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ANEXO 04: Quimica mineral e Geotermobarometria das rochas metamaficas e metassedimentares da
Faixa Eclogitica de Forquilha.
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Anadlise geoquimica, geocronoldgica e termobarométrica das rochas de alto
grau metamorfico, adjacentes ao arco magmatico de Santa Quitéria, NW da
Provincia Borborema

RESUMO

Tese de Doutorado

Wagner da Silva Amaral

A aglutinacdo de massas continentais durante a formacdo do Gondwana ocidental desencadeou o fechamento de
oceanos em zonas de subducc¢do e a geracdo de arcos magmadticos. Em geral, os limites da colisdo dos diferentes
blocos crustais sdo representados por um cinturdo de rochas de alto grau associadas ou ndo a lascas ofioliticas. No
noroeste do Dominio Ceard Central (por¢do norte da Provincia Borborema), na borda oeste do arco magmadtico de
Santa Quitéria — AMSQ, e ao longo do lineamento Transbrasiliano, ocorrem rochas com paragéneses de alta pressido
(retroeclogitos) e alta temperatura (granulitos maficos, félsicos) nas regides de Forquilha e Cariré, respectivamente.
Os retroeclogitos de Forquilha definem uma faixa N-S de aproximadamente 30 km de comprimento por 4 km de
largura, de corpos métricos lenticulares denominados Faixa Eclogitica de Forquilha - FEF representados por
conjunto descontinuo de corpos com comprimentos médios de 5 a 300 metros de extensdo. Essas rochas estdo
encaixadas em paragnaisses, quartzitos, marmores e rochas cdlcio-silicaticas. Em Cariré os granulitos estdo
alongados na direcdo NE-SW e hospedados em granodioritos cisalhados. Em ambas as 4reas a foliacdo (Sn) com
mergulho de baixo angulo para E-SE aumenta de intensidade exibindo mergulhos sub-verticalizados na regido de
Cariré. A lineagdo (Lx) definida por sillimanita e cianita é downdip e torna-se obliqua para S-SE & medida que se
avanca para W. Dados de geotermobarometria para os granulitos de Cariré revelaram condi¢ées de P-T de 8,3-9,4
kbar e 804-870°C para granulitos félsicos e de 10,2-13,6 kbar e 750-910°C para granulitos méficos. Por outro lado,
na regido de Forquilha as condi¢des de P-T situam-se em 11,2-22,0 kbar e 495-840°C para as rochas metaméficas e
9,9-11,0 kbar e 734-851 °C para as rochas metassedimentares encaixantes. Esses valores indicam a existéncia de
granulitos de alta pressdo em Cariré e rochas eclogiticas/granuliticas na FEF. Andlises petrograficas e geoquimicas
permitiram a individualiza¢do de trés grupos de rochas metamaficas na FEF: i) Granada anfibolitos, com padrao
Elementos Terras Raras-ETR plano e anomalias negativas de Rb, Th, Nb, Zr e Ta, no diagrama multielementar,
indicam similaridades com basaltos de arco de ilha, tipo IAT; ii) Retroeclogitos com padrdo (ETR) plano e estreito e
similaridades com o padrdo N-T-MORB compativeis com basaltos de ambiente extensional tipo cadeia meso-
ocednica ou back-arc de arcos intra-oceanicos.; iii) Clinopiroxénio-granada anfibolitos possuem o padrdo (ETR)
mais inclinado, com razdo (La/Yb) entre 2.63 e 7.32, o que sugere leve fracionamento. E o grupo mais enriquecido
em termos de dlcalis e elementos tracos incompativeis, similar a rochas alcalinas e basaltos continentais. Dados
geocronoldgicos (Sm-Nd em rocha total e U-Pb, Lu-Hf em zircdo e monazita) denotam dois episddios magmaticos,
um paleoproterozdico, registrado nos granodioritos de Cariré ao redor de 2,1 Ga. E outro mesoproterozoéico definido
por U-Pb em zircao das rochas metaméficas da FEF, situado entre 1455 e 1618 Ma. Dados Lu-Hf em zircdo (Tpwmpys
= 1,57 - 1,80 Gae €Hf (1500) = +7,46 € +9,63) e iSétOpOS de Nd (TDMNd = 1,57 - 2,81 Gae ENd (1500) = +4,11 c +4,33),
revelam valores de fontes proximos a idade de cristalizagdo com valores de épsilon positivos. Andlises U-Pb em
bordas de zircdo e em cristais com texturas metamorficas com baixas razées Th/U possibilitaram a caracterizagdo de
dois estdgios metamorficos: i) entre 640 — 650 Ma obtido em rochas paraderivadas encaixantes dos retroeclogitos na
FEF e correlato ao metamorfismo colisional de facies eclogito; ii) entre 590 e 615 Ma registrado nos granulitos de
Cariré e do sul de Forquilha. Datagdo em zircdo detritico de quatro rochas metassedimentares ao longo da FEF
revelaram proveniéncia principal de fontes paleoproterozédicas (Riaciano/Orosiriano) e idades maximas de deposi¢do
ao redor de 1,65-1,80 Ga. Neste cendrio, o modelo de Slab-breakoff € proposto.
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ABSTRACT
PhD Dissertation

Wagner da Silva Amaral

The amalgamation of continental blocks during the development of the Western Gondwana led the closure of oceans
in subduction setting and the formation of magmatic arcs. The boundaries of the collision of different crustal blocks
are typically represented by a high-grade rock belts associated or not with ophiolitic sequence. In the northwestern
part of the Ceard Central Domain (northern portion of the Borborema Province), in the western border of the Santa
Quitéria Magmatic Arc, within the Transbrasiliano Lineament, high-pressure (retrograded eclogites) and high-
temperature rocks (mafic and felsic granulites) were described near the Forquilha and Cariré regions, respectively.
The retrograded eclogites of the Forquilha region define a N-S strike belt (ca. 30 km long and 4 km wide) of
lenticular discontinuous metric bodies (5 to 300 meters) called Forquilha Eclogite Zone (FEZ). These rocks are
hosted by paragneiss, quartzites and calc-silicate rocks. In the Cariré region the granulites are elongated along the
NE-SW strike and hosted by sheared granodiorites. In both areas the foliation (Sn) has low-angle E-SE dip that
grades to sub-vertical dip towards the Cariré region. The mineral lineation (Lx) is defined by sillimanite and kyanite
and may be down-dip, becoming oblique (S-SE strike) towards west. The geothermobarometrical data for the
granulites of Cariré reveals P-T conditions between 8.3-9.4 kbar and 804-870°C for the felsic granulites and between
10.2-13.6 kbar and 750-910°C for the mafic granulites. In the Forquilha region, the P-T conditions range from 11.2
to 22.0 kbar and 495 to 840°C for the metamafic rocks and from 9.9 to 11.0 kbar and 734 to 851 °C for the
metasedimentary host rocks. These data indicate the existence of high-pressure granulites in the Cariré region and
eclogitic/granulitic rocks in the FEZ. The petrography and geochemistry allowed the identification of three groups of
metamafic rocks in the FEZ: 1) Garnet amphibolites, with flat REE pattern, negative anomalies of Rb, Th, Nb, Zr e
Ta and similarities with island arc basalts, IAT-type (SPIDER diagram); ii) Retrograded eclogites with flat narrow
REE pattern that show similarities with N-T-MORB pattern, similar to basalts from extensional setting, like mid
ocean ridge or back-arc from intra ocean arcs; iii) Clinopyroxene-garnet amphibolites with greater slope in the REE
pattern, with La/YDb ratio between 2.63 to 7.32, that suggest slightly fractionation. This group has an enrichment in
alkalis and in incompatible trace elements, similar to alkaline rocks and continental basalts. The geochronological
data (whole-rock Sm-Nd and zircon and monazite U-Pb and Lu-Hf) indicate two magmatic episodes. The first is
paleoproterozoic and registered by the 2.1 Ga granodiorites from Cariré region. The second is mesoproterozoic and
recorded by the 1455 and 1618 Ma zircons from the metamafic rocks from FEZ. The zircon Lu-Hf data (Tpyyr =
1.57 — 1.80 Ga and &g (1500) = +7.46 € +9.63) and Nd isotopes (Tpunag = 1.57 — 2.81 Ga and &ng (1500 = +4.11 and
+4.33) reveals sources values close to the crystallization ages with positive € values. The U-Pb data in zircon rims
and in crystals with metamorphic textures and low Th/U ratios, allowed the characterization of two metamorphic
stages: 1) 640 — 650 Ma, obtained in the metasedimentary host rocks of the retrograded eclogites from the FEZ and
related to the collisional metamorphism in eclogite facies; ii) 590 to 615, registered by the granulites from the Cariré
region and from south of Forquilha city. Dating of detrital zircon from four metasedimentary rocks along the FEZ,
showed that the main source is Rhyacian/Orosirian paleoproterozoic with maximum depositional ages around 1.65 to
1.80 Ga. In this context, the Slab-breakoff model is proposed.
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1. ASPECTOS INTRODUTORIOS

O documento apresentado € parte dos requisitos exigidos para a obtencdo do titulo de
Doutor em Geociéncias, area de concentragdo em Geologia e Recursos Naturais, junto ao curso
de P6s-Graduagdao em Geociéncias do Instituto de Geociéncias (IG) da Universidade Estadual de
Campinas (UNICAMP)

De acordo com as normas da Resolucdo 01/2008 do Programa de P6s-Graduagdo em
Geociéncias do IG-UNICAMP, este documento é composto por 25 pdaginas introdutdrias
circunstanciando a pesquisa, objetivos, materiais ¢ métodos, discussdes e conclusdes, quatro
anexos onde constam trés artigos, sendo um aceito e dois em corre¢do, e as descrigdes
petrograficas e os resultados das andlises de quimica mineral e geotermobarometria.

O Desenvolvimento deste trabalho em suas diversas etapas contou com o subsidio do
Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq) no que se refere a
concessao da bolsa de estudos, do Projeto do Instituto do Milénio CNPq/MCT (Proc.
42.0222/2005-7) com auxilio financeiro e logistico para parte dos trabalhos de campo; e da
Fundacdo de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP) com auxilio financeiro para

os trabalhos de laboratério e campo (Proc. 07/58535-6).

1.1 Apresentacao do trabalho e motivacao

A motivagdo para a elaboracdo desta Tese se deu em 2006 no final do meu mestrado
quando o Professor Ticiano e eu estdivamos mapeando uma drea a oeste do arco magmatico de
Santa Quitéria dentro do Projeto FAPESP (Proc. 03/07663-3) e comecamos a encontrar algumas
ocorréncias de rochas metamaficas, ora in situ, ora como blocos dispersos. Eram granada
anfibolitos, com auréolas de plagiocldsio ao redor de granada e uma quantidade dominante de
anfibdlio, semelhante aos retroeclogitos descritos por Castro (2004), a leste do arco, regido de
Madalena. A partir da coleta de algumas amostras para petrografia, come¢amos a identificar
algumas texturas microscOpicas mais interessantes, tais como simplectitos formados por
plagioclasio, quartzo e anfibolio + diopsidio. Desde entdo, nas etapas subsequentes de campo,
comecamos a detalhar as regides de ocorréncia dessas rochas metamaficas. Os afloramentos

foram mais explorados sempre com o objetivo de coletar as amostras menos
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deformadas/cisalhadas, preferencialmente nas partes centrais dos afloramentos, na tentativa de
encontrar minerais e paragéneses de alto grau metamorfico. A identificacdo de pseudomorfos de
onfacita preenchidos por simplectitos de clinopiroxénio e plagiocldsio s6dico, em granada-
clinopiroxénio anfibolitos e estudos termobarométricos iniciais levaram a caracterizacdo de
rochas da facies eclogito na regido de Forquilha (Santos et al., 2009). A partir disto, alguns
questionamentos comegaram a ser formulados: 1) Qual seria a abrangéncia dessas rochas nesta
regiao? 2) Qual a natureza geoquimica dos protdlitos? 3) Quais as condi¢des de pressdo e
temperatura maxima das metamaficas e suas encaixantes? 4) E as idades de cristalizacdo e do
metamorfismo? Na extremidade NW do Dominio Cearda Central, préximo ao lineamento
Transbrasiliano, na regido de Cariré (distante aproximadamente 35 km a sudoeste de Forquilha -
Figura 1), Nogueira-Neto (2000) descreve a ocorréncia de granulitos maficos e félsicos com
associacdes de alta pressdo. Seria possivel que, a exemplo do que ocorre na borda leste do Craton
Oeste Africano, estas associagdes de rochas de alto grau metamorfico que afloram a oeste do arco
magmdtico de Santa Quitéria e proximo ao lineamento Transbrasiliano constituem uma
importante zona de sutura? Esse cendrio geotectonico e a busca pelas respostas aos
questionamentos centrais foram a grande motivacdo para a execugdo desta Tese. Este trabalho
também foi extremamente instigante e progressivamente aumentou o meu conhecimento em

diversas areas das Geociéncias.

1.2. Justificativa

A aglutinacdo de massas continentais durante a formacdo do supercontinente Gondwana
ocidental desencadeou o fechamento de oceanos em zonas de subducgio e a consequente geracao
de arcos magmaticos no Brasil (Pimentel & Fuck, 1992, Pedrosa-Soares et al., 2001, Paixdo et
al., 2008, Tohver et al., 2010)

Considerando a Provincia Borborema (PB) e sua continuidade do lado africano, o
conhecimento atual mostra que as principais zonas de sutura associadas a processos de subduc¢ao
sao registradas pelas ocorréncias de lascas ofioliticas e rochas maficas com paragéneses de alto
grau metamorfico (facies granulito/eclogito) situadas nas bordas das grandes massas cratonicas
(Affaton et al., 1980; Bernard-Griffiths et al., 1991; Agbossoumodé et al., 2004; Duclaux et al.,
2006; Santos et al., 2008, 2009). A continuidade das feicdes geoldgicas regionais da PB pode ser



seguida no lado africano na Provincia policiclica Camardes-Nigéria e nas faixas Dahomeyides e
Hoggar, indicando que estas duas provincias correspondiam antes da instalacio do oceano
Atlantico, a uma vasta regiao intensamente afetada pela tectdnica resultante da aproximacdo das

referidas massas cratonicas durante o Neoproterozdico (Figura 2).
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Figura 1: Mapa de localizagdo e principais vias de acesso das dreas investigadas. Topografia gerada a partir do
modelo digital do terreno (SRTM).

A extremidade norte da PB € limitada a sul pelo lineamento Patos, e subdividida nos
dominios Médio Coreati, Ceard Central ¢ Rio Grande do Norte, delimitados pelos lineamentos
Transbrasiliano e Senador Pompeu (Brito Neves et al, 2000) (Figura 3). Do ponto de vista
tectonico, 0 Dominio Ceard Central (DCC) constitui um dos mais importantes da PB. Dentre os
diferentes terrenos deste dominio, destacam-se: um nudcleo Arqueano; o embasamento
Paleoproterozoico; supracrustais Paleo a Neoproterozéicas; o Complexo Tamboril-Santa Quitéria
(arco magmadtico de Santa Quitéria — AMSQ, Fetter et al., 2003) e diversos corpos graniticos sin-
e pos-tectdnicos. A caracterizagcdo isotOpica das rochas ortoderivadas constituintes do AMSQ
encontra-se relativamente bem estabelecida. Isto se deve a quantidade de dados obtidos pelos

métodos U-Pb em zircdo, titanita e monazita e Sm-Nd em rocha total (Fetter 1999; Fetter et al.,



2003; Santos et al., 2004; Castro 2004), que forneceram idades de cristalizacdao ao redor de 640
Ma, idades de metamorfismo entre 640 e 615 Ma e valores de eng (=640) POSitivos que sugerem a
existéncia de materiais juvenis.

A partir da existéncia de uma marcante anomalia gravimétrica positiva no extremo
noroeste da PB abaixo da bacia do Parnaiba, Fetter et al., (2003) propuseram uma subduc¢io com
polaridade de NW para SE. Resquicios de crosta ocednica e de uma possivel zona de sutura
provavelmente estariam encobertos pelos sedimentos da bacia (Lesquer et al.,, 1984; Trompette
1994; El-Hadj et al., 1997; Fetter et al., 2003). Por outro lado, Castro et al., (2004) e Arthaud
(2008) apontam uma outra interpretacdo para a evolucdo tectonica do DCC, com base na
identificacdo de rochas de alta pressao, na borda leste do AMSQ. Estas rochas estio situadas na
base das nappes de vergéncia para SE da drea investigada, sugerindo que a zona de sutura
correspondente ao fechamento do oceano existente entre os dominios Médio Coread e Ceara
Central estaria situada a sudeste do arco magmatico de Santa Quitéria (Figura 3).

Trabalhos de mapeamento sistematicos em escala de detalhe e semi-detalhe realizados nas
adjacéncias do AMSQ, mais especificamente na sua borda oeste, e ao longo do lineamento
Transbrasiliano, t€ém evidenciado a presenca de rochas méficas com associacdes minerais de alta
pressdo (retroeclogitos) e alta temperatura (granulitos maficos, félsicos e kinzigitos) nas regides
de Forquilha e Cariré, respectivamente (Nogueira-Neto, 2000, Santos et al., 2008; Amaral et al.,
2008; Santos et al., 2009).

Os retroeclogitos da regido de Forquilha definem uma faixa N-S de aproximadamente 30
km de comprimento por 4 km de largura, representados por corpos lenticulares descontinuos com
comprimentos que variam de 5 a 300 metros de extensdo. Encontram-se encaixados em
principalmente em xistos, gnaisses aluminosos, quantidades subordinadas de quartzitos,
marmores e rochas cdlcio-silicatadas. Apresentam associacdes e texturas minerais indicativas de
desestabilizacdo da fécies eclogito e de rochas que foram submetidas a alta pressdo. Esta
sequéncia de rochas foi denominada de Faixa Eclogitica de Forquilha (FEF) (Santos et al., 2008,
2009; Amaral et al., 2010). Dados termobarométricos indicam condi¢des de pressdo e
temperatura, respectivamente de 17,3 kbar e 770°C (Santos et al., 2009).

Na regido de Cariré, granulitos méficos (granada-clinopiroxénio anfibolitos) e félsicos
(granulitos de composi¢do tonalitica/enderbitica) afloram adjacentes ao lineamento

Transbrasiliano (Fetter, 1999; Nogueira-Neto, 2000; Amaral et al., 2008). Os granulitos ocorrem



frequentemente como blocos e matacdes de dimensdes métricas ou como lentes boundinadas de
dimensdes métricas (em média 10 x 3 metros) encaixados em rochas ortoderivadas de
composi¢ao dioritica e granodioritica, intensamente cisalhadas.

Neste contexto a caracterizagdo de rochas metamoérficas de alto grau no DCC fornece
importantes subsidios para a confirmacdo de uma provédvel zona de subduc¢do e da colisdao
continental nesta regido da Provincia Borborema. Sao raras as informacgdes geoquimicas e
geocronoldgicas das rochas de alto grau descritas nas regides de Forquilha e Cariré. Portanto,
estabelecer a petrogénese desses litotipos e de suas encaixantes, obter a maior quantidade de
dados termobarométricos que permitam estimar as condi¢des de equilibrio nos diferentes estdgios
do metamorfismo e contextualizar a cronologia de geracdo dos protolitos e do processo
colisional/metamorfico, € tarefa fundamental para o entendimento da evolu¢do geodindmica do

Dominio Ceara Central.

1.3 Objetivos

A principal meta desta Tese € caracterizar a evolu¢do geodindmica da por¢do noroeste do
DCC, onde se inserem o AMSQ, o lineamento Transbrasiliano e rochas metamaficas de alta
pressao e alta temperatura nas regides de Forquilha e Cariré.

Como objetivos especificos, tém-se a:

1) Caracterizacdo geoquimica das rochas metamaficas que ocorrem nas circum-
vizinhancas do arco de Santa Quitéria e a determinacdo de seus ambientes de formacao;

ii) Definicdo petrogrifica e termobarométrica das associagdes minerais e texturais das
rochas metamaficas e de suas encaixantes, situadas entre o AMSQ e o lineamento
Transbrasiliano, nas regides dos municipios de Forquilha e Cariré;

iii) Datag¢do dos eventos de cristalizacdo e metamorfismo das rochas metamaéficas e suas
encaixantes a partir de estudos geocronolégicos (U-Pb, Lu-Hf e Sm-Nd) em zircdo, monazita e
rocha total;

iv) Discussdo de um modelo tectdnico evolutivo para o Dominio Ceard Central e suas

implicacdes para a evolugao crustal desta porcao da Provincia Borborema.



2. ARCABOUCO TECTONICO DA PROVINCIA BORBOREMA

A Provincia Borborema foi originalmente descrita e definida por Almeida (1977) e
Almeida et al., (1981) como uma complexa regido de dominios tectono-estratigraficos, associada
a eventos tectonicos de idade neoproterozdica. Esta provincia compreende uma drea de
aproximadamente 450.000 km? e foi estruturada a partir da convergéncia dos cratons Amazonico,
Sado Luis — Oeste Africano e Sdo Francisco, por volta de 600 Ma, na intitulada colagem brasiliana
(Trompette, 1994, Brito Neves & Cordani, 1991) (Figura 2). Estudos isotdpicos especialmente de
proveniéncia em zircdo detritico, realizados por toda Provincia Borborema, tém auxiliado a
configurar um quadro de evolucdo crustal mais preciso, envolvendo a colagem de diferentes
terrenos tectono-estratigraficos, devido a atuacido de distintos ciclos tectdonicos (Oliveira et al.,
2006, Van-Schmus et al., 2008 Arthaud, 2008, Neves et al., 2009, de Aratjo et al., 2010a, Santos
etal., 2010)

A estruturacao e os litotipos da Provincia foram desenvolvidos durante a evolucdo de dois
ciclos tectdonicos: 1) orogénese Cariris Velhos (Brito Neves et al., 1995, Santos et al., 2010), que
ocorreu desde o Mesoproterozéico Superior (~1,2 Ga) até o inicio do Neoproterozédico (1,0- 0,92
Ga); e ii) orogé€nese Pan-Africana/Brasiliana, desencadeada durante o Neoproterozdico Superior
(~600 Ma) (Van Shumus et al, 1995; Trompette, 1994; Brito Neves & Cordani, 1991).
Adicionalmente, no embasamento da Provincia foram reconhecidas evidéncias de outros ciclos
tectonicos atribuidos a importantes estigios de amalgamacdo continental durante o
Paleoproterozéico (e.g. Hackspacher et al., 1990, Fetter et al., 2003, Martins et al., 2009) e o
Arqueano (e.g. Dantas et al., 1998, 2004, Silva et al., 2002).

O quadro pré-cambriano da Provincia caracteriza-se, ainda, pela existéncia de extensas
zonas de cisalhamento ductil transcorrente com orientacdes NE-SW, NNE-SSW e E-W (Figura

2), desenvolvidas no final da orogénese Brasiliana (Vauchez et al., 1995, Monié et al.,1997) .
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Figura 2: Principais unidades crustais do paleocontinente Gondwana ocidental (modificado de Arthaud, 2008)

A zona de cisalhamento Patos divide a PB em dois grandes blocos tectonicos, o Dominio
Norte e 0 Dominio Sul (Van Schmus et al., 1995). Com base em assinaturas crustais de Nd e
diferencas de idades U-Pb em zircdo, esses dominios foram ainda subdivididos em dominios

crustais menores (Brito Neves et al., 2000).



Os lineamentos Transbrasiliano e Senador Pompeu subdividlem o Dominio Tectdonico

Norte em trés unidades crustais conhecidas por Dominio Médio Coreat, Dominio Ceara Central e

Dominio Rio Grande do Norte. O Dominio Ceard Central serd enfatizado por localizar as dreas

investigadas neste estudo (Figura 3).
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Figura 3: Esboco geoldgico regional da porgdo setentrional da Provincia Borborema e dos arredores do lineamento
Patos. LTB = lineamento Transbrasiliano; ZCSP = Zona de Cisalhamento Senador Pompeu; ZCPa = Zona de
cisalhamento Patos; CC = Complexo Cruzeta; MSJC = Macico Sdo José do Campestre; CG = Complexo Granjeiro
(modificado de Van Schmus et al., 1995).

2.1 Dominio Ceara Central - DCC

O DCC ¢ a mais extensa unidade geotectonica da por¢ao norte da Provincia Borborema e

abrange quase a totalidade do Estado do Ceard. E delimitado a NW pela zona de cisalhamento




Sobral-Pedro II (lineamento Transbrasiliano) e a SE pela zona de cisalhamento Senador Pompeu
(ZCSP), sendo encoberto a SW-W pelos sedimentos da Bacia do Parnaiba.

De acordo com Fetter et al., 2000, o Dominio Ceard Central pode ser dividido em quatro
unidades geotectonicas: (1) Nicleo Arqueano; (2) Embasamento gndissico paleoproterozéico; (3)

Supracrustais de idade neoproterozdica; e (4) Complexo Tamboril-Santa Quitéria.

2.2 Nicleo Arqueano

Representado por parte do Complexo Cruzeta (CC), o niicleo Arqueano aflora na porcao
sudeste do DCC e esta balizado a leste pela zona de cisalhamento Senador Pompeu e a oeste e a
norte pelos gnaisses do embasamento Paleoproterozéico (Figura 3). O complexo € seccionado
pela zona de cisalhamento Sabonete-Inharé, que o divide em duas unidades litologicas distintas,
intituladas unidades Mombaga a sudeste, e unidade Pedra Branca a noroeste, ambas de afinidade
TTG.

Com base em andlises isotopicas U-Pb e Sm-Nd, Fetter (1999) aponta uma assinatura
juvenil para a Unidade Pedra Branca enquanto os litotipos da Unidade Mombaga apresentam
indicios de retrabalhamento de fontes ligeiramente mais antigas. Similarmente, as idades de
cristalizacdo indicam que a unidade Pedra Branca é mais jovem (ca. 2,7 Ga) que a Unidade
Mombaga (ca. 2,8 Ga). Entretanto, registro de crosta mais antiga foi reportado por Silva et al.
(2002), utilizando determinacdes U-Pb SHRIMP em zircdo de gnaisses tonaliticos localizados a
sudoeste de Boa Viagem. As andlises indicaram idade de 3270 = 5 Ma e uma borda sobrecrescida

datada em 2084 + 14 Ma.

2.3 Embasamento gnaissico Paleoproterozdico

As rochas do embasamento que afloram na regido de Madalena até Chord sdo
representadas por gnaisses, por vezes migmatiticos, de composi¢do dioritica a tonalitica e por
terrenos TTG (Figura 4).

Martins (2000) agrupou estas rochas na Suite Metamérfica Algoddes-Choré e constatou a
existéncia de uma associagdo de paragnaisses e anfibolitos intrudidos por ortognaisses de

composi¢do tonalitica a dioritica. A partir de dados geocronolégicos (U-Pb e Sm-Nd) Fetter
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(1999) e Fetter et al.(2003) sugeriram para a regido um regime de sucessivas colagens de arcos de
ilha em torno do nucleo Arqueano.

Castro (2004) obteve em ortognaisses de composi¢do quartzo-dioritica a tonalitica, da
regido de Madalena idades U-Pb em zircdo de 2,1 Ga e idades-modelo (Tpm) entre 2,3 e 2,1 Ga,
similares as idades obtidas por Fetter (1999) e Martins (2000) em ortognaisses da mesma suite.

Martins et al., (2009), utilizando dados geoquimicos e geocronoldgicos constataram que
os anfibolitos da suite Algoddes possuem similaridades com platds ocednicos e basaltos gerados
em ambientes de back-arc. Uma idade isocronica Sm-Nd de ca. 2,23 Ga foi interpretada como a
idade minima do protdlito, enquanto ortognaisses tonaliticos forneceram a idade U-Pb em zircdao
de 2,13 Ga.

Ocorre ainda no Dominio Ceard Central uma série de associacdes gndissicas migmatiticas,
representativas do embasamento das supracrustais neoproterozdicas agrupadas no Complexo
Canindé (Torres et al., 2010). Estas associacdes compreendem ortognaisses de composi¢ao
tonalitica a granodioritica, geralmente metamorfizados em fécies anfibolito de alta temperatura,
com condi¢des varidveis de migmatizacao (Cavalcante et al., 2003). Idades U-Pb para essa
associagdo situam-se entre 2,11 e 2,19 Ga com idades modelo Tpy entre 2,42 e 2,48 Ga
(Hackspacher et al. 1990; Fetter, 1999, Castro, 2004). A contraparte sedimentar deste complexo é
composta por biotita gnaisses, granada-biotita gnaisses e localmente sillimanita-granada-biotita
gnaisses e apresentam fontes com picos de zircdo detritico ao redor de 1,8 Ga e 2,1-2,2 Ga

(Amaral et al., 2010b).

2.4 Supracrustais Neoproterozoicas

As sequéncias supracrustais do DCC ocorrem principalmente bordejando o arco
magmatico de Santa Quitéria (AMSQ). Estas sequéncias apresentam, frequentemente,
paragéneses de alta pressdo e alta temperatura (Castro 2004, Garcia & Arthaud 2004, Arthaud et
al., 2008, Santos et al., 2009) associada a uma tectonica de baixo angulo (Figura 4). No mapa
geolégico do estado do Ceard (Cavalcante et al., 2003) estas unidades foram incluidas no
Complexo ou Grupo Ceara.

O Complexo Ceard ¢é caracterizado pela ocorréncia de rochas essencialmente

metapeliticas e metapsamiticas, representadas por cianita-muscovita-biotita gnaisse, sillimanita-

11



granada gnaisse, quartzitos, anfibolitos, marmores, rochas calcio-siliciticas e metariolitos
(Cavalcante et al., 2003, Fetter et al., 2003, Arthaud, 2008).

Estudos de proveniéncia em metapelitos e idades de cristalizagdo U-Pb em zircao obtidas
em rochas metamaéficas intercaladas no Complexo Ceard, sugerem que a sedimentagdo dessa
unidade teve inicio ao redor de 750 Ma a partir do rifteamento do embasamento
arqueano/paleoproterozéico (Arthaud, 2008). Fetter (1999) obteve a idade U-Pb de 772 + 31 Ma
em metariolito proximo a localidade de Independéncia. O mesmo autor sugere que os sedimentos
que deram origem as rochas metassedimentares do Complexo Ceard foram depositados em uma
bacia do tipo retro-arco relacionada ao AMSQ.

A distincdo entre os litotipos representados pelo Complexo Canindé nem sempre € facil e
variagdes na proveniéncia dos detritos que compdem ambos complexos podem indicar uma
sobreposicdo de bacias mais jovens versus bacias mais antigas ou, alternativamente mudanca das
condi¢cOes tectdonicas que poderiam influenciar em variacdes bruscas na proveniéncia dessas
rochas.

Castro (2004) engloba as rochas do Complexo Ceard na sequéncia Supracrustal Rio Curu-
Itataia-Independéncia, composta por gnaisses migmatiticos aluminosos, rochas carbonaticas e
vulcanicas, com idades modelo Tipmy em torno de 2,4 Ga, indicando que fontes mais antigas
contribuiram para a deposicao desta sequéncia.

Idades modelo Tpm) antigas, como as reportadas por Castro (2004), também foram
obtidas por Santos et al. (2003), em torno de 2,25 Ga., mostrando que a contribui¢io do
embasamento Paleoproterozdico, como érea fonte para a geracdo das rochas metassedimentares, é
dominante nesta sequéncia.

Ainda dentro do contexto das rochas supracrustais do DCC, o Grupo Novo Oriente,
constituido por metapelitos distais e metapsamitos proximais, vem sendo interpretado como parte

de uma margem passiva com idade maxima de ca.1.3 Ga (de Araujo et al., 2010a).

2.5 Complexo Tamboril-Santa Quitéria

O Complexo Tamboril-Santa Quitéria (Figura 4) corresponde a um complexo anatético-

igneo formado principalmente por diatexitos e metatexitos, preservando mega-enclaves de rochas
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calcio-silicdticas e anfibolitos. Esses migmatitos foram intrudidos por grande volume de magmas

tonaliticos a graniticos (Fetter et al, 2003, Castro 2004, Arthaud, 2008).
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As idades U-Pb em zircdo dos granitéides desse complexo variam entre 660 e 614 Ma

(Fetter et al., 2003; Brito Neves et al., 2003) e 620 e 611 Ma (Castro 2004). As idades modelo
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Tpwm sdo geralmente meso a neoproterozoicas, com eng (600) levemente negativos a positivos,
variando entre -3 e +3 (Fetter et al., 2003). Com base nesses dados e em aspectos petrograficos,
Fetter et al., (2003) sugeriram um ambiente de arco magmatico continental para essa unidade -
AMSQ.

Recentemente, de Araujo et al, (2010b) propuseram ambiente colisional para grande
parte das linhagens magmaticas representadas pelo AMSQ. Os mesmos autores reportam uma
idade Pb-Pb em zircao de 795 Ma em gnaisses granodioriticos na borda leste do complexo,
sugerindo que possam representar a fase cordilherana (pré-colisional), ou mesmo registro de
arcos intraoceanicos associados a orogénese Pan-Africana/Brasiliana.

A regido de ocorréncia do AMSQ estd associada a um sistema de nappes, que afetou o
embasamento e as rochas supracrustais, com vergéncia predominante para SSE (Caby & Arthaud
1986; Arthaud et al., 2008). A idade para o metamorfismo regional foi estabelecida ao redor de
600 Ma por Castro (2004) pelo método U-Pb em monazita.

A caracterizacdo de retroeclogitos e granada anfibolitos na borda leste deste arco nos
arredores de Itataia e Pentecostes, respectivamente (Castro 2004; Garcia & Arthaud 2004;
Amaral & Santos 2008) contribuiu para uma interpretagdo divergente da discutida por Fetter et
al., (2003), em relagdo a polaridade da zona de subduc¢do que teria dado origem ao AMSQ. Com
base nos retroeclogitos descritos, Castro (2004) sugeriu o sentido NNW para o fechamento
oceanico. Por outro lado, Fetter et al., (2003), com base na posicdo atual do AMSQ e nas
anomalias gravimétricas positivas no extremo NW da PB (Lesquer et al., 1984, Trompette 1994;
El-Hadj et al., 1997), propuseram o sentido SE para o processo de subducc¢do. Santos et al.(2009)
corroboram com polaridade para SE devido a descoberta de uma faixa N-S de rochas
metamaficas de alto grau (P~17.4 kbar e T~750 °C) na borda oeste do AMSQ, o que ndo invalida
a existéncia de mais de uma zona de sutura neste dominio, com idades distintas.

Adicionalmente, deve ser ressaltado a expressiva granitogénese (Figura 4). O primeiro
episddio (Tardi-Proterozodico) € representado pelas suites Quixadd-Quixeramobim, com idades U-
Pb de 585 Ma (Fetter, 1999). O segundo, e mais jovem episddio (Cambro-Ordoviciano), é
representado por uma série de corpos, no qual se destacam os granitos Mucambo, Meruoca, Serra
da Barriga, Pagé, Serrote Sdo Paulo e Complexo Anelar Quintas com idades U-Pb variando entre

535 e 480 Ma (Texeira, 2006, Castro, 2004, Fetter, 1999).
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3. MATERIAIS, METODOS E ORGANIZACAO DA TESE

Para alcancar os objetivos propostos no projeto de Tese, foram realizadas seis etapas de
campo com média de duas semanas de duracdo cada uma, totalizando trezentos afloramentos
descritos e a coleta de aproximadamente uma tonelada de amostras para petrografia, geoquimica
e geocronologia. As informagdes obtidas em campo e todos os resultados das andlises
geoquimicas e geocronoldgicas foram integrados em sistema de informagdes geograficas (SI1G), o
que facilitou tanto o planejamento quanto a execugdo dos objetivos propostos.

Foram confeccionadas 155 laminas delgadas e polidas, visando a caracterizagdo dos
diversos litotipos das regides de Forquilha e Cariré. Finalizada a etapa de descricdo petrografica,
classificou-se as rochas metamaficas em trés grupos: granada anfibolitos, retroeclogitos e
clinopiroxénio-granada anfibolitos. Essa classificacdo petrografica foi, posteriormente,
confirmada com a litoquimica. Os granulitos da regido de Cariré foram classificados como
maficos e félsicos. O principal critério utilizado para tal divisdo baseou-se na porcentagem de
minerais quartzo-feldspdticos, nas paragéneses e associacdes minerais € nas texturas
metamorficas e igneas observadas. Para melhor caracterizacdo dos minerais acessorios e das
inclusdes, foram confeccionadas secdes delgadas polidas para investigacdo ao microscopio de
varredura eletronica (MEV), com a geracdo de imagens de -elétrons retro-espalhados

(backscattered electrons - BSE).

3.1 Analises de Quimica mineral e Geotermobarometria

Com o objetivo de determinar a quimica mineral e as condi¢des de equilibrio
termobarométricas na Faixa Eclogitica de Forquilha, nove amostras de rochas metaméficas e trés
metassedimentares encaixantes foram selecionadas ao longo do frend estrutural da faixa. As
analises foram realizadas no Instituto de Geociéncias da Universidade de Sao Paulo-USP.

Detalhes da metodologia e resultados sdo apresentados no Anexo 4.
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3.2 Analises Geoquimicas

Foram selecionadas sessenta amostras de rochas metaméficas que ocorrem nos arredores
de Forquilha e Cariré para andlises geoquimicas de elementos maiores e tracos. As andlises foram
realizadas no Instituto de Geociéncias da Universidade Estadual de Campinas UNICAMP e
também no ACME Labs. (Canadd). Para maiores detalhes sobre a metodologia aplicada,

discussodes e resultados, ver o Anexo 2.

3.3 Analises Geocronoldgicas

Foram obtidas oito andlises U-Pb em zircdo de rochas metamaficas e seis andlises U-Pb
em zircdo e monazita de rochas encaixantes (metassedimentares, granodioritos e calcio-
silicaticas). Adicionalmente, foram obtidas trés andlises Lu-Hf em zircao de rochas metamaficas
e calcio-silicaticas e vinte e uma analises de Sm-Nd (rocha total) nas rochas metamaficas. Todas
essas andlises foram realizadas no Laboratério de Geocronologia da UnB, sob a orientagdao do
Prof. Dr. Elton Luis Dantas durante o periodo de intercAmbio com o Laboratério. Resultados e

detalhes da metodologia sdo apresentados nos anexos 1 e 3.
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4. APRESENTACAO DOS RESULTADOS

Todos os objetivos propostos para o desenvolvimento desta Tese foram alcancados e os
resultados estdo apresentados sob a forma de trés artigos originais submetidos a revistas
arbitradas e inclusos como anexos neste documento. Os Anexos 1 e 3 sdo passiveis de alteragdes
uma vez que estdo em fase de corre¢des e andlise pelo corpo editorial do periddico para o qual
foram submetidos. O Anexo 4 estd organizado como capitulo, pois ndo houve tempo habil para a
organiza¢do na forma de artigo, tendo em vista que as andlises em microssonda eletronica foram
realizadas na ultima etapa desta Tese.

Além dos artigos completos gerados, o desenvolvimento deste trabalho também resultou
em um resumo expandido (Amaral et al., 2010) apresentado no VII-South American Symposium
on Isotope Geology e sete resumos (Amaral et al., 2010a, Amaral et al., 2010b, Amaral et al.,
2009a, Amaral et al., 2009b, Amaral et al.,, 2009c, Amaral et al., 2008a, Amaral et al., 2008b)
apresentados, respectivamente no 45° Congresso Brasileiro de Geologia, XXIII-Simpésio de
Geologia do Nordeste, XI-Simpdsio de Geologia do Centro-Oeste, XII-Simpdsio Nacional de
Estudos Tectonicos e 44° Congresso Brasileiro de Geologia.

O artigo apresentado no primeiro anexo trata exclusivamente das rochas granuliticas e
suas encaixantes da regido de Cariré, enquanto os outros trés anexos abordam a geoquimica, a

geocronologia e a geotermobarometria das rochas que compdem a Faixa Eclogitica de Forquilha.

O Anexo 1 contém a seguinte referéncia: “Amaral, W.S., Nogueira Neto, J.A., Santos,
T.J.S., Wernick, E., Dantas, E.L., Matteini, M.,. 2010. High-pressure granulites from Cariré,
NW of the Borborema Province-Brazil: tectonic setting, geothermobarometry and U-Pb,
Lu-Hf, Sm-Nd geochronology. Gondwana Research (Submetido)”. Neste trabalho os autores
abordam as relacdoes de campo das rochas de alto grau metamorfico que ocorrem na Faixa
Granulitica de Cariré, as condi¢des de equilibrio termobarométrico dos granulitos presentes nessa
Faixa e as idades U-Pb, Lu-Hf e Sm-Nd obtidas em zircdo tanto dos granulitos quanto das rochas
encaixantes. Este ¢ um tema de grande relevancia para entendimento geodindmico do Dominio
Ceard Central no contexto de amalgamacgao do supercontinente Gondwana devido a proximidade
do lineamento Transbrasiliano, e similaridades quimicas e cronoldgicas com seus andlogos na

contra parte africana.
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O Anexo 2 aborda os resultados obtidos por meio da caracterizacdo geoquimica e
petrografica de 30 amostras metamaficas da Zona Eclogitica de Forquilha (ZEF) e as implicacdes
geotectonicas decorrentes. “Amaral, W.S., Santos, T.J.S., Wernick, E. 2010. Occurrence and
geochemistry of metamafic rocks from the Forquilha Eclogite Zone, central Ceara (NE

Brazil): Geodynamic implications. (Special Issue) Geological Journal (DOI: 10.1002/gj.1224).

No Anexo 3 sdo apresentados os resultados geocronoldgicos dos diversos métodos
utilizados (Sm-Nd, U-Pb, Lu-Hf) para as rochas metaméficas e metassedimentares que compdem
a Faixa Eclogitica de Forquilha: Amaral, W.S., Santos, T.J.S., Dantas, E.L. (In prep.) Sm-Nd
and LA-MC-ICP-MS U-Pb, Lu-Hf zircon geochronology of high pressure rocks from the
Forquilha Eclogite Zone, Borborema Province, NE-Brazil: an evidence for the break-up of

Columbia supercontinent (Em preparagdo)”

No Anexo 4 sdo apresentados as descricdes petrograficas, os graficos de classificacdo
mineral e os cédlculos termobarométricos dos dados obtidos com microssonda eletronica em
rochas da regido de Forquilha. Este anexo serd transformado posteriormente em artigo e

submetido a um periddico especifico internacional.
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5. SINTESE DAS DISCUSSOES DOS ARTIGOS E CONCLUSOES

O Anexo 1 aborda exclusivamente as relagdes de campo, e a caracterizacdo
petrografica/termobarométrica e geocronoldgica dos granulitos e de suas encaixantes
(granodioritos milonitizados) que ocorrem nos arredores de Cariré, situada na porcdio NW do
Dominio Ceara Central.

A trama estrutural descrita em campo inclui a fase inicial de deformacdo contracional
com vergéncia para NW, responsdvel pela exumacdo dos granulitos da infraestrutura, seguida da
fase de transcorréncias NE-SW em regime ductil e prosseguindo em alguns casos em transtracao
e a subsequente colocagao de granitos.

Os granulitos félsicos e maficos sdo constituidos, respectivamente, pelas paragéneses:
hipersténio + diopsidio + plagioclasio + quartzo + hornblenda + granada + biotita e diopsidio +
plagioclasio + granada + hornblenda + quartzo + rutilo. As condicdes de pressdo e temperatura
mais elevadas obtidas foram de 8,3 — 9,4 kbar e 804 — 870°C em granulitos félsicos e de 10,2 —
13,6 kbar e 750 — 910°C em granulitos maficos. Esses valores de P-T convergem no sentido de
granulitos de alta pressdao (O'Brien & Rotzler, 2003; Pattison, 2003). E debitada a falhas de
empurrdo de idade brasiliana a colocagdo dos granulitos nos granodioritos, configurando
discordancia local em termos de P-T.

Foram realizadas quatro analises U-Pb em zircdo de dois granodioritos encaixantes e dois
granulitos maficos. Também foram obtidas uma anélise Lu-Hf em zircdo do granulito méfico e
cinco andlises Sm-Nd, sendo trés em granulitos méficos e duas em félsicos. Esses dados
isotopicos, somados aos trabalhos anteriores, permitiram o reconhecimento de dois eventos
magmdticos nesta faixa granulitica, sendo um mesoproterozéico € outro regional,
paleoproterozdico, ambos com registro de metamorfismo neoproterozdico.

Dados U-Pb em zircio indicam idades de cristalizacio de 2044 e 2157 Ma nos
granodioritos. Os  granulitos félsicos também forneceram uma idade de cristalizacio
paleoproterozdica em zircao de 2110 Ma (Fetter, 1999). Nos granulitos maficos foram obtidas
duas idades concordantes em 590 e 613 Ma. Esses valores registrados em grdos de zircio
arredondados, com textura soccer ball, e razdes Th/U muito baixas (ca. 0,01-0,03) foram
interpretados como sendo metamorfismo de alto grau. Nao foi possivel identificar a idade de

cristalizacdo dessas rochas uma vez que o metamorfismo de alta temperatura pode ter afetado e
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reequilibrado o sistema isotdpico do zircdo. Idades de 587 e 573 Ma também foram registradas
nos interceptos inferiores das concérdias dos granodioritos e granulitos félsicos (Fetter, 1999).
Idades Tpm.nag € Tpm.ur semelhantes (entre 1,28-1,61 Ga) e valores de eng € epr positivos
sugerem que os granulitos maéficos podem ter sido derivados de uma crosta juvenil
mesoproterozodica. Por outro lado, as idades Tpy.ng tanto dos granulitos félsicos quanto dos
granodioritos apresentam valores proximos as idades de cristalizacao U-Pb (ca. 2200 Ma), o que,

aliado a valores eng,, indica fonte mantélica paleoproterozdica para ambos.

No Anexo 2 sdo apresentados dados petrogréficos e geoquimicos exclusivos da Faixa
Eclogitica de Forquilha. Os resultados permitiram a individualizacdo de trés grupos de rochas:
granada anfibolitos, retroeclogitos e granada clinopiroxénio anfibolitos.

O grupo 1 apresenta padrio de Elementos Terras Raras normalizado (ETR)x
relativamente plano, porém o segmento (La-Nd)x tem tendéncia levemente decrescente, oposta
ao do padrio N-MORB. Somente neste grupo ocorrem rochas mais evoluidas — andesitos. O
padrao (SPIDER)x contém anomalias negativas, principalmente de Rb, Th, Nb, Zr e Ta. As
anomalias de Nb sdao mais acentuadas em relacdo aos padroes N-MORB e da Crosta Mafica
Inferior. Variagdes nos teores de Eu e Sr sugerem processos discretos de acumulo ou
fracionamento de plagiocldsio. A baixa relagdo Nb/La € tipica para este grupo. Assim, os dados
indicaram similaridades das rochas desse grupo com basaltos de arco de ilha, tipo IAT. Essa
hipétese € corroborada pelos diagramas Ti/1000 vs. V, St/Ce vs. Sm/Ce e Y-La-Nb (Figura 8 -
Anexo2).

O estreito padrao (ETR)y do grupo 2 € plano, parecido com o grupo 1, no entanto sdo
ausentes as anomalias de Eu. E caracterizado também por baixas e varidveis relacdes Nb/La
tipica entre N- e T-MORB. Além disso, as rochas desse grupo apresentam as maiores razoes
Zr/Nb (15-22) e valores de Tb/Ta préximos aos do manto primitivo. O padrao (SPIDER)y contém
anomalias positivas de Ba, Ta e Sr e negativas de Rb e P. As razdes (La/Yb)x variam entre 1,38 e
3,06. Deste modo, as caracteristicas geoquimicas dos retroeclogitos deste grupo sdo compativeis
com basaltos de cadeia meso-oceanica ou back-arc de arcos intra-oceanicos. Esta correlagdo é
também suportada por numerosos diagramas, tais como Zr vs. Y, Nb/Yb vs. Th/Yb, Ti/1000 vs.

V, La/Yb vs. Th/Ta (Figura 7 - Anexo 2).
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O terceiro grupo apresenta o padrdo (ETR)x mais inclinado, com razdao (La/Yb)n entre
2,63 e 7,32, o que sugere leve fracionamento. Trata-se do grupo geoquimicamente mais
enriquecido em termos de dlcalis e elementos tracos incompativeis, ambos semelhantes a basaltos
alcalinos. A razao Nb/Yb vs. Th/Yb situa essas rochas nas proximidades do padrio E-MORB,
feicdo suportada por altos valores de Nb (8,10-24,50 ppm). No padrio (SPIDER)y ressaltam
anomalias negativas pronunciadas de Ba e Sr. Diversos diagramas mostram indicios evidentes de
fracionamento, como indicam as baixas razdes Zr/Nb, K/Ba e Y/Nb. Muitas feicdes geoquimicas
sdo compativeis com rochas alcalinas tipo ocean island basalts (OIB), plumas ou basaltos
continentais enriquecidos. Essa diversidade de vinculagdo geotectOnica é observada também nos
diagramas Nb/Yb vs. Th/Yb, La/Yb vs. Th/Ta e Y-La-Nb (Figura 8 - Anexo2).

Assim, as principais conclusdes do artigo indicam a vinculag@o petroldgica/geoquimica
das rochas metamaficas de Forquilha com crosta oceanica, geradas respectivamente em
ambientes tectOdnicos de arco intra-oceanico, dorsal meso-ocednica ou back-arc e basaltos

alcalino-continentais.

O Anexo 3 € apresentado na forma de um artigo em fase final de preparacao no qual
constam os resultados geocronoldgicos das andlises U-Pb e Lu-Hf em zircdo e monazita de seis
rochas metaméficas e quatro metassedimentares. Também sdo apresentados e discutidos os
resultados das andlises de dezoito amostras pelo método Sm-Nd em rocha total, sendo quatro de
granada anfibolitos, treze de clinopiroxénio-granada anfibolitos (retroeclogitos) e uma de rocha
calcio-silicdtica. Todas as amostras foram coletadas ao longo da Faixa Eclogitica de Forquilha
(FEF).

Os dados isotdpicos obtidos permitiram a individualizacdo de, pelo menos, dois
importantes eventos ainda pouco conhecidos no Dominio Ceard Central, sendo um
mesoproterozdico, registrado nas rochas metaméficas, e outro neoproterozdico, correlato ao
metamorfismo de alto grau. O intervalo entre 2,0 e 2,2 Ga corresponde as principais fontes do
zircdo das sequéncias paraderivadas que ocorrem ao longo da FEF. O intervalo de idades
Riaciano/Orosiriano € bem conhecido em todo DCC e representa a formacdo do embasamento
paleoproterozéico deste dominio, juvenil em maior parte, mas com importantes indicios da
presenca de rochas arqueanas retrabalhadas (Fetter er al., 2000; Castro, 2004; Arthaud, 2008;
Martins et al., 2009, Torres et al., 2010).
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Os principais resultados U-Pb, Lu-Hf e Sm-Nd estdo sumarizados na Tabela 1.

