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the noise of other's opinions drown out
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da opinido alheia sufocar sua voz interior. E mais
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coracdo e sua intuicdo. Eles de alguma forma ja
sabem o que vocé realmente quer se tornar. Tudo
mais é secundario”.
“Stay hungry, stay foolish”.
(Steve Jobs. 2005. Discurso de Formatura —
Universidade de Stanford/EUA)
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RESUMO

Conodontes do Devoniano Inferior a Médio estdo ausentes no registro geolégico dos
reinos Malvinocéafrico e das Américas Orientais e sua ocorréncia no Devoniano
Superior em regides de latitude alta é extremamente rara. Esse fato contrasta com a
abundancia e diversidade desses organismos, reconhecidas nas faunas marinhas
pensilvanianas. O material examinado € proveniente do Devoniano Superior e
Pensilvaniano da Bacia do Amazonas, Grupo Curua — Formacdo Barreirinha e
Grupo Tapajos — formacdes Monte Alegre, Itaituba e Nova Olinda, respectivamente.
A pesquisa empreendida consiste em estudos de taxonomia e sistematica,
objetivando descricdo detalhada e investigacdo da presenca ocasional dos
conodontes devonianos e o0 aprimoramento do conhecimento acerca da
biodiversidade desses organismos no Pensilvaniano da América do Sul. Além disso,
analises do indice de Alteracdo de Cor (IAC) foram desenvolvidas com o intuito de
avaliar o potencial para hidrocarbonetos e a influéncia da atividade ignea e/ou
hidrotermal na historia térmica da bacia. Os exemplares sédo oriundos de amostras
de pocos estratigraficos e de afloramento e foram extraidos de diferentes litologias
através de técnicas mecanicas e quimicas tipicas, com solucfes tampéo de acido
acético. Apos a concentracdo e recuperacao dos espécimes, aqueles selecionados
foram observados ao Microscopio Eletrénico de Varredura para obtencdo de
imagens, com fins a analise taxonbmica e de microtexturas. Posteriormente, as
espécies descritas foram submetidas a investigacdo sistematica. O IAC e as
alteracoes texturais foram identificados sob microscopio estereoscoépico através da
determinacdo da cor e da andlise do estado de preservacdo da superficie dos
espécimes, comparando-os a uma ceélula de IAC padrdo. Em seguida, os intervalos
de paleotemperaturas foram obtidos. A variacdo desse indice foi avaliada sob mapa
geoldgico simplificado, secdes estratigraficas e mapas de isolinhas de IAC. Além
disso, o estabelecimento do zoneamento de maturacdo e a elaboracdo de resumo
grafico e mapa da estimativa de erosao/preservacao de unidades do Grupo Tapajés
auxiliaram na interpretacdo da historia térmica da bacia. A fauna de conodontes

devoniana, indicativa do Frasniano superior, apresenta baixa diversidade,

Conodontes do Devoniano Superior e Pensilvaniano da Bacia do Amazonas, Brasil
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compreendendo cinco espécies. Essa associacdo possui semelhancas com as
faunas do Devoniano Superior da Bolivia, América do Norte central e Europa
ocidental, sugerindo o intercambio de tdxons entre estas regi6es durante condi¢cdes
ambientais episddicas. Em contrapartida, os espécimes carboniferos mostram
grande diversidade e atualmente constituem o registro mais vasto do Pensilvaniano
Inferior-Médio na América do Sul. Foram identificadas vinte e sete novas espécies.
Uma espécie nova, ldiognathodus itaitubensis, foi proposta para esta Epoca na
Bacia do Amazonas. A afinidade previamente conhecida das faunas amazonenses
com aqguelas do Reino Midcontinent-Andean foi confirmada e a possibilidade de uma
conexao marinha durante o Pensilvaniano Médio entre as bacias da América do Sul
e 0 Oceano Paleotethys foi aventada. As formacgdes estudadas apresentam valores
de IAC principalmente entre 1.5-3 e condi¢cfes diagenéticas propicias a geracéo de
Oleo pesado/leve e gas umido/seco. O principal processo envolvido na maturacéo da
matéria organica durante o Pensilvaniano-Permiano da bacia foi o soterramento
sedimentar e, secundariamente, metamorfismo de contato e processo erosivo
pronunciado. @A  atividade de fluidos condicionou as  alteracbes
texturais/microtexturais e as paleotemperaturas maximas alcancaram cerca de
180°C.

PALAVRAS-CHAVE: conodonte; Devoniano Superior; Pensilvaniano; sistematica;

IAC.
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ABSTRACT

Conodonts from Lower to Middle Devonian are absent in the geological record of
Malvinokaffric and Eastern Americas Realms and its occurrence in the Upper
Devonian in high latitude regions is extremely rare. This fact contrasts with the
abundance and diversity of these organisms, recognized in Pennsylvanian marine
faunas. The material examined is from the Upper Devonian and Pennsylvanian of the
Amazonas Basin, Curud Group - Barreirinha Formation and Tapajés Group, Monte
Alegre, Itaituba and Nova Olinda formations respectively. The research undertaken
consists of studies of taxonomy and systematics, aiming detailed description and
investigation of the occasional presence of Devonian conodonts and improving the
knowledge concerning the biodiversity of these organisms in the Pennsylvanian of
South America. In addition, the Color Alteration Index analyses (CAIl) have been
developed in order to evaluate the potential for hydrocarbons and the influence of
igneous and/or hydrothermal activity in the thermal history of the basin. The
specimens are from samples of stratigraphic wells and outcrop and were extracted
from different lithologies through typical mechanical and chemical techniques with
acetic acid buffer solutions. After the concentration and recovery of specimens, those
selected were observed on Scanning Electron Microscope for imaging, for purposes
of taxonomic analysis and microtextures. Subsequently, the species described were
subjected to systematic investigation. The CAIl and textural changes were identified
under a stereomicroscope by determining the color and analysis of the preservation
state of the specimens’ surface, comparing them to a standard CAI cell. Then the
paleotemperatures intervals were obtained. The variation of this index was evaluated
in simplified geological map, stratigraphic sections and maps of CAI isolines. In
addition, the establishment of maturation zoning and development of graphical
summary and map of the estimated erosion/conservation of Tapajos Group units
assisted in the interpretation of the thermal history of the basin. The Devonian
conodont fauna, indicative of the upper Frasnian has low diversity, comprising five
species. This association has similarities to Bolivia Upper Devonian, central North

America and Western Europe faunas, suggesting the exchange of taxa between
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these regions during episodic environmental conditions. In contrast, the
Carboniferous specimens show great diversity and currently constitute the broader
record of the Lower-Middle Pennsylvanian in South America. Twenty-seven new
species were identified. A new species, ldiognathodus itaitubensis, has been
proposed for this Epoch in the Amazonas Basin. The previously known affinity of
Amazonian faunas with those of the Midcontinent-Andean Realm has been
confirmed and the possibility of a sea connection during the Middle Pennsylvanian
between the basins of South America and the Paleotethys Ocean was discussed.
The formations studied have CAI values mainly between 1.5-3 and favorable
diagenetic conditions for the generation of heavy/light oil and wet/dry gas. The main
process involved in the maturation of the organic matter during the Pennsylvanian-
Permian interval in the basin was sedimentary burial and, secondarily, contact
metamorphism and pronounced erosion. The fluid activity conditioned
textural/microtextural changes and maximum paleotemperatures reached about
180°C.

KEY-WORDS: conodont; Upper Devonian; Pennsylvanian; systematics; CAI.
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Capitulo | — Introducéao

Conodontes sao vertebrados primitivos, que habitaram mares do Cambriano
superior ao Tridssico Superior (BRIGGS et al., 1983; ALDRIDGE et al., 1986, 1993;
ALDRIDGE; DONOGHUE, 1998). Os remanescentes microscopicos, porcoes
mineralizadas do aparelho alimentar desses organismos (CLARK et al., 1981)
denominadas elementos conodontes, geralmente possuem entre 0,1 e 3,0 mm de
comprimento e ocorrem sob diversas formas em um Unico espécime, ocupando
posicOes especificas no aparelho multielementar (DONOGHUE et al., 2008).

A grande diversidade morfolégica desses microfosseis reflete sua rapida evolucao e,
por ocorrerem em sequéncias marinhas do Paleozdico ao Triassico Superior,
consagraram-se importantes indicadores bioestratigraficos, tornando-se assim, nos
ultimos 50 anos, um dos grupos fésseis mais importantes para bioestratigrafia e
correlacdo mundial.

Conodontes de regides de latitude alta sdo raros no Devoniano Superior. O artigo
Cardoso et al. (2015a) Frasnian conodonts at high palaeolatitude (Amazonas
Basin, north Brazil) apresentou o primeiro registro em detalhe dos conodontes
desta Idade relatado para a Bacia do Amazonas e analisou a sua presenca
ocasional. O material fossil, recuperado de planos de acamamento de folhelho negro
(Formacédo Barreirinha) no testemunho 124 do poco estratigrafico 1-RX-1-AM, é
composto por espécimes isolados, bem como inclusos na rocha e moldes externos,
pertencentes as ordens Prioniodinida e Ozarkodinida, ocorrendo em associa¢cdo com
tasmanaceas. Além disso, esta formacdo compreende a principal geradora de
hidrocarbonetos na Bacia do Amazonas, aumentando o interesse na idade e no
contexto da sedimentacdo desta unidade.

Conodontes do Pensilvaniano da Bacia do Amazonas, Grupo Tapajos — formacdes
Monte Alegre, Itaituba e Nova Olinda, foram descritos, submetidos a analise
sistematica e apresentados no artigo Cardoso et al. (2016) Carboniferous
conodonts from the Tapajés Group (Amazonas Basin, Brazil). Identificaram-se
seis géneros de conodontes: Adetognathus, Diplognathodus, Idiognathodus,

Idiognathoides, Neognathodus e Streptognathodus. Uma nova espécie,

Conodontes do Devoniano Superior e Pensilvaniano da Bacia do Amazonas, Brasil
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Idiognathodus itaitubensis, foi proposta e as ocorréncias de vinte e trés tdxons séo
consideradas inéditas na América do Sul. Visto que a taxonomia de forma, mais
antiga, obscureceu as relacdes interelementos e considerando que a ocorréncia de
homoélogos em diferentes aparelhos alimentares é evidente também na fauna
amazonense; a natureza vicariante de alguns elementos P1 em diferentes
associacoes multielementares foi considerada. Assim, fez-se uso da terminologia
“discrete element” — DE a frente do nome de determinadas espécies de conodontes
(HOROWITZ; REXROAD, 1982), a fim de acomoda-las quando um morfotipo
provavelmente integra diversos aparelhos distintos. Além disso, aventou-se a
existéncia de uma conexao ocasional entre a Bacia do Amazonas e a porcao Oeste
do Oceano Paleotethys durante o Pensilvaniano médio (Moscoviano). A diversidade
de espécies observada € maior do que a previamente conhecida, sendo esta
associacao de conodontes, relativamente abundante, de grande interesse para o
aprimoramento do conhecimento acerca da biodiversidade desse grupo no
Carbonifero da América do Sul, constituindo uma base importante para estudos
posteriores.

Os elementos conodontes sdo compostos por fosfato de  calcio
[CasNap 14(PO4)3,01(CO3)0,16F0,73(H20)085] na forma de cristais de francolita
(fluorapatita) e por quantidades traco de matéria organica (PIETZNER et al., 1968;
ELLISON, 1944; ZIEGLER; LINDSTROM, 1981; SWEET; DONOGHUE, 2001,
MISHIMA et al., 2008). Esses microfésseis tornaram-se excelentes indices térmicos,
particularmente para rochas entre os graus diagenético e de metamorfismo mais
baixo, devido a sua composicdo e padrdo de crescimento, o qual consiste na
acrecao de lamelas de apatita com ocorréncia de matéria organica, tanto na forma
de delgadas camadas entremeadas quanto disseminada.

O indice de Alteracdo de Cor de conodontes (IAC) permite-nos determinar as
paleotemperaturas maximas a que as rochas foram submetidas e estabelecer a
histéria térmica de uma bacia. E um implemento significativo em geologia
econdmica, uma vez que € utilizado para explorar o potencial para hidrocarbonetos e
a influéncia da atividade hidrotermal em bacias. Andlises preliminares para IAC em
conodontes do Paleozodico da Bacia do Amazonas foram realizadas por Rocha-
Campos et al. (1988), Scomazzon (2004), Nascimento (2008), Cardoso (2010) e

Conodontes do Devoniano Superior e Pensilvaniano da Bacia do Amazonas, Brasil
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Cardoso et al. (2012), embora a cor dos conodontes nao tenha sido comparada a
uma lamina padrdo, mas sim a tabelas de coloracéo® publicadas. Além do valor de
IAC, Nascimento (2008) observou a textura de conodontes e, mais tarde, Cardoso
(2010) e Cardoso et al. (2012) ilustraram texturas e microtexturas (ja no sentido de
BLANCO-FERRERA et al.,, 2011) desenvolvidas em muitos dos conodontes
analisados.

No artigo Cardoso et al. (2015b) Conodont colour alteration index and upper
Paleozoic thermal history of the Amazonas Basin, Brazil, o IAC para a Bacia do
Amazonas foi determinado através da andlise de oitenta e seis amostras oriundas de
vinte e trés poc¢os e um afloramento, incluindo a Formacao Barreirinha (Frasniano) e
o Grupo Tapajos (Pensilvaniano-Permiano). A variacdo do IAC foi analisada em
mapa geologico simplificado e segbes transversais para diferentes unidades
litoestratigraficas do Paleozoico desta bacia. Os valores de IAC foram
complementados com as alteracbes texturais e microtexturais observadas na
superficie dos conodontes, sendo entdo ambos dados integrados na histéria tectono-

termal da bacia.

Estado da Arte

Registros de conodontes na Bacia do Amazonas

Os conodontes da Bacia do Amazonas ocorrem principalmente nos estratos
marinhos do Pensilvaniano (tabela 1). Fulfaro (1965) descreveu, pela primeira vez
no Brasil, conodontes provenientes de cinco afloramentos ao longo das margens do
Rio Tapajos, Formacdo Itaituba - Bacia do Amazonas. O autor identificou oito
espécies de conodontes: Cavusgnathus lauta; Gnathodus sp.; Hindeodella
iowaensa; Hindeodella sp.; Idiognathodus acutus; Idiognathodus sp.; Ligonodina sp.;
Ozarkodina delicatula e concluiu que a presenca de Idiognathodus acutus seria uma
evidéncia para a datacao desses sedimentos como desmoinesianos.

Arauljo e Rocha-Campos (1969), analisando onze amostras do poco PEst-2-AM na

Bacia do Amazonas, identificaram quinze espécies pertencentes a oito géneros de

! Munsell Color Company (1971).
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conodontes: Cavusgnathus; Gnathodus; Hindeodella; Idiognathodus; Ozarkodina;
Polygnathus; Polylophodonta; Streptognathodus. Os autores indicaram idade
pensilvaniana, conforme a distribuicao estratigrafica dos espécimes estudados.

As associagcdes de conodonte da Bacia do Amazonas correspondem ao Reino
Midcontinent-Andino e sua afinidade com associa¢cdes norte-americanas permitiu
correlagdo com os Andares Regionais da América do Norte. Zoneamentos locais
para a Bacia do Amazonas foram correlacionados com os andares do Morrowano
tardio ao Desmoinesiano inicial (LEMOS; MEDEIROS, 1989; LEMOS, 1990, 1992a,
1992b; LEMOS; MEDEIROS, 1996a, 1996b; NEIS, 1996; SILVA; LEMOS, 1996;
SCOMAZZON, 1999; LEMOS; SCOMAZZON, 2001; SCOMAZZON, 2004,
NASCIMENTO et al.,, 2005; SCOMAZZON; LEMOS, 2005; NASCIMENTO, 2008;
NASCIMENTO et al., 2009; CARDOSO, 2010; NASCIMENTO et al., 2010b;
SCOMAZZON et al., 2016).

Lemos (1990) estudou dezoito pocos oriundos de diversas localidades na calha
central e nas plataformas Norte e Sul da Bacia do Amazonas e descreveu trés zonas
de associacdo: (I) Zona Neognathodus symmetricus/Rhachistognathus muricatus
abrangendo a Formacdo Monte Alegre e porcdo inferior da Formacao Itaituba,
caracterizando 0 Morrowano inicial, (D) Zona Diplognathodus
orphanus/Diplognathodus coloradoensis compreendendo a porcdo média da
Formacéo Itaituba, marcando o intervalo Atokano-Desmoinesiano inicial e (lll) Zona
Streptognathodus elongatus/Idiognathodus ellisoni, representativa do Pensilvaniano
médio-tardio na Fomacao Nova Olinda. A autora desenvolveu a primeira discussao
sobre bioestratigrafia com base em conodontes para a Bacia do Amazonas
utilizando a taxonomia multielemental.

Lemos (1992a, 1992b) realizou um estudo de cunho sisteméatico e bioestratigrafico
com base em conodontes das formacdes Monte Alegre, Itaituba e Nova Olinda. A
autora analisou quarenta e trés testemunhos de treze pocos da Bacia do Amazonas
e reconheceu dezesseis espécies de conodontes: Adetognathus lautus;
Declinognathodus noduliferus; Diplognathodus coloradoensis; Diplognathodus
orphanus; Hindeodus minutus; Idiognathodus delicatus; I. magnificus; I. suberectus;
Idiognathoides  sinuatus; Neognathodus bassleri; Neognathodus roundyi;

Neognathodus symmetricus; Rhachistognathus muricatus; Streptognathodus
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elegantulus; S. expansus; S. parvus. A associacdo fossil permitiu a atribuicdo de
idade morrowana-atokana aos intervalos estratigraficos estudados.

Lemos e Medeiros (1996a), estudando a sequéncia carbonifera da Bacia do
Amazonas, abrangendo as formacdes Monte Alegre, Itaituba e Nova Olinda,
identificaram dezesseis espécies de conodontes e estabeleceram duas zonas de
associacao: (I) Zona Neognathodus symmetricus/Rhachistognathus muricatus, com
espécies tipicas do Morrowano, abrangendo a Formacao Monte Alegre e a porcéo
inferior da Formacéo Itaituba e (II) Zona Diplognathodus orphanus/Diplognathodus
coloradoensis, com espécies caracteristicas do Atokano, registrada nas porcdes
média e superior da Formagéo Itaituba.

A Zona Neognathodus symmetricus/Rhachistognathus muricatus € composta ainda
pelas espécies Adetognathus lautus; Declinognathodus noduliferus; Hindeodus
minutus; Idiognathodus delicatus; 1. suberectus; Idiognathoides sinuatus;
Neognathodus bassleri; Neognathodus roundyi; Streptognathodus elegantulus; S.
expansus; S. parvus.

A Zona Diplognathodus orphanus/Diplognathodus coloradoensis abrange ainda as
espécies Adetognathus lautus; Declinognathodus noduliferus; Hindeodus minutus;
Idiognathodus delicatus; |. magnificus; ldiognathoides sinuatus; Neognathodus
bassleri; Neognathodus roundyi; Streptognathodus elegantulus; S. parvus.

Os autores reconheceram o limite Morrowano-Atokano na parte média da Formacao
Itaituba, logo abaixo do folhelho marcador M-65, o qual representa o primeiro evento
de inundacdo maxima que transgrediu sobre o Arco de Purus durante o Carbonifero
na bacia.

Lemos e Medeiros (1996b) analisaram rochas carbonaticas coletadas na faixa Sul
de afloramentos as margens do Rio Tapajés, atribuidas ao intervalo basal da
Formacdo Itaituba. Os autores identificaram trés espécies de conodontes:
Gnathodus bilineatus; Gnathodus girtyi; Lochriea mononodosa e posicionaram o
intervalo estudado no Chesteriano (Mississipiano Superior).

Neis (1996), com base em quatro pocos distribuidos entre as plataformas Norte e
Sul da Bacia do Amazonas, sugeriu duas zonas de associacdo: (l) ldiognathoides
ouachitensis/Rhachistognathus muricatus, abrangendo a Formac&o Monte Alegre e

a porcao inferior da Formacéo Itaituba, de idade morrowana e (ll) Diplognathodus
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spp., ocorrendo dentro da Formacado lItaituba, sugerindo idade atokana. O autor
propds que o intervalo analisado estivesse posicionado entre Morrowano superior-
Atokano médio.

Silva e Lemos (1996), estudando o controle dos ciclos sedimentares na distribuigéo
estratigrafica dos conodontes da Formacgdo Itaituba, Pensilvaniano da Bacia do
Amazonas, reconheceram dezoito espécies: Adetognathus lautus; Diplognathodus
coloradoensis; Diplognathodus orphanus; Hindeodus minutus; Idiognathoides
sinuatus; ldiognathodus delicatus; 1. magnificus; |. suberectus; Neognathodus
bassleri; Neognathodus medadultimus; Neognathodus roundyi; Neognathodus
symmetricus; Rhachistognathus muricatus; Idiopriniodus sp.; Streptognathodus
elegantulus; S. expanses; S. parvus; Declinognathodus noduliferus. De acordo com
a fauna encontrada, os autores posicionaram cronoestratigraficamente o terco
inferior da Formacao Itaituba no Morrowano e o tergco medio-superior no Atokano.
Scomazzon (1999) estudou afloramentos da plataforma Sul da Bacia do Amazonas,
correspondentes a porcdo superior da Formacdo Monte Alegre e a Formacao
Itaituba. A autora definiu trés zonas de intervalo local: (I) Zona Idiognathodus
sinuosus/Rhachistognathus muricatus compreendendo a porcdo superior da
Formacdo Monte Alegre e a porcéao inferior da Formacao Itaituba, posicionada no
Morrowano inicial, (I) Zona Idiognathodus klapperi/Streptognathodus parvus,
correspondendo a porcdo média da Formacédo Itaituba, posicionada no intervalo
Morrowano tardio-Atokano e (lll) Zona Idiognathodus claviformis/Idiognathodus
incurvus, abrangendo a porcdo superior da Formacado Itaituba, posicionada no
Desmoinesiano inicial.

Lemos e Scomazzon (2001) revisaram dezoito pocos e quatro afloramentos da
Bacia do Amazonas e renomearam a terceira zona de Lemos (1990, Zona
Streptognathodus elongatus/Idiognathodus ellisoni) como Zona Idiognathodus
claviformis/Idiognathodus incurvus, que ocorre proxima a base da Formacdo Nova
Olinda, e sugeriram idade desmoinesiana inicial para o intervalo revisto.

Scomazzon (2004) analisou dezoito pocos e trés afloramentos, compreendendo um
perfil de Norte-Sul na Bacia do Amazonas. A autora estabeleceu uma zona de
amplitude de taxon Idiognathodus incurvus para a Formacéo lItaituba e parte inferior

da Formagédo Nova Olinda e uma subzona Diplognathodus coloradoensis para a
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Formacao lItaituba, sugerindo idade Atokano médio-Desmoinesiano inicial para a
secao analisada.

A autora forneceu evidéncias através de bioestratigrafia e por correlacdo
estratigradfica que o Marco-65 (CAROZZI et al.,, 1972), na realidade, estaria
correlacionado com os depasitos siliciclasticos dos estratos mais inferiores do Grupo
Tapajos.

Nascimento et al. (2005) estudaram setenta de cinco amostras de dois afloramentos
na regido Sul da Bacia do Amazonas, compreendendo a porcao inferior da
Formacdo Itaituba, e identificaram sete géneros e dez espécies de conodontes. Os
autores definiram duas zonas de amplitude de taxon: (I) Zona Idiognathoides
sinuatus abrangendo o intervalo Morrowano-Atokano e (lI) Subzona Neognathodus
roundyi marcando o limite entre estes andares, com espécies caracteristicas do
Atokano.

A Zona ldiognathoides sinuatus compreende, além da espécie que a define,
Adetognathus lautus; Diplognathodus coloradoensis; Hindeodus minutus;
Idiognathodus incurvus; Idiopriniodus sp.; Neognathodus spp.

A Subzona Neognathodus roundyi inclui ainda Adetognathus lautus; Hindeodus
minutus; Idiognathodus incurvus; Idiognathoides sinuatus; Neognathodus
atokaensis; Neognathodus medadultimus; Neognathodus roundyi.

Scomazzon e Lemos (2005) analisaram trinta e nove amostras de quatro pocos
locados na calha central e nas plataformas Norte e Sul da Bacia do Amazonas. As
autoras reportaram a primeira ocorréncia de Diplognathodus ellesmerensis na
Formacéo Itaituba. A associacdo identificada compreendia ainda nove espécies de
conodontes: Adetognathus lautus; Diplognathodus coloradoensis; Diplognathodus
orphanus; Idiognathodus incurvus; Idiognathoides sinuatus; Neognathodus
atokaensis; Neognathodus bassleri; Neognhathodus medadultimus; Neognathodus
roundyi. De acordo com a fauna registrada, mas principalmente pela ocorréncia de
Diplognathodus orphanus nas porcdes inferior e superior da Formacao Itaituba, foi
sugerida idade atokana para o intervalo estudado.

Nascimento (2008) investigou cinco afloramentos compreendendo 128 amostras na
porcdo superior da Formacédo Monte Alegre e porgéao inferior da Formacgéo Itaituba,

secdo do Tapajés. A autora identificou dezoito espécies de conodontes:
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Adetognathus lautus; Diplognathodus coloradoensis; Diplognathodus ellesmerensis;
Diplognathodus orphanus; Ellisonia conflexa; Ellisonia latilaminata; Gondolella sp.;
Hindeodus minutes; Idiognathodus incurvus; ldiognathoides sinuatus; ldiopriniodus
sp.; Neognathodus atokaensis; Neognathodus bassleri; Neognathodus bothrops;
Neognathodus medadultimus; Neognathodus roundyi; Rhachistognathus muricatus;
Ubinates advena e propb6s duas zonas de amplitude de téxon, Diplognathodus
orphanus e Rhachistognathus muricatus, e uma cenozona, Idiognathodus
incurvus/Neognathodus atokaensis/Neognathodus medadultimus, posicionando o
limite Morrowano-Atokano entre as formac¢des Monte Alegre e Itaituba.

Nascimento et al. (2009) apresentaram uma nova abordagem de estudo através da
integracdo de dados bioestratigraficos advindos de conodontes e de palinomorfos
recuperados de uma mesma secédo aflorante da Formacdao Itaituba, na borda Sul da
Bacia do Amazonas.

A associacdo de conodontes compreendia sete espécies: Adetognathus lautus;
Diplognathodus coloradoensis; Diplognathodus ellesmerensis; Diplognathodus
orphanus; Hindeodus minutus; Idiognathodus incurvus; Idiognathoides sinuatus. A
associacao de palinomorfos abrangia quatro espécies de esporos: Apiculatasporites
daemonii; Spelaeotriletes arenaceus; Spelaeotriletes triangulus; Vallatisporites
punctatus, doze espécies de grdos de polen: Cannanoropolis densus;
Cannanoropolis janaki; Costatascyclus crenatus; Cycadopites sp.; lllinites unicus;
Meristocorpus explicatus; Meristocorpus sp.; Plicatipolenites malabarensis;
Potonieisporites congoensis; Potonieisporites novicus; Protohaploxypinus amplus;
Striomonosaccites incrassatus e um exemplar de alga, Botryococcus braunii. De
acordo com a associacao faunistica encontrada, os autores posicionaram a se¢ao
estudada no Atokano médio.

Cardoso (2010) pesquisou 27 amostras de um afloramento da Formacéao Itaituba e
identificou dez espécies: Adetognathus lautus; Diplognathodus coloradoensis;
Diplognathodus ellesmerensis; Diplognathodus orphanus; Ellisonia sp.; Hindeodus
minutus; Idiognathodus incurvus; ldiognathoides sinuatus; Neognathodus bothrops;
Neognathodus medadultimus. Foram propostas uma zona de amplitude de taxon
Diplognathodus orphanus e uma zona de concorréncia Idiognathodus incurvus-

Idiognathoides sinuatus, posicionando a sucessao analisada no Atokano médio.
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Nascimento et al. (2010b) propuseram duas zonas de amplitude de taxon: (I) Zona
Rhachistognathus muricatus, correspondendo ao andar Morrowano, correlacionada
litoestratigraficamente aos arenitos da porgéo superior da Formacao Monte Alegre e
a porcao inferior da Formacdo Itaituba, e (lI) Zona Diplognathodus orphanus,
correspondendo ao Atokano, correlacionada litoestratigraficamente a Formacédo
Itaituba. Os autores sugeriram também uma zona de associacdo ldiognathodus
incurvus/Neognathodus atokaensis/Neognathodus medadultimus, correspondendo
ao Atokano e correlacionada litoestratigraficamente a Formacdo Itaituba. A
ocorréncia de Diplognathodus orphanus e Idiognathodus incurvus confirma a idade
atokana sugerida.

Scomazzon et al. (2016) identificaram 17 espécies de conodontes, ao analisarem 3
afloramentos e 18 pocos abrangendo porcao superior da Formagao Monte Alegre,
Formacdo ltaituba e porcao inferior da Formagao Nova Olinda: Adetognathus lautus;
Diplognathodus coloradoensis; Diplognathodus ellesmerensis; Diplognathodus
orphanus; Hindeodus minutus; Idiognhathodus incurvus; Idiognathodus sp.;
Idiognathoides  sinuatus; Idioprioniodus sp.; Neognathodus atokaensis;
Neognathodus bassleri; Neognathodus bothrops; Neognathodus medadultimus;
Neognathodus roundyi; Neognathodus sp.; Neognathodus symmetricus;
Streptognathodus sp. Os autores sugeriram uma zona de amplitude de taxon local
Idiognathodus incurvus e uma subzona de amplitude de taxon local Diplognathodus
coloradoensis, situando a Formacéo Itaituba e a porcao inferior da Formacdo Nova
Olinda no intervalo entre o Bashkiriano tardio e o Moscoviano (Atokano a

Desmoinesiano inicial).

Tabela 1: Relacdo de estudos de conodontes das formagdes Monte Alegre, Itaituba e Nova Olinda,
Bacia do Amazonas.

