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RESUMO

Essa tese de Doutorado tem por objetivo apresentar uma discusséo sobre a evolugéo do
manto litosférico subcontinental na regido nordeste da Provincia Borborema, desde o Mesozdico
até Cenozdico. Para isso foram obtidos dados de geoquimica elementar e isotopica de dois
importantes eventos magmaticos expostos na regido: (i) o enxame de diques toleiticos Cearé-
Mirim (Cretaceo Inferior) e (ii) o vulcanismo alcalino Macau representado por plugs, necks e
lavas com idades distribuidas desde o Oligoceno ao Mioceno.

O enxame de diques de Ceara Mirim é composto de (i) olivina toleitos de alto-Ti, (ii)
toleitos evoluidos de alto-Ti (TiO,>1,5 wt.%; Ti/Y >360), e (iii) toleitos de baixo-Ti (TiO.<1,5
wt%; Ti/Y<360), todos com forte enriquecimento em elementos incompativeis relativo ao manto
primitivo. Os olivina toleitos exibem teores em Nb-Ta semelhante aqueles de magmas do tipo
OIB. Ao contrério, os toleitos evoluidos de alto-Ti e os toleitos a baixo-Ti mostram anomalias
negativas em Nb-Ta, as quais sdo mais pronunciadas nos basaltos de baixo-Ti. Os olivina toleitos
mostram a razdes iniciais ®’Sr/*®Sr uniformes (0,7034-0,7037), enquanto que as composicoes
isotopicas de Nd e Pb sdo varidveis, parte delas moderadamente radiogénicas(0,512518—
0,512699; 19,13-19,25). As composi¢des isotdpicas de Pb sugerem a contribuicdo de um
componente FOZO na génese desses olivina toleitos. Os outros toleitos apresentam valores
muito mais variaveis, com &Sr/®sr radiogénicas (em comparacdo ao BSE;-;,;) e valores sub-
condriticos para Nd (<0,512442 ou exe< -0,6). Quando combinadas com razdes ***Pb/***Pb entre
17,08 e 18,41, os toleitos evoluidos de alto-Ti e os toleitos de baixo-Ti mostram afinidade com o
componente EMI, sendo as caracteristicas enriquecidas dos toleitos de baixo-Ti mais acentuadas
devido a contaminagdo crustal durante ascensdo. As similaridades com EMI, as anomalia de Nb
e idades modelo Tpm> 1 Ga, sdo evidéncias composicionais para atribuir a origem dos toleitos
evoluidos de altoe baixo-Ti a fusdo do manto litosférico subcontinental proterozdico,
metasomatizado por um componente de subducgéo. Os dados de termometria aliados aos padrdes
fracionados de elementos terras raras indicam que a fusdo deve ter acontecido a ~60 km,na
regido de transi¢cdo granada-espinélio assumindo uma litosfera afinada durante o Cretaceo. Os
olivina toleitos, por sua vez, teriam fundido em profundidades de ~75 km a partir da astenosfera
tipo-FOZO, passivamente soerguida em decorréncia de afinamento litosférico relacionado a
esforcos distensivos duranteo Cretaceo.

O wvulcanismo cenozdico Macau € representado por alcali-basaltos, basanitos e
nefelinitos. Basaltos toleiticos s&o menos comuns. Em geral, os basaltos Macau guardam alguma

semelhanga com os olivina toleitos cretaceos. S&o enriquecidos em elementos incompativeis e



em Nb-Ta, mas com caracteristicas mais primitivas como10<MgO<15wt.% e 200<Ni<500ppm.
Todos experimentaram fracionamento de olivina e clinopiroxénio, enquanto plagioclésio
contribuiu em menor importancia. O modelamento feito a partir de razGes entre elementos terras
raras combinado a dados termométricos indicam que os basanitos e alcali-basaltos teriam
fundido a partir de lherzolitos a profundidade entre 80-90 km, na regiéo de transicdo espinélio-
granada, enquanto que os nefelinitos seriam produto da fuséo (<0,1%) mais profunda,a ~120 km
de profundidade (~1470°C). As composicOes isotopicas Sr-Nd-Pb sdo semelhantes a magmas
OIB gerados pela mistura de dois reservatorios, modelados como FOZO e EM. A identificagdo
de FOZO no Cenozobico da Provincia Borborema aliada & auséncia de um cenario tectnico
compativel com afinamento litosférico/ascensdo passiva da astenosfera e/ou presenca de plumas,
nos leva a propor que a astenosfera tipo-FOZO teria se re-equilibrado termalmente com o manto
litosférico subcontinental desde o Cretaceo. Ao contrério, o componente EM nos basaltos Macau
ndo pode ser correlacionado ao mesmo manto litosférico enriquecido identificado nos toleitos.
Embora ainda ndo muito clara, sua origem é por ora atribuida a metassomatismo potéssico
provavelmente relacionado ao impacto da pluma de Fernando de Noronha sob o continente. As
similaridades isotopicas entre esses basaltos oceénicos e 0s basaltos continentais sugerem que
alguma ligacdo genética deve ser considerada.

Por fim, composicfes isotopicas de Os e idades modelo Trp obtidos de xendlitos
peridotiticos nos basaltos cenozoicos, registram a recorréncia de multiplos eventos de extracdo
de magmas (1,3 a 0,1 Ga) e metassomatismo, confirmando a evolugdo quimica complexa
experimentada pelo manto litosférico subcontinental no extremo nordeste da Provincia

Borborema.

Palavraschaves: magmatismo toleitico, magmatismo alcalino intraplaca, manto litosférico subcontinental,
componente FOZO



ABSTRACT

The objective of this doctoral thesis is to present a discussion on the evolution of the
subcontinental lithospheric mantle in the northeast of the Borborema Province from the
Mesozoic to the Cenozoic. For this reason, element and isotope geochemical data were obtained
from two important magmatic events in the region: (i) the Lower Cretaceous Ceara-Mirim dyke
swarm and (ii) the Macau alkaline volcanism characterized by plugs, necks and flows of
Oligocene to Miocene ages.

The Ceara-Mirim dyke swarm is composed of (i) high-Ti olivine tholeiites, (ii) evolved
high-Ti tholeiites (TiO>>1.5 wt.%; Ti/Y >360), and (iii) low-Ti tholeiites (TiO»<1.5 wt.%;
Ti/Y<360), all exhibiting strong enrichment in incompatible elements relative to the primitive
mantle. The Nb-Ta abundance in the olivine tholeiites is of OIB affinity, while the evolved high-
Ti and the low-Ti tholeiites demonstrate Nb-Ta negative anomalies, more accentuated in the
low-Ti basalts. Initial Sr/®®Sr ratios in the olivine tholeiites are less variable (0.7034-0.7037),
but have variable Nd and Pb isotopic compositions with some moderately radiogenic (0.512518-
0.512699; 19.13-19.25). The Pb isotopic compositions suggest the contribution of a FOZO
component in the genesis of the olivine tholeiites. The other tholeiites exhibit more variable
values, with radiogenic 3'Sr/%Sr (relative to BSE-157) and subchondritic Nd (<0.512442 or eNd
< -0.6). When combined with the 2°°Pb/**Pb ratios of 17.08 to 18.41, the evolve high-Ti
tholeiites demonstrate EM1 affinity, with the enriched nature of the low-Ti tholeiites more
enhanced due to crustal assimilation during ascent. The similarities with EM1, the Nb anomaly
and the Tpm model age > 1 Ga, are compositional evidence that suggest the magmas of the
evolved high-Ti and low-Ti tholeiites were generated from the melting of the Proterozoic
subcontinental lithospheric mantle, metasomatized by a subduction component. A combination
of the inferred temperature data with the fractionated rare earth element patterns indicate that
melting might have occurred at ~60km, at the garnet-spinel Iherzolites transition zone in a
thinned lithosphere during the Cretaceous. On the other hand, the olivine tholeiite magma might
have been generated at ~75 km depth, in a FOZO-type asthenosphere that passively welled up
due to the lithospheric extension and thinning in the Cretaceous.

The Macau volcanism is composed of alkali basalts, basanites and nephelinites, and rare
tholeiitic basalts. Generally, the Macau basalts and the Cretaceous olivine tholeiites share some
similarities. They are enriched in incompatible elements and in Nb-Ta, but with more primitive
characteristics like 10<MgO<15 wt.% and 200<Ni<500 ppm. All experienced fractionation of

olivine and clinopyroxene, but less important for plagioclase. Rare earth element modeling and



inferred temperature data indicate that the basanitic and the alkaline basaltic magmas melted
from lherzolites at 80-90 km depth, at the spinel-garnet transition, while the nephelinitic magmas
were generated from melting (<0.1%) at deeper levels, at ~120 km of depth (~1470°C). The Sr-
Nd-Pb isotopic compositions have affinity to OIB magmas generated from the mixiny of two
reservoirs, modeled as FOZO and EM. The identification of FOZO in the Borborema Province in
the Cenozoic with the absence of a compatible tectonic scenario such as lithospheric
thinning/passive asthenospheric upwelling and/or the presence of plumes, make us to propose
that a FOZO-type asthenosphere might have thermally re-equilibrated as a subcontinental
lithospheric mantle since the Cretaceous. On the other hand, the EM component in the Macau
basalts cannot be linked to the same enriched lithospheric mantle identified with the tholeiites.
However, their origin, though not very clear, is attributed to potassic metasomatism probably
linked to the impact of the Fernando de Noronha plume on the continent. The similarities in
isotopic signatures between the oceanic and continental basalts suggest a genetic link between
both.

Lastly, the Os isotopic compositions and Trp model ages contrained from the peridotite
xenoliths in the Cenozoic basalts, record the occurrence of multiple magma extraction (1.3 to 0.1
Ga) and metasomatism events, confirming a complex chemical evolution in the subcontinental

lithosphere in the far northeast of the Borborema Province.

Keywords: tholeiitic magmatism, intraplate alkali magmatism, subcontinental lithospheric mantle, FOZO

component
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CAPITULO 1

INTRODUCAO

1.1 ASPECTOS GERAIS

Do sul ao norte da Placa Sul-Americana oriental ha varias ocorréncias de magmatismo
basaltico de natureza toleitica de idade Cretacica (p.ex., Almeida, 1986; Almeidae Carneiro,
1989) representado por:(1) Enxames de Diques da Serra do Mar (Comin-Chiaramonti et al.,
1983; Regelous, 1993; Garda, 1995; Valente et al.,1998, 1999; Guedes et al., 1999; Loboet al.,
1999) e de Ponta Grossa (Piccirillo et al.,1990), (2) derrames basalticos internos as bacias rift
(Fodor e Vetter, 1984; Fodor et al., 1983, 1984; Mizusaki et al.,1992; Almeida et al., 1996;
Caineli e Mohriak,1999; Thomaz Filho et al., 2000; Mohriak et al., 2002), e (3) derrame
basaltico da Provincia Parand-Etendeka (p.ex., Piccirillo e Melfi, 1988). Ainda, no extremo
nordeste da Provincia Borborema sdo reconhecidos (4) o Enxame de Diques Ceard-Mirim
(Bellieni et al., 1992; Hollanda et al., 2006) e (5) as soleiras e diques do magmatismo Sardinha,
expostos na Bacia do Parnaiba (Bellieni et al., 1990; Fodor et al., 1990; Baksi and Archibald,
1997), e sob o Craton Amazodnico, (6) ocorréncias do vulcanismo Penacateua (segundo um
relatorio de IBAMA (licenciamento.ibama.gov.br), sdo diques e soleiros jurassicos na vizinhanga
da cidade de Altamira).Todos esses eventos tém sido interpretados como produtos de esforgos
tectbnicos e/ou atividade de plumas relacionadas a abertura diacrénica do Oceano Atlantico,
durante o Cretdceo. No Cenozdico, a ativade epirogenética esteve especialmente restrita a
margem nordeste do Brasil, tendo como produtos os episodios vulcanicos Macau e Mecejana,
cuja origem tem sido atribuida (e também questionada) a efeitos da passagem do hot spot de
Fernando de Noronha sob o continente. Independente da idade, todos esses eventos magmaticos
e produtos relacionados estdo muito claramente caracterizados na literatura a partir de dados
geoquimicos e isotopicos (ver referéncias acima citadas), desde os magmas toleitos de alto- e
baixo-Ti dominantes no Cretaceo, atéos magmas alcalinosque se distribuem desde o Cretaceo
Superior (a Provincia Alcalina de Goias) até o Oligoceno-Mioceno (vulcanismo Macau). Estudar
0S aspectos petrogenéticos desses varios eventos magmaéticos é de inegével relevancia para
reconhecer a natureza quimica do manto litosférico subcontinental, e é nessa linha que a presente

tese pretende contribuir. Os alvos para essa abordagem sdo o enxame de diques Ceara-Mirim e o
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vulcanismo Macau, ambos expostos no extremo nordeste da Provincia Borborema, no dominio
continental do Atléantico equatorial. O vulcanismo Macau consiste na atividade epirogenética
mais jovem registradano escudo precambriano brasileiro, e tem a particularidade de hospedar
xenolitos peridotiticos que, como tal, trazem informacéo direta e valiosa sobre a historia quimica
do manto, muitas vezes inacessivel a partir dos magmas basalticos.

Essa tese de doutorado rene um conjunto siginificativo de dados geoquimicos de
elementos maiores e tracos incluindo aqueles: de comportamento incompativel durante a fusdo
parcial, de afinidade sideréfila e os terras raras conhecidos, repsectivamente, pelos acronimos em
inglés LILE (large ion lithophile elements), HFSE (high field strength elements), HSE (high
siderophile elements) e REE (rare earth elements). Somam-se aos dados geoquimicos um
conjunto igualmente expressivo de dados isotdpicos Sr, Nd, Pb e Os, usados em combinagéo
para caracterizaro quimismo dos magmas maficos relacionados ao vulcanismo fissural Ceara-
Mirim e ao vulcanismo Macau, suas fontes no manto e processos relacionados a sua evolucao
desde a fonte até alojamento e cristalizacdo na crosta. O enxame de diques Ceara-Mirim é
basicamente constituido por diabasios toleiticos cuja intrusdo estd temporalmente associada a
evolucéo do rift Potiguar durante a abertura do Atlantico Equatorial (p.ex., Matos, 1992, 2000).
Dentre os poucos trabalhos cientificos publicados na literatura sobre os diques Ceara-Mirim
destacamos: (1) Bellieni et al. (1992), que inclui dados litogeoquimicos-isotépicos (Sr-Nd) e a
assinatura paleomagnética do enxame, posicionando-os principalmente no Creticeo; (2)
Archanjo et al. (2000, 2002), que apresenta 0 modelo da trama magnética-magmatica dos diques
identificando, a partir do padréo de lineagcbes magnéticas e orientacOes preferenciais de minerais
magmaticos, as provaveis zonas de alimentacdo do enxame na intersecgdo com o alinhamento N-
S definido pelos edificios vulcanicos do Macau, e (3) Hollanda et al. (2006), queretne dados
geoquimicos e isotopicos (Sr-Nd-Pb) a partir de uma amostragem mais ampla que aquela
apresentada por Bellieni e co-autores para discutir as provaveis fontes mantélicas para os
magmas toleiticos. E no trabalho de Hollanda e colaboradores que surge a primeira indicagio
para participagdo de um componente radiogénico em Pb como fonte desses magmas,
preliminarmente interpretado como sendo o reservatério HIMU. Apesar dessas contribuicdes, 0
acervo geocronoldgico sobre os diques Ceara-Mirim ainda é insuficiente, principalmente
baseado em dados K-Ar agrupados no intervalo entre 135 e 110 Ma (Bellieni et al., 1992;
Oliveira, 1992; Mizusaki et al., 2002).

O vulcanismo Macau é constituido por basaltos alcalinos que ocorrem na forma de plugs,
necks, soleiras e poucos diques distribuidos segundo um alinhamento N-S com extensdo de

aproximadamente 300 km. Sial (1981) publicou os primeiros dados geoquimicos e de quimica
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mineral das lavas Macau, os quais foram complementados e refinados nos trabalhos
subsequentes de Fodor et al. (1998) e nas teses ndo publicadas de M.H.B.M. Hollanda (2002) e
F.V. Silveira(2006). A primeira abordou principalmente a utilizacdo de dados isotpicos para
caracterizacdo da natureza das fontes, a segunda enfatizando aspectos cartogréficos,
petrograficos e geocronoldgicos OArAr posicionando, em definitivo, o vulcanismo Macau
entre 52 e 7 Ma. Parte das idades obtidas por Silveira foram publicadas em Knesel et al.(2011),
aquelas referentes aos representantes mais jovens. Com base nas idades obtidas, Knesel e
colaboradores discutem e rejeitam qualquer associagdo genética e temporal do vulcanismo
Macau com o hot spot de Fernando de Noronha, como proposto nos trabalhos de Fodor et al.
(1998, 2002) e Rivalenti et al. (2000) a partir de similaridades quimicas entre as lavas no
continente e aquelas oceénicas, bem como no quimismo dos xendlitos.

A presente tese esta organizada na forma de seis capitulos, sendo trés introdutdrios que
versam sobre os objetivos/justificativas, conhecimento geoldgico ja existente sobre os alvos
deste estudo e métodos usados para obtencdo dos dados aqui apresentados. Os resultados
compdem os trés capitulos principais que discutem, separadamente, a petrogénese e a natureza
das fontes no manto dos magmas toleiticos que constituem o Enxame de Diques Ceara-Mirim
(Capitulo 4) e dos magmas alcalinos representantes do vulcanismo Macau (Capitulo 5). Ambos
estdo organizados no formato de artigos cientificos, submetidos aos periddicos Lithos e Journal
of Volcanology and Geothermal Research, respectivamente. O Capitulo 6 retne os dados Re-Os
obtidos para os xendlitos hospedados nas lavas Macau, os quais foram obtidos através de uma
parceria com a University of Maryland, através do Dr. Richard Walker. Ao final deste ultimo
capitulo, é apresentada uma conclusdo geral de todos os resultados obtidos no ambito deste

doutorado.

1.2. SINTESE DO CONHECIMENTO GEOLOGICO PREVIO

1.2.1 O ENXAME DE DIQUES CEARA-MIRIM

O enxame de diques Ceard-Mirim distribui-se ao longo de aproximadamente 350 km,
acompanhando o vale do Rio Cear4-Mirim, segundo uma direcdo dominantemente E-W. Os
diques intrudem preferencialmente o embasamento precambriano na porgdo que atualmente
corresponde ao limite meridional da Bacia Potiguar; mais a oeste, 0 enxame passa para uma
orientacdo NE-SW, paralela ao eixo do rift Potiguar (Fig. 1.1a). Em reconstru¢Bes pré-deriva, o

enxame representaria a contrapartida brasileira do evento magmatico mais antigo associado ao
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rift Benue (SE-Nigéria a N-Camardes). Os intervalos de idades K-Ar e “°Ar/*Ar conhecidas s&o
coincidentes: c. 135-110 Ma para o Ceara-Mirim (K-Ar: Horn et al

., 1988; Bellieni et al., 1992;
Oliveira, 1992, e Ar/*°Ar: Smith et al., 2001; Arajo et al., 2001; Mizusaki et al., 2002) e c.
147-106 Ma para 0 magmatismo no setor setentrional do rift Benue (Maluski et al., 1995). A

superposicao cronoldgica levou Marzoli et al. (2000) a considerar esses dois eventos magmaticos
como pertencentes a um unico, de escala continental, nucleado na regido equatorial do Oceano
Atlantico (Equatorial Circum-Atlantic - EQA).
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FIGURA 1.1. (a) Mapa esquematico da por¢do NE da Provincia Borborema mostrando o limite meridional da Bacia
Potiguar (em cinza, na parte superior da figura) e a localizagcdo do enxame de diques Rio Ceara-Mirim e os basaltos
de Macau (Vulcanic plugs and flows no mapa). A leste e oeste da cidade de Florénia ocorre um sub-enxame de

diques “alcalinos” relacionados ao enxame principal; (b) demonstra a extensdo dos basaltos de Macau definida pelo
poligono de S&o Pedro a Macau (de Silveira, 2006). Os afloramentos sdo em vermelho.
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Os diques sdo corpos verticais variando de 1-150 metros de largura e 3-4 km de comprimento,
com distribuicdo linear ao longo da atual borda sul da Bacia Potiguar. Inclui essencialmente
diabésios toleiticos (SiO, = ~53-50%, MgO = ~4% e &lcalis total = ~6-4%), com: (i) alto- a
baixo-Ti, (i) forte a moderado enriquecimento em LILE e HFSE, (iii) razées altas de® Sr/®°Sr
(0,70713-0,70473) associadas a baixas razdes de'**Nd/***Nd (0,512494-0,512000) e **Ph/?*Ph
(18,77-18,34) (Bellieni et al., 1992; Hollanda et al., 2006).

Esse padrdo geoquimico-isotopico, juntamente com idades-modelo Sm-Nd entre 1,0-1,5
Ga, sugerem que os magmas toleiticos evoluiram a partir de um manto litosférico antigo, tipo
EM (Hollanda et al., 2006). Um conjunto menor de diques E-W ocorre mais a sul do enxame
principal diferindo em composi¢do por apresentarem olivina modal e afinidade alcalina,
correspondendo ao sub-enxame V de Bellieni et al. (1992). Apesar de sua aparente correlagéo
com o enxame principal, toleitico, as caracteristicas geoquimicas e isotopicas desses diques sdo
ainda pouco conhecidas. Analises da trama magnética dos diques Ceard-Mirm mostraram
variagdo no mergulho da lineagdo passando de um padrdo sub-vertical, na porcéo centro-oriental
do enxame, para um padrdo horizontal na extremidade ocidental (Archanjo et al., 2000, 2002).
Esse comportamento sugere que a zona de alimentacdo do enxame estaria localizada na sua
porcdo central, atualmente abaixo dos arenitos terciérios da Serra de Santana, proximo a cidade

de Florania.

1.2.2 O VULCANISMO MACAU

O wvulcanismo Macau ocorre na forma de plugs e necks de dimensfes variadas que
intrudem o embasamento precambriano, e soleiras intercaladas nos sedimentos da Bacia
Potiguar. Em conjunto, as inimeras ocorréncias cartografadas do vulcanismo Macau estdo
circunscritas em um poligono com orientacdo geral N-S, e comprimento de aproximadamente
300 km entre as cidades de Macau (RN) e Serra de S&o Pedro (PE) (Fig. 1.1b). Constituem
dominantemente rochas alcalinas (Ne normativa; Na+K > 3,5%) incluindo olivina basaltos,
basanitos, ankaramitos e nefelinitos (Sial et al., 1981; Fodor et al., 1998; Hollanda, 2002;
Silveira, 2006; Knesel et al., 2011). Toleiticos transicionais sdo reconhecidos subordinadamente
(Silveira, 2006). De acordo com Fodor et al. (1998) e Hollanda (2002) as composi¢des isotopicas
Sr-Nd das lavas Macau séo consistentes com magmas tipo OIB, representando misturas de
componentes astenosférico e litosférico. Suas caracteristicas resumem-se a: (i) forte
enriquecimento em LILE (Rb, Sr, K, Ba), terras raras leves e HFSE (Nb, Ta, Ti), associado a (ii)

razdes isotopicas ’Sr/*°Sr e **Nd/***Nd fortemente variéveis entre 0,7038-0,7051 e 0,51266—
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0,51280, respectivamente. As razdes *°Pbr/’*Pb determinadas em algumas poucas amostras
variam entre 18,52 e 19,35. O componente astenosférico foi interpretado como liquidos (melts)
de natureza HIMU+DM interagindo com um manto litosférico que se aproxima de composi¢des
tipo EM. Essa interpretacdo é endossada pela assinatura geoquimica de piroxénios de xendlitos
peridotiticos inclusos em basaltos do Pico do Cabugi que indicam natureza de manto litosférico
com forte afinidade EMI (Rivalenti et al., 2000).

Os dados geocronolégicos “°Ar/*°Ar de Silveira (2006) e Knesel et al. (2011) demostram
idades que se distribuem em um intervalo de aproximadamente 45 milhGes de anos, desde o
Eoceno (c. 52 Ma) até o Mioceno (c. 7 Ma). Nesse conjunto dois picos de idades tém destaque:
em 8 £ 2 Ma e outro em 25,5 + 2 Ma. A superposicdo das idades mais jovens do vulcanismo
Macau com as idades definidas para as rochas da Ilha de Fernando de Noronha (K/Ar: Cordani,
1967; ““Ar/*Ar: Cordani et al., 2004; Buikin et al., 2009), bem como alguns aspectos
geoquimicos-isotopicos similares, tem levado alguns autores a concluir em defesa da associacao
genética entre os produtos desses dois eventos magmaticos (Fodor et al., 1998, 2002). Essa
interpretagdo ndo encontra suporte na distribuicdo dos dados geocronoldgicos “°Ar/*Ar,
incompativel com deslocamento para oeste da placa sul-americana sobre o hot spot de Fernando
de Noronha (Knesel et al., 2011).

A ocorréncia extensiva de xendlitos ultraméficos é observada nos basaltos Macau. Séo
dominantemente peridotitos (Sial et al., 1981; Fodor et al., 1998, 2002; Rivalenti et al., 2000,
2007), e eclogitos subordinados (Silveira, 2006). Estudos detalhados de quimica mineral tém
sido conduzidos por aqueles autores para caracterizagdo precisa das assembléias minerais
constituintes e no estudo da termobarometria, o piroxénio foi usado. Rivalenti et al. (2000) e
Fodor et al. (2002) reconheceram dois tipos texturalmente distintos de xenolitos: (i)
porfirocléstico, representando uma regido mais inferior do manto local que poderia ser
interpretada como a parte superior de um “didpiro” da astenosfera, representada pela transicéo
entre os niveis adiabatico e convectivo, e (ii) protogranular, de uma regido mais rasa (superior)
do manto local representada pelo manto litosférico que sofreu baixas taxas de percolagdo
metassomatica. Essas estimativas baseiam-se nas temperaturas de equilibrio calculadas a partir
das composi¢des de piroxénios, as quais correspondem a 950-1280°C/1,9-2,7 GPa nos xendlitos
porfiroclasticos e 710-990°C/1,3-1,8 GPa nos xendlitos protogranulares (Rivalenti et al., 2000,
2007). Os valores foram obtidos em xendlitos coletados nas lavas do Pico do Cabugi, a maior
expressdo topografica do vulcanismo Macau na Provincia Borborema, e em outros quatro plugs.

Ainda em Rivalenti et al. (2000, 2007), dados geoquimicos e isotopicos em rocha total e

em piroxénios separados da matriz, apontam para a presenca de um agente metassomatico de
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natureza astenosférica e composicdo essencialmente alcali-basaltica, com caracteristicas
isotdpicas tipo-EMI. Esse componente € mais bem reconhecido nos xendlitos profiroclasticos
que, segundo os autores, teriam experimentado maior interacdo metassomatica em comparagao
com os xenolitos protogranulares. A origem deste metassomatismo é associada com alto
gradiente geotérmico (~12-15°C/km) interpretado por Fodor et al. (2002) como resultadoda

passagem da pluma de Fernando de Noronha sob o continente, durante o Cenozoico.

1.3 OBJETIVOS E JUSTIFICATIVA

Os objetivos desta tese de doutorado estdo listados a seguir. Antes, no entanto, faz-se
necessario informar que a presente tese é a continuidade do trabalho iniciado por Hollanda
(2002) cujo objetivo foi acaracterizacdo das fontes mantélicas dos diques toleiticos Ceara-Mirim
e basaltos alcalinos Macau. A comparagdo dessas fontes permitiria discutir a evolugdo quimica
do manto litosférico subcontinental na Provincia Borborema, desde o Cretaceo até o Cenozoico.
Apesar do volume de dados reunidos por Hollanda (2002), algumas questdes ainda
permaneceram abertas. Quanto ao Enxame de Diques Ceara-Mirim, temos que:

i) O enxame principal foi caracterizado do ponto de vista isotdpico, especialmente para

Sr e Nd, e menos para Pb, enquanto quea caracterizacdo geoquimica e aspectos
relacionados a petrogénese (contaminacéo versus cristalizagdo fracionada, percentual
de fuséo da fonte, termometria) foram pouco ou nada explorados. Como resultando,
Hollanda (2002, também Hollanda et al., 2006) publicaram uma classificagdo baseada
na distribuicdo de idades modelo Tpwm, ndo levando em conta critérios geoquimicos
classicamente usados para definir a tipologia de magmas toleiticos continentais como,
por exemplo, contetdo de Ti-Zr-P.

ii) O enriquecimento em elementos incompativeis e a marcante anomalia negativa de Nb
levou & interpretacdo de que os magmas toleiticos teriam sido originados a partir de
um manto metassomatizado por um componente de subduccdo, antigo,
provavelmente de idade paleoproterozdica. No entanto, nenhuma informagéo
conclusiva foi levantada sobre o enxame menor, alojado a sul do enxame principal. A
importancia desse sub-enxame deve-se a presenca de olivina modal, ndo identificada
nos toleitos do enxame principal. Apenas uma amostra desse sub-enxame foi
analizada por Hollanda (2002) e mostrou razdo **Pb/**Pb moderadamente

radiogéncia, tendo sido interpretada como influéncia de uma fonte tipo HIMU. Essa
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caracteristica ndo foi encontrada nos toleitos do enxame principal, menos
radiogénicos em Pb, de forma que tornou-se relevante verificar a presenca da fonte
tipo HIMU e sua abrangéncia com respeito ao enxame de diques como um todo.
Quanto ao vulcanismo Macau, temos que:
i)  Os dados Sr-Nd obtidos por Hollanda (2002) mostraram superposi¢do entre as
composicdes determinadas para as amostras mais evoluidas do vulcanismo Macau
(basaltos e basanitos) e as composi¢des dos diques toleiticos Ceara-Mirim. Logo,
passou a ser de extrema relevancia discutir a hipotese de que os dois eventos
magmaticos teriam compartilnado a mesma fonte litosférica enriquecida. Ainda, a
presenca de uma fonte tipo HIMU indicada para os diques com olivina no artigo de
Hollanda et al. (2006) pedia a investigagdo de sua presenca também nos basaltos
Macau.
i)  Um foco em comum nas discussdes de Fodor et al. (1998), Rivalenti et al. (2000) e
Knesel et al. (2011) é a relacdo genética do vulcanismo Macau com a pluma de
Fernando de Noronha. O conjunto de dados agora disponivel para ambos eventos
continental e oceénico permitird estabelecer similaridades e avancar na discussao.
Por fim, os xendlitos peridotiticos ndo foram alvo de Hollanda (2002). Os dados Re-Os
aqui apresentados representam informagcao inédita na literatura e serdo discutidos com base nas
informacdes ja existentes de quimica mineral, geoquimica e is6topos de Sr, Nd e Pb
apresentados principalmente por Fodor et al. (2002) e Rivalenti et al. (2000, 2007). Portanto,
esperamos usar os dados isotdpicos Re-Os para caracterizar a natureza quimica (grau de
enriquecimento versus empobrecimento) e idade do manto litosférico subcontinental amostrado

pelos xenolitos.
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CAPITULO 2

REVISAO CONCEITUAL

Em Petrologia, os reservatorios magmaticos reconhecidos no manto sdo assumidos como
tendo caracteristicas geoquimicas distintas. Diferenciam-se os conceitos “manto empobrecido
(ou depletado)” (DM), “manto enriquecido” (EM) e “manto primitivo” (PM). Ao contrério, 0s
termos litosfera e astenosfera constituem conceitos mecénicos (ou reoldgicos). O primeiro
implica resisténcia, e est4 associado as partes da crosta e manto que respondem elasticamente e
reversivelmente a uma carga aplicada, contrariamente ao comportamento newtoniano da
astenosfera. A integracdo das duas vertentes conceituais permite entdo distinguir os reservatérios
globais descritos como manto litosférico ou astenosférico, seja empobrecido ou enriquecido
(p.ex., Minster e Anderson, 1981; McNutt, 1984; Weiss et al., 1987; White, 1988; McKenzie e
Bickle, 1988; Hart e Staudigel, 1989; Menzies, 1990).

2.1 MANTO SUPERIOR ASTENOSFERICO E LITOSFERICO

A astenosfera consiste em um reservatdrio convectivo, com espessura média entre 100 e
200 km e viscosidade de 10 — 10% Pa.s. E muitas vezes referenciada como 'manto superior’,
'manto convectivo' ou simplesmente 'manto empobrecido’, de onde normalmente se originam 0s
magmas tipo-MORB. Todos os processos globais relacionados & dindmica interna, relacionada a
tectnica de placas ou plumas, afetam diretamente a assinatura quimica desse reservatorio. A
principio, o manto astenosférico é fértil (altos teores em Fe, Al, Ca, Na, e Ti), mas empobrecido
em elementos incompativeis, e pode ser fonte para magmas primitivos em varios ambientes
tectdnicos (arcos de ilha, dorsais ocednicas, rifts continentais). O acronimo para essa
caracteristica particular € DM (acronimo em inglés de Depleted Mantle). A litosfera é
representada pela crosta e parte do manto superior, consistindo em um reservatorio frio e
rigidocom espessura variavel entre 40 e 100 km e viscosidade na ordem de 10%- 10% Pa.s.
Quando comparado & astenosfera, 0 manto litosférico €, a principio, estéril (baixos teores em Fe,

Al, Ca, Na, e Ti) e enriquecido em elementos incompativeis. Sua fertilidade € intrinsicamente
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dependente do grau de enriquecimento e de fontes de calor externas que possam promover a
fusdo parcial, seja por descompressdo ou por rebaixamento da temperatura do solidus
peridotitico na presenga de fluidos metassomaticos (p.ex., Dawson 1984; Roden e Murthy, 1985;
Nielson e Noller, 1987; Wilshire 1987).

No passado,0 manto superior era considerado um reservatorio de caracteristicas DM em
toda sua extensdo, dado seu potencial para fundir e gerar crosta ao longo do tempo geoldgico. A
partir do trabalho de Anderson (1982) que sugeriu serem 0s magmas basalticos produtos de
misturas de liquidos fracionados de fontes enriquecidas e empobrecidas, teve inicio a nova
concepgdo de um manto superior geoquimicamente homogéneo. Zindler e Hart (1986) foi um
dos trabalhos pioneiros em propor e modelar a existéncia de distintos reservatorios isotdpicos
(Sr, Nd e Pb ) no manto para explicar a génese dos basaltos de ilhas oceanicas modernas. A
partir dai, os acronimos EM (I e IlI) foram definidos para o manto dito 'enriquecido’ em
elementos incompativeis, DM manteve-se como 'manto empobrecido' e HIMU foi definido como
uma parte do manto superior com valores altamente radiogénicos em Pb, assim diferenciando-se
dos demais. Aqueles autores interpretaram as variagbes para reservatorios tipo-EM e -HIMU
como reflexo de contribuicfes provenientes de sedimentos (continentais + pelagicos) e crosta
oceénica alterada em um contexto de subduccédo (ver também Anderson, 1985), em proporg¢des
variaveis. O amplo espectro de variagdes composicionais hoje reconhecidas no manto superior
condiciona a também variabilidade quimica de magmas OIB, a contrapartida composicional dos
magmas tipo-MORB. No entanto, segundo Weiss et al. (1987) a fonte OIB seria melhor
correlacionada ao manto inferior se considerada a extensdo dos processos de reciclagem para
além dos limites da astenosfera, até a descontinuidade de 660 km. Assim, a heterogenidade
quimica do manto passa a ser caracteristica comum tanto do manto superior quanto em parte do

manto inferior.

2.2 RESERVATORIOS MAGMATICOS: OSENDMEMBERS ISOTOPICOS

As composigdes de magmas oceanicos tipo-OIB, os quais tém maior representantividade
que os tipo-MORB no manto suboceénico, sdo os alvos principais para avaliar a heterogeneidade
quimica do manto (p.ex., Tatsumoto, 1987; Zindler e Hart, 1986; Sun e McDonough, 1989;
Hofmann, 2003). A heterogeneidade resulta de processos de diferenciacdo durante a histéria da
Terra que, de maneira continua, gera crosta rica em elementos incompativeis e empobrece o

manto empobrecido, e ainda enriquece 0 manto novamente devido a reciclagem de material
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crustal em diferentes profundidades. A origem dos varios reservatorios quimicos do manto: DM,
HIMU, EM1, EM2, FOZO, PREMA e BSE (p.ex., McKenzie e O'Nions, 1983; White, 1985;
Zindler e Hart, 1986; Hawkesworth et al., 1986; Hart, 1988; Ben Othman et al., 1989; Plank e
Langmuir, 1998; Hart et al., 1992; Sun e McDonough, 1989; White e Hoffman, 1982; Chauvel et
al., 1992; Hauri et al., 1993, 1994; Hanan e Graham, 1996, Hanan et al., 2000; Stracke et al.,

2005; Workman et al., 2004), sdo atribuidas a essa ciclicidade dos processo de dindmica interna.

2.2.1 O RESERVATORIO DM

O reservatdrio DM ¢ definido no manto superior (mais superficial) e é a fonte dos magmas
tipo-MORB (Meibom e Anderson, 2003), em geral empobrecidos em elementos incompativeis
em relacdo ao manto primitivo (CHUR). A subdivisdéo em magmas E-MORB, N-MORB e T-
MORB referem-se a proporcdes variaveis de alguns elementos tracos, sendo reconhecidos por
pardmetros tais como razbes Rb/Nd e K,O/TiO, (Mahoney et al., 1994; Hall et al., 2006).
Segundo Zindler e Hart (1986) pode ser desmembrado em DMa e DMb. As razdes em
206pp204pp - D7pp/2%%ph o F'grSr sio muito radiogénicas (valores elevados) enquanto
3Nd/***Nd é ndo-radiogénica (valores elevados) com relacdo aos outros reservatorios EMs e
HIMU (Hoffman, 2003).

o DMa: "*Nd/***Nd ~0,51350, ¥'Sr/®°sr ~0,7021, 2®Pb/***Pb ~17,40 / **’Pb/***Ph ~15,39;

e DMb: **Nd/*Nd é o mesmo que DMa, ®'Sr/*°Sr ~ 0,7019 e as razdes Pb/Pb s&o

significativamente menos radiogénicas do que aquealas de DMa (*®*Pb/*Pb ~ 15,8 /
207pp204ph ~ 15 15).

