The distribution of Cyprideis species in the 1AS-8-AM (Fig. 6) and 1AS-7D-AM (Fig.
7) allowed recognizing five zones (Tabs. 1 and 2, Fig. 8), which four zones already
established by Mufioz-Torres et al. (2006), although its limits have been changed here: C.
sulcosigmoidalis= C. aulakos, C. caraionae, C. minipunctata and C. cyrtoma (both
boreholes). The guide species of the C. obliquosulcata zone do not occur in this work.

Besides, we propose a new zone, Cyprideis paralela (in the borehole 1AS-7D-AM).

The C. aulakos zone is here renamed to C. sulcosigmoidalis zone, due the first species
was unvalidated and placed in synonymy of Cyprideis sulcosigmoidalis by Gross et al.
(2014). The great variation in the ornamentation pattern of C. sulcosigmoidalis, including the
occurrence of a slightly punctuated to smooth pattern in the samples studied by Mufioz-Torres
et al. (1998), caused the mistake on identification of the new species C. aulakos as also

attested in Linhares & Ramos (submitted).

Another question is the misconception in the correlation of this ostracod zone in
relation to the palynologycal zone and the position of the Crassoretitriletes zone also by
Mufioz-Torres et al. (2006), which place this zone belonging to the end of the Burdigalian and
part of Serravallian referencing Hoorn (1994c); this mistake induced the misconception about
the age of the ostracod zone C. aulakos by some authors (Wesselingh & Ramos, 2010;
Linhares et al., 2011; Gross et al., 2014). Thus, we elucidate here that C. sulcosigmoidalis
zone comprises to the palynological zone Pisiladiporites—Crototricolpites and extending to
the base of Crassoretritiletes zone (sensu Hoorn, 1993), ranging from late Early Miocene to
late Middle Miocene.

The zone C. caraionae has herein extended its amplitude (both lower and upper limits)
then previously proposed. Mufioz-Torres et al. (2006) indicated that this zone is restricted to
Middle Miocene and exclusively correspondent to Crassoretitriletes zone, but in present
study it reaches the age interval between the early Middle Miocene and early Late Miocene,
equivalent to part of the Pisiladiporites—Crototricolpites and Crassoretitriletes zones.
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Besides, they indicated that C. minipunctata biozone is equivalent to
Crassoretitriletes by Hoorn (1994c), dated from the late Early Miocene to early Middle
Miocene, but we identified here that this is equivalent to Grimsdalea (Tab. 1), dated from late

Middle Miocene to early Late Miocene, extending the upper limit of this biozone.

Related to C. cyrtoma zone we have extended it to earlier age then proposed before, to
part of the Grimsdalea and Asteraceae zones (Tab. 2). Mufioz-Torres et al. (2006) limited this
zone only to the palynological zone corresponding Grimsdalea. Furthermore, the authors
mentioned that the occurrence of the Skopaeocythere tetrakanthos Whatley et al. (2000) is
restricted to the C. obliquosulcata zone not recorded here. However, we observed that this
species has been also found in C. cyrtoma zone (1AS-7D-AM at 50 m depth). S. tetrakanthos

is also associated with foraminifera of the genus Ammonia.

The new zone proposed herein C. paralela, occurs exclusively in the upper portion of
the borehole 1AS-7D-AM and is equivalent to palynologinal zone Asteraceae, from Late
Miocene. The zone is defined by the last appearance of C. cyrtoma (lower limit) and last
appearance of C. paralela (upper limit) (Tab. 2).
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Table 1 - Ostracods biozones found in borehole 1AS-8-AM.

Cyprideis sulcosigmoidalis interval zone (first appearance zone) sensu Mufioz-Torres et al. (2006)

Interval
Characteristics

Associated species
Palynological zone

195.85-154.05m

Lower limit marked by first appearance of Cyprideis aulakos= Cyprideis
sulcosigmoidalis (Purper, 1979). Upper limit is defined by the first appearance of
Cyprideis schedogymnos Mufioz-Torres et al. (1998).

Cyprideis machadoi (Purper, 1979) and Perissocytheridea acuminata (Purper, 1979).
Crassoretitriletes zone sensu Lorente (1986).

Age Middle Miocene.
Cyprideis caraionae interval zone (first and last appearance zone) sensu Mufioz-Torres et al. (2006)
Interval 195.85-99.15m

Characteristics

Associated species

Palynological zone

Lower limit marked by first appearance of C. schedogymnos. Upper limit is defined by
the last appearance of Cyprideis caraionae Mufioz-Torres et al. (1998).

In this interval the species Cyprideis curucae (Purper, 1979), Cyprideis inversa (Purper
and Pinto, 1983), Cyprideis ituiae Gross et al. (2014), Cyprideis matorae Gross et al.
(2014), Perissocytheridea ornellasae (Purper, 1979) and Pellucystoma curupira Gross et
al. (2015) have its first and last appearance.

Cyprideis kotzianae (Purper and Ornellas, 1991), C. machadoi, Cyprideis multiradiata
(Purper, 1979), Cyprideis munoztorresi (Mufioz-Torres et al., 1998) and C.
sulcosigmoidalis.

Part of Crassoretitriletes and of the Grimsdalea zone sensu Lorente (1986).

Age Middle Miocene to early Late Miocene.
Cyprideis minipunctata interval zone (last appearance zone) sensu Mufioz-Torres et al. (2006)
Interval 99.15-87.3m

Characteristics

Associated species

Palynological zone

Lower limit marked by last appearance of C. caraionae. Upper limit is defined by the last
appearance of Cyprideis minipunctata Purper and Ornellas (1991). Cyprideis
reticulopuncta (Purper, 1979) is rare and has its first and last appearance in this interval.
C. kotzianae, C. machadoi, C. multiradiata, C. munoztorresi, C. schedogymnos, C.
sulcosigmoidalis, Cytheridella danielopoli Purper (1979) and Penthesilenula olivencai
(Purper, 1979).

Grimsdalea sensu zone Lorente (1986).

Age early Late Miocene.
Cyprideis cyrtoma interval zone (last appearance zone) sensu Mufioz-Torres et al. (2006)
Interval 87.3-59.25m

Characteristics

Associated species

Palynological zone
Age

Lower limit marked by last appearance of C. minipunctata. Upper limit is defined by last
appearance of Cyprideis cyrtoma Mufioz-Torres et al. (1998). Cyprideis reticulopunctata
(Purper, 1979) is rare and has its first and last appearance in this interval.

