UNIVERSIDADE FEDERAL DO PARA
- CENTRO DE GEOCIENCIAS )
PROGRAMA DE POS-GRADUAGAO EM GEOLOGIA E GEOQUIMICA

TESE DE DOUTORADO

GEOCRONOLOGIA EM ZIRCAO, MONAZITA E GRANADA E ISOTOPOS DE
Nd DAS ASSOCIACOES LITOLOGICAS DA PORCAO OESTE DO DOMINIO
BACAJA: EVOLUCAO CRUSTAL DA PORCAO MERIDIONAL DA PROVINCIA
MARONI-ITACAIUNAS — SUDESTE DO CRATON AMAZONICO

Tese apresentada por:
MARCELO LACERDA VASQUEZ

BELEM
2006



Livros Gratis

http://www.livrosgratis.com.br

Milhares de livros gratis para download.



Dados Internacionais de Catalogagéo-na-Publicagdo(CIP)
Biblioteca Geol. Rd® Montenegro G. de Montalvao

V335¢g

Vasquez, Marcelo Lacerda

Geocronologia em zircdo, monazita e granada e is6topos de Nd
das associacOes litologicas da porcdo oeste do Dominio Bacaja:
evolucdo crustal da por¢do meridional da Provincia Maroni-
Itacaiunas — sudeste do Craton Amazodnico. / Marcelo Lacerda
Vasquez; orientador, Moacir José Buenano Macambira. — 2006

212 f. 1l

Tese (Doutorado em Geoquimica e Petrologia) — Universidade
Federal do Para, Centro de Geociéncias, Curso de Pos-Graduagédo
em Geologia e Geoquimica, Belém, 2006.

1.Geocronologia. 2.Geologia isotopica. 3.Evolucdo crustal.
4.Sideriano.  5.Ciclo  Transamazé6nico. 6.Dominio  Bacaja.
7.Provincia Maroni-Itacaitnas. 8.Craton Amazonico. |.Universidade
Federal do Para. Il.Macambira, Moacir José Buenano, orient. IlI.
Titulo.

CDD 20° ed.558.115:




Universidade Federal do Para

Centro de Geociéncias
Programa de Pos-Graduacdo em Geologia e
Geoquimica

GEOCRONOLOGIA EM ZIRCAO, MONAZITA E GRANADA E ISOTOPOS
DE Nd DAS ASSOCIACGES LITOLOLICAS DA PORQAO OESTE DO
DOMINIO BACAJA: EVOLUGAO CRUSTAL DA PORGAO MERIDIONAL
DA PROVINCIA MARONI- ITACAIUNAS - SUDESTE DO CRATON
AMAZONICO.

TESE APRESENTADA POR

MARCELO LACERDA VASQUEZ

Como requisito parcial a obteng¢ao do Grau de Doutor em
Ciéncias na Area de GEOQUIMICA E PETROLOGIA.

Data de Aprovacao: 16/11/2006

Comité de Tese:
\}.n-—.- \ln-——}—
MOACIR 1OSE BU 1\ pqp MACAMBIRA (Orientador)

\ s B

| »w« 1() M \erm PIM ENTEL
f<

l,l_.(l AFR: \\!I O HARTMAN!

-

-MICHEI/ . AFON
N

i b A

PAULO SERGIO DE JOUSA GORAYEB

Belém



AGRADECIMENTOS

Este trabalho teve a colaboracdo de varias pessoas e instituicdes as quais quero expressar
meus sinceros agradecimentos.

Inicialmente, quero agradecer a CPRM — Servico Geologico do Brasil por incentivar o
meu desenvolvimento profissional, permitindo cursar o doutorado e viabilizando vérias etapas
deste projeto através do seu programa de capacitacdo e treinamento e do Projeto Mapa Geol6gico
do Estado do Para.

A Universidade Federal do Para pela disponibilidade da infra-estrutura do Centro de
Geociéncias.

A CAPES (processo BEX3310/04-3) pelo suporte financeiro do estagio sanduiche no
exterior.

Aos coordenadores do projeto PRONEX/CNPq (processo 66213/1998-0) que propiciou
oportunidades para divulgacao deste trabalho e juntamente com a CPRM ter financiou as anélises
geocronoldgicas do estagio sanduiche.

Aos coordenadores dos projetos do CNPq (processo 467104/00-0) e CT-mineral/FINEP
01/2001 que deram suporte financeiro aos trabalhos de campo.

A ANU (Australian Nacional Universty), através do Research School of Earth Sciences,
por aceitar o estdgio e disponibilizar sua infra-estrutura. Aproveitando para estender os
agradecimentos a equipe do Laboratorio PRISE que me acolheu com carinho.

Meu agradecimento a Richard Armstrong pela sua dedicacdo na orientacdo do estagio na
ANU e pelos conhecimentos valiosos transmitidos.

Meu especial agradecimento ao Moacir Macambira que aceitou o desafio de me orientar
neste estudo, com o qual venho aprendendo os segredos da geocronologia.

Agradeco aos colegas do Laboratério Para-Iso da UFPA, Marco Anténio Galarza,
Robert Krymsky, Roberta Floréncio, Rosemary Monteiro, EIma Oliveira e Tatiana Azevedo pelo
apoio durante a preparacao das amostras e analises laboratoriais.

Aos colegas da CPRM, Denise Lobato, Reginaldo Cavalcante, Manoel Soares, Pedro
Cordeiro e Alberto Costa e Silva pelo apoio na preparacéo das amostras.

A colega Joseneusa Rodrigues pelo apoio nas analises Sm-Nd no Laboratério de

Geocronologia da Universidade de Brasilia.



Aos colegas do Projeto GIS do Brasil, Telma Faraco, Orestes Santos, Arminio Vale,
Amaro Ferreira e Marcos Oliveira pela colaboracdo e o convite para primeira campanha de
campo na area de estudo.

Aos colegas do projeto Mapa Geoldgico do Estado do Para, Cristiane Sousa, Jaime
Barbosa, José Maria Carvalho e Paulo Marinho pela dedicacdo na elaboracdo do mapa que foi
fundamental para este trabalho.

Aos colegas Lucia Rosa-Costa, Evandro Klein e Paulo Ricci pelas discussfes geoldgicas
mais aprofundadas que contribuiram no desenvolvimento deste estudo.

Ao0s meus pais que investiram na minha educagdo e sempre me incentivaram a
aprofundar meus estudos.

A minha esposa e filha por sempre me apoiarem durante esta jornada e pela
compreensdo que tiveram pelo tempo que dediquei a este trabalho, privando-as de nossa

agradavel convivéncia.



SUMARIO

Pg.

DEDICATORIA oo ettt e e et et e e e et e et e et et et et et e s e e e et e e es e e es et e e es e e erare e arans i
AGRADECIMENTOS oo oottt ettt et e e e e e e et e e e s e e e et e e et e ees et e s eseeeesetesseseeesereeseranes i
=111, @ T TSR 1
AB ST RACT oo ettt e et et e et et e e et e et et e e et e et et et e et et et et e e et et et e et e e er et e e anas 3
I [N =0 ] 51U 07:Y OO 5
2 — CONTEXTO GEOLOGICO REGIONAL oooeeeeeeeeee oot er e e eeen e 8
2.1- COMPARTIMEN:I’A(;AO E MODELOS EVOLUTIVOS PARA O

CRATON AMAZONICO oot e e e e et e er e e e es e e e e e e es e e e e e eereeann 8
2.2 — PROVINCIA MARONI-ITACAIUNAS - COMPARTIMENTOS, LIMITES E

MODELOS EVOLUTIVOS ... 14
2.3 - DOMINIOS TRANSAMAZONICOS NA AMERICA DO SUL - SEU PAPEL

NA TECTONICA GLOBAL ..vooeeeeeee oot eee e ee e e e e e e e e ees e e s e eeeseeeseeerasaeasans 17
3 —PROBLEMATICA E OBJIETIVOS ..ooooeeeoeeeeeeeeeeeeeeee oot e e e e e e es e e e ee s e e s e e e 18
4 - METODOS DE TRABALHO E PROCEDIMENTOS ANALITICOS .oovoooveeeeen, 23
4.1 — MAPEAMENTO GEOLOGICO ..ot ae e e e es e e e e iees e en e e enaens 23
4.2 —ESTUDOS PETROGRAFICOS ...o.ooeeeeeeeeeeeeeeeee oo e e er e eree s e e esaeenare e enaenas 26
4.3 — GEOCRONOLOGIA E GEOLOGIA ISOTOPICA oo e 26
5—-DATACAO DOS EVENTOS MAGMATICOS ....coooiiieeeeeeeeeeeeee e 28
5.1 - GRANITOIDES TRANSAMAZONICOS DA REGIAO IRIRI-XINGU, PARA -

NOVOS DADOS GEOLOGICOS E GEOCRONOLOGICOS ..o, 28
5.2 — ZIRCON GEOCHRONOLOGY OF GRANITOIDS FROM THE WESTERN

BACAJA DOMAIN, SOUTHEASTERN AMAZONIAN CRATON, BRAZIL:

NEOARCHEAN TO RHYACIAN EVOLUTION .ooveit e e e 60
6 — DATACAO DOS EVENTOS METAMOFICOS DE ALTO GRAU ......ccoocvvvvinaen, 106

6.1 - TIMING OF THE TRANSAMAZONIAN HIGH GRADE METAMORPHIC
EVENTS IN THE WESTERN BACAJA DOMAIN, SOUTHEASTERN
AMAZONIAN CRATON, BRAZIL ..o e e e 106

iv



7 - EVOLUCAO CRUSTAL COM BASE NOS ISOTOPOS DE Nd ......cc.cevevveiernnen. 165

7.1 - EVENTOS PRE-TRANSAMAZONICOS ......cvvveveeeeerieseeseeeeesseeseeesiessesse s 165
7.2 —=EVENTOS TRANSAMAZONICOS ......ooovveieieieeeeieeeissseeessesssssssseessessssssss s 172
7.3 = EVENTOS POS-TRANSAMAZONICOS ......cvveevreeeeereeeeseseeesseeseeesieessessesssssssnseeneos 178
7.4 — LIMITES ENTRE AS PROVINCIAS GEOCRONOLOGICAS ....cooovveveevreirieecerinnene 183
8 — CONSIDERAGOES FINAIS ...t essesssssses s ssses s 185
8.1 - EVOLUCAO CRUSTAL PRE-TRANSAMAZONICA ......coovveeeeeeeeeeeeeereeeeeree e 185
8.2 — EVOLUCAO CRUSTAL TRANSAMAZONICA .....c.coveveieeeeeeeeeeeereeveseeseseen e 187
8.3 - EVOLUCAO CRUSTAL POS-TRANSAMAZONICA ....o.ovvoeeeerereeeeeeeeeeeeeeeeeeenen. 191
REFERENCIAS BIBLIOGRAFICAS ......oviiveveeeseseeseoesesiessessssssseessessssseessesnsnnens 194



RESUMO

O Dominio Bacaja esta localizado na porgéo sudeste do Craton Amazonico e representa
0 segmento meridional da Provincia Maroni-ltacailnas que é constituida de ordgenos
paleoproterozdicos e blocos arqueanos retrabalhados durante o Ciclo Transamazonico (2,2-1,95
Ga). Este dominio é composto de granitoides, rochas charnoquiticas e supracrustais, ortognaisses,
migmatitos e granulitos para e ortoderivados. Dados geocronoldgicos prévios das rochas desse
dominio indicam retrabalhamento de crosta arqueana e formacgdo de crosta juvenil durante o
Ciclo Transamazonico.

O presente estudo foi baseado em levantamentos de campo, petrografia, geoquimica
isotopica e geocronologia, tendo como objetivo identificar os eventos igneos e metamarficos de
alto grau que ocorreram na porcao oeste Dominio Bacaja a fim de entender sua evolucéo crustal.

Os dados geocronolégicos existentes, somados aos novos dados de geocronologia em
zircdo (U-Pb SHRIMP e Evaporacdo de Pb) e isdtopos de Nd para as rochas das associacfes
litologicas que ocorrem na area de estudo permitiram identificar e datar eventos magmaticos
ocorridos do Neoarqueano ao Orosiriano, com auge da formacao de crosta durante o Riaciano.
Ortognaisses de 2,67-2,44 Ga e remanescentes de rochas metavulcanicas de 2,45 Ga marcam o
primeiro evento de formacdo de crosta na por¢cdo oeste Dominio Bacaja, com uma acres¢do a
cerca de 2,7 Ga e contaminagdo por crosta mesoarqueana (ca. 3,0 Ga). Um segundo evento de
acres¢do ha aproximadamente 2,5 Ga e um de retrabalhamento de crosta mesoarqueana foram
respectivamente registrados em rochas metavulcénicas de 2,36 Ga e granitdides 2,34 Ga
associados. Esses eventos provavelmente estdo relacionados a amalgamacéo de um arco de ilha
tardi sideriano a um microcontinente arqueano. Granitdides de 2,21-2,18, Ga, com contribuicéo
crustal neoarqueana (ca. 2,8 Ga), e de 2,16-2,13 Ga, formados por mistura de um componente
juvenil de ca. 2,3 Ga com fontes crustais arqueanas, estdo relacionados a arcos magmaticos
riacianos colididos contra um continente arqueano-sideriano. Esta colisdo foi marcada pela
formacéo de granitoides de 2,10 Ga (sincolisionais ?), com provaveis fontes a partir de rochas do
arco magmatico tardio, e de granitoides e rochas charnoquiticas de 2,09-2,07 Ga (p6s-colisional)
formados respectivamente por fusdo de fontes arqueanas (3,0-2,7 Ga) e mistura com o
componente juvenil transamazonico (ca. 2,3 Ga).

Por fim, no Dominio Bacaja e adjacéncias ocorreram eventos magmaticos orosirianos,

marcados pela formacdo local de granitdides de 1,99 Ga, cuja relagdo com o Ciclo



Transamazonico é incerta, e pelo magmatismo de ca. 1,88 Ga de ambiente extensional. Ambos 0s
eventos com contribuicdo crustal neoarqueana (ca. 2,8 Ga) que sugerem participacdo da crosta
arqueana do Dominio Bacaja..

Eventos metamorficos de alto grau e de anatexia foram identificados nos gnaisses e
granulitos para e ortoderivados do oeste do Dominio Bacaja. No entanto, os estudos petroldgicos
e geocronoldgicos foram enfocados nas rochas metassedimentares peliticas de alto grau por
serem melhores marcadores desses eventos. Esses eventos foram datados por U-Pb SHRIMP em
zircdo e monazita, Evaporagédo de Pb e U-Pb ID-TIMS em zircdo e Sm-Nd em granada e rocha
total. As rochas metassedimentares de alto grau apresentaram fontes detriticas dominantemente
arqueanas (3,1-2,5 Ga) e foram afetadas por eventos tectono-termais riacianos, preliminarmente
identificados pelas idades isocrénicas Sm-Nd em granada (2208 e 2025 Ma). Contudo, existem
evidéncias sugestivas de um evento metamorfico de alto grau de cerca de 2,3 Ga que poderia
estar relacionado a provavel colisdo tardi-sideriana. Os eventos de alto grau transamazonicos
iniciaram com uma migmatizacdo de 2147-2123 Ma em condi¢Ges P-T de facies anfibolito
superior registrada nos grdos de zircdo e nucleos de cristais de monazita. Este evento foi
contemporaneo a formacdo de granitdides dos arcos magmaticos riacianos, podendo estar
relacionado a colisdo do arco mais precoce. Um evento anatético ha 2109 Ma foi detectado nos
sobrecrescimentos em cristais de zircdo, sugestivamente relacionado ao principal evento de
colisdo continental riaciana identificado nos orégenos transamazonicos do Escudo das Guianas.
Apesar de ter havido a formacdo de granitdides e rochas charnoquiticas contemporéneas, nos
metapelitos estudados esse evento foi marcado por uma modesta anatexia. Por fim, um
metamorfismo de facies anfibolito superior a granulito, de baixas pressdes (4-6 kbar / 700-800°C),
ha cerca de 2070 Ma foi registrado nos cristais de monazita e zircdo, seguido de um possivel
evento de perda de Pb na monazita ha 2057 Ma. A ocorréncia de intrusdes quartzo dioriticas e
charnoquiticas contemporaneas ao metamorfismo granulitico sugerem processo de underplating
de magma maéfico e adelgacamento crustal durante o estagio pos-colisional.

Os eventos igneos e metamdrficos do oeste do Dominio Bacaja sdo analogos aos
registrados em outros dominios transamazénicos do Craton Amazdnico e da América do Sul. Em
escala global, a colagem riaciana ha 2,1 Ga tem sido relacionada a colisdo das paleoplacas do
leste da América do Sul contra o oeste da Africa que desencadeou a formacdo de um

supercontinente no Paleoproterozoico.



ABSTRACT

The Bacaja domain is located in the southeastern Amazonian craton and represents the
southern part of the Maroni-Itacaitnas province, which comprises Paleoproterozoic orogens and
Archean blocks reworked during the Transamazonian cycle (2.2-1.95 Ga). This domain is
composed of granitoids, charnockitic and supracrustal rocks, orthogneisses, migmatites, meta-
igneous granulites and high-grade metasedimentary rocks. The previous geochronological data
denote reworking of Archean crust and formation of juvenile crust during the Transamazonian
cycle.

The present study was based on field work, petrography, isotope geochemistry and
geochronology in order to identify the igneous and high-grade metamorphic events in the western
part of the Bacaja domain and to discuss its crustal evolution.

The previous geochronological data, plus new data on zircon (U-Pb SHRIMP and Pb-
evaporation) and Nd isotope data for the igneous and meta-igneous rocks of the lithologic
associations from the study area allowed the identification and dating of magmatic events from
Neoarchean to Orosirian times, with a climax of crust formation during the Rhyacian. The 2.67-
2.44 Ga orthogneisses and 2.45 Ga metavolcanoclastic rock remnants are related to the first event
of crust formation in the western Bacaja domain marked by an accretion at ca. 2.7 Ga and
contamination by Mesoarchean crust (ca. 3.0 Ga). A second event of accretion at ca. 2.5 Ga and
reworking of Mesoarchean crust were identified in 2.36 Ga metavolcanic rocks and associated
2.34 Ga granitoids, respectively. They are probably related to the amalgamation of a late Siderian
island arc to an Archean microcontinent. The 2.21-2.18 Ga granitoids with Neoarchean crustal
sources (ca. 2.8 Ga) and 2.16-2.13 Ga granitoids formed by mixture of a 2.3 Ga juvenile
component with Archean crustal sources are related to Rhyacian magmatic arcs that collided
against an Archean-Siderian continent. This collision was marked by the formation of 2.10 Ga
granitoids (syncollisional rocks ?), probably originated from sources related to late magmatic arc
rocks, and of charnockitic rocks and granitoids of 2.09-2.07 Ga (post-collisional rocks) formed
respectively by mixture of Ryacian crustal sources and the 2.3 Ga juvenile component and by
melting of Archean crust (3.0-2.7 Ga).

There are Orosirian magmatic events identified in 1.99 Ga granitoids, whose correlation

with the Transamazonian cycle is controversial, and by the extensional magmatism of ca. 1.88 Ga.



Both events have Neoarchean crustal sources (ca. 2.8 Ga), probably derived from the Bacaja
domain.

The high-grade metamorphic events and associated anatexis were identified in the meta-
igneous and metasedimentary rocks from the western Bacaja domain. However, the petrologic
and geochronological studies focused only on the high-grade metasedimentary rocks. These rocks
have dominantly Archean detrital sources (3.1-2.5 Ga) and were affected by Rhyacian
metamorphic events preliminary constrained by Sm-Nd whole rock-garnet isochrones (2208-
2025 Ma), but there is little evidence suggesting the existence of a high-grade metamorphic event
at 2.3 Ga, that could be related to the collage of the late Siderian island arc. High-grade
Transamazonian metamorphism commenced with a 2147-2123 Ma migmatization event that took
place under upper amphibolite facies P-T conditions and was preserved in zircon overgrowths
and in the cores of monazite grains. This event could be related to the collision of the early
Rhyacian magmatic arc against to a Neoarchean-late Siderian continent. An anatectic event at
2109 Ma was recorded on unzoned rims of zircon crystals, which is probably it related to the
continental collision at 2.1 Ga that has been identified in the Transamazonian orogens of the
French Guiana shield. Despite the formation of synchronous granitoids and charnockitic rocks
during this collision, in the studied metapelites it was a modest anatexis. After that, a low
pressure granulite facies metamorphism (4-6 kbar / 700-800 °C) at ca. 2070 Ma was registered on
monazite and zircon grains, followed by a possible Pb-loss event at 2057 Ma. The existence of
coeval quartz diorite and charnockitic intrusions suggests underplating of mafic magma and
crustal thinning during the post-collisional period.

The igneous and metamorphic events of the western Bacaja domain are analogue to
those identified in other Transamazonian domains of the Amazonian craton and South America.
In global scale, the 2.1 Ga collage has been correlated to the collision of the paleoplates of
eastern South America and western Africa that triggered the formation of a Paleoproterozoic

supercontinent.



CAPITULO 1 5

1 - INTRODUCAO

As regides sudeste e central do Craton Amazo6nico contam com o0s levantamentos
geoldgicos realizados durante a década de 1970 pela SUDAM (Forman et al., 1972, entre outros),
pelo Projeto RADAM do IBGE (Issler et al., 1974; Silva et al., 1974, Santos et al, 1975, entre
outros) e do Projeto Integracdo Geologico-geofisica do Sul do Para da CPRM/DNPM (Martins &
Araujo, 1979). Mapeamentos na escala 1:250.000 foram executados no final da década de 1980
pela CPRM/DNPM (Jorge Jodo et al., 1987) e Eletronorte (Santos et al., 1988), na década
seguinte durante o Programa de Levantamento Geoldgico Basico da Companhia de Pesquisa de
Recursos Minerais, o Servico Geoldgico do Brasil (CPRM-SGB), que abrangeu as folhas dos
subprogramas Grande Carajas e Provincia Mineral do Tapajés (Fig. 1.1A). Na decada de 2000, as
informacdes desses projetos somadas as obtidas em transversas geoldgicas nessas regides foram
organizadas em ambiente de sistema de informagédo geogréfica (SIG) pelo Projeto GIS do Brasil
(Bizzi et al., 2003) da CPRM-SGB, posteriormente foram lancadas de cartas geoldgicas
1:1.000.000 no formato digital pelo Projeto Cartas Geologicas do Brasil ao Milionésimo
(Schobbenhaus et al., 2004). Recentemente, essa empresa vem executando o Mapa Geoldgico
Estado do Para (MGEPA) que tem como estratégia focalizar os mapeamentos em areas de menor
conhecimento geoldgico (Vasquez et al., 2006). Nesse contexto, as regides que compreendem o
Dominio Bacaja foram escolhidas pelo MGEPA, sendo sua por¢édo oeste, alvo do presente estudo
(Fig. 1.1B). Essa convergéncia de interesses propiciou uma cooperacdo e integracdo entre a
CPRM-SGB e a Universidade Federal do Para (UFPA) que facilitou o desenvolvimento desta
tese de doutorado.

As atividades relacionadas ao doutorado iniciaram-se em 2002 com mapeamento
geoldgico que contou com campanhas subsequentes vinculadas ao MGEPA. As primeiras etapas
de campo contaram com apoio da CPRM-SGB e auxilio financeiro de projetos de pesquisa do
CNPg (N® 467104/00-0) e do CT-Mineral/FINEP 01/2001. Foram utilizadas oficinas e
laboratérios da UFPA e CPRM-SGB para preparacdo e andlise das amostras, e ambas as
instituicBes financiaram analises em laboratorios externos. A geocronologia foi refinada com
analises por microssonda ibnica tipo SHRIMP (Sensitive High Resolution lonic Microprobe),
durante um estagio na Australian National University suportado pela CAPES, e com as anélises
financiadas pela CPRM-SGB e pelo projeto PRONEX/CNPq 103/98.

Dados geocronoldgicos prévios das rochas do Dominio Bacaja indicaram um

Marcelo L. Vasquez -2006- Tese de Doutorado (CPGG-UFPA



CAPITULO 1
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Figura 1.1 - Mapas de localizagdo dos projetos de mapeamento geoldgico nas porgdes sudeste e central do Craton
Amazonico e da area de estudo. (A) projetos anteriores e (B) projeto Mapa Geologico do Estado do Para e area de
estudo em relagdo aos dominios das provincias geocronoldgicas do craton e faixas orogénicas adjacentes. Tragado
dos dominios modificado de Tassinari & Macambira (2004).
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CAPITULO 1 7

retrabalhamento do embasamento igneo e metamorfico durante o Ciclo Transamazoénico (2,2-
1,95 Ga) e formacdo de crosta no Paleoproterozéico. Contudo, a idade e a tipologia dos eventos
magmaticos e metamorficos, o contexto tectdnico desses, bem como da crosta arqueana e sua
participacdo na formacdo de crosta paleoproterozdica sdo pouco conhecidos. Desta forma, a
investigacdo da cronologia e natureza desses eventos e a participacdo da crosta arqueana
envolvida nesses, atraves de evidéncias de campo, estudos petrograficos, geoquimicos isotopicos
e geocronologicos sao 0s objetivos desta tese de doutoramento.

No capitulo inicial é abordado o0 contexto geoldgico regional, enfocando a
compartimentacdo e modelos evolutivos para o Craton Amazonico, alguns aspectos da Provincia
Maroni-Itacaiunas e discutidos o papel dos dominios transamazdnicos em escala continental e
global. Na seqliéncia, sdo apresentadas as questdes criticas sobre o conhecimento geoldgico da
area de estudo e os métodos usados para investiga-las. Os métodos de trabalho utilizados e 0s
procedimentos analiticos sdo descritos em um capitulo especifico. Mas os procedimentos das
analises geocronoldgicas e isotopicas de Nd estdo detalhadamente descritos nos trés trabalhos
cientificos que compdem o corpo desse trabalho. Da mesma forma, as caracteristicas das
associacdes litologicas e os resultados geocronoldgicos obtidos sdo apresentados e discutidos nos
artigos cientificos. O primeiro consiste da caracterizacdo petrogréfica dos granitdides e gnaisses
da porcdo oeste do Dominio Bacaja e apresentacdo dos primeiros dados geocronologicos por
Evaporacdo de Pb em zircdo. O segundo investiga 0s eventos magmaticos dessa porcdo do
dominio, com base em resultados pelos métodos U-Pb SHRIMP e Evaporacao de Pb em zircdo;
O terceiro enfoca o0s eventos metamorficos de alto grau e anatexia, utilizando os métodos U-Pb
SHRIMP em zircdo e monazita aléem de outros métodos. Por fim, os ultimos capitulos séo
dedicados a evolucéo crustal com base nos is6topos de Nd e a integracdo de todos os resultados

propondo um modelo evolutivo para 0 Dominio Bacaja.
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CAPITULO 2 8

2 - CONTEXTO GEOLOGICO REGIONAL
21 - COMPARTIMENTACAO E MODELOS EVOLUTIVOS PARA O CRATON
AMAZONICO

O Craton Amazénico destaca-se dentre as unidades geotectdnicas do Pré-cambriano da
Plataforma Sul-americana pela sua dimens&o (cerca de 4.500.000 km?) e importancia. Trata-se de
uma placa litosférica continental constituida de um expressivo nucleo arqueano orlado por faixas
orogénicas paleo- a mesoproterozoicas, tendo sido esse conjunto estabilizado cerca de 1,0 Ga
atras e atuado como antepais das faixas orogénicas brasilianas da Provincia Tocantins (Almeida
et al. 1976, 1981, 2000; Cordani & Bito Neves, 1982; Brito Neves & Cordani, 1991; Cordani et
al. 2000; Schobbenhaus & Brito, Neves, 2003). Esse craton é constituido pelo Escudo das
Guianas, a norte das bacias fanerozoicas Solimdes e Amazonas e pelo Escudo Brasil Central (ou
Guaporé) a sul dessas. A leste e a sul, é limitado pelas faixas orogénicas brasilianas e bacias de
antepais da Provincia Tocantins e a noroeste e sudoeste € recoberto pelas bacias subandinas (Fig.
2.1).