2.2.2 O RESERVATORIO OIB

Magmas tipo OIB podem ser oceanicos ou continentais, mas sdo quimicamente e
isotopicamente distintos daqueles do tipo MORB por serem enriquecidos em elementos
incompativeis. Hofmann (1997) sugere que o enriquecimento deve ter sido antigo (1 a 2 bilhdes
de anos) para que a assinatura radiogénica de Sr, Nd e Pb possa ser produzida. Sua origem é
motivo ainda de debate, muito embora o envolvimento de plumas ja seja um conceito mais
amplamente aceito para explicar o enriquecimento por reciclagem profunda de material crustal

(ver revisdo de Fitton, 2007; também Sleep, 1984; Fitton e James, 1986; Meibom and Anderson,
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2003; Ito and Mahoney, 2005). Anderson (1995) pressupde uma zona semi-viscosa abaixo da
litosfera, a qual chama de perisfera, como a fonte provavel de magmas tipo OIB. No continente,
magmas OIB sdo, em geral, gerados em contexto extensional ao longo de riftes ativos e passivos.

S8o reconhecidos trés membros principais a partir de magmas OIB o0s quais s&o
complementares ao manto DM (empobrecido apds eventos de fusdo parcial): HIMU, EMI e
EMII (Zindler e Hart, 1986). Apesar de muitos trabalhos discutirem particularidades da origem
desses reservatorios, é consensual que crosta oceanica subductada, crosta continental inferior e
crosta continental superior (sedimentos continentais e marinhos), misturados em proporgdes
variaveis ao manto DM, sejam o0s principais elementos que contribuem para a caracteristicas
isotdpicas dominantes em cada um. Um quarto reservatério chamado FOZO é adicionado a esse
conjunto, em parte semelhante a HIMU, mas diferenciando-se pelas razdes isotopicas de Pb
(Hart et al., 1992; Stracke et al., 2005).

v' HIMU (alto p = *2U/**Pb)

HIMU ¢é interpretado como crosta oceénica reciclada previamente empobrecida em
elementos incompativeis (dentre os quais Pb) devido a desidratacdo durante subduccgéo (p.ex.,
Hoffman e White, 1982; Chauvel et al., 1992; Hauri et al., 1993; Kelley et al., 2005). Esse
reservatorio tem razdes “®U/”*Pb elevadas o que induz & caracteristicas muito radiogénicas em
Pb, observadas pelos valores muito elevados da razo 2*°Pb/?*Pb, acompanhados por valores
baixos para a razdo ®'Sr/®Sr (relativo a BSE) e intermediarios para “*Nd/***Nd (relativo ao
CHUR). Os magmas OIB-HIMU raramente ocorrem misturados a outros tipos OIB (Stracke et
al., 2005), tendo valores médios para “**Nd/***Nd ~ 0,5129, #’Sr/®*Sr ~ 0,7030, 2*°Pb/**Pb ~
21,50 e ?’Pb/**Pb ~ 15,85 (Zindler e Hart, 1986).

v EMIl e EMII

Dois reservatorios com caracteristicas muito enriquecidas em Sr e Nd sdo definidos por
Zindler e Hart (1986): EMI e EMII (EM — Enriched Mantle). O reservatdrio EMI é caracterizado
por valores intermediarios para ?’Pb/**Pb (média de ~15,45) e baixos para 2*°Pb/**Pb (média
de ~16,80), valores relativamente altos para ¥’Sr/%°Sr (média de ~0,7049), enquanto baixos para
Nd/™Nd  (média de ~0,5121) Vérias hipoteses tém sido aventadas para a origem do
reservatorio EMI: (i) litosfera subcontinental delaminada reciclada (p.ex., Hawkesworth et al.,
1986; Mahoney et al., 1991; McKenzie e O'Nions, 1983); (ii) reciclagem de sedimentos
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pelagicos antigos em zonas de subduccdo (p.ex., Ben Othman et al., 1989; Plank e Langmuir,
1993); (iii) reciclagem de crosta continental (granulitica) inferior por delaminacdo (p.ex.,
Rollinson, 1993); e (iv) mistura de magmas OIB-HIMU e sedimentos continentais (p.ex.,
Weaver, 1991). Dados para a razdo **’0s/**Os ja sdo mencionadas na literatura para os basaltos
das ilhas e seamounts Pitcairn, com valores >0,135; esses valores sugerem o envolvimento de
um componente enriquecido em Rénio e, portanto,altas razbes Re/Os (p.ex., Woodhead and
Devey, 1993).

O reservatorio EMII tem valores relativamente mais altos (relativos a EMI) paras as
razdes 2°'Pb/?*Pb (~15,68), 2°Pb/***Pb (~18,90) e &’Sr/*Sr (~0,7080), e baixos para ***Nd/*Nd
(~ 0,5121) (Zindler e Hart, 1986; Chen et al., 2007). EMII tem sua origem atribuida a reciclagem
de: (i) crosta continental e sedimentos, (ii) crosta oceénica alterada; e (iii) litosfera sub-
continental (p.ex., Hoffman e White, 1982; Rollinson, 1993). Trabalhos sobre basaltos das Ilhas
Samoa sugerem que EMII seja um componente derivado de litosfera oceanica metassomatizada,
isolada no manto profundo por cerca de ~2,5 bilhdes de anos, a qual teria ascendido na forma de
pluma (Workman et al., 2004). As concentragdes em elementos tragos séo pouco conclusivas
para diferenciar EMI de EMII (p.ex., Willbold e Stracke, 2006). Em geral, magmas OIB-EM tém
teores altos de Ba, Nb, Pb, Sr, Eu e Nd e razBes variaveis Ba/Nb e Sr/Nd e baixas Ce/Pb e Nb/U.

v FOZO

Os magmas OIB - EMI, EMII, HIMU, e o DM divergem a partir de um foco central que
Hart et al. (1992) denominaram FOZO (Focal Zone). Esse componente tem composigdes
isotdpicas Sr, Nd e Pb intermediarias com respeito aos outros membros. Embora esses autores
afirmem que FOZO seja o produto de plumas profundas, Carlson et al. (2006) afirmam que as
fontes FOZO estéo presentes no manto superior, enquanto que Stracke et al. (2005) sugerem que
FOZO estd globalmente presente no manto. O debate sobre a origem de FOZO vem das
variacbes composicionais a ele atribuidas. Por exemplo, segundo Hart et al. (1992) as razdes
isotpicas deste componente seriam **Nd/**“Nd >0,5131, ¥Sr/*°Sr < 0,7025, °°Pb/?*Pb entre
19,1-19,7. Hauri et al. (1994) sugerem que composices ®'Sr/*°Sr seriam mais radiogéncias,
entre ~0,703-0,704, enquanto as razdes “**Nd/***Nd serias discretamente menos radiogénicas
(~0,5128-0,5130), combinadas a razdes 2°Pb/***Pb entre 18,5-19,5. Combinagdes entre essas
assinaturas sdo defendidas por Workman et al. (2003), enquanto que Stracke et al. (2005) faz
uma revisdo sobre a caracterizagdo de FOZO usando principalmente dados isotopicos de Pb

obtidos para as ilhas Cook-Austral (Polinésia Francesa), e comparando-os com dados de basaltos
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tipicamente HIMU (St. Helena e o conjunto mais radiogénico de Cook-Austral) e um conjunto
de dados globais de basaltos OIB e MORB. A caracterizacdo isotdpica dos basaltos continentais

apresentada nesta tese foi principalmente baseada na modelagem de Stracke et al. (2005).

REFERENCIAS

ALMEIDA, F.F.M. Distribuicdo Regional e Relagbes Tectonicas do Magmatismo Pds — Paleoz6ico no Brasil.
Revista Brasileira de Geociéncias, vol. 16(4): 325-349. 1986.

ALMEIDA, F.F.M. and CARNEIRO, C.D.R. Magmatic occurrences of post-permian age of the South American
Platform.Boletim do 1G-USP-Série Cientifica, 20, 71-85, 1989.

ALMEIDA, F.F.M.; CARNEIRO, C.D.R.; MIZUSAKI, A.M.P. Correlagdo do magmatismo das bacias da margem
continental brasileira com o das areas emersas adjacentes. Revista Brasileira de Geociéncias, 26 (3): 125-138. 1996.

ANDERSON, D. L. Isotopic evolution of the mantle: the role of magma mixing. Earth and Planetary Science
Letters. 57, 1-12. 1982.

ANDERSON, D.L. 1985.Hotspot magmas can form by fractionation and contamination of MORB.Nature, v. 318,
p. 145-149.

ANDERSON, D. L. Lithosphere, asthenosphere and perisphere.Reviews of Geophysics, 33, 125-149. 1995.

ARAUJO, A.L.N.; CARLSON, R.W.; GASPAR, J.C.; BIZZI, L.A. Petrology of kamafugites and kimberlites from
the Alto Paranaiba Alkaline Province, Minas Gerais, Brazil.Contributions to Mineralogy and Petrology 142, 163-
177.2001.

ARCHANJO, C.J., TRINDADE, R.I., MACEDO, J.W.P. AND ARAUJO, M.G. Magmatic fabrico f a basaltic dyke
swarm associated with Mesozoic rifting in NE Brazil. Journal of South American Earth Science, 13 (3), 179-189.
2000.

BAKSI AK. & ARCHIBALD D.A. Mesozoic igneous activity in the Maranhdo province, northern Brazil:
40Ar/39Ar evidence for separate episodes of basaltic magmatism. Earth and Planetary Sciences Letters, 151:139-
153.1997.

BELLIENI, G., MACEDO, M.H.F., PETRINI, R., PICCIRILO, E.M., CAVAZZINI, G., COMIN-CHIARAMONT,
P., ERNESTO, M., MACEDO, J.W.P., MARTINS, G., MELFI, A.J., PACCA, I.G. and DE MIN, A. Evidence of
magmatic activity related to Middle Jurassic and Lower Cretaceous rifting from northeastern Brazil (Ceara-Mirim:
K/Ar age, paleomagnetism, petrology and Sr-Nd isotope characteristics. Chemical Geology, 97, 9-32. 1992.

BELLIENI, G., MONTES-LAUAR, C.R., DE MIN, A, PICCIRILLO, E.M., CAVAZZINI, G., MELFI, AJ. &
PACCA, I.G. Early and Late Cretaceous magmatism from Sdo Sebastdo island (SE-Brazil): geochemistry and
petrology. Geochimica Brasiliensis 4, 59-83. 1990.

BEN OTHMAN, D., WHITE, W.M. and PATCHETT, J. The geochemistry of marin sediments, island arc magma
genesis and crust-mantle recycling. Earth and Planetary Science Letters, 94, 1-21. 1989.

BUIKIN, A. I, KOGARKO, L.N., KOROCHANTSEVAA, E.V., HOPP, J. AND TRIELOFF, M. ®Ar-*Ar Dating
of Volcanic Rocks from the Fernando de Noronha Archipelago. Geochemistry International, 2010, Vol. 48, No. 10,
pp. 1035-1038. 20009.

CAINELLI C. & MOHRIAK W.U. Some remarks on the evolution of sedimentary basins along the Eastern
Brazilian Continental Margin. Episodes, 22:206-216. 1999.



26

CARLSON, R.W., CZAMANSKE, G., FEDORENKO, V. and ILUPIN, I.A comparison of Siberian meimechites
and kimberlites: Implications for the source of high-Mg alkalic magmas and flood basalts.Geochemistry,
Geophysics, Geosystems, Vol. 7, Issue 11, 2006.

CHAUVEL, C., A. W. HOFMANN, AND P. VIDAL. HIMU-EM: The French Polynesian connection.Earth and
Planetary Science Letters, 110, 99-119, 1992.

CHEN, Y.; ZHANG, Y.; GRAHAM, D.; SU, S. and DENG, J. Geochemistry of Cenozoic basalts and mantle
xenoliths in Northeast China.Lithos, 96: 108-126, 2007.

COMIN-CHIARAMONTI, P., GOMES, C.B., PICCIRILLO, E.M. AND RIVALENTI, G. High-TiO, basaltic
dykes in the coastline of Sdo Paulo and Rio de Janeiro States (Brazil). .Neues Jahrbuch.Mineralogische
Abandlungen 146, 133-150.1983.

CORDANI, U. G. “K-Ar Ages from Fernando de Noronha,” in Proceedings of Symposium on ContinentalDrift in
the Southern Hemisphere, Montevideo (Montev_ideo, ), p. 85. 1967.

CORDANI, U.G., ULBRICH, M.N.C., ONOE, A.T., VINASCO, V.C.J. Novas determinacles de idade pelos
métodos K—Ar e Ar-Ar para o arquipélago de Fernando de Noronha. Revista da Faculdade de Ciéncias (1). 2004.

DAWSON, J. B. Contrasting types of upper-mantle metasomatism? In Kimberlites Il : The Mantle and Crust-Mantle
Relationships, ed. 1. Kornprobst, pp. 289-94. Amsterdam : Elsevier. 393 pp.1984

FITTON, J. G. The OIB Paradox.Plates, Plumes and Planetary Processes.Geological Society of America Special
Paper 430, p. 387-412. 2007.

FITTON, J.G. and JAMES, D. Basic volcanism associated with intraplate linear features.Philosophical Transactions
of the Royal Society of London, v. A317, p. 253-266. 1986.

FODOR R.V., MCKEE E.H., ASMUS H.E. K-Ar ages and the opening of the South Atlantic ocean: basaltic rock
from the Brazilian margin. Marine Geology, 54:M1-M8. 1983/84.

FODOR, R.V. MUKASA, S.B. AND SIAL, A.N. Isotopic and trace-element indications of lithospheric and
asthenospheric components in Tertiary alkalic basalts, northeastern Brazil.Lithos, 43.197-217. 1998.

FODOR, R.V., SIAL, A.N. and GANDHOK, G. Petrology of spinel peridotite xenoliths from northeastern Brazil:
lithosphere with a high geothermal gradient imparted by Fernando de Norohna plume. Journal of South American
EarthScience, 15, 199-214. 2002.

FODOR, R.V,, SIAL, A.N. MUKASA, S.B., McKEE, E.H. Petrology, isotope characteristics, and K-Ar ages of the
Maranhdo, northern Brazil, Mesozoic basalt province.Contribution to Mineralogy and Petrology, 104, 555-567.
1990.

FODOR R.V. and VETTER S.K. Rift-zone magmatism: petrology of basaltic rocks transitional from CFB to
MORB, Southeastern Brazil margin. Contributions to Mineralogy and Petrology, 88:307-321. 1984.

GARDA, G.M. Os diques basicos e ultrabasicos da regido costeira entre as cidades de Sdo Sebastido e Ubatuba,
Estado de Séo Paulo. Tese de doutorado, Universidade de Sdo Paulo, 156p, 1995.

GUEDES, E., HEILBRON, M. and VALENTE, S.C. Litogeoquimica e petrografia dos diques maficos da regido
entre Pedra Selada e Barra do Pirai, RJ, SE do Brasil. Boletim de Resumos Expandidos do 5° Congresso de
Geoquimica de Paises de Lingua Portuguesa &7° Congresso Brasileiro de Geoquimica, Porto Seguro, SBG-BA, p.
516. 1999.

HALL, L.S., MAHONEY, J.J., SINTON, J.M., AND DUNCAN, R.A. Spatial and temporal distribution of a C-like
asthenospheric component in the Rano Rahi seamount field, East Pacific Rise, 15°-19°S: Geochemistry Geophysics
Geosystems, v 7. 2006.

HANAN, B.B., BLICHERT-TOFT, J., KINGSLEY, R.AND SCHILLING, JG. Depleted Iceland mantle plume
geochemical signature: Artifact of multicomponent mixing? Geochemistry, Geophysics, Geosystems, Vol. 1, No. 1
1003, doi:10.1029/1999GC000009. 2000.



27

HANAN, B. B. and D. W. GRAHAM. Lead and helium isotope evidence from oceanic basalts for a common deep
source of mantle plumes. Science 272, 991-995. 1996.

HART, S. R. Heterogeneous mantle domains: signatures, genesis and mixing chronologies. Earth and Planetary
Science Letters, 90, 273-296. 1988.

HART, S.R., HAURI, E.H., OSCHMANN,L.A., WHITEHEAD, J.A. Mantle Plumes and Entrainment: Isotopic
Evidence. Science, 256, pp517-520. 1992.

HART, S.R. and STAUDIGEL, H. Isotopic characterization and identification of recycled components.In
Crust/Mantle Recycling at Convergence Zones, Hart, S.R. and Gulen, L., editors, pp.15-28. 1989.

HAURI, E.H. and HART, S.R. Re-Os isotope systematics of HIMU and EMII oceanic island basalts from the South
Pacific Ocean.Earth and Planetary Science Letters, 114:353-371. 1993.

HAURI, E.H.; WHITEHEAD, J.A. & HART, S.R. Fluid dynamic and geochemical aspects of entrainment in mantle
plumes.Journal of Geophysical Research, 99, (B12) 24275-24300. 1994.

HAWKESWORTH, C.J.; MANTOVANI, M.S.M.; TAYLOR, P.N. & PALACZ, Z. Evidence from the Parana of
South Brazil for a continental contribution to Dupal basalts.Nature, 322:356-359. 1986.

HOFMANN, A.W. Mantle geochemistry: The message from oceanic volcanism. Nature, 385: 219-229, 1997.

HOFMANN, A.W. Sampling Mantle Heterogeneity through Oceanic Basalts: Isotopes and Trace Elements. In:
Carlson, R.W. (ed.), Treatise on Geochemistry, vol. 2, Geochemistry of the Mantle and Core. Elsevier, pp. 61-101,
2003.

HOFMANN, A.W. and WHITE, W.M. Mantle plumes from ancient oceanic crust. Earth and Planetary Science
Letters, vol. 11, 421-436. 1982.

HOLLANDA, M.H.B.M.Evolugédo geodinamica do manto litosférico continental no Dominio Seridd, Provincia
Borborema, NE do Brasil. Tese de D.Sc. Universidade de Brasilia. 2002.

HOLLANDA, M.H.B.M., PIMENTEL, M.M., OLIVEIRA, D.C. AND JARDIM DE SA, E. F. Lithosphere-
asthenosphere interaction and the origino f Cretaceous tholeiitic magmatism in NE Brazil: Sr-Nd-Pb isotopic
evidence. Lithos, 86, 34-49. 2006.

HORN, P., MUELLER-SOHNIUS, D. AND SCHULT, A. Potassium-argon ages on a Mesozoic tholeiitic dyke
swarm in Rio Grande do Norte Brazil. Revista Brasileira de Geociencias, 18, 50-53. 1988.

ITO, G.,, AND MAHONEY, J.J. Flow and melting of a heterogeneous mantle. 1: method and importance to the
geochemistry of of ocean island and midocean ridge basalts: Earth and Planetary Science Letters, v. 230, p. 29-46.
2005.

KELLEY, K.A., PLANK, T., FARR, L., LUDDEN, J., AND STAUDIGEL. Subduction cycling of U, Th, and Pb.
Earth and Planetary Science Letters, 234(3-4): 369-383, 2005.

KING S.D. Hotspots and edge-driven convection, Geology, 35, 223-226. 2007.

KING, S.D. & ANDERSON, D.L.An alternative mechanism to flood basalt formation. Earth and Planetary Science
Letters, 136, 269-279, 1995

KING, S. D. AND ANDERSON, D.L. Edge-Driven Convection.Earth and Planetary Science Letters,160, 289-296,
1998.

KNESEL, K.M., SOUZA, Z.S., VASCONCELOS, P.M., COHEN, B.E. AND SILVEIRA, F.V. Young volcanism in
the Borborema Province, NE Brazil, shows no evidence for a trace of the Fernando de Noronha plume on the
continent. Earth and Planetary Science Letters, 302, 38-50. 2011.



28

LOBO, J.T., VALENTE, S.C., THOMAZ FILHO, A. & SZATMARI, P. Diabéasios da Serra do Mar e basaltos da
Bacia de Campos -comparagdo dos processos de AFC através de modelamento geoquimico quantitativo. Boletim de
Resumos Expandidos do 5° Simpdsio de Geologia do Sudeste, Sdo Pedro, SBG, p. 56, 1999.

MAHONEY, J.J., NICOLLET, C. AND DUPUY, C. Madagascar basalts: tracking oceanic and continental sources.
Earth and Planetary Science Letters, 104, 350-363. 1991.

MAHONEY, J.J.., SINTONJ.M., KURZ, M.D., MACDOUGALL, J.D., SPENCER' K.J., LUGMAIR' G.W. Isotope
and trace element characteristics of a super-fast spreading ridge: East Pacific rise, 13-23°S. Earth and Planetary
Science Letters, vol. 121, 173-193. 1994.

MALUSKI, H., COULON, C., POPOFF, M. AND BAUDIN, P.“Ar/*Ar chronology, petrology and geodynamic
setting of Mesozoic to Early Cenozoic magmatism from the Benue trough, Nigeria.Journal of the Geological
Society of London, 152, 311-326. 1995.

MARZOLI, A., RENNE, P.R., AND PICCIRILO, E.M.®Ar/*Ar geochronology of Mesozoic continental basaltic
magmatism, and the opening of the central, equatorial and southern Atlantic Ocean.Penrose 2000, Volcanic Rifted
Margins, University of London, p. 54. 2000.

MATOS R.M.D.The Northeast Brazilian rift system.Tectonics 11(4):766-791. 1992.

MATOS R.M.D. Tectonic evolution of the Equatorial South Atlantic. In: Mohriak W, Taiwani M (eds) Atlantic rifts
and continental margins. Geophys Monograph 115, American Geophysical Union, pp 331-354. 2000.

McKENZIE, D. and BICKLE, M.J.The volume and composition of melt generated by extension of the lithosphere.
Journal of Petrology, 29, 625-679. 1988.

McKENZIE, D. and O'NIONS, R. K. Mantle reservoirs and ocean island basalts.Nature 301 229-231. 1983.
McNUTT, M.Lithospheric flexure and thermal anomalies.Journal of Geophysical Research 89(B13). 1984.

MEIBOM, A. and ANDERSON, D. L. The statistical upper mantle assemblage.Earth and Planetary Science
Letters, 217, 123-139. 2003.

MENZIES, M.A. Petrology and geochemistry of the continental mantle.Pp.1-184, Claredon, Oxford. 1990.

MINSTER, J.B. AND ANDERSON, D.L.A model of dislocation-controlled rheology of the mantle.Philosophical
Transactions of the Royal Society of London, 299, 319-356. 1981.

MIZUSAKI A, M.P., PETRINI, R., BELLIENI, G., COMIN-CHIARAMONTI, P., DIAS J.,, DEMIN A,
PICCIRILLO, E.M. Basalt magmatism along the passive continental margin of SE Brazil (Campos basin).
Contributions to Mineralogy and Petrology,111:143-160. 1992.

MIZUSAKI, A.M.P., THOMAS-FILHO, A., MILANI, E.J. AND DE CESERO, P. Mesozoic and Cenozoic igneous
activity and its tectonic control in northeastern Brazil. Journal of South American Earth Science, 15, 183-198. 2002.

MOHRIAK, W. U., ROSENDAHL, B.R., TURNER, J. P.,, VALENTE, S. C. Crustal architecture of South Atlantic
volcanic margins. In: M.A. Menzies & C. Ebinger (eds.) Volcanic rifted margins. Geological Society of America,
362, Ed. Boulder, p. 159-202. 2002.

NIELSON, J.E. and NOLLER, J.S.Processes of mantle metasomatism; Constraints from observations of composite
peridotite xenoliths.Geological Society of America, Special Papers, v. 215, p. 61-76. 1987.

OLIVEIRA, D.C. O papel do enxame de diques Rio Ceara-Mirim na evolugdo tectbnica do nordeste oriental
(Brasil): implicacbes na formagdo do Rifte Potiguar. MSc. (dissert.) Universidade Federal de Ouro Preto.172p.
1992.

PICCIRILLO, E.M., BELLIENI, G., CAVAZZINI, G., COMIN-CHIARA-MONTI, P., PETRINI, R., MELFI, A.J.,
PINESI, J.P.P., ZANTADESCHI, P., DEMIN, A. Lower Cretaceous tholeiitic Dyke swarms from thePonta Grossa
(southeast Brazil): Petrology, Sr-Nd isotopes and genetic relationships with the Parana flood volcanics. Chemical
Geology, 89:19-48. 1990.



29

PICCIRILLO, E. M. and MELFI, A. J. (Eds.). The Mesozoic Flood Volcanism of the Parana Basin: petrogenetic
and geophysical aspects. Sdo Paulo: USP, p. 1-14. 98. 1988.

PLANK, T., LANGMUIR, C.H. Tracing trace element from sediment input to volcanic output at subduction zones.
Nature 362, 739-742. 1993.

PLANK, T., LANGMUIR, C.H.The chemical composition of subducting sediment and its consequences for the
crust and mantle.Chemical Geology, 145, pp325-394. 1998.

REGELOUS, M. Geochemistry of dolerites from the Parana flood basalt province, southern Brazil. Tese de
doutorado, Open University, 1993.

RIVALENTI, G., MAZZUCCHELLI, M., GIRARDI, V.A.V., VANNUCCI, R., BARBIERI, M.A., ZANETTI, A.
& GOLDSTEIN, S.L. Composition and processes of the mantle lithosphere in northeastern Brazil and Fernando de
Noronha: evidence from mantle xenoliths. Contribution to Mineralogy and Petrology, 138, 308-325. 2000.

RIVALENTI, G., ZANETTI, A., GIRARDI, V.A.V., MAZZUCCHELLI, TASSINARI, C.C.G. AND BERTOTTO,
G.W.The effect of the Fernando de Noronha plume on the mantle lithosphere in north-eastern Brazil.Lithos, 94, 111-
131. 2007.

RODEN, M. F. AND MURTHY, V. R. Mantle metasomatism.Annual Review of Earth and Planetary Sciences, 13:
269-96. 1985.

ROLLINSON, H.Using Geochemical Data: Evaluation, Presentation, Interpretation. Prentice Hall.England,
1993.352 p.1993

SIAL A.N., LONG L.E., PESSOA D.AR., KAWASHITA K. Potassium-argon ages and strontium isotope
geochemistry of Mesozoic and Tertiary basaltic rocks, Northeastern Brazil. Anais da Academia Brasileira de
Ciéncias, 53: 115-122. 1981.

SILVEIRA, F.V.Magmatismo Cenozéico da porcdo central do Rio Grande do Norte, NE do Brasil. Tese de
doutorado, UFRN, 220p. 2006.

SLEEP, N.H.Tapping of magmas from ubiquitous mantle heterogeneities - an alternative to mantle plumes: Journal
of Geophysical Research, v. 89, p. 29-41. 1984,

SMITH, P.E., EVENSEN, N.M., YORK, D., SZATMARI, P., OLIVEIRA, D.C. Single-crystal “’Ar-**Ar dating of
pyrite: no fool’s clock. Geology 29, 403-406. 2001.

STRACKE, A., BIZIMIS, M. AND SALTERS, V.J.M. Recycling oceanic crust: quantitative constraints.
Geochemistry, Geophysics, Geosystems, 4(3), 8003, DOI:10.1029/2001GC000223. 2003.

STRACKE, A.; HOFFMAN, AW. and HART, S.R. FOZO, HIMI, and the rest of the mantle zoo.Geochemistry,
Geophysics, and Geosystems, 6(5): Q05007. doi:10.1029/2004GC000824. 2005.

SUN, S.-S and MCDONOUGH, W.F. Chemical and isotopic systematics of oceanic basalts: implications for mantle
composition and processes. In: Saunders, M.J. Magmatismin the ocean basins. Londres.Geological Society Special
Publication 42: 313-345,1989.

TATSUMOTO, M. Isotopic composition of lead in oceanic basalt and its implication to mantle evolution.Earth and
Planetary Science Letters 38(1): 63-87. 1987.

THOMAZ FILHO, A., MIZUSAKI, A.M.P., MILANI, E.J., CESERO, P. Rifting and magmatismo associated with
the South America and Africa breakup. Revista Brasileira de Geociéncias, 30:17-19. 2000.

VALENTE, S.C., ELLAM, R.L., MEIGHAN, I.G., FALLICK, A.E. Geoquimica isotépica, modelo geodinamico e
petrogéne-se dos diabasios do cretacio Inferior no Enxame de Diques Méficos da Serra do Mar (EDSM) na area de
do Rio de Janeiro, RJ. In: SBG —-MG, Congresso Brasileiro de Geologia, 40, Boletim de Resumos, p. 471. 1998.

VALENTE, S.C., ELLAM, R.L.,, MEIGHAN, I.G. and FALLICK, A.E. The evolution of the Early Cretaceous
tholeiitic dykes of Rio de Janeiro by AFC under high fO2 conditions: Major and trace element, Sr-Nd-O data and



30

quantitative modelling. Boletim de Resumos do 7° Simp6sio Sul Brasileiro de Geologia e 2° Encontro de Geologia
do MERCOSUL, Foz do Iguagu. Boletim de Resumos..., Foz do Iguagu, SBG, p. 94. 1999.

WEAVER, B.L. 1991. The origin of ocean island end-member compositions: trace element and isotopic constraints.
Earth and Planetary Science Letters,104, 381-397. 1991.

WEISS, D., DEMAIFFE, D., CAVET, S. and JAVOY, M.Sr, Nd, O and H isotopic ratios in Ascension Island lavas
and plutonic inclusions; cogenetic origin.Earth and Planetary Science Letters, 82 (1987) 255-268. 255. 1987.
WHITE, W.M. Sources of oceanic basalts: Radiogenic isotopic evidence.Geology, 13:115-118, 1985.

WHITE, W. M., HOFMANN, A. W.Sr and Nd isotope geochemistry of oceanic basalts and mantle evolution,
Nature, 296, 821-825.1982.

WHITE, R.S.The Earth’s crust and lithosphere.Journal of Petrology special issue, 1-10. 1988.

WILLBOLD, M. AND STRACKE, A. Trace element composition of mantle end-members: Implications for
recycling of oceanic and upper and lower continental crust.Geochemistry, Geophysics, Geosystems, vol.7, 1-
30DOI: 10.1029/2005GC001005. 20086.

WILSHIRE, H.G. A model of mantle metasomatism Geological Society of America Special Papers,215, p. 47-60.
1987.

WOODHEAD, J.D. and DEVEY, C.W. Geochemistry of the Pitcairn seamounts, I: Source character and temporal
trends. Earth and Planet. Sci. Lett. 116: 81-99. 1993.

WORKMAN, R.K.; HART, S.R.; JACKSON, M.; REGELOUS, M.; FARLEY, K.A.; BLUSZTAJN, J.; KURZ, M.
and STAUDIGEL, H. Recycled metasomatised lithosphere as the origin of the Enriched Mantle 1l (EM2) end-
member: Evidence from the Samoan Volcanic Chain. Geochemistry, Geophysics, Geosystems, 5(4), Q04008,
doi:10.1029/2003GC000623. 2004.

ZINDLER A. and HART S. Chemical geodynamics.Annual Review of Earth and Planetary Sciences, 14: 493-571.
1986.



31

CAPITULO 3

ARTIGO SUBMETIDO AO PERIODICO LITHOS

ABSTRACT

The Ceard Mirim dyke swarm (northeastern Brazil) is composed of Cretaceous tholeiites with
plagioclase, clinopyroxene (zolivine), Fe-Ti oxides and pigeonite in its groundmass. These
tholeiites have been subdivided into three groups: (i) high-Ti olivine tholeiites, (ii) evolved high-
Ti tholeiites (TiO2 >1.5 wt.%; Ti/Y >360), and (iii) low-Ti tholeiites (TiO, <1.5 wt%; Ti/Y
<360), with all exhibiting distinct degrees of enrichment in incompatible elements relative to the
Primitive Mantle. Negative Pb anomalies are found in all three groups, while Nb-Ta abundances
similar to those of OIB-type magmas are found in the olivine tholeiites, with moderate to higher
depletion being observed, respectively, in the evolved high-Ti and low-Ti tholeiites. The low-Ti
tholeiites had clearly been contaminated with crustal (felsic) materials during ascent. The initial
isotopic compositions of olivine tholeiites show uniform and unradiogenic Sr (~0.7035-0.7039)
combined with (in part) radiogenic Nd and Pb (>19.1) ratios, which together reveal an
indisputable contribution of FOZO component in their genesis. The other tholeiite groups show
variable Sr-Nd ratios to relatively consistent 2°Pb/?**Pb ratios clustering toward an isotopically
enriched (EMI-type) component. When examined jointly with the negative spike in Nb, this
enriched signature reflects the involvement of a subduction-modified lithospheric mantle as a
source of the evolved high-Ti and low-Ti tholeiites. Thus, we propose that FOZO and EMI (and
likely minor E-MORB) have coexisted and contributed to varying extents to the generation of
CMDS primary melts, which has been segregated at 75 to 60 km in depth at the garnet-spinel
facies transition. Mechanism(s) that promoted melting were most likely non-plume related, and
several alternative models must to be examined further. We find, however, that the role of plate-
boundary forces linked to the opening of the Atlantic Ocean have promoted passive rifting and
that resulting asthenosphere upraise cannot be excluded as a potential control of CMDS origin.

Keywords: Ceara-Mirim dyke swarm; Mesozoic continental tholeiitic basalts; enriched sub-

continental lithospheric mantle; FOZO mantle component
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3.1 INTRODUCTION

Rifting and tholeiitic magmatism characterized the breakup and drifting of the South
American and African continents in the Mesozoic. Cretaceous Parana-Etendeka flood basalts
(1x10° km®) that cover part of southern South America and Africa rank as some of the largest
igneous provinces in the world (Cordani and Vandoros, 1967; Peate, 1997). In contrast, small
volumes of tholeiitic magma emplaced as radial to linear set of dykes mark the rifting stage of
Equatorial (Bellieni et al., 1992; Hollanda et al., 2006) and of Central Atlantic magmatism
(CAMP, e.g., Marzoli et al., 1999). Our study focuses on the Ceara Mirim dyke swarm
(hereinafter CMDS) which includes roughly tens of dykes covering an area of approximately 350
km in length in northeastern Brazil (Fig. 3.1).

One of the most challenging aspects of the study of continental tholeiites relates to the
identification of their mantle sources. As precursor magmas migrate upwards through the
lithosphere, assimilation and fractional crystallization (AFC) processes can modify magma
compositions and thus conceal the original characteristics of primary melts. As a result,
geochemical and isotopic features generated by continental tholeiitic basalts cannot be fully
distinctive in constraining their mantle sources. In spite of this, their genesis is mostly credited to
high melting degrees (>5%) (Jacques and Green, 1980) of enriched spinel lherzolites
representing the lithospheric mantle component and/or to asthenosphere (deeper levels)
becoming increasingly alkaline with increasing depths of partial melting. For instance,
Thompson et al. (2001) proposed that the Southern Etendeka flood basalts were generated from a

wholesale hydrous melting of overlying sub-continental lithospheric mantle as a result of heat
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transfer from the rising Tristan da Cunha plume. Furthermore, Ewart et al. (2004) argued for
time-integrated interactions of the Tristan da Cunha plume with DM-type asthenosphere and
subducted sediment components. In contrast, the Northern Parand tholeiitic basalts were recently
re-interpreted following the partial melting of an old metasomatized sub-continental lithospheric
mantle with no apparent involvement of the Tristan da Cunha plume (Rocha-Janior et al., 2012,
2013). In studying further north in the CAMP-Maranhd&o tholeiitic province, Merle et al. (2011)
proposed that magmatism includes variable contributions of the enriched lithospheric mantle

mixed with asthenosphere components and contaminated by ultra-alkaline melts.
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Figure 3.1. (a) Schematic illustration of the West Gondwana with focus on the main Neoproterozoic
cratonic areas — Amazonian, S8o Francisco-Congo, West African and Kalahari. The study area is shown
in the box; CAMP-Maranhdo (Parnaiba) and Parana-Etendeka igneous provinces are shown regardless of
craton positions. (b) Pre-drift reconstruction of the main geological features of the northeastern
Borborema Province and of the West African counterparts (shields of Nigeria and Cameroon) with an
emphasis on the major Brasiliano/Pan-African ductile shear zones and major Mesozoic rift systems (B:
Benue, RTJ: Recdncavo-Tucano-Jatoba, SA: Sergipe-Alagoas, P: Potiguar). (c) Zoomed-in image of (b)
with the geographic location of the CMDS highlighted in red. Sub-swarms defined based on Bellieni’s et
al. (1992) paleomagnetic study are shown as 1-V. Open circles denote the distribution of plugs and lava
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flows related to Tertiary Macau volcanism. See the text for general comments.

The present paper assembles a significant dataset on the petrography, mineral chemistry,
major and minor elements and Sr-Nd-Pb isotope geochemistry of the CMDS. The swarm
consists of a linear set of dykes that have intruded into Precambrian rocks of northeastern Brazil.
Though they do not exactly serve as a major igneous province like CAMP or Parana-Etendeka,
their geochemical and isotopic features can provide reliable information on (1) which continental
mantle reservoirs were available as fertile sources in the Cretaceous and on (2) how they
interacted to generate tholeiitic magmatism. Our objective is to assess the petrological evolution
of the CMDS through an updated geochemical characterization of magmas and possible mantle
sources involved following the earlier works of Bellieni et al. (1992) and Hollanda et al. (2006).
Effects of fractional crystallization and crustal contamination, which are frequently found in
continental magmatism are also examined. Comparisons are made with other Mesozoic igneous

provinces in South America and Africa to discuss possible chemical similarities.

3.2 GEOLOGICAL BACKGROUND

Atlantic pre-drift reconstructions of the Borborema Province (northeastern Brazil) share
numerous geological features with Western Central Africa (Nigeria, Cameroon). Well-known
features include the continuity of continental-scale shear zones that can be traced from NE Brazil
to SE Nigeria along NE to E-W directions (Fig. 3.1a, b). In the Borborema Province, these shear
zones normally present high-temperature (usually low-pressure) ductile conditions (Vauchez et
al., 1995; Viegas et al., 2014). Some of these structures accommodated late brittle deformation
processes (e.g., normal, strike-slip or locally reverse faults) related to Cambrian-Ordovician to
Cenozoic extensional events that led to the development of within-plate rifted basins (e.g.,
Sénant and Popoff, 1991; Francolin et al., 1994). Rifting processes were influential in breaking
up this major continental area, especially from the Early Jurassic to the Late Cretaceous,
resulting in the opening of the Equatorial and Central segments of the Atlantic Ocean. A striking
outcome of this global event has been the generation of continental volcanism and hydrocarbon
traps related to both onshore and offshore basins (e.g., Chang et al., 1992).

In contrast to the large volumes of magma extrusion associated with the syn-rift stage of
the southern Atlantic margin (the Parana-Etendeka Province; see review of Peate, 1997), the
Equatorial rift basins are characterized by modest quantities of magmatic rock (e.g., Benkhelil,

1989). The most significant magmatic activity found in the Borborema Province corresponds
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with the CMDS, which marks early rift stages of the Potiguar basin. The dykes are essentially
tholeiitic and vertically cross cut the Precambrian basement exposed along the southern border of
the Portiguar basin (Fig. 3.1c). The swarm is composed by at least 100 dykes of one- to 150-
meters in width and of up to one kilometer in length; a few dykes exceeding 100 kilometers have
been reported in aeromagnetic survey (Oliveira, 1992). The dykes show E-W and NE-SW trends
in the southern and western areas of the Potiguar basin, respectively. The arcuate orientation of
the CMDS is suggestive of NW-SE shift in the minimum stress axis at the western part of the
swarm (Oliveira, 1992).