C. kotzianae, C. machadoi, C. multiradiata, C. munoztorresi, C. schedogymnos, C.
sulcosigmoidalis, Cytheridella danielopoli Purper (1979) and Penthesilenula olivencai
(Purper, 1979).

Grimsdalea sensu Lorente (1986).

early Late Miocene.
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Table 2 - Ostracods biozones found in borehole 1AS-7D-AM.

Cyprideis sulcosigmoidalis interval zone (first appearance zone) sensu Mufioz-Torres et al. (2006)

Interval 224.9~184 m

Characteristics Lower limit marked by first appearance of C. sulcosigmoidalis. The upper limit is not
defined, due the absence of C. schedogymnos in this interval.

Associated species  C. caraionae, C. machadoi and C. minipunctata.

Palynological zone Psiladiporites—Crototricolpites sensu Hoorn (1993).

Age late Early Miocene to early Middle Miocene.

Cyprideis caraionae interval zone (first and last appearance zone) sensu Mufioz-Torres et al. (2006)

Interval ~184-162 m

Characteristics Upper limit is defined by last appearance of C. caraionae. The lower limit is not defined,
due the absence of C. schedogymnos in this interval.

Associated species  C. machadoi and C. sulcosigmoidalis.

Palynological zone Part of the Grimsdalea sensu Lorente (1986).

Age late Middle Miocene to early Late Miocene.

Cyprideis minipunctata interval zone (last appearance zone) sensu Mufioz-Torres et al. (2006)

Interval 162.00-136.20 m

Characteristics Lower limit marked by last appearance of C. caraionae. Upper limit is defined by last
appearance of C. minipunctata.

Associated species C. atalaiensis sp. nov. Linhares & Ramos, C. machadoi, C. minipunctata, C.
schedogymnos, Cyprideis simplex (Shepard and Bate, 1980) and C. sulcosigmoidalis.

Palynological zone Grimsdalea sensu Lorente (1986).

Age early Late Miocene.

Cyprideis cyrtoma interval zone (last appearance zone) sensu Mufioz-Torres et al. (2006)

Interval 136.20-50m

Characteristics Lower limit marked by last appearance of C. minipunctata. Upper limit is defined by last
appearance of C. cyrtoma.

Associated species  Cyprideis atalaiensis sp. nov., C. curucae, C. inversa,C. ituiae, C. kotzianae, C.
machadoi, C. matorae, C. multiradiata, C. munoztorresi, C. schedogymnos, C.
sulcosigmoidalis, C. simplex, Cypria aqualica Shepard and Bate (1980), Paracypris sp.,
Perissocytheridea  acuminata, Perissocytheridea  ornellasae  (Purper  1979),
Rhadinocytherura amazonensis Shepard & Bate (1980) and Skopaeocythere tetrakanthos
Whatley et al. (2000).

Palynological zone Part of the Grimsdalea and of the Asteraceae sensu Lorente (1986).

Age early Late Miocene.

Cyprideis paralela interval zone (last appearance zone) This Study

Interval 50-14.8 m

Characteristics Lower limit marked by the last appearance of C. cyrtoma. Upper limit is defined by the
last appearance of Cyprideis paralela (Purper 1979).

Associated species C. amazonica, C. inversa, C. machadoi, C. multiradiata, C. munoztorresi, C.
sulcosigmoidalis, C. aqualica and Cytheridella danieolopoli Purper (1979).

Palynological zone Asteraceae sensu Lorente (1986).

Age Late Miocene.
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whith the palynological zones of Lorente (1986), Hoorn (1993) and the ostracod zones
proposed by Mufioz-Torres et al. (2006).

DISCUSSIONS

The presented results from two boreholes show that the interval studied reaches the
age from Early Miocene do Late Miocene in the Atalaia do Norte Municipality. In 1AS-8-
AM, the strata correspondent to Solim&es Formation is dated to Early Miocene extending to
early Late Miocene, while the 1AS-7D-AM cover the late Early Miocene to Late Miocene.
This sequence is very similar to the range proposed by Hoorn (1993) and Mufioz-Torres et al.
(2006) in the borehole 1AS-4a-AM, mainly in the more basal portion of 1AS-8-AM
(Verrutricolporites zone), although the borehole 1AS-4a-AM do not reach the Asteraceae
palynological zone and Cyprideis paralela ostracod zone found in the upper part of 1AS-7D-
AM. Therefore, the study area covers a wider extension of the Solimdes Formation.
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Silva-Caminha et al. (2010) and Kachniasz & Silva-Caminha (2016) report the
presence of the Psilatricolporites caribbiensis zone in the boreholes 1AS-19-AM, 1AS-27-
AM, 1AS-31-AM and 1AS-34-AM. The last authors still indicate the zone Echitricolporites—
Alnipollenites for 1AS-31-AM. Silveira & Souza (2015) also evidence the presence of this
zone in outcrop samples from localities of the counties Coari, Tabatinga and Atalaia do Norte
(Amazonas State, Brazil), dating the Solimdes Formation as late Late Miocene to Pliocene.

Leite et al. (2016) registered for 1AS-33-AM the oldest interval than the authors cited
above, dated between Middle Miocene and the Pliocene, which includes the zones
Crassoretitriletes, Asteraceae, Plilatricolporites caribbiensis and Echitricolporites—
Alnipollenites. This borehole is partly equivalent to the 1AS-7D-AM, mainly in the basal and

median portion.

As mentioned by Leite et al. (2016), we considered the irregularity of the basement
and topography the cause for the different limits (base and top) or diferences in the total range
atributed to the Solim@es Formation. This is could be related to the paleogeography of the
basement, probably affected by the peripheral effects of the Andean orogeny (DeCelles,
2012), given the different thickness of Solimdes Formation, sometimes covering the
cretaceous deposits and sometimes expanding the previous basin’s limits, covering the

basement (Maia et al., 1977).