Existem duas principais correntes para os modelos evolutivos propostos para o Craton
Amazonico. Uma baseada principalmente em geologia estrutural e geofisica, implicando em
retrabalhamento crustal das massas continentais aglutinadas no Arqueano e Paleoproterozdico
através de orogenias predominantemente ensidlicas (Hasui et al. 1984; Hasui & Almeida, 1985;
Costa & Hasui, 1997). A outra baseada em geocronologia e geoquimica isotopica, aléem da
reciclagem de blocos crustais arqueanos envolve processo de acrescdo juvenil (Cordani et al.
1979, Cordani & Brito Neves, 1982; Teixeira et al. 1989; Tassinari, 1996; Tassinari &
Macambira 1999, 2004; Tassinari et al. 2000). Nesse modelo os dominios individualizados no
craton, que correspondem as provincias geocronoldgicas, seriam nucleos arqueanos de terrenos
granitoide-greenstone e gnaisse-migmatiticos margeados por sucessivas faixas mdveis e arcos
magmaticos proterozéicos aglutinados por colisdes. Ou seja, um protocraton arqueano formado
por microcontinentes (blocos Imataca, Carajas e Xingu-lricoumé) amalgamados pelas faixas
orogénicas paleoproterozoicas de 2,2 a 1,95 Ga (Provincia Maroni-Itacailinas). A partir da borda
oeste desse novo continente, sucessivos arcos magmaticos (provincias Ventuari-Tapajds, Rio
Negro-Juruena e parte da Rondoniana-San Ignéacio) foram acrescidos entre 1,95 e 1,45 Ga,
provavelmente relacionados a subduccdo de litosfera oceénica a leste como resultante da

convergéncia de outra massa continental mais a oeste (Laurentia). Essa convergéncia culminaria
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CAPITULO 2 9
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Cadeia Andina
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Faixa Orogénica Andina (Andes Caribenho, Setentrional,
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Figura 2.1 - Compartimentagéo geotectonica da América do Sul, modificado de Almeida et al. (1976). Divisdo das
provincias tectonicas do Escudo Atlantico baseada em Almeida ef al. (1981)
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CAPITULO 2 10

com a colisdo do Craton Amazoénico contra Laurentia (América do Norte e Groelandia) e
evolucédo orogénica ensialica entre 1,4 e 1,0 Ga para faixas orogénicas mais jovens (provincias
Rondoniana-San Ignacio e Sunsas).

Na década de 1970, Amaral (1974 apud Santos, 2003) propds a compartimentagdo do
Craton Amaz6nico com base em dados geocronolégicos que foi aprimorada por Cordani et al.
(1979) e posteriormente por Teixeira et al. (1989). Fundamentalmente, como acima detalhado,
esses modelos individualizam uma porc¢édo central de evolucdo arqueana, a Provincia Amazdnia
Central (> 2,5 Ga) e sucessivas faixas moveis proterozoéicas (2,2-1,0 Ga), orientadas segundo
direcdo NW-SE e progressivamente mais jovens em dire¢do ao sudoeste do craton. O aumento
do numero de dados geocronologicos e geoquimicos isotdpicos para as rochas do Craton
Amazonico resultou em modificagdes nos limites espaciais e temporais e até novas provincias
foram propostas. Por exemplo, Teixeira et al. (1989) individualizaram a Provincia Sunsas na
porcdo sudoeste do craton e Tassinari (1996) individualizou na por¢do central do craton um
dominio orogénico paleoproterozoico, a Provincia Ventuari-Tapajos (1,95-1,8 Ga). A proposta
de compartimentacdo do craton de Tassinari (1996) norteou as propostas subseqlientes desse
grupo que estdo sintetizadas no esboco (Fig. 2.2) de Tassinari & Macambira (2004).

A escassez de afloramentos de rochas arqueanas e a falta de conhecimento sobre essas
na porcao ocidental da Provincia Amazonia Central, onde predominam rochas vulcanicas
félsicas, granitdides e coberturas sedimentares paleoproterozdicas suportaram a proposta de
Tassinari & Macambira (1999) para subdivisdo dessa provincia. Na porcdo sudeste, eles
individualizaram um dominio de embasamento arqueano ndo afetado pelas orogéneses
paleoproterozdicas (Area Carajas) e outro a oeste (Area Xingu-Iricoumé) com expressivos
eventos magmaticos paleoproterozdicos (1,96-1,6 Ga) e sedimentacdo associada, contendo
apenas vestigios (TpmNd ca. 2,6 Ga) de embasamento arqueano. Dall’Agnol et al. (1999a)
apresentaram para uma proposta semelhante distinguindo os blocos Leste e Central na Provincia
Amazonia Central.

Na Area Carajas (ou Bloco Carajas - Tassinari & Macambira, 2004), as idades U-Pb e
Pb-Pb dos granitdides e greenstone belts mesoarqueanos (2,97-2,82 Ga) do Terreno Rio Maria
contrastam com as neoarqueanas (2,76-2,54 Ga) dos terrenos da Serra dos Carajas (Olszewski et
al., 1989; Machado et al., 1991; Pimentel & Machado, 1994; Macambira & Lancelot, 1996;
Lafon & Scheller, 1996; Souza et al., 1996; Avelar et al., 1999; entre outros). Contudo os

AMARAL, G. 1974. Geologia pré-cambriana da regido Amazoénica. 212p. Universidade de S&o Paulo, Instituto de
Geociéncias, Sdo Paulo. (Tese de Livre-doscéncia).



CAPITULO 2

11

68;’W 62°IW

5§°W 50:’W

Oceano Atlantico

40N

oo

8°S

F12ow

Provincias Geocronolégias
[ | Amazonia Central (>25 Ga)
- Maroni-ltacaitinas (2,2 - 1,9 Ga)
E Ventuari-Tapajos (1,9 - 1,8 Ga)
- Rio Negro-Juruena (1,8 - 1,55 Ga)
Rondoniana-San Ignacio (1,55 - 1,3 Ga)
I sunsas (1,25 - 1,0 Ga)

area de estudo

Unidades Geoldégicas

cobertura sedimentar fanerozoica
cobertura sedimentar pré-cambriana

granitoides

vulcanismo &cido intermediario
- vulcanismo mafico

- greenstones belts

- complexos granuliticos

1.t | faixas neoproterozéicas

—_— alto estrutural do embasamento

Figura 2.2 - Distribuig¢do das provincias geocronoldgicas do Craton Amazonico, conforme Tassinari
& Macambira (2004), com a localizagdo da area de estudo.
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CAPITULO 2 12

isétopos de Nd indicam fontes juvenis com cerca de 3,0 Ga para rochas de ambos 0s terrenos
(Sato & Tassinari, 1997; Dall’Agnoll et al., 1999b; Ra&mo et al., 2002; Rolando & Macambira,
2003; Barros et al. 2004). Eventos metamérficos de alto grau com cerca de 2,85 Ga que afetaram
0s ortognaisses migmatiticos e granulitos da porcdo setentrional do Bloco Carajas marcam o
principal evento de retrabalhamento crustal (Machado et al., 1991; Macambira & Lafon, 1995;
Pidgeon et al., 2000). Os eventos metamorficos entre 2,56 e 2,52 Ga relacionados a deformacao
nas zonas de cisalhamento, hidrotermalismo e magmatismo associados (Machado et al., 1991;
Souza et al. 1996) marcam os Ultimos eventos tectono-termais que afetaram essa regiéo.

Os dados de Nd obtidos por Sato & Tassinari (1997) para rochas vulcanicas e granitos
com < 1,9 Ga do Bloco Xingu-Iricoumé apontam para fontes crustais neoarqueanas, geralmente
com TDM entre 2,5 e 2,6 Ga. Por outro lado, as rochas vulcanicas e granitos contemporaneos do
Bloco Carajas apresentaram fontes crustais mesoarquenas (Tpm ca. 3,0 Ga), provavelmente os
préprios granitdides mesoarqueanos da regidao (Dall’Agnoll et al., 1999b; Ramé et al., 2002;
Teixeira et al., 2002).

Em modelos mais recentes, novas denominagdes e configuracdes de limites foram
propostas para as provincias do Craton Amaz6nico, mas na esséncia a evolucao esta relacionada a
acrescdo de arcos magmaticos e reciclagem crustal durante colisGes continentais, principalmente
na porcao sudoeste do craton. Santos et al. (2000) estenderam o dominio arqueano da porcao
sudeste do craton até parte sudeste do Escudo das Guianas, englobando esses segmentos na
Provincia Carajas (Fig. 2.3). Também correlacionaram o Bloco Imataca localizado na por¢édo
noroeste desse escudo a esse dominio arqueano. No entanto, esses blocos arqueanos no Escudo
das Guianas tém sido considerados como parte da Provincia Maroni-Itacaitnas (2,2 — 1,95 Ga),
representando remanescentes de crosta arqueana retrabalhada no Paleoproterozdico (Teixeira et
al., 1989; Tassinari, 1996; Tassinari & Macambira, 1999, 2004; Tassinari et al. 2000). Outra
proposi¢do equivocada de Santos et al. (2000) foi restringir a Provincia Maroni-Itacaitnas (ou
Transamazonica) as ocorréncias localizadas no nordeste do Escudo das Guianas, suprimindo
aquela a sul da Bacia do Amazonas, o Dominio Bacaja. No entanto, os dados Rb-Sr e K-Ar
prévios ja indicavam retrabalhamento do embasamento arqueano e formagdo de crosta no
Paleoproterozoico (Silva et al., 1974; Cordani et al., 1984; Santos et al., 1988). DatacBes de
zircdo e isotdépos de Nd comprovaram essa evolucdo paleoproterozdica durante o Ciclo

Transamazonico (Macambira et al., 2001, 2003, 2004; Santos, 2003). Desta forma, 0 Dominio
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Figura 2.3 - Distribui¢go das provincias geocronologicas do Craton Amazonico, conforme Santos et al. (2000) e
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CAPITULO 2 14

Bacaja voltou a figurar nos modelos mais recentes desse grupo (Santos, 2003; Santos et al. 2006)
como um dominio paleoproterozdico (Fig. 2.4). Da mesma forma, os recentes dados de
geocronologia de zircdo e monazita bem como em outros minerais das rochas de alto grau do
Bloco Imataca na Venezuela, da Faixa Bakhuis no Suriname e da por¢do meridional do Escudo
das Guianas ttm mostrado uma evolucdo transamazonica (Oliveira, 2002; Avelar et al. 2003;
Roever et al., 2003; Tassinari et al., 2004) e devem ter respaldado a restricdo do dominio

arqueano apenas a porc¢ado sudeste do craton.

2.2 — PROVINCIA MARONI-ITACAIUNAS - SEGMENTOS, LIMITES E MODELOS
EVOLUTIVOS

A Provincia Maroni-Itacailnas apresenta uma ampla distribui¢cdo ao longo das porcées
norte e nordeste do Craton Amazo6nico e um prolongamento a sul da Bacia do Amazonas, 0
Dominio Bacajd (Fig. 2.5). Sua evolucdo estd relacionada as orogéneses do Ciclo
Transamazonico (2,2 — 1,95 Ga), consistindo de dominios de crosta juvenil paleoproterozoica e de
blocos arqueanos retrabalhados no Paleorproterozoico (Teixeira et al., 1989; Tassinari, 1996;
Tassinari & Macambira, 1999, 2004; Tassinari et al. 2000).

Os dominios de crosta transamazénica juvenil localizam-se no nordeste e sudoeste do
Escudo das Guianas, sendo o mais expressivos aquele da porcdo oriental do escudo que se
estendem do leste do Suriname ao norte do Amapa no Brasil, cobrindo a Guiana Francesa. O
modelo geodindmico proposto para esse dominio inicia com abertura oceénica e formagao de crosta
juvenil entre 2,26 e 2,0 Ga, seguidas de convergéncia marcada por subduccéo e formacao de arcos de
ilha de 2,18 a 2,13 Ga, transcorréncia, retrabalhamento crustal e sedimentacdo de bacias pull-apart entre
2,11 e 2,08 Ga. Ele finaliza com adelgacamento crustal e exumacao de crosta inferior entre 2,07 e 2,05
Ga, marcados pela colocagdo de granitos pos-transcorrentes e charnoquitos, metamorfismo granulitico,
localmente de UHT (ultrahigh-temperature), e metamorfismo de soterramento das bacias pull-apart,
seguidos de resfriamento isobéarico (Vanderhaeghe et al., 1998; Delor et al., 2003a).

Nos dominios transamazonicos do sudoeste do Escudo das Guianas, foram reconhecidos
arcos magmaticos juvenis de 2,19 a 2,14 Ga relacionados ao estagio de convergéncia de um bloco
cratdnico a oeste contra 0 Bloco Amapa a leste, seguido por estagios colisionais cerca de 2,10 Ga
e tardi-colisional entre 2,07 e 2,03 Ga, ambos marcados por intenso retrabalhamento da crosta

arqueana (Rosa-Costa, 2006). A caracterizacdo geocronoldgica e geoquimica isotopica sugere
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tratar-se de uma zona de transicdo entre os dominios juvenis e os de retrabalhamento crustal a
exemplo do que foi identificado por Avelar et al. (2003) no limite entre dominio juvenil da
Guiana Francesa e a porc¢do nordeste do Bloco Amapa.

Para o0 Dominio Bacaja pode-se esperar um quadro semelhante aos acima descritos para
as zonas de transicdo, pois aléem do magmatismo transamazénico com fontes juvenis e de
contribuicdo crustal arqueana (Macambira et al., 2004), ocorréncias de ortognaisses arqueanos
(Santos, 2003; Macambira et al. 2004) e rochas granuliticas e charnoquiticas (Santos et al. 1988;

Ricci, 2006a,b) vém sendo registradas.

2.3 — DOMINIOS TRANSAMAZONICOS NA AMERICA DO SUL - SEU PAPEL NA
TECTONICA GLOBAL

O Paleoproterozoico tem uma expressiva distribuicdo nas unidades tectonicas pré-
cambrianas da América do Sul, especialmente durante o Ciclo Transamazonico quando o
continente teve seu maior crescimento (Brito Neves, 1999; Cordani & Sato, 1999; Schobbenhaus
& Brito Neves, 2003). O TransamazOnico esta presente nos cratons Amazonico, Sdo Luis e Sao
Francisco bem como nos embasamentos arqueanos e paleoproterozéicos remanescentes dentro ou
em contato com faixas orogénicas meso- e neoproterozdicas das provincias tecténicas da América
do Sul (Almeida et al. 1981, 2000; Brito & Cordani, 1991; Delgado et al. 2003; Hartmann et al.
2000, 2002, Santos et al. 2003a; Schobbenhaus & Brito Neves, 2003). Suas orogéneses sao
contemporaneas as orogéneses nos cratons Oeste-africano e Congo e marcam a colisdo ha cerca
de 2,1 Ga entre o leste da paleoplaca sul-americana e oeste da africana (Bertrand & Jardim de S4,
1990; Ledru et al., 1994; Feybesse et al., 1998; Brito Neves, 1999; Barbosa & Sabate, 2004).
Apesar do retrabalhamento de blocos arqueanos ter sido comum no Ciclo Transamazénico, a
formagéo de crosta juvenil foi igualmente importante (Cordani & Sato, 1999; Tasinari &
Macambira, 1999; Sato & Siga Junior, 2000).

Em escala global, os orégenos colisionais de 2,1 a 1,8 Ga e blocos craténicos associados
tém mostrado uma conexdo entre as paleoplacas que sugerem a formacdo de um supercontinente
no Paleoproterozoico (Brito Neves, 1999; Zhao et al., 2002), de dimensdes maiores que aquele
proposto por Roger (1996). Neste contexto, a colisdo ha cerca de 2,1 Ga entre as paleoplacas sul-

americana e africana desencadeou a formacao do supercontinente paleoproterozoico.

Marcelo L. Vasquez -2006- Tese de Doutorado (CPGG-UFPA)



CAPITULO 3 18

3-PROBLEMATICA E OBJETIVOS

O conhecimento sobre a geologia do Dominio Bacaja pode ser considerado minimo se
comparado com o das regides vizinhas como Carajas e Tapajos (Fig. 3.1), conforme a avaliacdo
feita pela CPRM-SGB (Vasquez et al., 2006). Esta regido conta apenas com levantamentos
geoldgicos regionais das décadas de 1970 e 1980 executados pela SUDAM (Forman et al., 1972),
RADAM-IBGE (Issler et al., 1974; Silva et al. 1974; Santos et al. 1975), CPRM/DNPM (Martins
& Aratjo, 1979) e Eletronorte (Santos et al., 1988). Existem poucos 0s mapeamentos geologicos
sistematicos (vide Fig. 1.1A) executados pela CPRM-SGB na regido (Jorge Jodo et al. 1987;
Oliveira et al., 1994). As informacdes desses projetos foram disponibilizadas em ambiente SIG
nas folhas ao milionésimo Tapajés, Belem e Araguaia (Bahia et al. 2004; Faraco et al. 2005,
Ferreira et al., 2004). Recentemente, o Projeto Mapa Geoldgico do Estado do Para executou
transversas ao longo dos principais rios, rodovias e estradas vicinais (Fig. 3.1) que resultardo em
um novo tracado e entendimento sobre a geologia da regido. Esta Ultima base geoldgica foi
ligeiramente modificada para o formato do presente estudo e conforme as interpretacdes do autor.

A unidade geoldgica gque representava o embasamento igneo-metamorfico, o Complexo
Xingu conforme definido por Silva et al. (1974) comecou a ser subdividida em novas unidades a
partir dos mapeamentos da década de 1980. Novas unidades foram propostas, mas a
complexidade geologica e estrutural da area somada a caréncia de dados geocronologicos para
grande parte das unidades ndo permitiram a proposicdo de uma crono-estratigrafia. De modo
geral, os principais eventos igneos e metamdrficos que afetaram a area foram identificados nos
projetos anteriores, mas a cronologia desses € relativa e existem poucos dados geocronolégicos
quando se leva em conta as dimensbes da area e a complexidade geoldgica que é tipica de
terrenos policiclicos. Além disso, novas interpretacdes podem ser dadas a algumas estruturas,
microtexturas e outras feicOes descritas anteriormente. Por exemplo, Santos et al. (1988)
superestimaram a ocorréncia de migmatitos, muitas feicbes nos granitdides podem ser
interpretadas como puramente igneas ou resultantes de deformacdo submagmatica ou de
recristaizacdo a alta temperatura, sem implicar em anatexia.

Por forca do pouco conhecimento, os modelos evolutivos propostos nos projetos e
estudos anteriores sdo vagos, descrevem 0s processos igneos e metamdrficos os regimes
tectonicos, mas geralmente ndo discriminam o ambiente tectonico e quando o fazem baseiam-se

em modelos obsoletos, inadequados ou inconsistentes com os dados disponiveis atualmente. Por
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exemplo, Jorge Jodo et al. (1987) propuseram a formacdo de greenstone belts seguida por
migmatizacdo dessas seqléncias e formacdo de granitdides sodicos e potassicos por
espessamento crustal policiclico sem discriminar claramente o ambiente tecténico de geracédo
desses granitoides. Apesar de sugerir analogias desses granitdides e os granulitos associados, com
raizes de margens continentais ativas tipo cordilherano, ndo descartam que possam estar
relacionados a ambientes intracontinentais.

Os dados geocronoldgicos e geoquimicos isotopicos existentes para as rochas do
Dominio Bacajad indicam uma evolucdo paleoproterozdica durante o TransamazOnico, com
retrabalhamento de crosta com > 2,3 Ga e formacéo de crosta juvenil paleoproterozoica (Cordani
et al., 1984; Santos et al., 1988; dentre outros). Recentemente, foram identificadas ocorréncias de
rochas neoarqueanas entre 2,5 e 2,67 Ga (Santos, 2003; Macambira et al., 2004). Mas qual seria a
fonte desses inliers arqueanos? Qual seria a participacdo desses na formacdo das rochas
paeloproterozdicas? O Dominio Bacaja se limita com os blocos Carajas e Xingu-lricoumé da
Provincia Amazonia Central, ambos com rochas com fontes arqueanas. Contudo, o embasamento
igneo-metamorfico do Bloco Xingu-lricoumé é pouco conhecido, aflorando localmente como
“janelas” na extensa cobertura de rochas vulcanicas e granitoides de 2,0 a 1,76 Ga que a separa
da Provincia Ventuari-Tapajos. Essas janelas de embasamento contam com somente descricao
petrografica dos litotipos. A contribuicdo arqueana no Bloco Xingu-Iricoumé é marcada por
idades-modelo de Nd entre 2,5 e 2,6 Ga das rochas vulcénicas e granitos paleoproterozdicos (<
1,9 Ga) que contrasta com assinatura dominantemente mesoarqueana (ca. 3,0 Ga) das rochas
vulcanicas e granitos contemporaneas do Bloco Carajas.

O Sideriano tem sido identificado no Craton Amazonico através de idades-modelo de Nd,
geralmente interpretadas como mistura de crosta arqueana e paleoproterozoica (Avelar et al.,
2003; Rosa-Costa, 2006). No entanto, rochas siderianas vém sendo registradas no Dominio
Bacaja (Macambira et al. 2004; Faraco et al. 2005). Novas ocorréncias permitirdo investigar a
natureza e ambiente tectdnico desse segmento crustal e verificar a relacdo do mesmo com as
crostas arqueana e transamazonica.

Aprimorar a geologia da regido de estudo com base em uma crono-estratigrafia é um dos
objetivos principais desse trabalho. Para isso, além dos levantamentos de campo e estudos

petrograficos serdo utilizados diferentes métodos geocronoldgicos e isotopos de Nd para
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caracterizagdo dos eventos igneos que formaram as unidades geoldgicas e os metamorficos que as
afetaram.

Por tratar-se de uma area policiclica sera utilizado método de datacdo in situ por
microssonda iénica (SHRIMP). Pretende-se, assim, investigar as idades dos protdlitos e fontes
detriticas, de recristalizacdo e sobrecrescimentos relacionados aos eventos metamorficos nos
gnaisses e migmatitos, bem como as herancgas e idades magmaticas dos granitdides e rochas
metavulcanicas. A investigacdo sera complementada com outros métodos geocronolégicos, como
a Evaporagdo de Pb em zircdo que permite um rapido reconhecimento das idades dos eventos,
sendo fundamental em uma area de trabalho extensa e de grande diversidade litol6gica. Outros
métodos como U-Pb TIMS em zircdo polido e Sm-Nd rocha total-granada serdo também
utilizados para questdes mais especificas dos eventos metamorficos.

Baseado na geoquimica isotopica do Nd, pretende-se caracterizar as componentes
crustais e juvenis das rochas arqueanas e paleoproterozéicas do oeste do Dominio Bacaja. Além
disso, através de analogias com as assinaturas isotopicas de outras associacdes dos blocos
arqueanos (Carajas e Amapd) e dominios paleoproterozdicos (Carecuru, Paru e Tapajos)
pretende-se investigar a participagdo das componentes juvenis e crustais dessas na formacéo das
rochas do Dominio Bacaja.

Frente a abrangéncia da area e a diversidade das unidades geologicas optou-se por nao
avancar nos estudos de geoquimica de rocha para caracterizacdo das filiagbes magmaticas e
ambientes tectdnicos. Alguns estudos geoquimicos dos projetos da CPRM poderdo auxiliar nessa
caracterizacdo, mas ela contara basicamente com as informacdes de campo e petrografia dos
projetos anteriores e do presente estudo.

A caracterizacgdo estrutural igualmente se limitara as evidéncias de campo e ao estudo de
microtexturas, sem contar com analise geométrica e de campo de esfor¢o. Limitar-se-4 ao
reconhecimento das feicdes meso a microestruturais e a uma estimativa do predominio do tipo de
deformacdo (ex: ddctil de alta ou baixa temperatura) e do provavel regime tectbnico (ex:
cavalgamento ou transcorrente). Da mesma forma, a investigacdo dos eventos metamorficos nao
contard com um detalhado estudo petrografico e dados de quimica mineral para indicar 0s
caminhos das condigdes de P e T. As condigdes serdo estimadas através do reconhecimento das

paragéneses e microtexturas diagnosticas e o tipo de metamorfismo determinado com base no
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conjunto de evidéncias meso a microestruturais. A datacdo de diferentes minerais (ex: zircao,
monazita e granada) podera, por outro lado, identificar episodios distintos.

Além da caracterizacdo das rochas neoarqueanas e riacianas, merecerdo uma especial
atencdo as rochas siderianas por se tratarem de algo raro na geologia do Craton Amazonico e pela
sua importancia na transicdo entre o Arqueano e o Paleoproterozoico e no pouco conhecimento

sobre a crosta que imediatamente precedeu a formacao da crosta transamazoénica.
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4 - METODOS DE TRABALHO E PROCEDIMENTOS ANALITICOS

Os procedimentos das atividades de campo, estudos petrograficos e elaboracdo do mapa
geologico sdo apresentados neste capitulo, mas os procedimentos de preparagdo de amostras e
das técnicas analiticas de cada um dos métodos geocronoldgicos sdo descritos nos trabalhos

cientificos dos capitulos subseqiientes.

4.1 - MAPEAMENTO GEOLOGICO

As atividades de campo na area de estudo tiveram inicio em 2002 com a execugdo de
transversas ao longo da rodovia Transamazonica (BR-232) e suas vicinais para sul, seguida de
campanhas pelos rios Xingu, Bacaja e Iriri e seus afluentes entre 2003 e 2004. Foram descritos e
amostrados cerca de 200 afloramentos (Fig. 4.1) na area de estudo, alguns desses relacionados a
atividades de campo de outros projetos que o autor acompanhou. As informacdes geologicas das
campanhas de campo relacionadas ao projeto de doutoramento, bem como o acervo de amostras
desse foram incorporados ao Projeto Mapa Geoldgico como forma de firmar a colaboragdo entre
a CPRM-SGB e a UFPA.

As informagdes obtidas foram complementadas com as dos projetos Integragdo
Geolodgica-geofisica do Sul do Para, Folha Altamira ¢ GIS do Brasil da CPRM-SGB ¢ a partir de
uma base cartografica georeferenciada e com auxilio de sensores remotos (imagens Landsat e
SRTM) e dos levantamentos aerogeofisicos existentes foram individualizadas unidades
geologicas e tragadas as estruturas tectonicas (Fig. 4.2). Na composi¢do dessa base geoldgica
georefenciada também foram utilizadas informacgdes de projetos de pesquisadores e outros pos-
graduandos da UFPA (ex: Prof. Dr. Moacir J. B. Macambira, Prof. Dr. Carlos E. M. Barros e
MSc. Pablo C. Monteiro) que trabalham na area de estudo ou adjacéncias.

As unidades individualizadas foram designadas simplesmente associagdes litologicas
para evitar correlagdes com unidades litoestratigraficas e litodémicas formais cujo significado
carece de revisao (ex: Complexo Xingu). Além disso, algumas das associagdes sO foram
individualizadas neste estudo, antes os corpos dessas constituiam as unidades de embasamento
igneo-metamorfico da regido, o Complexo Xingu e a Suite Metamdrifica Bacajai. Em breve,
essas associagdes serdo redefinidas e propostas como unidades formais e cadastrada no banco de

dados da CPRM-SGB, o Geobank.
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O mapa do oeste do Dominio Bacaja sera incluido nas versdes atualizadas das folhas
Tapajos, Belém e Araguaia (1:1.000.000) a serem langadas pelo Projeto Mapa Geologico do
Estado do Para.