Geochronological studies on the CMDS have only been supported by K-Ar
determinations. They show that the dykes were emplaced over a wide age interval between 145
and 125 Ma (see compilation of Misusaki et al., 2002). Such an interval is consistent with
paleomagnetic studies (Bellieni et al. 1992), which have shown that most of the dykes record
magnetization directions acquired during the Cretaceous. A small collection of the E-W dykes
show poles compatible with the Middle Jurassic, which were apparently validated by Bellieni et
al. (1992) based on K-Ar ages (179-161 Ma). Even when considering misinterpretations related
to K-Ar method, which is unable to recognize Ar loss or excess components, the ages available
for the CMDS show a strong correlation with those from tholeiitic basalts of the Northern Benue
Trough in West Africa, which provided “°Ar/**Ar ages in the range of 147 and 123 Ma (Maluski
et al., 1995). Mesozoic magmatic products in the Benue Trough and Cenozoic to Recent
volcanism found along the Cameroon Line (e.g., Marzoli et al., 2000) have been interpreted as a
continuing result of a complex and long-lived interaction between a deep mantle plume (St.
Helena HIMU-type) and enriched sub-continental lithospheric and depleted (N-MORB)
asthenospheric mantle sources during the opening of the Equatorial Atlantic (e.g., Coulon et al.,
1996).

3.3 ANALYTICAL PROCEDURES

Detailed geochronological study to discuss about the emplacement age of the CMDS fall
beyond the scope of this paper. However, to effectively constrain a precise age for dyke
emplacement to recalculate the initial isotopic compositions discussed here we present an (up to
now) unpublished “°Ar/**Ar dating of one representative tholeiite (sample CM-12) performed in
2001 at the Geochronological Research Center of the University of Sdo Paulo (Brazil). Clear and

fresh plagioclase grains (35-60 mesh) were separated from the rock and were irradiated under
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the IPEN/CNEN IEA-R1 nuclear reactor. The grains were then loaded into multigrain aliquots
and analyzed using laser incremental-heating techniques. Instrumentation, operational condition
and correction information can be found in Vasconcelos et al. (2000). Data are listed in Table
3.1

Table 3.1. 40Ar/39Ar data obtained for the tholeiite CM-12

4 40

RunID#  Laser(W) “ar®ar ®ar®®ar “ar®’ar *ar®ar “aArPar “ar “Ar % Ara Age 2

(plagioclase) (nA) (moles) (Ma)

0480-01A 03 279.19 0.1678 3.7608 0.7973 44.14 175 3.40E-14 15.7 266.84 2529
0480-01B 05 34.59 0.0160 2.9178 0.0470 21.02 0.18 3.49E-15 60.5 13197 3.77
0480-01C 038 38.19 0.0269 2.7314 0.0594 20.93 0.16 3.08E-15 54.6 13147 484
0480-01D 11 5241 0.0300 3.0378 0.1170 18.16 0.17 3.18E-15 345 11459 7.95
0480-01E 14 52.13 0.0286 3.1906 0.1119 19.39 0.21 3.98E-15 37.0 12210 5.12
0480-01F 17 58.57 0.0362 3.5967 0.1219 22.93 0.13 247E-15 389 14354 9.34
0480-01G 20 52.66 0.0368 32721 0.1351 13.06 0.12 2.26E-15 24.7 8311 988
0480-01H 24 50.30 0.0200 4.0275 0.0989 2151 011 2.02E-15 425 13494 991
0480-011 238 59.06 0.0311 47115 0.1312 20.79 0.17 3.33E-15 35.0 13062 898
0480-01J 5.0 68.07 0.0359 5.8051 0.1818 14.93 0.13 2.45E-15 217 9471 1572
0480-02A 04 561.98 0.3796 1.0309 1.9356 -9.93 066 1.23E-14 -18 -65.88 171.33
0480-02B 038 300.90 0.1810 5.2976 0.9442 22.47 124 2.35E-14 74 140.74  26.35
0480-02C 14 76.97 0.0426 4.2144 0.1876 22.00 045 8.70E-15 284 13791 6.77
0480-02D 20 35.40 0.0255 1.7347 0.0693 15.09 0.18 3.32E-15 425 9570 555
0480-02E 26 36.93 0.0038 2.1611 0.0520 21.81 0.08 151E-15 58.9 136.75 6.88
0480-02F 35 36.72 0.0155 1.8318 0.0672 17.05 0.10 1.98E-15 46.3 107.81 6.32
0480-02G 42 48.64 0.0166 2.2944 0.0912 21.95 0.11 2.15E-15 45 13760 9.51
0480-02H 5.0 61.88 0.0283 4.6040 0.1406 20.84 111 213E-14 334 130.88 2.78
0480-03A 04 119.45 0.0907 0.3641 0.3732 9.20 0.33 6.31E-15 77 5896 2301
0480-03B 038 69.09 0.0494 0.4704 0.2009 9.77 066 1.27E-14 14.1 6255 6.34
0480-03C 14 39.67 0.0225 0.8300 0.0655 20.40 0.53 9.88E-15 514 12825 347
0480-03D 20 27.01 0.0150 0.6636 0.0221 20.54 0.28 5.21E-15 76.0 129.11 1.77
0480-03E 26 25.90 0.0126 0.5244 0.0162 21.18 0.19 3.60E-15 817 13293 2.56
0480-03F 35 25.60 0.0127 0.4438 0.0185 20.18 021 3.99E-15 78.8 12688 1.24
0480-03G 42 28.04 0.0166 0.5094 0.0282 19.77 0.18 3.30E-15 704 12439 1.75
0480-03H 5.0 36.48 0.0202 1.2579 0.0565 19.93 182 3.46E-14 54.5 12536 1.84

Irradiation I1D: SPA0101-25, Date: October 7th, 2001.
J =0.00361000 + 0.00000166

Over 90 samples representative of the CMDS were available for this study, and some of
them have been examined for their structural, geochemical and isotopic characteristics in
Archanjo et al. (2000, 2002) and Hollanda et al. (2006). Thin sections were used to investigate
petrography features using a conventional optical microscope, and 20 were examined for
chemistry data on major mineral contents using electron microprobe techniques at the Institute of
Geosciences (University of Brasilia, Brazil) and at the Federal University of Rio de Janeiro
(Brazil). In the former exeperiment, mineral chemistry analyses were performed on a JEOL JXA
8600 Superprobe while applying an accelerating voltage of 15 KeV and a beam current of 10 nA,

whereas in the Rio de Janeiro lab analyses were carried out on a JXA 8230 Superprobe applying
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a voltage of 15 KeV for the analysis of olivine, pyroxene and plagioclase and of 20 KeV for
oxides, and a beam current of 20 nA. Corrections of matrix effects and data reduction tasks were
routinely conducted using PROZA systematic (Bastin and Heijligers, 1990). Descriptions of the
mineral chemical analyses are presented in Appendix A.1.

Fifty-six representative samples were used to support our interpretations on elemental
geochemistry features, of which 13 were earlier reported on in Hollanda et al. (2006). The
complete geochemical results found in the present study are listed in Table 3.2. Major and trace
(including rare earth) element data obtained through this study were collected from ACME
Analytical Laboratories Ltd, Canada. Analytical procedures involved LiBO; fusion followed by
X-ray fluorescence (for major oxides and LOI, plus Ba) and dilute acid digestion followed by
ICP-MS analysis for minor and rare earth elements, corresponding with a combination of 4X4B
commercial package codes. Metals and total Pb levels were also determined by ICP-MS
following acqua regia digestion as required for the package code 1DX. Otherwise, most Sr, Nd
and Pb isotope compositions presented in this paper were also previously presented in Hollanda
et al. (2006) (Table 3.3), while six of the analyses are original and were performed at the
Geochronological Research Center of the University of Sdo Paulo (Brazil).

For the Sr, Nd and Pb isotopic analyses, approximately 100 mg of whole-rock powder
was dissolved into Savillex® beakers via sub-boiling purified HF:HNO3 acid digestion and was
then refluxed in 6 M HCI for fluoride removal. Sr and rare earth elements were collected from
the matrix solution using Eichrom Sr-Spec® resin eluted with 0.05 M HNO3 and a combination
of two sets of ion-exchange columns packed with RE-Spec® (for rare earth elements) and LN-
Spec® resins (for Sm and Nd). Nd and Sm elements were collected using 0.26 M and 0.55 M
HCI, respectively. Natural isotopic compositions were measured by thermal ionization mass
spectrometry (TIMS) in a multicollector Thermo Scientific Triton machine set in dynamic mode.
The Sr and Nd isotope ratios were mass fractionated and normalized to ®°Sr/*®Sr = 0.1194 and
18Nd/MNd = 0.7219, respectively. Measurements of the NBS-987 and JNd-1 standards made
during the period of analysis yielded natural 8’Sr/%°Sr = 0.710248+0.000039 and ***Nd/***Nd =
0.512101+0.000006 values at 2o level, while total procedure blanks were recorded at 640 (Sr)
and 120 (Nd) pg. ¥'Rb/*°Sr and **’Sm/***Nd ratios were determined from Rb, Sr, Sm and Nd
concentrations obtained via ICP-MS.

Finally, an aliquot of the matrix solution was loaded into a Biorad AG 1-X8® (200-400#)
anion exchange column for Pb extraction. The matrix was eluted using 0.7 M HBr and Pb
collected in 6 M HCI over successive stages. Total blanks were in the range of 50-100 pg. Pb-

isotope ratios were acquired in static mode on a seven-collector Finnigan MAT-262 TIMS
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spectrometer. Mass fractionation was corrected for 0.095% a.m.u. NBS-981 standard
measurements yielded average values of 2°°Pb/2**Pb = 16.898+0.007, ?’Pb/**Pb = 15.439+0.009
and 2°Pb/?**Pb = 36.535+0.029 (25; n = 60).

3.4 RESULTS
3.4.1°AR/*® AR GEOCHRONOLOGY

Three plagioclase multigrain aliquots extracted from the tholeiite CM-12 were dated, but
one (#0480-02) failed to provide a reliable age, and thus its heating spectra are not shown in
Figure 3.2. The other two aliquots yielded concordant ages, with one resulting from a plateau of
127.1+1.3 Ma defined with ~90% of the total **Ar released (#0480-03). The other (#0480-01)
provided a heating spectrum that remained mildly disturbed by **Ark recoil loss at lower
temperatures. However, although more imprecise, a plateau age of 129+4 Ma calculated from
~80% of the total **Ark released is comparable to the former. Combined plateau steps of the two
multigrain aliquots yielded a mean weighted age of 126.9+4 Ma, which we consider to be the

best estimate of tholeiite CM-12 age.
3.4.2 PETROGRAPHY AND MINERAL CHEMISTRY

Rocks constituting the CMDS are doleritic basalts that assemble modal Ca-
plagioclase+pyroxene+opaque mineralstolivine. Depending on dyke widths, textures vary from
fine-grained at the chilled margins to mid-grained in the central zones, with intergranular and,

occasionally, intersertal arrangements present. Some display plagioclase-pyroxene-(zxolivine)-
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Figure 3.2. (a) “’Ar/**Ar step-heating diagram for two multigrain replicates (#0480-01 and -03) of the
tholeiite CM-12. The error boxes of each step are given at the 1o level, while errors for the plateau and
integrated ages are shown at the 2c level. (b) Age-probability curve presenting a mean age of 126.9+4 Ma
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after the combination of the plateau steps defined in (a).

phyric textures. Phenocryst abundances range from 20 to 30%vol. When dyke widths exceed 10
meters, mineral assemblages exhibit a coarse-grained gabbroic texture. Olivine constitutes a
phenocryst phase (up to 5 mm) in ~15% of the dykes (those cropping out from the southern
section of the main swarm), occasionally enclosing smaller laths of plagioclase and providing the
rock with sub-ophitic and poikilitic textures. Seriate-textured dykes are rare. Fe-Ti oxides (3-
4%vol.) include magnetite and ilmenite of symplectic intergrowth exsolution textures (titano-
magnetite); some rare ilmenite co-exists in the groundmass in needle-like and skeletal forms,
especially in the gabbroic dykes.

The CMDS has long been considered to be tholeiitic in composition (Bellieni et al., 1992;
Hollanda et al., 2006). Here, we first grouped the dykes into olivine tholeiites for those
containing modal olivine (with the exception of pyroxene and plagioclase) and into tholeiites for
those devoid of modal olivine. A more accurate classification based on geochemical features is
presented below.

A representative mineral assemblage of the olivine tholeiites includes 45:20:30:5%uvol. of
plagioclase: pyroxene:olivine:opaque (Fe-Ti) oxides. Clinopyroxene and plagioclase are found
either as phenocryst and/or groundmass phases, while olivine is only found as phenocryst, and
Fe-Ti minerals form the fine-grained matrix. Anorthite (An) compositions in plagioclase are
composed of labradorite to andesine (Ang;-46) in normally zoned phenocrysts and of dominantly
andesine (Anss.40) in microlitic laths of the matrix. Microprobe analyses show that olivine
phenocryst compositions are unimodal with forsterite content from the center (F0gg.s5) to the late-
stage rims (Fogsss55), although one of the phenocryst grains is more Mg-rich with Fog; 5.76.
Pyroxene microphenocrysts are diopsidic (Wous9Enso.4Fs137; Fig. 3.3a) to sub-calcic augite in
the groundmass (Wos77EnssFsie.2; Fig. 3.3b) together with rare pigeonite (according to one
analysis shown in Appendix A.1).

For most of the tholeiitic dykes, the common modal assemblage is 55:35:10 (%vol.) of
plagioclase:pyroxene:Fe-Ti minerals. Anorthite compositions in plagioclase are 62-29%An,
though albite (Anss.11.1) was detected along the rims of some laths in sample CM-02. In the Ca-
Mg-Fe diagram of Figure 3.3c a set of analysis plots at the 45 mol.% Ca threshold with
compositions of diopside (W04g.1-452EN39.1-36.8FS13.4-16.1) and sub-calcic augite (W04 1-452EN391-
36.8FS13.4-16.1) @S those presented in the olivine tholeiites. The microphenocrysts are mainly augite,
occasionally exhibiting Fe enrichment along the rims. Pigeonite serves as a dominant phase in

the coarse groundmass (Fig. 3.3d).
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Figure 3.3. Ca-Mg-Fe ternary plot used for the classification of pyroxenes analyzed for the CMDS
tholeiites. Pyroxenes occur as: (a) microphenocrysts and (b) coarse-grained matrixes in the olivine
tholeiites and as (c) — (d) microphenocrysts and coarse-grained matrixes in the tholeiites.

3.4.3 MAJOR AND TRACE ELEMENT COMPOSITIONS

Major and minor element compositions are listed in Table 3.2. In the TAS diagram (Fig.
3.4a) all CMDS samples are basaltic (basalts-trachybasalts-andesites), though two samples show
silica contents that are more highly evolved towards andesitic compositions. All are tholeiitic
according to Miyashiro’s (1979) diagram (Fig. 3.4b). From the normative compositions, three
groups were identified. The group with modal olivine (olivine tholeiites) shows normative quartz
values of 0-2, whereas another shows higher values of 8-15, and the other shows relatively
moderate values of 7-9. The most basic sample in our dataset is DCO-125 with MgO of 10.2
wt.% and silica content of 47.5 wt.%. This is the only sample that is hypersthene+olivine
normative. All of the other samples are hypersthene+quartz normative.

The chemical classification proposed here uses the Ti-P-Zr triad to define continental tholeiites,
for which a bound of 2 wt.% TiO; is used as the main geochemical criterion for subdivision into
low-Ti and high-Ti magmas (Bellieni et al., 1984; Fodor et al., 1985, 1990; Mantovani et al.,
1985; Peate et al., 1992; Peate and Hawakesworth, 1996; Ewart et al., 1998; Marques et al.,
1999; De Min et al., 2003; Jourdan et al. 2007). As such a value is arbitrary according to Peate et
al. (1992), we use a value of 1.5 wt.% as a more appropriate measure for our dataset, and this
value is used together with a Ti/Y ratio of ~360. Such a ratio serves as a more robust qualifier for
fractionated magmas than the TiO,-wt.% as noted in Peate et al. (1992). The also arbitrary value
of 360 is used here to distinguish between high and low-Ti tholeiites of the CMDS in
corresponding with the value of 310 defined by these authors in relation to the Parana flood
basalts. Relative abundances of SiO, and MgO and ratios of incompatible elements are assessed

as diagnostic criteria for further discussion on the petrogenesis processes.
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Figure 3.4. Major element classification for the CMDS tholeiites based on (a) TAS and (b) SiO, versus
Fe,031/MgO diagrams.

From our dataset, two olivine tholeiites present loss of ignition (LOI) values of >2.5
wt.%, and these are not considered in our comments. A plot of MgO versus TiO; wt.% (Fig.
3.5a) shows that the olivine tholeiites and most of the tholeiites are high in TiO; thus closely
matching Pitanga and Paranapanema compositions of the Parana province, with olivine tholeiites
exhibiting higher MgO content levels. Six samples show low-Ti composition plotting in the
same field as low-Ti magmas of the CAMP-Maranh&o and Parana provinces. Such patterns are
also observed in the Ti/Y-Ti/Zr diagram (Fig. 3.5b), thus allowing us to subdivide the CMDS
tholeiites into three well-defined groups. When examining the distribution of the high-Ti
tholeiite samples, we found a sharp gap of 7.3-5.0 wt.% in MgO content leading us to subdivide
them into high-Ti olivine tholeiite (MgO >7.3 wt.%) and evolved high-Ti tholeiite
(3.5<MgO<5.0 wt.%) groups as proposed for the CAMP-Maranhdo tholeiites (Merle et al.,
2011). However, such a decrease in MgO content does not correlate with increasing silica
content, suggesting that the two groups were likely not derived through the fractionation of the
same parental magma. In applying other geochemical criteria proposed by Peate et al. (1992) to
differentiate between high-Ti magma types of the Parana flood basalts, we observe that Fe,Os,
P,0s, Sr and Zr (and other large ion lithophile (LIL) and high field strength (HFS) elements) can
also be used to distinguish between the two high-Ti groups of the CMDS, with evolved high-Ti
tholeiites exhibiting higher Fe and P oxide levels and being more enriched with Zr, Sr, Ba and
Rb. Thus, the evolved high-Ti tholeiites may be defined as high-Ti-P-Zr (HTPZ) magmas, while

the olivine tholeiites may be defined as high-Ti-P magmas with low-Zr.



Table 2. Geochemical data for the CM DS tholeiites.

Geochemi Sample

calgroup name

Olivine tholeiites
DCO-12t
DCO-13¢
DCO-137
DKTt-01
DKLN-01
HD-34

Localization
(UTM
coordinate)

796.93/9259.14
768.13/9306.81
770.59/9310.43

Average (n = 4)*

Standard deviation (SD)

SD %

Evolved high-Ti tholeiites

CM-01
CM-02
CM-03
CM-04
CM-05
CM-06
CM-07
CM-08
CM-10
CM-11
CM-13
CM-14
CM-15
CM-16
CM-17
CM-18
CM-19
CM-30
CM-31
CM-32
CM-33
CM-34
CM-37
CM-38
DCO-02
DCO-05
DCO-07
DCO-17
DCO-25
DCO-26
DCO-29

805.64/9368.08
810.69/9367.38
171.05/9373.85
818.65/9366.38
786.91/9369.36
766.34/9374.27
778.67/9376.67
795.21/9376.67
810.58/9376.66
820.86/9381.74
821.43/9376.92
806.99/9376.66
767.95/9369.15
790.68/9381.26
794.40/9370.00
787.87/9382.34
788.13/9377.66
743.80/9374.70
749.50/9374.50
710.20/9361.50
705.47/9366.07
708.99/9367.47
688.89/9362.94
636.23/9359.13
703.38/9369.63
806.81/9361.47
600.76/9362.13
544.28/9347.83
704.87/9361.88
689.36/9363.04

SiO2

ALO3

Fe>Osr MnO MgO CaO NaxO KO

TiO2

P20s

LOI

SUM

Major elements wt.%

47.5
49.9
50.5
51.2
49.2
48.7
49.8
1.39
2.8

49.2
49.9
49.3
50.6
49.1
51.9
52.0
50.5
51.3
52.6
49.5
49.9
51.7
48.7
51.3
51.9
49.1
49.9
50.1
50.3
50.2
50.0
50.6
49.9
50.41
51.99
50.4
50.6
54.4
50.2
49.7

14.78
14.83
14.82
14.95
14.94
13.92
14.85
0.06
0.4

12.64
12.35
12.64
12.55
12.72
13.91
14.23
12.77
12.96
12.69
12.18
12.67
12.58
12.62
12.97
12.70
12.32
12.57
12.36
12.90
12.12
12.72
12.49
12.52
12.49
12.49
12.61
12.52
12.90
12.36
12.89

12.97
11.89
11.42
11.61
12.23
11.03
11.97
0.60
5.0

15.59
15.67
14.92
15.22
14.70
13.23
13.23
14.35
14.54
13.39
15.46
14.73
13.35
14.80
14.26
13.68
15.48
14.89
15.36
14.39
15.42
14.48
14.80
14.88
16.04
14.67
14.88
14.92
11.00
15.58
15.10

0.18
0.15
0.14
0.14
0.15
0.14
0.15
0.02
10.9

0.20
0.21
0.20
0.21
0.21
0.18
0.18
0.19
0.19
0.21
0.20
0.20
0.19
0.19
0.20
0.19
0.20
0.19
0.21
0.20
0.20
0.15
0.17
0.21
0.21
0.20
0.19
0.20
0.19
0.21
0.20

10.23
8.35
7.33
7.49
7.62
7.66
8.35
1.15
13.8

4.98
4.50
4.78
4.55
4.45
3.47
3.67
3.75
3.96
3.69
4.66
4.48
3.59
4.89
4.32
3.83
4.84
4.62
4.53
4.43
4.34
4.10
4.08
4.30
4.68
3.99
4.25
4.13
4.00
4.72
4.96

9.55
8.99
8.31
8.34
7.69
7.67
8.80
0.51
5.8

8.35
7.81
7.64
6.89
8.26
6.91
7.74
7.11
7.33
6.25
7.61
7.40
6.45
7.01
6.86
7.13
7.97
7.46
7.60
7.43
6.99
7.50
7.19
7.70
8.13
7.45
7.76
7.46
7.10
7.88
6.67

3.07
3.36
3.65
3.63
3.52
3.29
3.43
0.24
6.9

2.57
2.65
3.05
3.37
2.57
3.37
3.18
3.00
2.90
3.62
2.72
2.93
2.62
2.93
3.55
2.92
2.65
2.79
2.89
2.98
3.12
2.75
2.84
2.67
2.41
2.62
2.72
2.92
2.54
2.72
3.48

0.54
0.57
0.76
0.74
0.73
1.37
0.65
0.10
151

141
1.52
1.82
1.82
1.50
1.82
1.66
1.86
1.82
2.27
1.66
1.73
291
1.65
2.02
2.01
1.43
1.76
1.64
1.73
1.87
1.67
1.87
1.63
1.37
1.96
1.73
1.74
1.80
1.58
1.94

1.54
1.56
1.97
1.95
1.58
2.21
1.76
0.21
11.7

3.25
3.89
3.76
3.14
3.07
2.87
3.09
3.37
3.40
2.90
3.85
3.72
2.97
3.67
3.05
3.02
4.05
3.70
3.76
3.02
3.64
3.53
3.44
3.67
3.57
3.08
3.56
3.52
2.33
3.82
3.19

0.23
0.21
0.26
0.24
0.22
0.37
0.24
0.02
7.5

0.41
0.45
0.52
0.50
0.44
0.55
0.46
0.49
0.51
0.75
0.45
0.42
0.76
0.54
0.50
0.76
0.39
0.44
0.45
0.48
0.49
0.50
0.49
0.44
0.49
0.73
0.47
0.49
0.54
0.44
0.43

0.32
0.53
0.85
0.24
2.75
3.70
0.49
0.24
48.1

177
1.22
1.62
1.54
2.35
1.34
0.89
191
1.27
1.03
1.10
114
2.07
2.34
1.55
1.98
1.39
1.76
1.30
161
0.88
181
1.54
1.36

1.60
1.00
1.01
0.90
1.93

100.3
100.3
100.1
100.5
100.7
100.1

100.4
100.2
100.3
100.5
99.5
99.7
100.4
99.3
100.3
99.5
99.4
99.4
99.3
99.4
100.6
100.2
99.9
100.1
100.2
99.6
99.3
99.2
99.5
99.4
99.8
99.7
100.2
99.5
97.8
100.5
100.6
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Localization 5102 AkOs Fe20sr MnO MgO CaO NaO K0 TiOz P20s LOI SUM

Geochemi Sample UT™m

calgroup name coordinate)

Evolved high-Ti tholeiites
DCO-60 395.95/9262.43 53.9 16.12 10.37 0.16 2.86 7.07 3.87 2.08 233 066 1.61 101.1
DCO-71 822.54/9364.58 50.6 16.39 9.59 0.12 4.59 7.34 485 198 266 050 1.92 100.6
DCO-72 806.66/9368.53 51.7 13.47 13.76 0.19 3.97 6.28 3.65 214 289 053 1.74 100.4
DCO-83 51.3 12.43 15.58 0.20 4.40 7.60 2.59 1.72 3.48 0.45 ##
DCO-13Z 799.65/9316.98 51.3 12.48 15.17 0.20 4.06 7.03 2.80 211 331 049 1.62 100.4
DCO-13: 783.37/9319.25 515 12.80 14.76 021 3.81 7.17 293 202 3.17 053 143 1004
DCO-134 786.41/9319.36 51.1 12.85 1531 021 4.12 7.49 2.85 177 341 050 0.85 100.6
DCO-13¢€ 768.85/9320.35 51.6 12.69 15.15 0.22 3.88 7.23 2.90 1.97 3.32 053 0.69 100.3

Major elements wt.%

DKFL-0z 512 12.68 1519 020 4.08 720 274 173 325 0.54 150 100.4
DKJU 514 1266 1531 020 405 7.02 285 195 338 0.51 1.03 100.4
DKSV-1 514 12.68 1529 0.19 395 7.09 283 174 334 052 1.14 100.3
HD-27 250.74/9414.83 49.4 12.02 1565 0.20 4.77 7.71 273 158 395 040 128 99.7
HD-28 522 12.69 1378 021 386 7.13 3.04 212 310 0.78 1.10 100.1

HD-32A 216.44/9369.33 52.1 12.75 13.05 020 3.64 6.48 3.31 221 285 0.80 181 99.2
HD-32B 216.44/9369.33 52.0 12.74 1384 020 3.76 7.13 3.01 200 3.07 0.78 124 99.9

Average (n = 46) 50.9 12.85 14.45 0.20 4.20 7.30 2.98 1.83 3.31 0.53 1.37
Standard deviation (SD} 1.2 0.82 1.33 0.02 0.45 0.47 0.43 0.26 0.39 0.11 0.48
SD % 2.4 64 92 86 106 64 143 144 118 209 353

Low-Ti tholeiites
DCO-03 580.85/9379.85 52.1 1440 11.21 0.18 7.03 10.58 2.33 0.75 1.18 0.16 0.55 100.5
DCO-04 587.47/9359.94 52.0 13.79 1328 0.20 4.93 8.35 2.90 140 153 021 1.46 100.1
DCO-06 808.01/9381.38 51.8 14.38 11.11 0.18 7.15 10.13 2.59 097 117 0.15 0.70 100.4
DCO-08 572.01/9398.65 51.3 1538 1156 0.19 541 950 2.64 098 122 0.16 1.15 995
DCO-14 502.22/9387.64 51.1 1393 1071 0.17 7.47 10.63 2.24 063 110 0.12 0.96 99.1
DCO-27 698.24/9368.54 48.2 16.12 1293 0.18 7.95 10.33 2.90 0.42 0.89 0.09 0.66 100.7
Average (n =6) 51.1 14.67 11.80 0.18 6.66 9.92 2.60 0.86 1.18 0.15 0.91
Standard deviation (SD} 1.3 0.83 0.96 0.01 1.10 0.80 0.25 0.31 0.19 0.04 0.32
SD % 2.6 56 81 52 165 80 9.7 36.0 160 248 347
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Figure 3.5. (a) Mg versus Ti oxides and (b) Ti/Y versus Ti/Zr plots for discrimination between high- and low-Ti
magmas. Fields for both high-Ti and low-Ti suites of the Parana (blue) and CAMP-Maranhdo (green) provinces are
shown for purposes of comparison; for Parana, we do not discriminate between the distinct high-Ti and low-Ti
magma types. Sources used include the following: Peate (1997), Merle et al. (2011) and Rocha-Janior et al. (2013).

From major oxides shown in the MgO plots, each of the three groups shows patterns
compatible with slight or moderate degrees of fractional crystallization (Fig. 3.6). SiO,, Na,O
and P,0s (and K>O, to a minor extent) increase with decreasing MgO levels in all groups, while
CaO (and in part Fe;Os3) and Al,O3/Ca0 ratios decrease, indicating that pyroxene and plagioclase
served as major fractionating phases. Oxide minerals may have served as either fractionating or
accumulating phases depending on whether Fe and Ti decreased against MgO or not.
Chondrite-normalized REE patterns are shown as average patterns in Figure 3.7a. All of the
analyzed samples are several times richer in light rare earth elements than the chondritic average
composition. The low-Ti tholeiites present a very slight Eu negative anomaly denoting minor
plagioclase precipitation, while the olivine tholeiites show discrete plagioclase accumulation
patterns. All of the groups show nearly flat patterns in heavy rare earth elements (Dy/Yby = 1.3-
1.7), highlighting sparse residual garnet in their sources. All primitive mantle-normalized
incompatibility profiles of the three groups look similar with the exception of distinct degrees of
enrichment observed for the evolved high-Ti tholeiites and of a positive spike in Nb observed in
the olivine tholeiites rather than depletion patterns seen in the other groups (Fig. 3.7b).While the
evolved high-Ti tholeiite pattern resembles the average OIB as indicated by the fitting in high
field strength element abundances and Pb negative anomalies, no correspondence is found
regarding Nb behaviors. For these tholeiites, Nb-Ta depletion is moderate and becomes more
pronounced in the low-Ti tholeiites. By contrast, the olivine tholeiites show Nb-Ta abundances
that are similar to those of OIB magmas, with their average incompatible element compositions

matching those of E-MORB magmas.
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Figure 3.6. Variation diagrams of major elements against MgO.
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Figure 3.7. Profiles for average abundances of (a) chondrite-normalized REE and (b) PM-normalized incompatible
element patterns. Comparison are made between OIB, N- and E-MORB average compositions presented by Sun and
McDonough (1989). Normalization parameters are drawn from (a) Boynton (1984) and (b) Sun and McDonough
(1989). N denotes the number of samples analyzed and considered in average patterns of each tholeiite group.

3.4.4 SR-ND-PB IsoToriCc COMPOSITIONS

Most of the Sr-Nd-Pb isotopic compositions discussed here were previously reported on
in Hollanda et al. (2006). They are reproduced in Table 3.3 in italics together with new results
obtained for the olivine and low-Ti tholeiites (three samples for each group). We also include
new Pb isotopic compositions obtained for the evolved high-Ti (DCO-17, -25, -71, -83) and low-
Ti (DCO-08, -14) tholeiites, some of which also previously studied for Sr-Nd systematics by the
same authors. Samples that were omitted owing to their higher LOI values were also not
considered for isotopic modeling. For the same reason, we did not examine some of the isotopic
compositions presented by Hollanda et al. (2006). To allow for uniform comparisons between
the samples, all isotopic parent/daughter ratios were (re)calculated using concentrations obtained
in this study by LA-ICPMS (listed in Table 3.2), while all initial radiogenic ratios were
calculated to the “°Ar/*°Ar age of 127 Ma. We note that even when using a time span of roughly
15 m.y. for the emplacement of the CMDS as suggested by the published K-Ar ages, the shift in
the initial isotope ratios is negligible for Sr and Nd and for 2°’Pb/***Pb and 2%Pb/***Pb ratios. For
26pp2%py  the deviation should be <1%, which would not change our interpretation of the
CMDS petrogenesis.

When the Sr-Nd radiogenic ratios are plotted on a binary diagram, the CMDS tholeiites

spread towards variable Sr combined with chondritic to unradiogenic Nd isotopic compositions
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Table 3. Sr, Nd and Pb isotopic compositions of the CMDS tholeiites.

143, 144 206, /204 207, 204 208 /204
Nd/"'N

Pb

Pb/ Pb

sample ST o o o S"Ro/*sr M7 smv**Nd ¥Tsr®sr MONd/ NG e(Nd) - 0%/ PP P/ Pt 2P0/ P
name measured (t = 0) isotopic ratios calculated isotopic ratios calculated (t = 127 Ma) isotopic ratios
Olivine tholeiites
DCO-125 0.70348 0.512646  18.406 15.548 38.160 0.0521 0.1545 0.70339  0.512518 0.84 17.987 15.528 37.680
DCO-136 0.70365 0.512837  19.100 15.645 38.873 0.0672 0.1655 0.70353  0.512699 4.36 18.244 15.603 37.473
DCO-137 0.70377 0.512769 19.954 15.821 39.904 0.0865 0.1597 0.70361 0.512636 3.16 19.130 15.781 39.148
DKTt-01 0.70388 0.512105 20.128 15.846 39.934 0.0834 0.1851 0.70373 0511951  -10.40 19.246 15.803 38.924
Evolved high-Ti tholeiites
DCO-02 0.70425 0.512266 18.315 15593 38592 0.1443 0.1372 0.70399 0.512152 -6.29 17.753 15.566 37.788
DCO-17 0.70624 0.512421 18.292 15.572 38,538 0.1961 0.1438 0.70589 0.512301 -3.38 17.535 15.535 37.326
DCO-25 0.70511 0.512234 18.276 15.572 38.546 0.2540 0.1340 0.70465 0512123 -6.87 17.944 15.556 38.090
DCO-26 0.70426 0.512277 18.317 15588 38573 0.1757 0.1307 0.70394 0512168 -5.97 17.719  15.559 37.767
DCO-29 0.70533 0.512241 18.332 15594 38.780 0.2164 0.1183 0.70494 0512143 -6.48 18.040 15.580 38.355
DCO-60 0.70677 0.512368 18.775 15.634 39.043 0.1535 0.1271 0.70644 0512262 -4.14 17.860 15.590 37516
DCO-71 0.70512 0.512172  17.560 15.389 37.976 0.0782 0.1509 0.70498 0.512047 -8.35 17.084 15.366 37.446
DCO-72 0.70682 0.512423 18.352 15.603 38.781 0.2487 0.1314 0.70637 0512314 -3.14 18.088 15.590 38.357
DCO-83 0.70570 0.512261 18.243 15.561 38.458 0.2383 0.1315 0.70527 0512152 -6.30 17.577 15.529 37.560
HD-27 0.70399 0512493 18.338 15.609 38.646 0.1886 0.1410 0.70365 0512376 -1.93 17.743  15.580 37.817
HD-28 0.70607 0512463 18.263 15.565 38.583 0.2206 0.1287 0.70567 0512356 -2.31 17.395 15.523 37.292
HD-32B 0.70456 0.512445 18.283 15586 38582 0.1467 0.1277 0.70430 0.512339 -2.65 17.797 15.562 37.834
Low-Ti tholeiites
DCO-03 0.70652 0.512494 18.616 15.642 38.713 0.2475 0.1372 0.70607 0512380 -1.84 18.167 15.620 38.174
DCO-04 0.71194 0512349  18.941 15.697 39.133 0.4687 0.1466 0.71109  0.512227 -4.83 17.999 15.651 37.983
DCO-06  0.70453  0.512555  18.629 15.653 38.720 0.3279 0.1363 0.70394  0.512442 -0.64 18.408 15.642 38.322
DCO-08 0.70767 0.512302 18.721 15.688 38.918 0.3275 0.1346 0.70708  0.512190 -5.50 18.234 15.664 38.221
DCO-14 0.70625 0.512494  18.505 15.615 38493 0.2499 0.1690 0.70580 0.512354 -2.36 17.999 15.590 37.789
DCO-27 0.70469 0.512133 18518 15582 38.937 0.0853 0.1416 0.70454 0512015 -8.96 17563 15.536 37.583

(Fig. 3.8a). Pb isotopic ratios represent, in turn, high and low values (Fig. 3.8b, c). The olivine
tholeiites show nearly consistent initial ’Sr/%°Sr ratios (0.70339-0.70373), but **Nd/***Nd ratios
that are partly low (sample DKTt-01) and partly chondritic to high (samples DCO-125, -136, -
137) values. There is no ideal coupling between their Nd and Pb isotopic compositions, except
for that of sample DCO-137, which has initial 2°°Pb/***Pb and **’Pb/®*Pb ratios of 19.130 and
15.781, respectively (A7/4 = +21.6; A7/4 is the vertical deviation of ’Pb/*Pb from the
Northern Hemisphere Reference Line, NHRL, as defined by Hart et al., 1984), for engr = +3.16.
The other depleted Nd value (engr = +4.39) comes from the DCO-136 sample, which has a
moderate initial °Pb/2*Pb value (18.244), while sample DKTt-01 has a combination of lowest
Nd (0.511951; engr =—10.4) and highest °Pb/”**Pb (19.246) and *’Pb/**Pb (15.803; A7/4 =
+22.5) ratios. Together, these samples fit along a Pb/Pb “errochron” of c. 2.6 Ga (MSWD = 5.7)
(Fig. 8b). For DKTt-01, decoupling occurs when its negative engr iS associated with a nearly
chondritic **’Sm/***Nd ratio of 0.1851. This cannot be attributed to simple crustal contamination,
as its ¥ Sr/%°Sr ratio of 0.70373 is lower than that of Bulk Silicate Earth (BSE).