Tabela 1: Sintese das principais idades obtidas por diferentes métodos

Amostra Litotipo Idade (Ma)* Idade (Ga)* Idade (Ma)* TpyHf* cHf TpyuNd ENd
Cristalizacdo _ Proveniéncia  Metamdrfica (Ga) (Ga)

Rochas metamdficas

WT7-25 Cpx-Grt Anfibolito 1566 + 8,8 - - ~1,57 +7,46/+9,63 - -
WTS8-12F Cpx-Grt Anfibolito 1546 +37 - - - - 1,60 +4,11
WT8-53E Retroeclogito 1559 +70 - - - - - -
WTS-53X Banda félsica 1615 +40 - - - - - -

retroeclogito

TJF6-302 Retroeclogito 1455 + 120 - - - - - -
TJF6-335 Retroeclogito - - 6149+39 - - 1,79 -

Rochas metassedimentares

WT8-53M Kinzigito - ~2,1 Ga - - - - -
WTS8-53L Kinzigito - ~2,0 Ga 639+ 10 - - - -
WT7-21B Sill-Grt Gnaisse - ~2,2 Ga - - - - -

TJF4-7 Calcio-silicatica - ~2,1 Ga 650+2.5 ~2,44 - 2,24 -

* Idades obtidas em zircdao

As idades mesoproterozodicas (1566-1455 Ga) obtidas em nucleos de zircao prismaticos
correspondem ao intercepto superior de quatro amostras metamaéficas coletadas ao longo da FEF.
Idades modelo obtidas pelo método Lu-Hf nos mesmos grios de zircio (amostra WT7-25),
forneceram Tpm.pr entre 1570 e 1810 Ma com valores de eyr (t=1566 Ma) positivos, variando
entre+7,46 e +9,63. Valores de Sm-Nd em rocha total forneceram Tpy.ng €ntre 1,57 € 2,28, com
valores de &eng (t=1566 Ma) também positivos, variando entre +4,08 e +4,11. Esses valores
sugerem uma fonte a partir de magma juvenil. Os resultados geocronolégicos também se
coadunam coerentemente com os dados geoquimicos que demonstram afinidade N-T-MORB
para o protolito dessas rochas gerados em ambientes extensionais (Anexo 2).

A idade do metamorfismo de mais alto grau (facies eclogito) foi determinada em duas
populacdes de zircdo presentes em rochas paraderivadas de alto grau metamorfico (amostras
WTS8-53ML e TJF4-7). As idades obtidas para esse evento foram de 639 + 10 Ma e 650 + 2,5
Ma, respectivamente. Os cristais de zircao que definiram essas idades foram visivelmente

modificados durante o evento metamorfico. No caso do sillimanita gnaisse (WT8-53ML), os
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graos apresentam nucleo interno de origem ignea e borda de sobrecrescimento bem definida,
sobre os quais foram direcionadas as andlises pontuais. A rocha cdlcio-silicitica (TJF4-7)
apresentou, ao menos, duas populacdes de zircao bem definidas, sendo uma euedral em ca. 2,1
Ga e outra arredondada ca. 0,65 Ga.

Idades modelo obtidas pelo método Lu-Hf nos mesmos cristais analisados pelo método U-
Pb, foram calculadas para os grdaos concordantes neoproterozdicos e paleoproterozéicos. Os
primeiros apresentaram Tpypr entre 2,44 e 2,62 Ga com valores de eyr (t=650 Ma), negativos,
variando entre -17,91 e -21,36, indicando metamorfismo. Os cristais de zircao paleoproterozéicos
definiram Tpmpr entre 1,92 e 2,45 Ga com valores de ggr (t=2100 Ma) positivos, variando entre
+1,39 e +10,88.

Cristais de zircao limpidos, levemente arredondados, inferiores ao tamanho médio de 100
um e com baixa razdo Th/U (<0.03) encontrados nas rochas metamaficas (TJF6-335 e WT7-3A)
sdo tipicos de rochas granuliticas de alta pressao (Corfu et al., 2003). As idades de 614 + 3,9 Ma
e 612,9 + 3,3 Ma obtidas em retroeclogitos do setor sul da FEF e em granulitos maficos da regido
de Cariré (Anexo 1), respectivamente, sao interpretadas como o registro metamoérfico de alta
temperatura (Facies granulito) caracterizado principalmente nas rochas metaméficas das duas

areas investigadas.

6. EVOLUCAO GEODINAMICA DO DOMINIO CEARA CENTRAL

A partir dos dados gerados nesta Tese e das referéncias disponiveis na literatura,
propdem-se a seguinte evolugdo geoldgica para o Dominio Ceard Central e adjacéncias (Figura

5):

A) ESTAGIO RIFTE (1,60-1,50 Ga): Dados geocronoldgicos e paleomagnéticos sustentam a
teoria do supercontinente Paleo-Mesoproterozdico Colimbia (1,9-1,6 Ga) que teria existido antes
da amalgamacdo de Rodinia (Rogers & Santosh, 2002). Sua fragmentagdo teve inicio ca. 1,6 Ga,
com rifteamentos seguidos de enxames de diques no norte da China, Zimbabwe, Africa do Sul,
Austrélia e América do Norte (Rogers & Santosh, 2002; Zhao et al., 2004, Ernst et al., 2008,
Rogers and Santosh, 2009). No Brasil, no sul do Craton Amazonico, sdo encontrados nas faixas

Rio Negro-Juruena e Rondoniana-San Ignicio diversos pulsos anorogénicos e sequéncias de
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rochas supracrustais méficas com idades ao redor de 1,5 Ga (Bettencourt et al. 1999, Matos et al.,
2004, Ruiz et al. 2004, Santos et al. 2008). No DCC, as rochas do final do Paleoproterozdico, ao
redor de 1,8 Ga, estdo relacionadas ao vulcanismo bimodal da faixa Ords (Sa et al., 1997) e
metariolitos da regido de Bixopd e Itaicaba (Cavalcante, 1999). Em zircio de sequéncias
metassedimentares do Complexo Ceard, na regido de Itatira, Arthaud (2008) obteve idades ao
redor de 1,56 Ga. Este autor atribuiu como drea fonte a Faixa Transversal da Provincia
Borborema, onde é conhecido no terreno Rio Capibaribe a suite gabro-anortositica e granitica
estateriana-calimiana com idades variando entre 1,6 e 1,7 Ga, e o granito anorogénico da Serra de
Taquaritinga com idade de 1,52 Ga (S4 et al. 1997; Santos et al. 2009). Para a faixa de alta
pressdo de Forquilha, quatro amostras de rochas metamaéficas forneceram idades U-Pb em zircado
entre 1455 e 1615 Ma. Idades modelo obtidas pelo método Lu-Hf em zircdo de um
clinopiroxénio-granada anfibolito (WT7-25), forneceram Tpmmr entre 1570 e 1810 Ma, com
valores de eyr (t=1566 Ma) positivos, variando entre +7,46 e +9,63. Andlises Sm-Nd em rocha
total foram realizadas no intuito de comprovar a idade de extracdo mantélica dessas rochas.
Embora muitas amostras nao tenham fornecido resultados satisfatérios com a aplicacdo do
método Sm-Nd, foram obtidos Tpmng) entre 1,57 e 1,61 Ga e valores de eng (t=1566 Ma)
positivos variando entre + 4,08 e + 4,11. Esses valores sdo bem coerentes com os resultados
obtidos pelos métodos U-Pb e Lu-Hf, confirmando a existéncia de rochas metamaéficas com
idades de cristalizagdo mesoproterozodicas e derivacdo mantélica juvenil no DCC. Além dos
dados isotdpicos, dados geoquimicos detalhados no Anexo II, mostram que parte das rochas

metamdficas possui assinatura de crosta ocednica gerada em ambientes extensionais.

B) ESTAGIO PRE-COLISIONAL (800-660 Ma?): Nio hd, por enquanto, registro da
Orogénese Greenviliana na por¢dao norte da Provincia Borborema, consequentemente nao é
possivel determinar com precisdo os eventos tectonicos que atuaram no intervalo entre 1400 e
800 Ma. Diversos estagios de acres¢ao e tafrogénese podem ter ocorrido neste intervalo, porém
ainda ndo foram descritos. Por outro lado, o registro da orogenia Brasiliana é evidente em toda
provincia. Com base em dados geoquimicos e isotdpicos Fetter et al. (2003) interpretam o
funcionamento do arco magmaético de Santa Quitéria (AMSQ) no periodo entre 660-610 Ma.
Entretanto, outros autores propdem um estdgio pré-colisional associado a magmatismo juvenil

com &ng wr (t=795) positivo +4,4 do tipo Andino ao redor de 800 Ma. Esses dados foram
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registrados em zircdo de ortognaisses metaluminosos de composi¢do granodioritica nas
adjacéncias do AMSQ e em rochas metassedimentares do Complexo Ceard (de Aratjo et al.,
2010b, Torres et al., 2010). Este magmatismo também poderia representar o registro de um arco
intra-oceanico (Amaral et al., 2010a — Anexo 2) semelhante a evolucdo da faixa Brasilia
(Pimentel & Fuck, 1992) ou em Mali na Africa Central (Caby, 2003). Outros autores propdem a
existéncia de um periodo extensional ca. 750 Ma, com base em datacdes U-Pb em zircdo de
metarriolitos (Fetter, 1999; Castro, 2004) e um tnico zircao em um granada anfibolito (Arthaud,
2008) na borda leste do AMSQ. Esses dados podem ser perfeitamente correlacionados a
instalagcdo de bacias marginais (e.g.retro-arco) com magmatismo bimodal nas adjacéncias do arco

durante a sua evolugao.

(0)) ESTAGIO (CEDO) SIN-COLISIONAL (650-630 Ma): Periodo do inicio da colisdo
continental entre os dominios Médio Coreat (2,3 Ga) e Ceard Central (2,1 Ga), registrado pelo
metamorfismo de mais alta pressdo (facies eclogito). As idades obtidas no intervalo entre 650 e
630 Ma constituem o registro do metamorfismo mais antigo do Dominio Ceard Central. Na
contraparte africana, na Provincia do Hoggar, idades U-Pb em zirc@o de batdlitos cdlcio-alcalinos
(Iskel magmatic arc) sugerem que a subduccdo teve inicio em ca. 680 Ma (Caby, 2003). Na faixa
Dahomeyides, os eclogitos Lato Hills estdao situados no intervalo entre 650 e 595 Ma (Bernard-
Griffiths et al., 1991). A partir de andlises U-Pb em granitéides do arco AMSQ, Fetter et al.
(2003) definiram o intervalo entre 640 e 620 Ma como sendo o periodo do inicio da subducgdo
com polaridade para sudeste. Por outro lado, a partir de determina¢des U-Pb convencional e U-
Th-Pb em monazita e zircao de retroeclogitos paraderivados da regido de Madalena e Itataia-CE,
Castro (2004), definiu o intervalo entre ca. 640-630 Ma como sendo o periodo de
desenvolvimento dos processos de subduccdo e metamorfismo até a facies eclogito, registrado
tanto nas sequéncias paraderivadas quanto nos granitéides mais antigos do arco magmatico de
Santa Quitéria. Para a Faixa Eclogitica de Forquilha, determina¢des U-Pb em zircdo de duas
rochas paraderivadas, sillimanita gnaisse e cdlcio-silicitica (WT8-53ML e TIJF4-7,
respectivamente), forneceram idades concordantes em 639 + 10 Ma e 650 + 2.5 Ma,
respectivamente. Também nesta mesma Faixa, dados inéditos de Ancelmi et al., (submitted)

mostram idades U-Pb em graos de zircdo concordantes com baixas razdes Th/U (0,00-0,03) ao
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redor de 650 Ma, obtidas em duas amostras de alto grau metamorfico, um sillimanita-granada

gnaisse e um cianita-granada gnaisse.

D) ESTAGIO (TARDI) SIN-COLISIONAL (620-580 Ma): Para o grande pulso do
magmatismo do AMSQ, Costa et al. (2010) propdem o modelo de Slab Breakoff (Davies &
Blanckenburg, 1995), que causa a ruptura de parte da crosta oceénica e facilita desta maneira a
ascensdo da astenosfera, podendo causar distirbio no manto litosférico sobrejacente e entdo
produzir magmas ricos em potdssio.Consequentemente, atua o metamorfismo de alta temperatura
(facies granulito) acompanhado da fusdo parcial das rochas da base do AMSQ e a geracdo de
migmatitos e diatexitos. Além disso, tem inicio a rdpida exumacdo das rochas de alto grau
metamo6rfico por falhamentos reversos, gerando as texturas de descompressdo descritas nos
retroeclogitos e nos granulitos maficos. Este estdgio € bem registrado nas rochas granuliticas de

Cariré (~613 Ma) e Forquilha (~615 Ma).

E) ESTAGIO POS-COLISIONAL (580-480 Ma): Por fim, tem-se o periodo de instalagcao das
principais zonas de cisalhamento transcorrentes (Monié er al. 1997; Fetter, 1999, Fetter et al.,
2003, Cunha, 2007) e a colocagdo da granitogénese pos-colisional (Plitons Meruoca, Mucambo,

Serra da Barriga, Pajé e Taperuaba) (Fetter, 1999, Castro, 2004, Teixeira, 2005).
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ABSTRACT

In the northwest region of the Ceard Central Domain, Borborema Province, an elongated area of mylonitic diorites and
granodiorites are structurally controlled by NE-SW strike-slip faults. Granitic material, layers, and lenses of felsic and mafic
granulites occur along the main shear zones. Petrographic, geothermobarometric, and geochronological (LA-MC-ICPMS U-Pb
and Lu-Hf in zircon and Sm-Nd whole-rock) data are presented and discussed for these rocks. Felsic granulites are composed of
orthopyroxene + clinopyroxene + plagioclase + quartz + hornblende + garnet + biotite + feldspar while the mafic granulites
comprised clinopyroxene + plagioclase + garnet + hornblende =+ rutile + quartz. The P-T conditions recorded range from 9.4 to 8.3
kbar and from 804 to 870 °C for the felsic granulites, and from 13.6 to 10.2 kbar and from 910 to 750°C for the mafic granulites.
U-Pb zircon ages of granodiorites host rocks are 2157 and 2044 Ma. The felsic granulites yielded the U-Pb age of 2110 Ma, while
the mafic granulites yielded U-Pb zircon ages of 613 and 589 Ma for the metamorphic recrystallization. Sm-Nd and Lu-Hf Tpy
ages for the mafic granulites are similar (around 1.6-1.3 Ga), and share positive values of eyq and ey, Which suggest that these
mafic rocks derived from a juvenile Mesoproterozoic crust. In addition, the felsic granulites and the granodiorites have similar
Tpmna and U-Pb ages (with positive values of gyq), that indicates a Paleoproterozoic mantle source for these rocks.

Keywords: Granulites, High pressure, Geothermobarometry, Lu-Hf, Borborema Province

INTRODUCTION

High-pressure granulites and eclogites have been described in a variety of orogenic belts
(e.g. Del Lama et al., 2000; Zhao et al., 2001; Baldwin et al., 2003; Zhang et al., 2006, Reno et
al., 2009; Xiaochun et al., 2009; Sajeev et al., 2010), and considered to be related to subduction
and collisional events as well as key rocks for the understanding of crustal exhumation and
cooling processes during the tectonic evolution of these belts (Carswell, 1990; O’Brien, 2001;
O’Brien and Rotzler, 2003).

The Borborema Province, NE-Brazil, represents part of an orogenic belt resulting from
the convergence of the Amazonian, West African-Sao Luis and Congo-Sdo Francisco cratons
during the assembly of West Gondwana (Almeida et al., 1977, 1981, Brito Neves and Cordani,
1991). In a highly simplified model, the main tectonic aspects of the Borborema Province result
from a complex interplay of a younger transcurrent belt, which is the most important tectonic

feature of the collisional stage of the Pan-African/Brasiliano orogenic belt, developing on an
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older thrust belt. The strike-slip phase played an important role in structuring the Borborema
Province as a complex mosaic composed of six crustal domains bounded by expressive strike-slip
belts. Each domain is characterized by a particular rock association, metamorphism, tectonic
structure and geochronological evolution (Van Schmus et al., 1995, 2008, Brito Neves et al,
2000). The northern part of the Borborema Province is limited by the Atlantic Ocean to the north
and east, the Parnaiba Basin to the west, and by the Patos Lineament to the south and comprises
the Médio Coreat, Ceard Central and Rio Grande do Norte domains bounded by the
Transbrasiliano, Senador Pompeu and Patos lineaments (Brito Neves et al, 2000) (Figure 1).
Mafic and felsic granulites / retrograded eclogites occur as lenses or major continuous
areas in supra- and infracrustal host rocks in several domains of the Borborema Province
(Beurlen et al., 1992, Fetter, 1999, Nogueira Neto, 2000, Fetter et al., 2003, Castro, 2004,
Arthaud, 2008, Santos et al., 2008, 2009). This paper presents geothermobarometric and isotopic
(U-Pb  ircon), Lu-Hf (zircony and Sm-Nd (whole rock)) data for granulite lenses hosted by
tonalitic/granodioritic gneissic rocks from the Cariré region, Ceard Central Domain, aiming at a
better understanding their metamorphic and tectonic evolution. The data obtained are compared
with those for major granulitic areas in tectonic contact with medium-grade orthogneisses,
migmatites, and schists from the Granja region (Médio Coreai Domain) and the retrograded
eclogite lenses hosted by medium- to high-grade metasedimentary rocks from the Forquilha
region (Ceard Central Domain) (Figure 2). Also a comparison of the northern Borborema and

West African high-grade rocks is presented to enlighten their occurrences in West Gondwana.

40



GEOLOGICAL SETTING

The Médio Coreant Domain

The Médio Coreat Domain (MCD) is an infra-supracrustal complex comprising
Paleoproterozoic to Neoproterozoic rocks (Fetter, 1999). Its northwestern and southeastern
boundaries are, respectively, the Paleoproterozoic Sao Luis-West African craton (Boher et al.,
1992) and the Paleoproterozoic/Neoproterozoic Ceard Central Domain (Fetter et al, 1997)

(Figure 2).
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Figure 1: Geological map of the northern block of the Borborema Province, showing the three main domains and
Brasiliano granitic plutons situated north of the Patos Lineament (PaL): Cruzeta Complex (CC); Sdo José do
Campestre Massif (SJCM); Granjeiro Complex (GC); Transbrasiliano Lineament (TBL); Senador Pompeu
Lineament (SPL); Médio Coreai Domain (MCD); Ceara Central Domain (CCD); Rio Grande do Norte Domain
(RGND).
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The MCD basement rocks comprise mainly migmatitic orthogneisses with tonalite-
trondhjemite-granodiorite (TTG) affinities, as well as hornblende gneisses, amphibolites and
subordinate leucogranites. The gneisses are early Paleoproterozoic (2.36-2.29 Ga) with Nd
crustal residence ages (Tpm) between 2.61 and 2.38 Ga. The mainly positive exg values obtained
for the TTG gneisses suggest a mantle-derived origin and evolution in an arc-type setting (Fetter
et al., 1995, 2000, Fetter 1999, Nogueira Neto, 2000, Santos et al., 2001, 2008).

The overlying supracrustal volcanosedimentary rocks belong either to the Ubajara Group
(U-Pb zircon age = 1785 + 2 Ma for a meta-rhyolite, Santos et al., 2002) or to the Neoproterozoic
Martinépole (U-Pb zircon age = 777 + 11 Ma for a meta-rhyolite, Fetter et al., 2003) and Jaibaras
groups, the latter deposited in a Transbrasiliano Lineament reactivation basin (Oliveira and
Mohriak, 2003).

The infra- and supracrustal rocks are intruded by syn- to post-tectonic Brasiliano granite
plutons (Figure 2). The late tectonic magmatism in MCD (e.g. Chaval granite) occurred between
590 and 560 Ma. A U-Pb zircon crystallization age of 532 £ 6 Ma has been obtained for the post-
tectonic magmatism, represented by the Meruoca and Mucambo monzogranites (Fetter, 1999;

Santos et al., 2008).
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Figure 2: Geological map of the Médio Coreai (MCD) and Central Ceard Domains (CCD). Legend: 1. Alluvial
cover; 2. Parnaiba basin; 3. Jaibaras basin; 4. Brasiliano granites and monzogranites; 5. Cariré granulites; 6.
Forquilha retrograded eclogites; 7. Ubajara basin; 8. Santa Quitéria magmatic arc; 9. Martinépole Group; 10. Ceard
Group; 11. Canindé Complex; 12. Granja Granulites; 13. Basement migmatites and gneisses. Detail: see Figure 3.
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The Granja Granulite Complex

The Granja Granulite Complex (GGC) is about 10 km wide and 50 km long and
constitutes a NE-SW trending belt composed mainly of sillimanite-garnet schists and gneisses,
felsic and mafic granulites, and subordinated medium-grade orthogneisses and amphibolites. Its
boundaries are marked by the Granja and Estreito dextral shear zones, which put the high-grade
rocks in contact with basement gneisses and migmatites to the southeast and supracrustal
Martinépole rocks to the northwest, respectively.

The P-T conditions for felsic and mafic granulites and the medium-grade gneisses are
respectively, between 7-10 kbar and 750-840 °C and 4-6 kbar and 550-700 °C (Nogueira Neto,
2000).

GGC khondalites and enderbites (felsic granulites) yielded three sets of geochronological
ages: i) U-Pb zircon ages of 2.2 Ga (Fetter et al., 1995) and of 2176 £ 29 Ma (Gaudette et al.,
1998) and Pb-Pb zircon age of 2.088 * 24 Ma (Gaudette et al., 1998); ii) a Y Ar-*Ar isochron age
of 601 + 4 Ma obtained using two biotite separates, one taken from the foliation of a granulite
and the other representing inclusion in garnet (Monié et al., 1997); iii) *°Ar-Ar age of 557 + 4.8
and 575 £ 2.5 Ma for pargasitic amphibole and biotite from granulites (Monié et al., 1997) and
U-Pb titanite age of 554 Ma and a garnet/whole rock Sm-Nd isochron age of 545 Ma (Fetter,
1999). The first set of data represents the crystallization age of the granulite protoliths (Fetter et
al.,, 1995; Gaudette et al., 1998); the second the granulitic metamorphism of the protoliths
(Nogueira Neto 2000), and the third the regional cooling age of the granulites during their
tectonic uplift (Fetter, 1999, Monié et al., 1997).

The Ceara Central Domain

The Ceard Central Domain (CCD) encompasses an intricate geological mosaic composed
of: (1) the Cruzeta Complex, which is an Archean inlier enveloped by (2) the Paleoproterozoic
Canindé Complex comprising juvenile high-grade felsic orthogneisses and migmatites, with ages
ranging from 2.14 to 2.10 Ga (Fetter et al., 2000; Martins et al., 2009); (3) Early
Proterozoic/Neoproterozoic supracrustal volcanosedimentary metamorphic rocks represented by

the Cearda Complex and Novo Oriente Group (Arthaud et al. 2008, de Aradjo et al. 2010); (4) the
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Neoproterozoic 220 km long, NE-SW trending, high-K, calc-alkaline Santa Quitéria batholith
with an area of about 10.000 km”. The batholith has been considered as a fragment of a larger
continental magmatic arc (Fetter et al., 2003; Arthaud et al., 2008). It is considered either as
intrusive in Paleoproterozoic basement rocks and supracrustal Ceard Complex rocks (Fetter et al.,

2003, Castro 2004) or as a huge allochthonous tectonic slab thrown over the enclosing rocks

(Caby and Arthaud, 1986).

The Forquilha Eclogite Zone

In the Forquilha region, east of the Transbrasiliano Lineament in the Ceard Central
Domain (CCD), retrograded mafic eclogites occur in a narrow, 30 km long, N-S trending belt
(Figure 2). These rocks occur as flat lenses and boudins up to 300 meters long, hosted by variably
migmatized garnet-sillimanite + kyanite-biotite gneisses. The mafic rocks comprise different
types of garnet-clinopyroxene amphibolites (Santos et al., 2009, Amaral et al., 2010a).

Metamorphism evolved from amphibolite facies conditions to the north to eclogite facies
conditions to the south. Maximal recorded P-T conditions are around 17 kbar and 770 °C (Santos
et al., 2009). The protoliths of the metamafic rocks are ocean-island, ocean-floor tholeiites and
minor alkali basalts (Amaral et al., 2010a). The U-Pb zircon ages of the protolith crystallization
varies between 1.51-1.57 Ga, whereas the age of the high-pressure metamorphism is around 650
Ma (Amaral et al., 2010b). Sm-Nd Tpy ages vary between 1.57-1.91 Ga (for N-MORB-like
compositions) and between 2.28-2.81 Ga (for alkali-basalt compositions), suggesting a varying

enrichment of their mantle sources (Amaral, 2010).

The Cariré Granulite Region

In the Cariré region, near the Transbrasiliano Lineament in the CCD, the high-pressure
rocks are represented by mafic (clinopyroxene-garnet amphibolite) and felsic (enderbitic)
granulites (Figure 3). Both occur as erratic lenses and boudins in highly sheared granodiorites,
diorites, tonalites and derived migmatites. The structural evolution comprises two phases: 1) a
compressive thrusting deformation with NW vergence which brought up to shallower crustal

levels the deep seated granulitic rocks, and 2) a NE-SW strike-slip deformation in a ductile
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regime with a final transtraction stage controlling the development of molassic basins (e.g.
Jaibaras basin) and magma ascent (e.g. Mucambo and Meruoca plutons) (Fetter, 1999; Nogueira
Neto, 2000; Amaral et al., 2008) (Figure 3).

The protoliths of the mafic granulites are N-MORB-like tholeiitic basalts, whereas the
felsic granulites are rocks of calc-alkaline affinity (Nogueira Neto, 2000). A synthesis of the

Cariré geochronological data is presented in Table 1.

Table 1: Geochronological ages for rocks of the Cariré Granulite Region.

. Ages (Ga)
Lithology Methods (U-Pb) or (Pb-Pb) Nd-Tpy; Reference(s)
Felsic granulite (Sm-Nd)wr - 2.23 Nogueira Neto et al., (1995)
Felsic granulite (U-Pb)z, 2.10£ 11 Ga - Fetter (1999)
Felsic granulite (U-Pb)z, 573 £ 38 Ma - Fetter (1999)
Sheared Granite (U-Pb)z, and (Sm-Nd)wr 564 + 94 Ma 1.73 Nogueira Neto et al., (1997b)
Granodiorite (Sm-Nd)wr - 2.31 Nogueira Neto et al., (1995)
Granodiorite (Pb-Pb)z, 2.11 Ga 2.30 Ferreira et al., (1996)
Mafic granulite (U-Pb); and (Sm-Nd)wr 563 Ma 1.39 Nogueira Neto et al., (1997a)
Mafic granulite (U-Pb); and (Sm-Nd)wr 544 + 15 Ma 1.37 Fetter (1999)

WR: whole rock; Zr: zircon; Ti: titanite
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Figure 3: Geologic map of the Cariré region adjacent to the Transbrasiliano Lineament. A-A’ cross section.

PETROGRAPHY

The felsic granulites (enderbites) occur as flat lenses in 100-200 meter wide, NE-SW

trending belts of intensely sheared granodiorites, tonalites and diorites (Figures 4a-b). The

characteristic paragenesis is plagioclase (Pl) + orthopyroxene (Opx) + biotite (Bt) + quartz (Qtz)

+ clinopyroxene (Cpx) + garnet (Grt) + hornblende (Hbl). In the more undeformed rocks, a
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mainly granoblastic mosaic texture composed of plagioclase (30-40 % vol.) and quartz (20-30 %
vol.) is typical and relicts of decussate texture may occur. Rare garnet (8-10% vol.) is often
rimmed by plagioclase and biotite together with rare small orthopyroxene (10-20% vol.)
lamellae, suggesting decompression. Rare clinopyroxene (0-8% vol.) is always granoblastic.
Small exsolved clinopyroxene lamellae occur in orthopyroxene prisms. In the more deformed
rocks the foliation is defined by biotite flakes (10-20% vol.) and amphibole prisms (0-10% vol.),
both in contact with orthopyroxene / clinopyroxene, as well as by small felsic bands with ribbon
quartz. A rock banding defined by variable amounts of opx +qtz +pl is common (Figure 4c) and
some large deformed garnet grains represent pre-kinematic porphyroblasts.

The mafic (clinopyroxene-garnet) granulites occur as up to fifty-meter long and ten-meter
wide foliated (Figures 4d) or massive lenticular bodies in strongly sheared granodiorites. The
typical paragenesis is plagioclase + clinopyroxene + hornblende + garnet + quartz + ilmenite +
rutile (Figure 4e). The absence of orthopyroxene in this type of granulites is typical (O’Brien and
Rotzler, 2003). Xenomorphic poikiloblastic garnet crystals up to 3 cm in diameter are immersed
in a granoblastic matrix of clinopyroxene, hornblende and plagioclase (Figure 4f). The
poikiloblasts (30% vol.) are frequently rimmed by plagioclase and hornblende (Figure 4f and g).
Clinopyroxene, ilmenite, rutile and zircon inclusions are common; some quartz inclusions display
typical radial fracturing (Figure 4h). Clinopyroxene (10-20% vol.) occurs either as isolated
xenomorphic crystals in the mosaic texture or as inclusion in garnet. Symplectitic intergrowth
with plagioclase is frequent. It is often replaced or rimmed by retrograde amphibole (10-25%
vol.). Most of plagioclase (15-25% vol.) usually occurs as aureoles around garnet or in
symplectites with clinopyroxene.

The mafic granulites were affected by hydrothermal fluids; saussuritization of plagioclase
and retrograde chlorite and zoisite growing in garnet fractures are the main evidences of this

process.
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= N e
Figure 4: Field and petrographic characteristics of the Cariré granulites: A) An approximately 2m-thick felsic
granulite belt sub-concordant with the mylonitic orthogneisses foliation. B) Detail of an enderbite sample showing
well-delineated bands of biotite and orthopyroxene. C) Photomicrograph showing well-defined mafic (Opx + Bt) and
felsic (Qtz + P1) bands. D) Mafic granulite lens hosted in sheared granodiorite. E) The detail shows the mineral
association common in the mafic granulites: garnets up to 3 cm in diameter, rimmed by plagioclase in a matrix of
amphibole and clinopyroxene. F) Photomicrograph of xenoblastic and poikiloblastic garnet with ilmenite and
hornblende inclusions. G) Garnet crystals with well-defined Pl and Hbl aureoles. H) Detail of quartz inclusions in
garnet with radial fractures.
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MINERAL CHEMISTRY

Four mafic and felsic granulites samples from Cariré were selected for mineral chemistry
and thermobarometry. Mineral analyses were carried out at the Electron Microprobe Laboratory
at the University of Sdo Paulo, using a JEOL/JXA-8600 electron microprobe microanalyser with
five spectrometers, operating in EDS and WDS modes. The Tracor Northern/Noran Instrument
(1990) analysis system operated under the following routine conditions: a) beam current of 20
nA; b) beam diameter of Sy and; c) accelerating voltage of 15 kV.

Representative mineral analyses are given in Tables 2, 3, 4, 5 and 6. Fe’* was calculated
according to Droop (1987). Mineral abbreviations follow Kretz (1983). The rare garnet in felsic
granulites has the following molecular proportions: 53.83-62.42% Alm, 14.73-20.24% Py, 18.50-
23.59% Gross, and 2.41-4.70% Spss (Figure 5a). Clinopyroxene is represented by a rather
homogeneous diopside, whereas orthopyroxene has a wide compositional variation between
Ensgs and Engg74 (Figure 5b). The chemical composition of biotite is intermediate between
phlogopite and annite with Fe/(Fe+Mg) varying from 0.45 to 0.55 (Figure 5¢). The amphibole is
a Fe-pargasite, with ANa+AK > 0.50, Ti < 0.50 and Fet < Al (Figures 5d-e). Plagioclase
composition is about constant, always plotting in the andesine (Ans;.so) field (Figure 5f).

Mafic granulite garnet has higher Ca and lower Fe contents and therefore higher Gross
contents (Almuyas4-61.00 PY11.32-19.13, Grosszi.17.37.04, Spssi.92-3.80) than the felsic granulite garnet
(Figure 5a). When included in garnet, Cpx has lower Ca and Mg contents and higher Fe and Al
contents in relation to symplectitic Cpx. Chemically the clinopyroxene is diopside and augite
(Figure 4b). Amphibole is richer in Fe and poorer in Mg when in contact with the plagioclase and
diopside symplectites. However, amphibole is more aluminous if included in garnet. Despite
these differences, all amphiboles are calcic and according to ANa+AK, Ti, Fe* and Al contents,
they are classified as Fe-hornblende / tschermakitic hornblende / Fe-tschermakitic hornblende
(Figures 5d-e). Symplectitic plagioclase intergrown with clinopyroxene is more sodic (Anje.29)

than plagioclase rims (Ansg_s;) surrounding garnet (Figure 5f).
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Table 2.

Representative analyses of garnet from felsic and mafic granulites. (FG: Felsic granulite; MG: Mafic granulite)

Sample 7C-30 7C-30 ZC-11b Z.C-56b Z.C-56b Z.C-56b Z.C-56b
Rock FG FG FG MG MG MG MG
Position Rim Core Core Rim Core Rim Core
SiO, 38.43 39.12 37.61 37.97 37.88 38.29 37.88
TiO, 0.20 0.07 0.02 0.05 0.04 0.06 0.00
Al,O5 20.89 21.17 21.36 21.35 21.66 21.99 21.60
FeO 26.85 27.24 29.22 24.84 27.64 27.27 25.94
MnO 1.67 1.07 1.66 1.12 1.70 0.84 0.71
MgO 4.85 5.09 3.78 3.75 3.56 4.02 3.74
CaO 6.78 6.50 3.78 9.75 7.48 8.87 10.41
Na,O 0.00 0.00 0.00 0.03 0.11 0.00 0.03
Total 99.98 100.26 100.32 99.55 100.12 101.34 100.42
Si 3.08 3.06 2.97 3.00 2,98 2.97 2.96
AlY 0.00 0.00 0.03 0.01 0,01 0.03 0.04
AV 1.96 1.95 1.96 1.99 1,99 1.98 1.94
Ti 0.01 0.00 0.00 0.00 0,02 0.00 0.00
Fe** 1.71 1.78 1.93 1.67 1,82 1.76 1.70
Mg 0.58 0.59 0.45 0.44 0,41 0.47 0.44
Mn 0.09 0.07 0.11 0.08 0,11 0.06 0.05
Ca 0.58 0.55 0.56 0.81 0,63 0.74 0.87
Alm 57.69 58.75 52.84 45.48 61.09 48.26 44.54
Gross 19.75 18.50 23.60 33.27 21.19 30.34 35.66
Py 19.64 20.24 18.86 18.18 14.08 19.13 17.84
Spss 2.92 2.21 4.71 3.08 3.83 2.27 1.93
Total cations calculated for 6 oxygens.

Table 3.

Representative analyses of plagioclase from felsic and mafic granulites.

Sample ZC-11b ZC-11b ZC-11b 7C-30 7C-30 7C-03 7C-03 7C-03
Rock FG FG FG FG FG FG FG FG
Position Core Rim Core Rim Core Core Rim Core
SiO, 58.29 56.26 57.84 58.41 57.13 58.96 59.00 57.55
Al,O5 2591 26.38 26.12 26.38 27.58 26.46 25.20 26.06
FeO 0.00 0.13 0.08 0.16 0.31 0.13 0.00 0.10
Ca0 8.78 9.67 9.03 8.61 9.75 8.22 7.98 9.04
Na,O 7.36 6.91 7.06 5.84 5.17 6.44 8.07 7.37
K,0 0.21 0.23 0.15 0.33 0.17 0.40 0.34 0.26
Total 100.62 99.77 100.49 99.73 100.12 100.61 100.67 100.41
Si 10.42 10.20 10.51 10.46 10.22 10.48 10.54 10.33
Al 5.45 5.63 5.46 5.56 5.88 5.54 5.30 5.51
Fe 0.00 0.02 0.02 0.02 0.05 0.02 0.00 0.02
Ca 1.68 1.88 1.44 1.65 1.87 1.57 1.53 1.74
Na 2.55 2.43 2.57 2.03 1.80 2.22 2.80 2.57
K 0.05 0.05 0.10 0.08 0.04 0.09 0.08 0.06
Ab 59.60 55.70 62.60 54.00 48.50 57.30 63.50 58.80
An 39.30 43.10 34.90 44.00 50.50 40.40 34.70 39.80
Or 1.10 1.20 2.40 2.00 1.10 2.30 1.80 1.40

Total cations calculated for 8 oxygens.
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Table 4.
Representative analyses of pyroxene from felsic and mafic granulites.

Sample ZC11b ZC11b 7ZCl11z 7ZCl11z Z.C56b Z.C56b
Rock FG FG FG FG MG MG
Position Core Rim Rim Core Core Rim
SiO, 48.21 50.85 52.16 51.17 51.71 51.58
TiO, 0.11 0.16 0.11 0.23 0.25 0.14
ALO; 0.72 0.59 1.09 1.53 1.46 1.48
FeO 35.40 35.12 11.50 12.67 12.90 11.89
Cr,0; 0.02 0.05 0.09 0.02 0.00 0.00
MnO 0.67 0.69 0.24 0.26 0.50 0.26
MgO 13.76 13.52 12.23 12.12 11.45 11.41
CaO 0.78 0.81 21.86 20.48 21.99 21.90
Na,O 0.08 0.00 0.37 0.41 0.40 0.28
K20 0.00 0.00 0.01 0.03 0.09 0.02
Total 99.75 101.94 99.71 99.05 100.79 99.06
Si 1.91 1.98 1.97 1.95 1.944 1.97
Al 0.03 0.02 0.03 0.05 0.056 0.03
Ti 0.00 0.01 0.26 0.24 0.007 0.00
Fe 0.10 0.20 0.00 0.01 0.275 0.30
Mg 0.81 0.79 0.69 0.69 0.642 0.65
Mn 0.02 0.02 0.01 0.01 0.016 0.01
Ca 0.03 0.03 0.89 0.84 0.886 0.90
Na 0.01 0.00 0.03 0.03 47 0.02
K 0.00 0.00 0.00 0.00 34.077 0.00
WO 1.62 1.70 44.37 41.52 44.055 44.86
EN 39.82 39.54 35.56 35.92 33.762 33.47
FS 58.56 58.76 17.34 18.79 17.874 19.24
JD 0.00 0.00 1.15 1.02 0.472 1.12

Total cations calculated for 6 oxygens.

Table 5.

Representative analyses of amphibole from felsic and mafic granulites.

Sample 7.C-30 7.C-30 7.C-03 7C-03 Z.C-56b Z.C-56b
Rock FG FG MG MG MG MG
Position Core Core Rim Core Rim Core
SiO, 41.85 41.96 43.15 43.30 42.99 41.34
TiO, 2.23 2.63 2.02 2.24 1.21 1.64
ALO; 11.33 11.15 11.38 10.92 10.90 12.24
FeO 18.13 18.24 18.73 18.84 19.25 19.04
Cr,0; 0.04 0.03 0.00 0.07 0.09 0.08
MnO 0.22 0.21 0.31 0.31 0.20 0.26
MgO 9.13 9.18 9.16 9.18 9.14 8.08
CaO 11.22 11.30 11.70 11.57 11.27 11.47
Na,O 1.20 1.24 1.50 1.34 1.18 1.22
K,0 1.57 1.62 1.29 1.23 0.87 1.08
Total 96.93 97.54 99.28 99.06 97.25 96.47
Si 6.38 6.37 6.43 6.46 6.49 6.33
AlY 1.63 1.63 1.57 1.54 1.51 1.67
AV 0.41 0.36 0.43 0.38 0.42 0.54
Cr 0.01 0.00 0.00 0.01 0.01 0.01
Ti 0.26 0.30 0.23 0.25 0.14 0.19
Fe* 0.25 0.22 0.18 0.22 0.48 0.29
Fe* 0.07 0.06 2.11 2.08 1.88 2.11
Mn 0.01 0.01 0.02 0.02 0.01 0.02
Mg 0.00 0.00 2.04 2.04 2.06 1.85
Ca 1.83 1.84 1.87 1.85 1.82 1.88
Na 0.09 0.09 0.36 0.31 0.25 0.30
K 0.31 0.31 0.25 0.23 0.17 0.21

Total cations calculated for 23 oxygens.
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Table 6.
Representative analyses of biotite from Cariré Granulite Zone, felsic granulites.

Sample ZC-30 7ZC-30 ZCl11b ZCl11b ZCl1b ZCl1b
Rock FG FG FG FG FG FG
Position Core Rim Rim Rim Core Core
SiO, 36.40 36.18 36.94 34.56 35.58 35.61
TiO, 5.19 5.10 4.50 4.55 5.83 5.79
ALO; 14.42 14.01 14.55 14.56 14.54 14.11
FeO 19.36 20.17 2224 21.76 20.19 20.04
MnO 0.09 0.09 0.13 0.07 0.04 0.01
MgO 10.76 10.27 10.13 10.30 10.13 10.45
BaO 0.00 0.00 0.52 0.67 0.73 0.61
CaO 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 0.00 0.04 0.03 0.11 0.02 0.00
K,O 9.66 9.73 9.48 9.18 9.10 9.55
Total 95.92 95.64 98.84 95.97 96.26 96.24
Si 5.79 5.81 5.79 5.61 5.69 5.70
AlY 221 2.20 2.21 2.39 2.31 2.30
AV 0.49 0.45 0.47 0.39 0.43 0.36
Ti 0.62 0.62 0.53 0.56 0.70 0.70
Fe* 2.58 2.71 291 2.95 2.70 2.68
Mn 0.01 0.01 0.02 0.01 0.01 0.00
Mg 2.55 2.46 2.37 2.49 241 2.49
Na 0.00 0.01 0.01 0.04 0.01 0.00
K 1.96 1.99 1.89 1.90 1.86 1.95

Total cations calculated for 11 oxygens.
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Figure 5: Mineral chemistry diagrams for felsic granulites (blue square) and mafic granulites (red triangles). a)
garnet composition in the Almandine-Grossular-Pyrope diagram. b) Chemical classification of pyroxenes (Morimoto
et al. 1988). c¢) Chemical classification of biotite in felsic granulites. d) Chemical classification of amphiboles
showing variation from edenitic hornblende to Fe-pargasitic hornblende, whereas e) compositions vary from Fe-
hornblende to Fe-tschermakite in hornblende from metabasic rocks (Leake et al. 1997). f) Chemical classification of
plagioclase.

55



P-T CONDITIONS

The thermobarometric calculations were carried out with the internally-consistent
thermodynamic data bank named Thermobarometry with estimation of equilibration state —
“TWEEQU” (Berman, 1991; Berman, 1998). This method considers the integration of several
metamorphic reactions for equilibrium mineral parageneses, which were plotted in P-T diagrams
for visual analysis.

For the felsic granulites (samples ZC11-b and ZC30-c), different temperature intervals
were obtained with the application of the Grt-Opx and Cpx-Opx geothermometers, the lower
interval given by the former (625-779 °C, calibration after Harley, 1982) and the higher given by
the latter (820-866 °C). The results obtained (Wood and Banno, 1973, Wells, 1977) are rather
concordant. Likewise, the estimated pressures given by the Grt-Opx-Pl-Qtz geobarometer were
rather concordant for all proposed calibrations (Newton and Perkins, 1982, Perkins and Chipera,
1985, Eckert et al., 1991). The integration of the P-T data by TWEEQU results in a maximal P-T
estimation between 8.3 and 9.4 kbar and 804 and 870 °C. The mentioned data are presented in
Figure 6a and 6b and listed in Table 7 and are considered as very good.

For the mafic granulites (samples ZC56-1 and ZC56-2), the temperature obtained by
means of the Grt-Cpx geothermometer were rather homogeneous, between 715 and 839 °C
(calibration after Ellis and Green, 1979, Dahl, 1980, Powell, 1985 and Krogh, 1988); only the
calibration after Sengupta et al. (1989) yielded temperatures between 830 and 880 °C. The
estimated pressures obtained by means of the Grt-Cpx-Pl-Qtz geobarometer were rather variable,
between 6.6 and 10.4 kbar (calibration after Newton and Perkins, 1982) and 9.3 and 13.3 kbar
(calibration after Eckert et al., 1991). The integration of the P-T data by TWEEQU results in
maximal P-T conditions between 10.2 and 13.6 kbar and 750 and 911 °C. The mentioned data are
presented in Figure 6¢ and d and listed in Table 7.

The variation of the estimated pressure for the mafic granulites may also reflect the
variable amounts of retrograded hornblende in these rocks. Some authors (e.g. Bucher and Frey,
1994, Blatt and Tracy, 1996) consider that the Grt + Cpx + PI = Hbl + Qtz association occur in
both amphibolite and granulite facies. However, the estimated pressure by both the Grt-Cpx-Pl-
Qtz geobarometer and TWEEQU is clearly somewhat higher for the mafic granulites in relation

to the felsic ones. Also petrographic features clearly classify the Cariré metamafic rocks as of the
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high-pressure granulite facies. The Grt + Cpx + Pl + Qtz assemblages, free of Opx, are typical of
high-pressure granulitic rocks, represented by the orthopyroxene breakdown-reaction Opx+PIl =
Grt +Cpx + Qtz (O’Brien and Rétzler, 2003, Pattison 2003). Many other authors (e.g. Winkler,
1979, Yardley, 1989, Carswell and O’Brien, 1993) consider the Gr-Cpx-PI-Qtz association as
typical of rocks of high-pressure granulite facies. Therefore, the Cariré region reflects an
association of high-temperature felsic and high-pressure mafic granulites, both put together by

thrust faults and later on dismembered by strike-slip faults.
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Figure 6: Reactions according to TWEEQU for felsic granulites (a and b) and mafic granulites (c and d). a) P = 8.8
+ 0.55 kbar and T = 826 °C (sample ZC11-b); b) P ~ 9.36 kbar and T ~ 867 °C (sample ZC30-2); c¢) P ~10.23 kbar
and T ~ 750 °C (sample ZC-56b-1); d) P ~ 13.60 kbar and T ~ 911 °C (sample ZC-56b-2).
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Table 7. Comparative P and T values for the Cariré high-grade metamorphic rocks.

Felsic ganulites Mafic granulites
Grt-Opx (T °C) Grt-Opx-P1-Qtz (P kbar) | Grt-Cpx (T °C) Grt-Cpx-PI1-Qtz (P kbar)
(Hr) 625 -779 N&P) 7.1-9.7 (E & G) 753-773 (N &P) 6.6-10.4
P&C) 79-10.7 (D) 781-839 (P & H) 8.6-12.4

Cpx-Opx (T°C) (E et al.,)7.3-10.0 (9] 735-755 (E etal.,)9.3-13.3
(W & B) 820-829 (K) 715-738
(We) 881-866 (S et al.,) 830-880

TWEEQU TWEEQU

804-870 °C 750-900 °C

8.3-9.4 kbar 10.2-13.6 kbar
(D) = Dahl (1980) (P) = Powell (1985)
(E et al.,) = Eckert et al., (1991) (P & C) = Perkins & Chipera (1985)
(E & G) = Ellis & Green (1979) (P & H) = Powell & Holland (1988)
(Hr) = Harley (1984) (S et al.,) = Sengupta et al., (1989)
(K) = Krogh (1988) (We) = Wells (1977)
(N & P) = Newton & Perkins (1982) (W & B) = Wood & Banno (1973)

U-Pb, Sm-Nd and Lu-Hf GEOCHRONOLOGY
ANALYTICAL PROCEDURES

For in situ U-Pb and Lu-Hf analyses, zircon concentrates were extracted from 1 to 30 kg
of rock samples, firstly by crushing with a jaw crusher to 500 um size, than panning and lastly
purification using a Frantz isodynamic separator. Final purification was achieved by hand-
picking under a binocular microscope. The selected grains were placed on epoxy mounts,
polished and cleaned with 3% nitric acid before analysis. Backscattered electron (BSE) images
were used for spot targeting. BSE images were acquired with a LEO 430i and EDS scanning
electron microscope at the Institute of Geosciences, State University of Campinas — UNICAMP,
Brazil.

The U-Pb and Lu-Hf isotopic analyses were performed on zircon grains from four
samples, using a Thermo-Fisher Neptune MC-ICP-MS coupled with a Nd:YAG UP213 New
Wave laser ablation system, installed in the Laboratory of Geochronology of the University of
Brasilia — UnB.

The U-Pb analyses on zircon grains were carried out following Biihn et al. (2009), using
the standard-sample bracketing method (Albarede et al., 2004). During the analytical session,

zircon standard Temora-2 was analyzed as an unknown sample.
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In all analyses, the common Pb correction was unnecessary due to the low signal of
common “**Pb (<30 cps) and high 206pp 24P, Concordia diagrams (20 error ellipses), concordia
ages and upper intercept ages were calculated using the Isoplot/Ex software (Ludwig, 2001).

Lu-Hf isotopes were analyzed using zircon grains selected from four different samples,
which were previously analyzed with U-Pb method. Lu-Hf isotopic analyses were carried out
following Matteini et al. (2010).

The ens(r) values were calculated using the decay constant A =1.865 * 107", proposed by
Scherer et al. (2006) and the '°Lu/'"""Hf and "°Hf/'""Hf CHUR values of 0.0332 and 0.282772
proposed by Blichert-Toft and Albarede (1997). The two stage depleted mantle Hf model ages
(Tpm HF) were calculated using '"°Lu/'""Hf = 0.0384 and '"°Hf/"""Hf = 0.28325 for the depleted
mantle and '"°Lu/'""Hf value of 0.0113 for the average crust (Chauvel and Blichert-Toft, 2001).

During the analytical session, replicate analyses of GJ-1 standard zircon were carried out,
resulting in a '"°Hf/'""Hf ratio of 0.282006 + 16 2o (n = 25), which is in agreement with the
reference value for GJ standard zircon obtained by Morel et al. (2008).

The bulk rock Sm-Nd isotopic analyses were carried out at the Geochronology
Laboratory of the University of Brasilia. Sample dissolution was done in Teflon Savillex beakers
or in Parr-type Teflon bombs. Sm and Nd extraction from whole-rock powders and garnet
concentrates followed the technique of Richard ef al. (1976), in which the separation of the REE
as a group, using cation-exchange columns precedes reversed-phase chromatography for the
separation of Sm and Nd, using columns loaded with HDEHP (di-2-ethylhexyl phosphoric acid)
supported on Teflon powder. We have also used the REE-Spec and Ln-Spec resins for REE and
Sm—Nd separation. A mixed 99m-"""Nd spike was used. Sm and Nd samples were loaded onto
Re filaments of a double filament assembly. Sm and Nd isotopic analyses were carried out, using
a Finnigan MAT-262 mass spectrometer. Uncertainties on Sm/Nd and '**Nd/"**Nd ratios are
considered to be better than + 0.05% (10) and + 0.003% (10), respectively, based on repeated
analyses of international rock standards BCR-1 and BHVO-1. The "INd/'"*Nd ratios were
normalized to a "**Nd/"**Nd ratio of 0.7219. The Nd procedure blanks were smaller than 100 pg.
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RESULTS
U-Pb ZIRCON ANALYSES

The U-Pb zircon analyzes were preceded by cathodoluminescence (CL) and backscattered
electron (BSE) images (Figures 7 and 8). Results are listed in Tables 8 and 9 and plotted in
Concordia diagrams in Figure 9.