Autor Amostragem Géneros/Espécies Grupo/Formacao Idade
8 espécies: Hindeodella
iowaensa; Hindeodella sp.;
Fdlfaro 5 O_zarkod_ina _ delicatula; _ o
(1965) afloramentos Ligonodina sp.; Idiognathodus F. ltaituba Desmoinesiano
acutus; Idiognathodus  sp.;
Cavusgnathus lauta; Gnathodus
sp.
Araujo e 11 amostras, | 15 espécies/8 géneros:
Rocha- 4 Cavusgnathus; Hindeodella; F Itaituba Pensilvaniano
Campos testemunhos, | Streptognathodus; )
(1969) poco PEst-2- | Idiognathodus; Gnathodus;
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AM Ozarkodina; Polylophodonta;
Polygnathus
4 géneros: Cavusgnathus; . . .
WS | - doonmtods  Granods | MAbe R | Pershane
' Streptognathodus
6 espécies: Diplognathodus
coloradoensis; Diplognathodus
Lemos e orphanus; Idiognathodus
Medeiros - maghnificus; Idognathodus F. hl/loTt'Ztﬁlbeagre, MX;;OI::\ igo'
(1989) suberectus; Neognathodus )
symmetricus; Rhachistognathus
muricatus
Morrowano
inicial (F.
3 zonas de associagéo: Monte Alegre e
0] Zona Neognathodus porcéao inferior
symmetricus/Rhachistognathus da F. Itaituba)
muricatus _ F. Monte Alegre Atokano-
Lemos 18 poCos ()} Zona Diplognathodus .F ltaituba. E " | Desmoinesiano
(1990) pog orphanus/Diplognathodus N oli ,d ' inicial (porcéo
coloradoensis ova tlinda média da F.
(I Zona  Streptognathodus [taituba)
elongatus/ldiognathodus ellisoni Pensilvaniano
médio-tardio
(F. Nova
Olinda)
11 espécies: Idiognathodus
delicatus; I. magnificus; .
43 suberectus;  Streptognathodus
Lemos testemunhos, | parvus; S. expanses; S.| F. Mon_te Alegre, Morrowano-
(1992a) 13 pogos elegantulus; Neognathodus F. ltaituba, F. Atokano
(junto com bassleri; Neognathodus roundyi; Nova Olinda
1992b) Neognathodus symmetricus;
Hindeodus minutus;
Rhachistognathus muricatus
43 5 espécies:  Adetognathus
Lemos testemunhos, Iautu_s; Idiognathoides sir_1_uatus; F. Monte Alegre, Morrowano-
(1992b) 13 pogos Declinognathodus  nodiliferus; F. Itaituba, F. Atokano
(junto com Diplognathodus orphanus; Nova Olinda
1992a) Diplognathodus coloradoensis
16 espécies: Adetognathus
lautus; Declinognathodus
noduliferus; Diplognathodus
coloradoensis; Diplognathodus
orphanus; Hindeodus minutus;
Idiognathodus  delicates; I.
magnificus; l. suberectus; Limite
Lemos e Idiognathoides sinuatus; | F. Monte Alegre, Morrowano-
Medeiros 13 pogos Neognathodus bassleri; F. Itaituba, F. Atokano na
(1996a) Neognathodus roundyi; Nova Olinda porcdo média
Neognathodus symmetricus; da F. Itaituba
Rhachistognathus  muricatus;

Streptognathodus elegantulus;
S. expanses; S. parvus

2 zonas de associagao:
() Zona Neognathodus
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Frograma de
Reecursos Husman
da ANP

[P

symmetricus/Rhachistognathus
muricatus

(1 Diplognathodus
orphanus/Diplognathodus
coloradoensis

Chesteriano
(Mississipiano

Lemos e 3 espécies: Gnathodus tardio -
Medeiros afloramentos | bilineatus; Gnathodus girtyi; F. Itaituba Carbonifero
(1996b) Lochriea mononodosa inicial) na
por¢éo basal
da F. Itaituba
. (1) Morrowano
2 zonas de associagéo: (F. Monte
0] Zona Idiognathoides E. Monte Alear AI.
Neis (1996) 4 pogos ouachitensis/Rhachistognathus : - NEgre, egreea
. F. Itaituba porcéao inferior
Enl)gi)ar‘;[:\SDi lognathodus s da F. ltaituba)
plog Pp- (Il) F. Itaituba
18 espécies: Adetognathus
lautus; Diplognathodus
coloradoensis; Diplognathodus
orphanus; Hindeodus minutus;
Idiognathoides sinuatus; MoITowano no
Idiognathodus  delicatus; I. terco inferior da
Silva e maghnificus; I suberectusf; E Itaituba e
Lemos - Neognathodus bas_,slerl; F. ltaituba Atokano no
(1996) Neognathodus medadul'umusg; ) terco
Neognathodus roundyi; sdio/superior
Neognathodus symmetricus; n;e E It F: b
Rhachistognathus ~ muricatus; ar. ftaituba
Idiopriniodus sp.;
Streptognathodus elegantulus;
S. expanses; S. parvus;
Declinognathodus noduliferus
Morrowano
3 zonas de intervalo local: |n|C|aI. (p%l‘(;?:o
() Zona Idiognathodus I\%ﬁf:%rle are é
sinuosus/ Rhachistognathus a porg:z"ago
muricatus P
Scomazzon () Zona Idiognathodus F. Mgnte Alegre |nfer|pr daF.
(1999) i klapperi/Streptognathodus (porgao sgperlor) ltaituba)
parvus e F. ltaituba Mprrowano
(1 Zona Idiognathodus tar?:m -Atokano
claviformis/Idiognathodus ( I&Eﬁ%‘;‘o
incurvus R
Desmoinesiano
inicial
renomearam a terceira zona de
Lemos (1990), Zona
Lemos e Streptognathodus base da
S 18 pocos e 4 | elongatus/Idiognathodus ~ Desmoinesiano
comazzon e Formacgao Nova A
(2001) afloramentos | ellisoni, como Zona Olinda inicial
Idiognathodus
claviformis/Idiognathodus
incurvus
Scomazzon | 18 pogos e 3 zoneamentos: () F. ltaituba e Atokano médio-
(2004) afloramentos | (I) Zona Idiognathodus incurvus | porgéo inferior da | Desmoinesiano
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(I) Subzona Diplognathodus F. Nova Olinda
coloradoensis (1) Formacéo
Itaituba
7 géneros e 10 espécies:
Adetognathus lautus;
Diplognathodus coloradoensis;
Hindeodus minutus;
Idiognathodus incurvus;
Idiognathoides sinuatus; Morrowano-
Idiopriniodus sp.; Neognathodus Atokano
Nascimento | 75 amostras | atokaensis; Neognathodus F. Itaituba (porco (porcéo inferior
et al. de 2 bassleri; Neognathodus | " - inferio?) & da F. Itaituba)
(2005) afloramentos | medadultimus;  Neognathodus com subzona
roundyi caracterizando
este limite
2 zonas de amplitude de taxon:
() Zona de Idiognathoides
sinuatus
(I) Subzona de Neognathodus
roundyi
10 espécies: Adetognathus
lautus; Diplognathodus
coloradoensis; Diplognathodus
ellesmerensis; Diplognathodus
Scomazzon 39 amostras prphanus; Id_iognatho_dus
e Lemos de 4 pocos incurvus; Idiognathoides F. ltaituba Atokano
(2005) sinuatus; Neognathodus
atokaensis; Neognathodus
bassleri; Neognathodus
medadultimus;  Neognathodus
roundyi
18 espécies: Adetognathus
lautus; Diplognathodus
coloradoensis; Diplognathodus
ellesmerensis; Diplognathodus
orphanus; Ellisonia conflexa;
Ellisonia latilaminata;
Gondolella  sp.; Hindeodus
minutes; Idiognathodus
incurvus; Idiognathoides
sinuatus;  Idiopriniodus  sp.;
Neognathodus atokaensis; Morrowano
_ 128 amostras Neognathodus bassleri; | F. Monte Alegre (imite entre as
Nascimento de 5 Neognathodus both_rops; (porgao superior) formaces)
(2008) afloramentos Neognathodus  medadultimus; e F. ltaituba Atokano
Neognathodus roundyi; | (porgéao inferior) (F. Itaituba)
Rhachistognathus =~ muricatus; '
Ubinates &dvena
2 zonas de amplitude de tdxon
e 1 cenozona:
(I) Diplognathodus orphanus
(I1) Rhachistognathus muricatus
(1 Idiognathodus
incurvus/Neognathodus
atokaensis/Neognathodus
medadultimus

Conodontes do Devoniano Superior e Pensilvaniano da Bacia do Amazonas, Brasil
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7 espécies de conodontes:
Adetognathus lautus;
Diplognathodus coloradoensis;
Diplognathodus ellesmerensis;
Diplognathodus orphanus;
Hindeodus minutus;
Idiognathodus incurvus;
Idiognathoides sinuatus
4  espécies de  esporos:
Apiculatasporites daemonii;
Spelaeotriletes arenaceus;
Spelaeotriletes triangulus;
Nascimento 1 Vallatisporites punctatus
et al. afloramentos 12 espécies de graos de polen: F. Itaituba Atokano médio
(2009) Cannanoropolis densus;
Cannanoropolis janaki;
Costatascyclus crenatus;
Cycadopites sp.; lllinites unicus;
Meristocorpus explicatus;
Meristocorpus sp.;
Plicatipolenites  malabarensis;
Potonieisporites congoensis;
Potonieisporites novicus;
Protohaploxypinus amplus;
Striomonosaccites incrassatus
1 espécie de alga:
Botryococcus braunii
10 espécies: Adetognathus
lautus; Diplognathodus
coloradoensis; Diplognathodus
ellesmerensis; Diplognathodus
orphanus; Ellisonia sp.;
Hindeodus minutus;
Idiognathodus incurvus;
Cardoso 27 amostras | ldiognathoides sinuatus; ) . o
(2010) del Neognathodus b(_)throps; Formacdo Itaituba | Atokano médio
afloramento | Neognathodus medadultimus
zoneamentos:
0] zona de amplitude
Diplognathodus orphanus
(I zona de concorréncia
Idiognathodus incurvus-
Idiognathoides sinuatus
2 zonas de amplitude de taxon: (1) Morrowano
()  Zona Rhachistognathus (arenitos da
muricatus porcao superior
() Zona Diplognathodus da F. Monte
Nascimento orphanus Formacées Monte Alegre e
et al. Ale rge ltaituba porcao inferior
(2010b) 1 zona de associacao: 9 da F. Itaituba)
(1 Zona Idiognathodus (1) Atokano (F.
incurvus/Neognathodus Itaituba)
atokaensis/Neognathodus (1) Atokano (F.
medadultimus Itaituba)
Scomazzon 3 17 espécies: Adetognathus | F. Monte Alegre e
et al. afloramentos | lautus; Diplognathodus | (porcédo superior), Bashkiriano
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(2016) e 18 pogos | coloradoensis; Diplognathodus F. Itaituba e F. tardio-
ellesmerensis; Diplognathodus Nova Olinda Moscoviano
orphanus; Hindeodus minutus; | (porcao inferior) (Atokano-
Idiognathodus incurvus; Desmoinesiano
Idiognathodus sp.; inicial)
Idiognathoides sinuatus;

Idioprioniodus sp.; He()F.
Neognathodus atokaensis; Itaituba e F.
Neognathodus bassleri; Nova Olinda
Neognathodus bothrops; (porcéo
Neognathodus  medadultimus; inferior)
Neognathodus roundyi;

Neognathodus sp.;

Neognathodus symmetricus;
Streptognathodus sp.

zoneamentos:
(I) zona de amplitude de téxon
local Idiognathodus incurvus
(I) subzona de amplitude de
taxon local Diplognathodus
coloradoensis

indice de Alteracdo de Cor de conodontes — IAC

A alteracdo na cor dos elementos conodontes foi observada pela primeira vez por
Ellison (1944), contudo, até meados da década de 1970, essa alteracdo era vista
como um impedimento aos estudos morfologicos desses microfésseis, ndo sendo
explorada nem elucidada (HARRIS, 1981).

As diferencas na coloracdo dos elementos conodontes foram organizadas
sistematicamente em intervalos de cor (IAC - indice de Alteracdo de Cor) somente
no final da década de 1970, com o trabalho pioneiro de Epstein et al. (1977). Esses
autores utilizaram amostras de campo oriundas de calcarios da Bacia Apalachiana
no intervalo Ordoviciano-Pensilvaniano, pirélise experimental de espécimes
inalterados e diagrama de Ahrrenius® para extrapolar seus dados para outros
periodos de tempo geoldgicos. Epstein et al. (1977) demonstraram que 0s
elementos conodontes, quando inalterados, apresentavam cor amarelo claro a
ambar claro e que esses microfésseis sofreram nitidamente alteracées na sua cor

original (amarelo claro a preto), equivalentes a valores de IAC entre 1 e 5 (figura 1),

2 Os limites de temperatura geoldgica (inferior e superior) para todos os IAC s&o determinados a partir
de um diagrama de log de tempo versus o reciproco da temperatura absoluta (EPSTEIN et al., 1977).
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que foram atribuidos a diferentes regimes de temperatura (< 50°C a > 300°C)

durante a diagénese progressiva.

Figura 1: Variacbes de cor em elementos conodontes de ocorréncia natural e induzidas
experimentalmente correlacionadas a intervalos de temperatura para todos os IAC determinados.
Fonte: Epstein et al. (1977).

Dez anos mais tarde, Rejebian et al. (1987), através de dados experimentais e de
campo, ampliaram o0 uso dos elementos conodontes como indices termais
guantitativos para regimes de metamorfismo regional, de contato e de alteragéo
hidrotermal. Os autores selecionaram espécimes de cor amarelo claro do
Ordoviciano Inferior, médio e Superior da Suécia, Polénia e EUA (Kentucky),
respectivamente, além de exemplares do Devoniano Superior dos EUA (lowa), a fim
de obter a maior variedade possivel de dimensfes e morfotipos para a andlise do

IAC. Os autores estenderam a escala de indice de Alteraco de Cor (IAC = 1-5) para

Conodontes do Devoniano Superior e Pensilvaniano da Bacia do Amazonas, Brasil
Sistematica e Indice de Alteragado de Cor (IAC)



$ B2

U F RGs UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL

INSTITUTO DE GEOCIENCIAS a[lp
UNIVERSIDADE FEDERAL  PROGRAMA DE POS-GRADUAGCAO EM GEOCIENCIAS s
DO RIO GRANDE DO SUL et

‘e Blacombustiveis

temperaturas mais altas (360 °C a > 600 °C) e valores de IAC entre 6 e 8 (figura 2).
Rejebian et al. (1987) estabeleceram experimentalmente esses intervalos de

temperatura utilizando o mesmo método de Epstein et al. (1977).

Figura 2: Variacdes de cor em elementos conodontes experimentalmente e naturalmente alterados
com valores de IAC entre 5 e 8. Alguns morfotipos sdo identificados: P - plataformados; R -
ramiformes; S - cones simples; J - juvenis; A — adultos.

Fonte: Rejebian et al. (1987).

A literatura a respeito da diagénese de matéria organica enfatiza temperatura e
tempo como os fatores dominantes na carbonificacdo e consequente alteracdo de
cor (ABELSON, 1954; PHILIPPI, 1965; TEICHMULLER; TEICHMULLER, 1968;
BOSTICK, 1973; HOOD et al., 1975). A variacdo na cor dos elementos conodontes,
classificada em indices de Alteracdo de Cor (IAC de 1 a 8), é resultado da fixac&o do

carbono oriundo das quantidades traco de matéria organica contida na estrutura
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desses microfésseis (LINDSTROM, 1964 apud HARRIS, 1981; PIETZNER et al.,
1968; CLARK; MILLER, 1969; EPSTEIN et al., 1974, 1975a, 1975b). Sendo assim, a
matéria organica também € um dos principais contribuintes para a definicdo da cor
desses elementos.

Em Petrogénese Metamorfica, a Geotermometria € empregada na determinacao das
condicOes de temperatura de formacdo de uma associacdo mineral ou condi¢cbes a
gue a rocha foi submetida posteriormente, uma vez que tenha sido estabelecido que
a associacao se formou em equilibrio (YARDLEY, 1994). Deste modo, assumindo a
variagdo de cor em elementos conodontes como um Pprocesso Pprogressivo,
cumulativo e irreversivel, esses microfosseis podem ser utilizados como
Termdmetros Geoldgicos, ou seja, como parametros de paleotemperatura no estudo
da Geotermometria, auxiliando ainda na identificacdo do grau de maturacdo e do
potencial gerador de hidrocarbonetos em regimes diagenéticos a metamorficos de

grau baixo.

AlteracOes texturais/microtexturais e padrdes deformacionais

Até meados da década de 1980, as alteracOes texturais/microtexturais em
elementos conodontes eram apenas identificadas e correlacionadas isoladamente a
valores de IAC. Rejebian et al. (1987) correlacionaram dados experimentais com
observacfes de cor e microtextura de espécimes recuperados de rochas alteradas
diageneticamente e por metamorfismos regional, de contato e hidrotermal, com o
intuito de auxiliar na distincdo de diferentes processos geoldgicos, ambientes e
graus metamorficos.

Entretanto, somente a partir do final da década de 1990, com o estudo pioneiro de
Noth (1998), essas alteracbes foram devidamente observadas, descritas e
correlacionadas a diferentes indices de cor (IAC = 1-5) durante a diagénese
progressiva. A autora estudou elementos conodontes provenientes de afloramentos
de calcério da Formacéao Trochitenkalk, Triassico médio do Noroeste da Alemanha,
e analisou a correlacdo existente entre as variacdes microtexturais e o indice de
Alteracdo de Cor (IAC). Os exemplares selecionados foram submetidos a diagénese

no intervalo entre IAC = 1 (sedimentos imaturos) e IAC = 5 (metamorfismo de grau

Conodontes do Devoniano Superior e Pensilvaniano da Bacia do Amazonas, Brasil
Sistematica e Indice de Alteracdo de Cor (IAC)



$ ﬁprh 3

U FﬁG §  UNIVERSIDADE FEDERAL DO RIQ GRANDE DO SUL

INSTITUTO DE GEOQIENCIAS . anp
UNIVERSIDADE FEDERAL  PROGRAMA DE POS-GRADUAGAO EM GEOCIENCIAS
DO RIO GRANDE DO SUL

baixo). Foram realizadas observagbes quanto ao grau de recristalizacao,
crescimento sintaxial de apatita na superficie, recristalizacdo interna, efeitos de
corrosao e sobrecrescimento de minerais neogénicos na superficie dos elementos
conodontes (NOTH, 1998).

Cinco anos ap0s a publicacdo de Noth (1998), Kdnigshof (2003) apresentou outros
padrdes de alteracdo microtextural em elementos conodontes, bem como descreveu
pela primeira vez padrdes deformacionais (frageis e ducteis) nesses microfésseis,
abrangendo em seu estudo toda a escala de indices de alteracdo de cor. Kdnigshof
(2003) analisou espécimes provenientes de rochas de metamorfismo de contato e
de metamorfismo regional de grau baixo, do Devoniano Superior ao Carbonifero
Inferior da Alemanha (Rheinisches Schiefergebirge) e da Franca (Montagne Noire).
As principais estruturas deformacionais observadas pelo autor foram: alongamento
dos espécimes ao longo de planos de cisalhamento paralelos e deslocamento step-
like ao longo desses planos, seguindo a orientacdo de deformacdo estrutural da
rocha-fonte.

Quase uma década depois, pesquisando unidades carbonéaticas do orégeno
variscano no noroeste da Espanha, Blanco-Ferrera et al. (2011) descreveram sete
texturas (bleached; corroséo; patina cinza; patina rosa; preenchimento de cavidade
basal; sacarosa; superficie lisa) e sete microtexturas (corroséo; cristais grandes;
cristais pequenos; dissolucdo; envelope irregular; moldes externos; superficie
inalterada) a partir dos espécimes de conodonte recuperados. Os autores
concluiram que os principais processos envolvidos nestas alteracdes tém origem
diagenética, através da dissolucdo e precipitacdo de apatita.

Posteriormente, Sanz-Lopez e Blanco-Ferrera (2012) deram énfase a investigacao
da microtextura de cristal grande através de uma analise minuciosa, sob microscopio
eletrbnico de varredura, de exemplares de conodontes provenientes de calcarios do
Paleozo6ico médio a superior da zona Cantabrica, Espanha. Os autores subdividiram-
na em quatro classes: em bloco; colunar; em leque; denticular e observaram que sua
distribuicdo esta condicionada pela morfologia da superficie e histologia dos
elementos conodonte em geral. Eles concluiram que as diferentes variacbes da
microtextura de cristal grande foram desenvolvidas durante condi¢bes de diagénese

inicial e soterramento subsuperficial a moderado, com disponibilidade de fosfato

Conodontes do Devoniano Superior e Pensilvaniano da Bacia do Amazonas, Brasil
Sistematica e Indice de Alteracdo de Cor (IAC)



$ ﬁprh e 26

U F-I—iG §  UNIVERSIDADE FEDERAL DO RIQ GRANDE DO SUL

INSTITUTO DE GEOCIENCIAS H allp

UNIVERSIDADE FEDERAL  PROGRAMA DE POS-GRADUAGCAO EM GEOCIENCIAS
DO RIO GRANDE DO SUL

através da dissolucdo de apatita em por¢cées mais permeaveis e sollUveis destes
microfosseis.

Deste modo, através do estudo do indice de Alteracdo de Cor (IAC), das altera¢des
texturais/microtexturais e dos padrbes deformacionais, ratifica-se a utilizacdo dos
elementos conodontes como termémetros geoldgicos e como indicadores do grau de
maturacdo da matéria organica. Esses microfosseis contribuem ainda na

identificagéo de regimes de metamorfismo de grau mais baixo.

Aplicacdes e importancia dos elementos conodontes no estudo de

historias térmicas

O emprego dos conodontes ndo apenas como fossil indice, mas também como
termdmetro geoldgico, demonstrou sua aplicacdo e importancia na Geologia do
Petroleo, Geologia Econdmica e Geotermometria (EPSTEIN et al., 1977; REJEBIAN
et al., 1987; NOTH, 1998; KONIGSHOF, 2003).

Esses microfésseis sdo uma ferramenta amplamente utilizada na Geologia do
Petroleo através da estimativa da profundidade de soterramento e de
paleotemperaturas maximas em rochas sedimentares, bem como da identificacdo do
grau de maturacdo da matéria organica e do potencial gerador de hidrocarbonetos
de uma bacia. Constitui um método aplicavel a diversos tipos de rochas e intervalos
de idade e de temperatura (tabela 2), os quais ndo sdo facilmente analisados

através de outras ferramentas (EPSTEIN et al., 1977).

Tabela 2: Comparagdo de intervalos de idade e de temperatura de trés indices de maturacdo
organica determinados com o auxilio de técnicas opticas.

indices de maturagéo Conodontes Palinomorfos Vitrinita
Intervalo de idade €-Tr pré-€-Holoceno D-Holoceno
Intervalo de temperatura 50-500°C <160°C >80°C

Modificado de: Epstein et al. (1977).

Ao longo das Ultimas décadas, estudos detalhados de IAC foram utilizados
mundialmente para avaliar a maturacao organica e o potencial para geracdo de
hidrocarbonetos em regimes diagenéticos a metamorficos de grau mais baixo.
Exemplos de areas de prospeccdo de hidrocarbonetos identificadas através da

analise do IAC de conodontes incluem o Leste do Canada (LEGALL et al., 1982) e a
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Bacia Canning no Oeste da Australia (NICOLL; GORTER, 1984). Foram produzidos
mapas de IAC para algumas areas dos Estados Unidos da América (HARRIS et al.,
1978, 1994) e também para algumas regides da Europa (BELKA, 1982; BURNETT,
1987; HELSEN; KONIGSHOF, 1994; BRIME et al., 2001).

Elementos conodontes com valores de IAC entre 1,5 e 4 sd@o caracteristicos de
rochas que sofreram diagénese. O indice de Alteracdo de Cor prové “fronteiras” para
geracao de 0Oleo, gas condensado (condensate gas) e gas seco (dry gas, EPSTEIN
et al., 1977).

Através da comparacao de mapas de iségradas de IAC com campos produtores de
oleo/gas, da correlacdo de dados experimentais de tempo e de temperatura com
curvas tempo-temperatura de geracao de hidrocarbonetos e da correspondéncia do
IAC com outros indices de metamorfismo organico demonstrou-se que a alteragcao
de cor inicia antes do principio da geracdo de hidrocarbonetos; os valores de IAC
entre 1,5 e 2 estdo no limiar para producéo de 6leo e gas condensado; o IAC de 4
esta proximo ao limite de producéo de gas seco (HARRIS, 1981; SCHIMMELMANN
et al., 2006).

Os valores de IAC = 5 séo caracteristicos de rochas de metamorfismo regional, de
contato ou hidrotermal. O grau de uniformidade dos valores de IAC em uma amostra
e de amostra para amostra, somado a qualidade da preservacdo dos elementos
conodontes podem auxiliar na distincdo do grau (muito baixo-baixo), bem como do
tipo de metamorfismo, respectivamente (REJEBIAN et al., 1987).

Rochas de metamorfismo hidrotermal e/ou de contato podem estar associadas a
depdsitos minerais de grande valor econémico. A distribuicdo areal das variacfes de
textura e/ou de valores de IAC anémalos pode ser utilizada para delinear a extensao
de intrusdes igneas e para identificar potenciais depdsitos minerais. Portanto, a
identificacdo da atividade hidrotermal através de seus efeitos na cor e na
preservacdo dos elementos conodontes torna-se importante economicamente
(NICOLL, 1981; WARDLAW; HARRIS, 1984; ARMSTRONG, 1985; BURNETT, 1987,
1988; KOVACS; ARKAI, 1987; HARRIS et al, 1990; KONIGSHOF, 1991;
KONIGSHOF, 1992 apud KONIGSHOF, 2003).

Além disso, os dados de alteracdo de cor obtidos a partir de elementos conodontes

podem ser correlacionados tanto com mapas de isépacas (profundidades,
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espessuras de unidades litoestratigraficas, temperaturas, campos de producdo
gas/oleo, etc.) quanto com dados de carbono fixo, reflectancia da vitrinita e indice de
Alteracéo Termal (IAT) de palinomorfos (tabela 3, EPSTEIN et al., 1977).

Tabela 3: Correlagdo de trés indices de metamorfismo orgénico.

Elementos Conodontes Palinomorfos Vitrinita
Temperatura wt. % A % carbono
IAC IAT carbono em Reflectancia .
(°C) n fixo
guerogénio
1 < 50-80 1-5 <82 <0,8 <60
1Y 50-90 5->5 81-84 0,7-0,85 60-65
2 60-140 5-6 81-87 0,85-1,3 65-73
3 110-200 > 5-6 83-89 1,4-1,95 74-84
4 190-300 6 84-90 1,95-3,6 84-95
5 300-400 > 6-7 > 90 > 3,6 > 95

Modificado de: Epstein et al. (1977).
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Capitulo Il — Contexto Geologico

A Bacia do Amazonas é uma sinéclise intracratdnica, alongada no sentido Leste-
Oeste, limitada ao Norte e ao Sul pelos escudos pré-cambrianos das Guianas e
Brasileiro, respectivamente (figura 3). A Bacia do Amazonas esta separada, a
Oeste, da Bacia do Solimdes pelo Arco de Purus e, a Leste, da Bacia do Marajo pelo
Arco de Gurupa, estruturas transversais que condicionaram sua sedimentacao e
preenchimento (figura 4). A ascensédo do Arco de Purus parece ter interrompido a
conexdo da Bacia do Amazonas para Oeste, durante a maior parte do Devoniano
(MELO, 1989). Essa bacia é preenchida principalmente por rochas paleozdicas e
ocupa uma area de 500.000 km? nos estados do Amazonas, Para e Amapa, norte do

Brasil (GONZAGA et al., 2000).
63°00'W 47910°W
+ o+ o+ o+ T - K¢/ + o+ o+ *k\&% + o+ i"-JJD 02°00'N
8 + + o+ o+ FEm, e+ o+ o+ o+ ;
+ Escudo das + + HA _+J 2
. + Gwanas+ + . '

3 = {
Porto dé Moz( —
RN

7 O/
- f
/(é\a_rﬁgrem %

% N
+ 4+ o+ o+ »QYL‘ 4
Escudo s+ +

# 4+ 4+ + ¢ +Brasileiro + \,?’f-‘\}
: + 4+ o+ o+ o+ N+ o+ x4+
j + o+ o+ o+ o+ o+ o W S S S Jﬂ\ ;
+ =+ =+ + + + + -k + + + =+ =+ i 060108
Bacia do o 200 K
m
Amazonas k arco g £
¢ pogo estratigrafico
+ afloramento [ | Devoniano-Mississipiano
|| Quaternario Bl Ssiluriano-Devoniano
[ | Cretaceo Superior-Cenozéico [[[[[] Ordoviciano-Siluriano
‘\j/ I Pensilvaniano-Permiano Craton Amazénico
600 km

Figura 3: Mapa de localizacdo da Bacia do Amazonas, Brasil. Os nimeros de 1 a 23 correspondem a
pocos estratigraficos e o nimero 24, afloramento da pedreira Calminas.
Modificado de: Matsuda et al. (2009).
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Figura 4: Carta estratigréfica da Bacia do Amazonas.

Fonte: Cunha et al. (2007).
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Apesar de sua grande dimensdo, sao raros os registros de rochas paleozdéicas em
afloramentos devido a ampla sobreposicdo da cobertura sedimentar Mesozdica e
Cenozoica e a densa floresta amazb6nica. Consequentemente, o estudo das rochas
da Bacia do Amazonas se baseia principalmente em pocos de subsuperficie e dados
sismicos (GONZAGA et al., 2000). A sucesséo paleozdica se estende por mais de
5.000 m no depocentro da bacia (NEVES, 1990; CUNHA et al., 1994; GONZAGA et
al., 2000), enquanto a espessura diminui em direcdo as margens relativamente
rasas, chamadas plataformas Norte e Sul (WANDERLEY-FILHO et al., 2010). A
interacdo entre as falhas normais de orientagdo NE-SW e as falhas de transferéncia
de orientacdo NW-SE subdividiu a bacia em uma série de segmentos alongados
com orientagcdo ENE-WSW, o0s quais se alternam com segmentos mais curtos de
orientacdo E-W (WANDERLEY-FILHO et al., 2005, 2010).

Os estratos paleozoicos consistem em varias sequéncias limitadas por discordancias
regionais (NEVES, 1990; CUNHA et al., 1994, 2007; MATSUDA et al., 2004). A
sequéncia mais antiga compreende o Grupo Trombetas (Devoniano Inferior-
Ordoviciano Superior), incluindo até 1.100 m de estratos marinhos e glaciais. Esse
grupo inclui a Formacdo Pitinga (Siluriano), que contém rochas-fonte de
hidrocarbonetos na por¢cdo basal (CAROZZI, 1979; GONZAGA et al., 2000). Essa
unidade é seguida por até 1.320 m da sequéncia emsiana superior-tournaisiana, que
compde os grupos Urupadi e Curua. O Grupo Urupadi se encerra no Givetiano
inferior com folhelhos, siltitos e arenitos depositados em ambientes costeiro proximal
e pardlico. Diretamente acima dele, o Grupo Curua (Devoniano Superior-
Mississipiano) consiste das formacdes Barreirinha, Curiri e Oriximina.

A Formacéo Barreirinha (Frasniano-Fameniano médio) tem uma espessura maxima
de 350 m no depocentro da bacia, sendo composta principalmente por folhelhos
negros, fisseis, ricos em matéria organica, e em menor grau, por siltitos e arenitos
finos. O intervalo de folhelho negro inferior € chamado de Membro Abacaxis e
corresponde a uma sedimentacao condensada (cerca de 75 m de espessura) em um
ambiente euxinico, calmo, provavelmente marinho profundo. A abundancia de
guitinozoarios, acritarcos e esporos contrasta com a escassez de conchas fosseis
(raros braquidpodes desarticulados, bivalves e gastropodes), segundo Melo (1989).

O alto teor de matéria organica do tipo Il torna-o a principal fonte de hidrocarbonetos

Conodontes do Devoniano Superior e Pensilvaniano da Bacia do Amazonas, Brasil
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na Bacia do Amazonas (GONZAGA et al., 2000). O contetdo de esporos indica que
a idade do Membro Abacaxis é frasniana inferior a questionavel fameniana média-
superior (MELO e LOBOZIAK, 2003). Esta unidade é seguida por folhelhos cinza
escuro do Membro Urubu (cerca de 70 m) e por folhelhos cinza escuro a claro e
siltitos do Membro Uraria (cerca de 90 m). O Membro Urari& foi depositado durante o
Fameniano superior (MELO e LOBOZIAK, 2003) e frequentemente contém tracos-
fosseis de Spirophyton e a planta Protosalvinia. Grahn e Melo (2002) estudaram
bioestratigrafia com base em quitinozoarios da Formacao Barreirinha na area do Rio
Tapajos e correlacionaram-na com zoneamento de midsporos padrdo da
Euramérica.

Um hiato curto e uma discordancia erosiva separam a Formacao Barreirinha dos 150
m de diamictitos, folhelhos, siltitos e arenitos da Formacao Curiri, depositada em um
ambiente glacial ou periglacial durante o Fameniano mais tardio (CAPUTO, 1985;
MELO e LOBOZIAK, 2003). Acima da Formacao Curiri, a Formacao Oriximina (420
m) € enriquecida em arenito, sendo interpretada como areias litoraneas
transgressivas com micropalinoflora de idade entre Fameniano mais tardio e
Tournaisiano médio-mais inicial (MELO e LOBOZIAK, 2003).

Uma discordancia regional estd localizada na base da sequéncia pensilvaniana-
permiana (Grupo Tapajos) e a separa da Formacao Faro (Viseano superior), a qual
consiste de 400 m de arenitos fluviais, deltaicos e costeiros e de folhelhos com
diamictitos glaciais interacamadados, depositados no centro da bacia (CAPUTO et
al., 2008). O Grupo Tapajos atinge até 2.800 m de espessura. Os estratos mais
antigos correspondem a Formacdo Monte Alegre, que consiste de 5 a 140 m de
arenitos fluviais a eolicos, siltitos marinhos litordneos a lacustres e folhelhos.
Sobreposta a Formacdo Monte Alegre, a Formacéao lItaituba consiste de até 420 m
de camadas de carbonatos marinhos gradando ascendentemente para folhelhos,
arenitos e anidrita. Ocorrem facies de supramaré a intermaré com bioclastos e
barras ooliticas, além de facies de delta de maré (NASCIMENTO et al. 2005).
Condicdes ambientais de &gua limpa e morna possibilitaram a diversidade de
braquiépodes, equinodermas, foraminiferos, ostracodes, briozoarios, trilobitas,
moluscos, corais, conodontes e remanescentes de vertebrados. Idades bashkiriana

e bashkiriana—moscoviana sé@o atribuidas as formacdes Monte Alegre e Itaituba,
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respectivamente, com base nos contetudos de conodonte, foraminifero e palinoflora
(LEMOS, 1992a, 1992b; ALTINER e SAVINI, 1995; PLAYFORD e DINO, 2000a,
2000b, 2005). Uma idade bashkiriana (Morrowano-Atokano) € atribuida a Formacéao
Monte Alegre em funcdo do conteido de conodontes e foraminiferos, enquanto
palinomorfos indicam uma idade langsettiana a bolsoviana basal (Westphaliano A-C)
(LEMOS, 1992a, 1992b; ALTINER e SAVINI, 1995; PLAYFORD e DINO 2000b,
2005). Uma idade atokana a desmoinesiana inferior ou bolsoviana a asturiana basal
(Westphaliano C-D) corresponde a Formacdo Itaituba (LEMOS, 1992a, 1992b;
PLAYFORD e DINO, 2005; NASCIMENTO et al. 2009).

A Formacao Itaituba mostra um limite gradacional com a Formacado Nova Olinda.
Esta unidade alcanca até 1.200 m de espessura e esta subdividida nos Membros
Fazendinha e Arari (CUNHA et al.,, 2007). O membro inferior € composto por
argilitos, calcarios, anidrita e sais depositados em ambientes marinho raso, sabkha e
lacustre hipersalino. O Membro Arari € composto por argilitos e siltitos com sais de
halita depositados em contexto continental, embora com certa influéncia marinha. De
acordo com Cunha et al. (2007), uma idade moscoviana € atribuida para o Membro
Fazendinha e kasimoviana/gzheliana é estimada para o Membro Arari. Contudo,
Playford e Dino (2000b) indicaram uma idade permiana inferior (transicdo entre
Asseliano/Sakmariano), com base em esporos e pélens da Zona Vittatina costabilis,
para camadas superiores da Formacao Nova Olinda.

A Formacédo Andira, de até 700 m de espessura (CUNHA et al., 2007, corresponde a
camadas vermelhas, siltitos e arenitos, com raras ocorréncias de anidrita, em facies
fluviais e lacustrinas. Uma idade permiana € baseada no registro de polens
(PLAYFORD e DINO, 2000a, 2000b). Matsuda et al. (2004) prop6s um limite inferior
diferente para a Formacédo Andira, rebaixando-o para incluir a porcao superior da
Formac&o Nova Olinda com pdlens permianos, restringindo esta ultima formacéo ao
Membro Fazendinha com microflora de idade asturiana.

A sedimentacdo paleozbica encerrou-se em um episodio de deformacéo
transcorrente no Permiano-Triassico (SANTOS et al., 2011) e, mais tarde, um
complexo de soleiras e diques de diabasio intrudiram em volumes significativos toda
a bacia. Esse evento corresponde ao episddio magmatico Penatecaua, datado do

Triassico superior ao Jurassico Inferior (204-179 Ma, de acordo com SANTOS et al.,
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2002; WANDERLEY-FILHO et al., 2005). Esse episddio possui natureza toleitica e
esta vinculado a um quartzo diabasio tipo MORB (Mid-Ocean Ridge Basalts), que se
formou durante a abertura do Oceano Atlantico central (ALMEIDA, 1986; GONZAGA
et al., 2000; CUNHA et al.,, 2007; WANDERLEY-FILHO et al., 2010). Os corpos
intrusivos sao principalmente soleiras, com cerca de 500 m de espessura (no
maximo 915 m), centenas de quildbmetros de extensdo, atingindo temperaturas
préximas a 1.000°C, de acordo com Wanderley Filho et al. (2006). Essas soleiras
intrudiram principalmente as rochas evaporiticas da Formag¢do Nova Olinda, na
porcdo ocidental da bacia, ao passo que sao encontradas em todos os niveis da
sequéncia sedimentar na porcéo oriental (MOSMANN et al., 1986; GONZAGA et al.,
2000).

