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RESUMO

O rifte continental Tacutu, que se estende do Brasil até Guiana esta relacionado a abertura do
Oceano Atlantico Central. O estagio pré-rifte do vulcanismo baséltico da Formacéo Apoteri
estd associado a um sistema flavio-deltaico ocorrido dentro de um dominio de rifte pobre em
magma. Ao menos dois pulsos magmaticos foram registrados (Apl e Ap2), ao qual possui
basalto subalcalino a andesi-basalto, assim como toleito continental calcialcalino e assinaturas
quimicas intraplacas. Entretanto, Apl apresenta textura afanitica a fina porfiritica, enquanto
Ap2 possui notavel textura vesicular. Apl possui baixo MgO, alto Ti, Zr e ETR, enquanto Ap2
possui alto Mg, alto Ti, Zr e ETR. Indicadores geoquimicos e isotopicos apontam para
diferentes taxas de contaminacéo crustal entre os pulsos magmaticos Apl e Ap2, provavelmente
relacionada ao tempo de residéncia crustal marcado por diferentes valores negativos de ENd. A
arquitetura interna da falha (horst-graben) e suas movimentacdes durante o rifteamento Tacutu
controlaram o volume e a acomodacgdo dos pulsos magmaticos basalticos. No Brasil, o
vulcanismo basaltico Apoteri apresenta caracteristicas subaéreo, com alguns graus de
explosividade durante o pulso Ap2, associado ao sistema flivio-deltaico, enquanto na Guiana
ocorre principalmente um vulcanismo subaquético associado a um sistema deltaico-marinho.

Palavras-chave. Rifte Tacutu, magmatismo basaltico, Formacdo Apoteri, fragmentacdo

continental.



ABSTRACT

The Tacutu continental rift located on the border between Brazil and Guyana is related to the
Central Atlantic Ocean opening process. On the Brazilian side, during to pre-rift stage, basaltic
vulcanism (Apoteri Formation) associated with a fluvial-deltaic system occurred within a
magma-poor rift domain. At least two magmatic pulses have been recorded (Apl and Ap2),
which have subalkaline basalt to basalt-andesite composition, as well as a tholeiite-calcalkaline
continental and intra-plate chemical signatures. However, Apl display aphanitic to fine
porphyritic texture, while Ap2 has notable vesicular textural feature. Apl has low MgO, high
Ti, Zr and REE, while Ap2 has high MgO, low Ti, Zr and REE. Geochemical and isotopic
indicators point to different crustal contamination rates between Apl and Ap2 magmatic pulses,
probably related to crustal residence time that is marked by different negative ENd values. The
internal fault architecture (horst-graben) and their movements during the Tacutu rifting
controlled the volume and emplacement moment of the basaltic magmatic pulses. On the
Brazilian side, the Apoteri basaltic volcanism had sub-aerial characteristics, with some degree
of explosivity during the Ap2 pulse, associated with a fluvial-deltaic system, while on the
Guyana side occurred mainly underwater volcanism associated with a deltaic-marine system.

Keywords. Tacutu rift, basaltic magmatism, Apoteri Formation, continental breakup.
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CAPITULO 1 - INTRODUCAO

CAPITULO 1 - INTRODUCAO
1.1 APRESENTACAO

O Estado de Roraima engloba um arcabouco geoldgico e dominios estruturais
diversificados que vdo do Paleoproterozoico ao Mesoproterozdico, recobertos por sequéncias
sedimentares siliciclasticas do Fanerozoico, aos quais ainda sao motivo de discussao quanto as

suas evoluces tectonicas.

Comumente, a geologia do Estado de Roraima € subdivida em dominios lito-estruturais
com base na distribuicdo de associacgdes litoldgicas, idade e padrdo estrutural bem determinado,
reconhecidos como Surumu, Guiana Central, Parima e Anaua-Uatuma (Reis et al. 2003; Reis
et al. 2006). Nesse contexto, em tais dominios sdo registrados complexas variedades litoldgicas
representadas por gnaisses, migmatitos, granulitos, granitéides sin a pés-deformacionais,
sequéncias metavulcano-sedimentares, magmatismos basicos a ultrabasicos, sequéncias
vulcanicas efusivas e piroclasticas culminando a instalacdo do hemigraben Tacutu no
Mesozdico, distribuicdo de corpos alcalinos e enxames de diques de diabasio e extensa
sedimentacdo do Fanerozoico (Reis & Fraga, 1998).

Inserido na porc¢do centro-nordeste de Roraima, o rifte intracontinental do Tacutu, cerne
desta pesquisa, estd usualmente relacionado as reativacfes distensivas do Cinturdo Guiana
Central, desencadeadas por uma zona de falhas antigas nos quais favoreceram a instalacéo do
hemigraben Tacutu com direcdo NE-SW, dando origem a derrames basalticos e deposicdo
sedimentar siliciclastica associados a fragmentacdo do supercontinente Gondwana (Berrangé
& Dearnley 1975, Crawford et al. 1985, Eiras e Kinoshita 1988, CPRM 1999, Thomaz Filho et
al. 2000, Reis et al. 2003, Vaz et al. 2007, Pinto et al. 2017). Os diques e derrames Apoteri,
com direcdo NE-SW e E-W, também referentes a tectbnica distensivas, sdo produtos do

desmembramento dos continentes sul-americano e africano (CPRM, 1999).

O rifte do Tacutu possui orientacdo na direcdo NE-SW, estendendo-se até a Guiana
(Sena Costa et al. 1991), e agrupa diversificada sequéncia sedimentar siliciclasticas e
magmatismo basaltico, distribuidos ao longo das fases pré-rifte, rifte e pos-rifte, representados
pelas seguintes formagdes regionais: Apoteri, Manari, Pirara, Tacutu, Tucano e Boa Vista
(Crawford et al. 1985, Vaz et al. 2007).

14



CAPITULO 1 - INTRODUCAO

1.2 LOCALIZAGAO, ACESSO E ASPECTOS FISIOGRAFICOS

O rifte do Tacutu esta situado no extremo norte do Brasil, e tem a cidade de Boa Vista,
capital do estado de Roraima, como principal referéncia de localizacdo. Nesse local, o rifte do
Tacutu pode ser acessado através das rodovias BR-174 e RR-205, além da Estrada do Contorno,
também conhecida como Contorno Oeste Ottomar de Souza Pinto (Fig. 1). Nesse contexto, a
area de estudo hospeda um conjunto de serras denominada Nova Olinda, onde se encontram as

exposicoes vulcanicas da Formacao Apoteri, na cidade de Boa Vista.

O clima da regido é caracterizado por duas estagdes bem definidas durante o ano: uma
estacdo seca, que se inicia em dezembro e se estendendo até o més de abril; e uma estacdo
umida ou chuvosa com inicio no més de maio e finalizando no més de novembro. A flora
regional é do tipo savana, também conhecida na regido como “lavrado”, marcado por gramineas
e arvores esparsas de pequeno porte com troncos tortos, normalmente contendo alinhamento de
palmeiras em &reas alagada ou Umidas. Quanto ao contexto geomorfoldgico, a regido esta
inserida no dominio chamado Pediplano Rio Branco — Rio Negro, marcado por relevo
predominantemente aplainado e elaborado sobre os sedimentos da Formacéo Boa Vista (Franco
et al. 1975).
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CAPITULO 1 - INTRODUCAO

1.3 JUSTIFICATIVA

Estruturas do tipo rifte possuem um papel fundamental na histéria do planeta Terra, pois
marcam o inicio da fragmentac&o continental, processos de deformacdo extensional litosférica
que conduzem a uma ruptura e possivel formacdo de um novo dominio oceanico subsequente,
sejam estes ligados a acdo de plumas mantélicas na base da litosfera favorecendo o surgimento
de regides topograficamente abatidas e até a abertura de novos oceanos (Frizon De Lamotte et
al., 2015). Por via de regra, os processos de rifteamento sdo responsaveis por fluxos vulcénicos
extensos com diferentes configuraces geodinamicas, sejam esses através de mecanismos

passivos ou ativos (Kearey, 2009).

Dentre os diversos episodios de rifteamento importantes para a compreensao
petrogenética de vulcanismos relacionados a estes eventos, o rifte do Tacutu se apresenta como
uma excelente oportunidade de estudo a luz dos reflexos da fragmentacdo do Gondwana, onde
esse magmatismo basico localiza-se no extremo norte da Plataforma Sul-Americana e com
registros em Roraima e na Guiana (Berrangé & Dearnley 1975) fornecendo novas informacoes
guanto ao entendimento dos processos envolvidos na ruptura do supercontinente e a abertura

do oceano Atlantico.

Estudos anteriores sobre as rochas basalticas Apoteri, relacionadas a fase pré-rifte da
bacia do Tacutu, apontam para distintos pulsos de magmatismo toleitico de baixo a
intermediario TiO, ligados a manifestagbes do manto litosférico subcontinental e
correlacionado a Provincia Magmaética do Atlantico Central - CAMP (Pinto et al. 2017), cuja
idade Ar-Ar esta em torno de 150 Ma (Reis et al. 2006). Entretanto, informacdes de geologia
isotopica sobre esse magmatismo basaticos, tais como dados de Sm-Nd e Sr-Sr, além de
guimica mineral, sdo escassos. Nesse sentido, essa pesquisa apresenta informacdes
complementares sobre arranjos texturais, petrograficas, geoquimica multi-elementar, e dados
inéditos sobre geologia isotdpica de Sm-Nd e quimica mineral, dessa forma contribuindo para

0 avango nas interpretacdes petrolégicas sobre 0 magmatismo Apoteri no rifte do Tacutu.

Tais informacgdes subsidiam o debate sobre o evento tectbnico responsavel pelo
magmatismo basaltico: a plumas mantélicas atuantes na evolugdo da Provincia Magmatica
Atlantica Central (CAMP-type), com idade em torno de 200 Ma (Marzoli et al. 1999, Hames et
al. 2003) ou ligado a fragmentacdo e evolucdo do Atlantico Sul, com idade de 130 Ma (Wilson

1992, Melankholinaa & Sushchevskayab 1992). Considerando que varias outras estruturas do
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CAPITULO 1 - INTRODUCAO

tipo rifte, associadas a abertura do Atlantico, tém sido registradas na atual costa leste da
América Equatorial (Greenroyd et al. 2007; Kusznir et al. 2018, Yang & Escalona 2011), cuja
evolucdo nos estagios iniciais tem sido comumente acompanhada por vulcanismo basaltico
(Burke 1976), o estudo do magmatismo basaltico Apoteri, nessas estruturas, torna-se
importante fonte de informagdes quanto a taxa de abertura e adelgacamento crustal, natureza e

grau de contaminacdo do magma manteélico, entre outras.

1.4 OBJETIVOS
O presente trabalho tem por objetivo principal produzir uma discussao petrogenética
preliminar sobre os derrames basalticos Mesozoicos registrados na fase pré-rifte da bacia do
Tacutu em Roraima baseada nos dados de geoguimica de rocha total e geoquimica isotopica.
Para tal, alguns objetivos especificos sdo também estabelecidos, sendo estes:
e Descrever as caracteristicas texturais em termos macroscopicos e microscopicos
das amostras;
e Caracterizar os pulsos magmaticos identificados;
e Produzir discussdo petrogenética através dos dados de geoquimica de rocha
total, geoquimica isotopica (Sm-Nd e Sr-Sr) e quimica mineral em

clinopiroxénio e plagioclasios.