Two mafic granulite samples (WT7-3A and WT7-3B) contain two zircon populations. In
one, the crystals are slightly yellow/brown, elongated to oval, and sometimes preserve their
prismatic faces (Figure 7a, b, ¢, d). Cathodoluminescence images show low luminescent core and
an outer zoned shell either regular or patchy (Figure 7a-b). The second population comprises
more iso-dimensional, rounded to ovoid, up to 100 um-sized, slightly pinkish grains. Absence of
inclusions is typical and prismatic faces are sometimes preserved showing a “soccer-ball” habit.
The rare internal intergrowth structures are chaotic (Figure 7e, f, g), a typical feature for zircon
grown under granulite facies conditions (Vavra et al., 1996, 1999, Schaltegger et al., 1999, Corfu
et al., 2003).

Fifteen raster analyses in zircon grains from the first population (sample WT7-3A)
yielded a Concordia U-Pb age of 612.9 + 3.3 Ma (MSWD = 0.0089; Figure 9a, Table 8).
However, some grains yielded slightly older punctual ages between 617 and 628 Ma (Figure 7a,
b, ¢, d and Table 9). Eight zircon grains from the second population (sample WT7-3B) yielded a
Concordia U-Pb age of 589 + 8.7 Ma (MSWD = 0.17; Figure 9b, Table 8).

Two granodiorite samples were analyzed, one less deformed (WT9-06) and the other
(WT7-02) intensively sheared and hosting mafic granulites (Figure 3). The zircon populations of
both samples are rather similar; some grains from the more deformed rock show more intensively
fractured rims. The light brown, predominantly prismatic grains display a well-defined nucleus
and a thick, less luminescent rim with outer ill-defined overgrowths (Figure 8). Rounded and oval
zircon grains are less frequent.

Analyses of zircon cores and rims from the mylonitic granodiorite define in the Discordia
diagram an upper intercept U-Pb age of 2.157 + 26 Ma (MSWD = 2.8; Figure 9c, Table 9), and a
lower intercept age of 587 + 31 Ma (Figure 9e), respectively. Zircon grains from the undeformed
granodiorite (sample WT9-06) yielded U-Pb age of 2.044 + 46 Ma (MSWD = 4.9; Figure 9d,
Table 9).
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Five zircon fractions from felsic granuite (Sample ZC-11Z), investigated by conventional
ID-TIMS, are quite discordant and thus yield a less precise crystallization age of 2.110 + 66 Ma
(Figure 9F) The effects of high temperature and high pressure during granulite-grade
metamorphism probaly contributed to a high degree of Pb-loss and possibly to recrystallization of
these zircon grains, making them plot along the lower part of the discordia line. In this case, the
lower intercept age of 573 + 35 Ma, considering the error, could reflect the timing of final

granulite-grade metamorphism (Fetter, 1999).

50 um

Figure 7: Cathodoluminescence image (CL) of zircon analyzed by LA-MC-ICPMS (mafic granulite sample WT7-
3A). A) Larger and more elongated zircon from the first population (Z15: 619+ 6.4 Ma). B) Oval zircon from the
first population, showing inherited core rimmed by a highly luminescent overgrowth (Z3: 621 + 6.4 Ma). C) Oval
zircon from the first population rimmed by a thin, oscillatory chaotic layer. Its core yielded the oldest age for the
mafic granulites (Z14: 628.6+6.6 Ma). D) Slightly elongated zircon, preserving some external euhedral faces (Z4:
617 + 6.4 Ma). E) A more homogeneous zircon from the second population, lacking well-defined faces and a
homogeneous core (Z8: 602+ 6.2 Ma). F) “Soccer ball” grain preserving a single homogeneous core rimmed by a
discrete overgrowth (Z13: 612.3 + 6.3 Ma). G) Sub-euhedral, ovoid zircon from the second population with chaotic
core (Z1: 613+ 6.3 Ma). Zircon grains from the second population show all the characteristics of the metamorphic
zircon and recorded the same or similar ages to those obtained by the concordia diagram.
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Figure 8: Back-scattered electron image of zircon grains from granodiorite sample WT9-06. Elongated grains show
intergrowth evidence and fracturing at the rims. 30 um-sized spots analyzed by the U-Pb method using LA-ICP-MS.

Table 8.
Results of in situ U-Pb LA-MC-ICP-MS zircon analyses.
Sample | Isotopic ratios Ages (Ma)

THU | 27Pb/2PD 20 26pp, 238y 20 Wpy 235y 20 207py,205py, 20 6pp, 238y 20 W7pp 235y 20 Rho

(%) (%) (%) abs abs abs

Sample WT7-3A: Mafic Granulite
Z1 0.01 |0.060 0.9 [0.100 2.6 [0.829 2.8 |601.9 20.1 |616.1 15.5|613.1 6.3 0.92
Z2 0.01 |0.061 1.1 [0.100 2.6 [0.839 2.9 |636.5 23.6 |613.8 15.4|618.7 6.5 |0.86
Z3 0.02 |0.061 1.0 [0.101 2.6 |0.844 2.8 1623.5 21.8 |621.0 15.5|621.6 6.4 |0.89
74 0.01 |0.060 1.0 [0.101 2.6 [0.836 2.8 |614.3 20.7 |617.6 15.6|616.9 6.4 [0.92
76 0.02 |0.060 1.0 [0.099 2.6 [0.819 2.8 [599.1 20.7 |609.6 15.3|607.4 6.2 091
Z7 0.01 |0.061 1.0 [0.098 2.6 |0.827 2.8 |636.7 214 |605.0 15.1|611.7 6.3 |0.89
78 0.02 |0.061 1.0 [0.097 2.6 [0.809 2.8 1629.3 21.6 |594.8 14.9602.0 6.2 |0.89
79 0.01 |0.060 0.9 [0.099 2.6 [0.825 2.8 |613.2 20.2 [610.3 15.41610.9 6.3 0.92
Z10 0.01 |0.060 1.0 [0.099 2.6 [0.818 2.8 |606.2 20.8 |606.8 15.3 | 606.7 6.2 091
Z11 0.03 |0.060 1.0 [0.100 2.6 |0.830 2.8 16029 21.5 |616.8 15.6|613.9 6.4 [0.90
712 0.03 |0.060 0.9 [0.100 2.6 [0.823 2.8 |595.1 20.6 |613.8 15.4 | 609.8 6.2 091
713 0.01 |0.060 0.9 [0.100 2.6 [0.828 2.8 |597.5 20.3 [616.3 15.4|612.3 6.3 0.92
714 0.05 |0.061 1.1 [0.102 2.7 [0.857 29 |627.5 23.3 629.0 15.9628.6 6.6 |0.87
Z15 0.02 |0.061 1.0 [0.101 2.6 |0.840 2.8 |623.8 20.8 |617.6 15.4|618.9 6.4 [0.91
Sample WT7-3B: Mafic Granulite
z2 0.01 |0.060 4.5 10.094 4.3 10.778 6.2 |600.0 94.6 |580.7 23.8584.6 27.310.67
Z3 0.02 |0.059 4.9 10.094 4.8 10.768 6.9 [578.6 103.8 [ 578.6 26.3|578.6 29.80.68
75 0.01 |0.059 42 [0.093 3.8 [0.762 56 |576.5 88.4 |575.1 20.7]575.4 24.4]0.63
76 0.01 |0.060 5.1 [0.097 4.2 10.805 6.6 |605.4 107.0 | 598.1 24.01599.6 29.6 | 0.60
78 0.01 |0.060 6.8 [0.094 5.2 [0.781 8.6 |613.1 140.9 [ 578.9 28.71585.9 37.5]0.60
79 0.04 |0.060 4.9 10.099 54 [0.818 7.3 1593.1 103.1{610.9 31.7]607.1 33.0|0.75
710 0.01 |0.058 4.6 [0.101 4.8 10.807 6.6 |526.5 96.7 |620.3 28.6 | 600.5 29.710.73
Z11 0.03 |0.059 5.7 10.098 5.2 [0.803 7.7 |578.7 118.6 | 604.1 29.9598.8 34.210.66
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Table 9
Results of in situ U-Pb LA-MC-ICP-MS zircon analyses.

Sample | Isotopic ratios Ages (Ma)
2071 206p1. | 26 | 206pp1. 23877 | 26 | 20751 23511 | 26 | 207 206p1. | 20 | 206y, 23857 | 20 | 207py. 23517 | 260

Pb/""Pb (%) Pb/~"U (%) Pb/~"U (%) Pb/""Pb abs Pb/~°U abs Pb/~"U abs Rho
Sample WT7-02:Granodiorite
z13 0.133 1.6 |0.336 24 16.150 2.8 [2133.8 27.1 |1868.2 38.4119974 24.710.78
z17 0.129 1.0 10.296 3.7 |5.285 3.8 |2088.3 184 |1673.9 54.4|1866.5 32.810.98
z18 0.129 1.0 10.341 2.3 16.080 2.5 |2087.0 18.4 |1892.9 37.6|1987.3 22.010.93
z19 0.128 1.1 |0.345 2.9 16.083 3.1 |2067.6 18.8 |1911.9 47.911987.8 26.910.97
z23 0.129 1.0 10.332 2.1 15.902 2.3 |2081.0 17.8 |1850.3 33.3|1961.5 20.010.91
728 0.126 1.1 {0.303 2.3 |15.266 2.5 12045.8 19.2 |1704.2 34.1|1863.3 21.5(0.91
z64 0.132 1.0 10.350 2.3 16.392 2.5 12129.3 17.7 11936.0 37.812031.2 21.810.94
z14 0.060 1.0 [0.102 2.1 [0.848 23 (6124 22.4 1626.3 12.3(623.3 10.7 [ 0.89
z33 0.058 1.1 [0.096 2.1 [0.775 2.4 |545.5 23.5 |591.9 11.9(582.4 10.4 { 0.88
z37 0.057 1.0 [0.095 2.1 {0.742 2.3 |488.0 229 |582.5 11.5(563.6 10.0 [ 0.89
z39 0.059 1.1 [0.090 2.0 [0.732 2.3 |568.1 229 |5554 10.9 [ 557.9 99 |0.88
743 0.058 1.0 [0.094 2.0 [0.755 2.3 |538.5 22.7 |579.5 11.3(571.2 10.0 [ 0.89
745 0.058 1.1 {0.093 2.1 [0.743 2.4 (5279 233 |573.2 11.6 | 564.1 10.2 { 0.89
z58 0.060 1.0 [0.097 2.0 [0.795 2.3 [589.2 22.4 |595.2 11.5(594.0 10.2 [ 0.88
z59 0.061 1.1 {0.093 2.1 [0.781 2.3 6369 24.1 |572.9 11.3 [ 586.0 10.5(0.84
Sample WT9-06: Granodiorite
75 0.126 14 10.314 0.9 |5.440 1.0 |2037.2 239 |1761.2 13.711891.2 8.8 [0.87
76 0.117 0.8 10.259 2.5 14.172 2.6 |1905.7 13.7 |1486.5 32.5|1668.5 20.810.96
78 0.125 3.0 {0.340 2.0 15.830 2.3 12022.2 52.7 |1884.4 32.811950.9 19.410.84
79 0.127 0.7 10.374 0.9 |6.525 1.1 |2050.4 12.0 |2048.1 15.612049.3 9.8 [0.71
Z11 0.124 0.8 10.362 1.2 |6.167 1.5 |2008.0 13.8 |1991.7 21.111999.7 12.710.82
712 0.123 5.7 10.324 3.9 |5.511 4.2 12004.9 98.4 |1809.8 60.911902.4 35.610.90
717 0.121 0.7 10.297 1.3 |4.961 1.5 |1973.3 13.1 |1676.3 18.711812.7 12.410.86
719 0.119 5.9 0.306 4.1 5.009 4.2 11934.1 101.5]1723.5 61.9]1820.8 34.910.99

27pp/2BU calculated using 2> Pb/2°Pb/(>*3U/2*Pb x 1/137.88). Rho is the error correlation defined as err” °Pb/>SU/err® Pb/>>U
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Figure 9: Concordia plot for LA-ICP-MS analyses of zircon grains from the Cariré Granulite Region: A) mafic
granulite (sample WT7-3A); B) mafic granulite (sample WT7-3B); C) mylonitic granodiorite (sample WT7-02); D)
granodiorite (sample WT9-06); E) Lower intercep of sample WT9-06; F) ID-TIMS analyses of zircon grains from a
felsic granulite (sample ZC-11Z) (Fetter, 1999) .
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Lu-Hf ANALYSES OF ZIRCON

Ten zircon grains from the mafic granulite (WT7-3A), yielded Lu-Hf Tpy ages between
1.28 and 1.35 Ga for an assumed crystallization age of 800 Ma, and €Hf (=s00) values between +

0.96 and +2.29 (Table 10).

Table 10: Results of in situ Lu—Hf LA-MC-ICP-MS zircons analyses.
Sample "Lu/"Hf 26 *H{/'Hf 26 t(Ma) (Hf/'"Hf)t 26 end®) 1o Tpum (Ga)
Sample WT7-3A

WT7-3A_Z1  1.83504E-05 0.0000003  0.28241853 0.0000261 800 0.28241831  0.0000261 0.96 +0.42 1.35
WT7-3A_Z2  1.83392E-05 0.0000003  0.28242919 0.0000211 800 0.28242897  0.0000230 1.33 +0.30 1.33
WT7-3A_Z3  2.64246E-05 0.0000002 0.28242222 0.0000314 800 0.28242191  0.0000314 1.08 +0.60 1.35
WT7-3A_Z4  1.55805E-05 0.0000002 0.28243576 0.0000281 800 0.28243557  0.0000281 1.57 +0.49 1.32
WT7-3A_Z7  2.05986E-05 0.0000004 0.28243734 0.0000171 800 0.28243709  0.0000171 1.62 +0.09 1.32
WT7-3A_Z9  1.31275E-05 0.0000005 0.28241973 0.0000227 800 0.28241957  0.0000227 1.00 +0.29 1.35
WT7-3A_Z10  1.1072E-05 0.0000002  0.28245619 0.0000267 800 028245606  0.0000267 229 +0.44 1.28
WT7-3A_Z14 3.23002E-05 0.0000033  0.28243988 0.0000251 800 0.2824395 0.0000251 1.71 +0.38 1.31
WT7-3A_Z13 1.99627E-05 0.0000004 0.28242279 0.0000301 800 0.28242255  0.0000301 1.11 0.55 1.35
WT7-3A_Z15 2.76092E-05 0.0000003  0.28242387 0.0000147 800 0.28242354  0.0000147 1.14 +0.01 1.34

WHOLE-ROCK Sm-Nd DATA

The Nd isotopic evolution diagram (Figure 10) displays all data listed in Table 11,
together with the isotopic compositions of the Central Ceard Domain basement gneisses (Fetter,
1999). The mafic granulite samples WT7-3A and ZC-56b yielded positive €ng (s00) Vvalues
between + 3.00 and +3.26, but sample ZC-03 has a slightly negative €ng (s00) value (-1.76). The
data were calculated assuming a crystallization age around 800 Ma for the mafic granulites based
on zircon U-Pb concordia data for mainly felsic metavolcanic rocks considered as representing
the initial Borborema rifting magmatism (Fetter et al., 2003, Castro, 2004, Arthaud, 2008). The
resulting Tpm values vary between 1.37 and 1.61 Ga (Table 11), suggesting a juvenile
Mesoproterozoic derivation. The results are concordant with the Lu-Hf Tpy ages between 1.28
and 1.35 Ga found on euhedral zircon grains. The felsic granulites (ZC-11f and ZC-11z) yielded
negative €ng (s00) values between -11.20 and -12.80 and Tpy ages around 2.2 Ga (Table 11). This
age plots on the evolutionary trend for the Ceard Central Domain basement presented by Fetter

(1999 — Figure 10).
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Table 11.
Sm-Nd isotopic data for the Cariré Granulite Region.

Sm Nd 47g. 144 1430y 4 /144 Age (U-Pb) €eNd Tom

Sample o) (o) Sm/Nd Nd/™'Nd (Ma) €ENd(0) (=800Ma (Ma)
Mafic Granulite
WT7-3A (wr) 3.765 12.587 0.1808 0.512708 800 1.37 2.62 -
ZC-03 (wr) 5.47 24.03 0.1378 0.512239 800 -7.8 -3.3 1.61
ZC-56B (wr) 3.09 10.79 0.1729 0.512675 800 0.7 2.6 1.39
ZC-56B (wr)* 3.45 11.92 0.1747 0.51269 800 1.01 2.7 1.37
Felsic granulite (wr)
ZC-11F 3.66 18.63 0.11879 0.511657 2200 -19.1 -13.2 2.23
ZC-11Z 2.17 11.98 0.10922 0.511525 2200 217 -15 222

* repeated analyses
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Figure 10: Diagram ey versus time showing evolutionary tendency for mafic and felsic granulites from the Cariré
Region Ceard Central Domain. Also shown is the isotopic evolution for the basement gneisses from the Ceard
Central Domain (Fetter, 1999).
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DISCUSSION AND CONCLUSIONS

In the Cariré Granulite Region mafic and felsic granulites occur as more or less deformed
and disrupted lenses in strongly sheared granodiorite, diorite, tonalite and correlated migmatites.
Both types of granulites are clearly associated with thrust faults and later on disrupted in the
frame of a huge regional Transbrasiliano strike-slip belt. During their uplift the granulites
underwent decompression as assigned by plagioclase aureoles around garnet and augite-andesine
symplectites. The absence of orthopyroxene characterizes the metamafic rocks as high-pressure
granulite generated under estimated maximal P-T conditions of 10.2-13.6 kbar and 750-911 °C
(Winkler, 1979, Yardley, 1989, Carswell and O’Brien, 1993). The felsic high-grade rocks
crystallized under estimated maximal P-T conditions of 8.3-9.4 kbar and 804-870 °C. The
occurrence of orthopyroxene in these rocks indicate lower metamorphic pressures (O’Brien and
Rotzler, 2003, Pattison 2003).

The estimated maximal P-T conditions (Figure 6), the contrasting composition and the
divergent geochronological data for the felsic and mafic granulites stress out the differences in
their geological evolution. The felsic granulites represent a Paleoproterozoic (Figure 9F), juvenile
(Table 11), charnockitic/enderbitic, calc-alkaline, arc-related (Nogueira Neto, 2000) lower crust
magmatism with weak signs of a Late Precambrian recrystallization (Figure 9F). The mafic
granulites result from high-grade metamorphism (Figure 6, Table 7) of possible Mesoproterozoic
mantle-derived (Table 11), mainly N-MORB type basalts (Nogueira Neto, 2000) in a subduction
environment. Alternatively the pre-metamorphic rocks represent Neoproterozoic magma
extracted by partial melting of 2.0 Ga old mafic protoliths. However, this hypothesis is restricted
by the narrow range of the Sm-Nd and Lu-Hf Tpy ages respectively between 1.37-1.61 and 1.28 -
1.35 Ga.

The Tpwm ages calculation assumed a crystallization age of 800 Ma considered as the age
of the early Borborema rifting stage. However, this magmatism, even if supported by some
geochronological dating (Fetter et al., 2003; Castro, 2004; Arthaud, 2008), is still only weakly
supported by geological data. The U-Pb zircon age of 749 + 5 Ma for a garnet amphibolite was
achieved in only one crystal (Arthaud, 2008), and some of the correlated felsic metavolcanics are
completely deformed by thrust faults. Another possible crystallization age of 630 Ma for the

mafic protoliths is quite close to the granulite metamorphism age of 612 + 3.3 Ma (Figure 9a).
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However, the choice of this younger crystallization age does not considerably change the Tpm
ages and €ng and €yr (t=0) values. On the other hand, when the Mesoproterozoic crystallization
age of 1.57 Ga (calculated on the basis of data obtained for the retrograded eclogites from the
Forquilha Eclogite Zone — Amaral et al., 2010b) is considered, the Tpy age for sample ZC-56B
results younger than its U-Pb zircon age (Table 11).

The overall high-pressure metamorphic conditions for the Cariré mafic granulites are
supported by the nearby Forquilha Eclogite Zone (about 35 km far from such granulites), whose
estimated maximal P-T conditions are 17-22 kbar and 750-770°C (Santos et al. 2009, Amaral,
2010). Also for this zone the main pre-metamorphic protoliths are N-MORB basalts (Amaral et
al., 2010a). However, the U-Pb zircon age for the Forquilha eclogite metamorphism is somewhat
older, between 630-650 Ma (Amaral et al., 2010b).

The uplift of the granulitic rocks occurred in a tectonic regime characterized by a strike-
slip shear belt overprinting a former thrust belt. The main exhumation is promoted by older thrust
and reverse faulting; a final oblique uplift is linked to the younger shear faults. The dip angle of
the predominant NE-SW trending transcurrent faults is often around 75° and of the stretching
lineation is dominantly 10-15° SW. As the extention of many faults is more than 100 km, the
final uplift is in some cases rather considerable. The *°Ar-*’Ar mineral ages obtained for the
strike-slip phase of the Granja Granulite Complex are around 575 Ma, but the transcurrent
movements could have continued up to 540 Ma (Monié€ et al., 1997). These ages also agree with
a U-Pb titanite age of 554 Ma and a garnet/whole rock Sm/Nd isochron age of 545 Ma, for
sheared granulites from the Granja Complex, which are considered as expressing the final
regional uplift-related cooling episode (Fetter and Van Schmus, 1996). The same range of ages
was obtained for the sheared granodiorites and felsic granulites from the Cariré Region,
considering the lower U-Pb zircon concordia intercept (Figure 9 C-F). In turn, the strike-slip
faults usually define the tectonic boundaries of larger granulitic areas, e.g. the Granja Granulite
Complex, or dismembered granulite and eclogite bodies in a sequence of lenses or boudins as in
the Cariré Region and in the Forquilha Eclogite Zone.

In the transoceanic extension of the Borborema Province in Western Africa, a large
number of high-grade bodies (retrograded eclogites, felsic and mafic granulites) occur in
extensive intercontinental shear zones (e.g. Kandi and 4°50’ lineaments) of the Dahomeyide belt.

The Derouvaru, Kabyé, Djabatouré, Lato-Agou, Akuse granulites/eclogite massifs are
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outstanding examples, all of them with evidence of migmatization and retrograde metamorphism
(Affaton et al., 2000, Caby 1989, Trompette, 1994, Attoh et al., 1997, Agbossoumondé et al.,
2001, Duclaux et al., 2006).

Petrographic evidences show that eclogite-facies metamorphism preceded the granulite
event in the Dahomeyide suture zone (Attoh, 1998). The estimated thermobarometric conditions
for the eclogite are between 13 + 2 kbar and 650 + 50 °C, and 19 + 4 kbar and 700 + 95 °C. For
the rocks from the high-pressure granulite/amphibolite facies, the conditions are 5+1 kbar and
560 £ 60 °C, and 8 + 2 kbar and 720 £ 60 °C (Agbossoumondé¢ et al., 2001).

The mafic eclogites and granulite protoliths show a dominant N-MORB geochemical
signature (Agbossoumondé et al., 2004, Attoh and Morgan, 2004, Duclaux et al., 20006).

The maximal age of the Kabyé Massif protoliths is between 1300 and 1400 Ma (Nd mean
crustal residence ages). The ages obtained for the granulite metamorphism were 640 + 50 Ma (U-
Pb ages obtained using multigrain zircon fractions) and 612.5 + 0.8 Ma (Pb-Pb zircon
evaporation method) (Bernard-Griffiths et al., 1991, Affaton et al., 2000). Comparable granulites
from the Amalaoulaou Massif yielded a protolith age of 800 + 50 Ma (U-Pb ages on multigrain
zircon fractions) (Caby, 1987). The ages for the protolith of the eclogites from the Lato-Agou
Massif (South Togo) fall in the 1150 to 820 + 130 Ma interval (Nd mean crustal residence ages
and U-Pb ages on zircon), and for the eclogite formation between 640 and 600 Ma (whole-rock
Rb-Sr and zircon U-Pb ages) (Bernard-Griffiths ef al., 1991). The age obtained for the formation
of the Akuse Massif granulite (SE Ghana) was 610 £ 2 Ma (zircon U-Pb ages), and for nappe
stacking and blasto-mylonitization between 590 and 560 Ma (Ar-Ar ages) (Attoh et al., 1991,
1997, House and Attoh, 1996). In the same region, U-Pb dating of rutile from a garnet-
hornblende gneiss yielded an age of 576 + 2 Ma, interpreted as the regional cooling age at around
400°C (Hirdes and Davis, 2002).

The Paleoproterozoic Kara orthogneisses, reworked during the Pan-African/Brasiliano
orogenies, yield a mineral Rb-Sr isochron and muscovite Ar-Ar ages of 592 + 17 Ma, interpreted
as the cooling age (Bernard-Griffiths et al., 1991, Attoh et al., 1997). The Ho orthogneisses (SE
Ghana), located at the same latitude of the Lato-Agou Massif and comparable to the Kara rocks,
yielded a whole-rock Rb-Sr isochron age of 2176 + 44 Ma. These rocks underwent tectonic
reworking and metamorphism at 610 Ma (U-Pb multigrain zircon) and cooled at 579 + 0.4 Ma
(muscovite Ar-Ar age) (Attoh et al., 1991, 1997).
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The geological setting, mineral assemblages, thermobarometric data, chemical
compositions and isotopic data obtained for the African granulites, eclogites and orthogneisses
coincide with those for medium- and high-grade rocks from the NW domains of the Borborema
Province. The similarity between the Brazilian and Western African rocks suggest, once more, a
clear geological correlation between the transoceanic Brasiliano/Pan-African orogenic areas,

which once belonged to Western Gondwana.
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ABSTRACT

In the northern region of the Borborema Province, a 30 km-long mafic/ultramafic belt of HP
rocks, called Forquilha Eclogite Zone (FEZ), has been recently discovered in the Central Domain
of Ceara State. The belt comprises three groups of rocks: (1) garnet amphibolites, (2) retrograded
eclogites and (3) clinopyroxene-garnet amphibolites, all of them being hosted in garnet + kyanite
+ sillimanite schists and orthogneisses which are often migmatized. The geochemical analyses of
30 representative samples confirm differences among the three groups that were initially
classified by petrography. The garnet amphibolites are the most depleted rocks, with relatively
flat (REE)py pattern and (SPIDER)py pattern with negative Rb, Th, Nb, Sr and Zr anomalies. It
is the most fractionated group, ranging from picrobasalts to andesites. Fractional crystallization
and mineral accumulation are indicated by Eu and Sr anomalies. The data show geochemical
affinities with island-arc basalts The retrograded eclogites display flat (REE)py;, but without Eu
anomalies. Nb/La ratios are low and variable, as for slightly enriched MORB from ocean floor or
intra-oceanic back-arc environments. However, a genetic link with the Group 1 rocks cannot be
completely discarded. The clinopyroxene-garnet amphibolites are the most enriched group.
(REE)py and (SPIDER)py patterns show many features of alkaline basalts. In the Nb/Yb vs.
Th/Yb diagram the data cluster near the E-MORB standard. Several geochemical aspects of these
rocks fit well those from the HP/UHP Pan-African/Brasiliano Suture Zone in the
Dahomeyides/Hoggar regions of West Africa. However differences in their extent and lack of
alignment preclude a direct correlation among these zones.

KEY WORDS Borborema Province; HP/UHP; retrograded eclogites; Pan-African Belt; geochemistry
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1. INTRODUCTION

Eclogites are important rocks for reconstructing the tectonic evolution of orogenic belts,
as they represent, in many cases, the exhumed remnants of deep seated sutures. In the Pharusian
Belt NW Africa, high-pressure (HP) mafic/ultramafic rocks define a suture zone about three
thousand kilometers long, from Algeria to the Gulf of Guinea (Black et al, 1994; Trompette,
1994; Attoh, 1998; Caby, 2003). The continuation of this oceanic suture zone in northeast Brazil,
beneath the Phanerozoic Parnaiba Basin (Figure 1), is speculated based on the high density
gravity anomalies identified over this area (Lesquer et al., 1984; Trompette, 1994; El-Hadj et al.,
1997, Fetter et al., 2003).

The Central Hoggar in Algeria, NW Africa (Figure 1) is made of four distinct crustal
blocks termed as LATEA (Liégeois et al., 2003). These terranes were accreted during the Pan-
African Orogeny (650-525 Ma) and are part of a single passive margin upon which mafic
eclogites, garnet amphibolites and clinopyroxene-garnet amphibolites metamorphosed at 15 kbar-
790°C were tectonically emplaced and thrusted around 686 Ma (Boughrara, 1999; Liégeois et al.,
2003). These metamafic rocks are interlayered with metasedimentary rocks and orthogneiss in the
Tin Begane region, in the northern part of Laouni terrane (Derridj et al., 2003; Caby, 2003).

In the Ceard Central Domain of the Borborema Province (BP), NE Brazil, high grade
migmatitic garnet + sillimanite + kyanite metasediments (often khondalites/kinzigites) from the
Ceard Group comprise more or less frequently small to large lenses/horizons of quartzites,
marbles and calc-silicate rocks. In northwest part of this domain a four kilometre-thick and thirty
kilometre- long mafic/ultramafic belt of high/ultrahigh pressure (HP/UHP) metamorphic rocks,
called the Forquilha Eclogite Zone, has been recently discovered (Santos et al., 2008a). The
highest metamorphic conditions recorded in the retrograded eclogites are T~770°C and P~ 17.3
kbar (Santos et al., 2009). In addition to the retrograde eclogites, the Forquilha Eclogite Zone,
several varieties of clinopyroxene-garnet amphibolites and garnet amphibolites are also present.
These rocks occur as small dismembered boudins, erratic blocks and sheets within the host
aluminous metasediments and often in strongly sheared granodioritic gneisses. Both varieties of
host rocks are frequently migmatized.

Concordant lenses of high pressure metaultramafic and metamafic rocks in migmatites

and orthogneisses also occur in the Pajet-Paraiba Belt in the Transversal Domain of the BP. The
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geochemical signature of these eclogite facies rocks points to a tholeiitic basaltic composition
related to an island-arc evolution. They are probably associated with an enriched mantle source
underlying a subduction zone. Positive and negative gravimetric anomalies in these
metaultramafic and metamafic rocks suggest the presence of a possible NE-SW to E-W
continental collision zone (Beurlen ef al., 1992, Almeida et al., 2009). However, the absence of
detailed chemical data hinder the comparison of these rocks with those from the FEZ.

In Africa the pre-metamorphic nature of the mafic/ultramafic rocks, which are mainly
retrograded eclogites and granulites, is disputable. They dominantly display a magmatic
geochemical characteristic often comparable with N-MORB and IAT (John et al., 2003; Attoh
and Morgan, 2004). This geotectonic link is supported by coexisting amphibolites facies rocks
(Wang et al., 2008). The coexisting eclogites show considerable geochemical variation reflecting
an intra-continental rift environment (Rao and Rai, 2006). In contrast to the magmatic heritage,
some HP/UHP rocks seem to have been derived from metasedimentary, mainly calc-silicate rocks
(Jahn et al., 2001). Still in other cases, the chemical classification of the eclogites is quite
uncertain, due to mainly three factors: i) metamorphic differentiation leading to the separation of
the former homogeneous mafic igneous protoliths and associated near-monomineralic rocks
(hornblendites, pyroxenites and garnet felses) (Rumble et al., 2005); ii) contamination by crustal
materials (Duclaux et al., 2006) and iii) selective extraction and/or addition of some mobile trace
elements during the different stages of prograde and retrograde metamorphism associated with
dehydration and re-hydration (Bernard-Griffiths et al., 1991).

In the Dahomeyide Belt in Togo, west Niger and also in the central Hoggar (Tin Begane
area), geochemical signatures of the HP/UHP mafic rocks from the suture zone are mainly
interpreted as more or less similar to those from island-arc tholeiites (IAT) with some N-MORB
contribution. However, all the studied areas also comprise highly anomalous samples of dubious
classification (Castaing et al., 1994; Attoh, 1998; Liégeois et al., 2003; Attoh and Morgan, 2004;
Duclaux et al., 20006).

In this paper, we present geochemical data for 30 samples belonging to garnet
amphibolites, clinopyroxene-garnet amphibolites and retrograded eclogites suite from the
Forquilha Eclogite Zone (FEZ) to evaluate their pre-metamorphic nature, geotectonic setting and

their comparison with the Pharusian/Dahomeyide suture complex rocks.
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2. GEOLOGICAL SETTING

The Borborema Province has been in focus related to the discussions on the tectonics and
assembly of West Gondwana (e.g. Fetter et al., 2003; Bueno et al., 2009; Guimaraes et al., 2009;
Cordani et al., 2009). The northwestern part of the Borborema Province comprises two crustal
blocks: the Ceard Central Domain (CCD) and Médio Coreai Domain (MCD), bounded by the
Transbrasiliano Lineament, considered as an extension in South America of the African Kandi/4°
50’ Lineament (Figure 1) (Caby, 1989; Trompette, 1994; Brito Neves et al., 2000). The MCD
basement mainly comprises tonalite-trondhjemite-granodiorite (TTG) orthogneisses, as well as
minor areas of amphibolite facies gneisses and migmatites, amphibolites, leucogranites, mafic
granulites, enderbites, leptynites, and kinzigites of Brasiliano age metamorphism (Santos et al.,
2004). U-Pb and Sm-Nd ages are mainly Paleoproterozoic (2.36-2.30 Ga) and yield Nd crustal
residence ages (Tpy) between 2.61 and 2.38 Ga (Fetter et al., 2000; Santos et al., 2009). Most the
ENd (t = crystallization age) Values of these gneisses are positive (0.4 to 1.9); so they are considered as the
products of a juvenile crustal growth in an arc-type setting (Fetter er al., 2000; Santos et al.,
2009). The CCD basement also comprises juvenile middle Paleoproterozoic Canindé Complex
including migmatites, orthogneisses, kinzigites and amphibolites. U-Pb zircon ages of 2.1 Ga and
Tpm between 2.45 to 2.3 Ga with slightly negative to positive &g (¢ = crystallization age) SUZEZESt a
predominantly depleted mantle contribution with incipient crustal contamination (Fetter, 1999;
Martins et al., 2009; Castro, 2004).

In both domains, the supracrustal sequences rest on the basement rocks. In the MCD they
are represented by the Ubajara and Martinépole Groups; in the CCD by the Ceard Group. These
rocks belong to the greenschist and amphibolite facies and represent proximal, platformal
volcano-sedimentary sequence comprising slates, quartzites, marbles, metagreywackes,
metapelitic gneisses as well as felsic to mafic metavolcanics.

The Martin6pole deposition age, established by U-Pb zircon data from a metarhyolite, is
777 £ 11 Ma (Fetter et al., 2003). The Nd model ages for the basal schists of this group varies
between 1.24 and 1.32 Ga, and the data suggest a significant genetic contribution of
Neoproterozoic juvenile volcanic material (Santos et al., 2008b). The upper unit displays Nd

model ages between 1.61 and 2.69 Ga, which are interpreted as a mixture between
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Neoproterozoic juvenile material and older Paleoproterozoic basement gneisses (Fetter et al.,

2003; Santos et al., 2008a).

Major thrust
Major Pan-African suture
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Figure 1: The Borborema Province in the context of the Western Gondwana supercontinent (modified after Caby,
1989 and Arthaud et al. ,2008).

In the Ceard Group, metarhyolites yield U-Pb zircon ages between 800 to 750 Ma, which

are considered as representing an initial continental Neoproterozoic rifting stage (Fetter, 1999;
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Arthaud et al., 2008). However, the real age of the Ceara group is still uncertain. Rare HP/UHP
metamorphic rocks from the Ceard Group, including garnet-amphibolites, clinopyroxene-garnet
amphibolites and retrograded eclogites in the Forquilha Eclogite Zone and the Itatira areas crop
out respectively on the western and eastern sides of the Santa Quitéria magmatic arc (Figure 2;
Castro, 2004; Garcia and Arthaud, 2004; Amaral and Santos, 2008).

The Santa Quitéria batholith (Figure 2) is a continental magmatic arc covering an area of
about 40,000 km?, and comprising a large variety of lithologies including gabbro, tonalite,
monzogranite, granodiorite, and granitic rocks emplaced in at least two major magmatic cycles.
U-Pb zircon and Sm-Nd whole rock data indicate an emplacement age between ca. 665 and 591
Ma (Fetter et al., 2003). Nd isotopic signatures of plutonic rocks suggest a mixture between
juvenile Neoproterozoic magmas and the enclosing Paleoproterozoic gneisses from the Canindé
Complex. The late magmatic stage comprises numerous post-tectonic granitic isotropic intrusions
such as the Serra da Barriga, Pajé, and Taperuaba plutons (Figure 2). The final magmatic activity
is a widespread episode of aplitic and pegmatitic dyke emplacement, the latter frequently
tourmaline-bearing.

The main tectonic regional trend in the MCD and CCD is NE-SW resulting from
numerous older thrusts and younger strike-slip shear zones, the former with a dominantly W-NW

vergence (Santos et al., 2008a).

3. FIELD OCCURRENCE AND SAMPLES DESCRIPTION

The Forquilha garnet-bearing mafic rocks crop out as lenses and boudins of 15 to 300 m
in length and 10 to 70 m in width within garnetiferous metapelites (Figures 3a and b). Locally,
the association of the lenses with calc-silicate rocks is common. The mafic rocks comprise layers
enriched either in diopside (diopsidites), amphiboles (hornblendites) and garnet. All the studied
samples were collected from the centre of homogeneous bodies since their margins are more
schistose as well as biotite and amphibole-rich, a result of penetrative deformation and copious
hydration. The surrounding host metasediments are represented by aluminous metatexites and
diatexites (garnet-sillimanite + kyanite-biotite graphitic gneisses = kinzigites). The metabasites
comprise varying abundance of garnet, pyroxenes, amphiboles and quartz, which are the main

constituents of these rocks. Along the Forquilha Eclogite Zone, the metamorphic conditions
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increase from north (amphibolite facies) to south (eclogite facies). The mineralogical variation
allowed a preliminary field classification into three rock groups which is also confirmed by
petrographic studies: garnet amphibolites, retrograde eclogites now exposed mainly as
clinopyroxene-garnet amphibolites with typical decompression textures, and clinopyroxene-

garnet amphibolites.
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Figure 2: Simplified geologic map of the Médio Coreai Domain and the Ceara Central Domain in the NW part of
the Borborema Province. The locations of the samples collected for this study are: 1) TJF6-296; 2) RM-220, 3)
WT8-53E, 4) W8-10 (A-F), 5) WT7-53D, 6) VC-57 (E-G-g), 7) RM-120A, 8) RM-107 (C-D), 9) RM-182, 10)VC-
60, 11) RM-179, 12) TIF5-181, 13) TJF6-302, 14) TIF6-335 (A-D), 15) VC-4 (A-B), 16) WT7-25.
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The garnet amphibolites are composed of garnet (20-25% vol.), diopside (5-10%),
amphibole (30-40 %), plagioclase (Anjo.20)(20-25%), quartz (10-15%), rutile (< 1%), ilmenite
(<3%) titanite (<3%), apatite (<3%), and epidote (<1%). Symplectitic hornblende + quartz
intergrowth textures are rare. Coronal plagioclase surrounding garnets is more common (Figures
3c and d).

The retrograde eclogites are composed of amphiboles (25-30% vol.), diopsidic
clinopyroxene (15-17%), garnet (35%), albitic plagioclase (10-15%), quartz (~5%); rutile,
apatite, ilmenite, titanite, carbonate and opaque minerals as recurrent accessories. Sample TJF6-
302 contains a larger amount of apatite than the other samples of this group. The proportion
between plagioclase and pyroxene is variable, with either the former or the latter mineral
dominating. The most complex symplectites are formed by clinopyroxene + plagioclase + quartz
+ amphibole, but two other types have also been observed: ilmenite + clinopyroxene and
ilmenite + plagioclase. The major part of the symplectites are pseudomorphs of omphacite

(Figures 3e and f).

The peak metamorphic conditions are around 770 °C temperature and 17.3 kbar pressure
as determined using the mineral assemblage: Na-rich clinopyroxene (jadeite) + pyrope-rich
garnet + quartz + rutile. The P-T path of the retrograded eclogites indicates that the rock passed
through eclogite facies = granulite facies = amphibolite facies = greenschist facies. Rocks
from this group occur locally associated with scapolite-, biotite- and phlogopite-rich calc-silicate
rocks. Detailed description of the petrographic characteristics as well as mineral chemistry data
and metamorphic conditions were previously presented and discussed (Santos et al. 2009).

The clinopyroxene-garnet amphibolites comprise mainly garnet (27-35% vol.),
clinopyroxene, dominantly diopside (15-20 %), amphibole (25-30 %), plagioclase (Anjg.20)
(20%), quartz (10%), rutile (< 1%), ilmenite (<2%), sphene (2%) and apatite (2%). The most
common symplectites are represented by clinopyroxene + plagioclase + amphibole intergrowths
(Figures 3g and h) which originated during the exhumation path of the former eclogite facies
rocks. The garnets are poikiloblastic with inclusions of drop-shaped quartz, rutile, titanite and
zircon or xenoblastic with irregular rims. Plagioclase frequently occurs as recrystallized grains in

coronas around garnets.
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Figure 3: a) Most common lenticular form of occurrence of metamafic rocks; b) detail of the lenticular form of an
retrograde eclogite; c) detail of a representative sample of garnet amphibolites, where garnets form coronas and
hornblende is the main mineral; d) garnets with inclusions of drop-shaped quartz and plagioclase aureoles in
hornblende (Hbl); e) mesoscopic sample of a retrograded eclogite with oriented amphiboles and pyroxenes; f)
microphotograph of a sample representative of retrograde eclogites: garnet (Grt), clinopyroxene (Cpx), apatite (Ap),
ilmenite (IL), rutile (Rt) and clinopyroxene + plagioclase (P1) + quartz (Qtz) symplectites; g) diopside-rich sample
representative of clinopyroxene garnet amphibolites; h) microphotograph of a cpx-garnet amphibolite, where
symplectites of Cpx+ Pl and narrow amphibole (Amp) rim surrounding the garnets.
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4. GEOCHEMISTRY

Major, minor and trace elements for 30 metabasic rocks from the Forquilha Eclogite Zone
are listed in Table 1. The samples include 5 garnet amphibolites, 6 clinopyroxene-garnet
amphibolites and 19 retrograde eclogites.

Major and minor elements for the 10 samples with a (*), were obtained by ICP-ES; trace
elements (including REE) by ICP-MS; reference standard was 50 — 18/CBS. Analytical
uncertainty for major elements is 1%; 15% for minor and trace elements. Analyses were
performed by ACME Analytical Laboratories, LTD, British Columbia, Canada.

Major, minor and trace elements for the other 20 samples were performed at the Institute
of Geosciences, State University of Campinas — UNICAMP. Major and minor elements were
determined by XRF according to the method described by Vendemiatto and Enzweiler (2001),
with minor modifications. Glass disks were prepared by fusing of 1g of pre-ignited sample with
6g of lithium LiBO,/Li;B4O; Claisse 50:50 flux, for 15 min in a Pt-Au crucibles and molds
fluxer. Analyses were performed with a sequential WD-XRF spectrometer (PanAnalytical - PW
2404). Loss on ignition (LOI) was measured by heating 4g of dry sample at 1000 °C in pre-
ignited porcelain crucibles for 1.5 hours. The accuracy of results was checked by simultaneous
analysis of the standards BHVO-2 (USGS) and WS-E (SARM).

Trace elements were determined by inductively coupled plasma mass spectrometry
(ICP-MS), after total digestion with HF/HNO3 (Paar bombs, 4 days, 180°C), similar to the
procedure described by Navarro et al. (2008). Quality control was performed by simultaneous
analysis of the basalt standards BRP-1 and BHVO-2. The equivalent quality of the two data sets
was assured by some samples analyzed in both laboratories; in mean the analytical differences
were lower than 10%.

SiO, ranges between 43.35 and 53.23 wt %; mean SiO,, Na,O and K,O values are
48.82%, 2.3% and 0.21% respectively, and the Mg# varies between 65.92 and 27.14. Mg# was
calculated assuming an initial pre-metamorphic Fe,O3 / FeO oxidation ratio of 0.20 (Le Maitre et
al., 1989). All samples are of basaltic composition, except samples VC-54A and VC-57E,

respectively with an ultramafic and intermediate composition.
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The MgO vs. SiO,, CaO, Al,O3, Fe,03* TiO,, Na,O, Zr and Ni diagrams (Figures 4a-h)
of garnet amphibolites (filled circles), retrograde eclogites (filled and empty triangles) and
clinopyroxene-garnet amphibolites (filled squares), show a mainly segmented evolution, which is
a typical feature of the basaltic rocks that have undergone initial olivine fractionation followed by
the separation of olivine + clinopyroxene + plagioclase. The Mg-rich segment comprises part of
the Group 1 samples; the other part is located on the MgO-poor segments which include the
majority of the Group 2 samples. CaO contents in all samples are around 10%, which is the N-
MORB standard value. In the MgO vs. Al,O3 diagram almost all the rocks present Al,O3 contents
around 15%, with the exception of the clinopyroxene-garnet amphibolites, TJF6-335A and TJF6-
335C, respectively with 19.67 % and 21.14 % Al,O3, which represent possible plagioclase
enriched cumulate rocks (Figure 4c). The MgO vs. P,Os diagram (not shown) indicates high P
contents for the sample TJF6-302, reflecting its high apatite content. In general, the samples are
depleted in alkalis (diagram not shown). The retrograde eclogite group presents Nago = ~2
(Figure 4f). This value suggests crustal thickness between 4 and 6 km, compatible with a MORB
oceanic crust and high protolith melting rates (Klein and Langmuir, 1987; Castillo et al., 2000;
Klein, 2005). However this result is questionable as Na is a typical mobile element which
subjected to large variations during initial ocean floor hydration, followed by progressive
metamorphism, dehydration, retrograde metamorphism and re-hydration. Also, some anomalous
values of mobile elements (mainly Sr, K, Rb, Ba, LREE) indicate a possible geochemical
fractionation during the high-grade metamorphism and/or retrograde metamorphism (Bernard-
Griffith ef al., 1991; Peacock, 1993).

Zr, Nb, Ti, Y and La suggest a good fit between geochemical and petrographic data for
the three defined groups. The most depleted Group 1, has the highest Y/Nb and lowest Zr/Y
ratios; the Group 2, has intermediate Y/Nb and Zr/Y ratios, whereas Group 3, the most enriched
one, has the lowest Y/Nb and highest Zr/Y ratios (Figures 5a and b). Considering a pre-
metamorphic basaltic nature for the studied rocks, the Ypym vs Zrpy, Nbpy vs. Lapum, Ypwm vs. Tipw,
Lapy vs. La/Lu, Zr/Nb vs. Y/Nb and Zr/Nb vs. Zr/Y data define two evolution trends, for groups
1 and 2, whereas Group 3 shows a rather outstanding position in the majority of the diagrams.
Considering the N-MORB pattern (Sun and McDonough, 1989), Group 3 is distinctive from the
other two by high Zrpy, Lapy, Nbpy and Tipy normalized values. The relationship between

Groups 1 and 2 in the above mentioned diagrams are of three types: i) the data plot on converging
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evolutionary trends (e.g. Figure 5a, ¢ and d); ii) the data plot on parallel evolutionary trends (e.g.

Figure 5b); iii) the data for both groups plot on a same evolutionary trend (e.g. Figures 5e and f).
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These relationships suggest that groups 1 and 2 may represent either different types of tholeiitic
magmas or that both groups are linked by an ACF process.

All samples together define a Ce/La linear correlation of approximately 2:1 (diagram not
shown), similar to the MORB standard and for tholeiitic plume tracks (Schilling et al. 1983;
Humphris and Thompson, 1983). This ratio is also valid for sample TJF6-302, which is clearly
Lapy-depleted (Figure 5d). Ce contents vary between 3.1 and 68.8 ppm (average of 7.5 ppm in N-
MORB) and La contents between 1.4 and 30.0 ppm (average of 2.5 in N-MORB) (Sun and
McDonough, 1989).

Groups 1 and 2 present low La/Lu ratios. Except sample WT8-10B, Lapy values for
Group 3 are higher than 20 and La/Lu values are high. La/Lu and Lapy values for the eclogite
TJF6-302 are distinctive, supporting a possible chemical mobilization of some mobile elements
during the successive metamorphic events (Figure 5f).

In the TAS diagram (not shown) the Group 1 sample VC-54A is classified as picrobasalt
and VC-57e as andesitic basalt. All other samples are basalts. Group 3 is on average more alkali
enriched, with some samples plotting close to the sub-alkaline/alkaline boundary. In the Nb/Y vs.
Zr/TiO* 0.0001 diagram (Figure 6a) the samples of Group 1 plot in the sub-alkaline basalt field,
Group 2 at the andesite/basalt fields boundary and Group 3 at the sub-alkaline/alkaline basalt
fields boundary. In the SiO, vs. FeO1/MgO (not shown) and the AFM diagrams (Figures 6b)
groups 1 and 2 are classified as tholeiitic rocks. Also, the majority of Group 3 samples plot in the
tholeiitic rocks field with the exception of samples TJF6-335A, C and D which plot at the
tholeiitic/calc-alkaline boundary, a position also occupied by the mean mafic lower crust
composition (Rudnick and Fountain, 1995). All samples plot in the oceanic tholeiitic basalt field
in the Zr/10000 P,Os vs. Nb/Y diagram with exception of sample TJF6-302 (Figure 6c¢).

Groups 1 and 2 are classified as "low MgO and Zr-tholeiites* (MgO < 10% Zr < 100 ppm)
whereas the Group 3 samples are ’low MgO and high Zr tholeiites® (Figure 4g). All groups are
"low Zr/Nb tholeiites* (MgO < 10 % and Zr/Nb < 30), common in several oceanic plateaus (Kerr
and Mahoney, 2007).
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Several other discrimination diagrams (Figures 7a, b, c) also suggest an oceanic
environment (N-MORB to T-MORB) for the groups 1 and 2 rocks, which data overlap partially,
and again assign the outstanding position of the Group 3 samples. The La/Ta vs. Tb/Ta diagram
shows a continuous enrichment from Group 1 to Group 2 along a line through the central part

(primitive mantle) of the diagram (Figure 7d).
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Figure 7: a) Zr vs. Y diagram, fields after Le Roex (1987); b) Zr vs. Nb diagram, fields after Le Roex (1987); c)
Nb/Yb vs. Th/Yb diagram, composition of N-MORB, E-MORB, OIB, Upper Continental Crust (UCC), Lower
Continental Crust (LCC) are from Sun and McDonough (1989) and Taylor and McLennan (1985); d) La/Ta vs.
Tb/Ta diagram, modified from Cabanis and Lecolle (1989); primordial mantle from Wood et al. (1979).

The chemical variation of the three groups is clarified in the tectonic Ti/1000 vs. V, Sr/Ce
vs. Sm/Ce, La/Yb vs. Th/Ta and in the ternary Y-La-Nb diagrams (Figures 8a, b, c, d). In the
Ti/1000 vs. V diagram, groups 1 and 2 plot respectively in the island-arc tholeiites and ocean

floor basalts fields, whereas Group 3 occupies the alkali basalts field (Figure 8a). This
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characterization is confirmed by the Str/Ce vs. Sm/Ce diagram (Figure 8b). The classification of
Group 2 as mainly ocean floor basalts is supported by the La/Yb vs. Th/Ta diagram (Figure 8c).
In the ternary diagram (Figure 8d) the Group 1 rocks plot dominantly in the orogenic field,
whereas Group 2 rocks exhibit mainly slightly enriched ocean floor or back-arc basalts
characteristics. Group 3 samples consistently cluster in the alkaline basalts field. Once again,

sample TJF6-302 occupies an exceptional position.
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Figure 8: a) Ti/1000 vs. V diagram; fields after Shervais (1982); b) Sr/Ce vs. Sm/Ce diagram, fields after Kampunzu
and Mohr (1991); ¢) La/Yb vs. Th/Ta diagram; internal geotectonic units after Condie (2001); d)Y-La-Nb diagram;
fields after Cabanis and Lecolle (1989).