Um hiato erosivo se estende desde o Triassico até o Cretaceo inicial, sendo em
grande parte explicado pelo soerguimento ocorrido no Cretaceo Superior, de acordo
com estudos de traco de fissdo em apatitas (NEVES, 1990). Esse soerguimento
parece estar associado com a inversao de estruturas, o desenvolvimento de dobras
assimétricas e a falhas com orientacdo nordeste, todos elas oriundas do chamado
evento tectonico transpressional Jurua, o qual esta relacionado com a abertura do
Oceano Atlantico equatorial. A deformacédo contribuiu para a remobilizacdo de
hidrocarbonetos e para a formacao de armadilhas estruturais (NEVES, 1990).

Uma deposicao vinculada a sistemas lacustres e fluviais (Formacao Alter do Chao),
com drenagem em direcado ao Oceano Pacifico e o Mar do Caribe, ocorreu durante o
Cretéaceo tardio. Esse registro excede 400 m de espessura apenas na por¢ao central
da Bacia do Amazonas e aumenta rumo a Oeste, na bacia peruana. O Cenozdico
esta representado por uma fina camada de depdsitos continentais préoxima ao Arco
de Purus, a Oeste, e por uma sucessao de aproximadamente 1.000 m de espessura
no limite oriental com a Bacia do Marajo (MOSMANN et al., 1986). Algumas
estruturas mostram reativacdo em relacdo a formacao da Cordilheira dos Andes e
deformacdo de sedimentos cenozodicos entre o Paledgeno tardio e o Holoceno,
vinculada a estruturas transpressionais e transtensionais (NEVES, 1990; GONZAGA
et al., 2000; SANTOS et al., 2011).

Conodontes do Devoniano Superior e Pensilvaniano da Bacia do Amazonas, Brasil
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Capitulo lll — Materiais e Métodos

Os espécimes estudados séo oriundos de 18 amostras de afloramento da pedreira
Calminas, bem como de 76 testemunhos recuperados de 23 pocos perfurados pela
PETROBRAS — Petréleo Brasileiro S.A. nas formacdes Barreirinha (Grupo Curud) e
Monte Alegre, Itaituba, Nova Olinda (Grupo Tapajos): 1-AM-1-AM; 1-AM-6-AM; 1-
AM-7-AM; 1-AM-9-AM; 1-CM-2-PA; 1-FZ-1-AM; 1-MS-4-AM; 1-NO-1-AM; 1-PB-1-PA;
1-RX-1-AM; 1-RX-6-AM; 1-TR-1-AM; 1-UA-1-AM; 2-AL-1-PA; 2-CA-1-AM; 2-CP-2-
PA; 2-MN-1-AM; 2-PC-1-AM; 2-PE-1-AM; 2-PE-2-AM; 2-SA-1-AM; 9-FZ-2-AM; 9-FZ-
28-AM.

As amostras provenientes dos pocos AM-1; CM-2; MS-4; NO-1; PB-1; RX-6; TR-1;
UA-1; CA-1; CP-2; MN-1; PC-1; PE-1; PE-2; SA-1; FZ-28 haviam sido previamente
processadas em laboratorio pela Dra. Ana Karina Scomazzon, cujos exemplares por
ela recuperados foram cedidos pelo Laboratorio de Microfésseis Conodontes,
Instituto de Geociéncias, UFRGS (Porto Alegre/RS) para este estudo. As demais
amostras foram processadas pela autora desta Tese.

Ha grande diversidade quanto ao registro geoldgico, visto que as amostras da
pedreira Calminas, cuja secao atinge 18 m de espessura, provém dentre algumas
centenas de metros acima do nivel do mar, ao passo que os testemunhos, vém de
até 3000 metros abaixo dele, como pode ser observado através da secdo de
afloramento e dos perfis estratigraficos (CARDOSO et al., 2015b>).

Neste trabalho, foram quantificadas somente as amostras com registro positivo para
conodontes, resultando assim em uma amostra de 0.4kg proveniente da Formacéao
Barreirinha e 93 amostras entre 0.3-0.5kg procedentes das demais formacdes,
sendo 13 da Formacédo Monte Alegre; 56 da Formacéao Itaituba, 39, porcao inferior, e
13, porcao superior; 24 da Formacdo Nova Olinda. Nao foi possivel enquadrar os
pocos 1-MS-4-AM e 2-PE-2-AM em porcdes inferior e superior para a Formacao
Itaituba, assim quatro amostras desta unidade ndo sdo abordadas para tal

posicionamento.

% Cardoso et al. (2015b) Conodont colour alteration index and upper Paleozoic thermal history of the
Amazonas Basin, Brazil. Journal of South American Earth Sciences.
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Dentre as litologias, encontram-se calcarios, dolomitos, folhelhos, siltitos e arenitos.
As amostras foram desagregadas utilizando técnicas mecéanicas e quimicas tipicas,
sendo lixiviadas através de solugcdes tampdo de &cido acético, seguindo a
metodologia de Jeppsson et al. (1999).

A preparacdo das amostras consistiu na sua fragmentacdo em pedacos, geralmente
entre 2 e 3 cm de diametro. Durante a realizacdo desse procedimento, foi adotado
maximo cuidado na remocdo completa dos residuos da amostra previamente
fragmentada, a fim de evitar a contaminacdo do material seguinte. Utilizou-se o
britador de mandibulas do Laboratério de Preparacdo de Amostras, prédio em anexo
do Laboratoério de Geologia Isotopica, Instituto de Geociéncias, Universidade Federal
do Rio Grande do Sul (UFRGS).

O processamento quimico do material, descrito abaixo, deu-se no Laboratério de
Microfésseis Calcarios, Departamento de Paleontologia e Estratigrafia, Instituto de
Geociéncias, UFRGS.

Inicialmente, as amostras foram pesadas com a utilizacdo de uma balanca eletrénica
e, posteriormente, cada recipiente plastico (balde), a ser utilizado no processamento
das amostras, foi devidamente identificado com etiquetas contendo o nome do poco
e 0 numero do testemunho. Foram confeccionadas tampas em papel aluminio com
orificios de diametro em torno de 1 mm, com a finalidade de minimizar as perdas de
acido aceético e agua por evaporacao.

As solucdes de acido foram preparadas nos recipientes plasticos com capacidade
para 4 litros, a partir de: 20% de solucdo tampao (buffer’ — solucéo filtrada de &cido
acético gasto ou parcialmente gasto), 5.6% de acido acético e 74.4% de agua da
torneira, respeitando esta ordem. Neste momento, apenas cerca de 75 por cento da
agua foi adicionada, sendo a solucdo entdo agitada vigorosamente com auxilio de
um bastdo de vidro, a fim de garantir sua homogeneidade inicial tanto quanto
possivel. Optou-se pela mistura da solucdo diretamente no recipiente, a fim de
reduzir tanto a evaporacao de acido quanto a exposicdo pessoal aos gases.

O pH foi medido diretamente nos recipientes e, quando necessario, ajustado para o

valor de 4, o restante da agua foi adicionado e a solucdo agitada. Deixou-se a

* para caracterizacdo/controle da solugéo tamp&o, seu pH foi medido previamente e, quando
necessario, calibrado para o valor de 5.
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solucdo “repousando” para que alcancasse a temperatura ambiente e o pH, o
equilibrio. Confirmou-se a medida de pH novamente.

Conforme Jeppsson et al. (1999), somente a taxa de dissolugdo (gramas/hora) é
dependente da amostra, sendo aquela diretamente proporcional a granulometria
desta. Assim, se o tamanho de grdo da amostra atinge somente uns poucos
milimetros (e.g. fragéo areia), a taxa de dissolucéo seria alta. Em contrapartida, uma
amostra de granulometria fina (e.g. fracdo argila), apresentaria uma taxa de
dissolucéo baixa.

A reacéo iniciou com um borbulhar ativo, o qual péde ser observado a partir da
exposi¢cao da amostra a solucdo. Segundo Jeppsson et al. (1999), o processamento,
resultando na preservacdo de espécimes, iniciaria acima de pH 3.6 e a dissolugao
continuaria além do ponto onde a reagao torna-se lenta ou cessa (aproximadamente
na faixa de pH 4.8-4.9), contudo com uma taxa de dissolucéo inferior.

O potencial hidrogeniénico (pH) das solucfes foi monitorado com o auxilio de tiras
indicadoras de pH, chamadas papel de tornassol. Os ajustes de pH foram feitos
através da adicao de acido para diminui-lo e tampéao para aumenta-lo. Além disso, o
progresso na dissolucdo foi monitorado pela observacdo dos estagios da reacéo,
sugerido por Jeppsson et al. (1999) a laboratorios ndo equipados com pHmetro: (1)
borbulhar vigoroso e liquido opaco devido a argila dispersa; (ll) borbulhar disperso e
liquido semitransparente; — pH 4.8-4.9°> — (Ill) nenhuma reac&o visivel, mas muitas
bolhas sao liberadas se o recipiente for agitado com a mao; (IV) nenhuma reacao
visivel, ndo ha bolhas mesmo depois do recipiente ser agitado.

Ao fim de 10 dias, o residuo do material dissolvido foi cuidadosamente recuperado
com o auxilio de duas peneiras com orificios de 0.841 mm (20 mesh) e 0.074 mm
(200 mesh) e a solucao coletada. O material foi limpo sob dgua corrente, sendo esse
processo repetido até que o acido e o acetato fossem removidos, posto em
recipientes de porcelana (cadinhos) e seco em estufa a 100°C.

O material seco, oriundo da fracdo mais fina (> 0.074 mm), foi armazenado em
frascos de plastico, devidamente identificados, para posterior recuperacdo dos

espécimes (picking conodonts). As por¢cdes remanescentes das amostras (> 0.841

® para amostras com dissolucado/desmembramento lentos, a passagem da fase (2) a (3) da-se em um
pH préximo ao do ponto limite (pH de 3.6), necessitando de monitoramento uma vez por semana.
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mm) foram reprocessadas com solu¢des tamponadas durante o mesmo intervalo de
tempo e, quando n&o dissolvidas completamente, foram coletadas, secas e
reservadas.

As solucbes foram reunidas em recipientes de plastico (baldes) com capacidade
para armazenar 7.5 litros e deixadas em repouso para decantacdo dos materiais
mais finos residuais. Posteriormente, o liquido foi transferido para garrafas de
plastico com o auxilio de um funil de vidro e papéis-filtro. O material lamoso
remanescente nesses recipientes plasticos, foi entdo coletado, seco e reservado.
Jeppsson et al. (1999) salientou que uma amostra fortemente argilosa levaria tanto
tempo para dissolver que o processo provavelmente seria interrompido em um pH
muito abaixo de 5.05, tornando-se necessario mais acido por quilograma de
carbonato. Contudo, a quantidade de acido resultante por quilograma de amostra
nao seria tao diferente. Os autores observaram ainda que, mesmo uma pequena
guantidade de argila, reduziria a taxa de dissolucdo para menos da metade, de
modo que o borbulhar ativo (reagcéo) cessaria a um pH consideravelmente inferior a
5. Sendo assim, as amostras com predominio de granulometrias finas e litologia rica
em minerais ndo-carbonaticos foram expostas a dissolu¢cdo por 15 dias em uma
solucdo com 30% a mais de acido aceético, referente a medida ja utilizada (5.6%).

A solucdo gasta (buffer residual), ja reutilizada, foi reservada em galbes e
descartada de forma adequada, sendo entregue ao Centro de Gestdo e Tratamento
de Residuos Quimicos (CGTRQ), Instituto de Quimica, UFRGS, para evitar
possiveis impactos ambientais.

As etapas que completam a concentracdo e recuperacdo dos espécimes de
conodonte foram realizadas no Laboratério de Microfésseis Conodontes, Instituto de
Geociéncias, UFRGS, e abrangeram: (I) coleta dos espécimes (picking conodonts)
sob lupa binocular; (ll) acondicionamento dos mesmos em células proprias ao
estudo micropaleontoldgico (microslides).

As andlises de indice de Alteracdo de Cor (IAC), bem como os estudos de
taxonomia e sistematica, foram desenvolvidas na Universidad de Oviedo, Principado
das Asturias, Espanha, sob orientacdo dos Professores Doutores Silvia Blanco-

Ferrera e Javier Sanz-L6pez, respectivamente.
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Foram observados 1.690 elementos conodontes da Bacia do Amazonas com fins ao
estudo de IAC, somados de 126 para sisteméatica, totalizando 1.816 elementos: 137
(13 + 124) elementos oriundos da Formagdo Barreirinha; 137 da Formacao Monte
Alegre; 1.151 da Formacgéo Itaituba, sendo 568 (566 + 2) da porcéao inferior, 571 da
porcdo superior e 12 ndo posicionados (pog¢os 1-MS-4-AM e 2-PE-2-AM); 391 da
Formacédo Nova Olinda. Do total, 415 exemplares selecionados foram fixados em
stubs e observados ao Microscépio Eletrénico de Varredura (MEV), com fins a
obtencédo de imagens das espécies e suas microtexturas.

A metodologia utilizada para determinacdo do indice de Alteracdo de Cor (IAC) dos
conodontes esta descrita em Garcia-Lopez et al. (1997) e Bastida et al. (1999). Os
valores de IAC foram determinados separadamente pela Doutoranda Cassiane
Negreiros Cardoso e pela Prof.2 Dra. Silvia Blanco-Ferrera, a fim de reduzir erros
sistematicos.

O IAC dos conodontes foi identificado através da analise da cor do espécime a partir
de uma célula padrdo cedida por Anita Harris (United States Geological Survey —
USGS/Estado Unidos da América), armazenada na Universidad de Oviedo
(Espanha), aos cuidados da Dra. Silvia Blanco-Ferrera.

O valor do IAC foi mensurado a partir da observacao das margens ou por¢cées mais
claras dos elementos conodonte, tanto em espécimes delgados e/ou juvenis quanto
em grandes e/ou maduros, e em diferentes litologias. Conforme Garcia-Lopez et al.
(1997), podem ocorrer pequenas variagdes nos valores de IAC por amostra,
relacionadas ao tamanho dos espécimes, sendo essa influéncia mais evidente em
amostras com valores de IAC inferiores a 3. Consequentemente, os resultados
consideram a variacdo nos valores associada com o tamanho do conodonte e a
litologia. Os intervalos de classe modal dos valores de IAC também foram
determinados para cada amostra.

Os intervalos de temperatura relacionados aos valores de IAC foram obtidos a partir
do diagrama de Arrhenius apresentado por Rejebian et al. (1987). Os termos
definidos por Garcia-Lopez et al. (2001): diacaizona (IAC < 4), ancaizona (4 < IAC <
5.5) e epicaizona (IAC > 5.5) sdo utilizados para fins de zoneamento de

metamorfismo.
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As diferentes altera¢des na superficie dos elementos conodonte foram diferenciadas
de acordo com Blanco-Ferrera et al. (2011) e Sanz-Lépez e Blanco-Ferrera (2012),
utilizando-se o termo ‘'textura’ para se referir as caracteristicas identificadas na
escala do microscopio estereoscopico e o termo ‘microtextura’ para se referir a
essas na escala do microscépio eletrénico.

Assim, dois esquemas de correlacdo entre secdes estratigraficas, quatro mapas de
isolinhas de IAC, um mapa da estimativa de erosao/preservacao das diferentes
unidades do Grupo Tapajés e um resumo grafico foram elaborados a partir dos
dados obtidos para as quatro formacoes.

As analises taxondmicas e os estudos de sistematica foram realizados de acordo
com as notacoes de Purnell et al. (2000) para a orientacdo anatémica dos elementos
e, como referéncia para a definicdo dos caracteres diagnosticos de ldiognathodus
itaitubensis nov. sp., utilizou-se Rosscoe e Barrick (2009). Materiais previamente
publicados a respeito de conodontes brasileiros (e. g. LEMOS, 1992a, 1992b;
LEMOS; MEDEIROS, 1996; SCOMAZZON; LEMOS, 2005; NASCIMENTO et al.,
2005, 2009, 2010a, 2010b) também foram comparados com 0S espécimes
recuperados.

Particularmente, a respeito dos exemplares provenientes da Formacgao Barreirinha,
aqueles mais completos encontram-se inclusos no folhelho. Sendo assim, a fauna
de conodontes devoniana foi observada também sob planos de acamamento.

O material estudado encontra-se armazenado no repositorio do Laboratério de

Microfésseis Conodontes, Instituto de Geociéncias, UFRGS.
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A conodont fauna is studied from the subsurface of Upper Devonian black shales belonging to the Abacaxis Mem-
ber of the Barreirinha Formation, Amazonas Basin. Two samples of other members of this formation are barren.
The fauna consists of Cryptotaxis sp. A, Mehlina gradata, ‘Ozarkodina’ aff. sannemanni, Polygnathus sp. and, proba-
bly, Prioniodina sp. This association suggests a late Frasnian age, agreeing with the age previously assigned to the

latest Frasnian to middle Famennian palynomorphs. The conodont fauna is added to another two late Frasnian—

Keywords:
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Late Devonian
Amazonas Basin
Cold water fauna
High latitude

middle Famennian conodont occurrences in Bolivia and Brazil. The coincidence in age and facies (black shales)
seems to indicate a unique time/environment favourable to the immigration and development of conodonts in
the Devonian of northern South America. The low diversity association suggests cold water-dwelling taxa spread-
ing to a high palaeolatitude during an episode of gentler latitudinal temperature gradient.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

South American Devonian conodonts are very scarce, being known
from only a few findings. The earliest reports from this continent corre-
spond to communications at congresses, albeit without descriptions and
illustrations. The conodonts in question were from the Bolivian Gran
Chaco Basin (Cousminer, 1964, in Hiinicken, 1989) and from the
Brazilian Amazonas Basin (Kroemmelbein, 1967). The Amazonian
conodonts were described as bar-like (for example, Lonchodus sp.)
from the Upper Devonian Barreirinha Formation, but no detailed loca-
tions and illustrations were provided. Recently, a subsurface sample
from the Barreirinha Formation yielded Devonian conodonts in the
Amazonas Basin (Cardoso et al., 2013; Fig. 1). Furthermore, two drill
cores yielded Late Devonian conodonts, which were described and illus-
trated from a 3 m section of the Jandiatuba Formation in the deep part of
the Solimdes Basin (Brazil; Hiinicken et al., 1989) and also from two in-
tervals, one 4 m and the other 4.9 m thick, of black shales in a succession
with sandstones and mudstones of the Madre de Dios Basin (Bolivia;
Over et al., 2009).

The normal absence of conodonts in South America is due in part to
the lack of carbonates where conodonts are easily obtained (Hiinicken,
1989), and in part to the fact that conodont-bearing organisms are very
sensitive to low water temperature (Geitgey and Carr, 1987). Devonian

* Corresponding author. Tel.: +34 985103138; fax: 434 985103103.
E-mail address: jasanz@geol.uniovi.es (J. Sanz-Lépez).
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0031-0182/© 2014 Elsevier B.V. All rights reserved.

conodonts are restricted to the low latitude, tropical belt (Klapper and
Johnson, 1980; Sweet, 1988). Consequently, cold water temperature ex-
plains the absence of conodonts in the Gondwanan Malvinokaffric
Realm (Richter and Richter, 1942; Boucot et al., 1969), which includes
a number of the South American basins together with South Africa,
Antarctica, India and eastern Australia during the Silurian to Middle De-
vonian. At the same time, the occasional presence of conodonts associ-
ated with Upper Devonian black shale in the South American basins
may indicate episodic conditions favourable to conodont life. In this
context, the present study describes in detail the Devonian conodonts
from the Amazonas Basin advanced in Cardoso et al. (2013) and analy-
ses their occasional presence. The probable high palaeolatitude location
increases the interest in a group showing cosmopolite taxa and very low
levels of latitudinal provincialism. The Frasnian/Famennian extinction
known from low latitudes has not yet been proven in subpolar domains
(Racki, 2005). Furthermore, the Barreirinha Formation represents the
main source of hydrocarbons in the Amazonas Basin, increasing the in-
terest in the age and context of sedimentation of this unit.

2. Geological setting

The Amazonas Basin is an intracratonic syneclise of 500,000 km? lo-
cated in north Brazil (Amazonas and Para states). It formed with a west-
east trending between the Precambrian Guianas and Guaporé (or
Brazil) shields and was filled with up to 6000 m of Paleozoic to Cenozoic
rocks (Neves, 1990; Cunha et al,, 1994). The basin is separated from the
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Fig. 1. Map of the Amazonas Basin with outcrops of depositional sequences and location of the studied well (modified from Matsuda et al., 2009). Note the Solimdes Basin to the west,

separated by the Purus Arch.

Solimdes Basin by the Purus arch in the west and from the Maraj6 Basin
by the Gurupa arch in the east. These transverse structures conditioned
the Paleozoic sedimentation, since the Purus rise seems to have
interrupted the westward connection of the basin during the greater
part of the Devonian (Melo, 1989).

The Paleozoic fill of the Amazonas Basin is subdivided into several
sequences limited by regional unconformities (Neves, 1990; Cunha
et al, 1994; Cunha et al,, 2007). The first sequence is the Upper Ordovi-
cian-Lower Devonian Trombetas Group, which consists of up to 1100 m
of glacial and marine rock. It is followed by up to 1320 m of upper
Emsian to Tournaisian sequence composed of the Urupadi and the
Curua groups. The Urupadi Group ends in lower Givetian shales, silt-
stones and sandstones deposited in nearby coastal and paralic environ-
ments. Directly above it, the Curua Group consists of the Barreirinha,
Curiri and Oriximina formations. The Barreirinha Formation has a max-
imum thickness of 350 m in the depocenter of the basin. It is mainly
made up of fissile, black shales rich in organic matter, and to a lesser de-
gree of siltstones and fine sandstones. The lower black shale interval is
the so-called Abacaxis Member and corresponds to a condensed sedi-
mentation (about 75 m) in a calm, probably deep marine, euxinic envi-
ronment. An abundance of chitinozoan, acritarchs and spores contrasts
with the scarcity of fossil shells (rare inarticulate brachiopods, bivalves
and gastropods), according to Melo (1989). The high content in type Il
organic matter makes it the main source of hydrocarbons in the Amazo-
nas Basin (Gonzaga et al., 2000). The spore content indicates that the
age of the Abacaxis Member is early Frasnian to questionable late mid-
dle Famennian (Melo and Loboziak, 2003). The Abacaxis Member is
followed by dark grey shales of the Urubu Member (about 70 m), and
by dark grey to light shales and siltstones of the Urarid Member
(about 90 m). The latter was deposited during the upper Famennian
(Melo and Loboziak, 2003) and commonly contains the trace fossil
Spirophyton and the plant Protosalvinia. Grahn and Melo (2002) studied
the chitinozoan biostratigraphy of the Barreirinha Formation in the Ta-
pajos River area and correlated it with the standard miospore zonations
of Euramerica.

A short hiatus and an erosive unconformity separate the Barreirinha
Formation from 150 m of diamictites, shales, siltstones and sandstones
of the Curiri Formation, deposited in a glacial or periglacial environment

during the latest Famennian (Caputo, 1985; Melo and Loboziak, 2003).
Above the Curiri Formation, the Oriximina Formation (420 m) is enriched
in sandstone and is interpreted as transgressive littoral sands with latest
Famennian to earliest middle Tournaisian age micropalynoflore (Melo
and Loboziak, 2003).

3. Material and methods

The conodonts studied came from cores of the 1-RX-1-AM well
drilled by PETROBRAS in the Barreirinha Formation to the west of
Itaituba City, in the central channel region of the Amazonas Basin
(Fig. 1). Three 0.4 kg samples, one from each of the members of the for-
mation taken from the cores drilled (Fig. 2), were disaggregated using
typical mechanical and chemical techniques. The sample from core
124 in the upper part of the Abacaxis Member yielded conodonts and
tasmanaceans (cysts of green alga prasynophytes). It corresponds to
5 m of fissile, black shale with mica grains and pyrite crystals. Core
123 corresponds to 3 m of dark grey shale of the Urubu Member and
only provided tasmanaceans. Core 121 from the Urarid Member was
barren. In general, the state of preservation of the conodont fauna is
not particularly good, since the specimens are observed on bedding
planes. Most of the isolated specimens are broken and incomplete;
others are preserved as external casts, while more complete elements
are included in shale. We have recognized 61 conodonts (among P1,
P2, M and S) besides 76 elements or impressions. The recovered mate-
rial is housed in the Laboratério de Conodontes, Universidade Federal
do Rio Grande do Sul (Porto Alegre), and is numbered in ascending
order from MP-M-824.

4. Palaeontology

The conodonts studied from the Barreirinha Formation consist of el-
ements included in the order Prioniodinida Sweet, 1988 and order
Ozarkodinida Dzik, 1976 (Fig. 3). In the first order, they are assigned
to Cryptotaxis Klapper and Philip, 1971 (family Cryptotaxidae Klapper
and Philip, 1972) and probably to Prioniodina Bassler, 1925 (family
Prioniodinidae Bassler, 1925). Elements included in Ozarkodinida are
from the family Spathognathodontidae Hass, 1959.
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1 Sample

4.1. Order Prioniodinida

Three studied P1 elements (Fig. 3A-B) are similar to small elements
of Cryptotaxis sp. A Over (in Over et al.,, 2009, pl. 1, fig. 6; pl. 2, fig. 6).
They are different from the large P1 elements, where teeth of the
blade are fused or stout and the short dorsal blade is clearly deflected
downward (Over et al,, 2009, pl. 1, figs. 1-2). Another two P1 elements
are considered Cryptotaxis cf. sp. A, since longitudinally they show a
straight blade in which the dorsal portion is narrower than the ventral
one (Fig. 3C-D). This blade is similar to that of Cryptotaxis collinsoni
(Scott, 1961) [=Cryptotaxis culminidirecta (Scott, 1961)]. However, the
latter species shows a more irregular proximal denticulation, with slen-
der and smaller denticles adjacent to the cusp, which is not observed in
our material, where the teeth are almost equal in height. Cryptotaxis sp.
A could include P1 elements with variable downward deflection of the
dorsal platform, since Over et al. (2009) assigned them to this species

because of the distinct angle elements from those described for the
Solimdes Basin (Cryptotaxis sp. in Hiinicken et al., 1989, pl. 1, figs. 1-2).
However, the very low number of known elements prevents differentia-
tion into distinct morphotypes. In fact, Over et al. (2009, pl. 1, fig. 4)
assigned an element with a dorsal blade, arched slightly downward, to
Ozarkodina semialternans (Wirth, 1967). It could be a mature element of
Cryptotaxis cf. sp. A, which shows stout teeth. Moreover, the short dorsal
blade of Cryptotaxis cf. sp. A is composed of four or five teeth, higher prox-
imally than distally, in a pattern similar to that present in the early-mid-
dle Frasnian Ozarkodina bidentatiformis (Ngan, 1979).

The elements of Cryptotaxis apparatuses are hard to differentiate from
elements of apparatuses of other genera of the family Prioniodinidae.
Some P2 and S elements of Cryptotaxis sp. were illustrated by Hiinicken
etal. (1989, pl. 1, figs. 3-7), although other S and M, which can also be
part of the same apparatus, were assigned to Parapolygnathus sp. and
Hibbardella sp. (Hiinicken et al,, 1989, pl. 1, figs. 8-10). Four P2 elements
are recognized in the studied material (Fig. 3E-F). They show long, slen-
der and discrete teeth to both sides of the largest cusp, and a short, down-
ward deflected dorsal blade. The teeth of five S and one M elements here
considered in Cryptotaxis are discrete, compressed and show a triangular
section (Fig. 3G-H). Some elements have one or two small, slender dis-
tinctive denticles somewhere between each two larger teeth (Fig. 3G).
Chauffe and Nichols (1995) described a similar irregularly distributed
pattern of denticulation in some elements belonging to their reconstruct-
ed apparatus of Cryptotaxis collinsoni. Consequently, it could be a charac-
ter variable in the Cryptotaxis species.

A few elements show teeth separated on the bars or more irregularly
distributed denticles than those in Cryptotaxis elements. An element P1
is assigned to Prioniodina, since it seems to be longitudinally bowed and
the dorsal bar is slightly deflected downward (Fig. 31). The denticulation
is more irregular than in Cryptotaxis, and small denticles are present be-
tween other larger, slender, straight ones. The cusp is about twice as
large as adjacent denticles. One M and several S elements (Fig. 3]-K)
with alternating denticulation are tentatively related to the P1 element,
while four other S elements with small discrete denticles between two
high, right denticles could be part of the same apparatus. Furthermore,
another four fragments of S elements form part of the apparatus of spe-
cies of the order Prioniodinida (Fig. 3L).

4.2. Order Orzakodinida

One P1 (Fig. 3M1-M2) is broken at the ventral end and the rostral
lobe and is close to the group of ozarkodinids related to O. sannemanni
(Bischoff and Ziegler, 1957). The dorsal part of the P1 element is twisted
downward and toward the caudal side. This disposition is also present
in elements of the material type of O. sannemanni (Bischoff and
Ziegler, 1957, pl. 19, figs. 15, 19-23 and 25). Moreover, the carina dispo-
sition is less strongly curved in half of the dorsal platform than in
Ozarkodina trepta (Ziegler, 1958). The basal cavity is excavated in our el-
ement, and is similar to elements of O. sannemanni and O. trepta, but not
to the holotype of the first species, which shows a laterally thickened
plate-like basal cavity. Furthermore, the Amazonian element shows a
node continuing on a ridge on the caudal expanded lobe of the basal
cavity. There is another node on the broken rostral lobe, since an incip-
ient ridge is present on the highest part of the preserved surface. Two
nodes may be present in specimens of 0. sannemanni and O. trepta,
whereas there is only one on the caudal lobe of O. proxima (Pollock,
1968). By contrast, the teeth of the carina-blade in typical elements of
0. sannemanni are deeply isolated, while the studied element shows
fused denticles, except near the tips. This could lead to consider it as a
gerontic specimen, or perhaps a homeomorph of O. sannemanni, and
we therefore prefer to name it informally ‘Ozarkodina’. The features de-
scribed from the studied element suggest its classification as ‘0. aff.
sannemanni (Bischoff and Ziegler, 1957). In this sense, the Mississippian
Bactrognathus included in Prioniodinidae shows some homeomorph
species in common with those of the 0. sannemanni group, and the
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teeth of the carina-blade may be totally fused. Chauff (1985) concluded Three P1 elements and two fragments of P and S elements are in-
that bactrognathidids might have originated in an ancestor group, per- cluded in Mehlina gradata Youngquist, 1945 (Fig. 3N-Q). P1 ones are
haps related to Cryptotaxis and in our opinion, to ‘0.’ aff. sannemanni. characterized by gradational variation in the height and size of the
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blade denticles (Fig. 3N-0). A few P1 elements show a longitudinal
bulge half way along the bar. Elements illustrated as Pandorinellina sp.
in Hiinicken et al. (1989, pl. 1, figs. 13-18) are here considered
M. gradata and appear to correspond to a well-preserved association
of the different elements of the apparatus.

One P1 element is included in Mehlina sp., since its basal cavity is
narrow and long (Fig. 3R). It is a strong element in which the most ven-
tral part is missing. The rest of the ventral blade supports teeth in pali-
sade distribution, laterally compressed and fused close to the contact
of their apices. In contrast, the cusp is a low tooth, and the dorsal
teeth are triangular, distally decreasing in height. The tips of these
teeth form a concave outline. The element is close to ‘Spathognathodus’
cf. robustus (Branson and Mehl, 1934) from Western Australia (Nicoll
and Druce, 1979, pl. 25, figs. 1-6).

Some of the studied conodonts are considered elements of the appa-
ratus of the genus Polygnathus Hinde, 1879, since the bars bear denticles
in close contact and alternating in size and height. More precisely, some
SO elements show a long posterior process and cycles of four or five
small teeth between two larger ones (Fig. 3S-T). A similar pattern is
present in P2, S and M elements (Fig. 3U-W). One poorly preserved el-
ement shows a wide ventral blade and a narrow dorsal portion, which is
interpreted as the laterally expanded part of the P1 element, probably
Polygnathus (Fig. 3X). One broken P2 element shows a laterally expand-
ed platform in the middle-dorsal part, particularly developed on the
caudal side (Fig. 3Y). Other elements must correspond to another spe-
cies of Polygnathus, since P2 and S2 elements are short and strong
(Fig. 3ZA-ZB).

4.3. Biostratigraphy

The association studied from the upper part of the Abacaxis Member
in the Amazonas Basin is comparable to those previously described from
other South America conodont localities. The occurrence of Cryptotaxis
sp. A, suggests the correlation with the 4 m thick interval in the upper-
most Frasnian, below the base of the Famennian in the Madre de Dios
Basin. Mehlina gradata and Cryptotaxis sp. A are present in 3 m of black
shales of the Jandiatuba Formation in the Solimdes Basin. The latter
conodonts are probably late Frasnian in age, although they were
assigned to late Frasnian or early Famennian (Hiinicken et al., 1989),
since actynopterygian fish scales associated with conodonts were con-
sidered latest Devonian or early Carboniferous in age. M. gradata is a
long-range species present from the early Frasnian of Central Asia
(Bardashev, 1992) or from the middle Frasnian punctata Conodont
Zone and extending to the Lower marginifera Conodont Zone (early
Famennian; Ziegler and Sandberg, 1990). This does not correspond to
the distribution of typical O. sannemanni, a late Givetian to early
Frasnian species (Ziegler and Sandberg, 1990).

A late Frasnian age for the conodont beds of the Abacaxis Member
agrees with the assignation of miospores to the Teichertospora
torquarta-Auraspora pseudocrista Palynoflora Zone, according to Melo
and Loboziak (2003), and latest Frasnian to questionable late middle
Famennian age. A similar miospore interval corresponds to conodont
beds from the Madre de Dios Basin (Over et al., 2009). However, this
zonal interval corresponds to very poorly diversified miospores (Streel
et al., 2000) during a climatically conditioned vegetation crisis in South-
ern Euramerica (Streel, 2007), and is not characterized by Famennian
index species. Furthermore, the lower part of the T. torquarta-
A. pseudocrita Zone may be equivalent to the upper Frasnian Upper

rhenana Conodont Zone, since poor correlation exits between zonal
schemes (Streel et al., 2000; Streel, 2009).