1.5 MATERIAIS E METODOS

A presente pesquisa envolveu quatro fases de trabalho, assim chamadas: pré-campo,
campo, laboratorio, interpretacdo e editoracdo de dados. A fase pré-campo envolveu
basicamente levantamento bibliografico a respeito do estagio de conhecimento geoldgico das
estruturas do tipo rifte, bem como sobre o magmatismo basaltico Apoteri. A fase de campo
envolveu levantamento de campo resultando na amostragem de rochas vulcénicas da Formacéo
Apoteri e preparacdo das amostras representativas para os estudos petrograficos, anélises

quimicas, isotépicas e geocronoldgicas. As etapas de trabalho podem ser individualizadas em:

e Levantamento bibliogréafico - A revisdo bibliogréafica foi feita com objetivo de sanar
duvidas quanto aos assuntos pertinentes ao tema da dissertacdo e incluiu consulta em
artigos cientificos, monografias e resumos publicados em eventos, revisdo dos

principais conceitos e classificagcbes de minerais e rochas vulcanicas;
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CAPITULO 1 - INTRODUCAO

Trabalho de campo - Consistiu na descricdo de 15 afloramentos e coleta de 25 amostras
representativas da formacao investigada em agosto e novembro de 2020. O trabalho de
campo foi planejado com base na analise de mapas geologicos e imagens de satélite. Os
pontos amostrados estéo representados na figura 2;

Petrografia - Os estudos petrograficos convencionais foram baseados em amostras de
méo e em laminas petrograficas. Foram confeccionadas 11 laminas delgadas no
Laboratorio de Laminacdo do Instituto de Geociéncias da Universidade de Brasilia —
UnB. Um microscopio petrogréfico Olympus, modelo BX-41, foi utilizado para
descricdo sob luz transmitida polarizada e refletida, em busca da caracterizagdo
microscopica, composi¢do mineraldgica e fei¢des texturais.

Geoquimica de Rocha - Foram selecionadas 8 amostras para analises quimicas de
rocha total realizadas no laboratério comercial ALS Global. As amostras foram
pulverizadas no Laboratdrio de Geocronologia do Instituto de Geociéncias da UnB, por
meio da panela de tungsténio. As andlises seguiram as rotinas analiticas do laboratério
ALS Global, incluindo elementos maiores (SiO2, TiO2, Al2Os, Fe;0O3, FeO, MnO, MgO,
Ca0, Na20, K20, P20s), trago (Rb, Ba, Sr, Ta, Nb, Hf, Zr, Ti, Y, P, Th) e terras raras
(La, Ce, Pr,Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu). Os elementos maiores foram
obtidos por fusdo com metaborato ou tetraborato de litio, seguido pela dissolucéo do
material fundido e andlise por ICP-AES. Os elementos traco e terras raras foram obtidos

por fusdo com borato de litio e determinacao por ICP-MS.
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- Mapa de afloramentos visitados com as principais vias de acesso.

Geologia Isotdpica - Os dados de geologia isotdpica (Sm-Nd e Sr-Sr) foram obtidos no
Laboratdrio de Geocronologia e Geologia Isotopica da Universidade de Brasilia.

Para as analises de Sm-Nd foram realizados os procedimentos descritos por
Gioia e Pimentel (2000). No total, dez amostras de rocha total foram tratadas,
pulverizadas e homogeneizadas, onde aproximadamente 100 mg de cada exemplar foi
dissolvida em bombas de teflon com revestimento e aco com adicdo de tragadores
isotopicos combinados de *°Sm e ***Nd em mistura de 4 ml de HF e 1 ml de HNOs.
Para a extracdo de Sm e Nd foi utilizada a técnica convencional com coluna secundéria
de Teflon contendo LN-Specresin (HDEHP — diethylhexil phosphoric acid sipported on
PTFE poder), 270 — 150 mesh. As amostras Sm e Nd coletadas foram armazenadas em
filamentos de Re, aos quais foram analisadas em espectrdmetro Thermo Scientific
TRITON™ plus Thermal lonization Mass Spectrometry (TIMS) com sete coletores em
modo estatico. Conforme as analises do padréo internacional BHVO-1 e BCR-1, o grau
de incertezas para as razdes °Sm/*°Nd e *3Sm /***Nd é menor que +0,4% (1o) e
+0,005% (1o) respectivamente. A razio **Sm /4Nd foi normalizada utilizando
1965m/4Nd = 0,7219, a constante de decaimento radioativo usada foi de 6,54 x 102 a
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10 (Lugmair e Marti, 1978) e os valores de TDM foram calculados de acordo com o
método de DePaolo (1981).

Microssonda eletronica de varredura — Investigacdo sobre piroxénios produzidas em
laminas polidas, no qual as analises foram realizadas no laboratdrio de microssonda
eletronica do Instituto de Geociéncias da Universidade de Brasilia. Utilizou-se o
equipamento da marca JEOL, modelo Superprobe JXA-8230, acoplado com 5
espectrometros e detector EDS (Energy Dispersive spectrometer). As anélises pontuais
em WDS — Dispersdo por Comprimento de Onda (Fava, 2000) foram feitas operando
com 15 Kv e 20 nA. As laminas foram preparadas, metalizadas com um filme de

carbono (250 A) e analisadas no laboratério de Microssonda Eletrnica no 1G-UnB.
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CAPITULO 2 - CONTEXTO GEOLOGICO

2.1 CONTEXTO GEOTECTONICO.

O Estado de Roraima, localizado na porgdo centro-sul do Escudo das Guianas,
correspondente a um segmento setentrional do Craton Amazoénico. O Escudo das Guianas
remonta a evolucdo geoldgica de idade pré-cambriana do territorio brasileiro, representando a
maior e mais antiga unidade geotectdnica da Placa Sul-Americana (Figura 3).

O Craton Amazénico, mantido estavel desde 1,0 Ga, integra os Escudos da Guianas e
Guaporé/Brasil Central, compondo uma extensdo de 4.500.000km?2 e possui um dos mais
completos registros Arqueano - Proterozoico conhecidos. O Craton Amazonico tem sido
compartimentado em provincias geotectdnicas/geocronolégicas, sustentado pelos diversos
dados de geologia isotopica (Rb-Sr, U-Pb, Pb-Pb, Sm-Nd) obtidos ao longo do tempo, os quais
tém sido motivos de debates a respeito da sua evolucao por diversos autores, entre eles Amaral
(1974), Cordani et al. (1979), Tassinari (1981), Cordani e Brito Neves (1982), Teixeira et al.
(1989), Tassinari (1996), Tassinari e Macambira (1999) e Santos et al. (2000).

Destacam-se os trabalhos de Tassinari e Macambira (2004) e Santos et al. (2000) em
relacdo a atualizagdo das provincias (Figura 4), dos quais sdo diferidos essencialmente pelos
limites das provincias geocronologicas e intervalos temporais das orogenias, mas que de uma
forma geral, seguem e descrevem uma linha evolutiva semelhante, implicando em evolucgéo
crustal do craton ao longo do Arqueano, Paleo e Mesoproterozoico, resultando em formacéo de
material juvenil, retrabalhamento crustal e améalgama de crostas. Respectivamente, 0s primeiros
autores foram responsaveis pela subdivisdo do Craton Amazonico em seis provincias:
Amazonia Central (2,5 Ga), Maroni-Itacaiunas (2,25-2,0 Ga), Ventuari-Tapajos (1,95-1,8 Ga),
Rio Negro-Juruena (1,8-1,55 Ga), Rondoniana-San Ignacio (1,55-1,3 Ga) e Sunsas (1,3-1,0
Ga); os segundos autores propuseram a subdivisdo em sete provincias e um cinturdo de
cisalhamento: Carajas (3,10-2,53 Ga), Transamazonas (2,25-2,00 Ga) Rio Negro (2,32-2,07
Ga), Tapajos-Parima (2,10-1,87 Ga), Amazénia Central (1,88-1,70 Ga), Ronddnia-Juruena
(1,76-1,47 Ga), Sunsas e K'Mudku (1,45-1,10 Ga). Posteriormente, Santos et al. (2006)
refinaram os limites descritos por Santos et al. (2000) e apresentaram limites mais distintos a
cada provincia diminuindo as regides arqueanas, aumentando a Provincia Transamazonas e
estendendo as provincias Rio Negro e Tapajés-Parima para leste.

No contexto dos modelos de provincias geocronoldgicas do Craton Amazénico, a area
de estudo situa-se na Provincia Maroni-Itacaitnas de Tassinari e Macambira (1999, 2004), e na

Provincia Tapajos - Parima de Santos et al. (2000, 2006).
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2.2. LITOESTRATIGRAFIA REGIONAL
A partir da avaliacdo conjunta de grande acervo de informes de campo, cartas

geoldgicas, produtos aerogeofisicos e de sensoriamento remoto, Reis e Fraga (1998) e Reis e
Fraga (2000) identificaram de quatro principais dominios litoestruturais em Surumu: nordeste
do Estado, constitui terrenos vulcano-pluténico-sedimentares com idade entre 1,98 e 1,78 Ga e
direcdo WNW-ESE e E-W; Parima: terreno granito-greenstone na regido noroeste, direcéo
NWSE e E-W e idade entre 1,94 e 1,93 Ga; Guiana Central: cinturéo de alto grau na por¢éo
central do Estado, com direcdo NE-SW e idade entre 1,94 e 1,93 Ga; segmentado pela
associacdo AMG (anortosito/gabro-mangerito-granito rapakivi); Anaua — Jatapu: porcdo
sudeste, direcdo NW-SE, NE-SW e N-S, constituido de terrenos granito gnaissico de idade entre
2,03 e 1,81 Ga (Reis et al., 2003). Ainda conforme Reis et al. (2003), esses dominios

caracterizam-se por associacdes geoldgicas, idades e feicdes estruturais especificas (Figura 5).
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Figura 5 - Dominios Tectono-Estratigraficos ou Litoestruturais do Estado de Roraima modificado Reis et al.
(2003).

2.2.1 Dominio Guiana Central
Este dominio abrange a porcéo centro-norte de Roraima, correspondendo ao Cinturdo

Guiana Central, responsavel pela reativacdo do sistema de falhas presentes nessa regido, em
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ambiente extensional, ocasionando a colocagdo do rifte Tacutu (Eiras e Kinoshita, 1988;
Kroonenberg, 1976). Os lineamentos estruturais deste dominio possuem orientagdo NE-SW nos
quais perfazem as unidades litoldgicas do Paleo e Mesoproterozoico. Rochas ortognaissicas e
metagranitoides, gnaisses kinzigiticos calcissilicaticos e metacherts de facie granulito, além dos
metamorfitos de alto grau foram reunidas respectivamente na Suite Metamorfica Rio Urubu,
Suite Metamorfica Murupu e no Grupo Cauarane (Fraga et al., 1999; Luzardo & Reis, 2001; Riker
etal., 1999).

Os limites ao norte e sul do DGC estdo recobertos pelas formacGes cenozoicas Boa Vista
(Neogeno) e Areias Brancas (Pleistoceno Superior — Holoceno), além dos depdsitos detrito-
lateriticos (Paleogeno) presente no limite entre os dominios Surumu e Guiana Central, sendo

estes relacionados a reativacgdes neotectonicas (Reis et al., 2003).

2.3 GEOLOGIA LOCAL
2.3.1 Suite Metamorfica Rio Urubu

Anteriormente incluso no Complexo Kanuku, onde estavam presentes em um grupo de
rochas, em sua grande maioria, paraderivadas, a Suite Metamorfica Rio Urubu engloba um
conjunto de biotita gnaisses e biotita-hornblenda gnaisses predominantes aos quais integram
duas proeminentes faixas ao longo do Cinturdo Guiana Central (CGC), além de subordinadas
lentes de hipersténio gnaisses e leucognaisses (Berrangé, 1973; CPRM, 1999).

Os dados geocronologicos disponiveis para os ortognaisses Rio Urubu dispuseram
idades U-Pb em zircéo correspondentes a 1.944+10 Ma, 1.943+7 Ma, 1.921+15 Mae 1.911+13
Ma (Gaudette et al. 1997). Por meio do método Pb /Pb por evaporacdo, foi determinada uma
idade de 1.966+37 Ma em um ortognaisse tonalitico (Fraga et al., 1997). A geoquimica dessas
rochas indica uma improvavel correspondéncia com suites calci-alcalinas expandidas de arcos
magmaticos modernos, mesmo que parte seja comparavel a granitos tipo I, onde dessa forma,
sugeriu-se o retrabalhamento de fontes crustais com assinatura de subduccdo na geracdo
magmatica (CPRM, 1999; Fraga, 2002).

2.3.2 Bacia do Tacutu
O rifte intracontinental do Tacutu, situado na fronteira norte entre o Brasil e Guiana,

esta implantado sobre a Faixa Movel Maroni-Itacaitnas, em uma direcdo NE-SW, ao qual
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constitui o conjunto de provincias tectbnicas que constituem o Craton Amaz6nico e
desenvolveu-se na area central do Escudo das Guianas (Cordani et al., 2000; Vaz et al. 2007).
O graben estende-se por cerca de 300 km de comprimento, apresenta largura de 30 a 50 km,

mais de 7 km de espessura e uma area com cerca de 12.500 km? (Eiras et al. 1994).