REEpy and (SPIDER)py pattern for groups 1, 2 and 3, the sample TJF6-302, the N-
MORB (Sun and McDonough, 1989) and Mafic Lower Crust (MLC) (Rudnick and Fountain,
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1995) are presented in Figures 9 and 10. The vertical line separates the more mobile LREE from
the MREE and HREE.

The REE pattern envelope for Group 1 is relatively flat and very narrow (Figure 9a).
HREE values are lower that those for the N-MORB, but always higher than those for MLC. The
La-Sm segment is slightly more tilted then the nearly horizontal Sm-Lu segment. The most
evolved rock has a La rocpmy Value of 11. (La/Yb)py ratios vary between 1.14 and 2.32. The
decreasing La-Sm segment is similar to that of lower crust pattern reflecting a low LREE
enrichment, whereas the more immobile Sm-Lu segment is quite similar to that of MORB

pattern. The samples present small positive or negative Eu anomalies (Figure 9d).
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Group 1 (SPIDER)py pattern (Figure 10a) is characterized by positive Ba, U, and La
anomalies and negative Rb, Th, Nb and Zr anomalies. Sr anomalies follow the Eu anomalies in
the REE pattern (Figure 10a). Group 1 has the lowest Nb/La ratios. As for the LREE, the
normalized values for elements more mobile than Sr differ significantly from those in N-MORB
pattern, but approximately follow the MLC pattern, mainly for Nd, Sr, Ce, La, Nb, Th, Ba and
Rb.

The Group 2 (REE)pym pattern envelope (Figure 9b) is quite similar to that for Group 1
considering the MREE and HREE. However, significant positive or negative Eu anomalies are
lacking, a feature which fits the data in the La vs. (Eu/Eu*)py diagram (Figure 9d). The La-Sm

segment is almost horizontal and the Sm-Lu segment somewhat tilted. The normalized HREE
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values follow approximately those for MLC. Tm, Yb and Lu values for the more evolved
samples are still lower then those for N-MORB. The most evolved rock has a La rock/pmy value of
10. (La/Yb)py ratios vary between 1.33 and 2.53. The highest (La/Yb)py ratio for groups 1 and 2
is similar. LREE for sample TJF6-302, with exception of La, are quite similar to those of MORB
pattern.

The (SPIDER)py pattern envelope has an irregular shape, with strong positive Ba and Ta
anomalies and a minor Sr anomaly. The pattern shows positive and negative Zr anomalies, but a
negative Nb anomaly is missing (Figure 10b). Group 2 presents low but variable Nb/La ratios
(Figure 10d).

The Group 3 (REE)pm envelope is clearly more tilted with significantly higher LREE. The
lowest normalized HREE values are about the same as those of N-MORB and much higher than
those of MLC. La rock/pmy Varies between 30 and 45. Enrichment is indicated by higher (La/Yb)pum
ratios, between 2.63 and 7.32. The lack of positive and negative Eu anomalies is supported by
Figure 9d. The MLC pattern and the Group 3 envelope are almost parallel.

The Group 3 (SPIDER)py envelope is very narrow with exception of the strong Sr and Ba
anomalies (Figure 10c). In general, all the samples show high Nb contents (8.10 — 24.50 ppm)
and low Nb/La ratios, which are only slightly higher than those for Group 1 and overlap partially
the Group 2 values (Figure 10d). The notable feature is that the Group 3 pattern differs from
those for groups 1 and 2 considering either all the employed elements or only the immobile

elements.
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S. DISCUSSION

The petrographic and geochemical characteristics of the investigated rocks allow their
classification into three groups. Group 1, composed essentially of garnet amphibolites, shows a
relatively flat (REE)py pattern, but the (La-Sm)py segment shows a slight decreasing trend, as
opposed to the N-MORB pattern. Basaltic andesites, the most evolved rocks, occur only in this
group. The (REE)py envelope is quite narrow indicating the homogeneity of the data. The
positive and negative Eu anomalies indicate a low degree of plagioclase + pyroxene fractionation
and accumulation. The (SPIDER)py patterns are characterized by negative Rb, Th, Nb, Sr and Zr
anomalies and the Nb anomalies are more negative than those for the N-MORB and MLC

standards. Variations in Eu and Sr contents suggest discrete processes of plagioclase and/or
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pyroxene accumulation or fractionation. Group 1 shows the lowest Nb/La ratio and the Zr/Nb
ratios varying between 6 and 14. The sum of these data suggests an affiliation with island-arc
tholeiites for Group 1. This hypothesis is supported by the Ti/1000 vs. V, Sr/Ce vs. Sm/Ce and Y-
La-Nb diagrams, among other characteristics (Figures 8a, b, ¢).

The Group 2 (REE)py pattern envelope is also flat and quite narrow. Positive or negative
Eu anomalies are lacking, indicating low fractionation and/or contamination, an aspect supported
by the La vs. (Eu/Eu*)py diagram (Figure 9d). Comparing groups 2 and 1 the HREE suggest a
slightly more primitive nature for the former. Group 2 is characterized by low and variable Nb/La
ratios which are only slightly higher than those for Group 1, but some data overlap is seen. Also,
the La and Lu ranges of both groups are quite similar, but the Sm-Lu segment of Group 2 is
somewhat more tilted. This aspect may be related to the more enriched nature of this group. In
the La/Ta vs. Tb/Ta diagram (Figure 7d) groups 1 and 2 plot on a same trend and the majority of
the more enriched Group 2 samples plot close to the primitive mantle composition (Wood et al.,
1979). Group 2 also display higher Zr/Nb ratios (15-22). In several tectonic environments
discrimination diagrams like the Ti/1000 vs. V (Figure 8a), Sr/Ce vs. Sm/Ce (Figure 8b) and Y-
La-Nb (Figure 8c), the geochemical characteristics of Group 2 are dominantly comparable with
rocks formed in an extensional (meso-oceanic ridge or intra-oceanic back-arc) environments. The
partial overlap of Group 1 and Group 2 data is attributed to their same tholeiitic nature. In many
papers (e.g. Castaing et al., 1994; Attoh and Morgan, 2004; Rao and Rai, 2006) dealing with the
reconstruction of the geotectonic environment for mafic eclogitic/granulitic rocks based on
geochemical data, the data plots transgressing the classification boundaries as observed in the
present case are common. Some geochemical characteristics of Group 2 samples can be
correlated to the melting of a partly depleted (or more primitive) mantle source as indicated by
the La/Ta vs. Tb/Ta diagram (Figure 7d).

In geotectonic models, the protolith of eclogites and granulites in subduction zones are
basically either ocean floor rocks (e.g. Duclaux et al., 2006) or roots of island arcs (e.g.
Yamamoto, 1993; Agbossoumondé et al., 2004; Duclaux et al., 2006). In the latter case, the
derived UHP/HP rocks show a clear orogenic geochemical signature, a feature that is clearly
displayed in Group 1 but not so well expressed by the Group 2 samples, with the exception of the
HREE. Therefore, a pre-metamorphic MORB-type origin for this group is considered. This

interpretation agrees with the clockwise P-T path of the Forquilha retrograde eclogites (Santos et
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al., 2009). However, a genetic link between groups 1 and 2 cannot be completely discarded, even
if the eclogitization of arc-related rocks results in an anti-clockwise P-T path (e.g.
Agbossoumondé et al., 2004).

The Group 3 rocks comprise mainly clinopyroxene-garnet amphibolites with distinctly
different geochemical features. The narrow (REE)py pattern envelope is the steepest among the
three groups with a (La/Yb)py ratio between 2.64 and 6.35. The overall geochemical signature of
this group is comparable to that of typical alkaline basalts (Figures 6a; 7d; 8a,c,d). The samples
plot close to the E-MORB composition in the Nb/Yb vs. Th/Yb diagram (Figure 7c), a feature
supported by their high Nb contents (8.10-24.50 ppm) (Figure 7b). In all the diagrams, Group 3
samples always define an outstanding trend or field (e.g. Figures 5d,e). The (SPIDER)py pattern
envelope shows strong negative Ba and Sr anomalies suggesting plagioclase fractionation, a
feature which is also supported by the large La variation in this group (Figure 9d). Typical
fractionation features are also indicated by the low Zr/Nb, K/Ba and Y/Nb ratios (Wilson, 1989).
Several geochemical features are compatible with E-MORB (Figure 7c), ocean island basalts
(Figure 8a,c) or enriched back-arc basalts (Figure 8b).

The (REE)pm pattern for sample TJF6-302 is approximately sub-horizontal with a slowly
increasing Ce-Sm segment (Figure 9). The LREE pattern, with the exception of La, shows good
fit with N-MORB, whereas the HREE pattern is close to MLC and the lower values of groups 1
and 2. The (SPIDER)py pattern is characterized by positive Ba, U, Nb, Ta, Zr and Ti anomalies
and negative Th, Sr and Eu anomalies. Considering only the more immobile elements, the best fit
for TJF6-302 is Group 2. The discordant plotting of this sample in the Nb py vs. La py (Figure
5d), Zr/(10000 P,0s) vs. Nb/Y (Figure 6¢), Nb/Yb vs. Th/Yb (Figure 7c), Y-Nb-La diagrams
(Figure 8d), besides its outstanding Nb/La ratio (Figure 10d) can be due to its high apatite content
and the selective REE/trace elements of this mineral. The geochemical discrepancies are
insufficient to infer a possible metasedimentary origin for sample TJF6-302, but some selective
changes in the concentration of the compatible elements in the protolith due to prograde and
retrograde metamorphic episodes cannot be discarded.

In the Dahomeyides two geochemical/geotectonic groups of mafic/ultramafic
eclogites/granulites were defined (Affaton et al., 1980; Bernard-Griffiths et al., 1991; Castaing et
al., 1994; Agbossoumodé et al., 2001, 2004; Caby, 2003; Attoh and Morgan, 2004; Duclaux et

al., 2006). The first and rarer category comprises mainly eclogites with a clockwise metamorphic
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P-T evolution and geochemical signature of MORB. The second group includes mainly
granulites with a more complex P-T evolution path with magmatic arc imprints. Examples of
bodies with MORB-like signature are the Lato and Toutouto Hills where eclogites grade to
granulites followed by retrogression to the amphibolite and greenschist facies (Agbossoumondé
et al., 2004). The Agou and Kabié complexes are examples of bodies with calc-alkaline affinities
(Duclaux et al., 2006). The association of the two groups of rocks led to two conflicting
interpretations. In the first model, the MORB-related rocks represent the subduction of a former
oceanic domain surrounding the continental passive margin of the West African Craton (WAC)
and the arc-related rocks are considered the roots of a magmatic arc, emplaced and cooled in a
supra-subduction zone at the base of the western active continental margin of the Saharian
Metacraton (SMC) (Agbossoumodé et al., 2004; Duclaux et al., 2006). This suggests that the
closure of the oceanic domain between the WAC and the SMC from 640 to 610 Ma was mainly
accommodated by oceanic subduction beneath the SMC before the Pan-African/Brasiliano
collision and Gondwana supercontinent amalgamation (Duclaux et al., 2006). In the second
model, the association of both rock groups represents the subduction products of an island arc
system with genetically linked back-arc or intra-arc basin basalts with an overall relict ophiolitic
imprint (Attoh and Morgan, 2004).

The emplacement of basic magmas at the base of the SMC active margin crust (or in the
western part of the Benin-Nigerian Shield) leads to two petrogenetic problems: 1) the possibility
of a change in the composition of the mafic magmas due to contamination of continental crustal
rocks (contamination of basic magmas up to 10% by sediments was proposed for the Kabyé
Massif; Duclaux et al., 2006); and 2) the necessity of a geochemical distinction between the arc
root rocks and the mafic lower crust rocks. A geochemical comparison of IAT and N-MORB
related eclogites/granulites from the Dahomeyiedes with the mafic lower crust (Rudnik and
Fountain, 1995) is presented by Attoh and Morgan (2004). However, no distinct geochemical
differences among the three groups were noted. Consequently the geochemical modeling of
mixing between MLC and IAT or N-MORB is difficult, including the consideration of the
variable and selective mobilization of elements during the successive metamorphic events which
include dehydration and rehydration of the rocks.

One of the main geological differences between the Dahomeyides subduction zone and

the Forquilha Eclogite Zone (FEZ) is its position in relation to the Pan-African 4°50’-Kandi-
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Transbrasiliano shear zone. In the Dahomeyides the mafic HP rocks are located to the west of this
lineament, whereas the FEZ is distributed in the eastern domain. However, more to the north, in
the Hoggar region, similar HP/UHP rocks also occur with an eastern position in the Tin Begane
area of the LATEA terranes (Caby, 2003; Derridj et al., 2003). Here, several P-T-t paths with a
Franciscan-type loop were defined with P-T conditions ranging from ca. 15 kbar-790°C (eclogite
stage) to 4 kbar-500°C (greenschist retrogression) (Liégeois et al., 2003). Whole-rock chemistry
of two garnet amphibolites and one clinopyroxene-garnet amphibolite show enrichment in LILE
and depletion in HFSE suggesting as island-arc environment for the garnet amphibolites similar
to the Group 1 from the Forquilha region. The clinopyroxene-garnet amphibolite has a

composition closer to the N-MORB (Liégeois et al., 2003) like the Group 2 rocks in the FEZ.

6. CONCLUSIONS

The Forquilha Eclogite Zone includes an association of three groups: Group 1 comprises
garnet amphibolites with island-arc imprint; Group 2 has an assemblage of retrograde eclogites
with mainly MORB-like geochemical features, and Group 3 comprises clinopyroxene-garnet
amphibolites with enriched basalt characteristics. Some of the defined geochemical
characteristics may not be of primary origin as occasional selective extraction/addition of some
trace elements during the successive metamorphic episodes cannot be discarded. However, the
narrow (REE)py and (SPIDER)py pattern envelopes as well as the occurrence of anomalies,
which allow meaningful petrologic interpretations, and some constant element ratios in all three
groups indicate that this process was not of major importance.

All the groups of rocks described here mainly occur as boudins and mega-boudins up to
fifty metres long enclosed in aluminous HP metasedimentary gneisses and migmatites
represented mainly by kinzigites and khondalites locally associated with calc-silicate rocks,
marbles and quartzites.

The retrograde eclogites with a clockwise P-T path show peak metamorphic conditions
around 17 kbar and 770°C. They are interpreted to represent a slab of oceanic rocks that
underwent high-grade metamorphism at deep levels of an intraoceanic subduction zone. Their

exhumation occurred during the Pan-African/Brasiliano Orogeny by an intensive thrust tectonic
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episode which affected the northwestern part of the Ceard Central Domain in the Borborema
Province during the plate collision stage.

The FEZ shows geochemical characteristics similar to those observed in rocks from the
HP/UHP Pan-African Suture Zone which surrounds the WAC in the Lato and Toutouto Hills
region (south of Togo) and also, more northwards, in the Mali and Hoggar regions. In this region
the high pressure mafic rocks, like in the FEZ, are located to the east of the 4°50’-Kandi-
Transbrasiliano lineament. Therefore the petrographic, metamorphic, geochemical and
geotectonic similarities in the two considered regions suggest a possible intercontinental
correlation between the Forquilha Eclogite Zone and the Pharusian suture complex through the

Dahomeyides.
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ABSTRACT

This study presents U-Pb, Lu-Hf and Sm-Nd isotopic data of metamafic rocks and their country rocks from the
Forquilha Eclogite Zone (FEZ) Borborema Province, aiming the understanding of their geochronological and
tectonic evolution. Six metamafic and four metasedimentary high-pressure rocks were selected for in situ zircon and
monazite U-Pb and Lu-Hf analyses by LA-MC-ICP-MS. Zircon grains from metamafic rocks are in general colorless
to brownish and vary from equant to elongate prisms, with well-defined faces and rounded terminations. The results
obtained in the upper intercepts for all metamafic samples vary between 1566 + 8.8 and 1455 + 120 Ma. In the lower
intercepts, all the discordia curves, suggest ages around 650 Ma. Metamorphic zircon of a clinopyroxene-garnet
amphibolite from the south portion of FEZ yielded a concordia age of 614 + 3.9 Ma. Hf model-ages (zircon grains)
from 1.57 to 1.80 Ga, with positive values of €y =1.563) Varying from +7.46 to + 9.63 and Nd model ages are 1.60 and
1.79 Ga, with positive €xq =1.500) value +4.11. These values are consistent with ages obtained on zircon crystallization
and suggest a mantle source for metamafic high-pressure rocks. For metasedimentary samples, the age distribution
shows a source between 2.0 and 2.2 Ga. Two samples showed populations of zircon with rounded nuclei and well

defined edges. Concordant ages were obtained at the edges of the crystals at 639 + 10 Ma and 650.3 + 2.5 Ma. These
values correspond to the oldest metamorphic event in Ceard Central Domain, at eclogite / granulite facies.

1. INTRODUCTION

During the Earth evolution, several phases of break-up and assembly of continental
lithosphere are registered forming supercontinents (Condie, 2002; Cordani et al., 2003; Rogers &
Santosh, 2002; Zhao et al., 2004, Ernst et al., 2008, Rogers & Santosh, 2009). In the South
American platform two breakup events occur before the Gondwanaland assembly and result of
break-up of possible Columbia supercontinent (~1.85-1.25 Ga) and Rodinia (1.05-0.75 Ga),
around, respectively 1.8-1.6 Ga and 1.0-0.9 Ga which are well documented by geological and
geochronological data (S4 et al., 1995; Brito Neves, 1998; Brito Neves et al., 2000; Pimentel et
al., 2000), while the geophysical information is incipient (Thover et al., 2006; Bispo-Santos et
al., 2008). A supercontinent characterization assembled during the Paleoproterozoic has been
termed “Columbia” or “Nuna” (Rogers, 1996; Condie, 2000, 2002; Zhao et al., 2002; Rogers &
Santosh, 2002, 2009; Zhao et al., 2004), but reconstructions models are widely controversial. On

the other hand, the Rodinia break-up and Gondwana assembly are supported by several

119

* e-mail to: wsa.geo@gmail.com



geological data in the South American (Cordani et al., 2003; Fuck et al., 2008 and references
there in).

In the northern region of the Borborema Province, NE Brazil, a 30 km Ilong
mafic/ultramafic belt of high-pressure rocks, called Forquilha Eclogite Zone (FEZ), was recently
discovered in the Ceara Central Domain (Santos et al., 2008, 2009, Amaral et al., 2010). These
rocks occur mainly as boudins and megaboudins up to five hundred meters long enclosed in
aluminous metasedimentary gneisses and migmatites represented mainly by kinzigites and
khondalites locally associated with calc-silicate rocks, marbles and quartzites.

In this paper we present whole rock Sm-Nd analyses and combined in situ U-Pb and Lu-
Hf analyse on zircon and monazite obtained by laser ablation multi-collector inductively coupled
plasma mass spectrometry (LA-MC-ICP-MS) for metamafic and metasedimentary rocks from the
Forquilha Eclogite Zone. These data are used to constrain the timing of formation and
metamorphism of the high pressure rocks. Backscattered images (BSE) are used to aid in our
interpretation of the U-Pb zircon ages. We also provide some insights of the tectonic evolution

model of this portion to West Gondwana.

2. GEOLOGICAL SETTING

The Borborema Province (BP) of northeastern Brazil (Almeida et al., 1981) represents the
western part of a major Brasiliano/Pan-African orogenic belt that can be traced into Central
Africa, based on pre-drift reconstructions of Gondwana (Figure 1) (e.g., Caby, 1989; Trompette,
1994). This orogenic belt is characterized by large tracts of Palaeoproterozoic gneisses and
migmatites surrounding several smaller nuclei of Archaean crust. These basement gneisses are
overlain by remnants of Palaecoproterozoic to Neoproterozoic supracrustal rocks, all of which are
intruded by ubiquitous Neoproterozoic granitoids and dissected by a network of anastomosing
shear zones.

The northern portion of BP, comprises three crustal blocks bounded by major tectonic
lineaments: the Rio Grande do Norte, located between the Patos and Senador Pompeu shear
zones, composed mainly of reworked Paleoproterozoic gneisses (2.15-2.0 Ga) with minor
Archean nuclei and Neoproterozoic rocks (Van Schmus er al., 1995, 2008; Dantas et al., 2004);

the Ceard Central, between the Senador Pompeu and Transbrasiliano lineaments, dominated by
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juvenile middle Paleoproterozoic gneisses (2.14-2.10 Ga) but also containing inliers of Archean—
Neoproterozoic rocks (Fetter et al., 2000, 2003; Santos et al., 2003); and the Médio Coread,
northwest of the Transbrasiliano lineament, composed of early Paleoproterozoic (2.36-2.30 Ga)

juvenile basement and younger late Paleoproterozoic—Neoproterozoic rocks (Fetter et al., 2000).

Post-Ordovician
sedimentary covers

Volta Basin

Neoproterozoic juvenil crust

Pan-African deformation and
metamorphism

E Neoproterozoic
sedimentary covers

Brasiliano fold belts

Cratonic domains

Microcratons

oYaoundé

"Rio de Janeiro

X 70
\ {
{
£ \/\ﬁ\ < WAC WestAfrican Craton
e, = SL.C Séo Luis Craton
\\\ SFC Séoc Francisco Craton

Parnaiba

AC Amazonian Craton
Basin

GEC Congo Craton

TBL Transbrasiliano Lineament
SPSZ  Senador Pompeu shear zone

g PaSZ  Patos shear zone
/ Araripe Basin

PeSZ  Pemambuco shear zone

—4 -4  Major thrust
};h:?;mzmc —‘ Quaternary Neoproterozoic JEE Brasilianos ~ ™ ~ Major Pan-African suture
t i ] -
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Domain Domain Domain Massifs ‘ Santa Quitéria
(2.35 -2.30 Ga) (2.15-2.10 Ga) (2.20 -2.00 Ga) magmatic arc

Figure 1: North block of the Borborema Province, showing the main tectonic features and Brasiliano granitic
plutons situated north of the Patos shear zone (PaSZ): Cruzeta Complex (CC); SICM (Sao José do Campestre
Massif; Granjeiro Complex (GC); Transbrasiliano Lineament (TBL); Senador Pompeu shear zone (SPSZ); Médio

Coreai Domain (MCD); Ceara Central Domain (CCD); Rio Grande do Norte Domain (RGND) (After Santos et al.,
2009). Rectangle is the study area in the CCD context.
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According to Fetter et al. (2003), the northwest part of the Ceard Central Domain
constitutes an active continental margin developed prior to the amalgamation of West Gondwana.
The subduction of Neoproterozoic oceanic crust results in the growth of the Santa Quitéria
magmatic arc (SQMA) during the Neoproterozoic. Between the SQMA and the Transbrasiliano
lineament occurs a sequence of high metamorphic grade rocks, denominated the Forquilha
Eclogite Zone (Santos et al., 2008, 2009; Amaral et al.,2010), that comprises an association of
biotite gneiss, sillimanite-garnet gneiss, kyanite-garnet gneiss, muscovite-sillimanite quartzite,
quartz-muscovite schist, amphibole gneiss, augen granitic gneiss, garnet-bearing leucogranite and
metamafic rocks (Figure 2). The metamafic rocks display a predominant N-S low-angle E-
dipping foliation and low- medium (up to 30°) E or SE-plunging stretching lineation defined by
sillimanite, quartz, biotite, kyanite, and muscovite. The orientation of foliations and lineations
and kinematic features (S-C structures, asymmetric feldspar, and mica-fish) indicate an
evolutionary history with west-northwestward thrusting progressively changing to an overall
dextral strike-slip moviment along NE-SW-trending shear zones (Santos et al., 2009).

The metamafic rocks occur as lenses and/or boudins, ranging from 0.5 to 100 meters in
width and 0.2 to 6 km in length, interlayered in banded, partially migmatized gneisses, augen
granitic gneiss, and calc-silicate rocks. The metamafic rocks, normally outcrop adjacent to shear
zones, are represented by garnet clinopyroxenites and garnet amphibolites, lenses of
kinzigite/khondalite association, metagabro-norite rocks, and fine-grained layers and lenses of
eclogite and retroeclogite enclosed in metapelitic granulites and orthogneiss migmatite (Santos et
al., 2008). These rocks were submitted to amphibolite- to granulite- facies. The metamafic rocks
reached eclogite metamorphic condition with P-T around 17 kbar and 770 °C (Santos et al.,
2009).

The protoliths of the metamafic rocks include three geochemical affinity groups: garnet
amphibolites with island-arc imprint; an assemblage of retrograded eclogites with mainly
MORB-like geochemical features and clinopyroxene-garnet amphibolites with enriched basalt

characteristics (Amaral et al., 2010).
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3. U-Pb, Lu-Hf and Sm-Nd GEOCHRONOLOGY

Ten samples were selected for LA-MC-ICP-MS determinations, including six metamafic
rocks and four metasedimentary country rocks. All samples were collected along the Forquilha
Eclogite Zone (Figure 2). Zircon grains of two samples were selected for Lu-Hf investigation and

eighteen samples were analyzed by the Sm-Nd method.

4. ANALYTICAL PROCEDURES

For U-Pb and Lu-Hf analyses, zircon concentrates were extracted from 1 to 30kg of rock
samples by a jaw crusher to a 500um size, panning and purified using Frantz isodynamic
separator technique. Final purification was achieved by hand-picking under a binocular
microscope. The selected grains were placed on epoxy mounts, polished and cleaned with 3%
nitric acid before analysis. Backscattering electron (BSE) images were used for spot targeting.
BSE images were acquired with a LEO 430i and EDS scanning electron microscope at the
Institute of Geosciences, State University of Campinas — UNICAMP, Brazil.

The U-Pb and Lu-Hf isotopic analyses were performed on zircon grains from all samples
using a Thermo-Fisher Neptune MC-ICP-MS coupled with a Nd:YAG UP213 New Wave laser
ablation system, installed in the Laboratory of Geochronology of the University of Brasilia —
UnB .

The U-Pb analyses on zircon grains were carried out following Buhn ef al., (2009), using
the standard-sample bracketing method (Albarede et al., 2004). During analytical session zircon
standard Temora-2 was analyzed as an unknown sample. In all analyzed zircon grains the
common Pb correction was not necessary due to the low signal of common 29pp (<30 cps) and
high 206pp/2%Ph. Concordia diagrams (20 error ellipses), concordia ages and upper intercept ages
were calculated using the Isoplot/Ex software (Ludwig, 2003).

Lu-Hf isotopes were analyzed on selected zircon grains from two different samples,
previously analyzed with U-Pb systematic. Lu-Hf isotopic analyses were carried out following
Matteini et al, (2010). The eye(t) values were calculated using the decay constant 1 =1.865 *
10~ ", proposed by Scherer et al., (2006) and the '"°Lu/'""Hf and '"°Hf/'’"Hf CHUR values of
0.0332 and 0.282772 proposed by Blichert-Toft &Albarede (1997). The two stages depleted
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mantle Hf model ages (Tpm Hf) were calculated using 761 w/'"THE = 0.0384 and °Hf/VHS =
0.28325 for the depleted mantle and '"®Lu/'""Hf value of 0.0113 for the average crust (Chauvel &
Blichert-Toft, 2001)

During analytical session replicate analyses of GJ-1 standard zircon were done obtaining a
oH/"THE ratio of 0.282006 + 16 20 (n = 25), in agreement with the reference value obtained by
Morel et al., (2008).

The bulk rock Sm-Nd isotopic analyses were carried out at the Geochronology
Laboratory of the University of Brasilia. Sample dissolution was done in Teflon Savillex beakers
or in Parr-type Teflon bombs. Sm and Nd extraction from whole-rock powders and garnet
concentrates followed the technique of Richard et al., (1976), in which the separation of the REE
as a group using cation-exchange columns precedes reversed-phase chromatography for the
separation of Sm and Nd using columns loaded with HDEHP (di-2-ethylhexyl phosphoric acid)
supported on Teflon powder. We have also used the RE-Spec and Ln-Spec resins for REE and
Sm—Nd separation. A mixed 99m-"""Nd spike was used. Sm and Nd samples were loaded onto
Re filaments of a double filament assembly. Sm and Nd isotopic analyses were carried out using
a Finnigan MAT-262 mass spectrometer. Uncertainties on Sm/Nd and '**Nd/"**Nd ratios are
considered to be better than + 0.05% (1¢) and + 0.003% (10), respectively, based on repeated
analyses of international rock standards BCR-1 and BHVO-1. The "INd/'"*Nd ratios were
normalized to a "**Nd/"**Nd ratio of 0.7219. The Nd procedure blanks were smaller than 100 pg.
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Figure 2: Geological map of the northwestern part of the Forquilha Eclogite Zone, after Ancelmi (2008); samples
WT7-25, WT8-12F and WT7-21B are not shown here.
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5. U-Pb and Lu-Hf ZIRCON ANALYSES RESULTS
METAMAFIC ROCKS

In the northern portion, the metamafic rocks located in Fazenda Ipueirinha
(374642/9595890) crop out in an e area of approximately 500,000 m2. These rocks are associated
with a N-S trend in the vicinity of Serra da Barriga, northeast of Forquilha. Two samples from
this region (WT7-25 and WT8-12F) were dated.

WT7-25 is a diopside-bearing garnet amphibolite sample composed of garnet + amphibole
+ clinopyroxene + quartz + plagioclase and accessory titanite, rutile, apatite and zircon. Several
structures are recognized in this amphibolite, among which strongly deformed oval features,
outlined by discrete quartz and garnet trails. These features are interpreted as possible
metamorphosed pillow lavas. Centimeter-sized cavities filled with quartz that look like drops
stretched along the N-S direction were interpreted as having been amygdales. Fine pyroxene-rich
layers define a penetrative E-W orientation, which is perpendicular to the main low- to medium-
angle orientation.

Sample WT7-25 zircon crystals are yellow to brownish yellow, elongated (3x1 to 4x1),
and have sub-rounded terminations; more rarely prismatic faces are still preserved. Less
frequently they present fractured rims and well-preserved cores. In general, the grains contain a
few inclusions and do not show any evidence of metamictization. Internal structures, such as
magmatic oscillatory zoning or metamorphic overgrowth, are not recognized in the back-
scattered electron images (Figure 3).

The data are represented in concordia diagrams in which the projection of the discordia
curve, drawn using 14 spot analyses, defines an upper intercept of 1566 £ 9 Ma (MSDW=0.52)
and lower intercept of 618 + 32 Ma. The former is interpreted as the crystallization age; the latter
may correspond to the age of metamorphism, but the lack of a zircon population around the lower
intercept makes this assumption speculative (Figure 4). Nonetheless, high-grade metamorphism
must have caused significant Pb loss.

Lu-Hf model ages obtained for the same zircon grains yielded Tpy between 1570 and
1810 Ma, with positive egr (t=1566 Ma) values varying between +7.46 and +9.63, which

indicates derivation from a juvenile mantle magma (Figure 5).
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Figure 3: Back-scattered electron image of representative zircon grains from the pyroxene-bearing garnet
amphibolite WT7-25. The elongated grains do not show evidence of intergrowth and contain a few oxide inclusions.
Note spot analyzed by the U/Pb (raster) and Lu/Hf (spot size = 30 um) methods with the respective *>U/*’’Pb ages,
TDM and Exr.
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Figure 4: U/Pb concordia diagram (LA-ICPMS) for sample WT7-25 zircon grains, depicting a concordant
population around 1.5Ga and a population showing Pb loss.
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A second sample from the same trend (Figure 6a), richer in pyroxene and classified as
clinopyroxene-garnet amphibolite (WT8-12F), shows a higher diopside modal proportion in
relation to that of hornblende (Figure 6b). Decompression textures represented by symplectitic
clinopyroxene and plagioclase intergrowths are also frequent (Figure 6c¢).

The majority of the zircon crystals in this amphibolite are inclusions in garnet (Figure 6d).
These light-colored crystals are sub-rounded to sub-elongated and may show prismatic rims. As a
result of result of metamictization, they contain a large number of fractures filled with oxides. As
internal structures were not recognized, the spots were preferably aimed at the cores and at the

more homogeneous regions of the crystals (Figure 7).
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Figure 6: Sample WT8-12F: a) Outcrop where the sample was collected, showing low-angle dip (~35°) towards E-
SE; b) arrangement of slightly oriented minerals, such as pyroxenes (green), garnet (pink) and amphiboles (black); c)
detail of a polished thin section (10x) showing the main mineral phases: clinopyroxene (Cpx), garnet (Grt),
hornblende (Hbl), plagioclase (Pl) and quartz (Qtz). Note the destabilization of Cpx in Hbl + P1 + Qtz; d) Garnet
containing a large number of inclusions, such as zircon (Zr), rutile (Rt) and apatite (Ap).
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Figure 7: Back-scattered electron image of representative zircon grains from the clinopyroxene-garnet amphibolite
WTS-12F. The grains are in part elongated (4x1) and sub-rounded (3x2) and show no intergrowths; Circles spots
analyzed by the U/Pb method (30 and 25 pm-sized spots) and corresponding *U/*’’Pb ages.

In the concordia diagram the data define upper and lower intercept ages of 1546 + 37 Ma
(20) and 725 £ 37 Ma (20), respectively (Figure 8). The age obtained at the upper intercept was
interpreted as the crystallization age of the rock, which agrees with the age of 1566 + 9 Ma
obtained for the garnet amphibolite (WT7-25). In general, Pb loss is evident in most zircon
grains.

A mesocratic clinopyroxene-garnet amphibolite (WT8-53E) (Figures 9a-b) from the
central portion of the Forquilha high-pressure belt that crops out in the vicinity of Fazenda

Cachoeira dos Loretos (373378/9580594) was analyzed.
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Figure 8: U/Pb Concordia diagram (LA-ICPMS) for sample WT8-12F zircon grains.
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Figure 9: Sample WT8-53E: a) Outcrop in the shape of a meter-sized “lens” intercalated with para-derived
migmatites, where sample WT8-53E was collected; b) hand specimen, abundant garnet, pyroxene and amphibole.

Out of 15 grains analyzed, only nine yielded satisfactory results. The concordant zircon
grains are light-colored, yellowish or not, euhedral to sub-euhedral, prismatic, and 100 to 200 pm

long. Some grains show internal fractures and pyroxene and oxide inclusions. Back-scattered
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electron images show that a few crystals have more luminescent sectors. Overgrowth features or

internal zoning are lacking (Figure 10).
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Figure 10: Back-scattered electron images of representative zircon grains from the mesocratic clinopyroxene-garnet
amphibolite WT8-53E. The grains are elongated, subhedral, some showing luminescent cores and internal fracturing.
Circles indicate spots by the U/Pb method (30 and 25 pm-sized spots) and corresponding *>U/*”’Pb ages.

The data obtained were plotted in the concordia diagram, in which the projection of the
discordia curve, drawn using 10 spot analyses, defines an upper intercept of 1559 + 70 Ma
(MSDW=15), interpreted as the crystallization age. Despite the lower intercept indicates a
Neoproterozoic thermal event, it cannot be considered representative, as concordant zircon
crystals are absent in this intercept (Figure 11).

A leucosome layer (WT8-53X) associated with the metamafic rock was also analyzed,
aiming at the characterization of the metamorphic event in both zircon and monazite (Figure 12).
The zircon from this rock is light and more elongated (4:1) than that of the clinopyroxene-garnet
amphibolite WT8-53E. Most grains present well-delineate external faces, punctual inclusions,
fractures in the rims, and well-preserved cores (Figure 13). Due to the excess of Th and U,

monazite did not yield satisfactory results.
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Figure 11: Concordia diagram for U/Pb analyses (LA-ICPMS) of the mesocratic clinopyroxene-garnet amphibolite
WT8-53E, showing a concordant age of 1559 + 70 Ma.

Figure 12: Detail of leucosome from where zircon grains were extracted for analysis. These melts are mainly
composed of plagioclase, quartz, garnet and amphibole. Accessory minerals are zircon, apatite and rutile.
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In the concordia diagram the results from the zircon analyses define upper and lower
intercept ages of 1615 + 40 Ma (20) and 613 + 130 Ma (20), respectively (Figure 14). The age
obtained for the upper intercept is interpreted with caution, because there is no zircon older than
1590 Ma. In this case, the zircon of 97.74 % concordance (Z7) yielded **’Pb/*°U age of 1548 Ma
and 2*°Pb/**U = 1524 Ma, similar to the ages obtained for the metamafic rock zircon grains. The
age obtained for the lower intercept, although imprecise, aligns with the discordia curve, around

600 Ma.
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Figure 13: Back-scattered electron images of representative zircon crystals from sample WT8-53X. The grains are
elongated, subhedral, and contain punctual inclusions and a few fractures. Circles indicate spots by the U/Pb method
(30 and 25 pm-sized spots) and corresponding *U/*’Pb ages.
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Figure 14: Concordia diagram for the U/Pb analyses (LA-ICPMS) of the leucocratic portion of sample WT8-53X,
showing an age of the upper intercept of 1615 + 40 Ma. The loss of radiogenic Pb is conspicuous.

Rocks cropping out in the southern sector of the Forquilha Eclogitic Zone correspond to
the highest pressure conditions, above 17 kbar (Santos et al. 2009). One sample from these rocks
(TJF6-302) was collected in the Fazenda Cabeca de Touro (373002/9575854). It is a retrograded
eclogite that occurs associated with calc-silicate rocks and marbles (Figure 15).

The zircon crystals from this retrograded eclogite are of varied colors. Some are
transparent, whereas others are slightly yellow. The grains are of 30 to 100 um in size and oval
with rounded (2:1 and 1:1) terminations, or elongated with sub-rounded (3:1) terminations, or
even anhedral (Figure 16).

Subtle sector zoning was identified in the back-scattered electron images, but in general
internal structures are lacking. Most grains are fractured and contain inclusions, evidencing
strong metamictization. It can have caused considerable radiogenic Pb loss, resulting in imprecise
ages. No concordant zircon is depicted in the concordia diagram; however, the alignment of
grains defines a discordant curve with an upper intercept of 1455 + 120 Ma (MSWD= 4) (Figure
17). Despite the large error, this age is somewhat close to that obtained for the other metamafic

rocks. It is important to stress out that this rock underwent the highest pressure (> 17 kbar) and
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temperature (~770 °C) conditions recorded in the Forquilha Eclogite Zone. These conditions may

have caused disequilibrium of the zircon isotopic system (Rubatto et al., 1999; 2003).
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Figure 15: Sample TJF6-302: a) block of approximately 50 kg collected for geochronologic studies; b) strong
mineral orientation outlined in hand specimen; c) photomicrograph of thin section showing stretched garnet (grt) and
pseudomorphs filled by vermiform intergrowths of clinopyroxene (cpx) + plagioclase (pl) + quartz (qtz); d) back-
scattered electron image showing a large quantity of symplectites and accessory minerals such as zircon (zr)
inclusions in garnet, rutile (rt), apatite (ap) and ilmenite (il).
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Figure 16: Back-scattered electron images of representative zircon crystals from retrogressed eclogite (sample TJF6-
302).
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Figure 17: Concordia diagram for U/Pb analyses (LA-ICPMS) of retrogressed eclogite zircon (sample TIF6-302).

A sample from a garnet-clinopyroxene amphibolite of the southern sector (TJF6-335) was

collected in the Fazenda Juazeiro (371970/9570622). This amphibolite occurs associated with
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marble, quartzite and calc-silicate rock. The size of the outcrop is 500 m x 100 m in area (Figure
18a). The predominant granoblastic texture is characterized by garnet dispersed in a slightly
foliated, greenish-gray matrix composed of plagioclase, clinopyroxene and amphibole (Figure
18b). The deformation is more intense at the borders of the amphibolite bodies and is marked by
a well-developed foliation. The central portion of these bodies is essentially isotropic.

The data obtained from the analysis of 19 zircon crystals define a concordia curve from
which an average age cannot be estimated, due to discordant values and probable inheritance
around 700-800 Ma (Figure 19). Only eight crystals yielded values close to 100% concordance,
which define a concordia age of 614 + 3.9 Ma (20) (Figure 20).
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Figure 18: Sample TJF6-335: a) blocks of approximately 30 kg collected for geochronologic studies; b) the
predominance of garnet and clinopyroxene is observed in hand specimen.
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Figure 19: Concordia diagram for U/Pb analyses (LA-ICPMS) of sample TJF6-335.
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Figure 20: Concordia diagram using U-Pb concordant ages (LA-ICPMS) obtained for zircon crystals from sample
TIF6-335.
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6. PARA-DERIVED HOST ROCKS

6.1. Migmatitic Kinzigite

The rocks hosting the metamafic rocks from the eclogite belt central portion are kyanite-
and sillimanite-bearing, kinzigite migmatitic gneisses. They crop out in an approximately 2 km-
long area in Cachoeira dos Loretos (373378/9580594) (Figure 2). The rocks are imbricated
according to the regional tectonic framework, dipping at low angles eastwards (Figure 21a).

In general, the migmatitic gneisses are aluminous. The melanosome is constituted of
centimeter-sized garnet, biotite and plagioclase. The leucosome is constituted of millimeter-sized
garnet, plagioclase, quartz, potassic feldspar, kyanite and sillimanite mantled by garnet (Figure
21b-c).

Aiming at a better definition of both zircon provenance and metamorphic event, which are
more or less depicted in all lower intercepts of the metamafic rock diagrams, both zircon and
monazite from the melanosome (sample WT8-53MM) and leucosome (sample WT8-53ML) were
analyzed (Figure 21d).

The melanosome zircon grains were grouped into two families. The crystals of one family
are oval in shape and ca. 100 um in size, usually transparent, and contain a few inclusions and
fractures (Z5, Z9, and Z10 in Figure 22). Well-defined oscillatory zoning is characteristic of the
cores. The grains are enveloped by a later overgrowth. The other family is composed of
yellowish, elongated grains, in the average 200-um long, and usually showing well-defined
prismatic faces. Back-scattered electron images illustrate both metamictization occurring along
internal structures and a well-defined oscillatory zoning (Figure 22, Z21, Z13, Z14). Fractures are

absent in most crystals.
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Figure 21 : Samples WT8-53MM and WT8-53ML: a) low-angle (~30°SE) dipping slab-shaped outcrop; b) banding
defined by alternating biotite- and garnet-rich melanocratic layers and garnet-, sillimanite-, feldspar- and quartz-rich
leucocratic layers; c) centimeter-sized kyanite clustered in biotite and garnet aggregates; d) leucosome sample used
for zircon and monazite separation.
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Figure 22: Back-scattered electron images of representative zircon crystals from sample WT8-53MM melanosome.
Circles indicate analyzed spot by the U-Pb method (spot size = 30 um) and corresponding ***U/*"’Pb ages.
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Leucosome WT8-53ML also have two zircon families. One family encompasses light
brownish, slightly elongated, oval-shaped grains, which may preserve some intact crystal faces
(Z10 and Z12 in Figure 23). Zircon cores are enveloped by a thin, intergrown oscillatory layer
and show some metamictization. The other population is composed of grains of ca. 100 to 150
um in size. These grains are pink to transparent and ovoid; some contain partially rounded faces.
Internal structures are marked by concentric oscillatory zoning. Metamorphic overgrowth, site for
punctual analyses, envelopes the zircon crystals (Figure 23, Z11 and Z14).

Monazite grains are relatively uniform, sub-rounded, yellowish to orange, and devoid of
inclusions or fractures (Figure 24).

The frequency histogram of Figure 25 represents the data obtained for zircon crystals
extracted from the melanosome of migmatite sample WT8-53MM. The age distribution clearly
indicates a source between 2.0 and 2.2 Ga. A Neoproterozoic event can also be depicted, even if
the analyses were directed to some zircon cores. Archean ages around 3.0 Ga are interpreted as
resulting from metamictization that affected some grains with a higher intensity. Only one crystal
recorded age close to 1.57 Ga. The others yielded ages distributed in the 1.9 and 2.5 Ga interval
(Figure 25).

The data obtained for zircon grains from the leucosome of migmatite sample WT8-53ML
define an age of 639 + 10 Ma (20) in the concordia diagram, interpreted as the probable highest-
grade metamorphic record (eclogite?/granulite facies) (Figure 26). As for monazite, weighted
mean >>U/*’Pb ratios yielded a mean age of 563 + 96 Ma (20) (Figure 27). Considering the
physical-chemical conditions for monazite crystallization at temperatures lower than those for
zircon, the age obtained can be interpreted as the record of low-grade metamorphic conditions or
even retrograde metamorphism (lower amphibolite facies). Several studies carried out in the
Central Ceard Domain involving monazite and titanite dating point to ages around 570-560 Ma,
interpreted as the record of a late metamorphism (Nogueira-Neto et al., 1997; Fetter, 1999; Fetter
et al. 2003).
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Figure 23: Back-scattered electron images of representative zircon crystals from sample WT8-53ML leucosome.
Two populations were identified: one containing elongated grains (Z10 and Z12) and another with ovoid and
rounded grains (Z7, 29, Z11 and Z14). Circles regions analyzed by the U/Pb method (spot size = 25 um), mostly
grain rims, with corresponding **U/*’’Pb ages.
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Figure 24: Back-scattered electron images of representative monazite crystals from sample WT8-53ML leucosome.
Circles regions analyzed by the U/Pb method (spot size = 30 um) with corresponding **U/*"’Pb ages.
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Figure 25: Frequency histogram for the U/Pb analyses of melanosome zircon (sample WT8-53MM).
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Figure 26: Concordia diagram for U/Pb analyses (LA-ICPMS) of leucosome zircon from host migmatite (sample
WT8-53ML).
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Figure 27: Diagram of weighted mean U/Pb values for leucosome monazite from host migmatite (sample WT8-
53ML).

6.2. Sillimanite-garnet-biotite gneiss

Along highway BR-222 (364731/9580606), close to Forquilha, an association of
aluminous metasedimentary rocks characterized by high-grade paragenesis occur. In these rocks,
either sillimanite or kyanite predominates. These rocks trend N-S and dip at low angles (30-40°)
to E-SE. They are composed of biotite, muscovite, plagioclase, garnet, quartz, and accessory
zircon, titanite, apatite and rutile. Sillimanite (fibrolite) and biotite define downdip to oblique
mineral stretching lineation. Small intrafolial folds and garnet and feldspar porphyroblasts
indicate tectonic vergence to W-NW. More deformed areas are marked by mylonites and
leucogranite injections (Figure 28 a-b), usually constituting thrust fronts.

Zircon and monazite were analyzed aiming at the definition of provenance and
metamorphic conditions in a more remobilized portion of this para-derived gneiss (sample WT7-
21A). Unfortunately, monazite did not yield satisfactory analytical results, probably due to

inheritance or U-Th excess (Figure 29).
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Zircon crystals extracted from the para-derived gneiss sample WT7-21B are yellowish,
prismatic and elongated (3:1; Z35, Z49 and Z50 in Figure 30) or prismatic and short (2:1 or 1.5:1;
Z4, 79 and Z21 in Figure 30). Concentric oscillatory zoning was probably acquired during
magmatic crystallization.

The analyses were carried out preferably at the cores of 56 zircon grains and are
represented in the frequency histogram of Figure 31. The Pb**/Pb**’ ratios point to

Paleoproterozoic ages typical of the 2.15 Ga-old Central Ceard Domain basement.

Figure 28: Outcrop along Highway BR-222, where samples WT7-21A (leucogranite) and WT7-21B (sillimanite-
garnet-biotite gneiss) were collected. a) Outcrop dipping SE at low-angles (~35°), showing a leucogranite injection
(garnet, quartz, feldspar), sampled for monazite dating; b) sillimanite-garnet-biotite gneiss sampled for zircon dating.
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Figure 29: Concordia diagram for U/Pb analyses of monazite from leucogranite sample WT7-21A.
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Figure 30: Back-scattered electron images of representative zircon crystals from the sillimanite-garnet-biotite gneiss
(sample WT7-21B). Inset: regions analyzed by the U-Pb method (raster) with the corresponding ~U/*"’Pb ages.
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Figure 31: Frequency histogram for the U/Pb analyses of zircon from the sillimanite-garnet-biotite-gneiss sample
WT7-21B.

6.3. Calc-silicate rock

Lenses of calc-silicate rocks occur associated with retrogressed eclogites from the
Forquilha Belt southern sector (Figure 2). The outcrops are varied in size, exceeding 50 m x 30
m. The calc-silicate rocks are olive green and medium- to coarse-grained (Figure 32). In hand
specimen it is possible to individualize biotite (30%), amphibole (15%), pyroxene (25%),
plagioclase (15%), quartz (10%) and garnet (5%). These rocks are imbricated with aluminous
paragneisses dipping 30° E-SE and characterized by a downdip biotite lineation.

Fifty-one grains that compose two zircon families extracted from a calc-silicate rock sample
(TJF4-7) collected in the Fazenda Cabeca de Touro (373072/9576482) were analyzed. In one
family the grains are yellowish, sub-rounded to rounded (2:1) (Z24, Z47 and Z56 in Figure 33) or

prismatic (3:1) (Z41 and Z53 in Figure 33), and show oscillatory zoning. Metamictization is
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evidenced by the presence of fractures at crystal rims (Z43, Z 53 and Z56). The explanation for
this is given by Corfu et al. (2003): provided that the zircon core is richer in U than the rim, the
expansion of the core during metamictization will cause fracturing of the more rigid rim. The
crystals of the other family are transparent and either rounded (1:1) (Z2 and Z3 in Figure 33) or
elongated, with sub-rounded to rounded terminations (Z15 and Z33 Figure 33) (3:1). Neither

internal structures nor metamictization are recognized in the back-scattered electron images.

Figure 32: Outcrop of calc-silicate rock, easily recognized by its typical greenish color and karst-like alteration
surface. Inset: block sampled for geochronologic studies.
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Figure 33: Back-scattered electron images of representative zircon crystals from sample TJF4-7. Circles and
rectangles analyzed spot by the U/Pb (raster) and Lu/Hf (spot size = 30 um) methods with corresponding *>U/*”’Pb,
Tpwmur and €y values.

The data obtained at the cores of the 51 zircon grains are represented in a frequency
histogram, which confirms the presence of at least two populations: one in the 640 and 700 Ma
interval and the other in the 2000 and 2250 Ma interval (Figure 34). The crystals showing ~100%
concordance yielded an age of 650.3 + 2.5 Ma (Figure 35).

Model ages obtained by the Lu-Hf method applied to the same grains analyzed by the U-
Pb method are ~ 650 Ma for concordant zircon grains and ~ 2100 Ma for the Paleoproterozoic
grains. The former yielded Tpy values between 2.44 and 2.62 with negative egr values (t=650
Ma) varying between —1.91 and —-21.36, whereas the latter yielded Tpm between 1.92 and 2.45 Ga
with positive eyr values (t=2100 Ma) varying between +1.39 and +10.88 (Figure 36).
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The age of 650.3 + 2.5 Ma was obtained for sub-euhedral zircon grains that preserved a
magmatic inheritance characterized by the prismatic shape. However, back-scattered electron
images revealed neither oscillatory zoning nor internal structures. The grains are homogeneous,
with no evidence of metamictization. The Lu-Hf data obtained for these Neoproterozoic zircon
crystals indicate a Paleoproterozoic mantle derivation (~2.44 Ga) and highly negative epsilon Hf
values when calculated to 650 Ma. Therefore it is evident that the zircon crystals that yielded
these ages were re-equilibrated during a still not well defined Neoproterozoic metamorphic event.