A second, younger interval with conodonts in South America is only
known from 4.9 m in the Madre de Dios Basin and considered early to
middle Famennian by Over et al. (2009). It shows the first occurrences
of Cryptotaxis madrededios Over (in Over et al., 2009 and Branmehla
bohlenana (Helms, 1959), which do not occur in the studied beds of
the Amazonas Basin.

5. Palaeoecological and palaeogeographical implications of Late
Devonian conodonts from South America

Early and Middle Devonian conodonts are absent from the
Malvinokaffric Realm. They are likewise absent from other northern ba-
sins of South America belonging to the Eastern Americas Realm
(Colombian and Amazon subprovinces in Boucot, 1989), where a mix-
ture of Malvinokaffric trilobites and Eastern Americas Realm brachio-
pods occurs, as in the case of the Amazonas Basin (Melo, 1989). In
general, conodont faunas seem to be confined to the low latitude tropi-
cal belt (Sweet, 1988) but are unknown above approximately 45°N and
S palaeolatitude (Fig. 4A), simply because the water was too cold for
conodonts to exist. The occasional presence of Late Devonian conodonts
in the northern South American basins is associated with Upper Devoni-
an black shale and may indicate episodic conditions favourable to cono-
dont life, particularly an ameliorated global climatic gradient during the
Late Devonian or the influence of warm currents (Hiinicken et al., 1989;
Isaacson, 2007).

Warmer climatic conditions are first recognized from the Middle De-
vonian in South America, since the northward movement of western
Gondwana coupled with marine transgression appeared to eliminate
many Malvinokaffric taxa and allow the immigration of taxa from
Southern Euramerica to South America (Isaacson, 2007). The Frasnian
transgressive maximum of the Brazilian Devonian is related to radioac-
tive black shale deposition in the Solimdes, Amazonas, Parnaiba and
Parand basins (Melo, 1989; Pereira et al., 2007). Global transgressive
and greenhouse states are invoked to explain the abundance of
organic-rich black shale deposited between the Frasnian and early
Famennian during short oxygen-depleted periods in platforms and lon-
ger times in marginal areas of the closing Rheic ocean (North America,
northern Africa), eastern Europe and Australia (Liining et al., 2003;
Harris et al. 2013). According to Bond and Wignall (2008), anoxic wa-
ters developed within the interior of epicontinental basins at low lati-
tudes, and expanded their range during the transgressive episodes of
late Frasnian cycle IId of Johnson et al. (1985). However, the sulphur iso-
tope record from a few sections does not accord with a whole-ocean an-
oxic event (John et al., 2010).

The Late Devonian black shale deposition in the deep part of the Ama-
zonas and Solimdes intracratonic basins shows some wide areas where
clastic starvation prevailed and where condensed sedimentation
favoured the abundance of conodonts. Furthermore, black shale sedi-
mentation took place between mudstones and sandstones in shelf sand
of the Madres de Dios Basin (Over et al., 2009). The wide distribution
of black shale deposition suggests water stratification, whereas an abun-
dance of organic matter and plankton production in beds with conodonts
(acritarchs, tasmanacean prasinophytes and chitinozoans) could be in-
dicative of an episodic elevated nutrient supply in probably cold and re-
curring anoxic waters (Hallam and Wignall, 1997). The sedimentation
occurred during a transgressive background, thus favouring the link

Fig. 3. Frasnian conodonts from the drill core in the Abacaxis Member of the Barreirinha Formation. Scale bars represent 200 pm. A-B, P1 element of Cryptotaxis sp. A Over (in Over et al., 2009)
(MP-M-863 and MP-M-861, respectively). C-D, P1 element of Cryptotaxis cf. sp. A Over (in Over et al,, 2009) (MP-M-859 and MP-M-829). E-H, elements of Cryptotaxis sp. apparatus, P2 (E-F; MP-
M-860 and MP-M-858), S (G; MP-M-857) and M (H; MP-M-825). I-K, Prioniodina sp., P1 (MP-M-879), M (MP-M-874) and S elements (MP-M-827). L, S element of unknown genus in
Prioniodinida (MP-M-826).M1-2, lateral and oral views of P1 element of 'Ozarkodina’ aff. sannemanni (Bischoff and Ziegler, 1957) (MP-M-824). N-Q, Mehlina gradata Youngquist, 1945, P1 ele-
ments (N-O; MP-M-839 and MP-M-832), S3/4 (MP-M-848) and SO elements (MP-M-852). R, P1 element of Mehlina sp. (MP-M-846). S-ZB, Polygnathus sp., SO (S-T; MP-M-837 and MP-M-
834), P2 (U, Y, ZA; MP-M-880, MP-M-847, and MP-M-856), S3/4 (V and ZB; MP-M-835 and MP-M-871), S2 (W; MP-M-881) and P1 elements (X; MP-M-870).
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Fig. 4. Devonian palaeogeographic reconstruction (modified after Witzke and Heckel, 1989) showing emerged lands in western Gondwana according to Isaacson et al. (2008) where the
conodont warm-water province at low latitudes and conodont absence in northern South America are indicated during the Middle Devonian (A). Immigration of conodonts into the Ama-
zonas Basin-1-, Solimdes Basin-2- and Madre de Dios Basin-3-associated with the southward extension of conodont cold-water province during the Late Devonian (B). A high latitudinal
temperature gradient during the latest Devonian, indicated by diamictites and glacial derived deposits (Isaacson et al., 2008), contraction of the conodont cold-water province associated
with conodont outlet of South America, and Cryptotaxis arrival at offshore setting in central and eastern North America (C).

between intracratonic basins and allowing conodont immigration to fol-
low the probable connection between the Madre de Dios and Solimdes
basins (Over et al., 2009) and to reach at the Amazonas Basin, passing
over the Purus high in the Frasnian (Fig. 4B). Alternatively, conodonts
could have arrived from the northeast through the main Devonian ma-
rine opening at the northeast basin border (Melo, 1989). A different or-
ganic productivity probably existed in the Amazonas Basin, since the
total organic content of the Barreirinha Formation increases from the
south to the northeast (Mosmann et al., 2006).

Wide flooding of the Late Devonian platforms is commonly associat-
ed with the worldwide reduction of provincialism in the marine faunas.
Cosmopolitism at almost total generic and familial levels can only be
compared with that known from the Early Triassic (Boucot, 1989). Late
Devonian conodont cosmopolitism is also widely accepted, although
Early to Middle Devonian endemism has only been described at species
and subspecies, but not genera level, and reflects biofacies dependence
(Klapper and Johnson, 1980; Sweet and Bergstrém, 1984). Endemics
are confined largely to nearshore, probably shallow-water facies, and in
general more cosmopolitan species characterized offshore, probably
deeper-water, biofacies. However, Late Ordovician and Permian cono-
dont provinces have been differentiated by the presence/absence of a
few genera and particularly by differences at species level (Sweet and
Bergstrom, 1984; Mei and Henderson, 2001). Furthermore, conodont
species diversity decreases from shallow water biofacies of tropical prov-
inces to those in polar provinces (Sweet and Bergstrom, 1984). In our
opinion, the low diversity of the Amazonian conodont fauna represents
a cool water community located in relatively shallow water basins at
high latitude. Late Devonian highly diversified, low-latitude conodont
genera, such as Icriodus and Palmatolepis, are lacking. Instead, the low di-
versity conodont faunas from northern South America include cosmo-
politan and conservative species (Mehlina, ‘Ozarkodina’, Branmehla, and
Prioniodina) together with endemic specialist forms (Cryptotaxis and
Polygnathus). Mehlina and Branmehla are generalist and ubiquitous,

since they are interpreted as having lived in the euphotic zone in the
highest part of the water column (Ziegler and Sandberg, 1984). They
are included in the group of genera (mainly Bispathodus) which occurs
abundantly in the pelagic far offshore setting of the palmatolepid-
bispathodid biofacies (Sandberg, 1976; Sandberg and Ziegler, 1979;
Ziegler and Sandberg, 1984), where Cryptotaxis is also integrated
(Over, 1992). However, the palmatolepid component of this biofacies,
dwelling close to the sea bottom in poorly oxygenated water at low lat-
itudes, is lacking in South America. It can be partly replaced by the
scarce Polygnathus, ‘Ozarkodina’ and Cryptotaxis species moving through
the water column above the anoxic/dysoxic zone. ‘Ozarkodina’ aff.
sannemanni morphology is related to the O. sannemanni group (includ-
ing O. adventa Pollock, 1968, O. proxima Pollock, 1968, O. trepta Ziegler,
1958, and 0. nonaginta Klapper et al., 1996), which diversified from the
late Givetian to the middle Frasnian. Cryptotaxis resembles Mississippian
Bactrognathus, including similar elements in their apparatuses, and ances-
tors of bactrognathids might have originated in a group that may be relat-
ed to Cryptotaxis, in accordance with Chauff (1985). Bactrognathus is
considered a mesopelagic swimmer genus, which may have hugged the
bottom above the oxygen-minimum zone (Sandberg and Gutschick,
1984).

A high latitudinal location for conodont occurrences in South
America (around 60°S latitude) is supported by palaeogeographical re-
constructions (Fig. 4B). Permian conodonts only occurred in a zone be-
tween 50°N-S palaeolatitude (Mei and Henderson, 2001). The probable
high latitude of South American occurrences fits well in the Geitgey and
Carr (1987) model, where cold-water conodont provinces expanded to-
wards the polar region during decreases in the latitudinal temperature
gradient and, by contrast, contracted as the gradient increased. A
warm climate and low latitudinal gradient is assumed during early
Late Devonian sea-level rise time. In the same way, the carbonate plat-
form belt extended to palaeolatitudes up to 45°S (Heckel and Witzke,
1979). A considerable warming during the Frasnian is known from
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low latitudes and estimated through oxygen isotope composition, with
two strong §6'%0 negative shifts in the latest Frasnian and early
Famennian (Joachimski et al., 2009). Values from brachiopods translate
into unrealistic water palaeotemperatures (31-41 °C according to van
Geldern et al., 2006), whereas conodont apatite data indicate average
temperatures ranging between 30 and 32 °C in the middle Frasnian to
early Famennian (Joachimski et al., 2009).

The recognition of the northern South American conodont cold-
water province during the late Frasnian to early Famennian is coinci-
dent with the high-latitude microplankton community distinguished
by Vavrdova and Isaacson (1999). Furthermore, floras support an
Afro-South American Subrealm in the southwestern part of the Gond-
wana phytogeographical Province. These floras resulted from the effects
of palaeolatitude (Wnuk, 1996; di Pasquo et al., 2009). The boundary of
this subrealm is located between Venezuela and Colombia on the one
hand and the rest of South America on the other, based on different
megafloras. However, Streel et al. (2000) recognized a diversity crisis
of miospores during the late Frasnian to late Famennian. These authors
deduced a latest Frasnian hot climate to explain the maximum width of
the distribution of equatorial miospore assemblages, whereas they sug-
gested a scarcity of vegetation and probably compatible climatic condi-
tions from palaeotropical (non-equatorial) to subpolar regions on the
basis of the homogeneity of miospore assemblages.

The minimum diversity in miospore and in chitinozoan associations
(Melo and Loboziak, 2003), with long ranging and endemic taxa, is coin-
cident with the late Frasnian conodont association and that described for
the Bolivian early Famennian (Over et al., 2009). Consequently, the
Frasnian/Famennian extinction is not evident and the Frasnian/
Famennian boundary was located in an interval of several metres of
quartz sandstone between black shale intervals, as was determined
using magnetic susceptibility (Over et al., 2009). The boundary position
is in agreement with the terminal IId regression of the Johnson et al.
(1985) eustatic sea-level curve. If we assume that the maximum expan-
sion of conodont polewards occurred during the maximum warming in-
dicated by latest Frasnian and early Famennian 680 negative shifts
(Joachimski et al., 2009), then late Frasnian South American conodonts
may have occurred, whereas the Frasnian/Famennian biodiversity crisis
developed at low latitude. This correlation also fits well into a model of
biodiversity crisis associated with global warming (Brand, 1989;
Thompson and Newton, 1989; Mayhew et al., 2007), such as hothouse
episodes of Kidder and Worsley (2004, 2010), where ocean heat trans-
port contributes to high-latitude warming at 60°, and dry and poorly veg-
etated regions (low miospore diversity) extend to mid to moderately
high latitudes.

The disappearance of conodonts from the upper Famennian Urubu
Member of the Barreirinha Formation coincides with the sedimentation
of shales deposited in a more oxygenated setting with siliciclastic dilu-
tion. It can be interpreted as a return to a high latitudinal gradient,
which pre-dates the latest Famennian glacial episode, widely accepted
in South America on the basis of the evidence provided by diamictites
and glacial derived deposits (Caputo, 1985; Melo and Loboziak, 2003).
A moderate cooling trend of the water temperature was thus assumed
to have occurred during the middle to late Famennian. This trend culmi-
nated in glaciation from the oxygen isotope composition at low latitudes
(Joachimski et al., 2009). Consequently, the cold water conodont prov-
ince narrowed, and Cryptotaxis seems to have arrived in offshore settings
of North America at the colder latest Famennian time (Fig. 4C). To be
more precise, Cryptotaxis collinsoni (Scott, 1961) occurs first in latest
Famennian (Lower to Upper praesulcata conodont zones) in central
and eastern North America (Over, 1992; Chauffe and Nichols, 1995;
Over et al. 2013).

6. Conclusions

The conodonts from the upper part of the Abacaxis Member of the
Barreirinha Formation suggest a late Frasnian age, in partial agreement

with the previous age assigned to Amazonian palynomorphs. The cono-
dont association is comparable to other faunas occurring in the Frasnian
of the Solimdes and Madre de Dios basins. All of them represent a low
diversity community, clearly differentiated from conodont faunas de-
scribed in the bibliography for low latitudes and comprising diverse
and widely distributed conodont taxa. South American conodonts con-
sist of generalist taxa inhabiting the upper part of the water column,
and several specialist probably swimming taxa living above poorly oxy-
genated waters. They are all restricted to an interval with episodic bot-
tom anoxia related to Frasnian transgression of oceanic water into
epicontinental South American seas and warmer marine conditions. As-
sociations are interpreted through the expansion of cold-water dwell-
ing fauna to high latitudes of northern South America during a
decrease in the latitudinal temperature gradient in the warmer late
Frasnian to early Famennian episode. Here, the Frasnian/Famennian
biodiversity crisis described at low latitudes does not occur.
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ABSTRACT

Conodonts from ninety samples of the Monte Alegre, Itaituba and Nova Olinda formations
were recovered from twenty three wells and one quarry in the Amazonas Basin.
Palaeontological systematic study focuses on species of Adetognathus, Diplognathodus,
Idiognathodus, Idiognathoides, Neognathodus and Streptognathodus. Several taxa are
considered for the first time in the Bashkirian to Moscovian of South America, and one new
species, ldiognathodus itaitubensis, is proposed. Conodonts confirm the known affinity of

Amazonian faunas with those in the Midcontinent-Andean province. The occurrence of
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Idiognathodus izvaricus suggests the possibility of an occasional connection of the Amazonas
Basin with the western Palaeo-Tethys Ocean in the Moscovian. Finally, a few specimens of
Streptognathodus occur in Upper Pennsylvanian to Permian beds of the Nova Olinda

Formation.

Keywords: Conodonts, Systematics, Bashkirian, Moscovian, Upper Pennsylvanian,

Amazonas

1. Introduction

Conodonts from the Amazonas Basin are mainly known from the Carboniferous Tapajos
Group, although a few Upper Devonian species have been described (Cardoso et al., 2015;
and references therein). To be more specific, conodonts are common in marine beds of the
Monte Alegre, Itaituba and Nova Olinda formations. Firstly, Fulfaro (1965) indicated a
Carboniferous age for the Tapajos Group on the basis of the occurrence of Idiognathodus cf.
acutus Ellison, 1941 in outcrops of the Tapajos River. Later, Tengan et al. (1976) concluded
the presence of Mississippian associations and other Middle Pennsylvanian ones from the
Itaituba and Nova Olinda formations. A synthesis elaborated by Rocha-Campos and
Archangelsky (1985) illustrated several species and considered the age of the Amazonian
conodonts to be from the upper Mississippian Subsystem to the North American Atokan
Stage. Subsequent studies based on samples from many Petrobras drilling holes, and from a
few outcrops, confirmed the relationships between the Amazonian conodonts and North
American faunas, and proposed different local zonations, which were correlated with late

Morrowan, Atokan, early Desmoinesian and probably Virgilian North American regional



stages (Lemos, 1990, 1992a, 1992b; Lemos and Medeiros, 1989, 1996; Scomazzon, 1999,
2004; Lemos and Scomazzon, 2001; Scomazzon and Lemos, 2005; Nascimento et al., 2005,
2009, 20104, b; Cardoso, 2010). In South America, Pennsylvanian to lower Permian
conodonts are only known from a few basins in the northern half of the continent: the
Brazilian Solimdes Basin (Aradjo and Rocha-Campos, 1969; Lemos, 1990, 1992a, 1992b;
Lemos and Medeiros, 1996), the Brazilian Parnaiba Basin (Campanha and Rocha-Campos,
1979), Colombian Cordillera Oriental (Stibane, 1967; Stibane and Forero, 1969) and Bolivia
sub-basins (Suarez Riglos et al., 1987; Grader et al., 2008; Henderson et al., 2009).

The aim of the present study is the determination and study of conodonts recovered from
core samples from twenty three drilling holes and a quarry of the Amazonas Basin. This work
is particularly necessary since the core samples came from many localities and were small in
size. Occurrences of some species are new for South America and the observed diversity is
higher than that previously known. The relatively abundant conodont associations from the
Amazonas are of great interest to enhance the knowledge of conodont biodiversity in the

Carboniferous of South America and constitute an important base for future studies.

2. Geological setting

The Amazonas Basin is an intracratonic, west-east elongated syneclise in northern Brazil,
bounded to the north and south by the Precambrian Guianas and Brazilian shields,
respectively (Fig. 1). The basin is separated from the Solim&es Basin by the Purus Arch to the
west and from the Marajé Basin by the Gurupa Arch, transverse structures that conditioned
the sedimentation and filling. It is mostly filled by Paleozoic rocks and occupies an area of

500,000 km? within the states of Amazonas, Para, and Amapa. Despite its large dimensions,



Paleozoic rocks are rarely seen in outcrops since they are covered by the widespread
overlying Mesozoic and Cenozoic sedimentary cover and a dense Amazonian rainforest. The
study of the rocks is mostly based on subsurface well and seismic data (Gonzaga et al., 2000).
The Paleozoic succession extends for more than 5,000 m of Paleozoic (Neves, 1990; Cunha et
al., 1994; Gonzaga et al., 2000) in the deeper central basin, whereas the thickness decreases
towards relatively shallow ramps, the so-called North and South platforms (Wanderley-Filho
etal., 2010).

Paleozoic strata consist of several sequences limited by regional unconformities (Neves,
1990; Cunha et al., 1994, 2007; Matsuda et al., 2004; and the papers cited therein). A regional
unconformity is located at the base of the Pennsylvanian to Permian sequence and separates it
from the upper Viséan Faro Formation, which consists of 400 m of fluvial, deltaic and coastal
sandstones and shales with interbedded glacial diamictites deposited in the centre of the
Amazonas Basin (Caputo et al., 2008). The Tapajos Group reaches up to 2,800 m thick. The
lowest 5 to 140 m constitutes the Monte Alegre Formation, which consists of fluvial to eolian
sandstones, marine littoral to lagoon siltstones and shales. Adjacent to and above it, the
Itaituba Formation consists of up to 420 m of marine carbonate beds grading upward to
shales, sandstone and anhydrites. Tidal flat and tidal delta deposits occur in the lower part.
The Itaituba Formation yields brachiopods, echinoderms, foraminifers, ostracods, bryozoans,
trilobites, molluscs, corals, conodonts and vertebrate remains. A Bashkirian and Bashkirian—
Moscovian ages are assigned to the Monte Alegre and Itaituba formations respectively, on the
basis of the conodont, foraminifer and palynoflora contents (Lemos, 1992a, b; Altiner and
Savini, 1995; Playford and Dino, 2000a, b, 2005). The Itaituba Formation shows a gradational
boundary with the Nova Olinda Formation, the latter of which (up to 1200 m thick)
subdivides into the Fazendinha and Arari members (Cunha et al., 2007). The lower member is

composed of mudstones, limestones, anhydrites and salts deposited in shallow marine, sabkha



and hypersaline lagoon environments. The Arari Member is composed of mudstones and
siltstones with halite salts deposited in a continental setting, although a few marine incursions
occur. A Moscovian age is assumed for the Fazendinha Member, whereas
Kasimovian/Gzhelian is estimated for the Arari Member, according to Cunha et al. (2007).
However, Playford and Dino (2000b) indicated an early Permian age (transition between
Asselian/Sakmarian) on the basis of spores from the upper beds of the Nova Olinda
Formation. The Andird Formation corresponds to red beds, siltstones and sandstones with
scarce anhydrites in fluvial and lacustrine facies. A Permian age is based on the miospore

record (Playford and Dino, 2000a, b).

3. Material and methods

Seventy two samples, each of 0.3-0.5 kg, from cores provided by Petroleo Brasilerio SA
(PETROBRAS) from twenty three drill wells, and eighteen samples from the Calminas quarry
outcrop (Fig. 1), were leached with buffer solutions of acetic acid following the methodology
in Jeppsson and Anehus (1995) and Jeppsson et al. (1999). The conodont content from the
Calminas quarry section (18 m thick, located to the east of Itaituba village) is re-studied here
from Cardoso (2010, unpublished). Simplified stratigraphic logs may be found in Cardoso et
al. (submitted). Furthermore, previously published illustrations of Brazilian conodonts are

compared with the recovered material to complete this study.

4. Systematic palaeontology



The studied specimens are stored in the repository of the Laboratdrio de conodontes,

Universidade Federal do Rio Grande do Sul (Porto Alegre, Brazil) with the abbreviated

catalogue notation MP-M 895 to MP-M 1347. The specimens are basically P1 elements

(Table 1). Nomenclature for conodonts follows Purnell et al. (2000), but DE (discrete

element) ahead of the name of the conodont species (Horowitz and Rexroad, 1982) here

indicates parataxonomy in order to designate a morphotype occurring in several distinct

conodont apparatuses. Taxa given in inverted commas correspond to those informally

considered as forming a distinct genus.

Order OZARKODINIDA Dzik, 1976

Family CAVUSGNATHIDAE Austin and Rhodes, 1981

Genus Adetognathus Lane, 1967

Adetognathus lautus (Gunnell, 1933)

Fig. 2(1-2)

1933. Cavusgnathus lautus n. sp.- Gunnell, p. 286, pl. 31, figs. 67-68.

1933. Cavusgnathus gigantus n. sp.- Gunnell, p. 286, pl. 33, figs. 7-8.

1979. Cavusgnathus lautus Gunnell.- Campanha and Rocha Campos, pp. 61-62, pl. 1,
figs. 1-2.

1979. Cavusgnathus gigantus Gunnell.- Campanha and Rocha Campos, pp. 61-62, pl. 1,
figs. 10-12.

1992a. Adetognathus lautus (Gunnell).- Lemos, pl. 5, figs. 1-9; figs. 5-8.

1992b. Adetognathus lautus (Gunnell).- Lemos, pp. 121-122, 124, pl. 1, figs. 1-9; fig. 4.



2005. Adetognathus lautus (Gunnell).- Nascimento, Scomazzon and Lemos in

Nascimento et al., fig. 2J.

2009. Adetognathus lautus (Gunnell).- Nascimento, Lemos and Scomazzon in

Nascimento et al., fig. 4A.

2010. Adetognathus lautus (Gunnell).- Nascimento, Scomazzon and Lemos in

Nascimento et al., fig. 5Z.

Material: Nineteen elements, MP-M 901, 902, 927-928, 970, 1033, 1047, 1172-1174,
1177,1182, 1198, 1274, 1297 and 1312 (Table 1).

Occurrence: The species ranges from the latest Serpukhovian (Carboniferous) to the
Sakmarian/Artinskian boundary interval (early Permian). It occurs in the Monte Alegre and
Itaituba formations, and occasionally in the Nova Olinda Formation. It is known in the
Brazilian Parnaiba and Solimdes basins (Campanha and Rocha-Campos, 1979; Lemos,
1992b), the Colombian Andes (Stibane, 1967) and the Bolivian Copacabana Formation

(Merino Rodo and Blanco Rojas, 1990).

Adetognathus flexus (Ellison, 1941)

Fig. 2(3)

1941. Cavusgnathus flexus n. sp.- Ellison, pp. 126-127, pl. 21, figs. 4243 and 46.

Material: MPM-M 1127 element from the Nova Olinda Formation in well 1-NO-1-AM.

Remarks: Sinistral P1 element with a widely flared, rounded dorsal platform. A large
denticle at the dorsal end of the blade is missing, as was described in the holotype (Ellison,
1941). Nor is this denticle presents in the dextral P1 element (von Bitter, 1972). A. flexus may
represent a variant of A. lautus, although its occasional occurrence does not allow us to

confirm this.



Occurrence: The species ranges from the upper Missourian to the Virgilian (von Bitter,

1972).

Family IDIOGNATHODONTIDAE Harris and Hollingsworth, 1933

Genus ldiognathoides Harris and Hollingsworth, 1933
Type species: Idiognathoides sinuatus Harris and Hollingsworth, 1933
Remarks: Differences between Idioghathoides and Declinognathodus Dunn 1966 are

discussed in Sanz-Lopez et al. (2006), and Sanz-Lo6pez and Blanco-Ferrera (2012, 2013).

DE ldiognathoides sinuatus Harris and Hollingsworth, 1933

Fig. 2(5-6)

1933. Idiognathoides sinuatus n. sp.- Harris and Hollingsworth, pp. 201-202, pl. 1, fig.

14.

1992b. Idiognathoides sinuatus Harris and Hollingsworth, 1933.- Lemos, pp. 124-125,

pl. 2, figs. 3-7 (only).

Material: Eighteen P1 elements MP-M 912-914, 922, 957, 961-966, 1021, 1040-1042
and 1121 from different localities (Table 1).

Remarks: Sinistral P1 elements considered a nomen dubium, since it may be the sinistral
P1 element in apparatuses of different species (Sanz-Lopez and Blanco-Ferrera, 2012). In the
studied samples, it could belong to I. corrugatus and I. ouachitensis. Furthermore, one
element in sample 21 of well 2-CP-2-PA shows a nearly flat dorsal platform with continuous

transverse ridges, which is similar to DE Idiognathoides lanei Nemirovskaya, 1978 (Fig.



2(6)). The dextral P1 element associated with this morphotype remains unknown, but it could
be part of I. ouachitensis, based on its stratigraphic distribution.

Occurrence: DE Idiognathoides sinuatus was recovered from beds of the Itaituba
Formation, although it also occurs in the Monte Alegre Formation (Lemos and Medeiros,
1996). Specimens are also known from the Solimdes Basin (Lemos, 1992b) and the Bolivian

Huarina area (Grader et al., 2008).

Idiognathoides corrugatus (Harris and Hollingsworth, 1933)

Fig. 2 (7-8)

1933. Idiognathodus corrugata n. sp.- Harris and Hollingsworth, pp. 202-203, pl. 1, figs.

7-8.

1985. Oxynagnathus corrugatus (Harris and Hollingsworth).- Rocha Campos and

Archangelsky, pl. 5, fig. 21.

1992b. Idiognathoides sinuatus Harris and Hollingsworth.- Lemos, pp. 124-125, pl. 2,

fig. 2 (only).

2009. Idiognathoides sinuatus Harris and Hollingsworth.- Nascimento, Lemos and

Scomazzon in Nascimento et al., fig. 4A.

Material: Eight P1 elements MP-M 907, 908 (poorly preserved), 921, 963, 1034, 1052
and 1291 from the Itaituba Formation (Table 1).

Remarks: Dextral P1 element with transverse ridges developed on the platform and a
medial trough of variable length. One small element (sample 2, well 2-PE-2-AM) shows a
short medial trough bordered by a caudal parapet supporting four nodes. It is similar to I.
attenuatus (Harris and Hollingsworth, 1933), although the immature growth stage prevents it

from is being included in the latter species.



Occurrence: Idiognathodus corrugatus is a wide ranging species that occurs in the lower
Bashkirian and disappears in the lower Moscovian. It is known in the Brazilian Amazonas

and Solimdes basins (Lemos, 1992b).

Idiognathoides ouachitensis (Harlton, 1933)

Fig. 2(9)

1933. Polygnathodella ouachitensis n. sp.- Harlton, p. 14, pl. 4, figs. 14a—c.

1992a. Idiognathoides sinuatus Harris and Hollingsworth.- Lemos, pl. 3, fig. 3 and 8.

1992b. Idiognathoides sinuatus Harris and Hollingsworth.- Lemos, pp. 124-125, pl. 2,

figs. 1 and 8 (only).

2005. Idiognathoides sinuatus Harris and Hollingsworth.- Nascimento, Scomazzon and

Lemos in Nascimento et al., fig. 2B.

2010b. Idiognathoides sinuatus Harris and Hollingsworth.- Nascimento, Scomazzon and

Lemos in Nascimento et al., fig. 5Z.

Material: Fourteen P1 elements MP-M 911, 920, 1014-1016, 1029 (poorly preserved),
1239, 1240, 1242, 1303, 1306 and 1342 from the Itaituba Formation (Table 1).

Remarks: I. ouachitensis has a wider and deeper medial trough than 1. corrugatus. It is
long, but disappears at the dorsal end, where transverse ridges are developed on a short flat
platform. The sinistral element is narrower than the dextral one and corresponds in part to
elements included in the variation of DE I. sinuatus.

Occurrence: The species is known from the Cheremshannian Horizon in the Donets
Basin and the upper part of the Tashastian in the South Urals (upper Bashkirian) and is

common in the lower Moscovian (Nemyrovska, 1999; Kulagina et al., 2001). It is known

10



from the uppermost Morrowan to Atokan beds in North America (Grayson, 1984; Barrick et

al., 2013). In South America, I. ouachitensis occurs in the Amazonas and Solimdes basins.

Family SWEETOGNATTHIDAE Ritter, 1986

Genus Diplognathodus Kozur and Merrill in Kozur, 1975

Type species. Spathognathodus coloradoensis Murray and Chronic, 1965

Remarks: The genus is reported from the Mississippian to middle (or late?) Permian, in

accordance with the exhaustive revision carried out by von Bitter and Merrill (1990).

Diplognathodus coloradoensis (Murray and Chronic, 1965)

Fig. 2(12)

1965. Spathognathodus coloradoensis n. sp.- Murray and Chronic, pp. 605, 607, pl. 72,
figs. 11-13.

1990. Diplognathodus sp.- Merino Rodo and Blanco Rojas, fig. 3d—e.

1996. Diplognathodus coloradoensis (Murray and Chronic).- Lemos and Medeiros, pl. 1,
fig. 6.

2005. Diplognathodus coloradoensis (Murray and Chronic).- Nascimento, Scomazzon
and Lemos in Nascimento et al., fig. 2K-L.

2005. Diplognathodus coloradoensis (Murray and Chronic).- Scomazzon and Lemos, fig.
2A-B.

2009. Diplognathodus coloradoensis (Murray and Chronic).- Nascimento, Lemos and
Scomazzon in Nascimento et al., fig. 4H.

2010b. Diplognathodus coloradoensis (Murray and Chronic).- Nascimento, Scomazzon

and Lemos in Nascimento et al., fig. 5L.
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Material: Nineteen P1 elements MP-M 926, 951-954, 1005, 1006, 1065, 1241, 1244~
1246, 1304 and 1329 from the Itaituba Formation (Table 1).

Remarks: The holotype shows the oral depression with a lower denticle. Adjacent to the
depression is the laterally wider denticle of the free blade. Denticles of the carina with
isolated tips, and the two dorsal teeth larger, are dorsally inclined. The elements studied by
Bender (1980) from the Canadian Arctic Archipelago show the fused carina teeth and the
straight dorsal margin finishing before the expanded basal cavity. Merrill (1973) remarked on
the probable evolution from a fully denticulate ancestor towards the fusion of the carina
denticles into a spatula-like ridge.

Occurrence: Occurs from the Asatauian to the lower Solontsovian horizons in the South
Urals, including the Bashkirian/Moscovian boundary (Nemirovskaya and Aleeksev, 1995).
The species is in the Aegiranum Marine Band (base of the Bolsovian) in Belgium. It occurs in
the Moscovian from the Kg Limestone to the N, Limestone (Kashirian to Myachkovian) in the
Donets Basin after Nemyrovska et al. (1999), and from the Vereian to Myachkovian in the
Moscow Basin (Goreva and Aleeksev, 2001). In South America, this species is present in the
Brazilian Itaituba Formation and the Bolivian Huarachani-Pacobamba section (Merino Rodo

and Blanco Rojas, 1990)

Diplognathodus ellesmerensis Bender, 1980

Fig. 2 (13)

1980. Diplognathodus ellesmerensis n. sp.- Bender, pp. 9-10, pl. 4, figs. 5-7, 11, 15-21,
23-25.

1990. Diplognathodus ellesmerensis Bender.- Merino Rodo and Blanco Rojas, fig. 3f

(only).

12



2005. Diplognathodus ellesmerensis Bender.- Scomazzon and Lemos, fig. 2E (only).
2010b. Diplognathodus coloradoensis (Murray and Chronic).- Nascimento, Scomazzon
and Lemos in Nascimento et al., fig. 5M.

Material: Twenty one P1 elements MP-M 931, 939-943, 1007, 1059, 1061, 1064, 1203—
1206, 1253, 1267-1269, 1272 and 1283 (five of them poorly preserved) from the Itaituba
Formation (Table 1).