Foram reconhecidas e descritas seis sequéncias de depdsitos vulcéanicos, constituida
predominantemente por basaltos, e sedimentares na bacia, sendo elas: duas formaces pré-rifte,
a Formacéo Apoteri (sequéncia J10) e Formacdo Manari (sequéncia J20); trés formacdes rifte,
Formacao Pirara (sequéncia J30), Formacéo Tacutu (sequéncia K10 — K30) e Formagao Tucano
(sequéncia K40 — K60); e uma formac&o pds-rifte, Formacdo Boa Vista (sequéncia N50-N60)
(Vaz et al. 2007).

Legenda
® (idades —13°
GUIANA

— Rodovias
T Rios principais
'''' Limite entre os paises

Limite da Bacia do Tacutu

Figura 6 - Localiza¢do da Bacia do Tacutu modificado de Scaramuzza dos Santos et al. (2016).

2.3.2.1 Formagéo Apoteri

Relacionado a fase efusiva pré-rifte da Bacia do Tacutu, a Formacdo Apoteri (sequéncia
J10) representa um periodo de extens&o inicialmente imposta a crosta continental devido aos
movimentos do manto superior ocasionados pelos mecanismos de desmembramento do
assoalho oceénico do Atlantico Norte, no qual sucedeu o Episddio Tacutu, caracterizado como
um evento de maior amplitude e profundidade, dando origem ao rifte North Savannas — Tacutu

(Berrangeé e Dearnley, 1975; Singh, 1974). O estabelecimento da Formagao Apoteri ocorreu no
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Sinemuriano - Juréssico Inferior, a uma idade de 200 Ma determinada pelo método Ar-Ar
(Marzoli et al 1999). Outros dados geocronoldgicos forneceram idades de 135 Ma pelo método
Ar-Ar em uma amostra de basalto toleitico e 149 + 0,3 Ma também pelo método Ar-Ar em um
andesito (Leal et al., 2000; Reis et al., 2006).

A Formac&o Apoteri é representada por basaltos toleiticos de coloragdo cinza-escuros a
esverdeados, em geral oxidados, de granulagdo muito fina a afanitica, aspecto conchoidal
quando fragmentados, padrdo de juntas ortogonais e estruturas de ambientes subaquosos

denominado pillows (Vaz et al. 2007).

2.3.2.2 Formacgdo Manari

A Formacdo Manari (sequéncia J20), também equivalente a fase pré-rifte da bacia,
iniciou com a deposicdo de material clastico fino sobre uma depressdo causada pelo
resfriamento da Formacdo Apoteri, encontra-se de forma discordante com a mesma e abrange
uniformemente todo o graben (Vaz et al. 2007; Eiras e Kinoshita, 1988; Eiras e Kinoshita,
1990). Essa formagao tem seu ambiente configurado como sedimentar lacuste, caracteriza sua
composicdo litoldgica por siltitos, folhelhos, subordinadamente calcissiltitos e dolomitos, e por

meio de datacdes bioestratigraficas inferiu-se uma idade neojurassica (Eiras et al. 1994).

2.3.2.3 Formacdo Pirara

A Formacdo Pirara (sequéncia J30) representa a fase rifte, possui contato discordante
com a Formacdo Manari e fora depositada ao mesmo tempo em que ocorria 0 inicio de
movimentos distensivos (fase rifte passivo) sob condic6es de clima arido (Vaz et al. 2007; Eiras
e Kinoshita, 1988). A composicdo litoldgica dessa formacdo inclui halitas nas por¢fes mais
centrais da bacia, intercalacdo de folhelhos lateralmente, siltitos e carbonatos, aos quais foi
inferida idade Neojurassica, pois 0s dados bioestratigraficos ndo foram conclusivos (Vaz et al.
2007).
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2.3.2.4 Formagéo Tacutu

A Formacdo Tacutu (sequéncia K10 — K30) corresponde a fase rifte depositada ao
decorrer de um progressivo decréscimo no movimento distensivo, encontra-se em contato
discordante com a Formacdo Pirara, possui como caracteristica siltitos castanhos-escuros a
avermelhados, calcifero, argiloso, com laminagdo plano-paralela ou de baixo angulo, e
secundariamente ocorrem arenitos, carbonatos e folhelhos, e os estudos palinoldgicos inferiram

uma idade pertence ao Eocretaceo (Vaz et al. 2007; Van Der Hammen & Burguer, 1966).

2.3.2.5 Formacao Tucano

A Formacéo Tucano (sequéncia K40 — K60) constitui a fase rifte, originada através da
diminuigdo dos esforgos tectnicos e da taxa de subsidéncia, onde instituiu-se um sistema
flavio-deltaico em condicdes de clima arido, dando o encerramento da fase rifte da bacia (Vaz
et al., 2007; Reis et al. 1994; Eiras e Kinoshita, 1988). A litologia dessa formacédo é composta
por arenitos castanhos de médios a grossos com a presenca de seixos gradando ao topo para
arenitos roseos-esbranquicados, caulinicos e fridveis, apresentando estratificacdo cruzada (Vaz
et al. 2007).

2.3.2.6 Formacéo Boa Vista

A sequéncia do Nedgeno que representa a fase pos-rifte (sequéncia N50-N60) teve sua
deposicao ao fim do Pleistoceno, a partir de ambientes continentais fluvial, lacustre e edlico,
recobrindo de forma discordante as rochas da Formacéo Tucano, Formacgédo Tacutu e Formacéo
Apoteri (Vaz et al., 2007; Eiras et al., 1994). Os depositos nedgenos dessa sequéncia sdo
subdivididos em duas unidades distintas separadas por uma discordancia angular: a Formacéo
Boa Vista, intervalo inferior cuja sedimentacdo € resultante dos processos de reativacdo de
estruturas regionais e restringe-se a area do graben Tacutu e a Formacéo Areias Brancas, onde
os depdsitos excedem os limites do graben e recobrem as rochas pré-cambrianas circunvizinhas
(Reis et al., 2001).

2.4 MAGMATISMO BASALTICO NA ABERTURA DO ATLANTICO CENTRAL
Os episodios de rifteamento sdo as principais caracteristicas da progressiva ruptura e

fragmentacéo do supercontinente Pangea. O primeiro episodio de rifte continental passivo nessa
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regido ocorreu durante o Carbonifero Superior e Permiano, no qual levou a formagdo do Neo-
Tethys, oceano este que posteriormente juntaria-se ao proto Atlantico Norte (Frizon de Lamotte
et al. 2015; Zolnerkevic, 2016). A desintegracdo da Pangea resultou em dois aspectos
importantes para a sua subsequente evolugdo, sendo o primeiro deles, responsavel pelo
rifteamento passivo, ocorrido no Tridssico, resultando na Provincia Magmatica do Atlantico
Central (CAMP) de 200 Ma, e no rifteamento passivo e na sequéncia ativo do Cretaceo Inferior
entre as Grandes Provincias Igneas do Parana-Etendeka de 135 Ma (Frizon de Lamotte et al.,
2015).

Mediante ao soerguimento termal e movimento rotacional em sentido horério, sucedeu
a divergéncia entre a América do Norte e a Africa durante o Triassico Superior e 0 Jurassico
Inferior, desencadeando a abertura do Atlantico Central, considerada esta a primeira parte do
Atlantico a sofrer o processo de abertura crustal (Frizon de Lamotte et al., 2015; Burke, 1976;
Favre & Stampfli, 1992; (Nirrengarten et al., 2018)). O sucessivo desenvolvimento da
fragmentacéo e diviséo crustal foi decisivo para a colocagéo das bacias de margem continental
no Brasil e formacdo do oceano Atlantico Sul com notéveis assimetrias, levando em
consideracdo conceitos tectono-fisicos, que discorrem sobre um estiramento litosférico e
adelgacamento da crosta no decorrer da fase rifte com posterior subsidéncia termal associada
ao resfriamento da anomalia térmica na astenosfera (CPRM, 2003; McKenzie, 1978)).

Embora haja estudos quanto a dindmica dos mecanismos de rifteamento e instauracéo
das provincias basalticas continentais hoje conhecidas, em especial a Provincia Magmatica do
Atlantico Central, ainda ha controvérsias e pouco conhecimento quanto aos aspectos de
formagdo e consequéncias desta em questdo. Considerando a ampla distribuicdo da sua
ocorréncia em diversos continentes nos arredores do Oceano Atlantico, entre eles a América do
Sul (Figura 7), atribuiu-se uma divisdo para as rochas toleiticas relacionadas ao CAMP de
acordo com o teor de TiO2 apresentado nas rochas, sendo assim: baixo-Ti com valores que
variam de 0.6 — 0.9 %, intermediario-Ti com valores entre 0.9 — 2.0 % e alto-Ti com valores >3
% (McHone, 2003).

No Brasil, os basaltos relativos as ocorréncias da CAMP estdo difundidos em areas
cratbnicas do Arqueano — Paleoproterozico e em bacias do Proterozoico Superior ao
Paleozoico entre derrames basalticos, diques e soleiras de composi¢éo toleitica localizados no
Amapa, Amazonas, Maranhdo e Roraima, nos quais possuem composi¢do similar as rochas

magméticas da CAMP na América do Norte e oeste da Africa, alternando de basaltos toleiticos
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a andesitico com baixas concentracdes de TiO2 (Marzoli et al., 1999; Klein et al., 2013; De Min
et al., 2003).

Muito se discute sobre os modelos geodinamicos de rifteamento e magmatismo do
Mesozoico, normalmente referentes as plumas mantélicas de larga escala, ocasionando um
padréo de diques ao redor do rifte inicial (May, 1971; Morgan 1983; Hill, 1991; Wilson, 1997).
Entretanto, diversos problemas foram encontrados quanto a esse mecanismo de plumas, entre
eles, a longa duracao do rifteamento e o tempo de magmatismo nédo serem bem correlacionaveis
entre si e a geometria do vulcanismo ser linear, ao invés de domo ou radial, o que difere na
configuracdo de rifteamento e magmatismo entre o oceano Atlantico Norte e o oceano Atlantico
Sul e, portanto, sugere-se um processo de rifteamento progressivo por meio de zonas lineares
de ressurgéncia do manto que coalesceram gradualmente nos dorsais meso-oceanicas modernas
(Holbrook & Kelemen, 1993; McHone, 2000).
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Figura 7 - Distribuico das ocorréncias dos basaltos da Provincia Magmatica do Atlantico Central e sua diviséo
de acordo com os teores de TiO2 modificado de McHone (2000).

No estado de Roraima, um recente estudo desenvolvido por Pinto et al. (2017), aponta

que os derrames e diques basélticos da Formacdo Apoteri apresentam caracteristicas
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geoquimicas tipicas das rochas da Provincia Magmatica do Atlantico Central (CAMP), onde
suas assinaturas sao expressas em dois grupos distintos com intermediario e baixo contetdo de
TiOz, indicando suas caracteristicas de toleito continental enriquecido em LILE e LREE, sendo
estas interpretadas como um indicativo de fonte de manto subcontinental enriquecido afetado

pelo metassomatismo relacionado a antigos processos de subduccao.
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Abstract.

The Tacutu continental rift located on the border between Brazil and Guyana is related to the Central
Atlantic Ocean opening. On the Brazilian side, during to pre-rift stage, basaltic vulcanism (Apoteri
Formation) associated with a fluvial-deltaic system occurred within a magma-poor rift domain. At least
two magmatic pulses have been recorded (Apl and Ap2), which have subalkaline basalt to basalt-
andesite composition, as well as a low-Ti CAMP and continental geochemical signatures. However,
Apl display aphanitic to fine porphyritic texture, while Ap2 has notable vesicular textural feature. Apl
has low MgO, high Ti, Zr and REE, while Ap2 has high Mg, low Ti Zr, and REE. Geochemical and
isotopic (negative €Nd values) indicators point to different rates of differentiation and crustal
contamination between Apl and Ap2, probably related to crustal residence time. The variations in
depth/depocenters, interior blocks architecture (horst-graben) and fault movements rates controlled the
volume and emplacement moment of the basaltic magmatic pulses during the Tacutu rifting. On the
Brazilian side, the Apoteri basaltic volcanism had sub-aerial characteristics, with some degree of
explosivity and fragmentation during the Ap2 pulse, associated with a fluvial-deltaic system, while on
the Guyana side occurred mainly underwater volcanism associated with a deltaic-marine system.