CONCLUSIONS

The integrated study using ostracods and palynology allowed to date the sequence of
the Solimdes Formation, in the Atalaia do Norte Municipality, as from Early Miocene to Late
Miocene. This data are supported by the occurrence of five palynological zones:
Verrutricolporites, Psiladiporites—Crototricolpites, Crassoretitriletes, Grimsdalea, and
Asteraceae. Were also recognize five ostracod zones, which four already previously, although
the limits have been changed here: Cyprideis aulakos= renamed for C. sulcosigmoidalis, C.
caraionae, C. minipunctata and C. cyrtoma). Besides, we proposed one new ostracod zone, C.

paralela.
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1. Introduction

Several works have indicated marine incursions in the Neogene
of western Amazonia, including in the Solimdes Formation, Ama-
zonas, Brazil. These occurrences are predominantly associated with
floodplain deposits, connected to coastal environments and
mangrove areas, as evidenced by microfossil studies (Hoorn, 1993;
Linhares et al., 2011; Boonstra et al,, 2015; Kachniasz and Silva-
Caminha, 2016; Jaramillo et al., 2017).

The episodic marine ingressions from the western Amazon were
possibly marked by rapid progradation, with thin interbedding of
marginal marine and continental strata (Hovikoski et al., 2007;
Rebata, 2012). These connections played an important role in the
adaptation of the marine biota to freshwater environmernts, as well
as in the speciation and radiation of many groups such as
commonly observed in fishes, mollusks, and ostracods (Monsch,
1998; Lundberg et al., 1998; Whatley et al., 1998; Malabarba and

* Corresponding author. Museu Paraense Emilio Goeldi, Coordenacio de Ciéncias
da Terra e Ecologia, Av. Presidente Tancredo MNeves 1901, Belém, PA, Brazil.
E-mail addresses: alinhares@museu-goeldibr (AP, Linhares), valbergaia@®
museu=-goeldi br (V.CS. Gaia), mramos@museu-goeldi.br (M.LF. Ramos).

http:f/dx_dotorg/10.1016/j.jsames. 2017.07.007
0895-9811/@ 2017 Elsevier Ltd. All rights reserved.

Dutra, 2002; Wesselingh and Salo, 2006; Wesselingh and Ramos,
2010; Lovejoy et al., 2006; Albert and Reis, 2011; Gross et al., 2015).

Other investigations point to a predominantly fluvial influence
during the Neogene, when the uplift of the Andean Cordilleras
provided conditions for aquatic habitats in plateaus, while foreland
subsidence propitiated the development of certain species in a
lacustrine system (Lundberg et al., 1998; Ramos, 2006; Wesselingh,
2006). Other authors dismiss the possibility of marine incursions,
even brief ones. They treat the marine incursion hypothesis as a
complete misinterpretation, attributing the system to a continental
environment dominated by avulsive rivers associated with mega-
deltas and floodplain systems, such as marshes, perennial lakes,
inner deltas, and splays, whose anoxic organic matter-rich deposits,
would present low sediment input (Latrubesse et al, 1997; Gross
et al,, 2011, 2013; Nogueira et al., 2013; Paz et al., 2015).

In this context, although with distinct conclusions, all proposals
are important and complementary to the comprehension of the
palecenvironmental evolution of the Amazonian Neogene.
Considering these debates, we use here paleontological data from
two wells in western Amazonia, Brazil, aiming to contribute to a
better understanding of the Neogene palecenvironmental evolu-
tion, as regards the complex issue of marine incursions. The studied
boreholes (Fig. 1) are located in northwestern Amazonas state,
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Fig. 1. Location and geologic map of the study area. A) Tectonic compartmentalization of the Solimées Basin, subdivided by the Carauari Arch into the Jurua and Jandiatuba sub-
basins and limited by the Purus and Iquitos arches. B) Study area, showing boreholes near the Quixito and Itui rivers, north of the Jandiatuba sub-basin. Source: Lisboa et al. (2013).

Brazil, municipality of Atalaia do Norte. Borehole 1AS-7D-AM was
drilled close to the Quixito River, and reached 304.7 m depth
(04°34'S 70°41'W), and borehole 1AS-8-AM near the Itacuai River
reached 405 m depth (04°36'S 70°16'W).

2. Geological settings

The intracratonic Solimodes Basin is located in Amazonas state,
covering an area of about 450,000 km?. It is limited northwards by
the Guiana Shield, southwards by the Brazilian Shield, to the east by
the Purus Arch, and to the west by the Iquitos Arch. The Basin is
subdivided by the Carauari Arch: to the east into the Jurua sub-
basin and to the west into the Jandiatuba sub-basin. The sedi-
mentary fill was initially Paleozoic (Ordovician-Permian), followed
by Triassic Penatecaua magmatism (Fig. 1A). The sedimentary input
resumes in the Cretaceous with deposition of the Alter do Chao
Formation, and during the Miocene with the Solimdes Formation
(Caputo, 1991; Eiras et al., 1994; Wanderley Filho et al., 2010).

During the Cenozoic, the Solimoes Basin showed environmental
changes and sedimentary filling, reflecting the influence of the
Andean Orogeny, which transformed the entire Amazonian land-
scape, as well as its fauna and flora (Hoorn et al, 2010a, b). The
Andean uplift generated a flexural subsidence in the eastern areas
from the Eastern Cordillera, forming foreland basins (backarch
system), and consequently generating accommodation space for
the deposition of the Solimoes Formation in a system of long-lived
lakes, channels, and floodplains, in both the Solimdes and Acre
basins (Hoorn et al., 2010a; Roddaz et al., 2010; Shephard et al.,
2010; Bezerra and Ribeiro, 2015).

At a second moment, crustal thickening formed by the extreme
uplift of the Eastern Cordillera (~10 Mya) was isostatically
compensated by a peripheral elevation, forming the Iquitos

forebulge in central Amazonia (Mora et al, 2010; Roddaz et al,
2010), increasing the substrate gradient and fluvial influence,
consequently changing the drainage system and sedimentary
supply of the Amazon region.

Subsequently, the elevations of the Vaupés Swell Arch during
the Late Miocene, and later the Fitzcarrald Arch during the Pliocene
(~4.5 Mya) played an important role in the Amazon basin scenario,
separating the foreland basins into north and south and limiting
possible connections of the Amazon River drainage with the Ori-
noco River and the Caribbean (Mora et al., 2010; Hoorn et al., 2017),
as well as reducing the chances of new marine ingressions
(Jaramillo et al., 2017).