Anyway, this age is the oldest obtained for the Central Ceard Domain metamorphism.
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Figure 34: Frequency histogram for U/Pb analyses of sample TJF4-7 zircon.
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Figure 35: Concordia diagram age for U/Pb analyses (LA-ICPMS) of sample TJF4-7.
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Figure 36: Evolution diagram showing &y values calculated to 2150 and 600 Ma.
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7. WHOLE-ROCK Sm-Nd RESULTS

Eighteen samples were analyzed by the whole-rock Sm-Nd method. Four represent garnet
amphibolites, 13 clinopyroxene-garnet amphibolites and one, a calc-silicate rock. All samples
were collected along the Forquilha Eclogite Zone. The results are summarized in Table 1, and

Figure 37.

Table 1: Sm-Nd data obtained for the Forquilha Eclogite Zone rocks.

Sm Nd . . Nd/*Nd
Samples Rock Sm/ “"Nd ena(0)  Tpm (Ga)
(ppm)  (ppm) (x10)
VC-54 A Garnet amphibolite 1.58 6.28 0.1858 0.512634+/-18  -0.07 -
VC-57E Garnet amphibolite 0.751  2.383 0.1759 0.512565+/-6  -1.42 1.9
VC-57F Garnet amphibolite 344 1117 0.1904 0.512707+/-14  1.34 -
TJF5-181 Garnet amphibolite 3.68  11.97 0.1864 0.512259+/-9  -7.40 -

WTS8-53E Cpx-garnet amphibolite ~ 2.975 9.710 0.1852 0.512141+/-20  -9.69 -
WT7-53D Cpx-garnet amphibolite =~ 2.480  7.513 0.1995 0.512761+/-15 2.40 -

WT7-25 Cpx-garnet amphibolite ~ 3.150  10.443 0.1823 0.512621+/-19  -0.33 -
WTS8-10F Cpx-garnet amphibolite ~ 1.877  5.948 0.1908 0.512080+/-60  -10.88 -
WTS-10C Cpx-garnet amphibolite ~ 4.307  14.789 0.1760 0.512647+/-23 0.17 1.57
WTS-10E Cpx-garnet amphibolite ~ 3.747  12.805 0.1769 0.512575+/-23  -1.24 1.91
WTS8 12A Cpx-garnet amphibolite ~ 8.390  30.610 0.1657 0.512530+/-12  -2.10 1.60

WTS8 12C Cpx-garnet amphibolite ~ 3.266  10.853 0.1819 0.512685+/-8 0.91 -

WTS 12E Cpx-garnet amphibolite ~ 3.009  9.574 0.1900 0.512743+/-14 2.04 -

TJF6 335C Cpx-garnet amphibolite  10.144  46.330 0.1324 0.511547+/-44  -21.29 2.81
TJF6 335A  Cpx-garnet amphibolite ~ 8.420  41.770 0.1219 0.511957+/-11  -13.28 1.79
TJF6 335D  Cpx-garnet amphibolite ~ 7.560  33.719 0.1355 0.511870+/-16  -14.99 2.28
W8 10B Cpx-garnet amphibolite ~ 6.416  23.913 0.1622 0.512388+/-18  -4.89 1.92
TJF4-7 Calc-silicate rock 6.522  37.553 0.1050 0.511439+/-14  -23.39 2.24

153



15
Deplereq Mantle
E——
CHUR
+ WT8-10C
A WT8-12A
A VC-53E
! ; O WT8-10B
-25 | : & TJF6-335C
i : [ TJF6-335C
-30 1 = @i
1 O:
= o W TJF6-335C
35 3! !
-40 ' ;
0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Age (Ga)

Figure 37: Tpy versus Eyg diagram representing the isotopic evolution fields for the Forquilha Eclogite Zone
metamafic rocks.
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8. DISCUSSION AND CONCLUSION

The U-Pb, Lu-Hf and Sm-Nd isotopic data obtained for the Forquilha Eclogite Zone help
to individualize at least two important events that are still scarcely studied in the Central Ceara
Domain: a Mesoproterozoic event, constituting the crystallization of the metamafic rocks, and a
Neoproterozoic event, which correlates with the high-grade metamorphism recorded in zircon
from metasedimentary sequences. The U-Pb and Lu-Hf results are summarized in Table 2.

Considering the group of ages obtained, five intervals are individualized:

2200 - 2000 Ma: Represents the main zircon source for the para-derived sequences that
occur along the Forquilha Eclogite Belt (WT8-53 MM, WT8-53 ML, WT7-21B, TJF4-7). This
Rhyacian/Orosirian interval is well-known throughout the Central Ceara Domain and represents
the formation of the Paleoproterozoic basement in this domain, which is mostly juvenile but
records the presence of reworked Archean rocks (Fetter et al., 2000; Castro, 2004; Arthaud,
2008; Martins et al., 2009). The zircon crystals of this time interval are very similar: light yellow
with partially prismatic faces and sub-rounded terminations, and show oscillatory zoning
probably acquired during magmatic crystallization. Tonalitic orthogneisses that occur between
the Santa Quitéria Magmatic Arc (SQMA) and the Transbrasiliano Lineament yield U-Pb
crystallization ages of 2.11 Ga (Fetter et al., 2000). These rocks can represent basement slices, a
continental lithosphere in which SQMA was installed and later incorporated during collision.

1620 — 1510 Ma: Geochronologic and paleomagnetic data support the hypothesis of the
existence of the supercontinent Columbia in the Paleo-Mesoproterozoic (1.9-1.6 Ga) (Rogers and
Santosh, 2002). Its fragmentation started ca. 1.6 Ga ago, with rifting followed by dike swarms in
northern China, Zimbabwe, South Africa, Australia and North America (Rogers and Santosh,
2002; Zhao et al., 2004, Ernst et al., 2008; Rogers and Santosh, 2009). In Brazil, in the southern
Amazonian Craton, several anorogenic pulses and supracrustal mafic rock sequences with ages
around 1.5 Ga are found in the Rio Negro-Juruena and Rondoniana-San Ignicio belts
(Bettencourt et al. 1999; Matos et al., 2004; Ruiz et al. 2004, Santos et al. 2008). In the Central
Ceard Domain, the late Paleoproterozoic rocks of ages around 1.8 Ga are related to the Orés Belt
bimodal volcanism (Sa et al., 1995) and to metarhyolites of the Bixopd and Itaicaba region
(Cavalcante, 1999). Zircon from the Ceard Group metasedimentary sequences outcropping in the

Itatira region were dated by Arthaud (2008), who obtained ages around 1.56 Ga. This author
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indicates the Paraiba Transversal Zone as the source area, composed of the Rio Carpina Terrane
gabbro-anorthositic and granitic suite with ages between 1.7 and 1.6 Ga, and the Serra de
Taquaritinga anorogenic granites of 1.52 Ga of age (S4 et al. 1997; Santos et al. 2009). Recently,
Silva Filho et al. (2009) dated zircon populations from the Aguas Belas Batholith and Canindé
syenogranites of the Pernambuco-Alagoas Domain using SHRIMP. The ages obtained for one
population fall in the 1.57-1.67 Ga interval, interpreted as probable enheritance.

Neves (2009) and Neves et al. (2009) believe that Mesoproterozoic zircon from the
Borborema Province metasedimentary rocks require distal sources, once derivation from
relatively proximal sources include zircon populations of ages between 2.2 and 2.0 Ga and 1.2
and 0.9 Ga. These authors suggest a geographic continuity between the Amazonian Craton and
the Borborema Province during the formation of the basins where the precursor sediments of the
metasedimentary sequences were deposited. Thus the provenance of the Mesoproterozoic zircon
grains in the Borborema Province should be related to the Sunsds, Maroni-Itacaitinas, Tapajos
and Rio Negro-Juruena provinces.

In the African counterpart, detrital zircon of ages around 1.5 Ga occur in the Volta River
basin, in Ghana (Kalsbeek et al. 2008). The source for these crystals is also related to the
Amazonian Craton rocks. Deposition took place during the assembly of Rodinia, when the
Amazonian and the Western African cratons were put together.

Regarding the Forquilha high-pressure belt, five metamafic rocks yielded zircon
populations of ages between 1.5 and 1.6 Ga. The zircon crystals of samples WT7-25 and WT8-
12F, collected in the northern sector of the study area, are more irregular than those from the
central portion of the belt, which are elongated and contain preserved prismatic faces. These
crystals do not record intense metamictization, once the isotopic ratios show good concordance
(~98-99%), indicating that the ages obtained for these crystals correspond to crystallization ages.
Additionally, model ages obtained by the Lu-Hf method for zircon from clinopyroxene-garnet
amphibolite sample WT7-25 yielded Tpmr between 1570 and 1810 Ma, with positive eyr values
(t=1566 Ma) varying between +7.46 and +9.63. This suggests a juvenile mantle derivation for the
zircon crystals of this sample. The other metamafic rocks of the eclogite belt yielded
crystallization ages around 1.5 Ga, except for the retrogressed eclogite (TJF6-302) of the

southern sector, which yielded an imprecise Mesoproterozoic age. The clinopyroxene-garnet
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amphibolite (TJF6-335) of the same sector yielded a concordant age around 615 Ma, which is
related to a metamorphic event.

Whole-rock Sm-Nd analyses were carried out in order to attest to the timing of mantle
extraction. Even if several samples did not yield satisfactory results due to partial fractionation,
Tpmna) values between 1.57 and 1.60 Ga and positive eng values (t=1566 Ma) varying between
+4.08 and +4.11 were obtained. These values are coherent with the results obtained by the U-Pb
and Lu-Hf methods, confirming the existence of metamafic rocks with Mesoproterozoic
crystallization ages and juvenile mantle derivation in the Central Ceara Domain.

Geochemical data (Amaral et al., 2010) summarized in Table 2 show that these rocks
record an oceanic crust signature and were generated in N- and T-MORB-type extensional
settings, which is in accord with the Hf and Nd isotopic signatures.

The data presented here, integrated with those obtained with the application of other
analytical methods, attest to the existence of extensional settings in the Borborema Province, with
the generation of magmatic rocks in the beginning of the Mesoproterozoic (ca. 1.6 Ga).

650 — 630 Ma: U-Pb determinations using zircon extracted from two para-derived rocks —
a sillimanite gneiss (WT8-53ML) and a calc-silicate rock (TJF4-7) — resulted in concordant ages,
respectively 639 + 10 Ma and 650 + 2.5 Ma. The crystals that yielded these ages underwent
metamorphism. Zircon grains from the sillimanite gneiss present an igneous core and a well-
defined overgrown rim. Two well-defined zircon populations were extracted from the calc-
silicate rock, one yielding ages of ca. 2.1 Ga and the other of ca. 0.65 Ga. Model ages obtained
by the Lu-Hf method and carried out in the same crystals analyzed by the U-Pb method were
calculated for the Neoproterozoic (ca. 650 Ma) and Paleoproterozoic concordant zircons. For the
former Tpym between 2.44 and 2.62 Ga and negative eyr values (t=650 Ma) varying between —
17.91 and -21.36 were obtained. The Paleoproterozoic zircon grains define Tpy values between
1.92 and 2.45 Ga and positive eyr values (t=2100 Ma), varying between +1.39 and +10.88. Hf
isotopic compositions are approximately the same of the parental magma from which zircon
crystallized, as indicated by high Hf concentrations in this mineral (Blichert-Toft et al., 1997,
Andersen et al., 2002; Griffin et al, 2002). Secondary magmatic processes or high-grade
metamorphism are unable to reset Hf isotopic compositions. Therefore, the mantle extraction

values (Tpm) are close or coincide with the timing of zircon crystallization. Thus, positive egr
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values calculated for time (t) indicate mantle derivation, whereas negative values suggest crustal
derivation for zircon (Amelin et al., 1999).

From the U-Pb analyses of the Santa Quitéria magmatic arc granitoids, Fetter et al. (2003)
defined the interval between 640 and 620 Ma as the beginning of subduction with polarity to SE.
On the other hand, based on conventional U-Pb and U-Th-Pb determinations using monazite and
zircon extracted from retrogressed para-derived eclogites of Madalena and Itataia (Ceard), Castro
(2004), defined the interval between ca. 640-630 Ma as the period of subduction and
metamorphism up to the eclogite facies, recorded both in the para-derived sequences and in the
oldest granitoids of the Santa Quitéria magmatic arc.

The ages that fall in the 650-630 Ma interval constitute the oldest metamorphic record in
the Central Ceard Domain. In the African counterpart, in the Hoggar Province, zircon U-Pb ages
obtained for calc-alkaline batholiths of the Iskel magmatic arc suggest that subduction should
have started ca. 680 Ma ago (Caby, 2003). In the Dahomeyides belt, the Lato Hills eclogites were
metamorphosed between 650 and 595 Ma (Bernard-Griffiths ez al., 1991).

~620 — 600 Ma: Age interval recorded in slightly rounded, clean zircon grains less than
100 um in size. Zircon crystals extracted from samples WT7-3A and TJF6-335 are typical of
high-temperature granulitic rocks (Corfu et al., 2003). The ages of 612.9 + 3.3 Ma and 614 + 3.9
Ma, obtained respectively for concordant zircons from retrogressed eclogites of the Forquilha
high-pressure belt southern sector and from mafic granulites of the Cariré region, are interpreted
as the medium/high grade metamorphic record (upper amphibolite/granulite facies), mainly
characterized in the metamafic rocks.

Several U-Pb analyses of zircon and monazite from deformed igneous rocks of the
northwestern portion of the Central Ceard Domain indicate that tangential collision took place
after 620 Ma, and the transition to transcurrent tectonics occurred between 614 and 591 Ma.
During the transcurrent tectonic regime, several granite plutons were emplaced in transtractive
belts (Fetter, 1999). Mica and amphibole cooling ages (**Ar/*’Ar) obtained by Monié et al.
(1997) suggest that the transcurrent movements should have continued up to 540 Ma.

~600 — 560 Ma: A still imprecise interval defined by zircon and monazite dating and
lower intercepts in concordia diagrams. However, several authors attribute this period to the
activity of major shear zones in the Central Ceard and Médio Coreai domains (Monié et al. 1997,

Fetter, 1999; Fetter et al., 2003).
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Monazite crystals extracted from sample WT8-53ML leucosome yielded an age of 563 +
96 Ma. Despite the relatively high analytical error, this age was the youngest obtained for the
rocks of the Forquilha high-pressure belt.

In the Cariré region, rounded concordant zircon extracted from high-pressure mafic
granulites and the rims of zircon grains from a host granodiorite from the same region yielded
ages of 589 + 8.9 Ma and 587 = 31 Ma respectively. These data are interpreted as the record of
the high-grade metamorphism in this region. Nogueira Neto et al. (1997) obtained for titanites
from the Cariré mafic granulites an age of 563 Ma, which is interpreted as that of the
amphibolite-facies metamorphic event associated with the development of a fault system that

composes the Transbrasiliano Lineament.
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ANEXO 04

“Quimica mineral e Geotermobarometria das rochas metamaficas e

metassedimentares da Faixa Eclogitica de Forquilha”



QUIMICA MINERAL E
GEOTERMOBAROMETRIA

1. APRESENTACAO

A caracterizacdo petrografica das associacdes minerais e respectivas relacdes texturais,
adicionadas aos dados de quimica mineral, permitiram estimar as condi¢cdes de metamorfismo a
que foram submetidas as sequéncias metamorficas da Faixa Eclogitica de Forquilha (FEF).

Nove amostras representativas de rochas metaméficas e trés rochas metassedimentares
encaixantes foram selecionadas ao longo do trend estrutural N-S da regido de Forquilha (Figura
1). A estruturacdo da FEF € balizada por um sistema de rampas de empurrdo, que se iniciam na
borda oeste do arco magmadtico de Santa Quitéria, e sdo marcadas por planos de foliagdo com
intensidades de mergulho de baixo angulo (25-35°) e uma lineagao de estiramento mineral (Ly)
de principalmente sillimanita, cianita com caimento para E-ESE. A medida que se avanca para
oeste, a intensidade do mergulho dos planos de empurrdo aumenta, exibindo angulos de médio
(45°) a alto angulo (65°) de mergulho e lineagdes de estiramento mineral com caimento para S-
SE.

A coleta das amostras teve como controle de campo a lineagao (Ly) responsavel pela
exposicdo de rochas mais anfiboliticas no setor norte da FEF, enquanto no setor sul as amostras
coletadas s@o mais enriquecidas em clinopiroxénio e granada e consequentemente, menos
retrometamorfisadas.

Para cada amostra segue uma breve descricao petrografica, os diagramas de classifica¢ao
quimica para granada, piroxénio, anfibolio, plagiocldsio e mica, bem como os cdlculos
geotermobarométricos decorrentes das paragéneses minerais em equilibrio nos distintos estagios

metamorficos.

2. MATERIAIS E METODOS

Da regido de Forquilha foram feitos estudos petrograficos detalhados, resultando na

confeccdo de 12 laminas delgadas polidas, metalizadas com pelicula de carbono.
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As andlises de quimica mineral quantitativa foram realizadas no Laboratério de
Microssonda e Microscopia Eletronica de Varredura do DMG - Instituto de Geociéncias - USP,
nas fases granada, piroxénio, anfibdlio, plagiocldsio, feldspatos, biotita e encontram-se
disponiveis na secao Tabelas, no final desta Tese. O equipamento utilizado foi uma microssonda
eletronica JEOL, modelo JXA-8600, equipada com cinco espectrometros, com cristais STE/TAP,
TAP/PET, PET/LIF, PET/LIF e PET/LIF.

Nas andlises quantitativas (WDS — Wavelenght Dispersive System) utilizou-se o sistema de
andlises automatizado Voyager da NORAN Instruments, nas seguintes condi¢des de rotina:
voltagem de aceleracdo 15 KV; corrente do feixe eletronico 20nA; diametro de feixe incidente de
10 a 5 um para granada e anfibdlio, 5 um para piroxénio, plagiocldsio e mica. Os erros analiticos
relativos maximos estimados para os resultados sdo de + 1% para os elementos maiores e + 5%
para os elementos menores analisados.

A férmula estrutural dos minerais foi calculada com auxilio do programa Minpet 2.02, de
Richard (1995) que adota os critérios da IMA (International Mineralogical Association). O
programa utiliza os métodos de Yoder & Tilley (1962) e Cawthorn & Collerson (1974) para o
recdlculo do piroxénio e o método de Richard e Clarke (1990) para o recdlculo do anfibdlio. No
caso especifico do anfibdlio, o programa Minpet oferece 5 métodos diferentes de recélculos (e.g.
Robinson et al., 1982). Neste trabalho optou-se pelo método da média 15-NK e 13-CNK, mais
apropriado para o recdlculo dos anfibdlios segundo a autora (Richard, 1995).

A partir dos dados de quimica mineral foram realizados estudos geotermobarométricos
com o objetivo de quantificar as condicdes de mais alto grau metamorfico, nas quais as fases
granada + clinopiroxénio + quartzo estavam estdveis (Facies eclogito). Foram priorizados os
pseudomorfos preenchidos por simplectitos de clinopiroxénio e plagiocldsio, e as inclusdes em
granada. As andlises de associacOes, texturalmente em equilibrio, foram separadas das
assembléias cristalizadas em condi¢des retrometamorficas. Os pontos analisados foram, sempre
que possivel, localizados nos nucleos e nas bordas dos graos. Para facilitar as andlises foram
feitos os estudos petrograficos detalhados, imagens de elétrons retro-espalhados e perfis
composicionais em granada.

Com excecdo de um clinopiroxénio-granada anfibolito (WT7-25K), todas as demais
foram plotadas no mapa geoldgico confeccionado na escala 1:10.000 (Figura 1), onde € possivel

observar as relacoes litolégicas e estruturais das mesmas.
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Figura 1: Mapa geoldgico da Faixa Eclogitica de Forquilha. Com excecdo da amostra WT7-25 situada a norte do
granito Serra da Barriga, as amostras analisadas nesse estudo estdo assinaladas: (X) metamaficas e (I) granulitos
encaixantes (adaptado de Ancelmi, 2009).
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3. GRANADA
Rochas metamaficas:

A granada presente no clinopiroxénio-granada anfibolito (WT7-25K) apresenta dimensdes
que variam de 0,3 a 1,5 mm e forma idioblastica a sub-idioblastica. Inclusdes sdo de minerais
acessorios, principalmente zircdo, apatita, ilmenita e titanita. Granada estd sempre em contato
com anfibdlio ou envolvida por coronas de reagdo com plagiocldsio. As seguintes composi¢oes
foram determinadas: Alm (54.66-65.37%)s Grs (26.66-32.74%)s Prp (4.57-13.92%)s Sps (1.20-2.45%)- Os cristais
mostram enriquecimento da molécula almandina e espessartita nas bordas, e diminuicio em
direcdo ao nucleo. Por outro lado, piropo e grossuldria aumentam das bordas para o centro dos
minerais analisados.

Nas amostras do setor centro-norte (Figura 1) os cristais de granada variam entre 0,1 e 2
mm e se mostram, via de regra, poiquilobldsticas, com bordas corroidas. As inclusdes sdo
predominantemente de quartzo, ilmenita, titanita, rutilo e apatita. Outras inclusdes sdo de
minerais incolores de alta cor de birrefringéncia. Alguns cristais de granada apresentam intenso
fraturamento que localmente é preenchido por clorita. Texturas coroniticas formadas por
plagiocldsio s3o comuns na maioria dos graos.

Em termos composicionais a granada da amostra WT8-53E é composta por Alm (9 0o-
59.66%) GTS (21.63-2945%) PIP (15.43-2076%)s SPS (1.09-231%), € mostra enriquecimento na molécula
piropo nos nucleos e diminui¢do nas bordas. A composicdo das demais amostras do setor central

da 4rea investigada estd listada na Tabela 1.

Tabela 1: Composicdo da granada presente nas rochas metaméficas do setor centro-norte.

Amostras Almandina (%) Grossularia (%) Piropo (%) Espessartita (%)
Amostra RM-124B 52.98-55.39 27.00-29.88 13.65-16.54 1.92-3.63
Amostra RM-182 49.85-57.07 25.95-32.54 13.68-16.99 0.74-2.31
Amostra RM-220 51.24-57.29 25.83-34.75 11.15-17.49 0.92-1.49
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3.1. Amostra WT8-302: Retroeclogito (setor centro-sul):

A granada possui dimensdes sub-milimétricas e formas sub-idioblésticas, quase sempre
orientadas e estiradas segundo a folia¢do (S,). Apresenta fraturas bem marcadas e ortogonais a
direcdo de estiramento. Em alguns casos nota-se a disposic@o de fraturas radiais, preenchidas com
quartzo. Zircdo, rutilo e apatita sdo frequentemente encontrados como inclusdes. Os cristais estao
sempre em contato com o plagiocldsio/quartzo, anfibolio e rutilo. Quimicamente € a granada mais
magnesiana das rochas analisadas, com os teores de Prp (20.44-28 83%)» Alm (42.60- 55.37%)s GI'S (19.37-
27.20%)s SPS (0.85-2.15%).- Os maiores valores da molécula piropo estdo sempre nos nicleos dos

cristais.

3.2. Amostras TJF5-335, TJF5-335A e TJF5-335B: Granada-clinopiroxénio

anfibolito (setor sul):

A granada encontrada nas trés amostras TJF5-335, TJF5-335A e TJF5-335B apresenta
caracteristicas petrograficas similares e serd descrita de forma conjunta. Possui coloracio
avermelhada com formas idioblasticas a sub-idioblasticas e dimensdes médias variando entre 0,3
a 5 mm. Ocorrem como porfiroblastos, que se distribuem preferencialmente ao longo do plano de
foliacdo (S,). Os grdos maiores apresentam maior quantidade de fraturas, que se desenvolvem
perpendicular a foliagdo. Nota-se, por vezes, que as fraturas estdo preenchidas por anfib6lio. Nos
cristais menors de granada, o grau de fraturamento € incipiente e o nimero de inclusdes €
reduzido, o que sugere uma segunda geracao de granada de mais alta temperatura.

Os porfiroblastos geralmente sdo contornados por ripas isométricas de plagiocldsio em
forma de corona que, por sua vez, podem também estar circundadas por auréolas de anfibolio
azulado rico em sédio (c.a. 4,15%).

De maneira geral, a granada é zonada sugerindo mais de uma fase de blastese. O
zoneamento € caracterizado pela textura poiquilitica com inclusdes concentradas na parte central
do grdo e bordas mais Ilimpidas sub-idiobldsticas. As inclusdes sdo de quartzo e
subordinadamente anfibdlio, piroxénio, plagioclasio, titanita e rutilo. Em muitos casos as
inclusdes de quartzo sdo orientadas, definindo contornos retilineos que evidenciam linhas de

crescimento com desenvolvimento inicial idiobldstico para a primeira geracao de granada.
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No interior de alguns cristais é possivel observar inclusdes simplectiticas de plagioclasio e
clinopiroxénio (Figura 2a). Outros cristais mostram nucleo preservado e uma porcdo
intermedidria entre a borda e o centro completamente substituida por simplectitos de
clinopiroxénio e plagioclasio, formando “textura em atol” (Figura 2b).

Andlises semi-quantitativas (EDS) realizadas por Reginato (2009) em granada da amostra
TJF5-335 permitiram estimar uma composicdo média de Alm (4601-51.44%), GIS (22.98-28.97%), Prp
(19.43-24.43%)s SPS (0.78-1.60%). Considerando as andlises quantitativas (WDS) listadas na Tabela 2,
obtidas em microssonda eletronica, para granada dessa mesma rocha, os valores encontram-se
dentro de uma margem de erro aceitdvel. Deste modo, foi possivel avaliar a distribuicao das

proporcdes moleculares por meio de perfis longitudinais.

()

N
Barita

Figura 2: Imagem de elétrons retro-espalhados obtida em MEV: a) granada com borda idioblastica circundada por
plagiocldsio e clinopiroxénio Este também presente como simplectito na parte central da granada; b) granada
parcialmente desestabilizada formando textura em atol, com nicleo envolto por simplectito de clinopiroxénio e
plagioclasio. Destaque para uma pequena inclusdo de ouro no centro (Amostra TJF5-335).

Constatou-se, a partir da anélise do perfil obtido, em cristais de granada das Figuras 3a-b e
4a-b (Reginato, 2009), que ha aumento da proporcao molecular de piropo em dire¢do as bordas
do cristal, que € acompanhado por uma diminui¢do inversamente proporcional da molécula de
almandina e grossuldria (Figuras 3a-b e 4a-b).

Os dados adquiridos em microssonda eletronica confirmam leve enriquecimento da
molécula piropo nas bordas dos grios analisados, sugerindo que a temperatura também ¢é mais

elevada nas bordas. Almandina e grossuldria mostram tendéncia de diminuicdo no sentido das
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bordas para o centro, enquanto os contetidos de espessartita mostraram-se muito inferiores, sendo
especulativa qualquer constatacdo relevante.

Neste sentido, € possivel constatar que o nucleo dos cristais preserva composi¢oes
quimicas de mais alta pressdo, enquanto as bordas da granada refletem composi¢des quimicas de
mais alta temperatura.

A Figura 5 mostra os pontos analisados na granada e o perfil composicional a partir da
fracdo molar de almandina, grossuldria e piropo (Figura 6). O intervalo médio das proporcdes de

cada membro final obtido em nucleos e bordas de granadas encontra-se sintetizado na Tabela 2.

Tabela 2: Composicdo dos membros finais da granada do afloramento TJF5-335.

Amostras Almandina (%) Grossularia (%) Piropo (%) Espessartita (%)
Amostra TJF5-335 53.99-57.74 20.19-25.77 18.61-25.77 0.29-0.78
Amostra TJF5-335A 52.67-57.10 23.48-31.81 16.14-19.72 0.50-1.28
Amostra TJF5-335B 54.27-61.50 21.33-27.68 13.45-17.10 1.05-2.31

Figura 3a: Imagem de elétrons retro-espalhados mostrando a granada e os respectivos pontos analisados em EDS no
MEV (Modificado de Reginato, 2009).
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Figura 3b: Gréfico mostrando a distribui¢do do numero de fons de Fe, Ca e Mg para cada ponto analisado na
granada pelo método semi-quantitativo. H4 tendéncia ao aumento da molécula piropo em direcdo as bordas do

mineral, ilustrada pelo aumento do niimero de Mg em detrimento do Fe e do Ca.
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Figura 4a: Imagem de elétrons retro-espalhados obtida em granada com seu respectivo perfil analisado. Notar a
presenca de quartzo sob a forma de inclusdes retilineas marcando o pseudomorfo (em amarelo) da granada reliquiar

da 1° geracdo (Modificado de Reginato, 2009).
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Figura 4b: Grafico mostrando a distribui¢do do nimero de fons de Fe, Ca e Mg para cada ponto analisado na
granada pelo método semi-quantitativo. As linhas tracejadas marcam as composicdes nas bordas da granada.(M1:
primeiro evento metamorfico de geracdo da granada; M2 segundo evento)
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Figura 5: Imagem microscépica de granada (amostra TJIF5-335) com os pontos do perfil analisado em microssonda
eletronica. Em grande parte dos cristais de granada observa-se a dupla textura coronitica que envolve os cristais com
anfibdlio e plagioclésio.
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Figura 6: Perfil composicional do porfiroblasto de granada da amostra TIF5-335. Embora a quantidade de pontos
seja relativamente pequena, € possivel observar a tendéncia ao aumento da molécula piropo em direcdo as bordas do
mineral.

4. GRANADA

Rochas metassedimentares (encaixantes):

Na amostra WT7-53A (Kinzigito) destaca-se a presenca de megacristais de granada com
até 3 cm de diametro, muitas vezes englobando totalmente cristais de sillimanita e cianita. A
granada é xenobldstica e poiquilobléstica, e as inclusdes mais frequentes sdo de quartzo, biotita,
cianita, rutilo, illmenita e zircdo. Os graos encontram-se pouco fraturados e estdo em contato com
biotita, feldspato potdssico, quartzo e sillimanita.

As andlises quimicas foram direcionadas para o nicleo e borda das granadas que estavam
em equilibrio com biotita e feldspato, visando estabelecer as condicdes de equilibrio de mais alto
grau a partir dos vetores de troca (KNa; FeMg). Destacam-se os elevados conteidos de piropo,
principalmente nos nucleos das granadas- Prp (2161-2867%). O intervalo das demais composicdes
dos outros membros finais € definido por Alm (67.46.73.33%)y GT'S (1.60-2.24%)s SPS (1.80-2.98%)-

Na amostra WT8-07 (Cianita gnaisse) a granada ocorre em paragénese com cianita +
biotita + feldspato + plagiocldsio + quartzo e apresenta caracteristicas texturais semelhantes ao

kizingito, com excecdo do grau de fraturamento. Em termos composicionais € representada por
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Alm (71 66- 81.46%)> GTS (1.94-3.83%) PIP (15.29-24.60%)s SPS (0.53-1.24%). A partir do perfil composicional,
observa-se um comportamento inversamente proporcional nos conteidos de almandina e piropo
em diferentes setores do grdo, ou seja, discreto enriquecimento de piropo nos ntcleos, sugerindo
alta temperatura, e leve diminuicao em direcao as bordas (Figuras 7-8).

A granada presente na amostra WT8-17 (Granada-cianita gnaisse) localizada no extremo
sul da drea de estudo, ocorre como porfiroblastos com dimensdes médias entre 0,1 e 10 mm de
diametro. Apresenta forma sub-idioblastica com textura poiquilitica e inclusdes micrométricas de
quartzo, biotita e cianita.

Os cristais analisados apresentam teores de Alm (6943.76.16%) de GIS (1.92.830%) Prp (17.33-
21.63%) © SPS (1.02-154%). Observa-se discreto aumento no teor de almandina e diminuicdo no
componente piropo nas bordas, tal como verificado na granada do setor centro/norte. Este
zoneamento € localizado, restringindo-se espacialmente as porcdes de borda da granada em
contato com biotita.

A granada das amostras WT7-53A e WT8-07 apresenta boa correlacdo entre almandina e
piropo, enquanto a granada da amostra WT8-17 revelou maior concentracdo de grossuldria e

diminui¢do de almandina (Figura 9c-d).

. iy 557 TG e U O R EA T
Figura 7: Imagem de granada (amostra WT8-07) com os pontos em perfil analisados em microssonda
eletronica.Destaque para a inclusdo com fraturamento radial tipica feicdo de quartzo 3

¥
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Figura 8: Perfil composicional de granada da amostra WT8-07. E possivel observar claramente que as proporgdes de
almandina e piropo sdo inversamente proporcionais. Os pontos 11 e 12 posicionados na parte central do cristal
revelam os maiores teores de piropo, enquanto em direco para as bordas as propor¢des de piropo diminuem e de
almandina tendem a aumentar.
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Figura 9: Classificacdo da granada analisada: a) granada representativa das rochas metamaéficas, com tendéncia de
enriquecimento em piropo nas amostras coletadas no sul da drea investigada; b) Relacdo entre XFe vs. XMg
mostrando a tendéncia de enriquecimento de Mg em granada das rochas metamadficas na parte sul; c) granada
representativa das rochas encaixantes. Notar leve tendéncia de enriquecimento em grossuldria para granada da
amostra WT8-07; d) Tendéncias da correlacdo XFe vs. XMg observada nas rochas encaixantes.
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5. PIROXENIO

Apenas clinopiroxenio (Cpx) foi identificado nas rochas metamaficas. Apresenta
coloracdo esverdeada pélida, fracamente pleocrdica. Ocorre frequentemente intercrescido como
simplectitos de plagiocldsio + quartzo + anfibdlios, preenchendo esqueletos de onfacita. Em
algumas amostras ocorre como pequenas inclusdes em granada ou sob a forma de prismas
envolvidos por reagdes de substituicdo para anfibdlios, tanto nos planos de clivagem do mineral,
quanto em reagoes de borda. Nessa situagdo, em termos composicionais, 0 piroxénio apresenta 0s
menores conteidos de Ca e Mg e maiores em Fe e Al em relagao aos demais Cpx.

Com o objetivo de identificar os maiores contetidos da molécula jadeita no piroxénio, as
andlises foram prioritariamente realizadas nas formas vermiculares que constituem os
simplectitos, na tentativa de obter as condi¢des proximas ao pico metamorfico dado pela seguinte

reacdo:

Onfacita + quartzo = diopsidio + albita (simplectitos)

Para a classificacdo dos piroxénios, adotou-se a nomenclatura de Morimoto (1988), que
segue as recomendacgdes da IMA (International Mineralogical Association). O intervalo de dados
das composi¢des quimicas dos membros finais encontra-se na Tabela 3.

Os piroxénios analisados constituem-se majoritariamente de Ca, Mg e Fe. No diagrama da
Figura 10a, onde estdo representados os componentes moleculares wollastonita (Wo), enstatita
(En) e ferrossilita (Fs), os piroxénios foram classificados como diopsidio. Apenas uma andlise é
plotada no campo da augita.

A substituicdo jadeitica (NaAl''Ca.Mg.,), que responde 2 entrada do Na no sitio (M2)
dos piroxénios € dependente da pressado, e foi constatada principalmente nas amostras (TJF5-335
e TJF5-335A) que registraram Xjq (0.18) (Figura 10b). Nas demais amostras esses valores
ficaram em média Xjq (~0.019).

De maneira andloga ao observado para os graos de granada em que o componente piropo
aumentava nas rochas do setor sul, os piroxénios também mostraram uma tendéncia de

enriquecimento da molécula onfacita (Figuras 10c-d).
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Tabela 3: Férmulas estruturais do clinopiroxénio das amostras analisadas.

WT7-25K
WTS8-53E
RM-124B
RM-182
RM-220
WT8-302
TJF5-335
TJF5-335A
TJF5-335B

Na0.04-0.07) C(0.85-0.93) Mg(0.64-0.70) F32+(o420-025) Fe’* 0.05-0.09) Ti0.00-0.01) Al(0.04-0.10) Si(1.90-1.96)
Na0.04-0.06) Ca0.73-0.92) Mg(0.73-0.77) Fe?* (0.04-0.18) F63+(o.00»0411) Ti0.00-0.01) Al0.02-0.15) Si(1.85-1.98)
Na.02-0.03) C2(0.90-0.04) ME(0.75.0.78) Feer(0414-0.17) F63+(0405-0.08) Ti0.00-0.01) Al(0.05-0.06) Si(1.94-1.95)
Na0.03-0.05) C(0.89-0.92) Mg(0.74-0.76) Fe’* (0.15-0.19) Fe3+(voz-o4o7) Ti0.00-0.00) Al(0.03-0.06) Si(1.94-1.97)
Na0.04-0.05) Ca(0.88-0.93) ME0.66-0.71) Fe?* (0.16-0.23) F63+(o.o4»0409) Ti0.00-0.01) Al0.06-0.10) Si(1.88-1.94)
Na0.03.0.07) Ca0.88.0.92) ME(0.76.0.82) Fe?* (0.07-0.13) F63+(o.03»0410) Ti(0.00-0.02) Al0.04-0.11) Si(1.89-1.96)
Nayg.09-0.15) Ca0.81-0.85) ME(0.61-0.72) Fe’* (0.11-0.14) Fe'* ©0.06-0.07) T10.00-0.00) Al0.06-0.11) Si(1.89-1.94)
Na0.08-0.18) Ca(0.80-0.85) ME(0.63-0.71) Fe’* (0.10-0.16) Fe3+(voo-o410) Ti0.00-0.01) Al0.03-0.12) Si¢1.88-1.97)

2+ 3+ : :
Na.03-0.05) Ca0.86-0.89) ME(0.70-0.72) F€™ (0.19:0.23) F€™" (0.01-0.05) Ti(0.00-0.01) Al(0.02-0.05) Si(1.95-1.98)
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Figura 10: Diagramas de classificacdo para piroxénio: a) Variacdo composicional em fun¢do dos componentes Wo
(Ca,S1,04), En (Mg,Si120¢) e Fs (Fe,Si,0¢), 99% do clinopiroxénio foram classificados como diopsidio (Morimoto
et al. 1988); b) Diagrama Jd vs. Na,O mostrando o aumento do componente Jd nas amostras do setor sul; c)
Diagrama terndrio de classificacdo do piroxénios rico em Na, evidenciando trend linear em dire¢do ao campo da
onfacita (Morimoto et al. 1988); d) Diagrama MgO vs. Na,O onde é possivel definir duas tendéncias (I): para as
rochas da por¢do Norte/Central e (II): para as amostras da regido sul (TJF5-335, TIF5-335A, TJF5-335B e TJF6-

302).
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6. ANFIBOLIO

O grupo dos anfibdlios € de grande importancia nas rochas metamaficas. A extensa
flexibilidade composicional permite sua ocorréncia em diversas rochas e também em um amplo
espectro de condi¢des de P-T durante o metamorfismo.

A férmula geral dos anfibélios é:

Ao-1 (M4), (M1), (M3) (M2), (T1)4 (T2)4 O22 (OH, F,Cl),
Os principais cations que ocupam os sitios cristalograficos estdo listados na Tabela 4.

Tabela 3: Sitios cristalograficos do anfibdlio e seus principais cations

Sitio Cristalogrdfico Coordenagdo Principais cdtions

A X1 Na, K

M4 (B) VI ou VIII Na, Li, Ca, Mn, Fe**, Mg
M1 e M3 (C) VI Mn, Fe**, Mg

M2 (C) VI Al, Ti, Fe’*, Mg, Fe**

T1 v Al Si

T2 v Si (Al)

A classificagdo dos anfibdlios € baseada na ocupacgdo do sitio M4, e dividida em quatro

grupos:

(Ca+ Na)yy < 1.34 Grupo dos anfibdlios de Fe-Mg-Mn

(Ca + Na)M4 >1.34

Grupo dos anfibdlios célcicos
NaM4 <0.67

(Ca +Na)M42 1.34

Grupo dos anfibdlios sédico-célcicos
0.67 <Nays<1.34

Nayy > 1.34 Grupo dos anfibdlios alcalinos

O nome apropriado para cada anfibdlio € baseado na classificacdo proposta pelo
Subcomité de Anfibdlios (Leake, 1978). Sua classificagdo depende do modo como a férmula

quimica € calculada. Este cdlculo é dificultado pela grande quantidade de sitios cristalograficos,
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envolvendo multiplicidades diversas pela vacancia nos sitios cristalograficos, pela entrada de
agua, fldor e cloro na sua estrutura, além da diversidade de elementos em sua estrutura. O célculo
da féormula estrutural pode ser facilitado por meio de andlises via umida, pelas quais é possivel
determinar a quantidade de dgua e a razio Fe’*/Fe’*. Desta maneira, a férmula estrutural pode ser
normalizada a 24 (O, OH, F, Cl). Nas analises efetuadas com microssonda eletronica, ndo é
possivel a determinacdo do Fe’, tampouco da &dgua. Neste caso, a normalizacdo para 23
oxigénios (O) é a mais adequada (Robinson et al., 1982).

Nas rochas metamaficas da Zona Eclogitica de Forquilha o anfibdlio cdlcico predomina.
Em alguns casos € indicado tendéncia de migracdao para o grupo do anfibdlio sédico-calcico
(amostras setor sul). Para o anfibdlio célcico € utilizado o célculo da férmula estrutural a 23 (O)
normalizados para 13 cétions, com a exclusdo de Ca, Na e K. Deste modo, Fe2+, Mg e Mn sido
excluidos do sitio M4 que serd preenchido por Ca e Na.

No caso especifico do anfibdlio, o programa Minpet oferece 5 métodos diferentes de
recélculos (e.g. Robinson et al., 1982). Optou-se pela média de 15-NK e 13-CNK. A autora do
programa (Richard, 1995) considera este método mais apropriado para recédlculo dos anfibdlios
calcicos (Figura 11a).

O anfibdlio estd presente em todas as amostras metamaficas estudadas, sempre em
propor¢do modal superior a 20 %. Ocorre, basicamente, sob quatro maneiras: i) envolvendo o
piroxénio a partir de reagdes retrometamorficas; ii) associado com plagiocldsio e quartzo em
crescimento simplectitico, por vezes orientado segundo uma foliagcdo pouco marcante; iii) como
inclusdes; e iv) como auréolas envolvendo totalmente a granada. Apresenta cores marrom-
esverdeada na matriz e verde azulada nas inclusdes e nas auréolas. Os anfibdlios do tipo “iii” e
“1v” ocorrem somente nas amostras do setor sul. Possuem cores em tonalidades azuladas, sdo
mais aluminosos e apresentam conteidos de Na,O de até 4.15 %.

Todos os graos de anfibodlio sdo cdlcicos (Figura 11a-b), entretanto, ocorrem variagdes
composicionais diversas relativas, principalmente, aos conteudos de Mg e Fe. Para a maioria dos
litotipos dos setores norte e central, conforme os parametros (Ca > 1.5; (Na + K), < 0.5 e Ti <
0.5), os anfibdlios foram classificados em magnésio-hornblenda e tschermakita (Figura 11c). Para
as demais amostras, de acordo com os parametros (Cag > 1.5; (Na + K)a > 0.5; Ti < 0.5 e Al¢c >
Fe’*), os anfibdlios ocupam diferentes campos da hornblenda pargasita, pargasita ferrosa e

edenita hornblenda (Figura 11d).
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Tabela 4: Formulas estruturais do anfibdélio das amostras analisadas

WT7-25K

WT8-53E

RM-124B

RM-182

RM-220

WT8-302

TJF5-335

TJF5-335A

TJF5-335B

2+ 3+
K(0.09-0.10/Na[0.44-0.46) (N[0.10-0.12/Ca[1.78-1.82))2 (Fe™ [1.61-1.81ME2.21-2.41MNy0.00-0.011F€" [0.29-0.50]
. VI v .
Tip.11:0.151 Al (0370475 (Al [1.45.157S1[6.43.6.55))8 O22 (OH, F, Cl),

2+ 3+
K(0.00-0.051Naj0.32-0.41) (Naj0,00-0.18/Ca1.66-1.831)2 (Fe™ [0.91-1.32/Mg[2.48-2.85MNy0.00-0.01F€" [0.27-0.61]
. VI v :
Ti.10-0.131 Al [0.45-0.88D)s (Al [135-1.90151(6.10-6.651)8 O22 (OH, F, CI),

2+ 3+
K0.00-0.10/Na[0.37-0.44) (Nj0,070.10/Ca1.82-1.88))2 (Fe™"[137-1.44ME[2.51-2.60MN}0.00-0.00F€ " [0.16-0.20]
. VI v .
Tip.13-0161 Al [0.62:0.721)5 (Al (1 40-1.56/S1[6.44-6.60))8 O22 (OH, F, Cl),

2+ 3+
K0.05-0.071Na[0.33-0.38) (Na[0.10-0.121Ca11.77-1.811)2 (F€™ 1.24-1.311ME(2.73-2.811MN0.00-0.011F€ ™ 10.26-0.36]
. VI v :
Ti.10-0.141 Al [0.50-0.56)5 (Al [127-1.491S1(6.51-6.731)8 O22 (OH, F, Cl),

2+ 3+
K{0.02-0.04/Na0.52-0.57) (Naj0,07-0.11Ca1.79-1.861)2 (F€™ [1.50-1.50M & [2.34-2.411MDy0 00-0.00/F€ ™ 10.23-0.41
. VI v .
Ti.12-017) Al [0.53-0.67)5 (Al [1.66-1.74151(6.27-6.341)8 O22 (OH, F, Cl),

2+ 3+
K{0.02-0.031N@[0.45.0.56) (Na[0,00-0.15/Ca1.72-1.841)2 (F€™"[0.90-1.15M[2.95-3.17)MDy0.00-0.00/F€” " [0.15-0.34]
. VI v .
Tig.12-0241 Al [0.48-0.50)5 (Al [133-1.56S1(6.44-6.671)8 O22 (OH, F, CI),

2+ 3+
K{0.00-0.011Nap0.83-0.88) (N[0, 14-0.181Ca1.65-1.741) 2(F€ ™ 10.93-1.26M g[2.52-2.751Mny0,00-0.011F€ ™ [0.28-0.56)
. VI v .
Ti.01-0200 Al [051-1.06D)5 (Al [1.71-2.16S1(5.85-6.301)8 O22 (OH, F, Cl),

2+ 3+
K{0.00-0.011Naj0.60-0.97) (Naj0,15:0.211Ca1.60-1.731)2 (Fe™" [0.88-1.28/Mg[2.18-2.741MNy0.00-0.01)F€”" [0.00-0.53]
. VI v .
Ti.02-0.18) Al [0.69-1.51)5 (Al [1.47.2.321S1(5.68-6.531)8 O22 (OH, F, Cl),

2+ 3+
K{0.00-0.01Najo.21-0.32) (Najo,13-0.15/Cap1.71-1.761)2 (Fe™" [120-137ME(2.56-2.741MDy0.00-0.011F€” [0.31-0.60]
. VI v .
Ti.11:0.131 Al [0.39-0.60D)5 (AL [1.12-1.48)S1(5.52-6.88))8 O22 (OH, F, Cl),
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Figura 11: Diagramas classificatdrios para anfibélio: a) Classificacdo em termos de Ca (C), Na (N) e Mn + Fe + Mg
(FM) no sitio M4 (Robinson et al., 1982) b) Classificacdo geral dos quatro principais grupos de anfibdlio (Leake et
al. 1997); ¢) Classificacdo segundo (Ca > 1.5; (Na + K), < 0.5 e Ti < 0.5); d) Diagrama classificatério (Cag > 1.5;
(Na+K), > 0.5; Ti < 0.5 e Alc > Fe™).
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7. PLAGIOCLASIO

O plagioclasio (Pl) predominante nas rochas metamaficas foi classificado no sistema
terndrio Albita (Ab), Anortita (An) e Ortocldsio (Or), conforme as recomendagdes de Deer et al.
(1992) (Figura 12a). Os resultados das microandlises quimicas correspondentes aos nucleos e
bordas dos grados estdo listados na Tabela 5.

Os cristais de Pl ocorrem dispersos em todas as seccdes analisadas e estdo em contato com
as demais fases minerais (anfibdlio, quartzo, granada e piroxénio). Compdem principalmente as
texturas de simplectitos e coroniticas.

Com o objetivo de estimar condi¢des de P-T proximas ao pico metamorfico, as anélises
quimicas dos plagiocldsios priorizaram graos em contato com piroxénio no nucleo dos
pseudomorfos de onfacita. Quando possivel, realizou-se andlises nas bordas e nos nucleos dos
plagioclasios. A zonagdo € leve ou imperceptivel e a variacdo composicional entre nicleo e borda
€ pequena, com aumento da molécula de albita em dire¢do as bordas. Oligocldsio e andesina

foram os tipos de plagiocldsio predominantes nas rochas metamaficas (Figura 12a).

Tabela 5: Férmulas estruturais do plagiocldsio das e contetiidos de Ab nas amostras analisadas

Amostras Niicleo Borda Formulas estruturais

WT7-25K Ab716) Ab7.1) Nay; 83.3.12) Cajogs.1.00) Alj.87.5.1651[10.83-11.00) O
WT8-53E Abss.0) Abeo.1) Nay; 622.82) Cap125.1.417 Aljs5.23.5.43S0110.52-10.72) O
RM-124B Ab, Abgo.3) Napy 372481 Cayis57.1.67) Aljs.50-5.79151110.20-10.36) Os
RM-182 Abgs.6) Ab9.7) Napy 642,841 Capi20-1.38) Aljs5.235.45151110.53-10.751 O
RM-220 Abg72) Abs1 ) Napy 032,741 Cayi31-1.95) Aljs 3060015 110.01-10.67 O
WT8-302 Abs2 Ab7s2) Napy 562,931 Cayi1s-1.52) Aljs.145.501S110.43-10.82) Os
TJF5-335 Aby, Abg; 6) Nay3 553381 Ca10.79-0.91] Alja.86-5.05151[10.94-11.1) Os
TJF5-335A Abso.6) Abs; 3 Nay; 75.3.37) Cayo.67.2.30] Ala.72-6.35151[9.61-11.26) O
TJF5-335B Aby Abgs 3 Nay; 343071 Cap.01-1.20] Aljs.09-5.32181[10.64-10.89) O

(x): nicleo ndo analisado
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8. FELDSPATO

O feldspato ocorre exclusivamente nos granulitos aluminosos (rochas metassedimentares
encaixantes). Ortoclésio estd presente nas amostras WT7-53A e WT8-17 como porfiroblasto com
tamanhos médio de 1 cm. Apesar da auséncia de zoneamento evidente, alguns graos apresentam
micro-exsolucdes em forma de filetes. A composi¢do dominante fica em torno de Or (s3.00-76.60)
Ab (2330-12.00), N30 sendo possivel determinar a composi¢do das exsolucdes. A amostra WT8-07
apresentou somente albita como principal feldspato alcalino Ab (37.50.86.40). Verificou-se também
que os conteudos de albita e ortocldsio sdo levemente maiores em direcdo as bordas. A

composi¢ao dos feldspatos € representada por férmulas estruturais (Tabela 6; Figura 12b).