The evolved high-Ti tholeiites also show a wide range of isotopic compositions
corresponding to unradiogenic Nd isotopic ratios integrated with either lower or higher Sr values
(Fig. 8a). Initial ®’Sr/%Sr ratios vary from 0.70365 to 0.70644 and the “**Nd/***Nd ratios range



48

between 0.512376 and 0.512047 (enar = —8.35 to —1.93). Pb isotopic compositions for these
tholeiites are low: 2°°Pb/?*Pb (17.395 to 18.088), 2°’Pb/***Pb (15.523 to 15.590) and 2°®Ph/***Pb
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(37.292 to 38.357). All of these data values fall well above the NHRL with A7/4 values of
between +10.8 and +16.5 distributed along a linear trend sub-parallel to it (Fig. 3.8b, c). One
evolved high-Ti tholeiite (DCO-71 sample), however, plots near the low Pb endmember of the

NHRL. Finally, the low-Ti tholeiites show initial Sr-Nd isotopic compositions that are very
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similar to those of evolved high-Ti tholeiites (®"Sr/**Sr = 0.70394-0.70607; engr = —0.64 to —
8.96), but with slightly higher levels of radiogenic Pb (*®Pb/®Pb = 17.563 to 18.408;
207pp2%ph = 15,536 to 15.651). One exception is the DCO-04 sample, which has the highest
87Sr/%Sr ratio of 0.71109.

3.5 DISCUSSION ON THE PETROGENETIC PROCESSES

3.5.1 MAGMA GENERATION

Assumptions regarding chemical interaction between lithospheric and asthenospheric
mantle sources/melts have been recurrent in discussions on the genesis of continental tholeiitic
magmas (e.g., Peate and Hawkesworth, 1996; Jourdan et al., 2007; Price et al., 2014). The rigid
lithospheric mantle is presumed to be molten as a result of heat transferred through upwelling
thermal anomalies or through physico-chemical interactions with hotter asthenospheric melts. In
both cases, the asthenosphere and lithosphere are able to record chemical signatures as
consequence of the mixing of melts that form the magmas generated.

The Lindsley (1983) pyroxene geothermometer shows temperatures of between 950° and
1,200°C for magmas crystallizing with augite+pigeonite(xclinoenstatite) assemblage, as found
for the CMDS tholeiites. Ratios and contents of the major elements (Al, Ti, Mg) estimated for
clinopyroxene highlight pressure conditions of the crystallizing magma. Ti/Al >0.5 in most of
the augite crystals of the olivine tholeiites and tholeiites of the CMDS denote that crystallization
occurred preferentially at shallow crustal levels. In fact, measured Ca (0.15%<Ca0<0.34%) and
Cr (Cr,03 <0.1 wt%) content levels in the olivines might be taken as chemical qualifiers of the
conclusion that crystallization likely occurred primarily under lower pressure conditions and at
temperatures of ~1,250°C (10 fO,) (based on estimates made according to methods presented by
Roeder and Emslie, 1970). However, <0.25 values of CaO measured in crystals from the same
samples corroborate the fact that crystallization began at deeper levels before cooling occurred at
lower pressures, and this is supported by the broad variations in AI'/AI"Y ratios observed.
According to Sack and Carmichael (1984), both low pressure and temperature levels favor Ti
accommodation in pyroxene.

The evolved high-Ti tholeiite group is more enriched in rare earth elements (> REE =
116-279; (La/Yb)y ~8.4) depicting a relatively higher melt fraction in garnet lherzolite
contributions than in spinel when compared to the olivine (3REE = 58-91; (La/Yb)n ~5.2) and
low-Ti (X REE = 64-115; (La/Yb)n ~4.3) tholeiites. The diagram shown in Figure 9 compares
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(Dy/Yb)n to (La/Yb)n ratios in modeling magma generation levels while also providing an
estimate of melting degrees and fractions (Thirlwall et al., 1994). This relationship allows us to
infer that spinel lherzolite melting will result in minimal variations in the Dy/Yb ratio, as garnet,
if present, will retain Dy (a heavy-REE) preferentially. Garnet Iherzolite melting will generate
higher values of Dy/Yb and more significant depletions of heavy-REE. We plotted the studied
samples as groups to identify mixing lines between spinel and garnet lherzolite melts. Two
mixing lines (one linking the olivine tholeiites and the low-Ti tholeiites and the second defined
by the evolved high-Ti tholeiites) converge at (Dy/Yb)y = 0.7 and (La/Yb)y = 2.5, which
represents hypothetical values for a spinel lherzolite (lithospheric) source enriched with
incompatible elements. The two most basic samples (our use of them is only indicative) of the
olivine (DCO-125) and the low-Ti (DCO-27) tholeiites are highlighted as different symbols in
Fig. 9. These two groups apparently form an array similar to that of a single suite fitted by a
mixing line between melts derived from partial melting of at least 10% of spinel Iherzolite and
melts derived from ~4% of garnet Iherzolite. Both exhibit a melt fraction of 2:3 for spinel and
garnet lherzolite, respectively. A fair difference is found between the two groups in terms of their
magma segregation depths: ~75 km for the olivine tholeiites and ~60 km for the low-Ti
tholeiites, calculated from major element data using Scarrow and Cox’s (1995) method for
apparent pressures (P[Kbar] = 213.6-4.05 SiO;) and Albarede’s (1992; T°C =
2000*MgO/(SiO,+Mg0)+969, with +40°C error margin) method for temperatures. The
difference between the two may be attributed to the fact that the low-Ti tholeiites are more
evolved. However, according to Chayes (1966), TiO-rich basalts result from high pressure and
deep-seated peridotite partial melting while low-TiO, basalts are generated from magmas formed
at higher levels and at higher partial melting degrees. Prytulak and Elliot (2007) argue that small
amounts (generally less than 10%) of recycled oceanic crust in the peridotitic mantle serve as a
probable geochemically consistent explanation for the enrichment of TiO, in OIB magmas. The
presence, therefore, of both low-Ti and high-Ti type basalts in the CMDS may be attributed to
mantle heterogeneity. The evolved high-Ti tholeiites in turn exhibit higher La/Yby ratios (7-10)
that corroborate their higher levels of enrichment in LIL elements. Corresponding parental
magma were generated via ~10% partial melting of enriched lithospheric mantle spinel Iherzolite
with the contribution of <2% of garnet lherzolite in proportion of ~1:2, respectively. This
denotes a higher garnet lherzolite contribution that may partly be responsible for the higher Ti
contents found.

The degrees of partial melting estimated here agree with the findings of Jacques and
Green (1980) and Takahashi and Kushiro (1983) for the generation of tholeiitic magmas. The
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CMDS plot between the main garnet and spinel Iherzolite melting curves (as in Fig. 3.9) suggests
that the various magmas were generated at the garnet-spinel lherzolite transition zone (Thirwall
et al., 1994). Therefore, we conclude that CMDS magma generation were likely constrained
through a mixing of deep mantle (60-70% garnet-facies melts) and shallow mantle (30-40%
spinel-facies melts) sources. The origin and roles of the deep (or asthenospheric) and shallow (or
enriched lithospheric) mantle sources in the petrogenesis of the CMDS are discussed in the

following sections.
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3.5.2 EVALUATION OF LOW-PRESSURE CRUSTAL CONTAMINATION

The effects of crustal contamination on the CMDS require further attention given their
variable and enriched Sr-Nd isotope compositions, especially for the evolved high-Ti and low-Ti
tholeiite groups. As already mentioned, the CMDS intrudes Proterozoic crustal rocks that are
primarily represented by c. 2 Ga acid to intermediate migmatitic gneisses, which were in turn
covered by Neoproterozoic platformal to deep-water pelitic sediments, the whole intruded by
Ediacaran acid to basic granitoids aged in c. 600-570 Ma. As a group, this complex set of rocks
represents high silica crustal material with quite radiogenic Sr and unradiogenic Nd isotopic
signatures (Van Schmus et al., 2003; Souza et al., 2007; Archanjo et al., 2013; Hollanda et al.,
2003, 2011, 2015) and, therefore, potential contaminants for the CMDS magmas. For the olivine
tholeiitic dykes, for which #’Sr/%°Sr are low (0.7034-0.7037) and where eygrvalues of three of
the four samples are positive (engt = +0.8 to +4.4), only the sample DKTt-01 sample has a
strongly negative engrvalue (-10.4) similar to those values reported for the basement rocks. In

spite of divergence from radiogenic Nd isotopic values depicted by the other olivine tholeiites,
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the initial ¥Sr/%°Sr ratio of 0.70373 and trace element contents of the DKTt-01 dyke correspond
well with the mean values for the group. Such a discrepancy characterizes mafic magmas rising
as dykes as a result of rapid heat transfer and turbulent flows, thus favoring the incomplete
homogenization of the assimilated material (Huppert and Sparks, 1985) and producing
compositional heterogeneities that are significant enough to be attributed to conventional AFC
processes. Otherwise, it may also reflect isotopic imbalances related to the mantle source rather
than effects of crustal assimilation during ascent.

To evaluate whether crustal contamination was responsible for the development of
variations in the isotopic and trace element compositions of the evolved high-Ti tholeiites and
the low-Ti tholeiites, we plot the average compositions of each Precambrian orthogneisses and
GLOSS (Global Subducting Sediment) in Figure 3.10 as contaminants, with the latter
representing a proxy for upper continental crust as proposed by Plank and Langmuir (1998). In
this figure, K20 is compared to the initial ®'Sr/*°Sr ratios for all of the samples, as well the
87Sr/%Sr ratio to Sr concentrations. Although most of the samples show a typical trend of
fractional crystallization, the presence of a slight deviation in the #’Sr/%Sr ratio with increasing
KO contents denotes that crustal assimilation must to have marginally influenced the
geochemistry of the evolved high-Ti tholeiites. In contrast, the low-Ti tholeiites show a stronger
tendency towards AFC. More substantial levels of assimilation are found for sample DCO-04,
which shows a higher initial ®’Sr/*Sr ratio (0.71109) and which also represents the more evolved
one of the group (MgO 4.93 wt.%; SiO, 52.0 wt.%). One major contribution of crustal
contamination to the low-Ti magmas is also related to lower P,O5/K;0 ratio values (~0.18)
relative to those of the evolved high-Ti tholeiites (~0.3), even so these values are even
significantly higher than values found for the regional basement gneissic rocks (average 0.04;
Souza et al., 2007).
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Figure 3.10. (a) Initial ®’Sr/*°Sr versus K,0O and (b) ®’Sr/®°Sr versus 1/Sr*1,000plots used to evaluate low-
pressure crustal contamination levels in the CMDS tholeiitic magmas. The potential contaminants are
assumed to form the regional, Precambrian gneissic basement and hypothetical GLOSS (Global
Subduction Sediments; after Plank and Langmuir (1998). Average data for Precambrian orthogneisses are
drawn from Hollanda et al. (2003) and Souza et al. (2007).

3.5.3 CONSTRAINTS ON MANTLE SOURCES FOR THE CMDS THOLEIITES

Incompatible trace element and isotopic data can be effectively used to discuss the
characterization of mantle sources for mafic rocks. In Figure 3.11, we re-plot incompatibility
profiles as previously shown in Figure 7b to compare patterns of the CMDS samples with other
Mesozoic (Jurassic and Cretaceous) continental tholeiites from South America and Africa. The
Northern Benue tholeiites and St. Helena OIB (currently found in the southern Atlantic Ocean)
were used to evaluate the influence of a HIMU-type component in the genesis of olivine
tholeiites once part of the samples of this group show moderately radiogenic Pb isotopic
compositions. Average compositions of both high-Ti and low-Ti tholeiites of the Jurassic
CAMP-Maranhdo (NE Brazil) and Cretaceous Parana provinces were used to equate to CMDS-
evolved high-Ti and low-Ti tholeiites, respectively. Given the discovery of similarities in major
element abundances, we preferentially conducted comparisons with those of evolved high-Ti
tholeiites of the CAMP-Maranhdo province rather than with those of the silica undersaturated
high-Ti group (Merle et al., 2011), while as a reference to the high-Ti Parana tholeiites, we used
Paranapanema and Pitanga types instead of Urubici and Ribeira types. The Esmeralda-Parana
(Ti/Zr >60) was used to conduct comparisons with the CMDS low-Ti tholeiites (we recommend
that the reader consult Peate (1997) for further details on the discrimination of the Parand

tholeiitic magmas).
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We find clear similarities between incompatible trace element patterns in the olivine
tholeiites, St. Helena magmas and Northern Benue tholeiitic basalts, though gentler fractionation
and lower (2-3 times) abundance levels are found for most of the elements in the CMDS olivine
tholeiites (Fig. 3.11a). These patterns may be attributable to by either (but not fully exclusive of)
larger degrees in the partial melting of a source containing residual garnet or to some
contribution of a mantle component approximating to E-MORB. In fact, Kawabata et al. (2011)
argue that St. Helena primary magmas are produced through the 1-2% melting (perhaps <1%
according Stracke et al., 2003) of a hybrid peridotitic source that leaves garnet in the residue.
This differs from our estimate of 10% melting of a spinel:garnet peridotite as a source of olivine
tholeiites. Notwithstanding reasonable parallelism to an E-MORB-type profile (see back Fig.
3.7b), the negative spike patterns in Pb, Nb enrichment trends (Nb/U = 30-60) and trace element
ratios (as La/Nb, Nb/Th, Ce/Pb, Nb/Pb) of the olivine tholeiites most closely approximate to
those of HIMU rather than with those of E-MORB. This suggest that the radiogenic Pb
component is required to reproduce the geochemistry of olivine tholeiites and that it likely
dominated over a more depleted mantle source that may be similar to E-MORB. Pb depletion in
HIMU-type basalts has been proven to derive from a major contributions of recycled oceanic
crust in the mantle source (e.g., Kawabata et al., 2011), which may also be responsible for Rb,
Ba, La, Ce and Sr impoverishment relative to other OIBs, while Nb enrichment patterns would
result from its preferential retention into refractory minerals after the dehydration of subducting
lithospheric slabs (e.g., Brenan et al., 1994; Hanyu and Nakamura, 2000). With the exception of
Ba, two samples of this tholeiite group are more plentiful in water-soluble elements (Rb to U),
but as LOI values are low for all of the studied samples (0.25-0.85 wt.%), these differences may

to be primary and potentially source-related.
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Figure 3.11. Incompatible element profiles
for (a) olivine tholeiites, (b) high-Ti evolved
tholeiites and (c) low-Ti tholeiites. Samples
in (a) and (b) are plotted individually; given
the number of geochemical analyses
obtained for the evolved high-Ti tholeiites
(n=46), we represent them as a field (grey
area). Average compositions for HIMU-type
OIB (St Helena), and high- and low-Ti
tholeiites of the Parand and CAMP-
Maranh&o igneous provinces are shown for
purposed of comparison. Sources data were
drawn from: CAMP-Maranhdo — De Min et
al. (2003) and Merle et al. (2011), Parana -
Peate (1997) and Rocha-Junior et al. (2013),
Northern Benue G1 basalts —Coulon et al.
(1996) and HIMU - Kawabata et al. (2011).

The evolved high-Ti tholeiites are richer in LIL and HFS elements than the other two

groups. Their patterns bear some similarities with those of St. Helena OIBs with relative

abundances of moderately to weakly incompatible (La to Lu) elements, although they are

independently more significant in the CMDS. The most striking differences pertain to Rb-to-Th

enrichment and to a well-marked negative Nb anomaly (Fig. 3.11b) found in the evolved high-Ti

tholeiites, which is also present and more prominent in the low-Ti tholeiites (Fig. 3.11c). As Nb

is strongly fractionated into refractory minerals assembled into dehydrated oceanic slab, its

depletion is commonly shared by magmas derived from sub-arc lithospheric mantle materials

modified by a subduction component (e.g., Tatsumi and Kogiso, 1997). However, average Nb/U

ratios of ~25 and ~15 are observed for the evolved high-Ti and low-Ti tholeiites, respectively,
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and their Nb/Th and Th/U ratios are all higher than those values found for IAB magmas
(Ryerson and Watson, 1987), denoting that a subduction-related lithospheric mantle should not
be the sole source of the primitive melts of these CMDS tholeiites.

Metasomatized (enriched) sub-arc lithospheric mantle involvement has also been found
for other Mesozoic tholeiitic magmas in South America. In spite of variations in their whole
trace element contents, the fit between the trace element patterns of evolved high-Ti tholeiites of
the CMDS and high-Ti equivalents of the Parand igneous province is outstanding, with the
exception of an apparent lack of negative Pb spike found in the latter. Otherwise, the CAMP
representatives tend to be slightly more abundant in moderately to weakly incompatible elements
(from Nd to Lu) than the evolved high-Ti tholeiites, resulting in gentler profiles tipically
expected when garnet occupies a minor phase in the source, or when melting has occurred at
large degrees. In addition, the CMDS tholeiites do not exhibit the negative anomaly in Sr as the
CAMP and Parand magmas, which may also indicate some differences in magma fractionation.
Regarding the low-Ti magmas, the average trace element abundances of the CMDS tholeiites
also do not fully match those of the Esmeralda or CAMP. Notwithstanding, the LIL enrichment
and negative Nb anomaly are conspicuous for all three low-Ti groups, and this contrasting Pb
behavior suggests depletion in the mantle sources of the CMDS and Parand tholeiites and
enrichment in CAMP. In the CMDS, the Pb anomaly decreases with differentiation, likely
reflecting distinct and variable effects of AFC processes on these magmas ‘diluting’ such
supposedly original source-related feature.

Sr-Nd-Pb isotope data on the CMDS were first plotted in binary diagrams shown in the
Figure 8, which are known as Zindler and Hart’s (1986) and Holmes-Houtermans’s (Holmes,
1946; Houtermans, 1946) models. The data reveal the considerable compositional scattering.
Despite the variability in terms of Nd, it is clear that only two olivine tholeiites (samples DCO-
137 and DKTt-01) show strong tendencies towards radiogenic Pb, whereas the whole group
displays uniform and unradiogenic Sr (0.7034-0.7037) compositions. The other evolved high-Ti
and low-Ti tholeiites were found to be quite dispersed towards weakly to strongly radiogenic Sr
and unradiogenic Nd and Pb. In the diagrams in Figure 3.12, we compare the isotopic
compositions of CMDS tholeiites to those of the modern MORB-OIBs. As we believe that Pb
isotopes are central to better determining mantle sources contributing to CMDS tholeiite genesis,
we use a set of four companion plots proposed by Stracke et al. (2005) to differentiate between
FOZO (the FOcal ZOne component) presented by Hart et al. (1992) and the typical HIMU-type
OIBs found in St. Helena and on some of the Cook-Austral islands. In the diagrams, our results

are plotted as present-day isotopic compositions to maintain coherence with those values for
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modern ocean basalts. In all companion plots, FOZO represents a fairly radiogenic Pb and
unradiogenic Sr component dismembered from HIMU. As shown in the Holmes-Houtermans’s
diagram on %®Pb/2%*Pb — 2°Pb/2%Pb (Fig. 3.12a), and in the ?°’Pb/*®Pb versus °®Pb/*°°Pb chart
(Fig. 3.12b), two olivine tholeiites fully match to the field defined by FOZO, with *°Pb/2**Pb =
19.95 and 20.13 and 2®Pb/?**Pb = 39.9 and 39.93 for, respectively, the DCO-137 and DKTt-01
samples, and with “’Pb/*®Pb ~0.79. However, they slightly deviate from FOZO when
considering their 2°Pb*/*®Pb* and Nd isotopic values (Fig. 3.12c, d), where 2®®ph*/2%°pPh* (=
208 P/ PDimeasurec—""Pb/***Phcorroitite) (“*°Pb /P measurea—"""P/***Phcoyoiiice); Galer and O’Nions,
1985) expresses the time-integrated Th/U ratio. The Pb isotopic compositions of the two other
olivine tholeiites (samples DCO-125 and DCO-136) are more unradiogenic and are positioned
within the overlapping field between Atlantic MORB and other OIBs (non-HIMU types).
However, as shown in Stracke et al. (2005), MORBs and non-HIMU OIBs should represent
magmas generated from mixing between FOZO and a depleted (DM) Pb component, diverging
at variable degrees towards isotopically enriched compositions (e.g., EMI or EMII).

The Pb isotopic compositions of all of the other samples of both evolved high-Ti and
low-Ti tholeiites must be described given the significant effects of an enriched end-member.
Regardless we find some evidence for crustal contamination in these two tholeiite groups that
must to be more extensive in the low-Ti magmas, their Pb isotopic compositions are quite
uniform for strongly variable 8 Sr/%°Sr ratios. This suggests that Pb systematics in these tholeiites
mostly approximate with original values and thus may be used to constrain their mantle
source(s). For example, the most radiogenic in Sr (DCO-04 sample) was modelled to exhibit a
higher degree of contaminant assimilation, but exhibit the more radiogenic *°Pb/***Pb ratio
higher than the olivine tholeiite DCO-125, which display no patterns of crustal contamination.
As a whole, both evolved high-Ti and low-Ti tholeiites plot within an overlapping region
between Atlantic MORB and non-HIMU OIBs in Figure 3.12 together with the two unradiogenic
Pb olivine tholeiites. Assuming that Pb systematics also provide the most significant isotopic
differences between the two enriched EMI and EMII end-members (an estimation would be
206pp204ph ~18.8 according the dataset used by Stracke et al., 2003) and that the tholeiites have
measured “®°Pb/**Pb ratio <18.8, we propose that an EMI-type reservoir must serve as the
enriched source component of the CMDS tholeiites. In fact, Zr/Nb, Ba/Nb, Th/Nb and Ba/La
ratios of these tholeiites are in good agreement to those averaged by Weaver (1991) for EMI
OIBs, even though there is an actual consensus that trace element systematics does not allow

unambiguous discrimination between EMI- and EMII-types (Willbold and Stracke, 2006).
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Figure 12. Isotopic companion plots used to differentiate FOZO and HIMU components and to compare their Pb and
Nd signatures with those of the CMDS tholeiitic groups. Fields for Atlantic MORB and non-HIMU OIBs as defined
by Stracke et al. (2005) are also included for comparison (fields for both Pacific and Indian MORB are not shown).

We conclude that the trace element (enrichment in Nb and depletion in Pb relative to U
and Th) and FOZO signatures, now well constrained from some of the CMDS olivine tholeiites,
should be ascribed to an asthenospheric (deeper) component. As widely discussed in literature
the FOZO origin is related to long-term recycling oceanic crust with moderately time-integrated
238Y/2%ph (= p) ratios compared to those of the classical HIMU-type reservoir (e.g., Hart et al.,
1992; Stracke et al., 2003, 2005). The ubiquitously enriched signature found in the other tholeiite
groups was in turn likely dominant at narrower mantle depths. Such enriched mantle source are
credited to the sub-continental lithospheric mantle, which was chemically modified
(metasomatized) by subduction-related processes as predicted by striking negative Nb anomaly
reported for all of the studied samples. The Nd-model ages >1 Ga calculated for the CMDS

tholeiites (Hollanda et al., 2006) underscore a need for the long-term preservation of such
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ancient (Proterozoic) enriched signatures of at least concurrent lithospheric melting and

extensional thinning as a consequence of the Atlantic Ocean opening at the Cretaceous.

3.6 GEODYNAMIC CONSIDERATIONS

Two geochemical subdivisions for the CMDS are proposed in the works of Bellieni et al.
(1992) and Hollanda et al. (2006). According these authors, the CMDS was predominantly
composed of high-Ti tholeiites grouped into four sub-swarms (I to 1V), with three of them
recording magnetic poles of the Upper Jurassic/Lower Cretaceous and with one (sub-swarm II)
possibly becoming crystallized in the Lower Jurassic. A small set of dykes (sub-swarm V)
defined as “alkaline” in composition was once shown to include modal olivine and was shown to
have poles consistent with the Lower Cretaceous ages. Sub-swarms | to 111 are found to form the
main E-W swarm, while sub-swarms IV and V are smaller in length and are found to the south of
the main branch. In turn, Hollanda et al. (2006) divided the swarm into eastern, central and
western tholeiites to explain the prevalence of lower Nd isotope compositions in the dykes of the
central part compared to dykes of the eastern and western regions. These authors also highlight
the dominance of (evolved) high-Ti tholeiites in the swarm and, in minor occurrences typically
confined to the western region, the low-Ti tholeiites. In view of the dataset assembled in this
paper, we propose a new subdivision of CMDS tholeiites into three major geochemical groups.
The first consists of evolved high-Ti tholeiites representing the main swarm (~80%),
encompassing sub-swarms | to Ill presented by Bellieni and colleagues. The second group
consists of low-Ti tholeiites forming ~10% of the main swarm and preferentially exposed in its
western part. The third group found exclusively to the south of the main swarm (sub-swarm 1V)
consists of olivine tholeiites (~10%). These magmas moved up through the lithosphere likely
along (at least) two main feeder zones found at the intersection of both main and southern
swarms with Tertiary plugs of the Macau volcanism (see back Fig. 3.1). Such zones were
mapped from vertical flow fabrics (via steep-dipping magnetic lineation) measured over a set of
60 dykes including the evolved high-Ti and olivine tholeiites following Archanjo’s et al. (2000,
2002) anisotropy of magnetic susceptibility study. This whole region is positioned accross a
large negative geoid anomaly documented in the NE Borborema Province and modeled as a low
density (thermal) zone situated at between 17 and 78 km in depth (Chaves, 2010). This interval
embraces our estimates of melting depths of between 60 and 75 km for the CMDS.
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No single measure can evaluate which mechanism may have promoted the melting of
both sub-continental lithospheric and asthenospheric sources beneath NE Brazil at the
Cretaceous. Three thought-provoking models have been proposed for the origins of intraplate
magmatism, and although they have been largely used to explain the formation of large (volume)
igneous provinces, they may be employed in examining the CMDS. For example, the plume
model invokes an upwelling of hot materials from the deep mantle driven by thermal buoyancy,
arriving at the base of the lithosphere as a large head (>1,000 km in diameter) followed by a
narrower tail (e.g., Richards et al., 1989; Campbell and Griffiths, 1990). Such a mechanism may
help explain the formation of CMDS in view of a likely geographic overlap of NE Brazil and the
St. Helena hotspot during Cretaceous (~130 Ma; Sengor, 1995), it does not endorsed by Ernesto
et al. (2002), and in regards to our conclusions on the existence of radiogenic Pb OIB-type
magmas (the olivine tholeiites) forming the swarm. However, assuming that FOZO serves as a
more realistic component and in accepting that it is “...a ubiquitously dispersed, small-scale
component [expected to reside] in possibly the entire mantle...” according Stracke et al. (2005),
there is no need to relate the origin of the CMDS to the St. Helena plume. In addition, plume-
related igneous provinces require the emplacement of large (extrusive and/or intrusive) magma
volumes over a short time period in a focused area, leading to the presence of high-Mg rocks
(picrite) and to connection with an age-progressive trail and a present-day hotspot (see Ernst,
2014). All of these predictions are not met in the case of the CMDS, although there a few
systematic geochronological studies have been conducted on this issue.

An alternative model proposed on the origins of continental basaltic magmas envisages
that thermal insulation induced by thick lithospheric (“cratonic”) roots can raise the temperature
of the asthenosphere, generating flows moving laterally towards thinner lithospheric areas (King
and Anderson, 1995, 1998). As the asthenosphere ascends into small-scale convective flows, it
may trigger lithospheric melting or decompression and melting itself. The main issue for this
model concerns the factual spatial link between magmatism and cratonic edges. In fact, the
CMDS is located roughly 600-700 km away from the present-day northern edge of the Sé&o
Francisco-Congo (SFC) craton formed during the Neoproterozoic, a distance that may prove
sustainable for the effects of such convective cells (King, 2007). Finally, one non-thermal model
involves the delamination and detachment of a thickened lithospheric keel followed by sinking
into the convective asthenosphere (Anderson, 2005; Lustrino, 2005). The asthenosphere in turn
wells up, passively replacing the lithosphere. It is true that orogenic lithospheric thickening is
presumed to have occurred at end of the Neoproterozoic (~600 Ma) as a result of collisional

events that assembled West Gondwana (e.g., Ganade Araljo et al., 2014). However, major



61

drawbacks to assuming both edge-driven and delamination models relate to the time delay
between the onset of convective thermal instability at the edge of a major lithospheric (the SFC)
discontinuity and delamination (a few hundred million years) and mantle melting in the
Cretaceous. Nevertheless, these two models cannot be excluded as a whole, and a combination of
them with local effects of plate-boundary stresses that were time-related to the Atlantic Ocean
opening (which may certainly explain the association between rifting and lithospheric thinning
and that between asthenospheric upwelling and intraplate (mafic) magmatism) may be explored

in future works.

3.7 CONCLUSIONS

From the results presented in this study the following conclusions can be drawn:

(1) CMDS tholeiites can be subdivided into three geochemical groups based on their
major and trace element compositions: (high-Ti) olivine tholeiites, evolved high-Ti tholeiites and
low-Ti tholeiites;

(2) Chemical variability observed for each group are governed by fractional
crystallization combined with moderate (for the low-Ti tholeiites) to negligible crustal
assimilation processes. Fractionation is primarily favored by olivine, pyroxene, plagioclase and
Fe-Ti minerals from evolving primary magmas;

(3) Primitive mantle-normalized incompatibility profiles show that all of the groups are
prevalent in LIL and HFS elements. Nb(-Ta) enrichment was only found in the olivine tholeiites,
while noteworthy levels of depletion were found in the evolved high-Ti and low-Ti tholeiites.
These contrasting Nb signatures strongly imply the involvement of a deeper OIB-type
(asthenospheric) source and of the sub-continental (arc-type) lithospheric mantle in the genesis
of the CMDS, melted at depths of between 75 and 60 km corresponding with the garnet-spinel
facies transition;

(4) The OIB-type source shown isotopic similarities with the FOZO component (plus
some interaction with E-MORB), which is especially evident from the radiogenic Pb ratios of the
olivine tholeiites. Primary magmas that generated the evolved high-Ti and low-Ti tholeiites
likely evolved from a dominant EMI (subduction-type) reservoir with some interactions with

FOZO melts, as shown by patterns of considerable Nb and Pb depletion, respectively;
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(5) While the primary control for the origin of the CMDS was not deeply assessed in this
paper, we would be biased to believe that its formation primarily results from passive (plate-

boundary stress) rifting rather than from mantle plume activity.

ACKNOWLEDGMENTS

This article was written as part of the E.D. Ngonge’s Ph.D. thesis. Ngonge was supported by
CAPES. M.H.B.M. Hollanda and C.J. Archanjo received grants from the Brazilian National
Research Council (CNPq), which were used to finance part of this research project. The
analytical tests and field trips were carried out under the auspices of CNPq through Project
473.638/2011-8. We thank D.W. Peate and P. Hawkesworth for providing useful comments on
early versions of the manuscript and A. Marzoli and P. Hollings for providing constructive

criticism and suggestions that certainly improved the final version.



63

REFERENCES

Albaréde, F. 1992. How deep do common basaltic magmas form and differentiate? Journal of
Geophysical Research, 97: 10997-11009.

Anderson, D.L. 2005.Large igneous provinces, delamination, and fertile mantle.Elements, 1:
271-275.

Archanjo, C.J., Trindade, R.l.F., Macedo, J.W.P., Aradjo, M.G.S. 2000. Magnetic fabric of a
basaltic dyke swarm associated with Mesozoic rifting in northeastern Brazil. Journal of
South American Earth Sciences, 13: 179-189.

Archanjo, C.J., Aratjo, M.G.S., Launeau, P. 2002. Fabric of the Rio Ceara-Mirim mafic dyke
swarm (Northeastern Brazil) determined by anisotropy of magnetic susceptibility and image
analysis. Journal of Geophysical Research, 107(B3), 2046: 1-13.

Archanjo, C.J., Viegas, L.G.F., Hollanda, M.H.B.M., Souza, L.C., Liu, D. 2013. Timing of the
HT/LP transpression in the Neoproterozoic Seridd Belt (Borborema Province, Brazil):
constraints from U-Pb (SHRIMP) geochronology and implications for the connections
between NE Brazil and West Africa. Gondwana Research, 23: 701-714.

Bastin, G.F., Heijligers, H.J.M. 1990. Progress in electron-probe microanalysis. Material-
wissenschaft und Werkstofftechnik, 21: 216-221.

Bellieni, G., Comin Chiaramonti, P., Marques, L.S., Melfi, A.J., Piccirillo, E.M., Nardy, A.J.R.,
Roisemberg, A. 1984. High- and low-TiO2 flood basalts from the Parana plateau (Brazil):
petrology and geochemical aspects beraing on their mantle origin. Neues Jahrbuch
Miner.Abh. 150(3): 273-306.

Bellieni, G., Macedo, M.H.F., Petrini, R., Picirillo, E.M., Cavazzini, G., Comin-Chiaramonti, P.,
Ernesto, M., Macedo, J.W.P., Martins, G., Melfi, A.J., Pacca, |.G., De Min, J. 1992.
Evidence of magmatic activity related to Middle Jurassic to Early Cretaceous rifting from
northeastern Brazil (Ceara-Mirim): K/Ar age, palaeomagnetism, petrology and Sr-Nd
isotope characteristics. Chemical Geology, 97: 9-32.

Benkhelil, J. 1989. The origin and evolution of the Cretaceous Benue Trough (Nigeria). Journal
of African Earth Sciences, 8 (2/3/4): 251-282.

Boynton, W.V. 1984. Geochemistry of the rare earth elements: meteorite studies. In P.
Henderson (Ed.), Rare-Earth Element Geochemistry, Elsevier: 63-114.

Brenan, J.M., Shaw, H.F., Phinney, D.L., Ryerson, F.J. 1994. Rutile-aqueous fluid partitioning
of Nb, Ta, Hf, Zr, U and Th: implications for high field strength element depletions in
island-arc basalts. Earth and Planetary Science Letters, 128: 327-339.

Campbell, 1.H. 2005. Large igneous provinces and the mantle plume hypothesis. Elements, 1:
265-2609.

Campbell, 1.H., Griffiths, R.W. 1990. Implications of mantle plume structure for the evolution of
flood basalts. Earth and Planetary Science Letters, 99: 79-93.

Chang, H.K., Kowsmann, R.O., Figueiredo, A.M.F., Bender, A.A. 1992. Tectonics and
stratigraphy of the East Brazil Rift system: an overview. Tectonophysics, 213: 97-138.

Chaves, C.A.M. 2010. Inverséo linear de anomalias do gedide da Provincia Borborema: variagao
composicional ou perturbacdo térmica no manto? Master thesis, Instituto de Astronomia,
Geofisica e Ciéncias Atmosféricas, Universidade de S&o Paulo, 163 pp.

Chayes, F. 1966. Alkaline and subalkaline basalts. American Journal of Science, 264: 128-145.

Cordani, U. G., and P. Vandoros. 1967. Basaltic rocks of the Parani basin, in Problems in
Brazilian Gondwana Geology, edited by J. J. Bigarella, R. D. Becker, and J. D. Pinto, pp.
207-231.

Coulon, C., Vidal, P., Dupuy, C., Baudin, P., Popoff, M., Maluski, H., Hermitte, D. 1996. The
Mesozoic to Early Cenozoic Magmatism of the Benue Trough (Nigeria); Geochemical
Evidence for the Involvement of the St Helena Plume. Journal of Petrology, 37: 341-358.



64

De Min, A., Piccirillo, E.M., Marzoli, A., Bellieni, G., Renne, P.R., Ernesto, M., Marques, L.S.
2003. The Central Atlantic Province (CAMP) in Brazil: petrology, geochemistry, “°Ar/**Ar
ages, paleomagnetism and geodynamic implications. In: Hames, W.E., McHone, J.G.,
Renne, P.R., Ruppel, C. (Eds.), The Centra, Atlantic Magmatic Province: insights from
fragments of Pangea. AGU Geophysical Monographs, 136: 209-226.

Ernesto, M., Marques, L.S., Piccirillo, E.M., Molina, E.C., Ussami, N., Comin-Chiaromanti, P.,
Bellieni, G. 2002. Paranid magmatic province-Tristan da Cunha plume system: fixed versus
mobile plume, petrogenetic considerations and alternative heat sources. Journal of
Volcanology and Geothermal Research, 118: 15-36.

Ernst, R.E. 2014. Large Igneous Provinces.Cambridge University Press, 653 pp.

Ewart, A., Milner, S.C., Armstrong, R.A., Duncan, A.R. 1998.Etendeka volcanism of the
Goboboseb Mountains and Messum Igneous complex, Namibia. Part I: Geochemical evidence
of Early Cretaceous Tristan plume melts and the role of crustal contamination in the Parana-
Etendeka CFB. Journal of Petrology, 39: 191-225.

Ewart, A., Marsh, J.S., Milner, S.C., Duncan, A.R., Kamber, B.S., Armstrong, R.A.
2004.Petrology and geochemistry of Early Cretaceous bimodal Continental Flood Volcanism
of the NW Etendeka, Namibia. Part 1: Introduction, mafic lavas and re-evaluation of mantle
source components. Journal of Petrology, 45, 59-105.

Fodor, R.V., Corwin, C., Roisenberg, A. 1985. Petrology of Serra Geral (Parand) continental
flood basalts, southern Brazil: crustal contamination, source material and South Atlantic
magmatism. Contributions to Mineralogy and Petrology, 91: 54-65.

Fodor, R.V,, Sial, A.N., Mukasa, S.B., McKee, E.H. 1990. Petrology, isotope characteristics and
K-Ar ages of the Maranh&o, northern Brazil Mesozoic basalt province. Contributions to
Mineralogy and Petrology, 104: 555-567.

Francolin, J.B.L., Cobbold, P.R., Szatmari, P. 1994. Faulting in the Early Cretaceous Rio do
Peixe basin (NE Brazil) and its significance for the opening of the Atlantic. Journal of
Structural Geology, 16(5): 647-661.

Galer, S.J.G., O’Nions, R.K. 1985.Residence time of thorium, uranium and lead in the mantle
with implications for mantle convection. Nature, 316: 778-782.

Ganade-Aratjo, C.E., Rubatto, D., Hermann, J., Cordani, U.G., Caby, R., Basei, M.A.S.
2014.Ediacaran 2,500-km-long synchronous deep continental subduction in the West
Gondwana Orogen. Nature Communications, doi: 10.1038/ncomms6198.

Hanyu, T., Nakamura, E. 2000. Constraints on HIMU and EM by Sr and Nd isotopes re-
examined. Earth, Planets and Space, 52: 61-70.

Hart, S.R. 1984. A large-scale isotope anomaly in the southern hemisphere mantle. Nature, 309:
753-757.

Hart, S.R. 1988. Heterogeneous mantle domains: signatures, genesis and mixing chronologies.
Earth and Planetary Science Letters, 90: 273-296.

Hart, S.R., Hauri, E.H., Oschmann, L.A., Whitehead, J.A. 1992. Mantle plumes and entraintment
— isotopic evidence.Science, 256: 517-520.

Hollanda, M.H.B.M., Pimentel, M.M., Jardim de S&, E.F. 2003. Paleoproterozoic subduction-
related metasomatic signatures in the lithospheric mantle beneath NE Brazil: inferences
from trace element and Sr—Nd-Pb isotopic compositions of Neoproterozoic high-K igneous
rocks. Journal of South American Earth Science, 15(8): 885- 900.