4.2 - ESTUDOS PETROGRAFICOS

Foram descritas 240 laminas delgadas do acervo do Mapa Geoldgico do Estado do Para e
mais 155 laminas de projetos anteriores da CPRM-SGB e dos projetos da UFPA. Além da
classificagdo petrografica por estimativa visual foram descritas e fotomicrografadas as
paragéneses metamorficas, microtexturas de deformagado ductil e de desequilibrio e re-equilibrio

dos minerais.

4.3 — GEOCRONOLOGIA E GEOLOGIA ISOTOPICA

As técnicas de obtencdo de concentrados minerais sdo descritas nos trabalhos técnico-
cientificos, cabe apenas destacar que os concentrados de granada e zircao foram obtidos no
laboratorio de separagdo mineral do Pard-Iso e os de monazita nos da CPRM-SGB de Porto
Alegre. Em ambos laboratdrios os técnicos aplicaram técnicas gravimétricas e magnéticas, €
finalizaram com catagdo manual ao microscopio optico.

As amostras de rocha total foram pulverizadas em um moinho de anéis (shatter box) e de
bolas de ligas metalicas de Fe e Sb (spex mixer), enquanto as de concentrado de granada foram
pulverizadas em um moinho bolas de calceddnia.

Nos capitulos 5 a 6 sdo descritos os procedimentos de analise por Evaporagdo de Pb em
Monocristal de Zircao utilizados pelo Laboratorio Para-Iso da UFPA. No tratamento dos dados
foi utilizado o programa Zircon desenvolvido pelo corpo-técnico do laboratdrio, mas baseados
nos procedimentos de calculo descritos em Gaudette et al. (1998). Os resultados utilizados no
calculo s3o apresentados no formato de graficos gerados pelo programa e ilustrados com imagens
dos cristais analisados.

Os procedimentos de analise pelo método U-Pb por microssonda i6nica (SHRIMP) e
dilui¢do isotopica e termo-ionizacdo (TIMS) sdo descritos respectivamente nos capitulos 5 e 6.
Destaca-se que na analise das monazitas por SHRIMP as técnicas de preparagdo e analise sdo
semelhantes as empregadas para analise de zircdo, diferindo no tipo de imagens de microscopia

eletronica, backscattering (BSE), utilizada para investigar as estruturas internas da monazita e no
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padrao de controle analitico, o WB.T.329. Além disso, a energia do feixe secundario foi
ampliada em cerca de 50% para eliminar interferéncias isobaricas do ***Pb.

Nas analises Sm-Nd, as técnicas de abertura das amostras de rocha e concentrados de
granada, separacao dos elementos e andlise isotdpica utilizadas no Laboratério Para-Iso da UFPA
estdo descritas no Capitulo 6. No entanto, parte das amostras de rocha total foram analisadas no
Laboratorio de Geocronologia da Universidade de Brasilia. Os procedimentos adotados por esse
laboratério estdo detalhadamente descritos em Gioia & Pimentel (2000). O processo de
dissolug¢do das amostras, separacdo dos cations e andlise isotdpica sdo semelhantes aos utilizados
pelo laboratorio Para-Iso, diferindo na resina utilizada na separacdo do Sm e Nd (LN-Spec). Os
valores médios da '*Nd/'**Nd para o padrio La Jolla foram de 0,511835 + 7 (20) e as
concentragdes de Sm e Nd para o padrao BCR-1 foram respectivamente de 6,59 e 28,8 ppm. O

branco total para o Nd foi < 50 pg.
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6 - DATACAO DOS EVENTOS METAMORFICOS DE ALTO GRAU

Os eventos metamorficos de alto grau que afetaram as rochas do oeste do Dominio
Bacaja, bem como os processos de anatexia associados, foram datados por U-Pb (SHRIMP e ID-
TIMS) e Evaporag¢ao de Pb em zircao, U-Pb SHRIMP em monazita ¢ Sm-Nd em granada. Os
resultados apresentados e discutidos neste capitulo foram organizados na forma de um artigo

cientifico submetido ao Gondwana Research.

6.1 - TIMING OF THE TRANSAMAZONIAN HIGH GRADE METAMORPHIC EVENTS IN
THE WESTERN BACAJA DOMAIN, SOUTHEASTERN AMAZONIAN CRATON, BRAZIL

Marcelo L. Vasquez ', Moacir J. B. Macambira” , Richard A. Armstrong’

1 — Geological Survey of Brazil - CPRM, Belém — PA, Brazil
2 — Isotope Geology Laboratory, Federal University of Pard, Belém — PA, Brazil
3 — Research School of Earth Sciences, Australian National University, Canberra, ACT, Australia

Abstract

U-Pb SHRIMP monazite and zircon dating of Al-metasedimentary high-grade rocks
from the western part of the Bacaja domain, southeastern Amazonian craton, identified
Paleoproterozoic high-grade metamorphic and associated anatectic events. U-Pb ID-TIMS
analyses on abraded zircon grains, Sm-Nd whole rock-garnet isochrons and Pb-evaporation on
zircon have also been used to investigate and constrain these important events.

The Bacaja domain represents the southern part of a geochronological province of the
Amazonian craton that evolved during the Transamazonian cycle (2.2-1.95 Ga). However, this
domain has late Siderian rocks (2.36-2.31 Ga) and suggestive evidence of a high-grade
metamorphic event at about 2.3 Ga.

High-grade Transamazonian metamorphism commenced with a 2147-2123 Ma
migmatization event that took place under upper amphibolite facies P-T conditions and is
indicated by zircon growth as well as in the cores of monazite grains. An anatectic event at 2109
Ma was recorded on unzoned rims of zircon crystals. After that, a low pressure granulite facies
metamorphism (4-6 kbar/700-800 °C) was registered on monazite and zircon grains at 2073-2071
Ma. A quartz diorite sheet intruded at 2071 Ma into high-grade rock associations marked the

Marcelo L. Vasquez -2006- Tese de Doutorado (CPGG-UFPA)



CAPITULO 6 107

coeval mafic and intermediate intrusions associated to the granulite facies metamorphism, which
suggest underplating of mafic magmas during post-collional thinning crustal. Finally, an event at
2057 Ma was registered on monazite rims; its nature is uncertain but may be related to partial
Pb-loss due to coeval intrusion or retrograde path of the granulite facies metamorphism

The Rhyacian metamorphic events identified in the Bacaja domain were synchronous to
magmatic events found in this domain even though the correlation with formation of granitoids is
not always possible. Similar metamorphic events have been identified in other Transamazonian
domains and associated Archean blocks of the Amazonian craton and South America, especially
those related to syn- and post-collisional periods of the Rhyacian collage at 2.1 Ga. This collision
of eastern South America and western African continental plates triggered the fusion of the

Paleoproterozoic supercontinent.

Keywords: geochronology; high-grade metamorphism; Transamazonian cycle; Amazonian craton;

1 - Introduction

The Paleoproterozoic Era has an extensive distribution in the Precambrian geotectonic
units of South America, especially during the Transamazonian cycle when the platform had the
biggest continental growth (e.g. Brito Neves, 1999; Cordani and Sato, 1999; Schobbenhaus and
Brito Neves, 2003). Transamazonian rokcs are present in the Amazonian, Sdo Luis and Sao
Francisco cratons as well as in the Archean/Paleoproterozoic basement remnants within or
bordering the Meso- and Neoproterozoic belts from northeastern, central, southeastern and
southernmost parts of South America (e.g. Brito Neves, 1999; Tassinari and Macambira, 1999;
Almeida et al., 1981; 2000; Delgado et al. 2003; Santos et al. 2003; Schobbenhaus and Brito
Neves, 2003). Their orogenies have been correlated with those from the West African and Congo
cratons (Bertrand and Jardim de S&, 1990; Ledru et al. 1994; Feybesse et al., 1998; Brito Neves,
1999; Barbosa and Sabat¢, 2004).

Although reworking of Archean rocks was common during the Transamazonian cycle,
the formation of juvenile crust was important during these orogenies, especially in the
Amazonian craton (Cordani and Sato, 1999; Tassinari and Macambira, 1999; Sato and Siga
Junior, 2000). Surveys in the domains of the Maroni-Itacaitinas province have shown that they

have peculiarities that distinguish them in spite of their link to the same Transamazonian
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geological evolution. For example, in French Guiana (Fig. 1) there is a predominance of juvenile
rocks (Vanderhaeghe et al., 1998; Delor et al., 2003a), whereas the Archean component is
extensive in the Amapa block (e.g. Pimentel et al., 2002; Ricci et al., 2002; Avelar et al., 2003;
Klein et al., 2003; Rosa-Costa et al., 2003 and in press) and the Bacajd domain (Santos, 2003;
Macambira et al. 2004; Vasquez et al., submitted). Another peculiarity of the Bacaja domain is
the presence of Siderian rocks (Macambira et al., 2004; Faraco et al., 2005; Vasquez et al., 2005
and submitted). Although Siderian rocks are present in the Transamazonian domains from the
northern Borborema province (Brito Neves, 1999; Fetter et al., 2000), in other domains the
Siderian records are traces (inherited zircons) or mixed TpyNd dates between Archean and
Paleoproterozoic crust (e.g. Avelar et al., 2003; Rosa-Costa et al., in press).

Granulite belts with Archean and Paleoproterozoic protoliths/sources have been
recognized in the Transamazonian domains from South America (e.g. Hartman et al., 1999, 2000;
Silva et al. 2002a; Santos et al., 2003; Barbosa et al., 2004). In the Guiana shield, dating of
granulite belts has documented a late Transamazonian (< 2.1 Ga) history and the presence of
Archean protoliths/sources (Avelar et al. 2001; Lafon et al. 2001; Oliveira, 2002; Roever et al.
2003; Tassinari et al., 2004; Rosa-Costa et al. in press).

In the Bacaja domain, Ricci (2006a,b) recognized granulites and associated charnockitic
rocks, usually reequilibrated to shallower crustal levels conditions, which form a large high-grade
block (Fig. 1). As discussed below, previous geochronological data for rocks of this domain
indicated a reworking of the Archean basement during the Transamazonian cycle. However, the
precise ages of the high-grade metamorphic and anatectic events are completely unknown. The
U-Pb SHRIMP monazite and zircon dating as well as U-Pb ID-TIMS, Pb-evaporation and Sm-Nd
whole rock-garnet data presented here allow the timing of these tectonic-thermal events that

generated and affected high-grade rocks from the western Bacaja domain to be assessed.

2 - Geological Setting

The Bacaja domain is located in the southeastern Amazonian craton and represents the
southern part of the Maroni-Itacaiinas province (Cordani et al., 1979; Tassinari and Macambira,
1999, 2004), or the Trans-Amazonian province (Santos, 2003). To the south and west, it is
bordered by the Central Amazonian province (where the Archean Carajas province is included)

whereas to the north, it is covered by the Phanerozoic Amazon sedimentary basin. To the east, the
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Bacaja domain is bordered by the Neoproterozoic supracrustal rocks of the Araguaia belt (Fig. 1).

Evolutionary models for the Amazonian craton have distinguished an Archean domain
in the Central Amazonian province (Carajas block) from that reworked by Paleoproterozoic
events (Xingu-Iricoume block) (Dall’Agnol et al. 1999; Tassinari and Macambira, 1999, 2004;
Tassinari et al., 2000). This Archean domain is composed of Mesoarchean (3.0-2.87 Ga) and
Neoarchean (2.76-2.54 Ga) granitoid-greenstone terranes, whereas the basement of the Xingu-
Iricoume domain is poorly known due to limited exposures and widespread Orosirian to
Statherian (2.0-1.76 Ga) intrusions, and volcanic and sedimentary covers. Other authors have
proposed different limits and names to the geochronological provinces of the Amazonian craton.
For example, according to Santos (2003) and Santos et al. (2006), the Meso- (Rio Maria) and
Neoarchean (Carajas) domains, grouped in the Carajas province, spread to the west as far as the
Bacaja region. However, Vasquez et al. (2005) dated Rhyacian granitoids in the westernmost part
of the region, showing that this segment is part of the Maroni-Itacaiiinas province.

The Bacaja domain comprises Paleoproterozoic granitoids, supracrustal rocks and
charnockitic rocks as well as meta-igneous and metasedimentary granulites, migmatites and
inliers of Neoarchean orthogneisses. Previous isotope data indicated that the rocks from this
domain are related to the Transamazonian cycle (2.2—1.9 Ga) and its limits were first proposed in
the 1980’s, mainly based on Rb-Sr and K-Ar data. The Rb-Sr data suggested a Paleoproterozoic
reworking of the gneisses of the basement and the accretion of a juvenile crust of mafic volcanic
rocks (Cordani et al., 1984; Santos et al, 1988; Teixeira et al., 1989) that distinguished it from the
Archean province to the south. The Pb-evaporation, Nd isotopes and U-Pb SHRIMP data
confirmed the formation of Rhyacian rocks (2.07-2.21 Ga) and local occurrences of Neoarchean
(2.44 to 2.67 Ga), Siderian (2.31 and 2.36 Ga) and Orosirian (1.99 Ga) rocks (Macambira et al.,
2003, 2004; Santos, 2003; Faraco et al., 2005; Souza et al., 2003; Vasquez et al., 2005; Vasquez
et al., submitted).

The metamorphic events that generated the rocks from the Bacaja domain were
described in previous geological surveys. Jorge Jodo et al. (1987) identified a granulite facies
metamorphism, greenschist- to amphibolite facies in the supracrustal sequence and
migmatization events in the granitoids of the Altamira area. During the survey along the Iriri and
Xingu rivers, Santos et al. (1988) recognized meta-igneous and metasedimentary rocks of upper

amphibolite to granulite facies, migmatization events of orthogneisses and granitoids under
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Figure 1 - Sketch maps of the Amazonian craton with the location of the study area, the geochronological provinces
based on Tassinari and Macambira (2004) and the different segments of the Central Amazonian and Maroni-Itacaitinas
provinces.
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amphibolite conditions and greenschist- to amphibolite facies metamorphism in supracrustal
rocks. In the east, Oliveira et al (1994) identified similar metamorphic events in the high-grade
rocks of basement and associated supracrustal sequences. They suggested that the protoliths of
the orthogneisses were generated from anatexis of mafic and ultramafic rocks of Archean
greenstone belts and a subsequent low-pressure granulitic facies metamorphism of this basement

followed by a retrograde path (under amphibolite facies) related to thrusting tectonic.

3 - Geology of the Bacaja Domain

The Bacaja domain can be subdivided into two distinct regions: the eastern part and the
western part (Fig. 1). For a comprehensive discussion, each part is divided into several areas.
Geological surveys in the Bacaja domain grouped the lithologies in formal lithostratigraphic and
lithodemic units (Silva et al. 1974, Issler et al. 1974; Jorge Jodo et al. 1987; Oliveira et al. 1994;
Faraco et al. 2005). In this work, the rocks were grouped in lithologic associations in order to
avoid ambiguous correlations with formal units.

In the western part, the basement is composed of orthogneisses, paragneisses (high-
grade metasedimentary rocks), meta-igneous granulites and migmatites. They occur as massifs
and enclaves within granitoids. The main occurrences of orthogneisses are in the Uruara, Maribel
and Maneldo areas, whereas the most extensive body of high-grade metasedimentary rocks and

meta-igneous granulites is located in the Ilha Grande and Ipiacava areas (Fig. 2).

3.1 - Orthogneisses

The orthogneisses are light and dark grey banded gneisses with orthoamphibolite
boudins and local migmatitic structures. They are biotite and hornblende bearing metatonalites
and metagranodiorites with subordinate metamonzogranites and metaquartz diorites showing
polygonal and porphyroclastic textures. These metaluminous orthogneisses do not show
metamorphic diagnostic parageneses, however, the polygonal plagioclase and hornblende, as well
the migmatitic features and amphibolite boundins, indicate that they have undergone amphibolite
facies metamorphism (Vasquez et al., 2005). U-Pb SHRIMP and Pb-evaporation zircon ages
between 2671 and 2440 Ma were obtained for these orthogneisses (Tab. 1), indicating
Neoarchean to early Siderian protoliths for these meta-igneous rocks. In addition, Macambira et

al. (2004) obtained Nd isotope data for 2671+ 3 Ma orthogneiss from Maneldo area that indicated
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Table 1 - Summary of the previous geochronological data of rocks from the Bacaja domain.

Unit Area Rb-Sr (WR) Pb-evaporation U-Pb SHRIMP Sm-Nd (WR) References
isochron (Ma) / ¥’Sr/**Sr;  on zircon (Ma) on zircon (Ma) Tpm (Ga) / ENdy
Ortogneisses Maneldo 2671+3 2.67/+2.67 (1)
Uruard 2503 £10 /2581 + 6* (2)
Maribel 2487 £13 /2548 + 6 and 2521 + 14* 3)
Brasil Novo 2440 £ 7 (4)
Supracrustal rocks Terra do Meio 1990 £90/0.7032 5)
Trés Palmeiras 2359+3 1)
Ilha Grande 2452 +3 3)
Siderian granitoids Novo Repartimento 2313+9 (6)
2338+ 5 3)
Metasedimentary Terra do Meio 1820 —-1930/ %)
high-grade rocks 07116 - 0.7197
Uruara 2076 - 2361 4)
Ryacian granitoids Brasil Novo 2215+2 “)
Araras 2209 £2 3)
Brasil Novo 2182+ 6 2)
Belo Monte 2154 +£2 2.35/+0.21 @)
Volta Grande 2160+ 3 3)
Ipiacava 2147+5 3)
Novo Repartimento 2114 +35/-33 6)
Altamira 2133+ 10/2337 + 11*/2055 + 6° 3
Uruara 2104 +5 4)
Altamira 2102+3 3)
Brasil Novo 2077 £2 “4)
Novo Repartimento 2076 + 6 2.33/-0.60 @)
Novo Repartimento 2075+ 3 2.57/-4.12 7
Maneldo 2069 + 6 (8)
Charnockitic rocks Volta Grande 2086 + 5 2)
Maribel 2070+3 3)
Orosirian granitoids Uruara 1986+ 5 4)

Key to references: (1) Macambira et al. (2004); (2) Santos (2003); (3) Vasquez et al. (submitted); (4) Vasquez et al. (2005); (5) Santos et al. (1988); (6) Faraco et al. (2005); (7) Macambira et al. (2003);

(8) Souza et al. (2003).

Subtitles: * - inherited zircon crystals;

- new zircon crystals (?); WR - whole rock;

el
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a juvenile origin. However, the occurrence of inherited zircon populations in ca. 2500 Ma
orthogneisses from the Uruara and Maribel areas may suggest crustal sources or crustal

contamination (Vasquez et al., submitted).

3.2 - Metasedimentary high-grade rocks

The metasedimentary high-grade rocks are metapelites, quatz-rich metapsammites, and
rare calcsilicate rocks (described in Santos et al., 1988) and sillimanite-bearing quartzites.
Frequently, they have migmatitic structures and boudins of mafic granulites. There are stromatic
migmatites with vein-type leucosomes (Fig. 3A) to quartzo-feldspatic diatexites entrained with
biotite-rich schilliren and aggregates containing garnet, cordierite, sillimanite and biotite (Fig.
3B). The metasedimentary rocks crop out as usually dark grey gneissose pelites, light grey
granofels psammites, mesosomatic augen gneisses (Fig. 3C) with leucosomatic veins of
muscovite- and garnet-bearing leucogranites (Fig. 3D). Their mineral assemblages are composed
of plagioclase, K-feldspar, quartz, red biotite (Ti-high), garnet, cordierite and sillimanite (mainly
fibrolitic type). These assemblages have been described as pelites that underwent prograde
metamorphism and anatexis under upper amphibolite to granulite facies conditions (e.g. Passchier
et al., 1993; Yardley, 1994; Spear, 1995; Spear et al., 1999; Jung and Mezger, 2003a; Kim and
Chou, 2003). These authors have estimated P-T conditions at 4 to 6 kbar and temperatures
between 700 and 800 °C for these mineral assemblages, indicating low pressure and high-
temperature (LPHT) metamorphism. Previous Rb-Sr isochrons yielding values between 1820 and
1930 Ma were obtained for these paragneisses which have detrital zircon with Pb-evaporation

ages between 2076 and 2361 Ma (Tab.1).

3.3 - Meta-igneous granulites

The meta-igneous granulites are gneissose and granofels enderbites and
charnoenderbites associated with charnockitic rocks and metasedimentary high-grade rocks.
These orthogranulites host centimeter- to meter scale mafic granulite boudins, which probably
represent disrupted dikes. Mineral assemblages include plagioclase, K-feldspar, quartz, brownish
green hornblende, reddish brown biotite, orthopyroxene and clinopyroxene. Retrograde
metamorphic textures of pyroxenes as replacements, inclusions and intergrowths are common,

but locally pyroxene, hornblende and biotite are in equilibrium. Pyroxene-free enderbitic
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Figure 3 - Mesoscopy features of metasedimentary high-grade rocks from western Bacaja domain. (A) stromatic
migmatite; (B) aggregates of garnet and cordierite within pelitic diatexite ; (C) augen pelitic gneiss; (D) leucosomatic
veins of garnet-bearing leucogranite within pelitic migmatite.

Marcelo L. Vasquez -2006- Tese de Doutorado (CPGG-UFPA)



CAPITULO 6 116

granulites are common, especially in those bodies strongly affected by mylonitic deformation of
transcurrent shear zones (Ricci, 2006b). Relicts of pyroxene, antiperthites, mesoperthites and
associated mafic granulite boudins are evidence that these rocks reached granulite facies grades.
The protolith and metamorphic ages are not known, but metamorphic ages are expected to be
similar to those found for high-grade metasedimentary rocks reported in this paper. Mafic and
intermediate igneous rocks intruded meta-igneous granulites, and occur as sheets and stocks.

These intrusions are related to granulite facies metamorphism as discussed further on.

3.4 - Supracrustal rocks

The supracrustal sequences are usually seen as elongated bodies parallel to the NW-SE
regional trend. The Trés Palmeiras greenstone belt, in Volta Grande area, is the largest body (Fig.
2). These metavolcano-sedimentary sequences are comprised of metandesites, metabasalts,
metadacites, metatuffs, mafic schists, amphibolites, BIFs, quartzites, mica-, graphite- and quartz-
bearing schists. The metamafic rocks of the Trés Palmeiras greenstone belt are transitional
between island arc tholeiites and MORB showing a paragenesis of greenschist- to amphibolite
facies (Jorge Jodo et al. 1987). A Rb-Sr ischron yielded 1990 + 90 Ma for the mafic metavolcanic
rocks of the western part (Santos et al. 1988). Pb-evaporation zircon ages of 2359 = 3 Ma were
obtained for metandesite of the Trés Palmeiras greenstone belt and 2451 = 3 Ma for a dacitic
metavolcanoclastic rock associated with high-grade metasedimentary rocks from the Ilha Grande
area (Tab. 1), suggesting they are related to two distinct magmatic events (Vasquez et al.,

submitted).

3.5 - Granitoids

Granitoid batholiths are elongated parallel to the NW-SE transcurrent shear zones (Fig.
2), cutting the high-grade rocks and greenstone belts. They include hornblende- and biotite-
bearing granodiorites, tonalites and monzogranites with porphyroclastic to granular textures,
showing magmatic flow overprinted by a mylonitic foliation. Locally there are banded granitoids
cut by leucogranitic veins like orthogneisses and migmatites. Zircon dating enabled a group of
late Siderian (2338-2313 Ma) and Rhyacian (2215-2069 Ma) granitoids to be recognized (Tab. 1).
Moreover, among the Rhyacian granitoids, those older than 2100 Ma show evidence of

deformation at high-temperature (> 550°C), probably resulting from submagmatic flow, whereas

Marcelo L. Vasquez -2006- Tese de Doutorado (CPGG-UFPA)



CAPITULO 6 117

the youngest ones show preserved igneous textures and features, usually affected only by a solid
state deformation at low-temperatures (< 550°C) related to the NW-SE shear zone (Vasquez et al.,
2005). These authors identified a granitoid pluton of porphyritic biotite-bearing granodiorites and
tonalites showing abundant magma mingling and local deformation at low-temperature which
yielded a Pb-evaporation zircon age of 1986 = 5 Ma (Tab. 1). Nd isotope data of the ca. 2.1 Ga
granitoids from eastern Bacaja domain (Tab. 1) distinguished a Siderian juvenile source and

Neoarchean crustal source (Macambira et al. 2003).

3.6 — Charnockitic rocks

The bodies of charnockitic rock generally are elongated according to an E-W trend and
they are abundant in the Terra do Meio and Volta Grande areas (Fig. 2). Charnockites and
enderbites are the dominant types and charnoenderbites, mangerites and jotunites are subordinate.
Like the granitoids, there are charnockitic rocks with preserved igneous textures and others
showing ductile deformation at high-temperatures. Among the microtextures of these rocks, the
plagioclase shows blebby to stringy antiperthitic exsolution and mesoperthitic exsolution is
frequent in the K-feldspar. Pyroxene breakdown reactions are present as rims of biotite and/or
hornblende and fingery biotite intergrown with quartz lenses. Sometimes the pyroxenes are
completely replaced (pyroxene-free) or just in the form of pseudomorphs after pyroxene (Ricci,
2006a). A charnockite pluton in the Volta Grande area, previously considered as granite (the Belo
Monte monzogranite, Santos 2003), gave an U-Pb SHRIMP age of 2086+ 5 Ma and a jotunite
pluton in the Maribel area gave a Pb-evaporation age of 2070 + 3 Ma (Tab. 1). These
charnockitic rocks and the < 2100 Ma granitoids are related to the post-collisional magmatic

events of the Bacaja domain (Vasquez et al., submitted).

4 - Geochronology
4.1 - Analytical Procedures

Mineral concentrates were extracted using gravimetric (dry shaking table and heavy
liquids) and magnetic (isodynamic separator) techniques. The mineral separation was carried out
at facilities of the Federal University of Pard and the Geological Survey of Brazil. The analyzed
zircon, monazite and garnet grains were handpicking under a transmitted light stereomicroscope.

The powders of whole rock and garnet were prepared in a ring mill.
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Pb-evaporation, U-Pb isotopic dilution (ID-TIMS) and Sm-Nd analyses were
undertaken at the Isotope Geology Laboratory (Para-Iso) of the Federal University of Para using
the ion-counting system of a Finnigan MAT 262 mass spectrometer in isodynamic mode. The
procedures of the Pb-evaporation method are described in Kober (1986 and 1987) and the data
treatment was based on Gaudette et al. (1998). Lead isotopes from zircon grains were analyzed at
different evaporation temperatures and an age was calculated from the average of the **’Pb/*”°Pb
ratios for each evaporation step. Initial common lead corrections were base on the Stacey and
Kramers (1975) model and blocks with **°Pb/**Pb ratios lower than 2500 were usually
eliminated from the age calculations in order to minimize the common lead uncertainty. The
crystallization age of each sample was calculated using the mean value of the °’Pb/**°Pb ratios at
the highest temperature steps and at least four grains were used to define the age of each sample.
Crystals with lower ages which could reflect Pb-loss after crystallization, as well as grains
showing higher ages and considered as inherited, were arbitrarily rejected and not include in the
calculation of mean age. The effect of mass fractionation over the **’Pb/*”°Pb ratios were
corrected using a factor of 0.12 % + 0.03 per a.m.u., determined by repeated analyses of the
NBS-982 standard.