Tabela 6: Formulas estruturais dos feldspatos alcalinos para as rochas encaixantes.

Amostras Niicleo Borda Formulas estruturais
WT8-07 Ab g 40) Ab g7 30 Nays 49.3.64) Cap.47.0.53 Alig61-4.707 Sif1131-11.37, Os
WTS8-53A Or 34.00) Or 5 0) K (3.21-3.671 Naj0.49-0.961 Ca0.00-0.07 Ali4.18-4.27) Sij11.63-11.78) Os
WT8-17 Or 5320 Or 34.40) K (3.20-3.621 Na0.66-0.981 C2[0.01-0.02) Ali4.19-4.201 Si{11.73-11.70) Os
X WT7-25K WT8-53E D RM-124B
Or Or

<& RM-182 < RM-220 (D TIF6-302

@ 1JF5-335 W TIF5-335A YV TIF5-335B

O wWrs-07 @ WT7-53A WT8-17

Anorthoclase

Andesine Labradnri(e\lsymwnile\/ 7\ Andesine lLahradurite\/B_\Jlawnile\/ /\
N e - . n n

Ab An Ab An

Figura 12: Variacdo composicional do feldspato, segundo os componentes moleculares albita (Ab), anortita (An) e
ortocldsio (Or): a) rochas metamdficas, o plagiocldsio ocupa predominantemente os campos do oligocldsio e
andesina; b) granulitos aluminosos encaixantes, predominio de ortoclésio e oligoclésio.
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9. BIOTITA

Biotita é encontrada somente nos granulitos aluminosos. Ocorre na forma de palhetas de
granulacdo fina a média e pleocroismo em tons esverdeado a amarronzado. Em geral, esta
orientada, acompanhando as sombras de pressdo dos porfiroblastos de granada e de feldspato.
Apresenta-se também sob a forma lamelar com relevo moderado e forte pleocroismo castanho-
alaranjado. Inclusdes de rutilo e zircdo com halos pleocrdicos sdo frequentes no interior das
lamelas. Finas palhetas presentes na granada marcam foliacao pretérita Se,.1).

Considerando os extremos siderofilita-anita-flogopita-eastonita, os graos analisados
mostram uma tendéncia que se aproxima da flogopita (Figura 13). A biotita avermelhada
apresentou maiores teores de TiO,, enquanto aquelas esverdeadas inclusas em granada mostraram

teores mais baixos de TiO,. As férmulas estruturais calculadas estio sintetizadas na Tabela 7.

Tabela 7: Férmulas estruturais da biotita para os granulitos aluminosos.

Amostras Formulas estruturais

PN . VI v
K (1.72-1.861 N [0.06.0.15] Ca 0.01] (ME 1261320 F€"" [1.642.46 T 10.02-036) Al 1.02-1.26) (AL (2202 43
WTS8-07 Sijs 57.3.60) O20 (OH F)

2 . VI v
K [1.752.000 N 0.03.0.051 Ca 0011 (M& 12.75:3.061 F€™ 11582001 T 1035057 Al [0.81-128) (AL (2232301
WT8-53A  Sis61-5.77) 020 (OH F)

2 . VI v
K (1992071 Na [0.03-0.041 Ca (0,011 M [2.20-2.56) Fe * (2.19228] T1 j0.51:0.58) Al" 10.90-1.07) (Al 2.38-2.44)
WT8-17 Sijs s6-5.621) 020 (OHF)
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Figura 13: Classificagdo da biotita dos granulitos aluminosos conforme os extremos da solucdo sélida anita-
flogopita-eastonita-siderofilita, notar a tendéncia para a composicdo da flogopita.

10. GEOTERMOBAROMETRIA

Para os célculos geotermobarométricos foram utilizados trés programas de computador
classicos em Termobarometria e os resultados puderam ser comparados entre os diferentes
métodos: TWEEQU (Thermobarometry With Estimation of Equilibrium state) versdes 1.02
(Bermam, 1991), PTMAFIC 2.0 (Soto & Soto, 1995) e THERMOCALC 3.26 (Holland &
Powell, 1998). Esse ultimo programa calcula as condi¢des de equilibrio para cada reacdo
possivel, utilizando as atividades dos membros finais das paragéneses em equilibrio, tendo por
base a equacdo geral do equilibrio. A abordagem combina todas as informagdes de um conjunto
independente de reacOes, selecionando as reacdes em equilibrio na tentativa de determinar as
condi¢cdes de P-T da rocha. O programa ainda determina erros derivados de incertezas dos
calculos termodinamicos, sistematicos (incertezas nos dados termodinamicos e modelos de
atividade) e aleatdrios (incertezas analiticas).

As atividades dos membros finais foram obtidas com o programa AX2, que fornece

atividades para a utilizacdo de cdlculos termobarométricos. Tanto as amostras metamaficas
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quanto as metassedimentares foram calculadas no THERMOCALC 3.26. Os resultados médios
de P e T estdo sintetizados nas Tabelas 9 e 10.

O PTMAFIC cria arquivos ASCII de andlises quimicas normalizadas para anfibdlio,
granada, epidoto, ilmenita, piroxénio, olivina, plagiocldsio e espinélio. O programa realiza uma
ampla gama de cdlculos estequiométricos e termodindmicos para estes minerais. Contém
calibracOes para treze geotermOmetros e doze geobardmetros aplicdveis a rochas maéficas e
ultramaficas, que cobrem as condi¢des metamorficas que variam da facies eclogito a facies xisto
verde. Todas as amostras de rochas metaméficas foram também calculadas neste programa.

O TWEEQU (TWQ) calcula os estados de equilibrio das associa¢des minerais, incluindo
o uso de modelos de atividades dependentes de P-T, obtidos a partir de dados experimentais de
equilibrio de fases disponiveis e aplicados as assembléias naturais. Utilizou-se este programa para
o célculo das associagdes de mais alto grau presentes nas amostras metamaficas do setor sul. As
abreviacOes utilizadas nos grificos de P-T sdo referentes aos nomes de fases minerais presentes

no banco de dados do TWQ (1.02) indicados na Tabela 8.

Tabela 8: Abreviagdes de fases minerais segundo o TWQ 1.02.

Hd: hedenbergita  Tsc: tschermakita  Parg: pargasita  Alm: almandina Py: piropo
Gr: grossuldria Sph: titanita Ilm: ilmenita Rt: rutilo Di: diopsidio
W: H20 Qtz: quartzo Jd: jadeita
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Tabela 9: Resultado dos cdlculos geotermobarométricos para as rochas metamaficas (THERMOCALC-3.26)

Amostra Assembléia Cilculos P-T THERMOCALC
T°C | 700 ] 750 | 800 | 850 | 900 | 950 ] 1000 | Av (P)
Pcal | 124 | 127 | 131 135 | 139 | 143 | 147 13.50
sd 0.64
P 0 | 11 | 12 | 13 | 14 | 15 | 16 | Av(D
WT7-25K
Gri+ Amp+Cpx+PHQU = o706 [ 706 | 706 | 705 | 705 | 704 | 703 705
sd
Av P = 13.2 kbars T =776°C, sd = 55
PT) - B T
T°C | 750 | 775 | 800 | 825 | 850 | 875 ] 900 Av (P)
Pcal | 118 | 117 | 117 | 116 | 116 | 115 | 115 11.69
sd 106 | 086 | 067 | 053 | 057 | 0.60 | 0.85 0.67
Pfixa | 100 | 11.0 | 120 | 130 | 140 | - - Av (T)
RM-124B
Gri+ Amp+Cpx+PlHQuz = 838 [ 836 | 834 | 831 | 827 - - 834
sd 33 (31 |31 |32 |32 - - 31
AV o _
1) P = 11.2 kbars, sd = 0.6 T = 840°C, sd = 32
T°C | 700 | 725 | 750 | 775 | 800 |- - Av (P)
Pcal | 115 | 115 | 115 | 116 | 116 |- - 1153
sd 149 | 117 | 086 | 0.61 | 0.62 | - - 0.86
Pfixa | 10.0 | 105 | 110 | 115 | 120 | 125 | 130 Av (T)
WTS8-53E
Gri+ Amp+Cpx+PHQU 1= 1718 [ 721 | 725 [ 728 | 731 | 735 | 738 728
sd 36 |36 |36 |36 |36 |36 |36 36
Av o _
1) P = 13.0 kbars, sd = 1.6 T =784°C, sd = 86
T°C | 700 | 720 | 740 | 760 | 780 ]800 |- Av (P)
Peal | 116 | 117 | 119 | 120 | 122 | 123 |- 12.04
sd 053 | 054 | 059 | 079 [ 099 | 1.19 |- 0.79
Plixa | 11.0 | 115 | 120 | 125 | 130 | 135 | 140 Av (T)
RM-182
Gri+ Amp+Cpx+PHQUz = o755 (762 [ 768 | 774 | 781 | 787 | 794 774
sd 49 |44 |42 |43 |46 |52 |59 43
Av o _
(PT) P =12.3 kbars, sd = 1.1 T =778°C,sd =51
T°C | 750 | 775 | 800 | 825 | 850 - ; Av (P)
Peal | 121 | 123 | 124 | 126 | 128 | - - 12.42
sd 058 | 053 | 055 | 0.67 | 087 | - : 0.55
] Plixa | 11.0 | 120 | 13.0 | 140 | 150 | - ; Av (T)
RM-220 | Gri+Amp+Cpx+P+Qtz = 1501 [ 804 | 808 | 812 | 816 - 3 803
sd 61 |53 |46 |42 |41 - 5 46
Av o _
1) P = 12.4 kbars, sd = 0.9 T =763°C, sd = 43
T°C | 700 | 740 | 780 | 820 | 860 | 900 |- Av (P)
Pcal | 139 | 140 | 141 | 142 | 143 | 144 |- 14.18
sd 173 [ 121 | 069 | 057 | 060 | 097 |- 057
Pfixa | 130 | 135 | 140 | 145 | 150 | 155 | 160 Av (T)
WT8§-302 t+A P1+Qt
GrerAmp+CPX+PHQIZ = i 1780 [ 798 | 816 | 835 | - - - 835
sd 53 |53 |53 |53 |71 |9 127 53
Av o _
(PT) P =14.8 kbars, sd = 1.1 T =824°C,sd =57
T°C | 800 | 825 ]850 |875 | 900 - ; Av (P)
Pcal | 145 | 149 | 154 | 158 | 162 | - : 1537
sd 0.64 | 058 | 0.63 | 0.80 | 1.02 | - : 0.63
] Plixa | 140 | 145 | 150 | 155 | 160 | - ; Av (T)
TJF5-335A Grt+Amp+Cpx+P1+Qtz T cal 307 17 228 338 248 - - 308
sd 24 |21 |20 |21 |25 - ; 20
Av o _
1) P = 15.0 kbars, sd = 0.8 T = 828°C, sd = 28
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Tabela 10: Resultado dos cdlculos geotermobarométricos para as rochas metassedimentares (THERMOCALC-3.26)

Amostra Assembléia Calculos P-T THERMOCALC
T °C 700 725 750 775 800 825 850 Av (P)
P.cal 7.7 8.2 8.8 9.3 9.9 104 11.0 9.33
sd 0.13 0.11 0.11 0.11 0.11 0.11 0.11 0.11
WT7-07 Grt+Bt+ P 8.0 8.5 9.0 9.5 10.0 10.5 11.0 Av (T)
P1+Ky+Sill+Qtz T cal 715 738 761 783 806 828 851 806
sd 5 5 5 5 5 6 7 5
Av o _
(PT) P =9.9 kbars, sd = 1.7 T =803 °C,sd =78
T °C - - - - - - - Av (P)
P.cal - - - - - - -
sd - - - - - - -
i Grt+Bt+fsp+ Pfixa - - - - - - - Av (T)
WIT-53A Sill+Qtz+Ky Teal | - . - - - - -
sd - - - - - -
Av o
(PT) P =11.0 kbars, sd = 1.3 T =851°C,sd =59
T °C 700 725 750 775 800 825 850 Av (P)
P.cal 9.5 9.9 10.3 10.8 11.2 11.6 12.1 11.20
sd 055 | 057 | 058 | 0.60 | 0.61 0.63 0.64 0.86
Pfixa 10,0 | 11.0 | 120 | 13.0 | 14.0 15.0 16.0 Av (T)
WT8-17
CruBuPHKy+QE = al 1 731 [ 746 | 762 | 777 793 | 808 | 823 777
sd 0.2 0.0 0.2 0.3 0.5 0.7 0.9 61
Av o _
(PT) P =10.1 kbars, sd = 1.5 T=734°C,sd =77

10.1. Geotermobarometria metamaficas (PTMAFIC 2.0)

Para os cdlculos de temperatura foi utilizado o geotermdmetro granada-clinopiroxénio
(Ellis & Green, 1979; Gangully, 1979) e para pressdo o geobardmetro granada-clinopiroxéni-
plagioclasio (Powell & Holland, 1988).

Foram calculadas quatro amostras representativas no PTMAFIC 2.0, sendo dois
retroeclogitos do setor sul, um do setor central ¢ um clinopiroxénio-granada anfibolito do setor
norte. Para uma das amostras do afloramento TJF5-335 (Granada-clinopiroxénio anfibolito)
diversas associacOes entre Cpx + Pl + Grt foram reconhecidas. No entanto, optou-se pelo
piroxénio com a maior porcentagem da molécula jadeita (~18 %) juntamente com o plagiocldsio
e o nucleo de granada que estavam em contato. Nas demais amostras (TJF5-335A-5spl), (WTS-
302-9spl) e (WT7-251K), foi utilizada a composicao da borda da granada e os simplectitos de

Cpx+PI1 na matriz. Os valores de temperatura e pressao estdo sintetizados na Tabela 11.
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Tabela 11: Resultado dos cdlculos geotermobarométricos para as rochas metaméficas (PTMAFIC 2.0)

(WTS-302-9spl)

Geotermometro

TJF5-335

(TJF5-335-5spl)

(WT7-251K)

(Grt-Cpx) Setor Sul Setor Sul Setor Central Setor Norte
688.89 °C 664.25 °C 624.41 °C 585.02 °C
Gangully (1979)
684.55 °C 652.34 °C 605.29 °C 495.38 °C

Ellis & Green (1979)

Geobarometro

TJF5-335 (WT8-302-9spl) (TJF5-335-5spl) (WT7-251K)

(Grt-P1-Cpx)

Powell & Holland (1988) 17.22 +0.14 kbar 15.18+ 1.6 kbar 13.89 £ 2.27 kbar 13.26 + 3.43 kbar

Os resultados mostram uma boa correlagdo com o zoneamento do grau metamorfico em
termos de pressdo. As amostras situadas no setor sul apresentaram pressdoes mais elevadas com
um maximo de 17,22 + 0,14 kbar, enquanto no setor norte as condi¢des maximas de pressao,
embora sem boa precisdo, estdo na ordem de 13,26 + 3,43 kbar.

Em relagdo aos dados de geobarometria calculados pelo THERMOCALC 3.26, os
valores da amostra (TJF5-335 do setor sul) foram aproximadamente 2 kbar mais elevados, porém
com alta precisdo. As demais amostras (TJF5-335-5spl) setor sul, (WT8-302-9spl) e (WT7-25K1)
do setor central e norte, respectivamente, apresentaram valores de pressao com boa correlacao,
bem préximos quando considerado o desvio padrao.

Por outro lado, os resultados da geotermometria apresentaram uma variacdo bem

significativa e sdo bastante inferiores aos valores obtidos pelo THERMOCALC 3.26.

10.2. Estimativa do “pico metamorfico”

Foram realizados diversos cédlculos no TWQ (1.02) com o objetivo de estimar as
condicdes de pressdo e temperatura, mais proximas do “pico” do metamorfismo para as rochas
metamdficas da Faixa Eclogitica de Forquilha (FEF).

A amostra TJF5-335A que apresentou claramente duas parageneses de equilibrio: uma
representativa das condicdes de mais alto grau com a associacao (i) nicleo de granada (Py 29,7 %)

+ clinopiroénio (Jd 134) + plagiocldsio (Ab g3304) + rutilo £ quartzo e outra formada pelo inicio
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da quebra do clinopiroxénio e a geracdo de anfibdlio sddico a partir da entrada de fluidos,

representada pela associacdo (ii) nicleo da granada em contato com inclusdes de anfibdlio sédico

+ plagioclasio + clinopiroxénio + rutilo + titanita + quartzo.
A atividade de H,O adotada para os célculos termobarométricos foi de 0,8 e a atividade de

CO, que forneceu os melhores valores foi estimada em XCO, = 0,2. Quando utilizado o default

do programa, que assume atividade de H,O e CO, = 1, as reacOes apresentam-se desequilibradas

com valores de P-T superestimados.
A partir da associag@o (i) piropo + onfacita (jadeita) + albita + quartzo as condi¢des de

pressdo e temperatura obtidas foram de 22 kbar e 750 °C (Figura 14 — Diagrama A). Outros

calculos, com variagdes nas escolhas dos membros finais das solugdes sélidas, resultam nos

intervalos de 22,9 a 18,5 kbar e 760 a 800 °C.
O inicio do estdgio retrometamorfico € assumido a partir da quebra do clinopiroxénio e a

consequente geracao de anfibdlio, nesta situacdo formada pela associacdo (ii) granada + onfacita

+ tschermakita + albita + rutilo + titanita + quartzo + H,O o equilibrio calculado foi de 20,7 kbar

e 716 °C (Figura 14 — Diagrama B).
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Figura 14: Diagramas P-T obtidos para a amostra TJF5-335 com o programa TWQ (1.02), utilizando as seguintes
associagdes: a) piropo + onfacita (jadeita) + albita + quartzo; b) granada + onfacita + tschermakita + albita + rutilo +

titanita + quartzo, com Xypo = 0,8 € Xy = 0,2.
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11. DISCUSSOES E CONCLUSOES SOBRE A
GEOTERMOBAROMETRIA E IMPLICACOES TECTONICAS

Na tentativa de estabelecer as condi¢des de P-T proximas ao equilibrio de mais alto grau
metamorfico, os cdlculos termobarométricos utilizando diferentes métodos, priorizaram as
amostras que apresentaram todas as evidéncias (campo, petrograficas - texturais, quimica
mineral) de preservacdo dessas condigdes.

Cada método aplicado para o cdlculo dos resultados revelou alguma diferenca entre os
valores finais de pressdo e temperatura, explicadas pelo uso de diferentes calibragdes de
barOmetros e termOmetros embutidos em banco de dados internamente consistentes. Outra
explicacdo remete a escolha de diferentes minerais para o cdlculo de paragéneses em equilibrio.
Como ressaltado no inicio, os simplectitos formados pelo intercrescimento vermiforme de
piroxénio e plagiocldsio nas rochas metamaficas sdo extremamente finos, o que dificultou a
aquisicdo de andlises pontuais. Assim, um mesmo mineral pode apresentar diferentes teores nos
elementos quimicos e o posicionamento do feixe de elétrons nem sempre foi possivel na borda e
no centro de algumas associagoes.

Uma diferenga notdvel dos dados foi verificada nos resultados de temperatura,
principalmente nos cdlculos realizados pelo THERMOCALC 3.26 que revelou valores
relativamente altos (850 °C), tanto para as rochas metamaficas quanto para as metassedimentares,
e os valores calculados pelo PTMAFIC 2.0 que, ao contrario, resultou em valores baixos para
diferentes calibragdes variando entre 495 e 688°C. Estudos utilizando bancos de dados
termodinamicos internamente consistentes chegam a bons resultados para pressdo, no entanto
falham na determinagdo das temperaturas (Zack et al., 2004; Tomkins et al., 2007). Novas
alternativas para essas determinagdes geotermomeétricas sdo o geotermdometro de Zr no rutilo e a
termometria com isétopos de oxigénio (O Brien, 2006).

Por outro lado, os valores de temperatura obtidos com o TWQ 1.02 revelaram valores
mais consistentes para o equilibrio em condi¢des da facies eclogito situados entre 750°C e 800°C.
Esses valores de temperatura também sdo coerentes com aqueles obtidos por Santos et al. (2009)
em retroeclogitos da mesma regidao (~770°C) e com metabasitos de alto grau da regido de Itatira

(~750°C) (Castro, 2004, Garcia et al., 2006).
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A geobarometria apresentou pressdes com valores muito coerentes entre os diferentes
programas de computador utilizados. Os valores obtidos na fase inicial dos estudos permitiram
constatar o zoneamento metamoérfico de norte para sul ao longo da FEF. Deste modo os
resultados obtidos no THERMOCALC, mostraram pressdes minimas de 11,2 kbar e maximas de
15,00 kbar para as rochas metamaficas e 9,9 kbar e 11 kbar para as rochas metassedimentares.
Neste caso, deve se ressaltar que o equilibrio maximo em 15 kbar verificado nas metamaficas foi
obtido considerando as seguintes assembléias minerais: granada + clinopiroxénio + plagioclésio
+ anfibdlio, ou seja, esse valor reflete um equilibrio em condicdes retrometamorficas com a
presenca de auréola de anfib6lio na granada como descrito nos estudos petrograficos em anexo.

Os valores de pressdo calculados para as metamdaficas no PTMAFIC 2.0 se mostraram
mais realistas. As quatro amostras selecionadas de sul para norte revelaram pressoes,
respectivamente de 17,22 + 0,14 kbar, 15,18 £ 1,6 kbar, 13,89 + 2,27 kbar e 13,26 + 3,43 kbar.
Esses valores coadunam-se com as pressoes obtidas por Santos et al. (2009) e Castro (2004) em
rochas metaméficas de alto grau no DCC.

A partir da andlise de uma paragénese formada por relictos de onfacita + albita + piropo +
quartzo, identificada na amostra do retroeclogito TJF5-335A1, pode-se estimar pressdes que
variam entre 22 e 19 kbar e temperaturas entre 700 e 800 °C. Esses valores foram calculados no
TWQ 1.02, embora o nimero de reagcdes encontradas nesses intervalos seja relativamente
pequeno (Figura 14). Diversos outros diagramas foram obtidos com valores similares a esses,
quando consideradas as assembléias de alto grau em paragénese.

A 1identifica¢do de anfibdlio verde azulado com altos teores de NaO (~4,15 %) como
inclusdo na granada poderia representar uma fase progressiva do metamorfismo. Entretanto,
nenhuma evidéncia da passagem dos retroeclogitos pela facies xisto azul foi constatada nos
estudos petrograficos. Qualquer registro da evolugdo progressiva do metamorfismo nessas rochas
¢ especulativo, uma vez que a idade do protdlito remete ao Mesoproterozdico (~1,57 Ga) e
processos de hidrotermalismo verificados nos estudos de geoquimica (Amaral et al, 2010a)
sugerem que essas rochas metamaficas possam ter passado por diversos processos metamorficos.
Texturas em atol e mais de uma geracao de granada (Figura 2), além de complexas variedades de

simplectitos na matriz dos retroeclogitos também refor¢cam essa hipétese.
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Estudos complementares de geotermobarometria com balangos de massa (pseudosecdes)
para a defini¢do da influéncia da composi¢dao da rocha nos calculos fazem-se necessarios para o
refinamento dos dados.

A caracterizagcdo de uma zona de sutura no Dominio Ceard Central e a consequente
exumacdo das rochas de alto grau metamorfico ndo € uma tarefa facil de ser estabelecida. A
auséncia de xistos azuis e a superposi¢cdo do metamorfismo nos retroeclogitos da FEF dificultam
ainda mais a definicdo de quais os mecanismos responsaveis pela exumacgao das rochas de alta
pressdao. Entretanto, algumas evidéncias de campo como ressaltado no inicio deste capitulo,
aliados aos dados de geocronologia obtidos neste estudo, sugerem algumas consideragdes sobre
um possivel modelo para explicar a exumacao das rochas de alto grau da infra-estrutura.

Trabalhos de mapeamento geolégico de detalhe realizados na FEF revelaram que a
lineacdo de estiramento (Lx) definida pelo alinhamento de biotita, sillimanita e cianita, varia
progressivamente de leste para oeste. Proximo ao arco magmadtico de Santa Quitéria, a
estruturacdo € balizada por um sistema de cavalgamentos marcados por planos de empurrdo (Sn)
de baixo angulo (25-35°) onde estd contida (Lx) com caimento down dip para E-ESE. A medida
que se avancga para oeste, a intensidade do mergulho dos planos de empurrao aumenta, exibindo
angulos de médio (45°) a alto angulo (65°) de mergulho e (Lx) torna-se obliqua, com caimento
para S-SE.

Indicadores cineméticos como porfiroblastos de granadas rotacionados, porfiroblastos de
alcali-feldspatos, dobras e estruturas S/C observados principalmente nas rochas
metassedimentares de alto grau, indicam claramente movimentos de topo para W-NW. Isto
sugere que tanto as metamaficas quanto as rochas metassedimentares foram alcadas da infra-
estrutura por um sistema de falhas de empurrdao ou por falhas reversas que atuaram mais
intensamente durante uma provavel ruptura da crosta oceanica subductada.

Esta hipdtese pode ser explicada pelo mecanismo de slab breakoff (Davies &
Blanckenburg, 1995) que se encaixa nesta por¢do do Dominio Cearda Central onde ocorre
expressivo volume de magmas com afinidade calcio-alcalina de alto-K representados em parte
por granodioritos, granitdides porfiriticos e migmatitos pertencentes ao arco magmatico de Santa
Quitéria — AMSQ (Fetter, 1999, Fetter et al., 2003, Costa et al., 2010), o lineamento

Transbrasiliano, um potencial marcador da zona de sutura neoproterozdica, as rochas de alto grau
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metamorfico que bordejam toda por¢do oeste do AMSQ, e os granulitos maficos e félsicos de alta
pressdo contiguos ao lineamento na regido de Cariré (Anexol).

A ruptura da crosta é marcada pelo relaxamento da compressao e pela ascensdo da
astenosfera, podendo causar distirbios no manto litosférico e como consequéncia gerar a fusdo
parcial e induzir o metamorfismo de alta temperatura (Davies & Blanckenburg, 1995, Ernst et al.,
1997, Rolland et al., 2001, Liou et al., 2002, Mahéo et al., 2009).

O metamorfismo da facies granulito, tanto na regido de Cariré quanto na FEF, foi datado
em zircao de granulitos méficos em 613 e 615 Ma (Amaral et al., 2008, Amaral et al., 2010b,
Amaral er al., 2010c) (Anexos 1 e 3). Arthaud (2008) obteve em monazita de fundidos
leucossomaticos de migmatitos da regido de Itatira, idades U-Pb concordantes entre 607 e 612
Ma e também interpretou essas idades como o metamorfismo de baixa/média pressdo e alta
temperatura. Com base nos dados acima, estima-se que a ruptura da crosta oceanica tenha sido
contemporanea ao metamorfismo de alta temperatura e a fusdo parcial, registrado em granulitos e
migmatitos do Dominio Ceara Central.

Zonas de cisalhamento transcorrentes destrais e sinistrais de direcdo N-S e NNE-SSW,
sao marcadas por foliacdo de alto angulo (S,.;) e lineacdo de estiramento mineral (Ly,;) de
cardter direcional a obliqua, definida por quartzo e muscovita. Por vezes, (Sy+1) € (Lx+1) obliteram
a foliacdo primdria (S,) o que caracteriza um evento estrutural posterior, porém de natureza
progressiva. Estudos geocronoldgicos mostram que o desenvolvimento das principais zonas de
cisalhamento transcorrente, na por¢ao norte da Provincia Borborema, ocorreu entre 575 e 520 Ma
(Vauchez et al., 1995, Monie et al., 1997, Fetter, 1999, Cunha, 2007).

Assim, o mecanismo de slab-breakoff € apenas um dos processos responsdveis pela
exumacao das rochas de alto grau da FEF. Estudos mais detalhados da ocorréncia e dos tipos das
rochas metaméficas e metaultaméficas, aliados a dados de geotermobarometria de maior precisao,
com o controle dos distintos estdgios metamorficos, utilizando, por exemplo, pseudosecdes,
mapas composicionais de granada, termometria de zircdo (zirconio) em rutilo e principalmente
estudos estruturais e microestruturais mais especificos, irdo auxiliar na caracterizagdo de um

cendrio mais preciso da histéria metamorfica nesta regido do Dominio Ceard Central.
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Clinopirbxenio, granada, anfibdlio, feldspato, biotita



Analyses of clinopyroxene from the Ceard Central high-pressure mafic rocks.

Sample RM-124B RM-124B RM-124B RM-124B RM-182 RM-182 RM-182 RM-182 RM-182 RM-182 RM-182 RM-182 RM-220 RM-220
Location 1spl 3spl 4spl Sspl 1spl 10spl  10spl 2 2cntPlspl 3spl 4cont Pl 7spl 8cont PI 1spl 2spl
SiO, 52.70 52.36 52.38 51.98 52.90 52.54 53.02 52.92 52.45 53.02 52.67 52.68 51.44 52.12
TiO, 0.12 0.04 0.13 0.19 0.11 0.10 0.08 0.07 0.12 0.11 0.04 0.07 0.33 0.37
Al O3 1.84 1.13 1.42 1.94 1.45 1.83 1.77 1.46 2.22 1.81 1.69 1.41 2.43 2.30
FeO 8.89 8.52 8.69 8.30 8.47 8.52 9.21 9.02 8.64 8.83 7.98 9.58 10.78 10.74
Cr,0; 0.06 0.06 0.05 0.10 0.04 0.05 0.02 0.05 0.08 0.01 0.12 0.07 0.02 0.02
MnO 0.11 0.18 0.16 0.12 0.12 0.10 0.03 0.13 0.12 0.09 0.08 0.11 0.11 0.11
MgO 13.64 14.08 13.72 13.63 13.75 13.72 13.48 1343 13.30 13.53 13.61 13.72 12.20 12.21
Ca0 23.10 23.77 22.98 22.55 23.36 22.90 2243 23.17 22.31 22.82 22.60 22.77 22.50 22.17
Na,O 0.43 0.26 0.36 0.47 0.49 0.57 0.59 0.42 0.53 0.69 0.53 0.39 0.58 0.66
K,0 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Total 100.90 100.41 99.90 99.28 100.68 100.32 100.64 100.67 99.76 100.89 99.31 100.81 100.39 100.69
Si 1.94 1.94 1.95 1.94 1.95 1.94 1.96 1.96 1.96 1.95 1.97 1.95 1.92 1.94
Al 0.06 0.05 0.05 0.06 0.05 0.06 0.04 0.04 0.05 0.05 0.03 0.05 0.08 0.06
Ti 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Fe** 0.06 0.08 0.05 0.05 0.06 0.07 0.04 0.04 0.02 0.06 0.02 0.06 0.07 0.04
Fe** 0.17 0.14 0.17 0.16 0.16 0.15 0.18 0.19 0.18 0.16 0.17 0.17 0.21 0.23
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.75 0.78 0.76 0.76 0.76 0.76 0.74 0.74 0.74 0.74 0.76 0.76 0.68 0.68
Mn 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.91 0.94 0.92 0.90 0.92 0.91 0.89 0.92 0.89 0.90 0.91 0.90 0.90 0.88
Na 0.03 0.02 0.03 0.03 0.04 0.04 0.04 0.03 0.04 0.05 0.04 0.03 0.04 0.05
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Q 1.88 1.90 1.90 1.88 1.88 1.86 1.88 1.90 1.88 1.85 1.89 1.89 1.84 1.85
J 0.06 0.04 0.05 0.07 0.07 0.08 0.09 0.06 0.08 0.10 0.08 0.06 0.08 0.10
WO 47.04 47.40 4691 46.90 47.48 47.01 46.34 47.29 46.82 46.95 47.26 46.06 46.90 46.55
EN 38.66 39.07 38.97 3943 38.88 39.18 38.75 38.13 38.83 38.73 39.60 38.63 35.38 35.67
FS 14.30 13.53 14.12 13.67 13.64 13.81 1491 14.58 14.35 14.32 13.14 15.31 17.72 17.78
WEF 96.81 98.05 97.33 96.48 96.44 95.81 95.68 96.92 96.06 94.98 96.13 97.13 95.64 95.12
JD 0.94 0.00 0.55 1.39 0.73 1.12 2.10 1.07 2.81 1.67 2.55 0.38 1.20 2.38
AE 2.25 1.96 2.12 2.13 2.83 3.07 2.22 2.02 1.13 3.34 1.32 2.50 3.16 2.50
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Analyses of clinopyroxene from the Ceard Central high-pressure mafic rocks.

Sample RM-220 RM-220 RM-220 RM-220 RM-220 RM-220 RM-220 RM-220 TJF5-335 TJF5-335 TJF5-335 TJF5-335A TJF5-335A TJF5-335A

Location 3spl 4spl Sspl 6spl 7spl 8spl 9spl 10spl 1spl 11spl 111spl 1spl 2spl 2spl 2
SiO02 51.37 52.34 51.27 50.76 51.80 51.49 51.66 50.90 51.53 52.27 50.99 51.22 51.69 52.72
TiO2 0.22 0.22 0.37 0.46 0.11 0.35 0.19 0.25 0.07 0.16 0.07 0.06 0.11 0.12
Al203 2.76 2.46 3.53 4.04 2.40 292 2.29 3.93 6.79 3.20 6.24 6.74 5.14 393
FeO 9.54 9.48 9.47 9.79 9.20 9.55 9.08 8.96 7.94 8.01 7.49 7.84 7.78 8.08
Cr203 0.01 0.07 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01
MnO 0.03 0.06 0.06 0.03 0.05 0.06 0.06 0.07 0.09 0.07 0.04 0.03 0.04 0.09
MgO 12.56 12.87 12.26 11.84 12.77 12.68 12.85 12.46 11.08 12.97 11.78 11.44 12.29 12.60
CaO 22.79 22.94 22.59 23.18 23.36 23.39 22.77 22.56 20.55 21.53 20.31 20.36 21.20 21.49
Na20 0.57 0.55 0.73 0.63 0.55 0.55 0.52 0.68 2.05 1.24 1.90 2.17 1.51 1.40
K20 0.00 0.02 0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.01
Total 99.84 101.01 100.31 100.74  100.24  100.98 99.44 99.82 100.10 99.46 98.85 99.86 99.75 100.45
Si 1.92 1.93 1.91 1.88 1.93 1.90 1.94 1.90 1.89 1.94 1.89 1.88 1.91 1.94
Al 0.08 0.07 0.09 0.12 0.07 0.10 0.06 0.10 0.11 0.06 0.11 0.12 0.09 0.06
Ti 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.07 0.05 0.06 0.08 0.08 0.09 0.05 0.07 0.06 0.06 0.07 0.10 0.06 0.05
Fe2+ 0.19 0.19 0.19 0.20 0.18 0.18 0.19 0.16 0.14 0.14 0.11 0.10 0.13 0.15
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.70 0.71 0.68 0.66 0.71 0.70 0.72 0.69 0.61 0.72 0.65 0.63 0.68 0.69
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.91 0.91 0.90 0.92 0.93 0.93 0.91 0.90 0.81 0.86 0.81 0.80 0.84 0.85
Na 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.05 0.15 0.09 0.14 0.16 0.11 0.10
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Q 1.84 1.86 1.81 1.80 1.85 1.83 1.86 1.80 1.60 1.76 1.62 1.57 1.69 1.74
J 0.08 0.08 0.11 0.09 0.08 0.08 0.08 0.10 0.29 0.18 0.27 0.31 0.22 0.20
WO 47.75 47.50 47.97 48.98 48.31 48.19 47.65 48.04 48.65 46.92 47.71 47.99 47.74 47.34
EN 36.61 37.08 36.23 34.81 36.75 36.35 37.41 36.94 36.50 39.34 38.49 37.53 38.51 38.61
FS 15.64 15.42 15.80 16.20 14.94 15.46 14.94 15.02 14.84 13.74 13.80 14.48 13.75 14.05
WEF 95.70 95.91 94.50 95.23 95.92 95.91 96.14 94.86 84.62 90.82 85.57 83.60 88.66 89.76
JD 1.62 1.77 2.67 2.11 1.19 1.05 1.58 2.59 11.76 5.28 10.00 10.60 7.75 7.21
AE 2.67 2.32 2.83 2.66 2.89 3.04 2.28 2.55 3.62 391 443 5.80 3.58 3.03
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Analyses of clinopyroxene from the Ceard Central high-pressure mafic rocks.

Sample TJF5-335A TJF5-335A TJF5-335A TJF5-335B TJF5-335B TJFS5-335B TJF5-335B TJFS-335B TJF5-335B WT7-25K WT7-25K WT7-25K

Location 2spl 3 4spl Sspl 1spl 2spl 4spl Sspl 6spl 6spl 2 lincl PI 10spl 11spl
SiO, 52.72 52.92 52.84 53.06 53.60 53.28 52.36 52.48 52.61 52.23 52.00 50.99
TiO, 0.13 0.21 0.36 0.16 0.02 0.00 0.05 0.17 0.22 0.11 0.00 0.24
Al,O5 2.37 3.57 5.81 1.45 1.24 1.37 1.76 2.16 2.13 1.58 2.09 3.48
FeO 8.08 8.21 5.95 10.07 10.39 10.61 10.42 9.82 9.74 10.94 11.43 12.37
Cr,0; 0.04 0.00 0.03 0.00 0.04 0.03 0.00 0.00 0.02 0.02 0.03 0.00
MnO 0.07 0.12 0.03 0.16 0.12 0.12 0.11 0.15 0.13 0.10 0.13 0.11
MgO 13.20 12.90 12.12 12.97 13.05 12.82 12.71 12.81 12.60 12.05 12.10 11.61
CaO 21.57 20.57 18.69 22.12 22.50 22.09 21.40 22.29 22.13 22.56 22.08 21.20
Na,O 1.04 1.56 2.33 0.54 0.43 0.54 0.56 0.69 0.58 0.61 0.67 0.79
K,0 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02
Total 99.21 100.04 98.16 100.54 101.38 100.85 99.37 100.57 100.17 100.21 100.53 100.81
Si 1.97 1.95 1.97 1.97 1.98 1.98 1.97 1.95 1.96 1.96 1.94 1.90
Al 0.03 0.05 0.04 0.03 0.02 0.02 0.03 0.05 0.04 0.04 0.06 0.10
Ti 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Fe** 0.03 0.04 0.00 0.02 0.01 0.02 0.02 0.05 0.01 0.05 0.07 0.09
Fe** 0.16 0.14 0.10 0.22 0.23 0.23 0.22 0.19 0.23 0.24 0.22 0.20
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.73 0.71 0.67 0.72 0.72 0.71 0.71 0.71 0.70 0.67 0.67 0.65
Mn 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Ca 0.86 0.81 0.75 0.88 0.89 0.88 0.86 0.89 0.89 0.91 0.88 0.85
Na 0.08 0.11 0.17 0.04 0.03 0.04 0.04 0.05 0.04 0.04 0.05 0.06
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Q 1.82 1.73 1.60 1.89 1.92 1.90 1.89 1.85 1.88 1.87 1.84 1.79
J 0.15 0.22 0.34 0.08 0.06 0.08 0.08 0.10 0.08 0.09 0.10 0.12
WO 46.59 45.69 46.47 45.94 46.06 45.73 45.24 46.54 46.72 47.05 46.06 45.01
EN 39.67 39.87 41.93 37.48 37.16 36.94 37.38 37.21 37.01 34.98 35.11 34.30
FS 13.74 14.45 11.60 16.58 16.78 17.34 17.38 16.25 16.27 17.98 18.84 20.69
WEF 92.40 88.62 82.70 96.03 96.92 96.09 95.88 94.90 95.72 95.48 94.98 93.99
JD 5.34 8.04 17.30 2.60 2.18 2.56 3.09 2.28 3.70 1.50 1.56 2.25
AE 2.26 3.35 0.00 1.37 0.90 1.35 1.03 2.82 0.58 3.03 3.45 3.76
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Analyses of clinopyroxene from the Ceara Central high-pressure mafic rocks.

Sample WT7-25K WT7-25K  WT7-25K WT7-25K WT7-25K WT7-25K WT7-25K  WT7-25K WT7-25K WT7-25K WT7-25K WT7-25K

Location 14 15 16 18rim 19 2incl P1 matrix 3incl P1 4incl P1 Sincl P1 7 Trep
SiO02 52.19 51.98 52.17 51.44 51.54 51.81 51.69 51.83 51.79 51.73 50.82 51.33
TiO2 0.10 0.17 0.04 0.17 0.25 0.13 0.13 0.23 0.11 0.07 0.08 0.20
AI203 1.34 1.66 1.60 2.02 2.52 1.84 1.73 1.66 1.88 2.19 291 3.19
FeO 11.00 11.36 10.32 1091 11.23 10.92 10.79 10.57 10.69 11.58 10.62 11.01
Cr203 0.03 0.00 0.06 0.02 0.05 0.05 0.33 0.02 0.00 0.00 0.02 0.07
MnO 0.10 0.12 0.10 0.13 0.10 0.14 0.10 0.09 0.11 0.13 0.12 0.09
MgO 12.23 11.92 12.50 11.77 11.68 11.72 11.81 12.11 12.05 11.59 11.32 11.57
CaO 23.25 22.72 22.61 21.72 22.26 22.25 22.40 22.51 22.54 21.89 22.02 22.50
Na20 0.57 0.61 0.58 0.76 0.84 0.71 0.67 0.63 0.64 0.73 0.88 0.85
K20 0.02 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.02 0.01 0.02 0.00
Total 100.84 100.53 99.97 98.94 100.46 99.57 99.68 99.64 99.82 99.91 98.82 100.82
Si 1.94 1.94 1.95 1.95 1.93 1.95 1.95 1.95 1.95 1.95 1.93 1.91
Al 0.06 0.06 0.05 0.05 0.08 0.05 0.05 0.05 0.06 0.05 0.07 0.09
Ti 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Fe3+ 0.09 0.07 0.06 0.05 0.08 0.05 0.06 0.06 0.07 0.06 0.08 0.09
Fe2+ 0.23 0.24 0.22 0.23 0.22 0.25 0.24 0.23 0.23 0.25 0.22 0.21
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Mg 0.68 0.67 0.70 0.67 0.65 0.66 0.66 0.68 0.68 0.65 0.64 0.64
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.93 0.91 0.91 0.88 0.89 0.90 0.91 0.91 0.91 0.88 0.89 0.90
Na 0.04 0.05 0.04 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.07 0.06
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Q 1.86 1.86 1.87 1.84 1.81 1.85 1.85 1.86 1.85 1.84 1.79 1.79
J 0.08 0.09 0.09 0.11 0.12 0.10 0.10 0.09 0.09 0.11 0.13 0.12
WO 47.52 47.07 46.98 46.49 47.00 47.15 47.32 47.22 47.23 46.42 47.70 47.60
EN 34.78 34.37 36.12 35.06 34.32 34.55 34.72 35.34 35.12 34.20 34.13 34.07
FS 17.711 18.57 16.90 18.45 18.68 18.29 17.96 17.44 17.65 19.38 18.17 18.33
WEF 95.77 95.43 95.66 94.29 93.73 94.69 94.99 95.31 95.20 94.52 93.30 93.61
JD 0.10 0.85 1.22 2.47 1.87 2.11 1.50 1.40 1.42 2.31 2.85 221
AE 4.13 3.72 3.12 3.25 4.40 3.19 3.51 3.30 3.39 3.17 3.86 4.17
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Analyses of clinopyroxene from the Ceard Central high-pressure mafic rocks.

Sample WT8-302 WT8-302 WTS8-302 WTS8-302 WTS8-302 WTS8-302 WT8-302 WTS8-302 WTS8-302 WTS8-302 WTS8-302 WT8-302 WTS8-53E WT8-53E
Location 10spl 11spl 12spl 13spl 2spl 3spl 4spl Sspl 6spl Tspl 8spl 9spl 1spl 1repspl
SiO, 52.03 53.20 51.46 52.07 53.13 53.37 53.23 52.22 52.49 52.64 51.40 51.82 54.17 52.45
TiO, 0.23 0.10 0.63 0.13 0.09 0.24 0.21 0.10 0.44 0.36 0.22 0.38 0.31 0.09
Al,O5 3.92 1.69 3.89 3.68 1.45 1.91 2.02 2.02 2.63 2.40 3.37 4.11 2.53 1.48
FeO 6.41 6.62 6.59 6.50 6.63 6.80 6.52 6.63 7.16 7.22 7.32 6.65 8.34 8.18
Cr,0; 0.13 0.33 0.15 0.09 0.07 0.34 0.25 0.11 0.08 0.12 0.16 0.13 0.09 0.08
MnO 0.05 0.10 0.07 0.08 0.06 0.08 0.06 0.10 0.06 0.09 0.11 0.13 0.04 0.11
MgO 14.02 14.46 14.36 13.89 15.00 14.61 14.70 14.53 14.37 14.22 14.14 14.04 13.34 13.94
Ca0 22.43 23.16 21.91 22.53 23.48 2291 22.62 22.81 22.97 23.20 22.43 22.47 22.53 23.11
Na,O 0.81 0.58 0.78 0.86 0.44 0.64 0.63 0.60 0.67 0.67 0.73 0.95 0.52 0.50
K,0 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.02
Total 100.03 100.24 99.85 99.83 100.35 100.91 100.25 99.12 100.87 100.92 99.87 100.68 101.90 99.95
Si 1.91 1.96 1.90 1.92 1.95 1.95 1.96 1.94 1.92 1.93 1.90 1.89 1.98 1.95
Al 0.09 0.04 0.11 0.08 0.05 0.05 0.04 0.06 0.08 0.07 0.10 0.11 0.02 0.05
Ti 0.01 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00
Fe** 0.05 0.04 0.06 0.06 0.06 0.04 0.03 0.07 0.07 0.07 0.10 0.08 0.00 0.07
Fe** 0.09 0.13 0.07 0.10 0.10 0.12 0.11 0.10 0.10 0.11 0.07 0.07 0.18 0.14
Cr 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Mg 0.77 0.79 0.79 0.76 0.82 0.80 0.81 0.81 0.78 0.78 0.78 0.76 0.73 0.77
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.88 0.91 0.87 0.89 0.92 0.90 0.89 0.91 0.90 0.91 0.89 0.88 0.88 0.92
Na 0.06 0.04 0.06 0.06 0.03 0.05 0.05 0.04 0.05 0.05 0.05 0.07 0.04 0.04
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Q 1.80 1.88 1.80 1.80 1.89 1.86 1.87 1.85 1.84 1.84 1.80 1.77 1.86 1.87
J 0.12 0.08 0.11 0.12 0.06 0.09 0.09 0.09 0.10 0.10 0.10 0.13 0.07 0.07
WO 47.75 47.74 46.53 47.95 47.36 47.14 46.93 47.24 47.27 47.65 46.82 47.51 47.30 47.19
EN 41.51 41.45 42.42 41.12 42.10 41.82 42.42 41.88 41.14 40.64 41.07 41.30 38.97 39.60
FS 10.74 10.82 11.05 10.94 10.54 11.05 10.66 10.88 11.59 11.71 12.11 11.20 13.74 13.21
WEF 93.96 95.79 94.15 93.63 96.76 95.36 95.44 95.53 95.07 95.10 94.53 92.97 96.18 96.33
JD 3.85 2.00 3.10 3.74 0.59 2.16 2.82 1.35 1.64 1.51 1.71 3.22 3.82 0.49
AE 2.19 2.20 2.75 2.63 2.65 2.48 1.74 3.13 3.29 3.40 3.76 3.82 0.00 3.18
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Analyses of clinopyroxene from the Ceara Central high-pressure mafic rocks.

Sample  WTS8-53E WTS8-53E WTS8-53E WTS-53E WTS8-53E WTS-53E
Location 2spl 3spl 4spl Sspl 6spl Tspl
SiO, 51.67 51.83 52.28 52.40 52.35 49.74
TiO, 0.29 0.01 0.04 0.10 0.13 0.42
ALO; 2.60 1.69 2.19 2.07 236 5.36
FeO 8.39 8.86 8.51 8.81 8.74 11.03
Cr,0; 0.01 0.02 0.00 0.09 0.09 0.10
MnO 0.11 0.12 0.10 0.12 0.11 0.13
MgO 13.34 13.43 13.42 13.65 13.56 13.64
Ca0 22.50 22.52 23.08 22.85 22.73 18.46
Na,O 0.65 0.52 0.53 0.53 0.60 0.90
K,O 0.00 0.00 0.00 0.00 0.00 0.09
Total 99.57 99.01 100.13 100.61 100.67 99.88
Si 1.93 1.95 1.94 1.94 1.93 1.85
Al 0.07 0.05 0.06 0.06 0.07 0.15
Ti 0.01 0.00 0.00 0.00 0.00 0.01
Fe** 0.07 0.07 0.06 0.07 0.07 0.11
Fe** 0.15 0.16 0.16 0.15 0.15 0.04
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.74 0.75 0.74 0.75 0.75 0.76
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.90 0.91 0.92 0.90 0.90 0.73
Na 0.05 0.04 0.04 0.04 0.04 0.06
K 0.00 0.00 0.00 0.00 0.00 0.00
Q 1.84 1.87 1.86 1.86 1.85 1.72
J 0.09 0.08 0.08 0.08 0.09 0.13
WO 4717 46.70 47.62 46.82 46.86 39.99
EN 38.92 38.76 38.51 38.91 38.90 41.13
FS 13.92 14.55 13.87 14.28 14.24 18.89
WEF 95.16 96.11 96.11 96.10 95.57 93.04
JD 1.85 0.92 1.42 1.06 1.48 2.88
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Analyses of garnet from the Ceard Central high-pressure metamafic rocks.

Smple RM-124B RM-124B RM-124B RM-124B RM-124B RM-124B RM-124B RM-124B RM-124B RM-124B RM-182 RM-182 RM-182 RM-182
Location lcore 2rimc-Pl 2 rimAm 2 core 3 core 4 rimc-Pl 4 core Srimc-Pl 6rimc-Pl 7 rim c-PI 1 rim 1 core 1repcore 2rim-Pl
SiO, 38.64 37.76 38.36 38.09 38.28 38.27 38.17 37.96 38.45 38.21 37.75 38.08 38.57 38.30
TiO, 0.06 0.07 0.08 0.14 0.01 0.10 0.10 0.00 0.13 0.04 0.01 0.02 0.05 0.06
Al O3 21.52 21.62 21.75 21.38 21.65 21.55 21.61 21.32 21.52 21.46 21.44 21.65 21.59 21.87
FeO 24.12 24.88 24.30 24.10 2421 23.94 24.87 24.27 23.49 23.95 25.49 23.43 25.43 25.31
MnO 0.86 1.61 1.41 1.22 1.09 1.49 1.09 1.30 0.86 1.21 1.02 0.71 0.87 0.70
MgO 4.20 3.44 3.44 3.68 3.69 3.55 4.09 3.78 3.89 3.50 3.69 4.02 4.02 4.06
CaO 9.98 9.59 10.17 10.61 10.52 9.90 9.60 10.16 9.91 10.30 9.05 11.36 9.54 9.37
Total 99.38 98.97 99.51 99.22 99.44 98.80 99.53 98.80 98.25 98.66 98.46 99.27 100.06 99.67
Si 3.03 3.00 3.02 3.01 3.01 3.03 3.00 3.01 3.06 3.03 3.01 2.99 3.02 3.01
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
AV 1.99 2.02 2.02 1.99 2.01 2.01 2.00 1.99 2.01 2.01 2.01 1.99 1.99 2.02
Ti 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe** 1.58 1.65 1.60 1.59 1.59 1.59 1.63 1.61 1.56 1.59 1.70 1.54 1.66 1.66
Mg 0.49 0.41 0.40 0.43 0.43 0.42 0.48 0.45 0.46 0.41 0.44 0.47 0.47 0.48
Mn 0.06 0.11 0.09 0.08 0.07 0.10 0.07 0.09 0.06 0.08 0.07 0.05 0.06 0.05
Ca 0.84 0.82 0.86 0.90 0.89 0.84 0.81 0.86 0.84 0.88 0.77 0.96 0.80 0.79
Alm 53.29 55.39 54.12 52.98 53.38 53.85 54.57 53.52 5341 53.69 57.03 51.08 55.65 55.92
Gross 28.26 27.34 29.02 29.88 29.71 28.52 27.00 28.71 28.85 29.59 25.95 31.74 26.76 26.52
Pyrope 16.54 13.65 13.67 14.43 14.49 14.24 16.02 14.86 15.77 13.97 14.72 15.60 15.67 16.00
Spess 1.92 3.63 3.19 2.71 243 3.39 242 291 1.98 2.76 2.31 1.57 1.92 1.56
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Analyses of garnet from the Ceard Central high-pressure metamafic rocks.