Remarks: Bender (1980) related D. ellesmerensis with D. orphanus. D. ellesmerensis
have a larger basal cavity, a more distinct notch and denticulation than D. orphanus. This
notch separates the ventral blade from the dorsal carina developed on the subelliptical cup.
The notch consists of two to four fine denticles. The long axis of denticles converges orally.
The large dorsal denticles are rounded and varying in number from 4 to 6. The third denticle
from the dorsal tip is usually higher and the long axis of the dorsal denticles diverges orally.
Qi et al. (2013) restricted the main characteristics of this species: the tips of the blade
denticles fan out at the same level, the most dorsal denticle points towards the dorsal end, the
denticulate "spatula” (dorsal portion) arches rather than delineates a lat aboral surface, and the
cup is laterally flattened. The strict application of these characteristics will exclude from the
species a few specimens of the original description in Bender (1980), since flattening is
uncommon (see oral view of the holotype in pl. 4, figs. 23-25) and the flat aboral margin
sometimes occurs in the illustrated variation.

Occurrence: D. ellesmerensis first occurred in the K3 Limestone (Lozovian Horizon),
above other possible index species for the Moscovian occurring in the Donets Basin
(Nemyrovska, 1999). It is found in the Ls* Limestone in the Izvarino section, Kashirian
(Fohrer et al., 2007). In South America, it occurs in the Bolivian Huarachani-Pacobamba
section (Merino Rodo and Blanco Rojas, 1990) and the upper part of the Itaituba Formation in

the Amazonas Basin.
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Diplognathodus orphanus (Merrill, 1973)

Fig. 2(14-15)

1973. Spathognathodus orphanus n. sp.- Merrill. p. 309, pl. 3, figs. 45-46.

1992a. Diplognathodus orphanus (Merrill).- Lemos, pl. 4, fig. 6.

1992b. Diplognathodus orphanus (Merrill).- Lemos, pp. 127-128, pl. 3, fig. 4 (only).

1996. Diplognathodus orphanus (Merrill).- Lemos and Medeiros, pl. 1, fig. 5.

2005. Diplognathodus orphanus (Merrill).- Scomazzon and Lemos, fig. 2D (only).

2010b. Diplognathodus orphanus (Merrill).- Nascimento, Scomazzon and Lemos in

Nascimento et al., fig. 5N.

Material: Twenty four elements MP-M 924-925, 933, 971, 972, 1026, 1027, 1048,
1258-1261, 1265, 1266, 1292, 1294, 1298, 1318 and 1326 from the Itaituba Formation (Table
1).

Remarks: Qi et al. (2013) considered a wider concept for this species than did other
authors. They included a morphotype bearing a denticulate dorsal carina (“spathula”) that
slopes towards the dorsal part, and which they differentiated as D. aff. orphanus. A
transitional morphology between D. aff. orphanus and D. ellesmerensis (D. orphanus sensu
lato) shows the same characteristics as D. ellesmerensis, except for the laterally flattened cup.
A few elements in the Amazonian samples seem to be similar to this transitional morphotype
(sample 5.5 m in the Calminas quarry)

Occurrence: Asatauian to the lower Imendyashevian horizons in the South Urals,
including the Bashkirian/Moscovian boundary (Nemirovskaya and Aleeksev, 1995). In South
America, D. orphanus is known from the Amazonas and Solimdes basins (Lemos, 1992b) and

the Bolivian Lake Titicaca region (Sakagami and Mizuno, 1994).
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Diplognathodus aff. orphanus (Merrill, 1973)

Fig. 2(16-19)

1989. Diplognathodus orphanus (Merrill).- Whiteside and Grayson, pl. 1. fig. 6.

1990. Diplognathodus ellesmerensis Bender.- Merino Rodo and Blanco Rojas, fig. 3e

(only).

1992b. Diplognathodus orphanus (Merrill).- Lemos, pp. 127-128, pl. 3, fig. 5 (only).

2005. Diplognathodus orphanus (Merrill, 1973).- Scomazzon and Lemos, fig. 2C (only).

2005. Diplognathodus ellesmerensis Bender.- Scomazzon and Lemos, fig. 2F (only).

2009. Diplognathodus orphanus (Merrill).- Nascimento, Lemos and Scomazzon in

Nascimento et al., fig. 4G.

Material: Twenty three elements MP-M 929, 930, 934-938, 944, 1057, 1058, 1062,
1273, 1280-1282, 1285, 1286, 1288 and 1290 from the Itaituba Formation, well 1-CM-2-PA
(samples 3 and 4) and Calminas quarry (sample 5.5).

Remarks: Short elements with a relatively expanded basal cavity. A single incipient
notch is at the ventral end of the carina and at the position of the first denticle. The carina
consists of 4-6 denticles, usually separated from the contiguous ones. The free blade is usually
short and formed by between 3 and 7 teeth. A high and wide tooth is located proximally right
at the dorsal beginning of the blade. The typical specimens of D. orphanus show higher teeth
in the middle of the free blade, although the incipient notch can be present in some elements
(see Merrill, 1973, pl. 47, figs. 49 and 52). The aboral margin is straight or slightly convex,
whereas it is convex in D. ellesmerensis. The narrow basal cavity and the flattening cup in
many of the studied specimens are similar to those shown in D. ellesmerensis. Some

specimens with two small denticles at the position of the notch are included in D.
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ellesmerensis in spite of the high first tooth being at the free blade. It suggests a relation
between the two taxa.

The elements identified as D. ellesmerensis in Cardoso (2010, figs. 41, 43; Appendix A,
figs. 9 and 10) from the Itaituba Formation are included in D. aff. orphanus. An element close
to D. orphanus illustrated as D. coloradoensis by Savage and Barkeley (1985, fig. 12.13 to
12.16) shows a large proximal tooth at the blade. Nevertheless, it shows a wider cup and a
higher number of teeth in the blade (7) than the tiny Brazilian elements.

Occurrence: Occurs in a few samples in the lowermost range of D. ellesmerensis in the
Amazonas Basin, and is illustrated by Merino Rodo and Blanco Rojas (1990) from the

Bolivian Huarachani-Pacobamba section.

Diplognathodus iowensis Swade, 1985

Fig. 2(20-21)

1985. Diplognathodus iowensis n. sp.- Swade, pp. 65-66, fig. 19.

Material: Four P1 elements MP-M 1084-1087 from the Nova Olinda Formation in well
9-FZ-2-AM (core sample 19).

Remarks: The presence of discrete denticles and the short platform are characteristics
similar to the specimens illustrated by Swade (1985) from lowa (USA). Four or five teeth
form the ventral blade, the second proximal being higher than the other ones. Teeth of the
carina outline a convex curve that may be broken by some higher denticles towards the dorsal
part. An incipient notch is located before the ventral high teeth in some specimens.
Diplognathodus moorei (von Bitter, 1972) shows a shorter platform than Amazonian
specimens. One or two small teeth are located between the higher ventral teeth of the blade

and the relatively high ones on the dorsal carina.
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Occurrence: Swade (1985) reported this species from the lower and upper Ford Scott
and the Lost Branch cyclothems, where it dominates the fauna of the Cooper Creek

Limestone, in Desmoinesian beds from south-central lowa.

Genus Idiognathodus Gunnell, 1931

Type species: Idiognathodus claviformis Gunnell, 1931

Idiognathodus aff. claviformis Gunnell, 1931

Fig. 2 (24)

Material: One large P1 element MP-M 1032 (core sample 4, well 2-PE-1-AM).

Description: Element with prominent lobes. The rostral lobe has a straight ventral
margin, bordered by a row of strong nodes. The lobe is ornamented by nodes. The caudal lobe
is triangular and the ventral margin supports a row of strong nodes. Several rows of nodes are
parallel to the rostral ridges, which are low and consist of aligned nodes. The triangular
tongue is ornamented by discontinuous ridges with a middle node at the position of the carina.
Rostral ridges are undeveloped and replaced by rows of nodes. These ridges do not extend to
the ventral blade.

Remarks: Element similar to Idiognathodus claviformis Gunnell, 1931 from the Putnam
Hill Member in Ohio illustrated by Merrill (1974, pl. 1, fig. 6, only). As the Amazonian
specimen, it shows discontinuous transverse ridges on a triangular tongue and short ventral
adcarinal ridges converging dorsally toward the carina. Both have lobes ornamented by large
nodes without defined orientation. The North American element shows a longer outer lobe
reaching to the dorsal half of the platform, whereas the lobe is restricted to the ventral half in

the studied element.
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Idiognathodus claviformis holotype is from the Coal City cyclothem in the upper
Desmoinesian and requires a detailed study to characterize it (Lambert et al., 2003b). The
concept of 1. claviformis is restricted to a short, wide morphotype, characterized by an oral
surface with irregular nodes and ridges on the ventral part of the platform, transverse ridges
on the dorsal part, and a blunt dorsal tip (Barrick and Walsh, 1999).

Occurrence: Upper part of the Itaituba Formation. The morphotype from the Putnam

Hill Member is in North America Desmoinesian beds (Merrill, 1974).

Idiognathodus amplificus Lambert, 1992

Fig. 2(22-23)

1992. Idiognathodus amplificus n. sp.- Lambert, p. 114, pl. 2, figs. 1-12.

Material: Two P1 elements MP-M 989 and 994 from well 1-FZ-1-AM (sample 25).

Remarks: The presence of disrupted transverse ridges on the dorsal part of the platform
and the incipient lobes ornamented by few nodes are characteristics described in the original
material from lowa studied by Lambert (1992). The accessory lobes drape around the distal
ventral portion of the platform, especially in sinistral elements. Dextral elements have less
developed accessory lobes that do not extend dorsally. The platform of Idiognathodus
amplificus is narrow, with a pointed dorsal tip and relatively flat transverse ridges. The carina
is minor to absent; the adcarinal ridges are short and terminate abruptly at the ventral-most
transverse ridge.

Occurrence: The species is used to correlate lower Desmoinesian strata in North
America (Lambert, 1992; Ritter et al., 2002). It ranges from the McCurtain cyclothem to the

Inola cyclothem in the lower half of the Cherokee Group of the Northern American
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Midcontinent (Heckel, 2013). Brazilian specimens were recovered from the upper beds of the

Itaituba Formation.

Idiognathodus crassadens Stamm and Wardlaw, 2003

Fig. 2(25-29)

2003. Idiognathodus crassadens n. sp.- Stamm and Wardlaw, p. 114, pl. 3, figs. 1-12; pl.

4, figs. 8-9.

Material: Twelve P1 elements MP-M 1090-1092, 1095-1101 from core sample 19. Two
specimens (MP-M 1113-114) are considered a close morphotype from core sample 27 (well
9-FZ-2-AM). Both samples are in the Nova Olinda Formation.

Remarks: The specimens show the typical sub-symmetrical platform, with irregular
transverse ridges and denticles. The stout, irregular denticles in the inner lobe are only present
in several Amazonian specimens. The two elements from core sample 27 are considered I. aff.
crassadens. They have rostral ridges located at the margins of the platform and some nodes
differentiated in the largest element (Fig. 3(1-2)). The dorsal platform is high and forms a
convex upper curve, but transverse ridges are disrupted and interrupted by the carina. These
elements are similar to several specimens of Idiognathodus sp. D Boardman, Heckel and
Marshall, 2004 (figs. 23.24-26, 28, 29 and 31).

Occurrence: The typical I. crassadens is collected from the Tiawah and Russell Creek
limestones (Boardman et al., 2004), which are equivalent to the Verdigris Limestone in the
upper part of the Cherokee Group (Stamm and Wardlaw, 2003). The morphotype
Idiognathodus sp. D occurs at the upper Boggy Formation (Cherokee Group) in northeastern

Oklahoma and southern Kansas (Boardman et al., 2004).
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Idiognathodus ignisitus Stamm and Wardlaw, 2003

Fig. 3(3-5)

2003. Idiognathodus ignisitus n. sp.- Stamm and Wardlaw, p. 116, pl. 1, figs. 1-15.

Material: Two sinistral and four dextral elements from well 1-RX-6-AM (sample 10,
MP-M 1140-1141, 1143, 1148) and well 9-FZ-2-AM (sample 19, MP-M 1093-1094).
Another two dextral elements are considered as probably belonging to this species (MP-M
1109-1110, sample 27, well 9-FZ-2-AM). All samples come from beds in the Nova Olinda
Formation.

Remarks: The sinistral elements show a wider platform than does the dextral one, as in
the material described by Stamm and Wardlaw (2003). These authors indicated that the
species evolved from I. obliquus through the wide sinistral elements, the rounder dorsal end,
and the narrowing of lobes. The dextral elements are narrow. The Amazonian specimens
show interruptions in the transverse ridges of the dorsal platform, whereas those described by
Stamm and Wardlaw (2003) only usually have the more dorsally located transverse ridges
broken. Two elements from sample 27 are assigned to I. cf. ignisitus because they show a
long row of nodes on the long and narrow rostral lobe, whereas the shorter, wider caudal lobe
supports two rows (Fig. 3(6—7)). The rostra are composed of two ridges with a sinusoidal
disposition: the narrower area is at the dorsal end, but ridges curve outwards on the tongue.
This pattern only occurs in some elements of the type material from Utah (Stamm and
Wardlaw, 2003, pl. 1, figs. 12, 13 and 15). The Amazonian elements has a concave tongue
with a depressed longitudinal, central area that differentiates them from the North American
material, where the more dorsal transverse ridges are only interrupted in some elements
(Stamm and Wardlaw, 2003, pl. 1, figs. 1-5, 7-8). 1. cf. ignisitus are close to Idiognathodus sp.

A Boardman et al. (2004, fig. 3.6-7, 20-22) and I. podolskiensis (fig. 2.1), although the
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Amazonian elements have a long rostral row of nodes. This row of nodes is present in a few
elements in the variability of the upper Atokan Idiognathodus gibbus Lambert, 1992, although
this species develops a smaller caudal lobe and a more concave tongue than I. cf. ignisitus.
Finally, I. ignisitus may be a junior synonym of Idiognathodus mundulus Youngquist and
Downs (1949, p. 167, pl. 31, figs. 16-17), though a detailed description and re-illustration of
type material is necessary to confirm this, and our concept of this species follows that
developed by Stamm and Wardlaw (2003).

Occurrence: The type material is from the Verdigris cyclothem, according to Barrick et
al. (2013). 1. ignisitus comes from the Upper Tiawah cyclothem (Heckel, 2013), whereas I.

mundulus occurs in the Verdigris cyclothem.

Idiognathodus incurvus Dunn, 1966

Fig. 3(8-9)

1966. Idiognathodus incurvus n. sp.- Dunn, p. 1301, pl. 158, figs. 2, 3.

2009. Idiognathodus incurvus Dunn.- Nascimento in Nascimento et al., fig. 4B, C and E?.

2010b. Idiognathodus incurvus Dunn.- Nascimento, Scomazzon and Lemos in

Nascimento et al., fig. 5B (only).

Material: Twelve elements MP-M 945, 1011-1013, 1028, 1044-1045, 1123, 1257, 1263,
1271, 1272,1314 and 1316, 1324 (six doubtful small elements) from the Itaituba Formation
(Table 1).

Remarks: The long axis of the conodont curves towards the caudal side near the dorsal
end. The rostral margin of the platform is strongly convex, whereas the caudal margin is
straight to slightly concave. Hence, the dorsal end is caudally curved, whereas the oral surface

is flat. The tongue of the platform has a shallow trough or concavity extending from the
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dorsal tip to approximately the mid-point of tongue. The lobes are composed of 2 or 3 rows of
nodes located on both sides of the ventral part of the platform. The caudal ridge is well
developed, the rostral ridge being shorter than the caudal.

Grayson et al. (1989) used the I. incurvus Complex for a wide range of morphological
variability broadening the original concept of Dunn (1966). The main characteristic is the
ventral projections of the adcarinal ridges forward the free blade forming a downward
extension. This concept seems to include morphotypes that other authors consider
descendants of I. incurvus (Barrick et al., 2004).

Occurrence: |. incurvus is described in the uppermost Bashkirian of the Donets Basin
(Nemyrovska, 1999) and ranges through the North American Atokan beds (Barrick et al.,

2004).

Idiognathodus itaitubensis nov. sp.

Fig. 4(1-16)

1974. Idiognathodus cf. delicatus Gunnell.- Merrill, pl. 1, figs. 14-16 (only).

1984. Idiognathodus delicatus Gunnell.- Grayson, pl. 1, fig. 1, pl. 3, figs. 2; pl. 4, figs. 7-
8 (only).

1984. Streptognathodus sp. aff. S. wabaunsensis Gunnell.- Grubbs, pp. 71-72, pl. 1, figs.
8-11.

1985. Idiognathodus sp. A.- Grayson, Trice and Westergaard, pl. 1, figs. 52, 56.

1985. Idiognathodus suberectus Dunn.- Rocha Campos and Archangelsky, pl. 5, fig. 20.
1990. Idiognathodus incurvus Dunn.- Grayson, pl. 4, figs. 4-5 (only).

1992a. Idiognathodus suberectus Dunn.- Lemos, pl. 2, figs. 2a-c.

1992a. Streptognathodus expansus Igo and Koike.- Lemos, pp. 81-82, pl. 3, fig. 4 (only).
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1998. Idiognathodus incurvus Dunn.- Rexroad, Brown, Devera and Suman, pl. 1, figs.

20, 23, 24, 27, 28, 29, 30, 31.

2004. Idiognathodus incurvus Dunn descendants.- Barrick, Lambert, Heckel and

Boardman, pl. 2, figs. 3 and 5 (only).

2004. Idiognathodus podolskiensis.- Boardman, Heckel and Marshall, fig. 2.1, 3.

2004. Idiognathodus n. sp. B nomen nudum.- Boardman, Heckel and Marshall, fig. 2.2,

16.

2009. Idiognathodus incurvus Dunn.- Nascimento et al., fig. 4C.

2009. Idiognathodus incurvus Dunn.- Lucas, Krainer and Barrick, fig. 14.6-7.

Derivation of the name: From the Itaituba Formation, where it was collected.

Holotype: Specimen MPM-974 (Fig. 4(7) and seven specimens MP-M 973, 975-976,
978-980 and 990 are paratypes (Fig. 4(6, 8-13).

Material: Twenty seven (four poorly preserved) P1 elements MP-M 946-948, 950, 973—
988, 990, 991, 993, 1013, 1049, 1076-1077, 1105-1107, 1117, 1119, 1130-1135, 1188 from
the Itaituba and Nova Olinda formations (Table 1).

Type Locality and horizon: Sample from core 25 in well 1-FZ-1-AM, included in the
upper part of the Itaituba Formation (geographic coordinates 03° 43' 35.4" S and 58° 57' 03.1"
W).

Diagnosis: P1 element with a sub-rhomboidal field of transverse ridges, which show a
longitudinal depression usually interrupting these ridges. Carina and rostra ridges are at or
close to the mid-point of the platform. Adcarinal grooves extend ventrally to reach to the
blade, particularly the caudal one. Incipient rostral lobe usually supports a few nodes, whereas
the caudal one being wider, is ornamented by one or more rows of nodes.

Description: The elements have a curved platform where the outline changes due to the

caudal lobe protruding. A very characteristic twofold sinusoidal disposition is visible from the
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rostra ridges and the margins of the tongue. It is poorly developed only in smaller specimens,
which are similar to the Idiognathodus sinuosus morphology. The carina and the rostra ridges
often correspond to larger nodes on the margins and central part of the proximal tongue. The
latter supports a field of transverse ridges (between seven and thirteen), usually interrupted (or
depressed) in the subcentral to caudal portion. Thus, a short eccentric to central trough may be
present. The oral surface of the tongue is more or less concave, with a longitudinal

depression. The rostral lobe is not differentiated from the platform and supports one node or a
row of 3 to 4 nodes. None develop in the smallest size elements. The rostral lobe shows a
lower platform margin than the caudal lobe. The latter is prominent and usually bears a row of
nodes, or a second row of nodes in larger specimens, bears. The largest elements include a
third row of two nodes adjacent to the margin. Lobe ornamentation seems to increase in
elements from younger beds.

The rostra ridges are well developed and project outwards away from the free blade,
particularly the caudal one. The element from the lower beds (sample 34, well 1-FZ-1-AM)
shows a caudal lobe differentiated and ornamented by one or two rows of a few nodes each
and a less curved sinusoidal disposition for rostra ridges and the tongue (Fig. 4(15)). The
protruding adcarinal extensions are situated a short distance along the free blade.

Remarks: The new species is very closely related to I. incurvus Dunn (1996), in fact it
closely resembles those North American elements illustrated as “l. incurvus descendents” by
Barrick et al. (2004). Typical specimens of I. incurvus do not show the sinusoidal and
rhomboidal tongue, a triangular tongue being present in its place. The ventral margin of the
rostral platform is straight as it is in the new species, and ornamentation of the rostral margin
is poorly differentiated from the rostral ridge, since this rostral part of the platform is at the
same height as the caudal one (no lower). The typical elements of I. incurvus show a shallow

longitudinal depression along the dorsal half of the tongue, which becomes longer and deeper
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in 1. itaitubensis. One element from sample 34 (Fig. 4(15)) shows a higher rostral lobe, carina
and rostral ridges replaced dorsally by rows of nodes and a concave tongue where transverse
ridges consist of short segments or nodes, as in I. klapperi.

Another closely related species is Idiognathodus ellisoni Clark and Behnken, 1971. It
shows long adcarinal ridges extending ventrally to the free blade and converging dorsally
toward the carina, they do in I. itaitubensis. A middle trough or depressed area occurs in the
tongue and becomes shallower in large specimens. It differs from 1. itaitubensis in having
shorter lateral lobes, which are ornamented by strong nodes on flat oral surfaces. These
surfaces are distally curved and decrease in height toward the margins in I. itaitubensis.

Idiognathodus sp. A Grubbs, 1984 shows some widely spaced, oblique transverse ridges
on the tongue. The ridges have differentiated nodes at the location of the carina in the ventral
part of the tongue (Fig. 3(21).

Idiognathodus covandogae Méndez, 2006 is a related morphology, probably younger
than most of the studied elements. It shows the subcentral depression of the tongue, but no
interruption of the transverse ridges. The platform is slender and adcarinal extensions are
somewhat longer than those of I. itaitubensis. The rostral lobe is located at a similar height to
the caudal one, and the carina and rostra ridges are limited to the ventral half of the platform.

Occurrence: Upper part of the Itaituba Formation to the lower part of the Nova Olinda
Formation in the Amazonas Basin (Moscovian) and the Solim&es Basin. The specimens from
Oklahoma described by Grubbs (1984) were collected in upper Atokan to basal Desmoinesian

beds.

Idiognathodus izvaricus Nemyrovska, 2007

Fig. 3(10-12)

25



2007. Idiognathodus izvaricus n. sp.- Nemyrovska in Fohrer et al., p. 9, figs. 13.3-13.17,

14.1-14.20.

Material: Eight P1 elements MP-M 967-969, 994, 1008, 1051, 1116 and 1120 (Table 1).

Remarks: Specimens show transverse ridges as in Morphotype 1 differentiated by
Nemyrovska in Fohrer et al. (2007). Two elements have one node at the rostral margin, and a
few nodes or radial transverse ridges in the small caudal lobe. The P1 element from sample 16
(well 2-MN-1-AM) (Fig. 3(12)) is close to I. rectus Youngquist and Downs, 1949 from North
America. However, the straight longitudinal platform and, particularly, the ventrally extended
adcarinal grooves and carina, which reach the mid platform, are more dorsally extended that
in 1. rectus. Small elements from sample 10 with long carina and poorly developed lobes
resemble Morphotype 2 of Nemyrovska in Fohrer et al. (2007). Idiognathodus izvaricus
Morphotype 1 is close to ‘Streptognathodus’ parvus Dunn, 1966 in having a poorly developed
lobe and the transversely ridged posterior platform, but differs from the latter in the former’s
more advanced shape of the ventral margin of the platform, the dorsally located caudal lobe,
and the occurrence of a rostral lobe in some specimens.

Occurrence: The upper half of the Lozovaian to the base of the Lomovatkaian (lower
Moscovian), which is C2° (L) suite and the base of the C2 (M) suite (Fohrer et al., 2007). It
occurs in the upper part of the Itaituba Formation and the lower part of the Nova Olinda

Formation.

Idiognathodus cf. klapperi Lane and Straka, 1974
Fig. 3(13)
Material: Two fragments of P1 elements from wells 1-CM-2-PA (sample 1, MP-M 923)

and 2-CP-2-PA (sample 21, MP-M 958) from the Itaituba Formation.
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Remarks: Lane and Straka (1974) considered the discontinuous transverse ridges in the
tongue of the P1 element as the prevalent characteristic of this species, but Grayson et al.
(1990) widely extended the concept of this species. They considered that the adcarinal ridges
are within the platform and both extend ventrally about the same distance. The lateral lobes
are well developed in mature specimens, the rostral lobe shows an elaborated rostral margin,
and isolated nodes are situated at the ends of the adcarinal ridges.

A few specimens of I. incurvus previously illustrated from the Amazonas Basin are
tentatively assigned here to I. klapperi (Nascimento et al., 2005, figs. 2A?, F; Nascimento et
al., 2010b, fig. 5A, only).

Occurrence: Occurs rarely in the upper Morrowan and lower Atokan (Grayson, 1990;

Barrick et al., 2004).

Idiognathodus cf. obliquus Kossenko and Kozitskaya, 1978 in Kozitskaya et al.

Fig. 3(15-16)

Material: Eight small or broken elements MP-M 1072-1073, 1075-1076, 1078-1080,
1102, 1104 from wells 1-FZ-1-AM (sample 17) and 9- FZ-2-AM (sample 27) in the Nova
Olinda Formation.

Remarks: Some poorly preserved elements may be included in this species, since they
show many transverse ridges developed in the dorsal platform and clearly oblique to the
margins. The dextral element is more strongly curved than the sinistral pair when wiewed
orally, as Ritter et al. (2002) indicated and, consequently, oblique transversal ridges are more
developed in the former. Small elements have a concave oral surface. The rostral lobe may be

long and composed of a few rows of nodes.
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Occurrence: . obliquus occurs in the North American lower Desmoinesian (Lambert,
1992; Ritter et al., 2002; Heckel, 2013). It is common in the Moscovian, from the Kashirian to
basal Podolskian in the Moscow Basin (Goreva and Alekseev, 2001) and the Podolskian to

lower Myachkovian in the Donets Basin (Nemyrovska et al, 1999).

Idiognathodus podolskiensis Goreva, 1984

Fig. 3 (17-18)

1984. Idiognathodus podolskiensis n. sp.- Goreva, p. 108, pl. 2, figs. 23-27.

2004. Idiognathodus podolskiensis Goreva.- Boardman, Heckel and Marshall, figs. 3.3—

5).

Material: Seven P1 elements from well 9-FZ-2-AM (sample 27; MP-M 1108, 1111,
1112 and 1115) and 1-RX-6-AM (sample 10, MP-M 1142, 1144 and 1145) in the lower part
of the Nova Olinda Formation.

Remarks: I. podolskiensis resembles 1. obliquus, but can be distinguished from the latter
by the depressed dorsal part of the ribbed platform (Nemyrovska et al., 1999). Amazonian
elements are poorly preserved and support mineral overgrowth. They show the characteristic
depressed field of transverse ridges, particularly in small and middle sized specimens. The
rostra ridges are well developed, especially the flaring caudal ridge. Two long, moderately
prominent accessory lobes are found on either side of the platform. The rostral is narrow and
similar to middle-sized elements from Alekseev and Goreva, 2001, pl. 18, figs. 4 and 7).
Elements closely resemble several specimens of I. podolskiensis from the North American
Inola Limestone illustrated by Boardman et al. (2004).

Idiognathodus itaitubensis shows a similar rostral lobe, but shorter and lower than that of

I. podolskiensis. Furthermore, the sinusoidal disposition of the rostral ridges and its continuity
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in the margins of the tongue is not present in I. podolskiensis, in which the outline of the
tongue is subrectangular to subtriangular.

Occurrence: The taxon occurs in the N. medexultimus—I. podolskiensis and N. inaequalis
zones (Podolskian—lower Myachkovian) of the Moscow Syneclise (Goreva and Alekseev,
2001). A close morphotype is reported from the North American Desmoinesian Sam Creek to

Inola cyclothems (Barrick et al., 2013; Heckel, 2013).

Idiognathodus cf. praeobliquus Nemyrovska, Perret-Mirouse and Alekseev, 1999

Fig. 3(19)

Material: Two elements from wells 2-CP-PA (core sample 2, MP-M 949) and 1-FZ-
1AM (sample 34, MP-M 1010) in the upper part of the Itaituba Formation.

Remarks: P1 element with moderately broad, lanceolate, slightly asymmetrical, caudally
curved dorsal platform. Two unequal lobes are developed, the rostral being less prominent
than in 1. obliquus, to which it probably gave rise (Nemyrovska et al., 1999). Consequently, it
has a more symmetrical platform than I. obliquus. The transverse ridges of the dorsal platform
are oblique, but less so than in I. obliquus. Furthermore, the latter species has an
asymmetrically arched platform in lateral view. I. praeobliquus shows an advanced ventral
margin of the platform, with well developed rostra projecting outwards towards the free blade
from the ventral platform margin.

The Amazonian elements have a similar disposition to I. itaitubensis nov. sp., but with a
flat or slightly depressed oral surface of the tongue. Furthermore, they develop lateral lobes,
forming a more symmetrical platform. In any case, the transverse ridges are slightly contorted
in the central platform by the presence of the slight depression. The rostral lobe is incipient

and ornamented by nodes as high as those in the caudal lobe. The material type illustrated
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shows a higher number of transverse ridges and a stronger curvature of the platform than do
the Amazonian specimens. They are similar to North American 1. praeobliquus in Boardman
et al. (2004), where some elements show a concave oral surface of the ribbed platform.

Occurrence: I. praeobliquus is present in the Kashirian beds of the Moscow basin
(Alekseev and Goreva, 2013). It occurs in the upper part of the C,° (K) Suite (Vereian) in the
Donets Basin and reaches the lower part of the C,’ (M) Suite (lower Podolskian) according to
Nemyrovska et al. (1999) and Fohrer et al. (2007). A similar morphotype (I. cf. praeobliquus)
is present in the Atokan beds of lowa and the Desmoinesian McCurtain cyclothem of the

Cherokee Group in Oklahoma (Boardman et al., 2004; Barrick et al., 2013).

Idiognathodus rectus Youngquist and Downs, 1949

Fig. 3(20)

1949. Idiognathodus rectus n. sp.- Youngquist and Downs, pp. 167-168, pl. 30, figs. 21-

23 (holotype re-illustrated in Barrick, Lambert, Heckel, Roscoe and Boardman, 2013, pl.

2, fig. 8).

Material: On element MP-M 1103 of medium sized in well 1-FZ-1-AM (core sample 27,
Nova Olinda Formation).

Remarks: The platform and blade are exceptionally straight. The former is ornamented
by transverse ridges. The element is longer and shows a more extended tongue than does the
holotype. The Amazonian elements closely resemble small elements of I. robustus Kossenko
and Kozitskaya, 1978 in Stamm and Wardlaw (2003), although we consider they belong to 1.
rectus. This species has a straight, relatively symmetrical oval platform with minimal lobes,

and coarse transverse ridges, whereas the morphotype close to 1. robustus has a platform that
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is slightly bent caudally and a shorter ventral extension of adcarinal ridges, in accordance
with Barrick et al. (2013).

Occurrence: I. rectus is a species abundant in the I. rectus/l. iowaensis Zone of Barrick
et al. (2013), which encompasses the middle and Upper Cherokee Group in the middle
Desmoinesian of North America. Heckel (2013) extended it from the Inola cyclothem to,

probably, the Bevier cyclothem.

Idiognathodus cf. sinuosus Ellison and Graves, 1941

Fig. 13(14)

Material: Four small specimens and fragments from wells 2-MN-1-AM (sample 24, MP-
M 1124), 1-TR-1-AM (sample 14, MP-M 1053) and the Calminas quarry (samples 5.02 and
5.5, MP-M 1289 and 1317) in beds of the Itaituba Formation.

Remarks: Sinistral and dextral elements of this taxon are Idiognathodus humerus and 1.
sinuosus, respectively (Dunn, 1970). The dextral element has developed a caudal ridge that
borders the small ornamented caudal lobe. The rostral margin is high and corresponds to the
rostral wall parallel to the carina. One to several nodes may be at the margin, at the location of
the rostral lobe. The platform is curved, with a flat to concave tongue. The caudal lobe is
parallel to the carina and incipient to protruding. The small size and bad preservation prevents
accurate identification of the Amazonian specimens. Some elements could well correspond to
immature stages on the growth of younger related species.

Occurrence: I. sinuosus is a Morrowan North American species that reaches the Atokan
(Lane and Straka, 1974; Grayson, 1990). It is in the Prikamian Horizon of the Donets Basin

(Nemyrovska, 1999) and the Askynbashian Horizon of the South Urals, indicating a range
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from the middle Bashkirian to the lowermost Moscovian in the Moscow, Donets and South

Urals basins.

Idiognathodus nov. sp. 1

Fig. 3(22-23)

Material: Two elements MP-M 959-960 from sample 21 in well 2-CP-2-PA.

Diagnosis: P1 element with a long carina and narrow adcarinal troughs, only deep in the
ventral portion of the platform. Two rows of transverse ridges are located on both margins of
the platform. Transverse ridges are subdivided into two wider rows of nodes at the ventral
part of the caudal platform where a lateral lobe is incipient.

Description: The P1 elements have a subsymmetrical platform without lobe
development, except a short caudal lobe, slightly wider than the caudal platform. Only the
caudal lobe shows two differentiated rows of nodes aside from the carina and consequently, a
short caudal rostra ridge occurs. The rest of the platform margins are ornamented by short
transverse ridges, which are similar, or higher than the central carina. The rostral margin
supports one to a few nodes. Narrow adcarinal troughs only occur at the ventral platform, and
the carina is composed of isolated nodes aligned with the transverse ridges in the dorsal
platform. The carina reaches the dorsal end of the platform.

Remarks: The ornamentation distribution is similar to I. klapperi, although lobes are not
developed. The elements are similar to the specimen illustrated as Idiognathodus spp. by
Higgins (1975, pl. 17, fig. 8).