3. Paleoenvironments and the age of the Solimoes Formation

The first sedimentological studies by the Geological Survey of
Brazil in the 19th century inferred an exclusively continental origin
of the Solimoes Formation, characterizing it as mainly lacustrine
with fluvial influences including channels, floodplains, sandbars,
and other overbank deposits (Caputo et al., 1971; Maia et al., 1977;
Radambrasil, 1977). However, since the first paleontological
studies, brackish water environments have been inferred due to the
presence of a mixture of marine and non-marine groups, which
puzzled researchers trying to the comprehend the paleoenvir-
onmental evolution of the basin (Conrad, 1874; Roxo, 1924; Purper,
1977a; b, 1979).

Paleontological and sedimentological studies from outcrops of
the Solimoes Formation in Amazonas state have indicated that the
upper strata of that Formation, dated as Late Miocene, were
deposited in a continental environment, dominated by avulsive
rivers associated with a delta system and overbank environments
(swamps, lakes, inner deltas, and crevasse-splay) (Latrubesse et al.,
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1997, 2010; Gross et al., 2011, 2013; Paz et al., 2015; Nogueira et al.,

2013).
However, despite these studies from outcrops that showed a
predominantly continental depositional context, micro-

palaeontological studies from boreholes, which exhibit a greater
chronostratigraphic range, attest to marine influences in the
earliest strata (Early and Middle Miocene) of the Solimoes Forma-
tion, shown by the presence of marine-to-transitional taxa (Hoorn,
1993; Wesselingh et al., 2002; Vonhof et al., 2003; Linhares et al.,
2011; Boonstra et al., 2015).

Over the years, marine influences have been questioned or even
rejected by many authors. Nevertheless, these have been succes-
sively confirmed in more recent studies from boreholes of this area
and others of correlated ages in Peru and Colombia (Hoorn, 1993;
Linhares et al., 2011; Boonstra et al., 2015; Antoine et al., 2016;
Kachniasz and Silva-Caminha, 2016; Jaramillo et al., 2017).

Marine influences in western Amazonia have been differently
interpreted according to the literature. Some authors have sug-
gested that this influence was relatively long-lived, with a wide
geographic distribution (Rasdnen et al,, 1995; Gingras et al., 2002).
Others infer that the floodplain systems were predominant, with
localized episodes of marine incursion in central and western
Amazonia, based on microfossil studies (Hoorn, 1993, 1994a; b;
Linhares et al., 2011; Antoine et al., 2016). The hypothesis of ma-
rine influence is further reinforced by isotope signatures in mollusk
fossils, which point to a high salinity range, as well as by bio-
turbated strata which are represented by ichnogenera character-
istic of marginal marine environments (Vonhof et al., 1998, 2003;
Gingras et al., 2002). According to Hovikoski et al. (2007, 2010)
and Antoine et al. (2016), these restricted episodes of marine
incursion in the western Amazonian Neogene were possibly
marked by fast progradation and tidal influence with intercalation
of brackish and freshwater sequences. However, studies with
mollusks point to the predominance of shallow and fluvio-
lacustrine scenarios (Wesselingh et al., 2002, 2006a).

Hoorn et al. (2010a), in a review of the main features of the latest
Oligocene to Miocene depositional environments concerning the
Pebas and Solimdes Formations from exploration wells and out-
crops data, proposed a model of palecenvironmental evolution for
the wetlands of Neogene Amazonia, subdividing it in three distinct
phases: a) a fluvio-lacustrine precursor phase (~24—16 Mya); b) the
Pebas phase (-16—11.3 Mya), represented by a wide floodplain
system (mega-wetland) with episodic marine influence; and c) the
Acre phase (<11.3 to 7 Mya) represented by fluvial-tidal-dominated
wetlands.

As is common to the controversial paleoenvironmental recon-
struction, the chronostratigraphic range of the Solimées Formation
is also as yet not well defined, and it represents another uncertain
datum since it is difficult to establish its limits and its vertical
distribution by studying only the outcrops. Various studies using
micropaleontology have speculated on the age of the unit. Although
the first studies on deposits of the Solimdes Formation inferred an
age from the Paleocene to the Pleistocene (Roxo, 1924; Daemon and
Contreiras, 1971; Caputo et al,, 1971; Shepard and Bate, 1980), other
studies from core samples attested to a more precise age, from
Miocene to Pliocene times (Maia et al., 1977; Purper, 1979). Ad-
vances in this subject were reached through biostratigraphical
studies mainly employing palinology (Hoorn, 1993; Leite, 2006;
Silva-Caminha et al., 2010).

Previous studies based on palynology and ostracods (Hoorn,
1993; Munoz-Torres et al., 2006) were performed on cores from
the borehole 1AS-4a-AM, located close to the wells studied herein,
and supported five biozones: Verrutricolporites and Retitricolporites
(Early Miocene), Psiladiporites-Crototricolites (Late to early Middle
Miocene), Crassoretitriletes (Middle Miocene), and Grimsdalea

(Middle Miocene to early Late Miocene). Five biozones were pro-
posed with ostracods of the genus Cyprideis as follow: C. aulakos
(late Early Miocene to early Middle Miocene), C. caraionae (Middle
Miocene/Langhian), C. minipunctata (Middle Miocene/Langhian-
Serravallian), C. obliquosulcata (Middle Miocene Serravallian), and
C. cyrtoma (Middle Miocene to early Late Miocene).

Recently, other palynological studies in the same area (cores
1AS-32-AM, 1AS-33-AM, and 1AS-34-AM) have recorded a more
recent age than the previous proposal of Hoorn (1993), limiting the
base of the Solimoes Formation to the Middle/Late Miocene and
extending the top to the Pliocene (Silva-Caminha et al, 2010;
Silveira and Souza, 2015; Kachniasz and Silva-Caminha, 2016;
Leite et al., 2016).

In the present study, the age attributed to the studied sequences,
in relation to the Solimdes Formation, was also based on palyno-
logical analysis from the cores using index fossil (Fig. 4e—1) (Lin-
hares et al,, in prep.), enabling the identification of the following
biozones: Verrutricolporites (368—323.4 m), Early Miocene; Cras-
soretitriletes (246,76—141 m), Middle Miocene; and Grimsdalea
(141—-32 m), from the Middle to Late Miocene for the borehole 1AS-
8-AM; for the borehole 1AS-7D-AM, the biozones Psiladiporites-
Crototricolpites (296—184 m), from the Early to Middle Miocene;
Grimsdalea (184—125 m), and Asteraceae (125—6 m), Late Miocene
were identified. These data support the previous dated age for the
core 1AS-4a-AM (Hoorn, 1993), pointing to Early Miocene at the
base of the Solimoes Formation. The top of the unit is marked here
as Late Miocene. The youngest Pliocene age inferred for the top of
the cores 1AS-31-AM (Kachniasz and Silva-Caminha, 2016) and
1AS-33-AM (Leite et al., 2016) was not identified here, but it is
probably due to the geographical position of the cores and its
relation with isopachs and other tectonic settings (Wesselingh
et al.,, 2006a; b).