Sample RM-182 RM-182 RM-182 RM-182 RM-182 RM-182 RM-182 RM-182 RM-182 RM-220 RM-220 RM-220 RM-220 RM-220
Location 2 core 3 rimc-PI 3core 4rimc-Pl 4 core 5rim Score  6rimc-Pl 6 core I rim lcore/rim 1 core 2rim 3 rim Cp
SiO, 38.52 38.16 38.23 38.57 38.36 38.47 38.63 38.49 38.88 38.57 38.30 38.60 38.59 37.73
TiO, 0.08 0.13 0.07 0.10 0.08 0.13 0.27 0.00 0.22 0.00 0.09 0.10 0.10 0.02
Al O3 21.66 21.58 21.71 21.95 21.72 21.38 21.44 21.77 21.59 21.82 21.90 21.54 21.75 21.25
FeO 22.33 25.31 24.09 24.94 25.06 24.83 23.69 25.72 22.72 24.79 25.93 24.69 23.59 24.83
MnO 0.64 0.86 0.58 0.82 0.33 0.60 0.92 0.87 0.64 0.46 0.41 0.56 0.43 0.54
MgO 4.06 3.43 3.98 3.79 343 4.06 4.29 3.72 4.20 4.37 3.45 3.69 3.47 2.94
CaO 11.38 9.63 10.37 9.33 10.25 9.56 9.92 9.24 11.16 8.98 9.96 10.07 11.90 11.83
Total 98.66 99.10 99.02 99.49 99.21 99.03 99.15 99.80 99.39 99.00 100.06 99.27 99.84 99.14
Si 3.04 3.02 3.01 3.03 3.03 3.04 3.04 3.03 3.04 3.04 3.00 3.04 3.02 2.99
AlY 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
AV 2.01 2.01 2.02 2.03 2.02 1.99 1.99 2.01 1.99 2.03 2.02 2.00 2.00 1.97
Ti 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.00 0.01 0.00 0.01 0.01 0.01 0.00
Fe** 1.47 1.68 1.59 1.64 1.66 1.64 1.56 1.69 1.49 1.63 1.70 1.63 1.54 1.64
Mg 0.48 0.41 0.47 0.44 0.40 0.48 0.50 0.44 0.49 0.51 0.40 0.43 0.40 0.35
Mn 0.04 0.06 0.04 0.06 0.02 0.04 0.06 0.06 0.04 0.03 0.03 0.04 0.03 0.04
Ca 0.96 0.82 0.88 0.79 0.87 0.81 0.84 0.78 0.94 0.76 0.84 0.85 1.00 1.00
Alm 49.85 56.70 53.47 56.08 56.15 55.26 52.68 57.07 50.33 55.64 57.29 55.18 51.89 54.26
Gross 32.54 27.63 29.48 26.87 2943 27.26 28.27 26.26 31.66 25.83 28.20 28.84 33.55 33.11
Pyrope 16.15 13.71 15.76 15.18 13.68 16.12 16.99 14.71 16.58 17.49 13.60 14.72 13.60 11.44
Spess 1.46 1.95 1.30 1.87 0.74 1.36 2.07 1.96 1.43 1.04 0.92 1.26 0.97 1.20
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Analyses of garnet from the Ceard Central high-pressure metamafic rocks.

Sample RM-220 RM-220 RM-220 RM-220 RM-220 RM-220 TJF5-335 TJF5-335 TJF5-335  TJF5-335  TJF5-335 TJFS5-335 TJF5-335
Location 3core 4rimcPl 4 core 6rimc Pl 6core 7rimcCp 1rimcAm 10 core 11 core/rim 12 core/rim 13 rim/core 2 rim/core 3 rim/core
SiO, 38.21 38.58 38.11 38.69 38.40 38.33 38.85 38.86 38.80 38.79 38.56 38.85 3891
TiO, 0.01 0.07 0.14 0.00 0.09 0.07 0.01 0.07 0.07 0.09 0.02 0.03 0.23
ALO; 21.67 21.49 21.59 21.32 21.77 21.25 22.07 22.06 22.23 22.03 22.17 22.14 21.86
FeO 24.75 23.62 25.49 24.68 24.56 25.98 25.32 25.34 25.99 25.14 24.35 25.97 25.69
MnO 0.41 0.52 0.52 0.50 0.46 0.68 0.29 0.25 0.16 0.30 0.23 0.35 0.33
MgO 3.98 3.26 3.66 2.92 3.71 2.88 5.37 5.65 5.94 5.71 5.99 5.49 5.30
CaO 9.46 1191 9.53 12.64 10.50 11.12 7.62 7.89 7.38 7.66 7.68 7.45 8.29
Total 98.48 99.43 99.03 100.76 99.48 100.31 99.53 100.12 100.57 99.71 99.00 100.30 100.60
Si 3.03 3.03 3.02 3.01 3.02 3.01 3.03 3.01 2.99 3.02 3.01 3.01 3.01
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
AV 2.03 1.99 2.01 1.96 2.01 1.96 2.03 2.02 2.01 2.02 2.04 2.02 1.99
Ti 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01
Fe** 1.64 1.55 1.69 1.61 1.61 1.71 1.65 1.64 1.68 1.64 1.59 1.69 1.66
Mg 0.47 0.38 0.43 0.34 0.43 0.34 0.63 0.65 0.68 0.66 0.70 0.64 0.61
Mn 0.03 0.03 0.04 0.03 0.03 0.05 0.02 0.02 0.01 0.02 0.02 0.02 0.02
Ca 0.80 1.00 0.81 1.05 0.88 0.94 0.64 0.66 0.61 0.64 0.64 0.62 0.69
Alm 55.78 5225 56.97 52.98 54.47 56.42 56.32 55.36 56.25 55.34 53.99 56.88 55.74
Gross 27.31 33.75 27.29 34.75 29.84 30.95 21.72 22.07 20.47 21.60 21.82 2091 23.05
Pyrope 15.99 12.84 14.56 11.18 14.66 11.15 21.29 22.01 22.93 22.40 23.69 21.44 20.50
Spess 0.93 1.16 1.17 1.09 1.02 1.49 0.66 0.56 0.36 0.66 0.51 0.78 0.72
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Analyses of garnet from the Ceard Central high-pressure metamafic rocks.

Sample  TJFS5-335 TJFS-335 TJF5-335 TJFS5-335 TJFS-335 TJFS-335 TJF5-335 TJFS-335A TJFS5-335A TJFS-335A TJF5-335A TJFS5-335A TJFS5-335A
Location 3 core 4 rim/core 5 rim/core 6 rim/core 7 rim/core 8 rim/core 9 rim/core 1 rim c-PI 1 core 10 core 12 core c Rt 15 rimAm 2 rim ¢ Pl
SiO, 39.09 38.75 38.69 38.55 38.46 38.81 38.87 38.34 38.95 38.35 38.85 38.68 38.98
TiO, 0.07 0.07 0.00 0.13 0.13 0.03 0.07 0.13 0.13 0.02 0.08 0.03 0.00
Al,O5 21.52 22.14 22.06 21.95 21.86 22.02 22.12 22.14 21.97 21.59 21.69 21.85 21.88
FeO 25.33 26.21 25.77 25.68 25.42 26.28 26.06 26.62 24.12 25.34 25.03 25.16 24.70
MnO 0.24 0.28 0.28 0.27 0.25 0.19 0.13 0.35 0.32 0.23 0.35 0.25 0.37
MgO 4.80 5.71 5.65 5.23 4.99 5.09 5.47 4.88 4.38 4.26 4.14 4.78 4.68
CaO 9.24 7.24 7.18 7.88 8.05 7.93 7.18 8.55 10.31 10.14 10.09 9.20 10.25
Total 100.29 100.40 99.63 99.69 99.15 100.36 99.90 100.99 100.17 99.93 100.22 99.96 100.86
Si 3.04 3.00 3.02 3.01 3.02 3.01 3.03 2.96 3.03 3.00 3.03 3.01 3.01
AlY 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00
AV 1.97 2.02 2.03 2.02 2.02 2.01 2.03 1.98 2.01 1.98 1.99 2.01 1.99
Ti 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00
Fe** 1.65 1.70 1.68 1.68 1.67 1.71 1.70 1.72 1.57 1.66 1.63 1.64 1.59
Mg 0.56 0.66 0.66 0.61 0.58 0.59 0.64 0.56 0.51 0.50 0.48 0.56 0.54
Mn 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02
Ca 0.77 0.60 0.60 0.66 0.68 0.66 0.60 0.71 0.86 0.85 0.84 0.77 0.85
Alm 55.11 57.06 56.86 56.62 56.66 57.49 57.74 57.10 53.05 54.90 54.80 55.02 53.06
Gross 25.77 20.19 20.29 22.25 22.98 22.24 20.37 23.48 29.07 28.15 28.28 25.78 28.22
Pyrope 18.61 22.15 22.22 20.53 19.80 19.85 21.61 18.67 17.16 16.46 16.14 18.64 17.90
Spess 0.52 0.61 0.63 0.61 0.56 0.43 0.29 0.75 0.72 0.50 0.78 0.56 0.81
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Analyses of garnet from the Ceard Central high-pressure metamafic rocks.

Sample TJF5-335A TJF5-335A TJFS-335A TJF5-335A TJF5-335A TJFS-335A TJF5-335A TJF5-335A TJF5-335A TJFS-335B TJFS-335B TJFS-335B
Location 2 core c Rt 3core 4rimcAm SrimcAm 6rimc Am 6 core 7 rimc-Am 9 core 9 core spl lcore 2rimcAm 2 core
SiO, 38.89 37.80 38.87 38.64 38.47 38.65 38.76 38.29 38.70 38.72 38.20 38.81
TiO, 0.10 0.17 0.10 0.09 0.14 0.08 0.08 0.11 0.05 0.18 0.02 0.11
Al O3 21.90 21.66 21.60 21.74 21.79 21.77 2191 21.54 21.61 21.70 2148 2147
FeO 25.19 24.96 24.08 25.00 24.67 25.18 24.82 25.57 24.73 25.27 26.26 26.44
MnO 0.29 0.33 0.27 0.36 0.55 0.29 0.58 0.30 0.30 0.47 0.65 0.65
MgO 4.62 4.21 4.60 4.72 4.48 4.33 4.28 4.61 4.97 4.42 4.42 4.41
CaO 10.05 10.48 9.96 9.95 10.01 10.26 10.16 8.63 8.59 9.70 8.85 9.74
Total 101.04 99.61 99.47 100.50 100.10 100.55 100.59 99.05 98.94 100.44 99.88 101.64
Si 3.00 2.96 3.04 3.00 3.00 3.00 3.01 3.02 3.04 3.01 2.99 2.99
AlY 0.00 0.04 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01
AV 1.99 1.96 1.99 1.98 1.99 1.99 2.00 2.00 2.00 1.99 1.98 1.94
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01
Fe?* 1.63 1.64 1.58 1.62 1.61 1.63 1.61 1.69 1.63 1.64 1.72 1.70
Mg 0.53 0.49 0.54 0.55 0.52 0.50 0.50 0.54 0.58 0.51 0.52 0.51
Mn 0.02 0.02 0.02 0.02 0.04 0.02 0.04 0.02 0.02 0.03 0.04 0.04
Ca 0.83 0.88 0.84 0.83 0.84 0.85 0.84 0.73 0.72 0.81 0.74 0.80
Alm 54.08 54.00 53.13 53.74 53.58 54.35 53.89 56.63 55.09 54.90 56.93 55.75
Gross 27.63 29.04 28.16 2741 27.86 28.36 28.25 24.49 24.50 26.98 24.58 26.30
Pyrope 17.67 16.24 18.10 18.07 17.35 16.65 16.57 18.20 19.72 17.10 17.07 16.56
Spess 0.62 0.73 0.61 0.79 1.21 0.64 1.28 0.68 0.68 1.03 1.43 1.40
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Analyses of garnet from the Ceard Central high-pressure metamafic rocks.

Sample  TJF5-335B TJF5-335B TJF5-335B TJF5-335B WT7-25K WT7-25K WT7-25K

WT7-25K WT7-25K

WT7-25K WT7-25K WT7-25K WT7-25K

Location 3rim 4 rim c-Pl 5 rim 5 core 1 rim 1 core 2 core 3 rimc-Am 3 core 4rimcAm 4 core 5 rimc-Pl 7 core
SiO, 38.17 38.46 37.84 37.83 38.59 38.72 38.58 38.77 38.81 39.17 38.79 38.62 38.75
TiO, 0.15 0.00 0.03 0.23 0.06 0.19 0.00 0.00 0.07 0.06 0.08 0.04 0.18
Al,O5 20.99 21.73 21.24 21.15 21.63 21.45 21.93 21.86 21.62 21.35 21.16 21.41 21.47
FeO 26.71 27.34 28.02 25.20 28.37 27.63 26.71 28.45 26.89 26.33 27.03 25.65 25.44
MnO 0.74 0.89 0.92 0.51 1.18 0.93 0.91 1.05 0.67 0.74 0.88 0.70 0.83
MgO 3.99 3.77 3.61 4.41 1.12 1.31 1.31 1.21 1.34 1.21 1.23 3.57 3.49
CaO 9.28 7.40 8.19 10.03 9.44 9.91 9.95 8.99 9.74 10.29 9.53 10.50 10.96
Total 100.03 99.59 99.85 99.37 100.38 100.15 99.38 100.32 99.15 99.14 98.70 100.49 101.12
Si 3.00 3.04 2.99 2.97 3.07 3.08 3.08 3.08 3.11 3.14 3.13 3.02 3.01
AlY 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ALV 1.94 2.02 1.97 1.93 2.03 2.01 2.06 2.05 2.04 2.02 2.01 1.97 1.96
Ti 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Fe** 1.75 1.81 1.85 1.66 1.89 1.84 1.79 1.89 1.80 1.77 1.82 1.68 1.65
Mg 0.47 0.45 0.43 0.52 0.13 0.16 0.16 0.14 0.16 0.14 0.15 0.42 0.40
Mn 0.05 0.06 0.06 0.03 0.08 0.06 0.06 0.07 0.05 0.05 0.06 0.05 0.06
Ca 0.78 0.63 0.69 0.85 0.80 0.84 0.85 0.77 0.84 0.88 0.82 0.88 0.91
Alm 57.49 61.50 61.06 54.27 65.00 63.37 62.53 65.89 63.37 62.09 63.87 55.55 54.66
Gross 25.58 21.33 22.88 27.68 27.70 29.12 29.85 26.66 29.41 31.08 28.85 29.12 30.17
Pyrope 15.31 15.14 14.04 16.93 4.57 5.36 5.47 4.99 5.62 5.07 5.17 13.78 13.36
Spess 1.61 2.04 2.02 1.12 2.73 2.16 2.16 2.45 1.60 1.77 2.11 1.54 1.81
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Analyses of garnet from the Ceard Central high-pressure metamafic rocks.

Sample WT7-25K WTS8-302 WTS8-302 WTS8-302 WTS8-302 WTS8-302 WTS8-302 WTS8-302 WTS8-302 WTS8-302 WTS-302 WTS8-302 WTS-302 WTS8-302
Location 8 core 1 rim 1 rimc-Pl 1 rim/core 1 core 10 rimAm 10 core cAm 3 rim 3 core 3 rep core 4 core Srim 5 rim/core
SiO, 38.35 38.97 39.38 39.75 39.48 39.50 39.96 38.97 39.42 39.17 39.23 38.72 39.49 38.28
TiO, 0.06 0.07 0.00 0.06 0.07 0.00 0.02 0.08 0.05 0.09 0.00 0.00 0.08 0.03
ALO; 21.38 22.14 22.07 22.27 22.34 22.12 22.22 22.31 22.01 22.37 22.16 21.95 22.18 21.74
FeO 25.63 22.45 23.71 21.18 19.57 23.78 19.58 24.31 21.19 23.30 20.51 24.09 21.03 2533
MnO 0.84 0.64 0.66 0.46 0.49 0.64 0.56 0.80 0.39 0.67 0.50 0.81 0.48 0.90
MgO 3.66 6.28 6.84 7.17 7.50 5.79 7.36 6.00 7.33 6.78 7.31 5.81 7.53 5.25
CaO 10.79 9.62 6.86 9.73 9.75 8.31 9.54 7.82 9.16 8.22 9.28 8.33 9.14 7.93
Total 100.71 100.17 99.51 100.62 99.20 100.13 99.23 100.28 99.54 100.59 98.99 99.72 99.92 99.47
Si 2.99 3.00 3.05 3.02 3.03 3.05 3.07 3.01 3.03 3.00 3.03 3.01 3.02 3.00
Al 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AV 1.95 2.00 2.01 1.99 2.02 2.01 2.01 2.03 1.99 2.01 2.01 2.01 2.00 2.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00
Fe** 1.67 1.44 1.54 1.35 1.26 1.54 1.26 1.57 1.36 1.49 1.32 1.57 1.34 1.66
Mg 0.43 0.72 0.79 0.81 0.86 0.67 0.84 0.69 0.84 0.77 0.84 0.67 0.86 0.61
Mn 0.06 0.04 0.04 0.03 0.03 0.04 0.04 0.05 0.03 0.04 0.03 0.05 0.03 0.06
Ca 0.90 0.79 0.57 0.79 0.80 0.69 0.79 0.65 0.75 0.67 0.77 0.69 0.75 0.67
Alm 54.74 48.15 52.27 45.15 42.60 52.39 43.06 53.03 45.68 50.01 44.65 5243 45.09 55.37
Gross 29.52 26.44 19.37 26.59 27.20 23.46 26.87 21.87 25.31 22.60 25.88 23.24 25.10 22.19
Pyrope 13.92 24.01 26.88 27.26 29.12 22.73 28.83 23.32 28.16 2594 28.37 22.54 28.79 20.44
Spess 1.82 1.40 1.48 1.00 1.08 1.42 1.25 1.77 0.85 1.46 1.10 1.79 1.03 2.00
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Analyses of garnet from the Ceard Central high-pressure metamafic rocks.

Sample WT8-302 WTS8-302 WTS8-302 WTS-53E WTS-53E WTS8-53E WTS-53E WTS8-53E WTS-53E WTS8-53E WTS-53E WTS8-53E WTS-53E WTS8-53E
Location 7 rimc-P1 7core 8coreRt 1rimcPl 1 core 10 rim 11rim lreprim 2rimc- Pl 2 core 3 rimc-Pl 3core  4rimPl 4 core
SiO, 39.28 39.65 39.22 39.06 39.12 38.03 38.51 38.38 3941 39.41 38.14 39.59 38.68 38.80
TiO, 0.06 0.09 0.26 0.06 0.06 0.03 0.08 0.07 0.02 0.02 0.00 0.00 0.00 0.06
Al O3 22.26 22.08 2231 21.67 21.98 21.78 21.96 21.56 22.08 22.08 21.75 22.06 21.77 21.95
FeO 24.82 21.97 21.60 25.72 2491 27.23 26.35 25.14 22.72 22.72 27.27 23.05 26.10 23.51
MnO 0.98 0.65 0.59 0.77 0.67 0.94 0.87 0.87 0.50 0.50 0.75 0.69 0.80 0.52
MgO 5.73 7.32 6.82 5.66 5.18 4.26 4.22 4.36 5.32 5.32 4.84 5.32 4.09 5.20
CaO 8.11 8.28 9.16 8.56 9.45 7.71 8.46 9.32 10.66 10.66 7.96 10.44 9.70 10.09
Total 101.23 100.04 99.95 101.49 101.36 99.97 100.44 99.70 100.72 100.72 100.70 101.14 101.14 100.12
Si 3.01 3.04 3.01 2.99 3.00 2.99 3.00 3.01 3.03 3.03 2.96 3.03 3.00 3.00
AlY 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00
AV 2.01 1.99 2.02 1.95 1.99 2.00 2.02 1.99 2.00 2.00 1.96 1.99 1.98 2.00
Ti 0.00 0.01 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 1.59 1.41 1.39 1.65 1.60 1.79 1.72 1.65 1.46 1.46 1.77 1.48 1.69 1.52
Mg 0.66 0.84 0.78 0.65 0.59 0.50 0.49 0.51 0.61 0.61 0.56 0.61 0.47 0.60
Mn 0.06 0.04 0.04 0.05 0.04 0.06 0.06 0.06 0.03 0.03 0.05 0.05 0.05 0.03
Ca 0.67 0.68 0.75 0.70 0.78 0.65 0.71 0.78 0.88 0.88 0.66 0.86 0.81 0.84
Alm 53.47 47.47 46.87 54.09 53.09 59.66 57.81 54.98 49.00 49.00 58.22 49.45 55.98 50.84
Gross 22.37 2292 25.46 23.06 25.80 21.63 23.77 26.10 29.45 29.45 21.76 28.69 26.66 2797
Pyrope 22.01 28.19 26.37 21.20 19.66 16.64 16.50 16.99 20.47 2047 18.40 20.36 15.62 20.04
Spess 2.15 1.43 1.30 1.64 1.45 2.08 1.92 1.93 1.09 1.09 1.63 1.50 1.75 1.15
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Analyses of garnet from the Ceard Central high-pressure metamafic rocks.

Sample WT8-53E WT8-53E WTS-53E WT8-53E WTS-53E WTS8-53E WTS8-53E WTS8-53E
Location 5 rim P1 5 core 6 rim cPL 6 core 7 rim cP1 7 core 8 rim 9 rim
SiO, 38.34 38.25 38.02 38.58 39.05 39.03 38.92 38.96
TiO, 0.07 0.04 0.06 0.00 0.08 0.08 0.00 0.08
ALO; 21.43 21.77 21.78 21.71 21.80 21.81 21.75 26.15
FeO 27.26 22.56 25.86 26.26 25.06 24.23 24.77 23.04
MnO 0.76 0.53 0.90 0.77 0.70 0.56 0.75 0.89
MgO 4.52 5.25 4.10 4.02 4.74 5.46 4.29 3.38
CaO 8.33 10.57 8.95 8.90 9.53 9.66 10.03 7.11
Total 100.70 98.98 99.68 100.22 100.96 100.82 100.51 99.61
Si 2.99 2.99 2.99 3.02 3.02 3.00 3.02 3.04
Al 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
AV 1.95 1.99 2.00 2.00 1.98 1.98 1.99 2.40
Ti 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01
Fe** 1.78 1.47 1.70 1.72 1.62 1.56 1.61 1.50
Mg 0.52 0.61 0.48 0.47 0.55 0.63 0.50 0.39
Mn 0.05 0.04 0.06 0.05 0.05 0.04 0.05 0.06
Ca 0.70 0.89 0.75 0.75 0.79 0.80 0.83 0.59
Alm 58.31 49.05 56.77 57.59 53.98 51.66 53.81 58.96
Gross 22.82 29.44 25.16 25.00 26.31 26.38 27.92 23.30
Pyrope 17.22 20.34 16.06 15.71 18.19 20.76 16.63 15.43
Spess 1.65 1.17 2.01 1.71 1.53 1.20 1.64 2.31
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Analyses of garnet from the Ceard Central high-pressure metapelitic rocks.

Sample WT7-53A WT7-53A WT7-53A WT7-53A WT7-53A WT7-53A WT7-53A WT7-53A  WT8-07 WT8-07 WT8-07
Location 1rimcSil 2 core 2 core 2 core 3 core 4 rim c-P1 4 core 7 rim cMic 0 coreBt 1-perfil 10-perf
SiO, 38.20 38.83 38.00 38.45 38.28 37.68 38.43 38.42 38.22 37.31 37.48
TiO, 0.00 0.00 0.00 0.00 0.00 0.68 0.01 0.03 0.07 0.00 0.10
ALO; 21.61 22.29 21.84 22.26 22.34 21.88 22.06 21.87 21.76 21.29 21.17
FeO 32.01 31.07 33.18 31.78 31.60 32.63 31.71 32.62 34.25 35.23 35.59
MnO 1.01 0.99 1.25 0.84 0.82 0.96 0.96 1.07 0.44 0.53 0.41
MgO 6.45 7.43 5.69 7.53 7.15 6.15 7.11 6.28 5.70 4.85 5.47
CaO 0.65 0.58 0.66 0.60 0.64 0.72 0.81 0.74 0.69 0.69 0.75
Total 99.93 101.18 100.61 101.47 100.83 100.71 101.10 101.04 101.12 99.90 100.96
Si 3.01 3.00 2.99 2.96 2.97 2.96 2.98 3.00 2.99 2.98 2.95
Al 0.00 0.00 0.01 0.04 0.03 0.05 0.02 0.00 0.01 0.02 0.05
AV 2.00 2.03 2.01 1.98 2.01 1.98 1.99 2.01 2.00 1.98 1.92
Ti 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.01
Fe** 2.11 2.01 2.18 2.05 2.05 2.14 2.06 2.13 2.24 2.35 2.35
Mg 0.76 0.86 0.67 0.87 0.83 0.72 0.82 0.73 0.67 0.58 0.64
Mn 0.07 0.07 0.08 0.06 0.05 0.06 0.06 0.07 0.03 0.04 0.03
Ca 0.06 0.05 0.06 0.05 0.05 0.06 0.07 0.06 0.06 0.06 0.06
Alm 70.55 67.46 73.04 67.86 68.69 71.71 68.34 71.15 74.87 77.78 76.18
Gross 1.83 1.60 1.86 1.65 1.79 2.04 2.24 2.07 1.94 1.94 2.07
Pyrope 25.36 28.77 22.33 28.67 27.72 24.11 27.32 2442 2222 19.10 20.87
Spess 2.26 2.17 2.78 1.82 1.80 2.14 2.10 2.37 0.97 1.18 0.89
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Analyses of garnet from the Ceard Central high-pressure metapelitic rocks.

Sample WT8-07 WT8-07 WTS8-07 WT8-07 WTS8-07 WT8-07 WTS8-07 WT8-07 WT8-07 WT8-07 WT8-07 WT8-07 WT8-07 WTS8-07
Location 11-perf 12-perf 2 2-perfil 3 3 3-perfil 4 4-perfil 5 5-perfil 6-perfil 7-perfil 8
SiO, 37.11 36.79 37.80 37.64 37.74 37.54 37.95 38.05 38.04 37.99 37.84 37.90 38.13 38.31
TiO, 0.00 0.00 0.00 0.00 0.01 0.00 0.05 0.02 0.00 0.06 0.00 0.00 0.01 0.00
Al O3 21.13 21.00 21.58 21.34 21.64 21.69 21.55 21.86 21.35 21.73 21.39 2142 21.39 21.84
FeO 35.99 35.38 34.99 3527 34.46 3297 3447 33.24 34.75 3248 36.32 3522 34.99 33.88
MnO 0.46 0.49 0.35 0.39 0.40 0.41 0.52 0.24 0.45 0.33 0.55 0.31 0.42 0.28
MgO 5.30 4.45 4.71 5.02 5.44 5.40 5.24 6.40 5.32 5.99 3.82 5.28 5.27 5.47
CaO 0.72 0.73 0.71 0.69 0.80 0.87 0.66 1.16 0.65 1.35 0.70 0.71 0.68 1.02
Total 100.71 98.84 100.13 100.34 100.49 98.87 100.43 100.99 100.57 99.92 100.62 100.84 100.89 100.79
Si 2.94 2.98 3.01 2.99 2.98 3.00 3.00 2.97 3.01 3.00 3.02 2.99 3.01 3.01
AlY 0.07 0.03 0.00 0.01 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.00
AV 1.90 1.98 2.02 1.98 1.99 2.04 2.01 1.97 1.99 2.01 2.01 1.98 1.99 2.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 2.38 2.39 2.33 2.34 2.27 2.21 2.28 2.17 2.30 2.14 242 2.32 2.31 2.23
Mg 0.63 0.54 0.56 0.59 0.64 0.64 0.62 0.74 0.63 0.70 0.45 0.62 0.62 0.64
Mn 0.03 0.03 0.02 0.03 0.03 0.03 0.04 0.02 0.03 0.02 0.04 0.02 0.03 0.02
Ca 0.06 0.06 0.06 0.06 0.07 0.07 0.06 0.10 0.06 0.11 0.06 0.06 0.06 0.09
Alm 76.88 79.09 78.38 77.54 75.59 74.73 76.31 71.66 76.31 71.83 81.46 76.80 76.61 74.92
Gross 1.96 2.09 2.03 1.94 2.24 2.52 1.87 3.21 1.84 3.83 2.01 1.98 1.91 2.88
Pyrope 20.18 17.73 18.80 19.66 21.28 21.83 20.66 24.60 20.84 23.60 15.29 20.52 20.56 21.56
Spess 0.98 1.10 0.79 0.86 0.89 0.93 1.16 0.53 1.01 0.75 1.24 0.69 0.93 0.64
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Analyses of garnet from the Ceard Central high-pressure metapelitic rocks.

Sample WT8-07 WT8-07 WT8-07 WTS8-17 WT8-17 WT8-17 WT8-17 WTS8-17 WTS8-17
Location 8-perfil 9 9-perfil 1 rim cBt lcore 2rimcBt 3 core 3 core 4 core Bt
SiO, 37.48 37.34 37.76 38.36 38.31 37.67 38.51 37.17 38.20
TiO, 0.08 0.04 0.02 0.00 0.00 0.01 0.02 0.06 0.01
Al O3 21.27 21.53 21.24 21.93 21.49 21.92 21.97 21.77 21.54
FeO 35.07 35.51 34.34 3291 31.81 34.44 32.39 31.95 33.31
MnO 0.35 0.44 0.40 0.62 0.61 0.69 0.50 0.46 0.53
MgO 5.26 4.77 5.07 4.98 5.12 4.40 5.22 5.58 5.25
CaO 0.70 0.89 0.71 2.27 3.13 1.75 2.32 2.85 1.74
Total 100.20 100.53 99.54 101.08 100.47 100.87 100.93 99.84 100.57
Si 2.97 2.96 3.02 3.01 3.01 2.98 3.02 2.94 3.01
AlY 0.03 0.04 0.00 0.00 0.00 0.03 0.00 0.07 0.00
AV 1.96 1.97 2.00 2.02 1.99 2.01 2.03 1.96 2.00
Ti 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 2.33 2.36 2.29 2.16 2.09 2.27 2.12 2.11 2.19
Mg 0.62 0.56 0.60 0.58 0.60 0.52 0.61 0.66 0.62
Mn 0.02 0.03 0.03 0.04 0.04 0.05 0.03 0.03 0.04
Ca 0.06 0.08 0.06 0.19 0.26 0.15 0.19 0.24 0.15
Alm 76.74 77.87 76.84 72.59 69.81 76.16 71.70 69.43 73.32
Gross 1.97 2.51 2.02 6.43 8.80 4.97 6.57 7.92 4.92
Pyrope 20.52 18.65 20.23 19.59 20.03 17.33 20.61 21.63 20.59
Spess 0.78 0.98 0.91 1.39 1.36 1.54 1.12 1.02 1.18
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Analyses of amphibole from the Ceard Central high-pressure mafic rocks.

Sample RM-124B RM-124B RM-124B RM-124B RM-182 RM-182 RM-182 RM-182 RM-220 RM-220 RM-220 RM-220 TJF-335
Location 1spl 2rimc-Pl 2rimc-Grt Srimc-Pl  1rimc-Pl  2splc-cpx 3 rimc-Pl 3rep 1 matrix 2rimRt-Cpx 3rimc-Grt 4 rimcGrt 1 coronal
SiO, 44.74 44.79 43.66 44.52 44.24 46.40 46.47 46.03 42.48 42.67 43.06 42.70 40.90
TiO, 1.17 1.25 1.34 1.41 1.27 1.23 1.17 0.92 1.26 1.47 1.04 1.39 0.28
ALO; 11.64 12.14 13.13 12.63 11.62 10.38 10.74 10.78 13.74 12.89 13.27 13.35 17.15
FeO 13.05 13.44 13.63 13.23 13.77 13.69 13.60 13.35 15.67 16.25 15.37 15.25 14.15
MnO 0.12 0.13 0.13 0.12 0.12 0.12 0.04 0.08 0.06 0.07 0.02 0.05 0.04
MgO 12.22 11.99 11.41 11.74 12.45 12.85 13.10 12.88 10.71 10.89 10.96 10.62 12.05
CaO 11.88 11.58 11.64 11.62 11.25 11.63 11.65 11.47 11.48 11.32 11.79 11.50 11.02
Na,O 1.52 1.69 1.82 1.69 1.76 1.54 1.71 1.72 2.36 2.23 2.17 224 3.52
K,O 0.52 0.54 0.54 0.55 0.38 0.31 0.29 0.37 0.13 0.16 0.17 0.16 0.04
F 0.07 0.00 0.07 0.00 0.04 0.00 0.00 0.00 0.11 0.17 0.00 0.11 0.27
Cl 0.08 0.11 0.08 0.11 0.06 0.03 0.05 0.03 0.00 0.01 0.00 0.00 0.00
Total 97.01 97.65 97.45 97.62 96.95 98.18 98.81 97.64 97.99 98.12 97.84 97.36 99.43
Si 6.60 6.57 6.44 6.53 6.51 6.73 6.69 6.71 6.27 6.29 6.34 6.34 5.90
Al 1.40 1.43 1.56 1.47 1.49 1.27 1.31 1.29 1.74 1.71 1.66 1.66 2.10
AV 0.62 0.66 0.72 0.72 0.53 0.50 0.51 0.56 0.65 0.53 0.65 0.67 0.81
Ti 0.13 0.14 0.15 0.16 0.14 0.13 0.13 0.10 0.14 0.16 0.12 0.16 0.03
Fe* 0.16 0.20 0.18 0.16 0.36 0.26 0.28 0.27 0.30 0.41 0.28 0.23 0.56
Fe?* 1.40 1.37 1.44 1.39 1.24 1.31 1.27 1.27 1.55 1.50 1.55 1.59 1.01
Mg 2.69 2.62 2.51 2.57 2.73 2.78 2.81 2.80 2.36 2.40 241 2.35 2.59
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Ca (B) 1.88 1.82 1.84 1.83 1.77 1.81 1.80 1.79 1.81 1.79 1.86 1.83 1.70
Na (B) 0.07 0.10 0.09 0.09 0.12 0.10 0.11 0.11 0.10 0.11 0.07 0.09 0.16
Na (A) 0.37 0.38 0.44 0.39 0.38 0.33 0.37 0.38 0.57 0.53 0.55 0.56 0.83
K 0.10 0.10 0.10 0.10 0.07 0.06 0.05 0.07 0.02 0.03 0.03 0.03 0.01
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Analyses of amphibole from the Ceard Central high-pressure mafic rocks.

Sample TJF-335 TJF-335 TJF-335 TJF-335A TJF-335A TJF-335A  TJF-335A  TJF-335A TJF-335A TJF-335A TJF-335B TJF-335B
Location  2rimc-Grt 4rimc-Pl  5splc-Cpx  1rimc-Grt 2 rim c-grt 7incl-grt 71 rimc-grt 712 incl-grt 8 rim c-PI 9-spl OcontAp 1 rimc-Pl
SiO, 41.16 40.60 43.06 39.84 38.65 43.87 42.84 44.49 40.03 39.70 46.13 46.22
TiO, 0.07 0.10 1.80 0.40 1.65 0.95 0.21 0.85 0.39 0.32 1.10 0.98
Al O3 16.77 18.94 12.87 17.59 19.34 17.51 13.70 16.93 17.28 17.73 9.77 11.00
FeO 13.28 13.06 13.52 14.45 14.17 10.81 13.80 11.78 13.96 12.37 15.24 14.97
MnO 0.06 0.08 0.06 0.06 0.06 0.04 0.06 0.02 0.07 0.08 0.10 0.07
MgO 11.95 11.72 12.63 10.50 9.93 10.11 12.46 10.02 11.32 12.22 12.61 11.95
CaO 10.90 10.72 11.11 10.89 10.95 10.23 10.63 10.19 10.35 10.81 11.30 11.22
Na,O 3.64 3.74 3.31 3.48 3.53 4.15 3.02 4.14 3.58 3.51 1.47 1.63
K,0 0.00 0.02 0.04 0.04 0.04 0.01 0.01 0.06 0.02 0.03 0.01 0.02
F 0.07 0.25 0.17 0.13 0.00 0.10 0.30 0.07 0.00 0.24 0.21 0.00
Cl 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.04 0.01 0.01 0.02 0.01
Total 97.91 99.24 98.58 97.39 98.32 97.79 97.02 98.60 97.00 97.02 97.94 98.07
Si 6.01 5.85 6.30 5.90 5.68 6.47 6.31 6.53 591 5.83 6.71 6.71
Al 1.99 2.16 1.71 2.10 2.32 1.53 1.69 1.47 2.09 2.17 1.29 1.29
AV 0.90 1.06 0.51 0.97 1.02 1.51 0.69 1.45 0.91 0.90 0.39 0.60
Ti 0.01 0.01 0.20 0.05 0.18 0.11 0.02 0.09 0.04 0.04 0.12 0.11
Fe** 0.42 0.48 0.28 0.38 0.33 0.00 0.48 0.00 0.53 0.51 0.49 0.35
Fe** 1.07 0.93 1.26 1.28 1.28 1.16 1.07 1.26 1.03 0.88 1.26 1.36
Mg 2.60 2.52 2.75 2.32 2.18 222 2.74 2.19 2.49 2.68 2.74 2.59
Mn 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
Ca (B) 1.71 1.65 1.74 1.73 1.72 1.62 1.68 1.60 1.64 1.70 1.76 1.75
Na (B) 0.16 0.18 0.14 0.15 0.15 0.20 0.17 0.21 0.19 0.16 0.13 0.14
Na (A) 0.88 0.86 0.80 0.86 0.86 0.98 0.69 0.97 0.83 0.84 0.29 0.32
K 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00
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Analyses of amphibole from the Ceard Central high-pressure mafic rocks.

Sample WT7-25K WT7-25K WT7-25K WTS8-302 WT8-302 WTS8-302 WTS8-302 WTS8-302 WTS-53E WTS8-53E WTS-53E WTS-S3E WTS-53E

Location 1rimc-Pl 2 rimc-Pl 3 matrix 1 spl 2spl 3 rimc-Rt 4 spl-Rt S5spl 1rimcCpx 2rimc-Rt 3 core 4 core 5 core
SiO, 43.19 43.03 43.90 45.85 45.74 44.04 44.49 44.48 45.40 41.90 44 .85 45.86 45.15
TiO, 1.31 1.26 1.00 1.82 1.06 2.14 2.06 1.47 1.21 0.97 1.11 0.92 0.95
ALO; 11.60 11.26 10.69 10.92 10.52 12.11 11.25 12.35 10.79 16.21 10.69 10.85 11.25
FeO 18.20 18.54 17.81 11.42 10.72 11.27 11.13 11.26 13.17 13.80 13.50 14.21 13.60
MnO 0.08 0.09 0.06 0.05 0.04 0.05 0.06 0.06 0.06 0.10 0.06 0.09 0.08
MgO 9.97 9.89 10.93 13.83 14.55 13.56 13.53 13.87 12.95 11.41 12.98 13.03 12.59
CaO 11.17 11.14 11.23 11.70 11.76 11.48 11.64 11.05 11.41 10.64 11.52 11.74 11.65
Na,O 2.00 1.96 1.94 1.99 1.91 2.34 2.17 2.35 1.67 1.76 1.69 1.71 1.76
K,O 0.48 0.51 0.48 0.14 0.11 0.16 0.09 0.13 0.26 0.27 0.25 0.25 0.25
F 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.04 0.21 0.00 0.00 0.11 0.10
Cl 0.02 0.06 0.02 0.13 0.17 0.18 0.16 0.17 0.01 0.00 0.02 0.02 0.02
Total 98.01 97.73 98.05 97.87 96.57 97.33 96.57 97.23 97.13 97.05 96.66 98.79 97.41
Si 6.43 6.44 6.50 6.65 6.67 6.44 6.55 6.47 6.65 6.10 6.60 6.62 6.61
Al 1.57 1.56 1.50 1.35 1.33 1.56 1.45 1.53 1.35 1.90 1.40 1.38 1.39
AV 0.47 0.42 0.37 0.51 0.48 0.52 0.50 0.59 0.52 0.88 0.45 0.46 0.55
Ti 0.15 0.14 0.11 0.20 0.12 0.24 0.23 0.16 0.13 0.11 0.12 0.10 0.10
Fe* 0.38 0.42 0.50 0.18 0.25 0.21 0.15 0.34 0.30 0.61 0.38 0.40 0.27
Fe** 1.80 1.81 1.61 1.12 0.99 1.07 1.15 0.90 1.22 0.91 1.20 1.23 1.32
Mg 2.21 221 2.41 2.99 3.17 2.95 2.97 3.01 2.83 2.48 2.85 2.80 2.75
Mn 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01
Ca (B) 1.78 1.79 1.78 1.82 1.84 1.80 1.84 1.72 1.79 1.66 1.82 1.81 1.83
Na (B) 0.12 0.11 0.12 0.10 0.09 0.11 0.09 0.15 0.11 0.18 0.10 0.10 0.09
Na (A) 0.46 0.46 0.44 0.46 0.45 0.56 0.53 0.52 0.36 0.32 0.38 0.38 0.41
K 0.09 0.10 0.09 0.03 0.02 0.03 0.02 0.02 0.05 0.05 0.05 0.05 0.05
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Analyses of plagioclase from the Ceard Central high-pressure mafic rocks.

Sample RM-182 RM-182 RM-182 RM-182 RM-182 RM-182 RM-220 RM-220 RM-220 RM-220 RM-220 RM-220 RM-220 RM124B

Location 1spl 2rimc-Am 5 spl 6 c-cpx 6 spl 7 coronal 1spl 2rimc-Am 2 spl 3c-Spl 4rimc-Cpx  5rim grt 7 spl 1 spl
SiO, 60.74 58.84 58.68 59.97 59.24 59.26 60.10 59.11 60.00 57.84 56.88 55.64 57.47 58.07
TiO, 0.00 0.00 0.05 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.09 0.07
ALO; 25.10 25.70 25.54 25.93 26.04 25.77 25.34 26.03 25.49 2691 28.05 28.33 27.08 26.55
Fe,03 0.07 0.04 0.14 0.06 0.14 0.08 0.09 0.08 0.16 0.07 0.16 0.08 0.16 0.00
MnO 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00
MgO 0.01 0.00 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
CaO 6.35 6.84 7.17 7.21 7.26 7.01 6.92 7.09 6.90 8.05 9.17 10.10 8.75 8.19
Na,O 8.29 7.58 7.65 7.80 7.69 7.86 7.96 7.83 7.88 6.99 6.54 5.82 6.87 7.16
K,0 0.15 0.06 0.14 0.10 0.13 0.11 0.05 0.07 0.05 0.03 0.05 0.02 0.05 0.14
Total 100.69 99.05 99.38 101.10 100.53 100.10 100.45 100.20 100.49 9991 100.86 99.99 100.48 100.19
Si 10.75 10.59 10.55 10.59 10.53 10.57 10.67 10.53 10.65 10.35 10.13 10.01 10.26 10.38
Al 5.23 5.45 5.41 5.39 5.45 541 5.30 5.46 5.33 5.67 5.88 6.00 5.70 5.59
Ti 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Fe* 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.20 1.32 1.38 1.36 1.38 1.34 1.32 1.35 1.31 1.54 1.75 1.95 1.67 1.57
Na 2.84 2.64 2.67 2.67 2.65 2.72 2.74 2.70 2.71 2.43 2.26 2.03 2.38 2.48
K 0.03 0.01 0.03 0.02 0.03 0.03 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.03
Ab 69.70 66.50 65.40 65.80 65.20 66.60 67.40 66.40 67.20 61.00 56.20 51.00 58.50 60.80
An 29.50 33.10 33.90 33.60 34.00 32.80 32.40 33.20 32.50 38.80 43.50 48.90 41.20 38.40
Or 0.80 0.40 0.80 0.50 0.70 0.60 0.30 0.40 0.30 0.20 0.30 0.10 0.30 0.80
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Analyses of plagioclase from the Ceard Central high-pressure mafic rocks.

Sample RM124B RM124B RM124B RM124B RMI124B TJF5-335 TJF5-335A TJF5-335A TJF5-335A TJF5-335A TJF5-335A TJF5-335A
Location 1 spl 2spl 2 spl-cpx 3spl  3rimspl 2 spl 1 spl 1 spl cpx 1 matrix 1 spl 19 coronal 2 spl cpx
SiO, 56.96 57.46 56.59 58.40 57.41 61.95 62.68 64.72 60.49 64.79 53.04 64.72
TiO, 0.05 0.05 0.01 0.09 0.00 0.00 0.01 0.00 0.00 0.00 0.06 0.00
ALO; 27.29 27.08 27.25 26.79 26.98 23.02 23.76 23.05 25.35 23.10 29.74 23.05
Fe,03 0.07 0.22 0.10 0.06 0.03 0.16 0.49 0.18 0.08 0.14 0.21 0.18
MnO 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.03 0.00 0.00 0.02
MgO 0.00 0.00 0.02 0.00 0.02 0.00 0.12 0.00 0.01 0.00 0.00 0.00
CaO 8.69 8.55 8.54 8.64 8.65 3.96 4.66 3.60 6.47 3.64 11.82 3.60
Na,O 6.66 6.97 6.95 6.98 6.82 9.71 9.38 9.96 8.20 9.85 5.08 9.96
K,0 0.16 0.15 0.11 0.11 0.10 0.01 0.04 0.02 0.02 0.00 0.00 0.02
Total 99.89 100.47 99.57 101.07 100.03 98.82 101.14 101.54 100.64 101.51 99.95 101.54
Si 10.23 10.26 10.20 10.36 10.29 11.11 11.01 11.26 10.71 11.27 9.61 11.26
Al 5.77 5.70 5.79 5.60 5.70 4.86 491 4.72 5.28 4.73 6.35 4.72
Ti 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Fe* 0.01 0.03 0.01 0.01 0.00 0.02 0.07 0.02 0.01 0.02 0.03 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
Ca 1.67 1.64 1.65 1.64 1.66 0.76 0.88 0.67 1.23 0.68 2.30 0.67
Na 2.32 2.42 2.43 2.40 2.37 3.38 3.19 3.36 2.81 3.32 1.78 3.36
K 0.04 0.03 0.03 0.03 0.02 0.00 0.01 0.00 0.01 0.00 0.00 0.00
Ab 57.60 59.10 59.20 59.00 58.50 81.60 78.30 83.30 69.60 83.00 43.70 83.30
An 41.50 40.10 40.20 40.40 41.00 18.40 21.50 16.60 30.30 17.00 56.30 16.60
Or 0.90 0.80 0.60 0.60 0.50 0.10 0.20 0.10 0.10 0.00 0.00 0.10
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Analyses of plagioclase from the Ceard Central high-pressure mafic rocks.

Sample  TJF5-335A TJF5-335A TJF5-335A TJF5-335B TJF5-335B TJF5-335B TJFS5-335B TJFS-335B  WT7-25K  WT7-25K WT7-25K WT7-25K

Location 6 spl 7 spl 8spl 1lrimc-Am 2rimc-oxi 5 rim c-PI 8rimc-Pl  9rim-c-grt 1rimc-Am 3rimc-Cpx 4rimc-Pl 9 rimc-Pl
SiO, 62.68 61.77 63.54 59.47 59.85 60.42 61.57 60.30 62.44 61.53 61.04 63.12
TiO, 0.00 0.00 0.00 0.01 0.00 0.07 0.07 0.02 0.00 0.00 0.07 0.02
ALO; 22.85 23.85 22.90 25.24 24.50 24.69 2442 24.95 23.89 24.80 24.52 23.52
Fe,O; 0.08 0.27 0.18 0.10 0.18 0.17 0.17 0.21 0.08 0.00 0.24 0.24
MnO 0.04 0.01 0.00 0.02 0.00 0.02 0.00 0.01 0.12 0.00 0.00 0.02
MgO 0.02 0.01 0.01 0.01 0.00 0.02 0.02 0.00 0.00 0.01 0.01 0.00
CaO 4.13 4.90 3.92 6.74 5.97 5.90 5.34 6.09 5.11 5.66 5.70 4.69
Na,O 9.61 9.33 9.85 8.17 8.19 8.56 8.90 8.52 8.92 8.34 8.56 9.15
K,0 0.00 0.00 0.00 0.00 0.01 0.03 0.01 0.02 0.15 0.18 0.14 0.19
Total 99.42 100.42 100.39 99.77 98.71 99.87 100.50 100.12 100.72 100.51 100.28 100.95
Si 11.16 10.95 11.20 10.64 10.79 10.77 10.89 10.73 11.01 10.87 10.83 11.09
Al 4.79 4.98 4.75 5.32 5.20 5.18 5.09 5.23 4.96 5.16 5.12 4.87
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00
Fe* 0.01 0.04 0.02 0.01 0.03 0.02 0.02 0.03 0.01 0.00 0.03 0.03
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Mg 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Ca 0.79 0.93 0.74 1.29 1.15 1.13 1.01 1.16 0.97 1.07 1.08 0.88
Na 332 3.21 3.37 2.84 2.86 2.96 3.05 2.94 3.05 2.86 2.94 3.12
K 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.03 0.04 0.03 0.04
Ab 80.80 77.50 82.00 68.70 71.20 72.30 75.10 71.60 75.30 72.00 72.50 77.10
An 19.20 22.50 18.00 31.30 28.70 27.60 24.90 28.30 23.90 27.00 26.70 21.80
Or 0.00 0.00 0.00 0.00 0.10 0.10 0.00 0.10 0.80 1.00 0.80 1.10
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Analyses of plagioclase from the Ceard Central high-pressure mafic rocks.