Occurrence: Lower part of the Itaituba Formation. Specimens related to the Amazonian

ones were collected in the English Yeadonian (late Bashkirian), according to Higgins (1975).
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Genus Streptognathodus Gunnell, 1933

Type Species: Streptognathodus excelsus Stauffer and Plummer, 1932

Remarks: After diagnosis from the species type, Ellison (1941, 1972) gave a revised
diagnosis for Streptognathodus. This genus differs from Idiognathodus in having a deep
medial trough between the parapets. This trough may be crossed by the carina along most of
its length. Consequently, only a few continuous transverse ridges can be developed. Barrick
and Boardman (1989), Barrick et al. (1999) considered the Bashkirian-early Moscovian
streptognathodids as derived from Idiognathodus and unrelated to the younger middle
Missourian (Kasimovian) species of true Streptognathodus. Several authors included all of
them in Idiognathodus, since elements of the apparatuses other that P1 ones are similar
(Baesemann, 1973; Merrill and von Bitter, 1976). Furthermore, part of the separate derivation
of older species with morphology of ‘Streptognathodus’ in the later part of the Desmoinesian
is included in the genus Swadelina Lambert, Heckel and Barrick, 2003a. Nemyrovska (2011)
incorporated in this new genus some species of late Moscovian from east Europe that could
be derived from 'Stretognathodus' transitivus, or from ldiognathodus izvaricus, according to
Nemyrovska (in Fohrer et al., 2007). Here, older Bashkirian streptognathids remain as

‘Streptognathodus’, waiting for their phyllogenetic relationship to be clarified.

Streptognathodus firmus Kozitskaya, 1978
Fig. 3(24-25)
1978. Streptognathodus firmus n. sp.- Kozitskaya in Kozistkaya, Kossenko, Lipnygov

and Nemirovskaya, pl. 28, figs. 1-6.
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Material: One broken sinistral P1 element MP-M 1183 from well 9-FZ-2-AM (sample 7)
and another poorly preserved MP-M 1118 from well 9-FZ-28-AM (core sample 183) in the
upper part of the Nova Olinda Formation.

Description: One element has nodes on the parapets and a long carina, which reaches the
dorsal end of the platform. The caudal parapet longer than the rostral and the ventral end
located more ventrally than that of the rostral parapet. Another specimen is a broken sinistral
element where only the dorsal part is preserved, and consequently the determination is
doubtful. It is a probably a specimen where the carina grades dorsally to isolated nodes. The
carina reaches close to the dorsal margin of the platform. The transverse ridges on the
parapets are very short, perhaps in relation to the deep adcarinal troughs and small size of the
element.

Occurrence: Streptognathodus firmus occurs in the Kasimovian of the Donets Basin and
Dnieper-Donets Depression and the Gzhelian of Timan, according to Kozitskaya et al. (1978).
Barrick et al. (2004) indicated a range from the late Missourian to the middle Virgilian in

Midcontinent North America.

Streptognathodus sp.

Fig. 3 (26-27)

Material: Two elements MP-M 1128-1129 and one fragment MP-M 1197 from core
sample 4 in well 1-NO-1-AM.

Description: Elements with a sub-symmetrical platform, slender and with the widest part
close to the ventral end. Platform supports two long parapets, the caudal slightly higher and
longer than the rostral. The ornamentation of the parapets consists of strong nodes, which

cause shallow, narrow adcarinal troughs. The nodes are fused to the carina to form a
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transverse ridge at the dorsal end of the platform. The carina is only higher than the parapets
at this dorsal end.

Occurrence: This occurs in the upper part of the Nova Olinda Formation.

‘Streptognathodus’ expansus 1go and Koike, 1964

Fig. 5(1-2)

1964. Streptognathodus expansus n. sp.- Igo and Koike, p. 189, pl. 28, fig. 14.

1966. Streptognathodus suberectus n. sp.- Dunn, p. 1303, pl. 157, figs. 4-6.

1992a. Streptognathodus expansus Igo and Koike.- Lemos, pp. 81-82, pl. 3, fig. 5 (only).

1992a. Idiognathodus suberectus Dunn.- Lemos, pp. 80-81, pl. 3, fig. 7.

1992a. Streptognathodus expansus Igo and Koike.- Lemos, pp. 81-82, pl. 4, figs. 7-8

Material: Seven P1 elements from well 2-MN-1-AM (sample 24, MP-M 1122) and the
Calminas quarry (samples 6.6, 14.2, 14.6 and 14.8; MP-M 1071, 1296, 1209, 1300, 1310 and
1327).

Remarks: Dunn (1970) suggested that the sinistral element of Streptognathodus
expansus and the dextral element of Streptognathodus suberectus are part of the same
apparatus, based on the similar stratigraphic occurrences. Proctor (1991, unpublished)
assumed this reconstruction and identified three morphotypes in the Dimple Limestone (North
America) showing an increase on the complexity of dextral elements. Qi et al. (2013)
described a primitive form of S. expansus in the Dizazinshang section that Qi et al. (2011) had
informally named °S. preexpansus’.

Occurrence: S. expansus is an upper Bashkirian species that has its first occurrence in
the 1. sinuosus Zone, according to Lane and Straka (1974). It disappears in the I. tuberculatus-

I. fossatus Zone or below the occurrence of D. marginodosus and 1. incurvus in the Donets
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Basin (Nemyrovska, 1999). It ranges over an equivalent interval of the South Urals, between
the Askynbashian and the Tashastian horizons (Nemirovskaya and Alekseev, 1995; Kulagina
et al., 2001). It occurs in the Monte Alegre and Itaituba formations in the Amazonas Basin
(Lemos and Medeiros, 1996; own data), and the upper range seems to be similar in South

China, where it reaches the lower Moscovian (Qi et al, 2013).

‘Streptognathodus’ parvus Dunn, 1966

Fig. 5(4)

1966 Streptognathodus parvus n. sp.- Dunn, pp. 1302-1303, pl. 158, figs. 9-10.

1992a. Streptognathodus parvus Dunn.- Lemos, p. 81, pl. 2, figs. 3-5.

Material: Four elements and two more poorly preserved (MP-M 903, 1043, 1046, 1125
and 1329) from wells 1-AM-9-AM (core sample 9), 2-MN-1-AM (sample 24), 2-SA-1-AM
(sample 10) and the Calminas quarry (sample 14.8).

Remarks: The largest element shows a small node located on the middle slope of the
rostral margin. Two or three nodes are located at the incipient step of the caudal lobe.

Occurrence: The C,2(G) to C,° (K) suites (Cheremshanian to the lower Lozovian
horizons) of the upper Bashkirian to the lower Moscovian in the Donets Basin or S. expansus
to D. donetzianus zones after Nemyrovska (1999). It occurs in the Tashastian to the Asatauian
horizons in the South Urals of the upper Bashkirian (Nemirovskaya and Alekseev, 1995;
Kulagina et al., 2001). Dunn (1966) reported it from North American localities with 1.
sinuosus. It occurs in the Monte Alegre and Itaituba formations of the Amazonas Basin

(Lemos and Medeiros, 1996; own data) and in the Solimdes Basin (Lemos, 1992a).
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Genus Neognathodus Dunn, 1970

Species type: Polygnathus bassleri Harris and Hollingsworth, 1933

Neognathodus bassleri (Harris and Hollingsworth, 1933)

Fig. 5(4)

1933. Polygnathus bassleri n. sp.- Harris and Hollingsworth, p. 198, pl. 1, figs. 13a-e (re-

illustrated in Barrick, Lambert, Heckel and Boardman, 2004, pl. 1, fig. 11).

1992a. Neognathodus bassleri (Harris and Hollingsworth).- Lemos, pp. 84, 86, pl. 3, fig.

2a-D.

Material: Two elements from the Monte Alegre and Itaituba formations in wells 1-AM-
7-AM (sample 9, MP-M 1165) and 2-CA-1-AM (sample 6, MP-M 917).

Remarks: According to Merrill (1972), Neognathodus bassleri has wide platforms with
widely flaring parapets, generally higher than the carina (Lane, 1967), which does not usually
extend to the dorsal junction of the parapets. Later forms are narrower, more symmetrical, but
still retain high and somewhat flaring parapets (Lane, 1967; Grayson, 1984).

Occurrence: N. bassleri is an upper Morrowan species in North America (Barrick et al.
2013), where it is very common. It occurs in the Monte Alegre and Itaituba formations of the

Amazonas Basin.

Neognathodus asymmetricus (Stibane, 1967) sensu Barrick, Lambert, Heckel and
Boardman, 2004

Fig. 5(6-8)
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2004. Neognathodus asymmetricus Stibane.- Barrick, Lambert, Heckel and Boardman, pl.

1, fig. 1 (re-illustrated in Barrick, Lambert, Heckel, Roscoe and Boardman, 2013, pl. 1,

fig. 3).

Material: Four elements MP-M 1051, 1146, 1147 and 1183 from well 1-RX-6-AM (core
samples 10, 16 and 24).

Remarks: Stamm and Wardlaw (2003) included the species of Merrill’s (1972) N.
medadultimus and N. medexultimus in N. asymmetricus (Stibane, 1967), since morphologies
correspond to different growth stages in their samples. Barrick et al. (2004, 2013) confirmed
this synonym in North American collections. However, both morphotypes could have been
different species. The Colombian material type includes a holotype with distinct morphology
and sample provenance with respect to others specimens whose morphology is close to that
described in North America. The holotype (Stibane, 1967, pl. 36, figs. 11-13) shows high
parapets with a crenulated margin, and deep adcarinal troughs. The carina is high in its ventral
portion, then becoming lower and finally disappearing before the dorsal tip. The platform
outline is biconvex, although the caudal margin is slightly sinuous to straight. Other
specimens from the Paramo de Sumapaz (sample 95) distinct from the holotype of N.
asymmetricus (Stibane, 1967, pl. 36, figs. 14-18), show lower parapets and a reduced rostral
half of the platform and seem to be similar to N. medexultimus Merrill, 1972.

Two Amazonian specimens are similar to the morphotype N. medadultimus and show a
shorter development of the rostral parapet, which begins slightly more dorsally than the
caudal parapet (Fig. 5(8)). Another two younger elements have both parapets finishing
slightly before the dorsal tip of the platform. The carina protrudes from beyond the platform
and short transverse ridges are formed by lateral nodes (Fig. 5(6)). This characteristic occurs
in N. roundyi (Gunnell, 1931), a probable descendant in which the rostral parapet is less

developed.
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Occurrence: In South America, this species is known from the Colombian Cordillera
Oriental (Stibane, 1967), the Bolivian Titicaca region (Sakagami and Mizuno, 1994) and the
Nova Olinda Formation in the Amazonas Basin. Neognathodus asymmetricus in the sense of
Barrick et al. (2004) is a Desmoinesian species with a probable occurrence at the Sam Creek
cyclothem (Boardman et al. 2004) and a range from the Inola cyclothem to the Fleming

cyclothem (Barrick et al., 2013).

Neognathodus bothrops Merrill, 1972

Fig. 5(9)

1972. Neognathodus bothrops n. sp.- Merrill, p. 823, pl. 1, figs. 8-13 (only).

Material: Two P1 elements and two probable ones (MP-M 998-999, 1001-1002) from
well 1-FZ-1-AM (core sample 25, upper part of the Itaituba Formation).

Remarks: N. bothrops has a relatively symmetrical P1 element and an outline more oval
than N. colombiensis. Typical elements show a smooth to slightly crenulated area at the
ventral end of the parapets. The carina is sub-central and slightly shifted towards the rostral
parapet. Both parapets are fused to the dorsal end of the carina, but a pointed tip of the carina
is already visible. N. 'bothrops' Grayson, 1990, nomen nudum has a more asymmetrical
platform, with a narrow rostral part ornamented by short transverse ridges and flared caudal
platform supporting longer and radial ridges (Grayson, 1990, pl. 4, figs. 17-19). Barrick et al.
(2013) indicated that this species included some morphotypes integrated in the temporal
sequence of Grayson (1990) from Neognathodus ‘pre-bothrops' nomen nudum, N. 'bothrops’

nomen nudum and N. bothrops.
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Occurrence: N. bothrops occurs in the Atokan to lower Desmoinesian (Merrill, 1972;
Barrick et al. 2013). In the Moscow basin, it is present from the basal Kashirian Russian

Horizon in the Moscow Basin (Alekseev and Goreva, 2013).

Neognathodus colombiensis (Stibane, 1967)

Fig. 5(10-12)

1967. Streptognathodus colombiensis n. sp.- Stibane, pp. 336-337, pl. 36, figs. 1-10.

Material: Five elements MP-M 995-996, 1000, 1003-1004 from drilling hole 1-FZ-1-
AM (core sample 25).

Remarks: Elements with a sub-symmetrical platform, relatively flat and with a triangular
outline. They are ornamented by transverse ridges that may extend to the carina, and adcarinal
troughs are short and shallow.

They are ventrally differentiated in North American illustrated specimens (Barrick et al.,
2004, pl. 1, fig. 10) from the Seville Limestone (Illinois). This characteristic could be
insufficient to differentiate this morphotype from the specimens from our material and the
illustrated elements of Stibane (1967) since it is not present in the specimens designated
Neognathodus sp. A from the Seville Limestone in Merrill and King (1971, pl. 76, figs. 7-10).
The carina protrudes from the expanded platform and at the same height as or higher than the
lateral parapets. Barrick et al. (2013) included the sequence of Grayson (1990) of N. 'pre-
bothrops', N. 'bothrops' and N. bothrops Merrill in N. colombiensis, but all these morphotypes
should be subjected to an exhaustive revision to characterize the variability of these species.

Occurrence: Nevado River in the Colombian northern Andes (Stibane, 1967) and the

Seville Limestone in Illinois (Barrick et al, 2004) in beds considered to be from the late
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Atokan to the early Desmoinesian (N. colombiensis Zone). Studied specimens come from the

upper beds of the Itaituba Formation.

Neognathodus inaequalis Kozitskaya and Kossenko, 1978

Fig. 5(13)

1978. Neognathodus inaequalis n. sp.- Kozitskaya and Kossenko in Kozitskaya et al., p.

74, pl. 20, figs. 1-8.

2003. Neognathodus intrala n. sp.- Stamm and Wardlaw, p. 119, pl. 4, figs. 5 and 11; pl.

5, figs. 1-7.

Material: Two elements MP-M 1088-1089 from well 9-FZ-2-AM (sample 19, Nova
Olinda Formation).

Remarks: The specimens show a symmetrical platform. This symmetry is greater than
that of North American N. intrala Stamm and Wardlaw (2003), but the smallest elements
show moderate asymmetry. The carina decreases in height from the middle platform to the
dorsal part, where it is similar in height to, or lower than the lateral parapets. The margin of
the rostral parapet is smoother than the caudal one or is widely crenulated. Adcarinal grooves
developed at the ventral portion and may be extended dorsally. Neognathodus intrala
morphotype seems to be included in the variation of N. inaequalis, although this should be
confirmed.

Occurrence: N. inaequalis ranges from the upper Podolskian to the lower Myachkovian
regional stages (Moscovian) in the Moscow Basin, according to Goreva and Alekseev (2001).
N. intrala is associated with N. roundyi in the middle to upper Desmoinesian of North

America (Barrick et al., 2013).
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Neognathodus symmetricus (Lane, 1967)

Fig. 5(14-16)

1967. Gnathodus bassleri symmetricus n. subsp.- Lane, pp. 935-936, pl. 120, figs. 1, 13,

14 and 17; pl. 121, figs. 6 and 9 (holotype re-illustrated in Barrick, Lambert, Heckel and

Boardman, 2004, pl. 1, fig. 7).

1992a. Neognathodus symmetricus (Lane).- Lemos, pp. 87, pl. 3, fig. 1 (re-illustrated in

Lemos and Medeiros, 1996, fig. 2a-b).

Material: Forty one P1 elements MP-M 895, 897-899, 903-906, 910, 918, 1031, 1035—
1037, 1152-1161, 1166-1171, 1175, 1178-1180, 1182, 1185, 1200, 1262, 1336 (eleven very
small or poorly preserved) from the Monte Alegre and Itaituba formations (Table 1).

Remarks: Many studied P1 elements are small in size, but larger elements resemble
closely to North American elements, as the type material, and are differentiated from
morphology described in Sanz-Lopez and Blanco-Ferrera (2012) from the Pyrenees.

Occurrence: Early morphotype from Sanz-Lopez and Blanco-Ferrera (2012) occurs in
lower Bashkirian beds with Kinderscoutian ammonoids or in the equivalent to the Ammonoid
H1 Zone in South Urals (Kulagina et al., 2001). The species reaches the uppermost
Bashkirian in the southern Urals (Kulagina et al., 2001). The North American type material,
however, ranges from the N. symmetricus Zone in the middle Morrowan, from a bed below
the first occurrence of ammonoid Cancelloceras Ruzhencev and Bogoslovskaya (Lane 1967;

Lane and Straka 1974).

Neognathodus uralicus Nemirovskaya and Aleeksev, 1995

Fig. 5(23)
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1995. Neognathodus uralicus n. sp.- Nemirovskaya and Aleeksev, p. 118, pl. 4, figs. 1, 5.

Material: One element (MP-M 1054) from well 1-UA-1-AM (core sample 16, Itaituba
Formation).

Remarks: This species differs from N. asymmetricus in the ventral width of the platform,
with strong parapets. The rostral parapet is short and the dorsal carina is prominent in the half
where the rostral parapet is missing. The ornamentation is stronger than in N. tsnensis, with
wide transverse ridges meeting the carina in the dorsal part of the caudal platform.

Occurrence: Solontsovian to lower Imendyashevian horizons in the Moscovian of Askyn
section, South Urals (Nemirovskaya and Aleeksev, 1995), or from the uppermost Bashkirian
to lower Moscovian at the Basu section (Kulagina et al., 2009). In the American southern
Midcontinent, N. uralicus is common in the Atokan N. atokaensis Zone of Barrick et al.

(2013).

Neognathodus sp. 1 Nemyrovska, 1999

Fig. 5(17-19)

1972. Neognathodus bassleri bassleri (Harris and Hollingsworth).- Merrill, pl. 1, fig. 17
(only) (re-illustrated in Merrill, 1974, pl. 1, fig. 20).

1999. Neognathodus sp. 1.- Nemyrovska, 1999, pl. 5, figs. 15-116, 17?, 19 and 20.

Material: Five elements from wells 1-AM-7-AM (sample 9, MP-M 1163-1165), 1-AM-
9-AM (sample 2, MP-M 896) and 2-CA-1-AM (sample 6, MP-M 915-916).

Description: The platform is small, symmetrical, and moderately wide. The carina is
short and low and it ends half way along the platform. Two or three small nodes may replace

the dorsal carina.
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Remarks: The species is close to N. bassleri, but the platform is less ornamented and the
carina is ending in the dorsal platform. It seems to be close to the holotype of Neognathodus
asymmetricus illustrated by Stibane (1967, pl. 36, figs. 11-13), which is clearly distinct to
another one morphology corresponding to the rest of elements (figs. 14-18). The holotype
show high parapets with a crenulated margin, deep adcarinal troughs and a carina high in its
ventral portion, then becoming lower and disappear before the dorsal tip. The platform outline
is biconvex, although the caudal margin is slightly sinuous to straight.

Occurrence: Reported from the Lower Mercer Member in Ohio (Merrill, 1972, 1974)

and the upper Bashkirian limestones G;%-Hs" in the Donets Basin (Nemyrovska, 1999).

Neognathodus sp. A Grayson, 1984

Fig. 5(21)

1984. Neognathodus n. sp. A.- Grayson, pp. 51-52.

1992. Neognathodus sp. C.- Grayson in Sutherland and Grayson, pl. 2, fig. 22.
1992a. Neognathodus roundyi (Gunnell).- Lemaos, pp. 86-87, pl. 1, fig. 3.

2005. Neognathodus roundyi (Gunnell).- Nascimento, Scomazzon and Lemos in
Nascimento et al., fig. 2.D-E, H.

2010b. Neognathodus medadultimus Merrill.- Nascimento, Scomazzon and Lemos in
Nascimento et al., fig. 5E.

2010b. Neognathodus roundyi (Gunnell).- Nascimento, Scomazzon and Lemos in
Nascimento et al., fig. 5G.

Material: One element MP-M 1030 from the Itaituba Formation (sample 10, well 2-PC-

1-AM).
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Description: Specimen with a long caudal parapet, which reaches the dorsal tip, and a
rostral platform ornamented by several nodes on the ventral part. A trough is located between
the row of the nodes and the carina. The nodes of the carina are laterally expanded in the
dorsal part of the platform.

Remarks: Grayson (1984) remarked that the caudal parapet is high and ornamented by
prominent transverse ridges, whereas the rostral margin is distinctly lower than the caudal
one, and semicircular in oral view. Ornamentation may be absent on the rostral margin, or it
consists of a row of nodes running parallel to the rostral margin or of transverse ridges that
are sub-perpendicular to the carina.

Occurrence: This morphotype occurs in the lower part of the Itaituba Formation and is
described from the upper part of the Wapanucka Limestone in the Morrowan to Atokan beds,

where it is found together with Idiognathodus incurvus (Sutherland and Grayson, 1992).

5. Discussion and conclusions

Conodont faunas from the Carboniferous part of the Tapajos Group in the Amazonas
Basin show a high diversity. Nowadays, they constitute the widest of those described from the
Lower—Middle Pennsylvanian in South America. In this time, warm-water carbonates and
evaporites were being deposited in the Amazonas Basin in relation to the drift of western
Gondwana to lower latitudes (Isaacson and Diaz Martinez, 1995; lannuzzi and Rosler, 2000).
Glacial and glacial influenced deposits are known in the southern part of South America,
suggesting a severe climate gradient along the Gondwanan western margin (Limarino and

Spalletti, 2006; Grader et al. 2008).
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High resolution sampling from wells of the Amazonas Basin should provide results
similar to classical areas such as those in North America and a very-accurate conodont
biostratigraphy. The subsurface sampling has given slow results, but some studied beds of the
upper part of the Itaituba Formation and the Nova Olinda Formation yield significant and
diverse conodont associations, showing that a better knowledge may be obtained in
accordance with the higher sampling density.

Abundant conodont associations from the Amazonas Basin include a large number of
cosmopolitan conodont species of the genera Declinognathodus, Idiognathoides,
‘Streptognathodus’, Neognathodus and Diplognathodus (Table 1). With respect to the genus
Idiognathodus, many species have been regarded as being the same as the North America
Midcontinent area (1. amplificus, 1. crassadens, 1. ignisitus, I. klapperi and I. rectus). This
confirms the known connection of the Amazonas Basin with the Midcontinent—Andean
Realm after Ross (1967), as previous studies of the Bashkirian—Moscovian have indicated
(Ross and Ross, 1985; Lemos, 1992a, 1992b, Altiner and Savini, 1995; Meyerhoff et al.,
1996; Lemos and Medeiros, 1996, Nascimento et al., 2009). The new species, I. itaitubensis,
probably descends from upper Bashkirian 1. incurvus, a common species in the North
American Atokan Stage. It is also close to the younger Upper Pennsylvanian—lower Permian?
I. ellisoni, described in the Midcontinet-Andean Realm (Suarez Riglos et al., 1987).

Some species, such as Idiognathodus izvaricus, 1. cf. obliquus, 1. praeobliquus, I.
podolskiensis, are typical Tethyan or Uralian taxa (Eurasian—Arctic Realm after Ross, 1967).
Except I. izvaricus, others have also been reported from North America (Barrick et al., 2013,
and references therein), where they could have migrated from the Tethys area through the
primary route of the Arctic or Uralian-Franklinian Province (Ross, 1967; Groves et al., 2007,
Davydov, 2014, and references therein included) (Fig. 6(1)). Nevertheless, the new

occurrence of 1. izvaricus in the Moscovian of the Amazonas Basin, far away the known
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occurrence in the Donets and Moscow basins, brings back the discussion on an intermittent
second marine connection between the western Palaeo-tethys Ocean and the marine basins of
South America. An occasional connection was previously suggested on the basis of the
presence of a few Morrowan and upper Atokan foraminifers in the Amazonas Basin and
Bolivia (such as Plectostaffella jakhensis Reitlinger and Asselodiscus Mamet and Pinard).
These taxa are known in the Eurasian-Arctic Realm, but not in the sub-Arctic North America
(Altiner and Savini, 1995; Baesemann et al., 1998; Wood et al., 2002). It was suggested anew
on the basis of palaeobiogeographical relationships among poriferan and coral associations of
the Palaeo-tethys and Panthalassa oceans during the Moscovian (Garcia-Bellido and
Rodriguez, 2005) and of brachiopod faunas from western Argentina (Taboada, 2010, and
references therein). Probable seaways for migration from North Africa and Western Europe
were proposed on the basis of the incomplete closure of the Rheic Ocean or directly from
North Africa to Amazonian seaway (Baesemann et al, 1998; Vai, 2003) (Fig. 6(2-3)). In this
way, the upper part of the Itaituba Formation, where 1. izvaricus occurs, corresponds to a
highstand interval characterized by the widest distribution of marine carbonates passing over
the Purus and Gurupa margins of the Amazonas Basin (Matsuda et al., 2004). The suggestion
of probable migration of faunas is in line with the interpretation of the neodymium isotopic
composition analyzed in carbonate rocks, conodonts and brachiopod shells from the Itaituba
and the Nova Olinda formations by Scomazzon (2004) and Scomazzon et al. (2005). These
authors argued in favour of an incoming of seawater masses in the Amazonas Basin from the
Palaeo-tethys Ocean, instead of a single Panthalassa Ocean provenance.

The Amazonas seaway must have been closed in the upper part of the Nova Olinda
Formation, because it was a restricted basin with frequent evaporite precipitation in the upper
part of the Fazendinha Member, whereas prevailing continental sedimentation with rare

marine beds occurred during the Arari Member (Cunha et al., 2007). The scarce
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Streptognathodus and Adetognathus specimens studied suggest low diversity and abundance
Upper Pennsylvanian and probable lower Permian associations in comparison with those
richer in conodonts described in open marine conditions from the Bolivian sub-basins (Suarez

Riglos et al., 1987; Grader et al., 2008).
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Figure Captions

Fig 1. Map of the Amazonas Basin showing marginal Paleozoic outcrop belts (modified from
Matsuda et al., 2010) and location of wells and quarries: (1) 2-AL-1-PA, (2) 1-AM-1-AM, (3)
1-AM-6-AM, (4) 1-AM-7-AM, (5) 1-AM-9-AM, (6) 2-CA-1-AM, (7) 1-CM-2-PA, (8) 2-CP-
2-PA, (9) 1-FZ-1-AM, (10) 9-FZ-2-AM, (11) 9-FZ-28-AM, (12) 2-MN-1-AM, (13) 2-MS-4-
AM, (14) 1-NO-1-AM, (15) 1-PB-1-PA, (16) 2-PC-1-AM, (17) 2-PE-1-AM, (18) 2-PE-2-
AM, (19) 1-RX-1-AM, (20) 1-RX-6-AM, (21) 2-SA-1-AM, (22) 1-TR-1-AM, (23) 1-UA-1-

AM, (24), and Calminas quarry.

Fig 2. P1 elements of several conodont genera from the Tapajos Group in the Amazonas
Basin. Scale bar is 200 um. 1-2. Adetognathus lautus (Gunnell, 1933) from the Itaituba
Formation. 1: sinistral P1 element, MP-M 902, sample 3 in well 1-AM-9-AM; 2: dextral P1
element, MP-M 970, sample 19 in well 1-FZ-1-AM. 3. Adetognathus flexus (Ellison, 1941)
from the Nova Olinda Formation, sinistral P1 MP-M 1127 element, sample 4, well 1-NO-1-
AM. 4. Declinognathodus cf. marginodosus (Grayson, 1984) from the Monte Alegre
Formation. MP-P 1184, sample 19 of well 1-UA-1-AM. 5-6. DE Idiognathoides sinuatus
Harris and Hollingsworth, 1933 from the Itaituba Formation in well 2-CP-2-PA. 5: MP-M
964, sample 22; 6: MP-M 957, sample 21. 7-8. Idiognathoides corrugatus (Harris and
Hollingsworth, 1933) from the Itaituba Formation. 7: MP-M 921, sample 1 in well 1-CM-02-
PA; 8: MP-M 1052, sample 13 in well 1-TR-1-AM. 9. Idiognathoides ouachitensis (Harlton,
1933), MP-M 1014-1016 from the Itaituba Formation, sample 34 in well 1-FZ-1-AM. 10-11.
Rachistognathus muricatus (Dunn, 1965), MP-M 1073 and MP-M 1073, broken specimens
from the Monte Alegre Formation, sample 10 in well 1-AM-9-AM. 12. Diplognathodus

coloradensis (Murray and Chronic, 1965), MP-M 951, Itaituba Formation, sample 5 in well 2-
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CP-2-AM. 13. Diplognathodus ellesmerensis Bender, 1980. MP-M 940, Itaituba Formation,
sample 3 in well 1-CM-2-PA. 14-15. Diplognathodus orphanus (Merrill, 1973) from the
Itaituba Formation. 14a,b: MPM-M 1326, oral an lateral view of a transitional element to D.
ellesmerensis from sample 5.5 m in Calminas quarry; 15: MP-M 1026, sample 34 in well 1-
FZ-1-AM. 16-19. Diplognathodus aff. orphanus (Merrill, 1973), MP-M 938, 936, 934 and
929, Itaituba Formation, sample 3 in well 1-CM-2-PA. 20-21. Diplognathodus iowensis
Swade, 1985. MP-M 1086 and 1087, Nova Olinda Formation, sample 19 in well 9-FZ-2-AM.
22-23. ldiognathodus amplificus Lambert, 1992. MP-M 989 and 994, Itaituba Formation,
sample 25 in well 1-FZ-1-AM. 24. Idiognathodus aff. claviformis Gunnell, 1931. MP-M
1032, Itatiuba Formation, sample 4, well 2-PE-1-AM. 25-29. Idiognathodus crassadens
Stamm and Wardlaw, 2003. MP-P 1090, 1091, 1101, 1092 and 1095 from the Nova Olinda

Formation, sample 19, well 9-FZ-2-AM.

Fig 3. Idiognathodus and Streptognathodus P1 elements from the Amazonas Basin. Scale bar
is 200 um. 1-2. Idiognathodus aff. crassadens Stamm and Wardlaw, 2003. MP-M 1113 and
11141, Nova Olinda Formation, sample 27, well 9-FZ-2-AM. 3-5. Idiognathodus ignisitus
Stamm and Warrdlaw, 2003. MP-M 1141, 1140 and 1143, Nova Olinda Formation, sample
10, well 1-RX-6-AM. 6-7. Idiognathodus cf. ignisitus Stamm and Warrdlaw, 2003. MP-M
1109-1110, Nova Olinda Formation, sample 27, well 9-FZ-2-AM. 8-9. Idiognathodus
incurvus Dunn, 1966 from the Itaituba Formation. MP-M 1044, sample 10 in well 2-SA-1-
AM; 9: MP-M 1271, from sample 5.5 m in Calminas quarry. 10-12. Idiognathodus izvaricus
Nemyrovska, 2007. 10: MP-M 1008, Itaituba Formation, sample 34 in well 1-FZ-1-AM; 11:
MP-M 994, Itaituba Formation, sample 25 in well 1-FZ-1-AM; 12: MP-M 1120, Nova Olinda
Formation, sample 16, well 2-MN-1-AM. 13. Idiognathodus cf. klapperi Lane and Straka,

1974. MP-M 923, Itaituba Formation sample 1, well 1-CM-2-PA. 14. Idiognathodus cf.
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sinuosus Ellison and Graves, 1941. MP-M 1119, Itaituba Formation, sample 14, well 1-TR-1-
AM. 15-16. Idiognathodus cf. obliquus Kossenko and Kozitskaya, 1978 from the Nova
Olinda Formation. 15: MP-M 1102, sample 27, well 9-FZ-2-AM; 16: MP-M 1080, sample 17,
well 1-FZ-1-AM. 17-18. Idiognathodus podolskiensis Goreva, 1984. MP-M 1108 and 1111,
Nova Olinda Formation, sample 27, well 9-FZ-2-AM. 19. Idiognathodus cf. praeobliquus
Nemyrovska, Perret-Mirouse and Alekseev, 1999. MP-M 949, Itaituba Formation, sample 2,
well 2-CP-2-PA. 20. Idiognathodus rectus Youngquist and Downs, 1949. MP-M 1103, Nova
Olinda Formation, sample 27, well 1-FZ-1-AM. 21. ldiognathodus sp. A Grubbs, 1984. MP-
M 1025, Itaituba Formation, sample 34 in well 1-FZ-1-AM. 22-23. Idiognathodus nov. sp. 1.
MP-M 959-960, Itaituba Formation, sample 21, well 2-CP-2-PA. 24-25. Streptognathodus
firmus Kozitskaya, 1978 from the Nova Olinda Formation. 23: MP-M 1183, sample 7, well 9-
FZ-2AM; 24: MP-M 1118, sample 183, well 9-FZ-28-AM. 26-27. Streptognathodus sp. MP-

M 1128-1129, Nova Olinda Formation, sample 4, well 1-NO-1-AM.

Fig 4. P1 elements of Idiognathodus itaitubensis nov. sp. All specimens come from the
Itaituba Formation, except 5 and 16 from the Nova Olinda Formation. Scale bar is 200 um. 1—
2. MP-M 948 and 950, sample 2, well 2-CP-2-PA. 3-4. MP-M 955-956, sample 5, well 2-CP-
2-PA. 5. MP-M 1049, sample 16, well 1-RX-6-AM. 6-14. MP-M 973- 976, 978-980 and
990-991, sample 25, well 1-FZ-1-AM; 7 is holotype and 6 and 8-13 are paratypes. 15. MP-M

1013 from sample 34 in well 1-FZ-1-AM. 16. MP-M 1119, sample 16, well 2-MN-1-AM.