Keywords.Tacutu rift, basaltic magmatism, Apoteri Formation, continental breakup.

1. INTRODUCTION.

The initial stages of continental rift construction are usually marked by the association of siliciclastic
sedimentary sequences and basaltic magmatism as results of a lithospheric extension process linked to
action of mantle plumes (Ruppel 1995; Buck et al. 1999; Corti 2009; Pirajno & Santosh 2015). Modern
global tectonics concepts have proposed different mechanisms to explain the evolution of the internal
rift architecture on the extended lithosphere, whose tectonic fabrics control the ratios between the
different volumes of sedimentation and magmatism produced (Corti 2012; Huismans & Beaumont 2014;
Koptev et al. 2018; Zwaan et al. 2018; Petri et al. 2019). In this geological context, the petrological
investigation on the basaltic magmatism has provided indirect information about lithospheric extension
rate, degree of crust-mantle interaction, chronology and magmatic evolution during the syn-rift stage of
the continental breakup (e.g., Lebedev et al. 2006; Giordano et al. 2014; Smets et al. 2016; Furman et
al. 2016; Zhao et al. 2020).

The northernmost region of the Amazonian carton, on the border between Brazil and Guyana
(Fig. 1), hosts a rift-type linear tectonic feature named Tacutu (May 1971; Berrangé & Dearnley 1975),
which has been related to continental breakup in response to the Central Atlantic Ocean opening process
during the Mesozoic (Crawford et al. 1985; Marzoli et al. 1999; McHone 2000; Biari et al. 2017,
Loparev et al. 2021; Figueiredo et al. 2022). The Tacutu rift presents a hemi-graben type internal
architecture, with the basaltic magmatism related to syn-rift phase associated with fluvial-lacustrine
sedimentary sequences (Marzolli et al. 1999; Eiras et al. 1994; Reis et al. 2006; Vaz et al. 2007). This
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basaltic magmatism host subaerial and local subaqueous features, presents basalt to basaltic-andesite
composition, sub-alkaline and continental tholeiitic to calc-alkaline geochemical signature, and is
marked by at least two magmatic pulses (Vaz et al. 2007; Pinto et al. 2017). The available
geochronological data, applied K-Ar and Ar-Ar methods, point to these basaltic magmatism ages
between 200 - 150 Ma (Marzoli et al. 1999; Reis et al. 2006). However, Figueiredo et al. (2022), based
on isotopic geology data (U-Pb and Sm-Nd) from the Roraima Alkaline Province, proposed that the
basaltic floods related to the Tacutu extensional tectonic event occurred 153 — 135 Ma.

In this paper, we present complementary data on petrography and geochemistry, as well as unpublished
data on mineral chemistry and isotopic geology (Sm-Nd and Sr-Sr) on the basaltic magmatism inserted
in the Apoteri Formation and related to Tacutu syn-rift phase. The results enable us to some petrogenetic
inferences about the magmatic contamination rate linked to interactions between the subcontinental
lithospheric mantle (SCLM) and the old Archean-Paleoproterozoic continental crust during upwelling
and intrusion episodes.
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Figure 1. A) Geographic location of the Tacutu continental rift on the border between Brazil and Guyana; B)
Simplified regional geological with Mesozoic Tacutu rift on the Brazil side (Modified from CPRM 2022).
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2. METHODS.

This research involved petrographic, mineral chemistry and isotopic geology analyses that were carried
out in laboratories at the Geosciences Institute of the University of Brasilia, Brazil, while that the whole-
rock geochemistry data was performed at the Australian Laboratory Services (ALS®), Australia.

The conventional petrography and mineral chemistry studies were performed on polished thin
sections. The punctual chemical analyses on pyroxene crystals used a JEOL® JXA-8230 Electron Probe
Microanalyzer (EPMA). The wavelength-dispersive system (WDS) operated with acceleration voltage
of 15 kV, a beam current of 10 nA and counting time of 10 s. The standards used for calibration were
the natural and synthetic minerals: microcline (Si, Al and K), andradite (Fe and Ca), albite (Na),
forsterite (Mg), vanadinite (V), pyrophanite (Ti and Mn), barite (Ba), synthetic Cr,O3 (Cr) and NiO (Ni),
while the Ti and V analysis used the ka lines.

The Sm-Nd and Sr-Sr analyses used the standard configuration adopted by Isotopic Geology
laboratory at the University of Brasilia. For Sm-Nd analysis was used a Thermal lonization Mass
Spectrometry (TIMS) equipment following the methodology described by Gioia & Pimentel (2000).
Whole-rock powders (ca. 50 mg) were mixed with a 24°Sm/*°Nd spike solution and dissolved in Savillex
capsules. Sm and Nd extraction of whole-rock samples followed conventional cation exchange
techniques, using Teflon columns containing LN-Spec resin (di-(2-ethylhexyl) phosphoric acid
(HDEHP) supported on PTFE powder. Sm and Nd samples were loaded on re-evaporation filaments of
double filament assemblies and the isotopic measurements were carried out on a multi-collector
Finnigan MAT 2. For Sr-Sr analysis a 0.5 ml-aliquot from the Sm-Nd solutions was directly loaded onto
Teflon® columns containing approximately 83 mg of Eichrom® Sr-Spec resin (50-100 um) to separate
the Sr fraction from the matrix. Sr isotope measurements were performed using a Thermo Scientific
TRITON™ Plus Thermal lonization Mass Spectrometer (TIMS) operating in the static multi-collector
mode. The average 'Sr/%Sr obtained for the NBS-987 standard was 0.710257 + 0.000007 (2s; n = 9),
consistent with the recommended &’Sr/8Sr = 0.71025 of the Thirlwall (1991), with the initial 8"Sr/%Sr
ratios/samples were calculated using the 8’Rb decay constant 1.393 x 10 " year ** (Nebel et al. 2011).

The geochemical analysis used analytical instrumentation set applying ICP-OES to obtain major
and minor elements and ICP-MS for traces and rare earth elements. Lithium metaborate/lithium
tetraborate was added to the pulverized sample and then melted at 1000° C to form a melt that was
cooled and dissolved in an acidic mixture containing nitric, hydrochloric and hydrofluoric acids. On the
other hand, the loss on ignition (LOI) was determined using 1.0 g of sample previously weighted, heated
at 1000° C for 1 h, cooled, and then weight again.

3. GEOLOGICAL SETTING.

The border region between Brazil and the Guyana (State of Roraima, on the Brazilian side more
specifically) hosts a varied and complex Paleo- to Mesoproterozoic lithostratigraphy, distributed within
different tectonic and geochronological domains (CPRM 1999; Delor et al. 2003; Reis et al. 2003;
Santos et al. 2003; Almeida et al. 2007; Fraga et al. 2009; Reis et al. 2013), which are part of the
geochronological province named Maroni-Itacaiiinas (Tassinari & Macambira 1999) or Tapajos-Parima
(Santos et al. 2000). The Tacutu continental rift is located in the northeastern portion of the so-called
Central Guyana domain, which shows a NE-SW structural trend and gathers para- and orthogneiss,
migmatites, metagranitoids, anorthosite-mangerite-charnockite-rapakivi granite suite (AMCG-type), as
well as metamafic-ultramafic rocks. In general, these lithologies are aged from 1.96 Ga to 1.53 Ga (Fraga
2002; Reis et al. 2003, 2013; Fraga et al. 2009; Heinonen et al. 2012).

The Tacutu linear extensional structure has a SW-NE direction that extends from Brazil to
Guyana for about 300 km in length (Fig. 1), with 30 to 50 km in width and more than 7 km in thickness,
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composing an area of about 12,500 km?2 (Eiras et al. 1994). On the Brazilian side, regional
lithostratigraphic units related from pre- to post-rift stages have been recognized.

The pre-rift stage is represented by the regional units named Apoteri and Manari formations.
The basaltic magmatism, here studied, is inserted in the Apoteri Formation, which has basaltic to
basaltic-andesitic composition, sub-alkaline and continental tholeiitic to calc-alkaline geochemical
signature with estimated age between 200 — 135 Ma (Berrangé & Dearnley 1975; Marzolli et al. 1999;
Reis et al. 2006; Pinto et al. 2017; Figueiredo et al. 2022). This magmatism has been interpreted as a
result of the asthenospheric uplift related to mantle plumes during the opening of the central Atlantic
ocean in the Triassic-Jurassic, accompanied by fracturing and consumption of the lithosphere base, with
the basaltic magmatism produced invading the lithosphere in the form of dikes and sills, and ending
with subaerial to subagueous fissure flows in distinct magmatic pulses, marked by the presence of
bubbles, columnar disjunction and pillow lavas features (Eiras & Kinoshita 1990; Eiras et al. 1994; Vaz
et al. 2007; Pinto et al. 2017; Loparev et al. 2021; Figueiredo et al. 2022).

The Apoteri Formation is discordantly covered by the siliciclastic rocks of the Manari Formation,
represented by siltstones, shales and dolomitic lenses related to lacustrine environment and with an
inferred Neo-Jurassic age (Eiras & Kinoshita 1990; Eiras et al. 1994). The transition between pre-rift
and active rift stages is marked by crustal stretching with normal mega-faults (graben-host architecture)
controlling the rifting and favoring a set of erosional discordant contact. At this stage occur halite and
gypsum lenses interspersed with shales, siltstones, and pyrite marls from the Pirara Formation, followed
by calciferous siltstones, sandstones, carbonates, and shales from Tacutu Formation, and finishing with
kaolin sandstones from Tucano Formation. This stage has been interpreted as a fluvial-deltaic type
system under arid to semi-arid climate conditions during Late Jurassic to Neo-Cretaceous (Eiras &
Kinoshita 1990; Eiras et al. 1994; Vaz et al. 2007, Castro et al. 2021).

At the Late Cretaceous, crustal stretching decreases and rifting stabilizes, but during to Miocene,
transcurrent movements related to the convergent dynamics of the Cocos, Nazca and Caribe tectonic
plates, results in folds and inverse faults inside the Tacutu extensional structure (Eiras & Kinoshita
1988). Finally, in the post-rift stage, a thick siliciclastic sequence from the Neogene Boa Vista
Formation, related to fluvial, lacustrine, and aeolian continental systems, cover the limits of the Tacutu
rift and part of the basement rocks (CPRM 1999; Eiras et al. 1994; Milani & Thomaz Filho 2000; Reis
et al. 2001, Menezes et al. 2020).

4. LOCAL GEOLOGY.

On the Brazilian side, records of Apoteri basaltic magmatism occur in the form of effusive flows and
dikes that can be observed mainly in some small topographic elevations known as Serra Nova Olinda
and Morro Redondo (Reis et al. 2006; Pinto et al. 2017). In this paper, we present information only
from Serra Nova Olinda, located around of the Boa Vita city (Fig. 1), which has excellent exposures of
Apoteri basaltic magmatism mainly in the mining front for crushed basalt stone of the Granada
Company (Fig. 2A).

In this place, two basaltic magmatic pulses can be observed (Fig. 2B and 2C), thus confirming
the observations reported by Pinto et al. (2017). The first magmatic pulse (Apl) has around 2m in
thickness and greenish gray color, aphanitic to fine porphyritic textural arrangement marked by tabular
plagioclase phenocrysts immersed in an aphanitic matrix, containing frequent fracture/venules filled
with chalcedony and carbonates. On the other hand, the second magmatic pulse (Ap2) is around 1,5m
thick and covers Apl. The Ap2 displays vesicular textural arrangement formed by sub-rounded and
irregular cavities, with a diameter between 2-15 mm and filled with zeolites, carbonates and
quartz/chalcedony, immersed in an aphanitic to fine porphyritic matrix. Bubbles (vesicular)
coalescence are observed features in base of Ap2 layer, favoring the formation of irregular centimetric
cavities (Fig. 2D).
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Figure 2. Outcrops of the Apoteri basaltic rocks. A) Open pit mine for crushed basalt stone of the Granada
Company; B) Field relationship between the two Apoteri basaltic pulses; C) Geological contact detail between
the two Apoteri basaltic pulses; C) Bubbles enrichment and coalescence zone of the Ap2 basaltic pulse.