Sample WT8-302 WTS8-302 WTS8-302 WTS8-302 WT8-302 WTS8-302 WTS8-302 WTS-53E WTS-53E WTS-53E WTS-S3E WTS-S3E WTS-53E

Location 1 rim grt 11 spl 2 spl 4 spl 5 spl 7 spl 8 spl 1spl2 2 coronal 3 rim grt 4 camp 5 coronal 6 cpx
SiO, 60.80 61.65 59.92 60.35 60.98 60.58 61.17 58.73 59.27 59.58 60.61 59.80 59.52
TiO, 0.04 0.00 0.00 0.00 0.06 0.00 0.00 0.04 0.06 0.05 0.04 0.00 0.00
ALO; 25.02 24.85 26.48 24.97 24.97 25.08 24.85 25.53 25.96 25.92 25.11 25.32 25.18
Fe,03 0.20 0.12 0.19 0.28 0.24 0.09 0.21 0.27 0.23 0.36 0.12 0.20 0.19
MnO 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.00
MgO 0.00 0.02 0.02 0.01 0.02 0.00 0.01 0.13 0.01 0.00 0.00 0.00 0.01
CaO 6.34 6.29 7.42 6.42 6.59 6.67 6.22 7.36 7.12 7.36 6.60 7.12 6.49
Na,O 8.55 8.43 7.60 8.23 8.26 7.89 8.42 7.66 8.03 7.64 8.16 7.95 8.13
K,0 0.03 0.02 0.06 0.10 0.06 0.04 0.05 0.09 0.00 0.04 0.13 0.09 0.08
Total 100.97 101.38 101.69 100.35 101.19 100.36 100.94 99.80 100.69 100.97 100.76 100.51 99.60
Si 10.74 10.82 10.52 10.72 10.74 10.74 10.79 10.53 10.52 10.55 10.72 10.63 10.66
Al 5.20 5.14 5.47 5.22 5.18 5.24 5.16 5.39 5.43 5.40 5.23 5.30 5.31
Ti 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00
Fe* 0.03 0.02 0.02 0.04 0.03 0.01 0.03 0.04 0.03 0.05 0.02 0.03 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
Ca 1.20 1.18 1.40 1.22 1.24 1.27 1.18 1.41 1.36 1.40 1.25 1.36 1.25
Na 2.93 2.87 2.59 2.84 2.82 2.71 2.88 2.66 2.76 2.62 2.80 2.74 2.82
K 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.00 0.01 0.03 0.02 0.02
Ab 70.80 70.70 64.70 69.50 69.20 68.00 70.80 65.00 67.10 65.10 68.60 66.60 69.10
An 29.00 29.20 34.90 30.00 30.50 31.80 28.90 34.50 32.90 34.60 30.70 32.90 30.50
Or 0.10 0.10 0.40 0.50 0.30 0.20 0.20 0.50 0.00 0.20 0.70 0.50 0.40
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Analyses of plagioclase from the Ceard Central high-pressure metapelitic rocks.

Sample WT7-53A WT7-53A WT7-53A WT7-53A WT7-53A WT8-07 WT8-07 WT8-07 WT8-07 WT8-07 WT8-17 WT8-17 WTS8-17
Location  2rimc-Grt  Srimc-Pl 6 rim c-grt 7 core 8 rimc-Bt l1core 2rimc-Bt 2 core c-grt 4rim  5rimc-Bt 1 core 3rim 3 rim cbt
SiO, 63.03 63.05 61.80 63.03 63.12 64.29 64.23 63.91 63.49 63.86 62.37 61.04 63.10
TiO, 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.01 0.01 0.00 0.00 0.00 0.02
Al O3 19.11 19.04 19.27 18.99 19.25 22.17 22.29 2231 22.39 22.14 19.26 24.37 19.27
Fe,0; 0.01 0.09 1.08 0.09 0.02 0.03 0.02 0.00 0.00 0.01 0.01 0.11 0.09
MnO 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00
MgO 0.01 0.02 0.04 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00
CaO 0.05 0.00 0.01 0.07 0.09 2.82 2.70 2.67 2.70 2.46 0.11 4.89 0.05
Na,O 2.13 1.50 1.33 2.15 2.66 10.58 10.16 10.43 10.36 10.44 1.89 9.11 1.82
K,0 14.16 15.42 14.84 14.36 13.51 0.15 0.13 0.14 0.14 0.16 14.67 0.45 15.26
Total 99.09 99.73 99.12 99.30 99.21 100.11 99.54 99.49 99.11 99.09 98.29 100.05 99.94
Si 11.78 11.77 11.63 11.78 11.76 11.35 11.37 11.34 11.31 11.37 11.73 10.87 11.73
Al 4.20 4.19 4.27 4.18 4.22 4.61 4.65 4.66 4.70 4.64 4.27 5.11 4.22
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 0.00 0.01 0.15 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.01 0.00 0.00 0.01 0.02 0.53 0.51 0.51 0.52 0.47 0.02 0.93 0.01
Na 0.77 0.54 0.49 0.78 0.96 3.62 3.49 3.59 3.58 3.60 0.69 3.15 0.66
K 3.38 3.67 3.56 3.42 3.21 0.04 0.03 0.03 0.03 0.04 3.52 0.10 3.62
Ab 18.60 12.90 12.00 18.50 23.00 86.40 86.60 86.90 86.80 87.70 16.30 75.30 15.30
An 0.20 0.00 0.00 0.30 0.40 12.70 12.70 12.30 12.50 11.40 0.50 22.30 0.20
Or 81.20 87.10 88.00 81.20 76.60 0.80 0.70 0.80 0.80 0.90 83.20 2.40 84.40
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Analyses of biotite from the Ceard Central high-pressure metapelitic rocks.

Sample WT7-53A WT7-53A WT7-53A  WT7-53A WT7-53A WT7-53A WT8-07 WTS8-07 WT8-07 WT8-07  WT8-07 WT8-07
Location Irime-Grt  1rimc-Pl  Irimc-Pl  1rimc-Sill  2rimc-Pl  3rimc-Grt  Irimc-Grt  2incl-grt 3 rimc-grt  4rimc-Ky Srimc-Pl 6 rimc-Ky
SiO, 36.62 36.31 37.58 37.07 36.37 36.82 35.32 3545 35.94 35.36 3592 36.17
TiO, 4.82 4.26 3.76 4.43 2.97 4.90 3.03 2.15 0.19 2.76 1.94 2.90
ALO; 17.98 18.17 19.44 17.62 18.69 17.47 18.72 18.48 19.51 18.61 18.47 18.86
FeO 15.01 15.79 12.29 15.13 13.96 13.59 16.94 18.38 18.71 17.31 17.05 15.65
MnO 0.00 0.00 0.07 0.00 0.04 0.01 0.05 0.04 0.00 0.02 0.02 0.02
MgO 12.20 11.92 12.43 12.97 13.11 13.35 11.48 11.14 12.28 11.92 12.27 11.11
BaO 0.14 0.22 0.04 0.24 0.18 0.10 0.17 0.12 0.09 0.20 0.11 0.10
CaO 0.09 0.00 0.01 0.01 0.03 0.01 0.00 0.03 0.02 0.00 0.00 0.04
Na,O 0.12 0.12 0.11 0.13 0.16 0.12 0.45 0.33 0.29 0.36 0.20 0.40
K,0 9.05 10.14 8.93 10.19 9.53 10.16 8.97 8.94 8.58 8.76 9.25 8.71
F 0.64 0.23 0.35 0.54 0.50 0.59 0.00 0.26 0.07 0.20 0.29 0.33
Cl 0.01 0.02 0.06 0.02 0.00 0.04 0.04 0.02 0.06 0.02 0.03 0.03
Total 96.67 97.19 95.05 98.33 95.54 97.14 95.16 95.33 95.71 95.51 95.56 94.30
Si 5.65 5.61 5.77 5.66 5.66 5.65 5.57 5.63 5.65 5.57 5.65 5.71
AlY 2.35 2.39 2.23 2.34 2.34 2.35 243 2.37 2.35 243 2.35 2.29
AV 0.92 0.92 1.28 0.83 1.08 0.81 1.05 1.08 1.26 1.02 1.08 1.21
Ti 0.56 0.50 0.43 0.51 0.35 0.57 0.36 0.26 0.02 0.33 0.23 0.34
Fe** 1.94 2.04 1.58 1.93 1.82 1.75 2.23 2.44 2.46 2.28 2.24 2.07
Mn 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Mg 2.81 2.75 2.84 2.95 3.04 3.06 2.70 2.64 2.88 2.80 2.88 2.61
Ba 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Na 0.04 0.04 0.03 0.04 0.05 0.03 0.14 0.10 0.09 0.11 0.06 0.12
K 1.78 2.00 1.75 1.98 1.89 1.99 1.81 1.81 1.72 1.76 1.86 1.75
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Analyses of biotite from the Ceard Central high-pressure metapelitic rocks.

Sample WT8-17 WT8-17 WT8-17 WTS8-17 WTS8-17 WTS-17
Location Oc-Pl 1rimc-Pl 1core-Ms 3rimc-Pl 5 core 6 core
SiO, 35.66 35.48 46.56 36.19 35.67 36.12
TiO, 4.72 4.94 0.05 4.41 4.44 435
ALO; 18.43 19.05 37.12 18.24 17.97 18.18
FeO 17.25 16.77 1.29 17.32 17.37 16.86
MnO 0.02 0.03 0.00 0.01 0.00 0.01
MgO 9.91 9.41 0.28 10.55 10.72 11.07
BaO 0.19 0.19 0.16 0.17 0.09 0.23
CaO 0.04 0.00 0.04 0.03 0.00 0.01
Na,O 0.11 0.12 0.26 0.14 0.12 0.10
K,O 10.35 10.23 9.74 10.06 10.10 10.22
F 0.36 0.28 0.00 0.30 0.44 0.13
Cl 0.01 0.00 0.01 0.01 0.03 0.01
Total 97.06 96.47 95.50 97.44 96.93 97.28
Si 5.58 5.56 6.42 5.62 5.59 5.60
AlY 2.42 2.44 1.58 2.38 2.42 2.40
AV 0.97 1.07 4.44 0.95 0.90 0.93
Ti 0.56 0.58 0.01 0.52 0.52 0.51
Fe** 2.26 2.20 0.15 2.25 2.28 2.19
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 2.31 2.20 0.06 2.44 2.50 2.56
Ba 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.01 0.00 0.01 0.01 0.00 0.00
Na 0.03 0.04 0.07 0.04 0.04 0.03
K 2.07 2.04 1.71 1.99 2.02 2.02
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Analises Geocronologicas
Tabelas U-Pb (1-10)



Table 1

Summary of LA-ICP-MS data for sample WT7-25

Isotopic ratios Ages
Spot

06pp2%ph 27PhA%Ph 26 2PH/AU 26 PHAPU 0 26 2PbA"Pb 26 Pb/AU 26 Pb/A®U 26 Rho Conc.
(%)
73 - 0.09491 1.37829 341174 491709 0.26071 4.71997 1526.33 25.97 1507.1 28.79 149346 39.02 096 99.83
74 - 0.09707 0.77469  3.73159 2.33671 0.27881 2.20456 1568.58 14.51 1578.17 26.53 1585.36 28.85 0.94 100.11
75 - 0.09056  0.77228 2.62104  3.06299  0.20991 2.96403 1437.38 14.73 1306.56 20.06 1228.34 2549 0.97 98.96
76 - 0.09018 1.57943  2.53407 4.90316 0.2038 4.64180 1429.33 30.15 1281.87 21.37 119572 31.61 095 98.85
77 - 0.08687 191282 2.26174 5.95525  0.18883 5.63969 1357.59 36.87 120045 19.66 111505 33.89 095 98.86
78 - 0.09617 0.77528 3.47138 247450 0.26179  2.34992 1551.14 14.56 1520.74 25.10 149899 27.99 095 99.72
79 - 0.09459 0.86757 3.20124 2.92915 0.24547 2.79772 1519.84 16.36 145746 24.23 1415.05 28.29 0.96 99.44
710 - 0.09579 0.90945 3.44734 3.06238 0.26102 2.92422 1543.63 17.10 151526 26.39 1495.05 30.25 0.95 99.74
711 - 0.08876  6.04901 2.19519 13.01747 0.17938 11.52666 1398.89 11595 1179.52 20.70 1063.59 59.01 0.89 98.42
712 - 0.07898  2.89506 1.61898  6.60465 0.14868  5.93633 1171.52 57.31 977.59 14.28 893.55 28.67 0.9 98.83
713 - 0.09654 0.78889 3.61078  2.35817 0.27127  2.22229 1558.29 14.80 155191 2575 154722 28.31 094 99.95
714 - 0.09658  0.79724 3.56597 2.19111 0.2678 2.04092 1559 14.96 1541.99 2486 1529.61 27.37 093 99.85
715 - 0.08141 2.08080 1.79315 5.42187  0.15975 5.00669 1231.32 40.84 104297 15.37 955.4 27.03 0.92 98.8
716 - 0.09685 0.78843 3.65117 2.24886  0.27343 2.10612 1564.26 14.78 1560.76  25.66 1558.18 28.06 0.94 99.98
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Table 2

Summary of LA-ICP-MS data for sample WT8-12F

Isotopic ratios Ages
Spot

06pp2%phy 27Ph2%Ph 26 2PH/AU 26 PbABU 26 YPbPb 26 Pb/AU 26 Pb/”*U 26 Rho Conc.
(%)

72 3629.38 0.09015 6.84952 2.77078 5.45690 0.2229 3.92339 1428.8 125.41 1347.7 40.96 1297.19 46.15 0.72 90.79
73 7416.75 0.0914 6.03621 2.79176 4.86033 0.22153 3.48655 145498 110.66 1353.33 36.15 1289.93 40.72 0.72 88.66
74 10666.09 0.09785 4.35368 3.46049 3.84879 0.2565 1.94938 1583.46 79.28 1518.26 30.20 147193 25.64 0.51 92.96
76 5259.05 0.09194 4.29224 2.8032 3.54805 0.22113 2.35953 1466.11 79.73 1356.39 26.35 1287.87 27.49 0.67 87.84
77 106002.6 0.09661 3.92665 3.82603 3.23769 0.28723 2.18631 1559.62 72.11 1598.24 25.84 1627.69 31.38 0.68 104.36
78 17210.72 0.08204 3.47246 1.98768 2.88532 0.17571 1.90086 1246.57 66.53 1111.33 19.44 1043.5 18.31 0.66 83.71
79 65401.44 0.08649 3.76442 2.41869 3.02464 0.20283 2.22317 1349.06 70.97 1248.17 21.58 1190.51 24.14 0.74 88.25
710 29845.47 0.06652 4.31061 1.15947 3.35420 0.12641 2.69250 822.92 87.50 781.71 18.18 767.35 1946 0.8 93.25
711 4943.28 0.07508 4.13522 1.52232 3.33500 0.14706 2.31712 1070.53 80.93 939.41 20.74 884.48 19.19 0.69 82.62
712 1041.7 0.09026 4.43476 3.01013 3.82019 0.24187 2.19531 1431.1 82.35 1410.19 28.94 1396.39 27.53 0.57 97.57
713 37672.93 0.07981 7.93399 1.7557 6.17233 0.15956 4.89918 1192.18 149.08 1029.26 39.54 954.32 4340 0.79 80.05
714 110294 .4 0.0762 4.93826 1.61958 4.57956 0.15415 1.76793 1100.39 95.74 977.83 28.54 924.16 1521 0.39 83.98
715 26194.67 0.09212 6.94943 3.24491 6.15449 0.25549 2.97817 1469.76 127.26 1467.96 47.28 1466.72 38.97 0.48 99.79
716 23746.34 0.09438 5.97488 3.46263 5.20037 0.26609 2.85705 1515.7 109.03 1518.75 40.39 152093 38.60 0.55 100.35
721 8498.39 0.09004 5.71372 2.68794 4.83500 0.21651 2.92636 1426.43 105.35 1325.14 35.66 1263.39 33.55 0.61 88.57
723 3189.21 0.08674 4.96017 2.19367 4.39039 0.18341 2.15871 1354.81 92.76 1179.03 30.67 1085.59 21.57 0.49 80.13
724 8086.86 0.09743 5.01806 3.74305 4.18221 0.27864 2.71299 157548 91.42 1580.63 33.15 1584.49 38.01 0.65 100.57
725 12984.51 0.08608 9.56080 2.54543 7.13510 0.21447 6.25390 1339.9 174.35 1285.13 51.27 1252.61 71.04 0.88 93.49
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Table 3

Summary of LA-ICP-MS data for sample WT8-53E.

Isotopic ratios Ages
Spot
06ph/2%Ph 27Ph/2%Ph 26 2Pb/AU 26 PbABU 26 YPb/Pb 26 2Pb/AU 26 2Pb/A*U 26 Rho Conc.
(%)
74 27720.09 0.09406 1.0203  3.07779 2.31327  0.23731 2.07611 1509.39 19.14  1427.18 17.58 1372.7 25.62 0.83 90.94
76 31284.02 0.09392 1.05859 3.46926 2.2239 0.26791 1.95579 1506.47 19.87 1520.26 17.38 1530.18 26.59 0.88 101.57
77 16005.73 0.09407 1.0735 3.40143 2.23132 0.26226 1.95612 1509.43 20.14 1504.73 17.36 1501.39 26.15 0.88 99.47
79 29406.6 0.09839 0.80961  3.51295 24289 025896  2.29 1593.81 15.04  1530.13 19.02 14845 3029 0.95 93.14
712 11020.15 0.09669 1.88869  3.43155 3.38408  0.25741  2.808 1561.14 35.01  1511.65 2626  1476.58 36.95 0.71 94.58
714 11546.3 0.09628 0.96354  3.58917 1.41314  0.27036 1.03371 155331 17.98  1547.14 11.16  1542.63 14.17 0.49 99.31
717 9817.15 0.09364 0.81911 2.96772 1.45246 0.22985 1.19946 1500.92 15.41 1399.39 10.97 1333.72 14.43 0.81 88.86
718 18150.04 0.09534 0.91182 3.34079 1.27164 0.25413 0.88638 1534.89 17.06 1490.64 9.89 1459.73 11.57 0.56 95.1
729 12279.45 0.09128 0.80581 3.01235 1.27371 0.23933 0.98641 1452.55 15.26 1410.75 9.66 1383.23 12.27 0.74 95.23
Table 4
Summary of LA-ICP-MS data for sample WT8-53x
Isotopic ratios Ages
Spot
06pp/2%ph 27PhA%Ph 26 Pb/AU 0 26 PHAPU 0 26 2PbA"Pb 26 Pb/AU 26 Pb/”*U 26 Rho Conc.
(%)
z4 - 0.08879 1.17625 2.2286 1.73244  0.18204 1.27192 1399.66 22.38 1190.08 12.07 1078.1 12.61 0.73 775
5 - 0.09715  1.86890 3.35424 2.58077 02504  1.77977 1570.18  34.61 149378 19.99 144054 2293 0.69 92.82
6 - 0.09583  1.40843 3.11083 1.98768 0.23545 1.40258 154436 2624 143537 15.16 136299 1721 0.71 88.67
77 - 0.09772  1.97996 3.59397 2.89848 0.26675 2.11682  1581.02 36.59 15482 2277 152427 28.67 0.73 97.74
79 - 0.09646  1.59449  3.31294 2.85527 0.24909 2.36858  1556.82  29.63  1484.1 22.03 1433.76 30.38 0.83 92.28
z11 - 0.08869 251096 2.41714  3.14519 0.19767 1.89403 1397.4 47.39 124771  22.34 1162.8 20.12 0.6 85.08
z12 - 0.0938 1.62269  2.95772  2.20375 0.2287 1.49110 1504 30.28 1396.83 16.63 1327.7 17.88 0.68 88.28
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Table 5

Summary of LA-ICP-MS data for sample TJF6-302

Isotopic ratios Ages
Spot

06pp2%phy 27Ph/2%Ph 26 PHAU 26 PbAPU 0 26 PHA"Pb 26 *Pb/AU 26 *Pb/A®U 26 Rho Conc.
(%)
722 19367.22 0.0794 147134 1.86899 1.78296 0.17071 1.007022 1182.23 28.73 1070.17 11.77 1016.03 947 0.56 85.94
714 0 0.08061 1.15137 1.82516 1.88461 0.16421 1.492014 1211.97 22.47 1054.54 12.30 980.14 13.56 0.62 80.87
721 12936.88 0.0802 1.62416 1.86111 2.27950 0.16831 1.599437 1201.88 31.56 1067.38 15.02 1002.78 14.85 0.7 83.43
72 15457.53 0.0813 141316  1.58023 1.75290 0.14097 1.037120 1228.72  27.41 962.46 10.89 850.14 8.26 0.59 69.19
719 31413.04 0.08226 091796 1.85648 1.64528 0.16368 1.365398 1251.79 17.83 1065.74 10.82 977.17 12.37 0.83 78.06
710 81567.39 0.08295 1.79376 191646 3.58365 0.16757 3.102418 1267.98 34.60 1086.84 23.65 998.71 28.64 0.87 78.76
713 0 0.08353 2.22139 1.91238 2.45430 0.16605 1.043561 1281.64 42.62 108542 16.26 990.29 9.58 0.33 77.27
77 20926.15 0.08558 1.40000 1.93503 2.34419 0.16398 1.880216 1328.77 26.80 1093.28 15.62 978.88 17.07 0.8 73.67
718 57006.47 0.08616 1.03918 2.3382 1.64548 0.19682 1.275814 1341.79 19.93 122397 11.65 1158.22 13.51 0.78 86.32
712 0 0.08696 1.05821 2.4292 1.46871 0.20261 1.018479 1359.57 20.25 125128 10.52 1189.3 11.05 0.36 87.48
711 111751.35 0.08888 0.97994  2.71273 1.42092 0.22137 1.028949 1401.47 18.65 133195 1049 1289.13 12.01 0.72 91.98
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Table 6

Summary of LA-ICP-MS data for sample TIF6-335

Isotopic ratios Ages

Spot
06pp2%ph 27Ph2%Ph 26 2PH/AU 26 PbABU 26 PbA"Pb 26 Pb/APU 26 2Pb/A®U 26 Rho Conc.
(%)
73 1104 0.05902 6.94387 0.8399 0.8399 0.10322 6.61966 567.7 151.2 619.1 44.5 633.3 39.9 0.69 102.29
710 -188844 0.05954 6.33292 0.9526 0.9526 0.11604 5.12812 5869 137.4 679.5 404 707.7 34.4 0.63 104.16
712 -254292 0.05918 3.58504 0.8824 0.8824 0.10814 2.71508 573.7 78.0 6423 214 662 17.1 0.6 103.06
719 -483358 0.06474 6.30877 0.9744 0.9744 0.10916 7.36725 7659 1329 690.7 48.6 6679 46.7 0.76 96.69
721 -548806 0.05191 6.23081 0.7639 0.7639 0.10673 6.26378 281.6 142.6 576.3 38.9 653.7 38.9 0.71 113.44
722 -581529 0.05651 4.90956 0.8546 0.8546 0.10969 5.68858 472.4 108.6 627.2 352 671 36.2 0.76 106.98
723 -614253 0.06445 5.59719 1.1996 1.1996 0.13498 6.49948 756.6 118.1 800.4 47.5 816.2 49.8 0.76 107.89
725 -679701 0.05817 3.34293 0.9495 0.9495 0.1184 2.87201 536 73.2 6779 21.8 721.3 19.6 0.65 106.41
726 -712424 0.06085 4.65287 0.8439 0.8439 0.10058 8.30638 633.9 100.2 621.3 442 617.8 489 0.87 99.44
730 -843319 0.06381 4.05328 0.9448 0.9448 0.10739 5.25908 7354 85.8 6754 32.8 657.6 329 0.79 97.36
731 -876043 0.05929 5.89742 0.7948 0.7948 0.09723 4.72004 577.7 128.2 5939 34.0 598.1 27.0 0.62 100.71
732 -908767 0.06016 2.51935 0.8564 0.8564 0.10323 1.74603 609.5 545 628.1 144 633.3 10.5 0.57 100.83
733 -941491 0.05977 4.31580 0.9128 0.9128 0.11076 3.50246 595.3 935 658.6 269 677.2 22.5 0.63 102.83
735 -1006938 0.06125 5.03457 0.9332 0.9332 0.11051 4.15678 6479 108.1 669.3 32.0 675.7 26.7 0.64 100.95
736 -1039662 0.06036 3.20988 0.8294 0.8294 0.09966 2.65221 6164 69.3 613.3 19.2 6124 155 0.64 99.86
737 -1072386 0.05952 4.92341 0.8203 0.8203 0.09995 2.57622 586.3 106.8 608.2 254 614.1 15.1 0.46 100.97
738 -1105109 0.06222 4.35348 0.8423 0.8423 0.09818 2.87732 681.8 93.0 620.4 24.2 603.7 16.6 0.55 97.31
739 -1137833 0.05973 5.52052 0.8279 0.8279 0.10053 2.74741 593.8 119.6 612.5 284 617.5 16.2 0.45 100.83
740 -1170557 0.06957 2.24199 1.2597 1.2597 0.13132 3.07448 915.7 46.1 827.8 21.5 7954 23.0 0.81 86.86
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Table 7

Summary of LA-ICP-MS data for sample WT8-53MM.

Isotopic ratios Ages

Spot
06pp2%ph 27ph/%Ph 26 PbAU 26 PbABU 26 PbA"Pb 26 2Pb/AU 26 Pb/”*U 26 Rho Conc.
(%)
71 9248 0.13406 2.7 4.8475 2.2 0.26225 1.6 2151.9 46 1793.2 18.1 1501.3 209 0.67 69.77
73 11338 0.13477 2.5 5.452 2 0.2934 1.5 2161 42.8 1893.1 17.2 1658.5 21.3 0.68 76.75
74 10478 0.1593 4.2 10.0865 3.3 0.45923 2.6 2448.2 68.9 244277 30 2436.2 51.6 0.69 99.51
75 6318 0.135 2.5 7.6044 2 0.40852 1.5 2164.1 43.6 21854 18 2208.2 28.6 0.74 102.04
76 45422 0.12059 2.2 5.1961 1.8 0.31252 1.3 1964.9 38.4 1852 14.9 1753.1 19.7 0.69 89.22
77 14232 0.12971 2.4 6.201 1.9 0.34674 1.4 2094 41.3 2004.6 16.7 1919 232 0.69 91.64
78 27617 0.26648 3.3 21.1335 2.6 0.57518 2.1 3285.4 51.6 3144.7 24.7 2929.1 50.2 0.66 89.15
79b 90032 0.12525 2.1 5.7922 1.8 0.3354 1.2 2032.3 37 1945.2 15.2 1864.5 18.7 0.54 91.74
7Z9n 99005 0.13636 2.5 6.9629 2 0.37034 1.5 2181.5 43.5 2106.7 17.8 2031 26.6 0.72 93.1
7Z10b 10545 0.06088 2.4 0.9286 2 0.11062 1.4 635.1 51.2 666.9 9.7 676.3 89 0.66 106.5
Z10n 13541 0.12774 3.8 6.7131 3.1 0.38115 2.2 2067.1 64.8 2074.3 26.6 2081.7 38.8 0.63 100.7
711 10820 0.15174 2.2 10.3085 1.8 0.49273 1.2 2365.6 37.2 2462.9 16.7 2582.5 264 0.63 109.17
712 84044 0.12517 1 6.0611 1.5 0.3512 1.1 2031.2 18.4 1984.7 13.1 1940.3 18.3 0.63 95.53
713 18336 0.12555 1.3 5.171 2 0.29872 1.5 2036.5 22.2 1847.9 16.6 1685 222 072 8274
714 93994 0.13018 1.6 6.7512 2.8 0.37612 2.3 2100.4 28 2079.3 24.5 2058.1 399 0.69 97.99
715 25634 0.1403 1.2 7.6246 1.7 0.39414 1.2 2231 20.9 2187.8 15.1 2142 21.3 0.52 96.01
Z16n 45471 0.07419 1.7 1.2833 2.2 0.12546 1.4 1046.6 34.2 838.3 12.7 761.9 103 0.57 72.8
716b 12670 0.06243 1.4 0.8848 2.1 0.10278 1.5 689 30.9 643.6 99 630.7 9 067 9154
717 22116 0.14181 2 8.5711 2.8 0.43836 2 22494 35 2293.5 25.9 2343.3 39.3 0.6 104.17
718 11607 0.14096 1.3 8.1441 2 0.41904 1.5 2239 23.3 2247.2 18 2256.1 28 0.7 100.76
719 227993 0.12959 1.5 5.447 1.9 0.30485 1.2 2092.4 25.7 1892.3 16.5 1715.3 18.8 0.59 81.98
720 23744 0.13664 1.3 7.9519 1.9 0.42207 1.3 2185.1 23.1 2225.6 16.8 2269.9 249 0.65 103.88
721b 10372 0.09633 2.5 2.0489 3.5 0.15427 2.5 1554.1 46.5 1131.9 24 924.8 21.5 0.59 59.51
722 19511 0.12224 1.6 5.6725 2.1 0.33655 1.4 1989.2 29 1927.2 18.5 1870 227 0.59 94.01
723 9212 0.13268 1.6 6.7571 2.2 0.36938 1.5 2133.7 28.4 2080.1 19.8 2026.5 26.8 0.65 9498
724 17889 0.16233 1.5 9.8479 2 0.43998 1.3 2480.1 25.7 2420.6 18.3 2350.6 25.1 0.58 94.78
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Z25n
Z25b
726
727
728
729b
729n
730
Z30b
731
732
733
734
Z35n
Z35b
736
737
738
739
740
741
743
744
745
746
747
748
749
750
752
753
754

294328
28391
219094
23087
39713
15784
20514
20433
13543
23325
5652
11170
7407
28466
66702
41146
19319
17678
118172
19942
35847
14225
17558
8295
6325
16479
15648
12914
10784
6982
9325
2618

0.16378
0.12189
0.15641
0.1455
0.12907
0.13623
0.14908
0.15279
0.06281
0.11982
0.07043
0.12258
0.21413
0.14611
0.13304
0.12206
0.13119
0.12314
0.20509
0.14139
0.15665
0.13513
0.16607
0.12699
0.13633
0.14046
0.1339
0.1206
0.13985
0.14097
0.11484
0.05887

2.2
1.5
1.5
1.8
23

1.9
1.7
2.8
1.4
1.9
2.1
2.6
1.7
1.5
1.5

1.5
1.4
1.6
1.8
1.5
1.4
2.2
1.3
1.4
1.5
2.7

1.6
2.1
2.4

10.4617
5.3993
7.6009
6.7892
6.0598
6.8905
10.188
8.2979
0.8481
4.3801
0.9654
3.2364

15.7991
7.9541
6.4899
5.6298
6.0247
3.8112

12.4538
7.4739
8.6346
6.6729

10.1135
6.1447
6.8203

7.569

6.5986
4.9996
7.8484
9.4632
3.6486
0.8382

2.8

2.2
3.1
24
24
23
34
2.1
2.5
2.5
3.8
2.2
1.9

2.9

1.8

2.5
2.1
1.9
33
1.9
1.8
1.9
3.6
23
2.1
33
2.8

0.46329
0.32128
0.35245
0.33842
0.34052
0.36684
0.49563
0.39388
0.09794
0.26513
0.09941
0.19149
0.53512
0.39483
0.3538
0.33451
0.33308
0.22447
0.44041
0.38338
0.39978
0.35816
0.44169
0.35095
0.36285
0.39082
0.35742
0.30067
0.40702
0.48688
0.23043
0.10327

1.8
1.4
1.3
1.3
2.2
1.2
1.5
1.5
1.9
1.5
1.7
1.4
2.7
1.4
1.2
1.3
2.1
1.3
1.2
1.2
1.8
1.4
1.2
2.5
1.4
1.1
1.2
24
1.3
1.4
2.5
1.4

2495
1984
2417.2
2293.7
2085.3
2179.8
23354
23774
701.6
1953.5
940.9
1994.1
2937.1
2300.9
2138.5
1986.6
21139
2002.2
2867.1
22443
2419.8
2165.6
25184
2056.7
2181
22329
2149.7
1965.1
22254
2239.1
1877.4
562.1

36.6
26.7
25.9
30.4
40
35.5
32
29.6
59.6
259
39
36.8
42.8
29.9
26.8
26.3
35.1
26.2
22.7
27.5
29.8
27
23.9
39.6
23.1
25
25.7
47.8
34
28.5
38.6
52.3

2476.5
1884.8
2185
2084.3
1984.5
20974
2452
2264.1
623.6
1708.6
686.1
1465.9
2864.7
2225.8
2044.5
1920.7
1979.4
1595.1
2639.2
2169.9
2300.2
2069
24452
1996.6
2088.4
2181.2
2059.2
1819.2
2213.8
2384
1560.2
618.1

26.3
17.5
17.9
19.5
27.4
21.2
22.4
20.8
15.9
17
12.6
19.2
36
20.2
17
17
25
16
17.2
17.8
22.8
18.5
17.2
29.2
16.9
16.3
16.9
30.2
21
19.7
26.2
13

2454.1
1796
1946.3
1879.1
1889.2
2014.5
2595
2140.8
602.3
1516
611
1129.4
2763
21452
1952.7
1860.2
1853.3
1305.5
2352.5
2092
2168
1973.4
2358.2
1939.1
1995.7
2126.6
1969.9
1694.6
2201.3
2557.2
1336.7
633.5

37.3
21.9
215
21.6
35.6
21.6
32.9
27.3
11.2
19.8
9.6
14.1
60.3
25.7
19.9
21
33.1
15.8
23.4
21.3
33
24
23.8
41.5
23.5
19.9
20.8
352
235
28.9
30.1
8.7

0.51
0.64
0.59
0.54
0.52
0.42
0.59
0.61
0.47
0.68
0.62
0.49
0.59
0.55
0.51
0.6
0.58
0.62
0.57
0.51
0.54
0.61
0.56
0.64
0.68
0.52
0.57
0.54
0.45
0.58
0.63
0.46

98.36
90.52
80.52
81.92
90.59
92.42
111.11
90.05
85.84
77.61
64.93
56.64
94.07
93.23
91.31
93.64
87.67
65.2
82.05
93.22
89.6
91.12
93.64
94.28
91.5
95.24
91.64
86.24
98.92
114.2
71.2
112.7
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Table 8
Summary of LA-ICP-MS data for sample WT8-53ML.

Isotopic ratios Ages
Spot

Wopp2Mpy 27pp2%pL 26 'PH/AU 0 26 PHAPU 26 PbPb 26 Pb/AU 26 Pb/APU 26 Rho Conc.
(%)
79 16533.29 0.05989 3.95900 0.88346 5.568261 0.10698 3.91559 599.73 83.48 642.85 26.18 655.19 2435 0.7 109.25
710 17470.58 0.05961 4.03404 0.9114 5.983319 0.11089 4.41889 589.36 85.17 657.8 28.56 677.94 28.37 0.74 115.03
711 18407.87 0.06025 3.94295 0.86386 6.322258 0.104 4.94208 612.4 82.98 632.23 29.33 637.78 29.94 0.78 104.15
712 20282.44 0.06017 4.42083 0.81888 7.402565 0.09871 5.93753 609.65 92.79 607.43 33.29 606.83 34.30 0.8 99.54
714 22157.01 0.06099 5.13889 0.85637 6.568211 0.10184 4.09062 638.87 106.85 628.14 30.31 625.16 2433 0.62 97.85
Mnl 3097.58 0.06106 6.09748 0.7341 5.929448 0.0872 4.70052 641.28 75.77 558.96 25.23 538.95 2426 0.79 84.04
Mn2 2473.99 0.06105 6.16893 0.73225 6.165975 0.08699 4.56067 641 86.39 557.88 26.35 537.72 23.51 0.74 83.89
Mn3 3411.28 0.06011 8.47561 0.71446 6.677247 0.08621 5.30630 607.47 85.07 547.39 28.00 533.07 27.11 0.79 87.75
Mn4 4348.56 0.06128 6.95358 0.77073 7.220607 0.09122 5.95282 648.97 85.20 580.18 31.56 562.77 32.02 0.82 86.72
Mn5 5285.85 0.06171 6.30376 0.73573 6.370811 0.08647 4.83888 664 86.17 559.91 27.16 534.64 24.79 0.76 80.52
Mn6 6223.14 0.06066 6.29726 0.77212 6.293561 0.09231 4.99591 627.24 80.25 580.98 27.57 569.21 27.17 0.79 90.75
Mn7 7160.42 0.06208 6.92046 0.73399 5.583887 0.08575 4.20172 676.88 76.55 558.89 23.81 530.35 21.37 0.75 78.35
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Table 9

Summary of LA-ICP-MS data for sample WT7-21B.

Isotopic ratios Ages
Spot

06pp2%phy 27ph/2%Ph 26 2PH/AU 26 PbAPU 26 2PbA%Pb 26 2Pb/AU 26 *Pb/APU 26 Rho Disc.

(%)

z1 0.11011 1.39477 1.12771 6.91406 0.07428 6.77191 1801.2 25 766.7 10 461.9 30 1 74.4
72 0.10726 1.04149 1.44492 6.43967 0.0977 6.35489 1753.4 19 907.8 13 600.9 36 1 65.7
z3 0.11161 1.76738 1.09633 9.07455 0.07125 8.90078 1825.7 32 751.6 10 4437 383 1 75.7
z4 0.13638 1.21663 6.50144 2.85761 0.34574 2.58568 2181.7 21 2046.1 49 1914.2 43 09 123
76 0.10792 1.55614 1.11233 12.57163 0.07475 12.47495 1764.6 28 759.3 10 464.7 56 1 73.7
z7 0.1325 2.12489  5.45419 8.97285 0.29854 8.71762 2131.4 37 1893.4 50 1684.1 129 1 21
z8 0.11555 1.15909 1.05959 2.66961 0.06651 2.40486 1888.5 21 733.6 8 415.1 10 0.9 78
79 0.1309 1.01908 6.38584 2.93320 0.35382 2.75048 2110.1 18 2030.3 48 1952.8 46 09 7.5
z10 0.11191 1.36911 1.69974 6.83188 0.11016 6.69329 1830.7 25 1008.4 15 673.7 43 1 63.2
z11 0.12451 1.42298 3.00189 7.56188 0.17486 7.42679 2021.8 25 1408.1 27 1038.9 71 1 48.6
z12 0.12787  2.36136  3.75882 7.29036  0.2132 6.89735 2068.8 42 1584 34 1245.9 78 09 398
z13 0.10758 1.31396  1.85045 4.12860 0.12475 3.91393 1758.9 24 1063.6 15 757.8 28 09 56.9
z14 0.11949 1.00861 5.59515 5.65760  0.3396 5.56697 1948.7 18 19154 48 1884.7 91 1 3.3
z15 0.09075 141611 1.66071 2.90109 0.13272 2.53199 1441.4 27 993.6 13 803.4 19 09 443
z16 0.10043 1.11679 2.748 12.37917 0.19844  12.32869 1632.1 21 1341.5 26 1167 132 1 28.5
z17 0.101 1.29210  2.6006 6.86215 0.18675 6.73940 1642.5 24 1300.8 23 1103.7 68 1 32.8
z18 0.10298 1.18322 2.87288 3.06425 0.20234 2.82659 1678.5 22 1374.8 22 1187.9 31 09 292
z19 0.12103 1.21489  1.09383 3.55058 0.06555 3.33626 1971.4 22 750.4 9 409.3 13 09 79.2
720 0.12487 1.23804 4.74899 3.02940 0.27583 2.76487 2027 22 17759 36 1570.3 39 09 225
7221 0.13333 1.04385 8.17215 2.74569  0.44453 2.53953 2142.3 18 2250.3 61 2370.9 50 0.9 -10.7
722 0.11072 257715 1.82334 8.58291 0.11944 8.18686 1811.2 47 1053.9 17 727.3 56 1 59.8
723 0.11985 271540  2.07999 9.66272 0.12587 9.27333 1954 48 1142.2 19 764.2 67 1 60.9
724 0.10197 1.36742 1.81927 5.22200  0.1294 5.03979 1660.3 25 1052.4 16 784.4 37 1 52.8
7225 0.12809 1.85738 1.12568 7.08321 0.06374 6.83535 2071.9 33 765.7 10 398.3 26 1 80.8
726 0.10656 1.44531 1.19966 4.02331 0.08165 3.75475 1741.4 26 800.4 10 506 18 09 70.9
227 0.12627 1.01517 4.98751 2.80271 0.28646 2.61240 2046.7 18 1817.2 37 1623.8 37 0.9 207
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728
729
z30
z31
732
733
7234
235
7236
z37
738
z39
740
741
742
743
744
745
746
747
748
749
z50
z51
z52
z53
z54
755
756

0.11003
0.13316
0.11043
0.1036
0.14329
0.12114
0.13674
0.11499
0.12745
0.11746
0.11327
0.10355
0.11187
0.11828
0.13043
0.11623
0.14388
0.09669
0.13122
0.13067
0.13099
0.13081
0.13577
0.13814
0.13288
0.13352
0.15114
0.12654
0.12709

1.06562
2.09471
1.76269
1.16341
1.66494
1.58687
1.03417
1.74831
1.57153
1.40967
1.63897
231115
1.88610
1.74589
1.22041
2.66807
2.16351
1.32395
1.33030
1.50542
1.17370
1.14891
1.07828
1.55185
1.17037
1.07094
1.08449
1.14411
1.03873

2.1702
1.15757
1.64786
0.83156
2.44852
0.86219
4.01973
2.27049
2.91785
1.54133
2.30752
1.21231
2.02642
3.13452
6.46616
2.78341

4.168
0.97574
6.37793

6.0721
6.11348
6.25481

7.1034
4.44486
5.93966
7.68094
9.37009
4.82774
5.34576

4.66934
5.28890
3.60505
6.13898
3.70446
5.56248
8.92349
8.39557
17.52428
7.73794
9.86732
4.09927
4.49219
11.65750
3.52326
10.87624
5.24482
3.65110
3.52728
3.27767
5.63107
5.78236
5.02601
11.83468
5.19617
3.14167
2.55913
7.46815
6.04918

0.14305
0.06305
0.10823
0.05822
0.12394
0.05162
0.21321
0.14321
0.16605
0.09517
0.14775
0.08491
0.13137
0.1922
0.35956
0.17368
0.2101
0.07319
0.35252
0.33702
0.3385
0.34679
0.37947
0.23337
0.32418
0.41724
0.44963
0.2767
0.30506

4.54612
4.85641
3.14472
6.02773
3.30923
5.33133
8.86337
8.21152
17.45368
7.60846
9.73025
3.38565
4.07706
11.52602
3.30514
10.54390
4.77780
3.40260
3.26680
291150
5.50740
5.66707
4.90898
11.73249
5.06264
2.95350
2.31798
7.37999
5.95933

1799.9
2140.1
1806.5
1689.5
2267.3
1973.1
2186.3
1879.7
2063.1
1917.9
1852.5
1688.7
1830
1930.4
2103.7
1899.1
2274.4
1561.2
21144
2107
2111.2
2108.9
2173.9
2204
2136.4
2144.7
23589
2050.4
2058.2

19
37
32
21
29
28
18
32
28
25
30
43
34
31
21
48
37
25
23
26
21
20
19
27
20
19
19
20
18

1171.5
780.8
988.7
614.5
1257
631.3
1638.2
1203.2
1386.5
947
1214.6
806.3
1124.4
1441.2
2041.3
1351.1
1667.8
691.4
2029.2
1986.2
1992.2
2012.1
21245
1720.7
1967.1
21944
2374.9
1789.7
1876.2

18
10
13

20

37
21
28
14
21
10
17
29
51
26
36

50
47
53
54
60
42
51
59
68
43
47

861.9
394.1
662.4
364.8
753.2
324.5
1245.9
862.8
990.3
586
888.4
5254
795.7
11333
1980.1
1032.4
1229.4
4553
1946.6
1872.3
1879.5
1919.2
2073.8
1352.1
1810.1
22479
2393.6
1574.7
1716.3

37
19
20
21
24
17
100
66
160
43
81
17
31
120
56
101
53
15
55
47
90
94
87
143
80
56
46
103
90

0.9
0.9

0.9

O G O GHG U

0.8
0.9

0.9

0.9
0.9
0.9
0.9

—_— e =

0.9
0.9

52.1
81.6
63.3
78.4
66.8
83.6
43
54.1
52
69.4
52
68.9
56.5
41.3
59
45.6
45.9
70.8
7.9
11.1
11

4.6

38.7
15.3
-4.8
-1.5
23.2
16.6
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Table 10
Summary of LA-ICP-MS data for sample TJF4-7

Isotopic ratios Ages

Spot
206pp2%py 27pp/2%Ph 26 2PH/AU 26 2PbAPU 26 *PbA"Pb 26 *Pb/APU 26 2Pb/A*U 26 Rho Conc.
(%)
71 0.06118 0.71718 0.85657 2.71628 0.10154 2.61989 645.6 15 628.3 6 623.4 16 1 99.99
72 0.06125 1.02011 0.87675 2.72943 0.10382 2.53164 647.9 22 639.2 7 636.8 15 0.9 100.06
73 0.06204 1.03686  0.9241 2.74669 0.10802 2.54347 675.6 22 664.5 7 661.3 16 0.9 100.05
74 0.12025  0.66296 4.93957 2.67558 0.29793 2.59215 1959.9 12 1809 37 1681.1 38 1 98.09
75 0.14684  2.34517 6.55053 7.48666 0.32355 7.10987 2309.4 40  2052.7 59 1807 112 09 9593
76 0.10479 1.15099 3.34638 2.80656 0.2316  2.55969 1710.7 21 1491.9 25 1342.9 31 09 9791
77 0.08037 3.11206 1.42978 5.01028 0.12902 3.92658 1206.2 61 901.5 12 782.3 29 0.8 98.27
78 0.11616  0.85883 4.70991 2.74684 0.29408 2.60913 1897.9 15 1769 35 1661.9 383 09 9843
79 0.12728  0.99232 6.43507 3.75476 0.36669 3.62126 2060.7 18  2037.1 52 2013.8 63 1 99.63
710 0.1349 0.55882  6.7295 275000 0.36181 2.69262 2162.7 10  2076.5 50 1990.7 46 1 98.59
711 0.10992  0.89938 3.3051 3.10580 0.21807 2.97273 1798.1 16 1482.3 25 1271.7 34 1 96.98
712 0.06172  0.80251 0.88726 2.74874 0.10425 2.62899 664.6 17 644.9 7 639.3 16 1 100.01
713 0.06124 1.15200 0.90068 2.77313 0.10667 2.52252 647.6 25 652.1 7 653.4 16 0.9 100.11
714 0.06164  0.69998 0.87982 2.64224 0.10352 2.54783 661.7 15 640.9 6 635 15 1 99.97
715 0.06141 1.08218 0.85918 2.82591 0.10147 2.61049 653.7 23 629.7 6 623 16 0.9 100.01
716 0.12415  0.75900 4.56577 2.73397 0.26672 2.62650 2016.8 13 1743 34 1524.1 36 1 96.71
717 0.1316 0.74658 6.82274 2.84637 0.37601 2.74672 21194 13 2088.7 51 2057.6 48 1 99.49
718 0.12784  0.67130 6.45065 2.80206 0.36595 2.72045 2068.5 12 2039.2 48  2010.3 47 1 99.54
719 0.06197 1.06413 0.88369 2.81222 0.10343 2.60312 672.9 23 643 7 634.5 16 0.9 100.06
720 0.062 0.85592 0.90183 2.77822 0.10549 2.64309 674.2 18 652.7 7 646.5 16 1 100.02
721 0.06123 0.74713  0.92057 2.65512 0.10905 2.54783 647.2 16 662.7 7 667.2 16 1 100.12
722 0.06265 1.13163 093514 2.86341 0.10826 2.63030 696.4 24 670.3 7 662.6 17 09 100.1
723 0.06161 0.85283 091128 2.67944 0.10727 2.54010 660.7 18 657.7 7 656.9 16 0.9 100.13
724 0.13112  0.71103 6.70863 2.70189 0.37108 2.60666 2113 12 2073.8 50 2034.5 45 1 99.36
726 0.12874 0.64828 2.46454 3.66402 0.13884 3.60622 2080.9 11 1261.7 20 838.1 28 1 92.79
727 0.1325 0.76547 6.03312 5.72240 0.33023 5.67097 21314 13 1980.6 52 1839.5 91 1 97.75

247



728
729
730
731
732
733
734
735
736
737
738
739
741
742
743
744
745
747
748
749
750
751
753
754
7256

0.10823
0.13056
0.06185
0.13294
0.06195
0.06101
0.15335
0.06164
0.12566
0.06132
0.11481
0.06135
0.12455
0.06102
0.12703
0.06115
0.06079
0.06143
0.13272
0.06272
0.1205
0.06214
0.13462
0.15244
0.12916

2.21499
0.87273
0.77777
0.70664
0.73801
0.75459
0.67228
0.78056
0.63956
0.67482
1.00075
0.78681
0.89551
0.69799
0.89845
0.77917
0.63701
0.71514
0.70479
1.21300
1.12074
0.91274
0.89908
2.85323
0.58754

3.48139
6.12325
0.8748
6.17817
0.90663
0.889
8.9491
0.90519
4.82071
0.90616
3.31538
0.90076
6.04745
0.87981
4.3106
0.89336
0.88598
0.92705
5.59221
0.92749
4.21554
0.92269
6.83357
7.08144
6.84448

7.48835
3.73279
2.75035
3.32767
2.73252
2.65498
2.63506
2.63627
2.67232
2.68877
2.92153
2.67126
3.04955
2.63187
4.34054
2.71564
2.69760
2.68607
2.91832
2.87154
3.15799
2.75279
3.65146
4.28375
2.96614

0.2333
0.34016
0.10258
0.33705
0.10614
0.10569
0.42326
0.10651
0.27823
0.10717
0.20944
0.10649
0.35214
0.10458
0.24611
0.10595
0.10571
0.10945

0.3056
0.10726
0.25373
0.10769
0.36816
0.33692
0.38433

7.15326
3.62934
2.63809
3.25178
2.63097
2.54549
2.54785
2.51806
2.59466
2.60271
2.74478
2.55275
2.91510
2.53762
4.24654
2.60146
2.62132
2.58912
2.83194
2.60276
2.95243
2.59706
3.53904
3.19524
2.90737

1769.8
2105.5
668.9
2137.2
672.4
639.4
2383.6
661.5
2038.1
650.5
1876.9
651.5
2022.5
639.9
2057.3
644.7
631.7
654.3
21343
698.6
1963.6
679.1
2159.1
23734
2086.6

40
15
17
12
16
16
11
17
11
14
18
17
16
15
16
17
14
15
12
26
20
20
16
49
10

1523
1993.6
638.2
2001.4
655.3
645.8
2332.8
654.5
1788.5

655
1484.7
652.1
1982.7
640.9
1695.4
648.2
644.2
666.1
1914.9
666.3
1677.1
663.8
2090.1
2121.7
2091.5

31
49

48

66

36

25

46

36

42

33

54

58
52

1351.8
1887.4
629.5
1872.5
650.3
647.7
2275.2
652.5
1582.5
656.3
1225.8
652.3
1944.8
641.2
1418.4
649.2
647.8
669.6
1719
656.8
1457.7
659.3
2020.7
1871.9
2096.5

87
59
16
53
16
16
49
16
36
16
31
16
49
15
54
16
16
16
43
16
39
16
61
52
52

(=)

=] o O O
~ O O ©

97.57
98.31
99.97
97.94
99.98
100.08
98.92
100.01
96.88
100.06
96.18
100.1
99.42
100.05
95.8
100.08
100.09
100.12
96.93
99.9
96.74
100.08
98.85
95.75
100.09
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