For U-Pb ID-TIMS analyses, the rims of zircon crystals were abraded following the air-
abrasion techniques of Krogh (1982) and the dissolution and U and Pb extraction procedures
were adapted from Krogh (1973) and Parrish (1987). The grains were previous ultrasonically
cleaned with methanol and a mixture of diluted HCI+HNO; and dissolved in Teflon micro-
capsules using HF+HNO; and then HCI. The heating during each step was at 245°C for 12 h in an
autoclave using Parr-type bomb. The tracer used for determinations of isotope ratios and

. 23571 205
concentrations of U and Pb was a “"U-

Pb spike. The mass fractionation of Pb was corrected
using a factor of 0.12% per a.m.u. and 0.18% per a.m.u. for UO,. The total blanks were < 20 pg
for Pb and <1 pg for U. The PBDAT program (Ludwig, 1993) was used to reduce raw isotope
data and the concordia plot was obtained by the Isoplot/Ex software (Ludwig, 2003).

The procedures used in the Para-Iso lab for Sm-Nd analyses of minerals and whole rock
are described in detail by Oliveira (2002). The whole rock and garnet powders (100 mg) were
dissolved in a mixture of HF+HNOj; in Teflon vessels, heated at 220°C for one week. For the

REE extraction, cation exchange chromatography techniques were used with Biorad Dowex 50x8

resin in HCl and HNO; media. Sm and Nd were subsequently separated by anion exchange
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chromatography techniques using Biorad Dowex AG1x4 resin and a HNO;—Methanol medium.
The concentrations of Sm and Nd were determined with a mixed ""°Nd—'*Sm spike, and the
isotope ratios were measured in multi-collection static mode, using a Ta-Re double filament. The
Nd data were normalized to a '**Nd/'**Nd ratio of 0.7219 and the repeated analyses of the La
Jolla standard yielded a mean "*Nd/"**Nd value of 0.511833 + 23 (20). The total blanks were <
100 pg for Nd and < 10 for Sm. The Sm-Nd isochrons were obtained by the Isoplot/Ex software
(Ludwig, 2003).

U-Pb SHRIMP analyses were undertaken on SHRIMP II and RG of the Research
School of Earth Sciences of the Australian National University, Canberra, Australia. Zircon and
monazite crystals were hand-picked, mounted in epoxy resin, grounded to half-thickness,
polished with 3 and 1 um diamond paste and gold-coated following established techniques of the
laboratory. The grains were photographed in reflected and transmitted lights, and internal
structures of minerals were investigated using scanning electron microscopy,
cathodoluminescence (CL) images for zircon crystals and backscattered eletron (BSE) images for
monazites. Analytical procedures on these ion microprobes follow methods described in
Compston et al. (1984) and Williams (1998). For the monazite analyses on SHRIMP II,
approximately 50% energy filtering of the secondary beam was applied in order to eliminate
isobaric interferences on ***Pb. The standard zircon SL13 (Claoué-Long et al., 1995) was used to

determinate U and Pb concentrations and the U/Pb ratios were referenced to the zircon standard
FC1 (Paces and Miller, 1993) and the monazite standard WB.T.329 (Williams et al, 1996). Raw

isotopic data were reduced using the Squid program (Ludwig, 2001) and age calculations and

concordia plots were done using Isoplot/Ex (Ludwig, 2003) and Squid software.

4.2 - Sample Descriptions and Results

Four samples of metasedimentary high-grade rocks and a quartz diorite sheet associated
with meta-igneous granulites were selected for this study; they were sampled from two distinct
bodies in the western part of the Bacaja domain (Fig. 2). Most of the metasedimentary high-grade
rocks were dated by different methods using zircon, and samples MVD26B and MVD34A were
selected for U-Pb SHRIMP dating of monazite. The quartz diorite MVD46A was only analyzed

by Pb-evaporation on zircon. Sm-Nd analyses were carried out on garnets and whole-rocks from
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samples MVD21 and MVD40.

The results are presented with analytical uncertainties given at 2c level in Pb-
evaporation and U-Pb ID-TIMS data and at 1o level in the U-Pb SHRIMP data Calculated ages
on pooled data are quoted at 95% confidence levels. For the Pb-evaporation analyses, Th/U ratios
were calculated based on the **Pb/**°Pb ratios, the step ages and lambda of ***Th and ***U, using

an EXCEL worksheet developed by Para-Iso staff.

4.2.1 - Pelitic Gneisses MVD21 and MVD26B

These pelitic gneisses are from paragneiss bodies of the Uruard area which occur as
mega enclaves (roof pendants) within Rhyacian granitoids (Fig. 2). They are gray banded
gneisses with porphyroblasts of garnet, and locally show migmatitic features such as discrete
leucosomatic veins of leucogranite and rare stromatic parts. The main mineral assemblage is
plagioclase, K-feldspar, quartz, red biotite (Ti-high) and garnet (Figs. 4A). The absence of
cordierite may indicate pressure conditions (slight higher) and composition (Fe>Mg) were more
favorable to development of garnet than cordierite (Yardley, 1994; Spear, 1995; Spear et al.
1999). Migmatitic features indicated that these metapetlites attained the second isograde of the
sillimanite (Yardley, 1994) in spite of the absence of sillimanite. Perhaps it means a complete
consume of this mineral during the dehydration reaction of biotite to form the garnet.

Zircon crystals of sample MVD21 are brown and light grey, round, equant and oblate
grains, long prisms are rare. They usually have well-defined rim-and-core structures with
rounded rims and cores (Fig. 4B), showing sector and planar growth zones in CL images (Figs.
5A and B). As a high-grade metamorphic rock of sedimentary origin, the round cores of zircon
may be detrital and the overgrowths related to metamorphic events. Many grains have CL-dark
rims and radial sealed microfractures (Fig. 5B), indicating radiation damage. For the Pb-
evaporation and ID-TIMS analyses grains from the 125-177 pum fraction were used, and for
SHRIMP analyses the 80-125 pum fraction was used. These zircon crystals produced a range of
Pb-evaporation ages between 2076 and 2360 Ma (Tab. 2), but few grains were analyzed and
many of them have high common lead (**°Pb/***Pb < 2500). **’Pb/**Pb step ages at high-
temperatures may represent crystallization ages of zircon grains, but it is difficult to evaluate the

influence of Pb-loss or inheritance (from the detrital cores).
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Figure 4 - Microscopy features of metasedimentary high-grade rocks from western Bacaja domain, in natural
transmitted light. Garnet porphyroblast (Grt) rimed by red biotite (Bt) and Fe-Ti oxides (Ox); (B) Detrital core (dc)
and overgrowths in rounded zircon crystals in the metapelite MVD21; (C) Different types of monazite in the
metapelite MVD26B; (D) Cordierite (Crd), biote and sillimanite (Sil); (E) Garnet and biotite; (F) Garnet, sillimanite
and biotite in the metapsammite MVD40.
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100 m

Figure 5- Cathodoluminescence images of analyzed zircon crystals of the samples MVD21 (A and B), MVD40 (C
and D) and MVD34A (E and F), with the ion microprobe spots and their their number in the parentheses and
respective “"Pb/"“Pb ages. Detail of detrital cores (dc), planar (pz) and sector (sz) zoning, dark (dr) and unzoned (ur)

rims, sealed fractures (sf) and striated grains (SG).
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Table 2 - Summary of Pb-evaporation isotopic data on zircon grains of metasedimentary high-grade rocks and a
quartz diorite sheet from the western Bacaja domain.

T n® of 206pp,/ 28pp/ W7pp/ W7pp/ step age
zircon _ (°C) _ ratios 24pp 26pp? 20 205pp 20 26pp? 20 (Ma) 20 Th/U"
Sample MVD21 — pelitic gneiss
1 1430 34 2392 0.07105 57 0.14527 17 0.13968 27 2224 3
2 1430 8 >1000000 0.05244 36 0.14119 116 0.14119 116 2242 14 0.16
1460 38 62500 0.13754 136 0.14359 32 0.14334 35 2268 4 0.43
1500 34 58824 0.16714 62 0.14653 31 0.14632 29 2304 3 0.52
3 1430 4 3922 0.07101 88 0.14473 52 0.14142 69 2245 8 0.22
4 1450 20 526  0.13329 120 0.1701 73 0.14597 29 2300 3
5 1450 30 3448 0.17928 187  0.15547 59 0.1513 83 2361 9 0.14
6 1430 26 1585 0.13623 562  0.14926 98 0.14112 69 2241 8
1480 8 1686  0.15567 76  0.15088 88 0.1432 98 2267 12
7 1430 32 2101 0.0431 9 0.15096 43 0.14469 56 2284 7
8 1450 26 2882 0.06727 158 0.13889 76 0.13427 66 2155 9 0.23
1500 28 41667 0.13847 345 0.14184 22 0.14142 34 2245 4 0.16
9 1430 30 2141 0.03397 14 0.13448 25 0.12837 31 2076 4
Sample MVD40 — metapsammite
1 1500 34 52632 0.13147 100 0.19387 4 0.19361 45 2773 4 0.41
1550 38 40000 0.14349 55 0.19532 3 0.19506 33 2786 3 0.45
2¢ 1500 34 38462 0.10949 52 0.12824 7 0.12786 64 2069 9 0.35
1550 16 50000 0.13579 255 0.13019 4 0.12993 54 2097 7 0.43
3 1450 8 13699 0.03932 44 0.20541 10 0.20455 99 2863 8 0.12
1500 32 250000 0.0757 61 0.24056 3 0.24054 34 3124 2 0.24
1550 30 333333 0.10084 45 0.24184 4 0.24182 36 3132 2 0.32
1600 16 >1000000 0.11139 58 0.24219 6 0.24219 55 3135 4 0.35
4 1450 40 7937 0.08248 97 0.17351 6 0.17183 85 2576 8 0.26
1500 36 41667 0.16434 38 0.20102 3 0.20075 35 2833 3 0.51
5¢ 1450 22 1488 0.16998 679 0.13519 9 0.12564 74 2038 10
1500 36 21739 0.0965 29 0.12883 3 0.12819 24 2074 3 0.32
1550 8 31250 0.06952 39 0.1287 4 0.12828 37 2075 5 0.22
6° 1450 22 4202 0.17346 418 0.12953 3 0.12647 24 2050 3
1500 34 31250 0.07414 71 0.12867 2 0.12828 24 2075 3 0.23
7° 1450 14 488 0.11947 467 0.18683 18 0.16182 165 2475 17
1500 36 10309 0.19293 66 0.17783 3 0.17659 31 2621 3 0.60
8 1450 8 3106 0.07043 72 0.18317 31 0.17922 309 2646 29 0.22
9 1500 4 76923 0.06356 65 0.12898 3 0.12881 38 2082 5 0.20
10¢ 1450 6 2105 0.1923 361 0.13392 3 0.12765 84 2066 12
1500 40 45455 0.09504 45 0.12824 4 0.12792 37 2070 5 0.30
11 1450 32 2710 0.07942 172 0.15821 6 0.15401 69 2391 8
1500 38 12500 0.17324 55 0.17051 3 0.16971 34 2555 3 0.54

Mean age (crystals 5, 6 and 10; 118 ratios) 2074 + 3 Ma / USD = 0.34
Sample MVD46A — quartz diorite

1 1500 32 16667 0.08058 98 0.12962 83  0.12906 75 2085 10 0.26
2 1500 36 1140  0.19076 257 0.13819 50 0.12673 136 2054 19
5 1450 38 20408 0.06030 594  0.12816 136 0.12741 140 2063 19 0.19
1550 16 10526 0.07888 1626  0.12733 204 0.12623 233 2046 33 0.25
7 1450 8 925  0.08409 1349 0.13171 175  0.11719 533 1914 82
1500 40 17241 0.09459 66 0.12888 36 0.12821 35 2074 5 0.30
8 1450 38 5814 0.1754 337 0.13015 22 0.12791 28 2070 4 0.55
1500 36 71429  0.13535 196  0.12864 36 0.12860 38 2079 5 0.42
9 1450 32 590 0.25523 598  0.14337 88 0.1237 140 2011 20
1500 38 10309 0.07148 59  0.12908 19  0.12794 19 2070 3 0.22
10 1450 12 4673  0.16360 771 0.13171 108  0.12743 65 2063 9 0.51
1500 34 35714 0.13209 63  0.12842 40 0.12804 41 2071 6 0.41
11 1500 40 18868  0.06231 63 0.12797 53 0.12754 34 2065 5 0.20
12 1450 18 2695  0.30602 181  0.13253 243 0.12762 246 2066 34
1500 32 23810 0.12214 32 0.12852 45  0.12798 39 2071 5 0.38
1550 40 43478 0.11339 33 0.12840 27 0.12808 30 2072 4 0.36

Mean age (crystals 7, 8,9, 10, 11 and 12; 260 ratios) 2071 =3 Ma / USD = 1.8

(@) Common lead corrected according Stacey and Kramers (1975).
(b) ratio calculated for steps with *®Pb/2Pb > 2500
(c) striated zircon population
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Some researchers using the stepwise evaporation of zircon crystals have also used the
Th/U ratios to distinguish between magmatic and metamorphic zircon (Doughety-Page and
Bartlett, 1999; Klotzli, 1999). Low U/Th ratios (< 0.1) have been found in zircon crystals
fromhigh-grade metamorphic rocks (e.g. Williams and Claesson, 1987; Hoskin, 1998; Vavra et
al., 1999; Rubatto et al., 2001; Rubatto, 2002). However, Vavra et al. (1999) observed that Th/U
ratio vary according to metamorphic grade and morphology with some metamorphic zircon
grains giving ratios > 0.1. Generally, however, there is a tendency for lower Th/U values in
metamorphic zircon when compared to igneous zircon, but this needs to be reconciled with the
petrographic and field evidence where possible.

Most of the analyzed crystals of sample MVD21 do not show clear Th/U ratio patterns
which would enable one to characterize these domains. However, grain 2 shows distinct zircon
domains with increasing Th/U ratios (0.16-0.52) with higher step ages (2242-2304 Ma) with
high-temperatures (Tab. 2), suggesting an igneous signature for the inherited core and a
metamorphic for its overgrowth. On the other hand, the increasing Th/U ratio toward the core
may be a result of other factors, such as leaching of Th by fluids or preferential partitioning of Th
into Th-rich minerals such as monazite and allanite during crystallization of the rims (Pidgeon et
al., 1998; Bartlett et al., 1998; Schaltegger et al., 1999).

The ID-TIMS U-Pb analysis of sample MVD21 was focused on internal parts of zircon
crystals. Under transmitted light, those grains with complex structures containing round (detrital)
cores or multiple overgrowths were not selected. The selected grains were abraded in order to
remove any possible rims. Seven grains yielded **’Pb/**°Pb ages between 2190 + 5 and 2274 + 1
Ma, most of them having high U contents and are moderately to highly discordant (Tab. 3).
Among them, five grains furnished an upper intercept age of 2278.9 + 4.8 Ma (Fig. 6A), that may
reflect a mixed age between a detrital core and growth zones related to younger metamorphic
events. Alternatively, this result could be related to a high-grade metamorphic event at ca. 2.3 Ga.
Both possibilities are discussed below.

The SHRIMP U-Pb analyses have revealed distinct concordant or near-concordant
zircon populations with *’Pb/*”°Pb ages around 2100, 2150, 2300, 2470, 2500 and 2600 Ma (Tab.
4). The distribution of more discordant points (> 10%) seems to reflect significant Pb-loss in the

zircon populations older than 2300 Ma (Fig. 6B).
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Table 3 - Summary of ID-TIMS U-Pb data on abraded zircon grains of the sample MVD21.

Sal‘nple Welght U Pb 206Pb/204Pb 26 206Pb/238Pb 20 207Pb/235U 26 207Pb/206Pb 20 207Pb/235U 206Pb/238U 207Pb/207Pb %

Fraction (mg) (ppm) (ppm) (%) (%) (%) %) ageMa)  age(Ma)  age (Ma) dise.
1 0.0096 827 301 1159.220 0.754 0.3454 0.669 0.3454 0.678 0.14259 0.107 2085 2259 2259 +2 15
2 0.0156 651 261 199.476  0.222 0.3007 0.486 0.3007 0.511 0.14152 0.145 1956 2246 2246 +£3 25
3 0.0057 845 344 433.826 0478 0.3329 0.321 0.3329 0.462 0.14245 0.327 2051 2257 2257+6 18
4 0.0071 1734 744 1835.320  0.597 0.3912 0.959 0.3912 0.963 0.14386 0.084 2203 2274 2274 £ 1 6
5 0.0091 1130 440 2019.130  0.519 0.3741 1.090 0.3741 1.090 0.14137 0.064 2148 2244 2244 £ 1 9
6 0.0036 1462 534 419.462 0.714 0.3210 0.551 0.3210 0.620 0.13706 0.267 1985 2190 2190 £ 5 18
7 0.0166 959 237 1092.270  0.323 0.2253 0.630 0.2253 0.634 0.13865 0.068 1695 2210 2210+ 1 41

STl
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Figure 6 - Concordia plots of the samples MVD21 (A to C) and MVD40 (F). U-Pb ID-TIMS analysis of abraded
zircon grains (A); U-Pb SHRIMP analyses of all zircon grains (B and D) and blurred rims (C).
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Table 4 - Summary of SHRIMP U-Pb data on zircon grains of the sample MVD21.

206Pb/238U

207Pb/206Pb

Grain. 206ppye U Th 206ppyx % Error

spot (%) (ppm)  (ppm) PTh/PU  (ppm) age” (Ma) age” (Ma) disc.  27Pb* 2Pbx? 195 WTppEASUT  pop  POphEA¥Ut 1o corrected
1.1 - 332 47 0.15 111 2121+ 12 2118.7+8 0 0.13155 0.45 7.065 0.81 0.3895 0.67  0.828
2.1 - 456 49 0.11 141 1982+ 11 2108 + 11 6 0.13074 0.61 6.488 0.9 0.3599 0.66  0.734
3.1 - 600 53 0.09 201 2125+ 11 2150.5+5.8 1 0.13396 0.33 7212 0.71 0.3905 0.62  0.882
4.1 0.63 306 149 0.50 79.6 1696 + 10 2265+ 10 25 0.14311 0.61 5.937 0.92 0.3009 0.69  0.749
5.1 - 2142 80 0.04 804 2336+ 10 2303.2+5.2 -1 0.1463 0.3 8.812 0.61 0.4368 0.53  0.872
6.1 - 309 234 0.78 126 2499 + 14 24741472 -1 0.16176 0.42 10.564 0.79 0.4736 0.66  0.842
7.1 0.06 355 174 0.51 107 1946 + 14 2439.7+7.3 20 0.15849 0.43 7.701 0.78 0.3524 0.65  0.834
8.1 1.07 154 56 0.38 449 1868 11 2388 £ 15 22 0.1537 0.87 7.123 12 0.3361 0.86  0.701
9.1 0.12 2920 129 0.05 591 1361.9+9.2 2226+ 12 39 0.13989 0.68 4537 1 0.2352 0.75  0.740
10.1 - 214 75 0.36 85.4 2461 + 15 2514+ 11 2 0.1656 0.65 10.61 0.97 0.4648 0.72  0.741
11.1 - 479 236 0.51 201 2563 + 13 2585.8 £8.5 1 0.17289 0.51 11.641 0.8 0.4883 0.61  0.766
12.1 - 421 56 0.14 142 2141+ 11 2114.9+72 -1 0.13126 0.41 7.128 0.75 0.3939 0.63  0.838
13.1 2.40 409 100 0.25 108 1694 + 14 2312+ 14 27 0.1471 0.81 6.093 12 0.3005 093  0.755
14.1 0.02 363 126 0.36 119 2090 + 12 24325+72 14 0.15782 0.43 8.335 0.77 0.383 0.65  0.834
15.1 - 562 43 0.08 183 2072+ 11 2096.6 5.2 1 0.1299 0.3 6.791 0.67 0.3792 0.6 0.895
16.1 0.34 376 298 0.82 151 2470 + 14 24933 + 6.9 1 0.16361 0.41 10.53 0.78 0.4668 0.67  0.851

Errors are 1o; Pb° and Pb* indicate the common and radiogenic portions. respectively.

Error in standard calibration was 0.11% (not included in above errors but required when comparing data from different mounts).

(a) Common Pb corrected using measured ***Pb.
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The youngest near-concordant points (< 2150 Ma) are from unzoned rims (fading of
growth zones) of zircon crystals whereas the others are from intermediate parts and cores (Fig.
5B). The analyses sited in the rims have Th/U ratios between 0.08 and 0.15 (Tab. 4), which are
close to metamorphic values. On the other hand, most of the older near-concordant points have
Th/U ratios > 0.5, suggesting an original igneous origin for the detrital zircon crystals

The youngest grains yielded an upper intercept age of 2109.0 + 8.7 Ma (Fig. 6C) that
may be interpreted as the age of the overgrowth or recrystallization of zircon crystals during a
granulite facies metamorphism. Alternatively, it could be related to the crystallization of new
growths during an anatectic event. The sample MVD21 does not show clear and abundant
migmatite features, but this paragneiss may have undergone an incipient partial melt.

Reliable isotope data for detrital zircon and some qualitative procedures discussed below
are used to determine the ages of the main sources of sediments that formed these Al-rich
metasedimentary high-grade rocks. The sample MVD21 has Neoarchean populations (Fig. 7A)
that may reflect sources related to 2.67-2.44 Ga rocks of the Bacaja domain. However, there is
uncertainty about the meaning of the ’Pb/**°Pb ages about 2300 Ma and between 2244 and 2274
Ma because they could be mixed ages or age of growths formation related to a high-grade
metamorphic event. The spot 5.1 with a *“’Pb/***Pb age of 2303.2 + 5.2 Ma and Th/U ratio of
0.04 (Tab. 4) is located at a growth zone (an intermediate zone) over a detrital core (Fig. 5A),
reinforcing a metamorphic origin for this grain. Alternatively, these sedimentary rocks could
have high-grade rocks or Th-depleted rocks of ca. 2300 Ma among their sources.

Viewed using a normal petrographic microscope, the garnet from sample MVD21 shows
few mineral inclusions, most of them being quartz and feldspar of the matrix or red biotite and
Fe-Ti oxides from breakdown reactions that also developed on the rims of porphyroblasts (Fig.
4A). Inclusions of LREE-rich minerals such as allanite or monazite are not found and zircon and
apatite inclusions are rare. The '’Sm/'**Nd ratio of garnet of the sample MVD21 is about ten
times higher than the whole rock value (Tab. 5), giving a large spread in the mineral-whole rock
and a precise value of 2024.6 = 1.9 Ma (Fig. 8A). This Sm-Nd mineral age may be interpreted as
the age of garnet crystallization during a high-grade metamorphic event (e.g. Passchier et al.,

1993; Rollison, 1993; Sato et al., 1995).
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Figure 7- Histogram plots of number of analyzed zircon grains against *’Pb/*Pb ages and relative probably curve

indicating zircon source ages of the samples MVD21 (A) and MVDA40 (B).
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Table 5 - Sm-Nd isotopic data for whole rock and garnet crystals of the samples MVD21 and MVDA40.

sample Sm (ppm) Nd (ppm) Sm/**Nd 20 "Nd/Nd 20
MVD21/WR 2.57 9.57 0.16253 0.00003 0.511737 0.000010
MVD21/G 3.10 1.12 1.67663 0.00016 0.531918 0.000017
MVD40/WR 3.22 20.01 0.09725 0.00013 0.510702 0.000014
MVD40/G 3.08 8.22 0.22670 0.00006 0.512585 0.000016
WR — whole rock and G - garnet
Marcelo L. Vasquez -2006- Tese de Doutorado (CPGG-FPA)
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Figure 9 - Backscattered electron images of analyzed monazite crystals of the samples MVD26B (A and B) and
MVD34A (C and D), with the ion microprobe spots their number in the parentheses and respective *’Pb/*Pb ages.
Detail of inherited cores (ic) and overgrowth rims (or).
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Table 6 - Summary of SHRIMP U-Pb data on monazite grains of the sample MVD26B.

ZOGPb/ZBSU

207Pb/206pb

Grain.  2Pp* U Th 206pp* % Error
spot (%) (ppm)  (ppm) 2Th”®U  (ppm) age” (Ma) age” (Ma) disc.  27Pb* A%Pb*" 19, ppASUT 19, PPu*/APUY 4%  corrected
1.1 0.01 8834 62923 7.4 2980 213820 2071.2+4 -3 0.12803 0.23 6.941 1.1 0.3932 1.1 0.980
2.1 0.05 4888 98114 20.7 1640 2123 +21 2054.1 £4.7 3 0.1268 0.26 6.817 12 0.3899 1.1 0.974
22 0.01 6332 66441 10.8 2190 2183 £21 2119.7+42 -3 0.13162 0.24 7312 1.2 0.4029 1.1 0.978
3.1 0.06 7455 48664 6.7 2440 2083 £ 20 2077.8 4.2 0 0.12852 0.24 6.758 1.1 0.3814 1.1 0.979
4.1 0.01 8410 74266 9.1 2800 2108 £ 20 2068.6 £ 4.7 2 0.12785 0.26 6.818 1.2 0.3868 1.1 0.973
5.1 0.00 9302 64830 7.2 3030 2070 + 20 2071.6+4.8 0.12806 0.27 6.685 1.2 0.3786 1.1 0.972
6.1 0.00 9135 69761 7.9 2990 2079 + 20 2069.6 + 3.8 0.12792 0.22 6.713 1.1 0.3806 1.1 0.982
7.1 0.01 5892 54157 9.5 1990 2141 +21 21294+ 4.1 -1 0.13235 0.24 7.19 12 0.394 1.1 0.979
8.1 0.01 6254 103110 17.0 2050 2081 +20 2059.5 £ 4.2 -1 0.12719 0.24 6.683 12 0.381 1.1 0.978
9.1 0.01 4139 64025 16.0 1370 210221 2063.4+53 2 0.12747 0.3 6.775 12 0.3855 1.1 0.967
10.1 0.00 5714 107861 19.5 1840 2055 £ 20 2055.7+43 0.12692 0.25 6.571 1.2 0.3755 1.1 0.977
11.1 0.02 4900 103096 21.7 1580 2058 + 20 2059.2+4.6 0.12717 0.26 6.596 1.2 0.3762 1.1 0.975
112 0.01 5494 88125 16.6 1770 2058 £20 2055+ 4.6 0.12687 0.26 6.577 1.2 0.376 1.1 0.975
12.1 0.00 4374 107149 25.3 1430 2085 £ 20 2052.9 +4.8 2 0.12672 0.27 6.671 1.2 0.3818 1.1 0.973
13.1 0.00 8582 69103 8.3 2810 2084 + 20 2069.5+3.8 -1 0.12791 0.21 6.731 1.1 0.3816 1.1 0.982
14.1 0.01 4783 73200 15.8 1540 2053 +20 2060 + 4.5 0.12722 0.25 6.577 12 0.3749 1.1 0.976
15.1 0.53 5828 100019 17.7 1930 2092 + 20 2084.1 +8.1 0.12898 0.46 6.818 12 0.3834 1.1 0.927
152 0.03 8706 78645 9.3 2850 2083 + 20 2055.1+4 -1 0.12687 0.23 6.673 1.1 0.3814 1.1 0.980
16.1 0.01 5337 49731 9.6 1790 2128 21 21209+42 0 0.13171 0.24 7.102 1.2 0.3911 1.1 0.978

Errors are 1o; Pb° and Pb* indicate the common and radiogenic portions. respectively.