5. PETROGRAPHY.

In general, Apl and Ap2 present mainly a porphyritic micro-texture formed by plagioclase (Anaz.s7)
phenocrysts embedded in fine matrix with ophitic to sub-ophitic micro-texture, but, occasionally,
plagioclase phenocrysts in glomeroporphyritic microtexture can be observed (Figs. 3A and 3B). The
phenocrysts make up less than 10% of the modal contents, displays euhedral to subhedral prismatic in
shape, between 0.5 and 1 mm long, regular albite twinning, with a weak oscillatory zoning and partially
saussuritized (replacement by a fine-grained aggregate of epidote, carbonate, sericite). The matrix is
mainly composed of random plagioclase laths in mesh-like arrangement with clinopyroxene and olivine
interstitial subhedral crystals, as well as scattered subhedral to anhedral crystals of ilmenite, magnetite,
pyrite, apatite, quartz, and Fe oxi-hydroxides as accessory minerals. Rarely, clinopyroxene subhedral
phenocrystals with a size between 0.3-0.6 mm in glomeroporphyritic micro-texture also can be
observed. In general, clinopyroxene and olivine show different stages of replacement to tremolite-
actnolite, chlorite and serpentine aggregates.

On the other hand, in the vesicular texture from Ap2, the cavities have an internal zoning similar
to geodes (Figs. 3C and 3D), marked mainly by a cortex-type external zone mainly formed of chlorite
microcrystalline aggregates followed of zeolites, carbonates, chlorite, white-mica, clay minerals, pyrite,
and quartz/chalcedony in fibro-radial crystals aggregates occupying the central portion. Some cavities
still have vugs in side. Pinto et al. (2017) also reports the presence of agate, opal, malachite, chalcopyrite
and bornite filling vesicles.
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Figure 3. Petrographic features of the Apoteri basaltic rocks. A) Ophitic to sub-ophitic common micro-textural
arrangement marked by plagioclase phenocrysts embedded in fine matrix with clinopyroxene and olivine
interstitial; B) Plagioclase phenocrysts in glomeroporphyritic micro-texture embedded in fine matrix; C)
Vesicles embedded in an ophitic to sub-ophitic micro-texture. Note the size variation of the vesicles, which may
indicate some degree of coalescence of the volatile phase; D) Detail of the internal mineral zonation of the
vesicles (The symbols: pl = plagioclase, cpx = clinopyroxene, ol = olivine, ch = chalcedony, cl = chlorite, zl =
zeolite, wm = white-mica, NX = crossed nicols, N// = parallel nicols).

6. WHOLE-ROCK AND MINERAL CHEMISTRY.
The whole-rock geochemical data of the Apl and Ap2 basaltic lithotypes sampled are presented in Table
1 and discussed below.

In general, major and minor element contents vary in the following ranges: SiO, = 50-54 wt.%, Al,Os;
= 12-15 wt.%, Fe,0s = 9-12 wt.%, MgO = 5-7 wt.%, Na,O+K,0 = 3-6 wt.%, CaO = 76-9 wt.%, with
TiO2, MnO, and P;0s < 1%, LOI = 0.83-2.35 wt.%, while Mg# = 45.73 — 59.04. These lithotypes are
still relatively enriched in Ba, Sr, V.

On the TAS-type classification diagram, the lithotypes are distributed among the basalt, basaltic
andesite, and basaltic trachy-andesite sub-alkaline fields (Fig. 4A), with most samples plotted in the
CAMP domain. However, on the Zr/TiO, x Nb/Y classification diagram, applying low mobility
elements, the lithotypes cluster between sub-alkaline basalt and basaltic andesite fields (Fig. 4B). The
alumina saturation index (Shand’s index) is naturally metaluminous (Fig. 4C), but with variation in the
Al;03/Na;0O+K,0 molar ratio (A/NK = 1.57-2.47), indicating some degree of mobility and/or
geochemical contamination. On the AFM classification diagram, these lithotypes are distributed on the
boundary between the tholeiitic and calc-alkaline series (Fig. 4D), also indicating some degree of
mobility and/or geochemical contamination.

36



CAPITULO 3- ARTIGO CIENTIFICO

Comparatively, the Apl lithology have high Si (SiO; = 51.9 - 54 wt.%), Ti (TiO; = 1.24 - 1.36 wt.%),
low Mg (MgO = 4.87 - 5.61 wt.%) and Mg# number between 45.73 and 48.51, while the Ap2 lithology
have low Si (SiOz = 50.10 — 51.30 wt.%), Ti (TiO2 =<1 wt.%), high Mg (MgO = 7.21 - 7.32 wt.%) and
Mg# = 57.09 — 59.04. These geochemical characteristics are in accordance with the data reported by
Pinto (2017).

Table 1. Whole-rock geochemistry of the Apl and Ap2 basaltic rocks from the Apoteri Formation.
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Pulses AP1 AP2
Samples S0-02 | SO-23 S0-26 | SO-27 | SO-28 | SO-29 | SO-04 | SO-20
Si0O2 (%) 54.00 51.90 53.70 53.00 | 53.80 | 53.00 50.10 51.30
Al;,0s3 13.85 13.60 13.75 1290 | 14.00| 13.85 14.80 15.25
TiO> 1.36 1.32 1.30 1.24 1.30 1.35 0.86 1.00
Fe 03 11.45 11.80 12.10 12.00 | 12.00 | 12.15 9.91 10.90
CaO 8.18 6.75 8.72 8.69 8.16 8.69 8.15 9.68
MgO 4.87 5.61 5.18 5.13 5.37 5.39 7.21 7.32
Na,O 2.84 3.31 2.54 2.96 3.81 3.06 3.72 3.06
K20 1.85 2.96 1.28 0.75 0.73 0.83 1.04 1.06
MnO 0.18 0.19 0.18 0.17 0.19 0.2 0.17 0.18
P.Os 0.16 0.18 0.18 0.16 0.17 0.17 0.09 0.14
LOI 1.68 2.00 0.83 1.51 1.65 1.81 2.35 1.51
Total 100.48 99.7 99.83 98.56 | 101.24 | 100.57 98.5 101.5
Ba (ppm) 291.00 | 406.00 | 282.00 | 237.00 | 181.01 248 | 172.01 | 227.00
Rb 83.91 154.00 46.40 3432 | 41.40| 48.62 65.40 55.20
Sr 207.00 165.5. | 229.00 | 231.01 | 254.01 | 259.00 | 343.00 | 316.02
Hf 3.52 3.38 3.52 3.35 3.34 3.59 2.07 2.58
Cr 33.02 71.00 64.10 38.03 | 51.00 | 34.04 31.10 37.04
Cs 0.84 0.4 0.63 0.56 0.59 0.54 0.81 0.87
Nb 7.99 8.08 7.44 7.23 7.45 7.76 5.02 5.59
Ta 0.71 0.72 0.68 0.66 0.67 0.69 0.44 0.53
Th 3.11 3.12 2.95 2.89 2.88 2.97 1.69 1.92
Sn 2.31 1.82 2.11 2.00 1.94 1.95 151 1.40
U 0.81 0.72 0.67 0.72 0.72 0.73 0.46 0.46
V 352.01 | 340.03 | 344.02 | 326.02 | 346.00 | 353.01 | 286.03 | 300.02
Y 27.00 26.10 26.60 25.80 | 26.50 | 28.20 18.31 20.52
Zr 128.00 | 126.00 | 123.00 | 119.00 | 123.01 | 126.00 75.02 86.03
Pb 4.93 4,53 3.84 4.20 3.61 3.55 5.46 5.17
La 15.31 12.42 13.80 13.81 14.10 15.10 9.22 10.61
Ce 32.71 30.01 30.72 30.20 | 31.10 | 32.50 19.82 22.51
Pr 4.42 4.18 4.06 4.04 3.99 4.17 2.68 3.09
Nd 17.40 16.60 16.41 16.41 16.52 17.00 10.44 12.43
Sm 4.22 4.28 4.15 421 4.09 4,52 2.76 3.06
Eu 1.32 1.27 1.40 1.26 1.44 1.34 1.03 1.14
Gd 5.34 4.81 4.67 4.69 4.80 4,76 3.09 3.71
Th 0.83 0.82 0.83 0.79 0.84 0.88 0.59 0.63
Dy 4.93 4.55 5.08 4,57 4.72 5.06 3.31 3.57
Ho 1.14 1.05 1.04 1.05 1.07 1.15 0.73 0.84
Er 3.07 2.64 3.06 2.98 2.67 3.14 2.03 2.16
m 0.54 0.46 0.38 0.45 0.40 0.45 0.35 0.36
Yb 2.77 2.40 2.49 2.48 2.68 2.65 1.78 1.98
Lu 0.47 0.43 0.39 0.38 0.36 0.43 0.31 0.33
Na,O+K,0 4.69 6.27 3.82 3.71 4,54 3.89 4,76 4,12
Mg# 45.73 48.51 45.89 4586 | 47.00 | 46.78 59.04 57.09
AINK 2.07 1.57 2.47 2.27 1.98 2.33 2.04 2.46
Lan + Cen 89.82 77.12 82.51 81.89 | 83.97 | 88.93 54.18 62.04
Tmn+ Yby 28.68 25.68 23.64 25.75 | 25.16 | 26.56 19.31 20.58
Lan/Smy 2.28 1.82 2.09 2.06 2.16 2.10 2.09 2.17
Gdn/Ybn 1.55 1.61 1.51 1.52 1.44 1.44 1.40 1.51
Eu/Eu* 0.27 0.27 0.31 0.28 0.32 0.28 0.35 0.33
Nb/La 0.52 0.65 0.53 0.52 0.52 0.51 0.54 0.52
La/Nb 1.91 1.53 1.85 1.90 1.89 1.94 1.83 1.89
La/Ba 0.05 0.03 0.04 0.05 0.07 0.06 0.05 0.04
Ce/Pb 6.67 6.66 8.07 7.19 8.63 9.28 3.66 4.41
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Figure 4. Geochemical characteristics of the Apl and Ap2 basaltic rocks from the Apoteri Formation. A) The
total-alkalis (Na,O + K;0) x SiO; (TAS) discriminant diagram (Le Maitre et al., 1989); B) Zr/TiO2 x Nb/Y
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discriminant diagram (Winchester & Floyd 1977); C) Alumina saturation index diagram (Shand indexes in
Maniar & Piccoli 1989); D) AFM discriminant diagram indicating the tholeiitic and calc-alkaline fields
(Irvine & Baragar 1971); E) TiO2 x FeOw/MgO diagram indicating the CAMP-type continental flood basalts
fields (Chabou et al. 2010); F) REEs-normalized pattern diagram (chondrite-normalized pattern of Boynton
1984); G) Multi-element spidergram pattern diagram. Note the comparison with the distribution pattern of the
continental crust (MORB-normalized pattern of Saunders & Tarney 1984 with additions from Sun 1980).

On TiO2 X FeOua/MgO diagram, the Apl and Ap2 samples are trending in the low-Ti CAMP
field, indicating different degrees of fractionation or differentiation (Fig. 4E). In general, Apl and Ap2
lithologies have moderate to low REE normalized content and with a similar distribution pattern, marked
by low to moderate fractionation between LREE and HREE (Fig. 4E), with Lan/Smy = 1,87 - 2,28 and
Gdn/Ybn = 1,40 - 1,61, separated by an insignificant anomaly in Eun (Eu/Eu* = 0.27 - 0.35). However,
the Apl have a higher REE normalized content (Lan + Cen = 77.12 — 89.82 and Tmy + Yby = 23.64 —
28.68) when compared to the Ap2 (Lan+ Cen =54.18 - 62.05 and Tmy + Yby = 19.31 — 20.58). On the
MORB-normalized multi-element diagram, all samples (Ap1 and Ap2) are relatively enriched in LILE
(K, Rb, Ba) and depleted in HFES (Ta, Nb, Ce, P, Zr, Hf, Ti, Y, Yb), showing positive anomalies in Rb,
Nb, and Sm. The distribution pattern shown by samples is similar to the average pattern of the upper
continental crust (Fig. 4F), indicating also an important degree of crustal contamination.

On the Fenner-type diagrams, applying the MgO content as a differentiation index, it is possible
to observe the two groups of rocks (Apl and Ap2). i.e., a group with high TiO, and low MgO, and
another group with low TiO- and high MgO (Fig. 5). In general, SiO,, Fe20s, Y and La contents tend to
decrease with increasing MgO, while Al,O, Sr e Cr have a positive correlation with MgO, indicative for
fractionation of the iron-magnesium and feldspar minerals, as well as magnetite/ilmenite, during
magmatic crystallization. These geochemical characteristics also are in accordance with the data
reported by Pinto (2017).