Hollanda, M.H.B.M., Pimentel, M.M., Oliveira, D.C., Jardim de S&, E.F. 2006. Lithosphere—
asthenosphere interaction and the origin of Cretaceous tholeiitic magmatism in Northeastern
Brazil: Sr—Nd-Pb isotopic evidence. Lithos, 86: 34-49.

Hollanda, M.H.B.M., Archanjo, C.J., Souza, L.C., Liu, D., Armstrong, R. 2011. Long-lived
Paleoproterozoic granitic magmatism in the serid6-Jaguaribe domain, Borborema Province —
NE Brazil. Journal of South American Earth Sciences, 32: 287-300.



65

Hollanda, M.H.B.M., Archanjo, C.J., Bautista, J.R., Souza, L.C. 2015. Detrital zircon ages and
Nd isotope compositions of the seridd and Lavras da Mangabeira basins (Borborema
Province, NE Brazil): evidence for exhumation and recycling associated with a major shift
in sedimentary provenance. Precambrian research, 258: 186-207.

Holmes, A. 1946.An estimate of the age of the Earth. Nature, 157: 680-684.

Houtermans, F.G. 1946. Die isotopenhdufigkeiten im natlrlichen blei und das alter des urans.
Naturwissenschaften, 33: 185-186.

Huppert, H.E., Sparks, R.S.J. 1985. Cooling and contamination of mafic and ultramafic magmas
during ascent through continental crust. Earth and Planetary Science Letters, 74: 371-386.

Jaques, A.l. and Green, G.H. 1980. Anhydrous melting of peridotite at 0-15kb and the genesis of
tholeiitic basalts.Contributions to mineralogy and petrology, 73, 287-310.

Jourdan, F., Bertrand, H., Scharer, U., Blichert-Toft, J., Féraud, G., Kampunzu, A.B. 2007.
Major and trace element and Sr, Nd, Hf and Pb isotope compositions of the Karoo large
igneous province, Botswana-Zimbabwe: lithosphere vs mantle plume composition. Journal
of Petrology, 48(6): 1043-1077.

Kawabata, H., Hanyu, T., Chang, Q., Kinura, J-1., Nichols, A.R.L., Tatsumi, Y. 2011. The
petrology and geochemistry of St. Helena alakali basalts: evaluation of the oceanic crust-
recycling model for HIMU-OIB. Journal of Petrology, 52(4): 791-838.

King, S.D. 2007. Hotspots and edge-driven convection. Geology, 35: 223-226.

King, S.D., Anderson, D.L. 1995. An alternative mechanism of flood basalt formation. Earth and
Planetary Letters, 136: 269-279.

King, S. D., Anderson, D.L. 1998. Edge-driven convection. Earth and Planetary Science Letters,
160: 289-296.

Lindsley, D.H. 1983.Pyroxene thermometry.American Mineralogist, 68:477-493.

Lustrino, M. 2005. How the delamination and detachment of lower crust can influence basaltic
magmatism. Earth-Science Reviews, 72: 21-38.

Maluski, H., Coulon, C., Popoff, M., Baudin, P. 1995. “Ar/**Ar chronology, petrology and
geodynamic setting of Mesozoic to early Cenozoic magmatism from the Benue Trough,
Nigeria. Journal of the Geological Society, London, 152: 311-326.

Mantovani, M.S.M., Marques, L.S., Sousa, M.A., Civetta, L., Atalia, L., Innocenti, F. 1985.
Trace element and strontium isotope constraints on the origin and evolution of Parana
continental flood basalts of Santa Catarina state (southern Brazil). Journal of Petrology, 26:
187-209.

Marques, L.S., Dupré, B., Piccirillo, E.M. 1999.Mantle source compositions of the Parana
Magmatic Province (southern Brazil): evidence from trace element and Sr-Nd-Pb isotope
geochemistry. Journal of Geodynamics, 28: 439-458.

Marzoli, A., Renne, P.R., Piccirillo, E.M., Ernesto, M., Bellieni, G., De Min, A. 1999.
Extensive-200-million-year-old continental flood basalts of the Central Atlantic Magmatic
Province. Science, 284: 616-618.

Marzoli, A., Piccirillo, E.M., Renne, P.R., Bellieni, G., lacumin, M., Nyobe, J.B., Tongwa, A.T.
2000. The Cameroon Volcanic Line revised: petrogenesis of continental basaltic magmas
from lithospheric and asthenospheric mantle sources. Journal of Petrology, 42: 1,197-1,218.

Merle, R., Marzoli, A., Bertrand, H., Reisberg, L., Verati, C., Zimmermann, C., Chiaradia, M.,
Bellieni, G., Ernesto, M. 2011.°Ar/*°Ar ages and Sr-Nd-Pb-Os geochemistry of CAMP
tholeiites from Western Maranh&o basin (NE Brasil). Lithos, 122: 137-151.

Misusaki, A.M.P., Thomaz-Filho, A., Milani, E.J., Césero, P. 2002. Mesozoic and Cenozoic
igneous activity and its tectonic control in northeastern Brazil. Journal of South American
Earth Sciences, 15: 183-198.

Miyashiro, A. 1974.Volcanic rock series in island arcs and active continental margins: American
Journal of Science, 274: 321-355.



66

Oliveira, D.C. 1992. O papel do enxame de diques Rio Ceara-Mirim na evolucédo tectonica do
nordeste oriental (Brasil): implicagcbes na formagdo do rifte Potiguar. Master thesis,
University of Ouro Preto, Brasil, 172 pp.

Pearce, J.A. 2008. Geochemical fingerprint of oceanic basalts with applications to ophiolite
classification and the search for Archean oceanic crust. Lithos, 100: 14-48.

Peate, D.W. 1997. The Parana-Etendeka province. In: Large Igneous Provinces: Continental,
Oceanic and Planetary Flood Volcanism. AGU Geophysical Monographs, 100: 217-245.
Peate, D. W., Hawkesworth, C. J. 1996. Lithospheric to asthenospheric transition in Low-Ti

flood basalts from southern Paranti, Brazil. Chemical Geology, 127: 1-24.

Peate, D.W., Hawkesworth, C.J., Mantovani, M.S.M. 1992. Chemical stratigraphy of the Parana
lavas (South America): classification of magma types and their spatial distribution. Bulletin
of Volcanology, 55: 119-1309.

Plank, T., Langmuir, C.H. 1998. The chemical composition of subducting sediment and its
consequences for the crust and mantle. Chemical Geology, 145: 325-394.

Price, R.C., Nicholls, I.A., Day, A. 2014. Lithospheric influences on magma compositions of late
Mesozoic and Cenzoic intraplate basalts (the Older Volcanics) of Victoria, south-eastern
Australia. Lithos, 206-207: 179-200.

Prytulak, J. and Elliott, T. 2007. TiO, enrichment in ocean island basalts.Earth and Planetary
Science Letters 26, 388-403.

Richards, M.A., Duncan, R.A., Courtillot, V.E. 1989. Flood basalts and hotspot tracks — plume
heads and tails. Science, 246: 103-107.

Rocha-Junior, E.R.V., Puchtel, I.S., Marques, L.S., Walker, R.J., Machado, F.B., Nardy, A.J.R.,
Babinsky, M., Figuerirido, A.M.G. 2012.Re-Os isotope and highly siderophile element
systematic of the Parani continental flood basalts (Brazil). Earth and Planetary Science
Letters, 337: 164-173.

Rocha-Junior, E.R.V., Marques, L.S., Babinski, M., Nardy, A.J.R., Figueiredo, A.M.G.,
Machado, F.B. 2013. Sr-Nd-Pb isotopic constraints on the nature of the mantle sources
involved in the genesis of the high-Ti tholeiites from northern Parand continental flood
basalts (Brazil). Journal of South American Earth Sciences, 46: 9-25.

Roeder and Emslie, 1970.0livine-liquid equilibrium. Contribution to mineralogy and petrology,
29: 275-289.

Ryerson, F.J., Watson, E.B. 1987. Rutile saturation in magmas: implication for Ti-Nb-Ta
depletion in island-arc basalts. Earth and Planetary Science Letters, 86: 225-239.

Sack, R.O., Carmichael, I.S.E. 1984. Fe2<~>Mg2 and TiAl2<>MgSi2 exchange reactions between
clinopyroxenes and silicate melts.Contributions to Mineralogy and Petrology, 85: 103-115.

Scarrow J.H., Cox, K.G. 1995. Basalts generated by decompressive adiabatic melting of mantle
plume-a case study from the Isle of Skye, NW Scotland. Journal of Petrology, 36: 3-22.

Sénant, J., Popoff, M. 1991. Early Cretaceous extension in northeast Brazil related to the South
Atlantic opening. Tectonophysics, 198: 35-46.

Sengor, A.M.C. 1995. Sedimentation and tectonics of fossil rifts.In: Busby, C.J., Ingersoll, R.-V.
(Eds.), Tectonics of Sedimentary Basins, Oxford: Blackwell, pp.53-117.

Souza, Z.S., Martin, H., Peucat, J.-J., Jardim de Sa, E.F., Macedo, M.H.F. 2007. Calc-alkaline
magmatism at the Archean-Proterozoic transition: the Caicé complex basement (NE Brazil).
Journal of Petrology, 48: 2149-2185.

Stracke, A., Bizimis, M., Salters, V.J.M. 2003. Recycling oceanic crust : quantitative constraints.
Geochemistry, Geophysics, Geosystems, 4(3), 8003, doi: 10.1029/2001GC000223.

Stracke, A., Hofmann, A.W., Hart, S.R. 2005.FOZ0O, HIMU, and the rest of the mantle zoo.
Geochemistry, Geophysics, Geosystems, 6(5), Q05007, doi: 10.1029/2004GC000824.

Sun, S.S., McDonough, W.F. 1989. Chemical and isotopic systematic of oceanic basalts:
implications for mantle composition and processes. In: Saunders, A.D., Norry, M.J. (Eds.),
Magmatism in the Ocean Basins, Geological Society Special Publications, 42: 313-345.



67

Takahahshi, E., Kushiro, 1. 1983. Melting of a dry peridotite at high pressures and basalt magma
genesis.American Mineralogist, 68: 859-879.

Tatsumi, Y., Kogiso, T. 1997. Trace element transport during dehydration processes in the
subducted oceanic crust: 2, Origin of chemical and physical characteristics in arc
magmatism. Earth and Planetary Science Letters, 148: 207-221.

Thirwall, M.F., Upton, B.G.J., Jenkins, C. 1994. Interaction between continental lithosphere and
the Iceland plume-Sr-Nd-Pb isotopic geochemistry of Tertiary basalts, NE Greenland.
Journal of Petrology, 35: 839-879.

Thompson, R.N., Gibson, S.A., Dickin, A.P. 2001. Early Cretaceous basalt and picrite dykes of
the Southern Etendeka region, NW Namibia: windows into the role ot the Tristan mantle
plume in

Van Schmus, W.R., Brito Neves, B.B., Williams, 1.S., Hackspacher, P.C., Fetter, A.H., Dantas,
E.L., Babinski, M. 2003. Seriddé Group of NE Brazil, a Late Neoproterozoic pre- to syn-
colisional flysch basin in West Gondwanaland?: insights from SHRIMP U-Pb detrital zircon
ages. Precambrian Research, 127: 287-327.

Vasconcelos, P.M., Onoe, A.T., Kawashita, K., Soares, A.J., Teixeira, W. 2002. “Ar/*Ar
geochronology at the Instituto de Geociéncias, USP: instrumentation, analytical procedures
and calibration. Anais Academia Brasileira de Ciéncias, 74: 297-342.

Vauchez, A., Neves, S., Caby, R., Corsini, M., Egydio-Silva, M.E., Arthaud, M., Amaro, V.
1995. Journal of South American Earth Sciences, 8(3/4): 247-266.

Viegas, L.G.F., Archanjo, C.J., Hollanda, M.H.B.M., Vauchez, A. 2014. Microfabrics and zircon
U-Pb (SHRIMP) chonology of mylonites from the Patos shear zone (Borborema Province,
NE Brazil). Precambrian Research, 243: 1-17.

Weaver, B.L. 1991. Trace element evidence for the origin of ocean-island basalts. Geology, 19,
123-126.

Willbold, M., Stracke, A. 2006. Trace element composition of mantle end-members:
implications for recycling of oceanic and upper and lower continental crut. Geochemistry,
Geophysics, Geosystems, 7(4), doi:10.1029/2005GC001005.

Wilson, M., Patterson, R. 2001. Intraplate magmatism related to hot fingers in the upper mantle:
Evidence from the Tertiary-Quaternary volcanic province of western and central Europe. In:
R. Ernst & K. Buchan (Eds.). Mantle Plumes: Their identification through time. Geological
Society of America Special Paper, 352: 37-58.

Zindler, A., Hart, S.R. 1986. Chemical geodynamics. Annual Review of Earth and Planetary
Sciences, 14: 493-571.



68

CAPITULO 4

ARTIGO SUBMETIDO AO PERIODICO
JOURNAL OF VOLCANOLOGY AND GEOTHERMAL RESEARCH

ABSTRACT

The Macau Volcanic Field (MVF) is an example of Cenozoic intraplate alkaline volcanism
exposed over Precambrian rocks in northeastern Borborema Province, NE Brazil. Here, we
present the elemental geochemistry and Sr-Nd-Pb isotope results for nephelinites, basanites and
(olivine) alkali and tholeiitic basalts with the purpose to assess their magmatic history from
source to crystallization. These silica-undersaturated lavas have compositions close to primitive
magmas (10<MgO<15 wt.% and 200<Ni<500 ppm) and important enrichment in large ion
lithophile and Nb-Ta elements. As a group, they have experienced fractional crystallization of
olivine, clinopyroxene and (to a minor extent) plagioclase with negligible crustal assimilation.
We have modeled the mantle sources of the MVF basanites and alkali basalts from a garnet-
bearing domain existing at the lithosphere-asthenosphere boundary (80-90 km deep), whereas
the nephelinites were derived from the convective asthenosphere at ~120 km (melting
temperature of ~1,470°C). K/Nb-K/La and Rb/Sr-'Sr/**Sr ratio constraints support that the
generation of the MVF magmas occurred in the presence of amphibole (plus clinopyroxene) with
minor influence of phlogopite. Correlations between the Sr, Nd and Pb isotope compositions
indicate mixing between FOZO and EM-type components, likely with minor involvement of
DM. The combination of the FOZO-EM signature was also suggested for Early Cretaceous
tholeiite dykes that intruded in the same geographic area as MVF, suggesting persistence of
FOZO as a lithospheric component for a period near 80 m.y. up to the Cenozoic. The EM
component, in turn, represents a deep component derived from metasomatizing fluid-melts that
have interacted with an underlaid lithospheric mantle showing FOZO-like characteristics.
Because there is no evidence for mantle plume activity or even passive asthenosphere upwelling
related to extensive lithospheric thinning processes at the Cenozoic in the Borborema Province,
we suggest that melting to generate the MVVF magmas would be related with permeability and
enrichment degree prevailing in the potentially adiabatic LAB-asthenosphere system existing in
that region.

Keywords: Continental alkaline basalts, FOZO endmember, Enriched lithospheric mantle,

Borborema Province.
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4.1 INTRODUCTION

The Macau volcanism (hereafter named Macau Volcanic Field — MVF) is the most recent
magmatic activity documented in the Precambrian shield of the South American platform since
the widespread eruption of tholeiitic and alkaline magmatic events related to the opening of the
Atlantic Ocean in the Mesozoic (e.g., Parana Igneous Province, CAMP-Maranhdo, Ceara Mirim
Dyke Swarm). The rocks of the MVF are exposed in northeast Brazil (northeastern Borborema
Province) forming tens of individual eruptive centers spatially distributed in a volcanic field over
an area of thousands of square kilometers. The eruptive centers represent an inactive intraplate
volcanic system encompassing vents and lava flows that erupted dominantly basaltic magmas. In
that sense, they may correspond to ‘monogenetic or polygenetic’ volcanic fields depending on
whether the eruptions had occurred as single or multiple episodes (e.g., Connor and Conway,
2000). Monogenetic volcanic fields have been described in different tectonic settings
encompassing various areas, number (volume) of centers and longevities (e.g., O’Reilly and
Zhang, 1995; Baker et al., 1997; Shaw et al., 2003; Evarts et al., 2009; Kiyosugi et al., 2012;
Agustin-Flores et al., 2011; McGee et al., 2013; Boivin and Thouret, 2014). The magma supply
feeding each individual volcano is commonly low and, as a result, forms single and usually
short-lived eruptions. In contrast, polygenetic volcanoes erupt repeatedly and are sustained by
high supply rates to maintain heat and mass flow (e.g., Connor and Conway, 2000; Németh,
2010).
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Magma erupted from monogenetic volcanoes can trend along the mixing line between
sodic (silica-saturated to -undersaturated) to potassic compositions, in general, resulting in major
plate-boundary stresses linked to both intraplate and arc-related settings (e.g., Baker et al., 1997,
McGee et al., 2013). Mechanisms to promote melting to feed these volcanoes have been ascribed
to either active or passive upwelling of large- to small-scale thermal anomalies related to the
convective asthenosphere. A common genetic feature shared by many of these magmatic events
is the concurrent involvement of lithospheric and asthenospheric mantle sources. Because the
eruptive activity and crustal residence time for each individual volcano are geologically brief,
they usually display minor chemical variability because neither wall-rock assimilation nor
fractional crystallization are expected to occur in large scale (Kereszturi and Németh, 2013).
Thus, the volcanoes have been studied to understand the chemical evolution of the sub-
continental lithospheric mantle by providing information about the melting depth/rate and
metasomatic interactions in the course of rifting and ongoing lithospheric thinning processes.

Here we present a number of elemental geochemical and isotopic (Sr-Nd-Pb) data for the
basalts belonging to the MVF to integrate the investigation of its magmatic history from the
source to crystallization. Because the petrology of the MVF has been outlined in previous works
(Sial et al., 1981; Fodor et al., 1995, 1998; Knesel et al., 2011, as well a number of unpublished
Ph.D. theses), we focus on defining the nature of the mantle (lithospheric and/or asthenospheric)
source(s) of such basalts to further support our discussion of the chemical evolution of the sub-
continental mantle beneath the northeastern Borborema Province. Therefore, we compared the
chemistry of the MVF basalts to that of Cretaceous tholeiites intruded at the same continental
area as well as the Fernando de Noronha lavas presently exposed as a group of small oceanic
islands 250 km offshore (at ~3°S-32.5°W). We show that these two magmatic events share

common OIB-type source(s), although sampling distinct lithospheric mantle domains.

4.2 GEOLOGICAL OVERVIEW

Northeast Brazil comprises the Borborema Province, a geological entity that was part of
the West Gondwana supercontinent assembled in the Brasiliano/Pan-African orogeny (e.g., Van
Schmus et al., 2008). The Borborema Province preserves vast areas of (Archean to)
Paleoproterozoic gneissic to migmatitic rocks, which were the basement for several Meso- to
Neoproterozoic sedimentary and volcano-sedimentary basins, all of which metamorphosed and

deformed during the orogeny. Neoproterozoic granites also comprise a significant portion of the
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Borborema Province in close spatial (but not always cogenetic) association with intermediate to
mafic rocks (e.g., Hollanda et al., 2003). Continental-scale shear zones are pervasive, either
controlling the ascent and emplacement of these granitoid magmas or representing major
boundaries between distinct geological domains. These Neoproterozoic structures are mostly
NE- and E-trending and developed under high-temperature and low-pressure ductile conditions
(Vauchez et al., 1995; Viegas et al., 2014), usually with late brittle reactivation to accommodate
the development of intraplate and marginal rifted basins (e.g., Sénant and Popoff, 1991;
Francolin et al., 1994; Bezerra and Vita-Finzi, 2000; Castro et al., 2012). Some of these basins
evolved after plate-boundary stresses related to the Gondwana breakup in the Mesozoic.

The Potiguar Basin is an example of a rift reactivated from older Precambrian structures.
The basin consists of NE-trending asymmetric grabens developed during the Atlantic opening in
the Cretaceous (Matos, 1992). Two mafic magmatic events, exposed in the same geographic
area, were temporally related to the basin evolution: (i) tholeiite magmas assembled as the Ceara
Mirim dyke swarm (CMDS) and (ii) alkali basalt centers formed the MVF. The CMDS
comprises dominantly high-Ti tholeiites (low MgO <5 wt.%) and subordinate low-Ti tholeiites
forming a 350-km long E-W trending dyke swarm intruded into the basement rocks. A minor
swarm (<100-km long) occurs to the south of the main swarm and is composed of high-Ti
olivine tholeiites. The CMDS has been considered the Brazilian counterpart of the tholeiitic
magmatism exposed at the Northern Benue Rift (SE Nigeria), the latter corresponding to
continental products of the St Helena hotspot during the Cretaceous (Coulon et al., 1996).
Recently, Ngonge et al. (submitted) reported isotopic evidence that excludes the direct
involvement of the St. Helena plume in the CMDS genesis by modeling the FOZO component as
the best source for those olivine tholeiites. The authors confirmed the prediction of Hollanda et
al. (2006), who argued that the evolved high-Ti (and low-Ti) tholeiites would be derived from a
sub-continental lithospheric mantle exhibiting chemistry similar to a sub-arc mantle modified by
an ancient, subduction-related component.

The MVF consists of tens of unconnected eruptive centers forming necks, plugs and lava
flows dispersed by approximately 300 km in the N-S direction (Fig. 4.1). These centers are
strongly eroded; therefore, it is impossible to estimate the volume of magma erupting at the
surface. The MVF encompasses basanites to andesite basalts displaying modal olivine, which
show a very uniform chemical signature characterized by small effects of fractional
crystallization and negligible crustal contamination (Sial et al., 1981; Fodor et al., 1998; Knesel
et al., 2011). A detailed study of the “°Ar/**Ar geochronology was recently reported in the
unpublished PhD thesis of F.V. Silveira (2006). The ages range between 52 and 7 Ma, i.e., a time
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interval of approximately forty-five million years of episodic magmatic activity. The results for
the youngest (and also smaller) eruptive centers were published in Knesel et al. (2011) and show
partial temporal overlap with the eruption of the basaltic lavas of Fernando de Noronha dated at

12-1.3 Ma (Perlingeiro et al., 2013).
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Figure 4.1. (a) Schematic illustration of the West Gondwana with focus on the main Neoproterozoic cratonic areas —
Amazonian, Sdo Francisco-Congo, West African and Kalahari. The study area is shown in the box; CAMP-
Maranhdo (Parnaiba) and Parand-Etendeka igneous provinces are shown regardless of craton positions. (b) Pre-drift
reconstruction of the main geological features of the northeastern Borborema Province and of the West African
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and major Mesozoic rift systems (B: Benue, RTJ: Recdncavo-Tucano-Jatoba, SA: Sergipe-Alagoas, P: Potiguar). (c)
Zoomed-in image of (b) with the geographic location of the MVF eruptive centers (open circles) and CMDS (red
lines). (d) Zoomed-in image of (c) to highlight the location of SPo, SeA, PiC and SPaP eruptive centers; minor

centers are not shown. See the text for general comments.
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The MVF lavas are strongly enriched in incompatible elements relative to the primitive
mantle, a feature that typically resembles OIB magmas. The variability of their isotopic
compositions was attributed to mixing between asthenospheric (HIMU- plus DM-like) melts
interacting with an enriched (EMI-type) lithospheric component (Fodor et al. 1998). In studying
a number of peridotite xenoliths hosted in the MVF basalts, Rivalenti et al. (2007) ascribed the
EMI signature to an asthenospheric origin similar to the xenoliths from Fernando de Noronha
lavas (Rivalenti et al., 2000; Fodor et al., 2002) to support the genetic link between the
lithospheric mantle in these two areas (see also Gerlach et al., 1987). These interpretations were
challenged by new “°Ar/*°Ar determinations that show no age progression in samples collected
both offshore and onshore (Knesel et al., 2011). In contrast with the plume model, the authors
propose that the MVF lavas erupted by an edge-driven mechanism (King and Anderson, 1995,
1998).

4.3 SAMPLING STRATEGY

Thirty-four elemental geochemical and isotopic results support the present contribution.
A portion of these results was previously reported in the unpublished PhD thesis of the co-author
M.H.B.M. Hollanda, including all Sr-Nd isotope data for samples tagged HD and DCO, as well
some geochemical results. The old and the new data analyzed for this study are reproduced in
Tables 4.1 and 4.2.

From approximately sixty eruptive centers of the MVF, we selected four with good
exposures and relatively fresh rocks to determine the major and trace elements. They are Serrote
Preto (SPo), Serra Aguda (SeA), Pico do Cabugi (PiC) and Serra Preta de Pedro Avelino (SPaP)
— names borrowed from the eruptive centers and known in the literature. According to
geochemical similarities, especially with respect to the trace element compositions, samples
collected from other eruptive centers have been grouped into any of those four groups. We also
analyzed eight other samples for Sr, Nd and Pb isotopes (except samples HD-49 and DCO-98,
which were not analyzed for Pb) for which the geochemical data are not available. Because we
could not classify them, we opted to consider this subset separately, naming it ‘minor eruptive
centers’.

The SPo eruptive center is a small denudated plug approximately 200 meters in diameter
and 100 meters high. Samples classified into this subset came from the eruptive center and from

other surrounding minor occurrences. Nine samples were analyzed for geochemistry and Sr-Nd
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isotopic compositions, but only one was analyzed for Pb isotopes. Four and nine samples,
respectively, were investigated from the SeA and PiC eruptive centers. Both represent eroded
subrounded volcanic necks of, respectively, ~1 and 5 km in diameter, with PiC having the
highest elevation (650 m) of the MVF. Sr-Nd and geochemical data are available for all samples,
but Pb isotopes were measured for only three samples of the SeA and six samples of the PiC
subsets. Finally, SPaP is a NW-trending fault-controlled lava plateau approximately 5 km long.
Six samples were collected at the base of the plateau, and three from a small satellite plug
located at the southwestern edge. Geochemistry and Sr-Nd isotopic compositions were measured
for all samples, and Pb isotopes were measured for five samples. Finally, ten samples collected
from sparse and minor eruptive centers were analyzed for Sr and Nd, and six were analyzed for
their Pb isotope compositions. Details on the analytical procedures for mineral chemistry,

elemental and isotopic geochemistry can be found as footnotes in Tables 4.1-4.3.

4.4 RESULTS

4.4.1 PETROGRAPHY AND MINERAL CHEMISTRY

The MVF lavas are olivine-phyric displaying textures ranging from tiny-sized microlitic
porphyritic in the SPaP samples to microgranular porphyritic in SPo, SeA and PiC. Occasionally,
the lavas show intergranular and seriate arrangements. The mineral assemblage includes
olivine+clinopyroxene+plagioclase+Fe-Ti oxides, but sub- to millimetric xenocrysts of olivine
and pyroxene, as well millimetric peridotite xenoliths are common, mainly in the SPaP lavas.
Olivine, pyroxene and plagioclase microphenocrysts comprise approximately 30-40% of the
mode, whereas glass may reach up to 30% of the groundmass, especially in the samples showing
microlitic texture. Except for the samples of the SPo, for which the mineral chemistry was not
investigated, the Fo content in olivine varied from 88 to 77 mol.%, in agreement with both
fractional crystallization and equilibrium with peridotitic mantle sources. According to Fodor et
al. (1995, 1998), all olivine with Fo>88 mol.% must be derived from the hosted peridotite
xenoliths and is considered as xenocrysts. Pyroxene is essentially diopsidic (Wo0so.g.45.8ENa7.2-
33.7FS14.8-2.1) With TiO, wt.% varying from 2 to 5 and Mg# (0.86-0.72) compatible with the Fo
values measured in olivine. The chemical compositions of plagioclase microphenocrysts from
PiC and SeA are dominantly labradorite (Angps-718), although a few crystals with resorbed rims
found in SeA display Anygg.315 which we assume as xenocrysts. It is common to observe

plagioclase (and minor pyroxene) microphenocrysts exhibiting sieved textures, which were
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Table 1. Average mineral chemistry of olivine, clinopyroxene and plagioclase of the MVF eruptive centers

Mineral

Olivine S10, ALO, (Cr,O, FeO MgO NiO Ca0 Sum Fo Fa
SeA (n=3) 3888 0.02 0.03 1793 4205 022 029 9941 806 194
PiC(m=6) 3851 0.00 0.02 1975 4039 019 042 9927 784 216

Clinopyroxene  S10, Ti02 AlLO, (Cr0. FeO MnO MgO Ca0 Na,0 NiO Sum Wo En Fs
SeA(n=6)

minimum 3045 0.00 0.03 0.00 1440 021 414 0.08 002 031 9865 01 856 142
maximum 5299 034 533 0.66 243 0.05 16.11 21.28 1.01 006 10024 449 472 41
PiC (n=20)
minimum 37332 0045 0.037 0 25464 0371 3565 0469 0006 006 99434 7 729 264
maximum 5117 1323 298 0508 5534 0045 15234 22244 0383 0068 99489 459 437 90
SPaP (n=10)
minimum 39423 0026 0028 0015 16795 0285 42982 0301 0034 0011 909 04 830 165
maximum 4725 2977 7789 0004 5964 0106 11321 22163 0516 0 9809 3508 361 109
Plagioclase S10, AlLO; FeO Ca0 Na,0 K,0 Sum An Ab Or
SeA(n=3) 5683 27.01 045 848 5.64 135 99.7 421 501 78
PiC(n=9) 5167 3047 0.99 12.79 375 047 10014 635 338 28

35

SPaP (n=135) 5192 2015 308 7.09 512 064 7041 426 281

Notes
1. Values for olivine and plagioclase are given as average composihons, while for pyroxene as mumimum and maximum compositions.

1. Mmeral chemustry data were performed on a JEOL JXA 8230 Superprobe at the University of Rio de Janeiro (Brazil) by using 15 KeV for analysis of olivine,
pyroxene and plagoclase and 20 KeV for oxades, and a beam curvent of 20 nA. Comrections and calibrations were done according to the PROZA program (Bastn
and Heyjligers, 1990).

interpreted as resulting from melt mixing processes at shallow mantle depths (Fodor et al.,
1998).However, it may also correspond to disequilibrium textures due to rapid decompression

(Nelson and Montana, 1992), a feature that is predicted in monogenetic volcanoes.

4.4.2 MAJOR AND TRACE ELEMENT GEOCHEMISTRY

Even carefully preventing visible fragments of the peridotitic xenoliths usually hosted by
the basalt lavas, it is possible that some disaggregated sub- to milimetric-sized olivine xenocrysts
were powdered together with the whole-rock. This was critical and probably occurred in some
samples of the SPaP eruptive center (SP-1, DCO-101 and -102, HD-31). As result, the samples
had slightly inflated MgO (and Ni) contents, which led us to consider them carefully in our
petrogenetic interpretations.

All oxide analyses were plotted after recalculating the values to free-LOIl (loss on
ignition) basis, although all studied samples can be taken as fresh because they had an LOI of
less than 2 wt.%. Silica and total alkalis contents plot in the alkaline field on the TAS diagram
(Fig. 4.2a) trending from nephelinites to basanites and alkali (olivine) basalts, whereas three
samples of the SPaP eruptive center consisted of mostly primitive magmas with SiO,<41.5 wt.%
and MgO ~14.2-15.7 wt.%. As a whole, the MVF basalts represent mixtures of sodic to slightly
potassic compositions (K,O/Na,0=0.26-0.63), except for the three samples from SPaP, which
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are all sodic (Fig. 4.2b). The Mg# ranged from 74 to 77 in the SPaP nephelinites and from 64 to
72 in the basanites and alkali basalts, with SPo having the highest and most variable SiO; (44.2—
50.6 wt.%) contents and the lowest Mg# values. All samples were SiO,-undersaturated rocks
with variable %Neporm and %O0l,om Of, respectively, 5-12 and 14-22 for the basanites and the
alkali olivine basalts of SPo, SeA and PiC, and 9-18 and 18-37 for nephelinites occurring in
SPaP. Except for SeA, the other three eruptive centers also include olivine tholeiitic basalts with
normative hypersthene >2.3.

In the Harker diagrams, it is evident that fractional crystallization of olivine and pyroxene
(plus Fe oxides) affected the magmatic history of each volcanic center, as indicated by the
decreasing of Ni, Cr, CaO and Fe,O3r as the MgO decreased (Fig. 4.3). This evidence is
corroborated by the variability observed through the Fo content (88-77) and the Mg# (0.86—
0.72) measured in the olivine and pyroxene crystals of SeA, PiC and SPaP. In contrast, the
increasing Al,O3/CaO (not followed by Sr) suggests that plagioclase was preferentially

accumulated instead of fractionating from the primary magmas, whereas Ba decreases jointly
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Table 2. Major and trace element data for MVF eruptive centers

Volcanic center Serrote Preto - SPo Serra Aguda-SeA
coordinates Lat.5°54'S/Long.36°15'W Lat.5°18'S/Long.36°22'W
Sampletag HD-48 HD-51 DCO91 DC092 DCO93 DCO95 DCO9%  DCO97  DCO99 SA2 SA3 HD29 HD45
wt.%

Sio2 48.63 48.4 458 49.71 45.45 457 50.2 477 47.14 44.81 4396  44.09  43.68
Tio2 2.01 2.02 2.27 1.85 2.54 251 2.34 2.07 213 2.36 2.44 2.44 2.44
Al203 12.95 13.58 12.61 14.48 13.28 12.69 14.85 13.29 13.74 11.66 11.18  11.69 11.49
Fe203 10.71 11.11 12.44 10.63 12.14 11.74 10.29 11.33 10.75 12.26 12.65 12.56 12.33
MnO 0.14 0.16 0.17 0.14 0.16 0.16 0.12 0.16 0.15 0.18 0.19 0.18 0.18
Mgo 10.52 10 10.85 9.33 10 11.08 7.34 10 9.77 13.77 14.18 13.6 13.63
Ca0 9.3 9.14 9.7 8.47 9.83 10.06 7.53 9.42 10.17 9.46 9.63 9.97 9.69
Na20 2.93 2.95 3.93 3.47 2.79 311 3.76 3.62 3.08 3.18 3.15 2.77 3.03
K20 124 131 1.62 0.9 1.65 144 2.16 1.26 152 107 147 154 155
P205 0.39 0.37 0.65 0.31 0.6 0.49 0.52 0.54 0.45 0.65 0.75 0.68 0.74
Lol 1.36 158 0.84 1.16 1.98 18 175 0.71 1.49 1.03 0.63 0.94 0.61
SUM 100.18 100.7  100.93  100.45 100.42 100.86  100.91 100.2 100.39 100.61 100.39 100.46  99.37
ppm

Cr 418 335 349 na na 342 157 335 na 650 746 593 582
Co 191 186 192 92 189 226 177 165 207 54 57 200 214
Ni 263 174 227 139 151 204 88 167 163 401 414 423 330
Pb 22 1.8 1.9 na 25 2.4 2.2 2.8 na 25 2.8 na na
Rb 35 32 26 24.2 47 49.2 60.5 343 385 26.7 37.3 41 46
Sr 500 558 779 520 1104 704 725 631 615 726 778 779 848
Y 22 20.8 219 19.2 219 217 20.7 227 20.6 24.8 252 26 30
Zr 161 150 167 133 206 184 229 172 160 206 218 157 208
Nb 39 36.6 53.6 284 60.4 488 63.8 54.6 424 58.2 63.9 57 70
Ba 388 389 434 337 596 520 668 485 477 630 553 525 587
Hf 3.8 48 45 41 5.4 49 6.5 5.1 4.6 47 4.6 3.7 47
Ta 23 2.4 34 2 3.7 31 45 3 25 35 3.8 3.6 47
Th 4 3.7 43 3.2 5.8 47 7.2 10 41 5.3 6.8 6.2 6.9
u 1 1 11 0.8 14 11 18 2 0.9 13 16 17 2
La 20.7 26.9 36.3 22.2 411 37 46.4 52.7 305 439 49.9 425 55.5
Ce 43 52.7 69.2 445 82 741 89.9 94.9 60.8 83.6 91.1 834 105
Pr 5.2 6.5 7.8 5.6 9.6 8.9 10.6 10.1 7.3 9.7 10.9 9.6 12.2
Nd 249 27.2 34.1 232 38.6 36.4 432 39.4 29 384 426 37.3 49.3
Sm 6.3 5.9 7.2 5.6 8.1 7.2 8.9 7.1 6.3 8.1 8.6 8.4 10.1
Eu 2.01 1.9 2.3 17 2.6 24 2.7 2.3 21 25 2.6 2.46 3.06
Gd 5 5.9 6.7 5.3 7.3 6.9 7.7 6.8 6 7.5 7.9 6.2 8
Tb 0.8 0.9 0.9 0.8 1 1 1 1 0.9 1 1 1 12
Dy 45 4.7 44 42 5.1 438 5.1 5 45 5.6 5.9 5.5 6.2
Ho 0.8 0.9 0.8 0.8 0.8 0.9 0.8 0.9 0.9 1 1 1 11
Er 2 2 18 18 2 2 19 2.3 21 23 2 24 2.8
Tm 0.3 0.3 0.2 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.3 0.3
Yb 13 15 15 14 15 15 14 16 17 17 18 18 2