Error in standard calibration was 0.59% (not included in above errors but required when comparing data from different mounts).
(a) Common Pb corrected using measured ***Pb.
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Monazite from sample MVD26B occurs as interstitial minerals and inclusions in quartz
and feldspar. They are yellow, light grey, pinkish grey and reddish brown grains with 150 to
250um of diameter, usually showing rounded and ellipsoidal shapes (Fig. 4C). BSE images
reveal rim-and-core structures in some grains displaying BSE-bright (higher U, Th) rims and
BSE-dark (lower U, Th) cores (Figs. 9A and B). The SHRIMP U-Pb analyses (Tab. 6) allow
three monazite populations to be identified: cores with a mean **’Pb/*°°Pb age of 2123+ 4.8 Ma;
cores and rims with a mean age of 2071.4 + 3.5 Ma and a last population mainly composed of
rims with mean age of 2057 + 3.3 Ma (Fig. 10A). All analyzed grains are concordant or near-
concordant reinforcing the distinct character of these monazite populations. The younger BSE-
bright rims usually are associated with high Th contents (e.g. spot 2.1 with ~ 100,000 ppm — Tab.
6), whereas the older cores are BSE-dark (Fig. 9A). These rims seem to have been overgrown or
recrystallized on previous monazite crystals of 2123 Ma and 2071 Ma. The meaning of the
tectonic-thermal history related to formation of each monazite population is discussed in a later

section.

4.2.2 - Metapsammite MVD40

Sample MVD40 is a metapsammite from the high metamorphic grade rocks of the Ilha
Grande area (Fig. 2). It occurs as a light grey metric layer (~3m thick) granofels metapsammite
intercalated with gneissose metapelite and sillimanite-bearing quartzite metric layers. There are
also centimeter wide garnet-bearing leucosomatic veins cutting the layering of these
metasedimentary high-grade rocks. The main mineral assemblage of this metapsammite is quartz,
K-feldspar, plagioclase, cordierite (Fig. 4D), red biotite (Ti-high), garnet (Fig. 4E) and sillimanite
(Fig 4D and F), indicating that these Al-rich metasedimentary high-grade rocks gneiss attained P-
T conditions of granulite facies metamorphism (Passchier et al., 1993; Yardley, 1994; Spear,
1995). The cordierite developed at expense of biotite and sillimanite (Fig 4D), possibly the garnet
was formed from a similar progressive reaction (Fig 4F).

Two main zircon populations were distinguished in sample MVD40: one composed of
brown and light grey, long prisms (> 200 um of length), with few rounded and irregular shapes,
showing striated surface, cracks and few mineral inclusions; another population is composed of

smaller grains, with light grey and yellow colors, euhedral and rounded shapes, usually showing
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Figure 10 - Concordia plots of U-Pb SHRIMP analyses on monazite grains of the samples MVD26B (A) and
MVD34A (B).
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rim-and-core structures and mineral inclusions. CL images of the long striated grains show low
luminosity and the striated pattern seems to produce alternating light grey and dark bands or
patches on sector zones (Fig. 5C). Rare rim-and-core structures are observed. The rounded grains
usually show planar oscillatory growth and sector zoning (Fig. 5D) and CL-dark rims are
uncommon.

The Pb-evaporation analyses on zircon of sample MVD40 give Archean ages (step ages
at > 1500°C) between 3135 and 2550 Ma (Tab. 2) for the rounded grains and the striated long
grains gave a mean age of 2074 = 3 Ma (Fig. 11A). The Archean ages may be interpreted as the
ages of sources of detrital zircon of the precursor psammite, whereas the late Rhyacian age of the
striated grains could be the age of formation of this zircon population, probably during granulite
facies metamorphism. These striated grains do not have the typical multifaced morphology of
new zircon grains of granulite facies metamorphism (e.g. Schaltegger et al., 1999; Hoskin and
Schaltegger, 2003). However, Tichomirowa et al. (2005) have correlated the predominance of
long prism shapes and the lower degree of rounding of new zircon grains to low abundance of
garnet (it is about 5% in MVD40) in quartz feldspathic layers and consequently low zircon
solubility. Alternatively, these striated grains could be related to anatexis of this metapsammite.
Even though no migmatitic features have been observed in the selected sample, the occurrence of
leucosomatic microveins can not be discounted.

The decreasing Th/U ratio and the younger step ages toward low-temperatures in the
rounded grains, as observed in grain 3 (Tab. 2) may reflect the granulite facies metamorphism on
detrital zircon. Th/U ratios > 0.1 were reported for leucosome zircon grains by Vavra et al. (1999),
and similarly, the Th/U ratios of between 0.22 and 0.32 obtained for the striated grains could
reflect growth related to a discrete migmatization of the metapsammite.

U-Pb SHRIMP results of the population of rounded zircons of sample MVD40 (Tab. 7)
are similar to the 2’Pb/*”°Pb data obtained by Pb-evaporation method for this population. The
bigger number of SHRIMP analyses, however, gave a larger range of ages for the detrital zircon
populations (Fig. 7B). Therefore, metapsammites of the Ilha Grande area are distinguished from
metapelites of the Uruara area by Mesoarchean sources and part of its Neoarchean sources (2743

and 2773 Ma) that are older than of Neoarchean rocks found in the Bacaja domain.
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Table 7 - Summary of SHRIMP U-Pb data on zircon grains of the sample MVD40.

Grain. 206ppye U Th 206ppyx “pp/AU “Pb/**Pb % Error
spot (%) (ppm)  (ppm) PTh/AU  (ppm) age” (Ma) age” (Ma) disc.  27Pb* 2Pbx? 195 WTppEASUT  pop  2OphE¥Ut Lo corrected
1.1 0.06 1575 137 0.09 499 2021.6+9.6 2381.5+ 6.4 15 0.15316 0.38 7.778 0.67 0.3683 0.55  0.827
2.1 - 137 62 0.47 59.4 2632+ 18 2619 + 30 0 0.1764 1.8 12.26 2 0.5043 0.81  0.406
22 - 167 74 0.45 73.9 2678 + 18 2627 +21 2 0.1772 1.3 12.59 15 0.5151 0.83  0.540
3.1 - 193 122 0.65 83.9 2639 £ 16 2608.7+9.2 -1 0.17528 0.56 1222 0.92 0.5058 0.74  0.799
4.1 - 616 252 0.42 293 2843+ 15 2803 + 26 -1 0.1972 1.6 15.07 1.7 0.5543 0.67 0383
5.1 - 699 112 0.17 369 3091 + 14 3122425 1 0.2403 1.6 20.38 1.7 0.6152 0.59  0.349
6.1 - 229 88 0.40 95.3 2544 £ 16 2565 +£27 1 0.1707 1.6 11.39 1.8 0.4839 0.76  0.430
6.2 - 1475 80 0.06 596 2487 + 11 2502 + 13 1 0.1645 0.8 10.68 0.97 0.4708 0.55  0.570
7.1 - 726 131 0.19 320 2669 + 13 2519.9+5.9 -6 0.16622 0.35 11.756 0.68 0.513 059  0.861
8.1 - 547 139 0.26 252 2767 + 13 3036+ 18 9 0.2277 1.1 16.82 1.3 0.536 059 0461
9.1 - 196 142 0.75 89.3 2747 + 17 2745 +18 0 0.1903 1.1 13.94 1.4 0.5312 0.78  0.570
10.1 0.02 582 89 0.16 198 2151+ 11 2290+9.3 6 0.14519 0.54 7.93 0.8 0.3961 059 0737
102 - 133 101 0.78 57.4 2622+ 18 2594+ 11 -1 0.1738 0.65 12.03 1.1 0.502 0.84  0.791
11.1 - 351 119 0.35 176 2959+ 16 2903 + 16 2 0.2097 0.99 16.84 12 0.5825 0.67  0.557
12.1 - 543 243 0.46 257 2829 + 14 2908 +18 3 0.2104 1.1 15.98 12 0.5509 0.59  0.482
13.1 - 53 77 1.51 249 2825+27 2773 + 14 2 0.1936 0.86 14.69 1.5 0.5501 12 0.814
14.1 - 713 286 0.42 268 2344 + 12 2683.1+ 9.5 13 0.1833 0.58 11.085 0.83 0.4386 059 0716

Errors are 1o;

Pb° and Pb* indicate the common and radiogenic portions. respectively.

Error in standard calibration was 0.11% (not included in above errors but required when comparing data from different mounts).

(a) Common Pb corrected using measured ***Pb.
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The more discordant points of sample MVD40 have a distribution that suggests Pb-loss
related to Transamazonian metamorphic events (Fig. 6D). The Pb-evaporation ages of about 2074
Ma obtained for striated zircon crystals have shown that they were affected by the
Transamazonian high-grade metamorphism but it was not clearly registered on rounded zircons
as new growth.

Garnet crystals from the sample MVD40 (Fig. 4E) are small (< 0.5 mm-diameter) and
mineral inclusions are rare, especially of LREE-rich minerals. The spread of the '*’Sm/'**Nd
ratios between garnet and whole rock is small (about a factor of two, Tab. 5), and the whole rock-

mineral isochron gave a date of 2208 + 24 Ma (Fig. 8B). These data are discussed below.

4.2.3 - Pelitic Migmatite MVD34A

Al-rich metasedimentary high-grade rocks strongly affected by migmatization processes
occur in the Ilha Grande body. They are anatexites and few diatexites, where the mesosome is
represented by light grey augen gneisses and gneissose metapelites with interlayered and tightly
folded leucosomatic veins of garnet- and muscovite-bearing leucogranites (Fig. 3D). Sample
MVD34A represents the mesosome of an augen gneiss (Fig. 3C) that petrographically shows
interlobated granoblastic and polygonal arrays of quartz-feldspar aggregates, clusters of reddish
biotite and poikiloblastic garnet. They have garnet-bearing leucosomatic veins (Fig. 3D) with
retrograde muscovite. The absence of sillimanite and cordierite can be explained by the same
reasons proposed to the metapelites from the Uruard area (samples MVD21 and MVD26B). In
addition, the retrograde muscovite in the leucosomatic veins suggests that they are formed under
H,O-saturated conditions (Johannes and Holtz, 1996 and references therein). Therefore, this
anatexis should be under amphibolite facies conditions.

Zircon usually occurs as inclusions in biotite, whereas monazite is intergranular in
quartz-feldspar aggregates or small inclusions (< 100um) within quartz. Only a small grain of
monazite was observed as an inclusion within garnet, probably filling a fracture. Zircon from the
sample MVD34A does not show typical morphologies found in the metapelites and
metapsammites. They are euhedral, with short and long prisms, sometimes acicular, slightly
rounded with brown and grayish brown colors. Many grains show fractures and radiation damage.

In CL images they show planar oscillatory zoning partially or totally unzoned by CL-grey rims
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and patch zones (Figs. 5E and F). These affected zones have high common lead and U contents
(Tab. 8), corresponding to metamict zones of zircon. Monazite has pinkish brown and reddish
grey colors, rounded and irregular shapes and mineral inclusions (zircon and Fe-Ti oxides?). In
BSE images many grains show rim-and-core structures marked by BSE-dark cores and BSE-
bright rims (Figs. 9C and D).

The zircon from the sample MVD34A was analyzed by the SHRIMP U-Pb method and
the results gave an upper intercept age of 2147.3 £ 7.4 Ma (Fig. 6E). This value was interpreted
as the age the zircon grains crystallized from a melt related to a metamorphic event that affected
these paragneisses, probably the start of the migmatization event. The results used to calculate the
age are from spots located on central areas (Figs. SE and F), but some cores gave higher ages
(2463-2746 Ma, Tab. 8) indicating inherited populations, probably of detrital zircon grains. For
monazite (Tab. 9), the BSE-dark cores yielded a mean **’Pb/*’°Pb age of 2132.9 + 4.6 Ma,
whereas the BSE-bright rims gave a concordia age of 2073.3 + 2 Ma (Fig. 10B). These results
show the existence of inherited monazite, probably related to the first migmatization, plus a

second population related to a younger high-grade metamorphic event.

4.2.4 - Quartz Diorite MVD46A

To the west, the [lha Grande metasedimentary high-grade rocks border an extensive
body of meta-igneous granulites mainly composed by enderbite and charno-enderbite gneisses as
well as several mafic granulite boudins (Fig. 2). These granulites frequently have associated
quartz leucogabbros veins and quartz diorite sheets that could be interpreted as retrograde mafic
granulites, but many of them have preserved igneous textures and do not show relicts of granulite
facies mineral assemblage or typical microtextures. Sample MVD46A is an inequigranular quartz
diorite with a strong magmatic flow marked by alignment of plagioclase crystals and brown
biotite flakes. Sample MVD46A has three zircon populations: light yellow, euhedral, few striated,
acicular prisms; brownish, subhedral, long prisms with irregular and rounded terminations and
rich in inclusions, cracks and striates, and pinkish, short pyramids with euhedral rims and
rounded cores. Six grains yielded a mean age of 2071 = 3 Ma (Tab. 2 and Fig. 11B) interpreted as

crystallization age of this quartz diorite sheet.
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Table 8 - Summary of SHRIMP U-Pb data on zircon grains of the sample MVD34A.

Grain. ®Pb* U Th 2W6ppyx “Pb/TU “"Pb/**Pb % Error
spot (%) (ppm)  (ppm)  **Th/*U  (ppm) age” (Ma) age” (Ma) disc.  27Pb* APb*" 19 27Pb*AUT 19, 2Pb¥APUT 19, corrected
1.1 6.88 4113 285 0.07 162 268.7+3.0 1120 + 220 76 0.0770 11 0.452 11 0.04526 1.2 0.102
2.1 0.31 167 31 0.19 46.0 1791 +£ 18 2151 +£13 17 0.13405 0.71 5917 14 0.3202 1.2 0.850
3.1 0.08 121 83 0.70 41.5 2159 +22 2148.0 £ 10 -1 0.13377 0.60 7.336 1.4 0.3978 1.2 0.896
4.1 0.07 305 152 0.52 115 2351 +22 24653 £ 11 5 0.1609 0.63 9.76 1.3 0.4402 1.1 0.870
5.1 0.05 602 90 0.15 163 1769 + 17 21247+7.0 17 0.13200 0.40 5.748 1.1 0.3159 1.1 0.936
5.2 1.33 2919 84 0.03 157 386.8+4.0 1076 + 52 64 0.0753 2.6 0.642 2.8 0.06185 1.1 0.379
6.1 0.70 524 78 0.15 195 2306 + 22 2746 + 18 16 0.1906 1.1 11.29 1.6 0.4301 1.1 0.718
7.1 2.21 5213 110 0.02 272 3717 1242 + 65 70 0.0819 33 0.670 35 0.05935 1.1 0.303
8.1 0.47 462 442 0.99 116 1651 + 16 1984 + 13 17 0.12192 0.71 4.907 1.3 0.2919 1.1 0.832
9.1 3.66 692 229 0.34 193 1749 + 17 2112+ 67 17 0.1313 3.6 5.63 4.0 0.3118 1.1 0.279
10.1 0.38 521 154 0.30 169 2059 £ 19 2133+ 10 3 0.13268 0.56 6.883 1.2 0.3763 1.1 0.884
11.1 0.79 5289 321 0.06 190 261.5+2.7 824 £37 68 0.0666 1.8 0.3800 2.0 0.04140 1.0 0.511
12.1 0.21 4485 49 0.01 573 892.0+19 1804.3+ 6.8 51 0.11030 0.37 2.257 1.1 0.1484 1.0 0.940
13.1 1.70 3887 53 0.01 149 277.7+2.9 752 +£72 63 0.0643 34 0.390 3.6 0.04403 1.1 0.300
14.1 14.72 10310 706 0.07 224 137.2+2.1 1314 + 460 90 0.085 23 0.252 24 0.02151 1.6 0.065
15.1 2.86 2404 30 0.01 443 1216 £ 12 1949 + 56 38 0.1197 29 3.42 33 0.2075 1.1 0.322
16.1 0.52 1901 401 0.22 668 2201 £ 19 21422 +9.8 -3 0.13336 0.53 7.481 1.2 0.4069 1.0 0.880
17.1 0.01 843 325 0.40 313 2317+ 21 2448.0 £4.1 5 0.15927 0.24 9.50 1.1 0.4326 1.1 0.976
18.1 3.44 5607 258 0.05 720 866.2 £ 8.6 1913+ 68 55 0.1173 3.6 2.322 3.9 0.1438 1.1 0.269
19.1 2.86 1707 240 0.15 409 1541 £ 15 2065 + 52 25 0.1278 2.7 4.75 3.1 0.2700 1.1 0.341
20.1 6.28 232 168 0.75 82.6 2100 + 24 2066 + 130 -2 0.1281 6.9 6.78 7.5 0.3851 1.3 0.181
21.1 0.43 1294 240 0.19 533 2513 +22 2156.0 £8.5 -17 0.13441 0.46 8.83 1.2 0.4768 1.0 0.907
22.1 0.72 286 121 0.44 76.0 1724 + 24 2423 + 18 29 0.1570 1.0 6.64 1.9 0.3066 1.6 0.835
23.1 0.11 199 66 0.34 73.9 2315+24 2451+ 12 0.1596 0.73 9.51 1.4 0.4321 1.2 0.864
24.1 0.04 409 132 0.33 136 2107 £20 21592+7.5 0.13463 0.43 7.177 1.2 0.3866 1.1 0.933
25.1 0.58 1309 403 0.32 229 1190 + 18 2001 £12 41 0.12307 0.77 3.438 1.8 0.2027 1.6 0.899
26.1 0.42 1995 27 0.01 561 1818+ 16 21244+ 8.4 14 0.13200 0.46 5.930 1.1 0.3259 1.0 0.908

Errors are 1o; Pb° and Pb* indicate the common and radiogenic portions. respectively.

Error in standard calibration was 0.35% (not included in above errors but required when comparing data from different mounts).
(a) Common Pb corrected using measured ***Pb.
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Table 9 - Summary of SHRIMP U-Pb data on monazite grains of the sample MVD34A.

ZOGPb/ZSSU

207Pb/206pb

Grain.  2%°pp° U Th 206py Error

spot (%)  (ppm)  (ppm) ’Th/P*U  (ppm) age” (Ma) age” (Ma) %disc.  2Pb* A%Pb*" 19, 2Tpb¥/ASUT 19, 2pp*APU 19, Correc.
1.1 0.04 6914 85459 12.8 2270 2080+ 10 2075.7+3.0 -0.54 0.12837 0.17 6.765 0.59 0.3822 057  0.957
2.1 0.01 7746 72228 9.6 2520 2070.1+9.8 2081.8+2.5 0.56 0.12881 0.14 6.726 0.57 0.3787 0.56  0.969
3.1 0.01 7831 67753 8.9 2570 2083 =10 2076.7+2.5 -0.30 0.12844 0.14 6.755 0.60 0.3815 058 0972
4.1 0.00 6730 74152 114 2190 2072.7+9.9 20743 +3.8 0.08 0.12826 0.21 6.707 0.60 0.3792 0.56  0.934
42 0.02 6574 53369 8.4 2180 210412 2129.5+4.1 1.20 0.13236 0.24 7.044 0.72 0.3860 068 0944
5.1 0.02 7644 65977 8.9 2520 2090+ 10 2077.8 £2.4 -0.59 0.12851 0.14 6.786 0.58 0.3830 056 0971
6.1 0.02 7412 70632 9.8 2410 2065+ 11 2073.6+2.5 0.41 0.12821 0.14 6.675 0.65 0.3776 0.64 0976
7.1 0.02 4682 71305 15.7 1570 211910 2133.9+ 4.1 0.70 0.13269 0.23 7.120 0.62 0.3892 0.58  0.928
8.1 0.01 7168 70428 10.2 2340 2078+ 13 2059.3 +2.6 -0.91 0.12717 0.15 6.670 0.72 0.3804 071 0979
9.1 0.01 6686 67270 10.4 2180  2070+12 2065.3 +5.6 -0.23 0.12761 0.32 6.662 0.76 0.3787 0.69  0.908
10.1  0.04 8439 63552 7.8 2730 2061 = 12 20743 +3.5 0.64 0.12827 0.20 6.662 0.70 0.3767 0.67  0.960
11.1 - 7920 66359 8.7 2550 2055+ 11 2077.3+3.9 1.07 0.12848 0.22 6.652 0.65 0.3755 0.61 0942
121 0.03 3348 68666 212 1120 2122+11 21352+39 0.62 0.13279 0.22 7.138 0.65 0.3899 061  0.940
131 001 7875 68795 9.0 2550  2059.5+2.6 2069.8 £ 2.6 0.50 0.12793 0.15 6.640 0.58 0.3764 0.56  0.966
132 007 6072 55299 9.4 1990 2079+ 10 2109.5 + 4.4 1.45 0.13086 0.25 6.868 0.63 0.3806 058 0917
141 0.01 5787 66333 11.8 1860 204711 2070.4+3.2 1.13 0.12798 0.18 6.593 0.64 0.3737 0.62  0.960

Errors are 1o; Pb° and Pb* indicate the common and radiogenic portions. respectively.

Error in standard calibration was 0.22% (not included in above errors but required when comparing data from different mounts).
(a) Common Pb corrected using measured ***Pb.
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5 - Discussion and Interpretation
5.1 - Age of the sources of the metasedimentary high-grade rocks

Although it has not been the objective of this study to identify the source of detrital
zircon and the procedures recommended in classical sedimentary provenance studies (e.g. Fedo et
al. 2003; Vermeesh, 2004; Andersen, 2005) were not followed, the Pb-evaporation and U-Pb
results of the zircon from Al-rich metasedimentary high-grade rocks gave an idea of ages of
sources of these rocks. Some qualitative criteria were selected in order to more rigorously
interpret the data. For example, zircon grains that were probably affected by, or crystallized
during, metamorphic events (**’Pb/*”°Pb ages < 2200 Ma) were rejected. In the case of sample
MVD?21, although some grains with Pb-evaporation and U-Pb SHRIMP zircon ages < 2300 Ma
could be formed during a high-grade metamorphic event about 2.3 Ga, they are included because
a metamorphic rocks source may not be discarded. Additionally, U-Pb SHRIMP results from
rims of zircon that gave Neoarchean ages (e.g. spots 6.1 and 6.2 of the MVD40) were also not
considered to avoid double results from one grain. In order to decrease the uncertainty in the ages
caused by the effects of Pb-loss, only the least discordant (< 10%) U-Pb analyses as well as the
step ages obtained at highest temperatures in the Pb-evaporation analyses were considered. The
results show that the metapelites from the Uruard area (sample MVD21) had sources more
restricted to the Neoarchean and early Siderian (2586-2474 Ma), but the late Siderian and early
Rhyacian sources must not be disregarded as a near-concordant grain (point 5.1) suggests a
possible late Siderian source from a high-grade metamorphic rock (Fig. 7A). On the other hand,
the metapsammites from the Ilha Grande area (sample MVD40) had dominantly Archean sources,
and in particular Mesoarchean sources (Fig. 7B). Moreover, there was a Neoarchean record about
2750 Ma that was not found among Neoarchean rocks (2670 — 2500 Ma) of the Bacaja domain.
Where these contrasting Archean sources are, it is not easy to explain. Another possibility is that

Mesoarchean and 2.75 Ga rocks occur in the Bacaja domain but they were not detected until now.

5.2 - High-grade metamorphic and anatectic events
The U-Pb ID-TIMS age of 2278.9 + 4.8 Ma yielded by abraded zircon grains of sample
MVD?21, as well as the near-concordant SHRIMP analysis (spot 5) on an overgrowth rim of a

zircon from this sample that furnished a **’Pb/*”°Pb age of 2303.2 + 5.2 Ma could suggest the
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existence of a high-grade metamorphic event about 2300 Ma ago. However, there is no absolute
certainty that selected grains for ID-TIMS analysis did not have inherited cores (detrital cores).
CL-images and SHRIMP analyses have revealed that detrital cores with late Siderian to
Neoarchan ages are common in zircon from this sample. Despite the care taken to select zircon
grains for ID-TIMS analysis, it is probable that these inherited cores were present among select
grains, giving mixed ages. On the other hand, there are other factors discussed further on that are
in favor of the existence of this late Siderian/early Rhyacian high-grade metamorphic event.

The U-Pb SHRIMP age on zircon of pelitic migmatite MVD34A of 2147.3 + 7.4 Ma
dates the first high-grade metamorphic event of the Transamazonian cycle in the Bacaja domain.
The morphology and internal structures of zircon in this pelitic migmatite are not typical of
granulite facies, suggesting that partial melting took place under amphibolite facies conditions.
Furthermore, the SHRIMP analyses on monazite of this rock revealed a population of cores with
2132.9 £ 4.6 Ma Ma which could be related to this first migmatization or a younger tectono-
thermal event at 2133 Ma. Although U-Pb dating of monazite in high-grade metamorphic rocks
has been used to date granulite facies metamorphism (e.g. Parrish, 1990; Braun et al., 1998; Jung
and Mezger, 2003a), this method may be dating just an anatectic event between ca. 700°C and
750°C, that is the lower limit of closure temperatures of Pb on monazite of high-grade
metamorphic rocks (e.g. Copeland et al. 1988; Parrish, 1990; Smith and Giletti, 1997). In fact, the
saturation and the activity of water and other fluids (e.g. halogens and CO,) are main factors that
control the anatexis in different melting systems (Johannes and Holtz, 1996 and references
therein). Although, dehydrated anatexis can generate melts under granulite facies P-T conditions,
the presence of retrograde muscovite in the leucosomatic veins of the pelitic migmatite indicates
anatexis took place under H,O-saturated conditions slightly below or close to granulite facies. In
addition, the time gap between the migmatization at 2147.3 + 7.4 Ma dated on zircon and the
monazite age of 2132.9 + 4.6 Ma could reflect different closure temperatures of Pb (zircon
closure is > 900°C; Lee et al., 1997; Cherniack and Watson, 2000).

The pelitic gneisses from Uruara area do not have abundant migmatite features, but the
sample MVD21 has a zircon population that gave a U-Pb SHRIMP age of 2109 + 8.7 Ma Ma that
seems to be related to a discrete anatectic event at this time. In contrast to zircon from the 2147
Ma pelitic migmatite, zircon from sample MVD21 have morphology and internal structures

which suggest that this metapelite underwent granulite or upper amphibolite facies
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metamorphism as also indicated by its metamorphic mineral assemblage. CL-images revealed
that the SHRIMP spots that gave 2109 Ma are located on unzoned rims overgrown or
recrystallized on previous sector and planar zones (Fig. SA). These types of growth zones have
been described on zircon of granulite grade (e.g. Vavra et al., 1996; Schaltegger et al., 1999;
Vavra et al. 1999; Hoskin and Schaltegger, 2003; Tichomirowa et al., 2005). However, unzoned
rims may be related to episodic Pb-loss caused by interaction with fluids or partial melt (e.g.
Hoskin and Black, 2000; Tichomirowa et al., 2005). Therefore, the age of 2109 Ma may be
reflecting an anatectic event, not necessarily a granulite facies metamorphism. In addition, the
blurring of previous high-grade metamorphic zoning reinforced the existence of a previous high-
grade metamorphic metamorphism at ca. 2300 Ma detected in some zircon grains of this sample.

Another body of metapelite from Uruard area (sample MVD26B) gave an U-Pb
SHRIMP age of 2123 + 4.8 Ma for monazite cores. Taking into account the analytical errors of
two monazite ages of core populations (2132.9 + 4.6 and 2123 + 4.8Ma), both populations can be
related to the same tectonic-thermal event. In addition, they may be correlated to the first
migmatization that affected the pelitic migmatites from Ilha Grande area. A monazite core of
sample MVD34A (spot 13.2 — Tab. 8) gave an age of 2109 Ma which may be related to anatectic
event at 2109 Ma detected in the metapelites from Uruard. On the other hand, this result could
reflect the results of Pb-loss on the 2123 Ma monazite. However, some researchers have
discounted Pb diffusion to explain Pb-loss on monazite grains (e.g. Cocherie et al., 1998, 2005;
Crowley and Ghent, 1999; Foster and Parrish, 2003).