On the other hand, chemical elements of low mobility, such as Zr, Ti, P, Y, Th, Nb, and La, also
have been also applied as geochemical indices for magmatic differentiation (Winchester & Floyd 1977;
Pearce & Norry 1979; Petersen 1983; Rollinson 1993; Khogenkumar et al, 2016). In this geochemical
context, basaltic magmas related to the continental rift setting tend to have low Zr, Ti and Y contents,
with the Zr/TiO, and Zr/P,Os ratios varying according to the level of differentiation, SiO, content,
degree of crustal contamination, and post-magmatic alteration stages (Floyd & Winchester 1975;
Winchester & Floyd 1977). Applying Zr as geochemical index on the Apoteri magmatism, it is also
possible to observe a positive linear correlation with TiO,, also forming two groups of rocks, i.e., a
group with low Zr and TiO,, and another group with high Zr and TiO; (Fig. 6). Other low mobility
elements, such as Y, Th, Nb, Hf and La, also have a positive correlation with Zr, indicating incompatible
behavior for these elements. Otherwise, Sr and Cr have an inverse correlation with Zr, indicating their
compatible behavior in relation to the degree of fractionation of feldspar, pyroxene and olivine.
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mobility of elements in the Apl and Ap2 basaltic rocks from Apoteri Formation.

The Aplsamples is still relatively enriched in Nb, Ta, Th, Sn, U, Y, Hf, La and Ce (Table 2),
when compared to the Ap2 samples. Variations in the Ti, Nb, Th and Hf contents of basaltic magmas
related to mantle plumes in rift zones have been interpreted as reflections of the degree of mineral
fractionation and/or crustal contamination (Dupuy et al, 1992; Hui et al, 2011; Pfander et al, 2012; Liu
et al, 2018; Tang et al, 2019; Zhao et al, 2021). These geochemical characteristics then suggest basaltic
pulses with different degrees of crustal contamination during the evolution of the Tacutu pre-rift stage.
For example, La/Nb, La/Ba, and Ce/Pb ratios have also been used as indexes to indicate the degree of
crustal contamination. The samples from Apoteri magmatism show La/Nb = 1.53 - 1.94 and La/Ba =
0.03 - 0.07 (Fig. 7), indicating some degree of contamination or participation of the subcontinental
lithosphere mantle (according to Kieffer et al, 2004; Xia et al, 2013). Additionally, values of Ce/Pb =
25 + 5 have been defined as intervals for primary mantle derived melts (Hofmann et al. 1986; Furman

42



CAPITULO 3- ARTIGO CIENTIFICO

2007). The samples from Apoteri magmatism show very low Ce/Pb values (Apl = 6.66 — 9.28 and Ap2
= 3.66 — 4.41) that indicate a variable and substantial degree of crustal contamination (Fig. 7).
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Figure 7. Geochemical characteristics of the Apl and Ap2 basalts pulses from the Apoteri Formation. A) La/Ba
x La/Nb discriminant diagram showing higher La/Nb and lower La/Ba ratios compatible for some degree of
lithospheric contamination (Xia et al. 2013); B) Ce/Pb x MgO (wt.%) discriminant diagram indicating a substantial
crustal contamination (Furman 2007); C and D) TiO2 x Y/Nb (Floyd and Winchester 1975) and Zr/Y x Zr (Pearce
& Norry 1979) tectonic setting discriminant diagrams indicating continental and whitin-plate geological setting.

On the tectonic setting discriminant diagrams, applying ratios between elements with low
geochemical mobility (TiO2 x Y/Nb and Zr/Y x Zr), the samples from Apoteri magmatism plot in the
continental or intra-plate tholeiitic basalt field (Fig. 7). This geochemical signature is in accordance with
the proposed geological and geotectonic setting for the Tacutu rift (Thomaz Filho et al. 2000; Reis et al.
2006; Pinto et al. 2017; Passos & Vidotti 2019).

Usually, chemical composition studies of Fe-Mg aluminum silicates (pyroxene, amphibole,
olivine, and biotite) have been widely applied as some indicators in the geochemical,
thermobarometer and tectonic setting of mafic-ultramafic rocks (e.g., Zhang et al. 2018; Das et al. 2020;
Wang et al. 2021). In this paper, the mineral chemistry studies were carried out on clinopyroxene crystals
little replaced from Apl pulse, whose results are shown in Table 2. On the Fs-Wo-En ternary
classification diagram, the representative Ca—Fe—Mg clinopyroxene analyses (WDS) plot in the augite
field (Fig. 8A). Additionally, on the Ti x Ca + Na and Ti + Cr x Ca atomic correlation diagrams, the
analyzed spots plot in the tholeiitic and calcalkali basalts and non-orogenic basalts, respectively (Fig.
8B and 8C), also indicating its chemical affinity with continental basaltic magmatism.
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Table 2. Electron microprobe analysis and representative structural formula of clinopyroxene from Apl pulse of the Apoteri Formation

Spot 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
S
SiO 535 536 539 538 536 532 533 509 508 530 538 532 535 534 532 5366 531 531 5308 5299 5310 530 516 526 519 528

2 4 9 8 2 4 3 5 9 3 5 0 3 3 6 5 4 6 1 7 2 9 4
TIO 026 022 024 046 020 037 019 037 042 045 046 035 013 063 034 0402 043 020 0.226 0.25 0547 067 079 077 039 0.38
2 2 6 6 5 6 5 7 2 1 8 6 9 4 7 5 8 8 4 5
Al, 203 205 203 219 226 217 241 436 440 265 215 187 178 202 247 2.44 254 250 2.84 2788 1615 171 18 204 197 140
O3 1 4 1 6 9 2 1 3 4 4 2 4 7 8 9 2 9
FeO 6.68 6.47 6.42 6.66 6.16 6.42 6.30 9.78 7.89 6.85 7.49 7.85 9.23 10.8 5.90 5.911 5.74 5.72 5.674 5.879 12.51 9.31 16.6 8.89 105 10.9
8 5 2 8 7 7 9 1 9 9 9 6 8 3 2 5 2 4 7 78 6 41 37
Mg 18.3 18.3 18.0 18.3 17.6 17.7 17.8 16.6 17.9 17.6 16.7 17.7 17.3 15.3 19.2 19.16 18.9 19.1 18.86 18.28 17.93 17.0 14.0 15.1 16.8 17.8
(e} 57 21 86 71 43 72 51 23 47 6 52 89 86 81 05 1 29 06 3 1 1 79 3 99 72 96
CaO 174 17.4 17.9 17.2 185 18.1 18.3 16.3 16.7 17.5 18.0 17.9 16.5 16.5 17.4 17.27 17.9 18.0 18.35 18.49 13.43 17.2 13.9 18.9 16.8 15.6
61 46 78 14 28 95 6 01 31 23 6 5 08 59 98 8 91 25 8 9 69 84 76 59 15
Na, 017 020 019 022 021 025 020 021 029 022 025 012 011 009 019 0198 024 014 0198 0.258 0.16 020 017 033 027 0.20
0 3 8 3 5 6 7 3 6 1 2 6 3 5 8 7 4 7 9 3 9 6 2
K, O 001 001 001 001 001 000 000 007 001 0 001 001 0 0.04 0.01 0 0.00 0.02 0.014 0 0.005 0 0 001 000 0.03
9 6 7 6 5 6 9 8 5 8 7 9 5 1 6 5 5
Mn 011 030 013 020 015 008 012 021 011 016 019 007 022 036 018 0194 0.15 021 0.081 0139 0413 020 038 018 022 0.28
0 7 5 3 9 1 2 6 7 5 9 2 6 6 3 2 6 7 9 2 3 7 5
P,O 0 0.07 0 0 0.09 0 0.08 0.07 0 0.05 0 0 0 0.04 0 0.006 0.01 0 0.044 0.023 0 0 0.01 0 0.06 0.03
5 3 8 1 4 4 4 8
Cr, 038 037 046 036 042 047 037 044 039 047 037 037 019 006 046 0719 045 055 0.78 0926 0.117 039 004 004 0.02 0
O3 6 9 1 7 2 5 4 9 4 2 6 5 9 1 2 9 9 4
F 0 0 0 0 013 021 013 0.07 0.04 0 0 0 0 0 0.00 0.049 0.16 0 0.212 0 0.188 0 0 0.24 0 0
9 2 6 3 8 5 3 1
Cl 0.00 0 0.00 0 0 0.00 0 0 0.01 0.03 0 0.00 0 0.01 0.00 0 0 0.01 0.005 0.022 0.013 0 0 0.00 0.02 0
5 2 2 3 1 3 3 5 3 8 9
NiO 0.04 012 0 007 013 0.04 0 003 000 003 006 0.01 0 0.07 0 0.037 0.07 007 0.098 0.043 0.052 0.03 0 0 0.04 0.01
7 6 9 1 2 1 4 8 1 7 6 2 9 8 5
Tot 99.0 993 995 996 995 991 993 995 991 991 996 996 991 995 995 100.0 998 99.7 1003 1000 100.0 999 996 992 992 996
al 92 18 48 32 62 60 59 38 08 76 30 59 16 95 48 37 18 50 76 96 15 29 44 48 97 62
Cation
based on 6
oxygen
Si 197 197 1.98 1.97 197 1.96 1.96 1.89 1.87 1.95 1.98 1.96 1.98 2.00 1.94 1.951 1.93 1.93 1.925 1.930 1.970 1.95 1.96 1.96 1.93 1.95
3 5 1 3 3 4 3 2 2 9 7 0 9 5 3 6 7 9 8 9 6 7
Al 002 002 001 002 002 003 003 010 012 004 001 004 001 000 005 0049 006 006 0.075 0070 0030 004 003 003 006 004
7 5 9 7 7 6 7 8 8 1 3 0 1 0 7 4 3 1 2 1 4 3
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T 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 2000 200 200 2000 2000 2000 200 200 200 200 200
0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0
Al 006 006 006 006 007 005 006 008 006 007 008 004 006 008 004 0056 004 004 0047 0050 0041 003 005 005 002 001
1 4 9 8 1 9 8 3 3 4 1 1 7 9 9 5 4 4 2 9 2 9
Fe** 000 000 000 000 000 000 000 000 005 000 000 000 000 000 0.00 0000 000 000 0007 0000 0000 000 000 000 003 001
0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 2 0 0 0 9 7
Ti 000 000 000 001 000 001 o000 001 o001 001 001 001 000 001 001 0011 001 000 0006 0007 0015 001 002 002 001 001
7 6 7 3 6 0 5 0 2 3 3 0 4 0 0 2 6 9 3 2 1 1
Cr 001 001 o001 001 001 001 001 001 001 001 001 001 000 001 001 0021 001 001 0022 0027 0003 001 000 000 000 0.00
1 1 3 1 2 4 1 3 2 4 1 1 6 3 3 3 6 2 1 1 1 0
Ni 000 000 000 000 000 000 000 000 000 000 000 o000 000 000 o000 0001 000 000 0003 0001 0002 000 000 0.00 000 0.00
1 4 0 2 4 1 1 1 0 1 2 0 0 2 0 2 2 1 0 0 1 0
Mg 091 091 091 09 09 091 091 08 08 089 089 093 092 08 092 0911 092 093 0915 0916 0939 093 079 084 092 095
9 5 1 7 7 6 6 6 3 8 3 8 3 0 8 8 0 4 7 8 6 3
Fe** 000 000 000 000 000 000 000 000 000 000 000 000 000 002 000 0000 000 000 0000 0000 0000 000 012 007 0.00 0.00
0 0 0 0 0 0 0 0 0 0 0 0 0 9 0 0 0 0 7 0 0 0
M 1.00 100 100 100 100 100 100 100 100 100 100 100 100 100 100 1000 100 1.00 1000 1.000 1.000 100 100 1.00 100 1.00
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mg 0.08 008 007 009 006 006 006 003 012 007 002 003 004 000 011 0127 010 010 0105 0077 0053 000 000 000 001 0.03
9 9 8 7 0 2 4 3 2 4 9 9 0 0 7 1 8 7 0 0 1 5
Fe* 020 019 019 020 019 019 019 029 019 021 023 024 028 031 018 0180 017 017 0165 0179 038 028 040 020 028 032
6 9 7 4 0 8 4 6 3 2 2 2 7 1 0 5 2 8 4 9 9 2
Mn 000 001 000 000 000 000 000 000 000 000 000 o000 000 001 000 0006 000 000 0002 0004 0013 000 001 000 000 0.00
4 0 4 6 5 3 4 7 4 5 6 2 7 2 6 5 7 7 2 6 7 9
Ca 068 068 070 067 073 017 072 064 066 069 071 070 065 066 068 0673 070 070 0713 0722 0534 068 057 076 067 0.62
9 9 7 6 0 9 4 8 0 3 5 8 7 5 4 2 3 4 1 1 3 0
Na 001 001 001 o001 001 O0O1 0O1 001 002 001 001 0OO OO0 OO0 001 0014 o001 001 0014 0.018 0012 001 001 002 002 001
2 5 4 6 5 8 4 6 1 6 8 9 8 7 4 7 0 5 3 5 0 5
M 100 100 100 100 100 100 100 100 100 100 1.00 100 100 1.00 100 1.000 100 100 1.000 1.000 1000 1.00 1.00 100 1.00 1.00
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Figure 8. Pyroxene mineral chemistry diagrams applied to Apoteri Formation. A) Mineral chemistry plot on Ca—
Mg—Fe pyroxenes in the Fs-Wo-En ternary diagram (after Morimoto et al., 1988); B and C) Tectonic
discriminant diagrams based on mineral chemistry. Note that analyzed spots plot on the tholeiitic and non-
orogenic basalts fields, respectively (adapted from Leterrier et al., 1982).
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7. Sm-Nd ISOTOPIC GEOLOGY.