4. Material and methods

This study utilized 192 samples from wells 1AS-7D-AM (112
samples) and 1AS-8-AM (83 samples), drilled by the Geological
Survey of Brazil (CPRM) in the 1970's, to investigate the presence of
lignite. Micropaleontological analyses were carried out in two
procedures: 1) calcareous microfossils were extracted following the
methodology of Wanderley (2010) in which 180 g of dry sediment
were washed through standard sieves (0.5 mm; 0.250 mm;
0.180 mm; 0.125 mm). Wet sieve residue was dried at 60 °C and
microfossils then were picked out using a stereo microscope, for
subsequent identification. Photographs were taken with a LEO
1450VP SEM (Scanning Electron Microscopy) at the Museu Para-
ense Emilio Goeldi, Belém, Pard); 2) Palynomorph extraction fol-
lowed the procedure of Uesugui (1979) in which samples of 30 g of
dry sediment were submitted first to hydrochloric acid (32%) for 2 h
and then to hydrofluoric acid (40%) for 12 h; the material was
washed with distilled water and sieved in 200 pm mesh, followed
by extraction of light residue which was spread on palynological
thin sections to be studied and photographed under an optical
microscope at 100x magnification.

Sedimentological data were obtained for both cores by litho-
logical description and confection of tabular sections following
Miall (1996) and Tucker (2011). Stratigraphic surfaces (S1 and S2)
were identified by limiting the lithostratigraphic units (Catuneanu
et al., 2009).

5. Results
5.1. Sedimentology

Sedimentological analysis of the borehole cores allows easy
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identification of the Solimoes Formation by the presence of lignite,
fossil contents, and mainly a typically fine sedimentation with
green to grey and less commonly brown and black colors, as a result
of high concentrations of organic matter. The upper limit was not
well defined, as to whether it belongs to the Icd Formation or to
Quaternary deposits, but the original well logging of Maia et al.
(1977) identified Quaternary alluvial deposits over the Solimoes
Formation at well 1AS-8-AM. In addition, at well 1AS-7D-AM, at the
top of the sequence, the overlap of plastic clay is probably related to
alluvial deposits as well, featuring a bounding surface (52). This
information is confirmed by the nearby well 1AS-31-AM (not
included in this work) which presents recent vegetal debris in the
last few meters (Fig. 2A). The lower limit is registered only in 1AS-
8-AM, below 368 m-depth, on contact with white and mottled
pelites and sandstones, usually kaolinitic, without bioturbation,
fossil, and organic matter, which clearly represents another lith-
ostratigraphic unit, thus setting the $1. Some authors (Caputo,
1991; Eiras et al.,, 1994; Wanderley Filho et al,, 2010) identified
the underlying unit below the Solimdes Formation as the Alter do
Chao Formation, and Mendes et al. (2012) identified this feature in
the Alter do Chao Formation in the Amazonas Basin, describing
whitish kaolinitic sandstones and pelites in the upper layers.
Therefore, we propose in this paper to attribute the base of 1AS-8-
AM to the Alter do Chao Formation.

Sedimentological analysis of the cores demonstrates predomi-
nantly fine sedimentation (shale and silty shale), marked by asso-
ciation with wvegetal debris, organic matter, fossils, and
bioturbation, interbedded with thin layers of lignite and lime-
stones, besides thicker beds of sandstones and siltstones, in
coarsening upward trend. This succession is well described by
several authors (Latrubesse et al., 2010; Gross et al., 2011; Nogueira
et al., 2013), setting this pattern as overbank deposits, such as:
floodplains, crevasse splays, lakes, and ponds. This sedimentary
pattern is observed throughout the studied boreholes; nonetheless
it is locally interrupted by another succession (Fig. 3) which com-
prises thick layers of fine to medium sandstones (<3 m) with cross
stratification and climbing ripple cross laminations that could
represent channel sandstone bodies, crevasse channels, or delta-
front sandstone bodies associated with the alluvial system.

5.2. Micropaleontology of borehole 1AS-8-AM

Borehole 1AS-8-AM (405 m) presented low fossil abundance
and diversity, mainly in its basal and median portions, becoming
more fossiliferous from 110.6 m. However, it presents important
elements for the interpretation of paleoenvironmental evolution,
mainly because it shows the most basal part of the Solimoes For-
mation which reveals the limit with the Alter do Chao Formation at
depths from 405 to 368 m.

The strata at the base of the borehole 1AS-8-AM (368—323.4 m),
corresponding to the base of the Solimoes Formation, dated as Early
Miocene (Linhares et al., in prep.), are characterized by an organic-
wall microfossil assemblage containing microforaminiferal linings
(Fig. 4a—c¢) and palynomorphs Zonocestites ramonae and Verru-
tricolporites rorundiporus which have an affinity with the respective
mangrove species Rhizophora mangle and Pelliciera rhizophorae
(Fig. 4e—f), and agglutinated foraminifera (Miliammina fusca)
(Fig. 5g—h). This association is sporadically registered along the
interval 368.0—323.4 m, where the carbonate-wall microfossils are
absent. In the interval from 323 .4 to 246.76 m both calcareous and
palynomorph microfossils are absent, so it was neither possible to
characterize the palecenvironment nor to date it.

The overlying range (246.76—141 m), corresponding to Middle
Miocene (Linhares et al., in prep.), still exhibits a low abundance
and diversity of microfossils. The mollusks are represented by
Tryonia, Dyris (Gastropoda), and Pachydon (Bivalvia) that are asso-
ciated with lacustrine environments (Wesselingh and Ramos,
2010). The ostracod assemblage is composed of species of the
genus Cyprideis (Fig. 6a—i), a euryhaline genus (Van Harten, 2000),
representing here 99% of the recovered specimens, and Penthesi-
lenula (Fig. 61) associated with freshwater environments (Rossetti
and Martens, 1998). Moreover, the microfossil assemblage also
contains teeth, spines, and fish vertebra.