The U-Pb SHRIMP analyses on monazite also revealed younger populations. Sample
MVD34A has monazite rims with 2073.3 £ 2 Ma that may be dating the granulite facies
metamorphism, although the mineral assemblage are not clear related to this event. However,
there are sillimanite-bearing rocks in the body of Ilha Grande, indicating that they did (locally?)
attain granulite facies conditions. The metapsammite MVD40 is one of these granulites and the
Pb-evaporation age of 2074 + 3 Ma obtained on some zircon grains from this sample is
interpreted as recording the timing of new zircon growth during granulite facies metamorphism,
reinforcing the interpretation for the monazite rim age. Therefore, the previous high-grade
metamorphic or anatectic events at 2133 Ma and 2109 Ma were partially reset by granulite facies
metamorphism at 2073 Ma. A similar age pattern is found on monazite crystals of the sample

MVD26B from the Uruaré area, with older cores of 2123 Ma, and two younger populations of
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monazite: grains of 2071.4 + 3.5 Ma, (probably related to granulite facies metamorphism), and a
younger population of rims with an age of 2057 + 3.3 Ma. This late population could be related to
recrystallization or episodic growth of monazite during retrograde metamorphism or other
tectono-thermal event that took place immediately after the metamorphic peak. Alternatively,
these younger rims could be related to a Pb-loss caused by a thermal (igneous?) pulse, or through
recrystallization and fluid interactions at temperatures lower than closure temperature of
monazite (Ayers et al., 1999).

The BSE images of monazite grains (Fig. 9C and D) show a clear pattern of inherited
cores with rounded and embayed irregular shapes that suggest partial resorption and overgrowths
(dated at ca. 2070 Ma). However, there are grains with weak or without zoning that furnished
ages between 2069 and 2078 Ma (Fig. 9A), suggesting that, apart from overgrowths, new
monazite grains were formedduring the granulite facies metamorphism.

Rims with ages of ca. 2057 Ma are found on both pre-existing core populations (Figs.
9A and B), but there is no clear evidence to support what process was responsible for the growth
of these rims at this time, or if this date is simply an artifact of Pb loss .

The Sm-Nd whole rock-garnet isochrons of the Al-rich metasedimentary high-grade
metamorphic rocks from both studied areas gave values related to Transamazonian cycle, but the
ages obtained are not consistent. Metapelite MVD21 yielded 2024.6 + 1.9 Ma, which is lower
than the expected age for granulite facies metamorphism. On the other hand, the metapsammite
MVDA40 furnished 2208 + 24 Ma, a value higher than the expected to this metamorphic event.
Sm-Nd whole rock-garnet age from high-grade metamorphic rocks frequently yield lower values
than the metamorphic age obtained by U-Pb on monazite (e.g. Payolla et al., 2002; Jung and
Mezger, 2003a). These last authors have supported it based on little differences of closure
temperatures between garnet and monazite and found differences of between 10 and 30 Ma.
Perhaps, the difference of less ca. 45 Ma for the sample MVD21 and U-Pb ages on monazite (ca.
2070 Ma) can be acceptable, in spite of small uncertainty, but the value of more ca. 140 Ma for
the sample MVD40 must result from other processes. The small spread of the '’Sm/'**Nd ratios
of garnet and whole rock certainly affects the precision of isochron mineral age (Rollison, 1993),
but not the values. Garnet with low '*’Sm/'**Nd ratio and high Nd concentration are suspected to
be contaminated by undetected LREE-rich inclusions that may influence at age (Thoni, 2002).

Despite the scarcity of mineral inclusion in garnet under optical microscope and the small size of
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the crystals of the sample MVD40 (Fig. 4E), its Nd content is about eight times higher and
7Sm/"*Nd ratio about seven times smaller than sample MVD21 (Tab. 5). This may suggest the
influence of LREE-rich inclusions. However, Jung and Mezger (2003b) investigating Sm-Nd and
U-Pb on garnet chronometry in high-grade rocks, have shown that the influence of zircon and
monazite inclusions in garnet crystals have little influence on garnet Sm-Nd isochron dates.

There are examples of mafic intrusions associated with LPHT and UHT granulite
metamorphism. They were underplated during crustal stretching and were responsible for
supplying the heat that increased the geothermal gradient of crust (e.g. Jung et al. 2002; Delor et
al. 2003b; Roever et al. 2003). The quartz diorite sheet of 2071 £ 3 Ma (sample MVD46A)
intruded into meta-igneous granulite that borders Ilha Grande body. Its age is close to the ages
obtained by Pb-evaporation on zircon and U-Pb SHRIMP on monazite for granulite facies
metamorphism of Al-rich metasedimentary high-grade metamorphic rocks from the Ilha Grande
area. In addition, Vasquez et al. (submitted) have dated by Pb-evaporation a jotunite body at 2070
+ 3 Ma located about 30km to west of this meta-igneous granulite body. This mafic to
intermediate intrusion and the LPHT mineral assemblages identified in the Al-rich
metasedimentary high-grade metamorphic rocks suggest that granulite facies metamorphism of

ca. 2070 Ma is related to a crustal stretching event.

5.3 - Geodynamic outline

This work is focused on Al-rich metasedimentary high-grade metamorphic rocks
because they are more ‘sensitible’ and reliable to register metamorphic and anatectic events.
Different high-grade metamorphic events were identified in the western Bacaja domain and most
of them have associated anatexis, therefore it seems interesting to compare them with magmatic
events in this domain and other Transamazonian orogens of the South America in order to
understanding the geodynamic evolution of this segment of the Amazonian craton.

There is little reliable evidence to support the high-grade metamorphism at about 2300
Ma, but it is not impossible that such a metamorphic event occurred in the Bacajd domain. This
crustal segment was formed at least since Neoarchean times (2.67-2.5 Ga) and there was
formation of crust during the late Siderian (2.36-2.34 Ga) as demonstrated by Vasquez et al.
(submitted). These authors suggest the existence of a late Siderian island-arc amalgamated to an

Archean crust, therefore the granulite facies metamorphism about 2300 Ma could be related to
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this collisional event. A late Siderian island-arc within the Transamazonian domains from
Borborema province was described by Fetter et al. (2000). They dated granulites by ID-TIMS
U-Pb on zircon. Meta-igneous rocks furnished upper intercept ages between 2.36 and 2.29 Ga,
whereas metasedimentary rocks gave upper intercept ages of 2.34 and 2.28 Ga. However, they
interpreted these results as the age of the protolith of meta-igneous rocks that were the source of
metasedimentary rocks.

The 2147-2123 Ma migmatization detected in Al-rich metasedimentary high-grade
metamorphic rocks from Ilha Grande and Uruaré areas is constrained by U-Pb SHRIMP ages on
zircon and monazite. These ages are probably related to a progressive path of regional
metamorphism, despite the view that monazite could be formed along a retrograde path (e.g.
Ayers et al., 1999; Catlos et al., 2002). However, the lower monazite ages of ca. 2070 and 2060
Ma are related to younger metamorphic and tectono-thermal events, distinct from the first
migmatization. Rhyacian magmatic events (2.21-2.07 Ga) have been distinguished in the Bacaja
domain (Macambira et al. 2003, 2004; Santos, 2003; Souza et al. 2003; Vasquez et al., 2005,
submitted), many of them are coeval to this first migmatization. In Ipiagava area (Fig. 2),
Vasquez et al. (submitted) dated a porphyroclastic granite pluton intruded into metasedimentary
granulites by U-Pb SHRIMP on zircon at 2147 + 5 Ma. To the north, these authors also dated a
banded tonalite at 2133 + 10 Ma by the same method. Both granitoids have metaluminous
composition as indicated by the presence of hornblende but their Nd isotopes (unpublished) and
the occurrence of inherited zircon grains indicate a crustal contribution. Therefore, the
migmatization of Al-rich metasedimentary high-grade metamorphic rocks and formation of
granitoids with crustal contribution suggests that it was an important period of crustal reworking
during the Transamazonian cycle in the Bacaja domain.

The anatectic event at 2109 + 8.7 Ma was discrete in the metapelites from Uruaré area,
but the host rock of these metasedimentary bodies is a monzogranite with a Pb-evaporation age
on zircon of 2104 + 5 Ma (Vasquez et al., 2005). Partial melting features are not common in the
paragneisses and granite from this area but the age correlation above strongly suggests zircon
growth through some common thermo/magmatic event.

The 2.15-2.13 Ga magmatic event is common in other Transamazonian domains from
Guiana shield, but the main migmatization event was between 2.10 and 2.09 Ga. In French

Guiana (Fig. 1), among rocks dated by Pb-evaporation on zircon, a syntectonic vein within a
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migmatitic granodiorite gave an age of 2098 + 2 Ma and granitoids of 2104 = 2 Ma formed by
partial melting have shown inherited zircon populations of 2.19 to 2.14 Ga (Delor et al. 2003a).
Migmatites with protolith monazite grains have been dated by the U-Th-Pb electron microprobe
(EMPA) method at 2168 + 3 Ma and protolith zircons gave U-Pb SHRIMP age of 2173 + 9 Ma,
whereas overgrowths of an elongated zircon population yielded an upper intercept age of 2094 +
7 Ma, considered the age of migmatization (Cocherie et al., 2005). In the southeastern Guiana
Shield (Fig. 1), Rosa-Costa et al. (in press) recognized Transamazonic orogens (Carecuru and
Paru domains) and an Archean basement (Amapa block) (Fig. 1). The Transamazonic domains
are composed of 2.19-2.14 Ga calc-alkaline granitoids and inliers of Neoarchean granulites (ca.
2.6 Ga) intruded by charnockite plutons of ca. 2.07 Ga, whereas the Amapa block comprises
granulite belts with Meso- and Neoarchean protoliths, amphibolite facies orthogneisses and
charnockitic plutons of ca. 2.6 Ga, as well as several granitoids with ages between 2.22 and 2.03
Ga. Tectonic thrusting is well preserved in this region in spite of the overprinting by transcurrent
tectonics. The U-Th-Pb EMPA monazite dating of meta-igneous granulites from the Amapa
block and their leucosomes furnished ages between 2096 and 2086 Ma, interpreted as the age of
granulite facies metamorphism (Rosa-Costa et al., submitted). In addition, these authors, based on
inherited monazite populations and the occurrence of coeval granitoids, suggested the existence
of previous anatectic events at ca. 2.21 Ga and ca. 2.14 Ga. Both the high-grade metamorphism
and anatectic events around 2.1 Ga are related to collision of the African and South American
plates, well documented in the literature (e.g. Feybesse and Milési, 1994; Ledru et al., 1994).

The geodynamic contexts of early high-grade metamorphic events (ca. 2.21 and 2.14 Ga)
are not known up to now, but they are coeval with magmatic events marked by formation of
juvenile crust and crustal reworking (e.g. Vanderhaeghe et al., 1998; Delor et al., 2003a, b; Rosa-
Costa et al., in press). Reworking of juvenile oceanic crust of 2.26 to 2.20 Ga was proposed by
Delor et al. (2003a) but seems vague because it is only supported by inherited ages of ca. 2.2 Ga
in migmatitic gneiss. They discussed possible models of formation of 2.18-2.13 Ga TTG
associations but the migmatization events were detected only from ca. 2.10 Ga. In the western
Bacaja domain there are 2.21 Ga granitoids, but Vasquez et al. (submitted) suggested they are
related to a 2.21-2.18 Ga magmatic arc. Furthermore, these authors did not find reliable evidence
that could support a migmatization of Neoarchean orthogneisses during this period. On the other

hand, the existence of magmatic arcs between 2.21 and 2.13 Ga and Neoarchean crust in this
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region suggests that these arcs were amalgamated to a pre-existing crust by collisional orogenies,
consequently involving migmatization.

The 2073-2070 Ma granulite facies metamorphism is constrained by U-Pb SHRIMP
ages on monazite and Pb-evaporation on new zircon of Al-rich metasedimentary high-grade
metamorphic rocks as well as intrusion of coeval mafic charnockitic and intermediate rocks.
Metamorphic mineral assemblages of the Al-rich metasedimentary high-grade metamorphic
rocks indicate that they attained upper amphibolite to granulite grades and P-T conditions typical
of LPHT metamorphism. Underplating of mafic intrusions into normal crust and crustal
thickening (Ellis, 1987; Bohlen, 1987) have been proposed to explain the origin of low/medium
pressure granulites, some of which involved ultrahigh-temperature (UHT) metamorphism, as well
as different periods of isobaric cooling path and rate of exhumation (Spear, 1995). In the Bakhuis
granulite belt (Fig. 1), Rover et al. (2003) identified UHT metamorphism at 950 °C and 8.5-9
kbar. The Pb-evaporation zircon dating gave ages of 2072 to 2055 Ma for Al-rich
metasedimentary granulites, 2085 to 2058 Ma for leucosomatic veins, 2065 Ma for charnockitic
rocks, 2060 to 2056 Ma and mafic intrusions, constraining the granulite facies metamorphism
between 2.07 and 2.05 Ga. According to these authors, there are remnants of UHT
metamorphism in the high-grade rocks of the Central Guiana belt (Fig.1). However, in the eastern
Amapa block (Fig. 1) there is no evidence of UHT metamorphism, only mineral assemblages
typical of low pressure granulites. Pb-evaporation zircon dating of charnockitic rocks (Avelar et
al. 2001; Lafon et al. 2001) and Sm-Nd mineral isochrons of high-grade rocks (Oliveira, 2002)
constrained the granulite facies metamorphism between 2.05 and 2.03 Ga. In the Bacaja domain,
mineral assemblage of UHT metamorphism were not found until now, but the ages obtained for
granulite facies metamorphism and associated mafic to intermediate intrusions are in agreement
with those of the Bakhuis belt. It could suggest that in the Bacaja domain, as well as in the
eastern Amapa block, the UHT mineral assemblages were not preserved, or their P-T conditions
were not attained. In addition, Harley (1998) constrained the conditions of the UHT
metamorphism to peak metamorphic temperatures of 900-1100 °C and pressures in the range of
7-13 kbar, excluding LPHT terrains of this definition.

According to the geodynamic evolution model proposed by Delor et al. (2003b), after
2.11-2.08 Ga magmatism related to N-S sinistral sliding between the West African and

Amazonian plates. Continental-scale E-W crustal stretching and mantle upwelling was
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responsible for the formation of granulite belts in Bakhuis, Imataca and Amapa between 2.07 and
2.05 Ga. Coeval granites, charnockitic rocks and mafic intrusion were also emplaced. The
subsequent normal fault exhumation was followed by isobaric cooling and burial metamorphism
of pull-apart basins. The preferential E-W orientation of charnockitic plutons from the Bacaja
domain (Fig. 2) and the agreement of their magmatic ages with the granulite facies
metamorphism around 2.07 Ga may suggest that the evolution of granulite belt from this domain
took place during the same post-collisional event.

A discrete thermal event at ca. 2.0 Ga was registered on monazite from leucogranitic
veins associated with high-grade rocks from the Bakhuis belt, probably related to a magmatic
pulse at 1.98 Ga represented by a anorthosite intrusion (Roever et al. 2003). In the western
Amapa blocks, Rosa-Costa et al. (submitted) identified a 2.06-2.04 Ga migmatization registered
by U-Th-Pb monazite dating of a migmatite and orthogneiss of amphibolite facies that was
synchronous with the emplacement of 2.05 and 2.03 Ga granitic plutons related to NW-SE strike-
slip zones in this tectonic block (Rosa-Costa et al., in press). The younger thermal event found in
high-grade rocks from western Bacaja domain is marked by an U-Pb SHRIMP age of 2057 +
3 Ma on monazite rims, probably related to Pb-loss caused by emplacement of a coeval intrusion.
Alternatively, monazite overgrowth could have formed during retrograde path or other high-
temperature event after 2070 Ma granulite facies metamorphism.

Regarding the different ages for granulite facies metamorphism from the western
Amapa block (ca. 2.09 Ga) and other Transamazonian domains (ca. 2.07 Ga) of the Amazonian
craton, it may reflect the diachronous character of this metamorphic event. Alternatively, the
2.09 Ga granulite facies metamorphism could be an earlier metamorphic event with an isothermal
decompression path and related to an early stage of crustal thickening during the 2.1 Ga orogeny
(Rosa-Costa et al., submitted), whereas the granulite facies metamorphism at ca. 2.07 Ga that had
an isobaric cooling path and is related to crustal thinning may represent a late stage of this
orogeny.

On the continental scale, Transmazonian metamorphic events have been registered in
other Archean cratons of South America. In the central-eastern Sdo Francisco craton, the meta-
igneous granulites of Archean protolith ages (2.88-2.50 Ga) have metamorphic ages between 2.08
and 2.05 Ga (Silva et al. 2002a). They also dated pre-collisional magmatic events between 2.22
and 2.13 Ga and a syncollisional magmatism at 2.09 Ga. In addition, Barbosa et al. (2004)
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identified late Transamazonian dome structures and charnockitic rocks related to granulite facies
metamorphism of Archean rocks (3.3-2.5 Ga) from Jequi¢ block constrained by Pb-evaporation
ages on zircon and monazite of 2.05 and 2.03 Ga. In the southeastern limit of the Sdo Francisco
craton and the neighboring Neoproterozoic belt, apart from the Transamazonian magmatic events
(between 2.21 and 2.05 Ga) metamorphic events of amphibolite facies were recognized at ca.
2.07 and 2.03 Ga, as well as younger metamorphic events between 0.60 and 0.51 Ga (Silva et al.,
2002b). According to these authors, the synchronous Transamazonian magmatic events and
associated metamorphic events detected in both orogenic belts are related to a collage of
Rhyacian magmatic arcs and amalgamation of Archean blocks of the Sdo Francisco craton during
a collisional event, before a Brasiliano collage. This Rhyacian collage has been related to 2.1 Ga
collision of the Sdo Francisco craton and the Congo craton (Bertrand and Jardim de S4, 1990;
Ledru et al., 1994; Feybesse et al., 1998; Barbosa and Sabat¢, 2004).

Similar evolution related to Rhyacian collage have been noted in Transamazonian
domains from the northern Borborema province (in north-eastern Brazil), in the
Archean/Paleoproterozoic basements remnants from Tocantins province (in central Brazil) and
those from Mantiqueira province (in southeastern Brazil), (Delgado et al, 2003, and references
therein). In the more southern parts of South America, the Transamazonian domains in Uruguay
and Argentina have been shown to have a similar magmatic and metamorphic evolution
(Hartman et al., 2000; Hartman et al., 2002; Santos et al., 2003). Therefore, the Transamazonian
cycle was an important period of orogenic activity extending from northern South America to the
southernmost parts of the continent. In the Amazonian craton the magmatism and metamorphism
related to the Transamazonian cycle are preserved, but in other cratons and orogenic belts they
were severely overprinted by Brasiliano orogenies (900-520 Ma).

On a global scale, the 2.1-1.8 Ga collisional orogens and associated cratonic blocks
have shown connections between previous continental plates (paleoplates), suggesting the
formation of a supercontinent during the Paleoproterozoic (Brito Neves, 1999; Zhao et al. 2002).
A previous model of Roger (1996) proposed that western African and eastern South America
plates composed the continent of Atlantica around 2.0 Ga. However, taking into account the
Orosirian collages and subsequent taphrogenesis in other paleoplates (e.g. Baltic, Eastern
Antartica, South Africa, Australia, Greenland, North China, Siberia, North America and India)

there was a spreading of the Paleoproterozoic supercontinent (Brito Neves, 1999; Zhao et al.
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2002). In this geodynamic context, the 2.1 Ga orogeneses from South America and West Africa

triggered the Paleoproterozoic continental fusion that formed this supercontinent.

6 - Concluding Remarks

Geochronological investigations using U-Pb techniques on zircon (SHRIMP, ID-TIMS),
monazite (SHRIMP), Sm-Nd whole rock-garnet isochrons and Pb-evaporation on zircon allowed
the identification and dating of different Paleoproterozoic metamorphic events that generated
high-grade metamorphic associations from the western Bacaja domain. The Al-rich
metasedimentary high-grade rocks have proven to be good sources of information to investigate
these metamorphic events. Besides metamorphic mineral assemblages as indicators of
metamorphic conditions, it was possible to date several metamorphic events and to obtain
provenance information on the sources of detrital zircons.

A potential high-grade metamorphic event was detected at ca. 2.3 Ga that could have
been related to collage of a late Siderian island arc (2.36-2.34 Ga) to an Archean block, but there
is little evidence to support the existence of this high-grade metamorphic event. Instead, we have
proposed that the zircon grains of this age probably represent mixed ages and/or detrital grains
from metamorphic source rocks.

A 2147-2123 Ma migmatization process was detected on zircon and monazite grains
and it seems to be related to an anatectic event under upper amphibolite facies P-T conditions that
was synchronous with the dated magmatic events in the western Bacajd domain. It is strongly
suggestive that this migmatization was related to an orogeny that amalgamated earlier magmatic
arcs of 2.21-2.18 Ga, Archean blocks and locally, some rocks that were preserved from the late
high-grade metamorphic events.

Another anatectic event at 2109 Ma was dated from overgrown zircon rims. There is no
clear evidence that it was related to a granulite facies metamorphism because the mineral
assemblage seems to be related to younger low/medium pressure granulite facies metamorphism
at ca. 2.07 Ga. There is a 2.1 Ga magmatic event recorded in the region, but complementary
studies are necessary to confirm any correlation between them. On the other hand, high-grade
metamorphic and magmatic events at ca. 2.1 Ga have been well documented in other
Transamazonian domains of the Guiana shield and they are related to a syncollisional period of

Rhyacian collage of the Amazonian and West African cratons.
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The 2073-2071 Ma low pressure granulite facies metamorphism is recorded on
monazite and zircon, and possibly also by a Sm-Nd whole rock-garnet isochron in spite of the
lower age yielded. UHT remnant assemblages were not found, but potential thermal sources are
marked by coeval mafic and intermediated intrusions as well as by charnockitic plutons related to
high-grade metamorphic associations. Therefore, this granulite facies metamorphism may be
related to a period just after the 2.1 Ga collision that was marked by mantle upwelling enhanced
by continental-scale E-W crustal stretching according to a geodynamic model proposed for other
2.07-2.05 Ga granulite belts from Guiana shield.

A slightly lower value of 2057 + 3 Ma was detected on monazite rims, but it is not clear
if this dates the retrograde path or some other tectonic-thermal event. If this is the case, then the
nearby coeval intrusions could be a possible cause of early Pb-loss.

The Rhyacian collage at 2.1 Ga has been documented in several Transamazonian
domains of the South America and the post-collisional granulite facies metamorphism (2.07-2.03
Ga) is present in most of them. There are a few and local occurrences of early (> 2.1 Ga) and late
(< 2.0 Ga) high-grade metamorphic events related to the Rhyacian collage. Finally, it is
suggested that the late Transamazonian orogeny as well as other continental late Rhyacian and
Orosirian collisional orogenies around the world were responsible for formation of a

Paleoproterozoic supercontinent.
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7 - EVOLUCAO CRUSTAL COM BASE NOS ISOTOPOS DE Nd

Amostras das principais associacdes litoldgicas da porcao oeste do Dominio Bacaja (Fig.
7.1), exceto as rochas charnoquiticas com > 2,09 Ga e os granulitos meta-igneos que afloram na
parte sul da area, pois estdo sendo estudadas por Monteiro (em preparacdo), foram analisadas
pelo método Sm-Nd em rocha total. Também foi analisada uma amostra de rocha mais a oeste da
area de estudo com a finalidade complementar uma transversa no Bloco Xingu (Fig. 7.2).

As idades-modelo Sm-Nd das rochas foram calculadas usando o modelo de DePaolo

(1981) para evolucgéo isotdpica do Nd no manto empobrecido (Tpy). O parametro petrogenético

€Nd de cada amostra foi calculado para o tempo atual, eNdg), € para o de cristaliza¢éo das rochas,

€Nd(y, sendo interpretado em relagéo a composicéo do reservatorio condritico uniforme (CHUR)

de acordo com DePaolo (1988). Em geral, as amostras contam com idades de cristalizacdo
obtidas neste estudo ou na literatura. Eventualmente foram estimadas idades baseadas em

correlagBes com corpos datados na &rea. Para as rochas metassedimentares s6 foram calculadas
Tom € ENd(g) com a finalidade de tragar o campo de evolugéo isotopica do Nd para essas rochas e

comparar com a composicao isotépica do Nd de outras associac@es litoldgicas.

O fator de fracionamento da razdo **'Sm/**Nd, fsmne, Ndo foi tabulado porque a
maioria das amostras ndo apresentou problema de fracionamento. Somente, a amostra MVVD21
que apresentou elevada razdo **’Sm/***Nd (Tab. 7.1) necessitou de um célculo da idade-modelo
em duplo estagio, conforme os procedimentos de calculo de Sato et al. (1995).

Devido a influéncia de processos de mistura de diferentes componentes que falseiam a
idade de extracdo de magmas formadores de crosta (idades-modelo de Nd) e ao intenso
retrabalhamento de crosta arqueana durante o Paleoproterozéico a evolugédo crustal foi abordada

conforme a época dos eventos magmaticos e metamorficos de alto grau.