Lu 0.18 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.24 0.26
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Pico do Cabugi - PiC SerraPreta - SPaP
Lat.5°33'S/Long.36°24'W Lat.5°20S/Long.36°24'W
PC1 pPC2 PC-B2 PC-B3 PC3 PC4 HD46 HD33 HD42 SP1 SP2 SP3  DCO101 DCO102 HD31 HD41 HD43 HD44
4476 4529 4654 4617 4533 4518 45.6 44.15 46.91 41.67 41.7 46.0L 3953 397 39.02 408 40.3 39.92
232 2.4 228 232 2.46 2.44 231 231 2.05 233 1.55 2.37 241 2.06 2.39 278 261 257
1169 1236 12.74 1253 1256 125 12.58 1151 11.98 9.75 11.63 1253 937 7.92 8.84 1085 1025  10.19
1188 1192 1219 1204 1179 11.81 11.16 12.15 11.06 1155 10.93 12 11.65 11.56 12.15 12.07 11.88 11.85
0.17 0.17 0.17 0.17 0.17 0.17 0.16 0.17 0.15 0.17 0.15 0.15 0.18 0.18 0.19 0.19 0.18 0.19
13.08 12 11.72 12.02 11.38 11.48 11.6 12.89 13.07 17.31 14.54 11.4 1733 2211 18.77 1397 15.24 15.4
1075 10.88 95 9.22 1082  10.62 1063 11.44 9.06 10.69 8.6 998 1129 1013 1174 1189 1216 1186
249 265 271 269 271 2.7 31 2.63 243 2.93 2.54 2.49 391 2.98 321 3.86 341 377
142 152 1.4 143 171 1.64 131 1.46 127 115 1.08 1.26 125 1.14 1.39 0.75 0.86 0.91
0.51 0.53 0.57 0.6 0.54 0.54 0.67 0.5 041 0.93 0.47 0.51 12 1.15 1.28 1.07 115 134
103 087 053 089 0.93 0.93 1.39 0.92 1.6 2.02 0.95 1.27 2.02 1.13 1.4 1.84 213 148
100.23 100.75 10048 100.2 10053 10021 100.63 100.13  99.99 100.71 100.32 1001 100.14 100.06 100.38 100.19 100.17  99.48
575 575 458 493 520 506 356 590 509 739 773 486 739 1040 823 404 620 682
55 51 54 53 48 49 193 219 68 62 53 52 98 105 64 73 91 137
254 211 263 288 190 193 236 292 336 4% 493 245 591 941 582 260 790 494
15 18 19 22 18 18 14 2 na 26 21 2 5 5 5.1 49 na na
347 3B9 335 328 40.6 39.9 27.3 33 37 19.2 24.1 42.2 19 19 26 97 39 26
641 662 718 745 643 657 770 632 499 932 584 948 1010 940 1100 1060 1170 1200
216 219 246 251 22 224 223 23 22 2.7 18.1 225 29 27 28 276 31 34
176 179 182 184 182 179 184 177 156 243 146 180 301 263 280 310 318 328
54.2 54.8 46.9 49.5 55.4 54 614 54 43 83.9 37.8 48.7 106 102 106 112.6 112 128
462 458 486 476 457 443 489 430 415 630 436 458 551 571 646 703 903 737
4.4 4.5 4.4 43 43 4.3 53 4.1 5 5.6 3 4.7 6.1 5.3 5.7 83 6.6 6.7
34 31 3 29 31 32 34 33 28 4.4 1.8 3 6.2 5.6 5.8 6.6 6.4 7.4
4.7 4.4 4.7 5.4 4.7 4.8 6 5.4 5 9.3 6.4 4.5 133 12.9 136 10.6 12.6 15.6
11 11 11 12 11 11 17 14 3.7 23 12 0.9 35 33 3.6 3 5.9 4
38 369 415 429 37.8 365 49.2 335 281 76.5 43.4 334 88.6 85.5 90.4 89.4 91.8 108
717 67.8 774 784 68.8 68.5 925 66.4 55.1 137.7 74.9 63.7 162 154 165 164 172 197
84 8.2 9 9.3 83 8.3 10.3 7.8 65 15.1 8.3 7.9 17.6 16.6 17.5 182 189 20.8
344 382 3B4 358 327 339 387 308 26.6 56.5 325 33.6 62 59.7 61.9 68.1 67.1 74.7
7.2 7.4 7.7 7.8 7.3 7.2 7.2 7.1 6 9.5 5.8 7.4 115 10.8 114 117 12.4 13.8
23 2.4 25 24 23 22 24 217 1.8 2.8 1.8 2.3 3.28 3.07 32 33 358 3.99
6.6 6.5 7.4 7.2 6.8 6.7 6.7 53 5 82 5.4 6.8 7 6.6 6.8 9.4 7.7 86
0.8 0.9 1 1 09 0.9 1 0.9 0.8 1 0.7 0.9 11 1 11 1.3 12 14
4.7 4.6 55 5.6 5 5 4.8 4.7 43 53 4 51 59 54 5.7 6.2 6.4 7
08 0.8 1 1 08 0.9 0.9 0.9 0.8 09 0.7 0.8 1 1 1 11 11 12
2 2.1 2.3 23 21 2 19 21 19 2 1.8 22 25 2.4 25 27 2.8 3
02 0.3 0.3 03 03 0.3 03 03 03 03 0.2 0.3 03 0.3 0.3 0.4 03 03
16 16 18 17 15 16 16 15 15 16 1.4 16 16 15 15 19 18 19
02 0.2 0.3 03 02 0.2 02 02 02 02 0.2 0.2 0.22 0.21 021 03 0.23 027

with MgO, indicating that amphibole could have participated (as a source-related residual phase)
in the genesis of the MVVF magmas. The samples cluster in defining a sole evolutionary trend,

revealing their primary melts shared the same common mantle source.
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Figure 4.2. Major element classification for the MVF lavas based on (a) TAS and (b) Na,O versus K,O diagrams.
Dashed line in (a) corresponds to the division between alkalic (upper line) and subalkalic (lower line) fields.
Symbols are: SPo — blue diamonds, SeA - red boxes, PiC — orange circles, SPaP — green (lava flows) and red (plug)
triangles. See the text for explanation.
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The chondrite-normalized rare earth element (REE) patterns are shown in Fig. 4.4, and all
demonstrate enrichment in light rare earth (LRE) elements, as commonly observed in strongly
silica-undersaturated basalts. The enrichment is more significant in the SPaP samples than in the
other eruptive centers, the latter showing similar (La/Yb)y ratios of 11-22 (together with two
SPaP samples — SP-2 and SP-3 collected from the adjacent plug), in contrast to the values of 32—
41 calculated for the other HD- and DCO-tagged samples of SPaP lava flows. No Eu anomaly is
observed, reinforcing that plagioclase precipitation was not an important process in the course of
crystallization. Primitive mantle-normalized incompatibility profiles show overall enrichment in
large ion lithophile (LIL) elements (right side of Fig. 4.4) from Rb to Ce, together with a
negative Pb spike and downward slope to the less incompatible elements — a typical feature of
OIB magmas. There is a good resemblance between the “‘spidergrams’ of SPo, SeA and PiC and
samples SP-1 and SP-2 from SPaP, the undeniable effects of fractional crystallization observed
for the SPo samples. Again, the HD- and DCO-tagged lavas of the SPaP eruptive center differ
from the others by showing a downward concavity on the left side of their incompatible profiles
defined by high normalized-abundances from Ba to Ce (Rb is depleted relative to Ba), which

exceeded 100 times the values of the primitive mantle of Sun and McDonough (1989).
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Figure 4.3. Variation diagrams of major elements
against MgO. Symbols are as in Figure 4.2.
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Figure 4.4. Profiles for the average abundances of (a) chondrite-normalized REE and (b) PM-normalized
incompatible element patterns. Comparisons are made between the OIB average compositions presented
by Sun and McDonough (1989). Normalization parameters are drawn from (a) Boynton (1984) and (b)
Sun and McDonough (1989). Symbols are as in Figure 4.2.
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4.4.3 SR-ND-PB ISOTOPE COMPOSITIONS

The isotope compositions of all samples are plotted in diagrams in the Figure 4.5, but we
focus on those from (a) to (d) in this section and discuss the overall results later in this paper. All
results are plotted as present-day (measured) isotopic compositions because their ages are still
unpublished results in F.V. Silveira (2006). Moreover, with present-day values, we can make

more reliable comparison with modern mantle end-members, as illustrated.

Table 3. Sr, Nd, and Pb isctopic compositions of the MVF basalts

Volcanic center Measured (present day) isotopic compositions
Sample tag

87Sr/868r 143Nd/144Nd 206Pb/204pb 207Pb/204pb ZOBPb/ZOAPb 87Rb/868r 147Sm/144Nd E(Nd)t=0 207Pb/206pb ZOBPb/ZOSPb ZOBPb*/ZOSPb*
Serrote Preto-Spo
HD-48 0.70461 0.512688 18.858 15.6 39.136 0.202 0.153 1.0 0.827 2.075 1.011
HD-51 0.70569 0.512519 0.166 0.132 -2.3
DCO-91 0.70375 0.512757 0.097 0.127 2.3
DCO-92 0.70600 0.512415 0.135 0.146 -4.4
DCO-93 0.70576 0.512651 0.123 0.127 0.3
DCO-95 0.70505 0.512603 0.202 0.119 -0.7
DCO-96 0.70538 0.512647 0.241 0.125 0.2
DCO-97 0.70471 0.512500 0.157 0.109 -2.7
DCO-99 0.70502 0.512454 0.181 0.131 -3.6
SerraAguda-SeA
SA-2 0.70465 0.512709 19.162 15.670 39.224 0.106 0.127 14 0.818 2.047 0.989
SA-3 0.70410 0.512721 19.343 15.701 39.375 0.139 0.122 16 0.812 2.036 0.986
HD-29 0.70472 0.512702 19.111 15.602 39.09 0.152 0.136 13 0.816 2.045 0.981
HD-45 0.70440 0.512599 0.157 0.124 -0.8
Pico do Cabugi (PiC)
PC-1 0.70430 0.512713 18.862 15.592 38.922 0.157 0.126 15 0.827 2.064 0.989
PC-2 0.70435 0.512707 18.846 15.592 389 0.157 0.136 14 0.827 2.064 0.988
PC-3 0.70431 0.512704 18.822 15.577 38.853 0.135 0.135 13 0.828 2.064 0.985
PC-4 0.70425 0.512702 18.829 15.577 38.854 0.127 0.128 13 0.827 2.064 0.985
PC-B2 0.70472 0.512599 18.764 15.608 39.154 0.183 0.131 -0.8 0.832 2.087 1.023
PC-B3 0.70480 0.512607 18.817 15.611 39.178 0.176 0.131 -0.6 0.830 2.082 1.020
HD-33 0.70437 0.512745 0.103 0.139 2.1
HD-42 0.70553 0.512589 0.151 0.136 -1.0
HD-46 0.7039%6 0.512652 0.214 0.112 0.3
SerraPretade Pedro Avelino (SPaP)
SP-1 0.70382 0.512782 19.151 15.595 39.114 0.060 0.101 2.8 0.814 2.042 0.979
SP-2 0.70515 0.512389 18.359 15.572 38.728 0.119 0.107 -4.9 0.848 2.109 1.022
SP-3 0.70461 0.512672 18.726 15.596 38.775 0.129 0.133 0.7 0.833 2.071 0.987
DCO-101 0.70401 0.512748 19.173 15.540 39.080 0.054 0.112 22 0.811 2.038 0.973
DCO-102 0.70392 0.512808 0.058 0.109 33
HD-31 0.70399 0.512834 0.068 0.111 3.8
HD-41B 0.70390 0.512775 19.155 15.542 39.002 0.026 0.104 0.6 0.811 2.036 0.967
HD-43 0.70419 0.512669 0.096 0.112 0.6
HD-44 0.70382 0.512695 0.063 0.112 11
Minor eruptive centers*
HD-30 0.70390 0.512866 19.192 15.556 39.108 0.103 45 0.811 2.038 0.974
HD-49 0.70576 0.512582 0.153 -11
HD-50 0.70329 0.512854 19.148 15.533 38.715 0.127 4.2
HD-52 0.70512 0.512197 18.224 15.483 38.251 0.125 -8.6 0.850 2.099 0.984
DCO-69 0.70368 0.512773 18.898 15.538 38.695 0.138 2.6 0.822 2.048 0.961
DCO-94 0.70561 0.512407 18.298 15.502 38.497 0.134 -4.5 0.847 2.104 1.003
DCO-98 0.70467 0.512665 0.128 0.5
DCO-100 0.70430 0.512740 18.966 15.530 38.802 0.130 2.0 0.819 2.046 0.966
DCO-103 0.70418 0.512747 18.923 15.508 38.891 0.105 2.1 0.820 2.055 0.979

DKST 0.70431 0.512634 0.232 0.123 -0.1
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Except for part of the SPo and two minor eruptive centers, all other investigated basalts
are conspicuously spread along the ‘mantle array’ as defined by Zindler and Hart (1986) (Fig.
4.5a). Most of them cluster on the depleted end of the array, displaying radiogenic Nd (higher
than CHUR) and unradiogenic Sr (lower than BSE) isotopic ratios, the most enriched and
depleted Sr-Nd-coupled compositions given by two minor eruptive centers (HD-52: 0.70512,
0.512197 and HD-50: 0.70329, 0.512854). The samples not enclosed within the array deviate
towards more variable and slightly radiogenic Sr relative to chondritic to sub-chondritic Nd
values. In binary diagrams including Pb isotopic ratios, the MVF basalts have relatively coherent
behavior with slightly radiogenic 2°°Pb/**Pb ratios ranging between 18.73 and 19.34 combined
with moderate 2®®Pb/***Pb (38.7-39.4) and 2*’Pb/***Pb (15.48-15.67) ratios (Fig. 4.5b-d). The
samples all cluster above and parallel to the Northern Hemisphere Reference Line (NHRL) with
both positive A7/4 (~9-16) and A8/4 (~23-70) values. The Sr-Nd isotopic inconsistency
observed for a few samples of the SPo and for some minor eruptive centers relative to the whole
group could not be confirmed in the modeling made using Pb data because only two of them had
their Pb isotopic compositions determined. However, the subset of three samples plotted at the
lower end of the Sr-Nd mantle array coherently plot as a separate group deviating towards more
unradiogenic Pb values in the other diagrams (Fig. 4.5b-f), thus requiring the presence of an

enriched component in the MVVF mantle source.

4.5 DISCUSSION

4.5.1 FRACTIONAL CRYSTALLIZATION AND CRUSTAL ASSIMILATION

Before using the geochemical and isotopic dataset to constrain the origin of the mantle
sources for the MVF basalts, we need to certify the primary nature of our samples. Except for the
SPo samples that have Mg# ~0.61-0.68 (average Ni ~175 ppm), combined with large variation
in silica contents, all other MVF basalts had low silica (< 50 wt.%) and high MgO (mostly >11
wt.%, to Mg# > 0.68) contents, and the average Ni and Cr for each SeA, PiC and SPaP ranged



143Nd/144Nd

143N d/144Nd

207Pb,/206Ph

0.5134
1 (@) =
0.5132 m
0.5130
] +
0.5128 + %\
71CHUR A%“\% . ¢ ¢
0.5126 7 = (RS
: ¢, * ™
0.5124 7 A+ @ @
0.5122 1 +
0.5120 @
0.5118 —— —
0702 0.703  0.704 0705 0706  0.707  0.708
87Sr/86Sr
0.5134
i Atlantic MORB
0.5132
0.5130 4
1 HIMU
0.5128
0.5126 7
] OIB
0.5124 i _@ (Non-HIMU types)
0.5122 +
0.5120 1 EMD
0.5118 — ——— T
16.5 175 185 19.5 20.5 21.5 225
206Ppb/204Ph
0.95
1@ @i
0.90 - /
T Atlantic MORB
0.85 1 @’ A
1 ()IB
o (Non-HIMU types)
0.80 '
FOZO
0.75
HIMU
070 T T T T T T
1.95 2.05 2.15 225
208Pb/206Ph

87Sr/86Sr

84

0.708
1@ @\
0.707
OIB
b (Non-HIMU types)
0.706 ‘(:::)
_ F
0.705 7
0.704 -
FOZO
b HIMU
0.703 A
Atlantic MORB
0702 T T T T T T T T T T T
16.5 17.5 18.5 19.5 20.5 21.5 22.5
206Ph/204Pb
415
(d)
40.5 OIB
(Non-HIMU types)
=
= 39.541 <:::D
2
SR / A
&
& 38.5
Atlantic
37.5 MORB
365 T T T T T T T T T T
16.5 17.5 18.5 19.5 20.5 215 22.5
206Pb/204Ph
225
21.5 7
20.5 7
o
2 4 i ?
g
= 19.57
z OIB
5 ] ' ® 45 (Non-HIMU types)
4 Atlantic
1857 MORB A @
17.5 1
16.5 T T T T T T
0.85 0.95 1.05 1.15
208Ph*/206Ph*

Figure 4.5. Isotopic companion plots used to compare the Sr, Nd and Pb signatures of the four MVF lava
groups to the distinct mantle endmembers — HIMU, FOZO and EM (I and Il). The sources are: HIMU and
FOZO - Stracke et al. (2005), EMI-1I estimated after Lustrino and Dallai (2006). Atlantic MORB and
non-HIMU OIBs, as defined by Stracke et al. (2005), are also included for comparison (the fields for both
Pacific and Indian MORB are not shown). The isotopic compositions of the CMDS FOZO-type olivine
tholeiites (open star) and Fernando de Noronha lavas (pink ellipse) are shown for comparison. In (a) the
shaded area is an approximation of the ‘mantle array’. All ratios are plotted as present-day values.
Symbols are as in Figure 4.2, now including the ‘minor eruptive center’ group as Crosses.
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from 290-540 and 500-700 ppm, respectively, which satisfies the frequently used criteria for
primitive (uncontaminated) magmas (Frei et al., 1978). Major variability in the elemental and
isotopic compositions is observed for the subsets of the SPo and PiC samples, but the whole
MVF was plotted along a unique tendency, indicating continuous fractionation of olivine and
pyroxene, whereas plagioclase had a minor effect in the variability, as shown by the inverse
correlation of Al,03/CaO and the random distribution of Sr (and Rb) with MgO. In contrast, Ba
correlates positively with MgO, suggesting that although it was not identified as a modal phase,
amphibole was likely present in the source.

A number of trace element ratios have been used to test crustal assimilation in mafic
magmas ascending through the crust. For instance, Nb/U ratios can indicate chemical alteration
by weathering or crustal assimilation because U is a highly incompatible element and
accumulates into both lower and upper continental crusts. As a consequence, the average Nb/U
ratios in these crustal reservoirs are significantly lower (e.g., Rudnick and Fountain, 1995) than
the values typically found in oceanic (uncontaminated) basalts (= 4710, Hofmann et al., 1986).
Similarly, the correlations between ratios of highly incompatible and compatible (or lesser
incompatible) elements, such as La/Sm, Ce/Pb and Pb/Nd (also P,Os/Nb) with the isotope ratios
(not expected to vary through fractional crystallization) indicate role of crustal assimilation. Our
results indicate that the Nb/U values found for the MVF fall within the range of oceanic lavas,
although the SPaP samples display slightly lower values (~34), and the Ce/Pb values are overall
>30 (a few samples ~20). These high values are consistent with the values reported for OIBs,
especially those found in the HIMU (high U/Pb) endmember (Willbold and Stracke, 2006).
When comparing Ce/Pb, (La/Sm)y and P,Os/Nb with 87Sr/%8sr ratios, no consistent trend towards
crustal compositions was observed (Fig. 4.6a-c). Also, when the silica contents are plotted
against the 875r/%8sr ratios, SeA shows no correlation, whereas SPo is dispersed, having two of
the most radiogenic samples corresponding with the highest silica contents of ~50 wt.%. PiC
shows a slight tendency to correlation (if excluding outliers), also followed by the two samples
(SP-2 and SP-3) from SPaP (Fig. 4.6d). Therefore, although there is no compelling evidence
towards large assimilation of crustal materials in the MVVF magmas (as previously found by
Fodor et al., 1998), there are samples that may record minor interactions of their parental
magmas with crustal material. However, the geochemical and isotopic coherence of the
‘contaminated’ samples compared with other eruptive centers confirm that the chemical
signature of the MVF basalts must reflect characteristics inherited from the mantle source(s) and

melting-related processes.
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Figure 4.6. Plots of ratios between incompatible trace elements (and oxide — P,Os) against SiO; to
qualitatively evaluate the extent of crustal contamination. Symbols are as in Figure 4.2.

4.5.2 ESTIMATION OF THE MELTING DEGREE AND MELT FRACTION

Except for the discrete correlation observed for the SeA basanites, the La/Sm ratios in the
MVF basalts are not affected by fractionation because La is not a highly compatible element
within any major fractionating mineral phase. Thus, we accept that the variation in the (La/Yb)n
ratios observed for each group can be better explained by small differences in melting degrees in
a source containing residual garnet. The presence of garnet in the source of the MVVF magmas
can be corroborated by looking at the (Th/Yb)n ratio because Tb is difficult to fractionate in the
absence of residual garnet (Fig. 4.7a). Thus, melts in equilibrium with garnet have higher Th/Yb
ratios (e.g., Wang et al., 2002), and the ratios are >2 in all studied samples.

The major difference regarding the REE patterns of our results is the higher (La/Yb)y
ratios of the SPaP subset compared with the others (Fig. 4.7b). Because La is more



87

stronglyincompatible than Yb, smaller degrees of melting of (combined with major proportion
of) a garnet-bearing source result in the more fractionated patterns found in the SPaP
nephelinites. To minimize the effects of crystal fractionation and olivine accumulation, we
selected only the 17 samples with MgO between 10 to 15 wt.% and Ni abundance from 200 to
500 ppm to constrain the partial melting degrees and the respective melt fractions on the
(Dy/Yb)n vs (La/YDb)n diagram of Thirlwall et al., (1994).The covariance between these ratios
along a mixing line formed by SPo, SeA and PiC alkali basalts and basanites define the role of
~5% of partial melting of spinel-facies Iherzolite source (Dy/Yby = 1.3) and ~1% of partial
melting of garnet-facies peridotite, with a melt fraction of 70:30 garnet:spinel. SPaP nephelinites,
in turn, equilibrated from very low melting degrees (<0.1%) of garnet mantle sources with a
major contribution (melt fraction 80:20) instead spinel-facies peridotite. The resulting melts
segregate from depths close to 80-90 km for SPo, SeA and PiC, and ~120 km for SPaP based on
the calculation of the equilibrium temperatures using the major oxide (SiO, and MgQO) contents
after Albaréde (1992) and Scarrow and Cox (1995). The estimated temperatures of 1,350-
1,400°C and ~1,470°C are consistent with the calculations of Herzber et al. (2007) for the
melting temperatures of primary magmas with MgO contents of 10-14 wt.% (1,280-1,400°C)
and 18-19 wt.% (~1,500°C). Because garnet is stable at temperatures above 1,100°C (Green and
Ringwood, 1968), we argue that all MVF magmas were derived from sources with residual

garnet in different proportions, and the SPaP magmas formed at deeper mantle regions.
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Figure 4.7. (a) Correlation between the normalized-La/Sm and Th/Yb ratios showing that the MVF
compositions are compatible with the melting of garnet-bearing mantle sources. Exes are the values found
for spinel peridotite xenoliths hosted by these lavas (Rivalenti et al., 2007) and are shown for comparison.
The horizontal line separates the two fields proposed by Wang et al. (2002) for the Basin and Range
basalts. (b) Model of mixing curves between spinel and garnet lherzolite melts using normalized-Dy/Yb
and La/Yb ratios to estimate rates of partial melting and magma sources for the MVF magmas. Symbols
are as in Figure 4.2.
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Primitive, mantle-normalized incompatible trace element patterns show generally
coherent behavior throughout the basanites and alkali (and tholeiitic) basalts of the SPo, SeA and
PiC eruptive centers. All centers show LIL (also Nb-Ta) enrichment, strong Pb (and K, not
shown in Fig. 4.4) depletion and, to a minor extent, depletion in Sm relative to Nd. Excluding the
samples in which we noted ‘inflation in MgQO’, the SPaP nephelinites collected from the lava
plateau (samples HD and DCOQO) are the most magnesian and have the most enriched
incompatible trace element compositions of the MVF.

A decrease in the CaO/Al,O; ratio from the nephelinites towards the basanites and alkali
basalts is a first evidence to suggest melting from hydrated peridotite sources (e.g., Francis and
Ludden, 1995). The role of hydrous mineral phases in the mantle sources can be evaluated from
the correlation of the ratios between trace elements that are highly compatible with phlogopite
and amphibole against those that are moderately compatible. Both Rb and Ba have partition
coefficients for phlogopite that are higher than those found for amphibole (phl: Dgry ~6,Dga ~3;
amph: Drp and Dg, <0.6 at variable pressure conditions), whereas they compete for Sr (Adam et
al., 1993; La Tourette et al., 1995); therefore, melts extracted from phlogopite are expected to
have higher Rb/Sr and lower Ba/Rb values than those formed from amphibole-bearing
peridotites. All MVF basalts have Rb/Sr <0.1 and high and minimally variable Ba/Rb ratios
ranging from 11 to 18. More extreme values were found in the SPaP subset (>23). However, one
important depletion in Rb relative to Ba was obseved for the SPaP nephelinites, whereas the ratio
was normal for the SeA and PiC samples, suggesting that (minor volumes of) phlogopite may
have coexisted deeply in the SPaP mantle source. Using the same argument and accepting that
Dk>K(y, in K-rich amphiboles (exceeding 1, according Francis and Ludden, 1995), the resulting
primitive melts from amphibole-bearing peridotites would have (K/La)n<1, a value that matches
those found for our samples (Fig. 4.8a). Furthermore, because Dn, and Dz are low in
amphibole(~0.2-0.1 and ~0.35-0.25, respectively; e.g., Chazot et al., 1996), its presence does
not hinder enrichment in Nb in the magma supply melted from such a source and would have no
significant effect on the Zr and Hf contents. In contrast, these contents would be negatively
impacted if large amounts of clinopyroxene also existed as a residual phase (e.g., Fujimaki et al.,
1984), which might explain the slight depletion in Zr-Hf exhibited by the MVF basanites and
alkali basalts relative to the typical OIB compositions (see back Fig. 4.4) but not by the SPaP
nephelinites.

The presence of amphibole and minor phlogopite was also predicted to explain the
variations in trace elements observed in the Fernando de Noronha lavas (Gerlach et al., 1987;

Weaver, 1990), which have a number of compositional similarities with the MVF lavas (Fodor et
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al., 1998; Rivalenti et al., 2007). Using the correlation between the Rb/Sr and & Sr/*®Sr ratios, the
authors argued that the Fernando de Noronha compositions plotted transverse to mixing lines
between clinopyroxene and phlogopite, with the analyses distributing towards radiogenic Sr and
moderate to low Rb/Sr ratios (Fig. 4.8b). The MVF basalts plotted in a perfect array, indicating
that K-rich amphibole and clinopyroxene existed as important residual phases equilibrated from

80-90 km to ~120 km deep into the lithospheric-asthenospheric mantle.
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Figure 4.8. Correlation between (a) normalized-K/Nb and K/La and (b) Rb/Sr and ®’Sr/*°Sr ratios
suggesting the preferential presence of amphibole (and clinopyroxene) instead of phlogopite as the
hydrous residual phase in the MVVF mantle sources. The arcuate array formed by the whole dataset in (b)
suggests that a minor proportion of phlogopite was also present. Symbols are as in Figure 4.2.

4.5.3 THE ISOTOPE RESERVOIRS PROPOSED FOR THE MVF MAGMAS

Except for most of the SPo samples, nearly all of the MVF basalts have Sr-Nd isotope
compositions plotted in the upper-left quadrant in the mantle array diagram (see back Fig. 5),
which requires a depleted component in their mantle source(s). Moreover, all basalts provided
very positive values for A7/4 and A8/4 for slightly to moderately radiogenic *°Pb/2**Pb ratios,
which suggests a component in the source having a high time-integrated (U+Th)/Pb ratio.
Therefore, to evaluate models to test participation of mantle reservoirs with these isotope
characteristics, we need to look carefully at the Pb isotopes.

In the concept of ‘mantle zoo’, a number of mantle domains resulting from distinct
combinations of radiogenic isotope compositions can be envisaged, originally recognized from
studies on OIB-type magmas. Such diversity deviated from the typical compositions found in
mid-ocean ridge basalts because Pb isotope ratios in those basalts, and even in some MORB, are

more radiogenic than the undifferentiated (primitive) mantle or bulk Earth (the “Pb paradox” of
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Allégre et al., 1982; see also Murphy et al., 2002; Hart ad Gaetani, 2006; Hofmann, 2008). The
modern HIMU endmember is part of this paradox and has been ascribed to a mantle reservoir
having high U/Pb ratio (from p parameter = 233U/%*Pb; Zindler and Hart, 1986), typically found
in basalts from the St. Helena and Cook-Austral oceanic islands. Several works have suggested
that the HIMU component is ubiquitious in the upper mantle, especially beneath the Atlantic
Ocean and Europe (e.g., Hart et al., 1992; Hoenle et al., 1995), all consensually relating its origin
to the recycling of oceanic crust that has undergone considerable dehydration in subduction
zones (e.g., Stracke et al., 2003 and hereinafter references; also Hanyu et al., 2011; Kawabata et
al., 2011). Recently, Stracke et al. (2005) reviewed a dataset of MORB and OIB isotope
compositions by combining them to propose a pervasive presence of the FOZO component with
slightly less radiogenic Pb isotope ratios than the classical HIMU, as it proposed by Zindler and
Hart (1986). The authors distinguish FOZO from HIMU through lower 2% 207 208pp204ppy pyyt
higher 2%®Pb/?°Pb and 2*®Pb*/*®Pb* ratios and argue that most of the isotopic compositions of
the Atlantic and Pacific MORBs fall along a linear correlation between FOZO and a depleted
component, with the Indian MORBs requiring involvement of a crust-like component that could
be ancient sediments. As an additional conclusion, Stracke and colleagues also argue that the
OIB magmas form mixing arrays originating from the MORB-FOZO array but diverging
towards various isotopically enriched compositions, such as those of Zindler and Hart’s EMI and
EMII components.

Figure 4.5 shows that the MV/F basalts plotted consistently as a group when the #'Sr/%°Sr
ratios are neglected because such ratios are variable due sensitivity to effects of crustal
assimilation, which was already suggested for some of the SPo alkali basalts. This subset of four
(or maybe five) samples of SPo and one minor eruptive center plotted away from the mantle
array towards the most radiogenic Sr isotope values (>0.7054) coupled with chondritic to sub-
chondritic Nd values. Unfortunately, we have only one Pb isotope data point for them, which is
sample HD-42, and it is coherent with the other ‘uncontamined’ samples, with 2**Pb/?**Pb ~19.1.
All other samples, irrespective of the eruptive center, clustered along a mixed range between
FOZO and a compositional field outlined by MORB-OIB (Fig. 4.5d—f). This mixing was
previously demonstrated by Fodor et al. (1998), although the authors preferred HIMU instead of
FOZO. Even considering that any studied sample provided 2®Pb/?*Pb (and derivative) ratios
overlapping the FOZO field, as we have found for the Cretaceous olivine tholeiites that comprise
the CMDS (values >19.9, for T = 0), we propose that the high U/Pb component needed to
explain the Pb isotope signature of the MVF basalts might be better ascribed to FOZO than
HIMU. However, the high variability in both Sr and Nd combined with the Pb isotope
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compositions of these basalts necessarily requires an enriched component present in their mantle
source, in close isotope similarity with the EMI and/or EMII-types found in OIB magmas. These
two enriched endmembers require high and low time-integrated Rb/Sr and Sm/Nd ratios,
respectively, to produce radiogenic Sr and unradiogenic Nd isotopic ratios, whereas EMI has
lower uranogenic and thorogenic ratios than EMII (e.g., Lustrino and Dallai, 2003). A tendency
towards EMI is depicted by the three disconnected samples from the whole sample grouping, but
this is not true for their Nd compositions that are closer to EMII. Whatever this enriched
component is, EMI or EMI], it is hard to assess looking only at our current isotopic dataset.
Weaver (1991) argued that some trace element ratios could be used to distinguish each
one of the main OIB groups — HIMU and the two varieties of enriched mantle components (EMI
and EMII). More recently, Willbold and Stracke (2006) re-evaluated the incompatible element
systematics for the ‘mantle zoo’ components through several oceanic island basalts. They
concluded that whereas the isotopic relationships may be explained by two general enriched
components, which are EMI and EMII, the strong variance in terms of incompatible elements
suggest there could be more than two EM sources. Despite the number of trace element ratios
proposed to separate HIMU- from EM-derived magmas (e.g., K, Ba, Rb, Nb/La, Rb/Sr, Ce/Pb,
U/Pb and Th/U) none were able to definitely distinguish between basalts originated from EMI
and EMII sources. Our attempt to perform the same comparison (not shown) was unsuccessful,
which led us to assume that the enriched component in the MVF basalts reflected complex
chemical interactions in the source. A similar suggestion was made by Gerlach et al. (1987)
when evaluating the trace element compositions of Fernando de Noronha lavas, the intake of
(enriched) delaminated subcontinental lithosphere into the asthenosphere being envisaged as a

possible mechanism to explain the deep origin for EM.

4.5.4 INSIGHTS ON THE CHEMICAL EVOLUTION OF THE SUBCONTINENTAL LITHOSPHERIC

MANTLE IN THE NORTHEASTERN BORBOREMA PROVINCE

The mantle-derived magmatic events spanning from the Cretaceous to the Miocene make
northeast Brazil a suitable area to investigate the chemical evolution of the lithospheric mantle.
The magmatism started in the Early Cretaceous (~130 Ma) following the thinning and rifting of
the lithosphere and emplacement of continental tholeiitic basalts (CDMS) that culminated with
the opening of the Equatorial Atlantic. The CMDS consists mostly of evolved high-Ti tholeiites

(MgO content <5 wt.%) and subordinate low-Ti tholeiites, the latter showing variable effects of
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crustal assimilation on their geochemical and isotope signatures (Ngonge et al., submitted). Their
Sr-Nd-Pb and trace element features show that the parental magmas of these two groups were
segregated from enriched domains of the sub-continental lithospheric mantle. The Nb depletion
and >1 Ga Nd model-ages of these tholeiites are consistent with an old, subduction-related
metasomatic event inherited from the Proterozoic (Hollanda et al., 2003, 2006; Souza et al.,
2007) and preserved in the lithospheric mantle beneath the region (Hollanda et al., 2006). In
contrast, a distinct subset of dykes exposed to the south of the main swarm is formed by olivine
tholeiites showing a peculiar Pb (combined with Sr-Nd) isotope signature attributed to FOZO.
Ngonge et al. (submitted) have showed that such a FOZO source was deeper (~75 km), likely in
the convective asthenosphere, than the enriched mantle domains that melted to generate the other
tholeiites, roughly ~60 km in depth.

The involvement of FOZO component, however, can still be barely recognized in the
MVF basalts, which results in a fundamental issue to reconcile the chemical history of the
SCLM from the Cretaceous to the Cenozoic. If FOZO was an asthenospheric component in the
Cretaceous, its imprint in the MVVF magmas should be expected, which was estimated in this
study to have segregated from depths of 80-90 km (for SPo, SeA and PiC) up to 120 km (for
SPaP magmas). However, if asthenosphere remained convective from the Cretaceous to the
Cenozoic, the chemical signatures in the MVF basalts should progress into a pure FOZO, which
would mean the presence of a long-lived thermal anomaly (mantle plume) beneath northeast
Brazil promoting continuous erosion of the lithospheric mantle in a nearly similar mechanism as
predicted by Davies (1994) (e.g., also Tatsumi et al., 1991 for the Kenya rift). This is not true
based on our results, which have shown that FOZO is rather a mixing endmember contributing to
the MVF basalts rather than a sole mantle source, as seen for the CMDS olivine tholeiites. In
addition, the acceptance of a long-lived thermal anomaly (the FOZO asthenosphere) as a
mechanism to induce continuous melting and, therefore, uninterrupted magmatic activity, should
either be attributed to an active mantle plume or persistence of plate-boundary efforts to favor
progressive asthenospheric upwelling, both models consisting of non-realistic (and unsupported)
hypotheses. For example, Luz et al. (2015) discarded a possible underplating of mafic magmas
beneath the Borborema Province by showing consistent similarities in the gradient of primary
and secondary seismic velocities (bulk Vp/Vs ratio) across that region. The authors modeled a
crustal thickeness of ~30-40 km and argued that minimal mafic underplating is a more reliable
cause of the MOHO topography in that area. These results are in agreement with the statement of
Knesel et al. (2011) based on a geochronological approach, from which no age progression was

found between MVF basalts and equivalent rocks in Fernando de Noronha that could endorse a



93

pro-plume model. Thus, we propose that FOZO was originally asthenospheric during the
Cretaceous and passively upraised during lithospheric thinning and ongoing rifting as a
consequence of the major extensional efforts associated with the Atlantic Ocean opening. Such
asthenosphere upwelled not only provided the amount of thermal energy needed to generate the
CMDS magmas but also achieved depths shallow enough to decompress and melts itself and to
generate the FOZO-type olivine tholeiites. As asthenosphere streamed into the resulting gaps
were left as far as the lithosphere thinned, it became cooler and thermally and rheologically re-
equilibrated as the rigid subcontinental lithospheric mantle. As a result, FOZO was preserved
since the Cretaceous.

A recent review of global-scale seismological models reported by Fischer et al. (2010)
showed that the lithosphere-asthenosphere boundary (LAB) for the region encompassing the
Borborema Province is located at 80-90 km, in agreement with the predicted average depth of
81+2 km estimated for Phanerozoic orogens (Rychert and Scherer, 2009). This estimate perfectly
matches with our assessment of the melting temperature and depth for most of the MVF basalts
studied here, which led us to indetify the origin of these magmas at the LAB. The SPaP magmas,
hence, were originated from deeper, asthenosphere-dominated domains.

The second issue is how to identify the origin of an EM endmember involved in the MVF
petrogenesis, which has been identified through enrichment in LIL and LRE elements, variably
radiogenic ’Sr/**Sr and unradiogenic ***Nd/***Nd combined with moderately radiogenic
208pp2%py ratios. Such enriched compositions cannot be correlated with the evolved high-Ti and
low-Ti Cretaceous tholeiite magmas because they contain clear Nb-depletion, which is absent in
the Cenozoic basalts. These chemical differences suggest that the subduction-related lithospheric
signature was not preserved, or it was localized at the shallowest depths beneath the northeastern
Borborema Province and therefore not available to melt in the Cenozoic. In fact, looking at
incompatible trace patterns found for the spinel-bearing peridotite xenoliths hosted in the MVF
lavas, Nb is always depleted (Rivalenti et al., 2007) indicating that these lavas carried up
fragments of ancient (Proterozoic) subduction-modified lithospheric mantle still preserved at
shallow depths. Thus, the EM component in the MVF lavas represents a deep component derived
from metasomatizing fluid-melts that have interacted with an OIB-type mantle to produce
metasomatic minerals (as K-rich amphibole, mica) retaining highly incompatible trace elements
(we recommend both the Menzies and Hawkesworth (1987) and Harlov and Austrheim (2013)
for a wide review on this subject). According to the literature, the concentrations of metasomatic
minerals in the mantle are expected to be low (a few fractions of a percent) and either small

(<1%) or large (5-20%) melting degrees of such anomalously mantle domains would cause the
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formation of alkaline magmatism. A good example of this statement was published by Roden et
al. (1984) who claimed that St. Paul’s rocks, a typical metasomatized massif presently located at
the Equatorial mid-Atlantic ocean ridge, meet all of the requirements to be an alkali basalt
source. Because the temperature of the asthenosphere is highly dependent on fluid-water content,
the conditions required for its melting, as well as the fraction of melt produced from
enriched(metasomatized) domains at and below the LAB, would be broadly achieved and
fluctuated with time and space (Till et al., 2010). Assuming that there is no evidence for mantle
plume activity or even passive asthenosphere upwelling related to lithospheric thinning processes
(see comments above) at the Cenozoic in the northeastern Borborema Province, we are biased to
accept that no major thermal anomaly was needed for generating the small-volume MVF
eruptive centers, their formation being dependent on the permeability and chemical enrichment
degree of the naturally adiabatic LAB-asthenosphere system in that region.