At the upper section of this core (141—32 m), corresponding to
the Middle to Late Miocene (Linhares et al., in prep.), the diversity
and abundance increased. The ostracod assemblage is represented,
besides Cyprideis, by Perissocytheridea (Fig. 5m—o), a typical ma-
rine/transitional genus and by the marine genus Pellucistoma ( Gross
et al, 2015) at 135.3 m (Fig. 5p). This interval is characterized also
by the occurrence of crab fragments, ray teeth (Dasyatidae indet.),
selachian dermal denticles, and catfish otoliths (Genidens)
(Fig. 5b—f).

These transitional/marine ichthyolites also occur at 93.05 m,
associated with charophyte gyrogonites (Fig. 6p), freshwater Pen-
thesilenula, and euryhaline Cyprideis ostracods. Furthermore,
Cytheridella (Fig. 6j), a lacustrine genus (Colin et al., 1997) occurs
with charophyte gyrogonites at 87.3 m and 59.25 m, as well. The
charophytes occur in continental or brackish environments, such as
lakes with high alkalinity and high concentrations of calcium car-
bonate (Feitosa et al.,, 2003). The mollusks assemblage is predom-
inantly composed of Dyris, Littoridinops, Cochliopina, and Pachydon,
with Toxosoma and Pyrgophorus, genera typically found in fresh-
water/brackish environments (Wesselingh, 2006).

5.3. Micropaleontology of borehole 1AS-7D-AM

The base of borehole 1AS-7D-AM (296—184.0 m), corresponding
to Early Miocene to early Middle Miocene (Linhares et al., in prep.),

Fig. 2. A) Alluvial deposit that overlies the Solimoes Formation, presenting recent vegetal debris (dashed circle) at 1A5-31-AM. B) Underlying Alter do Chio Formation unit ( 1AS-8-

AM) consisting of white to mottled kaolinitic pelite and mottled sandstones.
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Fig. 4. Mangrove/estuarine palynomorph assemblage: a-c. microforaminiferal linings (1AS-8-AM, at 323 m and 1AS-7D-AM, at 268 m); d. Diatom: Coscinodiscus rothii ( IAS-?D-AM

at 91.5 m); Palynological markers; e. Verrutricolporites rotundiporus; f. Zonocostites ramonae; g. Magnastriates grandiosus; h. Echiperiporites sp.; i. Cr

itriletes vanr

8
(1AS-8-AM at 368 m-323 m); Perisyncolporites pokornyi; k. Grimsdalea magnaclavata; 1. Echitricolporites spinosus. Positions: 1AS-7D-AM at 296 m: h; at 268 m: c; at 224 m: j; at
91.5 m: d. 1AS-8-AM at 3234 m: a-b, e-g; at 214 m: i; at 141 m: k; at 125 m: L Scale bar = 20 ym.

is characterized by low abundance and diversity of fossils. In the
sample from 268 m, there are Zonocostites ramonae and micro-
foraminiferal linings. This sample resembles the lower portion of
borehole 1AS-8-AM; thus, in the following samples (202.8—193 m)
a more expressive assemblage of carbonate microfossils occurs
represented by ostracods (Cyprideis), unidentified mollusks, and a
few ichthyolites.

At interval 184—125 m, equivalent to late Middle to early Late
Miocene (Linhares et al., in prep.), microfossils are still poorly
diverse and abundant, composed of a very small number of mol-
lusks (gastropods and bivalves), some unidentified ichthyolites, and
an ostracofauna that is a little more abundant than in the layers
below and is represented exclusively by Cyprideis.

In the upper intervals (125—6 m), corresponding to Late
Miocene (Linhares et al., in prep.), there is a variable pattern of
occurrence and distribution of microfossils, with the register of
brackish/marine (Fig. 5) and freshwater (Fig. 6j—p) taxa frequently
occurring together at some levels. However, from 117.7 to 50 m the
marine elements are more abundant, while non-marine taxa pre-
dominate only in the last 45 m as discussed below.

Up to this section, the interval between 117.7 and 915 m is
characterized by marine/transitional elements such as serpulides
tubes (Fig. 5a), shark scales, ray teeth (Dasyatidae indet.), and
marine ostracods (Paracypris and Perissocytheridea), although there
also occur resilient fluvial-lacustrine taxa of mollusks (Dyris and
Tryonia), euryhaline ostracods (Cyprideis), and rare charophyte
gyrogonites. In the sample from 91.5 m, there is the first register of
marine diatoms within Solimoes Formation deposits. The species
Coscinodiscus rothii (Fig. 4d) occurs from the Miocene to present-

day seas, commonly found also in estuaries and rarely in fresh-
water environments (Andrews, 1976).

Between 78.5 and 50 m, samples present a mixture of marine,
freshwater, and brackish water taxa, including the mollusks Dyris,
Pachydon, Onobops, and Neritina, and ostracods like Cyprideis, Par-
acypris, and Perissocytheridea, foraminifera Ammonia (Fig. 5i—1),
stingray dasyatid, shark scales, besides the exclusively freshwater
ostracods Cypria, Penthesilenula, and charophyte gyrogonites.
Furthermore, the ostracod Skopaeocythere tetrakanthos (Fig. 5r) is
recorded at 50 m; this species, according to Whatley et al. (2000),
probably occurs in restricted paleoenvironments, possibly of
brackish waters, since it occurs mainly associated with species of
the genera Perissocytheridea and Cyprideis, besides the foraminifera
Elphidium in samples from Los Chorros (Colombia). Gross et al.
(2014) also mentioned that this species occurs in association with
dwarf elphidiid foraminifers, typical of marginal marine environ-
ments, in core 1AS-10-AM, AM, Brazil.

Exclusively freshwater groups occur at 45.5 m and 14.8 m,
indicating the predominance of these taxa to the top of the Sol-
imoes Formation. Nonetheless, at 14.8 m rare brackish and/or
marine ichthyolites (catfish otoliths and ray teeth) are still
observed, along with predominantly freshwater taxa such as
charophyte gyrogonites, ichthyolites of Characidae (Fig. 6m—o), and
ostracods like Penthesilenula, Cytheridella (Fig. 6j), Cypria (Fig. 6k),
and Candona, besides euryhaline Cyprideis at a lower proportion.