Fig 5. P1 elements of 'Streptognathodus' and Neognathodus from the Amazonas Basin. Scale
bar is 200 um. 1-2.: 'Streptognathodus' expansus Igo and Koike, 1964 from the Itaituba
Formation. 1: MP-M 1122, sample 24, well 2-MN-1AM; 2: MP-M 1296, sample 6.6 m in

Calminas quarry. 3.'Streptognathodus’ parvus Dunn, 1966. MP-M 1046, Itaituba Formation,
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sample 10, well 2-SA-1-AM. 4. Neognathodus bassleri (Harris and Hollingsworth, 1933).
MP-M 1165, Itaituba Formation, sample 9, well 1-AM-7-AM. 5. Neognathodus cf.
askynensis. MP-M 900, Itaituba Formation, sample 2 of well 1-AM-9-AM. 6-8.
Neognathodus asymmetricus (Stibane, 1967) sensu Barrick et al., 2004 from the Nova Olinda
Formation, well 1-RX-6-AM. 6-7: MP-M 1146-1147, sample 10; 8: MP-M 1051 from
sample 16. 9. Neognathodus bothrops Merrill, 1972. MP-M 998, Itaituba Formation, sample
25, well 1-FZ-1-AM. 10-12. Neognathodus colombiensis (Stibane, 1967). MP-M 1004, 1000
and 996, Itatituba Formation, sample 25, well 1-FZ-1-AM. 13. Neognathodus inaequalis
Kozitskaya and Kossenko, 1978. MP-M 1088, Nova Olinda Formation, sample 19, well 9-FZ-
2-AM. 14-16. Neognathodus symmetricus (Lane, 1967) from the Monte Alegre Formation.
14: MP-M 1160, sample 9, well 1-AM-7-AM; 15: MP-M 1166, sample 10, well 1-AM-9-AM;
16: Mp-M 1153, sample 3, well 1-AM-6-AM. 17-19. Neognathodus sp. 1 Nemyrovska, 1999.
17: MP-M 1163-1164, Monte Alegre Formation, sample 9, well 1-AM-7-AM; 19: MP-M
915, Itaituba Formation, sample 6, well 2-CA-1-AM. 20. Neognathodus nov. sp. 1, MP-M
919, Itaituba Formation, sample 6, well 2-CA-1-AM. 21. Neognathodus sp. A Grayson, 1984.
MP-M 1030, Itaituba Formation, sample 10, well 2-PC-1-AM. 22. Neognathodus tsnensis
Alekseev and Gerelzezeg, 2001. MP-M 997, Itaituba Formation, sample 25, well 1-FZ-1-AM.
23. Neognathodus uralicus Nemirovskaya and Aleeksev, 1995. MP-M 1054, sample 16, well

1-UA-1-AM.
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Fig. 6. Pennsylvanian worldwide palaeogeography redrawn from Scotese (2000), showing the
primary migratory path normally accepted from the Palaeo-tethys Ocean (Eurasian—Arctic
Realm) to the east part of the Panthalassic Ocean (Midcontinent-Andean Realm) (1) and the

speculative connection through North Africa after Vai (2003) (2) and Baesemann et al. (1998)

3).

Table 1. Distribution of studied conodonts in localities and samples of the Itaituba (1), Monte

Alegre (MA) and Nova Olinda (NO) formations.
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The conodont color alteration index (CAI) was determined in elements from core samples of the Frasnian
Barreirinha Formation (one well) and of the Pennsylvanian—Permian Tapajos Group (twenty three wells
and one limestone quarry) in the Amazonas Basin. The thermal history of the basin is analyzed using the
CAl value distribution represented in maps and stratigraphic sections through correlation schemes, and
in conjunction with previously published data. The pattern of palaeotemperatures for CAI values of 1.5—3
is coincident with organic matter maturation under a sedimentary overburden providing diagenetic
conditions in the oil/gas window. Locally, conodonts show metamorphism (CAI value of 6—7) in relation
to the intrusion of diabase bodies in beds including high geothermal gradient evaporites. Microtextural
alteration on the surface conodonts commonly shows several types of overgrowth microtextures
developed in diagenetic conditions. Locally, recrystallization in conodonts with a high CAI value is
congruent with contact metamorphism in relation to Mesozoic intrusions. The CAI values of 1.5 or 2
observed close to the surface in several areas of the basin may be interpreted in relation to a high thermal
palaeogradient derived from the magmatic episode or/and to the local denudation of the upper part of
the Paleozoic succession prior to this thermal event.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The conodont color alteration index (CAI) allows us to determine
maximum palaeotemperatures affecting rocks and gives evidence to
establish the thermal history of a basin, particularly for rocks be-
tween diagenetic and lower metamorphism grades (Epstein et al.,
1977; Rejebian et al., 1987). It is an important implement in eco-
nomic geology, because it is used to explore the hydrocarbon po-
tential and the influence of hydrothermal activity in Paleozoic to
Triassic basins. Evaluation of the oil source potential in the intra-
cratonic Amazonas Basin stemmed from the creation of Brazilian oil
Company (Petrobras). Subsurface study led to the discovery of a few
oil and gas reservoirs or evidences in the Paleozoic rocks covered by
a minor thickness of Mesozoic—Cenozoic strata. Gonzaga et al.
(2000) evaluated the oil source potential on the basis on geochem-
ical methods, including elemental and visual kerogen analysis of oil,

* Corresponding author.
E-mail address: jasanz@geol.uniovi.es (J. Sanz-Lépez).

http://dx.doi.org/10.1016/j.jsames.2015.10.007
0895-9811/© 2015 Elsevier Ltd. All rights reserved.

gas and rock, rock—Eval pyrolysis, gas chromatography and mass
spectrometry. The same authors suggested a thermal evolution of
the basin, integrating data from the spore coloration index, vitrinite
reflectance and fluorescence, T max and sterane isomerization ra-
tios. With this background, CAI values in Paleozoic conodonts from
samples of the Amazonas Basin were preliminarily analyzed (Rocha
Campos et al., 1988; Scomazzon, 2004; Nascimento, 2008; Cardoso,
2010; Cardoso et al., 2012), although conodont color was compared
with published color charts rather than a standard slide of con-
odonts. The pioneering study of Rocha Campos et al. (1988) deter-
mined CAI values ranging from 1 to >5 and related them to
overburden due to the Paleozoic rocks. Some inconsistent results
with respect to the Paleozoic sedimentary thickness could be caused
by uplift and local erosion of the sedimentary succession or, more
probably, by younger heating associated with intrusion emplace-
ment. The more recent studies confirmed the range of variation of
the CAl value and separated them into two clusters, 1.5—2 and 4—5.
Apart from the CAI value, Nascimento (2008) studied the conodont
texture, from a prevailing smooth but locally sugary to a granular
texture, which the author locally associated with fluid activity. Later,
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Cardoso (2010), Cardoso et al. (2012) illustrated textures and
microtextures (in the sense of Blanco-Ferrera et al., 2011) developed
on many of the studied conodonts, in spite of their low CAI values,
indicating diagenetic conditions.

The aim of the present study is to apply the CAl determination to
the Amazonas Basin through analysis of eighty-six available sam-
ples from twenty-three wells and an outcrop. Their variation is
analyzed on a simplified geological map and cross-sections for
different Paleozoic lithostratigraphic units. The CAI values are
complemented by the changes observed on the conodont surface
through the study of texture and microtexture; all these data are
then integrated into the basin tectonothermal history.

2. Geological setting

The Amazonas Basin is an intracratonic, east—west elongated
syneclise in northern Brazil, bounded to the north and south, by the
Precambrian Guianas and Central Brazil shields, respectively
(Fig. 1). The Amazonas Basin is separated from the Solimoes Basin
by the Purus Arch in the west, and from the Marajé Basin by the
Gurupd Arch in the east, transverse structures that conditioned its
sedimentation and filling (Fig. 2). It is mostly filled by Paleozoic
rocks and occupies an area of 500,000 km? in the Amazonas, Par4,
and Amapd states (Gonzaga et al, 2000). Despite its large di-
mensions, Paleozoic rocks are rarely seen in outcrops there due to
the widespread overlying Mesozoic and Cenozoic sedimentary
cover and the dense Amazonian rainforest. Consequently, the study
of the Amazonian rocks is mostly based on subsurface wells and
seismic data. The Paleozoic succession extends for more than
5000 m in the deeper central basin, whereas the thickness

decreases towards relatively shallow ramps, the so-called North
and South Platforms (Fig. 2; Neves, 1990; Cunha et al., 1994;
Gonzaga et al., 2000; Wanderley-Filho et al., 2010). Interaction
between normal NE—SW trending faults and NW—SE trending
transfer faults subdivided the basin into a series of long segments
with ENE—WSW orientation, which alternate with shorter seg-
ments of E-W trend (Wanderley-Filho et al., 2005, 2010).

Paleozoic strata consist of several sequences limited by regional
unconformities (Neves, 1990; Cunha et al., 1994, 2007; Matsuda
et al., 2004; and the papers cited therein). The oldest sequence
comprises the Upper Ordovician—Lower Devonian Trombetas
Group including up 1100 m of glacial and marine strata. It includes
the Silurian Pitinga Formation, which contains a hydrocarbon
source rock in the basal part (Carozzi, 1979; Gonzaga et al., 2000). It
is followed by up to 1320 m of upper Emsian—Tournaisian strata
making up the Urupadi and Curud groups. The Upper Devon-
ian—Mississippian Curua Group contains up to 75 m of shales rich
in organic matter at the lower part of the Barreirinha Formation
(Frasnian—middle Famennian). The high content in type II organic
matter makes it the main hydrocarbon source rock interval of the
Amazonas Basin (Carozzi, 1979; Gonzaga et al., 2000).

A regional unconformity exists at the base of the Pennsylva-
nian—Permian Tapajés Group, which reaches up to 2800 m in
thickness. The older 5—140 m corresponds to the Monte Alegre
Formation, which consists of fluvial to aeolian sandstones, marine
littoral to lacustrine siltstone to shales. A Bashkirian age is
considered on the basis of the conodont, foraminifer and palyno-
flora content (Lemos, 1992a, b; Altiner and Savini, 1995; Playford
and Dino, 2000, 2005). Adjacent to and above the Monte Alegre
Formation, the Itaituba Formation consists of up 420 m of marine
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Fig. 1. Map of the Amazonas Basin showing marginal Paleozoic outcrop belts (modified from Matsuda et al., 2010) and location of the studied wells and quarries (numbers 1-24 in
accordance with the list included in Table 1). Location of the cross-sections A—A’ of Fig. 3, B—B’ and C—C’ of Fig. 4.
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(1996). C, a—a’ to c—c’, and d—d’, geological cross sections according to Gonzaga et al. (2000) and Wanderley-Filho et al. (2005), respectively.

carbonate beds grading upward to shales, sandstone and anhy-
drites. The Itaituba Formation shows a gradational upper boundary
with the Nova Olinda Formation, which consists of up to 1200 m of
hypersaline marine with sabkha deposits (anhydrite and halite). A
probable Bashkirian to Moscovian, Gzhelian or early Permian age is
considered on the basis of conodonts, foraminifers and miospores
(Lemos, 1990, 19924, b; Altiner and Savini, 1995; Playford and Dino,
2005). The overlying Andira Formation is composed of Permian red
beds, up to 700 m thick (Playford and Dino, 2000; Cunha et al,,
2007).

The Paleozoic sedimentation ended in an episode of trans-
current deformation in the Permian—Triassic (Santos et al., 2011)
and later, a complex of diabase sills and dikes intruded in significant
volumes throughout the basin. It corresponds to the magmatic
Penatecaua episode, dated at Late Triassic to Early Jurassic
(204—179 Ma according to Santos et al., 2002; Wanderley-Filho
et al., 2005). This episode is tholeiitic in nature and consists of a
mid-oceanic ridge basal (MORB) type quartz diabase that formed
during the opening of the Central Atlantic Ocean (Almeida, 1986;
Gonzaga et al., 2000; Cunha et al., 2007; Wanderley-Filho et al.,
2010). The intrusive bodies are mainly sills, about 500 m in thick-
ness (maximum 915 m), hundreds of kilometers in extent, and
which reached temperatures close to 1000 °C, according to
Wanderley-Filho et al. (2006). They were mainly emplaced in the
evaporite rocks of the Nova Olinda Formation in the western part of
the basin whereas they are found at all levels of the sedimentary
sequence in the eastern part (Mosmann et al., 1986; Gonzaga et al.,
2000).

An erosive hiatus spanning the Triassic—Early Cretaceous is
largely explained by the fact that Late Cretaceous uplift occurred,
according apatite fission track studies (Neves, 1990). This uplift
seems to be associated with the inversion of structures, develop-
ment of asymmetric folds and northeast-trending faults, all of them
of the so-called Jurua transpressional tectonic event, which relates
to the opening of the Equatorial Atlantic Ocean. Deformation
contributed to the remobilization of hydrocarbon and to the for-
mation of structural traps (Neves, 1990). Deposition of lacustrine
and fluvial systems (Alter do Chao Formation) with drainage to-
wards the Pacific Ocean and the Caribbean Sea occurred during the
Late Cretaceous. It only locally exceeds 400 m in thickness in the
central part of the Amazonas Basin and increases westwards, in the
Peruvian Basin. The Cenozoic is represented by a thin layer of
continental deposits near the Purus Arch in the west, and approx-
imately 1000 m thick succession at the easternmost boundary with
the Maraj6 Basin (Mosmann et al., 1986). Some structures show
reactivation in relation to the Andean Cordillera formation and late

Paleogene to Holocene deformation of Cenozoic sediments due to
transpressional and transtensional structures (Neves, 1990;
Gonzaga et al., 2000; Santos et al., 2011).

3. Material and methods

Seventy six samples (0.3—0.5 kg each one) of limestone, shale,
siltstone, sandstone, mudstone and dolomite rocks from twenty
three PETROBRAS drilled wells and twelve samples from the
Calminas limestone quarry outcrop (Fig. 1) were processed using
buffered solutions of acetic acid following the methodology of
Jeppsson and Anehus (1995) and Jeppsson et al. (1999). The study of
the color alteration index of the conodonts in this work is restricted
to available core samples in each well (Figs. 3—4; Table 1). The
samples come between few hundred meters above sea level to
3000 m below it. The Calminas quarry section reaches 18 m thick.
One sample comes from the Frasnian Barreirinha Formation
(Cardoso et al., 2015) and the rest range from the Pennsylvanian to
probable lower Permian recorded between the Monte Alegre and
the Nova Olinda formations.

The CAI values of one thousand six hundred and ninety con-
odonts of the Amazonas Basin were determined through conodont
color using a standard slide kindly provided by Anita Harris (US
Geological Survey, recently deceased). The value was measured
both in slender and/or immature and in large and/or mature
specimens, and from different lithologies. Consequently, results
must take in account the variation in values associated with co-
nodont size and lithology. The methodology used for determining
CAl is described in Garcia-Lopez et al. (1997) and Bastida et al.
(1999). At each locality, the CAI value was used in schemes of cor-
relation between the stratigraphic sections and also for contouring
the CAI data on isograd maps. For maturation/metamorphism
zonation purposes, the terms defined by Garcia-Lopez et al. (2001):
diacaizone (CAI < 4), ancaizone (4 < CAI < 5.5) and epicaizone (CAI
> 5.5) are used.

Temperature ranges of the CAI values were obtained from the
Arrhenius plot presented by Rejebian et al. (1987). Heating times
are discussed further on in the text.

Conodont texture and the variation in the CAI values within a
sample, and among neighboring samples, may help to distinguish
grades and types of diagenesis and metamorphism. Hence, about
three hundred specimens with different surface alteration were
observed under the scanning electronic microscope. Microtextures
were differentiated in accordance with Blanco-Ferrera et al. (2011),
Sanz-Lopez and Blanco-Ferrera (2012). Nevertheless, the CAlI,
textural and microtextural features must be compared with
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caution, since conodonts were recovered from distinct lithologies.

The studied specimens are stored in the repository of the Lab-
oratério de conodontes, Universidade Federal do Rio Grande do Sul
(Porto Alegre, Brazil) with the abbreviated catalog notation MP-M
895 to MP-M 1347.

4. Results

The CAI value for each sample was used to correlate CAI fields
between the stratigraphic sections obtained from the wells and to

analyze five map schemes of CAl isolines for the Barreirinha, Monte
Alegre, lower and upper parts of the Itaituba and Nova Olinda
formations (Fig. 5A—E).

The core sample of the Barreirinha Formation (well 19, Fig. 5A)
contains a few conodonts with a CAI value of 2.5 and 3, and other
ones with an anomalous value of 7 (Table 1). Thirteen conodont
core samples from the Monte Alegre Formation show prevailing CAI
value of 2 (Fig. 5B, Table 1), varying from 1.5 to 2 (wells 4, 15 and
23), to 2 (wells 2, 4 and 23), 2—2.5 (well 3) and 1.5 to 3 (well 5).
Value 2.5 (well 8) shows shift eastwards of the maturation grade
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Conodont color alteration index (CAI) values and palaeotemperatures inferred from the CAI Arrhenius plot (Epstein et al., 1977; Rejebian et al., 1987) for the studied samples,
and corresponding stratigraphic unit, stage, CAl (number) of conodonts, mode of CAI for sample, textures and microtextures.

Locality Well/ Formation Core/ Depth Lithology CAI of CAl Temperature Texture (stereoscopic microscope) Microtextures (SEM)
outcrop sample (m) conodonts mode range °C
1 2-AL-1-  Itaituba 34 1933 Limestone 2.5 (1) 25 70-115 Bright smooth; bright and dusty sugary;
PA (Upper) —1935 mineral overgrowth; bleached; patina
2 1-AM-1- Monte 4 1153 Limestone/ 2 (3) 2 45-75 Large free blade: dusty sugary; organic External cast, irregular
AM Alegre —1157.7 shale matter envelope
3 1-AM-6- Monte 3 1100 Sandstone 2 (3 free 2 60—100 Platforms: bright sugary; mineral Original ornamentation;
AM Alegre -1103 blade); 2.5 (4 —2.5 overgrowth; mineral coating; bleached; small crystal, external
platform) organic matter casts; irregular envelope
4 1103 Sandstone 2 (2 small); 2.5 60—-100 large specimens: bright sugary; minerals  External cast, irregular
-1106 2.5 (12 large overgrowth; bleached envelope
specimens)
4 1-AM-7- Monte 9 1175 Limestone/ 2 (26) 2 45—-75 Bright smooth; bright and dusty sugary; Original, incipient small
AM Alegre —1178 siltstone minerals overgrowth; minerals coating; crystal; corrosion;
bleached; grey and white patina irregular envelope
5 1-AM-9- Itaituba 2 1081 Shale 1.5 (85) 1.5 <40-50 Incipient dusty sugary; mineral overgrowth Large crystal, external
AM (Lower —1085.5 developed just on platforms on parapets and cast; irregular envelope,
part) grooves, and the basal cavity dolomite pseudomorphs
3 1085.5 Shale 2(5) 2 <40-75 Bright smooth and incipient dusty sugary  Small crystal to large
—1088 crystal; irregular envelope
4 1088 Limestone 1.5 (1) 1.5 <40-50 Slender platform fragment: bright smooth;
—1090.5 incipient dusty sugary; mineral overgrowth
9 1100 Mudstone 1.5 (16); 2 1.5 <40-50 Bright smooth and/or bright sugary; mineral Small crystal; irregular
—-1102.5 (10 larger -2 overgrowth on carina and transverse ridges; envelope with dolomite
specimens) full mineral coating
Monte 10 1102.5 Mudstone 1.5 (28); 2 1.5 <40-75 Bright smooth and/or incipient bright Small crystal, external
Alegre —1105 (30 large) -2 sugary; mineral overgrowth on carina and casts; irregular envelope
basal cavity
11 1105 Mudstone/ 1.5 (3); 2(4) 1.5 <40-75 Bright smooth; incipient bright sugary; Small crystal: irregular
—1106.5 limestone -2 mineral overgrowth on carina and base of envelope
teeth
12 1106.5 Shale 2(8) 2 45-75 Bright smooth; bright sugary; mineral Small crystal: irregular
—1110 overgrowth on grooves and along the envelope
carina; organic matter
13 1110 Shale 2.5(2) 25 70-115 Large specimens: bright smooth; bright Small crystal; corrosion
—1112.5 sugary; grey patina on transverse ridges;
organic matter
14 1112.5 Shale 2(1) 2 45-75 Bright sugary
—1115.5
15 1115.5 Siltstone 3 (2) 3 108—-188 large specimens: bright sugary; mineral Small crystal; corrosion;
—-1117.5 overgrowth irregular envelope
17 1119 Shale/ 25(2) 25 70-115 Bright smooth; bright sugary
—1123 sandstone
6 2-CA-1- Itaituba 2 327 Limestone 1.5 (6 1.5 <40-75 Bright smooth; bright sugary; mineral Original ornamentation,
AM (Upper —330 slender); 2 (6 —2 coating; organic matter coating corrosion, irregular
part) large) envelope
3 380 Limestone 1.5 (2) 1.5 <40-50 Sugary; minerals overgrowth; grey patina  Corrosion, irregular
—381.5 envelope
Itaituba 6 538 Sandstone/ 1.5(13);2(4) 1.5 <40-50 Bright smooth; bright sugary; mineral External cast, large
(Lower) —542 limestone overgrowth; bleached; grey patina crystal, irregular envelope
7 1-CM-2- Itaituba 1 170.5  Limestone/ 1.5 (46) 1.5 <40-50 Bright smooth; bright and dusty sugary; Original ornamentation,
PA (Lower —175  shale mineral overgrowth; mineral coating; grey irregular envelope,
part) patina external cast
3 179 Limestone 1.5(66);2(4) 1.5  <40-50 Bright smooth; bright sugary; mineral Original ornamentation,
—183 coating small crystal, external
cast; irregular envelope
4 183 Limestone 2 (13) 2 <40-75 Bright sugary; minerals overgrowth; Small crystal, irregular
—186 mineral coating envelope
8 2-CP-2- Itaituba 2 633 Shale/ 2(18) 2 45-77 Very large specimens: bright smooth; Original ornamentation,
PA (Upper —638.5 sandstone mineral coating; grey patina small crystal, corrosion;
part) irregular envelope
5 650.5 Limestone 1.5 (61);2 1.5 <40-50 Bright smooth; organic matter Small crystal, external
—654.5 (20) -2 cast, large crystal;
irregular envelope
10 665 Mudstone 2 (7) 2 45-77 Bright smooth; bright sugary; mineral
—669 overgrowth; grey patina
[taituba 18 779 Sandstone 2.5 (1) 25 70-115 Sugary
(Lower —783.5
part) 21 799 Siltstone/ 2.5 (24) 25 70-115 Bright smooth; bright sugary; mineral Corrosion, irregular
—801 Limestone overgrowth; bleached; grey patina envelope
22 802 Limestone 2.5 (18) 25 70-115 Bright smooth; bright sugary; mineral Irregular envelope
—806.5 overgrowth; mineral coating; organic

matter

(continued on next page)
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Locality Well/ Formation Core/ Depth Lithology CAI of CAl Temperature Texture (stereoscopic microscope) Microtextures (SEM)
outcrop sample (m) conodonts mode range °C
9 1-FZ-1- Nova 17 1669 Shale 6(48);7(3 6 420-720 Bright and dusty sugary; mineral Large crystal; irregular
AM Olinda —1673 ramiforms) overgrowth; mineral coating; grey patina; envelope; granular
bleached:
Itaituba 19 1923.5 Siltstone 1.5 (15); 2 1.5 <40-75 Bright sugary External cast, large
(Upper —1926.5 (24) -2 crystal; irregular envelope
part) 25 1943 Shale 2(313) 2 45-77 Bright smooth; bright and dusty sugary; External cast, small
—1946 mineral overgrowth; grey patina, crystal; corrosion;
sometimes on nodes; scattered organic irregular envelope
matter
31 1963 Siltstone 2 (4) 2 45-77 Bright sugary; mineral coating; organic External cast, incipient
—1966 matter large crystal; irregular
envelope
34 1973 Shale 2(91) 2 45-77 Bright smooth; bright and dusty sugary; Original, small crystal,
—1976 mineral coating; grey patina; scattered external cast; corrosion;
organic matter irregular envelope
40 2005 Limestone/ 2.5 (1) 25 70-115 Bright sugary; mineral coating on basal Original, small crystal;
—2010 siltstone cavity irregular envelope
141 2051 Limestone 2.5 (1) 25 70-115 Mineral coating; organic matter Irregular envelope
—2056
10 9-FZ-2- Nova 7 1062 Limestone 1.5 (7) 1.5 <40-52 Bright and dusty sugary; mineral Large crystals, irregular
AM Olinda —1068 overgrowth; mineral coating; organic envelope, pseudomorphs
matter
19 1183 Siltstone 2 (86) 2 45-77 Bright smooth; bright sugary; mineral Original, small crystal,
—1201 overgrowth; mineral coating; organic external casts,; irregular
matter envelope
27 1648.5 Siltstone 6.5-7(78) 6.5 550-720 Dusty sugary; mineral overgrowth; Irregular envelope,
—1666 -7 intensely bleached; grey patina granular
29 1680 Shale 6.5—7 (2) 6.5 550-720 Dusty sugary; mineral overgrowth; Irregular envelope;
—1691 -7 intensely bleached; grey patina granular
31 1834 Shale/ 2.5(3) 25 68-118 Bright and dusty sugary; organic matter Irregular envelope
—1846 siltstone
11 9-FZ-28- Nova 183 10035 — 1.5 (1) 1.5 <40-50 Coarse bright and dusty sugary; incipient ~ Large crystal, external
AM Olinda mineral overgrowth; organic matter cast; irregular envelope
190 1085 - 1.5(1) 1.5 <40-50 Bright smooth; bright sugary; mineral
—-1103 overgrowth; organic matter
12 2-MN-1- Nova 11 509.5 Sandstone 1.5 (2) 1.5 <40-50 Bright and dusty sugary; mineral
AM Olinda —515 overgrowth; mineral coating on basal
cavity; organic matter
16 530 Siltstone/ 1.5 (3) 1.5 <40-50 Original surface Small crystal; irregular
—534.5 limestone envelope
Itaituba 23 816 Limestone 2 (2) 2 45-77 Bright and dusty sugary; organic matter Large crystal; irregular
(Lower) —819 envelope
24 867 Siltstone/ 1.5 (11) 1.5 <40-50 Bright sugary; mineral overgrowth Small crystal, external
—871.5 shale cast: irregular envelope
13 1-MS-4- [taituba 5 9745 — 2(1) 2 45-77 Bright smooth; bright sugary
AM —976.8
14 1-NO-1- Nova 2 950 Siltstone 1.5 (2) 1.5 <40-50 Bright and dusty sugary Large crystal
AM Olinda —956
4 960 Shale 2(1);25(11) 25 68-118 Bright sugary; grey patina External cast, large
—966 crystal; irregular envelope
6 970 Shale 2.5(1) 25 68-118 Bright and dusty sugary
—976
15 1-PB-1- Monte 8 205 Sandstone 2 (3) 2 45-77 Dusty sugary; mineral overgrowth; External cast, large
PA Alegre —-210 bleached crystals
16 2-PC-1- Nova 4 618.5 Limestone 1.5(2);2(9) 2 <40-50 Bright smooth; mineral overgrowth Original ornamentation;
AM Olinda —621.5 small crystal, external
cast; irregular envelope
Itaituba 10 1060 Limestone 1.5 (8) 15 <40-50 Slender specimens: Bright smooth; bright Small crystal, external
(Lower) —1062 sugary cast; irregular envelope
21 1137.5 Shale 2(4) 2 45-77 Bright smooth; bright sugary; grey patina  Small crystal, external
—1140 cast; irregular envelope
17 2-PE-1- Nova 2 810 Limestone 2 (13);7(2 2 — Bright smooth; bright and dusty sugary; Small crystal; irregular
AM Olinda —812 bleached) mineral overgrowth; bleached; white patina envelope
Itaituba 4 926 Shale/ 2(5) 2 45-77 Bright smooth; bright sugary Small crystal
(Lower) —929  limestone
18 2-PE-2- Itaituba 2 815 Limestone 1.5 (5) 1.5 <40-50 Bright smooth; bright sugary; incipient Small crystal; irregular
AM —818.5 mineral overgrowth envelope
3 818.5 Limestone 1.5(2);2(3) 1.5 <40-50 Bright and dusty sugary; well developed Irregular envelope
—821 -2 mineral overgrowth
6 828 Dolomite 2 (1) 2 45-77 Bright smooth; bright and dusty sugary; Irregular envelope
—831.5 organic matter
19 1-RX-1- Nova 71 1553.5 Shale 2(1) 2 45-77 Bright sugary; grey patina Original ornamentation;
AM Olinda —1555 corrosion
Barreirinha 124 Shale 70—-180
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Locality Well/ Formation Core/ Depth Lithology CAI of CAl Temperature Texture (stereoscopic microscope) Microtextures (SEM)
outcrop sample (m) conodonts mode range °C
25735 2.5(1);3(1); 2.5 Bright and dusty sugary; white patina; Original ornamentation;
—2578 7 (11 -3 dissolution and bleached small crystal; corrosion
bleached)
20 1-RX-6- Nova 10 1588.7 — 2(78);6.5(1 2 - Bright smooth; bright sugary; mineral Small crystal; irregular
AM Olinda —1590.4 full bleached) overgrowth; organic matter; bleached; envelope
white patina
Itaituba 16 1689 - 2 (14) 2 45-77 Bright smooth; bright sugary; mineral Small crystal; dissolution;
—1693 overgrowth on the adcarinal grooves irregular envelope
18 1696 — 2.5 (4) 25 68-118 Bright and dusty sugary; minerals
—1699 overgrowth; white patina; organic matter
19 1699 — 2(5);65(1 2 — Bright smooth; bright sugary; organic
—1703.1 full bleached) matter; bleached; white patina
21 1925 - 2(2) 2 45-77 Dusty sugary; incipient mineral
—1927 overgrowth; organic matter
Monte 24 1947 — 2(3) 2 45-77 Bright smooth; bright sugary; mineral Small crystal; irregular
Alegre —1950 overgrowth; organic matter envelope
21 2-SA-1-  Itaituba 10 1116 Shale 2(33) 2 45-77 Bright sugary; mineral overgrowth; grey =~ Small crystal; dissolution;
AM (Lower) —1121 patina; organic matter irregular envelope
22 1-TR-1- Nova 5 1682 Limestone 2 (1);2.5(1) 2 45-118 Sugary Original ornamentation;
AM Olinda —1686.5 -25 external cast; irregular
envelope
Itaituba 13 2019.5 Limestone 2.5(1) 25 68-118 Bright sugary; mineral overgrowth; grey External cast, large
(Lower —2024 patina crystal; irregular envelope
part) 14 2051.5 Limestone 3 (1) 3 108—188 Bright sugary; mineral overgrowth Small crystal; irregular
—2055 envelope
23 1-UA-1- Nova 8 2423 Sandstone 2 (5) 2 45-77 Bright sugary External cast, irregular
AM Olinda —2426 envelope
Itaituba 12 2552 Shale/ 2(1) 2 45-77 Bright sugary
(Upper) —2555 limestone
[taituba 16 2710 Limestone 2 (1) 2 45-77 Bright and dusty sugary; mineral External cast, irregular
(Lower —2713.5 overgrowth; grey patina envelope
part) 17 2757.5 Limestone 2 (5) 2 45-77 Bright sugary; mineral overgrowth; one
—2761 bleached specimen
Monte 19 2856 Sandstone 2 (4) 2 45-77 External cast, small
Alegre —2859.5 crystal; irregular envelope
24 Calminas Itaituba 14.80 Limestone 2 (27 small); 2.14 45-77 Bright and dusty sugary; grey patina External cast, large
quarry  (Lower 2.5 (11 large crystal; irregular envelope
part) specimens)
14.20 Limestone 2 (12) 2 45-77 Slender specimens: dusty sugary External cast, large
crystal; irregular envelope
10.20 Dolomite 2.5 (2) 25 70-115 Middle-sized specimens: coarse bright and External cast, large crystal
dusty sugary; organic matter
7.05 Limestone 7 (1) - Slender free blade: bright sugary; leached Small crystal; irregular
organic matter; full bleached envelope
6.60 Limestone 2 (3) 2 45-77 Bright and dusty sugary; mineral Original ornamentation;
overgrowth as crystals; patina irregular envelope
6.50 Limestone 2.5 (2) 25 70-115 Middle-sized specimens: bright and dusty
sugary; grey patina
5.85 Mudstone 2 (4) 2 45-77 Slender specimens: bright and dusty sugary; Small crystal, large
incipient mineral overgrowth crystal; external cast;
irregular envelope
5.50 Mudstone 2 (94) 2 45-77 Bright and dusty sugary; mineral Original ornamentation;
overgrowth well developed in some large crystal, external
specimens; grey and white patina; organic cast; irregular envelope
matter
5.02 Dolomite 2 (17) 2 45-77 Slender specimens: bright and dusty sugary; External cast; irregular
mineral overgrowth; grey and white patina envelope
4.70 Dolomite 2 (16) 2 45-77 Slender specimens: coarse bright and dusty Irregular envelope

sugary; mineral overgrowth well developed
in some specimens

with respect to older formations.

CAI value distribution in the Itaituba Formation is subdivided
into twenty samples for the lower and fourteen for the upper part,
since the number of samples and the variation in value make it
possible (Fig. 5C and D). The distribution of the lower part of the
formation supplements the data from the very thin Monte Alegre
Formation. A CAI value below 2 occurs in the western and northern
part of the basin (wells 5—8, 12, 16 and 17; Fig. 5C). The CAI value
increases to 2 (or 2—2.5) to the east and south of Manaus city (Fig. 1,
wells 17, 21 and 23) and at the southern platform (Fig. 1, Calminas

outcrop 24 and well 8). It is a slightly higher CAI value than 1.5 to 2
and the vitrinite reflectance range of 0.38%—0.70% (which should
be equivalent to CAI 1) from the neighboring Itacimpa SA cement
Company (Fig. 1), according to Nascimento (2008) and Oda et al.
(2006). The value 2.5 (wells 1, 8 and 9), exceptionally as high as
to 3 (well 22), is observed in the deep central part of the basin
(>2 km thick; Figs. 1, 3 and 4C). One conodont element from the
Calminas quarry (24) shows an abnormally high value of 7.