From these results, our understanding on the origin and even the nature of the EM-type
endmember in the MVF basalts is still premature, and much remains to be learned. We have to
acknowledge, however, that the chemical characteristics shared by MVF and Fernando de
Noronha lavas allow us to reconcile these continental and oceanic areas into a common model of
chemical evolution of the lithosphere-asthenosphere system. The passage of an ancient and cold
continental lithosphere over a modern hotspot certainly impacts each one by allowing a number
of chemical and physical interactions that are not easy to understand. The origin of both FOZO
and EM beneath the South American continent, which are both pervasively found in several
oceanic islands of the Atlantic Ocean requires consideration of the Proterozoic history of the
West Gondwana (which includes the Borborema Province), a task that needs the integration of

multidisciplinary information for a detailed investigation.

4.6 CONCLUSION

Cenozoic intraplate alkaline basalts comprise the MVF located at the northeastern tip of
the South American continent (NE Brazil). The compositional variability observed between the
studied eruptive centers is explained by the fractional crystallization of olivine and
clinopyroxene, in addition to different proportions of residual mineralogy in the source. The
source for the basanites and alkali basalts is estimated to be a garnet-bearing domain existing at
the lithosphere-asthenosphere boundary (80-90 km deep), whereas the nephelinites are derived

from the adiabatic asthenosphere with temperatures ~1,470°C. These rocks display incompatible
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trace element patterns and Sr-Nd-Pb isotope compositions similar to FOZO and EM-type OIB
magmas. The DM endmember must be present as a third component, but hidden by the more
obvious features of FOZO and EM. This wide vertical mantle column was presumed to be
invaded by metasomatic fluid-melts responsible for the pervasive EM signature recognized in the
MVF lavas. Such an enrichment event is decoupled from the subduction-type enrichment
identified in the shallower lithospheric mantle source of the Cretaceous tholeiites, which had
erupted 80 m.y. before the alkaline lavas. Because there is not a large difference between the
chemical signatures of basanites and alkali basalts compared with nephelinites we presume that
an EM component is present as (K-rich) metasomatic domains existing within the convective
asthenosphere (source for nephelinites) or as metasomatic veins that invaded the overlaid LAB
(source for the other basalt suite). Since these two global mantle endmembers are also identified
in the basalts of Fernando de Noronha Island, we argue that there is a source-correlation between

the sub-continental and sub-oceanic mantle domains that requires further investigation.
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CAPITULO5

GEOQUIMICA ISOTOPICA Re-Os DE
XENOLITOS PERIDOTITICOS

5.1 INTRODUCAO

A caracterizacdo quimica e isotopica dos xendlitos peridotiticos hospedados nos basaltos
alcalinos Macau é de importancia fundamental para a discussdo sobre a natureza composicional e
idade do manto litosférico no dominio Serid6/Rio Grande do Norte. Tendo em vista as
publicagBes existentes sobre petrologia dos xendlitos continentais, hospedados nos basaltos
alcalinos cenozobicos do MVF (Fodor et al., 2002; Rivalenti et al., 2000, 2007) e dos xendlitos
oceénicos hospedados nos basanitos da Formacdo S&o José do arquipélago de Fernando de
Noronha (Rivalenti et al., 2000), esse projeto de pesquisa esteve focado na obtencdo de dados
Re-Os combinados a determinacfes da concentragdo dos elementos do grupo da platina (adiante
tratados como PGE — Platinum Group Element: Iridio — Ir, Osmio - Os, Ruténio — Ru, Platina —
Pt, Paladio — Pd e Rénio — Re). O objetivo maior foi obter informagdes sobre a cronologia
(idades modelo Trp) de eventos de empobrecimento (fusdo parcial) e enriquecimento
(metassomatismo) de dominios do manto litosférico continental e oceénico para complementar
as interpretacOes apresentadas nos capitulos anteriores. Os tratamentos feitos com os dados Re-
Os e PGE, ilustrados através de graficos de correlacdo, bem como interpretacbes decorrentes
podem ser considerados ainda preliminares, de forma que ndo foram organizados na forma de
artigo cientifico.

A seguir, apresentamosos dados de anélises quimicas obtidas em olivina, e geoquimica de
elementos maiores e menores obtidos em rocha-total de 7 amostras de xeno6litos continentais e
em 3 amostras de xendlitos oceénicos, sendo que anélises de elementos tracos foram obtidas em
apenas 4 e 2 amostras, respectivamente, dos xendlitos continentais e oceénicos. A obtengao
desses resultados objetivou a caracterizagdo simples do conjunto estudado, e ndo exatamente a
discussdo petrogenética desses xendlitos, a qual é apropriada e detalhadamente conduzida nos
artigos acima listados de R. Fodor e G. Rivalenti, e respectivos colaboradores. O conjunto de

dados isotdpicos Re-Os e concentraces de PGE foi obtido a partir de 16 amostras, sendo 11 de
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xenolitos continentais coletados de todos os quatro centros eruptivos comentados no Capitulo 4
(SPo, SeA, PiC e SPaP), e 5 de xendlitos oceénicos. Faz-se necessario informar que a
amostragem em Fernando de Noronha néo foi intencionalmente realizada para esse projeto, as
amostras analizadas tendo sido gentilmente cedidas pelas professoras Leila Marques (Instituto de
Geofisica, Astronomia e Meteorologia da USP) e Maria Helena Hollanda (esta orientadora).

E importante informar que os trabalhos que versam sobre os xendlitos do NE do Brasil
adotam uma classificacdo texturalprévia que ndo é seguida nesse estudo, sendo reconhecidos
tipos protogranulares — grdos com contatos curvilineares em geral com tamanhos medios de até 5
mm, e porfiroclasticos — aqueles com porfiroclastos em geral maiores que 3 mm, com contatos
retos, envoltos em matriz neoblastica mais fina. Devido a nossa amostragem limitada, ndo foi
possivel obter material suficiente para confecgdo de laminas delgadas e anélises geoquimicas e
isotdpicas, de forma que prioritariamente optamos por preterir o estudo textural em detrimento

ao isotopico.

52 PROCEDIMENTO ANALITICO PARA OBTENCAO DE DADOS Re-Os E
ELEMENTOS DO GRUPO DA PLATINA

As andlises isotdpicas Re-Os e determinac¢fes das concentracdes de elementos do grupo
da platina (PGE) foram obtidas no Laboratério de Geoquimica Isotépica da Universidade de

Maryland, College Park, em colaboracdo com o Dr. Richard Walker.

5.2.1 DIGESTAO ACIDA DA AMOSTRA

A preparagdo da amostra consiste em descartar qualquer fragmento de lava ao redor do
xen6lito, usando uma serra de diamante para, a seguir, proceder com a pulverizacdo em
almofariz de 4gata. Dois ou trés gréos de olivina foram retirados de cada amostra para analise
quimica em microssonda. A digestdo é feita em tubo Carius colocando: (i) ~0,5 a ~1,5 g da
amostra pulverizada, (ii) aproximadamente 3 mL de HCl e 6 mL de HNOs concentrados e (iii)
spikeRe-Os espike C (PGE). Os tubos sdo imersos em gelo para impedir a oxidacdo de Os. O
conteudo de cada tubo é agitado durante alguns minutos e depois selados e acondicionados em

capsulas de aco (steel jacket) para, a seguir, serem aquecidos em forno a 270°C durante 96 horas.
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5.2.2 PREPARACAO DA FRACAO DE Os

Apos a abertura dos tubos Carius, as amostras sdo transferidas para um tubo cilindrico de
centrifugacéo de volume 15 ml, e centrifugadas durante 10 minutos para separar a solugdo acida
da fase sélida (residuo). O residuo é descartado. A separacdo de Os da fase aquosa inicia com a
adicdo de2 ml de CCl, (tetracloreto de carbono),uma vez que a fase aquosa e o CCls séo
imisciveis,Os permancendo retido no composto organico e os outros PGE mantém-se na fase
aquosa. Os é extraido do composto organico (CCl,) através da adicdo de 4ml de HBr. Apds
aquecimento por aproximadamente 12 horas (80-85°C), essa solucéo é centrifugada e o residuo
organico é descartado. A solucdo (com HBr) € aquecida até a secura em chapa a ~80°C para a
evaporacdo total de HBr. A micro-destilacdo de Os é feita embecker de teflon especifico,
adicionando-se 20ul de HBr concentrado na parte estreita do becker e 40-45 pul de
dicromatodiretamente adicionadoa amostra seca,colocadana fechadura do becker. O Os
purificado é depositado em filamentos de platina, junto com Ba(OH), e entdo aquecido a
~830°C. As analises duplicatas de uma solucéo padrdo de Os produziram uma precisdo de *
0,1% (20) para as razoes “2'0s/*®0s. Os brancos analiticos foram inferiores a 1,6 pg, os quais
sdo despreziveis em comparacdo as concentraces de Os nos xendlitos de peridotito

investigados.

5.2.3 PREPARACAO DA FRACAO DE RE

Os PGE (Ir, Ru, Pt, Pd e Re) foram extraidos da fase aquosa através da técnica de
cromatografia de troca ibnica, usando 2 mL de resina ani6bnica AG1X8 Eichrom. Apds o0s
procedimentos de lavagem da resina, Re—Ru foram eluidos na passagem de 12 ml de HNO36N
pela resina, enquanto Pt-Ir foram coletados com 13 ml de HNO; e Pd com 14 ml de HCI
concentrado. Todas as fragdes foram aquecidas até a secura; as fracdes de Pt-Ir e Pd foram
adicionadas algumas gotas de HCl e HNO3 e novamente submetidas a secagem. As fragfes de
Re—Ru foram purificadas em colunas secundérias e coletadas com 7 ml de HNO36N. Algumas
gotas de HCI e HNO; foram adicionadas e novamentelevadas a secura. O passo final consistiu na
adicdo de HNO35% para analise espectrométrica em espectrémetro tipo Nu Plasma multi-
collector. Cada PGE foi analisado em modo estatico usando 2 ou 3 multiplicadores eletrdnicos.
Aliquotas diluidas do meteorito ferroso South Byron — Dronino foram analizadas como padréo

secundério, resultando em corregdo de fracionamento em torno de 2%. Medidas efetuadas no
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padrdo UB-N produziram uma precisdo em torno de 3%. Os brancos analiticos foram: 0,26 pg
para Ir; 7,68 pg para Ru; 559 pg para Pt; 8,3 pg para Pd e 1,82 pg para Re. Todas as

concentragdes foram corrigidas para o branco.

5.3RESULTADOS

5.3.1 COMENTARIOS GERAIS SOBRE QUIMICA MINERAL E GEOQUIMICA DE ROCHA TOTAL

Analises quimicas foram realizadas em 66 grdos de olivina de xendlitos continentais e
oceanicos. Os teores de forsterita (Fo) medidos em todo o conjunto foi bastante homogéneos,
variando entre 88.2 e 91%, os quais sdo considerados valores tipicamente encontrados em
peridotitos de composi¢do moderadamente refrataria (p.ex., Pearson et al., 2014). Essa faixa de
valores foi igualmente reportada nos trabalhos de Fodor et al. (2002) e Rivalenti et al. (2000,
2007) os quais apresentam, além de olivina, dados de quimica mineral para ortopiroxénio,
clinopiroxénio e espinélio dos xendlitos continentais. A partir dos resultados obtidos, Fodor e
colaboradores mostram existir correlagéo positiva entre os teores de Fo em olivina e Mg# em
ortopiroxénio, 0 mesmo comportamento também observado para, respectivamente, %CaO e Wo
nesses minerais, sugerindo equilibrio quimico aparentemente independente da temperatura.
Comportamento contrario é observado quando da comparacdo entre Mg# e Wo obtidos para
clinopiroxénio, em geral com valores Mg# discretamente mais elevados e conteidos de CaO
(Wo) inversamente correlacionados a aqueles em olivina. Dados de termobarometria calculados
a partir da composi¢do quimica desses minerais apontam para temperaturas médias de equilibrio
entre 800° e 1280°C (Rivalenti et al., 2000, 2007; Fodor et al., 2002) e pressdes entre 1,3 e 2,7
GPa (Rivalenti et al., 2000) para ambas as suites de xenolitos, continentais e ocednicos. O estudo
de Fodor e colaboradores para os basaltos continentais mostra, no entanto, que temperaturas mais
elevadas sdo principalmente obtidas nos tipos porfiroclasticos, enquanto que valores em média
<1100°C sdo encontrados nos tipos protogranulares. Essa variacdo do par temperatura-presséo €
consistente, segundo aqueles autores, com gradiente térmico local (continente) de ~12-15°C/km,
sendo os xenolitos porfiroclasticos representantes de dominios mais profundos (quentes) em
comparagéo a aqueles protogranulares.

Sete xendlitos continentais e trés oceénicos foram estudados para determinar as
composicdes de elementos maiores, enquanto quatro xendlitos continentais e apenas dois
coletados dos basaltos oceénicos foram analisados para elementos tragos (Tabela 5.1). Os

resultados mostram relativa variagdo nos teores de MgO (34 — 42 wt.%), Al,O; (2,11 — 5,48
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wt.%), CaO (2,12 — 4,48 wt.%) e TiO; (0,15 — 0,57 wt.%). As correlagdes entre MgO versus

SiOy, Al,O3 e CaO, bem como MgO/Fe;Osr versus TiO; ilustradas na Figura 5.1 (a-d) mostram a

Tabela 5.1 Dados de geoquimica elementar e is6topos Re-Os para os xenolitos peridotiticos

Amostra MVF-1 MVF-2 MVF-3 MVF-4 MVF-5 MVF-6 MVF-7 MVF-8 MVF-9 MVF-10 MVF-11 FN-1 FN-2 FN-3 FN-4 FN-5
xenolitos continentais xenolitos oceanicos
wt.%
Sio, 43.12 4124 4376 4417 4189 4419 4578 4329 4357 43.28
TiO, 0.15 0.39 0.30 0.25 0.52 0.43 0.30 0.44 0.08 0.57
Al,O, 4.25 3.05 3.58 4.23 3.86 5.48 407 413 211 5.36
Fe,0, 9.29 10.48 9.56 9.13 10.02 9.93 853 10.71  9.13 10.05
MnO 0.15 0.17 0.16 0.14 0.16 0.18 0.15 0.17 0.15 0.17
MgO 38.76 40.47  37.71 37.77 3743 3425 36.51 3535 42.00 34.53
Ca0O 3.00 258 3.77 3.08 4.10 3.60 325 448 212 4.38
Na,0 0.28 0.54 0.45 0.34 0.81 0.68 0.49 0.57 0.16 0.66
K,0 0.06 0.23 0.08 0.13 0.24 0.35 0.16 021 0.03 0.23
P,Os 0.03 0.20 0.09 0.04 0.24 0.14 0.08 0.09 0.02 0.13
LOI 0.7 1.54 0.94 0.85 0.69 0.97 0.59 0.97 0.46 1.00
SUM 99.09 99.35 9947 99.28 99.26 99.22  99.32 99.45 99.36 99.36
Mg# 90.2 89.5 89.7 90.1 89.1 88.4 90.4 87.9 91 88.3
La 1.60 15.10 7.40 3.00 7.70 1.70
Ce 2.90 26.80 12.60 4.90 1560 2.70
Nd 1.50 10.90 5.50 2.80 8.00 1.20
Sm 0.33 171 1.00 0.42 1.60 0.19
Eu 0.13 0.46 0.31 0.18 0.52 0.08
Tb 0.08 021 0.15 0.10 0.22 0.03
Pr 0.34 2.69 1.24 0.60 1.92 0.29
Tm 0.05 0.05 0.07 0.05 0.08 0.02
Gd 0.43 149 1.06 0.64 157 0.29
Dy 0.53 0.76 0.90 0.75 1.24 0.25
Er 0.32 0.42 0.52 0.34 0.55 0.16
Ho 0.10 0.14 0.16 0.14 021 0.06
Yb 0.32 0.36 0.46 0.30 0.46 0.18
Lu 0.05 0.06 0.08 0.05 0.07 0.03
ppb
Os 2.58 228 1.99 1.18 354 2.78 3.56 1.70 257 252 1.89 291 2.88 121 0.06 0.16
Ir 242 214 1.93 0.09 3.27 2.87 2.74 1.14 248 1.46 1.84 1.39 3.46 1.56 1.09 1.28
Ru 6.98 7.84 4.02 0.32 4.85 6.97 6.85 6.74 5.75 6.89 4.69 4.39 9.16 6.03 3.07 4.20
Pt 5.01 5.37 4.33 141 443 5.45 5.82 3.50 4.64 4.24 415 3.40 6.93 4.37 2.19 3.03
Pd 4.59 5.19 3.88 2.03 3.08 4.57 4.50 441 3.73 4,03 3.17 3.08 5.74 0.67 1.56 1.39
Re 0.25 0.38 0.28 0.92 0.32 0.28 0.41 0.28 0.44 0.54 0.46 1.06 1.88 0.22 1.72 141
B'Re/1880s 0.4593 0.7923 0.6709 3.9091 0.4337 0.4862 0.5561 0.7988 0.8155 1.0300 1.1645 1.7400 3.1400 #HHH## 0.9243 0.8586
erro (2c-absoluto) 0.0046 0.0079 0.0067 0.0391 0.0043 0.0049 0.0056 0.0080 0.0082 0.0103 0.0116 0.0174 0.0314 0.4378 0.0092 0.0086
18705/1880g 0.1267 0.1281 0.1275 0.4208 0.1227 0.1239 0.1259 0.1297 0.1257 0.1185 0.1277 0.1203 0.1267 0.1303 0.1219 0.1204
erro (2c-absoluto) 0.0002 0.0002 0.0002 0.0006 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0001 0.0002 0.0002
vOs (t =0) -0.2 +0.9 +0.4 +231 -34 -24 -0.9 +2.1 -1.0 -6.7 +0.6 -5.3 -0.2 +2.6 -4.0 -5.2
Tro (Ga) 0.06 -0.15 -006 -78.80 0.65 0.48 0.18 -0.31 021 1.27 -0.09 1.01 0.06 101 -048 0.77
contetido [Fo] 89.7 89.5 89.5 89.4 89.7 90.4 89.9 89.9 88.2 91.0 88.8 88.7 89.9 89.7 88.7 90.3

comparacao das duas suites de xenolitos estudados com um valor médio para 0 manto primitivo

(MP) supercondritico (enriquecido, ou ndo-depletado) e subcondritico (fortemente depletado). A

grande variacdo composicional sugere que os xenélitos provavelmente originaram de dominios

enriquecidos e empobrecidos existentes em ambos ossegmentos litosféricos continental e

oceénico. Outra informagdo importante pode ser extraida da tendénciaas correlagfes inversas

entre MgO e os demais 6xidos principalmente evidente nos xendlitos continentais e menos nos

oceanicos, provavelmente devido & amostragem limitada. Esse comportamento, aliado & presencga

de clinopiroxénio modal, tem sido reportado como caracteristicas de peridotitos residuais
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(Takazawa et al., 2000), menos férteis, e foi igualmente observado por Rivalenti et al. (2007) a

partir de variacbes composicionais observadas em cristais zonados de clinopiroxénio. No

entanto, esses autores observaram o enriquecimento em Al, Ca, Ti e Na das bordas em relagéo ao
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Figura 5.1. Oxidos vs MgO rocha total dos xendlitos de peridotitos de MVF e FN. MVF: circulos azuis; FN:
losanges cinzas. PM = manto primitivo (valores de Sun and McDonough, 1989).

centro de cristais de clinopiroxénio dos xendlitos profiroclasticos sugerindo que os mesmos,

comparativamente aos tipos protogranulares, seriam mais férteis. A refertilizacdo de peridotitos

residuais é discutida por Niu (1997) e Asimow (1999), os quais sugerem que a interagdo entre
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tais peridotitos com liquidos basalticos explicaria as correlagbes inversas daqueles elementos
com Mg.

Os padrdes de elementos terras raras normalizadaspara valores condriticos (Boynton,
1984) também mostram a grande variagdo observada a partir dos dados de elementos maiores.
As razdes (La/Yb)n variam de 3.4 a 28, seguramente influenciada pelo maior fracionamento das
terras raras leves em relacdo aos demais (Fig. 5.3), sendo La enriquecido entre 6-50 vezes em
relago ao condrito. E evidente o padrdo horizontalizado desde Sm (xenélitos continentais) ou
Th-Dy (ambos continentais e oceénicos) até Lu, cujas concentracbes variam entre
aproximadamente 0.7-3 vezes ao condrito, compativel com padrdes de manto litosférico em
facies espinélio com auséncia ou presenca minima de granada. O grau de enriquecimento em
terras raras leves deve ser, no entanto, inferido com cautela. Rivalenti et al. (2007) discutem a
validade em interpretar dados de elementos tracos nos referidos xendlitos visto que minima
contaminacdo (<1%) decorrente da interacdo com liquidos basélticos poderiam influenciar
significativamente as composicfes de elementos tracos (avaliados a partir da andlise em rocha
total) e mesmo as composicOes isotopicas, enquanto pouco afetariam as concentracbes de
elementos maiores.

O modelo proposto por Rivalenti et al. (2007) baseado em modelagem numérica de dados
quimicos de clinopiroxénioda se¢do do manto litosférico amostrada pelos xendlitos continentais
(aqui ndo comentados os dados de Fernando de Noronha) é compativel com a infiltracdo de
agentes metassomaticos com assinatura isotopica tipo EMI, definida a partir da correlagdo entre
razbes isotopicas de Sr e Nd obtidas em clinopiroxénio. Esses autores sugerem que 0 grau de
interacdo fluido:rocha teria sido maior nos dominios mais profundos amostrados pelos xenélitos
porfiroclésticos (950-1280°C), associando tais agentes aos magmas parentais dos basaltos
alcalinos Macau. Embora Rivalenti et al. (2007) ndo apresentem composigdes isotdpicas de Pb, a
interpretagdo concorda com nossos resultados que apontam para a presenga importante de um
componente EMI na fonte dos basaltos alcalinos cenozoicos. O componente FOZO proposto (cf.
Capitulo 4 desta tese) seria necessariamente buscado a partir de razdes isotopicas de Pb.

A secdo mais superior do manto litosférico continental, representada pelos xendlitos
protogranulares, teria sofrido menor grau de interagdo (menor razdo fluido:rocha) com EMI,
segundo aqueles mesmos autores. As razdes isotdpicas Sr-Nd em clinopiroxénio desses xendlitos
foram interpretadas por esses autores como sendo dominadas por mistura de componentes tipo
DM+EMII. Tendo em vista o componente EMII ndo ter sido modelado para os xendlitos
porfiroclasticos, Rivalenti et al. (2007) atribuem a origem desse enriquecimento a eventos

metassomaticos anteriores a geragdo dos basaltos alcalinos, correlacionando-o [“...tentatively...”]
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a eépoca de colocacdo dos diques Ceard-Mirim. Embora com abordagem mais qualitativa, Fodor
et al. (2002) chegam a mesma conclusdo que Rivalenti e colaboradores. A diferenca entre os dois
trabalhos sendo, fundamentalmente, a associacdo genética ou ndo com o hotspot (ou pluma) de

Fernando de Noronha.
5.3.2 DADOS ISOTOPICOS RE-OS E CONCENTRAGOES DE PGE

Os dados isotopicos Re-Os e concentracfes de PGE para os xendlitos continentais e
oceénicos estdo listados na Tabela 5.1. Como comentérios gerais, o padrdo PGE de ambas as
suites de xenolitos é definido por composicdes discretamente empobrecidas em relagdo ao manto
primitivo (PUM, Primitive Uniform Mantle). Nos xendlitos continentais, & excecdo de Ru e Re,
os demais PGE se distribuem entre 0,4 e 1 vez ao condrito; Re é visivelmente mais enriquecido
que os demais elementos, muito embora seja variavel dentro de uma faixa de valores
relativamente estreita (0,28-0,54 ppb, exceto a amostra MVF-4) quando comparavel a Os (Fig.
5.4a). Os xendlitos oceanicos, por sua vez, mostram relativa constancia de Os a Pd, sendo que
em duas amostras Os é significantemente depletado (FN-3: 0,06 ppb e FN-4: 0,16 ppb) em
relacdo aos demais elementos e aos teores obtidos nas outras amostras (1,21-2,9 ppb). Re,
novamente, se destaca com valores mais elevados (1,06-1,72 ppb) que o manto primitivo (Fig.
5.4b). A larga variacdo de teores determinada para os xendlitos estudados, sobretudo para Re e
Os, é consistente com a faixa de valores de 0,06 a 3,56 ppb para Os e 0,246 a 0,538 ppb para Re,
estimada para manto com caracteristicas tipicamente empobrecidas a tipicamente enriquecidas
(fértil) em PGE (p.ex., Shirey e Walker, 1998).

Por simplificacdo, as comparacOes entre as composicOes isotopicas Re-Os das duas suites
de xenélitos serdo feitas a partir dos valores atuais das razdes **'0s/**®0s (= yOs). Considerando
que (1) a idade de extrusdo das lavas tanto no continente (basaltos MVF) como no oceano
(basaltos FN) ndo é superior a 25 Ma (Silveira, 2006; Perlingeiro et al., 2013) e (2) os baixos
valores para **’Re/*®0s, a corregdo para idade seria minima e, portanto, néo influenciaria nas
interpretacfes baseadas nos valores atuais. Por exemplo, para os xendlitos continentais com
razoes '®’Re/*®0s mais alta (3,91) e mais baixa (0,43), e respectivas razdes **’0s/*®Qs atuais de
0,4207 e 0,1227, os valores calculados para 25 Ma seriam de 0,4191 e 0,1225. Apenas para um
dos xendlitos ocednicos (FN-4) com razdo **’Re/**®0s de ~44 a composicéo isotopica de Os
recalculada para a idade de extrusdo magmaética (~9 Ma; Perlingeiro et al., 2013) passaria de um
valor discretamente mais radiogénico que o BSE (Bulk Silicate Earth) de 0,1303, para um valor

também discretamente subcondritico (~0,1243; yOs = —-1,4).
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As razdes *'0s/*®®0sdos xendlitos continentais variam dentro da faixa de valores
atribuidos para o BSE, considerando as determinacfes de Meisel et al. (2001; 0,1296) e Walker
et al. (2002; 0,1262), ou ainda em valores subcondriticos. Seis das onze amostras analizadas
tiveram composicoes entre 0,1267 e 0,1297 (yOs entre —-0,2 a +0,9), enquanto cinco forneceram
valores mais baixos — MVF-5 (0,1227; yOs = -3,4), MVF-6 (0,1239; yOs = -2,4), MVF-7
(0,1259; yOs = -0,9), MVF-9 (0,1257; yOs = -1) e MVF-10 (0,1185; yOs = —6,7). Mesmo
considerando os valores negativos mais extremos, as composicoes isotopicas de Os dos xendlitos
continentais perfeitamente se ajusta as composi¢des atribuidas ao manto litosférico
subcontinental ou abissais (yOs = —17 a +1,6; p.ex., Shirey e Walker, 1998; Liu et al., 2015). O
xen6lito MVF-4 (coletado nos basaltos do centro PiC) exibe razdo '®’0s/***0s e '*’Re/*®0s
muito mais elevadas (0,4208 e respectivo yOs = +231; 3,91), num padrdo consistente com
enriquecimento andmalo de '®’Re quando comparado as demais amostras cujas razdes
187Re/*®0s variam de 0,43 a 1,03. Quando plotadas as razdes **’Re/**®0s versus'® 0s/**80s,ndo
ha ajustes possiveis para definir uma isécrona simples. A excegéo do xen6lito MVF-4, os demais
xendlitos continentais mostras idades Trp extremamente varidveisentre 1,3 e 0,1 Ga, sendo
apenasuma idade modelo >1 Ga, enquanto as demais mostram distribuicdo desde 0,7 a 0,1
Ga.Valores negativos para a idade Trp foram também calculados para parte desses xendlitos
continentais.

As razdes ®'0s/®0s dos xendlitos oceénicos caemna faixa de valores menos
radiogénicos que o BSE, facilmente observado a partir dos valores yOs negativos (-0,2 a -5,3),
0s quais estdo associados a razées *’Re/**®0s equivalentes aquelas dos xenélitos continentais.
Apenas 0 xen6lito FN-3 apresentou yOs positivo (+2,6), para uma razdo *’Re/***Os de ~44 e
concentracdo de Os mais baixa (0,06 ppb) entre todos os xendlitos estudados. Embora
interpretado a partir de somente um resultado, a combinag&o desses valores sugere que dominios
fortemente empobrecidos (baixa Os-ppb) do manto litosférico oceénico sofreram eventos de
enriquecimento (alto *’Re) relativamente recentes (**’0s/***0s ~0,13), quando comparada &
assinatura de Os do dominio continental. As idades Trp calculadas mostram valores desde

Neoproterozdico até o Creticeo (1 a 0,06 Ga), & semelhanca dos valores continentais.
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54 COMENTARIOS  PRELIMINARES SOBRE EXTRACAO DE MAGMAS  VERSUS

METASSOMATISMODO MANTO LITOSFERICO

O método Re-Os constitui-se em importante ferramenta para inferir a idade de processos
de extracdo de magmas a partir do manto litosférico (Walker et al., 1989; Carlson e Irving 1994;
Pearson, 1999; Peslier et al., 2000; Reisberg et al., 2005). A idade modelo € calculada assumindo
que durante a fusdo parcialdo manto peridotitico fértil todo Re é retirado e transportado pelos
magmas primérios (Walker et al., 1989), dada a natureza incompativel deste elemento. Uma vez
que Re é completamente removido (Handler et al., 1997), o material (peridotito) residual torna-
se empobrecido mas mantém as propor¢des originais de Os. Como consequéncia, 0 manto
litosférico refratério, p6s-eventos de fusio parcial, devera apresentar baixas razoes **’Re/**®0s.A
idade modelo de extracdo de Re desse peridotito (Trp) representa, portanto, a idade do material
residual e é calculada a partir de:

Tro = 1 /A In[(**”0s/**808)mantie— (23" 05/*®08)amostral (2" Re/*%°08) mantie] + 1,

onde as razdes isotopicas do manto assumidas neste trabalho (**’0s/**®0s) = 1,06 e (**’Re/**0s)
= 3,3 (Walker et al., 1989). Peridotitos com teores de Fo elevados (>90) s&o interpretados como
residuos de >25% de extracdo de magmas (Bernstein et al., 2007). Combinando a idade Trp €
teor de Fo dos xendlitos MVF-6(F0=90,4; Trp =0,48Ga) e MVF-10 (Fo=91; Trp = 1,3 Ga) é
possivel, portanto, inferir que dominios do manto litosférico do dominio Rio Grande do Norte
sdo fortemente refratarios como resultado de extragdo de magmas desde o Meso- até Cambriano.
A integracdo das composicOes desses dois xendlitos permite-nos comentar que o manto
litosférico na regido é heterogéneo quanto ao grau de fertilidade e idade, mas os dois parametros
ndo estdo necessariamente correlacionados. Por exemplo, o xendlito MVF-1 tem idade Trp mais
jovem (0,06 Ga) mas com Fo comparavel (Fo = 89,7) ao xendlito MVF-5 cuja idade Trp € 0,65
Ga. Além de amostrar dominios litosféricos antigos, os xendlitos continentais com idades Trp
entre 0,21-0,06 Ga representam dominios que sofreram eventos de fusdo relativamente mais
recente, provavelmente associados a magmatismo (diques) Ceara-Mirim e, talvez, ao vulcanismo
Macau. ComposicOes semelhantes sdo observadas nos xenolitos oceénicos, ou seja, manto
litosférico antigo (Neoproterozdico a Cretaceo) e variavelmente refratério.

Ocomportamento quimico de Re e Os durante processos de interacdo fluido:rocha pode
variar substancialmente (Becker et al., 2001). Segundo esses autores, sea interagdo for discreta
(baixa razdo fluido:rocha),a refertilizacdoelevaria a concentragdo de Re (altas razdes
187Re/"®0s), bemcomo de outros elementos incompativeis, mas pouco influenciaria a

razo'®’0s/*®0s. Razdes fluido:rochamuito elevadas poderiam, ao contrario, introduzir *¥’Os
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adicional especialmente se 0 evento metassomatico é antigo. Obviamente, alta ou baixa razéo
fluido:rocha diminuiriam, em proporg¢des distintas, as idades modelo Trp. Esse comportamento €
observado em vérios xendlitos continentais e em um dos xendlitos oceénicos através dos valores
negativos da idade Trp(-0,48 a —-0,06 Ga), um forte indicativo para inferir adicdo de Re e,

portanto, metassomatismo no manto litosférico subcontinental do nordeste do Brasil.
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CAPITULO 6

CONSIDERACOES FINAIS

O extremo nordeste da Provincia Borborema, mencionado como dominio Rio Grande do
Norte ou Serid6, foi palco de inimeros eventos de acresgdo crustal do Argueano ao
Paleoproterozbico (Dantas et al., 1998, 2004; Souza et al., 2007), com comprovado
retrabalhamento da litosfera no Neoproterozoico. Essa mesma regido foi submetida a afinamento
litosférico e rifteamento crustal relacionados a abertura do oceano Atlantico Equatorial,durante o
Cretaceo. Como consequéncia desse contexto tectdnico, a regido alojou um extensivo enxame de
diques méficos, de natureza toleitica, regionalmente conhecido como Enxame de Diques Cearé-
Mirim (p.ex., Bellieni et al., 1992; Archanjo et al., 2000, 2002; Hollanda et al., 2006). J& no
Cenozdico, do Oligoceno ao Mioceno, a mesma regido foi re-aquecida em decorréncia de novo
evento magmatico representado por vulcdes de pequeno volume alimentados pela erupcéo de
magmas de natureza alcalina — o vulcanismo Macau (p.ex., Fodor et al., 1998; Knesel et al.,
2011). Uma particularidade dos basaltos Macau é a presenca de xenolitos peridotiticos,
especialmente de fécies espinélio, que representam fragmentos do manto litosférico
subcontinental abaixo da Provincia Borborema (Rivalenti et al., 2000, 2007; Fodor et al., 2002).

E inegavel que, como reflexo de in0meros processos tectdnicos e magmaticos
superpostos, a composicdo do manto litosférico tenha sido modificada ao longo da histéria
geoldgica do dominio Rio Grande do Norte. Por exemplo, acresc¢éo juvenil e/ou retrabalhamento
de crosta arqueana relacionadaa margens convergentes foi o cenario do Paleoproterozdico
(dominantemetne Riaciano) nesse setor da Provincia Borborema. A génese do magmatismo
calcio-alcalino que hoje é representado pelo embasamento gndissico regional (Complexo Caico)
é atribuidaa fusdo do manto litosférico metassomatizado em zonas de subducgdo, como visto
pelo enriquecimento em elementos incompativeis e deplecdo em elementos tais como Nb-Ta, Ti
e Zr (Souza et al., 2007). Apos longo periodo de relativa quiescéncia tectdnica e magmatica (néo
ha registro geologico de idade mesoproterozoica), essa regido foi retrabalhada no
Neoproterozdico (Ediacarano) em resposta & orogenia Brasiliana. A intrusdo de expressivo
volume de magmas granitdides em associacdo espacial com magmas maficos de afinidade
alcalina potéssica (granitos sensu lato e K-dioritos), entre 600 e 520 Ma e com &ng negativos e
idades Tpwm paleoproterozoicas (entre 2.2 e 1.8 Ga), atestam que a reciclagem do sistema crosta-

manto foi mais importante no Neoproterozoéico que acresgdo crustal juvenil (Jardim de S4, 1994;
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Hollanda et al., 2003). Ainda, anomalias negativas de Nb, Ti e Zr, como observados para 0S
gnaisses paleoproterozoicos, confirma a derivacdo dos magmas K-dioriticos a partir de dominios
do manto litosférico modificados por um componente de subduccdo. O mecanismo para fuséo
parcial desse manto antigo durante o Neoproterozoico ainda ndo é claro. Ganade-Araujo et al.
(2014) discutem a existéncia de uma extensa zona de subduccdo relacionada ao fechamento do
oceano Goias-Pharusiano e aglutinagdo do Gondwana Ocidental, entre 650-610 Ma. Fusdo do
manto litosférico, nesse contexto, seria favorecida pelo amplo rebaixamento da temperatura do
solidus peridotitico, o dominio Rio Grande do Norte posicionado na regido distal (backarc) em
relagéo ao front de subduccgéo/coliséo. Delaminagdo de parte da litosfera espessada num amplo
contexto de convergéncia (subduccéo/colisdo) neoproterozdica é igualmente possivel ao final do
Brasiliano. Qualquer que tenha sido o mecanismo para promover a fusdo do manto litosférico
subcontinental abaixo do dominio Rio Grande do Norte, e consequente geragdo dos magmas
maéficos K-dioriticos, certamente afetou as caracteristicas quimicas do manto. Tendo sido esse
manto j& enriquecido em elementos incompativeis no Paleoproterozéico, e com razdes 'Sr/®°Sr
elevadas e valores e¢Nd fortemente negativos, as evidéncias de um enriquecimento
neoproterozdico superposto seriam dificilmente reconhecidas.

E provavel que, no Cretaceo, a assinatura do metassomatismo paleoproterozdico tenha
sido em parte ‘diluida’ ap6s a extracdo dos magmas parentais dos K-dioritos e, possivelmente,
pela superposicdo de enriquecimento no Neoproterozdico. Dada a complexidade em isolar os
efeitos de dois ou mais eventos superpostos, preferimos conservadoramente considerar que esses
magmas toleiticos (os evolved high-Ti tholeiites e low-Ti tholeiites) foram extraidos de dominios
do manto litosférico subcontinental extensivamente modificado no “Proterozdico”. ldades
modelo Tpm desses diques entre 1,5-1,0 Ga foram interpretadas por Hollanda et al. (2006) como
provaveis idades de mistura devido superposicdo de eventos metassomaticos cronologicamente
distintos, coexistindo no manto litosférico.

Investigar o sistema crosta-manto litosférico exige também reconhecer a participacdoe a
natureza quimica da astenosfera. Em contextos de subduccdo em margens convergentes é
esperado que delaminacdo litosférica e/ou eclogitizacdo de crosta/litosfera oceanica subductada
modifiqguem o manto convectivo e mesmo dominios mais profundos. No Cretéaceo, identificamos
a presenca ativa da astenosfera como fonte para os toleitos ‘mais primitivos’ (olivine tholeiites),
segregados a partir de profundidade em torno de 75 km. Os dados isotépicos de Pb, modelados
de acordo com a revisdo apresentada por Stracke et al. (2005), indicam que esse componente
astenosférico teria composicdes moderadamente radiogénicas em Pb, assemelhando-se a FOZO.