6. Discussion

The microfossil data from pollen and foraminifera indicate
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Fig. 5. Microfossils representing the brackish and marine assemblage. a. Polychaeta: Serpulidae; b. Stingray: Dasyatidae indet.; c-d. Selachian dermal denticles; e-f. Otoliths:
Genidens sp.; Foraminifers: g-h. Miliammina fusca; i-1. Different morphotypes Ammonia tepida; Ostracods: m. Perissocytheridea acuminata; n-o. Perissocytheridea ornellase; p. Pel-
lucystoma sp.; q. Paracypris sp.; 1. Skopaeocythere tetrakanthos. Positions: 1AS-7D-AM at 91.5 m: a-f; at 76.5 m: q; at 50 m: i-l and r. 1AS-8-AM at 323 m: g-h; at 135.3 m: p; at

110.6 m: m-o. Scale bar = 100 ym.

typical mangrove conditions at the base of the Solimoes Formation
(boreholes 1AS-7D-AM and 1AS-8-AM), dated as Early and early
Middle Miocene, confirming previous reports (Cruz, 1984; Hoorn,
1993, 1994a; b; 2006). Mangrove pollen and organic-wall forami-
nifera normally occur in conditions of low pH, reduced oxygen, and
high availability of organic matter, which normally would prevent
the proliferation of calcareous microorganisms. This association is
recognized in mesohaline environments, typically mangroves and
swamps, but can also occur in estuarine and oligohaline environ-
ments (Murray, 1991a; b; Tyszka, 1997). Therefore, mangrove
presence at the base of the Solimoes Formation represents here the
first marine ingression into the study area.

During the late Middle to Late Miocene, two others events of
marine influence were identified. The second in 1AS-8-AM
(135.3 m) is dated as Middle Miocene/Late Miocene, while the
third event in 1AS-7D-AM (represented by four peaks from 117.7 to
50 m) is dated as Late Miocene. This last event could be correlated

with the one observed by Linhares et al. (2011) in borehole 1AS-31-
AM (Atalaia do Norte, Amazonas) that presented a thinner interval
(4.2 m-thick) than the present one. This interval, called the “Tran-
sitional to Marine Phase” (Interval II), presents a mixed assemblage
similar to the one observed in 1AS-7D-AM (this study).

The vertical extent of marine events has been discussed in some
studies (Hovikoski et al., 2007, 2010) and suggests several in-
gressions reaching the Western Amazon during the Miocene.
However, this is contrary to the theory that marine ingressions
shaped the area punctually in the late Middle—early Late Miocene
(Shepard and Bate, 1980; Hoorn, 1993, 1994a; b; Rasanen et al.,
1995; Monsch, 1998; Munoz-Torres et al., 1998; Wesselingh et al,,
2002, 2006a; b).

The three marine incursions identified in the present study are
consistent with the results of Boonstra et al. (2015) and Antoine
et al. (2016). The latter study indicates similarities of the micro-
fossil assemblage from the Pebas Formation (Peru) with core 1AS-
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Fig. 6. Diversity of Cyprideis species and associated taxa: a. Cyprideis curucae; b. C.

tata; c. C. sulcosi

idalis; d. C. inversa; e. C. munoztorresi; f. C. schedogymnos; g. C.

machadoi; h. C. paralela; i. C. multiradiata; Freshwater assemblage: Ostracods: j. Cytheridella danielopoli; k. Cypria sp.; |. Penthesilenula olivencai; m. Tooth Characidae indet.; n-o.
Palatine teeth Loricariidae indet.; p. Charophyte gyrogonites. Positions: 1AS-7D-AM at 161 m: b, h; at 121 m: g; at 111.5 m: i; at 106 m: m; at 99.9 m: n-0; at 76.5 m: I; at 50 m: d-f, h,

k; at 14.8 m: j, p. 1AS-8-AM at 110.6 m: a, c. Scale bar = 100 ym.

31-AM, correlating them to the marine interval of Linhares et al.
(2011), and considers this interval as the relevant marker for cor-
relation between the intra-basins from Peru, Brazil, Colombia,
Ecuador, and Bolivia (Antoine et al., 2016). More recently, Jaramillo
et al. (2017) registered two short-lived marine events between the
Early and Middle Miocene in Brazil and Colombia, but they do not
dismiss a third marine event in Late Miocene.

Until early Late Miocene, typically fluvial taxa are rare, while
transitional/marine taxa are more abundant in the studied cores
than in other eastern sections of the Solimdes basin, indicating a
mostly marine influence on that area. However, in the Late
Miocene, although some marine elements still remain, the fresh-
water taxa predominate over them. These marine fossils probably
arrived from previous marine incursions and posteriorly adapted to
new conditions. The predominance of euryhaline taxa as ostracods
(Cyprideis), as well as foraminifera (Ammonia) and other tolerant
taxa (fishes, mollusks, etc.) in several intervals of both cores attest
to the existence of stressful conditions in the wetlands of the
western Amazonia. As the example of ostracods shows, the

presence of the nodes, changing the ornamentation pattern in
some species of Cyprideis and reduced size as in the marine Pellu-
cistoma, also indicated stressful conditions related to salinity
changes (Linhares et al., 2011; Gross et al.,, 2014, 2015).

These resilient groups are widely known for their ecopheno-
typic plasticity in response to wide variation in environmental
conditions such as temperature, salinity, oxygen, and nutrients
availability (Jorissen, 1988; Ruiz et al.,, 2013; Fiirstenberg et al.,
2015; Boonstra et al., 2015), and they have adapted to the new
physical-chemical conditions of the fluvio-lacustrine system, orig-
inating the radiation and endemism of the biota now common in
the region (Munoz-Torres et al., 1998; Wesselingh et al., 2002;
Albert and Reis, 2011; Gross et al., 2014). Their occurrence in
other cores and outcrops has been the key to indicate salinity
changes during the Amazonian Neogene (Hoorn, 1993; Rasanen
et al,, 1995; Monsch, 1998; Linhares et al,, 2011; Gross et al., 2015;
Boonstra et al., 2015; Leite et al, 2016; Kachniasz and Silva-
Caminha, 2016).