7.1 - EVENTOS PRE-TRANSAMAZONICOS
As rochas ortoderivadas de 2,5-2,44 Ga e as de 2,36-2,34 Ga representam a crosta pré-
transamazonica do oeste do Dominio Bacaja. As rochas sedimentares de alto grau, cujas fontes

detriticas sdo dominantemente arqueanas, também sdo englobadas nesse grupo.
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Tabela 7.1 - Resultados isotopicos Sm-Nd em rocha total das amostras estudadas. Idades modelo calculadas a partir do modelo evolugdo do Nd para o manto
empobrecido de DePaolo (1981).

amostra Sm (ppm) Nd (ppm) YISm/"**Nd "SNd/*Nd 26 (10°) Tom (Ga) eNd (0) eNd (t) t (Ma) unidade
Rochas neoarqueanas a cedo siderianas
MVD21 2,57 9,57 0,16253 0,511737 10 3,24* -17,58 r. metassed. de alto grau
MVD26B 3,03 17,57 0,10434 0,511017 20 2,85 -31,62 r. metassed. de alto grau
MVD40 3,22 20,01 0,09725 0,510702 14 3,10 -37,77 r. metassed. de alto grau
MVD34A 6,97 36,15 0,11652 0,511228 24 2,88 -27,50 r. metassed. de alto grau
MOI15 6,29 53,89 0,07 0,510573 16 2,64 -40,28 +0,46 2503<>l ortognaisses
MVD54 3,22 18,71 0,1042 0,511031 17 2,83 -31,35 -1,77 2487<> ortognaisses
MVD04B 12,33 74,12 0,10056 0,510853 6 2,98 -34,82 -4,68 2440<> ortognaisses
MVD39 8,68 71,33 0,07357 0,510614 7 2,66 -39,48 -0,69 2450<> rochas supracrustais
Rochas siderianas
MVDI134 2,90 26,20 0,067 0,510087 20 3,10 -49,76 -10,84 23380 granitéides sideriano
MVD142D 2,59 13,15 0,119 0,511518 15 2,47 -21,85 +1,73 2360 rochas supracrustais
MVDI39A 6,08 36,64 0,1284 0,511659 22 2,49 -19,10 +1,64 2360 rochas supracrustais
Rochas riacianas
MVDO05 4,07 27,61 0,08910 0,510847 16 2,71 -34,94 -4,35 2214<> granitoides riacianos
MVD27E 5,89 30,91 0,11530 0,511176 20 2,93 -28,52 -5,43 2210<> granitoides riacianos
MO32A 7,91 53,87 0,0885 0,510779 19 2,79 -36,26 -6,07 213001 granitoides riacianos
MVDI14A 17,82 134,49 0,0801 0,510746 17 2,64 -36,91 -4,42 2170* granitoides riacianos
MVDI125A 3,28 18,97 0,1044 0,511244 17 2,52 -27,19 -1,59 21600 granitdides riacianos
MVDI127A 1,84 8,79 0,1265 0,511608 9 2,53 -20,08 -0,71 2150* granitides riacianos
MVDI115B 10,38 57,35 0,1094 0,511185 7 2,74 -28,34 -4,29 2147<> granitdides riacianos
MVDI03A 3,46 18,99 0,11004 0,511384 50 2,45 -24,46 -0,94 2133<> granitoides riacianos
MVD26A 3,20 22,19 0,08730 0,510949 40 2,54 -32,95 -3,40 2104<> granitoides riacianos
MVDI102 5,63 33,92 0,10031 0,511128 8 2,59 -29,46 -3,45 2102<> granitoides riacianos
MO36 7,18 54,48 0,0742 0,510769 18 2,47 -35,94 3,12 2086°" rochas charnoquiticas
MVDO06 17,30 140,72 0,07431 0,510633 25 2,65 -39,11 -6,49 2077<> granitoides riacianos
MVD100 17,71 107,29 0,09979 0,511017 10 2,73 -31,62 -5,80 2080 granitoides riacianos
MVD46A 16,56 96,17 0,10409 0,510901 5 3,01 -33,88 -9,30 2071<> granitoides riacianos
MVD 94 17,02 104,23 0,0987 0,511198 21 2,46 -28,09 2,40 2070° rochas charnoquiticas
Rochas orosirianas
MVDI15A 11,02 70,95 0,09393 0,510841 20 2,83 -35,05 -8,89 1986<> granitdides orosirianos
MVD70 6,88 38,08 0,10917 0,511151 17 2,78 -29,01 -7,92 1880 r. félsicas orosirianas

legendas: * - dulo estagio; ¢ - idade em zircdo; 4 - idade em titanita (inédita); « - idade estimada
1 — Santos (2003)
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Os ortognaisses de 2,5-2,44 Ga, juntamente com as rochas metavulcanoclasticas

daciticas de 2,45 Ga (amostra MVD39), sdo os segmentos de crosta ortoderivada mais antigos
identificados neste estudo. Eles apresentam Ty entre 2,98 e 2,64 Ga e valores de eNd, de +0,46

a — 4,68 (Tab. 7.1), esta variacdo pode refletir diferentes graus de contaminagdo de um magma
juvenil neoarqueano (ca. 2,65 Ga) por assimilagdo de uma crosta paleo- a mesoarqueana ou uma
mistura com um magma formado a partir da fusdo de uma crosta antiga. Desta forma, as
amostras MO15 e MVDO04 representariam o0s dois termos extremos e as rochas
metassedimentares de alto grau poderiam representar as possiveis fontes contaminantes (Fig.
7.3A). Contudo, as fontes arqueanas podem ser também outros segmentos crustais, como dos
blocos arqueanos adjacentes (Carajads e Amapa). Alternativamente, as amostras MVD54 e
MVDO04 com assinatura crustal mais forte (Tab. 7.3A) poderiam resultar da fusdo parcial de
protolitos arqueanos de diferentes idades.

No limite sudeste da area (Fig. 7.1), Macambira et al. (2004) identificaram um

ortognaisse de 2671 Ma que apresenta uma assinatura isotopica juvenil (Tow = 2,67 Ga e ENd ¢,

e = +2,67), que confirma a existéncia de uma crosta juvenil neoarqueana no Dominio Bacaja
formada entre 2,67 e 2,64 Ga. Isto contrasta com 0 modelo de mistura de fonte crustal arqueana
com magma juvenil paleoproterozdico para explicar as idades-modelo neoarqueanas entre 2,7 e
2,6 Ga no Bloco Amapa (Avelar et al., 2003; Rosa-Costa, 2006).

A evolucdo isotdpica do Nd rochas ortoderivadas de 2,5-2,44 Ga do oeste do Dominio
Bacaja contrasta com a de outros segmentos arqueanos da porcéo oriental do Craton Amazoénico.
Além disso, a0 comparar 0 campo dessas rochas com 0s campos dos ortognaisses e granitdides
arqueanos do Bloco Carajas (Fig. 7.4A) e com dos ortognaisses e granulitos meta-igneos
arqueanos do Bloco Amapa (Fig. 7.4B), observa-se que a crosta arqueana contaminante poderia
ser similar a dos dois blocos arqueanos vizinhos, em vez das rochas metassedimentares de alto
grau do oeste do Dominio Bacaja.

As rochas tardi siderianas apresentam uma diversidade marcante. Os metandesitos e

metadacitos do greenstone belt Trés Palmeiras mostram Toy de 2,49 e 2,47 Ga e valores de ENd
de +1,73 e +1,66, enquanto o metatonalito associado (amostra MVVD134A) apresenta Tp, de 3,10
e €Nd, . de -10,84 (Tab. 7.1). Estes resultados indicam uma acres¢do juvenil ha cerca de 2,48

Ga e um retrabalhamento de uma crosta mesoarqueana, tendo o magma juvenil e o crustal
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Figura 7.3 - Diagrama de evolugdo da composigdo isotopica do Nd para as rochas arqueanas e siderianas da porgao
oeste do Dominio Bacaja. (A) rochas neoarqueanas a cedo siderianas ortoderivas e campo das rochas arqueanas
paraderivaradas associadas; (B) rochas tardi siderianas ortoderivadas comparadas com os campos das rochas (para-
e ortoderivadas) arqueanas a cedo sideriana do oeste do bloco e dos ortognaisses e granitdides arqueanos do Bloco
Carajas. As linhas tracejadas representam a evolu¢do da composi¢ao isotopica do Nd de cada amostra ao longo do
tempo geologico.
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cristalizados ha 2,36 Ga e a 2,34 Ga, respectivamente. O magma juvenil que formou o protdlito
das rochas metavulcanicas teve um tempo de residéncia crustal de aproximadamente 140 Ma sem
qualquer interacdo com a crosta encaixante. Por outro lado, 0 metatonalito contemporaneo, por
sua vez, teve uma fonte dominantemente crustal e diferente das rochas arqueanas encontradas no
oeste do Dominio Bacaja se aproximando mais da composic¢do das rochas arqueanas do Bloco
Carajas (Fig. 7.3B).

No sudeste do Escudo das Guianas, Rosa-Costa (2006) obteve Tpy entre 2,50 e 2,38 Ga

e valores de eNd, de +0,22 a -0,84 para os granitoides e rochas metavulcanicas de 2,19 a 2,14 Ga

do Dominio Carecuru. No entanto, baseada na ocorréncia de granitoides com €Nd, de +1,63 a
+1,17 e Tpw de 2,32 a 2,28 Ga e de ortognaisses, granulitos meta-igneos e charnoquitos arqueanos
(2,80-2,60 Ga), com Tpy entre 3,26 a 2,83 Ga e eNd, de 0,17 a -3,97 que ocorrem nesse € em

outros dominios da regido, a autora interpretou as idades-modelo neoarqueanas a cedo siderianas
como idades mistas resultantes da mistura de um magma juvenil cedo riaciano com componentes
arqueanos. Casos semelhantes foram descritos para os precursores dos granulitos do Faixa
Bakhuis no Suriname (Rover et al., 2003) e na regido do Camopi — fronteira oeste do Brasil e
Guiana Francesa (Avelar et al., 2003). No entanto, a diferenca fundamental para os exemplos de
mistura acima descritos em relagdo ao componente juvenil identificado nas rochas

metavulcanicas do Dominio Bacaja sdo os elevados valores positivos do éNd, (+1,73 e +1,64)

desse que reforcam a hipotese da acrescao juvenil ha cerca de 2,5 Ga.

7.2 - EVENTOS TRANSAMAZONICOS

As rochas riacianas se dividem em dois grupos: as relacionadas aos arcos magmaticos
(2,21-2,13 Ga) e as do estagio pos-colisional (2,10-2,07 Ga), estando os provaveis granitoides
sincolisionais de ca. 2,10 Ga (amostras MVD26A e MVD102) englobados neste Gltimo grupo.
Nos granitdides de arcos magmaticos, os relacionados ao arco precoce (2,21-2,18 Ga) se
caracterizam por uma assinatura crustal mais forte (Tpy entre 2,93 e 2,64 Ga e eNd, entre -4,35 e
-6,07) que os do arco tardio (2,16-2,13 Ga), geralmente com Ty entre 2,53 e 2,45 Ga e valores
de €Nd, de -0,71 e -1,59 (Tab. 7.1). Dentre os granitoides do arco tardio, somente a amostra

MVD115B apresentou uma assinatura crustal mais forte, agrupando-se com os granitéides do
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arco precoce (Fig. 7.5A). A distribuicdo espacial dessas assinaturas parece refletir o
embasamento local, pois os granitdides do arco de 2,16-2,13 Ga se concentram na porgao
nordeste da area, onde ocorrem rochas siderianas juvenis, enquanto os granitoides do arco de
2,21-2,18 Ga estdo préximos aos corpos de rochas arqueanas (Fig. 7.1). Ao comparar com a
composicdo isotopica do Nd dessas rochas € sugestivo de que as rochas neoarqueanas a cedo
siderianas do dominio possam ter sido a fonte de geracdo ou contaminacdo dos granitdides do
arco precoce (Fig. 7.5A). Da mesma forma, a assinatura de fonte crustal do granitoide de 2,15 Ga
(amostra MVVD115B) que ocorre intrudido nas rochas metamorficas de alto grau (Fig. 7.1) parece
resultar de uma maior participacao das suas rochas encaixantes.

Em relacdo aos arcos magmaticos transamazonicos do sudeste do Escudo das Guianas,
0s granitoides dos arcos do oeste do Dominio Bacaja mostram um componente crustal mais
significativo que as rochas dos arcos do Dominio Carecuru (Fig. 7.6A). Estes arcos magmaticos
sdo contemporaneos aos do oeste do Dominio Bacaja e também estdo associados a blocos

arqueanos. Macambira et al. (2003) também identificaram no Dominio Bacaja granitdides de
2,15 Ga e 2,08 Ga, respectivamente com Tpy de 2,35 e 2,33 Ga e valores de eNd, de +0,21 e -

0,60 (Rosa-Costa, 2006). Desta forma, de maneira analoga aos modelos de mistura para as rochas
riacianas de 2,19-2,14 Ga do Escudo das Guianas, 0s granitoides do arco magmatico tardio do
oeste do Dominio Bacaja poderiam ter sido gerados a partir da mistura do componente juvenil
que ocorre no nordeste da area de estudo (area Belo Monte) com a crosta neoarqueana a cedo
sideriana do dominio (Fig. 7.5A). A participacdo de componentes da crosta juvenil tardi sideriana
deve ter sido minima, talvez como uma fonte de contaminacgdo por assimilacdo das encaixantes,
uma vez que foram identificados remanescestes de rochas supracrustais e cristais de zircdo
herdado de 2,34 Ga no granitéide MVVD103A (vide tdpico 5.2).

Nas rochas pdés-colisionais distinguem-se também dois grupos: os dos granitdides de
2,10 Ga (provaveis sincolisionais) e rochas charnoquiticas de 2,09-2,07 Ga, com um componente

crustal menor marcado por Tpy entre 2,59 e 2,46 Ga e valores de €Nd, de -2,40 e -3,45, e 0s

granitoides de 2,08-2.07 Ga com Tpy entre 2,65 e 3,01 Ga e valores de €Nd, de -5,80 e -9,30
(Tab. 7.1).

As idades-modelo neoarqueanas dos granitoides de 2,10 Ga e os valores negativos de

€Nd,, parecem refletir uma contribuicdo crustal, provavelmente resultante do retrabalhamento e
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Figura 7.5 - Diagrama de evolug¢do da composigao isotopica do Nd para as rochas riacianas da por¢do oeste do
Dominio Bacaja. Granitéides de arcos magmaticos (A) e granitdides e rochas charnoquiticas pds-colisionais (B)

2 ' 3

comparados com os campos das rochas arqueanas a cedo siderianas (para- e ortoderivadas) e rochas supracrustais
tardi siderianos do dominio, e com o componente juvenil de ca. 2,3 Ga em granitoide de 2,15 Ga (Macambira ef al.,

2003). As linhas tracejadas representam a evolugao da composigdo isotopica do Nd de cada amostra ao longo do

tempo geologico.
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Figura7.6 - Diagrama de evolucao da composigao isotopica do Nd para as rochas riacianas da porcao oeste do
Dominio Bacaja. (A) campos das rochas dos arcos magmaticos comparados com dos arcos contemporaneos do
Dominio Carecuru (Rosa-Costa, 2006); (B) campos das rochas pos-colisionais do dominio comparado com das
rochas contemporaneas dos dominio Carecuru e Paru (Rosa-Costa, 2006).
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espessamento crustal relacionados a colisdo. Como previamente discutido nos capitulos 5 e 6, ndo
foram identificadas feicdes tipicas de granitdides sincolisionais, como estruturas de tectdnica
tangencial e composicao peraluminosa nesses granitoides. Contudo, eles sdo contemporaneos aos
granitoides sincolisionais identificados no Escudo das Guianas (Delor et al, 2003a; Rosa-Costa,
2006). Ao comparar a composicao desses granitdides do oeste do Dominio Bacaja com os do
Dominio Carecuru, evidencia-se um intervalo mais restrito para os primeiros (Fig. 7.6B). O

intervalo mais amplo no Dominio Carecuru se deve a uma ténue componente juvenil (Tpy = 2,40
Gae eNd,; ¢ =-0,51) e a presenca de um componente crustal arqueano (Tpw = 2,83 Ga e €N ,;
e = -6,61). Por outro lado, a composicdo mais homogénea para os granitides do oeste do
Dominio Bacaja, com idades-modelo (Tpw de 2,54 e 2,59 Ga) proximas e valores de €Nd ,; g,

medianamente negativos (-3,40 e -3,45), pode refletir um processo de mistura mais efetiva com
um componente crustal arqueano mais jovem que o identificado no Dominio Carecuru.
Alternativamente, eles podem ter se formado a partir da fusdo dos granitoides do arco magmatico
tardio (Fig. 7.7A), o que é favorecido pela ocorréncia de cristais de zircdo herdado de 2,12 e 2,15
Ga na amostra MVD26A (vide item 5.1). No entanto, os granitos de fusdo crustal relacionados a
colisdo continental sdo de composicao peraluminosa (Barbarin, 1999) e os granitdides de 2,10 Ga
do oeste do Dominio Bacaja sdo dominantemente metaluminosos.

A forte componente crustal dos granitdides de 2,08-2,07 Ga sugere uma origem a partir
de fusdo parcial da propria crosta neoarqueana a cedo sideriana do Dominio Bacaja (Fig. 7.5B),
especialmente para os granitos de 2,08 Ga relacionados as zonas cisalhamento transcorrente NW-
SE (amostras MVVDO06 e MVD100). Contudo, para o quartzo diorito MVD46A de 2,07 Ga, que
ocorre associado aos granulitos meta-igneos, além de uma anatexia de rochas basalticas a alta
temperatura (1000-1100°C) para gerar liquidos com essa composi¢do (Wolf & Wyllie, 1994;
Rapp & Watson, 1995; Jung et al., 2002), seria necessario também processos de mistura do
fundido com fontes crustais arqueanas mais antiga para explicar o forte componente crustal nele
identificado (Tab. 7.1).

As rochas charnoquiticas parecem ter derivado de uma fonte comum conforme sugerem
as idades-modelo (Tpy de 2,47 e 2,46 Ga) e os valores de eNd;, medianamente negativos (-3,12 e

-2,40). Embora, exista uma diferenca de cerca de 20 Ma entre o pulso de magma félsico (2,09 Ga)
e o méfico (2,07 Ga) e os corpos igneos aflorem em é&reas diferentes. A existéncia de um
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Figura 7.7 - Diagrama de evolug@o da composicao isotopica do Nd para as rochas pds-colisionais riacianas do oeste do
Dominio Bacaja. Composigdo dos granitdides de 2,10 Ga (A) e rochas charnoquiticas de 2,09-2,07 Ga (B) comparada
aos campos das rochas orotoderivadas de 2,5-2,44 Ga e dos granitdides do arcos magmatico tardio do dominio, ¢ com
o componente juvenil de ca. 2,3 Ga em granitoides de 2,08 Ga (Macambira ef al., 2003). As linhas tracejadas
representam a evolucdo da composigdo isotopica do Nd de cada amostra ao longo do tempo geologico.
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componente juvenil de ca. 2.3 Ga em alguns granitdides de 2,08 Ga do leste do Dominio Bacaja
(Macambira et al., 2003) poderia sugerir uma mistura desse com os fundidos do arco magmatico
de 2,16-2,13 Ga e talvez com alguma contribuicdo da crosta neoarqueana-sideriana ortoderivada
(Figs. 7.7B). No entanto, esses possiveis protolitos ndo gerariam fundidos de composicdo
intermediéria a méfica para formar o jotunito (quartzo monzogabro). Como acima discutido, seria
necessario a anatexia de rochas basalticas a altas temperaturas. Alternativamente, 0 magma
charnoquitico menos evoluido poderia ter se formado por underplating de magma maéfico,
resultante de um adelgacamento crustal e metamorfismo de facies granulito associado (Ellis,
1987; Bohlen, 1987; Bohlen and Mezger, 1989; Harley, 1989). Provavelmente, esse processo de

acrescao envolveria fusdo de manto enriquecido o que explicaria os valores negativos de eNd

sem implicar em significativa participacdo de crosta mais antiga na formacdo das rochas
charnoquiticas. No entanto, estudos geoquimicos detalhados com is6topos de Pb e Sr seriam
necessarios para comprovar a existéncia de um componente de manto enriquecido e distingui-lo

de um simples componente crustal (Rollison, 1993).

7.3 - EVENTOS POS-TRANSAMAZONICOS

As rochas félsicas orosirianas de 1,89 a 1,86 Ga, certamente, ndo estdo relacionadas as
orogéneses transamazonicas da porcdo oeste do Dominio Bacaja, mas existe uma divida com
respeito ao granitdide de 1,99 Ga (amostra MVD15A) que ocorre no noroeste da area de estudo

(Fig. 7.1), conforme discutido no item 5.2. A composi¢do isotdpica do Nd desse granitoide
mostra um forte componente crustal marcado por uma Tpy de 2,83 Ga e um valores de Nd ; g9

de -8,89 (Tab. 7.1). Ao comparad-lo com o campo das rochas arqueanas a cedo siderianas do
dominio é sugestivo que ele tenha se formado a partir da fusdo dessas rochas (Fig. 7.8A). Por
outro lado, as fei¢es de mingling com magma maéfico presentes nesse corpo (item 5.1) sugerem a
participagdo de componentes mantélicos. Ndo obstante, esse magma mafico contemporaneo pode
ter sido somente a fonte calor para a fusdo, sem implicar em misturas de composicao isotopica
uma vez que se tratam de feicdes de mistura heterogénea de magmas. Além disso, esse magma
maéfico poderia ser original de um manto enriquecido, o que dificultaria a distin¢cdo s6 com base
nos isotopos do Nd. Neste trabalho (item 5.2) foi aventado a possibilidade que esse granitdide
estivesse relacionado ao magmatismo de 2,0-1,98 Ga que ocorre no Dominio Tapajos (porcéo sul
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Figura 7.8 - Diagrama de evolugdo da composicdo isotopica do Nd para as rochas orosirianas de 1,99 Ga do oeste
do Dominio Bacaja. (A) composi¢ao comparada com os campo das rochas (para- e ortoderivadas) arqueanas a cedo
siderianos do dominio; (B) composicdo comparada com os campos dos granitoéides dos arcos magmaticos riacianos
do dominio e com o campo das rochas contemporaneas (2,0-1,98 Ga) da por¢do leste do Dominio Tapajos (Lamardo
et al., 2005). A linha tracejada representa a evolucdo da composigao isotopica do Nd da amostra ao longo do tempo
geoldgico e as elipses a idade de cristalizagdo das rochas.
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da Provincia Ventuari-Tapajés). Contudo, ha dificuldade em distinguir essa associacdo daquela
de rochas félsicas de 1,89-1,86 Ga que predominam no Bloco Xingu (por¢édo sul da Provincia
Amazonia Central). Sem um detalhado estudo petrogréafico e litoquimico ndo se pode conhecer a
extensdo desse magmatismo de 2,0-1,98 Ga a leste do Dominio Tapajds. Além disso, existe uma
lacuna de aproximadamente 70 Ma em relacdo ao Ultimo evento magmatico transamazoénico
identificado na area, dificultando a correlacdo com a evolucdo da crosta transamazonica. Contudo,
ao comparar o granitoide de 1,99 Ga com o campo das rochas de 2,0-1,98 Ga da porcéo leste do
Dominio Tapajos verifica-se uma marcante diferenca de composicdo em relagdo as rochas desse
dominio, que exibem um ténue componente crustal (Fig. 7.8B). Por outro lado, esse contraste
composicional pode refletir somente diferentes de fontes, uma vez que Lamardo et al. (2005) néo
descartaram uma possivel origem dessas rochas de 2,0-1,98 Ga a partir da fusdo de crosta juvenil
paleoproterozdica mais antiga. No entanto, a comparagdo com 0s campos dos granitdides de
arcos magmaticos riacianos do oeste do Dominio Bacaja (Fig. 7.8B) indica que o granitdide de
1,99 Ga ndo poderia se formar a partir desses, embora eles possam ter participado da formacéo
das rochas de 2,0-1,98 Ga do leste do Tapajos. Assim, o granitdide MVD15A poderia representar
um pulso local do magmatismo de 2,0-1,98 Ga no antepais dos ordgenos do Dominio Tapajos,
mas sua formacao estaria relacionada a fusdo de crosta arqueana do oeste do Dominio Bacaja.

No intuito de avaliar as possiveis fontes das rochas félsicas orosirianas de 1,89 a 1,86 Ga,
que recobrem e intrudem as rochas da porcdo oeste do Dominio Bacaja e se estendem aos
dominios vizinhos, foi analisada uma rocha vulcanica (amostra MVD70) situada a oeste da area
de estudo (Tab. 7.1). Para completar esta avaliagdo, foram compilados outros dados da literatura
(Tab. 7.2), de modo a obter-se uma transversa ao longo da extensdo do Bloco Xingu (Fig. 7.2).

Essas rochas félsicas de 1,89 a 1,86 Ga apresentam uma forte assinatura de fonte crustal marcada
por valores fortemente negativos de €Ndg (-5,39 a -12,33). A distribuicdo das idades-modelo
dessas rochas também parece refletir os seus embasamentos arqueanos adjacentes. As rochas a
sudeste (Fig. 7.2), préximas de onde predominam as rochas mesoarqueanas do Dominio Carajas,
apresentam Tpy entre 3,25 e 2,98 Ga e uma forte assinatura crustal, com valores de eNd, entre -
7,81 e-12,33 (Tab. 7.2). A composi¢do dessas quando comparada ao campo das rochas arqueanas
do Dominio Carajas (Fig. 7.9A) indicam uma derivagdo a partir da fusdo dos ortognaisses e

granitdides mesoarqueanos desse dominio, como previamente demonstrado por Teixeira et al.
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Tabela 7.2 - Resultados isotopicos Sm-Nd em rocha total das amostras de rochas félsicas orosirianas (1,89-1,86 Ga) do Bloco Xingu. Idades modelo calculadas a

partir do modelo evolucdo do Nd para o manto empobrecido de DePaolo (1981).

amostra Sm (ppm)  Nd (ppm) “¥sm/MNd “Nd/**Nd Tom (Ga) eNd (0) eNd (t) t (Ma) area litotipo ref.
Rochas félsicas orosirianas (Bloco Xingu)
AL-90 6,90 40,61 0,102801 0,511165 2,60 28,73 -6,10 1880 Ruropélis (NW) riolito 3
AP-133C 19,67 11333 0,10510 0,511236 2,55 27,35 -5,39 1870 Ruropélis (NW) granito 3
MVD70 6,88 38,08 0,10917 0,511151 2,78 -29,01 -7,92 1880 Jovilandia (central) dacito 5
XMV-78L 6,71 39,94 0,101528 0,511121 2,63 29,59 -6,66 1880 Médio Xingu (E) riodacito 3
XMV-78M 8,65 50,91  0,102759 0,511130 2,65 29,42 -6,78 1880 Meédio Xingu (E) riodacito 3
NN-GM-10 11,41 60,28 0,114500 0,511040 3,12 31,17 -11,33 1886 Séo Felix (SE) riolito 4
NN-GM-12 8,33 47,89  0,105200 0,511020 2,87 31,56 9,46 1886° Sdo Felix (SE) riolito 4
NN-GM-51 3,64 18,08 0,121900 0,511200 3,11 -28,05 -10,19 1865 Sao Felix (SE) andesito 4
N-S-6 30,37 153,16  0,1199 0,51108 325 -30,39 -12,04 1867° Séo Felix (SE) ~ monzogranito 4
NN-AV-43 17,50 104,41 0,1013 0,51084 3,02 35,07 -12,33 1866 Séo Felix (SE) sienogranito 4
NN-GM-17A 5,18 24,61 0,1274 0,51138 2,98 24,54 -7.81 1862° Sdo Felix (SE) sienogranito 4

legendas: ¢ - idade em zircdo; « - idade estimada

3 — Sato & Tassinari (1997); 4 — Teixeira et al, (2002); 5 — neste estudo
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1,86 Ga do Bloco Xingu. (A) composicao das rochas félsicas comparada com o campo dos granoitdides e ortognaisses

arqueanos do Bloco Carajas. As linhas tracejadas representam a evolugdo da composic¢ao isotdpica do Nd de cada
amostra ao longo do tempo geoldgico.; (B) campo das rochas félsicas com TDM ca. 2,6 e 3,0 Ga comparado com os
campos das rochas contemporaneas do leste do Dominio Tapajos (Lamardo ef al., 2005) e das rochas arqueanas a
cedo siderianas do oeste do Dominio Bacaja. As elipses marcam os intervalos idades de cristalizagdo das rochas.
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(2002), bem como por Dall’Agnol et al. (1999b) e Ram0 et al. (2002) para as rochas félsicas

contemporaneas do leste do Dominio Carajas. O dacito MVD70, que estad proximo do Dominio
Bacaja (Fig. 7.2), apresenta uma Tpy de 2,78 Ga e valor de éNd g, de -7,92, uma composi¢do

gue sugere que as rochas félsicas de ca. 1,88 Ga dessa regido podem ter se originado a partir da
fusdo da crosta neoarqueana a cedo sideriana desse dominio (Fig. 7.9B). Por sua vez, as rochas
félsicas com Ty de aproximadamente 2,6 Ga ocorrem tanto proximo de blocos arqueanos quanto
de dominios de crosta paleoproterozoica (Fig. 7.2) e sua origem poderia envolver a participacdo
de ambos segmentos crustais.

As rochas félsicas de 1,89-1,87 Ga no Dominio Tapajos apresentam um ténue
componente crustal e idades-modelo menores (Tpy de 2,24 e 2,43 Ga - Lamardo et al., 2005),
contrastando com a composicdo das rochas contemporaneas do Bloco Xingu (Fig. 7.9B).
Lamard&o et al. (2005) atribuiram a origem dessas rochas a refusdo de fontes crustais mais antigas
que 1,9 Ga, provavelmente um processo relacionado ao evento extensional e ao underplating de
magma mafico contemporaneo.