The upper part of the Itaituba Formation yields conodonts with
a CAl value below 2 in a similar area to the lower part (well 6 and 8),
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Fig. 5. Sketches of distribution of the CAI values in the Amazonas Basin. A, location of well 19 and CAI value 2.5 and 3 determined in the core sample of the Barreirinha Formation.
Distribution of the belts of organic matter maturation (immature, mature and over-mature) for the Barreirinha Formation after Neves (1990) and oil and gas occurrences known in
the Amazonas Basin (Neves, 1990; Gonzaga et al., 2000). B, distribution of isoline between the CAI value of 2 and 2.5 in accordance with the conodonts studied in the Monte Alegre
Formation. C, distribution of isolines between the CAI values from 1.5, 2 and 2.5 in the lower part of the Itaituba Formation and location of the well where CAI reaches 3. D,
distribution of isolines of CAI values of 1.5, 2 and 2.5 in the upper part of the Itaituba Formation. E, distribution of isolines for the CAI values of 1.5 and 2 in the Nova Olinda
Formation and wells where contact metamorphism occurs. F, distribution of the different formations of the Tapajés Group preserved just below the cover and estimation of the line
corresponding to eroded gaps of around 1000 m in thickness interpreted from the CAI values.

but the isoline of CAI 2 moves slightly eastward (wells 8, 9 and 23;
Fig. 5D). Furthermore, a high value of 2.5 is noted at the well located
at the eastern part of the Amazonas Basin (well 1).

Twenty core samples from eleven wells are studied in the Nova
Olinda Formation (Fig. 5E). This formation shows CAI values lower
than 2 (1.5) to the western part of the basin (wells 12 and 16). The
isoline of 2 indicates a location approximately coincident with the
upper part of the Itaituba Formation (wells 10, 17,19, 20, 22 and 23).
Furthermore, a sharp increment from 1.5 to 2.5 occurs at shallow
depth in well 14, and three core samples show anomalous CAI
values of 6 or 7 (wells 9, 10 and 17).

The surface texture of conodonts is rarely bright and smooth,
but is usually bright to dull sugary with mineral overgrowth or
sometimes a very widespread coating (Table 1). Occasionally,
particularly in samples from the Monte Alegre Formation, con-
odonts show an impregnation of organic matter, which seems to be
in relation to the role often played as hydrocarbon storage rock of
this unit (Neves, 1990). Bleach and grey to white patina occasionally
occur.

Unaltered microtexture is observed in a few specimens and the
development of overgrowth microtextures is very common,
sometimes with a corrosion pre-dating the overgrowth (Fig. 6A and
B). Small crystal microtexture occurs incipiently in conodonts from
limestone and fine-grained rocks of the studied formations
(Fig. 6B—Bb, D). External cast microtexture is observed in sandstone
beds of the Monte Alegre Formation but also in other lithologies of

the different formations (Fig. 6C—F). Large crystal microtexture is
incipiently (Fig. 6D—E) to strongly developed in samples from
dolostone, bioclastic limestone and shales associated with evapo-
rites (Fig. 6G—I). Irregular envelope microtexture is common,
sometimes associated with pseudomorph dolomite crystal, and
becomes more strongly developed in beds interbedded with
evaporites (Fig. 6A, B, G and I). Abnormally high values of CAI
together with a prevailing low value (wells 17, 19 and outcrop 24)
are linked to strong dissolution and loss of organic matter, and
occasionally to rounded and wasted conodonts. Granular micro-
texture occurs in samples of the Nova Olinda Formation with CAI 6
to 7 (Fig. 7A—C). The granules are apatite crystal with rounded
edges.

5. Discussion

The CAI values from the Barreirinha, Monte Alegre, Itaituba and
Nova Olinda formations are mostly between 1.5 and 3, an interval
included in the diacaizone in the sense of Garcia-Lopez et al. (2001),
or diagenetic conditions. This indicates that organic matter matu-
ration is in the oil window (heavy to light oil and wet gas) in
accordance with several authors (Legall et al., 1981; Nowlan and
Barnes, 1987) and the occurrence of hydrocarbon source rocks
and known reservoirs in the Amazonas Basin (Fig. 5A). Conodonts
of CAI value 1 (immature conditions) are not observed in the
studied rocks, although it could occur if we take into account the
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Fig. 6. Microtextures on P1 conodont elements from the Itaituba Formation in diagenetic conditions; bar scale is 50 microns. A, 'Streptognathodus' cf. parvus from well 21 (MP-M
1043, core sample 10), where an irregular, partial heterogeneous cover of crystals (1, irregular envelope microtexture) is developed on small anhedral or subhedral apatite crystals
(2, small crystal microtexture) and on the dissolution of a toothless carina inverted as a central groove (3) and also on several excavated transverse ridges of the tongue (4). B, oral
view and detail (Ba) of Neognathodus symmetricus (well 5, core sample 9, MP-M 905), small crystal microtexture (1) is developed on the original ornamentation of nodes (2) and
irregular envelope microtexture fills adcarinal troughs (3). C, lateral view of Diplognathodus sp. fragment (sample 10.2, Calminas quarry, MP-M 1305) with an irregular net of
polygons defined by apatite walls (external cast microtexture) and developed on the surface and broken edge of conodont. D, External cast microtexture developed on the surface of
Diplognathodus coloradensis (well 8, sample 5, MP-M 954), including teeth of the free blade with original ornamentation, with common small crystal microtexture and local
columnar crystals of the large crystal microtexture (1). E, oral view and detail (Ea) of Neognathodus symmetricus (well 6, core sample 6, MP-M 915) with external cast microtexture,
plates on nodes (1), and blocky to small columnar crystals in several casts (2) of incipient large crystal microtexture. F, oral view of detail (Fa) of Idiognathoides corrugatus (drill hole
22, core sample 13, MP-M 1052) with development of external cast microtexture (1) and locally blocky crystals of the large crystal microtexture (2). G, oral view and detail (Ga) of
Adetognathus lautus (well 5, core sample 2, MP-M 901) with wide development of large crystal microtexture, apatite plates on the nodes of parapets (1) and fans of columnar crystals
on the slopes (2); irregular envelope microtexture consists of isolated pseudomorph dolomite crystals (3). H, lateral view of Diplognathodus cf. ellesmerensis (Calminas quarry,
sample 5.5, MP-M 1269) with a radial disposition of fans of columnar apatite crystals from the middle platform to the margins (large crystal microtexture); large acicular apatite
crystals are on the denticles of the carina—blade (1) (large denticular crystal microtexture after Sanz-Lopez and Blanco-Ferrera, 2012). 1, lateral view of Diplognathodus sp. (core
sample 5.5, MP-M 1060, Calminas quarry), where columnar crystals (large crystal microtexture) are covered by small crystals forming a thin envelope that fills the space between
blade denticles (1).

local occurrence of low maturation index at shallow depth (<0.65% index from Mosmann et al. (1986) seems to indicate slightly lower
Ro at 1500 m in well B in Gonzaga et al., 2000). Nevertheless, the organic maturation than the CAI data studied here, particularly for
summary of vitrinite reflectance values and thermal alteration the western part of the basin.
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Fig. 7. Microtextures on P1 conodont elements from contact metamorphism conditions in rocks of the Nova Olinda Formation; bar scale is 50 microns. A, oral view of Idiognathodus
cf. obliquus (well 10, core sample 27, MP-M 1102) and details of the granular microtexture in the caudal expansion of the basal cavity (Aa); the proximal area with longitudinal and
transverse ridges, and node ornamentation on the lobes (Ab), and the transverse ridges on the tongue with recrystallizated granules (Ac). B, oral view of Idiognathodus sp. with an
irregular envelope microtexture of silicates (well 9, core sample 17, MP-M 1073). C, fragment of Idiognathodus cf. obliquus (well 9, core sample 17, MP-M 1077) with granular

microtexture on the tongue (Ca) and the nodes of the rostral lobe (Cb).

The organic matter maturation and the main phase of petroleum
generation and expulsion are related to the overburden effect of the
sedimentary pile accumulated during the Carboniferous and
Permian (Gonzaga et al., 2000). Assuming sedimentary burial
during the Paleozoic as the main process in the maturation, the CAI
values indicate palaeotemperatures between less than 40 °C and
about 180 °C. This range depends on the heating time being
considered. A long heating time (286 Ma for the Barreirinha For-
mation and 208—232 for different units of the Tapajos Group) is
inferred through the difference between the average age of sedi-
mentation of each lithostratigraphic unit and the uplift prior to the
Late Cretaceous sedimentation (98 Ma). Shorter times are obtained
(117 Ma for the Barreirinha Formation and between 48 and 63 Ma
for the Tapajés Group) if uploading of the Paleozoic basin began in
late Permian (258 Ma), as is supported by the cooling trend indi-
cated by apatite fission track data (Pina et al., 2014). An interme-
diate time span is also acceptable if the main uplift occurred in the
Early Triassic/Jurassic in relation to the eastward formation of the
Marajo Basin and local sill intrusions. The high part of the tem-
perature range (shorter heating time) is likely to be more realistic if
we accept that the Carboniferous—Permian maturation and the
main phase of petroleum generation and expulsion were
completed in the Early Triassic (Gonzaga et al., 2000).

The highest studied CAl value (2.5 or 3) occurs in the Barreirinha
Formation and in a few samples of the Monte Alegre and the lower

part of the Itaituba Formation in the deep part of the basin. Rock
maturity reaches Ro > 1.4% in the depocenter of the basin, ac-
cording to Gonzaga et al. (2000), which correlates with a CAI value
of 3 (Epstein et al., 1977). The CAl value between 2.5 and 3 has been
associated with rocks containing heavy to light oil and wet gas, but
also with dry gas (Nowlan and Barnes, 1987). It agrees with the
location of the studied sample from the Barreirinha Formation in
the mature oil belt inferred for the basin through vitrinite reflec-
tance and thermal alteration index (Fig. 5A; Neves, 1990; Mosmann
et al., 1986). Except for the well 22, a CAI value of 3 has been
rejected here for palaeotemperature determination proposes. This
value was measured on large conodonts or is associated with a
wide variation among closely recovered samples. It is noted
particularly in the Monte Alegre Formation drilled in well 5, where
values vary between 1.5 and 2 and 3 among seven core samples
along 20.5 m. The higher value occurs in conodonts obtained from
shale and sandstone (2.5—3) with respect to limestone and
mudstone (1.5—2). The different lithology has an associated distinct
thermal conductivity and porosity, and the variation in the CAI
value in relation to the host-rock is widely known and estimated
from half to one unit of CAI (Epstein et al., 1977; Mayr et al., 1978;
Legall et al., 1981; Belka, 1990; Burnett et al., 1994; Helsen, 1997).
Fluid activity from an early diagenesis agrees with the common
textural changes observed in the conodonts showing low CAI
values in a similar way to other basins with very different
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tectonothermal history, but where phosphate was also removed at
shallow depth (Blanco-Ferrera et al., 2011).

The studied samples of the Tapajés Group are located particu-
larly in the western part of the Amazonas Basin and distribution of
the CAl isolines shows a trend approximately coincident with the
map of depth of the Precambrian basement (Fig. 2A), the known
distribution of the mature areas for hydrocarbons (Fig. 5A) and the
isopach map of the distribution of the preserved Paleozoic suc-
cession (Mosmann et al., 1986; Neves, 1990; Gonzaga et al., 2000).
The CAI 2 isoline is in the Nova Olinda Formation at the depocenter
of the basin, but moves downwards to the lower part of the Itaituba
Formation in the wells located in the basin margins and associated
with the decreasing sedimentation thickness (Figs. 3—4, 8A). It
agrees with results derived from other maturation indices, indi-
cating that maturation zones are more or less parallel to the basin
margins and increase from immature to over-mature zones from
the margin to the central depocenter (Fig. 5A; Gonzaga et al., 2000).

Upper Cretaceous and Cenozoic deposits seem to reach an
insufficient thickness to increase the previously attained CAI value
(less than 500 m in the deeper part of the basin, according to
Mosmann et al.,, 1986) and can be thinner than several diabase
bodies (900 m). Only the easternmost well 1cut a thick cover of
1230 m that agrees with the CAl value of 2.5 if we accept a current,
mean surface temperature of 26.7 °C and a geothermal gradient of
<20 to 30 °C/km (Meister, 1973). Nevertheless, this value of 2.5 is
located in the eastern part of the Amazonas Basin, an over-mature
zone in which overheating was caused by abundant intrusive sills
and dykes along the entire sedimentary pile (Gonzaga et al., 2000).

The CAI value of 4 or 5 is not present in the studied samples,
although Rocha Campos et al. (1988) reported it in the central part
of the basin. Among samples with a CAl value higher than 5 (from 6
to 7), two groups of conodonts are differentiated. A first group
corresponds to a few bleached elements with strong corrosion and
a high CAI value associated with other lower CAI values. Rejebian
et al. (1987) described this variation in natural conodonts, and
others experimentally processed in the laboratory, when heating is
associated with fluids under pressure. The corrosion observed in
conodonts with an abnormally high CAI value from the Barreirinha,
Itaituba and Nova Olinda formations indicates a strong leaching of
conodont organic matter.

The second group of conodonts with values between 6 and 7
(Table 1, sample 15 in well 9, samples 27 and 29 in well 10) are
associated with granular microtexture due to apatite recrystalli-
zation in the Nova Olinda Formation. Contact metamorphism due

to diabase sill and dyke intrusions explains reasonably well CAI
values and conodont microtextures in a core containing anhydrite
beds about 50 m below a diabase sill of 120 m in thickness. Previ-
ously, Rocha Campos et al. (1988) interpreted heating by contact
metamorphism as a way of explaining the wide variation of CAI
values (from 1 to 1.5 to >5) in a well (FB-1-AM), and Gonzaga et al.
(2000) proved this through vitrinite reflectance determinations
close to igneous intrusions in two other wells. The local effect of
diabase intrusions affects a few hundred meters of the host-rock
with inversion in the maturation grade, particularly in the evapo-
rite rocks of the Nova Olinda Formation of the western part of the
basin (Mosmann et al., 1986). Evaporite units are highly conductive
rocks and vitrinite reflectance proved the thermal effect in the
host-rock reached 1.5 times the thickness of sill in the neighboring
Solimoes Basin (Eiras, 1998). Furthermore, the extensive bodies of
sills, together with thick evaporite strata, where these bodies are
often intruded, form a seal for hydrocarbon accumulation (Milani
and Zaldn, 1999; Gonzaga et al.,, 2000). Palaeotemperatures are
here estimated at between 420 and 720 °C for a heating time of
between 1000 years and 1 Ma, although the highest temperature
(short heating) is likely to be closer to reality.

A point for discussion is the occurrence of CAI values of 1.5 and
2 at shallow depth or at the surface, particularly towards the north
and south platforms (Cumind and Mamuru), where current
geothermal gradient is higher than in the central part of the basin
(<26 to 30 °C/km with respect to < 17 and 20 °C/km after Meister,
1973; Zembruscki and Kiang, 1989). Local denudation of a part of
the Pennsylvanian—Permian succession, particularly at the margins
of the basin (up to 1.8 km) with the consequent reduction of the
Amazonas Basin extension was suggested on the basis of other
thermal maturity indices different from the CAI (Nunn and Aires,
1988; Gonzaga et al.,, 2000). An estimation of the overburden
depth necessary to obtain the CAI values suggests local erosion of
about 1000 m of the Tapajds Group in the north and south marginal
areas, where Cretaceous strata may directly overlie the Itaituba
Formation (Fig. 5F; Appendix A). A schematic diagram derived from
the cross-sections (Figs. 3 and 4) suggests a denudation of
1500 m at the southern margin (Fig. 8B), or lower if the geothermal
gradient was higher in the marginal area than in the central basin
(Fig. 8C). Erosion decreases towards the central part of the basin,
where the Nova Olinda and Andira formations are preserved below
Cretaceous—Cenozoic strata. The estimation of erosion calculated
on the basis of the CAI value indicates a greater complexity than
just gaps increasing towards the basin margins (Fig. 5F), and several
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Fig. 8. Location of the isolines for CAI 2 and 3 and the area with CAl values of 1.5 and 6—7 in a scheme that links cross-sections A—A” and B—B’ of Fig. 1. Isoline of CAI 2 is in the Nova
Olinda Formation in the central part of the basin and shifts to the basal part of the Itaituba Formation located in the south margin (A). An eroded gap is inferred at the margins of the
basin, assuming a geothermal gradient that is homogeneous in the basin (B) or higher in the southern margin (C). Location of CAI value of 3 (D) and others higher than 2 (E) in the

area with CAI values of 6—7 associated with diabase sills.
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CAl values are difficult to explain. This is the case of the value of 3 at
shallow depth in well 22, and particularly the value of 2.5 in well 14
(Fig. 3, Table 1). The latter is close to wells with contact meta-
morphism due to the diabase intrusion (Fig. 8D—E). It suggests that
a heating event, probably related to the overheating by intrusive
bodies and generated from the basement of the basin, may be over-
imposed on the sedimentary burial, as Gonzaga et al. (2000)
considered for the over-mature zone with abundant intrusions in
the eastern part of the Amazonas Basin. In the western part,
maturation may be extended if the heating time increases beyond
intrusive emplacement and the heat transport is influenced by
hydrodynamic movements through outcropping formations and
faults, as Zembruscki and Kiang (1989) described in order to explain
the current geothermal gradient. Another possible explanation for
the locally higher maturation may be the abundant high conduc-
tivity evaporite rocks (Bjdrlykke, 2010) and the migration and pe-
troleum expulsion from the central basin towards its margins.
These processes should be put to the test through a detailed study
of samples from older rocks than those in the Tapajés Group.

6. Conclusions

The color alteration index of conodonts has been shown to be a
valid palaeothermal index in the Amazonas Basin. In the tectono-
thermal history of the basin, sedimentary burial is the main process
involved in the maturation of organic matter during the Pennsyl-
vanian—Permian time. A CAI value of 3, close to the boundary
heavy—light oil and wet gas/dry gas boundary seems to be located
at a depth of 2.5—3 km. A complex diagenetic history is illustrated
by the wide and extensive development of conodont apatite over-
growth microtextures at the CAl values between 1.5 and 3. The high
temperature Mesozoic thermal event associated with igneous ac-
tivity is locally recorded by high CAI values (6—7) and recrystalli-
zation is observed in surface texture of the conodonts. Denudation
of the margins of the basin serves to explain relatively high CAI
values at shallow depth, although heating beyond the igneous
thermal event and widely extended through fluid migration and/or
highly conductive evaporite rocks should be considered.
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Capitulo V — Consideracdes Finais

Conclusoes

0

A auséncia de conodontes nas faunas marinhas do Devoniano Inferior a médio dos
reinos Malvinocéafrico e das Américas Orientais (Gondwana) é uma particularidade
conhecida em grande parte da América do Sul, Africa do Sul, Antértida, India e Leste
da Australia. Este fato é contrastante com a sua abundancia em faunas
contemporaneas do Norte (Euramerica). Ao longo do intervalo Carbonifero-
Permiano, as temperaturas mais frias associadas a periodos glaciais em latitudes
altas influenciaram a evolugcdo e restringiram a distribuicdo das faunas de
conodonte, o que também parece ser verdadeiro para o Devoniano, quando 0s
conodontes estavam majoritariamente restritos as latitudes baixas, cinturdo tropical.
As ocorréncias de conodontes do Devoniano da América do Sul sdo muito raras,
sendo conhecidas a partir de poucos registros nas bacias do Gran Chaco e Madre
de Dios na Bolivia e bacias do Solimdes e Amazonas no Brasil. Esse € o primeiro
relato em detalhe dos conodontes do Devoniano Superior da Bacia do Amazonas. A
associacao de conodontes estudada do Membro Abacaxis (Formacéo Barreirinha) é
composta pelas espécies Cryptotaxis sp. A (Frasniano superior), Mehlina gradata
(Frasniano inferior-Fameniano inferior), 'Ozarkodina’ aff. Sannemanni (Givetiano
superior-Frasniano inferior), Polygnathus sp. e Prioniodina sp., inseridas nas ordens
Prioniodinida e Ozarkodinida. As formas conservativas: Mehlina, ‘Ozarkodina’ e
Prioniodina, tém homeomorfos no Siluriano, Devoniano Inferior e Carbonifero. Esses
taxons sdo essencialmente generalistas/cosmopolitas, 0 que seria esperado de
faunas pioneiras. Formas especialistas endémicas também ocorrem, representadas
por Cryptotaxis e Polygnathus.

Essa associacao faunistica indica que os folhelhos negros no testemunho namero
124 do poco 1-RX-1-AM foram depositados provavelmente no Frasniano tardio,
corroborando com a idade anteriormente atribuida por palinomorfos de Frasniano

tardio a Fameniano médio.
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Os conodontes oriundos do Devoniano Superior do norte do Brasil (Bacia do
Amazonas e Bacia do Solimdes) apresentam semelhangas com as faunas desse
mesmo periodo da Bolivia, América do Norte central e Europa ocidental, sugerindo o
intercambio de taxons entre estas regides.

No momento da deposicdo do Membro Abacaxis, a Bacia do Amazonas estava
posicionada préximo a paleolatitude 60°S. A expansao maxima dos conodontes de
latitude baixa em direcdo ao polo dar-se-ia entre o Frasniano mais tardio e o inicio
do Fameniano, durante o periodo de aguecimento maximo. Deste modo, aventa-se a
influéncia de correntes marinhas mais quentes na América do Sul ou um gradiente
de temperatura latitudinal mais brando no limite Frasniano-Fameniano, que
permitissem a migracdo de taxons de regides de latitude baixa para outras em
latitude alta. Isto € consistente com a hipétese de que a reducdo do gradiente
climatico global, responsavel pelo forte provincialismo faunistico do Devoniano inicial
ao médio, estava em andamento possivelmente desde o Givetiano inicial até ao
menos o inicio do Fameniano, permitindo o desenvolvimento de faunas cosmopolitas
durante o Devoniano Superior, beneficiado também pela ampla inundacdo das
plataformas durante o evento transgressivo Emsiano-Eifeliano. A migracdo de
conodontes ocorreu através de uma conexdo entre o Oceano Rheic em latitude
inferior e as bacias Madre de Dios e Solimdes, passando sob o Alto de Purus no
Frasniano, alcancando a Bacia do Amazonas, ou a partir da principal abertura
marinha na margem Nordeste da bacia. A presenca de trilobitas malvinocafricas (do
tipo Boliviano) na fauna de braquiépodes do Reino das Américas Orientais
(predominio do tipo Apalachiano) na Formacdo Maecuru (Emsiano-Eifeliano da
Bacia do Amazonas) reforcaria essa hipotese.

Posteriormente, o arrefecimento moderado da temperatura da agua, entre o
Fameniano médio e tardio, ocasionou a propagacdo de taxons caracteristicos de
agua fria rumo as latitudes baixas antes do episédio glacial no Fameniano mais
tardio, favorecida também pela ocorréncia de evento transgressivo. A presenca de
Cryptotaxis na Bacia do Amazonas é uma ocorréncia mais antiga (Frasniano), ja que
espécimes semelhantes sdo encontrados em faunas mais jovens (Fameniano da
América do Norte), sugerindo uma possivel origem ou reflgio desse tdxon na

Ameérica do Sul, posterior migracdo e chegada ao norte no momento mais frio.
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A baixa diversidade faunistica, contrastante com a alta diversidade de géneros do
Devoniano tardio em latitudes baixas, sugere que o ambiente representado pela
Formacao Barreirinha era in0spito para a maioria das espécies de conodontes. Além
disso, a ocorréncia desses espécimes esta vinculada a um intervalo restrito no
Membro Abacaxis da Formacdo Barreirinha, indicando que tais condi¢des
ambientais favoraveis a migracdo e desenvolvimento da fauna de conodontes no
norte da América do Sul foram episédicas, 0 que pode ser observado também pelo
registro limitado a dois intervalos na Formagdo Tomachi, Bacia Madre de Dios,
Bolivia.

Portanto, pode-se constatar que a fauna da Bacia do Amazonas representa uma
comunidade de agua fria localizada em bacia de aguas relativamente rasas em
latitude alta. Assim, a extincdo do limite Frasniano-Fameniano conhecida de

latitudes baixas ndo se desenvolveu em dominios subpolares.

(1N

Em contrapartida, o registro de conodontes da Bacia do Amazonas € oriundo
principalmente de intervalos de temperatura moderada, tal como a que prevaleceu
no Pensilvaniano durante a sedimentacdo do Grupo Tapajos. Consequentemente,
as faunas de conodontes pensilvanianas nesta bacia mostram uma alta diversidade
e, atualmente, constituem o registro mais vasto do Pensilvaniano Inferior a Médio na
Ameérica do Sul.

Cinquenta e oito taxons foram identificados a partir de amostras de afloramento e de
subsuperficie das formacdes Monte Alegre, Itaituba e Nova Olinda — Grupo Tapajos,
Bacia do Amazonas. Vinte e sete ocorréncias referem-se a novas espécies
identificadas para esta Epoca na bacia: 1. Adetognathus flexus; 2. Declinognathodus
cf. marginodosus; 3. Diplognathodus iowensis; 4. Idiognathodus aff. claviformis; 5. I.
amplificus; 6. I. crassadens; 7. |. aff. crassadens; 8. I. ignisitus; 9. 1. cf. ignisitus; 10. .
izvaricus; 11. I. cf. obliquus; 12. I. podolskiensis; 13. I. cf. praeobliquus; 14. I. rectus;
15. Idiognathodus sp. A; 16. ldiognathoides corrugatus; 17. |. lanei; 18. I
ouachitensis; 19. Neognathodus cf. askynensis; 20. N. asymmetricus; 21. N.
colombiensis; 22. N. inaequalis; 23. N. tsnensis; 24. N. uralicus; 25. Neognathodus

sp. 1; 26. Neognathodus sp. A; 27. Streptognathodus firmus. Destas, vinte e trés
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também sdo ocorréncias inéditas para o Pensilvaniano da América do Sul, a
excecdo de Idiognathoides corrugatus e |. ouachitensis, 0s quais ocorrem na bacia
brasileira do Solimdes, Neognathodus asymmetricus, reconhecido na Coldmbia e na
Bolivia, e N. colombiensis, Coldmbia.

Idiognathodus itaitubensis, nova espécie, é proposta para o Moscoviano inferior-
médio, ocorrendo nas formacdes Itaituba superior a Nova Olinda inferior.

Através deste estudo, confirmou-se a afinidade previamente conhecida das faunas
amazonenses com aquelas do Reino Midcontinent-Andean, principalmente por meio
de espécies em comum de Idiognathodus. Prop8e-se ainda uma possivel conexao
(marinha secundaria intermitente) entre as bacias da América do Sul e o Oceano
Paleotethys ocidental durante o Moscoviano, com base na ocorréncia de I. izvaricus
nas formagoes ltaituba e Nova Olinda, distante do registro conhecido nas bacias de

Donets (Ucrania) e de Moscow (RUssia).

(Iln)

O indice de Alteracéo de Cor de conodontes (IAC) foi determinado em espécimes da
Bacia do Amazonas oriundos das formacdes Barreirinha, Monte Alegre, Itaituba e
Nova Olinda. A distribuicdo do valor de IAC na Formacéao lItaituba foi subdividida em
porcdes inferior e superior, uma vez que o numero de amostras e a variagao no valor
tornaram-na possivel.

A Formacdo Barreirinha contém elementos com valor de IAC entre 2.5 e 3,
associado a um valor anémalo de 7. Na Formacdo Monte Alegre, predomina o valor
de IAC de 2, com algumas ocorréncias de IAC variando entre 2-2.5 e 1.5-3. Um valor
de IAC abaixo de 2 ocorre nas porcdes Oeste e Norte da bacia para a Formacgao
Itaituba (inferior). O valor de IAC aumenta para 2 (ou 2-2.5) para Leste e Sul da
cidade de Manaus e para a plataforma Sul. Os valores de 2.5 a excepcionalmente 3
sdo observados no depocentro da bacia. Além disso, ha registro na plataforma Sul
de um valor anémalo de 7. A Formacdao Itaituba (superior) contém espécimes com
valor de IAC abaixo de 2 em uma area semelhante a da porcao inferior, ao passo
gue um valor elevado de 2.5 € observado no extremo Leste da bacia. Na Formacéo

Nova Olinda, ha predominio de valores baixos de IAC, até 2, e ocorréncias de
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valores de IAC andmalos de 6 ou 7. Para Oeste na bacia, mostra valores de IAC de
1.5.

Nas rochas estudadas, ndo sdo observados conodontes com IAC de 1, vinculado a
condi¢des imaturas. Os valores de IAC das formagbes Barreirinha, Monte Alegre,
Itaituba e Nova Olinda estdo principalmente entre 1.5 e 3, intervalo associado a
condicdes diagenéticas propicias a geracado de hidrocarbonetos (6leo pesado a leve
e gas umido). Os valores mais elevados de IAC, 2.5 ou 3, ocorrem na parte profunda
da bacia, na Formacgao Barreirinha e em algumas amostras das formac¢ées Monte
Alegre e Itaituba (inferior). Este intervalo de IAC é associado a rochas contendo 6leo
pesado a leve e gas umido, mas também gas seco, corroborando a localizacdo da
amostra estudada da Formacao Barreirinha no cinturdo de 6leo maturo inferido para
a bacia. A ocorréncia de espécimes oriundos da Formacdo Monte Alegre
apresentando impregnacao por matéria organica parece estar relacionada a fungao
desta unidade como rocha reservatorio de hidrocarbonetos.

Na historia tectono-termal da bacia, o soterramento sedimentar € o principal
processo envolvido na maturacdo da matéria organica durante o intervalo
Pensilvaniano-Permiano, no entanto valores mais altos de IAC, 4 ou 5, estédo
ausentes entre as amostras estudadas. Associados a valores de IAC inferiores,
foram registrados valores andmalos, de 6 a 7, para as formacdes Barreirinha,
Itaituba e Nova Olinda. Estas anomalias sdo produto de metamorfismo relacionado a
intrusdo de corpos de diabasio em camadas contendo evaporitos. Além disso, ha
duas ocorréncias intrigantes de valores de IAC a profundidades rasas na Bacia do
Amazonas: () valores de 1.5 e 2, ocorrendo também a superficie, e (Il) valores de 2-
2.5, 3. Um paleogradiente térmico elevado derivado de episddio magmatico e/ou
uma erosao de cerca de 1000m do Grupo Tapajés, antes deste evento térmico, nas
areas marginais Norte e Sul sdo sugeridos para elucidar a obtencédo dos valores de
IAC de 1.5 e 2, com uma possivel denudacédo local de até 1500m na margem Sul.
Ao passo que o registro de valores mais altos pode estar associado a sobreposicao
de um evento de aquecimento a sobrecarga sedimentar. Assim, um prolongamento
do aguecimento (metamorfismo de contato) através do transporte de calor, seja por

meio de falhas e formacgbes aflorantes (migracdo de fluido) e/ou via unidades
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evaporiticas de condutividade alta, com expulsdo e migracdo de petroleo do centro
as margens da bacia, deve ser considerado.

A atividade de fluidos vinculada a uma diagénese inicial corrobora as alteracoes
texturais comumente observadas em conodontes com valores de IAC baixos
(sacarosa brilhante a opaca, sobrecrescimento de minerais, recobrimento mineral,
(patinas cinza a branca e bleach)). As texturas sacarosa brilhante a opaca e bleach,
além das microtexturas de ornamentacdo original, cristal pequeno e corrosao,
ocorrem nas quatro formacdes. As formacdes Monte Alegre, Itaituba e Nova Olinda
contém espécimes com texturas lisa e brilhante, sobrecrescimento de minerais,
recobrimento mineral, patina cinza, smoke e matéria organica. As microtexturas de
cristal grande, molde externo e envelope irregular também estdo presentes. Ha
presenca de patina branca nas formagdes Barreirinha, Monte Alegre, Itaituba
(inferior) e Nova Olinda, ao passo que pseudomorfos de dolomita sdo observados
nas formacdes Itaituba (inferior) e Nova Olinda. Barreirinha e Itaituba (inferior)
registram microtexturas de dissolucdo, contudo, somente na Formacdo Nova Olinda
ocorre espécimes com textura de superficie original e microtextura granular.

Os valores de IAC anbmalos, registrados para as formacdes Barreirinha, Itaituba e
Nova Olinda, em conjunto com um valor baixo predominante estdo vinculados a forte
dissolugéo, lixiviacdo da matéria organica dos espécimes e, ocasionalmente,
corrosao. Dois grupos de conodontes, submetidos ao evento térmico mesozoico de
alta temperatura associado com atividade ignea, sdo diferenciados para as amostras
gue proveram valores de IAC de 6 a 7: (I) valor anbmalo em conjunto com outros
valores de IAC inferiores, bleach e forte corrosao; (ll) espécimes apresentando
microtextura granular (Formacéao Nova Olinda) vinculada a recristalizacéo de apatita.
O primeiro grupo caracteriza espécimes submetidos a aquecimento, associado a
fluidos sob pressao, enquanto o segundo grupo, a metamorfismo de contato, através
de intrusdes de diabasio nas proximidades de unidades evaporiticas.

Considerando que a maturacdo da matéria organica no Carbonifero-Permiano e a
principal fase de geracao e expulsédo de petréleo concluida no Triassico inicial estdo
relacionadas ao efeito de sobrecarga da pilha sedimentar acumulada até o
Permiano, os valores de IAC indicam paleotemperaturas entre menos que 40°C e,

mais provavel, cerca de 180°C. Para as unidades intrudidas por sills, com
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intercalacdes de estratos evaporiticos espessos, as paleotemperaturas sdo aqui
estimadas entre 420-720°C para um intervalo de aquecimento entre 1000 anos e
1Ma, embora a temperatura mais alta (curto aquecimento) seja mais plausivel. A
distribuicdo das isolinhas de IAC para as amostras estudadas do Grupo Tapajos
mostra uma tendéncia aproximadamente coincidente com 0s mapas de
profundidade do embasamento pré-cambriano, de distribuicdo da sucessao

paleozoica preservada e de areas maturas para hidrocarbonetos.
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Recomendacgbes

A taxonomia e a sistemética permitiram o reconhecimento de 45 espécies de
conodontes para a Bacia do Amazonas, sendo identificadas trés espécies para a
Formacdo Barreirinha; seis para a Formacdo Monte Alegre; 40 espécies para a
Formacéo Itaituba, sendo 24 para a porc¢éao inferior e 16 para a por¢ao superior; 13
espécies para a Formacgado Nova Olinda. Assim, uma amostragem de alta resolucdo
em sucessfes de subsuperficie para a Bacia do Amazonas provavelmente
forneceria resultados semelhantes aqueles de areas classicas e uma bioestratigrafia
de conodontes muito precisa.

Além disso, um melhor conhecimento a respeito da histéria tectono-termal da bacia,
a partir de dados do indice de Alteracdo de Cor (IAC) de conodontes, também

poderia ser obtido frente a uma densidade de amostragem superior.
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