Therefore, we believe that marine groups could have reached
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Amazonia through geographically limited connections at some
time between the Early to early Middle Miocene and late Middlef
Late Miocene, similar to the model proposed by Boonstra et al.
(2015), Antoine et al. (2016), and Jaramillo et al. (2017). After-
wards, a few originally marine groups adapted to the fluvio-
lacustrine environment, as demonstrated in previous works
(Lundberg et al., 1998; Wesselingh and Sale, 2006; Lovejoy et al.,
2006; Albert and Reis, 2011; Gross et al.,, 2015). The upper strata
(Late Miocene) indicate a more significant fluvial influence than the
lower strata, yielding a more abundant freshwater fauna. This
condition is confirmed by several works from outcrops in Brazil
(Ramos, 2006; Latrubesse et al., 2010; Gross et al., 2011, 2013, 2014;
Nogueira et al., 2013), showing that the Late Miocene strata were
already characterized by fluvio-lacustrine deposits without marine
influence.

7. Conclusions

We consider herein three possible events of marine incursions
into the studied area: the first recorded in the Early Miocene to
early Middle Miocene (in both cores), the second in the late Middle
Miocene to early Late Miocene (1AS-8-AM), and the third in the
Late Miocene (1AS-7D-AM). The data indicate that these incursions
modified the Amazonian landscape, when typical coastal environ-
ments may have become established, including mangroves, estu-
aries, and lagoons. At the end of the Solimoes Formation, these
conditions disappeared and were replaced by a fluvio-lacustrine
system similar to the modern landscape. As a consequence, the
effects of the Andean Orogeny, beyond the marine influence in the
deposits of the Western Amazon, triggered environmental varia-
tions throughout the Neogene, which consequently fostered the
great biodiversity at that time in the Amazon region.
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CAPITULO5
5 CONSIDERACOES FINAIS

5.1 NOVAS CONTRIBUICOES PARA A TAXONOMIA DE OSTRACODES DA
FORMACAO SOLIMOES NA REGIAO DE ATALAIA DO NORTE, AMAZONAS
BRASIL, COM A DESCRICAO DE NOVAS ESPECIES

O estudo de ostracodes provenientes dos testemunhos 1AS-7D-AM, 1AS-8-AM e
1AS-31-AM, vem a contribuir com novos dados sobre a interpretacdo da evolucédo
paleoambiental e da idade da Formacdo Solimdes. Além da ostracofauna, outros microfdsseis
como foraminiferos, ictiolitos e moluscos, além dos palinomorfos, foram utilizados como
ferramenta auxiliar para as interpretacGes. A ostracofauna é representada por 9 géneros e 30
espeécies, sendo ogénero eurihalino Cyprideis o mais abundante e diverso, com o registro de
16 espécies ja identificadas e duas novas espécies descritas neste trabalho: C. atalaiensis sp.
nov. e C. dictyon sp. nov. A grande diversidade morfoldgica desse género confirma a alta
variabilidade intraespecifica relacionada as mudancas paleoambientais, as quais foram
desencadeadas por incursdes marinhas que atingiram o Nedgeno da Formacdo Solimdes,
evidenciando sua plasticidade ecofenotipica. Outros géneros de origem marinha e/ou
transicional ~ (Paracypris,  Perissocytheridea,  Rhadinocytherura,  Pellucistoma e
Skopaeocythere) e ndo-marinha (Cypria, Cytheridella e Penthesilenula) também foram

encontrados.

5.2 BIOESTRATIGRAFIA INTEGRADA COM BASE EM PALINOLOGIA E
OSTRACODES DA FORMACAO (ATALAIA DO NORTE, AMAZONAS, BRASIL)

O estudo integrado de amostras contendo ostracodes e palinomorfos nos testemunhos
1AS-8-AM e 1AS-7D-AM, permitiu datar a sequéncia estudada do Mioceno Inferior ao
Mioceno Superior. Foram observadas, através dos fosseis- index, cinco zonas palinologicas ja
propostas para 0 Nedgeno da Amazonia Ocidental: Verrutricolporites, Mioceno Inferior
(1AS-8-AM), Psiladiporites—Crototricolpites, final do Mioceno Inferior ao inicio do Mioceno
Médio (1AS-7D-AM); Crassoretitriletes, Mioceno Médio (1AS-7D-AM); Grimsdalea, final
do Mioceno Médio ao inicio do Mioceno Superior (ambos testemunhos) e Asteraceae,
Mioceno Superior (1AS-7D-AM). A distribuicdo das espécies de Cyprideis permitiu
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reconhecer cinco zonas correspondentes as zonas palinolégicas, das quais quatro zonas ja
estabelecidas anteriormente, embora seus limites temporais tenham sido alterados nesse
estudo (ambos os testemunhos): C. aulakos, renomeada para C. sulcosigmoidalis, final do
Mioceno Inferior a inicio do Mioceno Médio; C. caraionae, Mioceno Médio a inicio do
Mioceno Superior; C. minipunctata, inicio do Mioceno Superior; e C. cyrtoma, inicio do
Mioceno Superior. Além disso, nds propomos uma nova zona de ostracode, Cyprideis

paralela, datada para o0 Mioceno Superior (1AS-7D-AM).

53 O SIGNIFICADO DA PRESENCA DE MICROFOSSEIS MARINHOS NA
RECONSTRUCAO PALEOAMBIENTAL DO NEOGENO DA FORMACAO SOLIMOES,
AMAZONIA OCIDENTAL, BRASIL.

A ocorréncia de microfdsseis de origem marinha a estuariana nos testemunhos de
sondagem 1AS-7D-AM e 1AS-8-AM (Municipio de Atalaia do Norte, Estado do Amazonas),
indica trés possiveis eventos de incursdo marinha na Formacdo Solimdes: o primeiro
registrado no Mioceno Inferior ao Mioceno Médio (em ambos testemunhos), o segundo no
final do Mioceno Médio a inicio do Mioceno Superior (LAS-8-AM), e o terceiro no Mioceno
Superior (1AS-7D-AM). Os dados demonstram que essas incursfes modificaram a paisagem
amazobnica, demonstrando proximidade com ambientes tipicamente costeiros, como
manguezais, estuarios e/ou lagunas. Na porcdo mais superior da Formacdo Solimdes, essas
condicdes desaparecem e sdo substituidas por um sistema flavio-lacustre semelhante a
paisagem moderna. Como consequéncia, o efeitos da Orogenia Andina, além da influéncia do
mar nos depdsitos da Amazonia Ocidental, desencadearam variacBes ambientais durante o

Nedgeno, o que, consequentemente, promoveu a grande biodiversidade existente na regido.
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