Desta forma, a mistura do componente paleoproterozoico do leste do Dominio Tapajos
com magmas de fusdo de crosta arqueana do Bloco Carajas ou do Dominio Bacaja poderia ser
responsavel pela formacéo das rochas de rochas félsicas de ca. 1,88 Ga do Bloco Xingu com Tpy
de ca. 2,6 Ga (Fig. 7.9B).

7.4 - LIMITE DAS PROVINCIAS GEOCRONOLOGICAS

A exemplo dos dominios transamazénicos que bordejam o Bloco Amapa o processo de
mistura do componente juvenil transamazénico de ca. 2,3 Ga com componentes crustais
arqueanos dificultam a delimitacdo dos limites da provincia Maroni-Itacailnas s6 com base nos
isotopos de Nd. Além disso, esses dominios de transicdo, como o Dominio Bacaja se
caracterizam pelo intenso retrabalhamento da crosta arqueana durante o Transamazonico. Desta
forma, as idades dos eventos magmaticos e metamorficos de alto grau € que permitiram
caracterizar esses segmentos crustais da Provincia Maroni-ltacaitnas.

A ocorréncia de rochas riacianas de 2,10 e 2,07 Ga e arqueanas de alto grau
metamorficas retrabalhadas durante o Transamazonico (2,15 a 2,07 Ga) nas areas mais a oeste do
Dominio Bacaja (Fig. 7.1) evidenciam que os limites da Provincia Maroni-Itacailnas se estendem

além do inicialmente proposto por Teixeira et al. (1989), limitado as proximidades da foz Rio
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Iriri. Os is6topos de Nd dessas rochas indicam fontes dominantemente arqueanas, em parte
semelhante as fontes mesoarqueanas do Bloco Carajas (ca. 3,0 Ga) da Provincia Amazonia
Central. Contudo, a existéncia de remanescentes de uma crosta neoarqueana a cedo sideriana com
um componente juvenil de ca. 2,7 Ga no oeste do Dominio Bacajd contrasta com a do Bloco
Carajés. Desta forma, ndo se trata de um simples prolongamento do Bloco ou Provincia Carajas
como propuseram Santos et al. (2006).

O limite sul da Provincia Maroni-ltacaiinas com o Bloco Carajas da Provincia
Amazonia Central vem sendo investigado por outros autores (Macambira et al., 2001, 2003, 2004;
Monteiro, em preparagdo) e o imbricamento tectonico torna complexo o contato desses dois
segmentos crustais, com a possibilidade de existirem lascas de rochas arqueanas do Bloco
Carajas aleitadas no Dominio Bacaja, como previamente sugerido por Ricci et al. (2003). Néo
obstante, as assinaturas isotdpicas crustais de rochas siderianas (2,49 a 2,34 Ga) do oeste do
Dominio Bacaja sugerem a participacdo de rochas arqueanas do Bloco Carajas, indicando que o
prolongamento desse bloco arqueano que vem sendo retrabalhado desde antes das orogéneses
transamazoénicas na Provincia Maroni-Itacailnas.

O embasamento do Bloco Xingu da Provincia Amazonia Central ainda é pouco
conhecido, as Tpy de ca. 2,6 Ga das rochas félsicas de 1,88 Ga eram interpretadas como um
reflexo desse embasamento (Sato & Tassinari, 1997). No entanto, este estudo demonstrou ser
pouco provavel que as rochas neoarqueanas do oeste do Dominio Bacaja tenham sido o protdlito
das rochas félsicas de 1,88 Ga com Ty, de ca. 2,6 Ga e que essas derivem de uma mistura de um
componente paleoproterozéico com fontes arqueanas mais antigas. Apesar de existirem rochas
félsicas de 1,88 Ga que derivaram direto da fusdo de protolitos com ca. 3,0 Ga, inclusive nas
proximidades do Bloco Bacaja. Futuros estudos isotdpicos das rochas de embasamento como as
da “janela” dos rios Novo (Fig. 7.1) e Curua, somada a uma amostragem mais densa das rochas
félsicas de 1,88 Ga, permitird conhecer o embasamento subjacente a essa extensa cobertura
orosiriana do Bloco Xingu que recobre os limites entre provincias Maroni-Itacaiiinas, Amazoénia

Central (Bloco Carajas) e Ventuari-Tapajos.
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8 — CONSIDERACOES FINAIS

A evolucdo crustal da porcao oeste do Dominio Bacaja pode ser dividida em uma etapa
pré-transamazénica, com a formacdo de rochas arqueanas a siderianas, uma etapa sobre o
magmatismo e metamorfismo de alto grau ocorridos durante o Transamazonico e se estende a
participacdo dessas rochas arqueanas e riacianas na formagéo das rochas orosirianas, marcando

etapa poOs-transazonica.

8.1 - EVOLUCAO CRUSTAL PRE-TRANSAMAZONICA

A evolucdo crustal do Dominio Bacaja inicia com acrescao juvenil entre 2,67-2,65 Ga
marcada pela formacao de granitdides de 2671 + 3 Ma no sudeste (area Maneldo) e de 2503 + 10
Ma no oeste (area Uruard) (Fig. 8.1). Os granitdides de 2487 + 13 e 2440 + 7 Ma da regido
tiveram participacdo de fontes arqueanas mais antigas na sua formacdo, que poderiam ser
oriundas das rochas sedimentares associadas (areas llha Grande e Uruard) ou de rochas arqueanas
de um possivel prologamento dos blocos arqueanos vizinhos (Carajas e Amapa). O predominio
de rochas tonaliticas e granodioriticas, com rochas quartzo dioriticas associadas, sugere uma
filiacdo célcio-alcalina, normal ou até baixo potassio que poderia estar relacionada a um arco
magmatico neoarqueano a cedo sideriano (2,67-2,44 Ga) na margem de microcontinente
arqueano.

Na area, ocorrem remanescentes de rochas vulcanoclasticas daciticas de 2450 + 3 Ma
gue sugerem a existéncia de bacias vulcano-sedimentares (bacias de retro-arco?) contemporaneas
ao magmatismo neoarqueano a cedo sideriano. Existem outras evidéncias de sedimentagdo pré-
transamazonica (areas Ilha Grande e Uruard — Fig. 9.1), elas apresentam fontes detriticas
mesoarqueanas a cedo siderianas (3,13-2,47 Ga), talvez com contribuicdes tardi siderianas a cedo
riacianas (2,30-2,24 Ga). As fontes detriticas arqueanas com > 2,75 Ga devem ser de rochas
mesoarqueanas ainda nao identificadas no Dominio Bacaja ou dos blocos arqueanos vizinhos. Por
outro lado, as fontes com idades entre 2,60 e 2,47 Ga devem ser da regido, uma vez que rochas
com ca. 2,5 Ga sdo ausentes ou de ocorréncia restrita nos blocos arqueanos adjacentes.
Adicionalmente, estas fontes detriticas descartam a possibilidade dessas rochas sedimentares
terem participado da formacao dos granitoides cedo siderianos. A composicao varia de pelitica a
psamitica e, devido a incerteza sobre as fontes detriticas tardi siderianas a cedo riacianas e a
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Associagées orosirianas (1,99-1,88 Ga)

rochas vulcanicas félsicas e granitos de ca. 1,88 Ga de ambiente extesional, com significativa contribui¢do crosta arqueana,
possivelmente derivados da fuséo dessa.

granitéide de 1,99 Ga com significativa contribuicdo de crosta arqueana, podendo ser derivado da fuséo dessa.

associagoes pos-colisionais - associagdes de granitoides de 2,08-2,07 Ga com significativa contribui¢do de crosta arqueana e
de rochas charnoquiticas de 2,09 e 2,07 Ga, com sugestiva participagdo de componente de manto enriquecido.

orégeno colisional - associagdes de granitdides de 2,10 Ga e de rochas charnoquiticas de > 2,09 Ga, ambas associa¢tes
= ® x com moderada contribui¢do crustal, provavelmente em parte oriunda das rochas do arco tardio.

arcos magmaticos riacianos - associagdo de granitdides de 2,21-2,18 Ga (arco precoce - AM1), com significativa contribuicao
de crosta arqueana e associagdo de granitdides de 2,16-2,13 Ga (arco tardio - AM2), resultantes da mistura de um componentes
juvenil de ca. 2,3 Ga com crosta arquena

Associagoées tardi siderianas (ca. 2,35 Ga)
embasamento sideriano juvenil (a) e reciclado (b) - associagdes de rochas supracrustais, com rochas metavulcanicas de
A 2,36 Ga que marcam uma acresgao a ca. 2,5 Ga e de granitdides de 2,34 Ga que sao produtos da reciclagem de crosta
arqueana de 3,0 Ga.
Associagées arqueanas a cedo siderianas (> 2,44 Ga)

embasamento arqueano retrabalhado - associagdes de rochas metamérficas para- e ortoderivadas de alto grau, contendo
rochas metassedimentares com fontes detriticas meso a neoarqueanas (3,1-2,5 Ga) e Tom de 3,24-2,88 Ga.

embasamento neoarqueano juvenil - associagdes de ortognaisses de 2,67-2,44 Ga, com os de > 2,5 Ga marcando uma
acresgéo a ca. 2,65 Ga e os de <2,5 Ga evidenciando reciclagem crustal.

\\\\\\
\\\\\\\
Ny

Figura 8.1 - Mapa de distribuicdo das associagdes e ambientes tectonicos da porcao oeste do Dominio Bacaja.

Marcelo L. Vasquez -2006- Tese de Doutorado (CPGG-UFPA)



CAPITULO 8 187

associacdo com as rochas vulcanoclasticas de 2,45 Ga, podem representar uma sequéncia
epiclastica da bacia associada ao arco magmatico de 2,67-2,44 Ga.

Um segundo evento de acres¢do crustal de cerca de 2,5 Ga estd representado pelo
vulcanismo de ca. 2360 Ma, com sedimentacdo quimica e epiclastica pelitica e psamitica,
associada da sequiéncia Trés Palmeiras (Fig. 8.1). A afinidade toleiitica tipo MORB, identificada
nos basaltos por Jorge Jodo et al., (1987), contrasta com assinatura calcio-alcalina de arco de ilha
dos andesitos e dacitos, sugerindo tratar-se de uma bacia de um arco de ilha tardi sideriano, com

remanescentes de crosta oceadnica. Os granitdides de 2338 + 5 Ma dessa area apresentam um
significativo componente de crosta mesoarqueana (Tpy de 3,1 Ga e €Nd 234 g de — 10,84),

indicando ndo se tratar dos granitdides do arco de ilha. Eles parecem representar um
retrabalhamento ensidlico durante a amalgamagdo do arco de ilha de 2,36 Ga a um
microcontinente arqueano. A ocorréncia de granitdides de 2313 + 9 Ma na porcdo leste do
dominio sugere que esse retrabalhamento pode ter durado pelo menos cerca de 30 Ma.

Evidéncias sugerem um metamorfismo de alto grau a cerca de 2,30 Ga, em cristais de
zircdo dos metapelitos de Uruara. Este evento poderia estar relacionado ao fechamento do oceano,
amalgamacao do arco de ilha tardi sideriano durante a colisdo do microcontinente neoarqueano a
cedo sideriano de oeste (Dominio Bacaja) contra o microcontinente arqueano de leste (blocos

Carajas ou Amapa?).

8.2 - EVOLUCAO CRUSTAL TRANSAMAZONICA

O Transamazonico foi o periodo em que a crosta do Dominio Bacaja mais cresceu. O
predominio de rochas riacianas e o retrabalhamento das rochas arqueanas e siderianas durante as
orogéneses transamazoénicas atestam isso. Neste dominio sdo raros os registros de formacdo de
crosta juvenil transamazénica (Tpyw ca. 2,3 Ga), restringindo-se a granitdides de 2,15 Ga na area
Belo Monte (Fig. 9.1) e de 2,08 Ga na porcao leste do dominio (Macambira et al., 2003). Além
disso, seu componente juvenil ndo é tdo acentuado como no nordeste do Escudo das Guianas
(Gruau et al., 1985, Avelar et al., 2003; Nogueira et al., 2000). Mesmo nos dominios proximos
ao limite e no Bloco Amapd (McReath & Faraco, 1997; Rosa-Costa, 2006), a participacdo de
crosta juvenil € mais significativa, sugerindo que se tenha atenuado em direcdo sul da Provincia

Maroni-Itacailnas.
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A exemplo dos modelos evolutivos mais recentes propostos para 0s dominios
transamazonicos do Escudo das Guianas (Delor et al., 2003a; Rosa-Costa, 2006), na evolucéo da
crosta transamazonica do Dominio Bacaja também foram identificadas associacdes litoldgicas
relacionadas ao estagio de convergéncia, de colisdo e pds-colisional.

O estagio de convergéncia é marcado pela colocacgéo de granitoides de 2215 + 2 a 2182

+ 6 Ma (areas Brasil Novo e Araras — Fig. 8.1) com uma componente crustal (Toy ca. 2,8 Ga e
eNd () ca. -5) indicativa de participacdo de crosta arqueana. Variam de tonalitos a granitos,

freqlientemente com feicbes de deformacdo de alta temperatura (> 550°C), provavelmente
relacionados a um arco magmatico de margem continental, conforme sugerido pela sua
componente crustal. Um significativo componente juvenil seria esperado para os granitdides
desse arco magmatico precoce, mas sua assinatura isotopica de Nd e a ocorréncia de cristais de
zircdo herdados (ca. 2,5 Ga) indicam que sdo produtos de um retrabalhamento de crosta sialica.
No grupo de granitoides de 2160 + 3 a 2133 + 10 Ma, em sua maioria situados na por¢ao
centro-nordeste da area (Fig. 8.1), predomina granodioritos, tonalitos e quartzo monzodioritos
frequentemente com hornblenda, sugerindo tratar-se de granitdides célcio-alcalinos de arco

magmatico. Esses granitoides apresentam uma ténue componente juvenil (Tow ca 2,5 Ga e eNdy

de -0,71 a -1,59), mas localmente a componente juvenil esta bem marcada (Toum Ca 2,3 Ga e ENdy

de +0,21 — Macambira et al., 2003). Esse quadro sugere diferentes graus de mistura do
componente juvenil com componente crosta mais antiga, provavelmente a crosta neoarqueana-
cedo sideriana do dominio. Por outro lado, a ocorréncia de cristais de zircdo herdado de 2,34 Ga e
xenolitos de rochas metavulcanicas no granitoide de 2,13 Ga sugere contribuicdo do greenstone
belt Trés Palmeiras, pelo menos como fonte de contaminagdo de um processo de assimilagcdo da
crosta juvenil tardi sideriana. A participacdo de crosta mais antiga sugere que se tratava de um
arco magmatico de margem continental.

N&o foi observado zoneamento interno nos arcos magmaticos riacianos do oeste do
Dominio Bacaja, algo como uma polaridade em direcdo das idades menores para 0s termos de
composicdo mais diferenciada. A distribuicédo espacial desses arcos reflete a participacédo de seus
embasamentos na formacdo de suas rochas. Também ndo foram identificadas as rochas
supracrustais das bacias relacionadas a esses arcos riacianos, provavelmente porque ndo foram

preservadas.
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Durante a formacdo do arco tardio (2,16-2,13 Ga) na porcdo nordeste da area, o
embasamento arqueano a sudoeste estava sendo retrabalhado, conforme evidenciado pelos
eventos metamorficos de alto grau a 2147-2123 Ma registrados nos cristais de zircdo e monazita
das rochas metassedimentares de alto grau (areas Ilha Grande e Uruara — Fig. 8.1).
Adicionalmente, o granitoide de 2147 + 5 Ma (amostra MVVD115B) que intrude o embasamento
arqueano (area Ipiacava — Fig. 8.1) mostra uma participacdo de fonte crustal (Tpyw de 2,74 Ga e
€Nd 215 ca de -4,29), sugerindo que houve uma significativa formacéo de granitdides durante a
migmatizacédo de 2,15-2,12 Ga.

No sudeste do Escudo das Guianas, a fase colisional esta marcada por uma tecténica de
cavalgamento obliguo com metamorfismo de facies granulito a 2,09 Ga e por formacdo de
granitdides sincolisionais de 2,10 Ga (Rosa-Costa, 2006). Contudo, no oeste do Dominio Bacaja
ndo foram identificadas estruturas que marquem claramente uma tecténica tangencial relacionada
a esse estagio. Uma restrita migmatizacdo de 2109 Ma das rochas metassedimentares de alto grau

(&rea Uruard) e os granitoides de 2102 + 3 e 2104 + 5 Ma (&reas Uruara e Altamira — Fig. 8.1),

com uma ténue assinatura crustal (Tpy de 2,54 e 2,59 Ga e €Nd ;1 ga de ca -3,40), foram o0s

registros relacionados a grande colisdo continental de 2,1 Ga descrita em varios modelos de
evolugdo dos dominios transamazdnicos da América do Sul e dos eburnianos/birrimianos do
oeste da Africa (Bertrand & Jardim de S&, 1990; Ledru et al., 1994; Feybesse et al., 1998; Brito
Neves, 1999; Barbosa & Sabaté, 2004). Dentre os granitéides de 2,10 Ga, ocorrem granodioritos
e mozogranitos metaluminosos (portadores de hornblenda), que s&o incomuns entre 0s
granitdides sincolisionais, geralmente peraluminosos com muscovita ou cordierita (Barbarin,
1999). Contudo, ndo parecem existir evidéncias de um arco magmatico de 2,10 Ga.
Provavelmente, essa composicdo “cafémica” e a ténue assinatura crustal reflitam processos de
mistura de um componente juvenil, ainda ndo identificado entre as rochas de 2,10 Ga do dominio,
com uma crosta mais antiga. Alem disso, a ocorréncia de cristais de zircdo herdado de 2,12 a 2,16
Ga indica uma contribuicdo das rochas do arco tardio. Assim, os granitdides de 2,10 Ga podem
ter se formado a partir da fusdo desses ou da mistura desse fundido com um suposto componente
juvenil.

Algumas das rochas charnoquiticas da porcdo sul e nordeste da area (Fig. 8.1) nao

contam com dados geocronologicos, mas elas foram intrudidas por rochas charnoquiticas de 2,09
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Ga e granitoide de 2,08 Ga e intrudiram granitoides do arco magmatico tardio. Essa relagédo
estratigrafica permite correlaciona-las as rochas colisionais, o que € reforcado pela intima
associacdo dessas rochas charnoquiticas com granulitos que podem estar marcando o alcamento
da crosta inferior por cavalgamento relacionado a coliséo.

O estagio pds-colisional destacou-se pela significativa formacao de granitoides de 2,08
Ga localizados principalmente na parte central da area (Fig. 8.1). Eles se distinguem dos demais
granitos riacianos pela sua composicao mais diferenciada, geralmente sdo monzo- e sienogranitos,
e pela preservacdo das texturas igneas, tendo sofrido deformacao de baixa temperatura (< 550°C)

relacionada & reativagdo das zonas de cisalhamento transcorrentes NW-SE. Esses granitos
apresentam um componente crustal (Tpy de ca. 2,7 Ga e €Nd 08 ca de ca. -6) que sugere sua

formacéo a partir da fusdo de crosta arqueana. Por outro lado, a ocorréncia de cristais de zircao
herdado de 2,22 e 2,10 Ga na amostra MVDO06B indica que houve participacdo de rochas
riacianas, pelo menos como fonte de contaminacao.

Associado ao embasamento granulitico meta-igneo foi identificado um sheet de quartzo
diorito (amostra MVVD46A) de 2071 Ma com um componente crustal mais forte (Tpy de 3,01 Ga

e eNd 207 ca de -9,3) que sugere um intenso retrabalhamento crustal com anatexia de rochas

maéficas a altas temperaturas (> 1000°C) e significativa contaminacdo por crosta argqueana
ensialica. Adicionalmente, foram identificadas na area Maribel (Fig. 8.1) rochas charnoquiticas

maficas de composigdo intermediaria com 2070 + 3 Ma e com uma assinatura isotopica de Nd
(Tom de 2,46 Ga e eNd de -2,4) que pode refletir um fraco componente crustal de um processo de

mistura com o componente juvenil de ca. 2.3 Ga ou fusdo de um manto enriquecido.

Através dos cristais de monazita, zircdo e granada das rochas metassedimentares de alto
grau das areas Ilha Grande e Uruara (Fig. 8.1) foi datado um metamorfismo granulitico de baixa
pressdo (ca. 5 kbar) de aproximadamente 2,07 Ga. Esse evento também ocorreu nos dominios
transamazonicos do Escudo das Guianas (Avelar et al., 2001; Lafon et al., 2001; Oliveira, 2002;
Tassinari et al., 2004), e localmente atingiu condi¢cdes de UHT (Roever et al. 2003). Conforme
Delor et al. (2003b), o metamorfismo granulitico de ca. 2,06 Ga do Escudo das Guianas teria
resultado do adelgacamento crustal E-W posterior & transcorréncia relacionada ao deslizamento
entre as placas oeste-africana e sul-americana. O upwelling do manto e a colocagdo de rochas

charnoquiticas e maficas teriam fornecido calor para esse evento. De maneira analoga, o
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metamorfismo granulitico, as rochas charnoquiticas e granitoides de 2,07 Ga do Bloco Bacaja
devem estar relacionados ao evento de adelgagamento crustal pos-colisional, provavelmente
correlacionavel ao mesmo episodio ocorrido no Escudo das Guianas.

A diferenca entre o metamorfismo granulitico de 2,09 Ga e o de 2,07 Ga identificados
nos dominios transamaz6nicos da Provincia Maroni-Itacaitinas € a estreita associacdo do primeiro
com a tectdnica de cavalgamento, enquanto o segundo esta relacionado a uma componente
extensional da tecténica transcorrente pds-colisional. Isso sugere que o metamorfismo granulitico
de 2,09 Ga teve um caminhamento tipo ITD (isothermal decompression) tipico de espessamento
crustal ligado ao climax de uma colisdo continental, enquanto o de evento de 2,07 Ga teve um
caminhamento tipo IBC (isobaric cooling) caracteristico de ambientes pés-colisionais (Bohlen &
Mezger, 1989; Harley, 1989).

Foi identificado um evento tectono-termal de ca. 2,06 Ga que afetou as monazitas de
2,07 Ga. Esse evento estar relacionado a uma etapa tardia do metamorfismo granulitico de 2,07
Ga Alternativamente, ele poderia estar a um processo de perda de Pb associado a intrusdes de ca.
2,06 Ga.

8.3 - EVOLUGCAO CRUSTAL POS-TRANSAMAZONICA
Existe uma lacuna de aproximadamente 70 Ma entre o ultimo evento magmatico
riaciano e o primeiro evento orosiriano que ocorreram no Dominio Bacaja. Trata-se de um evento

localizado representado por um granitdide de 1986 + 5 Ma (amostra MVVD15A) na porcao oeste
da area (Fig. 8.1), com uma forte assinatura crustal (Tpy de 2,83 Ga e €Nd 1.9 ga de -8,89) que

sugere uma origem a partir da fusdo de crosta arqueana do dominio. N&o esta claro se esse evento
esta relacionado ao final do Transamazonico ou seria um reflexo do magmatismo célcio-alcalino
de alto potassio a shoshonitico de 2,0-1,98 Ga que ocorre no Dominio Tapajos (Lamardo et al.,
2002; Vasquez et al.,, 2002), apesar de sua assinatura crustal contrastar com as fontes
paleoproterozdicas identificadas por Lamardo et al. (2005) para 0 magmatismo contemporaneo
do Dominio Tapajos. Adicionalmente, esses autores aventaram a possibilidade de que o
magmatismo de 2,0-1,98 Ga tenha alguma contribuicdo de crosta paleoproterozoica mais antiga.
A comparacdo com a composicdo isotopica do Nd dos granitoides do arco tardio reforca essa

hipotese.
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O segundo evento orosiriano é representado por uma extensa cobertura de rochas
vulcanicas dominantemente félsicas e granitos de idades entre 1,89 e 1,86 Ga que ocorre no
Bloco Xingu e que se estende ao interior do Bloco Carajas e do Dominio Tapajés. Essas rochas
marcam eventos magmaticos calcio-alcalinos de alto potédssio e alcalinos relacionados a
ambientes extensionais (Dall’Agnol et al., 1999b, Lamar&o et al., 2002; VVasquez et al., 2002). As
fontes crustais arqueanas das rochas de ca. 1,88 Ga proximas ou dentro do Bloco Carajas tém
sido interpretadas como indicativo de que elas se formaram a partir do embasamento
mesoarqueano da regido (Dall’Agnol et al., 1999b, R&mo et al., 2002; Teixeira et al., 2002). De

maneira analoga, as rochas desse grupo que ocorrem proximas do Dominio Bacaja com uma forte
componente crustal (amostra MVD70; Tpy de 2,78 Ga e €Nd 183 ca de -7,92) podem ter se

formado a partir da fusdo da crosta arqueana desse dominio. Contudo, as rochas félsicas de ca.
1,88 Ga no Dominio Tapajos apresentam a participacdo de um ténue componente crustal,
interpretado como resultante da fusdo de crosta paleoproterozéica com > 1,9 Ga (Lamardo et al.,
2005). Desta forma, os isétopos de Nd sugerem as rochas orosirianas com Tpy de ca. 2,6 Ga
podem derivar de um processo de mistura desse componente paleoproterozdicas com fontes
crustais arqueanas.

Do quadro evolutivo acima exposto fica evidente que o embasamento igneo-
metamorfico do Dominio Bacaja € composto de segmentos de uma crosta arqueana retrabalhada,
que em parte apresenta semelhancas com a dos blocos arqueanos adjacentes (Carajas e Amapa),
mas também se distingue desses por apresentar segmentos de crosta juvenil neoarqueana e
sideriana. Portanto, pode ser considerada uma simples continuacdo do Bloco Carajas que foi
retrabalhado no paleoproterozéico.

As orogéneses do Ciclo Transamazonico estdo bem marcadas pelo magmatismo riaciano
e eventos metamorficos de alto grau. As evidéncias desses eventos transamazo6nicos se estendem
mais a oeste (areas Uruard e Maribel) do que delimitado em trabalhos anteriores. A evolugéo
transamazonica do Dominio Bacaja foi, assim, marcada por margens continentais ativas seguidas
de uma grande colisdo continental e um relaxamento pos-colisional.

As rochas do embasamento do Bloco Xingu ainda sdo pouco conhecidas, mas as rochas
orosirianas revelaram a participacdo de diferentes segmentos crustais arqueanos e

paleoproterozdicos, entre eles os do Dominio Bacaj, e por vezes mistura desses componentes.
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Cada dominio transamazo6nico da Provincia Maroni-Itacailnas e de outras provincias
geotecténicas da Ameérica do Sul tem as suas peculiaridades, mas todos se caracterizam por uma
historia envolvendo estagios de convergéncia e colisdo dos paleocontinentes sul-americano e
oeste-africano se estendendo a um estagio de relaxamento pds-colisional. Em escala global, a
importancia das orogenias transamazonica e eburniana/birrimiana é destacada como eventos que

desencadearam a formacao do supercontinente paleoproterozoico.
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Baixar livros de Literatura

Baixar livros de Literatura de Cordel
Baixar livros de Literatura Infantil
Baixar livros de Matematica

Baixar livros de Medicina

Baixar livros de Medicina Veterinaria
Baixar livros de Meio Ambiente
Baixar livros de Meteorologia
Baixar Monografias e TCC

Baixar livros Multidisciplinar

Baixar livros de Musica

Baixar livros de Psicologia

Baixar livros de Quimica

Baixar livros de Saude Coletiva
Baixar livros de Servico Social
Baixar livros de Sociologia

Baixar livros de Teologia

Baixar livros de Trabalho

Baixar livros de Turismo
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