Whole-rock Sm-Nd isotopic data are listed in Table 3 and discussed below. Due to uncertainties
regarding the crystallization age of the Apoteri Formation, which vary between 200 and 150 Ma
(Berrangé & Dearnley 1975; Marzolli et al. 1999; Reis et al. 2006; Pinto et al. 2017), we apply the mixed

age of 170 Ma as a reference to calculate the eNd (t = 0.17 Ga).

Table 3. Whole-rock Sm—Nd isotopic data of the basaltic rocks of the Apoteri Formation.

Sample | Pulse Sm Nd 147Sm/14Nd | M3Nb/™Nd | 2SE | fsming | End () End Towm
(ppm) | (ppm) (t=017Ga) | (Ga)
S0 02 Apl 4,602 18.927 0.1470 0.512455 +7 -0.25 -3.57 -2.56 0.133
S0 26 Apl 4,481 18.329 0.1478 0.512464 +5 -0.25 -3.40 -2.36 0.133
S0 27 Apl 4.383 18.007 0.1471 0.512446 +9 -0.25 -3.75 -2.58 0.135
S0 28 Apl 4.376 17.950 0.1474 0.512456 | +10 -0.25 -3.55 -2.51 0.133
S0 04 Ap2 2.823 11.361 0.1502 0.512399 +8 -0.24 -4.66 -3.71 0.153
S0 20 Ap2 3.210 13.096 0.1482 0.512374 | £15 -0.25 -5.16 -4.17 0.154

In general, the samples show *3Sm/**Nd ratio = 0.512374 - 0.512464, f Sm/Nd between -0.24
and -0.25. Similar ***Nd/*4Nd values (0.5122238 - 0.512311) for Apoteri magmatism are also reported
by Pinto et al. (2020). However, the Apl magmatic pulse has eNd(0) from — 3.40 to — 3.75 and NdTpm
model age = 0.133 - 0.135 Ga, while the Ap2 magmatic pulse has eNd(0) between — 4.66 and — 5.16
and NdTom model age = 0.153 — 0.154 Ga. The eNd versus time diagram summarizes the Nd evolution
patterns provided by the samples investigated (Fig. 9), indicating some degree participation of
Paleoproterozoic sialic crust. According to Pinto et al. (2020), the Apoteri basalts have increased
87Sr/%Sr ratio = 0.70758 - 0.708948, pointing again to some degree of crustal contamination and
association with the large Central Atlantic Magmatic Province (CAMP), especially in eastern USA.
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Figure 9. Correlation diagrams applied to isotopic and geochemical signatures of the Apoteri magmatism. A) ENd
x Age (Ga) evolution patterns. Depleted mantle (DM) curve according DePaolo (1981).
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8. DISCUSSION.

The Pangea supercontinent fragmentation at the Permian (~250 Ma) is related to mantle superplume
activity on the lithospheric base, that favored to equatorial Atlantic Ocean open, as well as the formation
of intracontinental rift-type extensional linear structures during to Mesozoic-Cenozoic, which are
registered in southwestern-central Africa, southeastern USA, and northern South America (Burke 1976;
McHone 2000; Silva et al. 2003; Heine & Brune 2014; Heine et al. 2013; Biari et al. 2017; Ye et al.
2017; Loparev et al. 2021). Mantle plumes emplacement are usually the result of a local uplift of the
asthenospheric mantle, which favors the invasion of basaltic magmas into the lithosphere, mainly during
the pre- to active rift stages (Windley 1995; Wilson 1995; Buck et al. 1999; Campbell 2001; Merle 2011;
Pirajno & Santosh 2015). However, this basaltic magmatism has showed variable geochemical and
isotopic signatures according to lithospheric extension rate, as well as to lithosphere-mantle interaction
rate, volume of mantle-derived melts, and rift internal structural patterns controlling magmatic
emplacement (Sengdr & Burke, 1978; White & McKenzie, 1989; Corti et al., 2003; Koptev et al., 2016).

The Tacutu pre-rift stage is marked by dikes, sills, and subaerial to subaqueous fissure flows
related to Apoteri basaltic magmatism (Eiras & Kinoshita 1990; Eiras et al. 1994; Vaz et al. 2007; Pinto
et al. 2017; Loparev et al. 2021; Figueiredo et al. 2022). On the Brazilian side, at least two magmatic
pulses have been recorded (Apl and Ap2), which have subalkaline basalt to basalt-andesite composition,
with geochemical and isotopic characteristics compatible to low-Ti CAMP magmatism, and emplaced
in an intra-plate geological setting (e.g., lacumin et al. 2003; Pinto et al. 2017; Marzolli et al. 2018; in
this paper). However, from a comparative perspective, Apl has low MgO, high Ti, Zr and REE, while
Ap2 has high Mg, low Ti, Zr and REE, suggesting different degrees of fractionation or magmatic
differentiation (Dupuy & Dostal 1984; Dostal & Durning 1998; Chabou et al. 2010). In addition, the
Nb/La, La/Nb, La/Ba, and Ce/Pb ratios also point to an important rate of crustal contamination on Apl
and Ap2.

On the other hand, the Ap2 is marked by high vesicle or bubbles content indicating parameters variables

for viscosity, decompression rate, melting temperature and rheology of multiphase magmas (Bottinga
& Javoy 1990; Saar & Manga 1999; Mader et al. 2013; Soldati et al. 2020). The vesicles (bubbles) in
basaltic lava flows have been applied, for example, for determine paleoelevation and explosivity at the
time of eruption (McMillan et al. 1989; Mangan et al.1993; Sahagian & Proussevitch 2007; Houghton
& Gonnermann 2008; Hashimoto & Sumita 2021; Colombier et al. 2021). Therefore, statistical and
chemical studies on volume, size, morphology, coalescence rate, and composition of the vesicles
(bubbles) should be carried out in Ap2 magmatic pulse, in order to understand emplacement mechanism
and make inferences about the rate of lithospheric extension, for example.

The presence of quartz varieties (chalcedony, agate, opal) as accessory minerals, associated with
whole-rock geochemistry data and the negative eNd(t) values (-2.36 to -4.12), indicate for an important
interaction rate between the subcontinental lithospheric mantle (SCLM) and Archean-Paleoproterozoic
continental old-crust during to Apoteri magmatism emplacement. The lithospheric breaking and
extension mechanisms in the Tacutu pre-rift stage was controlled by a deep normal faults system (horst-
graben type), as result of an oblique continental segmentation of the Central Atlantic opening process,
responsible for the vast CAMP-type tholeiitic flood basalt province (lacumin et al. 2003; Marzolli et al.
2018; Pinto et al. 2020; Loparev et al. 2021; Figueiredo et al. 2022). This short lithospheric extension
led to local upwelling and decompression of the SCLM, with the mafic magmas produced being
channeled along faults, invading and being contaminated by sialic lithosphere, and finally spread on the
surface under a fissure volcanism. However, the record of distinct Apoteri magmatic pulses (Apl and
Ap2) suggests that the movement of normal faults in the internal dynamic of the Tacutu rifting may have
played an important role in emplacement and accommodation of magmas. For example, the vesiculation
in Ap2 may be also associated with a fast decompression rate linked to space generation during fault
movement, which may accelerate nucleation and growth of bubbles, followed by an increase in the
coalescence rate and thus leading to a fissure volcanism with some mild degree of explosivity and
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fragmentation (Herd & Pinkerton 1997; Sahagian et al. 2002; Rivalta et al. 2013; Le Gall & Pichavant
2016; Polacci et al. 2012; Allison et al. 2021).

According to Pinto et al. (2107), based geochemical signatures, the Apoteri basalts are not
primary magmas, probably due to fractional crystallization process (olivine and pyroxenes) before
emplacement. We believe that the short lithospheric extent combined with the internal fault architecture
(horst-graben) of the Tucutu rifting may have contributed to not allowing a clear exhumation of magma
from the underlying mantle (Rosenbaum et al. 2008; Simon et al. 2009; Stab et al. 2016; Pérez-Gussinyé
2013; Theunissen & Huismans 2022). Another likely condition would be the locally exhumed
subcontinental mantle domes to a narrow zone for slow and ultra-slow spreading rates at the lithosphere
base, favoring slight decompression and basaltic melts extraction by fractional crystallization within a
magma-poor rift domain (McKenzie & Bickle 1988; Whitmarsh et al. 2001; Ebinger & Casey 2001;
Franke 2013; Niu 2021). Previous geophysical investigations revealed that the Tacutu rift internal
geometry (horst-graben blocks) has greater depth on the Guyana side (to 3000 from 5400 m), marked
by the transition between deltaic-marine system, while on the Brazil side the depth varies from 600 to
3000 m and hosts a fluvial-deltaic system (Crawford et al. 1985; Mohriak 2003; Passos & Vidotti 2019;
Webster et al. 2020). Therefore, it is reasonable to infer that only restricted parts of the Tacutu rifting,
probably on the Guyana side, would host magmas that mantle plumes produce.

On the Brazilian side, the geochemical variations identified in SiOz, TiO2, MgO, Zr, Nb, Th, Y,
REE, Mg#, and Ce/Pb ratio, as well as in negative values for ENd), suggest that the Apl and Ap2
basaltic melts may have been extracted and emplaced at different times and under different crustal
interaction rate. The figure 10 is a simplified hypothetical representation of the emplacement moments
of the Apl and Ap2 basaltic pulses, controlled mainly by the fault movement of the Tacutu rifting. In
this geological model, the Tacutu rift internal geometry also controlled the style of the Apoteri basaltic
fissure volcanism. On the Brazilian side, the fissure volcanism had mainly effusive sub-aerial
characteristics, but with some degree of explosivity and fragmentation mainly in the Ap2 pulse, while
that the fissure underwater volcanism prevailed on the Guyana side.
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Figure 10. Simplified geological model proposed for the emplacement moments of the Apoteri Apl and Ap2
basaltic pulses during the Tacutu pre-rift phase (early Jurassic). The Tacutu rift internal geometry favored for a
fissure sub-aerial basaltic volcanism with some degree of explosivity in the Ap2 pulse, associated with fluvial-
deltaic system on the Brazilian side, as well as a fissure underwater volcanism associated with deltaic-marine
systems on the Guyana side. Note that the movement of faults inside the Tacutu rifting was the main mechanism
generated space for basaltic flows (A and B).

The K-Ar and Ar-Ar geochronological data available point to these basaltic magmatism ages
between 200 - 150 Ma (Marzoli et al. 1999; Reis et al. 2006). However, due to the very rare presence of
zircon crystals in Apoteri basalts, we are still applying the whole rock chemical dissolution technique
(e.g., Oliveira et al. 2022) in an attempt to obtain specimens of these crystals in order to apply the U- Pb
which could provide a more accurate age.