A presenca de um componente radiogénico em Pb j& havia sido aventada em trabalhos anteriores
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sobre os toleitos Ceara-Mirim, levando a correlagfes com a pluma de St. Helena. Nesta tese, a
hipotese de participacdo da pluma de St. Helena é preterida frente as semelhangas com FOZO.
H4, no entanto, uma tendéncia a assumir origem comum para FOZO e HIMU com forte
participacdo de crosta oceéanica antiga subductada (ver revisdo em Starcke et al., 2005). Nesse
caso, é imediata a correlagdo das composi¢des reconhecidas localmente nos olivina toleitos com
reciclagem de crosta oceénica, consumida durante eventos de subducgdo proterozdicos. Uma
contribuicdo adicional para a discussdo, no caso especifico do Creticeo na Provincia Borborema,
poderia vir da modelagem quantitativa das composicOes isotopicas e de elementos tracos dos
olivina toleitos a partir de composigdes (tedricas ou aproximadas) de crosta oceanica com idades
distintas (1 ou 2 Ga). O cenério tectdnico no Cretdceo, portanto, comporta afinamento da
litosfera continental e consequente ascencdo da astenosfera FOZO, a fusdo do manto litosférico
induzida pelo calor da astenosfera ascendente, a qual por si s6 sofreria fusdo em graus (e
volumes) variaveis a depender da profundidade final atingida.

E fato que as composicdes isotopicas dos basaltos alcalinos Macau ndo apontam para
endmembers puros, como visto para os olivina toleitos (FOZO) e mesmo para as demais suites
toleiticas derivadas claramente do manto litosférico subcontinental, enriquecido. Ao contrario, as
composicdes isotopicas se distribuem quase linearmente entre um componente (moderadamente)
radiogénico em Pb (com baixas razbes Rb/Sr e Sm/Nd) e um componente enriquecido. Para
explicar esse comportamento, sugerimos que, a partir do Creticeo, a astenosfera FOZO teria se
re-equilibrado termalmente e reologicamente substituindo o manto litosférico afinado, de acordo
com modelos j& aventados de substituicdo de manto litosférico delaminado ou termalmente
erodido por manto convectivo juvenil (p.ex., Xu, 2001; Zheng et al., 2001; Wu et al., 2003; Gao
et al., 2004). No entanto, a auséncia de anomalias negativas de Nb-Ta e Ti nesses basaltos, aliada
a estimativas de profundidade de segregagdo entre 80-90 km (até 120 km no caso dos magmas
nefeliniticos do centro eruptivo SPaP), significativamente maiores que aquelas dos magmas
toleiticos, é evidéncia conclusiva para a ndo correlagio com uma fonte enriquecida por
subduccéo, como identificada para os diques toleiticos. As similaridades composicionais entre o0s
basaltos Macau e as lavas de Fernando de Noronha leva-nos a acreditar que a fonte tipo-EM teria
sido relacionada a fluidos metassomaéticos profundos, provavelmente capturados quando da
passagem do continente sobre aquele hotspot, durante o Cenozdico. Como continuidade, estudos
futuros deverdo abordar a modelagem desse componente EM a partir de amostras do arquipélago
de Séo Pedro-S&o Paulo, localizado na dorsal Atlantica equatorial. Em um trabalho pioneiro
sobre geoquimica elementar e isotopica (Sr-Nd-Pb) dos peridotitos e veios honblenditicos do

arquipélago, Roden et al. (1984) discutem a potencialidade dessas rochas como fonte para
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geracdo de magmas alcalinos, sem dulvida, uma alternativa a ser explorada em futuras
abordagens sobre o vulcanismo Macau e Fernando de Noronha.

Por fim, o estudo Re-Os nos xendlitos peridotiticos hospedados nos basaltos alcalinos nos
trouxe informagdes sobre a histdria quimica do manto litosférico no dominio Rio Grande do
Norte. Embora as interpretacdes dos dados ainda tenham carater preliminar, e devam ser melhor
analisados e discutidos antes de sua publicacdo, estd claro que os xendlitos confirmam a
recorréncia de mdaltiplos eventos de extragdo de magmas (fusdo parcial) a partir do manto
litosférico subcontinental na regido. As idades modelo Trp se distribuem do Mesoproterozdico
(1,3 Ga) até o final do Cretaceo (~60 Ma), mas com concentracdo maior de idades no
Neoproterozdico e Cretdceo inferior. ldades mais jovens, cenozodicas, ndo foram calculadas a
partir dos dados isotdpicos Re-Os, o que confirma a ndo cogeneticidade entre os basaltos
hospedeiros e xendlitos, cada um representando produtos de diferentes profundidades do manto

subcontinental.
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Appendix Al. Olivine compositions of olivine tholeiites (manuscript on the Petrology of theCMDS

SiO2 TiO2 ARO3 Cr203 FeO MnO MgO NiO CaO KeO NaO V203 Total Fo Fa

Sample name

Olivine chemical compositions

DCO125.1center 38984 0.000 0.041 0.070 16.908 0.193 43184 0.343 0236 0.008 0.013 0.021 100.000 82 18
rim 37.769 0012 0.017 0.038 21.729 0304 39.647 0.192 0281 0.000 0.001 0.011 100.000 % 24
DCO125.zcenter 36558 0.000 0.004 0.031 30.142 0512 32221 0.092 0411 0.000 0.018 0.000 99.989 65 35
rim 36.524 0.000 0.000 0.000 31.172 0517 31259 0.147 0.343 0.002 0.035 0.000 99.998 63 37
DCO125.2center 37.053 0.000 0.000 0.050 27.982 0.383 34.000 0.109 0404 0.000 0.012 0.000 99.992 68 32
rim 36.153 0.023 0.000 0.029 33476 0500 29.342 0.113 0.300 0.000 0.065 0.000 100.000 60 40
DCO125.4center 37252 0.040 0.022 0.001 26.842 0371 34909 0.158 0335 0.020 0.029 0.022 100.000 69 31
rim 36.839 0.025 0.000 0.007 29451 0.438 32831 0.093 0292 0.00 0.018 0.007 100.000 66 34
DCO136.1center 36.504 0.002 0.000 0.081 31.766 0.402 30.821 0.117 0276 0.021 0.011 0.000 100.000 63 37
rim 35872 0.001 0.000 0.034 34798 0411 28593 0.071 0.151 0.026 0.043 0.000 100.000 59 41
DCO136.zcenter 35.823 0.030 0.000 0.009 35.167 0433 28083 0.145 0241 0.013 0026 0.022 99.991 58 42
rim 36290 0.021 0.000 0.001 33578 0.437 29.235 0.128 0.218 0.009 0.048 0.035 100.000 61 39
DCO136.ccenter 36.678 0032 0.016 0.000 31487 0.385 31.089 0.117 0.181 0.015 0.000 0.000 100.000 63 37
rim 36.301 0.027 0.002 0.000 31.881 0.388 31.054 0.155 0.139 0.012 0.039 0.003 100.000 64 36
DCO137.1center 35727 0.000 0.014 0.000 36.273 0.460 27.111 0.164 0242 0.001 0.000 0.001 99.993 57 43
rim 35700 0.048 0.000 0.000 36.252 0.390 27.283 0.088 0.186 0.013 0.036 0.000 99.996 58 42
DCO137.zcenter 35746 0.016 0.005 0.000 36.612 0462 26.756 0.115 0.262 0.008 0.000 0.016 99.998 55 45
rim 35400 0.015 0.000 0.046 36.733 0.468 27.021 0.080 0.162 0.028 0.031 0.014 99.998 56 44
DCO137.ccenter 35342 0.000 0.000 0.001 37458 0.406 26.459 0.090 0.244 0.000 0.000 0.000 100.000 55 45
rim 35836 0.003 0.000 0.000 36.376 0.485 27.028 0.047 0.205 0.007 0.004 0.010 100.000 56 45
DCO137.4center 36599 0.000 0.000 0.000 31.918 0.345 30.716 0.137 0.275 0.007 0.000 0.003 100.000 63 37
rim 35938 0.032 0.000 0.004 34573 0483 28.607 0.109 0252 0.000 0.002 0.000 100.000 59 41
DCO137.Ecenter 36.098 0.005 0.000 0.033 33.734 0.343 29.291 0.137 0.301 0.000 0.000 0.049 99.991 60 40
rim 35655 0.000 0.000 0.017 36.333 0484 27.191 0.082 0.203 0.000 0.030 0.005 99.999 56 44
DCO137.irim 35331 0.004 0.017 0.022 37460 0442 26395 0.059 0.243 0.012 0.000 0.015 100.000 56 44
DCO137. rim 36.139 0.000 0.006 0.066 33.785 0.393 29.262 0.081 0229 0.000 0.015 0.020 99.996 60 40

Detection limits for oxide analysis were:

Na Mg Si Al K Ca Ti Cr Fe Mn Ni V  Total
Minimur 000 2640 3533 000 000 001 000 000 1691 019 005 000 99.99
Maximun 0.07 4318 3898 004 003 041 005 008 3746 052 034 005 100.00
Average 0.02 3105 3646 001 001 023 001 002 3165 040 013 001 10000
Error 002 435 088 001 001 010 001 002 520 009 007 001 000



Appendix Al. Pyroxene compositions in the CMDS (manuscript on the Petrology of the CMDS

Si0; TiO; AbLO; Cr,03 FeO MnO MgO CaO Na,G KO NiO V,0; Total Wo En Fs Ti Al(vi)Al(iv)
Sample name
Pyroxene chemical compositions
DCO125.1 center 5110 118 321 025 797 015 1467 2073 055 002 003 007 99.91 4469 4401 1130 003 007 0.07
rim 5030 157 291 023 974 021 1306 20.69 079 000 006 003 99.58 4593 4036 1371 0.04 0.06 0.07
DCO125.2 center 5130 124 223 038 958 022 1369 20.66 0.87 000 005 010 10031 4548 4194 1258 0.04 0.04 0.06
rim 5095 140 298 005 862 019 1488 2079 047 001 002 014 10049 4452 4434 1114 004 0.05 0.08
DCO125.3 center 5077 118 345 087 733 015 1499 20.75 034 000 003 005 99.92 4428 4452 1120 0.03 007 0.09
rim 5119 138 213 007 967 019 1400 2035 0.61 000 005 005 99.68 4389 4202 1411 004 005 0.05
DCO136.1 center 5267 052 119 009 1045 027 1457 1928 052 007 001 005 99.69 4080 4288 1632 0.02 0.04 0.02
rim 5162 116 18 005 1105 021 1580 17.87 042 000 004 013 10022 37.78 4648 1574 0.03 0.03 0.05
DCO136.2 center 5205 082 216 041 856 017 1671 1844 040 003 004 005 99.82 3881 4892 1228 0.02 0.04 0.06
rim 5180 085 199 012 974 019 1595 1837 039 000 005 008 99.51 3876 4682 1442 0.02 0.04 0.05
DCO136.3 center 5129 089 229 028 1147 024 1476 1802 055 001 002 009 99.92 3893 4437 1670 0.03 0.04 0.06
rim 5179 107 196 009 1053 025 1567 17.89 040 002 003 013 99.83 37.75 4602 1624 0.03 005 0.04
DCO136.4 5185 092 159 000 1237 022 1484 1783 049 000 004 012 10026 3785 4383 1832 0.03 003 0.04
DCO136.5 5225 076 108 000 1335 027 1498 1680 043 000 000 005 99.98 3535 4387 2078 0.02 0.03 0.02
DCO136.6 5053 132 326 060 906 024 1567 17.90 036 002 004 013 9.12 3844 4684 1472 0.04 007 0.07
DCO137.1 center 5229 080 233 09 774 018 1675 1918 036 001 000 009 10069 4002 4862 1135 0.02 0.04 0.06
rim 5095 105 274 075 772 017 1561 1992 040 001 000 012 99.43 4266 4650 1084 0.3 0.04 0.08
DCO137.2 5346 042 053 006 2026 041 218 422 015 000 002 009 10142 855 6152 2993 0.01 0.00 0.03
DCO137.3 5206 090 206 026 912 017 1661 1892 034 000 001 002 10046 3953 4829 1219 0.03 0.03 0.06
DCO137.2 center 5284 080 166 068 805 022 1714 1865 032 003 003 006 10046 3846 4915 1239 0.02 003 0.04
rim 5259 091 18 020 919 020 1668 1832 037 002 000 009 10046 3801 4816 1338 0.03 0.04 0.04
DCO137.3 center 5117 106 28 100 824 017 1618 1883 040 000 004 017 10013 4013 4798 1189 0.03 0.05 0.08
rim 5141 09 284 104 752 016 1612 1944 036 001 003 008 99.97 4121 4752 1127 0.03 0.05 0.08
CM021  center 51.87 092 214 000 1081 031 1588 1845 029 000 000 011 10077 3864 4626 1510 0.03 0.03 0.06
rim 5192 079 160 000 1362 039 1435 1817 020 000 000 001 10105 37.88 4162 2050 0.02 003 0.04
CM022  center 5257 087 163 002 1136 035 1495 1923 024 001 000 006 10128 3964 4288 1748 0.02 0.04 0.03
rim 5239 032 067 000 2437 077 1836 399 0.09 001 000 001 10098 829 5303 3868 0.01 001 0.02
rim 5227 097 202 003 1227 034 1525 1833 031 001 001 012 10191 3814 4415 1771 0.03 0.03 0.05
rim 5214 048 092 000 1627 054 1259 17.81 022 000 000 005 10103 3729 3667 2604 0.01 0.02 0.02
CM02.3  center 51.84 070 178 000 1294 037 148 1780 029 000 003 007 10068 3744 4349 1906 0.02 0.03 0.05
rim 5174 099 202 000 1125 033 1559 1847 031 001 000 005 100.77 3883 4562 1556 0.03 0.03 0.06
CM02.4 5199 032 056 003 2401 074 1855 393 0.04 000 004 002 10022 819 5371 3810 0.01 013 0.00
CM02.5 5163 029 053 006 2609 087 1675 439 0.05 000 004 001 100.71 924 4906 4171 0.01 0.00 0.02
Si0; TiO; AbO; Cr,03 FeO MnO MgO CaO Na,G KO NiO V,0; Total Wo En Fs Ti Al(vi)Al(iv)
Sample name
Pyroxene chemical compositions
DCO03.1 center 5204 039 210 065 886 020 1703 1875 019 000 000 000 10020 37.62 4757 1413 001 001 0.08
rim 49.92 082 193 005 1581 044 118 1844 020 000 003 000 99.48 3848 3443 2636 0.02 001 0.08
rim 5063 097 160 002 1592 029 1370 1628 0.7 000 000 000 99.58 3371 3950 26.16 0.03 001 0.07
DCO032  rim 5309 025 120 003 1656 032 2274 542 005 000 000 000 99.64 1077 6291 26.14 0.01 001 0.04
DCO03.3  rim 5244 031 100 001 198 041 2137 455 0.08 000 000 000 99.98 907 5929 3137 0.01 0.00 0.04
DCO04.1 center 5072 083 28L 000 1276 032 1533 1742 022 000 000 000 10042 3533 4327 2059 0.02 002 0.10
rim 5015 082 230 000 1710 041 1436 1459 015 000 005 000 99.93 3011 4123 28.09 0.02 001 0.09
DCO04.2 center 5207 046 200 002 1273 034 1881 1351 014 000 002 000 10009 2697 5225 20.27 0.01 002 0.07
rim 5010 077 197 000 1819 046 1413 1396 017 000 001 000 99.77 28.83 4060 29.94 0.02 001 0.08
DCO04.3 center 5145 064 267 004 1046 025 1744 1669 016 000 000 000 99.78 3367 4897 1678 0.2 0.03 0.09
rim 5199 060 238 003 1132 031 1836 1496 012 000 000 000 10007 30.05 5133 1819 0.02 0.02 0.08
DCO04.4  rim 4983 101 256 004 1494 037 1284 1820 018 0.00 000 000 99.96 37.70 3701 2464 0.03 001 0.10
DCO045  rim 5055 089 287 001 1104 027 1474 1935 021 000 000 000 99.93 3948 4184 17.92 0.03 002 0.10
DCO04.6  rim 5015 096 265 000 1570 038 1425 1615 024 000 000 000 10049 33.03 4055 2552 0.03 001 0.10
DCO725 center 5105 084 193 000 1404 043 1402 1785 016 000 004 000 10037 36.49 3989 2301 0.02 0.00 0.07
DCO726 center 5143 088 180 002 1221 032 1547 1819 020 000 002 000 10053 3653 4322 1954 0.02 001 0.07
DCO723 center 5134 108 234 001 108 026 1570 1871 024 000 003 000 10054 37.71 4404 1738 0.02 001 0.07
DCO721  rim 5133 097 202 000 1261 035 1503 1777 021 000 000 000 10029 36.15 4255 2052 0.03 0.00 0.09
DCO722 rim 5114 077 170 000 1455 042 1385 1775 019 000 005 000 10042 3620 3932 2376 0.03 001 0.08
DCO72.4  rim 5135 082 164 000 1254 040 1539 1792 018 000 000 000 10023 36.06 4308 20.22 0.03 001 0.09
DCO72.7  rim 5125 048 078 001 2411 072 1763 507 0.06 000 000 000 10010 1033 5003 3941 0.02 0.00 0.08
DCO132.1 center 5160 075 154 000 1695 047 1408 1545 023 000 003 009 10118 3254 4128 2618 0.02 003 0.04
rim 47.05 109 502 004 2511 041 854 944 209 069 006 001 9951 2683 3379 3938 0.03 009 0.14
DCO1322 center 5135 111 263 002 1441 034 1617 1498 029 001 001 013 10145 3163 4750 2087 0.03 0.04 0.07
rim 5189 091 168 002 1611 037 1410 1597 026 000 004 009 10143 3340 4103 2557 0.03 0.04 0.04
DCO1323 center 5163 107 251 000 1362 034 1643 1568 026 002 001 011 10168 3290 479 1913 0.03 0.03 0.07
rim 5176 092 175 000 1466 033 1422 1716 031 000 000 007 10118 3609 4161 2231 0.03 003 0.04
rim 5116 042 056 000 2972 071 1310 611 013 000 000 000 10191 1299 3878 4823 0.01 001 0.02
Si0; TiO; AbO; Cr,03 FeO MnO MgO CaO Na,G KO NiO V,0; Total Wo En Fs Ti Al(vi)Al(iv)
Sample name
Pyroxene chemical compositions
DCO27.3 center 5177 001 156 002 2432 050 2125 047 0.00 000 000 000 99.88 096 5991 3912 0.00 0.02 0.05
rim 5189 016 290 002 827 018 1379 2260 036 000 001 000 10017 4610 3914 1341 0.00 0.06 0.07
DCO27.4 center 4290 241 1278 010 1331 010 1131 1269 209 000 000 000 97.69 2984 3704 2423 0.07 023 0.35
rim 40.76 282 1447 001 1404 018 1057 1145 218 000 002 000 96.49 2793 3585 2660 0.08 026 041
DCO27.5 rim 5174 030 321 003 920 022 1313 2231 037 000 000 000 10050 4592 3760 1510 0.01 0.06 0.08
DCO27.6  rim 5129 032 321 028 978 025 1280 2189 050 000 003 000 10035 4523 3679 1611 001 0.06 0.08
DCO27.7  rim 5101 003 141 000 2415 052 2125 050 0.3 000 005 000 98.94 102 6001 3885 0.00 001 0.06
DCO27.8  rim 5181 001 162 000 2444 052 2111 054 0.03 000 001 000 10008 109 5949 3932 0.00 0.02 0.05
DCO27.9  rim 5205 018 267 021 945 024 1315 2220 047 000 000 000 10063 4541 3742 1543 0.01 0.05 0.06
Detection limits for oxide analysis were:
Na Al Si Mg Fe Ca Ti Mn Cr Ni  Total
Minimum 000 000 3417 632 827 000 000 010 000 0.00 96.28
Maxmum 218 1447 5309 2274 4351 2260 282 072 065 0.07 ####
Average 029 256 4887 1608 17.65 1324 066 037 005 0.01 9978
Error 047 277 553 378 989 746 059 014 012 002 100
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Appendix Al.Plagioclase compositions of the CMDS (Petrology of the CMDS)

SiO2 TiO2 Al03 Cr203Fe203 FeO MgO CaO BaO Na2O K20 Total An Ab  Or
Sample name
Plagioclase chemical compositions
DCO125.1 center 53.13 006 2938 000 000 037 004 1190 000 464 024 9.76 57.79 4082 139
rim 5376 011 2899 000 000 060 003 1182 000 503 026 10061 5568 42.86 146
DCO1252 center 5345 006 2967 000 000 036 002 1244 001 48 017 10104 58.02 4102 0.96
rim 5834 008 2498 000 000 041 000 654 007 868 048 99.56 2866 68.85 249
DCO1253 center 5276 006 2999 000 000 041 001 1281 009 449 019 10081 6053 38.38 1.09
rim 5297 005 2977 003 000 031 000 1239 007 473 025 10056 5828 4030 142
DCO125.4 5388 005 2958 000 000 036 002 1179 000 505 027 100.99 5549 4303 148
DCO1255 5282 003 3041 000 000 029 000 1274 003 428 017 100.77 6159 3744 097
DCO125.6 5325 008 2976 000 000 020 000 1254 006 474 020 100.83 5871 4014 115
DCO136.1 center 5447 000 2860 003 000 046 003 1162 004 518 020 100.63 5471 4417 112
rim 5397 004 2810 000 000 058 004 1146 004 523 023 99.68 5409 4464 127
DCO136.2 center 5407 005 2881 001 000 047 007 1203 000 514 025 100.90 5561 43.03 136
rim 5585 009 2766 002 000 063 009 1050 000 567 031 10082 4968 4855 177
DCO136.3 5555 008 2775 000 000 072 005 1076 001 562 033 100.86 5044 4772 184
DCO136.4 5484 006 2848 000 000 053 003 1153 000 519 028 100.95 5424 4417 159
DCO137.1 5419 005 2866 005 000 054 002 1156 005 525 028 100.65 5399 4443 158
5612 014 2745 000 000 052 005 966 000 614 037 10045 4555 5238 207
DCO0137.2 5383 006 2899 001 000 048 010 1209 005 508 022 100.89 56.15 4265 120
5573 003 2738 005 000 093 025 1033 000 58 032 100.88 4838 4985 1.77
DCO137.3 5431 016 2835 001 000 052 016 1130 000 517 029 100.26 5382 4455 163
DCO137.4 5455 009 2858 006 000 055 008 1148 000 551 029 10118 5269 4574 157
DCO1375 6022 010 2438 000 000 081 004 684 000 775 074 100.86 3146 6451 4.03
CM02.1 5405 000 2771 007 000 064 012 1129 008 513 035 9945 5377 4421 201
6627 000 2089 003 000 019 002 197 007 11.05 005 10054 894 9076 0.30
CM02.2 67.70 000 2003 000 000 005 000 083 000 1156 0.13 100.29 377 9554 069
6568 003 2104 000 000 017 000 235 000 976 101 100.04 1107 8327 566
CM023 68.06 000 2003 000 000 004 000 081 009 1166 002 100.71 367 9.19 014
67.86 000 2005 000 000 003 000 100 001 1154 0.04 10053 456 9524 020
SiO2 TiO2 AlO3 Cr203Fe203 FeO MgO CaO BaO Na2O K20 Total An Ab  Or
Sample name
Plagioclase chemical compositions
DCO03.4 5190 000 2984 000 000 084 000 1353 000 000 017 99.80 9849 000 151
DCO04.1 center 5578 000 2679 000 000 113 000 1060 0.00 000 062 99.88 9351 0.00 6.49
DCO04.2 center 5657 000 2674 000 000 111 000 10.06 000 000 061 100.23 9323 000 677
DCO132.1 center 56.74 003 2751 000 0.00 063 007 1027 017 58 053 10176 4791 49.16 293
rim 5911 008 2533 000 000 052 005 812 007 691 077 10095 3769 58.07 424
DCO1322 center 5624 003 2750 000 000 066 009 1042 011 551 055 10110 4949 4739 312
rim 5815 006 2594 000 000 057 003 861 006 643 0.84 100.69 4053 5477 470
DCO132.3 center 57.72 006 2718 000 0.00 059 009 926 004 601 071 10165 4414 5184 402
rim 5695 004 2703 001 000 060 010 991 014 576 059 10113 4712 4952 336
Detection limits for oxide analysis were:
Na Mg Si Al K Ca Ti Cr Sr Fe \% Ba Total
Minimum 030 000 4348 2438 000 654 000 000 000 000 000 000 99.14
Maximum 868 025 6022 3619 074 1948 016 006 029 093 003 009 10133
Average 466 004 5300 2955 025 1243 006 001 010 043 001 0.03 100.56
Error 205 006 427 299 015 335 004 002 008 023 001 003 063
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5i02

Tio2
Al203
Cr203

AMEXO 1. COMPOSI(;E]ES DE OLIVINA DE XENOLITOS OCEANICOS - FERNANDO DE NORONHA

1
41.25
0.0092

0.0091
9.75
0.1474
48.62
0.4132
0.0041
100.21

89.7505
10.0950

2
40.89
0.0733
0.0174
0.0326
9.82
0.1353
48.76
0.4197
0.001
100.15

89.7234
10.1352

1
41.19

0.01599
10.02
0.1378
48.7
0.3952
0.0426
100.5

89.5247
10.3314

2
41.36

0.0018
9.88
0.1698
48.71
0.4247
0.0301
100.58

89.6260
10.1965

FMN5
1
41.26

0.0101

9.81
0.1337
48.76
0.2962
0.0474
100.43

89.7341
10.1261

2
41.13
0.0122
0.0053
0.0218
9.87
0.1225
48.86
0.424
0.0507
100.51

89.7080
10.1642

1

41.21
0.0856
0.0065

0.04

9.81
0.1277
48.65
0.4113
0.0686
100.41

89.7150
10.1473

2
41

9.88
0.1711
48.75
0.3995
0.0035
100.21

89.6324
10.1889

1
41.41

0.0228
0.0018
9.82
0.1565
48.6
0.3971
0.032
100.48

89.6731
10.1629

2
41.38
0.0214
0.0196

9.99
0.1635
48.69
0.4008
0.0005
100.7

89.5264
10.3028

Anexo 1B. ComposicGes de forsterita em olivina nos xendlitos continentais
Os numeros: 1 e 2 representam pontos de analise em um grao

Si02
Tio2
Al203
Cr203
FeO
MnO
MgO
NiO
CaO
TOTAL

Fo
Fa

1
40.74

0.0079
0.0109
10
0.1443
49.58
0.4161
0.0273
100.93

89.7037
10.1480

MVF-1
2
40.73

0.0317
0.0509
10
0.132
49.19
04111

100.55

89.6419
10.2214

1
40.79
0.0429
0.0097

9.85
0.149
49.45
0.4175
0.0477
100.79

89.8121
10.0342

2
40.86
0.0369
0.0048
0.0456
9.96
0.154
49.39
0.4471
0.0291
100.95

89.6957
10.1454
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Si02
Ti02
Al203
Cr203
FeO
MnO
MgO
NiO
CaO
TOTAL
Fo
Fa

Si02
Tio2
Al203
Cr203
FeO
MnO
MgO
NiO
CaO
TOTAL

Fo
Fa

Si02
TiOo2
Al203
Cr203
FeO
MnO
MgO
NiO
CaO
TOTAL
Fo
Fa

1 2 2 1
40.96  40.82 40.93 40.76 40.66
0.0123 0.0276 0.0461
0.0012 0.0064 0.018 0.0041
0.0055 0.0018
103 10.33 10.19 9.93 9.77
0.1543 0.1157 0.134 0.1234 0.1298
48.32  47.91 48.14 48.5 48.32
0.3589  0.38 0.3953 0.4038 0.3718
0.0325 0.0307 0.0125 0.0144
100.14  99.59 99.83 99.77 99.31
89.1763 89.1022 89.2612 89.5830 89.6914

10.6620 10.7756

1
40.86

0.0392
0.0091
10.04
0.1117
49.08
0.3614
0.0648
100.58

10.5976

40.72

0.0507
0.0419
10.1
0.1282
48.8
0.383
0.0635
100.31

10.2875 10.1718

MVF-3
1
40.95

0.0193
0.0055
10.02
0.149
48.95
0.4022
0.0772
100.59

MVF-2
2
40.74

0.0116
0.0164
991
0.1213
48.15
0.3731
0.04
99.36
89.5359
10.3360

2
40.6
0.0092
0.033
0.031
10.11
0.1539
49.31
0.4028
0.0887
100.74

1
40.88

0.005
0.0055
10.06
0.1966
48.31
0.3765
0.0307
99.86

2 1

40.84 40.81

0.0215

0.0033 0.0286
0.0529

9.99 10.29

0.1652 0.1493

48.64 48.26

0.3987 04211
0.0408 0.0129
100.13  99.99

89.3567 89.5152 89.1782
104368 10.3121 10.6651

1

40.73
0.0184
0.0156
0.0455

10.02
0.1319

48.8

0.3961
0.073
100.24

89.603251 89.479182 89.562174 89.543782 89.549408

10.280902
1 2
40.75  41.06
0.0062 0
0.0182  0.033
0.0328 0.0018
10.08 10
0.1267 0.1319
48.38  48.33
0.3839 0.3793
0.0182 0.0529
99.83 100.01

89.4175 89.4771
10.4495 10.3842

1

40.81
0.0369
0.0103
0.0055

10.28
0.1592

48.48
0.3747
0.0618
100.22

MVF-4
2
40.71

0.0082
0.0548
9.85
0.1179
48.31
0.4014
0.0379
995

89.2220 89.6260
10.6116 10.2497

1
40.92
0.0523
0.0209
0.031
10.2
0.1461
48.34
0.3832
0.0624
100.18
89.2803
10.5664

2
40.78

0.0122
0.0401
10.19
0.1539
48.14
0.3499
0.0429
99.72
89.2425
10.5954

10.38728 10.282955 10.297454 10.313092

1
40.58

0.0204

10.05
0.1067
48.39
0.3645
0.0629
99.58
89.4660
10.4219

2
40.81
0.0123
0.0189
0.042
10.02
0.1292
48.34
0.4118
0.02
99.82

1
40.86
0.037

0.0073
10.06
0.1257
48.53
0.3622
0.0003
99.99

89.4630 89.4662
10.4012 10.4022
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2
40.89

0.0142

10.01
0.1504

48.07
0.3761

99.52
89.3994
10.4417



Si02
Tio2
Al203
Cr203
FeO
MnO
MgO
NiO
Ca0
TOTAL

Fo
Fa

Sio2
Tio2
Al203
Cr203
FeO
MnO
MgO
NiO
CaO
TOTAL

Fo
Fa

Si02
Tio2
Al203
Cr203
FeO
MnO
MgO
NiO
CaO
TOTAL

Fo
Fa

1
40.56
0.0122
0.022
0.0454
9.96
0.1102
48.91
0.4041
0.0636
100.13

2 1
40.59 40.92

0.0418 0.0286
0.0255 0.0146

10.39 10.32
0.1414 0.0849
48.83 48.97

0.3825 0.3787
0.0775 0.0906
100.5 100.85

89.6459 89.2068 89.3505

10.2393

1
4051

0.0311
0.0073
9.84
0.1061
49.15
0.4344
0.0351
100.12

89.8054
10.0845

MVE-7
2
40.66
0.0491
0.0048
0.0018
9.67
0.1377
48.98
0.4137
0.0159
99.93

89.9012
9.9552

10.6465 10.5615

2
40.67
0.04
0.0051
0.0219
9.92
0.1261
49.34
0.4138
0.0113
100.55

89.7488
10.1209

1
40.47
0.0215
0.0162
0.0055
9.76
0.1386
4941
0.4197
0.0162
100.27

89.8968
9.9600

2
40.78
0.0582
0.0389

10.16
0.1419
48.91
0.3874
0.0916
100.62

89.4325
10.4201

1
40.72

0.004
0.0383
9.83
0.173
48.97
0.4175
0.0527
100.22

89.7185
10.1014

MVF-5
1
40.65
0.0337
0.0381
0.02
10.13
0.1521
49.09
0.3832
0.0832
100.58

89.4852
10.3573

MVF-6
2
41.14

0.0052

9.83
0.1381
49.42
0.3967
0.0253
100.96

89.8349
10.0225

2
40.71

0.0267
0.0255
10.14
0.1829
48.9
0.397
0.0758
100.47

89.4109
10.3991

1

41.29
0.1137
0.0174
0.0949

9.48

0.1547

49.47
0.3803
0.0465
101.05

90.1501
9.6897

1
40.82

0.023

10.18
0.1342
48.79
0.3773
0.0957
100.44

89.3981
10.4622

2
40.78
0.0245
0.0132
0.0237
10.07
0.125
48.86
0.3703
0.0587
100.34

89.5213
10.3486

4091
0.0307
0.0325
0.0274

9.56

0.1692

49.56
0.4062
0.0446
100.75

90.0792

9.7461

1
40.45

0.0245
0.0582
10.16
0.1373
48.82
0.3912
0.0638
100.13

89.4194
10.4377

1
40.78

0.0129
0.0037
9.23
0.1335
49.05
0.3885
0.0791
99.71

90.3267

9.5336
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2
40.64
0.0245
0.0222
0.0182
10.12
0.1381
48.78
0.4292
0.0806
100.27

89.4477
10.4085

2
40.6

0.0225
0.0164
9.26
0.1303
49.51
0.3781
0.0731
100

90.3832
9.4817



Sio2
TiO2
Al203
Cr203
FeO
MnO
MgO
NiO
Ca0
TOTAL
Fo
Fa

Sio2
Tio2
Al203
Cr203
FeO
MnO
MgO
NiO
Ca0
TOTAL

Fo
Fa

Sio2
TiO2
Al203
Cr203
FeO
MnO
MgO
NiO
Ca0
TOTAL
Fo
Fa

2
40.67
0.0245

0.0091
10.49
0.1526
47.85
0.3927
0.0043
99.6
88.9068
10.9322

1
40.2
0.0701
0.0057
0.0361
11.58
0.1682
47.7
0.3727

100.15

87.8604
11.9636

2
41.04

0.0145
0.0219
8.81
0.1347
4951
0.4083
0.0211
99.98

MVF-8
1
40.82
0.0307
0.0169

10.45
0.1334
48.31
0.4043
0.0181
100.19
89.0555
10.8048

MVF-9
2
40.390
0.052
0.012

11.420
0.143
47.930
0421

100.370

88.0797
11.7710

MVF-10
1
415

0.0151

8.55
0.1224
49.26
0.3908
0.0532
99.9

90.5915 90.7974 91.0113

1 2 1
41.13 41.13 40.98
0.0062
0.0158 0.0122 0.0089
0.0219 0.0127 0.0364
10.22 10.33 10.48
0.155 0.1387 0.1319
47.94 48.35 47.81
0.3746 0.3779 0.3524
0.0399 0.009 0.0243
99.9 100.36  99.85
89.1735 89.1691 88.9272
10.6627 10.6855 10.9334
1 2 1 2
40.58  40.55 40.35 40.38
0.0122
0.0113
0.045 0.047 0.0234 0.01
11.74 1161 11.69 11.68
0.1877 0.1512 0.1762 0.1645
4759 4791 47.94 47.96
0.3676 0.3888 0.3633 0.352
0.0178 0.0219 0.0369 0.0226
100.55 100.68 100.6 100.58
87.6726 87.8956 87.8072 87.8313
12.1309 11.9468 12.0095 11.9975
1 2 1
41.34 41.02 41.18
0.0492 0.0555
0.0048 0.0383
0.0292
8.6 8.84 8.95
01114 0.1232 0.1361
49.45 49.48 49.08
0.3781 0.3619 0.408
0.0321 0.0153 0.0382
99.99 99.9 99.83
91.006 90.7752
8.8773 9.09637

9.26582 9.06223 8.86024

2
40.89

0.0055
0.0218
10.22
0.124
48.33
0.3878
0.0228
100
89.2805
10.5893

1
40.44
0.0122

0.0127
11.49
0.1907
47.96
0.3838
0.0027
100.5

87.9791
11.8222

2
41

0.0224

8.86
0.1176
49.45
0.4071
0.0286
99.88
90.7568
9.12063
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1 2 1 2
40.96 41.04 40.78 40.98
0.0583
0.0279 0.0244 0.0025 0.0107
0.0364 0.0018
10.32 10.3 10.38 10.37
0.1171 0.1573 0.1281 0.1584
48 48.31 48.16 48.52
0.3921 0.3893 0.3882 0.391
0.208 0.0105 0.0291 0.0127
99.9 100.25 99.94 100.46
89.1284 89.1714 89.0947 89.1479
10.7481 10.6636 10.7706 10.6868
2 1 2 1 2
40.34 40.2 40.42 40.52 40.68
0.0183 0.1131 0.0122
0.006 0.016 0.0019
0.0487 0.0018 0.0325
11.49 11.53 11.2 11.42 11.66
0.1955 0.1484 0.1776 0.1794 0.1668
47.74 48.07 47.73 47.94 47.63
0.373 0.371 0.3611 0.4012 0.3757
0.0123 0.0515 0.0256 0.0357 0.0219
100.17 100.42  100.04 1005 100.58
87.9259 88.0058 88.2045 88.0485 87.7734
11.8695 11.8398 11.6090 11.7644 12.0520
1 2 1 2
41.27 41.13 40.89 41.03
0.0124 0.0154 0.0247
0.0104 0.0113 0.0133 0.0049
0.0422 0.0183 0.0037
8.78 8.77 8.83 8.83
0.1405 0.13 0.1445 0.1511
49.65 49.2 49.3 49.13
0.3628 0.3772 0.4103 0.3658
0.0374 0.0096 0.0135 0.0129
100.31  99.67 99.62 99.53
90.8435 90.7869 90.7338 90.6985
9.01047 9.07686 9.1151 9.14307



Si02
Tio2
Al203
Cr203
FeO
MnO
MgO
NiO
CaO
TOTAL
Fo
Fa

1
40.96

0.0175
0.0455
10.58
0.1318
47.71
0.3913
0.0302
99.87

MVF-11
2
41
0.0399
0.0013
0.0109
10.65
0.1531
47.74
0.389
0.0128
99.99

88.8139 88.7353
11.0468 11.1030

1
40.72
0.0062
0.0072

10.78
0.1627
48.13
0.3949
0.0274
100.23
88.6881
11.1416
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2
40.45

0.0146

10.44
0.1568
47.62
0.3977
0.0131
99.09
88.9017
10.9320