9. CONCLUSION.

The petrological information available on the Apoteri basaltic magmatism, added to the new data
presented in this paper, allow us to conclude that during the Tacutu pre-rift phase (early Jurassic), on
the Brazilian side, at least two subalkaline pulses of basalt to basalt-andesite compositions occurred
(Apl and Ap2). This magmatism has a low-Ti CAMP type geochemical signature, emplaced within a
magma-poor continental rift domain (intra-plate), related to equatorial Atlantic Ocean open. However,
Apl and Ap2 have important textural and geochemical differences: Apl display aphanitic to fine
porphyritic texture, while Ap2 has notable vesicular textural feature. Apl has low MgO, high Ti, Zr and
REE, while Ap2 has high Mg, low Ti Zr, and REE, suggesting different degrees of fractionation or
magmatic differentiation. Additionally, the Nb/La, La/Nb, La/Ba, and Ce/Pb ratios, as well as the
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negative ENd values, also point to different rates of lithospheric contamination between Apl and Ap2
magmatic pulses. Relatively, Apl pulse has greater differentiation and less contamination than the Ap2
pulse, probably related to crustal residence time.

On the other hand, the short lithospheric extension during the Tucutu rifting, associated with the
interior blocks architecture (horst-graben) and fault movement rates, played an important role in volume
control (space generation) and emplacement moment of the basaltic magmatic pulses. Variations in
depth and depocenters during the Tacutu rifting also influenced the styles of volcanic manifestations.
On the Brazilian side, the Apoteri basaltic fissure volcanism had sub-aerial characteristics, with some
degree of explosivity during the Ap2 pulse, associated with a fluvial-deltaic system, while on the Guyana
side occurred mainly fissure underwater volcanism associated with a deltaic-marine system.
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As principais conclusdes desta dissertacdo de mestrado, desenvolvidas a partir dos

resultados e discuss@es apresentados nos capitulos anteriores estdo resumidas abaixo:

(1) A fragmentagdo do supercontinente Pangea no Permiano (~250 Ma) esta relacionada a
atividade de um conjunto de plumas mantélicas distribuidas na base litosférica, as quais
favoreceram a abertura do Oceano Atlantico Equatorial (Figura 8), bem como a formacéo de
estruturas lineares extensionais do tipo rifte intracontinental durante 0 Mesozoico-Cenozdico,
cujos registros estdo no centro-sudoeste da Africa, sudeste dos EUA e norte da América do Sul
(Burke 1976; McHone 2000; Silva et al. 2003; Heine & Brune 2014; Heine et al. 2013; Biari et
al. 2017; Ye et al. 2017; Loparev et al. 2021).

(2) A colocagdo das plumas mantélicas € geralmente o resultado de um soerguimento local do
manto astenosférico, que favorece a invasdo de magmas basalticos na litosfera, principalmente
durante os estagios pré e ativo de rifte (Windley 1995; Wilson 1995; Buck et al. 1999; Campbell
2001; Merle 2011; Pirajno et al. 2015). No entanto, este magmatismo basaltico mostra
assinaturas geoquimicas e isotopicas varidveis de acordo com a taxa de extensao litosférica,
bem como a taxa de interagdo litosfera-manto, volume de derretimentos derivados do manto e
padrdes estruturais internos de rifte que controlam a colocacdo magmatica (Sengor & Burke,
1978; White & McKenzie, 1989; Corti et al., 2003; Koptev et al., 2016).

(3) O estagio pré-rifte de Tacutu foi marcado por diques, soleiras e fluxos subaéreos a
subaquosos do magmatismo basaltico Apoteri (Eiras & Kinoshita 1990; Eiras et al. 1994; Vaz
et al. 2007; Pinto et al. 2017; Loparev et al. al. 2021; Figueiredo et al. 2022). Do lado brasileiro,
foram registrados pelo menos dois pulsos magmaticos (Apl e Ap2), que possuem composicao
subalcalina de basalto a basalto-andesito, bem como assinaturas quimicas continentais toleito-
calcalcalinas e intraplaca (Pinto et al. 2017; neste artigo), com caracteristicas geoguimicas e
isotopicas compativeis com magmatismo do tipo CAMP (lacumin et al. 2003; Marzolli et al.
2018). No entanto, do ponto de vista comparativo, Apl possui baixo MgO, alto Ti, Zr e REE,
enquanto Ap2 possui alto Mg, baixo Ti, Zr e REE, mas ambos possuem indicadores
geoquimicos compativeis para contaminagéo crustal. Por outro lado, 0 Ap2 é marcado por alto
conteldo de vesiculas ou bolhas indicando parametros variaveis para viscosidade, taxa de
descompressao, temperatura de fusdo e reologia de magmas multiféasicos (Bottinga & Javoy
1990; Saar & Manga 1999; Mader et al. 2013; Soldati et al. 2020). As vesiculas (bolhas) em
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fluxos de lava baséltica tém sido aplicadas, por exemplo, para determinar paleoelevacdo e
explosividade no momento da erupcdo (Sahagian & Proussevitch 2007; Hashimoto & Sumita
2021; Colombier et al. 2021). Portanto, estudos estatisticos e quimicos sobre volume, tamanho,
morfologia, taxa de coalescéncia e composicdo das vesiculas devem ser realizadas no pulso
magmatico Ap2, a fim de entender o mecanismo de colocacao e fazer inferéncias sobre a taxa
de extensdo litosférica, por exemplo.

(4) A presenca de variedades de quartzo (calceddnia, agata, opala) como minerais acessorios,
associada aos dados geoquimicos de rocha total e valores negativos de eNd(t) (-2,36 a -4,12),
indicam importante taxa de interagdo entre o manto litosférico subcontinental (SCLM) e crosta
antiga continental Arqueano-Paleoproterozoica durante a coloca¢do do magmatismo Apoteri.
Os mecanismos de quebra e extensdo litosférica no estagio pré-rifte de Tacutu foram
controlados por um sistema de falhas normais profundas do tipo horst-graben, resultado de uma
segmentacdo continental obliqua do processo de abertura do Atlantico Central responsavel pela
vasta inundacdo toleitica do tipo CAMP (lacumin et al. 2003; Marzolli et al. 2018; Pinto et al.
2020; Loparev et al. 2021; Figueiredo et al. 2022). Esta curta extensdo litosférica levou a
ressurgéncia local e descompressdo do SCLM, com os magmas maficos produzidos sendo
canalizados ao longo de falhas, invadindo e sendo contaminados por litosfera sidlica, e
finalmente espalhados na superficie sob um vulcanismo fissural. Entretanto, o registro de
distintos pulsos magmaticos Apoteri (Apl e Ap2) sugere que o movimento de falhas normais
na dindmica interna do rifte do Tacutu pode ter desempenhado um papel importante na
colocacédo e acomodacdo dos magmas. Por exemplo, a vesiculagdo em Ap2 pode estar associada
a varios parametros fisico-quimicos e magmas reolégicos (McMillan et al. 1989; Mangan et
al.1993; Herd & Pinkerton 1997; Sahagian et al. 2002; Houghton & Gonnermann 2008), mas
uma rapida taxa de descompressao ligada a geracao de espago durante o movimento da falha
pode acelerar a nucleacdo e crescimento de bolhas, seguido por um aumento na taxa de
coalescéncia, levando assim a um vulcanismo fissural com algum grau moderado de
explosividade e fragmentacdo (Rivalta et al . 2013; Le Gall & Pichavant 2016; Polacci et al.
2012; Allison et al. 2021).
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Figura 8 - Distribui¢do do conjunto de plumas mantélicas que favoreceram a abertura do Oceano Atlantico
Equatorial. Fulaninho (Loparev et al., 2021).

(5) Com base em assinaturas geoquimicas, de acordo com Pinto et al. (2107), os basaltos
Apoteri ndo sdo magmas primarios, provavelmente devido ao processo de cristalizacdo
fracionada (olivina e piroxénios) antes da colocacdo. Acredita-se que a curta extensdo
litosférica combinada com a arquitetura de falha interna do rifteamento de Tacutu pode ter
contribuido para ndo permitir uma clara exumagao de magma proveniente do manto subjacente
(Rosenbaum et al. 2008; Simon et al. 2009; Stab et al. 2016; Pérez-Gussinyé 2013; Theunissen
& Huismans 2022). Outra condicao provavel, seria as clpulas do manto subcontinental estarem
localmente exumadas para uma zona estreita com taxas de espalhamento lentas e ultra-lentas
na base da litosfera, favorecendo a descompresséo leve e a extragdo de fusdo baséltica por
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cristalizagéo fracionada dentro de um sistema de rifteamento pobre em magma (McKenzie &
Bickle 1988; Whitmarsh et al. 2001; Ebinger & Casey 2001; Franke 2013; Niu 2021).
InvestigacOes geofisicas anteriores revelaram que a geometria interna do rifte de Tacutu (blocos
horst-graben) tem maior profundidade no lado da Guiana, entre 3000 a 5400 m, marcada pela
transicdo entre o sistema deltaico-marinho (Figura 9), enquanto no lado do Brasil a
profundidade varia de 600 a 3000 m e abriga um sistema fluvial-deltaico (Crawford et al. 1985;
Mohriak 2003; Passos & Vidotti 2019; Webster et al. 2020). Portanto, é razoavel inferir que
apenas partes restritas do rifte de Tacutu, provavelmente do lado da Guiana, abrigariam
registros dos magmas produzidos pelas plumas mantélicas.

(6) Do lado brasileiro, as variages geoquimicas identificadas em SiO2, TiO2, MgO, Zr, Nb, Th,
Y, REE, Mg# e relacdo Ce/Pb, bem como em valores negativos para ENd(t), sugerem que o Os
fundidos basalticos Apl e Ap2 podem ter sido extraidos e colocados em diferentes momentos
e sob diferentes taxas de interacdo crustal. A figura 10 é uma representacdo hipotética
simplificada dos momentos de colocacdo dos pulsos basalticos Apl e Ap2, controlados
principalmente pelo movimento de falha do rifting de Tacutu. Neste modelo geoldgico, a
geometria interna do rifte Tacutu também controlou o estilo do vulcanismo fissural baséltico
Apoteri. O vulcanismo fissural no lado brasileiro apresentou caracteristicas predominantemente
subaéreas efusivas associado a um sistema fluvio-deltaico, apresentando certo grau de
explosividade e fragmentagéo principalmente no pulso Ap2, enquanto que no lado guianense
prevaleceu o vulcanismo fissural subaquatico associado a um sistema deltaico-marinho sistema.

(7) As informacdes petrologicas disponiveis sobre 0 magmatismo Apoteri, permitem concluir
que durante a fase pré-rifte de Tacutu (Jurassico Inferior) ocorreram pelo menos dois pulsos
subalcalinos de basalto a basalto-andesito (Apl e Ap2), dentro de um dominio rifte pobre em
magma relacionado ao oceano Atlantico Equatorial aberto e magmatismo do tipo CAMP, que
possuem assinaturas quimicas toleita-calcialcalinas e intraplaca. No entanto, Apl exibe textura
afanitica a porfiritica fina, enquanto Ap2 possui caracteristica textural vesicular notavel. Apl
tem baixo MgO, alto Ti, Zr e REE, enquanto Ap2 tem alto Mg, baixo Ti Zr e REE. Indicadores
geoquimicos e isotopicos apontam para diferentes taxas de contaminacgao crustal entre os pulsos
magmaticos Apl e Ap2, provavelmente relacionadas ao tempo de residéncia crustal marcado
por valores negativos de ENd.
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Figura 10 - Modelo geoldgico simplificado proposto para os momentos de colocagdo dos pulsos basalticos Apoteri
Apl e Ap2 durante a fase pré-rifte de Tacutu (Jurassico Inferior). A geometria interna do rifte de Tacutu favoreceu
um vulcanismo baséltico subaéreo fissural com algum grau de explosividade no pulso Ap2, associado ao sistema
flavio-deltéico do lado brasileiro, bem como um vulcanismo subaéreo fissural associado a sistemas deltaico-
marinhos no lado brasileiro lado da Guiana. Nota-se que a movimentagao das falhas no interior do rifteamento de
Tacutu foi o principal mecanismo gerado no espago para os derrames basélticos (A e B).
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